
https://helda.helsinki.fi

Yoghurt as a starter in sourdough fermentation to improve the

technological and functional properties of sourdough-wheat bread

Lopes Graça, Carla Alexandra

2022-01

Lopes Graça , C A , Edelmann , M , Raymundo , A , Sousa , I , Coda , R , Sontag-Strohm , T

& Huang , X 2022 , ' Yoghurt as a starter in sourdough fermentation to improve the

technological and functional properties of sourdough-wheat bread ' , Journal of functional

foods , vol. 88 , 104877 , pp. 104877 . https://doi.org/10.1016/j.jff.2021.104877

http://hdl.handle.net/10138/341648

https://doi.org/10.1016/j.jff.2021.104877

cc_by_nc_nd

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Journal of Functional Foods 88 (2022) 104877

Available online 13 December 2021
1756-4646/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Yoghurt as a starter in sourdough fermentation to improve the 
technological and functional properties of sourdough-wheat bread 

Carla Graça a,b,*, Minnamari Edelmann b, Anabela Raymundo a, Isabel Sousa a, Rossana Coda b, 
Tuula Sontag-Strohm b, Xin Huang b 

a LEAF—Linking Landscape, Environment, Agriculture and Food, Research Center of Instituto Superior de Agronomia, Universidade de Lisboa, Tapada da Ajuda, 1349- 
017 Lisboa, Portugal 
b Department of Food and Nutrition, Faculty of Agriculture and Forestry, University of Helsinki, PL 66, FI-00014 Helsinki, Finland   

A R T I C L E  I N F O   

Keywords: 
Yoghurt 
Sourdough 
Proteolysis 
Antioxidant capacity 
In vitro digestibility 
Functional bread 

A B S T R A C T   

The incorporation of yoghurt as a starter in sourdough wheat bread, to improve technological and nutritional 
properties, was investigated. Two bread dough matrices were considered: endosperm wheat flour and blended 
with whole-grain flour. Two fermentation’s types were performed, two-stage sourdough bread and yeast bread 
fermentation. 

Compared with yeast dough, yoghurt-sourdough fermentation promoted considerable changes in chemical 
composition, particularly when whole-grain flour was conjoined with wheat flour: higher protein proteolysis 
degree, increase of peptide and free amino nitrogen content, solubilization of phenolic compounds (46–53%), 
increase of DPPH radical scavenging (54–65%) and ferric-reducing power (85–88%), were observed. As a baking 
ingredient, yoghurt-sourdough improved the bread crumb softness (15–12%) and delayed the staling (40–35%). 
Nutritionally, the glycemic index was reduced (18–32%) while protein digestibility (6–12%) and free amino 
acids bioavailability (50–100%) were enhanced. The addition of yoghurt and sourdough fermentation techniques 
offered a promising tool to improve wheat bread’s technological and functional properties.   

1. Introduction 

The increasing consumer demand for well-balanced nutritional 
foods, has been driving both scientific researchers and the food com-
panies towards the development of health-promoting goods, recurring 
for more natural ingredients and sustainable processes. Bread, as a staple 
food and an important component on daily diet, represents a good vector 
to nutritional enrichment applications (AIBI, 2013). Sourdough is one of 
the oldest bioprocessing techniques characterized by a mutual rela-
tionship between a complex microbiota dominated by lactic acid bac-
teria (LAB) and yeast population, widely used in baking applications as 
acidifying and leavening bread dough agent, until the late 19th century 
(Ganzle, Loponen, & Gobbetti, 2008). However, the introduction of 
baker’s yeast in 1871 resulted in a gradual replacement of sourdough 

fermentation, by a short-term dough process resultant in a less tasty, 
nutritional, and digestible bread (Sapone, Bai, Ciacci, Dolinsek, & 
Green, 2012), with health implications for wheat-sensitive consumers 
(Huang et al., 2020). 

The current renaissance of sourdough as bioprocessing is encouraged 
by its beneficial effect on flavor, texture, shelf-life, and health- 
promoting properties of derived-foods, since it is considered a prom-
ising process to meet the consumer’s requirement and represents a new 
opportunity for food industry (Montemurro, Coda, & Rizzello, 2019). 
Additionally, it is known to generate peculiar characteristics in the 
derived-foods, mainly associated to in situ organic acids synthesis, acti-
vation of the endogenous flour enzymes as well as the LAB secondary 
metabolic activity (Ganzle et al., 2008), which advantages have been 
well conferred by several studies: (i) delay of starch digestion and 

Abbreviations: W, wheat flour; WW, whole grain flour; WD, wheat dough; WWD, wheat, whole grain dough; WSD, wheat sourdough; WWSD, wheat, whole grain 
sourdough; WSYD, wheat yoghurt sourdough; WWSYD, wheat whole grain yoghurt sourdough; WB, Wheat yeast bread; WWB, wheat, whole grain yeast bread; WSB, 
wheat sourdough bread; WWSB, wheatwhole grain sourdough bread; WWSYD, wheat whole yoghurt sourdough; LAB, lactic acid bacteria. 
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decrease of the end-products glycemic response (Coda, Varis, Verni, 
Rizzello, & Katina, 2017; Wang et al., 2019), (ii) increase of the in vitro 
protein digestibility and free amino acids bioavailability (Coda, Rizzello, 
Curiel, Poutanen, & Katina, 2014; Wang et al., 2019; Gobbetti et al., 
2019), and (iii) increments on soluble phenolic compounds correlated 
with antioxidant capacity enhancement (Gobbetti et al., 2019; Coda 
et al., 2017) and (iv) decrease of others anti-nutritional factors as the 
Fermentable, Oligo-, Di-, Mono-saccharides and Polyols (FODMAPs) and 
α-amylase/trypsin inhibitors, as the well-documented trigger pro- 
inflammatory compound (Laatikainen et al., 2017; Huang et al., 2020). 

In cereals, the nutritional compounds, such as proteins, vitamins and 
polyphenol compounds, derives from the germ and bran of the grain. 
Although these fractions are usually removed during milling, to prevent 
sensory and technological adverse implications, it is a source of protein 
and fiber than can be useful for other food applications (Arte, Huang, 
Nordlund, & Katina, 2019; Arte et al., 2015). 

Sourdough LAB fermentation has been extensively studied as a 
promising bioprocess to overcome these adverse effects, in which great 
impact on both nutritional and technological properties of derived 
products, have been reported (Coda et al., 2017; Wang et al., 2019). 
Although the refined wheat flour promotes great technological proper-
ties and sensorial stability, it is easy to realize that the absence of these 
fractions leads to the loss of most of nutritional and beneficial healthy 
compounds (Fardet, 2010). 

Yoghurt is a natural and nutritional fermented product (FAO Anon-
ymous, 2010), widely consumed and appreciated on daily diet, since it is 
a source of high-biological protein easy digestible, essential amino acids 
profile and health-promoting benefits, which is important to support 
metabolism by increasing energy expenditure and satiety (Kristensen 
et al., 2016). Additionally, it is a source of exopolysaccharides in situ 
produced by its dominant lactic acid bacteria fermentative activity, that 
have been associated to physiological benefits including antioxidant 
activities and anti-inflammatory properties (Li et al., 2014). The forti-
fication of refined-derived wheat products with dairy products, such as 
plain yoghurt, was successfully reported on both technological and 
nutritional properties of gluten-containing (Graça, Raymundo, & Sousa, 
2019) and gluten-free (Graça, Raymundo et al., 2020) bread, rendering a 
significant improvement of the glycemic response and bioactive prop-
erties (Graça, Mota et al., 2020; Graça, Raymundo, & Sousa, 2021). 

In that matters, plain yoghurt addition as a starter process on sour-
dough fermentation might be an alternative ingredient for new 
sourdough-bakery applications. 

The aim of this study was to incorporate plain yoghurt as a starter in 
sourdough fermentation so that the resulted bread would have improved 
nutritional and technological properties. Two wheat bread dough for-
mulations made of wheat flour (W, 100%, flour weight (fw)) and 
blended with whole grain flour (WW, 50:50%, fw), both with 40% (fw) 
of yoghurt addition, were performed. As control, baker’s yeast fer-
mented bread was used. We performed microbial and chemical changes 
after dough fermentation, and technological and nutritional quality 
measurement on breads. Including: (i) the changes on wheat proteins 
pattern promoted in situ by yoghurt-sourdough fermentation, by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), (ii) the 
degree of proteolysis via the free amino nitrogen and peptides content, 
(iii) the changes on the soluble, bound, total phenolic content and 
antioxidant activity. Bread characterization included: (i) technological 
properties based on post-baking quality parameters and, (ii) nutritional 
features, focused on (a) in vitro starch and predicted glycemic index and 
(b) in vitro protein digestibility and free amino acids content, comparing 
with yeast breads. 

2. Materials and methods 

2.1. Materials 

Endosperm wheat flour was from Sunnuntai Erikoisvehnäjauho, 

(Raisio, Finland; nutritional composition: total carbohydrate 70 g/100 
g, protein 12 g/100 g, lipids 3 g/100 g, dietary fiber 4 g/100 g) and 
whole grain flour was from Graham Täysjyvävehnäjauho (Myllyn Paras, 
Hyvinkää, Finland; nutritional composition: total carbohydrates 56 g/ 
100 g, protein 14 g/100 g, lipids 3 g/100 g, dietary fiber 12 g/100 g). 

Plain yoghurt was from Bulgarian Jogurtti (Valio, Finland; nutri-
tional composition: total carbohydrates 4.5 g/100 g; protein 3.4 g/100 
g; lipids 3.5 g/100 g) produced from the symbiotic cultures of Sstrepto-
coccus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus. 

Dry yeast was from Sunnuntai Kuivahiiva (Raisio Finland), sugar 
from Dansukker (Kantvik, Finland) and salt from AkzoNobel (Jozo, 
Finland). 

2.2. Bread-making 

To study the incorporation of yoghurt (40% based on flour weight, 
Table SI1) in sourdough fermentation and yeast fermentation, four types 
of bread formulations were performed, including two sourdough breads 
(WSB, wheat sourdough bread; WWSB, wheat + whole grain sourdough 
bread) and yeast breads (WB, wheat yeast bread; WWB, wheat + whole 
grain yeast bread). The yeast breads were directly fermented with all 
ingredients for one hour, while the sourdough breads consisted of two- 
stage fermentation, the first stage was yoghurt incorporated sourdough 
fermentation for 24 h and the second stage with additional yeast 
fermentation for one hour. The bread formulations and fermentation 
conditions are described in supplementary information 1 (SI1). A 
chemically acidified dough was performed, in which instead of deion-
ized water, 1 M of sodium acetate buffer at pH 4.0 and antibiotics, as 
cycloheximide (at 0.01% w/w) and chloramphenicol (at 0.01% w/w), 
were added (based on flour water absorption), to prevent microbial 
growth, were performed (Arte et al., 2015). 

The water absorption for wheat-based (65%, fw) and a wheat-whole 
grain based (66.5%, fw) breads formulations, by applying farinograph’s 
mixing curves (Brabender GmbH and Co.KG, Germany), was determined 
according to AACC method 54-21 (AACC 2000). The yoghurt-derived 
water was taken in consideration (35.4%) to optimize the bread for-
mulations (SI1). 

Bread-making, according to the procedure earlier described by Wang 
et al. (2018) with some modifications, were performed: all ingredients 
were mixed in a DIOSNA mixer bowl (Dierks & Sohne GmbH, Germany) 
for 3 min at low speed and 4 min at fast speed. Afterwards, 150 g of each 
dough was molded mechanically and rested for 60 min at 35 ◦C with 
75% of relative humidity (RH), in a proofing cabinet (Lillnord, Order, 
Denmark). The breads were baked in a rotating rack oven (Sveba Dah-
len, Fristad, Sweden) at 180 ◦C for 15 min with 15 s of steaming at the 
beginning. After baking the breads were allowed to cool down for 2 h at 
room temperature, before further technical analysis. Triplicates from 
each of three irrespective biological fermentation were performed. 

3. Dough characterization 

In supplementary information SI2 summarised a general scheme of 
the work. 

3.1. Microbiological analysis and pH determination 

To assess the cell density of endogenous flour and yoghurt-derived 
presumptive LAB, the sourdough (10 g), before (0 h) and after (24 h) 
fermentation process, were homogenized with 90 mL of sterile saline 
(NaCl at 0.9% w/v) in a Stomacher 400 lab blender (Seward Medical, 
London). In detail, dough’s serial dilutions were made, and the 
enumeration of the main microbial groups was carried out: mesophilic 
lactic acid bacteria (LAB) were obtained by plating on MRS agar 
(NEOGEN, Heywood, United Kingdom) at 30 ◦C for 48 h. Thermophilic 
LAB were counted on MRS agar at pH 5.4 (NEOGEN, Heywood, United 
Kingdom) after incubation at 40 ◦C for 48 h, and on M17 agar (NEOGEN, 
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Heywood, United Kingdom) at 37 ◦C for 48 h. The dough pH values were 
measured by a pH meter 92 (MeterLab™, Radiometer, Copenhagen, 
Denmark), suspending an aliquot of 5 g dough in 10 mL of distilled 
water. Triplicates were performed. 

3.2. Chemical analysis 

The yeast-bread, sourdough, sourdough-yeast, and chemically acid-
ified dough samples, after frozen storage (at − 20 ◦C and subsequently at 
− 70 ◦C), were subjected to freeze-drying (Christ, Gamma 2–20, Oster-
ode, Germany), grounded and homogenised before further analysis, as 
follows described. 

3.2.1. Determination of sugars and organic acids 
Free sugars and organic acids were analyzed by high performance 

liquid chromatography (HPLC), according to the method earlier 
described by Rizzello, Cassone, Di Cagno, and Gobbetti (2008). A pre-
liminary sample preparation was performed as follows: first to remove 
the protein fraction, a water/salt soluble extraction were performed 
(Weiss, Vogelmeier, & Görg, 1993): 1 g of each sample in 4 mL of 50 mM 
Tris–HCl (pH 8.8) under a constant shaking at 4 ◦C for 1 h and then 
centrifuged (20,000g, 15 min);1 mL of clear supernatant was collected 
and 1 mL of 5% perchloric acid was added to precipitate the proteins. 
The mixture was kept in 4 ◦C overnight and then centrifuged (13,000g, 
15 min); 1 mL of clear supernatant was then syringe-filtered (filter 0.45 
µm, Merck). The separation was performed on a Hi-Plex H column 
(Agilent, CA, USA; 300 × 6.5 mm) at 65 ◦C in an HPLC (Waters e2695, 
Milford, MA, USA) equipped with a dual detector system, an ultraviolet 
(UV) detector plus a refractive index detector (2414 RI detector, Wa-
ters). The elution was isocratic phase for 25 min with 10 mM H2SO4 at a 
flow rate of 0.6 mL/min. The volume injection was 20 μl. Glucose 
(Sigma), galactose (Sigma) and lactose (AnalaR) were used as standards 
for sugars quantification, and lactic acid (Fluka BioChemika5) and 
acetic acid (VWR Prolabor Chemicals) were used for organic acids 
quantification. 

3.2.2. Free amino nitrogen and peptides content 
Water-soluble extracts, to follow the degree of proteolysis during the 

yeast-bread and sourdough-yeast fermented dough’s, through the free 
amino nitrogen (FAN) by ninhydrin method (ASBC, 1992) and the 
peptides content following the o-phtaldialdehyde (OPA) procedure 
(Church, Swaisgood, Porter, & Catignani, 1983) was applied. The con-
centration of solubilized protein, by a DC protein assays kit, using 
bovine serum albumin as a standard, was quantified (Lowry, Brock, & 
Lopez, 1951). 

3.2.3. Electrophoresis 
Sequential water/salt extracts based on the original method of 

Osborne and modified by Weiss et al. (1993), was used to albumins/ 
globulins, gliadins and glutenins extraction: 0.1 g of each lyophilized 
dough samples was mixed with 0.5 mL of 0.4 M NaCl with 0.067 M of 
Na2HPO4/KH2PO4 (pH 7.6) for 30 min at room temperature followed by 
centrifugation (20,000g, 5 min). This supernatant contains the A/G 
fraction. The pellet was washed twice with 1 mL of deionized water, 
centrifuged as described above and the supernatant was discarded. Af-
terwards, 1 mL of ethanol/water solution (60:40, v/v) was added to the 
obtained pellet, mixed for 30 min at 50 ◦C, and centrifuged as described. 
This supernatant contains the gliadin fraction. Subsequently, to extract 
the glutenin fraction, 1 mL of 0.1 M Tris-HCl (pH 7.5) was added, son-
icated during 30 min at 60 ◦C and vigorously vortex every 5 min, fol-
lowed by centrifugation as above. 

The protein concentration of the extract was determined according 
to the method of Lowry et al. (1951) (Albumins/Globulins and Gliadins: 
DCTM Protein Assay; Glutenins: RC-DC™ Protein Assay, BIO-RAD Kit), 
using bovine serum albumin as the standard. The different protein 
fraction extracts were diluted with SDS sample buffer, and 10× sample 

reducing agent (Novex, Bolt™, CA, USA) and boiled for 3 min. Subse-
quently, the protein extract (12.5 µg protein/well) was separated by 
SDS-PAGE, using a gradient gel NuPage Bis-Tris 4–12% (for glutenins 
separation) or a Bis-Tris 10% gel (for albumins/globulins and gliadins 
separation) with MES (2-(N-morpholino) ethane sulfonic acid) running 
buffer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) 
(Laemmli, 1970). Running condition was 200 V for 35 min. The gel was 
stained by Commaasie Brilliant Blue R-250, and the image captured by 
Alpha Imager HP (Proteinsimple, Minneapolis, USA).Mark 12™ un-
stained protein standard (Thermo Fisher Scientific, MA, USA) served as 
molecular markers (myosin 200 kDa, β-galactosidase 116.3 KDa, phos-
phorylase b 97.4 kDa, bovine serum albumin 66.3 kDa, glutamic dehy-
drogenase 55.4 kDa, lactate dehydrogenase 36.5 kDa, carbonic 
anhydrase 31 kDa, trypsin inhibitor 31.5 KDa, lysozyme 14.4 kDa, 
aprotinin 6 kDa, insulin B chain 3.5 KDa and insulin A chain 2.5 KDa. 

3.2.4. Phenolic compounds and antioxidant activity 
Soluble free, insoluble ester bound, and total phenolic compounds 

(PC) were evaluated, according to the method earlier described by 
Svensson, Sekwati-Monang, Lutz, Schieber, and Gänzle (2010) with 
some modifications described by Wang et al. (2019). From the soluble 
phenolic compounds fraction, the antioxidant capacity was assessed.  

(a) Extraction of soluble free and insoluble ester bound phenolic 
compounds 

The soluble free PC fraction was extracted by mixing 50 mg of the 
lyophilized samples with 1.5 mL 80% (v/v) aqueous methanol, soni-
cated (5 min at 60 Hz at room temperature) in an ultrasonic bath 
(Branson, Merck), followed by 1 h shaking and centrifugation (20,000g, 
15 min) (Sorval rotor SS-34). Three sequential extractions of the pellet 
were combined following the same condition. The supernatants ob-
tained were dried under nitrogen in a Reacti-Therm heater/stirrer 
(Thermo Scientific, USA) at 25 ◦C and the solids were dissolved in 5 mL 
of methanol (99.9%) for 1 h prior to analysis. From the remaining pel-
lets, an alkaline hydrolysis to extract the insoluble ester bound fraction 
was performed, by mixing with 0.9 mL of 2 M NaOH, sonicated for 30 
min in water bath and 150 min of constant shaking, at room tempera-
ture. The pH was adjusted to pH 2 (6 M HCl), followed by the addition of 
0.4 mL of ethyl acetate to the hydrolysates and centrifuged for 15 min 
(20,000g, 15 min). The procedure was performed twice, and the 
collected supernatants were treated as described for free soluble 
fraction.  

(b) Determination of phenolic compounds 

Free, ester bound, and total (soluble + esterified) PC content of the 
different extracts obtained were determined by Folin–Ciocalteu (FC, 
Merck) method (Singleton, Orthofer, & Lamuela-Raventós, 1999): 200 
μl of extracts were mixed with 1 mL of FC reagent (1:10 with Milli-Q 
water) in a glass tube; 0.75 mL of aqueous Na2CO3 (7.5%, w/v) was 
added, vortexed and incubated for 1 h in dark conditions. The absor-
bance was measured at 765 nm (UV spectrophotometer-UV1800, Shi-
madzu, Japan) at 24 ◦C, against a methanol blank solution. The phenolic 
content was expressed as mg gallic acid equivalents (GAE)/100 g freeze- 
dried dough sample.  

(c) Determination of antioxidant capacity 

The antioxidant capacity was evaluated on methanol soluble PC 
extracts, based on free-radical scavenging effect against 1,1-diphenyl-2- 
picrylhydrazyl (DPPH), as described by Cuendet, Hostettmann, Potterat, 
and Dyatmiko (1997) and based on Fe3+ reducing power, following the 
method of Oyaizu (1986) with slight modifications described by Coda 
et al. (2014). 

The methanolic DPPH fresh prepared (at 100 μM) was added (2.5 
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mL) to each extract sample (500 μl), vortexed and incubated without 
light (30 min at room temperature). The absorbance was measured 
against methanol blank solution at 517 nm, and the scavenging capacity 
was expressed as follows: DPPH scavenging activity (%) = [(blank 
absorbance-sample absorbance)/blank absorbance] × 100. The value of 
absorbance was compared with 75 ppm butylated hydroxytoluene 
(BHT), used as the antioxidant reference. 

The ferric-reducing power consists of the reduction of Fe3+ to Fe2+

by electron transfer rather than hydrogen donor. The Fe3+ reducing 
power was determined by mixing the extract sample with 0.75 mL of 0.2 
M potassium phosphate buffer (pH 6.6) and 0.75 mL of 1% (w/v) of 
potassium hexacyanoferrate, followed by water bath incubation at 50 ◦C 
for 20 min; the reaction was stopped by adding trichloroacetic acid 
(0.75 mL,10% w/v) followed by centrifugation (20,000 g, 10 min). The 
supernatant obtained (1.5 mL) was mixed with distilled water (1.5 mL) 
and ferric chloride solution (0.1 mL at 0.1%, w/v) for 10 min. The 
reducing power was measured at 700 nm, and the higher absorbance of 
the reaction mixture indicated greater reducing power. The value of 
absorbance was compared with 75 ppm ascorbic acid (AC), used as the 
antioxidant reference (Graça, Raymundo et al., 2020; Graça, Mota et al., 
2020). Triplicates of chemical measurements from three biological 
replicates, were performed. 

4. Bread quality characterization 

4.1. Technological properties evaluation 

The influence of yeast-bread and sourdough-yeast fermentation on 
wheat bread technological properties was assessed, by texture profile 
analysis (TPA) and post-baking quality attributes. The bread firmness 
(25 mm of crumb bread cubes, from the bread center part) was evalu-
ated by a Texture analyzer (TA, TA-XT2i, Stable Micro Systems Ltd., 
UK), on first and fourth days of storage, using a 5 kg load cell and 36 mm 
diameter probe, according to the TPA method as previous described 
(Wang et al., 2019). 

Bread post-baking quality attributes: staling kinetic (N/day), 
considering the increase of firmness during storage time (staling rate =
[firmness (day 4 − day 1)/days of storage]), the baking loss (% bake loss 
= (dough weight − bread weight) × 100/dough weight), the specific 
bread volume (mL/g) and density (kg/cm3) obtained with a laser-based 
scanner equipment (Volscan Profiler 300, Stable Micro Systems, UK), 
were assessed. The moisture content of bread crumb during the storage 
days was measured by following the two-stage moisture air oven pro-
cedure described on AACC method 44-15.02 (AACC International, 
2000), and the bread moisture loss was then calculated (moisture loss 
(%) = [moisture content (day 1 − day 4)/days of storage]). Each type of 
bread was prepared in three individual replicates, and each replicate 
was measured in triplicates. 

4.2. Nutritional analysis 

4.2.1. Total starch, in vitro starch digestibility and predicted glycemic index 
The total starch of the yeast-bread and sourdough-yeast bread crumb 

samples was determined by enzymatic method described by Goñi, 
Garcia-Alonso, and Saura-Calixto (1997), with modifications as follows: 
ground crumb bread (100 mg from the crumb part) was washed with 
aqueous ethanol (80% v/v) followed by the addition of 2 mL of 2 M 
KOH, under shaking (at 4 ◦C for 30 min). Subsequently, 3 mL of 0.1 M 
sodium acetate buffer (pH 6.9) was added and incubated under 
controlled shaking water-bath (at 37 ◦C for 45 min) with 1 mL of 
pancreatic α-amylase (5 U/mL in distilled water). Then, 3 mL of 0.1 M 
sodium acetate buffer (pH 4.75) and 60 μl of amyloglucosidase (3300 U/ 
mL in distilled water) were added and incubated under controlled 
shaking water-bath (at 60 ◦C for 45 min). After centrifugation (10,000 
rpm/15 min), the reducing sugar content by DNS color reagent was 
spectrophotometric (540 nm) determined, using maltose as standard. 

The in vitro starch digestibility was determined according to the 
method described by Germaine et al. (2008): bread portion corre-
sponding to 1 g of starch (1 g/[(1-moisture content (%)) × starch con-
tent (%)]), were chewed (15 times in 15 s) and the mouth was rinsed (5 
mL of deionized water for 30 s); then, 94 mL of sodium phosphate buffer 
(0.05 M, pH 6.9) was added to the suspension followed by constant 
shaking (120 rpm) and incubation (at 37 ◦C) with pancreatic α-amylase 
(110 U/mL in water). The pH was adjusted with 1 M of HCl or NaOH. 
The starch digestibility was measured as sugars release during the hy-
drolysis time, by taken aliquots of the digested solution (2 mL) at times 
0, 30, 60, 90, 120 and 180 min. After centrifugation (20,000 g, 10 min) 
the supernatant was mixed with DNS color reagent to determine the 
reducing sugars as described for total starch. 

The area under the curve (AUC) was calculated for each of the starch 
hydrolysis curves obtained, and the hydrolysis indexes (HI) was calcu-
lated (HI= (AUC of bread sample/AUC of wheat control bread) × 100), 
considering the wheat bread as a food reference (AUC was given a HI =
100). 

The predicted glycemic index (pGI) was calculated according to Eq. 
(1), proposed earlier by Goñi et al. (1997):  

eGI = (0.549 × HI) + 39.71                                                             (1)  

4.2.2. Total protein, in vitro protein digestibility and free amino acid profile 
Total bread protein content was analyzed with Dumas’s combustion 

method using a LECO CN828 element analyzer (Elementar Analy-
sensystem GmbH, Germany). The conversion factor to convert nitrogen 
to protein was 5.7. In vitro protein digestibility (IVPD) was analyzed 
according to the protocol described by Akenson and Stahmann (1964), 
by subjecting the bread sample (3 g) to a two-step proteolysis: (i) pepsin 
hydrolysis with 15 mL of 0.1 M HCl at pH 2.0, and 1.5 mg pepsin (pepsin 
from porcine pancreas, P7012-25G, Sigma Aldrich), incubated for 3 h at 
37 ◦C; 2 M NaOH to adjust the pH to 8.0 was used; (ii) Pancreatin 
digestion with 4 mg of pancreatin (from porcine pancreas, P7545-100G, 
Sigma-Aldrich) dissolved with 7.5 mL sodium phosphate buffer (pH 
8.0), incubated for 24 h at 37 ◦C with constant shaking. The enzymatic 
reaction was stopped by the addition of trichloroacetic acid (10 mL at 
20% w/v). The undigested protein was precipitated and centrifuged 
(13,000 g, 20 min). 

The pellet which contained the undigested protein fraction, was kept 
in oven overnight (70 ◦C) and the protein content was analyzed by 
Dumas’s combustion method. The IVPD (%) was expressed as the per-
centage of total protein, which was solubilized after in vitro enzymatic 
digestion. The supernatant, which contains the digested protein fraction, 
was used to evaluate the free amino acids (FAAs) profile released during 
digestion 2 mL of supernatant was taken, mixed with 250 µl of 6 M 
sulfosalicylic acid to precipitate the remain soluble proteins, sonicated 
(5 min) and centrifuged (19,000g/10 min. The pH of supernatant was 
adjusted to between 7 and 10 with NaOH. 

FAAs were determined using pre-column derivatization method 
(Waters AccQ-Tag™ Ultra, Waters Corporation, Millford, MA). An 
aliquot (10 µl) of sample was mixed with AccQ-Tag™ Ultra borate buffer 
(60 µl) and internal standard (D-Norvaline; Sigma-Aldrich, Germany). 
20 µl of reconstituted AccQ-Tag™ Ultra derivatization reagent was 
added, and sample was incubated at 55 C for 10 min. 

The chromatographic determination of FAAs was performed on an 
Acquity UPLC system (Waters Corporation, Milford, MA, USA) accord-
ing to the manufacturer’s instructions for amino acid analysis (Waters, 
2007, Revision B). The UPLC equipped with photodiode array (PDA) 
detector, and an ACCQ-TAGTM ULTRA C18 column (100 mm × 2.1 mm, 
1.7 µm, Waters) at a flow rate of 0.7 mL/min within 10 min of run time, 
at 55 ◦C of column temperature, was used. The injection volume was 1 µl 
and the detection wavelength was set at 260 nm. 

The FAAs were separated using a gradient mobile phase consisting in 
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5% AccQ-Tag™ Ultra Eluent A (A) and AccQ-Ta™g Ultra Eluent B (B), 
according to the following gradient conditions: 0–0.54 min, 99.9% 
A–0.1% B; 5.74 min, 90.9% A–9.1% B; 7.74 min, 78.8% A–21.2% B; 
8.04 min, 40.4% A–59.6% B; 8.50–8.64 min, 10% A-90% B; 8.70–10 
min, 99.9% A–0.1% B. 

Amino acids were identified by their retention times. Quantification 
of amino acids was based on the internal standard method where nor-
valine was used as an internal standard. An amino acid standard hy-
drolysate provided by Waters, containing 2.5 mM of each amino acid 
(except cysteine 1.25 µM) was diluted to appropriate concentrations. 
Six-point linear calibration curves for each amino acid were prepared by 
calculating ratio of the peak area to the area of the internal standard. 
The results were expressed in mg per Kg of fresh digested bread (Motta 
et al., 2019). 

In vitro starch and protein digestibility triplicate measurements, from 
each of the three breads obtained in two irrespective biological 
fermentation assays, were carried out. 

5. Statistical analysis 

The data obtained for dough microbiological and chemical charac-
terization, bread technological and nutritional analyses are reported as 
an average of parallel and irrespective measurements (each performed 
in triplicate). The statistical differences were assessed with one-way 
analysis of variance (ANOVA) by Tukey’s significant test differences at 
p < 0.05 using statistical software Statistica for Windows (Statistica 8.0, 
Windows). 

6. Results 

6.1. Microbiological analysis and pH determination 

The cell density of presumptive L. bulgaricus and S. thermophilus, 
deriving from yoghurt addition, and endogenous flour LAB spp. before 
(0 h) and after (24 h) sourdough fermentation was determined in wheat 
and wheat-whole grain sourdough formulations. After sourdough 
fermentation with endosperm wheat flour, the thermophilic LAB 
showed an increase of roughly 2 log cycles. The LAB cell density on MRS 
ranged from 6.7 ± 0.8 (0 h) to 8.8 ± 1.1 (24 h) log cfu g− 1, and on M17 
the LAB increased from 6.9 ± 0.8 (0 h) to 9.0 ± 1.0 (24 h) log cfu g− 1. 
The wheat-whole sourdough showed higher increase of thermophilic 
LAB cell density, roughly 3 log cycles. The LAB cell density ranged from 
6.7 ± 1.1 (0 h) to and 9.5 ± 1.0 (24 h) log cfu g− 1 on MRS and 6.9 ± 0.8 
(0 h) to 9.6 ± 1.0 (24 h) on M17. 

The endogenous LAB spp. in both wheat and wheat-whole sourdough 
formulations ranged roughly from 6.0 ± 0.9 log cfu g− 1 to 8.1 ± 1.0 log 
cfu g− 1, an increase of around 2 log cycles. 

6.2. Chemical analysis 

6.2.1. Sugars and organic acids 
The utilization of sugars, glucose, lactose and galactose, and the 

organic acid production during yeast -dough and sourdough fermenta-
tion, was confirmed by HPLC analysis (Table 1). The higher sugar’s 
utilization during sourdough fermentation, in both wheat and wheat- 
whole grain dough formulations (WSD, WWSD, 24 h) was attained, 
and further utilized during the yeast-fermented last stage (WSYD, 
WWSYD, 24 h + 1 h): glucose was practically depleted (0.30 ± 0.07 and 
0.20 ± 0.06 mg/g) and small amounts of lactose (0.60 ± 0.08 and 0.70 
± 0.08 mg/g), and galactose (1.90 ± 0.06 mg/g) were detected. Dough 
pH underwent a dynamic decrease, varying from 5.31 ± 0.05 to 3.82 ±
0.06 for wheat dough and 5.10 ± 0.03 to 3.70 ± 0.01 for wheat-whole 
grain dough, being the pH-drop faster on the later, during the first 6 h of 
fermentation (data not shown). Sugar’s consumption by LAB with a 
consequent acid production promoted a notable (p < 0.05) dough 
acidification and pH drop, in which the lactic acid was the dominant 

organic. For both yeast-fermented dough (WD, WWD, 1 h) and par-
ticulary, for sourdough-yeast fermentation (WSYD, WWSYD, 24 h + 1 
h), the lactic acid content increased around 4–5-fold higher from 5.80 ±
0.21 and 5.61 ± 0.20 to 21.40 ± 1.50 and 26.52 ± 0.30 g/mg of 
lyophilized dough, respectively. Chemically acidified doughs results, for 
both free sugars and organic acids, were comparable with unfermented 
control dough, with no significant (p > 0.05) differences. 

6.2.2. Peptides and free amino nitrogen content 
To follow the degree of proteolysis during yeast-bread and sour-

dough fermentation, the peptides content and free amino nitrogen 
(FAN) concentration was determined, in water-soluble extracts 
(Table 2). Comparing with the yeast-bread (1 h) and sourdough-yeast 
fermented (24 h + 1 h) doughs, both wheat (WD 1 h, WSYD 24 h + 1 
h) and wheat-whole grain (WWD 1 h, WWSYD 24 h + 1 h) formulation, 
were characterized by a peptide content ranging from 1.2 ± 0.1 to 6.2 ±
0.1 g/100 g and 1.5 ± 0.2 to 10.0 ± 0.3 g/100 an increase of around 5- 
and 8-fold, respectively. The FAN concentration can be clearly distin-
guished, from 92.0 ± 1.2 to 319.0 ± 13.3 g/100 g, and 98.7 ± 7.7 to 
671.5 ± 17.5 g/100 g, an increase of around 3- and 6-fold higher, 
correspondingly. Moreover, the peptide and FAN content showed a 
significant (p < 0.05) increase in chemically acidified doughs, but 
considerably (p < 0.05) lower when compared with sourdough (24 h). 
No significant (p > 0.05) differences can be noticed between unfer-
mented control (0 h) with yeast-fermented doughs (1 h). 

6.2.3. Change of the wheat protein pattern after yeast-dough and 
sourdough fermentation 

The variation of wheat polypeptide pattern, before (0 h), after yeast- 
dough (1 h), sourdough (24 h) and sourdough-yeast (24 h + 1 h) 
fermentation, was characterized by electrophoresis analysis (Fig. 1). A 
chemically acidified and incubated dough, at the same fermentation 
conditions, were performed. In general, for both dough matrix in study, 
the sourdough 3 at pH 3.8 (A1-C1) and 3.7 (A2-C2) showed the more 
intensive hydrolysis, being higher for wheat-whole grain sourdough 

Table 1 
Sugar’s content: lactose, glucose, galactose (mg/g of freeze-dried dough) and 
organic acids amount: lactic and acetic acid (mg/g of lyophilized dough) ob-
tained for yoghurt wheat (W) and wheat-whole grain (WW) dough formulations 
in study: baker’s yeast (WD, WWD), sourdough (WSD, WWSD), sourdough-yeast 
fermented (WSYD, WWSYD), and for the chemically acidified doughs (WCD, 
WWCD), at different fermentation times: 0 h, 1 h, 24 h, 24 h + 1 h.  

Dough 
samples 

Glucose Lactose Galactose Lactic 
acid 

Acetic 
acid 

Dough 
pH 

WD 0 h 20.0 ±
0.4a 

6.8 ±
0.1a 

10.2 ±
0.3a 

4.3 ±
0.2a 

ND 5.3 ±
0.1a 

WD 1 h 4.0 ±
0.2b 

3.4 ±
0.3b 

4.0 ± 0.2b 5.8 ±
0.2b 

2.9 ±
0.1a 

5.1 ±
0.0a 

WS 24 h 0.5 ±
0.0c 

0.9 ±
0.1c 

2.4 ± 0.2c 21.8 ±
1.6c 

1.5 ±
0.1b 

3.8 ±
016b 

WSYD 24 
h þ 1 h 

0.3 ±
0.1c 

0.6 ±
0.1c 

1.9 ± 0.1c 21.4 ±
1.5c 

2.8 ±
0.1a 

4.3 ±
0.1b 

WCD 24 h 19.5 ±
0.2a 

6.8 ±
0.2a 

9.2 ± 0.1a 4.5 ±
0.1a 

ND 4.0 ±
0.1b 

WWD 0 h 20.0 ±
0.30a 

6.5 ±
0.1a 

10.0 ±
0.1a 

4.1 ±
0.1a 

ND 5.1 ±
0.0a 

WWD 1 h 4.1 ±
0.2b 

2.1 ±
0.1b 

4.2 ± 0.1b 5.6 ±
0.2b 

2.9 ±
0.3a 

5.0 ±
0.0a 

WWS 24 
h 

0.4 ±
0.1c 

1.0 ±
0.2c 

2.3 ± 0.4c 27.7 ±
1.0d 

2.0 ±
0.2b 

3.7 ±
0.0b 

WWSYD 
24 h þ
1 h 

0.2 ±
0.1c 

0.7 ±
0.1c 

2.0 ± 0.1c 27.5 ±
0.3d 

3.0 ±
0.1a 

4.1 ±
0.0b 

WWCD 
24 h 

19.1 ±
0.5a 

6.8 ±
0.3a 

9.5 ± 0.2a 4.5 ±
0.2a 

ND 4.0 ±
0.1b 

Data values with different subscript letters (a–c) in the same column differ 
significantly (Tukey test at p < 0.05). 
ND – Not detected. 
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Table 2 
Peptides content and free amino nitrogen, free soluble, insoluble ester bound and total phenolic compounds (PC), DPPH radical scavenging activity (%) and ferric- 
reducing power (ABS values) results obtained for yoghurt wheat (W) and wheat-whole grain (WW) dough formulations in study: yeast bread dough (WD, WWD), 
sourdough (WSD, WWSD), sourdough-yeast fermented (WSYD, WWSYD), and for the chemically acidified doughs (WCD, WWCD), at different fermentation times: 0 h, 
1 h, 24 h, 24 h + 1 h.  

Chemical parameters Peptide content Free Amino Nitrogen Free Soluble PC Insoluble ester Bound PC Total PC DPPH Reducing power 

Samples (mg/g) (mg/g) (mg EAG/100 g) (% RSC)* (mg EAC/100 g) 
WD 0 h 1.0 ± 0.0a 87.3 ± 2.0a 83.6 ± 0.5a 95.5 ± 0.8a 174.3 ± 0.8a 39.8 ± 0.7a 30.7 ± 0.2a 

WD 1 h 1.2 ± 0.1a 920 ± 1.21a 89.8 ± 0.5a 95.0 ± 0.6a 179.1 ± 1.0a 40.6 ± 0.7a 32.3 ± 0.3a 

WSD 24 h 5.6 ± 0.1b 278.9 ± 12.1b 121.7 ± 0.7b 66.0 ± 1.2b 189.3 ± 1.9a 52.1 ± 0.4b 60.2 ± 0.8b 

WSYD 24 h þ 1 h 6.2 ± 0.0b 319.0 ± 13.3b 130.7 ± 1.7b 58.0 ± 2.2b 188.7 ± 1.5a 54.1 ± 1.1b 61.5 ± 0.2b 

WCD 24 h 40 ± 0.1c 187.5 ± 16.3c 101.3 ± 0.9ab 80.50 ± 1.1c 183.4 ± 2.7a 44.4 ± 1.2a 32.3 ± 0.4a 

WWD 0 h 1.2 ± 0.0a 91.7 ± 7.0a 111.7 ± 0.9b 121.8 ± 1.8d 227.1 ± 1.6b 45.7 ± 0.7a 51.3 ± 1.6c 

WWD 1 h 1.5 ± 0.0a 98.7 ± 7.7a 122.4 ± 2.1b 121.4 ± 1.7d 232.2 ± 1.3b 46.5 ± 0.9a 54.6 ± 0.7c 

WWSD 24 h 9.1 ± 0.1d 606.7 ± 13.2d 176.9 ± 1.0c 69.6 ± 2.5b 240.4 ± 1.5b 62.8 ± 0.8c 87.2 ± 1.2d 

WWSYD 24 h þ 1 h 10.0 ± 0.3d 671.5 ± 17.5d 186.8 ± 1.5c 58.9 ± 0.9b 247.9 ± 1.9b 64.8 ± 1.4c 90.7 ± 0.6d 

WWCD 24 h 7.2 ± 0.3b 332.9 ± 7.3b 118.7 ± 2.3b 108.3 ± 1.5d 232.92 ± 8.5b 48.6 ± 0.7a 53.0 ± 1.0c 

AR’s: BHT/AC***      54.5 ± 0.7b 105.5 ± 1.2e 

Data values in the same column with different superscript letters (a–e) differ significantly (Tukey test at p < 0.05). 
* Percentage of DPPH radical scavenging capacity. 
*** AR’s: BHT/AC: Antioxidant references: butylated hydroxytoluene/ascorbic acid. 

Fig. 1. Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) showing the changes of (A) albumins/globulins, (B) gliadins and (C) glutenins 
protein extracts of baker’s yeast and sourdough-yeast fermented doughs, made of (gels A1-C1) wheat flour (100%, f.w.) and (gels A2-C2) a blending of wheat and 
whole grain flour (50:50, f.w.); The same amount of protein (≈12.5 µg/well) was pipetted. in each well Gels legend: WF-wheat flour, WWF-wheat-whole grain flour, 
doughs: 1-baker’s yeast control dough before fermentation (0 h), 2-baker’s yeast fermented dough at 35 ◦C for 1 h, 3-sourdough at 40 ◦C for 24 h, 4-sourdough-yeast 
fermented dough at 40 ◦C for 24 h + 35 ◦C for 1 h, 5-chemically acidified dough at pH 4.0 fermented at 40 ◦C for 24 h, and Y-yoghurt protein extract. The pH values 
obtained for each dough at different fermentation time are indicated at below of the gels. 
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(A2-C2). Considering albumins/globulins (A2) an almost complete 
degradation after 24 h of yoghurt-sourdough fermentation can be 
observed. Yoghurt-proteins bands (31.0–14.4 kDa) remained intact after 
wheat sourdough (A1) fermentation, while after wheat-whole sour-
dough (A2) a less intensity can be notice. As for gliadins fraction (B2), 
even though a mild hydrolysis occurred during fermentation, new hy-
drolysates protein bands can be observed between 36.5 and 31.0 kDa. 
Based on glutenins fractions (C2), high molecular protein bands between 
116.3 and 97.4 kDa were less observed, but new protein bands from 
hydrolysates can be observed between 31.0 and 3.5 KDa. These results 
agree with those obtained in FAN and small-sized peptides content, in 
which the higher amounts were obtained for wheat-whole sourdough 
matrix. 

After yeast-fermentation (dough 2) and chemically acidified doughs 
(dough 5), the wheat protein pattern remained present, showing the 
same band gel profile as unfermented dough (dough 1, at 0 h) and native 
flours (WF-wheat flour and WWF-wheat-whole grain flour). Sourdough- 
yeast fermented before baking (doughs 4) showed a less protein bands 
intensity comparing with yeast-bread fermented (doughs 2), indicating 
that the proteases presumably activated during sourdough fermentation 
remained active at pH 4.1, changing the wheat protein profile of the 
added wheat flour during the yeast fermentation step. Only minor dif-
ferences between chemically acidified (doughs 5) and yeast-bread fer-
mented doughs (doughs 2), can be observed, whereas major variations 
can be noticed comparing with sourdough fermentation (doughs 3). 

6.2.4. Phenolic compounds and antioxidant activity 
After yeast-dough fermentation (1 h), for both wheat (WD) and 

wheat-whole grain (WWD) doughs, no significant (p > 0.05) variations 
can be distinguished among the different PC fractions PC, comparing 
with control unfermented dough (WD 0 h) (Table 2). However, after 
yoghurt-sourdough fermentation a significant (p < 0.05) decrease of 
bound compounds content was registered, and further reduced during 
yeast leavening step (24 h + 1 h), of 39.0% for WSYD and 51.3% for 
WWSYD, with a markedly increase of soluble PC fractions of 45.5% and 
52.6% respectively, comparing with yeast-dough fermented (1 h). The 
total phenolic content increased slightly, but not significantly (p > 0.05). 

Likewise, considerable PC variations can be noticed between chem-
ically acidified and sourdough (24 h) fermented ones, being higher in 
the latter. 

Increments on soluble PC fractions was accompanied by a significant 
(p < 0.05) enhancement on scavenging activity towards DPPH free 
radical and ferric-reducing power (Table 2). Sourdough-containing 
samples exhibited a marked increase of the radical-scavenging activity 
compared to yeast-dough fermented and that of the chemically acidified 
doughs: the highest DPPH inhibition effect for sourdough-yeast fer-
mented (24 h + 1 h), was registered, reaching values comparable to BHT 
activity (54.5 ± 0.7%) for WSYD (54.1 ± 1.1%) and higher values (64.8 
± 1.4) for WWSYD, exhibiting higher capacity to quench DPPH radical. 

Although the ferric-reducing power activity of sourdough samples 
were lower comparing with ascorbic acid reference (Table 2), it was 
significantly (p < 0.05) improved after sourdough-yeast fermentation 
(24 h + 1 h), of around 84.6% for WSYD and 87.6% for WWSYD, while 
for yeast-bread (1 h) and chemically acidified fermented doughs no 
significant (p > 0.05) differences were registered. The reducing power 
activities of soluble PC extracted from sourdough samples was notably 
higher, comparing to chemically acidified doughs. 

6.3. Bread quality characterization 

6.3.1. Technological properties: post-baking quality parameters 
Experimental breads replacing wheat flour by yoghurt-sourdough 

addition (50% fw, SI1), were prepared, and the impact on technolog-
ical properties based on post-baking quality parameters for both wheat 
(WSB) and wheat-whole grain bread (WWSB), was assessed. Control 
baker’s yeast fermented breads, were used (WB, WWB). Results obtained 

are summarized in Table 3. 
In general, yoghurt-sourdough addition as ingredient on WSB and 

WWSB formulations, resulted in denser bread with heterogenous gas- 
cells distribution (SI3), accompanied by a significant (p < 0.05) reduc-
tion of 8.0% and 16.3% on loaf-specific volume, as well as harder crumb 
firmness, respectively, comparing with WB and WWB. However, after 
storage, sourdough-containing bread presented a softer crumb texture, 
by 15% (WSB) and 12% (WWSB) of less firm than control’s yeast-crumb 
breads. Accordingly, sourdough bread staled significantly (p < 0.05) 
slower than baker’s yeast-ones, representing a reduction of 40% (WSB) 
and % (WWSB). In line with those results, the sourdough bread showed 
the least moisture loss, of around 22% and 36% related to yeast- 
fermented bread, respectively. 

6.3.2. Nutritional properties 
The assessment of bread’s nutritional properties was mostly focused 

on mimicking the in vitro starch and protein digestibility, further char-
acterized based on the predicted glycemic index and free amino acids 
profile, respectively (Table 3). Starting from the in vitro starch di-
gestibility results, control wheat bread (CWB) as a food reference was 
used, corresponding to hydrolysis index (HI) of 100%. 

Sourdough fermentation induced a significant reduction on starch 
digestibility: comparing baker’s yeast (WB, WWB) and sourdough-yeast 

Table 3 
Comparison of the technological and nutritional properties obtained for baker’s 
yeast and sourdough-yeast fermented breads, prepared from (100%, fw) wheat 
flour (WB, WSB) and a mixture of (50:50%, fw) of wheat-whole grain flour 
(WWB, WWSB).    

Post-baking parameters 

Bread quality 
parameters 

CWB* WB WSB WWB WWSB 

Baking loss (%)  13.4 ±
1.1a 

12.3 ±
0.7a 

11.9 ±
0.4a 

10.8 ±
0.6a 

Density (Kg/ 
cm3)  

342.2 ±
3.3a 

373.2 ±
5.5ab 

331.8 ±
7.7a 

398.0 ±
8.4b 

Specific volume 
(mL/g)  

3.7 ±
0.1a 

2.7 ± 0.3b 3.8 ±
0.1a 

2.5 ± 0.1b 

Firmness (N/day 
1)  

1.6 ±
0.3a 

2.5 ± 0.3b 2.8 ±
0.2b 

3.4 ± 0.2c 

Firmness (N/day 
4)  

6.5 ±
0.3a 

5.5 ± 0.4b 6.1 ±
0.3a 

5.4 ± 0.3b 

Staling rate (N/ 
day)  

1.2 ±
0.1a 

0.7 ± 0.1b 0.8 ±
0.1b 

0.5 ± 0.1b 

Moisture content 
(%/day1)  

40.0 ±
0.04a 

40.0 ±
0.0a 

41.0 ±
0.1a 

41.0 ±
0.3a 

Moisture content 
(%/day4)  

36.6 ±
0.2a 

37.7 ±
0.3b 

38.6 ±
0.2b 

39.5 ±
0.1c 

Moisture loss 
(%/day)  

0.7 ±
0.1a 

0.6 ± 0.1a 0.6 ±
0.1a 

0.4 ± 0.1b 

pH  5.20 ±
0.2 

4.30 ± 0.1 5.10 ±
0.3 

4.10 ± 0.3    

Nutritional parameters 

Total starch (% 
DW) 

66.4 ±
1.0a 

65.7 ±
0.7a 

65.2 ±
1.3a 

56.3 ±
0.8b 

55.4 ±
0.8b 

HI (%) 100.0 ±
0.0a 

81.8 ±
0.4b 

68.5 ±
1.3c 

57.1 ±
0.7d 

45.6 ±
1.0e 

pGI (%) 94.5 ±
0.00a 

84.5 ±
0.2b 

77.2 ±
0.8c 

71.0 ±
0.4c 

64.7 ±
0.5d 

Total protein (% 
DW)  

12.6 ±
0.1a 

12.8 ±
0.2a 

12.6 ±
0.4a 

12.9 ±
0.1a 

IVPD (%)  78.9 ±
0.8a 

84.0 ±
0.6ab 

78.9 ±
0.19a 

88.2 ±
0.3b 

TFFAs (mg/Kg)  935.5 ±
44.3a 

1403.0 ±
59.3b 

944.4 ±
47.0a 

1921.0 ±
75.0c 

Data values with different subscript letters (a-e; A-B) in the same row differ 
significantly (Tukey test at p < 0.05). 
CWB*-control wheat bread (food reference); HI: Hydrolysis index (%); pGI: 
predicted glycemic index (%); IVPD: In vitro protein digestibility (%); TFFAs: 
Total free amino acids (mg/kg of digested bread). 

C. Graça et al.                                                                                                                                                                                                                                   



Journal of Functional Foods 88 (2022) 104877

8

fermented breads (WSB, WWSB) with control wheat bread (CWB), a 
significant (p < 0.05) lower starch hydrolysis over the digestion time 
(0–180 min, SI4) was obtained, ranging from 81.8 ± 0.4% to 68.5 ±
1.3%, and 57.1 ± 0.7% to 45.6 ± 0.7%, respectively, related to CWB 
(100%). Notably, yoghurt-sourdough bread underwent a considerably 
lower starch hydrolysis of 32% for WSB and of 54% for WWSB, 
compared with CWB. Correspondingly, the predicted glycemic index 
(pGI) of sourdough breads was reduced, particularly for WWSB, result-
ing in intermediate glycemic index (GI: 64.7) a significant reduction (p 
< 0.05) of 32%, comparing with CWB (GI: 94.5) (D’Alessandro & De 
Pergola, 2014). 

As for in vitro protein digestibility (IVPD), sourdough fermentation 
led to a slight (p < 0.05) improving on protein digestibility, in the range 
of 84.0 ± 0.6% for WSB and 88.2 ± 0.3% for WWSB, comparing with 
baker’s yeast breads (WB, WWB: 78.9%), an increase of 6.4 and 11.4%, 
respectively. 

The digestible protein fraction obtained from IVPD analysis was 
further characterized focused on the free amino acids (FAAs) profile and 
total free amino acids (TFFAs, sum of FAAs), comparing the yeast-bread 
and sourdough-yeast fermentation processes impact. 

Fig. 2 showed that the sourdough fermentation in both wheat bread 
formulations led to a significant (p < 0.05) increase of all FAAs con-
centration, particulary for WWSB, with particular emphasis on doubling 
the amounts of all essential amino acids: His, The, Lys, Met, Val, Iso, Leu, 
Phe, and Trp. Moreover, it can be also noticing the increase of Pro, Glu 
and Cys concentration of around 3–2.5–5-fold, respectively. 

Accordingly, digested sourdough’s breads were characterized by a 
significant (p < 0.05) increase of TFAAs concentration varying from 
1403 ± 60 mg/kg for WSB and 1921 ± 75 mg/kg for WWSB, related to 
935.5 ± 44.3 and 944.4 ± 47.0 mg/kg for yeast’s bread formulations, a 
notable increase of around 50% and 100%, respectively. 

7. Discussion 

In this study, we evaluated the utilization of yoghurt as a starter on 
sourdough fermentation focused on technological and nutritional 
properties of wheat-sourdough bread, considering two different bread 
dough matrices: refined-wheat and blended with whole grain flour. To 
the best of our knowledge, the utilization of yogurt was only used as a 
bakery ingredient in the yeast-bread dough system (Graça et al., 2019; 
Graça, Raymundo et al., 2020; Graça, Mota et al., 2020). Therefore, this 
study reports for the first time the effect of yoghurt as a starter in bio-
processing and its concurrent effect on overall sourdough-bread quality. 

The presumptive yoghurt-derived LAB strains showed an efficient 
cell density growth in both dough matrix in study, particularly when the 
whole grain flour was added. The differences can probably be traced on 
flour composition, since whole grain flour typically harbors more mi-
crobes and may have a higher buffering capacity due to its higher 
mineral content comparing to refined-wheat flour (Wang et al., 2019) 
which provided better conditions for microbial growth. Consequently, 
the faster microbial) acidification promoted a faster pH-dynamic 
reduction over the fermentation time, generating ideal conditions to 
the activation of several endogenous flour proteases, resulting in more 
intense proteolysis on this dough system, notably to albumins/globulins 
and glutenins fractions degradation. Whole grain flour contains endog-
enous proteases derived from germen and aleurone layer (Fardet, 2010) 
which can be a possible explanation to support the higher wheat protein 
pattern changes observed (Fig. 1, A2-C2). In wheat flour, proteolysis has 
been associated with serine carboxypeptidases and mainly with aspartic 
proteinases (Huang et al., 2020; Jiang et al., 2021) mostly located in the 
endosperm layer. Additionally, wheat bran aspartic proteinases (Jiang 
et al., 2021; Yilmaz-Turan et al., 2020; Ganzle & Gobbetti, 2013), serine 
carboxylases (Galleschi & Felicioli, 1994; Breddam, 1988) and 
carboxypeptidase (Mikola, 1983) might have had contributed to the 
proteolytic events occurred (Sapone et al., 2012). 

The variations on wheat protein profile can probably be linked with 
the increase of peptides concentration, as hydrolysates products of the 
breakdown of the high-molecular-weight protein into low-molecular- 
weight peptides, possibly attributed to proteolytic events occurring 
during yoghurt-sourdough fermentation. Subsequently, the free amino 
nitrogen concentration also increased, mostly due to enhanced peptides 
degradation to amino acids, as consequence of microbial activity to meet 
their demand of complex nitrogen (Ganzle et al., 2008; Ganzle & Gob-
betti, 2013). Our findings are aligned with those reported by Zhao, Guo, 
and Zhu (2017) showing that the sourdough LAB fermentation was 
relevant to increase the peptides and amino acids concentration. 

Phenolic compounds and antioxidant capacity results were notable 
improved in both dough systems, but, then again, particularly higher 
when whole-grain flour was included. 

Microbial acidification and subsequent proteolysis during yoghurt- 
sourdough fermentation had a markedly impact to release the bound 
phenolic compounds, and consequently to increase the soluble fraction 
content. The in vitro antioxidant capacities, DPPH scavenging activity 
and ferric reducing power of both dough matrices, can probably be 
correlated to the soluble compound’s increments, which agrees with 
previous reports (Jiang et al., 2021; Shumoy, Gabaza, Vandevelde, & 

Fig. 2. Free amino acids (FAs) concentration of digested protein fraction obtained after IVPD analysis of the baker’s yeast and sourdough-yeast fermented breads, for 
wheat (WB, WSB) and a blending of wheat-whole grain (WWB, WWSB) bread formulations. Data values with different subscript letters (a-c) in the same amino acid 
(e.g., His) differ significantly (ANOVA Tukey test at p < 0.05). 
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Raes, 2017; Laatikainen et al., 2017). 
Findings obtained suggests that the higher proteolytic activity, 

probably derived from whole grain flour, contributed to the solubiliza-
tion of higher phenolic compounds amount by the breakdown of aleu-
rone bran layer and germen cell wall structure (Shumoy et al., 2017; 
Rizzello, Coda, Mazzacane, Minervini, & Gobbetti, 2012). 

The contribution of LAB peptidades activity to release the antioxi-
dant peptides encrypted in native proteins, with DPPH chelating and 
ferric-reducing power properties, was also previously reported (San-
jukta, Rai, Muhammed, Jeyaram, & Talukdar, 2015; Arte et al., 2015; 
Yilmaz-Turan et al., 2020). 

Proteolysis of wheat proteins during sourdough fermentation can 
influence the overall quality of the baked goods. The addition of 
yoghurt-sourdough as bread-making ingredient, resulted in lower spe-
cific bread volume, markedly for WWSB, in which the proteolytic events 
were more intense (Fig. 1), affecting mostly the glutenins fraction. 
However, yoghurt-sourdough addition considerable improved the 
texture attributes of the both bread formulation in terms of crumb 
softness and delayed staling rate, which can constitute an advantage in 
terms of shelf-life extension, comparing to yeast-fermented breads. 
Sourdough fermentation have been reported as a promising bio-
processing to generate natural hydrocolloids in situ produced by LAB 
(Wang et al., 2019), not only to efficiently improve the bread quality 
properties but also to circumvent the labelling-packaging requirements 
(Arendt, Ryan, & Dal Bello, 2007; Patel & Prajapati, 2013; Wang et al., 
2019). Additionally, the addition of sourdough led to more acidic bread 
with pH values of around pH 4, which was previously reported as an 
advantage to reduce the formation of amylose microcrystal reducing the 
starch retrogradation and hence the ageing process, while retard the 
microbial spoilage (Arendt et al., 2007). 

In terms of nutritional bread quality, the incorporation of yoghurt- 
sourdough into wheat bread formulations led to a notably decrease of 
starch digestibility and further increased the protein digestibility, 
compared to yeast-fermented breads. The lower starch digestibility has 
been attributed mostly to the organic acids produced during sourdough 
fermentation (Bjorck & Elmstahl, 2003) in which lactic acid, has been 
linked to inactivate the amylase performance, reducing its effect on 
starch granules breakdown, hence limiting the gelatinization process 
and digestion rate (Bjorck & Elmstahl, 2003; Fekri, Torbati, Khosrow-
shahi, Shamloo, & Azadmard-Damirchi, 2020). The increase of soluble 
fibre and insoluble fiber solubilization has been reported as a result of 
sourdough fermentation, generating a more viscous environment that 
hampers enzymes activity performance, delaying the starch digestion 
and absorption rates, consequently reducing the glycemic response (Lu, 
Walker, & Muir, 2004). Even though abundant literature (Bjorck & 
Elmstahl, 2003; Lu et al., 2004; Fekri et al., 2020) have been reporting 
the effect of sourdough fermentation to reduce the glycemic response of 
final products, the inclusion of fiber rich sources like whole grains, as an 
additional factor can further boost this effect (Polese et al., 2018). 

The improved protein digestibility obtained was probably a result of 
the enhanced proteolytic activity during yoghurt-sourdough fermenta-
tion, which contributed to increase the protein solubilization, make the 
polypeptides more susceptible to partially degradation into small pep-
tides and easily digestible (Annor, Tyl, Marcone, Ragaee, & Marti, 2017; 
Rizzello et al., 2019). In this study, the FAAs concentration, analyzed 
from the digested protein fraction obtained, was notable higher 
comparing with yeast-fermented bread, particularly when whole grain 
flour was blended with wheat flour. These results suggest that yoghurt- 
sourdough fermentation promoted a pre-digestion process, probably 
driven by the mutual effect of bacterial and/or cereal enzymes, 
improving the protein digestibility and amino acids bioavailability 
(Rizzello et al., 2014) particularly when enzymes sources, as whole grain 
flour, were included. Our results are consistent with those reported by 
Rizzello et al. (2019) showing that sourdough-containing bread is more 
easily digestible compared to yeast-fermented bread. 

8. Conclusion 

In conclusion, this study showed that the yoghurt-sourdough as a 
bread-making ingredient was a promising approach to improve the 
technological and nutritional properties of wheat bread. Sourdough 
fermentation promoted drastic chemical modifications in proteins and 
phenolics compared with yeast fermentation. The yoghurt-sourdough 
wheat bread resulted in improved crumb softness and delayed staling. 
Nutritionally, it gains considerable advantages, such as the higher in 
vitro starch and protein digestibility, intermediate-low glycemic index 
and higher bioavailability of amino acids. 
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