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Ndegwa H. Maina 2012. Structure and macromolecular properties of Weissella confusa and 
Leuconostoc citreum dextrans with a potential application in sourdough (dissertation). EKT-Series 
1553. University of Helsinki, Department of Food and Environmental Sciences. 93 + 57 pp. 
 
Abstract 
Over the past few years, interest in dextrans produced by lactic acid bacteria (LAB) has 
experienced a renaissance because of their prospective application as natural hydrocolloids 
in fermented products. Though the benefits of dextrans as hydrocolloids in sourdough 
bread have been the subject of several studies, only in a few of these studies have the 
structural features of the potential dextrans been elucidated. In this thesis the structure and 
macromolecular properties of W. confusa E392 and L. citreum E497 dextrans were studied 
to understand their functionality in sourdough. Since functionality also depends on 
concentration, an enzyme-assisted assay was developed to estimate the amount of dextrans 
produced in sourdough. The experimental part included several other dextrans for 
comparison and method development.  
 
Structural analysis revealed that W. confusa E392 dextran contains few α-(1→3)-linked 
branches (3%), while L. citreum E497 dextran contains α-(1→2)- and α-(1→3)-linked 
branches (11% and 4%, respectively). Further details on the nature of these branches from 
the analysis of structural segments indicated that the α-(1→3)-linked branches in both 
dextrans are either a single unit or elongated by two or more α-(1→6)-linked glucosyl 
residues. Macromolecular characterization in aqueous solutions showed them to be high 
molar mass dextrans (107 g/mol). In dimethylsulfoxide (DMSO), however, the molar mass 
of the dextrans was lower (1.5 and 1.9 × 106 g/mol). The lower values in DMSO were 
considered to originate from individual dextran chains, while the values obtained in 
aqueous solutions were skewed by the presence of compact aggregates. The enzyme-
assisted assay developed for dextran quantification was limited to dextrans with few 
branch linkages. L. citreum E497 dextran was therefore not quantifiable with this method. 
During 17-24 hours of fermentation, W. confusa E392 produced 1.1-1.6% dextran from an 
initial 10% sucrose. Preliminary studies indicate that the strain channeled the remaining 
glucose (the theoretical maximum glucose was 5%) to the production of oligosaccharides 
via dextransucrase acceptor reactions with maltose. 
 
In conclusion, the study revealed that despite their simple monosaccharide composition, 
dextrans have a complex ramified structure even in the case of W. confusa E392 that only 
has a few branch linkages. Aqueous solutions of high molar mass dextrans contain 
compact aggregates, which, in addition to the ramified structure of dextrans, complicate 
their macromolecular characterization. Consequently, deducing the functional properties 
of dextrans in sourdough or any other food application is not straightforward. When 
comparing the functional properties of dextrans, the size (hydrodynamic properties and 
intrinsic viscosity), which reflects the shape and conformation of the dextrans, should be 
considered in addition to molar mass and structural features. Since food applications are 
aqueous systems, the functionality of dextrans may result from a contribution of both the 
properties of individual chains and compact aggregates. 
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1 Introduction 

End product quality is an important consideration in food processing. Food quality, which 
can be defined as ―fitness for consumption‖, encompasses several dimensions such as 
safety, nutrition, aesthetics, ethical factors and convenience (Claudio 2006). In most cases 
food quality maintenance or enhancement involves addition of food additives such as 
colorants, flavor enhancing agents and hydrocolloids. Unfortunately, such additives are 
subject to strict regulation and, additionally, current consumer trends are towards healthier 
and additive-free foods (Welman and Maddox 2003). Therefore, new technologies that 
produce healthier foods and utilize minimal or no additives are constantly being sought by 
the food industry. In the bread-making industry, solutions have been found by simply 
going back to traditional bread making, i.e. sourdough bread (Katina 2005).  
 
Sourdough fermentation is an ancient process in which ground cereal grains are mixed 
with water and spontaneously fermented with lactic acid bacteria (LAB) and yeast that are 
naturally present in the flour or the environment (Hammes and Gänzle 1998; Kulp 2003). 
For optimal leavening, acidification and flavor production, traditional spontaneous 
sourdough fermentation was lengthy and the outcome varied depending on the raw 
material and general hygiene conditions. Thus, as Gelinas and Mckinnon (2000) maintain, 
once a sourdough with desirable characteristics was obtained, a portion was kept as a 
starter for subsequent sourdoughs. This technique was known as backslopping. The 
traditional sourdough fermentation processes dominated home-baked bread until the 
commercialization of bread making at the beginning of the 19th century (Wirtz 2003; 
Bobrow-Strain 2008).  
 
The mechanization of bread-making processes for industrial production was, however, not 
compatible with the lengthy traditional sourdough fermentation processes (Decock and 
Cappelle 2005). Baker‘s yeast was therefore introduced for a predictable, reproducible and 
accelerated leavening process (Kulp 2003; Carnevali et al. 2007). Large-scale production 
also necessitated optimization of dough properties for mechanical handling and 
improvement of bread quality, such as a better shelf life. This led to the introduction of 
food additives, such as surfactants, hydrocolloids, antimicrobial agents and enzymes as 
baking aids, all of which are still commonly used today (Stampfli and Nersten 1995; 
Mondal and Datta 2008). Although these tools provided manufacturers with production 
efficiency, cost reduction and quality control, the aroma and flavor attributes of traditional 
artisan style home-baked bread were compromised (Katina 2005).   

 
In order to utilize sourdough at an industrial level, research is needed to characterize the 
biochemical processes taking place during fermentation and to devise methods that can 
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optimize the beneficial factors. This is particularly important for ensuring consistency in 
day-to-day sourdough bread production. Currently, research is focusing on several aspects 
of sourdough, such as identification of the sourdough microflora, development of aroma 
and flavor components during the fermentation process, production and identification of 
antimicrobial components, and the impact of sourdough technology on the rheological 
properties and the shelf life of wheat bread (Katina 2005). Among these factors, those that 
enhance the rheological properties and retard the staling of bread are the focus of this 
thesis. These benefits have mainly been attributed to the production of exopolysaccharides 
(EPS) by certain LAB (Korakli et al. 2001; Katina et al. 2005; Tieking and Gänzle 2005). 
Tieking and Gänzle (2005) maintain that EPS have beneficial effects on the technological 
properties of dough and bread, including water binding capacity, dough rheology and 
machinability, dough stability during frozen storage, loaf volume and bread staling. 
Essentially, EPS act as hydrocolloids in bread and because they are produced in-situ 
during sourdough fermentation, they are not considered as additional food additives. 
Production of EPS in-situ is therefore a novel method for replacing hydrocolloid additives 
in food, which concurs with the current consumer trends (Katina 2005).  

 
Currently, challenges in the utilization of EPS from LAB not only include the 
identification of potential strains and the enhancement of EPS production, but also the 
production of EPS with specific structures and sizes that impart the desired functional 
properties (De Vuyst and Degeest 1999; Welman and Maddox 2003). Such studies, 
including structural characterization of EPS, have focused extensively on LAB in dairy 
applications (Laws and Marshall 2001). On the contrary, though several studies have 
focused on determining the sourdough microflora (De Vuyst and Neysens 2005), only a 
few have carried out detailed structural analysis of the EPS produced. The structural 
details of EPS are necessary in order to understand their functionality in sourdough. In this 
thesis, dextrans produced by Weissella confusa E392 and Leuconostoc citreum E497 were 
studied to understand their functional properties in sourdough. The literature review 
provides an overview of EPS with an emphasis on dextrans, their structure, synthesis, 
physico-chemical properties and their utilization in sourdough. The experimental part 
summarizes the data presented in five publications (I-V) on the structural and 
macromolecular properties of the potential dextrans, in-situ quantification of dextrans 
produced during sourdough fermentation and the effect of the dextrans on the final bread. 
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2 Review of the literature  

2.1 Overview of exopolysaccharides from lactic acid bacteria 

The cell surface of LAB is composed of polysaccharides that can be components of the 
cell wall or may be external to the cell surface structure. The additional polysaccharides 
are generally referred to as EPS or capsular polysaccharides if they are strongly associated 
with the cell surface (Sutherland 1990; Ruas-Madiedo and De los Reyes-Gavilan 2005). 
Sutherland maintains that the microbial cell surfaces are not compromised without EPS 
and therefore they do not contribute to the integrity of the microbial cell structure 
(Sutherland 1990). It is also unlikely that the EPS are synthesized as storage polymers, 
since most EPS producing bacteria do not have the necessary enzymes for their 
degradation (Gänzle and Schwab 2009). Currently, the suggested biological role of EPS 
includes: protection of microbial cells against phages, protection against desiccation, stress 
tolerance (e.g. acid and oxidative stress), antibiotic resistance, adhesion, and biofilm 
formation (De Vuyst and Degeest 1999; Ruas-Madiedo and De los Reyes-Gavilan 2005; 
Gänzle and Schwab 2009). 
 
The composition of microbial EPS is very diverse and may even include rare sugars such 
as L-fucose and L-rhamnose. Sutherland (1990) notes that a common distinction between 
EPS from eukaryotes and prokaryotes is the presence of pentoses, such as xylose and 
arabinose in eukaryotic EPS. Based on the mechanism of biosynthesis and the precursors 
required, EPS from LAB can be divided into two groups (Boels et al. 2001). The first 
includes EPS that are synthesized extracellularly by glycosyltransferases using a 
disaccharide as the substrate. EPS in this group are homopolysaccharides (HoPS) that 
include α-glucans (dextrans and reuterans) and β-fructans (levan and inulin), produced by 
glucosyltransferases (glucansucrases) and fructosyltransferases (fructansucrase), 
respectively, using sucrose as a glycosyl donor (Monsan et al. 2001). Raffinose can also 
be used as a substrate for β-fructans synthesis (Gänzle and Schwab 2009).  
 
The second group includes HoPS and heteropolysaccharides (HePS) with irregular or 
regular repeating units that are synthesized from activated sugar nucleotide precursors. 
The HoPS in this group include β-glucan from Lactobacillus (Duenas-Chasco et al. 1998), 
Streptococcus and Pediococcus strains (Dueñas-Chasco et al. 1997; Ruas-Madiedo et al. 
2002) and polygalactans from Lactococcus lactis strains (Gruter et al. 1992). HePS are 
structurally diverse and are composed of several monosaccharides such as D-glucose, D-
rhamnose, D-galactose, D-fructose and N-acetyl amino sugars. HePS may also contain 
other organic and inorganic compounds (De Vuyst and Degeest 1999). The repeating units 
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in HePS that may include two to eight monosaccharides are usually synthesized in the 
cytoplasm by glycotransferases (Ruas-Madiedo et al. 2009) and polymerized 
extracellularly after translocation across the membrane as lipid-linked intermediates (De 
Vuyst and Degeest 1999).  

 
The implication of the different biosynthetic pathways is reflected in the yield of the EPS 
produced. Generally, the yield of HePS from intracellular synthesis is low (50-600 mg/l) 
due to the competition between different metabolic pathways for the nucleotide precursors 
and because the synthesis is an energy-demanding process. The yield is further limited by 
the capacity of the lipid carrier, which is also involved in cell wall synthesis, and the 
efficiency of the extracellular polymerization process. In contrast, the yield of HoPS that 
are synthesized extracellularly is usually high (3-15 g/l), the activity of glycansucrases 
being the main limiting factor (De Vuyst and Degeest 1999; Gänzle and Schwab 2009). 
The energy required for this process derives from the cleavage of the glycosidic bond in 
sucrose (Monsan et al. 2001).   
 
Interest in the study of EPS from LAB stems from their potential physiological and 
technological benefits. Physiologically, EPS from LAB are reported to elicit anti-tumor 
effects, immunostimulatory activity, cholesterol lowering ability and prebiotic properties. 
Nonetheless, more research, especially human intervention studies, is needed to provide 
more solid scientific evidence on these health-promoting effects (Ruas-Madiedo et al. 
2009). Technologically, the physicochemical properties of EPS, such as viscosity, have 
motivated their utilization in food applications as, for example, biothickeners (De Vuyst 
and Degeest 1999, Patel et al. 2012). Since LAB have GRAS (Generally Recognized as 
Safe) status, they can be used for in-situ production of EPS during fermentation. This 
effectively provides a means to replace hydrocolloid additives in fermented products and, 
as Welman (2009) maintains, is the most practical and cost-effective way, and also suits 
the ―natural product‖ image that consumers are currently demanding. 
 
Therefore, by choosing the right strain and optimizing growth conditions, suitable starter 
cultures can be developed for acidification, flavor and aroma development and texture 
enhancement of fermented food products. This process has predominantly been explored 
in dairy applications, mainly with HePS-producing strains. Conversely, HoPS have mostly 
been exploited in sourdough applications (Waldherr and Vogel 2009). A likely reason for 
the prevalence of HoPS in sourdough is that HePS-producing strains are rarely isolated 
from fermented cereals, whereas HoPS producers are very common. The HoPS producers 
are also dominant in plant materials that contain sucrose (Gänzle and Schwab 2009). This 
study focuses on the HoPS produced in sourdough applications; thus further discussion 
will focus mainly on dextrans that are widely produced by sourdough-related microbes. 
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2.2 Dextrans 

Dextran is a generic name for several α-glucans produced by LAB that belong to the 
Leuconostoc, Lactobacillus, Streptococcus, Pediococcus or Weissella genera (Smitinont et 
al. 1999, Naessens et al. 2005; Bounaix et al. 2009). According to Rehm (2010), dextrans 
were among the first microbial polysaccharides to be discovered. Studies on dextrans date 
back to the work of Louis Pasteur on viscosity development in wine in 1861. In 1874, 
Scheibler showed that viscosity in beet sugar juices was due to a carbohydrate that had a 
positive optical rotation and he thus called it ‗dextran‘ (Naessens et al. 2005). 

2.2.1 Structural properties  

 
According to Jeanes et al. (1954), the amount of α-(1→6) linkages in a specific dextran 
can vary from 50% to 97% of the total glycosidic linkages. Dextrans are currently divided 
into three classes according to their structural features (Figure 1). Class 1 dextrans have 
consecutive α-(1→6)-linked D-glucopyranosyl units and branch linkages via α-(1→2), α-
(1→3) or α-(1→4). Class 2 dextrans (alternans) contain alternating α-(1→3) and α-(1→6) 
linkages with both α-(1→3) and α-(1→6) branch linkages (Côté 2002). Class 3 dextrans 
(mutans) have consecutive α-(1→3) linkages and α-(1→6) branch linkages (Robyt 1986). 
In agreement with previous deductions, alternans are not ‗true‘ dextrans (Seymour et al. 
1979b; Côté 2002) and it may even be practical to abandon the classification and utilize 
the terms dextrans, alternans and mutans only. Henceforth in this thesis, the term dextran 
refers to Class 1 dextrans only.  
 
Reutarans are related to dextrans in that they are also produced extracellularly from 
sucrose. According to the composite model of reuteran produced by Lactobacillus reuteri 
strain 35-5 (van Leeuwen et al. 2008b), reuterans are composed of α-(1→4)-linked 
glucosyl residues in the main chain with  α-(1→6) branch linkages that are further 
elongated with α-(1→4)-linked glucosyl residues. The α-(1→4)-linked main chain is also 
irregularly interrupted by α-(1→6) linkages (6-O-monosubstituted glucosyl residues) (van 
Leeuwen et al. 2008b). Thus, unlike dextrans with α-(1→4) branch linkages, the α-(1→4) 
linkages in reuterans are more abundant than α-(1→6) linkages and are part of the main 
chain. An overview of the structural features of α-glucans from several strains is shown in 
Table 1. The structures of dextran from more strains can be obtained from Bounaix et al. 
(2009) and Slodki et al. (1986). As shown in Table 1, some dextrans can have two types of 
branches: α-(1→2)- and α-(1→3)- or α-(1→3)- and α-(1→4)-linked branches. 
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Figure 1. Schematic representation of dextrans, alternans and mutans (modified from Robyt 
1986) 

Although the structure of dextrans has been extensively studied, their fine structure, 
especially the length and spatial arrangement (topology) of the non-α-(1→6) linkages and 
extended branches, is still not fully understood (De Belder 1993). Generally, studies have 
shown that the α-(1→3)-linked branches in dextrans are single units or elongated by two 
or more α-(1→6)-linked glucosyl residues (Sidebotham 1974; Taylor et al. 1985) or in 
some cases elongated by α-(1→3)-linked glucosyl residues (Cheetham et al. 1990). Using 
sequential chemical removal of terminal D-glucosyl groups, Larm et al. (1971) concluded 
that 40% of the α-(1→3)-linked side chains in dextran produced by Leuconostoc 
mesenteroides NRRL B-512F contained one glucosyl residue, 45% were two glucosyl 
residues long, and the rest (15%) were longer. Based on physicochemical data, Ioan et al. 
(2001) concluded that the long branches in commercial L. mesenteroides B-512F dextran 
can have a molar mass of 29 000 g/mol (~179 glucosyl units).  
 
 

α-(1→2) α-(1→3) α-(1→4) α-(1→6)
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Table 1. An overview of the glucosidic linkages (%) in α-glucans from several LAB strains. The values were obtained with methylation analysis except 
for W. cibaria and W. confusa dextrans which were obtained with NMR spectroscopy analysis. 

a 8% 4,6-O-disubstituted residue linkages b8% unknown linkages, Lb.= Lactobacillus, L. =Leuconostoc,  P. = Pediococcus, S. =Streptococcus W. =Weissella. S = soluble, 
L = Less soluble, I = insoluble

Strains EPS Glcp-(1→ α-(1→6) α-(1→3,6) α-(1→3) α-(1→2,6) α-(1→2) Reference 
Lb. parabuchneri 33 Dextran 6 75 9 9   Kralj et al. 2004 
Lb. sake Kg 15 Dextran 4 86 9 1   Kralj et al. 2004 
Lb. reuteri. LB 180 Dextran 10 51 13 26   Kralj et al. 2004 
Lb. reuteri ML1 Mutan-like 18 10 26 47   Kralj et al. 2004 
L. citreum NRRL B-742a Dextran (S) 38 25 28    Slodki et al. 1986 
L. mesenteroides NRRL B-512F Dextran 5.5 89 5.5    Larm et al. 1971 
L. mesenteroides NRRL B-1355 Alternan 10 45 10 35   Slodki et al. 1986 
L. mesenteroides NRRL B-523 Dextran 8 58 4 27  3 Slodki et al. 1986 
L. mesenteroides NRRL B-1299 Dextran (S) 31 32 1 1 30 5 Slodki et al.1986 
 Dextran (L) 20 53 5 5 16  Slodki et al. 1986 
P. pentosaceus Ap-1 Dextran 8 85 7    Smitinont et al. 1999 
P. pentosaceus Ap-3 Dextran 11 81 7    Smitinont et al. 1999 
S. mutan GS-5 Dextran (S)  69  31   Kuramitsu and  

Wondrack 1983  Insoluble glucan  48  52   
S. mutan 6715 Dextran (S)  64 36    Robyt 1986 
 
S.  sobrinus MFe28b 

Mutan (I)  4 2 94   Robyt 1986 
Mutan 1 3  88   Russell et al. 1987 

W. cibaria DSM 15878 Dextran  97  3   Bounaix et al. 2009 
W. confusa   DSM 20196 Dextran  97  3   Bounaix et al. 2009 
  Glcp-(1→ α-(1→6) α-(1→4,6) α-(1→4) α-(1→3)   
L. citreum NRRL B-742 Dextran (L) 14 73 12  1  Seymour et al. 1979a 
Lb. reuteri LB 121 Reuteran 9 26 15 49   Kralj et al. 2004 
Lb. reuteri ATCC 55730 Reuteran 9 11 13 69   Kralj et al. 2005 
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Studies have also shown the elongation of α-(1→2)-linked branches in dextrans produced 
by L. mesenteroides NRRL B-1298 and NRRL B-1299 with α-(1→6)-linked glucosyl 
residues and branches elongated by non-α-(1→6)-linked glucosyl residues (Sidebotham 
1974; Watanabe et al. 1980). As in reuterans, the occurrence of α-(1→2) or α-(1→3) 
linkages as interruptions of the α-(1→6) linkages in the main chain or in elongated 
branches in dextrans is also probable. For example, van Leeuwen et al. (2008a) reported 
the presence of 3-O-monosubstituted residues in the main chain and in the elongated 
branches of Lb. reuteri strain 180 dextran. 
 
According to Sidebotham (1974), dextrans can have a comb-like, laminated or ramified 
structure as shown in Figure 2. The degree and type of branching (long or short) in a 
particular dextran is not only strain dependent but also seems to be affected by the 
temperature at which the dextran is produced. Sabatie et al. (1988) found that dextrans 
synthesized at 3, 10 and 20°C displayed an expanded conformation, while dextrans 
synthesized at 30°C were more compact and behaved like a globular protein due to 
increased ramification (Sabatié et al. 1988). Kim et al. (2003) showed that branching 
increased from 4.8% at 4°C to 14.7% at 45°C during cell-free synthesis of dextrans by a 
dextransucrase from L. mesenteroides B-512FMCM (Kim et al. 2003). 

 

 

Figure 2. Schematic representation of the possible structures of dextrans (adapted from 
Sidebotham 1974). 

2.2.2 Biosynthesis  

Dextrans are synthesized extracellularly by dextransucrases (glucansucrases, EC 2.4.5.1) 
from sucrose. As reviewed by Leathers (2002), the optimal reaction conditions for 
dextransucrases are pH 5.0—6.5 and temperature ranging from 30—45°C.  Although the 
catalytic mechanism of dextran synthesis has been the subject of several studies, the 
synthesis is still not fully understood. The proposed mechanisms have been reviewed by 
Monchois et al. (1999) and Monsan (2001). Currently there are two proposed mechanisms 
for dextran synthesis. Robyt et al. (1974) evidenced a highly processive mechanism that 

Comb-like Laminated Ramified
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involves two active sites. The synthesis occurs by addition of glucosyl residues to the 
reducing end of a dextranyl chain that is covalently linked to the dextransucrase (Robyt et 
al. 1974; Robyt et al. 2008). The synthesis occurs in a two-catalytic-site insertion 
mechanism that involves a set of three conserved amino acids (Asp551, Glu589 and 
Asp662) in a single active site. The mechanism suggests that the glucosyl units of sucrose 
and the growing dextranyl chains are covalently linked to Asp551 and Asp662. Glu589 
donates a proton to the D-fructosyl group of sucrose and is in turn reprotonated by 
abstracting a proton from the C-6 hydroxyl group of the covalently linked D-glucosyl 
residue. The deprotonated glucosyl residue then launches a nucleophilic attack on the 
reducing end C-1 of the covalently linked dextranyl chains. The reaction continues until 
the dextranyl chain is transferred to water or an acceptor molecule, which terminates the 
polymerization process (Robyt et al. 2008). 
 
In contrast, Moulis et al. (2006) concluded that the synthesis is a semi-processive 
mechanism, involves a single active site, and that the glucosyl residues are added to the 
non-reducing end of a growing dextranyl chain. The initial phase of the reaction involves 
formation of oligosaccharides using sucrose and glucose as acceptor molecules. The 
oligosaccharides formed, especially with glucose as an acceptor (isomaltooligosacharides, 
IMO), are then elongated to form high molar mass dextrans (HMM). Moulis et al. (2006) 
maintain that sucrose acceptor reaction products are minor, whereas fructose is used as an 
acceptor at later stages of the synthesis when its concentration has increased (Moulis et al. 
2006). Recently, studies on a 117 kDa crystal structure of a glucansucrase fragment 
(GTF180-ΔN) from Lb. reuteri 180 have supported this non-reducing end growth 
mechanism (Vujicic-Zagar et al. 2010). The crystal structure confirmed that there was 
only one active site with no space for another covalently bound glucosyl residue or 
dextranyl chain (Vujicic-Zagar et al. 2010), which contradicts the mechanism proposed by 
Robyt et al. (2008). The native glucansucrase from this strain produces a dextran with 
69% α-(1→6) and 31% α-(1→3) linkages (van Leeuwen et al. 2008a). 
 
The above studies agree that, besides HMM dextran synthesis, the dextransucrases 
catalyze transfer of D-glucosyl residues from sucrose to the non-reducing end of mono- 
and oligosaccharide acceptors, such as glucose, fructose, maltose, isomaltose and sucrose, 
to form a series of oligosaccharide products. The disagreement, which still needs 
clarification, is whether the formation of HMM dextrans occurs by non-reducing or 
reducing end growth. Robyt et al. (1976) have further proposed that the acceptor reaction 
mechanism of the dextransucrase is also responsible for the formation of single unit 
branches in dextrans and the formation of elongated branches by transfer of dextranyl 
chains to acceptor dextran chains. Vujicic-Zagar et al. (2010) showed that maltose is held 
by GTF180-ΔN with its O6 pointing towards the catalytic site for the addition of α-
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(1→6)-linked glucosyl residues. When isomaltotriose was the acceptor, it was held in a 
different mode, whereby its O3 hydroxyl group was oriented towards the active site. The 
latter binding mode was therefore proposed to be responsible for the formation of α-
(1→3)-linked branches.  
 
While the formation of α-(1→3) branch linkages in dextrans from L. mesenteroides NRRL 
B-512F (Table 1) are formed at the same active site as the chain-extending α-(1→6) 
linkages (Robyt and Taniguchi 1976), the formation of α-(1→2) branch linkages occurs at 
a different active site. Fabre et al. (2005) showed that the dextransucrase of L. 
mesenteroides NRRL B-1299 (Table 1) has two catalytic domains: CD1 and CD2. CD1 is 
primarily responsible for α-(1→6)-D-glucopyranosyl linkages whereas CD2 synthesizes 
α-(1→2) branch linkages (Fabre et al. 2005). Dextrans can also be produced from 
maltodextrins by some Gluconobacter strains, which usually leads to the formation of α-
(1→4)-branched dextrans (Naessens et al. 2005). 

2.2.3 Dextran-hydrolyzing enzymes 

Several dextran-hydrolyzing enzymes with different specificities and modes of action are 
produced by bacteria, fungi and yeast. The enzymes have been utilized for various 
purposes such as enzyme-assisted structure elucidation and to partially hydrolyze dextrans 
for clinical purposes. The enzymes known to date are classified as endo-dextranases (EC 
3.2.1.11), glucan-1,6-α-D-glucosidases (EC 3.2.1.70), glucan-1,6-α-isomaltosidases (EC 
3.2.1.94), dextran-1,6-α-D-isomaltotriosidases (EC 3.2.1.95), and branched–dextran exo-
1,2-α-glucosidase (EC 3.2.1.115) (Khalikova et al. 2005). As reviewed by Khalikova et al. 
(2005), extracellular endo-dextranases from fungi are common and usually show a higher 
enzyme activity when compared to dextranases from bacteria and yeast. The most 
commonly studied fungal endo-dextranases are from the Penicillium species (Khalikova et 
al. 2005). The fungal dextranases hydrolyze polymeric dextran to glucose, isomaltose, 
isomaltotriose and larger isomaltooligosaccharides, some of which may contain non-α-
(1→6) linkages and are therefore resistant to further hydrolysis (Taylor et al. 1985). The 
endo-dextranases also hydrolyze isomaltooligosaccharides from the reducing end to 
release glucose. Hydrolysis of isomaltose is slow and may occur by initial condensation to 
isomaltotetraose then by hydrolysis to glucose and isomaltotriose (Khalikova et al. 2005).  
 
Glucan-1,6-α-D-glucosidases are exodextranases that release the reducing end glucosyl 
unit in a stepwise fashion from polymeric dextran and isomaltooligosaccharides. Glucan-
1,6-α-isomaltosidase (isomaltodextranase) and dextran 1,6-α-isomaltotriosidase 
(isomaltotriodextranase) are exodextranases that release isomaltose and isomaltotriose 
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from the non-reducing end of dextrans and isomaltooligosaccharides. A. globiformis T6 
isomaltodextranase is unique since it is also capable of hydrolyzing α-(1→2, 3, and 4) 
linkages to release isomaltose. A debranching exodextranase (branched–dextran exo-1,2-
α-glucosidase) that specifically releases α-(1→2)-linked glucosyl branches has been 
isolated from the Flavobacterium sp. strain M-73 (Khalikova et al. 2005).   

2.3 Structural analysis of dextrans  

A full description of the structural features of polysaccharides includes specification of the 
monosaccharide composition, anomeric configuration, ring conformation, sequence, 
linkages and molar mass (section 2.4). This usually requires an array of methods as shown 
in Figure 3.  
 

 

Figure 3. Methods used to determine the structural features of polysaccharides. 

Structural analysis of dextrans has been performed with chemical methods such as 
peroxidate oxidation and methylation analysis (Jeanes et al. 1954; Slodki et al. 1986), 
enzyme-aided structural analysis (Mitsuishi et al. 1984), 1D 1H and 13C NMR 
spectroscopy (Seymour et al. 1976; Seymour et al. 1979b; Cheetham et al. 1990), and with 
two-dimensional (2D) NMR spectroscopy (Duenas-Chasco et al. 1998). In the following 
sub-sections the most commonly used methods, methylation analysis and NMR 

Monosaccharide composition
•Depolymerization by acid/enzyme
hydrolysis or methanolysis
•GC/HPLC analysis
•NMR spectroscopy

Linkages
•NMR spectroscopy
(NOESY, ROESY, HMBC) 
•Methylation analysis
•Mass spectrometry

(structural segments)
•Enzyme-aided structure
analysis

Sequence
•NMR spectroscopy
(NOESY, ROESY, HMBC) 
•Mass spectrometry (structural segments)
•Enzyme-aided structure analysis

Configuration and 
conformation
•NMR spectroscopy
•Enzyme-aided
structure analysisSample

Molar mass
•HPSEC 
•FFF
•DOSY NMR
•Mass spectrometry
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spectroscopy, are reviewed. The potential of mass spectroscopy (MS) in studying the 
structures of dextrans is also discussed.  

2.3.1 Methylation analysis 

The principle of methylation analysis is first to label the free hydroxyl groups with an 
ether-linked methyl group. The permethylated sample is then hydrolyzed to free the 
hydroxyl groups involved in glycosidic linkages. The partially methylated 
monosaccharides are then derivatized into volatile molecules, in most cases by reduction 
and acetylation, for gas chromatography MS (GC-MS) analysis (Ciucanu and Kerek, 
1984). The methylation analysis products are identified according to their retention time 
and MS fragmentation patterns, and their intensities are used to approximate the relative 
amount of different linkages, branch-point residues and terminal residues (Mulloy et al. 
2008). However, quantification of methylation products should be handled with caution 
because incomplete permethylation of the sample under the reaction conditions used leads 
to erroneous results. Seymour et al. (1979a) showed that under-methylation selectively 
occurs at 3-hydroxyl groups in dextrans when using the Hakomori methylation procedure 
(Hakomori 1964), resulting in over-estimation of 3-O-monosubstituted glucosyl residues. 
Thus for dextrans, repeating the first permethylation procedure two or three times is 
recommended to ensure reliable results (Seymour et al. 1979a). Figure 4 shows a 
schematic structure containing the possible linkages in dextrans and Table 2 summarizes 
the methylation analysis products obtained from the residues. Although the linkages can 
be identified by methylation analysis, it does not provide information on the sequence of 
the linkages. For example, methylation analysis (Table 2) does not distinguish whether the 
2, 3, or 4–O-monosubstituted residues are interruptions of the main chain (residue C, 
Figure 4) or branches extended via α-(1→2, 3, or 4)-linked glucosyl residues (residues E).  
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Figure 4. Schematic structure showing all glucopyranosyl residues in different chemical 
environments (A-F, Table 2).  In addition to main chain α-(1→6)-linked residues, dextrans contain 
glucopyranosyl residues that are α-(1→x)-linked (where x=2, 3 or 4) occurring as internal 
monosubstituted residues or elongated branches (D and E) and as single unit terminal residues (F). 

Table 2. Anomeric proton signals (ppm) and methylation analysis products of glucopyranosyl 
residues in different chemical environments, in the schematic dextran shown in Figure 4. 

Residue Description Structure Methylation 
productsa δ 1H (ppm)b Reference to NMR data 

A Main chain residues →6)-α-D-Glcp-(1→6)- 2,3,4 4.96 - 4.99 Bounaix et al. 2009,  
van Leeuven et al. 2008a 

B Disubstituted residues 
→2,6)-α-D-Glcp-(1→6)- 3,4 5.17 - 5.18 Duenas-Chasco et al. 1998 
→3,6)-α-D-Glcp-(1→6)- 2,4 4.97 - 4.98 van Leeuven et al. 2008d 

→4,6)-α-D-Glcp-(1→6)- 2,3   

C 
Main chain interrupting  
residues with α-(1→2, 3 
or 4) linkages 

→2)-α-D-Glcp-(1→6)- 3,4,6   
→3)-α-D-Glcp-(1→6)- 2,4,6 4.96 - 4.99 van Leeuven et al. 2008a 
→4)-α-D-Glcp-(1→6)- 2,3,6 4.96 - 4.97 van Leeuven et al. 2008b 

D 
α-(1→2, 3 or 4)-linked 
residues elongated with 
α-(1→6)-linked residues 

→6)-α-D-Glcp-(1→2)- 2,3,4   
→6)-α-D-Glcp-(1→3)- 2,3,4 5.32 - 5.35 van Leeuven et al. 2008a 
→6)-α-D-Glcp-(1→4)- 2,3,4 5.38 - 5.40  van Leeuven et al. 2008b 

E α- (1→2, 3 or 4) 
elongated branches 

→2)-α-D-Glcp-(1→2)- 3,4,6   
→3)-α-D-Glcp-(1→3)- 2,4,6 5.37 - 5.39 van Leeuven et al. 2008c 
→4)-α-D-Glcp-(1→4)- 2,3,6 5.39 - 5.40 van Leeuven et al. 2008c 

F Terminal residues 

α-D-Glcp-(1→2)- 

2,3,4,6 

5.10 - 5.11 Duenas-Chasco et al. 1998 
α-D-Glcp-(1→3)- 5.35 - 5.36 van Leeuven et al. 2008c 
α-D-Glcp-(1→4)- 5.39 - 5.40 van Leeuven et al. 2008c 
α-D-Glcp-(1→6)- 4.96 - 4.97 van Leeuven et al. 2008c 

a -O-methyl-glucosides, bChemical shifts are average values from literature data. 

→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→6)α-Glcp(1→
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2.3.2 NMR spectroscopy 

 
NMR spectroscopy provides sufficient information to determine all the structural features 
of polysaccharides (Figure 3). The studies of Seymour et al. (1976-1980) can be credited 
for systematically laying the foundation for evaluating the NMR spectra of dextrans. Their 
general approach to dextran NMR spectra analysis can be summarized as follows: 
 

1. The spectra of native dextrans are composite spectra of individual glucopyranosyl 
residues in different chemical environments (Figure 4). Note that each 
underivatized glucopyranosyl residue has seven proton signals (H-1—H-6a & 6b, 
Figure 5) and six carbon signals (C-1—C-6). 

2. The anomeric region of native dextrans contains three types of resonance: the 
resonance of main chain residues and two minor resonances of equal intensity 
representing the branch point and the terminal residues. 

3. The relative intensity of the anomeric resonances is proportional to the amount of 
that residue in the native polymer. 

4. The more informative signals are from protons and carbons in the vicinity of the 
glycoside bond. 

5. The total number of branch points equals the total number of terminal residues. 
6. A neighboring group effect (e.g. for residues before and after a branch-point 

residue) may cause broadening or splitting of the affected residue. 
 

The 1H spectra of dextrans can be divided into two main regions: the anomeric region 
(4.4-5.5 ppm) and the bulk proton region (3-4.2 ppm) (Duus et al. 2000). The 13C spectra 
have four regions: a) the anomeric region (97-103 ppm), b) the 70-75 ppm region 
associated with unbound C-2—C-5, c) the region between 60-70 ppm for bound and 
unbound C-6, and d) the 75-85 ppm region where bound C-2—C-5 are found (Seymour et 
al. 1976). Thus, comparing regions b and d, glycoside bond formation causes a downfield 
displacement of about 10 ppm for the carbon involved. The effect of glycoside bonds on 
1H chemical shifts of each proton in α-glucans (H-1—H-6a & 6b) has been demonstrated 
in a comprehensive study by van Leeuwen et al. (2008c).  
 
The chemical shifts for individual glucopyranosyl residues can be assigned with 2D 
spectra that can include: double-quantum filtered correlation spectroscopy (DQF-COSY), 
total correlation spectroscopy (TOCSY), heteronuclear single-quantum correlation 
spectroscopy (HSQC), heteronuclear two-bond correlation spectroscopy (H2BC, Nyberg 
et al. 2005), and heteronuclear multibond connectivity (HMBC) spectra. 1D TOCSY or 
traces of each glucopyranosyl residue taken from 2D TOCSY spectra are particularly 
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useful for chemical shift assignment by evaluating the multiplicity of the signals from 
each residue. For glucopyranosyl residues, the anomeric protons appear as doublets (d) 
with a small coupling constant (3JH1, H2 ~3-4 Hz) for the α form (equatorial-axial 
configuration) and a large coupling constant (~7-8 Hz) for the β form (axial-axial 
configuration). H-2 in the α form appears as a typical doublet of doublets (dd) due to a 
small coupling to H-1 (axial-equatorial configuration) and a large coupling to H-3 (axial-
axial configuration). In the β form, the H-2 appears as overlapping doublets (dd), due to 
the large coupling constants to both H-1 and H-3 (axial-axial configuration). H-3 and H-4 
(both α and β forms) also appear as overlapping doublets (dd) due to large coupling 
constants (axial-axial configuration). H-5, H-6 a&b for both forms have a more complex 
pattern as they are coupled to more protons (Roslund et al. 2008). Figure 5 shows the 
multiplicity and assignment of the proton signals of the main chain α-(1→6)-linked 
glucopyranosyl residues in a typical dextran with a few α-(1→3) branches.  
 

 

Figure 5. Typical spectra of a dextran with a few α-(1→3) branches. The protons from the main 
chain α-(1→6) residues are assigned. HDO=residual water (Maina unpublished results). 

Determining the fine structural features from the NMR spectroscopy data of native 
dextrans is challenging because of the overlapping chemical shifts of glucopyranosyl 
residues in different environments (Table 2). For example, even though three anomeric 
resonances are expected in α-(1→3)-branched dextrans, the chemical shift of the 3,6-O-
disubstituted branch point residue is not observed since it overlaps that of main chain α-
(1→6)-linked residues. Furthermore, differentiating single unit and elongated α-(1→3) 
branches from the spectra of native dextrans is difficult as their anomeric signals cluster 
between 5.32 and 5.35 ppm (Table 2). Especially when the branch linkages are few, these 

H-2

H-4

H-1

H-3

H-5H-6b

H-6a

H-1
α-(1→3)

α-(1→6)

Anomeric protons Bulk region protons

HDO



 
 
 
 

25 

residues are best determined from the data of structural segments that can be produced by 
partial acid hydrolysis, Smith degradation or enzyme hydrolysis (Sidebotham 1974; 
Taylor et al. 1985; van Leeuwen et al. 2008a). An examination of 1D 1H spectra of 
dextrans with only single unit branches and those containing α-(1→3) branches elongated 
with α-(1→3)- or α-(1→6)-linked glucopyranosyl residues can be found in the study by 
Cheetham et al. (1990). Table 2 summarizes the anomeric proton chemical shifts for some 
of the possible glucosyl residues in dextrans.  

2.3.3 Potential of mass spectrometry  

 
Mass spectrometry (MS) has become an important tool for determining the structures of 
carbohydrates, especially protein-linked glycans. Nonetheless, it is still underutilized in 
the structural analysis of dextrans. MS cannot be used to study the structure of intact high 
molar mass (HMM) dextrans, but can be highly resourceful in the study of structural 
segments (glucooligosaccharides, GOS) derived from partial hydrolysis of native dextrans 
or in evaluating acceptor reaction products of glucansucrases. MS has successfully been 
used to study gluco-disaccharides (Garozzo et al. 1990; Spengler et al. 1990; Hofmeister 
et al. 1991; Zhang et al. 2008) and GOS with one type of glycosidic linkage, α/β-(1→4) or 
α-(1→6), or both α-(1→4) and α-(1→6) linkages (Pasanen et al. 2007; Usui et al. 2009; 
Yamagaki and Sato 2009; Čmelík and Chmelík 2010).  
 
Currently, the two main ionization techniques for MS analysis of carbohydrates are 
matrix-assisted laser desorption/ionization (MALDI) and electrospray ionization (ESI). 
The principles of these techniques and the application of MS in the structural analysis of 
oligosaccharides are reviewed by Zaia (2004). Combining liquid chromatography and MS 
detection with online electrospray ionization (ESI) or off-line matrix-assisted laser 
desorption/ionization (MALDI) is nowadays a routine procedure in analytical chemistry. 
In particular, developments in hydrophilic interaction liquid chromatography (HILIC) 
have significantly simplified online ESI-MS detection of oligosaccharides due to the 
utilization of MS-compatible eluents (Wuhrer et al. 2009). Thus, HILIC-ESI-MS is a 
powerful and prospective tool for LC-MS analysis of GOS mixtures. 

Carbohydrates can be ionized in positive mode as proton adducts or as metal adducts 
(sodium or lithium adducts), and in negative mode as deprotonated ions or with an anion 
(e.g. a chloride ion) adduct. MS-based structural analysis of oligosaccharides relies on 
evaluation of structure diagnostic fragment ions in the tandem MS (MS/MS) spectra. The 
MS spectra of oligosaccharides contain two types of fragments: glycosidic cleavage and 
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cross-ring cleavage that are usually named according to the formal nomenclature (Figure 
6) proposed by Domon and Costello (1988). The cross-ring cleavages (A-type fragment 
ions) of the reducing end residue are the most informative because they depend on the 
glycoside bond. The mechanisms for formation of these cross-ring cleavages have been 
demonstrated in various studies (Domon and Costello 1988; Spengler et al. 1990; 
Hofmeister et al. 1991).  

 

Figure 6. Schematic representation of a trisaccharide illustrating the nomenclature of fragment 
ions according to Domon and Costello (1988). The m/z values of lithium adduct ions and the ions 
isolated for MS2 and MS3 analysis to determine the (1→4) and (1→3) linkages, respectively, are 
shown. 

In MS/MS analysis, sodium or lithium adduct ions in positive mode and negative mode 
ions yield the cross-ring cleavages required for structure analysis. Protonated ions 
fragment via glycoside bond cleavage only and therefore do not provide linkage 
information. The glycosidic cleavages, however, provide information concerning the 
sequence and size of the monosaccharide building blocks (Geyer and Geyer 2006). 
Therefore in each MS/MS cycle the diagnostic cross-ring cleavages, originating from the 
reducing end unit in the isolated product ion (Figure 6), are used to establish the 
glycosidic linkage (Garozzo et al. 1990; König and Leary 1998; Chai et al. 2001). Since 
MS does not distinguish isomeric monosaccharide building blocks, the presence of native 
substituents, such as N-acetyl, O-acetyl, methyl or carboxylic groups in oligosaccharides 
is usually advantageous in MS/MS. The additional mass of the substituents not only 
reveals the sequence of the monosaccharide units, but also assists in distinguishing 
fragment ions that would otherwise be isomeric. Thus, MS/MS analysis of GOS is not 
straightforward, especially for large and branched GOS that usually lack such groups.  

Cross ring cleavages
give the 1→3 linkage

Cross ring cleavages
give the 1→4 linkage
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2.4 Physicochemical properties of dextrans  

The macromolecular properties of dextrans (weight average molecular weight (Mw), 
number average molecular weight (Mn), radius of gyration (Rg), hydrodynamic radius (Rh), 
intrinsic viscosity [η], and the second viral coefficient) have been studied by various 
groups (Senti et al. 1955; Nordmeier 1993; Wu, 1993; Ioan et al. 2000). The rheological 
properties have also been determined in several studies (Sabatié et al. 1988; Tirtaatmadja 
et al. 2001; Padmanabhan et al. 2003). Native dextrans have a broad molar mass 
distribution and have a typical Mw between 106—109 g/mol (Leathers 2002; Burchard 
2005).  
 
A general consensus among researchers is that the presence of long branches in dextran 
contributes significantly to their macromolecular and rheological properties, even if they 
are few (<5%) (Bovey, 1959; De Belder 1993; Ioan et al. 2000; Tirtaatmadja et al. 2001).  
In fact, Burchard (2005) notes that as molar mass increases, the hydrodynamic properties 
of dextrans approach that of compact hard spheres due to an increase in branching density. 
The molar mass dependence on Rg is shown in Equation [1] 
 
Rg=KMw

ν      [1] 
 
where K is a constant and the exponent ν is 0.33 for a hard sphere, 0.5 for a random coil in 
a theta solvent, 0.588 for a random coil in a good solvent and 1 for a rigid rod (Burchard 
1999). Typical ν values for dextran solution have been found to vary from 0.43-0.64 for 
HMM dextrans, indicating a random coil conformation. The lower ν values were for 
dextrans with more α-(1→3) branches that had a denser conformation (Irague et al. 2012). 
 
Similarly, the non-linear Kuhn-Mark-Houwink relationship between [η] and Mw of 
dextrans arises from an increase in the size and density of branches at HMM (De Belder 
1993; Tirtaatmadja et al. 2001). The molar mass dependence on [η] is shown in Equation 
[2]  
 
[η]= KMw

α      [2] 
  
where K is a constant, and the exponent α, reported in the literature, is between 0.43 and 
0.6 for dextrans with a Mw between 2000 and 105 g/mol and as low as 0.18 for highly 
branched dextrans (70 and 57% α-(1→6) linkages) (Tirtaatmadja et al. 2001).   
 
Varying rheological properties have been reported for different dextran preparations. 
Tirtaatmadja et al. (2001) found that dextrans with Mw as high as 2.0 × 106 g/mol show 
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Newtonian viscosity behavior even at concentrations of 30% w/v and have a high critical 
overlap concentration (c*) (Tirtaatmadja et al. 2001). The high c* (concentration at which 
dextran solutions transition from dilute to semi-dilute) indicates a compact structure and 
low [η]. Xu et al. (2009), however, found non-Newtonian behavior of a 5.2 × 105 g/mol 
dextran at a concentration of 30% w/v. Recently, Irague et al. (2012) found that HMM 
dextran preparations that ranged from 0.76 × 108 – 6.02 × 108 g/mol at 5% (w/v) displayed 
non-Newtonian shear thinning behavior. These conflicting results can be understood by 
considering the structural heterogeneity of dextran samples. At a specific concentration, 
while a dextran sample with long branches exhibits Newtonian viscosity behavior due to a 
compact structure, a dextran with the same molar mass but having single unit branches is 
less compact and thus shows non-Newtonian viscosity behavior at that concentration (Xu 
et al. 2009).  

2.4.1 Characterization of the macromolecular and rheological properties of 
dextrans  

The structure-function relationship of polysaccharides is deduced from understanding their 
structural, macromolecular and rheological properties (Figure 7). For dextrans, obtaining 
accurate data on these properties is not a straightforward task and can therefore lead to 
erroneous or inconsistent conclusions. Challenges in determining the structural properties 
of dextran have already been addressed.  
 
When determining the macromolecular and rheological properties of dextrans, a key 
challenge is the solubility of native HMM dextrans and the presence of aggregates in the 
solutions analyzed. Both water-soluble and insoluble dextrans have been isolated from a 
single strain and it has been proposed that the flexible α-(1→6) linkages in dextrans cause 
high water solubility while an increase in α-(1→3) linkages results in lower solubility 
(Naessens et al. 2005; Watanabe et al. 1980). However, solubility may also be reduced by 
lyophilization of the isolated sample. Dextrans are also soluble in organic solvents, such as 
dimethyl-sulfoxide (DMSO), N,N-dimethylacetamide (DMA) and formamide (Heinze et 
al. 2006). Organic solvents, such as DMSO, are commonly used in the analysis of other α-
glucans such as starch, due to their non-aggregative nature and better solubilization 
properties. DMSO solutions still require some salt (e.g. LiCl) to aid dissolution and to 
prevent aggregation due to hydrogen bonding (Schmitz et al. 2009).  
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Figure 7. Properties required when determining the structure-function relationship of 
polysaccharides.  

Another key challenge is the multi-dimensional distribution of native dextrans. Like other 
complex branched polysaccharides (polysaccharides with an irregular branching structure) 
such as amylopectin, dextrans not only have a molar mass distribution, but may also have 
a distribution in the density and length of branch chains (Figure 8) (Gidley et al. 2010; 
Vilaplana and Gilbert 2010). Thus, when dextrans are separated according to their 
hydrodynamic volume (Vh) (e.g. in high performance size exclusion chromatography, 
HPSEC), each Vh can represent a heterogeneous group of dextran molecules with different 
Mw that vary in length and branch density. This effect in HPSEC analysis has been 
referred to as ―imperfect resolution‖, ―structural polydispersity‖ or ―local polydispersity‖ 
(Vilaplana and Gilbert 2010).  
 
The methods used to study the solution properties of dextrans include light scattering (LS) 
(Senti et al. 1955; Nordmeier 1993; Wu 1993), analytical ultracentrifugation (Setford 
1999), HPSEC, and asymmetric flow field-flow fractionation (AsFlFFF) (Wittgren and 
Wahlund 1997; Ioan et al. 2000). After separation by e.g. HPSEC, the macromolecular 
properties of dextrans are usually determined with a combination of concentration-
sensitive (differential refractometer) and molecular-weight-sensitive detectors (LS and/or 
viscometer detectors) (Mourey 2004). In HPSEC analysis of dextrans, Ioan et al. (2000) 
found that large molecules may drag through the column and co-elute with low molar 
mass (LMM) molecules. Since the large molecules dominate the LS signal, the accurate 
macromolecular parameters for the LMM fractions cannot be determined. Studies also 
show that HMM polysaccharides such as dextrans can degrade during HPSEC separation 
due to shearing (Cave et al. 2009; Striegel et al. 2009). Thus alternative methods, such as 
hydrodynamic chromatography and column-free field-flow fractionation, may be a better 
option (Gaborieau and Castignolles 2011).  
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Figure 8. Schematic representation of the three distribution dimensions (size, branch length and 
branch density) of native dextrans 

2.4.1 Diffusion-ordered NMR spectroscopy (DOSY) 

NMR spectroscopy can also be used to determine the molar mass and Rh of dextrans by 
using the DOSY experiment. DOSY has been proposed as a versatile tool for estimating 
the molar mass and Rh of uncharged polysaccharides (Viel et al. 2003). As Nilsson (2009) 
points out, the term DOSY refers to a method for processing and displaying pulse field 
gradient (PFG) diffusion NMR data that results in a 2D plot with chemical shifts in one 
dimension and self-diffusion coefficients (D, m2s-1) in the other. The key features of a 
DOSY experiment shown in Figure 9 are briefly described here. A thorough evaluation of 
the DOSY experiment is provided in the review by Johnson (1999).  
 

Size distribution

Branch length distribution

Branch density distribution
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Figure 9. Schematic representation of the main components of a basic DOSY experiment. The 
NMR sample tube is divided into four slices and the effect of the pulse sequence on the spins at 
each stage of the experiment is shown in a,b,c and d/e. rf is the radio frequency pulse and g is the 
gradient pulse along the z-axis.  

In a basic DOSY experiment (Figure 9), a 90° pulse is first applied to place the net 
magnetization in the xy plane and the phase of the spins is coherent (Figure 9b). A field 
gradient pulse is then applied along the z-axis. During this gradient pulse, a spatially 
varying magnetic field is created along the z-axis (in this example), which causes a 
variation of Larmor frequencies along this axis (Figure 9c). This is the encoding gradient 
as it labels the position of the spins (spins at a specific position along the z-axis will 
acquire a specific phase angle during the gradient pulse due to spatially different Larmor 
frequencies). The system is then allowed to evolve for a specific period Δ, during which a 
180° pulse is specifically applied at Δ/2. During Δ, the diffusion will alter the spatial 
location of spins along the z-axis depending on their D. This period is therefore called the 
diffusion time. Diffusion along the x- and y-axes also occurs but can be ignored in this 
example, because the diffusion encoding and decoding gradients are applied along the z-
axis. At the end of the period, a decoding gradient pulse is applied to refocus the spins. If 
diffusion does not occur during Δ, the spins are perfectly refocused and the maximum 
signal is obtained during acquisition (Figure 9d). However, if diffusion occurs during Δ, 
the refocusing is not perfect and the signal obtained during acquisition is diminished 
compared to the maximum signal (Figure 9e). Equation [3] defines the signal attenuation 
due to diffusion for this pulse sequence:  

 

encoding
gradient

∆ Decoding
gradient

δ
g

90 x 180 y

rf

g

a b c e

diffusion

d

or



 
 
 
 

32 

I=I0exp[-Dγ2g2δ2(Δ- δ/3)-R]     [3]
       
where I is the intensity of the signal, I0 is the equilibrium magnetization intensity, D is the 
self-diffusion coefficients (m2s-1), γ is the gyromagnetic ratio of the spins (rad T-1s-1), g is 
the gradient pulse (T m-1) along a particular axis (z-axis in Figure 9), δ is the duration of 
the gradient pulse (s), Δ is the diffusion time, and R is a constant that takes nuclear 
relaxation into account (Antalek, 2002). Most DOSY experiments are carried out by 
varying the strength of the gradient pulse g in a number of steps to ensure that the sample 
signals decay by at least 95% of the maximum signal (Figure 10). δ or Δ can also be 
varied in DOSY experiments. Artifacts in DOSY spectra can arise from eddy currents, 
gradient field non-uniformity and convection currents. Several pulse sequence 
modifications and measurement setups to minimize their effects have been proposed as 
reviewed by Antalek (2002). The effects of gradient field non-uniformity and signal 
attenuation due to convection currents can also be reduced by restricting the sample 
volume to the section of the probe with the most uniform gradient field and efficient 
temperature control (Antalek 2002). 
 
 

 

Figure 10.  1H spectra of a dextran sample recorded with increasing gradient strengths. The 
anomeric signal of the main chain α-(1→6)-linked glucosyl residues in dextrans and residual water 
signal (HDO) are shown. The HDO signal decays faster than the signal from dextran because it 
diffuses faster, i.e. has a larger self-diffusion coefficient. The spectra were recorded at 600 MHz at 
300K in D2O. The strength of the gradient pulse (g) was varied from 2-95% of the maximum value 
in 30 steps. I is the intensity of the signals (Maina unpublished results). 

By calibrating the diffusion dimension with structurally similar standards, DOSY can be 
used to determine the Mw of polymers (Chen et al. 1995; Politi et al. 2006; Barrère et al. 
2009) according to equation [4]:  

HDO
Dextran 

g

I
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D=KMW
α          [4] 

 
where K and α are scaling parameters that depend on the molecular architecture of the 
polymer, the viscosity of the solvent, and the temperature (Barrère et al. 2009). D is 
related to Rh by the Stokes-Einstein Equation [5]: 

 
D=kT/6πηRh                                                                    [5] 

 
where k (J K-1) is the Boltzmann constant, T is the temperature (K), and η (P) is the 
solvent viscosity.  DOSY is advantageous since it is non-destructive and the same sample 
can be used for structural analysis. Furthermore, the experiment is carried out on a 
conventional NMR spectrometer and is therefore a suitable alternative where equipment 
such as HPSEC or AsFlFFF is not available.  

2.5 Application of dextrans  

Commercially produced dextran is used for various purposes in its native or chemically 
modified form. Native dextrans are used in clinical applications as blood-plasma 
substitutes. For this purpose, the optimum dextran should have low antigenicity, a 
molecular weight between 40 000 and 100 000 g/mol, and a high number of α-(1→6) 
linkages (Robyt 1986; Naessens et al. 2005). Dextran from L. mesenteroides B-512F has 
been widely used in this application since it is mainly composed of α-(1→6) linkages 
(95%). Native dextrans of different molecular weights serve as standards for size 
exclusion chromatography and as ingredients in cosmetics, bakery, and frozen dairy 
products (Heinze et al. 2006). The production of functional polymers by chemical 
modification of dextrans has been reviewed (Heinze et al. 2006). Dextran derivatives 
include cross-linked dextrans used in the production of Sephadex columns and bioactive 
dextran derivatives such as dextran sulfates and phosphates (Heinze et al. 2006). 
Currently, interest in dextran-producing strains and their respective dextransucrases for the 
production of prebiotic GOS is growing (Remaud-Simeon et al. 2000; Chung and Day 
2002). 

2.6 Potential of dextrans in sourdough bread 

According to Waldherr and Vogel (2009), the functionality of dextrans and other 
hydrocolloids in dough and bread is related to two factors: the alteration of the dough‘s 
water-binding capacity and the interaction of hydrocolloids with dough components such 
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as gluten and starch. The increase in dough yield due to the water-binding capacity of 
HMM dextrans improves the freshness of the bread produced (Vandamme et al. 1997, 
Lacaze et al. 2007). By interacting with the dough gluten network, dextrans improve 
dough stability and gas retention. Dextrans also improve other dough parameters such as 
development time, consistency, strength and elasticity (Waldherr and Vogel 2009). 
Improvement of dough parameters is reflected in the final bread product as better bread 
volume, texture, mouth feel and crumb structure. By addition of 1-3% DW dextran in 
bread dough, Bohn (1961) reported 20% greater bread volume than in a control with no 
dextran. Lacaze et al. (2007) reported a 12% bread volume improvement in rye mixed 
bread containing dextran. Dextrans at a level of 5 g/kg have been shown to improve the 
viscoelastic properties of dough and the volume of the final breads more effectively than 
the same level of added fructans or reuterans (Tieking and Gänzle 2005). The effect of 
dextrans in sourdough bread seems to be affected by the molar mass and degree of 
branching of the dextrans utilized. Vandamme et al. (1997) and Lacaze et al. (2007) 
maintain that HMM linear dextrans are more efficient in improving bread volume than 
HMM highly branched dextrans.  
 
Dextrans can be added to the bread recipe in two ways, ex situ as purified additives or by 
in situ production during sourdough fermentation. In situ production, which entails the 
addition of sucrose (commonly 10-15% DW) to the sourdough recipe, is more favorable 
since other metabolites produced during fermentation can improve the flavor, shelf life 
(antistaling and antimicrobial agents) and nutritional properties of the bread (Table 3) 
(Katina 2005). Although moderate acidification during fermentation has a positive effect 
on flavor, it has been shown that very intensive acidification can counterbalance the 
benefits of EPS produced in situ (Kaditzky et al. 2008). As reviewed by Arendt et al. 
(2007), acids increase the solubility of proteins and enhance the unfolding of gluten 
proteins, which subsequently leads to disentanglement and weakening of the gluten 
network.  
 
Thus, successful utilization of sourdough entails optimization of both EPS production and 
other biochemical processes that take place during fermentation. Kaditzky and Vogel 
(2008) showed that more dextran was produced by Lactobacillus reuteri TMW 1.106 
when the dough yield (DY) was high (DY 500 compared to DY 220), when the pH was 
regulated at the optimal pH for dextran synthesis, and when sucrose was replenished in a 
fed-batch fermentation. Dextran production was also fast and efficient when rye bran was 
added to the fermentation mixture (Kaditzky and Vogel 2008).  
 
 
 



 
 
 
 

35 

 

Table 3. Impact of the sourdough biochemical process on the final bread 

Sourdough Final bread 
Biochemical process (Improvements) 

Acidification Flavor, specific volume, texture 
Production of volatile compounds Flavor 
Dietary fiber modification Nutritional value 
Proteolysis Specific volume, flavor 
EPS production (e.g. dextran) Specific volume, texture, retardation of staling  
Production of antimicrobial compounds Shelf life 
 
While the addition of dextran ex situ ensures consistency in the added amount for a 
positive impact on bread properties, an efficient method to ascertain the day-to-day 
reliability of in situ production is required. In most studies, dextrans in sourdough have 
been investigated by comparing the monosaccharide composition of water-extractable 
polysaccharides from sourdoughs with that of control samples that are, for example, 
fermented with strains that do not produce dextran (Korakli et al. 2001; Tieking et al. 
2003; Di Cagno et al. 2006; Kaditzky and Vogel 2008). This method is unspecific and 
prone to error arising from the high glucose background from starch and 
maltooligosaccharides, as well as changes in the water-solubility of flour polysaccharides 
during sourdough fermentation. Furthermore, the water-solubility of dextrans varies 
depending on their structure, as discussed in section 2.4.1. Thus, a more efficient method 
is needed for evaluating the content of dextrans produced in situ during sourdough 
fermentation. An overview of the amount of HoPS produced by various strains during 
sourdough fermentation is provided in Table 4. 
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Table 4. Amount of HoPS produced in situ during sourdough fermentation  

Strain 
 

Sourdough  Sucrose 
g/kg DW 

HOPS HOPS 
g/kg DW 

Yield %e Reference 

Lb. sanfranciscensis 
LTH2590 

Wheata  120 Fructan 2.0 3.3 Tieking et al. 2003 

Lb. frumenti TMW 1.103 Wheatb  120 Fructan 0.3 0.5  
Lb. frumenti TMW 1.660 Wheat b  120 Fructan 1.0 1.7  
Lb. frumenti TMW 1.669 Wheat b 120 nd 0.7 1.2  
Lb. pontis TMW 1.675 Wheat b 120 nd 0.4 0.7  
Lb. reuteri TMW 1.106 Wheat b 120 nd 1.0 1.7  
W. cibaria WC4 Wheata 160 Dextran 2.5 3.1 Di Cagno et al. 2006 
Lb. sanfranciscensis 
LTH2590 

Wheata 100 Levan 5.2 10.4 Kaditzky et al. 2007 

Lb. reuteri TMW 1.106 Wheatb 100 Glucan 6.2d 13.6 Kaditzky et al. 2008 
W. cibaria 10M Sorghumc 150 Dextran 0.6 0.8 Schwab et al. 2008 
Lb. reuteri LTH5448 Sorghumc 150 Levan 1.6 2.1  
Lb. sanfranciscensis 
LTH2590 

Wheata 150 Levan 2.2 2.9 Galle et al. 2010 

W. cibaria MG1 Sorghuma 150 Dextran 8.0 10.7  
Wheata 150 4.7 6.3  

W. kimchii F28 Sorghuma 150 Dextran 4.3 5.7  
Wheata 150 0.8 1.1  

Fermentation carried out at a30°C for 24h, b37°C for 24h, and c35°C for 24h, dcalculated as anhydroglucose 
from the highest amount (~38 mmol glucose/kg flour) produced by the strain after 24h fermentation (dough 
yield 500) eYield = the percentage of glucose or fructose in sucrose that is converted to HoPS. nd= not 
determined. 
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3 Aim of the study  

This study is based on the hypothesis that LAB with GRAS approval can produce EPS in 
situ during sourdough fermentation, which have beneficial effects on dough rheology and 
on the properties of the final bread.  
  
Based on this hypothesis, several questions can be asked:  
 

A. What are the potential EPS producers for sourdough applications? 
B. What are the structures of the EPS produced by the strains? 
C. What are the physicochemical properties of the EPS? 
D. How much EPS can a specific strain produce during the sourdough fermentation 

time? 
E. What are the critical factors for efficient EPS production?  
F. How are the structural and macromolecular properties of the EPS related to their 

functionality in sourdough applications? 
 
This thesis mainly addresses questions B, C and D. The aim of the study was to determine 
the structural and macromolecular properties of dextrans produced by potential strains, 
and to develop a method for determining the amount of dextran produced in situ during 
sourdough fermentation. Initial experiments included five Weissella and four L. citreum 
strains, from which W. confusa E392 and L. citreum E497 were chosen for more elaborate 
studies. 
 
The objectives of the study can be summarized as follows: 

1. To determine the fine structure of the dextrans produced by W. confusa E392 and 
L. citreum E497, which have high potential for sourdough application (I, II and 
III). 

2. To explore the prospects of MS in the analysis of structural segments produced 
from dextrans (III). 

3. To develop a quick method for screening the structural features of dextrans 
produced by potential strains (V). 

4. To determine the macromolecular properties of W. confusa E392 and L. citreum 
E497 dextrans (IV).  

5. To develop a method for quantification of the amount of dextran produced in situ 
during sourdough fermentation (V). 
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4 Materials and Methods 

This section gives a brief description of the materials and methods used to study the 
structure, macromolecular properties and in situ production of dextrans by strains with a 
potential application in sourdough. More details on the methods are presented in the 
original publications (I-V). A schematic summary of the methods used in relation to the 
objectives of this thesis (section 3) is shown in Figure 11. In the study, native dextrans 
were isolated for structure and macromolecular characterization. Dextran-hydrolysing 
enzymes were utilized to develop a method for profiling the structural variations in 
dextrans, to produce structural segments from the isolated dextrans and to estimate the 
amount of polymeric dextran and oligosaccharides produced during sourdough 
fermentation. 

 

 

Figure 11. Schematic summary of the methods used in relation to the objectives of this study 
outlined in section 3.  

4.1 Microbial strains and isolation of dextrans  

Initial studies included several prospective LAB strains chosen on the basis of preliminary 
investigations at the Technical Research Center of Finland (VTT), where tens of strains 
originating from sourdoughs, cereals and vegetables were screened for dextran production 
efficiency. The screening was done by growing the strains on De Man, Rogosa and Sharpe 
agar (Oxoid, Bsingstoke, UK) supplemented with 2% (w/v) sucrose (MRS-S), and on 
culture media based on wheat flour with 2% sucrose (w/v) to mimic the sourdough 
environment. The strains were grown at 30°C for 2-7 days and the prospective LAB 
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selected based on their ability to form slimy cell cultures in both media. The selected 
strains for this study included five Weissella strains and four L. citreum strains (Table 5). 
Structurally different dextrans from L. mesenteroides NRRL B-512F (95% α-(1→6) and 
5% α-(1→3) linkages, Larm et al. 1971) and L. mesenteroides NRRL B-1415 (86% α-
(1→6) and 14% (α-(1→4) linkages, Abbott et al. 1966), and a reuteran from Lb. reuteri 
ATCC 55730 (81% α-(1→4) and 19% α-(1→6) linkages, Kralj et al. 2005), were included 
for method development and comparison. 
 

Table 5. Microbial strains used in this study, their source and culture collection codes.  

Straina Other culture collection codes Source 
Lb. reuteri ATCC 55730   
L. citreum VTT E-93504T DSM 5577 

ATCC 49730 
NCDO 1837 

Honey dew of rye ear 

L. citreum VTT E-93497    Malting process 
L. citreum VTT E-91082    Processed oat 
L. citreum VTT E-90389  Split kernel of barley 
L. mesenteroides NRRL B-512F ATCC 10830A Root beer 
L. mesenteroides NRRL B-1415  VTT E-093126  
Weissella sp. VTT E-072748  Fermented bran 
W. cibaria VTT E-072749  Fermented bran 
Weissella sp. VTT E-072750  Fermented bran 
Weissella sp. VTT E-083076  Fermented bran 
W. confusa VTT E-90392 DSM20194   

NCDO1975 
Sour carrot mash 

aIn the text, strains from the VTT culture collections are abbreviated with the last three numbers 
and strains from the NRRL collection are abbreviated without NRRL, e.g. W. confusa VTT E-
90392 = W. confusa E392 and L. mesenteroides NRRL B-512F = L. mesenteroides B-512F.  
 
For structural analysis the native dextrans and reuteran were isolated after incubation of 
the strains for 5 days on MRS-S agar at 30°C in a carbon dioxide atmosphere. The cell 
mass was carefully harvested from the plates and suspended in 100-450 ml of sodium 
phosphate buffer saline. The suspensions were shaken for 10 min and allowed to stand for 
30 min before centrifugation at 10 000 rpm for 40 min using a Sorvall RC-5C centrifuge 
(Du Pont Company, Delaware, USA) to separate the cells. Supernatants were collected 
and centrifuged again under the same conditions. Dextrans were recovered from the 
supernatant by precipitation with three volumes of ethanol. The precipitates were washed 
at least twice by redissolving and reprecipitation. The final precipitates were then 
redissolved in water and vacuum dried or lyophilized prior to further analysis. The native 
dextran isolated from L. mesenteroides B-512F was only sufficient for NMR spectroscopy 
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analysis. Other studies were therefore carried out with a commercially available dextran 
(GE Healthcare, Uppsala, Sweden) from this strain. 

4.2 Monosaccharide composition analysis (I) 

W. confusa E392 and L. citreum E497 dextrans were depolymerized by acid methanolysis 
(2 M HCl in methanol) and the monosaccharides trimethylsilylated according to the 
method of Sundberg et al. (1996). A five-point calibration curve was prepared using D-
glucose that was also acid methanolized and derivatized as for the samples. The 
trimethylsilylated glucosides were analyzed by gas chromatography (GC). The 
monosaccharides were calculated as anhydro-glucose using a correction factor of 0.90.  

4.3 Enzyme-aided analysis of the dextrans (II and V) 

Commercially available dextran-hydrolyzing enzymes were employed in this investigation 
for a three-fold purpose: First, to develop a quick method for screening the structural 
features of dextrans by chromatographic profiling of enzyme-resistant oligosaccharides. 
Second, since the resistant oligosaccharides are structural segments of the native dextran, 
determination of their structures provided further details on the fine structure of the 
dextrans. Third, the enzymes were utilized to develop a quantitative assay to determine the 
amount of dextran produced in sourdough. Preliminary studies were also carried out to 
qualitatively and quantitatively determine the oligosaccharides produced by 
dextransucrase acceptor reactions with the maltose present in sourdough. 

 
The enzymes used included Chaetomium erraticum dextranase from Sigma-Aldrich, 
(Germany) and Aspergillus niger α-glucosidase from Megazyme (Ireland). The enzymatic 
activity of the dextranase (195 808 nkat/ml) was determined using a similar method to the 
one used for β-glucanase activity (Zurbriggen et al. 1990). The activity of the α-
glucosidase (16 670 nkat/ml) was provided by the manufacturer. An α-glucosidase from 
Bacillus stearothermophilus (Megazyme, Ireland), which only has activity towards α-
(1→4) linkages, was also included in the study of dextransucrase acceptor products. 

4.3.1 Chromatographic profiling of the dextrans (II and V) 

Dextran solutions (3-5 mg/ml) in 0.05 mM sodium citrate buffer pH 5.5 were prepared 
and hydrolyzed with 10 000 nkat/g dextranase and 1 000 nkat/g A. niger α-glucosidase for 
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48 h at 30ºC. The reaction was terminated by placing the samples in a boiling water bath 
for 10 min, after which the profile of residual oligosaccharides in the hydrolysate was 
determined by high-performance anion exchange chromatography with pulse 
amperometric detection (HPAEC-PAD). To study the action of the enzymes, W. confusa 
E392 dextran was hydrolyzed with both enzymes and with dextranase only. During the 
hydrolysis, 1 ml samples were collected after 10 min, 0.5, 1, 2, 4, 6, 8, and 24 h, for 
HPAEC-PAD analysis.  

4.3.2 Preparation and isolation of enzyme-resistant oligosaccharides (II) 

The enzyme-resistant oligosaccharides from W. confusa E392, L. citreum E497 dextrans 
and commercial dextran from L. mesenteroides B-512F (referred to henceforth as 
commercial dextran) were isolated for structural analysis. For this purpose, 0.5 g of W. 
confusa E392 and L. citreum E497 dextrans, and 1 g commercial dextran were dissolved in 
15 ml buffer and hydrolyzed with both enzymes for 48 h at 30ºC. Subsequently, the 
enzyme-resistant oligosaccharides in the hydrolysates were fractionated by gel permeation 
chromatography (GPC) with a Biogel P2 column (5 × 95 cm; Bio-Rad, Hercules, CA, 
USA). The hydrolysates were first filtered with 0.45 μm membrane filters (Acrodisc 13, 
Pall Corporation, Ann Arbor, Michigan, USA) and injected into the column. The flow rate 
was first kept at 0.5 ml/min overnight to elute the void volume (600 ml), then adjusted to 2 
ml/min for collection of 5 ml fractions. The fractions were analyzed to access their 
composition by HPAEC-PAD. Similar fractions were pooled and freeze-dried for further 
analysis by MS and NMR spectroscopy.  

4.3.3 Development of an enzyme-aided assay for dextran quantification (V) 

In order to determine the amount of dextran produced during sourdough fermentation, an 
enzyme-aided assay was developed. The strategy was to specifically hydrolyze dextran 
and then quantify the released glucose.  
 
Model dough 

 
In the first step of the method development, pure dextran from W. confusa E392 was 
mixed with wheat flour and water to evaluate the recovery of dextran from a complex 
dough matrix. The model doughs were prepared by mixing flour, purified dextran (1.3-
1.5% DW) and water. The doughs were then freeze-dried and homogenized. The 
procedure for hydrolysis (Figure 12) of the dextran was similar to the one used in the 
analysis of β-glucan (Megazyme, Ireland). In this procedure, the samples are first washed 
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with aqueous ethanol (50% v/v) to remove free sugars and maltooligosaccharides. A 
sample, hydrolyzed with α-glucosidase only, was nonetheless included for correction of 
background glucose. The glucose released from dextrans was quantified with a 
commercial glucose kit (K-GLUC, Megazyme, Ireland).  
 

 

 

Figure 12. Schematic representation of the procedure used for quantification of dextrans in model 
dough and sourdoughs. In the calculation, 0.9 is a correction factor for anhydro-glucose and 2 is a 
correction factor determined from the recovery of dextran added to model doughs. 

Sourdoughs 
 

Eight different sourdough samples (Table 6) were prepared as described in paper V. The 
sourdoughs were divided into two series: one fermented for 24 h (24 h series) and the 
other fermented for 17 h (17 h series). In the 24 h series, sourdoughs fermented with Lb. 
brevis that does not produce dextran, and a sourdough fermented with W. confusa E392 
without the addition of sucrose, were used as negative controls. In the 17 h series, the 
effect of static or dynamic (horizontal shaking) growth conditions on dextran production 

Weigh 100 mg flour and add 3 ml aqueous ethanol. Place in a 
boiling water bath for 5 min

Vortex and add 3 ml aqueous ethanol and centrifuge (10 000 g, 
10 min)

Discard supernatant and re-suspend pellet in 5 ml aqueous
ethanol and centrifuge

Discard supernatant and suspend pellet in  4.5 ml sodium citrate
buffer (pH 5.5)

Place sample in a boiling water bath for 2 min, vortex and  heat
for another 3 min. Allow solutions to cool before adding enzymes

Sample A
Add 10 000 nkat/g dextranase
and 1000 nkat/g glucosidase

Adjust volume to 5 ml and hydrolyse samples for 48 h at 30  C. 
Placing samples in a boiling water bath for 10 min

Glucose analysis using a commercial glucose kit

Sample B
Add 1000 nkat/g glucosidase
only (background glucose) 

Dextran content

 100(GlcA-GlcB) mg/ml  5 ml  0.9  2
100 mg 
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was tested. In this series, L. mesenteroides B-512F sourdough was included for 
comparison and a W. confusa E392 sourdough that did not contain sucrose was used as a 
negative control. The sourdough samples were freeze-dried and homogenized, after which 
the content of dextran was determined in the same way as the freeze-dried model doughs 
described above (Figure 12). The enzyme dosages used for the sourdough samples were 
similar to those of the purified dextrans. Since the sourdoughs contained 10% (DW) 
sucrose, the theoretical maximum amount of dextran that could be produced during 
fermentation is 5% (50 g / kg flour). Thus the dosages of dextranase and α-glucosidase 
were 500 and 50 nkat/g of freeze-dried sourdough, respectively.  

 

Table 6. Sourdough samples used for quantification of dextrans produced in situ during 
fermentation (paper V). 

Sourdough Strains Incubation Sucrose Fermentation 
time (h) 

EPS 

1 W. confusa E392 Static None 24 - 
2 W. confusa E392 Static 10% 24 + 
3 Lb. brevis Static None 24 - 
4 Lb. brevis Static 10% 24 + 
5 W. confusa E392  Static None 17 - 
6 W. confusa E392 Static 10% 17 + 
7 W. confusa E392 Shakinga  10% 17 + 
8 L. mesenteroides B-512F Static 10% 17 + 

aHorizontal shaking at 150 rpm. 

4.3.4 Preliminary studies on dextransucrase acceptor reaction products in 
sourdough 

The formation of oligosaccharides due to the dextransucrase acceptor reaction with 
maltose in sourdough was evaluated by HPAEC-PAD analysis. For this preliminary study 
only sourdough 2 (Table 6) was used. The freeze-dried sourdough sample was treated as 
shown schematically in Figure 13. After suspending the samples in buffer, polymeric 
dextran was removed by filtration using Amicon Ultra-0.5 centrifugal filters (cut-off 100 
000 g/mol, Millipore, USA) and the solutions analyzed by HPAEC-PAD. To identify the 
oligosaccharides that contained α-(1→6) linkages, a filtered solution was hydrolyzed with 
dextranase only and its HPAEC-PAD profile evaluated. These oligosaccharides were 
further quantified by analysis of glucose released after hydrolysis with both dextranase 
and A. niger α-glucosidase, using the glucose kit. Additionally, a sample was hydrolyzed 
with B. stearothermophilus α-glucosidase for correction of glucose originating from 
maltooligosaccharides. 
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Figure 13. Scheme for qualitative and quantitative evaluation of oligosaccharides produced during 
sourdough fermentation. In the calculation, 0.9 is a correction factor for anhydro glucose. 

4.4 HPAEC-PAD analysis (II and V)   

The HPAEC-PAD equipment consisted of a Waters 717 autosampler, two Waters 515 
HPLC pumps, an analytical CarboPac PA-100 column (250 x 4 mm, i.d, Dionex, 
Sunnyvale, CA, USA) and a Decade detector with a gold electrode (Antec Leyden, 
Zoeterwoude, The Netherlands). The analyses were carried out using the oligosaccharide 
method with a 100 mM NaOH to 1 M NaOAc gradient at a flow rate of 1 ml/min as 
described by Rantanen et al. (2007). Glucose (Merck, Darmstadt, Germany), isomaltose 
(IM2) and isomaltotriose (IM3, TCI Europe, Zwijndrecht, Belgium) were used as external 
qualitative standards. The samples were filtered through 0.45 μm membranes and the 
injection volume was 10μl. 

Weigh 100 mg flour and add 5 ml sodium citrate buffer (pH 5.5) 

Place in a boiling water bath for 5 min, vortex and centrifuge at 10 000 
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4.5 Methylation analysis (II) 

Methylation analysis was performed on enzyme-resistant oligosaccharides isolated after 
hydrolysis of commercial dextran according to the method of Ciucanu and Kerek (1984) 
with some modifications. Briefly, after permethylation, the samples were extracted with 
dichloromethane. The dichloromethane phase was evaporated and the samples dried under 
vacuum before hydrolysis with 2 M TFA for 2 h at 120ºC. The partially methylated 
glucosides were reduced and acetylated as described by Blakeney (1983). The methylation 
products were identified by GC-MS with a Hewlett-Packard 6890 instrument with an RTX 
column (60 m × 0.32 mm × 0.10 μm) (Agilent Technologies, Foster City, CA, USA). The 
analysis conditions were 170ºC (10 min) and a gradient from 4ºC/min to 200ºC (10 min). 

4.6 Mass spectroscopy (II and III) 

 
MS was carried out to determine the molar mass and structure of residual oligosaccharides 
isolated after enzymatic hydrolysis of W. confusa E392 and L. citreum E497 dextran. A 
comprehensive study was undertaken to first evaluate the possibilities of using MS to 
unequivocally determine the structures of GOS. The study therefore included several 
model GOS, mannobiose and two galactooligosaccharides as summarized in Table 7. 
Mass spectrometry was carried out with an Agilent 1100 Series LC/MSD Ion Trap XCT 
Plus with an electrospray ion source (Agilent Technology, Palo Alto, CA, USA). Prior to 
MS/MS analysis, 2-10 µl of each oligosaccharide (1-2 mg/ml) was mixed with 400 μl of 
MeOH:water:formic acid (50:49:1) solution (Reis et al. 2003). Additionally, 1-3 μl of 10 
mg/ml lithium acetate (positive mode) or ammonium chloride (negative mode) was added 
to the samples. Samples were directly injected into the ESI unit at a flow rate of 10 μl/min. 
Before injection of each sample, the system was thoroughly cleaned by injecting an 
isopropanol:water (50:50) solution followed by methanol. 
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Table 7. Structure and origin of commercial model oligosaccharides used in the study. 

 Oligosaccharide Structure 
 Disaccharides  
1 Mannobiose α-D-Manp-(1→2)-D-Mana 

2 Nigerose α-D-Glcp-(1→3)-D-Glcb 

3 Laminaribiose β-D-Glcp-(1→3)-D-Glcc 

4 Maltose α-D-Glcp-(1→4)-D-Glcd 

5 Cellobiose β-D-Glcp-(1→4)-D-Glcd 
6 Isomaltose α-D-Glcp-(1→6)-D-Glce 

 Trisaccharides   
7 Maltotriose α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-D-Glcb 
8 Isomaltotriose α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-D-Glce 
10 Panose α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-D-Glce 
11 Galactotriose α-D-Galp-(1→3)-β-D-Galp-(1→4)-D-Gala 
12 β-Glucotriose β-D-Glcp-(1→4)-β-D-Glcp-(1→3)-D-Glcc 
 Tetrasaccharides   
13 Galactotetrose α-D-Galp-(1→3)-β-D-Galp-(1→4)-α-D-Galp-(1→3)-D-Gala 
14 β-Glucotetraose 1 β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→3)-D-Glcc 
15 β-Glucotetraose 2 β-D-Glcp-(1→4)-β-D-Glcp-(1→3)-β-D-Glcp-(1→4)-D-Glcc  
16 Maltotetraose α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-D-Glcb 
17 Cellotetraose β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-β-D-Glcp-(1→4)-D-Glcb 
Manufactured by aDextra Laboratories, Reading, England, b Sigma-Aldrich Chemie, Steinheim, 
Germany, cMegazyme, Wicklow, Ireland, dMerck, Darmstadt, Germany, eTCI Europe, Zwijdrecht, 
Belgium. 

4.7 NMR spectroscopy (I, II and III) 

The structures of the polymeric dextrans and residual oligosaccharides were determined 
by NMR spectroscopy (I-III). The data were recorded on a Varian Unity 500/600 
spectrometer (Varian NMR Systems, Palo Alto, CA, USA) using 5 mm triple-resonance 
pulsed-field gradient (PFG) probes. NMR samples were exchanged three times with D2O, 
filtered and then placed in NMR tubes (Wilmad NMR tubes, 5 mm, ultra-imperial grade, 
Aldrich Chemical Company, Milwaukee, WI, USA). The measurements were performed 
at 23°C (oligosaccharides) and 50°C (native dextran) and the chemical shifts were 
referenced to acetone (δH = 2.225 ppm and δC = 31.55 ppm). 1D experiments and 2D 
DQF-COSY, TOCSY, HSQC, HMBC, H2BC, HSQC-TOCSY and nuclear overhauser 
enhancement spectroscopy (NOESY) experiments were used for chemical shift 
assignment and determination of glucoside bonds. 
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4.8 Macromolecular characterization of W. confusa and L. 

citreum dextrans (IV) 

The macromolecular properties of W. confusa E392 and L. citreum E497 dextrans were 
analyzed by HPSEC, AsFlFFF and DOSY. Dextran standards with nominal Mw of 12 000 
–270 000 and 670 000 g/mol (Dx 12-Dx 670) from Fluka (Buchs, Switzerland) and 
standards with nominal Mw of 490 000, 3 500 000 and 11 900 000 g/mol (Dx 490-Dx 
11900) from Polymer Standards Service (Mainz, Germany) were used (IV).  

4.8.1 HPSEC and AsFlFFF 

 
The HPSEC and AsFlFFF equipment used in this study is described in detail in paper IV. 
The HPSEC analyses were performed in both aqueous (0.1 M NaNO3) and DMSO-based 
(DMSO + 0.01 M LiBr) eluents, while AsFlFFF was carried out in aqueous solution (0.1 
M NaNO3) only. The flow rate in both HPSEC systems was 1 ml/min. The eluents were 
analyzed with a refractive index (RI) detector (VE 3580, Viscotek Corp., Houston, USA), 
and a combined light scattering (LS) and viscometric detector (270 Dual Detector, 
Viscotek Corp.). The HPSEC data (molar mass, [η], and Rη = viscometric radius) were 
processed with OmniSEC 4.5 software (Viscotek Corp.). A dn/dc value of 0.1435 ml/g for 
dextrans in aqueous solution (Vink and Dahlstrom 1967) and 0.072 ml/g (Basedow et al. 
1978) for DMSO-based eluent were used. The concentration of the samples in aqueous 
solutions was 2 mg/ml and 3 mg/ml in DMSO. 
 
In the AsFlFFF analysis, an exponentially decaying cross-flow (exponent 0.2) starting at 2 
ml/min was used during separation while the detector flow was kept constant at 0.5 
ml/min for dextran standards. Excess solvent from the upper part of the channel was 
pumped out at 0.5 ml/min before the detector outlet to intensify the detector signals. For 
the isolated dextran samples with HMM, a starting cross-flow of 1.5 ml/min and a faster 
decay (exponent 0.1) were used. The detector flow was 1 ml/min. The eluents were 
analyzed with an RI detector (PN 3150, Postnova Analytics, Landsberg/Lech, Germany) 
and a multi-angle light-scattering detector (MALS) (Brookhaven Instruments Corporation, 
Holtsville, NY, USA). The injection volume was 50 µl for standards and 20 µl for 
samples. The solution concentration for the dextran standards was 2 mg/ml and the 
concentration for W. confusa E392 and L. citreum E497 dextrans was 1 mg/ml.  
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4.8.2 DOSY  

DOSY measurements were done to determine the self-diffusion coefficients D (m2s-1) of 
the dextran standards and samples, which were then related to Mw according to Equation 
[4]. The scaling parameters K and α were obtained by calibration with the dextran 
standards (nominal Mw ranging from 12 000 to 11 900 000 g/mol). D was also related to 
Rh by the Stokes-Einstein equation [5]. The experiments were performed in D2O on a 
Varian Unity INOVA 600 spectrometer equipped with a 5 mm triple-resonance gradient 
probe head, incorporating three-axis gradient coils capable of delivering gradient 
amplitudes up to 64 G/cm on the z-axis. DOSY measurements were carried out at 300K 
using dilute solutions (< 1 mg/ml) of the dextran standards and samples. The standards 
and samples were exchanged twice with D2O before analysis. Sample heights in the NMR 
tube were kept below 4 cm, and the experiments performed using the bipolar gradient 
pulse stimulated echo pulse sequences with convection compensation (BPPSTE-CC) 
(Jerschow and Müller 1997) to suppress the effects of eddy currents and especially the 
effect of convection currents. In all experiments, the gradient amplitude (g) was varied 
from 1% to 98% of the maximum in 30 steps with a total of 16 transients collected at each 
amplitude. The diffusion time (Δ) was kept constant (0.6 s), while the diffusion gradient 
pulse duration (δ) was optimized for each sample to ensure that, at the highest gradient, 
the signals decayed to at least 5% of the original intensity. Typical values for δ were 
between 1 and 6.5 ms. A 200 μs eddy current recovery delay was applied after each 
gradient. All experiments were done in triplicate. The NMR data was processed with the 
NPK algorithm (Delsuc and Malliavin 1998; Tramesel et al. 2007) incorporated in the 
NMRnotebook software (NMRtec, France) to obtain 2D DOSY spectra.  
 



 
 
 
 

49 

5 Results 

5.1 Isolation of the dextrans (I) 

Generally, the Weissella strains showed better growth and produced more dextran on 
MRS-S agar than the Leuconostoc strains. The cell mass from L. mesenteroides B-512F 
was more liquid, less viscous and easily dried on the media surface. Acid methanolysis (I) 
followed by GC analysis showed that the extracts from W. confusa E392 and L. citreum 
E497 contained 84.3 ± 4% and 83.6 ± 2% glucose, respectively. No other sugars were 
detected in the extracts.   

5.2 NMR spectroscopy analysis of the dextrans (I) 

All samples had a peak (E) for α-(1→6)-linked residues centered at δH 4.98 ppm (d, J1,2 
3.2 Hz). Furthermore, the spectra of the dextrans had a broad peak B (an apparent triplet) 
for α-(1→3)-linked branches centered at δH 5.32 ppm. The L. citreum strains had 
additional peaks at δH 5.18 ppm (C) and 5.11 ppm (D) assigned to the α-(1→2) single unit 
terminal branches and the 2,6-O-disubstituted α-D-glucopyranosyl units, respectively. Lb. 
reuteri ATCC 55730 had a broad peak centered at δH 5.36 ppm (A), which is most likely 
from α-(1→4)-linked glucosyl residues. The peak at δH 4.52 ppm in the spectra is from 
HDO. The 1D 1H spectra of dextrans from L. mesenteroides B-512F, W. confusa E392, L. 
mesenteroides B-1415, L. citreum E504, L. citreum E497 and Lb. reuteri ATCC 55730 are 
shown in Figure 14. The 1D 1H spectra of dextrans from the other Weissella strains were 
similar to that of W. confusa E392, while those of L. citreum E389 and E1082 were similar 
to that of L. citreum E497.   
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Figure 14. 1D 1H spectra of dextrans (left) and the HPAEC-PAD profile (right) of resistant 
oligosaccharides (BIMO) remaining after enzymatic hydrolysis of dextrans from L. mesenteroides 
B-512F (LMB512F), W. confusa E392 (WCE392), L. mesenteroides B-1415 (LMB1415), L. 
citreum E504 (LCE504) and L. citreum E497 (LCE497). The 1D 1H spectra of Lb. reuteri ATCC 
55730 (LbR55730) reuteran and the HPAEC-PAD profile of its enzyme hydrolysate is also shown. 
The NMR spectra were recorded at 500 MHz in D2O at 50°C and referenced to internal acetone 
(δH = 2.225 ppm and δC = 31.55 ppm). A = most likely α-(1→4)-linked glucosyl residues, B = α-
(1→3)-linked branches, C = 2,6-O-disubstituted residues, D = α-(1→2)-linked branches and E = 
α-(1→6) linkages. The BIMO were obtained by hydrolysis of the dextrans and reuteran with C. 
erracticum (10 000 nkat/g) and A. niger α-glucosidase (1000 nkat/g) for 48 h at 30°C. 

The relative amounts of linkages determined from the integral values of the anomeric 
protons in the dextrans are compared in Table 8. Dextrans from the Weissella strains and 
L. mesenteroides B-512F only had α-(1→3)-linked branches, 3% and 4%, respectively. L. 
mesenteroides B-1415 had 7% α-(1→3)-linked branches and 4% linkages (anomeric 
signal at δH 5.35 ppm) that were not determined. The L. citreum strains had both α-(1→2)- 
and α-(1→3)-linked branches in varying amounts. L. citreum E504 also contained 3% 
linkages (signal at δH 5.35 ppm) that were not determined. The Lb. reuteri ATCC 55730 
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reuteran contained 17% α-(1→6) linkages. The remaining 83% of the linkages were not 
rigorously determined but are most likely α-(1→4)-linked glucosyl residues in different 
chemical environments. Since the Weissella strains produced similar dextrans, only W. 
confusa E392 dextran was chosen for further study. Also, only L. citreum E497 dextran 
was studied further. 

Table 8. Composition (%) of glycosidic linkages in the isolated dextrans and reuteran, determined 
from the integral values of the anomeric protons in their 1D 1H NMR spectra (Figure 13). The 
NMR spectra were recorded at 500 MHz in D2O at 50°C.  

Strain α-(1→6) α-(1→3)  α-(1→2)  ndb  

Weissella sp. E748 97 3   
Weissella sp. E749 97 3   
Weissella sp. E750 97 3   
W. cibaria E076 97 3   
W. confusa E392  97 3   
L. mesenteroides B-512F 96 4   
L. mesenteroides B-1415  89 7  4 
L. citreum E504   89a 6 2 3 
L. citreum E497   85a 4 11  
L. citreum E389   81a 2 17  
L. citreum E1082   77a 3 20  
Lb. reuteri ATCC 55730 17   83c 

aSum of 6-O-monosubstituted and 2,6-O-disubstituted glucosyl residues, bnot determined, cmost 
likely α-(1→4)-linked branches 

5.3 Enzyme-aided analysis of the isolated dextrans (II) 

5.3.1 Action of the enzymes (II)  

 
W. confusa E392 dextran was first hydrolyzed with dextranase only, and samples were 
taken at various time points to evaluate the action of dextranase. The study showed that 
the main products of the endodextranase were glucose, IM2 and IM3 and enzyme-resistant 
oligosaccharides. However, with prolonged hydrolysis (48 h), IM3 was also hydrolyzed to 
IM2 and glucose. The presence of α-glucosidase resulted in hydrolysis of IM2 and IM3 to 
glucose and slightly changed the profile of the resistant oligosaccharides. Therefore, most 
of the residual oligosaccharides were already end products resulting from the prolonged 
action of dextranase, and represented the structurally complex, presumably branched 
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sections in the dextrans. The resistant oligosaccharides are therefore referred to as 
branched isomaltooligosaccharides (BIMO) in subsequent discussions. 

5.3.2 Chromatographic profiling of the native dextrans 

The isolated dextrans were hydrolyzed with a mixture of dextranase and α-glucosidase and 
the chromatographic profile of their BIMO compared. As shown in Figure 14, the profile 
of the BIMO varied with the structural complexity of the dextrans (Table 8). Dextran from 
W. confusa E392 and commercial dextran, both of which have a low degree of branching 
(<4%), had a very similar profile. The presence of 11% α-(1→2) linkages in L. citreum 
E497 dextran significantly changed the HPAEC-PAD profile of its BIMO. For L. citreum 
E504, the 2% α-(1→2) linkages did not significantly change its BIMO profile, when 
compared to that of L. mesenteroides B-1415, except for two peaks eluting between 13 
and 25 min (Figure 14 LMB1415 and LCE504). Both dextrans contained a significant 
amount of α-(1→3) linkages (7% and 6%, respectively). Reuteran from Lb. reuteri ATCC 
55730 only had a glucose peak and no BIMO in its profile. 

5.4 Structural analysis of BIMO (II and III) 

BIMO from W. confusa E392 and L. citreum E497 dextrans were isolated and their 
structures determined, in order to gain insight into the fine structure of these dextrans. For 
comparison, BIMO from commercial dextran were also isolated and analyzed. 

5.4.1 Isolation of the BIMO (II and III) 

BIMO from W. confusa E392 and commercial dextrans 
 

BIMO remaining after hydrolysis of W. confusa E392 and commercial dextran were 
isolated by GPC using a Biogel P2 column. The isolated oligosaccharides from these 
dextrans were similar, with fractions occurring in three major BIMO pools (WCBIM4, 
WCBIM5 and WCBIM6, and LMBIM4, LMBIM5 and LMBIM6, respectively). Fractions 
that eluted prior to WCBIM6 and LMBIM6 were mixtures of various oligosaccharides 
(hexa-, hepta- and octasaccharides) and were therefore not analyzed further. ESI-MS 
(Table 9) confirmed that WCBIM4 and LMBIM4 were tetrasaccharides. WCBIM5 and 
LMBIM5 were composed of two isomeric pentasaccharides, while WCBIM6 and 
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LMBIM6 were hexasaccharides. WCBIM5 and LMBIM5 were analyzed as a mixture 
without further purification.  
 
BIMO from L. citreum E497 dextran 
 
GPC of BIMO from L. citreum E497 dextran resulted in only one sufficiently pure 
fraction for further analysis (LCBIM4, Figure 15). Fractions eluting prior to this fraction 
were mixtures of two or more oligosaccharides. Some of the pooled fractions are shown in 
Figure 15 (LCBIMO-A-D). ESI-MS analysis (not shown) indicated that fractions 
LCBIM4 and LCBIMO-D contained tetrasaccharides, while fraction LCBIMO-C was 
mainly composed of pentasaccharides. As shown in Figure 15, some of the BIMO 
fractions contained peaks that had a similar retention time to WCBIM4, WCBIM5-1&2 
and WCBIM6. 
 

 

Figure 15. HPAEC-PAD chromatograms of some of the pooled fractions containing BIMO from 
L. citreum E497 dextran (LCBIMO-A-D and LCBIM4) isolated after 48 h hydrolysis with 
dextranase and α-glucosidase. The profile of the BIMO from the original L. citreum E497 dextran 
hydrolysate (LCE497) and that of W. confusa dextran (WCE392) are shown for comparison. 
BIM4, BIM5-1&2 and BIM6 are tentatively assigned based on retention time.  
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5.4.2 Methylation analysis of the BIMO from commercial dextran (II) 

Methylation analysis was only performed on BIMO isolated from commercial dextran 
(LMBIM4-6), since all material obtained from W. confusa E392 dextran (WCBIM4-6) and 
L. citreum E497 dextran (LCBIM4) were kept for NMR spectroscopy analysis. The main 
glycosidic linkages in LMBIM4-6 are illustrated in Table 9. LMBIM4-6 contained 
2,3,4,6-tetra-O-methyl- and 2,3,4-tri-O-methyl-glucosides originating from the non-
reducing terminal residues, and 6-O-monosubstituted glucosyl residues, respectively. In 
addition, LMBIM4 and LMBIM5 contained 2,4,6-tri-O-methyl-glucoside, indicating the 
presence of 3-O-monosubstituted glucosyl residues. LMBIM5 and LMBIM6 also 
contained 2,4-di-O-methyl-glucosides, indicating the presence of 3,6-O-disubsituted 
glucosyl residues.  

Table 9. Methylation analysis and MS data of the BIMO isolated after hydrolysis of commercial 
dextran with dextranase and α-glucosidase.  

Oligosaccharide Linkages obtained by methylation analysis  ESI-MS  
[M+Na]+(m/z) Glc-(1→ →6)Glc-(1→ →3)Glc-(1→ →3,6)Glc-(1→ 

LMBIM4 + + + - 689 
LMBIM5 + + + + 851 
LMBIM6 + + - + 1013 

5.4.3 Structural analysis of BIMO (tetrasaccharides) by MS (III) 

To determine the structure of the isolated BIMO by MS, a comprehensive study (III) was 
undertaken that included various model linear GOS as shown in Table 7. Model 
disaccharides representing all the possible glycoside linkages were first analyzed in both 
positive and negative mode and their spectra used for comparison with the spectra of 
larger oligosaccharides. The fragment ions observed in the MS/MS spectrum were 
assigned according to the nomenclature of Domon and Costello (1988) (Figure 6). The 
ions in positive mode were analyzed as lithium or sodium adducts ([M+Li]+), while ions in 
negative mode were analyzed as chloride adducts ([M+Cl]-).  
 
Model disaccharides  

 
A summary of the structure diagnostic fragments in positive and negative mode for each 
glycoside linkage in the model disaccharides is shown in Table 10. A-type fragment ions 
(cross-ring cleavages, Figure 6) resulting from loss of 90 and 120 Da in positive mode, 
and loss of 78 and 120 Da in negative mode are diagnostic for α-(1→2) linkages. A loss of 
90 Da A-type fragment ion in positive mode and lack of A-type fragments in negative 
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mode spectra indicates the presence of α-/β-(1→3) linkages. The α- and β-(1→4) linkages 
are identified by a loss of 60 Da A-type fragment ion and a minor loss of 120 Da A-type 
fragment ion in positive mode. In negative mode, A-type ions at m/z 281, 263 and 221 due 
to loss of 60, 78 and 120 Da are diagnostic for α-(1→4) linkages, while a fragment ion at 
m/z 263 (loss of 78 Da) and a minor loss of 60 Da is diagnostic for β-(1→4) linkages. The 
α-(1→6) linkages are identified by the presence of all A-type fragment ions in positive 
mode. In negative mode, α-(1→6) linkages are confirmed by the presence of A-type 
fragment ions arising from loss of 60, 90 and 120 Da. As shown in Table 10, only α-
(1→2) and α-(1→6) linkages produce significant B2 ion (loss of 18 Da), which can 
therefore be used in structure elucidation.  

Table 10. Structure diagnostic fragment ions in positive and negative mode. Positive mode was 
carried out with lithium adducts and negative mode with chloride adducts.  

  Positive mode      Negative mode 
 Linkage A-type fragments B2     A-type fragments 

Ion m/z  289 259 229 323 281 263 251 221 
Neutral loss  60 90 120 18a

 60a
 78a

 90a
 120a

 

Mannobiose α-(1→2)  + +++ ++  +  + 
Nigerose α-(1→3)  +       
Laminaribiose β-(1→3)  +       
Maltose α-(1→4) ++    + +  + 
Cellobiose β-(1→4) ++  +   +   
Isomaltose α-(1→6) +++ ++ + + +   + ++ 

 

aNeutral losses expressed as loss from deprotonated molecular ions at m/z 341. +++=signal above 
56% relative abundance, ++=signal between 26 and 55% relative abundance and +=signals below 
25% relative abundance. 
                     
Model tri- and tetrasaccharides 
 
Using the principles determined with model disaccharides, the study showed that the 
positive mode and negative mode spectra were adequate to confirm the linkages in model 
tri- and tetrasaccharides that contained similar linkages (maltotriose, isomaltotriose, 
maltotetraose and cellotetraose). When the oligosaccharide contained different linkages, 
only the linkage at the reducing end could be unequivocally determined with the positive 
mode spectra. In contrast, the negative mode spectra enabled identification of all linkages 
in the oligosaccharides. Determination of the remaining linkages in positive mode was 
hindered by formation of isomeric fragments due to simultaneous loss of glucosyl residues 
from the reducing and the non-reducing end, which resulted in formation of isomeric C 
and Y ions (Figure 6) as illustrated with glucotriose in Figure 16.  
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Figure 16.  Positive and negative mode MS2 and MS3 spectra of glucotriose. A schematic representation of the C and Y ions isolated after MS2 analysis is 
also shown. The positive mode MS was carried out with lithium adducts and the negative mode with chloride adducts.
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Both the C and Y ions contributed the reducing-end cross-ring cleavage ions in the 
subsequent MS/MS cycle, making it difficult to determine the linkages. As seen in Figure 
16, all A-type fragments arising from the C ion (1→3 linkage, loss of 90 Da) and from the 
Y ion (1→4 linkage, loss of 60 and 120 Da, Table 10) are observed in the positive mode 
MS3 of glucotriose. Similar observations were made with the other model 
oligosaccharides. More details on these oligosaccharides are given in paper III.  
 
Isolated WCBIM4 and LCBIM4 

 
As with the model GOS, both positive mode and negative mode MS2 analysis confirmed 
that the reducing end of WCBIM4 and LCBIM4 contain α-(1→6) linkages (Figure 17A 
and B). The presence of all A-type fragment ions (m/z 451, 421 and 391, and 289, 259 and 
229) in the positive mode MS2, MS3 and MS4 spectra suggested that the remaining two 
linkages were also α-(1→6) linkages. However, negative mode spectra showed that while 
the middle linkages in these oligosaccharides were α-(1→6) linkages (A-type fragment 
ions at 443,413 and 383), the linkages at the non-reducing end were not α-(1→6) linkages.  
 
In the negative mode MS/MS spectra of WCBIM4 (Figure 17C), there are no ions below 
m/z 341 while in LCBIM4 (Figure 17D) the main A-type fragment ion arises from loss of 
78 Da and the minor ion from loss of 120 Da. Thus, contrary to the results from the 
positive mode spectra, the negative mode spectra indicate that the non-reducing end of 
WCBIM4 contains an α-(1→3) linkage while LCBIM4 contains an α-(1→2) linkage. The 
significant B2 ion at m/z 323, also observed in mannobiose (Table 10), further confirms 
the (1→2) linkage at the non-reducing end of LCBIM4. Thus the structure of WCBIM4 is 
(α-D-Glcp-(1→3)-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-D-Glc) and that of LCBIM4 is α-D-
Glcp-(1→2)-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-D-Glc. Both were confirmed by NMR 
spectroscopy.  
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Figure 17. Positive (A and B) and negative mode (C and D) MS2 spectra of WCBIM4 and 
LCBIM4.  

5.4.4 NMR spectroscopy analysis of the BIMO (II and III) 

This section summarizes the structures identified from NMR spectroscopy data. A detailed 
evaluation of the spectra and assignment of the chemical shift for each residue is given in 
II and III. The 1D 1H NMR spectra of the BIMO (WCBIM4-6 and LCBIM4) are shown 
in Figure 18. Glucosyl residues in the BIMO are numbered A, B, and C (main chain) and 
A1 and B1 (residues in the branches) from the non-reducing end, with the reducing end 
residue referred to as Rα/Rβ (Figure 19). 
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Tetrasaccharides (WCBIM4 and LCBIM4) 

The 1D 1H NMR spectra of WCBIM4 contained anomeric signals at δH 5.35, 5.24, 4.97 
and 4.68 ppm, with an integral ratio of 1: 0.4: 2: 0.6, respectively (Figure 18). Two of the 
anomeric signals were assigned to the α (δH 5.24 ppm) and β (δH 4.68 ppm,) anomers of 
the reducing end (Rα and Rβ, respectively). Thus, the integral ratio further verified that 
WCBIM4 was a tetrasaccharide. The anomeric proton at δH 5.35 ppm was assigned to a 
terminal non-reducing end α-(1→3)-linked glucosyl residue (residue A), while the two 
protons at δH 4.97 ppm were assigned to two internal (-α-D-Glcp-(1→6)-α-D-Glcp-
(1→6)-) residues (B and C, respectively). Thus the structure of WCBIM4 was α-D-Glcp-
(1→3)-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-D-Glc (33-α-D-glucosylisomaltotriose, Figure 
19), which concurs with the negative mode MS data. 

LCBIM4 had six anomeric signals at δH 5.35, 5.24, 5.17, 5.11, 4.96, and 4.68 ppm with an 
integral ratio of 0.1: 0.3: 1.1: 1.1: 1.2: 0.6, respectively. Based on the integral values, the 
anomeric signal at δH 5.35 ppm was considered to be an impurity, arising from a 
tetrasaccharide containing a terminal α-(1→3) linkage at the non-reducing end, as in 
WCBIM4. The HMBC spectrum of this sample (III) confirmed that the signal at δH 5.11 
ppm was for an α-(1→2)-linked terminal glucose residue at the non-reducing end (A). The 
signal at δH 5.17 ppm was for an α-(1→6)-linked glucose residue next to the non-reducing 
end (B), while the signal at δH 4.96 ppm was for the internal glucose residue (C) that is α-
(1→6)-linked to the reducing end residue. Accordingly, the structure of LCBIM4 was α-
D-Glcp-(1→2)-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-D-Glc (23-α-D-glucosylisomaltotriose, 
Figure 19), which also concurs with the negative mode MS data. 

Hexasaccharide (WCBIM6) 
 
The 1D 1H NMR spectrum of WCBIM6 (Figure 18) had six anomeric signals at δH 5.34 
(d, J1,2 3.7 Hz), 5.32 (d, J1,2 3.7 Hz), 5.24 (d, J1,2 3.6 Hz), 4.99, 4.96 and 4.68 (d, J1,2 8.1 
Hz) ppm, with an integral ratio of 0.2: 0.8: 0.4: 2.0: 1.8: 0.7, respectively. From the 
integral ratios, and considering that WCBIM6 is a hexasaccharide, the signal at 5.34 was 
considered to be an impurity. Similar to WCBIM4, the signals at δH 5.24 and 4.68 ppm 
were the α and β anomers of the (1→6)-linked reducing end glucosyl residue (Rα and Rβ). 
The signal at δH 5.32 ppm was for an elongated α-(1→3) branch point (residue B1). This 
was substantiated by a correlation peak from the anomeric signal at δH 5.32 ppm to a 
bound C-3 (δC 82.3 ppm) on the HMBC spectrum (not shown) and the fact that it had a 
bound C-6 at δC 66.5 ppm. Furthermore, the H-5 chemical shift for this residue at δH 4.20 
ppm was also unique, and has been established to be a structural reporter for a -α-(1→6)-
α-D-Glcp-(1→3) unit (van Leeuwen et al. 2008a). The signal at δH 4.96 ppm was assigned 
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to two terminal non-reducing end α-(1→6)-linked glucosyl residues (A and A1), while the 
signal at δH 4.99 ppm was for two unequivalent anomeric residues (3,6-O-disubstituted 
and 6-O-monosubstituted glucosyl residues B and C, respectively). The data therefore 
indicate that the structure of WCBIM6 was α-D-Glcp-(1→6)[α-D-Glcp-(1→6)-α-D-Glcp-
(1→3)]-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-α-D-Glc (33-isomaltosylisomaltotetraose, 
Figure 19). 

 

 

Figure 18. 1D 1H spectra of WCBIM4-6 and LCBIM4 purified from the enzyme hydrolysate of W. 
confusa E392 and L. citreum E497 dextrans, respectively. The spectra were recorded at 500 MHz 
(WCBIM4-6) and 600 MHz (LCBIM4) in D2O at 23°C. The peaks are referenced to internal 
acetone (δH = 2.225 ppm and δC = 31.55 ppm). Glucosyl residues are numbered A, B and C (main 
chain) and A1 and B1 (residues in the branches) from the non-reducing end, with the reducing end 
residue referred to as Rα/Rβ (see Figure 19). 

Pentasaccharides (WCBIM5-1&2) 
 
Conclusions could be drawn from the WCBIM4 and WCBIM6 assignments regarding the 
structure of the isomeric mixture in the pentasaccharide pool. The 1H NMR spectrum of 
the mixture (Figure 18) showed six anomeric signals at δH 5.33 (d, J1,2 3.7 Hz), 5.32 (d, 
J1,2 3.7 Hz), 5.24 (d, J1,2 3.8 Hz), 4.98, 4.96 (d, J1,2 3.1 Hz) and 4.68 (d, J1,2 8.1 Hz) ppm. 
The signals at δH 5.24 and 4.68 ppm were assigned to the reducing end residues Rα and 
Rβ, respectively, and the signal at δH 4.96 ppm was assigned to the non-reducing end α-
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(1→6)-α-D-Glcp terminal residue (A). The H-5 of the residue with an anomeric signal at 
δH 5.33 ppm occurred at 4.20 ppm, indicating that it is a -α-(1→6)-α-D-Glcp-(1→3)- unit. 
Unlike in WCBIM6, the anomeric proton at δH 5.32 ppm was for an α-(1→3)-linked 
terminal branch residue (A1). This residue had an unbound C-6 at δC 61.6 ppm and it had 
an H-4 triplet signal at δH 3.45 ppm, which has been shown to be a structural reporter for 
terminal residues (van Leeuwen et al. 2008c). The single at δH 4.98 ppm was for two 
unequivalent residues, one with a bound C-6 and the other with an unbound C-6 (δc 66.6 
and 61.6 ppm, respectively).  

 
The data therefore showed that the isomeric pentasaccharides differed in the position of 
their α-(1→3)-linked glucosyl residue, one being a terminal branch unit and the other an 
internal residue. Based on NMR spectroscopy and methylation analysis data (data from 
LMBIM4-6 analogous to WCBIM4-6, Table 9), the structures of the pentasaccharides are 
most likely α-D-Glcp-(1→6)[α-D-Glcp-(1→3)]-α-D-Glcp-(1→6)-α-D-Glcp-(1→6)-α-D-
Glc (33-α-D-glucosylisomaltotetraose) and α-D-Glcp-(1→6)-α-D-Glcp-(1→3)-α-D-Glcp-
(1→6)-α-D-Glcp-(1→6)-α-D-Glc (33-isomaltosylisomaltotriose), henceforth referred to as 
WCBIM5-1 and WCBIM5-2, respectively. A schematic representation of the structures of 
WCBIM4-6 and LCBIM4 is shown in Figure 19.  

 

Figure 19. Structures of WCBIM4, WCBIM5-1, WCBIM5-2, and WCBIM6 obtained after 
enzymatic hydrolysis of W. confusa E392 dextran and LCBIM4 from enzymatic hydrolysis of L. 
citreum E497 dextran. The glucosyl residues are labeled A, B, C, D (main chain) and A1, B1, 
(residues in the branches) from the non-reducing end with the reducing end residue referred to as 
residue R in all cases. 
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5.5 Macromolecular characterization of the dextrans 

The macromolecular properties of the isolated dextrans were determined in a comparative 
study involving HPSEC, AsFlFFF and DOSY. HPSEC was carried out in DMSO and 
aqueous solution to evaluate the effect of solvent on the macromolecular properties of the 
dextrans. DOSY was used for the first time to study HMM dextrans. 

5.5.1 HPSEC and AsFlFFF  

 
The HPSEC chromatograms (aqueous solution) and AsFlFFF fractograms of W. confusa 
E392 and L. citreum E497 dextrans are shown in Figure 20. The HPSEC chromatogram of 
W. confusa E392 dextran shows only one major peak for both RI and LS signals. The peak 
eluting between 17 and 19 minutes is for low molar mass materials in accordance with 
HPSEC elution theory. In the AsFlFFF fractogram of this sample, although only one 
major RI peak is observed, the LS peak is bimodal. The strong LS signal at higher 
retention times most likely originates from the large aggregates, which although present in 
low quantities scatter more light and therefore dominate the LS signal. It should be noted 
that in AsFlFFF the elution is in the order of increasing molar mass. Both the HPSEC 
chromatogram and the AsFlFFF fractogram of L. citreum E497 had only one major peak.  

 
The macromolecular parameters of the samples based on these analyses are shown in 
Table 11. The values obtained with HPSEC in DMSO are also shown. HPSEC and 
AsFlFFF in aqueous solution gave similar Mw values for W. confusa E392 dextran (6.2 
and 6.4 × 106 g/mol, respectively), while for L. citreum E497 dextran the results were 
significantly different (11.3 and 62.8 × 106 g/mol, respectively). HPSEC in DMSO gave 
lower Mw values than the values obtained with aqueous solution, 1.5 × 106 g/mol for W. 
confusa E392 dextran and 1.9 × 106 g/mol for L. citreum E497. The Mark-Houwink plot 
for dextran standards and samples (Figure 21) in both DMSO and aqueous solutions 
showed a curvature at HMM, indicating loss of self-similarity, most likely due to an 
increase in the length of branch linkages in the HMM dextrans. 
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Figure 20. Refractive index (RI, black line) and light scattering at 90 (LS 90, red line) profiles, from HPSEC and AsFlFFF analysis (aqueous solutions) 
of W. confusa E392 and L. citreum E497 dextrans. The molar mass distribution (triangles), viscometric radius (Rη) (HPSEC, squares) and radius of 
gyration (Rg) (AsFlFFF, squares) are also shown.  
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Figure 21. Mark-Houwink plot showing the relationship between the average molar mass (Mw) 
and average intrinsic viscosity ([]) of the dextran standards and samples. The dextran from W. 
confusa E392 is marked with an open square (DMSO) and open circle (aqueous solution), and the 
dextran from L. citreum E497 with similar symbols containing a cross.  

Table 11. Macromolecular properties of W. confusa E392 and L. citreum E497 dextrans 
determined with HPSEC, AsFlFFF and DOSY. 

Sample Method Mw × 10-3 
(g/mol) 

Mw/Mn 
 

[η]  
(ml/g) 

Rh 
(nm) 

Rg 
(nm) 

W. confusa E392 HPSEC (DMSO) 1 473 1.08                           66 24 51 
 HPSEC (aq)  6 373 1.04 71 38 59 
 AsFlFFF 6 168 1.84   30 
 DOSY 23 860   55  
       

L. citreum E497 HPSEC (DMSO) 1 849 1.05 82 29 78 
 HPSEC (aq) 11 330 1.05 65 45 54 
 AsFlFFF 62 800 1.63   79 
 DOSY 26 920   58  

5.5.2 DOSY 

DOSY experiments were carried out at 300K using dilute solutions of the dextran 
standards and samples. To eliminate signal attenuation by convection and artifacts from 
gradient non-linearity, sample heights were kept below 4 cm and the BPPSTE pulse 
sequence that includes convection compensation (BPPSTE-CC) utilized. Overlaid DOSY 
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spectra from the dextran standards with nominal Mw of 150 000 g/mol (Dx 150), 670 000 
g/mol (Dx 670) and W. confusa E392 dextran obtained with NMRnotebook are shown in 
Figure 22. The dextran standards had narrower peaks in the diffusion dimension than 
dextran isolated from W. confusa E392, probably due to the molecular dispersity of the 
isolated dextran sample. The D values for the dextran standards and samples obtained 
from the DOSY spectra ranged from 3.8—105 ×10-12 m2s-1 and the calculated Rh values 
from 2.1—58 nm (Table 12). The D value for residual water (HDO) was the same for all 
the samples (~ 2.2 ×10-9 m2s-1).  

 

 

Figure 22. Overlaid DOSY spectra of the dextran standards with nominal molar mass of 150 000 
g/mol (Dx 150), 668 000 g/mol (Dx 670) and the dextran produced by W. confusa E392. The 
DOSY data were measured at 300K in D2O using the BPPSTE pulse sequence with convection 
compensation. 

Figure 23 compares the calibration curve utilized in this study with that of Viel et al. 
(2003). The Mw of the dextran standards measured with light scattering, as specified by the 
manufacturer, gave the best calibration curve (Figure 23). For example, the Mw of Dx 490 
(490 000 g/mol based on universal calibration with pullulan standards) distorted the 
calibration curve, whereas the value obtained with light scattering (1 520 000 g/mol) gave 
a better fit. The scaling parameters K and α (equation 2) obtained from the calibration 
curve were 5.47 × 10-9 and -0.425, respectively. The Mw values calculated from the DOSY 
data for W. confusa E392 and L. citreum E497 dextrans were 23.8 × 106 and 26.9 × 106 
g/mol, respectively (Table 11).  
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Table 12. Diffusion coefficients (D) and hydrodynamic radii (Rh) of the dextran standards and 
samples determined with DOSY in D2O at 300K.   

 
Dextrana 

Self-diffusion coefficient 
D × 10-12 (m2s-1)b 

Hydrodynamic 
radius Rh (nm) 

Dx 12  104.7 ± 0.5     2.1 
Dx 50 53.7 ± 0.2     4.1 
Dx 150  32.6 ± 0.3     6.7 
Dx 270  26.9 ± 1.1     8.2 
Dx 490  13.9 ± 0.1     11.0 
Dx 670  19.2 ± 0.1     15.8 
Dx 3 500  9.6 ± 0.4     22.9 
Dx 11 900  4.3 ± 0.1     51.1 
W. confusa E392 4.0 ± 0.1     55.0 
L. citreum E497 3.8 ± 0.1     57.9 

aDx 12 = Dextran 12 000 g/mol, b n = 3. 
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Figure 23. Double logarithmic plot of D values from the DOSY spectra against Mw of the dextran 
standards. Squares represent data obtained in this study, with the BPPSTE pulse sequence with 
convection compensation at 300K in D2O. The Mw values measured with light scattering, 
according to the manufacturer‘s product sheets, were used in the calibration curve. The data of 
Viel et al. (2003) (triangles) obtained with the BPPSTE pulse sequence with a longitudinal eddy 
current delay at 300K are also shown. 

5.6 In situ quantification of polymeric dextrans in dough  

An enzyme-assisted assay to quantify dextran in sourdough was developed in this study. 
Preliminary tests showed that that C. erraticum dextranase did not have activity towards 
barley β-glucan or starch and was therefore specific to dextran hydrolysis. The yield of 
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glucose after hydrolysis of pure dextran with both dextranase and A. niger α-glucosidase 
was 68-70% for W. confusa E392 and commercial dextrans and only 29% for L. citreum 
E497 dextran. Thus further method development focused on W. confusa E392 dextran.  

5.6.1 Dextrans in model dough 

The average recovery of dextran from freeze-dried model doughs containing polymeric W. 
confusa E392 dextran was 51 ± 2%. Thus, an additional yield loss of about 20% occurred 
when dextran was present in a complex dough matrix. Therefore, the amount of dextran in 
freeze-dried sourdoughs was estimated using a correction factor of 2 (Figure12).  

5.6.2 Dextran in sourdoughs 

The amount of dextran in the sourdough samples is shown in Table 13. Since Lb. brevis 
does not synthesize dextran, the values obtained for its sourdoughs (0.15-0.18%) were 
considered as the assay background. This amount was also similar to that obtained when 
the sourdoughs fermented with W. confusa E392 did not contain sucrose (negative 
controls). Thus, taking into account this assay background (~0.2%), the amount of 
polymeric dextran produced by W. confusa E392 in the sourdoughs containing sucrose 
was between 1.1 and 1.6% (11-16 g/kg DW). As presented in Table 13, L. mesenteroides 
B-512F did not produce dextran since the level of dextran in its sourdough was similar to 
that of the assay background.  

Table 13. Amount (% DW) of dextran produced in situ during sourdough fermentation. 

Sourdough Strains Sucrose Dextrana,b (% DW) 
1 W. confusa E392 None 0.28 ± 0.07 
2 W. confusa E392 10% 1.8 ± 0.1 
3 Lb. brevis None 0.18 ± 0.04c 
4 Lb. brevis 10% 0.15 ± 0.01c 
5 W. confusa E392  None 0.23 ± 0.06 
6 W. confusa E392 10% 1.3 ± 0.1 
7 W. confusa E392 10% 1.7 ± 0.1 
8 L. mesenteroides B-512F 10% 0.19 ± 0.06 

aThe amount of monosaccharides was calculated as anhydro-glucose using a correction factor of 
0.90. bThe amount of dextran in the freeze-dried sourdoughs was calculated as shown in Figure 12. 
cSince Lb. brevis does not synthesize dextran, these values were considered to be the assay 
background. n = 3 
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5.7 Dextransucrase acceptor reaction products in sourdough 

The presence of maltose in sourdough caused the formation of a series of oligosaccharides 
via the acceptor reaction mechanism of dextransucrases (Figure 24A). To estimate the 
content of these oligosaccharides, the free glucose background and glucose originating 
from maltooligosaccharides was determined in a sample that was only hydrolyzed with B. 
stearothermophilus α-glucosidase, which has specificity for α-(1→4) linkages (Figure 
24B). As described in Figure 13, this value was subtracted from the amount of glucose 
obtained after hydrolysis of all GOS present, with dextranase and A. niger α-glucosidase 
(Figure 24C). Accordingly, the estimated amount of oligosaccharides formed by 
dextransucrase in sourdough 2 (Table 6) was 4.0% (40 g/kg DW). 

 

 

Figure 24. HPAEC-PAD chromatograms showing the profile of oligosaccharides in sourdough 2 
(see Table 6): A) before enzyme hydrolysis, B) after hydrolysis with B. stearothermophilus α-
glucosidase that has specificity for α-(1→4) linkages and C) after hydrolysis with dextranase and 
A. niger α-glucosidase.  
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6 Discussion 

6.1 Structural features of native dextrans 

The structural features of native dextrans were mainly determined from NMR 
spectroscopy data. Initial studies involved several Weissella and Leuconostoc strains with 
potential sourdough application. Subsequent studies, however, focused on W. confusa 
E392 and L. citreum E497 dextrans only, which were the most efficient dextran producers 
compared to the other Weissella and L. citreum strains. Two L. mesenteroides strains (B-
512F and B-1415) that produce dextrans, and reuteran-producing Lb. reuteri ATCC 55730, 
were also included for comparison. As presented in Table 8, except for Lb. reuteri ATCC 
55730 which produces reuteran, all the strains produced dextrans. The ratio of linkages in 
Lb. reuteri ATCC 55730 (83% α-(1→4) and 17% α-(1→6), Table 8) corresponded well 
with the values reported previously of 81% and 19%, α-(1→4) and α-(1→6) linkages, 
respectively (Kralj et al. 2005). The structural features of Weissella dextrans were 
distinctive in that they all contained a low degree of branching (< 3% α-(1→3)-linked 
branches). Bounaix et al. (2009) also found that Weissella strains isolated from sourdough 
produced dextrans with few branch linkages. This could possibly be a general feature of 
dextrans from Weissella species, and may also reflect a conservation of their 
glucansucrase gene family compared to Leuconostoc species. Leuconostoc species are 
known to produce a more diverse variety of dextrans with varying amounts and type of 
branch linkages, and even different structures such as alternans (Côté and Robyt 1982; 
Slodki et al. 1986) 
 
The L. mesenteroides B-512F dextran contained 4% α-(1→3)-linked branches, which 
concurs with literature values (5% α-(1→3) linkages) (Larm et al. 1971; Cheetham et al. 
1990). L. mesenteroides B-1415 dextran contained 7% α-(1→3)-linked branches and 
another 4% that were not determined. Contrary to this, previous studies show that dextran 
from this strain contains 14% α-(1→4)- and a negligible amount of α-(1→3)-linked 
branches (Abbott et al. 1966). As discussed later in section 6.3.2, the HPAEC-PAD 
retention times of the main BIMO from this strain resembled those of W. confusa E392, 
indicating a significant presence of α-(1→3)-linked branches in this dextran. The L. 
citreum strains produced dextrans with both α-(1→2)- and α-(1→3)-linked branches, 
although some of the linkages in L. citreum E504 were not identified (Table 8). Similar 
dextrans have also been reported for various L. mesenteroides strains such as NRRL B-
1298, NRRL B-1299, NRRL B-1396, and NRRL B-1399 (Slodki et al. 1986). 
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A general observation on the dextran structures reported here and in the literature is that α-
(1→3)-linked branches are almost always present, occurring as the only branches or in 
addition to α-(1→2)- or α-(1→4)-linked branches. Slodki et al. (1986) and Duenas-Chasco 
et al. (1998) have reported dextrans from L. mesenteroides NRRL B-1254 and 
Lactobacillus spp. G-77, respectively, that only contain α-(1→2)-linked branches.  
Dextrans with all types of branch linkages (α-(1→2)-, α-(1→3)- and α-(1→4)-linked 
branches) have also been reported previously (Slodki et al. 1986), although erroneous 
conclusions due to analytical artifacts, especially in early studies that only utilized 
chemical derivatization methods, cannot be ruled out. Furthermore, since more than one 
dextran can be produced by a single strain, it would be important to determine whether 
these branches occur within a single population of dextran molecules or whether they are 
part of different populations. As discussed in the case of L. mesenteroides NRRL B-742 
dextrans, the proportion of different dextrans from a single strain may fluctuate depending 
on the fermentation conditions (Côté and Ahlgren 2000). 
 
Previous studies that have reported more than one dextran from a single strain have 
utilized differential alcohol fractionation to separate the different fractions. According to 
Robyt (1986), in most cases, the less soluble fraction (L) precipitates at 36-37% alcohol, 
while the more soluble fraction (S) precipitates at 40-44% alcohol. For instance, L. 
mesenteroides NRRL B-1355 produces both alternan (S fraction) and dextran (L fraction) 
(Côté and Robyt 1982). In this case, structural analysis performed without fractionation 
would probably indicate a highly α-(1→3)-branched dextran due to the high content of α-
(1→3) linkages in alternans.  
 
The occurrence of α-(1→3)-linked branches in most dextrans may be ascribed to the fact 
that dextransucrases form these branch points at the same active site used for elongation of 
α-(1→6)-linkages in the dextrans (Robyt and Taniguchi 1976; Vujičić-Žagar et al. 2010). 
On the contrary, the α-(1→2)-linked branches require an additional catalytic site (Fabre et 
al. 2005) and are therefore only produced by specific dextransucrases. To the knowledge 
of this author, no dextrans with both α-(1→2)- and α-(1→4)-linked branches and no α-
(1→3)-linked branches have been reported.   

6.2 Enzymatic hydrolysis and chromatographic profiling of native 
dextrans 

Dextran hydrolyzing enzymes were used to develop a quick method for profiling structural 
variation in dextrans, to obtain structural segments (BIMO) from W. confusa E392 and  L. 
citreum E497 dextrans, and to develop an enzyme-assisted assay for dextran analysis (see 
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section 6.5). The action of the C. erracticum endodextranase used in this study was 
comparable to that of endodextranases reported previously (Khalikova et al. 2005). 
Glucose, IM2, IM3 and BIMO were the main reaction products of this endodextranase. 
However, IM3 was hydrolyzed to glucose and IM2 with prolonged hydrolysis (II).  
 
The chromatographic profiles (HPAEC-PAD) of the BIMO were unique to the structural 
features of the hydrolyzed dextran (Figure 14). Therefore, enzyme-aided chromatographic 
profiling can be a very useful tool for screening the structural variation of dextrans 
produced by various strains or in different fermentation conditions. The procedure is 
straightforward and does not require excessive purification of the dextrans from other 
polysaccharides and macromolecules. As shown in paper V, Figure 1B, the profile of 
BIMO after in situ enzymatic hydrolysis of polymeric dextran was sufficient to indicate 
minimal structural changes in W. confusa E392 dextran produced in the complex 
sourdough environment. Enzyme-aided chromatographic profiling is also advantageous 
because the hydrolysis is reproducible. The versatility of this method can be improved if 
the structures of the BIMO are known and quantitative evaluation correlated to the type 
and degree of branching in a particular dextran. For example, LC analysis with HILIC  
coupled to online MS (with ESI) and evaporative light scattering detection would be the 
most ideal set-up for this purpose, to derive both structural and quantitative information in 
a single run. Efforts towards such a strategy are already in progress and the structures of 
some BIMO (section 6.3) are reported here. Additionally, a comprehensive study to 
evaluate the potential of MS in the structural analysis of the neutral underivatized BIMO is 
also included in this thesis.  

6.3 Fine structure of the dextrans by analysis of BIMO 

The fine structure of dextrans is not fully understood. Especially in NMR spectroscopy 
data of native HMM dextrans, signals from glucosyl residues in various chemical 
environments (Figure 4) may overlap (Table 2), leading to simplified conclusions on the 
structure of the dextran. In paper I, the signal at δH 5.32 ppm in the 1D 1H spectra of W. 
confusa E392 and L. citreum E497 dextrans was not fully assigned due to its low 
abundance. However, there was enough evidence in the literature (Cheetham et al. 1990), 
to suggest that the dextrans contained both single unit and elongated α-(1→3)-linked 
branches. On the contrary, although previous studies have reported the elongation of α-
(1→2)-linked glucosyl branches with α-(1→6)-linked glucosyl residues and also non-α-
(1→6)-linked glucosyl residues in dextrans produced by L. mesenteroides NRRL B-1298 
and B-1299 (Sidebotham 1974; Watanabe et al. 1980), the α-(1→2)-linked branches in L. 
citreum E497 dextran were single unit branches.  
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To further evaluate the nature of branch linkages in W. confusa E392 and L. citreum E497 
dextrans, structural segments (BIMO) produced enzymatically were studied. BIMO from 
commercial dextran were also studied for comparison. Three major BIMO pools were 
obtained from W. confusa E392 and commercial dextrans (WCBIM4, WCBIM5 and 
WCBIM6, and LMBIM4, LMBIM5 and LMBIM6, respectively, paper II, Figure 2,) while 
fractionation of L. citreum E497 BIMO resulted in several impure fractions, except for 
LCBIM4 (Figure 15). WCBIM5 and LMBIM5 were composed of isomeric 
pentasaccharides (WCBIM5-1/LMBIM5-1 and WCBIM5-2/LMBIM5-2) and were 
analyzed without further purification. 

6.3.1 Mass spectrometry analysis of fractionated BIMO 

MS analysis of the BIMO was carried out as part of a comprehensive study to evaluate the 
possibility of unequivocally determining the glycosidic linkages in underivatized BIMO. 
Thus, several GOS, mannobiose and two galactooligosaccharides representing different 
glycoside linkage combinations were included in the study. Mannobiose and galacto-
oligosaccharides were used, since the fragmentation patterns of hexoses are relatively 
similar.  

The strategy for structural analysis of oligosaccharides by MS/MS involves sequential 
isolation and fragmentation of C-type fragment ions (Figure 6) that have one sugar unit 
less than the precursor molecular ion. Preferably, fragmentation should proceed in a 
stepwise manner with loss of glycosyl residues from the reducing end to the non-reducing 
end. The glycoside linkages are assigned by cross-ring cleavage of the reducing end 
residue. As shown in Table 10, the cross-ring cleavages depend on the glycoside linkage 
and are observed as a loss of 60, 90 or 120 Da in positive mode and as a loss of 60, 78, 90 
or 120 Da in negative mode MS spectra. Thus, at each MS/MS stage the cross-ring 
cleavages of the ―new‖ reducing end residue in the isolated ion assigns the consecutive 
glycosidic linkages (Garozzo et al. 1990; Asam and Glish 1997). 

Since the relative abundance of the fragment ions depends on the instrumentation, 
fragmentation method and adduct used, this study began by evaluating the typical cross-
ring cleavages of reducing-end glycosyl residues using model disaccharides. The 
fragmentation behavior of the disaccharides observed here (Table 10) were in accordance 
with the results obtained in previous studies in both positive mode (Spengler et al. 1990; 
Hofmeister et al. 1991; Asam and Glish, 1997; Simoes et al. 2007; Zhang et al. 2008) and 
negative mode (Garozzo et al. 1990; Mulroney et al. 1995; Jiang and Cole 2005; Čmelík 
and Chmelík 2010). 
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The results from model oligosaccharides (trisaccharides and tetrasaccharides) showed that 
the reducing-end linkage of underivatized GOS can be deduced unambiguously from both 
positive and negative mode spectra. The remaining linkages, however, were only 
deducible from negative MS/MS spectra. The main drawback in positive mode was loss of 
glycosyl residues from the non-reducing end, leading to the formation of Y-type ions that 
were isomeric to the required C-type ions as illustrated in Figure 16. A disadvantage in 
negative mode was that the intensities of the fragment ions significantly reduced in 
MS/MS analysis, which limited the number of MS/MS cycles attainable (III).  

In this MS/MS study, only BIMO containing one non-reducing end (WCBIM4 and 
LCBIM4) were included. More studies with model compounds are needed to determine 
the fragmentation behavior of trifunctional branch points (disubstituted residues) in GOS. 
The structure of WCBIM4 deduced from negative mode MS spectra was 33-α-D-
glucosylisomaltotriose, while LCBIM4 was 23-α-D-glucosylisomaltotriose. These 
structures were also confirmed by NMR spectroscopy. 

6.3.2 NMR spectroscopy analysis of fractionated BIMO 

NMR spectroscopy analysis confirmed that BIMO from W. confusa E392 dextran 
(WCBIM4-6) and commercial dextran (LMBIM4-6) were similar. WCBIM4 contained an 
α-(1→3)-linked glucosyl unit at the non-reducing end (33-α-D-glucosylisomaltotriose). 
The isomeric pentasaccharides included one with a terminal α-(1→3)-linked branch unit 
(33-α-D-glucosylisomaltotetraose, WCBIM5-1) and another with an internal α-(1→3)-
linked glucosyl residue (33-isomaltosylisomaltotriose, WCBIM5-2).  The hexasaccharide 
(WCBIM6) had an α-(1→3)-linked isomaltosyl branch unit (33-
isomaltosylisomaltotetraose). These findings were in agreement with the studies by Taylor 
et al. (1985), as discussed in paper II. The terminal α-(1→3)-linked glucosyl units in 
WCBIM4 and WCBIM5-1 originated from the single unit branch points, while the α-
(1→3)-linked isomaltosyl units in the WCBIM5-2 and WCBIM6 originated from α-
(1→3)-linked side chains elongated by two or more α-(1→6)-linked glucosyl residues in 
the native W. confusa E392 dextran. Although WCBIM6 clearly originates from elongated 
branches, WCBIM5-2 could also originate from internal α-(1→3)-linked residues (3-O-
monosubstituted glucosyl units, residues D, Figure 4).  

The BIMO fractions from W. confusa E392 dextran and commercial dextran represented 
α-(1→3)-linked glucosyl residues in four chemical environments (Figure 19): 1) an α-
(1→3) linkage at the non-reducing end with a characteristic anomeric signal at δH 5.35 
ppm (WCBIM4), 2) an α-(1→3) linkage in a single unit branch point (WCBIM5-1, 
anomeric signal at δH 5.32 ppm), 3) an α-(1→3)-linked internal glucosyl residue (between 
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α-(1→6)-linked glucosyl residues, WCBIM5-2, anomeric signal at δH 5.33 ppm), and 4) 
an α-(1→3) linkage at a branch point that is further elongated by α-(1→6)-linked glucosyl 
residues (WCBIM6, anomeric signal at δH 5.32 ppm). This clearly shows that based on 
anomeric signals, distinction of α-(1→3)-linked glucosyl residues in different chemical 
environments is challenging. However, the H-5 signal of α-(1→3)-linked internal residues 
and α-(1→6)-elongated branches occurs at δH 4.20 ppm and can therefore be used to 
substantiate their existence. This unique H-5 at δH 4.20 ppm has been previously 
established as a structure reporter for α-(1→6)-α-D-Glcp-(1→3)-structural units (van 
Leeuwen et al. 2008a). As shown in paper II (Figure 3), a similar signal (occurring at δH 
4.19 ppm) is present in the 1H 1D spectrum of the native W. confusa E392 dextran.  

When considering the HPAEC-PAD profile of BIMO shown in Figure 14, except for L. 
citreum E497 and Lb. reuteri ATCC 55730, the retention times of BIMO from the dextrans 
of the other strains are relatively similar, differing mainly in the ratio of some of the peaks. 
In paper II, it was suggested that the first peak eluting between 26 and 29 min is 
WCBIM5-2 and the second is WCBIM5-1. Since WCBIM5-1 originates from single unit 
branches and WCBIM5-2 is from elongated branch points or α-(1→3)-linked internal 
residues, the ratio of these peaks in L. mesenteroides B-1415 and L. citreum E504 BIMO 
suggests that the native dextrans of these strains contain more single unit branches than 
the latter type of α-(1→3)-linked residues. In contrast, W. confusa E392 dextrans and 
commercial dextran contain more elongated branch points or α-(1→3)-linked internal 
residues. Larm et al. (1971) found that L. mesenteroides B-512F dextran contains at least 
40% single unit α-(1→3)-linked branches and a total of 60% α-(1→3)-linked branches 
elongated by two or more α-(1→6)-linked glucosyl residues. These figures correspond 
well with the higher content of LMBIM5-2 than LMBIM5-1 observed here (Figure 14). 
Thus, since enzyme hydrolysis is reproducible, it is possible to correlate quantitative 
analysis of BIMO produced enzymatically with the structure of the dextran. 

6.3.3 BIMO from L. citreum E497 dextran 

Fractionation of BIMO in the Biogel P2 column occurs in accordance with their 
polymerization degree (DP). BIMO from L. citreum E497 dextran occurred in several 
fractions containing more than one oligosaccharide except for LCBIM4 (Figure 15). Both 
MS/MS analysis and NMR spectroscopy data confirmed that LCBIM4 was a 
tetrasaccharide with an α-(1→2)-linked glucosyl residue at the non-reducing end (Figure 
19, 23-α-D-glucosylisomaltotriose). Fraction LCBIMO-D was composed of two 
tetrasaccharides. Based on their HPAEC-PAD retention times (Figure 15), the first one is 
analogous LCBIM4 and the second one is similar to WCBIM4 (33-α-D-
glucosylisomaltotriose).  
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Fraction LCBIMO-C was composed mainly of pentasaccharides according to ESI-MS 
analysis (not shown). Purification of this fraction by anion exchange (not shown) has been 
successful, and structural analysis of the first peak eluting between 23 and 25 min 
(HPAEC-PAD) indicates that it contains a single unit α-(1→2)-linked branch point. The 
remaining two peaks are still under investigation, although their retention time suggests 
that they are similar to WCBIM5-1 and WCBIM5-2. A peak eluting at the same time as 
WCBIM6 can also be seen in LCBIMO-B (Figure 15). These findings concur with the 
presence of both α-(1→2) and α-(1→3) linkages in the native L. citreum E497 dextran and 
therefore fractionation of the BIMO based on DP enabled visualization of BIMO from 
each type of branch point. Analysis of the remaining fractions will confirm whether any of 
the α-(1→2) linkages are elongated. 

6.4 Macromolecular properties of the native dextrans 

The macromolecular features of the dextrans were determined in both aqueous and DMSO 
solutions to determine the possible effects of the solvent on their solution properties. In 
addition, the macromolecular properties were determined with different methods, two 
involving fractionation of the sample (HPSEC and AsFlFFF) and one without 
fractionation (DOSY).  

6.4.1 HPSEC and AsFlFFF  

In general, the HMM dextran solutions (both aqueous and DMSO) were cloudy, indicating 
the presence of undissolved material. The low solubility of the HMM samples was also 
reflected in the low sample recovery (< 50%) in both solvents; consequently, the solutions 
were not representative of the whole sample. Irague et al. (2012) recently reported better 
recoveries (> 71%) for HMM dextrans (up to 108 g/mol) produced by cell-free enzymatic 
synthesis with mutant dextransucrases. Notably, the high recoveries may have been 
obtained by Irague et al. (2012) because the solutions were analyzed directly from the 
reaction media without precipitation or freeze-drying. 

 
As shown in Table 11, the obtained molar mass values differed depending on the solvent 
or method used. In DMSO, the molar mass of W. confusa E392 and L. citreum E497 
dextrans were lower and not significantly different (1.5 × 106 and 1.9 × 106 g/mol, 
respectively) from the values obtained with aqueous solution in HPSEC (6.4 × 106 and 11. 
3 × 106 g/mol, respectively) and especially in AsFlFFF (6.2 × 106 and 62.8 × 106 g/mol, 
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respectively). These discrepancies in molar mass result from a contribution of several 
factors, of which aggregation plays a major role.  
 
As reviewed in section 2.4.1, poor solubility, local polydispersity, and the presence of 
aggregates in dextran solutions complicate evaluation of their macromolecular properties. 
Although DMSO is considered a better solvent for dissolution of α-glucans, the results 
obtained in this study indicated a tendency of the HMM dextran to aggregate even in 
DMSO (paper IV, Figure 5). Despite this time-dependent aggregation, the lower molar 
mass values of these dextrans in DMSO were considered to reflect the molar mass of 
individual dextran chains, while values obtained in aqueous solution were mainly from 
aggregates. In both solvents, Rg, Rh were higher for L. citreum E497 dextran than for W. 
confusa E392 dextran, which coincides with the higher Mw value of L. citreum E497 
dextran. The [η] for the dextran samples were higher in DMSO than in water (Table 11), 
indicating a more extended solution conformation of the dextrans in DMSO.  
 
In his conclusion on light scattering of polysaccharides, Burchard (2005) noted that 
aggregates in polysaccharide solutions are metastable and do not dissociate even at the 
lowest concentrations. He additionally concluded that whether the aggregates dissociate in 
HPSEC due to high shear or they are simply filtered away is still uncertain (Burchard 
2005). Recent findings have also demonstrated the degradation of HMM polysaccharides 
such as alternan due to the high shear in HPSEC (Cave et al. 2009; Striegel et al. 2009). 
Thus shear dissociation and/or shear degradation of the aggregates may explain the lower 
molar mass values obtained in HPSEC compared to AsFlFFF where samples are separated 
in an open column with minimal shear. In the case of W. confusa E392, however, both 
HPSEC and AsFlFFF gave similar molar mass values (6.4 × 106 and 6.3 × 106 g/mol, 
respectively). This may arise because some of the aggregates in this sample were 
separated in AsFlFFF analysis (Figure 20). It should be noted that even at low 
concentrations, the aggregates dominate the LS signal (Figure 20) and therefore the molar 
mass value calculated when aggregates are not resolved in HPSEC or AsFlFFF analysis is 
predominantly that of the aggregates.  
 
As a consequence, the presence of aggregates in dextran solutions results in over-
estimation of their molar mass values, which can lead to incorrect conclusions on the 
functionality of dextrans. As an example, Tirtaatmadja et al. (2001) indicated that a 2.0 × 
106 g/mol commercial L. mesenteroides B512F dextran showed Newtonian behavior at a 
concentration of 30% w/v, which they therefore related to the presence of elongated 
branches (ramification). Nonetheless, it is likely that the molar mass of this sample is 
skewed by the presence of aggregates. AsFlFFF analysis of a similar commercial dextran 
preparation (paper IV, Figure 2), which is also reported to have an Mw of 2.0 × 106 g/mol 
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by the manufacturer, resolved the aggregates and individual chains in the sample. The 
individual chains had a higher concentration according to the RI signal and, therefore, the 
effective Mw of the sample when aggregates were not considered was ~500 000 g/mol. In 
another example, although the non-linear Kuhn and Mark-Houwink plot (Figure 21) is 
mainly attributed to an increase in branch linkages with increasing molar mass (i.e., the 
molecules are no longer self-similar), the presence of compact aggregates in the solutions 
analyzed may also contribute to the non-linearity. 

6.4.2 DOSY  

Compared to HPSEC and AsFlFFF, DOSY gave relatively similar molar mass values for 
W. confusa E392 and L. citreum E497 (23.9 × 106 and 26.9 × 106 g/mol, respectively, 
Table 11). The D2O solutions used in this analysis most likely contained aggregates and, 
therefore, true D values for single chains were not determined. As the samples were 
polydisperse, the D values and corresponding molar mass values obtained in DOSY are a 
statistical average of their distribution (Callaghan and Pinder 1983). Overall, the 
magnitude of these values (107) was in satisfactory agreement with molar mass values 
obtained with aqueous HPSEC and AsFlFFF, indicating that DOSY can be used to 
estimate the molar mass of HMM dextrans. This result compliments the findings of Viel et 
al. (2003) on the versatility of DOSY to assess the molar mass of neutral uncharged 
polysaccharides. In the study of Viel et al. (2003), dextran and pullulan standards with a 
lower mass range (1270-853 000 g/mol) were used.   
 
A comparison of the calibration curves determined here and by Viel et al. (2003) shows 
that they are parallel (Figure 23) to each other and therefore gave different scaling 
parameters (K and α, Equation [4]). This may have resulted from systematic errors in 
either of the studies, possibly because of differences in the pulse sequences utilized and 
other instrumental factors. In this study, keeping the sample height below 4 cm did not 
eliminate signal attenuation by convection and, therefore, a pulse sequence that included a 
convection compensation element was utilized. Thus, even though several studies (Suárez 
et al. 2006; Säwén et al. 2010) have relied on the scaling parameters obtained by Viel et al. 
(2003) using pullulan standards (K = 8.2 × 10-9 m2s-1 and α = -0.49), the results obtained 
here suggest that it may be necessary to determine these parameters for each experimental 
set-up. The scaling parameters obtained here were 5.47 × 10-9 and -0.425, respectively, 
and are comparable to the results of Politi et al. (2006) (K = 4.24 × 10-9 m2s-1 and α = -
0.417) obtained with dextran standards ranging from 10 000 to 500 000 g/mol.  
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6.5 In situ analysis of dextrans produced during sourdough 
fermentation 

In situ production of dextran in sourdough can easily be affected by factors such as 
contamination of the sourdough with microbes that compete for the added sucrose. Thus a 
simple method to evaluate the amount of dextran produced in sourdough would be highly 
beneficial for quality control. In this study, an enzyme-assisted assay to specifically 
quantify dextran in sourdough was developed. The enzymes included C. erracticum 
endodextranase and A. niger α-glucosidase, which hydrolyzed dextran to glucose and 
BIMO. As indicated in the results, with these enzymes it was only feasible to develop the 
assay for W. confusa E392 dextran, since the recovery of glucose from L. citreum E497 
dextran was only 29%. Utilization of another commercially available Penicilium sp. 
endodextranase (not shown) did not further improve the yield from either of the dextrans. 
The assay developed is only semi-quantitative, since the recovery of W. confusa E392 
dextran in freeze-dried model doughs was only 51%. The lower recovery may be 
attributed to formation of complexes between dextrans and dough components such as 
proteins and starch that hinder the accessibility of the enzymes to the dextran chains. 
Preliminary tests carried out with model doughs without freeze-drying (not shown) gave 
better recoveries, although the standard deviations are higher. In future studies, 
debranching enzymes or A. globiformis T6 isomaltodextranase, for example, may be 
added to the enzyme cocktail for more efficient hydrolysis of dextrans — even those 
containing a high degree of branching. 
 
Using the developed assay, the level of dextran produced by W. confusa E392 in 17 and 
24 h sourdough fermentation was between 1.1 and 1.6% DW (11-16 g/kg), which was 3.4-
3.9% less than the theoretical maximum (5%) synthesizable from 10% sucrose. This 
amount of dextran produced in situ by W. confusa E392 and the corresponding yield (% of 
glucose in sucrose converted to dextran, 22-32%) were significantly higher than reported 
previously (Table 4). The highest amount of dextran (1.6%) was obtained with 24 h 
fermentation (sourdough 2, Table 13). However, a comparable amount (1.5%) was 
obtained with horizontal shaking during 17 h of fermentation (sourdough 7, Table 13).  
 
As discussed in paper V, W. confusa E392 concomitantly produced oligosaccharides and 
dextrans in sourdough (paper V, Figure 3). Similar oligosaccharides have also been 
described previously (Kaditzy and Vogel 2008; Schwab et al. 2008). The oligosaccharides 
contained maltose (paper V, Figure 3), most likely at the reducing end as demonstrated by 
Dols et al. (1997). Preliminary studies on these dextransucrase acceptor reaction products 
indicated that sourdough 2 (Table 6) contained 4.0% DW (40 g/kg) oligosaccharides 
(Figure 24). This amount clearly accounts for the glucose that is not converted to 
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polymeric dextran during sourdough fermentation, although a procedure to correct for 
maltose in these oligosaccharides would be required for a more accurate result.  
 
The technological benefits of the sourdoughs containing W. confusa E392 dextran in 
wheat bread baking are described in detail in paper V. The breads had an improved 
specific volume, softness and shelf life compared to control breads without sourdough and 
bread containing sourdoughs with no dextran. Dextran-containing W. confusa E392 
sourdough was not very acidic, which therefore did not override the positive technological 
and sensory properties of the final bread (V). The impact of the significant amount of 
oligosaccharides from sucrose is still not known. As reported for maltooligosaccharides, 
these acceptor reaction oligosaccharides may play a role in improving the shelf life of the 
breads as anti-staling agents (Leon et al. 2002). Sourdoughs containing L. citreum E497 
dextran have also been tested. Despite the technological benefits, the breads had 
inadequate texture and flavor properties due to high acidification by this strain 
(unpublished results). Thus W. confusa E392 has a higher potential in wheat sourdough 
applications than L. citreum E497. 
 
As indicated in the literature review, relating the structural features of dextrans to their 
functionality in sourdough or any other application entails accurate determination of the 
structural, macromolecular and rheological properties of the dextrans. From a structural 
perspective, the studies here show that a few branches do not necessarily equate to a very 
linear dextran. The α-(1→3) linkages in both W. confusa E392 and L. citreum E497 
dextrans are elongated, though the actual length of these branches, which plays a crucial 
role in the functionality of dextrans (Tirtaatmadja et al. 2001), is still unknown. In the 
future, an α-(1→3) debranching enzyme that should act on polymeric dextran and have no 
activity towards α-(1→6) linkages could be employed for this purpose. The debranched 
dextrans can then be analyzed by HPSEC or AsFlFFF to determine the molar mass of the 
obtained fragments. Such a debranching enzyme, however, has not been reported to the 
knowledge of this author. 
 
From a macromolecular perspective, the results obtained here with dextrans produced in 
simple MRS-S media may not fully reflect the properties of dextrans obtained in situ 
during sourdough fermentation. Although the profile of BIMO obtained after hydrolysis of 
W. confusa E392 dextran in sourdough indicated minimal structural changes (paper V), the 
dextransucrase acceptor reactions with maltose may compromise the molar mass of 
dextrans produced in situ. The results here show that the aqueous dextran solutions used in 
macromolecular characterization contained aggregates. Even at low concentrations, the 
aggregates dominated the LS signal and therefore cause over-estimation of the molar mass 
values obtained, which further complicates deduction of the functionality of the dextrans. 
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Thus, relating the structural and macromolecular properties of W. confusa E392 and L. 
citreum E497 dextrans to their functionality in sourdoughs requires further research. 
Nonetheless, the studies here provide foundational information on the dextrans produced 
by the strains and also provide insight into the challenges involved in determining the 
structural and macromolecular properties of HMM dextrans. 
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7 Conclusion 

In this study, dextrans from strains with a potential use in sourdough were investigated. 
The research focused on the structural and macromolecular properties of dextrans 
produced by W. confusa E392 and L. citreum E497 to understand their functionality in 
sourdough. Enzymatic hydrolysis was used to develop a method for screening the 
structural variations in dextrans, to obtain BIMO used in evaluating the fine structure of 
the dextrans, and finally to aid quantification of dextrans in sourdough. Enzyme 
hydrolysis was preferred in this study because it is repeatable and thus quantitative 
analysis of the BIMO can be correlated to the structure of the dextran and can also be used 
for assessing structural changes in dextran produced in complex media.  
 
Structural elucidation of dextrans by NMR spectroscopy, which has been used in several 
studies previously, is revisited in this thesis. The results clearly showed, in agreement with 
past research, that the structure of dextran is complex, tending towards a ramified structure 
even when there are few branch linkages. Analysis of BIMO evidenced the presence of 
elongated α-(1→3)-linked branches in W. confusa E392 and L. citreum E497 dextrans. In 
the spectra of native dextrans, the H-5 signal at 4.20 ppm can be used to substantiate the 
presence of elongated branches and/or α-(1→3)-linked internal glucosyl residue. 
Nevertheless, it is still not possible to establish whether the branches are elongated by two 
or more residues using this signal.  
 
In the thesis, the possibility of using MS in the study of structural segments was explored. 
MS-based analysis would be a highly effective method, especially when coupled with 
liquid chromatography separation, to establish both the profile and structure of 
oligosaccharides in, for example, the enzyme hydrolysate used in this study. In a 
comprehensive study, this thesis demonstrates that despite the high MS/MS efficiency in 
positive mode, loss of non-reducing end residues via glycoside bond is a major drawback 
to structure elucidation. On the other hand, though negative mode provided solid data to 
unequivocally determine the structures of the oligosaccharides included in the study, its 
MS/MS efficiency was low. In the present study, the focus was mainly on branched 
oligosaccharides with a linear arrangement (i.e. they only had one non-reducing end). We 
can, however, anticipate that, for oligosaccharides with more than one non-reducing end, 
loss of branch point residues via glycoside bond cleavage will occur and strategies to 
overcome this hurdle are needed.  
 
Macromolecular characterization of the dextrans produced by the strains was carried out in 
a comparative study that involved different solvents and methods. The challenge in this 
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study was the poor solubility of freeze-dried dextrans and the presence of aggregates in the 
samples analyzed. DMSO disrupted the aggregates and is therefore considered the solvent 
of choice when the molar mass of individual chains is required. However, as demonstrated 
with W. confusa E392 dextran, the DMSO solutions were metastable and seemed to 
aggregate with time. In this study, DOSY was used for the first time to determine the 
molar mass of HMM dextrans. The method gave promising results and can therefore be 
used as an alternative when HPSEC or AsFlFFF equipment is not available. With this 
method, the same sample can be used for structural, hydrodynamic radius and molar mass 
analysis. 
 
At present, there is no commercially available specific enzyme assay for dextran 
quantification. Such a kit would be useful in quality control when dextran is produced in 
situ during sourdough or any other food fermentation process. However, several enzymes 
are required to completely convert dextran to quantifiable glucose. In this thesis, the 
enzyme-aided assay developed is semi-quantitative due to the low recovery of dextran 
from freeze-dried sourdough and is limited to dextrans with less than 5% α-(1→3) 
branching. In the future more enzymes may be included in the cocktail for more efficient 
hydrolysis of highly branched dextrans.  
 
As shown here, few branches in dextrans does not automatically equate to a very linear 
dextran, which, as proposed in the literature, is a desirable feature for more effective 
functionality in sourdough applications. Possibly the size (Rg and Rh) or [η], which reflect 
the shape and conformation of the dextrans, are more appropriate parameters to consider 
when comparing the structure-function relationship of different dextrans in sourdough 
applications. Determination of these parameters is, however, a challenge, as the solutions 
of HMM dextrans can contain both individual dextran chains and compact aggregates. 
Nonetheless, since sourdough is an aqueous system, the functionality of dextran may 
result from a contribution of both the individual chains and aggregates. The preliminary 
study on oligosaccharides, produced concomitantly with dextrans in sourdough, showed 
that a significant amount of the glucose from sucrose is used in the acceptor reactions. 
Thus, the role of these oligosaccharides in improving the technological properties of 
sourdough bread should also be considered.  
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