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ABSTRACT 

MICROBIAL UTILIZATION OF ARABINOGALACTAN AND EFFECTS ON 

HUMAN GUT MICROBIOTA IN RESPONSE TO BIFIDOBACTERIA 

SUPPLEMENTATION  

 

Yan Wang                                             Advisor: 

University of Guelph, 2020                     Professor G. LaPointe 

 

Arabinogalactan (AG) may improve the abundance of bifidobacteria and the concentration of 

butyrate in the gut. However, bifidobacteria prefer oligosaccharide utilization, thus most 

bifidobacteria are unable to utilize AG directly. Therefore, AG utilization by bifidobacteria 

requires the contribution of other gut bacteria. A better understanding of AG degradation by 

gut bacteria, and the interaction between bifidobacteria and other intestinal bacteria during AG 

fermentation is required. This research determined AG-degrading enzymatic functions from 

Bifidobacterium longum subsp. longum NCC 2705 and Bacteroides caccae ATCC 43185, and 

investigated metabolic interaction between these strains in the presence of AG. Moreover, the 

response of stabilized human fecal microbiota to B. longum subsp. longum BB536 

supplementation and fermentation of AG versus starch was compared in the Twin Mucosal 

Simulator of the Human Intestinal Microbial Ecosystem (TWIN-M-SHIME).  

 

The endo β-1,3/1,6-galactanases are the main enzymes for degrading the backbone of AG. 

These enzyme activities from both B. longum NCC 2705 and Bac. caccae ATCC 43185 strains 

were hindered by the arabinosyl side chains, which could not be degraded by extracellular α–

arabinofuranosidase and/or β-arabinopyranosidase enzymes from both strains. These results 

show why the breakdown of AG by B. longum NCC 2705 and Bac. caccae ATCC 43185 is 

limited in monoculture. In coculture, the growth of B. longum NCC 2705 can be stimulated by 

the partial breakdown products from AG that were released by Bac. caccae ATCC 43185. 

However, the growth and metabolism of Bac. caccae ATCC 43185 were inhibited by low pH 

due to the metabolism of B. longum NCC 2705. Therefore, the cooperation between 

bifidobacteria and Bacteroides species may not take place in the proximal colon where low pH 

conditions occur. In the TWIN-M-SHIME, fermentation of AG significantly increased the 



 

concentration of total short chain fatty acids, and the abundance of luminal Faecalibacterium 

prausnitzii. The combination of B. longum BB536 with AG stimulated butyrate production and 

increased the abundance of both luminal and mucosal F. prausnitzii in the transverse colon. 

These results suggest that combination of a potential prebiotic AG with B. longum BB536 could 

exert a beneficial synbiotic effects on human gut health through butyrate production.   

 

Keywords: arabinogalactan, Bifidobacteria longum, Bacteroides, galactanase, cooperation, 

gut microbiota, short chain fatty acids, Twin Mucosal Simulator of the Human Intestinal 

Microbial Ecosystem 
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FOREWORD 

This thesis is written in six chapters, which introduce the aims, objectives, approaches, findings 

and limitations of the research.    

 

Chapter 1 provides an introduction, hypotheses and objectives of the overall research.  

  

Chapter 2 presents a literature review on the gut microbiota and microbial metabolism of 

dietary fiber. Moreover, the advantages and disadvantages of each in vitro gastrointestinal 

model are reviewed. Part of this chapter has been published as Wang, Y., Guo, Q., Douglas 

Goff, H., and LaPointe, G. (2018) entitled “Oligosaccharides: structure, function and 

application” in Encyclopedia of Food Chemistry.  

    

Chapter 3 describes why Bifidobacterium longum subsp. longum NCC 2705 and Bacteroides 

caccae ATCC 43185 are unable to grow significantly on arabinogalactan (AG). However, an 

asymmetric interaction is observed between B. longum subsp. longum NCC 2705 and Bac. 

caccae ATCC 43185 when they were cocultured in the presence of AG. Analysis of 

carbohydrate degradation (section: 3.2.3) was completed with assistance of Dr. Ajila 

Matheyambath. Quantification of metabolites (section: 3.2.6) was completed with assistance 

of Ives Ivusic Polic. All additional experiments were performed by the author, Yan Wang. This 

chapter has been published as Yan Wang and Gisèle LaPointe (2020) entitled “Arabinogalactan 

Utilization by Bifidobacteria longum subsp. longum NCC 2705 and Bacteroides caccae ATCC 

43185 in Monoculture and Coculture” in the journal “Microorganisms”. 

 

Chapter 4 introduces isolation of AG-degrading bacteria from human feces. The isolated Bac. 

thetaiotaomicron shows a high degrading ability of AG, compared to B. longum subsp. longum 

NCC 2705 and Bac. caccae ATCC 43185. This section contains experiments completed 

primarily by Yan Wang with help from Dr. Yafei. Liu and Ives Ivusic Polic. 

 

Chapter 5 shows the response of stabilized human fecal microbiota to bifidobacteria 

supplementation and fermentation of AG versus starch. The combination of B. longum subsp. 
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longum BB536 and AG is more efficient in increasing butyrate production and the abundance 

of butyrate-producing bacteria, such as Faecalibacterium prausnitzii. SHIME equipment setup 

and running were completed with assistance of Dr. Yafei Liu, Dr. Ajila Matheyambath, and 

Ives Ivusic Polic. The NMR data analysis carried out by Ives Ivusic Polic and presented in 

section 5.2.5. All additional experiments were completed and analyzed by Yan Wang. This 

manuscript is in preparation for submission to Gut Microbiome.  

 

Chapter 6 presents a general discussion and overall conclusions of the research. Furthermore, 

the limitations to this study and future directions are provided.  

 

Financial support of this research was provided by the NSERC/Dairy Farmers of Ontario 

Industrial Research Chair in Dairy Microbiology (G. LaPointe).  
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Chapter 1. General introduction 

1.1 Introduction  
The human intestinal microbiota is highly diverse and abundant (Hugenholtz et al., 2013). The 

composition and metabolism of gut microbiota have a major impact on human health (Flint et 

al., 2007). These anaerobic gut bacteria primarily rely on the fermentation of dietary fiber that 

is undigested by human enzymes for growth, which results in producing short chain fatty acids 

(SCFAs) that play an important role in promoting intestinal health (Flint et al., 2015; Russell 

et al., 2013a). Butyrate especially shows anti-inflammatory, immunomodulatory and 

maintenance of the gut barrier effects (Rivière et al., 2016). Dietary fiber strongly influences 

the composition and metabolism of the gut microbiota due to the difference in bacterial 

degradation ability of substrates and tolerance of gut conditions (Flint et al., 2015). As gut 

bacteria strains vary in their dietary fiber degradation capacities and metabolism pathways, 

they can cooperate with each other through carbohydrate fragments or fermentation products 

such as SCFAs in the human gut (Rivière et al., 2016; Scott et al., 2013). 

 

Arabinogalactan (AG) as a potential prebiotic has been studied in both in vivo and in vitro 

(inoculation with fecal samples) studies in view of stimulating butyrate production and 

bifidobacteria presence in the gut microbiota (Daguet et al., 2016; Kelly, 1999; Terpend et al., 

2013; Yang et al., 2013). Bifidobacteria presence is often associated with beneficial health 

effects, such as improvement of immune function, reduction of allergic responses and 

enhancement of colonic integrity (van den Broek et al., 2008; O’Connell Motherway et al., 

2011). In healthy humans, alteration of the amount and primary species of bifidobacteria is 

associated with aging (Arboleya et al., 2016; Duncan and Flint, 2013). For instance, compared 

to the younger adult, the elderly have a lower abundance of bifidobacteria (Duncan and Flint, 

2013). One in vivo study reported that administration of Bifidobacterium can reduce the 

inflammatory status in the elderly (Ouwehand et al., 2008). Among bifidobacteria, 

Bifidobacterium longum is a dominant species in the healthy adult gut (Arboleya et al., 2016). 

The genome of B. longum theoretically contains genes coding for all enzymes that are required 

to degrade AG. However, most B. longum strains were unable to significantly grow on AG in 

pure culture (O’Connell Motherway et al., 2011). The observed bifidogenic effects of AG 



 

 2 

fermentation in the aforementioned studies are likely due to cross-feeding of the breakdown 

products of AG or fermentation products produced by other gut bacteria. However, the 

interaction between bifidobacteria and other gut bacteria during AG fermentation is still unclear, 

since gut bacteria do not exist in isolation in either the gut ecosystem or fecal samples. 

Furthermore, although most bifidobacteria are unable to directly degrade AG, the effects of 

bifidobacteria on the gut microbial fermentation of AG are still unknown.   

 

Recently, researchers have reported cooperation between two gut bacteria strains degrading 

specific oligosaccharides, using a simple batch fermentation model (Flint et al., 2012a; Rios-

Covian et al., 2015a; Rivière et al., 2015). Oligosaccharides with relatively small molecular 

weight (MW) and short degree of polymerization (DP) are mainly degraded in the proximal 

colon and result in a minor effect on the distal colon (Manning and Gibson, 2004; Van de Wiele 

et al., 2004). Dietary fibers with more complex structures, such as AG, may have site-specific 

fermentation by gut bacteria in the distal colon, which may result in beneficial effects on the 

distal colon (Daguet et al., 2016). A simple batch fermentation model will be helpful modeling 

to investigate the interaction between bifidobacteria and intestinal AG-degraders during AG 

fermentation in the gut, which may help to determine strain-specificity, functional enzyme 

activity, and short-term metabolic cooperation between these gut bacteria.  

 

However, any long-term cooperation between gut microbiota is unable to be observed in the 

simple batch models due to the accumulation of fermentation products and lack of nutrients 

(Moon et al., 2016). Furthermore, a batch model is only able to mimic one region of the lower 

digestive tract, not the upper digestive tract, such as stomach and small intestine (Williams et 

al., 2015). The Simulator of the Human Intestinal Microbial Ecosystem (SHIME) is able to 

simulate interdependent physiological functions within the entire gastrointestinal tract from 

stomach to distal colon (Venema and van den Abbeele, 2013). In addition, due to its proximity 

to the colon epithelium, the mucosal microbial community is also considered to play an 

important role in gut health (Liu et al., 2018). Addition of a mucosal phase to in vitro studies 

is important for studying both the luminal and mucosal microbial communities of each colon 

region simultaneously (Liu et al., 2018).  
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This work contributes to a better understanding of the interaction between B. longum and other 

gut bacterial species upon the fermentation of AG. Furthermore, the effects of a probiotic strain 

(B. longum subsp. longum BB536) combined with AG on the composition and metabolism of 

gut microbiota were investigated as well.  

 

1.2 Hypotheses and objectives  

The main hypotheses of this research are: 

1. The AG-degrading enzymes, such as b-galactanases, b-galactosidases, and a-

arabinosidases, from B. longum subsp. longum NCC 2705 may be unable to completely 

degrade AG. 

2. Bac. caccae ATCC 43185 will release breakdown carbohydrates from AG for B. longum 

subsp. longum NCC 2705 utilization in coculture. 

3. Although B. longum is unable to directly degrade AG, B. longum subsp. longum BB536 

supplementation may enhance the beneficial effects of AG, such as stimulation of butyrate 

production.  

 

To address these hypotheses, three principal objectives of the present research are presented 

below: 

 

First objective: AG utilization by B. longum subsp. longum NCC 2705 and Bac. caccae 

ATCC 43185 in monoculture and coculture 

1. To determine the theoretical AG degradation capacity of gut bacterial strains at the gene level 

via the NCBI, CAZymes database and previous work. B. longum subsp. longum NCC 2705 

and Bac. caccae ATCC 43185 were chosen for this study, since both strains encode genes that 

have not yet been functionally characterized in degrading AG by experimental studies. 

 

2. To determine the growth of B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 

43185 on AG, and the specific activities of AG-degrading enzymes, such as α-

arabinofuranosidase, β-arabinopyranosidase, β-galactosidase, and β-galactanase.  
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3. To study the interaction between B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 

43185 in the presence of AG. 

 

Second objective: Isolation and characterization of AG degrading bacteria from human 

feces 

4. To isolate and characterize AG-degrading bacteria from human feces.  

 

Third objective: Modulation of human gut microbiota composition and metabolism by 

AG and B. longum subsp. longum BB536 in SHIME  

5. To investigate the impact of AG and AG in combination with B. longum subsp. longum 

BB536 on gut microbial composition and metabolism in TWIN-M-SHIME inoculated with 

human fecal samples with undetectable bifidobacteria.  
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Chapter 2. Literature review 

2.1 The gut microbiota 

In the human large intestine, tens of trillions of microbes compose a highly complex ecosystem, 

known as the gut microbiota (Flint et al., 2007). The phyla of the gut microbiota in healthy 

adults mainly consist of Firmicutes, Bacteroidetes, and Actinobacteria, with Proteobacteria and 

Verrucomicrobia in lower abundance (Figure 2. 1) (Flint et al., 2012b; Walker et al., 2011). 

Compared to other main phyla, Firmicutes has the highest diversity, whereas Actinobacteria 

has the lowest diversity (Ndeh and Gilbert, 2018). There are ten core genera represented in 

Firmicutes, which include Blautia, Clostridium, Butyrivibrio, Coprococcus, Faecalibacterium, 

Eubacterium, Oscillibacter, Roseburia, Streptococcus, and Ruminococcus (Ndeh and Gilbert, 

2018). Bacteroides, Prevotella, Odoribacter, Alistipes, and Parabacteroides are the main 

representatives of Bacteroidetes, while Escherichia, Desulfovibrio, and Klebsiella are the 

major genera identified from Proteobacteria (Ndeh and Gilbert, 2018). Generally, a nearly 1:1 

ratio of Firmicutes to Bacteroidetes can be observed in the gut microbiota of healthy adults in 

Western society (Cockburn and Koropatkin, 2016). However, members of Firmicutes are found 

to be replaced by Bacteroidetes and Proteobacteria in the elderly colon (Duncan and Flint, 

2013). Many researchers reported that maintaining microbial balance is important to keep 

intestinal health (Duncan and Flint, 2013). For instance, an extreme ratio of Firmicutes to 

Bacteroidetes (20:1) was observed in obese humans (Cockburn and Koropatkin, 2016; Costello 

et al., 2009; Eckburg, 2005).  
 
The human colon is divided into three regions, ascending (AC), transverse (TC), and 

descending colons (DC), which harbor up to 1010-11, 1011-12, and 1012 bacteria cells per gram of 

intestine content, respectively (Figure 2. 1) (Moon et al., 2016). The tension of oxygen is 

sequentially lowered, whereas the pH is sequentially raised from ascending to distal colons 

(Flint et al., 2012b). The pH and oxygen conditions have important effects on the composition 

of gut bacteria in each colon region (van den Broek et al., 2008; Duncan et al., 2009). Many 

species of Firmicutes, which are Gram-positive and characterized with a low percentage of 

G+C, and Actinomycetes (high % G+C) show relatively greater acid tolerance, whereas the 

Bacteroides spp. has less acid tolerance (Duncan et al., 2009; Scott et al., 2008). Roseburia 
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species were able to grow at both pH 5.5 and 6.5, whereas the Bacteroides spp. failed to grow 

at pH 5.5 (Duncan et al., 2009; Flint et al., 2007; Walker et al., 2005).  

 

Furthermore, some mucin-localized bacteria are specialists for mucosal glycans (Figure 2. 1). 

Akkermansia muciniphila that preferentially resides in the mucin layer of the TC and DC 

consumes mucosal glycan and in turn enhances the mucosal barrier integrity due to the 

stimulation of additional mucin production (Cockburn and Koropatkin, 2016; Van den Abbeele 

et al., 2010). Although Bacteroides species can switch their metabolism to mucosal glycan 

degradation in the TC, they are still less capable of mucosal adhesion compared to Firmicutes 

(Van den Abbeele et al., 2010; Venema and van den Abbeele, 2013). In addition, the butyrate-

producing clostridia, such as Clostridium clusters IV and XIVa, are preferentially present in 

the mucin layer (Guo et al., 2020; Yamada et al., 2019). Bifidobacterium, Ruminococcus gnavus, 

and R. torques have also been reported to be mucin-adherent microbes (Ndeh and Gilbert, 

2018).   

 

 
Figure 2. 1. Main microbial phyla and populations in the lumen and mucin layer of the human 
large intestine (Cockburn and Koropatkin, 2016; D’Argenio and Salvatore, 2015; Fooks et al., 
1999; Guo et al., 2020; Liu et al., 2018; Moon et al., 2016; Ndeh and Gilbert, 2018; Scott et 
al., 2013; Van den Abbeele et al., 2010; Venema and van den Abbeele, 2013; Yamada et al., 
2019).  
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2.1.1 Probiotics 

Probiotics are “live microorganisms that, when administered in adequate amounts, confer a 

health benefit on the host”, as defined by Food and Agriculture Organization of the United 

Nations/World Health Organization (WFAO/WHO) (Hill et al., 2014). Probiotics have been 

mainly sourced from the gut or traditional fermented foods. The majority of probiotics sold and 

studied are currently limited to species of Lactobacillus, Lacticaseibacillus, Ligilactobacillus, 

Lactiplantibacillus, Limosilactobacillus, Bifidobacterium, and yeast (O’Toole et al., 2017; 

Varankovich et al., 2015; Zheng et al., 2020). Most known probiotics have been reported to be 

able to decrease pathogen growth in the gut by competing for energy source and/or reducing 

environment pH due to lactic acid and short chain fatty acids (SCFAs) production (El Hage et 

al., 2017). For instance, an in vitro study using the Simulator of the Human Intestinal Microbial 

Ecosystem (SHIME) showed that Lactobacillus acidophilus supplementation significant 

increased SCFAs production (Sivieri et al., 2013).  

 

Bifidobacteria are high G+C, Gram-positive, anaerobic, saccharolytic bacteria belonging to 

Actinobacteria (Rivière et al., 2016; Ventura et al., 2014). The optimal pH for bifidobacteria 

growth is 6.5-7.0 (Delcenserie et al., 2013; Kailasapathy and Chin, 2000). A pH below 4.5 or 

above 8.5 may inhibit bifidobacteria growth (Delcenserie et al., 2013; Kailasapathy and Chin, 

2000).  

 

Bifidobacteria can mostly colonize the lower gastrointestinal track (GIT), which is the region 

poor in digestible and simple sugars (Schell et al., 2002). Therefore, on average over 12% of 

the annotated open reading frames (ORF) within bifidobacterial genomes is dedicated to 

carbohydrate metabolism (O’Callaghan and van Sinderen, 2016). Bifidobacteria metabolize 

hexose sugar (e.g., fructose and glucose) in the cytoplasm via a unique metabolic pathway, 

which termed as the bifid shunt (Rivière et al., 2016). The fructose-6-phosphoketolase plays a 

key role in the bifid shunt. Compared to other metabolic pathways, such as those operating in 

homofermentative (glycolysis: 2 moles of ATP) and heterofermentative (phosphoketolase 

pathway: 1 moles of ATP) lactic acid bacteria, the bifid shunt allows bifidobacteria to provide 
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more ATP (2.5 moles) from 1 mole of fermented glucose (Gänzle, 2015; Kandler, 1983; Khalid, 

2011; Pokusaeva et al., 2011). Pentose sugar (e.g., arabinose and xylose) can be converted into 

xylulose 5-phosphate and be metabolized through the bifid shunt (Egan and Van Sinderen, 

2018; Rivière et al., 2016). Bifidobacteria have limited capacity to utilize high molecular 

weight (MW) polysaccharides (Crociani et al., 1994). For instance, only 8 of 55 bifidobacterial 

strains were able to utilize long-chain inulin in pure culture (Rossi et al., 2005). 

 

Although bifidobacteria represent only 3-6% of the total microbial population in the adult gut 

(Turroni et al., 2009), their presence is often associated with beneficial health effects, such as 

the reduction of cholesterol, prevention of diarrhea, improvement of immune function and 

mineral absorption, and production of vitamins (van den Broek et al., 2008). Normally, in 

healthy humans, alteration of the relative abundance and species composition of bifidobacteria 

is linked to aging (Arboleya et al., 2016; Duncan and Flint, 2013). Compared to younger adults, 

a lower abundance of bifidobacteria is observed in the elderly (Duncan and Flint, 2013). In 

general, B. longum, B. breve, and B. bifidum are dominant in infants, while B. catenulatum, B. 

adolescentis and B. longum are abundant in adults (Arboleya et al., 2016). One study 

determined 42 fecal samples from healthy Belgian adults; among bifidobacterial species, B. 

longum, B. adolescentis, and B. catenulatum were present in 90%, 79% and 38%, respectively 

(Rivière et al., 2016).  

 

Recently, a new generation of potential probiotic strains, such as Faecalibacterium prausnitzii 

and A. muciniphila that were isolated from human gut microbiota, has been proposed (Patel 

and DuPont, 2015). A. muciniphila belongs to Verrucomicrobia and accounts for 3-5% of the 

gut microbiota in healthy adults (Cani and de Vos, 2017; Everard et al., 2013). The abundance 

of A. muciniphila is decreased in individuals who are obese with associated metabolic disorders 

or have type II diabetes (Cani and de Vos, 2017; Cockburn and Koropatkin, 2016; Everard et 

al., 2013; Larsen et al., 2010; Shin et al., 2014; Van den Abbeele et al., 2010). A. muciniphila 

has been reported to play an important role in enhancing the gut barrier function (Cockburn 

and Koropatkin, 2016; Everard et al., 2013). F. prausnitzii belongs to Firmicutes and represents 

approximately 5% of the gut microbiota in healthy subjects. F. prausnitzii, as an indicator of 
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intestinal health, showed low prevalence in many patients with intestinal disorders, such as 

inflammatory bowel disease (IBD) and Ileal Crohn’s disease (Flint et al., 2012b; Miquel et al., 

2013). Furthermore, F. prausnitzii is a major butyrate producer and possesses anti-

inflammatory activities (Flint et al., 2012b; Rajilić-Stojanović and de Vos, 2014).  

 

2.2 Dietary fiber 

2.2.1 Definition of dietary fiber 

Dietary fiber has been shown to have a wide range of beneficial effects on human health, such 

as relief of constipation or diarrhea, modulation of gut microbiota populations, and 

improvement of SCFAs production (Eswaran et al., 2013). Although many institutions, such as 

the American Association of Cereal Chemists (AACC), the Codex Alimentarius Commission 

(CAC), the Food and Nutrition Board (FNB), the European Commission (EC), and Food 

Standards Australia and New Zealand (FSANZ), have defined dietary fiber with subtle 

differences, the universally accepted definition of dietary fiber is “the group of carbohydrates 

(and lignin) that is not digested and absorbed in the small intestine due to limited carbohydrate 

active enzymes in human cells, but partially or completely fermented by the gut microbiota” 

(Eswaran et al., 2013; Fuller et al., 2016; Hamaker and Tuncil, 2014; Sarbini and Rastall, 2011). 

The National Academy of Sciences Institute of Medicine recommends that 20-35 g of dietary 

fiber should be consumed per day for adults (Eswaran et al., 2013). However, only around 5% 

of populations consuming Western diets intake the recommended level of dietary fiber 

(Lambeau and McRorie, 2017). Furthermore, the elderly consume less fiber than the younger 

population due to weakly tooth and reduced taste sensation (Duncan and Flint, 2013; Flint et 

al., 2012b).  

 

2.2.2 Types of dietary fiber  

Dietary fiber includes non-digestible oligosaccharides, non-starch polysaccharides, and other 

carbohydrates such as resistant starch (RS) and gums (Hugenholtz et al., 2013). The non-starch 

polysaccharides include cellulose, hemicellulose, and pectin, which have more complex 

structures than non-digestible oligosaccharides (Hugenholtz et al., 2013).  
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Dietary fiber has also been classified into soluble (e.g., inulin, pectin) and insoluble (e.g., 

cellulose, lignin, wheat bran) fibers (Eswaran et al., 2013). Both soluble and insoluble fibers 

have positive effects on increasing fecal bulking and water content, but through different 

mechanisms (Figure 2. 2) (Eswaran et al., 2013). Soluble non-viscous fiber, such as inulin, is 

mostly fermented in the colon, which increases fecal biomass (Eswaran et al., 2013; McRorie 

and Chey, 2016; Morel et al., 2001). The water content of stool can be modulated by soluble 

viscous fibers, such as methylcellulose and psyllium, due to their high water holding (gelling) 

capacity (Eswaran et al., 2013; Marlett and Fischer, 2003; Mcrorie et al., 1998). Insoluble fiber 

is minimally fermented in the colon but able to stimulate gut mucosal secretion and intestine 

peristalsis (Eswaran et al., 2013; Hugenholtz et al., 2013).  

 

2.2.3 Impact of dietary fiber on gut microbiota composition 

Some non-digestible oligosaccharides are prebiotics, meaning they are selectively fermented 

by a limited number of gut bacteria, such as Bifidobacterium, and may promote human health 

by increasing the populations of beneficial microbes and/or their metabolic activity (Mussatto 

and Mancilha, 2007; Rivière et al., 2016; Sarbini and Rastall, 2011). The well-known prebiotics 

such as fructooligosaccharides (FOS), galactooligosaccharides (GOS) and 

xylooligosaccharides (XOS) have been shown to increase bifidobacteria populations (Duncan 

and Flint, 2013; Gibson and Roberfroid, 1995; Sarbini and Rastall, 2011). This can improve 

human health by increasing fecal dry weight and producing more vitamins of the B group and 

nicotinic acid (Mussatto and Mancilha, 2007; Sarbini and Rastall, 2011). However, some 

prebiotics may also influence the non-target bacteria in the gut microbial community, in 

addition to the targeted bacteria whose increased abundance is assumed to confer a health 

benefit (Flint et al., 2007). For instance, inulin has been shown to increase the abundance of 

groups of bacteria besides bifidobacteria in an in vivo study (Apajalahti et al., 2002; Kleessen 

et al., 2001). Since there is insufficient knowledge on the substrate preferences of the majority 

of gut bacteria and the cooperation within gut microbiota communities, which other bacteria 

species will be stimulated by specific prebiotics is still unclear (Flint et al., 2007).  

 

Non-starch polysaccharides and other carbohydrates may be fermented by a range of gut 
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bacteria (Hugenholtz et al., 2013). An in vivo study showed that Anaeroplasma, Anaerostipes, 

and Roseburia increased but Alistipes and Bacteroides spp. decreased in the fecal microbiota 

when apple pectin was fed to rats for 4 weeks (Hamaker and Tuncil, 2014). Furthermore, fecal 

samples have been used in in vitro studies to determine how non-starch polysaccharides 

modulate the human gut microbiota. In one study, among eight most abundant Bacteroides spp. 

detected, two were stimulated by inulin and six were stimulated by pectin. Eubacterium eligens 

was strongly stimulated by pectin, while several other Eubacterium species were promoted by 

inulin (Chung et al., 2016). The results suggest that within the same phylum, gut bacteria 

species can be selective toward dietary fibers. 

 

There are two major mechanisms for the modulation of gut microbiota composition by dietary 

fiber (Flint et al., 2015). Firstly, gut bacteria vary in their metabolic processes, and thus in their 

ability to degrade dietary fiber (Hamaker and Tuncil, 2014; Sarbini and Rastall, 2011). 

Secondly, gut bacteria vary in their tolerance to the changed gut environment conditions, such 

as pH, by dietary fiber fermentation (Flint et al., 2015). Changes in the type and quantity of 

dietary fiber may modulate both the bacterial populations and metabolite production in the 

lower regions of the GIT (Flint et al., 2007). However, both in vivo and in vitro (fecal inoculum) 

approaches still could not explain the dietary fiber utilization capabilities and cooperation 

abilities of specific gut bacteria strains. This is primarily because the gut bacteria do not exist 

in isolation in the gut ecosystem or in fecal samples.  
 
2.2.4 Metabolite production from dietary fiber  

Dietary fiber is fermented by gut bacteria in the small and large intestines as energy sources 

(Scott et al., 2008). In the cytoplasm, hexose and pentose monosaccharides are metabolized by 

gut bacteria mainly via glycolytic and pentose phosphate pathway, respectively (Egan and Van 

Sinderen, 2018; Hugenholtz et al., 2013). The pyruvate that is produced from the metabolism 

of hexose and pentose sugars by the majority of the gut bacteria is the main precursor for 

SCFAs (Louis et al., 2014). The major products of carbohydrate fermentation are SCFAs that 

show a number of positive health effects (Gullón et al., 2013). For instance, the pH in the colon 

decreases through SCFAs production, which can inhibit the growth of pathogenic bacteria as 
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well as increase mineral absorption by an osmotic effect (Mussatto and Mancilha, 2007). 

Furthermore, SCFAs also exert anti-inflammatory action and is implicated in the regulation of 

lipogenesis, contributing to other beneficial effects on human health (Flint et al., 2015). In 

general, the three major detectable SCFAs in feces are acetate, propionate, and butyrate in 

approximate molar ratios of 3:1:1 (Flint et al., 2012b; Gibson and Roberfroid, 1995). Acetate 

can be used as an energy source by the host cells, whereas propionate not only acts as energy 

substrate for the gut epithelium but is able to reach the liver and shows positive effects on 

glycaemic control and lowering cholesterol (Terpend et al., 2013). Butyrate is the preferred 

energy source for epithelial cells, stimulating colonic epithelial cell growth and increasing salt 

and water absorption, thus relieving constipation (Mussatto and Mancilha, 2007; Rivière et al., 

2016). Moreover, butyrate inhibits the proliferation of colorectal cancer cells and changes 

cancerous cells to a normal cell type (Lim et al., 2005). 

 

The quantity and ratio of SCFAs produced vary with the metabolism of each gut bacterial 

species and carbohydrate state (Degnan and Macfarlane, 1995a; Flint et al., 2015). Bacteroides 

produces acetate, succinate, and propionate; Bifidobacterium produces acetate, lactate, and 

formate (Sarbini and Rastall, 2011). In a carbohydrate limited environment, Bifidobacterium 

produces more formate, since extra ATP can be formed. In contrast, lactate is produced more 

by bifidobacteria when fermentable carbohydrate is in excess (Degnan and Macfarlane, 1995a). 

Variation of the concentration and ratio of SCFAs is also observed in between colon regions 

(Scott et al., 2008). In the proximal colon, widely available carbohydrate provides an energy-

rich environment for bacterial utilization, which results in low pH due to the production of 

SCFAs. A slightly acidic environment shows a strongly butyrogenic effect on butyrate 

producers (Walker et al., 2005). Therefore, compared to the distal colon, a higher concentration 

of total SCFAs and butyrate is showed in the proximal colon.  
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Figure 2. 2. Schematic diagram showing the effects of dietary fiber on gut transit and other 
parameters in the colon (Cockburn and Koropatkin, 2016; Eswaran et al., 2013; Flint et al., 
2012b; Scott et al., 2008, 2013).  

 

2.3 Microbial metabolism of dietary fiber 

2.3.1 Carbohydrate-active enzymes (CAZymes) and their role in dietary fiber digestion 

The glycosidic bonds that link carbohydrates or a carbohydrate and a non-carbohydrate unit 

can be mainly cleaved by two types of CAZymes, which are glycoside hydrolase (GH) and 

polysaccharide lyase (PL) (Henrissat, 1991; Koropatkin et al., 2012). The GH and PL families 

cleave glycosidic bonds through hydrolysis and elimination mechanisms, respectively 

(Kaoutari et al., 2013). Currently, 167 families of GHs and 40 families of PLs have been 
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classified and listed in the CAZymes database. However, the limitation is that the same 

enzymatic activity may be sorted into different enzyme families, or different enzymatic 

activities may be in one enzyme family, since these enzyme families are classified based on 

amino acid sequence of the proteins (Hamaker and Tuncil, 2014).  

 

Generally, the more complex the structure of a dietary fiber, the more enzymes are required for 

digestion (Hamaker and Tuncil, 2014; Kaoutari et al., 2013). The polysaccharide utilization 

loci (PUL) can be encoded in multigene loci by Bacteroidetes and Firmicutes for degrading 

one or more specific glycans (Kaoutari et al., 2013; Sheridan et al., 2016). The PUL may 

contain regulator, carbohydrate-binding, CAZymes, and carbohydrate import genes (Cockburn 

and Koropatkin, 2016). The first PUL that was found in Bac. thetaiotaomicron is a starch 

utilization system (Sus) (Cockburn and Koropatkin, 2016). The Sus as a paradigm shows the 

utilization of a range of polysaccharides by diverse species of Bacteroidetes (Martens et al., 

2009). In total, 88 PULs that resemble the Sus cluster are encoded by the genome of Bac. 

thetaiotaomicron strains (White et al., 2014). Among them, 10 PULs are associated with pectic 

polysaccharide utilization (White et al., 2014). 

 

2.3.2 The distribution of CAZymes in the microbiota 

The three major phyla in the healthy adult human gut, Gram-negative Bacteroidetes and Gram-

positive Firmicutes and Actinobacteria, possess an abundance and variety of CAZymes 

(Kaoutari et al., 2013; Russell et al., 2013b). For instance, there are typically 200-350 GH and 

PL encoded by the genomes of Bacteroidetes, and less than 200 GH and PL encoded by the 

genomes of Firmicutes (White et al., 2014). Bifidobacterium has been reported to have over 8% 

of the genome dedicated to carbohydrate metabolism (Pokusaeva et al., 2011). This reflects 

that these gut bacteria have high diet- and host-derived glycan utilization capability (White et 

al., 2014). However, most enzymatic functions that have been published in the CAZymes 

database have only been predicted at the gene level, meaning these enzymes have not been 

characterized by experimental studies so far. 

 

The internal or cell-bound enzymatic degradation is more efficient than the extracellular 
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degradation in a highly competitive gut ecosystem (Rivière et al., 2016; Sarbini and Rastall, 

2011). The surface carbohydrate-binding protein can recognize and combine specific 

carbohydrate for further hydrolysis or transport (Cockburn and Koropatkin, 2016; Fujita et al., 

2014). Substrate with a high degree of polymerization (DP) is unable to be internalized for 

utilization by bacteria (Cockburn and Koropatkin, 2016; Kaoutari et al., 2013). Therefore, 

extracellular enzymes are required to degrade dietary fiber outside the cell (Kaoutari et al., 

2013). One study compared the CAZymes genes in reference strains belonging to Bacteroidetes, 

Firmicutes, and Actinobacteria phyla (Table 2. 1) (Kaoutari et al., 2013). The results showed 

that, compared to Firmicutes and Actinobacteria, Bacteroidetes had a higher number of GH 

and PL family genes. Furthermore, 81% of the GH and PL family genes in Bacteroidetes 

contain a signal peptide for secretion. In prokaryotic cells, the proteins that contain a signal 

peptide may be allowed entry into the secretory pathway (von Heijne, 1990). The secreted 

enzymes by Gram-negative bacteria are targeted to either the periplasm or the exterior 

(Kaoutari et al., 2013). However, a substantial number of proteins encoded by the PUL of 

Bacteroidetes are surface proteins (Cockburn and Koropatkin, 2016). All exported enzymes by 

Gram-positive bacteria are targeted to the exterior, since they do not have a periplasmic space 

(Kaoutari et al., 2013). It has previously been reported that Bacteroidetes is able to ferment 

both mono- and polysaccharides, whereas the Firmicutes and Actinobacteria are more limited 

to polysaccharide fermentation (Cockburn and Koropatkin, 2016; Degnan and Macfarlane, 

1995a; Flint et al., 2015). Furthermore, many studies have reported that Bacteroides is not 

efficient at transporting carbohydrate fragments into the cells after extracellular degradation 

(Degnan and Macfarlane, 1995a). This suggests that internalizing carbohydrate fragments 

would be a strategy for other gut bacteria to compete with Bacteroides for substrate. 
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Table 2. 1. Glycoside hydrolase, polysaccharide lyase and signal peptide genes in the three phyla of gut microbiota (Kaoutari et al., 2013). 

Phylum Number of 

Genomes 

GH 

genes 

PL 

genes 

Mean GH and PL 

genes per genome 

Signal peptide containing 

GHs and PLs 

Percentage of signal peptide 

containing GHs and PLs 

Bacteroidetes  29 3,781 195 137.1 3,222 81% 

Firmicutes 104 4,050 69 39.6 784 19% 

Actinobacteria 12 351 1 29.3 57 16% 
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2.3.3 The structure of dietary fiber affects their degradation by gut microbiota 

There are many structural factors, such as monomeric saccharide composition, molecular size 

and glycosidic linkages, that affect the selective degradation of dietary fiber by gut bacteria at 

the strain level (Hamaker and Tuncil, 2014; Larsen et al., 2019; Sarbini and Rastall, 2011). For 

instance, the α-linkage of glucosyl-glucose has higher selectivity than that of galactosyl-

galactose, but for β-linkages, the selectivity order is opposite (Sarbini and Rastall, 2011). 

Compared to β-1,4 linkages, β-1,3 and β-1,6 linkages are faster cleaved by β-galactosidase of 

B. bifidum (Dumortier et al., 1994). Furthermore, MW or DP of dietary fiber can also influence 

the selective fermentation of dietary fiber (Sarbini and Rastall, 2011). Oligosaccharides with 

low MW or DP are more selectively fermented than those of high MW or DP by bifidobacteria. 

This is because compared to oligosaccharides with high MW or DP at the same concentration, 

the oligosaccharides with low MW or DP have more non-reducing ends that are preferentially 

attacked by the exo-glycanase produced by Bifidobacterium spp. (Sarbini and Rastall, 2011). 

However, non-digestible oligosaccharides with low MW or DP may cause rapid consumption 

before reaching the distal regions of the colon, thus leading to loss of its selective function 

(Sarbini and Rastall, 2011). For instance, isomalto-oligosaccharides with a DP of 3 show a 

higher prebiotic activity than with a DP of 2 for human fecal bifidobacteria (Kaneko et al., 

1994). 

 

2.3.4 Metabolic interaction between gut bacteria 

As gut bacteria strains vary in their dietary fiber degradation capacities and metabolism 

pathways, they can cross-feed each other through the carbohydrate fragments or fermentation 

products such as SCFAs in the human gut (Figure 2. 3) (Falony et al., 2006; Rivière et al., 

2016; Scott et al., 2013). For instance, F. prausnitzii and Eubacterium rectale are two dominant 

butyrate-producing species belonging to Clostridia clusters IV and XIVa, respectively (Flint 

et al., 2015). They grow better in the presence of acetate, and can convert acetate into butyrate 

via a butyryl CoA: acetate CoA transferase route at low pH (Scott et al., 2008). This transferase 

route is utilized by most of the known butyrate producers in the gut, whereas few gut bacteria 

produce butyrate via butyrate kinase pathway (Flint et al., 2015). Lactate is associated with 

certain gut disorders, which is produced by bifidobacteria as a major fermentation product 
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(Sarbini and Rastall, 2011). However, lactate can be utilized and converted into propionate by 

Megasphaera elsdenii or into butyrate by E. hallii (Flint et al., 2012b, 2015; Sarbini and Rastall, 

2011). Bacteroidetes can convert succinate to propionate via succinyl-, methylmalonyl-, and 

propionyl-coenzyme A (Macy et al., 1978; Rios-Covian et al., 2015b). Furthermore, 1,2-

propanediol that is produced from fermentation of deoxyhexose sugar (e.g., fucose and 

rhamnose) by some gut bacteria, such as Bac. thetaiotaomicron, B. breve, can be metabolized 

and converted into propanol and propionate by other gut bacteria, such as E. hallii (Cheng et 

al., 2020). 

 

Keystone species possess some rare dietary fiber degradation ability that is not easily replicated 

by other gut bacteria species (Ze et al., 2013). Therefore, although keystone species are 

generally present at relatively low abundances in the gut microbiota, these species exert a 

strong influence on substrate utilization (Cockburn and Koropatkin, 2016; Flint et al., 2015). 

For instance, one in vitro study reported that Ruminococcus bromii played a keystone role in 

the degradation of RS, as the RS was unable to be degraded by individuals who were lacking 

R. bromii in their gut microbiota (Ze et al., 2012). Furthermore, the keystone species show a 

strong correlation with the abundance of many other gut bacteria species (Cockburn and 

Koropatkin, 2016). Some keystone species are able to cross-feed other gut bacteria through the 

metabolism of nutrients (Ze et al., 2013). Some in vitro studies have shown that a number of 

gut bacteria that are unable to utilize RS, such as Bac. thetaiotaomicron, Eubacterium rectale, 

and Anaerostipes hadrus, are able to grow when they are cocultured with R. bromii in the 

culture with RS as the sole carbon source (Allen-Vercoe et al., 2012; Ze et al., 2012). 

 

Gut bacteria strains are able to mutually cross-feed each other when they degrade dietary fiber. 

One study reported that when B. longum subsp. longum NCC 2705 and E. rectale ATCC 33656 

were cocultured in the presence of arabinoxylan oligosaccharide (AXOS), the xylose that was 

released from AXOS by E. rectale ATCC 33656 was utilized by B. longum subsp. longum NCC 

2705; meanwhile the acetate that was produced by B. longum subsp. longum NCC 2705 can be 

converted into butyrate by E. rectale ATCC 33656 (Rivière et al., 2015).  
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In the gut ecosystem, the competition within gut microbiota should also be considered (Flint et 

al., 2007). For instance, B. longum LMG 11047 was able to consume the released fructose and 

oligo-fructose from inulin, and another strain, Bac. thetaiotaomicron LMG 11262, had high 

digestive ability of both oligo-fructose and inulin. When the two strains were co-cultured in a 

medium with inulin as the sole carbon source, the B. longum LMG 11047 was outcompeted by 

Bac. thetaiotaomicron LMG 11262, which became the predominant strain (Sarbini and Rastall, 

2011). This likely occurred because bifidobacteria have about 5% of their genome coding genes 

involved in carbohydrate internalization and prefer the transport of short chain 

oligosaccharides into the cell (Rivière et al., 2016). However, in another study, A. caccae DSM 

14662 and B. longum subsp. longum BB536 were co-cultured in the presence of oligo-fructose. 

The free fructose released by B. longum subsp. longum BB536 into the extracellular 

environment was fed to A. caccae DSM 14662, a strain without digestive ability of oligo-

fructose (Sarbini and Rastall, 2011). These observations indicate that cross-feeding interactions 

between bifidobacteria and other gut bacteria are often strain-dependent (Flint et al., 2015). 

 

 

Figure 2. 3. Microbial conversion of dietary fiber into SCFAs by gut bacteria in the gut (Cheng 
et al., 2020; Duncan et al., 2004; Flint et al., 2007, 2012b; Scott et al., 2008).  
Bla. hydrogenotrophica: Blautia hydrogenotrophica; M. formatexigenes: Marvinbryantia 
formatexigenes; F. prausnitzii: Faecalibacterium prausnitzii; E. rectale: Eubacterium rectale; 
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E. hallii: Eubacterium hallii; D. piger: Desulfovibrio piger. 
 

2.3.5 Arabinogalactan (AG) utilization by the gut microbiota  

2.3.5.1 Sources and structure of AG 

AG belongs to hemicellulose, and is present in a wide range of plants, such as larch wood, 

wheat grain, leek seed, carrot, pear, tomato, and radish maize (Broek et al., 2005; Ndeh and 

Gilbert, 2018). AG has been consumed by humans for thousands of years (Dion et al., 2016). 

The primary commercial source of AG is plants of the genus Larix, such as Larix occidentalis 

(western larch) (Kelly, 1999). In 1965, according to the findings from a variety of toxicity 

studies, larch AG was approved for direct addition to food by the Food and Drug 

Administration (Dion et al., 2016). Furthermore, larch AG gained the Generally Recognized 

As Safe (GRAS) notification in 2000, and after that it was widely available as ingredients in 

the food industry (Dion et al., 2016; Fujita et al., 2014).  

 

AG is also a constituent of pectin structure. Pectin is a soluble fiber, which is mostly found in 

fruits and vegetables (Flint et al., 2008; Fuller et al., 2016). In dicots and non-graminaceous 

monocots, approximately 35% of primary cell wall is pectin (Mohnen, 2008). Pectin is mainly 

made up of homogalacturonan (HG), rhamnogalacturonan I and II (RG I and II) (Gullón et al., 

2013). HG has a linear homopolymer backbone formed by a-1,4-D-galactopyranuronic acid 

units, which can be randomly esterified by methyl and/or acetyl units (Gullón et al., 2013). RG 

I has a heteropolymer backbone of repeating a-1,2-L-rhamnopyranosyl-a-1,4-D-

galactopyranuronic acid disaccharide units, with side chains that include arabinan, galactan and 

AG (Ndeh and Gilbert, 2018). RG II is made up of HG ramified with a high number of diverse 

saccharide residues and glycosidic linkages (Ndeh and Gilbert, 2018).    

 

AG is composed of two monomeric sugar units, D-galactose and L-arabinose, with traces of 

uronic acid (Dion et al., 2016). There are two types of AG, type I and type II, differing in their 

structures (Figure 2. 4) (Sakamoto et al., 2011). Type I AG that is typically found in fruits 

consists of a b-1,3 and 1,4 linked galactan backbone, whereas type II AG has a more complex 

structure consisting of a b-1,3 linked galactan backbone with b-1,6 linked galactan side chains 
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(Chung et al., 2017; Hinz et al., 2005a; Shimokawa et al., 2015). The backbone of type I AG 

and side chains of type II AG are substituted with a-arabinofuranose and/or little b-

arabinopyranose (Chung et al., 2017; Fujita et al., 2014; Sakamoto and Ishimaru, 2013; 

Shimokawa et al., 2015). However, the monosaccharide composition and MW of AG can vary 

due to differences in the extracted sources and extraction methods (Dion et al., 2016). The 

structural variations of this macromolecule may affect its biological properties, such as gut 

microbial fermentation and immune function (Daguet et al., 2016; Dion et al., 2016). 

 

2.3.5.2 Effects of AG on human health 

AG has been studied both in vivo and in vitro as a potential prebiotic in view of stimulating 

bifidobacteria and formation of butyrate in the gut (Kelly, 1999; Terpend et al., 2013; Yang et 

al., 2013). The majority of large bowel cancers occurred in the distal colon due to low 

concentrations of SCFAs but high concentrations of polyamines and ammonia in this region 

(Scott et al., 2008). Many of the currently used prebiotics are oligosaccharides with relatively 

small MW and short DP, and they are mostly degraded in the proximal colon where the gut 

microbiota has a saccharolytic metabolism (Terpend et al., 2013). This will result in minor 

effects in the distal colon where a proteolytic metabolism prevails (Macfarlane et al., 1992; 

Manning and Gibson, 2004; Van de Wiele et al., 2004). However, an in vitro study using the 

SHIME showed that AG was able to reach and was fermented in the distal colon, resulting in 

increasing abundance of F. prausnitzii, B. longum, and total Bifidobacterium spp.; and 

concentration of propionate and butyrate in the distal colon (Terpend et al., 2013). Furthermore, 

the effect of AG on the immune system has been reported in several in vitro and in vivo studies 

(Daguet et al., 2016; Dion et al., 2016).  
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A: type I AG 

 

B: type II AG 

 
Figure 2. 4. Structure of AG (A: type I AG; B: type II AG) and specific target sites of AG 
degrading enzymes (Fujita et al., 2014; Hinz et al., 2005a; Klyosov et al., 2008; Kotake et al., 
2011; Ling et al., 2009; Ndeh and Gilbert, 2018; Shimokawa et al., 2015). Blue hexagon: 
galactose; green pentagon: arabinofuranose; pink hexagon: arabinopyranose. 
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2.3.5.3 AG degradation by gut microbiota 

The main enzymes involved in AG degradation are shown in Table 2. 2 and Figure 2. 4. The 

distribution of these enzyme families in 40 selected bacterial strains across 3 phyla in the 

human gut is showed in Table 2. 3. Some enzymes that are produced by these bacterial strains 

have the potential to complement each other in degrading AG. For example, most Bacteroides 

and B. longum strains have galactanase genes, but some Firmicutes and B. bifidum strains lack 

genes encoding this enzyme. However, there are a number of genes that have not been 

functionally characterized by expression experiments.  

 

Previous in vitro studies showed that specific species of Bacteroides and Bifidobacterium were 

able to ferment larch wood AG, but the phyla Firmicutes cannot, such as Ruminococcus, 

Peptostreptococcus and Eubacterium species. Fujita et al. established the AG degradation 

process in B. longum species (Fujita et al., 2014). The proposed AG-degrading process is that 

since AG is a large molecule with a high DP, extracellular enzymes are required to cleave the 

backbone of AG for releasing degradation products with a smaller DP. These degradation 

products are internalized and further processed by intracellular enzymes. 

 

Endo- and exo-β-galactanases are the major degradation enzymes targeting the AG backbone. 

Endo-β-galactanases randomly cleave the backbone of AG to release GOS containing side 

chain modified with derivative sugar units (White et al., 2014). Exo-β-galactanases cleave the 

backbone of AG from the non-reducing end bypassing the side chains to consequently release 

galactose or derivative sugar units containing side chains (Fujita et al., 2019a). The endo-β-

1,4-galactanase and exo-b-1,3-galactanase have been cloned from B. longum species, and 

characterized by expression in Escherichia coli strains (Fujita et al., 2014; Hinz et al., 2005b). 

Both enzymes are extracellular, but are inhibited by arabinosyl side chains (Hinz et al., 2005b). 

The endo- and exo-β-1,3-galactanase that both belong to GH 43 subfamily 24 have been 

characterized from Bac. thetaiotaomicron (Cartmell et al., 2018). Exo-β-1,3-galactanase was 

inhibited by arabinosyl side chains, but there is no knowledge of whether endo-β-1,3-

galactanase is also inhibited by arabinosyl side chains.   
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The GOS released from AG can be transported into the bacteria or be degraded into galactose 

by β-galactosidase outside the cell. A total of nine β-galactosidase genes from B. bifidum, B. 

infantis and B. breve were isolated and characterized (Goulas et al., 2007; Møller et al., 2001; 

O’Connell Motherway et al., 2011). Among these β-galactosidase genes, two of them are 

predicted to produce extracellular enzymes, and seven of them are intracellular enzymes. One 

sodium-stimulated β-galactosidase has been characterized from B. longum species (Hsu et al., 

2006). However, the cellular location and substrate specificity of the enzyme have not been 

demonstrated. One exo-β-1,6-galactobiohydrolase that specifically released β-1,6-galactobiose 

from the non-reducing end of β-1,6-galactooligosaccharides has been characterized from B. 

longum subsp. longum (Fujita et al., 2019b). The enzyme activity was inhibited by arabinosyl 

side chains. 

 

There are three main energy-dependent sugar uptake mechanisms that have been characterized 

in bacteria, which include ATP-binding cassette (ABC) transporters, proton symporters of the 

major facilitator superfamily (MFS), and the phosphoenolpyruvate (PEP): sugar 

phosphotransferase systems (PTSs) (Liu et al., 2011). In general, the bifidobacterial genome 

encodes a higher amount of ABC-type transporter and proton symporter genes than PEP-PTS 

transport genes (Egan and Van Sinderen, 2018; Pokusaeva et al., 2011). For instance, B. longum 

subsp. longum NCC 2705 contains thirteen ABC-type transporters and three MFS transporters, 

but only one PEP-PTS system (Egan and Van Sinderen, 2018). A three gene cluster coding for 

an ABC-type uptake system for GOS has been shown in B. breve UCC 2003, which includes 

one GOS binding protein and two permease proteins (O’Connell Motherway et al., 2011). This 

gene cluster is highly similar to three genes (BL0260-0262) coded by the B. longum subsp. 

longum NCC 2705 genome. However, the three genes have been predicted as lactose ABC-

type permease in B. longum subsp. longum NCC 2705 (Parche et al., 2006). The substrate-

binding protein (locus tag BL0262) was induced by FOS, which likely indicated that other 

carbohydrates may be recognized by this ABC-type transporter (Parche et al., 2006). 

 

As mentioned above, arabinosyl side chains have negative effects on the endo- β-1,4-and exo-

β-1,3-galactanase and exo-β-1,6-galactobiohydrolase degradation of the backbone and 
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sidechain of AG. Therefore, additional enzymes such as extracellular α-arabinofuranosidase 

and β-arabinopyranosidase are required for removing arabinose side chains of AG. According 

to in silico analysis, a total of five a-arabinosidase genes are encoded by the genome of B. 

longum subsp. longum NCC 2705. Two of the extracellular α-arabinofuranosidase genes were 

induced in B. longum subsp. longum NCC 2705 when cocultured on (A)XOS with E. rectale 

ATCC 33656, and meanwhile three of the α–arabinofuranosidase genes were induced in E. 

rectale ATCC 33656 (Rivière et al., 2015). These probably indicate that B. longum subsp. 

longum NCC 2705 and E. rectale ATCC 33656 have α-arabinofuranosidase activity. However, 

these results represent gene expression, not enzyme activity (Fujita et al., 2019a). β-

arabinopyranosidase and a-arabinofuranosidase that could release arabinose from larch wood 

AG has been cloned from one strain of B. longum, and characterized by heterologous 

expression in E. coli (Fujita et al., 2019b; Shimokawa et al., 2015). β-arabinofuranosidase and 

a-arabinofuranosidase were recently characterized from Bac. thetaiotaomicron (Cartmell et al., 

2018). The enzymes could cleave arabinose from larch wood and wheat arabinogalactan 

proteins, respectively.  

 

The genes encoding AG degradative enzymes, such as exo-β-1,3-galactanase, exo-β-1,6-

galactobiohydrolase, and α-L-arabinofuranosidase, are conserved in all B. longum strains 

(Fujita et al., 2019b). Although the B. longum genome theoretically encodes all enzymes that 

are involved in AG degradation, one study reported that nine B. longum strains were incapable 

of significant growth on AG in pure culture (O’Connell Motherway et al., 2011). However, 

Bac. thetaiotaomicron, Bac. uniformis, Bac. cellulosilyticus, Bac. ovatus and Bac. caccae have 

been reported to be able to grow on AG (Ndeh and Gilbert, 2018). Furthermore, one study 

reported that the growth of Bifidobacterium was stimulated when cocultured with Bac. 

thetaiotaomicron in the presence of AG, suggesting that cross-feeding occurred between the 

two strains (Degnan and Macfarlane, 1995a). Therefore, the bifidogenic effect of AG likely 

requires the contribution of other gut bacteria species, such as Bacteroides spp. Furthermore, 

although bifidobacteria are unable to directly degrade AG, it is still unknown whether 

bifidobacteria can enhance the beneficial effect of AG.   
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Table 2. 2. The predicted AG degrading enzymes.  

Position Enzyme name  Enzyme ID GH 

Backbone Endo-b-1,4-galactanase 3.2.1.89 53 

 Endo-b-1,3-galactanase 3.2.1.181 16 

 Exo-b-1,4-galactanase 3.2.1.- 35 

 Exo-b-1,3-galactanase 3.2.1.145 43 

 b-1,3-galactosidase 3.2.1.- 35 

Sidechain Endo-b-1,6-galactanase 3.2.1.164 30 

 b-galactosidase 3.2.1.23 2; 35; 147 

42;147  Endo-a-1,5-L-arabinanase 3.2.1.99 43 

 Exo-a-1,5-L-arabinanase 3.2.1.- 43 

 a-L-arabinofuranosidase 3.2.1.55 2; 3; 43; 51 

  3.2.1.- 42 

 a-1,2-L-arabinofuranosidase 3.2.1.- 43 

 Exo-a-1,5-L-arabinofuranosidase 

dadfadfarabinofuranosidase 

arabinofuranosidase 

arabinofuranosidase 

arabinofuranosidase 

3.2.1.- 43 

 b-L-arabinopyranosidase 3.2.1.88 27 
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Table 2. 3. Distribution of enzyme families that contribute to the degradation of AG in 40 selected strains across major phyla in the human gut. 

Phylum Organism GH2 GH3 GH16 GH27 GH30 GH35 GH42 GH43 GH51 GH53 GH147 
B

ac
te

ro
id

et
es

 

Bacteroides caccae ATCC 43185 17 10 7 1 1 4 0 8 2 1 2 

Bacteroides fragilis BOB25 16 11 6 3 2 5 0 9 2 0 0 

Bacteroides intestinalis APC919/174 35 16 2 3 5 2 1 44 4 1 1 

Bacteroides ovatus ATCC 8483 37 21 4 3 5 2 1 35 4 1 1 

Bacteroides thetaiotaomicron VPI-5482 32 10 3 5 3 3 1 34 4 1 0 

Bacteroides thetaiotaomicron 7330 31 9 4 4 4 3 1 31 4 0 0 

Prevotella dentalis DSM3688 9 4 0 1 0 2 0 13 5 2 0 

Prevotella denticola F0289 2 1 1 1 0 0 0 2 0 1 0 

Prevotella fusca JCM 17724 W1435 5 1 1 1 0 0 0 0 0 0 0 

Prevotella intermedia 17-2 0 0 0 0 0 0 0 0 0 0 0 

Prevotella intermedia OMA14 1 0 0 0 0 0 0 0 0 0 0 

Prevotella melaninogenica ATCC 25845 4 1 2 2 0 0 0 0 0 0 0 

Prevotella enoeca F0113 4 2 0 0 0 1 0 0 0 0 0 

Prevotella ruminicola 23 10 12 2 1 0 2 0 20 7 2 0 

Fi
rm

ic
ut

es
 

Ruminococcus bromii L2-63 0 3 0 0 0 0 0 0 0 0 0 

Ruminococcus obeum A2-162 2 4 0 0 0 0 2 1 0 0 0 

Ruminococcus champanellensis 18P13 1 1 1 1 1 0 1 5 0 0 0 

Ruminococcus torques L2-14 2 4 0 0 0 0 0 0 0 0 0 

Roseburia hominis A2-183 6 5 0 1 0 0 1 5 2 5 0 

Roseburia intestinalis XB6B4 8 19 0 1 0 2 2 10 6 1 0 
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Phylum Organism GH2 GH3 GH16 GH27 GH30 GH35 GH42 GH43 GH51 GH53 GH147 
Fi

rm
ic

ut
es

 
Eubacterium rectale ATCC 33656 3 3 0 0 0 0 2 2 1 2 0 
Eubacterium rectale DSM 17629 3 4 0 0 0 0 2 2 1 2 0 

Eubacterium limosum KIST612 0 2 0 0 0 0 0 0 0 0 0 

Eubacterium sulci ATCC 35585 0 0 0 0 0 0 0 0 0 0 0 

Faecalibacterium prausnitzii L2-6 7 2 0 0 0 0 0 0 0 0 0 

Faecalibacterium prausnitzii SL3/3 7 2 0 0 0 0 0 1 0 0 0 

Blautia coccoides YL58 13 7 2 1 1 2 4 8 4 0 0 

Blautia hansenii DSM 20583 5 1 0 0 0 0 0 2 0 1 0 

Blautia obeum A2-162 2 4 0 0 0 0 2 1 0 0 0 

Blautia producta PMF1 20 11 1 1 1 2 7 12 5 1 0 

A
ct

in
ob

ac
te

ria
 

Bifidobacterium longum 105-A 3 5 0 1 2 0 3 16 5 1 0 

Bifidobacterium longum BG7 3 7 0 1 1 0 3 11 4 1 0 

Bifidobacterium longum NCC 2705 2 3 0 1 1 0 2 9 5 1 0 

Bifidobacterium bifidum ATCC29521 3 1 1 0 0 0 2 3 1 0 0 

Bifidobacterium bifidum BGN4 3 1 0 0 0 0 2 2 1 0 0 

Bifidobacterium bifidum S17 3 1 0 0 0 0 2 0 1 0 0 

Bifidobacterium animalis A6 2 3 0 0 0 0 2 3 1 0 0 

Bifidobacterium animalis RH 2 3 0 0 2 0 2 3 1 0 0 

Bifidobacterium adolescentis 22L 4 5 0 0 1 0 3 7 1 0 0 

Bifidobacterium adolescentis ATCC15703 3 6 0 1 1 1 4 7 2 0 0 

Data are summarized from the carbohydrate active enzymes (CAZY) website. 
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2.4 In vitro gastrointestinal models 

Some in vivo studies have reported that dietary fiber has an impact on the composition of gut 

microbiota and bacterial metabolites, thus having an effect on gut health (Duncan and Flint, 

2013; Flint et al., 2012b; Hugenholtz et al., 2013; Rivière et al., 2016). However, the 

conclusions of in vivo studies predominantly rely on end point results (Williams et al., 2015). 

This is because in in vivo studies, only samples from the extremities of the digestive tract can 

be determined, but the intermediate products are unable to be measured. For example, the 

production of SCFAs can only be determined in the fecal samples, whereas more than 95% of 

SCFAs produced have been absorbed by the gut (Hamer et al., 2008; Macfarlane and 

Macfarlane, 2011). Therefore, the concentration of metabolites in the feces does not really 

reflect their concentration along the entire gut.  

 

Compared to in vivo studies, in vitro models provide an easy, quick, and cost-effective approach 

that can investigate the entire GIT (Williams et al., 2015). In vitro models are able to provide 

stable cultivation for defining composition of gut microbiota and bacterial metabolites in a 

specific colon region at selected fermentation times. In vitro models are mainly sorted into 

three types, which include batch fermentation, continuous fermentation and artificial digestive 

models (Payne et al., 2012).  

 

2.4.1 Batch and fed-batch fermentation models 

Batch culture fermentation describes the growth of one or mixed bacteria strains in a bioreactor 

with selected medium and incubation under an appropriate condition (Payne et al., 2012). 

During fermentation period, no additional nutrients are supplied to the bioreactor nor the 

metabolites are removed until the end of the fermentation (Yamuna Rani and Ramachandra 

Rao, 1999). Because of its simplicity, batch culture is wildly used in investigating the 

compositional changes of gut bacteria and their metabolites produced from degrading specific 

substrates (Flint et al., 2015). Recently, researchers have reported cooperation among 

combinations of two gut bacteria strains degrading specific oligosaccharides, using batch 

fermentation models, such as mono-culture and co-culture experiments (Flint et al., 2012a; 

Rios-Covian et al., 2015a; Rivière et al., 2015). However, the batch fermentation model 
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typically only runs a short period due to nutrient depletion and accumulation of toxic bacterial 

metabolites (Macfarlane et al., 1992). For this reason, the batch fermentation model is usually 

used to elucidate distal colon function and metabolic activity (Williams et al., 2015). In fed-

batch fermentation models, one or more nutrients can be added to the bioreactor, but no 

metabolites are removed during the fermentation period (Yamuna Rani and Ramachandra Rao, 

1999). 

 

2.4.2 Continuous fermentation models 

Continuous fermentation models include single and multi-stage systems. They also can be 

adapted with pH, temperature, and flow rate of medium control (Williams et al., 2015). These 

models are usually performed for long-term fermentation studies owing to continual substrate 

replenishment and toxic product removal (Payne et al., 2012). Therefore, single continuous 

fermentation models are often used for simulating the proximal colon due to sufficient energy 

sources. Multi-stage continuous fermentation models are often used for simulating successive 

colon regions (Macfarlane and Macfarlane, 2007; Macfarlane et al., 1998).  

 

However, the bacterial populations of most continuous fermentation models are unstable due 

to the free-cell suspension state as a result of inoculating a liquid fecal sample (Cinquin et al., 

2004). The less competitive bacteria may be washed out during the experiments, resulting in 

time-limited experiments (Macfarlane et al., 1998; Patrick De Boever, Roel Wouters, Va, 2001). 

To address this disadvantage, immobilized fecal samples have been released into single stage 

or the first part of multi-stage continuous fermentation systems (Cinquin et al., 2006). The 

immobilized fecal beads may continually release bacteria to supply a high cell density, which 

allow an increase in the duration of continuous operation. 

 

2.4.3 Artificial digestive systems 

A typical novel colonic model includes digestion-fermentation-(absorption) systems, which 

can simulate interdependent physiological functions within the entire GIT. These systems 

provide a dynamic GIT environment by adding gastric and pancreatic juices, bile salts, 

peristaltic motility, and absorption capacities (Williams et al., 2015).  
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2.4.3.1 TNO intestinal model (TIM) 

TIM, which includes the small intestine model (TIM-1) and the proximal colon model (TIM-

2), is a multi-compartmental dynamic system. It simulates the upper GIT to investigate the 

effect of food substrate on gut microbiota (McNeil, 1984; Robert and Bernalier-Donadille, 

2003; Van den Abbeele et al., 2010). TIM-1 is equipped for mimicking functions of the stomach, 

duodenum, jejunum, and ileum, such as peristaltic movements, enzyme and bile salt secretion, 

pH control, and absorption capacities (Payne et al., 2012). After passing through the TIM-1, 

substrates with small MW may be removed (absorbed) by two 5 kDa dialysis membranes that 

are integrated next to the jejunum and ileum modules (Minekus et al., 1999). TIM-2 is equipped 

for mimicking functions of the proximal colon, such as peristaltic mixing, water and metabolite 

absorption using a 50 kDa membrane (Minekus et al., 1999). The TIM-1 and TIM-2 models 

also can be combined for use in pharmaceutical and nutritional studies (Moon et al., 2016; 

Payne et al., 2012). 

 

2.4.3.2 Simulator of the Human Intestinal Microbial Ecosystem (SHIME) 

SHIME model comprises five bioreactors with pH control in continuous series corresponding 

to the stomach, small intestine, and three colon regions that include AC, TC and DC (Figure 

2. 5) (Molly et al., 1993). The first two bioreactors simulate the process of ingestion and 

digestion occurring in the stomach and small intestine (Venema and van den Abbeele, 2013). 

The overall residence time of the last three bioreactors that mimic the large intestine is 72 h 

(Venema and van den Abbeele, 2013). After inoculation with fresh fecal samples into the last 

three bioreactors, an initial stabilization period of two weeks allows specific microbial 

adaptation in each colon region (Molly et al., 1993, 1994; Van den Abbeele et al., 2010). A 

steady state can be confirmed by consistent SCFA concentrations on three consecutive days 

(Williams et al., 2015). After reaching stabilization, it is usually followed by a two-week 

control period and a two- or three-week treatment period. Finally, a two-week washout period 

allows determining the reversibility of a treatment (Venema and van den Abbeele, 2013). 

 

An extension of the SHIME model has been called mucosal SHIME (M-SHIME) where mucin 
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beads are included in the SHIME system. The M-SHIME system is available to study bacterial 

behavior not only in the luminal phase but also in the mucosal phase (Liu et al., 2018). As 

mentioned above, the bacteria may be washed out during the experiments due to an unstable 

free-cell suspension state. However, the mucin beads harbor a unique microbiota, such as 

Firmicutes, and extend microbial colonization by preventing the washout of its adherent 

bacteria (Van den Abbeele et al., 2013). This probably is the reason why the abundance of 

Firmicutes was enriched in M-SHIME models, whereas the opposite results were showed in in 

vitro models without mucin (Makivuokko et al., 2005; Rajilić-Stojanović et al., 2010; Van den 

Abbeele et al., 2010).  

 

When two or several SHIME systems run in parallel, named as TWIN-SHIME to Quad-SHIME, 

it enables direct comparison of two or more treatments at the same time (Dupont et al., 2018). 

Previous studies have demonstrated that the TWIN-M-SHIME is able to reproduce a stable 

luminal and mucosal gut microbial community 10-20 days after inoculation and that these 

communities were similar to the fecal inoculum with differences in community structure 

between each colon region (Liu et al., 2018). In order to investigate microbial interaction with 

host cells during a long-term fermentation, the SHIME system may also be easily integrated 

with the host-microbiota interaction (HMI) model or incorporated epithelial cell lines 

(Marzorati et al., 2014; Venema and van den Abbeele, 2013). In addition, the absorptive process 

also can be simulated by integrating dialysis membranes to a SHIME system (Swiatecka and 

Mackie, 2015). 
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Figure 2. 5. The twin Simulator of the Human Intestinal Microbial Ecosystem (TWIN-M-
SHIME®) model (Canadian Research Institute for Food Safety, University of Guelph). 

 

2.4.3.3 SIMulator of the Gastro-Intestinal tract (SIMGI) 

The SIMGI model reproduces the entire GIT, which include stomach, small intestine and the 

three colon regions, and is equipped with peristaltic movements. The flow rates, pH, volumes, 

temperature, and pressure are automatically controlled (Dupont et al., 2018). The process of 

SIMGI is almost similar to SHIME. However, SIMGI has not yet incorporated devices to 

mimic the mucosal environment and intestinal absorption (Dupont et al., 2018). 

 

Since each gastrointestinal model has advantages and limitations, evaluation of the study 

objectives is important for selecting the appropriate model (Table 2. 4).  
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Table 2. 4. Comparison of parameters employed in various in vitro gastrointestinal models (Moon et al., 2016; Payne et al., 2012; Williams et al., 
2015).

In vitro model Target organ Vessel 

volume 

(mL) 

pH Running 

time 

Peristaltic 

pumping 

Absorption Mucus Cell 

line 

Advantages Limitations 

Batch fermentation Any region 

of GIT 

(usually 

DC) 

Varies Varies 

(usually 

6.8) 

<48 h No No No No Easy to set up, 

convenient for 

fermentation studies 

and especially 

substrate digestion and 

metabolites production 

assessment  

Short-term 

studies and 

weakness in 

microbiological 

control  

Continuous 

fermentation 

Single 

stage 

Any region 

of GIT 

(usually 

AC) 

Varies Varies 

(usually 

<6) 

Several 

days 

No No No No Continuous flow 

mimicking conditions 

found in portions of 

the colon; 

environmental 

parameters are well 

controlled 

No host 

functionality and 

experiments are 

time limited  

Multi-

stage 

AC; TC; 

DC 

80-120 5.5-6.8 Several 

days 

No No No No 

Artificial 

digestive 

system 

TIM-1 Stomach to 

ileum 

200 1.8-6.5 1 day Yes Yes No No Continuous flow with 

metabolites and water 

exchange mimicking 

conditions found in 
vivo 

No 

neuroendocrine 

and/or immune 

response 

TIM-2 AC 200 5.8 3 days Yes Yes No No 

(M)-

SHIME 

Stomach to 

colon 

300-

1,600 

2.0-7.0 Several 

weeks 

No Yes Yes Yes 

SIMGI Stomach to 

colon 

250-

400 

2.0-7.0 Several 

weeks 

Yes No No Yes 
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Chapter 3. Arabinogalactan utilization by Bifidobacterium longum subsp. longum NCC 
2705 and Bacteroides caccae ATCC 43185 in monoculture and coculture 

 

Abstract: Arabinogalactan (AG) has been studied as a potential prebiotic in view of 

stimulating bifidobacteria presence in the gut microbiota. However, bifidobacteria prefer 

fermentation of oligosaccharides to that of polysaccharides. The contribution of other gut 

bacteria may allow better growth of bifidobacteria on AG. b-galactanases and b-galactosidases 

are the main enzymes for the degradation of AG. Additional enzymes such as a-L-

arabinofuranosidase and b-L-arabinopyranosidase are required to remove the arabinose side 

chains. All of these predicted functions are encoded by the genomes of both Bifidobacterium 

longum subsp. longum NCC 2705 and Bacteroides caccae ATCC 43185. However, neither 

strain was able to grow significantly on AG, with 25% (B. longum subsp. longum NCC 2705) 

and 39% (Bac. caccae ATCC 43185) of AG degraded after 48 h fermentation, respectively. In 

this study, the b-galactanase, b-galactosidase, a-L-arabinofuranosidase, and b-L-

arabinopyranosidase from both strains were investigated. The extracellular b-galactosidases of 

both B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 were able to cleave 

the b-1,3; 1,4 and 1,6 linkages. However, the b-galactosidase activity of B. longum subsp. 

longum NCC 2705 was weaker for the b-1,4 linkage, compared with the b-1,3 and 1,6 linkages. 

The arabinose side chains of AG inhibited the cleavage of β-1,3 and 1,6 linkages by the endo-

b-galactanase from both strains, and partially inhibited the cleavage of b-1,4 linkages by the 

endo-b-1,4 galactanase from Bac. caccae ATCC 43185. The a-L-arabinofuranosidase and b-

L-arabinopyranosidase from both strains were unable to cleave arabinose from AG under the 

conditions used. These results show limited breakdown of AG by these two strains in 

monoculture. When cocultured with Bac. caccae ATCC 43185, B. longum subsp. longum NCC 

2705 grew significantly better than in monoculture on AG after 6 h of fermentation (P < 0.05). 

The coculture showed 48% AG degradation after 48 h of fermentation, along with reduced pH. 

Furthermore, compared to monoculture of Bac. caccae ATCC 43185, the concentration of 

succinate significantly increased from 0.01±0.01 mM to 4.41±0.61 mM, whereas propionate 

significantly decreased from 13.07±0.37 mM to 9.75±2.01 mM in the coculture (P < 0.05). 

These results suggest that the growth and metabolic activities of Bac. caccae ATCC 43185 
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were restrained in the coculture, as the pH decreased due to the metabolism of B. longum subsp. 

longum NCC 2705.  
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3.1 Introduction 

Colon microbes ferment dietary fiber to produce short chain fatty acids (SCFAs) that have 

many roles in promoting gut health (Cockburn and Koropatkin, 2016; Duncan et al., 2009). 

The ratio of SCFAs produced varies with the metabolism of each gut bacterial species and 

carbohydrate state (Degnan and Macfarlane, 1995a; Flint et al., 2015). The SCFAs may reduce 

pH in the colon and results in shifting of the composition of gut microbiota, which is 

determined by the acid tolerance of gut bacterial species (Flint et al., 2015). Many species of 

Firmicutes, which are Gram-positive and characterized with a low percentage of G+C, and 

Actinomycetes (high % G+C) show relatively greater acid tolerance, whereas the Bacteroides 

spp. has less acid tolerance (Duncan et al., 2009; Scott et al., 2008). 

 

Arabinogalactan (AG), which is a constituent of the pectin, has been studied both in vivo and 

in vitro as a potential prebiotic in view of stimulating bifidobacteria in the gut microbiota (Kelly, 

1999; Terpend et al., 2013; Yang et al., 2013). However, the enzyme functions for AG 

degradation in gut bacteria, even though predicted from genome analysis, are still poorly 

understood from a functional viewpoint. There are two structural types of AG, type I and type 

II (Sakamoto et al., 2011). Type I AG consists of a b-1,3 and 1,4 linked galactan backbone, 

whereas type II AG has a more complex structure consisting of a b-1,3 linked galactan 

backbone with b-1,6 linked galactan side chains (Chung et al., 2017; Shimokawa et al., 2015). 

In addition, the backbone of type I AG and side chains of type II AG are substituted with a-

arabinofuranose and/or, less frequently, b-arabinopyranose at the non-reducing terminus of 

side chains of both types of AG (Chung et al., 2017; Shimokawa et al., 2015). Gum arabic (GA) 

has a similar structure to type II AG, which includes a b-1,3 linked galactan backbone and b-

1,6 linked galactan side chains with some arabinose substitutions (Cartmell et al., 2018).   

 

AG can be utilized by many Bacteroides species, such as Bacteroides thetaiotaomicron, Bac. 

uniformis, Bac. cellulosilyticus, Bac. ovatus, and Bac. caccae, while Bac. distasonis, Bac. 

eggerthii and Bac. fragilis cannot (Degnan and Macfarlane, 1995a; Fujita et al., 2019a; Ndeh 

and Gilbert, 2018; Salyers et al., 1981). Bifidobacterium species prefer fermentation of 

oligomers of relatively short degree of polymerization (DP), such as fructooligosaccharides 
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(FOS) and galactooligosaccharides (GOS) (Pokusaeva et al., 2011). Furthermore, 

bifidobacteria also have the ability to degrade arabinoxylan oligosaccharides [(A)XOS], but 

this activity is strain-dependent (Rivière et al., 2014). Many in vitro studies reported that some 

gut bacteria cannot degrade specific polysaccharides by themselves but take advantage of the 

metabolic products of other gut bacteria (Hugenholtz et al., 2013). These products may be 

carbohydrate fragments and/or fermentation products such as SCFAs (Flint et al., 2007).  

 

b-galactanases are the main enzymes for degradation of the backbone of AG, resulting in the 

release of galactose and/or GOS. Two kinds of galactanases, exo-b-1,3-galactanase and endo-

b-1,4-galactanase, have been cloned from Bifidobacterium longum and expressed in 

Escherichia coli (Fujita et al., 2014; Hinz et al., 2005b). Both enzymes are extracellular but the 

degradation of the AG backbone by both enzymes is inhibited by arabinosyl side chains (Fujita 

et al., 2014; Hinz et al., 2005b). However, the study did not demonstrate which linkage type 

was inhibited. Furthermore, endo- and exo-b-1,3-galactanases from Bac. thetaiotaomicron 

species have been characterized (Böger et al., 2019; Cartmell et al., 2018). The exo-b-1,3-

galactanase was also inhibited by arabinosyl side chains, but there is no information on whether 

endo-b-1,3-galactanases are inhibited in the same manner (Cartmell et al., 2018).  

 

Given that arabinose side chains of AG may inhibit cleavage of the backbone of AG by some 

b-galactanases, extracellular arabinosidases may have an important role in removing 

arabinosyl side chains for efficient AG degradation. Two of the extracellular α–

arabinofuranosidase genes were induced in B. longum subsp. longum NCC 2705 when 

cocultured on (A)XOS with Eubacteria rectale ATCC 33656 (Rivière et al., 2015; Yuan et al., 

2008). However, these results represent gene expression, not enzyme activity. The β-L-

arabinopyranosidases have been cloned from B. longum and Bac. thetaiotaomicron and 

characterized by heterologous expression in E. coli, respectively (Cartmell et al., 2018; 

Shimokawa et al., 2015). The carbohydrate-active enzyme (CAZymes) database shows that the 

genome of most Bacteroides spp. encode a-arabinosidase genes, and the enzyme activities 

were determined for Bac. thetaiotaomicron, Bac. plebeius, Bac. coprocola, Bac. barnesiae, 

Bac. salanitronis, Bac. gallinarum and Bac. intestinalis (Bakir et al., 2006; Cartmell et al., 



 

 39 

2018; Kitahara et al., 2005; Lan et al., 2006). However, the cellular location and substrate 

specificity of the enzymes have not been demonstrated. 

 

The GOS released from AG can be transported into the bacteria or degraded to galactose 

outside the cell. A three-gene cluster encoding an ATP-binding cassette (ABC)-type uptake 

system for GOS has been shown in B. breve UCC 2003, which includes one GOS binding 

protein and two permease proteins (O’Connell Motherway et al., 2011). In addition, a total of 

nine β-galactosidase genes from B. bifidum, B. infantis and B. breve have been isolated and 

characterized (Goulas et al., 2007; Møller et al., 2001; O’Connell Motherway et al., 2011). Two 

of them are predicted to be extracellular enzymes, and seven of them are intracellular enzymes. 

Furthermore, β-galactosidase activities have also been reported from Bac. polypragmatus, Bac. 

fragilis, Bac. thetaiotaomicron among Bacteroides species (Patel et al., 1985; Scudder et al., 

1983; Tsai et al., 1991). 

 

Compared to oligosaccharides, AG has longer DP and more complex monomer saccharide units, 

which may exceed the substrate specificity of bifidobacterial enzymes (Degnan and Macfarlane, 

1995a). One study reported that nine B. longum strains were incapable of significant growth 

on AG in pure culture (O’Connell Motherway et al., 2011). In general, B. longum, B. breve, 

and B. bifidum are dominant in infants, while B. catenulatum, B. adolescentis and B. longum 

are isolated from adult fecal samples (Arboleya et al., 2016; Duncan and Flint, 2013). In 42 

fecal samples from healthy Belgian adults; among bifidobacterial species, B. longum, B. 

adolescentis, and B. catenulatum were present in 90%, 79% and 38% of samples, respectively 

(Rivière et al., 2016). Therefore, the observed bifidogenic effect of AG in vivo and in vitro 

(fecal inoculation) studies is likely due to the cross-feeding of products released by other AG-

degrading bacteria, such as Bacteroides species.  

 

The aim of this study was to investigate the specificity of these enzymes from gut bacteria 

strains in order to understand their contribution to AG degradation. Furthermore, a better 

understanding of the metabolic interaction between bifidobacteria and Bacteroides spp. in the 

presence of AG is required. Both B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 
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43185 strains were isolated from human feces, and the whole genome sequences of both strains 

have been published (McCarville et al., 2017; Schell et al., 2002). However, the enzyme 

activities for AG degradation from both strains have not been characterized. In this study, the 

characteristics of AG degradation enzymes from B. longum subsp. longum NCC 2705 and Bac. 

caccae ATCC 43185 were determined, which included quantification of activity, cellular 

location, and substrate specificity. The possible metabolic cooperation between B. longum 

subsp. longum NCC 2705 and Bac. caccae ATCC 43185 during AG fermentation was 

investigated.  

 

3.2 Materials and methods 

3.2.1 Carbohydrate substrates 

Larch wood AG [average molecular weight (MW): around 20 kDa (after autoclaving)], GA 

from acacia tree and p-nitrophenyl (pNP) substrates were purchased from Sigma-Aldrich 

(Oakville, Canada). Potato galactan, de-arabinosylated potato galactan, and other small MW 

substrates [b-1,3-galactobiose, b-1,4-galactobiose, b-1,6-galactobiose, a-1,5-arabinobiose, a-

1,5-arabinotriose, a-1,5-arabinotetraose, 23-α-L-arabinofuranosyl-xylotriose (A2XX) and 32-

α-L-arabinofuranosyl-xylobiose (A3X)] were obtained from Megazyme (Burlington, Canada).  

 

De-arabinosylated AG (de-AG) and de-arabinosylated GA (de-GA) were prepared by mild acid 

degradation, as described previously with minor modifications (Ling et al., 2009). Briefly, AG 

(90 g) or GA (90 g) were dissolved in water to a final volume of 450 mL, respectively. After 

heating to 95-98 ˚C with continuous stirring, 50 mL of trifluoroacetic acid (2.5 M) (Sigma-

Aldrich, Oakville, Canada) were added to the solutions and stirred continuously at 90-95 ˚C 

for another 2 h. After incubation, the solutions were rapidly cooled on ice for 5 min, and the 

pH was adjusted to 7.0 using 5 M NaOH. The supernatant was collected by centrifugation at 

15,000 × g for 5 min at room temperature, followed by filtration through a binder-free glass 

microfiber filter (GF/A grade; Whatman, Maidstone, UK). The de-AG and de-GA were 

precipitated with 2 volumes of absolute ethanol overnight at 4 ˚C and washed twice with 

absolute ethanol. The washed de-AG and de-GA precipitates were dried in the vacuum oven at 

50 ˚C overnight. To remove fragments of sugar units, the de-AG, de-GA and de-arabinosylated 
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potato galactan were dissolved in water and dialyzed in 3500 Da cut-off dialysis cassettes 

(Thermo Scientific, Mississauga, Canada) against water for 3 days at 4 ˚C, followed by drying 

in the vacuum oven at 50 ˚C overnight. 

 

3.2.2 Media, strains and growth conditions 

The MRS medium (Oxoid, Nepean, Canada) was supplemented with 0.05% (w/v) L-

cysteine·HCl for growth of B. longum subsp. longum NCC 2705. The yeast extract-casitone 

medium supplemented with short chain fatty acid (YCFA) contained (per liter) (Lopez-Siles et 

al., 2012): 10 g casitone, 2.5 g yeast extract, 4 g NaHCO3, 1 g L-cysteine·HCl, 0.45 g K2HPO4, 

0.45 g KH2PO4, 0.9 g NaCl, 0.9 g (NH4)2SO4, 0.09 g MgSO4 · 7H2O, 0.09 g CaCl2, 0.001 g 

resazurin, 0.01 g hemin, 0.00001 g biotin, 0.00001 g cobalamin, 0.00003 g p-aminobenzoic 

acid, 0.00005 g folic acid, and 0.00015 g pyridoxamine. The following SCFAs were added 

(final concentrations): acetate (33 mM); propionate (9 mM); isobutyrate, isovalerate, and 

valerate (1 mM each). The SCFAs were excluded when appropriate, which was referred to as 

YC medium. The carbon sources were added at a final concentration of 0.5% (w/v) to YCFA 

or YC medium. The final pH of the medium was adjusted to 6.3 ± 0.1 by using 1 M NaOH 

before sterilization at 121 ˚C for 15 min. Sterilized medium was cooled and filter-sterilized 

solutions of thiamine and riboflavin were added to give a final concentration of 0.05 µg/mL of 

each.  

 

B. longum subsp. longum NCC 2705 was obtained from the Nestlé Research Centre (Lausanne, 

Switzerland); Bac. caccae ATCC 43185 was purchased from the American Type Culture 

Collection (Manassas, VA, USA). B. longum subsp. longum NCC 2705 was stored in MRS-

cysteine while Bac. caccae ATCC 43185 was stored in YCFA-glucose, both at -80 ̊ C with 24% 

(v/v) glycerol. B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 were 

resuscitated from frozen stocks in MRS-cysteine and YCFA-glucose, respectively. 

Subsequently, the cultures were inoculated at 3% (v/v) into YC medium supplemented with the 

carbon source and YC medium without carbon source as a control. For coculture, 3% (v/v) of 

each strain culture was inoculated in YC with the carbon source. All cultures were incubated 

anaerobically in an anaerobic chamber (Model UM-041, Ruskinn Technology, Sanford, USA) 
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containing an atmosphere of 80% N2, 10% H2, and 10% CO2 at 37 ˚C. At selected fermentation 

times, optical density (OD) at 600 nm and pH of harvested culture broth were measured by 

using a spectrophotometer (Model DU530, Beckman, Brea, USA) and a pH meter (Fisher 

Scientific, Ottawa, Canada), respectively. All growth curves were repeated three independent 

times. 

 

3.2.3 Analysis of carbohydrate degradation 

The MW profile of carbohydrates in the spent culture media were analyzed by high-

performance size exclusion chromatography (HPSEC). After 48 h fermentation, 1 mL of cell-

free supernatants obtained through centrifugation at 14,000 × g for 15 min were deproteinated 

with Carrez clarification reagent kit (Sigma-Aldrich, Oakville, Canada) following the 

manufacturer’s protocol. The protein-free supernatant or dextran standards (Sigma-Aldrich, 

Oakville, Canada) were mixed with the same volume of mobile phase (0.1 M NaNO3 and 0.01 

M NaH2PO4; pH: 7.7), followed by centrifugation at 14,000 × g for 15 min. The supernatant 

of the mixture was filtered through a 0.45-µm filter (Fisher Scientific, Ottawa, Canada). Forty 

microliters of sample or standard were analyzed on a Shimadzu LC-10A HPSEC system 

(Shimadzu Corporation, Kyoto, Japan) equipped with a PL Aquagel-OH-Mixed M column (7.5 

× 300 mm, 8 µm, Agilent Technologies Canada Inc., Mississauga, Canada) and refractive 

index (RI) detector. The temperature of the column and detector were set at 40 ˚C, and mobile 

phase at a flow rate of 0.3 mL/min. All instrument control, analysis, and data processing were 

performed using the Labsolutions platform (Shimadzu corporation. Version 5.82). Known MW 

(1 kDa, 5 kDa, 12 kDa, 25 kDa, 50 kDa and 80 kDa) dextran standards were used for mass 

approximation of AG present in the culture. The percentage of degradation was quantified by 

peak area [(1-48 h peak area/0 h peak area)×100%] at retention time between 27.8 and 32.2 

min (50 kDa-5 kDa). 

 

3.2.4 Analysis of enzyme activity and substrate specificity  

A volume of 1 mL of YC-AG broth culture was harvested after 16 h of fermentation and 

centrifuged at 14,000 × g for 5 min at 4 ˚C. The cell pellets were washed twice with 500 µL 

of 0.2 M phosphate buffer (PB) (pH 6.3), disrupted by Bead Mill 24 (Fisher Scientific, Ottawa, 
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Canada) in 500 µL of the same buffer with 0.6 g of glass beads (0.1 mm, BioSpec Products, 

Inc. Bartlesville, USA) for 10 min, followed by centrifugation at 14,000 × g for 5 min at 4 

˚C. The supernatant containing crude cytoplasmic enzymes was collected. The precipitate 

containing crude cell wall associated enzymes was suspended in 500 µL of the same buffer 

after washing twice.  

 

To quantify cell wall associated and cytoplasmic enzymes, the pNP test was performed as 

described previously (Wang et al., 2012). Briefly, 10 µL of the crude enzyme was mixed with 

10 µL of 5 mM pNP substrates and 80 µL of PB buffer (0.2 M; pH 6.3), followed by incubation 

at 37 ˚C for 30 min. The reaction was stopped by the addition of 100 µL of 1 M Na2CO3, and 

liberated pNP was measured at 405 nm using a spectrophotometer (MultiskanTM GO 

Microplate Spectrophotometer, Thermo Scientific, Mississauga, Canada). One unit (U) of 

enzyme activity was defined as the amount of enzyme that released 1 µmol of pNP per min at 

37 ˚C. The enzymatic assays were conducted in triplicate on each extract.  

 

The enzymatic substrate specificity was analyzed by thin-layer chromatography (TLC) as 

described previously (Shimokawa et al., 2015). Eighty microliters of the crude enzyme was 

incubated with 20 µL of substrate (0.2 mg/mL in water) at 37 ˚C for 16 h. Ten microliters of 

the reaction products and standards were loaded on a TLC silica gel 60 aluminum sheet (Merck, 

Darmstadt, Germany) using a 7:1:2 (v/v/v) n-propanol-ethanol-water as mobile phase. The 

carbohydrate was visualized by spraying the plate with 180 mg orcinol in H2SO4 solution 

[water (5 mL): ethanol (75 mL): H2SO4 (10 mL)] and heating. 

 

3.2.5 PMA treatment and droplet digital PCR (ddPCR) analysis 

To enumerate viable cells, B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 

in mono and co-cultures were treated with propidium monoazide (PMA) (Biotium, Fremont, 

USA) using a previously described method with minor modifications (Rivière et al., 2015). 

Briefly, 1-mL aliquots of culture were centrifuged at 14,000 × g for 15 min at 4 ˚C. After 

removing the supernatant, 500 µL of sterile peptone water (1 g/L peptone, 0.5 g/L cysteine-

HCL, pH 6.8) was added. The cell suspension was treated with 10 µL PMA (2.5 mM) and 
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shaken in the dark for 5 min at room temperature. The PMA-treated cells were exposed in a 

UV light (PhAST Blue, GenIUL, Barcelona, Spain) for 15 min, followed by centrifugation at 

14,000 × g for 15 min at 4 ˚C. The PMA-treated cell pellets were washed by 800 µL of sterile 

physiological saline (0.85% NaCl), followed by centrifugation at 14,000 × g for 15 min at 4 

˚C. The cell pellets were stored at -20 ˚C until DNA extraction. The DNA of both strains was 

extracted by using the DNeasy UltraClean Microbial Kit (Qiagen, Mississauga, Canada) 

following the manufacturer’s protocol. The DNA extracts were quantified and qualified using 

Qubit 4 (Invitrogen Canada Inc., Burlington, Canada) and stored at -20 ˚C until use.  

 

The number of viable B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 in 

mono- and co-culture were quantified by the ddPCR system following the manufacturer’s 

instructions. Briefly, a total of 25 µL of each reaction mixture contained 12.5 µL of QX200 

ddPCR EvaGreen supermix, 5 µL of DNA, and 0.7 µL each of 10 µM forward and reverse 

primers (Table 3. 1). Droplets were generated using QX200 Droplet Generator with a 

disposable cartridge. The cartridge was filled by 20 µL of each reaction mixture in the sample 

well and 70 µL of droplet generator oil in the oil well. After droplet generation, 40 µL of droplet 

suspension were transferred to a 96-well ddPCR plate and the plate was sealed with foil in a 

PX1 PCR Plate sealer at 180 ˚C for 5 s. The sealed plate was inserted into a C1000 Touch 

Thermal Cycler with the following amplification program: 95.0 ˚C for 10 min, 40 cycles at 

95.0 ˚C for 30 s, the appropriate annealing temperature and time for each primer set (Table 3. 

1), and one cycle of 98 ˚C for 10 min with a 4 ˚C hold. The fluorescence was read using the 

QX200 Droplet Plate Reader, and data were analyzed using Quantasoft software. All of the 

equipment, materials and regents for ddPCR analysis were purchased from Bio-Rad 

(Mississauga, Canada). 
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Table 3. 1. Genus-specific primers used for quantification by ddPCR. 

Target bacteria Primers Product size 
Tm  

(˚C/sec) 
Target gene Reference 

Bac. caccae F: GTAACACGTATCCAACCTACC 

R: TATTCCTCACTGCTGCCTC 

252 60 ˚C/30 s 16S rRNA This study 

Bifidobacterium spp. F: TCGCGTCCGGTGTGAAAG 

R: CCACATCCAGCATCCAC 

243 65 ˚C/25 s 16S rRNA (Rinttilä et al., 2004) 

Tm: annealing temperature and time. 
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3.2.6 Quantification of SCFAs and other metabolites 

The concentration of acetate, butyrate, lactate, formate, ethanol, propionate and succinate were 

determined through single-dimension proton nuclear magnetic resonance (1D 1H NMR) 

following a previously described protocol (Polic, 2018). Briefly, culture samples were prepared 

first by serial filtration (1 µm, 0.8 µm, 0.45 µm, and 0.22 µm) (Whatman GE, Maidstone, UK). 

Filtered samples (630 µL) were mixed with 70 µL of internal standard, IS-2 Chenomx internal 

standard-DSS-d6 solution (Chenomx Inc., Edmonton, Canada), on the day of the analysis. 

Sample mixtures were transferred to 5-mm glass NMR tubes (NE-UL5-7, New Enterprises Inc., 

Vineland, NJ, USA) and analyzed by a Bruker Avance 600.13 MHz spectrometer with a triple 

resonance probe (TXI 600). The TXI 600 for scanning was performed in a single batch using 

the first increment of a 1D NOESY pulse sequence that had tmix of 100 ms, 5.25-s acquisition 

time, 1-s relaxation delay, and a spectral width of 14 ppm. The spectra were analyzed by 

Chenomx NMR Suite 7.0-7.7 (Chenomx Inc., Edmonton, Canada). The compounds were 

determined through comparison with the compound library. A known concentration of internal 

standard was used for the quantification of compounds.  

 

3.2.7 Analysis of nucleotide sequences 

The enzyme coding genes were analyzed through the Integrated Microbial Genomes and 

Microbiomes web server (https://img.jgi.doe.gov). The IMG genome ID of B. longum subsp. 

longum NCC 2705 and Bac. caccae ATCC43185 are 637000031 and 640963023, respectively. 

Cellular localization of putative AG degradation genes was defined based on the PSORTb v3.0 

web server (https://www.psort.org/psortb/).  

 

3.2.8 Statistical analysis 

Statistical analyses were performed using Graph-Pad Prism 8. Means and standard deviations 

of three replicates were analyzed by Student’s two-tailed t-test (Figures 3. 1; 3. 6 and Table 

3. 3) or Dunnett’s multiple comparisons test (Figure 3. 7); where P < 0.05 was considered as 

significant.  
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3.3 Results 

3.3.1 Analysis of genes coding for potential AG degrading enzymes 

Three genes coding for AG degradation enzymes (b-galactanase, b-galactosidase and a-

arabinosidase) were identified in the genome of both strains (Table 3. 2). The B. longum subsp. 

longum NCC 2705 genome encodes one cell wall associated b-galactanase gene that comprises 

a signal peptide and an LPXTG cell wall anchor domain. The genome of Bac. caccae ATCC 

43185 also encodes one b-galactanase gene that comprises a signal peptide, but the PSORTb 

web server was unable to predict the enzyme cellular location, and a cell wall anchor sequence 

was not found. The B. longum subsp. longum NCC 2705 genome encodes four b-galactosidase 

genes, two of which are predicted to be cytoplasmic enzymes. A total of sixteen b-galactosidase 

genes are encoded in the genome of Bac. caccae ATCC 43185. Among these b-galactosidase 

genes, six are predicted to be cytoplasmic enzymes, whereas six b-galactosidase genes each 

encode a signal peptide, but the PSORTb web server was unable to predict the cellular location. 

The B. longum subsp. longum NCC 2705 genome codes for five a-arabinosidase genes, three 

of which are predicted to be cytoplasmic enzymes, whereas the Bac. caccae ATCC 43185 

genome encodes only one a-arabinosidase gene. 
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Table 3. 2. Prediction of AG degradation enzymes encoded by the genomes of B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185. 

Enzyme name Enzyme 
ID 

B. longum subsp. longum NCC 2705 Bac. caccae ATCC 43185 
Locus Tag 
(BL) 

Signal 
Peptide 

Motif/ 
Profile 

Predicted cellular 
location  

Locus Tag 
(BACCAC_) 

Signal 
Peptide 

Motif/ 
Profile 

Predicted cellular 
location 

b-galactanase 3.2.1.89 0257 Yes LPXTG Cell wall 02089 Yes No Unknown 
          
b-galactosidase 3.2.1.23 0978 No No Cytoplasmic 00257 No No Cytoplasmic 
  1168 No No Cytoplasmic 01243 No No Cytoplasmic 
  0259 No No Unknown 01249 No No Unknown 
  1775 No No Unknown 01322 No No Unknown 
      01526 Yes No Unknown 
      01713 No No Cytoplasmic 

membrane 
      01783 No No Cytoplasmic 
      01836 Yes No Unknown 
      01971 No No Cytoplasmic 
      02088 Yes No Unknown 
      02615 No No Unknown 
      02808 No No Cytoplasmic 
      02846 Yes No Unknown 
      02896 No No Unknown 
      03226 Yes No Unknown 
      03890 Yes No Unknown 
          
a-arabinosidase 3.2.1.55 1166 No No Cytoplasmic 01784 No No Unknown 
  0544 No No Cytoplasmic     
  1611 No No Cytoplasmic     
 3.2.1.99 0182 No No Unknown     
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  0183 Yes No Unknown     

Signal Peptide directs a protein entry into the secretory pathway. These secreted proteins can be classified into cytoplasmic or non-cytoplasmic 

proteins.  

  

Motif & Profile indicates the presence of functional motifs that are used to infer protein specific localization. Non-cytoplasmic proteins can be 

further classified into cytoplasmic membrane, cell wall and extracellular protein in the Gram-positive bacteria; or cytoplasmic membrane, 

periplasmic, outer membrane and extracellular protein in the Gram-negative bacteria. 

 

Predicted cellular location is unknown means no site scored above 7.5. 
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3.3.2 Growth in pure culture on seven carbon sources 

To avoid the effect of SCFAs on cell growth, YC medium was used. Both strains can utilize 

major constituent sugar units of the AG, arabinose and galactose, for growth (Figure 3. 1A, B). 

After 24 h of fermentation, the OD600 reached 4.07±0.44 and 3.63±0.38 when Bac. caccae 

ATCC 43185 grew on galactose and glucose, respectively. Both strains had less growth on AG 

compared to growth on each monosaccharide at the same concentration. In medium with AG, 

Bac. caccae ATCC 43185 reached an OD600 of 1.75±0.12 after 24 h of fermentation, which 

was almost 2.5 times less than its growth on galactose (Figures 3. 1B, D). B. longum subsp. 

longum NCC 2705 showed the highest growth on glucose (OD600: 1.28±0.23), whereas the 

OD600 just reached 0.28±0.08 when growing on AG after 24 h of fermentation (Figures 3. 1A, 

C). Both strains achieved higher optical density on AG than on GA (Figures 3. 1C, D). 

However, compared to GA (OD600: 0.60±0.16), the de-GA (OD600: 1.16±0.14) significantly 

stimulated the growth of Bac. caccae ATCC 43185 after 24 h of fermentation (P < 0.05) 

(Figure 3. 1D).  

 

 
Figure 3. 1. Growth of B. longum subsp. longum NCC 2705 (A; C) and Bac. caccae ATCC 
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43185 (B; D) on YC medium with each carbon source: glucose (black circle), galactose (black 
star), arabinose (black triangle), AG (black diamond), de-AG (hollow diamond), GA (black 
square), de-GA (hollow square) and without carbon source (×), respectively. All experiments 
were repeated independently three times. 
 

3.3.3 AG degradation profiles after fermentation 

The main peak of autoclaved AG occurred between 50 kDa and 5 kDa (Figure 3. S1). The AG 

(50 kDa-5 kDa) can be degraded by both strains, as shown by the decreasing area of the 20 

kDa peak and increased presence of peaks with longer retention time, indicating smaller 

degradation products (Figure 3. 2). After 48 h of fermentation, 25% and 39% of AG (50 kDa-

5 kDa) was degraded by B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185, 

respectively.  

 

 
Figure 3. 2. HPSEC profiles of carbohydrates in the residual YC-AG culture after 48 h of 
fermentation. Black line: 0 h; pink line: 48 h of fermentation of B. longum subsp. longum NCC 
2705; blue line: 48 h of fermentation of Bac. caccae ATCC 43185; brown line, 48 h of 
fermentation of coculture B. longum subsp. longum NCC 2705 and Bac. caccae 43185. 
The retention time of standard peaks (Figure 3. S1) are indicated by red arrows: dextran 50 
kDa at 27.8 min; dextran 25 kDa at 29.2 min; dextran 12 kDa at 30.8 min; dextran 5 kDa at 
32.2 min; dextran 1 kDa at 34.4 min. 
 

3.3.4 AG degrading enzyme activities  

Assays with pNP substrate showed that B. longum subsp. longum NCC 2705 and Bac. caccae 
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ATCC 43185 had cell wall associated α-arabinofuranosidase and b-arabinopyranosidase 

activity when they were cultured in the presence of AG (Table 3. 3). Both cytoplasmic 

(0.15±0.006 U/mg protein) and cell wall associated (0.19±0.027 U/mg protein) α-

arabinofuranosidase specific activities of B. longum subsp. longum NCC 2705 were 

significantly higher than those of Bac. caccae ATCC 43185 (0.01±0.001 U/mg protein and 

0.09±0.006, respectively) (P < 0.05). Both strains had cell wall associated β-galactosidase 

activity, which was significantly lower than that of cytoplasmic β-galactosidase (P < 0.05). B. 

longum subsp. longum NCC 2705 had around 10 times higher cytoplasmic β-galactosidase 

activity (2.64± 0.159 U/mg protein) than that of cell wall associated enzyme activity 

(0.22±0.031 U/mg protein). Furthermore, the activities of both cell wall associated and 

cytoplasmic β-galactosidase from B. longum subsp. longum NCC 2705 were significantly 

higher than those of Bac. caccae ATCC 43185 (P < 0.05).  

 

Table 3. 3. Specific activity of the crude enzyme extracts from B. longum subsp. longum NCC 
2705 and Bac. caccae ATCC 43185. 

Substrate 

(pNP) 

B. longum subsp. longum NCC 2705 

Specific activity (U/mg protein) 

Bac. caccae ATCC 43185 

Specific activity (U/mg protein) 

 
Cytoplasmic 

enzyme 

Cell wall associated 

enzyme 

Cytoplasmic 

enzyme 

Cell wall associated 

enzyme 

a-AF 0.15±0.006A,a 0.19±0.027A,a 0.01±0.001A,b 0.09±0.006B,b 

b-AP ND 0.05±0.011a ND 0.04±0.004a 

b-gal 2.64±0.159A,a 0.22±0.031B,a 0.21±0.011A,b 0.11±0.009B,b 

a-AF: α-arabinofuranosidase, b-AP: b-arabinopyranosidase, b-gal: β-galactosidase, ND: 
substrate cleavage was not detected. Experiments were performed in triplicate.  
Different upper-case letters mean statistical significance (P < 0.05) within each strain between 
the two cellular locations; different lower-case letters indicate statistical significance of the 
Student’s t-test (P < 0.05) corresponding to the same cellular location in different strains 
(within rows). Enzyme assays were performed in triplicate. 
 

The TLC results show that when both strains were cultured in YC-AG, the cytoplasmic and 

cell wall associated β-galactosidases from both strains were able to cleave β-1,3; 1,4; 1,6 

linkages, whereas the β-galactosidase substrate specificity from B. longum subsp. longum NCC 

2705 was weakest for the β-1,4 linkage, as the 1,4 linked substrate hydrolysis was incomplete 

(Figure 3. 3).  
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Figure 3. 3. TLC analysis of the degradation products from cytoplasmic and cell wall 
associated b-galactosidase extracts from B. longum subsp. longum NCC 2705 (A) and Bac. 
caccae ATCC 43185 (B). Lane 1, galactose standard; lane 2 (b-1,3-galactobiose), 3 (b-1,4-
galactobiose), 4 (b-1,6-galactobiose), substrate control without crude enzymes; lane 5, 6, 7, 
crude cytoplasmic enzyme incubated with b-1,3-galactobiose, b-1,4-galactobiose and b-1,6-
galactobiose, respectively; lane 8, 9, 10, crude cell wall associated enzyme incubated with b-
1,3-galactobiose, b-1,4-galactobiose and b-1,6-galactobiose, respectively.   
 

The cell wall associated b-galactanases from both strains were able to release galactose from 

AG and de-arabinosylated AG (b-1,3;1,4;1,6 linkages), potato galactan and de-arabinosylated 

potato galactan (b-1,4 linkage), and de-arabinosylated GA (b-1,3;1,6 linkages) (Figures 3. 4; 

3. S2). However, the enzyme extracts from both strains did not have any activity toward GA, 

which suggests that the arabinose-substituted side chains inhibited the enzymatic activity for 

b-1,3;1,6 linkages (Figure 3. 4). These results indicate that both strains released galactose only 
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from the b-1,4 linkage of AG. In addition, the enzymes (b-galactanase and/or b-galactosidase) 

from Bac. caccae ATCC 43185 released less galactose from AG and potato galactan compared 

to de-arabinosylated AG and de-arabinosylated potato galactan, suggesting that the enzyme 

activity for b-1,4 linkage was also inhibited by arabinose-substituted side chains (Figure 3. 

4B). As B. longum subsp. longum NCC 2705 had weak b-1,4 galactosidase activity, the 

released oligosaccharide likely has b-1,4 linkage (Figure 3. 4A). However, there is no 

commercial standard available to confirm this.  

 

 
Figure 3. 4. TLC analysis of the degradation products from cell wall associated enzyme 
extracts from B. longum subsp. longum NCC 2705 (A) and Bac. caccae ATCC 43185 (B). Lane 
1, galactose standard; lane 2, 3, 4, 5, 6, 7, crude cell wall associated enzyme incubated with 
AG, de-AG, GA, de-GA, galactan and de-galactan, respectively. Lane a and b from C means 
galactose and arabinose standard. 

 

To determine whether both strains had the ability to remove arabinose-substituted side chains 

from AG, cell wall associated a-arabinosidase activities from both strains were tested. The 

arabinosidases from both strains were able to cleave a-1,2; 1,3 and 1,5 linkages (Figure 3. 5). 

However, the enzyme activity from B. longum subsp. longum NCC 2705 was weaker for the 
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a-1,5 linkage when the DP of a-1,5 substrates was higher (Figure 3. 5A lanes 5-7). Moreover, 

the arabinosidase from both strains did not show any activity toward AG, GA, and galactan 

(Figure 3. 4).  

 

 

Figure 3. 5. TLC analysis of the degradation products from cell wall associated arabinosidase 
extracts from B. longum subsp. longum NCC 2705 (A) and Bac. caccae ATCC 43185 (B).  
For A, lane 1: arabinose standard; lane 2: a-1,5-arabinobiose, 3: A2XX, 4: A3X, substrate 
control without crude enzymes; lane 5, 6, 7, 8, 9, crude cell wall associated enzyme incubated 
with a-1,5 arabinobiose, a-1,5-arabinotriose, a-1,5-arabinotetraose, A2XX and A3X, 
respectively.  
For B: lane 1, arabinose standard; lane 2, 3, 4, 5, 6, crude cell wall associated enzyme incubated 
with A2XX, A3X, a-1,5-arabinobiose, a-1,5-arabinotriose and a-1,5-arabinotetraose. 
 

3.3.5 Growth in mono- and co-culture on AG 

The OD600 value of coculture of both strains (0.81±0.08) was slightly higher than that of 

monoculture of Bac. caccae ATCC 43185 (0.60±0.14) after incubating for 6 h, but slightly 

lower from 12 to 48 h (Figure 3. 6A). The pH of the cocultures was 5.75±0.3, while the pH of 

each monoculture was higher at 6.15±0.4 (Bac. caccae ATCC 43185) and 6.58±0.2 (B. longum 
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subsp. longum NCC 2705) after 12 h of incubation. After 48 h of fermentation, the pH of the 

cultures was slightly lower, at 5.71±0.3 (coculture), 5.95±0.3 (Bac. caccae ATCC 43185) and 

6.08±0.2 (B. longum subsp. longum NCC 2705). Between the 12 h and 48 h incubation period, 

the OD600 value of the monoculture of B. longum subsp. longum NCC 2705 maintained the 

same level, whereas the pH of the monoculture decreased from 6.58±0.20 to 6.08±0.20.  

 

The ddPCR results showed that the 16S rRNA copy number of viable B. longum subsp. longum 

NCC 2705 in coculture was higher than that of monoculture during the whole incubation period 

(6 h: P < 0.05) (Figure 3. 6B). However, there was no difference in the number of viable Bac. 

caccae ATCC 43185 between monoculture and coculture (Figure 3. 6C). These results indicate 

that compared to monoculture, B. longum subsp. longum NCC 2705 showed higher abundance 

when it was cocultured with Bac. caccae ATCC 43185 in YC-AG. Furthermore, HPSEC results 

showed that 48% of AG (50 kDa-5 kDa) was degraded by the coculture after 48 h, which was 

higher than that of monoculture of either B. longum subsp. longum NCC 2705 (25%) or Bac. 

caccae ATCC 43185 (39%) (Figure 3. 2). 

 

After 24 h of monoculture fermentation in YC-AG medium, both strains produced acetate 

(Figure 3. 7). B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 produced 

11.88±0.61 mM and 9.89±0.50 mM of acetate when they were monocultured in the YC-AG 

individually. However, 17.51±0.75 mM of acetate was produced in the coculture, which is 

significantly higher (P < 0.05). When both strains were cocultured for 24 h in YC-AG medium, 

4.41±0.61 mM of succinate was produced, which was significantly higher than that produced 

after each monoculture (B. longum subsp. longum NCC 2705: 0.31±0.05 mM; Bac. caccae 

ATCC 43185: 0.01±0.01 mM) (P < 0.05). Furthermore, the concentration of ethanol in 

coculture (2.73±0.49 mM) was significantly higher than that of monoculture of Bac. caccae 

ATCC 43185 (1.35±0.12 mM) (P < 0.05). However, the coculture produced 9.75±2.01 mM of 

propionate, which was significantly lower than that produced by Bac. caccae ATCC 43185 in 

the monoculture (13.07±0.37 mM) (P < 0.05). Lactate was not observed in the coculture. 

There was no significant difference in formate production between mono- and co-culture of 

both strains over this time period (P > 0.05). 
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Figure 3. 6. The growth curve (A) and quantification by ddPCR (B: 16S rRNA gene copy 
number of live B. longum subsp. longum NCC 2705; C: 16S rRNA gene copy number of live 
Bac. caccae ATCC 43185) of monoculture B. longum subsp. longum NCC 2705 (half solid 
diamond) and Bac. caccae ATCC 43185 (diamond), and coculture of both strains (dashed line) 
in YC-AG medium. In A, the pH of monoculture of B. longum subsp. longum NCC 2705 is 
indicated by numbers within boxes and for Bac. caccae ATCC 43185 by underlined numbers; 
and coculture of both strains (numbers in bold and italic) at 12, 24 and 48 h fermentation in the 
YC-AG. All experiments were done three independent times.  
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Figure 3. 7. The concentration of SCFAs and other metabolites in monoculture of B. longum 
subsp. longum NCC 2705 (grey bar with diagonal lines), Bac. caccae ATCC 43185 (grey bar 
with horizontal lines), and coculture of both strains (grey bar with dots) in the YC-AG medium 
for 24 h (YC-AG before inoculation: black bar). Experiments were performed in triplicate. 
Dunnett’s multiple comparisons test was used to compare each monoculture to coculture (* 
indicates P < 0.05). 

 

3.4 Discussion 

AG must be degraded by extracellular enzymes to release mono- or oligo-saccharides for 

further transport and use (Ndeh and Gilbert, 2018). b-galactanase is the main enzyme for 

degrading the backbone of AG. The genomes of both B. longum subsp. longum NCC 2705 and 

Bac. caccae ATCC 43185 encode b-galactanases. The b-galactanase of B. longum subsp. 

longum NCC 2705 is predicted to be exported outside the cytoplasmic membrane, due to the 

presence of a signal peptide and cell wall anchor motif (von Heijne, 1990). The LPXTG 

membrane-anchoring motif has been found in some Gram-positive bacteria genomes that 

encode several surface proteins (Fujita et al., 2014). Although the b-galactanase gene from Bac. 

caccae ATCC 43185 does not have an LPXTG membrane-anchoring motif, it does have a 

signal peptide. Therefore, the b-galactanases from both B. longum subsp. longum NCC 2705 

and Bac. caccae ATCC 43185 are predicted to be extracellular enzymes.  

 

After the breakdown of the AG backbone, the oligosaccharides that are released from AG can 

then be either transported into the cell or hydrolyzed to monosaccharides by extracellular 

enzymes (Fujita et al., 2014). Bacteroides spp. are generally not efficient at transporting 
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carbohydrate fragments into the cells after extracellular degradation (Degnan and Macfarlane, 

1995a). However, the specific activity of b-galactosidase and α-arabinofuranosidase showed 

that both strains have extracellular oligosaccharide-degrading activities. In addition, analysis 

of substrate specificity showed that extracellular β-galactosidases and α-arabinofuranosidases 

of both strains are able to cleave all types of glycosidic linkages of AG. These results likely 

indicate that Bac. caccae ATCC 43185 has the ability and prefers external degradation of 

oligosaccharides that are released from AG. In contrast, the intracellular b-galactosidase 

activity of B. longum subsp. longum NCC 2705 is around 10 times higher than extracellular 

activity. Moreover, a three-gene cluster encoded in the genome of B. longum subsp. longum 

NCC 2705 is highly similar to the gene cluster that encodes an ABC-GOS uptake system in B. 

breve UCC 2003 (O’Connell Motherway et al., 2011). These results imply that for GOS, B. 

longum subsp. longum NCC 2705 prefers internal degradation to sequester substrate and 

compete effectively with other gut bacteria.   

 

b-galactosidase is only able to release galactose from the non-reducing end of the substrate, 

and may be inhibited by substituted side chains (Lammerts van Bueren et al., 2017; Sarbini 

and Rastall, 2011). As the substrates used in this study have limited non-reducing ends, just a 

small amount of galactose could be released by b-galactosidase. If the endo-b-galactanase 

internally cleaves the main chain of AG to release more carbohydrate fragments with non-

reducing ends, more galactose could be released from the non-reducing ends by b-

galactosidase. However, the extracellular endo-b-galactanase activities for cleaving the 

galactans at b-1,3/1,6 linkages from both strains were inhibited by the arabinose side chains. 

Furthermore, the ability of the extracellular endo-b-galactanase of Bac. caccae ATCC 43185 

to cleave the b-1,4 galactan was partially inhibited by the arabinosyl side chains. These findings 

suggest that without removing arabinose side chains from galactans, both strains are unable to 

degrade the b-1,3/1,6 linkages; only the b-1,4 linkages of the galactan can be cleaved. This 

means that type II AG is mostly unusable, and only part of type I AG can be cleaved at the b-

1,4 linkage position by both strains without removing the arabinose side chains.  

 

Bac. caccae ATCC 43185 had better growth on the de-arabinosylated GA compared to GA, 



 

 60 

which confirmed that the arabinose side chains had a negative effect on GA utilization by this 

strain. However, this growth stimulation was not observed for de-AG versus AG for Bac. 

caccae ATCC 43185. This likely resulted from the remaining arabinosyl side chains that were 

not completely removed from AG by using mild acid degradation. This method has only been 

validated when preparing the de-arabinosylated from of GA, but not for AG (Ling et al., 2009). 

Furthermore, both de-AG and de-GA did not show any stimulation of the growth of B. longum 

subsp. longum NCC 2705. These results indicate that the DP of de-AG and de-GA is likely too 

long to be utilized effectively by B. longum subsp. longum NCC 2705. Therefore, AG 

utilization by B. longum subsp. longum NCC 2705 requires the contribution of other gut 

bacteria to provide lower DP oligosaccharides such as GOS.  

 

As shown above, extracellular arabinosidase is very important to AG degradation. Both strains 

have extracellular α-arabinofuranosidase and β-arabinopyranosidase that are able to cleave α-

1,2; 1,3; 1,5 linkages, when tested with low DP substrates. However, the extracellular 

arabinosidases from both strains were unable to release arabinose from AG, GA and galactan. 

These results indicate that the extracellular arabinosidases from both strains were not able to 

cleave arabinose from large MW substrates. One reason may be that large MW substrates have 

more complex structure, which could hide the non-reducing ends that are the preferred enzyme 

target sites.  

 

The mono- and co-culture experiments showed that the cross-feeding of the partial breakdown 

products from AG occurred between B. longum subsp. longum NCC 2705 and Bac. caccae 

ATCC 43185 at the early fermentation stage (before 12 h of fermentation). The degraded AG 

fragments produced by extracellular enzymes from Bac. caccae ATCC 43185 may accumulate 

in the coculture and are likely to be utilized by B. longum subsp. longum NCC 2705 for growth. 

Growth of bifidobacteria can reduce the pH due to organic acid production, which results in 

restraining the growth of other less acid-tolerant bacteria (Martinez et al., 2013). Therefore, the 

pH of coculture was lower than that of Bac. caccae ATCC 43185 monoculture due to the 

metabolism of B. longum subsp. longum NCC 2705. Bacteroides species have poor growth at 

pH 5.5 due to lower acid tolerance (Duncan et al., 2009). Furthermore, only 48% of AG (50 
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kDa-5 kDa) was degraded by the coculture after 48 h of fermentation, which means the carbon 

source is not limited in the coculture. Therefore, these results indicate that the low pH condition 

inhibited the growth of Bac. caccae ATCC 43185, which may result in no further breakdown 

of carbohydrates in the coculture for B. longum subsp. longum NCC 2705 utilization. Therefore, 

the coculture of B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 showed a 

lower OD600 value than that of monoculture of Bac. caccae ATCC 43185. These results are 

consistent with one study that reported the abundance of Bac. thetaiotaomicron was maintained 

in the presence of bifidobacteria with high dilution rates during AG fermentation (Degnan and 

Macfarlane, 1995a). These results support the importance of pH in the gut environment for 

limiting the growth of Bacteroides species. In the distal colon where the pH would be optimal 

for the growth of Bacteroides, this species may release carbohydrate fragments of AG that can 

be utilized by other gut bacterial species, consequently influencing the composition of gut 

microbiota and their interactions. Prevotella ruminicola represents another fiber-degrading 

species that may participate in AG degradation in the gut, as this species has been enriched 

from cecal contents fermented with gum arabic (Kishimoto et al., 2006), which has similar 

monosaccharide linkages to type II AG. 

 

There is less information about the limitation of metabolic activity of Bacteroides species in 

low pH conditions. Bacteroides species ferment carbohydrates to mainly produce acetate, 

propionate and succinate (Flint et al., 2015). However, the succinate can be converted to 

propionate via succinyl-, methylmalonyl-, and propionyl-coenzyme A by Bac. fragilis (Macy 

et al., 1978; Rios-Covian et al., 2015b). The concentration of succinate was significantly higher, 

whereas propionate was significantly lower in the coculture compared to Bac. caccae ATCC 

43185 monoculture. These results imply that the metabolic activity of Bac. caccae ATCC 

43185 was inhibited at low pH, which resulted in lower conversion of succinate to propionate. 

Therefore, the succinate accumulated in the coculture. The concentration of formate was higher 

than that of lactate in monoculture of B. longum subsp. longum NCC 2705, which correlated 

with nutrient limitation in the culture. Formate accumulates because extra ATP can be formed 

when bifidobacteria produce formate instead of lactate in a carbohydrate-limited environment 

(Degnan and Macfarlane, 1995a). The lactate that was mainly produced by B. longum subsp. 
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longum NCC 2705 was not observed in the coculture, which was not surprising since lactate 

can be utilized by Bacteroides spp. (Flint et al., 2012b; Schultz and Breznak, 1979). The 

concentration of acetate was significantly higher in coculture compared to monoculture of B. 

longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185. However, more evidence is 

required to demonstrate which strain contributed predominantly to the production of acetate.  

 

3.5 Conclusion 

In this study, we demonstrate why neither strain was able to completely degrade AG in pure 

culture even though annotated gene functions are present in the genome of both B. longum 

subsp. longum NCC 2705 and Bac. caccae ATCC 43185. This is because both strains are unable 

to remove arabinosyl side chains from AG, which resulted in inhibition of the endo-b-

galactanase activity from both strains for cleavage of b-1,3;1,6 linkages of the AG backbone 

and side chains of type II AG. This suggests that both strains were unable to utilize type II AG 

without a complex consortium of strains with compatible enzymatic functions. The bifidogenic 

effect of AG was stimulated in the presence of Bac. caccae ATCC 43185, whereas the growth 

and metabolic activity of Bac. caccae ATCC 43185 were inhibited by the low pH of coculture 

due to the metabolism of B. longum subsp. longum NCC 2705. These results suggest that the 

cooperation between bifidobacteria and Bacteroides species may not occur in the proximal 

colon due to lower pH conditions than in the distal or descending colon. To better understand 

AG degradation by gut communities, the investigation of additional AG-degrading intestinal 

bacteria, such as Prevotella spp., is required. Both genomic and transcriptomic analysis of 

carbohydrate-degrading genes from these intestinal bacteria must be complemented with the 

study of enzyme activity. 
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Figure 3. S 1. HPSEC profile of standards. A: dextran 80 kDa; dextran 50 kDa; dextran 25 
kDa; dextran 12 kDa; dextran 5 kDa; dextran 1 kDa; Gal: galactose; Ara: arabinose. B: Black 
line: AG dissolved in water; pink line: AG dissolved in water (autoclaved). 
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A. 
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C. 

 
Figure 3. S 2. Structure of AG, GA and potato galactan and specific target sites of substrate 
degrading enzymes. A: type I AG; B: type II AG and GA; C: potato galactan (Fujita et al., 2014; 
Hinz et al., 2005a; Klyosov et al., 2008; Kotake et al., 2011; Ling et al., 2009; Ndeh and Gilbert, 
2018; Shimokawa et al., 2015).  
Blue hexagon: galactose; green pentagon: arabinofuranose; pink hexagon: arabinopyranose. 
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Chapter 4. Isolation and characterization of arabinogalactan degrading bacteria from 

human feces  

 

Abstract: Arabinogalactan (AG) degradative mechanism in the gut is still unclear. 

Considering this, more information on AG-degrading intestinal bacteria strains and AG 

degradative enzymes of these strains are required. In this study, AG-degrading bacteria, 

Bacteroides thetaiotaomicron strains and Blautia sp. YM38, were isolated from human feces. 

The AG degradation abilities of Bac. thetaiotaomicron isolates and Blautia sp. YM38 were 

analyzed by high-performance size exclusion chromatography (HPSEC). After 48 h 

fermentation on AG, Bac. thetaiotaomicron showed more significant growth and higher 

degrading ability of AG (83% of AG degradation) than Blautia sp. YM38 (37% of AG 

degradation). These results suggest that isolated Bac. thetaiotaomicron has a high degrading 

ability of AG, compared to Bifidobacterium longum subsp. longum NCC 2705, Blautia sp. 

YM38 and Bac. caccae ATCC 43185.  
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4.1 Introduction  

Anaerobic bacterial species in the gut encode a high number of carbohydrate-active enzymes 

(CAZymes) that are required to degrade dietary fiber (Kaoutari et al., 2013). CAZymes 

primarily include glycoside hydrolases (GH) families and polysaccharide lyases (PL) families 

(Cartmell et al., 2018). CAZymes genes from almost 100 human gut bacterial species are 

published in the CAZymes database (Flint et al., 2012a). The three major phyla in the healthy 

adult human gut, Bacteroidetes, Firmicutes and Actinobacteria, possess an abundance and 

variety of CAZymes (Kaoutari et al., 2013; Russell et al., 2013b). Compared to Firmicutes and 

Actinobacteria, Bacteroidetes have a higher number of GH and PL family genes (Kaoutari et 

al., 2013). 

 

Arabinogalactan (AG) belongs to hemicelluloses, and can be isolated from the edible parts of 

plants, such as wheat flour, grape juice, tomato, carrot and pear (Dion et al., 2016; Fujita et al., 

2019a). Larch wood AG as a dietary fiber is currently widely available as a dietary supplement 

and a food ingredient (Dion et al., 2016; Fujita et al., 2014, 2019a). Compared to 

oligosaccharides, AG has longer degree of polymerization (DP) and more complex monomer 

saccharide units (Degnan and Macfarlane, 1995a). Generally, the more complex the structure 

of dietary fiber, the more enzymes are required for its degradation (Hamaker and Tuncil, 2014; 

Kaoutari et al., 2013).  

 

AG is able to reach and be fermented in the distal colon, and result in impacting on the 

composition and abundance of gut microbiota in the distal colon (Terpend et al., 2013). 

However, the mechanism of AG utilization in the gut is still poorly understood (Cartmell et al., 

2018; Fujita et al., 2019a). This is because AG has a complex structure and a variety of enzymes 

involved in AG degradation are distributed across the gut bacteria (Fujita et al., 2019a). Since 

the gut bacteria do not exist in isolation in the gut ecosystem or in fecal samples, the gut bacteria 

strains may cooperate with each other for AG degradation in the gut (Fujita et al., 2019a). 

Therefore, to address the mechanisms of AG degradation in the gut, additional AG-degrading 

gut bacteria strains should be investigated individually. 
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In the current study, AG-degrading bacteria were isolated from human feces through AG 

enrichment and their AG-degrading ability of strains identified as Bacteroides 

thetaiotaomicron and Blautia sp. were further investigated.   

 

4.2 Materials and methods 

4.2.1 Media and growth conditions 

The anaerobe basal broth (Oxoid, Nepean, Canada) was used as an enrichment medium for the 

fecal sample. Several media were used in this study for isolation of AG-degrading bacteria 

from fecal samples and growth experiments (Table 4. S1). The short chain fatty acids (SCFAs) 

were excluded from the yeast extract-casitone medium (YCFA) when appropriate, which was 

further referred to as YC medium. The carbon source was added to YCFA or YC media with a 

final concentration of 0.5% (w/v). The carbon sources tested individually were glucose, 

galactose, arabinose, fructose, lactose, mannose, galacturonic acid and AG [average molecular 

weight (MW): around 20 kDa (after autoclaving)] (Sigma-Aldrich, Oakville, Canada). The 

final pH of the media was adjusted to 6.3 ± 0.1 by using 1 M NaOH before sterilization by 

autoclaving at 121 ˚C for 15 min. Filter-sterilized solutions of thiamine and riboflavin were 

added to the sterilized media giving final concentrations of 0.05 µg/mL of each. For solid media 

preparation, 1.5% of agar (Oxoid, Nepean, Canada) was added.  

 

The isolated strains were stored in YCFA-glucose at -80 ˚C with 24% (v/v) glycerol 

individually. The isolated strains were grown in YCFA-glucose from frozen stocks. After 24 h 

of incubation, the cultures were inoculated at 3% (v/v) into YC medium supplemented with the 

carbon source. All cultures were incubated in an anaerobic chamber (Model UM-041, Ruskinn 

Technology, Sanford, USA) containing an atmosphere of 80% N2, 10% H2, and 10% CO2 at 37 

˚C. 

 

4.2.2 Enrichment and selection of AG-degrading bacteria from a human fecal sample 

Feces were collected from one healthy child (age 10 years), who had taken no antibiotics and 

other drugs during the three months before sampling and placed in a sterile plastic container. 

Within 2 h after collection, 5 g of fecal sample were homogenized with 45 mL of sterilized 
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phosphate buffer (pH 7.0) in a stomacher bag at 75 rpm for 7 min (Stomacherâ 400 Circulator, 

West Sussex, UK). Fecal slurries were filtered through four layers of sterile surgical gauze 

(Safecross First Aid Ltd., Toronto, Canada). Aliquots 20 mL of the fecal slurries were mixed 

with 30 mL of anaerobe basal broth and incubated in the anaerobic chamber for 48 h.  

 

Subsequently, 0.5 mL of the culture was transferred to 14.5 mL of L-YCFA-AG media. After 

24 h of incubation, the bacteria were streaked on the same L-YCFA-AG agar plates and 

incubated for 48 h. To further reduce the effect of amount of nutrients in the medium on bacteria 

growth, mYC-AG medium containing even less casitone (2 g/L) and yeast extract (2 g/L) and 

no volatile fatty acids, was prepared for the following experiments. Five colonies with 

discernible morphology differences were picked and incubated in 3 mL of mYC-AG medium 

for 48 h. Following one subculture in the same medium, two methods were used to further 

isolate AG-degrading bacteria. 

 

A). Three subsequent transfers of five colonies in mYC-AG broth were individually performed 

every 24 h. At the end of the stepwise fermentation, the cultures were streaked on mYC-AG 

agar plates and anaerobically incubated for 48 h. A total of 30 colonies (6 colonies from each 

plate) were collected (number: 1-30).  

 

B). To avoid bacterial cooperation in the broth culture, five colonies were individually streaked 

on mYC-AG agar plates. After 48 h of incubation, all of the colonies from each plate were 

collected and transferred to five mYC-AG broth cultures and allowed to grow for 24 h. After 

incubation, the cultures were individually streaked on each mYC-AG agar and anaerobically 

incubated 48 h. After collecting 3 colonies from each plate (number: 31-45), the residual 

colonies from each plate were transferred to five mYC-AG broth cultures. After 24 h of 

fermentation, the cultures were individually streaked on mYC-AG agar plates again, and 15 

colonies (3 colonies from each plate) were collected from plates after anaerobic incubation for 

48 h (number: 46-60). 

 

A total of 60 isolates were selected and screened for degradation of AG. The selected 60 isolates 
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were individually inoculated (1%, v/v) into both mYC-AG and mYC media. After 24 h of 

incubation, a total 26 of isolates with AG utilization ability was selected by the difference of 

growth (OD600) between two media (Table 4. S2). 

 

4.2.3 Identification of isolated strains   

The selected 26 strains were streaked on mYC-AG and/or blood agar plates (Thermo Scientific, 

Mississauga, Canada). After incubation, the clones were used for matrix assisted laser 

desorption ionization-time of flight mass spectrometry (MALDI-TOF/MS) identification. The 

MALDI-TOF/MS identification was performed at the Animal Health Laboratory of the 

University of Guelph using a direct cell profiling method.  

 

One isolated strain (No. 38) was incubated in YCFA-Glu medium for 24 h. The DNA of isolated 

strain was extracted by using the DNeasy UltraClean Microbial Kit (Qiagen, Mississauga, 

Canada) following the manufacturer’s protocol. The DNA extract was quantified using Qubit 

4 (Invitrogen Canada Inc., Burlington, Canada) and stored at -20 ˚C until used. Whole genome 

sequencing was performed by Miseq at the University of Guelph Advanced Analysis Centre 

genomics facility. The quality-controlled sequence data were processed using Metaphlan2 and 

Rapid Annotation using Subsystem Technology (RAST) webserver.  

 

The average nucleotide identity (ANI) calculation and the enzyme coding genes were analyzed 

through Integrated Microbial Genomes and Microbiomes webserver (https://img.jgi.doe.gov). 

Cellular localization of putative AG degradation genes was defined based on the PSORTb v3.0 

web server (https://www.psort.org/psortb/). 

 

4.2.4 Analysis of carbohydrate degradation  

The MW profiles of carbohydrates in the residual content were analyzed by high-performance 

size exclusion chromatography (HPSEC) following the previously described protocol 

(Chapter 3).  
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4.3 Results 

A total of 19 out of 26 selected strains were identified to be Bac. thetaiotaomicron by MALDI-

TOF/MS analysis after growing on mYC-AG plate (Table 4. S2). However, neither mYC-AG 

nor blood agar gave identification results for the remaining 7 isolates by MALDI-TOF/MS 

using a direct cell profiling method. The whole genome sequence of one (No.38) of the seven-

isolate contained 6,090,622 bp and 46.73% of GC. According to the Metaphlan2 analysis, this 

isolate was identified to be Blautia genus (further referred to as Blautia sp. YM38). Therefore, 

the whole genome sequence of Blautia sp. YM38 was computed ANI to Blautia genus (108 

strains). The genome sequence of Blautia sp. YM38 shows 99% ANI to Blautia sp. AF 13-16, 

Blautia producta ER3, Bl. producta DSM 3507 and Blautia sp. OF01-4LB. According to the 

RAST analysis, the genome of Blautia sp. YM38 encodes all of the AG degrading enzymes, 

which includes one b-galactanase, seventeen b-galactosidase and eight a-arabinofuranosidase 

genes (Table 4. 1). The sequence of putative b-galactanase (EC number: 3.2.1.89) from Blautia 

sp. YM38 shows 100% similarity (query cover 100%) with the glycosyl hydrolase 53 family 

protein (WP_052098868.1) from Bl. producta ER3. The b-galactanase from Blautia sp. YM38 

comprises a signal peptide, but the PSORTb web server was unable to predict the enzyme 

cellular location. Furthermore, three a-arabinofuranosidases from this strain were predicted to 

be extracellular enzymes.  

 

Table 4. 1. Prediction of AG degradation enzymes encoded by genome of Blautia sp. YM38. 

 

The whole genome sequence of the Bac. thetaiotaomicron isolates was not analyzed. However, 

the genomes of the other four Bac. thetaiotaomicron strains that previously were isolated from 

the human intestine were analyzed (Table 4. 2). The genomes of these known four strains 

encodes genes with all of AG degrading predicted functions. 

Enzyme name Enzyme 
ID 

 

Number of enzyme coding genes 

  Extracellular Cytoplasmic 
Cytoplasmic 
membrane 

Unknown 

b-galactanase 3.2.1.89    1 
b-galactosidase 3.2.1.23  14 1 2 
a-arabinofuranosidase  3.2.1.55 3 5   
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The AG degradation abilities of five Bac. thetaiotaomicron isolates and Blautia sp. YM38 were 

determined by HPSEC. After 48 hours of fermentation, around 83% of AG (50 kDa-5 kDa) 

was degraded by Bac. thetaiotaomicron strains, whereas 37% of AG was degraded by Blautia 

sp. YM38 (Figure 4. 1). These results were consistent with the observations that these Bac. 

thetaiotaomicron isolates had more significant growth (OD600: above 2.0) than Blautia sp. 

YM38 (OD600: 1.10) after 24 h of fermentation in mYC-AG (Table 4. S2). However, according 

to the increasing viscosity of culture, Blautia sp. YM38 likely produced exopolysaccharides 

(EPS) during AG fermentation. Bac. thetaiotaomicron YM19 (Isolated No. 19) also fermented 

glucose, galactose, arabinose, fructose, lactose, mannose and galacturonic acid (Table 4. 3). 

After 24 h of fermentation, Bac. thetaiotaomicron YM19 showed the highest growth on glucose 

(OD600: 3.43±0.29) than on other mono-sugars at the same carbohydrate concentration. In the 

YC-AG medium, Bac. thetaiotaomicron YM19 reached OD600 of 3.78±0.19 after 24 h of 

fermentation, which was even higher than its growth on glucose at the same carbohydrate 

concentration. 



 

 73 

Table 4. 2. Prediction of AG degradation enzymes encoded by the genomes of known Bac. 
thetaiotaomicron isolates. 

Strains Enzymes 
b-galactanase 

3.2.1.89 
b-galactosidase 

3.2.1.23 
a-arabinosidase 

  3.2.1.55  3.2.1.99 
Bac. thetaiotaomicron 
NLAE-zl-H463 

1  18 1 2 

Bac. thetaiotaomicron 
VPI-5482 

1 19 1 2 

Bac. thetaiotaomicron 
NLAE-zl-H207 

1 20 1 2 

Bac. thetaiotaomicron 
NLAE-zl-H492 

1 18 1 2 
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Table 4. 3. Growth of the Bac. thetaiotaomicron YM19 isolate for 24 h in YC medium 
containing mono or polysaccharides.  

YC-mono/polysaccharide media OD600 
Glucose 3.43±0.29 
Galactose 1.89±0.18 
Arabinose 1.62±0.21 
Fructose 2.58±0.25 
Lactose 2.49±0.32 
Mannose 2.38±0.22 
Galacturonic acid 1.02±0.17 
AG 3.78±0.19 

All experiments were repeated independently three times. 
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A 

 

B 

 
Figure 4. 1. HPSEC profiles of carbohydrates in the residual YC-AG culture after 48 h of 
fermentation (A and B).  
A: Black line, 0 h; colour lines, 48 h of fermentation of Bac. thetaiotaomicron (Isolated number: 
6, 7, 19, 27 and 51) 
B: Black line, 0 h; pink line, 48 h of fermentation of Bac. thetaiotaomicron YM19; blue line, 
48 h of fermentation of Blautia sp. YM38.  
The retention time of standard peaks are indicated by red arrows: dextran 50 kDa at 27.8 min; 
dextran 25 kDa at 29.2 min; dextran 12 kDa at 30.8 min; dextran 5 kDa at 32.2 min; dextran 1 
kDa at 34.4 min. 
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4.4 Discussion 

After weaning and intake of solid foods, the diversity of microbiota can be increased in the 

child gut compared to the early life (Duncan and Flint, 2013). Furthermore, the abundance of 

bifidobacteria in the child gut is higher than that in the adult gut (Arboleya et al., 2016). 

However, AG-degrading bifidobacteria were not isolated in this study. This result likely 

indicates that most bifidobacteria are unable to utilize AG for growth.    

 

There are two types of sample preparation for microbe identification by MALDI-TOF/MS, 

which are direct cell profiling and whole cell lysate methods (Singhal et al., 2015). Direct cell 

profiling is mostly used for Gram-negative bacteria identification, whereas cell lysate by 

formic acid may increase the ability of MALDI-TOF/MS to identify Gram-positive bacteria 

(Singhal et al., 2015). This likely could explain that MALDI-TOF/MS using direct cell 

profiling method can give identification results for Bac. thetaiotaomicron isolates, whereas it 

was unable to give an identification for Blautia sp. YM38. Furthermore, the EPS produced by 

Blautia sp. YM38 could conceivably affect the MALDI-TOF/MS analysis of cell surface 

proteins, which results in ineffective identification. However, many beneficial effects of 

bacterial EPS on health have been reported, such as antioxidant, anti-gastritis and immune 

modulating effects (Bleau et al., 2010; Rodríguez et al., 2009; Xu et al., 2011). 

 

The gut bacteria have a wide variety of carbohydrate degrading enzymes, and their digestive 

ability of particular dietary fiber types is strain- and species-dependent (Kaoutari et al., 2013; 

Rivière et al., 2014; Selak et al., 2016). Compared to Bifidobacterium longum subsp. longum 

NCC 2705 (25% of AG degradation) (chapter 3) and Blautia sp. YM38, Bac. thetaiotaomicron 

YM19 showed the highest degradation ability of AG after 48 h of fermentation. Despite both 

Bac. thetaiotaomicron YM19 and Bac. caccae ATCC 43185 belonging to the same genus, Bac. 

thetaiotaomicron YM19 showed a higher degradation ability of AG after 48 h of fermentation 

compared to Bac. caccae ATCC 43185 (39% of AG degradation) (chapter 3). The extracellular 

endo-b-galactanase activities for cleaving the main chain and side chain of AG at b-1,3/1,6 

linkages from both B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 were 

inhibited by the arabinosyl side chains. Furthermore, the extracellular a-L-arabinofuranosidase 
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and b-L-arabinopyranosidase from these both strains were not able to cleave arabinose from 

AG. Therefore, both strains were unable to completely degrade AG in pure culture. However, 

recent studies reported that the β-arabinopyranosidase gene from Bac. thetaiotaomicron ATCC 

29148 (VPI-5482) was upregulated when this strain was cultured on larch wood 

arabinogalactan proteins (AGP), and the enzyme was able to release arabinose from larch wood 

AGP (Cartmell et al., 2018; Fujita et al., 2019a; Martens et al., 2011). Furthermore, the a-

arabinofuranosidase from Bac. thetaiotaomicron ATCC 29148 was able to degrade wheat AGP 

(Cartmell et al., 2018). These results suggest that the a-arabinofuranosidase and β-

arabinopyranosidase from Bac. thetaiotaomicron ATCC 29148 are able to release arabinose 

from large MW substrates, such as AG. Therefore, whether the endo-galactanase activity of 

Bac. thetaiotaomicron 29148 is inhibited by arabinosyl side chains or not, this enzyme may 

cleave the backbone of AG. This might be the reason why Bac. thetaiotaomicron YM19 has a 

higher degradation ability of AG than B. longum subsp. longum NCC 2705 and Bac. caccae 

ATCC 43185. However, more information on the specificity and function of AG degrading 

enzymes from Bac. thetaiotaomicron isolates is required in order to better understand AG 

degradation by these strains. Furthermore, the whole genome sequence of Bac. 

thetaiotaomicron isolates should be compared with Bac. thetaiotaomicron ATCC 29148 to 

determine strain-specificity on the degradation of AG. 

 

4.5 Conclusion 

Compared to B. longum subsp. longum NCC 2705, Blautia sp. YM38 and Bac. caccae ATCC 

43185, Bac. thetaiotaomicron isolates that were isolated from human feces showed a high 

ability to degrade AG. This result suggests that Bac. thetaiotaomicron isolates may produce 

abundance of carbohydrate fragments from AG, which may cross-feed other gut bacteria. The 

interaction between Bac. thetaiotaomicron and other intestinal bacteria in the presence of AG 

need to be investigated in the future. Furthermore, Blautia sp. YM38 may produce EPS during 

AG fermentation. The effects of EPS that produced by Blautia sp. YM38 on health should be 

determined, such as modulation of immune system.  
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Table 4. S 1. Components of media used in this study.  

Ingredient 
Name of media  

Anaerobe basal 
broth 

YCFA Low N source YCFA  
(L-YCFA) 

YC Modified YC (mYC) 

Peptone (g/L) 16     
Starch (g/L) 1     

Dextrose (g/L) 1     
Casitone (g/L)  10 5 10 2 

Yeast extract (g/L) 7 2.5 1.25 2.5 2 
NaCl (g/L) 5 0.9 0.9 0.9 0.9 

L-cysteine-HCl (g/L) 0.5 1 1 1 1 
  Sodium pyruvate (g/L) 1     

Sodium succinate (g/L) 0.5     
Sodium bicarbonate (g/L) 0.4     
Sodium thioglycolate (g/L) 0.5     
Ferric pyrophosphate (g/L) 0.5     

Dithiothreitol (g/L) 1     
Arginine (g/L)  1     

Hemin (g/L) 0.005 0.01 0.01 0.01 0.01 
Vitamin K (g/L) 0.0005     
NaHCO3 (g/L)  4 4 4 4 
K2HPO4 (g/L)  0.45 0.45 0.45 0.45 
KH2PO4 (g/L)  0.45 0.45 0.45 0.45 

(HH4)2SO4 (g/L)  0.9 0.9 0.9 0.9 
MgSO4∙7H2O (g/L)  0.09 0.09 0.09 0.09 

CaCl2 (g/L)  0.09 0.09 0.09 0.09 
Resazurin (g/L)  0.001 0.001 0.001 0.001 

Biotin (g/L)  0.00001 0.00001 0.00001 0.00001 
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Cobalamin (g/L)  0.00001 0.00001 0.00001 0.00001 
p-aminobenzoic acid (g/L)  0.00003 0.00003 0.00003 0.00003 

folic acid (g/L)  0.00005 0.00005 0.00005 0.00005 
Pyridoxamine (g/L)  0.00015 0.00015 0.00015 0.00015 
Thiamine (µg/mL)  0.05  0.05  0.05  0.05  
Riboflavin (µg/mL)  0.05  0.05  0.05  0.05  

Acetate (mM)  33  33    
Propionate (mM)  9  9    
Isobutyrate (mM)  1  1    
Isovalerate (mM)  1  1    

Valerate (mM)  1  1    
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Table 4. S 2. Growth of the total of 26 out of 60 AG-utilizing isolates in the mYC media with or without AG for 24 h. 

Method A Method B  

Isolate No. mYC-AG 
(OD600) 

mYC 
(OD600) 

MALDI-TOF result Isolate No. mYC-AG 
(OD600) 

mYC 
(OD600) 

MALDI-TOF result 

1 2.10 0.26 Bac. thetaiotaomicron 31 0.97 0.02 ND 
2 2.15 0.30 Bac. thetaiotaomicron 32 0.81 0.01 ND 
6 2.19 0.20 Bac. thetaiotaomicron 35 0.42 0.16 ND 
7 2.25 0.17 Bac. thetaiotaomicron 38 1.10 0.00 ND 
8 2.17 0.22 Bac. thetaiotaomicron 39 0.13 0.00 ND 
9 2.07 0.20 Bac. thetaiotaomicron 43 0.33 0.00 ND 
11 2.13 0.22 Bac. thetaiotaomicron 45 0.33 0.00 ND 
19 2.16 0.24 Bac. thetaiotaomicron 47 2.05 0.29 Bac. thetaiotaomicron 
22 2.15 0.22 Bac. thetaiotaomicron 48 2.19 0.33 Bac. thetaiotaomicron 
25 2.13 0.22 Bac. thetaiotaomicron 49 2.13 0.35 Bac. thetaiotaomicron 
27 2.19 0.27 Bac. thetaiotaomicron 51 2.16 0.36 Bac. thetaiotaomicron 
29 2.14 0.25 Bac. thetaiotaomicron 52 2.05 0.30 Bac. thetaiotaomicron 
    56 2.05 0.32 Bac. thetaiotaomicron 
    58 2.06 0.29 Bac. thetaiotaomicron 

ND means not detected. 
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Chapter 5. Modulation of human gut microbiota composition and metabolites by 

arabinogalactan and Bifidobacterium longum subsp. longum BB536 in the Simulator of 

the Human Intestinal Microbial Ecosystem (SHIME®) 

 

Abstract: The Twin Mucosal Simulator of the Human Intestinal Microbial Ecosystem 

(TWIN-M-SHIME) was applied to compare the response of stabilized human fecal microbiota 

to Bifidobacterium longum subsp. longum BB536 supplementation and in vitro fermentation 

of arabinogalactan (AG) versus starch. The ascending colon (AC), transverse colon (TC), and 

descending colon (DC) vessels were inoculated with fecal samples from a healthy donor (> 60 

years old) with undetectable bifidobacteria. In vitro fermentation consisted of three consecutive 

1-week treatment periods (T1, T2, T3). During T1 and T3 periods, 140 mL of feed containing 

1.4 g (1% w/v) of AG or starch were fed through the SHIME three times daily. B. longum subsp. 

longum BB536 was added in the amount of 2.4 × 109 active cells to the system once per day 

throughout T2. In the lumen, live Akkermansia muciniphila significantly increased (P < 0.0001) 

in the TC and DC after AG fermentation but significantly decreased (P < 0.0001) in the TC 

after starch fermentation. After one-week B. longum subsp. longum BB536 supplementation, 

luminal live bifidobacteria was maintained at a higher level in the AC and TC under AG 

fermentation than during starch fermentation (P < 0.0001). Luminal live Faecalibacterium 

prausnitzii showed a significantly higher abundance in the TC in the presence of B. longum 

supplementation, for both AG and starch fermentation (P < 0.0001). However, F. prausnitzii 

always showed a significantly higher abundance following fermentation of AG than of starch 

with or without B. longum subsp. longum BB536 supplementation in both the luminal and 

mucosal communities of the TC (P < 0.0001). In the mucus, the relative abundances of 

Bacteroides in the TC and DC were increased by AG fermentation (T1), compared to the 

stabilization period. The relative abundance of mucosal Prevotella in the AC was increased by 

starch fermentation (T1 and T2), compared to stabilization, but decreased to the stabilization 

level after supplementation with B. longum subsp. longum BB536 (T3). AG fermentation 

produced higher amounts of total short chain fatty acids (SCFAs) in each colon reactor than 

starch fermentation (P < 0.05). When AG was combined with B. longum subsp. longum BB536 
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supplementation, a significantly higher amount of butyrate was produced than with the starch-

B. longum subsp. longum BB536 combination in the TC (P < 0.05), which was the colon region 

where AG-degrading was improved. Results of this study demonstrate that colonic 

fermentation of AG increased the production of total SCFAs and the abundance of luminal live 

A. muciniphila and F. prausnitzii, and maintained a higher abundance of B. longum compared 

to starch fermentation. The combination of B. longum subsp. longum BB536 and AG was more 

efficient in increasing butyrate production and the abundance of butyrate-producing bacteria, 

such as F. prausnitzii. Such a combination of a potential prebiotic and a probiotic strain could 

exert beneficial synbiotic effects on human gut health, for example through butyrate and mucus 

layer production. 
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5.1 Introduction 

The gut microbiota in healthy adults consists of Firmicutes, Bacteroides, and Actinobacteria as 

the predominant phyla and other phyla such as Proteobacteria and Verrucomicrobia (Walker et 

al., 2011). However, Firmicutes are partly replaced by Bacteroidetes and Proteobacteria in the 

colonic microbiota of the elderly (Duncan and Flint, 2013; Flint et al., 2012b). Furthermore, 

the decline in microbiota diversity, lower abundance of bifidobacteria and higher abundance of 

Enterobacteriaceae are observed in the elderly, compared to younger adults (Duncan and Flint, 

2013; Flint et al., 2012b). 

 

Gut microbes mainly rely on dietary fibers that are undigested by human enzymes for growth, 

and produce short chain fatty acids (SCFAs) that have many roles in promoting intestinal health 

(Louis et al., 2014; Scott et al., 2008). Butyrate is the major energy source for colonic epithelial 

cells, and shows anti-inflammatory and immunomodulatory effects and maintains the gut 

barrier (Rivière et al., 2016). Butyrate is mainly produced by Faecalibacterium prausnitzii and 

the Clostridium coccoides-Eubacterium rectale group, which belong to the Firmicutes (Flint et 

al., 2015). The elderly often consume less fiber than the younger population, which will result 

in reduced saccharolytic metabolism including a reduction in butyrate production in the colon 

(Duncan and Flint, 2013; Terpend et al., 2013).  

 

Recently, studies report that the composition of the gut microbiota can be modulated by dietary 

fiber (Scott et al., 2013). For instance, an in vivo study reported that non-digestible compounds 

of apple, which contain a high percentage of dietary fiber, can increase Firmicutes and 

Bifidobacterium but reduces Bacteroidetes (Condezo-Hoyos et al., 2014). Another in vivo study 

reported Bifidobacteria spp. and Atopobium spp. increased in the fecal microbiota, but 

Bacteroides spp. and/or Prevotella spp. decreased when consuming long chain inulin for 3 

weeks (Costabile et al., 2010). However, findings observed from in vivo studies on the 

composition of the gut microbiota mainly reflect the microbial community of the distal colon 

(Flint et al., 2012b). More insights into the dynamic microbial processes and cooperation at the 

site of fermentation in each colon region are needed (Venema and van den Abbeele, 2013; 

Williams et al., 2015).  
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Dietary fibers can be fermented by gut microbiota in different colon regions, depending on 

their molecular weight (MW), degree of polymerization (DP), and glycosidic linkages 

(Terpend et al., 2013). This site-specific fermentation may lead to site-specific benefits in the 

colon (Daguet et al., 2016). For instance, in vitro studies showed that oligosaccharides with 

relatively small MW and short DP were predominantly degraded in the proximal colon, 

resulting in minor effects on the distal colon (Manning and Gibson, 2004; Van de Wiele et al., 

2004). Using the Luminal Simulator of the Human Intestinal Microbial Ecosystem (L-SHIME), 

an in vitro study showed arabinogalactan (AG) was able to reach and undergo fermentation in 

the distal colon, increasing the abundance of luminal bifidobacteria and the concentration of 

propionate and butyrate in the distal colon (Terpend et al., 2013). Among bifidobacterial 

species, B. longum is a dominant species in the healthy adult gut (Arboleya et al., 2016). 

However, one study reported that nine B. longum strains were incapable of significant growth 

on AG in pure culture (O’Connell Motherway et al., 2011). Therefore, the bifidogenic effect of 

AG may depend on the strain, as well as the contribution of other gut bacteria, such as 

Bacteroides species (Chapter 3). However, there is little information on whether bifidobacteria 

can enhance the beneficial effects of AG.    

 

The L-SHIME system can show the microbial fermentation effects on the 

abundance/composition and metabolism of luminal gut microbiota in each colon region, which 

is difficult to obtain from batch fermentation and in vivo studies (Marzorati et al., 2009). 

However, being adjacent to the colon epithelium, the mucosal microbial community plays an 

important role in gut health (Liu et al., 2018). For instance, Akkermansia muciniphila that is 

preferentially found in the mucin layer consumes mucosal glycan and in turn enhances the 

mucosal barrier integrity (Cockburn and Koropatkin, 2016; Van den Abbeele et al., 2010). 

Therefore, the addition of a mucosal phase is important for studying the microbial community 

of individual colon regions in an in vitro study (Liu et al., 2018). The Twin Simulator of the 

Human Intestinal Microbial Ecosystem with mucosal compartment (TWIN-M-SHIME) thus 

allows the comparison the luminal phase and the mucosal phase (Firrman et al., 2019; Liu et 

al., 2018).   
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Bifidobacterium longum subsp. longum BB536 is a commercialized probiotic strain and has 

been reported to have beneficial effects on human health (Sugahara et al., 2015). Therefore, 

the aim of this work was to investigate the prebiotic effect of AG, and the synbiotic effect of 

AG combined with B. longum subsp. longum BB536 on the composition and metabolism of 

both luminal and mucosal gut microbiota in each colon region. For this purpose, this work 

made use of the TWIN-M-SHIME inoculated with fecal sample from a healthy donor (> 60 

years old) with undetectable bifidobacteria.  

 

5.2 Materials and methods 

5.2.1 TWIN-M-SHIME® experimental design 

The TWIN-M-SHIME® system was manufactured by ProDigest (Ghent, Belgium). It consists 

of two parallel SHIME systems, both comprising five double-wall bioreactors simulating the 

stomach (ST), small intestine (SI), ascending colon (AC), transverse colon (TC), and 

descending colon (DC). The whole system was maintained at 37 ˚C by circulating water that 

was heated in a water bath, and kept in anaerobic conditions using nitrogen flushing. The pH 

of AC, TC, and DC was continuously controlled and adjusted to mimic physiological 

conditions using 0.5 M HCl and 0.5 M NaOH, with the pH values of 5.7-5.9 for the AC, 6.15-

6.4 for the TC, and 6.6-6.9 for the DC (Figure 5. 1).  

 

The three colon reactors contained a semi-defined basal medium at a volume of 500 mL in the 

AC, 800 mL in the TC, and 600 mL in the DC. The semi-defined basal medium (ProDigest, 

Ghent, Belgium) was composed of following compounds (g/L): arabinogalactan (1.2), pectin 

(2.0), xylan (0.5), glucose (0.4), yeast extract (3.0), peptone (1.0), mucin (2.0), cysteine (0.5), 

and starch (4.0). Each colon reactor contained 60 mucin carriers in four mesh bags (15 carriers 

per bag). The mucin carriers were prepared by dipping hollowed carriers (ProDigest, Ghent, 

Belgium) into mucin agar solution. The mucin agar solution was prepared by microwaving 

(630 Watts) 1 g of Bacto agar (Oxoid, Nepean, Canada) in 100 mL of autoclaved distilled water 

to dissolve 5 g of type II porcine mucin (Brunschwig Chemic, Amsterdam, Netherlands). The 

mucin agar solution was adjusted to pH 6.8 using 350 µl of 10 M NaOH. The filled carriers 
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were solidified in a biological cabinet at room temperature and stored at 4 ˚C until use.  

 

The semi-defined basal medium was adjusted to pH 2 using concentrated HCl after autoclaving 

and cooling to room temperature and subsequently stored at 4 ˚C. Three times a day on a fixed 

time schedule, 140 mL semi-defined basal medium were fed to ST, and then the semi-defined 

basal medium was transferred to SI. Meanwhile, 60 mL of pancreatic juice were transferred to 

the SI as well. The pancreatic juice contained (g/L) NaHCO3 (14.0) (Anachemia Science, 

Mississauga, Canada), Oxgall (15.0) (Difco, Detroit, USA), and pancreatin from porcine 

pancreas (10.0) (Sigma-Aldrich, Oakville, Canada). After mixing the semi-defined basal 

medium and pancreatic juice (total 200 mL) in SI, the whole fluid was transported through the 

tubing system simultaneously (SI to the AC, AC to the TC, TC to the DC, and then DC to the 

waste) (Figure 5. S5).  

 

In a sterile plastic container, feces were collected from a healthy donor (> 60 years old) with 

undetectable bifidobacteria (< log 3.6 16S rRNA copy number/mL) (Table 5. 1), who had taken 

no antibiotics and other drugs 3 months before sampling. Within 2 h after collection, 30 g of 

fecal sample were homogenized (Stomacherâ 400 Circulator, West Sussex, UK) with 150 mL 

of sterilized phosphate buffer (pH 7.0, containing 2.25 mg of sodium thioglycolate) in a double-

layer stomacher bag at 75 rpm for 10 min. The homogenized fecal slurry was centrifuged 

(Beckman Coulter, Avanti J-20 XPI, Mississauga, Canada) at 500 × g for 2 min to remove 

particles. The supernatant of the homogenized fecal slurry was inoculated to the AC (25 mL), 

TC (40 mL), and DC (30 mL), respectively. After fecal inoculation, 3 weeks of initial 

stabilization were performed. The SCFAs were quantified each day for four continuous days 

to ensure the stabilization of both SHIME systems (Figure 5. S1).  

 



 

 87 

 

Figure 5. 1. Schematic representation of the TWIN-M-SHIME model used in this study. 

 

5.2.2 TWIN-M-SHIME® treatments  

After reaching stabilization, three consecutive 1-week treatment periods were applied 

simultaneously to each system (Figure 5. 2).  

 

The first treatment period (T1) was the semi-defined basal medium mixed with 10 g/L of 

soluble starch (average MW < 5 kDa, Sigma-Aldrich, Oakville, Canada) or AG (average MW 

25-12 kDa, Megazyme, Burlington, Canada). After autoclaving and pH adjustment, starch- and 

AG- containing media were fed to SHIME I and SHIME II respectively, following the 

procedure previously described.  

 

The second treatment period (T2) was the same media as T1 but supplemented with the 

contents of one capsule of B. longum subsp. longum BB536 (Webber naturals, Coquitlam, 

Canada) per day. To mimic physiological conditions, dry bacteria powder in one capsule (5 × 

1010 active cells) was incubated with 10 mL of the acidified media (pH 2) for 10 min, and then 

added to SI. After 15 min of mixing in the SI, the remaining 2.4 × 109 active cells were 
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transferred to AC, TC, and DC.  

 

The third treatment period (T3) was the same media as T1, with no B. longum supplementation.  

 

After three treatment periods, both SHIME systems were fed the semi-defined basal medium 

during the washout period that lasted for 11 days (Figure 5. 2). 

 

Stabilization (S)                Treatment 1 (T1)      Treatment 2 (T2)     Treatment 3 (T3)        Washout (W) 

     21 days                    7 days             7 days          7 days           11 days  
Semi-defined basal medium               Starch/AG         Starch/AG+BB536       Starch/AG       Semi-defined basal medium 

Figure 5. 2. Chronology of the TWIN-M-SHIME experiment. BB536: B. longum subsp. 
longum BB536. 

 

During T1, T2, T3, and the washout periods, the luminal and mucosal samples were taken on 

the last day of each period from each colon reactor of both SHIME systems. The luminal 

samples were also taken on the first day of T2 and the 7th, 8th, 10th, 12th, 15th, 22nd, and 25th 

days after B. longum subsp. longum BB536 supplementation for determining the abundance of 

B. longum. To distinguish between viable and dead cells, all luminal samples were pre-treated 

with propidium monoazide (PMA) (Biotium, Fremont, USA) following the described protocol 

(Chapter 3). For mucosal samples, 50% of mucin carriers (30 carriers in two bags) were 

removed from each colon reactor of both SHIME series and replaced with new mucin carriers. 

The harvested mucin carriers were washed in sterilized phosphate buffer (pH 7.0) three times, 

followed by centrifugation (Beckman Coulter, Avanti J-20 XPI, Mississauga, Canada) at 500 

rpm for 5 min to obtain mucosal samples, which were frozen for analysis. 

 

5.2.3 DNA extraction and molecular microbial analysis 

Total DNA from luminal samples and fecal slurry was extracted by using the DNeasy 

UltraClean Microbial Kit (Qiagen, Mississauga, Canada) and DNeasy PowerSoil DNA 

Isolation Kit (Qiagen, Mississauga, Canada) following the manufacturer’s protocol, 

respectively. Total DNA from mucosal samples was extracted by using the CTAB method 

(Firrman et al., 2019). The DNA extracts were quantified and qualified using Qubit 4 
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(Invitrogen Canada Inc., Burlington, Canada) and NanoDrop 1000 spectrophotometer (Thermo 

Scientific, Mississauga, Canada), respectively, and stored at -20 ˚C until use.  

 

In order to determine the composition of the microbial community in each colon reactor at each 

treatment period, extracted DNA was submitted to 16S rRNA gene sequencing of the V3/V4 

region using the Illumina Miseq platform (Advanced Analysis Centre genomics facility at the 

University of Guelph). Sequences were processed using QIIME2 (version 2019.7) 

(http://qiime.org). The forward (5’-CCTACGGGNGGCWGCAG-3’) and reverse (5’-

GACTACHVGGGTATCTAATCC-3’) primers were used for targeting the V3/V4 16S rRNA 

region. The read length of product was 301 bases. The front and tail ends of forward and reverse 

reads were trimmed to remove primer sequences and reduce low quality positions (below score 

of 25). Reads were combined and denoised by using DADA2. All taxonomy was based on the 

Silva 132 99% classifier training. Within each sample, the relative abundance percentage was 

obtained from the Operational Taxonomic Unit (OTU) counts divided by the total OTU counts.  

 

SYBR Green based quantitative polymerase chain reaction (qPCR) for bifidobacteria, 

Bacteroides-Prevotella-Porphyromonas, Clostridium coccoides-Eubacterium rectale, F. 

prausnitzii, and A. muciniphila was performed following the manufacturer’s instructions. 

Briefly, a total of 20 µL reaction per well contained 10 µL of SsoAdvanced Universal SYBR 

Green Supermix (Bio-Rad, Mississauga, Canada), 5 µL of DNA, and 0.5 µL each of 10 µM 

forward and reverse primers (Table 5. 1). The cycles were run on a CFX96 Touch System (Bio-

Rad) programmed as following: 95.0 ˚C for 3 min, 40 cycles of 95.0 ˚C for 10 s and the 

appropriate annealing temperature and time (Table 5. 1) for each primer set. Melting curve 

analysis on the PCR products was conducted from 65.0 to 95.0 ˚C at 0.5 ˚C / 5 s. The data were 

analyzed using the Bio-Rad CFX Maestro software (Bio-Rad). Bacteroides caccae ATCC 

43185 (American Type Culture Collection; Manassas, VA, USA), Eubacterium rectale ATCC 

33656 (American Type Culture Collection; Manassas, VA, USA), F. prausnitzii DSM 17677 

(A2-165) (DSMZ-German Collection of Microorganisms and Cell Cultures Gmbh, Germany), 

B. longum subsp. longum NCC 2705 (Nestlé Research Centre, Lausanne, Switzerland), and A. 

muciniphila (culture collection of the Canadian Research Institute for Food Safety, Guelph, 
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Canada) were used as standard strains for creating qPCR standard curves. The copy number of 

target genes was calculated by using an online tool (https://cels.uri.edu/gsc/cndna.html). 

 

5.2.4 Analysis of enzyme activity  

The MW profiles of starch and AG in the residual lumen contents were analyzed by high-

performance size exclusion chromatography (HPSEC) following the previously described 

protocol (Chapter 3).  

 

To test the activities of AG-degrading cell wall-associated enzymes from each colon reactor at 

the end of each treatment period, the crude cell wall-associated enzymes were incubated with 

AG and analyzed by thin-layer chromatography (TLC) following the previously described 

protocol (Chapter 3).  
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Table 5. 1. Group or genus-specific primers used for qPCR. 

Tm: annealing temperature and time. 

Target bacteria Primers 
Product 
size (bp) 

Tm (˚C/s) Target gene 
Detection limit 

Log (target gene 
copy number/mL) 

References 

Clostridium coccoides-Eubacterium 
rectale 
 

F: CGGTACCTGACTAAGAAGC 
R: AGTTT(C/T)ATTCTTGCGAACG 

429 60 ˚C/50 s 16S rRNA 4.0 (Rinttilä et 
al., 2004) 

Bacteroides-Prevotella- 
Porphyromonas 
 

F: GGTGTCGGCTTAAGTGCCAT 
R: CGGACGTAAGGGCCGTGC 

140 65 ˚C/15 s 16S rRNA 4.5 (Rinttilä et 
al., 2004) 

A. muciniphila F: ACTCCATCCGTATCCGCAAC 
R: CTTGGGCTGGTTGAAGTGGA 

 

230 65 ˚C/25 s Pili-like surface 
protein 

Amuc_1100 

7.3 (Hojo, 
2019) 

Bifidobacterium spp. F: TCGCGTCCGGTGTGAAAG 
R: CCACATCCAGCATCCAC 

 

243 65 ˚C/25 s 16S rRNA 3.6 (Rinttilä et 
al., 2004) 

F. prausnitzii F: GATGGCCTCGCGTCCGATTAG 
R: CCGAAGACCTTCTTCCTCC 

199 
 

60 ˚C/30 s 
 

16S rRNA 
 

4.3 
 

(Ahmed et 
al., 2007) 
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5.2.5 Quantification of SCFA concentration 

The concentrations of acetate, propionate, and butyrate were determined through Single-

dimension proton nuclear magnetic resonance (1D 1H NMR) following the previously 

described protocol (Chapter 3).  

 

5.2.6 Statistical analysis 

Statistical analyses were performed using Graph-Pad Prism 8. Means and standard deviations 

were analyzed by Student’s two tailed t-test. Differences were considered significant at P < 

0.05. 

 

5.3 Results 

5.3.1 Base consumption as a measure of fermentation  

During three treatment periods, microbial fermentation of starch resulted in higher base 

consumption in the AC but lower base consumption in the TC and DC, compared to AG 

fermentation (Figure 5. 3). For AG fermentation in the TC, compared to T1, T2 and T3 showed 

a dramatic increase in the base consumption from 192.8 mL to 382.4 mL after adding B. longum 

subsp. longum BB536 to the system. 
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Figure 5. 3. Base consumption profiles obtained for each colon reactor of the TWIN-M-
SHIME (white: starch; grey: AG). The data are expressed as base consumption (mL) that 
maintains the pH in the set range for each colon reactor in each period (n=1). S: stabilization 
period; T1: before probiotic supplementation (starch or AG); T2: with probiotic 
supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period.  
 

5.3.2 Analysis of carbohydrate degradation and activities of AG-degrading enzymes 

For starch, the HPSEC profiles showed that fermentation products with MW less than 5 kDa 

in the residual culture were higher in the TC and DC than in the AC at the end of T1, compared 

to the first day of T1. However, at the end of T2 and T3, the accumulation of these fermentation 

products was higher in the AC, but there was no change in the TC and DC (Figures 5. 4A; 5. 

S4). For AG fermentation, the HPSEC profiles showed the main peak area of AG (25-12 kDa) 

was gradually reduced from AC to DC (Figures 5. 4B; 5. S4). However, the reduction in peak 

area increased after supplementation with B. longum subsp. longum BB536.  
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A: starch 

 

B: AG 

 
Figure 5. 4. HPSEC profiles of SHIME luminal samples obtained from AC, TC, and DC 
regions during three treatment periods with starch (A) and AG (B) as fermentation substrates. 
Black line: first day of starch or AG supplementation (T1); pink line: end day of starch or AG 
supplementation (T1); blue line: end day of starch or AG with probiotic supplementation (T2); 
brown line: end day of after probiotic supplementation (T3). The retention time of standard 
peaks (Figure 3. S1) are indicated by red arrows: dextran 80 kDa at 26.8 min; dextran 50 kDa 
at 27.8 min; dextran 25 kDa at 29.2 min; dextran 12 kDa at 30.8 min; dextran 5 kDa at 32.2 
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min; dextran 1 kDa at 34.4 min. The substrates (starch or AG) and basal feed mixed with 
substrates are shown in Figure 5. S4. 
 

Compared to starch treatment, higher AG-degrading enzyme activities were observed in the 

AG treatment in each colon reactor (Figure 5. 5). Furthermore, the activities of AG-degrading 

enzymes in the TC and DC were higher than those in the AC for both SHIME systems. The 

enzyme activities increased after supplementation with B. longum subsp. longum BB536 in the 

AC of SHIME II, and in the TC and DC of SHIME I. 
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Figure 5. 5. TLC analysis of the products of AG-degrading cell-wall associated enzyme 
activity from each colon reactor of both SHIME systems at the end of each treatment period. 
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S: stabilization period; T1: before probiotic supplementation (starch or AG); T2: with probiotic 
supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period. Gal: galactose; Ara: arabinose; SHIME I: starch; SHIME II: AG. 
 
5.3.3 Concentration of SCFAs in SHIME compartments  

The concentrations of SCFAs in SHIME luminal samples were quantified using NMR during 

three treatment periods as well as at the end of the stabilization and washout periods (Figures 

5. 6; 5. 7). The concentration of acetate, butyrate, and propionate in each colon reactor was 

similar between the two SHIME systems at the end of the stabilization period (P > 0.05) 

(Figure 5. S1). During T1, the total SCFAs was significantly higher compared to the 

stabilization period (P < 0.05) in both SHIME systems (SHIME I: from 200.1±21.0 mM to 

261.0±12.5 mM; SHIME II: from 193.6±14.2 mM to 415±5.0 mM). However, a significantly 

higher (P < 0.05) concentration of total SCFAs was observed in each colon reactor of SHIME 

II than those of SHIME I.  

 

Compared to T1, addition of B. longum subsp. longum BB536 (T2) significantly enhanced (P 

< 0.05) the microbial production of total SCFAs and butyrate in the TC of both SHIME feeds 

(Total SCFAs: SHIME I: from 82.5±12.3 mM to 158.9±4.75 mM; SHIME II: from 127.3±5.7 

mM to 153.2±11.6 mM. Butyrate: SHIME I: from 5.14±0.4 mM to 11.56±0.1 mM; SHIME 

II: from 5.8±0.5 mM to 13.9±0.1mM). B. longum subsp. longum BB536 combined with AG 

produced a higher amount of butyrate in each colon reactor than when combined with starch 

(P < 0.05). However, more acetate (SHIME I, AC: 48±0.27 mM; TC: 85.9±2.8 mM; DC: 

75.2±0.4 mM, SHIME II, AC: 44.23±1.66 mM; TC: 80.0±7.6 mM; DC: 70.5±0.4 mM) and 

propionate (SHIME I, AC: 50.6±3.6 mM; TC: 61.4±7.4 mM; DC: 55.2±0.8 mM, SHIME II, 

AC: 37.8±0.6 mM; TC: 59.4±3.8 mM; DC: 48.3±0.1 mM) were produced by starch 

fermentation supplemented with B. longum subsp. longum BB536 than AG combined with B. 

longum subsp. longum BB536 in each colon reactor.  

 

During T3, the butyrate concentration was significantly decreased in the TC (from 13.9±0.1 

mM to 6.6±0.3 mM) and DC (from 12.4±0.2 mM to 9.6±0.2 mM) of SHIME II (P < 0.05), 

whereas the concentrations of acetate (from 85.9±2.8 mM to 118.3±2.9 mM) and propionate 
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(from 61.4±3.8 mM to 89.4±2.2 mM) were higher in the TC of SHIME I (P < 0.05), compared 

to T2. However, significantly higher concentrations of acetate, butyrate, and propionate were 

observed in the TC and DC of SHIME I than those of SHIME II (P < 0.05). 

  

The concentration of total SCFAs in each colon reactor of both SHIME systems returned to the 

stabilization level after an 11-day washout period (P > 0.05). However, after the washout period, 

a significantly higher concentration of butyrate was observed in the AC and TC of SHIME II 

(AC: 1.3±0.0 mM; TC: 5.4±0.1 mM) than those of SHIME I (AC: 1.1±0.3 mM; TC: 5.1±0.0 

mM) (P < 0.05). 
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Figure 5. 6. Concentrations of total SCFAs in the AC, TC, and DC of the both SHIME systems. 
Samples were taken at the end of the stabilization period, day 5 within each treatment period, 
and the last day of the washout period. SHIME I (white): feed containing starch; SHIME II 
(gray): feed containing AG. S: stabilization period; T1: before probiotic supplementation 
(starch or AG); T2: with probiotic supplementation (starch or AG + BB536); T3: after probiotic 
supplementation (starch or AG); W: washout period. Statistical analysis was performed with 
the Student’s two tailed t-test (*: P < 0.05). 
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Figure 5. 7. Production of acetate, butyrate, and propionate in the AC, TC, and DC of both 
SHIME systems. Samples were taken at the end of the stabilization period, day 5 within each 
treatment period, and the last day of the washout period. SHIME I (white): feed containing 
starch; SHIME II (grey): feed containing AG. S: stabilization period; T1: before probiotic 
supplementation (starch or AG); T2: with probiotic supplementation (starch or AG + BB536); 
T3: after probiotic supplementation (starch or AG); W: washout period. Statistical analysis was 
performed with the Student’s two tailed t-test (*: P < 0.05). 
 

5.3.4 Analysis of microbial community composition 

The composition of luminal and mucosal microbial communities in each colon reactor of both 

SHIME systems was determined by 16S rRNA gene V3-V4 region sequencing (Figures 5. 8; 

5. S2; 5. S3 and Tables 5. S1; 5. S2).  

 

After the stabilization period, both SHIME systems showed similar relative abundance of gut 

microbiota in luminal and mucosal phases at the phylum level. In both SHIME systems, 

Bacteroidetes (SHIME I: AC: 60%; TC: 52%; DC: 49%, SHIME II: AC: 64% TC: 35%; DC: 

36%) showed a higher relative abundance than Firmicutes (SHIME I: AC: 21%; TC: 32%; DC: 
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49%, SHIME II: AC: 17% TC: 57%; DC: 36%) in the luminal contents of the AC and TC. 

However, the relative abundance of Bacteroidetes was lower than that of Firmicutes in the TC 

(Bacteroidetes: SHIME I: 21%; SHIME II: 21%, Firmicutes: SHIME I: 70%; SHIME II: 65%) 

and DC (Bacteroidetes: SHIME I: 10%; SHIME II: 12%, Firmicutes: SHIME I: 75%; SHIME 

II: 74%) in the mucosal phase. The total OTU abundance of luminal and mucosal Firmicutes 

(SHIME I: 209,197 OTU; SHIME II: 206,182 OTU) was higher than that of Bacteroidetes 

(SHIME I: 169,501 OTU; SHIME II: 164,574 OTU). However, the total OTU of luminal 

Bacteroidetes (SHIME I: 105,407; SHIEM II: 93,905) showed a higher number than that of 

Firmicutes (SHIME I: 56,280; SHIME II: 43,858) in all colon reactors (AC+TC+DC) of both 

SHIME systems, whereas it was inverted in the mucosal phase (Bacteroidetes: SHIME I: 

64,094; SHIME II: 70,669, Firmicutes: SHIME I: 152,917; SHIME II: 162,324). In the AC of 

both SHIME systems, a higher relative abundance of Proteobacteria was observed in the 

mucosal phase (SHIME I: 26%; SHIME II: 29%) than in the luminal phase (SHIME I: 19%; 

SHIME II: 19%). The total OTU of mucosal Proteobacteria (SHIME I 34,809; SHIME II: 

41,888) showed a higher number than that of the luminal phase (SHIME I 29,902; SHIME II: 

26,797) in all colon reactors (AC+TC+DC) of both SHIME systems.  

 

For the luminal phase, the relative abundance of Proteobacteria decreased (both SHIME: from 

19% to 5%), whereas Firmicutes increased (SHIME I: from 21% to 34%; SHIME II: from 17% 

to 29%) in the AC of both SHIME systems after T1, compared to the stabilization period. 

Meanwhile, at family level, the relative abundance of Enterobacteriaceae (Proteobacteria 

phylum) decreased (SHIME I from 12.3% to 2.4%; SHIME II from 12.0% to 2.7%), whereas 

Acidaminococcaceae (Firmicutes phylum) increased (SHIME I from 13.4% to 25.4%; SHIME 

II from 13.8% to 20.0%) in the AC of both SHIME, compared to the stabilization period 

(Figure 5. S2). However, compared to T1, the relative abundance of Proteobacteria increased 

(SHIME I: from 5% to 26%; SHIME II: from 5% to 25%), while Bacteroidetes (SHIME I: 

from 61% to 50%; SHIME II: from 66% to 54%) and Firmicutes (SHIME I: from 34% to 24%; 

SHIME II: from 29% to 20%) decreased in the AC of both SHIME after T2. At family level, 

after T2, the relative abundance of Enterobacteriaceae (Proteobacteria phylum) significantly 

increased in the AC and TC of both SHIME (AC: SHIME I: from 2.4% to 25.0%, SHIME II: 
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from 2.7% to 22.3%; TC: SHIME I: from 4.2% to 8.2%, SHIME II: from 2.5% to 8.6%), 

compared to T1 (Figure 5. S2). Compared to T1, Bacteroidetes (from 55% to 45%) was partly 

replaced by Firmicutes (from 35% to 41%) in the TC of SHIME II after T2. However, 

compared to T2, Bacteroidetes decreased (from 56% to 48%) in the TC of SHIME I, and 

increased (from 45% to 55%) in the TC of SHIME II after T3.   

 

For the mucosal phase, Proteobacteria (from 26% to 9%) were partly replaced by Bacteroidetes 

(from 43% to 65%) in the AC of SHIME I after T1, compared to the stabilization period. 

Meanwhile, at the genus level, the relative abundance of Prevotella (Prevotellaceae family) 

(Bacteroidetes phylum) increased in the AC of SHIME I (from 19% to 49%), compared to the 

stabilization period (Table 5. S2). A similar profile (Proteobacteria from 20% to 11%; 

Bacteroidetes from 45% to 55%) was observed in the AC of SHIME II at phylum level after 

T2, compared to T1. After T1, Firmicutes were partly replaced by Bacteroidetes in the TC 

(Firmicutes from 65% to 56%; Bacteroidetes from 21% to 40%) and DC (Firmicutes from 74% 

to 57%; Bacteroidetes from 12% to 30%) of SHIME II, but this partial replacement only 

occurred in the DC (Firmicutes from 75% to 64%; Bacteroidetes from 10% to 22%) of SHIME 

I, compared to the stabilization period. Meanwhile, at the genus level, the relative abundance 

of Bacteroides (Bacteroidaceae family) (Bacteroidetes phylum) increased in the TC (from 15% 

to 33%) and DC (from 10% to 26%) of SHIME II. After T2, Bacteroidetes was partly replaced 

by Firmicutes in the TC of both SHIME (SHIME I: Firmicutes from 70% to 79%; Bacteroidetes 

from 22% to 12%, SHIME II: Firmicutes from 56% to 63%; Bacteroidetes from 40% to 27%), 

compared to T1. At the genus level, after T2, the relative abundance of Bacteroides 

(Bacteroidaceae family) decreased in the TC of both SHIME (SHIME I from 13% to 6%; 

SHIME II from 33% to 20%), compared to T1. Compared to T2, the relative abundance of 

Bacteroidetes increased in the TC (from 27% to 34%) of SHIME II during T3. At family level, 

after T3, the relative abundance of Bacteroidaceae increased from 9.7% to 23.1%, whereas 

Prevotellaceae (family) decreased from 57.2% to 37.5% in the AC of SHIME I, compared to 

T2 (Figure 5. S3). This could be explained by the results at genus level where Bacteroides 

(Bacteroidaceae family) (Bacteroidetes phylum) increased from 10% to 23%, whereas 

Prevotella (Prevotellaceae family) (Bacteroidetes phylum) decreased from 56% to 34% in the 
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AC of SHIME I (Table 5. S2).  

 

After the 11-day washout period, the composition of the gut microbiota at the phylum level 

returned to similar relative abundance as that observed during the stabilization state, except for 

the mucosal microbiota composition of AC of both SHIME systems. The relative abundance 

of Firmicutes increased (SHIME I from 32% to 41%, SHIME II from 28% to 47%), whereas 

the relative abundance of Proteobacteria decreased (SHIME I from 26% to 18%, SHIME II 

from 29% to 15%) in the mucosal phase after the 11-day washout period, compared to the 

stabilization period. 
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Figure 5. 8. Percent relative abundance at the phylum level for the luminal and mucosal phases 
of each colon reactor (n=1). S: stabilization period; T1: before probiotic supplementation 
(starch or AG); T2: with probiotic supplementation (starch or AG + BB536); T3: after probiotic 
supplementation (starch or AG); W: washout period. SHIME I: feed containing starch; SHIME 
II: feed containing AG. 
 

5.3.5 Analysis of specific gut bacteria/groups by qPCR 

Bifidobacteria 
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Before inoculation with B. longum subsp. longum BB536, bifidobacteria were below the 

detection limit in the fecal slurry [Detection limit: 3.6 Log (16S rRNA gene copy number/mL)]. 

In the mucosal phase, a significantly higher abundance of bifidobacteria was found in the AC 

(P < 0.05) and TC (P < 0.0001) of SHIME I, compared to the corresponding colon reactors of 

SHIME II on the 1st day of B. longum subsp. longum BB536 supplementation. The highest 

abundance of mucosal bifidobacteria was observed in each of the colon reactors of both SHIME 

systems on the 8th day, which is the first day of post-supplementation. After that day, the 

abundance of mucosal bifidobacteria declined in each colon reactor of both SHIME systems, 

and the reduction in SHIME I was slower than that in SHIME II. However, the mucosal 

bifidobacteria could still be detected within eighteen days after the one-week B. longum subsp. 

longum BB536 supplementation (25th day) in each colon reactor of both SHIME systems.  

 

In the luminal phase and between each colon reactor, the highest abundance of total and live 

bifidobacteria was observed in the AC, followed by TC and DC on the 1st day of adding B. 

longum subsp. longum BB536 (Figure 5. 9). The abundance of total and live bifidobacteria in 

each colon reactor of SHIME I was significantly higher than that in SHIME II (P < 0.0001). 

On the 7th day of adding B. longum subsp. longum BB536, the abundance of total bifidobacteria 

in the TC and DC of SHIME I were still significantly higher than the corresponding colon 

reactors of SHIME II (P < 0.0001). However, the amounts of live bifidobacteria in the AC and 

TC of SHIME II were significantly higher than in the corresponding colon reactors of SHIME 

I (P < 0.0001). After three days post-supplementation (10th day), total bifidobacteria was lower 

in each colon reactor of both SHIME systems, compared to that on the first day post-

supplementation (8th day). In the AC of SHIME II, live bifidobacteria was unable to be detected 

after three days post-supplementation (10th day), whereas total bifidobacteria was detected until 

the fifteenth day post-supplementation (22nd day). In the AC of SHIME I, live and total 

bifidobacteria were unable to be detected on the fifth day (12th day) and the eighteenth day 

(25th day) post-supplementation, respectively. In the TC and DC of both SHIME systems, live 

bifidobacteria was unable to be detected on the fifth day post-supplementation (12th day), 

whereas total bifidobacteria was still detected on the eighteenth day post-supplementation (25th 

day). Bifidobacteria was still able to be detected in the mucosal phase in each colon reactor 
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after eighteen days post-supplementation (25th day). 
 

Figure 5. 9. Abundance of bifidobacteria in the luminal (A) and mucosal (B) samples from 
each colon reactor of both SHIME systems. Luminal samples were taken on the first (Day 1) 
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and last (Day 7) days during the 1-week B. longum subsp. longum BB536 supplementation as 
well as the 8th, 10th, 12th, 15th, 22nd, 25th days post-supplementation. Mucosal samples were 
taken on the first day (Day 1) of the 1-week B. longum subsp. longum BB536 supplementation 
as well as the 8th, 15th, 22nd, 25th days post-supplementation. T2: with probiotic 
supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period. qPCR was carried out in triplicate on luminal samples with or without 
PMA treatment and mucosal samples without PMA treatment. Statistical analysis was 
performed with the Student’s two tailed t-test (*: P < 0.05; **: P < 0.001; ***: P < 0.0001). 
SHIME I (starch): white bar; SHIME II (AG): grey bar; luminal without PMA treatment: bar 
with backslash line; luminal with PMA treatment: bar with horizontal line. The missing bars 
mean the abundance of samples was lower than the detection limit.  
 

Bacteroides-Prevotella-Porphyromonas 

After T1, the results of qPCR showed that the abundance of total Bacteroides-Prevotella-

Porphyromonas in both luminal and mucosal samples significantly increased in each colon 

reactor of both SHIME systems, compared to the stabilization period (P < 0.0001) (Figure 5. 

10a). Luminal live Bacteroides-Prevotella-Porphyromonas in SHIME II showed a 

significantly higher abundance than that in SHIME I in each colon reactor (P < 0.05). However, 

the number of live Bacteroides-Prevotella-Porphyromonas decreased in the TC of both 

SHIME systems (P < 0.0001), compared to the stabilization period.  

 

After T2, the abundance of total mucosal Bacteroides-Prevotella-Porphyromonas group was 

dramatically decreased in the TC and DC of SHIME I (P < 0.0001), compared to T1. However, 

the number of luminal live Bacteroides-Prevotella-Porphyromonas returned to the level found 

during the stabilization period in the TC of both SHIME systems.  

 

After T3, the abundance of mucosal Bacteroides-Prevotella-Porphyromonas group 

significantly decreased in the AC of both SHIME systems (P < 0.0001), compared to T2. The 

luminal total and live Bacteroides-Prevotella-Porphyromonas increased only in the AC of 

SHIME I (P < 0.0001) and decreased in the AC of SHIME II (P < 0.0001), compared to T2. 

However, in the TC and DC, the abundance of mucosal Bacteroides-Prevotella-

Porphyromonas significantly increased only in SHIME I (P < 0.0001) and significantly 

decreased in SHIME II (P < 0.0001), compared to T2. In the luminal content, the abundance 
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of live Bacteroides-Prevotella-Porphyromonas significantly increased in the TC and DC of 

SHIME II (P < 0.0001), compared to T2.  

 

After the washout period, the luminal live Bacteroides-Prevotella-Porphyromonas in the AC 

of both SHIME systems showed higher abundance compared to the stabilization period (P < 

0.0001). 

 

Clostridium coccoides-Eubacterium rectale  

After T1, the abundance of mucosal and luminal total Clostridium coccoides-Eubacterium 

rectale group significantly increased in each colon reactor of both SHIME systems (P < 0.05), 

whereas luminal live cells showed significantly lower abundance in the TC of both SHIME 

systems (P < 0.0001), compared to the stabilization period (Figure 5. 10b). However, after T2, 

the number of live Clostridium coccoides-Eubacterium rectale significantly decreased in the 

AC and DC (P < 0.05) but significantly increased in the TC (P < 0.0001) of both SHIME 

systems, compared to T1. After T3, the number of live Clostridium coccoides-Eubacterium 

rectale significantly increased in the AC of both SHIME systems, and the DC of SHIME II (P 

< 0.0001). After the washout period, the luminal live Clostridium coccoides-Eubacterium 

rectale in the AC and TC of SHIME II still showed a higher abundance compared to the 

stabilization period (P < 0.0001). 

 

F. prausnitzii 

Throughout the SHIME experiment, F. prausnitzii not detected in the luminal AC content of 

both SHIME systems. Furthermore, the quantity of mucosal F. prausnitzii in the AC was much 

lower than in the TC and DC (Figure 5. 10c). After T1, the abundance of live F. prausnitzii 

significantly decreased in the TC of SHIME I (P < 0.0001), compared to the stabilization 

period. The abundance of mucosal and luminal total F. prausnitzii in the TC of SHIME II was 

significantly higher than in SHIME I (P < 0.0001). After T2, the abundance of luminal F. 

prausnitzii (total and live) significantly increased in the TC of both SHIME (P < 0.0001), 

compared to T1. However, the abundance of luminal F. prausnitzii (total and live) in the TC 
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of SHIME II was still significantly higher than that of SHIME I (P < 0.0001). In the mucosal 

phase, the abundance of F. prausnitzii significantly increased in the AC and TC of SHIME II 

(P < 0.0001), compared to T1. After the washout period, the luminal live F. prausnitzii in the 

TC of SHIME II still showed a significantly higher abundance (P < 0.0001) compared to the 

stabilization period.  

 

A. muciniphila 

The luminal and mucosal A. muciniphila was not detected in the AC of both SHIME systems 

throughout the SHIME experiment (Figure 5. 10d). Compared to the stabilization period, the 

luminal live A. muciniphila significantly decreased in the TC of SHIME I after T1 (P < 0.0001), 

whereas it significantly increased in the TC of SHIME II (P < 0.0001) and in the DC of both 

SHIME systems (P < 0.0001). However, compared to T1, the abundance of luminal live A. 

muciniphila significantly increased in the TC of SHIME I after T2 (P < 0.0001), reaching a 

similar abundance level to that in the TC of SHIME II. After the washout period, the luminal 

live A. muciniphila in the TC and DC of both SHIME systems showed a higher abundance 

compared to the stabilization period (P < 0.0001). 
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a.  Bacteroides-Prevotella-Porphyromonas  
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b.  Clostridium coccoides-Eubacterium rectale  
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c.  F. prausnitzii 
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d.  A. muciniphila  

 

Figure 5. 10. Abundance of Bacteroides-Prevotella-Porphyromonas group (a), Clostridium 
coccoides-Eubacterium rectale group (b), F. prausnitzii (c) and A. muciniphila (d) in the 
luminal (A) and mucosal (B) samples from each colon reactor of both SHIME systems. S: 
stabilization period; T1: before probiotic supplementation (starch or AG); T2: with probiotic 
supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period.  
qPCR experiment was carried out in triplicate on luminal samples with or without PMA 
treatment and mucosal samples without PMA treatment. qPCR experiments were performed in 
triplicate. Statistical analysis was performed with the Student’s two tailed t-test (*: P < 0.05; 
**: P < 0.001; ***: P < 0.0001). SHIME I (starch): white bar; SHIME II (AG): grey bar; 
luminal without PMA treatment: bar with backslash line; luminal with PMA treatment: bar 
with horizontal line. The missing bars mean the abundance of samples was lower than the 
detection limit. 
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5.4 Discussion 

5.4.1 Substrate fermentation and activities of AG-degrading enzymes 

Gut microbial fermentation of carbohydrates produces SCFAs which reduce the pH of the gut 

environment. Since the pH of SHIME colon reactors is fixed, a high amount of base 

consumption indicates a high level of pH reduction, which correlates with high microbial 

metabolism. In this study, both base consumption and HPSEC profile indicated that starch 

(around 5 kDa) was quickly fermented in the AC, while AG (25-12 kDa) was more gradually 

fermented. The TLC results showed the activities of AG-degrading enzymes in the TC and DC 

were higher than those of in the AC. This result indicates the microbial activity for AG 

degradation in the TC and DC were higher than that of in the AC. The HPSEC results showed 

that there was less AG available for fermentation in the DC. However, one study reported that 

AG with high MW (200 kDa) may reach DC (Terpend et al., 2013). These results indicate that 

the AG with higher MW could reach more distally in the colon.  

 

After supplementation with B. longum subsp. longum BB536, AG degradation was 

significantly increased in the TC, as shown by HPSEC analysis and base consumption profiles. 

The TLC results showed that the activities of AG-degrading enzymes significantly increased 

in the TC and DC of SHIME I and in the AC of SHIME II after T2, compared to T1. However, 

changes in the enzyme activities before and after B. longum subsp. longum BB536 

supplementation were difficult to discern in the TC and DC of SHIME II, due to the technical 

limitations of TLC. After an 11-day washout period, the activities of AG-degrading enzymes 

were similar to those during the stabilization period in the AC and TC but still higher in the 

DC of both SHIME systems than the stabilization period. This could be due to the liquid flow 

from AC to TC to DC in the SHIME system. 

 

5.4.2 Gut microbiota composition and SCFAs 

Combining B. longum subsp. longum BB536 supplementation with AG fermentation for 7 days 

led to a significantly higher abundance of luminal live bifidobacteria in the AC and TC than 

when combined with starch. However, during post-supplementation, the decline in total 

bifidobacteria in the luminal phase was more rapid than in the mucosal phase, indicating that 
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mucin beads are able to extend microbial colonization by preventing the washout of adherent 

bacteria (Van den Abbeele et al., 2013). The largest reduction was observed in the AC, 

followed by TC and DC. This could be due to the liquid flow from AC to TC to DC in the 

SHIME system. One SHIME study reported that after two weeks post-supplementation of 

Lactobacillus acidophilus, the abundance of luminal Lactobacillus spp. was still higher than 

that of the control period (Sivieri et al., 2013). However, only the abundance of total 

Lactobacillus spp. was determined; the number of live Lactobacillus spp. was unknown. In this 

study, the total DNA of bifidobacteria was still detected in the mucosal phase in each colon 

reactor and in the luminal phase of TC and DC after eighteen days post-supplementation (25th 

day). However, the live bifidobacteria was unable to survive after five days post-

supplementation (12th day), even in the presence of AG fermentation. 

 

The Bacteroides-Prevotella-Porphyromonas group contains important gut bacterial members 

for fiber degradation (Ivarsson et al., 2014). The qPCR results indicate that the addition of 

starch or AG to the basal medium stimulated the growth of this bacterial group in both SHIME 

systems after T1. However, Bacteroides and Prevotella, which are the most common genera 

of the Bacteroidetes phylum, tend not to present together at a high abundance in the same 

individual (White et al., 2014). Two in vivo studies reported that a high abundance of Prevotella 

species was found in the fecal samples from individuals consuming a high fiber diet, whereas 

the Bacteroides species were enrichened in the fecal samples from individuals that consumed 

a high starch and protein diet (Filippo et al., 2010; Wu et al., 2011). In this study, specific 

changes in the abundances of these two genera, Bacteroides and Prevotella, in each colon 

reactor were observed. Colonic fermentation of AG increased the relative abundance of 

Bacteroides in the TC and DC, and the relative abundance of Prevotella (Prevotellaceae family) 

was increased in the AC by starch fermentation. Previous studies reported that Bacteroides has 

the ability to degrade polysaccharides, and Prevotellaceae is an assimilator of starch (Cartmell 

et al., 2018; Herrmann et al., 2017; Ndeh and Gilbert, 2018; Salyers et al., 1977). These 

sequencing results were largely correlated with the base consumption and HPSEC profiles that 

starch was mainly fermented in the AC, while AG was gradually fermented.  
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After T1, the abundance of luminal live A. muciniphila was significantly increased by AG 

fermentation, whereas significantly decreased by starch fermentation in the TC, compared to 

the stabilization period. A. muciniphila, which represents 3-5% of the total human gut 

microbiota, are proposed as next-generation probiotics (Patel and DuPont, 2015; Wu et al., 

2018). This finding indicated that colonic fermentation of AG was able to stimulate the growth 

of some potential probiotics, such as A. muciniphila.  

 

After supplementing B. longum subsp. longum BB536 (T2), the relative abundance of luminal 

Enterobacteriaceae significantly increased in the AC and TC of both SHIME, compared to T1. 

This finding is in agreement with one previous SHIME study that showed a similar result by 

inoculating SHIME with fecal samples containing bifidobacteria (Bianchi et al., 2019). In that 

study, compared to the stabilization period, addition of B. longum increased the relative 

abundance of luminal Enterobacteriaceae family in the AC and TC. However, compared to B. 

longum supplementation alone, the combined treatment of bifidobacteria supplementation with 

pectin fermentation increased the relative abundance of luminal Enterobacteriaceae family in 

the AC but reduced it in the TC and DC (Bianchi et al., 2019). These results indicate that B. 

longum and the added polysaccharide sources are important factors in affecting the relative 

abundance of luminal Enterobacteriaceae in the SHIME model. However, these results are 

presented as relative abundance, which are dependent on the relative abundance of other gut 

bacteria. Therefore, it is difficult to interpret the actual number of specific gut bacteria in a 

complex ecosystem. For instance, another two SHIME studies showed opposite results that 

supplementation with potential probiotic strain(s) decreased the abundance of luminal 

Enterobacteriaceae in each colon reactor (Alander et al., 1999; Molly et al., 1996). Results of 

the Enterobacteriaceae abundance from these two studies were presented in log colony-

forming unit per mL (CFU/mL), which is different from the results of relative abundance. 

These results indicate that the method of data collection, such as 16S profiling and qPCR, may 

influence the result of the abundance of specific gut bacteria.  

 

For in vivo studies, the concentration of total SCFAs in feces are usually between 50 to 150 

mM (Rivière et al., 2016). However, during the stabilization period of this study, the 
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concentration of total SCFAs of all three colon reactors was 200.2±22.5 mM in SHIME I and 

193.6±16.3 mM in SHIME II, which is much higher than the fecal samples. This could be 

explained by the absence of absorption in the SHIME model. Across three colon reactors of 

both SHIME systems, the concentration of total SCFAs was the highest in the DC and the 

lowest in the AC. In human gut, carbohydrate fermentation predominates in the proximal colon 

due to substrate abundance, which results in higher SCFAs production and lower pH than the 

distal colon (Topping and Clifton, 2001). However, in SHIME studies without or with different 

treatment substrates, such as AG, inulin, arabinoxylan-oligosaccharides (AXOS), fructo-

oligosaccharides (FOS), the highest total SCFA concentration was always observed in the distal 

colon and the lowest in the proximal colon (Sanchez et al., 2009; Terpend et al., 2013; Van de 

Wiele et al., 2004; Van den Abbeele et al., 2010). The discrepancy in total SCFA concentration 

between human gut and SHIME models could be attributed to two influencing factors: 

microbiota composition and microbial accessible substrate source (Hijova and Chmelarova, 

2007). The microbiota in SHIME colon vessels may not share exact similarity to that in the 

human gut, thereby not reproducing the same physiological fermentation rate (Payne et al., 

2012). The semi-defined SHIME feed contains polysaccharides that may not be highly 

accessible to the bacterial community in the proximal colon vessels, resulting in less SCFAs 

production.   

 

After adding B. longum (T2), significantly higher abundance of the luminal live Clostridium 

coccoides-Eubacterium rectale group and F. prausnitzii, and a significantly higher 

concentration of butyrate were observed in the TC of both SHIME systems, compared to 

substrate (starch or AG) fermentation alone (T1). The Clostridium coccoides-Eubacterium 

rectale group and F. prausnitzii are two dominant butyrate-producing bacterial groups in the 

gut (Flint et al., 2015). These two groups better grow in the presence of acetate, and produce 

butyrate at low pH (Rivière et al., 2016). The production of acetate by B. longum may stimulate 

the growth of butyrate-producers, which likely explained the interaction between B. longum 

subsp. longum BB536 supplementation and butyrate production in this study. After post-

supplementation of B. longum subsp. longum BB536 (T3), although the abundance of luminal 

live and mucosal Clostridium coccoides-Eubacterium rectale group and F. prausnitzii were 
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maintained at similar levels to those during T2 in the TC and DC of both SHIME systems, live 

B. longum was not detected in each colon reactor of both SHIME systems. Meanwhile, the 

concentration of butyrate was significantly lower in the TC and DC of SHIME II, whereas it 

was maintained at a similar concentration in the TC and DC of SHIME I, compared to T2. 

These results indicate that B. longum combined with AG fermentation has more impact on 

butyrate production than when combined with starch. After an 11-day washout period, a 

significant higher abundance of luminal live F. prausnitzii was observed in the TC of SHIME 

II, compared to the stabilization state. This result indicates that the combination of a probiotic 

strain B. longum subsp. longum BB536 and AG fermentation can retain live F. prausnitzii for 

a longer time than bifidobacteria and starch combination. 

 

5.5 Conclusion 

In this study, the results showed that starch was mainly fermented in the AC, whereas AG was 

gradually fermented. Although both starch and AG fermentation were able to modulate the 

microbiota composition and metabolites, fermentation of AG significantly increased the total 

SCFAs production and the abundance of luminal live A. muciniphila and F. prausnitzii, 

compared to fermentation of starch. The combination of B. longum subsp. longum BB536 with 

AG stimulated the activities of AG-degrading enzymes, butyrate production, and the growth 

of specific gut bacteria species, such as F. prausnitzii. This study highlights the potential of 

combining AG with a probiotic strain B. longum subsp. longum BB536 to induce a beneficial 

effect on human gut health by improving the gut barrier function due to the stimulation of 

butyrate production. Therefore, further in vivo studies are necessary to evaluate the combined 

effects of AG and B. longum subsp. longum BB536 on human gut health. 
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Figure 5. S 1. Production of three main SCFAs in the AC, TC, and DC of two SHIME systems 
during the stabilization period. The samples were taken each day for four continuous days 
during the stabilization period. SHIME I (starch): white bar; SHIME II (AG): grey bar. 
Statistical analysis was performed with the Student’s two tailed t-test (ns: P > 0.05).  
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Figure 5. S 2. Percent relative abundance at the family level for the luminal phases of each 
colon region (n=1). S: stabilization; T1: before probiotic supplementation (starch or AG); T2: 
with probiotic supplementation (starch or AG + BB536); T3: after probiotic supplementation 
(starch or AG); W: washout period. SHIME I: feed containing starch; SHIME II: feed 
containing AG. Other: the relative abundance < 1%. 
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Figure 5. S 3. Percent relative abundance at the family level for the mucosal phases of each 
colon region (n=1). S: stabilization; T1: before probiotic supplementation (starch or AG); T2: 
with probiotic supplementation (starch or AG + BB536); T3: after probiotic supplementation 
(starch or AG); W: washout period. SHIME I: feed containing starch; SHIME II: feed 
containing AG. Other: the relative abundance < 1%. 
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Figure 5. S 4. HPSEC profiles of basal feed and starch or AG dissolved in water or basal feed.   
A: pink line: starch dissolved in water (autoclaved); blue line: basal feed; black line: basal feed 
mix with starch. 
B: pink line: AG dissolved in water (autoclaved); blue line: basal feed; black line: basal feed 
mix with AG. 
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Figure 5. S 5. SHIME running program. 
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Table 5. S 1. Percent relative abundance at the genus level for the luminal phases of each colon region (n=1). S: stabilization; T1: before probiotic 
supplementation (starch or AG); T2: with probiotic supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period. SHIME I: feed containing starch; SHIME II: feed containing AG. 
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TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

Bacteroides 22 22 15 18 6 14 7 15 20 12 28 31 16 29 12 20 15 29 32 21 33 25 20 29 15 24 21 35 31 28 

Prevotella 31 33 41 42 42 40 41 36 40 39 11 9 26 15 33 16 26 20 9 17 3 3 13 5 20 10 20 12 3 8 

Phascolarctobacterium 10 10 20 15 13 12 14 10 10 12 4 5 6 7 7 6 6 6 5 6 3 4 4 6 6 6 4 4 4 4 

Lachnoclostridium 5 1 4 4 3 2 6 7 2 2 11 7 13 9 9 6 13 8 5 5 9 7 14 10 10 9 14 9 7 7 

Parabacteroides 1 0 0 0 0 0 1 1 1 1 9 15 10 5 6 4 4 2 11 7 11 15 9 4 9 4 6 3 13 7 

Paraprevotella 6 9 4 6 1 1 0 3 7 7 4 2 1 6 5 6 2 3 6 11 2 0 1 5 4 5 3 3 6 4 

unclassified_Enterobac

teriaceae 
9 10 2 2 13 11 11 10 8 10 2 2 2 2 4 4 3 3 2 2 1 2 3 3 3 3 1 2 1 2 

Acidaminococcus 3 3 5 5 6 3 6 6 0 1 5 5 5 4 2 3 7 7 1 2 5 4 2 2 5 5 8 7 2 3 

Bilophila 6 6 1 2 0 3 0 2 4 4 5 5 2 2 3 2 2 1 4 3 7 8 4 3 4 3 3 2 6 5 

Anaeroglobus 0 0 0 0 0 0 0 0 2 4 5 5 3 3 3 6 1 2 7 4 4 3 2 2 2 3 2 1 6 3 

Citrobacter 2 1 1 1 12 11 4 4 1 3 0 0 1 1 4 4 1 1 1 1 0 0 1 1 3 2 1 1 1 1 

Enterococcus 2 2 3 5 2 3 2 2 1 1 2 1 2 3 1 1 1 0 2 1 2 2 2 3 1 1 0 0 1 1 

Blautia 0 0 0 0 0 0 0 0 0 0 3 3 2 4 1 5 1 1 3 2 3 4 2 3 1 4 1 2 3 3 
[Ruminococcus] 

torques group 
0 0 0 0 0 0 0 0 0 0 1 1 1 2 2 3 0 1 1 0 2 2 2 2 3 4 1 2 2 1 

Desulfovibrio 0 0 0 0 0 0 0 0 0 0 2 1 1 2 1 1 1 1 2 1 2 2 2 2 1 1 1 1 3 2 

Dialister 0 0 0 0 0 0 0 0 1 1 2 2 1 1 1 2 1 1 3 2 1 1 1 0 1 1 1 0 2 1 

Sutterella 0 0 1 1 1 0 2 1 0 0 0 0 2 2 0 0 2 1 0 0 0 0 3 0 1 1 1 1 0 0 

Pseudomonas 0 0 0 0 0 0 3 2 0 0 1 0 3 1 0 0 1 0 0 0 3 2 2 2 1 1 1 0 0 0 

Faecalibacterium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 6 0 0 0 0 0 0 5 0 1 6 
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Enterobacter 1 2 0 0 0 0 1 1 1 2 1 0 1 0 0 0 1 0 0 0 0 1 1 1 0 0 0 0 0 0 

Akkermansia 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 0 1 1 0 0 0 1 3 

Ambiguous_taxa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2 4 0 0 0 0 0 1 0 1 2 4 0 0 

Subdoligranulum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 2 0 1 0 1 1 1 1 1 0 2 0 1 

Ochrobactrum 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 

Agathobacter 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 0 0 0 2 0 1 0 1 0 1 0 0 0 1 

Eisenbergiella 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 3 0 1 0 1 0 0 

uncultured bacterium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 

uncultured 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 2 0 0 0 0 0 0 0 

other (<2%) 0 0 1 0 0 0 1 1 1 1 2 2 3 2 4 5 3 2 5 3 6 7 8 8 7 8 5 5 6 7 

Results present as relative abundance (%). Other: the relative abundance < 2%. 
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Table 5. S 2. Percent relative abundance at the genus level for the mucosal phases of each colon region (n=1). S: stabilization; T1: before probiotic 
supplementation (starch or AG); T2: with probiotic supplementation (starch or AG + BB536); T3: after probiotic supplementation (starch or AG); 
W: washout period. SHIME I: feed containing starch; SHIME II: feed containing AG. 

 S T1 T2 T3 W S T1 T2 T3 W S T1 T2 T3 W 

 
AC 

1 

AC 

2 

AC 

1 

AC 

2 

AC 

1 

AC 

2 

AC 

1 

AC 

2 

AC 

1 

AC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

TC 

1 

TC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

DC 

1 

DC 

2 

Bacteroides 15 18 13 14 10 16 23 22 12 10 15 15 13 33 6 20 11 27 14 16 7 10 14 26 11 29 16 32 10 8 

Prevotella  19 18 49 27 56 34 34 32 20 20 0 0 2 1 4 3 4 2 1 2 0 0 1 0 2 1 1 1 0 0 

Lachnoclostridium 7 6 8 9 6 9 13 10 8 7 5 5 9 7 10 6 8 10 7 9 4 7 8 7 6 6 7 9 7 9 

Enterococcus 15 13 9 18 6 15 4 5 6 5 5 6 5 5 7 8 2 1 7 5 6 2 3 3 7 6 1 1 3 2 

Anaeroglobus 0 0 0 0 0 0 0 1 10 14 8 11 10 6 12 9 13 6 12 10 4 4 2 1 2 2 2 1 3 1 

Acidaminococcus 4 3 3 2 5 3 6 5 3 5 6 4 5 3 7 8 5 5 10 6 4 5 4 3 8 6 8 4 6 7 

[Eubacterium] fissicatena group 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 15 21 16 12 13 9 13 9 19 17 

Blautia 0 0 0 0 0 0 0 0 0 0 5 6 6 8 8 5 6 4 6 7 9 3 5 7 4 5 3 3 6 6 

Parabacteroides 6 1 0 0 0 1 3 1 2 3 5 4 6 5 2 3 3 3 5 5 3 2 6 3 4 2 3 2 3 3 

Bilophila 6 7 2 4 1 5 4 6 5 4 1 2 2 1 3 1 4 2 2 2 3 1 3 1 3 1 4 2 3 2 

unclassified_Enterobacteriaceae 12 16 3 6 2 2 1 1 11 8 2 3 1 0 1 1 1 1 1 1 1 1 1 1 2 1 2 1 1 1 

Roseburia 0 0 0 0 0 0 0 0 0 0 14 5 11 6 6 5 6 3 7 7 4 3 2 1 1 1 2 1 3 2 

Dialister 0 0 0 0 0 0 0 0 4 6 3 5 5 2 6 4 5 2 5 4 2 2 1 0 1 1 1 1 1 1 

Phascolarctobacterium 5 6 6 5 8 6 5 8 3 5 0 0 1 1 0 2 1 2 1 1 0 0 0 1 0 1 0 1 0 0 

Paraprevotella 3 6 3 4 1 3 3 5 7 5 1 1 1 1 1 1 1 1 2 2 0 0 0 0 0 0 0 0 0 0 

[Ruminococcus] torques group 0 0 0 0 0 0 0 0 0 0 9 8 4 4 4 4 3 4 3 2 1 1 2 2 3 1 2 1 2 2 

Desulfovibrio 0 0 0 0 0 0 0 0 0 0 2 2 1 1 2 1 3 2 3 2 3 3 2 1 3 2 4 3 3 3 

Ochrobactrum 4 2 3 8 3 3 1 1 0 0 0 1 2 0 1 1 0 0 1 0 1 0 1 2 1 1 2 1 2 1 

Methanobrevibacter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 2 3 5 3 4 3 3 4 2 3 

unclassified_Lachnospiraceae 0 0 0 0 0 0 0 0 0 0 2 1 2 1 3 1 3 1 1 1 2 2 1 1 1 1 1 0 1 2 

Eisenbergiella 0 0 0 0 0 0 0 0 0 0 0 0 2 4 0 3 1 4 0 0 2 1 1 4 1 2 1 3 0 1 
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Selenomonas 3 0 0 0 0 0 0 0 0 0 0 3 3 3 2 3 2 5 2 1 0 0 0 0 0 0 0 0 0 0 0 

Clostridium sensu stricto 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 5 8 0 0 1 0 1 0 2 3 

Intestinimonas 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 2 2 2 2 2 2 3 1 2 2 

Subdoligranulum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 2 1 3 0 3 0 0 0 1 1 1 1 1 0 3 

Agathobacter 0 0 0 0 0 0 0 0 0 0 4 6 1 2 1 1 1 1 2 2 0 0 0 0 0 0 0 0 1 1 

Ambiguous_taxa 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 6 0 5 1 1 0 0 0 3 0 2 0 1 1 0 

Akkermansia 0 0 0 0 0 0 0 0 0 0 1 5 0 0 0 0 0 0 1 1 4 6 0 0 0 1 0 0 1 1 

Oscillibacter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 1 1 2 2 2 1 1 1 2 1 

Enterobacter 2 3 1 1 0 0 0 0 2 2 1 1 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 1 0 1 

uncultured 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 1 2 1 2 1 1 1 1 1 

Carnobacterium 0 0 0 0 0 0 0 0 6 4 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 1 1 

Citrobacter 0 0 0 1 1 1 0 1 0 1 0 0 0 0 1 1 1 0 1 1 0 0 0 0 2 1 2 1 1 0 

Flavonifractor 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 1 0 1 

[Eubacterium] hallii group 0 0 0 0 0 0 0 0 0 0 0 2 0 0 1 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 

Ruminococcaceae NK4A214 

group 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 1 1 1 0 1 

Coprococcus 3 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 0 1 0 1 2 

Faecalibacterium 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2 0 0 0 0 0 0 1 0 0 0 

[Eubacterium] brachy group 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 

Terrisporobacter 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 

other (<2%) 1 1 1 1 1 1 2 2 1 1 4 4 4 3 5 3 5 5 4 4 8 6 10 8 10 10 9 11 8 11 

Results present as relative abundance (%). Other: the relative abundance < 2%.
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Chapter 6. General discussion and future work 

6.1 General discussion 

6.1.1 Arabinogalactan (AG)-degrading enzyme activities  

A total of 40 strains belonging to 8 genera were compared for the presence of genes which 

were predicted to function in degrading AG via the carbohydrate-active enzymes (CAZy) 

database. Both human gut Bifidobacterium longum subsp. longum NCC 2705 and Bacteroides 

caccae ATCC 43185 strains possess many genes encoding enzymes belonging to the glycoside 

hydrolase (GH) families involved in AG degradation (O’Callaghan and van Sinderen, 2016; 

Pokusaeva et al., 2011). However, enzymes with different enzymatic activities may be grouped 

in the same enzyme family, since these enzyme families are classified based on amino acid 

sequence of the proteins (Hamaker and Tuncil, 2014). For instance, B. longum subsp. longum 

NCC 2705 possesses nine genes that encode enzymes belonging to the GH43 family. Enzymes 

in the GH43 family include β-xylosidase, a-L-arabinofuranosidase, xylanase, a-1,2-L-

arabinofuranosidase, exo-a-1,5-arabinofuranosidase, exo-a-1,5-L-arabinanase, endo-a-1,5-L-

arabinanase, β-1,3-xylosidase, exo-a-1,5-L-arabinanase, β-D-galactofuranosidase and exo-β-

1,3-galactanase. According to further nucleotide sequences analysis, B. longum subsp. longum 

NCC 2705 only possesses five genes encoding a-arabinosidases, and one gene encoding β-

galactanase that belongs to the GH53 family. These results suggest that the annotation and 

functional diversification of the CAZyme genes from bacteria should be identified specifically 

through published literature, phylogenetic analysis, biochemical analysis and database, such as 

NCBI.  

 

The result of in silico analysis has limitations for predicting the fermentability of dietary fiber 

by gut bacteria strains due to gene expression and substrate specificity of enzymes. Numerous 

studies showed that the transcription of enzyme genes can be regulated by the presence of 

carbon source (Fujita et al., 2014; Häkkinen et al., 2012). Two extracellular α-

arabinofuranosidase genes from B. longum subsp. longum NCC 2705 were confirmed by gene 

expression experiments (Rivière et al., 2015). However, according to this study, extracellular 

α-arabinofuranosidases and/or β-L-arabinopyranosidases from B. longum subsp. longum NCC 

2705 were only able to degrade low molecular weight (MW) substrates, but were unable to 
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release arabinosyl side chains from high MW AG. Therefore, B. longum subsp. longum NCC 

2705 was only able to degrade type I AG from the β-1,4 linkages before removing arabinose 

side chains, which resulted in poor growth in pure culture. This is because the endo-β-1,3/1,6-

galactanase activities from B. longum subsp. longum NCC 2705 were hindered by the 

arabinosyl side chains. Furthermore, this study also showed that despite both Bac. 

thetaiotaomicron YM19 and Bac. caccae ATCC 43185 belonging to the same genus, Bac. 

thetaiotaomicron YM19 showed a higher degradation ability of AG than Bac. caccae ATCC 

43185. This may be because that the a-arabinofuranosidase and β-arabinopyranosidase from 

Bac. thetaiotaomicron, but not Bac. caccae ATCC 43185, are able to remove the arabinosyl 

side chains from AG (Cartmell et al., 2018; Fujita et al., 2019a; Martens et al., 2011). These 

results suggest that determination of the substrate specificity of enzymes from specific bacterial 

species allows better understanding of the actual enzymatic activity on specific substrates.  

 

In many enzyme studies, the enzyme-coding genes were cloned and recombined in Escherichia 

coli for further characterization (Fujita et al., 2014; Shimokawa et al., 2015; Wang et al., 2012). 

For instance, one galactanase gene was cloned from B. longum, and the specific enzyme 

activity and enzyme-substrate specificities were characterized in E. coli (Fujita et al., 2014). 

However, the promoters that are ligated into the expression vector have their own host-range 

(Kim et al., 2009). The reporter gene may show various specific enzyme activity when the 

expression vector is present in different hosts. One study reported that both E. coli and B. 

bifidum strains harbored the same E. coli-Bifidobacterium shuttle vector with a b-glucosidase 

gene from B. lactis as the reporter gene, and the E. coli strain showed a higher specific b-

glucosidase activity than the B. bifidum strain (Wang et al., 2012). However, the recombinant 

host (B. bifidum) showed a higher specific enzyme activity than the original bacterium (B. 

lactis), although they belong to the same genus. These results indicate that the gene cloning 

approach is able to isolate and purify the bacterial enzymes, which consequently helps to 

determine the structure and substrate specificity of these enzymes. However, the actual specific 

enzyme activity from original strains when growing on specific substrates will be not reflected. 

This is the reason why the specific enzyme activity was determined from crude enzyme extracts 

using specific substrates for both B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 
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43185 strains in this study. 

 

6.1.2 The interactions between B. longum spp. and other gut bacteria during AG 

fermentation 

AG has been shown to stimulate the abundance of bifidobacteria in the gut microbiota (Kelly, 

1999; Terpend et al., 2013; Yang et al., 2013). In general, B. longum and B. adolescentis are 

the predominant bifidobacteria species in the adult gut microbiota (Rivière et al., 2016). 

However, an in vitro study showed that several human-derived B. longum strains did not grow 

well on AG, which is likely because the a-arabinofuranosidase and β-arabinopyranosidase 

from B. longum are not specific for removing arabinosyl side chains from AG (O’Connell 

Motherway et al., 2011). According to literature and this study, AG does not stimulate the 

growth of B. longum directly. Therefore, AG utilization by B. longum requires the contribution 

of other gut bacteria to remove arabinosyl side chains or provide oligosaccharides, such as 

galactooligosaccharides (GOS). The degraded AG fragments by extracellular enzymes from 

Bacteroides may accumulate in the culture and subsequently be utilized by bifidobacteria, since 

Bacteroides is not efficient at transporting carbohydrate fragments into the cells, likely due to 

the absence of the phosphotransferase system (PTS) (Barabote and Saier, 2005; Brigham and 

Malamy, 2005; Degnan and Macfarlane, 1995a, 1995b; Zafar and Jr, 2018).  

 

In the coculture study, B. longum subsp. longum NCC 2705 and Bac. caccae ATCC 43185 

showed an asymmetric interaction during AG fermentation (Coyte and Rakoff-Nahoum, 2019). 

These results indicate that B. longum subsp. longum NCC 2705 received a growth stimulation 

from Bac. caccae ATCC 43185, but the growth changed the coculture condition that is harmful 

for Bac. caccae ATCC 43185, due to pH reduction and/or toxic waste accumulation. Therefore, 

the batch fermentation model used in this study is limited to determine the long-term interaction 

between gut bacteria due to the accumulation of toxic bacterial metabolites and absence of pH 

control (Macfarlane et al., 1992; Williams et al., 2015). However, in a previous batch coculture 

with high dilution rate, the abundance of Bac. thetaiotaomicron was maintained in the presence 

of bifidobacteria (Degnan and Macfarlane, 1995a). This result suggests that a high dilution rate 

may dilute the toxic bacterial metabolites and/or adjust the pH condition in the coculture, which 
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addresses the limitations of the batch fermentation model. 

 

According to this study, Bac. caccae ATCC 43185 showed less growth on AG at low pH 

condition, since Bacteroides has less acid tolerance (Duncan et al., 2009; Scott et al., 2008). 

These results indicate that Bacteroides may mainly degrade AG and release carbohydrate 

fragments of AG that may be utilized by other gut bacteria in the distal colon, which 

consequently influences the composition of gut microbiota and their interactions in the distal 

colon. This is because the pH of the distal colon is approximately 6.5-7.0, which is an optimal 

pH for the growth of Bacteroides species (Duncan et al., 2009; Scott et al., 2008). Compared 

to batch fermentation models, the Simulator of the Human Intestinal Microbial Ecosystem 

(SHIME) model is able to provide a dynamic entire gastrointestinal track (GIT) environment 

for long-term fermentation studies (Venema and van den Abbeele, 2013; Williams et al., 2015). 

This SHIME study showed that colonic fermentation of AG increased the relative abundance 

of Bacteroides in the transverse colon (TC) and descending colon (DC) after supplementation 

with B. longum subsp. longum BB536. Most Bacteroides species, such as Bac. 

thetaiotaomicron, Bac. caccae, Bac. uniformis, Bac. cellulosilyticus and Bac. ovatus, are able 

to utilize AG for growth (Degnan and Macfarlane, 1995a; Fujita et al., 2019a; Ndeh and Gilbert, 

2018; Salyers et al., 1981). This likely is the reason why AG-degrading ability was improved 

in the TC after B. longum subsp. longum BB536 supplementation. 

 

Butyrate-producing colon bacteria play an important role in increasing the concentration of 

butyrate in the colon, which has a number of positive effects on intestinal health (Rivière et al., 

2016). Therefore, determination of the abundance of butyrate producers and the concentration 

of butyrate is important for evaluating the beneficial effects of dietary fiber on health (Chung 

et al., 2016; Daguet et al., 2016; Manderson et al., 2005; Terpend et al., 2013). Compared to 

AG fermentation alone, gut microbial fermentation of AG in combination with B. longum subsp. 

longum BB536 has provided a possible synbiotic effect on enhancing the abundance of butyrate 

producers and butyrate production in the TC. These results show an interesting cross-feeding 

between B. longum and butyrate producers, such as Clostridium coccoides-Eubacterium 

rectale group and F. prausnitzii, during AG fermentation in the SHIME model. The acetate that 
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was produced by B. longum can stimulate the growth of butyrate producers (Scott et al., 2008). 

However, the cross-feeding between B. longum and F. prausnitzii may be only mediated 

through acetate. This is because the genome of F. prausnitzii (F. prausnitzii L2-6 and F. 

prausnitzii S3L/3) does not code for genes encoding b-galactanase for AG backbone 

degradation. Furthermore, F. prausnitzii A2-165 is unable to utilize AG for growth (OD600: 

0.042 after 48 h of fermentation) (unpublished data). Therefore, AG utilization by both 

bacterial species requires the contribution of other gut bacteria.  

 

In vivo studies showed that probiotic supplementation in the elderly could increase the 

abundance of specific probiotic strains and improve age-related dysbiosis (Guillemard et al., 

2010; Khalesi et al., 2019; Rampelli et al., 2013). Although bifidobacteria are unable to directly 

degrade AG, the improvement of beneficial effects of AG by B. longum subsp. longum BB536 

has been determined in the SHIME system. B. longum subsp. longum BB536 was unable to 

survive after 5 days post-supplementation, even in the presence of AG which has been reported 

to have a bifidogenic effect. However, the cell wall components, DNA and metabolites from 

some dead probiotic cells are still able to contribute benefits to the host health, such as infection 

reduction, changing gut environment and cancer suppression, which are similar to that seen 

with live probiotic cells (Adams, 2010; Laudanno et al., 2006; Lee et al., 2016; Oelschlaeger, 

2010). For instance, dead bifidobacteria significantly increased the concentration of TNF-a 

(Adams, 2010). Another study reported that administration of heat-killed Enterococcus faecalis 

improved the gastrointestinal immune system (Sakai et al., 2006). According to this study, after 

the 11-day washout period, the abundance of luminal live and mucosal F. prausnitzii was still 

maintained at a higher level in the TC of SHIME II (AG), compared to pre-B. longum subsp. 

longum BB536 supplementation (T1). This result indicates that probiotic supplementation may 

have a long-term effect on the stimulation of AG degraders in the SHIME system, which may 

result in continually providing oligosaccharides for F. prausnitzii utilization, despite the 

absence of live B. longum subsp. longum BB536. 
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6.2 Limitations and future works 

6.2.1 Limitations 

In the SHIME system, after fecal inoculation and stabilization, a newly balanced gut microbiota 

will be formed due to both environmental factors and the initial qualitative diversity (Payne et 

al., 2012). According to this study, across the colon regions of both SHIME systems, the 

concentration of total SCFAs was the highest in the DC and the lowest in the AC during the 

entire experiment. However, in human gut, a higher SCFAs production was observed in the 

proximal colon than the distal colon (Topping and Clifton, 2001). This is likely because the 

population and abundance of gut microbiota has changed in the SHIME system during the 

stabilization period, compared to fecal samples. Therefore, in this SHIME study, the 

composition of gut microbiota after the stabilization period was used as control to compare 

with further experimental treatments. The main goal of in vitro gastrointestinal models is to 

maintain a stable and complex gut microbiota under controlled conditions for further 

experimental modulation (Payne et al., 2012). Another limitation of this SHIME study is the 

absence of true biological replication due to limitation in equipment. Some SHIME studies 

inoculated the system with fecal samples pooled from different donors to address this challenge, 

but pre-adaption may occur between gut microbiota from different donors (Payne et al., 2012).   

 

The propidium monoazide (PMA) treatment has been used to study live bacteria in the gut 

microbiota (Chu et al., 2017; Fernandez et al., 2016; Rivière et al., 2015). In this study, 

difference in bacterial abundance was observed between total and live cells of bacterial 

groups/species in the luminal phase. However, information about the abundance of live mucin-

adherent bacterial groups/species in the mucosal phase was missing. According to literature, 

there is scarce information about PMA treatment with mucin bead samples from SHIME. This 

is likely because agar may inhibit PMA from binding to DNA.  

 

Another limitation of this study is that the non-cell-bound extracellular enzymes have not been 

determined. This is because these enzymes are exported and diluted in the culture. 

Concentration of these enzymes from the culture might address this challenge. However, other 

culture components and metabolites may be concentrated as well, which may cause negative 
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effects on subsequent analyses. The non-cell-bound enzymatic degradation is less efficient than 

the internal or cell-bound enzymatic degradation in a highly competitive gut ecosystem 

(Rivière et al., 2016; Sarbini and Rastall, 2011). Therefore, the non-cell-bound extracellular 

enzymes may be not much expressed by gut bacteria.  

 

6.2.2 Future works 

The DNA sequencing-based approach used in SHIME study is only able to show microbial 

composition. However, the functionally active bacterial species within a complex microbiota 

community on AG degradation is still unclear. Therefore, a better understanding of how AG is 

degraded by specific primary bacteria species and further utilized by other gut bacteria is 

required. This understanding is very important to comprehend the mechanism of AG utilization 

in the gut. RNA sequencing techniques may provide an opportunity to gain an insight into 

which of the regulation genes annotated in the metagenomic database were translated 

(Bashiardes et al., 2016). Metabolic pathways associated with a specific treatment can be 

predicted in the microbiota communities (Bashiardes et al., 2016). Therefore, the RNA 

sequencing technique will likely help to determine the bacterial species-specificity, functional 

gene expression and metabolic cooperation on the utilization of dietary fiber in a complex 

microbiota community. 

 

Butyrate improves the gut barrier function by enhancing the production of mucin (Rivière et 

al., 2016). Compared to AG fermentation alone, colonic fermentation of AG in combination 

with B. longum subsp. longum BB536 increased the concentration of butyrate, which likely has 

the potential to maintain the integrity of the mucosal barrier in the gut. However, it has not 

been evaluated in this study due to the absence of cell models. The mucus secreting HT29-

MTX cell lines are largely used in human intestinal cell models for evaluating the mechanistic 

effects of probiotics and prebiotics (Payne et al., 2012). The sterile-filtered colonic SHIME 

suspensions will be added to HT29-MTX cell culture. After exposure, the expression of mucin 

genes will be measured by RT-qPCR.  

 

The increased viscosity of culture likely indicates that Blautia sp. YM38 produces 
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exopolysaccharides (EPS) during AG fermentation. Several studies reported that the released 

bacterial EPS has beneficial health effects, such as antioxidant, anti-gastritis and immune 

modulating effects (Bleau et al., 2010; Do et al., 2020; Rodríguez et al., 2009; Xu et al., 2011). 

Furthermore, some bacterial EPS can be metabolized by intestinal bacteria, which 

consequently confers health benefits to the host. For instance, Bacteroides can utilize EPS 

produced by Bifidobacterium, which results in influencing SCFAs production (Rios-Covian et 

al., 2016). Therefore, after EPS production and isolation from Blautia sp. YM38, the effect of 

EPS on improving intestinal inflammation will be investigated with human intestinal cells 

(mucus secreting HT29-MTX cell and/or absorptive Caco-2 cells). The expression of NF-kB 

and inflammatory cytokines will be determined. Furthermore, utilization of the EPS from 

Blautia sp. YM38 by Bacteroides will be investigate as well.  

 

6.3 Conclusion 

Both B. longum subsp. longum NCC 2705 and Bac. caccae ATCC43185 were unable to 

completely utilize type II AG in pure culture, since arabinosyl side chains of AG inhibited the 

cleavage of b-1,3/1,6 linkages by endo-b-galactanases from both strains. The growth of B. 

longum subsp. longum NCC 2705 on AG was stimulated in the presence of Bac. caccae ATCC 

43185, whereas the growth and metabolism of Bac. caccae ATCC 43185 were inhibited by low 

pH condition due to the metabolism of B. longum subsp. longum NCC 2705. These findings 

contribute to improving the knowledge of AG degradation by B. longum subsp. longum NCC 

2705 and Bac. caccae ATCC 43185, and suggest that the cooperation between bifidobacteria 

and Bacteroides species may not occur in the proximal colon. Furthermore, this study also 

demonstrated that colonic fermentation of AG in combination with a probiotic strain (B. 

longum subsp. longum BB536) could enhance the beneficial effects of AG, such as increased 

butyrate production and the abundance of live F. prausnitzii. These results suggest that the 

combined supplementation of AG and a probiotic strain would have positive effects on the gut 

health of the elderly who generally have a low-fiber diet and/or a low bifidobacteria abundance 

in their gut microbiota.   
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Table 6. 1. The key findings of experiment chapters and their corresponding guides for future work.      

Chapter Key findings Guides for future work 

3 The endo-β-1,3/1,6-galactanase activities from both B. longum subsp. longum NCC 2705 

and Bac. caccae ATCC 43185 were hindered by the arabinosyl side chains. 

The a-L-arabinofuranosidase and b-L-arabinopyranosidase from both B. longum subsp. 

longum NCC 2705 and Bac. caccae ATCC 43185 were unable to cleave arabinose from 

AG. 

In simple batch coculture, the growth of B. longum subsp. longum NCC 2705 on AG was 

stimulated by Bac. caccae ATCC 43185, whereas the growth and metabolism of Bac. 

caccae ATCC 43185 were inhibited by low pH condition due to the metabolism of B. 

longum subsp. longum NCC 2705.  

Additional intestinal AG-degraders. 

The relationship between AG and gut microbiota in an in 

vitro model that can complete investigate the entire 

gastrointestinal tract. 

4 Bac. thetaiotaomicron with a high degrading ability of AG was isolated from human feces. 

Blautia sp. YM38 may produce exopolysaccharide (EPS) during AG fermentation. 

The specificity and function of AG degrading enzymes 

from Bac. thetaiotaomicron isolates.  

The whole genome sequence of Bac. thetaiotaomicron 

isolates. 

The interaction between Bac. thetaiotaomicron isolates 

and other gut bacteria during AG fermentation. 

The effects of EPS that produced by Blautia sp. YM38. 

5 Colonic fermentation of AG significantly increased the total SCFAs production, and the 

abundance of luminal live A. muciniphila and F. prausnitzii. 

The combination of B. longum subsp. longum BB536 with AG increased the abundance 

of F. prausnitzii and butyrate production. 

The effect of combination of B. longum subsp. longum 

BB536 with AG on gut barrier function. 

The primary AG degrader. 
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