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Abstract 

Lactobacilli are present in a majority of food fermentations, and the fermentation organisms 

of different fermented foods are recruited from free-living, host-adapted, and nomadic 

lactobacilli. The metabolic traits of host-adapted lactobacilli relate to their ecological success 

in their vertebrate or insect hosts and also facilitate the ecological fitness of host-adapted 

lactobacilli in fermented foods. The corresponding metabolites contribute to the flavor, 

structure, and quality of fermented food. This dissertation aimed to characterize glutaminase, 

and extracellular fructanase and arabinanases that are lifestyle-associated and exclusively 

presence in host-adapted lactobacilli. 

Acid resistance is essential for the competitiveness and persistence of host-adapted 

lactobacilli in fermented food and in host habitats. Glutaminase contributes to acid resistance 

of Limosilactobacillus reuteri at pH 2.5 but not pH 3.5 but its specific contribution to 

glutamate and GABA accumulation was not elucidated. Experimentation with L. reuteri 

derivative with deletions of three gls genes demonstrated that glutaminases are not required 

for deamidation of glutamine in cereal substrates. Moreover, the presence of gls-gadB / C 

operon is not a requirement for acid resistance mediated by glutaminase. 

The sourdough isolate Lactobacillus crispatus DSM29598 harbors the putative extracellular 

fructosidase FruA and the putative arabinanases AbnA and AbnB. Surface layer protein 

domains at the C-terminor of FruA and AbnA indicate their association with the cell wall. 

FruA degraded inulin and levan to produce fructose as end products, and the activity was not 

repressed by glucose. The application of conventional sourdough in bread making 

substantially reduced fructan in bread, improving the tolerance in healthy individuals; 

sourdough fermentation with FruA-expressing L. crispatus reduced fructans in bread by more 

than 90% to produce a low-FODMAP bread.  
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Extracellular arabinanases allowed the utilization of linear arabinan as the carbon source for 

the growth of L. crispatus. Two arabinanases, AbnA and AbnB, are located at the same 

arabinan utilization operon encoding multiple arabinan and arabinose metabolic enzymes. 

Both arabinanases and the operon are exceptional in L. crispatus as strains of this species are 

generally unable to use arabinose as carbon source. The characterization of AbnA and AbnB 

demonstrated that both enzymes hydrolyzed linear arabinan. AbnA also degraded branched 

arabinan. 

This dissertation provides basic knowledge on lifestyle-associated metabolic traits of host-

adapted lactobacilli related to acid resistance and extracellular polysaccharide hydrolysis, 

which is essential to guide the application of lactobacilli in food fermentation or as probiotics, 

and to explore their impact on host health.  
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Chapter 1 General introduction and thesis objectives 

1.1 Introduction 

Lactic acid bacteria (LAB) describes a group of gram-positive, nonsporing, nonrespiring, rod 

or sphere-shaped bacteria that produce lactic acid as the major end metabolite of carbohydrate 

fermentation [1]. LAB generally populate habitats rich in nutrients, including foods, feeds, 

plants, soil or aqueous environments, and vertebrate and invertebrate hosts [2]. Food 

fermentation with LAB preserves fresh raw material via accumulation of antimicrobial 

metabolites which prevents food spoilage and the growth of pathogens, and improves 

desirable flavors, sensory attributes, and the beneficial effects on human health [3–7]. For 

example, Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus are 

persistently present in yogurt fermentation [8]. Lactococcus, Leuconostoc, Weissella, 

Enterococcus, and lactobacilli are generally present during vegetable fermentation processes 

[9]. Lactic fermentation of milk and vegetables achieves a longer storage life compared with 

raw materials. Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus 

in yogurt fermentation serve as an exogenous source of β-galactosidase for lactose-intolerant 

populations to hydrolyze lactose, which allows lactose-intolerant individuals to obtain 

calcium, vitamins, and high quality protein in milk without gastrointestinal symptoms [3,8]. 

Lactobacillaceae species are frequently associated with cereal fermentations including East-

Asian liquor, vinegar fermentation, and sourdough fermentation [8,10]; these fermentation 

processes dramatically changed the limited functionality of cereal flour from making flat 

bread to developing diverse products [3,8].  

The term “lactobacilli” designates all organisms that were classified as Lactobacillaceae 

until 2020, representing a major part of food fermenting lactic acid bacteria [11,12]. To 
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explore the evolutionary properties of lactobacilli, phylogenetic analysis and the average 

nucleotide identity have split all the species into 24 phylogenetic groups [13]. New taxonomy 

reclassified the genus Lactobacillus into 25 genera; comprising an emended genus 

Lactobacillus (previously: Lactobacillus delbrueckii group), Paralactobacillus and 23 new 

genera that previously included in the genus Lactobacillus. The emended description of the 

family Lactobacillaceae includes all genera that were previously included in families 

Lactobacillaceae and Leuconostocaceae [11]. Combined with isolation source, metabolic 

capabilities, growth temperature, and the resistance to environmental stressors of given 

habitats, lactobacilli have been assigned into three main lifestyle categories: free-living, host-

adapted, or nomadic [2]. Free-living lactobacilli are associated with environmental and plant 

habitats, possessing large genome sizes that maintain their metabolic versatility and 

efficiency by encoding various enzymes to utilize a wide spectrum of substrates [13]. Host-

adapted lactobacilli with small genome sizes are relevant to vertebrate and insect-host 

habitats, where they obtain stable food sources from the diet of their hosts, thereby they only 

maintain metabolic abilities that match their available nutrients [2]. The reduction of genome 

size as an evolutionary process reflects the adaptation of lactobacilli to host niches and is 

closely correlated with the degree of host specialization [14]. Nomadic lactobacilli possess 

large genomes as free-living lactobacilli without specialization to particular habitats and are 

found in vertebrate and invertebrate-hosts, and in multiple food materials [2]. The evolution 

model of lifestyles in lactobacilli revealed that, from free-living ancestry, host-adapted 

lactobacilli have experienced a substantial loss of functions in carbohydrate metabolism, 

amino acid, and cofactor biosynthesis via gene decay [2,15].  

The metabolic pathways of host-adapted lactobacilli reflect their adaptation to host habitats 

and contribute to their ecological success by withstanding environmental stressors [2,10]. 

Acid resistance systems help host-adapted lactobacilli survive low pH habitats, such as the 
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gastric environment [16]. These systems modulate intracellular pH by reducing intracellular 

protons by ATPase and amino acid decarboxylation, production of alkali via amino acid 

deamination or hydrolysis of urea, as well as modification of cell membrane [17]. 

Cyclopropane-fatty-acyl-phospholipid synthase converts unsaturated fatty acids in 

phospholipids into cyclopropane fatty acids. Increased membrane cyclopropane fatty acid 

content may enhance the acid tolerance of Escherichia coli and Levilactobacillus brevis 

(previously Lactobacillus brevis group [11]) [18,19]. The arginine deiminase (ADI) pathway 

restores the optimal intracellular pH through ammonia production and proton consumption. 

In addition, the extra energy (ATP) produced via the ADI pathway enables the export of 

cytoplasmic protons by F0F1 ATPase [20,21]. The occurrence of agmatine deiminase 

pathway in lactobacilli is correlated with arginine deiminase and agmatine deiminase 

pathway contributes to acid resistance via ammonia and putrescine production [13,22,23]. 

Glutamate decarboxylase maintains pH homeostasis by consuming intercellular protons and 

electrogenic antiport of metabolites [21,24]. Glutamine deamidation also protects 

Limosilactobacillus reuteri from acidic stress [21,25], and the protective ability of 

glutaminase from extreme acid stress has been demonstrated in E. coli and Brucella microti 

[25,26]. Moreover, glutamine is the most abundant amino acid released from cereal proteins 

during sourdough fermentation [27,28], and glutamine deamidation accumulates glutamate, 

relevant to umami flavor [29]. However, the specific contribution of glutaminase to 

glutamine-mediated acid resistance and metabolite accumulation has not been described in 

lactobacilli.  

Polysaccharide degradation by lactobacilli is limited by the degenerative ability of transport 

system towards substrates with a high degree of polymerization and rarely identified 

extracellular glycosidase [30]. Extracellular amylopullulanase (AmyX) has been 

characterized only in few lactobacilli, including Amylolactobacillus amylophilus, 
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Lactobacillus amylovorus, Lactobacillus gasseri, Lactiplantibacillus plantarum, 

Lacticaseibacillus manihotivorans and Limosilactobacillus fermentum [30–33]. The 

extracellular fructosidase FosE of Lacticaseibacillus paracasei is the first extracellular 

fructanase that has been characterized in lactobacilli [34]. The extracellular fructosidase 

FruA mediates fructan degradation in Streptococcus mutans [35]; in lactobacilli, it is found 

only in few strains of Lactobacillus crispatus and L. amylovorus from sourdough and the 

swine intestine [36,37]. Dietary fibers including resistant starch, hemicellulose, pectin, and 

fructans are accessible carbohydrate sources in both human and swine intestine; glucans and 

fructans also provide carbon source from biofilms when other fermentable carbohydrate 

sources are limited [10,38]. Therefore, extracellular glycosidase may contribute to the 

ecological fitness of lactobacilli in the intestinal tract.  

1.2 Hypotheses 

1) Lifestyle-associated metabolic traits of host-adapted lactobacilli used in food fermentation 

impact food quality and human health. 

2) Glutaminase contributes to the acid resistance of L. reuteri and the accumulation of 

glutamine metabolites during sourdough fermentation. 

3) FruA of L. crispatus is an extracellular cell fructosidase, subjected to catabolite repression 

and the activity is sufficient to produce low-FODMAP bread. 

4) Putative arabinanases of L. crispatus are extracellular arabinanase. 

5) Glutaminase, FruA, and extracellular arabinanases are exclusive present in host-adapted 

lactobacilli. 
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1.3 Objectives 

1) Review the impact of metabolic traits of host-adapted lactobacilli on food quality and 

human health (Chapter 2). 

2) Evaluate the contribution of glutaminases to glutamine metabolism and acid resistance in 

L. reuteri and other vertebrate-adapted lactobacilli (Chapter 3). 

3) Characterize the extracellular fructosidase FruA in L. crispatus and its contribution to 

fructan hydrolysis in breadmaking (Chapter 4). 

4) Explore the structure of arabinan utilization operon in L. crispatus and characterize two 

extracellular arabinanases on the operon (Chapter 5). 

5) Investigate the presence and phylogenetic properties of glutaminase, FruA, and 

arabinanase in Lactobacillaceae species (Chapter 3, 4, and 5). 
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Chapter 2 Host-adapted lactobacilli in food fermentations: Impact of 

metabolic traits of host-adapted lactobacilli on food quality and human 

health 

2.1 Introduction  

A substantial proportion of the human diet consists of fermented foods, where the metabolic 

activity of fermentation micro-organisms determines and maintains the safety and quality of 

the products. Historically, non-alcoholic food fermentations aimed to improve the 

digestibility, nutritional value and / or the storage life of products [8]; their unique sensory 

properties maintained their popularity even when alternative processing methods become 

available. Fermented foods are not only a source of nutrients but also a major source of 

dietary micro-organisms if the fermentation organisms are not killed by a cooking or 

pasteurization step after the fermentation [39].  

The microbiota of traditional food fermentation is controlled by the selection of raw materials, 

the product formula and the fermentation processes, and by back-slopping or the use of starter 

cultures. Back-slopping, the practice of inoculating a fermentation with a previous batch, 

profoundly alters the composition of fermentation microbiota when compared to spontaneous 

fermentations. In spontaneous fermentation, fermentation micro-organisms are selected from 

those organisms that are associated with the raw material or the processing environment 

[8,40,41]. In contrast, micro-organisms in back-slopped fermentations are challenged by 

microbiota of the raw materials in every new batch. Every time the raw material or the 

processing environment introduces a new strain that is more competitive than resident strains, 

the latter will be out-competed after a few fermentation cycles; a process that results 

eventually in the stabilization of fermentation microbiota after a sufficient number of 

fermentation cycles [42]. Once stabilization of fermentation microbiota is achieved, back-
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slopping maintains undefined, mixed cultures over decades or centuries with remarkable 

stability at the species or even strain level [42,43]. 

2.2 Back-slopping of food fermentations recruits host-adapted fermentation organisms.  

The origin of fermentation micro-organisms in back-slopped food fermentations and hence 

the source of “contamination” or inoculation with desirable fermentation organisms is in 

many cases enigmatic. For example, the microbial community of surface-ripened cheeses, 

which includes Staphylococcus, Brevibacterium, and Corynebacterium species, is 

independent of the geographic location but resembles human skin microbiota [8,44,45]; 

experimental evidence for a human origin of cheese rind microbiota, however, is lacking. As 

outlined below, increasing knowledge on the phylogeny and ecology of food fermenting 

lactic acid bacteria, particularly lactobacilli, supports the hypothesis that animal or human 

host-adapted lactic acid bacteria frequently dominate the microbiota of back-slopped food 

fermentations. Lactobacilli have free-living, nomadic, insect-adapted, or vertebrate host-

adapted lifestyles [2]. Host-adapted lactobacilli have specialized to ecological niches that are 

associated with insect or vertebrate hosts. Some lactobacilli have specialized to very narrow 

ecological niches, e.g. Lactobacillus iners, which occurs only in the human vagina [2], or 

Apilactobacillus species (previously Lactobacillus kunkeei group) [11] which occur only in 

the intestinal tract of social bees [46]. Limosilactobacillus reuteri and Ligilactobacillus 

ruminis are examples of species that inhabit the intestinal tract of diverse vertebrate hosts; 

strains of these species diversified into intra-species phylogenetic lineages that adapted to 

specific hosts [47,48]. Other lactobacilli, such as Ligilactobacillus salivarius and 

Lactobacillus gasseri, appear not to be adapted to specific hosts but occur in multiple host 

species and several body sites [49]. The specialization of host-adapted lactobacilli resulted 

in a higher ecological fitness in their respective hosts at the expense of ecological fitness in 
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other habitats [50]. When conditions in the food fermentations match their niche conditions, 

host-adapted lactic acid bacteria outcompete less specialized competitors and dominate in the 

microbial community of those products. Experimental evidence for the animal origin of food 

fermenting lactobacilli was provided for sourdough isolates of L. reuteri, which retain all 

metabolic characteristics of rodent-lineage strains including the ability to colonise mice [51]. 

An overview of host-adapted lactobacilli in food fermentations is shown in Table 2.1. This 

chapter aims to explore whether host-adapted lactobacilli share “lifestyle-associated” 

metabolic traits and whether these metabolic traits are relevant for the safety and quality of 

fermented foods.  

2.3 Species of host-adapted lactobacilli prevalent in fermented foods 

Fermentation control by back-slopping is commonly used in dairy fermentations including 

cheese cultures, yogurt, kefir and other fermented milk beverages, and many cereal 

fermentations including sourdough fermentations, several African fermentations for 

production of porridges or beverages, and mash fermentations for production of vinegar or 

liquor in East Asia [8,52]. Owing to their importance in fermentation control, seed cultures 

that are used in back-slopped fermentations often have a designation that differentiates them 

from the corresponding fermented food products, e.g. kefir grain, mother of vinegar, and 

‘chef’ or ‘levain’ for seed sourdoughs. Host-adapted lactobacilli associated with cereal 

fermentation include organisms from the vertebrate host-adapted Limosilactobacillus and 

Lactobacillus, and insect associated species of the Fructilactobacillus species (previously 

Lactobacillus fructivorans group [11]). In dairy fermentations, Lactobacillus and 

Ligilactobacillus (part of previously Lactobacillus salivarius group [11]) species are 

frequently present (Table 2.1). The metabolic focus of Lactobacillus delbrueckii on lactose 

was explained by adaptation to dairy environments through reduction of genome size and 
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silencing of carbohydrate active enzymes other than β-galactosidase [53], however, the 

presence of L. delbrueckii in the intestine of suckling piglets demonstrates adaptation to the 

intestine of suckling mammals rather than dairy fermentations [37,54]. Host adapted lactic 

acid bacteria also include the oral streptococci S. mutans, a human adapted pathogen [55,56], 

and S. salivarius, a commensal inhabitant of the oral cavity [57] (Table 2.1). Streptococcus 

thermophilus was identified as a core member of human intestinal microbiota [58]; this 

organism is closely related to oral streptococci but lost virulence-related genes [59]. 

2.4 Metabolic properties in host-adapted lactobacilli associated with fermented food. 

Host-adapted lactobacilli harbour lifestyle-associated metabolic traits, including acid 

resistance, biofilm formation, extracellular hydrolysis of polysaccharides, bacteriocin 

producing, and tetracycline resistance. An overview on metabolic properties of host-adapted 

lactobacilli that relate to their adaptation to the host is provided in Figure 2.1. 
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Table 2. 1 Host-adapted lactobacilli in food fermentation 

 Products Substrate Host-adapted lactic acid bacteria Stage of production Reference 

Cereal 

fermentations 

Ting Sorghum Limosilactobacillus reuteri Back-slopping [60,61] 

Kisra Sorghum L. reuteri, Lactobacillus amylovorus Back-slopping [62] 

Mawe Maize L. reuteri, Ligilactobacillus salivarius Back-slopping [63,64] 

type I 

sourdough 

Wheat or rye Fructilactobacillus sanfranciscensis, 

Limosilactobacillus. pontis,  

Limosilactobacillus panis 

Back-slopping [65,66] 

type II 

sourdough 

Wheat or rye L. pontis, L. amylovorus, L. reuteri, L. panis, 

Limosilactobacillus frumenti, L. crispatus, L. 

acidophilus 

Back-slopping [65,66] 

vinegar Barley, wheat, rice 

or sorghum 

Lactobacillus acetotolerans Back-slopped mash fermentation [67,68] 

Baijiu L. acetotolerans, L. panis Back-slopped mash fermentation [69,70] 

Chicha Cassava Lactobacillus acidophilus, Lactobacillus 

delbrueckii, L. reuteri, Streptococcus 

salivarius, Streptococcus mutans 

Spontaneous, inoculation with human saliva [71,72] 

Dairy 

fermentations 

Yoghurt milk L. delbrueckii subsp. bulgaricus,  

Streptococcus thermophilus 

Back-slopping or starter cultures matching 

traditional back-slopped fermentations 

[8,52] 

Koumiss Mare’s milk Lactobacillus helveticus, L. delbrueckii 

subsp. bulgaricus,  

L. salivarius, L. acidophilus, Lactobacillus 

kefiranofaciens, Streptococcus thermophilus 

[63,73] 

kefir Milk and kefir grain L. kefiranofaciens, L. delbrueckii subsp. 

bulgaricus, S. thermophilus, L. helveticus 
[74] 

cheese milk L. delbrueckii subsp. bulgaricus, L. 

helveticus, S. thermophilus 
[8,52] 
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Figure 2. 1 Representative characteristics of host-adapted lactobacilli associated with food fermentation  

Current taxonomy classifies species in the L. reuteri group, L. delbrueckii group, L. salivarius group and the L. fructivorans group have been assigned in the genera 

Limosilactobacillus, Lactobacillus, Ligilactobacillus, and Fructilactobacillus, respectively according to the new nomenclature [11] (partially created with biorender.com). 
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The acid resistance system is essential for the competitiveness of vertebrate-host adapted 

organisms as the colonization of a new host by oral or intestinal lactobacilli depends on 

survival during gastric transit [2,16]. Urease is the most powerful bacterial mechanism 

against stomach acidity and is present in Lactobacillus, Ligilactobacillus, and 

Limosilactobacillus species [16,75]. Urease is also expressed in oral S. thermophilus and S. 

salivarius [76,77]; urease activity in S. thermophilus and S. salivarius is differentially 

regulated in response to the pH and the carbohydrate supply [77,78]. Glutaminase, which 

consumes intracellular protons by deamidation of glutamine, is almost exclusively present in 

host-adapted Lactobacillus and Limosilactobacillus[79]. Arginine deiminase (ADI) also 

contributes to acid resistance in lactobacilli and is expressed by host-adapted, nomadic, and 

free-living lactobacilli [13]. The genes of the ADI pathway were overexpressed in lactobacilli 

colonizing the stomach of mice [80] but did not enhance ecological fitness [16].  

Extracellular polysaccharides (EPS) production in lactobacilli is mediated by extracellular 

fructansucrases or dextransucrases that use sucrose as substrate, or by intracellular 

glycosyltransferases [8]. Capsular EPS formation by pyogenic streptococci is a virulence 

factor to evade the host immune system. Expression of capsular EPS promoted invasive 

disease caused by Streptococcus pneumoniae, a colonizer and pathogen of the nasopharynx 

[81,82]. In S. pneumoniae, capsular EPS expression is regulated by Rgg / small hydrophobic 

peptide quorum-sensing system and has been inversely associated with biofilm formation, 

whereas other EPS seem to promote biofilm formation [82,83]. The inhibition of biofilm 

formation by the capsule is attributed to the capsule effect, which blocks the exposure of S. 

pneumoniae surface adhesins that promote attachment to epithelial cells [84]. Regulation of 

surface polysaccharide expression by quorum-sensing system may enable S. pneumoniae to 

adjust interactions with the host and other bacteria in response to environmental conditions 

[82]. Capsular EPS of commensal bacteria also contribute to their fitness in the host but 
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benefit health. Capsular EPS produced by Bifidobacterium breve aids in long-term in vivo 

persistence [85]. S thermophilus also produce capsular heteropolysaccharides (HePS) 

primarily consisting of glucose, galactose and rhamnose with glucuronic acid, similar to the 

capsule of S. pneumoniae [86]. Genes found in the eps cluster of S. thermophilus are related 

to those involved in capsule synthesis in S. pneumoniae [87] and were reported to increase 

acid and bile tolerance [88].  

Homopolysaccharides (HoPS) produced from sucrose contribute to biofilm formation and 

thus support the colonization of host epithelia by lactic acid bacteria [89–91]. Fructansucrases 

or glucansucrases of S. mutans produce fructan or glucan, respectively, which form the 

biofilm matrix that is necessary to colonize the surface of teeth [91,92]. In lactobacilli, 

glucansucrase and fructansucrase activity are frequently found in the host-adapted genera 

Lactobacillus and Limosilactobacillus, and in Liquorilactobacillus (part of previously 

Lactobacillus salivarius group [11]) which predominantly has a free-living lifestyle [13]. In 

direct analogy to S. mutans, homopolysaccharides produced by L. reuteri are required for 

biofilm formation and cell aggregation and are essential for colonization of the mouse 

gastrointestinal tract [90,93]. Glucansucrases and fructansucrases also mediate metabolism 

of sucrose; in Fructilactobacillus sanfranciscensis, levansucrase is the only enzyme with 

activity on sucrose [94].  

Only few lactobacilli express extracellular enzymes catalyzing the hydrolysis of 

polysaccharides [30]. Starch, pullulan, and fructans provide carbon source from 

polysaccharides or biofilms when other fermentable carbohydrate sources are limited. 

Extracellular amylopullulanase (AmyX) is present only in few lactobacilli; most of these are 

classified in the genera Amylolactobacillus (previously Lactobacillus amylophilus group 

[11])and Lactobacillus [30]. As resistant starch is a major carbohydrate source in the human 

and swine intestine, AmyX may contribute to the ecological fitness of lactobacilli in the 
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intestinal tract [30,95]. The extracellular fructosidase FruA mediates fructan degradation in 

S. mutans [35]; in lactobacilli, it is found only in few strains of Lactobacillus crispatus and 

Lactobacillus amylovorus from sourdough and the swine intestine [36,37].  

Sucrose phosphorylase (ScrP) phosphorolyses sucrose into fructose and glucose-1-phosphate. 

Lactobacilli harboring sucrose phosphorylase belong to the vertebrate host-adapted genera 

Lactobacillus, Ligilactobacillus, and Limosilactobacillus, and the free-living 

Lentilactobacillus (previously Lactobacillus buchneri group [11]). Sucrose metabolism is 

repressed by glucose in homofermentative lactobacilli; in heterofermentative lactobacilli of 

the L. reuteri group, sucrose metabolism is preferred over glucose metabolism [96]. 

Phosphorolysis in combination with fructose reduction to mannitol increases the energy yield 

of the phosphoketolase pathway more than twofold [97] and increases the growth rate in 

cereal substrates [13,98]. Since sucrose is present only in the upper intestine, ScrP increases 

ecological fitness only of those lactic acid bacteria that inhabit the oral cavity, the crop, or 

(fore)-stomach epithelia.  

Tetracycline resistance of lactobacilli is mediated by the ribosomal protection proteins 

Tet(M), Tet(S), Tet(Q), and Tet(W), and the efflux pumps [Tet(L) and Tet(P)]. Tet(W) is 

almost exclusively present in intestinal lactobacilli and was likely acquired by horizontal 

gene transfer [99]. Tet(M) is the most widespread in lactobacilli; this gene is present in the 

genera Lactobacillus and Amylolactobacillus, and in Limosilactobacillus equigenerosi [100]. 

The gene tet(M) is also the most widespread antibiotic resistance gene in food-associated 

lactobacilli, including L. delbrueckii supsb. bulgaricus, L. salivarius, and L. reuteri [101]. 

Tet(M) was shown to have ribosome-dependent GTPase activity. The energy from GTP 

hydrolysis by Tet(M) releases the tetracycline from the ribosome, thereby reduced the 

binding of tetracycline to the ribosomes. The distribution of tet(M) gene is generally 

associated with conjugative chromosomal transposons, which transfer mobile plasmids to 
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other species and even unlinked genomic DNA [102]. Tet(M) was also found in 

bifidobacteria, a commensal genus in the gastrointestinal tracts of humans and animals, and 

transferred between different Bifidobacterium species [103,104]. Therefore, the acquisition 

of tet(M) by intestinal lactobacilli likely occurred by lateral gene transfer from bifidobacteria 

or other intestinal organisms.  

Bacteriocin production by lactobacilli is strain specific and not limited to host-adapted 

species. Bacteriocin production is often assumed to be a desirable trait of probiotic bacteria 

but experimental evidence that bacteriocins of intestinal or probiotic lactobacilli modulate 

intestinal microbiota remains elusive [105,106]. Analysis of the prevalence of bacteriocin-

encoding genes in the metagenome of different human body sites, however, revealed that 

bacteriocin production is particularly frequent in oral and vaginal microbiota, which implies 

an ecological role of bacteriocin production by lactobacilli in these body sites [107]. 

Correspondingly, oral streptococci are prolific producers of bacteriocins [108] and also 

frequently harbor non-ribosomal peptide synthases with a putative function in the synthesis 

of antimicrobial compounds [109]. Also, multiple vaginal isolates produce bacteriocins with 

antimicrobial activity against vaginal pathogens [110,111].  

Reuterin is a broad-spectrum antimicrobial compound, which is produced as intermediate of 

glycerol metabolism by strains of L. reuteri [112]. Glycerol metabolism in L. reuteri is 

encoded by the gene cluster pdu-cbi-hem-cob that contains the pdu genes encoding 

cobalamin-dependent glycerol/diol dehydratase PduCDE which utilizes glycerol or 1,2-

propanediol [113]. The gene cluster is also present in intestinal microbes such as Salmonella 

and Eubacterium hallii. In the human colon, specific member of intestinal microbiota 

produce 1,2-propanediol from fucose or rhamnose [114]; 1,2-propanediol metabolism 

generates propionate and propanol [115]. Glycerol is available in cereals and other plant 

foods; glycerol metabolism by L. reuteri enhances its competitiveness in cereal substrates 
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[116]. In L. reuteri, glycerol / propanediol metabolism is frequent only in strains of the 

human-adapted lineage II, which colonizes the intestine of herbivores and humans, and in 

the poultry-adapted linage VI, which colonizes the crop of birds but also persists in humans 

[113]. The differential regulation of reuterin production in L. reuteri strains of different 

lineages may reflect the availability of glycerol and 1,2 propanediol in the upper and lower 

intestine, respectively [113].  

Fructilactobacillus species, likely including F. sanfranciscensis, are associated with insect 

hosts and have distinctive metabolic properties when compared to vertebrate-host adapted 

lactobacilli. They utilize only a few carbohydrates and depend on the availability of fructose 

as an electron acceptor [117]. Their small genome size and restricted metabolic potential 

indicate specialization to very narrow ecological niches.  

2.5 The contribution of metabolic traits in host-adapted lactobacilli to food quality. 

The metabolic traits of host-adapted lactobacilli that contribute to the flavour, structure, and 

quality of fermented food are shown in Table 2.2. Glutamine and glutamate metabolism 

enhance bread quality by generating glutamate and γ-aminobutyric acid (GABA), 

respectively. The glutaminase mediated glutamate accumulation exceeds the taste threshold 

in bread and ripened cheese and thus contributes to the umami taste [29,118]. Dietary GABA 

has relaxing properties [119,120]. In baked goods, arginine conversion by sourdough lactic 

acid bacteria provides ornithine as a precursor to the character impact aroma compound of 

wheat bread crust, 2-acetyl-1-pyrroline [98]. During malolactic fermentation of wine, 

arginine deamidation by lactic acid bacteria may accumulate citrulline as an intermediate, 

which is a precursor for the formation of the carcinogen ethyl carbamate [121].  

In the initial stages of yogurt fermentation, urease catalyzes the hydrolysis of urea into 

ammonia and CO2. During co-culture of S. thermophilus and L. delbrueckii subsp. bulgaricus, 
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urease is essential for effective protocooperation and yogurt acidification of two species by 

providing ammonia nitrogen to support growth and acidification of S. thermophilus, and CO2 

for the CO2-responsive L. delbrueckii subsp. bulgaricus [122].  

EPS formation in cereal fermentations improves bread volume and texture and reduces bread 

staling; EPS also contributes to the texture of other fermented cereal foods or beverages 

[123,124]. Production of HePS in dairy fermentations affects the texture and rheology of the 

products [125]. The interaction of EPS and milk proteins influences protein gel formation 

and water-binding capacity. Free EPS typically leads to ropiness, while capsular EPS 

increases viscosity without causing ropiness. In milk products, EPS is located at the 

pore/protein network interface or located in the aqueous environment of the pores. Stirring 

redistributes EPS in the protein network; ropy EPS attached to protein maintains high 

viscosity and the firmness of the protein network after stirring while EPS in pores maintains 

only the high viscosity. The presence of capsular EPS leads to a higher firmness, viscosity, 

thickness, and creaminess [126]. The interplay of capsular and free EPS seems also relevant 

to product texture, influencing protein aggregation, pore size, and structure recovery of the 

network [127]. Kefiran is a water-soluble HePS, composed of glucose and galactose, 

exclusively produced by Lactobacillus kefiranofaciens during kefir fermentation and 

contributes to the formation of the kefir grain and the gel formation and viscosity of the 

finished product [126]. 
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Table 2. 2 Impact of metabolisms in host-adapted lactobacilli on food quality and human health 

Metabolic activity / metabolite Food products Impact on food quality References 

Glutamine deamidation / Glutamate accumulation Bread, cheese Umami taste, salt reduction [29,118] 

Glutamate decarboxylation / GABA accumulation Bread, cheese, kimchi Anti-hypertensive properties [119,120] 

Urea metabolism / Acidification yoghurt 
Symbiosis of L. delbrueckii and S. thermophilus 

results in stable fermentation culture 
[122] 

Arginine deamidation to ornithine / formation of 2-

acetyl-1-pyrroline, the crust odor compound, from 

ornithine during baking 

Bread Flavor [98] 

Formation of homopolysaccharides and 

heteropolysaccharides 
Bread; yoghurt 

Improved texture and volume of bread; 

Improved texture and rheology of yoghurt; 

Prevent adhesion of pathogens; 

Stimulation of immunological defense mechanisms 

[124,126–

129] 

Degradation of fructans or raffinose (FODMAPs); 

sugar reduction in wheat products 
Bread, other cereal products 

Increase the tolerance to rye bread of IBS patients; 

Increase of sweet taste 
[36,130] 

Production of bacteriocins or reuterin Cheese 
antimicrobial activity as bio-preservatives / “clean 

label” products 
[8,131,132] 

Delivery of dietary microbes  Probiotic Probiotic activity 
[61,74,133,1

34] 
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EPS formation by probiotic strains also contributes to human health. HoPS isolated from L. 

reuteri inhibited adhesion of enterotoxigenic Escherichia coli to the swine intestinal mucosa 

[128]. HePS produced by probiotic strains, lactic acid bacteria, and bifidobacteria, may 

modulate the immune system of the host. Capsular EPS produced by B. breve reduces the 

levels of colonization by intestinal pathogens [85]. EPS-deficient variants of B. breve strains 

elicited a strong immune response that was absent in the wild type strains producing capsular 

EPS, indicating that capsular EPS mediates immune evasion, especially avoiding B-cell 

responses [85]. HePS produced by S. thermophilus stimulated human gastric epithelial cell 

regeneration and immunological innate defense mechanisms [129].  

The ability to degrade polysaccharides is rare in Lactobacillus species. Expression of 

extracellular fructanases by L. crispatus or L. amylovorans eliminated fructans from cereal 

during sourdough fermentation. A reduced fructan content of bread improved the tolerance 

of patients with irritable bowel syndrome (IBS) to rye bread with a high dietary fiber content 

[36,130].  

Bacteriocins of lactobacilli find food applications to inhibit or to eliminate pathogens, 

particularly in ready-to-eat meat or fish products; none of the strains that find commercial 

applications, however, are of intestinal origin [135]. Reuterin is a highly reactive compound, 

the reactivity limits its application in food. It was demonstrated, however, that reuterin 

producing L. reuteri in combination with the addition of glycerol is an effective approach to 

prevent late blowing defect of cheese [131,132].  

Food fermentations with probiotic fermentation organisms is increasingly recognized as a 

tool to deliver beneficial microbes to the human or animal intestinal tract [136,137]. Host-

adapted lactobacilli show improved survival after gastrointestinal transit in swine and in 

humans [138,139], which may relate to their increased acid resistance, and enhance the 
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probiotic activity of host-adapted lactobacilli that are present in food fermentations. For 

example, several African non-alcoholic cereal beverages including mawe and mahewu 

contain viable fermentation organisms, were proposed as the route of delivery for probiotic 

bacteria [61]. Koumiss contains high cell counts of probiotic Lactobacillus helveticus, which 

contributes to anti-inflammatory attributes [133]. L. kefiranofaciens in kefir decreased 

inflammation in a mouse model of obesity [74]. Traditional kefir has also been proved to 

reduce weight gain, improving plasma and liver lipid profiles in a mouse model of obesity 

[134]. Fermented foods containing large numbers of live probiotic bacteria are also 

considered giving similar health benefits as intake of probiotic lactobacilli of the same 

species [137]. However, the tetracycline resistance of host-adapted lactic acid bacteria may 

limit their use as a starter or probiotic cultures [99,100,140]. 

In conclusion, fermentation micro-organisms in back-slopped food fermentations are often 

recruited from lactic acid bacteria that have evolved to form stable associations with insects 

or vertebrate hosts. The ecological fitness of host-adapted lactobacilli in host and food 

environments is dependent on lifestyle-associated metabolic traits. Some of these traits, 

including exopolysaccharide formation and bacteriocin production, are also present in free-

living or nomadic lactic acid bacteria while other metabolic properties, for example, 

glutaminase- and urase mediated acid resistance, the extracellular fructanase FruA, and 

antibiotic synthesis by non-ribosomal peptide synthases are virtually exclusive to host-

adapted lactobacilli. An improved understanding of the ecological origin of food fermenting 

lactic acid bacteria will facilitate the selection of starter cultures for food production and may 

support the simultaneous use of lactic acid bacteria as food-fermenting and probiotic cultures.
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Chapter 3 Contribution of glutaminases to glutamine metabolism and 

acid resistance in Limosilactobacillus reuteri and other host-adapted 

lactobacilli 

3.1 Introduction 

The fermentation of sourdough confers characteristic taste and flavor to bread and steamed 

bread. Proteolysis and conversion of amino acids during sourdough fermentation provide 

taste compounds and precursor compounds for flavor volatiles [27]. Glutamine is the most 

abundant amino acid in wheat and rye proteins; cereal proteases and microbial peptidases 

release glutamine during sourdough fermentation. Microbial metabolism converts glutamine 

to glutamate, which imparts the umami taste of bread. Glutamate is a substrate for further 

conversion to γ-aminobutyrate (GABA) [24,141,142]. Dietary GABA may regulate immune 

responses and mediate anti-hypertensive effects [119,120]. Glutamate is also a substrate for 

the production of γ-glutamyl peptides [143], agonists of calcium-sensing receptor proteins in 

taste cells that enhance umami, sweet and salty tastes. This influence on taste perception has 

been termed “kokumi” [144,145], and described as mouthfulness, thickness, and continuity 

of taste [146].  

Glutamine-amidotransferases or glutaminases [EC 3.5.1.2] catalyze the bacterial conversion 

of glutamine to glutamate [147]. Limosilactobacillus reuteri 100-23 harbours three 

glutaminases, one of these genes is part of a glutamine/glutamate operon that also codes for 

glutamate decarboxylase (GadB) and two putative glutamate/GABA antiporters (GadC) 

[21,24]. The contribution of these glutaminases on the formation of glutamine metabolites in 

sourdough, however, remains unclear. 

The extended fermentation time of type II sourdoughs imposes acid stress on lactobacilli 
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[148,149]. Glutamate decarboxylation increases the acid resistance of lactobacilli including 

L. reuteri through intracellular decarboxylation, which consumes protons, and electrogenic 

antiport of glutamate and GABA [21,24]. Glutamate-mediated acid resistance increases the 

ecological fitness of L. reuteri in the rodent forestomach, and in type II sourdough 

fermentations [16,116]. Glutamine deamidation also increased acid resistance of Escherichia 

coli and L. reuteri [21,25,150]. In L. reuteri and Brucella microti CCM4915 but not in E. 

coli, glutaminase, glutamate decarboxylase, and a glutamate / GABA antiporter are arranged 

in a single operon [21,26,151]. It was the aim of this study to investigate the distribution of 

glutaminase in lactobacilli, to evaluate the contribution of glutaminase in L. reuteri to amino 

acid metabolism in sourdough, and to determine whether glutaminase contributes to acid 

resistance in lactobacilli. The study generated L. reuteri 100-23 ∆gls1∆gls2∆gls3, a 

derivative with deletion of all three gls in the genome of L. reuteri 100-23. 

3.2 Materials and Methods 

3.2.1 Strains, plasmids and growth conditions 

Table 3.1 shows bacterial strains and plasmids used in this study. L. reuteri 100-23, 

Lactobacillus taiwanensis 107q, Lactobacillus johnsonii 117a and Lactobacillus acidophilus 

FUA3066 were cultivated in modified deMan-Rogosa-Sharpe (mMRS) medium at 37 °C 

[152]. E. coli JM 109 (Promega, Nepean, ON, Canada) was cultured in Luria-Bertani (LB) 

medium at 37 °C. The frozen stock cultures were inoculated on agar plates; single colonies 

were inoculated in 1 ml broth, subcultured with 1 % inoculum in broth. LB medium with 

ampicillin (100 mg L-1) or erythromycin (500 mg L-1) was used for antibiotic-resistant E. coli 

selection. Erythromycin-resistant L. reuteri was selected by adding erythromycin (5 mg L-1) 

into mMRS medium.  
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3.2.2 Phylogenetic analysis of glutaminase in lactobacilli 

Protein sequences of glutaminases in genomes of all lactobacilli were retrieved from the 

National Center for Biotechnology Information database using BLASTp [153] and the 

sequences of three glutaminases in L. reuteri 100-23 as query sequences. Protein sequences 

were retrieved with a cut-off of 30 % amino acid identity; sequences were discarded if an 

identical sequence from a second strain in the same species was available. The 21 remaining 

sequences were aligned by MEGA7 [154] using ClustalW method. The phylogenetic analysis 

of glutaminases was conducted by the Maximum Likelihood method based on the JTT 

matrix-based mode [155] and the bootstrap support values were calculated from 500 

replicates by MEGA7. 

3.2.3 Generation and confirmation of L. reuteri 100-23∆gls1∆gls2∆gls3. 

The genome of L. reuteri 100-23 encodes for three glutaminases, namely Gls1, Gls2, and 

Gls3 [21]. A triple mutant L. reuteri 100-23∆gls1∆gls2∆gls3 was constructed by truncating 

gls1, gls2, and gls3 using pJRS233 [156] according to a double crossover mutagenesis 

method [157]. Table 3.1 lists plasmids used for the construction of mutant strains and Table 

3.2 lists primers. PCR with primers gls2-KO1-BamHI and gls2-KO2-XbaI and gls2-KO3-

XbaI and gls2-KO4-PstI amplified 5’ and 3’ flanking fragments of gls2, respectively, using 

genomic DNA from L. reuteri 100-23 as a template. The 5’ and 3’-flanking fragments of gls2 

were ligated to pGEMTeasy vector (Promega) to generate pGLS2-AB. The DNA fragment 

in pGLS2-AB was cut with BamHI and SalI, purified and ligated into pJRS233 carrying an 

erythromycin resistance gene as a selective marker to generate pGLS2-KO-AB. The resulting 

plasmid pGLS2-KO-AB was electro-transformed in L. reuteri cells. Transformants were 

incubated in mMRS-erm broth at 42-44 °C for 80 generations to select for single crossover 

mutants. These single crossover mutants were subsequently incubated for 100 generations in 
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mMRS broth at 37 °C. Replica plating on mMRS and mMRS-erm agar identified 

erythromycin sensitive derivatives that lost the plasmid by a double-crossover event; L. 

reuteri 100-23∆gls2 were identified by PCR with primers gls2-5F and gls2-6R. The deletion 

was verified by amplification of the truncated gls2 with primers gls2-F and gls2-R. 

Subsequently, L. reuteri 100-23 ∆gls2∆gls3 was generated by interrupting gls3 in L. reuteri 

100-23∆gls2 with the same protocol and plasmids and primers shown in Table 3.1 and 3.2. 

L. reuteri 100-23∆gls1∆gls2∆gls3 was constructed by disruption of gls1 in L. reuteri 100-

23∆gls2∆gls3. PCR analysis and DNA sequencing (MacrogenUSA, Rockville, MD, USA) 

verified the deletion regions using primers gls1-F and gls1-R, gls2-F and gls2-R, and gls3-F 

and gls3-R.  

3.2.4 Accumulation of amino acids during buffer fermentation  

Overnight cultures of L. reuteri 100-23, L. reuteri ∆gadB, and L. reuteri ∆gls1∆gls2∆gls3 

were harvested by centrifugation and washed twice with 50 mmol L-1 sodium acetate buffer 

(pH 4.5). Cells were re-suspended in 50 mM Sodium acetate buffer or buffers supplemented 

with 10 mmol L-1 glutamine or 10 mmol L-1 glutamate. Buffer without inoculum served as 

control. Samples were collected after 0 and 8 hours of incubation for monitoring bacterial 

survival and quantification of amino acids. Buffer fermentations were carried out in three 

biological replicates. 
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Table 3. 1 Bacterial strains and plasmids used in this study 

Strains or plasmid Genotype Source or reference 

Strains 

Limosilactobacillus reuteri 100-23 Rodent isolate; wild type strain Wesney et. al. 

Lactobacillus johnsonii 117a  Rodent isolate; wild type strain [158] 

Lactobacillus taiwanensis 107q Rodent isolate; wild type strain [158] 

Lactobacillus acidophilus FUA3066 Isolate from commercial probiotic culture This study 

L. reuteri ∆gls3 L. reuteri 100-23 derivative with deletion of gls3 This study 

L. reuteri ∆gls2∆gls3 L. reuteri 100-23 derivative with deletions of gls2 and gls3 This study 

L. reuteri ∆gls1∆gls2∆gls3 L. reuteri 100-23 derivative with deletions of gls1, gls2, and gls3 This study 

L. reuteri ∆gadB L. reuteri 100-23 derivative with deletions of gadB [24] 

Escherichia coli JM109 Cloning host for pGEMTeasy- and pJRS233-deviative plasmids Promega 

Plasmids 

pGEMTeasy Cloning vector used in E. coli; 3.0 kb; Ampr Promega 

pGLS1-A 
pGEMTeasy containing 1 kb of the DNA sequence upstream of 

gls1; 4.0 kb; Ampr 
This study 

pGLS1-B 
pGEMTeasy containing 1 kb of the DNA sequence downstream 

of gls1; 4.0 kb; Ampr 
This study 

pGLS1-AB 
pGEMTeasy containing upstream and downstream sequences of 

gls1; 5.0 kb; Ampr 
This study 

pJRS233 
Shuttle vector used in the hosts  E. coli and L. reuteri 100-23, 

Ermr 
[156]  

pGLS1-KO-AB 
pJRS233 containing 2.0 kb of the flanking sequences of gls1; 

Ermr 
This study 

pGLS2-A 
pGEMTeasy containing 1 kb of the DNA sequence upstream of 

gls2; 4.0 kb; Ampr 
This study 

pGLS2-B 
pGEMTeasy containing 1 kb of the DNA sequence downstream 

of gls2; 4.0 kb; Ampr 
This study 

pGLS2-AB 
pGEMTeasy containing upstream and downstream sequences of 

gls2; 5.0 kb; Ampr 
This study 

pGLS2-KO-AB 
pJRS233 containing 2.0 kb of the flanking sequences of gls2; 

Ermr 
This study 

pGLS3-A 
pGEMTeasy containing 1 kb of the DNA sequence upstream of 

gls3; 4.0 kb; Ampr 
This study 

pGLS3-B 
pGEMTeasy containing 1 kb of the DNA sequence downstream 

of gls3; 4.0 kb; Ampr 
This study 

pGLS3-AB 
pGEMTeasy containing upstream and downstream sequences of 

gls3; 5.0 kb; Ampr 
This study 

pGLS3-KO-AB 
pJRS233 containing 2.0 kb of the flanking sequences of gls3; 

Ermr 
This study 
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Table 3. 2 Primers used in the construction of L. reuteri 100-23∆gls1∆gls2∆gls3. 

Distupted gene Primers Primer sequences (5’-3’) 

gls1 gls1-KO1-PstI AACTGCAGGGGATTGTAACTTGAAATTAAC 

 gls1-KO2-BglII GAAGATCTCATTCTTGAATTGCGTCATTAAG 

 gls1-KO3-BglII GAAGATCT AGGTACTAGTTGCAAATATTCGC 

 gls1-KO4-BamHI CGGGATCC GATATTCAGCAGTCGAAAG 

 gls1-5F GCCAAATATCTGCTGATCG 

 gls1-6R AACAGCGTTTGTTCCAA 

 gls1-F TGGCTGATTCCAGTCACATTAG 

 gls1-R GAGTGGGAAGTAAGGGACAAAG 

gls2 gls2-KO1-BamHI CGGGATCCTTGCCGATGCATTAAC  

 gls2-KO2-XbaI GCTCTAGACTATTGCTCTAATTTTTGCATCGT  

 gls2-KO3-XbaI GCTCTAGATTAGAATTAGTAGTTTAATAAAAGCG 

 gls2-KO4-PstI AACTGCAGGGAAACGCAGATGAGAG1263-1297 

 gls2-5F AGAGCGGGGTATTTCG 

 gls2-6R GCTGGTTGGGTAAAAGTT 

 gls2-F ACAATACTCAAGCCGACCTAAC 

 gls2-R CTATACCCAGCGTGTGAAGAAA 

gls3 gls3-KO1-PstI AACTGCAGAAAAGCTTGGACAACCC  

 gls3-KO2-EcoRI GGAATTCTTATTTAAGATCCAAAGTAATCACCTC 

 gls3-KO3-EcoRI GGAATTC TTTCAGTACTAATAATTAAGGTCCAA 

 gls3-KO4-BamHI CGGGATCCGCATGTGCTGAAAATTG  

 gls3-5F CCTTTATCAACCATCAGCT 

 gls3-6R AGCTGGTGTGCTACTTT 

 gls3-F GATTCCAGCAAAGCCAAACC 

 gls3-R GCTGAAGATACCACCACCATTA 

3.2.5 Accumulation of amino acids during sourdough fermentation 

Sourdoughs were fermented with L. reuteri 100-23, L. reuteri 100-23∆gadB, or L. reuteri 

100-23∆gls1∆gls2∆gls3 respectively to determine cell counts, pH and amino acid 

accumulation during growth in sourdough. Two grams of all purpose wheat flour (Robin 

Hood, Markham, ON, Canada), 2 ml of sterilized tap water were incubated with an initial 

cell count of 1 ± 0.5×107 CFU g-1. Samples were collected after 0, 12, 24, and 48 hours of 

incubation. Sourdough fermentations were carried out in three biological replicates. 
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3.2.6 Quantification of amino acids by high performance liquid chromatography 

(HPLC) 

Amino acids were quantified by HPLC after derivatization with o-phthaldialdehyde [159]. 

Buffer samples were centrifuged to remove cells; the supernatant was mixed with 5% w / v 

trichloroacetic acid and β-aminobutyric acid, which served as the internal standard. The 

mixture was centrifuged and the supernatant was then derivatized with ortho-phthalaldehyde 

(1 vol) with the addition of saturated potassium borate (5 vol). Sourdough samples were 

lyophilized and extracted with water at an extraction ratio of 1:6 (w / v); the supernatant was 

mixed with 5 % w / v trichloroacetic acid and β-aminobutyric acid. The mixture was then 

derivatized with o-phthaldialdehyde described above. 

3.2.7 Synthesis of γ-glutamyl dipeptides during buffer fermentation and sourdough 

fermentation 

Buffer fermentations were performed with L. reuteri 100-23 and L. reuteri 100-

23∆gls1∆gls2∆gls3 as described with modifications [143]. Cells from overnight cultures of 

three strains were washed twice with autoclaved tap water, and re-suspended in 20 mmol L-

1 phosphate buffer (pH 6.5) containing 5 g L-1 of maltose, 10 mmol L-1 of glutamine, and 10 

mmol L-1 of lysine, glutamate, leucine, isoleucine, phenylalanine or valine as glutamate 

acceptors. Buffers were incubated at 37 °C for 24 h. Samples were collected before and after 

incubation for LC-MS / MS analysis of γ-glutamyl dipeptides in the culture supernatant. 

Buffer inoculated with strains and maltose but without the addition of amino acids, and 

uninoculated buffers served as controls. The cell count and pH were monitored on each 

sample. Buffer fermentations were carried out in two independent experiments, and samples 

were analyzed in duplicate.  
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Sourdoughs were fermented as described above with L. reuteri 100-23 or L. reuteri 100-

23∆gls1∆gls2∆gls3. Sourdough samples were collected at 0 h and 48 h and lyophilized. Then 

0.5g lyophilized sourdough was mixed with1 ml of 0.1 % formic acid and the mixture was 

incubated at 25 °C for 1 h with 250 rpm shaking. The mixture was diluted at a ratio of 1: 10 

into 30 % methanol and pellets in the dilution were collected by centrifuge. The supernatant 

was collected and filtered for LC-MS / MS analysis. 

3.2.8 Quantification of γ-glutamyl dipeptides by LC-MS/MS 

γ-Glutamyl dipeptides were quantified by LC-MS / MS as described [143]. In short, peptides 

were separated on a 1200 series HPLC unit with a diode array detector (Agilent Technologies, 

Palo Alto, CA, USA) connected to a 4000 Q TRAP LC-MS / MS system (MDS SCIEX, 

Applied Biosystems, Streetsville, ON, Canada). The mobile phase consisted of 0.1 % formic 

acid in Milli-Q water (solvent A) and 0.1 % formic acid in acetonitrile (solvent B). Samples 

were eluted from an Express C18 HPLC column (2.7 μm, 150 mm × 2.1 mm, Phenomenex, 

Torrance, CA, USA) at a flow of 0.2 ml min-1 with the following gradient: 0 min, 95 % A; 

10 min, 75 % A; 15 min, 0 % A; followed by re-equilibration with 95 % A. LC-MS/MS 

parameters for quantitation of the six kokumi peptides are shown in Table 3.3. External 

calibration standards (0.1-100 μg L-1) of γ-glutamyl dipeptides were prepared at 30 % (v / v) 

methanol in 0.1 % aqueous formic acid.  

Table 3. 3 LC-MS/MS parameters for the determination of γ-glutamyl dipeptides in 

water-soluble extracts of sourdough 

Peptide Transition Retention time (min) DPt CE 

γ-Glutamyl glutamate 277.3 / 84.1 1.89 50 40 

γ-Glutamyl cysteine 251.2 / 122.2 1.95 40 17 

γ-Glutamyl valine 247.2 / 72.1 2.78 50 35 

γ-Glutamyl isoleucine 261.2 / 132.5 8.40 50 19 

γ-Glutamyl leucine 261.2 / 132.5 9.30 50 19 
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3.2.9 Survival of lactobacilli at pH 2.5 and 3.5 

To determine the survival of lactobacilli at acid pH in presence or absence of glutamine, L. 

reuteri 100-23, L. reuteri 100-23∆gls1∆gls2∆gls3, L. reuteri 100-23∆gadB, L. acidophilus 

FUA3066, L. johnsonii 117a, and L. taiwanensis 107q were incubated at pH 2.5 or 3.5 with 

or without the addition of 10 mmol L-1 glutamine or glutamate. To detect the different effects 

of three gls on the survival of L. reuteri 100-23, L. reuteri 100-23∆gls3, L. reuteri 100-

23∆gls2∆gls3, L. reuteri 100-23∆gls1∆gls2∆gls3 were incubated at pH 2.5 with or without 

the addition of 10 mmol L-1 glutamine or glutamate for 24h. Cells from overnight cultures 

were washed in 50 mmol L-1 Na2HPO4 buffer (pH 7.0) and re-suspended in 50 mmol L-1 

potassium phosphate buffer (pH 2.5) or in 50 mmol L-1 lactate buffer (pH 3.5). Viable plate 

counts were determined by surface plating on mMRS agar. Experiments were performed in 

three biological replicates. The absence of gls in L. acidophilus FUA3066 was checked by 

primers in Table 3.4. 
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Table 3. 4 Primers used to confirm the absence of gls in L. acidophilus FUA3066 

Targeted strains Primers Primer sequences (5’-3’) Annealing temperature 

L. gasseri, L. taiwanensis, L. 

johnsonii 

Forward CATGGGACAACAAACGCATTAT 
62.8 

Reverse GACATAAGACCACCACCAACA 

L. crispatus Forward ATGATGGTAACGGCACGTAG 
62.9 

 Reverse CACCTCCAACACCACTCTTAG 

L. antri, L. oris Forward CCCGCACATTACCCTCAATAAT 
62.9 

 Reverse AAATCAGTCGTTCCTGATCCC 

3.2.10 Statistical analysis 

Data analysis was performed with IBM SPSS statistics 23, using one-way or two-way 

analysis of variance (ANOVA). A P-value of ≤ 0.05 was considered statistically significant.  

3.2.11 Nucleotide sequence accession numbers  

The genome sequences of L. reuteri 100-23 were obtained from the National Center for 

Biotechnology Information databases (GenBank: AAPZ02000001.1 and AAPZ02000002.1). 

Nucleotide sequences and annotations were retrieved from GenBank with accession numbers 

AAPZ02000001.1:333174-334094, AAPZ02000001.1:1455778-1456692, and 

AAPZ02000002.1:548219-549139 for genes gls1, gls2, and gls3, respectively. The 

sequences of the truncated gls1, gls2, and gls3 in L. reuteri 100-23∆gls1∆gls2∆gls3 were 

deposited with accession number MN147878, MN147879, and MN147880, respectively. 

3.3 Results 

3.3.1 Phylogenetic analysis of glutaminases in Lactobacillaceae species 

A phylogenetic analysis determined the frequency and distribution of glutaminases in 

Lactobacillaceae species (Figure 3.1A). Gls2 of L. reuteri 100-23 is least similar to other 

glutaminases and has no homologues in other lactobacilli. Three and two genomes of other 

Limosilactobacillus species (previously L. reuteri group [11]) harboured homologues of Gls1 

and Gls3, respectively. Ten genomes of Lactobacillus species (previously Lactobacillus 
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delbrueckii group [11]), as well as Fructilactobacillus lindneri (previously Lactobacillus 

fructivorans group [11]) and Ligilactobacillus aviarius (previously Lactobacillus salivarius 

group [11]) harbored putative glutaminases that clustered separately from L. reuteri enzymes. 

All lactobacilli with glutaminases are adapted to animal hosts; with the exception of L. 

lindneri, glutaminases were present in organisms that are adapted to the intestine of 

vertebrate animals [2]. We additionally analyzed whether glutaminases in lactobacilli are part 

of operons that also include GadB and / or GadC. The genetic loci of glutaminases of 

lactobacilli that are part of an operon including GadC and / or GadB shown in Figure 3.1B. 

L. aviarius is the only other Lactobacillaceae that harbours an operon with glutaminase, 

GadB and GadC. L. lindneri encodes for a GadC / Gls operon. In other lactobacilli with 

glutaminase, GadC was present in trans; Limosilactobacillus antri and Limosilactobacillus 

oris encoded for a GadB / GadC operon distant from Gls (data not shown). None of 

Lactobacillus species with glutaminase encoded for GadB.  
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Figure 3. 1 Analysis of glutaminases in Lactobacillaceae species 

Panel A. Phylogenetic analysis of glutaminases in Lactobacillaceae species. Sequences in all genomes of 

lactobacilli were identified by BLASTp using gls1, gls2, or gls3 as query sequences. Identical sequences from 

the same species were discarded. Phylogenetic tree was constructed based on 21 glutaminase sequences from 

12 Lactobacillus species by using the Maximum Likelihood method based on the JTT matrix-based model [155] 

and the bootstrap support values were calculated from 500 replicates by MEGA7 [154]. Bootstrap values are 

shown if they are higher than 50. Branch lengths were measured in the number of substitutions per site. Roman 

numerals designate the phylogenetic groups: L. delbrueckii (I), L. reuteri (II), L. salivarius (III), and L. 

fructivorans (IV)[13], that are different genera in new taxonomy: Lactobacillus, Limosilactobacillus, 

Ligilactobacillus, Fructilactobacillus [11].  

Panel B. Genetic loci of those gls sequences that are adjacent to gadB or gadC in Lactobacillaceae species. 

Brucella microti CCM4915 is used for comparison. Nucleotide sequences and annotations were retrieved from 

GenBank with accession numbers AAPZ02000002.1: 548219-549139, LVKF01000063.1: 29436-30365, 

JQBT01000033.1: 133694-134626 and CP001579.1: 322403-323356 for glutaminases in L. reuteri 100-23, L. 

aviarus UMNLAv4, L. lindneri DSM20690, and Brucella microti CCM4915, respectively. Gene name: gls 

(glutaminase), gadB (glutamate decarboxylase), gadC (glutamate/GABA antiporter). 
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3.3.2 Glutamine metabolism of L. reuteri 100-23∆gls1∆gls2∆gls3 in sourdough.  

To test the role of glutaminases of L. reuteri in glutamine metabolism in sourdough, the 

concentrations of glutamine, glutamate and GABA were measured during wheat sourdough 

fermentation with L. reuteri 100-23, 100-23∆gls1∆gls2∆gls3, and 100-23∆gadB respectively 

(Figure 3.2). The growth of strains and the pH of sourdough were also monitored (Figure 

3.7). The growth of three strains in sourdough was identical throughout fermentation, the cell 

counts increased to the maximum after 12 h and maintained at ~10 log CFU g-1 during the 

following 24 h fermentation, indicating that the growth of strains during sourdough 

fermentation was not influenced by the truncation of gadB or three gls. 

The disruption of gls genes or gadB had no influence on the concentration of (glutamine + 

glutamate + GABA) after 48 h of fermentation. Glutamine accumulated in chemically 

acidified dough but its concentration remained low in all sourdoughs. L. reuteri 100-23 

converted glutamine to GABA and accumulated the highest level of GABA after 48 h of 

fermentation. The deletion of gadB resulted in glutamate accumulation and low GABA 

concentrations. GABA concentration in sourdough fermented with L. reuteri 

100-23∆gls1∆gls2∆gls3 was higher than the concentration in sourdough fermented with L. 

reuteri 100-23∆gadB.  
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Figure 3. 2 Concentration of amino acids during sourdough fermentation 

The concentration of glutamine (A), glutamate (B) and γ-aminobutyric acid (C) during sourdough fermentation 

with L. reuteri 100-23 (▲), L. reuteri ∆gls1∆gls2∆gls3 (∆) or L. reuteri ∆gadB (■) over 48 h were quantified. 

Chemically acidified dough fermented for 48 h served as control (□). Symbols indicate means ± standard 

deviation of three biological replicates. Values for chemically acidified sourdough or for sourdoughs fermented 

with isogenic mutant derivatives of L. reuteri 100-23 are marked with an asterisk if they differ significantly (P 

< 0.05) from values for sourdoughs fermented with L. reuteri 100-23. 

3.3.3 Synthesis of γ-glutamyl dipeptides in buffer and sourdoughs 

Glutamyl-cysteine ligases in L. reuteri LTH5448 synthesize γ-Glu-Ile and γ-Glu-Cys but 

deletion of both glutamyl-cysteine ligases did not fully eliminate synthesis of γ-glutamyl 

peptides in L. reuteri LTH5448 [160]. Bacterial glutaminases catalyze transglutamination to 

produce γ-glutamyl peptides [161,162], therefore, the γ-glutamyltransferase activity of 

glutaminase in L. reuteri 100-23 was assessed by monitoring the concentration of γ-glutamyl 

dipeptides after incubation of the strain and its mutants in buffers (Figure 3.3) and in 

sourdough (Table 3.5). The deletion of gls decreased the synthesis of γ-Glu-Glu in buffers, 

however, the formation of other γ-glutamyl peptides was not affected (Figure 3.3). The 

deletion of glutaminases in L. reuteri did not affect the synthesis of γ-glutamyl dipeptides in 

sourdoughs (Table 3.5).  
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Figure 3. 3 Concentration of γ-glutamyl dipeptides in buffers  

L. reuteri 100-23 (black columns) and L. reuteri 10-23∆gls1∆gls2∆gls3 (gray columns) were used to ferment 

buffers for 24h, separately. Symbols indicate means ± standard deviation from two biological replicates 

analyzed in duplicate. Values for different peptides that do not share a common uppercase superscript differ 

significantly (P < 0.05). Values for the same peptide that do not share a common lowercase superscript differ 

significantly between samples obtained after incubation with L. reuteri 100-23 and L. reuteri 10-

23∆gls1∆gls2∆gls3 (P < 0.05). 

Table 3. 5 Concentration of γ-glutamyl dipeptides in wheat sourdough fermentations 

Dipeptides γ-Glu-Glu γ-Glu-Cys γ-Glu-Ile γ-Glu-Leu γ-Glu-Val 

 0 h 

L. reuteri 100-23 3.39 ± 1.46a 1.46 ± 0.13b 0.30 ± 0.05a 0.51 ± 0.18a 0.56 ± 0.05a 

100-23∆gls1∆gls2∆gls3 4.56 ± 0.74a 1.40 ± 0.17b 0.27 ± 0.07a 0.41 ± 0.11a 0.58 ± 0.05a 

Chemically acidified 3.34 ± 1.06a 2.11 ± 0.35a 0.35 ± 0.10a 0.47 ± 0.14a 0.60 ± 0.08a 

 48 h 

L. reuteri 100-23 8.08 ± 2.19a 1.07 ± 0.44a 5.27 ± 0.09a 0.91 ± 0.38a 0.62 ± 0.10a 

100-23∆gls1∆gls2∆gls3 5.74 ± 0.86ab 1.28 ± 0.41a 5.62 ± 0.58a 1.08 ± 0.40a 0.63 ± 0.07a 

Chemically acidified 3.37 ± 0.39b 0.92 ± 0.17a 0.58 ± 0.23b 0.96 ± 0.16a 0.58 ± 0.04a 

The concentration of γ-glutamyl dipeptides in sourdoughs fermented with different strains at the same 

incubation time that does not share a common lowercase superscript differ significantly (P < 0.05). 

3.3.4 Effects of glutamine and glutamate on acid resistance of L. reuteri 100-23  

The survival of L. reuteri 100-23∆gls1∆gls2∆gls3 and L. reuteri 100-23∆gadB was 

compared with that of the wild type L. reuteri 100-23 in phosphate buffer at pH 2.5 and 
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lactate buffer at pH 3.5. Amino acid supplementation did not influence survival in lactate 

buffer at pH 3.5 and L. reuteri 100-23ΔgadB was the most sensitive strain (Figure 3.4). 

During incubation in phosphate buffer at pH 2.5, glutamate supplementation protected the 

wild type strain and L. reuteri 100-23∆gls1∆gls2∆gls3 but not L. reuteri 100-23ΔgadB. The 

effect of glutamine supplementation on the survival of L. reuteri 100-23 was comparable to 

the effect of glutamate. Glutamine supplementation increased survival of L. reuteri 100-

23ΔgadB when compared to supplementation with glutamate, however, glutamine did not 

improve or decrease survival of L. reuteri 100-23∆gls1∆gls2∆gls3 when compared to 

glutamate supplementation (Figure 3.4). 

Previous studies suggested that overexpression of gls1, gls2, and gadB compensates the 

disruption of gls3 in L. reuteri 100-23 [163]. To assess the role of the three glutaminases in 

acid resistance, L. reuteri 100-23, 100-23Δgls3, L. reuteri 100-23Δgls2Δgls3, and 100-

23Δgls1Δgls2Δgls3 were incubated in phosphate buffer of phosphate buffer containing 

glutamate or glutamine (Figure 3.5). Glutamine protected all strains except L. reuteri 100-

23Δgls1Δgls2Δgls3 against the acid challenge, indicating that Gls2 or Gls1 compensate for 

the loss of Gls3, or Gls2 and Gsl3.  
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Figure 3. 4 Acid resistance of L. reuteri 100-23 and its isogenic mutants in buffers 

Acid resistance of L. reuteri 100-23 (black symbols), L. reuteri ∆gls1∆gls2∆gls3 (grey symbols), or L. reuteri 

∆gadB (open symbols) in phosphate buffer (pH 2.5, A), in phosphate buffer with 10mM glutamate (B), or in 

phosphate buffer with 10 mM glutamine (C). Acid resistance of L. reuteri 100-23 (black symbols), L. reuteri 

gls1∆gls2∆gls3 (grey symbols) or L. reuteri ∆gadB (open symbols) in lactate buffer (pH 3.5, D), in lactate 

buffer with 10mM glutamate (E), or in lactate buffer with 10 mM glutamine (F) were quantified. Symbols 

indicate means ± standard deviation from biological replicates. Values for different strains in the same buffer 

at the same incubation time do not share a common lowercase superscript differ significantly (P < 0.05). Values 

obtained in buffers with glutamate or glutamine are marked with an asterisk if they differ significantly (P < 

0.05) from values obtained at the same incubation time with the same strain in control buffer. Values for the 

same strain in buffers with glutamine are marked with a plus sign if they differ significantly (P < 0.05) from 

values obtained with the same strain at the same incubation time in buffer with glutamate. 
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Figure 3. 5 Acid resistance of L. reuteri 100-23, 100-23Δgls3, L. reuteri 100-

23Δgls2Δgls3 and 100-23Δgls1Δgls2Δgls3 in phosphate buffers 

Three strains were inoculated in phosphate buffer (pH 2.5, black bars), in phosphate buffer with 10mM 

glutamate (light grey bars), or in phosphate buffer with 10 mM glutamine (dark grey bars) after 24h incubation. 

Data represent means ± standard deviation from biological replicates. Values for different strains in the same 

buffer at the same incubation time do not share a common uppercase superscript differ significantly (P < 0.05). 

Values obtained with the same strain in different buffers differ significantly (P < 0.05) if they do not share a 

common lowercase superscript.  

3.3.5 Survival of host-adapted lactobacilli at pH 2.5 and pH 3.5 

To confirm the contribution of glutamine metabolism to the acid resistance of other host-

adapted lactobacilli, the survival of L. johnsonii 117a, L. taiwanensis 107q and one strain of 

L. acidophilus FUA3066 at pH 2.5 or 3.5 was determined. All three organisms are host-

adapted organisms in the L. delbrueckii group; the genome sequences of L. johnsonii 117a 

and L. taiwanensis 107q contain a glutaminase gene [158] but none of the available genome 

sequences of L. acidophilus encompasses a glutaminase. The absence of glutaminases in L. 

acidophilus FUA3066 was confirmed with primers targeting the conserved regions of 

glutaminases in L. taiwanensis, L. johnsonii, and L. gasseri, and in L. crispatus (Table 3.4). 

At pH 2.5, supplementation of glutamine and glutamate improved survival of L. taiwanensis 

107q but amino acid supplementation did not improve survival of L. johnsonii 117a or L. 
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acidophilus (Figure 3.6). The addition of glutamate or glutamine did not improve the survival 

of any of the strains in lactate buffer at pH 3.5. 

 

Figure 3. 6 Acid resistance of host-adapted lactobacilli in buffers 

Acid resistance of L. johnsonii 117a (A), L. taiwanensis 107q (B) or L. acidophilus (C) in phosphate buffer (pH 

2.5, black symbols), in phosphate buffer with 10mM glutamate (open symbols), or in phosphate buffer with 10 

mM glutamine (grey symbols). Acid resistance of L. johnsonii 117a (D), L. taiwanensis 107q (E) or L. 

acidophilus (F) in lactate buffer (pH 3.5, black symbols), in phosphate buffer with 10 mmol / L glutamate (open 

symbols), or in phosphate buffer with 10 mmol / L glutamine (grey symbols). Symbols indicate means ± 

standard deviation from triplicates. Values for the same strain in different buffers at the same incubation time 

do not share a common lowercase superscript differ significantly (P < 0.05).

3.4 Discussion  

This study investigated the contribution of glutaminase to glutamine metabolism in 

sourdough and to acid resistance of lactobacilli. Phylogenetic analysis of glutaminase 

sequences indicates glutaminase of lactobacilli is exclusively present in host-adapted 

lactobacilli. The deletion of glutaminases in L. reuteri did not influence glutamine and 

glutamate metabolism in sourdough but decreased the acid resistance of L. reuteri at pH 2.5. 

During sourdough fermentation, the most abundant amino acid released from wheat and rye 

proteins is glutamine. Microbial conversion of glutamine yields glutamate, an umami tastant, 
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GABA, or kokumi-active γ-glutamyl peptides. Glutaminase hydrolyzes γ-amino group of L-

glutamine to produce L-glutamic acid [161,164]. Glutaminase activity in L. reuteri 

KCTC3594 was described as a salt- and thermotolerant enzyme with activity in the range of 

pH 5.0 – 11.0 [165,166]. The molecular weight of the partially purified enzymes (50 – 70 

kDa), however, does not match the molecular weight of Gls1 (33.47 kDa), Gls2 (33.25 kDa) 

or Gsl3 (33.15 kDa) [21,165]. This suggests the presence of multiple enzymes in L. reuteri 

with activity on glutamine. Accordingly, the disruption of all three glutaminases in L. reuteri 

100-23 had no effect on the glutamine metabolism by L. reuteri in sourdough (Figure 3.2). 

In buffer, the truncation of glutaminases reduced the synthesis of γ-glutamyl-glutamate 

(Figure 3.3) and GABA (data not shown), suggesting a reduced rate of glutamine conversion 

to glutamate.  

Glutamine amidotransferases also catalyze the removal of the ammonia group from 

glutamine and subsequently transfer of ammonia to a specific substrate [167]. A wide range 

of biosynthetic enzymes, including carbamoyl-phosphate synthase, pyridoxal 5'-phosphate 

synthase, and guanosine monophosphate synthase, contain glutamine amidotransferase 

subunits with glutaminase activity [147,168,169]. Those genes that are encoded in the 

genome of L. reuteri 100-23 that relate to glutamine conversion to glutamate are glutamine 

amidotransferases including a GMP synthase [EDX43269.1], an asparagine synthase 

[EDX43329.1], a peptidase C26 [EDX43401.1], carbamoyl-phosphate synthase 

[EDX41777.1], and an isomerizing glutamine-fructose-6-phosphate aminotransferase 

[EDX41955.1]. The glutaminase activity of these biosynthetic enzymes likely accounts for 

glutaminase conversion in L. reuteri 100-23∆gls1∆gls2∆gls3, for glutaminase activities of 

Lacticaseibacillus rhamnosus [170] and Fructilactobacillus sanfranciscensis DSM20451 

[171], strains which harbour glutamine amidotransferases but not glutaminase. The 

γ-glutamyltranspeptidase from Bacillus subtilis also exhibits glutaminase activities at pH 8.0-
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8.5, but is absent in the genome of L. reuteri 100-23 [24,172]. In conclusion, glutaminases 

are accessory enzymes that are present only in few lactobacilli and do not make a substantial 

contribution to glutamine metabolic phenotypes. 

The deamidation of glutamine contributes to acid resistance of bacteria. Glutaminase Ybas 

in E. coli is active at acidic pH and protects E. coli at pH 2.5 via the release of ammonia [25]. 

A contribution of glutaminase to acid resistance of L. reuteri is documented by the loss of 

protective effect of glutamine on acid resistance of L. reuteri 100-23∆gls1∆gls2∆gls3 (this 

study), and by the demonstration that glutamine remains protective for L. reuteri 100-

23ΔgadB (this study) [21].  

The glutaminase gls3 in L. reuteri 100-23 is part of an operon that also includes gadB and 

gadC; a comparable operon structure is found in Brucella microti [25,26]. The gls-gadB / C 

operon is prevalent in Gram-negative bacteria but rarely found in Gram-positive bacteria 

[151]. Among Lactobacillus species, the gls-gadB / C operon is present only in L. reuteri and 

L. aviarius subsp. aviarius; L. lindneri harbored a gls-gadC operon. The presence of 

glutaminase and glutamate decarboxylase in enteric bacteria and rodent-lineage strains of L. 

reuteri strongly indicates their role to protect bacteria against acid stress in the gut or the 

transit through the stomach (this study) [16,51,151,173]. Comparison of the glutamine-

mediated acid resistance and the operon structure in lactobacilli and E. coli suggests that 

glutamine-mediated acid resistance requires GadC and Gls and that the system is functional 

even if the two genes are not part of the same operon. This is further supported by the acid 

resistance phenotype in L. reuteri 100-23Δgls3 and 100-23Δgls2Δgls3, where the remaining 

glutaminase genes, gls1 and gls2, or gls1, are located distant from the GadC / GadB operon 

(this study) [21]. L. taiwanensis 107q maintains glutaminase activity without GadB but not 

L. johnsonii 117a, however, glutamine addition increased acid resistance of this strain much 

less when compared to L. reuteri 100-23. Because glutamine and glutamate are alternative 
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substrates for this acid resistance mechanism, deletion of one or the other has a modest but 

significant impact on the acid resistance of L. reuteri 100-23 in situ and in vivo (this study) 

[16,116].  

Type II sourdough microbiota are derived from vertebrate-adapted lactobacilli in the L. 

delbrueckii and L. reuteri groups [51,66,174]. Acid resistance is a physiological trait that 

increases competitiveness in type II sourdoughs as well as intestinal ecosystems 

[13,16,66,116]. This study demonstrated that glutaminase is exclusively present in 

lactobacilli adapted to vertebrate intestinal ecosystems. Among these, the glutaminase based 

acid resistance is predominantly but not exclusively maintained by L. reuteri, L. taiwanensis, 

and L. johnsonii that represent rodent forestomach microbiota [2,47,158]. The genomes of L. 

taiwanensis 107q and L. johnsonii 117a encode for glutaminase but not for GadB (this study) 

[158], suggesting that lactobacilli alternatively maintain glutamine or glutamate based 

mechanisms of acid resistance. Utilizing the concept of “lifestyle” in sourdough ecology thus 

helps to explain how specific metabolic traits in lactobacilli contribute to the competitiveness 

and bread quality during sourdough fermentation [66]. 

In conclusion, this study demonstrated the exclusive presence of glutaminase in host-adapted 

lactobacilli and the contribution of glutaminase to acid resistance of L. reuteri 100-23. 

Glutaminase-mediated acid resistance is thus a “lifestyle-associated” metabolic trait in 

lactobacilli that is shared with Gram-negative pathogens. The accumulation of GABA 

without glutaminase implies that an alternative pathway of glutamine deamidation exists in 

L. reuteri 100-23 to hydrolyze glutamine and produce glutamate as the precursor of GABA.
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3.5 Supplementary materials 

 

Figure 3. 7 Cell counts and pH during sourdough fermentation  

Cell counts (A) and pH (B) during sourdough fermentation with L. reuteri 100-23 (▲), L. reuteri 

∆gls1∆gls2∆gls3 (∆), or L. reuteri ∆gadB (■) over 48 h were quantified. Chemically acidified dough fermented 

for 48 h served as control (□). Symbols indicate means ± standard deviation of three biological replicates. 
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Chapter 4 Characterization of extracellular fructanase in Lactobacillus 

crispatus and its contribution to fructan hydrolysis in breadmaking 

4.1 Introduction 

Fermentable oligosaccharides, disaccharides, monosaccharides, and polyols (FODMAPs) 

trigger symptoms of the irritable bowel syndrome (IBS) [175–177], a gastrointestinal 

disorder affecting about 11 % of the population worldwide. FODMAPs are rapidly fermented 

by ileal and colonic microbiota to organic acids, H2 and CO2. The increase of luminal water 

and gas production can cause luminal distension, bloating, and osmotic diarrhea [177,178]. 

Sensitivity to FODMAPs is particularly frequent in fructose-malabsorbent individuals [179]; 

adverse symptoms are caused by the ingestion of FODMAPs exceeding about 15 g d-1[180]. 

IBS significantly overlaps with non-celiac wheat intolerance [181]. Symptoms in many IBS 

patients and individuals with non-celiac wheat intolerance are improved by a low-FODMAP 

diet [182–185].  

Whole grain products including bread contribute substantially to the dietary fiber intake [186] 

but wheat and rye also have a high content of FODMAPs with fructans as main contributors 

[36]. Rapidly-fermentable carbohydrates including fructans have prebiotic activity [187] and 

provide health benefits through short chain fatty acid production by intestinal bacteria 

including bifidobacteria and Faecalibacterium prausnitzii [188]. Low-FODMAP diets often 

reduce the overall dietary fibre intake and thereby also can reduce the intestinal abundance 

of bifidobacteria and the formation of short chain fatty acids [184,189]. 

Current strategies for the production of low-FODMAP bread without reducing the content of 

slowly-fermentable dietary fiber include fermentation with lactobacilli or yeasts that express 

extracellular fructanases [36,190,191]. The enzymatic degradation fermentation specifically 

reduces fructans; because the overall content of dietary fiber is not reduced substantially 
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[192], low-FODMAP bread may alleviate symptoms of IBS without the adverse 

consequences of a low fiber diet [130].  

In straight dough, partial degradation of wheat or rye fructans, which have an average degree 

of polymerization (DP) of 5-6, is achieved by yeast invertase [36,193]. The activity of yeast 

invertase decreases with an increase in the molecular size of fructooligosaccharides because 

the dimeric enzymes do not accommodate long chain substrates [194,195]. Metabolism of 

fructan in most lactobacilli is mediated by the transport of low DP fructans followed by their 

intracellular hydrolysis [30], which thus provides only partial degradation of fructans in 

wheat and rye. Extracellular fructanases are rare in lactobacilli [30]. The extracellular β-

fructosidase FosE in Lacticaseibacillus paracasei is induced by fructose, sucrose, or inulin 

but repressed by glucose [34,196]. FosE is also found in genomes of Liquorilactobacillus 

species. In Lactobacillus species, an extracellular fructosidase (FruA) has been identified in 

Lactobacillus crispatus DSM29598 [197]. However, the contribution of FruA in L. crispatus 

DSM29598 to fructan degradation in bread making is not well characterized, or compared to 

fructan degradation in conventional sourdoughs fermented with fructanases-negative 

lactobacilli. Therefore, this study explored the presence of FruA in lactic acid bacteria and 

characterized the location, substance specificity, and expression of FruA in L. crispatus 

DSM29598. Fructan degradation in bread produced with sourdough fermented with L. 

crispatus DSM29598 was compared to a straight dough process and conventional sourdough 

fermentation.  

4.2 Materials and Methods 

4.2.1. Strain and growth condition 

L. crispatus DSM29598 and Limosilactobacillus frumenti FUA3675 were isolated from an 

industrially prepared rye sourdough; Limosilactobacillus reuteri 100-23 is a rodent isolate. 
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The strains were cultivated in modified deMan-Rogosa-Sharpe [152] (mMRS) medium at 

37 °C. The frozen stock culture was inoculated on agar plates; single colonies were inoculated 

in 1 mL broth, subcultured with 1 % inoculum in broth. For induction and enzyme 

experiments, cells were grown in mMRS basal medium supplemented with filter-sterilized 

solutions of 1 % fructooligosaccharides (FOS with purify ≥ 90 %, Sigma-Aldrich, St. Louis, 

MO, USA), inulin from chicory (with purify ≥ 90 %, Sigma), levan (with purity > 98 %, 

Megazyme Inc, Bray, Ireland), glucose (Sigma), fructose (Sigma), or sucrose (Sigma).  

4.2.2 Prediction of conserved proteins domains in FruA 

Signal peptides were predicted by Signal 5.0 based on the amino acid sequences of FruA. 

The prediction of domains in FruA was conducted by comparison of amino acid (AA) 

sequences in the Conserved Domain Database on National Center for Biotechnology 

Information (NCBI) website.  

4.2.3 Growth of L. crispatus with different carbon sources 

L. crispatus was subcultured twice in mMRS basal broth containing 1 % inulin, mMRS or 

mMRS basal broth, respectively, and grown overnight. The cultures were subsequently used 

to inoculate (1-2 % inoculum) mMRS broth containing the sugars at the same concentrations. 

The optical density at 600 nm (OD600nm) and pH of the culture were measured after overnight 

growth. Lactic acid production was quantified by HPLC as described [198]. 

4.2.4 Identification of FruA in L. crispatus and phylogenetic analysis of fructanases in 

lactobacilli 

The genome of L. crispatus was sequenced by paired-end Illumina sequencing by service of 

Genome Quebec (Montreal, Quebec, Canada) and assembled with ABySS1.3.4 (Assembly 

By Short Sequence). After quality control with the FastQC tool and the removal of low 

quality reads by Quake [199], the genome was annotated by RAST. Protein sequences of 
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fructanases in lactic acid bacteria were retrieved from the National Center for Biotechnology 

Information database using BLASTp and FruA of L. crispatus DSM29598 or FosE of 

Lacticaseibacillus paracasei 1195 as query sequence. Fructanase sequences in lactic acid 

bacteria with more than 50 % coverage and more than 50 % amino acid identity to FruA were 

selected. The homologues with identity of 30 - 50 % to FruA were not from lactic acid 

bacteria. LevB of Bacillus subtilis, an extracellular fructanase from Bacteroidales was also 

selected for comparison. Fructanases identified in metagenomic sequences from piglets were 

included for comparison [37]. A phylogenetic tree was constructed using the Maximum 

Likelihood method based on the JTT matrix-based model [155] and the bootstrap support 

values were calculated from 100 replicates by MEGAX [200].  

4.2.5 Hydrolysis of fructans by L. crispatus 

L. crispatus was grown in mMRS broth containing 1 % designated carbon source and cells 

were harvested by centrifugation. Cells were fractionated at 4 °C to obtain concentrated 

culture supernatant, cell wall fraction, and concentrated cytoplasmic extract as described 

earlier [34]. 

For substrate specificity of FruA, L. crispatus was subcultured twice in mMRS basal broth 

containing 1 % FOS, inulin, or levan. The cultures were subsequently used to inoculate (1-

2 % inoculum) mMRS broth containing the sugars at the same concentrations. When OD600nm 

reached 1.0, the cells were collected by centrifugation and cell fractionation was performed 

as described above.  

Hydrolysis of fructans was assayed by adding concentrated culture supernatant, cell wall 

fraction, or cytoplasmic extract to a 1 % FOS, inulin, or levan solution. The reaction mixtures 

were incubated at 37 °C for 3 h, and enzymes were inactivated by boiling for 2 min, and the 

enzyme activities were expressed as the amount of fructose released per minute per milligram 

of protein. Fructose concentrations were determined by high-performance liquid 
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chromatography (HPLC, 1200 series, Agilent Technologies, Santa Clara, CA, USA) using an 

Aminex HPX-87H column (Bio-Rad Laboratories, Mississauga, ON, Canada) that was 

eluted with 0.4 mL min-1 of 0.5mmol L-1 H2SO4 at 70 °C. Protein concentrations were 

determined with the Bradford reagent (Sigma), following the manufacturer’s instruction. All 

experiments were done in triplicate. 

4.2.6 Gene expression and activity of FruA in L. crispatus with multiple inducers 

To determine fruA expression in L. crispatus, the strain was subcultured twice in mMRS basal 

broth containing 1 % FOS, sucrose, glucose, or fructose. The cultures were subsequently used 

to inoculate (1-2 % inoculum) mMRS broth containing the sugars at the same concentrations. 

When OD600nm reached 0.4, the cells were collected by centrifugation. Cells were used for 

RNA extraction and cDNA construction, as well as cell fractionation. The hydrolysis of 

fructans by concentrated culture supernatant, cell wall fraction, or cytoplasmic extract were 

performed with 1 % FOS as substrate as described in 4.2.5. 

4.2.7 Sourdough fermentation 

Sourdoughs were fermented with L. crispatus, L. frumenti, L. reuteri and prepared with 100 

g of steel-cut whole rye grain (Fazer Mills, Lahti, Finland) with 0.2 % of damaged starch or 

whole rye flour obtained at a local market in Edmonton with ~ 2.7 % damaged starch. Flour 

was mixed with 150 mL of sterilized tap water, incubated with an initial cell count of 1 ± 0.5 

× 107
 CFU g-1. Chemically acidified dough was prepared by adding acetic acid / lactic acid 

(1 : 4, v / v) to achieve a pH of 3.5 ± 0.25. All the sourdoughs were incubated at 37 °C. 

Samples were collected after 0, 12, 24, 48 and 72 h incubation and stored at -80 °C for RNA 

isolation and at -20 °C for the extraction of sugars and organic acids. All the fermentations 

were done in triplicate. 
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Sourdoughs fermented by cocktail of L. crispatus and L. frumenti were prepared as described 

above with equal initial cell counts of each strain of 1 ± 0.5 × 107
 CFU g-1. Samples were 

collected after 0, 6, 12, 24, 48, and 72 h incubation and stored at -20 °C for extraction of 

sugars and organic acids. All the fermentations were done in duplicates. 

4.2.8 RNA isolation and cDNA library construction of L. crispatus  

To quantify the expression of FruA in L. crispatus in presence of 1 % fructose, glucose, 

sucrose, or FOS, samples were taken from cultures grown to the exponential phase (OD600nm 

of 0.4). Cells were harvested by centrifuge at 4 ℃, then the supernatant was removed and 

cell pellets were resuspended into 1ml of fresh same media. Two volumes of RNA protect 

Bacteria Reagent (Qiagen, Mississauga, ON, Canada) were added to 1 mL of culture to 

maintain RNA integrity. After incubating 5 min at room temperature, cells were harvested by 

centrifugation and stored at -80 ℃.  

For RNA extraction from L. crispatus in sourdough, 0.3-0.5 g sourdough was mixed with 3 

mL of RNA protect bacterial reagent, incubated for 10 min at room temperature. Solids were 

removed by centrifugation at 400 g for 10 min. Cells in the supernatant were harvested by 

centrifugation and the cell pellets were stored at -80 ℃ prior to RNA isolation.  

RNA was isolated from cell pellets using RNeasy Mini kit according to the manufacturer’s 

instructions (Qiagen). Contaminant genomic DNA was digested by DNase treatment, and 

cDNA libraries were generated by Quantiscript Reverse Transcriptase as manufacturer’s 

instructions (Qiagen). RNA samples were isolated from three biological replicates of 

exponentially growing cultures or fermented sourdoughs. 
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4.2.9 Relative quantification of gene expression by reverse-transcription quantitative 

PCR  

Primers used for qPCR amplification targeting fruA and 16S rRNA of L. crispatus are listed 

in Table 4.1. The reactions were performed with QuantiFast SYBR green master mixture 

(Qiagen) in a 7500 Fast Real Time-PCR System (Applied Biosystems, Foster City, CA, USA. 

DNase-treated RNA samples and RNase-free water (Qiagen) were used as negative controls 

in all qPCR reactions. The efficiencies of the PCR reactions were determined in PCR 

reactions with serial 10-fold dilutions of chromosomal DNA of L. crispatus as a template. 

The efficiencies (E) of PCR reactions targeting fruA and 16S rRNA were 2.0 and 2.0, 

respectively. The relative expression ratio is calculated using 16S rRNA as a reference gene 

with 5 copies and exponential phase culture of L. crispatus in mMRS basal medium with 1 % 

glucose or FOS as reference condition[201]. The reaction for every sample was performed 

in duplicates. 

Table 4. 1 Primers used to determine the expression of fruA in L. crispatus DSM29598 

Targeted 

genes 
Primers Primer sequences(5’-3’) 

Annealing 

temperature (°C) 
Amplicon 

size (bp) 

fruA FruA-F CCACTAAAGCCGGAGAAGTAAA 
63.1 105 

 FruA-R CTTGACCTCTGGCATCACTATG 

16S rRNA 

L. crispatus 

16s-F 
GGTGGAGCATGTGGTTTAATTC 

62.7 94 
L. crispatus 

16s-R 
CCCGAAGGGAACTTTGTATCT 

4.2.10 Bread baking 

Sourdoughs were prepared with 40 g whole rye flour and 60 mL of cell suspension of L. 

crispatus, L. reuteri or cocktail of L. crispatus with L. frumenti to achieve an initial cell count 

of 1 ± 0.5 × 107
 CFU g-1. Sourdoughs were incubated at 37 ℃ for 16h. Sourdough samples 

were collected after 0 and 16 h incubation and stored at -20 ℃ for the extraction of sugars 

and organic acids.  
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Bread dough was prepared by mixing sourdough prepared from 40 g whole rye flour with 60 

g whole rye flour, 100 g wheat flour, 4 g yeast, 4 g salt, and 80 mL of water with a spiral 

kneader (Kitchen Aid K45SS, Hobart Co. Troy, OH, USA) for 9 min. The straight dough was 

prepared by mixing 100 g whole rye flour, 100 g wheat flour, 4 g yeast, 4 g salt, and 140 mL 

of water. Bread was also prepared by adding 2 g of FruA containing bread improver (Fazer 

LOFO™, Fazer Mills, Lahti, Finland) to the bread dough. After resting for 1.5 h at 32 °C, 

the bread was shaped by hand and placed for 1.5 h in an incubator at 37°C (Fisher Scientific, 

Waltham, MA, USA). Bread was baked in a multideck oven (Bakers Pride, Elgin, IL, USA) 

with forced air at a temperature of 177 °C for 20 min. The bread was cooled down for > 1 h 

at room temperature and cut into pieces. Bread dough samples were collected after proofing. 

The crust was cut off from bread, and bread crumb and crust were stored at -20 ℃ separately 

for sugar and organic acid analysis. All the bread baking was conducted in three independent 

experiments. 

4.2.11 Quantification of fructan, fructose, and mannitol in sourdough and bread  

Sugars and oligosaccharides from sourdough, bread dough, and bread samples were extracted 

by suspending 1 g samples into 4 mL of 0.1 mol L-1 sodium phosphate buffer (pH 8.0) and 

incubated at 80 ℃ for 2 h. Then the suspension was cooled and centrifuged to remove the 

solids. The supernatant was diluted in 10 fold with 18 MΩ water and filtered with 0.22 µm 

filters into vials for fructose analysis by HPLC as described in 4.2.5. Mannitol was quantified 

by HPLC as described [198]. 

Total fructans were quantified with the fructanases mixture in fructan assay kit (K-FRUC, 

Megazyme) and calculated referring to the equation in the kit. Samples were treated with 

fructanase by incubating 10-fold diluted extract with equal volumes of fructanase at 40 ℃ 

for 40 min, followed by boiling for 2 min. Controls were incubated in parallel with the 

addition of buffer instead of the enzyme. Fructose was quantified by HPLC as described in 
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4.2.5 and the fructan content was calculated as difference between samples incubated with 

or without fructanase. The concentration of fructan, fructose, and mannitol were expressed 

as mmol kg-1 based on dry mass. 

4.2.12 Qualitative analysis of fructan in sourdough.  

The qualification of fructan degradation during sourdough fermentation was performed with 

high-performance anion-exchange chromatography with pulsed ampero-metric detection 

(HPAEC-PAD). In brief, fructanase treated and untreated sourdough samples fermented with 

L. crispatus were separated on a Carbopac PA20 column coupled to an ED40 chemical 

detector (Dionex, Oakville, Canada). Water (A), 0.2 mol L-1 NaOH (B) and 1 mol L-1 

NaAcetate (NaOAc) (C) were used as mobile phase with the following gradient: 0 min, 68.3 % 

A,30.4 % B and 1.3 % C; 30 min, 54.6 % A, 30.4 % B and 15.0 % C; 50 min, 46.6 % A, 

30.4 % B and 23 % C; 95 min, 33.3 % A, 30.4 % B and 36.3 % C; 95.1 min, 63.7 % A and 

36.3 % C; 100 min, 50 % A and 50 % C; 105min, 10 % A, 73 % B and 17 % C; 105.1 min, 

33.3 % A, 30.4 % B and 36.3 % C; 111 min, 10 % A, 73 % B and 17 % C; followed by re-

equilibration.  

4.2.13 Statistical analysis 

Data analysis was performed with IBM SPSS statistics 23, using one-way analysis of 

variance (ANOVA). A P-value of ≤ 0.05 was considered statistically significant.  

4.2.14. Accession numbers 

The genome sequences of L. crispatus DSM20598 and L. frumenti FUA3675 were 

deposited at Genebank with the accession numbers JAATOH000000000 and 

JAAUWX000000000, respectively.  
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4.3 Results 

4.3.1 Location of FruA in L. crispatus DSM29598 

L. crispatus DSM29598 was isolated as a fructan-degrading organism from an industrial rye 

sourdough. Analysis of the genome sequence with FruA of S. mutans, LevB of B. subtilis and 

FosE of Lacticaseibacillus paracasei as query sequences demonstrated that fruA is the only 

gene in the genome of L. crispatus that encodes for a putative fructan hydrolase. Analysis of 

the protein sequence predicted an N-terminal sec-dependent signal peptide mediating protein 

export with a cleavage site between positiions 32 and 33 (VKA - DT) [202]. A predicted GH 

family 32 domain with 70.59 % amino acid identity to FruA of S. mutans is located between 

positions 424 and 847. The C-terminus of FruA contains two surface layer protein (SLAP) 

domains at positions 1198 to 1308 (Figure 4.1A). The presence of a signal peptide indicates 

that FruA is an extracellular fructosidase. The presence of a SLAP domain connected to a 

glycosyl hydrolase domain is unprecedented in lactic acid bacteria but may indicate that the 

enzyme is attached to surface layer proteins of L. crispatus [203].  

The presence of an extracellular fructanase was confirmed by incubation of L. crispatus in 

media with FOS or inulin as sole carbon sources, which supported growth as well as glucose, 

maltose and fructose (Figure 4.9). The cellular location of FruA was assessed by 

determination of the fructanase activity of the supernatant, the cell wall fraction, and the 

cytoplasmic fraction of L. crispatus grown with FOS or inulin (Figure 4.1B). Fructanase 

activity was almost exclusively associated with the cell wall fraction. 
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Figure 4. 1 Location of FruA in L. crispatus DSM29598  

Panel A. Genetic indication of three domains in FruA. A signal peptide mediating protein secretion was 

predicted at the N-terminus; the C-terminus of the protein includes two predicted the S-layer domains which 

are unique to FruA in Lactobacillus species.  

Panel B. Enzyme activities of supernatant, cell wall, and cytoplasm of L. crispatus DSM29598, respectively. 

L. crispatus DSM29598 was grown in mMRS with 1 %FOS (gray bars) or inulin (hatched bars) as sole carbon 

source. The enzyme activities were quantified with different cellular fractions and are expressed as the amount 

of fructose released from FOS (right) or inulin (left) per minute per milligram of protein. Values indicate mean 

± standard deviation from three biological replicates. The activity of the different cellular fractions obtained 

from cells grown in the same medium differs significantly (P < 0.05) if bars do not share a common superscript. 

The activity of the same cellular fraction obtained from cells grown in different media differs significantly (P 

< 0.05) if bars are marked with an asterisk. 

 

4.3.2 Phylogenetic analysis of fructanases in lactic acid bacteria 

The phylogenetic analysis determined the distribution and frequency of fructanases in lactic 

acid bacteria (Figure 4.2). Fructanases were mainly identified in Streptococcus spp. and in 

few genomes of the genera Enterococcus, Latilactobacillus (previously Lactobacillus sakei 

group [11]), Ligilactobacillus, Liquorilactobacillus, Lacticaseibacillus (previously 

Lactobacillus casei group [11]), Pediococcus, as well as Lactobacillus. Four of these 

fructanases have been characterized biochemically, including LevB in Bacillus subtilis, FosE 

in L. paracasei, FruA in S. mutans, and FruA in L. crispatus (this study)[197]. The 

homologues of FosE were mainly identified in Lacticaseibacillus and Liquorilactobacillus, 

as well as four genomes of Bacteroidales [37]. FruA in L. crispatus is most similar to FruA 

in S. mutans, but not homologous to LevB or FosE. Homologues of FruA were also identified 
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in Ligilactobacillus equi, Lactobacillus amylovorus, Ligilactobacillus salivarius, 

Latilactobacillus curvatus, as well as two genomes of L. delbrueckii and L. amylovorus from 

piglets [37]. With exception of L. curvatus, FruA was exclusively found in host-adapted 

lactobacilli.  

 

Figure 4. 2 Phylogenomic analysis of FruA in lactobacilli.  

Sequences in all genomes were identified by BLASTp using FruA in L. crispatus DSM29598 as query 

sequences. Shown are all FruA sequences with more than 50 % coverage and more than 50% amino acid identity 

gi|488238250 FruA Streptococcus mutans

WP 057491387.1 Streptococcus orisasini

WP 003090311.1 Streptococcus ratti

WP 073686820.1 Streptococcus salivarius

WP 061652326.1 Streptococcus pneumoniae

WP 026161981.1 Streptococcus ferus

WP 106388150.1 Streptococcus anginosus

gi|502510413 Atopobium parvulum

WP 002914010.1 Streptococcus sanguinis

WP 045505600.1 Streptococcus gordonii

WP 048778161.1 Streptococcus cristatus

WP 018380739.1 Streptococcus thoraltensis

WP 104967126.1 Streptococcus pluranimulium

WP 052503141.1 Streptococcus suis

WP 018364088.1 Streptococcus caballi

WP 074482738.1 Streptococcus equinus

WP 074582361.1 Streptococcus gallolyticus

WP 046387801.1 Streptococcus uberis

WP 161325672.1 Enterococcus mundtii

WP 161337068.1 Enterococcus durans

WP 080491782.1 Enterococcus faecium

WP 081394644.1 Latilactobacillus curvatus

WP 051175718.1 Streptococcus devriesei

WP 004227500.1 Streptococcus criceti

WP 019788254.1 Streptococcus sobrinus

WP 002998327.1 Streptococcus downei

WP 147768395.1 Ligilactobacillus salivarius

gi|564807890 Ligiactobacillus equi

gi|503203773 Lactobacillus amylovorus

peg.1893 FruA Lactobacillus crispatus

W1P13.016. Lactobacillus delbrueckii

W3P12.059. Lactobacillus amylovorus

sp|P05656.1 LevB Bacillus subtilis

W0P29.034. unclassified Bacteroidales

W1P25.010. unclassified Bacteroidales

W3P9.008. unclassified Bacteroidales

W1P44.030. unclassified Bacteroidales

WP 083489048.1 Liquorilactobacillus uvarum

WP 083488443.1 Liquorilactobacillus aquaticus

WP 081778178.1 Liquorilactobacillus sucicola

WP 083478760.1 Liquorilactobacillus capillatus

WP 082623744.1 Liquorilactobacillus mali

WP 083481929.1 Liquorilactobacillus hordei

WP 082610518.1 Liquorilactobacillus satsumensis

gi|88866541 FosE Lacticaseibacillus paracasei

WP 003586847.1 Lacticaseibacillus casei

WP 146419723.1 Pediococcus pentosaceus

WP 128688594.1 Pediococcus acidilactici

WP 160249569.1 Lactiplantibacillus plantarum
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in lactobacilli species and representative FruA sequences from every species of lactic acid bacteria in which the 

enzyme was identified. LevS of Bacillus subtilis, an extracellular fructanase from Bacteroidales and selected 

homologues of FosE in Lacticaseibacillus and Liquorilactobacillus are shown for comparison. The sequences 

highlighted by boxes were obtained from the intestine of piglets [37].  

4.3.3 Substrate specificity of FruA in L. crispatus 

The hydrolysis of FOS, inulin, and levan was evaluated with cell wall fractions of L. crispatus 

grown in FOS, inulin or levan as sole carbon sources (Figure 4.3). FruA activity of L. 

crispatus was highest with levan as substrate, followed by FOS and inulin (Figure 4.3). L. 

crispatus grow with inulin expressed higher fructanase activity when compared to cultures 

grown with FOS or levan (Figure 4.3). The enzyme activity of FruA in L. crispatus on FOS 

or inulin was comparable when induced by FOS or inulin, which is consistent with FosE in 

L. paracasei [34]. When induced by inulin or levan, FruA showed higher activity on 

hydrolysis of levan than FOS or inulin, consistent with FruA characterized in S. mutans, 

which exhibited the highest specificity for levan [204]. 

4.3.4 Gene expression and activity of FruA in L. crispatus with multiple inducers 

In homofermentative lactobacilli, the utilization of carbohydrate sources other than glucose 

is generally repressed by carbon catabolite repression [96,205]. To determine the expression 

of FruA in L. crispatus in presence of glucose and fructans, gene expression and enzyme 

activity of FruA were quantified after the growth of L. crispatus to the exponential phase of 

growth with glucose, fructose, sucrose, or FOS as sole carbon sources (Figure 4.4). Gene 

expression of FruA was calculated relative to the expression in mMRS with 1 % glucose and 

comparable levels of expression were detected after incubation with all of the substrates 

(Figure 4.4A). Analysis of fructosidase activity at the same conditions provided similar 

results (Figure 4.4B). Both mRNA abundance and quantification of FruA activity thus 

demonstrated that FruA is not repressed by glucose. 
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Figure 4. 3 Enzyme activity of FruA in L. crispatus DSM29598 

L. crispatus DSM29598 was grown in mMRS containing FOS, inulin, or levan as sole carbohydrate sources as 

indicated on the x-axis. The activities were quantified with FOS (white bars), inulin (gray bars) or levan (black 

bars) as substrates. Values indicate mean ± standard deviation from three biological replicates. Significant 

differences (P < 0.05) between different inducers with the same substrate are indicated by uppercase letters; 

significant differences (P < 0.05) between different substrates with the same inducer are indicated by lowercase 

letters. 
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Figure 4. 4 The effects of substrates on the expression of FruA in L. crispatus 

DSM29598 

Panel A. Fold change of fruA mRNA in cells grown with fructose, sucrose, FOS as sole carbon source relative 

to the mRNA level in cells grown with glucose.  

Panel B. Enzyme activity of FruA induced by fructose, sucrose, FOS, or glucose with FOS as substrate. Values 

indicate mean ± standard deviation from three biological replicates. Values obtained with different substrates 

were not significantly different (P > 0.05). 
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4.3.5 Gene expression of FruA of L. crispatus during sourdough fermentation 

Sourdoughs were prepared with steel-cut kernels of rye with 0.2 % damaged starch or rye 

flour with ~2.7 % damaged starch. Damaged starch is hydrolyzed by cereal amylases to 

generate maltose and maltodextrins which are utilized by intracellular glycosyl hydrolases of 

lactobacilli to generate glucose [30]. During 72 h sourdough fermentation, the expression of 

FruA in L. crispatus growing whole rye and rye flour sourdoughs was not different (Figure 

4.5), which confirms that expression of FruA is not repressed by glucose. Compared to the 

expression in mMRS with FOS, FruA was overexpressed after fermented for 12 h in both 

sourdoughs. 
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Figure 4. 5 Expression of fruA during sourdough fermentation 

Gene expression was tested during whole rye (black symbols) and rye flour (open symbols) sourdough 

fermentation with L. crispatus DSM29598, and calculated relative to the expression of fruA during the growth 

of L. crispatus in mMRS with FOS as carbon source. Symbols indicate mean ± standard deviation from three 

independent fermentations. 

4.3.6 Fructan degradation during sourdough fermentation 

Fructan degradation in sourdough was determined by HPAEC-PAD analysis of sourdough 

extracts (Figure 4.6), and by enzymatic quantification of fructans (Figure 4.7). Sourdough 
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samples collected before fermentation (0 h) showed a series of peaks with a retention time of 

17 - 40 min. These peaks were degraded by fructanase treatment of sourdough extracts and 

represent fructans with a DP of 3-10 according to the chromatograph of FOS (data not shown). 

These fructans were not present in sourdough fermented for 12h with L. crispatus (Figure 

4.6). 

The fructan content was also quantified enzymatically over 72 h fermentation (Figure 4.7). 

Fructan hydrolysis by L. crispatus was compared to L. frumenti, L. reuteri, and a chemically 

acidified dough. The genome of L. reuteri 100-23 does not contain extracellular fructanases 

[206]; a copy of fruA was identified in the genome of L. frumenti but the gene is not expressed 

and L. frumenti does not hydrolyze fructans (data not shown and Figure 4.10). Fructan 

content in sourdoughs fermented with L. crispatus decreased to less than 0.5 % after 12h 

fermentation. The fructan content of chemically acidified doughs remained essentially 

unchanged over the incubation period. Fermentation with the FruA-negative L. reuteri and L. 

frumenti reduced the fructan content to intermediate levels, about 1 % in whole rye 

sourdoughs (Figure 4.7A) and about 2 % in rye sourdoughs (Figure 4.7B). FruA is thus 

necessary to achieve rapid and complete hydrolysis of fructans. 
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Figure 4. 6 Qualitative analysis of fructan hydrolysis by L. crispatus during growth in 

whole rye sourdough 

Shown are chromatographic traces obtained with HPAEC-PAD analysis of unfermented sourdough, 

unfermented sourdough after enzymatic fructan hydrolysis, and sourdough fermented with L. crispatus after 

12h of fermentation. Enzymatic fructan hydrolysis of the 12 h fermented L. crispatus sourdough did not alter 

the peak pattern (data not shown). Chromatograms are representative of two independent biological replicates.  
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Figure 4. 7 Fructan content of whole rye and rye flour sourdoughs 

Sourdoughs were prepared with whole rye (Panel A) or rye flour (Panel B) and fermented with L. crispatus 

DSM29598 (●), L. frumenti FUA3675 (○) or L. reuteri 100-23 (▼), and of chemically acidified dough (Δ). 

Values are expressed as mean ± standard deviation from three independent experiments. The fructan content of 

different sourdoughs after the same fermentation time differs significantly (P < 0.05) if symbols do not share a 

common superscript. 



61 

 

 

4.3.7 Dynamics of fructan, fructose, and mannitol content during sourdough 

fermentation with strain cocktails 

Type II sourdoughs generally are dominated by homofermentative Lactobacillus species and 

heterofermentative Limosilactobacillus species. Heterofermentative lactobacilli convert 

fructose to mannitol, which is included in the definition of FODMAPs. To test fructan 

degradation and mannitol formation during co-fermentation of L. crispatus and L. frumenti, 

whole rye and rye flour sourdoughs were fermented with these two strains and fructan, 

fructose, and mannitol concentration were monitored (Figure 4.8). The fructan content in 

sourdoughs decreased after 12 h of fermentation, resulting in a temporary accumulation of 

fructose and, during later stages of fermentation, mannitol. In both sourdoughs, less than 50 % 

of the fructose released from fructans was converted to mannitol (Figure 4.8).  
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Figure 4. 8 Fructan, fructose and mannitol content of sourdoughs fermented with two 

strains  

Fructan (Panel A), fructose (Panel B), and mannitol (Panel C) content of whole rye (●) and rye flour (○) 

sourdoughs after fermentation with L. crispatus DSM29598 and L. frumenti FUA3675. Values are expressed 

as mean ± standard deviation from two independent experiments and each sample was analyzed in duplicate. 
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4.3.8 Effect of L. crispatus and FruA on the content of fructan, fructose, and mannitol 

in bread 

To assess if L. crispatus or FruA is sufficient to degrade majority of fructan in a bread baking 

process, sourdough bread were prepared with L. crispatus, a co-culture of L. crispatus and L. 

frumenti, or L. reuteri as FruA-negative control. Sourdough breads were compared to yeast-

leavened bread (straight dough control) with or without addition of FruA, and to sourdough 

bread fermented with L. reuteri and addition of FruA (Table 4.2). The fructan content was 

highest in the straight dough control, here, the fructan content of bread was comparable to 

the fructan content of the wheat and rye flours used in bread making. FruA addition to the 

straight dough control reduced fructans to non-detectable levels. Sourdough fermented with 

L. reuteri reduced fructans to about 50 % of the initial levels; the concentration of mannitol 

in bread accounted for about 10% of the initial fructan. FruA addition to L. reuteri sourdough 

bread also substantially reduced the fructan content of bread to non-detectable levels but did 

not increase the content of mannitol. The use of sourdough fermented with L. crispatus 

reduced fructan levels in bread to about 5 % of the fructan content in flours (Table 4.2). Co-

fermentation of L. crispatus and L. frumenti resulted in a comparable reduction of fructan in 

bread but accumulated 25 mmol kg1 mannitol (Table 4.2).  

Analysis of the fructan content throughout the bread-making process confirmed that fructans 

were completely (L. crispatus) or substantially (L. reuteri) degraded during sourdough 

fermentation (Table 4.2). Fructans were further degraded after mixing and proofing of the 

bread dough (Table 4.2) while the reduction of fructan levels after baking was not significant 

(Table 4.2). The degradation of fructan after 16 h of sourdough fermentation led to an 

increase of fructose in sourdough with only L. crispatus, and a higher level of mannitol 

content in sourdough with L. crispatus and L. frumenti. In bread doughs after proofing, the 

fructan contents of straight dough and sourdough fermented with L. reuteri were significantly 
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higher than doughs with either L. crispatus or FruA containing bread improver as 

complement, consistent with the fructan contents in bread. Addition of FruA also decreased 

the fructan content of bread produced with L. reuteri sourdough.  

Table 4. 2 Fructan, fructose and mannitol content of sourdoughs, bread dough, and 

bread after fermentation with different L. crispatus DSM29598, L. crispatus 

DSM29598 and L. frumenti FUA3675, or L. reuteri 100-23 

Strain FruA addition  Sampling 
Contents in dry basis (mmol kg-1) 

Fructans Fructose Mannitol 

Whole rye     242.8 ± 26.2 n.d. n.d. 

Whole wheat    120.4 ± 7.7 n.d. n.d. 

L. crispatus  N 

Sourdough* 0h 160.5 ± 42.1A,a 43.0 ± 9.5B,a 0.9 ± 0.6A,a 

 
16h 4.9 ± 4.6B,b 133.9 ± 26.4A,a 1.5 ± 0.9A,c 

Bread dough* Proofing 26.4 ± 17.5B,b 42.4 ± 13.92B,a 2.3 ± 1.6A,c 

Bread Crumb 10.9 ± 3.5B,c 9.7 ± 1.3B,ab 0.7 ± 0.4A,c 

 
Crust 20.8 ± 5.6B,bc 11.6 ± 3.3B,ab 1.3 ± 1.0A,b 

L. crispatus and 

L. frumenti 
N 

Sourdough 0h 154.7 ± 29.2A,a 37.1 ± 9.1A,a 3.0 ± 4.3C,a 

 
16h 4.4 ± 2.0B,b 23.0 ± 15.9AB,b 63.2 ± 9.6A,a 

Bread dough Proofing 4.3 ± 1.0B,b 10.4 ± 3.5B,b 22.1 ± 7.5BC,a 

Bread Crumb 11.5 ± 2.5B,c 6.6 ± 1.9B,ab 15.5 ± 5.7BC,a 

 
Crust 13.7 ± 9.0B,bc 10.5 ± 1.9B,ab 25.7 ± 7.8B,a 

L. reuteri  N 

Sourdough 0h 103.3 ± 13.6A,a 25.3 ± 1.1A,a 4.9 ± 1.8C,a 

 
16h 89.8 ± 6.0AB,a 22.5 ± 6.6A,b 37.9 ± 2.2A,b 

Bread dough Proofing 70.2 ± 19.3ABC,a 22.1 ± 14.2A,ab 17.2 ± 3.7B,ab 

Bread Crumb 40.9 ± 11.7C,b 8.2 ± 7.6A,ab 8.9 ± 4.5C,ab 

 
Crust 50.2 ± 28.9BC,b 10.7 ± 9.2A,ab 19.3 ± 2.0B,a 

L. reuteri Y 

Bread dough Proofing n.d.A,b 2.7 ± 1.9A,b 21.3 ± 0.7A,a 

Bread Crumb n.d.A,c 1.2 ± 0.4A,b 12.2 ± 0.6B,ab 

 
Crust n.d.A,c 1.0 ± 0.8A,b 24.3 ± 2.2A,a 

Straight dough Y 

Bread dough Proofing n.d.A,b 10.4 ± 3.9A,b 9.1 ± 2.4A,bc 

Bread Crumb n.d.A,c 8.0 ± 1.6A,ab 3.5 ± 2.4C,bc 

 
Crust n.d.A,c 12.5 ± 2.9A,ab 8.5 ± 0.7BC,b 

Straight dough N 

Bread dough Proofing 101.2 ± 12.9A,a 24.7 ± 8.9A,ab 3.5 ± 0.6B,c 

Bread Crumb 120.1 ± 20.9A,a 20.9 ± 14.8A,a 3.1 ± 1.3B,c 

 
Crust 154.7 ± 30.8A,a 20.1 ± 14.5A,a 6.1 ± 0.1A,b 

n.d., not detectable. 

* Sourdough was prepared with whole rye flour; the bread dough was prepared with 100 g whole rye flour and 

100 g whole wheat flour.  

Data obtained from the same dough at different sampling times differ significantly (P < 0.05) if they do not 

share a common capital letter superscript. Data obtained with different doughs at the same sampling time differ 

significantly (P < 0.05) if they do not share a common lowercase letter superscript.  
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4.4 Discussion 

This study investigated the location, induction, and substrate specificity of FruA in L. 

crispatus DSM29598. FruA is an extracellular surface protein in this strain, induced by all 

the carbon source used in this study and not repressed by the presence of glucose. FruA is an 

exo-β-fructosidase hydrolyzing terminal, non-reducing fructose moieties linked by β-(2→1) 

bonds in FOS or inulin, as well as β-(2→6) bonds in levan. The application of L. crispatus 

in sourdough fermentation hydrolyzed the majority of fructan in rye during the first 12 h 

fermentation. A combination of L. crispatus and L. frumenti in sourdough fermentation leads 

to dynamic changes of fructan, fructose, and mannitol. Bread dough prepared with L. 

crispatus fermented sourdough has a much lower content of fructan but the comparable 

amount of fructose and mannitol compared to straight dough; the same results can also be 

achieved by adding FruA to the bread dough. When L. crispatus or FruA was present, 

fermentation with heterofermentative L. frumenti or L. reuteri led to higher mannitol contents. 

Extracellular FruA is frequently present in oral streptococci. Oral streptococci convert 

sucrose to extracellular glucans and fructans; both polymers form part of the biofilm matrix 

on the tooth enamel. In addition, fructans are hydrolyzed for use as a carbon source if other 

sugars are not available [10,207]. Homologues of FruA are also present in the vertebrate-host 

adapted genera Lactobacillus and Ligilactobacillus. FruA in host-adapted lactic acid bacteria 

contributes to the degradation of fructans that are present in the diet, or fructans that are 

formed by Limosilactobacillus species as part of the biofilm matrix [10,37]. A second 

extracellular fructosidase in lactobacili, FosE, is present in few Lacticaseibacillus and several 

Liquorilactobacillus species [34][37]. Liquorilactobacillus species form biofilms in liquid 

and plant derived habitats [11]. In analogy to oral streptococci, the biofilm matrix is formed 

by glucans and fructans synthesized from sucrose and FosE likely serves a comparable role 

in Liquorilactobacillus species as FruA in oral streptococci [11].  
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FruA in S. mutants has an N-terminal export signal, a C-terminal LPXTGX motif which 

covalently links proteins in Gram-positive bacteria to the peptidoglycan [208], and was 

shown experimentally to be located at the cell surface [209]. Similar to streptococci, the FruA 

in L. crispatus has an N-terminal export signal. In contrast to FruA in streptococci, FruA in 

L. crispatus lacks the LPXTG motif but includes two C-terminal SLAP domains. The SLAP 

domain is found in multiple cell surface proteins of lactobacilli including a putative SLAP in 

L. acidophilus NCFM[210] and L. crispatus (WP_013086129.1), and surface layer 

associated protein in Lactobacillus pasteurii DSM 23907 (GenBank: CCI84788.1). 

Consistent with the organization of SLAPs in L. acidophilus ATCC4356 [211] and L. 

crispatus JCM5810 [212], the SLAP domains of FruA are at the C-terminus of the protein 

while surface-associated proteins in Levilactobacillus brevis [213] and Lentilactobacillus 

hilgardii [214] display the SLAP domain in the N-terminal region. We confirmed the 

association of FruA with the cell wall of L. crispatus; the SLAP domains of FruA are thus 

likely responsible for anchoring of the enzyme to the cell wall [215]. Surface layer protein is 

mostly present in the vertebrate-host adapted Lactobacillus species (previously L. delbrueckii 

group) and found only in few Levilactobacillus and Lentilactobacillus species [2]. BLASTp 

analysis and the identification of conserved SLAP domains on NCBI demonstrated that the 

SLAP domain in FruA and the combination of a GH32 catalytic domain with SLAP domain 

are exclusive to vertebrate-host adapted Lactobacillus species. S-layers composed of surface 

layer proteins promote cell adhesion [215], and most of the surface proteins in L. reuteri are 

predicted to be involved in epithelial adhesion and biofilm formation [47]. Lactobacillus 

species alone do not form intestinal biofilms but generally co-exist with biofilm-forming 

Limosilactobacillus species [2,158]. Taken together, the surface-associated FruA in L. 

crispatus DSM29598 and other swine-associated lactobacilli likely serves two ecological 
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functions, first, to attach to the biofilm matrix formed by Limosilactobacillus species, and 

second, to use extracellular fructans as carbon source.  

In homofermentative lactobacilli including Lactobacillus species, the expression of glycosyl 

hydrolases is generally subject to carbon catabolite repression [30]. Carbon catabolite 

repression is regulated at the transcriptional level. The levanase operon in B. subtilis is 

repressed by catabolite control protein CcpA repressor in the presence of glucose and induced 

at the transcriptional level by fructose [216]. FruA expression in S. mutans was modulated 

by antitermination mechanism as well as CcpA binding [207]. The extracellular fructanases 

LevB in L. casei is repressed by the regulator LevR through phosphotransferase-system 

mediated catabolite repression [217]. The fosE operon in L. paracasei is likely controlled by 

similar mechanisms as a transcriptional regulator and a cre binding site was identified [34]. 

FruA in L. crispatus DSM29598 is a part of an operon and the promotor region does not 

include a cre binding site (Figure 4.11). Moreover, open reading frames with homology to 

transposases or mobile element proteins are located directly upstream and downstream of 

fruA, suggesting that fruA was acquired by lateral gene transfer (Figure 4.11). The differences 

in the transcriptional regulation may relate to the differences in protein structure and 

ecological function. In Lactobacillus species but not in oral streptococci, FruA includes 

SLAP domains which likely serve an important ecological function independent of the 

carbohydrate sources that are available. The differences between the regulation of FruA in 

Lactobacillus species and the regulation of FruA, FosE, and LevB in other homofermentative 

lactic acid bacteria have important repercussions for FruA expression in sourdough 

fermentation, where glucose and maltose are readily available.  

FruA of L. crispatus was expressed in sourdough irrespective of the presence of glucose and 

maltose, and the use of FruA-positive L. crispatus allowed the production of low FODMAP 

bread. Remarkably, the FruA activity in sourdough was sufficient to degrade fructans during 
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mixing and proofing, which confirms and extends prior analyses of bread produced with 

sourdough including FruA-positive lactobacilli [192]. Fructan degradation during wheat 

baking was also achieved with Kluyveromyces marxianus producing an extracellular 

inulinase [191]. The co-culture of K. marxianus and S. cerevisiae in bread preparation 

resulted in fructan levels below 0.2 % dm [218]. The use of sourdough with FruA-expressing 

lactobacilli, however, not only reduced fructans and other FODMAPS but also has the 

advantage of using established fermentation processes, and to improve bread flavor.  

Fructan degradation in a straight dough process with Saccharomyces cerevisiae degraded 

fructans by about 56 %. Yeast invertase has only limited activity towards fructan with high 

DP [218]. Remarkably, conventional sourdough fermentation reduced fructans in bread by 

65 to 75 % (this study) [219]. Most lactobacilli are capable to hydrolyze fructan with a DP 

of 4 or less, which are transported into cells [13] and hydrolyzed by intracellular fructosidases 

or phospho-fructosidases [30]. In addition, raffinose-family oligosaccharides in wheat and 

rye sourdoughs are hydrolysed by α-galactosidase, levansucrase, and sucrose-phosphorylase 

activities [220]. However, the fructan levels are above the cut-off value for low FODMAP 

diet that was defined as less than 0.3 g FODMAPs per serving of grains or cereals that by 

Varney et al. for IBS patients [221]. Mannitol produced by heterofermentative lactobacilli 

adds to the FODMAP load [179]. When assuming that fructans, fructose and mannitol are 

the major FODMAPs in bread, a value of 0.3 g FODMAPs corresponds to 2.7 mmol [fructose 

+ mannitol]. Consumption of more than 120 g (wet weight) of any bread produced with L. 

crispatus or FruA addition is required to exceed that dose, in contrast, 0.3 g of [fructose + 

mannitol] are contained in 70 g of conventional sourdough bread and in 28 g of straight dough 

bread. Because adverse or beneficial effects of FODMAPs are dose-dependent, the 

FODMAP reduction that was achieved by conventional sourdough fermentation may suffice 

to prevent adverse symptoms in many individuals [180,187]. 
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In conclusion, extracellular FruA in L. crispatus DSM29598 hydrolyzed both inulin-type and 

levan-type fructans without subject to glucose repression. Phylogenetic analysis indicates a 

role of FruA in host-adapted lactic acid bacteria, which allows organisms to utilize fructans 

as carbon source, and to attach to biofilms. Analyzing the presence of FruA in organisms 

from an ecological perspective helps to explore its use in food production [10]. Conventional 

sourdough application in bread making likely improves tolerance in many individuals by 

substantial reduction of fructan levels (this study)[219] and by partial detoxification of 

offending proteins including the amylase trypsin inhibitor [222]. Including L. crispatus 

DSM29598 in sourdoughs reduced the fructan content in the final products by > 90 % and 

total FODMAPs by > 70 %, thereby produce a low FODMAP bread for IBS patients (this 

study)[130,192].  
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4.5 Supplementary materials 
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Figure 4. 9 Growth of L. crispatus DSM29598 in mMRS with inulin, mMRS or mMRS 

base 

L. crispatus was incubated overnight in mMRS with 1 % of inulin (white bar), mMRS (gray bar), or mMRS 

base broth (black bar), respectively. OD600, pH and lactic acid production of L. crispatus DSM29598 were 

quantified. Lactic acid was expressed as mmol kg-1. Significant differences (P < 0.05) between different media 

are indicated by different letters. 
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Figure 4. 10 Growth of L. frumenti FUA3675 in mMRS with inulin, mMRS  or mMRS 

base. 

L. frumenti FUA3675 was incubated overnight in mMRS with 1 % of inulin (white bar), mMRS (white bar), or 

mMRS base broth (black bar), respectively. Lactic acid was expressed as mmol kg-1. Significant differences (P 

< 0.05) between different media are indicated by different letters. 
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Figure 4. 11 Operon structure of FruA in L. crispatus and homology to mobile element 

proteins upstream and downstream of FruA to transposases of lactobacilli  
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Panel A. Operon structure of FruA in L. crispatus. From left to right: IS66 family transposase; hypothetical 

protein, mobile element protein, extracellular FruA, IS256 family transposase.  

Panel B and C. Homology to mobile element proteins upstream and downstream of FruA to transposases of 

lactobacilli. Sequences in all genomes were identified by BLASTp using peg.1892 (B) or peg.1894 (C) in L. 

crispatus DSM29598 as query sequences. Shown are representative sequences from every species of lactic acid 

bacteria in which the protein was identified with more than 50 % coverage and more than 50 % amino acid 

identity. 
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Chapter 5 Characterization of AbnA and AbnB, two extracellular 

arabinanases in Lactobacillus crispatus  

5.1 Introduction 

Lactobacilli adapted to nutrient-rich environments including ecological niches in plants, 

humans, and animals but also are associated with food and feed fermentations [11]. Their 

competitiveness in nutrient-rich environments is based on the rapid conversion of abundant 

carbon sources rather than a high metabolic efficiency [2,13,96]. Carbohydrate metabolism 

of lactobacilli relies mainly on the intracellular conversion of mono-, and di- and 

trisaccharides. Extracellular glycosyl hydrolases are rarely present in lactobacilli and the 

utilization of oligosaccharides with a degree of polymerization of four or higher is limited by 

transport to the cytoplasm [30]. Extracellular amylases of lactobacilli support starch 

utilization by hydrolyzing amylose, amylopectin, or pullulan and were mostly identified in 

host-adapted Lactobacillus species [13,30]. Other extracellular glycosyl hydrolases in 

lactobacilli include the fructosidases FosE and FruA in Lacticaseibacillus paracasei and 

Lactobacillus crispatus, respectively [34,36], and glucansucrases and fructansucrases, which 

are particularly frequent in Lactobacillus, Liquorilactobacillus and Limosilactobacillus 

species [11,223].  

Pentosans including xylan, arabinan, and arabinoxylan, are components of the plant cell wall 

and a major part of non-starch polysaccharides in many plant foods including cereal grains, 

vegetables, and legumes. Pentosans in foods are recognized as dietary fiber and are utilized 

by intestinal microbiota. The hydrolysis and metabolism of pentosans by colonic microbiota 

generates short chain fatty acids as the main mediators of health benefits [224,225]. 

Utilization of pentosans is mediated by extracellular glycosidase hydrolases and 

polysaccharide lyases of intestinal bacteria including Bacteroides species and Roseburia 
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species [38,226]. Analysis of pentosan degradation by Bacteroides ovatus identified two 

polysaccharide-utilization loci, which target branched arabinoxylan and includes six 

extracellular enzymes [38]. Roseburia intestinalis displays large cell-wall bound xylanase to 

degrade xylan into oligomers that are subsequently internalized with an ATP-binding cassette 

transporter[226]. Co-cultures of R. intestinalis and B. ovatus indicated a preference of R. 

intestinalis for oligomers of 4-5 units, while B. ovatus targets larger ligands [227]. Species 

in the genera Lactobacillus, Lactilactobacillus, and Limosilactobacillus are stable 

components of the intestinal microbiota of animals, however, lactobacilli are not known to 

utilize pentosans. Furfurilactobacillus rossiae utilizes xylooligosaccharides [228]. Two 

pentosanases were identified in the genome of F. rossiae, however, these proteins are 

intracellular oligosaccharide hydrolases as their sequences do not include a predicted signal 

peptide and extracellular hydrolysis of arabinoxylans was not verified experimentally 

[228,229]. 

The genome sequence of Lactobacillus crispatus DSM29598 indicates the presence of a 

pentosan utilization operon with mobile element protein (Chapter 4). This gene cluster is 

unusual in two respects. First, most of Lactobacillus species, including L. crispatus, do not 

ferment pentoses and thus lack the capability to utilize products of pentosan hydrolysis [11]. 

Second, extracellular pentosanases that facilitate growth with pentosans as a sole substrate 

have not been described in lactobacilli. Therefore, this study aimed to explore the structure 

and function of the pentosan utilization operon, as well as the presence of related 

pentosanases in lactic acid bacteria. Two extracellular pentosanases of L. crispatus 

DSM29598 were characterized by cloning and expression of their catalytic domain and 

testing their activities and functional properties. 
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5.2 Materials and Methods 

5.2.1. Strain and growth condition 

Strains and plasmids used in this study are shown in Table 5.1. L. crispatus DSM29598 was 

cultivated in modified deMan-Rogosa-Sharpe [152] (mMRS) medium at 37 °C. Escherichia 

coli BL21 was cultured in Luria-Bertani (LB) medium at 37 °C. E. coli DH5α with pET28a+ 

was grown in LB medium with kanamycin (50 mg L-1), which also used for antibiotic-

resistant E. coli selection. The frozen stock culture was inoculated on agar plates; single 

colonies were inoculated in 1 mL broth, subcultured with 1 % inoculum in broth. 

Table 5. 1 Bacteria strains and plasmids used in this study 

Strains or plasmids Genotype Source or reference 

 Strains  

Lactobacillus crispatus DSM29598 Rye sourdough isolate; wild type strain [197] 

Escherichia coli BL21 Star (DE3) Cloning host for pET28a+ and its derivative plasmids Thermofisher 

E. coli DH5α Host for pET28a+ empty plasmid  

 Plasmids  

pET28a+ Cloning vector used in E. coli BL21, 5.4kb, Kanr Novagen 

pET-abnA 
pET28a+ containing 1.9kb of the DNA sequence 

encoding 52-675aa of AbnA, 7.2kb, Kanr 
This study 

pET-abnB 
pET28a+ containing 1.5kb of the DNA sequence 

encoding 45-554aa of AbnB, 6.9kb, Kanr 
This study 

  

5.2.2 Identification of pentosan utilization operon in L. crispatus DSM29598 and 

analysis of the domain organization of putative arabinanases  

The putative function of predicted open reading frames in the pentosan utilization operon in 

the genome sequences of L. crispatus DSM29598 (accession number: JAATOH000000000) 

were analyzed by using BLASTp tool of NCBI, searching against the UniProtKB / Swiss-

Prot and the non-redundant protein sequence databases. Signal peptides of the putative 
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extracellular endo-arabinanases, AbnA and AbnB were predicted by SignalP 5.0 based on the 

amino acid sequences of AbnA and AbnB. The prediction of domains in AbnA and AbnB was 

conducted by comparison of amino acid sequences using the Conserved Domain Database 

on the NCBI website.  

5.2.3 Phylogenetic analysis of arabinanases in bacteria 

Bacterial protein sequences of pentosanases in bacteria were retrieved from the National 

Center for Biotechnology Information database using BLASTp and AbnA and AbnB of L. 

crispatus DSM29598 as query sequences. Representative sequences from every species of 

lactic acid bacteria and sequences from representative species of every other genus were 

selected with a cut-off value of 80 % coverage and 45 % amino acid identity to AbnA or 

AbnB to exclusive unrelated sequences. A phylogenetic tree was constructed using the 

Maximum Likelihood method based on the JTT matrix-based model [155] and the bootstrap 

support values were calculated from 100 replicates by MEGAX [200].  

5.2.4 Growth of L. crispatus with different carbon sources 

L. crispatus was subcultured twice in mMRS basal broth containing 1 % linear arabinan (with 

purity of > 95 %, Megazyme Inc, Bray, Ireland), pectin (Sigma-Aldrich, St. Louis, MO, USA), 

0.5 % starch (Sigma), or mMRS, respectively and grown overnight. The cultures were 

subsequently used to inoculate (1 - 2 % inoculum) mMRS broth containing the sugars at the 

same concentrations. The optical density at 600 nm (OD600nm) and pH of the culture were 

measured after overnight growth. Lactic acid and acetic acid production were quantified by 

HPLC as described [198]. All experiments were done in triplicate. 

5.2.5 Hydrolysis of linear and branched arabinan by L. crispatus 

L. crispatus was grown in mMRS broth containing 1 % linear arabinan and cells were 

harvested by centrifugation. Cells were fractionated at 4 °C to obtain concentrated culture 
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supernatant, cell wall fraction, and concentrated cytoplasmic extract as described [34]. Cell 

fractions were incubated with the same volume of 1% linear arabinan or branched arabinan 

from sweet beets (with purify of ~ 95 %, Megazyme) in 50 mM citrate phosphate buffer (pH 

6.0) at 40 °C for 20 min. Protein concentrations were determined with the Bradford reagent 

(Sigma), using the manufacturer’s instruction. The enzyme activities are expressed as the 

amount of reducing sugar released from linear-arabinan or arabinan per minute per mg of 

protein. The experiments were done in triplicate. 

5.2.6 Cloning, expression, and purification of arabinanases 

The sequences of AbnA and AbnB without the signal peptide and surface layer associated 

protein (SLAP) domain were amplified by PCR with AbnA-F and AbnA-R, and AbnB-F and 

AbnB-R (Table 5.2). The products of PCR were purified and ligated into pET28a+ containing 

a C-terminal His-tag for purification of AbnA and AbnB. The recombinant plasmid was 

transformed into E. coli BL21 and positive transformation was selected on LB agar with 50 

mg L-1 of kanamycin and verified by DNA sequencing with primers shown in Table 5.2.  

Recombinant E. coli were cultivated in LB broth with kanamycin at 37 °C until the OD600 

reached 0.5-0.8. Then 0.5 mM IPTG was added to the medium to induce enzyme expression 

and the culture was further incubated at 20 °C for 20 h. 
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Table 5. 2 Primers used in the cloning of catalytic domains in AbnA and AbnB 

Location of 

target 

domain 

Primers Primer sequences(5’-3’) 
Annealing 

temperature (°C) 

Amplicon 

size (bp) 

AbnA AbnA-F TACTCGAATTCATGGAAGAACAAACAG 
63.6 1872 

 AbnA-R TATATCTCGAGTTCAGTGTTGTTTGAA 

AbnB AbnB-F ATGCTGAATTCATGGAAAAACATCCTGC 
63.6 1530 

 AbnB-R ATCGTCTCGAGTTTGAGGTCTTTGAATCC 

AbnA and 

AbnB 

T7-F TAATACGACTCACTATAGGG 
55.9 

AbnA: 2165 

AbnB: 1820 
T7-R GCTAGTTATTGCTCAGCGG 

The proteins were purified by using His-pure Ni-NTA column and His-pure Cobalt column 

(Thermo Scientific, Waltham, MA, the USA) following the suppliers’ manuals. In brief, 

AbnA was purified with washing buffer with 25 mM and 50 mM of imidazole for both 

columns. AbnA was eluted from the Ni-NTA column with 250 mM imidazole, or eluted from 

the Cobalt column with a gradient from 100 mM to 250 mM imidazole. For the purification 

of AbnB, buffers were prepared with 50 mM sodium phosphate, 1 M sodium chloride, 0.1 % 

Triton-X100, 3 mM β-mercaptoethanol. The concentration of imidazole in buffers were: 

equilibration buffer 25 mM, washing buffer 25 mM or 35 mM, and elution buffers 150 mM, 

200 mM or 250 mM. All the buffers were adjusted to pH 8.0. The concentrated active 

fractions were stored in PBS buffer (pH 7.4) at 4 °C or -80 °C. Purification steps were 

analyzed on 10% SDS-PAGE gels (Bio-Rad laboratories, Mississauga, ON, Canada). The 

degree of purification was determined by SDS - PAGE gels (Figure 5.8). The protein 

concentration was determined as described in 2.5. The protein purified by Ni-NTA column 

was used for chemical characterization and protein purified by Cobalt column was used for 

the qualitative and quantitative analysis of substrate specificity. 
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5.2.7 Substrate specificity of AbnA and AbnB  

Purified AbnA and AbnB were mixed with the same volume of 0.5 % linear arabinan, 

branched arabinan, rye arabinoxylan (Megazyme), corn arabinoxylan (Agrifiber Holdings 

LLC, IL, USA), xylan (Megazyme), or arabinogalactan from larch wood (Megazyme) in 50 

mM citrate phosphate buffer (pH 6.0) and incubated at 37 °C for 20 min. Qualitative 

determination of polysaccharide hydrolysis by purified AbnA and AbnB was performed with 

high-performance anion-exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD). In brief, reaction mixtures were separated on a Carbopac PA20 column 

coupled to an ED40 chemical detector (Dionex, Sunnyvale, CA, USA). Water (A), 0.2 M 

NaOH (B) and 1 M NaAcetate (NaOAc) (C) were used as mobile phase with the following 

gradient: 0 min, 68.3 % A, 30.4 % B and 1.3 % C; 30 min, 54.6 % A, 30.4 % B and 15.0 % 

C; 50 min, 46.6 % A, 30.4 % B and 23 % C; 95 min, 33.3 % A, 30.4 % B and 36.3 % C; 95.1 

min, 63.7 % A and 36.3 % C; 100min, 50 % A and 50 % C; 105min, 10 % A, 73 % B and 

17 % C; 105.1 min, 33.3 % A, 30.4 % B and 36.3 % C; 111min, 10 % A, 73 % B and 17 % 

C; followed by re-equilibration. The enzyme activity was quantified by determination of 

reducing sugars with the 3,5 - dinitrosalicylic acid (DNS) method [230]. One unit of enzyme 

activity was defined as 1 μmol of reducing sugar as arabinose produced per minute. 

5.2.8 Effect of pH and temperature on activity of AbnA and AbnB 

The optimum pH for arabinanase activity was determined by incubating purified AbnA or 

AbnB with 0.5 % linear arabinan in the pH range from 2 to 10 at 37 °C for 20 min. The 

following buffers were used: 50 mM citrate phosphate buffer, pH 2.0 to 7.5; 50 mM 

potassium phosphate, pH 8.0; 50 mM Tris-HCl, pH 8.5 to 9.0; 50 mM glycine-NaOH, pH 

10.0. The maximum temperature for enzymatic activity was determined at the optimum pH 

by using temperatures ranging from 20 °C to 80 °C. The results were expressed as 

percentages of the activity obtained at either the optimum pH or the optimum temperature.  
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The thermal stability of the purified enzyme was determined by incubating purified AbnA or 

AbnB at 40 °C, 50 °C, and 60 °C for 5 min, 10 min, and 30 min. Samples were withdrawn at 

the indicated times, cooled on an ice bath, and assayed for the residual enzyme activities at 

optimum pH and temperature.  

5.2.9 Effects of additives on the activity of AbnA and AbnB 

The effects of several metals on the enzyme activity were determined at optimum pH and 

temperature as described in 2.7. Several metals (MnCl2, MgCl2, FeCl2, FeCl3, ZnCl2, CaCl2, 

KCl2, BaCl2, each at 1 mmol L-1) and chelating agent (EDTA, 1 mmol L-1) were added into 

the reaction mixture. The results were expressed as percentages of the activity obtained in 

the reaction with 18 MΩ water in place of the compounds. 

5.2.10 Substrate specificity of AbnA and AbnB 

The substrate specificity of enzymes was tested using 0.5 % linear arabinan, branched 

arabinan, rye arabinoxylan, corn arabinoxylan, xylan, and arabinogalactan from larch wood 

at optimum pH and temperature as described in 2.7. Enzyme activity was expressed as unit 

per milligram protein. 

5.2.11 Statistical analysis 

Data analysis was performed with IBM SPSS statistics 23, using one-way analysis of 

variance (ANOVA). A P-value of ≤ 0.05 was considered statistically significant.  

5.3 Results 

5.3.1 Pentosan utilization operon of L. crispatus DSM29598 

The annotation of the L. crispatus DSM29598 genome sequence identified an arabinan 

utilization operon (Figure 5.1). The operon starts with open reading frames with homology 

to transposases or mobile element proteins, suggesting that the operon was acquired by lateral 
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gene transfer. The operon also includes enzymes with activity on enzymes related to transport 

and metabolism of arabinan, arabinose, and galactose, several hypothetical proteins, one 

putative transcriptional regulator, and several glycosyl hydrolases with predicted activity on 

arabinoxylans or galactans (Table 5. 3). The extracellular enzymes AbnA and AbnB include 

a GH43 domain and are 35% and 36%, respectively, identical to an endo-arabinanase in 

Thermotoga petrophila (Table 3)[231]. AbfF was a predicted exo-active enzyme that 

hydrolyzes non-reducing α-L-arabinofuranoside residues in α-L-arabinosides. AraNPQ and 

MsmK were putative ABC-type transporters with predicted affinity to arabinose-

oligosaccharides and α-galacto-oligosaccharides, respectively [232]. AbfA and AbfB were 

predicted intracellular and exo-active arabinan hydrolases. AbfH putatively hydrolysed β-

arabinodisaccharides [233]. AraA, XylB, AraD, and XpkA were putative metabolic enzymes 

for the conversion of arabinose to acetyl-CoA and glyceraldehyde-phosphate via ribulose, L-

ribulose-5-phosphate, and D-xylulose-5-phosphate [232]. Additional glycosyl hydrolases 

included an intracellular LacLM-type β-galactosidase, and the α-galactosidase Aga. GalM 

putatively converted α-aldoses to the β-anomers, and it is active on D-glucose, L-arabinose, 

D-xylose, D-galactose, maltose, and lactose. The operon is exceptional in two respects: first, 

because it encodes for several putative extracellular pentosanases, which have not been 

characterized in Lactobacillaceae; second, it encodes all genes for metabolism of pentoses, 

which is exceptional in Lactobacillus spp. and has not been described for L. crispatus. 

 

Figure 5. 1 Structure of pentosan utilization operon in L. crispatus DSM 29598 

AbnA and AbnB are in the same operon and all the open reading frames (ORFs) are shown. Different colors 

refer to corresponding different protein function: orange, glycocyl hydrolase; green, transport protein; gray, 

regulatory protein; yellow, metabolic proteins; blue, mobile element proteins; white, hypothetical proteins. The 

1 112 3 4 65 7 8 9 10 12 13 14 15 1716 18 222019 2321 24 25

1kb
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name of ORFs are from left to right: 1. traA, 2.iep, 3. hypA, 4. abnA, 5. xylB, 6. araD, 7. araR 8. lacM, 9. lacL, 

10. araA, 11. abnB, 12. abfH, 13. abfA, 14. hypB, 15. araN, 16. araP, 17. araQ, 18. hypC, 19. abfF, 20. abfB, 

21. galM, 22. aga, 23. msmK, 24.yxkF, 25. xpkA  

  

5.3.2 Protein domains of AbnA and AbnB 

Analysis of the protein sequence of AbnA and AbnB predicted an N-terminal sec-dependent 

signal peptide mediating protein export with a cleavage site between positions 42 and 43 

(VMA-DT) of AbnA, and between positions 29 and 30 (LTS-CS) of AbnB [202]. The 

presence of a signal peptide indicates that AbnA and AbnB are extracellular enzymes. The 

lack of a signal peptide in AbfF indicates that it is an intracellular enzyme while the 

homologous enzyme Araf43A in Streptomyces avermitilis is extracellular and includes a 

signal peptide [234]. Further analyses focused on the extracellular AbnA and AbnB. A 

predicted GH family 43 domain with 49.74 % amino acid identity to an extracellular 

arabinanase in Geobacillus stearothermophilus [235] is located between 159 and 539 of 

AbnA; the same domain with 51.79 % amino acid identity to the extracellular arabinanase in 

G. stearothermophilus T-6 is located between positions 51 and 431 of AbnB (Table 5.3). The 

sequences of AbnA and AbnB in positions 548 to 662 and 440 and 549, respectively, are 

homologous to the C-terminal domain of GH43 enzymes. AbnA additionally includes a C-

terminal surface layer protein (SLAP) domain at positions 764 to 817 (Figure 5.2A). The 

presence of a SLAP domain connected to a glycosyl hydrolase domain was unprecedented in 

other lactic acid bacteria but may indicate that the enzyme is attached to surface layer proteins 

of L. crispatus [203,236].  
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Table 5. 3 Sequence identity scores of ORFs in pentosan utilization operon and 

proposed biological function for encoded proteins  

ORFs 

endoding 

proteins 

Homologous protein (highest % 

identity) identified by BLASTp 
Accession number (coverage%, identity %); putative function 

Trn 
IS4 family transposase of L. 

crispatus 
WP 150398175.1 (100. 99.5); lateral gene transfer 

Iep 

group II intron reverse 

transcriptase/maturase of L. 

crispatus 

WP 101887600.1 (100, 86.4) intron recognition, reverse transcriptase that enables 

group II introns to behave as mobile genetic elements, splicing and 

retrotransposition [237] 

HypA 
Hypothetical protein of L. 

crispatus 
WP 060462779.1 (69, 80) 

AbnA 

Extracellular endo α-1,5-

arabinanse of Thermotoga 

petrophila 

UniProtKB: A5IKD4.1 (61, 34.5); internal cleavage of α-(1→5)-linked L-

arabinofuranose residues (linear, debranched and branched) along the 

polysaccharide chain [231]. 

XylB  

Xylulose kinase of Klebsiella 

pneumoniae/ ribulokinase in 

Lactobacillus reuteri 

UniProtKB: P29444.1 (86, 21.9)/ CUR38122.1(100, 71.8); phosphorylation of 

xylulose or ribulose, second step of the pathway of L-arabinose degradation via L-

ribulose [238] 

AraD 

L-ribulose-5-phosphate 4-

epimerase of Geobacillus 

stearothermophilus 

UniProtKB: Q9S469.1 (95, 63.04); involved in the degradation of L-arabinose; 

catalyzes the interconversion of L-ribulose 5-phosphate and D-xylulose 5-

phosphate [239] 

AraR 

Arabinose metabolism 

transcriptional repressor of 

Geobacillus stearothermophilus 

UniProtKB: Q9S470.1(92, 40.6); regulator of the arabinose metabolism [235] 

LacM 
β-galactosidase small subunit of 

Lactobacillus helveticus 

UniProtKB: Q7WTB3.1 (99, 62.9); hydrolysis of terminal, non-reducing β-D-

galactose residues in β-D-galactosides [240] 

LacL 
β-galactosidase large subunit of 

Lactobacillus acidophilus 

UniProtKB: O07684.2 (100, 67.36); hydrolysis of terminal, non-reducing β-D-

galactose residues in β-D-galactosides [241] 

AraA 

L-arabinose isomerase of 

Latilactobacilus sakei subsp. 

sakei 

UniProtKB: Q38UH2.1 (99, 65.6); conversion of L-arabinose to L-ribulose [242] 

AbnB 

Extracellular endo-α-1,5-

arabinanase of Thermotoga 

petrophila 

UniProtKB/Swiss-Prot: A5IKD4.1 (90, 36.2); internal cleavage of α-(1→5)-linked 

L-arabinofuranose residues (linear, debranched and branched) along the 

polysaccharide chain [231]. 

AbfH 

HypBA1 Intracellular β-L-

arabinofuranosidase of 

Bifidobacterium longum 

UniProtKB/Swiss-Prot: E8MGH8.1 (97, 45.7); liberate L-arabinose from the L-

arabinofuranose (Araf)-β-1,2-Araf disaccharide and hydroxyproline-linked β -L-

arabino-mono-, di- and tri-saccharides [233] 

AbfA 

Abf2 Intracellular exo-α-L-

arabinofuranosidase of Bacillus 

subtilis 

UniProtKB/Swiss-Prot: P94552.2 (96, 49.1); cleavage of terminal α-L-

arabinofuranosyl residues in linear and branched arabinans and arabinoxylans, Abf2 

is most active on α-(1→2) and α-(1→3) linkages of branched arabinan and 

arabinoxylan [243] 

HypB 
Hypothetical protein of L. 

crispatus 
WP 150398101.1(100, 99.5) 

AraN 
Probable arabinose-binding 

protein on cell membrane of 

Bacillus subtilis 

UniProtKB/Swiss-Prot: P94528.2 (93, 39.4); part of the binding-protein-dependent 

transport system for L-arabinose [232] 

AraP 

L-arabinose transport system 

permease protein AraP on cell 

membrane of Bacillus subtilis 

UniProtKB/Swiss-Prot: P94529.1 (99, 44.6); part of the binding-protein-dependent 

transport system for L-arabinose. Probably responsible for the translocation of the 

substrate across the membrane [232] 

AraQ 

L-arabinose transport system 

permease protein AraQ on cell 

membrane of Bacillus subtilis 

UniProtKB/Swiss-Prot: P94530.2 (94, 48.9); the same as AraP [232] 
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HypC 
hypothetical protein of L. 

crispatus 
WP 100732653.1 (100, 99.1) 

AbfF 

Araf43A Extracellular exo-α-

1,5-L-arabinofuranosidase of 

Streptomyces avermitilis 

UniProtKB/Swiss-Prot: Q82P90.1 (97, 52); hydrolysis of terminal non-reducing α-

L-arabinofuranoside residues in α-L-arabinosides [234] 

AbfB 

AbfA Intracellular exo-α-1,5-L-

arabinofuranosidase of 

Geobacillus stearothermophilus 

UniProtKB/Swiss-Prot: Q9XBQ3.4 (99, 61.4); catalyzes the cleavage of terminal 

α-L-arabinofuranosyl residues in different hemicellulosic homopolysaccharides 

(branched and debranched arabinans) and heteropolysaccharides [244] 

GalM Aldose 1-epimerase of E. coli 

UniProtKB/Swiss-Prot: P0A9C3.1 (94, 31.3); convert α-aldose to the β-anomer; 

active on D-glucose, L-arabinose, D-xylose, D-galactose, maltose and lactose 

[245] 

Aga 
α-galactosidase of Cyamopsis 

tetragonoloba 

UniProtKB/Swiss-Prot: P14749.1(93, 24.8); hydrolysis of terminal, non-reducing 

α-D-galactose residues in α-D-galactosides, including galactose oligosaccharides, 

galactomannans and galactolipids [246] 

MsmK 

Multiple sugar-binding 

transport ATP-binding protein 

on cell membrane of 

Streptococcus mutans 

UniProtKB/Swiss-Prot: Q00752.1 (99, 64); probably responsible for energy 

coupling to the transport system; belongs to the ABC transporter superfamily for 

the uptake of melibiose, raffinose and isomaltotriose [247] 

YxkF 
Uncharacterized protein of 

Bacillus subtilis 
UniProtKB/Swiss-Prot: P94359.1(97, 27.2) [248] 

XpkA 

Xylulose-5-phosphate 

phosphoketolase of 

Lactiplantibacillus pentosus 

UniProtKB/Swiss-Prot: Q937F6.3 (100, 66.1); D-xylulose 5-phosphate + 

phosphate is converted to acetyl phosphate + D-glyceraldehyde-3-phosphate + H2O 

[249] 

5.3.3 Phylogenetic analysis determined the distribution and frequency of arabinanases 

in bacteria 

The amino acid sequences of AbnA and AbnB are 47.28 % identical. Homologous sequences 

in Lactobacillaceae species were exclusively present in strains of the vertebrate-host adapted 

genus Lactobacillus; Lactobacillus gallinarum, Lactobacillus xujianguonis, and L. crispatus 

[2,11,250,251] (Figure 5.2B). Homologous sequences were also identified in other lactic acid 

bacteria (Lactobacillales), predominantly Enterococcus species that are considered to be of 

intestinal origin [252] and species of Streptococcus that are also associated with animal or 

human hosts.  
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Figure 5. 2 Domain prediction of putative arabinanases in L. crispatus DSM29598 

Panel A. Prediction of domains in AbnA and AbnB based on amino acid sequences. Amino acid sequences of 

both putative arabinanases were compared with conserved domains.  

Panel B. Phylogenetic analysis of AbnA and AbnB. Amino acid sequences of AbnA and AbnB were used as 

query sequence to identify homologues by BLASTp on NCBI and results were cut by 45 % protein identity and 

80 % coverage. The phylogenetic tree showed representative homologues from every lactic acid bacteria species 

and homologues from representative species of every other genus. 

 

AbnA Lactobacillus crispatus DSM29598

gi|1296484037 Lactobacillus crispatus

gi|1199498823 Lactobacillus gallinarum

gi|1553415458 Lactobacillus xujianguonis

gi|1228043207 Streptococcus equinus

gi|1124302686 Streptococcus gallolyticus

AbnB Lactobacillus crispatus DSM29598

gi|1804237909 Enterococcus diestrammenae

gi|1105273704 Enterococcus aquimarinus

gi|505732881Melissococcus plutonius

gi|498459169 Enterococcus moraviensis

gi|51069257095 Enterococcus ureasiticus

gi|1223727772Marinilactibacillus psychrotolerans

gi|1713275461 Alkalibacterium pelagium

gi|1509892553 Enterococcus mediterraneensis

gi|498420521 Enterococcus faecium

gi|985526129 Enterococcus gallinarum

gi|1148717733 Enterococcus casseliflavus

gi|1348922641 Bacteroides xylanolyticus

MTK06942.1 Hungatella sp.

HCA19635.1 Treponema sp.

gi|11097753250 Clostridium populeti

gi|1731055226 Clostridiaceae bacterium

gi|1057297070 Paenibacillus crassostreae

gi|1325751539 Bacillus cucumis

gi|1196848173 unclassified Enterococcus

gi|517808742 Saccharibacillus kueriensis

AbnA      

764 817 0 44 159 539 548 662 

    
AbnB 

0 31 51 431 440 549 

Signal peptide Glycosyl hydrolase family 43 protein 

(GsAbnA) 

 

C-terminus of GH43 

Signal peptide SLAP domain Glycosyl hydrolase family 43 protein 

(GsAbnA) 

 

C-terminus of GH43 
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5.3.4 Growth of L. crispatus with different carbon source 

The presence of extracellular arabinanases was confirmed by incubation of L. crispatus in 

media with linear arabinan, starch or pectin as sole carbon sources, as well as mMRS 

containing glucose, maltose and fructose (Figure 5.3). Extracellular enzymes are required for 

the utilization of polysaccharides to degrade these to oligosaccharides that can be transported 

to the cytoplasm [30]. L. crispatus grown in media with linear arabinan had a comparable 

OD600 and total production of lactic acid and acetic acid with that in regular mMRS, which 

indicates that linear arabinan was degraded extracellularly by AbnA or AbnB and utilized via 

AraA, XylB, AraD, and XpkA. L. crispatus did not harbor extracellular enzymes to utilize 

starch and pectin as carbon sources, which was consistent with higher pH and lower OD600 

of culture, as well as the lower production of metabolites. 

 

Figure 5. 3 Growth of L. crispatus DSM29598 with different carbon sources  

Panel A. OD600nm and pH of overnight culture grown in mMRS with linear arabinan (black bar), starch (white 

bar), Pection (gray bar), mMRS (coarse bar).  

Panel B. Production of lactic acid (gray bar) and acetic acid (white bar) of L. crispatus after overnight growth 

in mMRS with linear-arabinan, starch, pection, mMRS. Values for the same analyte differ significantly (P < 

0.05) unless they share a common superscript. Values ± standard deviation were calculated from three 

independent experiments. 
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5.3.5 Location of AbnA and AbnB in L. crispatus  

The cellular location of AbnA and AbnB was assessed by determination of the arabinanase 

activity of the supernatant, the cell wall fraction, and the cytoplasmic fraction of L. crispatus 

grown with linear arabinan (Figure 5.4). The degradation of linear arabinan by the cell wall 

fraction and cytoplasmic fraction was higher than the degradation by enzymes present in the 

supernatant, which indicates the presence of cell wall-associated arabinanase in L. crispatus. 

However, the degradation of branch arabinan was comparable by different cell fractions.  
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Figure 5. 4 Degradation of linear arabinan and branched arabinan by cell lysis of L. 

crispatus DSM29598 

L. crispatus was grown in mMRS with 1 % linear arabinan. The enzyme activities were quantified with different 

cellular fractions with linear arabinan (black bar) or branched arabinan (white bar) as substrate and are 

expressed as the amount of reducing sugar released from linear-arabinan or arabinan per minute per milligram 

of protein. Values for the same substrate differ significantly (P < 0.05) unless they share a common superscript. 

Values indicate mean ± standard deviation from three biological replicates. 

5.3.6 Cloning, expression and purification of AbnA and AbnB in E. coli 

The recombined plasmids, pET-abnA and pET-abnB with catalytic domains of AbnA and 

AbnB respective, were transformed and expressed in E. coli BL21 (Table 5.1). 

Overexpressed AbnA and AbnB in soluble fraction of the cell lysate were purified by His 

pure columns. The predicted molecular weights of AbnA and AbnB with His-tag were 72.11 
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kDa and 58.56 kDa, in good accordance with the molecular weight of purified AbnA and 

AbnB (Figure 5.8). 

5.3.7 Pentosan hydrolysis and enzymatic properties of AbnA and AbnB 

The degradation of different substrates by purified AbnA and AbnB was assessed using 

HPAEC-PAD in comparison to the reaction of substrates with PBS buffer or cell lysate of E. 

coli BL21 with pET28a+ empty plasmid as control (Figure 5.5). The peaks between 20 and 

90 min of retention time were present after reaction with AbnA and AbnB with linear 

arabinan but not in the control, and thus represent oligosaccharides produced from linear 

arabinan. AbnA but not AbnB also produced oligosaccharides with branched arabinan as 

substrate. Both AbnA and AbnB were inactive on any other substrate, including rye 

arabinoxylan, corn arabinoxylan, xylan, and arabinogalactan.  

Purified AbnA and AbnB were incubated with linear arabianan in buffers with pH range of 2 

to 10 at 37 °C. The activities of AbnA and AbnB were optimal at pH 6 and pH 7.5, 

respectively. The optimum temperature of both enzymes was 40 °C (Figure 5.6). Both 

enzymes maintained about 80 % of their activity after incubation at 40 °C for 30 min but 

were inactivated after 5 min at 50 °C or 60 °C (Figure 5.9). 

Multiple additives were added into the reaction of AbnA or AbnB with linear arabinan to 

assess the effects of additives on the activities of two enzymes (Figure 5.7). The activity of 

AbnA was improved by Mn2+, Mg2+, Fe2+, and Fe3+ and reduced by the addition of EDTA. 

The activity of AbnB was not affected by any of the additives. 

The activities of AbnA and AbnB on linear and branched arabinan, rye arabinoxylan, corn 

arabinoxylan, xylan, and arabinogalactan were quantified at optimum pH and temperature 

(Table 5.3). AbnA degraded linear and branched arabinan with higher activity with the linear 

substrate while AbnB did not hydrolyze the branched arabinan. 
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Figure 5. 5 Separation of oligosaccharides that were released by hydrolysis of 

different substrates by purified AbnA or AbnB 

Panel A. Degradation of linear-arabinan  

Panel B. Degradation of branched arabinan  

Control shows the reaction of polysaccharides with cell lysis of E. coli BL21 with pET28a+ empty plasmid. The 

parallel reactions were also conducted with rye arabinoxylan, corn arabinoxylan, xylan, and arabinogalactan 

(data not shown), in which the differences between control and proteins were not detected. 
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Figure 5. 6 Effects of pH and temperature on the relative activity of AbnA and AbnB 

Relative activity of AbnA (black symbol) and AbnB (white symbol) under different pH (Panel A) and 

temperatures (Panel B) with linear arabinan as substrate were quantified. Enzyme activities were calculated 

relative to the maximum activity. Values represent mean ± standard deviation from three independent replicates.  
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Figure 5. 7 Effect of different additives on the relative activities of AbnA and AbnB 

with linear arabinan as the substrate 

Enzyme activities of AbnA (black bar) and AbnB (gray bar) were calculated relative to the reaction without 

additive. Values obtained for the same protein are significantly different (P < 0.05) unless they share the same 

superscript. Values represent mean ± standard deviation from three independent replicates. 

Table 5. 4 Substrate specificity of AbnA and AbnB 

Substrates 
Enzyme activity (U mg-1) 

AbnA AbnB 

Linear arabinan 22.41 ± 4.56Aa 3.93 ± 0.70b 

Branched arabinan 6.55 ± 0.12B n.d. 

Rye arabinoxylan n.d. n.d. 

Corn arabinoxylan n.d. n.d. 

Xylan n.d. n.d. 

Arabinogalactan n.d. n.d. 

 
* Significant differences (P < 0.05) between different substrates with the same enzyme are indicated by 

uppercase letters; significant differences (P < 0.05) between different enzymes with the same substrates are 

indicated by lowercase letters. 
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5.4 Discussion 

This study analysed an arabinan utilization operon of L. crispatus DSM29598 and the genetic 

and biochemical properties of AbnA and AbnB, two extracellular endo-arabinanases encoded 

by the operon. The operon encodes extracellular arabinan utilization enzymes as well as all 

the enzymes for metabolism of arabinose; which are exceptional in Lactobacillus species. 

Characterization of AbnA and AbnB demonstrated that these enzymes are extracellular endo-

arabinanases. The homologous sequences in Lactobacillaceae species were exclusively 

present in vertebrate-host adapted genus Lactobacillus.  

Until 2015, the fermentation of pentoses by lactobacilli has been used as a tool for their 

taxonomic identification [96,253,254], however, fermentation of pentoses in many 

homofermentative Lactobacillaceae is variable at a species- or strain- level [11]. 

Lactobacillus species do not encode pyruvate formate lyase or enzymes for 

homofermentative metabolism of pentoses [11,13,96]. Phosphoketolase is present in all 

Lactobacillaceae but and only few Lactobacillus species including L. hamsteri, L. pasteurii, 

and L. xujianguonis ferment pentoses [11,251]. To date, utilization of pentoses by L. crispatus 

has not been described. The genomic island encoding arabinan utilization in L. crispatus 

DSM29598 also encodes for AraA, an L-arabinose isomerase, AraD, a L-ribulose-5-

phosphate 4-epimerase, XylB, a xylulose or ribulose kinase, and XpkA, a pentose 

phosphoketolase, the regulatory proteins AraR. The operon thus provides the full 

complement of enzymes to allow arabinose utilization via the phosphoketolase pathway 

[206]. The presence of an IS4 transposase implies that the arabinan genomic island was 

obtained by lateral gene transfer. The GC content of arabinan utilization operon is 34.67%, 

while GC content of genome sequence of L. crispatus DSM29598 is 37.6%. Arabinan 

metabolism via the phosphoketolase pathway was verified by metabolite analysis (this study), 

demonstrating lateral gene transfer bestows pentose utilization to homofermentative 
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lactobacilli, or, when using obsolete terminology, converts an “obligate homoferementative” 

to a “facultative heterofermentative” organism [11,254].  

The arabinan utilization operon of L. crispatus also encodes for all enzymes that catalyse 

arabinan hydrolysis, including endo-active extracellular AbnA and AbnB, exo-acitve AbfA, 

AbfH, AbfB, and AbfF. AraNPQ transport arabinose or arabino-oligosaccharides into the 

cells and XylB, AraD and AraA utilize arabinose as carbon source. These functional enzymes 

are also encoded by an arabinan operon in B. subtilis [243]. The transcriptional regulater 

AraR was not identified in B. subtilis, but found in the arabinan utilization system of G. 

stearothermophilus [235]. 

The N-terminal export signal of AbnA and AbnB indicates their extracellular location, which 

was verified biochemically. AbnA additionally includes a C-terminal SLAP domain, which 

is also found in an extracellular fructosidase (FruA) of L. crispatus DSM29598 (Chapter 

4)[236]. FruA has two SLAP domains, with identity of 48-55% with SLAP domain of AbnA. 

SLAP domain is found in multiple surface layer proteins or surface associated proteins of 

lactobacilli [211–214], and likely mediates association of the enzyme with cell wall [236]. T 

combination of a GH32 / 43 catalytic domain with SLAP domain are exclusive to vertebrate-

host adapted Lactobacillus species (this study)[236]. In addition to degrading extracellular 

polysaccharides, the cell surface-associated enzymes of L. crispatus may contribute to the 

adhesion of cells to biofilm matrix and host epithelium [47,210]. 

AbnA was characterized as endo-arabinanase with activity on linear and branched arabinan, 

while AbnB only hydrolysed linear arabinan. Consistent with the activity of extracellular 

endo-arabinanase in Thermotoga petrophila, AbnA showed much lower activity on branched 

arabinan compared to linear arabinan [231]. AbnB is selective for linear arabinan, as was 

observed for an endo-arabinanase from Bacillus licheniformis [230]. AbnA activity is 

partially dependent on metal ions and its activity was reduced to 60% after addition of EDTA, 
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while AbnB activity is metal-independent, consistent with Abn2 in Bacillus subtilis [255]. 

Mn2+ stimulated the activity of AbnA in accordance with that of Thermotoga thermarum 

[256]. Fe2+ also improved arabinanase activity in Caldicellulorsiruptor saccharolyticus [257].  

Arabinoxylans in food are recognized as dietary fiber and improve human health through 

multiple mechanisms, which include its influence on gut transit, prebiotic effects, and its 

fermentation in the large intestine to yield short-chain fatty acids [258]. Arabinoxylan is 

utilized by human intestinal microbiota including B. thetaiotaomicron, B. ovatus and R. 

intestubalis via multiple extracellular and intracellular glycoside hydrolases and transport 

system [38,226,227]. B. ovatus possesses 21 enzymes for hydrolysis of branched 

arabinoxylans. These enzymes are predicted to target glycosidic linkages, or chemical 

substituents present in arabinoxylans such as galactose and ferulic acid [38]. Lactobacillus 

species are stable components of animal intestinal microbiota but L. crispatus DSM29598 is 

the first strain equipped with arabinan utilization operon (this study). The lack of enzymes 

targeting xylans and other chemical substituents indicates that L. crispatus is unable to 

degrade most plant arabinoxylans, however, cooperation with other gut microorganisms may 

allow to degradation of arabinoxylans into linear arabinans, which are then metabolized by 

L. crispatus.  

In conclusion, the arabinan utilization operon of L. crispatus DSM29598 encodes enzymes 

for hydrolysis of extracellular arabnan, arabino-oligosaccharides, and arabinose, which 

indicates pentosan and pentose metabolism enzymes of Lactobacillus species are acquired 

by lateral gene transfer. Two extracellular arabinanases, AbnA and AbnB, have been 

characterized as endo-1,5-arabinanase which, within the Lactobacillaceae, are exclusive to 

vertebrate-host adapted genus Lactobacillus species. AbnA acts on linear and branched 

arabinan, while AbnB only degrade linear arabinan. The arabinan operon of L. crispatus 

could be used together with other arabinoxylan-degrading enzymes in synergistic reaction 



93 

 

 

for the hydrolysis of branched arabinoxylans. Intestinal microbial metabolism of 

arabinoxylan generates health-beneficial short chain fatty acids. Short chain fatty acids 

improve the glucose and lipid metabolism to reduce the risk of developing cardiovascular 

disease, type 2 diabetes, and obesity, and also enhance gastrointestinal barrier function and 

exert immunoregulatory effects [259]. The application of arabinan degrading L. crispatus as 

probiotics or as synbiotics with arabinoxylan or arabinan may improve the utilization of 

arabinoxylan in intestinal tracts to yield energy for microbial growth and produce short chain 

fatty acids to increase host health [38].  
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5.5 Supplementary materials 

A B 
 

 
 

Figure 5. 8 SDS-PAGE analysis of the expression and purification of AbnA and AbnB 

AbnA (Panel A) and AbnB (Panel B) were purified using His-pure Ni-NTA column and His-pure Cobalt 

column. For both images, from left to right: lane 1. Protein ladder, lane 2. Cell lysis supernatant, lane 3-5. 

Purified protein eluted by gradient imidazole using His-pur Cobalt column from Thermo Fisher, lane 6-8. The 

purified protein eluted by gradient imidazole using His-pur Ni-NTA column from Thermo Fisher, lane 9. Cell 

lysis supernatant of E.coli BL21 with pET 28a+. The predicted molecular weight of AbnA with His-tag is 72.11 

kDa, and AbnB with His-tag is 58.56 kDa. 

 

Figure 5. 9 Thermal stability of AbnA and AbnB 

Thermal stability of AbnA (black bar) and AbnB (gray bar) were quantified after preincubation at 40 ℃ for 5, 

10, 30 min, respectively. At indicated times, aliquots were withdrawn and analyzed at optimized temperature 

and pH for 20 min. Enzyme activities were calculated relative to the activity without heat treatment. The parallel 

experiments were also done at 50 and 60 ℃. For both of 50 and 60 ℃, both enzymes lost their catalytic activity 

after incubating for 5 min. 
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Chapter 6 General discussion and future directions 

Fermented foods are populated with free-living, host-adapted, and nomadic lactobacilli. 

Numerous studies have focused on the metabolism and function of fermentation and spoilage 

lactobacilli in food environments [8,10,42]. However, the association of lactobacilli with 

their natural ecosystems instead of food habitats has shaped the metabolism and 

physiological properties of lactobacilli from an ecological and evolutionary perspective [2]. 

The exclusive presence of glutaminase, extracellular FruA, and extracellular arabinanases in 

host-adapted lactobacilli indicates the lifestyle association of these metabolic enzymes 

(Chapter 2, 3, 4, and 5).  

6.1 Lifestyle-associated metabolism of host-adapted lactobacilli in fermented foods 

Lifestyle-associated metabolic traits facilitate the ecological fitness of host-adapted 

lactobacilli in food environments that share selective factors with host habitats [10]. 

Moreover, these metabolic traits can impact food quality with a wide range of end products 

(Chapter 2). Type I sourdough selects for lactobacilli with a rapid growth rate, where 

Fructilactobacillus sanfranciscensis predominates relying on efficient utilization of maltose 

and the use of fructose as an electron acceptor, combined with its small genome size 

[116,260,261]. The carbohydrate metabolism and small genome size of F. sanfranciscensis 

has developed through its adaptation to suggested original habitats, including fruit flies and 

grain beetles [2,66]. During sourdough fermentation, the rapid growth of F. sanfranciscensis 

supports the leavening process via the correlated production of CO2 [262], and acetate 

formation impacts the sensory quality and mold-free shelf life of bread [263].  
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In contrast, type II sourdough with long-term fermentation time accumulated lactic and acetic 

acids, and is populated mainly by vertebrate-adapted Limosilactobacillus and Lactobacillus 

species. These genera are mainly associated with the digestive tract of vertebrates [2,66]. L. 

reuteri has been specialized to several host lineages and the strains in sourdough microbiota 

belong to rodent and human lineages [51]. Urease and gls3-gadB operon are exclusively 

present in rodent-lineage L. reuteri strains, corresponding to their protective effects on the 

survival of cells under extreme acidic stress [16,47,51,79]. Glutamine metabolism protected 

L. reuteri at pH 2.5, therefore the disruption of gadB and gls genes did not affect the growth 

of L. reuteri in type II sourdough without propagation [24] (Chapter 3). However, glutamate 

decarboxylase contributed to the competitiveness of L. reuteri in type II sourdough 

fermentations after being back-slopped twice [116]. Acid resistance metabolism also 

improves the quality of fermented foods. Glutamine metabolism by lactobacilli produces 

glutamate or γ-aminobutyrate (GABA) during sourdough fermentation; glutamate 

accumulation exerts the final products an umami flavor and ensures the comparable bread 

quality with reduction of NaCl [29]. Dietary GABA benefits to human immunoregulation 

and helps lower the blood pressure of mild hypertensives [119,264]. However, glutaminase 

made a limited contribution to the accumulation of glutamate (Chapter 3). Arginine 

deamidation protected L. reuteri at pH 3.5 and produced crust odor compound, 2-acetyl-1-

pyrroline, for bread flavor [21,98]. 

In addition, metabolic traits of host-adapted lactobacilli benefit food fermentation by 

degrading or converting intolerable components. FODMAPs include oligosaccharides 

(fructans and galactooligosaccharides), lactose, excess fructose, and sugar polyols (mannitol 

and sorbitol) [221]. During sourdough fermentation, FODMAPs from cereals or produced by 

microorganisms include fructans, fructose, raffinose, and mannitols. FODMAPs may trigger 

symptoms of IBS patients and low-FODMAP sourdough bread was shown to improve 
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symptoms of IBS patients including flatulence, abdominal pain, cramps, and stomach 

rumbling [36,130]. A low-FODMAP diet was defined with a total FODMAP cutoff value of 

≦ 0.5 g per serving excluding lactose that with a low-FODMAP cutoff value of < 1g per 

serving [221]. The reduction of FODMAP by conventional sourdough fermentation may 

improve tolerance in healthy individuals. Fermentation with FruA-expressing L. crispatus 

DSM29598 produced a low-FODMAP bread that is more acceptable for IBS patients 

(Chapter 4). Moreover, arabinan utilization operon of L. crispatus DSM29598 encodes 

putative α-galactosidase by aga and β-galactosidase by lacLM genes, that mediate the 

hydrolysis of raffinose and lactose, other FODMAPs in cereals (Chapter 5). In addition, 

glutathione reductase activity of L. sanfranciscensis converts oxidized glutathione to reduced 

glutathione with the accumulation of thiols during sourdough fermentation, that supports the 

proteolytic degradation of ovotransferrin, a high disulfide-bonded allergen [265,266]. 

Conventional sourdough application in bread making likely improves tolerance in many 

individuals by partial detoxification of offending proteins including the amylase trypsin 

inhibitor [222]. 

6.2 Lifestyle-associated metabolisms for ecological fitness of host-adapted lactobacilli 

Acid resistance systems of host-adapted lactobacilli are essential for the ecological success 

of organisms exposed to acidic habitats, such as forestomach of rodents [2]. The acid 

tolerance test of lactobacilli in vitro may provide clues about the ecological fitness of specific 

strains in animal forestomach. In vitro, glutamine metabolism mediated by glutaminase and 

glutamate decarboxylase provided the protection for survival of L. reuteri at pH 2.5 [21] 

(Chapter 3), arginine metabolism at pH 3.5, and urease pathway at pH ≦ 4 [16]. The 

expression of a cyclopropane-fatty-acyl-phospholipid synthase is increased when 

Levilactobacillus brevis was grown under pH 4.0 [267].  
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In vivo, the expression of multiple genes related to acid resistance system increased in murine 

forestomach biofilm microbiota compared to that in hindgut microbiota, including genes 

encoding ureases, glutaminase, glutamate decarboxylase, arginine deiminase, 

arginine/ornithine antiporter, and cyclopropane-fatty-acyl-phospholipid synthase [80]. The 

expression of gls genes, gadB, gadC, and genes encoding urease were also upregulated when 

L. reuteri 100-23 colonized the mouse forestomach compared with the expression in vitro at 

neutral pH [268]. Glutamate decarboxylase also contributed to both survival in the in vitro 

gastric model and ecological performance in mice cecum but did not contribute to the 

tolerance of host gastric acid secretion during forestomach colonization [16]. Urease pathway 

contributes the most to survival and persistence of L. reuteri in the mouse forestomach, which 

can be explained by the availability of urea as substrates in the habitat, while during cereal 

fermentation, free amino acids are released by cereal protein hydrolysis as the substrates for 

acid resistance system [16,268].  

As shown in Figure 6.1, extracellular fructansucrase and dextransucrase hydrolyzes sucrose 

to glucose and fructose, and transfer one of the moieties to a fructan or glucan chain, 

respectively [30], contributing to sucrose metabolism and the production of extracellular 

polysaccharides (EPS). EPS produced by fructansucrases or glucansucrases of S. mutans 

form the biofilm matrix of dental plaque, that enhances adherence and coherence of 

microorganisms, act as the energy source, and protect microorganisms from environmental 

stressors [91]. In lactobacilli, glucansucrase (GtfA) and fructansucrase (FtfA) activity are 

frequently present in the host-adapted genera Lactobacillus and Limosilactobacillus, and in 

Liquorilactobacillus. Most of Liquorilactobacillus species are associated with liquid, 

including water, water kefir, and alcoholic beverages. Many Liquorilactobacillus strains 

encode dextransucrase to produce dextran from sucrose; the specific size and structure of the 

dextran produced by Liquorilactobacillus hordei induced Saccharomyces cerevisiae 
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aggregation and network formation on hydrophilic surfaces, contributing to water kefir 

granule growth [11,269,270]. Limosilactobacillus species produce EPS to form biofilm and 

support the colonization of host epithelia. Extracellular GtfA and inulosucrase of L. reuteri 

TMW1.106 contributed to cell aggregation and in vitro biofilm formation; GtfA affected the 

colonization of L. reuteri in mouse gut [90]. Moreover, the genes encoding fructansucrase 

and glucansucrase were overexpressed in mouse stomach [80], demonstrating their 

contribution in biofilm formation. 

 

Figure 6. 1 Extracellular polysaccharide synthesis and hydrolysis by lactobacilli 

Extracellular GtfA and FtfA mediate glucans and fructans synthesis with sucrose as the substrate [30]; 

Extracellular polysaccharides facilitate ecological fitness of lactobacilli by forming biofilm, improving cell 

adhesion, acting as energy source, and protecting microorganisms from environmental stressors. The synthesis 

of polysaccharides improve the volume and texture in bread and yogurt production[10]. Glucans and fructans 

in the habitat of lactobacilli can be hydrolyzed extracellularly by AmyX and FosE or FruA, respecively (Chapter 

4) [30]. Degradation of fructans in cereals by FruA enable the production of low-FODMAP products by 

fermentation with lactobacilli (Chapter 4). Arabinanases, AbnA and AbnB, possess endo-activity to degrade 

Arabinan or Arabinose-containing polymers (Chapter 5). FtfA, FruA, and one of arabinanases are associated 

with cell wall. The degradation of polymers extracellularly enable their utilization of lactobacilli to produce 

acetate, and lactate as the precusors of propionate and butyrate production by other gut bacteria  [224]. The 

production of short chain fatty acids in the intestine benefit human health in many ways. 

To date, extracellular glycosyl hydrolases in lactobacilli includes endo-active 

amylopullulanases for starch hydrolysis [30], exo-active fructosidase FosE in L. paracasei 

[34] and FruA in L. crispatus for fructan hydrolysis (Chapter 4) [36], as well as endo-active 
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arabinanases  in L. crispatus (Chapter 5, Figure 6.1). Extracellular amylopullulanase (AmyX) 

presents in several lactobacilli; most of these are homofermentative species of genera 

Amylolactobacillus, and Lactobacillus [13]. FruA is mostly present in oral organism 

Streptococcus and exclusively present in host-adapted genera Lactobacillus and 

Ligilactobacillus among Lactobacillaceae species (Chapter 4). Extracellular arabinanases 

are present in host-adapted Streptococcus and Lactobacillus species (Chapter 5). 

Streptococcus mutans produces FruA to release fructose from fructans generated by 

fructosyltransferase when exogenous carbon sources are limited [207,209], which contribute 

to the virulence of organisms in dental caries [35]. Similarly, extracellular glycosyl 

hydrolases in host-adapted Lactobacillus may contribute to the ecological fitness of 

lactobacilli through the degradation of polysaccharides that are formed by 

Limosilactobacillus species as part of the biofilm matrix [10,37] or plant fiber that is not 

digested by human enzyme and available in gastrointestinal tracts [271]. In addition, the 

surface layer associated protein (SLAP) domain identified in FruA and AbnA is mostly 

identified in surface layer protein of lactobacilli. Genetic analysis demonstrated that the 

SLAP domain and the combination of a GH32 / 43 catalytic domain with SLAP domain are 

exclusive to vertebrate-adapted Lactobacillus species, and may contribute to ecological 

fitness by attaching to the biofilm matrix or adhering to forestomach epithelium (Chapter 4 

and 5)[80,272].  

6.3 Lifestyle-associated metabolism for probiotic selection 

Food fermentations with live probiotic organisms have been recognized as a tool to deliver 

beneficial microbes to the human or animal intestinal tract, and are also considered giving 

similar health benefits as intake of probiotic lactobacilli of the same specie [10]. Koumiss 

contains high cell counts of probiotic Lactobacillus helveticus, contributing to anti-
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inflammatory attributes [133]; Lactobacillus kefiranofaciens in kefir decreased inflammation 

in a mouse model of obesity [74]. Moreover, food fermentation and gut environments habour 

closely related strains of lactic acid bacteria [5,7], and the consumption of fermented food 

can enrich conjugated linoleic acid in human gut, which is a putative beneficial molecule [6]. 

Host-adapted strains of lactobacilli show obvious competitive advantage in their respective 

hosts via host-specific features and therefore have a higher ecological fitness as a probiotic 

when compared to strains without a symbiosis history with the host [2,47,50,273]. The 

vertebrate host-adapted L. reuteri survives better during intestinal transit of piglets compared 

to Lacticaseibacillus casei and Limosilactobacillus fermentum, and reduced the abundance 

of total E. coli and the release of enterotoxins in swine intestine [138,274]. Ecology and 

lifestyle of lactobacilli thus are important criteria for the selection of probiotic strains. 

Vertebrate-adapted L. reuteri is autochthonous resident of human gastrointestinal tract and 

L. crispatus is a member of human vagina microbiota and found in various vertebrate hosts 

and body sites [2,89], which indicates their competitive advantage in human habitats. The 

study of their lifestyle associated metabolic traits may guide the application of these strains 

as probiotics selected for specific requirements. 

The contribution of urease to acid tolerance of in L. reuteri 100-23 in vitro was consistent 

with its predominant protective effect against gastric acidity during the colonization of mouse 

intestinal tracts [16]. However, other acid resistant genes that also showed protective effects 

on acidic stress of L. reuteri 100-23 in vitro did not contribute to the survival in vivo [16]. 

Commercial probiotic strains that exhibited remarkable reduction in vitro acid tolerance test 

displayed high fecal recovery in the human feeding trails, such as Lactobacillus acidophilus 

LA5, Lacticaseibacillus rhamnosus GG, and L. paracasei IMPC 2.1 [275]. Taken together, 

acid tolerance in vitro may not be a suitable criteria for the probiotic selection to predict the 

persistent of them in host habitats. 
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Fructans and arabinopolysaccharides that are not digested by human enzymes or absorbed in 

the small intestine will feed symbiotic microorganisms residing in the human intestine as 

dietary fiber. Galactooligosaccharides administrated with specific probiotics were shown to 

increase the abundance of Bifidobacterium adolescentis and metabolic activity of L. reuteri 

[276,277]. Novel extracellular arabinanases and FruA facilitate L. crispatus DSM29598 to 

utilize dietary fiber as a probiotic or as a synbiotic served with arabinose-containing 

polysaccharides or inulin. The conversion of dietary fiber by lactobacilli in the gut can 

produce acetate, lactate and succinate as precursors of butyrate and propionate synthesis 

[96,224]. Acetate, butyrate, and propionate, as the major end products of dietary fiber 

fermentation in gut, exert anti-inflammatory and anti-tumor effects, and improve gut motility 

and secretory activity. Small amounts of acetate reach the circulation and directly induce 

beneficial effects in multiple organs, including the lung, brain, pancreas, bone marrow, and 

liver. Microbial succinate may have beneficial effects as a signaling molecule in human 

intestine [224]. Most of the vaginal L. crispatus carry a putative extracellular pullulanase that 

may mediate the degradation of glycogen as the major carbon source in the vagina. The 

degradation of glycogen by L. crispatus produces lactate that may affect physiological 

functions in the vagina [224,278]. 

6.4 Conclusion 

Phylogenetic analysis of glutaminase, FruA, AbnA, and AbnB demonstrated their exclusive 

presence in host-adapted lactobacilli, indicating the lifestyle association of these metabolic 

enzymes. Lifestyle-associated metabolic traits of host-adapted lactobacilli contribute to their 

ecological fitness in host and food environments and improve food quality (Chapter 2). The 

contribution of glutaminase to acid resistance of L. reuteri 100-23 was demonstrated in vitro, 

while the contribution of glutaminase to metabolite accumulation by L. reuteri was limited 
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(Chapter 3). 

The degradation activity of extracellular FruA in L. crispatus DSM29598 was observed with 

levan and inulin as substrates. The reduction of FODMAP by sourdough fermentation may 

improve tolerance in many individuals. Fermentation with FruA-expressing L. crispatus 

DSM29598 produced a low-FODMAP bread (Chapter 4). The identification of arabinan 

utilization operon in L. crispatus indicates its ability to utilize arabinan and arabinose as 

carbon sources. Extracellular AbnA and AbnB hydrolyzed linear arabinan and explained the 

growth of L. crispatus in mMRS with linear arabinan (Chapter 5). This study provides 

information on lifestyle associated metabolic traits of host-adapted lactobacilli, acid 

resistance and extracellular polysaccharide hydrolysis, which are essential to understand the 

ecological role and modulate application of lactobacilli in food fermentations. The 

investigation of those metabolic traits also guide the selection of strains as probiotics and 

exploration of their impact on host health. 

6.5 Limitations and future directions 

This study has demonstrated the contribution of glutaminase to acid resistance of L. reuteri 

in vitro, however, because of dynamic changes in host gastrointestinal tract and different 

acids used to mimic the gut environment in vitro, the role of glutaminase on survival and 

persistence of L. reuteri need to be tested in animal trials prior to the confirmation of its 

contribution to ecological success. The contribution of glutaminase to glutamate and GABA 

accumulation was not established in this study due to the interference of glutamine-

amidotransferases. To analyze the function of glutaminase, exogenous and purified 

glutaminase needs to be tested on the production of glutamate and GABA, which is important 

for bread quality improvement. The supplementation of GABA in food may affect the brain 

and cognition through blood-brain barrier passage or the enteric nervous system [279]. 
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Glutamate and GABA produced by probiotics in the gut act as excitatory and inhibitory 

neurotransmitters in the central nervous system of humans respectively, modulating 

excitation-inhibition balance and thereby play an essential role in neural disease prevention 

[280].  

The contribution of SLAP domains to the attachment of FruA and AbnA to L. crispatus cells 

can be further confirmed by the comparison of enzyme location in wild type and L. crispatus 

derivative with deletion of SLAP domain. The effects of the SLAP domain on the 

competitiveness and ecological fitness of L. crispatus in hosts need to be studied by animal 

experiments. 

Besides, the regulation of the expression of extracellular arabinanases in L. crispatus need 

further investigation. Further work could explore its function on arabinose metabolism and 

the regulation of gene expression on the operon. The contribution of extracellular FruA and 

arabinanases to ecological fitness and probiotic activities of L. crispatus should be 

investigated in animal or human trials. 

  



105 

 

 

Bibliography 

1.  Axelsson L: Lactic acid bacteria: classification and physiology. In Lactic Acid 

Bacteria: microbiological and functional aspects. . Marcel Dekker, Inc.; 2004:1–66. 

2.  Duar RM, Lin XB, Zheng J, Martino ME, Grenier T, Pérez-Muñoz ME, Leulier F, 

Gänzle M, Walter J: Lifestyles in transition: Evolution and natural history of the 

genus Lactobacillus. FEMS Microbiol Rev 2017, 41:S27–S48. 

3.  Hutkins RW: Cultured dairy products. In Microbiology and technology of 

fermented foods. . Blackwell publishing; 2006:107–142. 

4.  Paul Ross R, Morgan S, Hill C: Preservation and fermentation: Past, present and 

future. Int J Food Microbiol 2002, 79:3–16. 

5.  Dal Bello F, Walter J, Hammes WP, Hertel C: Increased complexity of the species 

composition of lactic acid bacteria in human feces revealed by alternative 

incubation condition. Microb Ecol 2003, 45:455–463. 

6.  Taylor BC, Lejzerowicz F, Poirel M, Shaffer JP, Jiang L, Aksenov A, Litwin N, 

Humphrey G, Martino C, Miller-Montgomery S, et al.: Consumption of fermented 

foods is associated with systematic differences in the gut microbiome and 

metabolome. mSystems 2020, 5:e00901-19. 

7.  Pasolli E, Filippis F De, Mauriello IE, Cumbo F, Leech J, Cotter PD, Segata N, 

Ercolini D, Walsh AM: Large-scale genome-wide analysis links lactic acid 

bacteria from food with the gut microbiome. Nat Commun 2020, 11:1–12. 

8.  Gänzle MG: Fermented foods. In Food Microbiology: Fundamentals and Frontiers, 

5th Ed. Edited by Doyle MP, Diez-Gonzalez F, Hill C. ASM Press; 2019:855–900. 

9.  Di Cagno R, Coda R, De Angelis M, Gobbetti M: Exploitation of vegetables and 

fruits through lactic acid fermentation. Food Microbiol 2013, 33:1–10. 

10.  Li Q, Gänzle MG: Host-adapted lactobacilli in food fermentations: impact of 



106 

 

 

metabolic traits of host adapted lactobacilli on food quality and human health. 

Curr Opin Food Sci 2020, 31:71–80. 

11.  Zheng J, Wittouck S, Salvetti E, Franz CMAB, Harris HMB, Mattarelli P, O’Toole 

PW, Pot B, Vandamme P, Walter J, et al.: A taxonomic note on the genus 

Lactobacillus: Description of 23 novel genera, emended description of the genus 

Lactobacillus Beijerinck 1901, and union of Lactobacillaceae and 

Leuconostocaceae. Int J Syst Evol Microbiol 2020, 70:2782–2858. 

12.  Bourdichon F, Casaregola S, Farrokh C, Frisvad JC, Gerds ML, Hammes WP, 

Harnett J, Huys G, Laulund S, Ouwehand A, et al.: Food fermentations: 

Microorganisms with technological beneficial use. Int J Food Microbiol 2012, 

154:87–97. 

13.  Zheng J, Ruan L, Sun M, Gänzle MG: A genomic view of lactobacilli and 

pediococci demonstrates that phylogeny matches ecology and physiology. Appl 

Environ Microbiol 2015, 81:7233–7243. 

14.  Lo WS, Huang YY, Kuo CH: Winding paths to simplicity: Genome evolution in 

facultative insect symbionts. FEMS Microbiol Rev 2016, 40:855–874. 

15.  Makarova KS, Slesarev A, Wolf Y, Sorokin A, Mirkin B: Comparative genomics 

of the lactic acid bacteria. PNAS 2006, 103:15611–15616. 

16.  Krumbeck JA, Marsteller NL, Frese SA, Peterson DA, Ramer-Tait AE, Hutkins RW, 

Walter J: Characterization of the ecological role of genes mediating acid 

resistance in Lactobacillus reuteri during colonization of the gastrointestinal 

tract. Environ Microbiol 2016, 18:2172–2184. 

17.  Van de Guchte M, Serror P, Chervaux C, Smokvina T, Ehrlich SD, Maguin E: 

Stress responses in lactic acid bacteria. Antonie van Leeuwenhoek, Int J Gen Mol 

Microbiol 2002, 82:187–216. 



107 

 

 

18.  Brown JL, Ross T, McMeekin TA, Nichols PD: Acid habituation of Escherichia 

coli and the potential role of cyclopropane fatty acids in low pH tolerance. Int J 

Food Microbiol 1997, 37:163–173. 

19.  Behr J, Gänzle MG, Vogel RF: Characterization of a highly hop-resistant 

Lactobacillus brevis strain lacking hop transport. Appl Environ Microbiol 2006, 

72:6483–6492. 

20.  De Angelis M, Gobbetti M: Environmental stress responses in Lactobacillus: A 

review. Proteomics 2004, 4:106–122. 

21.  Teixeira JS, Seeras A, Sanchez-Maldonado AF, Zhang C, Su MSW, Gänzle MG: 

Glutamine, glutamate, and arginine-based acid resistance in Lactobacillus 

reuteri. Food Microbiol 2014, 42:172–180. 

22.  del Rio B, Linares DM, Ladero V, Redruello B, Fernández M, Martin MC, Alvarez 

MA: Putrescine production via the agmatine deiminase pathway increases the 

growth of Lactococcus lactis and causes the alkalinization of the culture 

medium. Appl Microbiol Biotechnol 2015, 99:897–905. 

23.  Lucas PM, Blancato VS, Claisse O, Magni C, Lolkema JS, Lonvaud-Funel A: 

Agmatine deiminase pathway genes in Lactobacillus brevis are linked to the 

tyrosine decarboxylation operon in a putative acid resistance locus. 

Microbiology 2007, 153:2221–2230. 

24.  Su MS, Schlicht S, Gänzle MG: Contribution of glutamate decarboxylase in 

Lactobacillus reuteri to acid resistance and persistence in sourdough 

fermentation. Microb Cell Fact 2011, 10:2–13. 

25.  Lu P, Ma D, Chen Y, Guo Y, Chen GQ, Deng H, Shi Y: L-glutamine provides acid 

resistance for Escherichia coli through enzymatic release of ammonia. Cell Res 

2013, 23:635–644. 



108 

 

 

26.  Freddi L, Damiano MA, Chaloin L, Pennacchietti E, Dahouk S Al, Köhler S, De 

Biase D, Occhialini A: The glutaminase-dependent system confers extreme acid 

resistance to new species and atypical strains of Brucella. Front Microbiol 2017, 

8:1–13. 

27.  Thiele C, Gänzle MG, Vogel RF: Contribution of sourdough lactobacilli, yeast, 

and cereal enzymes to the generation of amino acids in dough relevant for 

bread flavor. Cereal Chem 2002, 79:45–51. 

28.  Gänzle MG, Loponen J, Gobbetti M: Proteolysis in sourdough fermentations: 

mechanisms and potential for improved bread quality. Trends Food Sci Technol 

2008, 19:513–521. 

29.  Zhao CJ, Kinner M, Wismer W, Gänzle MG: Effect of glutamate accumulation 

during sourdough fermentation with Lactobacillus reuteri on the taste of bread 

and sodium-reduced bread. Cereal Chem 2015, 92:224–230. 

30.  Gänzle MGMGMGMG, Follador R: Metabolism of oligosaccharides and starch in 

lactobacilli: A review. Front Microbiol 2012, 3:e340. 

31.  Vishnu C, Seenayya G, Reddy G: Direct conversion of starch to L(+) lactic acid 

by amylase producing Lactobacillus amylophilus GV6. Bioprocess Eng 2000, 

23:155–158. 

32.  Naser SM, Vancanneyt M, Snauwaert C, Vrancken G, Hoste B, De Vuyst L, Swings 

J: Reclassification of Lactobacillus amylophilus LMG 11400 and NRRL B-4435 

as Lactobacillus amylotrophicus sp. nov. Int J Syst Evol Microbiol 2006, 56:2523–

2527. 

33.  Morlon-Guyot J, Guyot JP, Pot B, Jacobe de Haut I, Raimbault M: Lactobacillus 

manihotivorans sp. nov., a new starch-hydrolysing lactic acid bacterium isolated 

during cassava sour starch fermentation. Int J Syst Bacteriol 1998, 48:1101–1109. 



109 

 

 

34.  Yong JG, Lee JH, Hutkins RW: Functional analysis of the fructooligosaccharide 

utilization operon in Lactobacillus paracasei 1195. Appl Environ Microbiol 2007, 

73:5716–5724. 

35.  Zeng L, Wen ZT, Burne RA: A novel signal transduction system and feedback 

loop regulate fructan hydrolase gene expression in Streptococcus mutans. Mol 

Microbiol 2006, 62:187–200. 

36.  Loponen J, Gänzle MG: Use of sourdough in low FODMAP baking. Foods 2018, 

7:1–12. 

37.  Wang W, Hu H, Zijlstra RT, Zheng J, Gänzle MG: Metagenomic reconstructions 

of gut microbial metabolism in weanling pigs. Microbiome 2019, 7:1–11. 

38.  Koropatkin NM, Cameron EA, Martens EC: How glycan metabolism shapes the 

human gut microbiota. Nat Rev Microbiol 2014, 10:323–335. 

39.  Lang JM, Eisen JA, Zivkovic AM: The microbes we eat: abundance and 

taxonomy of microbes consumed in a day’s worth of meals for three diet types. 

PeerJ 2014, 2:e659. 

40.  Minervini F, Lattanzi A, De Angelis M, Celano G, Gobbetti M: House microbiotas 

as sources of lactic acid bacteria and yeasts in traditional Italian sourdoughs. 

Food Microbiol 2015, 52:66–76. 

41.  Pswarayi F, Gänzle MG: Composition and origin of the fermentation microbiota 

of mahewu, a Zimbabwean fermented cereal beverage. Appl Environ Microbiol 

2019, 85:e03130-18. 

42.  Gänzle M, Ripari V: Composition and function of sourdough microbiota: From 

ecological theory to bread quality. Int J Food Microbiol 2016, 239:19–25. 

43.  Erkus O, de Jager VC, Spus M, van Alen-Boerrigter IJ, van Rijswijck IM, 

Hazelwood L, Janssen PW, van Hijum SA, Kleerebezem M, Smid EJ: 



110 

 

 

Multifactorial diversity sustains microbial community stability. ISME J 2013, 

7:2126–2136. 

44.  Wolfe BE, Button JE, Santarelli M, Dutton RJ: Cheese rind communities provide 

tractable systems for in situ and in vitro studies of microbial diversity. Cell 

2014, 158:422–433. 

45.  Findley K, Oh J, Yang J, Conlan S, Deming C, Meyer JA, Schoenfeld D, Nomicos 

E, Park M, Becker J, et al.: Topographic diversity of fungal and bacterial 

communities in human skin. Nature 2013, 498:367–370. 

46.  McFrederick QS, Thomas JM, Neff JL, Vuong HQ, Russell KA, Hale AR, Mueller 

UG: Flowers and wild megachilid bees share microbes. Microb Ecol 2017, 

73:188–200. 

47.  Frese SA, Benson AK, Tannock GW, Loach DM, Kim J, Zhang M, Oh PL, Heng 

NCK, Patil PB, Juge N, et al.: The evolution of host specialization in the 

vertebrate gut symbiont Lactobacillus reuteri. PLoS Genet 2011, 7. 

48.  O’ Donnell MM, Harris HMB, Lynch DB, Ross RP, O’Toole PW: Lactobacillus 

ruminis strains cluster according to their mammalian gut source. BMC 

Microbiol 2015, 15:80. 

49.  Harris HMB, Bourin MJB, Claesson MJ, O’Toole PW: Phylogenomics and 

comparative genomics of Lactobacillus salivarius, a mammalian gut commensal. 

Microb genomics 2017, 3:e000115. 

50.  Duar RM, Frese SA, Lin XB, Fernando SC, Burkey TE, Tasseva G, Peterson DA, 

Blom J, Wenzel CQ, Szymanski CM, et al.: Experimental evaluation of host 

adaptation of Lactobacillus reuteri to different vertebrate species. Appl Environ 

Microbiol 2017, 83:e00132-17. 

51.  Su MSW, Oh PL, Walter J, Gänzle MG: Intestinal origin of sourdough 



111 

 

 

Lactobacillus reuteri isolates as revealed by phylogenetic, genetic, and 

physiological analysis. Appl Environ Microbiol 2012, 78:6777–6780. 

52.  Hutkins RW: Microbiology and technology of fermented foods. IFT Press; 2019. 

53.  van de Guchte M, Penaud S, Grimaldi C, Barbe V, Bryson K, Nicolas P, Robert C, 

Oztas S, Mangenot S, Couloux A, et al.: The complete genome sequence of 

Lactobacillus bulgaricus reveals extensive and ongoing reductive evolution. 

Proc Natl Acad Sci U S A 2006, 103:9274–9279. 

54.  Lähteinen T, Malinen E, Koort JMK, Mertaniemi-Hannus U, Hankimo T, Karikoski 

N, Pakkanen S, Laine H, Sillanpää H, Söderholm H, et al.: Probiotic properties of 

Lactobacillus isolates originating from porcine intestine and feces. Anaerobe 

2010, 16:293–300. 

55.  Biology O, Arbor A: Role of Streptococcus mutans in human dental decay. 

Microbiol Rev 1986, 50:353–380. 

56.  Weyrich LS, Duchene S, Soubrier J, Arriola L, Llamas B, Breen J, Morris AG, Alt 

KW, Caramelli D, Dresely V, et al.: Neanderthal behaviour, diet, and disease 

inferred from ancient DNA in dental calculus. Nature 2017, 544:357–361. 

57.  Couvigny B, Kulakauskas S, Pons N, Quinquis B, Abraham AL, Meylheuc T, 

Delorme C, Renault P, Briandet R, Lapaque N, et al.: Identification of new factors 

modulating adhesion abilities of the pioneer commensal bacterium 

Streptococcus salivarius. Front Microbiol 2018, 9:1–13. 

58.  Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, Nielsen T, Pons N, 

Levenez F, Yamada T, et al.: A human gut microbial gene catalogue established 

by metagenomic sequencing. Nature 2010, 464:59–65. 

59.  Bolotin A, Quinquis B, Renault P, Sorokin A, Ehrlich SD, Kulakauskas S, Lapidus 

A, Goltsman E, Mazur M, Pusch GD, et al.: Complete sequence and comparative 



112 

 

 

genome analysis of the dairy bacterium Streptococcus thermophilus. Nat 

Biotechnol 2004, 22:1554–1558. 

60.  Sekwati-Monang B, Gänzle MG: Microbiological and chemical characterisation 

of ting, a sorghum-based sourdough product from Botswana. Int J Food 

Microbiol 2011, 150:115–121. 

61.  Franz CMAP, Huch M, Mathara JM, Abriouel H, Benomar N, Reid G, Galvez A, 

Holzapfel WH: African fermented foods and probiotics. Int J Food Microbiol 

2014, 190:84–96. 

62.  Hamad SH, Böcker G, Vogel RF, Hammes WP: Microbiological and chemical 

analysis of fermented sorghum dough for Kisra production. Appl Microbiol 

Biotechnol 1992, 37:728–731. 

63.  Tamang JP, Watanabe K, Holzapfel WH: Review: Diversity of microorganisms in 

global fermented foods and beverages. Front Microbiol 2016, 7:377. 

64.  Houghouigan DJ, Nout MJR, Nago CM, Houben JH, Rombouts FM: 

Characterization and frequency distribution of species of lactic acid bacteria 

involved in the processing of mawè, a fermented maize dough from Benin. Int J 

Food Microbiol 1993, 18:279–287. 

65.  Van Kerrebroeck S, Maes D, De Vuyst L: Sourdoughs as a function of their 

species diversity and process conditions, a meta-analysis. Trends Food Sci 

Technol 2017, 68:152–159. 

66.  Gänzle MG, Zheng J: Lifestyles of sourdough lactobacilli – Do they matter for 

microbial ecology and bread quality? Int J Food Microbiol 2019, 302:15–23. 

67.  Nie Z, Zheng Y, Du H, Xie S, Wang M: Dynamics and diversity of microbial 

community succession intraditional fermentation of Shanxi aged vinegar. Food 

Microbiol 2015, 47:62–68. 



113 

 

 

68.  Haruta S, Ueno S, Egawa I, Hashiguchi K, Fujii A, Nagano M, Ishii M, Igarashi Y: 

Succession of bacterial and fungal communities during a traditional pot 

fermentation of rice vinegar assessed by PCR-mediated denaturing gradient gel 

electrophoresis. Int J Food Microbiol 2006, 109:79–87. 

69.  Wang HY, Zhang XJ, Zhao LP, Xu Y: Analysis and comparison of the bacterial 

community in fermented grains during the fermentation for two different styles 

of Chinese liquor. J Ind Microbiol Biotechnol 2008, 35:603–609. 

70.  Liu MK, Tang YM, Guo XJ, Zhao K, Tian XH, Liu Y, Yao WC, Deng B, Ren DQ, 

Zhang XP: Deep sequencing reveals high bacterial diversity and phylogenetic 

novelty in pit mud from Luzhou Laojiao cellars for Chinese strong-flavor 

Baijiu. Food Res Int 2017, 102:68–76. 

71.  Colehour AM, Meadow JF, Liebert MA, Cepon-Robins TJ, Gildner TE, Urlacher 

SS, Bohannan BJM, Snodgrass JJ, Sugiyama LS: Local domestication of lactic 

acid bacteria via cassava beer fermentation. PeerJ 2014, 2014:1–18. 

72.  Freire AL, Zapata S, Mosquera J, Mejia ML, Trueba G: Bacteria associated with 

human saliva are major microbial components of Ecuadorian indigenous beers 

(chicha). PeerJ 2016, 2016. 

73.  Gesudu Q, Zheng Y, Xi X, Hou QC, Xu H, Huang W, Zhang H, Menghe B, Liu W: 

Investigating bacterial population structure and dynamics in traditional 

koumiss from Inner Mongolia using single molecule real-time sequencing. J 

Dairy Sci 2016, 99:7852–7863. 

74.  Bourrie BCT, Willing BP, Cotter PD: The microbiota and health promoting 

characteristics of the fermented beverage kefir. Front Microbiol 2016, 7:1–17. 

75.  Kakimoto S, Okazaki K, Sakane T, Imai K, Sumino Y, Akiyama S ichi, Nakao Y: 

Isolation and taxonomic characterization of acid urease-producing bacteria. 



114 

 

 

Agric Biol Chem 1989, 53:1111–1117. 

76.  Chen YYM, Weaver CA, Burne RA: Dual functions of Streptococcus salivarius 

urease. J Bacteriol 2000, 182:4667–4669. 

77.  Mora D, Monnet C, Parini C, Guglielmetti S, Mariani A, Pintus P, Molinari F, 

Daffonchio D, Manachini PL: Urease biogenesis in Streptococcus thermophilus. 

Res Microbiol 2005, 156:897–903. 

78.  Chen YYM, Weaver CA, Mendelsohn DR, Burne RA: Transcriptional regulation 

of the Streptococcus salivarius 57.I urease operon. J Bacteriol 1998, 180:5769–

5775. 

79.  Li Q, Tao Q, Teixeira JS, Shu-Wei Su M, Gänzle MG: Contribution of 

glutaminases to glutamine metabolism and acid resistance in Lactobacillus 

reuteri and other vertebrate host adapted lactobacilli. Food Microbiol 2020, 

86:1–9. 

80.  Schwab C, Tveit AT, Schleper C, Urich T: Gene expression of lactobacilli in 

murine forestomach biofilms. Microb Biotechnol 2014, 7:347–359. 

81.  Shainheit MG, Mulé M, Camilli A: The core promoter of the capsule operon of 

Streptococcus pneumoniae is necessary for colonization and invasive disease. 

Infect Immun 2014, 82:694–705. 

82.  Junges R, Salvadori G, Shekhar S, Åmdal HA, Periselneris JN, Chen T, Brown JS, 

Petersen FC, Ellermeier CD: A quorum-sensing system that regulates 

Streptococcus pneumoniae biofilm formation and surface polysaccharide 

production. Mol Biol Physiol 2017, 2:e00324-17. 

83.  Domenech M, García E, Prieto A, Moscoso M: Insight into the composition of the 

intercellular matrix of Streptococcus pneumoniae biofilms. Environ Microbiol 

2013, 15:502–516. 



115 

 

 

84.  Hammerschmidt S, Wolff S, Hocke A, Rosseau S, Müller E, Rohde M: Illustration 

of pneumococcal polysaccharide capsule during adherence and invasion of 

epithelial cells. Infect Immun 2005, 73:4653–4667. 

85.  Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, Goulding D, Motherway 

MOC, Shanahan F, Nally K, Dougan G, et al.: Bifidobacterial surface-

exopolysaccharide facilitates commensal-host interaction through immune 

modulation and pathogen protection. Proc Natl Acad Sci U S A 2012, 109:2108–

2113. 

86.  Izawa N, Hanamizu T, Iizuka R, Sone T, Mizukoshi H, Kimura K, Chiba K: 

Streptococcus thermophilus produces exopolysaccharides including hyaluronic 

acid. J Biosci Bioeng 2009, 107:119–123. 

87.  Burton JP, Chanyi RM, Schultz M: Common organisms and probiotics: 

Streptococcus thermophilus (Streptococcus salivarius subsp. thermophilus). In The 

microbiota in gastrointestinal pathophysiology: Implications for human health, 

prebiotics, probiotics, and dysbiosis. Edited by Floch MH, Ringel Y, Walker WA. 

Academic press; 2016:165–169. 

88.  Boke H, Aslim B, Alp G: The role of resistance to bile salts and acid tolerance of 

exopolysaccharides (EPSs) produced by yogurt starter bacteria. Arch Biol Sci 

2010, 62:323–328. 

89.  Walter J: Ecological role of lactobacilli in the gastrointestinal tract: Implications 

for fundamental and biomedical research. Appl Environ Microbiol 2008, 

74:4985–4996. 

90.  Walter J, Schwab C, Loach DM, Gänzle MG, Tannock GW: Glucosyltransferase A 

(GtfA) and inulosucrase (Inu) of Lactobacillus reuteri TMW1.106 contribute to 

cell aggregation, in vitro biofilm formation, and colonization of the mouse 



116 

 

 

gastrointestinal tract. Microbiology 2008, 154:72–80. 

91.  Bowen WH, Koo H: Biology of Streptococcus mutans-derived 

glucosyltransferases: Role in extracellular matrix formation of cariogenic 

biofilms. Caries Res 2011, 45:69–86. 

92.  Birkhed D, Rosell KG, Granath K: Structure of extracellular water-soluble 

polysaccharides synthesized from sucrose by oral strains of Streptococcus 

mutans, Streptococcus salivarius, Streptococcus sanguis and Actinomyces 

viscosus. Arch Oral Biol 1979, 24:53–61. 

93.  Frese SAS, MacKenzie DAD, Peterson DA, Schmaltz R, Fangman T, Zhou Y, 

Zhang CC, Benson AAK, Cody LLA, Mulholland F, et al.: Molecular 

Characterization of Host-Specific Biofilm Formation in a Vertebrate Gut 

Symbiont. PLoS Genet 2013, 9:e1004057. 

94.  Tieking M, Ehrmann MA, Vogel RF, Gänzle MG: Molecular and functional 

characterization of a levansucrase from the sourdough isolate Lactobacillus 

sanfranciscensis TMW 1.392. Appl Microbiol Biotechnol 2005, 66:655–663. 

95.  Regmi PR, Metzler-Zebeli BU, Gänzle MG, van Kempen TATG, Zijlstra RT: 

Starch with high amylose content and low in vitro digestibility increases 

intestinal nutrient flow and microbial fermentation and selectively promotes 

bifidobacteria in pigs. J Nutr 2011, 141:1273–1280. 

96.  Gänzle MGMG: Lactic metabolism revisited : Metabolism of lactic acid bacteria 

in food fermentations and food spoilage. Curr Opin Food Sci 2015, 2:106–117. 

97.  Teixeira JSJS, Abdi R, Su MSWMSW, Schwab C, Gänzle MGMG: Functional 

characterization of sucrose phosphorylase and scrR, a regulator of sucrose 

metabolism in Lactobacillus reuteri. Food Microbiol 2013, 36:432–439. 

98.  Gänzle MG, Vermeulen N, Vogel RF: Carbohydrate, peptide and lipid 



117 

 

 

metabolism of lactic acid bacteria in sourdough. Food Microbiol 2007, 24:128–

138. 

99.  Vita Rozmana, Petra Mohar Lorbega, Tomaž Accettoa  and BBM: Characterization 

of antimicrobial resistance in lactobacilli and bifidobacteria used as probiotics 

or starter cultures based on integration of phenotypic and in silico data. Int J 

Food Microbiol 2019, 66:37–39. 

100.  Campedelli I, Mathur H, Salvetti E, Clarke S, Rea MC, Torriani S, Ross RP, Hill C, 

O’Toole PW: Genus-wide assessment of antibiotic resistance in Lactobacillus 

spp. Appl Environ Microbiol 2019, 85:1–21. 

101.  Abriouel H, Casado Muñoz M del C, Lavilla Lerma L, Pérez Montoro B, 

Bockelmann W, Pichner R, Kabisch J, Cho GS, Franz CMAP, Gálvez A, et al.: New 

insights in antibiotic resistance of Lactobacillus species from fermented foods. 

Food Res Int 2015, 78:465–481. 

102.  Chopra I, Roberts M: Tetracycline antibiotics: Mode of action, applications, 

molecular biology, and epidemiology of bacterial resistance. Microbiol Mol Biol 

Rev 2001, 65:232–260. 

103.  Aires J, Thouverez M, Doucet-Populaire F, Butel MJ: Consecutive human 

bifidobacteria isolates and acquired tet genes. Int J Antimicrob Agents 2009, 

33:291–293. 

104.  Aires J, Doucet-Populaire F, Butel MJ: Tetracycline resistance mediated by 

tet(W), tet(M), and tet(O) genes of Bifidobacterium isolates from humans. Appl 

Environ Microbiol 2007, 73:2751–2754. 

105.  Riboulet-Bisson E, Sturme MHJ, Jeffery IB, O’Donnell MM, Neville BA, Forde 

BM, Claesson MJ, Harris H, Gardiner GE, Casey PG, et al.: Effect of Lactobacillus 

salivarius bacteriocin Abp118 on the mouse and pig intestinal microbiota. PLoS 



118 

 

 

One 2012, 7:e31113. 

106.  Morelli L: In vitro selection of probiotic lactobacilli: a critical appraisal. Curr 

Issues Interstinal Microbiol 2000, 1:59–67. 

107.  Zheng J, Gänzle MG, Lin, Xiaoxi B.Ruan L, Sun M: Diversity and dynamics of 

bacteriocins from human microbiome. Environ Microbiol 2015, 17:2133–2143. 

108.  Wescombe PA, Heng NC, Burton JP, Chilcott CN, Tagg JR: Streptococcal 

bacteriocins and the case for Streptococcus salivarius as model oral probiotics. 

Future Microbiol 2009, 4:819–835. 

109.  Lin XB, Lohans CT, Duar R, Zheng J, Vederas JC, Walter J, Gänzle M: Genetic 

determinants of reutericyclin biosynthesis in Lactobacillus reuteri. Appl Environ 

Microbiol 2015, 81:2032–41. 

110.  Gaspar C, Donders GG, Palmeira-de-Oliveira R, Queiroz JA, Tomaz C, Martinez-

de-Oliveira J, Palmeira-de-Oliveira A: Bacteriocin production of the probiotic 

Lactobacillus acidophilus KS400. AMB Express 2018, 8:153. 

111.  Ocaña VS, De Ruiz Holgado AAP, Nader-Macías ME: Characterization of a 

bacteriocin-like substance produced by a vaginal Lactobacillus salivarius strain. 

Appl Environ Microbiol 1999, 65:5631–5635. 

112.  Cleusix V, Lacroix C, Vollenweider S, Duboux M, Le Blay G: Inhibitory activity 

spectrum of reuterin produced by Lactobacillus reuteri against intestinal 

bacteria. BMC Microbiol 2007, 7:1–9. 

113.  Spinler JK, Sontakke A, Hollister EB, Venable SF, Oh PL, Balderas MA, Saulnier 

DMA, Mistretta TA, Devaraj S, Walter J, et al.: From prediction to function using 

evolutionary genomics: Human-specific ecotypes of Lactobacillus reuteri have 

diverse probiotic functions. Genome Biol Evol 2014, 6:1772–1789. 

114.  Saxena RK, Anand P, Saran S, Isar J, Agarwal L: Microbial production and 



119 

 

 

applications of 1,2-propanediol. Indian J Microbiol 2010, 50:2–11. 

115.  Engels C, Ruscheweyh HJ, Beerenwinkel N, Lacroix C, Schwab C: The common 

gut microbe Eubacterium hallii also contributes to intestinal propionate 

formation. Front Microbiol 2016, 7:1–12. 

116.  Lin XB, Gänzle MG: Effect of lineage-specific metabolic traits of Lactobacillus 

reuteri on sourdough microbial ecology. Appl Environ Microbiol 2014, 80:5782–

5789. 

117.  Ellegaard KM, Tamarit D, Javelind E, Olofsson TC, Andersson SGE, Vásquez A: 

Extensive intra-phylotype diversity in lactobacilli and bifidobacteria from the 

honeybee gut. BMC Genomics 2015, 16:1–22. 

118.  Drake SL, Carunchia Whetstine ME, Drake MA, Courtney P, Fligner K, Jenkins J, 

Pruitt C: Sources of umami taste in Cheddar and Swiss cheeses. J Food Sci 2007, 

72:360–366. 

119.  Inoue K, Shirai T, Ochiai H, Kasao M, Hayakawa K, Kimura M, Sansawa H: Blood-

pressure-lowering effect of a novel fermented milk containing γ-aminobutyric 

acid (GABA) in mild hypertensives. Eur J Clin Nutr 2003, 57:490–495. 

120.  Oh S, Oh C: Brown rice extracts with enhanced level of GABA stimulate 

immune cells. Food Sci Biotechnol 2003, 12:248–252. 

121.  Mira De Orduña R, Liu SQ, Patchett ML, Pilone GJ: Ethyl carbamate precursor 

citrulline formation from arginine degradation by malolactic wine lactic acid 

bacteria. FEMS Microbiol Lett 2000, 183:31–35. 

122.  Yamauchi R, Maguin E, Horiuchi H, Hosokawa M, Sasaki Y: The critical role of 

urease in yogurt fermentation with various combinations of Streptococcus 

thermophilus and Lactobacillus delbrueckii ssp. bulgaricus. J Dairy Sci 2019, 

102:1033–1043. 



120 

 

 

123.  Galle S, Schwab C, Dal Bello F, Coffey A, Gänzle MG, Arendt EK: Influence of in-

situ synthesized exopolysaccharides on the quality of gluten-free sorghum 

sourdough bread. Int J Food Microbiol 2012, 155:105–112. 

124.  Galle S, Schwab C, Arendt EK, Gänzle MG: Structural and rheological 

characterisation of heteropolysaccharides produced by lactic acid bacteria in 

wheat and sorghum sourdough. Food Microbiol 2011, 28:547–553. 

125.  Ruas-Madiedo P, Hugenholtz J, Zoon P: An overview of the functionality of 

exopolysaccharides produced by lactic acid bacteria. Int Dairy J 2002, 12:163–

171. 

126.  Mende S, Rohm H, Jaros D: Influence of exopolysaccharides on the structure, 

texture, stability and sensory properties of yoghurt and related products. Int 

Dairy J 2016, 52:57–71. 

127.  Purwandari U, Shah NP, Vasiljevic T: Effects of exopolysaccharide-producing 

strains of Streptococcus thermophilus on technological and rheological 

properties of set-type yoghurt. Int Dairy J 2007, 17:1344–1352. 

128.  Wang Y, Gänzle MG, Schwab C: Exopolysaccharide synthesized by Lactobacillus 

reuteri decreases the ability of enterotoxigenic escherichia coli to bind To 

porcine erythrocytes. Appl Environ Microbiol 2010, 76:4863–4866. 

129.  Marcial G, Messing J, Menchicchi B, Goycoolea FM, Faller G, Graciela F de V, 

Hensel A: Effects of polysaccharide isolated from Streptococcus thermophilus 

CRL1190 on human gastric epithelial cells. Int J Biol Macromol 2013, 62:217–

224. 

130.  Laatikainen R, Koskenpato J, Hongisto SM, Loponen J, Poussa T, Hillilä M, 

Korpela R: Randomised clinical trial: low-FODMAP rye bread vs. regular rye 

bread to relieve the symptoms of irritable bowel syndrome. Aliment Pharmacol 



121 

 

 

Ther 2016, 44:460–470. 

131.  Gómez-Torres N, Ávila M, Gaya P, Garde S: Prevention of late blowing defect by 

reuterin produced in cheese by a Lactobacillus reuteri adjunct. Food Microbiol 

2014, 42:82–88. 

132.  Ávila M, Gómez-Torres N, Delgado D, Gaya P, Garde S: Industrial-scale 

application of Lactobacillus reuteri coupled with glycerol as a biopreservation 

system for inhibiting Clostridium tyrobutyricum in semi-hard ewe milk cheese. 

Food Microbiol 2017, 66:104–109. 

133.  Rong J, Zheng H, Liu M, Hu X, Wang T, Zhang X, Jin F, Wang L: Probiotic and 

anti-inflammatory attributes of an isolate Lactobacillus helveticus NS8 from 

Mongolian fermented koumiss. BMC Microbiol 2015, 15:1–11. 

134.  Bourrie BCT, Cotter PD, Willing BP: Traditional kefir reduces weight gain and 

improves plasma and liver lipid profiles more successfully than a commercial 

equivalent in a mouse model of obesity. J Funct Foods 2018, 46:29–37. 

135.  Drider D, Fimland G, Héchard Y, McMullen LMM, Prévost H: The continuing 

story of class IIa bacteriocins. Microbiol Mol Biol Rev 2006, 70:564–582. 

136.  Fiocco D, Longo A, Arena MP, Russo P, Spano G, Capozzi V: How probiotics face 

food stress: They get by with a little help. Crit Rev Food Sci Nutr 2019, 60:1552–

1580. 

137.  Marco ML, Heeney D, Binda S, Cifelli CJ, Cotter PD, Foligné B, Gänzle M, Kort R, 

Pasin G, Pihlanto A, et al.: Health benefits of fermented foods: microbiota and 

beyond. Curr Opin Biotechnol 2017, 44:94–102. 

138.  Zhao X, Wang W, Blaine A, Kane STT, Zijlstra RTT, Gänzle MGG: Impact of 

probiotic Lactobacillus sp. on autochthonous lactobacilli in weaned piglets. J 

Appl Microbiol 2019, 126:242–254. 



122 

 

 

139.  Frese SA, Hutkins RW, Walter J: Comparison of the colonization ability of 

autochthonous and allochthonous atrains of lactobacilli in the human 

gastrointestinal tract. Adv Microbiol 2012, 02:399–409. 

140.  Rychen G, Aquilina G, Azimonti G, Bampidis V, Bastos M de L, Bories G, Chesson 

A, Cocconcelli PS, Flachowsky G, Gropp J, et al.: Guidance on the 

characterisation of microorganisms used as feed additives or as production 

organisms. EFSA J 2018, 16:1–24. 

141.  Coda R, Rizzello CG, Gobbetti M: Use of sourdough fermentation and pseudo-

cereals and leguminous flours for the making of a functional bread enriched of 

γ-aminobutyric acid (GABA). Int J Food Microbiol 2010, 137:236–245. 

142.  Siragusa S, De Angelis M, Di Cagno R, Rizzello CG, Coda R, Gobbetti M: 

Synthesis of γ-aminobutyric acid by lactic acid bacteria isolated from a variety 

of Italian cheeses. Appl Environ Microbiol 2007, 73:7283–7290. 

143.  Zhao CJ, Gänzle MG: Synthesis of Taste-Active γ-Glutamyl Dipeptides during 

Sourdough Fermentation by Lactobacillus reuteri. J Agric Food Chem 2016, 

64:7561–7568. 

144.  Maruyama Y, Yasuda R, Kuroda M, Eto Y: Kokumi substances, enhancers of 

basic tastes, induce responses in calcium-sensing receptor expressing taste cells. 

PLoS One 2012, 7:1–8. 

145.  Ohsu T, Amino Y, Nagasaki H, Yamanaka T, Takeshita S, Hatanaka T, Maruyama 

Y, Miyamura N, Eto Y: Involvement of the calcium-sensing receptor in human 

taste perception. J Biol Chem 2010, 285:1016–1022. 

146.  Ueda Y, Tsubuku T, Miyajima R: Composition of sulfur-containing components 

in onion and their flavor characters. Biosci Biotechnol Biochem 1994, 58:108–

110. 



123 

 

 

147.  Strohmeier M, Raschle T, Mazurkiewicz J, Rippe K, Sinning I, Fitzpatrick TB, Tews 

I: Structure of a bacterial pyridoxal 5′-phosphate synthase complex. Proc Natl 

Acad Sci U S A 2006, 103:19284–19289. 

148.  Vogel RF, Knorr R, Müller MRA, Steudel U, Gänzle MG, Ehrmann MA: Non-dairy 

lactic fermentations: The cereal world. Antonie van Leeuwenhoek, Int J Gen Mol 

Microbiol 1999, 76:403–411. 

149.  De Vuyst L, Vrancken G, Ravyts F, Rimaux T, Weckx S: Biodiversity, ecological 

determinants, and metabolic exploitation of sourdough microbiota. Food 

Microbiol 2009, 26:666–675. 

150.  Brown G, Singer A, Proudfoot M, Skarina T, Kim Y, Chang C, Dementieva I, 

Kuznetsova E, Gonzalez CF, Joachimiak A, et al.: Functional and structural 

characterization of four glutaminases from Escherichia coli and Bacillus 

subtilis. Biochemistry 2008, 47:5724–5735. 

151.  Pennacchietti E, D’alonzo C, Freddi L, Occhialini A, De Biase D: The glutaminase-

dependent acid resistance system: Qualitative and quantitative assays and 

analysis of its distribution in enteric bacteria. Front Microbiol 2018, 9:1–17. 

152.  Gänzle MG, Vogel RF: Contribution of reutericyclin production to the stable 

persistence of Lactobacillus reuteri in an industrial sourdough fermentation. Int 

J Food Microbiol 2003, 80:31–45. 

153.  Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman DJ: 

Gapped BLAST and PSI-BLAST: A new generation of protein database search 

programs. Nucleic Acids Res 1997, 25:3389–3402. 

154.  Kumar S, Stecher G, Tamura K, Dudley J: MEGA7: Molecular evolutionary 

genetics analysis version 7.0 for bigger datasets. Mol Biol Evol 2016, 33:1870–

1874. 



124 

 

 

155.  Jones DT, Taylor WR, Thornton JM: The rapid generation of mutation data 

matrices from protein sequences. Bioinformatics 1992, 8:275–282. 

156.  Perez‐Casal J, Price JA, Maguin E, Scott JR: An M protein with a single C repeat 

prevents phagocytosis of Streptococcus pyogenes: use of a temperature‐sensitive 

shuttle vector to deliver homologous sequences to the chromosome of S. 

pyogenes. Mol Microbiol 1993, 8:809–819. 

157.  Su MSW, Kao HC, Lin CN, Syu WJ: Gene l0017 encodes a second chaperone for 

EspA of enterohaemorrhagic Escherichia coli O157 : H7. Microbiology 2008, 

154:1094–1103. 

158.  Lin XB, Wang T, Stothard P, Corander J, Wang J, Baines JF, Knowles SCL, 

Baltrūnaitė L, Tasseva G, Schmaltz R, et al.: The evolution of ecological 

facilitation within mixed-species biofilms in the mouse gastrointestinal tract. 

ISME J 2018, 12:2770–2784. 

159.  Sedgwick GW, Fenton TW, Thompson JR: Effect of protein precipitating agents 

on the recovery of plasma free amino acids. Can J Anim Sci 1991, 71:953–957. 

160.  Yan B, Chen YY, Wang W, Zhao J, Chen W, Gänzle M: γ-Glutamyl cysteine ligase 

of Lactobacillus reuteri synthesizes γ-glutamyl dipeptides in sourdough. J Agric 

Food Chem 2018, 66:12368–12375. 

161.  Nandakumar R, Yoshimune K, Wakayama M, Moriguchi M: Microbial 

glutaminase: Biochemistry, molecular approaches and applications in the food 

industry. J Mol Catal B Enzym 2003, 23:87–100. 

162.  Tomita K, Ito M, Yano T, Kumagai H, Tochikura T: γ-Glutamyltranspeptidase 

activity and the properties of the extracellular glutaminase from Aspergillus 

Oryzae. Agric Biol Chem 1988, 52:1159–1163. 

163.  Zhang C: Metabolism of lactic acid bacteria in wheat sourdough and bread 



125 

 

 

quality. Ph.D. Dissertation, University of Alberta, Edmonton, AB, 2011.  

164.  Prusiner S, Davis JN, Stadtman ER: Regulation of glutaminase B in Escherichia 

coli. J Biol Chem 1976, 251:3447–3456. 

165.  Jeon JM, Lee HI, Han SH, Chang CS, So JS: Partial purification and 

characterization of glutaminase from Lactobacillus reuteri KCTC3594. Appl 

Biochem Biotechnol 2010, 162:146–154. 

166.  Jeon J, Lee H, So J: Glutaminase activity of Lactobacillus reuteri KCTC3594 and 

expression of the activity in other Lactobacillus spp. by introduction of the 

glutaminase gene. African J Microbiol Res 2009, 3:605–609. 

167.  Trotta PP, Wellner VP, Pinkus LM, Meister A: Observations on the pH 

dependence of the glutaminase activity of a glutamine amidotransferase, 

carbamylphosphate synthetase. Proc Natl Acad Sci U S A 1973, 70:2717–2721. 

168.  Thoden JB, Miran SG, Phillips JC, Howard AJ, Raushel FM, Holden HM: 

Carbamoyl phosphate synthetase: Caught in the act of glutamine hydrolysis. 

Biochemistry 1998, 37:8825–8831. 

169.  Zalkins H, Argosq P, Narayanaq SVL, Tiedemanll AA, Smithll JM: Identification 

of a trpG-related glutamine amide transfer domain in Escherichia coli GMP 

synthetase. J Biol Chem 1985, 260:3350–3354. 

170.  Weingand-Ziadé A, Gerber-Décombaz C, Affolter M: Functional characterization 

of a salt- and thermotolerant glutaminase from Lactobacillus rhamnosus. 

Enzyme Microb Technol 2003, 32:862–867. 

171.  Vermeulen N, Gänzle MG, Vogel RF: Glutamine deamidation by cereal-

associated lactic acid bacteria. J Appl Microbiol 2007, 103:1197–1205. 

172.  Morelli CF, Calvio C, Biagiotti M, Speranza G: pH-Dependent hydrolase, 

glutaminase, transpeptidase and autotranspeptidase activities of Bacillus 



126 

 

 

subtilis γ-glutamyltransferase. FEBS J 2014, 281:232–245. 

173.  Beasley DE, Koltz AM, Lambert JE, Fierer N, Dunn RR: The evolution of stomach 

acidity and its relevance to the human microbiome. PLoS One 2015, 10:1–12. 

174.  Hammes WP, Hertel C: The Genera Lactobacillus and Carnobacterium. In 

Prokaryotes. . 2006:320–403. 

175.  Shepherd SJ, Parker FC, Muir JG, Gibson PR: Dietary triggers of abdominal 

symptoms in patients with irritable bowel syndrome: Randomized placebo-

controlled evidence. Clin Gastroenterol Hepatol 2008, 6:765–771. 

176.  Soares RLS: Irritable bowel syndrome, food intolerance and non-celiac gluten 

sensitivity. A new clinical challenge. Arq Gastroenterol 2018, 55:417–422. 

177.  Gibson PR, Shepherd SJ: Evidence-based dietary management of functional 

gastrointestinal symptoms: The FODMAP approach. J Gastroenterol Hepatol 

2010, 25:252–258. 

178.  De Giorgio R, Volta U, Gibson PR: Sensitivity to wheat, gluten and FODMAPs in 

IBS: Facts or fiction? Gut 2016, 65:169–178. 

179.  Goldstein R, Braverman D, Stankiewicz H: Carbohydrate malabsorption and the 

effect of dietary restriction on symptoms of irritable bowel syndrome and 

functional bowel complaints. Isr Med Assoc J 2000, 2:583–7. 

180.  Oku T, Nakamura S: Digestion, absorption, fermentation, and metabolism of 

functional sugar substitutes and their available energy. Pure Appl Chem 2002, 

74:1253–1261. 

181.  Catassi C, Alaedini A, Bojarski C, Bonaz B, Bouma G, Carroccio A, Castillejo G, 

De Magistris L, Dieterich W, Di Liberto D, et al.: The overlapping area of non-

celiac gluten sensitivity (NCGS) and wheat-sensitive irritable bowel syndrome 

(IBS): An update. Nutrients 2017, 9:1268. 



127 

 

 

182.  Böhn L, Störsrud S, Liljebo T, Collin L, Lindfors P, Törnblom H, Simrén M: Diet 

low in FODMAPs reduces symptoms of irritable bowel syndrome as well as 

traditional dietary advice: A randomized controlled trial. Gastroenterology 

2015, 149:1399-1407.e2. 

183.  Halmos EP, Power VA, Shepherd SJ, Gibson PR, Muir JG: A diet low in 

FODMAPs reduces symptoms of irritable bowel syndrome. Gastroenterology 

2014, 146:67-75.e5. 

184.  Staudacher HM, Lomer MCE, Anderson JL, Barrett JS, Muir JG, Irving PM, Whelan 

K: Fermentable carbohydrate restriction reduces luminal bifidobacteria and 

gastrointestinal symptoms in patients with irritable bowel syndrome. J Nutr 

2012, 142:1510–1518. 

185.  Staudacher HM, Whelan K, Irving PM, Lomer MCE: Comparison of symptom 

response following advice for a diet low in fermentable carbohydrates 

(FODMAPs) versus standard dietary advice in patients with irritable bowel 

syndrome. J Hum Nutr Diet 2011, 24:487–495. 

186.  Hamaker BR, Tuncil YE: A perspective on the complexity of dietary fiber 

structures and their potential effect on the gut microbiota. J Mol Biol 2014, 

426:3838–3850. 

187.  Yan YL, Hu Y, Gänzle MG: Prebiotics, FODMAPs and dietary fiber — 

conflicting concepts in development of functional food products? Curr Opin 

Food Sci 2018, 20:30–37. 

188.  Ramirez-Farias C, Slezak K, Fuller Z, Duncan A, Holtrop G, Louis P: Effect of 

inulin on the human gut microbiota: stimulation of Bifidobacterium adolescentis 

and Faecalibacterium prausnitzii. Br J Nutr 2008, 101:541–550. 

189.  Halmos EP, Christophersen CT, Bird AR, Shepherd SJ, Gibson PR, Muir JG: Diets 



128 

 

 

that differ in their FODMAP content alter the colonic luminal 

microenvironment. Gut 2015, 64:93–100. 

190.  Loponen J: Low-fructan grain material and a method for producing the same. 

Patent No. WO2016113465A1, 21 July 2016. 

191.  Struyf N, Vandewiele H, Herrera-Malaver B, Verspreet J, Verstrepen KJ, Courtin 

CM: Kluyveromyces marxianus yeast enables the production of low FODMAP 

whole wheat breads. Food Microbiol 2018, 76:135–145. 

192.  Laatikainen R, Koskenpato J, Hongisto S-MM, Loponen J, Poussa T, Huang X, 

Sontag-Strohm T, Salmenkari H, Korpela R: Pilot study: Comparison of 

sourdough wheat bread and yeast-fermented wheat bread in individuals with 

wheat sensitivity and irritable bowel syndrome. Nutrients 2017, 9:1215. 

193.  Verspreet J, Pollet A, Cuyvers S, Vergauwen R, Van Den Ende W, Delcour JA, 

Courtin CM: A simple and accurate method for determining wheat grain fructan 

content and average degree of polymerization. J Agric Food Chem 2012, 

60:2102–2107. 

194.  Nilsson U, Öste R, Jägerstad M: Cereal fructans: Hydrolysis by yeast invertase, 

in vitro and during fermentation. J Cereal Sci 1987, 6:53–60. 

195.  Sainz-Polo MA, Ramírez-Escudero M, Lafraya A, González B, Marín-Navarro J, 

Polaina J, Sanz-Aparicio J: Three-dimensional structure of Saccharomyces 

invertase: Role of a non-catalytic domain in oligomerization and substrate 

specificity. J Biol Chem 2013, 288:9755–9766. 

196.  Paludan-Müller C, Gram L, Rattray FP: Purification and characterisation of an 

extracellular fructan β-fructosidase from a Lactobacillus pentosus strain 

isolated from fermented fish. Syst Appl Microbiol 2002, 25:13–20. 

197.  Loponen J, Mikola M, Sibakov J: An enzyme exhibiting fructan hydrolase 



129 

 

 

activity. Patent No. WO20172208641, 28 December 2017. 

198.  Tang KXKX, Zhao CJCJ, Gänzle MGMG: Effect of glutathione on the taste and 

texture of type I sourdough bread. J Agric Food Chem 2017, 65:4321–4328. 

199.  Kelley DR, Schatz MC, Salzberg SL: Quake: Quality-aware detection and 

correction of sequencing errors. Genome Biol 2010, 11:R116. 

200.  Stecher G, Tamura K, Kumar S: Molecular evolutionary genetics analysis 

(MEGA) for macOS. Mol Biol Evol 2020, 37:1237–1239. 

201.  Pfaffl MW: A new mathematical model for relative quantification in real-time 

RT – PCR. 2001, 29:16–21. 

202.  Yon Heijne G: The signal peptide. J Membr Biol 1990, 115:195–201. 

203.  Sillanpää J, Martinez B, Antikainen J, Toba T, Kalkkinen N, Tankka S, Lounatmaa 

K, Keränen J, Höök M, Westerlund-Wikström B, et al.: Characterization of the 

collagen-binding S-layer protein CbsA of Lactobacillus crispatus. J Bacteriol 

2000, 182:6440–6450. 

204.  Burne RA, Schilling K, Bowen WH, Yasbin RE: Expression, purification, and 

characterization of an Exo-β-D-fructosidase of Streptococcus mutans. J Bacteriol 

1987, 169:4507–4517. 

205.  Barrangou R, Altermann E, Hutkins R, Cano R, Klaenhammer TR: Functional and 

comparative genomic analyses of an operon involved in fructooligosaccharide 

utilization by Lactobacillus acidophilus. Proc Natl Acad Sci U S A 2003, 

100:8957–8962. 

206.  Zhao X, Gänzle MG: Genetic and phenotypic analysis of carbohydrate 

metabolism and transport in Lactobacillus reuteri. Int J Food Microbiol 2018, 

272:12–21. 

207.  Burne RA, Wen ZT, Chen YYM, Penders JEC: Regulation of expression of the 



130 

 

 

fructan hydrolase gene of Streptococcus mutans GS-5 by induction and carbon 

catabolite repression. J Bacteriol 1999, 181:2863–2871. 

208.  Burne RA, Penders JEC: Characterization of the Streptococcus mutans GS-5 fruA 

gene encoding exo-β-D-fructosidase. Infect Immun 1992, 60:4621–4632. 

209.  Burne RA, Penders JEC: Differential localization of the Streptococcus mutans GS-

5 fructan hydrolase enzyme, FruA. FEMS Microbiol Lett 1994, 121:243–249. 

210.  Johnson B, Selle K, O’Flaherty S, Goh YJ, Klaenhammer T: Identification of 

extracellular surface-layer associated proteins in Lactobacillus acidophilus 

NCFM. Microbiol (United Kingdom) 2013, 159:2269–2282. 

211.  Smit E, Oling F, Demel R, Martinez B, Pouwels PH: The S-layer protein of 

Lactobacillus acidophilus ATCC 4356: Identification and characterisation of 

domains responsible for S-protein assembly and cell wall binding. J Mol Biol 

2001, 305:245–257. 

212.  Antikainen J, Anton L, Sillanpää J, Korhonen TK: Domains in the S-layer protein 

CbsA of Lactobacillus crispatus involved in adherence to collagens, laminin and 

lipoteichoic acids and in self-assembly. Mol Microbiol 2002, 46:381–394. 

213.  Åvall-Jääskeläinen S, Hynönen U, Ilk N, Pum D, Sleytr UB, Palva A: Identification 

and characterization of domains responsible for self-assembly and cell wall 

binding of the surface layer protein of Lactobacillus brevis ATCC8287. BMC 

Microbiol 2008, 8:165. 

214.  Dohm N, Petri A, Schlander M, Schlott B, König H, Claus H: Molecular and 

biochemical properties of the S-layer protein from the wine bacterium 

Lactobacillus hilgardii B706. Arch Microbiol 2011, 193:251–261. 

215.  Sleytr UB, Schuster B, Egelseer EM, Pum D: S-layers: Principles and 

applications. FEMS Microbiol Rev 2014, 38:823–864. 



131 

 

 

216.  Martin-Verstraete I, Stulke J, Klier A, Rapoport G: Two different mechanisms 

mediate catabolite repression of the Bacillus subtilis levanase operon. J Bacteriol 

1995, 177:6919–6927. 

217.  Maze A, Boel G, Poncet S, Mijakovic I, Le Breton Y, Benachour A, Monedero V, 

Deutscher J, Hartke A: The Lactobacillus casei ptsHI47T mutation causes 

overexpression of a LevR-regulated but RpoN-independent operon encoding a 

mannose class phosphotransferase system. Microbiology 2004, 186:4543–4555. 

218.  Struyf N, Laurent J, Verspreet J, Verstrepen KJ, Courtin CM: Saccharomyces 

cerevisiae and Kluyveromyces marxianus cocultures allow reduction of 

fermentable oligo-, di-, and monosaccharides and polyols levels in whole wheat 

bread. J Agric Food Chem 2017, 65:8704–8713. 

219.  Menezes LAA, Molognoni L, de Sá Ploêncio LA, Costa FBM, Daguer H, Dea 

Lindner J De: Use of sourdough fermentation to reducing FODMAPs in breads. 

Eur Food Res Technol 2019, 245:1183–1195. 

220.  Teixeira JS, McNeill V, Gänzle MG: Levansucrase and sucrose phoshorylase 

contribute to raffinose, stachyose, and verbascose metabolism by lactobacilli. 

Food Microbiol 2012, 31:278–284. 

221.  Varney J, Barrett J, Scarlata K, Catsos P, Gibson PR, Muir JG: FODMAPs: food 

composition, defining cutoff values and international application. J 

Gastroenterol Hepatol 2017, 32:53–61. 

222.  Gänzle MG: Food fermentations for improved digestibility of plant foods – an 

essential ex situ digestion step in agricultural societies? Curr Opin Food Sci 2020, 

32:124–132. 

223.  van Hijum SAFT, Kralj S, Ozimek LK, Dijkhuizen L, van Geel-Schutten IGH: 

Structure-function relationships of glucansucrase and fructansucrase enzymes 



132 

 

 

from lactic acid bacteria. Microbiol Mol Biol Rev 2006, 70:157–176. 

224.  Koh A, De Vadder F, Kovatcheva-Datchary P, Bäckhed F: From dietary fiber to 

host physiology: Short-chain fatty acids as key bacterial metabolites. Cell 2016, 

165:1332–1345. 

225.  Bindels LB, Delzenne NM, Cani PD, Walter J: Towards a more comprehensive 

concept for prebiotics. Nat Rev Gastroenterol Hepatol 2015, 12:303–310. 

226.  Flint HJ, Bayer EA, Rincon MT, Lamed R, White BA: Polysaccharide utilization 

by gut bacteria: Potential for new insights from genomic analysis. Nat Rev 

Microbiol 2008, 6:121–131. 

227.  Leth ML, Ejby M, Workman C, Ewald DA, Pedersen SS, Sternberg C, Bahl MI, 

Licht TR, Aachmann FL, Westereng B, et al.: Differential bacterial capture and 

transport preferences facilitate co-growth on dietary xylan in the human gut. 

Nat Microbiol 2018, 3:570–580. 

228.  Pontonio E, Mahony J, Di Cagno R, O’Connell Motherway M, Lugli GA, 

O’Callaghan A, De Angelis M, Ventura M, Gobbetti M, van Sinderen D: Cloning, 

expression and characterization of a β-D-xylosidase from Lactobacillus rossiae 

DSM15814T. Microb Cell Fact 2016, 15:1–13. 

229.  De Angelis M, Bottacini F, Fosso B, Kelleher P, Calasso M, Di Cagno R, Ventura 

M, Picardi E, Van Sinderen D, Gobbetti M: Lactobacillus rossiae, a vitamin B12 

producer, represents a metabolically versatile species within the genus 

Lactobacillus. PLoS One 2014, 9:1–11. 

230.  Farro EGS, Leite AET, Silva IA, Filgueiras JG, de Azevedo ER, Polikarpov I, 

Nascimento AS: GH43 endo-arabinanase from Bacillus licheniformis: Structure, 

activity and unexpected synergistic effect on cellulose enzymatic hydrolysis. Int 

J Biol Macromol 2018, 117:7–16. 



133 

 

 

231.  Squina FM, Santos CR, Ribeiro DA, Cota J, de Oliveira RR, Ruller R, Mort A, 

Murakami MT, Prade RA: Substrate cleavage pattern, biophysical 

characterization and low-resolution structure of a novel hyperthermostable 

arabinanase from Thermotoga petrophila. Biochem Biophys Res Commun 2010, 

399:505–511. 

232.  Sd-Nogueira I, Nogueira T V, Soares S, Lencastret H De: The Bacillus subtilis L-

arabinose (ara) operon: Nucleotide sequence , genetic organization and 

expression. Microbiology 1997, 143:957–969. 

233.  Fujita K, Takashi Y, Obuchi E, Kitahara K, Suganuma T: Characterization of a 

novel β-l-arabinofuranosidase in Bifidobacterium longum: Functional 

elucidation of a duf1680 protein family member. J Biol Chem 2014, 289:5240–

5249. 

234.  Ichinose H, Yoshida M, Fujimoto Z, Kaneko S: Characterization of a modular 

enzyme of exo-1,5-α-L-arabinofuranosidase and arabinan binding module from 

Streptomyces avermitilis NBRC14893. Appl Microbiol Biotechnol 2008, 80:399–

408. 

235.  Shulami S, Raz-Pasteur A, Tabachnikov O, Gilead-Gropper S, Shner I, Shoham Y: 

The L-arabinan utilization system of Geobacillus stearothermophilus. J Bacteriol 

2011, 193:2838–2850. 

236.  Li Q, Loponen J, Gänzle MG: Characterization of the extracellular fructanase 

FruA in Lactobacillus crispatus and its contribution to fructan hydrolysis in 

breadmaking. J Agric Food Chem 2020, 68:8637-8647. 

237.  Zhao C, Pyle AM: The group II intron maturase: a reverse transcriptase and 

splicing factor go hand in hand. Curr Opin Struct Biol 2017, 47:30–39. 

238.  Feldmann SD, Sahm H, Sprenger GA: Cloning and expression of the genes for 



134 

 

 

xylose isomerase and xylulokinase from Klebsiella pneumoniae 1033 in 

Escherichia coli K12. MGG Mol Gen Genet 1992, 234:201–210. 

239.  Lee YJ, Lee SJ, Kim SB, Lee SJ, Lee SH, Lee DW: Structural insights into 

conserved L-arabinose metabolic enzymes reveal the substrate binding site of a 

thermophilic L-arabinose isomerase. FEBS Lett 2014, 588:1064–1070. 

240.  Fortina MG, Ricci G, Mora D, Guglielmetti S, Manachini PL: Unusual 

organization for lactose and galactose gene clusters in Lactobacillus helveticus. 

Appl Environ Microbiol 2003, 69:3238–3243. 

241.  Nguyen TH, Splechtna B, Krasteva S, Kneifel W, Kulbe KD, Divne C, Haltrich D: 

Characterization and molecular cloning of a heterodimeric β-galactosidase 

from the probiotic strain Lactobacillus acidophilus R22. FEMS Microbiol Lett 

2007, 269:136–144. 

242.  Rhimi M, Ilhammami R, Bajic G, Boudebbouze S, Maguin E, Haser R, Aghajari N: 

The acid tolerant L-arabinose isomerase from the food grade Lactobacillus 

sakei 23K is an attractive D-tagatose producer. Bioresour Technol 2010, 

101:9171–9177. 

243.  Inácio JM, Lopes Correia I, de Sá-Nogueira I: Two distinct arabinofuranosidases 

contribute to arabino-oligosaccharide degradation in Bacillus subtilis. 

Microbiology 2008, 154:2719–2729. 

244.  Shallom D, Belakhov V, Solomon D, Gilead-Gropper S, Baasov T, Shoham G, 

Shoham Y: The identification of the acid-base catalyst of α-arabinofuranosidase 

from Geobacillus stearothermophilus T-6, a family 51 glycoside hydrolase. FEBS 

Lett 2002, 514:163–167. 

245.  Bouffard GG, Rudd KE, Adhya SL: Dependence of lactose metabolism upon 

mutarotase encoded in the gal operon in Escherichia coli. J Mol Biol 1994, 



135 

 

 

244:269–278. 

246.  Overbeeke N, Fellinger AJ, Toonen MY, van Wassenaar D, Verrips CT: Cloning 

and nucleotide sequence of the α-galactosidase cDNA from Cyamopsis 

tetragonoloba (guar). Plant Mol Biol 1989, 13:541–550. 

247.  Russell RRB, Opoku JA, Sutcliffe IC, Tao L, Ferretti JJ: A binding protein-

dependent transport system in Streptococcus mutans responsible for multiple 

sugar metabolism. J Biol Chem 1992, 267:4631–4637. 

248.  Yoshida K, Shindo K, Sano H, Seki S, Fujimura M, Yanai N, Miwa Y, Fujita Y: 

Sequencing of a 65 kb region of the Bacillus subtilis genome containing the lic 

and cel loci, and creation of a 177 kb contig covering the gnt-sacXY region. 

Microbiology 1996, 142:3113–3123. 

249.  Posthuma CC, Bader R, Engelmann R, Postma PW, Hengstenberg W, Pouwels PH: 

Expression of the xylulose 5-phosphate phosphoketolase gene, xpkA, from 

Lactobacillus pentosus MD363 Is induced by sugars that are fermented via the 

phosphoketolase pathway and is repressed by glucose mediated by CcpA and 

the mannose phospho. Appl Env Microbiol 2002, 68:831–837. 

250.  Fujisawa T, Benno Y, Yaeshima T, Mitsuoka T: Taxonomic study of the 

Lactobacillus acidophilus group, with recognition of Lactobacillus gallinarum sp. 

nov. and Lactobacillus johnsonii sp. nov. and synonymy of Lactobacillus 

acidophilus group A3 with the type strain of Lactobacillus amylovorus. Int J Syst 

Bacteriol 1992, 42:487–491. 

251.  Meng J, Jin D, Yang J, Lai X-H, Pu J, Zhu W, Huang Y, Liang H, Lu S: 

Lactobacillus xujianguonis sp. nov., isolated from faeces of Marmota 

himalayana. Int J Syst Evol Microbiol 2020, 70:11–15. 

252.  Lebreton F, Willems RJL, Gilmore MS: Enterococcus diversity, origins in nature, 



136 

 

 

and gut colonization. In Enterococci: From commensals to leading causes of drug 

resistant infection. . 2014:1–59. 

253.  Orla-Jensen S: The lactic acid bacteria. Andr Fred Høst and Son; 1919. 

254.  Pot B, Felis G, De Bruyne K, Tsakalidou E, Papadimitriou K, Leisner J, Vandamme 

P a: biodiversity and taxonomy., John Wiley & Sons, Inc, Hoboken N: The genus 

Lactobacillus. In Lactic Acid Bacteria: Biodiversity and taxonomy. Edited by 

Holzapfel W, Wood B. John Wiley & Sons, Inc,; 2014:249–353. 

255.  Inácio JM, De Sá-Nogueira I: Characterization of abn2 (yxiA), encoding a 

Bacillus subtilis GH43 arabinanase, Abn2, and its role in arabino-

polysaccharide degradation. J Bacteriol 2008, 190:4272–4280. 

256.  Shi H, Ding H, Huang Y, Wang L, Zhang Y, Li X, Wang F: Expression and 

characterization of a GH43 endo-arabinanase from Thermotoga thermarum. 

BMC Biotechnol 2014, 14:1–9. 

257.  Hong MR, Park CS, Oh DK: Characterization of a thermostable endo-1,5-α-L-

arabinanase from Caldicellulorsiruptor saccharolyticus. Biotechnol Lett 2009, 

31:1439–1443. 

258.  Duncan SH, Russell WR, Quartieri A, Rossi M, Parkhill J, Walker AW, Flint HJ: 

Wheat bran promotes enrichment within the human colonic microbiota of 

butyrate-producing bacteria that release ferulic acid. Environ Microbiol 2016, 

18:2214–2225. 

259.  Deehan EC, Duar RM, Armet AM, Perez-Muñoz ME, Jin M, Walter J: Modulation 

of the gastrointestinal microbiome with nondigestible fermentable 

carbohydrates to improve human health. Microbiol Spectr 2017, 5:1–24. 

260.  Stolz P, Vogel RF, Hammes WP: Utilization of electron acceptors by lactobacilli 

isolated from sourdough - II. Lactobacillus pontis, L. reuteri, L. amylovorus, and 



137 

 

 

L. fermentum. Z Lebensm Unters Forsch 1995, 201:402–410. 

261.  Neubauer H, Glaasker E, Hammes WP, Poolman B, Konings WN: Mechanism of 

maltose uptake and glucose excretion in Lactobacillus sanfrancisco. J Bacteriol 

1994, 176:3007–3012. 

262.  Brandt MJ, Hammes WP, Gänzle MG: Effects of process parameters on growth 

and metabolism of Lactobacillus sanfranciscensis and Candida humilis during 

rye sourdough fermentation. Eur Food Res Technol 2004, 218:333–338. 

263.  Hansen A, Schieberle P: Generation of aroma compounds during sourdough 

fermentation: Applied and fundamental aspects. Trends Food Sci Technol 2005, 

16:85–94. 

264.  Stromeck A, Hu Y, Chen L, Gäzle MG: Proteolysis and bioconversion of cereal 

proteins to glutamate and γ-aminobutyrate (GABA) in rye malt sourdoughs. J 

Agric Food Chem 2011, 59:1392–1399. 

265.  Jänsch A, Korakli M, Vogel RF, Gänzle MG: Glutathione reductase from 

Lactobacillus sanfranciscensis DSM20451T: Contribution to oxygen tolerance 

and thiol exchange reactions in wheat sourdoughs. Appl Environ Microbiol 2007, 

73:4469–4476. 

266.  Loponen J, König K, Wu J, Gänzle MG: Influence of thiol metabolism of 

lactobacilli on egg white proteins in wheat sourdoughs. J Agric Food Chem 2008, 

56:3357–3362. 

267.  Behr J, Israel L, Gänzle MG, Vogel RF: Proteomic approach for characterization 

of hop-inducible proteins in Lactobacillus brevis. Appl Environ Microbiol 2007, 

73:3300–3306. 

268.  Wilson CM, Loach D, Lawley B, Bell T, Sims IM, Zomer A, Tannock GW: 

Lactobacillus reuteri 100-23 modulates urea hydrolysis in the murine stomach. 



138 

 

 

Appl Environ Microbiol 2014, 80:6104–6113. 

269.  Bechtner J, Wefers D, Schmid J, Vogel RF, Jakob F: Identification and 

comparison of two closely related dextransucrases released by water kefir 

borne Lactobacillus hordei TMW 1.1822 and Lactobacillus nagelii TMW 

1.1827. Microbiol (United Kingdom) 2019, 165:956–966. 

270.  Xu D, Fels L, Wefers D, Behr J, Jakob F, Vogel RF: Lactobacillus hordei dextrans 

induce Saccharomyces cerevisiae aggregation and network formation on 

hydrophilic surfaces. Int J Biol Macromol 2018, 115:236–242. 

271.  Mendis M, Leclerc E, Simsek S: Arabinoxylans, gut microbiota and immunity. 

Carbohydr Polym 2016, 139:159–166. 

272.  Walter J, Chagnaud P, Tannock GW, Loach DM, Dal Bello F, Jenkinson HF, 

Hammes WP, Hertel C: A high-molecular-mass surface protein (Lsp) and 

methionine sulfoxide reductase B (MsrB) contribute to the ecological 

performance of Lactobacillus reuteri in the murine gut. Appl Environ Microbiol 

2005, 71:979–986. 

273.  Oh PL, Benson AK, Peterson DA, Patil PB, Moriyama EN, Roos S, Walter J: 

Diversification of the gut symbiont Lactobacillus reuteri as a result of host-

driven evolution. ISME J 2010, 4:377–387. 

274.  Wang W: Impact of probiotics on commendal and pathogenic swine intestinal 

microbes. Ph.D. Dissertation, University of Alberta, Edmonton, AB, 2019. 

275.  Zhao X: Genomic and phenotypic comparison of Lactobacillus reuteri isolates 

from food and intestinal ecosystems provides insights to probiotic applications. 

Ph.D. Dissertation, University of Alberta, Edmonton, AB, 2018. 

276.  Krumbeck JA, Maldonado-Gomez MX, Martínez I, Frese SA, Burkey TE, Rasineni 

K, Ramer-Tait AE, Harris EN, Hutkins RW, Walter J: In vivo selection to identify 



139 

 

 

bacterial strains with enhanced ecological performance in synbiotic 

applications. Appl Environ Microbiol 2015, 81:2455–2465. 

277.  Rattanaprasert M, Roos S, Hutkins RW, Walter J: Quantitative evaluation of 

synbiotic strategies to improve persistence and metabolic activity of 

Lactobacillus reuteri DSM 17938 in the human gastrointestinal tract. J Funct 

Foods 2014, 10:85–94. 

278.  Van Der Veer C, Hertzberger RY, Bruisten SM, Tytgat HLP, Swanenburg J, De Kat 

Angelino-Bart A, Schuren F, Molenaar D, Reid G, De Vries H, et al.: Comparative 

genomics of human Lactobacillus crispatus isolates reveals genes for 

glycosylation and glycogen degradation: Implications for in vivo dominance of 

the vaginal microbiota. Microbiome 2019, 7:1–14. 

279.  Boonstra E, de Kleijn R, Colzato LS, Alkemade A, Forstmann BU, Nieuwenhuis S: 

Neurotransmitters as food supplements: The effects of GABA on brain and 

behavior. Front Psychol 2015, 6:6–11. 

280.  Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JF, Burnet PWJ: Psychobiotics and 

the manipulation of bacteria–gut–brain signals. Trends Neurosci 2016, 39:763–

781. 

 

 


