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Abstract 16 

The formation of HoPS and oligosaccharides in sourdough fermentation improves bread quality but is 17 

dependent on the expression of glycansucrases by lactic acid bacteria. Data on the expression of 18 

dextransucrases by Weissella spp., however, are limited. This study therefore aimed to assess 19 

dextansucrase expression in W. cibaria 10M, focusing on the effect of temperature. The effect of 20 

temperature on growth, oligosaccharide and dextran synthesis by W. cibaria 10M was determined and the 21 

expression and activity of cell-associated dextransucrase from W. cibaria 10M were investigated. The 22 

oligosaccharides profiles were measured by thin layer chromatography and high performance anion 23 

exchange chromatography coupled to pulsed amperometric detection. Dextran formation was 24 

quantified by size exclusion chromatography. W. cibaria grew fastest at 30 °C but oligosaccharide 25 

formation was highest at 20 °C or less. Dextransucrase expression as measured by reverse transcription 26 

quantitative PCR, SDS-PAGE, and activity of cell-associated dextransucrase were maximal at 15 °C. 27 

Cold shift incubation, characterized by incubation at 30 °C to obtain biomass, followed by shift to 28 

6 °C to induce dextransucrase expression, supported high dextransucrase activity in laboratory 29 

media. Cold shift fermentation of wheat and sorghum sourdoughs supplemented with 15 or 30% 30 

sucrose increased the yields of oligosaccharides, and resulted in formation of 16 and 12 g / kg 31 

dextran in wheat and sorghum sourdoughs, respectively. Dextran formation was decreased in 32 

favour of oligosaccharide formation when doughs were supplemented with maltose. In 33 

conclusion, cold shift fermentation of sourdough with W. cibaria supports high dextran yields or 34 

formation of oligosaccharides without excess acidification. 35 

Keywords: Isomalto-oligosaccharides; exopolysaccharides; dextran, dextransucrase, Weissella 36 

cibaria; sourdough, sorghum.  37 
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1. Introduction 39 

The formation of extracellular homopolysaccharides (HoPS) by lactic acid bacteria (LAB) 40 

during sourdough fermentation improves texture and storage life of bread (Galle and Arendt, 41 

2014; Tieking and Gänzle, 2005). HoPS formation is accompanied by formation of 42 

oligosaccharides, which add nutritional functionality to baked goods through their prebiotic 43 

activity (Yan et al., 2018; Schwab et al., 2008). HoPS and oligosaccharide formation by lactic 44 

acid bacteria is dependent on the availability of sucrose, and is mediated by extracellular 45 

fructansucrases or glucansucrases (Tieking et al., 2003; van Hijum et al., 2006). These enzymes 46 

frequently occur in the species Streptococcus mutans, in species of the L. reuteri group, and in 47 

the genera Leuconostoc and Weissella (Bounaix et al., 2010; Galle et al., 2010; Tieking et al., 48 

2003; van Hijum et al., 2006). Strains of the vertebrate host-adapted L. reuteri group are 49 

commonly isolated from type II sourdoughs; Leuconostoc spp. and Weissella spp. occasionally 50 

occur in spontaneous sourdoughs or in type I sourdoughs (Gänzle and Ripari, 2016; Gobbetti et 51 

al., 2016; Latttanzi et al., 2013). Among HoPS producing lactic acid bacteria, the use of 52 

Weissella spp. is considered advantageous because Weissella ssp. produce high molecular weight 53 

dextrans (Chen et al., 2016; Katina et al., 2009). Moreover, Weissella cibaria and W. confusa 54 

generally do not express mannitol dehydrogenase activity and thus accumulate less acetic acid 55 

when compared to Leuconostoc spp. or lactobacilli (Galle, et al 2010).  56 

Glucansucrases are GH70 enzymes and are categorized based on the linkage types of the glucans 57 

formed (van Hijum et al., 2006). Dextran, a α-(1→6) linked glucan with α-(1→2,6) or (1→3,6) 58 

branching points, is produced by dextransucrases of Leuconostoc spp., Weissella spp. and 59 

lactobacilli (Bounaix et al., 2010; Naessens et al., 2005; van Hijum et al., 2006). Dextran is one 60 

of the first biopolymers produced on an industrial scale and is applied in medicine, separation 61 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Galle%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24499068
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technology, and as food hydrocolloid (Naessens et al., 2005). Dextransucrases transfer the 62 

glycosyl moiety from sucrose to acceptor sugars or to a growing glucan chain to produce 63 

α-(1→6) linked glucan-oligosaccharides or dextran, respectively (van Hijum et al., 2006). The 64 

ratio of oligosaccharides to polysaccharides depends on the concentration of suitable acceptor 65 

carbohydrates (Hu et al., 2017; Robyt and Eklund, 1983). Maltose, an abundant sugar in wheat 66 

sourdough but not in sorghum sourdoughs, is a preferred glucosyl acceptor for dextransucrases 67 

(Galle et al., 2010; Hu et al., 2017). Oligosaccharide formation in sourdough does not impact 68 

bread texture, however, α-(1→6) linked gluco-oligosaccharides with a DP higher than 3 increase 69 

the fibre content of bread (Yan et al., 2018; Hu et al., 2017; Schwab et al., 2008).  70 

The formation of HoPS and oligosaccharides in sourdough fermentation is also dependent on the 71 

expression of glucansucrases by lactic acid bacteria. Reuteransucrases in L. reuteri are expressed 72 

constitutively (Schwab et al., 2006) while dextransucrase expression in Leuconostoc 73 

mesenteroides is induced by sucrose (Quirasco et al., 1999). Data on the expression of 74 

dextransucrases by Weissella spp., however, are limited (Bounaix et al., 2010). This study 75 

therefore aimed to assess dextansucrase expression in W. cibaria 10M, focusing on the effect of 76 

temperature, a major parameter for fermentation control in industrial and artisanal fermentations 77 

(Gänzle et al., 1998). Oligosaccharide formation was quantified by high performance anion 78 

exchange chromatography with pulse amperometric detection (HPAEC-PAD) and thin layer 79 

chromatography (TLC) was used as a fast analysis method; dextran was quantified by size 80 

exclusion chromatography and its size was assessed by asymmetric flow field flow fractionation 81 

coupled to multi-angle laser scattering. Dextran- and oligosaccharide formation during growth in 82 

laboratory media was compared to product formation in wheat and sorghum sourdoughs as 83 

substrates differing in the content of maltose as glucosyl acceptor.  84 
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2. Materials and Methods 85 

2.1 Strains and growth conditions 86 

Weissella cibaria 10M expressing the dextransucrase DsrM (Chen et al., 2016) was routinely 87 

cultivated on modified de Man Rogosa Sharpe (mMRS) agar (Schwab et al. 2008) from glycerol 88 

stock stored at -80 °C. For preparation of working cultures, colonies were picked from the agar 89 

plate, cultured at 30 °C in mMRS broth containing 24 mM maltose, 22 mM glucose and 22 mM 90 

fructose for 16 h, and subcultured in MRS containing 85 mM sucrose (sucMRS) as sole carbon 91 

source for 16 h. Media were prepared by adding filter sterilized sugar solutions to autoclaved 92 

basal media.  93 

2.2 Growth curve of W. cibaria 10M 94 

W. cibaria 10M was subcultured with a 1% inoculum in mMRS broth and incubated at 6, 20, and 95 

30°C. Samples were taken periodically for determination of the pH and the optical density (OD). 96 

The optical density was determined with 200 µL samples at 600 nm in a micotitreplate reader.  97 

2.3 Effect of temperature on dextran synthesis by W. cibaria 10M in the presence of 0.5 M 98 

sucrose 99 

W. cibaria 10M was subcultured at 1% inoculum in MRS broth with 0.5 M sucrose, incubated at 100 

30°C to the exponential phase of growth, corresponding to an optical density (OD) at 600nm of 101 

0.2-0.4, and further incubated at 6, 15, 20, 25, or 30 °C for 24 h. Cells were removed by 102 

centrifugation for 20 min at 4 °C and polysaccharides in the supernatant were precipitated by 103 

addition of two volumes of cool ethanol, followed by incubation at 4 °C overnight. 104 

Polysaccharides were re-dissolved in water, insoluble material was removed by centrifugation, 105 

and polysaccharides in the supernatant were precipitated again with ethanol, collected by 106 
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centrifugation, and freeze dried. The size distribution of polysaccharides was analyzed by size 107 

exclusion chromatography using a Superdex 200 column (GE Healthcare Life Sciences, 108 

Mississauga, ON, Canada) eluted with water at a flow rate of 0.3 mL / min. Polysaccharides 109 

were quantified with a refractive index (RI) detector using dextran preparations (Sigma-Aldrich, 110 

Oakville, ON, Canada) with a molecular weight ranging from 5 x 106 to 4 x 107 as standard. 111 

Reactions were carried out in duplicate or triplicate. 112 

2.4 Effect of temperature on oligosaccharide synthesis by W. cibaria 10M in the presence of 0.5 113 

M sucrose and 0.25 M maltose 114 

W. cibaria 10M was subcultured at 1% inoculum in MRS broth with 0.5 M sucrose and 0.25 M 115 

maltose and incubated at 20, 25, 30 °C for 24 h. Cells were removed by centrifugation and the 116 

supernatant was heated to 90 °C for 10 min to inactivate extracellular dextransucrase. Samples 117 

were diluted 100-fold with water, filtered by 0.22 µm filter, and oligosaccharides were analyzed 118 

by a by high performance anion exchange chromatography coupled to pulsed amperometric 119 

detection (HPAEC-PAD) on a Carbopac PA20 column (Dionex, Oakville, Canada) as described 120 

(Schwab et al., 2008). Other microbial metabolites were quantified with an RI detector after 121 

separation on an Aminex 87H column as described (Galle et al., 2010). 122 

2.5 Expression and activity of cell-associated dextransucrase from W. cibaria 10M 123 

W. cibaria was subcultured at 1 % inoculum in MRS broth with 0.5 M sucrose and incubated at 124 

30 °C to the exponential phase of growth, corresponding to an OD600nm of ~0.4. Cultures were 125 

then transferred to 6, 15, 20, 25, or 30 °C and further incubated for 24 h. Cells were harvested by 126 

centrifugation, resuspended in 1 mL phosphate buffered saline (pH 7.4) and the OD600nm was 127 

adjusted 10. Cells were lysed by a bead beater. Expression of cell-associated DsrM was assessed 128 

by SDS-polyacrylamide gel electrophoresis using a 4-16 % Mini-PROTEAN® TGX™ Precast 129 
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Gel (BIO-RAD, Mississauga, Canada) and Coomassie staining. DrsM activity was determined 130 

with 50 µL of cell lysate added to 0.45 mL 20 mM Na Acetate (pH 5.2) containing 100 mM 131 

sucrose. Reactions were incubated at 4, 6, 15, 20, 25 and 30 °C for 1 - 6 h, stopped by heating to 132 

95 °C for 10 mins, and DsrM activity was determined by enzymatic quantification of fructose 133 

(Fructose Assay Kit, Sigma-Aldrich). DsrM activity was normalized by using the protein 134 

concentration of the cell lysate as determined by the absorption at 280 nm. The specific 135 

hydrolysis and total activity of DsrM (1 U) was defined as release of 1 µmol / min of free 136 

fructose or glucose, respectively, released per 1 mg cellular protein. 137 

2.6 Quantification of dsrM mRNA in cultures of W. cibaria 10M 138 

The expression of dsrM from W. cibaria 10M was quantified by reverse-transcriptase-139 

quantitative PCR (RT-qPCR). Bacteria were grown in the MRS broth containing sucrose at 140 

different temperature (6, 15, 20, 25, 30 oC) to an OD600nm of 0.4. RNA was extracted using 141 

RNAprotect Bacteria Reagent and a RNeasy Minikit (Qiagen, USA) and was subjected to 142 

DNAase treatment with RQ1 RNase-Free DNase Kit (Promega,Madison, USA) to eliminate 143 

genomic DNA. The treated RNA was reverse transcribed to cDNA using QuantiTect Reverse 144 

Transcription Kit (Qiagen, USA). qPCR was performed on 7500 Fast Real-Time PCR System 145 

(Applied Biosystems, Life Technologies, Burlington ON) with QuantiFast SYBR Green 146 

(Qiagen). DNase-treated RNA samples served as negative controls. Relative gene expression 147 

was calculated according to Pfaffl (2001) as follows: 148 

𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑔𝑒𝑛𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
2

∆𝐶𝑝𝑡𝑎𝑟𝑔𝑒𝑡(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒)

2
∆𝐶𝑝𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒(𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝑠𝑎𝑚𝑝𝑙𝑒); 149 

where ΔCP is the difference in CP values for control and sample conditions. The gene coding for 150 

16S rRNA was used as reference gene; gene expression was normalized to expression at 30 °C. 151 
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The primers used for the quantification of gene expression of dsrM are: DSR-F’: 152 

AGACTGGTGAACGCTTGTATC and DSR-R’: CTGCCTGAACTTGTGGATTTG. Results are 153 

shown as means ± standard error of the mean of 2 biological replicates each analysed in 154 

duplicate or triplicate. Statistical analysis was performed by using one way Anova with Holm-155 

Sidak post hoc analysis (SigmaPlot, version 12.5). 156 

2.7 Production of exopolysaccharides and oligosaccharides by W. cibaria 10M after 157 

temperature-shift incubation.  158 

W. cibaria 10M was subcultured at 1% inoculum in MRS broth with 0.5 M sucrose and 0.25 M 159 

maltose and incubated at 30°C until OD600nm of 0.2-0.4. One aliquot of the culture incubated at 160 

30 °C for 48 h, other aliquots were removed, cooled to 6 oC prior to incubation for 48 h. All 161 

reactions were carried out in duplicate or triplicate. Samples were diluted 100-fold with water, 162 

filtered by 0.22 um filter, then analyzed by a Carbopac PA20 column coupled to an ED40 163 

chemical detector (Dionex, Oakville, Canada). The carbohydrates in the reaction mixtures for 164 

different incubation time with W. cibaria 10M in MRS contained 0.25 M sucrose and 0.125 M 165 

maltose were also identified by TLC using silica gel plates (Sigma). Glucose, fructose, sucrose, 166 

maltose, panose, isomaltotriose (Sigma) and commercial IMO preparation (BioNeutra North 167 

America, Edmonton, Canada), served as standards. TLC plates were developed with a solvent 168 

system of n-propanol: methanol: ammonia: water =5: 4 : 2: 1 (v/v). Carbohydrates were 169 

visualized by spraying 0.5 % diphenylamine and 0.5 % aniline in 95 % ethanol solution and by 170 

heating them in an oven at 80 ◦C for 30 min.  171 

2.8 Sourdough fermentation 172 

Working cultures of W. cibaria 10M were washed twice with sterile tap water, and re-suspended 173 

in 10 mL sterile tap water (107 CFU/mL). Dough was prepared with 10 g of commercial whole 174 
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wheat flour or sorghum flour, 10 g of culture in tapwater, and different level of sucrose (15 or 175 

30 % relative to the amount of flour used), and with addition of maltose or glucose (equimolar 176 

addition relative to the amount of sucrose added). Control doughs were chemically acidified with 177 

4 parts lactic acid (80 %) and one part glacial acetic acids (100 %) and adjust to pH 4. 178 

Sourdoughs were fermented at room temperature for 1-2 h (Galle et al., 2012) and then shifted to 179 

6 oC for 1 d. Cell counts and pH were determined at 0 h and 24 h of fermentation. After 24 h of 180 

fermentation, oligosaccharides were extracted with water at 80 °C for 2 h and then analyzed by 181 

HPAEC-PAD. Plating of sourdoughs on suc-MRS was employed to confirm the identity of 182 

fermentation microbiota with the inoculum.  183 

2.9 Determination of the size distribution of exopolysaccharides produced during sourdough 184 

fermentation 185 

To determine the molecular mass of polysaccharides, EPS was extracted from dough as 186 

previously described (Tieking et al., 2003). Briefly, EPS was precipitated form aqueous dough 187 

extracts with ethanol, dialyzed against distilled water, and lyophilized. The freeze-dried samples 188 

were dissolved in distilled water to a concentration of 10 g / L. To investigate the effect of 189 

different concentration of maltose or glucose on the molecular weight of the products, the molar 190 

mass determination of dextran was performed with AF4 coupled to MALLS and RI detectors 191 

(Postnova, Salt Lake City, UT, USA) (Hu et al., 2017; Rühmkorf et al., 2012). The regenerated 192 

cellulose membrane of the accumulation wall had a molecular weight cut off of 10 kDa. Poly-193 

styrolsulphonate standard and BSA were used for calibration of detectors. Samples were diluted 194 

10-fold with 10 mM NaCl and injected at a flow rate of 0.2 mL min-1 and a cross flow of 1 mL / 195 

min for 6 min. After injection, the cross flow rate remained consistent 2 min, linearly decreased 196 

to 0.1 mL / min over 10 min, and was then maintained at 0.1 mL / min for 10 min. The molar 197 



10 
 

mass was determined from the 7 laser scattering signals and RI signal by AF 2000 software 198 

(Postnova). To determine the concentration of EPS, the RI detector was used as concentration 199 

dependent detector with an increment (dn/dc) value of 0.146 mL / g (Vilaplana and Gilbert, 200 

2010). Aqueous extracts from sourdough were analysed by AF4-RI and the yield of high 201 

molecular weight EPS was calculated from two biological repeats. 202 

3. Results 203 

3.1 Growth of W. cibaria 10M at different temperature 204 

W. cibaria was previously identified as dextran producing organisms but produced only low 205 

levels of dextran or gluco-oligosaccharides during growth in wheat sourdough at reference 206 

conditions, 30 °C (data not shown). To determine whether this relates to impaired growth at 207 

30 °C, growth and acidification of W. cibaria 10M was monitored at 6 °C, 20 °C and 30 °C 208 

(Figure 1). Growth and acidification were fastest at 30 °C; after 6 and 12 h of incubation at 30 209 

and 20 °C, respectively. The pH value decreased to below 4.8, thus decreasing dextransucrase 210 

activity, which is optimal at pH 5.4 (Kang et al., 2009). Consistent with prior observations (Galle 211 

et al., 2010), W. cibaria produced only small amounts of acetate and no mannitol during growth 212 

(data not shown). Growth at 6°C was observed only after the incubation time was extended to 213 

7 d (data not shown).  214 

3.2 Effect of temperature on oligosaccharide synthesis by W. cibaria 10M  215 

To determine the effect of temperature on dextransucrase-mediated oligosaccharide production, 216 

W. cibaria was grown at 20, 25, and 30 °C and oligosaccharide production in Suc-Mal-MRS was 217 

monitored by HPAEC-PAD (Figure 2). With sucrose as glycosyl donor and maltose as the 218 

glycosyl acceptor medium, panose-series oligosaccharides were observed (Figure 2; Hu et al., 219 
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2017; Robyt and Eklund. 1983). After growth at the lower incubation temperature of 20 °C, less 220 

sucrose remained in the growth medium after 24 h and more panose-series oligosaccharides were 221 

produced (Figure 2), indicating higher oligosaccharide production at incubation temperatures 222 

that are below the growth optimum of W. cibaria.  223 

3.3 Oligosaccharides produced by W. cibaria 10M after cold shift incubation.  224 

Because growth and biomass production of W. cibaria was fastest at 30 °C but dextransucrase-225 

mediated oligosaccharide production increased at lower temperature, we determined whether 226 

“cold shift” incubation could maximize dextransucrase activity (Figure 3A). W. cibaria 10M was 227 

incubated at 30 °C for differing intervals of time and then shifted to 6 °C, followed by 48 h of 228 

further incubation. The cold shift protocol decreased the temperature to the target temperature in 229 

about 1 h (data not shown). Oligosaccharide production was initially assessed by thin layer 230 

chromatography (Figure 3). Panose and α-(1→6) extended panose-series oligosaccharides with a 231 

DP of 4, 5, 6, 7, 8, 10, 11, and 12 had a Rf of ~ 0.49, 0.40, 0.30, 0.22, 0.15, 0.1, 0.07, and 0.05, 232 

respectively (Figure 3). During growth at 30 °C, W. cibaria produced panose-series 233 

oligosaccharides with a DP of up to 6 (Figure 3B, left panel). Cold shift of early exponentially 234 

phase cells to 6 °C after 2 h of incubation at 30 °C resulted in virtually complete utilization of 235 

sucrose and maltose and formation of panose-series oligosaccharides with a high degree of 236 

polymerization, indicating high dextransucrase activity after cold shift (Figure 3B, right panel). 237 

Cold shift after 6 and 24h of growth at 30°C, corresponding to mid-exponential and stationary 238 

phase cells, reduced the molecular weight of oligosaccharides produced by W. cibaria when 239 

compared to cold shift after 2h of incubation (Figure 3B). Results obtained by thin layer 240 

chromatography were confirmed by analysis with HPAEC-PAD (Figure S1). Cold shift after 2 h 241 

to 6 h of incubation at 30 °C thus benefits transglucosylation by dextransucrase. For subsequent 242 
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experiments, cultures of W. cibaria were incubated at 30 °C to an OD600nm of 0.4 and then shifted 243 

to 6 °C.  244 

Quantitative analysis of panose and panose-series oligosaccharides with a DP of 4 – 8 after 245 

growth of W. cibaria 10M in mMRS was achieved by HPAEC-PAD. Because standards for 246 

higher panose-series oligosaccharides are not available, the method provides only a relative 247 

quantification of oligosaccharides with a DP of 4 or higher. Based on the initial experiments 248 

analysed by TLC (Figure 3), cultures were shifted from 30°C to 6°C after 2 – 10 h of incubation 249 

(Figure 4). The concentration of higher oligosaccharides was calculated by using the panose 250 

standard curve. An incubation time of 2 to 4 h prior to cold shift to 6 °C generated the highest 251 

concentration of oligosaccharides (Figure 4B). The concentration of products decreased in the 252 

order DP4 > DP5 > panose > DP6, DP7, and DP8 (Figure 4B). 253 

3.3 Effect of temperature on DsrM expression by W. cibaria 10M 254 

To determine whether the increased oligosaccharide synthesis by W. cibaria at cold temperature 255 

relates to dextransucrase expression, DsrM expression was quantified at the level of mRNA 256 

abundance, protein abundance, and dextransucrase activity (Figure 5). RT-qPCR demonstrated 257 

that dsrM expression increases with decreasing incubation temperature; the abundance of the 258 

dsrM transcript was significantly increased at 15°C when compared to higher incubation 259 

temperatures (Figure 5 A). The cell-associated DsrM expression was also visualized by SDS-260 

PAGE. W. cibaria was grown to the exponential phase of growth at 30 °C and further incubated 261 

for 24 h at the temperature specified. Whole cellular proteins were isolated from cultures that 262 

were standardized to an optical density of 10 (Figure 5B); DsrM was visible as a band at the 263 

predicted molecular weight of around 162 kDa. The band intensity corresponding to DsrM was 264 

highest after incubation at 6 and 15 °C (Figure 5B). The cell-associated dextransucrase activity 265 
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was also quantified with cells of W. cibaria that were grown to the exponential phase of growth 266 

at 30 °C and further incubated for 24 h at the temperature specified. The cell-associated 267 

dextransucrase activity was estimated by the release of fructose; the activity increased after 268 

decreasing the incubation temperature to 15 °C or less. Remarkably, reducing the incubation 269 

temperature to 6 °C increased the hydrolase activity as measured by the release of glucose 270 

without further increasing total activity. It is noteworthy that crude cellular extract of W. cibaria 271 

also contains other enzymes that are active on sucrose. In particular sucrose phosphorylase 272 

cleaves sucrose to fructose and glucose-1-phosphate and thus contributes to the apparent 273 

transferase activity but not the apparent hydrolase activity. Taken together, the three different 274 

approaches for assessment of the effect of temperature on DsrM activity consistently indicated 275 

an increased expression and activity at low temperature.  276 

3.4 Production of exopolysaccharides by W. cibaria 10M after cold shift. 277 

The influence of cold shift to temperatures ranging from 6 to 25 °C on dextran production was 278 

determined in mMRS containing 0.5 M sucrose (Figure 6). The highest volumetric yield of 279 

dextran was observed after cold shift to 25 °C. This result conforms to the effect of temperature 280 

on oligosaccharide production (Figure 2) and is explained by the opposite effects of temperature 281 

on growth and biomass production and dextransucrase expression. Growth and biomass 282 

production is highest at 30 °C (Figure 1) while dextransucrase expressions is highest at 15°C or 283 

lower (Figure 5). Moreover, temperature and pH effects on dextransucrase activity need to be 284 

considered. Dextransucrase activity is highest at 30 °C, however, this temperature also favours 285 

rapid acidification, inhibiting DsrM activity.  286 

3.6 Oligosaccharide and exopolysaccharide formation during sourdough fermentation 287 
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To determine whether cold shift fermentation optimizes dextran formation in sourdough, 288 

W. cibaria 10M was employed as starter cultures for wheat and sorghum sourdoughs 289 

supplemented with sucrose, sucrose and glucose, or sucrose and maltose. During growth at 290 

30 °C, the pH decreased from 5.4 to 3.8 after 24 h of incubation and only low levels of 291 

oligosaccharides were formed (data not shown). Cold shift to 6 °C after 2 h of incubation at 292 

20 °C limited the pH decrease to values ranging from 4.6 to 4.9; i.e. the sourdough pH remained 293 

high enough to sustain DsrM activity. Oligosaccharide production during growth in sourdough 294 

was analysed by HPAEC-PAD (Figure 7). Low oligosaccharide levels were detected in 295 

chemically acidified dough (Fig. 7); the formation of oligosaccharides increased after addition of 296 

sucrose or sucrose and glucose. Glucose addition increased formation of isomaltotriose (IM3) 297 

and panose was additionally detected. Panose co-elutes with isomaltohexose, however, maltose 298 

was available as glucosyl-acceptor but IM5 was not, suggesting that the peak represents panose 299 

(Fig. 7). Addition of 15% maltose further increased the oligosaccharide levels and resulted 300 

particularly in formation of panose and panose-series of oligosaccharides with DP 3 - 8 (Fig. 7). 301 

These results conform to prior data that maltose is a better acceptor carbohydrate than glucose 302 

for oligosaccharide production by W. cibaria 10M (Hu et al., 2017). 303 

AF4 was employed to separate water soluble polysaccharides in sourdough (Figure 8). The 304 

MALS signal and the retention time demonstrated that the chemically acidified control dough 305 

contained no water soluble polysaccharides (Fig. 8). Wheat sourdoughs fermented with W. 306 

cibaria 10M in presence of sucrose contained high molecular weight polysaccharides, 307 

demonstrating that water soluble polysaccharides in sourdough are attributable to EPS formation 308 

by W. cibaria 10M. The addition of maltose or glucose did not decrease the molecular weight of 309 

the EPS but decreased the EPS concentration (Fig. 8). The yield of EPS with different 310 



15 
 

concentration of sugars in wheat and sorghum sourdoughs was evaluated with the RI as 311 

concentration dependent detector (Figure 9). The EPS yield was generally higher in wheat 312 

sourdoughs when compared to sorghum sourdoughs; increasing the sucrose concentration from 313 

15 to 30 % increased the EPS yield more than 2 fold (Fig. 9). The highest yield of EPS, about 16 314 

g / kg, was observed in wheat sourdough with 30% sucrose. Addition of acceptor carbohydrates 315 

generally decreased the EPS yield; however, the yield of EPS in sorghum sourdoughs containing 316 

30% sucrose was unchanged by addition of 15% glucose. 317 

4. Discussion 318 

Weissella species grow optimally at temperatures higher than 30°C, however, optimum dextran 319 

synthesis was observed at lower temperatures. This study employed a cold shift method to 320 

optimize production of dextran and oligosaccharides by W. cibaria 10M. Dextran and 321 

oligosaccharides are alternative products of dextransucrase activity which improve textural and 322 

nutritional properties of bread, respectively (Galle and Arendt, 2014; Yan et al., 2018). Initial 323 

incubation at ambient temperature allows growth of W. cibaria to produce sufficient biomass; the 324 

subsequent temperature shift optimized dextransucrase expression and deferred acidification 325 

while supporting dextransucrase activity during prolonged incubation.  326 

Temperature is a key parameter for control of the activity and composition of sourdough 327 

microbiota (Gänzle and Ripari, 2016) and fermentation at temperatures ranging from 12 – 16°C 328 

is used in artisanal baking to defer growth and acid production by sourdough lactic acid bacteria 329 

(unpublished observations of the authors). Moreover, fermentation or storage of sourdough at 330 

4°C is used in production of Panettone (Venturi et al., 2012), a sweet baked product where 331 

dextran formation is considered to be essential for the quality and storage life (Lacaze et al., 332 
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2007). Cold shift fermentation, however, has not been deliberately employed to optimize dextran 333 

or oligosaccharide formation by lactic acid bacteria in sourdough.  334 

W. cibaria grows optimally at 36°C and pH 6.6; the minimum pH and temperature of growth 335 

were determined as 3.8 and less than 10°C, respectively (Riccardi et al., 2009). Other Weissella 336 

species grow at refrigeration temperature and contribute to meat spoilage (Silva et al., 2017). 337 

W. cibaria does not grow at 4°C (Björkroth et al., 2002); our data demonstrate that refrigeration 338 

temperatures of 4 – 6 °C represent the growth / no growth interface for this species. W. cibaria 339 

thus has the exceptional ability to grow at less than 10°C as well as more than 45 °C (Riccardi et 340 

al., 2009; this study). This broad temperature of growth matches the relevance of Weissella spp. 341 

as part of the commensal microbiota of cold water fish and warm blooded animals (Fusco et al., 342 

2015).  343 

The temperature and pH optimum of dextransucrases from W. cibaria and W. confusa, 30 – 40°C 344 

and pH 5.4, match the optimum growth conditions (Amari et al., 2013; Baruah et al., 2017; 345 

Kajala et al., 2015; Kang et al., 2009). Dextransucrases of Weissella spp. are unstable, however, 346 

when the temperature exceeds 25 °C. For example, the half-live of W. confusa dextransucrase 347 

decreased from 33 h to 7.4 h when the temperature was increased from 23 to 42 °C (Kajala et al., 348 

2015). The effect of cold shift on dextran synthesis is thus not explained by the temperature 349 

optima of the producing strain W. cibaria 10M or the dextransucrase DsrM; we therefore 350 

explored whether temperature dependent gene expression may contribute to the increased 351 

dextran yield after cold shift.  352 

In lactic acid bacteria, sucrose conversion by glucansucrases contributes to carbohydrate 353 

metabolism, generates soluble and insoluble carbohydrates as part of a biofilm matrix, and 354 

contributes to stress resistance. The host adapted organisms L. reuteri and S. mutans form 355 
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biofilms in the upper intestinal tract of animals and the oral cavity of humans, respectively (Klein 356 

et al., 2015; Walter et al., 2008). Glucansucrase expression in L. reuteri and S. mutans is 357 

constitutive and not dependent on sucrose availability in the medium (Arsköld et al., 2007; 358 

Schwab et al., 2006 and 2007). In contrast to L. reuteri and S. mutans, dextransucrase expression 359 

in L. mesenteroides is induced by sucrose (Bounaix et al., 2010; Neubauer et al., 2003; Quirasco 360 

et al., 1999). Stress induced expression of glycansucrases was observed in L. reuteri and 361 

L. mesenteroides. In L. reuteri, fructansucrase expression is induced by membrane perturbations 362 

increasing the membrane lateral pressure (Schwab et al., 2006). In L. mesenteroides, the 363 

glucansucrase Gsy, which forms a water insoluble glucan, is induced by oxidative stress in 364 

addition to sucrose (Yan et al., 2016). Only few reports provide data on the regulation of 365 

dextransucrase in Weissella spp.. Different from L. mesenteroides, dextransucrase expression by 366 

Weissella spp. was constitutive and not induced by sucrose (Bounaix et al., 2010). This study 367 

demonstrates that dextransucrase expression is induced by cold temperatures; highest levels of 368 

DsrM expression and activity were observed in the temperature range of 6 – 15 °C. Dextran 369 

production by Leuconostoc gelidum during growth at refrigeration temperature contributes to 370 

spoilage of ready-to-eat meat and fish products (Lyhs et al., 2004) but has not been described for 371 

Weissella spp.. W. cibaria occurs in a wide range of habitats and has been isolated from the feces 372 

and milk of warm blooded animals and from the feces of salmon and trout (Fusco et al., 2015). 373 

Induction of dextran synthesis in W. cibaria may support biofilm formation in cold (water) 374 

habitats. 375 

The overexpression of DsrM by W. cibaria was employed in this study to increase dextran and 376 

oligosaccharide levels in wheat sourdoughs by cold shift fermentation. Initial studies on HoPS 377 

formation in sourdough reported glucan levels of 2 – 5 g / kg flour after fermentation of wheat 378 
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sourdough with addition of 10% sucrose and glucan-forming lactobacilli (Tieking et al., 2003). 379 

Fermentation of wheat and sorghum sourdoughs with addition of 20% sucrose and W. cibaria 380 

MG1 as starter culture accumulated 5 and 8 g dextran / kg flour, respectively (Galle et al., 2012a 381 

and 2012b). However, W. cibaria 10M accumulated only 0.8 g / kg dextran during growth in 382 

sorghum sourdoughs at 30 °C (Schwab et al., 2008). Higher dextran yields in sorghum 383 

sourdoughs were attributed to the higher maltose levels in wheat sourdoughs (Galle et al., 2010). 384 

Maltose is an excellent glycosyl-acceptor for dextransucrase, supporting formation of panose-385 

series oligosaccharides, and high maltose levels thus divert dextransucrase activity towards 386 

oligosaccharide formation (Gänzle, 2014; Hu et al., 2017). Accordingly, heat treatment of wheat 387 

flour to inactivate maltogenic amylases increased the dextran yield in W. confusa sourdoughs to 388 

16 g / kg (Katina et al., 2009). Up to 150 g / kg flour dextran were generated when incubating 389 

heat treated wheat bran with dextransucrase and 30% sucrose (Kajala et al., 2015). Enzyme 390 

inactivation of wheat flour or wheat bran, however, also inactivates pentosanases and proteases 391 

that improve texture and flavor of bread by solubilizing arabinoxylans, and by accumulating 392 

amino acids as flavor precursors (Gänzle, 2014). The present study achieved dextran levels of up 393 

to 16 g / kg flour with untreated, enzyme active wheat flour by addition of 30% sucrose and 394 

cold-shift fermentation. Dextran produced by DsrM significantly improved bread texture when 395 

added at a level of 1 to 2 g / kg (Chen et al., 2016). W. cibaria 10M sourdoughs produced with 396 

addition of sucrose and cold shift fermentation thus provide sufficient dextran for improved 397 

bread quality without adding excess acidity. Sourdoughs produced with addition of sucrose and 398 

maltose may accumulate a sufficient quantity of panose-series oligosaccharides to improve the 399 

nutritional functionality of bread (Hu et al., 2017; Schwab et al., 2008; Yan et al., 2018). 400 



19 
 

Acknowledgements. 401 

Dr. Xin Zhao is acknowledged for support with the quantification of mRNA by RT-qPCR. 402 

NSERC (Discovery Grant Program) and the Canada Research Chairs program are acknowledged 403 

for funding.  404 

References 405 

Amari, M., Arango, L.F., Gabriel, V., Robert, H., Morel, S., Moulis, C., Gabriel, B., Remaud-406 

Siméon, M., Fontagné-Faucher, C., 2013. Characterization of a novel dextransucrase from 407 

Weissella confusa isolated from sourdough. Appl. Microbiol. Biotechnol. 97, 5413-5422. 408 

Arsköld, E., Svensson, M., Grage, H., Roos. S., Rådström, P., van Niel, E.W., 2007. 409 

Environmental influences on exopolysaccharide formation in Lactobacillus reuteri ATCC 55730. 410 

Int. J. Food Microbiol. 116, 159-167.  411 

Baruah, R., Deka, B., Goyal, A., 2017. Purification and characterization of dextransucrase from 412 

Weissella cibaria RBA12 and its application in in vitro synthesis of prebiotic oligosaccharides in 413 

mango and pineapple juices. LWT - Food Sci. Technol. 84, 449-456.  414 

Björkroth, K.J., Schillinger, U., Geisen, R., Weiss, N., Hoste, B., Holzapfel, W.H., Korkeala, 415 

H.J., Vandamme P., 2002. Taxonomic study of Weissella confusa and description of Weissella 416 

cibaria sp. nov., detected in food and clinical samples. Int. J. Syst. Evol. Microbiol. 52, 141-148. 417 

Bounaix, M.S., Robert, H., Gabriel, V., Morel, S., Remaud-Siméon, M., Gabriel, B., Fontagné-418 

Faucher, C., 2010. Characterization of dextran-producing Weissella strains isolated from 419 

sourdoughs and evidence of constitutive dextransucrase expression. FEMS Microbiol. Lett. 311, 420 

18-26. 421 



20 
 

Chen, X.Y., Levy, C., Gänzle, M.G. 2016. Structure-function relationships of bacterial and 422 

enzymatically produced reuterans and dextran in sourdough bread baking application. Int. J. 423 

Food Microbiol. 239, 95-102. 424 

Fusco, V., Quero, G.M., Cho, G.S., Kabisch, J., Meske, D., Neve, H., Bockelmann, W., Franz, 425 

C.M., 2015. The genus Weissella: taxonomy, ecology and biotechnological potential. Front. 426 

Microbiol. 6, 155.  427 

Gänzle, M.G., Ehmann, M., Hammes, W.P. 1998. Modelling of growth of Lactobacillus 428 

sanfranciscensis and Candida milleri in response to process parameters of the sourdough 429 

fermentation. Appl. Environ. Microbiol. 64, 2616-2623. 430 

Gänzle, M., Ripari, V. 2016. Composition and function of sourdough microbiota: From 431 

ecological theory to bread quality. Int. J. Food Microbiol. 239, 19-25. 432 

Gänzle, M.G. 2014. Enzymatic and bacterial conversions during sourdough fermentation. Food 433 

Microbiol. 37, 2-10.  434 

Galle S., Arendt E.K., 2014. Exopolysaccharides from sourdough lactic acid bacteria. Crit. Rev. 435 

Food Sci. Nutr. 54, 891-901. 436 

Galle, S., Schwab, C., Arendt, E. and Gänzle, M. 2010. Exopolysaccharide forming Weissella 437 

strains as starter cultures for sorghum and wheat sourdoughs. J. Agric. Food Chem. 58, 5834–438 

5841. 439 

Galle, S., C. Schwab, F. Dal Bello, A. Coffey, M. Gänzle, E. Arendt. 2012a. Comparison of the 440 

impact of dextran and reuteran on the quality of wheat sourdough bread. J. Cereal Sci. 56: 531-441 

537. 442 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Galle%20S%5BAuthor%5D&cauthor=true&cauthor_uid=24499068
https://www.ncbi.nlm.nih.gov/pubmed/?term=Arendt%20EK%5BAuthor%5D&cauthor=true&cauthor_uid=24499068
https://www.ncbi.nlm.nih.gov/pubmed/24499068
https://www.ncbi.nlm.nih.gov/pubmed/24499068


21 
 

Galle, S., C. Schwab, F. Dal Bello, A. Coffey, M. Gänzle, E. Arendt. 2012b. Influence of in situ 443 

synthesised exopolysaccharides on the quality of gluten-free sorghum sourdough bread. Int. J. 444 

Food Microbiol. 155, 105-112. 445 

Gobbetti, M., Minervini, F., Pontonio, E., Di Cagno, R., De Angelis, M. 2016. Drivers for the 446 

establishment and composition of the sourdough lactic acid bacteria biota. Int. J. Food Microbiol. 447 

239, 3-18. 448 

Hu, Y., Winter, V., Chen, XY, Gänzle, M., 2017. Effect of acceptor carbohydrates on 449 

oligosaccharide- and polysaccharide synthesis by dextransucrase DsrM from Weissella cibaria, 450 

Food Res. Intern. 99, 603-611. 451 

Lacaze, G., Wick, M., Cappelle, S. 2007. Emerging fermentation technologies: development of 452 

novel sourdoughs. Food Microbiol. 24, 155-160. 453 

Lyhs, U., Koort, J.M., Lundström, H.S., Björkroth, K.J. 2004. Leuconostoc gelidum and 454 

Leuconostoc gasicomitatum strains dominated the lactic acid bacterium population associated 455 

with strong slime formation in an acetic-acid herring preserve. Int J Food Microbiol. 90, 207-218. 456 

Kajala, I., Shi, Q., Nyyssölä, A., Maina, N.H., Hou, Y., Katina, K., Tenkanen, M,, Juvonen, R., 457 

2015. Cloning and characterization of a Weissella confusa dextransucrase and its application in 458 

high fibre baking. PLoS One. 10, e0116418. 459 

Kang, H.K., Oh, J.S., Kim, D., 2009. Molecular characterization and expression analysis of the 460 

glucansucrase DSRWC from Weissella cibaria synthesizing a α(1→6) glucan. FEMS Microbiol. 461 

Lett. 292, 33-41.  462 

https://www.sciencedirect.com/science/journal/09639969
https://www.sciencedirect.com/science/journal/09639969/99/part/P1


22 
 

Katina, K., Maina, N.H., Juvonen, R., Flander, L., Johansson, L., Virkki, L., Tenkanen, M., 463 

Laitila, A., 2009. In situ production and analysis of Weissella confusa dextran in wheat 464 

sourdough. Food Microbiol. 26, 734-743.  465 

Klein, M.I., Hwang, G., Santos, P.H., Campanella, O.H., Koo, H., 2015. Streptococcus mutans-466 

derived extracellular matrix in cariogenic oral biofilms. Front. Cell. Infect. Microbiol. 2015 5, 10. 467 

Naessens, M., Cerdobbel, A., Soetaert, W., Vandamme, E.J. 2005. Leuconostoc dextransucrase 468 

and dextran: production, properties and applications. J. Chem. Technol. Biotechnol. 80, 845-860. 469 

Neubauer, H., Bauché, A., Mollet, B., 2003. Molecular characterization and expression analysis 470 

of the dextransucrase DsrD of Leuconostoc mesenteroides Lcc4 in homologous and heterologous 471 

Lactococcus lactis cultures. Microbiology 149, 973-982. 472 

Pfaffl, M.W. 2001. A new mathematical model for relative quantification in real-time RT-PCR. 473 

Nucleic Acids Res. 29, e45. 474 

Quirasco. M., López-Munguía, A., Remaud-Simeon, M., Monsan, P., Farrés A., 1999. Induction 475 

and transcription studies of the dextransucrase gene in Leuconostoc mesenteroides NRRL B-476 

512F. Appl. Environ. Microbiol. 65, 5504-5509. 477 

Ricciardi, A., Parente, E., Zotta T., 2009. Modelling the growth of Weissella cibaria as a 478 

function of fermentation conditions. J. Appl. Microbiol. 107, 1528-1535. 479 

Robyt, J. F., Eklund, S. H., 1983. Relative, quantitative effects of acceptors in the reaction of 480 

Leuconostoc mesenteroides B-512F dextransucrase. Carbohyrd. Res., 16, 279–286. 481 

Rühmkorf, C., Rübsam, H., Becker, T., Bork, C., Voiges, K., Mischnick, P., Brandt, M.J., Vogel, 482 

R.F., 2012. Effect of structurally different microbial homoexopolysaccharides on the quality of 483 

gluten-free bread. Europ. Food Res. Technol. 235, 139–146.  484 



23 
 

Schwab, C., Gänzle, M.G. 2006. Effect of membrane lateral pressure on the expression of 485 

fructosyltransferases in Lactobacillus reuteri. Syst. Appl. Microbiol., 29:89-99. 486 

Schwab, C., J. Walter, G.W. Tannock, R.F. Vogel, M.G. Gänzle. 2007. Sucrose utilization and 487 

impact of sucrose on glycosyltransferase expression in Lactobacillus reuteri. System. Appl. 488 

Microbiol. 30:433-443. 489 

Schwab, C., Walter, J., Tannock, G. W., Vogel, R. F. and Gänzle, M. G. 2007. Sucrose 490 

utilization and impact of sucrose on glycosyltransferase expression in Lactobacillus reuteri. Syst. 491 

Appl. Microbiol. 30:433–443. 492 

Schwab, C., M. Mastrangelo, A. Corsetti, M.G. Gänzle. 2008. Formation of oligosaccharides and 493 

polysaccharides by Lactobacillus reuteri LTH5448 and Weissella cibaria 10M in sorghum 494 

sourdoughs. Cereal Chem., 85, 679 - 684. 495 

Silva, N.B., Longhi, D.A., Martins, W.F., Laurindo, J.B., Aragão, G.M., Carciofi, B.A., 2017. 496 

Modeling the growth of Lactobacillus viridescens under non-isothermal conditions in vacuum-497 

packed sliced ham. Int. J. Food Microbiol. 240, 97-101. 498 

Tieking, M., Gänzle, M.G. 2005. Exopolysaccharides from cereal-associated lactobacilli. Trends 499 

Food Sci. Technol. 16, 79-84. 500 

Tieking, M., Korakli, M., Ehrmann, M.A., Gänzle, M.G., Vogel, R.F. 2003. In situ production of 501 

exopolysaccharides during sourdough fermentation by cereal and intestinal isolates of lactic acid 502 

bacteria. Appl. Environ. Microbiol. 69, 945-952. 503 

van Hijum, S.A., Kralj, S., Ozimek, L.K., Dijkhuizen, L., van Geel-Schutten, I.G. 2006. 504 

Structure-function relationships of glucansucrase and fructansucrase enzymes from lactic acid 505 

bacteria. Microbiol. Mol. Biol. Rev. 70, 157-176.  506 



24 
 

Venturi, M., Guerrini, S., Vincenzini, M. 2012. Stable and non-competitive association of 507 

Saccharomyces cerevisiae, Candida milleri and Lactobacillus sanfranciscensis during 508 

manufacture of two traditional sourdough baked goods. Food Microbiol. 31, 107-115. 509 

Vilaplana, F., Gilbert, R.G. 2010. Characterization of branched polysaccharides using multiple-510 

detection size separation techniques. J. Sep. Sci. 33, 3537–3554. 511 

Walter, J., Schwab, C., Loach, D.M., Gänzle, M.G., Tannock, G.W., 2008. Glucosyltransferase 512 

A (GtfA) and inulosucrase (Inu) of Lactobacillus reuteri TMW1.106 contribute to cell 513 

aggregation, in vitro biofilm formation, and colonization of the mouse gastrointestinal tract. 514 

Microbiology, 154, 72-80.  515 

Yan, M., Han, J., Xu, X., Liu, L., Gao, C., Zheng, H., Chen, Y., Tao, Y., Zhou, H., Li, Y., Wu, 516 

Z., 2016. Gsy, a novel glucansucrase from Leuconostoc mesenteroides, mediates the formation 517 

of cell aggregates in response to oxidative stress. Sci. Rep. 6, 38122.  518 

Yan Y.L., Hu, Y., Gänzle, M.G., 2018. Prebiotics, FODMAPs and dietary fibre –conflicting 519 

concepts in development of functional food products? Curr. Op Food Sci. 20, 30 – 37.520 



25 
 

Figure legends. 521 

Figure 1. Growth (closed symbols) and acidification (open symbols) of W. cibaria 10M during 522 

incubation at 30 °C (Δ), 20 °C (□), and 6 °C (○). 523 

Figure 2. Production of oligosaccharides after growth of W. cibaria at different temperatures 524 

(20 °C, 25 °C, or 30 °C) in mMRS containing 0.5 M sucrose and 0.25 M maltose. 525 

Oligosaccharides were analysed by HPAEC-PAD and chromatograms were offset by 20 µC.  526 

Figure 3. Panel A. Schematic overview on the cold shift method for oligosaccharide production 527 

by W. cibaria 10M. Panel B. TLC separation of oligosaccharides produced by W. cibaria 10M 528 

in mMRS 0.5 M sucrose and 0.25 M maltose after different incubation times at 30 °C (left 529 

panel), or after incubation at 30 °C for the time indicated, followed by 2 d of incubation at 6 °C 530 

(right panel). 531 

Figure 4. Time course of oligosaccharide production by W. cibaria 10M in mMRS with 0.5 M 532 

sucrose and 0.25 M maltose. Panel A. W. cibaria was grown at 30 °C for the time indicated on 533 

the x-axis. Panel B. W. cibaria was grown at 30 °C for the time indicated on the x-axis, followed 534 

by incubation at 6 °C for 2 d. The following oligosaccharides were quantified by HPAEC-PAD: 535 

●, panose; ○, G’-panose; ▼, G’G’-panose; Δ, G’G’G’-panose; ■, G’G’G’G’-panose; □, 536 

G’G’G’G’G’-panose. All oligosaccharides were integrated using the panose standard curve. Data 537 

are shown as means ± standard deviation of two biological replicates 538 

Figure 5. Panel A: Expression of dsrM of W. cibaria 10M incubated at different temperature to 539 

the exponential phase of growth. Expression was calculated relative to the expression of 16S 540 

rRNA using cells grown at 30 °C as reference conditions. Panel B: Visualization of DsrM 541 

expression by W. cibaria by SDS-PAGE of whole cell lysates. Cells were grown to OD600nm 0.4 542 
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at 30 °C and incubated in mMRS-sucrose for 24 h at the temperature specified. Cells were 543 

standardized to OD600nm=10 and then lysed. Panel C: Dextransucrase activity of whole cell lysate 544 

of W. cibaria. Cells were grown to OD600nm 0.4 at 30 °C and incubated in mMRS-sucrose for 24 545 

h at the temperature specified. Cells were standardized to OD600nm=10, lysed, and the hydrolase 546 

and transferase activity per mg cellular protein were determined. 547 

Figure 6. Production of dextran by W. cibaria grown at different temperatures in mMRS 548 

containing 500 mM sucrose. Cells were grown to OD600nm 0.4 at 30°C and incubated at different 549 

temperatures in mMRS-sucrose for 24 h. The formation of dextran with high molecular weight 550 

was measured by HPLC-RI. Dextran was quantified with dextran with a MW of 5×106 - 4×107 551 

as external standard.   552 

Figure 7. Separation of oligosaccharides produced by W. cibaria during growth in wheat 553 

sourdoughs. Isomalto-oligosaccharides (IM3, isomaltotriose) and panose-series oligosaccharides 554 

were separated by HPAEC-PAD. Sourdoughs were fermented with addition of 15 % sucrose, 15 555 

% sucrose and 7.5 % glucose, or 15 % sucrose and 15 % maltose. Sourdoughs were incubated for 556 

2 h at 20 °C prior to incubation for 48 h at 6 °C. Chemically acidified dough were prepared with 557 

addition of 15 % sucrose. 558 

Figure 8. Separation of water soluble polysaccharides extracted from in wheat sourdoughs 559 

fermented with W. cibaria. Polysaccharides were separated by asymmetric flow-field flow 560 

fractionation (AF4) coupled to multi-angle laser scattering detector; shown is the signal at 35°. 561 

Sourdoughs were fermented with addition of 15 % sucrose, 15 % sucrose and 7.5 % glucose, or 562 

15 % sucrose and 15 % maltose. Sourdoughs were incubated for 2 h at 20 °C prior to incubation 563 

for 48 h at 6 °C.  564 
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Figure 9. Formation of water soluble polysaccharides in wheat (Panel A) and sorghum (Panel 565 

B) sourdoughs. The concentrations of water soluble polysaccharides were measured by AF4 with 566 

RI as detector. Sourdoughs were fermented with addition of 15 % or 30 % sucrose without 567 

addition of acceptor carbohydrates (white bars), with addition of equimolar amounts of maltose 568 

(gray bars), or with addition of equimolar amounts of glucose (black bars). Sourdoughs were 569 

incubated for 2 h at 20 °C prior to incubation for 48 h at 6 °C. Data represent means ± standard 570 

deviation of two biological repeats. 571 

 572 
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Figure 4.  
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Figure 9. 
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