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Abstract 
 

The human gut microbiota (HGM) contributes to the physiology and health of the host. 

The health benefits provided by dietary manipulation of the HGM require knowledge 

of how glycans are metabolized. β-glucans are polysaccharides that can be obtained 

from different sources, and which have been described as potential prebiotics since 

they support the growth of gut-associated bacteria, including members of the genera 

Bacteroides, Bifidobacterium and Lactobacillus. Nevertheless, the mechanism of 

action underpinning these health effects has been subject to debate and revision. By 

using alkaline extraction, β-glucan was purified from the fungi Fusarium venenatum, 

and it was consumed by certain members of the genus Bacteroides as primary 

degraders, although the ability to degrade the intact polysaccharide was also tested in 

some members of the genera Roseburia, Akkermansia and Victivallis. It was shown 

that Bacteroides cellulosyliticus WH2, Bacteroides thetaiotaomicron VPI 5482 and 

Bacteroides vulgatus ATCC 8482 express specific enzymes to degrade Fusarium β-

glucan, thereby releasing short-chain fatty acids and oligosaccharides into the growth 

medium. Using a cross-feeding approach, those oligosaccharides were purified and 

then utilized as carbon source for members of the genera Bifidobacterium and 

Lactiplantibacillus, which acted as secondary degraders. Finally, they were grown in 

cocultures with Bacteroides species. Using colony counting and qPCR, it was shown 

that both primary and secondary degraders grew in the coculture by establishing 

syntrophic interactions when Fusarium β-glucan acted as carbon source. The data 

obtained points out the potential prebiotic effect that Fusarium β-glucan may have as 

a polysaccharide substrate for different members of the Human Gut Microbiota. 
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1 Introduction 
 

The diverse community of microorganisms that inhabit the human gastrointestinal (GI) 

tract make up the human gut microbiota (HGM) (Thursby et al., 2017). The HGM 

consists of protozoa, archaea, eukaryotes, viruses and bacteria and these organisms 

have evolved to exist symbiotically within the host, exerting various beneficial roles 

including protection from invading pathogens, development of host systems, 

maintaining gut homeostasis and modulating the immune system. The Human Gut 

Microbiota (HGM) forms a recently considered novel organ of the human body that 

impacts human health in a variety of ways (Nishida et al., 2018; Quigley, 2017). It is 

made up mainly of three main phyla: Bacillota, Bacteroidota and Actinomycetota 

(Figure 1). 

 

 

Figure 1. Diagram for the most abundant microbial components of the human 
microbiota in the colonic section of the gut. 
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The HGM in both worldwide populations represents a complex microcosm of trillions 

of microorganisms. In Western populations, Bacteroidota and Bacillota are the most 

dominant phyla, while Actinomycetota, Proteobacteria and Verrucomicrobiota are less 

abundant (Qin et al., 2010; Yang et al., 2009) (Figure 2). Nonetheless, such minor 

components may still represent important ecological players in the complexity of 

HGM, specially for the metabolic interactions they offer to members of the 

Bacteroidota and Bacillota phyla (Cani et al., 2017; Hou et al., 2020). 

 
Figure 2. Percentages of the predominant phyla according to their relative 
abundance in the human gut (Yang et al., 2009). 

 
 
 
 

1.1 Bacteroides genus 

Bacteroides is the main genus within the Bacteroidota phylum. Most of the 

Bacteroides members are common gut commensals, but, under some conditions, they 

can act as opportunistic pathogens (Colov et al., 2020; Maraki et al., 2020). 

Bacteroides are widely spread in different natural niches and human populations and 

possess a lot of mechanisms to adapt to various competitive environments (Arumugam 
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et al., 2013; De Filippo et al., 2010; Kelsen et al., 2012; Koropatkin et al., 2012; Wexler 

et al., 2017). 

Bacteroides species are broadly known for their role as primary glycan degraders since 

their genomes dispose of polysaccharide utilization loci (PULs) (Figure 3) which lie 

in clusters of genes, all of them behind the same regulon, and involved in the detection 

and digestion of a specific polysaccharide. To date, all sequenced Bacteroides 

genomes contain PULs, which typically encode surface glycan-binding proteins 

(SGBPs), enzymes for carbohydrate degradation (glycoside hydrolases, GHs, and 

polysaccharide lyases, PLs), TonB-dependent transporters (TBDT) which are of vital 

importance for the transport of nutrients into the cell, and transcriptional 

sensors/regulators that act as modulators for the gene expression. (Cantarel et al., 

2012; El Kaoutari et al., 2013; Grondin et al., 2017). 

 

 
Figure 3. Distribution of genes encoding glycan-cleaving enzymes (GHs and PLs) in 
the genomes of different members of the HGM, and the numbers of GHs and PLs 
families located in these genomes (El Kaoutari et al., 2013). 
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For this reason, they can access a broad range of complex carbohydrate substrates 

(Eilam et al., 2014). For example, for the case of Bacteroides thetaiotaomicron, which 

is the model for the study at Bacteroides genus (see Figure 4 below), around the 18% 

of its genome content is devoted to carbohydrate metabolism. This fact points out the 

huge metabolic capacity and versatility of Bacteroides sp. to use different types of 

polysaccharides (Grondin et al., 2017; McNulty et al., 2013; Terrapon et al., 2018). 

Furthermore, the degradation of dietary fibre by the Human Gut Microbiota results in 

the production of beneficial substances such as postbiotics which are functional 

bioactive compounds that are generated through microbial fermentation and they have 

the potential to benefit the health of the host (Wegh et al., 2019). 

 

Figure 4. Transmission electron microscopy of a single cell of Bacteroides 
thetaiotaomicron VPI 5482 (Valguarnera et al., 2018). 
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Polysaccharide breakdown usually begins at the cell surface by a GH or PL via 

degradation of the complex intact polysaccharide into oligosaccharides. After this, 

these released oligosaccharides are then transported into the periplasm by pairs of 

SusC/SusD-like TBDT proteins (Glenwright et al., 2017). However, they may also be 

utilized by other bacteria as substrates through cross-feeding, a common phenomenon 

observed for complex polysaccharides but also with essential cofactors such as folates 

or corrinoids (Briggs et al., 2020; Cantarel et al., 2012; El Kaoutari et al., 2013; Seth 

et al., 2014). In the periplasm, several exo- and endo-glycosidases are responsible for 

further hydrolysis of the internalized oligosaccharides, and this degradation commonly 

releases a signal molecule (normally a di-/tri-/tetrasaccharide), which binds to the 

regulator, thereby triggering transcriptional induction of the corresponding PUL. The 

final step of this degradative process involves the incorporation of monosaccharides 

into the cytoplasm where they are channelled into central carbon catabolism. The first 

PUL described was the starch utilization system (Figure 5) which is composed of eight 

genes, susRABCDEFG, whose encoded proteins make up a complex and cell 

envelope-associated apparatus which is highly specialized in starch catabolism 

(Anderson et al., 1989; Brown et al., 2020; Cameron et al., 2014; Cameron et al., 2012; 

Cho et al., 2001; Foley et al., 2016; Koropatkin et al., 2010; Shipman et al., 2020). The 

SusC/D complex is predominantly responsible for starch binding with SusE and SusF 

being involved in increasing the efficiency of the binding process. SusG generates 

internal hydrolytic cuts in the bound starch, releasing oligosaccharides that are 

transported into the periplasmic compartment by SusC (Cameron et al., 2014; 

Cameron et al., 2012; Foley et al., 2016). Here, SusA and SusB, both glycoside 

hydrolases, degrade these malto-oligosaccharides to glucose, which is then transported 

into the cytosol (Cameron et al., 2014; Cameron et al., 2012; Foley et al., 2016). 
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Transcriptional regulation of the whole process is accomplished by SusR in response 

to starch availability (Cameron et al., 2014; Cameron et al., 2012; Foley et al., 2016). 

 
 

Figure 5. Cartoon representation of starch utilization system model in Bacteroides 
thetaiotaomicron VPI 5482 (Brown et al., 2020; Foley et al., 2016; Koropatkin et al., 2010). 
The degradation of starch is initiated at the outside surface of the cell by SusG (alpha- 
amylase), thereby generating oligosaccharides. These oligosaccharides are incorporated 
into the periplasm by the SusC/SusD pair which allows further degradation to glucose 
by other glycoside hydrolases, and which generates a signal molecule for the TonB 
receptor, which is SusR, causing transcriptional activation of the entire PUL. B. The 
genomic content of the starch PUL in Bacteroides thetaiotaomicron VPI 5482 is shown 
below (Brown et al., 2020; Foley et al., 2016). 

 
 
 

Due to the huge range of diversity in the structure of the polysaccharides, several 

proteins/enzymes are involved in their degradation, as is the case of Bacteroidota with 

the above-mentioned PULs. The composition of PULs within the genome of a specific 

Bacteroides species is connected to substrate availability and the establishment of the 

microbial ecosystem within the gut (Flint et al., 2012). The diversity of the 

monosaccharide subunits and glycosidic linkages results in the high level of 

complexity of carbohydrate molecules whose breakdown requires a vast array of 
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specific enzymes. The carbohydrate-active enzymes (CAZymes) (Consortium, 2018) 

are encoded by a large number of genes in the gut microbiota. The CAZy database 

groups enzymes based on amino acid sequence into families of glycoside hydrolases 

(GHs), glycosyltransferases (GTs), polysaccharide lyases (PLs), carbohydrate 

esterases (CEs), redox auxiliary activities (AAa) and associates non-catalytic 

carbohydrate-binding molecules (CBMs) (Carbohydrate Active Enzymes database, 

http://www.cazy.org). Within CAZy, the polysaccharide utilization loci database 

(PULDB) is used to predict PULs in isolated Bacteroides species as well as those that 

are described in the literature (Terrapon et al., 2018). Within CAZyme families, the 

structural fold, the catalytic mechanism, and residues involved in the catalysis of the 

enzymes, are highly conserved (Gloster et al., 2008). The system used to classify 

CAZymes can be used in some cases for the prediction of the target based on the family 

of enzymes it is assigned to (Cantarel et al., 2012; Lombard et al., 2010). Therefore, 

this means that there could be potential to use the DNA sequence of an organism to 

predict its glycobiological profile. However, too little is currently known about the 

relationship between sequence and substrate specificity of the CAZyme families since 

some CAZymes have not been assigned to any function yet, and CAZymes, within the 

same families, act upon different substrates, causing difficulties in the annotation of 

CAZyme-related genes. Additionally, a cross-genome study of PULs (Lapébie et al., 

2019) proposed that the degradation of glycans involved combinations of different 

enzymes and those enzymes encoded by PULs can give an insight into the structure of 

the polysaccharide, supporting the hypothesis that Cantarel and colleagues first 

discussed in 2012 (Cantarel et al., 2012). 
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1.2 Lactobacillus genus 
 

Lactobacillus constitutes one of the diverse bacterial genera within the Bacillota 

phylum. Lactobacillus genus gathers Gram-positive bacteria which are catalase 

negative and acid-tolerant organisms (Figure 6). Even though they are described as 

facultatively anaerobic, they often grow better under microaerophilic conditions 

(Goldstein et al., 2015; Lebeer et al., 2008). Lactobacilli are ubiquitous commensals 

of the normal human flora and are only occasionally found in clinical infections 

(O'Callaghan et al., 2013) being traditionally associated with caries development and 

progression (Byun et al., 2004). They are present in several human niches such as the 

gastrointestinal tract in the case of Lactiplantibacillus plantarum, Lacticaseibacillus 

casei, and Lactobacillus rhamnosus (Goldstein et al., 2015; Roos et al., 2005) or in the 

vagina as Lactobacillus crispatus or Lactobacillus gasseri (Scillato et al., 2021). 

The World Health Organization and Food and Agriculture Organization of the United 

Nations (WHO/FAO, 2007) described probiotics as live microorganisms which can 

confer a health benefit to the host when administrated in adequate amounts. In fact, 

probiotics may be used as potential treatments of gastroenteritis, urogenital and 

respiratory tract infections inflammatory bowel syndrome, prevention of allergies or 

various cancers, among many others (Goldin et al., 2008; WHO/FAO, 2007). 

However, to date, no product or bacterial strain has been approved for an official health 

claim by the European Food Safety Authority (EFSA). 
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Figure 6. Scanning electron microscopy of the Lactobacillus rhamnosus CRL 1332 
biofilm (Leccese-Terraf et al., 2016). 

 
 

Many bacterial strains which fulfil this definition belong to Lactobacillus or 

Bifidobacterium genus previously described above (Collado et al., 2009). For example, 

Lacticaseibacillus casei, Lactobacillus acidophilus, Bifidobacterium bifidum, 

Bifidobacterium longum subsp. longum and Bifidobacterium longum subsp. infantis 

have been identified as possessing probiotic properties, and many have been used to 

treat gastrointestinal diseases since they have been shown to exert either bacteriostatic 

or bactericidal activity against several pathogens. Moreover, lactobacilli have been 

worldwide included in industrial use as starters in the manufacturing of fresh 

fermented milk products such as yogurt, fermented milk or fermented juices and also 
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as a freeze-dried encapsulated powder in health supplements (Nguyen et al., 2022; 

Varela-Pérez et al., 2022). 

Lactobacillus sp. are widely described as defenders of the vaginal flora homeostasis 

since several species (e.g., Lactobacillus gasseri, Lactobacillus jensenii, Lactobacillus 

iners, and Lactobacillus crispatus) produce hydrogen peroxide, lactic acid, 

bacteriocins and biosurfactants that act as inhibitors for the growth of harmful 

organisms (Petrova et al., 2015) helping the maintenance of a healthy state and avoid 

the appearance of vaginal bacteremia caused by anaerobic pathogens such as 

Gardnerella vaginalis (Bautista et al., 2016). Additionally, it has also been reported 

the beneficial probiotic effect of Lactobacillus sp. in diabetes (Abdelazez et al., 2018) 

and bacteremia (Panpetch et al., 2018). 

 
Specially remarkable is the case of Lactiplantibacillus plantarum, a probiotic strain 

with a huge research interest due to its ability to regulate the immune response by 

down-regulating multiple proinflammatory factors and up-regulating anti- 

inflammatory factors, affecting the intestinal health and gut microbiota homeostasis 

(Hao et al., 2021; Wang et al., 2021; Zhao et al., 2021). It has been described as an 

important means to prevent diabetes (Yang et al., 2021) obesity (Yoshitake et al.,  

2021), atherosclerosis (O'Morain et al., 2021) and colitis (Hao et al., 2021). 

 
Furthermore, several studies have described the ability of Lactobacillus sp. to grow via 

fermentation of β-glucan. In the case of cereal β-glucan, the utilization of oat β-glucan 

and its hydrolysates promoted the growth of faecal counts of Lactobacillus sp. (Dong 

et al., 2017). Furthermore, the degradation of oat β-glucan by Lactobacillus rhamnosus 

was related to antioxidant and anti-inflammatory potentials (Yau et al., 2020). Within 

the ambit of cereal β-glucan, also Lactiplantibacillus plantarum has been extensively 
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described as a good user of barley β-glucan with an associated reduction of lipid 

accumulation (Gu et al., 2021; J. Zhang et al., 2022; Zhao et al., 2020). Compared with 

other lactobacilli species, Lactiplantibacillus plantarum shows a stronger 

carbohydrate utilization capability, allowing an extensive ability to persist in diverse 

environments with different carbohydrates (Cui et al., 2021). 

 

Nonetheless, the β-glucan utilization by Lactobacillus sp. is not limited to cereal types, 

but also extended to fungal β-glucan. For instance, yeast β-glucan may act as a 

modulator of the gastrointestinal microbiome, modifying bacterial populations with an 

increase in the abundance of the genus Lactobacillus (Venardou et al., 2021; Zhen et 

al., 2021). The utilization of fungus β-glucan from Schizophyllum commune increased 

the abundance of the Lactobacillus genus (Vu et al., 2022) and Lactobacillus   rhamnosus 

L34 promoted the attenuation of uremia caused by β(1,3)-glucan from Candida 

albicans and it decreased intestinal injury through the reduction of Candida, improving 

intestinal bacteremia symptoms (Panpetch et al., 2021). 

Even so, more studies need to be carried out to provide a broader perspective of the 

role played by Lactobacillus sp. as polysaccharide degraders, specially for fungal β-

glucans, in the Human Gut Microbiota. 
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1.3 Roseburia genus 
 

The genus Roseburia also belongs to the phylum Bacillota and includes five species 

(Roseburia intestinalis, Roseburia hominis, Roseburia inulinivorans, Roseburia faecis 

and Roseburia cecicola) of anaerobic Gram-positive bacteria with rod-shaped and 

multiple flagella (see Figure 7 below) (Tamanai-Shacoori et al., 2017). Roseburia sp. 

metabolize complex polysaccharides as dietary components producing butyrate as the 

final SCFA product (Hillman et al., 2020), which acts as an important 

immunomodulator with positive effects against health disorders such as Type II 

diabetes, ulcerative colitis or colon cancer (Machiels et al., 2014; Rivière et al., 2016; 

Si et al., 2018). 

 

 
Figure 7. Scanning electron micrograph of Roseburia intestinalis (Duncan et al., 
2002). 

 
 

It is remarkable that Roseburia intestinalis (R. intestinalis), one of the most abundant 

butyrate producers of human faeces (Duncan et al., 2002), protects against digestive 

diseases (Nie et al., 2021). R. intestinalis can activate the immune system of the host 
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due to the presence of flagelin, a microbial protein that forms the flagellum. This protein 

is detected by the immune system producing the activation of the gut barrier and 

modulating the immune response via Toll-like receptor 5 (Seo et al., 2020). 

R. intestinalis flagellin presents anti-inflammatory effects by increasing cytokine 

expression, including TNF-a, IL-1b, IL-6 and IL-12, but not TNFb (Quan et al., 2018). 

Furthermore, Roseburia intestinalis also plays an important role in the activation of 

regulatory T lymphocytes (Arpaia et al., 2013) exerting a deep immune effect in the 

gut. 

The modulation of the immune system is also present in the case of Roseburia 

inulinovorans (R. inulinovorans), which may decrease inflammation via inhibition of 

nuclear factor kB (NF- kB) or activation by histone deacetylation (Ananthakrishnan et 

al., 2017; Canani et al., 2011; Hamer et al., 2008; Inan et al., 2000). For instance, 

Ananthakirshnan et al. (2017) found that Chron’ disease patients presented higher 

levels of Roseburia inulinivorans, which remarks the anti-inflammatory and immune-

stimulator role of this bacterium (Ananthakrishnan et al., 2017). 

Furthermore, the presence of flagellum supposes a powerful advantage because it 

increases its chemotaxis and attachment capacity, which allows Roseburia sp. to get 

access to a wide range of insoluble substrates (Scott et al., 2011). Roseburia sp. are 

among those with the highest number of glycoside hydrolases within the phylum 

Bacillota, being only exceeded by the Bacteroidota phylum (El Kaoutari et al., 2013; 

Sheridan et  al., 2016). For this reason, the Roseburia genus can use different kinds of 

polysaccharides. In this sense, long-chain arabinoxylan can stimulate different 

bacterial groups including Roseburia sp. (Van den Abbeele et al., 2011). R. 

inulinovorans can ferment inulin and fructooligosaccharides, showing a high level 

of specialisation in short-chain and long-chain fructans (Duncan et al., 2006; Falony 
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et al., 2009; Ho et al., 2019; Munoz et al., 2020; Scott et al., 2011; Scott et al., 2014). 

It has also been reported as a resistant starch degrader (Walker et al., 2011). 

It has also been reported that Roseburia sp. can be supported by fungal glucan as well. 

For instance, the addition of β(1,3)/(1,6)-glucan isolated from Schizophyllum sp. 

increased the content of Roseburia sp. (Muthuramalingam et al., 2020). The 

administration of chitin-β(1,3)glucan complex from the fungus Aspergillus niger 

allowed the total recovery of Roseburia sp. levels, which were previously depleted by 

high fat diet administration (Neyrinck et al., 2012). Calatayud et al. (2021) reported 

the specific increase of Roseburia hominis (R. hominis) and R. inulinivorans when the 

substrate was chitin-β(1,3)-glucan (Calatayud et al., 2021). An intervention with 

humans increased Roseburia sp. as well as the rise in butyric and vaccenic acid 

concentrations (Rodriguez et al., 2020). Two glucans, characterized as a β(1,3) and 

β(1,6)-linked and  a β(1,3)-linked β-D-glucans, obtained from the fungus Cookeina 

speciosa, promoted marked increases in Roseburia sp. 

Bioinformatic approaches have shown that Roseburia sp. are specialized in the 

utilization of carbohydrates, with species sharing a communal core, but also showing 

species specialisation: while R. intestinalis shows disposition for the degradation of 

plant cell wall polysaccharides such as arabinoxylan, R. inulinivorans would prefer 

host-derived carbohydrates such as mucin instead, and in the case of R. hominis, this 

bacterium is predicted to be specialized in arabinogalactan degradation (Sheridan et 

al., 2016). To summarize, a huge number of studies have highlighted the potential of 

Roseburia sp. as probiotic microorganisms, because of their ability to metabolize 

different types of polysaccharides as carbon sources as well as to promote the 

activation of the immune system in the host. 
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1.4 Bifidobacterium genus 
 

Bifidobacterium is a genus belonging to the Actinomycetota phylum whose species 

are distributed in several ecological niches (Turroni et al., 2019; Turroni et al., 2011). 

Bifidobacterium sp. are commonly found in adults, such as Bifidobacterium 

adolescentis, but many others such as Bifidobacterium bifidum (Figure 8) or 

Bifidobacterium breve, are usually isolated from faecal samples of breastfed infants 

(Duranti et al., 2016; Turroni et al., 2012). Various studies have shown the positive 

impact and thus probiotic effects of certain bifidobacterial species, for example 

Bifidobacterium breve, Bifidobacterium longum or Bifidobacterium bifidum (Gani et 

al., 2018; Zhao et al., 2013). 

 
 

Figure 8. Scanning electron micrograph of Bifidobacterium bifidum MG731 
(Kang et al., 2019). 

 
 
 
 

Bifidobacteria contain a number of gene clusters dedicated to the metabolism of a 

specific poly/oligosaccharide (Pokusaeva et al., 2010). These clusters encode ABC 

transporters (most frequently observed), permeases or proton symporters to facilitate 
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the transport of mono-/oligosaccharides, such as fucosyllactose, fucose or 

galactooligosaccharides, into the cytoplasm. Once internalized, these oligosaccharides 

are degraded into monosaccharides by intracellular glycoside hydrolases, channelling 

these hexoses or pentoses into the central carbohydrate metabolic pathway for energy 

generation (Figure 9) (James et al., 2019). 

 

 
Figure 9. Schematic representation of the fucose and fucosyllactose utilization system 
in Bifidobacterium kashiwanohense (James et al., 2019). 

 
 
 

Although Bifidobacterium sp. can degrade certain simple carbohydrates, they are 

generally unable to metabolize more complex polysaccharides. Studies have reported 

evidence of cross-feeding behaviours between members of the Bifidobacterium genus 

with other organisms to completely metabolize complex glycans (Singh, 2019). An 

example of this is the interspecies cross-feeding relationship between Bifidobacterium 

bifidum (Bi. bifidum) and Bifidobacterium breve (Bi. breve) when co-cultured on 

sialyllactose (Egan et al., 2014). In this study, the authors showed how Bi. breve was 
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able to cross-feed on sialic acid, the product of 3’-sialyllactose degradation by Bi. 

bifidum. 

Bifidobacterium sp. have also been shown to cross-feed with members of the butyrate- 

producing Bacillota (Turroni et al., 2015). This evidence is of great significance as the 

production of the SCFA butyrate is regarded as highly beneficial to the host. Therefore, 

the Gram-positive genus Bifidobacterium present in the gut is well known to provide 

positive health benefits to the host, while the reduction of Bifidobacterium during 

infection within the gastrointestinal tract suggests that these organisms play a role in 

maintaining gut homeostasis (Gerritsen et al., 2011). 

Members of the Bifidobacterium genus have been shown to have probiotic effects. Bi. 

longum subsp. longum BB536 is well known as a multifunctional probiotic and studies 

have highlighted its role in the modulation of gut metabolism, stability of the gut 

microbiome and elimination of pathogens by competition (Wong et al., 2019). During 

infancy, Bifidobacterium sp. are prevalent in the gut due to their ability to degrade 

human milk oligosaccharides (HMOs), being the most common species Bi. breve, Bi. 

bifidum and Bi. longum (Gerritsen et al., 2011). However, the introduction of solid 

food to the diet, mainly at the age of 4 years old, causes the composition of 

Bifidobacterium to change, with the dominant species becoming Bi. adolescentis, Bi. 

catenulatum and Bi. longum in the adult gut microbiome. 

 
 

Bifidobacterium in the gut is saccharolytic and is involved in the metabolism of dietary 

and host-derived carbohydrates through the action of a large range of genes encoding 

for carbohydrate degrading enzymes (Milani et al., 2014). Unlike other saccharolytic 

organisms, Bifidobacterium sp. lack the enzymes aldolase and glucose-6-phosphate 
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NADP+ oxidoreductase that are involved in the typical glycolysis pathway in the 

metabolism of carbohydrates (Gupta et al., 2017). Alternatively, Bifidobacterium sp. 

degrade hexose sugars through a unique pathway known as the “bifid shunt” which 

produces SCFAs and generates adenosine triphosphate (ATP). This pathway focuses 

on the phosphoketolase enzymes responsible for the metabolism of fructose-6-

phosphate (F6P) and xylulose-5-phosphate (X5P). These two groups of enzymes 

(XFPK) metabolize F6P to erythrose-4-phosphate and acetyl phosphate. They also 

carry out the phosphorolysis of X5P to acetyl phosphate and D-glyceraldehyde-3- 

phosphate and, through the action of F6P metabolism, links this pathway with the 

phosphoketolase pathway which is typical of the lactic acid bacteria (LAB). This 

metabolic pathway is exclusively found in Bifidobacterium and so the presence of the 

XFKP enzyme, which displays activity towards F6P, can be used to identify 

bifidobacterial organisms. The bifid shunt provides an evolutionary advantage to 

Bifidobacterium as it generates much more energy than other sugar metabolic 

pathways (Gupta et al., 2017). 

 
 
 

The genomes of the Bifidobacterium contain genes that encode membrane GH 

enzymes for the initial degradation of polysaccharides, together with solute binding 

proteins (SBPs) for the recognition of the initially degraded oligosaccharides before 

importing them into the cytoplasm where they are further degraded in the “bifid shunt” 

pathway (Singh, 2019). These SBPs are associated with an ATP-binding cassette 

(ABC) transporter, which utilizes the energy from the hydrolysis of ATP to transport 

molecules across the cell membrane. ABC transporters are the primary system for 

translocation of glycans into the cytoplasm of Bifidobacterium cells and the affinity of 
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the ABC transporter for the substrate is specified largely by the SBP (Berntsson et al., 

2010). 

For example, the utilization of arabinoxylooligosaccharides (AXOS) in 

Bifidobacterium (Bi. animalis) subsp. lactis Bl-04 is mediated by the SBP BlAXBP 

(Ejby et al., 2013). Research shows that this protein has a highly broad range of 

specificity for both AXOS and xylooligosaccharides (XOS), with a preference for 

xylotetraose and arabinoxylotriose. The crystal structure showed that this specificity 

was increased by a spacious binding pocket where glycan decorations of different 

positions can bind as well as a lid-like loop that allows the oligosaccharides to bind in 

different conformations. Using phylogenetic analysis, the authors concluded that 

BlAXBP is highly conserved among the Bifidobacterium genus, however, it is not 

present in other members of the HGM, which demonstrates the functional advantage 

of this glycan transport system within the Bifidobacterium genus which allows them 

to successfully compete with other organisms in the HGM. Similarly, in further 

research (Ejby et al., 2016) the authors found that the structure of the SBP BlG16BP 

from Bi. animalis subsp. lactis Bl-04 displays significant ligand binding plasticity 

when bound to the trisaccharides raffinose and panose. This protein was shown to 

recognize α-1,6-diglycoside such as isomaltose and melibiose and the study 

highlighted that homologs of this protein were primarily present in Bifidobacterium 

and lacking in other members of the HGM (see Figure 10 below). Bacteroides ovatus 

ATCC 8483 (Ba. ovatus ATCC 8483), a dominant organism  in the HGM in adults, 

was outcompeted by Bi. animalis subsp. lactis Bl-04 when growing in co-culture on 

raffinose as compared with its efficient growth in a monoculture. 
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Figure 10. Schematic representation of the oligosaccharides recognized by BlG16BP 
(Ejby et al., 2016). 

 
 
 

The success of Bi. animalis subsp. lactis ATCC 27673 over Ba. ovatus ATCC 8483 

was also observed in a more recent study by (Ejby et al., 2019) where the presence of 

the SBPs BlMNBP1 and BlMnBP2 associated with the ABC transporter allowed for 

the organism to outcompete a more dominant member of the HGM when growing in 

co-culture on β-mannan. This evidence further supports previous studies in which the 

recognition and uptake of the substrate via the ABC-transporter system provide 

Bifidobacterium sp. with a competitive advantage over other members of the HGM 

that do not possess this transport system. 

Although ABC transporters act as the primary transporter of glycans, other transport 

systems in the Bifidobacterium genus include the phosphoenolpyruvate- 

phosphotransferase transport system (PEP-PTS) as well as the secondary transporters’ 

major facilitator superfamily (MFS) and the glycoside-pentoside-hexuronide (GPH) 

cation symporter (Turroni et al., 2012). The number of genes predicted by the 

Transporter Classification Database that encodes proteins involved in transport 

systems in Bifidobacterium is relatively low (TCDB, https://www.tcdb.org/). Bi. 
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bifidum PRL2010 contains just 25 genes involved in the uptake of glycans; however, 

other bifidobacterial species are predicted to contain between 35 and 68 of these genes. 

Previous studies have proved that Bifidobacterium sp. use a range of methods for the 

uptake and utilization of glycans. Nevertheless, more research needs to be carried out 

to fully understand the mechanisms of the transport and glycan utilization systems. 

The strategies developed by these organisms have provided them with a competitive 

advantage over other members of the HGM such as the more dominant Bacteroides as 

well as some pathogens. This has allowed for the establishment of a specialized 

ecological niche and the development of symbiotic relationships with other organisms. 

 
1.5 Victivallis vadensis 

 
Victivallis vadensis ATCC BAA-548 (V. vadensis) is a Gram-negative bacterium, 

strictly anaerobic, which constitutes the first coccus-shaped bacterium (see Figure 11 

below) isolated from human faeces belonging to the phylum Lenthispaerae (van Passel 

et al., 2011; Zoetendal et al., 2003). It is a non-motile slime-producing bacterium whose 

first described carbon source was cellobiose, but with the ability to grow in a wide 

range of monosaccharides such as glucose, galactose or xylose and disaccharides such 

as lactose, maltotriose or melibiose, among others (Temuujin et al., 2012; Zoetendal 

et al., 2003). In glucose fermentation, it is described to produce ethanol, acetate, 

hydrogen and bicarbonate (Zoetendal et al., 2003). 
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Figure 11. Phase-contrast micrograph of Victivallis vadensis (Zoetendal et al., 2003). 
 
 

Some studies described the increase of Victivallis vadensis in different conditions in 

which the homeostasis was altered. For instance, its abundance seems to be higher in 

HIV-exposed seronegative individuals (Lopera et al., 2021), in cerebral ischemic 

stroke patients (Li et al., 2019) and in gastric cancer patients (Lin et al., 2018).  

A small number of studies have reported polysaccharide utilisation by V. vadensis. For 

instance, two different starch dietary interventions showed an increase in its 

abundance (Nilholm et al., 2022; Zhang et al., 2019). It was also positively correlated 

with the utilization of exopolysaccharides from Lacticaseibacillus    paracasei (Bengoa 

et al., 2020) and tea polysaccharides (Li et al., 2020). 

Despite this, the ability of V. vadensis for the degradation of bacterial and fungal 

glucans remains almost unknown. This is surprising, given this bacterium has 275 

different genes encoding GHs and PLs with 261 GHs and 14 PLs proteins, respectively 

(El Kaoutari et al., 2013). These numbers represent one of the highest GHs and PLs 

number of genes per genome for all predominant phyla in the Human Gut Microbiota, 

excluding Bacteroidota (El Kaoutari et al., 2013)
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Even though the actual data reveals that V. vadensis possesses many genes for 

polysaccharide degradation, the mechanisms underlined its degradative    pathways 

and potential targets are still unclear. Its low percentage of abundance and the small 

number of studies about it makes even more difficult to study its interactions and 

feasible cross-feeding with other bacteria in the gut. 

In any case, V. vadensis supposes an unknown but fascinating member of our flora, 

who has shown many possibilities as a potential probiotic. Further studies are essential 

to amplify the spectrum of its substrates and its relationship with other bacteria. This 

will help clarify its role as an important agent within the Human Gut Microbiota and 

its implication in health as a main polysaccharide degrader. 

 
 
 

1.6 Akkermansia muciniphila 
 

Akkermansia muciniphila (A. muciniphila) is a Gram-negative bacterium, 

strictlyanaerobic with an oval shape (Figure 12) belonging to the phylum 

Verrucomicrobiota (Derrien et al., 2004; Geerlings et al., 2018). It was first isolated 

from human faeces, and it can colonize the intestinal tract in the early stages of life 

(Derrien et al., 2017). From that moment, it becomes one of the most abundant species 

in the Human Gut Microbiota (Abuqwider et al., 2021). This bacterium shows a strong 

interaction with the mucosal layer in the intestine because of its ability to ferment 

mucin as a carbon and nitrogen source, a process that leads to the production of 

propionate and acetate as main metabolites (Zhai et al., 2019). 

A. muciniphila acts as an essential factor in the maintenance of the thickness of the 

mucosal layer, keeping the integrity of the intestinal epithelial cells (Reunanen et al., 

2015). A feasible explanation is that Akkermansia muciniphila might help the 
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promotion of intestinal stem cells to develop the intestinal epithelium. This helps the 

production of the mucus layer which acts as a barrier to upgrade the gut function, 

providing support against pathogens and inflammation (Reunanen et al., 2015; Zhou 

et al., 2021). 

 

 
Figure 12. Scanning electronic micrograph of Akkermansia muciniphila (Derrien et 
al., 2017). 

 
 
 
 

For this reason, it has been described as a next-generation probiotic (Cani et al., 2017) 

because it seems to be inversely associated with ulcerative colitis (Rajilić-Stojanović 

et al., 2013), diabetes (Hansen et al., 2012; Plovier et al., 2017; Zhang et al., 2013), 

obesity (Dao et al., 2016; Depommier et al., 2020), hepatic inflammation (Grander et 

al., 2018) or atherosclerosis (Li et al., 2016; Shen et al., 2016). The research on the 

mechanism of Akkermansia’s beneficial effects is large and growing fast every day, 

albeit it still demands further in-depth study. 

Akkermansia has been proved to have beneficial effects when it is supplemented via 

oral administration, for example decreasing body weight (Everard et al., 2013), 
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improving glucose tolerance and insulin sensitivity (Sanjiwani et al., 2022) or 

maintaining the gastrointestinal balance by modulating the immune response and 

increasing the abundance of beneficial bacteria to ameliorate pathogens (Wu et al., 

2022). Several studies have underlined the range of substrates that Akkermansia 

muciniphila can target. In addition to the well-described ability to digest mucus and 

mucin-derived o-glycans (Belzer et al., 2017; Pruss et al., 2021), the utilization of 

human milk oligosaccharides by Akkermansia has been reported as well (Kostopoulos 

et al., 2020; Luna et al., 2022). Depommier et al. (2021) found that the same positive 

enrichment in Akkermansia muciniphila was achieved when using hyaluronan 

supplementation (Depommier et al., 2021), and Fu et al. (2021) studied the growth of 

the bacterium with alginates oligosaccharides obtained by enzymatic reaction of 

seaweed polysaccharides from Laminaria japonica (Fu et al., 2021). 

The ability for polysaccharide degradation in Akkermansia sp. is wide and diverse. Jin 

et al. (2022) demonstrated how the utilization of β-glucan from barley helped the 

expulsion of the helminth Trichinella spiralis by modulating the microbiota, 

recovering its healthy composition, and increasing the abundance of Akkermansia 

muciniphila. This allowed the bacterium to interact with the mucus layer and promote 

the host immunity (Jin et al., 2022). Huo et al. (2021) described how two novel 

polysaccharides from Gastrodia elata, a Chinese orchid, favoured Akkermansia (Huo 

et al., 2021). The structure of the mentioned polysaccharides was a combination of α- 

and β-bonds with different spatial conformation and level of branching, and they both 

promoted the growth of Akkermansia (Huo et al., 2021). A similar increase in 

Akkermansia muciniphila was also achieved using oat β-glucan (Ryan et al., 2017). 

Additionally, a purified polysaccharide from the herb Polygonatum sibiricum was used 
 

to prevent different Alzheimer’s symptoms such as memory deficit, intestinal 
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deposition of Aβ plaques and inflammatory response via increasing Akkermansia 

muciniphila (Luo et al., 2022). In a separate study, an inulin-type β-D-fructan 

polysaccharide from the plant Ophiopogon japonicus was revealed as a good substrate 

for the enrichment of Akkermansia abundance (Zhang et al., 2022). The beneficial 

effects related to the action of Akkermansia sp. in the human gut, in conjunction with 

its capability to digest a big diversity of polysaccharides from many different sources, 

make this bacterium useful probiotic and an important participant in the role of the 

Human Gut Microbiota. 

 
 

1.7 Cross-feeding interactions 
 

The complexity of host and diet-derived glycans and the variability of feeding 

preferences of HGM organisms mean that the mechanisms of degradation of these 

molecules are highly specialized (Seth et al., 2014). As a result, different microbial 

communities have co-evolved to maintain a balanced and dynamic network of 

metabolic interactions, which enables them to adapt and thrive within the human 

gastrointestinal tract (GIT). The competition for nutrients between members of the 

HGM has resulted in the evolution of ecological feeding strategies that increase the 

efficiency of glycan utilization (Smith et al., 2019). 

Although there are many different variations of the definitions of  these interactions in 

the literature, Smith et al (2019) have defined bacterial metabolic cross-feeding as 

“an interaction between bacterial strains in which molecules resulting from the 

metabolism  of one strain are further metabolized by another strain”. The term 

“microbial syntrophy” is a closely related term to cross-feeding which describes the 

obligately mutualistic metabolism of microorganisms whereby processes are carried 

out through metabolic interactions between organisms that are mutually dependent 
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upon one another (Morris et al., 2013). These syntrophic interactions can result in the 

metabolism of complex molecules, which would otherwise be unable to be degraded 

by the action of just one organism. 

 
 
 

1.7.1 Bacteroides-Bacteroides interactions 
 

The ability of the Bacteroides to utilize polysaccharides has been well documented 

(Schwalm et al., 2017). Upon the breakdown of these complex polymer molecules 

comes the release of polysaccharide breakdown products (PBPs) which hold the 

potential to become available to other organisms that are otherwise unable to 

metabolize the carbohydrate. Rakhoff-Nahoum and colleagues investigated this theory 

in 2014 (Rakoff-Nahoum et al., 2014) and found that different Bacteroides species 

were able to break down different plant-derived polysaccharides to varying degrees, 

thus producing differing amounts of PBPs. Interestingly, they observed that 

Bacteroides ovatus ATCC 8483 and Bacteroides vulgatus ATCC 8482 (Ba. ovatus 

ATCC 8483 and Ba. vulgatus ATCC 8482) released only oligosaccharide PBPs on the 

breakdown of xylan which contradicts the findings of Salyers et al. (1981) who 

previously described the production of xylose on the breakdown of xylan by these 

organisms (Salyers et al., 1981). They then went on to look at how these PBPs were 

utilized by members that were unable to metabolize the carbohydrate alone. They 

performed growth experiments on conditioned mediums that were derived from the 

growth of organisms that produce PBPs and concluded that the ability of these 

organisms to produce these PBPs varies greatly among the different Bacteroides sp. 

investigated. Additionally, these breakdown products were not universally utilized 

by the non-polysaccharide-utilizing organisms meaning that the use of PBPs is 
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dependent upon the producer strain as well as the PBPs produced. 

The ability of the non-utilizing strains to grow on these PBPs suggests that they posses 

PULs that encode the CAZymes required to metabolize the breakdown products and 

the non-utilizing strains lack only the GH and PL enzymes required for the initial 

degradation of the polysaccharide as well as the proteins required for PBP release from 

the cell. The observation of the breakdown of  amylopectin in extracellular zones would 

suggest that rather than the release of just PBPs by the utilized strains, GH and PL 

CAZymes are also secreted. Communication between Gram-negative bacteria via 

outer membrane vesicles (OMVs) allows for the secretion of enzymes to extracellular 

regions where polysaccharide degradation can take place. This was demonstrated in 

this study using western immunoblot analysis which revealed that GH and PL enzymes 

were present in OMVs from Ba. ovatus ATCC 8483 and that their release supported 

the growth of Ba. vulgatus ATCC 8482 on inulin. This provides evidence that this 

interaction between the two species results in increased growth of a non-utilizing 

species (Salyers et al., 1981). 

This evidence is supported by a further study by Rakoff-Nahoum and colleagues in 

2016 (Rakoff-Nahoum et al., 2016), which found that there is a cooperation between 

different Bacteroides sp. in the breakdown of carbohydrates. Ba. ovatus ATCC 8483 

is the primary degrader of  inulin and releases a duo of GH enzymes (BACOVA_04502 

and BACOVA_04503) that are not necessary for its metabolism. It is thought that Ba. 

ovatus ATCC 8483 expresses these enzymes for the feeding of other organisms in their 

microbial community and this process is beneficial for various members of the group. 

Ba. ovatus ATCC 8483 was grown in co-culture with Ba. vulgatus ATCC 8482 which 

cannot digest inulin but utilizes the breakdown products of this polysaccharide for 

growth.  
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In co-culture, Ba. vulgatus ATCC 8482 grew with increased fitness and, in return, 

increased the fitness of Ba. ovatus ATCC 8483 possibly due to the production of 

molecules that support the growth of Ba. ovatus ATCC 8483 or by the detoxification of 

substances that inhibit its growth. 

In contrast, the degradation of amylopectin and levan by Bacteroides thetaiotaomicron 

VPI 5182 (Ba. thetaiotaomicron VPI 5182) showed no benefit to other species. These 

studies highlighted the interactions between members of the Bacteroides genus that 

allow  the growth of organisms that do not possess the necessary degradative enzymes 

for the utilization of carbohydrates. These interactions may be key in the establishment 

of a dynamic and stable community of microorganisms in the human GIT. 

 
 
 

1.7.2 Bifidobacterium-Bifidobacterium interactions 
 

Bifidobacterium sp. have also been known to interact with one another to cooperatively 

break down carbohydrates (Turroni et al., 2015). The differing abilities of strains to 

utilise glycans have been thought to result in the evolution of cross-feeding activities 

between bifidobacterial strains. Studies have shown that Bifidobacterium sp. able to 

secrete GH enzymes (Milani et al., 2015). It is predicted that 10.9% of the GH enzymes 

encoded by Bifidobacterium sp. are extracellular, of which 24% are predicted to be of 

the GH43 family which acts as β-xylosidases and α-L-arabinofuranosidases. 

Extracellular GH enzymes were identified in 43 bifidobacterial species, with the most 

prevalent being Bifidobacterium biavatii (Bi. biavatii) which was identified to secrete 

17 GHs, Bifidobacterium scardovii (Bi. scardovii) secreting 11 GHs and 

Bifidobacterium bifidum (Bi. bifidum) also secretes 11 GHs. 
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This fact provides strong evidence for the glycan-sharing abilities of bifidobacterial 

strains. Co-cultivation of Bi. bifidum PRL2010 with Bi. breve 12L, Bifidobacterium 

adolescentis 22L (Bi. adolescentis 22L) and Bifidobacterium thermophilum JCM1207 

(Bi. thermophilum JCM1207) showed increased growth of Bi. bifidum PRL2010 

(Turroni et al., 2015), supporting the idea of the ability of bifidobacterial strains to 

engage in cross-feeding. They found that the metabolic activity of Bi. bifidum 

PRL2010 was enhanced when co-cultivated with other bifidobacterial species and the 

transcription of genes involved in carbohydrate metabolism was induced. When grown 

in monoculture, Bi. bifidum PRL2010 was not able to utilize starch or xylan. However 

growth was observed when this strain was cultured alongside Bi. breve 12L or Bi. 

adolescentis 22L. Conversely, a decrease in the growth of Bi. breve 12L and Bi. 

thermophilum JCM1207 was noted, suggesting that the utilization of starch or xylan 

by Bi. bifidum PRL2010 respectively did not benefit these strains and resulted in them 

being outcompeted. The reduction in lactate and acetate production by Bi. breve 12L 

when grown in co-culture as opposed to monoculture supports the idea that the growth 

of this strain is hindered by the presence of another Bifidobacterium. Transcriptomics 

analysis showed that the genes encoding for an ABC-transporter and MFS transporter 

in Bi. bifidum PRL2010 was upregulated when grown in co-culture. It was suggested 

that this upregulation was due to the production of  carbohydrates by Bi. breve 12L 

and Bi. adolescentis 22L which act as PBPS that can be utilised by Bi. bifidum 

PRL2010. Interestingly, upregulation of 21 genes of   Bi. breve 12L  was  observed  when 

co-cultured with Bi. bifidum PRL2010 on starch and   42 genes when grown on xylan. 

This upregulation provides evidence for a mutualistic cooperative relationship 

between these two strains (Turroni et al., 2015). 
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As well as evidence for cross-feeding between bifidobacterial species on plant-derived 

glycans, members of the Bifidobacterium genus are involved in the metabolism of 

host-derived glycans and human milk oligosaccharides (HMOs). Bi. breve UCC2003 

is a known utilizer of mucin and sialic acid which is a monosaccharide derived from 

HMOs, along with Bi. bifidum PRL2010 which produces a big number of GH enzymes 

involved in the metabolism of mucin (Egan et al., 2014; Turroni et al., 2010). The 

production of sialic acid from the degradation of the HMO 3’-sialyllactose by Bi. 

bifidum PRL2010 was shown to support the growth of Bi. breve UCC2003 in another 

study (Egan et al., 2014). The sialic acid is released from the 3’-sialyllactose molecule 

by sialidase enzymes and it was previously shown that the genome of Bi. bifidum 

PRL2010 encodes for two extracellular exo-α-sialidases (Turroni et al., 2010). Egan 

et al. (2014) demonstrated that sialic acid is released as a PBP by Bi. bifidum PRL2010 

was completely utilized by Bi. breve UCC2003, although they found that Bi. breve 

UCC2003 does produce an intracellular sialidase, but it was unable to utilize 3’- or 6’-

sialyllactose, so these molecules are not the substrate for this enzyme. 

A further study carried out by these authors supported this evidence by finding that Bi. 

breve UCC2003 could only grow on a mucin-based medium in the presence of Bi. 

bifidum PRL2010 (Egan et al., 2014). They demonstrated using HPAEC-PAD and 

transcriptome analysis that PBPs were released by Bi. bifidum PRL 2010 and they were 

utilized by Bi. breve UCC2003, including sialic acid, fucose, galactose, and containing 

oligosaccharides from mucin degradation. The upregulation of transcription of genes 

responsible for the uptake of fucose was observed as well as genes encoding for an 

ABC transporter system. The ability of Bi. breve UCC2003 to scavenge on these PBPs 

of mucin highlights its adaptability in the gut and shows that this strain can utilize a 

range of carbon sources depending on their availability. 
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1.7.3 Bacteroides-Bifidobacterium interactions 
 

Research has shown that Bacteroides and Bifidobacterium have co-evolved to share a 

mutually symbiotic relationship in the utilization of dietary and host-derived 

carbohydrates via syntrophic metabolic interactions of their glycan utilization systems. 

The sharing of partially degraded oligosaccharides, intermediary molecules and genes 

by lateral gene transfer has allowed these organisms to carry out this relationship and 

contribute to the complex, dynamic nature of the human gut. Bacteroides often act as 

the primary degraders of carbohydrates in the gut, which are then in turn further 

metabolized by secondary degrader organisms (Fischbach et al., 2011). The action of 

cross-feeding has allowed for the less dominant organisms such as Bifidobacterium to 

utilise glycans as a source of nutrition without being out-competed by bacterial strains 

that are present in the gut in much higher numbers. 

Investigation into the interactions between members of the Bacteroides and 

Bifidobacterium genera in the utilization of different carbon sources was carried out 

by Rios-Covian et al. (2013). They grew different combinations of co-cultures of two 

strains of Bacteroides and two strains of Bifidobacterium using exopolysaccharide 

(EPS), inulin or glucose as the carbon source to observe how this affected growth of 

the organisms. They found that Bi. longum NB677 and Bi. breve IPLA2004 were able 

to utilize glucose as a carbon source however showed no growth on more complex 

polysaccharides. 

Conversely, Bacteroides thetaiotaomicron DSM 2079 (Ba. thetaiotaomicron DSM 

2079) and Bacteroides fragilis DSM 2151 (Ba. fragilis DSM 2151) were able  to utilize 

all the carbon sources and grow well. The authors found that the growth of Ba. 

thetaiotaomicron DSM 2079 on glucose was inhibited by the presence of Bi. breve 
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IPLA2004, suggesting that the interaction between these organisms in the breakdown 

of carbohydrates is not mutualistic in this case. Ba. fragilis DSM 2151 increased the 

fitness of Bi. longum NB677 on the other hand. No effect on growth was seen in co- 

cultures of Bacteroides and Bifidobacterium on complex carbohydrates suggesting that 

no PBPs were produced by the Bacteroides that could be utilized by the bifidobacterial 

strains. These results show that the behaviour of the co-cultures of different species is 

not universal and depends upon the bacterial strains and carbon source present. 

The support of bifidobacterial growth by Bacteroides sp. on XOS has been previously 

observed (Rogowski et al., 2015). Bi. adolescentis ATCC 15703 is unable to utilize 

xylans however it can degrade simple XOS such as linear 

arabinoxylooligosaccharides. Simple xylans such as wheat arabinoxylan (WAX) are 

primarily degraded by Ba. ovatus ATCC 8483 and then further metabolized by Bi. 

adolescentis ATCC 15703. However, this glycan sharing was not observed with more 

complex xylans such as corn bran xylan (CX). The authors of this study suggested that 

this could be since Bi. adolescentis ATCC 15703 does not possess the necessary 

utilization systems for this complex xylan rather than the idea that Ba. ovatus ATCC 

8483 does not support its growth due to an inadequate release of PBPs. To investigate 

this, they created a mutant strain of Ba. ovatus ATCC 8483 that lacked a functioning 

GH98 xylanase CAZyme (ΔGH98) thus preventing the cleavage of the backbone of 

CX and inhibiting its growth. When the ΔGH98 mutant was co-cultured with wild- 

type Ba. ovatus ATCC 8483 on CX media, growth of both strains was observed which 

provides evidence that the wild-type strain releases PBPs from the breakdown of CX, 

which are then utilized by the mutant. This confirms the inability of Bi. adolescentis 

ATCC 15703 to degrade complex xylans is due to its absence of the extensive glycan 

utilization machinery that is present in the Bacteroides sp. (see Figure 13 below). 
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Figure 13. (A) Schematic representation of the glucuronoarabinoxylan utilization system in 
Ba. ovatus ATCC 8483. The substrate is bound by lipoproteins at the cell surface where it is 
primarily degraded to oligosaccharides and then transported to the periplasm where it is 
further hydrolysed to monosaccharides which can then be transported to the cytoplasm of the cell. 
(B) Genomic content of Ba. ovatus ATCC 8483 PUL in its action on corn arabinoxylan 
(Rogowski et al., 2015). 

 
 
 

Further studies into the utilization of XOS by Bacteroides and Bifidobacterium strains 

in co-culture have supported the findings of the previous study by Rogowski et al. 

(2015) (Rogowski et al., 2015; Zeybek Rastall, 2020). In vitro and co-culture 

fermentation experiments were carried out and demonstrated the inability of 

bifidobacterial strains to utilise XOS in monoculture, with only Bi. animalis subsp. 

lactis as an exception. In monoculture, the two Bacteroides strains, Ba. ovatus ATCC 

8483 and Ba. xylanisolvens XB1A were able to utilize all the substrates including 

xylose, XOS, beechwood xylan and corncob xylan. However, four of the five 

Bifidobacterium strains: Bi. bifidum, Bi. breve, Bi. longum subsp. infantis and Bi. 
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longum subsp. longum could not. Bi. animalis subsp. lactis was able to utilize only 

XOS. Nevertheless, the co-culture of Bi. animalis subsp. lactis with both the 

Bacteroides strains showed growth on beechwood and corncob xylans whilst the other 

Bifidobacterium strains showed no growth on any of the substrates in co-culture. These 

results highlight the differences in xylan-type polysaccharide fermentation abilities of 

different bifidobacterial species as is the case in the degradation of inulin-type fructans 

(Falony et al., 2009). The growth of Bi. animalis subsp. lactis in co-culture provides 

evidence for a cross-feeding relationship between this species and the Bacteroides 

which could be due to the release of XOS as a PBP on the hydrolysis of xylan by the 

Bacteroides species which is subsequently utilized by Bi. animalis subsp. lactis. This 

explains the lack of growth of the other Bifidobacterium to grow in co-culture as they 

were unable to utilize XOS alone. 

Cross-feeding behaviours between Ba. cellulosilyticus DSM 14838 

(Ba.cellulosilyticus DSM 14838) and some bifidobacterial strains were analysed in a 

study carried out by Munoz et al. (2020) where interactions between the genera were 

observed during the growth of plant-derived larch wood arabinogalactan  (LW-AG, 

Figure 14). The authors of this study demonstrated how Ba. cellulosyliticus DSM 

14838 primarily degrades LW-AG to release rhamnose and β-1,3- 

galactooligosaccharides which are further metabolized by certain bifidobacterial 

strains. Bi. breve UCC 2003 grown in co-culture with Ba. cellulosilyticus DSM 14838 

was able to utilize LW-AG as a carbon source as compared with no growth detected 

in monoculture thus confirming the hypothesis of a cross-feeding relationship between 

the organisms. The carbohydrates β-1,3-galactobiose and β-1,3-galactotriose were 

utilized by Bi. breve UCC 2003 whereas rhamnose was not a viable growth substrate. 
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As well as Bi. breve UCC 2003, Bi. longum subsp. infantis ATCC 15697 was also able 

to utilize AG-derived oligosaccharides released by Ba. cellulosilyticus DSM 14838. 

The bgaA gene was identified in the genome of Bi. breve UCC 2003 and was predicted 

to encode a GH2 enzyme that is involved in the degradation of β-1,3- 

galactooligosaccharides. The active site of the BgaA enzyme was identified as being 

specific to β-1,3-galactobiose and β-1,3-galactotriose. Interestingly, this gene was not 

identified in the other bifidobacterial species examined including Bi. breve JCM 7017, 

Bi. bifidum LMG13195, and Bi. longum subsp. longum NCIMB8809 and this 

corresponds to their inability to cross-feed with Ba. cellulosilyticus DSM14838 thus 

confirming the function of the bgaA gene. 

 

 
Figure 14. Biochemical analysis of cross-feeding behaviour between two common 
gut commensals when cultivated on plant-derived arabinogalactan (Munoz et al., 
2020). 

 
 
 

Another study (Liu et al., 2020) showed how Bacteroides and Bifidobacterium are 

involved in  the breakdown of polysaccharides in co-culture, although no cross-feeding 



37  

interactions were observed. Three polysaccharide mixtures made up of different 

combinations of AX, xyloglucan, β-glucan and pectin were used as media for a co- 

culture of five different bacterial species including Ba. ovatus ATCC 8483 and Bi. 

longum subsp. longum ATCC 15707. Size-exclusion chromatography showed that the 

observed degradation of the polysaccharides was carried out by Ba. ovatus ATCC 

8483 and Bi. longum subsp. longum ATCC 15707 and the other bacterial species did 

not utilize these carbohydrates. Further analysis identified the release of 

oligosaccharides by Ba. ovatus ATCC 8483 on the hydrolysis of β-glucan; however, 

these were not utilized by any of the other species in the co-culture. It was found that 

Ba. ovatus ATCC 8483 played a key role in the production of the SCFA succinate, 

which was utilized in the formation of propionate by other members of the co-culture, 

supporting the claim that Bacteroides species act as primary degraders of 

polysaccharides. This was also the case in the production of lactate by both Ba. ovatus 

ATCC 8483 and Bi. longum subsp. longum ATCC 15707 which was utilized by the 

other organisms. This study, along with previous studies discussed, highlights how the 

microorganisms in the human GIT can cooperatively interact in the breakdown of 

polysaccharides and benefit one another through PBPs and SCFAs production as well 

as providing benefit to the human host. 

The identification of polysaccharide utilization loci in the dominant gut phylum 

Bacteroides has helped to increase knowledge of the complex system in which glycan 

molecules are broken down. It has allowed for further research into the utilization 

mechanisms as well as the ongoing characterization of carbohydrate-active enzymes 

that are produced by all glycan-degrading bacteria, including Bifidobacterium. 

Understanding enzyme function is essential to fully understand non-digestible 

carbohydrate utilization and may help us predict the production of postbiotics, 
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either SCFAs or other bioactive compounds such as vitamins, from a given substrate. 

In the case of Bacteroides and Bifidobacterium, there is evidence for glycan-sharing 

and cross-feeding activities between certain members of these two genera, particularly 

during the breakdown of dietary fibre. As it has been discussed, interactions between 

these two genera have previously been studied. However, many other cross-feeding 

activities likely exist that have yet to be discovered. Interaction between Bacteroides 

and Bifidobacterium in the breakdown of arabinoxylan has been observed in a small 

number of studies; however, there is little to no literature available on possible cross- 

feeding activities on other dietary glycans, such as β-glucan, arabinogalactan, 

arabinan. Future research should investigate the interaction, if any, between 

Bacteroides and Bifidobacterium in the metabolism of dietary β-glucan and its effect 

on the human host. In addition, there are numerous other gut commensals, less 

dominant in the human large intestine such as Lactobacillus reuteri, which can be 

studied for their cross-feeding activities with Bifidobacterium (either involving dietary 

fibres or released mono-/oligosaccharides), but also for the conversion of metabolic 

end products of one species (for instance 1,2-propanediol or lactate) into other 

metabolites (propionate, butyrate). The experimental proof of the conservation of 

polysaccharide utilization loci involved in β-glucan degradation specifically, amongst 

Bacteroides genus, would allow us to identify the enzymes involved in the metabolism 

of these molecules, which would then provide a starting point to investigate whether 

Bifidobacterium genus has a role in the breakdown of this polysaccharide. Due to the 

complex nature of the human gut microbiota, and the complexity and variation in 

carbohydrate structure, more research is required for us to fully understand the roles 

of each member. 
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1.8 β-glucans 
 

β-Glucans are complex polysaccharides composed of D-glucopyranosyl residues that 

are linked through β-bonds. These glucose polymers are present in cell walls of yeast, 

fungi, seaweed, bacteria and cereals (Du et al., 2019; Henrion et al., 2019) showing a 

different macromolecular structure of β-glucans according to the extraction source 

(Figure 15). For instance, cereal β-glucans have a backbone of single β(1,3)-bonds 

separating short sections of β(1,4)-bonds, while seaweed β-glucans typically consist 

of a mixture of β(1,3)-linkage backbone with single β(1,6) branching points, in which 

the resulting side chain contains β(1,3)-linkages. Additionally, mushroom-derived β- 

glucans typically represent polymers composed of β(1,6)-linked branches from a 

β(1,3) backbone, while bacterial β-glucans simply consist of a linear β(1,3) backbone 

(Dobrinčić et al., 2020; Jayachandran et al., 2018; Liu et al., 2019; Singh, 2019). 

 

 
Figure 15. Structure of different types of α- (resistant starch) and β-glucans. The 
sources of β-glucans are varied: cereals, brown algae (Laminarin), Saccharomyces 
cerevisiae (Yeast), Fungi Lasallia pustulata (Pustulan), bacteria, e.g. Alcaligenes 
faecalis (Curdlan), and plants (Cellulose) (Singh, 2019). 



40  

β-glucans can be modified by physical, chemical, and biological methods, which affects 

its primary structure, spatial conformations, and bioactivity. Modification and 

transformation of β-glucans may not only improve their biological functionalities in 

the human gut but also their industrial applications as a prebiotic (Gibson et al., 2017; 

Kagimura et al., 2015; Wang et al., 2017). These types of processed β-glucans have 

been reported to reduce glucose and cholesterol blood levels, promote the production 

of short-chain fatty acids (SCFAs), which may act as important modulators of host 

immune function, decrease energy intake, and lower obesity, diabetes and 

cardiovascular risk (Cosola et al., 2017; De Vadder et al., 2014; Hooda et al., 2010; 

Hosseini et al., 2011; Rumberger et al., 2014; Shen et al., 2011; Zhu et al., 2016). 

Moreover, several studies have underlined a wide range of interesting properties of β- 

glucans, such as anticancer effects (Choromanska et al., 2015; Del Cornò et al., 2020; 

Geller et al., 2019; Zhang et al., 2018), immunomodulatory capacity (Stier et al., 

2014), anti-inflammatory response (Schwartz et al., 2014), or their role as potential 

adjuvants for vaccine composition and development (Vetvicka et al., 2020) or as a 

delivery vehicle for probiotics (Gani et al., 2018). 

 
 

1.8.1 Cereal β-glucans 
 

Cereals are the most common and widespread source of β-glucan in the human diet 

and their chemical structures are widely conserved across cereal crops (Cameron et al., 

2014; Cameron et al., 2012; Koropatkin et al., 2010). They are described usually as 

homoglucopolysaccharides with a backbone of single β(1,3)-bonds separating short 

sections of  β(1,4)-bonds (Cameron et al., 2014; Cameron et al., 2012; Koropatkin et 

al., 2010).  
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Oat β-glucans 

The effect of oat β-glucan ingestion was associated with a modest increase in bacterial 

richness (yet decreasing the Bacteroides population) in both ileal effluent and fecal 

samples when compared with intake of cellulose or carboxymethylcellulose (Metzler- 

Zebeli et al., 2010). The effect was viscosity-dependent, since low-viscosity oat β-

glucan reduces the relative abundance of Bacteroides to a higher degree when 

compared to high-viscosity oat β-glucan. The same decreasing effect was observed in 

a similar study where oat β-glucan was compared with pectin, inulin and arabinoxylan 

(Yang et al., 2013). 

However, in a subsequent study in BALB/c mice, oat β-glucan ingestion decreased 

bacterial biodiversity yet caused an increase in the relative abundance of the phylum 

Bacteroidota compared with the control and with a mixture oat β-glucan-cellulose. 

Bacteroides was found to be the predominant genus in the colon and it was 

associated with a higher concentration of beneficial short chain fatty acids (SCFAs) 

such as propionate and acetate (Luo et al., 2017). The increase in Bacteroides 

populations was also reported by Carlson et al. (2017) using Oatwell (oat-bran 

containing 28% oat β-glucan) (Carlson et al., 2017). Additionally, different studies 

have demonstrated the effect of oat β-glucans in Bifidobacterium. Wu et al. (2018) 

found that  Bifidobacterium content was decreased by the dietary supplementation with 

oat β-glucans (Wu et al., 2018). Nevertheless, an in vitro fermentation study by Ji-lin 

et al. (2017) showed Bi. longum BB536 as a good degrader of raw and hydrolysed oat 

β-glucans hydrolysates, with a preference for the hydrolysed fractions (Ji-lin et al., 

2017). Another study concluded that the addition of β-glucan to  yogurt increased the 

survival probability of Bi. longum R0175 (Rosburg et al., 2010). Furthermore, 

Bifidobacterium abundance was demonstrated to increase significantly in rats fed with 
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oat whole meal or oat β-glucan compared with a control group, with rats exhibiting a 

higher growth rate when fed on pure oat β-glucan (Zhang et al., 2012). 

 
 

Barley β-glucans 

Supplementation with barley β-glucan in rats with a low or high-fat diet increased the 

production of SCFAs, reduced inflammation and cholesterol levels, and lowered the 

abundance of Bacteroides fragilis NCTC9343 in the caecum (Zhong et al., 2015). 

Additionally, in a study with polypectomyced patients (patients having colorectal 

polyps), no significant difference was observed during a 90-day feeding intervention 

using 3 g/day of barley β-glucan. Nevertheless, two weeks after cessation of the 

treatment, the abundance of the genus Bacteroides was found significantly decreased 

(Turunen et al., 2011). A similar negative correlation was observed in 

hypercholesterolemic rats fed with a medium molecular weight (530 kDa) barley β- 

glucan diet (Mikkelsen et al., 2017). 

However, the application of 3 g/day of  this medium molecular weight barley β-glucan 

in hypercholesterolemic human patients increased the relative abundance of 

Bacteroidota, while that of Bacillota was decreased. Interestingly, no significant 

differences were observed when patients received 3 g/day or 5 g/day of low molecular 

weight barley β-glucan. These findings, therefore, suggest that the promoting effect of 

Bacteroidota abundance by barley β-glucan is molecular weight-dependent (Wang et 

al., 2016). 

One particular utilization locus was identified in Bacteroides ovatus ATCC 8483 

(Bovatus_02740-Bovatus_02745) when this strain metabolizes barley-derived, mixed- 

linkage β-glucans (Figure 16) (Tamura et al., 2017). This locus encodes a GH16 endo- 

β-glucanase (BoGH16MLG) which hydrolyses β(1,4)-linkages that are preceded by a 
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β(1,3)-linked glucosil residue, and a GH3 exo-glucosidase that digests the 

oligosaccharides released by BoGH16MLG to glucose. This PUL also encodes two 

SGBPs, BoSGBPMLG-A (a SusD homolog) and BoSGBPMLG-B. BoSGBPMLG-A is 

essential for the growth of Bacteroides ovatus ATCC 8483 on barley -glucan because 

it incorporates oligosaccharides originated by BoGH16MLG into the periplasm. 

However, BoSGBPMLG-B is not essential for growth though it may assist in 

oligosaccharide scavenging Homologous PULs are also present in Bacteroides 

xylanosolvens XB1A and Bacteroides uniformis ATCC8492, which highlights the 

apparent prevalence of PULs dedicated to β-glucan metabolism among Bacteroides 

species (Tamura et al., 2017). 

In addition, Ba. ovatus ATCC 8483 prioritizes the use of barley β-glucan in a mixture 

with pectin, xyloglucan and arabinoxylan, being able to use this substrate when it was 

the only carbon source in the medium. Ba. ovatus ATCC 8483 showed higher growth 

rates than Bi. longum subsp. longum, Megasphaera elsdenii, and Ruminococcus 

gnavus, but lower than Veillonella parvula (Liu et al., 2020). 
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Figure 16. (A) Glycan utilization locus in Ba. ovatus ATCC 8483. Mixed linkage β- 
glucan is first degraded outside the cell by a cell surface-associated GH16, which 
generates oligosaccharides. The SusC/SusD-like pair incorporates these 
oligosaccharides into the periplasm, where a GH3 (β-glucosidase) degrades these 
internalized oligosaccharides into glucose monomers, which are then incorporated into 
the cytoplasm. (B) Genomic content of the MLG PUL in Ba. ovatus ATCC 8483 
(Tamura et al., 2017; Tamura et al., 2019). 

 
 

In Bifidobacterium, the bifidogenic effect of barley β-glucan supplementation in 

food/feed has been described in various publications. For instance, Arora et al. (2012) 

discovered that C57BL/6 mice, when maintained on a high-fat diet containing 10 % 

barley β-glucan for 8 weeks, showed a lower body weight gain and also an increase in 

the relative abundance of Bifidobacterium in both faecal and caecal samples (Arora et   

al., 2012). Similar results were found in rats fed on a low-fat diet supplemented with 

barley β-glucans for 25 days (Zhong et al., 2015) and, in a similar way, in other murine 

trial (Miyamoto et al., 2018). 

 

Wheat β-glucans 

In obese subjects with unhealthy dietary behaviour, wheat β-glucan was correlated 

with a relative abundance increase in members belonging to the Bacteroidota phylum 

and Bacteroides genus. It was also suggested that Bacteroides sp. reduces the levels of 
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inflammatory markers TNF-α and IL-6, and it plays a role in reducing pathologies 

associated with inflammation (Vitaglione et al., 2015). In a similar study, Ba. 

cellulosyliticus, Ba. ovatus and Ba. stercoris were described as predominantly wheat-

brand β-glucan degraders, while Ba. uniformis, Ba. dorei and Ba eggertii were enriched 

in the β-glucans from wheat- lumen, so apparently not all Bacteroides species exhibit 

the same glycan utilization behaviour (De Paepe et al., 2017). Nevertheless, the use of 

whole grains instead of extracted β-glucan requires further studies for wheat. 

 
 

Mix of different cereals 

A dietary intervention using 3 g/d of durum wheat flour and whole-grain barley pasta 

for two  months did not reveal any significant differences in the microbiota composition 

of the subjects (De Angelis et al., 2015). However, in another trial with wheat bran 

and barley in Japanese adults, a positive interaction was observed when both cereals 

were combined, causing an increase in the relative abundance of  the genus Bacteroides 

and other butyrate-producing species (Aoe et al., 2018). Differences in the microbiota 

composition of distinct human populations because of varying diets and lifestyles may 

explain these conflicting findings (Hehemann et al., 2012; Nishijima et al., 2016; 

Sonnenburg et al., 2016). 

Regarding Bifidobacterium, Shen et al. (2012) carried out a comparative study of the 

prebiotic  efficacy of oat and barley β-glucan in rats. In the study, Bifidobacterium 

abundance increased using either of these cereals, with a more pronounced effect for oat 

β-glucan (Shen et al., 2012). 

1.8.2 Seaweed β-glucans 
 

Seaweeds are potential prebiotics rich in three polysaccharides depending on the 

seaweed source, being either brown, green, or red algae. In brown algae, fucoidan, 
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alginate and laminarin have been shown to act as an antioxidant, cognitive protective, 

anti-inflammatory, anti-angiogenic, anti-cancer, anti-viral, and anti-hyperglycemic 

agents, thus having very promising potential as a food additive and prebiotic (Collins 

et al. 2016; Patil et al., 2018). Laminarin (Figure 15) is a linear glucose-based 

homopolysaccharide with a β(1,3) backbone and β(1,6) branches at a 3:1 ratio, being 

isolated from the brown algae species Laminaria and Alaria, representing almost 50 

% of algal dry matter. Laminarin is a type of β-glucan with special interest because of 

its proposed anticancer, antioxidant and immunomodulatory activities (Sellimi et al., 

2018; Xia et al., 2014). For instance, in a recent study, both native laminarin and its 

enzymatic digestion products inhibited cell transformation on SK-MEL-28 human 

melanoma and DLD-1 human colon cancer cells, where the maximum anti-cancer 

effect was shown to be correlated with a high level of branching (Menshova et al., 

2014). 

Laminarin has been widely studied as a growth substrate for various marine 

Bacteroides species. An analysis of  Bacteroidota-fosmids from ocean regions showed 

that 4 out of 14 identified PULs were laminarin-specific and were co-located with 

predicted -glucosidase-encoding genes, thereby underscoring the role of laminarin as 

a common metabolic substrate for ocean-derived Bacteroidota species (Bennke et al., 

2016). 

At the species level, the degradation of laminarin in the marine bacterium Zobellia 

galactanivorans (Z. galactanivorans) has been described in different studies. Thomas  

et al., (2017) studied the gene transcription in Z. galactanivorans (Figure 17) when 

it grows on laminarin as a carbon source (Thomas et al., 2017). The authors suggested 

that this  marine polysaccharide induced the expression of the cluster 

ZOBELLIA_209 to ZOBELLIA_214, which is predicted to encode two TonB-



47  

dependent receptors (TBDR, ZOBELLIA_212 and ZOBELLIA _214) and their 

associated surface glycan- binding proteins (SGBP, ZOBELLIA_211 and 

ZOBELLIA_213), respectively. These tandems are characteristic of genomes in 

Bacteroidota (Grondin et al., 2017). This cluster encodes a predicted carbohydrate-

binding module family 4 (CBM4, ZOBELLIA_209), whose family has been 

characterized to bind to β(1,3)-glucan, β(1,3-1,4)-glucan, β(1,6)-glucan, xylan, and 

amorphous cellulose (CAZy database, http://www.cazy.org/) (Consortium, 2018; von 

Schantz et al., 2012; Zhang et al., 2014). This cluster is involved in the recognition, 

binding, and incorporation of laminarin at the cellular surface of Z. galactanivorans. 

Together with the mentioned cluster, Z. galactanivorans induced transcription of 

ZOBELLIA_587, ZOBELLIA_588 and ZOBELLIA_589, which are predicted to be a 

periplasmic glucolactonase, a periplasmic gluconate transporter and a cytosolic 

galactonate dehydrogenase, respectively. Finally, Z. galactanivorans induced 

ZOBELLIA_3183, encoding a predicted polysaccharide lyase family 9, subfamily 4 

(PL9_4) (Lombard et al., 2010). PL9_4 has only one characterized protein in the CAZy 

database from Paenibacillus koleovorans JCM11186, whose activity has been 

described as a thiopeptidoglycan lyase. Therefore, ZOBELLIA _3183 may represent 

a new activity in this subfamily 4 (Thomas et al., 2017). 

On the other hand, two β-glucanases from Zobellia galactanivorans, ZgLamAGH16 

and  ZgLamCGH16, were described as laminarinases with residual activity on MLG 

(Labourel et al., 2014; Labourel et al., 2015). ZgLamAGH16 is a specific β(1,3)-

glucanase with a unique extra loop in the active site, which is composed of 17 amino 

acids giving a bent shape in the cleft of the active site and adapting the enzyme to the  

U-shape topology of laminarin. This unique characteristic shows the enzyme as an 

evolution from the broad β-glucanase activities of the GH16 family (Viborg et al., 
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2019), obtaining a very specific activity on β(1,3)-glucan. However, ZgLamCGH16 

elicits preferential recognition and activity on branched laminarin. Altogether, these 

two GH16 enzymes in Z. galactanivorans are involved in the initial step of the 

metabolism of branched laminarin (ZgLamCGH16), while ZgLamAGH16 recognizes 

and efficiently attacks unbranched polysaccharide and oligosaccharide-derived 

laminarins (Labourel et al., 2014; Labourel et al., 2015). Another study showed that 

the incorporation of 2 % of brown algae laminarin in feed for a rat trial decreased the 

relative abundance of the Bacteroidota phylum in caecal microbiota populations. 

Specifically, the ratio of identified clones, based on 16S rRNA gene sequencing, of 

Bacteroides capillosus fell around  27 % compared to the control (An et al., 2013). By 

contrast, in a study with mice fed with high-fat diet compared with high-laminarin 

diet, the authors found that the diet without laminarin led to an increase in 

Actinomycetota, whereas dietary supplementation with laminarin witnessed an 

increase in the relative abundance of Bacteroidota, specially the genus Bacteroides, 

and a decrease in Bacillota. Laminarin ingestion shifted the microbiota at the species 

level towards a higher energy metabolism, increasing the Bacteroides species, and 

therefore increasing the number of carbohydrate-active enzymes. Laminarin also 

slowed weight gain in mice and decreased bacterial species diversity (Nguyen et al., 

2016).  

The same increase in Bacteroidota/Bacillota ratio was observed in a recent study with 

albino mice (Takei et al., 2020) in which laminarin was shown to be  metabolized 

by Ba. intestinalis and Ba. acidifaciens, producing succinate and acetate as end-

products, which are precursors of the beneficial SCFAs propionate and butyrate, 

respectively (De Vadder et al., 2016; Fernández-Veledo et al., 2019; Laserna-
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Mendieta et al., 2018). 

 

Figure 17. Genomic composition of the β(1,3)-glucan PUL in Zobellia 
galactinovorans DsijT (Thomas et al., 2017). 

 
 

In contrast, several feeding studies have concluded that laminarin from Laminaria 

digitata does not affect the relative abundance of Bifidobacterium in the gut microbiota 

(Smith et al., 2011; Sweeney et al., 2012). Nevertheless, Lynch et al. (2010) reported a 

linear decrease in caecal Bifidobacterium in boars as a result of the addition of 

laminarin from Laminaria (Lynch et al., 2010). Though, further studies to deeply 

analyse the effect of laminarin on the HGM are still required. 

Finally, a study on β(1,3)-glucan metabolism by Bacteroides sp. showed that 

Ba. unformis ATCC 8492, Ba thetaiotaomicron NLAE-zl-H207 and Ba. fluxus 

YIT12057 could use laminarin as a carbon source because of the defined PUL 

architecture where a GH158 is key in the release of oligosaccharides (Déjean et al., 

2020). 
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1.8.3 Fungal β-glucans 
 

Fungal β-glucans are polymers composed of a β(1,6) or β(1,3) backbone, with a 

variable branching degree (Figure 15). Bacteroides species have been reported as 

degraders of different types of fungal β-glucan. For example, when β-glucan from 

Saccharomyces cerevisiae (β-1,3-glucan with β-1,6-linked side chains) was supplied 

to C57BL/6 mice, it was shown to cause a reduction in bacterial diversity, but an 

increase in the relative abundance of the phylum Bacteroidota accompanied with 

higher levels of SCFAs such as acetic, propionic and butyric acid (Gudi et al., 2020). 

In another study, β(1,3)-glucan from Candida albicans increased the relative 

abundance of the Bacteroides genus when mice were administered live or heat killed- 

Candida albicans (Panpetch et al., 2017). Déjean et al. ( 2020) described a putative 

β(1,3)-glucan utilization locus in Ba. uniformis ATCC 8492 (BACUNI_01484- 

BACUNI_01490, see Figure 18 below) that encodes a TonB-dependent transporter 

(TBDT, SusC-homolog), two cell surface glycan-binding proteins (SGBP-A and 

SGBP-B), three glycoside hydrolases (GH16, GH158 and GH3) and a hybrid two-

component system (HTCS) transcriptional regulator (Déjean et al., 2020). 
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Figure 18. (A) Scheme of β(1,3)-glucan degradation by Bacteroides uniformis ATCC 
8492, based on an analogy with the starch utilization system (Déjean et al., 2020). 
(B) Genomic content of the pustulan PUL in Bacteroides uniformis ATCC 8492 
(Déjean et al., 2020). 

 
 
 
 

One  particular PUL (BT3309-BT3314) from Ba. thetaiotaomicron VPI 5182 has been 

associated with the degradation of pustulan, a fungal β(1,6)-glucan that is a common 

component of fungal cell walls of mushrooms and yeast (Temple et al., 2017). BT3312 

represents an endo-β(1,6)-glucanase located at the cell surface accompanied by a 

SGBP (GH30_3, BT3313), a SusD-homolog (BT3311) and a β(1,6)-glucosidase 

(BT3314). Ba. thetaiotaomicron employs a very efficient mechanism to fully degrade 

pustulan as a carbon and energy source (Figure 19). The SGBP BT3313 starts the 

degradation process by recognizing and binding the intact polysaccharide to the cell 

surface of Ba. thetaiotaomicron. Following this, the  GH30_3 cleaves the intact glycan 

into smaller glucooligosaccharides, which will then be internalized into the periplasm 

by BT3311 (SusD-homolog). In the periplasm, a GH3 (BT3314) will continue 

metabolism by degrading the internalized 1,6- glucooligosaccharides. Comparative 

genome analysis with other species revealed that homologous PULs are located in 
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genomes of Ba. uniformis ATCC 8492, Ba. ovatus ATCC 8483 and Ba. xylanosolvens 

XB1A (Temple et al., 2017). 
 
 

 
Figure 19. (A) Scheme of β(1,6)-glucan degradation by Ba. thetaiotaomicron (Temple et 
al., 2017). This linear β-glucan is degraded by a GH16 on the surface of Ba. 
thetaiotaomicron VPI 5482 and incorporated into the periplasm, where another GH3 
(unspecific β-glucosidase) breaks the smaller oligosaccharides into single glucose 
monomers. B Genomic content of the pustulan PUL in Ba. thetaiotamicron VPI 5482 
based on an analogy with the starch utilization system (Temple et al., 2017). 

 
 

Several studies have addressed the role of fungal β-glucans in the Bifidobacterium 

genus. For instance, Wang et al. (2019) studied the relation between β-glucan obtained 

from the yeast Saccharomyces cerevisiae and immune response (Wang et al., 2019). 

Yeast β-glucans could alleviate the immune-suppression, favouring the proliferation 

of the Bifidobacterium genus (Wang et al., 2019).  

Furthermore, the supplementation with yeast  β-glucans  in Alzheimer-induced mice 

led to an increase in the relative abundance of the genus Bifidobacterium, which was 

similar to that found in control mice (Xu et al., 2020). Alessandri et al. (2019) 

evaluated the growth ability of hundred bifidobacterial strains using glucan-chitin 
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complex from Aspergillus niger as the only carbon source. All strains were shown to 

exhibit some, though mostly modest growth with Bi. breve and Bi. bifidum strains 

to elicit the highest levels of growth (Alessandri et al., 2019). Zhao and Cheung showed 

that mushroom β-glucans elicit a prebiotic effect by enhancing the growth of Bi. 

longum subsp. infantis (Zhao et al., 2013). These authors studied the proteomic profile 

of this catabolic process, showing  that this bifidobacterial species expresses 17 

proteins that may be linked to mushroom β-glucan degradation. Pokusaeva et al. 

(2011) identified the cldC gene in Bi. breve UCC2003 to be involved in the 

metabolism of cellodextrins, which are β(1,4)-glucose hydrolysis products from 

cellulose (Pokusaeva et al., 2011). The authors showed the ability of this bacterium to 

use cellobiose, cellotriose, cellotetraose and cellopentaose through the cldEFGC gene 

cluster with a higher preference for cellobiose. Disruption of the cldC gene resulted in 

the inability of Bifidobacterium breve UCC2003 to use these cellodextrins as a carbon 

source, confirming that this gene cluster is  unique in the bacterium for this 

metabolism. It is reasonable to assume that these enzymes would be able to degrade 

MLG oligosaccharides in a similar way to cellodextrin oligosaccharides. However, 

this hypothesis needs to be tested experimentally. Nevertheless, more studies are 

required to fully understand the impact of  β-glucan oligosaccharides on 

bifidobacterial species. 

 
 

1.9 Mycoprotein from Fusarium venenatum 

The Food and Agriculture Organization (FAO) of the United Nations predicted in 2012 

that  the global demand for  meat would reach 455 M metric tons by 2050 (Alexandratos 

et al., 2012). The steady increase in meat consumption around the world today suggests 

that there is still an issue for the environment and public health. For this reason, it is 
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crucial to find healthy and sustainable alternatives that allow meat substitution. These 

new methods of food production should combine novel agricultural techniques with 

environmentally friendly dietary modifications (Tuomisto, 2022). While some types 

of meats have been associated with the risk of cardiovascular diseases (Abete et al., 

2014), meat alternatives, either plant-based products or fungus, may ease the reduction 

and prevention of coronary heart disease and stroke by reducing blood lipid levels 

(Pabois et al., 2020). They can simulate meat organoleptic features in appearance, and 

this may play an important role to enable a dietary change (Kumar et al., 2017). Even 

though meat alternatives have been available a long time ago, their popularity with 

consumers has increased rapidly in recent times since the change of marketing 

direction towards meat-eating consumers, rather than just vegans and   vegetarians (Hu 

et al., 2019). 

 
Quorn® mycoprotein is a nutritional replacement for animal meat protein substitute 

(Finnigan et al., 2019; Wilson et al., 2021) generated through industrial fermentation 

of the filamentous microfungus Fusarium venenatum A3/5 (See Figure 20 and Figure 

21 below). Mycoprotein has all the necessary amino acids for human nutrition, and it 

is high in quality protein and fibre and low in fat. Mycoprotein is elaborated from the 

RNA depletion of the mycelium of the ascomycete (Finnigan et al., 2019). It typically 

contains 25 g of solids, including 11 g of protein and 6 g of fibre/100 g (nutritional 

profile available on https://www.quornnutrition.com/importance-of-micronutrients). 

The fibre part located in the cell wall is composed of 2/3 branched β(1,3/1,6)-glucan 
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and 1/3 chitin being specific to fungal mycelium (Finnigan et al., 2019) and not 

frequently present in human food (Bottin et al., 2016). For all this, mycoprotein has 

organoleptic characteristics that are comparable to those of meat, making it a well-

known meat replacement that is widely used in diets across the world and which has 

been incorporated into the diet of many populations (Finnigan et al., 2019). 

 

 
Figure 20. Image of Fusarium venenatum A3/5 (Ugalde et al., 2002). 

 
 
 

Figure 21. Cell wall and cell membrane of Fusarium venenatum A3/5 (Vega et al., 2012).
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Mycoprotein is used to make a range of vegetarian meat replacements with a 

significantly lower environmental impact compared to that meat from beef (Kazer et 

al., 2021). Humpenöder et al. (2022) studied the environmental implications of 

replacing beef meat with mycoprotein analysing how this substitution would affect the 

level of several parameter such as production of greenhouse effect gases (N2O, CH4 

and CO2) and deforestation, among others (Humpenöder et al., 2022). Therefore, in the 

possible scenarios where the substitution of beef by mycoprotein was up to 20%  50% 

and 80% by 2050, the authors concluded that a 20% reduction would cause 56%   less 

deforestation and 56% less net CO2 emissions. For 50% and 80% of cases would 

imply drops of 82% and 93% in land destined for pasture and 83% and 87% less net 

CO2 emissions, respectively (Humpenöder et al., 2022). 

 

Several dietary beneficial effects of mycoprotein have been reported since it leads to 

lower plasma cholesterol levels and eases the reduction of different metabolic markers 

such as postprandial glucose, insulin output, energy intake, and lipolysis, compared 

with other protein sources (Burley et al., 1993; Cherta-Murillo et al., 2020; Colosimo 

et al., 2020; Turnbull et al., 1995; Turnbull et al., 1993). Coelho et al (2020) concluded 

that mycoprotein is a bioavailable source of high-quality protein and it could 

effectively affect daily glycaemic control and energy intake, stimulating muscle 

protein anabolism which consequently would enhance weight management (Coelho et 

al., 2020). 

The mechanism by which the human body gets access to mycoprotein was studied by 

Colosimo et al. (2020). The results presented by the authors was referred only to in 

vitro models but they highlighted that protein bio-accessibility from mycoprotein 

was essentially an enzymatic process by which small intestinal proteases can permeate 
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through the fungal cell facilitating protein hydrolysis and release (Colosimo et al., 

2020). 

Another study (Wang et al., 2019) compared the relative abundance of different 

bacteria populations in anaerobic stirred batch cultures using four protein sources 

(casein, meat, mycoprotein, and soy protein). They concluded the existence of bacterial 

adaptation to different dietary sources because faecal bacteria from omnivores had 

insignificantly higher counts on meat, while faecal bacteria from vegetarians had 

higher counts on Quorn® extract. In the case of the specific genus, it is highly 

remarkable how Bacteroides and Bifidobacterium were supported by a mycoprotein 

diet, being related to higher concentrations of propionate and butyrate, respectively. 

The positive relation between mycoprotein and SCFAs was also determined in 

another study (Harris et al., 2019). Mycoprotein led to higher levels of propionate 

compared with inulin and laminarin, and with significantly higher proportions of 

butyrate compared to rhamnose and oligofructose. The authors concluded that this 

preference for propionate and butyrate production is likely due to the β-glucan content, 

which has been previously shown to result in higher in vitro propionate and butyrate 

production (Hughes et al., 2008). Nevertheless, mycoprotein consists of a complex 

mixture of fibre, protein, and fat so it should not be considered an individual 

component. 

At present there is still a big amount of research to be done on how the fungal 

components contained in Quorn® are metabolized in the human gut. Therefore, the 

analysis of the pure components of mycoprotein supposes the best manner to clarify 

what are their beneficial effects in the Human Gut Microbiota and to identify which 

bacteria populations show a predisposition to degrade mycoprotein from Fusarium 

venenatum, and, specially, β-glucan contained in it. This would allow bacteria to take  
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nutritious advantage from other microorganisms within the competitive environment 

that supposes the human gut. In conclusion, this would help to the clarification of the 

beneficial prebiotic effect that might be associated with the employment and 

increasing insertion of mycoprotein in the human diet. 
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1.10 Aims and objectives of this thesis 
 

This thesis is focused on understanding different metabolic routes in the degradation 

and the metabolism of β-glucan from Fusarium venenatum by human gut Bacteroides 

sp., together with its secondary degradation via cross-feeding by Bifidobacterium sp. 

and Lactobacillus sp. Furthermore, the utilization of Roseburia sp., Akkermansia sp. 

and Victivallis sp. as feasible primary degraders will expand the knowledge of how 

bacteria use fungal polysaccharides. Therefore, the main goal of this research is to 

clarify the potential impact that Fusarium mycoprotein, and, specially, Fusarium β-

glucan, may have on human gut bacteria populations. Additionally, it will determine 

whether Fusarium   mycoprotein may have any potential prebiotic effects that could 

influence the composition of the Human Gut Microbiota. 

Understanding glycan metabolism may serve to evaluate how polysaccharides may 

affect the gut microbiota community, defining which bacteria species act as main 

degraders, developing a leading role, and which ones do not present this degradation 

capacity but anyhow can take advantage of the digestion products released by those 

previous ones. This understanding will help the development of nutraceutical-based 

strategies to increase the content of specific beneficial bacteria in the gut, increasing 

the associated health effects that the utilization of mycoprotein can have. 

In summary, a combination of microbiology culture experiments, molecular biology 

techniques, enzymatic assays, proteomics and metabolomics, will show that the 

importance of mycoprotein goes further than being a simple ingredient in food 

products. It acts as a bacterial carbon and energy source which may also be considered 

as a potential regulator of our microbiota. 
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2 Material and Methods 
 

2.1 Bacterial strains and vectors 
 

2.1.1 E. coli strains for Cloning and Expression 
 

Escherichia coli TOP10 (Invitrogen) was used as the cloning host and has the 

following genotype: 

 

 

Escherichia coli BL21(DE3) (Novagen) was used as the expression host and has 

the following genotype: 

 

 
2.1.2 Bacterial strains for the Fusarium β-glucan degradation 

 
 

Bacteroides cellulosyliticus WH2 
Bacteroides cellulosyliticus DSM 14838 
Bacteroides thetaiotaomicron VPI 5482 

Bacteroides ovatus ATCC 8483 
Bacteroides vulgatus ATCC 8482 

Roseburia inulinivorans DSM 16841 
Roseburia intestinalis DSM 14610 

Akkermansia muciniphila DSM 22959 
Victivallis vadensis ATCC BAA-548 
Bifidobacterium bifidum PRL2010 

Bifidobacterium breve UCC03 
Bifidobacterium breve JCM 7017 

Bifidobacterium animalis subsp. animalis DSM 20104 
Bifidobacterium longum subsp. longum NCIMB 8809 

Bifidobacterium longum subsp. infantis ATCC 15697 

Lactiplantibacillus plantarum WCFS1 
Table 1. Bacterial strains for the Fusarium β-glucan degradation 

F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 nupG recA1 araD139 Δ(ara-leu)7697 galE15 
galK16 rpsL(StrR) endA1 λ- 

F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI 

lacUV5-T7p07 ind1 sam7nin5]) [malB+]K-12(λS) 
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2.1.3 Vectors 
 

The commercially available plasmid pET-28 (+) (Novagen) was used as cloning vector 

for the experiments developed in this thesis. 

 
 
 

2.2. Antibiotics stocks 
 

All antibiotic stocks were prepared with autoclave sterilized 18.2 MΩ/cm H2O, 

obtained from a Merck Milipore Milli-Q® water system in a 1000X concentration. 

 
Media Concentration 

Kanamycin (Formedium) 50 µg/mL in 18.2 MΩ/cm H2O 

Gentamicin (Meldford) 20 µg/mL in 18.2 MΩ/cm H2O 

Ampicilin (Meldford) 20 µg/mL in 20% ethanol 

Mupirocin (Sigma) 10 µg/mL 18.2 MΩ/cm H2O 

Vancomycin (Duchefa) 20 µg/mL in 18.2 MΩ/cm H2O 

Table 2. Antibiotics stocks used in this study. 
 
 
 
 

2.3 Bacterial Growth Media 
 

All growth media was prepared with distilled H2O and then autoclaved at 120°C for 

20 minutes. Liquid growth media were stored at room temperature and solid growth 

media at 4°C in the fridge. 
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Media Composition 

LB (Sigma) 10 g Tryptone (Sigma), 10 g NaCl (Formedium) and 5 g 

yeast extract (Melford). The final volume of 1L was achieved 

using 18.2 MΩ/cm H2O. 

LB Agar 25 g LB (LURIA-BERTANI) and 15 g Agar (Melford). A 

final volume of 100 mL was achieved using 18.2 MΩ/cm 

H2O. 

BIH (Melford) 17.5 g Brain Heart Infusion from solids (Melford), 10 g 

Pancreatic Digest of Gelatin (Sigma), 2 g Dextrose (Sigma), 

5 g Sodium Chloride (Sigma) and 2.5 g Disodium Phosphate 

(Thermo). A final volume of 100 mL was achieved using 18.2 

MΩ/cm H2O. 

MRS (Lab M) 
 

per Litre 

It was purchased from the company and the final volume 

reached to 1L with 18.2 MΩ/cm H2O. 

Lactobacillus 
 

MRS media 

It was purchased from the company and the final volume 

reached to 1L with 18.2 MΩ/cm H2O. 

Minimal media 1 g Ammonium sulfate (Thermo), 1 g Sodium bicarbonate 

(Thermo), 0.5 g L-Cysteine (Thermo), 100 mL 1 M K3PO4 pH 

7.2 (Thermo), 50 mL Mineral solution (Sigma), 10 mL FeSO4 

(Melford), 1 mL Vitamin K (Thermo), 0.5 mL Vitamin B12 

0.01mg/Ml (Sigma) 4 mL, Resazurin 0.25 mg/mL (Sigma) 1 

mL Hemin solution (Fisher). A final volume of 100 mL was 

achieved using 18.2 MΩ/cm H2O. 
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BIH Agar Plate BIH (Melford) with 15 g per litre of Agar (Melford). A final 

volume of 100 mL was achieved using 18.2 MΩ/cm H2O. 

MRS Agar plate MRS (Melford) with 15 g per litre of Agar (Melford). A final 

volume of 100 mL was achieved using 18.2 MΩ/cm H2O. 

Table 3. Culture media used in this study. 
 
 
 
 

2.4 Glycerol stocks preparation 
 

The glycerol stocks of all used bacteria were prepared at 25 % glycerol using 1 mL 

bacterial culture (OD600=0,6-0,8) and 1 mL 50% glycerol (Thermo Fisher). The 

samples were stored at -80°C. 

 
 

2.5 Preparation of Chemically Competent Cells 
 

A 10 mL starter culture in LB was inoculated with 50 µL of either Escherichia coli 

BL21(DE3) or Escherichia coli TOP10 from their 50% (v/v) glycerol stock with no 

antibiotic. The culture was incubated for 16 hours at 37°C at 180 rpm. Then, a 2 L 

Erlenmeyer flask containing 1000 mL LB was inoculated with 5 mL of the starter and it 

was incubated at 37°C at 180 rpm until the OD600 reached 0.6-0.8. It was subsequently 

cool on ice for 30 minutes. The culture was then split equally between two pre-chilled 

sterile 500 mL (Nalgene) centrifuge pots centrifuged at 5000 rpm for 10 minutes in a 

Thermo Scientific Sorvall Evolution RC centrifuge in a SLA 3000 rotor. Consequently, 

the supernatant was poured aseptically and 100 mL MgCl2 (0.1 M) added to both pellets. 

The pellets were resuspended and re-centrifugated at 4500 rpm for 10 minutes. The 

supernatant was discarded aseptically and 15 mL CaCl2 (0.1 M) was added to one of the 
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pellets. The pellet was resuspended and poured on top of the second pellet. The second 

pellet was then also resuspended. The final pot was then left on ice for 90 minutes and 

after the cooling period, 4.5 cold mL of sterile 50% glycerol (v/v) was added and mixed 

into the solution followed by overnight incubation. 

To confirm the successful growth of Escherichia coli, three 2% LB agar plates were 

set up, one containing kanamycin (50 µg/µL), one ampicillin (100 µg/µL), and one 

with no antibiotic. 150 µL of the resuspended cells were spread on the agar plates with 

a sterile glass spreader. If the plate without antibiotic showed a confluent lawn of cell 

growth and both antibiotic-containing plates were free of colonies, the prepared cell 

resuspension was transferred into 150 µL aliquots in pre-chilled 1.5 mL 

microcentrifuge tubes and stored at -80°C. 

 
 
 

2.6 Mycoprotein β-glucan extraction and purification 
 

The fungus cell wall from Fusarium venenatum was extracted and the different glycan 

parts were purified by adapting a previously described method in yeast (Bzducha- 

Wróbel et al., 2012). An alkaline extraction with 3% NaOH at 75°C was done 

obtaining two different fractions: fraction 1 which included supernatant containing 

both mannoproteins and β(1,3-1,6)-glucan soluble in bases; and fraction 2, which 

included β-glucan/chitin insoluble in bases. Following this, Fraction 1 was neutralized 

with glacial acetic acid and then centrifuged at 15000 g for 30 min. Once the pellet of 

β(1,3-1,6)-glucan was dialyzed for 24 h, it was frozen-dried prior to its use. 
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2.7 PCR 
 

Q5 hot-start DNA polymerase (NEB) was utilized in the amplification of target genes. 

The reaction components and conditions (see list of primers attached) are shown 

below: 

 
Component Volume Final Concentration 

Q5 DNA polymerase 0.5 µL 1X 

5X Q5 reaction buffer 5 µL 1X 

dNTPs (10 mM each) 1 µL 200 µM 

Template DNA 1 µL 100 – 200 ng 

10 µM forward primer 2.5 µL 0.5 µM 

10 µM reverse primer 2.5 µL 0.5 µM 

18.2 MΩ/cm H2O To 50 µL N/A 

Table 4. Reaction components for Q5 hot-start DNA polymerase. 
 

 
2.8 qPCR 
The time point aliquots of the bacterial cultures were harvested in triplicate with RNA 

protect (Qiagen) for immediate stabilization of RNA added, and then stored at -20°C. 

RNA was extracted and purified with the RNAeasy minikit (Qiagen), and RNA purity 

was assessed by spectrophotometry. Then, 1 µg of RNA was used for reverse 

transcription and synthesis of the cDNA (SuperScript VILO master mix; Invitrogen). 

Quantitative PCRs (20 µl final volume) using specific primers (see list attached) were 

performed with a  Luna Universal qPCR Master Mix (Biolabs) on a Step One Plus 

Real-Time PCR system (Applied Biosystems). The reaction components and 

conditions are shown below: 
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Component 20 µL reaction Final concentration 

Luna Universal qPCR Mix 10 µL 30 seconds 

10 µM forward primer 2.5 µL 0.5 µM 

10 µM reverse primer 2.5 µL 0.5 µM 

Template DNA variable 50-100 ng 

Nuclease-free water To 20 µL - 

Table 5. Reaction components for Luna Universal qPCR Master Mix. 
 
 

For the baseline reaction used as control, DNA template was replaced with sterilized 

UltraPureTM DNase/RNase-Free distilled water (Fisher). 

 
 
 
 

2.9 Agarose Gel Electrophoresis of PCR Samples 
 

A 1% agarose gel solution was prepared in a 100 mL Erlenmeyer flask and heated in 

a microwave until all agarose powder was dissolved. After cooling it, the gel was 

poured into a casting tray and inserting the combs, it was left to sit at room temperature 

for 30 minutes. Then, the gel tray was removed from the casting tray and placed into 

horizontal gel tank (BioRad) with 1X TAE buffer, and the comb was removed. 

The DNA samples were prepared using 5 µL PCR sample and 1 µL 6X loadying dye 

(NEB). The samples were then loaded into the agarose gel along with 1X 5 µL 1kb 

DNA ladder (NEB) per comb. The tank lid was closed, and the probes were plugged 

into the power pack (BioRad powerpack 300), and the power was set at 120 V for 45 

minutes for a small gel (50 mL). After this electrophoresis, the gel was removed and 

submerged in ethidium bromide solution (10 µg/mL) and placed on a tank for 30 

minutes at room temperature. The gel was moved to 18.2 MΩ/cm H2O for 15 minutes 
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and then visualized using a UV transilluminator (Cleaver Scientific). 

 
Media Concentration 

TAE Buffer (50x 
working 

concentration) 

242.0 g Tris base (Melford), 100 mL, EDTA (0.5 M, pH 

8.0) (Sigma), 57.1 mL Glacial acetic acid (Sigma). A 

final volume of 100 mL was achieved using 18.2 MΩ/cm 

H2O. 

Small Agarose Gel 
1% (w/v) 

0.5 g Agarose (Melford), 49 mL 18.2 MΩ/cm H2O and 1 
 
mL 50X TAE Buffer. 

Medium Agarose Gel 
1% (w/v) 

1.2 g Agarose (Melford), 117.6 mL 18.2 MΩ/cm H2O 
 
and 2.4 mL and 50X TAE Buffer. 

Large Agarose Gel 
1% (w/v) 

2.4 g Agarose (Melford), 245 mL 18.2 MΩ/cm H2O and 
 
5 ml 50X TAE Buffer. 

Gel Loading Dye 
Purple (6X) 

Gel loading dye, a DNA loading buffer, was acquired 

from NEB. The PCR product was prepared according to 

the following ratio of DNA-loading dye: 5 µL PCR 

product and 1 µL gel loading dye. The loading dye ratio 

used for plasmid DNA was 2 µL loading dye for every 7 

µL DNA. 

Bromophenol Blue 
DNA Loading Dye 
10X Concentrated 

Stock 

It was made with 0.25 g Bromophenol blue (Sigma), 33 

mL 150 mM Tris (pH 7.6), 60 mL Glycerol. A final 

volume of 100 mL was achieved using 18.2 MΩ/cm H2O. 



68  

DNA Standard Ladder 1 kb DNA Ladder (New England Biolabs) was used 

throughout the study and comprised the following 

standard sizes: 0.5 kh, 1 kb, 1.5 kb, 2 kb, 3 kb, 4 kb, 5 kb, 

6 kb, 8 kb, and 10 kb. 

Ethidium Bromide Ethidium bromide was used at a working concentration 

of 10 µg / mL, obtained by diluting a stock of 10 mg/mL 

in 18.2 MΩ/cm H2O. 

Table 6. Materials employed in agarose gel electrophoresis. 
 
 
 

2.10 Agarose Gel Extraction 
 

For the purification of DNA fragments (mainly PCR products), the electrophoresis was 

stopped, and the gel was put in staining in ethidium bromide. Following the staining 

the gel was sliced using a medical scalpel under a UV light (Cleaver Scientific 

transilluminator) and transferred to 1 mL Eppendorf tubes. The weight before and after 

the addition of the gel into tubes was recorded, and then, calculating the exact weight 

of the slice was. After this, DNA extraction was performed using the NZYTech 

Gelpure kit according to the manufacturer’s instructions. 
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2.11 Restriction Endonuclease Digestions 
 

For digestion of plasmid DNA, 50 µL of pET28b vector (50 µg), 6 µL of 10X 

restriction enzyme buffer Tango (ThermoFisher), 1,5 µL of NheI (ThermoFisher) and 

1,5 µL XhoI (ThermoFisher) were added to a sterile 1.5 mL microcentrifuge tube. The 

tube was shacked and incubated for 2 hours at 37 °C. 

For digestion of PCR products, 25 µL of PCR product (50 µg), 3 µL of 10X restriction 

enzyme buffer Tango (ThermoFisher), 1 µL of NheI (ThermoFisher) and 1 µL XhoI 

(ThermoFisher) were added to a sterile 1.5 mL microcentrifuge tube. The tube was 

shacked and incubated for 2 hours at 37 °C. 

Following this, the digestion products were analysed by agarose gel electrophoresis 

(section 2.9) to confirm complete digestion: 5 µL of the digestion was added to 1 µL 

6X loading buffer (NEB). Following complete digestion, the total amount of digested 

product was analysed by agarose gel electrophoresis in 1% agarose gel (section 2.9). 

Finally, the plasmid was purified using agarose gel clean-up (see section 2.10). 

 
 

2.12 Enzymatic reaction clean-up 
 

After the PCR product was eluted in 50 μL elution buffer, the NZYtech Gelpure kit 

was used, following the manufacturer’s protocol. The DNA was eluted in 50 µL of 

NZYtech elution buffer. 

 
 
 

2.13 DNA Ligation and Transformation in E. coli TOP10 
 

DNA ligation reactions were performed in 1.5 mL microcentrifuge tubes. The ligation 

components’ concentration was calculated according to the next formula: 
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Insert DNA (ng) =      ( )    ( ) 
  ( ) 

 
 

5 µL vector using, 4 µL T4 ligation buffer (NEB) and 1 µL T4 Ligase (NEB) were 

always used, while the amount insert was variable but always keeping an insert to 

vector ratio between 1:3 to 1:6 was employed (see equation above). Ligations were 

incubated for 2 hours at 37 °C and then 7 µL of each was added to a 150 µL aliquot E. 

coli TOP10 competent cells and flicked once. 

Transformations were left on ice for 20 minutes, and then heat shocked at 42 °C for 2 

minutes, being consequently returned to the ice for a minimum of another 2 minutes. 

Subsequently, 150 µL LB was added to each transformation, and the cells were subject 

to incubation at 37°C. Finally, 200 µL was spread on a 2% LB agar plate containing 

50 µg/mL kanamycin. 

 
 

2.14 Mini-Prep Plasmid extraction 
 

Following ligation and transformation (see previous section 2.13), one individual 

colony of E. coli TOP10 containing the target plasmid was inoculated in 5 mL sterile 

LB broth in a 30 mL glass universal put in incubation for 16-18 hours at 37 °C in a 

shaking incubator (New Brunswick Scientific) at 200 rpm. The day after, the plasmid 

was isolated following the manufacturers’ instructions of the NZYTech kit. The DNA 

was eluted in 50 µL of elution buffer into a sterile 1.5 mL microcentrifuge tube and 

stored at -20°C. 
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2.15 Sequence Verification 
 

To confirm the adequate inclusion of the insert in the vector, between 3 and 5 colonies 

were picked from the ligation-transformation agar plate and the plasmid was isolated 

following the manufacturers’ instructions of the NZYTech kit (see previous sections 

2.13 and 2.14). Following this, 10 µL of the purified construct was allocated for 

enzymatic restriction endonuclease digestion (see section 2.11) and then analysed by 

DNA electrophoresis (see section 2.9) with adequate ladder size to check the correct 

insertion. The constructs obtained from the extraction and purification kit were 

confirmed by Sanger sequencing performed by Eurofins Genomics®. 

 
 

2.16 Recombinant Protein Production 
 

2.16.1 Transformation in E. coli BL21(DE3) 
 

2 μL of plasmid was added to a 150 μL aliquot of chemically competent cells, 

BL21(DE3) and left on ice for 20 minutes. The cells were then heat-shocked at 42°C 

for 2 minutes and then placed back on ice for 2 minutes. Then, 150 μL of sterile LB 

media was added and the cells were incubated at 37°C for one hour. 200 μL of the cells 

were then spread on 1.5 % (w/v) LB agar plates containing 50 μg/mL kanamycin placed 

in a static incubator at 37°C for 16 hours. 

 
 

2.16.2 Large Protein Expression 
 

LB agar plates with E. coli BL21(DE3) colonies containing the plasmid of choice were 

acquired (see section 2.16.1). A colony from each plate was transferred into individual 

30 mL glass universals containing 10 mL LB and 10 μL kanamycin (50 mg / mL). The 

universals were placed into an orbital incubator at 180 rpm at 37°C for 16 hours. The 
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10 mL overnight cultures were then inoculated into 1 L LB media with 1 mL 

kanamycin (50 mg/ml) contained in a 2 L Erlenmeyer flask. Subsequently, the flask(s) 

were transferred to an orbital incubator and incubated at 37 °C at 180 rpm until they 

reached an OD600 of 0.6-0.8. The absorbance was measured using 1 mL of aseptically 

removed culture transferred into a 1 mL cuvette, read at 600 nm in a WPA Colourwave 

CO700 Medical Colorimeter, using LB as blank. Once the culture reached an optimal 

OD, 1 mL of 1M isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 

concentration of 200 µM. Isopropyl ß-D-1-thiogalactopyranoside (IPTG) was 

prepared dissolving 1000 times the working concentration (1 M) in sterile 18.2 MΩ/cm 

H2O and then storing it at -20 ⁰C. The final concentration employed was 200 µM to 

induce protein expression. In the end, the flask was transferred to a pre-conditionate 

shaker (INFORS HT) at incubated at 180 rpm at 16 °C for 16 hours. 

 
 

2.16.3 Protein Harvesting 
 

Cell cultures from the large protein expression were transferred into 1L tubes 

(ThermoScientific). The cultures were then centrifuged at 5000 rpm at 4°C in a Sorvall 

centrifuge (ThermoScientific). The pellet was resuspended in 10 mL Taloon Buffer 

and then the cell suspension was transferred to a 50 mL Falcon tube on ice, ready for 

sonication. 

 
 

2.16.4 Sonication and CFE Preparation from Harvested Cells 
 

Each sample placed in ice water was sonicated for a total of 2 minutes in 15 seconds 

intervals at 12 microns using a MSE Soniprep 150 Plus. After this, the sonicated 

samples were centrifugated at 15000 g for 30 min in a Sorvall (ThermoScientific). 
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Evolution RC centrifuge in a SLA 3000 rotor. 
 
 

2.16.5 Immobilized metal affinity chromatography (IMAC) Purifications 
 

10 mL of homogenized chelating Sepharose resin (BioRad), stored in 20% ethanol 

(v/v) was poured into clean and empty 10 mL IMAC columns. The bottom nipple was 

removed, allowing the resin to pack. After packaging, the columns were washed using 

20 mL degassed 18.2 MΩ/cm H2O. The column was then equilibrated by the addition 

of 20 mL of 1x Talon buffer. All columns were stored in 20% ethanol when not in use. 

 
All IMAC purifications were performed on 10 mL IMAC columns. After column 

preparation, the total CFE containing the enzyme of interest (see section 2.16.4) was 

loaded to an IMAC column previously equilibrated with 20 mL Talon buffer, with all 

flow through collected in 30 mL plastic universals. Protein elution was completed 

using 5 mL Talon buffer, 5 mL 50 mM Imidazole buffer and 5mL 100 mM Imidazole 

buffer (See Table 7 below), collecting the 5 mL aliquots of flow through in 30 mL 

plastic universals. Protein fractions were stored in ice at 4 °C. 

 

Media Concentration 

Talon buffer (pH 8) per litre 24.23 g Tris (Sigma) and 8.77 g NaCl

(Sigma). A final volume of 100 mL was

achieved using 18.2 MΩ/cm H2O. 

10 mM Imidazole Buffer (pH 7.5) per 

litre 

0.68 g Imidazole (Sigma), 2.4 g 

HEPES (Sigma) and 24.2 g NaCl 

(Sigma). The final volume was reached 

to 100 mL with 18.2 MΩ/cm H2O. 

100 mM Imidazole Buffer (pH 7.5) 
per litre 

6.8 g Imidazole (Sigma), 2.4 g HEPES 
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 (Sigma) and 24.2 g NaCl (Sigma). A 

final volume of 100 mL was achieved 

using 18.2 MΩ/cm H2O. 

Imidazole Wash Buffer (pH 6.75) per 
litre 

6.8 g Imidazole (Sigma), 2.4 g HEPES 

(Sigma) and 24.2 g NaCl (Sigma). A 

final volume of 100 mL was achieved 

using 18.2 MΩ/cm H2O. 

Table 7. Buffers employed in IMAC purification. 
 
 
 

2.16.6 Size exclusion Chromatography 
 

All purified enzyme fractions were concentrated using centrifugal filters with 5 kDa 

cut off (Amicon Ultra 4) and then subjected to size exclusion chromatography using 

an AKTA explorer system (Holmes Analytical) with a HiLoad 16/60 Sephacryl S-200 

HR column and 2 mL loop. The column was equilibrated with 1.5 times column 

volumes with Talon buffer and the loop was rinsed with 2.5 mL of 20 % ethanol before 

injecting and then the 2 mL of sample. The protein was eluted using Talon buffer, 

collecting 1 mL the fractions in 10 mL tubes which were then analysed by SDS 

electrophoresis to check the total purity of the protein. 
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2.16.7 SDS-PAGE Electrophoresis 
 

The purified proteins (see section 2.16.5 and section 2.16.6) were separated using 

recently prepared SDS-PAGE. Gels within adequate cores were placed into a Biorad 

mini-PROTEAN® tetra system SDS-PAGE gel tank. The tank was filled with 1X SDS 

running buffer to the required volume. The comb from each gel was then carefully 

extracted and all wells were flushed with 1X SDS running. The SDS-PAGE gel 

samples were prepared and loaded into the wells using and the tank was then connected 

to a BioRad Powerpack 300 and run at 200 V for 45 min. Following completion, the 

gels were removed from the cores and the glass plates separated. The gels were then 

placed into a clean container and submerged in SDS-PAGE Coomassie blue stain 

solution (see Table 8 below) for 20 minutes. After staining, the gels were transferred  

to destain solution (see Table 8 below) and placed for 20 minutes. 

 
Media Concentration 

10X Stock SDS-PAGE Running 
Buffer 

144 g Glycine (Sigma), 30.3 g Tris-HCl 

(Melford) and 10 g SDS (Thermo). The final 

volume of 1L was achieved with 18.2 MΩ/cm 

H2O. 

Resolving Buffer 325 mL 2 M Tris-HCl pH 8.8, 20 mL 10% 
 
(w/v) SDS and 18.2 MΩ/cm H2O. 

Stacking Buffer 250 mL 1 M Tris-HCl pH 6.8, 20 mL 10% 
 
(w/v) SDS and 230 mL H2O. 

10X SDS-PAGE Loading Buffer 0.25 mL 14.4 mM β-mercaptoethanol 

(Sigma), 0.3 mL 60 mM Tris-HCl (pH 6.8), 

1.0 mL 10% SDS (w/v), 2.5 mL 50% glycerol 
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 (v/v) and 1.8 mg Bromophenol blue (Sigma). 

APS 10% (w/v) It contained 1g APS (Melford) with 10 mL 

18.2 MΩ/cm H2O. 

Destain Solution (per litre) 100 mL glacial acetic acid (Thermo) and 450 

mL Methanol (Thermo). 

SDS-PAGE Coomassie Blue 
Stain Solution per litre 

0.24 g Coomassie brilliant blue R-250 

(Sigma) and 80 mL Destain Solution. 

Table 8. Buffers and solutions used for SDS-PAGE electrophoresis. 
 
 

2.17 Enzymatic reactions 
 

All enzyme assays were carried out in PBS pH 7.0, containing and performed in 

triplicate. Assays were carried out at 37 °C employing 1 µM enzyme previously 

purified using AKTA Explorer (see section 2.16.6) in the presence of 1 mg/mL β- 

glucan. Samples and products were assessed by TLC (see section 2.19) and high- 

pressure anion exchange chromatography (see section 2.20). 

In the case of GH30_3 and GH157, polysaccharide hydrolysis was quantified using a 

DNSA (dinitrosalicylic acid) reducing-sugar assay (Rogowski et al., 2015). Assays 

were conducted in a final volume of 1 mL at the optimum pH and 37°C for 10 min. 

Reactions were terminated by the addition of an equal volume (1 mL) of DNSA 

reagent. The colour was developed by heating to 80°C for 20 min before reading 

absorbance at 540 nm. Glucose (25 to 150 µM) was used to generate a standard curve 

for quantitation. To determine Michaelis-Menten parameters, different concentrations 

of polysaccharide solutions were used over the range of 0.01 to 3 mg/mL with the 
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appropriate concentration of enzyme for 15 min and the numbers of reducing ends 

released were quantified as described above. The values were plotted using linear 

regression giving kcat/KM as the slope of the line. 

 
In the case of GH3s and GH2, different concentrations of polysaccharide solutions 

were used over the range of 0.025 to 3 mg/mL with the appropriate concentration of 

enzyme in a Helyos spectrophotometer (Spectronic Unicam) at a wavelength of 340 

nm. The kit from Megazyme (Dublin, Ireland) for glucose release quantification. 

 
 
 

2.18 TFA assays 
 

To analyse the purity of β-glucan, 66 µL samples of 1 mg/mL β-glucan from 

mycoprotein were combined with 33 µL 1 M trifluoroacetic acid (Fisher) for two hours 

at 90 °C in thermo-block. The results were analyzed using High Performance Liquid 

Chromatography (see section 2.20). 

 
 

2.19 Thin layer Chromatography (TLC) 
 

In TLC assays of enzyme activity, 4 µL drops of each sample were spotted onto TLC 

Silica gel aluminium sheets (Merck) and resolved in butanol/acetic acid/water at a 

concentration of 2:1:1 and carbohydrate products were detected by spraying with 0.5% 

orcinol in 10% sulfuric acid and heating to 100°C for 10 min. The TLC buffer was 

prepared using 50 mL Butanol (Acros), 25 mL Glacial Acetic Acid (Fisher) and 25 

mL 18.2 MΩ/cm H2O. The orcinol stain was prepared with 5 g Orcinol (VWR), 375 

mL Ethanol (Fisher), 16 mL H2SO4 (Fisher) and 107 mL 18.2 MΩ/cm H2O. 
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2.20 High Performance Liquid Chromatography (HPLC) 
 

The HPLC analysis was undertaken on a Dionex ICS-5000+ DC (Thermo Fisher) 

using a Dionex CarboPacTM PA200 BioLCTM. A 100 µL loop was used to inject any 

sample per run. All analyses were performed in a 50-well circle sampler at 20°C with 

a permanent flow rate of 1 mL/min. Sugars (mono and short oligosaccharides) were 

detected using the carbohydrate standard quad waveform for electrochemical detection 

at a gold working electrode with an Ag/AgCl pH reference electrode (Thermo 

Scientific). 

 
Buffer Composition 

Buffer A 1L 100 mM NaOH 

Buffer B 1L 100 mM NaOH 1M sodium acetate (Melford) 

Buffer C 1L 18.2 MΩ/cm H2O 

Buffer D 500 mM NaOH 

Table 9. Composition of HPLC buffers. 
 
 

The LC-MS method had a total run time of 80 minutes, with the first 10 minutes 

gradient starting with 80% Buffer A and 20% buffer C to 100% Buffer A. Then, a 40 

min gradient from 0% buffer B to 40% Buffer B. Following this gradient, 100% buffer 

B continued to run for 10 minutes, and, in the next step, Buffer B was switched back 

to Buffer D during the next 10 minutes. Finally, a mix of 20% Buffer A and 80% 

Buffer C was used during the last 10 minutes. 
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2.21 Gas Chromatography and Mass Spectrometry 
 

Growth medium supernatants from stationary phase were used to assess SCFAs 

production of Bacteroides sp., Bifidobacterium sp. and Lactiplantibacillus plantarum 

WCFS1. Co-cultures were sterilized (0.45 μM filter, Costart Spin-X column) and 

injected into an UltiMate® BioRS Thermo HPLC system (Thermo Fisher Scientific) 

provided with a refractive index detector system. This system was used to determine 

the production of  acetate, lactate and butyrate as a result of carbohydrate fermentation. 

SCFAs concentrations were calculated based on known standards. Non-fermented 

medium containing glucose served as control. An Accucore™ C18 HPLC column was 

used and maintained at 65°C. Elution was performed for 25 min using 10 mM H2SO4 

solution at a constant flow rate of 0.6 mL/min. 

 
 

2.22 LC/MS of the supernatant containing the released oligosaccharides 

The samples containing the oligosaccharides generated from the supernatant from 

Bacteroides cellulosyliticus WH2 (Ba. cellulosyliticus WH2) and Bacteroides 

thetaiotaomicron VPI 5482 (Ba. thetaiotaomicron VPI 5482) on β-glucan were 

primarily purified using a P2 gel column extra fine (Bio-Rad, <45 µm wet bead size, 

100–1,800 MW fractionation range, 1 mL/min flow rate). This allowed the reduction 

of the number of peaks in the samples. Then, they were diluted 1:10 (v/v) with Buffer 

B (85% acetonitrile/15% 50 mM ammonium formate in water, pH 4.7) and 0.5 mL was 

analysed by liquid chromatography-mass spectrometry analysis via elution from a 

ZIC-HILIC (SeQuant, 3.5 μm, 200 Å, 150 × 0.3 mm, Merck) capillary column. The 

column was connected to a NanoAcquity HPLC system (Waters) and heated to 35 °C 

with an elution gradient as follows: 100% Buffer B for 5 min, followed by a gradient 

to 25% Buffer B/75% Buffer A (50 mM ammonium formate in water, pH 4.7) over 40 
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min. The flow rate was 5 μL min-1 and 10 column volumes of Buffer B equilibration 

were performed between injections. MS data were collected using a Bruker Impact II 

Qtof mass spectrometer operated in positive ion mode, 50–2000 m, with capillary 

voltage and temperature settings of 2,800 V and 200 °C respectively, together with a 

drying gas flow and nebulizer pressure of 6 L min−1 and 0.4 bar. The MS data were 

analysed using Compass Data Analysis software (Bruker). 

 
 
 

2.23 Proteomics 
 

The trypsin digestion was performed after running SDS-PAGE polyacrylamide gels. 

The stained protein bands were excised from the gel and placed in 1.5 mL 

microcentrifuge tubes (Eppendorf). The stained gel pieces with Coomasie were 

washed three times with 100 µL 100 mM ammonium bicarbonate followed by 60 µL 

100 % acetonitrile during 15 minutes with agitation at room temperature. The gel 

pieces were then shrunk for 10 min by adding 200 µL 100 % Cerium (IV) ammonium 

nitrate. The gel pieces were rehydrated in 100 µL 20 mM Dithiothreitol for 30 min at 

56 °C, followed by re-shrinking of the gel pieces using 100 % acetonitrile. 

After this, the gel pieces were rehydrated by adding 100 µL 55 mM iodoacetamide in 

100 mM ammonium bicarbonate and alkylated in the dark for 20 min at room 

temperature. The gel pieces were washed twice with 100 µL ammonium bicarbonate 

in room temperature with agitation. They were dehydrated with 100 µL acetonitrile for 

15 min at room temperature and agitation and the acetonitrile was removed and gel 

pieces were dried in a vacuum centrifuge for 5 minutes. Following this, the gel pieces 

were dehydrated with 30 µL of 20 µg/mL trypsin solution (100 µg trypsin stock was 

diluted with 1 mL 50 mM acetic acid,) and placed on ice for 20 min to allow to absorb 
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solution. Then was diluted 5 times in 50 mM NH4HCO3 to give 20 µg/ml. After 20 

min, 50 µL 50 mM NH4HCO3 were added and incubated 16-24 h at 37 °C. 

After overnight incubation, 50 µL containing 50 % (v/v) acetonitrile/ 5 % (v/v) formic 

acid was added to stop the enzymatic reaction, incubating at room temperature with 

agitation. After this, the supernatant was pipetted of and transferred to another new 

Eppendorf tubes and the extraction was repeated by adding 50 µL 83 % (v/v) 

acetonitrile/0.2 % (v/v) formic acid. The supernatant was pipetted off and added to the 

Eppendorf tube and it was frozen at -80°C, then lyophilised, and finally stored at -80. 

In the last step, the lyophilised and frozen samples were resuspended in 20 µL 5 % 

(v/v) Cerium (IV) ammonium nitrate / 0.1 % (v/v) formic acid and analysed by LC- 

MS for proteomic analysis. 

 
 

2.24 Cross-feeding experiments 
 

2.24.1 Bacterial growth using supernatants as carbon source 
 

Bacteroides sp. were grown using 50 mL minimal media supplemented with 1 mg/mL 

of β-glucan in 250 mL conical flasks, over a shaker (IKA KS 130 Basic) set at 80 rpm. 

The cultures started at 0.05 OD for each strain. After 24 h hours, the cultures were 

centrifuged in a SL 16R centrifuge (Thermo Fisher) at 5000 g for 10 min. Following 

this, the supernatant fractions were filtrated using 0.2 µm filters (Sarstedt). 

Then, a volume of 100 µL of supernatant was mixed with 100 µL minimal media and 

25 µL of Bifidobacterium sp. or Lactiplantibacillus sp. (0.05 initial OD) in a 96 wells 

plate (Greiner Bio-One) of 300 µL volume per well. The OD at 600 nm was measured 

every 15 minutes using a TECAN SPARK 10 M plate reader. 
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2.24.2 Bacterial growth using co-culture experiments 
 

The co-cultures experiments were undertaken inside of an anaerobic cabinet (CoyLab) 

connected to an electronic gas infuser (CoyLab) which kept the inside atmosphere in 

permanent oxygen absence. For this purpose, the gas infuser injected an anaerobic 

growth mixture of 85% N2, 10% CO2 and 5% H2. The temperature was set at 37°C 

with an air heater (CoyLab) placed inside the cabinet. 

Bacteria strains were grown using 50 mL minimal media supplemented with 1 mg/mL 

of β-glucan in 250 mL conical flasks, over a shaker (IKA KS 130 Basic) set at 80 rpm. 

The cultures started at 0.05 OD for each strain, and then 1 mL was taken at 0h, 1h, 3h, 

5h, 10h, 15h, 24h, 30h and 48h. Aliquots of 50 µL were plated in selective media for 

each bacteria: BHI supplemented with 20 mg/mL ampicillin to count Bacteroides sp. 

colonies, MRS supplemented with 10 mg/mL mupirocin in the case of Bifidobacterium 

sp. colonies and MRS supplemented with 10 mg/mL vancomycin in the case of 

Lactiplantibacillus plantarum WCFS1 (see section 2.2). The rest of the volume (900 

µL) was destined for qPCR (see section 2.8). 

 

2.25 Bioinformatics Methods 
 

2.25.1 Expasy Protparam 
 

The 6-frame translation of DNA sequences to their amino acid sequences was 

completed using the online tool ExPASy website for DNA Translation 

(https://www.expasy.org/). The DNA sequences were written in the query box and 

consequently, the ‘TRANSLATE SEQUENCE’ button was clicked. The output shows 

the open reading frames in all 6 frames. Only the reading frame which showed no stop 

sequence was chosen. ProtParam is embedded in the ExPASY online tool. 

ProtParam calculates the physical and chemical protein parameters such as molecular 
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weight, amino acid composition, theoretical pI, extinction coefficient, etc. The amino 

acid sequence of a given protein was pasted in the given field and the molecular weight 

and extinction coefficient parameters were calculated. 

 
 

2.25.2 Primer Design 
 

Different online bioinformatic tools were used for the design of all primers. Firstly, 

the locus tag for any enzyme was obtained in CAZy Database (http://www.cazy.org/). 

The locus was then typed on the browser of the Protein Database supported by NCBI 

(https://www.ncbi.nlm.nih.gov/protein/) to choose the DNA sequences corresponding 

to the bacterial enzymes which were studied in this thesis. Consequently, the 6-frame 

translation of DNA sequences to their amino acid sequences was completed using the 

online tool ExPASy website for DNA Translation (https://web.expasy.org/translate/). 

The DNA sequences were written in the query box and consequently, the 

‘TRANSLATE SEQUENCE’ button was clicked. The output shows the open reading 

frames in all 6 frames. Only the reading frame which showed no stop sequence was 

chosen. In the next step, the amino acid sequence from Expasy was typed on LipoP- 

1.0 (https://services.healthtech.dtu.dk/service.php?LipoP-1.0), an online server that 
 

produces predictions for the signal lipoproteins to avoid the inclusion of the signal 

peptide in the final sequence. After, the online tool NEBcutter V2.0 

(http://nc2.neb.com/NEBcutter2/) allowed to find non-overlapping open reading 

frames using the E. coli genetic code and the sites for all Type II and Type III 

restriction enzymes that cut the DNA sequence just once. The final primer sequences 

were constructed using the OligoCalc website tool 

(http://biotools.nubic.northwestern.edu/OligoCalc.html). 
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For all primers, the specific restriction site, chosen following the desired cloning 

strategy, was added and then followed by a 6 bp non-palindromic sequence to support 

polymerase binding (GCGGCG). Afterward, the forward primers were designed to be 

identical to the first 18-21 bases at the 5’ end of the ‘sense’ strand of the target gene. 

On the other hand, the reverse primers were designed to complement the last 18-21 of 

the ‘sense’ strand at the 3’ end using the option ‘swap strands’. All primers showed 

more than 40% of GC content and a melting temperature of around 70 °C. 

 

2.25.3 Structural prediction with AlphaFold 
 

3-D structure of proteins from proteomics data and kinetics assays were modelled 

using AlphaFold, an open access database that provides protein structures and it also 

can provide predictions for proteins whose structure has not been resolved yet. 

 
 

2.25.4 Protein visualization 
 

The molecular graphics system Pymol was used for the three-dimensional 

visualization and comparison of protein structures (The PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC, https://pymol.org/2). 
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3 Results 

3.1 β-glucan extraction and culture of polysaccharide degraders 
 

3.1.1 Extracting and purifying β-glucan and chitin from mycoprotein 
 

Since mycoprotein is a mix of different components (Finnigan et al., 2019), a 

continuous extraction and purification of β-glucan to isolate it from crude mycoprotein 

is essential (Figure 22). Once the extraction protocol was finished (Figure 23, 

Bzducha-Wróbel et al., 2012) a 1% solution of the last extracted fraction was mixed 

with trifluoroacetic acid (TFA). TFA can break the β-bonds between monomers inside 

the polymer chain, releasing glucose as a result. As the only expected substance is 

glucose, this protocol serves as a checking process for the purity of the extract, since 

it allows the detection of any contaminant. 

 
Figure 22. Crude mycoprotein (left) and β-glucan fraction (right) obtained in the alkaline 
extraction protocol. 
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Figure 23. Extraction protocol for Fusarium β-glucan obtained from mycoprotein 
(Bzducha-Wróbel et al., 2012). 

 
 
 

The HPLC (Figure 24) showed that only glucose was found in the extract, which means 

that other components, such as chitin or mannoproteins, were absent in the sample. 

This fact highlights the effectiveness of this method, and, for this reason, β-glucan was 

used as a potential carbon source for the studied bacteria in the next set of experiments. 
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Figure 24. HPLC chromatogram for β-glucan analysis with TFA. 

 
 

3.1.2 Determining the capacity of Bacteroides sp. and Bifidobacterium sp. for 
degrading Fusarium β-glucan 

 
Firstly, three different Bacteroides species were tested (Ba. cellulosyliticus WH2, Ba. 

thetaiotaomicron VPI 5482 and Ba. ovatus ATCC 8483) using both the β-glucan and 

β-glucan/chitin fractions obtained previously in the alkaline extraction protocol (see 

Methods section 2.6). The election of these species instead of others was made taking 

into account two main reasons: first of all, it was impossible to study all the described 

Bacteroides sp. at present; and, secondly, these three species are reported to be 

users of polysaccharides from different sources, having a high number of described 

genes involved in the digestion of polysaccharides (El Kaoutari et al., 2013). 
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The results showed that all the species could use both fractions as carbon sources with 

a constant growth for 48 hours (Figure 25). This is due to the presence of 

Polysaccharide Utilization Loci (PULs) that are present in many Bacteroides species 

(Grondin et al., 2017). Since the bacterial growth was lower for fractions of β-glucan 

containing chitin, β-glucan without chitin was chosen as carbon source for the next 

experiments.  

✱✱

✱

✱✱✱ ✱ ✱

✱✱✱ ✱✱

✱✱✱

 
Figure 25. Growth of three Bacteroides species in different mycoprotein fractions. 

 
 
 

After this experiment, the same method was repeated using six Bifidobacterium 

species (Bi. bifidum PRL2010, Bi. breve UCC2003, Bi. breve JCM7017, Bi. animalis 

subsp. animalis DSM 20104, Bi. longum subsp. longum NCIMB 8809 and Bi. longum 

subsp. infantis ATCC 15697). In this case, none of the six species of bacteria could use 

β-glucan as carbon source (Figure 26). 
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Figure 26. Growth of six Bifidobacterium species with different mycoprotein 
fractions. 

 
 

The results observed in the graph above reflect the inability of Bifidobacterium to 

access intact Fusarium β-glucan, using glucose as positive control. This fact agrees 

with the inability of this bacteria genus for the utilization of intact polysaccharides, 

although Bifidobacterium sp. have been described as good oligosaccharide degraders 

(James et al., 2018). 

Once described the differences in the primary degradation of intact Fusarium β-glucan 

by some Bacteroides sp. and Bifidobacterium sp., a similar experiment was developed 

with: Ba. cellulosyliticus WH2, Ba. cellulosyliticus DSM 14838, Ba. thetaiotaomicron 

VPI 5482, Ba. ovatus ATCC 8483 and Ba. vulgatus ATCC 8482). The utilization of 

Fusarium β-glucan was compared with yeast β-glucan from Saccharomyces cerevisiae 

and a positive control using glucose. The results are shown in the Figure 27 below
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Figure 27. Growth of five Bacteroides species in Fusarium β-glucan compared with 
glucose and the yeast Saccharomyces cerevisiae β-glucan. 

 
 

In general, Bacteroides sp. could persist in all the different substrates. On one hand, 

Ba. vulgatus grew better in yeast β-glucan than in Fusarium β-glucan. On the other 

hand, Ba. cellulosyliticus DSM and Ba. thetaiotaomicron, showed preference for 

Fusarium β-glucan. They all grew with the positive control better than the 

polysaccharides, which proves that bacteria spend more time and energy for the 

expression of the GHs encoded in the PULs rather than using the simple 

monosaccharide. In addition to this experiment, the previous Bacteroides sp. were 

grown in a plate reader measuring the optical density every 15 min for a total period 

of 24 hours. The results are shown in the Figure 28 below. 
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Figure 28. Growth in minimal media with of five Bacteroides species with 
Fusarium β-glucan as carbon source. 

 
 
 

The growth curves showed that, although all the Bacteroides grew, each Bacteroides 

has a different growth rate and curve shape. This fact also underlines that the ability 

for the degradation of polysaccharides is widely extended within this bacteria genus, 

since they exhibit different genes encoding glycoside hydrolases belonging to several 

families. This confers Bacteroides genetic diversity and supposes a nutritional 

advantage among other bacteria populations.  
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3.1.3 Culturing other bacteria species in minimal media containing Fusarium β- 
glucan 

 
Because of the tremendous complexity and diversity of the Human Gut Microbiota, 

the degradation of polysaccharides is not a unique quality of just one genus. For this 

reason, and to expand the range of bacteria in the study, different growth experiments 

were developed with bacteria species of three different genera: Roseburia, Victivallis 

and Akkermansia. 

As previously described in the introduction, these bacteria have already been reported 

as polysaccharide users, but few studies have described them in the metabolism of 

fungal glucans. For this reason, the same protocol, previously applied for Bacteroides 

sp., was developed with these bacteria. 

 
 

Roseburia intestinalis DSM 14610 and Roseburia inulinovorans DSM 16841 

Both Roseburia intestinalis and Roseburia inulinivorans showed a good ability to 

degrade and grow with Fusarium β-glucan (Figure 29). It seems that Roseburia 

inulinivorans presented higher growth values values than Roseburia intestinalis, 

although the growth of both strains was quite similar. Since Roseburia intestinalis has 

an important number of GHs (El Kaoutari et al., 2013), it is reasonable that 

Roseburia sp. use Fusarium β-glucan with a similar capacity as in the case of 

Bacteroides sp. 

 
Nevertheless, the election of Bacteroides sp. instead of Roseburia sp. as the main 

degrader for this study lies in the fact that Bacteroides sp. has been in more reports as 

better polysaccharides degraders than Roseburia sp. 
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Figure 29. Growth curves of Roseburia intestinalis and Roseburia inulinivorans with 
Fusarium β-glucan. 

 
 
 
 

Victivallis vadensis ATCC BAA-548 

In the case of Victivallis vadensis ATCC BAA-548, this bacterium showed a good 

growth rate, even exceeding the values obtained for the positive control with glucose 

at the same concentration. The data previously gathered in the bibliography gave an 

idea of the huge genetic machinery for polysaccharide utilization that this bacterium 

possesses in its genome (El Kaoutari et al., 2013; Zoetendal et al., 2003). The data 

shown in the Figure 30 below is the first experimental approach of Victivallis vadensis 

using a fungus polysaccharide as a substrate. It seems clear the fact that Victivallis 

vadensis presents an incredible potential as a degrader of Fusarium β-glucan in the 

gut, although making a thorough analysis of its metabolic routes would be out of the 

scope of this thesis. 
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Figure 30. Growth curves of Victivallis vadensis with Fusarium β-glucan and 
glucose. 

 
 
 
 

Akkermansia muciniphila DSM 22959 

Even though Akkermania muciniphila DSM 22959 (A. muciniphila DSM 22959) could 

increase its abundance with Fusarium β-glucan as substrate, its capacity was lower 

than Bacteroides sp., Roseburia sp. or Victivallis vadensis. The growth values for this 

bacterium remained constant after five hours, while other main degraders usually can 

grow for 24 hours or longer (for example Bacteroides sp. or Roseburia sp.). 

Nevertheless, although bacteria can use different types of polysaccharides, they 

usually tend to show certain level of specialisation in some substrates, revealing 

unspecific activities in other substrates with a similar structure to those preferred. In 

the case of Akkermansia, that would be the case of mucin (Derrien et al., 2004). 
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A. muciniphila DSM 22959 does not possess a comparable number of GHs as in the case 

of Bacteroides sp. or Roseburia sp., since the total number of the diverse GHs families 

in A. muciniphila DSM 22959 is much lower than in the case of the other two bacteria 

(El Kaoutari et al., 2013). Even though A. muciniphila DSM 22959 grew on the substrate, 

it reached lower values of optical density compared with Victivallis or Roseburia. (Figure 31 

below). 

Although this bacterium shows the ability to degrade different polysaccharides, 

specially mucin, and it seems to    play an important role in immune system regulation, 

the obtained data underlined the fact that Fusarium β-glucan may not be a potential 

substrate for A. muciniphila DSM 22959, which may act potentially as secondary degrader 

over the digestion products released by other bacteria such as Bacteroides. In any case, further 

experiments are needed to confirm this hypothesis. 

Figure 31. Growth curves of Akkermansia muciniphila DSM 22959 with Fusarium β- 
glucan. 
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3.2 Gene regulation and protein characterization 

3.2.1 Determining the overexpression of encoded proteins in up-regulated genes 
when Fusarium β-glucan is the only carbon source 

The study of the regulation of different genes from Ba. cellulosyliticus WH2 was 

focused on the differential expression of those genes when Fusarium β-glucan was the 

substrate, using glucose as positive control. After sample preparation and data analysis, 

it was remarkable that six different genes from two PULs showed a higher expression 

in Fusarium β-glucan than in glucose (Table 10). These PULs were previously 

predicted in CAZy, and, for that reason, they are numbered as 29 and 51, but the data 

shown here supposes the assignation of a new catalytic activity. This data reflects the 

fact that Bacteroides sp. specifically use some genes when Fusarium β-glucan 

obtained in the alkaline extraction protocol is the unique carbon source. The presence 

of the polysaccharide resulted in the activation of specific metabolic machinery 

involved in the polysaccharide digestion. This response leads to the overexpression of 

these proteins, which are mainly glycoside hydrolases (Consortium, 2018). 

A good example of the activation of specific genes in response to the presence of a 
 

polysaccharide substrate is the starch utilization system, which is present in 
 

Bacteroides thetaiotaomicron VPI 5482 (Foley et al., 2016, Koropatkin et al., 2010). 
 
 

PUL 29 

Locus Tag Family Fold-change relative 
to minimal media 
with glucose 

BcellWH2_01926 GH3 54 

BcellWH2_01927 GH3 41 

BcellWH2_01928 SusD 55 

BcellWH2_01929 SusC 57 
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BcellWH2_01931 GH157 89 

BcellWH2_01932 HTCS 41 

PUL 51 

Locus Tag Family Fold-change relative to 
minimal media with 

glucose 
BcellWH2_02537 GH30_3 100 

BcellWH2_02538 Unknown 89 

BcellWH2_02539 SusC 80 

BcellWH2_02540 SusD 65 

BcellWH2_02541 GH2/CBM57 40 

Table 10. Overexpressed proteins of Ba. cellulosyliticus WH2 with Fusarium β-
glucan as carbon source. The difference in the expression was obtained by 
comparing the generated proteome data when grown on either of these carbon 
sources to identify proteins that exhibit increased expression when the strain is 
grown on Fusarium β-glucan. 

 
 

As it can be appreciated in the Table 10 above, the proteome analysis revealed that all 

proteins encoded by both PULs, exhibit increased expression when Ba. celulosyliticus 

WH2 was grown on Fusarium β-glucan metabolism (when compared to growth on 

glucose). The genes that encode for the proteins are located consecutively in two 

different sets, separated one from the other within the genome of Ba. cellulosyliticus 

WH2. Furthermore, is remarkable that the maximum values of expression were 

obtained in the case of BcellWH2_02537 and BcellWH2_01931, a GH30_3 (the 

described activity for this family is β-1,6-glucosidase and endo-β-1,6-glucanase in 

CAZy database) and a GH157 (endo-β-1,3-glucanase/laminarinase in CAZy), 

respectively. The combination of enzymes that can attack the β-1,3 and the β-1,6 

bonds, both present in the structure of the Fusarium polysaccharide, allows the 

degradation of both the backbone and the branching, which results therefore in the 

completed digestion of the β-glucan. 
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It is also remarkable the case of BcellWH2_02538, whose catalytic activity remains 

unknown in the CAZy database, but its expression is comparable with the two previous 

ones. This protein may act as a small size and soluble protein, maybe acting as a 

glycosidase that produces oligosaccharides of different sizes, promoting the 

expression and activity of other ones. Nevertheless, the completed description of its 

activity needs further investigation. The Figure 32 below reflects the up-regulation of 

SusC and SusD homolog genes for the two mentioned PULs in Ba. cellulosyliticus 

WH2. 
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Figure 32. Upregulation of SusC homolog (BcellWH2_01929) and SusD homolog 
genes (BcellWH2_01928) of PUL29 and SusC homolog (BcellWH2_02539) and SusD 
homolog genes (BcellWH2_02540) of PUL 51 of Ba. cellulosyliticus WH2. 

 
 

The same procedure was carried out for the case of Bacteroides vulgatus. This 

bacterium is less described in polysaccharide degradation than other Bacteroides sp., 

remaining almost unknown if we focus just on the case of fungus polysaccharides 

substrates. For this reason, the results obtained underline the importance of this study 

and the necessity of amplifying the research in the future. 
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As can be observed in the Table 11 below, the genes showed a higher expression 

compared with glucose and they appeared ordered in two separate PULs. Therefore, it 

can be concluded that these PULs, previously predicted as 24 and 33 in CAZy, are 

specialized in the β-glucan metabolism of Fusarium venenatum. 

 
 

PUL 24 

Locus Tag Family Fold-change relative to 
minimal media with 

glucose 
BVU_0839 HTCS 23 

BVU_0840 Unknown 25 

BVU_0841 SusC 80 

BVU_0842 SusD 91 

BVU_0843 GH30_4 67 

BVU_0844 GH30_4 59 

PUL 33 

Locus Tag Family Fold-change relative to 
minimal media with 

glucose 
BVU_1150 HTCS 31 

BVU_1151 GH2 48 

BVU_1152 SusC 88 

BVU_1153 SusD 102 

Table 11. Overexpressed proteins of Bacteroides vulgatus ATCC 8482 in 
Fusarium β-glucan as carbon source. The difference in the expression was 
obtained by comparing the generated proteome data when grown on either of 
these carbon sources to identify proteins that exhibit increased expression 
when the strain is grown on Fusarium β-glucan. 

 
 

For the first PUL, two GH30_4 (described as fucosidases in CAZy database) 

BVU_0843 and BVU_0844 (see Figure 33-35) respectively, showed a high level of 



100  

expression. In addition, there was an unknown protein, BVU_0840 (see Figure 33), 

for which no action mechanism was described. For this protein, the activity might 

correspond to another GH family, but that would require further studies in order to find 

a more a detailed explanation. 

 
 

 
 

Figure 33. Structure prediction for the unknown protein BVU_0840. 
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Figure 34. Structure prediction for BVU_0843 belonging to the family GH30 
subfamily 4. 

 
 
 
 

 

Figure 35. Structure prediction for BVU_0844 belonging to the family GH30 
subfamily 4. 
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For the second PUL, the GH2 BVU_1151 (for this protein different activities are 

described such as β-glucosidase, β-galactosidase or β-mannosidase in CAZy 

database), was overexpressed, complementing the activities found in the proteins of 

the previous PUL. The structure is represented in the Figure 36 below. 

 

 
Figure 36. Structure prediction for BVU_1151, belonging to the family GH2. 

 
 
 

3.2.2 Cloning and kinetic studies of carbohydrate-active enzymes such as 
glycoside hydrolases involved in Fusarium β-glucan degradation 

Proteomics analysis gave important information about of how the utilization of β-

glucan by two Bacteroides sp. entailed the overexpression of different PULs with 

several GHs  genes involved. As a result, the primers for cloning the GHs allocated in 

these two PULs from Ba. cellulosilyticus WH2 were designed to carry out enzymatic 

reactions. The kinetics assays constitute an essential tool to study the enzymatic 

parameters and determine the mechanism of action of the enzymes. 

Using the CAZy database as the reference for the sequences (Consortium,  2018), it 

was also studied the activity of three GH16_3 (β-glucosidase and endo-β-1,3- 

glucanase): BcellWH2_04354 from the PUL 105 of Ba. cellulosilyticus WH2, 
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BACELL_03483 located in the PUL 80 of Ba. cellulosilyticus DSM 14838; and, 

finally, Bovatus_03149 which is in the PUL 51 of Ba. ovatus ATCC 8483. 

Additionally, the process was extended for BT3312, BT3313 and BT3314 from the 

PUL 56 of Ba. thetaiotaomicron VPI 5482. All these proteins, together with the ones 

determined in the proteomics assays, formed the quorum subjected to this study. 

Once the PCRs with Q5 polymerase were done, the ligations with the vector pET28a 

were conducted and, after, the consequent transformation using Escherichia coli 

BL21. Subsequently, the purification of the proteins using His-Tag columns and the 

AKTA Explorer exclusion chromatography system. The kinetic assays were carried 

out using a glucosidase activity kit (Megazyme) if the enzyme was described as a 

glucosidase in the CAZy database. The traditional DNSA method was used if the 

protein was described as endoglucanase. 

 
 
 

GH16s from three different Bacteroides sp. 
 

The GH16_3 subfamily is widely present in nature, and it is traditionally known as the 

laminariase subfamily because the more important catalytic functions found here are 

endo-β(1,3)-glucanase activity and endo-β(1,3)/β(1,4)-glucanase activity (Barbeyron 

et al., 1998, Vlborg et al., 2019). 

Therefore, this subfamily is quite interesting to study algae or fungus β-glucan due to 

they both contain β(1,3) bonds. Mycoprotein consists basically of a β(1,3)- backbone 

with β(1,6) branches of variable length. The three enzymes BcellWH2_04354, 

BACELL_03483, and Bovatus_03149 have been described as GH16_3 enzymes. In 

the case of Bovatus_03149, it has already been proven its active role in the degradation 

of barley β-glucan (Martens et al., 2011). For all mentioned before, these three 
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proteins seemed to be good candidates to study their catalytic activity in the 

Fusarium β-glucan. 
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Figure 37. HPLC chromatogram of the enzymatic assays by three different GH16 of 
Bacteroides sp. in Fusarium β-glucan. 

 
 

As it can be appreciated in the Figure 37 above, the chromatogram revealed a lack of 

activity in these three first candidates because oligosaccharides peaks were absent in 

all the studied samples while the glucose and the β(1,3)-standards were perfectly 

detected. 

Bacteroides thetaiotaomicron VPI 5482 
 

For Bacteroides thetaiotaomicron VPI 5482, the PUL 56 was cloned using the 

information provided by the CAZy database. In this PUL, there were three proteins 

with potential  activity in Fusarium β-glucan: BT3312 (endo-β-1,6-glucanase, GH30_3 

family, see Figure 38), BT3313 (unknown hypothetical protein, see Figure 39) and 
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BT3314 (β-glucosidase, GH_3 Family, see Figure 40). Any activity was found for 

BT3312 (Figure 41). BT3313 and BT3314 (see Figure 42 and Figure 43) were both 

active in Fusarium β-glucan. Nevertheless, it is a remarkable the fact that BT3313 was 

described as a hypothetical protein in the CAZy database, but the chromatograms 

obtained by HPLC showed activity in Fusarium β-glucan, β-glucan from yeast 

Saccharomyces cerevisiae and β(1,3)-glucan from Euglena gracilis. 

 
In the case of BT3314, the results were similar, but any activity in β(1,3)-glucan from 

Euglena gracilis (see Figure 43). A globular structure is well defined in the case of 

both BT3312 and BT3314 (see Figure 38 and Figure 40), which were reported as 

GH30_3 and GH_3, respectively. Nevertheless, a very different structure is present in 

BT3313 (Figure 39), the unknown protein, where a small globular domain is linked to 

a β-fold tubular motif, likely to be attached to the cell membrane. 

 
Since the time and resources of this project are limited, an in-depth study of the 

structure and function of the unknown BT3313 is not possible, but a wider clarification 

of the kinetics parameters and conformation of this novel protein would suppose an 

interesting and useful research in the future. 
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Figure 38. Structure of BT3312 belonging to the family GH30 subfamily 3. The 
protein was solved by Temple at al., 2017 (https://www.rcsb.org/structure/5NGK). 

 
 
 

 

Figure 39. Structure prediction for unknown function protein BT3313. 
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Figure 40. Structure prediction for BT3314, belonging to the GH3 family. 
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Figure 41. HPLC chromatogram of the enzymatic assays by BT3313 in Fusarium 
β-glucan. 
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Figure 42. HPLC chromatogram of the enzymatic assays by BT3313 in Fusarium β- 
glucan. 
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Figure 43. HPLC chromatogram of the enzymatic assays by BT3314 in Fusarium β- 
glucan. 
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Bacteroides cellulosyliticus WH2 
 

Using the information provided by the proteomic assay, the activity of the six proteins 

in two different PULs was tested: on one hand, BcellWH2_01926 (GH3), 

BcellWH2_01927 (GH3) and BcellWH2_01931 (GH157, laminarinase) were found in 

the PUL 29; in the other hand, BcellWH2_02537 (GH30_3), BcellWH2_02538 

(unknown) and BcellWH2_02541 (GH2/CBM57) were in the PUL 51 (see Figure 44). 

 
 

 
 

Figure 44. PULs studied in Bacteroides cellulosyliticus WH2. 
 
 
 
 

In the first PUL, any activity was found for the protein BcellWH2_01926 (Figure 45). 

As it can be appreciated in the chromatogram below, the total absence of peaks 

corresponding with sugars released in the enzymatic reaction revealed that the protein 

did not act over the substrate. Although the preliminary data observed in the 

proteomics assays may invite us to think that it will act as an active enzyme, in vitro 

utilization of a single protein differs from the in vivo regulation of an entire PUL. 

Therefore, the obtained data does not mean on its own that BcellWH2_01926 has any 

activity on β-glucan. For example, it might act over the oligosaccharides produced 
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by other enzymes instead of the intact polysaccharide, acting maybe as a secondary 

glycosidase whose activity is preceded by other proteins within this PUL. Although the 

mutualism between several proteins is an important factor to consider when studying 

metabolic degradation by enzymes, the determination of the exact order and behaviour 

of all these proteins exceeds the scope of this thesis. 
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Figure 45. HPLC chromatogram of the enzymatic assays by BcellWH2_01926 in 
Fusarium β-glucan. 

 
 

In addition, in the case of BcellWH2_01927, the PCR product was impossible to 

obtain, even after changing the design for the primers and the PCR conditions several 

times. 

Furthermore, in the case of BcellWH2_01931 (GH157, Figure 46), both HPLC 

chromatogram (see Figure 47 below) and DNSA assays (Figure 48) were used to study 

the kinetics parameters. The HPLC data shows different peaks released during the 

reaction. One of them has a similar retention time than the glucose standard, while the 
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second one appeared later, before laminaribiose (G2). The last one seems to be like 

laminaritriose (G3), but the exact identity is impossible to detect with the employed 

technique. The presence of different products with a diverse range of sizes, together 

with the information contained in the CAZy database, may match an endoglucanase 

activity. This means that the protein, which shows a globular structure (see Figure 46), 

slices through the polysaccharide chain, from the inside to the outside, releasing firstly 

an oligo with high molecular size. After this happens, the first oligosaccharide is 

broken into smaller digestion products. 

 

 
Figure 46. Structure prediction for BcellWH2_01931, belonging to the GH157 family. 
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Figure 47. HPLC chromatogram for the enzymatic assay by DNSA method of 
BcellWH2_01931 with Fusarium β-glucan. 

 
 
 

Using the DNSA method (see section 2.17), the kinetic parameters for BcellWH2_01931 

were calculated, using β-glucan as substrate. 
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Figure 48. Kinetic assays by DNSA method in BcellWH2_01931. 
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For the proteins located in the second PUL, the first protein was BcellWH2_02537, 

which showed a globular structure (see Figure 49). The HPLC chromatogram (see 

Figure 50) for BcellWH2_02537 showed the presence of two peaks. The first one had 

a similar retention time to glucose, while the second one appeared after the glucose 

standard and before the laminaribiose (G2) standard. Since there were not any bigger 

peaks, a glucosidase activity might fit with BcellWH2_02537, according to the data 

previously reported in the CAZy database. 

 
 
 
 

 

Figure 49. Structure prediction for BcellWH2_02537, belonging to the family GH30 
subfamily 3. 
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Figure 50. HPLC chromatogram for the enzymatic assay of BcellWH2_02537 
with Fusarium β-glucan. 

 
 

The kinetics assays were undertaken using β-glucan as substrate and measuring the 

appearance of NADPH at 340 nm (Figure 51 below). 
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Figure 51. Kinetic assays in BcellWH2_02537. 
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In the case of BcellWH2_02538, it was an unknown protein whose catalytic activity 

was not described in the CAZy database, appearing as a hypothetical protein. It showed 

a tubular structure composed of different β-barrel motives linked, forming a tubular 

structure (see Figure 52 below). The enzyme reaction was injected into the HPLC (see 

Figure 53) revealing the existence of two peaks with similar retention times to the 

laminaribiose (G2) standard. For this reason, the same protocol used in 

BcellWH2_02537 was followed, since a potential glucosidase activity was the most 

probable activity. The subsequent kinetic assay was developed, and the obtained curve 

is shown in the Figure 54. 

 
 
 
 

 

Figure 52. Structure prediction for the unknown function protein BcellWH2_02538. 
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Figure 53. HPLC chromatogram for the enzymatic assay of BcellWH2_02538 
with Fusarium β-glucan. 
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Figure 54. Kinetic assay in BcellWH2_02538. 
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Finally, for BcellWH2_2541 (GH2/CBM56) the HPLC (see Figure 55) revealed a lack 

of affinity in the presence of Fusarium β-glucan, as it can be easily appreciated in the 

absence of any oligosaccharide released to the media. 

 

Figure 55. HPLC chromatogram for the enzymatic assay of BcellWH2_02541 with 
Fusarium β-glucan. 

 
 
 
 

To sum up, in the case of Bacteroides cellulosyliticus WH2, three different proteins 

showed activity in Fusarium β-glucan. The values for the obtained kinetic parameters 

of each protein are shown in the Table 12 below. 
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Locus Vmax 
 

(mg mL-1 s-1) 

KM 
 

(mg mL-1) 

kcat 
 

(s-1) 

kcat/KM 
 

(s-1/mg mL-1)

BcellWH2_01931 0.02951 0.8168 5.98 x 103 7.3 x 103 

BcellWH2_02537 0.1088 0.4336 4.5 x 103 1.03 x 104 

BcellWH2_02538 0.03086 0.001354 1.43 x 103 1.06 x 106 

 

Table 12. Kinetic parameters for the different GHs of Bacteroides cellulosyliticus WH2. 
 
 
 
 

3.3 Cross-feeding experiments 
 

3.3.1 Identification of released oligosaccharides when Bacteroides sp. degrade 

Fusarium β-glucan 

The cultures from Ba. cellulosyliticus WH2, Ba. thetaiotaomicron VPI 5482, Ba. 

vulgatus, Victivallis vadensis ATCC BAA-548 and Roseburia inulinovorans were 

centrifugated (5000 g, 10 min) and filtrated with 0.2 μm filters for sterilization. 

Following this, the four samples were injected into the HPLC showing the presence of 

different peaks with similar retention times compared with the standards (see Figures 

56-60 below). 
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Figure 56. HPLC chromatogram for the filtered supernatant of Ba. cellulosyliticus 
WH2. 
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Figure 57. HPLC chromatogram for the filtered supernatant of Ba. thetaiotaomicron 
VPI 5482. 
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Figure 58. HPLC chromatogram for the filtered supernatant of Ba. vulgatus. 
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Figure 59. HPLC chromatogram for the filtered supernatant of Victivallis vadensis. 
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Figure 60. HPLC chromatogram for the filtered supernatant of Roseburia 
inulinovorans. 

 
 
 

As it can be easily appreciated in the graphs above, each bacterium produced a 

different spectrum of oligosaccharides, with peaks appearing in diverse retention 

times. It seems logical to attribute this fact to the existence of several metabolic 

pathways corresponding to the studied bacteria. Differences in the production of 

oligosaccharides are due to variations in the type of enzymes involved in the 

degradation of the polysaccharide, as in its spatial location in the membrane or the 

periplasm. 

The utilization of P2 exclusion chromatography (see Methods section 2.22) was used 

to obtain individual oligosaccharides instead of complex mixes. The application of this 

additional purification step allowed the reduction of the number of peaks in the 

samples (see chromatograms below) which increased the purity of the samples and, 

therefore, made easier their subsequent identification in the HPLC and the mass 
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spectrometry. 

The HPLC revealed the presence of a variety of purified oligosaccharides for different 

bacteria. The results shown in the chromatograms below were compared with five 

standards corresponding to glucose, laminaribiose (G2), laminaritriose (G3), 

laminaritetrose (G4) and laminaripentose (G5). In the case of Bacteroides 

cellulosyliticus WH2 (see Figure 61 below), only one peak was collected after 40 

minutes. The P2 column used cannot be considered a reliable technique to determine 

the exact molecular size of the sugars but only for an approximation of it. It was 

appreciated that the retention time for this peak was higher than the laminaripentose 

standard. For this reason, it should correspond with a mix of the oligosaccharides 

formed by six or more glucose monomers. 
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Figure 61. HPLC chromatogram of the oligosaccharides obtained from the 
filtered supernatant of Bacteroides cellulosyliticus WH2. 
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In the case of Ba. thetaiotaomicron VPI 5482 (see Figure 62 below), similar results 

were obtained since only one peak was collected after 40 minutes. The retention time 

for this peak was higher than the laminaripentose standard. For this reason, it should 

correspond with the oligosaccharides formed by six or more glucose monomers. 
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Figure 62. HPLC chromatogram of the oligosaccharides obtained from the filtered 
supernatant of Ba. thetaiotaomicron VPI 5482. 

 
 
 
 

On the other hand, Victivallis vadensis showed bigger diversity since four peaks were 

appreciated. The first peak showed a similar retention time to glucose standard (See 

Figure 63 below) while two other peaks were found in the zone of laminaribiose 

standard (see Figure 64 and Figure 65 below). Finally, the last peak was found in a 

similar retention time to the ones found in Bacteroides sp. previously, appearing after 

the biggest oligosaccharide standard, the laminaripentose (Figure 66). 
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Figure 63. HPLC chromatogram of the first oligosaccharides obtained from the filtered 
supernatant of Victivallis vadensis. 
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Figure 64. HPLC chromatogram of the second group of oligosaccharides obtained from 
the filtered supernatant of Victivallis vadensis. 
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Figure 65. HPLC chromatogram of the third group of oligosaccharides obtained from 
the filtered supernatant of Victivallis vadensis. 
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Figure 66. HPLC chromatogram of the biggest oligosaccharides obtained from the 
filtered supernatant of Victivallis vadensis. 
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The peaks from Ba. cellulosyliticus WH2 and Ba. thetaiotaomicron VPI 5482 were 

purified using the P2 column and then destined for LC/MS identification. This 

technique provided the exact mass/charge relation (m/z) of the peaks previously 

isolated in the P2 column, constituting an essential tool for their identification. 

Nevertheless, LC/MS does not supply any information regarding bond conformation.  

The structural conformation could be totally solved by using the NMR technique, but 

the preparation of samples and the interpretation of data would exceed greatly the 

resources and possibilities of this project. The data obtained with LC/MS is shown in 

the graphs below (Figure 67 and Figure 68). 
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Figure 67. MS peak corresponding to the smallest oligosaccharide purified from Ba. 
thetaiotaomicron VPI 5482 supernatant. 
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Figure 68. MS peak corresponding to the oligosaccharide purified from Ba. 
cellulosyliticus WH2 supernatant. 
 
 

 

As it can be appreciated in the graphs from the LC/MS, the mass/charge relation (m/z) 

corresponding to two different peaks were obtained. The first peak (Figure 67) 

corresponding to glucobiose. On the other hand, the second peak showed a bigger m/z 

value, corresponding to glucoheptose (Figure 68). Even though the exact bond 

conformation and conformational structure are not provided, these results show the 

ability of both Ba. thetaiotaomicron VPI 5482 and Ba. cellulosyliticus WH2 to produce 

different oligosaccharides originated from the degradation of Fusarium β-glucan. The 

variation in the mass of the oligosaccharides is directly related to the type of enzymes 

involved in the degradation process. Although these bacteria were the only ones to be 

analysed by LC/MS, due to the lack of time and resources, it must be mentioned that 

other Bacteroides sp. or Victivallis vadensis may present variations in the m/z results 

of their peaks. This fact is due to differences in the Polysaccharide Utilization Loci 

(PULs) that are present in the bacteria genome. PULs encode a variety of proteins, 
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specially glycoside hydrolases which have different catalytic activities. 

 
 
 

3.3.2 Identification of released SCFAs when Bacteroides sp. degrade Fusarium 

β-glucan 
 

SCFAs are carboxylic acids with aliphatic tails of 1–6 carbons defined as 

“carbohydrate polymers with three or more monomeric units, which are neither 

digested nor absorbed in the small intestine of humans” by the Codex Alimentarius 

(also known as Food Code) Commission (CAC). The most abundant SCFAs produced 

by anaerobic fermentation of dietary fibers (DF) in the intestine are acetate (C2), 

propionate (C3), and butyrate (C4) (Parada Venegas et al., 2019). 

Bacteroidota and Bacillota are the most abundant phyla in the intestine, with members 

of the Bacteroidota mainly producing acetate and propionate, while Bacillota mostly 

produce butyrate in the human gut. The production of other SCFAs is mediated by 

other species, for example, Bifidobacterium genus (belonging to the phylum 

Actinobacteria) that produce acetate and lactate during carbohydrate fermentation 

(Parada Venegas et al., 2019). 

The supernatants from Ba. cellulosyliticus WH2, Ba. thetaiotaomicron VPI 5482 and 

Ba. vulgatus ATCC 8482 were injected into a GC/MS spectrometer using headspace 

analysis for aqueous solutions. The results are shown in the Table 13 below: 
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Bacterium Acetate (A, mM) Propionate (P, mM) Ratio P/A 
Ba. 

cellulosyliticus 
WH2 

12.51 ± 1.18 219 ± 15.47 17.52 ± 1.06 

Ba. 
thetaiotaomicron 

VPI 5482 

2.45 ± 0.39 11 ± 1.42 4.58 ± 0.34 

Ba. vulgatus 
ATCC 8482 

9.00 ± 0.85 200 ± 17.59 22.22 ± 2.13 

Table 13. SCFAs production by different Bacteroides sp. using Fusarium β-glucan. 
 
 
 

This data reveals the production of beneficial SCFAs by Bacteroides, with a highly 

potential as antiinflamatory and immune regulator compounds. The data also 

underlines the fact that propionate production was higher than acetate production. 

Furthermore, to be noted is the fact that the maximum P/A ratio (propionate/acetate 

ratio) value was reached for Ba. vulgatus ATCC 8482, compared with Ba. 

cellulosyliticus WH2 and Ba. thetaiotaomicron VPI 5482, when Fusarium β-glucan is 

the only carbon source. The presence of other SCFAs in its anion forms such as 

formate, butyrate, isobutyrate, valerate, isovalerate and caproate was not detected 

within the experimental conditions. 

 
 
 

3.3.3 Designing experiments in minimal media containing supernatants from 
Bacteroides sp. (main degraders or donors) as a carbon source to establish if 
Bifidobacterium sp. and Lactiplantibacillus plantarum WCFS1 (as secondary 
degraders or acceptors) can grow 

 
Once it was proven the ability of Bacteroides sp. to degrade β-glucan, it was necessary 

to study how these primary polysaccharide degraders interacted with other members 

of the Human Gut Microbiota. For this purpose, the cultures of Bacteroides sp. were 

centrifugated and then the supernatants were filtered. These supernatants, which were 

produced previously during the digestion of Fusarium β-glucan by Bacteroides sp., 
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contained the digestion products released during the process. For this reason, these 

digestion mixes obtained from Ba. cellulosyliticus WH2, Ba. thetaiotaomicron VPI 

5482 and Ba. vulgatus ATCC 8482, once they were totally sterilized and filtered, were 

used as carbon sources for  Bifidobacterium sp. (see Figure 69). 

✱✱

✱

✱

✱

✱✱

✱✱

✱✱

✱ ✱✱

✱

✱

✱✱

✱✱

✱✱

✱✱✱

✱✱

✱

✱✱✱

✱

✱

✱✱

 
 

Figure 69. Growth during 24 hours of six Bifidobacterium sp. in Bacteroides sp. 
supernatants. 
 
 

The results show how all the Bifidobacterium sp. were able to grow using these 

supernatants from Bacteroides sp., having the capacity to use the oligosaccharides 

as an energy source, although they were not able to use the intact polysaccharide. 
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The growth of these Bifidobacterium sp. with the three supernatants was also obtained 

when using a monitored plate reader for a period of 24 hours. Although the three 

different Bacteroides supernatants promoted bifidobacterial growth, the curves 

showed important differences between them. This seems logical due to the variations 

in the bifidobacterial genomes, which reflects in a diverse range of utilization systems 

for sugar metabolism. The bacterium Lactiplantibacillus plantarum WCFS1 was 

tested as well. 

Firstly, in the case of Ba. cellulosyliticus WH2 supernatant, the best rates were found 

for Bifidobacterium longum subsp. longum and Bifidobacterium longum subsp. 

infantis, respectively. Nevertheless, the lowest was Lactiplantibacillus plantarum 

WCFS1 while Bifidobacterium bifidum PRL2010 showed no growth at all (see Figure 

70). 
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Figure 70. Growth curves of Bifidobacterium sp. and Lactiplantibacillus 
plantarum WCFS1 using supernatant of Bacteroides cellulosyliticus WH2 as 
carbon source. 
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The supernatant obtained from Ba. thetaiotaomicron VPI 5482 led to similar results, 

just with a significant increment in the growth of Bifidobacterium longum subsp. 

infantis (Figure 71). The last supernatant, from Ba. vulgatus, produced very interesting 

data because only Bifidobacterium longum subsp. longum NCIMB 8809 reached an 

important growth rate (Figure 72). 

 
 

 
Figure 71. Growth curves of Bifidobacterium sp. and Lactiplantibacillus 
plantarum WCFS1 using a supernatant of Bacteroides thetaiotaomicron VPI 
5482 as carbon source. 
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Figure 72. Growth curves of Bifidobacterium sp. and Lactiplantibacillus 
plantarum WCFS1 using a supernatant of Bacteroides vulgatus ATCC 8482 as 
carbon source. 

 
 
 
 

The differences in the utilization of these supernatants by Bifidobacterium sp. suppose 

a proof that cross-feeding relationships are established specifically between different 

bacteria genera since the Bacteroides sp. digestion products are used differently by 

Bifidobacterium sp. Not all bifidobacteria are supported by all supernatants neither 

these supernatants promoted all bifidobacteria. 

The chromatogram below (Figure 73) shows a comparison between the supernatant 

obtained from a culture of Ba. cellulosyliticus WH2 and the same supernatant after it 

was used as a carbon source for Bifidobacterium longum subsp. longum, which was 

the Bifidobacterium with the highest growth rate in the plater reader when using 

Bacteroides supernatants (see Figure 70). It is to be noted that the presence of the 

secondary degrader Bifidobacterium longum subsp. longum decreased the intensity of 

the oligosaccharides, causing the disappearance of some of them that appeared in the 

original supernatant (Figure 73, see square brackets). 



134  

 

600 
 
 
 

400 
 
 
 

200 
 
 
 

0 
10 20 30 40 

Time (min) 
Figure 73. HPLC chromatogram of the supernatant obtained from a culture of Ba. 
cellulosyliticus WH2 and the same supernatant after inoculum of Bifidobacterium 
longum subsp. longum NCIMB 8809. 

 
 
 
 

In the case of the supernatant obtained from Ba. thetaiotaomicron VPI 5482, the 

bacterium Bifidobacterium longum subsp. longum decreased the intensity of the 

oligosaccharides (Figure 74, see square brackets), even leading to the disappearance 

of some of them that appeared in the original supernatant. 
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Figure 74. HPLC chromatogram of the supernatant obtained from a culture of Ba. 
thetaiotaomicron VPI 5482 and the same supernatant after inoculum of Bifidobacterium 
longum subsp. longum NCIMB 8809. 

 
 
 
 

3.3.4 Designing experiments in minimal media containing supernatants from 
Roseburia sp. (main degraders or donors) as a carbon source to establish if 
Bifidobacterium sp. and Lactiplantibacillus plantarum WCFS1 (as secondary 
degraders or acceptors) can grow 

Additionally, supernatants from Roseburia intestinalis and Roseburia inulinovorans 

were also filtered and given to bifidobacterial species as carbon source. The graph 

below reflects the growth of the bifidobacterial species with each supernatant. The 

supernatant from Roseburia intestinalis promoted intensely Bifidobacterium breve 17 

and Bifidobacterium adolescentis, while Bifidobacterium breve 03 and 

Bifidobacterium animalis DSM 20104 showed soft growth (Figure 75). 

In the case of Roseburia inulinovorans, the supernatant promoted all 

bifidobacterial species, with Bifidobacterium adolescentis, Bifidobacterium breve 17 
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and Lactiplantibacillus plantarum WCFS1 as the best users (Figure 75). Roseburia 

inulinovorans prevailed as a better donor than Roseburia intestinalis. However, both 

species showed a good ability to help the growth of secondary beneficial bacteria such 

as Bifidobacterium and Lactiplantibacillus plantarum WCFS1. The observed 

variations are due to the genomic differences, and it is necessary for a total clarification 

that explains deeply this behaviour, but the required studies and time largely exceed 

the resources of this research project. 
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Figure 75. Growth of six Bifidobacterium sp. with supernatants obtained from 
Roseburia intestinalis and Roseburia inulinovorans. 
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3.3.5 Designing co-culture experiments in minimal media containing Bacteroides 
sp. as the main degrader and Bifidobacterium sp. and Lactiplantibacillus 
plantarum WCFS1 as a secondary degrader 

 
Although the potential prebiotic effect of the β-glucan was detected previously once 

bifidobacterial species grew in supernatants of Bacteroides, the coexistence of both 

bacteria in the same culture media was also tested to have a better proof of the 

syntrophic relation between them. Since the human gut behaves as a dynamic 

environment where millions of different species live together, it was essential to have 

in situ both bacteria at the same time. 

 
Using 50 mL cultures of minimal media with 1 mg/mL of β-glucan, different species 

of Bacteroides and Bifidobacterium were grown together at the same time. The growth 

and presence of both were detected in two different ways: firstly, using specific 

selection media for each, BHI supplemented with 20 μg/mL ampicillin, in the case of 

Bacteroides, and MRS supplemented with 10 μg/mL mupirocin, in the case of 

Bifidobacterium; secondly, via the detection of 16S rRNA of each bacterial specie 

using qPCR. 

Bacteroides cellulosyliticus WH2-Bifidobacterium longum subsp. longum NCIMB 
8809 

 

The choice of this pair of bacteria lies in the fact that Bifidobacterium longum subsp. 

longum NCIMB880 presented the best growth rate among all employed bifidobacterial 

species (see section 3.3.3, Figure 70). The Figure 76 below shows how, in a period of 

30 hours, both species could grow in minimal media where Fusarium β-glucan was 

the unique carbon source. The total amount of both bacteria, measured by counting the 

colony forming units, increased in both species, showing a faster growth during the 

first 10 hours and a stabilization period until the end. The number of colonies for Ba. 
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cellulosyliticus WH2 remained higher than Bifidobacterium for the total duration of 

the experiment (see Figure 76). 
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Figure 76. Colony forming units of Ba. cellulosyliticus WH2 and Bi. longum 
subsp. longum NCIMB 8809. 

 
 
 

If we only consider the relative abundance (see Figure 77 below) obtained by qPCR, 

it could be observed that the relative amount of Ba. cellulosyliticus WH2 in the media 

decreased while the relative abundance of Bifidobacterium longum subsp. longum 

suffered a soft increase. This decrease does not mean necessarily that Bacteroides is 

dying in the culture, since the number of colonies showed an increase, but it must be 

taken as proof of the existence of a symbiotic relationship between bacteria that led to 

a bigger increase in the case of Bifidobacterium. The secondary degrader, in the end, 

needs the primary degradation by Bacteroides over the intact polymer chain of 

Fusarium β-glucan to have access to the digestion products that will be used as its 

carbon and energy source. Considering the data obtained in this experiment, together 

with the previous cultures in which the supernatants acted as carbon source, it can be 
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concluded that this pair of bacteria established a positive and symbiotic cross-feeding 

relation between them, with the final persistence of both in the media. 
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Figure 77. Percentage of Ba. cellulosyliticus WH2 and Bi. longum subsp. longum 
NCIMB 8809. 

 
 

Bacteroides cellulosyliticus WH2-Bifidobacterium longum subsp. infantis ATCC 
15697 

 

Having in mind the growth obtained for Bifidobacterium longum subsp. infantis 

ATCC 15697 when using just the supernatant obtained from Ba. cellulosyliticus 

WH2 (see section 3.3.3), a similar cross-feeding experiment was carried out to 

compare both subspecies of bifidobacterial with Ba. cellulosyliticus WH2. In this 

case, it was observed an increase in the total number of colonies (see Figure 78 

below), although the count of Bacteroides decreased during the first three hours, with 

the number of bifidobacterial increased more than Bacteroides. This fact  supposes a 

significant difference from the previous experiment which reported more   colonies of 

Bacteroides than Bifidobacterium. 
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Figure 78. Colony forming units of Ba. cellulosyliticus WH2 and Bi. 
longum subsp. infantis ATCC 15697. 

 
 
 
 

Focusing on the relative abundance provided by the qPCR, Ba. cellulosyliticus WH2 

experienced a decrease in its relative abundance compared with Bifidobacterium 

longum subsp. infantis, which ended the culture with higher values. As it happened in 

the previous study, here the number of colonies for both bacteria increased while the 

qPCR assays reflected an increase in bifidobacterial abundance. Bifidobacterium 

longum subsp. infantis seems to be supported by the presence of Ba. cellulosyiticus 

WH2, but there is no growth inhibition between them. Both bacteria interact with each 

other in a cross-feeding relation, which allowed them to persist, taking advantage of 

the same substrate, Fusarium β-glucan (See Figure 79 below). 
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Figure 79. Percentage of Ba. cellulosyliticus WH2 and Bi. longum subsp. 
infantis ATCC 15697. 

 
 
 

Both subspecies of Bifidobacterium longum seems to be supported by the presence of 

Ba. cellulosyiticus WH2. Nevertheless, the culture experiments using the supernatants 

underlined better values than Bifidobacterium longum subsp. infantis. Focusing on the 

number of colonies, Bifidobacterium longum subsp. longum showed better numbers 

than Bifidobacterium longum subsp. infantis. However, the relative abundance 

underlined a major increase for Bifidobacterium longum subsp. infantis when 16S 

RNA is measured. 

For this reason, the results obtained for both pairs of bacteria, together with the data 

obtained for the previous experiment using the supernatants as carbon source (see 

section 3.3.3), highlighted Bifidobacterium longum subsp. infantis as a better user of 

the products released by Ba. cellulosyliticus WH2, compared to Bifidobacterium 

longum subsp. longum. 
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The combination of culture techniques, employing specific antibiotic resistance, and 

molecular biology techniques, gives a wide and fulfilled vision of the interactions 

between bacteria. Nevertheless, the mechanism(s) underneath this divergence among 

two Bifidobacterium sp. are beyond the scope of this thesis, but they suggest that the 

genomic differences between them may play an important role in this distinct feeding 

behaviour. 

 
 

Bacteroides cellulosyliticus WH2-Lactiplantibacillus plantarum WCFS1 
 

The last set of experiments for Ba. cellulosyliticus WH2 included Lactiplantibacillus 

plantarum WCFS1 as a secondary degrader bacterium belonging to the Bacillota 

phylum, and which differs considerably from the previous Bifidobacterium sp. 

 
Firstly, the counting of the colony-forming units highlighted a major amount of 

Bacteroides than Lactiplantibacillus. Nevertheless, it must be considered that the 

range of values was bigger for both bacteria compared with the previous two sets of 

experiments (Figure 80). 
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Figure 80. Colony forming units of Ba. cellulosyliticus WH2 and Lactiplantibacillus 
plantarum WCFS1. 

 
 
 
 
 

Furthermore, the qPCR reflected a major value of relative abundance for 

Lactiplantibacillus, which showed a soft decrease in the last hours of co-culture.   The 

graph below underlines good coordination between both bacteria during the first ten 

hours. Nevertheless, since that moment the main degrader, Ba. cellulosyliticus WH2 

takes prevalence over Lactiplantibacillus (see Figure 81 below). 
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Figure 81. Percentage of Ba. cellulosyliticus WH2 and Lactiplantibacillus 
plantarum WCFS1. 

 
 
 
 

Even though Ba. cellulosyliticus WH2 has more colony forming units, the abundance 

in qPCR experiments seems to be lower than Lactiplantibacillus. This fact may be 

related to an excessive use of the antibiotic vancomycin for the selection of 

Lactiplantibacillus, but the search of the exact solution would need more in-depth 

research. 

To summarize, Ba. cellulosyliticus WH2 was proven as a good donor to three different 

bacteria, promoting the growth and persistence of all of them. Nevertheless, it is 

difficult to choose one over another since a combination of two different methods 

implies a deeper analysis. 
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Lactiplantibacillus plantarum WCFS1 reported higher values in the counting of 

colony-forming units. However, it was impossible to obtain the same initial number of 

colony-forming units, which makes it difficult the comparison among bacteria. 

Moreover, it must be exposed the fact that the genera Bifidobacterium and 

Lactiplantibacillus are composed of bacteria that differs both genetically and 

phenotypically. The capacity to be cultured in agar media from a taken aliquot is 

variable depending on the used bacteria. Even if each bacterium can form an individual 

colony on the agar plate, the mechanisms to avoid the antibiotic are different, and it is 

a mistake to think that bacteria belonging to different phyla will show the same ability 

to achieve their respective survival. 

 
Therefore, Ba. cellulosyliticus WH2 is a donor of oligosaccharides to different bacteria 

from diverse genera and phyla, while the full description of its preferred secondary 

recipients remains still unclear and needs a deeper investigation. The huge diversity 

and variability within the Human Gut Microbiota make it a vast source of discoveries 

that can have applications in our way to understand bacterial behaviour and 

microorganism interactions. 

 
 
 

Bacteroides thetaiotaomicron VPI 5482-Bifidobacterium longum subsp. longum 
NCIMB 8809 

 

The second main degrader employed in these cross-feeding experiments was Ba. 

thetaiotaomicron VPI 5482. For the first secondary degrader, Bifidobacterium longum 

subsp. longum NCIMB 8809, the co-culture revealed a good ability for both bacteria 

to increase their colonies counting during the experiment (see Figure 82 below). The 

total increase for Bifidobacterium was bigger than Bacteroides, although the total 

number of colonies was much bigger for the main degrader. 
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Symbiosis was observed during a longer period than in the case of Ba. cellulosyliticus 

WH2, because the bifidobacteria rose constantly for 48 hours, instead of the previous 

30 hours used in the experiment with Ba. cellulosyliticus WH2. This fact is in 

accordance with the previous data obtained in the section 3.3.3, since Bifidobacterium 

longum subsp. longum exhibited the best growth rate among all the studied bacteria in 

the monitored plate reader using the supernatant from Ba. thetaiotaomicron VPI 5482 

(see section 3.3.3). 

 
Compared with the previous set of experiments, which comprised Ba. cellulosyliticus 

WH2 and Bifidobacterium longum subsp. longum, the number of bifidobacterial 

colonies was higher when Ba. thetaiotaomicron VPI 5482 acted as the main 

polysaccharide degrader and Bifidobacterium longum subsp. longum as secondary 

degrader. 
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Figure 82. Colony forming units of Ba. thetaiotaomicron VPI 5482 and Bi. 
longum subsp. longum NCIMB 8809. 
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The qPCR data (see Figure 83 below) reflected initial variations in the relative 

abundance of both bacteria, with ups and downs during the first hours of study. After 

this, Bacteroides prevailed over the secondary degrader Bifidobacterium. This is in 

accordance with the data shown previously in the counting of colony-forming units. 
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Figure 83. Percentage of Ba. thetaiotaomicron VPI 5482 and Bi.longum 
subsp. longum NCIMB 8809. 

 
 
 
 

Bacteroides thetaiotaomicron VPI 5482-Bifidobacterium longum subsp. infantis 
ATCC 15697 

 

In the case of Bifidobacterium longum subsp. infantis ATCC 15697 both bacteria grew 

together with good rates (see Figure 84 below) values, showing an increasing number 

of colonies with the past of the time, in a similar way to Ba. cellulosyliticus WH2. 

Nevertheless, in this case Bacteroides disposed of more colonies than Bifidobacterium, 

although it was previously reported that this Bifidobacterium had higher values of 

colony forming units counting than Ba. cellulosyliticus WH2 (see Figure 78). 
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Figure 84. Colony forming units of Ba. thetaiotaomicron VPI 5482 
and Bi. longum subsp. infantis ATCC 15697. 

 
 
 

Furthermore, the relative abundance of Bifidobacterium longum subsp. infantis was 

reduced in the qPCR. On contrary, Bacteroides thetaiotaomicron was increased in 

abundance during the total duration of the experiment (see Figure 85 below). 

 
In addition, Ba. thetaiotaomicron showed a similar behaviour when coculturing with 

both subspecies of Bifidobacterium longum. Ba. thetaiotaomicron, contributed to an 

increase in the number of colonies of bifidobacteria, the secondary degrader, but 

keeping bifidobacteria relative abundance under the quantity of the main degrader. 
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Figure 85. Percentage of Ba. thetaiotaomicron VPI 5482 and Bi. longum subsp. 
infantis ATCC 15697. 

 
 
 
 

Bacteroides thetaiotaomicron-Lactiplantibacillus plantarum WCFS1 
 

The last pair of bacteria employed was the combination of Ba. thetaiotaomicron VPI 

5482 with Lactiplantibacillus plantarum WCFS1. The counting of colony-forming 

units revealed interesting results, with both bacteria growing similarly, although 

Bacteroides sp. finished with slightly higher values (see Figure 86 below). 
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Figure 86. Colony forming units of Ba. thetaiotaomicron VPI 5482 and 
Lactiplantibacillus plantarum WCFS1. 

 
 
 

The qPCR revealed that both bacteria abundances were kept practically constant, 

showing Lactiplantibacillus plantarum WCFS1 higher values than Bacteroides sp. 

(see Figure 87 below). The reason for this difference between the results shown in the 

counting of colony forming units and the qPCR data may lie in the different ability of 

each microorganism to be cultured in agar plates, and the different tolerance of each 

one to their selection antibiotic, although the clarification of this discrepancy would 

require further investigation. 
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Figure 87. Percentage of Ba. thetaiotaomicron VPI 5482 and Lactiplantibacillus 
plantarum WCFS1. 

 
 
 

An increase in the colony forming units was observed for Lactiplantibacillus when 

coculturing it with both Bacteroides sp. (see Figures 80 and 86). Nevertheless, the 

qPCR data did not reflect such increase in the abundance of Lactiplantibacillus in any 

of both Bacteroides sp. (see Figures 81 and 87). 

Granted the difficulty of comparing different bacteria with the data revealed by colony 

counting and qPCR, it can be said that the different set of experiments with main and 

secondary degraders revealed the existence of cross-feeding relations with Fusarium 

β-glucan as carbon source. The determination of the best pair of bacteria for the cross- 

feeding supposes a complex task for which in-depth research is required. 
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4 Discussion 
 
The HGM comprises a highly competitive and complex environment, where a 

multitude of diverse bacteria species coexist together. The variable nature of these 

interactions has been studied deeply, resulting in many beneficial effects correlated 

with these bacteria. Therefore, the microorganisms dwelling in the human gut 

constitute an important tool whose analysis and understanding may lead to healthy 

applications. 

The aim of section 3.1 was the novel extraction and purification of Fusarium β-glucan, 

the main ingredient employed in Quorn® products whose chemical structure consists 

of a linear β-(1,3)-glucan backbone with β-(1,6)-glucan as side chains. This allowed 

the total isolation of it, separating the clean substrate from the rest of the components 

of mycoprotein before its use in further experiments. Subsequently, this novel 

polysaccharide, once isolated from the rest of the components, was employed as 

carbon source for the cell growth of different bacteria species belonging to the 

HGM. The culture of Bacteroides sp., which is a bacteria genus whose members have 

been widely described as polysaccharide degraders, revealed a broad ability for the 

utilization of this carbohydrate. Furthermore, the data accomplished in this thesis 

highlighted the variability within the genus Bacteroides, since differences were 

observed in their growth rates when using this substrate. The presence of PULs located 

within the genome of Bacteroides explains these variations, because the number of 

genes encoding enzymes involved in polysaccharide degradation, such as glycoside 

hydrolases and polysaccharide lyases, is different depending on which Bacteroides sp. 

is used. 
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It should be noted that not only members of genus Bacteroides were shown as degraders 

of Fusarium β-glucan. Other bacteria such as Roseburia intestinalis DSM 14610, 

Roseburia inulinovorans DSM 16841, Akkermansia muciniphila DSM 22959 or 

Victivallis vadensis ATCC BAA-548 also manifested the capacity to grow with this 

carbohydrate. The genus Roseburia, together with the mentioned Akkermansia, has 

been related to multiple beneficial effects, a fact that supports the potential as a 

prebiotic of mycoprotein. Moreover, Victivallis vadensis is a bacterium that  has a 

high number of genes encoding glycoside hydrolases, although just a few publications 

have focused on it. Therefore, the acquired data provided further evidence that 

Fusarium β-glucan exhibited a prebiotic role, acting as a carbon and energy source for 

a wide spectrum of beneficial bacteria in the human gut which could use it. 

Section 3.2 was focused on the determination of the differential gene regulation and 

protein expression triggered by Fusarium β-glucan. The proteomics assays, together 

with the study of the kinetic parameters associated with the glycoside hydrolases, 

supposes an essential tool to discover the mechanisms and metabolic pathways 

involved in the digestion of Fusarium β-glucan. Proteomics analysis was developed 

on Ba. cellulosyliticus WH2 and Ba. vulgatus ATCC 8482 grown on glucose (acting 

as reference) or Fusarium β-glucan as carbon sources, to identify proteins that exhibit 

increased expression when the strains were grown on the complex polymer. This 

analysis revealed that all proteins encoded by two PULs in Ba. cellulosyliticus WH2 

(representing locus tags BcellWH2_01929-BcellWH2_01932 and BcellWH2_02537-

BcellWH2_02542, respectively) exhibit increased expression when Ba. 

cellulosyliticus WH2 was grown on Fusarium β-glucan metabolism (when compared 

to growth on glucose). The first PUL was predicted to encode two GH3 enzymes 

(BcellWH2_01926 and BcellWH2_01927) and a GH157 member 
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(BcellWH2_01931), while the proteins encoded by locus tags BcellWH2_01928 and 

BcellWH2_01929 represent the SusC/D-like pair predicted to be involved in 

polysaccharide substrate binding and recognition at the bacterial cell surface. The 

second PUL encodes a GH30_3 (BcellWH2_02537, a predicted endo-β-1,6-glucanase 

according to the CAZY database), a GH2 (BcellWH2_02541) and a protein without 

known function (BcellWH2_02538). In addition to these proteins, BcellWH2_02539 

and BcellWH2_02540 represent the predicted SusC/D pair in the second PUL.  

In the case of Ba. vulgatus ATCC 8482, two PULs showed higher expression when 

grown on Fusarium β-glucan (representing locus tags BVU_0839-BVU_0844 and 

BVU_1150-BVU_1153, respectively). The first PUL was predicted to encode two 

GH30_4 enzymes (BVU_08043 and BVU_08044) and a protein without known 

function (BVU_08040). The proteins encoded by locus tags BVU_08041 and 

BVU_08042 represent the SusC/D-like. The second PUL encodes a GH2 (BVU_1151, 

a predicted endo-β-1,6-glucanase according to the CAZY database), while BVU_1152 

and BVU_1153 represent the predicted SusC/D pair.  

To confirm the proteomics data, Ba. cellulosyliticus WH2 was grown and performed 

RT-qPCR on selected SusC/D pairs identified in the above described PULs. Since 

differential expression was observed on RT-qPCR, it seems that their corresponding 

PULs are responsible for growth on fungal β-glucan. 

The next set of experiments involved the cloning and protein expression for the GHs 

encoded in those genes of Ba. cellulosyliticus WH2. This unveiled a wide range of 

catalytic activities and specificities, with different enzymes working together, acting 

as parts of complex cascades, to digest and break the mentioned polysaccharide. As it 

was mentioned before, Ba. cellulosyliticus WH2 used two PULs to degrade this 
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Fusarium β-glucan, as revealed by proteomics. Within these PULs, Ba. cellulosyliticus 

WH2 encodes a novel GH157 (BcellWH2_01931) and a GH30_3 (BcellWH2_02537), 

both predicted to be located at the cell surface, to start the degradation of the complex 

glycan. These PULs were also shown to encode additional glycoside hydrolases 

required to fully degrade the oligosaccharides released by the outer membrane surface 

proteins and incorporated into the periplasm by the SusC/D-like pairs. These 

periplasmic proteins represent typical β-glucosidases belonging to GH families 3 and 

2. Particularly interesting is the case of BcellWH2_02538, an unknown protein with a 

predicted location to be in the surface of Ba. cellulosyliticus WH2 and which was 

firstly assigned to a described catalytic activity in this thesis. This protein is in a perfect 

location to be a Surface Glycan Binding Protein (SGBP), which has been shown to 

help the SusC/D-like pair in the binding of oligosaccharides at the bacterial cell 

surface. The determination of its structure and biological function make it clear the 

fact that the employment of new types of substrates would amplify the number of 

families and subfamilies of enzymes harboured in CAZy. The reason for the presence 

of three different β-glucosidases (two GH3 and one GH2) encoded by these PULs to 

target fungal β-glucan remains unclear. Ba. cellulosyliticus WH2 could act on several 

types of β-glucans, not only fungal sources, with different chemical structures. For that 

reason, the bacterium use distinct β-glucosidases to hydrolyse different linkages in 

these oligosaccharides. However, these β-glucosidases might be redundant and the 

bacterium is evolving to remove some of these genes from its genome under the high 

selection pressure imposed by the gut environment. The presence of different catalytic 

activities involved in the metabolism of Fusarium β-glucan acts as proof of the 

metabolic machinery arranged by gut bacteria which allows the growth with this 

substrate. These complex molecular interactions, at a molecular level, make possible 
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the key and fundamental obtention of energy which, in the end, allows the survival of 

both our microbiota and us. 

The aim of section 3.3 was to elucidate the digestion products released during the 

bacterial metabolism of Fusarium β-glucan and determine the cross-feeding relations 

established with it. This purpose was achieved via the purification and isolation of the 

supernatants obtained from the cultures of Bacteroides sp. and other bacteria. This 

allowed the further structural analysis and identification of the oligosaccharides 

released as digestion products. In addition, metabolomics analysis of the culture media 

to assess short chain fatty acid (SCFA) using the GC/MS showed the production of 

SCFAs, mainly propionate and acetate by Bacteroides sp. There are a lot of studies 

which emphasise the beneficial effects related to the SCFAs production, such as anti-

inflammatory cytokine production and immune regulation, among others. 

Furthermore, it should be also noted the implications of SCFAs as neuromodulators, 

since they target the gut-brain axes and enhance serotonin production, which affects 

behaviour, memory and learning. Accordingly, the digestion products associated with 

Fusarium β-glucan may display several healthy effects. Given this fact we should delete 

the traditional concept of mycoprotein as a simple food product, changing to a 

microbial substrate whose employment might lead to multiple health outcomes. 

The digestion products of Bacteroides sp., contained in the filtered supernatants, were 

then utilized in minimal media as a potential substrate for Bifidobacterium sp. and 

Lactiplantibacillus plantarum WCFS1, both bacteria species which lacked the 

intrinsic ability to use the polymer. The growth curves showed that these secondary 

degraders could then use those digested by-products. For this reason, the next set of 

experiments was designed to establish cooperative co-cultures where different bacteria 
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species, main and secondary degraders, would use Fusarium β-glucan at the same time. 

This would simulate, on a minor scale, the substrate competitiveness in the human gut.  

The results showed that Ba. cellulosyliticus WH2 and Ba. thetaiotaomicron VPI-5482 

can share oligosaccharides with other members of the gut microbiota. Ba. 

cellulosyliticus WH2 was shown to allow cross-feeding interactions with Bi. longum 

subsp. longum, Bi. longum subsp. infantis and Lactiplantibacillus plantarum WCFS1. 

In addition, Ba. thetaiotaomicron VPI-5482 was shown to promote specific cross-

feeding with Bi. longum subsp. longum, Bi. longum subsp. infantis and 

Lactiplantibacillus plantarum WCFS1, enabling growth of both bacteria in co-culture. 

Since the oligosaccharides released by Ba. cellulosyliticus WH2 and Ba. 

thetaiotaomicron VPI-5482 are different (glucobiose and glucoheptose, respectively), 

it will select for specific interactions in the gut. The observed interactions 

demonstrated a symbiotic behaviour  among bacteria, with both types of Bacteroides 

sp. supporting the  growth of the secondary degraders which were then able to use 

Fusarium β-glucan as a carbon source in the co-culture. There was no signal of mutual 

repression between the studied bacteria. Furthermore, it is important to note that 

neither all Bacteroides sp. nor Bifidobacterium sp. were analysed to see the existence 

of cross-feeding interactions. That would be an impossible task to achieve in a three-

years thesis project. This also strengthens the importance of broadening these studies 

in the future, filling them out with an increasing number of new species and potential 

substrates, to have a more completed and defined model of polysaccharide degradation 

by HGM. 

Some limitations affect the scale and scientific purpose of the thesis, since the 

mechanism of action corresponding to the huge number of bacteria that live together 

conforming our microbiota cannot be extrapolated from an experiment involving just 
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a pair of them. Therefore, the mentioned studies are just minor-scale models of the real 

and multicomplex bacterial gut environment. Nevertheless, these experiments 

constitute the first step to achieve a better understanding of how bacteria are 

modulated, which might play an important role in the prevention of nutritious disorders 

and health problems. They also contribute greatly to the knowledge of fungus 

polysaccharides, whose importance has risen in the last few years. Fusarium 

mycoprotein showed a large variety of interesting characteristics, due to its low-fat 

content and high amounts of protein and fibre. In addition, Fusarium β-glucan obtained 

from mycoprotein supposes a novel substrate, whose potential as a bacterial carbon 

source was described for the first time in this study and whose type of bonds and 

structure differs from similar fungus polysaccharides reported in the past. Although 

several enzymes of Bacteroides sp. showed catalytic activity on Fusarium β-glucan, 

the total disclosure of cell wall structure of Fusarium venenatum remains unknown. 

The whole bacteria spectrum capable of its degradation still needs wider expansion. 

Today, there is a worryingly high incidence of disorders related to fat-based diets and 

the excessive consumption of meat in western diets. This fact points out the need for 

healthy and non-invasive alternatives which may counteract both ecological and health 

problems, making urgent the search for better prevention techniques and novel 

treatments. 

For that purpose, the desired solution might be achieved by interpreting our microbiota 

not just as simple microscopic individuals which inhabit our body, but as a useful tool 

whose utilization and modulation in our favour can lead us to a more advantageous 

and sustainable world. This would be a better way to target the creation of better 

compositions in the food industry, changing to more sustainable and environment-

friendly production models and making easier its degradation by beneficial gut 
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microorganisms, modifying our microbiota and reducing antibiotic overuse. 

The data shown in this thesis contributes to this aim, serving as the first of many more 

steps to follow in the knowledge path. Even though its limitations, this thesis has 

established a core of techniques that have been revealed to be useful and productive in 

the study of the Human Gut Microbiota, specially in the case of the polysaccharide 

degraders Bacteroides sp. and the secondary degraders belonging to the genus 

Bifidobacterium and Lactobacillus. 

The inclusion of new approaches and the revision of the previously used ones would 

contribute to a better, wider, and deeper understanding of these bacteria populations. 

Furthermore, the addition of more bacteria species to this initial quorum, together with 

new types of carbon sources obtained from either fungus sources or other ones is 

desirable to increase the credibility of the data and the feasible applications which  may 

derive from it. 

. 
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5 Future work 

The data obtained in this thesis covers a range of techniques and experimental    

approaches which all together give us a better understanding of the Human Gut 

Microbiota. The potential of Bacteroides sp. as glycan degrader was widely tested and 

the ability to cross-feed with other members such as Bifidobacterium sp. and 

Lactiplantibacillus plantarum WCFS1 was proven as well. 

Preliminary experiments carried out by me and other members of the research group 

are not shown in this thesis, but they revealed that other bacterial species apart from 

Bacteroides sp. and Bifidobacterium sp. might play an important role in Fusarium 

β-glucan metabolism and other similar polysaccharides, specially Roseburia sp. and 

Victivallis vadensis. These bacteria might show better growth rates and even they may 

produce important metabolites such as oligosaccharides or SCFAs with potential 

prebiotic effects in human health. Different studies support the fact that Roseburia sp. 

are good  polysaccharide degraders, while that same potential in the case of Victivallis 

is derived from the genome analysis instead of the experimental procedure. 

Because of the vast number of microbes which are present in our organism, it seems 

logical to think that other bacteria are taking part in the process, due to the complexity 

of the continuous interconnections within our microbiota. For this reason, the 

methodology established in this thesis should be enlarged in the future, diversifying 

the range of bacteria species studied as potential degraders, and using more 

experimental techniques to assure better and more definitive conclusions. Despite it 

would suppose the utilization of more resources, the derived applications for human 

health will surely be worth the effort. 
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β-glucans are polysaccharides which can be obtained from different sources, and which have been described as
potential prebiotics. The beneficial effects associated with β-glucan intake are that they reduce energy intake,
lower cholesterol levels and support the immune system. Nevertheless, the mechanism(s) of action underpin-
ning these health effects related to β-glucans are still unclear, and the precise impact of β-glucans on the gut mi-
crobiota has been subject to debate and revision. In this review, we summarize the most recent advances
involving structurally different types of β-glucans as fermentable substrates for Bacteroidetes (mainly
Bacteroides) and Bifidobacterium species as glycan degraders. Bacteroides is one of the most abundant bacterial
components of the human gut microbiota, while bifidobacteria are widely employed as a probiotic ingredient.
Both are generalist glycan degraders capable of using a wide range of substrates: Bacteroides spp. are specialized
as primary degraders in the metabolism of complex carbohydrates, whereas Bifidobacterium spp. more com-
monly metabolize smaller glycans, in particular oligosaccharides, sometimes through syntrophic interactions
with Bacteroides spp., in which they act as secondary degraders.
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1. Introduction

β-Glucans are complex polysaccharides composed of
D-glucopyranosyl residues that are linked throughβ-bonds. These ubiqui-
tous polymers are present in cells walls of yeast, fungi, seaweed, bacteria
and cereals, such as wheat, oat and barley [1,2]. The macromolecular
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structure of β-glucans is different according to the extraction source. For
instance, cereal β-glucans have a backbone of single β(1,3)-bonds sepa-
rating short sections of β(1,4)-bonds, while seaweed β-glucans typically
consist of a β(1,3)-linkage backbone with single β(1,6) branching points,
in which the resulting side chain contains β(1,3)-linkages (Fig. 1). Addi-
tionally,mushroom-derivedβ-glucans typically represent polymers com-
posed of β(1,6)-linked branches from a β(1,3) backbone, while bacterial
β-glucans simply consist of a linear β(1,3) backbone (Fig. 1) [3–6].

β-glucans can be modified by physical, chemical and biological
methods, which affect their primary structure, spatial conformations
and bioactivity. In fact, modification and transformation of β-glucans
may not only improve their biological functionalities in the human
gut, but also their applications as a prebiotic [7–9]). Such processed β-
glucans have been reported to (i) reduce glucose and cholesterol
blood levels, (ii) promote production of short chain fatty acids
(SCFAs), whichmay act as important modulators of host immune func-
tion, (iii) decrease energy intake, and (iv) lower obesity, diabetes and
cardiovascular risk [10–16]. Moreover, several studies have underlined
a wide range of interesting properties of β-glucans, such as anticancer
effects [17–20], immunomodulatory abilities [21], anti-inflammatory
activities [22], or their role as potential adjuvants for vaccine delivery
and efficacy [23] or as delivery vehicles for probiotics [24].

The focus of this review is on outlining various metabolic routes de-
scribed for structurally different dietary β-glucans by human gut
Bacteroides and Bifidobacterium spp. in order to clarify the various effects
these polysaccharides may have on the abundance andmetabolic activ-
ity of mentioned gut commensals. Understanding glycan metabolism is
fundamental to determine howpolysaccharides shape themicrobial gut
communities, aswell as its associated health effects. In addition, this un-
derstandingwill facilitate thedevelopment of nutraceutical-based strat-
egies to increase the content of specific beneficial bacteria.

The gut and its associated Human Gut Microbiota (HGM) together
form a recently considered novel organ of the human body that impacts
on human health in a variety of ways [25,26]. The HGM inWestern pop-
ulations represents a complexmicrocosmof trillions ofmicroorganisms,
with Bacteroidetes and Firmicutes being the most dominant phyla, and
Actinobacteria, Proteobacteria and Verrucomicrobia being less abun-
dant components (Fig. 2) [27,28]. Nonetheless, suchminor components
may still represent important ecological players in the complexity of

HGM, especially for the metabolic interactions they offer to members
of the Bacteroidetes and Firmicutes phyla. For example, Akkermansia
muciniphila (which belongs to the Verrucomicrobia phylum) has re-
cently been shown to represent a human gut commensal that supports
host health [29,30]. The relative abundance of Akkermansia muciniphila
has been inversely correlated with obesity, diabetes, cardiometabolic
diseases and low-grade inflammation, highlighting its potential as a
probiotic to support human health and well-being [29,30].

Bacteroides is the main genus within the Bacteroidetes phylum,
though recent metagenome studies have indicated that four distinct
Prevotella clades in this phylum have been underrepresented in West-
ern populations [31]. Most Bacteroidesmembers are common gut com-
mensals, though they can act as opportunistic pathogens under certain
conditions, an example of this being Bacteroides fragilis [32,33].
Bacteroides are widespread in different natural niches and human pop-
ulations and possess awide range ofmechanisms to adapt to and persist
in various competitive environments [31,34–37]. Bacteroides species are
widely known for their role as primary glycan degraders since their ge-
nomes contain a relatively high number of genes (when compared to
othermembers of the gutmicrobiota) encoding carbohydrate active en-
zymes, such as glycoside hydrolases (GHs) and polysaccharide lyases
(PLs) [38,39]. For this reason, they are able to access a broad range of
complex carbohydrate substrates [40]. Some members, such as
Bacteroides thetaiotaomicron (289 GHs and 23 PLs) or Bacteroides
cellulosilyticus (431 GHs and 30 PLs), dedicate around 18% of their ge-
nome content to carbohydrate metabolism, thereby reflecting their
huge metabolic capacity and versatility to use this type of carbon and
energy source [41,42]. Carbohydrate active enzymes or CAZYmes are
classified into different families according to protein sequence similari-
ties, which means that they commonly elicit related activities. There-
fore, enzymes belonging to the same family have a similar protein
sequence, a conserved catalytic apparatus and similar quaternary struc-
ture [42–44].

Bacteroides genomes harbour polysaccharide utilization loci (PULs),
which are clusters of genes involved in the detection and digestion of
a specific polysaccharide. To date, all sequenced Bacteroides genomes
contain PULs, which typically encode surface glycan binding proteins
(SGBPs), enzymes for carbohydrate degradation (GHs and PLs),
TonB-dependent transporters (TBDT) and sensors/regulators [43].

Fig. 1. Structure of different types of alpha- (resistant starch) and β-glucans. The sources of β-glucans are varied: cereals, brown algae (Laminarin), Saccharomyces cerevisiae (yeast), Fungi
Lasallia pustulata (Pustulan), bacteria, e.g. Alcaligenes faecalis (Curdlan), and plants (cellulose) [5].
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Polysaccharide breakdown usually begins at the cell surface by a GH or
PL, which degrades the complex intact polysaccharide into oligosaccha-
rides. These released oligosaccharides are then transported by the
Bacteroides species into the periplasm by SusC-like TBDT proteins [45],
although they may also be utilized by other bacteria as substrates
through cross-feeding, a common phenomenon observed for complex
polysaccharides or cofactors [38,39,46–48]. In the periplasm, several
exo- and endo-glycosidases are responsible for further hydrolysis of
the internalized oligosaccharides, and this degradation commonly re-
leases a signal molecule (typically a di−/tri−/tetrasaccharide), which
binds to the sensor/regulator, thereby triggering transcriptional induc-
tion of the corresponding PUL. The final step of this degradative process
involves the incorporation of monosaccharides into the cytoplasm
where they are channelled into central carbon catabolism. This general
PUL model was first described for starch metabolism by Bacteroides

thetaiotaomicron [49,50] and was the first to describe how Bacteroides
species carried out starch degradation [51–53]. The corresponding
PUL, designated sus, is composed of eight genes, susRABCDEFG, whose
encoded proteins constitute a complex and cell envelope-associated ap-
paratus highly specialized in starch catabolism [51–53]. The SusC/D
complex is predominantly responsible for starch binding with SusE
and SusF being involved in increasing the efficiency of the binding pro-
cess [51–53]. SusG generates internal hydrolytic cuts in the bound
starch, releasing oligosaccharides that are transported into the periplas-
mic compartment by SusC [51–53]. Here, SusA and SusB, both glycoside
hydrolases, degrade these malto-oligosaccharides to glucose, which is
then transported into the cytosol [51–53]. Transcriptional regulation
of the whole process is accomplished by SusR in response to starch
availability [51–53]. A schematic representation of this starch degrada-
tion process is shown in Fig. 3.

Fig. 2. Distribution of major bacterial phyla population according to their relative abundance in the human gut [28].

Fig. 3. A. Cartoon representation of starch utilization system model in Bacteroides thetaiotaomicron VPI-5482 [51,54]. The hydrolytic degradation of complex intact polysaccharide is
initiated at the outside surface of the cell by SusG (alpha-amylase), thereby generating oligosaccharides. These oligosaccharides are incorporated into the periplasm by binding and
import proteins (facilitated by the SusC/SusD pair), which allows further degradation to glucose by other glycoside hydrolases (SusA and SusB) and which generates a signal molecule
for the regulator (SusR), causing transcriptional activation of the entire PUL. B. Genomic content of the PUL for starch metabolism in Bacteroides thetaiotaomicron VPI-5482 [51,54].
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Bifidobacterium is a genus belonging to the Actinobacteria phylum
whose species occupy several ecological niches, since they may be iso-
lated from waste water, the oral cavity and the gastrointestinal tract of
humans and othermammals [55,56]. Some species are commonly identi-
fied in adults, such as Bifidobacterium adolescentis and Bifidobacterium
pseudocatenulatum, while Bifidobacterium bifidum, Bifidobacterium breve,
and Bifidobacterium longum subsp. infantis, are typically isolated from fae-
cal samples of breast-fed infants [57,58]. Various studies have demon-
strated the positive health impact or probiotic effect of certain
bifidobacterial species/strains, such as those belonging to Bifidobacterium
breve, Bifidobacterium longum or Bifidobacterium bifidum [24,59]. In the
context of this review, it should be noted that certain bifidobacteria
have been reported to ferment laminarin, curdlan or oat β-glucan [60].

Also bifidobacteria contain gene clusters, each of which being dedi-
cated to the metabolism of a specific poly/oligosaccharide [61]. These
clusters encode ABC transporters (most frequently observed), perme-
ases or proton symporters to facilitate transport of mono−/oligo-sac-
charides, such as fucosyllactose, fucose or galactooligosaccharides, into
the cytoplasm. Once internalized, intracellular glycoside hydrolases de-
grade these oligosaccharides into monosaccharides and/or channel
these hexoses or pentoses into the central carbohydratemetabolic path-
way for energy generation (Fig. 4) [62].

Bifidobacterium is unique in using a specialized central metabolic
carbohydrate route, called the “bifid shunt”, which employs a number
of key enzymes, such as fructose-6-phosphoketolase, being considered
a key taxonomic marker for the Bifidobacteriaceae family [61,63,64].
The bifid shunt is used by Bifidobacterium for themetabolism of hexoses
and pentoses, and theoretically can produce more ATP molecules per
molecule of glucose than alternative carbohydrate fermentation
strategies used by lactic acid bacteria or Bacteroides species [65]. This
unique bifidobacterial pathway lacks the enzymes aldolase, which is
characteristic of glycolysis, and glucose-6-phosphate dehydrogenase,
typical of hexosemonophosphate pathways [61,63,64]. However,
monosaccharide fermentation in bifidobacteria is characterized by
fructose-6-phosphate phosphoketolase, from which the pathway
obtained its name as the phosphoketolase route or “bifid shunt”
[61,63,64].

2. Cereal β-glucans
Cereals are themost common andwidespread source of β-glucan in

the human diet and their chemical structures are usually described as

homoglucopolysaccharideswith a backbone of singleβ(1,3)-bonds sep-
arating short sections of β(1,4)bonds [1,2]. Due to the large variety of
existing cereals, we will focus our review on β-glucans isolated from
oat, barley and wheat.

One particular utilization locus was identified in Bacteroides ovatus
ATCC 8483 (Bovatus_02740-Bovatus_02745) when this strain metabo-
lizes barley-derived, mixed-linkage β-glucans (MLG, Fig. 5) [66,67].
This locus encodes a GH16 endo-β-glucanase (BoGH16MLG) which
hydrolyses β(1,4)-linkages that are preceded by a β(1,3)-linked
glucosyl residue, and a GH3 exo-β-glucosidase that digests the oligosac-
charides released by BoGH16MLG to glucose. This PUL also encodes two
Surface Glycan Binding Proteins (SGBPs), a SusDMLG-like homolog and
BoSGBPMLG. The SusDMLG-like homolog is essential for growth of
Bacteroides ovatus ATCC8483 on barley β-glucan because it incorporates
the oligosaccharides originated by BoGH16MLG into the periplasm. In
contrast, BoSGBPMLG is not essential for growth though it may assist in
oligosaccharide scavenging. PULs homologous to the Bovatus_02740-
Bovatus_02745 PUL of Bacteroides ovatus are present in the genomes
of Bacteroides xylanosolvens XB1A and Bacteroides uniformis ATCC
8492, which highlights the apparent prevalence of PULs dedicated to
β-glucan metabolism among Bacteroides species [66,67].

2.1. Oat β-glucans

The effect of oat β-glucan ingestion has been shown to be associated
with a modest increase in bacterial richness (yet decreasing the
Bacteroides population) in both ileal effluent and faecal samples when
compared with intake of cellulose or carboxymethylcellulose (Table 1)
[68]. Also, the effect was viscosity-dependent, since low-viscosity oat
β-glucan reduces the relative abundance of Bacteroides to a higher de-
gree when compared to high-viscosity oat β-glucan. Moreover, the
same decreasing effect was observed in a similar study where oat
β-glucan was compared with pectin, inulin and arabinoxylan (Table 1)
[69].

However, in a subsequent study in BALB/c mice, oat β-glucan inges-
tion decreased bacterial biodiversity yet caused an increase in the rela-
tive abundance of the phylum Bacteroidetes compared with the control
and with a mixture oat β-glucan-cellulose. In addition, Bacteroides was
found as the dominant genus in the colon and it was associated with a
higher concentration of beneficial short chain fatty acids (SCFAs), such
as propionate and acetate (Table 1) [70]. The increase in Bacteroides

Fig. 4. Schematic representation of the fucose and fucosyllactose utilization system in Bifidobacterium kashiwanohense [62]. Fucosyllactose is incorporated into the cytoplasm by an ABC
transporter permease with a sugar binding domain (SBD), transmembrane domain (TMD) and an ATP-hydrolysing cytosolic domain (CBD). Once in the cytoplasm, a fucosidase (GH95
or GH29) and a β-galactosidase break the oligosaccharide into fucose, galactose and glucose, which are then further channelled into the central carbohydrate metabolic pathways, i.e.
the bifid shunt, or in the case of fucose into a separate metabolic pathway. The monomer fucose is imported into the cytoplasm by means of a fucose permease after which it enters
the fucose metabolic pathway [62].
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Fig. 5. A. Example of themixed-linkage glycan (MLG) utilization locus in Bacteroides ovatusATCC8483 [67]. In a similarway to starchmetabolism,mixed linkage β-glucan isfirst degraded
outside the cell by a cell surface-associatedGH16 (BoGH16MLG),which generates oligosaccharides. The SusC/SusD-like pair incorporates these oligosaccharides into theperiplasm,where a
GH3 (β-glucosidase, BoGH3MLG) degrades these internalized oligosaccharides into glucosemonomers, which are then internalized into the cytoplasm. B.Genomic content of theMLG PUL
in Bacteroides ovatus ATCC 8483 [66,67].

Table 1
Carbohydrate intake and intervention parameters for the intervention trials with Bacteroides genus influences.

Reference Type of β-glucan Duration Organism Analized parameters Main Outcomes

[68] Oat β-glucan 17 days 8 cross-bred
Duroc-Landrace pigs

Bacterial populations, SCFAs
levels

Oat β-glucan ingestion was associated with a reduction in
Bacteroides

[69] Oat β-glucan 12 h of
incubation

15 healthy humans Bacterial populations, BCFAs and
SCFAs fermentation

Oat β-glucan ingestion was associated with a reduction in
Bacteroides and Bifidobacterium

[70] Oat β-glucan 8 weeks 28 health male BALB/c
mice,

Bacterial populations, SCFAs
production, feed intake, body
weight gain

Oat β-glucan decreased the bacterial biodiversity yet
increased the relative abundance of the phylum
Bacteroidetes. Bacteroides was found as the predominant
genus in the colon and it was associated with a higher
concentration of beneficial short chain fatty acids
(SCFAs), such as propionate and acetate

[71] Oatwell (28% oat β-glucan) 24 h of
incubation

3 healthy humans Bacterial populations, SCFAs
production

Oatwell was related to higher Bacteroides abundance and
propionate concentration

[76] Barley β-glucan 25 days 8 groups of 7 male
Wistar rats

Bacterial populations, SCFAs
production,
feed intake, body gain, amino
acid production, cholesterol
levels

Barley β-glucan increased the production of SCFAs,
reduced inflammation and cholesterol levels, and
lowered the abundance of Bacteroides fragilis in the
caecum

[77] Barley β-glucan (125 g/day of
bread with 3 g of barley
β-glucan)

3 months 20 polictemized
human patients

Bacterial populations, SCFAs
concentration

No significance difference during the intervention.
Nevertheless, two weeks after cessation of the treatment,
Bacteroides genus was found significantly decreased

[78] Low and medium molecular
weight barley β-glucan

39 days 48 male Wistar rats Bacterial populations, SCFAs
concentration,
Feed intake, body gain, plasma
lipid levels

The ratio Bacteroides/Prevotella was reduced by low and
medium molecular weight barley β-glucan

[79] Low and high molecular
weight barley β-glucan

35 days 30 human subjects Bacterial populations,
CVD risk factors

High molecular weight barley β-glucan can significantly
increase Bacteroides and reduce CVD risk

[80] Barley β-glucan extracted
from Glucagel™ and
arabinoxylan, xyloglucan,
glucan, and pectin.

48 h of
incubation

Bacteroides ovatus
ATCC 8483 T310,
Bifidobacterium longum
subspecies longum
ATCC 15707 T,
Megasphaera elsdenii
DSM 20460 T311,
Ruminococcus gnavus
ATCC 29149 T, and
Veillonella parvula DSM
2008 T

Bacterial growth Bacteroides ovatus ATCC 8483 T310 prioritizes the use of
barley β-glucan before the other substrates, with higher
growth rates than the other studies species except
Veillonella parvula.

[83] Whole wheat grains 8 weeks 68 human subjects Bacterial populations, pHenolic
compounds levels glycaemia,
plasma lipids, inflammatory
markers and

Wheat β-glucan was correlated with an increase in
Bacteroidetes phylum and Bacteroides genus. Bacteroides
could reduce inflammatory markers TNF-α and IL-6 and
plays a role in reducing pathologies associated with
inflammation

[84] Whole wheat grains 48 h of
incubation

10 health humans Bacterial populations, Bacteroides cellulosilyticus, Bacteroides ovatus and
Bacteroides stercoris were described as predominantly

(continued on next page)
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populations was also reported by Carlson et al. using Oatwell (oat-bran
containing 28% oat β-glucan, Table 1) [71].

Additionally, different studies have demonstrated the effect of oatβ-
glucans in Bifidobacterium (Table 2).Wuet al. found that Bifidobacterium
content was decreased by the dietary supplementation with oat β-
glucans [72]. Nevertheless, an in vitro fermentation study by Ji-lin
et al. showed Bifidobacterium longum BB536 as a good degrader of raw
and hydrolysed oat β-glucans hydrolysates, with preference for the hy-
drolysed fractions (Table 2) [73]. Another study concluded that the ad-
dition of β-glucan to yogurt increased survival of Bifidobacterium
longum R0175 (Table 2) [74]. Furthermore, Bifidobacterium abundance

was demonstrated to increase significantly in rats fed with oat whole
meal or oat β-glucan compared with a control group, with rats
exhibiting a higher growth rate when fed on pure oat β-glucan
(Table 2) [75].

2.2. Barley β-glucans

Supplementation with barley β-glucan in rats with low or high-fat
diet increased the production of SCFAs, reduced inflammation and cho-
lesterol levels, and lowered the abundance of Bacteroides fragilis NCTC
9343 in the caecum (Table 1) [76]. Additionally, in a study with

Table 1 (continued)

Reference Type of β-glucan Duration Organism Analized parameters Main Outcomes

wheat-bran β-glucan degraders, while Bacteroides
uniformis, Bacteroides dorei and Bacteroides eggertii were
enriched in the β-glucans from wheat-lumen, so not all
Bacteroides present the same feed-responsive behaviour

[85] durum wheat flour and
whole-grain barley pasta

2 months 26 healthy humans Bacterial populations, blood
cholesterol, amino acid
concentration, SCFAs levels

No clear change in the microbiota composition. Increase
in 2-methyl-propanoic acid, acetic acid, butanoic
(butyric) acid, and propanoic (propionic) acid

[86] wheat bran and BarleyMax 4 weeks 60 healthy humans Dietary Intake,
Biochemical Analysis,
Microbiota Composition, SCFA
levels

Increase in Bacteroides genus,
Higher SCFAs concentrations, especially butyric acid

[104] Laminaran 2 weeks 18 male Wistar rats Microbiota composition, body
weight, carbohydrate levels,
organic acids levels

Reduction in Bacteroidetes abundance. Laminaran also
can reduce the levels of cecal putrefaction substances
levels

[105] Laminaran 6 weeks 18 female BALB/c mice Bacterial population,
carbohydrate active enzymes
activity, body weight

Increase in relative abundance of Bacteroidetes phylum,
especially the genus Bacteroides, and a decrease in the
Firmicutes phylum. Laminarin ingestion shifted the
microbiota at the species level towards a higher energy
metabolism, and therefore increasing the number of
carbohydrate active enzymes. Laminarin also slowed
weight gain in mice and decreased the bacterial species
diversity.

[106] Laminaran 11–13
days

18 male ICR mice Bacterial populations Bacteroides intestinalis and Bacteroides acidifaciens,
producing succinate and acetate, which are precursors of
beneficial propionate and butyrate

Table 2
Carbohydrate intake and intervention parameters for the intervention trials with Bifidobacterium genus influences.

Reference Type of
β-glucan

Duration Organism Analized parameters Main Outcomes

[72] Oat β-glucan 25 days 32 weaned pigs Bacterial populations, body weight, serum
parameters

Oat β-glucan supplementation decreased Bifidobacterium

[73] Oat β-glucan and
its hydrolysates

1 week 3 male
Sprague-Dawley rats

SCFA production, bacterial growth of
different faecal microbiota

No significant differences with intact oat β-glucan
However, the oat β-glucan hydrolysates
OGH treatment evidently promoted the growth of
Bifidobacterium longum BB536. The hydrolysates of oat
β-glucan produced greater amounts of SCFA (mainly acetate,
propionate and butyrate) with no significant difference in
SCFA pattern when compared with oat β-glucan.

[74] Oat β-glucan 35 days Pure strains of
Bifidobacterium breve
R0070, Bifidobacterium
longum
R0175

Bacterial growth These data indicate that the addition of beta-glucan to yogurt
increased survival of Bifidobacterium longum R0175

[75] Oat β-glucan 4 weeks 30 male SD rats Food Intake, body Weight,
ATPase activity, bacterial population

Oat β-glucan decreased glycaemia and insulin response while
it increased ATPase activity and Bifidobacterium relative
abundance

[81] Glucagel™ (80%
barley
derived
β-glucan)

8 weeks 36 C57BL/6 male
mice

Body weight, food intake, tissue weights and
adiposity
Data, Gut microflora composition and SCFAs

Barley β-glucan attenuate weight gain and increase relative
abundance of Bifidobacterium both in faeces and caecal
contents over the 8 weeks of dietary intervention

[76] Barley β-glucan 25 days 56 male Wistar rats Cecal microbiota, SCFAs levels, cholesterol,
TAG and inflammatory levels, feed intake,
weight gain, caecal content, pH, tissue weight

Barley β-glucan was related with an increase in the abundance of
Bifidobacterium and SCFA levels and a reduction in cholesterol
levels and inflammatory markers

[82] Barley β-glucan 8–12
weeks

male C57BL/6 J mice
(amount not given)

Bacterial populations, SCFAs production Barley β-glucan suppressed appetite and improved insulin
sensitivity. Furthermore, barley β-glucan increased the relative
abundance of the genus Bifidobacterium and SCFA production
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polypectomyced patients (patients having colorectal polyps), no signif-
icance difference was observed during a 90-day feeding intervention
using 3 g/day of barley β-glucan. Nevertheless, two weeks after cessa-
tion of the treatment, the abundance of the genus Bacteroides was
found to be significantly decreased (Table 1) [77]. A similar negative
correlation was observed in hypercholesterolemic rats fed with a me-
dium molecular weight (530 kDa) barley β-glucan diet (Table 1) [78].
However, the application of 3 g/day of this medium molecular weight
barley β-glucan in hypercholesterolemic human patients increased
the relative abundance of Bacteroidetes, while that of Firmicutes was
decreased. Interestingly, no significant differences were observed
when patients received 3 g/d or 5 g/d of low molecular weight barley
β-glucan. These findings therefore suggest that the promoting effect of
Bacteroidetes abundance by barley β-glucan is molecular weight-
dependent (Table 1) [79]. In addition, Bacteroides ovatus ATCC 8483
prioritizes the use of barley β-glucan in a mixture with pectin,
xyloglucan and arabinoxylan, being able to use this substrate when it
was the only carbon source in the medium, with higher growth rates
than Bifidobacterium longum subsp. longum, Megasphaera elsdenii, and
Ruminococcus gnavus, but lower than Veillonella parvula (Table 1) [80].

In Bifidobacterium, the bifidogenic effect of barley β-glucan supple-
mentation in food/feed has been described in various publications. For
instance, Arora et al. discovered that C57BL/6 mice, when maintained
on a high fat diet containing 10% barley β-glucan during 8 weeks,
showed a lower bodyweight gain and also an increase in relative abun-
dance of Bifidobacterium in both faecal and caecal samples (Table 2)
[81]. Similar results were found in rats fed on a low fat diet supple-
mented with barley β-glucan for 25 days [76] and, in a similar way, in
other murine trials (Table 2) [82].

2.3. Wheat β-glucans

In obese subjects with an unhealthy dietary behaviour, wheat β-
glucanwas correlatedwith a relative abundance increase inmembers be-
longing to the Bacteroidetes phylum and Bacteroides genus. It was also
suggested that Bacteroides reduces the levels of inflammatory markers
TNF-α and IL-6, and that it plays a role in reducing pathologies associated
with inflammation (Table 1) [83]. In a similar study, Bacteroides
cellulosilyticus, Bacteroides ovatus and Bacteroides stercoriswere described
as predominantly wheat-bran β-glucan degraders, while Bacteroides
uniformis, Bacteroides dorei and Bacteroides eggertii were enriched in β-
glucans derived fromwheat-lumen, so apparently not all Bacteroides spe-
cies exhibit the same glycan utilization behaviour (Table 1) [84]. The au-
thors showed differences in the structure and composition of wheat bran

and lumen, suggesting that these differences explain the different meta-
bolic capabilities [84]. Nevertheless, the use of whole grains instead of ex-
tracted β-glucan requires further studies for wheat.

2.4. Mix of different cereals

A dietary intervention using 3 g/d of durum wheat flour and whole-
grain barley pasta for 2 months did not reveal any significant differences
in the microbiota composition of the subjects (Table 1) [85]. However, in
another trial withwheat bran and barley in Japanese adults, a positive in-
teractionwas observedwhen both cereals were combined, causing an in-
crease in relative abundance of the genus Bacteroides and other butyrate-
producing species (Table 1) [86]. Differences in the microbiota composi-
tion of distinct human populations as a result of varying diets and life
styles may explain these apparently conflicting findings [87–89].

Regarding Bifidobacterium, Shen et al. carried out a comparative
study of the prebiotic efficacy of oat and barley β-glucan in rats. The
study resulted in an increase in Bifidobacterium abundance using either
of these cereals, with a more pronounced effect for oat β-glucan [90].

3. Seaweed β-glucans
Seaweeds are potential prebiotics rich in three polysaccharides

depending on the seaweed source, being either brown, green or red
algae. In brown algae, fucoidan, alginate and laminarin have been
shown to act as antioxidant, cognitive protective, anti-inflammatory,
anti-angiogenic, anti-cancer, anti-viral, and anti-hyperglycemic agents,
thus having very promising potential as a food additive and prebiotic
[91,92]. Laminarin (Fig. 1) is a glucose-based homopolysaccharide with
a β(1,3) backbone and β(1,6) branches at a 3:1 ratio, being isolated
from the brown algae species Laminaria and Alaria, representing almost
a 50% of algal dry matter. Laminarin is a type of β-glucan with special in-
terest because of its proposed anticancer, antioxidant and immunomodu-
latory activities [93–95]. For instance, in a recent study, both native
laminarin and its enzymatic digestion products inhibited cell transforma-
tion on SK-MEL-28 human melanoma and DLD-1 human colon cancer
cells, where the maximum anticancer effect was shown to be correlated
with a high level of branching [95].

Recently, a paper on β(1,3)-glucan metabolism by Bacteroides spe-
cies, showed that Bacteroides uniformis ATCC 8492, Bacteroides
thetaiotaomicron NLAE-zl-H207 and Bacteroides fluxus YIT 12057 have
the ability tometabolize laminarin as a carbon source because of the de-
fined PUL architecture where a GH158 is key in the release of oligosac-
charides [96]. These authors described a putative β(1,3)-glucan

Fig. 6. A. Schematic representation of β(1,3)-glucan degradation by Bacteroides uniformis ATCC 8492 based in analogy with the starch utilization system [96]. B. Genomic content of the
β(1,3)-glucan PUL in Bacteroides uniformis ATCC 8492 [96].
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utilization locus in Bacteroides uniformis ATCC 8492 (Fig. 6A and B,
BACUNI_01484-BACUNI_01490) that encodes a TonB-dependent trans-
porter (TBDT, SusC-like), two cell surface glycan-binding proteins
(SusD-like and BuSGBP), three glycoside hydrolases (BuGH16,
BuGH158 and BuGH3) and a hybrid two-component regulatory system
(BuHTCS) (Fig. 6B). BuGH158 was described as a specific laminarinase,
while BuGH16 was shown to be a broad-specificity endo-β(1,3)-
glucanase with activity towards yeast β-glucan and mixed-linkage glu-
can from cereals. For its part, BuGH3 was described as a specific β(1,3)
glucosidase which handles the hydrolysis products of BuGH158 and
BuGH16. However, only BuSGBP was able to bind β-(1,3)-glucans
(Fig. 6A). Despite the fact that homologous PULs active on β(1,3)-glu-
cans have been detected in some species of Bacteroides thetaiotaomicron
NLAE-zl-H207 and Bacteroides fluxus YIT 12057, the one described in
Bacteroides uniformis ATCC 8492 was shown to be highly prevalent in
the microbiome of humans, and unique with an ability to utilize three
different types of β(1,3)-glucan, i.e. that from laminarin, curdlan and
yeast.

Although the main purpose of this review is the effect of β-glucans
on selected elements of the HGM, laminarin has also been widely stud-
ied as a growth substrate for various marine Bacteroides species. An
analysis of Bacteroidetes-fosmids from ocean regions showed that 4
out of 14 identified PULs were laminarin-specific, and were co-located
with predicted β-glucosidase-encoding genes, thereby underscoring
the role of laminarin as a common metabolic substrate for ocean-
derived Bacteroidetes species [97].

At species level, the degradation of laminarin in the marine bacte-
rium Zobellia galactanivorans has been described in different studies.
Thomas et al. studied gene transcription in Zobellia galactanivorans
DsijT when it grows on laminarin as its sole carbon source (Fig. 7)
[98]. The authors determined that this marine polysaccharide induced
the expression of the cluster ZOBELLIA_209 to ZOBELLIA_214, which is
predicted to encode two TonB-dependent receptors (ZOBELLIA_212
and ZOBELLIA _214) and their associated surface glycan-binding pro-
teins (ZOBELLIA_211 and ZOBELLIA_213), respectively. These gene
pairs are characteristic features of PUL clusters present in Bacteroidetes
genomes [43]. In addition, this cluster encodes a predicted carbohydrate
binding module family 4 (CBM4, ZOBELLIA_209), whose family has
been characterized to bind to β(1,3)-glucan, β(1,3-1,4)-glucan, β(1,6)-
glucan, xylan, and amorphous cellulose (CAZY database, http://www.
cazy.org/; [99–102]). Therefore, this cluster is involved in the recogni-
tion, binding and incorporation of laminarin at the cellular surface of
Zobellia galactanivorans,which has been used as a bacterialmodel to un-
derstand the algal carbon metabolism showing several adaptive treats

to algal-associated life [103], representing a clear example for a genomic
cluster dedicated to laminarin, Fig. 7.

Another study showed that the incorporation of 2% of brown algae
laminarin in feed for a rat trial decreased the relative abundance of
the Bacteroidetes phylum in caecal microbiota populations. Specifically,
the ratio of identified clones, based on 16S rRNA gene sequencing, of
Bacteroides capillosus fell around 27% compared to the control
(Table 1) [104]. By contrast, in a study with mice fed with a high fat
diet as control and comparing with a high fat + laminarin diet, the au-
thors found that the diet without laminarin led to an increase in
Actinobacteria, whereas dietary supplementation with laminarin
witnessed an increase in the relative abundance of Bacteroidetes, espe-
cially the genus Bacteroides, and a decrease in Firmicutes. Laminarin in-
gestion shifted the microbiota at species level towards a higher energy
metabolism, increasing the Bacteroides species, and therefore increasing
the number of carbohydrate active enzymes. Laminarin also slowed
weight gain in mice and decreased the bacterial species diversity
(Table 1) [105]. The same increase in Bacteroidetes/Firmicutes ratio
was observed in a recent study with albino mice (Table 1) [106] in
which laminarin was shown to be metabolized by Bacteroides
intestinalis and Bacteroides acidifaciens, producing succinate and acetate
as end-products, which are precursors of the beneficial short chain fatty
acids (SCFAs) propionate and butyrate, respectively [107–109].

In contrast, several feeding studies have concluded that laminarin
from Laminaria digitata and Laminaria hyperborea does not affect the rel-
ative abundance of Bifidobacterium in the gut microbiota [110,111].
Nevertheless, Lynch et al. reported a linear decrease in caecal
Bifidobacterium in boars as a result of the addition of laminarin from
Laminaria hyperborea [112]. The above reports do highlight the need
for further in depth studies to thoroughly analyse the effect of laminarin
on the HGM.

4. Fungal β-glucans
Fungal β-glucans are polymers composed of a β(1,6) or β(1,3) back-

bone, with a variable branching degree (Fig. 1). Bacteroides species have
been reported as degraders of different types of fungal β-glucan. For ex-
ample, when β-glucan from Saccharomyces cerevisiae (β-1,3-glucan
with β-1,6-linked side chains) was administered to C57BL/6 mice, it
was shown to cause a reduction in bacterial diversity, yet an increase
in relative abundance of the phylum Bacteroidetes. This effect was ac-
companiedwith higher levels of SCFAs such as acetic, propionic and bu-
tyric acids [113]. Also, the positive correlation between an increase in
Bacteroidetes and SCFA productionwas observedwhenmicewith colo-
rectal polyps were fed with a complex β-glucan-chitin complex
(KytoZyme SA) [114].

As we stated in the seaweed β-glucan section, Dejean et al. showed
the ability of certain Bacteroides species to metabolize β(1,3)-glucan
from laminarin, yet also from yeast [96]. They showed that the same
PUL was involved in the degradation of both of these β-glucan substrates
(Fig. 6). In another study,β(1,3)-glucan from Candida albicanswas shown
to increase the relative abundance of the Bacteroides genus when mice
were administered live or heat killed-Candida [115]. In addition, one par-
ticular PUL (BT3309-BT3314) from Bacteroides thetaiotaomicron VPI-5182
has been associated with the degradation of fungal β(1,6)-glucan
(pustulan, Fig. 8A and B), a common component of fungal cell walls of
mushrooms and yeast [116]. BT3312 (GH30_3) represents an endo-
β(1,6)-glucanase located at the cell surface accompanied by a SGBP
(BT3313), a SusC-like (BT3310), a SusD-like (BT3311) and a β-
glucosidase (GH3, BT3314). Bacteroides thetaiotaomicron employs a very
efficient mechanism to fully metabolize pustulan as a carbon and energy
source (Fig. 8A). The SGBP BT3313 binding protein starts the degradation
process by recognising and binding the intact polysaccharide at the
cell surface of Bacteroides thetaiotaomicron. Following this, the
BT3312 (GH30_3) enzyme cleaves the intact glycan into smaller
glucooligosaccharides, which will then be internalized into the periplasmFig. 7. Genomic composition of the laminarin PUL in Zobellia galactinovorans DsijT [103].
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by the permease pair BT3310/BT3311 (SusC-like/SusD-like). In the
periplasm, a GH3 enzyme (BT3314) will continue metabolism by
degrading the internalized 1,6-glucooligosaccharides (Fig. 8A). BT3314
has been shown to exhibit a 30-fold higher activity for 1,6-glucobiose
than for 1,3- or 1,4-glucobiose, and probably possesses two subsites into
the active site, because of its similar activity on 1,6-glucobiose and 1,6-
glucotriose [116]. The latter report postulated that the observed slowme-
tabolism of 1,6-glucooligosaccharides in the periplasm of Bacteroides
thetaiotaomicron may allow the persistence of a higher concentration of
the “induced ligand” for BT3309 (HTCS or regulator of the PUL), enabling
the locus to be up-regulated for an extended period of time for the use of
pustulan as a carbon source by Bacteroides thetaiotaomicron. Comparative
genome analysis with other species revealed that homologous PULs are
located in the genomes of Bacteroides uniformis ATCC 8492, Bacteroides
ovatus ATCC 8483 and Bacteroides xylanosolvens XB1A [116].

Recent studies have addressed the role of fungal β-glucans in
Bifidobacterium. For instance, Wang et al. studied the correlation be-
tween sulphated β-glucan from Saccharomyces cerevisiae and immune
response [117]. Using immuno-suppressed chickens as a result of cyclo-
phosphamide treatment, the addition of 0.4 g of yeast β-glucans per ki-
logram of chicken was shown to alleviate the immuno-suppression,
affecting the concentration of cytokines and promoting the proliferation
of Bifidobacterium [117]. Furthermore, supplementation with yeast β-
glucans in Alzheimer-induced mice has been shown to cause an in-
crease in the relative abundance of the genus Bifidobacterium, which
was similar to that found in control mice [118]. Recently, in a macro
study by Alessandri et al., the authors evaluated the growth ability of
hundred bifidobacterial strains using glucan-chitin complex fromAsper-
gillus niger as the only carbon source. All strains were shown to exhibit
some, though mostly modest growth with Bifidobacterium breve and
Bifidobacterium bifidum strains eliciting the highest levels of growth
[119].

Zhao and Cheung showed that mushroom β-glucans elicit a prebi-
otic effect by enhancing growth of Bifidobacterium longum subsp.
infantis [59]. These authors studied the proteomic profile of this cata-
bolic process, showing that this bifidobacterial species expresses 17pro-
teins that may be linked to mushroom β-glucan degradation. These
proteins include ABC transporters of sugars, enolase and a phosphoenol
phosphotransferase system. Among the 17 proteins, a predicted intra-
cellular glucanase is highly expressed. The authors proposed a meta-
bolic model for this degradation where (some parts of) the autoclaved
polysaccharide (which is likely to cause hydrolysis of this glycan) is in-
corporated into the cytoplasm by ABC transport system and PTS

(phosphotransferase system) proteins. After this incorporation, the in-
tracellular glucanase breaks down the polysaccharide into glucose
monomers, which are subsequently incorporated into the central fer-
mentative pathway or “bifid shunt” [59].

Several papers have addressed the impact andmetabolismof dietary
plant glucosides, such asflavonoids and gingenosides, on bifidobacterial
and Bacteroidesmetabolism [120–123]. However, very few studies have
identified bifidobacterial β-glucosidases active on β-glucan. Pokusaeva
et al. identified the cldC gene in Bifidobacterium breve UCC2003 to be in-
volved in themetabolism of cellodextrins, which are β(1,4)-glucose hy-
drolysis products from cellulose (Fig. 1) [124]. The authors showed the
ability of this bacterium to use cellobiose, cellotriose, cellotetraose and
cellopentaose through the cldEFGC gene cluster with a higher prefer-
ence for cellobiose. Disruption of the cldC gene resulted in the inability
of Bifidobacterium breve UCC2003 to use these cellodextrins as a carbon
source, confirming that this gene cluster is uniquely required for
cellodextrin metabolism by this bacterium. It is reasonable to assume
that these enzymes would be able to degrade MLG oligosaccharides in
a similar way to cellodextrin oligosaccharides, though this hypothesis
awaits experimental validation. Indeed, more studies are required to
fully understand the impact of β-glucan oligosaccharide metabolism
on proliferation of bifidobacterial species in the gut.

5. Conclusions

In this reviewwediscussed recent publications that have studied the
effect of β-glucans from different sources on microbiota changes
pertaining to Bacteroidetes (mainly Bacteroides species) and
Bifidobacterium. As previously reported, Bacteroides species possess an
extensive ability for glycan degradation, due to the presence of PULs
in their genomes [38,39], allowing them to use different types of sub-
strates and to occupy different niches and environments [31,35,36].
We have focussed our review on the most predominant types of
β-glucans, clarifying the role of these polysaccharides as potential sub-
strates for Bacteroidetes and Bifidobacterium, as important bacterial rep-
resentatives of the adult gut microbiota [34]. Of a total of 16 studies
involving fungal, seaweed and cereal β-glucans, 8 concluded that die-
tary inclusion of β-glucans causes an increase in the relative abundance
of members of the Bacteroidetes phylum or Bacteroides genus, where
some studies also highlight beneficial effects elicited by specific species
(Table 1) [84,106]. Nevertheless, 7 studies (6 with β-glucans from ce-
reals and 1 from seaweed) revealed the opposite results, a negative ef-
fect on the relative abundance of Bacteroidetes or Bacteroides, and

Fig. 8. A. Schematic of β-(1,6)-glucan (pustulan) degradation by Bacteroides thetaiotaomicron VPI-5482 [116]. This linear β-glucan is degraded by a GH30_3 in the surface of Bacteroides
thetaiotaomicron and the resulted oligosaccharides are incorporated into the periplasm, where another GH3 (β-glucosidase) hydrolyses the smaller oligosaccharides into single glucose
monomers. B. Genomic content of the pustulan PUL in Bacteroides thetaiotaomicron VPI-5482 [116].
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only one reported a ‘no effect’ conclusion (Table 1). Themost significant
disparitywas found for cerealβ-glucans [86]. In oatβ-glucans, we found
a similar number of studies with positive or negative correlations on the
Bacteroidetes increase. In addition, for barley β-glucans, the number of
studies published showing negative conclusions was higher than the
published with positive correlations.

One would imagine that the same substrate should have equal conse-
quences for a specific bacterial genus, so the variation in the results may
be due to the utilization of different models, substrates and/or methodol-
ogies (Table 1) [79]. The results may differ in a molecular weight-
dependent manner even when using the same substrate. Furthermore,
the utilization of different model systems (pigs, rats, mice or humans) is
likely to play an important role in this variation, because of the distinct
microbiota composition in each of these mammalian species (Table 1)
[77–79,82]. While it seems that the positive effects are very clear for fun-
gal and seaweed β-glucans [88,101,102], the differences observed be-
tween the three types of β-glucans must be tested in more detail and
further studies should be done for the three sources in order to clarify if
the observed disparity in the experimental results is caused by the appli-
cation of non-unique procedures, or, by contrast, if these correlations be-
tween the substrates and the degraders remain stable [77–79,99–102].
Due to the increasing interest in β-glucans as potential prebiotics and
their effect on human health, this work provides further avenues to un-
derstand the behaviour of β-glucan-fed HGM.

Very little is currently known about the molecular mechanism how
Bifidobacterium degrade different β-glucan types. Only a small number
of papers have established the prebiotic effect of cereal and fungal β-
glucans, both through in vitro fermentations and by means of human
trials. Strains from Bifidobacterium breve, Bifidobacterium bifidum and
Bifidobacterium longum have been shown to be able to at least partially
degrade fungal β-glucan-chitin complex [119]. These authors showed
the transcriptional profile of Bifidobacterium breve 2 L when using this
complex substrate as a unique carbon source. Due to the complexity
of β-glucan-chitin, the authors expect that other bacterial members of
the gutmicrobiota community are involved in the completemetabolism
of β-glucan-chitin through syntrophic interactions [119].

Moremechanistic studies are needed to understand the size of oligo-
saccharides incorporated by bifidobacterial transporters. In addition,
detailed structuralmechanistic insights and substrate specificity studies
of glucosidases and glucanases in Bifidobacterium species, when they act
on several types of β-glucan, are required to expand our knowledge on
the direct or indirect (through cross-feeding) use of these glycans as
prebiotics. Finally, there is a clear knowledge gap regarding the cross-
feeding process between different members of Bacteroides and
Bifidobacterium and further studies are needed to shed light on the mo-
lecular details of such syntrophic interactions, a good example of this
being the cross-feeding interactions involving dietary arabinogalactan
[46]. Such studies will allow the rational design of nutraceutical strate-
gies with the help of particularβ-glucans as functional food ingredients,
perhaps in combination with certain bifidobacterial species in so-called
synbiotic formulations.
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ABSTRACT The human gut microbiota (HGM) contributes to the physiology and health
of its host. The health benefits provided by dietary manipulation of the HGM require
knowledge of how glycans, the major nutrients available to this ecosystem, are metabo-
lized. Arabinogalactan proteins (AGPs) are a ubiquitous feature of plant polysaccharides
available to the HGM. Although the galactan backbone and galactooligosaccharide side
chains of AGPs are conserved, the decorations of these structures are highly variable.
Here, we tested the hypothesis that these variations in arabinogalactan decoration provide
a selection mechanism for specific Bacteroides species within the HGM. The data showed
that only a single bacterium, B. plebeius, grew on red wine AGP (Wi-AGP) and seaweed
AGP (SW-AGP) in mono- or mixed culture. Wi-AGP thus acts as a privileged nutrient for a
Bacteroides species within the HGM that utilizes marine and terrestrial plant glycans. The
B. plebeius polysaccharide utilization loci (PULs) upregulated by AGPs encoded a polysac-
charide lyase, located in the enzyme family GH145, which hydrolyzed Rha-Glc linkages in
Wi-AGP. Further analysis of GH145 identified an enzyme with two active sites that dis-
played glycoside hydrolase and lyase activities, respectively, which conferred substrate
flexibility for different AGPs. The AGP-degrading apparatus of B. plebeius also contained a
sulfatase, BpS1_8, active on SW-AGP and Wi-AGP, which played a pivotal role in the utili-
zation of these glycans by the bacterium. BpS1_8 enabled other Bacteroides species to
access the sulfated AGPs, providing a route to introducing privileged nutrient utilization
into probiotic and commensal organisms that could improve human health.

IMPORTANCE Dietary manipulation of the HGM requires knowledge of how glycans
available to this ecosystem are metabolized. The variable structures that decorate the
core component of plant AGPs may influence their utilization by specific organisms
within the HGM. Here, we evaluated the ability of Bacteroides species to utilize a marine
and terrestrial AGP. The data showed that a single bacterium, B. plebeius, grew on Wi-
AGP and SW-AGP in mono- or mixed culture. Wi-AGP is thus a privileged nutrient for a
Bacteroides species that utilizes marine and terrestrial plant glycans. A key component
of the AGP-degrading apparatus of B. plebeius is a sulfatase that conferred the ability of
the bacterium to utilize these glycans. The enzyme enabled other Bacteroides species to
access the sulfated AGPs, providing a route to introducing privileged nutrient utilization
into probiotic and commensal organisms that could improve human health.

KEYWORDS Bacteroides, human microbiota, arabinogalactan, glycan-degrading
enzymes, microbial ecology, privileged nutrient, sulfatases

The human large bowel is resident to trillions of bacteria that play a pivotal role in the
health and nutrition of their host (1, 2). The major nutrients available to this microbial

community, defined as the human gut microbiota (HGM), are dietary polysaccharides,
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which are not degraded by endogenous intestinal enzymes, and host glycans (3, 4).
Reflecting their dependence on complex carbohydrates bacteria within the HGM, partic-
ularly those belonging to the Bacteroidetes phylum, express large numbers of carbohy-
drate-active enzymes, or CAZymes (5, 6). Manipulating the HGM through dietary or
nutraceutical strategies offers opportunities for maximizing the health benefits of this
microbial community. Given the importance of polysaccharides as a major nutrient for
the HGM, understanding complex glycan utilization by this ecosystem is an essential pre-
requisite to successful dietary intervention. Consequently, there have been numerous
studies exploring the mechanisms by which specific members of the HGM utilize
selected glycans (7–12) (for reviews, see references 13 and 14). The Bacteroides spp., in
general, produce surface endo-acting glycoside hydrolases or polysaccharide lyases that
initiate the degradation of specific polysaccharides. The resultant oligosaccharides,
imported into the periplasm, are degraded by an extended repertoire of CAZymes, lead-
ing to the generation of the monosaccharide components of these glycans. The genes
encoding specific glycan-degrading systems are coregulated by the target polysaccha-
ride and are organized into genomic regions termed polysaccharide utilization loci, or
PULs (15). In addition to orchestrating the synthesis of the requisite CAZymes, PULs also
encode the outer member transport protein, termed SusC, and surface binding proteins,
such as SusD homologs (16) and the glycan sensor/regulator (17).

Arabinogalactan proteins (AGPs) are a ubiquitous feature of plant polysaccharides
available to the HGM. In highly processed plant-derived components of the diet, such as
red wine, the levels of complex plant-derived carbohydrates, such as AGPs and rhamno-
galacturonan II (RGII), are particularly elevated (18). This is because during fermentation,
yeast is able to utilize simple carbohydrates but not complex glycans such as AGPs and
RGII. The glycan component of AGPs (comprising 90% of these glycoproteins) comprises
a backbone of b-1,3-galactose units that are decorated with b-1,6-galactooligosacchr-
ides and arabinofuranose units. The b-1,6-galactan side chains are often decorated with
a range of sugars such as rhamnose, glucuronic acid, and additional arabinose units (19).
Previous studies have shown that the utilization of arabinogalactans between organisms
is dependent on the degree of polymerization (DP) of the glycan (20). Indeed, the
capacity to grow on complex arabinogalactans with a high DP is restricted to a very
small number of Bacteroides spp. These keystone organisms generated oligosaccharides
that were utilized by bacteria capable of growing only on simple small arabinogalactans
(20). Based on these observations, we hypothesize that the variable structures of arabi-
nogalactans provide a selection mechanism for specific Bacteroides spp. within the HGM.

To test the hypothesis proposed above, we evaluated the capacity of our collection of
Bacteroides spp. isolated from the HGM to grow on an AGP isolated from wine (Wi-AGP).
The data showed that only a single bacterium, B. plebeius, was capable of growing on the
glycan in mono- or mixed culture. Wi-AGP can thus act as a privileged nutrient for a
Bacteroides spp. that has acquired the capacity to utilize marine and terrestrial plant gly-
cans. Analysis of the enzymes required to depolymerize Wi-AGP demonstrated that a sul-
fatase was critical to the utilization of this glycan, consistent with the observed sulfation of
this glycan. Furthermore, the substrate flexibility of an AGP-specific CAZyme was mediated
through two distinct active sites, displaying glycoside hydrolase and polysaccharide lyase
activities, respectively, which, uniquely, are located in a single catalytic module.

RESULTS AND DISCUSSION
Wi-AGP is utilized exclusively by B. plebeius. Wi-AGP was purified from red wine

by gel filtration chromatography, and its capacity to act as a growth substrate for our
collection of HGM Bacteroides spp. was evaluated. The data showed that only B. plebe-
ius grew on Wi-AGP (Table 1). To further explore Wi-AGP bacterial utilization, the ability
of the glycan to act as a growth substrate in batch cultures mimicking the distal colon
inoculated with a fecal sample (comprises the HGM) was assessed (Fig. 1). The propor-
tion of bacteria in the original HGM and the ecosystem cultured on inulin or Wi-AGP
was evaluated by sequencing the V4 of 16S rRNA molecules. V4 is one of the highly
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variable regions of rRNA, and its sequence provides information on the genus and spe-
cies of its bacterial origin (21). In the uncultured HGM B. plebeius, rRNA was not detected
among the 162,000 V4 sequences obtained, in which 40% of the sequences were from the
Bacteroides genus. This demonstrates that B. plebeius, if present, comprises an extremely
small proportion of the HGM. When the HGM was cultured on inulin, there was an increase
in the proportion of the Bacteroides and Verrucomicrobia genera; however, B. plebeius was
again not detected among the 204,000 sequences analyzed. In the HGM grown on Wi-
AGP, 64% of the 540,000 sequences obtained were from Bacteroides species. Significantly,
;80% of the Bacteroides sequences encoded B. plebeius rRNA molecules, which equates to
50% of the total HGM. The data showed that Wi-AGP strongly selects for the growth of B.
plebeius within the Bacteroides genus and in models of the HGM, and thus, this glycan is a
privileged nutrient for the bacterium.

B. plebeius utilizes a sulfated AGP. B. plebeius is an unusual member of the HGM
in that it has acquired the capacity to utilize a marine polysaccharide, porphyran, which
is a major carbohydrate in the seaweed (red algae) Porphyra yezoensis (22). Marine algal
polysaccharides ae often highly sulfated, exemplified by porphyran and AGP from the
green alga Codium fragile (SW-AGP) (23). To assess whether the capacity of B. plebeius
to utilize Wi-AGP reflects its ability to desulfate glycans, growth of our collection of
HGM-derived Bacteroides species on SW-AGP was assessed. The data (Table 1) showed
that only B. plebeius was able to utilize SW-AGP. The structure of SW-AGP (Fig. 2) com-
prises a simple glycan in which the b-1,3-galactan backbone, the b-1,6-galactooligo-
sacchrides, and the arabinose side chains are all sulfated (24). We propose that the
unique capacity of B. plebeius to utilize SW-AGP and Wi-AGP reflects the ability of the
bacterium to desulfate these polysaccharides.

To test the sulfatase hypothesis, PULs in the B. plebeius genome that are likely to
orchestrate AGP degradation were identified using the PUL database (www.cazy.org/
PULDB_new/) (25) and knowledge of the predicted activities of the CAZymes encoded
by these loci. Within the CAZy database, glycoside hydrolases and polysaccharide
lyases are grouped into sequence-based families and subfamilies (5). In many instan-
ces, the substrate specificity of these enzymes can be predicted by their assignment to
a CAZy family. Inspection of the 42 PULs within the genome of B. plebeius revealed
three loci, PUL5, PUL7, and PUL13, that contain genes encoding enzymes likely to con-
tribute to AGP degradation. Examples include enzymes in glycoside hydrolase family 2
(GH2), GH27, GH43, and GH145, which contain a range of arabinofuranosidases, arabi-
nopyranosidases, galactosidases, glucuronidases, and rhamnosidases (5). To evaluate

TABLE 1 HGM-derived Bacteroides species cultured on LA-, GA-, SW- and Wi-AGPa

aCells colored green and red indicate, respectively, growth or no growth of the bacteria. The data for larchwood
(LA-AGP) and gum arabic AGP (GA-AGP) were published previously (20).
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whether Wi-AGP and SW-AGP activate transcription of the three PULs, B. plebeius was
cultured on the two glycans, and the mRNA levels of the cognate SusC genes, encod-
ing outer membrane glycan transporters, were determined. These genes were selected,
as they are expressed at high levels compared to other sequences within PULs.
Furthermore, as they are always upregulated in an actively transcribed PUL, they are
excellent indicators of loci that are switched on by a specific nutrient (26). The data
(Fig. 3) showed that bacple00403, the susC gene of PUL7, was not activated by either
AGP, indicating that this locus does not contribute to the observed growth on the two
glycans. Significant transcription of susC from PUL5 and PUL13 was observed, demon-
strating that both loci contribute to AGP degradation. The expression of susC from
PUL13, however, was higher in response to SW-AGP than Wi-AGP. In contrast, tran-
scripts of the equivalent gene in PUL5 were elevated in Wi-AGP cultures compared to
when SW-AGP was the growth substrate, where upregulation of the locus was very
modest. The observed differential transcription of the two AGP PULs by SW-AGP and
Wi-AGP suggests that PUL5 is essential for the degradation of the wine glycan, while
PUL13 contributes to the deconstruction of both polysaccharides. PUL5 encodes

FIG 1 Proportion of bacterial genera and species in models of the HGM grown on different carbon
sources. The HGM in a model colon was cultured in minimal media containing no carbon source
(negative control), inulin, or red wine AGP (Wi-AGP). After 24 h, DNA was extracted from these
cultures and subjected to metagenomics sequencing to determine the proportion of bacteria present.
(A) Proportion of the major genera found in the HGM; (B) percentage of Bacteroides species from this
microbial community. The numerical percentages of organisms in panels A and B are given in
Table S1 in the supplemental material.
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GH43_24 (Fig. 3), a subfamily that contains exclusively exo-b-1,3-galactanases (20). Of
more significance, however, is the presence of the genes encoding GH145 and GH105
enzymes that are required to remove L-rhamnose-a-1,4-D-glucuronic acid (Rha-GlcA)
disaccharides that cap some of the side chains in Wi-AG (see below); these structures
are not present in SW-AGP. It is not clear why the expression of the locus is more pro-
nounced in SW-AGP cultures but may reflect the concentration of the inducing ligands
generated from the marine glycan.

A highly unusual feature of PUL13 is the presence of two genes (Fig. 3) encoding puta-
tive sulfatases BACPEL00986 and BACPEL00990, defined as BpS1-8 and BpS1-14, respec-
tively. This led us to hypothesize that one or more of these sulfatases contribute to the
capacity of B. plebeius to deconstruct sulfated AGPs, explaining why the bacterium is the
only known Bacteroides species within the HGM that can utilize SW-AGP and Wi-AGP as

FIG 2 Structures of selected arabinogalactans. Structures of SW-AGP (A), GA-AGP (B), and Wi-AGP (C). The proposed
structure of Wi-AGP is based on the observed activities of the GH145 polysaccharide lyase, the observation that BpS1_8
releases sulfate from Wi-AGP and that desulfation is required for cleavage of the b-1,3-galactan backbone by the
GH43_24 exo-b-1,3-galactanase BpGH43_24. The precise position of the sulfates is unknown, hence the insertion of a
question mark.
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growth substrates. To evaluate this proposal, we expressed BpS1-8 in its active form and
purified the N-terminal His-tagged enzyme by nickel ion affinity chromatography. The im-
portance of sulfatase activity in the degradation of sulfated AGPs was demonstrated by
exploring the activity of the GH43_24 exo-b-1,3-galactanase BpGH43_24 (BACPLE00335),
which, by analogy with other enzymes in this subfamily (20), is predicted to target the
backbone of AGPs, generating a series of decorated b-1,6-galactooligosaccharide side
chains. The enzyme did not act on Wi-AGP; however, when the glycan was incubated with
the putative exogalactanase in the presence of the predicted sulfatase BpS1_8, oligosac-
charides were generated, showing that BpGH43_24 is likely active only on the desulfated
polysaccharide (Fig. 4). To confirm this hypothesis, the activity of BpS1_8 was determined.
The data (Table 2) showed that the enzyme released sulfate from 4-nitrophenyl-sulfate
and Wi-AGP, demonstrating that BpS1_8 is a functional sulfatase, and the glycan, like SW-
AGP, is sulfated. Microbial growth experiments provided further evidence for the impor-
tance of desulfation of Wi-AGP and SW-AGP when these glycans were used to culture
Bacteroides species. The sulfatase BpS1_8 was incubated with Wi-AGP, and the treated

FIG 3 PULs upregulated by Wi-AGP and SW-AGP. (A) Cultures of B. plebeius were grown on SW-AGP
(green bars) and Wi-AGP (blue bars) to mid-logarithmic phase, at which point RNA was extracted and
subjected to quantitative reverse transcription-PCR (RT-PCR) using primers to amplify the genes
shown. (B) Schematic of B. plebeius PULs upregulated by growth on the AGPs.
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glycan was assessed as a growth substrate for B. cellulosilyticus. The data, presented in
Fig. 5, showed that the bacterium grew on the AGP only when pretreated with the sulfat-
ase. These biochemical and microbial growth data demonstrate that desulfation of Wi-
AGP is a prerequisite for its subsequent utilization by B. cellulosilyticus. Thus, the absence
of sulfatase genes in the AGP PULs of Bacteroides species, other than B. plebeius, explains
why these prokaryotes were unable to utilize the sulfated plant glycan. In a previous study,
B. cellulosilyticus was shown to be a keystone organism that supports growth of other
Bacteroides species on gum arabic AGP (GA-AGP) through the action of a surface endo-
b-1,3-galactanase. The enzyme generated oligosaccharides from the AGP that could be

FIG 4 HPAEC analysis of the activity of selected enzymes encoded by PUL5 and PUL13. Wi-AGP was
at 5mg/ml for all reactions. Enzyme concentration was 1mM. Reaction mixtures were incubated for
16 h in 20mM sodium phosphate buffer, pH 7.0, containing 150mM NaCl buffer. The data shown are
representative of three independent replicates. Oligosaccharides generated were monitored by
pulsed amperometric detection (PAD) (A) or UV absorbance at 235 nm (B).

TABLE 2 Kinetics of GH145 enzymes and sulfatases

Enzyme or sulfatase Substrate Kcat/Km

GH145 enzymes
BT3686 WTa Wi-AGP 1.80� 1026 5.6� 101b

BT3686 R333A Wi-AGP Inactive
BT3686 H90A Wi-AGP Inactive
BT3686 Y143F Wi-AGP Inactive
BACPLE00338 WTa Wi-AGP 3.57� 1036 1.05� 102b

BACCELL00856 WT Wi-AGP 1.18� 1036 6.90� 101b

BACCELL00856 H90Q Wi-AGP Inactive

Sulfatases
BACPLE00986 S76C Wi-AGP 0.356 0.04b

BACPLE00986 S76C SW-AGP 1.386 0.14b

BACPLE00986 S76C 4NP-sulfatea 0.14476 0.004c

aWT, wild-type enzyme; 4NP-sulfate, 4-nitrophenyl sulfate.
bUnits are ml/mg21 min21.
cUnit is mM21 min21.
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imported and thus utilized by the recipient organisms (20). To explore whether B. plebeius
could support the growth of other Bacteroides on sulfated AGPs, B. cellulosilyticus was
cocultured with B. cellulosilyticus on Wi-AGP and SW-AGP, and the different organisms
were quantified by quantitative PCR (qPCR) of genomic specific sequences of these
bacteria. The data (Fig. 6) showed that the proportion of B. cellulosilyticus sharply declined
over time on both AGPs, and, indeed, there was only a modest increase in the CFU of the
bacterium. Thus, B. plebeius did not support the growth of B. cellulosilyticus on Wi-AGP or
SW-AGP and, hence, did not fulfill a keystone role in the utilization of sulfated AGPs. This
indicates that desulfation of Wi-AGP and SW-AGP is an intracellular event. Indeed, BpS1_8
contains a canonical type I signal peptide, which is entirely consistent with its predicted
periplasmic location. Thus, the desulfation of Wi-AGP and SW-AGP occurred after transport
into the bacterium, explaining why the desulfated glycans were not accessible to other
Bacteroides species.

From a broader perspective, within the Bacteroides of the HGM, there are no examples,
other than PUL13 in B. plebeius, of sulfatase genes in PULs that encode enzyme systems
that degrade terrestrial plant polysaccharides. Sulfatase genes, however, are common in
loci that orchestrate the utilization of human (e.g., mucins and glycosaminoglycans) and

FIG 5 Growth of Bacteroides species on sulfated AGPs. Bacterial growth was assessed on SW-AGP
and Wi-AGP. The Bacteroides species were cultured under anaerobic conditions at 37°C using an
anaerobic cabinet on minimal medium containing an appropriate carbon source. The growth of the
cultures was monitored by OD600 using a Gen5 v2.0 microplate reader. In blue, growth curves show
the two AGPs had been treated with the sulfatase BpS1_8.
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FIG 6 Growth profile of cocultures of Bacteroides species on sulfated AGPs. B. plebeius and B.
cellulosilyticus strain DSM14838 were cultured on nutrient-rich (TYG) media overnight. The organisms

(Continued on next page)
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marine (e.g., porphyran) glycans. Thus, this ecosystem is tailored to utilize terrestrial plant
glycans that are often acetylated but are not known to be sulfated. This report, showing
that sulfatases are required to enable growth of Bacteroides species on Wi-AGP, provides
evidence for terrestrial plant glycan sulfation. The precise nature of the sulfation of Wi-AGP
is unknown and clearly requires further analysis. In addition to PUL1 and PUL13 in B. plebe-
ius, which encode porphyran (27), and SW-AGP/Wi-AGP utilization systems, respectively,
there are three further PULs that contain sulfatase genes, hinting that additional sulfated
polysaccharides may be targeted by B. plebeius. Two of these loci, PUL14 and PUL15,
encode glycoside hydrolases from the fucosidase families GH29 and GH95, which
may suggest that B. plebeius can utilize the marine polysaccharide fucoidan, com-
prising sulfated fucose residues, which is abundant in brown algae (28). It should
also be emphasized that human glucans, such as 6-sulfo-sialyl Lewis X and A, also
contain sulfated fucose residues, and thus, PUL14 and/or PUL15 may target these
glycans rather than marine polysaccharides. Nevertheless, the sulfatase genes in
the B. plebeius PULs suggest that the bacterium is adapted to utilize at least some
abundant marine glycans. The marine origin of the sulfatase encoding PULs is inter-
esting. Porphyran is a major component of red algal species used to prepare culi-
nary nori, an important component of sushi. It is believed that porphyran utiliza-
tion, orchestrated by PUL1, was the result of horizontal transfer of the requisite
genes from an ancestral porphyranolytic marine bacterium, related to the extant
marine Bacteroidetes Zobellia galactanivorans in the HGM of the Japanese popula-
tion, where sushi is an integral component of the diet (29). While it is tempting to
speculate that the AGP and, possibly, sulfated fucose glycan-utilizing PULs are also
derived from a marine Bacteroidetes, no obvious orthologous loci are present in
Zobellia galactanivorans or any other sequenced marine bacterium. The evolution-
ary mechanisms by which B. plebeius acquired the ability to degrade sulfated AGP
are currently unclear.

The catalytic domain of GH145 rhamnosidases can contain two distinct and
functional active sites. The B. thetaiotaomicron GH145 rhamnosidase BtGH145 (BT3686), is
encoded by PULAGPS (20). The crystal structure of the enzyme in complex with the reaction
product, glucuronic acid, together with biochemical analysis of appropriate mutants, showed
that the posterior surface houses an active site of the seven-bladed b-propeller enzyme (30).
This was surprising, as the catalytic center of all other b-propeller enzymes, including several
CAZymes, is located on the anterior surface (31). In addition, the central catalytic residue in
the posterior active site, His48 in BtGH145, is not invariant in GH145 (Table S2 in the supple-
mental material), and those enzymes lacking the histidine were shown not to display rham-
nosidase activity against GA-AGP. Sequence comparison of Bacteroides GH145 enzymes,
including BpGH145 (BACPEL00338) encoded by B. plebeius PUL5, reveals that highest amino
acid conservation is on the anterior surface of the enzyme (Table S2). This led to the proposal
that the anterior surface also comprises a functional catalytic center at least in progenitors of
GH145 and possibly in members of the current GH145 family, particularly those that do not
display rhamnosidase activity against GA-AGP (20). This hypothesis is strengthened further
by the high degree of structural conservation between the polysaccharide lyase belonging
to PL25 and the GH145 enzymes (Fig. 7). The root mean square deviation (RMSD) between
the B. thetaiotaomicron GH145 enzyme BtGH145 (PDB ID 5MUK) and the PL25 enzyme (PDB
ID 5UAM) is 2.33Å. Furthermore, the catalytic apparatus of the PL25 lyase, comprising a triad
of His, Tyr, and Arg (32), is completely conserved in GH145 Bacteroides enzymes and is struc-
turally equivalent in the three-dimensional structures available (Fig. 7).

FIG 6 Legend (Continued)
were then inoculated at ;108 CFU per ml into minimal medium containing Wi-AGP (A and B) or SW-
AGP (C and D) at 0.5% (wt/vol), either as a monoculture or in coculture. The cultures were incubated
in anaerobic conditions, and at regular intervals, aliquots were removed and plated onto rich (brain
heart infusion [BHI]) agar plates to determine the CFU. The ratios of the strains in the cocultures were
determined by quantitative PCR with primers that amplify genomic sequences unique to each strain
(see Materials and Methods for further details). (A and C) CFU for bacterial strains; (B and D) ratios of
the organisms in the cocultures. Error bars represent the SEM of biological replicates (n= 3).
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Based on the structural and sequence analysis of GH145, we propose that members of
this family display polysaccharide lyase activity which is mediated by an active site located
on the anterior surface of these enzymes. To test this hypothesis, we explored the activity
of BtGH145 against Wi-AGP. The data (Fig. 8) showed that the enzyme released rhamnose,
indicating it cleaves the Rha-a-1,4-GlcA linkage known to be present in this glycan (33).
Significantly, rhamnose release was evident in the H48A mutant of BtGH145, which inacti-
vates the posterior rhamnosidase (glycoside hydrolase) catalytic center that releases rham-
nose from GA-AGP (30). Thus, the posterior active site that confers rhamnosidase activity
does not act on Wi-AGP. This suggests that an active site in the anterior surface of the
enzyme catalyzed the release of rhamnose from Wi-AGP. To evaluate this proposal, we
substituted with Ala the three residues in BtGH145 (His90, Tyr143, and Arg333) located on
the anterior surface that comprise the equivalent catalytic triad present in the PL25 poly-
saccharide lyase. The data (Table 2) showed that the three mutants were inactive against
Wi-AGP, demonstrating that the release of rhamnose from this glycan was mediated by an
active site on the anterior surface of the enzyme.

To evaluate further the conservation of lyase activity in GH145 enzymes, we assessed
the activity of two other GH145 enzymes, BpGH145 (BACPLE00338) and BcGH145
(BACCELL00856) from B. cellulosilyticus. The two enzymes both lacked the catalytic histidine
in posterior activity site (equivalent to His48 in BtGH145) and displayed no rhamnosidase
activity against GA-AGP. BpGH145, and BcGH145, however, released rhamnose from Wi-
AGP (Fig. 4 and Table 2). Mutation of the conserved His (His90) in the anterior surface of
BcGH145 (equivalent to His90 in BtGH145) rendered the enzyme inactive against Wi-AGP

FIG 7 Structural conservation of the anterior active site of GH145 and PL25 polysaccharide lyases. (A)
Cartoon (b-sheets depicted as broad arrows) of the b-propeller fold of the GH145 enzyme from B.
cellulosilyticus (PDB ID 5MVH) viewed from the anterior surface. The ligand 3-sulfate-L-rhamnose-a-1,4-
D-glucuronic acid (RhaSO3-GlcA) bound at the anterior catalytic center of a PL25 polysaccharide lyase
(PDB ID 5UAS) is shown in stick format in salmon pink. (B) Surface representation of the broad active
site pocket of the GH145 enzyme shown in panel A and the RhaSO3-GlcA ligand. (C) Overlay of the
catalytic triad of the PL25 Pseudoalteromonas sp. ulvan lyase (PDB ID 5UAM; yellow) and the GH145
enzymes from B. cellulosilyticus (green), B. intestinalis (PDB ID 5MUM; magenta), and B. ovatus (PDB ID
4IRT; yellow and cyan). The ligand bound to the active site of the ulvan lyase is again shown in
salmon pink.
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(Table 2). These data, in conjunction with the conservation of the catalytic apparatus with
the PL25 ulvan lyase, indicated that cleavage of rhamnose from Wi-AGP is highly likely the
result of polysaccharide lyase activity. This was confirmed by further analysis of the prod-
ucts generated by BpGH145. The GH145 enzyme generated rhamnose and an unsaturated
product, evidenced by a signal at 235nm typical of polysaccharide lyases. The unsaturated
product was sensitive to BpGH105 (BACPLE00337), a member of GH105 that contains exclu-
sively D-4,5-unsaturated b-glucuronyl hydrolases and D-4,5-unsaturated b-galacturonyl hy-
drolases (34) (Fig. 4). These data show that the anterior surface of GH145 enzymes houses a

FIG 8 Exploring the activity of the GH145 enzyme BtGH145 against Wi-AGP. (A) Wild-type BtGH145 and mutants in
which the catalytic residue in the posterior active site (H48A) and a conserved amino acid in the anterior catalytic
center (R333A) were substituted with alanine and were incubated with Wi-AGP using standard conditions. After
incubation for 16 h, the reaction mixtures were subjected to HPAEC using PAD to detect the reaction products. The
release of rhamnose from Wi-AGP by wild type and mutants of BtGH145 were analyzed by direct biochemical
quantification of the hexose sugar (B) and by TLC (C).
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catalytic center that displays polysaccharide lyase activity, irrespective of whether the poste-
rior active site is functional.

An interesting feature of the polysaccharide lyase activity displayed by BpGH145,
BcGH145, and the BtGH145 mutant H48A is that they cleave the Rha-GlcA linkage in
Wi-AGP but not in GA-AGP. Although the precise nature of the Rha-GlcA targeted by
the anterior lyase active site of the two GH145 enzymes is not clear, it does not com-
prise the simple terminal Rha-a-1,4-GlcA linkage in GA-AGP. It is probable that the an-
terior active site targets a sulfated substrate, likely GlcA or a sugar bound to the distal
regions of the active site. It should be noted that close structural homologs of GH145
enzymes are the ulvan lyases in PL25, which catalyze Rha-GlcA linkages where the
rhamnose is sulfated at O3 (32). As unmodified rhamnose was released from Wi-AGP by
BpGH145 and BtGH145, the terminal sugar did not appear to be sulfated. The retention
of the catalytic triad within the Bacteroides GH145 enzymes indicates that the lyase ac-
tivity is a conserved feature of the family. The evolutionary rationale for retaining the
lyase activity in BtGH145 is unclear, as B. thetaiotaomicron does not utilize extensively
sulfated AGPs, exemplified by wine and seaweed sources of these glycans. It is formerly
possible that the bacterium is able to access growth substrates that are also targeted
by the lyase activity of BtGH145. Although such glycans were not evaluated here, the
BtGH145 lyase activity may target AGPs where only the GlcA in the terminal Rha-GlcA
capping structures is sulfated. Such glycans would be degraded by B. thetaiotaomicron
and other Bacteroides species in the HGM. In contrast to the extensive conservation of
the anterior catalytic center in GH145 enzymes, the essential catalytic histidine in the
posterior active site is present in only 70% of these proteins (20) (Table S2). Indeed, in
GH145 members that are not derived from the organisms in the HGM, the retention of
this histidine, and thus rhamnosidase activity, is rare. This phylogenetic analysis sug-
gests that the lyase activity is a highly conserved feature of the family and is thus a
primitive feature of these enzymes, while the rhamnosidase function reflects a recent
selection pressure exerted by the human diet, exemplified by GA-AGP. It would seem
unlikely that the lyase activity in all the GH145 enzymes targets exclusively sulfated
AGPs; however, other potential substrates for these enzymes remain to be identified.

The presence of two discrete functional active sites in a single catalytic domain is a
unique feature of GH145 enzymes. Several CAZymes containing two or more catalytic
modules, joined by flexible linker sequences, have been described (35). The inherent
mobility between these catalytic modules allows the active sites to access different
regions of a common polysaccharide substrate, enabling synergistic interactions between
the different activities. This is exemplified by the degradation of acetylated xylans by
enzymes displaying endo-xylanase and acetyl esterase activities (36). In GH145 enzymes,
the two active sites target different AGPs, and thus, there is no obvious requirement for
synergy to operate between the posterior and anterior catalytic centers.

Conclusions. This report shows that Wi-AGP and SW-AGP are privileged nutrients
for B. plebeius within the HGM and that sulfate decorations of the glycans are responsi-
ble for their restricted use as growth substrates. The manipulation of the HGM has the
potential to have significant health benefits (37, 38). The fate of exogenous commensal
and probiotic strains applied to an established HGM is variable, largely unpredictable,
and greatly influenced by the background microbiota (39). Studies have shown that it
is possible to establish an exogenous bacterium in the HGM when porphyran, a privi-
leged nutrient for the organism, is supplied to the ecosystem. Furthermore, transfer of
the large porphyran locus (21 to 34 genes) to other organisms also conferred a sub-
stantial competitive advantage in the presence of the marine polysaccharide (40).
Here, we have shown that a second sulfated polysaccharide can also act as a privileged
nutrient within the HGM. We propose that the sulfation of marine polysaccharides
makes these glycans excellent privileged nutrient candidates in terrestrial ecosystems,
where the deployment of sulfated plant polysaccharides as growth substrates is very
limited. Although engineering porphyran utilization into health-promoting organisms
is an attractive strategy, transferring a 21- to 34-gene locus into these bacteria is a
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significant challenge. In contrast, transferring genes encoding a sulfatase, and possibly
an appropriate SusC/SusD outer membrane sulfated AGP transporter, into the orga-
nism of choice may offer technical advantages that could increase the range of bacte-
ria that can be engineered to utilize sulfated glycans such as Wi-AGP and SW-AGP.

MATERIALS ANDMETHODS
Purification of Wi-AGP.Wi-AGP was isolated from one liter of red wine (vino d’Itialia [12% alcohol]) by

gel filtration chromatography. The wine (3 liters) was concentrated by rotary evaporation and precipitated
with ethanol (80% [vol/vol]). The mixture was kept at 4°C for 12h and the resulting precipitate collected by
centrifugation at 4,000� g for 10 min. The precipitate was dissolved in 200ml water, reprecipitated with
80% (vol/vol) ethanol, and the process repeated. The final mixture in water was freeze-dried, and 400mg of
the resulting powder dissolved in 50mM sodium acetate (NaOAC), pH 5. The sample was resolved using
300ml of Sephadex G-75 resin (Sigma; catalog no. G75120) with 50mM NaOAC (pH 5.0) as mobile phase at
a flow rate of 1ml/min. Eluted fractions (8ml each) were collected and analyzed by thin-layer chromatogra-
phy, acid hydrolysis, and high-performance anion-exchange chromatography (HPAEC). Fractions containing
Wi-AGP were pooled, dialyzed (using a VWR Visking dialysis tubing [3,500 molecular weight cutoff]), and
freeze-dried.

Cloning, expression, and purification of recombinant proteins. DNAs encoding enzymes lacking
their signal peptides were amplified by PCR using appropriate primers. The amplified DNAs were cloned
into pET28a with an N-terminal His6 tag using NheI and XhoI restriction sites. To express an active form
of the sulfatase BpS1_8, the S76C variant of the enzyme was generated. The Escherichia coli sulfatase-
maturing enzyme is able to convert cysteine but not serine into the essential formylglycine residue. To
express the recombinant genes encoding the AGP-degrading enzymes, Escherichia coli strains BL21(DE3)
and Tuner, harboring appropriate recombinant plasmids, were cultured to mid-exponential phase in
Luria-Bertani broth at 37°C. This was followed by the addition of 1mM [strain BL21(DE3)] or 0.2mM
(Tuner) isopropyl-b-D-thiogalactopyranoside (IPTG) to induce recombinant gene expression, and the cul-
ture was incubated for a further 5 h at 37°C or 16 h at 16°C, respectively. The recombinant proteins were
purified to .90% electrophoretic purity by immobilized metal ion affinity chromatography using Talon,
a cobalt-based matrix, and eluted with 100mM imidazole, as described previously (20).

Mutagenesis. Site-directed mutagenesis was conducted using the PCR-based QuikChange site-
directed mutagenesis kit (Strategene) according to the manufacturer’s instructions, using the appropriate
plasmid encoding BtGH145, BpGH145, BcGH145, or BpS1_8 as the template and appropriate primer pairs.

CAZyme and sulfatase assays. Spectrophotometric quantitative assays for a-L-rhamnosidase activ-
ity were monitored by the continuous formation of NADH at A340 nm using an extinction coefficient of
6,230M21 cm21, with an appropriately linked enzyme assay system. The assays were adapted from the
Megazyme International assay kit (product code K-rhamnose). The standard reaction conditions were
supplemented with 1mM NAD1 and an excess of L-rhamnose dehydrogenase. The dehydrogenase oxi-
dases released rhamnose to L-rhamnose-1,4-lactone with the concomitant reduction of NAD1 to NADH.
The concentrations of Wi-AGP and SW-AGP ranged from 0 to 10mg ml21. As the assays gave a linear
relationship between rate and substrate concentration, only kcat/Km could be determined and not the
individual kinetic parameters.

Spectrophotometric quantitative assays were deployed to measure the sulfatase activity of Bacple_00986
(BpSulf1_8) acting on SW-AGP, Wi-AGP, and 4-nitrophenyl sulfate (PNP-sulfate). For PNP-sulfate, the enzymatic
assays were done in a continuous assay, monitoring the release of PNP by the enzyme and quantifying the ac-
tivity at a wavelength of 400nm. The product was quantified using a molar extinction coefficient of
10,500M21 cm21. When the polysaccharides were used as the substrates for the enzyme, we used the sulfate
assay kit from Bioassay Systems (product code DSFT-200). The kit quantifies the formation of insoluble barium
sulfate from barium chloride and the sulfate released by the substrate in polyethylene glycol. The turbidity
measured at 600nm is directly proportional to sulfate levels in the sample. This kit employed a stopped assay
where different polysaccharide concentrations were incubated with the enzyme, aliquots were taken at differ-
ent times, and the reaction was stopped by incubation at 100°C for 10min. The aliquots were incubated with
the working reagent prepared as the manufacturer indicated in the kit for 10min, and absorbance at 600nm
was determined. To calculate the concentration of sulfate released in milligrams per milliliter, we performed a
calibration curve with the same kit to ensure that the sulfate groups released fall within the curve range. We
varied the polysaccharide concentrations from 0 to 10mg/ml. As the assays gave a linear relationship between
rate and substrate concentration, only kcat/Km could be determined and not the individual kinetic parameters.

The mode of action of enzymes was determined using HPAEC or thin-layer chromatography (TLC),
as appropriate. In brief, aliquots of the enzyme reactions were removed at regular intervals and, after
boiling for 10min to inactivate the enzyme and centrifugation at 13,000� g, the amount of substrate
remaining or product produced was quantified by HPAEC using standard methodology. The reaction
substrates and products were bound to a Dionex CarboPac PA100 column and glycans eluted with an
initial isocratic flow of 100mM NaOH and then a 0- to 200-mM sodium acetate gradient in 100mM
NaOH at a flow rate of 1.0ml min21, using pulsed amperometric detection or absorbance at 235 nm. In
TLC assays of enzyme activity, 5ml of each sample was spotted onto silica plates and resolved in buta-
nol/acetic acid/water at a concentration of 2:1:1 and carbohydrate products detected by spraying with
0.5% orcinol in 10% sulfuric acid and heating to 100°C for 10min. All reactions were carried out in
20mM sodium phosphate buffer, pH 7.0, with 150mM NaCl at 37°C (defined as standard conditions)
and performed in at least technical triplicates.
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Growth of Bacteroides. Bacteroides spp. were routinely cultured under anaerobic conditions at 37°C
using an anaerobic cabinet (Whitley A35 workstation; Don Whitley) in culture volumes of 0.2, 2, or 5ml of TYG
(tryptone-yeast extract-glucose medium) or minimal medium (MM) (31) containing 0.5 to 1% of an appropriate
carbon source and 1.2mg ml21 porcine hematin (Sigma-Aldrich) as previously described (10). The growth of
the cultures was monitored by optical density at 600nm (OD600) using a Gen5 v2.0 microplate reader (Biotek).

For batch fermentation of the HGM, sterile stirred batch culture fermentation vessels (300 ml working
volume) were aseptically filled with 135 ml of sterile basal nutrient medium (2 g/liter peptone water, 2 g/li-
ter yeast extract, 0.1 g/liter NaCl, 0.04 g/liter K2HPO4, 0.04 g/liter KH2PO4, 0.01 g/liter MgSO4�7H2O, 0.01 g/li-
ter CaCl2�6H2O, 2 g/liter NaHCO3, 0.5 g/liter L-cysteine HCl, 0.5 g/liter bile salts, 0.05 g/liter hemin [dissolved
in a few drops of 1 M NaOH], 2ml/liter Tween 80, 0.01ml/liter vitamin K, and 4ml/liter resazurin solution
[0.025/100ml]). Once in the fermentation vessels, sterile medium was maintained under anaerobic condi-
tions by sparging the vessels with O2-free N2 overnight (15 ml/min). The temperature was held at 37°C
using a circulating water bath and pH values controlled between 6.7 and 6.9 using an automated pH con-
troller (Fermac 260; Electrolab, Tewkesbury, UK), which added acid or alkali as required (0.5 M HCl and 0.5
M NaOH). After the equilibration, all vessels were inoculated with 15ml fecal slurry. Fecal slurry was pre-
pared using stool from three anonymous healthy donors, which was then diluted in 1� phosphate-buf-
fered saline (PBS) (pH 7.4) with 10% (wt/vol) dilution and mixed in a stomacher for 2min. Batch culture
vessels were set up in triplicate containing no carbon source, 5 g inulin, and 5g Wi-AGP, respectively. Fecal
slurries from stool samples were then added to the vessels. The fermentations occurred for 24h, after
which bacteria were recovered and subjected to rRNA profiling as described below.

16S rRNA profiling of the HGM cultured in vitro. Bacterial profiling of the variable region 4 (V4) of
the 16S rRNA gene was carried out by NU-OMICS (Northumbria University). Briefly, PCR was performed
carried out using 1� AccuPrime Pfx SuperMix, 0.5mM each primer (515F, GTGCCAGCMGCCGCGGTAA,
and 806R, GGACTACHVGGGTWTCTAAT) and 1ml of template DNA under the following conditions: 95°C
for 2min; 30 cycles 95°C for 20 s, 55°C for 15 s, and 72°C for 5min with a final extension at 72°C for
10min. One positive- and one negative-control sample were included in each 96-well plate and carried
through to sequencing. PCR products were normalized using SequalPrep normalization kit (Invitrogen).
The DNA was then denatured using 0.2M NaOH for 5min and diluted to a final concentration of 5 pM,
supplemented with 15% PhiX, and loaded onto a MiSeq V2 500-cycle cartridge (Illumina). The sequences
obtained were run through the GALAXY server (Mothur program; https://training.galaxyproject.org/
training-material/topics/metagenomics/tutorials/mothur-miseq-sop/tutorial.html) to compare their simi-
larity to the V4 region of rRNA of 10,000 curated sequenced bacteria, derived from the human Gut
Microbiome and Earth Microbiome projects.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, DOCX file, 0.01 MB.
TABLE S2, DOCX file, 0.03 MB.
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Abstract
Elements of the human gut microbiota metabolise many host- and diet-derived, non-digestible carbohydrates 
(NDCs). Intestinal fermentation of NDCs salvages energy and resources for the host and generates beneficial 
metabolites, such as short chain fatty acids, which contribute to host health. The development of functional NDCs 
that support the growth and/or metabolic activity of specific beneficial gut bacteria, is desirable, but dependent on 
an in-depth understanding of the pathways of carbohydrate fermentation. The purpose of this review is to provide 
an appraisal of what is known about the roles of, and interactions between, Bacteroides and Bifidobacterium as key 
members involved in NDC utilisation. Bacteroides is considered an important primary degrader of complex NDCs, 
thereby generating oligosaccharides, which in turn can be fermented by secondary degraders. In this review, we 
will therefore focus on Bacteroides as an NDC-degrading specialist and Bifidobacterium as an important and 
purported probiotic representative of secondary degraders. We will describe cross-feeding interactions between 
members of these two genera. We note that there are limited studies exploring the interactions between 
Bacteroides and Bifidobacterium, specifically concerning β-glucan and arabinoxylan metabolism. This review 
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therefore summarises the roles of these organisms in the breakdown of dietary fibre and the molecular 
mechanisms and interactions involved. Finally, it also highlights the need for further research into the phenomenon 
of cross-feeding between these organisms for an improved understanding of these cross-feeding mechanisms to 
guide the rational development of prebiotics to support host health or to prevent or combat disease associated 
with microbial dysbiosis.

Keywords: Cross-feeding, plant fibre, Bacteroides, Bifidobacterium, gut microbiota, prebiotic

INTRODUCTION
The diverse community of microorganisms that inhabit the human gastrointestinal tract make up the 
human gut microbiota (HGM)[1]. The HGM consists of protozoa, archaea, eukaryotes, viruses and bacteria, 
and these organisms have evolved to exist symbiotically within the host, exerting various beneficial roles, 
including but not limited to, energy retrieval, protection from invading pathogens, maintaining gut 
homeostasis, and modulating the immune system. The HGM is made up of three main phyla: Firmicutes, 
Bacteroidetes and Actinobacteria [Figure 1][2].

Changes in the composition of the gut microbiota can be influenced by various factors, such as type of diet, 
stress or environment, and may result in a so-called state of dysbiosis, an imbalance in the levels of 
members of the HGM that has been linked to various diseases. Depletion or overabundance of certain 
bacterial species throughout (part of) an individual’s lifetime may contribute to gut disorders such as 
inflammatory bowel disease, which includes Crohn’s disease and ulcerative colitis[3]. In this sense, it has 
been shown that a gut microbiota imbalance during infancy can provoke the development of diseases (e.g., 
auto-immune diseases) at a later life stage[4]. Moreover, metabolic products of the gut microbiota may 
promote diseases such as colorectal cancer and obesity and can affect signalling pathways within the host.

The complex structural variation of dietary polysaccharides, such as arabinoxylan, arabinogalactan or 
pectin, is determined by the monosaccharide composition, type of glycosidic linkage, side chains and 
substitutions[5]. Due to the high degree of structural diversity found among non-digestible carbohydrates 
(NDCs) that are part of the human diet, efficient metabolism of dietary and host-derived polysaccharides 
requires an array of highly specific enzymes, that all belong to the so-called Carbohydrate active enzymes 
(CAZymes)[6]. Host-derived polysaccharides such as mucins or glycosaminoglycans, and diet-derived 
polysaccharides, which include glucans, xylans, fructans, mannans and galactans, are mostly resistant to 
degradation by human enzymes and therefore they form fermentable substrates for members of the gut 
microbiota, especially in the colon[7]. Fermentation of dietary fibre by the gut microbiota typically produces 
short-chain fatty acids (SCFAs), such as acetate, propionate and butyrate, which are taken up by the host 
and used primarily as an energy source, thereby benefitting host health[8,9]. In addition, Bifidobacterium 
species produce lactate, as a major metabolic end-product, while some species generate 1,2-propanediol 
from fucose metabolism, and both of these metabolites can in turn be converted into SCFAs by other gut 
microbiota members. These metabolites affect various biological processes; in the intestinal lumen SCFAs 
lower the intestinal pH, which may inhibit the growth of pathogens, while this is also believed to influence 
the composition of the wider microbial community[10]. In intestinal epithelial cells, butyrate regulates cell 
proliferation, differentiation and gene expression in a manner associated with antineoplastic 
transformation. Systemically, propionate and acetate activate the free fatty acid receptors GPR41 and 
GPR43, which are expressed by enteroendocrine cells lining the gut and are present in other tissues, 
including adipocytes; these receptors may help to activate anti-inflammatory signalling pathways, control 
metabolism, and influence appetite and mood[11]. The ability of the resident bacteria in the gut to efficiently 
metabolize these otherwise indigestible glycans means that they share a symbiotic relationship with the host 
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Figure 1. A diagram representing the most abundant microbial components of the human microbiota in the colonic section of the gut.

and with one another as these bacteria must effectively compete for carbohydrate nutrition and so have co-
evolved efficient glycan-harvesting strategies.

The Gram-negative Bacteroidetes is one of the main phyla that make up the HGM. A large proportion of 
the genome of these organisms is dedicated to the metabolism of complex glycans, making them primary 
glycan degraders in the HGM[12]. Although several Bacteroides species are known to degrade a variety of 
distinct polysaccharides, there is not a single known species capable of metabolising all main dietary, 
complex glycans, such as starch, pectin, xylan or beta-glucan. The degradation of such complex 
carbohydrates is performed by CAZymes, whose encoding genes are arranged into clusters known as 
polysaccharide utilisation loci (PULs). These PULs encode, in addition to the above mentioned CAZymes 
[represented by glycoside hydrolases (GHs), polysaccharide lyases and carbohydrate esterases], various 
other proteins involved in glycan degradation, including cell surface glycan-binding proteins, TonB-
dependent transporters, and sensors, which regulate PUL transcription[13]. For example, the first described 
PUL was the starch utilisation system (Sus-system) of Bacteroides thetaiotaomicron VPI-5182, which has 
been extensively studied. The cell surface-associated proteins SusE and SusF bind the polysaccharide 
substrate, thereby facilitating the initial starch degradation by SusG - an amylase enzyme, which is also 
located at the bacterial cell surface, and which hydrolyses the large polymeric substrate into smaller 
oligosaccharides. These oligosaccharides are then transported into the periplasmic compartment by the 
SusC/SusD complex (a TonB-dependent transporter), where they are further degraded into 
monosaccharides by SusA and SusB glycosidases [Figure 2].
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Figure 2. (A) A schematic overview of the PUL required for starch utilisation (Sus) in B. thetaiotaomicron VPI-5182. The substrate is 
bound by lipoproteins at the cell surface, where it is initially degraded to oligosaccharides and then transported to the periplasm, where 
it is further hydrolysed to monosaccharides which can then be transported into the cytoplasm of the cell. (B) Genomic content of B. 
thetaiotaomicron VPI-5182 PUL in its action on starch. PUL: Polysaccharide utilisation loci.

Firmicutes and Actinobacteria are the other two main phyla that are resident in the human gut. These phyla 
represent Gram-positive bacteria that possess different mechanisms for glycan degradation[14]. Gram-
positive PULs (gpPULs) have a similar gene content to the PUL systems present in Bacteroidetes. However, 
gpPULs are devoid of the SusC/D-encoding gene pair that characterises an archetypical PUL[15]. The 
gpPULs encode proteins such as transporters (commonly ABC-type transporters), regulatory proteins 
(typically LacI-type regulators) and glycan-degrading enzymes (mostly GHs), and large glycans (i.e., those 
that have a DP of > 6-7 monosaccharidic moieties) must be degraded by extracellular (or cell envelope-
bound) glycoside hydrolases. The resulting oligosaccharides are then typically bound by solute binding 
proteins associated with an ABC uptake system which internalizes them to be further degraded into 
monosaccharides.

In the HGM, the phylum Actinobacteria is largely represented by the Bifidobacterium genus. Members of 
this genus mainly produce lactate, acetate and formate (and sometimes 1,2-propanediol) as products of 
sugar fermentation in the gut[16]. Analysis of the genomes of Bifidobacterium longum subspecies infantis and 
Bifidobacterium bifidum show that they encode glycosyl hydrolases that are utilised in the degradation of 
human milk oligosaccharides[17]. Bifidobacterium species, however, typically degrade glycans with a lower 
degree of polymerisation than those utilized by Bacteroidetes members.

As mentioned above, Bifidobacterium species are generally able to metabolize a range of oligomeric and 
rather simple carbohydrates, commonly being unable to metabolise more complex polysaccharides that 
require extracellular GHs. Studies have reported evidence of cross-feeding behaviour between members of 
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the Bifidobacterium genus with other organisms, thereby allowing the complete metabolism of certain 
complex glycans[18]. An example of this is the interspecies cross-feeding relationship between 
Bifidobacterium bifidum and Bifidobacterium breve when co-cultured on sialyllactose[19]. This study showed 
how Bi. breve was able to cross feed on sialic acid, the product of 3’-sialyllactose degradation by Bi. bifidum. 
Bifidobacterium species have also been shown to produce metabolites, such as 1,2-propanediol, that can be 
used by other HGM members, e.g., Lactobacillus spp. or Eubacterium hallii, for cross-feeding purposes[20,21].

This review will focus on the molecular mechanisms underpinning cross-feeding interactions between 
members of Bacteroides and Bifidobacterium pertinent to the metabolism of dietary glycans, such as 
arabinoxylans. We selected these two genera because they are extensively studied as primary and secondary 
degraders of these glycans. Members of the genus Bacteroides have been shown to be glycan generalists that 
metabolize complex polysaccharides, generating extracellular oligosaccharides, which may be shared with 
other microbial members in the gut, such as particular Bifidobacterium species. The latter bacteria have 
been shown to generally act as specialists in the metabolism of oligosaccharides rather than complex intact 
polysaccharides. In addition, as we stated above, bifidobacteria are considered to represent beneficial 
microbes supporting human health. Arabinoxylans are present in commonly consumed cereals, like wheat 
or corn, and the cross-feeding behaviour between these two groups of bacteria demonstrates how they have 
co-evolved to utilise a varied range of diet and host-derived carbohydrate sources. We will explore both 
intra- and inter-genus interactions among members of these two genera. Although other metabolites have 
been shown to be involved in the cooperation or inhibition of different members of gut microbiota, such as 
1,2-propanediol or methane, this review will focus on carbohydrates and their metabolic end products.

MICROBIAL INTERACTIONS FOR THE UTILISATION OF POLYSACCHARIDES
Microbial communities have evolved a balanced and dynamic network of metabolic interactions, which 
enable them to adapt and thrive within the human gastrointestinal tract (GIT). The competition for 
nutrients between members of the HGM has resulted in the evolution of ecological feeding strategies that 
increase the efficiency of glycan utilisation[22]. Although there are various distinct definitions describing such 
interactions in literature, Smith et al.[22] have defined bacterial metabolic cross-feeding as “an interaction 
between bacterial strains in which molecules resulting from the metabolism of one strain are further 
metabolised by another strain”. The term “microbial syntrophy” is a closely related term to cross-feeding, 
which describes the obligately mutualistic metabolism of microorganisms whereby processes are carried out 
through metabolic interactions between organisms that are mutually dependent upon one another[23]. These 
syntrophic interactions can result in the metabolism of complex molecules, which would otherwise be 
unable to be degraded by the action of just one organism.

Bacteroides-Bacteroides interactions
The ability of various Bacteroides species to utilise polysaccharides has been well documented[24]. Initial 
Bacteroides processing of complex NDCs typically results in the extracellular release of polysaccharide 
breakdown products (PBPs) which then become available to other organisms that are unable to directly 
metabolise the complex NDC. Rakoff-Nahoum et al.[25] proposed this notion in 2014  and found that various 
Bacteroides species are able to degrade different plant-derived polysaccharides to varying degrees, thus 
producing varying amounts of PBPs. Interestingly, they observed that B. ovatus ATCC 8483 and B. vulgatus 
ATCC 8482 released only oligosaccharide PBPs from xylan breakdown, which contradicts the findings of 
Salyers et al.[26] in 1981, who previously described the production of xylose on the breakdown of xylan by 
these organisms. They then performed growth experiments showing that these PBPs were not universally 
utilised by the non-polysaccharide-utilising organisms meaning that the use is dependent upon the 
producer strain as well as the PBPs produced. The ability of the non-utilising strains to grow on these PBPs 
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suggests that they possess PULs that encode CAZymes required to metabolise the breakdown products. The 
observation of amylopectin breakdown in extracellular zones suggests that, as a consequence of releasing 
PBPs by the utilising strains, GH and PL CAZymes are also secreted. Communication between Gram-
negative bacteria via outer membrane vesicles (OMVs) allows for the secretion of enzymes to extracellular 
regions where polysaccharide degradation can take place. This was demonstrated in[26] using western 
immunoblot analysis, which revealed that GH and PL enzymes were present in OMVs from B. ovatus 
ATCC 8483 and that their release supported the growth of B. vulgatus ATCC 8482 on inulin. This evidence 
is supported by a further study by Rakoff-Nahoum et al.[27] in 2016, which found that there is a co-operation 
between B. ovatus ATCC 8483, as primary degrader, in the breakdown of inulin releasing two GH enzymes 
(BACOVA_04502 and BACOVA_04503) that are not necessary for its metabolism. It is thought that 
B. ovatus ATCC 8483 expresses these enzymes for the purpose of feeding other organisms in its microbial 
community and that this process was beneficial for B. vulgatus ATCC 8482, which cannot digest inulin. In 
co-culture, B. vulgatus ATCC 8482 was shown to grow with increased fitness and in return, increased the 
fitness of B. ovatus ATCC 8483 possibly due to the production of molecules, PBP or other metabolites, that 
support the growth of B. ovatus ATCC 8483 or by the detoxification of substances that inhibit its growth. 
These studies highlight the interactions between members of the Bacteroides genus that allow the growth of 
organisms that do not possess the necessary degradative enzymes for the direct utilisation of certain 
carbohydrates. These interactions may be key in the establishment of a metabolically dynamic functional 
community of microorganisms in the human GIT.

Bifidobacterium-Bifidobacterium interactions
Bifidobacterium species have also been known to interact with one another to cooperatively break down 
carbohydrates[28]. The differing abilities of strains to utilise glycans have been thought to result in the 
evolution of cross-feeding activities between bifidobacterial strains. Studies have shown that Bifidobacterium 
species are able to secrete GH enzymes[29]. It is predicted that 10.9% of the GH enzymes encoded by 
Bifidobacterium are extracellular, of which 24% are predicted to be of the GH43 family, which act as 
β-xylosidases and α-L-arabinofuranosidases. Extracellular GH enzymes were identified in 43 bifidobacterial 
species, with the most prevalent being Bifidobacterium biavatii which was identified to secrete 17 GHs, 
while Bifidobacterium scardovii and Bi. bifidum each secreting 11 GHs[29]. This provides a strong indication 
for the existence of glycan sharing abilities among bifidobacterial strains. For example, co-cultivation of 
Bi. bifidum PRL2010 with Bi. breve 12L, Bifidobacterium adolescentis 22L and Bifidobacterium thermophilum 
JCM1207 supports the growth of Bi. bifidum PRL2010[28]. Furthermore, metabolic activity of Bi. bifidum 
PRL2010 was enhanced when co-cultivated with these other bifidobacterial strains, and transcription of 
genes involved in carbohydrate metabolism was enhanced. When grown in monoculture, Bi. bifidum 
PRL2010 was unable to utilise starch or xylan; however, the growth of PRL2010 was observed when this 
strain was cultivated together with Bi. breve 12L or Bi. adolescentis 22L. Conversely, a decrease in the growth 
of Bi. breve 12L and Bi. thermophilum JCM1207 was noted, suggesting that the utilisation of starch or xylan 
by Bi. bifidum PRL2010, respectively, did not benefit these strains and in fact imposed competitive pressure 
on these strains. The reduction in lactate and acetate production by Bi. breve 12L when grown in co-culture 
as opposed to monoculture supports the idea that the growth of this strain is hindered by the presence of 
another Bifidobacterium species. Transcriptomic analysis showed that the genes encoding an ABC-
transporter and an MFS transporter in Bi. bifidum PRL2010 was upregulated when grown in co-culture. It 
was suggested that this upregulation was due to the production of simple carbohydrates by Bi. breve 12L and 
Bi. adolescentis 22L, which act as PBPs that can be utilised by Bi. bifidum PRL2010. Interestingly, 
upregulation of 21 genes of Bi. breve 12L was observed when co-cultures with Bi. bifidum PRL2010 on 
starch, and 42 genes when grown on xylan. This upregulation provides evidence for a mutualistic 
relationship between these two strains[28].
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In addition to cross feeding on plant-derived glycans, certain members of the Bifidobacterium genus are 
involved in the metabolism of host-derived glycans and human milk oligosaccharides (HMOs)[19,30] 
(Egan et al.[30], 2014). Bi. breve UCC2003 is a known utiliser of sialic acid, which is a monosaccharide present 
in mucin and certain HMOs, and which is released by Bi. Bifidum PRL2010 when grown on such 
carbohydrate substrates due to the particular extracellular GH enzymes[30,31]. The production of sialic acid 
from the degradation of the HMO 3’ sialyllactose by Bi. bifidum PRL2010 was shown to support the growth 
of Bi. breve UCC2003[19].

Bacteroides-Bifidobacterium interactions
Research has shown that Bacteroides and Bifidobacterium have a cross-feeding relationship in the utilisation 
of certain dietary and host-derived carbohydrates[18]. The sharing of partially degraded oligosaccharides, 
intermediary molecules, and genes by lateral gene transfer, contributes to the metabolic flexibility of the 
HGM. In 2010, Hehemann et al.[32], proposed that Bacteroides plebeius, a gut bacterium mainly present in 
the Japanese population, acquired genes from the marine bacterium Zobellia galactanivorans needed for the 
degradation of an algal polysaccharide, porphyran. This gene transfer was explained because seaweed is a 
common component of the Japanese diet, and bacteria associated with this nutrient may have been the 
route by which the novel CAZymes were acquired by Bacteroides plebeius. Bacteroides species often act as 
primary degraders of complex carbohydrates in the gut, releasing oligosaccharides that then become 
available for secondary degrader organisms[33]. Such cross-feeding activities are believed to allow less 
dominant organisms such as Bifidobacterium to utilise glycans as a source of nutrition without becoming 
completely out-competed by bacterial strains that are present in the gut in much higher numbers.

An investigation into the interactions between members of the Bacteroides and Bifidobacterium genera in 
the utilisation of different carbon sources was carried out by Rios-Covian et al.[34]. They cultured different 
combinations of two strains of Bacteroides and two strains of Bifidobacterium using exopolysaccharide, 
inulin or glucose as the sole carbon source. They found that Bi. longum NB677 and Bi. breve IPLA2004 are 
able to utilise glucose as a carbon source; however, neither grew on more complex polysaccharides. 
Conversely, B. thetaiotaomicron DSM 2079 and B. fragilis DSM 2151 were able to utilise all tested carbon 
sources. The authors found that the growth of B. thetaiotaomicron DSM 2079 on glucose was inhibited by 
the presence of Bi. breve IPLA2004, suggesting that the interaction between these organisms, when grown 
on this simple sugar, is not mutualistic. B. fragilis DSM 2151, on the other hand, was shown to increase the 
fitness of Bi. longum NB677. These results emphasized that the behaviour of co-cultures of different species 
is not universal and very much depends on the specific bacterial strain/species combination and particular 
carbon source.

Elsewhere Rogowski et al.[35], 2015 showed that bifidobacterial growth on xylooligosaccharides (XOS) may 
be supported by Bacteroides species. Notably, Bi. adolescentis ATCC 15703 was unable to utilise xylans, 
although it can degrade simple XOS such as linear arabino-xylooligosaccharides. These authors showed that 
xylans can be divided into complex xylan, such as corn bran (CX), which contains several different linkages 
and distinct monosaccharides, or simple xylan, such as wheat arabinoxylan (WAX), which consists of a 
smaller number of different monosaccharides and linkages[35]. WAX was degraded by B. ovatus ATCC 8483 
using two PULs [Figure 3A and B], and some of the resulting breakdown products were then further 
metabolised by Bi. adolescentis ATCC 15703. However, this glycan sharing was not observed with CX. The 
authors of this study suggested that Bi. adolescentis ATCC 15703 lacked the machinery to degrade the PBPs 
released by B. ovatus ATCC 8483 from CX due to the complexity of these oligosaccharides. Specifically, 
B. ovatus ATCC 8483 was shown to encode a GH98, which is located at the bacterial cell surface to start 
degradation of the CX backbone. The authors hypothesized that if the efficient machinery is introduced into 
Bi. adolescentis ATCC 15703, this bacterium will be able to cross-feed with B. ovatus ATCC 8483, even with 
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Figure 3. (A) A schematic representation of the glucoronoarabinoxylan utilisation system in B. ovatus ATCC 8483. The substrate is 
bound by lipoproteins at the cell surface where it is primarily degraded to oligosaccharides and then transported to the periplasm where 
it is further hydrolysed to monosaccharides which can then be transported to the cytoplasm of the cell. (B) Genomic content of B. ovatus 
ATCC 8483 PUL in its action on corn arabinoxylan.

complex xylans. To investigate this, they created a mutant strain of B. ovatus ATCC 8483 that lacked a 
functioning GH98 xylanase CAZyme (ΔGH98), thus preventing the cleavage of the backbone of CX and 
inhibiting its growth. When the ΔGH98 mutant was co-cultured with wild-type B. ovatus ATCC 8483 on 
CX media, growth of both strains was observed, which provides evidence that the wild-type strain releases 
PBPs from the breakdown of CX, which are then utilised by the mutant.

Further study into the utilisation of XOS by Bacteroides and Bifidobacterium strains in co-culture supported 
the findings of the previous study by Zeybek et al.[36]. Mono and co-culture fermentation experiments were 
carried out with various xylans as substrate; Bi. bifidum, Bi. breve, Bi. longum subspecies infantis and Bi. 
longum subspecies longum were unable to utilise XOS in monoculture; however, Bifidobacterium animalis 
subsp. lactis was able to grow on XOS but no other xylans. In monoculture, two Bacteroides strains, B. 
ovatus ATCC 8483 and B. xylanisolvens XB1A, showed good growth on xylose, XOS, beechwood xylan and 
corncob xylan. In co-culture, in the presence of the Bacteroides strains, Bi. animalis subsp. lactis, showed 
growth on beechwood and corncob xylans. Bi. bifidum, Bi. breve, Bi. longum subspecies infantis and Bi. 
longum subspecies longum showed no growth on any of the substrates in co-culture. These results highlight 
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the differences in xylan-type polysaccharide fermentation abilities of different bifidobacterial species as is 
the case in the degradation of inulin-type fructans observed by Falony et al.[37]. The observed growth of Bi. 
animalis subsp. lactis, in co-culture, provides evidence for a cross feeding relationship between this species 
and the Bacteroides. This is likely due to the release of XOS as a PBP on the extracellular hydrolysis of xylan 
by the Bacteroides species. This released XOS is subsequently utilised by Bi. animalis subsp. lactis. This also 
provides an explanation for the lack of growth of other Bifidobacterium species in co-culture as they are 
unable to utilise XOS.

Cross-feeding behaviour between B. cellulosilyticus DSM 14838 and certain bifidobacterial strains was 
analysed previously[38], where interactions between the assessed strains were observed during cultivation on 
plant-derived Larch Wood arabinogalactan (LW-AG, Figure 4). This study demonstrated how 
B. cellulosilyticus DSM 14838 primarily degrades LW-AG to release rhamnose and β-1,3-
galactooligosaccharides, the latter being further metabolised by certain bifidobacterial strains. Bi. breve UCC 
2003 grown in co-culture with B. cellulosilyticus DSM 14838 was shown to grow on LW-AG as a carbon 
source, whereas no growth was detected in monoculture, thus revealing a cross-feeding activity between 
these two organisms. Further investigation showed that the carbohydrates β-1,3-galactobiose and β-1,3-
galactotriose are utilised by Bi. breve UCC 2003. In addition to Bi. breve UCC 2003, also Bi. longum subsp. 
infantis ATCC 15697 was shown to utilise AG-derived oligosaccharides released by B. cellulosilyticus DSM 
14838. The bgaA gene was identified in the genome of Bi. breve UCC 2003 and was predicted to encode a 
GH2 enzyme which is involved in the degradation of β-1,3-galactooligosaccharides. The active site of the 
BgaA enzyme was identified as being specific to β-1,3-galactobiose and β-1,3-galactotriose. Interestingly, this 
gene was not identified in other bifidobacterial species examined, including Bi. breve JCM 7017, Bi. bifidum 
LMG13195, and Bi. longum subsp. longum NCIMB8809, this being consistent with their inability to cross-
feed with B. cellulosilyticus DSM14838.

Although no cross-feeding interactions were observed, a study by Liu et al.[39] showed how certain 
Bacteroides and Bifidobacterium species are involved in the breakdown of polysaccharides in co-culture. 
Three polysaccharide mixtures, made up of different combinations of AX, xyloglucan, β-glucan and pectin, 
were used as the sole carbon source to perform co-cultivation experiments involving five different bacterial 
species, including B. ovatus ATCC 8483 and Bi. longum subsp. longum ATCC 15707. Size-exclusion 
chromatography showed that the observed degradation of the polysaccharides was carried out by B. ovatus 
ATCC 8483 and Bi. longum subsp. longum ATCC 15707, and the other bacterial species did not utilise these 
carbohydrates. Further analysis identified the release of oligosaccharides by B. ovatus ATCC 8483 on the 
hydrolysis of β-glucan; however, these glucooligosaccharides were not utilised by any of the other species in 
the co-culture. It was found that B. ovatus ATCC 8483 played a key role in the production of the SCFA 
succinate, which was utilised in the formation of propionate by other members of the co-culture, supporting 
the claim that Bacteroides species act as primary degraders of polysaccharides. This was also the case in the 
production of lactate by both B. ovatus ATCC 8483 and Bi. longum subsp. longum ATCC 15707, which was 
utilised by the other organisms. This study, along with previous studies discussed, highlights how the 
microorganisms in the human GIT can cooperatively interact in the breakdown of polysaccharides and 
benefit one another through PBPs and SCFA production as well as providing benefit to the human host.

CONCLUSION AND FUTURE PERSPECTIVES
The abilities of various Bacteroides and Bifidobacterium species to utilise different polysaccharides have 
been highlighted in this review. The identification of polysaccharide utilisation loci in the dominant gut 
phyla, Bacteroides, has helped to increase knowledge of the complex system in which glycan molecules are 
broken down. It has also allowed for further research into these utilisation mechanisms as well as the 
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Figure 4. Molecular interactions between B. cellulosilyticus DSM 14838 PRL 2010 and Bi. breve UCC2003 when act on larch wood 
arabinogalactan. B. cellulosilyticus employs a GH43_24 on its surface to break down the complex polymer into smaller oligosaccharides 
releasing beta-1,3-galactobiose and beta-1,3-galactotriose and rhamnose into the medium. Bi. breve can use these 
galactooligosaccharides as carbon source degrading them to galactose using a specific GH2 in its cytoplasm. Galactose is later 
incorporated into the central catabolism of the cell.

ongoing characterisation of carbohydrate-active enzymes that are produced by all glycan-degrading 
bacteria, including Bifidobacterium. Understanding of enzyme function is essential to fully understand NDC 
utilisation and may help us predict the production of postbiotics, either SCFA or other bioactive 
compounds such as vitamins, from a given substrate. Enzymology also contributes to our understanding of 
the interactions between bacteria in the context of the complex community that is the human gut 
microbiota.

In the case of Bacteroides and Bifidobacterium, there is evidence for glycan-sharing and cross feeding 
activities between certain members of these two genera, particularly during the breakdown of dietary fibre. 
As has been discussed in this review, interactions between these two genera have previously been studied. 
However, it is likely that many other cross-feeding activities exist that have yet to be discovered. Interaction 
between Bacteroides and Bifidobacterium in the breakdown of arabinoxylan has been observed in a small 
number of studies; however, there is little to no literature available on possible cross-feeding activities on 
other dietary glycans, such as β-glucan, arabinogalactan, arabinan. Future research should investigate the 
interaction, if any, between Bacteroides and Bifidobacterium in the metabolism of dietary β-glucan and its 
effect on the human host. In addition, there are numerous other gut commensals, less dominant in the 
human large intestine such as Lactobacillus reuteri, which can be studied for their cross-feeding activities 
with Bifidobacterium (either involving dietary fibres or released mon-/oligo-saccharides), but also for the 
conversion of metabolic end products of one species (e.g., 1,2-propanediol, lactate) into other metabolites 
(propionate, butyrate). The experimental proof of the conservation of polysaccharide utilisation loci 
involved in β-glucan degradation specifically, amongst the Bacteroides would allow us to identify the 
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enzymes involved in the metabolism of these molecules, which would then provide a starting point to 
investigate whether Bifidobacterium has a role in the breakdown of this polysaccharide. Due to the 
extremely complex nature of the human gut microbiota as well as the complexity and variation in 
carbohydrate structure, much more research is required for us to fully understand the roles of each of the 
members of the human gut microbiota.
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ARTICLE

Fungal β-glucan-facilitated cross-feeding activities
between Bacteroides and Bifidobacterium species
Pedro Fernandez-Julia1, Gary W. Black1, William Cheung1, Douwe Van Sinderen 2 & Jose Munoz-Munoz 1✉

The human gut microbiota (HGM) is comprised of a very complex network of microorgan-

isms, which interact with the host thereby impacting on host health and well-being. β-glucan
has been established as a dietary polysaccharide supporting growth of particular gut-

associated bacteria, including members of the genera Bacteroides and Bifidobacterium, the

latter considered to represent beneficial or probiotic bacteria. However, the exact mechanism

underpinning β-glucan metabolism by gut commensals is not fully understood. We show that

mycoprotein represents an excellent source for β-glucan, which is consumed by certain

Bacteroides species as primary degraders, such as Bacteroides cellulosilyticus WH2. The latter

bacterium employs two extracellular, endo-acting enzymes, belonging to glycoside hydrolase

families 30 and 157, to degrade mycoprotein-derived β-glucan, thereby releasing oligo-

saccharides into the growth medium. These released oligosaccharides can in turn be utilized

by other gut microbes, such as Bifidobacterium and Lactiplantibacillus, which thus act as

secondary degraders. We used a cross-feeding approach to track how both species are able

to grow in co-culture.
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The human gut microbiota (HGM) is a complex ecosystem
of microbes, which are purported to beneficially impact on
human health. Dietary carbohydrates represent the main

energy source for the human body, though we lack the enzymatic
capabilities to degrade most of these glycans ourselves1. However,
the HGM encodes an arsenal of carbohydrate active enzymes
(CAZYmes) able to catabolize such carbohydrates1. The meta-
bolic end products of glycan fermentation by the HGM are
mostly SCFAs, such as propionate, acetate and butyrate, which
have a variety of beneficial effects on the human host. Imbalance
in the composition of the gut microbial community, sometimes
referred to as dysbiosis, is a characteristic of Inflammatory Bowel
Disease (IBD), colorectal cancer, obesity, Clostridioides difficile
infections and, potentially, a wide range of other conditions2–4.

As stated above, the HGM is a complex network of microbes
representing approximately 10 trillion bacteria5. Nonetheless, just
two phyla are dominant in this intricate bacterial community, i.e.
Bacteroidota and Bacillota, complemented with representatives of
several minor phyla, such as Actinomycetota or Verrucomicro-
biota. Various members of the Bacteroides genus have been shown
to contain specific clusters of co-regulated genes which metabolise
a specific glycan, and which are called Polysaccharide Utilisation
Loci (singular: PUL, plural: PULs). A given PUL contains the genes
needed to sense, transport and degrade a particular glycan6–8. For
example, the Bacteroides thetaiotaomicron (Ba. thetaiotaomicron
VPI-5482, BT) genome harbours 96 different PULs, according to
the CAZY database9,10, while another Bacteroides species, Ba.
ovatus ATCC8483 (Bacova), encompasses 115 different PULs.
Generally, a cell surface-associated glycoside hydrolase (GH) or
polysaccharide lyase (PL) initiates extracellular polysaccharide
degradation allowing the release of the resulting oligosaccharides
into the growth medium11–17.

Members of the genus Bifidobacterium are particularly abun-
dant in full-term, breast-fed infants, where they are believed to
exert important beneficial effects18–21. The dominance of these
bacteria in this niche is attributed, at least in part, to their ability
to metabolise (particular) human milk oligosaccharides (HMOs)
as a sole carbon and energy source22. Different bifidobacterial
species have particular HMO consumption preferences, for
example strains of Bi. breve and Bi. longum are known to inter-
nalise and metabolise Lacto-N-tetraose23–26, while Bi. catenula-
tum subsp. kashiwanohense can use 2-fucosyllactose as a carbon
source19,27. The prototypical strain Bi. breve UCC2003 has been
shown to metabolise several HMOs and other dietary poly/oli-
gosaccharides either on its own23,28 or through cross-feeding
involving other members of the gut microbiota; examples of such
saccharidic substrates are mucin29,30, arabinogalactan/
galactan31,32 and sialyllactose20.

β-glucan is a complex glycan which has been explored as a
potential prebiotic and which is particularly abundant in cereals
and fungal cell walls13,33–36. Cereal-derived β-glucan, with a
defined β-1,3/1,4-mixed linkage (Fig. 1A), has been employed to
understand the molecular mechanisms by which certain Bacter-
oides species are able to sense, internalize and degrade this
polymer13,34–36. For example, Bacova employs a PUL with a cell
surface-associated glycoside hydrolase 16 (GH16) and a peri-
plasmic GH3 to catalyse degradation of this mixed linkage cereal
β-glucan34–36.

Furthermore, a Ba. uniformis ATCC8492 PUL, which is
involved in the metabolism of related β-1,3-glucans present in
yeast and the seaweed glucan laminarin (Fig. 1A), is responsible
for the initial degradation at the cell surface by a glycoside
hydrolase 16 (GH16) and a GH158, and a subsequently acting
periplasmic GH313. In addition, Ba. uniformis strain JCM13288
can degrade laminarin, pustulan and porphyran β-glucans,
employing two PULs encoding a GH16, GH30, GH158 and GH3,

and sharing oligosaccharides with other gut microbiota members,
possibly supporting gut homeostasis37.

Another type of β-1,6-glucan, which is found as linear glucan in
the lichen Lasallia pustulata and as linear glucan but cross-linked
with other cell wall components in the yeast Saccharomyces cere-
visiae or in the almond mushroom (Agaricus blazei), is used by BT
through a PUL involving just a surface-located GH30_3 and a
periplasmic GH317,33. Little is known about the degradation of
fungal β-glucan, such as that derived from mycoprotein produced
by Fusarium venenatum, a fungus employed by Quorn® as a
functional food ingredient38. The chemical structure of this β-
glucan consists of a linear β-1,3-glucan backbone carrying side
chains of β-1,6-glucans, which makes it distinct from cereal β-
glucan, or yeast β-glucan/laminarin, where either the core chain or
the side chain linkages are different, respectively13,34,39 (Fig. 1A).

Currently, there are only a few publications describing any
health benefits elicited by Bacteroidota (in fact some species are
considered opportunistic pathogens)40,41. However, a case can be
made that certain Bacteroides species represent primary glycan
degraders that allow carbohydrate cross-feeding by other, bene-
ficial members of the microbiota, such as bifidobacteria (which
are not known to be able to metabolise β-glucan directly). Such
metabolic interactions occur between BT and Bi. longum, and
between Ba. cellulosilyticus DSMZ14838 (Baccell DSMZ) and Bi.
breve UCC2003 when grown on larch arabinogalactan protein
(AGP) as the sole carbon source31,42,43. Other trophic interac-
tions have been established between various species of Bacteroides
and Bifidobacterium39,44–48, but have yet to be defined for
mycoprotein β-glucan.

In the current study, we performed a molecular characteriza-
tion of mycoprotein and yeast β-glucan degradation by Bacova,
Ba. cellulosilyticus WH2 (Baccell WH2) and BT, highlighting
the PUL architecture of these Bacteroides spp. In addition, we
uncovered cross-feeding interactions between Bacteroides, as the
primary degrader, and certain species of Bifidobacterium and
Lactiplantibacillus, acting as secondary degraders of
Mycoprotein-derived fungal β-glucan.

Results
Screening Bacteroides species for β-glucan metabolism. Certain
members of the Bacteroides genus have been established as gen-
eralist fermenters of mixed linkage (barley) and yeast β-
glucan13,34–37. The genomes of these Bacteroides species
encompass various PULs (here referred to as glucan utilization
loci or GULs) to degrade this complex glycan, employing encoded
glycoside hydrolases for this metabolic process. To assess the
ability of Bacteroides species to use fungal-derived β-glucan, we
extracted this polysaccharide from mycoprotein of Fusarium
venenatum (see “Materials and methods”) and screened the 23
most prominent, gut-associated Bacteroidetes species for their
ability to grow on this glycan as well as on β-glucan derived from
yeast (Table S1). Under the (anaerobic) conditions used, Ba.
xylanisolvens, Ba. intestinalis, Bacova, Ba. fragilis, Ba. finegoldii,
Ba. vulgatus, Ba. uniformis, BT (partial growth), Dysgonomonas
gadei, D. mossii and two strains of Baccell (Baccell WH2 and
Baccell DSMZ) were shown to metabolise β-glucan derived from
mycoprotein. In addition, Ba. vulgatus, Ba. uniformis, Bacova, BT,
Dysgonomonas gadei, D. mossii and both Baccell strains were able
to utilise yeast β-glucan. Bacova has previously been shown to
grow in barley-derived β-glucan as well34,35, showing this species’
broad ability to ferment β-glucans from different sources and
chemical structures (Fig. 1A). Figure 1B shows the growth profile
of Baccell WH2, Baccell DSMZ, BT and Bacova on β-glucan from
mycoprotein (Fig. 1B). In addition to these growth experiments,
we assessed growth of various Bifidobacterium strains on
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Fig. 1 Polysaccharide utilization systems in Bacteroides species for β-glucan degradation. A Structures of fungal (mycoprotein), yeast, laminarin, barley
and pustulan β-glucan. B Growth Bacteroides ovatus, DSM, WH2 and BT on mycoprotein as measured on a plate reader. All growths have been produced in
3 different independent replicates (n= 3). C Number of proteins expressed by Baccell WH2 on the use of β-glucan from Mycoprotein as identified by
proteome analysis. The proteomics have been produced in 3 different independent replicates (n= 3). D GUL structure in Baccell WH2 (GUL-1 and GUL-2)
and BT acting on mycoprotein, yeast and pustulan.
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mycoprotein-derived β-glucan, clearly showing a lack of ability by
these strains to use this complex carbon source (Fig. S1A).

GUL regulation in Bacteroides and architecture. To further
characterise growth of selected Bacteroides strains on particular β-
glucans, we performed proteomics analysis on Baccell WH2 when
grown on glucose (acting as reference) or mycoprotein-derived
fungal β-glucan as carbon sources. We compared the generated
proteome data of this bacterium when grown on either of these
carbon sources to identify proteins that exhibit increased
expression when the strain is grown on the complex polymer. As
shown in Fig. 1C, this analysis revealed that all proteins encoded
by two assigned GULs (named here as GUL-1 and GUL-2 and
representing locus tags BcellWH2_01929-BcellWH2_01932 and
BcellWH2_02537-BcellWH2_02542, respectively, see Fig. 1D)
exhibit increased expression when Baccell WH2 was grown on
mycoprotein-derived fungal β-glucan metabolism (when com-
pared to growth on glucose). GUL-1 was predicted to encode two
GH3 enzymes (BcellWH2_01926 and BcellWH2_01927) and a
GH157 member (BcellWH2_01931), while the proteins encoded
by locus tags BcellWH2_01928 and BcellWH2_01929 represent
the SusC/D-like pair predicted to be involved in (polysaccharide)
substrate binding and recognition at the bacterial cell surface
(Fig. 1D). Furthermore, BcellWH2_01932 is predicted to repre-
sent the Hybrid Two Component System (HTCS) sensing system
controlling transcriptional regulation of GUL-1. GUL-2 encodes a
GH30_3 (BcellWH2_02537, a predicted endo-β-1,6-glucanase
according to the CAZY database), a GH2 (BcellWH2_02541) and
a protein without known function (BcellWH2_02538). In addi-
tion to these proteins, BcellWH2_02539 and BcellWH2_02540
represent the predicted the SusC/D pair in GUL2 (Fig. 1D). To
confirm the proteomics data, we grew Baccell WH2 to mid-
exponential and performed RT-qPCR on selected SusC/D pairs
identified in the above described GULs (Fig. S1B). In addition, we
also used this approach with BT and Bacova on the SusC/D pairs
identified based on differential expression patterns when these
two strains had been grown on beta-glucan from pustulan17,34,35

(Fig. S1B). Since we observed differential expression based on RT-
qPCR, it seems that their corresponding GULs, which are sub-
stantially different from that of Baccell WH2 in terms of their
genetic structure and content, are also responsible for growth on
fungal β-glucan. Figure 1D and S1C show the GUL architecture of
BT, Bacova and Baccell WH2, and predicted functions pertaining
to GUL regulation, β-glucan degradation and associated oligo-
saccharide intake. BT and Baccell WH2 employ a different GUL
architecture for fungal β-glucan utilization (Fig. 1D), when
compared to Bacova, which based on its expression profile
appears to use the same GUL for fungal and barley β-glucan
Figs. S1B and S1C.

As stated above, BT, Baccell WH2 and Bacova can metabolise
fungal β-glucan. Based on qPCR performed on BT growing in a
medium containing either fungal β-glucan or pustulan, this
bacterium appears to employ the same GUL for either of these
two carbon sources17 (BT3309-BT3314, Fig. 1D and S1B).
According to qPCR data obtained when Bacova is growing in a
medium supplemented with either barley or fungal β-glucan
(Fig. S1B), the bacterium was shown to employ the same GUL for
either of these carbon sources, which contrasts with what we
discovered for Baccell WH2, as this bacterium appears to employ
distinct GULs to deconstruct either fungal or barley β-glucan
(Fig. 1D and S1C)49.

Dissecting the enzymes encoded by GUL-1 and GUL-2 that
degrade fungal β-glucan. Following our observation that certain
proteins encoded by, and their corresponding genes present in,

GUL-1 and GUL-2 of Baccell WH2 elicit increased expression
when growing on fungal β-glucan, we wanted to confirm their
involvement in this metabolic process. For this purpose, we
recombinantly expressed the enzymes representing the putative
GH157, GH30_3 and GH3 (Baccell WH2_01926) activities from
GUL1/GUL2 to fully dissect the mechanism of degradation of this
complex dietary carbon source. For this purpose, we incubated
the expressed proteins with fungal β-glucan and revealed possible
degradation products by means of HPLC chromatography. More
specifically, Fig. 2A shows the HPLC chromatograms of
BcellWH2_01931 and BcellWH2_02537 (representing predicted
GH157 and GH30_3 activities, respectively) acting on fungal β-
glucan.

The data presented in Fig. 2A and 2B confirmed that
BcellWH2_01931 acts on fungal β-glucan (Fig. 2A) and the
linear β-1,3-glucan from Euglena glacialis (Fig. 2B) initially
releasing penta- and trisaccharides, which are converted to
disaccharides and glucose upon longer incubation (16 h).
However, we did not find any activity when the enzyme was
incubated with pustulan. Table 1 lists the kinetic parameters
(kcat/Km) of this protein acting on either substrate.
To validate the prediction that these enzymes are involved in

fungal β-glucan metabolism, we performed protein location
analysis by LipoP50, indicating that BcellWH2_01931 (GH157)
and BcellWH2_02537 (GH30_3) are located at the cell surface of
Baccell WH2. Furthermore, according to the CAZY database, the
GH157 enzyme was anticipated to act as an endo-β-1,3-glucanase,
while the GH30_3 enzyme was expected to possess endo-β-1,6-
glucanase activity as has been reported for other members of this
CAZY family17. Like GH157, recombinantly expressed and
purified GH30_3 was incubated with fungal β-glucan, linear β-
1,3-glucan and pustulan (linear β-1,6-glucan), followed by HPLC
analysis. Figure 2C and 2D show the associated chromatography
results for this incubation experiment, confirming the β-1,6-
glucanase activity with fungal β-glucan (Fig. 2C) and pustulan
(Fig. 2D). In addition, GH30_3 didn’t show any activity against
linear β-1,3-glucan. Table 1 displays the catalytic parameters of this
protein as measured by DNSA assays with fungal β-glucan and
pustulan. BcellWH2_02537 showed activity parameters for β-
glucan from Fusarium venenatum that are like those obtained for
pustulan (kcat/Km of 2512 ± 28 and 1968 ± 17mgml−1 min−1)
suggesting that the enzyme does not require interactions with the
β-(1,3)-glucan backbone. In addition, BcellWH2_02537 was shown
to only exhibit activity on oligosaccharides larger than β-(1,6)-
glucotriose indicating that, as in BT3312, the enzyme has 3 subsites
in the active site (nomenclature established by Davies et al.)51.

Finally, to fully understand how mycoprotein-derived β-glucan
is metabolised by Baccell WH2, we recombinantly expressed the
predicted GH3 and GH2 enzymes (as specified by
BcellWH2_01926 and BcellWH2_02541, respectively), showing
that both are able to act on the different oligosaccharides
produced by the action of the GH157 and GH30_3 enzymes.
BcellWH2_01926 (GH3) was able to degrade β-1,6-glucooligo-
saccharides released by GH30_3, while the GH2 enzyme
(BcellWH2_02541) was shown to act on β-1,3-glucooligosacchar-
ides (glucobiose and glucotriose), in both cases releasing glucose
as the final product, which confirms the exo-acting mechanism
for these enzymes (BcellWH2_01926 and BcellWH2_02541).
Table 1 also displays the catalytic parameters of these two exo-
glucosidases, which highlights that the activity of the GH2
enzyme is similar for β-1,3-glucobiose and β-1,3-glucotriose,
suggesting 2 subsites in the active site.

In the case of BT, the GUL architecture is simpler than that
observed for Baccell WH2 (Fig. 1D). For the former bacterium,
only the GH30_3 (BT3312) and a GH3 (BT3314) have previously
been described to be active on pustulan β-glucan17. To assess the
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Fig. 2 HPLC analysis of the enzymatic reactions of glycoside hydrolases in Baccell WH2 and BT on fungal β-glucan. All HPLC experiments have been
produced in 3 different independent replicates (n= 3). A Time course of BcellWH2_01931 (GH157) with mycoprotein β-glucan. B Time course of
BcellWH2_01931 (GH157) with linear β-1,3-glucan. C Time course of BcellWH2_02537 (GH30_3) on mycoprotein β-glucan. D Time course of
BcellWH2_02537 (GH30_3) with pustulan. E Time course of BcellWH2_01931 (GH157) and BcellWH2_02537 (GH30_3) together on linear β-1,3-glucan.
F HPLC of BT3312 (GH30_3) on mycoprotein β-glucan. G HPLC of BT3314 (GH3) on mycoprotein β-glucan.
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catalytic activity of BT3312 on β-glucan from Fusarium
venenatum, we performed enzymatic assays with this polysac-
charide obtaining activity levels that are similar to those of
BcellWH2_02537 (2874 ± 35mgml−1 min−1 for BT3312 and
2512 ± 28 mgml−1 min−1 for BcellWH2_02537) (Table 1). The
BT3312 enzyme was shown to be active on fungal β-glucan side
chains, thereby releasing particular β-1,6-oligosaccharides, which
in turn can be hydrolysed by BT3314 as an exo-glucosidase to
release glucose (Fig. 2F for BT3312, and Fig. 2G for BT3314). In
the same way as Baccell WH2 enzymes, Table 1 shows the
catalytic parameters for BT3312 and BT3314 on these substrates.

Structural modelling of GH157 and GH30_3 from Baccell
WH2. To dissect the interactions of the Baccell WH2-encoded
GH157 and GH30_3 enzymes with fungal β-glucan, we attempted
to obtain crystals of the Baccell WH2 proteins. Unfortunately,
despite screening multiple conditions we were unable to obtain
suitable crystals. Instead, we obtained the structure of the
GH30_3 protein by comparison to the crystal structure solved for
BT3312 using the Phyre2 algorithm as a search platform17,52.
Fig. S1D shows that the predicted structure is an (β/a)8 barrel
with the conserved retaining mechanism where two glutamic
acids act as nucleophile (E339 and E347 for BT3312 and
BcellWH2_02537, respectively) and acid/base (E238 and E247 for
BT3312 and BcellWH2_02537, respectively). As indicated in this
Figure, both proteins show a high level of sequence similarity
(58.33% identical) and exhibit the same activity profile (Table 1).
This indicates that the GH30_3 from Baccell WH2 contains only
three major subsites in a similar manner to what has been
described for BT331217. Amino acids involved in the binding and
catalysis are conserved in both proteins (Fig. S1E).

Oligosaccharides released into the cultivation medium. To
investigate if Baccell WH2 and BT release oligosaccharides into

their cultivation medium when grown on fungal β-glucan,
thereby perhaps allowing growth of other bacteria through cross-
feeding activities, we obtained cell free growth medium following
cultivation of these strains to the mid-exponential and stationary
phase (Fig. 3). The presence of oligosaccharides released into the
media by Baccell WH2 or BT was then assessed by HPLC
(Fig. 3A, B). When these two bacterial species use mycoprotein as
their sole carbon source (Fig. 3A), they were shown to release
oligosaccharides into the media, but these were different in each
case (Fig. 3B), which is consistent with their different GUL
architecture and associated enzymes, thus confirming the distinct
degradative strategy followed by each of these two species.

To investigate the nature of these oligosaccharides, we
performed LC/MS to determine their mass. Figure 3C shows
the HPLC profile of the purified main oligosaccharide released by
Baccell WH2 and Fig. 3E the associated mass spectrum of this
oligosaccharide confirming that this bacterium predominantly
releases a heptasaccharide. These results are in concordance with
the in vitro enzymatic digestion of fungal β-glucan because when
we incubated this fungal carbon source with GH30_3 and GH157
together, the products generated by both enzymes were glucose,
1,6-β-glucobiose 1,3-β-glucotetraose and the heptasaccharide
present in the growth medium generated by Baccell WH2
(Fig. 2E). Figure 3F displays the mass spectra of the main
oligosaccharides released by BT in the growth medium,
confirming the presence of a disaccharide as the main product,
corresponding to 1,6-β-glucobiose as was indicated in the HPLC
chromatogram (Fig. 3D).

Cross-feeding Bacteroides/Bifidobacterium/Lactiplantibacillus.
After we confirmed the release of oligosaccharides into the growth
medium by Bacteroides when grown on mycoprotein β-glucan, we
hypothesised that this phenomenon would allow other gut com-
mensals to cross-feed on such released oligosaccharides.

Table 1 Kinetic parameters of GHs in Baccell WH2, BT and Bi. breve UCC2003 acting different β-glucan substrates and gluco-
oligosaccharides.

Substrate Kcat/Km (mg/ml/min) kcat/Km (μM/min)

Baccell WH2
BcellWH2_01926 (GH3) β-(1,6)glucobiose 10.2 ± 0.9

β-(1,6)glucotriose 25.2 ± 1.8
BcellWH2_01931 (GH157) Fusarium β-glucan 1069 ± 11

Linear β-(1,3)glucan 2611 ± 38
Pustulan Not detectable

BcellWH2_02537 (GH30_3) Fusarium β-glucan 2512 ± 28
Pustulan 1968 ± 17
Linear β-(1,3)glucan Not detectable
β-(1,6)glucotriose 2.5 ± 0.1
β-(1,6)glucohexaose 9.8 ± 0.9

BcellWH2_02541 (GH2) β-(1,3)glucobiose 18.1 ± 1.2
β-(1,3)glucotriose 35.1 ± 2.9

BT
BT3312 (GH30_3) Fusarium β-glucan 2874 ± 35

Pustulana 1776 ± 20
Linear β-(1,3)glucan Not detectable
β-(1,6)glucotriosea 1.7 ± 0.1
β-(1,6)glucohexaosea 6.0 ± 0.6

BT3314 (GH3) β-(1,6)glucobiosea 5.6 ± 0.2
β-(1,6)glucotriosea 6.7 ± 0.6

Bi. breve UCC2003
Bbr_0109 (GH1) β-(1,3)glucobiose 12.7 ± 1.8

β-(1,4)glucobiose 8.1 ± 0.9
β-(1,6)glucobiose 5.4 ± 0.6

aData taken from Temple et al. as comparison17.
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Indeed, Fig. 4 shows that Bifidobacterium strains are able to
grow when co-cultivated with Bacteroides on fungal β-glucan. We
screened the overnight supernatant from Baccell WH2 and BT
grown in β-glucan with several available Bifidobacterium and
Lactobacillus strains showing that, in the case of Baccell
WH2 supernatant, Bi. breve UCC2003, Bi. longum subsp. longum
NCIMB 8809 and Lb. plantarum WCFS1 are unable to use intact
β-glucan as a carbon source, yet that they can utilise the
heptasaccharide released by Baccell WH2 (Fig. 4A). We confirmed

the ability of these strains to use the heptasaccharide testing the
growth media before and after the Bi. breve UCC2003, Bi. longum
subsp. longum NCIMB 8809 and Lb. plantarum WCFS1 growth.
Figure 4B confirms the use of the heptasaccharide by Bi. longum
subsp. longum NCIMB 8809, with Bi. breve UCC2003 and Lb.
plantarum WCFS1 exhibiting a more modest ability to use the
released oligosaccharide too. After 24 h fermentation, Bi. longum
subsp. longum NCIMB 8809 reached a final optical density of 0.8
when using the supernatant from Baccell WH2. Bi. breve and Lb.

Fig. 3 Characterization of oligosaccharides released by Bacteroides when using β-1,3-glucan. A HPLC chromatogram of the growth media of Baccell
WH2 on fungal β-glucan. B Same as Panel A with BT. C Purified oligosaccharide from Baccell WH2 after Gel Filtration (GF) column. D Purified
oligosaccharide from BT after GF column. E LC/MS of Baccell WH2 supernatant grown on fungal β-glucan. F LC/MS of BT supernatant grown on fungal β-
glucan. All HPLC and LC/MS experiments have been performed in 3 different independent replicates (n= 3).
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Fig. 4 Consumption of β-glucan oligosaccharides released by Bacteroides into the growth media by Bifidobacterium species. A Growth of
Bifidobacterium with fungal β-glucan supernatant from Baccell WH2. B HPLC analysis of supernatants before and after growth of Bifidobacterium longum
subsp. longum on supernantants from Baccell WH2. C Growth of Bifidobacterium with fungal β-glucan supernatant from BT. D HPLC analysis of supernatants
before and after growth of Bifidobacterium longum subspecie longum on cell-free supernatant of BT grown on fungal β-glucan. E HPLC analysis of
supernatants before and after growth of Bi breve UCC2003 and L. plantarum on cell-free supernatants of BT grown on fungal β-glucan. All growths and HPLC
experiments have been produced in 3 different independent replicates (n= 3).
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plantarum were able to use these oligosaccharides but to a lesser
degree, reaching a final optical density of 0.6.

When the supernatant of BT was used as carbon source for the
screening of Bi. breve UCC2003, Bi. longum subsp. longum
NCIMB 8809 and Lb. plantarum WCFS1, the disaccharide which
is otherwise accumulating in the medium is now not present,
indicating that this β-1,6-glucobiose is used by the bifidobacterial
and Lactiplantibacillus strains to sustain their growth (Fig. 4C,
D). Analysis of the growth medium by HPLC was also performed
for Bi. breve UCC2003 and Lb. plantarum WCFS1 confirming
their ability to use the β-1,6-glucobiose as carbon source (Fig. 4E).

To confirm this newly discovered cross-feeding interaction
between Bacteroides and Bifidobacterium species, we performed
cross-feeding experiments at different time points where we
checked a co-culture of both species tracking the colony forming
units and 16 S rRNA-based qPCR quantification of each species
during growth (Figs. 5, 6). In this co-culture experiment, Baccell
WH2 allowed Bi. longum subsp. longum NCIMB 8809 and Bi.
breve UCC2003 to grow when both strains are cultivated with the
intact fungal β-glucan as is obvious from viable count assessments
(Fig. 5A for Bi. longum subsp. longum and 5 C for Bi. breve) and
percentage of both bacteria in the co-culture (Fig. 5B for Bi.
longum subsp. longum and 5D for Bi. breve). The observation of
Bifidobacterium growth when in co-culture with Baccell WH2 in
the presence of β-glucan agreed with the monoculture fermenta-
tion findings, when cell-free supernatant was used as carbon
source, as displayed in Fig. 4.

Similarly, BT allowed growth of Bi. breve UCC2003 and Bi.
longum subsp. longum NCIMB 8809 in co-culture as can be
observed in Figs. 6A and 6C (colony forming units) and 6B and
6D (percentage), respectively. Again, it confirmed the ability of
Bacteroides to allow for specific cross-feeding networks with
Bifidobacterium strains in the gut when the former bacteria grow
on dietary fungal β-glucan.

Finally, to expand this study with other commensal members
of the human gut microbiota, we performed the co-culture
experiment of Baccell WH2 and BT as primary and Lactiplanti-
bacillus plantarum WCFS1 as a secondary degrader to confirm
the ability of Baccel WH2 and BT to allow growth of this
commensal. Figs. S2A and S2B for Baccell WH2 and Figs. S2C
and S2D for BT showed this ability in co-culture too.

Ability of Bi. breve UCC2003 to utilize β-1,6-glucobiose. As
stated above, Bi. breve UCC2003 can use glucobiose released by
Baccell WH2 when grown on β-glucan. We conducted a bioin-
formatic analysis on the genome of the former bacterium to
identify glycoside hydrolases that would allow Bifidobacterium to
utilise this oligosaccharide. We identified a GH1 (Bbr_0109)
which had previously been shown to act on cellobiose as
substrate53. We hypothesised that this protein would act on
gluco-oligosaccharides with different linkages as substrates. To
prove our hypothesis, we recombinantly expressed the protein
and performed enzymatic assays with β-1,4, β-1,3 and β-1,6-
glucobiose as substrates of the enzyme. Bbr_0109 was active on β-
1,4 and β-1,6-glucobiose as we expected, and this activity is
shown by HPLC in Figs. S3A and S3B, respectively. In addition,
we were able to characterise this activity and the kinetic para-
meters are calculated in Table 1. Bioinformatics analysis of the Bi.
longum subsp. longum genome didn’t reveal any homolog of
Bbr_0109, or other candidate enzymes responsible for its ability
to cross-feed on β-glucan-derived oligosaccharides and further
work is therefore required to unravel the metabolic pathway
responsible for this activity.

Metabolites released by Bacteroides/Bifidobacterium co-
cultivation on β-glucan. After we confirmed the ability of Bac-
teroides to specifically allow Bifidobacterium growth when the

Fig. 5 Cross-feeding experiments between Baccell WH2 and Bifidobacterium and Lactiplantibacillus spp. A Colony forming units of Baccell WH2 + Bi.
longum subsp. longum. B Percentage of Baccell WH2+ Bi. longum subsp. longum. C Colony forming units of Baccell WH2 + Bi. Breve UCC2003. D Percentage
of Baccell WH2 + Bi. breve UCC2003. All cross-feeding experiments have been produced in 3 different independent replicates (n= 3).
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former bacterium is cultivated on β-glucan, we performed a
metabolomics analysis of the culture media to assess short chain
fatty acid (SCFA)/lactate/succinate production by Bacteroides and
Bifidobacterium in mono- and co-cultures. Table 2 lists the
detected levels of acetate, butyrate, propionate, and lactate by
these fermentations. Baccell WH2 was shown to produce succi-
nate (78 mM) and acetate (12 mM) as main SCFAs produced in
monoculture. As control, Bi. longum subsp. longum NCIMB 8809
failed to produce any significant amounts of SCFAs because of its
inability to use the intact mycoprotein β-glucan. In contrast, in
co-culture, acetate was the higher concentrated SCFA (115 mM)
followed by succinate (99 mM) as consequence of the subsp.
longum NCIMB 8809 growth. Finally, formate (16 mM) and
lactate (21 mM) were also produced in co-culture because of the
ability of Bifidobacterium to produce these metabolites.

Discussion
β-glucan has previously been demonstrated to act as a prebiotic
carbohydrate with various reported beneficial outcomes for
human health54–57. Recently, Dejean et al. (2020) showed the
ability of Bacteroides strains to utilise β-(1,3)-glucans, such as that
derived from yeast or algal laminarin13. These authors showed
that Bacteroides uniformis ATCC 8492 employs a specific poly-
saccharide utilisation locus for the deconstruction of these β-
(1,3)-glucans. This genetic locus encodes a cell surface-associated
glycoside hydrolase family 158 (GH158) enzyme and a GH16 to
initiate depolymerization of the polysaccharide to release oligo-
saccharides that are incorporated by the SusC/D-like pair into
the periplasm where a GH3 (β-glucosidase) continues with the
degradative process converting all oligosaccharides into glucose
monomers, which then enter central glycolytic catabolism. Also
in 2020, Singh et al.37 showed the ability of Bacteroides uniformis
JCM 13288 to degrade β-(1,3)-glucans with a similar enzymatic
mechanism to the afore mentioned Bacteroides uniformis strain.
However, these latter authors revealed an additional GH30
activity able to degrade β-(1,6)-glucan side chains of the molecule
releasing β-1,6-glucobiose. In addition, they demonstrated that
the oligosaccharides released by this Ba. uniformis strain can be
used by other members of the gut microbiota, which either did
not grow or grew poorly on laminarin.

In the case of barley β-glucan, Tamura et al.34–36 showed that
Bacova and Baccell WH2 use a surface associated GH16 enzyme
(Bovatus_03149 and BcellWH2_04354) to initiate the degradative
process. In addition, the same authors showed that there are two
GH3 enzymes present in the periplasm of Bacova (Bovatus_03146
and Bovatus_03153) and one in that of Baccell WH2
(BcellWH2_4356) to complete the metabolism of barley β-glucan.

In the work described here, we reveal an alternative pathway
followed by Baccell WH2 to degrade dietary fungal β-glucans,

Fig. 6 Cross-feeding experiments between BT and Bifidobacterium and Lactiplantibacillus spp. A Colony forming units of BT + Bi. breve UCC2003.
B Percentage of BT + Bi. breve UCC2003. C Colony forming units of BT + Bi. longum subsp. longum. D Percentage of BT + Bi. longum subsp. longum. All
cross-feeding experiments have been produced in 3 different independent replicates (n= 3).

Table 2 Millimolar (mM) concentration of the metabolites
generated in the cell-free supernatant of MM+ 1% β-
glucan, following 24 h incubation with Baccell WH2 and B.
breve UCC2003.

Succinate
(mM)

Acetate
(mM)

Lactate (mM) Formate
(mM)

No inoculum ND 0.9 ± 0.1 0.10 ± 0.01 1.8 ± 0.2
Baccell WH2 78 ± 9.8 12 ± 2.2 ND ND
B. breve
UCC2003

ND 1.1 ± 0.1 3.5 ± 0.4 2.6 ± 0.3

Baccell
WH2/B.
breve
UCC2003

99 ± 10.1 115 ± 16.2 21 ± 2.8 16 ± 1.9

Measures were made in triplicate.
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such as the polysaccharide derived from Fusarium venenatum,
the main ingredient employed in Quorn® products, where the
chemical structure consists of a linear β-(1,3)-glucan backbone
with β-(1,6)-glucan as side chains (Fig. 1A). For this metabolism,
Baccell WH2 employs two GULs to degrade this complex glycan,
as revealed by proteomics and confirmed by transcriptomics
(Fig. 1C and S1B, respectively). Within these GULs, Baccell WH2
encodes a novel GH157 and a GH30_3, both predicted to be
located at the cell surface, to start the degradation of the complex
glycan. These GULs were also shown to encode additional gly-
coside hydrolases required to fully degrade the gluco-
oligosaccharides released by the outer membrane surface pro-
teins and incorporated into the periplasm by the SusC/D-like
pairs. These periplasmic proteins represent typical β-glucosidases
belonging to GH families 3 and 2. Finally, this GUL encodes a
protein with an unknown function (BcellWH2_02538), with a
predicted location to be in the surface of Baccell WH2. This
protein is in a perfect location to be a Surface Glycan Binding
Protein (SGBP), which has been shown to help the SusC/D-like
pair in the binding of oligosaccharides at the bacterial cell
surface35,36,58. The reason for the presence of three different β-
glucosidases (two GH3 and one GH2) encoded by these GULs to
target fungal β-glucan remains speculative to us. We postulate
that Baccell WH2 could act on several types of β-glucans, not
only fungal sources, with different chemical structures. For that
reason, they use distinct β-glucosidases to hydrolyse different
linkages in these gluco-oligosaccharides. However, we can’t rule
out the possibility that some of these β-glucosidases are redun-
dant and the bacterium is evolving to remove some of these genes
from its genome under the high selection pressure imposed by the
gut environment.

Finally, we show that Baccell WH2 and BT can share oligo-
saccharides with other members of the gut microbiota, including
commensals Bifidobacterium and Lactiplantibacillus species. In
this respect, Baccell WH2 was shown to allow cross-feeding
interactions with Bi. longum subsp. longum, Bi. breve UCC2003
and Lactiplantibacillus plantarum WCFS1 (Fig. 5 and S2). In
addition, BT was shown to promote specific cross-feeding with Bi.
longum subsp. longum, Bi. breve UCC2003 and Lactiplantibacillus
plantarum WCFS1 (Fig. 6 and S2), enabling growth of both
bacteria in co-culture. Since the oligosaccharides released by BT
and Baccell WH are different (i.e. glucoheptasaccharide and
glucobiose), it will select for specific interactions in the gut. Bi.
breve UCC2003 encodes a GH1 (Bbr_0109) to degrade the glu-
cobiose released by BT. This GH1 is very specific for glucobiose,
being active on β-(1,3)glucobiose, β-(1,4)glucobiose and β-(1,6)
glucobiose (Table 1). However, the inability to act on glucotriose
or other longer oligosaccharides may explain the partial ability of
Bi. breve to use the heptasaccharide released by Baccell WH2 and,
as consequence, its inability to grow in Baccell WH2 supernatant.
These specific interactions in the cross-feeding between Bacter-
oides and Bifidobacterium members have been shown for other
polysaccharides such as arabinogalactan31, arabinoxylan48 or
inulin59.

In terms of β-glucan, little has been reported on cross-feeding
interactions by members of the gut microbiota. As we stated
above, Singh et al.37 showed the ability of Ba. uniformis JCM
13288 to share gluco-oligosaccharides with Blautia producta
JCM1471, Ruminococcus faecis JCM15917 and Bifidobacterium
adolescentis JCM 1275 when they grow on laminarin as the sole
carbon source. In addition, Centanni et al.60 showed interactions
between Bacteroides ovatus, Subdoligranulum variabile, and
Hungatella hathewayi using barley β-glucan as a carbon source.
They showed that Ba. ovatus released 3-O-β-cellobiosyl-d-glucose
and 3-O-β-cellotriosyl-d-glucose into the medium as final pro-
ducts and these oligomers enabled growth of the other two

bacteria with preference for 3-O-β-cellotriosyl-d-glucose in the
case of Hungatella hathewayi. However, to the best of our
knowledge our study for the first time reveals detailed molecular
interactions between different members of Bacteroides spp. and
other human commensals (Bifidobacterium and Lactiplantiba-
cillus) when using fungal β-glucan.

Finally, we have shown the ability of Baccell and B. breve
UCC2003 to produce different SCFA in mono- and coculture as a
result of β-glucan fermentation. Baccell produces acetate and
succinate as main metabolites when grow in monoculture on β-
glucan, whereas co-cultivation with B. breve UCC2003 was shown
to result in the production of not only acetate and succinate but
also lactate and formate, the latter from Bifidobacterium fer-
mentation. This production is in accordance with other fermen-
tative processes where Bacteroides produces acetate as the main
SCFA31. Munoz et al. have reported on the production of lower
levels of succinate (60 mM) for AGP fermentation than for β-
glucan (78 mM, Table 2) when Baccell was cultivated in mono-
cultures. However, the opposite effect is observed for acetate
production as Baccell was shown to produce 24 mM and 12 mM
acetate when cultivated on AGP or β-glucan, respectively31.
However, SCFA production appears to be higher for all meta-
bolites when Baccell was co-cultivated with B. breve UCC2003 in
the presence of β-glucan (115, 99, 21 and 16 mM for acetate,
succinate, lactate and formate, respectively), when compared to
co-cultivation in the presence of AGP (94, 68, 6 and 6.9 mM for
acetate, succinate, lactate and formate, respectively)31.

All data presented in this work allowed us to obtain a general
model for the degradation of fungal β-glucan in Baccell WH2 and
its interaction with bifidobacteria as secondary degraders
(Fig. S3C).

In conclusion, this paper shows the ability of different mem-
bers of human gut Bacteroides strains to use dietary fungal β-
glucan. We have shown that Bacteroides employs two main GULs
to degrade this complex glycan with novel enzymatic activities
and families discovered in those GULs and that they share oli-
gosaccharides and Bi. longum subsp. longum and Bi. breve
UCC2003 selectively where able to use them. Finally, we have
shown the specific enzyme (Bbr_0109, GH1) encoded in Bi. breve
UCC2003 responsible for the degradation of the oligosaccharide
released by BT. Thus, the study provides evidence that fungal β-
glucan utilisation genes are present not only into Bacteroides but
also into Gram-positive bacteria. Diverse β-glucans GULs iden-
tified in this study may pave the way for the development of
engineered functional foods for the improvement of human
health through proper nutritional intervention therapy.

Methods
Reagents. Yeast and barley β-glucan tested in this study were purchased from
Megazyme (Dublin, Ireland). D-Galactose and D-glucose were purchased from
Sigma (United Kingdom). Luria-Bertani (LB) growth medium was purchased from
Formedium (Norfolk, U.K.), reinforced clostridial agar from Oxoid Ltd. (Basing-
stoke, England) and Brain Heart Infusion from Sigma (United Kingdom). All
reagents were of analytical grade.

Mycoprotein β-glucan extraction and purification. Cell wall material from
Fusarium venenatum was extracted and the different glycan parts were purified
according to a previously described method61. Briefly, cell wall material was
alkaline extracted with 3% NaOH for 75 h obtaining two fractions: fraction
1 soluble in bases and fraction 2, insoluble in bases. Fraction 1 was shown to
contain mannoproteins and β-1,6-1,3-glucan and fractions contained this β-1,6-
1,3-glucan associated with chitin. Fraction 1 was neutralized with glacial acetic acid
and centrifuged at 15,000 × g during 30 min and the supernatant subjected to a 24 h
dialysis. After dialysis, the mixture was freeze-dried prior to its use (Fig. S4A, B).

Growths, Proteomics and RT-qPCR
Growth. Ba. ovatus ATCC8483 (Bovatus), Ba. thetaiotaomicron VPI-5482 (BT), Ba.
cellulosilyticus DSMZ14838 (Baccell DSM) and Ba. cellulosilyticus WH2 (Baccell
WH2) are capable of growth on all carbon sources of interest in this study and,
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therefore, were cultured directly in 3 ml of Minimal Media (MM) containing 1%
(wt/vol) carbohydrate, as described above48.

q-PCR. Bacteroides sp. were precultured on MM + Glucose, pelleted, washed,
resuspended twice in MM without any carbon source, and inoculated to an A600 of
~0.3 in 4 ml of MM containing 1% (wt/vol) carbohydrate. Bacterial cultures were
harvested in triplicate (at mid-log phase [A600, ~0.6] after 5 h of incubation for
Bovatus, BT, Baccell DSM and Baccell WH2, placed in RNA protect (Qiagen) for
immediate stabilisation of RNA, and then stored at –20 °C. RNA was extracted and
purified with the RNeasy minikit (Qiagen), and RNA purity was assessed by
spectrophotometry. One µg of RNA was used for reverse transcription and
synthesis of the cDNA (SuperScript VILO master mix; Invitrogen). Quantitative
PCRs (20 µl final volume) using specific primers were performed with a SensiFast
SYBR Lo-ROX kit (Bioline) on a 7500 Fast real-time PCR system (Applied Bio-
systems) (Table S2). Data were normalised to 16 S rRNA transcript levels, and
changes in expression levels were calculated as fold change compared with levels
for cultures of MM containing glucose.

Proteomics. Baccell WH2 was cultured in the same way as before with 1% β-glucan
as complex polysaccharide and glucose as monosaccharide control. Bacterial cul-
tures were harvested in triplicate after growth in MM+Glc or MM+β-glucan. Cells
were collected by centrifugation (3,500 g, 15 min, 4 °C) and washed three times
with PBS pH 7.4. Cell pellets were subsequently resuspended in 8 M urea buffer in
50 mM triethylammonium bicarbonate, containing 5 mM tris(2-carboxyethyl)
phosphine. Cells were lysed via sonication using an ultrasonic homogenizer
(Hielscher). Proteins were subsequently alkylated for 30 min at room temperature
using 10 mM iodoacetamide in the dark. Protein concentration was determined
using a Bradford protein assay (Thermo Fisher Scientific). Protein samples, con-
taining 50 μg total protein, were diluted fivefold with 50 mM triethylammonium
bicarbonate and protein digestion was performed at 37 °C for 18 h with shaking at
300 r.p.m. A protein to trypsin ratio of 50:1 was used. Trypsin digestion was
stopped, and peptides were desalted as described above.

Mass spectrometry. Peptides were dissolved in 2% acetonitrile containing 0.1%
trifluoroacetic acid, and 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 were
injected on an Acclaim PepMap 100 C18 LC trap column (100 μm ID × 20mm,
3 μm, 100 Å) followed by separation on an EASY-Spray nanoLC C18 column
(75ID μm× 500 mm, 2 μm, 100 Å) at a flow rate of 300 nlmin−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 surface-shaved samples was as
follows: solvent B was maintained at 3% for 6 min, followed by an increase from 3
to 35% B in 43 min, 35–90% B in 0.5 min, maintained at 90% B for 5.4 min,
followed by a decrease to 3% in 0.1 min and equilibration at 3% for 10 min. The
gradient used for analysis of proteome samples was as follows: solvent B was
maintained at 3% for 6 min, followed by an increase from 3 to 35% B in 218 min,
35–90% B in 0.5 min, maintained at 90% B for 5 min, followed by a decrease to 3%
in 0.5 min and equilibration at 3% for 10 min. The Orbitrap Fusion Lumos was
operated in positive-ion data-dependent mode using a modified version of the
recently described charge-ordered parallel ion analysis (CHOPIN) method for
synchronized use of both the ion trap and the Orbitrap mass analysers. The
CHOPIN method is derived from the ‘Universal Method’ developed by Thermo-
Fisher, to extend the capabilities of mass analyser parallelization. The precursor ion
scan (full scan) was performed in the Orbitrap in the range of 400–1600m/z with a
resolution of 120,000 at 200m/z, an automatic gain control (AGC) target of 4 × 105
and an ion injection time of 50 ms. MS/MS spectra of doubly charged precursor
ions were acquired in the linear ion trap (IT) using rapid scan mode after collision-
induced dissociation (CID) fragmentation. A CID collision energy of 32% was
used, the AGC target was set to 2 × 103 and a 300 ms injection time was allowed.
Precursor ions with charge state 3–7 and with an intensity <5 × 105 were also
scheduled for analysis by CID/IT, as described above. Precursor ions with charge
state 3–7 and with an intensity >5 × 105 were, however, acquired in the Orbitrap
(FT) with a resolution of 30,000 at 200m/z after high-energy collisional dissocia-
tion (HCD). An HCD collision energy of 30% was used, the AGC target was set to
1 × 104 and a 40 ms injection time 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 within a ± 10 p.p.m. 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.

Mass spectrometry data analysis. All MS/MS spectra were analysed using Max-
Quant 1.5.1.739 and searched against a database of Bacteroides cellulosilyticus
MGS:158 (containing 4369 entries). Protein sequences were downloaded from
Uniprot on 10 May 2020. 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 acet-
ylation and deamidation of asparagine and glutamine were allowed as variable
modifications. A protein and peptide false discovery rate of less than 1% was

employed in MaxQuant. Proteins were confidently identified when they contained
at least two unique tryptic peptides. Proteins that contained similar peptides and
that could not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Reverse hits and contaminants were removed
before downstream analysis. Skyline 4.1.0.11796 was used for extraction of ion
chromatograms. Gene ontology enrichment was performed using PANTHER42
and subcellular protein localization prediction was performed using LocateP v243.

Cloning, expression and purification of recombinant proteins. The genes
associated with the PULs described in Baccell WH2 [BccellWH2_01926 (GH3),
BccellWH2_01931 (GH157), BaccellWH2_02537 (GH30_3)] and the proteins in
BT [BT3312 (GH30_3) and BT3314 (GH3)] were amplified from Baccell WH2 and
BT respectively using their genomic DNA as template and cloned into pET28a
(Novagen) using NheI and XhoI restriction sites for production and purification of
its encoded product facilitated by the incorporation with an N-terminal His6 tag
(Table 2S). For this, E. coli TOP10 cells (ThermoFisher Scientific) were used. The
recombinant construct was sequenced (Eurofins Genomics) to verify its genetic
integrity and then used to transform E. coli BL21 (DE3) expression cells (Thermo-
Fisher Scientific). Cells were cultured in Luria-Bertani (LB) medium containing
50 mg/ml kanamycin antibiotic to mid-log phase (A600nm of ~0.6). Protein
expression was induced by adding 0.1 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) to cells followed by growth overnight at 16 °C. The next day, cells were
harvested by centrifugation (4000 × g) and re-suspended in the Talon buffer
(20 mM Tris/HCl pH 8.0 plus 100 mM NaCl). Resuspended cells were disrupted
and centrifuged (16,000 × g) for 20 min at 4 °C, after which recombinant proteins
were purified from the resulting cell free extract by immobilised metal affinity
chromatography (IMAC) using TalonTM, a cobalt-based matrix. In the process, the
Cell Free Extract (CFE) was loaded on a column containing the Talon resin and
then washed with a Talon buffer. Another wash was performed with Talon buffer
containing 10 mM imidazole followed by recombinant protein elution with
100 mM imidazole. Purified proteins were then exchanged into a buffer of choice
by standard dialysis.

Enzyme kinetics and product profile. All enzyme assays, unless otherwise stated,
were carried out in a 20mM sodium phosphate buffer, pH 7.0, containing 150mM
NaCl and performed in triplicate. Assays were carried out at 37 °C employing 1 µM
each GH [BccellWH2_01926 (GH3), BccellWH2_01931 (GH157), BccellWH2_02537
(GH30_3), BcellWH2_02541 (GH2), BT3312 (GH30_3) and BT3314 (GH3)] in the
presence of 150 µM β-glucan. Aliquots were taken over a 16 h time course, and
samples and products were assessed by TLC and high-pressure anion exchange
chromatography (HPAEC) with pulsed amperometric detection (PAD). Sugars
(mono and short oligosaccharides) were separated on a Carbopac PA1 guard and
analytical column in an isocratic program of 100mM sodium hydroxide for 40min
and then with a 100% linear gradient of 500mM sodium acetate over 60min. Sugars
were detected using the carbohydrate standard quad waveform for electrochemical
detection at a gold working electrode with an Ag/AgCl pH reference electrode.

In the case of GH30_3 and GH157, polysaccharide hydrolysis was quantified
using a DNSA (dinitrosalicylic acid) reducing-sugar assay48. Assays were conducted
in a final volume of 1 ml at the optimum pH and 37 °C for 10min. Reactions were
terminated by the addition of an equal volume (1ml) of DNSA reagent. Colour was
developed by heating to 80 °C for 20min before reading A540. Glucose (25 to
150 µM) was used to generate a standard curve for quantitation. To determine
Michaelis-Menten parameters, different concentrations of polysaccharide solutions
were used over the range of 0.025 to 3mgml−1 with the appropriate concentration
of enzyme for 10min, and the numbers of reducing ends released were quantified as
described above. The values were plotted using linear regression giving kcat/Km as the
slope of the line.

In the case of GH3s and GH2, the enzymatic assay was measured in the
spectrophotometer at a wavelength of 340 nm measuring the releasing of glucose
by the couple assay kit from Megazyme (Dublin, Ireland) for glucose release
quantification.

Cross-feeding experiments. Before co-culture, Baccell WH2 and BT were grown
in brain–heart infusion (BHI, Sigma Aldrich, UK) and washed twice in PBS.
Monocultures of bifidobacterial strains were grown on Reinforced Clostridium
Media (Oxoid, Basingstoke UK) and washed in PBS before being used to inoculate
Minimal Media (MM) containing 1% Mycoprotein β-glucan11. Co-cultures were
grown in inoculate Minimal Media containing 1% Mycoprotein β-glucan and the
experiments were done in triplicate. Samples of 0.5 ml were taken at regular
intervals during growth, which were serially diluted and plated onto BHI with agar
and porcine haematin for determination of total CFUs per millilitre of the culture
(Baccell WH2 and BT) and onto Reinforced Clostridium Media with 0.05%
cysteine (for wild type bifidobacterial strains) and with 100 µg/ml erythromycin.
Lactiplantibacillus plantarum WCSF4 was routinary grown on MRS media (Mel-
ford, U.K.) supplemented with vancomycin 10 μg/ml. Each Monoculture of Bac-
teroides, Bifidobacterium or Lactiplantibacillus was also plated for determination of
CFUs per millilitre at intervals during cultivation.

Aliquots taken from mono and co-cultures were analysed by qPCR to quantify
the ratio of each bacterial species during cultivation amplifying the 16 S rRNA gene
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for each bacterium in the sample. We used specific primers (1 µM) for each
bacterium for this qPCR and is shown in Table 2S.

Sugars (mixed type of oligosaccharides from growth media) were separated on a
Carbopac PA200 guard and analytical column in an isocratic program of 100 mM
sodium hydroxide for 40 min and then with a 100% linear gradient of 500 mM
sodium acetate over a 60 min period. Sugars were detected using the carbohydrate
standard quad waveform for electrochemical detection at a gold working electrode
with an Ag/AgCl pH reference electrode.

Structural prediction with AlphaFold and Phyre2. 3-D structure of GH157
(BcellWH2_01931) was modelled using AlphaFold2 colab software We thank the
AlphaFold team for developing an excellent model and open sourcing the software
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb#scrollTo=UGUBLzB3C6WN). Bccell WH2_02537 (GH30_3)
model was obtained using Phyre2 server52. Structures were visualised using Pymol
(The PyMOL Molecular Graphic system, version 2.0 Schrodinger, LLC).

Metabolite analysis by high performance liquid chromatography (GC/MS).
HPLC analysis was used to assess SCFA production by (cross-feeding) Baccell
WH2 and Bi. Breve UCC2003. Growth medium supernatants from stationary
phase (co-cultures) were sterilized (0.45 μM filter, Costart Spin-X column) and
injected into an UltiMate® BioRS Thermo HPLC system (Thermo Fisher Scientific)
with a refractive index detector system. This system was used to identify and
calculate the production of acetate, lactate and butyrate as a result of carbohydrate
fermentation. Concentrations were calculated based on known standards. Non-
fermented medium containing LW-AG served as control. An Accucore™ C18
HPLC column was used and maintained at 65 °C. Elution was performed for
25 min using 10 mM H2SO4 solution at a constant flow rate of 0.6 ml min−1.

LC/MS of the oligosaccharides released by Baccell WH2 and BT. The sample
containing the oligosaccharides generated from the supernatant from Baccell WH2
and BT grown on β-glucan was diluted 1:10 (v/v) with Buffer B (85% acetonitrile/
15% 50 mM ammonium formate in water, pH 4.7) and 0.5 μl was analysed by
liquid chromatography–mass spectrometry analysis via elution from a ZIC-HILIC
(SeQuant, 3.5 μm, 200 Å, 150 × 0.3 mm, Merck) capillary column. The column was
connected to a NanoAcquity HPLC system (Waters) and heated to 35 °C with an
elution gradient as follows: 100% Buffer B for 5 min, followed by a gradient to 25%
Buffer B/75% Buffer A (50 mM ammonium formate in water, pH 4.7) over 40 min.
The flow rate was 50 μl min−1 and 10 column volumes of Buffer B equilibration
was performed between injections. MS data were collected using a Bruker Impact II
QT of mass spectrometer operated in positive ion mode, 50–2000m/z, with
capillary voltage and temperature settings of 2800 V and 200 °C respectively,
together with a drying gas flow and nebulizer pressure of 6 l min−1 and 0.4 bar. The
MS data were analysed using Compass DataAnalysis software (Bruker).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All proteomic data are deposited in PeptideAtlas (identifier PASS04831, raw data for
blank, glucose and mycoprotein β-glucan as carbon sources). All data generated during
this study are included in this published article (and its supplementary information files).
All source data underlying the graphs and charts can be found in Supplementary Data 1.
Original SDS gels are available in Fig. S5. Further raw data is available upon request.
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List of primers 

Bacteroides celulosyliticus WH2 

 Sequence (5’→3’) 

Bccell WH2_01926 (GH3) Forward: GCGGCGGCTAGCCAGGAAAAGGCAAATACC 

(% GC: 60, Melting Temperature: 76.2 °C) 

 

Reverse: GCGGCGCTCGAGCTATTGTAAGACAGTAAA 

(% GC: 50, Melting Temperature: 72.1 °C) 

 

Annealing temperature: 72 °C 

 

Bccell WH2_01931 (GH157) Forward: GCGGCGGCTAGCCAATTCAGTTCTTCTCCG 

(% GC: 60, Melting Temperature: 76.2 °C) 

 

Reverse: GCGGCGCTCGAGTCATGTCAGCAACATCTT 

(% GC: 57, Melting Temperature: 54.9 °C) 

 

Annealing temperature: 72 °C 

 

Bccell WH2_02537 (GH30_3) Forward: GCGGCGGCTAGCTGCGGATCGGACCACAAT 

(% GC: 67, Melting Temperature: 79 °C) 

 

Reverse: GCGGCGCTCGAGTTATTTCCACTTGAAAGA 

(% GC: 50, Melting Temperature: 72.1 °C) 

 

Annealing temperature: 72 °C 

 

Bccell WH2_02538 (unknown) Forward: GCGGCGGCTAGCGATGAGATTGACCAGTTC 

(% GC: 60, Melting Temperature: 76.2 °C) 

 

Reverse: GCGGCGCTCGAGTCATTCGCCCATTTCGTA  

(% GC: 60, Melting Temperature 76.2 °C) 

 

Annealing temperature: 72 °C 

 

Bccell WH2_02541 (GH2) Forward: GCGGCGGAATTCCAACATGAGAGCAAAACG 

(% GC: 53, Melting Temperature: 73.3 °C) 

 

Reverse: GCGGCGCTCGAGTTAATAAAGTTTCCTGAG 

(% GC: 52, Melting Temperature: 72.1 °C) 

 

Annealing temperature: 72 °C 

 

Primers for qPCR cross feeding Forward: AGCAGGCGGAATTCGATAAG 

(% GC: 50, Melting Temperature: 65 °C) 

 

Reverse: UGTGTACAGTGCCAGGCATAA 

(%GC: 48, Melting Temperature 66 °C) 

 

Annealing temperature: 66 °C 

 

Bacteroides thetaiotaomicron VPI 5482 

BT3312 (GH30_3) Forward: GCGGCGGCTAGCAATAGTGATGATGCGGAA 

(% GC: 57, Melting Temperature: 74,9 °C) 

 

Reverse: GCGGCGCTCGAGTTACTTTGACTTTGCCCAACG 



(% GC: 58, Melting Temperature: 77.8 °C) 

 

Annealing temperature: 72 °C 

BT3313 (unkown) Forward: GCGGCTAGCGATGACGAGTTCCTTCCC  

(% GC: 63, Melting Temperature: 74.4 °C) 

 

XhoReverse: GCGGCGCTCGAGTTACTTCTTCACAACAGA 

(% GC: 53, Melting Temperature: 73.3 °C) 

 

Annealing temperature: 72 °C 

 

BT3314 (GH3) Forward: GCGGCGGCTAGCCAGACACCAGTATATCTA 

(% GC: 57, Melting Temperature: 74.9 °C) 

 

Reverse: GCGGCGCTCGAGCTATCTCAACTCAAATGG 

(% GC: 57, Melting Temperature: 74.9 °C) 

 

Annealing temperature: 72 °C 

 

Primers for qPCR cross feeding Forward: AGGTGCAGGCAACCT 

(% GC: 60, Melting Temperature: 64 °C) 

 

Reverse: AATTCCCGTTCTCCATGTCC 

(% GC: 50, Melting Temperature: 65 °C) 

 

Annealing temperature: 65 °C 

 

Bifidobacterium breve UCC2003 

Bbr_0109 (GH1) Forward: GCGGCGGCTAGC ATGACATTCGTTTTTCCG 

(% GC: 57, Melting Temperature: 77 °C) 

 

Reverse: GCGGCGCTCGAG TCA GAT TCC TTC CTG GAT 

(% GC: 60, Melting Temperature: 79 °C) 

 

Annealing temperature: 72 °C 

 

Primers for qPCR cross feeding Forward: AGAGTTTGATCCTGGCTCAG 

(% GC: 50, Melting Temperature: 64 °C) 

 

Reverse: CTACGGCTACCTTGTTACGA 

(% GC: 50, Melting Temperature: 64 °C) 

 

Annealing temperature: 65 °C 

 

Bifidobacterium longum subsp. longum 

Primers for qPCR cross feeding Forward: AGAGTTTGATCCTGGCTCAG 

(% GC: 50, Melting Temperature: 64 °C) 

°C 

Reverse: CTACGGCTACCTTGTTACGA 

(% GC: 50, Melting Temperature: 64 °C) 

°C 

Annealing temperature: 65 °C 

 

Bifidobacterium longum subsp. infantis 

Primers for qPCR cross feeding Forward: AGAGTTTGATCCTGGCTCAG 

(% GC: 50, Melting Temperature: 64 °C) 

 

Reverse: CTACGGCTACCTTGTTACGA 



 

°(% GC: 50, Melting Temperature: 64 °C) 

 

Annealing temperature: 65 °C 

 

Lactiplantibacillus plantarum WCFS1 

Primers for qPCR cross feeding Forward: CACCGCTACACATGGAG 

(% GC: 59, Melting Temperature: 63 °C) 

 

Reverse: CCACCGCTACACATGGAGTTCCACT 

(% GC: 56, Melting Temperature: 73 °C) 

 

Annealing temperature 64 °C 
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