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Highlights

1- In sourdough bread dough, long fermentation results in a higher content of reducing sugars than with short-

fermentation. Conversely, long fermentation leads to a decrease in reducing sugars in yeast bread dough.

2- After baking, the melanoidin content is higher in short-fermented breads.

3- After baking, acrylamide formation remains negligible regardless of the type of fermentation.

4- Long fermentation has a positive effect on the sensory perception of sourdough bread.

Abstract

The study aimed to evaluate the impact of long and short fermentation on the sensory and nutritional properties of
French sourdough and yeast bread. The long fermentation was performed at low temperatures, and is close to
“artisanal processes”, while the short fermentation was performed at higher temperatures, and is associated with
“intensive processes” used in industries. Reducing sugars and amino compounds, precursors of the Maillard
reaction, were analyzed in the doughs, while aromas, acrylamide and melanoidins were quantified in the breads.
The study was completed by a sensory analysis performed by a trained panel. The results showed that the content
of reducing sugars was highly influenced by the fermentation conditions. On the other hand, proteolysis was
limited in both types of bread, especially in yeastbread. In yeast bread, long fermentation favored the generation
of aromas from yeast metabolism in the dough, but limited the formation of aromas from the Maillard reaction in
the crust. In sourdough bread, long fermentation promoted the Maillard reaction and aromas from the metabolism
of lactic acid bacteria and had a positive effect on the sensory perception of the crustand crumb. In both types of
bread, long fermentation contributed to the decrease of acrylamide content, even though the overall acrylamide

content was low regardless of the type of fermentation.
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1. Introduction

Bread making has been mastered for thousands of years. In France, as in many countries, it takes an important
place in the daily diet, with 105 g consumed each day per person [1]. Bread is composed of a mixture of flour,
water, salt and leavening agent. The fermentation and baking steps give the bread its final sensory and nutritional
characteristics. In France, many types of bread are offered to consumers, but bread fermented with yeast (mostly
Saccharomyces cerevisiae) remains the most popular and widely consumed. Sourdough bread constitutes a smaller
part of the breads purchased by consumers but it is perceived as more qualitative with an extended shelf life [2].
The main difference between these two types of bread is the leavening agent used during fermentation, which has
an impact on the sensory and nutritional quality ofthe bread [3]. Yeasts consume the sugars in the dough to produce
ethanoland carbon dioxide through alcoholic fermentation. A small portion of sugars can participate in secondary
fermentation reactions that generate aroma compounds [4]. Yeast is often added directly into the flour, along with
water and salt to start the fermentation of the bread dough. But yeast can also be used as a pre-ferment in which it
ferments wheat flour with water for 4 to 16 hours at room temperature before being added to the bread dough.
Another preferment, sourdough is composed of flour and water inoculated with a starter containing lactic acid
bacteria (LAB) and yeasts. In addition to yeast-stimulated alcoholic fermentation, sourdough bacteria perform
acetic and lactic acid fermentations. The use of sourdough acidifies the bread dough, generates new aromas which
improve the crumb aromas, and provide flavor precursors to the dough, such as free amino acids (FAAS), for the

Maillard reaction during baking [5-8].

In addition to the diversity of leavening agents, different fermentation conditions can be used to make French
bread. In bakeries, artisanal process is often along fermentation (24 + 3 h) carried out at low temperature (6 + 2°C)
[9]. This favors the development of aromas in the dough and is more convenient for the baker because the dough
ferments overnight. The bakery industry tends to use straight dough processes with short fermentation times
(between 1 and 3 h) at higher temperatures (between 21°C and 35°C), sometimes called intensive process [10] to

save time and reduce production costs.

During the fermentation process, the consumption of sugars and proteins presentin the wheat flour by leavening
agents leads to the formation of alcohols, acids, ketones, and esters in the dough which play a role in the sensory
characteristics of the crumb [4]. In yeastbread, it has been shown that long fermentation time at low temperature

was positively correlated with high concentrations of aromas in the crumb and the crust [10, 11]. However, the



effect of dough fermentation time on the aroma profile of sourdough bread has been little studied, especially on

French bread.

During baking, the Maillard reaction (MR) generates hundreds of compounds in the crustthat play an important
role in the nutritional and sensory properties of bread [12, 13]. The precursors of the Maillard reaction are the
proteins/FAAs and reducing sugars present in the dough and their final concentrations before baking depend
largely on the leavening agent used for fermentation [3]. At the intermediate stage of the Maillard reaction, the
Strecker degradation converts FAAs into aldehydes that give pleasant malty notes to the crust [4]. The formation
of Strecker aldehydes depends onthe FAAs available in the dough. Sourdough contains FAAs resulting from the
hydrolysis of gluten by bacterial metabolic activity and flour enzymes [14]. Thus, the addition of sourdough to
dough formulation provides more flavor precursors for the Strecker aldehydes during baking [6]. In the line of
Strecker degradation, acrylamide (AC) is formed during the Maillard reaction. AC is a Maillard reaction product
(MRP) that has attracted research attention in recent years because of its deleterious effect on health [15, 16]. It is
formed from free asparagine (ASN) and reducing sugars under conditions of low moisture and high temperature
(above 120°C). Since fermentation modulates the content of FAAs including ASN in the dough, the formation of
AC is highly dependent on the fermentation process [17]. However, we recently showed that traditional French
yeast bread was not a significant source of AC in the daily diet compared to other cereal-based products [13] but
the impact of fermentation time and temperature onthe AC content of French sourdough bread still remains to be
elucidated. Melanoidins, formed during the late stages of the Maillard reaction, are brown pigments responsible
for the color of the crust. In addition to their role in the sensory quality of bread, melanoidins have been studied
for their potential or demonstrated health effects such as their antioxidant properties [18] and anti-inflammatory
effect [19]. As they are partly composed of proteins, their content in the bread crust should depend on protein

hydrolysis and differ according to the fermentation time.

Considering the fact that the Maillard reaction is strongly dependent on the precursors still available after
fermentation, differences between long and short fermentations are expected in terms of fermentation aromas and
Strecker aldehydes. The objective of this study was first to evaluate the effect of fermentation conditions on the
composition of bread dough (reducing sugars, proteins, free ASN), and then on the aroma profile of breads. We
also investigated the effect of fermentation conditions on the nutritional properties of the bread via the AC and

melanoidin contents in the crust.



2. Material and methods

2.1. Bread making process

This study was conducted on breads usually consumed in France. The bread making processes were developed
according to Myhryold and Migoya [20] and validated by a certified French baker (Fig. 1). All doughs had the
same hydration rate of 60% (60g of water for 100g of flour). All bread making processes presented in this study

have been chosen to obtain similar breads in terms of size and appearance.

2.1.1. Long and short fermented yeast bread

Yeast bread (YB) dough was prepared using wheat flour type T65 (Farine Label Rouge T65, Paulic, Saint-Gérand,
France) (61.15%), water (36.7%), salt (1.3%), yeast (0.85%) (Lesaffre, Marcq-en-Baroeul, France) (Fig. 1A).
Ingredients were kneaded for 10 min at low speed and 4 min at medium speed using a spiral mixer (BV22 Haut,

VMI mixing company, Montaigu, France).

1/ For long fermented YB, the dough was fermented for 1 h at 23°C and then for 24 h at 6°C (70% humidity).

2/ For short fermented YB, the dough was fermented for 1 h at 23°C (70% humidity).

All doughs were separated into 250 g pieces and fermented for 30 min at room temperature (20 £ 2°C). Then,
dough pieces were wrought into bread-shape before anotherfermentation period for 1 h at23 °C (70% humidity).
Breads were baked in a deck oven with steaminjection (110 mL) at 250 °C for 25 min. Three batches of 9 breads
were made on 3 different days to evaluate the repeatability of the process. After 30 min of cooling at room
temperature, the crustand crumb from breads were separated and stored at -20 °C in sealed plastic bags for further

analysis. For some analysis, bread crust and crumb were freeze-dried and stored at -20°C.

2.1.2. Long and short fermented sourdough bread

Sourdough bread (SB) dough was prepared using wheat flour type T65 (Farine Label Rouge T65, Paulic, Saint-
Gérand, France) (51%), water (26.6%), salt (1.2%), and sourdough (21.2%) as a leavening agent (Fig. 1B).
Sourdough was prepared the day before by mixing a starter (0.2%) (LV4 starter, LeSaffre, Marcq-en-Baroeul,
France) in a mix water/flour (50/50, v/v)and left to rest at 30°C for 24 h (Fig. 1B). After the kneading step (as
described for YB), dough was fermented for 2 h at 23 °C (70% of humidity), separated in 250 g pieces, re-
fermented for 30 min at room temperature (20 + 2 °C), then wrought in bread shape.

1/ For long-fermented SB, dough pieces were fermented for 24 h at 6°C (70% humidity).



2/ For short-fermented SB, dough pieces were fermented for 2 h at 23°C (70% humidity).

Then, conditions of baking and storage were similar to those described for YB.

2.2. Chemicals, reagents,and standard solutions

Methanol HPLC grade (MeOH), water HPLC grade, acetonitrile HPLC grade (ACN), nonafluoropentanoic acid
97% (NFPA), sodium dodecylsulfate > 99% (SDS), Trizma® base,ethanol 100% (EtOH), acetic acid > 99%, 2-
methyl propanol, hydrochloric acid 37% (HCI), ninhydrin reagent, Carrez solutions, trichloroacetic acid >98%
(TCA), formic acid >98%, D-glucose, D-Fructose and Maltose standards B-mercaptoethanol were purchased at
Sigma-Aldrich (Saint-Quentin Fallavier, France). Internal standard Asparagine (ASN) 15Nz and ASN were from
Euriso-top (Saint Aubin, France). Internal standard of (13C3) acrylamide (AC) was from Restek (Lisses, France).
Buffer solution Tris/Glycine/SDS 1X, Mini PROTEAN TGX Cels® and 2X Laemmli buffer solution were

provided by BioRad (BioRad, Hercules, USA). The standard L-Glycine was from Megazyme (Bray, Ireland).

2.3. Reducing sugars content

The reducing sugar content was determined in the dough at the beginning of fermentation and after fermentation.
The method used was adapted from the one of Epriliati et al [21]. Briefly, reducing sugars were extracted in
triplicate from 500 mg of freeze-dried and ground bread dough with 4 mL of 80% (v/v) MeOH in water. Samples
were mixed and centrifuged at 20°C during 10 min at 8800 x g. Supernatants were collected and the same steps
were repeated once. Extracts were filtered througha 0.45-um nylon membrane and injected into a HPLC U3000
system (ThermoFisher Scientific, Courtaboeuf, France) coupled to an ELSD LT 90 detector (Sedere, Alfortville,
France). The separation was carried out with a water/ACN (25/75 v/v) ata 0.8 mL/min isocratic elution flow using
a Prevail Carbohydrate ES column (250 mm x 4.6 mm, 5um) and a precolumn (Grace Alltech) at 20°C. Calibration

solution containing maltose, glucose and fructose was also injected to calculate reducing sugars content.

2.4. SDS PAGE analysis

Freeze-dried and ground samples (0.028 g ofdough)were suspended in tris HCI buffer (50 mM; pH 7.5) containing
SDS (1% (w/v)) and B-mercaptoethanol (0.2% (v/v))). Samples were vortexed , placed in ultrasonic bath
(Ultrasonic cleaner VWR) for 30 s and shaked at 40 rpm for 40 min (Rotator SB3 Stuart). Samples were
centrifuged for 5 min at 10000 x g at room temperature. The supernatants were collected, and diluted (50/50 v/v)

in a 2X Laemmli buffer solution pH 6.8 containing 658 mM Tris—HCI, 2% SDS, 25% glycerol,



0.01% bromophenol blue. Extracts were heated for 5 min at 95°C in a water bath (Memmert, Schwabach,
Germany). SDS PAGE was performed using mini-PROTEAN TGX Gels, 12% polyacrylamide gel (4% stacking
gel and 12% resolving gel), 12 wells (BioRad, Hercules, USA). Electrophoresis was performed at 40 mA for
45 min using Tris/Glycine/SDS 1X solution (BioRad, Hercules, USA). Gels were fixed in a trichloroacetic acid
10% for 10 min, stained overnight with Coomassie Brilliant Blue-R250 and unstained using 30% EtOH and 10%
acetic acid. Molecular weights were determined thanks to a molecular ladder (Precision Plus Protein™ Unstained

Protein Standard, Strep-tagged recombinant, BioRad, Hercules, USA).

2.5. Analysis of volatile compounds

Analysis of volatile compounds was performed according to Jouquand et al. [13]. One gram of ground crust or
crumb was mixed with 3 mL of a 2-methyl 1-propanol solution (12.5 ppm) (internal standard). The extraction of
volatile compounds was performed using SPME (solid phase micro-extraction). After a sample equilibration time
of 15 min at40 °C, a 2-cm fiber (divinylbenzene-carboxen-polydimethylsiloxane, Sigma-Aldrich) was exposed to
the headspace for 1 h at 40 °C, before injection into the injector of the GC/MS with a TriPlus™ 100 LS liquid
autosampler (ThermoFisher Scientific, Courtaboeuf, France), in splitless mode, for 2 min at 250 °C. Each
extraction was carried out in triplicate. Separation and identification of volatile compounds were carried out using
a Trace™ 1600 Serie GC coupled with a ISQ single quadrupole (ThermoFisher Scientific, Courtaboeuf, France).
Inlet, ionizing sources, and transfer line temperatures were kept at respectively, 250, 300, and 250 °C. Mass units
were monitored from m/z 40 to m/z 250 and ionized at 70 eV. A column of ZebronTM ZB wax plusTM
(30m x 0.25 mm x 0.25 um) (Phenomenex, France.) was used to separate the volatile compounds. Helium was
used as carrier gas at a flow rate of 1 mL/min. Identifications were based on matching mass spectra of unknown

molecules with those in the NIST mass spectral library or published data.

2.6. Descriptive sensory analysis

Descriptive sensory analysis was conducted at the Institut Polytechnique UniLaSalle (Beauvais, France) by nine
well-trained panelists (8 females and 1 male, aged from 25 to 50 years-old), employed by the Institute. Selected
attributes were aromatic intensity and bitterness for crust, fermented odor, fermented taste and sweetness for
crumb. For SB, additional attributes were added: acidic odorand acidic taste for crumb. For all the sessions, bread
was cut into 3-cm slices and served on three-digit numbers coded plates. Samples (YB and SB with both

fermentation conditions) were evaluated by panelists in duplicate. Sample presentation was sequential monadic



and followed a balanced design to avoid order and carry-over effects. Panelists were asked to rate the samples for

each attribute on a 10-point scale ranging from 0= low intensity to 10= high intensity.

2.7. Colorimetric analysis

Colorimetric measurements were performed 20 times on each bread of each batch, using a portable colorimeter
(Model CR-400; Konica Minolta, Japan), with an aperture of 10 mm, illuminant D65. The results were expressed

in the international color space CIE L* a* b*. The Lightness (L*) was used to evaluate the level of baking.

2.8. Analysis of water-soluble melanoidins

A semi-quantitative method developed by Helou et al. [22] was used for the quantification of melanoidin content
in breads crusts. As the extraction protocoldid not considerthe insoluble fraction of melanoidins, the water-soluble
melanoidins extracted were used as markers of the total melanoidins in bread. Briefly, 500 mg of freeze-dried and
ground bread crustwere suspended in 4.5 mL of water, mixed for 30 min and centrifuged at 10000 x g for 10 min
at 4 °C. Supernatants were collected and filtered .through a0.45-um nylon membrane. Extracts were then injected
into an HPLC system coupled to a PDA detector and a fluorescence detector (ThermoFisher Scientific,
Courtaboeuf, France). The separation was carried out on a phosphate buffer (50 mM) containing 150 mM sodium
sulfate (pH 7.0) at a 0.6 mL/min isocratic elution flow using a KW-802.5 (300 x 8 mm, 5 pum, 400 A) column
coupled toa KW-G guard column (50 x 6 mm, 7 um) (Shodex, Munich, Germany). The detection was realized at
the excitation—emission wavelengths of 350 — 430 nm. An external standard molecular weight calibration curve
was used for molecular weight determination using different proteins or peptides (MW 0.5 to 17 kDa). The
detection was performed at 280 nm. The group of peaks having a retention time between 17.5 and 27.5 min, which

corresponds to the molecular weight of melanoidins, were used for the interpretation.

2.9. Free asparagine content

Free ASN content was measured in bread dough at the beginning and after both type of fermentations using a
validated method routinely used in our laboratory. An amount of 200 mg freeze-dried and ground dough was
suspended in 7 mL of ultra-pure water. An internal standard ASN 15N, was added at a concentration corresponding
to the calibration range. Samples were vortexed and centrifuged for 10 min at 2500 x g before supernatants
collection. The previous steps were repeated twice. The pool of supernatants was clarified with 500 L of each

Carrez solution, and centrifuged for 10 min at 2500 x g. Extracts were then filtered through a 0.45-um nylon



membrane before analysis,and injected into a HPLC-MS/MS using a Hypercarb (10 mm x 2.1 mm, 5um) column
(ThermoFisher Scientific, Courtaboeuf, France). The separation was carried out with NFPA (20mM) / ACN at
200 pL/min. The percentage of ACN increased from 0 to 10% at 10 min and reached 50% at 12 min. Column
oven temperature was setat 25 °C. Tandem MS analyses were performed usinga TSQ Quantum Ultra Triple stage
quadrupole mass spectrometer (ThermoFisher Scientific, Courtaboeuf, France). Specific transitions
m/z 133.0 m/z — m/z 87.0 and m/z 135.0 — m/z 89.0 were used for the detection and quantification of ASN and
15N, respectively. ASN concentrations were calculated using a calibration range (ratio between ASN and

ASN 15Ny).

2.10. Acrylamide content

AC contentwas measured in the bread crustusing a method adapted from the one of Loaéc etal. [23]. Briefly, 1 g
of freeze-dried and ground crust was added to 15 mL of 13C3 AC solution as internal standard, mixed during
30 min, and centrifuged for 15 min at 4000 x g at room temperature. An amount of 3.75 mL of supernatant was
collected, and the extraction step was repeated once to collect a total of 7.5 mL of supernatant. Carrez solutions |
and Il were added (750 pL each), and the resulting solutions were centrifuged for 15 min at 3000 x g. Supernatants
were filtered through a 0.45-um nylon membrane before analysis by LC-MS/MS. Chromatographic separation
was performed according to Loaéc et al. (2014). Samples were injected into a Hypercarb guard column
(100 x 2.1 mm, 5 y; ThermoFisher Scientific, Courtaboeuf, France), and pre-column with same characteristics.
The separation was carried out with formic acid and ACN (1% aq v/v) at a flow rate of 200 uL/min in isocratic
elution mode. Tandem MS analysis was also performed on a TSQ Quantum Ultra triple-stage quadrupole mass
spectrometer (ThermoFisher Scientific, Courtaboeuf, France). The detection and quantification of AC and its
internal standard were made in SRM mode with the specific transitions m/z 72.0 — m/z 55.0 and
m/z 75.0 — m/z 58.0, respectively. The external standard method was used to determine the concentration of AC

in each sample. The limit of detection was estimated at 18 pg/kg.

2.11. Statistics

All data were expressed in mean + SD. Reducing sugars, ASN, and melanoidins data were analyzed by unpaired
t-tests with the Graph Pad Prism software (GraphPad Prism version 8.4.3 for Windows, GraphPad Software, San

Diego, CA, USA). Sensory analysis datawere analyzed by two-ways ANOVA followed by Tukey-Kramer post-

10



hoc tests with the XLSTAT software (Addinsoft, Paris, France). A value of P<0.05 was considered to be

significant.

3. Results and discussion

3.1. Effect of fermentation conditions on the Maillard reaction precursors

The effect of fermentation conditions was evaluated on reducing sugar content (maltose, glucose, fructose) in the
dough at the beginning and after the two different fermentation conditions (Table 1). In YB dough, maltose content
significantly increased of approximatively 1.7 times with both types of fermentation compared to the initial content
(1654.6 +84.2 g/100 g of dry matter). This effect is probably due to the subsequent phenomena of starch
hydrolysis leading to an accumulation of maltose [24], and its further hydrolysis by the yeast maltase into glucose
[25]. The balance between thesetwo mechanisms occurring simultaneously results in similar amounts of maltose
regardless the duration of fermentation. Conversely, the glucose content was divided by two after a shont
fermentation and by three after a long fermentation (P<0.05). This result confirms that the yeasts preferentially
used glucose as a substrate [24]. The fructose content was 1.2 times higher after short fermentation but halved
after long fermentation (P<0.05). This increase in fructose content after a short fermentation could be explained
by the hydrolysis of sucrose by the yeast invertase [26]. With longer fermentation, the glucose content was no
longer sufficient and the yeast began to metabolize fructose as already suggested in the past years [27].
Interestingly, the fermentation temperature does not appearto have much impact on the sugar metabolism by yeasts

[28], whereas the optimal temperature of yeast metabolism is above 20°C [29].

In SB dough, the maltose content increased (about 1.5 times) after both types of fermentation, but there was no
significant difference between both fermented doughs (P<0.05). Thus, as for YB dough, this is due to starch
hydrolysis resulting in maltose accumulation in the dough. Unexpectedly, the maltose content did not decrease
after long fermentation even though many sourdough lactobacilli are known to be highly adapted to use maltose
as a substrate [30]. The low temperature (6°C) during the long fermentation process could partly explain this low
consumption of maltose. Similarly, the glucose contentincreased after both the fermentation processes, butvery
slightly after short fermentation and significantly (by 1.5 times) after long fermentation (P<0.05). With this result,

we may suggest that, during both the two fermentation processes, the release of glucose by the hydrolysis of

11



maltose and/or sucrose is compensated by its consumption by the sourdough micro-organisms, explaining the
similar levels of glucose [31]. Moreover, glucose seems not to be the main substrate for sourdough lactobacill,

which explains the high levels remaining in the dough after long fermentation.

By contrast to maltose and glucose, the fructose content significantly decreased (P<0.05) in both the fermented
doughs, especially after short fermentation. Thus, fructose seemed to be preferred to maltose and glucose as a
substrate by sourdough microorganisms. This preference for fructose has already been shown in other studies
where the growth of different LAB were tested on different sugar media [32, 33]. During the long fermentation,
the low temperature (6°C) could slow down the metabolic activity of the lactobacilli, and thus their consumption
of fructose which would explain the higher contents measured in the dough compared to the short fermentation.
These first results showed significant variations in reducing sugars content depending on the fermentation
conditions used for bread making. Long fermentation led to a higher content of reducing sugars (glucose and
fructose) content in the SB dough thanin the YB dough. These differences are expected to have an impact on the

Maillard reaction pathways during baking, and thus on the sensory and nutritional characteristics of the breads.

The effect of fermentation conditions was also studied on wheat proteins in both breads. Protein extracts from
doughs atthe beginning and after short and long fermentations were analyzed by SDS PAGE (Fig. 2). In both the
bread doughs, and according to Osborn classification, the main protein fractions fromwheat proteins were visible
onthegel. They ranged from high molecular weight glutenin subunit (HMW-GS) (67-100 kDa) and low molecular
weight glutenin subunit (LMW-GS) (32-39 kDa), w-gliadins (39-44 kDa), and o/B- and y-gliadins (between 28
and 35 kDa), globulin (around 30 kDa) to albumin (5-10 kDa). In both doughs, the wheat protein profile did not
change during fermentation regardless of the fermentation time. These results are not surprising since, during yeast
fermentation, proteolysis is not promoted [34] because the proteolytic activity of Saccharomyces cerevisiae is
limited [35], and because the acidic conditions necessary for the activation of flour proteases are not achieved
during yeast fermentation [36]. By contrast, several studies have reported proteolysis during sourdough
fermentation [7, 37], i.e. during the preparation of this pre-ferment, but few studies have examined the effect of
sourdough on proteins once it has been added to the bread dough. Zotta et al. (2006) observed on different protein
fractions that sourdough fermentation at 30°C during 6, 12 or 24 h induced protein hydrolysis largely due to the
activity of cereal enzymes, which is promoted by the decrease in pH during fermentation. [39] also reported protein
hydrolysis during sourdough fermentation at 37°C for 4 or 8 h due to acidic conditions and activity of cereal and
microbial enzymes. They and others reported that gliadins were hydrolyzed during sourdough fermentation but

not glutenins, the highly polymeric wheat proteins responsible for the strength and elasticity of bread [37, 39]. All

12



these studies focused on protein hydrolysis during sourdough fermentation. In our study, as the conditions for
sourdough fermentation were already set, we sought to evaluate the effect of fermentation time on protein
hydrolysis ofbread dough formulated with sourdough. These results suggesta limited hydrolysis of proteins during

dough fermentation which is not visible on SDS PAGE, regardless of the fermentation time.

Overall, thestudy of MR precursors (proteins and reducing sugars) in the dough shows that long fermentation led
to the decrease of some precursors such as glucose and fructose in YB while it favored their increase in SB. On
the other hand, the effect of fermentation conditions was more limited on proteins hydrolysis for the two bread

doughs.

3.2. Effect of fermentation conditions on volatile compounds

Theoverall aroma of bread crustand crumb is composed ofhundreds of volatile compounds coming from different
reactions that occur during fermentation and baking. In the crumb, volatile compounds are mainly produced by
fermentation but some compounds such as aldehydes, ketones, and some alcohols also come from the oxidation
of lipids that occurs throughout the bread-making process until baking [4]. Thanks to baking, the MR produces
most of the key odorants found in the crust. In this study, 21 compounds were identified in the crumb (Table 2)
and 23 in thecrust (Table 3). In YB crumb, long fermentation promoted the formation of ethanolas well as higher
molecular weight alcohols such as 3-methylbutanol and phenylethanol via the Ehrlich pathway (secondary
fermentation reaction). This result can be explained by the utilization of glucose and fructose by the yeast over a
longer period of time and is consistent with the decrease of these substrates observed after a long fermentation
(Table 1). However, the low contents of glucose and fructose after a long fermentation had an impact on the
Maillard reaction during baking, since the furans, ketones and pyrazines identified in the crust were significantly
less concentrated than after a short fermentation (Table 3). Regarding Strecker aldehydes, the difference between
short and long fermentation was less significant. The concentration of 2-methylbutanal and 3-methylbutanal,
identified as key odorants in the crust, were similar regardless of the duration of fermentation. This effect is
probably due the similar amounts of FAAs in the dough regardless of fermentation time which could be explained

by the limited proteolysis [40].

In SB crumb, the concentrations of alcohols were lower after a long fermentation. The coexistence of yeasts and
lactic acid bacteria and their interactions may explain the decrease in alcohol formation in favor of acetic acid
formation by lactic acid bacteria. In SB crust, long fermentation resulted in the formation of almost twice as many

heterocyclic compounds and four times as many Strecker aldehydes as after short fermentation. This result is a

13



consequence of the greater availability of reducing sugars after long fermentation. In addition, the high levels of
Strecker aldehydes suggest a greateramount of free amino acids presentin the dough after long fermentation even
though SDS-PAGE analysis did not show significant protein degradation. Thus, this likely increase in FAAs
content during long fermentation directed the MR towards the formation of Strecker aldehydes, like 2-

methylbutanal and 3-methylbutanal, which have a positive effect on sensory quality of the crust [41].

In summary, in yeast bread, long fermentation favored the generation of aromas from yeast metabolism in the
dough, at the expense of aromas from the Maillard reaction generated during baking. Conversely, in sourdough
bread, long fermentation promoted the MR and the aromas coming from the metabolic activity of lactic acid

bacteria.

3.3. Effect of fermentation conditions on the sensory properties of breads.

The influence of fermentation conditions was evaluated on the sensory characteristics of both breads. A two-way
ANOVA (panelists, samples) was applied to test differences among sensory attribute ratings of the two
fermentation conditions (Table 5). For YB, the statistical evaluation shows that the panelist x samples interaction
was notsignificant (P>0.05) for all attributes indicating that the panelists were consistent in their ratings. However,
no significant differences were perceived between the samples. Therefore, the difference between long and short
fermentation in terms of aroma profiles presented in Tables 2 and 3 did not seem to affect the sensory quality of

the bread.

For SB, the statistical evaluation shows that there was no significant panelist x sample interaction (P>0.05) (Table
4B). This indicates that panelists could discriminate between samples and agreed on perceived differences when
they existed. Significant differences between samples were perceived for “aromatic intensity” of the crust and
“acidic taste” ofthe crumb (P<0.05) (Fig. 3B). Therefore, along fermentation seemed to be correlated with a better
sensory quality of SB since the aromatic intensity and acidity of the crumb are generally associated with a positive
sensory perception of sourdough bread. This result could be explained by the higher concentrations of aldehydes

and acids found in the crust and crumb, respectively, after long fermentation (Tables 2 and 3).

3.4. Effect of fermentation conditions on melanoidins and acrylamide contents in crust.

Melanoidins are high-molecular-weight (HMW) heterogenous polymers generated at the last stages of MR. In
2005, Borrelli and Fogliano reported that bread melanoidins had a protein skeleton and consisted of colored
compounds bound to the gluten polymer [42]. In our previous study, the evaluation of melanoidins content was
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positively correlated with the presence of high molecular weight (HMW) proteins in dough fermented with yeast
alone [3]. Fig. 4 shows the melanoidin contents inthe YB and SB crusts as a function of fermentation time. Short
fermentation induced higher levels of melanoidins in both types of bread. This result could be explained by a
greater availability of high molecular weight proteins after short fermentation even though the results obtained by
SDS-PAGE (Fig. 2) do not support this. The higher melanoidin level after short fermentation is directly correlated
to a darker crust color, for the same baking time (Fig. 4). According to these results, we could hypothesize that, a
higher melanoidin level in the bread crust could improve the nutritional effect of this bread through an anti-
inflammatory and antioxidant effect. It would therefore be interesting to perform further analyses to verify this

hypothesis.

Free ASN and AC contents were determined respectively in the dough and crust (Table 5). In YB dough, free
ASN degradation occurred rapidly due to the activity of yeast extracellular asparaginase [43], resulting in low
ASN contents afterboth shortand long fermentations. In SB dough, the free ASN content after short fermentation
was not significantly different from that before fermentation, due to the lower yeast activity in the presence of
LAB [17]. In contrast, long fermentation significantly decreased the free ASN content, (75% decrease) under the
action of asparaginase from the sourdough yeast. These results are in accordance with previous ones who showed

a higher consumption of free ASN in yeast bread compared to sourdough bread [17].

A recent study showed that AC levels were lower in sourdough bread compared to yeast bread [44], but the effect
of the time and temperature of fermentation on the AC formation had not been studied. In this study, the limit of
detection was determined to be at 20 pg/kg of bread and the limit of quantification was around 52 pg/kg of bread.
Thus, the levels of AC measured in all breads were underthe quantification limit (Table 5). These results confirm
that French bread is not a major contributorto daily AC intake, regardless of fermentation conditions [13]. In YB,
no difference was detected between the two fermentation conditions despite of the different ASN contents
measured in the doughs. In SB, AC was detected at 32.7 pug/kg DM after short fermentation while it was not
detected after long fermentation. This result can be explained by the lower content of free ASN in the dough after

long fermentation.
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4. Conclusions

This study aimed to evaluate the impact of fermentation length (short and long fermentation) on the nutritional
and sensory characteristics of yeast bread and sourdough bread. The results showed a significant effect of
fermentation time on MR precursors content. Long fermentation increased MR precursors in the dough of
sourdough bread, while it led to a decrease of these precursors in the dough of yeast bread. These differences had
a direct impact onthe formation of aromas in the crustand were perceived by a trained panel in sourdough bread.
A long fermentation seemed to be correlated with a better sensory quality of sourdough bread. Long fermentation
also tended to affect the melanoidin formation. These polymers, being partly composed of high molecular weight
proteins, were less concentrated in the crust after long fermentation, resulting in less colored breads than after short
fermentation. AC levels were low in all breads regardless of fermentation conditions. Long fermentation was

associated with reduced AC levels in the crust of sourdough bread.

In conclusion, long fermentation had a significant effect on the sensory and nutritional qualities of sourdough
bread and can be preferred to provide consumers with optimal quality sourdough bread. Its effect was less
pronounced on yeast bread and short fermentation resulted in sensory and nutritional qualities that are satisfactory

to consumers.

Long-fermented sourdough bread, as found in French bakeries, is therefore interesting in terms of sensory quality
but also for its health benefits such as a low glycemic index and a probiotic effect [45]. Other effects such as the
impact of bread on the microbiota and the intestinal epithelium are being studied in our laboratory and should

allow us to know more about the health effect of bread after digestion.
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Table captions:

Table 1. Reducing sugar contents in doughs at different stages of fermentation.

Table 2. Relative concentrations of volatile compounds identified in the crumb of short or long -fermented breads.
Table 3. Relative concentrations of volatile compounds identified in the crust of short or long -fermented breads.
Table 4. Two-ways analysis of variance of attributes ratings for yeast bread (4A) and sourdough bread (4B).
Table 5. Free asparagine (ASN) content in dough and acrylamide (AC) content in crust of short and long-

fermented breads.

Fig. captions:

Fig. 1. Manufacturing diagram of short and long-fermented YB and SB.

Fig. 2. Long and short-fermented YB and SB analyzed by SDS-PAGCE. Protein marker is on the left side. The

molecular weight of the markers ranges from 5 kDa up to 245 kDa.

Fig. 3: Sensory profile of yeast bread (3A) and sourdough bread (3B) according to the fermentation conditions.

Fig. 4. Melanoidins in the crust of short-fermented (squares) and long-fermented (circles) YB (white mark) and

SB (black mark) crust, according to the lightness (L*) of the crust.

Table 1. Reducing sugars content in the doughs at different stages of fermentation.

Sugars Beginning After short After long
(mg/100 g of DM) of fermentation fermentation fermentation
Maltose 1654.6 +84.2a 2923.3+1427b 28145+32660D
Glucose 2172 +34.3a 117.3+17.7b 782+7.2c

YB
Fructose 316.9 +33.0a 390.9+33.0b 176.6 +42.2¢c
Maltose 22451 +62.7a 33028+76.1b 3336.0+108.1b
SB Glucose 176.7 +21.6a 200.8 £19.2a 267.0+34.4Db

Fructose 1705 +249a 780+19b 1269+27.1¢c
YB: yeast bread ; SB: Sourdough bread; Different letters in the samerow indicate significant differences between groups (p<0.05). Student t-

test for unpaired samples (n=9).
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Table 2. Relative concentrations of volatile compounds identified in the crumb of short or long -fermented breads.

YB SB ND = not detected
Compounds Short Long Short Long
fermentation fermentation fermentation fermentation
Hexanal 021 +0.08 013 +0.02 | 011 £0.03 0.2 +0.01
Heptanal 0.07 £0.02  0.04 £0.002| 0.03 +£0.01  0.05 +0.01
Aldehydes 2-heptenal 0.03 £0.002 0.01 £0.003| 0.02 +0.01  0.02 +0.005
Nonanal 0.03 £0.01  0.02 +0.01 | 0.02 £0.01  0.02 +0.001
2.octenal 0.02 £0.002 ND 0.02 +0.01  0.02 +0.002
2 4-decadenial 0.03 £0.01 0.01 £0.001| 0.01 +0.001 ND
Trans-2-nonenal 004 £0.01  0.02 £0.001| 0.03 +0.02  0.03 +0.003
Benzaldehyde 011 +0.03 004 +0.01 | 001 £0.01  0.06 +0.001
Total 0.54 0.27 0.25 0.32
Ethanol 0.88 £0.15 1.67 £0.09 | 0.38 £0.03 0.25 £0.07
1-pentanol 0.05 £0.01 0.03 £0.01 0.03 £0.01 0.05 £0.01 Table 3. Relative
3-methyl-1-butanol 107 £0.07 228 £0.16 | 038 £0.03  0.23 +0.09 _
Alcohols  1-hexanol 016 005 014 +001 | 019 +0.06 007 +003 concentrations —of
1-octen-3-ol 0.03 £0.002 0.02 £0.003 | 002 £001 002 £0.003 yolatile  compounds
Benzy! alcohol 0.02 £0.01 0.01 £0.001 [ 0.01 £0.002 0.03 £0.01 ) o
Phenylethanol 025 +0.07 037 +0.08 | 042 +001 030 +002  identified in the crust
Total 2.46 4.52 1.43 0.95 of short and long
Lactic acid ND ND 002 +001  0.05 +0.01
Acetic acid 006 +001 012 +003 | 044 +024 097 +0.16 fermented breads.
Acids Hexanoic acid 0.06 £0.01  0.02 £0.002 | 0.01 £0.001 0.06 +0.01
Octanoic acid 0.04 £0.02 001 +0.001 | 0.05 +0.03  0.04 +0.02
Nonanoic acid 0.07 £0.05 0.01 +0.002 | 0.17 £0.05 0.17 +0.01
Total 0.23 0.16 0.69 1.29
Esters Ethyl octanoate ~ 0.01 £0.001  0.01 £0.00L| 0.05 £0.03  0.04 +0.02
Total 0.01 0.01 0.05 0.04
YB SB
Compounds Short Long Short Long
fermentation fermentation| fermentation fermentation
2-Methylpropanal 0.20 +0.02 ND 0.22+ 0.06 092 +0.21
2-Methylbutanal 0.39 +£0.01 0.38 £0.16 | 1.00 +0.27 2.93 £0.53
Aldehydes 5 \rethylbutanal 0.37 £ 003 036 £012 | 182 +040 508 +0.38
Benzaldehyde 0.28 +0.02 0.09 £0.02 | 0.04 +0.03 0.36 +0.09
Phenylacetaldehyde ND ND 0.13 +0.08 0.25+ 0.05
Total 1.04 0.83 2.99 8.62
3-Methylfuran 0.20 £0.03 ND 0.07+ 0.03 0.20+ 0.09
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2-Pentylfuran 0.05 +0.003 0.21+ 0.07 0.07 £0.01 0.70 £0.17
2-(Ethoxymethyl)-furan 0.27 £0.05 032 £0.21 ND 0.14+ 0.06
Furfural 0.43 +0.07 034 £0.12 | 124 +0.25 1.06 £0.16
Furfuryl acetate 0.12 +0.03 0.03 £+0.01 | 0.04 +0.001 0.05 +0.03
2-Acetylfuran 0.34 £0.09 0.06 £0.01 | 0.17 +0.04 0.36 +£0.14
Furans 5-Methyl-2- 0.35 £0.04 0.05 £0.02 | 0.16 +0.07 0.21+ 0.13
furancarboxaldehyde
2,2'-methylenebis-furan 0.16 +0.05 0.26 £0.01 | ND ND
Isomaltol 0.04 +0.01 0.02 £0.01 0.02 £0.01 0.10+ 0.07
2-Furanmethanol 3.30 +£0.09 124 +0.4 0.84 +0.20 137 £0.31
Maltol 0.37 +£0.06 0.13+ 0.05 0.11 +0.03 0.22+ 0.08
5-Hydroxymethy furfural 0.02 £0.01 0.01+ 0.007 | 0.01 +0.01 0.02 +0.003
Total 5.65 2.67 2.74 443
2,3-pentanedione 0.13 £0.05 0.04 £0.001| 0.08 +£0.02 0.15 £0.07
Ketones 1-Hydroxy-2-propanone 0.13 £0.05 0.02+ 0.01 0.03 +£0.001 0.05+ 0.02
Total 0.26 0.06 0.11 0.2
Methylpyrazine 0.17 £0.06 0.03 £0.003 | 0.07 +£0.04 ND
Pyrazines  Ethylpyrazine 0.09 +0.03 0.01 £0.001| 0.03 +0.01 0.06 +0.02
Total 0.26 0.04 0.1 0.06
1-(2-furanylmethyl)-1H- 0.07 +£0.02 0.03+ 0.01 0.04 +£0.01 ND
pyrrole
Pyrroles 2-Acetylpyrrole 0.09 +0.001 0.03 +£0.01 | 0.02 +0.002 0.06 +0.02
Total 0.16 0.06 0.06 0.06

ND = not detected

Table 4A: Two-ways analysis of variance of attributes ratings for yeast bread.

. Sample (X .
Sensory attributes ple (X) Panelists (Y) XxY
F-value
Bitterness 0.56 ns 2.74 ns 1.10ns
Crust
Aromatic intensity ~ 0.65 ns 0.51ns 0.46 ns
Fermented odor 0.01 ns 1.83ns 0.40 ns
Crumb Sweet taste 0.01 ns 2.65ns 0.61 ns
Fermented taste 1.07 ns 1.59 ns 1.07 ns

ns: not significant
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Table 4B: Two-ways analysis of variance of attribute ratings for sourdough bread.

Sensory attributes Sa'r:n ple (X) Panelists () XxY

-value
Crust Bitterness 0.02 ns 5.23 ** 1.11ns
Aromatic intensity 5.34* 1.81ns 0.35ns
Fermented odor 0.18 ns 1.34ns 1.85ns
Acidic odor 0.33ns 0.85ns 1.13 ns
Crumb Sweet taste 1.27 ns 1.05ns 0.22 ns
Fermented taste 1.27 ns 0.26 ns 0.84 ns
Acidic taste 6.33 * 2.79* 0.68 ns

*: p<0.05; **: p<0.01; ns: not significant

Table 5: Free asparagine (ASN) content in dough and acrylamide (AC) content in crust of short and long-

fermented breads.

Beginning of After short After long
fermentation fermentation fermentation

Free ASN in dough (mg/100g YB 1222 +20.1a 215+4.4b 90+27b
of DM) SB 94.1 +106a 956 +84a 23.4+92b

AC in crust (ug/kg of DM) YB - 246 £6.1a 211 +46a
SB - 327 +t74a 195+42b

Different letters in the same row indicate significant differences between groups (p<0.05). Student t-test for unpaired samples (n=9).
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HMW-GS (67-100 kDa)

05-gliadin (49-55 kDa)
1 012 (39-44 kDa and y-gliadin (31-35 kDa)

/B gliadin (28-35 kDa) + LMW-GS (32-39 kDa)

Albumin
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Short fermentation 3A
—e— Long fermentation

Bitterness
8
6
4 .
Fermented Aromatic
taste — intensity

Fermented

Sweet taste
odor

Short fermentation 3B
—e— Long fermentation

Bitterness
8

Aromatic

Acidic taste . .
intensity

Fermented —_ Fermented
taste odor
Sweet taste Acidic odor
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Fluorescence (AU/100 g of dry matter)
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