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Abstract

Theneedtoensureu f f i ci ent and nutritious food to the
the need to reduce the environmental impact due to the excessive industrialization, requires the
identification of alternative and sustainable resources and processbs perspective, the PhD
research project finalized in these three years was a striking example of the enhancement of milling
by-product and alternative protein sources from house crig\@tieta domesticusonceived as
sustainable and renewable sourd¢esthe production of innovative food products.

During milling processing of wheat and rye, severalpbyducts with high technological and
functional potential, are produced. The reuse of millingplmducts, provided by bakery industries,
can favorthe circular economy and environmental sustainability. In fact, through the milling by
products biotechnological valorization, with selected microbial consortia, it was possible to obtain
innovative bakery products with technological and functional charsatitsti The use of selected
microbial consortia, isolated from sourdough and spontaneously fermented millogpduycts,
allowed to obtain a preermented ingredient for use in the bakery. Thefprments obtained were
characterized by a high technolodjctunctional and nutritional value, also interesting from a
nutraceutical point of view. Bakery products obtained by the addition €eprented ingredients
were characterized by a greater quantity of aromatic molecules and an increase in SCFAaantioxid
activity, total amino acids and total phenols resulting in positive effect on the functiokiaigover,

the industrial scalingip of preferment and innovative bakery goods productideveloped in this

researchunderlined the technological applibty of pre-fermented ingredients on a large scale.

In addition to the valorization of milling bgroducts into added value ingredients, also the
identification of innovative protein sources, alternative to the traditional animal ones, can address the
request of new sustainable ingredients able to lesscinopathe environment and to satisfy the food
global demand. Consumption of edible insects may represent a valid alternative to the usual animal
proteins due to its several nutritional, economic, ecological and social benefits. To encourage the
upscaling dinsect production to an industrial level, ensure food safety of hsesetd products and
further increase the use of this alternative source, biotechnological formulations baseldetm
domesticuspowder were designed and optimized. The useYafrowia lipolytica in the
biotechnological transformation of cricket powder led, to the achievement of a 4rased food
ingredient characterized by a reduced content of chitin and an increase of antimicrobial and health
promoting molecules. The production minovative bakery products containing the hydrolyzed
cricket ingredient is one of its possible technology applications. The cheket hydrolysates from

Y. lipolyticawere able to impart specific sensory, qualitative and functional characterishedital
12



product. Moreover, the use ¥f lipolyticaRO25 in the hydrolysis of cricket powder showed a certain
reduction in its allergenic power. fact, the combination oY. lipolyticahydrolysis and baking led

to a further reduction in allergenic potgm showing promising results regarding a reduced
allergenicity in crickebased baked products. Thus, the hydrolysate of cricket powder may represent

a versatile and promising ingredient in the production of innovative foods.

13



CHAPTER 1

Introduction
Food By-products and Waste
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1.1. The 2030 Agenda and the Sustainable Development Goals

In September 2015, the United Nations General Assembly adopted the 2030 Agenda to reach a global
sustainable development. It comprisesSlistainable Development Goals (SDGs) and 169 detailed
subtargets according to start theshsformation of our worltitowards a more equitable and peaceful
future (United Nations, 2015).

The 2030 Agenda is based on the Millennium Development Goals (M&eg}ed in 2000 and the

17 SDGs include as topic poverty, hunger, health, education, gender equality and environmental
degradation. The main overall objective of the 2030 Agenda is to protect the planet and promote
prosperity by inviting each member staféhe United Nations to implement the 17 SDGs and related
subtargets in their own country at different levels (industry, education, ethical behaviors) and to

support the implementation of the goals in all other parts of the world by 2030.

1.1.1.Goal 2: ZeroHunger

The World Population Prospects 2022 predict thdt Bvember 2022 will be the day when the

world will reach 8 billion people. The latest United Nation projections suggested that, by 2023, India
could overtake China as the world's most popu
around 8.5 blion in 2030 and 9.7 billion in 2050, before reaching a peak of around 10.4 billion
people during the 2080s (United Nations, 2022). Population growth, climate changeaaan
conflicts and economic downturns are increasing global food demand and atréaglyne number

of people suffering from hunger, as measured by the prevalence of undernourishment, began to slowly

increase again after a period of steady decline until 2015.

Current estimates show that, from 2019 to 2020, the undernourishment increase’i(f to 9.3
percent, reaching 9.8% in 2021 where between 702 and 828 million people were going hunger.
Outbreak of COVID19 pandemic increased the number by about 150 million, including 103 million
more people between 2019 and 2020 and 46 million m&@21(Food and Agriculture Organization

of the United Nationst al, 2022.)

Africa is the country that pays the highest price, where in 2021 one person on five (20.2% of the
population) was facing hunger, compared to Asia, Latin America and theo€amilwith 9.1 and 8.6

%, Oceania, Northern America and Europe with 5.8 and less than 2.5 percent of hungry people.
Updated projections of the number of undernourished people indicate that by 2030 nearly 670 million
people will still face hunger, 78 milliomore than expected in a scenario without the health

emergency occurred (FA& al, 2022).
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The war in Ukraine is causing another crisis that is likely to further aggravate food security globally.

In the near future, through the channels of trade, pramueind prices, global agricultural markets

will be hindered with many implications on food security and nutrition for many countries. To feed
the more than 700 million people who are suffering from hunger today and the other 2 billion people
that the worldwill have by 2050, it is necessary to effect a change in the global food and agricultural
system. The objective 2 of SDGs, Zero Hunger, aims to end all forms of hunger and malnutrition by
2030. In order to reduce hunger in the world and ensure suffenehhutritious food all year to the

worl dos popul ati on, it i's essenti al to stud:
production through the identification of alternative protein sources and the valorization of waste and

by-products from foodndustries.
1.2. Waste and byproducts from food industries

The 2030 Agenda considers food waste in objective 12, describing sustainable consumption and
production, with the aim of halving the global amount of food wasted per person in retail sales and

consumption by 2030.

Food and Agriculture Organization of the United Nations estimates that, globally, between harvest
and distribution about 14% of food and about 1/3 of the food produced for human consumption are
lost or wasted every year with a loss1o8 billion tons and estimated value of 400 billion dollars
(FAO, 2011).Searchingeet al.(2014)reported that Europe is responsible for 22% of food waste on

a global scale counting about 88 million tons of food waste every year with associatedttoatee

at 143 billion euros (Stenmarek al, 2016).

Food losses derive from the whole food (and feed) value chain, from the harvest phase, passing
through posharvest step, industrial processing and commercialization, to the final consumption by
consumers (transport, storage, domestic processing and waste). Food waste generates the consequen
increase in global food production resulting in a greater global environmental impact with greenhouse
gas emissions, water consumption and land use (FAO, 20&8roNsumed food is estimated to be
responsible for producing aboutl®% of global greenhouse gas emissions. In particular, in Europe,

the amount of food waste corresponds to approximately 186 million tonsaddqD®alent per year

and wasted food takes about28% of the water to be produc8ummuet al, 2012; Scherhaufer

et al, 2018)

In order to reduce the negative impact of these losses, the European Union has established a legal

framework of fundamentamportance for waste treatment giving priority to the reduction of waste
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at the source, foll owed by reuse and recycl i |
repl aced by t he RedutpReuse, Retyrle, Rethink and Reaelwy

However, deeming the unused food matrix as a waste does not impose the possibility to reuse it in
the food chain. For this reason, the use of the terapfbgluct” is increasing to identify those wastes

that possess functional compounds, valuable nutrientsiamss useful for the development of new
valueadded product@Galanakis, 2012)

In particular, major food industries, producing dairy products, fruits and vegetables, meat, poultry,
seafood and cereal, produce a high amount ofvadorized sidestreasnwith a high organic matter

and, thus, a high environmental impact, due to disposal and pollution chal{@upss& Meyer
Pittroff, 2010)Therefore, for these industrial processes, generating an high amourproidogts, a

good valorisation policy is approprigigkendiet al, 2020)

1.2.1.Valorization of food by-products

In general, waste valorization is a newsworthy concept that offers a range of alternatives for
management of waste otherthanldnd | | i ng or di spos apr odithet sioV ame
the use of discarded materials andpogducts of the food indtry in order to develop new value

added products from them for commercial applications. Therefore, throughout-fhe lmyd uct s &
valorization, the problems of waste management and recycling in the food industries could be reduced
(Anal, 2017) The enhanceent of food or agrendustrial byproducts makes it possible to reuse
nutrients for the production of the main products and of innovative new products, thus highlighting

the potential gains that can be achieved.

The traditional use of waste as fertilizanimal feed or disposal has been limited due to legal
restrictions, ecological problems and cost isgUagathilakaret al, 2012) Therefore, methods that
can minimize the amount of waste exposed to the environment and the resulting health ris&s and t

are efficient, economical and environmentally sound are being sought.

Wastes from the food industries, depending on the nature of the product of origin, are generally made
up of dietary fibres, phenolic compounds, lipids and fatty acids, proteinseptidgs. For example,

the resulting wastes from the poultry and meat industries are richer in lipids and proteins, while wastes
from the vegetable, fruit and cereal processing industries includes phenolic compounds and dietary
fiber (Anal, 2017)
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The imprtance of the recovery of these bioactive compounds is reflected by their prospacief re
for the production of new nutraceutical foods and pharmaceuticals products, generating also

interconnection among sectors

1.3. By-Products from the milling industries

1.3.1.Cereal production and Processing Industry Waste

The term fAcer eal s 0 Gramifeadamnily dnd determines rime Speamet: wheat e
(Triticum spp.), rye $ecalespp.), barley flordeumspp.), oat Avenaspp.), rice Qryzaspp.), millet
(Pennigtumspp.), corn Zeaspp.), sorghumSorghunmspp.), and triticaleTriticosecaleWittmack)
which is a hybrid of wheat and rye. Furthermore, pseudocereals ageasses with similar engses

to cereals (or true grasses); these flours have gained higitapggpamong scientists, technicians,
and consumers, and encompass the-kalvn buckwheat Kagopyrum esculentugnamaranth
(Amaranthusspp.), quinoa@henopodiunspp.), and others such as chealfyiaspp.), cafiihua and

pit seed goosefodChenopodiunspp.), breadnutBrosimum alicastrum celosia Celosiaspp.) and
wattle seeds/Acaciaspp.)(Skendiet al, 2020)

Represented as a staple food in the daily die
source of carbohydrates and contribute to 60% of total world food production (Krishna and
Chandrasekaran, 2013). The global population growth and humapopuéation has caused a
continuous increase in the area of harvesting and production of cereals. In particular, between 2009
and 2018, the globally harvested area and cereal production increased by 4.0% and 18.9%
respectively. Wheat, corn, rice, barlegrghum, millet, oats and rye are the most important cereals

in the world(Z. Charet al, 2016) Among these, during 2018, the three main cereals produced in the
world were corn (38.7%), rice (26.4%) and wheat (24.8%), and the last two mentioned tdpeesen
dominant crops, respectively in Asian and Western cour(@lesndiet al, 2020) Although one of

the most important food sources for human consumption are cereals, about 30% of their production,

equivalent to more than 2 billion tonnes/year, &sted or los(Verni et al, 2019)

Wastes from cereal processing are produced during the harvesting perieaarpesting and the
production period. Despite being rich in nutrients, proteins, dietary fibres and small amounts of
unsaturated fatty acidsereal byproducts are mainly intended for use as feed, substrates for bio
refineries or waste. For this reason, the cereal processing industry are looking for new solutions and
applications to reduce and, at the same time, valorize theuwrdaucts though their chemical,

mi crobi ol ogi cal or enzymati cal conversion ir

applications and market niches.
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1.3.2.Cereals

In cereal kernels (or caryopsis), carbohydrates represent the main constituents that include starch and
soluble sugars, but also dietary fibers as carbohydrates not digested by humans, including cellulose,
hemi c el {gluchns sred ar@binoxylans), lignin, pectin, resistant starch and other complex

polysaccharides.

Among the polysaccharides of cereals, starch is the most abundant, contributing ter@%. 40
Dietary fibres include, for example, watsnluble pentosanes and waseo | u-glucan, while the
waterinsoluble fibres are lignin, cellulose and hemicellelassoluble in water. Extractable plant
based components include lipids, proteins, polysaccharides, fibres, hemicelluloses and
phytochemicals. Cereals are composed -4R% protein while lipids are secondary compounds
present at 1-5.7% (depending on thgpe of cereal and flour extraction rates) and are mainly formed
by neutral, phosphand glycolipidgKaloetal, 2006 ; dfa.,2&8)ms k §

Wheat

Wheat is the most widely used cereal for flour production and is the most important food crop for
more than a third of the world population and provides more calories and proteins to the world diet
than any other cereal crgpdamset al, 2002; Shewry, 20V), the most important marketed species

are theTriticum aestivunor soft wheat and th&riticum durumor durum wheat.

Wheat provides almost 20% of dietary calories by providing 55% of carbohydrates. In fact, it contains
78.10% carbohydrates, 14.70% f@ia, 2.10% fat, 2.10% minerals (zinc, iron) and considerable
proportions of vitamins (thiamine and vitamin B), but they are also but they are also a good source of
oligominerals such as selenium and magnesium, essential nutrients for goodAcattiset al.,

2002; Fraley, 2003; Shewst al, 2005; Topping, 2007Wheat grains are also rich in riboflavin,

pantothenic acid, some minerals and sugars.

As all the cereals belonging to same botanical familyTthieeum spp. kernel can be roughly divided
into 3 parts: the endosperm, richer in starch and protein, the germ and the bran, a multiple histological

outer layers very rich in fibgDelcour & Hoseney, 201@Jigure 1.1).
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The endosperm consists of two parts: the aleuronic layer and the actual endosperm (endosperm cells
with starch granules). The aleuronic layer is formed by a singge &f cells rich in proteins, lipids,
minerals, vitamins and enzymes, in particular is a dietary source of fiber, potassium, phosphorus,
magnesium, calcium and niacin in small quantities, but it is the most external and is lost with bran.
The starchy endiperm is composed of elongated polyhedral cells containing starch granules and
represents 885% of the weight of the whole kernel. About 72% of proteins are stored in the
endosperm of the seeds, which corresponds-15% of the total protein per kerneleight.
Endosperm also contains carbohydrates, iron, and macgnilex vitamins, such as riboflavin,

niacin, and thiamingumaret al, 2017a)

Bran represents about 14.5% of the whole kernel wéRjbthl et al, 2007; Drankhawet al, 2009;
Shewry & Jones, 2005; Uaey al,, 2006)and it is composed by three layers: outer and inner pericarp,
seed coat, and nucellar epidermis. Bran is rich in cellulosic fibers, ash (mineral salts) and other
bioactive compounds. From a morphologicalnp of view, they have a predominantly protective
function towards the embryo and the nutrients necessary during the first period of gern(ihagren

& Millar, 2002). From a technological point of view these layers are removed during grinding and on
the basis of milling efficiency a variability in nutritional characteristics of th@rdmguct could be

observed.

The germ, or embryo, constitutes the germinative system of the kernel, and contains lipids, vitamins
of the group B, minerals and proteins uddbr the development of the future plant during the

germination, but also free of sodium and cholesterol and rich in vitamin E, magnesium, pantothenic
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acid, phosphorus, thiamine, niacin and zinc. Wheat germ is also rich in unsaturated fatty acids, mainly
ol ei c, | Hinoteit acidsandafundtion&l phytochemicals in particular sterols, flavonoids,
glutathione and octacosandiBhu et al, 2006) Finally, about 1 gram of fiber per tablespoon is
contained in its formulation and is alss@urce of coenzyme Q10 (ubiquinone) and PABA (para
aminobenzoic acigghewry, 2009; Peter R. Shewry, 200he germ is usually removed during the

milling for the fats that, oxidizing, would limit the storage of flour.
Table 1.1 gives the nutritional cawsition of the different wheat products.

Table 1.1Composition of wheat products per 100g edible porti&ummaret al, 2017a)

Wheat Protein Fat Carboydrate Starch Total Vitamin Thiamin Riboflavin Niacin Folate
Product 1 1 . 1 sugar E? 2 2 2 3

Wheat
germ
Wheat
bran
Wheat
flour
Whole
meal 127 2.2 63.9 61.8 2.1 1.4 2 0.09 2 57
flour

White

flour 94 1.3 77.7 76.2 1.5 0.3 0.1 0.03 0.7 22
(plain)
White
flour
(self-
raising)
White
flour
(bread

making)
L units in g;2units are mgéunits are pg; *values amstimates; “unfortified values not given; ? no data given for amount of nutrient
resent.

26.7 9.2 44.7* 28.7* 16.01 22 2.01 0.72 45 ?
141 5.5 26.8 2 3.8 2.6 0.89 0.36 29.6 260

126 2 68.5 66.8 1.7 0.6 0.3 0.07 1.7 51

89 1.2 75.6 743 1.3 0.3* 0.1 0.03 0.7 19

115 14 75.3 739 14 0.3* 0.1 0.03 0.7 31

Rye

Rye Secale cerea)as an important member of the Poaceae family. After wheat, rye is the second

most important cereal, well known for its nutritiowalue, it is used for the production of bread.

Europe, Asia and America are the major producers of rye since ancient times, but the countries that
most contribute to the production are European countries that meet about 90% of world production
(Deleuet al, 2020; Kauet al, 2021) The main producers of this cereal are Russia, Poland, Germany,
Finland, Ukraine and Denma(kibneretal, 2 01 3; Stall p0AL) e ws k a

This crop is able to grow under minimal nutritional conditions, in fact it is pra@uctive than other

cereals and grows efficiently even if cultivated in poorly prepared lands containing infertile, sandy or
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peaty soil(Smolik, 2013) In addition, rye has climatesilient properties and is also well adapted to
high-altitude and lowtemperature zone@/Nhite et al, 2006) Genetic factors, soil quality and
cultivation and climatic conditions mainly determine the chemical composition (Bhyleovéet al,
2021)

The main constituents of the rye kernel are starch (5%6%5%%), dietary fiber (14.7920.9%),
protein (9.09%15.4%), and ash (1.8%8.2%)(Hanseret al, 2004)

Rye starch granules have a shape and size similar to wheat starch d@ardescet al, 2019)and
it is the most present carbohydrate in rye as well as in other grains. In addition to being a significant

source of energy in the human diet, starch contributes to the functional properties of food products.

Compared to wheat flour, rye flour m@ins relatively less protein and starch but is richer in fiber
(Slukovéet al, 2021) Dietary fibers, along with starch, play an important role in weight management
and in maintaining the activity of the digestive system. The dietary fibre compadittomrye kernel

i ncludes arabinoxyl an i n g r-guaaheandligpfKamalkkdinet on f
al., 2009)

The main proteins in the rye kernel are albumins and prolamines that represent 34% and 19%
respectively, followed by 11%f globulins and 9% of glutenines. Moreover, rye has a-tbedthnced

amino acid profile as compared to wheat, making it an important food s@g{aceet al, 2021)

After wheat, rye is the only crop that possesses a good amount of gluten protein thaisdéason,

the world food industries, widely use it for the preparation of products such as bread, biscuits, flakes,
rusks, beer etc. However, rye proteins are rich in lysine, but unlike wheat proteins, they cannot form

a continuous gluten netwo(krakoset al, 2017)

In addition, rye grains have several health benefits, due to the presence of a high dietary fibre content
(Michalska et al, 2007) and a range of bioactive compounds (phenolic acid, synapic acid,
alkylresorcinols, benzoxazinoids, ferulic acid, catechol, vanillin, vanillic acid, fructans and
lignans)Koistinen & Hanhineva, 2017; Pihlaeaal, 2017)with antioxidant potential useffto boost

the immune system and counteract-egjated problemgJonssoret al, 2018) In fact, bioactive
compounds with antioxidant properties are involved in mechanisms that slow down the harmful

effects generated by free radicals/ oxidative sties®tore useful for maintaining a healthy lifestyle.

Rye is naturally rich in vitamins (riboflavin, tocopherol, thiamine, B6, folic acid, niacin and choline)
and minerals such as potassium, calcium, magnesium, zinc, iron and marijarbtes & Wieser,
2013; Rodehutscoret al, 2016)
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Finally, rye i s-gldns arabmoxylansgAX) andresistane stdtslitiggdret
al., 2014; Sarossgt al, 2013)

1.3.3Milling process

The milling process is based on fménciple of separating endosperm from other parts of kernel as
much as possible and therefore can be defined as a mechanism of extraction and purification.

Soft wheat milling process

Soft wheat flour is mainly suitable for the production of baked goods asl bread, pizza, biscuits
and cakes. The white flour originates from the endosperm of the soft wheat obtained through a
complete separation of the bran from the endosperm itself.

The milling process is represented by a sequence of physical operatibssphrate the endosperm
in the form of fine powder (flour), from the outer parts of the kernel of wheat (bran), through pre
cleaning, storage, cleaning, breakages, sifting and fine grinding.

The process begins with the reception of wheat which, aftpeatisn and analysis, is sent to a
precleaning treatment by selection and screening. The wheat is then placed in storage silos having
specific characteristics. Further cleaning process, which requires a defined amount of drinking water
and the rest perioof the wheat (conditioning), precedes the grinding proggaset al, 2015) This

step aims to facilitate the separation of the endosperm from the cortical part and allows the controlled

and constant maintenance of temperature and humidity dimengyinding process (Figure 1.2).

The milling process is divided into two steps, the grinding and the fine grinding. The grinding is
carried out by pairs of corrugated metal cylinders, and aims to break the kernel and progressively
detach as much as pdsis the endosperm from the bran, leaving grain fragments different in size
and composition (e.g. pure endosperm, bran, endosperm with still adhering bran) which must be
further selected and/or milled. In the case of soft wheat, the purpose of fine sillngeduce the

size of endosperm particles, as well as those resulting from the previous milling by means of cylinders

with a smooth surface and subsequent scredbinigfi & Laskowski, 2005)

In the sieving phase, the action of sets of swinging si@weglansichter) separate the flour, coarse
fragments and parts of bran. Several secondary milling fractions commonly referred to as "by
products” are produced together with flour (e.g. bran, fine bran, wheat and brown shorts and

middlings) and are mawyintended for animal feefLiu et al, 2015)
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Figure 1.2. Milling process of soft wheat.
Durum wheat milling process

The durum wheat kernels are a similar to the one described for the soft wheat except for the protein
composition and thendosperm structure. The abundance of specific pigments in the endosperm of
durum wheat gives it an intense yellow color, while its texture is vitreous, compared to the white and

floury endosperm of soft wheat.

Moreover, durum wheat differs in the quaktyd quantity of proteins which, together with the yellow
color, make it primarily suitable for high quality pasta production and the production of couscous, a
popular food in North Africa. A smaller portion of durum wheat is also used for baking bread (e.g
flat bread).

The durum wheat milling process is essentially the same as the one already described (Figure 1.1)
with some differences. The main products of milling are more or less coarse powders called semolina
and durum flour, due to the hardness oféhdosperm, while the types of-pyoducts are similar to

soft wheat. In the process, the grinding step is extended while the fine grinding is reduced to allow a
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gradual division of the grains to obtain the maximum production of semolina and the minimum

production of durum flour.

Finally, a relevant step is the purification useful for more accurate separation in addition to sieving,
because the granules of pure semolina are selected both for the size and for theifRlaasitget
al., 2012)

Ryemilling process

As the soft wheat, the rye flour is mostly utilized in bakery categories: breads is the predominant

product produced, but rye also finds application in cereals, bars and crackers.

The rye kernel is smaller and more resistant to millingtdueharder connection of the bran layers

with the endosperm which has a soft texture.

Generally, the rye is milled by a roller milling procedure similar to that used for wheat milling: the
result of the different level of refining obtainable by the precesepresented by the quality and taste

of the flours but also by the color that varies from the white of refined flours to the dark of the whole
meal onegDziki, 2022)

1.3.4.Nutritional composition of By-Products from the milling

industries

WheatBran

The main supplier of cereal {products is the milling industry. The first4pyoduct obtained is called
"grain screening", is the result of the steps performed before milling and contains mainly all cereal
seeds that do not meet the grading spetifina

Conventional wheat roller milling consists of consecutive grinding, sieving and purifying steps able

to separate a large part of the endosperm from the germ and bran. Through different degrees of
refinement, the endosperm, traditionally used foirmakis further ground into wheat flour. The two

main byproducts obtained during traditional milling procedures and recovered at different stages in
the mill, are germ and bran containing the aleurone layer, the remnants of starchy endosperm and the
seedcoat. The importance of the removal of germs and the outer layers of kernels is due to the fact
that despite being rich in vitamins, minerals and dietary fiber, they adversely affect the processing
properties of flour, and this is the reasons why the ntgjof cereal foods consumed are made of
refined flour(Patel, 2012a; Poutanenal, 2014)
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However, wheat bran has a high nutritional profile, is rich in vitamins, minerals and dietary fiber,
with beneficial physiological effects, which make refinémlif-based foods less interesting from a
health point of view than products rich in bran. Consumer awareness of the benefits of wheat bran is
increasing, and for this reason the market is proposing a large number of food products based on

unrefined cereals

During the processing of cereals, bizased byproducts can be distinguished according to particle
size and endosperm content, in fact the cereals kernels are broken into different sizes by grinding,
cutting or crushing them depending on the mill used the final use. Therefore, depending on the
processing of cereals, {products with different qualitative and nutritional characteristics can be
obtained. Botanical wheat bran ends up inpbyducts such as coarse bran (or regular bran)
composed, as suggted by its name, of coarse bran particles with dimensions of abe800Q0m,

coarse weatings (or fine bran) with particles of about 200 um, fine weatings (or middlings or shorts)
with particles of 340 um, and lograde flour (or red dog, or Tritello) are shredded and floury
(Delcour & Hoseney, 2010; Hemdane, Jacebs)|., 2016)

From a nutritional point of view, coarse bran has a low endosperm content because, at the beginning
of the milling process, an efficient removal of endosperm fronotiter layers of the kernel occurs,
instead, the additional finer bran particles recovered during the milling process contain relatively

more endosperm.

As already mentioned in above, bran is a complex biological material composed of a specific
histologicalstructure whose constituent tissues possess different chemical compositions and physical
propertieqShetlaret al, 1947)(Figure 1.3).

In general, on the basis of total bran, the composition of regular wheat bran is of about 6% to 30%
seed coat and wallar epidermis, 6% to 23% pericarp (epidermis, hypodermis, cross, and tube cells),
33% to 52% aleurone layer, and 9% to 35% starchy endoq@enmine et al, 2003, 2004; Ecile
Barron, 2011; Hemergt al, 2009; Zhang & Moore, 199TFigure 1.1).

Table 1.2 describes the overall chemical compositions of regular bran, pericarp, and aleurone, in
particular, the most important components of regular wheat bran arstarch carbohydrates with

17% to 33% arabinoxyla(Bataillon et al, 1998; Maes &Delcour, 2001) 9% to 14% cellulose
(Bataillon and others 1998), 3% to 4% fruc(hiaskaet al, 2008; Verspreedt al, 2015) and 1% to

3% mixedl i n k-B-glecanfMaes & Delcour, 200INordlundet al, 2012) as major components.

26



S D

--

— - - - ;_‘?';" -
-y ; A~ .y 't‘ “"."»\f -~ ’f'\s ~‘“¥~’~ -
4 ‘ o S -— . - =
= -~

B :
' 1 -, .
,»1——-"’\/7.— MV‘“_ | Seed coat &

Nucellar epidermis
P 4

Aleurone layer

Starchy endosperm

Figure 1.3. Staining with Fuchsin acid and Calcofluor of a cross section of wheat bran produced by
conventional mi | I i ng. -gRcardolerednnsblue i épidluoresdentilight r e ¢
(excitation 400 to 410 nm, emission >455 nm). Autofluorescence d#teatst stained pericarp.
(Hemdane, Jacobest al, 2016)

Commercial wheat bran is not only composed by-stanch carbohydrates, but also contains high
levels of starch (6% to 30%), due to inadequate removal due of fragments of endosperm or residual
erndosperm remaining attached to the bran, protein (14% to 26%), lipids (3% to 4%), lignin (3% to
10%), minerals (5% to 7%), phytic acid (4.5% to 5.5%), phenolic acids (0.4% to 0.8%), and other
minor constituents (Table 1.2) (Hemdaal, 2016). The diffeznt histological layers of wheat bran
consist of a specific composition and, for this reason, the constituents mentioned are not

homogeneously distributed over the structure of bran.

Table 1.2.Chemical composition (shown as rangeparfentages) and arabinogglose (A/Xxatio

of regular bran, pericarp, and aleurone (Hemdane et al., 2016).

Regular bran Pericarp Aleurone
Arabinoxylan [177 33] [427 46] [20i 46]
A/X-ratio [0.46/0.51] [1.06/ 1.15] [0.3610.39]
Cellulose [9114] [22i 40] [17 3]
Fructan [314] n.a. [5]°P
b-D-glucan [17 3] [319] [51 16]
Starch [67 30] [01 6] [O7 11]
Proteins [141 26] [6110] [21i 30]
Lipids [314] [011] [419]
Ash [51 7] [21 7] [7112]

bOnly one measurement
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As mentioned earlier, the daily consumption of foods enriched with bran, gives some nutritional and
physiological benefits to the consumer. For example, a component of wheat bran known to be
particularly rich in nutrients is the aleurone lay@rounset d. (2012)described an extensive list of

these nutrients and their possible health effects including essential amino acids, such as lysine and
tryptophan, vitamins, such as thiamine and niacin, antioxidants, such as ferulic acid and
alkylresorcinols andninerals, like phosphorus and iron. However, wheat bran, specifically the
aleurone layer, contains considerable levels of phytic acid, which reduces the bioavailability of
minerals by strongly chelating them. Nevertheless, the fermentation of the colooucderact the
chelating properties of phytic acid due to its ability to reduce the intestinal pH that disintegrates the

chelates formeSchlemmeet al, 2009)

In addition to the nutritional profile, bran has been attributed some generally acdeytexdqgical

effects due to its high levels of dietary fiber. The European Food Safety Authority (EFSA) has
recognized wheat bran and wheat bran fibers as foods able to bring beneficial physiological effects
on the body inducing an increase in fecal bul@ a reduction in intestinal transit tiEFSA, 2010)

On the other hand, that exist associations between dietary fiber consumption and a reduced risk of
colon diverticulosis and constipation is also stated by the Academy of Nutrition and Dieteties whic
also state that the intake of 14 g of dietary fiber, per 1000 kcal consumed, is sufficient to reduce the
risk of obesity, cardiovascular disease and type 2 dialjgtagin, 2008) In addition, the health
benefits of consuming wholgrain foods were demonstrated by numerous epidemiological studies
that reported benefits in reducing the risk of gastrointestinal cénsonet al, 2011; J. M. Chan

et al, 2007; Hameet al, 2008;Schatzkinet al, 2008) type 2 diabetetde Munteret al, 2007)
cardiovascular diseasé¥acobs & Gallaher, 2004nd obesityFardet, 2010; Kumaet al, 2017a;
Sivamet al, 2010)

Rye Bran

Rye bran is a byroduct obtained from the conventional milling of rye for the production of refined
rye flour and is an ingredient of whole rye flour. Whole rye flour is one of the most important sources
of dietary fiber in the Nordic countries and isesftused in the production of cerased foods.
However, rye bran is a bgyroduct that can also be used as a food ingredient to increase the nutritional
value of foodgNordlund, Aura, Mattila, K, et al, 2012)

In the last decade the world productiof rye bran ranged between about 17 and 36 million tons
(Demirel et al, 2021) Rye bran is mainly composed of dietary fibers (33.4% cellulose, 5.3%
hemicellulose and 3.3% lignin), starch (18.6%), prot€ii&0%) and lipids (2.5%}Juhnevica
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Radenkovat al, 2021)but it is also a valuable source of many bioactive compounds (phenolic acids,
phytosterols, tocopherols), including alkylresorcinols and sterylferulates with anticancer and
antioxidant potentialLiukkonenet al, 2003;Patel, 2012a; Ros al, 2004) In addition, rye bran
is also one of the richest sources of ferulic gBdiki, 2022) a compound with antioxidant, anti
inflammatory and amitancer propertieg Z d u @&is dt,a2018) commonly used in the food,

phamaceutical and cosmetic industries.

Rye bran finds application in various industrial sectors but only the food sector will be deepened
(Figure 1.5)

Food
Additive

Additive

Frut
Protection
Figure 1.4.Recent trends in the use of rye bran

1.3.5Valorization of By-Products from the milling industries

As previously described, the most common way to dispose of thgmedycts is to use them as feed
or for compost. However, in order to reduce the economic and environmental weight of these by
products, different employment opportunities wetgled (Figure 1.5)Ravindran & Jaiswal, 2016)
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Figure 1.5. The byproduct chain of the cereal industry, from generation to disposal, and their new

applications to improve the nutritional and functional characteristics of foods (Verni et al., 2019).

Biorefinery for the production of biofuels such as ethanol was one of the most studied approach

(Vanholmeet al, 2013) The cellulosic fractions of grain bran, in particular maize, are used 4%

globally to obtain ethanol (Kalscheeat al, 2012). The production of chemical compounds such as

lactic acid is also carried o(fun et al, 2004) In fact, the cereal industby-products, such as wheat
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could be obtained and applied to the food industry as well as in the chemical, pharmaceutical and

textile industries (Koutinast d., 2014). Instead, phytic acid is obtained from wheat bran, rice and

maize which, after extraction, are more valuable ingredients in animal feed because deprived of an

antinutritional factor (Kalschewt al, 2012). Insoluble dietary fibre, fructans,iartdants and many

other bioactive compounds for use in food production are also extracted fromhbzesed! by

products (Ravindrar& Jaiswal, 2016), while from wheat germ are extracted proteins used as

ingredients for several food products, and oil tisatvidely applied in the production of vitamins,

food and feed, in the cosmetic industry and as an insect biocontrol (8gantolini & Hidalgo,

2012)

Due to their wide availability as cultivation substrates, their low costs and high nutritional content,

the use of cereal byroducts are considered one of the most effective means to produce high value

compounds and commercially important enzymes. A more recent approach involves the generation,
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by microbial fermentation of rice and wheat bran, of biodedradplastics and nanoparticles with
antibacterial activitfRavindran & Jaiswal, 2016l addition, through microbial fermentation, alone

or coupled to technological or biotechnological processing techniques, it is possible to improve the
nutritional and functional properties of cereatmpducts very effectively and to enforce their urse

food production by modifying the starting mat(Merni et al, 2019) In fact, during fermentation,

wheat constituents can be modified by endogenous and bacterial enzymes that are able to influence
the structure, bioactivity and bioavailability oftrients(Hole et al, 2012)

Fermentation with lactic acid bacteria, yeasts or fungi is widely used because it allows to obtain
cereals byproducts with better health properties able to reduce hunger and malnutrition improving
ecosustainability(Antonio Teixeiraet al, 2018; Capozzet al, 2012)

1.3.6.Fermentation of the milling by-products

Fermentation is a biotechnological approach, base on microrganisms, able to transform the rarely
used byproducts of the milling industry into products ioterest, by exerting an impact on the

nutritional and technological properties of bran, germ and all therdjucts of the cereal industry.

Table 1.3 lists the main nutritional and functional effects that fermentative -ongamisms can
produce on theysproducts of the milling industry. Fermentation generally acts mainly on increasing
the bioavailability of minerals and vitamins, on protein content and digestibility, and on the solubility
of fibers and phenolic compoun@gerni et al, 2019) However,in some cases additional effects
were found, including the production of bioactive compounds with anticancer properties observed in

in-vitro analysis.

Many authors have exploited the fermentation processes to obtain new products of interest from

wheat bran and germ and rye bran.

Table 1.3.Main nutritional and functional effects that fermentative miorganisms can produce

on the byproducts of the milling industri/erni et al., 2019)
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Cereal by-product Bioprocessing employed

Effect References

Wheat bran Lb. brevisE95612 andK. exiguaC81116 with enzymes;
bakerds yeast ; s plLbrbtlgaricesand s
St. thermophilus o mbi ned wi th baker

Lb. brevisE-95612 andCandida humili€E-96250 with cell
wall-degradingenzymesb. brevisE95612 anK. exigua
C81116 with enzymes; spontaneous fermentation

Spontaneous
St. thermophilus o mbi ned

f e r me libtbaldaiicosangd;
with baker

Baker 6A. oryzaed BCC 3107;Hericiumerinaceus
spontaneousfermentation; lactic acid bacteria and yeasts
enzymes

Propionibacterium freudenreichbSM 20271
Mucor spp.

Wheat germ Lb. plantarumLB1 andLb. rossiae_B5

B. subtilisB1; Lb. plantarumLB1 andLb. rossiae_B5

S. cerevisiaglb. plantarumLB1 andLb. rossiad B5

Rye bran Bakerds yeasts

Lactobacillus reuteriWeissella confusa

Mucor spp.

Higher fibersolubility (Codaet al, 2014; Katineet al, 2007;

Manini et al, 2014; Zhacet al, 2017)

Increased peptides and free amino acids

content and in vitro protein digestibility (Arte et al, 2015; Codat al, 2014; Manini

et al, 2014)

(Manini et al, 2014, Servet al, 2008; Zhac
et al, 2017)

(Duhanet al, 2016; Maniniet al,, 2014;
Mateo Ansoret al, 2009; Savolainesat al,
2014; Xieet al, 2010)

(Xie et al, 2018)

Decreased phytic acid content

Higher phenols content and antioxidant
activity

Fortification in vitamins

Increase of gammbnolenic acid and-

2
carotene content ( L e etnl? 2013)

Increased freamino acids content, protein
and minerals bioavailability, decreased ar
nutritional factors

(Rizzello, Nionelli, Coda, De Angeligt al,
2010)

Increased antioxidant activity due
tophenolics or bioactive peptides

(Niu et al, 2013; Rizzello, Nionelli, Coda,
De Angelis,et al, 2010)

In vitro and ex vivo anticancer and
antiproliferative properties

(Boroset al, 2005; ComirAnduix et al,
2002; Rizzelleet al, 2013; Saiket al,
2009)

Release of phenolic compounds, increase

folates content (Katinaet al, 2007)

Exopolysaccarides synthesis (Kaditzky et al, 2008; Kajaleet al, 2016)

Increase of gammknolenic acid and-

( L e ettal2 2013)
carotene content '
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Wheat Bran Fermentation

As described in the previous paragraph, the conventional wheat roller milling separates the endosperm
from the bran and further grinds it into wheat flour, while the bran together with the aleuronic layer
and the remnant of the endosperm becomes a mblgroduct. Bran layers are rich in bioactive
compounds beneficial to health, such as dietary fibers and phenolic acids, however these compounds
are trapped in cell wall structures that resist conventional grinding, resulting in low bioavailability
(KamatEldin et al, 2009) In order to enhance the nutritional potential of bran, new milling
techniques, enzymatic treatments and fermentation processes focused on the structu(€otflaran

et al, 2015) In particular, the fermentation of wheat brannaler combined with other approaches,

in recent years attracted the interest of the scientific community.

For exampleManini et al.(2014) reported that after the fermentation of bran with a stable microbiota

of lactic acid bacteria and yeasts obtained through a traditional daily refreshment procedure, the
soluble dietary fiber increased by up to 30%. A combinationLaétobacillus bulgarias
Streptococcus thermophilasn d c ommer ci al br ewer 6s (Zhaostal, al s o
2017)

Wheat bran is also a rich source of proteins and amino acids with high biological and nutritional value
(Lenaet al, 1997) However, multipe factors, including the structure of the layers and the high
content of antinutritional factors (phytate able to forms insoluble phptatein complexes), limit

their bioavailability (Guo et al, 2014) Several authors reported that, during fermématthe
proteolytic activity of lactic bacteria and endogenous proteases activated by low pH, were able to
increase the concentration of peptides and free amino acids, including the functiepat rori-e i n 2
aminobutyric amino acid (GABAJArte et al, 2015; Codaet al, 2014; Maniniet al, 2014) thus
increasing then-vitro digestibility of proteins. In fact, the digestible protein fraction can provide
information on the stability and quality of proteins, and it was demonstrated that fermemted bra
possessed a ratio of essential amino acids, a nutritional index and a biological value higher than

unfermented bran and even greater when in combination with enf@oéaet al, 2014)

The cell walls of aleurone and pericarp contain ferulic acid attioxidant properties and anti
inflammatory effects. However, ferulic acid has a very lowdsoessibility because it is mainly
esterified with arabinoxylan@nsonet al, 2012; Brounst al, 2012) Also in this caseManini et

al. (2014)showed that the release of ferulic acid was favored by the spontaneous fermentation carried
out by lactic acid bacteria (mainly belonging to the geneaatobacillus Leuconostocand
Pediococcusand by yeasts able to increase the ferulic acid conteB2y
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Oxygen also plays an important role during fermentation. In fact, it was observed how the amount of
oxygen affected the microbiota and the metabolite profile of a liquid wheat bran sourdough. The
results obtained showed that the condition of anaes@hiwhich favored the growth of lactic acid
bacteria and endogenous heterotrophic bacteria, increased the amount of synaptic acid and induced
the conversion of caffeic and ferulic acids into their derivatives, while, aerobic conditions favored the
presene of phenolic compounds dihydrophenylenel ethanol and hydrophenylacethaldehyde

due to yeast growth. In addition, it was found that the content of amino acids in liquid wheat bran

sourdough after anaerobic fermentation was higher than aerohiSanoéainenet al, 2014)

It is well known that wheat minerals and vitamins are mostly located in the aleurone layer of bran.
However, bran contains an abundant amount of phytic acid which is an antinutritional factor and
determines the bioavailability of inerals. The reduction of phytic acid was reported by several
authors who observed an increase in phytase activity during the fermentation of bran, also in
combination with enzymefArte et al, 2015; Codeet al, 2014; Maniniet al, 2014; Serviet al,

2008; Zhacet al, 2017)

Microbial fermentation can also be used to obtain fortified products from a nutritional point of view.
For example(Chong Xieet al, 2018)usedPropionibacterium freudenreichbSM 20271, to obtain
a fermented bran contany the active form of vitamin B12 and a higher content in riboflavin,

demonstrating that vitamin synthesis can be carried out using bran as a substrate.

The use of milling byproducts in food processing involves technological drawbacks, which make
their application more complicated, however the use of these fermented products can bring benefits.
For example, some authors reported that wheat bran fermweitte@ither yeast or lactic bacteria
increased the phenolic content and therefore the antioxidant activity of (Katah et al, 2012;
Pontonioet al, 2017; Prickleet al, 2015)

Wheat Germ Fermentation

Wheat germ is a bproduct of the milling industry with high nutritional value, obtained during wheat
milling process. Compared to the egg protein pattern reference, wheat germ contains higher
concentrations of essential amino acids, in fact, it is rigiateins but also in unsaturated fatty acids,
vitamins, dietary fibers and minerg/Ge et al, 2001) However, the high lipase and lipoxygenase
activity that favor lipid oxidation and some antinutritional factors (phytic acid and raffinose) of wheat

germ adversely affect the stability limiting its consumpt{@nandolini & Hidalgo, 2012)

To solve this problem, the sourdough fermentation effects on the stabilization of wheat germ were
analyzed. The wheat germ sourdough fermentation was carried out by two lactic acid bacteria
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(Lactobacillus plantarumLB1 and Lactobacillus rossiaeLB5) isolaed from wheat germ by
(Rizzello, Nionelli, Coda, De Angelist al, 2010) The results showed that the fermented germ when
compared with the raw one, after 40 days of storage, showed very low percentages of the aldehydes
responsible for the perceptioh @ncidity, as well as of furanones, ketones, alcohols, lactones and
other volatile compounds present in the lipid oxidation. The lower lipase activity occurred was due
to the pH lowering during fermentation, which is also responsible for increasingribentration of

total free amino acids by 50%., in particular Lys, the main limiting amino acid of wheat flour, and
also GABA, present at a concentration of about 2 g/kg in the fermented wheat(Be&xmello,

Nionelli, Coda, De Angeligt al, 2010)also showed that the activity of phytase increased during the
wheat germ sourdough fermentation, improving the bioavailability of Ca++, Fe+, K+, Mn++, Na+
and Zn++ and, at the same time, a reduction of 45% and an increase of 33% of the reffinose and
phenol ontent occurred respectively resulting in higher scavenging activity toward free radical DPPH
and ABTS.

Due to the negative effects on the technological properties of flour and the presence of large amounts
of unsaturated fatty acids and of hydrolytic axdlative enzymes responsible for the short slifelf

of wheat germ, this is rarely used for food procesguggni et al, 2019)

To reduce the technological obstacles that prevent the use of wheat germ in Redzatig et al,
(2010)added to bread the fermented wheat germ with a lipase activity lower than the raw wheat germ.
The results showed an increase in GABA content & 8®)/kg and total free amino acids
concentration, in particular lysine, which is low in cereals. Moreover, bread enriched with fermented
wheat germ had the same baking properties as wheat bread and additional nutritional benefits
including improved digedtility of proteins in vitro and decreased activity of phytéRéezello,

Nionelli, Coda, Di Cagncet al, 2010)

In a recent study dPontonioet al. (2017) wheat flour bread was fortified with the addition of a
sourdough composed of 15%-pyoducts of milling (wheat germ and bran) which led to a food rich

in antioxidants including phenolic compounds and free amino acids but also 5% more dietary fiber
than wheat flour bread. In addition, the fortified bread obtained could be defined a food product with
"low glycemic index" because it reached a value of gricemic index of 36.9%, well below the threshold

necessary to belong to that categ@gntonioet al, 2017).
Rye Bran Fermentation

Rye is an important source of dietary fiber often used as whe# flour, however the conventional
milling of rye leads to the production of rye bran as a processhpgdanuct which can be used as an
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ingredient to increase e¢hnutritional value of the foofNordlund, Aura, Mattila, K, et al, 2012)
Moreover, rye bran is rich in bioactive compound with antioxidant and functional potential.

For this reasorKatinaet al. (2007)studied how fermentation conditions and type of bran (native or
peeled) could influence the I evels of Dbioacti
yeast for 620 h at temperatures ranging between 20 and 35 °C, increased the contenicadeetul

and total free phenols of 30% and 90% respectively for the peeled and native rye bran, while the
folate level increased over 100%. In particular, it was observed that the highest level of folate was
reached in presence of a higher content of inthgs lactic acid bacteria and therefore was strongly
dependent on fermentation conditions (longer time and higher temperature). However, the high
acidity reduces the activity of the enzyme responsible for the release of esterified ferulic acid to the
arabnofuranosile residues (cinnamoil esteréBeykov Hanseret al, 2014) for this reason, only

with pH values of 6,5, high levels of free ferulic acid could be obtai(i€dtinaet al, 2007)

Through the fermentation of lactic acid bacteria, methodsé the rye and wheat bran as substrates
for the exopolysaccharides (EPS) synthesis were studied. After 8 hours of fermentation with
Limosilactobacillugeuteriin the presence of sucros&@ditzky et al.(2008)found a high formation

of glucans in rye bran, moreovétajalaet al. (2016) proved that rye bran was an optimal substrate

for the production of dextran in situ, since reached dextran concentratior@%efoh dry matter,
following fermentation withwo strains oWeissella confuswith the ability to produce significant
amounts of dextran. The bran of cereals, is characterized by a poor capacity of structure forming, EPS
can improve the technological properties of materials by acting as hydrocaotiordpver, EPS
together with oligosaccharides can act as prebiotics and, in vitro, possess antitumor and
immunomodulatory activitieRuasMadiedoet al, 2002) Therefore, to obtain a food substrate with
increased functional properties, in situ synthe§iEPS and oligosaccharides could be an alternative
(Verniet al, 2019)

Despite increased awareness of the impact of diet on health and knowledge of the nutritional and
functional properties of these4pyoducts, from the consumers pointvedw, the choice still focuses

on the sensory and organoleptic properties of the products. Unfortunately, the appearance and taste
of a food do not always go haimathand with the health benefits, for this reason it is necessary to
find a balance betweeresired and undesired featur&$ierefore, in order to fill the technological

gaps and to ensure that the benefits found in vitro may also be present in vivo, further research about

these byproducts is needed.
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1.4. Sourdough

Fermentation of cereals, includingheat and rye, can provide nutritional and health benefits and
promote the development of beneficial microorganisms. For this reason, sourdough bread production
technology has attracted attention in many areas of the world in recent years. In factydbagio
fermentation, in addition to the several health and quality benefits, provides interesting organoleptic
characteristics to the final product and possessedumgal and antbacterial properties able to

improve its quality and shelife (Sakandaet al, 2019)

Among the oldest skills, baking technology and sourdough production are recognized in history and
are still implemented with some improvements (Chavan & Jana, 2008). Sourdough can be produced
from many types of cereal flour (especialljheat and rye but also barley, oats, corn, etc.), which
impart to the final product different characteristics of flavor, organoleptic properties, nutritional value
and sheHife (Gobbettiet al, 2018)

Sourdough can be defined as an acidic stespng mixture obtained by mixing water and flour,
which are fermented by homo and heterofermentative lactic acid bacteria (LAB) active metabolically
native, from fermented dough or a sourdough starter; andcabbmtinue to produce acids sourdough
when flour is added. This fermentation causes an increase of lactic acid and acetic acid concentration
responsible for the sour taste of the final brgd&heikha & Mahmoud, 2015; Vinkovet al, 2013)

LAB arethe dominant organisms of fermented sourdough and coexist with yeasts, also present in high
concentrations; the positive interaction between microorganisms and biochemical reactions make it a
product with high nutraceutical factqiGobbettiet al, 2014)

Sourdough contains a wide range of probiotics microorganisms with positive health &faeis,
2004) moreover, nutraceutical attributes include reducing the risk of colorectal cancer, cardiovascular

disease, diabetes and obesity.
1.4.1.Microbial diversity in sourdough

The sourdough microbiota is quite complex, especially if obtained by spontaneous fermentation. On
the bases of the type of substrate, the microbiota and the technology used for the production of bread,
the products that could be obtained are variousximele, in Italy are produced almost 200 different
types of wheat bread based on sourdough. From a microbiological point of view, studies on sourdough
was started hundreds years g@akandaret al, 2019) The microbial ecology of sourdough
fermentation is determined by endogenous and exogenous f@atdnisetti, Minervini, Pontonio, di

Cagnoegt al, 2016; Hammes & Ganzle, 1998he chemical and microbial composition of the dough
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constitute endogenodactors, while temperature and redox potential represent exogenous factors.
Therefore, process parameters such as fermentation time, salt addition, dough yield, quantity and
composition of the starter and the number of refreshment steps can exert sfeois) af the
microbiota(De Vuyst & Neysens, 2005 he impact of these parameters during the refreshment
stages of the sourdough causes the selection of a peculiar microbiota that confers to the final cereal
product technological and nutraceutical speattributes(Gobbettiet al, 2007; Minerviniet al,

2018) Microbiological studies have revealed that from the sourdough come more than 50 species of
LAB, in particular species of the genus Lactobacillus, and more than 20 species of yeastsgincludin
mostly the gener&accharomycesind Candida (Assessment, 2009)n several studies, it was
observed that the sourdough contained a concentration of LAB ranging frofhtd»a.0 cfu per

gram of sourdough and yeast from 1%i®5x10 cfu per gram sourdougiammeset al, 2005)and
generally follow a yeast:LAB ratio of 1:100 in fermented wheat flour dd@ybbetti, 1998)The

LABs are considered GRAS (Generally recognized as safe) and were studied for a long time to be
used in food industries around the woflMagnussoret al, 2003) When GRAS microorganisms,

such as LAB and yeasts are added to wheat flour, they preaidous nutrients, including amino

acids and minerals, otherwise deficient in the final dough because grains of cereals are lacking in

these compound$akandaet al, 2019)
Yeast in Sourdough

Yeasts are present in the sourdough in a ratio of 1:100WAB and play an important role in
fermentation. The sourdough is generally composed of various species of yeast whose concentration
and type depends on several environmental factors (degree of dough hydration, type of cereal used,
acidity and sugar caent), processing techniques (leavening temperature and sourdough holding

temperature) and from the region of produciidfeckxet al, 2019)

About 20 species of yeasts were isolated from the sourdough, but six species are mainly present in
stable sourdoughSaccharomyces cerevisiae, Kazachstania exigua, Candida humilis, Pichia
kudriavzevii, Torulaspora delbrueckii afiRichia anomala (Wickerhamoyces anomalugHuys et

al., 2013) Most of these yeast species are also found in other ecosystems exkepifguawhich

was originally isolated from the sourdou@ugiharaet al, 1971)

A single sourdough usually contains only one or two gseai yeast at a time, and the most frequent

are C. humilis with K. exigua P. kudriavzeviiand S. cerevisiae(Vrancken et al, 2010)
Saccharomyces cerevisiag one of the most known species of yeast and widely found in the
sourdough but, since the stability of some sourdough depends on the specific cooperation between
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LAB and some yeast species, its presence in the sourdough is mainly due to its direct tdhe
dough or to an environment al contamination i f
(Olstorpeet al, 2011)

In Asian counties and Belgian sourdoughanomalas found abundantly compared$o cerevisiae
(DeVuystet al, 2014; Sakandaat al, 2018) P. anomalacompared t&. cerevisiagimproves the
organoleptic properties of the product by producing more volatile compounds, also gives the final
product numerous positive effects, including antimicrobial propertiés tabimprove shelfife
(Massart & Jijakli, 2014)

S. cerevisiaghat P. anomalaare both maltospositive and tolerate high osmotic pressure and low
pH while K. exigua and Kazachstania barnettiare maltose negative and can establish a
protocooperation witkrructilactobacillus. sanfranciscens{¥ranckenet al, 2010)

LAB in Sourdough

In the sourdough the dominant microbiota is composed by LAB, in particular belonging to the
Lactobacillusspecies, but there are also other bacterial species suobuasnostocWeissella
EnterococcusPediococcuslactococcusStreptococcuand many otbr bacteriagpecieqLiu et al,

2018)

More than 50 LAB species were isolated from the sourdough and, among them, about 30 species
were found mainly in this matrigGakandaet al, 2018)

Among these species, one of the most common LABUstilactobacillus sanfranciscensibut also
Limoslactobacillus pontis, Limosilactobacillus panis, Companilactobacillus paralimentarius,
Limosilactobacillus frumentiand Companilactobacillus mindensiare considered typical of
sourdough environments, in particular, their competitive metabolism has édamavironments
with higher temperatures and a long period of fermentation. Species dum¥ilastobacillus brevis
andLactiplantibacillus plantarunare considered ubiquitous, while bacterial species producing lactic
acid, Lactobacillus acidophilus ah@mosilactobacillus reuteriare of human gastrointestinal origin

and are generally due to contaminati@obbettiet al, 2016)

The LAB mainly present in fermented cereal products are divided into two categories:
AHomof er mentativeo are defined as LAB that p
fermentation by glycolytic cycl e nibms@dtgsethat t h a
produce lactic acid, acetic acid and carbon dioxide from thRo8phogluconate metabolic cycle
(Sakandaet al, 2018)
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Heterofermentative LAB are less common than homofermentative, which represent the spontaneous
microflora of thesourdough, but confer unique and more complex characteristics to the final product

producing a greater variety of aromatic compounds (Table 1.4).

Table 1.4.Lactobacillus species associated to sourdough fermenté®iakandar et al., 2018)

Obligately homofermentative Obligately heterofermentative Facultatively heterofermentative

Lactobacillus amylovorus Levilactobacillus acidifarinae Lactiplantibacillus plantarum
Lactobacillus acidophilus Levilactobacillus brevis Lactiplantibacillus pentosus
Lactobacillus delbrueckii Lentilactobacillus buchneri Companilactobacillus alimentarius

Companilactobacillus farcimini Limosilactobacillus fermentum  Companilactobacillus paralimentarit

Companilactobacillus mindens Fructilactobacillus fructivorans Lacticaseibacillus casei

Lactobacillus amylolyticus Limosilactobacillus frumenti
Lactobacillus johnsonii Lentilactobacillus hilgardii
Lactobacillus crispatus Limosilactobacillus panis

Limosilactobacillus pontis
Limosilactobacillus reuteri
Furfurilactobacillus rossiae
Fructilactobacillus sanfranciscens
Furfurilactobacillus siliginis
Levilactobacillus spicheri

Levilactobacillus zymae

The predominance of bacterial species in the sourdough during dough preparation depends on several
factors including carbohydrate metabolism, sourdough fermentation conditions and stress response
mechanisms. In fact, sourdough lactobacilli possess a nlistabloighly adapted to maltose and
fructose which are the main sources of energy of the dough, moreosanfranciscensisas growth
requirements that correspond to the temperature and pH encountered during the sourdough
fermentation and finally, theistress response mechanisms allow them to tolerate acid, thermal
oxidative, and osmotic stress conditigiide Vuyst & Neysens, 2005)n addition to these three
factors, during sourdough fermentation, the production of antimicrobial compoundsioctudsg

organic acids such as lactate, acetate etc., and protein compounds such as bacteriocins, which
contribute to stabilizing the persistence of these LAB and improving their competitiveness and
adaptationGéanzle & Vogel, 2003)
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LAB sourdough spees show unique technological properties related to the taste, staling, texture and
sheltlife of sourdough bread (Gobbetti, 1998). In fact, it was shown that the straifs of
sanfransiscensiandL. plantarumproduce a wide range of volatile compounds tiretefore, with

alsoL. pontis improve the flavor and taste of breé@obbetti & Corsetti, 1996; Hansen & Hansen,
1996)

In general, the heterofermentative metabolism, through the fermentation quotient (the molar ratio
between acetic acid and lacti@), mainly affects the flavor of the various baked products leavened.

In fact, ethyl acetate with some alcohols and aldehydes are mainly produced by heterofermentative
LAB, while homofermentative LAB produce diacetyl and other carbonyls, finally, yeasts

responsible for the presence of-mloohols.
Microbial interactions

The individual microbial strains and their combination and interaction strongly affect the final
characteristics of brea@ul et al.(2005) for example, reported differences in parameters such as the
specific volume and hardness of the crust and crimflact, the synergistic or antagonistic effect of
micro-organisms on the quality and nutritional value of bread is strongly taken into account by the

sourdough baking industri¢Sieuwertst al, 2017)

Sourdough ecosystems are characterized byestaldrobial associations between yeast and LAB
species and/or LAB species that establish important trophic relationships by highlighting the
metabolic capabilities of the species involved. These microbial associations establish a co
metabolism (or protocgration) which confers particular characteristics on the final product and

satisfies consumer demand.

For example, in the stable ye&$iB association betwedR. exigua(maltosenegative, acidolerant)

and F. sanfranciscensigmaltosepositive), competition is reduced and the growth of both

mi croorganisms I mproves bec akl saefrancibcgnsigdnvegrtihe s p h o
maltose present in the flour into glucose that is metaboliséd byigua(Nistal et al, 2012). Other
examples of stable yeasAB associations areK. barnettii (negative maltose)and F.
sanfranciscensis, C. humil{snaltosenegative, acidolerant) andF. sanfranciscensighe unique
combination of5. cerevisiaémaltosepositive),C. milleriandF. sanfranciscensjgnd the interaction

of S. cerevisiaaandL. plantarum(prefers glucose and fructogbat both synergistically improve the
production of carbon dioxide with a positive impact on the final leavened product and a better
palatabiliy (Corsetti & Settanni, 2007; lacumat al, 2009; Schieberle & Engel, 2002; Ventaeti

al., 2012; Vranckeret al, 2010) In contrastL. brevis when present in high concentration, hinders
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the growth ofS. cerevisidecause both are maltepesitive and compete for this substrate, therefore,
after propagatiorf. cerevisielecreases due to maltedependent gene repressihiu et al, 2018)
However, it was shown that yeast can be better associated with homofermentative LAB than
heterofermentative LABSakandaet al, 2018)

Finally, stable LAB species associations incluBe sanfranciscensisand L. plantarum C.

paralimentarius or L. brevis(Garofaloet al, 2008; Siragusat al, 2009)
1.4.2.Types of sourdough

Sourdough fermentation can be classified into three types. On the bases of fermentative
characteristics and the kind of technology applied, a specific sourdough microflora is selected (Table
1.5).

Type | sourdough fermentation

Type | fermentation is onef the oldest techniques of dough processing characterized by continuous
daily refreshments. The mother or starter dough, when fully developed, acts as an inoculum for each
bread dough. The consecutive reinoculus of a new batch from a previous batah i(chfiect
fermentation with refreshment or backslopping), ensures the maintenance of the active state of the
microflora (De Vuyst & Neysens, 2005)n fact, the type | sourdough is characterized by a high

metabolic activity, especially with regardleavening (gas production).

The process is performed at room temperature3(20C) and the pH is about 4(Ratinaet al,
2006) It is a long fermentation process, which takes time because it is astBpeermentation
process (fresh sour, basic s@nd full sour) and, unlike the type Il and Il fermentation methods,
among the leavening agents there isSatcharomyces cerevisifau et al, 2018) In fact, the most
dominant bacteria in this type of fermentation &mrictilactobacillus sanfrancisensis and
Limosilactobacillus ponti§Sakandaet al, 2019)while the dominant yeasts a@ humilisandK.

exigua
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Table 1.5.LAB and yeast species composition of Type I, Type Il and Type Ill sourdéughdt et
al., 2007; De Vuyst & Neysens, 2005)

LAB Yeasts
Type
Type | Type ll Type lll Type | Type Il Il
Dominant  Fryctilactobacillus  Limosilactobacillu Levilactobacillus Candida
sanfranciscensis S pontis brevis humilis - -
Limosilactobacillu Lactiplantibacillus Kazachstania
S panis plantarum exigua
Pediococcus
pentosaceus

Commonl
y isolated

Other
species
detected

Companilactobacillus

alimentarius

Levilactobacillus Lactobacillus
brevis acidophilus
Fructilactobacillus Lactobacillus
fructivorans crispatus

Companilactobacillus Lactobacillus
paralimentarius delbrueckii

Lactiplantibacillus Limosilactobacillu
pentosus s fermentum

Lactiplantibacillus Limosilactobacillu
plantarum S reuteri

Limosilactobacillus
pontis

Levilactobacillus
spicheri
Leuconostoc
mesenteroides

Weissella confusa

Lactobacillus
amylovorus

Companilactobacillus Limosilactobacillu
mindensis s frumenti

Companilactobacillus Lactobacillus
nantensis johnsonii

Furfurilactobacillus  Limosilactobacillu

Levilactobacillus
hammesii

rossiae S mucosae
Lacticaseibacillus

Pediococcus spp. paracasei
Lacticaseibacillus

Weissella cibaria rhamnosus

Saccharomyce: gaccharomycet
cerevisiae

cerevisiae
Pichia Pichia
kudriavzevii  yydriavzevii

Torulaspora  Candida
delbrueckii glabrata

Candida
boidinii
Debaromyces
hansenii

Brettanomyces
bruxellensis
Galactomyces
geotrichum
Torulaspora
pretoriensis
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Type Il sourdoughfermentation

Type Il fermentation are seffluid silo preparations and takes less time than type | fermentation
because is a continuous propagation and-teng onestep process fermentations.

Typical type Il processes takesdlays and, to accelerate the process, are often performed at increased
fermentation temperature (usually > 30 {@). P. Hammes & Ganzle, 1998)hese sourdoughs show
a high content of acid and, after 24 h of fermenmtieeach pH <3.5. Microorganisms in the

sourdough show restricted metabolic activity because they are generally in the late stationary phase.

These sourdoughs can also be produced in large quantities in local bakeries and are stored fresh until
use (sheHife of a week).

The type Il sourdough has different qualities and aromatic compounds compared to type | because
fermentation possesses completely different process parameters and consequently it is composed of
a different microbial ecosystem. The condigoof the type Il sourdough make the environment
inhospitable for F. sanfranciscensis which is therefore not enough competitive to dominate the
fermentation. In fact.,.. acidophilusL. delbrueckij L. johnsonij C. farciminis L. amylovorugrye),

L. brevs, L. panis L. frumentj L. pontis L. fermentunmL. reuteri andWeissellgW. confusaspecies

were foundMduiller et al, 2001)

This fermentation process is mainly used to produce bakery products in industrialized processes
where faster, more efficient, controllable and lasgale sourdough fermentation processes are

required.
Type Il sourdough fermentation

Type Il fermentationis the most advanced procedure for flour fermentation and is the fastest
fermentation process among the three fermentation types. In this process, the sourdough containing
the defined starter culture for fermentation is dried and stored until furtheinuset the drying

process leads to an increased slifdf of the sourdough. The sourdough powders obtained are
directly used for the fermentation of the dough and as acidifying supplements and carriers of aromas
during the breadmaking.

They mainly contia LAB of easy handling, dryingesistant and able to survive in that form such as

L. brevis P. pentosaceuandL. plantarum(De Vuyst & Neysens, 2005; Voget al, 1999) This

type of fermentation is adopted in technologically advanced countries, it is convenient, simple to
apply and allows to obtain bakery products with standardized qualitative and organoleptic

characteristic¢Sakandaet al, 2019)
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CHAPTER 2

| ntroduction
The Alternative Protein Source
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2.1. Alternative Protein source

By 2050, there will be at least 9.7 billion people globally and more sustainable food sources are
needed to meet these increasing demands (United Nations, 2022). In 2050, the demand for meat and
milk is expected to increase by 58% and 70% compared tol@@dl8, and demand will mainly come

from developing countries (FAO, 2011), however, a significant increase in food production will also
be expected@Paiset al, 2009) These aspects involve issues related to the environment and human
health because, the application of current technologies to provide food to the entire population of the

future will result in unsustainable pressure on water, land and ef\é&gyeauet d., 2016)

According to the Stockholm International Water Institute;8%06 of water is consumed by
agriculture and most of it is used for meat production, in fact, livestock production requires high
resources: the f ar mi ngefreeaeavwhichecsrrespdnds toatbout73%e0f w o
all agricultural land (including crops and pasture) and consumes 8% of the global use of human water,
mainly for irrigation of feed crops (FAO, 2009), therefore animal products generally have a much
higher wate demand than plasfiased food¢§Mekonnen & Hoekstra, 2012)n addition, livestock

and animal waste produce at least 51% of all greenhouse gases of which about 14.5% are of
anthropogenic origin (GHG) (7.1 Gigatons of £€yuivalent per year)Gerberet al, 2013)and

animal farming causes more than 50% of soil erosion worldwide, resulting in increasing
desertification. Finally, it is important to point out that 65% of human infectious diseases are

transmitted by breeding animdlSémezet al,, 2019)

However, from a future perspective point of view, the supply of a sufficient amount of protein is of
great concern because, for most of the human population, most of the proteins that contribute to an
adequate and balanced diet are obtainewch foroducts such as milk and meat derived from farmed

animals.

Therefore, emerging data show that there is a link between diet, health and the environment that,
associated with the problems already existing, underline the need to transform the globydtiernd
(Caronet al, 2018) To achieve this shift towards healthy and sustainable diets, the scientific and
technological research of nutrition focused on the exploration and exploitation of alternative protein
sources able to replace the protein sesiicurrently used (industrial animal proteins) and, at the same
time, able to provide adequate human nutrition and have a lower environmental(iBmpastmann

& Weiss, 2021)
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Meat substitutes have many advantages (Figure 2.1) and can deriveVapietyaof raw materials
based on plant material, including terrestrial plants (cereals, legumes, potatoes and oilseeds) and

algae, mycoproteins (fungi) and proteins of animal origin (milk, insects and cultured meat).

Raw materials containing alternativefeins have different qualitative and nutritional characteristics
that may bring improvements or limitations to the final product (Table 2.1). For example, they may
have a high (e.g. legumes or insects) or low (e.g. potato) protein content or contaitrifotial
compounds or cause allergic reactions to sensitive sulffgnttanaet al.(2015)showed that among

the different meat substitutes, the environmental impact of cultured meat and mycepastsin
analogues was higher than chicken (local Yeed dairy and gluten meat substitutes that had medium

impact, while insect and sapeal substitutes (bgroducts) had the lowest environmental impact.
2.1.1. Protein composition of meat substitutes

The protein content of meat substitute raw materials is not necessarily a decisive factor for
commercial use as the total amount of raw material available has a more important role. In addition,
the use of other raw material fractions as predominant éxinatargets is also important for

availability and price. For example, many alternative proteins are obtained from starch or oil

processing byroducts previously used in lower value applications such as animal feed.

Osborne (1907) developed a fractiooatscheme that divided proteins into four general classes:
albumins (watesoluble), globulins (soluble in dilute saline solutions), prolamines (soluble in

agueous ethanol mixtures) and glutelins (soluble in dilute or totally insoluble acid/alkaliners)lut

On the basis of this classification the properties and general composition of the main alternative
protein sources can be described.

Cereal and pseudaereals

Proteins in wheat, rice and corn are mainly composed prolamins and/or glutelins (ehseltgrle
proteing while proteins in quinoa, oats and amaranth are composed of albumins and/or globulins
(Janssemwt al, 2017; Klose & Arendt, 2012)

Legumes

Depending on the season and the variety of legumes, the main storage proteins may vary but generally
are globulins (often >50%Boye et al, 2010) 2S albumin fractions play an important role in the
release of cysteine, and they are also a minor fraction of the deposit proteins that can be found in
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some legumes while other albumins are metabolic proteins in the plant and can act as antinutritive

compounds (enzymatic inhibitors and lectiiShevkanet al, 2019)
Oilseed

In oilseeds, such as sunflower and rapeseed, the main protein classes are 11S globulins fractions
followed by albumins, while pumpkin seeds may also contain a large fractiomtefiglbut the
concentration of each fraction depends on the different pumpkin sp@am@pbeliet al, 2016; Pham

et al, 2017)

Insect

Although insects are composed of striated muscle tissue their overall size is too small for direct
effective use in food, therefore, depending on the final application, it is necessary to remove
extraneous compounds before further processing into congmexnhatricegAzzollini et al, 2019;
Smetanat al, 2018)

Insect proteins include sarcoplasmic proteins (wsdduble), myofibrillary proteins (saftoluble),
and connective tissue (aesluble or alkalingnsoluble) which are respectively comparalb
albumins, globulins and glutelins. In particular, insects have an important share of myofibrillary and

connective tissue proteiff&rossmann & Weiss, 2021)

Contribute to

a balanced
diet

Reduce the
unsustainable
pressure on land,
oceans, water
and energy

Satisfy the food
requirements of a
growing human
population

Proteins from:

INSECTS,
AQUACULTURE, ‘ Avoid human
OILSEED MEALS i i
) infectious
Reduce animal GRAINS

diseases that are
transmitted by
animals

wastes and
greenhouse gases

LEGUMES

Insects reproduce
easily, are more
efficient in converting
feed into biomass and
can be reared on
smaller surfaces

Use farming lands
to produce more
variety of
products

Figure 2.1. Advantages of using alternatives to industrial farm animal proteins source.
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Table 2.1. Characteristics Alternative Protein Sourgd$havamani et al., 2020)

Protein source

Nutritive value

Advantages

Limitations

Plant based
(soy protein)

Plant based
(pulses or
legumes)

Plant based

Soy is a good source of protein and fibe Ideal for consumers with lactose and gluten

Rich in bioactive phytoestrogens called
isoflavones

Soy protein andsoflavones have been
shown to decrease the LDL levels

Protein rich and high fiber content

Pulses can be deficient in methionine ar
cysteine but can be easily supplemente(

intolerances

Less allergic tendency

Allergic predisposition to soy proteins

Except for chick peas, most legume proteins
have weaker gel formation. This makes the
process of medtke texture formation
challenging

Wheat protein provide high calories thar Gluten is used in meatternatives owing to  Gluten sensitivity, celiac disease, and wheat

(wheat protein or legume based meat alternatives

gluten)

Fungus
(mycoprotein)

Insect based
(entomophagy)

Cultured meat

Rich in protein, fiber content and
micronutrients

Low-calorie healthy food

Protein contentomparable to meat
Rich fat content

High in trace elements

Nutritive value equivalent to meat

easily solubility, viscosity, binding and doug allergy

formation properties

4 to 10 times less carbon footprint

Most efficient production with low
environmental impact

Low greenhouse gas emission and water
consumption

Lessagricultural land use

Less allergic tendency

When compared to soy products and
mycoprotein, wheat products have relatively
low fiber and proteirtontent

Extensive processing required

Relatively expensive

Lower community acceptance

Less established governing laws

Lack of naturalness hampers consumer
acceptance

Long-term benefits/risks unknown
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2.2. Insect as Food Source

The growing number of scientific publications and private companies engaged in the production of
insect products highlight the growing interest in the use of insects as food and feed. Recently, the idea
that edible insects are a food used only in margingironments has been questiofleesnik, 2017)

In fact, it was discovered that 1,8 million years ago one of the main sources of food in Tanziania were
insects(van Huis, 2020and primates were able to digest the chitin contained in insect exogkeleto

long considered indigestible, using the mammalian acid chitinase enzyme acidic mammalian
chitinase(Janiaket al, 2018)

The practice of eating insects is called entomophagy and is traditionally practiced by more than two
billion people in the worldmainly in South East Asia, Central and Western Africa, and Central and
South America. There are more than 2000 species of insects consumed by man (Jongema, 2017) and
among them, 31% are beetles (Coleoptera), 18% are butterflies and moths caterppiaisptera),

14% are wasps, bees, ants (Hymenoptera) and 13% are grasshoppers, locusts and crickets
(Orthoptera), 10% are cicadas, leaf and planthoppers, scale insects and true bugs (Hemiptera), 3% are
termites (Isoptera) and another 3% is for dragonfli@donata), 2% are flies (Diptera) and other
orders are included in a 5¢Arnold Van Huis, 2013)In western countries, insect species bred for

food were already used as feed for domesticated animals and included species: Mealworms_yellow
mealworm Tenebrio molitoy, the lesser mealwormAlphitobius diaperinus the superworm
(Zophobas morip Crickets_ mainly the house crickeidheta domesticyisbut also the tropical

house cricket or banded crickégrllodes sigillatuy and the twespotted cricke or African or
Mediterranean field cricketQryllus bimaculatuy Locust species  migratory locudstotusta
migratoria) and the desert Locusi¢histocerca gregarjaBy-products from the silk industry (pupae

of the domesticated silkworBombyx mopior from beekeeping (the drones), while, the mealworms,

the black soldier fly and, to a lesser extent, the houséMilis¢a domestigaare employed only as
feed(van Huis, 202Q)

The use of insects as a sustainable animal protein source is supported bHybesedical aspects
(Figure 2.2). The breeding of insects requires a very small area of land compared to conventional
farms, in addition, insects have a high fertility and some species carry out more than one life cycle
per year. Emissions of greenhousses and ammonia per kg of meat are lower in insects than in pigs
and cattle(Makkaret al, 2014; Verbeket al, 2015)and have excellent feed conversion efficiency,

in fact, to increase by 1 kg of body weight, crickets require only 2 kg of(f¥&adHuis, 2013) In

particular, unlike poultry which converts only 33% of food proteins into edible body mass, the
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Argentine cockroaches utilize 51%8% of dietary protein, black soldier fly about 45%% and
yellow mealworms 22%45% (Mondalet al, 2019) Finally, a further advantage of insect production
systems is the bioconversion of food waste, in fact, omnigdr@ects can be raised on organic waste

by exploiting biomass with a conversion percentage between 60 an(C9@8tez, 2021)

= Y T g .

Cricket Chicken Pork
80% 55% 55%
‘
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2.65kg 2.8kg 3.87 kg 2,67 kg 12.51kg
Mealworm Milk Pork Chicken Beef
173MJ 149 MJ 240 MJ 151 MJ 275 MJ
Mealworm Milk Pork Chicken Beef
18m? 58 m? 63 m? 51 m2 254 m?
Mealworm Milk Pork Chicken Beef
2L 34L 57L 31L 112L
Cricket Chicken Pork Dairy Beef

Figure 2.2.Comparison between insect farming and conventional livestock farming with respect to
a) percentage of digestible biomass, b) feed conversion ratio, c) global warming potential, d) energy

use, e) land use e) water use (Mondal & Ganguly, 2019).

Regarding nutritional value, it is difficult to generalize among the 2,000 species of insects consumed
worldwide. In general, insects are highly nutritious because they are characterized by good sources
of proteins, fats, minerals, vitamins and energycBigally, the protein content of insects is generally
similar to that of beef, pork and chicken but they contain more polyunsaturated fatty acids and have
a higher content of minerals such as iron and @@uwmpold & Schltter, 2013}he energy conteng

also on average comparable to meat (on the basis of fresh weight) except for pork which has a high

fat content (Duset al, 2010), in any case this topic will be deepened in the following paragraphs.

Considering the positive aspects, edible inseatsrepresent an interesting alternative food to meat

products and contribute to world food security. However, insects also contain antinutritive and
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harmful components that should be taken into account, since insects can contain toxic substances and
cause bergic reactiongde Gier & Verhoeckx, 2018a; Gabv al, 2018)

2.2.1. Nutritional composition of edible insects

Edible insects can be eaten raw or processed (roasted, fried, boiled, roasted, extruded, etc.).

The published scientific data on the nutritional composition of edible insects are very variable and
depend on the methods of analysis but mainly by the ibgeet the stage of development, the sex

of the species, the diet and the processing method used on {kKaéota et al, 2018; Rumpold &
Schliuter, 2013)Rumpold & Schlute(2013)showed that protein and fat, were the main components

of insects followed by fiber, nitrogedinee extract (carbohydrates other than fiber), and ash.

The protein intake of most insects, especially caterpillars, house flies and grasshoppers, is higher tha
that of pork, beef, poultry or lan(®rivastaveaet al, 2009) Depending on the type of insects and the
stage of development, the protein content usually varies between 35.3 and 82% of the dry weight, and
the higher protein content is generally founuidg the larval or pupal stage compared to adult insects
(Durstet al, 2010; Rumpold & Schliter, 2013)

The fat content varies from 13% to 33% while, the fiber content, including chitin (N
acetylglucosamine present in the insectsd exo
13.6% for true bugs (Hemiptera). In particular, the chitin conterdroheercially bred insects varies
between 11,6 to 137,2 mg/kg on the dry matter l{&snke, 2007) The nitrogerree extract content

ranges from 4.6% for dragonflies (Odonata) to 22.8% for termites (Isoptera) and the ash content varies
between 2.9% and013% for cockroaches (Blattodea) and flies (Ditteri) respectifiRlynpold &
Schluter, 2013)Like the nutritional components, also the energy content of edible insects is subject
to large variations, in fact, it ranges between 426.3 kcal/100 g fohgmgss's, locusts and crickets
(Orthoptera) to 508.9 kcal/100 g for caterpillars (Lepidoptera), but it can also reach a maximum value
of 776,9 kcal/100 g for the caterpillBhasus triangulariswhich makes the insect a source of energy
higher or comparabl® that of meat or protein sources of vegetable ofigiravamanet al, 2020)

The average nutrient composition and energy contents of different orders of insects is summarized in
Table 2.2.
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Table 2.2.Average nutrient and energy contents on a dry matter of edible insect orders (Rumpold & Schliter, 2015).

i , Bees, wasps, . _ ~ Grashoppers,
Nutrients and Cockroaches Beetles El|es Bee_‘tles ants Termites Cate_zrplllars Dragonflies Iopusts,
energy* (Blattodeg (Coleoptera  (Diptera)  (Hemiptera (Isopterg (Lepidoptera  (Odonatg crickets
(Hymenoptera
(Orthopterg
Protein, % 57.30 40.69 49.48 48.33 46.47 35.34 45.38 55.23 61.32
min 43.90 8.85 35.87 27.00 4.90 20.40 13.17 54.24 6.25
max 65.60 71.10 63.99 72.00 66.00 65.62 74.35 56.22 77.13
SD 11.71 15.61 13.12 15.09 15.19 15.91 15.56 1.40 14.65
Fat, % 29.90 33.40 22.75 30.26 25.09 32.74 27.66 19.83 13.41
min 27.30 0.66 11.89 4.00 5.80 21.35 5.25 16.72 2.49
max 34.20 69.78 35.87 57.30 62.00 46.10 77.17 22.93 53.05
SD 3.75 18.91 9.35 18.74 11.96 9.05 17.89 4.39 10.90
Fiber, % 5.31 10.74 13.56 12.40 5.71 5.06 6.60 11.79 9.55
min 3.00 1.40 9.75 2.00 0.86 2.20 0.12 9.96 1.01
max 8.44 25.14 16.20 23.00 29.13 7.85 22.00 13.62 22.08
SD 2.81 6.50 2.81 5.74 6.32 2.47 5.15 2.59 4.23
NFE, % 4.53 13.20 6.01 6.08 20.25 22.84 18.76 4.63 12.98
min 0.78 0.01 1.25 0.01 0.00 1.13 1.00 3.02 0.00
max 10.09 48.60 8.21 18.07 77.73 43.30 66.60 6.23 85.30
SD 491 12.33 3.25 5.93 20.56 17.16 19.81 2.27 17.22
Ash, % 2.94 5.07 10.31 5.03 3.51 5.88 4.51 8.53 3.85
min 2.48 0.62 5.16 1.00 0.71 1.90 0.63 4.21 0.34
max 3.33 24.10 25.05 21.00 9.31 11.26 11.51 12.85 9.36
SD 0.43 4.83 8.14 5.44 1.56 3.98 2.65 6.11 1.65
Energy, - 490.30 478.00 478.99 484.45 - 508.89 431.33 426.25
Kcal/100g
min - 282.32 216.90 328.99 391.00 - 293.00 431.33 361.46
max - 652.30 552.40 622.00 655.00 - 776.85 431.33 566.00
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Edible insect protein content

Among edible insect species, the protein content varies from 35.5% for termites (Isoptera) to 61.3%
for crickets, grasshoppers and locusts (Orthoptera) calculated on the dry matter. In fact, among the
edible insects at global level, the species belongirtige order of Orthoptera (grasshoppers, crickets

and locusts) represent a valuable alternative protein source because they are among the richest in
protein reaching protein content up to 77% on dry matter characteristic of different species of
grasshoppear(Palmar de Bravet al, 2007)Vegetable protein sources such as dried soybean have a
protein content of 35.8% and when compared with the protein content of insects, the great potential
of this alternative protein source becomes evident. However, it is necessary to take into aecount th
quality of nutrients, digestibility and availability in food of insect proteins (Rumpold & Schliter,
2015). Compared to casein and soy, the availability and digestibility of insect proteins is promising
but removing chitin can further vary and imprd@zimeket al, 1985 Finkeet al, 1989) Among

the species and orders of edible insects, the amino acids composition widely differs. However, the
World Health Organization (WHO, 2007) reported that it also meets the amino acid requirements of
human adlts (in mg/g of protein) in terms of methionine (16 mg/g protein) and methionine + cysteine
(22 mg/g protein), except for flies containing cysteine in a concentration of 6 mg/g protein.

According to the WHO (2007), the essential amino acids necessargufoan nutrition are
satisfactorily provided by most edible insects except for except for the order Diptera (flies) low in
leucine and cysteine and the order Hemiptera (true bugs) low in isoleucine, lysine, phenylalanine +
tyrosine and valine. MoreoveRumpold & Schliter(2013) reported that some insects are rich in
tryptophan, lysine and threonine, and some species contain high amino acid values for phenylalanine

+ tyrosine.
Edible insect lipid content

Fat, after proteins, is the second main component in the nutritional caimpasiedible insects.

The average fat content varies from 13.4% to 33.4% on dry matter for Orthoptera (grasshoppers,
crickets and locusts) and Coleoptera (beetles and their larvae) respectively. Among the species of
edible insects those with a high faintent are the wadp. instabiliz(Hymenoptera) with 62% fat,

the palm weevil larvaBhynchophorus phoenidi€oleoptera) with up to 70% fat and the caterpillar

P. triangularis(Lepidoptera) with approximately 77% fat on a dry matter l@mnsotoso & Adedie,

2007; Ramo<£lorduy et al, 1997) The high caloric values of high fat content insects make them

suitable for use as supplements in high energy diets.
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The composition of insect fatty acids depends on their diet and, as observed in conventional livestock,
on the composition of the feedrathistered. For example, black soldier fly larvae fed with fish offal
were significantly enriched with ome@apolyunsaturated fatty acids, eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHB}Hilaire et al, 2007) However, in nature, insect®ormain
saturated fatty acids (SFA) in a range between 31.8% for bees, wasps and ants (Hymenoptera) and
42.0% for termites (Isoptera), while monounsaturated fatty acids (MUFA) vary between 22.0% and
48.6% for Isoptera (termites) and Hymenoptera (bees, waspls ants) respectively and
polyunsaturated fatty acids (PUFA) range from 16.0% for flies (Diptera) to 39.8% for butterfly and
moth caterpillars (Lepidoptera). The cholesterol content also depends on the diet of insects, infact,
insects are not able to ghesize cholesterol but can convert plant sterols from their diet into
cholesterol, therefore insects bred with specific diets may be cholesesrdRumpold & Schliter,

2015).

Edible insect micronutrient content

It is assumed that the diet of edible insects will also affect the content of micronutrients which is
composed by minerals and vitamins. Within the same species of edible insects, the content of minerals
is so variable as to render insignificant the catiah of the average values. However, it was shown

that the consumption of edible insects can provide phosphorus levels able to meet the dietary needs
of adults(Rumpold & Schltter, 2013)n addition, different types of insects, especially belonging to

the orthoptera order (crickets, locusts and locusts) provide a significant amount of magnesium
(Kohleret al, 2019) Edible insects contain more iron, zinc, and calcium than beef, pork, and chicken,

but are also considered good sources of manganese, copper, and S@enatet al, 2010)

As regards vitamins, on the basis of the FAO recommendation (2004) cogc#rairvitamin
requirements of human adults, the contents of pantothenic acid, riboflavin and biotin in edible insects
are high, moreover, insects rich in folic acid belong to Orthoptera order (grasshoppers, crickets,
locusts) and Coleoptera (beetles ararttarvae) orders. In contrast, insects are not a good source of
vitamin C, vitamin A, vitamin E, thiamine and niagRumpold & Schliter, 2013)

Edible insect chitin content

Whole dried insects possess at least 10% chitin, representing a good source of fiber in the human diet
(Bellucoet al, 2013) Chitin is a carbohydrate polymer that forms the exoskeleton of most arthropods,
including insects. Recently it was found thdiitm has a prebiotic potential able to enhance
gastrointestinal health by promoting the proliferation of the natural microbiota in t(®ajemiuset
al., 2018) Chitin as prebiotic indirectly helps to facilitate the food digestion and prevent itierine
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of microbial foodorigin diseases by encouraging the multiplication and prosperity of useful intestinal
bacterial species such lactobacillusandBifidobacteriaand reducing the growth in the human gut

of pathogenic microorganisms such as enteropatho@eticerichia coli Salmonella typhimurium

and Vibrio cholera (Fernandest al, 2008; Steeet al, 2000) However, chitin can represent a
potential moleculapattern that promaotg allergies. In fact, mammals do not synthesize chitin and
therefore is considered a potential target for recognition by their immune g§&temAli Komi et

al.,, 2018; Franci®t al, 2019) The allergic potential of chitin could therefore bring toxicological

problems to foods containing insdxsed ingredients.
2.2.2. Safety of Edible Insects

When new food sources are studied, attention should be paid to risk factors. Just like plant and animal
food, some insects are not safe to eat or eflihlestet al, 2010) In addition to nutritional benefits,

edible insects can provide potential exogenous and endogenous risk factors to human health which
can be grouped into three categories: chemiaabdical and allergen. According to EFSA, the insect
production method, the substrate used in the breeding process, the insect species and the insec
collection phase may influence the concentration of contaminants in insects and its derived food
(Hardy et al, 2015) The feed substrate on which insects are bred plays an essential role in the
exposure of food safety hazards in ins€et der FelKlerx et al, 2018) Therefore, in order to
improve the food safety aspect of edible insects it is sacg$o use a feed substrate free of quality

risks.
Presence of Antnutrients

Antinutrients, or antinutritional factors, are naturally occurring substances in plant origin foods in
higher concentration than animal origin food, able to inhibit use, digestitake, and absorption of
nutrients and, depending on the type and concentration in food, may produce other adverse effects on
the consumers heal{Eunice Akande & Agu, 2010; Imathiu, 2020)

Some varieties of edible insects contain different types of antinutrients, for example, phytates and
tannins were detected in some types of grasshoppers, meal bugs and termites. Saponins, alkaloids,
oxalate and cyanide are also antinutrients detected @wandtified in edible insect@mathiu, 2020;
Musundireet al, 2016)

Presence of Heavy metals

Food contamination by heavy metals induces toxicity and causes both acute and chronic adverse

effects on human and animal hegl8ouza & Peretiatko, 2002ZJhe accumulation of heavy metals
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in edible insects is due to many factors including the spatieggrowth phase and the feeding of
insects (EFSA, 2015). Although knowledge of the safety of edible insects in relation to heavy metals
is limited, it has been shown that heavy metals such as cadmium, arsenic, lead and mercury
accumulate in insecfsan cer FelsKlerx et al, 2018) The extent of the accumulation of these heavy
metals depends on the metal element, insect species and stage of (fiewdr et al, 2015)
Cadmium and arsenic are the heavy metals of greatest concern becaaseuhayate respectively

in black soldier fly and in yellow mealworm larvae that are of great interest in Western countries for
use as food and feédan der Fel&lerx et al, 2018) Low concentrations of mercury, lead, cadmium

and arsenic were also deted in mulberry silkworm, scarab beetle, house cricket and Bombay locust
(Kohleret al, 2019)

Presence of Pesticide residues

Pesticide residues may be present in indeded ingredients and food when insects are collected

in nature and thediet is not monitored. Some authors reported the presence of pesticide residues in
edible insects. Some authors reported the presence of pesticide residues in edibl®rBelist(

1999; EFSA, 2015 harltonet al, 2015; Gaet al, 2014; Houbrakest al., 2016; Pomat al,, 2016)
However, it is possible to produce edible insects without pesticide residues through the breeding of

edible insects where their feeding is controlledathiu, 2020)
Presence of Mycotoxins

Studies to determine the presence and extent of mycotoxin contamination of edible insects and
derived foods are limited, however according to the FAO (2013), mycotoxins detected and quantified
in edible insects may result from contamination of the feedtsate by many phytopathogenic and

food spoilage moulds belonging to the gerfamaarium AspergillusandPenicilliumand could also

be produced in insects gut. Some authors reported variable concentrations of mycotoxins in edible
insects, these can haveuge and chronic effects on human and animal health and put food safety at
risk (Braideet al, 2011; Musundiret al, 2016; Simpanyat al, 2000; Wynantet al, 2017)

Aflatoxins are the mycotoxins of greatest health concern, most commibevé@loping countries,

proven carcinogenic and linked to stunted growth in hur(fanaget al, 2004; Y. Liuet al, 2012)
Presence of Pathogenic microorganisms

The type of insect, both wild collected or domesticated, the processing and handlingneusdd
in their preparation and hygienic practices are some of the many factors that affect the extent of
contamination by pathogenic microorganis(Wi | a neb al,i202Q. Insects can be carriers of
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several bacterial pathogenic genera includisgherichiaStaphylococcuandBacillusthat can also
infect humans representing a direct risk to the health of consiRenspold & Schliter, 2013)n

the scientific literature were reported many type®dible insects contaminated with pathogenic
microorganisms often associated with the outbreak of-bmode diseases and reports of microbial
food-borne intoxications and infections originating from entomoph@&gystet al, 201Q Garofalo

et al, 2017).

Pathogenic bacterial species belonging to the gef¢&mphylococcysMicrococuss Bacillus
Salmonella Shigellaand Clostridium are the most common of those isolated from edible insects
(Mézes, 2018Braideet al, 2011; KiinKabariet al, 2016; Ssepuuyet al, 2019) However Osimani

et al. (2017) detected the presence, in processed edible insects, of many potentially human
pathogenic bacterial genera includiMbrio, Streptococcus StaphylococcysClostridium and
Bacillus while (Ssepuuyat al, 2019) found the presence of the gen@ampylobacterBacillus,
StaphylococcysNeisseria Pseudomonasnd Clostridium in raw edible grasshoppeR(spolia
differeng. Therefore, to redudhe risk of spread of microbial foantigin diseases it is necessary to
ensure hygienic procedures of production, handling, processing and storage of edibl@dnnas#dts

2020)

Presence of Allergens

Food allergy is an adverse immune response to food caused by substances called allergens (type of
antigens) that can cause a serious disease and sometime@deatissoet al, 2004) Potentially,

any proteircontaining food can cause an allergic tearcin sensitive people, and since proteins are

the most important component in edible insects it is possible that some of them are potential sources
of allergengBoyeet al, 2012)

Most cases of insect allergy are caused by insect bites belondgimeydler oHymenoptergwasps,

bees) although bites by poisonous spines or hairs, defensive secretions arstibkioglinsects may

elicit allergic reactions (Demiaet al, 2010). From an insect food consumption point of view, the
allergenicity could be given by a cresmactivity with other arthropods, in particular crustaceans
(Lopataet al, 2010) Edible insects and crustaceans are very similar taxonomically argl cros
reactivity was documented in medical literature, in fact, some-ceassive proteins were identified
including tropomyosin and arginine kinase, belonging to both crustaceans and insects. Therefore,
people allergic to crustaceans and house dust mitgsiave an allergic response to foods containing
insect proteir(Schluteret al,, 2017)
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Broekmaret al.(2016)proved that patients allergic to shrimps showed an allergic reaction following
a challenge with blanched mealworm protein demonstrating that in shaifepgic patients, an
allergy to mealworm with a potentially severe outcome is highly likely.

On the oher hand, information on the allergenicity of edible insects are limited, however, some
studies indicate that in Charthe consumption of insetlased foods was fatal for 18% and in Laos
7.6% of insect consumers showed allergic reac{Bagenne®t al, 2015; Jiet al, 2009) Moreover,

the edible insects of which there are documented allergic reactions are: mealworm, silkworm,
silkworm pupa, sago worms, caterpillars, mopane cartapjlfatgasia belind, grasshopper, locusts,

bee, cicadaBruchus lens and Clanis bilineata(Chakravortyet al, 2011; de Gier & Verhoeckx,
2018a; Jet al, 2008; Kunget al, 2011)

With the increasing research on entomophagy , more insects types involved in food allergies, will be
discovered therefore it will beecessary to put in place strategies to safeguard the consumers health.

2.2.3. European market and Legislation of Insects

The potential expressed by the production and use of insects in all sectors of the food supply chain
has achieved promising results makirge tinsect sector grow worldwide in the last decade.
Worldwide, there are several international organizations that are supporting the insect sector: AFFIA
(Asian Foodand Feed Insect Association, Bangkok, Thailand), IPAA (Insect Protein Association of
Austrdia,Canberra, ACT), IPIFF (International Platform of Insects as Food and Feed, Brussels,
Belgium) and NACIA (North America Coalition forinsect Agriculture, Chicago, IL, Ug¥ancini

et al, 2022) In many regions of the world, edible insects are becoming part, directly or indirectly, of
the human diet even if, currently, in Western societies they represent a niche (Madanhbeet

al., 2019; Mancini, Moruzzeet al, 2019; Paynet al, 2019) The size of the edible insect market
exceeded $112 million in 2019 and the Global Market Insights report estimated that by 2026 it will
grow by 47%, moreover it is expected that in America North and Europe could happen the largest
increasgGuinéet al, 2021) The global edible insect market is classified on the basis of geography,
insect species, product type (whole insects, insect meal and insect dust) and application (such as food
and feed)Ebenebeet al, 2020) As regards geography, in 2019 tharket was dominated by the
Asia-Pacific region (Thailand, China and Vietnam) which reached, in terms of revenues, about 41%
of the market share followed by 22% of Europe (United Kingdom , Netherlands and France)Latin
America (21%), North America (13%) atioe Middle East and Africa (3%Mancini et al, 2022)
According to the type of insect, about 30% of the market share in terms of revenue was covered by

Beetles that, in 2019, dominated the global edible insect market followed by caterpillars and
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hymengtera. About the product type and application, the traditional preparation methods of edible
insects in most tropical countries involves their consumption in the whole form insect steamed or
baked, boiled, fried, smoked or sdried (Rumpoldet al, 2014) otherwise, the modern method
involves drying and grinding insects in order to convert them into food ingredients (cricket powder)
for the production of insediased foods (burgers, crackers, bread, energy (2asp & Gerhard,

2021 Osimaniet al, 2018;Roncolini et al, 2019 202Q. In 2019 in Europe 500 tons of insect
products were produced (whole insects, insect ingredients and edible-ibaset$ products) and it

is expected that by 2030 the market will expand to 260,000 tons whereS8geaf The total will be
represented by insect powder ingrediéBtisotnickaet al, 2021)

In Europe, edible insects and their derivatives are considered novel foods. According to the
Regulation (EC) No 258/97f the European Parliament and of the Council of 27 January 1997 on
novel foods and novel food ingrediefitsn o v e | f o 0od o0 arg foed andddod imgeedienta s A

not yet used significantly for human consumpt

In fact, the consumption of edible insects, in most European countries, is still very low and often
considered socially improper, howevertdrest in insect products in recent years is increasing, as are
guestions and concerns about the risks of producing, processing and consumingSuaaberg &
Berggren, 2021)Therefore, in order to ensure consumer safety, in 2015, EFSA published the first
scientific opinion on the risks associated with the production and consumption of farmed insects such
as food and fee(EFSA, 215). EFSA exposed the potential allergemioyironmental, chemical and
biological risks related to external factors such as production methods, feed substrates and the life
cycle stage at which they are collected and concluded that, if insects are fed with the currently
authorized feed, the riskisted can be comparable to those of other unprocessed protein sources. This
means that edible insects cannot be bred on substrates containing manure and other waste material
(Manciniet al, 2022)

The EFSA opinion set the basis for a new European regulation on insects as nov&dgatigion
(EV) 2015/2283tates that only insetiased food authorized by the European Commission may be
commercialized and in Figure 2.3 is represented the procebsaio such authorization.

In addition,Regulations (EU) 2017/246@nd (EU) 2017/893were issued in 2017 with the aim of
specifying certain rules on administrative and scientific requirements for an application to request
authorization of commercializatn of a novel food in the EU market and change the general criteria
for the production of insects and insect proteins, with particular attention to the substrate options that

can be used to breed them, which are limited to those allowed for other livegtnigs.
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Figure 2.3.Novel food (NF) authorization process. * This amount of time can be longer if the EFSA
requests additional information from the applicant. ** The Standing Committee on Plants, Animals,
Food and Feedl,2,13Acheta domesticu8,14Locusta migratoriad4 Apis mellifera5 Alphitobius
diaperinus.6 Hermetia illucens7,8,9,11,12T'enebrio molitor10 Gryllodes sigillatus. (Mancini at
al.,2022)

On the basis of the novel fodegulation (EU) 2015/2283after a few years okaiting, in 2021

2022 the procedures for authorizing the first three species of insects as novel food were successfully
concluded. In fact, ons1June 2021, th€ommission Implementing Regulation (EU) 2021/882
authorized the placing on the EU market of tiriedTenebrio molitodarva as a novel food. The
regulation authorized the use of whole insect, dried larvae or larval powder to be used as ingredients
in food products such as snacks different from chips, protein components for sports, {bgsates

dishes, biscuits and uncooked pasaged dishes.
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On 12" November 2021, th€ommission Implementing Regulation (EU) 2021/1978uthorized
the placing on the EU market of the frozen, dried and powdereaista migratoriaas a novel food.
The regulation authorized the use of the frozen, dried and powdecedta migratorian the form

of snacks and as a food ingredient in a seriédsod products intended for the general population.

On 10" February 2022, th€ommission Implementing Regulation (EU)2022/188authorized the
placing on the EU market of the frozen, dried and powd&obeta domesticuss a novel food. The
regulation athorized the use dhcheta domesticushole frozen, dried and powdered (ground) as a

snack and food ingredient in a number of foodstuffs intended for the general population.

On 3 January2023, the Commission Implementing Regulation (EU)2023/5 authorized the
placing on the EU market @fcheta domesticutiouse cricket) partially defatted powder as a novel
food. The regulation authorized the usepartially defatted powder obtained from whdeheta
domesticu$o be used igereal and bakery pducts pasta based products, saucasd soupdegume

and vegetablébased products, whey powder, meat analogues, saadksveragesmtended for the

general population.

On 5" January2023, the Commission Implementing Regulation (EU)2023/58 authorized the
placing on the EU market of the frozergste,dried and powderedlphitobius diaperinudarvae
(lesser mealwormas a novel foodThe regulation authorized the use Alphitobius diaperinus
larvae in frozen, paste, dried, and powder fotonse used as a food ingredient in a number of food
products for the general population, and in food supplements

Following these authorizations by the European Union, all food enterprises may place on the market
products containing only dried, frozeniasect powder, including bakery products, such as bread,

crackers and biscuits containing mealworms and crickets.
2.2.4. Consumer Acceptance of Insects as Food

The fear of trying something new, in this <ca:
responsible for the "disgust factor" one of the main adverse reactions to the consumption of insects
perceived by the consumer of conventional diets, whichi@®@l low propensity to consider insects

as a food to try and buyiu et al, 2019; Mancini, Sogarét al, 2019)

Aversion to insects as food is strongly related to food cu(®wvanberg & Berggren, 2021l) fact

it was shown that rejection is greater when a strong gastronomic culture resides within the society
(Mancini, Moruzzo,et al, 2019) Instead, people who have already had a positive experience of
consuming edible insects show a greater willeggto repeat the experience in the future.
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In addition, several studies have shown that informing the consumer about the benefits of
entomophagy increased positive attitudes towards isseid foodOnwezeret al, 2021; Sogaret

al., 2019) However,the subjective interest in the nutritional or environmental benefits of food
consumed strongly affects consumers' response to these information tredDagetsos, 2020)
Therefore, it is likely that the young population, sensitive to the currentengak of food
sustainability, is more likely to accept insects as food than older cons{(Aneasidovaet al, 2022)
Consumer attitudes towards entomophagy are also influenced by diet as reported byd study
Elorinne et al, (2019) who found that vegans considered insect consumption immoral and

irresponsible, while vegetarians had a more positive attitude.

The preparation and presentation of indeated foods is another important fag@amboet al,

2018) To increase acceptance towardgoenophagy and reduce disgimstsed aversion, it is
necessary to produce insdsed products that resemble known foods and with a familiar
appearance. Therefore, the current market strategy is to develop familiar foods in Western diets made
from insect four or powder such as bread, pasta, biscuits, crackers, burgers, chips, chocolate bars,

smoothies, sauces and so(ipagevos, 2020; Pippinati al, 2020)
2.3. Yarrowia lipolytica

Yarrowia lipolyticais an ascomycetous yeast species and it is among the most widely studied after
Saccharomyces cerevisiadhe American Food and Drug Administration (FDA) classifiéd
lipolytica as Generally Regarded As Safe (GRAS) for industrial production and E¢igflers it a

novel food and allows its use in food but only as died ¢@8l®enewaldet al, 2013; Zieniuk &
Fabiszewska, 2019)

This yeast is classified as an oleaginous microorganism because it can accumulate lipalgtica

is widespread in nature and was isolated from different environments such as soil, rivers and seawater
and from different food matrices including sawssgyogurt, kefir, rancid margarine, soy sauce and
sourdough(Hassanshahiaet al, 2012; Sinigaglieet al, 2011) This yeast possesses a natural
capability to adapt in different environments, in some cases, extreme and with limited sources of
nutriens, thanks to its wide spectrum of biological characteristics that allow it to survive in a wide
range of substrates (hydrophilic or hydrophobic), physteemical conditions, pH (from 2.5 to 8)

and temperatures (from 2°C to 3296)nigagliaet al, 2011;Zhanget al, 2017; Zinjarde, 2014)n

addition, it also tolerates well metal ions (such as nickel, cadmium, zinc, cobalt and copper sulfate)
and salt solutions (up to 12% (vA\(J3ottardiet al, 2021) Y. lipolyticaalso uses a limited range of

sugas, alcohols, and organic acids and is of fundamental importance for the ripening of seme dry
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fermented sausages and traditional cheeses, however in some cases it is undesirable because

considered a spoilage ye@&injarde, 2014)
2.3.1. Physiology, nutritional requirements and enzymatic activities

Yarrowia lipolyticais a dimorphic microorganism, which to deal with adverse conditions such as
changes in pH, oxygen, nitrogen and carbon, changes between yeast cells, pseudohyphae and septat
hyphae(Liu et al, 2014) For example, according ®ellou et al. (2014)the main parameter that
affected the dimorphism of. lipolyticawas the concentration of dissolved oxygen (and not the
sources of carbon or nitrogen), whitetiz-Herrera & Sentandreu, (200@ported that in the presence

of citrate and at pH 3 almost only the cellular form of the yeast was present while at neutral pH

formation of mycelium was maximal.

Y. lipolyticais a strictly aerobic yeast that can grow on a wide variety of carbon sources including
several hexoses sugars such as mannose, galactose, glucose, which is the favorite substrate, an
fructose whose ¢abolism is strain dependegfhiazaret al, 2014; Ledesm&maro & Nicaud, 2016)

Due to the high variability of phenotypes between different strains, it was found thaypéldtrains

cannot use sucrose and lactose, but a positive lactose strasolasesd from the soilY. lipolytica

B9) (Taskinet al, 2015) while Y. lipolyticaW29 can metabolize galactose only if in the presence of
concentrations above 0.4% of glucdkazaret al, 2015; Taskiret al, 2015)Y. lipolyticaalso has

the complete genetic pathway for the utilization of arabinose and xylose although consistent results
have not been publishg®pagnuoloet al, 2018) Together with glucose, an additional favorite
substrate byy. lipolyticais glycerol( Ry waetEs,R013) but when neither is present, yeast can

use ethanol, acetic, butyric, propionic, succinic, malic, citric and lactic &Gids et al, 2017,
Gottardiet al, 2021)

Vegetable oils, crude fish oils, animal fats, fatty esters, puredtedcids and soaps can be used as
substrates for the growth ¥f lipolyticabecause this yeast is able to grow and consume alkanes, fatty
acids and triacylglycerolgXiaoyan Liuet al, 2014) Also the presence and availability of nitrogen
sources on the culture medium are of fundamental importance because it can influence the metabolic

pathways and, subsequently, the metabolites prodidaasouret al, 2008)

Finally, Y. lipolyticaposseses specific enzymatic activities, which allow it to grow in very different
environments. The most studied and characterized enzymes are proteases an(lLépasxs,
Gianotti,et al, 2005; Zinjarde, 2014however)Y. lipolyticapossesses other maur enzymes, such as
inulinase, phosphatase and chitinéarket al, 2014; Zinjarde, 2014)
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2.3.2. Yarrowia lipolyticain Food

Thanks to their nutritional versatility and physiological aspects, the straferi@wia lipolyticaare
present in several food substrates where they play a wide variety of ¥akeswia lipolyticais
mainly known for its strong proteolytic and lipdlytactivities (Corboet al, 2001; Gardiniet al,
2006a; Patrignanet al, 2011b)and therefore is mainly found in foods with high proportions of
proteins and/ or fats, specifically in fermented dairy products and processed meat. In addition,
lipolytica was detected in other fermented food products, such as sour@®omliancet al, 2006)
vegetable raw materials such as fruits and vegetables, fruit concentrates arn@®aathdet al,
2000) soft drinks, juices, wine, must and cid8tratford, 2006)in salad dressings and mayonnaise
(Baleiras Couteet al, 1996) finally, also n chilled and frozen processed foods, including seafood.
All these examples suggest thatlipolyticamay be a regular but possibly minor component of the
food microbiota(Groenewalcet al, 2013)

In Figure 2.4Groenewalcet al. (2013) represented schematically the metabolic properties impact of

Yarrowia lipolyticaon its natural presence, ripening and spoilage of food.

Natural occurrence:

Fermented dairy products: Fermented meat products: Others (occasional identifications):
¢ Cheese « Salami Fermented food products (tempeh,
« Spanish fermented sausages sourdough)
\'4 > (chorizo, longaniza, salchichon) >> Soft drinks, juices, wine, must, cider
« Milk + Other sausages (Zervelat, Frank- « Fruits, fruit concentrates, vegetables,
« Yoghurt, kefyr, nunu, amasi furters, Vienna, tea sausages) raw plant materials
+ Butter, cream, margarine \V4 * Mayonnaise, salad dressings, salads
* Ham, salted bacon, beef, poultry, « Chilled and frozen, processed food,
biltong, fish incl. seafood

Yarrowia lipolytica
P « Strictly aerobic
« High lipolytic and proteolytic activity

Desirable effects in ripening % Undesired contributions
of cheese and meat products: ! to food spoilage:

+ Superior organoleptic properties « Off-flavors
+ Aroma development (e.g., volatile sulfur compounds) * Negative effects on cheese texture
+ Body and texture of cheese ¥ ™7 . Browning defects (cheese surface)
* Reduced ripening times e‘.“’ * Inhibition of growth of Penicillium
+ Anti-listerial activity ) roqueforti
» Growth inhibition of B. cereus and green mould + (Indirect?) contribution to biogenic
+ Delayed rancidity in meat amine formation

+ Preservation of red color of fermented sausages

Figure 2.4. Yarrowia lipolytica metabolic properties impact on its natural presence, ripening and
spoilage of foodThe balance indicates the fundamental importance to promoting the beneficial
effects predicted by Y. lipolityca at the expense of potential side effects. ">" (in horizontal or
vertical direction) indicates a higher prevalence and/or a higher detecti@{@oenewald et al.,

2013)
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Y. lipolytica in meat

In meat and fish was frequently fourdrrowia lipolytica. Yarrowia lipolyticavas detected in salami
(Gardini et al, 2016; Nielseret al, 2008; Osei Abunyewat al, 2000) German dry fermented
sausages such as Zervelat and Frankfurters (Samelis & Sofos, 2003), Spanish fermented sausage:
such as chorizo, longaniza and salchicligncinaset al, 2000) and other sausagegarrowia

lipolytica was also found in poultrflsmali et al, 2000; Sinigagliat al, 2011; Viljoenet al, 1998)

beef and hanfFung & Liang, 2009)salted bacoiiNielsenet al, 2008) other meat samplé®sei
Abunyewaet al, 2000)and, sporadically, also in fighemeet al, 2011)

The strictly aerobic metabolism ¥t lipolyticacauses the greater prevalence of yeast on the surface

than inside the products.

It was proven that the use ¥f lipolyticain dry fermented sausage starter cultures helps to reduce
ripening time, delay rancidity and protect nitrasgoglobin from oxidative degradation, thus
preserving the pleasant red color of the fermented saudgesanoet al, 2006) In addition,Y.
lipolytica contributes to improving the overall quality and sensory properties of sausages thanks to
its proteolytic and lipolytic properties that contribute to taste and aroma by mediating the breakdown
of proteins and fatty tissu¢Ratrignaniet al, 20074, 2011a, 2011b; Romamt al, 2006; Zinjarde,
2014)(Patrignanket al, 2007a, 2011a, 2011b)

At the industrial level, it is essential to select functional starter cultures with probiotic qualities and
lacking undesirable properties (biogenic amiaed toxic compounds production), which contribute
to the color of sausages and able to generate healthy molecules, bacteriocins and aromatic and

antimicrobial compound&injarde, 2014)

Patrignaniet al. (2007) evaluated the effect of the superficial inoculunDebaryomyces hansenii

and Y. lipolytica strains (withLactiplantibacillus plantarup and observed that proteolytic and
lipolytic activities affected the final sensory properties. In fact, thie l#ttivities of the enzymes and

the consequent formation of low molecular weight molecules had reduced the available water (aw)
in the sausage samples. In additign]ipolyticastrains had caused the formation of free fatty acids
and a variety of compawls that contributed to flavor. Howevéhjcci et al, 2007) detected the
presence of biogenic amines including, putrescine, cadaverin, histamine, tyramine, spermidin and

spermine, responsible for the generation of less appreciable typical aromas.

However, through these studies it was possible to determine that some stMiripaliticacould

be used to improve the taste and color of fermented meat.
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Y. lipolytica in dairy products

Yeasts associated with dairy environments tolerate low temperatures, high salt content, and can
assimilate lactose, galactose, lactate, and citric &@drowia lipolyticais among the first three
species of yeast most prevalent in chegésepin-Labordeet al, 2011; Monneet al, 2010)and is

found in a wide range of different cheeses (meuydned, smearipened, blueveined and fresh
cheeses) and mainly in sheep, goat and buffalo cheeses than cow cheese, probably due to the fat ant
protein contenin milk (Groenewalcet al, 2013) As already described for fermented meat products,

Y. lipolyticais strictly aerobic and for this reason it is mainly identified in the surface microflora or

where oxygen is most available.

The strong proteolytic and lipolytic activities ¥f lipolyticacontribute to the ripening of the cheese

by reducing its time and providing superior organoleptic characteristics, in terms of aroma, texture
and/or body of the cheese (Guerzenhal, 1998;Lanciotti et al, 2005). In addition, some authors
suggested tha. lipolyticacould inhibit the growth of Bacillus cereus and green mould, have an anti
listerial activity and extend the shelf life of che¢Berreira & Viljoen, 2003; Goergest al, 2005;
Monnetet al, 2010) During the cheesmaking process, enzymes act specifically on the matrix,

resulting in specific changes.

Proteasesoften provided by . lipolyticastrains associated with cheese, act on casein hydrolysis.
lipolyticap r ot e a s ei® n cdaskia vy gendsating free amino acids and peptides of particular
importance in the production of blue chee@esrioni & Bosset, 2002; De Wit al, 2005) Some
strains also show good aminobiogenic potential and the ability to decarboxylate ornithine, lysine,

tyrosine and phenylalanir{&ardiniet al, 2006b)

Also, different types ofipasesand esterasesare produced by. lipolytica. In fact, the cheese
ripening processes receive an important contribution from the lipolytic activities of this yeast
(Zinjarde, 2014)Also at low temperatures some strains show strong lipolytic activity resulting in the
production of a large amount afek fatty acids and some of these can be responsible for sensory
characteristicéDe Wit et al, 2005)

The volatile compounds produced by the action of microbial enzymes on lipids, curd proteins and
lactose generate the cheese ar@ingarde,2014) The development of the aroma also appears to be
due to the production of volatile sulfur compounds produced.byolyticastrains(Groenewaldet

al., 2013; Zinjarde, 2014)
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2.4. Debaryomyces hansenii

The microbialDebaryomycespecies are extremophile yeasts, in particdaharyomyces hansenii
is an unconventional hemiascomycetous yeast interesting from the genetic and biochemical point of

view with a considerable biotechnological potenfizdronian, 2004; Breuer & Harms, Z&)0

D. hanseniiis an osmotolerant yeast able to grow in environments containing up to 4 M of NaCl
(Onishi, 1963) initially isolated from sea water, this yeast can grow in habitats with low water activity

as well as in soil, meat, cheefeaijt, beer, wine and high sugar prod§Bieuer & Harms, 2006)

D. hanseniis a highly heterogeneous and versatile species, is able to assimilate and ferment various
carbon substrates, generally catabolized by a respiratory metabolism and by difbessntand
protease activities. I n addi t i onglucosittasesessenyiab a s t
for the production of combustible alcohol, exopeptidases important during the sausages ripening
(Breuer & Harms, 2006and killer toxins(myocin) effective against other yeasts such as the
pathogenic species of Candi@anjaraet al, 2016; Pristat al, 2016) However D. hanseniis also

known to be the spoilage agent for marinated foods, such as gBkéeer & Harms, 2006)

Finally, D. hansenii like Y. lipolyticais an oleaginous yeast, able to accumulate a concentration of
lipids up to 70% of their dry biomass and possess a predominantly lipid metabbiizms et al,
2016)

2.4.1. Physiology and Ecology

Debaryomycespp. are perfect haploid yeasts which reproduegetatively through multilateral
budding while the pseudomycelium is absent, primitive or may occasionally be well developed
(Breuer & Harms, 2006; Ramddorenoet al, 2021) D. hanseniis ahalo, osme and xerotolerant
yeast.D. hanseniwas isolated from hypersaline waters and, Ykdipolyticg can be a contaminant

of various foods with low water activity. Being a hatilerant microorganism, this yeast can grow in
media with 10% of NalCand 5% of glucose, moreover, is able to assimilate a broad spectrum of
carbon substrates including soluble starch, raffinose, inositol, melibiose-akdnes(Yadav &

Loper, 1999)

In the absence of oxygen this yeast shows poor growth, in fact it possesses high respiratory activity
at the expense of the fermentation capacity that is weak eexistent(Sanchezt al, 2006) D.
hanseniimay carry on a weak fermentation of sucrag&actose, glucose, maltose, raffinose and
trehalose while lactose fermentation is not observed, moreover, this yeast uses nitrite while nitrate is

not assimilate@Breuer & Harms, 2006; Nakas¢ al, 1998)
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The optimal growth range @. hanseniiis between 20 and 25 °C, but growth was also observed
between 5 °C and 10 °C and below 0 °C. In addition, it was foun@®th&nseniis able to grow in

the pH range 300 and develop with water activity up to 9.@hen it is at a temperature of 10 °C
and in a pH range between 4 an@/&n Den Tempel & Jakobsen, 2000)

Some studies reported tHat hansenii being closely related t6andidag could be associated with
diseases or infections and was reported asrargng pathoge(Breuer & Harms, 2006; Nakase

al., 1998; Wonget al, 1982) however, until now this yeast has not been attributed a clear clinical
significance and therefore cannot be defined as responsible for generalized or common health
problems,thus D. hanseniicould be a very rare or even neristent human pathoggRamos
Morenoet al, 2021)

D. hanseniis able to tolerate toxins from other yeasts and synthesize several toxins that can prevent
or limit the growth of unwanted organisms. In fact, in the presence of salts such as NaClbr KClI,
hanseniiproduces myocin, a Killer toxin capable to kill varsospecies of yeast and with a stable
activity against pathogenic yeasts at 37(Bteuer & Harms, 2006; Gungs al, 1993) Finally, D.
hanseniialso has a high tolerance to chlorine dioxide (up to 0.3 mg/A)Ct@®antimicrobial agent
penconazole and, in an intermediate way, to the antimicrobial agents cycloheximide and benomyl
(Breuer & Harms, 2006; Ramir€2rozcoet al, 2011)

2.4.2. Debaryomycesanseniiin Food

D. hanseniyeast is used in some production processes and is involved, from a technological point of

view, on the fermentation of meat products and the synthesis of dairy products.
D. hansenii in meat

Most likely, the most abundant yeast found in sausages and rdeatl products manufactured
worldwide is Debaryomyces hanseniiAs early as 1984(Dalton et al, 1984) expressed the
importance of this yeast for meat products indicating it as the most common of 383 isolates from
samples of noisulphited orsulphited sausages, skinless sausages and minced beef meat. However,
its specific role on final product features has been controversial, in fact it could be considered a

necessary organism or a simple friendly host.

In Figure 2.5 the multiple effects theggence obD. hansenithat may have on the characteristics of

the products are represented.
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Figure 2.5.Biological relevance of Debaryomyces hansenii for the final characteristics of sausages

and dried meat products (Ramb®reno et al., 2021)

It is impossible to predict the effect of a selected straid.dfanseniinoculated in a meat product,

due to the diversity of meat products, the heterogeneity of strains or the multiplicity of production
processes. For exampfelesen & Stahnke, (2000found that in fermented garlic flavored sausages
and minced modeD. hansenihad little effect on the production of volatile compounds involved or
responsible for the formation of flavor, whilElpreset al, (2004)showed that during the maturing

of dry fermentation sausagd3, hanseniifavored the generation of ethyl esters and inhibited the
generation of lipid oxidation products with the consequent generation of volatile compounds
belonging to the typical sausage aroma. However, it is well kribainthe presence of salt and a
number of other variables, such as the pH and the microorganism growth phase, adversely affect the
synthesis of volatile compounds from branctebdin amino acidéBreuer & Harms, 200@Dura et

al., 2004a).

In addition to producing volatile compound3, hanseniiinfluences the sensory properties of meat.
Although pH, activity water, moisture or lipid composition are not particularly affected, the presence

of D. hanseniin meat matrices increases the fermagion of carbohydrates, the catabolism of amino

acids and changes the levels of aromatic and volatile compounds. Some studies showed that this yeast
is able to affect the sulfur production and increase the generation of alcohol compounds or esters such
asethyl estergRamosMorenoet al, 2021) while Duraet al. (2004b)showed that the inoculum of
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D. hanseniiin dry fermented sausages caused the accelerated degradation of myofibrillary proteins

at the beginning of the drying phase.

Finally, D. hansenimay be a potentially suitable as a-pi@servative agent, in fact, the presence of
this yeast indirectly inhibits the production of mycotoxins and the unwanted growth of mold, can help

reduce the use of certain preservatives and degrades biogenic @RaimesMorenoet al, 2021)
D. hansenii in dairy products

D. hanseniiis a common species in all kinds of cheese, including hard;tsmah brined and soft
cheesegFleet, 1990)Many authors reported the frequent presence of this yeast in daincizradd

mainly in cheese brines, cheese quark and yd@eak, 2007; 8iler, 1991; Bennie C. Viljoen &
Greyling, 1995)

The prevalence dD. hanseniin dairy products is due to its ability to grow at low temperatures and
low water activity, to tolerate high salt concentrations and to produce proteolytic and lipolytic
enzymes capable to metabolize milk proteins and(Batsuer & Harms, 2006; Kumut al., 2014;
Phamet al, 2019) Moreover,D. hanseniimay be an important component of starter cultures for
cheese production due to its ability to multiply in the cheese matrix, to assimilate, but not ferment,
lactose, galactose, lactate and citratéetment glucose to a limited extent and to use acetate as the

only source of carbo(Gardiniet al, 2006a)

In cheeseD. hansenican grow in different positions, in fact it was found on the surface of processed
cheese but also inside surfaggened cheeses. In addition, depending on the type of cheese and the
composition of the starter culture involvddebaryomycesctivity was bund in the interior of the

cheese or in the cuf@reuer & Harms, 2006)

When D. hanseniidevelops in cheese brines it produces intra and extracellular antimicrobial
metabolites, and competes for nutrients with undesirable microorganisms, s@ibsaglium
butyricumand tyrobutyricum inhibiting their germinatior{fFerreira & Viljoen, 2003) Instead, the
metabolic activities oD. hanseniprotect the cheese from undesirable fermentation of carbohydrates
and modify the micrenvironment, providing important growth factors, in favor of some desired
bacteria and/orPenicillium roqueforti such as amino acids and vitamins (biotin, thiamine,
lactoflavone, nicotinic acid, folic acid and pantothenic a¢Bbheuer & Harms, 2006; Van Den
Tempel & Jakobsen, 20Q0)

D. hanseniiis also able to synthesize volatile acids, carbonyl compounds and cineleslg@holic

aromatic compounds (Aret al, 2002). Many ripening yeasts of cheese, includnghansenii
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contribute to the development of a strong flavour through the synthesimefhylthioacetate, the
most common volatile sulphur compound in cheese the and, although to a lesser extent, of methyl, a
characteristic compound in Cheddar and Camentberteia & Viljoen, 2003b)

Only small amounts of free fatty acids and free amino acids (mainly glycine, proline, alanine, arginine
and glutamic acid) are produced Dy hanseniiduring its growth in milkRoostita & Fleet, 1996)
However, (Peterseret al, 2002) showed that during the surfadpening of Danish cheese yeast
produced small amounts of ethanol (<5 g/l) and lactic acid and metabolized small quantity of succinic
acid. TheD. hanseniistrains have an interesting enzymatic pool which contribute to the ripening
process and that includes phosphatases, aminopeptidasesieGsdipases, C4sterases, valine
aryl ami dases, | eantfglncesidasesyandamctasidased/an Derldrempel &
Jakobsen, 2000)n addition, the peptidase activity Bf hanseniisolated from cheese digests both

U a rcakeinGignificantly affecting proteolysis in che@iéemuraet al, 2014) Some authors also
observed pigment production dartyrosinase activity, known to initiate oxidation of tyrosine to
melanin, byD. hanseniiwhich may be involved in staining the surface of some ch&bselsol et

al., 1996; Van Den Tempel & Jakobsen, 2000)

In conclusion,Debaryomyceglays important, though quite different, roles in the production of

cheese.
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CHAPTER 3

Objectives



The | atest Uni ted Nations projections suggest
about 9.7 billion. Not only demographic growth, but also climatic change, the increasing difficulty of
finding essential raw materials, marade conflicts ando®nomic downturns can affect the global

food demand. Counting today, the number of people suffering from hunger exceeds 800 million and
this number is expected to increase to reach 2 billion in 2050 @40 2022). The necessity to

ensure sufficientad nutri tious food all the year to the
reduce the environmental impact due to excessive industrialization, requires the identification of

alternative and sustainable resources and processes.

Every year, arouné8 million tons of food are wasted in Europe, with an estimated loss of 143 billion
euros (Stenmarclet al, 2016). Food waste generates the consequent increase in global food
production resulting in a greater global environmental impact with greenhosigengssions, water
consumption and land use (FAO, 2013). Moreover, although these wastes are a valuable source of
high valueadded compounds, they are largely unused and represent a cost to industry. Their use could
constitute an innovative and sustainadpgproach for the production of ingredients to be reused in
different industrial sectors, reducing the amount of waste, bringing greater economic benefits,
creating interconnections between different sectors and improving environmental sustainability
(Pleissneret al, 2016) In fact, although these food and agndustrial wastes and kyroducts
possess a high application potential, their use in food formulations is extremely limited or absent, due
to a number of economic, social, and regulatory obstacles, as well as khef laastainable
biotechnological approaches that allow the full exploitation of these resources. For these reasons,
currently, the enhancement of-pyoducts is still limited and confined to the production of low value
added compounds intended mainly &mimal consumption and biogas production. However, by the
valorization of byproducts, the problems of waste management and recycling in the food industries
could be reduced (Anal, 2017). Among food industrial waste, the millingrdijucts represent a
significant sector. Cereals are, in fact, one of the most important food sources for human consumption
and contribute to 60% of total world food production (Krishna and Chandrasekaran, 2013). However,
about 30% of cereal production, equal to more than 2bitthns/year, is wasted or I¢$terni et al,

2019) The cereal byroducts are rich in nutrients and, through their chemical, microbiological or
enzymatic conversion, they could be transformed into enhanced ingredients with new applications

and markeniches.

In addition to the valorization of food and agnalustrial byproducts and waste into added value

ingredients, also the identification of innovative protein sources, alternative to the traditional animal
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ones, can address the request of new isiadii® ingredients able to less impact on the environment

and to satisfy the food global demand.

In particular, different studies suggest that the consumption of edible insects (entomophagy) may
represent a valid alternative to the usual animal pro{@teopset al, 2017) In fact, among the
potential benefits of eating insects is highlighted a high concentration of proteins and lipids with high
nutritional value, vitamins, fibers and the presence of bioavailable mineral microelements such as
calcium,iron and zingBellucoet al, 2013; Rumpold & Schluter, 2013; van Huis, 2020) the
nutritional benefits, ecological, economic and social ones are added, in fact, in comparison to
livestock, farm insects multiply much more quickly and with a higleed/protein conversion
coefficient, require little space for reproduction and produce lower greenhouse gases and ammonia
emissiondMondalet al, 2019; A. van Huis, 2020 hanks to the many positive factors associated
with the use of edible insects as a food source food, in recent years, the idea of exploiting them for
industrial production attracted media attention, research institutes and food business operators.
Recenly, the European legislation has issued the first European regulations on insects as novel food
concerning the use and safety of edible insects for their use in human nutrition. Currently the three
species that received the authorization from the Eurapeammission for their placing on the market
areAcheta domesticu3enebrio molitorandLocusta migratoriavhich may be marketed in whole,
frozen, dried and powdered form. Anyway, insects have a long history of use only iFEastithsia

and South Americavhere they may also be found in certain industrial formulations. For consumers
with a rich culinary tradition, such as the European ones, the consumption of insects can be possible
only if they are part of the food formulations as ingredients of usudlaiwhl foods such as bread,

pasta, biscuits, crackers, e{®agevos, 2020; Pippinati al, 2020)

In this context, the main objective of my PhD thesis is to lead to an advancement in the knowledge
of tailo-made biotechnological processes for thienzation of milling industry byproducts and of
alternative protein sources from the crickdtheta domesticusconceived as sustainable and

renewable sources, for the production of innovative food products.
For this purpose, as regards the valorizatibtihe milling byproducts, it was necessary to:

1 Isolate, identify, characterize a pool of yeast and LAB strains isolated from millipgobacts
for their use as fermentation starters for the production of innovative bakery products.

1 Evaluate the effect of the addition of the selected strains, almherain combination, into
several milling byproduct raw materials to be used alone or in mixtures, in order to select the

milling by product fraction/mixtures and microbial consortia with the most interesting features.

75



1 Characterize the innovative bakepyoducts obtained from the valorization of milling-by
products through biotechnological approaches from a microbiological, technological and
functional point of view.

1 Test at upscale levethe prefermented ingredierdnd innovative bakery produeh thanks to
the collaboration with Barilla S.p.A.

As regards the development of alternative protein sources, it was necessary:

1 Characterize the technological features of a pool of strain¥asfowia lipolytica and
Debaryomyces hansersuitable for the prduction of protein ingredients from crické&dheta
domesticuspowder to be used in the formulations of innovative bakery products.

1 Evaluate the effect of hydrolysis &f lipolyticaor D. hanseniistrains on the cricket powder
matrix in order to sele¢he most promising strains from a nutritional and technological point of
view.

1 Characterize innovative bakery products made from cricket powder, hydrolyzed by the tested

yeast strains from a microbiological, technological and functional point of view.
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CHAPTER 4

Selection of milling by-products and
microbial consortia for the
production of pre-fermented
Ingredients for bakery applications
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Abstract

Dueto thewell-recognized health properties, the interest in the use of bran ifdoudlation is
increasingover the yearsHowever, the high fiber content in bran and the lipase and lipoxygenase
activitiesassociatetib wheat germ, can adversely affecttheology of the dough and tlyeality of
baked products.

The fermentative activity of selected microorganisms or microbial consortia can increase the
functional and technological properties of wheat préavoring their implementation in the
formulation of baked good3 he choice of starter cultiwbas acrucialimpact on the final quality of
fermented foods. Therefore, their selection is essential to achieve the desired quality and functionality

standards.

Preliminarily, by-products obtained from the milling «foft and durumwheat and rye were
characterized fotheir nutritional andphysiochemicalpropertiesSubsequently, lactic acid bacteria
and yeasts were isolated from the same spontaneously fermented mijgdogts and assessed
for their technological, functional and safety featutewas possible to fonulate 7 mixtures of
milling by-productsand11 microbial consortiacomposed of different yeasts and lactic acid bacteria

potentiallyvaluablefor the production of a preermented ingredierduitable forbakeryapplications.

Based ontechnological, sensorial and rheological properties of the preferments obtained by the
combinationof milling by products mixtures and microbial consortia, it was possikidetttify the

best 3 prefermentaade by specific milling by products mixtures deanented by specific consortia

of lactic acid bacteria.
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4.1. Introduction

Wheat 1 s the worl dds most important <cereal cr
Although human consumption of whole grains is associated with a reduced risk of health disorders,
such as cancer and diabetes, the traditional milling psoaess at isolating and only using the
endosperm that is mainly composed of starch and storage proteins, discarding the outer teguments
and germThese discarded outer teguments constitute th@dgucts and, depending on the patrticle

size ancendosperm content, fyroducts with different qualitative and nutritional characteristics can

be obtainediran, fine bran, tritello, middlingsCurrently,milling by-productsaremainly used as a

feed supplement, while the application in the food sqatys only a minor roléLiu et al, 2015)

The interest in the use dfilling by-productsin food formulation has increased gradually over the
years, due to its many recognized health propef8&s/in, 2004) However their current usage is

too limited compared to its production rate (170 million of tonnes a year) and performed without fully
exploitingtheirwide technological and functional potential. In fact, despite to the positive effects on
health, the high level of fiber content in bran andlijhese and lipoxygenase activities associated to
wheat germ can adversely impact the quality of the baked products. Actually, the direct use of native
bran in baking represents a technological challenge due to the negative impact of bran on the gluten
netvork and consequently on the rheological and textural characteristics of Hoeatet al, 2010)

this is also associated to an adverse influence on the taste and flavor of the products.

Literature data shows that fermentation and sensymatic treatments of wheat bran may increase
its functionality. In fact, some technological and health promoting properties of bran can be increased

only by the activity of selected microorganisms or microbial cons(@taaet al, 2015)

In fact,the fermentation performed by selected microbial strains and consortia is the most promising
way to reduce the phytate content of cereals and bran increasing their nutritiona(Malnies et

al., 2014; Serviet al, 2008; Zhacet al, 2017) In additon, fermentation with weltharacterized
microbial cultures, yeast or lactic acid bacteria (LAB), represents a useful tool to improve the quality,
processability and functionality of fermented cereal products or-fibgh ingredients, such as

sourdough k@ad, fermented wheat bran and whmleal flour(Verni et al, 2019)
Therefore, their selection is pivotal to achieve the desired quality and functionality standards.

The choice of starter culture has critical impact on the final qualiigrofented foods. Fermentation
with well-characterized cultures, yeast or lactic acid bacteria (LAB), could be a potential tool to
improve the palatability, processability and the nutritional value of fermented cereal products or high

fiber ingredients, sutas sourdough bread, fermented wheat bran and vanedé flour.
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The main objective of this work was to isolate LAB and yeasts from spontaneously fermented by
products of the milling industry and to characterize them from a technological and functiorial poi

of view, in order to obtain microbial consorsaitable for the fermentation of millingy-products.

Also, the physiechemical characterization of the wheat and rye millingplpductswas performed

in orderto define theoptimal amount of each fractiofor the formulations ofthe formulation of

milling by-products mixtures potentially suitable for bakery applicatiéngally, a screening based

on fermentation kinetics and stability of the obtained microbial consortia on the selected milling by
producs mixtures were assessed in order to identify the most interesting ones for uses in bakery

sector

4.2. Materials and Methods

4.2.1.Milling by -products physio-chemicalcharacterization
Physio-chemicalcharacterizationvas carried out on @ifferentmilling by-productsrom durum and
soft wheat and rye bran from twidferent production plantdhe list of the tested sampleseported

in Table4.1.
Table 4.1.Milling by-products characterized.

Samples From Type of Samples

Barilla Rye Bran
Durum Wheat Bran
Durum Wheat Bran Micronized
Durum Wheat Middlings

Pivetti Soft Wheat Bran
Soft Wheat Fine Bran
Soft Wheat Tritello
Soft Wheat Middlings

Germ

The samples were analyzed:for

1 Moisture, protein, ash, crude fat, soluble, insoluble and total dietary fibre, as well as mineral
contents according tdhalid et al, 2017)
Phytate content of the different samples was deterni{Beddricket al, 2014)
The fatty acid profiles were determined according to AOAC International (2006).

The starch content was determined according to AACC (2000).
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1 Lipid fractions were extractdaly Folchet al.(1957) method and the fatty acid composition of the
different rye and wheat milling by products was analyzed using a gas chromatograph combined

to mass spectrometer according to AACC (2000).
4.2.2.Selection of the best formulations for the prepaation of the final pre-

fermented ingredients

In order to select the best formulatiaofsmilling by-productsfor the production opre-fermented
ingredientdor bakery applicationgifferent preferments weréormulatedby using individually soft
wheat byproducts (branfine bran, tritello and middlings) durum wheat -pgoducts (bran,
micronized bran and middlings) amge branand fermented by a selected microbial consortia of
LABs and yeasts isolated from traditiomt@lian sourdougtiTable 4.1).

4.2.2.1. Preparation of pre-ferments

The prefermentswere prepared by mixinghé different milling byproducts alone or inin
combination with10% of wheat germWater was added in a ratio of 1:1 respect to the milling by

products.

The quantity ofhe ingredients wak00g and wereprepared in triplicatél he fermentation wasarried

outin asterilejar (400 mL)covered with perforated foiit room temperaturier 48 h.

Thebakery microbial consortiumsed wasomposedy strains belonigpg to UNIBO-DISTAL and
isolatedfrom bakery sourdough from the Em#Romagna regiorgpecifically, it was constitutedby
Saccharomyces cerevisias yeastind Latilactobacillus curvatusLeuconostoc mesenteroidasd
Pediococcus pentosaceas LAB at an inoculum level o4.0and6.0log CFU/g for yeasandLAB

respectively.
4.2.2.2. Analyses performedon pre-ferments
Duringand at the end dérmentations, theamples were analyzed for:

1 The acidification kinetics, monitored by measuritige pHby pH meter (mod. Jenwey 3510;
Electrode 924001

1 Thegrowth kinetics ofLAB andyeastwere monitored bymicrobial countingon the selective
agar media maltoseMRS+0%2cycloheximide for the enumeration of LAB and YPD+0.02%

chloramphenicol for the enumeratiohyeasts.
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1 The organoleptic acceptability and the cohesiveness, evaluated by 15 untrained panellists. The

parameters we evaluated in a simple scale: *low, *medium and ***high.

On the bases of tHermentation kineticand thephysicchemicalanalysist was possible to sele¢t
different milling by-products formulations to hesed for the optimization and agb of thefinal pre-

fermented ingredients

4.2.3.1solation and identification of yeasts and lactic acid bacteria

4.2.3.1. Fermentation Process and Sampling

Spontaneous fermentations (without microbial starters) weneby mixing 30% of wheat flour,
25% of milling by-productand 45% of watein a jar (400 mL) covered with perforated foilThe
milling by-product used to produce l@ifferent sourdoughs wersoft wheat Bran, Fine bran,
Middlings and Tritello, durum wheat bran, middlings, micronized middlings and rye tivkotini
Pivetti S.p.A., Ferrara, ltaly; Barilla G. e R. Fratelli S.p.A., Parma, Italy) (Table 4.1).

The fermentation process was performedaasraditional type | sourdough, characterized by
incubation temperatures between 20 and 30 °C and mdigshmentgat least four times) until the
pH stabilization(De Vuyst & Neysens, 2005)

Sourdough samples were produaethe quantity of 100gn triplicate at room temperature and, for
eachrefreshmentstep, the fermentedough was usedas a 25% inoculunfor the subsequent

fermentation cycle.

During the spontaneous fermentations, the fication kinetics were monitoredSamples were
subjectedo microbiologicalanalysedor the quantificationof lactic acid bacteria (LABand yeasts

immediately after preparation and every 24 hours
4.2.3.2. pH analysis, Microbial Quantification and Isolation

To monitor the acidification kinetics, the pH values of the samples were determined by pH meter
(mod. Jenwey 3510; Electrode 924001).

Microbial analysis were performed with decimal dilutions of the sourdoughs, in physiologic solution
(0.9 % NaCl w/v). The cell loads wedeterminecbon selective culture media such as Yeast extract
Peptone Dextrose (YPOhermo FisherBasingstoke, UK) an®lVL nutrient agar Thermo Fisher
Basingstoke, UK) for yeasts and Maltdd®S (Thermo FisherBasingstoke, UK) and Sourdough

medium Thermo FisherBasingstoke, UK) for LAB. To increase the selectiveness of the media,
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0.02% of chloramphenicol was addedyt&asts selective media in order to inhibit bacteria, while
0.02% of cycloheximide was added to the LAB selective media in order to inhibit yeasts. Plates were
incubated at 30 °C for 248 h.

From the obtained agar plates)anies were collected on the leasf the morphology and streaked

out several times on their respective agar plates to ensure their purity.

After microscopic and morphological examination, a total of 79 LAB and 37 yeasts were obtained

and identified.
4.2.3.3. Molecular Identification of the LAB and Yeast Strains.

Genomic DNA was extracted from each strain of yeast and LAB using the InstaGene Matrix-kit (Bio
Rad Laboratories, Milano, Italy) and the final concentration was determined using the BioDrop
eLI TE ( Bi oDr o(Berraznetetal.n2011;ISiroéet &y, 014)

The isolated strains werpreliminary analyzed byRandomly Amplified Polymorphic DNA
Polymerase Chain Reaction (RAHLR) performed with primer M18 order to verify the presence
of clonesandthen identifiedby sequencig the 16S and ITS rRNA region for bacteria and yeasts,
respectively. The amplification was performed using the primers Lpig A (5
TACGGGAGGCAGCAGTAGI 3') and Lpig_R (3 CATGGTGTGACGGGCGGT3') for the LAB
according to the protocol described by De Angebs al. (2006) and ITS1 (5'T
TCCGTAGGTGAACCTGCGGI 3) and ITS4 (5T TCCTCCGCTTATTGATATGCI 3") for the

yeasts.

The PCR mixture (50 ul) for the LAB was composed by 100 pMol of each primer, 50 mM of
deoxyribonucleotide triphosphates (ANTPs), 5 U Taq polymget&sé PCR buffer + MgCI2 and 5

pL of genomic DNA. Thermocycling conditions were: 35 cycles at 94 °C for 5 min, 94 °C for 45 sec,
52 °C for 2.3 min, 72 °C for 2 min, then a final extension at 72 °C for 5 min.

The PCR mixture (50 ul) for the yeasts was cosgad by 50 uM MgClI2, 20 uM of each primer, 10

MM of deoxyribonucleotide triphosphates (ANTPs), 250 U Taqg polymerase, 10X PCR buffer and 4
pL of genomic DNA. Thermocycling conditions were: 35 cycles at 95 °C for 5 min, 94 °C for 1 min,
55.5 °C for 2 min, 72C for 2 min, then a final extension at 72 °C for 10 min.

PCRs were performed with T3000 Thermocycler (Biometra, Géttingen, Germany).
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PCR products were visualized on 1.5% agarose gel in 10x TAE buffer containing a gel red at the final
concentration of 6 € g/ mL . The PCR resulting amplicons
Purification Kit (Qiagen, USA) and sequenced at BMR Genomics sequencing center (Padova, Italy).
Sequences obtained were compared via BLAST with those available in GenBank dataliase and

aligned using th&eneDoc 2.7 software

4.2.4.Characterization and selection of the best microbial consortium

The yeasts and LABsolated anddentified, werestudied and characterized for thaintibiotic
susceptibility, ability to produce antimicrobial peptides and for antagonistic activity against

foodborne pathogenic and spoiling microorganisms
4.2.4.1. Antibiotic Susceptibility

The antibiotic susceptibility oéight strains ofLAB identified from sourdough, was determined
according taSiroli et al, 2017)usingM.1.C.E. evaluator stripsThermo Fishet.td., Basingstoke,
UK).

After 24h ofincubation at 30C on maltoseMRS, the OD600 of the cultures were adjusted at 0.6.
Approximately 7 log CFU/mL of the cell culture were inoculated on MalMB&S agar plates and

the M.I.C.E evaluators strips were placed at the center of the dry plates. The plates were incubated at
30 °C for 24 h and theresults were read as reported inefino ScientificTM OxoidTM
M.I.C.EvaluatorTM (M.I.C.E.TM) Strips Interpretation Guide.

Thetested antibiotics and the relative ranges of concentrations are the followings: Ampiciltin, 256
0.015 mg/L; Erythromycin, 256.015 mg/L; Tetracyclin56-0.015 mg/L; Clindamycin, 256.015
mg/L and Gentamicin, 256.015 mg/L.

4.2.4.2. Antagonistic Activity and Antimicrobial Peptides Production

Antagonistic activity of the selected yeasts and LAB was assessed by an agar spot test, following the
method reported b§Schillinger & Liicke, 1989)considering the inhibition of foodborne pathogens
(Listeria  monocytogenesEscherichia coli Salmonella enteritid)js spoiling microorganisms
(Leuconostoc mesenteroidesPediococcus spp.) or technologically important species
(Saccharomyces cerevis)aélso, Listeria innocuawas included because it is often considered as a
nonpathogenic surrogatd L. monocytogenesharing thesame ecological niche. Briefly, overnight
cultures of LABand yeast were spotted onto the surfacegaf plates and incubated for 24 h at 30°C

in order to allow the growth of colonies. The strains to be tested for s@pgitidicatorstrains) were
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inoculated into/ ml of soft BHI agar (containing 0.7% agar) and poured over the plates on which the
LAB or yeastsvere grown. After incubation for 24 h at 37°C, the plates were checked for inhibition
halos.The antagonisticaivity wase x pr essed in relation to the o
No inhibition; +, Diameter betweer0land20 mm; ++, Diameterbetween20 and30 mm; + + +,

Diameter betweeB0 and40 mm;+ + ++, Diametehigher than 40mm.

The capability to produce antimicrobial peptides was evaluated on the filtered and neutralized cell
free supernatants by an agar spot tBstring this process also theidification capabilitywas

evaluatedby measuring the pH akell-free supernatants

4.2.5.Screening on the selected formulations and microbial consortia
Based on strains characterization and source of isolation, a total of 11 microbial consortia were
selected and used for the fermentation of 7 different mixtures of millingrdmucts in ordeto

identify the most suitable microbial consortium for ekictd of mixture
4.2.5.1. Fermentation Process

Thefermentation process was developed by mixing watettaaioy-productmixturein a 1:1 ratio
as shown in Tablé.2. The microbial consortiurfiTable 4.3.was then inoculateat a level of about
6 and 4 log CFU/dor LAB and yeast respectivelfeach different byproduct formulation was
prepared in quantities of 100g aindriplicate

Table 42. Milling by-products formulations selected for tbetup and optimization of the final pre

fermentedngredients

Milling by -products formulations
MIX 1 MIX2 MIX3 MIX4 MIX5 MIX6 MIX7

Soft wheat Bran % 5 10 - - - - -
Soft wheat fine bran % 5 10 - - - - -
Wheat germ % 5 10 5 30 - 10 -
Soft wheat Middlings % 45 40 35 - - - -
Soft wheat Tritello % 40 30 - - - - -
Soft wheat Tritello Micronized % - - 40 - - - -
Durum wheat Bran Micronized ¢ - - 25 - 10 20 25
Durum wheat Middlings% - - - - 70 70 75
Rye Bran % - - - 70 20 - -
Bran:water ratio 11 11 11 11 11 11 11
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Table 43. Composition of microbial consortia formulated on the basis of the results obtained from

preliminary analysis

Consortium Lactic acid bacteria Yeast
LANC A Latilactobacillus curvatus LANC 2 Saccharomyces cerevisiae
1 LANC B Leuconostoc mesenteroides LANC 1 Saccharomyces cerevisiae
LANC C Pediococcus pentosaceus
FB A Levilactobacillus brevis FB 1 Pichia Kudriavzevii
FB B Lactiplantibacillus pentosus FB 2 Saccharomyces cerevisiae
5 FB C Lactiplantibacillus plantarum
FB E Limosilactobacillus fermentum
B E Companilactobacillus
paralimentarius
LS1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
3 FM 2 Kazachstania unispora
DG 1 Fructiactobacillus sanfranciscensi KAZ 2 Kazachstania servazzii
4 FM 2 Kazachstania unispora
LS 1 Latilactobacillus curvatus LBS Saccharomyces cerevisiae
DG 1 Fructiactobacillus sanfranciscensi LBS Saccharomyces cerevisiae
7 BakerySaccharomyces cerevisia
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
8 LANC B Leuconostoc mesenteroides FM 2 Kazachstania unispora
LANC C Pediococcus pentosaceus
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
9 LANC B Leuconostoc mesenteroides FM 2 Kazachstania unispora
LANC C Pediococcus pentosaceus FM 3 Saccharomyces cerevisiae
10 FM A Lactiplantibacillus plantarum KAZ 2 Kazachstania servazzii
FM C Pediococcus pentosaceus FM 2 Kazachstania unispora
FM A Lactiplantibacillus plantarum KAZ 2 Kazachstanisgservazzii
11 FM C Pediococcus pentosaceus FM 2 Kazachstania unispora
FM 3 Saccharomyces cerevisiae

The mixtures were fermented for 24 hours at room temperature andefreshedwice every 24

hours(the bakery ternii r e f r e s h me it @ p peiusedid defmé the periodic addition of

flour and wateiin order to reach the stability of microbial consortium and maintain the viability of

theyeasts and LAB populatiofNlinervini et al, 2014) Specifically, after 24 hours déérmentation

the25% ofpre-ferment wasused as inoculurfor the same mixture of bgroduct and watgiR1). R1
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wasfermented for 24 hours at room temperat{R& 48h) and the second back slopping step (R2)
was obtained by adding the R1 48h to new mixtditgyeproductsand fermenting it for other 24h at
room temperaturéR2 72h)

The acidification kineticghegrowth kinetics of yeasts and LABe volatile molecule profileshort

chain fatty acidendorganoleptic acceptabilityere investigated
4.2.5.2. Microbiological analyses, pH and organoleptic acceptability

Microbiological analyses were performed @ach samplewting and at the end of fermentation
order tomonitor the growth kinetics of yeasts abédB. The cell loads of yeastnd LAB in the
different samples were determinetthrough theplate counting on the selective agar media
YPD+0.02% chloramphenicahdmaltoseMRS+0.02% cycloheximide for the enumeratioryeést
andLAB respectively.

The pH meter mod. Jenwey 35Hlectrode 924001was usedo measureéhe pH during and at the

end of fermentationn order to monitor thacidification kinetics

Finally, the organoleptic acceptability was evaluated by 15 untrained panelists. The parameters were

evaluated in a simplkecale: *low,**medium and ***high.
4.2.5.3. Short Chain Fatty acidsand Volatile Molecule Profile

Short Chain Fatty acidand Volatile molecules profiles were analyzed for tim@st interesting
samplesmmediately after preparation and after 24 eachfermentation atoom temperatureThe
analyses wer@erformed using a G®S coupled with a solid phase microextracti@Ci MS-
SPME) technique, according (8carnatcet al, 2017). The analysis was performed with an Agilent
Technology 7890 N gashromatograph, Network GC System combined with a Network Mass
Selective detector HP 5975C mass spectrometer (Agilent Technol®giks Alto, CA, USA).
Volatile peak identification was carried out by computer matchingaxfs spectral data with those
of the compounds contained in the NIdrary (NIST/EPA/NIH Mass spectral Library, Version 1.6,
United State®f America) of 2011 and WILEY (sixth edition, United States of Amerdd)995.

87



4.3. Results

4.3.1.Milling by -products physio-chemicalcharacterization

The physio/chemical composition of different soft and durum wheat milling by products, rye bran

and wheat germ are reported in Figure 4.1.

50 r
m Soft wheat bran = Soft wheat fine bran ~ Soft wheat tritello = Soft wheat middlings mGerm ®Durum wheat bran ®Durum wheat bran micronized mDurum wheat middlings mRye bran

45 +

40

i . 11

Iz T=

% % % % % % % %

Proteins Humidity Ashes Soluble Fiber Insoluble Fiber Total fat Starch Phytic acid

Figure 4.1.Physio/chemical composition of different soft and durum wheat bran.

As expected, wheat germ contained the highest amounts of protein, total fatty acids and unsaturated
fatty acidsand low level of phytic acidn fact, the literature states that wheat germ is one of the most
attractive and promising sources of functional hedlthy compounds due to its high concentration

o f -toddpherol, vitamins of group B, dietary fibers, polyunsaturated fats, minerals and
phytochemicals compoundgRizzelloet al, 201Gy; 201M).

Table 44 contains data on unsaturated fatty acid content expressed as % of tdRalpidt.lipid
oxidation could be a problem in bran samples containing high levels of unsaturated fatty acids,
however, to inhibit oxidation in these samples, antioxidamhpoundssuch as vitamins E and C

could be addedUnsaturated fatty acids were also found in high percentages in rye bran, followed by
durum wheat branSpecifically, the main fatty acidsletectedin all bran samples were palmitic,
linoleic, linolenic and oleic adi(data not showed) and, in particulligh level of linoleic, linolenic

and oleic acids, associated with a reduced content of total fatty acids, make these fractions particularly

interesting for the formulation of pfermented ingredients

88



Table 44. Dry matter unsaturated fatty acids (UBANd lipids extracted from different durum and
soft brans.The results are expressed as theeragezx standard deviationand Dr each line
considered, thelataindicated with different letters are significantly different

Lipid Lipid
Sample extracted/  Dry Matter %  Extracted % UFA %
100gbran (g) on dry matter
Soft Wheat Bran 5,67 + 1.6% 86.19 + 0.55 6.59 + 2.24° 80.6 + 0.5
Soft Wheat Fine bran 3.46 + 0.67° 89.67 + 0.5 3.86 + 0.58° 79.9 + 0.¢"
Soft Wheat Tritello 349 + 0.5Z 88.51 + 0.65* 3.95 + 0.45° 80.5 + 0.5
Soft Wheat Middlings 3.72 + 0.5° 86.37 + 0.45 4.31 + 0.39"® 80.5 + 0.6™
Wheat germ 12,54 + 0.96 87.88 + 0.61° 14.27 + 0.98 86.3 + 0.1
Durum Wheat Bran 331 + 0.2% 88.10+ 0.28 3.76 + 0.4F 813+ 1.0
Durum Wheat Bran Micronized 412 + 0.39° 88.20 + 0.42 4.67 + 0.37 806 = 0.1
Durum Wheat Middlings 6.41 + 0.78 87.39+ 0.33F 7.34 + 0.59 80.9+ 0.1
Durum Wheat Middlings Micronized 5.40 + 0.59 89.67 + 0.74 6.03 + 0.44 80.0 + 0.2
Rye Bran 1.31 + 0.26' 88.80+ 0.56° 1.47 + 0.33 827+ 0.1

For each column considerdtie data indicated with different letters are significantly different.

Rye bran showed also the lowest level of phytic acid and the highest content of starch (important
source of simple sugar for microbial fermentation) and soluble fiber. By coittresl the lowest

level of insoluble fiberAs regards the soft wheat4pyoducts, the contents of humidity, ashes and
insoluble fiber, decreased with the grinding level (bran>fine bran>tritello>middlings), while the
starch level showed the opposite trefthally, micronisation of durum wheat did not affect the main
characteristics in terms of protein, moisture, ash, fiber, fat, starch and phytielewsiever in this

casea highemilling degreeincreased the level of starch by reducing the contensofuble fibers.

The data obtainedllowedto understand the variability and the differentdrgducts in order use

them in combination with each other and in presence of different microbial consortia.

4.3.2.Selection of the besmixtures of milling by-products to be used as pre

fermented ingredients fa bakery applications

In order to select the best formulatiohmilling by-products as a base matfor the preparation of
bakery prefermented ingredientshe by-productsobtained fromsoft or durum wheabr rye bran

individually or in combination with wheat germ, were inoculated with a seldza&dry microbial
consortium composed bySaccharomyces cerevisiaas yeastand Latilactobacillus curvatus

Leuconostoc mesenteroidasdPediococcus pentosaceas LAB.
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Specifically, yeasand LAB strains were inoculateda level of4 and6 log CFU/g respectiveland
during the fermentation, microbial growth, acidification kinetics and organoleptic acceptability of

prefermens were monitored.

The results obtained are reported in Taband Tablet.6.

The preferments obtained witlsoft wheatmiddlings and tritellg with and without wheat germ

showed the best performancegardingyeast and LAB ratio (optimal 1:10@nd in terms of
acidification ratesAfter 24 hours all préderments showed a more or less adequate LAB:yeasts ratio
andpH reached optimal valueklowever, after 48 hours of fermentation or thxack slopping step

every 24 hours until reaching 72 hours, caused an excessive growth of yeast and a consequent
imbalance in the LAB:yeasts ratidhis imbalance of yeast:LAB ratio, observedbiack slopped
samplas, resulted in a significant raise of the pH values, mainly in bran and fine bran samples,
independently to the presence of wheat géfimwever,soft wheattritello and middlings samples
showed a good maintenance of the microbiological stability alsogltunther incubation periods

and back slopping steps.

This aspecis important for the scaling upecauseat industrial levelit is common to store the pre

fermented ingredients also several days.

Soft wheat tritello and middlings with amwdthout germ and durum wheat middlings showed the
better scores both in terms of organoleptic acceptability (sensory features) and for the cohesiveness

of the preferment that represent an important parameter.

The results obtained allowed to select 7 défe milling by-products formulations (Tabke?2) to be
used for the optimization and agb of the final prdermented ingredient§he formulations were
based on both fermentation kinetics and data on the composition of each ingredient used in terms of

functional fiber content, fatty acid composition, protein, etc.
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Table 45. Cell load (log CFU/g +SD) of yeasts and LABs in the differentfgm@ents, immediately after inoculum (0Oh) after 24 and 48h of

fermentation at RT

log CFU/g

Yeast LAB Yeast LAB Yeast LAB
Sample Oh Oh 24h 24h 48 h 48 h
Soft wheat bran 42 + 0.0% 6.43 * 0.13 7.88 = 0.08° 1005 + 023> 891 =+ 022 945 =+ 0.18
Soft wheat fine bran 42 + 0.0% 6.43 * 013 7.75 = 0.1% 969 + 028 841 + 018 961 =+ 0.22
Soft wheat tritello 42 + 0.0% 6.43 * 0.13 793 +* 0.12 1008 + 0.0% 7.12 =+ 0.15% 945 =+ 0.2
Soft wheat middlings 42 + 0.0% 6.43 * 0.13 8.01 + 042" 1004 + 015> 791 =+ 0.1 944 =+ 017
Bran+wheat germ 42 + 0.0% 6.43 * 0.13 8.00 + 0.16° 9.89 + 02F¥ 804 =+ 0Z 985 + 0.19
Fine bran+wheat germ 42 + 0.0 6.43 + 0.13 803 + 0.12 991 + 0.19° 752 + 0417 972 + 0.23
Middlings+wheat germ 42 + 0.0% 6.43 + 013 752 + 037 970 + 020 7.97 + 02Z 966 =+ 0.18
Tritello+wheat germ 42 + 0.0% 6.43 + 013 797 + 012> 1010 + 0.1 749 + 0.09 961 =+ 027
Durum wheat bran 42 + 0.0% 6.43 + 0.13 751 + 0.16° 10.00 =+ 0.13* 8.18 =+ 0.2P° 938 =+ 0.19

For each column considerdtie data indicated with different letters are significantly different.
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Table 46. Acidification kinetics in the different pferments (ph values£SD), immediately after the inociliy 24, 48h and 72h of fermentation
at RT and evaluation of cohesiveness and organoleptic acceptabitie &nd of fermentation. The cohesiveness and organoleptic acceptability
parameters are expressed as *[t¥#nedium **high.

pH
_ Organoleptic
Sample TOh 24h 48h 72h Cohesiveness
acceptability
Soft wheat bran 6.70 + 0.03 4.66 + 0.0 589 + 0.07 6.19 + 0.14 * o
Soft wheat fine bran 6.54 + 0.0# 438 + 0.03 533 + 0.12 6.16 + 0.18 * b
Soft wheat tritello 6.48 + 0.0# 428 + 0.0% 431 + 0.09 4.10 + 0.0¢ ok ok
Soft wheat middlings 6.49 + 0.0 4.05 + 0.04 4.04 + 0.08 4.03 = 0.0¢ ok ok
Bran+wheat germ 6.70 + 0.03 4.65 + 0.0 481 + 007 6.20 + 0.09 * *x
Fine bran+wheat germ 6.54 + 0.02 448 + 0.0 4.60 + 0.08 563 = 0.08 * i
Middlings+wheat germ 6.49 + 0.0 399 + 0.06 4.06 + 0.085 4.06 + 0.08 ok i
Tritello+wheat germ 6.48 + 0.0# 420 + 0.0 424 + 0.06 4.16 = 0.06 ok o
Durum wheat bran 6.56 + 0.0 4.24 + 0.0% 4.81 + 0.0F 5.25 = 0.08 * o
Durum wheat bran micronized 6.54 + 0.08 5.03 = 0.08 525 + 0.0# 556 = 0.1¢ ** ok
Durum wheat middlings 6.51 + 0.0 432 + 0.0 4.04 + 0.06 4.02 + 0.08 ok ok

For each column considerdtie data indicated with different letters argnificantly different.
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Table 42. Milling by-products formulations selected for the-aptand optimization of the final pre

fermentedngredients

Milling by -products formulations
MIX 1 MIX2 MIX3 MIX4 MIX5 MIX6 MIX7

Soft wheat Bran % 5 10 - - - - -
Soft wheat fine bran % 5 10 - - - - -
Wheat germ % 5 10 5 30 - 10 -
Soft wheat Middlings % 45 40 35 - - - -
Soft wheat Tritello % 40 30 - - - - -
Soft wheat Tritello Micronized % - - 40 - - - -
Durum wheat Bran Micronized ¢ - - 25 - 10 20 25
Durum wheat Middlings% - - - - 70 70 75
Rye Bran % - - - 70 20 - -
Bran:water ratio 11 11 11 11 11 11 11

4.3.3.1solation and identification of yeasts and lactic acid bacteria

In order to select well adapted microbial straaide tofermentthe selectednilling by-products
strains of yeasts and lactic acid bacteria (LAB)ere isolatedfrom spontaneously fermented

sourdoughs obtained from milling mroductsand wheat flour.

The final pH of the refreshed and stabilized sourdoughs, the cell load of Radi®Bacteria and
yeast and the number of different morphologies of lactic acid bacteria andsgdatgtd foreach
matrix are reporteth Table 4.7.

The determination of the microbial load showed that t#B:yeast ratiorespectedhe findings
reportedn literature.In fact,except for soft wheat bran and fine brdngLAB:yeast ratiovas optimal

and reached 100:1 ratioThe cooperative activity of both LAB and yeasts is, in fact, a very important
aspecbecause¢hey influence the organoleptic, health and nutritional properties of naturally leavened
productsFrom each agar plate, different colonies, commesing to different morphological types of
LAB and yeasts, were randomly isolatadd atotal of 79 LAB and 3 yeasts were isolated by the

differentsourdoughs.

93



Table 47. Final pH, cell load of LAB and yeast expressed as (log CFU/g +SD)hantber of
differentmorphologies of LAB and yeasts in the refreshed and mature sourdoughs.

Final pH Lactic acid Number Yeasts Number

P bacteria different different

LAB Yeast

Sourdough (log CFU/g £ s.d.) isolates (log CFU/g +s.d.) isolates
Soft wheat bran 3.71 + 0.08° 932 + 0.1P 13 745 + 023 6
Soft wheat fine bran 3.69 + 0.06° 9.22 + 0.04 13 583 =+ 0.0 6
Soft wheat tritello 3.71 + 0.06° 9.10 =+ 0.02 13 7.29 + 0.08 7
Soft wheat middlings 3.73 £+ 0.1 9.19 + 0.05° 13 6.90 * 020 6
Durum wheat bran 392 + 0.0 933 + 0.1% 6 719 + 0.19° 4
Durum wheat middlings  3.88 + 0.06® 9.14 =+ 0.14° 6 7.16 * 0.14° 3
Durum Wheat Middling 5 67, 04» 914 + 009 6 732 + 008 3

Micronized

Rye bran 3.86 + 0.05® 901 =+ 0.13 9 7.09 + 0.18° 2

For each column considered, the data indicated with different letters are significantly different..

The pure cultureswere microscopically examinedn Figure 4.2 and Figure4.3 are reported

microscopy pictures of the microbial strains

Leuconostoc mesenteroides

Levilactobacillus brevis

Lactiplantibacillus plantarum

Pediococcus pentosaceus

Figure 4.2. Microscopy pictures of the principal morphologies of the isolated LAB.
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Pichia kudriavzevii

Pichia kudriavzevii

Figure 4.3. Microscopy pictures of the principal morphologies of the isoldtedsts

On the bases of the different morphology, genomic DNA was extracted from pure cultures of the
isolates by the procedures previously descr{@eurazanetit al, 2011; Siroliet al, 2014) In Table
4.8. and 4.9. are reported the identification of LAB and yeasts, respectively.

Among the 79 morphologies of LAB identified the most frequently found generaReeliecoccus
(number of strains: 25),actiplantibacilus (number of strains: 15),evilactobacillus(number of
strains: 7), Leuconostoc(number of strains: 6)Latilactobacillus (number of strains: 6),
Companilactobacillus (number of strains: 6),Lacticaseibacillus (number of strains: 4),
Limosilactobacillugnumber of strains: 6), while among the 37 genera of yeasts were found 16 strains
of Pichia, 14 strains oSaccharomyceand 6 strains oKazachstaniaAccording to the 16S region
sequencing, the LAB strains belonged to the spdegsbococcus pentosaceusactiplantibacillus
plantarum Lactiplantibacillus pentosysLevilactobacillus brevis Leuconostoc mesenteroigdes
Latilactobacillus  curvatus Companilactobacillus  paralimentarius Lacticaseibacillus
songhuajiangensiandLimosilactobadlus fermentumRegarding yeasts, according to the ITS region
equencing, they belonged to the specieéghia kudriavzevii, Saccharomyces cerevisiae

Kazachstania unisporandKazachstania servazzii
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Table 48. Source of isolatiorand nolecular identification of the LAB isolated from sourdough prepared with diffenéiimg by-products

LACTIC ACID BACTERIA

STRAIN SOURCE Identification | STRAIN SOURCE Identification
CCA Soft Wheat Bran  Lactiplantibacillus plantarum I'TBF Soft Wheat Tritello Lacticaseibacillus songhuajiangensis
CCB Soft Wheat Bran  Leuconostoc mesenteroides EFBA Soft Wheat Middling Levilactobacillus brevis
CcccC Soft Wheat Bran  Pediococcus pentosaceus iFBB Soft Wheat Middling Lactiplantibacillus pentosus
CCD Soft Wheat Bran  Levilactobacillus brevis 'FBC Soft Wheat Middling Lactiplantibacillus plantarum
CCE Soft Wheat Bran  Pediococcus pentosaceus EFBE Soft Wheat Middling Limosilactobacillus fermentum
CBA Soft Wheat Bran  Lactiplantibacillus plantarum iIFBF Soft Wheat Middling Companilactobacillus paralimentarius
CBB Soft Wheat Bran  Latilactobacillus curvatus 'FBG Soft Wheat Middling Lacticaseibacillus songhuajiangensis
CBC Soft Wheat Bran  Pediococcus pentosaceus :FCA Soft Wheat Middling Lactiplantibacillus plantarum
CBD Soft Wheat Bran  Levilactobacillus brevis iIFCC Soft Wheat Middling Limosilactobacillus fermentum
CBE Soft Wheat Bran  Lacticaseibacillus songhuajiangensis IFCD Soft Wheat Middling Pediococcus pentosaceus
CBG Soft Wheat Bran  Companilactobacillus paralimentarius EFCE Soft Wheat Middling Levilactobacillus brevis
CRBA Soft Wheat Fine Bran Latilactobacillus curvatus WBA Durum Wheat Bran Lactiplantibacillus plantarum
CRBB Soft Wheat Fine Bran Pediococcus pentosaceus 'WBB Durum Wheat Bran Lactiplantibacillus pentosus
CRBD Soft Wheat Fine Bran Leuconostoc mesenteroides EWBC Durum Wheat Bran Pediococcus pentosaceus
CRBE Soft Wheat Fine Bran Lactiplantibacillus pentosus iWBD Durum Wheat Bran Levilactobacillus brevis
CRBF Soft Wheat Fine Bran Companilactobacillus paralimentarius 'WBF Durum Wheat Bran Leuconostoc mesenteroides
CRCA Soft Wheat Fine Bran Companilactobacillus paralimentarius EFMA Durum Wheat Middling micronized Lactiplantibacillus plantarum
CRCB Soft Wheat Fine Bran Lacticaseibacillus songhuajiangensis iFMB Durum Wheat Middling micronized Pediococcus pentosaceus
LANCA Soft Wheat Fine Bran Latilactobacillus curvatus 'FMD Durum Wheat Middling micronized Leuconostoc mesenteroides
LANCB Soft Wheat Fine Bran Leuconostoc mesenteroides EFME Durum Wheat Middling micronized Lactiplantibacillus pentosus
CRCE Soft Wheat Fine Bran Pediococcus pentosaceus IWFA Durum Wheat Middling Pediococcus pentosaceus
TCA Soft Wheat Tritello  Lactiplantibacillus plantarum 'WFC Durum Wheat Middling Latilactobacillus curvatus
TCB Soft Wheat Tritello  Lactobacillus pentosus EWFE Durum Wheat Middling Levilactobacillus brevis
TCD Soft Wheat Tritello  Leuconostoc mesenteroides IWFF Durum Wheat Middling Lactiplantibacillus plantarum
LANCC Soft Wheat Tritello  Pediococcus pentosaceus 'DTOA Rye Bran Lactiplantibacillus plantarum
TBA Soft Wheat Tritello  Limosilactobacillus fermentum :RBA Rye Bran Levilactobacillus brevis
TBB Soft Wheat Tritello  Latilactobacillus curvatus iRBB Rye Bran Latilactobacillus curvatus
TBC Soft Wheat Tritello  Lactiplantibacillus plantarum 'RBC Rye Bran Pediococcus pentosaceus
TBD Soft Wheat Tritello  Pediococcus pentosaceus ERBD Rye Bran Limosilactobacillus fermentum
TBE Soft Wheat Tritello  Companilactobacillus paralimentarius IRBE Rye Bran Companilactobacillus paralimentarius
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Table 49. Source of isolatiorand nolecular identification of thgeastisolated from sourdough prepared with differamtling by-products

STRAIN

SOURCE

YEASTS ISOLATES
Identification | STRAIN

CB1
CC1
LANC1
CRB1
CRB2
CRC1
CRC2
CRC4
TC1
TC2
TC3
TB1
TB2
TB3
FC1

Soft Wheat Bran
Soft Wheat Bran
Soft Wheat Bran

Pichia kudriavzevii |FC2

Pichia kudriavzevii {FC3

Saccharomyces cerevisigeBl

Soft Wheat Fine Bran Saccharomyces cerevisideB2

Soft Wheat Fine Bran

Pichia kudriavzevii |KAZ2

Soft Wheat Fine Bran Saccharomyces cerevisiad/B1
Kazachstania servazzii! LANC2

Soft Wheat Fine Bran
Soft Wheat Fine Bran

Soft Wheat Tritello
Soft Wheat Tritello
Soft Wheat Tritello
Soft Wheat Tritello
Soft Wheat Tritello
Soft Wheat Tritello

Pichia kudriavzevii EWB3
Saccharomyces cerevisig@F1
Kazachstania unisporaiWFZ
Pichia kudriavzevii EWFS
Pichia kudriavzevii |FM1
Kazachstania unisporaiFMZ
Saccharomyces cerevisi%alél\/l?,

Soft Wheat Middling Saccharomyces cerevisigeB1

SOURCE Identification
Soft Wheat Middling Kazachstania servazzii
Soft Wheat Middling Pichia kudriavzevii
Soft Wheat Middling Pichia Kudriavzevii
Soft Wheat Middling Saccharomyces cerevisi:
Soft Wheat Middling Kazachstania servazzii
Durum Wheat Bran Pichia kudriavzevii
Durum Wheat Bran Saccharomyces cerevisi:
Durum Wheat Bran Saccharomyces cerevisi:
Durum Wheat Middling Saccharomyces cerevisi:
Durum Wheat Middling Kazachstania unispora
Durum Wheat Middling Pichia kudriavzevii

Durum Wheat Middling micronized  Pichia kudriavzevii

Durum Wheat Middling micronized Kazachstania unispora

Durum Wheat Middling micronized Saccharomyces cerevisi:
Rye Bran Saccharomyces cerevisi:
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The LAB and yeasts isolated from the brands s
sourdoughs. In fact, LAB, obligately homofermentative and facultatively or obligately
heterofermentative, are the typical of sourdo@Dke Vuystet al, 2014; Ganzle & Ripari, 2016;
Gobbettiet al, 2014) Several studies also reported that the typical yeasts of the sourdough belong to
the gener&accharomyce&azachstaniandPichia (Gobbettiet al, 2014)

4.3.4.Characterization and selection of thébest microbial consortium

In order to select the best microbial consorteyesal yeast and LAB straimspresentative for the
isolated speciewere characterized

Specifically, thestudiedstrainsare reported in Table 4.10.

Table 410. Strainselected and characterized

STRAIN SOURCE
LANCA Latilactobacillus curvatus Soft Wheat Fine Bran
LANCB Leuconostoc mesenteroides Soft Wheat Fine Bran
LANCC Pediococcus pentosaceus Soft Wheat Tritello
FBA Levilactobacillus brevis SoftWheat Middling
0 FBB Lactiplantibacillus pentosus Soft Wheat Middling
3 FBC Lactiplantibacillus plantarum Soft Wheat Middling
FBE Limosilactobacillus fermentum Soft Wheat Middling
FBF Companilactobacillus paralimentarius Soft Wheat Middling
FBG Lacticaseibacillus songhuajiangensis Soft Wheat Middling
LS1 Latilactobacillus curvatus Traditional Sourdough
KAZ2  Kazachstania servazzii Soft Wheat Middling
Q FM2 Kazachstania unispora Durumm\i/é/rhoenai\;é\iljiddling
> FB1 Pichia Kudriavzevii Soft Wheat Middling
LANC1 Saccharomyces cerevisiae Soft Wheat Bran

4.3.4.1. Antibiotic Susceptibility

The antibiotic susceptibilitwas evaluated oeightLAB strains and the results are reported in Table
4.11. The results are compared with the EFSAofutwhich, that accordingto the minimum
inhibitory concentrations (MIC)an be used to determine the resistgiR)er susceptibility(S) of

the strain ta specific antibiotic
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Table 411. Evaluation of minimum inhibitory concentrations (MI8gL) of fivespecificantibiotics againskight selected LABThe resistance or
susceptibility of a strain to a specific antibiotice indicated, inrelation to EFSA cubff, by R or S respectively

EFSA EFSA EFSA EFSA EFSA
Ampicillin ~ cut- R/S Erythromycin cut- R/S Tetracycline cut- R/S Clindamycin cut- R/S Gentamicin cut- R/S
off off off off off
Label Strain mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L
LANC A Lenlemlenellls 2 4 s 0.022 8 0.37 8 S 0.015 g 2 16 S
curvatus
LANC B Leuconostoc 2 2 S 0.03 1 s 8 8 S 0.015 1 S 1 16 S
mesenteroides
LANC C Pod ey 4 4 s 0.06 8 1% 8 R 0.015 g 1 16 S
pentosaceus
FBA Levilactibacillus brevis 2 2 S 0.03 1 S 8 8 S 1 1 S 0.5 16
FBB L e s 1 2 s 0.045 1 s 8 32 S 0022 2 s 075 16
pentosus
FBC Lactiplantibacillus 05 2 s 0.03 1 s 8 32 S 0.75 2 s 0.25 16 S
plantarum
FBE Limosilactibacillus 0.19 2 S 0.015 1 s 0.37 8 S 0015 1 S 009 16 S
fermentum
Fgr  Companilactibacilus - oo 4 s 0.03 1 S 2 8 S 0.12 1 S 05 16 S

paralimentarius
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The results evidenced thall the considered straishoweda susceptibility toall the antibiotics
consideredTheonly exception was represented®diococcus pentosacelBNC C which showed
resistance tdetracycinwith MIC level of 12 mg/L against the EFSA eoff corresponding to 8
mg/L. Leuconostoc mesenteroideANC B and Pediococcus pentosaceusANC C showed low
susceptibility toAmpicillin and Tetracyclinewhile, Levilactibacillus brevisFB A showed low
susceptibilityalsoto Clindamycin Among all the considerahtibiotics, ErythromycinClindamycin

andGentamicinshowed the highest bactericidal effect
4.3.4.2. Antagonistic Activity and Antimicrobial Peptides Production

Antagonistic activity of the selectefbur yeasts anchine LAB was evaluatedconsidering the
inhibition of foodborne pathogerssich ad.isteria monocytogenekscherichia colandSalmonella
enteritidis including Listeria innocua which shares the same ecological niohe. monocytogenes
and is often considered a npathogenic surrogatespoiling microorganisms(Leuconostoc

mesenteroide$ediococcuspp.) or technologically important spec{&accharomyces cerevisjae

The main resultsrre reportedn Table 4.12The results obtained showed that all the LAB strains
considered were characterized by a strangagonistic activity againdtisteria monaytogenes
Listeria innocua Escherichia coli Salmonella enteritidis Leuconostoc mesenteroidesnd
Pediococcus damnosum fact, the inhibition halos wetgigher than 40mm for most of the LAB
tested. As expected. cerevisiaavas the most resistant targatain considered and only limited
inhibition halos were observed. Considering the yeast strains,Kadgchstania unispor&M?2
showed a significant inhition of the target strains. On the other hathis strain was the most
efficient among the yeast ones to reduce the medium pH (Edine 4.13)

Through an agar spot test the filtered and neutralized cefiee supernatantghe capability to
produe antimicrobial peptides was evaluaked the resultshowed that none of the microbial strains

tested produced active bacteriocins against the target microorganisms considered.

Table 413 showsthe ability of the yeast and LAB straim®nsidered to acidify the cell growth
substrateYPD and MRS respectively, after 24 hoafgrowth at the optimum growing temperature
(30°C).
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Table 412. Antagonistic activity of the selected microbial strains, against sef@edborne pathogens amsgoiling microorganisms expressed as

inhibition halos.

Listeria . L o Leuconostoc .
Strains Listeria innocua Escherichia Salmonella . Pediococcus Saccharomyce
monocytogenes ) L mesenteroide 2
ATCC 13932 DSM 2029Y coli 555 enteritidis M17G20 damnosus cerevisiae SP£
11

LANC A Latilactobacillus curvatus ++++ ++++ ++++ ++++ ++++ +++ +
LANC B Leuconostoc mesenteroides ++++ ++++ +++ ++++ ++++ +++ -
LANC C  Pediococcus pentosaceus ++++ ++++ ++++ ++++ ++++ ++++ -
LS1 Latilactobacillus curvatus ++++ ++++ ++++ ++++ ++++ ++++ -
FB A Levilactibacillus brevis ++++ ++++ ++++ ++++ ++++ +++ +
FB C Lactiplantibacillus plantarum ++++ ++++ ++++ ++++ ++++ ++++ +
FB E Limosilactibacillus fermentum ++++ Lot +++ ++++ ++ T -

Companilactibacillus
FB F ) ) ++++ ++++ +++ ++++ ++ +++ -

paralimentarius

Lacticaseibacillus
FB G B _ ++++ Lot ++++ ++++ +++ T -+

songhuajiangensis
KAZ 2 Kazachstania servazii + + - - - - -
FM 2 Kazachstania unispora ++ ++ + + + + -
LANC 1 Saccharomices cerevisiae - - - - - - +
FB 1 Pichia kudriavzevii - - - - - - -

- No inhibition; + Diameter of inhibition halo between 10 and 20;mm Diameter of inhibition halo between 20 andn®®; +++ Diameter of inhibition halo between 30 and 40;mm

++++ Diameter of inhibition halo higher than 40 mm
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Table 413. Acidification capability, evaluated as pH of the cell free supernatants, of the selected
microbial strains, grown 24h at 30°C in appropriate growth medium (MRS broth for LAB and YPD

broth for yeasts)

Strains pH of the supernatant at 24h
LANC A Latilactobacillus curvatus 3.90
LANC B  Leuconostoc mesenteroides 3.60
LANC C  Pediococcus pentosaceus 3.48
LS1 Latilactobacillus curvatus 3.79
FB A Levilactibacillus brevis 3.86
FBC Lactiplantibacillus plantarum 2.88
FB E Limosilactibacillus fermentum 3.13
FB F Companilactibacillus paralimentarius 3.83
FB G Lacticaseibacillus songhuajiangensis 3.94
KAZ 2 Kazachstania servazii 4.16
FM 2 Kazachstania unispora 4.02
LANC 1 Saccharomices cerevisiae 4.05
FB 1 Pichia kudriavzevii 5.38

Regardless of thstrain considered, pH values below 4.0 were reached within 24. Aithesnedia
inoculated withLactobacillus plantarunfFBC andLactobacillus fermenturRBE reached the lowest
pH values of B8 and 313 respectivelywhilethe yeasts consideradpernatants showed pH values
between 4.02 and 4.16, exosgPichia kudriavzevijiwhich acidified only up to pH of 5.38.

The results obtained indicate that most of the selected micsibesthsare characterized by rapid
growth and acidification kineticand areable to inhibit foodborne pathogetisough the production
of organic acids (mainly lactic and acetic acitts addition, the absence of sensitivitySfcerevisiae

to micro-organisms present in the preferments is of gesdinological importance

In fact, it is important that its metabolic activities are not inhibited by the addition of preferments,
because, even if the additioh sourdough is foresegem baking application§. cerevisiaés used

during the leavening phas

4.3.5.Screening on the selected formulations and microbial consortia

On the bases of the results obtained fitim antibiotic susceptibility and the antagonist activity
analysis together with the volatile molecule profiles and the growth kinetics data of the in vitro
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characterization (data not showeti),microbial consortia with the potential to optimally fermiet

selected milling byproduct mixture were identified.

The formulated microbial consortia are reportedable 4.3. These 11 microbial consowtiare then
tested ortheselectednilling by-product formulationsreported in Table 4.2¢ identify the ofimal

consortium for each mixture considered.

Table 4.3. Composition of microbial consortia formulated on the basis of the results obtained from

preliminary analysis.

Consortium Lactic acid bacteria Yeast
LANC A Latilactobacillus curvatus LANC 2 Saccharomyces cerevisiae
1 LANC B Leuconostoc mesenteroides LANC 1 Saccharomyces cerevisiae

LANC C Pediococcus pentosaceus

FB A Levilactobacillus brevis FB 1 Pichia Kudriavzevii
FB B Lactiplantibacillus pentosus FB 2 Saccharomyces cerevisiae
) FB C Lactiplantibacillus plantarum
FB E Limosilactobacillus fermentum
B E Companilactobacillus
paralimentarius
LS1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
3 FM 2 Kazachstania unispora
DG 1 Fructiactobacillus sanfranciscensi KAZ 2 Kazachstania servazzii
4 FM 2 Kazachstania unispora
LS 1 Latilactobacillus curvatus LBS Saccharomyces cerevisiae
DG 1 Fructiactobacillus sanfranciscensi LBS Saccharomyces cerevisiae
7 BakerySaccharomyces cerevisia
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
8 LANC B Leuconostoc mesenteroides FM 2 Kazachstania unispora
LANC C Pediococcus pentosaceus
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
9 LANC B Leuconostoc mesenteroides FM 2 Kazachstania unispora
LANC C Pediococcus pentosaceus FM 3 Saccharomyces cerevisiae
10 FM A Lactiplantibacillus plantarum KAZ 2 Kazachstania servazzii
FM C Pediococcus pentosaceus FM 2 Kazachstania unispora
FM A Lactiplantibacillus plantarum KAZ 2 Kazachstania servazzii
11 FM C Pediococcus pentosaceus FM 2 Kazachstania unispora
FM 3 Saccharomyces cerevisiae
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4.3.5.1. Microbiological analyses, pH and organoleptic acceptability

Selected byproduct mixtures were tested to assess the impact of inoculated microbial consortia on
prefermented sample$he prefermented samples obtained were characterized by a microbiological
point of view, organoleptic acceptability and acidification kinetics in order to identify the most

performing combination between microbial consortia muiting by-products formulaon.

The results obtained from acidification kinetics and the organoleptic acceptability-fefmented

samples aresportedn Table 4.14.

Table 414. Performances in terms of acidification kinetics (pH decrease) and organoleptic
acceptability,of selectednicrobial consortia inoculated on the 7 milling-pyoduct formulations.

The measurements are relative to the starting tirhg 0rh, 24h, 24h aftethe first refreshment of

the preferment (48 R1) and 24 h after the second refreshmeni @2).

Consortium 1

pH

organoleptic

Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX 1 6,37 + 0,02 505+ 0,03 4,41 + 0,03¢ 4,20 + 0,05 4,07 + 0,02 Frx
MIX 2 6,37 £+ 0,02 499 + 0,10° 4,68 + 0,12 436 + 0,09 4,13 + 0,09 **
MIX 3 6,40 + 0,0 536 + 0,08 4,49 + 0,11 432 + 0,080 4,13 + 0,04 *kk
MIX 4 6,52 + 0,01° 598 + 0,09 511 + 0,08 4,89 + 0,02 4,77 + 0,08 *
MIX 5 6,71 + 0,03 529 + 0,02 4,66 + 0,080 4,21 + 0,03 4,11 + 0,12° o
MIX 6 6,68 + 0,0 501 + 0,08 4,39 + 0,02 3,99 + 0,08 4,00 + 0,03 **
MIX 7 6,65 + 0,0 511 + 0,05 4,48 + 0,0 4,00+ 0,05 3,97 + 0,02 **

Consortium 2
pH

organoleptic

Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX 1 6,37 + 0,8 6,33 + 0,05 4,18 + 0,13 4,12 + 0,11 565 + 0,1C Frx
MIX 2 6,42 + 0,02 6,30 + 0,1 4,08 + 0,03 4,21 + 0,080 5,36 + 0,02 **
MIX 3 6,40 + 0,02 6,37 + 0,08 4,15 + 0,12 4,32 + 0,07 6,01 + 0,08 *
MIX 4 6,55 + 0,03 6,33 + 0,048 528 + 0,0°F 4,66 + 0,0F 511+ 0,12 *
MIX 5 6,62 + 0,02 6,26 + 0,08 4,89 + 0,09 4,11+ 0,03 5,26 + 0,03 **
MIX 6 6,66 + 0,02 599 + 0,07 4,66 + 0,08 4,01 + 0,08 4,66 + 0,02 **
MIX 7 6,68 + 0,02 6,01 + 0,080 4,46 + 0,06 3,99 + 0,07 4,48 + 0,11 **
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Consortium 3

pH
organoleptic
Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX1 6,48 + 0,02 596 + 0,03 4,65+ 0,04° 4,08 + 010 4,12 + 0,09 rkk
MIX2 6,47 + 0,0 6,01 + 0,04 511 + 0,0 4,10 + 008 4,05+ 0,04 o
MIX3 6,49 + 0,02 598 + 0,0 5,10 + 0,02 425+ 009 4,08 + 0,08 o
MIX4 6,55 + 0,02 6,25 + 0,02 4,99 + 0,09 451 + 004 4,26 + 0,04 rkk
MIX5 6,55 + 0,02 598 + 0,080 4,89 + 0,02 433+ 0,0 4,11 + 0,00 rkk
MIX6 6,56 + 0,02 5,76 + 0,02 4,55 + 0,068 4,11 + 0,06® 4,04 + 0,07 **
MIX7 6,58 + 0,022 582+ 0,06 4,76 + 0,02 422+ 011" 4,11 + 0,00 **
Consortium 8
pH
organoleptic
Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX1 6,43 + 0,02 4,98 + 0,0Z 4,21 + 0,08 4,02+ 0,06 4,08+ 0,12 rkk
MIX2 6,45 + 0,0 5,11 + 0,06° 4,41 + 0,08 4,22 + 0,02 4,15+ 0,02 rkk
MIX3 6,45 £+ 0,0 522 + 0,08 4,46 + 0,17 4,26 £ 0,08 4,11 + 0,08 *x
MIX4 6,55 + 0,02 5,15+ 0,02 4,44 + 0,03 4,21 + 0,058 4,03 + 0,08 rkk
MIX5 6,61 + 0,0 501+ 0,1 4,26 + 0,08 4,11 + 0,080 4,16 + 0,02 rkk
MIX6 6,54 + 0,02 4,86 + 0,09 4,18 + 0,080 4,04 + 0,12 4,04 + 0,08 rkk
MIX7 6,57 + 0,02 479+ 0,13 4,11 + 0,0Z 4,09 + 0,08 4,11 + 0,08 rrk
Consortium 9
pH
organoleptic
Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX1 6,41 + 0,0 495 + 0,02 4,03 + 0,05 3,98 + 0,03 4,04 + 0,08 Frx
MIX2 6,39 + 0,02 5,07 + 0,05 4,31+ 0,09 4,11 + 0,0# 4,05+ 0,04 rkk
MIX3 6,41 + 0,0 5,16 + 0,03 4,23 + 0,08° 4,08 + 0,12 3,99 + 0,08° *x
MIX4 6,51 £+ 0,0Z 535+ 0,13 458 + 0,0# 4,31 + 0,07 4,28 + 0,04 rkk
MIX5 6,62 + 0,0° 5,11 + 0,08 4,01 + 0,08 3,98 + 0,06 3,90 + 0,06 Frx
MIX6 6,57 + 0,02 491 + 0,07 4,09 + 0,1F 3,96 + 0,09 3,89 + 0,07 Frx
MIX7 6,56 + 0,0 4,87 + 0,08 4,13 + 0,1C¢ 4,05 + 0,04° 3,96 + 0,06° Frx
Consortium 10
pH
organoleptic
Formulation Oh 17h 24h 48h R1 72h R2 acceptability
MIX1 6,48 + 0,02 558 + 0,06 4,97 + 0,02 4,48 + 0,02 4,22 + 0,07° ok
MIX2 6,49 + 0,02¢ 5,79 + 0,08 5,11 + 0,02 4,76 + 0,00 4,33 = 0,10 o
MIX3 6,46 =+ 0,02 599 + 0,08 5,06 + 0,11 4,61 + 0,05 4,36 = 0,00 o
MIX4 6,58 + 0,0 6,11 + 0,12 564 £+ 0,072 5,11 + 0,10 4,89 + 0,1C¢ o
MIX5 6,71 + 0,02 5,28 + 0,03' 4,36 + 0,09 422+ 0,03 4,11 + 0,06 ok
MIX6 6,69 + 0,02 5,38 + 0,06' 4,47 + 0,05 4,26 + 0,04 3,99 + 0,04 ok
MIX7 6,67 + 0,0 539 + 0,10 450 + 0,068 420 + 0,08 4,11 + 0,03 ok
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Consortium 11
pH
organoleptic
Formulation Oh 17h 24h 48h R1 72h R2 acceptability

MIX1 6,41 + 0,02 5,78 + 0,1C¢ 5,10 + 0,11 4,68 + 0,04 4,33 + 0,09 ok
MIX2 6,38 + 0,02 5,99 + 0,04 533 + 0,06 501 + 0,02° 4,88 + 0,04 *
MIX3 6,39 + 0,0r 6,08 + 0,06" 554 + 0,08 511 + 0,08 4,76 + 0,17 *
MIX4 6,53 + 0,02 6,23 + 0,08 588 + 0,0F 533 + 0,08 5,00+ 0,03 *
MIX5 6,65 + 0,02 5,66 + 0,069 522 + 0,09¢ 461 + 0,06 4,31 + 0,08 *
MIX6 6,62 + 0,0* 558 + 0,0/ 519 + 0,04 4,71 + 0,10' 4,41 + 0,06 ok

I+

MIX7 6,62 + 0,0® 564 + 0,04 5,23 + 0,02¢ 4,91 0,08 4,56 + 0,02 el

For each column considerdtie data indicated with different letters are significantly different.

Mostof the microbial consortia tested showed good performance in terms of acidification kinetics on

all the 7 different formulations of bran mixtures.

The microbial consortia that showbdtterperformance in all 7 formulations of {products were 1,

8 and 9all characterized by the presence of the same WLA&Blactobacillus curvatus

LANCA, Leuconostoc mesenteroideNCB andPediococcus pentosacellBNCC. In particular,

these consortia reached the optimal acidification level within the first 24h of fermentation and
maintained a stable palsoafter the two refreshments of the ffeement.In addition,consortium 2
showed good acidification kinetics withine first 24h, but an increase in pH was obseaftzt the
refreshment of the prierment. This pH instability was due to an alteration in the optimal ratio

between LAB and yeasts.

In fact, asshown in Figure 4.4, comparéaconsortium 2, the other micr@ consortia tested were
characterizedby an optimal LAB:yeasts ratio of 100:1 for the whole perigdgardlesof the

refreshments

About organoleptic acceptability, formulations containing durum wheat ingredieatsMIX5,
MIX6 and MIX7)received the best score when fermented with consortial®, &d 11Moreover,
these consortia also showed the best performance in terms of microbial growth rate and acidification

kinetics.

Finally, consortium 3, composed bétilactobacillus curvatu$ S1 and the two yeaskazachstania
servazziKAZ2 and Kazachstania unispor&M2, showed the best performances on the mixtres

and 5containing ryebran showing a high organoleptic acceptability score.
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Consortium 11
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Figure 4.4. Growth kinetics of yeasts and LAB, expressed as log CFU/g, of the consqru) 1
8, 9, 10, 1bn the 7 milling byproducts formulations (MIX-X) after the inoculum (0h) and after
different times during fermentation at room temperatOre 24h, 48h, Zh).

4.3.6.Short Chain Fatty acids and Volatile Molecule Profile

The volatile molecule profile anshort chain fatty acidaereinvestigatedon themost interesting
prefermentsat different times of fermentatioand after therefreshment. On the bases afhe
consortium and the mixture of {products used, specific profiles in terms of volatile molecules were
detected Microbial consortia were tested on each of the seveprbguct formulations (data not
shown) and specific profiles of aromatic compounsisoaiated with the composition of microbial

consortia were detected.

Specifically, the content increase of acetic acid, shadrt chain fatty acidssuch as pentanoic,
hexanoic, heptanoic and octanacid, in the starting formulations was mainly due to the
heterofermentativeAB metabolismBoth the presence &accharomycesr Kazachstaniancreased
the presence of esters, mainly ethyl acetate and the ethyl ester of hexanoic and heptamiiteacid

the specific presence 8accharomyces cerevisiaereased the presence of alcohols.

Theprincipalcomponent analysis (PCA) was performed onréiseltsof the different préderments
after 24 hours of fermentation, to better understand the effects telsteemicrobial consortia on

the volatile molecules profile of the different samples
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Figure 45. Projection of cases (a) and variables (b) obtained by PCA elaboration of volatile

molecule profile characterizing the pferments obtained by different consortia amdproducts
formulations.
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Fig. 45a and b represent the projections of the samples and vaiiabiesspaces enclosed by the
first two main components PC1 and P@Rjch account foR1.16%and16.98% respeately, of the
total variance among the different samples.

Although not all consortia and mixtures of-pyoducts are reported, it is clear that the cluzidion

of samples in the factorial plan (1X2) was mainly influenced by the consortiamisact, regardless

the preferment formulations, the samples fermented wahsortial were grouped together in the
lower right side The projection of the variables wertines that this difference is due to a stronger
presence of esters due to the metabolism of this consomtaneover, the préermented mixtures
obtained from consortia Rere separated from the sampbégained from fermentation of consortia

1 along tle PCIrankingin the lower left quadrant. The molecules which contributed to the separation
were principallyfurans anacids Finally, the samples obtained from consortia 3, 4, 5, 6 and 7 mapped
on theupper left sideseparating from the other two congaralong the PC2n this case the most

present molecules were represented by aldehydes and ketones

The critical analysis of all the data obtained allowed the selection of consortia 8 and 3, the first for
the fermentation of MIX 1 formulated withy-products from soft wheat and MIX 7 obtained from
durum wheat byproducts and the second for the fermentation of MIX 4 formulated with rye bran. In

fact, they were the most interesting for the production of fermented ingredients for baking.
4.4. Conclusions

The characterizatioof the milling by-productsobtained from sofand durumwheat and ryefrom a
physiochemical point of vievehowednteresting resultsThe presence of polyunsaturated fatty acids
in by-products such udinoleic, linolenic and oleic acideaving functional roles and considered
aroma precursors makes them particularly interesting for the formulation of-fprenented
ingredients.The wheat germ is subject to oxidation due to its high concentration ofatruda
unsaturated fattgcids;however, the high content of proteins makes it suitable for use in combination
with other milling byproducts.Moreover, he processing degree of -pyoducts can affecto a
different extentthe physiechemical characteristics of the product, for example, micronization,

affects the starch content.

The fermentation of millindpy-products with a microbial consortium composedsatcharomyces
cerevisiaeas yeast and.atilactobacillus curvatusLeuconostoc mesenteroidaad Pediococcus
pentosaceuss LAB, highlighted the high technological potential of middlings and tritello that

showed the best yeast and LAB ratio (1:100) and the greatest acidification rates regardless of the
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degree of processir(gricronization). For this reason, the 6 formulations obtained with softuoum

wheat, were made with a high percentage of these two components.

As a result, an understanding of the differences and variability of the differgmbbycts resulted

in 7 formulations consisting of different combinations offnpducts appropriate for fermentation.

Among 79 LAB and 37 yeast isolated from the different sourdough, 10 LAB and 4 yeasts were
selected for a more 4depth characterizatiom order toidentify the most promising strains to be

included in microbial consortia to be used in millinggrpduct formuhtions.

The promising results of the antibiotics susceptibility analyrsisthe strong antagonistic activity of

the LAB against all the pathogenic bacteria tested, made them technologically advantageous for their
application in the bakery sector. On thtbey hand, the strains tested were not competitive Suith
cerevisiag one of the most technologically important yeasts in the sdatally, the high capacity

of almost all LAB strains and yeast tested to acidify the growth substrate is a positivietlagpec

could influence technological and organoleptic parameters during the fermentation of bran mixtures.

The 11 consortia selected on the basis of the parameters considered, strongly influenced the
organoleptic characteristiesmd the volatile molecule profitef thepreviously selected by-products
formulations.In particular, consortia 18 and 9 showed gal performance in all By-products
formulations testedpecifically, MIX 1 and 7, composdxy milling by-products obtained from soft

and durunwheatrespectively, received the best scores of organoleptic acceptability whremted

with consortium 8In fact, in these formulationgonsortium8, composed by atilactobacillus
curvatusLANC A, Leuconostoc mesenteroideANC B andPediococcus pentosaceu8NC C as

LAB and Kazachstania servazzKAZ2 and Kazachstania unispor&M2 as yeastsieached the

optimal acidification level in 24 hours and was characterized by an excellent LAB: yeast ratio of

100:1duringthe entire fermentation period (including refreshments).

In terms of rye bran miyres the microbial consortium capable of providing the lmeganoleptic

acceptability was consortium 3.

In conclusion, the critical analysis of all the data obtained allowed the selection of consortia able to
bring the best characteristics to the final prod&gtecifically, consortium8 was selected for the
fermentation of MIX 1 formulated with soft wheat fyroducts and MIX 7 obtained from durum
wheat byproducts while consortiun8 was selected for the fermentation of MIX 4 formulated with

rye bran. They were in fact the most interesting to produce fermentedliggts for baking.
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CHAPTER 5

Antioxidant, functional and
technologicalfeatures of pre
fermented ingredients obtainedusing
milling by -products fermented by
selectedmicrobial consortia
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Abstract

During the cereals milling processing, severatpbyducts are produced. Despite their widely
recognized healtlproperties,bran and germ are mainly used as a feed supplement, while the
application in the food industry is currently marginal. However, the interest in the use of bran and
germ in food formulation has increased gradually over the years, but at the tnitsrtenhnological

and functional potential is not fully exploitethe milling by-products functionality can be increased

by fermentation. In fact, fermentation with weharacterized microbial cultures, yeast or lactic acid
bacteria, represents a usitbol to improve the quality, processability and functionality of fermented
cereal products or higtiber ingredients, such as sourdough bread, fermented wheat bran and whole

meal flour.

The advantages of the fermentation of two selected microbial d¢@pswas tested on three
formulations obtained by mixing milling bgroducts fractions from soft and durum wheat and from
rye bran mixed with wheat germ, in order to promote the production of millifgrdmjucts as food

ingredients.
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5.1. Introduction

World cereal production stands at around 2.77 million tons/year (FAO 2022) which makes cereals
one of the main food sources for human consumpamni et al, 2019) Among cereals, wheat,

rice, corn, barley, rye, sorghum and oats are the most important wael@amaratskaiaet al,

2021) During milling processing, several 4pyoducts are produced and classified on the basis of
particle size and endosperm content, but bran and germ represent the mgjGodaetal., 2014)
Currently, cereal bran and germ are mainly used as a feed supplement, while the application in the
food sector plays only a minor ral&obbetti, de Angelis, di Cagno, Poti,al, 2019; Onipeet al,

2021; Verniet al, 2019) However, the intereshithe use of bran and germ in food formulation has
increased gradually over the years, due to their widely recognized health prdQertiast al, 2015;
Prickleret al, 2014) However, its current usage is too limited compared to its production rate
(millions of tonnes a year) and performed without fully exploiting its wide technological and

functional potentia({Luithui et al,, 2019)

For example, rye bran represents a valuablgrbguct due to its valuable composition (33.4%
cellulose, 5.3% heroellulose, and 3.3% lignin), starch (18.6%), protein (17.0%), and lipids (2.5%)
(Galanakis, 2022)In addition, rye bran contains high amounts of bioactive compounds including
ferulic acid, characterized by antioxidant, anflammatory, and anticanc@roperties(Wei et al,

2022) Soft or Durum wheat bran also contains nutrients with possible health effects, including
essential amino acids, such as lysine and tryptophan, vitamins, such as thiamine and niacin,
antioxidants, such as ferulic acid anklyslesorcinols texture of food, reducing consumer acceptance

to a certain exten(Dziki, 2022; Verniet al, 2019) Also, wheat germ is reported to be one of the
potentially excellent sources of munkeded vitamins, minerals, dietary fibre, caloriestgns, and

some functional micronutrieni@oukid et al, 2018; Rizzello, Nionelli, Coda, de Angelist al,

2010) However, the presence of wheat germ adversely affects the keeping quality as well as the
reprocessing quality of the flour and bran, doeinly to the oxidation of unsaturated fatty acids
(Rizzello, Nionelli, Coda, de Angelist al, 2010; Verniet al, 2019)

Literature data shows that fermentation and some enzymatic treatments of cereal bran may increase
its functionality (Codaet al., 2015; Onipeet al, 2021) In fact, some technological and health
promoting properties of bran can be increased by the activity of selected microorganisms or microbial
consortia(Bertschet al, 2020; Verniet al, 2019) Fermentation performed Iselected microbial

strains and consortia is the most promising way to reduce the phytate content of cereals and bran
increasing their nutritional value§&Zhang et al, 2022) In addition, fermentation with well

characterized microbial cultures, yeastlactic acid bacteria (LAB), represents a useful tool to
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improve the quality, processability and functionality of fermented cereal products efidagh
ingredients, such as sourdough bread, fermented wheat bran anehwaabigour(Filanninoet al,

2018; Spaggiaret al, 2020) Literature data showed that fermentation allows to increase the content
of total phenols and ferulic acid of peeled and native rye (ptatinaet al, 2007) While, depending

on the microorganism used on wheat bran, feratemt increases the fibres solubility, the peptides
and free amino acids content and in vitro digestibility of proteins, as well as reducing the phytic acid
content and increasing the phenols content and antioxidant a¢Avigyet al, 2015; Codaet al,

2014; Duharet al, 2016; Katinaet al, 2007; Maniniet al, 2014; Serviet al, 2008; Zhacet al,

2017) In addition, fermentation of wheat germ with selected strain of lactic acid bacteria is able to
enhance antioxidant activity due to phenolicbioactive peptides and to increase the content of free
amino acids and minerallliu et al, 2013; Rizzello, Nionelli, Coda, di Cagret,al, 2010)

In this context, the aim of this work was to characterize for functional, nutritional and technological
features prédermented ingredients, obtained from the fermentation of formulation obtained by mixing
soft wheat byproducts durum wheat byproducts andye bran and wheat germ, by two selected
microbial consortia, specific to each formulation, in order to demonstrate the advantages of

fermentation to favour the implementation of millingfpducts as food ingredients.

5.2. Material and methods

5.2.1.Raw material

The milling byproduct characterized for moisture, protein, ash, crude fat, soluble, insoluble and total
dietary fibre, mineral contents, fatty acid profiles and starch content, lipid fractions and phytate
content in the previous chapter, were used in éxgtation. Specifically, the bgroducts shoed in

Table 5.1. were mixed in order to obtain the three most promising formulations of those selected in
Chapter 4 on the basis of the physlemical potential, of organoleptic acceptability, the
fermentatiorresponse (microbial growth and acidification kinetics of inoculated microbial consortia)
(Table 5.2.).
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Table 5.1.Milling by-products used during the experimentation.

Samples From Type of Samples

Barilla Rye Bran
Durum Wheat Bran
Durum WheaBran Micronized
Durum Wheat Middlings

Pivetti Soft Wheat Bran
Soft Wheat Fine Bran
Soft Wheat Tritello
Soft Wheat Middlings

Germ

Table 5.2.Most promising formulations studied in the experimentation.

Milling by -products formulations

MIX 1 MIX 4 MIX 7
Soft wheat Bran % 5 - -
Soft wheat fine bran % 5 - -
Wheat germ % 5 30 -
Soft wheat Middlings % 45 - -
Soft wheat Tritello % 40 - -
Soft wheat Tritello Micronized % - - -
Durum wheat Bran Micronized % - - 25
Durum wheat Middlings% - - 75
Rye Bran % - 70 -
Bran:water ratio 2:1 2:1 2:1

5.2.2.Microbial consortia

On the basis of the preliminary results obtained in Chapter 4, it was possible to identify two microbial
consortia able to rapidly grow on milling {myoducts and provides the best characteristics to the three

selected byproduct mixtures.

Specifically, onsortium 8, consisting of three lactic acid bacteria (LAB) and two yeasts, was selected
to ferment MIX 1 and 7, while consortium 3, consisting of one LAB and 2 yeasts, was selected to
ferment MIX 4 (Table 5.3). All the strains belong to the collectiothefDepartment of Agricultural
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and Food Sciences of Bologna University and were isolated from spontaneously fermented wheat and

rye bran.

Al | LAB and yeasts strains were maintained as
Rogosa Sharpe (mMRS3hedium Thermo FisherMilan, Italy) and on Yeast Extrdd®eptoné
Dextrose (YPD) mediunilhermo FisherMilan, Italy), supplemented with 25% glycerol (w/v). The
cultures were propagated three times with about 3% (v/v) inoculum in MRS for LAB and YPD for

Kazachstania spp. and incubated in at 25 °C for 24 h.
Table 5.3. Composition of microbial consortia selected from preliminary analysis.

Consortium Lactic acid bacteria Yeast

LS1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
3 FM 2 Kazachstania unispora
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
8 LANC B Leuconostoc mesenteroid FM 2  Kazachstania unispora

LANC C Pediococcus pentosaceus

5.2.3.Fermentation process

The milling by product mixtures were prepared in the amount of 1Kg and placed in a commercial
kneader. Tap water was added in proportion 2:1 on millingrbgucts. The strains member of
microbial consortium were previously propagated, as reported abuy¢hen cultivated in mMRS
broth for 24h at 25°C for LAB and in YPD broth for 24h at 25°CKazachstania unisporand
Kazachstania servazirhe strains were than collected by centrifugation at 15.000 rpm washed twice
in physiological solution (0.9% NaCand finally the cell pellet was resuspended in physiological
solution. The strains were inoculated in the hydrated millingregluct mixtures in order to reach

7.0 Log CFU/g for LAB and 5.0 Log CFU/g for the two yeast strains.

After mixing the inoculate ingredients with a kneader, the mixtures were transferred to a sanitized
tank, and the fermentation process was conducted in a static way at 25°C for 24h. The reference was
represented by the milling by product mixture prepared as reported above bemtézinwith a
lyophilized commercial bakery yeast inoculated at a level of 7.0 Log CFU/g. Also unfermented
milling by product mixture was included in the sample set. Fermentation experiments were carried

out in triplicate.

Three different préerments wer@btained for each sample: milling 4pyoducts mixture fermented

by the microbial consortium of yeasts and LAB (MIX1C8, MIX7C8 and MIX4C3), milling by
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products mixture fermented by a commercial bakery yeast (Benchmark) afetmented milling

by-productsmixture (NF).
5.2.4.Microbiological analyses and pH

At the beginning and at the end of fermentation was determined the cell load of lactic acid bacteria
and yeasts by plate counting on the selective agar meditR8+0.02% cycloheximide for the
enumeration of LAB and YPD+0.02% chloramphenicol for the enumeration of yeasts. The
microorganisms were incubated for 48 h at 30 °C. The pH values of the samples were determined by
pH meter (BASIC 20, Crison, Modena, Italy).

5.2.5.Color determination

The preferments stability \&s assessed also by the determination of color during the fermentation
process. Color was assessed by a Minolta®40® colorimeter (Milan, Italy), previously calibrated
using a standard white ceramic tile, in standardized illuminant (C) and observajlen(@mwith
respect to an area of 8 mmdimeter) conditions. The CIELAB system (Pointer, 200916) was
utilized and the parameter of lightness (L*), redness (a*) and yellowness (b*) were used to objectively
define color. The color determination was parfed, for each preferment, before fermentation

process, after 24 hours of fermentation with the selected microbial consortia.
5.2.6.Nutritional profile

The preferments were characterized for Energy, Fats, Saturated fatty acids, Carbohydrates, Sugars,
Dietary fibe, Proteins, Salt according to the Reg UE 1169/2011 25/10/2011 GU CE L304
22/11/2011.

In particular, the Energy content was evaluated accordidg ®®ocha Lemos Mendes al. (2021)

The fat content was measured utilising a Soxhlet extraction method according to AOAC official
methods 920.39 (AOAC, 1997) and Saturated fatty acids were analysed accoiivgita et al.
(2011) The carbohydrate content (%) was calculated by sttbtgethe contents of ash, fat, fibre and
protein from 100% dry matter, according@ostantiniet al. (2014) Sugar content was evaluated
according td_.ucheseet al, (2015) while Dietary fiber was evaluated according to AACCI Approved
Method 32 07.01 as reported bi¢halid et al, (2017) Finally, Protein content was determined by the
Kjeldahl method.
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5.2.7.Volatile molecule profiles

The Volatile molecule profiles analyses were conducted on thiEeprented samples using a GC

MS coupled with a solid @se microextraction technique, accordingtwnset al, (2008)with some

modi fications. The samples (3 g), plametdb i n s
2-pentanol at 10,000 mg/kg and heated for 10 min at 45 °C. The fibre (SPNMBx€afPDMS, 85

em, Stalleflex Supelco, Bell efonte, PA, USA)
for 30 min. Adsorbed molecules were desorbed for 10 min during the running in the gas
chromatograph column Chrompack-@Ffax 52 CB (Chrompackyith the following characteristics:

length 50 meters, internal diameter 0.32 mm. The analysis was performed with an Agilent Technology
7890N gas chromatograph, Network GC System combined with a Network Mass Selective detector
HP 5975C mass spectrometeg(lent Technologies, Palo Alto, CA, USA). The conditions were as
follows: injection temperature 50 °C for 1 min; increase of 4.5 °C/min up to 65 °C and increase of 10
°C/min up to 230 °C, stay at 230 °C. The injector, interface and ion source tempenages0,

250 and 230 °C, respectively. The carrier gas was helium, with a flow rate of 1 mL/min. lonic

fragmentation occurred with an electronic impact at 70 eV.

Volatile peak identification was carried out by computer matching of mass spectralittiatiaose
of the compounds contained in the NIST library (NIST / EPA / NIH Mass spectral Library, Version
1.6, United States of America) of 2011 and WILEY (sixth edition, United States of America) of 1995.

5.2.8.Fatty acids profile and Short chain fatty acids

The fatty acid composition of the preferments \&aalyzedusing GasChromatography combined

with Mass Spectrometry according to the method reporteBoselli et al, (2001) with some
modifications Briefly, samples (6.0 g) were suspended in 75 ml:bf(v/v) chloroform: methanol
solution, incubated for 20 min at 60 °C, added with 30 mL of chloroform and filtered using medium
flow filtering papers. In order to remove polar solutes, in each sample, 30 mL of 1N KCI were added
and incubated for 16 h ab2C. The fatty acids in organic lower phase were recovered by filtration
in presence of 5 g of N8Oy anhydrous and evaporation at 40 °C using a Rotavapor (IKA RV8). The
lipidic extracts were resuspended irhe&xane and stored aB0 °C. Total fatty acidgFASs)
methylation was carried out on 20 mg of lipidic extract using 2N methanolic KOH. For each sample,
free fatty acids (FFASs) were obtained from the total lipid extracts using aminopropyl bonded sorbent
columns (SPENH2) ISOLUTE (Biotage, UK). Columnseave equilibrated with 10 mL of-hexene,
loaded with 200 mg of total lipid extract and washed using 10 mL of chloroforrpfeg@nol (2:1

v/v) mixture. The FFAs fractions were recovered using 2 % formic ethyl conveyed in diethyl ether.
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Free fatty acids ethyl esters were obtained by directly adding to each sample 50 uL of diazomethane.
The fatty acid composition was determined as fatty acid methyl esters (FAMES). Methyl tridecanoate
(Sigma, Milan, Italy) (13:0, 0.02 mg/mL was used as internal standaraviitel Supelco FAME

MIX 37 (Sigma, Milan, Italy) was used as external reference. The total and free fatty acids methyl
esters profiles analyses were carried out on an Agilent 6890 gas chromatograph (Agilent
Technologies, Palo Alto, CA) coupled to an Agtlés970 mass selective detector operating in
electron impact mode (ionization voltage, 70 eV). A Chrompach\@R 52 CB capillary column

(50 m | engt h, 0.32 mm i.d., 1.2 em df) was us:s
temperature program was@3C for 7 min, then programmed at 14 °C/min to 180 °C for 5 min and
finally at 8 °C/min to 240 °C, which was maintained for 27 min. Injector, interface, and ion source
temperatures were 250, 250, and 230 °C, respectively. Injections were performedpithedio of

1:10 and helium (1 mL/min) as the carrier gas. The compounds were identified by use of the National
Institute of Standards and Technoladypited States Environmental Protection AgeiNational
Institute of Health (1998) and according to Begistry of Mass Spectral Data (1998), mass spectra
libraries as well as literature MS data, whenever possible.

Short chain fatty acids (SCFA) were determined by means efoBasmatography combined with
Mass Spectrometry and Solid Phase Micro Extraeti®@/MS/SPME according t8carnatcet al.
(2017)

5.2.9.Peptide concentration and phytate content

The peptides concentration was determined on the purified fractions obtained from preferment
samples. Specifically, 1g of samples was diluted in 4 ml ofH@G$ (pH 8.8) 50mm, stored at 4°C

for 1-hour vortexing every 15 minutes, and centrifuged at 20,86@080 minutes. The supernatant
containing albumins and globulins was used to determine the peptides concentration by the o
phtaldialdehyde (OPA) method accordingGodaet al. (2012) As a reference, a standard curve
prepared with tryptone (0,1 to Ipgg/ml) was used.

The phytate content was analysed according to the AOAC 986.11/88 methodology with a confidence

interval calculated at a probability level of about 95%.
5.2.10. Antioxidant activity and total polyphenols

To determine of total polyphenols and artdant activity, 5g of sample was previously mixed with
50ml of 80% methanol. The mixture mixed for 30 minutes was centrifuged at 6000 rpm for 20
minutes. The evaluation of antioxidant activity was performed on the selectddripented

ingredients usinglifferent methodologies.
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The 2,2diphenytl-picryl-hydrazythydrate assay (DPPH) was used accordinfRiazello et al,

2012) For the calculation of the ¢€mol DPPH rad
value measured after 10 minutes wead at 517 nm. A blank reagent was used to verify the stability

of DPPH radical dot during the test time. The kinetics of the antioxidant reaction were also determined

over 30 minutes and compared with Trolox as an antioxidant reference.

The 2,2°azinobis (3-ethylbenzothiazoling-sulfonic acid assay (ABTS) was used as reported by
Miller & Rice-Evans, (1997)

The ABTS antioxidant reaction mixture contained 3.0 ml of ethanolic ABTS with an absorbance
between 0.68 a 0.72 atampB3£&£ womwmm, 3dndl 30fclktbdfane
control. The absorbance at 734 nm was measured every 30 seconds for 6 miniutes and the trolox
equivalent was calculated using a standard curve prepared with trolox. Triplicate determination was

performed.

Finally, the analysis of total polyphenols was carried out according to the-Giolalteu
methodology as reported I9jinkard & Singleton, (1977Fhe mixture absorbance was read at 750 nm
and the concentration of total phenols was expressed as gallic acid equivalent.

5.2.11. Prebiotic activity

The prebiotic activity of the priermented bakery products in both aerobic and anaerobic
fermentation models wavaluated. The analyses were performed based on PHA concentrations: low,
medium and high. For the analysis, two samples were combined at medium level PHA concentrations.
Based on SKAIT preparation protocols, all samples tested were dried, stabilizedaed at room

temperature until prebiotic analysis.

The prebiotic activities were determined for several bacterial stia@wsiglantibacillus plantarum
ATCC 8014, Lacticaseibacillus rhamnosu&TCC 7469, Lactobacillus acidophiluATCC 4356,
Limosilactobaillus fermentumATCC 9338,Bifidobacterium brevé®dSM 20091).Bifidobacterium
angulatumDSM 20098 Bifidobacterium longundSM 20219 were purchased from Medi&lpply
Co. Ltd. (Ireland), whileEscherichia colECOR 1 (ATCC 35320) was purchased in fredded
form from ATCGLGC Standards (UK). The prebiotic index (PI) of the various strains were

calculated using the following formula:
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The formula determined the ratio of growth of Lactic acid bactergifatobacteriumspecies using
commercial prebiotics (FOS, GOS and inulin) and preferments relative to the growth of the non
probiotic E. coli. With the modified formula, glucose yieldedscore of 1.00 and the growth of
probiotic and enteric strains on known prebiotics or preferments was compared to growth on glucose.
Negative or low Pl scores were obtained for those strains that grew less on prebiotics or biomass than
on glucose or/andx&ibited less growth on the prebiotics than the enteric sttdurebneret al,
(2008) The concentrations of biomasses used in analysis were 1%. The benchmark samples were

commercially available FOS, GOS and Inulin which were purchased from SigmahA(sligcck).
5.2.12. Statistical analysis

The results are expressed as the mean of three different samples from three repeated experiments ot
different days.

The data were statistically analysed using thewag ANOVA procedure of statistica 6.1 (StatSoft
ltaly srl, Vigonza, Italy). The differences between mean values were detected by the HSD Tukey test,

and evaluations were based on a significance

5.3. Results and Discussion

5.3.1.Microbiological analysis and pH

The prefermented mixtures obtaineflom milling by-products fractions were inoculated with
selected microbial consortia. Specifically, the mixtures obtained from soft and durum wheat by
products (MIX1 and MIX7) were fermented by the miorganisms of consortium 8 composed by 3
LAB (Latilactobacillus curvatud. ANC A, Leuconostoc mesenteroideANC B and Pediococcus
pentosaceusANC C) and 2 yeast¥@azachstania servaz#iAZ2 andKazachstania unisporgM2).

While the mixture obtained from rye bran (MIX4) was fermented by consorzium 3 codnppse

LAB (Latilactobacillus curvatusS1) and 2 yeastK@zachstania servaz#{iAZ2 andKazachstania
unispora FM2). Microbial growth and fermentative activity were monitored by microbiological
analysis and pH determination. The microbial analysis and pH detection were carried out immediately
after inoculum and after 24 hours of fermentation at 25°C. For eaéarpnent obtained by microbial
consortia fermentation a control sample was obtained with benchmark bakery yeast.
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The microbial analysis results are reported in Table 5.4. The selected yeast and LAB strains were
inoculated at a level of 4 and 6 Log CFU/gspectively, while the bakery yeast was inoculated at a
level between 7.67 and 8.10 Loc CFU/g. During fermentation, an increase in cell load occurred under
all conditions. Specifically, the LAB of consortium 8 reached levels between 9.54 and 9.66 Log
CFU/gwhile L. curvatusreached a cellular load of 9.24 Log CFU/g. The two seld€ta@dchstania

strains also significantly increased their cell load to levels between 7.41 and 7.87 Log CFU/g. In any
case, all prderments obtained with the selected microbiahsortia were characterized by an
adequateyeast and LAB ratio (optimal 1:100). In contrast, the yeast content of the control samples
was increased to reach value between 7.91 and 8.40 Log CFU/g. However, the Benchmark control
samples, after fermentatiohad pH values not lower than while the prefermentation values

obtained with the selected microbial consortia reached pH levels between 3.99 and 3.79.

The pH variation so different between the-feaments obtained by the selected microbial consortia
ard the control samples was solely due to the metabolism of yeasts and LAB contained in the selected
microbial consortia. The excellent yeast : LAB ratio was responsible for the low pH values that can

lead to positive technological, functional and sensdcts.

Currently, the literature is particularly rich of results, which show how the acidification, as well as,
the proteolysis, the activation of different enzymes and the synthesis of microbial metabolites cause
several changes during sourdough fermt&riawhich affect the nutritional and functional quality of

the dough and the final breé@obbettiet al, 2014) For example(Ganzleet al, 2008a)reported

that acidification by heterofermentative LABs promoted the primary activity of cereal proteases,
resulting in the release of polypeptides and then free amino acids. In addition, acidification can reduce
the phytate content afhole wheat flourdue to the increased activity ibur endogenous phytase
(Leenhardet al, 2005)
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Table 5.4.pH variation and Yeast and Lactic Acid Bacteria (LAB) cell loads recorded #Hepmgented samples MIX 1, MIX7 and MIX 4 before (0Oh)
and after (24h) fermentation by the selected microbial consortia (C8 and C3) and compared with the respdetineeptscontrols obtained by
using a benchmark bakery yeast (Benchmark).

Log CFU/g £ SD

PH +SD Yeast LAB

0h 24 h oh 24 h 0h 24 h

X1 cs 632 + 01G 399 + 015 435 + 020 753 + 00F 617 + 019 966 + 014
Benchmark 621 + 018 516 + 014 810 + 034 840 + 007 ; ;

Tixa c3 650 + 012 379 + 01F 462 + 01P 741 + 00F 668 + 00F 924 + 0,08
Benchmark 645 + 016 586 + 014 7,88 + 033 801 + 004 ; ;

X cs 640 + 014 395 + 019 439 + 016 787 + 002 608 + 013 954 + 0,08
Benchmark 625 + 017 575 + 013 7,67 + 03¢ 791 + 006 ; ;

For each column considered, different letters indicate significantly different data.
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5.3.2.Color determination

The maintenance of visual characteristics is one of the necessary requirem@nésfdonented
ingredient to be used in the bakery sector. @hdative phenomena can lead to rapid browning that
make the préerment no longer acceptable from an industrial point of vi@wthis reason, the color
of the preferment samples has to béea into accountin this regard, préerments were visually
analyzed before (Oh) and after fermentation (24h) and compared with the contfefnpeats
inoculated with a benchmark bakery yeast.

Figure 5.1. illustrates the appearance of MIX1, MIX 7 and MIX 4 before and after 24h of fermentation
at 25°C by the selected microbial consortia (C8 and C3, respectively) in comparison to a benchmark
bakery yeast (benchmark).

MIX1C8 24h

MIX1 Benchmark 24h

127



MIX7C8 24h

MIX7 Oh

MIX7 Benchmark 24h

MIX4C3 24h

MIX4 Benchmark 24h

Figure 5.1. Appearanceof MIX 1, MIX7 and MIX 4 before (Oh) and after (24h) fermentation by the
selected microbial consortia (C8 and C3) and compared with the respectiferprents controls

obtained by using a benchmark bakery yeast (Benchmark).
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The color variation of the prermented samples during fermentation was evident. Specifically, the
fermentation by the selected microbial consortia has led to an improvement in the color of the pre
ferments compared to those obtained with the control benchmark. In fact, samplessienmirthe
selected microbial consortia, regardless of theimgduct used, after 24 hours of fermentation were

characterized by less browning than control samples.

In order to obtain more objective data on the preferments color, the samples wereseduioject
colorimetric analysis. The colorimetric indices lightness (L*), redness (a*) and yellowness (b*) of
the preferment samples before (Oh) and after 24 h of fermentation were reported in Figure 5.2. The
samples obtained from microbial consortia fermgomawere compared with the control samples
obtained from the inoculation of commercial benchmark bakery yeast.

The results obtained underlined that eachfprenent was characterized by specific color parameters.

In fact, MIX4, regardless of the fermehta time and the fermenting agent, possessed a higher
Lightness (L*) parameter than the other 2 mixtures. In contrast, it was characterized by lower Redness
(a*) and Yellowness (b*) values. MIX 1 and MIX 7, instead, were characterized by the highest

Rednas and Yellowness index, respectively.

In general, after 24 hours of fermentation, the Lightness index was higherferipents obtained

by selected microbial consortia than the benchmark control samples, except for MIX7 which followed
the opposite treth On the other hand, statistical analysis pointed out that, after fermentation, the
Lightness index remained unchanged in MIX7CS8.
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Figure 5.2. Average lightness (L*), redness (a*) and yellowness (b*) values before (0Oh) and after
(24h)fermentation by the selected microbial consortia (C8 and C3) and compared with the respective
pre-ferments controls obtained by using a benchmark bakery yeast (Benchmark). For each pre
fermented byroduct (before and after fermentation with benchmark elected microbial
consortium), different letters indicate significantly different data.

During the 24 hours of fermentation, a reduction in Redness index was recordedfermnmeets

obtained by the milling byroducts fractions from soft and durum whé¢bstiX1 and MIX7),
regardless the microbial starter used. In contrast, an increase in the redness index was recorded in
samples containing rye bran, although it was not statistically significant. In fact, a* remained

unchanged during the fermentation of MIX4
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Finally, the Yellowness index was reduced during fermentation of all samples analyzed, except for

MIX2C8, which remained constant over time.

Overall, during fermentation the chromatic parameters were more stable in-thenpeats obtained
from durum wieat byproducts and rye bran, inoculated with the selected microbial consortia
(MIX7C8 and MIX4C3). On the contrary MIX1C8 was the most sensitive to browning. In fact, the
preferment obtained from soft wheat-pyoducts showed a faster decay in termshaihge in color

indexes compared to the other preferments considered.
5.3.3.Nutritional profile

The prefermented ingredients obtained from 24h of fermentation with the selected microbial
consortia were characterized for the nutritional composition. In partidatasaturated fatty acids,
carbohydrates, sugars, dietary fiber and protein content were evaluated. The samples were compared
with a control obtained using the same mixtures fermented by a commercial bakery yeast

(benchmark) and the results are repomelligure 5.3.

Statistical analysis of the data found no significant differences betwedarprents obtained with
selected microbial consortia and those obtained with yeast benchmark. Moreover, even among the
preferments obtained from different millingy-products, no significant differences were observed.

A higher fat content was found for MIX7 (2231 g/100g) followed by MIX1 (1-1.9 g/100g), while

MIX4 was characterized by the lower fat content {1.@ g/100g). As evident from the figure,
saturatd fatty acids were only a fraction smaller than total fatty acids. In fact, regardless of the MIX
and the microbial consortium considered, the saturated fatty acids content was between 0.3 and 0.6
0/100g.

In addition, as regards the contentcairbohydrates and simple sugars, no significant differences
between the préerments were observed. In fact, regardless of thefgpmeent considered, the
carbohydrate content was in the range of 3.0 and 3.4 g/100g, while simple sugars were between 0.0
and0.4 g/100g.

The total protein content of the piermented samples was found in the range of 6.15 and 6.85 g/100g.
In particular, the mixture containing the highest concentration of proteins was MIX4, followed by
MIX1 and finally MIX7. In any case, it wasbserved that fermentation by the selected microbial

consortium C8 led to a slight decrease in total protein content, although not statistically significant.
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Figure 5.3.Fat, saturated fatty acids, carbohydrates, sugars, total fiberpanteins, expressed as
0/100g, of the different selected gegments (MIX1C8, MIX7C8 and MIX4C3) compared with the
respective prderments obtained by using a benchmark bakery yeast (benchmark). For each

compound, different letters indicate significardlfferent data.

As expected, among all the compounds analyzed, the total fiber content was the highest and ranged
between 13,16,1 g/ 100g, depending on the {beement considered. The highest amount of fiber

was observed for the MIX4 (1585.1 g/100g¥ollowed by MIX7 (14.514.6 g/100g), while MIX2

showed the lowest content (13l4.1 g/100g). In general, the fermentation by the selected microbial
consortia C3 and C8 led to a slight decrease in the total fiber content compared to the befhthmark.
particular, prefermented mixtures obtained from the fermentation of soft wheptducts and rye

bran with consortia C8 and C3 respectively, suffered a decrease in the total fibre conteft®f 0.4
g/100g, compared to the benchmark. This slight decreabe itotal fiber content may be due to a
decrease in soluble fiber which was more metabolized by the selected microbial consortia than the

control fermented with a commercial bakery yeast.

Finally, the energy and salt content were also evaluated on tierprent samples (data not showed).

The results showed that, regardless of thefgm@ent considered, the salt content was extremely
limited and varied between 0.01 and 0.02 g/100g. While the energy content of the fermented samples
was between 80 and 89 &1£100g.
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5.3.4. Volatile molecule profiles

The milling byproducts formulations inoculated with the selected microbial consortia and the
respective control s obtained using commer Cci
immediately after formulation (NFa after 24h of fermentation at 25°C, for their volatile molecules
profiles by using GC/MS/SPME. About 80 molecules belonging to different classes of compounds,
including alcohols, esters, acids, aldehydes and ketones were identified. On the basigef the p
ferment considered, specific profiles in terms of volatile molecules were detected and the results are

illustrated in Figure 5.4.
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Figure 5.4.Principal classes of compounds (expressed in mg/kg) detected in the different selected
pre-ferments (MIX1C8, MIX7C8 and MIX4C3) after 24h of fermentation, compared with the
respective unfermented mixture (NF) and-famemented samples obtained after 24h of fermentation

by a benchmark bakery yeast (benchmark). For each volatile compourdertiffetters indicate

significantly different data.

The fermentation process led to a qualitative/quantitative increase of the aromatic molecules present
in the prefermented samples. Specifically, a high increase was observed in the content of alcohols,
esters and acids. In contrast to alcohols and esters, which were contained to a greater extent in
benchmark control samples, a higher content of acids was evident-fiarqents obtained from
selected microbial consortia. In particular, among the adidsnblecules that most increased were
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acetic and hexanoic acid, but this topic will be discussed in the following chapter. In any case, acetic
acid is typically present in sourdough and gives it specific aromatic characteristics as well as,
hexanoic acidd the result of LAB metabolisifiPételet al, 2017) Among esters, ethyl acetate was

the most representative molecule in both selectedepneents and control while the unfermented
samples did not contain it. On the other hand, esters are the rasidtabial fermentation of flour,

in particular they are characteristic &accharomyces cerevisidermentation and they are
responsible for the aroma of bre&dinet al, 2021; Piceet al, 2015; M. Zhangt al, 2018) Finally,

about alcohols, ethydlcohol was the most representative molecule in alfgmmaented samples
regardless of the fermenting agent. Howeverferments obtained from selected microbial consortia
were richer in dhexanol than benchmark samples which was distinguished omlyigyh content of

ethyl alcohol. On the other hand, in sourdough, yeast fermentation alcohols are higher than in
inoculated dougliPételet al, 2017) Moreover, it is widely known th&@accharomyces cerevisiae

has a strong alcohol dehydrogenase actihiéy makes it one of the most important microorganisms
from a technological point of viede Smidtet al, 2008) Instead, dhexanol characterizing the
selected préerments is a lipid oxidation compound and is mainly due to LAB metab¢Gshbetti

et al.,, 1995; Kaselehet al, 2011a) In fact, some LABs can convert certain lipid oxidation
compounds into their corresponding alcoh@&ermeulen, 2006)and significantly reduce lipid

oxidation during fermentatiofCzerny & Schieberle, 2002; Ganaeal, 2007).

In order to identify the differences between the-ferenented samples obtained by the selected
microbial consortia, the average of raw ddttected for volatiie compounds were analyzed by
principal component analysis (PCA). Figure 5.5 a and b represent the projections of the samples and
variables in the spaces enclosed by the first two main components PC1 and PC2, which account for

60.62 % ad 18.21 %, respectively, of the total variance among the different samples.

The prefermented samples were completely separated from the unfermented samples along the PC1,
while along the PC2 the separation was due to the difference in raw material tieefbrmulation.

In particular, the unfermented samples were on the right side and were divided distinctly along the
PC2. In contrast, priermented samples with selected microbial consortia were on the left side and,

in particular, the samples formulatedth the milling byproducts fractions obtained from soft and
durum wheat were grouped in the upper left side and were separated byférenereg obtained with

rye bran along the PC2. The molecules that contributed to the separation betweerfdireemts

obtained with consortium C8 and that obtained with consortium C3 were acids and esters including
Acetic, Pentanoic, Butanoic acids and Pentanoic acid, ethyl ester and Ethyl acetate, as well as ketones
like 4-Heptanone,2glimethyl and 2,3Butanedionend alcohols like ‘Propanol.
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Figure 5.5. Projection of cases (a) and variables (b) obtained by PCA elaboration of volatile
molecule profile characterizing the different selectedfprenents (MIX1C8, MIX7C8 and MIX4C3)
after 24h of fermentation, cqared with the respective unfermented mixture (MIX1INF, MIX7NF,

MIX4NF).
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By contrast, the molecules characterizing thefprenents obtained with the C8 consortium were
predominantly alcohols includingRenterl-ol, 3-Nonen1-ol, 1-Octen3-ol, 1-Pentanol, iOctanol,

and some esters such as Octanoic acid, ethyl ester and kteaaith Ethyl esterKaselehtet al.
(2011b) and Luncbt al. (1989)confirmed that some molecules found in the-f@grenents obtained
from rye bran belong to the main volatile compounds of rye sourdQuygtie other end, the literature
emphasizes how ¢hmicrobial consortia can strongly influence the volatiloma of the sourdough. By
modifying the microflora, volatile fermentative compounds, but also the precursors of lipid oxidation
and the Maillard reaction are modifi@@ételet al, 2017) This aspeigjustifies the greater separation

of MIX4C3 from preferments obtained with consortium 8.
5.3.5.Fatty acids profile and Short chain fatty acids

Fatty acids and short chain fatty acids profile were evaluated on the threzpeated mixtures
after 24 hours diermentation with the selected microbial consortia. Each sample was compared with
an unfermented control sample (NF) and the fermented mixture by a commercial bakery yeast

(Benchmark).

The total fat content and dry matter (%) of MIX1, MIX4 and MIX7 angoréed in Table 5.5. The
results show that the fermentation process did not affect the total fat content. In fact, no significant
differences were observed in the total fat content before and after fermentation and during
fermentation with a commercial bty yeastHowever, the total fat content of each preferment was
strongly dependent on the formulation in terms of millingpbyducts ingredients. In fact, milling
by-products fractions from durum wheat (MIX7) were characterized by a higher lipidic tonten
compared to soft wheat fyroducts (MIX1), while rye bran is characterized by the lowest lipidic
content. On the other hand, as reported in Chapter 4, each millingrdguct fraction was
characterized by a specific lipid contefhe grinding level affected the lipid content of the milling

by-products fractions proportionally (bran > fine bran > tritello > middlings).

The fatty acid (FA) content of the different samples was quantified, and the results are illustrated in
Figure 5.6 The mixture samples fermented for 24h with the selected consortia were compared only
with the unfermented control sample, and it was found that the fermentation process with the selected

microbial consortia did not significantly change the amount of FA.

The fatty acids mainly detected in all gegment samples were palmitic (C16:0), linoleic (C18:2 n
6), linolenic (C18:3M ) and ol ei c representng, orf aBerage, 31.3¢pL0)50, 2.7 and
22.5% of the total FA content, respectively.
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Table 5.5.Extracted lipids and dry matter of different mixtures after 24h of fermentation with the
microbial consortia strains and compared to unfermented samples (NF) and mixtures fermented for

24h with benchmark yeast.

Lipid extracted/100g Lipid extracted on
bran Dry matter dry matter
Sample (©) (%) (%)

NF 1,64 =+ 0,22 295 0,28 555 + 042

MIX1 Benchmark 1,70 + 0,89 29,5 + 0,222 5,62 + 0,40°
Cc8 1,57 + 0,18 29,6 + 0,23 531 + 0,38

NF 096 + 0,2r 294 0,22 327 + 047

MIX4 Benchmark 1,20 + 0,16 29,4 + 0,222 3,95 + 0,3Z
C3 1,16 + 0,15 29,6 + 0,20 391 + 0,36

NF 202 + 0.23% 29,6 + 0,24 6,81 + 044

MIX7 Benchmark 2,09 + 0,13 29,5 + 0,22 7,20 + 0,36
Cc8 213 + 0,18 29,3 + 0,20 727 + 0,39

For each column considered, the data indicated with different letters are significantly different.

NF c8 NF C8 NF C3
MIX1 MIX4

C14:0 C15:0 Cl16:1 mC16:0 mC17:0 mC18:2 n-6 BCI8:1 A9 WC18:3 n-3 mC18:0

g total FA/100g dry sample
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2
=)

MIX7

Figure 5.6.Fatty acids quantification of different fproducts mixtures fermented for 24h with the

selected microbial consortia armdmpared to unfermented samples (NF).

However, the préerment composition strongly affected the amount of &&\in Table 5.5 the pre
ferment obtained by mixing milling bgroducts fractions from durum wheat (MIX7) were
characterized by the higher amooh£A followed by preferment made from soft wheatdpyoducts

(MIX1), while the mixture composed mainly of rye bran (MIX4) contained the lowest amount of FA.
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The reduced content of total FA and the presence of unsaturated FA such as linoleic, linolenic and
oleic acid in preermented samples is of great industrial interest because they are characterized by
nutritional, functional and healpromoting effec{Rizzello, Nionelli, Coda, di Cagnet al, 2010)
moreover they are precursors of aromatic and antimicrobial compounds (i.e. Furdhdeggginana

et al, 2006)

Short chain fatty acids (SCFA) were determined by mea&asfChromatography combined with
Mass Spectrometry and Solid Phase Micro Extraet®@@/MS/SPME, and the obtained results are
reported in Figure 5.7.
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Figure 5.7. Total amount of short chain fatty acids, expressed in mg/kg, detected in the different
seleted preferments (MIX1C8, MIX7C8 and MIX4C3) after 24h of fermentation and compared with
the respective control prierments obtained by using a benchmark bakery yeast (Benchmark) and

the notfermented mixtures (NHRifferent letters indicatsignificantly different data.

The total amounts of SCFA were measured inferaent mixtures and compared with {eements
obtained from by a benchmark bakery yeast and the unfermented millim@dyct mixturesThe

results, in mg/kg, highlighted thé&rang impact of the consortia used on the starting mairitact,

the SCFA content in milling bproducts mixtures, obtained by the selected microbial consortia
fermentation was significantly higher than both unfermented and fermented mixtures with a
berchmark bakery yeast. The concentration of SCFA was strictly dependent on the fermentation

agents used, whereas the-feament mixture used did not significantly affect the content. In fact,
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independently of the prierment considered, the samples obtaifrean the fermentation of a
benchmark yeast were between 2.2 and 3.4 ppm, while the samples obtained from the fermentation

of the selected consortia reached values between 9.1 and 10.9 ppm.

The metabolic activity of LAB is responsible for the high productof SCFA in prdermented
samples. LAB can produce SCFA by fermentation of final carbohydrate products such as pyruvate,
which is generated during the glycolytic pathway; and also, by the phosphoketolase pathway in

heterofermentative conditiorfseBlancet al, 2017).

The SCFA composition of the pferment samples analyzed is shown in Figure 5.8.
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Figure 5.8. Composition of short chain fatty acids, expressed in mg/kg, detected in the different
selected preferments (MIX1C8, MIX7C8, and MIX4&8r 24h of fermentation and compared with
the respective préerments controls obtained by using a benchmark bakery yeast (Benchmark) and

the notfermented mixtures (NF).

Acetic acid, propanoic acid, butanoic acid, butanoic aameghyt, pentanoic acidhexanoic acid

and octanoic acid were detectéthfermented prderment mixtures were characterized by a low
SCFA content, specifically hexanoic acid. The fermentation process affected the composition in
SCFA.In fact, during fermentation with benchmar&agt the content in SCFA increased, however

the higher concentration was obtained by fermentation with the selected microbial consortia. In
particular, during the microbial consortia fermentation acetic acid and Hexanoic acid recorded a more
significant ircrease. Among the beneficial properties of SCFA are reported, the simplicity of

absorption, beneficial effects on intestinal function and systemic roles in insulin secretion, lipid
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metabolism and inflammatiqiKasubuchiet al, 2015).Moreover, SCFA also contributes to the taste
of breadcrumbgBirch et al, 2013).

5.3.6.Peptide concentration and phytate content

Peptide concentration was determined by thghtaldialdehyde method (OPA) on the milling-by
product mixtures after 24 h of fermtation with the selected microbial consortia. For each per
fermented sample two control samples were carried out, the first unfermented and the second
fermented for 24h with a benchmark yeast. The amount of bioactive peptides foundanaet

cells isexpressed in mg/ml and represented in Figure 5.9.
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Figure 5.9.Bioactive peptides, expressed as mg/ml, detected in the differefiermented samples
(MIX1C8, MIX7C8 and MIX4C3) after 24h of fermentation and compared with the respective control
pre-ferments obtained by using a benchmark bakery yeast (Benchmark). Different letters indicate

significantly different data.

The data show that the concentration ofédtive peptides depended on the-fenenented sample
considered. Specifically, the pferment samples containing the milling-pyoduct fractions from

soft wheat (MIX 1), after 24 h of fermentation, possessed a higher contentadtivie peptides,
regardless of the fermentation agent used, compared to mixtures obtained from durunvivfeat (

7) or rye (MIX 4). In any case, the fermentation by the selected microbial consortia led to an increase
in bioc-active peptides compared to the concentration found in the control samples fermented with a

commercial bakery yeast (Benchmark).
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The functiomal importance of bioactive peptides is widely demonstrated. In fact, literature attributes

to the bieactive peptides activities such as mineral binding, immunomodulatory, antimicrobial,
antioxidative, antithrombotic, hypocholesterolemic and antihypeviensre attributed to them
(Codaet al, 2012) The release of various bioactive peptides (e.g., angioteasinverting enzyme
[ACE]-inhibitory peptides) from proteins through proteolysis by lactic acid bacteria in various food
systems is well documé&sd (Tagliazucchiet al, 2019) For this reason, the activity of the LABs
present in the microbial consortia used, could be the cause of the bioactive peptides increase observeo

in the preferments obtained by selected consortia.

The preferments werelao characterized for the content in phytate. The samples obtained after 24 h
of fermentation with the selected consortia were compared with the unfermented mixtures samples

and the mixtures obtained after 24 h from benchmark yeast inoculation. The aesilltsstrated in

Figure 5.10.
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Figure 5.10.Phytate content, expressed as g of phytic acid/100g dry matter, detected in the different
pre-fermented samples (MIX1C8, MIX7C8 and MIX4C3) after 24h of fermentation and compared
with the respective prerments controls obtained by using a benchmark bakery yeast (Benchmark)
and the nofermented mixtures (NF). Different letters indicate significantly different data.

The phytate content was influenced by the considered MIX. In particular, the mixture cgntiaein
milling by-products fractions from the processing of durum wheat were characterized by a higher
phytate content than soft wheat. While the mixture formulated with rye bran contained the lower
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phytate amount. The results were in accordance with thenaterial analyses reported in Chapter

5.1n all cases, a decrease in phytats was observed as a result of the fermentation process comparec
with unfermented mixture$n particular, fermentation with the selected microbial consortia resulted

in ahigher reduction than the benchmark control samples. These results are very interesting because
they suggest that the microbial consortia used allow to significantly reduce the phytic acid content of
pre-fermentsOn the other hand, phytic acid is an amitritional compound capable to interfere with

the absorption of fundamental micronutrients such as iron, zinc, calcium, magnesium and manganese
due to itchelating propertieBohnet al, 2004; Guptat al, 2015; Phillippy, 2006)The phytic acid
reduction allows to increasthe bioavailability of many cations and thus the functionality and
nutritional value of préermented ingredien{€oulibalyet al, 2010; Guptat al, 2015) Therefore,

the ability of these selected microbial consortia to cegahytate content is an important achievement.

5.3.7.Antioxidant activity and total polyphenols

The antioxidant activity of the prierments after 24h from the inoculum with the selected microbial
consortia was assessed using two analytical methodologies (ABdI ®PPH). The preermented
samples were compared with the control samples unfermented and fermented with a commercial
bakery yeast. The results of ABTS and DPPH analysis are reported in Figure 5.11 and 5.12,

respectively.
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Figure 5.11. Antioxidant activity, determined by ABTS of the different selectedeprents

(MIX1C8, MIX7C8, and MIX4C3) compared with the respectivef@gmmented control samples
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obtained by using a benchmark bakery yeast (Benchmark) and the not fermented mi¥ures (N

Different letters indicate significantly different data.
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Figure 5.12. Antioxidant activity, determined by DPPH of the different selectedfgomeents
(MIX1C8, MIX7C8, and MIX4C3) compared with the respectivef@gmmented control samples
obtained byusing a benchmark bakery yeast (Benchmark) and the not fermented mixtures (NF).

Different letters indicate significantly different data.

Antioxidant activity data were also confirmed by the increase of phenolic compoundsenrpeat
samples showed iRigure 5.13. In fact, in comparison to both unfermented and benchmark yeast
fermented controls, the pferments obtained from selected microbial consortia showed a significant
increase in total phenol concentrations. As evidenced by the antioxidaryaatdysis, also in this

case, the highest content of total phenols belonged to the formulation containing rye bran fermented
for 24h by consortium 3 (MIX4C3)n any case, the increase in total phenols, compared to the

unfermented controls, was betwedhahd 60% according to the piermented sample considered.

Moreover, accordingsobbettiet al. (2019), the levels of lignans and alkylresorcinols, and, in
particular, those of folates and free phenolic acids, increase during fermentation. Finally, through the
secretion of antioxidant enzymes like superoxide dismutase, several LABs can enforce their inherent

cellular antioxidant defense.
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Total phenols
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Figure 5.13.Concentration of phenols, expressed in Gallic acid mg eqg/ kg dry sample, detected in
the different selected pffierments (MIX1C8, MIX7C8, and MIX4C3) compared with the respective
pre-fermented contradamples obtained by using a benchmark bakery yeast (Benchmark) and the not

fermented mixtures (NF). Different letters indicate significantly different data.

Lactic acid bacteria promote the synthesis of exopolysaccharides, biomolecules with antioxidant
actvity, and glutathione, the main namzymatic antioxidant and scavenger of {radicals
(LaurentBabot & Guyot, 2017)

5.3.8.Prebiotic activity

The prebiotic activity of prdermented mixtures with selected microbial consortia was evaluated in
both aerobic ad anaerobic fermentation modelfie values in Table 5.6 were used to calculate the

prebiotic index (P1) scores reported in Table 5.7.

In Table 5.7. the PI value was positive for all -feemented samples with selected microbial
consortia, this means that probiotic bacteria grew higher than enteric stralih<c6li). Specifically,

the LAB strains scores were higher than those of Bifidobacteria which may be due to the influence
of bacterial consortia used in the development offpm@ents.In addition, MIX1, 4 and 7 scores

showed higher Pl values than unfermented control mixtures.
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Table 5.6.Increase in cell densities for preferments and probiotics after 24h of fermentation.

Increase in cell density between time 0 (NF) and tim24h?

MIX1 MIX7 Mix4 | . o

Bacterial Culture Unsupplemented -\ - cs NF cs NF c3 Glucose oS nuin
L. plantarum ATCC 8014 0,64 0,03 2,08+0,00 1,30 0,14 2,22+0,12 1,54 0,10 2,34 + 0,17 1,58 + 0,08 2,47 £ 0,01 2,23 + 0,02 1,00 £ 0,02
L. thamnosus ATCC 7469 0,60+0,01 1,98 +0,02 1,01+ 0,07 2,21+0,19 0,97 +0,14 2,21+ 0,13 1,44 + 0,04 2,29 + 0,01 2,06 + 0,03 0,71 + 0,01
L. acidophilus ATCC 4356 0,61+0,01 1,99+ 0,01 0,98+ 0,10 2,10+0,09 1,05+0,09 1,78 +0,12 1,40 + 0,12 2,26 + 0,00 1,96 + 0,01 0,70 + 0,01
L. fermentum ATCC 9338 0214001 1,76+ 0,01 0,65+ 0,02 1,11+ 0,08 0,89+ 0,04 1,43+ 0,21 1,12 + 0,06 0,85 + 0,02 1,26 + 0,02 0,38 + 0,02
B. angulatum DSM 20098 0,13+0,01  1,02+0,06 0,51+ 0,03 0,89+0,09 0,92 +0,14 1,02+ 0,09 0,91+ 0,07 1,75+ 0,16 0,76 + 0,18 0,95 + 0,18
B. longum DSM 20219 0,10£0,00 0,87 +0,02 044+0,02 0,70+0,03 0,43+0,02 0,67 + 0,07 0,31 + 0,00 0,64 + 0,06 0,46 + 0,04 0,26 + 0,04
B. breve DSM 20091 0,03+0,00 031+0,01 021+0,03 0,02+0,01 0,04+0,02 0,21 +0,00 0,07 +0,00 0,30 + 0,01 0,39 + 0,01 0,39 + 0,01
E. coli ECOR 1 ATCC 3532C  0,02+0,00  0,74+0,00 0,09+ 0,01 0,40+ 0,09 0,06+ 0,01 0,34+ 0,02 0,19 + 0,01 0,96 + 0,05 0,81 + 0,02 0,24 0,02

Values reported as OD (at 600nm) + standard deviation (n=3), for probiotics cultures grown with various carbohydrafesraactgre
aIncrease in cell density over 4 days reportedBifidobacterium brevandBifidobacterium longum.

Table 5.7.Prebiotic indices of prdermented ingredients and commercial prebiotic products.

MIX1 MIX7 MIX4

Bacterial strains NF C8 NF C8 NF C3 FOS INULIN

L. plantarum ATCC 8014 1.03 4.84 2.14 11.56* 2.73 2.78 1.17 0.95
L. rhamnosus ATCC 7469 1.07 3.26 2.36 5.14* 2.8 2.75 1.03 0.28
L. acidophilus ATCC 4356 1.09 3.01 2.23 6.27* 2.08 2.65 0.97 0.23
L. fermentum ATCC 9338 3.16 9.23* 3.48 24.97** 5.6 7.86* 1.95 1.13
B. angulatum DSM 20098 0.72 3.15 1.16 11.46* 1.61 2.66 0.46 2.16

B. breve DSM20091 1.35 8.95* -0.09 0.87 1.96 0.82 1.59 57
B. longum DSM 20219 1.86 8.46* 2.75 14.36** 3.1 2.15 0.79 1.27

*denotes significantly different (p<0.05) values of Prebiotic indices within the same probiotic strain
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Thisresult could be given by the metabolic activity of the selected microbial consortia that were able
to reduce the oligosaccharides of the-famenents by influencing the growth of the probiotic bacteria
studied. Among the samples analyzib@, preferment dtained from the durum wheatdpyoducts
formulation and fermented with Consortium 8 (MIX7C8), showed the highest Pl scores with
significant differences (p<0.05) in all strains, exceptBdidobacterium brevevhich achieved a
maximum score of 0.87The pebiotic potential of MIX7 C8 may have high functional and
technological relevance. However, it will need to further analyzed on finished bakery products, such

as bread, o examine changes in prebiotic activity after processing (thermal degradation etc.).

5.4. Conclusion

Following a careful selection and characterization of the millingprimgluct fractions and of the
microorganisms isolated from the latter, in Chapter 4 it was possible to identifypBdhycts
formulations and 2 microbiabnsorti The formulaibbns MIX1 and MIX7 obtained by mixing milling
by-products fractions from the processing of soft and durum wheat were fermented by the micro
organisms of consortium 8 composed by 3 LARBt{lactobacillus curvata LANC A, Leuconostoc
mesenteroidelsANC B andPediococcus pentosacduBNC C) and 2 yeast¥K@zachstania servazzii
KAZ2 andKazachstania unispor&eM2). While the formulations MIX4 obtained from rye bran and
germ was fermented by consorzium 3 composed by a lLA&Blg&ctobacillus curvatus. S1) and 2

yeasts Kazachstania servaz#iAZ2 andKazachstania unisporeM2).

The results showed that the microbial consortia used in the experimentation were able to adapt and
grow optimally on the starting matrix. Microbial consortia fermentation led to a modficatithe
functional, nutritional and technological characteristics offpreented ingredients. In fact, the
fermentation by the selected microbial consortia led to a greater acidification due to the increase of
organic acids which positively influendeet aromatic profile of the final product. In addition, matrix
acidification increases the shdife of the preferment and final bread as well as ensuring better
digestibility and an increase in the bioavailability of fundamental micronutrients. In thet,
microbial consortia tested led to a reduction in phytate content in addition to an increase in bioactive
peptides having antimicrobial, immunomodulatory, antioxidant, antithrombotic,
hypocholesterolemic and antihypertensive properties. The microbiaba@ tested showed good
antioxidant activity also confirmed by the increase in total phenol content. The presence of
antioxidant compounds reduced the browning of the color of théeprentation samples after 24
hours of fermentation at 25 °Chis apect is very important from a technological point of view. In

fact, in view of largescale production, it may be necessary to store théepmeent and use it over

146



time, therefore it is necessary to have afprenent stable from the visual as well as itiginal,

microbiological and organoleptic point of view.

The nutritional composition of piferments underlines the importance of the use of milling by
products as food ingredients. In fact, regardless of the starting matrix and the fermenting agent, the
preferments were rich in fibers and proteins as well as the lipid content that increased its quality
when selected microbial consortia were used. In particular, the presence of unsaturated fatty acids
such as linoleic, linolenic and oleic acid in ffeemented samples is of great industrial interest
because they are aromatic and antimicrobial compounds precursors, but are also especially
characterized by nutritional, functional and hegtbmoting effect. Finally, the piiermented
mixtures with selectednicrobial consortia demonstrated a positive prebiotic index value in both
aerobic and anaerobic fermentation models. Metabolic activity of selected microbial consortia were
able to reduce the oligosaccharides offerenents by positively influencing theayth of probiotic
bacteria. Therefore, the prebiotic potential of-fement samples obtained from selected microbial
consortia may have high functional and technological relevance. However, further analysis should be

carried out on finished bakery prarls, such as bread.

In this regard, selected pferments will be used as ingredients in the formulation of innovative
bakery productsPreliminary tests will be performed to identify the most effective quantity to be
added to the final dougtormulations for the bakenAfterwards, the bakery will be carried out at
Barilla Sp.A. and the samples obtained will be analyzed fronfurctional, nutritional and

technological point of view.
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CHAPTER 6

Characterization of innovative pre-
ferments-based breads obtained by
adding milling by -products
fermented by selectedmicrobial
consortia
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Abstract

The interest in the use of bran and germ in flawchulation has gradually increased over the years
thanks to the high content in nutrients, proteins, dietary fibers and small amounts of unsaturated fatty
acids,that make them functional and health promoting ingredidims.characterization, in Chapter

5, of fermented milling byproducts with selected microbial consortia highlighted the importance of
fermentation in the préerment. The use of 20% on the flour of the germented ingredients,
obtained by mixing milling byproducts fractions from the pressing of soft and durum wheat and

rye bran and wheat germ inoculated with two selected microbial consortia, in the formulation of
innovative bread prototypes provide specific characteristics to the final pro@ibetsnnovative
bread prototypes obtaineeere characterized by an encouraging volume of the loaf and rheological
characteristics. The pfiermented ingredients gave bread samples a greater quantity of aromatic
molecules as well as an increase in skbdin fatty acids, antioxidant activity andtal phenol

contentproviding a positive effect on the functionality to the analyzed innovative bread samples.
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6.1. Introduction

Cereals are a good source of carbohydrates and represent the staple food in the daily diet of most of
the worl ddéds popul ati on, contributing to 60% o
barley, sorghum, millet and oats are the most impbrtareals in the worldHill & Li, 2016).

Although cereals are one of the most important food sources for human consumption, about 30% of
their production, is wasted or lost every y@zerni et al, 2019) The two main byproducts obtained

during tradgtional milling procedures, are germ and bran. Thekmducts of the milling industry are

rich in nutrients, proteins, fibers, minerals and antioxidant compounds as well as small amounts of
unsaturated fatty acids. For example, wheat germ is rich in iméaminerals and fiber but is also
composed of a high content of unsaturated fatty acids that make it susceptible to oxidation adversely
affecting the shelfife and technological properties of flour. Soft and durum wheat bran, but also rye
bran is compa=d by norstarch carbohydrates, but also high levels of starch (6% to 30%), protein
(14% to 26%)), lipids (2.5% to 4%), dietary fibers and minerals (5% to(A#ndaneet al, 2016;
JuhneviceRadenkovaet al, 2021)

The byproducts of the milling indust are also characterized by the presence of bioactive
compounds with health benefits. Rye bran is one of the richest sources of feru(idzakid2022)

a compound with antioxidant, aatiflammatory and anttancer propertie§ Z d u @&slk 2018)

as well as alkylresorcinols and sterylferulates with anticancer and antioxidant pdtenkiabnen

et al, 2003; Patel, 2012b; Ross al, 2004) While Brounset al, (2012)described an extensive list

of nutrients, belonging to wheat bran, with possible health effects, including essential amino acids,
such as lysine and tryptophan, vitamins, such as thiamine and niacin, antioxidants, such as ferulic
acid and alkylresorcinond minerals, as phosphorus and iron. In addition, high levels of bran dietary
fiber attribute some physiological effects to millingmoducts. In fact, the consumption of whole
grain foods rich in fiber report benefits in reducing the risk of gasestintal cance(Ansonet al,

2011; J. M. Chaet al, 2007; Hameet al, 2008; Schatzkiet al., 2008) type 2 diabete&le Munter

et al, 2007)cardiovascular diseasé¥acobs & Gallaher, 2004nd obesityFardet, 2010; Kumaat

al., 2017b; Sivanet al, 2010; Slavin, 2008)

Despite the many benefits, the-psoducts of the milling industry are mainly intended for use as feed,
substrates for bioefineries. However, consumers prefer naturally fortified foods, therefore, the
interest in the usefdran and germ in food formulation has gradually increased over the years, but
its current use is too limited in comparison to its production(tatighui et al, 2019) Moreover, the

technological and functional potential of thesepogducts is currently not being fully exploited. For
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example, wheat bran contains considerable levels of phytic acid, which reduces the bioavailability of

minerals by strongly chelating tfme

Among the negative aspects of cereal bran is also the rheological effect that dietary fiber brings to
baked goods. In fact, the addition of bran has negative consequences on the volume and organoleptic
properties of bread, depending on the wheat arl(seyer & Gélinas, 2009)he particle sizéZhang

& Moore, 1999)and other treatment applied to bi@ovdmezet al, 2011; Mosharraét al,, 2009)

For this reason, establish the % of bran to be added in a baked product is an important aspect. Many
approaches were adopted to ensure the quality ottiddebakery products, mainly concerning the

use of enzymes and the use of biotechnology technigiebsas fermentatiofKatinaet al, 2012b;
Nordlundet al, 2013; Rizzello, Nionelli, Coda, di Cagret, al, 2010; SalmenkallidMarttila et al,

2001) The use of fermentation processes, alone or coupled to technological or biotechnological
processingdchniques, may improve the nutritional, technological and functional properties of cereal
by-products and enforce their use in food production by modifying the starting f\&rixi et al.,

2019) In fact, during fermentation with lactic acid bactema geasts the wheat constituents can be
modified by endogenous and bacterial enzymes able to influence the structure, bioactivity and
bioavailability of nutrients allowing to obtain cereal-psoducts with better health, nutritional and

technological prop#ies (Teixeiraet al, 2018; Capozzet al, 2012; Holeet al, 2012)

In this context, the purpose of the present research was to characterize for functional, nutritional and
technological features three innovative bakery product obtained from al&ionwcontaining 20%

of a prefermented ingredient, already characterized in Chapter 5. The thrdermpents were
obtained by mixing milling byproducts fractions from the processing of soft and durum wheat and

rye bran and wheat germ inoculated witlo tselected microbial consortia.

6.2. Material and Methods

6.2.1.Pre-ferments production

The experimental research was based on the milliqgrdglucts mixtures prepared according to the
method reported in Chapter 5. Specifically, thregolyductformulations, listed in Table 6.1, were
inoculated with two selected microbial consortia reported in Table 6.2.

The formulations MIX1 and MIX7, composed by soft and durum wheaprbglucts fraction
respectively, were fermented by microbial consortia 8JeMiilX4, composed mainly of rye bran,

was fermented by consortia 3.

Each preferment was prepared in the amount of 3 kg, with an optimal bran:water ratio of 1:2.
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Table 6.1.Milling by-products formulation of préermented ingredient.

Milling by-products formulations

MIX 1 MIX 4 MIX 7
Soft wheat Bran % 5 - -
Soft wheat fine bran % 5 - -
Wheat germ % 5 30 -
Soft wheat Middlings % 45 - -
Soft wheat Tritello % 40 - -
Soft wheat Tritello Micronized % - - -
Durum wheat Bran Micronized % - - 25
Durum wheat Middlings% - - 75
Rye Bran % - 70 -
Bran:water ratio 2:1 2:1 2:1

Table 6.2. Yeasts and lab member of microbial consortia selected.

Consortium Lactic acid bacteria Yeast
LS1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
3 FM 2 Kazachstania unispora
LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii
8 LANC B Leuconostoc mesenteroid FM 2  Kazachstania unispora

LANC C Pediococcus pentosaceus

Yeast cultures and LAB, belonging to the collection of the Department of Agricultural and Food
Sciences of the University of Bologna and isolated fspontaneously fermented wheat and rye bran,
were previously refreshed respectively in Yeast ExtPagitoneDextrose (YPD) mediumThermo
Fisher Milan, Italy) and Maltose Man Rogosa Sharpe (mMMRS) meditrarfno FisheMilan, Italy)

as described i€hapter 5.

Briefly, the fresh cultures of yeasts and LAB, previously washed in physiological solution (0.9%
nacl), were inoculated at a level of 4.0 and 6.0 log CFU/g, respectively, in the millmgpdhycts
mixtures. The fermentation was performed inamized tank at room temperature for-22h,

depending on the preferment.

The prefermented ingredients were shipped to Barilla S.p.A., stored in refrigerated conditions and

used for bakery trials within 72h of their production.
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6.2.2.Production of bakery prototypes

The production of bakery prototypes was made through the use of a pilot plant at Barilla S.p.A. and

the recipe is reported in Table 6.3.

Before proceeding with pilot plant testing, preliminary baking tests were carried, and the results
obtained allowed to define that the use of 20% of{beement (on flour) in the bakery recipe was the
best option. The three bread samples obtained with the selectiedipents (MIX1 B, MIX7 B and

MIX B) were compared with two kinds of control, one obtained withoatatidition of preferment
(STD) and the second one obtained with unfermented MIX7 (MIX7 STD).

Table 6.3.Bread recipe used for the production of bakery prototypes (control sample was produced

without the addition of préerment).

Ingredients % % on flour
Soft wheat flour 57,70 100,00
Pre-ferment 11,50 20,00
Water 25,00 43,50
Yeast 1,30 2,20
EVO oll 1,95 3,40
Salt 1,10 1,90
Sugar 0,86 1,50

Each bread sample was produced in batches of 20 kg and the leavening was carried out using a

commercial bakery yeast added in the amount of 2.2% on the weight of the flour.

The production process, illustrated in Figure 6.1., was carried out in a clean room at Barilla S.p.A.

and includes the steps of dough ingredients mixing, forming, leavenkiggbaooling and packing.
The packaging of the bread was carried out without the aid of ethanol for storage.

The bread prototypes produced were characterized during thdifghfdf them chemicaphysical
parameters, volatile molecule profile, shiie, texture and rheological analysis, antioxidant activity,

short chain fatty acids and fatty acid composition.
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Forming

Leavening

Cooling

Figure 6.1.Production process of bakery prototypes at Barilla S.p.A pilot plants.
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6.2.3.Chemical-physical characteristics

After cooking, thebread samples obtained were analyzed to determine their water activity, pH,

titratable acidity, moisture content and dry matter.

The water activity evaluation of the bread samples involved the use of an AquaLab 4TE Water

Activity Instrument (Decagon DevisglncPullman, WA).

pH analysis was carried out using a pH meter (mod. Jenwey 3510; Electrode 924001) and the total
titratable acidity was performed according to the methodology proposed by the AOAC (2012).

Moisture content and dry matter of bread sampleie determined gravimetrically at 105 °C for 24

hours.
6.2.4. Texture and rheological analysis

Rheological analyses were performed on the five types of breads, cooked and cooled at room
temperature, by using a texture analyser mod.TA.HDi 500 (Stable Bystem, Godalming, Surrey,

UK) equipped with a 50 mm diameter aluminium cylinder probe and a 25 kg load cell.

A texture profile analysis was performed by applying a double compression cycle with 40%
penetration depth, 3.0 mm/s test speed and a 5 s gapdmetompression(&ambarcet al, 2002)

The considered textural parameters were hardness (kg), cohesiveness and gumminess (kg). The tes
results are based on the average of several measurements taken on numerous slices of bread fron

three different samples.
6.2.5.Sheltlife assessment

The shellife of ethanolfree packed bread was monitored by a visual evaluation of moulds presence.
In addition, rheological parameters, such as hardness, were also taken into account to define the shelf

life of bread samples.
6.2.6.Volatile molecule profiles

The volatile makcule profiles analyses were performed on the innovative bread samples using a GC
MS coupled with a solid phase microextraction technique, accordByy tset al, (2008)with some
modifications described in Chapter®he analysis wagerformed with an Agilent Technology 7890

N gas chromatograph, Network GC System combined with a Network Mass Selective detector HP
5975C mass spectrometer (Agilent Technologidghtification of the volatile peaks was conducted

by comparing the mass spral data with those of the compounds contained in the NIST library
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(NIST/EPA/NIH Mass spectral Library, Version 1.6, Gaithersburg, M3D, USA) of 2011 and WILEY
(sixth edition, New York, NY, USA) of 1995. Volatile compounds were quantified in mg/kg
equivaknts on the internal standard usedandthyl2-penthanol).

6.2.7.Fatty acids profile and short chain fatty acids

The fatty acid profile of the innovative bread sample was analyzedC@&asnatography combined
with Mass Spectrometry according to the method regoirteBoselli et al, (2001)with some
modifications described in Chapter 5.

The fatty acid composition was determined as fatty acid methyl esters (FAMES). The internal standard
used was methyl tridecanoate C 13:0 (Sigma, Milan, Italy) while the extefaeénce was Supelco

FAME MIX 37 (Sigma). The total fatty acids methyl esters profiles analyses were carried out on an
Agilent 6890 gas chromatograph (Agilent Technologies, Palo Alto, CA, USA) coupled to an Agilent
5970 mass selective detector operatimgelectron impact mode (ionisation voltage, 70 eV). A
Chrompack CRNax 52 CB <capillary column (50 m | engt
(Chrompack, Middelburg, the Netherlands).

National Institute of Standards and Technolhfyited States Environméal Protection Ageney
National Institute of Health (1998) and the Registry of Mass Spectral Data (1998) mass spectra

libraries were used to identify the compounds.

Short chain fatty acids (SCFA) were determined by means ef0Basmatography combined with
Mass Spectrometry and Solid Phase Micro Extraeti®@/MS/SPME according t8carnatcet al.
(2017)

6.2.8. Antioxidant activity and total polyphenols

In order to determine the total polyphenols and antioxidant activity, samples of innovative bread are
extractel in accordance with the method described in Chapter 5. The evaluation of antioxidant activity
was carried out on bread extracts using the&iobis (3-ethylbenzothiazoling-sulfonic acid

assay (ABTS) as reported Miller & Rice-Evans, (1997)The absorbance at 734 nm was measured
every 30 seconds for 6 minutes and the Trolox equivalent was calculated using a standard curve

prepared with Trolox. Triplicate determination was performed.

Finally, the analysis of total polyphenols was carried ouwtomting to the FolirCiocalteu
methodology as reported I8linkard & Singleton, (1977)The mixture absorbance was read at 750

nm and the concentration of total phenols was expressed as gallic acid equivalent.
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6.2.9. Statistical analysis

The results are expresd as the mean of three different samples from three repeated experiments on

different days.

The data were statistically analysed using thewwag ANOVA procedure of statistica 6.1 (StatSoft
Italy srl, Vigonza, Italy). The differences between mean vakeze detected by tHeSD Tukey test,

and evaluations were based on a significance
6.3. Results and Discussion

In order to set some variables such as the optiméiegpnegent concentration to be used in the dough
formulation for baking, théemperatures and times of dough rise and cooking, preliminary baking
tests were performed on the three selected bakeffigprents (MIX1 B, MIX4 B and MIX7 B) (data

not showed). The data obtained allowed to define the % depmeent to be used in the wlgh recipe.

In fact, by the evaluation of rheological, functional and sensorial analysis of the laboratory bread
prototypes, the use of 20% of preferment (on the weight of the flour) in the bakery recipe resulted in

the better option.
6.3.1.Chemical-physical chaacteristics

Samples of innovative bread obtained by adding the 20% efpreent obtained from the milling
by-products of soft wheat (MIX1), durum wheat (MIX7) and rye bran (MIX4) inoculated with the
selected microbial consortia (C8 and C3) and therobsamples obtained from the unfermented
MIX7 (MIX7 STD) and a byproductfree dough (STD) were characterized for their chemical

physical characteristics. The obtained results are reported in Table 6.4. and Figure 6.2 (a and b).

As shown in Table 6.4.hée leavening time was not particularly affected by the addition of
preferments, as it was found to be between 70 and 80 minutes independent of the sample considered.
Even the baking time was not affected by the type of sample, resulting in between Zn(BVIDX1

B) and 23 minutes (MIX7 STD, MIX7 B and MIX4 B).

Figures 6.2 (a and b) provide a better analysis of the final products differEigre®. 6.2a shows

that the presence of pfermented byproducts in dough intended for baking reduces the volume of
loaf. In fact, the two control samples STD and MIX7 STD had a loaf height of 11 and 10.2 cm,
respectively, compared to the innovative bread samples with reduced volumes. In particular, among
the bread samples obtained with-fgemented ingredients, MIX& possessed the lowest loaf volume
(9.20 cm) followed by MIX7 B and MIX4 B with a height of 9.40 and 9.80 cm, respectively.
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Table 6.4.Process parameters (leavening time and baking time) and final product characteristics
(height, moisture, aw, pH aratidity) analyzed on innovative pfermented byproduct based bread
(MIX1 B, MIX7 B and MIX4 B) and the two control samples obtained withepitdaucts (STD) and

with unfermented MIX7 (MIX7 STDO)he coefficients of variability, expressed as standavibtiens

and the mean values, ranged between 1 afat rocess data and 0.01 and 0.6 for final product

data.
Bread STD  MIX7 STD MIX1 B MIX7 B MIX4 B
'-ea"(em”:gg time  p 807 700 807 708
PEEEEE Baking time
a a
(min) 21 23 21 23 23
Height
o) 11,06 10,200 9,20 9,40" 0,80
MO('OS/;)‘”G 35,10 36,80 37,20 36,60 36,30
Final AW 0,03 0,93 0,93 0,03 0,03
product
pH 5,30 5,30 4,29 4,25 4,28
Acidity
(meg NaOH) 7.90 7.90 1310 12,60 11,30

For each parametedifferent letters indicate significantly different data.

a
11.50 - - 38.00
11.00 - } I L 37,50
a
10.50 - _ 1 J_ - 37.00
: |
= =L
5 10.00 - l J. 2 1 - 36,50 G
= b =
& t f kZ
S 950 - L 36.00 S
un I =
I (&
d
9.00 - T d L 35,50
8.50 - l b L 3500
8.00 34,50
STD MIX7 STD MIX1 B MIX7 B MIX4 B

Height ©Moisture
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Figure 6.2.Bread prototypes characteristics in terms of height (cm) and moisture conte(d)(%)
and pH and titratable acidity (MEQ NaOHlb) analyzed on innovative pfermented byroduct
based bread (MIX1 B, MIX7 B and MIX4 B) and the two control samples obtained without by
products (STD) and with unfermented MIX7 (MIX7 STE)r each parameter, different letters

indicate significantly difrent data.

However, compared to bread produced with the addition of unfermented MIX7 (MIX7 STD), the
reduction in the volume of loaves obtained with-femenented ingredients can be considered
acceptableAlso in Figure 6.3., which shows the innovativedwl prototypes obtained, it is possible

to observe that the addition of the {feemented ingredient led to a slight decrease in the volume of

the loaf and a browning of the crust and crumb compared to the control STD.

MIX7 STD MIX1 B MIX4 B MIX7 B

Figure 6.3.Innovative breagrototypes obtained.
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The moisture content follows the opposite treAdiong the innovative prototypethe highest
moisture content was recorded in the MIX1 B sample, followed by MIX7 B and MIX4 B with values

of 37.20, 36.60 and 36.30 %, respectivéycontrast, the reference bread (STD) contained 35.10%
moisture, differing between 1.2 and 2.1% from the innovative bread samples. However, the second
reference sample obtained with unfermented MIX7 (MIX7 STD) had 36.8% moisture, so it was not

significantly dfferent from bread samples obtained with-fgemented ingredients.

Also, the literature reports how the bran acts strongly on the properties of fresh bread. In fact, it is
shown that bran alters the water status of the product at all structural legeisniblecular to
macroscopic), reduces the volume of loaf and increases the hardness of the crumb (to a different
extent depending on the composition of the b¢@nirti et al, 2013)

No differences among samples were observed in terms of activaty aw, while the addition of pre
ferments significantly affected the pH and titratable acidity. In fact, the reference samples STD and
MIX7 STD were characterized by a final pH of 5.3 while the innovative bread samples showed a pH
of 4.29, 4.25 and.24 respectively for MIX1 B, MIX7 B and MIX4 BA similar performance was
observed for the acidity resulting in 7,9 meq NaOH for the reference samples STD and MIX7 STD
and 13,1, 12,6 and 1,3 meqg NaOH for MIX1 B, MIX7 B and MIX4 B respectively.

On the othehand, as reported in Chapters 4 and 5, macganisms belonging to selected microbial
consortia were known for their strong acidification capadity.fact, fermentation by typical
sourdough microorganisms can lead to high content production of orgeitis that, besides
influencing the pH of the substrate, positively affects the aromatic profile, the nutritional and

functional quality of the dough and the final bread and increases itdihéBobbettiet al, 2014)
6.3.2. Texture and rheological analyss

Texture and rheological characteristics were determined on innovative bread samples and control
samples (STD and MIX7 STD) by Texture Profile Analysis (TPA). The analysis was made after 2
and 5 days of storage (T2 and T5) inside the packages at rogrartgare in order to evaluate the
change in rheological characteristics over time. During a TPA test, samples are compressed twice
using a texture analyzer to provide insight into how samples behave when chewed. The parameters
analyzed were Hardness, Cokesess and Gumminess. Specifically, Hardness was the maximum
force of the ¥ compression, Cohesiveness was the area of work during the second compression
divided by the area of work during the first compression and, finally, Gumminess was derived from
the hardness value multiplied with the cohesion value. The results obtained are reported in Figure 6.4.
(a, b and c).
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The results obtained showed a similar trend for hardness and gumminess. In fact, an increase of these
parameters was observed aftefdys of storage independent of the sample. Regarding hardness, the
two control samples, STD and MIX7 STD, after 5 days of storage, showed significant differences. In
fact, the control sample obtained by adding untreated MIX7 had a higher hardness valine tha
STD reference. However, no significant differences were observed between the reference STD and
the sample MIX4 B after 2 days of storagad even after 5 days both showed a similar increase in
the hardness parameter.addition, after 5 days of stage, the hardness parameters of the innovative
bread samples MIX7 B and MIX4B were not significantly different from the bread control sample
MIX7 STD. The MIX1 B sample, was characterized by a hardness significantly higher than all other
bread prototype£xcept for the samples produced with-feament MIX1C8, the others showed a

still acceptable hardness (<60 N) also after 5 days of storage.
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Figure 6.4.Hardness (a), Cohesiveness (b) and Gumminess (c) determined after 2 and 5 days of
storage (T2 and T5, respectively) of the bread prototypes obtained using 20 % on flowr of pre
fermented M1C8, M7C8 and M4C3 in bakery recipe (MIX1 B; MIX7 B, MIX4 B). A standard bread
produced without the addition of preferments was used as control (SM®Ilkas a standard bread
produced with the addition of unfermented MIX7 (MIX7 STihe test results are based on the
average of several measurements taken on numerous slices of bread from three different samples.

Depending on the storage time, differkiters indicate significantly different data.
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A similar trend was observed for gumminess, that was found to be higher in the samples in which
were added préermented ingredients. However, also in this case, limited differences were observed
compared tMIX7 STD. In particular, all samples containing-pyoducts of the grinding showed a
gumminess parameter significantly higher than the STD contgdydless of the storage tinddso

in this case, the bread sample MIX1 B had the highest parameter. Hpé¥eé B showed similar

values after 5 days of storagéhe bread sample obtained with {feemented rye bran (MIX4 B)
showed the lowest gumminess values than all innovative bread prototypes and, after 5 days, was not
significantly different from the MIXBTD control sample. The cohesiveness test results showed that

it was less affected by the addition of preferments. In fact, this parameter remained quite stable during
storage with minimal differences among the samples, except for bread made friamerged

durum wheat (MIX7 B) which showed slightly higher cohesion than the other samples.

On the other hand, it is reported from several studies that the addition of bran in bread causes an
increase in hardness and strength required to deform safhialgiainenet al, 2014; Hemdane,
Langenaekenet al, 2016; Kimet al, 2013; Liuet al, 2017) In fact, bran can be considered a
polymerbased composite material that acts as a matrix reinforcement, therefore large bran particles
can create a physical obstacle impacting on the mechanical properties of thé ®aatrotelliet al,

2017)

6.3.3.Shelflife assessment

The bread prototypes produced in Barilla S.p.A. were packaged in a clean room without a modified
atmosphere with ethanol. The shiié of ethanolfree packed bread was monitored by a visual
evaluation of moulds presence. Some examplesabéshelf samples with moulds on the surface

are shown in Figure 6.5. The innovative bread samples were compared with the control samples
obtained without the addition of fproducts or with the addition of unfermented MIX7.

The visual evaluation of moulds indicated that, after 5 days of storage, the first moulds appeared in
some samples of STD control bread and on the innovative prototypes obtained wehryanet

MIX1C8, while the control sample obtained from unfermentecKMbhnd the innovative bread
samples MIX7 B and MIX4 B showed no mold. However, after 7 days of storage all bread samples
showed changes and the presence of mould. On the other hand, the lack of ethanol in the packaging
prevented prolonged storage. In fanymerous research focused their attention on the direct
application (immersion or spraying) of ethanol on different food products, including fruits and
vegetables, cheese and bakery products, in order to increase tHéeshetf meet the food industry
demandgKapetanakou & Skandamis, 2016)
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Figure 6.5.Presence/absence of moulds on the bread prototypes (MIX1 B, MIX4B and MIX7B) and
on control samples (STD and MIX7 STD) after 5 days of storage.

In addition, rheological parameters, such as hardness, were also taken into account to define the shelf
life of bread samples. As described in the previous paragraph, Figure 6.4. a, the hardness of the
prototypes was shown to be optimal after 2 days of storage, while a strong increase was observed
after 5 days. However, with the exception of samples produced WiiX 1 fermented by C8

consortia, the others showed a still acceptable hardness, therefore, in presence of ethanol, the shelf

life would be prolonged, without affecting texture parameters.
6.3.4. Volatile molecule profiles

To assess the sensordaracteristics of the bread prototypes, the volatile molecule profiles were
analyzed by GEMS-SPME and the results are described in Table 6.5. and in Figure 6.6. Specific
profiles in terms of volatile molecules were detected on the basis of therprert considered. About

70 molecules belonging to different classes of compounds, including alcohols, esters, aldehydes,
acids and ketones were identified by the aromatic profiles of bread prototyygebread samples

used as control, without the additionppéferments (STD Bread) or with the addition of unfermented
MIX7 (MIX7 STD) were characterized by the smaller amounts of volatile molecules, ranging
between 41 and 43 mg/kg.
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Table 6.5. Volatile compounds, expressed as mg/kg, detected througM&E&PME in breads
obtained with the preferment MIX1C8, MIX7C8 and MIX4C3 (MIX1 B, MIX7 B and MIX4 B). The
references were the standard bread (STD Bread) and standard bread produced with the addition of
unfermented MIX7 (MIX7 STD). The coefficients of variabiéigpressed as the percentage ratios

between the standard deviations and the mean values, ranged between 2% and 5%.

STD MIX7
Bread STD MIX1B MIX7B MIX4B
mg/kg
- - 0,13 0,09 0,16
0,15 0,15 0,27 0,27 0,17
1,14 0,93 1,75 1,82 1,35
0,26 - 0,22 - 0,00
0,23 0,19 0,29 0,35 0,21
0,23 0,08 0,22 0,19 0,16
0,73 0,39 0,74 0,75 0,63

- 0,04 - 0,09 0,09
0,67 1,17 1,50 2,21 1,37
- - - 0,05 0,00

0,08 0,04 0,14 0,17 0,10
0,97 0,75 1,38 1,29 1,07
- 0,06 0,06 0,14 0,09
- 0,05 0,38 0,48 0,44

2,3-Butanedione 0,31 0,34 0,44 0,37 0,37
2-Hexanone, 4nethy} 0,09 0,05 0,09 - 0,00
3-Penter2-one, 4methyt 0,24 0,22 0,21 0,32 0,29
4-Heptanone, 2;8limethyt 0,14 0,12 0,20 0,14 0,16
Ketones 2-Heptanone - - - 0,09 0,00
2-Butanone, dhydroxy 1,00 0,87 1,79 1,45 1,21
2-Propanone, -hydroxy 0,08 0,10 0,10 0,12 0,07
Ethanone, 42-furanyl)- 0,21 0,23 0,19 0,29 0,30
3-Decen5-one, 2methyt 0,17 - 0,14 0,14 0,17
Total Ketones 2,24 1,93 3,16 2,91 2,57

Ethyl Alcohol 14,14 14,56 17,80 15,49 14,49
1-Propanol 0,14 0,16 0,14 0,15 0,15
1-Propanol, 2methyt 0,51 0,31 0,70 - 0,00
1-Butanol - 0,08 - 0,11 0,08
1-Butanol, 3methyl 2,38 2,34 5,64 4,65 4,77
2-Hexanol 0,21 0,12 0,17 0,13 0,13
Alcohols 1-Pentanol 0,17 0,15 0,30 0,33 0,19
2-Pentenl-ol, (Z2)- - - 0,04 - 0,00
1-Hexanol 1,25 1,05 2,31 2,73 1,66
3-Dodecanol 0,03 - 0,04 0,03 0,00
3-Hexenl-ol 0,10 0,08 0,12 0,10 0,08
1-Octen3-ol 0,15 0,09 0,17 0,19 0,14
Heptanol 0,11 0,09 0,17 0,19 0,12
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1-Octanol 0,09 0,05 0,11 0,14 0,10

2-Furanmethanol 0,65 1,11 0,23 0,42 0,28
Benzyl Alcohol - - - - 0,11
Phenylethyl Alcohol 1,37 0,84 1,33 2,11 1,64

Total Alcohols 21,27 21,04 29,28 26,76 23,92

1,05 2,29 2,44 1,69
- 0,06 0,08 0,00
0,12 0,39 0,41 0,28
0,29 1,07 1,17 0,82
- 0,12 0,24 0,09
0,14 0,26 0,64 0,20
Total Acids 2,07 1,61 4,19 4,99 3,08
12,31 7,73 5,97 7,72
0,37 0,46 0,29 0,28
0,91 0,91 0,90 0,97
0,08 - 0,08 0,08
0,08 0,12 0,10 0,09
- 0,07 0,08 0,05
- 0,08 - 0,00
- 0,14 - 0,00
0,03 0,08 0,14 0,07

Total Other compounds 1,23 0,76 1,19 1,99 1,25

Total Molecules 41,52 42,96 54,48 52,10 45,93
Under the determination limit.
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Figure 6.6. Principal classes of compounds (expressed in mg/kg) detected et prototipes
(MIX1 B, MIX7 B and MIX4 B), compared with the two kind of control samples obtained without
addiction of byproducts (STD bread) and with the addiction of unfermented MIX7 (MIX7 STD). For
each volatile compound, different letters indicsitgnificantly different data.
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On the contrary, samples obtained by the addition of 20% on flour -déprent showed a higher
amount of volatile compounds equal to 54.48, 52.10 and 45.93 mg/kg for MIX1C8, MIX7C8 and
MIX4C3 respectively. From a qualitatiym®int of view, the molecules detected were the same in all
samples. On the other hand, the process of leavening took place with the addition of the same
commercial bakery yeast. However, compared to the two reference bread samples, an increase in
acids, &ehydes and alcohols was evident in the innovative bread samples. In particular, the
innovative bakery prototypes showed an increase, compared to the controls of benzaldehyde, hexanal,
3-hydroxy-1-Butanol, 2Butanone, d3nethythexanol, hexanoic acid, bu@ic acid, and acetic acid.

In contrast, they showed a slight decrease in esters, in particular ethyl acetate, compared to standard
bread samples (STD bread and MIX7 STD). On the other hand, the aromatic profile of wheat bread
is simpler than that of whediread containing sourdougfiflessaset al, 2008) whose main
characteristic is the high content of acids. In fact, due to the fermentation of LAB, the volatile
molecules profiles of sourdough bread are more complex, compared to the only fermenyegast of

that takes place in traditional bread, in particular for the ester cdfétaiet al, 2017; Plessast

al., 2008) However, as the prerments were added to 20% of the flour content and the dough
underwent a baking process, the volatile fittv prefermented ingredients were dilutddansen &
Schieberle (2005)Iso recorded a reduction in esters in sourdough bread compared to standard bread.
In contrast, the amount of volatile compounds of different origins may increase during cooking. This
increase is probably due to the free amino acids present in bread tbasdurdough, which then
contribute to the Maillard reaction during bakifRgtelet al, 2017) Otherwise, considering only the
breads obtained with pffiermented ingredients, the bread samples MIX1 B and MIX7 B showed
higher quantities of volatile epounds than MIX4 B. Specifically, MIX4 B bread contained a lower
concentration of alcohols, aldehydes and acids than MIX1 B and MIX7 B breads. On the other hand,
Pételet al. (2017) points out that the content of volatile molecules in rye sourdouglowes than

those contained in wheat sourdough and the content is further reduced in bread. However, MIX7 B

was characterized by a lower content of esters than the other two innovative prototypes.

In order to better understand the effects of the additiannafvative prefermented ingredients on

the bakery formulations, a principal component analysis (PCA) was performed on the volatile
molecule data of the different samples (Figure 6.7 a anthie)Figure 6.7. (a), explained that each
bakery prototype wadifferent from the control samples and from the other innovative prototypes. In
fact, each sample showed a specific volatiloma, described in Figurébh.Wwhere the volatile
compounds were separated from each other along the PC1 and PC2 factoridligteacaount for
41.32 % and 32.46 %, respectively, of the total variance among the different samples.
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Figure 6.7. Principal component analysis loading plot (a) and variable plot (b) of the bakery
prototypes obtained by the use of different preferments (MIX1 B, B1&&d MIX4 B), on the basis
of their volatile molecules, in comparison to standard breads, withoutdtigti@ of preferment

(STD) and with the addition of unfermented MIX7(MIX7 STD).
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The separation of the innovative prototypes from the controls was mainly along PC1, in fact, all the
samples obtained from pfermented ingredients were on the left sidehe graph. However, the
bread sample obtained from the {feement MIX1C8 was well separated along PC2 than MIX4B
and MIX7 B, which were located on the lower left side and differed from each other along the PC1.

The two control samples were characterizeginty by the presence of ethyl acetate, while the
molecules that affected the spatial disposition of innovative prototypes in the factor plane (1X2) were
pentanoic acid, butanoic acid, acetic acid, hexanoic agédnfanol, 1octanol, heptanol,-hexanol,
1-Butanol, 3methyl and 1octen3-ol. Finally, the separation of MIX1 B from the other innovative

prototypes was mainly due to the presences of alcohols and, in particular, a higher amount of ethanol.

6.3.5.Fatty acids profile and short chain fatty acids

The different bread samples were characterized for the fatty acid (FA) content and the results,
expressed in g/100g, are reported in Figure®@. FA content was similar in all samples analyzed

and ranged between 3.91 and 4.07g/100g.

g FA/ 100g dry sample

STD bread MIX7 STD MIX1 B MIX7 B MIX4 B
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Figure 6.8.Fatty acids quantification in the different bakery prototypes obtained by the addition of
different prefermented ingredients (MIX1 B, MIX7 B and MIX4 B) in comparison to standard breads,
without the addition of preferment (STD) and with the addition of unfermdhdt{MIX7 STD).

The fatty acids mainly detected in all the bread prototypes considered were palmitic (C16:0), stearic
(C18:0), ol ei ¢ ( Cl-8)add limp@nic,(C18:34@) acidee The ampu@tloBEA2 n
was dependent on the gierment added. For example, coaned to the control bread obtained

without the addition of byroducts, samples containing gegmented ingredients and the MIX7
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STD control sample were characterized by an increased presence of linolenimn amdtrast,
palmitic acid was more preseint the STD control sample. The bread obtained from MIX1C8
contained the highest amount of linoleic and linolenic acid, while the bread obtained from MIX7C8
was characterized by a greater concentration of oleic acid. Finally, MIX4 B bread, produce@with pr
fermented rye bran, contained the highest concentration of stearic acid, however it was the sample
with the lowest FA content compared to other breads obtained from milkipgoblyicts. On the other

hand, the characterization of germents carried ounh Chapter 5 showed that the germent
MIX4C3 was characterized by a lower amount of fatty acids than all othdéenpnents. However,

the high presence of polyunsaturated FA such as linoleic and linolenic acid brings health benefits to
the final innovatve breads. In fact, these FAs showed to reduce the risk of cardiovascular disease,
and linolenic acid is recognized for its capabilities in the children brain development and in the
reduction of blood lipid concentratioiislarpalleet al, 2015; Paret al, 2012; Rodriguet.eyvaet

al., 2013)

The dependence of the quantity and quality of FA on thégomeent used for the production of bread
prototypes was highlighted through the PCA made on the raw data obtained from the quantification
of FA.

Figure 6.9 represestthe projections (a) of the samples and variables (b) in the spaces enclosed by
the first two main components PC1 and PC2, which account for 48.52 % and 31.29 %, respectively,

of the total variance among the different samples.

From Figure @ (a) it is possible to observe that the samples obtained by the addition of miling by
products fractions from soft and durum wheat (MIX1 B, MIX7 B and MIX7 STD), were located on
the left side and were divided by the control sample obtained without dit@acdf by-products
(STD) and the bread containing rye bran (MIX4 B), along the Fpgkcifically, the samples
containing the préerments MIX1C8 and MIX7C8 were grouped on the lower left side and stood out
from the control sample MIX7 STD for compoursigh as linoleic and oleic acid.contrast, sample

MIX4 B was mapped to the upper right side and was characterized by stearic acid.
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Figure 6.9 Projection of cases (a) and variables (b) obtained by PCA elaboration of fatty acids
profile characterizing the different bread prototypes (MIX1 B, MIX7 B and MIX4 B) in comparison

to standard breads, without the addition of ffeement (STD) and with the addition of unfermented

MIX7(MIX7 STD)
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The bread prototypes were also assessed for shont feltey acid (SCFA) profilesletermined by
means of Ga€hromatography combined with Mass Spectrometry and Solid Phase Micro Extraction
- GC/MS/SPME.

In Table 6.6. are reported the total amounts, expressed in mg/kg, of the SCFA detected in the
innovativebreads (MIX1 B, MIX7 B and MIX4 B) and compared to the bread obtained without the
addition of preferments (STD) and the bread obtained by the addition of unfermented MIX7 (MIX7
STD).

The SCFA content was significantly higher in bread samples obtainegfedfiermented ingredients

than in the two control samples. Specifically, the innovative bakery prototypes showed a SCFA
concentration of 4.19, 4.99 and 3.08 mg/kg for MIX1 B, MIX7 B and MIX4 B, respectively, then
those of the breads obtained without thdigoh of preferments (STD) and the bread obtained by
the addition of unfermented MIX7 (MIX7 STD) characterized from a total amount of 2.07 and 1.61

mg/kg, respectively.

Table 6.6.Total amount of Short Chain Fatty Acids, expressed in mgiigcted in the different
bakery prototypes (MIX1 B, MIX7 B and MIX4 B) and compared with the standard bread obtained
without the addition of preferments (STD bread) and the not fermented MIX7 (MIX7 TBIED).
coefficients of variability, expressed as thergentage ratios between the standard deviations and

the mean values, ranged between 2% and 5%.

STD MIX7
Bread STD MIX1B MIX7B MIX4B
average mg/kg

Acetic Acid 1,27 1,05 2,29 2,44 1,69
Propanoic acid - - 0,06 0,08 -
Butanoic Acid 0,16 0,12 0,39 0,41 0,28
Butanoic acid, 2methyl- 0,51 0,29 1,07 1,17 0,82
Pentanoic acid - - 0,12 0,24 0,09
Hexanoic acid 0,12 0,14 0,26 0,64 0,20
Total SCFA 2,07 1,61 4,19 4,99 3,08

- Under the determination limit.

The high content of SCFA provide functional value to bread prototypes. Among the widely reported
beneficial properties of SCFAs are listed the ability to be easily absorbed by the host and the
beneficial effects on intestinal function and systemic ralessulin secretion, lipid metabolism and
inflammation(Kasubuchiet al, 2015) Moreover, SCFA strongly contribute to the taste and flavour

of bread cruml§Birch et al, 2013)
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However, it is important to underline that the SCFA amadetécted in innovative bakery prototypes

is much lower than that observed in the-faenent samples characterized in Chapter 5. On the other
hand, a dilution in the dough intended for baking was carried out. In fact, the additiorferinpeat

in the balery recipe is 20% on flour and therefore the amount of SCFA could not be similar to that

of the prefermented ingredients used in the formulation.
6.3.6.Antioxidant activity and total polyphenols

The antioxidant activity and total phenols content were evaluatedhe innovative bakery
prototypes. The innovative bread samples obtained by 20% on flour-&érprented ingredients
from the milling byproduct fractions derived from soft and durum wheat (MIX1 and MIX7) and
from rye bran (MIX4) and fermented by seksgttmicrobial consortia (C8 and C3), were compared
with a control bread obtained without milling Jpyoducts (STD) and a control obtained with
unfermented MIX7 (MIX7STD).

The antioxidant activity was carried out through the ABTS methodology and the cdgaltseed are
reported in Figure 6.10.
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Figure 6.10.Antioxidant activity, determined by ABTS, detected in the different bakery prototypes
(MIX1 B, MIX7 B and MIX4B) and compared with the standard bread obtained without the addition
of preferments (STD bread) and the not fermented MIX7 (MIX7 STD). Difletsrs indicate

significantly different data.
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The addition of prdermented ingredients, in the bakery formulation resulted in a higher antioxidant
activity of the innovative bakery prototypes compared to the control breads (STD bread and MIX7
STD). In marticular, STD bread showed the lowest antioxidant activity. The presences of durum wheat
milling by-products in the control sample MIX7 STD increased the antioxidant capacity. On the other
hand, the milling byproducts are rich in compounds with antioxilas well as aninflammatory

and anticancer propertie@Brounset al, 2012; Dziki, 2022)However, the fermentation process by

the microbial consortia selected further improved the final bread antioxidant activity. In fact, the
microorganisms respeaible for sourdough fermentation promote the production of active compounds
with antioxidant activities such as exopolysaccharides, folates and free phenoligGabibstti, de
Angelis, di Cagno, Polet al, 2019)

To confirm theantioxidant activity results, the determination of total phenols, performed on bread

samples, is reported in Figure 6.11.

Total Phenols

P 120,00 .
2 !
& 100,00 b b
> c C I 1
..8 -
o 80,00 F I
8 60,00 l
g
j=h
= B
- 40,00
(=)
(3=}
o 20,00 F
8

0.00

Std Bread MIX 7 Std MIX1B MIX7B MIX4B
Bread Prototype

Figure 6.11.Total phenols content, expressed as gallic acid mg eqg/kg dry matter, detected in the
different bakeryprototypes (MIX1 B, MIX7 B, MIX4 B,) and compared with the standard bread
obtained without the addition of preferments (STD bread) and the unfermented MIX7 (MIX7 STD).
Different letters indicate significantly different data.
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Also in this case, the total phols of innovative bakery prototypes were higher compared to the STD
bread, and the bread produced with unfermented MIX7 (MIX7 STD). In particular, the bread obtained
by the addition of MIX1C8 showed the highest phenolic content.

The increase of total phels and of the antioxidant activity in the loaves obtained with the addition
of the preferments is a very interesting result. In fact, thefprenented ingredients were added in
the bakery formulation only at 20% on the flour, therefore there was taintgrthat the high
antioxidant activity of prderments, demonstrated in the previous chapter 5, could be transmitted to

the final bread samples.
6.4. Conclusion

The preferments obtained from the fermentation, with selected microbial consortia, of miling by

products, used for the production of innovative breads, were previously characterized in Chapter 5.

The formulations MIX1 and MIX7 obtained by mixing milling 4pyoducts fractions from the
processing of soft and durum wheat were fermented bymilceo-organisms of consortium 8
composed by 3 LABL@atilactobacillus curvata LANC A, Leuconostoc mesenteroide&NC B and
Pediococcus pentosacelUANC C) and 2 yeastK@zachstania servaz#iAZ2 and Kazachstania
unisporaFM2). While the formulations MIX4btained from rye bran and germ was fermented by
consorzium 3 composed by a LARatilactobacillus curvatud.S1) and 2 yeastK@zachstania

servazziKAZ2 andKazachstania unisporeMz2).

Following preliminary analysis carried out in order to set someabis, including the optimal
concentration of préerment to be used in the formulation of bread, the time and temperature of
leavening and cooking, it was possible to determine that 20%-6émpnent in the dough formulation

was optimal.Therefore, thennovative bread prototypes were produced at the Barilla S.p.A. pilot
plants with 20% prdéermented ingredient on the weight of the flour and were leavened with
commer ci al brewer s yeast. The three innovat:i
were compared with one control bread obtained without the addiction of millingrdauct
ingredients (STD) and a second control obtained with unfermented MIX7 (MIX 7 STD).

The results obtained were very encouraging. In fact, the addition of 20%fefprerted ingredient

did not negatively affect the process parameters in terms of time of leavening and baking compared
to the control sample STD. Moreover, the reduction of the loaf volume, compared to the control
without preferment, was also acceptable and thust color of the innovative prototypes showed a
positive golderbrown increase. In addition, the rheological characteristics of the bread prototypes

were not negatively affected by the addition of-fmenents. However, as expected, an increase in
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acidty of the innovative prototypes was observed, resulting in a mouthfeel reduction of softness. In
fact, rheological analysis showed an increase in hardness of the innovative bread prototypes compared
to the control STD. However, compared to the controltaiomg unfermented MIX7, only the
innovative bread obtained with pfermented soft wheat fractions, MIX1 B, showed a significant

increase in this parameter.

About the sheHife of the innovative bread samples, the addition offpremented ingredients
showed a limited effect. In fact, only MIX7 B and MIX4 B bread samples showed an increase of the
sheltlife up to 7 days compared to the control samples STD and MIXhatBafter 5 days of storage

were subject to the development of mold on the surface.iflif@vative prototypes were also
characterized by a greater quantity of aromatic molecules, mainly acids, alcohols and aldehydes, than
the control samples STD and MIX 7 STD. On the other hand, the fermentative process carried out on
mixtures of milling byproducts, strongly influenced the volatile molecules content ofggreents.

The increase in SCFA, antioxidant activity and total phenols provide the innovative bread samples
analyzed a positive effect on functionality compared to control santpbegever,no health claim

related to antioxidant properties for bakery products is allowed.

On the basis of the results obtained in this Chapter and in Chapter 5, it emerged thafetmagmie
obtained from the durum wheat milling 4pyoducts, MIX7C8, had the rsb interesting
characteristicdn fact, from a conservation and storage point of view, the MIX7C8 suffered a lower
and slower browning than the other two-fgements, an important aspect to take into account in the
industrial scalingup. In addition, thepre-ferment was rich in polyunsaturated and short chain fatty
acids that made him interested from a functional point of view and imparted him a peculiar
organoleptic profileThe prefermentation MIX7C8 imparted these positive characteristics also to the

final product.

Bread containing 20% of MIX7C8 flour was characterized by a higher content of acids and
antioxidant compounds that allowed an extension of difielfip to 7 days of storagBurthermore,
the addition of the préermented ingredient did necessively reduce the volume of the bread and

maintained the rheological parameters in an acceptable range.

For this reason, the pferment MIX7C8 was chosen to proceed with an industrisdaging. The
mixture will be tested in order to calibrate sawariables including the form of storage of-pre
ferments (liquid or freezdried) and the degree of hydration of the mixture (if produced at an
industrial level, transportation of the pierment through plumbing requires dilution of the mixture).
The preferment, in different forms and hydration, will also be tested inside the final baked product

in order to evaluate its rheological, nutritional and technological characteristics.
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CHAPTER 7

Scaling up of proces®sto obtain pre
fermented ingredients and innovative
bread from the fermentation of
durum wheat by-products
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Abstract

The stability and functional value of wheat milling-psoducts can be improved ligrmentation of
raw materials through typical sourdough microorganisms. In fact, the nutritional and functional
quality of the dough and baked products are affected by the synthesis of microbial metabolites,

acidification, enzymatic activation and protemy/that occur during sourdough fermentation.

Fermentation of durum wheat milling {products with selected microbial consortia, performed in
Chapters 6, showed the most interesting characteristics. In fact, tHermpent, added to 20% on
flour, enrich@ the innovative bread with compounds having a positive antioxidant and functional
effect and influenced the content in volatile molecules imparting a peculiar organoleptic profile to the

final product.

From an industrial scalingp perspective, where thgefermented ingredient is to be stored and
transported or produced directly by the final user, several process variables must be taken into
account. The effect of the change in the physical state, from liquid to -tleedeand the potential

of some vaables, including the bran:water ratio and the fermentation method of the wheat durum
preferment, was evaluated on the {feement obtained and on bakery prototypes, in order to assess
their effect on the characteristics of the innovative baked goodtharefore their applicability in
bakery. Moreover, the shdife of the breads packaged with or without ethanol was evaluated.

The tests, carried out at Barilla S.p.A, allowedabtidate the data obtained in a4stale (10L) with

a 50L fermenter and ¢hresults obtained indicated that the-faenents produced by modulating
some process variables, to meet industrial needs, were suitable for the production of innovative
prototypesHowever, the use of fresh pferment, in comparison to freegeied, ledto the best

option to produce bakery prototypes both in terms of the characteristics of the final prototype and in

terms of reducing costs and the energy needed for the fuegng of the preferment.
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7.1. Introduction

Wheat is one of the main huméood crops. Conventional milling of wheat grains removes the bran
fraction, composed of aleurone cells, bran layers and embryo, from the endosperm, the predominant
part used in the production of baked goods as white fldwerbran of cereals, are definggdproducts

of the milling industry that are generally used as feed, discarded or degradeielkstet al, 2016)

Several epidemiological studies showed that fiber, and in particular wheat bran component, can
reduce the risk of some chronic diseaseluding cardiovascular disease, metabolic syndrome, type

2 diabetes and some types of carfderMunteret al, 2007; KohBanerjeeet al, 2004; Melleret al,

2008; Sahyouet al, 2006; Schatzkiet al, 2007; Seal, 2006 he healthpromoting characteristics

and the high content of nutrients, proteins, dietary fiber and small amounts of unsaturated fatty acids,
increased the interest in the use of bran and millingrbgucts in food formulation. However,
although their usén the food industry has increased over the last decade, these fractions are still
predominantly discarded during the grain milling procedure, due to technological problems or the
stability of the raw materiglCodaet al, 2015)

The stability and furttonal value of wheat milling byproducts can be enhanced by fermentation of

raw materials through the typical sourdough microorganigRizzello et al, 2012; Rizzello,
Nionelli, Coda, de Angeligt al, 2010) Synthesis of microbial metabolites, adicktion, enzymatic
activation, and proteolysis, cause several changes during sourdough fermentation, affecting the

nutritional/functional quality of the dough and baked proddetAngeliset al, 2009)

Milling by-products derived from durum and sofheat and rye bran fermentation with selected
microbial consortia, performed in previous Chapters, led to results in line with the literature. In
particular, fermentation of durum wheat-psoducts by a microbial consortia, consistingddactic

acid bacteéa (Latilactobacillus curvats LANC A, Leuconostoc mesenteroidéANC B and
Pediococcus pentosacelUANC C) and 2 yeastK@zachstania servaz#iAZ2 and Kazachstania

unisporaFM2), showed the most interesting characteristics.

In fact, this preferment, added to 20% on the flour, maintained the rheological parameters in an
acceptable range and did not excessively reduce the volume of thie &ddition, the préermented
ingredient enriched the innovative bread with polyunsaturated and short chain fatty acids, as well as
total phenol compounds by increasing antioxidant activity. These functional and aroma compounds
provided the innovative bread with a positive functionadiiect and affected the content in volatile
molecules imparting a peculiar organoleptic profile to the final product.
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However, the use of a mixture of giexmented byproducts to obtain functional and innovative
bakery products faces problems when prodads transferred to the industrial largeale level. For
example, the results reported in Chapter 6 showed algbetf baked goods obtained with pre
fermented ingredients, limited toI0 days. In addition, in order to ship, transport and store pre
ferments from a production plant to a bakery industry, it is necessary to evaluate the physical state of
preferments such as freedeying and refrigerated storagdowever, it is necessary to assdss
physical state of the preferment can affect therattaristics of the final bakery prototype.
Furthermore, the prerment production could be carried out directly in the bakery company. In this
case, it is necessary to evaluate the need to modify some technological and process Vanables.
example, forlarge industries, when the pferment producer is the final user, it is necessary to
promote the pumpability of the pfeer ment ed i ngredi ent i nside
Therefore, assessing an increase in the bran:water ratio to 1:3, comphedpgtimal 1:2 selected

in the previous chapter, becomes necessanm a technological point of view, it is also necessary

to evaluate the differences from the static fermentation than the dynamic fermentation on a larger
scale. The presence of oxygemna dynamic fermentation of the 4pyoducts mixture may affect the

metabolism and viability of the micrarganisms involved in fermentation.

On the basis of the above considerations, the purpose of this study was to evaluate the effect of pre
ferments peserved in different physical states on the characteristics of the baked products obtained
and on the shelife of the breads packaged with or without ethaibreover, the préderments
obtained following an increase in the production scale of up tg 5@ Barilla S.p.A., were evaluated

and some process variables were modul&tee functional, technological, nutritional characteristics

and the shelfife of innovative bread prototypes obtained from-faemented ingredients having

different hydratiordegrees and statically or dynamically fermented were evaluated.
7.2. Material and Methods

The trial described in this chapter will be divided into two trials. In fact, the first trial involved the
production of smaidkcale preferments yield at microbiology labatories of DISTAL (Campus Food
Science, Department of Agricultural and Food Sciences, Alma Mater Studiorum, University of
Bologna, Cesena, ltaly), while the second trial involves the production ofdeade preferments
(production scale up to 50kg) Barilla S.p.A. In addition, tests carried out on-feament samples
obtained from different methodologies were investigated to validate different parameters and

variables.
The bakery activities and all the bread samples obtained came from a pilot @antla S.p.A.
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7.2.1.Pre-ferments production in First Trial

During the first trial the préerment MIX7C8 obtained from the fermentation of durum wheat
(Triticum durum by-product fractions by the selected microbial consortium C8, was prepdadxd in

scale according to the formulation reported in Table 7.1.

Table 7.1. Formulation of MIX7 and yeast and lactic acid bacteria of the microbial consortium

selected C8.

Milling by -products Consortium 8
formulations
MIX

- Lactic acid bacteria Yeast

Durum wheat Bran
Micronized %

Durum wheat Middlings % 75 LANC B Leuconostoc mesenteroid FM 2  Kazachstania unispor
Bran:water ratio 2:1 LANC C Pediococcus pentosaceus

25 LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazz

The preferment was prepared in the amount of 6 Kg, with an optimal bran:water ratio of 1:2,
according to the method reported in Chapter 5 and illustrated in Figure 7.1. Briefly, fresh cultures of
yeasts and lactic aclzhcteria (LAB) were inoculated at a level of 4.0 and 6.0 log CFU/g, respectively
in the milling byproducts mixtures. The fermentation was performed in a sanitized tank at room

temperature for 22h.

Grain Processing
Milling by-products
®
Water addition
Fermenter or sanitized tank @
10kg

Microbial consortia

inoculum

Fermentation @

18-22h at 25 °C

Pre-fermented ingredients
for bakery applications

Figure 7.1. MIX7C8 production flowsheet at ledzale. 1) Production of milling byproducts

ingredients (Durum wheat bran micronized and middlings) 2) Addition of the ingredients to a
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fermenter; 3) Addition of water in proportion 2:1 respect to the milling by product; 4) Inoculation of
yeasts and LABs, member§ the selected microbial consortia; 5) Time and temperature of
fermentation, 6) Préerment ready to be used in bakery products.

At the end of fermentation, two different preferment storing condition were considered:

1. Fresh pre-ferment: 3 kg of preferment ere stored at 6°C until their use in bakery (within 72h).
2. Freezedried pre-ferment: 3 kg of preferment were freeze dried by the Heto PowerDry LL3000
Freeze Dryer (thermoFisher scientific).

During and at the end of fermentation, and after frelegmg, the acidification kinetics, the growth
kinetics and cell load of LAB and yeasts were. In addition, for the freéeed preferment the loss of

weight after lyophilization was assessed.
7.2.2.Pre-ferments production in Second Trial

During the secondrial the prefermented samples ingredients production was up scaled at Barilla

S.p.A. using a 50 L fermenter.

In this trial some process variables, including water:bran ratio of 1:2 and 1:3 and the preferment

production in batch (static) or in fermentdyfamic) were modulated.

The reason of evaluate an increase in the bran:water ratio, compared to the optimal 1:2 found in
preliminary tests during the activities of Chapter 5, is due to the need to favor the pumpability of pre
fermented ingredient. This ia good option for large industries when the producer of preferment is
the final user. The assessment of dynamic fermentation in 50L fermenter was done in order to evaluate

the differences compared to the static fermentation in a larger scale.

During thelargescale production, the formulation of MIX7 remained the same selected in Chapter 6
and reported in Table 7.1. The gegment MIX7C8 is made starting from MIX7 formulation and
inoculated with a specific microbial consortium C8. The microbial stasieich composition in

terms of yeasts and LAB is reported in the same table, was produced and shipped by DISTAL

microbiology laboratories to Barilla S.p.A.

The byproducts mixture was inoculated at a level of 4.0 and 6.0 log CFU/g, for yeasts and LAB
respetively, and the temperature of fermentation was set at 25 °C, as defined in preliminary tests of
Chapter 5. The fermentation was stopped when a stable pH was reached and ranged between 15 anc
18h.
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Three different preferments based on MIX7 and microbialsodia 8 were produced at Barilla
S.p.A.:

1. Pre-ferment A: MIX7C8, bran/water ratio 1:2, static fermentation in batch (Standard method
used),

2. Pre-ferment B: MIX7C8, bran/water ratio 1:3, carried out in fermenter tank with periodic and
slight mixing of the mass,

3. Pre-ferment C: MIX7C8, bran/water ratio 1:3, carried out in fermenter tank with dynamic

fermentation consisting in continuous mixing of the mass.

The method of preparation of Preferment A was the one developed in Chapter 4 and 5 activities and
employel in the preferments preparation used in previous baking trials of Chapter 6. The other two
methodologies (B and C) represent alternatives to the method A done in order to meet industrial

interest.

The preferments were prepared in the amount of 30 Kgaatiwere used in bakery following two
kinds of the storage methods. Preliminary tests showed that, if used within 72 hours of its production,
MIX7C8 preferment could be refrigerated without significantly properties change, on the contrary,
if used aftemore than 72 hours from its production, could be frozen to avoid excessive alteration of

the prefermented ingredient features.

The fermentation time was dependent on the variables considered, and the time of fermentation was
18 h for Preferment A and 15 for Preferments B and CThe production of the prerment samples

and the fermenter used are illustrated in Figure 7.2.
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Figure 7.2.Fermenter used for the production of Preferment B and C, and pictures of the preferment

A, BandC.
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Theperferments obtained were characterized in terms of acidity, pH, lactic acid content, acetic acid
content and fermentation quotient. Moreover, the microbiological analysis and the profile in volatile
molecules of the preerments produces by Barilla S.p.&nd freeze stored were carried out.

7.2.3.Bakery prototypes production and packaging

Preliminary baking tests carried out in{atale allowed to define the % of preferment to be used in
the dough recipe. In fact, by the evaluation of rheological, functiowhlsansorial analysis of the
laboratory bread prototypes, the use of 20% offpreent (on flour) in the bakery recipe resulted in

the better option.

The bread prototypes production process, carried out at Barilla S.p.A. pilot plant, followed the same
procedure described in Chapter 6 with some modifications according to the typderipeatation

used in the two trials. The steps followed were dough ingredients mixing, forming, leavening, baking,
cooling and packing in clean rooms leavening agent,@mmercial bakery yeast was added in the

amount of 2.2% on flour.
The formulation used for the production of innovative bread prototypes is shown in Table 7.2.

Table 7.2.Bread recipe used for the production of bakery prototypes (control sampleredisced
without the addition of préerment).

Ingredients % % on flour
Soft wheat flour 57,70 100,00
Pre-ferment 11,50 20,00
Water 25,00 43,50
Yeast 1,30 2,20
EVO oll 1,95 3,40
Salt 1,10 1,90
Sugar 0,86 1,50

Two kinds of control samples wetensidered. The first reference was produced without the addition

of preferment, while the second one was carried out with the addiction of unfermented MIX7.

In the first trial, the addition of prdermented ingredients was done during the dough phase and the
amount of prderment added was proportional to its physical state, due to the different amount of
water contained. In the case of fresh-fanement it was added to 20% diodr, while in the case of

freezedried preferment it was added to 8% on the weight of flour.
A total of 4 different samples were produced in batches of 20 kg each:

1. Reference (benchmark Barilla bread, obtained without addiction-pfdgucts),
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MIX7 STD (obtained by the addition of unfermented MIX7)
MIX7B Fresh (bread produced with the addition of preferment MIX7C8 stored at refrigerated
conditions before to use)

4. MIX7B Powder (bread produced with the addition of fredded preferment MIX7C8).

In order tohave both shottime and longtime shelflife prototypes, each of the 4 obtained prototypes
was produced both with and without ethanol added during packdging, total of 8 different
samples. Prototypes without added ethanol were packaged whole hdsite with added ethanol

were packaged sliced as illustrated in Figure 7.3.

The prototypes produced were characterized during thelgbdibr chemicalphysical parameters,
volatile molecule profile, microbiological shdife, texture and rheological alyais, antioxidant

activity and total polyphenols content and short chain fatty acids profile.

=., :

REFERENCE
Refererence

MIX7 STD MITR-ETesh MIX7B Powder

EtOH No EtOH EOH No E(OH EtOH No EtOH EtOH No EtOH

Figure 7.3.Picture of the different bakery prototypes produced at Barilla S.p.A. (Reference, MIX7
STD, MIX7B Fresh, MIX7B Powder). For each sample, wholeitaitates the sample that was
packed without addition of ethanol, while sliced loaf indicates sample that was packed with addition

of ethanol.

In the second trial, the different amount of preerment added is due to the different water content

of the obtained préerments and has been established in order to add the same amount of dry
preferment. The addition of pfermented ingredient in bakery recipe in repoitediable 7.3. and it

was 20% on flour for Preerment A, 28% on flour for Preerment B and 30% on flour for Rre

ferment C.
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Table 7.3. Characteristics of the Preerment A, B and C used for the production of bakery

prototypes.
Bread MIX7 STD Pre-ferment A Pre-ferment B Pre-ferment C
MIX7 % on flour 7 - - -
% pre-ferment on flour - 20 28 30
bran:water - 1:2 1:3 1:3
Fermentation conditions none Static in batch Static itr;:]irmenter fe?r};r;rgf tignk
Fermentation time (h) - 18 15 15

All the bread prototypes were sliced and added of ethanol during packaging in order to have a long

time shelflife bread. Each prototype was produced in the amount of 20 Kg and named:

Reference (Benchmark without the addition ofdrgducts)

MIX7 STD (Rekrence produced with the addition of unfermented MIX7)
Bread A (obtained by adding 20% of Heement A)

Bread B (obtained by adding 28% of Peement B)

Bread C (obtained by adding 30% of feement C)

o bk~ N

Pictures of the prototypes obtained are reportdtdgare 7.4.

Reference MIX7 STD Bread A Bread B Bread C

Figure 7.4. Bakery prototypes obtained at Barilla S.p.A. using-ferenents A, B and C, the
Reference and the unfermented MIX7 (MIX7 STD). For each prototype is reported a picture of the

packed product (above) and of a single s(ioelow).
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The prototypes obtained were characterized during thel#fiegl60 days) for the effect on process
parameters, chemicghysical characteristics, nutritional characteristics, microbiological-gfeglf
texture profile, sensorial analysis, vad&imolecule profile during storage, antioxidant activity,

short chain fatty acids, amino acids profile and mineral bioavailability
7.2.4.Microbiological analysis

The growth kinetics and cell load of LAB and yeasts, infprenented ingredients, were monitored
through plate counting on the selective agar media such as mElRSe(Thermo Fisher
Basingstoke, UK) supplemented with 0.02% cycloheximide for the enumeration of LAB, and Yeast
extract Peptone Dextrose (YPDhermo Fisher Basingstoke, UK) supplementedithiv 0.02%

chloramphenicol for the enumeration of yeasts.

In thefirst trial , the microbial monitoring of shelife was carried out through the determination of
yeasts, LAB and moulds, while in tisecond trial the total aerobic bacteria (TMC), spore famm
bacteria (SPA), yeasts and molds were monitored. In addition, to verify the microbiological safety of
the prototypes also the presence/absence of pathdgecifius cereusaand Staphylococcus aureus

were assesseth order to monitor the growth dbtal aerobic bacteria, Plate Count Agar (PCA,;
Thermo FisherMilan, Italy) was used and incubated at 30°C for 24/48 h, while spore forming
bacteria were monitored after heating of diluted samples at 80 °C for 10 min and successive plating
on PCA according to the method(@forboet al, 2000) Bacillus cereusnd Staphylococcus aureus
presence/absence were assessed by using Bacillus cereus selective agar (Bacillus cereus agar bas
[Oxoid CM617] + Bacillus cereus selective supplemé&ndid SR99] + 1 egg yolk emulsio®ikoid

SRA47]), and Baird Parker agar (BPFemo Fisher UK) medium and egg yolk tellurite emulsion

as supplemenifhermo FisherUK) respectively, and were incubated at 37 °C for 24 h.

7.2.5.Chemicalphysical analysis

After cooking, the bread samples obtained were analyzed to determine theiractatiey, pH,

titratable acidity, moisture content dry matter, and the height of the loaf.

As already described in Chapter 6, the water activity was evaluated by using an AquaLab 4TE Water

Activity Instrument (Decagon Devices, Inc Pullman, WA).

The acidifcation kinetics and pH analysis of the ffeemented ingredients and baked breads were
performed by using pH meter (mod. Jenwey 3510; Electrode 924001) and the total titratable acidity
was performed according to the methodology proposed by the AOAC (2012).
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Finally, bread prototypes dry matter and moisture content were determined gravimetrically at 105 °C

for 24 hours.
7.2.6.Texture and rheological analysis

Rheological analysis was performed on all bread prototypes obtained from both trials. Bread
prototypes wer¢ested during their shelife from 0 to 40 days in the first trial and up to 60 days in

the second trialThe analysis was conducted by using a texture analyser mod.TA.HDi 500 (Stable
Micro System, Godalming, Surrey, UK) according to the method repoytBalestraet al. (2011)

During a TPA test samples are compressed twice using the texture analyzer to provide insight into
how samples behave when chewed. The considered textural parameters were hardness (the maximurnr
force of the 1st compression, exmed in Kg), cohesiveness (the area of work during the second
compression divided by the area of work during the first compression) and gumminess (Hardness x
Cohesiveness, expressed in Kg). The test results are based on the average of several measuremen

taken on numerous slices of bread from three different samples.
7.2.7.Sensory evaluation

The sensory evaluation of the bakery prototypes produced dhgrfgst trial , was carried out by a

panel test performed by 20 untrained panelists. The evalpatadneters were visual and flavor
appearance, such as crumb color, color uniformity, proofing, bread flavor, flavor intensity, flavor
pleasantness and overall acceptability. Moreover, taste and textural parameters were evaluated: breac

taste, hardness, guniness, crunchiness, taste pleasantness, taste intensity and bitterness.

During thesecond trial, the sensorial analysis of the different bakery prototypes was carried out by
Barilla professional testing center. The prototypes were characterized foappegrance, aroma,
textural and sensation and flavor and expressed on a scale ranged between 0 and 10, poor or excellen

depends on the parameter.
7.2.8.Volatile molecule profile

The volatile molecule profiles analyses were performed on the innovative breatypeateriving

from both trials. The analysis was executed using aM3C coupled with a solid phase
microextraction technique, accordingBaorrnset al. (2008) with some modifications described in
Chapter 5. The analysis was performed with an Agilenhilelogy 7890 N gas chromatograph,
Network GC System combined with a Network Mass Selective detector HP 5975C mass spectrometer
(Agilent Technologies). Identification of the volatile peaks was conducted by comparing the mass

spectral data with those of tlt®empounds contained in the NIST library (NIST/EPA/NIH Mass
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spectral Library, Version 1.6, Gaithersburg, M3D, USA) of 2011 and WILEY (sixth edition, New
York, NY, USA) of 1995. Volatile compounds were quantified in mg/kg equivalents on the internal
standardused (4methyt2-penthanol).

7.2.9.Fatty acids and Short chain fatty acids profile

The fatty acid profile was evaluated only on the bread samples obtained in the first trial in order to

assess if the different pferment storage conditions affected the finakéry product.

A GasChromatography combined with Mass Spectrometry was used to evaluate the fatty acids
profile, according to the method reportedBioselli et al. (2001)with some modifications described
in Chapter 5.

Short chain fatty acids (SCFA) were determined on the innovative bread prototype deriving from
both trials, according t8carnatcet al.(2017) by using a Ga€hromatography combined with Mass
Spectromely and Solid Phase Micro Extractio8C/MS/SPME.

7.2.10. Antioxidant activity

In order to determine the total polyphenols and antioxidant activity, samples of innovative bread are

extracted in accordance with the method described in Chapter 5.

The bread extracts from tisecond trialwere subjected to the antioxidant activity evaluation using
the 2,2diphenytl-picryl-hydrazythydrate assay (DPPH) accordingRazello et al. (2012) The
absorbance at 517 nm was measured after 10 minutegingties of the antioxidant reaction were

also determined over 30 minutes and compared with Trolox as an antioxidant reference.

The bread samples obtained from firat trial were extracted and then analyzed for the total
polyphenols content and the amidant activity by using the Foli€iocalteu methodology as
reported by(Slinkard & Singleton, 1977)and the 2,24zincbis (3-ethylbenzothiazoling-sulfonic acid

assay (ABTS) as reported Mjller & Rice-Evans, (1997)respectively. The mixture absorbance was

read at 750 nm. The concentration of total phenols was expressed as gallic acid equivikdeihie
antioxidant reaction detected every 30 seconds for 6 minutes was expressed as Trolox equivalent

calculated using a standard curve prepared with Trolox.
7.2.11. Nutritional composition

The bread prototypes obtained from the second trial were charadtemzénergy, Fats, Saturated
fatty acids, Carbohydrates, Sugars, Dietary fiber, Proteins, Salt according to the Reg UE 1169/2011

25/10/2011 GU CE L304 22/11/2011.
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In particular, the Energy content was evaluated accordidg ®®ocha Lemos Mendes al. (2021)

The fat content was measured utilising a Soxhlet extraction method according to AOAC official
methods 920.39 (AOAC, 1997) and Saturated fatty acids were analysed accofdimgita et al.

(2011) The carbohydrate content (%) was calculateduigracting the contents of ash, fat, fibre and
protein from 100% dry matter, according@ostantiniet al. (2014) Sugar content was evaluated
according td_ucheseet al.(2015) while Dietary fiber was evaluated according to AACCI Approved
Method 3207.01 as reported i¥halid et al.(2017) Finally, Protein content was determined by the
Kjeldahl method, while Minerals elements such as Phosphate, Calcium, Iron, Potassiwm, Sodi
Phosphorous, Zinc and lodine were evaluated according to the European Standard UNI EN
13805:2014 associated at UNI EN 16943:2017 reference procedure.

7.2.12. Extraction and analysis of amino acids

In order to extract amino acids, samples were centrifugeBlOit @ for 15 min at room temperature
and supernatants were dried under vacuum. For complete hydrolysis, the samples residues obtained
were dissolved in 0.5 mL 6 mol/L HCI and incubated at 110 °C for 24 h. After 24 h, samples were

centrifuged at 2500 g fdr5 min at room temperature.

Amino acids were analyzed by loading supernatant samples into a C18Tagc@.9 x 150 mm;

Waters, Milford, MA, USA) column. Amino acids derived from hydrolysis were derivatized
according to the AccQag protocol. A gradientlation was performed using a phosphate buffer
solution as eluent A and acetonitrile:water 60:40 (v/v) as eluent B. The temperature was set at 37 °C;
the flow rate was 1 mL/min. The fluorescent d
& e nb,nm;3d&n, 1; and eufs, 100.

7.2.13. Statistical analysis

The results are expressed as the mean of three different samples from three repeated experiments or

different days.

The data were statistically analysed using thewsag ANOVA procedure of statistical6(StatSoft
Italy srl, Vigonza, Italy). The differences between mean values were detected by the HSD Tukey

test, and evaluations were based on a signifi
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7.3. Results and Discussion

7.3.1.First Trial Results and Discussion

In order to facilitate the storage and transport offermented ingredients, the effect of the change
in the physical state of the MIX7C8 pferment, obtained from durum wheat milling-psoducts,

on the final baked product, was evaluated. Specifictlfy prefermented ingredient was subjected

to a freezadrying process and the ingredient, in the powder form, was added to 8% on the flour in
the final dough intended for baking. The bread prototype obtained with the-theedengredient

was compared ith the bread prototype containing 20% on flour of MIX7C8 in liquid form (fresh)
and with two control samples produced with the addition of unfermented MIX7 (MIX7 STD) and
the standard Barilla benchmark, without the addiction gbtmglucts in the formulain

(Reference).
7.3.1.1. Microbiological quality and pH of pre-ferment

Before and at the end of fermentateod after freeze drying, the pH and the cell load of LAB and
yeasts were monitored in fresh or freezeed preferment MIX7C8. Moreover, after freezirying,
the weight loss of freezéried preferment was assessed (data not showed). The results are reported

in Table 7.4. and resulted in line with all the data obtained in Chapter 5.

In fact, the pH after 22h of fermentation was equal to 4.0, while th&adl of yeast and LAB was

found to be equal to 7.21 and 9.48 log CFU/g respectively, indicating a correct fermentative process
with an optimal ratio yeast:LAB of 1:100. On the other hand, as described by Ottb@él([1996)

and Gobbettet al.(1994) in traditional type | sourdough, the yeast:LAB ratio is generally 1:100.

Table 7.4.Cell load of yeasts and LAB and pH values * standard deviation (SD) before (Oh) and
after (22h) the fermentation and after freeltging process gbre-ferment MIX7C8 used for the
first bakery trials at Barilla S.p.A.

Yeast LAB
MIX7 C8 pH
Log CFU/g £ SD Log CFU/g £ SD
Fermentation Oh 6,20 + 0,09 3,95 + 0,31 6,17 1t 0,15
time (hours) 22h 4,00 =+ 0,05 721 + 0,04 9,48 = 0,12

I+
+

0,08 399 = 0,03 876 + 0,06

+

After freezedrying proces: 4,01

After freezedrying process, the weight loss of the preferment and the effect of the process on the
viability of yeast and LAB were assessed. The weight of freleeel preferment was 30.75% of the
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fresh preferment. According to data showed in Table T4s possible to assess a limited loss of
LAB viability after freezedrying comparable to 0,72 log CFU/g. On the contrary, yeasts were more
sensitive to the freezdrying process, suffering a greater loss of vitality equal to 3.22 log CFU/g.
However, thefreezedrying process involved a pferment freezing phase a80 °C. This step
strongly influenced the vitality of yeasts due to their sensitivity to temperatures {283\&, while

LAB are able to maintaithe highest podtreezedrying viability unti -196 °C(Poloet al, 2017)
7.3.1.2. Chemicalphysical characteristics of the bread prototypes

In Table 7.5. are reported the humidity, dry matter % and pH of the bread prototypes produced at
Barilla S.p.A. with or without the addition of ethanol durackaging.

The humidity level resulted higher in the samples prepared with the addition of MIX7C8, regardless
of the addition of ethanol, compared to the two control samples. Nevertheless, MIX7 STD is the most
suitable sample for comparison with innovatretotypes, and smaller differences in humidity level

were observed compared to the Reference samples obtained without the additipmoafuays. In

any case, the percentage of dry matter observed was in line with the data obtained during the bakery
prototypes production of Chapter 6. Therefore, it is possible to say that this parameter is strongly

related to the cooking time and temperature more than the additionfefpent.

Table 7.5.Bread prototypes Humidity %, Dry matter % and pH + standardadievi (SD), in relation

to the preferment addition (freezdried or fresh) and the addition (EtOH) or not (No EtOH) of
ethanol during packaging. The references were the Barilla benchmark (Reference) and the prototype
produces by the addition of unfermeahtdiX 7 (MIX7 STD).

Humidity % = SD Dry matter % + SD pH + SD
EtOH 3294 + 0.0% 67.06 + 0.0
Reference 535 + 0.02
No EtOH 3199 * 0.28 68.01 + 0.2¢
EtOH 3495 + 0.06 65.05 =+ 0.04
MIX7 STD 550 + 0.04
No EtOH 3355 * 0.2 66.45 =+ 0.14
MIX7B EtOH 36.24 + 0.07 63.76 + 0.08
479 + 0.02
Fresh No EtOH 3533 * 0.34° 64.67 * 0.34
MIX7B EtOH 3541 =+ OQ.7PF 64.59 =+ 0.70¢
499 + 0.04
Powder No EtOH 35.47 + 0.64 6453 + 0.6F

For each parameter, differdatters indicate significantly different data.

As expected, and also observed in Chapter 6, the addition of tferprent MIX7C8 fresh or freeze
dried (powder) led to a decrease in the pH of the prototype that resulted 4.79 and 4.99 in MIX7B

Fresh and MXB Powder, respectively. On the contrary Reference and MIX7 STD showed a pH of
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5.35 and 5.50, respectively. However, it is well known that the fermentation of lactic acid bacteria
and yeasts promotes the reduction of the pH of the sourdough by affeetiagidity of the baked
product. The acidification influences the structure of the dough as well as the levels of amino acids
and the aroma component of the bread by acting positively on the taste of food and on the
technological, functional and nutritioneharacteristics of the final produ@rendtet al, 2007b;
Thieleet al, 2002)

7.3.1.3. Texture and rheological analysis

The texture of fresh bread, not added with ethanol, was monitored after 2 and 5 days of storage and
the results are reported Fgure 7.5. On the contrary, the loteym shelflife bread added with

ethanol, were monitored over 40 days and the hardness is reported in Figure 7.6.

As can be observed by Figure 7.5, the hardness (a), cohesiveness (b) and gumminess (c) of the
differentprototypes, produced without the addition of ethanol, was not significantly different after 2
days of storage with few exceptions. In fact, after 2 days of storage the cohesiveness parameter of the
MIX7 STD control sample was lower than the bread protatyg#ained with fresh pierment. On

the contrary, the gumminess of the bread prototype obtained with-fitaedepreferment (Powder)

was lower than all the other samples tested and statistically similar only to the Reference sample. A
similar trend wadollowed even after 5 days of storage, where MIX7B Powder bread continued to
have a lower gumminess parameter than the other bread samples tested. However, the other breac
tested also suffered a slight reduction in gumminess but statistically not reldvamtcompared

among them and with the initial value obtained.

In contrast, the cohesiveness parameter increased slightly after 5 days of storage in all bread samples
containing byproduct, only the Reference sample was reduced, however the differemeesotve

significant compared to the initial values.

An increase in hardness was observed in all samples after 5 days of storage. In fact, the hardness
parameter that ranged, after 2 days of storage, between 28.9 and 36.3 Kg increased to reach values
betwea 52.8 and 60.4 Kg after 5 days of storage. However, based on the storage time, the samples
showed no significant differences and the results are in line with Chapter 6. In any case, the literature

also describes the increase in hardness following thei@daif bran with variable grain size and

during storag€Xu et al,, 2018) On the other hand, during storage, the increase of hardness is usually

served as an index of bread staling (Harland and Harland, 1980).
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Figure 7.5.Hardness (a), Cohesiveness (b) and Gumminess (c) determined after 2 and 5 days of
storage (T2 and T5, respectively) of the bread prototypes, packed without the addition of ethanol,
obtained using MIX7C8 Fresh or freedaed (Powder). A reference bread piteced without the
addition of byproducts was used as control (Reference) as well as a standard bread produced with
the addition of unfermented MIX7 (MIX7STD). Different letters indicate significantly different data.

The longterm shellife prototypes, pvduced with the addition of ethanol, were analyzed after 2, 21

and 40 days of storage. Regarding gumminess and cohesiveness, no large differences among sample
were observed throughout the storage period (data not shown). In contrast, an increasesa hardne
during storage was observed independently on the sample considered (Figure 7.6.). After 2 days of
storage the recorded hardness was similar to the ones observed for the prototypes packed without

ethanol and ranged between 29 and 36 Kg.

After 21 days a strong increase of hardness was observed for all the samples considered. However,
the sample that showed the highest hardness was MIX7 STD with value of 85.7 Kg, followed by
MIX7B Fresh, Reference and MIX7B Powder, which possessed hargaesseters of 76.6, 71.1

and 68.7 Kg, respectively. However, it should be noted that the high standard deviation did not allow

to find significant differences between samples. A similar trend was observed even after 40 days. In
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fact, the samples showeduather increase in the hardness parameter that ranged between 95 and 106

Kg independently to the considered sample.

Hardness
140 ¢
120 F ab a
ab I b
100 F be a
c :[ : < I
80
Qﬁ 60 k :[ :[
d d d
40 F I I T d
I
20 F
0
EtOH EtOH EtOH EtOH
Reference MIX7STD MIX 7B Fresh | MIX7B Powder

2days =21 days =40 days

Figure 7.6.Hardness (Kg) determined after 2, 21 and 40 days of storage of the bread prototypes,
packed with the addition of ethanol, abited using MIX7C8 Fresh or freedeed (Powder). A
reference bread produced without the addition ofbyducts was used as control (Reference) as
well as a standard bread produced with the addition of unfermented MIX7 (MIX7STD). Different

letters indicae significantly different data.

The rheological data showed that the samples obtained without the addition of ethanol maintained an
acceptable hardness after 5 days of storage. Clearly, the addition of ethanol during the packaging
phase has allowed to mi&in longer the acceptability of rheological parameters even beyond 20 days
of storage. The addition of fresh or freahtéed preferments did not adversely affect the rheological
characteristics of the prototypes, in fact, no significant differencesdetzeted between the different

samples.
7.3.1.4. Shelf-life assessment

The shelflife of the different bread prototypes was then monitored by microbiological analysis, in
particular considering the presence of spoiling yeast and molds. Also, the rheologicaterarauo

as hardness (Figure 7.5. a and 7.6.) were considered for the definition of shelf life.

The percentage of samples that showed molds on their surface is reported in Figure 7.7.
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Figure 7.7.Picture and percentage of bread prototypes withlds on the surface.

The samples added with ethanol did not show any microbiological alteration during 60 days of
storage. In fact, these samples did not show the presence of molds for the whole storage period while
the presence of yeasts remain belowi&gOCFU/g at the end of the 60 days storage considered (data

not showed).

On the contrary samples without ethanol were characterized by a lowelifshdlhe presence of
molds in samples without ethanol was initially observed after 5 days in the Refénead, after 7
days in the bread prepared with unfermented MIX7, after 8 days uskigrprented MIX7C8 fresh
and after 9 days using pfermented MIX7C8 freezdried.

Independently to the sample considered, the presence of pathbgemncytogene&. coliand B.
cereu$ was not observed in any sample even without the addition of ethanol (data not showed).

Based on the result obtained, the prototypes in which the ethanol was added remained
microbiologically stable for over 60 days. On the contrémash bread showed a lower sHél, the
addition of preferment in freezalried form increased the shelf life of 4 and 2 days compared to the

reference and the MIX7 STD respectively.

Increase in shelife, even if by a few days, in samples contairtimg perfermented ingredient, fresh

or freezedried, is due to the activity of LAB contributed to the fermentation of the milling by
products mixture. In fact, LAB produce a number of metabolites which have a positive effect on the
texture, the staling ahthe microbiological stability of bread, e.g. organic acids, exopolysaccharides
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and/or enzymegTorrieri et al, 2014) For example, the decrease in pH value, induced by the
formation of organic acids during fermentation, causes the production ofrh@mgs of compounds
such as pronyl-lysine with antioxidant activity in baking produgtsndenmeier & Hofmann, 2004)

7.3.1.5. Sensory evaluation

The sensory evaluation of the bakery prototypes was carried out by a panel test performed by 20

untrained panelists.

The parameters analyzed were evaluated on a scale between 0 (low or poor) and 5 (high or excellent)
and are reported in Figure 7.8. Thegmeters were visual and olfactory, taste and textural and were
evaluated by dividing the bread samples on the basis of the type of packaging (with or without
ethanol). The panel test was performed after 5 days for prototypes added with ethanol (Figure 7.8
and c) and 3 days for prototypes produced without ethanol (Figure 7.8 b and d).

As shown in Figure 7.8, panel test on prototypes packed with or without ethanol showed the same
sensory trend. In fact, regardless of the addition of ethanol, sampleswcantarproducts, such as
preferment (Fresh or freezdried) or unfermented MIX7, showed higher scores for visual and
olfactory parameters such as crumb color, sponginess, overall aspect, bread flavor, other flavors,

flavor intensity and olfactory pleasaess compared to the reference (Figure 7.8. a and b).
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