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ABSTRACT

Background Sourdough is one of the oldest examples of nbstaeters, mostly used for making
fermented baked goods as an alternative to bakedst and chemical leavening. Almost 30
years of research have accumulated showing iteqmeaince. Time is mature to elaborate
collectively these data and to draw conclusionsciwvivould represent milestones for scientists,
industries and consumers.

Scope and approachvith the scope of highlighting its microbiologichiochemical,
technological and nutritional potential, we useduiglough” as the only keyword and the
PRISMA flow diagram to retrieve, select and systecadly review 1,230 peer reviewed
research articles from four databases (Google &ch®topus, PubMed and ScienceDirect).
Key findings and conclusionghe literature states that sourdough baked gondsrwent
characterization in almost 50 countries and altioemts, mainly dealing with salty (breads and
substitutes) and sweet products. Converging ddiaedkeoptimal use conditions, most common
microbiological and biochemical characteristicstecia for selecting and re-using starters, and
versatility of sourdough for making baked goodshwétrelevant number of flour
species/varieties and agro-food by-products. Bexatithe unique microbial composition and
functionality, sourdough has claimed as an irregadte starter for improving the sensory,
rheology and shelf life attributes of baked goddse most recent literature showed how the
sourdough fermentation mainly increased minerahmadability, enabled fortification with
dietary fibers, lowered glycemic index, improveatein digestibility and decreased the content
of anti-nutritional factors. This knowledge is sbfor delivering to industries and consumers,

and to face new research challenges starting froomsolidated state of the art.
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1. Introduction

A widely accepted technical definition describes slourdough as a mixture of flour and water,
spontaneously fermented by lactic acid bacteriay@agts, and having acidification and
leavening capacities (Gobbetti, 1998). Sourdouginesof the oldest examples of natural
starters, mostly used for making leavened bakedgas an alternative to baker’s yeast and
chemical leavening.

Leavening/fermentation and bread have always beetnat elements of the history, whose
narration reflects the human spirituality and d¢aation. Probably, Egypt is the motherland of
sourdough bread (Guidotti, 2005). In the Egyptiaatett, the pronunciation of ferment and
bread uses the same Arabic tezish, which means life. Since centuries, the Cathdiigion
magnifies leavening and bread with meanings an@phetrs; one of the most representative is
“food of eternal life”. In theTacuina Sanitati$11™ century), the bread becomes the key element
of many religious reproductions, already assumingtational meaning: White bread improves
human wellness, but it had to be completely ferettnto date baked goods and, in particular,
leavened bread are fundamental foods for planétsaisce. UNESCO includes the bread within
the list of the intangible heritage of humanity elleavened/fermented bread is a basic
component of the Mediterranean diet, somewhat septeng the modern projection of the
Benedictine monastic diet (Archetti, 2014).

Despite this historical traceability and the celmote of leavened baked goods in almost all
dietary habits, the sourdough fermentation attrchttte scientific attention not more than 30
years ago. Spicher and the Spanish group coordimgt®enedito de Barber were the first who
consistently studied the sourdough's world (e.grpBr, Torner, Martinez-Anaya, & de Barber,

1989; Spicher, 1987). The first landmark descriptbLactobacillus sanfranciscensis
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(Fructilactobacillus sanfranciscengiappeared in 1971 (Sugihara, Kline, & Miller, 1971
Compared to researches dealing with other fermdotats and beverages (e.g., cheeses, yogurt,
sausages and wine), the temporal delay was magdguse the almost unique use of baker’s
yeasts, which accompanied the industrial and adisamanufacture of baked goods until late
1900s. Since approximately 1990, a systematic relseectivity begun aiming at rediscovering
the potential of sourdough fermentation and allgntime inevitable technology transfer. The
initial focus was on the technological effects ofislough fermentation with respect to flavor,
rheology and shelf life (e.g., delay of stalingoidgge prevention), and on the microbial
interactions in such complex ecosystem. Conconhjtattite abundant microbial diversity and, in
particular, the succession of dominating and suinidating populations of lactic acid bacteria
promoted studies on the sourdough assembly andastigm. The house microbiota, type of
flour, additional ingredients and tap water were ittain microbial sources and/or drivers to
establish the potential of this natural starterré@cently, the focus shifted towards the multiple
nutritional advantages offered by sourdough feraugomn with respect to the other leavening
agents. A number of reviews succeeded focusingfgpaspects (see Corsetti & Settanni, 2007;
De Vuyst, Van Kerrebroeck, & Leroy, 2017; Ganzlephnen, & Gobbetti, 2008; Gobbetti,
1998; Katina, 2005; Minervini, De Angelis, Di Cag&@& Gobbetti, 2014), but none
systematically reviewed the overall literature aodcomprehensive data are yet available on
technological and nutritional issues, which unequally claim the sourdough potential.

Here, we systematically reviewed the sourdoughditee since the last 30 years with the aim of
reporting and definitively highlighting the micra@bidiversity, and the technological and

nutritional potential of this natural starter. Welibve that we have now sufficient literature data



84  to solidify this fundamental step forward for mibrologists, technologists, nutritionists, food

85 science and industry and for society as a whole.

86 2. Literature search methodology

87  The timeline for our literature survey was sethe kast 30 years (January 1990 - February 2020),
88 using only “sourdough” as keyword. Additional légnre with respect to this keyword was only
89 used for limited and specific purposes (flour mimoda and other ingredients). Peer reviewed
90 research articles sourced from four databases: l6&mholar, Scopus, PubMed and
91  ScienceDirect. The PRISMA flow diagram (Supplemgntagure 1) shows the screening
92  criteria and lists the number of research artictessidered in our systematic review. Initially,
93  “sourdough” as search keyword from all databasgslted in 3,116 research articles. The
94  elimination of duplicates reduced the number t®&,4rhe screening strategy included full text
95 research articles only in English language, andueed reviews, book chapters, thesis
96 dissertations and conference proceedings. Applgungscreening criteria, the final number was
97 1,230. The supplementary Dataset lists all thedlitee references used in this review, including
98 those reported in the Reference section. We knaivsthme authors, even using sourdough,
99 currently refer to flour lactic acid fermentatia@specially when the focus is on selected starters.
100 Obviously, these few research articles remainedroat our Dataset because we made the
101 choice to refer strictly to sourdough.
102  Starting from 1990 and grouping sourdough researtities every five years, except for 2020
103  because incomplete, the number increased, respbgtivom 33, 56, 130, 251, 372 to 582,

104  which gives an order of magnitude of the growingrest (Supplementary Figure 2).

105 3. Baked goodsand flours
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A relevant number of research articles (280) dedlt the microbiological, biochemical and/or
technological features of typical/traditional scaudh baked goods, which spread in 47 countries
and all continents (Figure 1). The major part (2¢t&gracterized salty products (breads and
substitutes), the remaining (24) dealt with swesdglol goods or both the categories (10). In
Europe, Italy was the leading country with the eleggrization of more than 30 traditional
varieties of salty and sweet sourdough baked gdérblematic reports (Lattanzi et al., 2013;
Minervini et al., 2012) showed the distinguishirampositional and functional features of
sourdoughs used for making 19 typical breads argiwE®t baked goods. Almost the same
approach distinguished sourdoughs used for trawditibrench breads (baguettes), brioches and
rolls (e.g., Lhomme et al., 2015). Remaining indpe, studies from Germany, Belgium,
Scandinavia and the Baltic area mainly deepeneddhmlough rye bread tradition (e.g., Ua-
Arak, Jakob, & Vogel, 2017). In Asian countriesgriian Barbari, Chinese steamed and Indian
Bhatura sourdough breads underwent investigatian, @hang, Zhang, Sadiq, Arbab, & He,
2019). In Africa, Egyptian Balady, Sudanese Kisrtd &thiopian Injera sourdough breads were
some of the most popular (e.g., Baye, Mouquet-Rivaard-Verniére, Rochette, & Guyot,
2013). The main sourdough products in South Amemege Mexican Tortillas, while industrial
sourdough breads, rolls, crackers and cookiesctttidhe interest in United States. Almost all
the 280 articles concluded on the uniqueness ahibeobial composition and functionality of
each sourdough for every baked good. With an istmgarend, some recent research articles
(16) dealt with the use of sourdough also for mgkiasta. The sourdough fermentation affected
both sensory and rheology attributes.

The proof of the irreplaceable sourdough potetiahes from the extraordinary number of

flours and agro-food by-products successfully ferted (Supplementary Figure 3). Apart from



129  the variable processing, the common purpose oethesearch articles was to exploit the

130  sourdough potential for increasing the technoldgica nutritional attributes of conventional

131 and non-conventional flours, and to recycle agmdfby-products. In detail, flours from 23

132 species/varieties of cereals, also using sprowedss 10 pseudo-cereals, 19 varieties of legumes
133  and 25 miscellaneous vegetables were suitableofodsugh fermentation. While the research
134  activity in the interval 1990 - 1999 mainly dealtlwsoft and durum wheat and rye, the most
135 recent research articles enlarged the spectrurareitflours and mainly concerned legumes and
136  pseudo-cereals, also used for gluten-free formariatiand other vegetable matrices. This trend
137  found a consolidation starting from 2007. In padiée, the sourdough was the natural starter to
138  ferment 19 Italian varieties of legume flours, whiafter fermentation, were suitable for using
139  alone or better in combination with cereal floutsi(iel et al., 2015). Sourdough fermentation of
140 legume flours increased the contents of free amands (FAA),y-amino butyric acid (GABA),

141 polyphenols, dietary fibers (DF) and bioavailableenals, promoted antioxidant activities and
142  thein vitro protein digestibility, and lowered the glycemidax (Gl) (Coda, Rizzello, &

143  Gobbetti, 2010; Gabriele et al., 2019; RizzellolaSso, Campanella, De Angelis, & Gobbetti,
144  2014). Starting approximately from the last decaeegeral research articles (30) demonstrated
145  how the sourdough fermentation was the uniqueftyamproving the rheology, sensory, shelf
146 life and nutritional attributes of gluten-free fankations made of mixtures of rice, corn and

147  several pseudo-cereals. Numerous and heterogeagmu$ood by-products were recyclable by
148  sourdough fermentation, almost all milling by-prottuand a diversity of other miscellaneous
149  agricultural wastes. In practice, the sourdoughméstation was the irreplaceable technique for
150  getting a consistent increase of the bran contewaiious baked good formulations (Pontonio et

151 al., 2020). At the same time, the sourdough feratent had the potential to inhibit the lipase
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activity of the cereal germ, which allowed a praed shelf life and its use as nutrient-rich

ingredient in bread making formulas (Rizzello, Nein Coda, De Angelis, & Gobbetti, 2010).

4. Using conditions

Once prepared, the use of mature sourdough depertie tradition and type of baked goods. A
scientifically accepted classification of sourdowgltegorizes three types. Type | with almost
daily back slopping to keep the microorganismsnraetive metabolic state; type Il with
propagation at relatively high temperatures (>308@) long fermentation time (up to 5 days),
mainly acting as acidifying and aroma carrier; &y Il corresponding to the dried sourdough
used as flavoring agent (De Vuyst & Neysens, 200b¢. 272 research articles consulted for this
paragraph all referred to type | sourdough, altoting other two types recently achieved some
industrial relevance. A variable number (2 to 1Dback slopping (refreshments) may precede
the final sourdough fermentation before bakingthetmost common practice is the one-step
process. The median time used for sourdough featientis 4 h, with extreme values of 1 to 8
h, which, respectively, correspond to the mixedwitle baker's yeast or to long-time traditional
protocols for making specific baked goods (Figut¢. 2Jsually, the time of fermentation is set
for achieving suitable acidification, leavening pvend cell densities of lactic acid bacteria and
yeasts. Prolonged time of fermentation (up to 2ddtpmpanied the sourdough fermentation of
agro-food by-products (e.g. wheat germ, brewergnspgrains) to render them suitable as
ingredients for bread making (Rizzello et al., 20The most common temperature used for
sourdough fermentation is 30°C (Figure 2A), withiggons that range from 22 to 40°C, which
undoubtedly affect the overall biochemical and sensharacteristics (Vrancken, Rimaux,
Weckx, Leroy, & De Vuyst, 2011). Commonly, the partage of sourdough inoculum varies

from 10 to 25%, some outlier procedures also cangércentages less than 5 or up to 50%

9



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

(Figure 2B). The median value is 20%. The percentdgourdough inoculum has proven to
influence not only the fermentation rate but ats® $ynthesis of exopolysaccharides (EPS)
(Kaditzky & Vogel, 2008), vitamin content (Batifoet, Verny, Chanliaud, Rémeésy, & Demigné,
2005), and sensory and rheology attributes (Katitednio, Autio, & Poutanen, 2006).
Regardless of the protocol used, the median caeBites found after sourdough fermentation are
log 8.5 and 6.5 CFU/g for lactic acid bacteria gedsts, respectively (Figure 2B). These values
allow an estimated ratio of 100:1. For several doughs, it narrows to 10:1. Usually, these two
ratios underlie the optimal sourdough performargkag as the cell densities of lactic acid
bacteria and yeasts are not below log 8.0 and Bl ¢; respectively. Exceptionally, lactic acid
bacteria are detectable below log 3.0 CFU/g or albog 9.0 CFU/g, which are, respectively, the
cases of using commercial dried sourdoughs (Pmaajgsarrido, Massari, Dordoni, & Spigno,
2019) or starter cultures directly added to thegihofiPontonio et al., 2015). The same variations
almost characterized yeasts, but with cell numlemsthan log 5.0 CFU/g the leavening power
worsens. Depending on the type of process anditradi products, the use of sourdoughs may
be as firm or semi-liquid preparations. The majant pf firm sourdoughs has dough yield (DY)
of 150 - 160, while the range for semi-liquids klsgvaries in the interval 200 - 300.
Exceptionally, DY of 500 has been used to rendategtfree the durum wheat flour when
treated with a mixture of selected lactic acid beatand fungal proteases (Rizzello et al., 2007).
Future prospects on using conditions are partiutatevant both as fundamental research and
to enlarge applications. Not forgetting that athfientations need some time to achieve the best
sensory, rheological and nutritional effects, fumeatal research should strengthen its efforts to

shorten times and to lower temperatures (e.g., r@onperature) of fermentation, and the setup

10
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of the resulting processes has to proceed witledh&énuous transfer to industrial and artisanal

plants.

5. Microbiological and biochemical characteristics

We found 312 research articles that, in most otctses, combined the microbiological and
biochemical characterization of sourdoughs. Reggrthe microbiological characterization, 233
research articles used culture-dependent meth@dieadt with culture-independent techniques,
and 50 used both the approaches (SupplementaryeHyuThe pioneer study for culture-
independent methods was by Ehrmann et al., (1984é)developed a technique based on reverse
dot blot assay, which allowed the direct identifica of lactic acid bacteria without cultivation
(Ehrmann, Ludwig, & Schleifer, 1994). Following appaches included PCR-DGGE (Gatto &
Torriani, 2004), direct extraction of total micrabDNA from sourdough (Settanni, Massitti,

Van Sinderen, & Corsetti, 2005) and TTGE (Ferchidalcheva, Prévost, Onno, & Dousset,
2007), but only from 2010 onwards culture-indepenaeethods, mainly based on high
throughput sequencing, became common approachsésdy the sourdough microbial assembly
and diversity. To date, no studies are yet avalaising meta-genome approaches and
fundamental research should certainly move indhisction to better deepen the sourdough
microbiota assembly and functionality. The mainrsefor sourdough performance lies in
microbial diversity. Exceptionally, sourdoughs harbew species. In most of the cases, complex
microbial consortia colonized this ecosystem. UpQdacterial genera were detectable in
sourdoughs: 10 belonging to lactic acid bacter4hto other bacteria (Supplementary Table
1). Most of these other bacteria behave withincthamunity as satellite members (sub-
dominant populations), whose eco-physiological imkorthwhile to deepen. The genus

Lactobacillusis largely the most abundant in sourdough, witts82cies being variously

11
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detectable (Figure 3A). Based on the recent ravisidhe taxonomy for the genuactobacillus
(Zheng et al., 2020), which also includes sourdasgTies, we reported also the new names in
correspondence of the first citation throughout Xigures. Sixteen species were identifiable
in more than 15 worldwide sourdoughs, meaningttheyg are the most common representatives
of this communityLactobacillus plantarunfLactiplantibacillus plantarumreported in 142
research articles,actobacillus brevigLevilactobacillus brevis(93), L. sanfranciscensi@0)
andLactobacillus fermenturfLimosilactobacillus fermentunt56) were the most common
isolates, showing how nomadic speciesplantarun) or hetero-fermentative species dominated.
As shown in Figure 3B, 80 species of yeasts weestifiable worldwide in sourdoughs. They
mainly belong td&saccharomyce€andidg KazachstaniaTorulopsis YarrowiaandPichia

genera. Although stable associations with lactid becteria for making sweet baked goods also
comprisedKazachstania exiguar Kazachstania humilighe species usually identified is
Saccharomyces cerevisiakhe current debate regards the existen& okrevisiasvild strains

or the environmental cross contamination becausieeofoncomitant use of baker's yeast.
Notwithstanding the remarkable role of the houserafiiota and additional ingredients, several
lactobacilli are described as resilient and reststaflours and grains, which explain and mirror
partly the same dominant microbiota identifiables@urdoughs. Indeed, competitive
Lactobacillusspecies already present in the rye flour (&.gsanfranciscensiandL. fermentumh
became dominant during sourdough fermentation (Mezbal., 2003). Durum wheat
autochthonoug&nterococcus faeciurndPediococcus pentosacetapidly acidified the dough,
making the ecosystem suitable for sourdough maturéty otheractobacillusspecies (Corsetti
et al., 2007). The large microbial diversity affagtorganic wheat, spelt and rye flours shaped

the subsequent composition of the sourdough mictal§Stanzer et al., 2017). The variable
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265

microbial dynamics of several spelt sourdoughsotéd the flour autochthonous microbiota,
which, in turn, depended on flour origin, cultivatipractices and storage conditions (Korcari et
al., 2020). Assessing the microbial dynamic of vitggains after harvesting and during storage,
E. faecium, Enterococcus durans. brevis Lactobacillus pentosu@.actiplantibacillus
pentosusandLactobacillus paracasglLacticaseibacillus paracasegdemonstrated a remarkable
capability to overcome these stressing conditi@emg(io et al., 2020).

Some biochemical parameters, relatively simpleetemine, commonly describe the sourdough
performance. With differences related to type otifland protocol used, the median value for
pH is 4.1, with the most common range between 804429 (Figure 4A). Extremely low values
of pH (<3.0) were only detectable using particular ingretii€e.g., brewer’s spent grains) and
long-time fermentation (48 h) (Waters, Jacob, Tigeendt, & Zannini, 2012). Combined with
the above values of pH, the most common intervaldial titratable acidity (TTA) is 4.0 to 25.0
ml of 0.1 M NaOH/10 g of dough, with a median vati€ 1.0 ml of 0.1 M NaOH/10 g of
dough. Extremely high values of TTA (40.1 ml of 04INaOH/10 g of dough) were observable
during long time (seven days) hemp sourdough fetatiem (Nionelli et al., 2018). Although
TTA gives some indirect information on the ratidvieeen lactic and acetic acids, their direct
determination is also quite common. The conceitnati lactic acid ranges from 15 to 150 mM,
with a median value of 75 mM, while that of acetaid is within 1 - 50 mM, with a median
value of 20 mM (Figure 4B). The general beliefriatthigher the level of acetic acid, better the
corresponding flavor of sourdough. Therefore, weations to favor the acetate kinase pathway
(e.g., use of external electron acceptors and quegaoses, and other metabolisms able to re-
oxidize NADH) became routine in sourdough proceg$ide Vuyst et al., 2002; Gobbetti,

Lavermicocca, Minervini, De Angelis, & Corsetti, @0 Korakli, Rossmann, Ganzle, & Vogel,
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2001). The most recommended quotient of fermemtgt@F, molar ratio between lactic and
acetic acids) is below 5.0. Although with largectiuations from 0.25 to 20, the elaboration of
literature data allowed the calculation of a medialue of 4.4. As products deriving from
primary and secondary proteolysis through the digts/of flour and microbial enzymes, the
concentration of total FAA is another biochemicaldicator. Because of the marked influence by
type of flour, parameters of fermentations andiss¢rased the concentration of FAA after
sourdough fermentation largely varies from 390,@0B mg/kg, with a median value of 1,360
mg/kg. A consistent increase with respect to tht@irflour concentration would guarantee the
accumulation of enough FAA acting as flavor preotssAs mainly synthesized through the
alcoholic fermentation, the median value for eth@omcentration is 771 mM, with much lower
levels in baked goods because of the evaporationglbaking.

An important step forward in both fundamental apglied researches should allow, as already
done for other food and beverage processes, treapauent of automatized equipment, which
permit a rapid and simple monitoring of the mainrslough biochemical performance, so that,
even in the smallest industrial plants, a suffitEmonomy in the management of this natural

starter would be possible.

6. Use of startersand criteriafor selection

The use of newly prepared sourdoughs with seldat#it acid bacteria and yeasts became a
common practice for increasing the performancearidf targeting specific attributes. We
retrieved 124 research articles dealing with tihéefpce. Some (31) used autochthonous bacterial
isolates but the major part transferred strainsifadher food ecosystems. All including, the
selection considered a quite large spectrum ofrgefeeg. Bifidobacterium Enterococcus

LactococcusLeuconosto@andPediococcusbut inevitably the major part of strains was from
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Lactobacillus In particular, strains df. plantarum(73 research articled), brevis(34) andL.
sanfranciscensi§31), which agrees with the dominance of theseispavithin the sourdough
microbiota (see paragraph 5). Recently, also nanweational starters frobeuconosto@and
Weissellagenera showed interesting capability of adaptadiwh performances (Montemurro et
al., 2020). The combination of multiple selectediss is the most common practice with the
aim of reproducing the natural sourdough fermeatatiFor autochthonous strains, the usual
procedure concerns the isolation from flours aditranal sourdoughs, selection, propagation
using several back slopping and re-use in the fafreelected sourdough. The main sources for
isolation, which almost coincided with the matrisehjected to sourdough fermentation, were
cereals (mainly soft wheat), pseudo-cereals, leguand milling by-products (e.g., wheat germ)
(Supplementary Figure 5). Selection criteria aeerttost diverse, including technological,
biochemical and nutritional attributes. Neverths)exidification and growth rates are the most
screened performances, trying to speed up the soghdfermentation for making it suitable at
artisanal and, especially, at industrial levelshé@targely used criteria consider antifungal
activity, EPS formation, synthesis of volatile campnts, and proteolysis. Focusing on
nutritional attributes, synthesis of GABA (Codaaét 2010) and angiotensin I-converting
enzyme (ACE) inhibitory and antioxidant peptides&z@llo, Cassone, Di Cagno, & Gobbetti,
2008; Coda, Rizzello, Pinto, & Gobbetti, 2011), delgtion of phytic acid (Lopez et al., 2000))
and acrylamide (Bartkiene et al., 2017), and diggisy (Mamhoud et al., 2016) are those
criteria mostly assessed for selection.

Although with less abundant research articles (@) selection also concerned yeasts.
Saccharomyce€andidaandKazachstaniavere the most targeted genera, with the highest

number of research articles dealing withcerevisiae
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Undoubtedly, a wider diffusion of ready-to-use t&es will contribute to the wider diffusion of

sourdough and to the manufacture on a larger s¢atdated baked goods.

7. Rheology, sensory and shelf life attributes

An abundant literature dealt with rheology (323=gesh articles), sensory (227) and shelf life
(152) attributes of sourdough fermentation. Sevessgarch articles focused on more than one of
these attributes and the common aim was to showthewourdough behaved with respect to
baker’s yeast. Temporarily speaking, most of ttexditure on rheology and sensory attributes is
retrievable in the period from 2005 to 2015, alnmeustverging on the convenient use of

sourdough.

7.1. Rheology attributes

Compared to baker’s yeast, the sourdough fermentatiproved the rheology attributes of
bread, Panettone, flat bread (Piadina), bread, tolést bread, burger buns, pizza, biscuits, cakes,
crackers and puff pastry. The improvement targegemus attributes, mainly regarding texture
(hardness, adhesiveness, resilience, cohesivartesginess, springiness and gumminess),
shape, specific volume, crust and crumb color, tamsretention, and crumb structure. Pioneer
research articles (Corsetti, Gobbetti, Rossi, & izanm 1998; Crowley, Schober, Clarke, &
Arendt, 2002) undoubtedly showed the increaseddspacific volume and the reduced crumb
firmness over time. These superior attributes ngaielied on physicochemical changes of the
protein network, which facilitated the larger dowg¢pansion during fermentation (Clarke,
Schober, & Arendt, 2002). Slice profiles generdtech digital image analysis showed that
typically sourdough breads had higher numbers @lflemhalos than breads leavened with
baker’s yeast. Usually, crumb holes of relativehall size (1-2 mm) are desirable, while large
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and irregularly distributed voids are unpleasahese effects on rheology were also strain
dependent, andactobacillus amylovoruRyan et al., 2011},. plantarum(Moore, Dal Bello, &
Arendt, 2008)L. brevis(Nami, Gharekhani, Aalami, & Hejazi, 2019) aneluconostoc citreum
(Coda et al., 2018), among the others, showed ajgped performance. Other research articles
(Chen, Levy, & Ganzle, 2016; Katina et al., 200@)ved the beneficial effects of EPS-
producing strains in terms of specific volume ainehfiess. An abundant literature (125 research
articles) was also dealing with the rheology ofdzhlgoods made with non-conventional flours
(legumes and pseudo-cereals) and milling by-prad{lmtin and germ). For instance, the use of a
legume sourdough, consisting of chickpea, lentil bean flours (15% wheat replacement),
allowed the manufacture of bread with higher speedlume than the control bread made with
the same percentage of unfermented legume flouzz€R, Calasso, et al., 2014). Compared to
native legume flours, texture instrumental analgemonstrated that sourdough fermentation
improved the bread softness (hardness decreaseal B9%%) and crumb elasticity. Resilience,
springiness and cohesiveness of breads fortifi¢ll f@rmented legume flours were comparable
to those of conventional wheat flour bread. Theatamdof buckwheat sourdough strengthened
the gluten network and decreased elasticity (Mqordannini, Sensidoni, & Arendt, 2012).
Wheat bread formulations with up to 10% incorpanaif brewer’s spent grains fermented with
sourdough resulted in dough with improved handprgperties (Waters et al., 2012). Bread
fortified with sourdough fermented bran had higégecific volume, lower resilience and
cohesiveness, and higher hardness, gumminess anihelss than wheat bread made with
baker’s yeast (Pontonio et al., 2020). Sourdoughdatation overcame the quality losses in
sugar-reduced cakes, biscuits and burger bunsiatiaive similar specific volume of full-sugar

control and contributed to softer crumb (Sahinle2819). Other research articles (30)
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addressed the rheology of gluten-free breads matidowckwheat, chia, sorghum, teff, chestnut,
guinoa and other gluten-free matrices. Rheologyavgments were observable using
sourdough fermentations, in particular withplantarum(Moore et al., 2008) and amylovorus

(Axel et al., 2015).

7.2. Sensory attributes

Most of the research articles (180) faced deseegtianel analyses, while others (47) deepened
the sensory attributes through the determinatiorotdtile components (VOC). Comparing
sourdoughvs.baker’'s yeast breads and merging research artf@d¢sised the same descriptive
approach up to 27 sensory attributes made pogkibldifferentiation (Figure 5). Acidic taste
and smell, intense aftertaste and aroma, attrasse pronounced crumb and crust color, crust
crispness, freshness, fruitiness, high porosityssmainess were the main sensory attributes,
which clearly described the uniqueness of sourddughds. If these are the main sensory traits,
they combine with VOC of various chemical clas€&gerall, mass spectrometry analyses
identified ca. 90 VOC in sourdough breads (mainbyrf wheat flour): alcohols, carbonyls
(aldehydes and ketones), esters, acids and miseelia components (Figure 6). We elaborated
the dataset from 47 research articles drawing &rhap, which correlates the VOC prevalence
to the dominant sourdough lactic acid bacteriay@asts. The synthesis of VOC is clearly
species specific, being evident hbactobacillus acidophilud.. brevis Lactobacillus curvatus
(Latilactobacillus curvatug L. fermentumLactobacillus helveticyd actobacillus sakei
(Latilactobacillus sakej L. sanfranciscensiand, mainlyL. plantarumcontribute to higher and
wider spectrum of VOC with respect to baker’'s yedke liberation of FAA (e.g., Phe, Leu, Cys
and Orn) per se contributed to bread flavor (Thi€lanzle, & Vogel, 2002). The conversion of

Glu to GIn byL. sanfranciscensiandLactobacillus reuter(Limosilactobacillus reuteji
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increased their acid tolerance and, concomitaatfgcted the dough flavor (Vermeulen, Géanzle,
& Vogel, 2007). Cell-free extracts from sourdoughtic acid bacteria were essential sources of
glutamate dehydrogenase and cystathiogily@se, which synthesized key VOC during
sourdough fermentation (Cavallo et al., 2017). $tvardough fermentation with reuteri
converted FAA to-glutamyl dipeptides, which improved the tastemsiey (Zhao & Ganzle,
2016). The unequivocal conclusion was that sourdaagfers a unique and superior flavor and
taste, especially because of the liberation of Fufing fermentation, which act as precursors of

VOC or directly affect the flavor intensity.

7.3. Shelf life

Staling and fungal contamination are the main cafmedecreasing the shelf life of baked
goods, whose relevance varies depending on theipradd duration of storage. Compared to
fermentation by baker’s yeast, sourdolglisanfranciscensiandL. plantarumdelayed bread
staling by decreasing the rate of firmness anasteetro-gradation (Corsetti, Gobbetti,
Balestrieri, et al., 1998). The use of a selecteddough targeting pentosan hydrolysis delayed
bread firmness and staling (Corsetti et al., 2008 combination of wheat bran, enzymes (
amylase, xylanase and lipase) and sourdough eadil@ast changes in crumb firmness,
amylopectin crystallinity and rigidity of polymenahich all delayed staling (Katina,
Salmenkallio-Marttila, Partanen, Forssell, & Autk)06). The synergistic effect of sourdough
and transglutaminase, an enzyme able of catalgzétmation of protein cross-links resulting in
extensive nets, was also promising (Scarnato,2@l.7). In other cases, a delayed staling was
observable combining the sourdough fermentatioh witn-wheat ingredients such as wheat
germ (Rizzello et al., 2011) or flaxseeds (Quaitetiral., 2019), and millet (Wang et al., 2019)

and chestnut (Rinaldi et al., 2017) flours. Althbuggither the staling mechanisms nor the
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microbial activities were completely understooa thcontestable evidence is that sourdough
baked goods have delayed staling.

With the extension of the shelf life for respondingconsumer expectations, the fungal
contamination became the major cause of spoilagediked goods. Concomitantly, the
reduction, or better, the elimination of chemicadgervatives was another issue raised by
industries. Twenty-five years ago, a pioneer nesearticle already proved the capability of
sourdough fermentation to some extent inhibit flisgailage through the synthesis of a mixture
of acetic, caproic, formic, propionic, butyric anevaleric acids (Corsetti, Gobbetti, Rossi, et al.,
1998). Later on, phenyllactic and 4-hydroxy-pheagfiic acids, which also acted as antifungal
compounds, were identifiable during sourdough fertaigon withL. plantarum(Lavermicocca

et al., 2000). Other strains bf plantarumalso synthesized cyclic dipeptides (L-Leu-L-Prd an
L-Phe-L-Pro) with antifungal activities (Dal Bel&t al., 2007). A very abundant literature
regarding the antifungal properties of other laaticd bacteria species, likdly amylovorus

(Axel et al., 2015)L.. paracase(Mantzourani et al., 2019 actobacillus hammesii
(Levilactobacillus hamme$i{Quattrini et al., 2019), ard reuteri(Axel et al., 2016),
succeeded. Supplementary Figure 6 lists the amg@Eiucompounds variously discovered during
time. The list includes 34 carboxylic acids, andp8dteins and peptide derivatives liberated
during sourdough fermentation or derived from vagkt and water-soluble extracts of flours,
and used in combination with sourdough. The curremd is to combine the inhibitory activities
from lactic acid bacteria, yeasts (e.g., ethyl @eetromWickerhamomyces anomalasd
Meyerozyma guilliermond{iCoda, Cassone, et al., 2011; Coda et al., 20iBpatural matrices
(e.g., legumes, flours, milling by-products andeessl oils) (Debonne et al., 2018; Ricci et al.,

2019; Rizzello et al., 2015), and using innovaticéve packaging technologies with oxygen
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absorbers or antimicrobial releasers (Noshirvaai.eR017). A number of research articles (e.qg.,
Rizzello, Lavecchia, et al., 2015; Ryan et al., P0showed how this bio-preservation, at semi-
industrial or industrial plants, allowed an extemsof the shelf life for weeks with an antifungal
activity similar or better than that of chemicaégervatives. Further efforts in this direction are
warranted to manufacture long shelf life leavenakield goods free from chemicals, which

reflects the main consumer expectations.

8. Nutritional attributes

Once demonstrated conclusive effects on sensagglagy and shelf life attributes, most of the
research activities moved forward nutritional asped/e retrieved 527 research articles, with a
relevant temporal increase from 2005-2009 to 200B32having in this last interval the highest
peak of 231 publications. Nutritional attributesintyaconcerned sourdough breads made with
various types of flours. The world cloud of Figurehows the nutritional features faced during

time. We decided to review systematically thosagsshat are more consistent.

8.1. Mineral bioavailability

Phytic acid (myo-inositol hexaphosphate) is a r@toonstituent of cereals, pseudo-cereals and
legumes, where it forms insoluble complexes witherals and other compounds, thus
decreasing their dietary bioavailability/bioaccbsgy (Martinez et al., 1996). Enzymes
responsible for the hydrolysis of phytic acid ahgases (myo-inositol hexakisphosphate
phosphohydrolase; EC 3.1.3.8/EC 3.1.3.26), whicjusstially release soluble inorganic
phosphate, low size inositol phosphate and myoximlo&esearch articles (103), mainly from
the last decade, approached this issue determiinengesidual content of phytic acid or the
mineral, mainly iron, bioavailability in doughs ahteads subjected to sourdough fermentation.
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A marked increase of the mineral bioavailabilitguked because of the sourdough acidification,
which indirectly activates the flour endogenoustplgs, and the microbial enzyme activities. In
general, the most suitable level of acidificatisnn the range 4.3-4.6 and decreases in phytic
acid content are above 70% (Larsson & Sandberdl)199arge spectrum of minerals became
bioavailable, mainly including calcium, sodium, magium, iron, and zinc (Di Cagno et al.,
2008). The literature describes 30 species ofdautid bacteria and 5 species of yeasts, and an
overall number of 146 strains, which, presumptiyarbor phytase activities (Supplementary
Table 2). Eighteen species are only belonginged #ttobacillusgenus. Although most of these
research articles did not demonstrate the presgitte enzyme and an indirect activation of the
flour endogenous phytases might had overlappethibmbial activities, all data emphasized
how the sourdough fermentation is the unique toolrfcreasing the mineral bioavailability of

baked goods made with cereal, pseudo-cereals gnohés.

8.2. Dietary fibers

The World Health Organization recommends a DF dailgke of 25 g/day, but the effective
consumption is markedly lower. Dietary intervensidar increasing the DF intake are, therefore,
desirable. We retrieved 60 research articles dgalith the effect of sourdough fermentation on
total DF, ratio between water-soluble and -ins@ubF, and individual fractions. Although
cereals and pseudo-cereals per se are sources(efdFemicellulose, resistant stargh,
glucans, arabinoxylans) (Williams, Mikkelsen, Flgaa, & Gidley, 2019), the common strategy
was to increase the DF content of baked goodsjdinal gluten-free products, through the
fortification with various percentages of bran (@), wheat germ (4-7.5%), brewer’s spent
grains (5-20%) or mixing cereal, pseudo-cereallagdme flours. Nevertheless, the

modifications of the traditional recipes negativaffect the sensory and rheology attributes, and
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the ratio between water-soluble and -insoluble iDEgveral cases, needs some changes. The
use of sourdough faced all these aspects. Emblenestarch articles demonstrated that
sourdough fermentation allowed the fortificatiorttwioran up to the concentration of 20%
(Salmenkallio-Marttila, Katina, & Autio, 2001), thecrease of DF in almost all gluten-free
products (Di Cagno et al., 2008) and incrementechtiyuot of water-soluble DF in cereal and
legume mixtures (Chinma et al., 2016). Furthermibra@]owed the exploitation of matrices
naturally rich in DF (e.g., fava bean, hemp) (Wahgl., 2018) without compromising the

sensory and rheology features of baked goods.

8.3. Glycemic index

Glycemic index (GI) is a numerical value assigneébbds based on their capability to increase
the blood glucose levels after consumption. Aceaydo the Harvard Medical School, foods
rank into high ¥70), moderate (between 69 and 55) and le®b}] GI. The calculation of Gl in
foods introduces the concept of Glycemic Load (Gi)ich estimates how the quantity of
carbohydrates in foods raises the blood glucosgldelepending upon the type of carbohydrate
present in that food and, thus, each food (or darih@te) exhibits different glycemic response
(Eleazu, 2016). The literature shows 52 reseattoties focusing on Gl or GL as influenced by
sourdough fermentation; 40 dealt withvivo challenges and 12 useudvitro approaches.
Overall,in vivo challenges recruited healthy volunteers, with naeralbanging from 15 to 25 and
an average age of 20-60 years. Volunteers, mostgrdouble blind conditions, consumed
sourdough bread or control bread started with Bbakeast, after an overnight fasting of 10-12
h. Before analyses, the collection of blood samplas every 15 min; within an overall timing of
2-3 h. Using data from 28 vivo challenges, Figure 8 shows the box plots for Gdafrdough

vs.baker’s yeast breads. Median values clearly itdibaw only the sourdough fermentation
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has the capability to shift the bread Gl from highmoderate. The same trend was observed for
gluten-free products where excess of calories arlobbiydrates are the main nutritional
constraints (Wolter, Hager, Zannini, & Arendt, 2D1When sourdough fermentation combines
with the addition of DF (5% - 10%), the GI decresasevalues lower than 55, which rank these
baked goods as low Gl foods, recommendable fatietary habits. Apart frorm vivo orin

vitro approaches, the main issue, from the pioneer sifidijjeberg, Lonner, & Bjorck (1995)

to the last reports (e.g., Rizzello et al., 20¥8)s not only to demonstrate the lowering of Gl but
also to explain the mechanisms behind. Biologicalification (Liljeberg & Bjorck, 1998),
increased resistant starch (Lilieberg, Akerberdgj&rck, 1996), liberation of peptides, FAA,
polyphenols and water-soluble DF (Nilsson, OstnRaeston, & Bjorck, 2008), fast gastric
emptying, stimulation of satiety hormones (Rizzetal., 2019) and use of fermentable cereal,
DF and legumes mixtures were all factors/intenagithat, also concomitantly, improved this
nutritional attribute. Recent advances in clinstaldies show that GI and GL responses after
bread ingestion also rely on gut microbiome funaidy, which highlights the importance of
personalized dietary recommendations (Korem eR@ll7), and suggests to assess the effects
sourdough baked goods on gut microbiome composaiehfunctionality (under investigation in

the author’s laboratory).

8.4. Protein digestibility

Empirical andn vitro scientific evidences all agree that sourdough ésmtiation associates to an
improved bread digestibility, mainly related to f@ios. The literature shows 27 research articles
dealing with this issue, 25 usimgvitro approaches and only 2 settingvivo challenges. Almost
all in vitro investigations concluded that timevitro digestibility of protein (IVPD), expressing

the stability of protein hydrolysates and how tithstand digestive processes, increased with
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517 sourdough fermentation. This apart from the fleand products. Other indices improved with
518 sourdough, especially under prolonged fermentatioparticular, the amount of protein

519 required to provide the minimal essential aminal gattern (chemical score, CS); the protein
520 nutritional quality based on the amino acid proéifeer hydrolysis (protein efficiency ratio,

521  PER); and the nutritional index (NI), which nornzak the qualitative and quantitative variations
522  of the protein compared to its nutritional staecently, also the addition of dried fruits was a
523  suitable technological option for increasing thateat of essential amino acids. For instance, the
524  pistachio powder added to flour or semolina remalgkancreased the content of lysine in

525  sourdough baked goods (Gaglio et al., 2019). Thedengh fermentation with the addition of
526 dried pear and orange resulted in a significame@se of the FAA concentration, including two
527  essential amino acids such as valine and methidiinet al., 2018). Skrede, Sahlstrm,

528  Ahlstrgm, Connor, & Skrede (2007) used miMugtela visohas an animal model to

529 demonstrate that sourdough fermentation had pesgitinritional implications by limiting the

530 effects of anti-nutrients, and improving digesitiyiand energy utilization. Rizzello et al. (2019)
531 recruited 36 healthy volunteers who underweninanvo challenge in response to bread

532  ingestion. Sourdough bread with moderate acidifiwastimulated more appetite and induced
533 lower satiety. The sourdough bread with most irgeargdic taste induced the highest fullness
534  perception in the shortest time. Gall bladder raspalid not differ among breads, while gastric
535 emptying was faster with sourdoug$. baker’'s yeast breads. Oro-cecal transit was pgadrior
536 baker’s yeast bread and faster for sourdough byeagecially when made with long-time

537 fermentation whose transit lasted ca. 20 min lleas baker’s yeast bread. Differences in

538 carbohydrate digestibility and absorption determidéferent post-prandial glycaemia

539 responses. Sourdough breads showed the lowessvalfier ingesting sourdough breads, which
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had the highest total FAA content, the levels oAHA blood plasma maintained constantly at
high levels for extended time. While the improveingfithe digestibility is evident, the
mechanisms promoting this are less definable. Bio& acidification per se or through the
indirect activation of flour endogenous proteasespndary proteolysis through a portfolio of
lactic acid bacteria peptidases and, more in gémaification of the gluten network, which
becomes more susceptible to digestive enzymespoane plausible explanations.

As the triggering factor for several disorderstgiuas well was targeted. A number of research
articles (41) aimed at exploiting the potentiasotirdough fermentation for its degradation. The
main evidences concerned the elimination of tra¢eguten, which prevented cross
contamination in gluten-free products (Di Cagnalet2008), the partial hydrolysis of gluten
(Rizzello, Curiel, et al., 2014), which improvecetdigestibility, and the full gluten digestion for
rendering gluten-free baked goods made with safiuoum wheat flour (Rizzello et al., 2007).
Selected strains of lactic acid bacteria, combinigd food-grade fungal proteases, were capable
of decreasing the residual content of gluten te tean 10 ppm under semi-liquid sourdough
fermentation lasting ca. 24 h. Three clinical oladjes (Di Cagno et al., 2010; Greco et al., 2011,
Mandile et al., 2017), based on immunological asdlsgical analyses and biopsy specimens on
celiac patients, demonstrated the absolute safdigileed goods made with fully hydrolyzed soft

and durum flours.

8.5. Degradation of anti-nutritional facter

Although very rich in nutrients, cereals, pseudceats and legumes also contain anti-nutritional
factors (ANF), which in part limits their consungatior cause severe disorders. Apart from
phytic acid (already discussed in paragraph 8affinose, condensed tannins, vicine and

convicine, saponins and trypsin inhibitors arertit@n ANF, whose presence and amount
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depend on the vegetable matrix. Raffinose is nggstible by pancreatic enzymes but
fermentable by gas-producing bacteria in the lamtggstine, causing gut disorders. Condensed
tannins and trypsin inhibitors inhibit digestivezgmes leading to poor digestibility of proteins
and other nutrients. Biologically active glycosidesh as saponins, vicine and convicine cause
the hemolysis of red blood cells and form complexik nutrients, preventing their absorption.
In particular, vicine and convicine are precursadrthe aglycones divicine and isouramil, the
main causing agent of fauvism, a genetic conditawling to severe hemolysis after fava bean
ingestion. While heat treatments fully inactivatgsin inhibitors, the others ANF are heat
resistant. De-hulling, soaking, germination, aasslification and extrusion are only in part
effective in decreasing the content of ANF, therefother options, including sourdough
fermentation, underwent investigation. We retrieg8desearch articles dealing with the
capability of sourdough fermentation to degrade ANpart from lactic acidification, mainly
sourdough lactic acid bacteria harbor a portfofiermzymes, likelyi-galactosidase-
glucosidase and tannases, which have the potémttalunteract the presence of several AFN.
Sourdough fermentation with selectedolantarumfully degraded vicine and convicine within
48 h, with aglycone derivatives not detectable £Rlip, Losito, et al., 2016EXx-vivoassays on
human blood confirmed the lack of toxicity of soomgh fermented fava bean. The sourdough
fermentation of whole grains of wheat, barley, kpia, lentils and quinoa, and yellow and red
lentil, white and black bean, chickpea, and pearfilalecreased the concentrations of raffinose
(62-80%), condensed tannins (23%), trypsin inhiBi{@3-44%) and saponins (68%)
(Montemurro, Pontonio, Gobbetti, & Rizzello, 2018he combination of gelatinization and
sourdough fermentation further lowered the residoakcentrations of condensed tannins (62%)

and trypsin inhibitors (70%) (De Pasquale, Pontp@Giobbetti, & Rizzello, 2020). Literature
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586 data came to the convergent belief that, as mitbcarst-effective bioprocessing, the sourdough
587 fermentation is the most promising option to degradarge spectrum of ANF for industrial

588 applications.

589  Although the fundamental research has yet to desceome of the sourdough potential dealing
590  with nutritional attributes, currently it would meorthwhile to correctly and convincing deliver

591 the above nutritional findings both to industriesl gespecially, consumers.

592 9. Conclusions

593  Almost 30 years of research activity on sourdowggmentation, with more than 1,200 research
594  articles published, is a suitable time to get seomelusions, which would represent milestones
595 for scientists, industries and consumers. Becalige onique and complex microbial

596 composition, which establishes itself with the batare, the sourdough has undoubted

597 advantages with respect to any other leaveningtagenerms of sensory, rheology, shelf life

598 and multiple nutritional attributes. While furtheutritional features need consolidation or

599  discovering, one of the interim prospects wouldoewn the investigation of the complex

600 metabolic interactions among dominant lactic acdtéria and yeasts and less abundant satellite
601  members, which should depict what we may definesthedough fermentome. This will

602  improve the performance and, at the same time fabr longer stability and shorter time of

603  fermentation, which certainly will spread the usarisanal and industrial levels.
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Figure captions

Figure 1. Worldwide map of sourdough products (salty andetjv&€ountries with sourdough
products subjected to characterization are in deatlg, and the total number of research articles
in each country is within brackets.

Figure 2. Box plots showing the time and temperature (A), petentage of inoculum and final
cell densities of lactic acid bacteria (LAB) andgts (B), which characterize the sourdough
fermentation.

Figure 3. Pie chart showing the identified (Anctobacillusand (B) yeast species, isolated from

sourdoughs in the last 30 years. The number o&rekarticles reporting their identification are
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1066  within brackets. Word cloud represents the corredp species with font size depicting the
1067  number of research articles. Stars (red colorcatgis species identified &6 research articles

1068  (Lactobacillusspecies) and 1 research article (yeast species).

1069  Figure4. Box plots showing the range of some biochemicedp@ters used to characterize the
1070  sourdough fermentation. (A) pH and total titrataddedity (TTA; ml 0.1 M NaOH/10 g of

1071 dough); (B) concentration (mM) of lactic (LA) andedic (AA) acids, and fermentation quotient
1072 (FQ); (C) concentration of total free amino aci@8Af) (mg/kg) and ethanol (mM). Median

1073 values are represented (-) in the plots. The toltlam bottom of the box represent th&' Zkd
1074 25" percentile of the data, respectively. The top thredbottom of the bars represent tHeshd

1075  the 98" percentile of the data, respectively.

1076  Figure5. Summarized characteristics and respective avesages based on descriptive sensory
1077  analyses (48 research articles) of sourdorggbaker’s yeast breads as assessed by trained
1078  panelists.

1079  Figure®. List of volatile components (VOC) (left) identifien sourdough breads by mass

1080  spectrometry techniques and VOC profiles (rightYlei®rmined using single strains to start the
1081  sourdough fermentation. The comparison is witheesto baker’s yeast bread (control).

1082  Figure7. Word cloud representing the nutritional attribui@sused in the last 30 years as

1083 influenced by sourdough fermentation.

1084  Figure8. Box plot showing the values of glycemic index (Gf)sourdough breads (SDB) vs.
1085 baker’s yeast breads (BYB). Median values are 66dl94.2, respectively. The scale for Gl is

1086 from 0-100. The calculation was from 22 researticlas dealing with in vivo challenges.
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—=—DBaker'syeast bread ~— Sourdoughbread

Acidic taste and smell
Yeast-like ss.
Attractivness
Bitterness
Sourness Buttery
Salty Cereal flavor
Roasted Chewiness
Pronounced crumb and crust :
color Crust crispness
Overall taste Dryness
Nutty Elasticity
Intense aftertaste and aroma Flavor intensity
High porosity Freshness



‘Alcohols Carbonyls Esters Others
1,6- Dihydrocarveol 24-Decadienal 2-Phenyl-ethyl acetate  2,5-Diketopiperazines
1-Butanol 2-Methyl butanal 3-Hydrony butyl acetate Arginine
1-Heptanol 2-Methyl propanal 3-Methylbutyl acetate Cysteine
1-Hexanol 2-Nonanal Buyl acetate D-Alanine
1-Octanol 2-Pentenal Ethyl acetate D-Glutamic acid
1-Octen-3-ol 2-Pentylfuran ‘Ethyl heptanoate Ghutamate:
1-Pentancl 3-Methyl butanal Ethyl hexanoate: Leucine
1-Propanol 3-Methylhexanal Ethyl lactate Methionine
2- Phenyl ethanol Acetaldehyde Ethyl n-octanoate Omithine
2-Methyl-1-butanol 3 .
2-Methyl-1-pentanl Furfural Ethyl pyruvate Proline.
2-Methyl-1-propancl Heptanal Hexyl acetate Y-Glutamyl dipeptides
2-Nonen-1-ol Hexadecanal Isobutyl acetate  Dimetoxymethyl-benzene

Microorganism

L. acidophilus
L. alimentarius
L. amylovorus
L. brevis

L. casei.

L. cellobiosus
L. crustorum
L. curvatus

Acids.

Volatile Compounds.
Carbonyls.

Alcohols

Esters Others.

Number of VOC
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Vitamins
Antioxidant activity

Digestibility, ipigs

Inositol phosphates

Phytase activity

vitro protein digestibility

Dietary fiberssterols

_ Essential amino acids index Insulin response

Mineral bioavailability
FODMAPs Phenolic content

ProteinsGlycemic index
Starch hydrolysis

Anti-nutritional factors
Gluten degradation

Flavonoids
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» State-of-the-art for sourdough fermentation
» Microbiological, biochemical, technological and mtihnal potential of sourdough
» Sourdough as an alternate to baker’s yeast in bg&eds
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