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Abstract 

The need to ensure sufficient and nutritious food to the worldôs population all the year, together with 

the need to reduce the environmental impact due to the excessive industrialization, requires the 

identification of alternative and sustainable resources and processes. In this 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 cricket (Acheta domesticus), conceived as 

sustainable and renewable sources, for the production of innovative food products. 

During milling processing of wheat and rye, several by-products with high technological and 

functional potential, are produced. The reuse of milling by-products, provided by bakery industries, 

can favor the 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 characteristics. The use of selected 

microbial consortia, isolated from sourdough and spontaneously fermented milling by-products, 

allowed to obtain a pre-fermented ingredient for use in the bakery. The pre-ferments obtained were 

characterized by a high technological, functional and nutritional value, also interesting from a 

nutraceutical point of view. Bakery products obtained by the addition of pre-fermented ingredients 

were characterized by a greater quantity of aromatic molecules and an increase in SCFA, antioxidant 

activity, total amino acids and total phenols resulting in positive effect on the functionality. Moreover, 

the industrial scaling-up of pre-ferment and innovative bakery goods production, developed in this 

research, underlined the technological applicability of pre-fermented ingredients on a large scale. 

In addition to the valorization of milling by-products 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 less impact on the 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 of insect production to an industrial level, ensure food safety of insect-based products and 

further increase the use of this alternative source, biotechnological formulations based on Acheta 

domesticus powder were designed and optimized. The use of Yarrowia lipolytica in the 

biotechnological transformation of cricket powder led, to the achievement of a cricket-based food 

ingredient characterized by a reduced content of chitin and an increase of antimicrobial and health-

promoting molecules. The production of innovative bakery products containing the hydrolyzed 

cricket ingredient is one of its possible technology applications. The cricket-based hydrolysates from 

Y. lipolytica were able to impart specific sensory, qualitative and functional characteristics to the final 
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product. Moreover, the use of Y. lipolytica RO25 in the hydrolysis of cricket powder showed a certain 

reduction in its allergenic power. In fact, the combination of Y. lipolytica hydrolysis and baking led 

to a further reduction in allergenic potency, showing promising results regarding a reduced 

allergenicity in cricket-based baked products. Thus, the hydrolysate of cricket powder may represent 

a versatile and promising ingredient in the production of innovative foods. 
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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 comprises 17 Sustainable Development Goals (SDGs) and 169 detailed 

sub-targets according to start the "transformation of our world" towards a more equitable and peaceful 

future (United Nations, 2015).  

The 2030 Agenda is based on the Millennium Development Goals (MDGs) adopted 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 state of the United Nations to implement the 17 SDGs and related 

sub-targets 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: Zero Hunger 

The World Population Prospects 2022 predict that 15th November 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 populous country and the worldôs population could grow to 

around 8.5 billion 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 change, man-made 

conflicts and economic downturns are increasing global food demand and already today the 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 increased from 8.0 to 9.3 

percent, reaching 9.8% in 2021 where between 702 and 828 million people were going hunger. 

Outbreak of COVID-19 pandemic increased the number by about 150 million, including 103 million 

more people between 2019 and 2020 and 46 million more in 2021 (Food and Agriculture Organization 

of the United Nations et 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 the Caribbean with 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 million more than expected in a scenario without the health 

emergency occurred (FAO et 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, production and 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 world will 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 sufficient and nutritious food all year to the 

worldôs population, it is essential to study sustainable solutions to increase sustainable food 

production through the identification of alternative protein sources and the valorization of waste and 

by-products from food industries. 

1.2. Waste and by-products 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 loss of 1.3 billion tons and estimated value of 400 billion dollars 

(FAO, 2011). Searchinger et 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 associated costs estimated 

at 143 billion euros (Stenmarck et al., 2016). 

Food losses derive from the whole food (and feed) value chain, from the harvest phase, passing 

through post-harvest step, industrial processing and commercialization, to the final consumption by 

consumers (transport, storage, domestic processing and waste). Food waste generates the consequent 

increase in global food production resulting in a greater global environmental impact with greenhouse 

gas emissions, water consumption and land use (FAO, 2013). Not consumed food is estimated to be 

responsible for producing about 8-10% of global greenhouse gas emissions. In particular, in Europe, 

the amount of food waste corresponds to approximately 186 million tons of CO2 equivalent per year 

and wasted food takes about 23-24% of the water to be produced (Kummu et 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 fundamental importance for waste treatment giving priority to the reduction of waste 
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at the source, followed by reuse and recycling (3 Rôs policy). The Directive 2008/98/EC is often 

replaced by the 5 Rôs concept, namely Reduce, Reuse, Recycle, Rethink and Renew. 

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 term "by-product" is increasing to identify those wastes 

that possess functional compounds, valuable nutrients and biomass useful for the development of new 

value-added products (Galanakis, 2012). 

In particular, major food industries, producing dairy products, fruits and vegetables, meat, poultry, 

seafood and cereal, produce a high amount of non-valorized sidestreams with a high organic matter 

and, thus, a high environmental impact, due to disposal and pollution challenges (Russ & Meyer-

Pittroff, 2010).Therefore, for these industrial processes, generating an high amount of by-products, a 

good valorisation policy is appropriate (Skendi et 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 other than land-filling or disposal. The ñValorization of by-productsò means 

the use of discarded materials and by-products of the food industry in order to develop new value-

added products from them for commercial applications. Therefore, throughout the by-productsô 

valorization, the problems of waste management and recycling in the food industries could be reduced 

(Anal, 2017). The enhancement of food or agro-industrial by-products 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 fertilizer, animal feed or disposal has been limited due to legal 

restrictions, ecological problems and cost issues (Jayathilakan et al., 2012). Therefore, methods that 

can minimize the amount of waste exposed to the environment and the resulting health risks and that 

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, proteins and peptides. 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 importance of the recovery of these bioactive compounds is reflected by their prospect of re-use 

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 ñcerealsò refers to members of the Gramineae family and determines nine species: wheat 

(Triticum spp.), rye (Secale spp.), barley (Hordeum spp.), oat (Avena spp.), rice (Oryza spp.), millet 

(Pennisetum spp.), corn (Zea spp.), sorghum (Sorghum spp.), and triticale (Triticosecale Wittmack) 

which is a hybrid of wheat and rye. Furthermore, pseudocereals are non-grasses with similar end-uses 

to cereals (or true grasses); these flours have gained high popularity among scientists, technicians, 

and consumers, and encompass the well-known buckwheat (Fagopyrum esculentum), amaranth 

(Amaranthus spp.), quinoa (Chenopodium spp.), and others such as chia (Salvia spp.), cañihua and 

pit seed goosefoot (Chenopodium spp.), breadnut (Brosimum alicastrum), celosia (Celosia spp.) and 

wattle seeds (Acacia spp.) (Skendi et al., 2020). 

Represented as a staple food in the daily diet of most of the worldôs population, cereals are a good 

source of carbohydrates and contribute to 60% of total world food production (Krishna and 

Chandrasekaran, 2013). The global population growth and human overpopulation 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, barley, sorghum, millet, oats and rye are the most important cereals 

in the world (Z. Chan et 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 represent the 

dominant crops, respectively in Asian and Western countries (Skendi et 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, is wasted or lost (Verni et al., 2019). 

Wastes from cereal processing are produced during the harvesting period, post-harvesting and the 

production period. Despite being rich in nutrients, proteins, dietary fibres and small amounts of 

unsaturated fatty acids, cereal by-products 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 their by-products through their chemical, 

microbiological or enzymatical conversion into ñsomethingò innovative that may have new 

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, 

hemicellulose (ɓ-glucans and arabinoxylans), lignin, pectin, resistant starch and other complex 

polysaccharides. 

Among the polysaccharides of cereals, starch is the most abundant, contributing to ca. 40-70%. 

Dietary fibres include, for example, water-soluble pentosanes and water-soluble ɓ-glucan, while the 

water-insoluble fibres are lignin, cellulose and hemicellulose insoluble in water. Extractable plant-

based components include lipids, proteins, polysaccharides, fibres, hemicelluloses and 

phytochemicals. Cereals are composed of 7-12% protein while lipids are secondary compounds 

present at 1.7-5.7% (depending on the type of cereal and flour extraction rates) and are mainly formed 

by neutral, phospho- and glycolipids (Kalo et al., 2006; KouŚimsk§ et al., 2018). 

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 crop (Adams et al., 2002; Shewry, 2009), the most important marketed species 

are the Triticum aestivum or soft wheat and the Triticum durum or durum wheat. 

Wheat provides almost 20% of dietary calories by providing 55% of carbohydrates. In fact, it contains 

78.10% carbohydrates, 14.70% protein, 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 good health (Adams et al., 

2002; Fraley, 2003; Shewry et al., 2005; Topping, 2007). Wheat grains are also rich in riboflavin, 

pantothenic acid, some minerals and sugars. 

As all the cereals belonging to same botanical family, the Triticum 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 fiber (Delcour & Hoseney, 2010) (Figure 1.1).  
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Figure 1.1.  Morphologic components of soft wheat kernel (from Encyclopedia Britannica, 

http://www.britannica.com) 

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 single layer of 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 endosperm is composed of elongated polyhedral cells containing starch granules and 

represents 80-85% of the weight of the whole kernel.  About 72% of proteins are stored in the 

endosperm of the seeds, which corresponds to 8-15% of the total protein per kernel weight. 

Endosperm also contains carbohydrates, iron, and many B-complex vitamins, such as riboflavin, 

niacin, and thiamine(Kumar et al., 2017a). 

Bran represents about 14.5% of the whole kernel weight (Blechl et al., 2007; Drankhan et al., 2009; 

Shewry & Jones, 2005; Uauy et 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 morphological point of view, they have a predominantly protective 

function towards the embryo and the nutrients necessary during the first period of germination (Evers 

& 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 the by-product 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 useful for 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 

oleic, linoleic and Ŭ-linoleic acids and functional phytochemicals in particular sterols, flavonoids, 

glutathione and octacosanols (Zhu et al., 2006). Finally, about 1 gram of fiber per tablespoon is 

contained in its formulation and is also a source of coenzyme Q10 (ubiquinone) and PABA (para-

aminobenzoic acid)(Shewry, 2009; Peter R. Shewry, 2007). The germ is usually removed during the 

milling for the fats that, oxidizing, would limit the storage of flour. 

Table 1.1 gives the nutritional composition of the different wheat products. 

Table 1.1 Composition of wheat products per 100g edible portion (Kumar et al., 2017a). 

Wheat 

Product 

Protein 
1  

Fat 
1  

Carboydrate 
1 

Starch 
1  

Total 

sugar 

Vitamin 

E 2 

Thiamin 
2  

Riboflavin 
2 

Niacin 
2  

Folate 
3 

Wheat 

germ 
26.7 9.2 44.7*  28.7*  16.0*1  22 2.01 0.72 45 ? 

Wheat 

bran 
14.1 5.5 26.8 2 3.8 2.6 0.89 0.36 29.6 260 

Wheat 

flour 
12.6 2 68.5 66.8 1.7 0.6 0.3 0.07 1.7 51 

Whole 

meal 

flour 

12.7 2.2 63.9 61.8 2.1 1.4 ^  0.09 ^  57 

White 

flour 

(plain) 

9.4 1.3 77.7 76.2 1.5 0.3 0.1 0.03 0.7 22 

White 

flour 

(self-

raising) 

8.9 1.2 75.6 74.3 1.3 0.3*  0.1 0.03 0.7 19 

White 

flour 

(bread-

making) 

11.5 1.4 75.3 73.9 1.4 0.3*  0.1 0.03 0.7 31 

1 units in g; 2units are mg; 3units are µg; *values are estimates; ^unfortified values not given; ? no data given for amount of nutrient 

resent. 

 

Rye 

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

most important cereal, well known for its nutritional value, 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 

(Deleu et al., 2020; Kaur et al., 2021). The main producers of this cereal are Russia, Poland, Germany, 

Finland, Ukraine and Denmark (Hübner et al., 2013; Stňpniewska et al., 2021). 

This crop is able to grow under minimal nutritional conditions, in fact it is more productive 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 climate-resilient properties and is also well adapted to 

high-altitude and low-temperature zones (White et al., 2006). Genetic factors, soil quality and 

cultivation and climatic conditions mainly determine the chemical composition of rye (Sluková et al., 

2021). 

The main constituents of the rye kernel are starch (57.1%ï65.6%), dietary fiber (14.7%ï20.9%), 

protein (9.0%ï15.4%), and ash (1.8%ï2.2%) (Hansen et al., 2004).  

Rye starch granules have a shape and size similar to wheat starch granules (Cardoso et 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 contains relatively less protein and starch but is richer in fiber 

(Sluková et 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 composition of the rye kernel 

includes arabinoxylan in greater proportion followed by fructan, ɓ-glucan and lignin (Kamal-Eldin et 

al., 2009). 

The main proteins in the rye kernel are albumins and prolamines that represent 34% and 19% 

respectively, followed by 11% of globulins and 9% of glutenines. Moreover, rye has a well-balanced 

amino acid profile as compared to wheat, making it an important food source (Kaur et al., 2021). 

After wheat, rye is the only crop that possesses a good amount of gluten protein, and for this reason, 

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 network (Drakos et 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; Pihlava et al., 2017) with antioxidant potential useful to boost 

the immune system and counteract age-related problems (Jonsson et al., 2018). In fact, bioactive 

compounds with antioxidant properties are involved in mechanisms that slow down the harmful 

effects generated by free radicals/ oxidative stress therefore 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 manganese (Koehler & Wieser, 

2013; Rodehutscord et al., 2016) 
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Finally, rye is also a rich source of ɓ-glucans, arabinoxylans (AX) and resistant starch (Ibrügger et 

al., 2014; Sárossy et al., 2013). 

1.3.3.Milling process 

The milling process is based on the principle 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 such as 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 operations that separate 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, after inspection 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 period of the wheat (conditioning), precedes the grinding process (Liu et 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 during the grinding 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 possible 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 milling is to reduce the 

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

with a smooth surface and subsequent screening (Dziki & Laskowski, 2005). 

In the sieving phase, the action of sets of swinging sieves (i.e. plansichter) 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 mainly intended for animal feed (Liu 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 the endosperm 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 quality and 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 of the endosperm, while the types of by-products 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 their density (Durante et 

al., 2012) 

Rye milling 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 milling due to a harder 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 process is represented 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 ones (Dziki, 2022). 

1.3.4. Nutritional composition of By-Products from the milling 

industries 

Wheat Bran 

The main supplier of cereal by-products is the milling industry. The first by-product 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 specification.  

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 for baking, is further ground into wheat flour. The two 

main by-products 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 

seed coat. 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 majority of cereal foods consumed are made of 

refined flour (Patel, 2012a; Poutanen et al., 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 refined flour-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, bran-based by-products 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 and the final use. Therefore, depending on the 

processing of cereals, by-products with different qualitative and nutritional characteristics can be 

obtained. Botanical wheat bran ends up in by-products such as coarse bran (or regular bran) 

composed, as suggested by its name, of coarse bran particles with dimensions of about 900-600 µm, 

coarse weatings (or fine bran) with particles of about 200 µm, fine weatings (or middlings or shorts) 

with particles of 340 µm, and low-grade flour (or red dog, or Tritello) more shredded and floury 

(Delcour & Hoseney, 2010; Hemdane, Jacobs, et al., 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 from the outer 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 

histological structure whose constituent tissues possess different chemical compositions and physical 

properties (Shetlar et 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 nucellar epidermis, 6% to 23% pericarp (epidermis, hypodermis, cross, and tube cells), 

33% to 52% aleurone layer, and 9% to 35% starchy endosperm (Antoine et al., 2003, 2004; Ecile 

Barron, 2011; Hemery et al., 2009; Zhang & Moore, 1997) (Figure 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 are: non-starch carbohydrates with 

17% to 33% arabinoxylan (Bataillon et al., 1998; Maes & Delcour, 2001), 9% to 14% cellulose 

(Bataillon and others 1998), 3% to 4% fructan (Haskå et al., 2008; Verspreet et al., 2015), and 1% to 

3% mixed-linkage ɓ-D-glucan (Maes & Delcour, 2001; Nordlund et al., 2012) as major components. 
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Figure 1.3.  Staining with Fuchsin acid and Calcofluor of a cross section of wheat bran produced by 

conventional milling. Proteins colored in red and ɓ-glucan colored in blue in epifluorescent light 

(excitation 400 to 410 nm, emission >455 nm). Autofluorescence detects the not stained pericarp. 

(Hemdane, Jacobs, et al., 2016) 

Commercial wheat bran is not only composed by non-starch carbohydrates, but also contains high 

levels of starch (6% to 30%), due to inadequate removal due of fragments of endosperm or residual 

endosperm 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) (Hemdane et al., 2016). The different 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 ranges of percentages) and arabinose-xylose (A/X)-ratio 

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

  Regular bran Pericarp Aleurone 

Arabinoxylan  [17ï33]  [42ï46]  [20ï46] 

A/X-ratio  [0.46ï0.51]  [1.06ï1.15]  [0.36ï0.39] 

Cellulose  [9ï14]  [22ï40]  [1ï3] 

Fructan  [3ï4]  n.a.  [5]b 

ɓ-D-glucan  [1ï3]  [3ï9]  [5ï16] 

Starch  [6ï30]  [0ï6]  [0ï11] 

Proteins  [14ï26]  [6ï10]  [21ï30] 

Lipids  [3ï4]  [0ï1]  [4ï9] 

Ash  [5ï7]  [2ï7]  [7ï12] 

b Only 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 layer. Brouns et al. (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 and minerals, 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 colon can counteract the 

chelating properties of phytic acid due to its ability to reduce the intestinal pH that disintegrates the 

chelates formed (Schlemmer et al., 2009). 

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

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 bulk and a reduction in intestinal transit time (EFSA, 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 Dietetics which 

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 diabetes (Slavin, 2008). In addition, the health 

benefits of consuming whole-grain foods were demonstrated by numerous epidemiological studies 

that reported benefits in reducing the risk of gastrointestinal cancer (Anson et al., 2011; J. M. Chan 

et al., 2007; Hamer et al., 2008; Schatzkin et al., 2008), type 2 diabetes (de Munter et al., 2007), 

cardiovascular diseases (Jacobs & Gallaher, 2004) and obesity (Fardet, 2010; Kumar et al., 2017a; 

Sivam et al., 2010). 

Rye Bran 

Rye bran is a by-product 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 is often used in the production of cereal-based foods. 

However, rye bran is a by-product that can also be used as a food ingredient to increase the nutritional 

value of foods (Nordlund, Aura, Mattila, Kº, et al., 2012).  

In the last decade the world production of 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%), proteins (17.0%) and lipids (2.5%) (Juhnevica-
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Radenkova et 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 potential (Liukkonen et al., 2003; Patel, 2012a; Ross et al., 2004). In addition, rye bran 

is also one of the richest sources of ferulic acid (Dziki, 2022), a compound with antioxidant, anti-

inflammatory and anti-cancer properties (ZduŒska et al., 2018) commonly used in the food, 

pharmaceutical and cosmetic industries. 

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

(Figure 1.5) 

 

Figure 1.4. Recent trends in the use of rye bran 

1.3.5.Valorization of By-Products from the milling industries 

As previously described, the most common way to dispose of these by-products 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 were studied (Figure 1.5) (Ravindran & Jaiswal, 2016). 
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Figure 1.5.  The by-product 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 

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

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

lactic acid is also carried out (Yun et al., 2004). In fact, the cereal industry by-products, such as wheat 

bran, maize cob and brewerôs spent grains are very rich in carbon sources from which lactic acid 

could be obtained and applied to the food industry as well as in the chemical, pharmaceutical and 

textile industries (Koutinas et al., 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 (Kalscheur et al., 2012). Insoluble dietary fibre, fructans, antioxidants and many 

other bioactive compounds for use in food production are also extracted from cereal-based by-

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

ingredients for several food products, and oil that is widely applied in the production of vitamins, 

food and feed, in the cosmetic industry and as an insect biocontrol agent (Brandolini & Hidalgo, 

2012). 

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

the use of cereal by-products 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 biodegradable plastics and nanoparticles with 

antibacterial activity (Ravindran & Jaiswal, 2016). In addition, through microbial fermentation, alone 

or coupled to technological or biotechnological processing techniques, it is possible to improve the 

nutritional and functional properties of cereal by-products very effectively and to enforce their use in 

food production by modifying the starting matrix (Verni 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 of nutrients (Hole et al., 2012). 

Fermentation with lactic acid bacteria, yeasts or fungi is widely used because it allows to obtain 

cereals by-products with better health properties able to reduce hunger and malnutrition improving 

eco-sustainability (Antonio Teixeira et al., 2018; Capozzi et 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 by-products of the milling industry into products of interest, by exerting an impact on the 

nutritional and technological properties of bran, germ and all the by-products of the cereal industry. 

Table 1.3 lists the main nutritional and functional effects that fermentative micro-organisms can 

produce on the by-products 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 compounds (Verni 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 micro-organisms can produce 

on the by-products of the milling industry (Verni et al., 2019).
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Cereal by-product Bioprocessing employed Effect References 

Wheat bran Lb. brevis E95612 and K. exigua C81116 with enzymes; 

bakerôs yeast; spontaneous fermentation; Lb. bulgaricusand; 

St. thermophilus combined with bakerôs yeast 

Higher fiber solubility 
(Coda et al., 2014; Katina et al., 2007; 

Manini et al., 2014; Zhao et al., 2017) 

Lb. brevis E-95612 and Candida humilis E-96250 with cell 

wall-degradingenzymes; Lb. brevis E95612 and K. exigua 

C81116 with enzymes; spontaneous fermentation 

Increased peptides and free amino acids 

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

et al., 2014) 

Spontaneous fermentation; bakerôs yeast; Lb. bulgaricusand; 

St. thermophilus combined with bakerôs yeast 

Decreased phytic acid content (Manini et al., 2014; Servi et al., 2008; Zhao 

et al., 2017) 

Bakerôs yeast; A. oryzae MTCC 3107; Hericium erinaceus; 

spontaneousfermentation; lactic acid bacteria and yeasts with 

enzymes 

Higher phenols content and antioxidant 

activity 

(Duhan et al., 2016; Manini et al., 2014; 

Mateo Anson et al., 2009; Savolainen et al., 

2014; Xie et al., 2010) 

Propionibacterium freudenreichii DSM 20271 Fortification in vitamins (Xie et al., 2018) 

Mucor spp. Increase of gamma-linolenic acid and ɓ-

carotene content 
(Ļert²k et al., 2013) 

Wheat germ Lb. plantarum LB1 and Lb. rossiae LB5 Increased free amino acids content, protein 

and minerals bioavailability, decreased anti 

nutritional factors 

(Rizzello, Nionelli, Coda, De Angelis, et al., 

2010) 

B. subtilis B1; Lb. plantarum LB1 and Lb. rossiae LB5 Increased antioxidant activity due 

tophenolics or bioactive peptides 

(Niu et al., 2013; Rizzello, Nionelli, Coda, 

De Angelis, et al., 2010) 

S. cerevisiae; Lb. plantarum LB1 and Lb. rossiae LB5 In vitro and ex vivo anticancer and 

antiproliferative properties 

(Boros et al., 2005; Comín-Anduix et al., 

2002; Rizzello et al., 2013; Saiko et al., 

2009) 

Rye bran Bakerôs yeasts Release of phenolic compounds, increase of 

folates content 
(Katina et al., 2007) 

Lactobacillus reuteri; Weissella confusa Exopolysaccarides synthesis (Kaditzky et al., 2008; Kajala et al., 2016) 

Mucor spp. Increase of gamma-linolenic acid and ɓ-

carotene content 
(Ļert²k et al., 2013) 
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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 milling by-product. 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 

(Kamal-Eldin et al., 2009). In order to enhance the nutritional potential of bran, new milling 

techniques, enzymatic treatments and fermentation processes focused on the structure of bran (Coda 

et al., 2015). In particular, the fermentation of wheat bran, alone or combined with other approaches, 

in recent years attracted the interest of the scientific community.  

For example, Manini 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 combination of Lactobacillus bulgaricus, 

Streptococcus thermophilus and commercial brewerôs yeast also produced similar results (Zhao et al., 

2017). 

Wheat bran is also a rich source of proteins and amino acids with high biological and nutritional value 

(Lena et al., 1997). However, multiple factors, including the structure of the layers and the high 

content of antinutritional factors (phytate able to forms insoluble phytate-protein complexes), limit 

their bioavailability (Guo et al., 2014). Several authors reported that, during fermentation, the 

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 functional non-protein ɔ-

aminobutyric amino acid (GABA) (Arte et al., 2015; Coda et al., 2014; Manini et al., 2014), thus 

increasing the in-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 fermented bran 

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 enzymes (Coda et al., 2014). 

The cell walls of aleurone and pericarp contain ferulic acid with antioxidant properties and anti-

inflammatory effects. However, ferulic acid has a very low bio-accessibility because it is mainly 

esterified with arabinoxylans (Anson et al., 2012; Brouns et al., 2012). Also in this case, Manini 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 genera Lactobacillus, Leuconostoc and 

Pediococcus) and by yeasts able to increase the ferulic acid content by 82%. 
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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 anaerobiosis, which 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 

presence of phenolic compounds dihydroxy-phenylenel ethanol and hydroxy-phenylacethaldehyde 

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 aerobic one (Savolainen et 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 minerals. 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 enzymes (Arte et al., 2015; Coda et al., 2014; Manini et al., 2014; Servi et al., 

2008; Zhao et al., 2017). 

Microbial fermentation can also be used to obtain fortified products from a nutritional point of view. 

For example, (Chong Xie et al., 2018) used Propionibacterium freudenreichii DSM 20271, to obtain 

a fermented bran containing 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 by-products 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 fermented with either yeast or lactic bacteria 

increased the phenolic content and therefore the antioxidant activity of bread (Katina et al., 2012; 

Pontonio et al., 2017; Prückler et al., 2015).  

Wheat Germ Fermentation 

Wheat germ is a by-product 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 rich in proteins but also in unsaturated fatty acids, 

vitamins, dietary fibers and minerals (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 consumption (Brandolini & 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 



35 

 

(Lactobacillus plantarum LB1 and Lactobacillus rossiae LB5) isolated from wheat germ by 

(Rizzello, Nionelli, Coda, De Angelis, et 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 perception of rancidity, 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 increasing the concentration 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 germ. (Rizzello, 

Nionelli, Coda, De Angelis, et 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 content 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 and oxidative enzymes responsible for the short shelf-life 

of wheat germ, this is rarely used for food processing (Verni et al., 2019).  

To reduce the technological obstacles that prevent the use of wheat germ in bakery, Rizzello 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 of 223 mg/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 digestibility of proteins in vitro and decreased activity of phytase (Rizzello, 

Nionelli, Coda, Di Cagno, et al., 2010). 

In a recent study of Pontonio et al. (2017), wheat flour bread was fortified with the addition of a 

sourdough composed of 15% by-products 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 category (Pontonio et al., 2017). 

Rye Bran Fermentation 

Rye is an important source of dietary fiber often used as whole-meal flour, however the conventional 

milling of rye leads to the production of rye bran as a processing by-product which can be used as an 
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ingredient to increase the nutritional value of the food (Nordlund, Aura, Mattila, Kº, et al., 2012). 

Moreover, rye bran is rich in bioactive compound with antioxidant and functional potential. 

For this reason, Katina et al. (2007) studied how fermentation conditions and type of bran (native or 

peeled) could influence the levels of bioactive compounds. The fermentation of bran with brewerôs 

yeast for 6-20 h at temperatures ranging between 20 and 35 °C, increased the content of ferulic acid 

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 indigenous 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 

arabinofuranosile residues (cinnamoil esterase)(Boskov Hansen et al., 2014), for this reason, only 

with pH values of 6-6,5, high levels of free ferulic acid could be obtained (Katina et al., 2007). 

Through the fermentation of lactic acid bacteria, methods to use the rye and wheat bran as substrates 

for the exopolysaccharides (EPS) synthesis were studied. After 8 hours of fermentation with 

Limosilactobacillus reuteri in the presence of sucrose, Kaditzky et al. (2008) found a high formation 

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

for the production of dextran in situ, since reached dextran concentrations of 2-3% on dry matter, 

following fermentation with two strains of Weissella confusa with 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 hydrocolloid, moreover, EPS 

together with oligosaccharides can act as prebiotics and, in vitro, possess antitumor and 

immunomodulatory activities (Ruas-Madiedo et al., 2002). Therefore, to obtain a food substrate with 

increased functional properties, in situ synthesis of EPS and oligosaccharides could be an alternative 

(Verni et al., 2019). 

 

Despite increased awareness of the impact of diet on health and knowledge of the nutritional and 

functional properties of these by-products, from the consumers point of view, 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 hand-in-hand with the health benefits, for this reason it is necessary to 

find a balance between desired and undesired features. Therefore, 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 by-products is needed.  
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1.4. Sourdough  

Fermentation of cereals, including wheat 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 fact, the sourdough 

fermentation, in addition to the several health and quality benefits, provides interesting organoleptic 

characteristics to the final product and possesses anti-fungal and anti-bacterial properties able to 

improve its quality and shelf-life (Sakandar et 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 (especially wheat and rye but also barley, oats, corn, etc.), which 

impart to the final product different characteristics of flavor, organoleptic properties, nutritional value 

and shelf-life (Gobbetti et al., 2018). 

Sourdough can be defined as an acidic sharp-tasting 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; and able to continue 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 bread (El Sheikha & Mahmoud, 2015; Vinkovic et al., 2013). 

LAB are the 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 factors (Gobbetti et al., 2014). 

Sourdough contains a wide range of probiotics microorganisms with positive health effects (Slavin, 

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 various, for example, 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 ago (Sakandar et al., 2019). The microbial ecology of sourdough 

fermentation is determined by endogenous and exogenous factors (Gobbetti, Minervini, Pontonio, di 

Cagno, et al., 2016; Hammes & Gänzle, 1998). The chemical and microbial composition of the dough 
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constitute endogenous factors, 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 strong effects on the 

microbiota (De Vuyst & Neysens, 2005). The 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 specific attributes (Gobbetti et al., 2007; Minervini et 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 yeasts, including 

mostly the genera Saccharomyces and Candida (Assessment, 2009). In several studies, it was 

observed that the sourdough contained a concentration of LAB ranging from 1x109 to 3x109 cfu per 

gram of sourdough and yeast from 1x106 to 5x107 cfu per gram sourdough (Hammes et al., 2005) and 

generally follow a yeast:LAB ratio of 1:100 in fermented wheat flour dough (Gobbetti, 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 world (Magnusson et al., 2003). When GRAS microorganisms, 

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

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

these compounds (Sakandar et al., 2019). 

Yeast in Sourdough 

Yeasts are present in the sourdough in a ratio of 1:100 with LAB 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 content), processing techniques (leavening temperature and sourdough holding 

temperature) and from the region of production (Weckx et al., 2019). 

About 20 species of yeasts were isolated from the sourdough, but six species are mainly present in 

stable sourdough: Saccharomyces cerevisiae, Kazachstania exigua, Candida humilis, Pichia 

kudriavzevii, Torulaspora delbrueckii and Pichia anomala (Wickerhamomyces anomalus) (Huys et 

al., 2013). Most of these yeast species are also found in other ecosystems except for K. exigua which 

was originally isolated from the sourdough (Sugihara et al., 1971). 

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

are C. humilis with K. exigua, P. kudriavzevii and S. cerevisiae (Vrancken et al., 2010). 

Saccharomyces cerevisiae is 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 addition to the 

dough or to an environmental contamination if brewerôs yeast in used in the bakery environment 

(Olstorpe et al., 2011). 

In Asian counties and Belgian sourdough P. anomala is found abundantly compared to S. cerevisiae 

(De Vuyst et al., 2014; Sakandar et al., 2018). P. anomala, compared to S. cerevisiae, improves the 

organoleptic properties of the product by producing more volatile compounds, also gives the final 

product numerous positive effects, including antimicrobial properties able to improve shelf-life 

(Massart & Jijakli, 2014). 

S. cerevisiae that P. anomala are both maltose-positive and tolerate high osmotic pressure and low 

pH while K. exigua and Kazachstania barnettii are maltose negative and can establish a 

protocooperation with Fructilactobacillus. sanfranciscensis (Vrancken et al., 2010). 

LAB in Sourdough 

In the sourdough the dominant microbiota is composed by LAB, in particular belonging to the 

Lactobacillus species, but there are also other bacterial species such as Leuconostoc, Weissella, 

Enterococcus, Pediococcus, Lactococcus, Streptococcus and many other bacterial species (Liu et al., 

2018).  

More than 50 LAB species were isolated from the sourdough and, among them, about 30 species 

were found mainly in this matrix (Sakandar et al., 2018).  

Among these species, one of the most common LAB is Fructilactobacillus sanfranciscensis, but also 

Limosilactobacillus pontis, Limosilactobacillus panis, Companilactobacillus paralimentarius, 

Limosilactobacillus frumenti and Companilactobacillus mindensis are considered typical of 

sourdough environments, in particular, their competitive metabolism has adapted to environments 

with higher temperatures and a long period of fermentation. Species such as Levilactobacillus brevis 

and Lactiplantibacillus plantarum are considered ubiquitous, while bacterial species producing lactic 

acid, Lactobacillus acidophilus and Limosilactobacillus reuteri, are of human gastrointestinal origin 

and are generally due to contamination (Gobbetti et al., 2016).  

The LAB mainly present in fermented cereal products are divided into two categories: 

ñHomofermentativeò are defined as LAB that produce only lactic acid as the final product of 

fermentation by glycolytic cycle (>85%),  than,  ñheterofermentativeò microorganisms are those that 

produce lactic acid, acetic acid and carbon dioxide from the 6-phosphogluconate metabolic cycle 

(Sakandar et al., 2018).  
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Heterofermentative LAB are less common than homofermentative, which represent the spontaneous 

microflora of the sourdough, 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 fermentation (Sakandar 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 farciminis Limosilactobacillus fermentum Companilactobacillus paralimentarius 

Companilactobacillus mindensis Fructilactobacillus fructivorans Lacticaseibacillus casei 

Lactobacillus amylolyticus Limosilactobacillus frumenti   

Lactobacillus johnsonii Lentilactobacillus hilgardii   

Lactobacillus crispatus Limosilactobacillus panis   

  Limosilactobacillus pontis   

  Limosilactobacillus reuteri   

  Furfurilactobacillus rossiae   

  Fructilactobacillus sanfranciscensis   

  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 metabolism highly adapted to maltose and 

fructose which are the main sources of energy of the dough, moreover, F. sanfranciscensis has growth 

requirements that correspond to the temperature and pH encountered during the sourdough 

fermentation and finally, their stress response mechanisms allow them to tolerate acid, thermal 

oxidative, and osmotic stress conditions (De Vuyst & Neysens, 2005). In addition to these three 

factors, during sourdough fermentation, the production of antimicrobial compounds occurs including 

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 

adaptation (Gänzle & Vogel, 2003). 
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LAB sourdough species show unique technological properties related to the taste, staling, texture and 

shelf-life of sourdough bread (Gobbetti, 1998). In fact, it was shown that the strains of F. 

sanfransiscensis and L. plantarum produce a wide range of volatile compounds and therefore, with 

also L. pontis, improve the flavor and taste of bread  (Gobbetti & Corsetti, 1996; Hansen & Hansen, 

1996). 

In general, the heterofermentative metabolism, through the fermentation quotient (the molar ratio 

between acetic acid and lactic acid), 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 are 

responsible for the presence of iso-alcohols.  

Microbial interactions 

The individual microbial strains and their combination and interaction strongly affect the final 

characteristics of bread. Gül et al. (2005), for example, reported differences in parameters such as the 

specific volume and hardness of the crust and crumb. In fact, 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 industries (Sieuwerts et al., 2017).  

Sourdough ecosystems are characterized by stable microbial 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 protocooperation) which confers particular characteristics on the final product and 

satisfies consumer demand. 

For example, in the stable yeast-LAB association between K. exigua (maltose-negative, acid-tolerant) 

and F. sanfranciscensis (maltose-positive), competition is reduced and the growth of both 

microorganisms improves because, by 6 phosphoglunolate pathway, F. sanfranciscensis convert the 

maltose present in the flour into glucose that is metabolised by K. exigua (Nistal et al., 2012). Other 

examples of stable yeast-LAB associations are K. barnettii (negative maltose) and F. 

sanfranciscensis, C. humilis (maltose-negative, acid-tolerant) and F. sanfranciscensis, the unique 

combination of S. cerevisiae (maltose-positive), C. milleri and F. sanfranciscensis, and the interaction 

of S. cerevisiae  and L. plantarum (prefers glucose and fructose) that both synergistically improve the 

production of carbon dioxide with a positive impact on the final leavened product and a better 

palatability (Corsetti & Settanni, 2007; Iacumin et al., 2009; Schieberle & Engel, 2002; Venturi et 

al., 2012; Vrancken et al., 2010). In contrast, L. brevis, when present in high concentration, hinders 
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the growth of S. cerevisie because both are maltose-positive and compete for this substrate, therefore, 

after propagation, S. cerevisie decreases due to maltose-dependent gene repression (Liu et al., 2018). 

However, it was shown that yeast can be better associated with homofermentative LAB than 

heterofermentative LAB (Sakandar et al., 2018). 

Finally, stable LAB species associations include F. sanfranciscensis and L. plantarum, C. 

paralimentarius, or L. brevis (Garofalo et al., 2008; Siragusa et 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 I sourdough fermentation 

Type I fermentation is one of 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 batch (called indirect 

fermentation with refreshment or backslopping), ensures the maintenance of the active state of the 

microflora (De Vuyst & Neysens, 2005). In fact, the type I sourdough is characterized by a high 

metabolic activity, especially with regard to leavening (gas production). 

The process is performed at room temperature (20-30 °C) and the pH is about 4.0 (Katina et al., 

2006). It is a long fermentation process, which takes time because it is a three-step fermentation 

process (fresh sour, basic sour and full sour) and, unlike the type II and III fermentation methods, 

among the leavening agents there is not Saccharomyces cerevisiae (Liu et al., 2018). In fact, the most 

dominant bacteria in this type of fermentation are Fructilactobacillus sanfranciscensis and 

Limosilactobacillus pontis (Sakandar et al., 2019) while the dominant yeasts are C. humilis and K. 

exigua.  
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Table 1.5. LAB and yeast species composition of Type I, Type II and Type III sourdoughs (Arendt et 

al., 2007; De Vuyst & Neysens, 2005).  

 

 

  

  LAB  Yeasts 

  Type I Type II  Type III  Type I Type II  

Type 

III  

Dominant Fructilactobacillus 

sanfranciscensis 

Limosilactobacillu

s pontis 

Levilactobacillus 

brevis 

Candida 

humilis  - - 

  

Limosilactobacillu

s panis 

Lactiplantibacillus 

plantarum 

Kazachstania 

exigua     

    

Pediococcus 

pentosaceus       

            

Commonl

y isolated 

Companilactobacillus 

alimentarius 

    Saccharomyces 

cerevisiae 
Saccharomyces 

cerevisiae    

Levilactobacillus 

brevis 

Lactobacillus 

acidophilus 

  Pichia 

kudriavzevii  
Pichia 

kudriavzevii    

Fructilactobacillus 

fructivorans 

Lactobacillus 

crispatus 

    

    

Companilactobacillus 

paralimentarius 

Lactobacillus 

delbrueckii 

    

    

Lactiplantibacillus 

pentosus 

Limosilactobacillu

s fermentum 

    

    

Lactiplantibacillus 

plantarum 

Limosilactobacillu

s reuteri 

    

    

Limosilactobacillus 

pontis 

      

    

Levilactobacillus 

spicheri 

      

    

Leuconostoc 

mesenteroides 

      

    

Weissella confusa           

            

Other 

species 

detected 

Levilactobacillus 

hammesii 

Lactobacillus 

amylovorus   

Torulaspora 

delbrueckii 

Candida 

glabrata   

Companilactobacillus 

mindensis 

Limosilactobacillu

s frumenti   

Candida 

boidinii     

Companilactobacillus 

nantensis 

Lactobacillus 

johnsonii   

Debaromyces 

hansenii     

Furfurilactobacillus 

rossiae 

Limosilactobacillu

s mucosae   

Brettanomyces 

bruxellensis     

Pediococcus spp. 

Lacticaseibacillus 

paracasei   

Galactomyces 

geotrichum     

Weissella cibaria 

Lacticaseibacillus 

rhamnosus   

Torulaspora 

pretoriensis     
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Type II sourdough fermentation 

Type II fermentation are semi-fluid silo preparations and takes less time than type I fermentation 

because is a continuous propagation and long-term one-step process fermentations.  

Typical type II processes take 2-5 days and, to accelerate the process, are often performed at increased 

fermentation temperature (usually > 30 °C) (W. P. Hammes & Gänzle, 1998). These sourdoughs show 

a high content of acid and, after 24 h of fermentation, reach 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 (shelf-life of a week). 

The type II sourdough has different qualities and aromatic compounds compared to type I because 

fermentation possesses completely different process parameters and consequently it is composed of 

a different microbial ecosystem. The conditions of the type II sourdough make the environment 

inhospitable for F. sanfranciscensis which is therefore not enough competitive to dominate the 

fermentation. In fact, L. acidophilus, L. delbrueckii, L. johnsonii, C. farciminis, L. amylovorus (rye), 

L. brevis, L. panis, L. frumenti, L. pontis, L. fermentum, L. reuteri, and Weissella (W. confusa) species 

were found (Müller et al., 2001). 

This fermentation process is mainly used to produce bakery products in industrialized processes 

where faster, more efficient, controllable and large-scale sourdough fermentation processes are 

required.  

Type III sourdough fermentation 

Type III fermentation is 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 further use, in fact the drying 

process leads to an increased shelf-life 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 contain LAB of easy handling, drying-resistant and able to survive in that form such as 

L. brevis, P. pentosaceus and L. plantarum (De Vuyst & Neysens, 2005; Vogel et 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 

characteristics (Sakandar et al., 2019).  
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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 to 2010 levels, and demand will mainly come 

from developing countries (FAO, 2011), however, a significant increase in food production will also 

be expected (Pais et 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 energy (Verneau et al., 2016).  

According to the Stockholm International Water Institute, 70-85% of water is consumed by 

agriculture and most of it is used for meat production, in fact, livestock production requires high 

resources: the farming occupies 30% of the worldôs ice-free area which corresponds to about 75% of 

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 water demand than plant-based foods (Mekonnen & Hoekstra, 2012). In 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 CO2 equivalent per year) (Gerber et 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 animals (Gómez et 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 obtained from products 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 global food system 

(Caron et 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 sources currently used (industrial animal proteins) and, at the same 

time, able to provide adequate human nutrition and have a lower environmental impact (Grossmann 

& Weiss, 2021).  
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Meat substitutes have many advantages (Figure 2.1) and can derive from a variety of 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 alternative proteins 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 contain antinutritional 

compounds or cause allergic reactions to sensitive subjects. Smetana et al. (2015) showed that among 

the different meat substitutes, the environmental impact of cultured meat and mycoprotein-based 

analogues was higher than chicken (local feed) and dairy and gluten meat substitutes that had medium 

impact, while insect and soy-meal substitutes (by-products) 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 extraction targets is also important for 

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

processing by-products previously used in lower value applications such as animal feed.  

Osborne (1907) developed a fractionation scheme that divided proteins into four general classes: 

albumins (water-soluble), globulins (soluble in dilute saline solutions), prolamines (soluble in 

aqueous ethanol mixtures) and glutelins (soluble in dilute or totally insoluble acid/alkaline solutions). 

On the basis of this classification the properties and general composition of the main alternative 

protein sources can be described. 

Cereal and pseudo-cereals 

Proteins in wheat, rice and corn are mainly composed prolamins and/or glutelins (of water-insoluble 

proteins) while proteins in quinoa, oats and amaranth are composed of albumins and/or globulins 

(Janssen et 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 lectins) (Shevkani et 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 fraction of glutelin but the 

concentration of each fraction depends on the different pumpkin species (Campbell et 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 complex food matrices (Azzollini et al., 2019; 

Smetana et al., 2018). 

Insect proteins include sarcoplasmic proteins (water-soluble), myofibrillary proteins (salt-soluble), 

and connective tissue (acid-soluble or alkaline-insoluble) which are respectively comparable to 

albumins, globulins and glutelins. In particular, insects have an important share of myofibrillary and 

connective tissue proteins (Grossmann & Weiss, 2021). 

 

Figure 2.1.  Advantages of using alternatives to industrial farm animal proteins source.  
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Table 2.1.  Characteristics Alternative Protein Sources (Thavamani et al., 2020). 

Protein source Nutritive value  Advantages Limitations  

Plant based  

(soy protein) 

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

intolerances 

Allergic predisposition to soy proteins 

Rich in bioactive phytoestrogens called 

isoflavones 

Soy protein and isoflavones have been 

shown to decrease the LDL levels 

Plant based 

(pulses or 

legumes) 

Protein rich and high fiber content Less allergic tendency Except for chick peas, most legume proteins 

have weaker gel formation. This makes the 

process of meat-like texture formation 

challenging 

Pulses can be deficient in methionine and 

cysteine but can be easily supplemented 

Plant based 

(wheat protein or 

gluten) 

Wheat protein provide high calories than 

legume based meat alternatives 

Gluten is used in meat alternatives owing to 

easily solubility, viscosity, binding and dough 

formation properties 

Gluten sensitivity, celiac disease, and wheat 

allergy 

When compared to soy products and 

mycoprotein, wheat products have relatively 

low fiber and protein content 

Fungus 

(mycoprotein) 

Rich in protein, fiber content and 

micronutrients 

4 to 10 times less carbon footprint  Extensive processing required 

Low-calorie healthy food Relatively expensive 

Insect based 

(entomophagy) 

Protein content comparable to meat Most efficient production with low 

environmental impact 

Lower community acceptance 

Rich fat content Low greenhouse gas emission and water 

consumption 

Less established governing laws 

High in trace elements Less agricultural land use 

Cultured meat   Nutritive value equivalent to meat  Less allergic tendency 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 marginal environments has been questioned (Lesnik, 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, 2020) and primates were able to digest the chitin contained in insect exoskeletons, 

long considered indigestible, using the mammalian acid chitinase enzyme acidic mammalian 

chitinase (Janiak et al., 2018). 

The practice of eating insects is called entomophagy and is traditionally practiced by more than two 

billion people in the world, mainly 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 caterpillars (Lepidoptera), 

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 dragonflies (Odonata), 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 molitor), the lesser mealworm (Alphitobius diaperinus), the superworm 

(Zophobas morio); Crickets_ mainly the house cricket (Acheta domesticus), but also the tropical 

house cricket or banded cricket (Gryllodes sigillatus) and the two-spotted cricket or African or 

Mediterranean field cricket (Gryllus bimaculatus); Locust species_ migratory locust (Locusta 

migratoria) and the desert Locust (Schistocerca gregaria); By-products from the silk industry (pupae 

of the domesticated silkworm Bombyx mori) or from beekeeping (the drones), while, the mealworms, 

the black soldier fly and, to a lesser extent, the house fly (Musca domestica) are employed only as 

feed (van Huis, 2020). 

The use of insects as a sustainable animal protein source is supported by several beneficial 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 greenhouse gases and ammonia per kg of meat are lower in insects than in pigs 

and cattle  (Makkar et al., 2014; Verbeke et al., 2015) and have excellent feed conversion efficiency, 

in fact, to increase by 1 kg of body weight, crickets require only 2 kg of feed (Van Huis, 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%-58% of dietary protein, black soldier fly about 45%-35% and 

yellow mealworms 22%-45% (Mondal et al., 2019). Finally, a further advantage of insect production 

systems is the bioconversion of food waste, in fact, omnivorous insects can be raised on organic waste 

by exploiting biomass with a conversion percentage between 60 and 90% (Chavez, 2021). 

 

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 energy. Specifically, 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 zinc (Rumpold & Schlüter, 2013), the energy content is 

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

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

Considering the positive aspects, edible insects can represent 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 allergic reactions (de Gier & Verhoeckx, 2018a; Gao et 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 insect type, the stage of development, the sex 

of the species, the diet and the processing method used on insects (Kulma et al., 2018; Rumpold & 

Schlüter, 2013). Rumpold & Schlüter (2013) showed that protein and fat, were the main components 

of insects followed by fiber, nitrogen-free extract (carbohydrates other than fiber), and ash.   

The protein intake of most insects, especially caterpillars, house flies and grasshoppers, is higher than 

that of pork, beef, poultry or lamb (Srivastava et 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 found during the larval or pupal stage compared to adult insects 

(Durst et al., 2010; Rumpold & Schlüter, 2013).  

The fat content varies from 13% to 33% while, the fiber content, including chitin (N-

acetylglucosamine present in the insectsô exoskeleton), ranges from 5.1% for termites (Isoptera) to 

13.6% for true bugs (Hemiptera). In particular, the chitin content of commercially bred insects varies 

between 11,6 to 137,2 mg/kg on the dry matter basis (Finke, 2007). The nitrogen-free extract content 

ranges from 4.6% for dragonflies (Odonata) to 22.8% for termites (Isoptera) and the ash content varies 

between 2.9% and 10.3% for cockroaches (Blattodea) and flies (Ditteri) respectively (Rumpold & 

Schlüter, 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 for grasshoppers, 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 caterpillar Phasus triangularis, which makes the insect a source of energy 

higher or comparable to that of meat or protein sources of vegetable origin (Thavamani et al., 2020). 

The average nutrient composition and energy contents of different orders of insects is summarized in 

Table 2.2.   



53 

 

Table 2.2. Average nutrient and energy contents on a dry matter of edible insect orders (Rumpold & Schlüter, 2015). 

Nutrients and 

energy* 

Cockroaches 

(Blattodea) 

Beetles 

(Coleoptera) 

Flies 

(Diptera) 

Beetles 

(Hemiptera) 

Bees, wasps, 

ants 

(Hymenoptera) 

Termites 

(Isoptera) 

Caterpillars 

(Lepidoptera) 

Dragonflies 

(Odonata) 

Grashoppers, 

locusts, 

crickets 

(Orthoptera) 

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  4.91 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, 

Kcal/100g 
- 490.30 478.00 478.99 484.45 - 508.89 431.33 426.25 

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 belonging to the 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 

grasshoppers (Palmar de Bravo et 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 account the 

quality of nutrients, digestibility and availability in food of insect proteins (Rumpold & Schlüter, 

2015). Compared to casein and soy, the availability and digestibility of insect proteins is promising 

but removing chitin can further vary and improve (Ozimek et al., 1985; Finke et 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 adults (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 necessary for human 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. Moreover, Rumpold & Schlüter (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 composition of edible 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 fat content are the wasp P. instabiliz (Hymenoptera) with 62% fat, 

the palm weevil larvae Rhynchophorus phoenicis (Coleoptera) with up to 70% fat and the caterpillar 

P. triangularis (Lepidoptera) with approximately 77% fat on a dry matter basis (Omotoso & Adedire, 

2007; Ramos-Elorduy 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 feed administered. For example, black soldier fly larvae fed with fish offal 

were significantly enriched with omega-3 polyunsaturated fatty acids, eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA)(St-Hilaire et al., 2007). However, in nature, insects contain 

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, wasps and 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 synthesize cholesterol but can convert plant sterols from their diet into 

cholesterol, therefore insects bred with specific diets may be cholesterol-free (Rumpold & Schlüter, 

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 calculation 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 & Schlüter, 2013), in addition, different types of insects, especially belonging to 

the orthoptera order (crickets, locusts and locusts) provide a significant amount of magnesium 

(Köhler et 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 selenium (Durst et al., 2010). 

As regards vitamins, on the basis of the FAO recommendation (2004) concerning the vitamin 

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 and their larvae) orders. In contrast, insects are not a good source of 

vitamin C, vitamin A, vitamin E, thiamine and niacin (Rumpold & Schlüter, 2013).  

Edible insect chitin content 

Whole dried insects possess at least 10% chitin, representing a good source of fiber in the human diet 

(Belluco et al., 2013). Chitin is a carbohydrate polymer that forms the exoskeleton of most arthropods, 

including insects. Recently it was found that chitin has a prebiotic potential able to enhance 

gastrointestinal health by promoting the proliferation of the natural microbiota in the gut (Selenius et 

al., 2018). Chitin as prebiotic indirectly helps to facilitate the food digestion and prevent the incidence 
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of microbial food-origin diseases  by encouraging the multiplication and prosperity of useful intestinal 

bacterial species such as Lactobacillus and Bifidobacteria and reducing the growth in the human gut 

of pathogenic microorganisms such as enteropathogenic Escherichia coli, Salmonella typhimurium 

and Vibrio cholera (Fernandes et al., 2008; Steer et al., 2000). However, chitin can represent a 

potential molecular pattern that promoting allergies. In fact, mammals do not synthesize chitin and 

therefore is considered a potential target for recognition by their immune system (Elieh Ali Komi et 

al., 2018; Francis et al., 2019). The allergic potential of chitin could therefore bring toxicological 

problems to foods containing insect-based 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 edible (Durst et 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: chemical, biological and allergen. According to EFSA, the insect 

production method, the substrate used in the breeding process, the insect species and the insect 

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 insects (van der Fels-Klerx et al., 2018). Therefore, in order to 

improve the food safety aspect of edible insects it is necessary to use a feed substrate free of quality 

risks. 

Presence of Anti-nutrients 

Antinutrients, or antinutritional factors, are naturally occurring substances in plant origin foods in 

higher concentration than animal origin food, able to inhibit use, digestion, intake, and absorption of 

nutrients and, depending on the type and concentration in food, may produce other adverse effects on 

the consumers health (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 and quantified in edible insects (Imathiu, 2020; 

Musundire et 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 health (Souza & Peretiatko, 2002). The accumulation of heavy metals 
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in edible insects is due to many factors including the species, the growth 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 insects (van der Fels-Klerx et al., 2018). The extent of the accumulation of these heavy 

metals depends on the metal element, insect species and stage of growth (Diener et al., 2015). 

Cadmium and arsenic are the heavy metals of greatest concern because they accumulate respectively 

in black soldier fly and in yellow mealworm larvae that are of great interest in Western countries for 

use as food and feed (van der Fels-Klerx et al., 2018). Low concentrations of mercury, lead, cadmium 

and arsenic were also detected in mulberry silkworm, scarab beetle, house cricket and Bombay locust 

(Köhler et al., 2019).  

Presence of Pesticide residues 

Pesticide residues may be present in insect-derived ingredients and food when insects are collected 

in nature and their diet is not monitored. Some authors reported the presence of pesticide residues in 

edible insects. Some authors reported the presence of pesticide residues in edible insects (DeFoliart, 

1999; EFSA, 2015; Charlton et al., 2015; Gao et al., 2014; Houbraken et al., 2016; Poma et al., 2016). 

However, it is possible to produce edible insects without pesticide residues through the breeding of 

edible insects where their feeding is controlled (Imathiu, 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 feed substrate by many phytopathogenic and 

food spoilage moulds belonging to the genera Fusarium, Aspergillus and Penicillium and could also 

be produced in insects gut. Some authors reported variable concentrations of mycotoxins in edible 

insects, these can have acute and chronic effects on human and animal health and put food safety at 

risk (Braide et al., 2011; Musundire et al., 2016; Simpanya et al., 2000; Wynants et al., 2017).  

Aflatoxins are the mycotoxins of greatest health concern, most common in developing countries, 

proven carcinogenic and linked to stunted growth in humans (Gong et al., 2004; Y. Liu et al., 2012).  

Presence of Pathogenic microorganisms 

The type of insect, both wild collected or domesticated, the processing and handling procedures used 

in their preparation and hygienic practices are some of the many factors that affect the extent of 

contamination by pathogenic microorganisms (Milanoviĺ et al., 2020). Insects can be carriers of 
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several bacterial pathogenic genera including Escherichia, Staphylococcus and Bacillus that can also 

infect humans representing a direct risk to the health of consumers (Rumpold & Schlüter, 2013). In 

the scientific literature were reported many types of edible insects contaminated with pathogenic 

microorganisms often associated with the outbreak of food-borne diseases and reports of microbial 

food-borne intoxications and infections originating from entomophagy (Durst et al., 2010; Garofalo 

et al., 2017). 

Pathogenic bacterial species belonging to the genera Staphylococcus, Micrococuss, Bacillus, 

Salmonella, Shigella and Clostridium are the most common of those isolated from edible insects 

(Mézes, 2018; Braide et al., 2011; Kiin-Kabari et al., 2016; Ssepuuya et al., 2019). However, Osimani 

et al. (2017), detected the presence, in processed edible insects, of many potentially human 

pathogenic bacterial genera including Vibrio, Streptococcus, Staphylococcus, Clostridium and 

Bacillus, while (Ssepuuya et al., 2019), found the presence of the genera Campylobacter, Bacillus, 

Staphylococcus, Neisseria, Pseudomonas and Clostridium in raw edible grasshopper (Ruspolia 

differens). Therefore, to reduce the risk of spread of microbial food-origin diseases it is necessary to 

ensure hygienic procedures of production, handling, processing and storage of edible insects (Imathiu, 

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 sometimes death (Johansson et al., 2004). Potentially, 

any protein-containing food can cause an allergic reaction in sensitive people, and since proteins are 

the most important component in edible insects it is possible that some of them are potential sources 

of allergens (Boye et al., 2012). 

Most cases of insect allergy are caused by insect bites belonging to the order of Hymenoptera (wasps, 

bees) although bites by poisonous spines or hairs, defensive secretions and blood-sucking insects may 

elicit allergic reactions (Demian et al., 2010). From an insect food consumption point of view, the 

allergenicity could be given by a cross-reactivity with other arthropods, in particular crustaceans 

(Lopata et al., 2010).  Edible insects and crustaceans are very similar taxonomically and cross 

reactivity was documented in medical literature, in fact, some cross-reactive proteins were identified 

including tropomyosin and arginine kinase, belonging to both crustaceans and insects. Therefore, 

people allergic to crustaceans and house dust mites may have an allergic response to foods containing 

insect protein (Schlüter et al., 2017).  
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Broekman et al. (2016) proved that patients allergic to shrimps showed an allergic reaction following 

a challenge with blanched mealworm protein demonstrating that in shrimps-allergic patients, an 

allergy to mealworm with a potentially severe outcome is highly likely. 

On the other hand, information on the allergenicity of edible insects are limited, however, some 

studies indicate that in China the consumption of insect-based foods was fatal for 18% and in Laos 

7.6% of insect consumers showed allergic reactions (Barennes et al., 2015; Ji et al., 2009). Moreover, 

the edible insects of which there are documented allergic reactions are: mealworm, silkworm, 

silkworm pupa, sago worms, caterpillars, mopane cartapillars (Imbrasia belina), grasshopper, locusts, 

bee, cicada, Bruchus lentis and Clanis bilineata (Chakravorty et al., 2011; de Gier & Verhoeckx, 

2018a; Ji et al., 2008; Kung et al., 2011). 

With the increasing research on entomophagy , more insects types involved in food allergies, will be 

discovered therefore it will be necessary 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 making the insect 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 

Australia,Canberra, ACT), IPIFF (International Platform of Insects as Food and Feed, Brussels, 

Belgium) and NACIA (North America Coalition forInsect Agriculture, Chicago, IL, USA) (Mancini 

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 market (Macombe et 

al., 2019; Mancini, Moruzzo, et al., 2019; Payne et 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 

increase (Guiné et 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)(Ebenebe et al., 2020). As regards geography, in 2019 the market 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%) and the 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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hymenoptera. 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 sun-dried (Rumpold et 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 insect-based foods (burgers, crackers, bread, energy bars) (Daub & Gerhard, 

2021; Osimani et al., 2018; Roncolini et al., 2019, 2020). In 2019 in Europe 500 tons of insect 

products were produced (whole insects, insect ingredients and edible insects- based products) and it 

is expected that by 2030 the market will expand to 260,000 tons where over 75% of the total will be 

represented by insect powder ingredients (Skotnicka et al., 2021). 

 In Europe, edible insects and their derivatives are considered novel foods. According to the 

Regulation (EC) No 258/97 of the European Parliament and of the Council of 27 January 1997 on 

novel foods and novel food ingredients ñnovel foodò are defined as ñany food and food ingredient 

not yet used significantly for human consumption in the community before 15 May 1997ò. 

In fact, the consumption of edible insects, in most European countries, is still very low and often 

considered socially improper, however, interest in insect products in recent years is increasing, as are 

questions and concerns about the risks of producing, processing and consuming insects (Svanberg & 

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 feed (EFSA, 2015). EFSA exposed the potential allergenic, environmental, 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 risks listed 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 materials 

(Mancini et al., 2022).  

The EFSA opinion set the basis for a new European regulation on insects as novel foods. Regulation 

(EU) 2015/2283 states that only insect-based food authorized by the European Commission may be 

commercialized and in Figure 2.3 is represented the process to obtain such authorization.  

In addition, Regulations (EU) 2017/2469 and (EU) 2017/893 were issued in 2017 with the aim of 

specifying certain rules on administrative and scientific requirements for an application to request 

authorization of commercialization 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 livestock species. 
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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 Feed. 1,2,13 Acheta domesticus. 3,14 Locusta migratoria. 4 Apis mellifera. 5 Alphitobius 

diaperinus. 6 Hermetia illucens. 7,8,9,11,12 Tenebrio molitor. 10 Gryllodes sigillatus. (Mancini at 

al.,2022). 

On the basis of the novel food Regulation (EU) 2015/2283, after a few years of waiting, in 2021-

2022 the procedures for authorizing the first three species of insects as novel food were successfully 

concluded. In fact, on 1st June 2021, the Commission Implementing Regulation (EU) 2021/882 

authorized the placing on the EU market of the dried Tenebrio molitor larva 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, legumes-based 

dishes, biscuits and uncooked pasta-based dishes. 
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On 12th November 2021, the Commission Implementing Regulation (EU) 2021/1975 authorized 

the placing on the EU market of the frozen, dried and powdered Locusta migratoria as a novel food. 

The regulation authorized the use of the frozen, dried and powdered Locusta migratoria in the form 

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

On 10th February 2022, the Commission Implementing Regulation (EU) 2022/188 authorized the 

placing on the EU market of the frozen, dried and powdered Acheta domesticus as a novel food. The 

regulation authorized the use of Acheta domesticus whole frozen, dried and powdered (ground) as a 

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

On 3rd January 2023, the Commission Implementing Regulation (EU) 2023/5 authorized the 

placing on the EU market of Acheta domesticus (house cricket) partially defatted powder as a novel 

food. The regulation authorized the use of partially defatted powder obtained from whole Acheta 

domesticus to be used in cereal and bakery products, pasta- based products, sauces and soups, legume- 

and vegetable- based products,  whey powder, meat analogues, snacks and beverages intended for the 

general population. 

On 5th January 2023, the Commission Implementing Regulation (EU) 2023/58 authorized the 

placing on the EU market of the frozen, paste, dried and powdered Alphitobius diaperinus larvae 

(lesser mealworm) as a novel food. The regulation authorized the use of Alphitobius diaperinus  

larvae in frozen, paste, dried, and powder forms to be 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, frozen or insect 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 case new foods, is defined as ñNophobiaò and could be 

responsible for the "disgust factor" one of the main adverse reactions to the consumption of insects 

perceived by the consumer of conventional diets, which implies a low propensity to consider insects 

as a food to try and buy (Liu et al., 2019; Mancini, Sogari, et al., 2019).  

Aversion to insects as food is strongly related to food culture (Svanberg & Berggren, 2021). In 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 willingness to repeat the experience in the future. 



63 

 

In addition, several studies have shown that informing the consumer about the benefits of 

entomophagy increased positive attitudes towards insect-based food (Onwezen et al., 2021; Sogari et 

al., 2019). However, the subjective interest in the nutritional or environmental benefits of food 

consumed strongly affects consumers' response to these information treatments (Dagevos, 2020). 

Therefore, it is likely that the young population, sensitive to the current challenges of food 

sustainability, is more likely to accept insects as food than older consumers (Arnaudova et al., 2022). 

Consumer attitudes towards entomophagy are also influenced by diet as reported by a study of 

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 insect-based foods is another important factor (Pambo et al., 

2018). To increase acceptance towards entomophagy and reduce disgust-based aversion, it is 

necessary to produce insect-based 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 flour or powder such as bread, pasta, biscuits, crackers, burgers, chips, chocolate bars, 

smoothies, sauces and soups (Dagevos, 2020; Pippinato et al., 2020).  

2.3. Yarrowia lipolytica 

Yarrowia lipolytica is an ascomycetous yeast species and it is among the most widely studied after 

Saccharomyces cerevisiae. The American Food and Drug Administration (FDA) classified Y. 

lipolytica as Generally Regarded As Safe (GRAS) for industrial production and EFSA considers it a 

novel food and allows its use in food but only as died cells (Groenewald et al., 2013; Zieniuk & 

Fabiszewska, 2019).  

This yeast is classified as an oleaginous microorganism because it can accumulate lipids. Y. lipolytica 

is widespread in nature and was isolated from different environments such as soil, rivers and seawater 

and from different food matrices including sausages, yogurt, kefir, rancid margarine, soy sauce and 

sourdough (Hassanshahian et al., 2012; Sinigaglia et al., 2011).  This yeast possesses a natural 

capability to adapt in different environments, in some cases, extreme and with limited sources of 

nutrients, thanks to its wide spectrum of biological characteristics that allow it to survive in a wide 

range of substrates (hydrophilic or hydrophobic), physico-chemical conditions, pH (from 2.5 to 8) 

and temperatures (from 2°C to 32°C) (Sinigaglia et al., 2011; Zhang et al., 2017; Zinjarde, 2014). In 

addition, it also tolerates well metal ions (such as nickel, cadmium, zinc, cobalt and copper sulfate) 

and salt solutions (up to 12% (v/v)) (Gottardi et al., 2021). Y. lipolytica also uses a limited range of 

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

considered a spoilage yeast (Zinjarde, 2014).  

2.3.1.  Physiology, nutritional requirements and enzymatic activities 

Yarrowia lipolytica is a dimorphic microorganism, which to deal with adverse conditions such as 

changes in pH, oxygen, nitrogen and carbon, changes between yeast cells, pseudohyphae and septate 

hyphae (Liu et al., 2014). For example, according to Bellou et al. (2014) the main parameter that 

affected the dimorphism of Y. lipolytica was the concentration of dissolved oxygen (and not the 

sources of carbon or nitrogen), while Ruiz-Herrera & Sentandreu, (2002) reported that in the presence 

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

formation of mycelium was maximal.  

Y. lipolytica is 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, and 

fructose whose catabolism is strain dependent (Lazar et al., 2014; Ledesma-Amaro & Nicaud, 2016). 

Due to the high variability of phenotypes between different strains, it was found that wild-type strains 

cannot use sucrose and lactose, but a positive lactose strain was isolated from the soil (Y. lipolytica 

B9) (Taskin et al., 2015), while Y. lipolytica W29 can metabolize galactose only if in the presence of 

concentrations above 0.4% of glucose (Lazar et al., 2015; Taskin et al., 2015) Y. lipolytica also has 

the complete genetic pathway for the utilization of arabinose and xylose although consistent results 

have not been published (Spagnuolo et al., 2018). Together with glucose, an additional favorite 

substrate by Y. lipolytica is glycerol (RywiŒska et al., 2013), but when neither is present, yeast can 

use ethanol, acetic, butyric, propionic, succinic, malic, citric and lactic acids (Gao et al., 2017; 

Gottardi et al., 2021). 

Vegetable oils, crude fish oils, animal fats, fatty esters, pure free fatty acids and soaps can be used as 

substrates for the growth of Y. lipolytica because this yeast is able to grow and consume alkanes, fatty 

acids and triacylglycerols (Xiaoyan Liu et 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 produced (Mansour et al., 2008).  

Finally, Y. lipolytica possesses specific enzymatic activities, which allow it to grow in very different 

environments. The most studied and characterized enzymes are proteases and lipases (Lanciotti, 

Gianotti, et al., 2005; Zinjarde, 2014), however, Y. lipolytica possesses other minor enzymes, such as 

inulinase, phosphatase and chitinase (Park et al., 2014; Zinjarde, 2014).  
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2.3.2.  Yarrowia lipolytica in Food 

Thanks to their nutritional versatility and physiological aspects, the strains of Yarrowia lipolytica are 

present in several food substrates where they play a wide variety of roles. Yarrowia lipolytica is 

mainly known for its strong proteolytic and lipolytic activities (Corbo et al., 2001; Gardini et al., 

2006a; Patrignani et 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, Y. 

lipolytica was detected in other fermented food products, such as sourdough (Romano et al., 2006), 

vegetable raw materials such as fruits and vegetables, fruit concentrates and salad (Sancho et al., 

2000), soft drinks, juices, wine, must and cider (Stratford, 2006), in salad dressings and mayonnaise 

(Baleiras Couto et al., 1996), finally, also in chilled and frozen processed foods, including seafood. 

All these examples suggest that Y. lipolytica may be a regular but possibly minor component of the 

food microbiota (Groenewald et al., 2013). 

In Figure 2.4 Groenewald et al. (2013), represented schematically the metabolic properties impact of 

Yarrowia lipolytica on its natural presence, ripening and spoilage of food. 

 

Figure 2.4.  Yarrowia lipolytica metabolic properties impact on its natural presence, ripening and 

spoilage of food. The 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 detection rate (Groenewald et al., 

2013). 
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Y. lipolytica in meat 

In meat and fish was frequently found Yarrowia lipolytica. Yarrowia lipolytica was detected in salami 

(Gardini et al., 2016; Nielsen et al., 2008; Osei Abunyewa et al., 2000), German dry fermented 

sausages such as Zervelat and Frankfurters (Samelis & Sofos, 2003), Spanish fermented sausages 

such as chorizo, longaniza and salchichon (Encinas et al., 2000), and other sausages. Yarrowia 

lipolytica was also found in poultry (Ismail et al., 2000; Sinigaglia et al., 2011; Viljoen et al., 1998), 

beef and ham (Fung & Liang, 2009), salted bacon (Nielsen et al., 2008), other meat samples (Osei 

Abunyewa et al., 2000) and, sporadically, also in fish (Leme et al., 2011). 

The strictly aerobic metabolism of Y. lipolytica causes the greater prevalence of yeast on the surface 

than inside the products. 

It was proven that the use of Y. lipolytica in dry fermented sausage starter cultures helps to reduce 

ripening time, delay rancidity and protect nitroso-myoglobin from oxidative degradation, thus 

preserving the pleasant red color of the fermented sausages (Romano et 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 tissues (Patrignani et al., 2007a, 2011a, 2011b; Romano et al., 2006; Zinjarde, 

2014) (Patrignani et al., 2007a, 2011a, 2011b).  

At the industrial level, it is essential to select functional starter cultures with probiotic qualities and 

lacking undesirable properties (biogenic amines and toxic compounds production), which contribute 

to the color of sausages and able to generate healthy molecules, bacteriocins and aromatic and 

antimicrobial compounds (Zinjarde, 2014). 

Patrignani et al. (2007) evaluated the effect of the superficial inoculum of Debaryomyces hansenii 

and Y. lipolytica strains (with Lactiplantibacillus plantarum) and observed that proteolytic and 

lipolytic activities affected the final sensory properties. In fact, the lithic activities of the enzymes and 

the consequent formation of low molecular weight molecules had reduced the available water (aw) 

in the sausage samples. In addition, Y. lipolytica strains had caused the formation of free fatty acids 

and a variety of compounds that contributed to flavor. However, (Iucci 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 strains of Y. lipolytica could 

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 acid. Yarrowia lipolytica is among the first three 

species of yeast most prevalent in cheese (Larpin-Laborde et al., 2011; Monnet et al., 2010) and is 

found in a wide range of different cheeses (mould-ripened, smear-ripened, blue-veined and fresh 

cheeses) and mainly in sheep, goat and buffalo cheeses than cow cheese, probably due to the fat and 

protein content in milk (Groenewald et al., 2013). As already described for fermented meat products, 

Y. lipolytica is 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 of Y. lipolytica contribute 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 (Guerzoni et al., 1998; Lanciotti et al., 2005). In addition, some authors 

suggested that Y. lipolytica could inhibit the growth of Bacillus cereus and green mould, have an anti-

listerial activity and extend the shelf life of cheese (Ferreira & Viljoen, 2003; Goerges et al., 2006; 

Monnet et al., 2010). During the cheese-making process, enzymes act specifically on the matrix, 

resulting in specific changes. 

Proteases, often provided by Y. lipolytica strains associated with cheese, act on casein hydrolysis. Y. 

lipolytica proteases cleave Ŭs1 and ɓ-casein by generating free amino acids and peptides of particular 

importance in the production of blue cheeses (Curioni & Bosset, 2002; De Wit et al., 2005). Some 

strains also show good aminobiogenic potential and the ability to decarboxylate ornithine, lysine, 

tyrosine and phenylalanine (Gardini et al., 2006b). 

Also, different types of lipases and esterases are produced by Y. 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 of free fatty acids and some of these can be responsible for sensory 

characteristics (De Wit et al., 2005). 

The volatile compounds produced by the action of microbial enzymes on lipids, curd proteins and 

lactose generate the cheese aroma (Zinjarde, 2014). The development of the aroma also appears to be 

due to the production of volatile sulfur compounds produced by Y. lipolytica strains (Groenewald et 

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

The microbial Debaryomyces species are extremophile yeasts, in particular, Debaryomyces hansenii 

is an unconventional hemiascomycetous yeast interesting from the genetic and biochemical point of 

view with a considerable biotechnological potential (Baronian, 2004; Breuer & Harms, 2006).  

D. hansenii is 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, cheese, fruit, beer, wine and high sugar products(Breuer & Harms, 2006). 

D. hansenii is a highly heterogeneous and versatile species, is able to assimilate and ferment various 

carbon substrates, generally catabolized by a respiratory metabolism and by different lipase and 

protease activities. In addition, these yeasts are able to produce thermophilic ɓ-glucosidase essential 

for the production of combustible alcohol, exopeptidases important during the sausages ripening 

(Breuer & Harms, 2006) and killer toxins (myocin) effective against other yeasts such as the 

pathogenic species of Candida (Banjara et al., 2016; Prista et al., 2016). However, D. hansenii is also 

known to be the spoilage agent for marinated foods, such as pickles (Breuer & Harms, 2006). 

Finally, D. hansenii, like Y. lipolytica is an oleaginous yeast, able to accumulate a concentration of 

lipids up to 70% of their dry biomass and possess a predominantly lipid metabolism (Arous et al., 

2016). 

2.4.1.  Physiology and Ecology  

Debaryomyces spp. are perfect haploid yeasts which reproduce vegetatively through multilateral 

budding while the pseudomycelium is absent, primitive or may occasionally be well developed 

(Breuer & Harms, 2006; Ramos-Moreno et al., 2021). D. hansenii is a halo-, osmo- and xerotolerant 

yeast. D. hansenii was isolated from hypersaline waters and, like Y. lipolytica, can be a contaminant 

of various foods with low water activity. Being a halo-tolerant microorganism, this yeast can grow in 

media with 10% of NaCl and 5% of glucose, moreover, is able to assimilate a broad spectrum of 

carbon substrates including soluble starch, raffinose, inositol, melibiose and n-alkanes (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 or non-existent (Sánchez et al., 2006). D. 

hansenii may carry on a weak fermentation of sucrose, galactose, glucose, maltose, raffinose and 

trehalose while lactose fermentation is not observed, moreover, this yeast uses nitrite while nitrate is 

not assimilated (Breuer & Harms, 2006; Nakase et al., 1998).  
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The optimal growth range of D. hansenii is between 20 and 25 °C, but growth was also observed 

between 5 °C and 10 °C and below 0 °C. In addition, it was found that D. hansenii is able to grow in 

the pH range 3.0-10 and develop with water activity up to 0.99 when it is at a temperature of 10 °C 

and in a pH range between 4 and 6 (Van Den Tempel & Jakobsen, 2000). 

Some studies reported that D. hansenii, being closely related to Candida, could be associated with 

diseases or infections and was reported as an emerging pathogen (Breuer & Harms, 2006; Nakase et 

al., 1998; Wong et 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. hansenii could be a very rare or even non-existent human pathogen (Ramos-

Moreno et al., 2021).  

D. hansenii is 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 NaCl or KCl, D. 

hansenii produces myocin, a killer toxin capable to kill various species of yeast and with a stable 

activity against pathogenic yeasts at 37 °C (Breuer & Harms, 2006; Gunge et al., 1993). Finally, D. 

hansenii also has a high tolerance to chlorine dioxide (up to 0.3 mg/l ClO2), to antimicrobial agent 

penconazole and, in an intermediate way, to the antimicrobial agents cycloheximide and benomyl 

(Breuer & Harms, 2006; Ramírez-Orozco et al., 2011). 

2.4.2.  Debaryomyces hansenii in Food 

D. hansenii yeast 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 dried meat products manufactured 

worldwide is Debaryomyces hansenii.  As 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 non-sulphited or sulphited 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 the presence of D. hansenii that 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 (Ramos-Moreno et al., 2021). 

It is impossible to predict the effect of a selected strain of D. hansenii inoculated in a meat product, 

due to the diversity of meat products, the heterogeneity of strains or the multiplicity of production 

processes. For example, Olesen & Stahnke, (2000), found that in fermented garlic flavored sausages 

and minced model, D. hansenii had little effect on the production of volatile compounds involved or 

responsible for the formation of flavor, while, Flores et al., (2004) showed that during the maturing 

of dry fermentation sausages, D. hansenii favored 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 known that the 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 branched-chain amino acids (Breuer & Harms, 2006; Durà et 

al., 2004a).  

In addition to producing volatile compounds, D. hansenii influences the sensory properties of meat. 

Although pH, activity water, moisture or lipid composition are not particularly affected, the presence 

of D. hansenii in meat matrices increases the fermentation 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 

as ethyl esters (Ramos-Moreno et al., 2021), while Durà et al. (2004b) showed that the inoculum of 
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D. hansenii in dry fermented sausages caused the accelerated degradation of myofibrillary proteins 

at the beginning of the drying phase.  

Finally, D. hansenii may be a potentially suitable as a bio-preservative 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 amines (Ramos-Moreno et al., 2021). 

D. hansenii in dairy products 

D. hansenii is a common species in all kinds of cheese, including hard, semi-hard, brined and soft 

cheeses (Fleet, 1990). Many authors reported the frequent presence of this yeast in dairy products and 

mainly in cheese brines, cheese quark and yogurt (Deak, 2007; Seiler, 1991; Bennie C. Viljoen & 

Greyling, 1995). 

The prevalence of D. hansenii in 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 fats (Breuer & Harms, 2006; Kumura et al., 2014; 

Pham et al., 2019). Moreover, D. hansenii may 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 citrate, to ferment glucose to a limited extent and to use acetate as the 

only source of carbon (Gardini et al., 2006a). 

In cheese, D. hansenii can grow in different positions, in fact it was found on the surface of processed 

cheese but also inside surface-ripened cheeses. In addition, depending on the type of cheese and the 

composition of the starter culture involved, Debaryomyces activity was found in the interior of the 

cheese or in the curd (Breuer & Harms, 2006). 

When D. hansenii develops in cheese brines it produces intra and extracellular antimicrobial 

metabolites, and competes for nutrients with undesirable microorganisms, such as Clostridium 

butyricum and tyrobutyricum, inhibiting their germination (Ferreira & Viljoen, 2003). Instead, the 

metabolic activities of D. hansenii protect the cheese from undesirable fermentation of carbohydrates 

and modify the micro-environment, providing important growth factors, in favor of some desired 

bacteria and/or Penicillium roqueforti, such as amino acids and vitamins (biotin, thiamine, 

lactoflavone, nicotinic acid, folic acid and pantothenic acid) (Breuer & Harms, 2006; Van Den 

Tempel & Jakobsen, 2000). 

D. hansenii is also able to synthesize volatile acids, carbonyl compounds and cheesy and alcoholic 

aromatic compounds (Arfi et al., 2002). Many ripening yeasts of cheese, including D. hansenii, 
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contribute to the development of a strong flavour through the synthesis of S-methylthioacetate, the 

most common volatile sulphur compound in cheese the and, although to a lesser extent, of methyl, a 

characteristic compound in Cheddar and Camembert (Ferreira & Viljoen, 2003b).  

Only small amounts of free fatty acids and free amino acids (mainly glycine, proline, alanine, arginine 

and glutamic acid) are produced by D. hansenii during its growth in milk (Roostita & Fleet, 1996). 

However, (Petersen et al., 2002), showed that during the surface-ripening of Danish cheese yeast 

produced small amounts of ethanol (<5 g/l) and lactic acid and metabolized small quantity of succinic 

acid. The D. hansenii strains have an interesting enzymatic pool which contribute to the ripening 

process and that includes phosphatases, aminopeptidases, C8-esterase-lipases, C4-esterases, valine 

arylamidases, leucine arylamidases, Ŭ- and ß-glucosidases and ß-galactosidases (Van Den Tempel & 

Jakobsen, 2000). In addition, the peptidase activity of D. hansenii isolated from cheese digests both 

Ŭ and Ç-casein significantly affecting proteolysis in cheese (Kumura et al., 2014).  Some authors also 

observed pigment production and tyrosinase activity, known to initiate oxidation of tyrosine to 

melanin, by D. hansenii which may be involved in staining the surface of some cheeses (Nichol et 

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

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

cheese.   
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The latest United Nations projections suggest that by 2050 the worldôs population could grow to 

about 9.7 billion. Not only demographic growth, but also climatic change, the increasing difficulty of 

finding essential raw materials, man-made conflicts and economic 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 (FAO et al., 2022).  The necessity to 

ensure sufficient and nutritious food all the year to the worldôs population, together with the need to 

reduce the environmental impact due to excessive industrialization, requires the identification of 

alternative and sustainable resources and processes. 

Every year, around 88 million tons of food are wasted in Europe, with an estimated loss of 143 billion 

euros (Stenmarck et al., 2016). Food waste generates the consequent increase in global food 

production resulting in a greater global environmental impact with greenhouse gas emissions, water 

consumption and land use (FAO, 2013). Moreover, although these wastes are a valuable source of 

high value-added compounds, they are largely unused and represent a cost to industry. Their use could 

constitute an innovative and sustainable approach 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 

(Pleissner et al., 2016). In fact, although these food and agro-industrial wastes and by-products 

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 the lack of sustainable 

biotechnological approaches that allow the full exploitation of these resources. For these reasons, 

currently, the enhancement of by-products is still limited and confined to the production of low value-

added compounds intended mainly for animal consumption and biogas production. However, by the 

valorization of by-products, the problems of waste management and recycling in the food industries 

could be reduced (Anal, 2017). Among food industrial waste, the milling by-products 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 2 billion tons/year, is wasted or lost (Verni et al., 

2019). The cereal by-products are rich in nutrients and, through their chemical, microbiological or 

enzymatic conversion, they could be transformed into enhanced ingredients with new applications 

and market niches.  

In addition to the valorization of food and agro-industrial by-products 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 sustainable 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 proteins (Stoops et 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 zinc (Belluco et al., 2013; Rumpold & Schlüter, 2013; van Huis, 2020).  To 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 higher food/protein conversion 

coefficient, require little space for reproduction and produce lower greenhouse gases and ammonia 

emissions (Mondal et al., 2019; A. van Huis, 2020). Thanks 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. 

Recently, 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 European Commission for their placing on the market 

are Acheta domesticus, Tenebrio molitor and Locusta migratoria which may be marketed in whole, 

frozen, dried and powdered form. Anyway, insects have a long history of use only in South-East Asia 

and South America where 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 usual and typical foods such as bread, 

pasta, biscuits, crackers, etc.. (Dagevos, 2020; Pippinato et al., 2020). 

In this context, the main objective of my PhD thesis is to lead to an advancement in the knowledge 

of tailor-made biotechnological processes for the valorization of milling industry by-products and of 

alternative protein sources from the cricket Acheta domesticus, conceived as sustainable and 

renewable sources, for the production of innovative food products. 

For this purpose, as regards the valorization of the milling by-products, it was necessary to: 

¶ Isolate, identify, characterize a pool of yeast and LAB strains isolated from milling by-products 

for their use as fermentation starters for the production of innovative bakery products.  

¶ Evaluate the effect of the addition of the selected strains, alone and/or in combination, into 

several  milling by-product 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. 
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¶ Characterize the innovative bakery products obtained from the valorization of milling by-

products through biotechnological approaches from a microbiological, technological and 

functional point of view. 

¶ Test at up-scale level the pre-fermented ingredient and innovative bakery production thanks to 

the collaboration with Barilla S.p.A. 

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

¶ Characterize the technological features of a pool of strains of Yarrowia lipolytica and 

Debaryomyces hansenii suitable for the production of protein ingredients from cricket (Acheta 

domesticus) powder to be used in the formulations of innovative bakery products. 

¶ Evaluate the effect of hydrolysis of Y. lipolytica or D. hansenii strains on the cricket powder 

matrix in order to select the most promising strains from a nutritional and technological point of 

view. 

¶ 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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Abstract 

Due to the well-recognized health properties, the interest in the use of bran in food formulation is 

increasing over the years. However, the high fiber content in bran and the lipase and lipoxygenase 

activities associated to wheat germ, can adversely affect the rheology of the dough and the quality of 

baked products. 

The fermentative activity of selected microorganisms or microbial consortia can increase the 

functional and technological properties of wheat bran, favoring their implementation in the 

formulation of baked goods. The choice of starter cultures has a crucial impact 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 of soft and durum wheat and rye were 

characterized for their nutritional and physio-chemical properties. Subsequently, lactic acid bacteria 

and yeasts were isolated from the same spontaneously fermented milling by-products and assessed 

for their technological, functional and safety features it was possible to formulate 7 mixtures of 

milling by-products and 11 microbial consortia, composed of different yeasts and lactic acid bacteria 

potentially valuable for the production of a pre-fermented ingredient suitable for bakery applications.  

Based on technological, sensorial and rheological properties of the preferments obtained by the 

combination of milling by products mixtures and microbial consortia, it was possible to identify the 

best 3 preferments made by specific milling by products mixtures and fermented by specific consortia 

of lactic acid bacteria.  
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4.1. Introduction  

Wheat is the worldôs most important cereal crop both in terms of cultivated area and kernel yield. 

Although human consumption of whole grains is associated with a reduced risk of health disorders, 

such as cancer and diabetes, the traditional milling process aims at isolating and only using the 

endosperm that is mainly composed of starch and storage proteins, discarding the outer teguments 

and germ. These discarded outer teguments constitute the by-products and, depending on the particle 

size and endosperm content, by-products with different qualitative and nutritional characteristics can 

be obtained (bran, fine bran, tritello, middlings). Currently, milling by-products are mainly used as a 

feed supplement, while the application in the food sector plays only a minor role (Liu et al., 2015). 

The interest in the use of milling by-products in food formulation has increased gradually over the 

years, due to its many recognized health properties (Slavin, 2004). However, their current usage is 

too limited compared to its production rate (170 million of tonnes a year) and performed without fully 

exploiting their wide technological and functional potential. In fact, despite to the positive effects on 

health, the high level of fiber content in bran and the lipase 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 

network and consequently on the rheological and textural characteristics of bread (Noort et al., 2010), 

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

Literature data shows that fermentation and some enzymatic 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 consortia (Coda et 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 nutritional values (Manini et 

al., 2014; Servi et al., 2008; Zhao et al., 2017). In addition, fermentation with well-characterized 

microbial cultures, yeast or lactic acid bacteria (LAB), represents a useful tool to improve the quality, 

processability and functionality of fermented cereal products or high-fiber ingredients, such as 

sourdough bread, fermented wheat bran and whole-meal 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 quality of fermented 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, such as sourdough bread, fermented wheat bran and whole-meal 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 functional point 

of view, in order to obtain microbial consortia suitable for the fermentation of milling by-products. 

Also, the physio-chemical characterization of the wheat and rye milling by-products was performed 

in order to define the optimal amount of each fraction for the formulations of the formulation of 

milling by-products mixtures potentially suitable for bakery applications. Finally, a screening based 

on fermentation kinetics and stability of the obtained microbial consortia on the selected milling by-

products 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-chemical characterization 

Physio-chemical characterization was carried out on 9 different milling by-products from durum and 

soft wheat and rye bran from two different production plants. The list of the tested samples is reported 

in Table 4.1. 

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: 

¶ Moisture, protein, ash, crude fat, soluble, insoluble and total dietary fibre, as well as mineral 

contents according to (Khalid et al., 2017).  

¶ Phytate content of the different samples was determined (Buddrick et 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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¶ Lipid fractions were extracted by Folch et 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 preparation of the final pre-

fermented ingredients 

In order to select the best formulations of milling by-products for the production of pre-fermented 

ingredients for bakery applications, different pre-ferments were formulated by using individually soft 

wheat by-products (bran, fine bran, tritello and middlings) durum wheat by-products (bran, 

micronized bran and middlings) and rye bran and fermented by a selected microbial consortia of 

LABs and yeasts isolated from traditional Italian sourdough (Table 4.1). 

4.2.2.1. Preparation of pre-ferments 

The pre-ferments were prepared by mixing the different milling by-products, alone or in in 

combination with 10% of wheat germ. Water was added in a ratio of 1:1 respect to the milling by-

products.  

The quantity of the ingredients was 100g and were prepared in triplicate. The fermentation was carried 

out in a sterile jar (400 mL) covered with perforated foil, at room temperature for 48 h.  

The bakery microbial consortium used was composed by strains belonging to UNIBO-DISTAL and 

isolated from bakery sourdough from the Emilia-Romagna region. Specifically, it was constituted by 

Saccharomyces cerevisiae as yeast and Latilactobacillus curvatus, Leuconostoc mesenteroides and 

Pediococcus pentosaceus as LAB at an inoculum level of 4.0 and 6.0 log CFU/g for yeast and LAB 

respectively. 

4.2.2.2. Analyses performed on pre-ferments 

During and at the end of fermentations, the samples were analyzed for: 

¶ The acidification kinetics, monitored by measuring the pH by pH meter (mod. Jenwey 3510; 

Electrode 924001). 

¶ The growth kinetics of LAB and yeast were monitored by microbial counting on the selective 

agar media maltoseMRS+0.02% cycloheximide for the enumeration of LAB and YPD+0.02% 

chloramphenicol for the enumeration of yeasts. 
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¶ The organoleptic acceptability and the cohesiveness, evaluated by 15 untrained panellists. The 

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

On the bases of the fermentation kinetics and the physio-chemical analysis it was possible to select 7 

different milling by-products formulations to be used for the optimization and set-up of the final pre-

fermented ingredients. 

4.2.3. Isolation and identification of yeasts and lactic acid bacteria  

4.2.3.1. Fermentation Process and Sampling 

Spontaneous fermentations (without microbial starters) were done by mixing 30% of wheat flour, 

25% of milling by-product and 45% of water in a jar (400 mL) covered with perforated foil. The 

milling by-products used to produce 12 different sourdoughs were soft wheat Bran, Fine bran, 

Middlings and Tritello, durum wheat bran, middlings, micronized middlings and rye bran (Molini 

Pivetti S.p.A., Ferrara, Italy; Barilla G. e R. Fratelli S.p.A., Parma, Italy) (Table 4.1). 

The fermentation process was performed as a traditional type I sourdough, characterized by 

incubation temperatures between 20 and 30 °C and daily refreshments (at least four times) until the 

pH stabilization (De Vuyst & Neysens, 2005).  

Sourdough samples were produced in the quantity of 100g, in triplicate at room temperature and, for 

each refreshment step, the fermented dough was used as a 25% inoculum for the subsequent 

fermentation cycle. 

During the spontaneous fermentations, the acidification kinetics were monitored. Samples were 

subjected to microbiological analyses for the quantification of lactic acid bacteria (LAB) and 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 were determined on selective culture media such as Yeast extract 

Peptone Dextrose (YPD, Thermo Fisher, Basingstoke, UK) and WL nutrient agar (Thermo Fisher, 

Basingstoke, UK) for yeasts and Maltose-MRS (Thermo Fisher, Basingstoke, UK) and Sourdough 

medium (Thermo Fisher, Basingstoke, UK) for LAB. To increase the selectiveness of the media, 
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0.02% of chloramphenicol was added to yeasts 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 24-48 h. 

From the obtained agar plates, colonies were collected on the base of 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 an d 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 

ɛLITE (BioDrop, Milan, Italy) (Serrazanetti et al., 2011; Siroli et al., 2014). 

The isolated strains were preliminary analyzed by Randomly Amplified Polymorphic DNAï

Polymerase Chain Reaction (RAPD-PCR) performed with primer M13 in order to verify the presence 

of clones and then identified by sequencing the 16S and ITS rRNA region for bacteria and yeasts, 

respectively. The amplification was performed using the primers Lpig_F (5'ï

TACGGGAGGCAGCAGTAG ï3') and Lpig_R (5'ïCATGGTGTGACGGGCGGTï3') for the LAB 

according to the protocol described by De Angelis et al. (2006) and ITS1 (5' ï

TCCGTAGGTGAACCTGCGG ï3') and ITS4 (5' ïTCCTCCGCTTATTGATATGC ï3') for the 

yeasts.  

The PCR mixture (50 µl) for the LAB was composed by 100 pMol of each primer, 50 mM of 

deoxyribonucleotide triphosphates (dNTPs), 5 U Taq polymerase, 10X  PCR buffer + MgCl2 and 5 

µL 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 µl) for the yeasts was composed by 50 µM MgCl2, 20 µM of each primer, 10 

µM of deoxyribonucleotide triphosphates (dNTPs), 250 U Taq polymerase, 10X PCR buffer and 4 

µL 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, 72 °C for 2 min, then a final extension at 72 °C for 10 min.  

PCRs were performed with T3000 Thermocycler (Biometra, Göttingen, Germany). 
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PCR products were visualized on 1.5% agarose gel in 10× TAE buffer containing a gel red at the final 

concentration of 0,5 ɛg/mL. The PCR resulting amplicons were purified with the QIAquick PCR 

Purification Kit (Qiagen, USA) and sequenced at BMR Genomics sequencing center (Padova, Italy). 

Sequences obtained were compared via BLAST with those available in GenBank database and then 

aligned using the GeneDoc 2.7 software. 

4.2.4. Characterization and selection of the best microbial consortium 

The yeasts and LAB isolated and identified, were studied and characterized for their antibiotic 

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 of eight strains of LAB identified from sourdough, was determined 

according to (Siroli et al., 2017) using M.I.C.E. evaluator strips (Thermo Fisher Ltd., Basingstoke, 

UK).  

After 24h of incubation at 30 °C on maltoseMRS, the OD600 of the cultures were adjusted at 0.6. 

Approximately 7 log CFU/mL of the cell culture were inoculated on Maltose-MRS 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 the results were read as reported in Thermo ScientificTM OxoidTM 

M.I.C.EvaluatorTM (M.I.C.E.TM) Strips Interpretation Guide.  

The tested antibiotics and the relative ranges of concentrations are the followings: Ampicillin, 256-

0.015 mg/L; Erythromycin, 256-0.015 mg/L; Tetracycline, 256-0.015 mg/L; Clindamycin, 256-0.015 

mg/L and Gentamicin, 256-0.015 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 by (Schillinger & Lücke, 1989), considering the inhibition of foodborne pathogens 

(Listeria monocytogenes, Escherichia coli, Salmonella enteritidis), spoiling microorganisms 

(Leuconostoc mesenteroides, Pediococcus spp.) or technologically important species 

(Saccharomyces cerevisiae). Also, Listeria innocua was included because it is often considered as a 

non-pathogenic surrogate of L. monocytogenes, sharing the same ecological niche. Briefly, overnight 

cultures of LAB and yeast were spotted onto the surface of agar plates and incubated for 24 h at 30°C 

in order to allow the growth of colonies. The strains to be tested for sensitivity (indicator strains) were 
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inoculated into 7 ml of soft BHI agar (containing 0.7% agar) and poured over the plates on which the 

LAB or yeasts were grown. After incubation for 24 h at 37°C, the plates were checked for inhibition 

halos. The antagonistic activity was expressed in relation to the observed diameter of inhibition: ī, 

No inhibition; +, Diameter between 10 and 20 mm; + +, Diameter between 20 and 30 mm; + + +, 

Diameter between 30 and 40 mm; + + + +, Diameter higher than 40mm. 

The capability to produce antimicrobial peptides was evaluated on the filtered and neutralized cell-

free supernatants by an agar spot test. During this process also the acidification capability was 

evaluated by measuring the pH of cell-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 milling by-products in order to 

identify the most suitable microbial consortium for each kind of mixture. 

4.2.5.1. Fermentation Process  

The fermentation process was developed by mixing water and the by-product mixture in a 1:1 ratio, 

as shown in Table 4.2. The microbial consortium (Table 4.3.) was then inoculated at a level of about 

6 and 4 log CFU/g for LAB and yeast respectively. Each different by-product formulation was 

prepared in quantities of 100g and in triplicate. 

Table 4.2. Milling by-products formulations selected for the set-up and optimization of the final pre-

fermented ingredients 

  Milling by -products formulations 

  MIX 1  MIX 2  MIX 3  MIX 4  MIX 5  MIX 6  MIX 7  

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  1:1 1:1 1:1 1:1 1:1 1:1 1:1 



86 

 

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

preliminary analysis. 

Consortium  Lactic acid bacteria  Yeast 

1 

LANC A Latilactobacillus curvatus LANC 2  Saccharomyces cerevisiae 

LANC B Leuconostoc mesenteroides  LANC 1 Saccharomyces cerevisiae 

LANC C Pediococcus pentosaceus      

2 

FB A Levilactobacillus brevis FB 1 Pichia Kudriavzevii  

FB B Lactiplantibacillus pentosus  FB 2 Saccharomyces cerevisiae 

FB C Lactiplantibacillus plantarum      

FB E Limosilactobacillus fermentum      

FB F 
Companilactobacillus 

paralimentarius  
    

3 
LS 1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

4 
DG 1 Fructiactobacillus sanfranciscensis  KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

5 LS 1 Latilactobacillus curvatus LBS  Saccharomyces cerevisiae 

6 DG 1 Fructiactobacillus sanfranciscensis  LBS  Saccharomyces cerevisiae 

7       Bakery Saccharomyces cerevisiae 

8 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

LANC B Leuconostoc mesenteroides  FM 2 Kazachstania unispora 

LANC C Pediococcus pentosaceus      

9 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

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 

11 

FM A Lactiplantibacillus plantarum  KAZ 2 Kazachstania servazzii 

FM C Pediococcus pentosaceus  FM 2 Kazachstania unispora 

    FM 3 Saccharomyces cerevisiae 

The mixtures were fermented for 24 hours at room temperature and were refreshed twice every 24 

hours (the bakery term ñrefreshmentò or ñback sloppingò is used to define the periodic addition of 

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

the yeasts and LAB population)(Minervini et al., 2014). Specifically, after 24 hours of fermentation 

the 25% of pre-ferment was used as inoculum for the same mixture of by-product and water (R1). R1 
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was fermented for 24 hours at room temperature (R1 48h) and the second back slopping step (R2) 

was obtained by adding the R1 48h to new mixture of by-products and fermenting it for other 24h at 

room temperature (R2 72h). 

The acidification kinetics, the growth kinetics of yeasts and LAB, the volatile molecule profiles, short 

chain fatty acids and organoleptic acceptability were investigated. 

4.2.5.2. Microbiological analyses, pH and organoleptic acceptability 

Microbiological analyses were performed on each sample during and at the end of fermentation in 

order to monitor the growth kinetics of yeasts and LAB. The cell loads of yeasts and LAB in the 

different samples were determined through the plate counting on the selective agar media 

YPD+0.02% chloramphenicol and maltose-MRS+0.02% cycloheximide for the enumeration of yeast 

and LAB respectively.  

The pH meter mod. Jenwey 3510; Electrode 924001, was used to measure the pH, during and at the 

end of fermentation, in order to monitor the acidification kinetics. 

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

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

4.2.5.3. Short Chain Fatty acids and Volatile Molecule Profile 

Short Chain Fatty acids and Volatile molecules profiles were analyzed for the most interesting 

samples immediately after preparation and after 24 h of each fermentation at room temperature. The 

analyses were performed using a GC-MS coupled with a solid phase microextraction (GCïMS-

SPME) technique, according to (Scarnato et al., 2017).  The analysis was performed with an Agilent 

Technology 7890 N gas chromatograph, Network GC System combined with a Network Mass 

Selective detector HP 5975C mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). 

Volatile peak identification was carried out by computer matching of mass spectral data with those 

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. 
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4.3. Results  

4.3.1. Milling by -products physio-chemical characterization 

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

and wheat germ are reported in Figure 4.1. 

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 acids and low level of phytic acid. In fact, the literature states that wheat germ is one of the most 

attractive and promising sources of functional and healthy compounds due to its high concentration 

of Ŭ-tocopherol, vitamins of group B, dietary fibers, polyunsaturated fats, minerals and 

phytochemicals compounds (Rizzello et al., 2010a; 2010b).  

Table 4.4 contains data on unsaturated fatty acid content expressed as % of total fat. Rapid lipid 

oxidation could be a problem in bran samples containing high levels of unsaturated fatty acids, 

however, to inhibit oxidation in these samples, antioxidant compounds such as vitamins E and C 

could be added. Unsaturated fatty acids were also found in high percentages in rye bran, followed by 

durum wheat bran. Specifically, the main fatty acids detected in all bran samples were palmitic, 

linoleic, linolenic and oleic acid (data not showed) and, in particular, high 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 pre-fermented ingredients.  
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Table 4.4. Dry matter, unsaturated fatty acids (UFA) and lipids extracted from different durum and 

soft brans. The results are expressed as the average ± standard deviation and for each line 

considered, the data indicated with different letters are significantly different. 

Sample 

Lipid 

extracted/ 

100g bran (g) 

Dry Matter %  

Lipid 

Extracted % 

on dry matter 

UFA %  

Soft Wheat Bran 5.67 ± 1.65b 86.19 ± 0.55d 6.59 ± 2.24bc 80.6 ± 0.5cd 

Soft Wheat Fine bran 3.46 ± 0.67bc 89.67 ± 0.51a 3.86 ± 0.58de 79.9 ± 0.6d 

Soft Wheat Tritello 3.49 ± 0.52c 88.51 ± 0.65ab 3.95 ± 0.45de 80.5 ± 0.5cd 

Soft Wheat Middlings 3.72 ± 0.51bc 86.37 ± 0.45d 4.31 ± 0.39de 80.5 ± 0.6cd 

Wheat germ 12.54 ± 0.96a 87.88 ± 0.61bc 14.27 ± 0.98a 86.3 ± 0.1a 

Durum Wheat Bran  3.31 ± 0.29c 88.10 ± 0.28b 3.76 ± 0.41e 81.3 ± 1.0c 

Durum Wheat Bran Micronized 4.12 ± 0.39bc 88.20 ± 0.42b 4.67 ± 0.37d 80.6 ± 0.1c 

Durum Wheat Middlings 6.41 ± 0.78b 87.39 ± 0.33c 7.34 ± 0.55b 80.9 ± 0.1c 

Durum Wheat Middlings Micronized  5.40 ± 0.59b 89.67 ± 0.74a 6.03 ± 0.44c 80.0 ± 0.2d 

Rye Bran 1.31 ± 0.26d 88.80 ± 0.56ab 1.47 ± 0.33f 82.7 ± 0.1b 

For each column considered, the 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 contrast it had the lowest 

level of insoluble fiber. As regards the soft wheat by-products, 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 trend.  Finally, micronisation of durum wheat did not affect the main 

characteristics in terms of protein, moisture, ash, fiber, fat, starch and phytic acid. However, in this 

case, a higher milling degree increased the level of starch by reducing the content of insoluble fibers. 

The data obtained allowed to understand the variability and the different by-products in order use 

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

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

fermented ingredients for bakery applications 

In order to select the best formulation of milling by-products as a base matrix for the preparation of 

bakery pre-fermented ingredients, the by-products obtained from soft or durum wheat or rye bran, 

individually or in combination with wheat germ, were inoculated with a selected bakery microbial 

consortium composed by Saccharomyces cerevisiae as yeast and Latilactobacillus curvatus, 

Leuconostoc mesenteroides and Pediococcus pentosaceus as LAB. 
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Specifically, yeast and LAB strains were inoculated at a level of 4 and 6 log CFU/g respectively and, 

during the fermentation, microbial growth, acidification kinetics and organoleptic acceptability of 

pre-ferments were monitored. 

The results obtained are reported in Table 4.5 and Table 4.6. 

The pre-ferments obtained with soft wheat middlings and tritello, with and without wheat germ, 

showed the best performance regarding yeast and LAB ratio (optimal 1:100) and in terms of 

acidification rates. After 24 hours all pre-ferments showed a more or less adequate LAB:yeasts ratio 

and pH reached optimal values. However, after 48 hours of fermentation or the back slopping step 

every 24 hours until reaching 72 hours, caused an excessive growth of yeast and a consequent 

imbalance in the LAB:yeasts ratio. This imbalance of yeast:LAB ratio, observed in back slopped 

samples, resulted in a significant raise of the pH values, mainly in bran and fine bran samples, 

independently to the presence of wheat germ. However, soft wheat tritello and middlings samples 

showed a good maintenance of the microbiological stability also during further incubation periods 

and back slopping steps. 

This aspect is important for the scaling up because, at industrial level, it is common to store the pre-

fermented ingredients also several days.  

Soft wheat tritello and middlings with and without germ and durum wheat middlings showed the 

better scores both in terms of organoleptic acceptability (sensory features) and for the cohesiveness 

of the pre-ferment that represent an important parameter. 

The results obtained allowed to select 7 different milling by-products formulations (Table 4.2) to be 

used for the optimization and set-up of the final pre-fermented ingredients. The 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 4.5. Cell load (log CFU/g ±SD) of yeasts and LABs in the different pre-ferments, immediately after inoculum (0h) after 24 and 48h of 

fermentation at RT. 

  log CFU/g 
  

  Yeast LAB  Yeast LAB  Yeast LAB  

Sample 0h 0h 24h 24h 48 h 48 h 

Soft wheat bran 4.2 ± 0.09a 6.43 ± 0.13a 7.88 ± 0.08ab 10.05 ± 0.23ab 8.91 ± 0.22a 9.45 ± 0.18b 

Soft wheat fine bran 4.2 ± 0.09a 6.43 ± 0.13a 7.75 ± 0.15b 9.69 ± 0.28b 8.41 ± 0.16b 9.61 ± 0.22a 

Soft wheat tritello 4.2 ± 0.09a 6.43 ± 0.13a 7.93 ± 0.12a 10.08 ± 0.05a 7.12 ± 0.15e 9.45 ± 0.21b 

Soft wheat middlings 4.2 ± 0.09a 6.43 ± 0.13a 8.01 ± 0.42ab 10.04 ± 0.15ab 7.91 ± 0.11c 9.44 ± 0.17b 

Bran+wheat germ 4.2 ± 0.09a 6.43 ± 0.13a 8.00 ± 0.16ab 9.89 ± 0.21ab 8.04 ±  0.2c 9.85 ± 0.19a 

Fine bran+wheat germ 4.2 ± 0.09a 6.43 ± 0.13a 8.03 ± 0.12a 9.91 ± 0.19ab 7.52 ±  0.17d 9.72 ± 0.23a 

Middlings+wheat germ 4.2 ± 0.09a 6.43 ± 0.13a 7.52 ± 0.37bc 9.70 ± 0.20b 7.97 ±  0.22c 9.66 ± 0.18a 

Tritello+wheat germ 4.2 ± 0.09a 6.43 ± 0.13a 7.97 ± 0.12ab 10.10 ± 0.11a 7.49 ±  0.09d 9.61 ± 0.27a 

Durum wheat bran 4.2 ± 0.09a 6.43 ± 0.13a 7.51 ± 0.16bc 10.00 ± 0.13ab 8.18 ± 0.21bc 9.38 ± 0.19b 

For each column considered, the data indicated with different letters are significantly different. 
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Table 4.6. Acidification kinetics in the different pre-ferments (ph values±SD), immediately after the inoculum (0h), 24, 48h and 72h of fermentation 

at RT and evaluation of cohesiveness and organoleptic acceptability at the end of fermentation. The cohesiveness and organoleptic acceptability 

parameters are expressed as *low **medium **high. 

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

 

 

  pH     

Sample T0h 24h 48h 72h Cohesiveness 
Organoleptic 

acceptability 

Soft wheat bran 6.70 ± 0.03a 4.66 ± 0.06b 5.89 ± 0.07a 6.19 ± 0.14a *  **  

Soft wheat fine bran 6.54 ± 0.04b 4.38 ± 0.03d 5.33 ± 0.12b 6.16 ± 0.18a *  **  

Soft wheat tritello 6.48 ± 0.04b 4.28 ± 0.05e 4.31 ± 0.09e 4.10 ± 0.09d ***  ***  

Soft wheat middlings 6.49 ± 0.05b 4.05 ± 0.04f 4.04 ± 0.08f 4.03 ± 0.08d ***  ***  

Bran+wheat germ 6.70 ± 0.03a 4.65 ± 0.04b 4.81 ± 0.07c 6.20 ± 0.09a *  **  

Fine bran+wheat germ 6.54 ± 0.02b 4.48 ± 0.05c 4.60 ± 0.05d 5.63 ± 0.08b *  **  

Middlings+wheat germ 6.49 ± 0.04b 3.99 ± 0.06f 4.06 ± 0.05f 4.06 ± 0.05d ***  **  

Tritello+wheat germ 6.48 ± 0.04b 4.20 ± 0.05e 4.24 ± 0.06e 4.16 ± 0.06d ***  **  

Durum wheat bran 6.56 ± 0.06b 4.24 ± 0.05e 4.81 ± 0.07c 5.25 ± 0.08c *  **  

Durum wheat bran micronized 6.54 ± 0.05b 5.03 ± 0.06a 5.25 ± 0.04b 5.56 ± 0.10b **  ***  

Durum wheat middlings 6.51 ± 0.03b 4.32 ± 0.05e 4.04 ± 0.06f 4.02 ± 0.08d ***  ***  
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Table 4.2. Milling by-products formulations selected for the set-up and optimization of the final pre-

fermented ingredients 

  Milling by -products formulations 

  MIX 1  MIX 2  MIX 3  MIX 4  MIX 5  MIX 6  MIX 7  

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  1:1 1:1 1:1 1:1 1:1 1:1 1:1 

4.3.3. Isolation and identification of yeasts and lactic acid bacteria  

In order to select well adapted microbial strains able to ferment the selected milling by-products, 

strains of yeasts and lactic acid bacteria (LAB) were isolated from spontaneously fermented 

sourdoughs obtained from milling by-products and wheat flour.  

The final pH of the refreshed and stabilized sourdoughs, the cell load of Lactic Acid Bacteria and 

yeast and the number of different morphologies of lactic acid bacteria and yeast isolated for each 

matrix are reported in Table 4.7. 

The determination of the microbial load showed that the LAB:yeast ratio respected the findings 

reported in literature. In fact, except for soft wheat bran and fine bran, the LAB:yeast ratio was optimal 

and reached a 100:1 ratio. The cooperative activity of both LAB and yeasts is, in fact, a very important 

aspect because they influence the organoleptic, health and nutritional properties of naturally leavened 

products. From each agar plate, different colonies, corresponding to different morphological types of 

LAB and yeasts, were randomly isolated and a total of 79 LAB and 37 yeasts were isolated by the 

different sourdoughs.  
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Table 4.7. Final pH, cell load of LAB and yeast expressed as (log CFU/g ±SD) and number of 

different morphologies of LAB and yeasts in the refreshed and mature sourdoughs. 

  
Final pH 

Lactic acid 

bacteria 

Number 

different  
Yeasts 

Number 

different  

Sourdough       (log CFU/g ± s.d.) 

LAB 

isolates (log CFU/g ± s.d.) 

Yeast 

isolates 

Soft wheat bran 3.71 ± 0.08 b 9.32 ± 0.11a 13 7.45 ± 0.23a 6 

Soft wheat fine bran 3.69 ± 0.06 b 9.22 ± 0.04a 13 5.83 ± 0.06c 6 

Soft wheat tritello 3.71 ± 0.06 b 9.10 ± 0.04b 13 7.29 ± 0.06a 7 

Soft wheat middlings 3.73 ± 0.11b 9.19 ± 0.05ab 13 6.90 ± 0.20b 6 

Durum wheat bran 3.92 ± 0.05a 9.33 ± 0.13a 6 7.19 ± 0.19ab 4 

Durum wheat middlings 3.88 ± 0.06ab 9.14 ± 0.14ab 6 7.16 ± 0.14ab 3 

Durum Wheat Middling 

Micronized 
3.87 ± 0.04 ab 9.14 ± 0.09ab 6 7.32 ± 0.08a 3 

Rye bran 3.86 ± 0.05 ab 9.01 ± 0.13b 9 7.09 ± 0.18ab 2 

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

The pure cultures were microscopically examined. In Figure 4.2 and Figure 4.3 are reported 

microscopy pictures of the microbial strains.  

 

Figure 4.2. Microscopy pictures of the principal morphologies of the isolated LAB. 
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Figure 4.3. Microscopy pictures of the principal morphologies of the isolated Yeasts. 

On the bases of the different morphology, genomic DNA was extracted from pure cultures of the 

isolates by the procedures previously described (Serrazanetti et al., 2011; Siroli et 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 genera were Pediococcus 

(number of strains: 25), Lactiplantibacillus (number of strains: 15), Levilactobacillus (number of 

strains: 7), Leuconostoc (number of strains: 6), Latilactobacillus (number of strains: 6), 

Companilactobacillus (number of strains: 6), Lacticaseibacillus (number of strains: 4), 

Limosilactobacillus (number of strains: 6), while among the 37 genera of yeasts were found 16 strains 

of Pichia, 14 strains of Saccharomyces and 6 strains of Kazachstania. According to the 16S region 

sequencing, the LAB strains belonged to the species Pediococcus pentosaceus, Lactiplantibacillus 

plantarum, Lactiplantibacillus pentosus, Levilactobacillus brevis, Leuconostoc mesenteroides, 

Latilactobacillus curvatus, Companilactobacillus paralimentarius, Lacticaseibacillus 

songhuajiangensis and Limosilactobacillus fermentum. Regarding yeasts, according to the ITS region 

equencing, they belonged to the species Pichia kudriavzevii, Saccharomyces cerevisiae, 

Kazachstania unispora and Kazachstania servazzii. 
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Table 4.8. Source of isolation and molecular identification of the LAB isolated from sourdough prepared with different milling by-products. 

 

 

STRAIN SOURCE Identification STRAIN SOURCE Identification

CCA Soft Wheat Bran Lactiplantibacillus plantarum TBF Soft Wheat Tritello Lacticaseibacillus songhuajiangensis

CCB Soft Wheat Bran Leuconostoc mesenteroides FBA Soft Wheat Middling Levilactobacillus brevis

CCC Soft Wheat Bran Pediococcus pentosaceus FBB Soft Wheat Middling Lactiplantibacillus pentosus 

CCD Soft Wheat Bran Levilactobacillus brevis FBC Soft Wheat Middling Lactiplantibacillus plantarum 

CCE Soft Wheat Bran Pediococcus pentosaceus FBE Soft Wheat Middling Limosilactobacillus fermentum 

CBA Soft Wheat Bran Lactiplantibacillus plantarum FBF 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 FCC Soft Wheat Middling Limosilactobacillus fermentum 

CBE Soft Wheat Bran Lacticaseibacillus songhuajiangensis FCD Soft Wheat Middling Pediococcus pentosaceus 

CBG Soft Wheat Bran Companilactobacillus paralimentarius FCE 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 WBC Durum Wheat Bran Pediococcus pentosaceus 

CRBE Soft Wheat Fine Bran Lactiplantibacillus pentosus WBD 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 FMA Durum Wheat Middling micronized Lactiplantibacillus plantarum 

CRCB Soft Wheat Fine Bran Lacticaseibacillus songhuajiangensis FMB 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 FME Durum Wheat Middling micronized Lactiplantibacillus pentosus 

CRCE Soft Wheat Fine Bran Pediococcus pentosaceus WFA Durum Wheat Middling Pediococcus pentosaceus 

TCA Soft Wheat Tritello Lactiplantibacillus plantarum WFC Durum Wheat Middling Latilactobacillus curvatus

TCB Soft Wheat Tritello Lactobacillus pentosus WFE Durum Wheat Middling Levilactobacillus brevis

TCD Soft Wheat Tritello Leuconostoc mesenteroides WFF Durum Wheat Middling Lactiplantibacillus plantarum 

LANCC Soft Wheat Tritello Pediococcus pentosaceus DT0A Rye Bran Lactiplantibacillus plantarum 

TBA Soft Wheat Tritello Limosilactobacillus fermentum RBA Rye Bran Levilactobacillus brevis

TBB Soft Wheat Tritello Latilactobacillus curvatus RBB Rye Bran Latilactobacillus curvatus

TBC Soft Wheat Tritello Lactiplantibacillus plantarum RBC Rye Bran Pediococcus pentosaceus 

TBD Soft Wheat Tritello Pediococcus pentosaceus RBD Rye Bran Limosilactobacillus fermentum 

TBE Soft Wheat Tritello Companilactobacillus paralimentarius RBE Rye Bran Companilactobacillus paralimentarius 

LACTIC ACID BACTERIA
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Table 4.9. Source of isolation and molecular identification of the yeast isolated from sourdough prepared with different milling by-products. 

 

STRAIN SOURCE Identification STRAIN SOURCE Identification

CB1 Soft Wheat Bran Pichia kudriavzevii FC2 Soft Wheat Middling Kazachstania servazzii

CC1 Soft Wheat Bran Pichia kudriavzevii FC3 Soft Wheat Middling Pichia kudriavzevii 

LANC1 Soft Wheat Bran Saccharomyces cerevisiaeFB1 Soft Wheat Middling Pichia Kudriavzevii 

CRB1 Soft Wheat Fine Bran Saccharomyces cerevisiaeFB2 Soft Wheat Middling Saccharomyces cerevisiae

CRB2 Soft Wheat Fine Bran Pichia kudriavzevii KAZ2 Soft Wheat Middling Kazachstania servazzii

CRC1 Soft Wheat Fine Bran Saccharomyces cerevisiaeWB1 Durum Wheat Bran Pichia kudriavzevii 

CRC2 Soft Wheat Fine Bran Kazachstania servazzii LANC2 Durum Wheat Bran Saccharomyces cerevisiae

CRC4 Soft Wheat Fine Bran Pichia kudriavzevii WB3 Durum Wheat Bran Saccharomyces cerevisiae

TC1 Soft Wheat Tritello Saccharomyces cerevisiaeWF1 Durum Wheat Middling Saccharomyces cerevisiae

TC2 Soft Wheat Tritello Kazachstania unispora WF2 Durum Wheat Middling Kazachstania unispora

TC3 Soft Wheat Tritello Pichia kudriavzevii WF3 Durum Wheat Middling Pichia kudriavzevii 

TB1 Soft Wheat Tritello Pichia kudriavzevii FM1 Durum Wheat Middling micronized Pichia kudriavzevii 

TB2 Soft Wheat Tritello Kazachstania unispora FM2 Durum Wheat Middling micronized Kazachstania unispora

TB3 Soft Wheat Tritello Saccharomyces cerevisiaeFM3 Durum Wheat Middling micronized Saccharomyces cerevisiae

FC1 Soft Wheat Middling Saccharomyces cerevisiaeRB1 Rye Bran Saccharomyces cerevisiae

YEASTS ISOLATES



98 

 

The LAB and yeasts isolated from the branôs sourdough are reported to be characteristic of traditional 

sourdoughs. In fact, LAB, obligately homofermentative and facultatively or obligately 

heterofermentative, are the typical of sourdough (De Vuyst et al., 2014; Gänzle & Ripari, 2016; 

Gobbetti et al., 2014). Several studies also reported that the typical yeasts of the sourdough belong to 

the genera Saccharomyces, Kazachstania and Pichia (Gobbetti et al., 2014). 

4.3.4. Characterization and selection of the best microbial consortium 

In order to select the best microbial consortia, several yeast and LAB strains representative for the 

isolated species were characterized.  

Specifically, the studied strains are reported in Table 4.10. 

Table 4.10. Strain selected and characterized. 

  STRAIN  SOURCE 

L
A

B
 

LANCA Latilactobacillus curvatus Soft Wheat Fine Bran 

LANCB Leuconostoc mesenteroides  Soft Wheat Fine Bran 

LANCC Pediococcus pentosaceus  Soft Wheat Tritello 

FBA Levilactobacillus brevis Soft Wheat Middling 

FBB Lactiplantibacillus pentosus  Soft Wheat Middling 

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  

Y
e

a
s
t 

KAZ2 Kazachstania servazzii Soft Wheat Middling 

FM2 Kazachstania unispora 
Durum Wheat Middling 

micronized 

FB1 Pichia Kudriavzevii  Soft Wheat Middling 

LANC1 Saccharomyces cerevisiae Soft Wheat Bran 

4.3.4.1. Antibiotic Susceptibility 

The antibiotic susceptibility was evaluated on eight LAB strains and the results are reported in Table 

4.11. The results are compared with the EFSA cut-off which, that according to the minimum 

inhibitory concentrations (MIC), can be used to determine the resistance (R) or susceptibility (S) of 

the strain to a specific antibiotic.   



99 

 

Table 4.11.  Evaluation of minimum inhibitory concentrations (MIC, mg/L) of five specific antibiotics against eight selected LAB.  The resistance or 

susceptibility of a strain to a specific antibiotic are indicated, in relation to EFSA cut-off, by R or S respectively.

                                  

    Ampicillin  

EFSA 

cut-

off  

R/S Erythromycin  

EFSA 

cut-

off  

R/S Tetracycline 

EFSA 

cut-

off  

R/S Clindamycin 

EFSA 

cut-

off  

R/S Gentamicin 

EFSA 

cut-

off  

R/S 

Label Strain mg/L mg/L   mg/L mg/L   mg/L mg/L   mg/L mg/L   mg/L mg/L   

LANC A 
Latilactobacillus 

curvatus 
2 4 S 0.022 1 S 0.37 8 S 0.015 1 S 2 16 S 

LANC B 
Leuconostoc 

mesenteroides 
2 2 S 0.03 1 S 8 8 S 0.015 1 S 1 16 S 

LANC C 
Pediococcus 

pentosaceus 
4 4 S 0.06 1 S 12 8 R 0.015 1 S 1 16 S 

FBA Levilactibacillus brevis 2 2 S 0.03 1 S 8 8 S 1 1 S 0.5 16 S 

FBB 
Lactiplantibacillus 

pentosus 
1 2 S 0.045 1 S 8 32 S 0.022 2 S 0.75 16 S 

FBC 
Lactiplantibacillus 

plantarum  
0.5 2 S 0.03 1 S 8 32 S 0.75 2 S 0.25 16 S 

FBE 
Limosilactibacillus 

fermentum 
0.19 2 S 0.015 1 S 0.37 8 S 0.015 1 S 0.09 16 S 

FBF 
Companilactibacillus 

paralimentarius 
0.75 4 S 0.03 1 S 2 8 S 0.12 1 S 0.5 16 S 
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The results evidenced that all the considered strain showed a susceptibility to all the antibiotics 

considered. The only exception was represented by Pediococcus pentosaceus LANC C which showed 

resistance to Tetracycin with MIC level of 12 mg/L against the EFSA cut-off corresponding to 8 

mg/L. Leuconostoc mesenteroides LANC B and Pediococcus pentosaceus LANC C showed low 

susceptibility to Ampicillin and Tetracycline while, Levilactibacillus brevis FB A showed low 

susceptibility also to Clindamycin. Among all the considered antibiotics, Erythromycin, Clindamycin 

and Gentamicin showed the highest bactericidal effect. 

4.3.4.2. Antagonistic Activity  and Antimicrobial Peptides Production 

Antagonistic activity of the selected four yeasts and nine LAB was evaluated considering the 

inhibition of foodborne pathogens such as Listeria monocytogenes, Escherichia coli and Salmonella 

enteritidis, including Listeria innocua, which shares the same ecological niche of L. monocytogenes 

and is often considered a non-pathogenic surrogate, spoiling microorganisms (Leuconostoc 

mesenteroides, Pediococcus spp.) or technologically important species (Saccharomyces cerevisiae).  

The main results are reported in Table 4.12. The results obtained showed that all the LAB strains 

considered were characterized by a strong antagonistic activity against Listeria monocytogenes, 

Listeria innocua, Escherichia coli, Salmonella enteritidis, Leuconostoc mesenteroides and 

Pediococcus damnosus. In fact, the inhibition halos were higher than 40mm for most of the LAB 

tested. As expected, S. cerevisiae was the most resistant target strain considered and only limited 

inhibition halos were observed. Considering the yeast strains, only Kazachstania unispora FM2 

showed a significant inhibition of the target strains. On the other hand, this strain was the most 

efficient among the yeast ones to reduce the medium pH value (Table 4.13).  

Through an agar spot test of the filtered and neutralized cell-free supernatants, the capability to 

produce antimicrobial peptides was evaluated but the results showed that none of the microbial strains 

tested produced active bacteriocins against the target microorganisms considered. 

Table 4.13 shows the ability of the yeast and LAB strains considered to acidify the cell growth 

substrate, YPD and MRS respectively, after 24 hours of growth at the optimum growing temperature 

(30°C).  



101 

 

Table 4.12.  Antagonistic activity of the selected microbial strains, against several foodborne pathogens and spoiling microorganisms expressed as 

inhibition halos. 

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

++++    Diameter of inhibition halo higher than 40 mm 

 

 

Strains 
Listeria 

monocytogenes 

ATCC 13932 

Listeria innocua 

DSM 2029Y 

Escherichia 

coli 555 

Salmonella 

enteritidis  

Leuconostoc 

mesenteroides 

M17G20 

 

Pediococcus  
damnosus 

11 

Saccharomyces 

cerevisiae SPA  

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  ++++ ++++ +++ ++++ ++ +++ - 

FB F 
Companilactibacillus 

paralimentarius  
++++ ++++ +++ ++++ ++ +++ - 

FB G 
Lacticaseibacillus 

songhuajiangensis 
++++ ++++ ++++ ++++ +++ ++++ + 

KAZ 2 Kazachstania servazii  + + - - - - - 

FM 2 Kazachstania unispora  ++ ++ + + + + - 

LANC 1 Saccharomices cerevisiae  - - - - - - + 

FB 1 Pichia kudriavzevii  - - - - - - - 
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Table 4.13.  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). 

Regardless of the strain considered, pH values below 4.0 were reached within 24 hours. The media 

inoculated with Lactobacillus plantarum FBC and Lactobacillus fermentum FBE reached the lowest 

pH values of 2.88 and 3.13 respectively, while the yeasts considered supernatants showed pH values 

between 4.02 and 4.16, excepted Pichia kudriavzevii, which acidified only up to pH of 5.38. 

The results obtained indicate that most of the selected microbial strains are characterized by rapid 

growth and acidification kinetics and are able to inhibit foodborne pathogens through the production 

of organic acids (mainly lactic and acetic acids). In addition, the absence of sensitivity of S. cerevisiae 

to micro-organisms present in the preferments is of great technological importance 

In fact, it is important that its metabolic activities are not inhibited by the addition of preferments, 

because, even if the addition of sourdough is foreseen, in baking applications S. cerevisiae is used 

during the leavening phase. 

4.3.5. Screening on the selected formulations and microbial consortia  

On the bases of the results obtained from the antibiotic susceptibility and the antagonist activity 

analysis together with the volatile molecule profiles and the growth kinetics data of the in vitro 

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 

FB C 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 
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characterization (data not showed), 11 microbial consortia with the potential to optimally ferment the 

selected milling by-product mixture were identified. 

The formulated microbial consortia are reported in Table 4.3. These 11 microbial consortia were then 

tested on the selected milling by-product formulations, reported in Table 4.2., to identify the optimal 

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 

1 

LANC A Latilactobacillus curvatus LANC 2  Saccharomyces cerevisiae 

LANC B Leuconostoc mesenteroides  LANC 1 Saccharomyces cerevisiae 

LANC C Pediococcus pentosaceus      

2 

FB A Levilactobacillus brevis FB 1 Pichia Kudriavzevii  

FB B Lactiplantibacillus pentosus  FB 2 Saccharomyces cerevisiae 

FB C Lactiplantibacillus plantarum      

FB E Limosilactobacillus fermentum      

FB F 
Companilactobacillus 

paralimentarius  
    

3 
LS 1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

4 
DG 1 Fructiactobacillus sanfranciscensis  KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

5 LS 1 Latilactobacillus curvatus LBS  Saccharomyces cerevisiae 

6 DG 1 Fructiactobacillus sanfranciscensis  LBS  Saccharomyces cerevisiae 

7       Bakery Saccharomyces cerevisiae 

8 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

LANC B Leuconostoc mesenteroides  FM 2 Kazachstania unispora 

LANC C Pediococcus pentosaceus      

9 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

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 

11 

FM A Lactiplantibacillus plantarum  KAZ 2 Kazachstania servazzii 

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 by-product mixtures were tested to assess the impact of inoculated microbial consortia on 

pre-fermented samples. The pre-fermented 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 and milling by-products formulation. 

The results obtained from acidification kinetics and the organoleptic acceptability of pre-fermented 

samples are reported in Table 4.14. 

Table 4.14.  Performances in terms of acidification kinetics (pH decrease) and organoleptic 

acceptability, of selected microbial consortia inoculated on the 7 milling by-product formulations. 

The measurements are relative to the starting time (0h), 17h, 24h, 24h after the first refreshment of 

the pre-ferment (48h R1) and 24 h after the second refreshment (72h R2). 

Consortium 1 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX 1 6,37 ± 0,02d 5,05 ± 0,03c 4,41 ± 0,03cd 4,20 ± 0,05c 4,07 ± 0,02b ***  

MIX 2 6,37 ± 0,02d 4,99 ± 0,10c 4,68 ± 0,13b 4,36 ± 0,09b 4,13 ± 0,09b **  

MIX 3 6,40 ± 0,01d 5,36 ± 0,05b 4,49 ± 0,11bc 4,32 ± 0,06b 4,13 ± 0,04b ***  

MIX 4 6,52 ± 0,01c 5,98 ± 0,09a 5,11 ± 0,08a 4,89 ± 0,02a 4,77 ± 0,05a *  

MIX 5 6,71 ± 0,03a 5,29 ± 0,02b 4,66 ± 0,06b 4,21 ± 0,03c 4,11 ± 0,12bc **  

MIX 6 6,68 ± 0,01a 5,01 ± 0,08c 4,39 ± 0,02d 3,99 ± 0,08c 4,00 ± 0,03c **  

MIX 7 6,65 ± 0,01b 5,11 ± 0,05c 4,48 ± 0,04c 4,00 ± 0,05c 3,97 ± 0,02c **  

                                  

Consortium 2 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX 1 6,37 ± 0,03d 6,33 ± 0,05a 4,18 ± 0,13e 4,12 ± 0,11bcd 5,65 ± 0,10b ***  

MIX 2 6,42 ± 0,02d 6,30 ± 0,10a 4,08 ± 0,03e 4,21 ± 0,06b 5,36 ± 0,02c **  

MIX 3 6,40 ± 0,02d 6,37 ± 0,08a 4,15 ± 0,12e 4,32 ± 0,07b 6,01 ± 0,05a *  

MIX 4 6,55 ± 0,03c 6,33 ± 0,04a 5,28 ± 0,01a 4,66 ± 0,01a 5,11 ± 0,12d *  

MIX 5 6,62 ± 0,02b 6,26 ± 0,06a 4,89 ± 0,05b 4,11 ± 0,03c 5,26 ± 0,03d **  

MIX 6 6,66 ± 0,02ab 5,99 ± 0,07b 4,66 ± 0,08c 4,01 ± 0,05d 4,66 ± 0,02e **  

MIX 7 6,68 ± 0,02a 6,01 ± 0,06b 4,46 ± 0,06d 3,99 ± 0,07d 4,48 ± 0,11f **  
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Consortium 3 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX1 6,48 ± 0,02b 5,96 ± 0,03b 4,65 ± 0,04e 4,08 ± 0,10b 4,12 ± 0,05b ***  

MIX2 6,47 ± 0,01b 6,01 ± 0,04b 5,11 ± 0,01a 4,10 ± 0,08b 4,05 ± 0,04b **  

MIX3 6,49 ± 0,02b 5,98 ± 0,01b 5,10 ± 0,02a 4,25 ± 0,09b 4,08 ± 0,08b **  

MIX4 6,55 ± 0,01a 6,25 ± 0,02a 4,99 ± 0,05b 4,51 ± 0,04a 4,26 ± 0,04a ***  

MIX5 6,55 ± 0,02a 5,98 ± 0,06b 4,89 ± 0,02c 4,33 ± 0,03b 4,11 ± 0,06b ***  

MIX6 6,56 ± 0,01a 5,76 ± 0,02d 4,55 ± 0,06e 4,11 ± 0,06b 4,04 ± 0,07b **  

MIX7 6,58 ± 0,02a 5,82 ± 0,04c 4,76 ± 0,02d 4,22 ± 0,11b 4,11 ± 0,06b **  

                                  

Consortium 8 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX1  6,43 ± 0,02c 4,98 ± 0,02c 4,21 ± 0,05b 4,02 ± 0,04c 4,08 ± 0,12a ***  

MIX2 6,45 ± 0,01c 5,11 ± 0,06bc 4,41 ± 0,04a 4,22 ± 0,02a 4,15 ± 0,02a ***  

MIX3 6,45 ± 0,01c 5,22 ± 0,05a 4,46 ± 0,11a 4,26 ± 0,08a 4,11 ± 0,05a **  

MIX4 6,55 ± 0,02b 5,15 ± 0,02b 4,44 ± 0,03a 4,21 ± 0,05a 4,03 ± 0,05b ***  

MIX5 6,61 ± 0,01a 5,01 ± 0,11c 4,26 ± 0,05b 4,11 ± 0,06b 4,16 ± 0,02a ***  

MIX6 6,54 ± 0,02b 4,86 ± 0,09c 4,18 ± 0,06b 4,04 ± 0,12b 4,04 ± 0,08b ***  

MIX7 6,57 ± 0,02b 4,79 ± 0,13c 4,11 ± 0,02c 4,09 ± 0,08b 4,11 ± 0,06a ***  

                                  

Consortium 9 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX1  6,41 ± 0,01d 4,95 ± 0,02e 4,03 ± 0,05c 3,98 ± 0,03c 4,04 ± 0,05b ***  

MIX2 6,39 ± 0,02d 5,07 ± 0,05c 4,31 ± 0,05b 4,11 ± 0,04b 4,05 ± 0,04b ***  

MIX3 6,41 ± 0,01d 5,16 ± 0,03b 4,23 ± 0,06bc 4,08 ± 0,12bc 3,99 ± 0,08bc **  

MIX4 6,51 ± 0,02c 5,35 ± 0,13a 4,58 ± 0,04a 4,31 ± 0,07a 4,28 ± 0,04a ***  

MIX5 6,62 ± 0,01a 5,11 ± 0,08b 4,01 ± 0,08c 3,98 ± 0,06c 3,90 ± 0,06c ***  

MIX6 6,57 ± 0,02b 4,91 ± 0,07e 4,09 ± 0,13c 3,96 ± 0,09c 3,89 ± 0,07c ***  

MIX7 6,56 ± 0,01b 4,87 ± 0,06e 4,13 ± 0,10c 4,05 ± 0,04bc 3,96 ± 0,06bc ***  

                                  

Consortium 10 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX1  6,48 ± 0,02d 5,58 ± 0,06c 4,97 ± 0,02d 4,48 ± 0,02e 4,22 ± 0,07bc ***  

MIX2 6,49 ± 0,02d 5,79 ± 0,05b 5,11 ± 0,02c 4,76 ± 0,06b 4,33 ± 0,10b **  

MIX3 6,46 ± 0,02d 5,99 ± 0,08a 5,06 ± 0,11cd 4,61 ± 0,05c 4,36 ± 0,06b **  

MIX4 6,58 ± 0,02c 6,11 ± 0,12a 5,64 ± 0,07a 5,11 ± 0,10a 4,89 ± 0,10a **  

MIX5 6,71 ± 0,01a 5,28 ± 0,05d 4,36 ± 0,09b 4,22 ± 0,03f 4,11 ± 0,06c ***  

MIX6 6,69 ± 0,01a 5,38 ± 0,06d 4,47 ± 0,05e 4,26 ± 0,04f 3,99 ± 0,04c ***  

MIX7 6,67 ± 0,01b 5,39 ± 0,10d 4,50 ± 0,06e 4,20 ± 0,08f 4,11 ± 0,03c ***  
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Consortium 11 

  pH   

Formulation 0h 17h 24h 48h R1 72h R2 

organoleptic 

acceptability 

MIX1  6,41 ± 0,02c 5,78 ± 0,10c 5,10 ± 0,11d 4,68 ± 0,04d 4,33 ± 0,05e ***  

MIX2 6,38 ± 0,02c 5,99 ± 0,04b 5,33 ± 0,06c 5,01 ± 0,02bc 4,88 ± 0,04b **  

MIX3 6,39 ± 0,01c 6,08 ± 0,05b 5,54 ± 0,05b 5,11 ± 0,08b 4,76 ± 0,11b **  

MIX4 6,53 ± 0,02b 6,23 ± 0,08a 5,88 ± 0,01a 5,33 ± 0,05a 5,00 ± 0,03a **  

MIX5 6,65 ± 0,02a 5,66 ± 0,06cd 5,22 ± 0,09cd 4,61 ± 0,06 4,31 ± 0,08e **  

MIX6 6,62 ± 0,01a 5,58 ± 0,07d 5,19 ± 0,04d 4,71 ± 0,10d 4,41 ± 0,06e ***  

MIX7 6,62 ± 0,01a 5,64 ± 0,04c 5,23 ± 0,02cd 4,91 ± 0,08c 4,56 ± 0,02c ***  
For each column considered, the data indicated with different letters are significantly different. 

Most of 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 showed better performance in all 7 formulations of by-products were 1, 

8 and 9, all characterized by the presence of the same LAB, Latilactobacillus curvatus 

LANCA, Leuconostoc mesenteroides LANCB and Pediococcus pentosaceus LANCC. In particular, 

these consortia reached the optimal acidification level within the first 24h of fermentation and 

maintained a stable pH also after the two refreshments of the pre-ferment. In addition, consortium 2 

showed good acidification kinetics within the first 24h, but an increase in pH was observed after the 

refreshment of the pre-ferment. This pH instability was due to an alteration in the optimal ratio 

between LAB and yeasts. 

In fact, as shown in Figure 4.4, compared to consortium 2, the other microbial consortia tested were 

characterized by an optimal LAB:yeasts ratio of 100:1 for the whole period, regardless of the 

refreshments. 

About organoleptic acceptability, formulations containing durum wheat ingredients (i.e. MIX5, 

MIX6 and MIX7) received the best score when fermented with consortia 8, 9, 10 and 11. Moreover, 

these consortia also showed the best performance in terms of microbial growth rate and acidification 

kinetics. 

Finally, consortium 3, composed of Latilactobacillus curvatus LS1 and the two yeasts Kazachstania 

servazzii KAZ2 and Kazachstania unispora FM2, showed the best performances on the mixtures 4 

and 5 containing rye bran, showing a high organoleptic acceptability score. 
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Figure 4.4. Growth kinetics of yeasts and LAB, expressed as log CFU/g, of the consortium 1, 2, 3, 

8, 9, 10, 11on the 7 milling by-products formulations (MIX 1-7) after the inoculum (0h) and after 

different times during fermentation at room temperature (0h, 24h, 48h, 72h). 

4.3.6. Short Chain Fatty acids and Volatile Molecule Profile 

The volatile molecule profile and short chain fatty acids were investigated on the most interesting 

pre-ferments at different times of fermentation and after the refreshment.  On the bases of the 

consortium and the mixture of by-products used, specific profiles in terms of volatile molecules were 

detected. Microbial consortia were tested on each of the seven by-product formulations (data not 

shown) and specific profiles of aromatic compounds associated with the composition of microbial 

consortia were detected. 

Specifically, the content increase of acetic acid, and short chain fatty acids, such as pentanoic, 

hexanoic, heptanoic and octanoic acid, in the starting formulations was mainly due to the 

heterofermentative LAB metabolism. Both the presence of Saccharomyces or Kazachstania increased 

the presence of esters, mainly ethyl acetate and the ethyl ester of hexanoic and heptanoic acid, while 

the specific presence of Saccharomyces cerevisiae increased the presence of alcohols.  

The principal component analysis (PCA) was performed on the results of the different pre-ferments 

after 24 hours of fermentation, to better understand the effects of the tested microbial consortia on 

the volatile molecules profile of the different samples.  



110 

 

 

 

Figure 4.5. Projection of cases (a) and variables (b) obtained by PCA elaboration of volatile 

molecule profile characterizing the pre-ferments obtained by different consortia and by-products 

formulations. 
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Fig. 4.5 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 21.16% and 16.98%, respectively, of the 

total variance among the different samples. 

Although not all consortia and mixtures of by-products are reported, it is clear that the clusterization 

of samples in the factorial plan (1X2) was mainly influenced by the consortia used. In fact, regardless 

the pre-ferment formulations, the samples fermented with consortia 1 were grouped together in the 

lower right side. The projection of the variables underlines that this difference is due to a stronger 

presence of esters due to the metabolism of this consortium. Moreover, the pre-fermented mixtures 

obtained from consortia 2 were separated from the samples obtained from fermentation of consortia 

1 along the PC1 ranking in the lower left quadrant. The molecules which contributed to the separation 

were principally furans and acids. Finally, the samples obtained from consortia 3, 4, 5, 6 and 7 mapped 

on the upper left side, separating from the other two consortia along the PC2. In 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 with by-products from soft wheat and MIX 7 obtained from 

durum wheat by-products 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 characterization of the milling by-products obtained from soft and durum wheat and rye, from a 

physio-chemical point of view showed interesting results. The presence of polyunsaturated fatty acids 

in by-products, such us linoleic, linolenic and oleic acids having functional roles and considered 

aroma precursors, makes them particularly interesting for the formulation of pre-fermented 

ingredients. The wheat germ is subject to oxidation due to its high concentration of total and 

unsaturated fatty acids; however, the high content of proteins makes it suitable for use in combination 

with other milling by-products. Moreover, the processing degree of by-products can affect, to a 

different extent, the physio-chemical characteristics of the product, for example, micronization, 

affects the starch content. 

The fermentation of milling by-products with a microbial consortium composed of Saccharomyces 

cerevisiae as yeast and Latilactobacillus curvatus, Leuconostoc mesenteroides and Pediococcus 

pentosaceus as 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 processing (micronization). For this reason, the 6 formulations obtained with soft or durum 

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

As a result, an understanding of the differences and variability of the different by-products resulted 

in 7 formulations consisting of different combinations of by-products appropriate for fermentation. 

Among 79 LAB and 37 yeast isolated from the different sourdough, 10 LAB and 4 yeasts were 

selected for a more in-depth characterization in order to identify the most promising strains to be 

included in microbial consortia to be used in milling by-product formulations. 

The promising results of the antibiotics susceptibility analysis and the strong antagonistic activity of 

the LAB against all the pathogenic bacteria tested, made them technologically advantageous for their 

application in the bakery sector. On the other hand, the strains tested were not competitive with S. 

cerevisiae, one of the most technologically important yeasts in the sector. Finally, the high capacity 

of almost all LAB strains and yeast tested to acidify the growth substrate is a positive aspect that 

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 characteristics and the volatile molecule profile of the previously selected 7 by-products 

formulations. In particular, consortia 1, 8 and 9 showed good performance in all 7 by-products 

formulations tested. Specifically, MIX 1 and 7, composed by milling by-products obtained from soft 

and durum wheat respectively, received the best scores of organoleptic acceptability when fermented 

with consortium 8. In fact, in these formulations, consortium 8, composed by Latilactobacillus 

curvatus LANC A, Leuconostoc mesenteroides LANC B and Pediococcus pentosaceus LANC C as 

LAB and Kazachstania servazzii KAZ2 and Kazachstania unispora FM2 as yeasts, reached the 

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

100:1 during the entire fermentation period (including refreshments). 

In terms of rye bran mixtures, the microbial consortium capable of providing the best organoleptic 

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 product. Specifically, consortium 8 was selected for the 

fermentation of MIX 1 formulated with soft wheat by-products and MIX 7 obtained from durum 

wheat by-products, while consortium 3 was selected for the fermentation of MIX 4 formulated with 

rye bran. They were in fact the most interesting to produce fermented ingredients for baking. 
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Abstract 

During the cereals milling processing, several by-products are produced. Despite their widely 

recognized health properties, 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 moment, its technological 

and functional potential is not fully exploited. The milling by-products functionality can be increased 

by fermentation. In fact, fermentation with well-characterized microbial cultures, yeast or lactic acid 

bacteria, represents a useful tool to improve the quality, processability and functionality of fermented 

cereal products or high-fiber ingredients, such as sourdough bread, fermented wheat bran and whole-

meal flour. 

The advantages of the fermentation of two selected microbial consortia, was tested on three 

formulations obtained by mixing milling by-products fractions from soft and durum wheat and from 

rye bran mixed with wheat germ, in order to promote the production of milling by-products 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 consumption (Verni et al., 2019). Among cereals, wheat, 

rice, corn, barley, rye, sorghum and oats are the most important worldwide (Zamaratskaia et al., 

2021). During milling processing, several by-products are produced and classified on the basis of 

particle size and endosperm content, but bran and germ represent the major ones (Coda et al., 2014). 

Currently, cereal bran and germ are mainly used as a feed supplement, while the application in the 

food sector plays only a minor role (Gobbetti, de Angelis, di Cagno, Polo, et al., 2019; Onipe et al., 

2021; Verni et al., 2019). However, the interest in the use of bran and germ in food formulation has 

increased gradually over the years, due to their widely recognized health properties (Coda et al., 2015; 

Prückler et 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 potential (Luithui et al., 2019).  

For example, rye bran represents a valuable by-product due to its valuable composition (33.4% 

cellulose, 5.3% hemicellulose, 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, anti-inflammatory, and anticancer properties (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 and alkylresorcinols texture of food, reducing consumer acceptance 

to a certain extent (Dziki, 2022; Verni et al., 2019). Also, wheat germ is reported to be one of the 

potentially excellent sources of much-needed vitamins, minerals, dietary fibre, calories, proteins, and 

some functional micronutrients (Boukid et al., 2018; Rizzello, Nionelli, Coda, de Angelis, et al., 

2010). However, the presence of wheat germ adversely affects the keeping quality as well as the 

reprocessing quality of the flour and bran, due mainly to the oxidation of unsaturated fatty acids 

(Rizzello, Nionelli, Coda, de Angelis, et al., 2010; Verni et al., 2019). 

Literature data shows that fermentation and some enzymatic treatments of cereal bran may increase 

its functionality (Coda et al., 2015; Onipe et al., 2021). In fact, some technological and health 

promoting properties of bran can be increased by the activity of selected microorganisms or microbial 

consortia (Bertsch et al., 2020; Verni et al., 2019). Fermentation performed by selected microbial 

strains and consortia is the most promising way to reduce the phytate content of cereals and bran 

increasing their nutritional values (Zhang et al., 2022). In addition, fermentation with well-

characterized microbial cultures, yeast or lactic acid bacteria (LAB), represents a useful tool to 
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improve the quality, processability and functionality of fermented cereal products or high-fiber 

ingredients, such as sourdough bread, fermented wheat bran and whole-meal flour (Filannino et al., 

2018; Spaggiari et al., 2020). Literature data showed that fermentation allows to increase the content 

of total phenols and ferulic acid of peeled and native rye bran (Katina et al., 2007). While, depending 

on the microorganism used on wheat bran, fermentation 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 activity (Arte et al., 2015; Coda et al., 

2014; Duhan et al., 2016; Katina et al., 2007; Manini et al., 2014; Servi et al., 2008; Zhao et al., 

2017). In addition, fermentation of wheat germ with selected strain of lactic acid bacteria is able to 

enhance antioxidant activity due to phenolics or bioactive peptides and to increase the content of free 

amino acids and minerals (Niu et al., 2013; Rizzello, Nionelli, Coda, di Cagno, et al., 2010). 

In this context, the aim of this work was to characterize for functional, nutritional and technological 

features pre-fermented ingredients, obtained from the fermentation of formulation obtained by mixing 

soft wheat by-products, durum wheat by-products and rye 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 milling by-products as food ingredients. 

5.2. Material and methods 

5.2.1. Raw material 

The milling by-product 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 experimentation. Specifically, the by-products 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 physio-chemical potential, of organoleptic acceptability, the 

fermentation response (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 Wheat Bran 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 by-products and provides the best characteristics to the three 

selected by-product mixtures.  

Specifically, consortium 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 collection of the Department of Agricultural 
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and Food Sciences of Bologna University and were isolated from spontaneously fermented wheat and 

rye bran. 

All LAB and yeasts strains were maintained as frozen stocks (ī80 ÁC) respectively on Maltose Man 

Rogosa Sharpe (mMRS) medium (Thermo Fisher, Milan, Italy) and on Yeast ExtractïPeptoneï

Dextrose (YPD) medium (Thermo Fisher, Milan, 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 

3 
LS 1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

8 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

LANC B Leuconostoc mesenteroides  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 milling by-products. The strains member of 

microbial consortium were previously propagated, as reported above, and then cultivated in mMRS 

broth for 24h at 25°C for LAB and in YPD broth for 24h at 25°C for Kazachstania unispora and 

Kazachstania servazii. The strains were than collected by centrifugation at 15.000 rpm washed twice 

in physiological solution (0.9% NaCl) and finally the cell pellet was resuspended in physiological 

solution. The strains were inoculated in the hydrated milling by-product 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 inoculated 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 but fermented with 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 pre-ferments were obtained for each sample: milling by-products 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) and not-fermented milling 

by-products mixture (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 media m-MRS+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 pre-ferments stability was assessed also by the determination of color during the fermentation 

process. Color was assessed by a Minolta® CR-400 colorimeter (Milan, Italy), previously calibrated 

using a standard white ceramic tile, in standardized illuminant (C) and observation angle (0 with 

respect to an area of 8 mm in diameter) 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 performed, 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 fiber, 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 according to da Rocha Lemos Mendes et 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 according to Oliveira et al. 

(2011). The carbohydrate content (%) was calculated by subtracting the contents of ash, fat, fibre and 

protein from 100% dry matter, according to Costantini et al. (2014). Sugar content was evaluated 

according to Luchese et al., (2015), while Dietary fiber was evaluated according to AACCI Approved 

Method 32ï07.01 as reported by Khalid 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 the pre-fermented samples using a GC-

MS coupled with a solid phase microextraction technique, according to Burns et al., (2008) with some 

modifications. The samples (3 g), placed in sterile vials, were added with 6 ɛl of standard 4-methyl-

2-pentanol at 10,000 mg/kg and heated for 10 min at 45 °C. The fibre (SPME Carboxen/PDMS, 85 

ɛm, Stalleflex Supelco, Bellefonte, PA, USA) used in the absorption phase was kept in the headspace 

for 30 min. Adsorbed molecules were desorbed for 10 min during the running in the gas-

chromatograph column Chrompack CP-Wax 52 CB (Chrompack) with 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 spectrometer (Agilent 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 temperatures were 250, 

250 and 230 °C, respectively. The carrier gas was helium, with a flow rate of 1 mL/min. Ionic 

fragmentation occurred with an electronic impact at 70 eV. 

Volatile peak identification was carried out by computer matching of mass spectral data with those 

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 was analyzed using Gas-Chromatography combined 

with Mass Spectrometry according to the method reported in Boselli et al., (2001) with some 

modifications. Briefly, samples (6.0 g) were suspended in 75 mL of 1:1 (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 KCl were added 

and incubated for 16 h at 25 °C. The fatty acids in organic lower phase were recovered by filtration 

in presence of 5 g of Na2SO4 anhydrous and evaporation at 40 °C using a Rotavapor (IKA RV8). The 

lipidic extracts were resuspended in n-hexane and stored at -80 °C. Total fatty acids (FAs) 

methylation was carried out on 20 mg of lipidic extract using 2N methanolic KOH. For each sample, 

free fatty acids (FFAs) were obtained from the total lipid extracts using aminopropyl bonded sorbent 

columns (SPE-NH2) ISOLUTE (Biotage, UK). Columns were equilibrated with 10 mL of n-hexene, 

loaded with 200 mg of total lipid extract and washed using 10 mL of chloroform / iso-propanol (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 methyl esters were obtained by directly adding to each sample 50 µL 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 standard and while 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 Agilent 5970 mass selective detector operating in 

electron impact mode (ionization voltage, 70 eV). A Chrompack CP-Wax 52 CB capillary column 

(50 m length, 0.32 mm i.d., 1.2 ɛm df) was used (Chrompack, Middelburg, The Netherlands). The 

temperature program was 130 °C 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 performed with a split ratio 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 Technology-United States Environmental Protection Agency-National 

Institute of Health (1998) and according to the Registry 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 of Gas-Chromatography combined with 

Mass Spectrometry and Solid Phase Micro Extraction- GC/MS/SPME according to Scarnato et 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 of Tris-HCl (pH 8.8) 50mm, stored at 4°C 

for 1-hour vortexing every 15 minutes, and centrifuged at 20,000g for 20 minutes. The supernatant 

containing albumins and globulins was used to determine the peptides concentration by the o-

phtaldialdehyde (OPA) method according to Coda et al. (2012). As a reference, a standard curve 

prepared with tryptone (0,1 to 1,5 mg/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 antioxidant 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 selected pre-fermented 

ingredients using different methodologies. 
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The 2,2-diphenyl-1-picryl-hydrazyl-hydrate assay (DPPH) was used according to (Rizzello et al., 

2012). For the calculation of the ɛmol DPPH radical dot scavenged by the extracts the absorbance 

value measured after 10 minutes was read 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'-azino-bis (3-ethylbenzothiazoline-6-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 at 734 nm, and 30 ɛl of extract sample or 30 ɛl of ethanol/water (1:1 v/v) for the 

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 Folin-Ciocalteu 

methodology as reported by Slinkard & Singleton, (1977) The 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 pre-fermented bakery products in both aerobic and anaerobic 

fermentation models was evaluated. 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 SKT-IT preparation protocols, all samples tested were dried, stabilized and stored at room 

temperature until prebiotic analysis.  

The prebiotic activities were determined for several bacterial strains (Lactiplantibacillus plantarum 

ATCC 8014, Lacticaseibacillus rhamnosus ATCC 7469, Lactobacillus acidophilus ATCC 4356, 

Limosilactobacillus fermentum ATCC 9338, Bifidobacterium breve DSM 20091). Bifidobacterium 

angulatum DSM 20098, Bifidobacterium longum DSM 20219 were purchased from Medical-Supply 

Co. Ltd. (Ireland), while Escherichia coli ECOR 1 (ATCC 35320) was purchased in freeze-dried 

form from ATCC-LGC Standards (UK). The prebiotic index (PI) of the various strains were 

calculated using the following formula: 
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Prebiotic Index=(24  ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ έὪ ὴὶέὦὭέὸὩ έὲ ὴὶὩὦὭέὸὭὧ)ī(24 ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ Ὥὲ ὧέὲὸὶέὰ 

ὓὙὛ)(24  ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ έὪ ὴὶέὦὭέὸὩ έὲ ὫὰόὧέίὩ)ī(24 ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ Ὥὲ ὧέὲὸὶέὰ ὓὙὛ) ÷ (24 

 ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ έὪ ὉὧέὰὭ έὲ ὪὩὩὨ)ī(24 ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ Ὥὲ ὧέὲὸὶέὰ ὒὄὃ)(24  ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ 

έὪ ὉὧέὰὭ έὲ ὫὰόὧέίὩ)ī(24 ὭὲὧὶὩὥίὩ Ὥὲ ὕὈ Ὥὲ ὧέὲὸὶέὰ ὓὙὛ) 

The formula determined the ratio of growth of Lactic acid bacteria or Bifidobacterium species using 

commercial prebiotics (FOS, GOS and inulin) and preferments relative to the growth of the non-

probiotic E. coli. With the modified formula, glucose yielded a score 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 PI scores were obtained for those strains that grew less on prebiotics or biomass than 

on glucose or/and exhibited less growth on the prebiotics than the enteric strains Huebner et 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 Sigma Aldrich (Merck). 

5.2.12. Statistical analysis  

The results are expressed as the mean of three different samples from three repeated experiments on 

different days. 

The data were statistically analysed using the one-way ANOVA procedure of statistica 6.1 (StatSoft 

Italy srl, Vigonza, Italy). The differences between mean values were detected by the HSD Tukey test, 

and evaluations were based on a significance level of P Ò 0.05. 

5.3. Results and Discussion 

5.3.1. Microbiological analysis and pH 

The pre-fermented mixtures obtained from 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 micro-organisms of consortium 8 composed by 3 

LAB (Latilactobacillus curvatus LANC A, Leuconostoc mesenteroides LANC B and Pediococcus 

pentosaceus LANC C) and 2 yeasts (Kazachstania servazzii KAZ2 and Kazachstania unispora FM2). 

While the mixture obtained from rye bran (MIX4) was fermented by consorzium 3 composed by a 

LAB (Latilactobacillus curvatus LS1) and 2 yeasts (Kazachstania servazzii KAZ2 and Kazachstania 

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 each pre-ferment obtained by microbial 

consortia fermentation a control sample was obtained with benchmark bakery yeast. 



125 

 

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/g, respectively, 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/g while L. curvatus reached a cellular load of 9.24 Log CFU/g. The two selected Kazachstania 

strains also significantly increased their cell load to levels between 7.41 and 7.87 Log CFU/g. In any 

case, all pre-ferments obtained with the selected microbial consortia were characterized by an 

adequate yeast 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 fermentation, had pH values not lower than 5, while the pre-fermentation values 

obtained with the selected microbial consortia reached pH levels between 3.99 and 3.79. 

The pH variation so different between the pre-ferments obtained by the selected microbial consortia 

and 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 sensory effects.  

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 fermentation, which affect the nutritional and functional quality of 

the dough and the final bread (Gobbetti et al., 2014). For example, (Gänzle et 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 of whole wheat flour due to the increased activity of flour endogenous phytase 

(Leenhardt et al., 2005).  
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Table 5.4. pH variation and Yeast and Lactic Acid Bacteria (LAB) cell loads recorded in pre-fermented samples MIX 1, MIX7 and MIX 4 before (0h) 

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). 

 

    
pH ± SD 

Log CFU/g ± SD 

    Yeast  LAB  

    0 h 24 h 0 h 24 h 0 h 24 h 

MIX1  
C8 6,32 ± 0,10a 3,99 ± 0,15c 4,35 ± 0,20b 7,53 ± 0,09c 6,17 ± 0,19b 9,66 ± 0,14a 

Benchmark 6,21 ± 0,18a 5,16 ± 0,14b 8,10 ± 0,34a 8,40 ± 0,07a   -      -    

MIX4  
C3 6,50 ± 0,12a 3,79 ± 0,11c 4,62 ± 0,11b 7,41 ± 0,07c 6,68 ± 0,07a 9,24 ± 0,05b 

Benchmark 6,45 ± 0,16a 5,86 ± 0,14a 7,88 ± 0,33a 8,01 ± 0,04b   -      -    

MIX7  
C8 6,40 ± 0,14a 3,95 ± 0,19c 4,39 ± 0,16b 7,87 ± 0,02b 6,08 ± 0,13a 9,54 ± 0,05a 

Benchmark 6,25 ± 0,17a 5,75 ± 0,13a 7,67 ± 0,30a 7,91 ± 0,06b   -      -    
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 requirements for pre-fermented 

ingredient to be used in the bakery sector. The oxidative phenomena can lead to rapid browning that 

make the pre-ferment no longer acceptable from an industrial point of view. For this reason, the color 

of the pre-ferment samples has to be taken into account. In this regard, pre-ferments were visually 

analyzed before (0h) and after fermentation (24h) and compared with the control pre-ferments 

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).  
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Figure 5.1. Appearance of MIX 1, MIX7 and MIX 4 before (0h) 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). 
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The color variation of the pre-fermented 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, samples fermented with the 

selected microbial consortia, regardless of the by-product 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 were subjected to 

colorimetric analysis. The colorimetric indices lightness (L*), redness (a*) and yellowness (b*) of 

the pre-ferment samples before (0h) and after 24 h of fermentation were reported in Figure 5.2. The 

samples obtained from microbial consortia fermentation were compared with the control samples 

obtained from the inoculation of commercial benchmark bakery yeast.  

The results obtained underlined that each pre-ferment was characterized by specific color parameters. 

In fact, MIX4, regardless of the fermentation 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 

Redness and Yellowness index, respectively.  

In general, after 24 hours of fermentation, the Lightness index was higher in pre-ferments obtained 

by selected microbial consortia than the benchmark control samples, except for MIX7 which followed 

the opposite trend. On the other hand, statistical analysis pointed out that, after fermentation, the 

Lightness index remained unchanged in MIX7C8. 
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 Figure 5.2. Average lightness (L*), redness (a*) and yellowness (b*) values before (0h) 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 by-product (before and after fermentation with benchmark or selected microbial 

consortium), different letters indicate significantly different data. 

During the 24 hours of fermentation, a reduction in Redness index was recorded for pre-ferments 

obtained by the milling by-products fractions from soft and durum wheat (MIX1 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 the pre-ferments obtained 

from durum wheat by-products 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 

pre-ferment obtained from soft wheat by-products showed a faster decay in terms of change in color 

indexes compared to the other preferments considered. 

5.3.3. Nutritional profile  

The pre-fermented ingredients obtained from 24h of fermentation with the selected microbial 

consortia were characterized for the nutritional composition. In particular, fat, saturated 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 reported in Figure 5.3. 

Statistical analysis of the data found no significant differences between pre-ferments obtained with 

selected microbial consortia and those obtained with yeast benchmark. Moreover, even among the 

pre-ferments obtained from different milling by-products, no significant differences were observed. 

A higher fat content was found for MIX7 (2.3-2.1 g/100g) followed by MIX1 (1.7-1.9 g/100g), while 

MIX4 was characterized by the lower fat content (1.2-1.6 g/100g). As evident from the figure, 

saturated 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 

g/100g. 

In addition, as regards the content of carbohydrates and simple sugars, no significant differences 

between the pre-ferments were observed. In fact, regardless of the pre-ferment considered, the 

carbohydrate content was in the range of 3.0 and 3.4 g/100g, while simple sugars were between 0.0 

and 0.4 g/100g. 

The total protein content of the pre-fermented 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 was observed 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 fiber and proteins, expressed as 

g/100g, of the different selected pre-ferments (MIX1C8, MIX7C8 and MIX4C3) compared with the 

respective pre-ferments obtained by using a benchmark bakery yeast (benchmark). For each 

compound, different letters indicate significantly different data.  

As expected, among all the compounds analyzed, the total fiber content was the highest and ranged 

between 13,7-16,1 g/ 100g, depending on the pre-ferment considered. The highest amount of fiber 

was observed for the MIX4 (15.5-16.1 g/100g) followed by MIX7 (14.5-14.6 g/100g), while MIX2 

showed the lowest content (13.7-14.1 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 benchmark. In 

particular, pre-fermented mixtures obtained from the fermentation of soft wheat by-products and rye 

bran with consortia C8 and C3 respectively, suffered a decrease in the total fibre content of 0.4-0.6 

g/100g, compared to the benchmark. This slight decrease in the total 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 the pre-ferment samples (data not showed). 

The results showed that, regardless of the pre-ferment 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 Kcal/100g.  
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5.3.4.  Volatile molecule profiles 

The milling by-products formulations inoculated with the selected microbial consortia and the 

respective controls obtained using commercial brewerôs yeast (benchmark) were analyzed, 

immediately after formulation (NF) and 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 basis of the pre-

ferment considered, specific profiles in terms of volatile molecules were detected and the results are 

illustrated in Figure 5.4.  

 

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 pre-fermented samples obtained after 24h of fermentation 

by a benchmark bakery yeast (benchmark). For each volatile compound, different letters indicate 

significantly different data. 

The fermentation process led to a qualitative/quantitative increase of the aromatic molecules present 

in the pre-fermented 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 in pre-ferments obtained from 

selected microbial consortia. In particular, among the acids, the molecules 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 acid is the result of LAB metabolism (Pétel et al., 2017).  Among esters, ethyl acetate was 

the most representative molecule in both selected pre-ferments and control while the unfermented 

samples did not contain it. On the other hand, esters are the result of microbial fermentation of flour, 

in particular they are characteristic of Saccharomyces cerevisiae fermentation and they are 

responsible for the aroma of bread  (Jin et al., 2021; Pico et al., 2015; M. Zhang et al., 2018). Finally, 

about alcohols, ethyl alcohol was the most representative molecule in all pre-fermented samples 

regardless of the fermenting agent. However, pre-ferments obtained from selected microbial consortia 

were richer in 1-hexanol than benchmark samples which was distinguished only by a high content of 

ethyl alcohol. On the other hand, in sourdough, yeast fermentation alcohols are higher than in 

inoculated dough (Pétel et al., 2017). Moreover, it is widely known that Saccharomyces cerevisiae 

has a strong alcohol dehydrogenase activity that makes it one of the most important microorganisms 

from a technological point of view (de Smidt et al., 2008). Instead, 1-hexanol characterizing the 

selected pre-ferments is a lipid oxidation compound and is mainly due to LAB metabolism (Gobbetti 

et al., 1995; Kaseleht et al., 2011a). In fact, some LABs can convert certain lipid oxidation 

compounds into their corresponding alcohols (Vermeulen, 2006) and significantly reduce lipid 

oxidation during fermentation (Czerny & Schieberle, 2002; Gänzle et al., 2007). 

 In order to identify the differences between the pre-fermented samples obtained by the selected 

microbial consortia, the average of raw data detected for volatile 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 % and 18.21 %, respectively, of the total variance among the different samples. 

The pre-fermented 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 used in the formulation. 

In particular, the unfermented samples were on the right side and were divided distinctly along the 

PC2. In contrast, pre-fermented samples with selected microbial consortia were on the left side and, 

in particular, the samples formulated with the milling by-products fractions obtained from soft and 

durum wheat were grouped in the upper left side and were separated by the pre-ferment obtained with 

rye bran along the PC2. The molecules that contributed to the separation between the pre-ferments 

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,2,6-dimethyl- and 2,3-Butanedione and alcohols like 1-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 selected pre-ferments (MIX1C8, MIX7C8 and MIX4C3) 

after 24h of fermentation, compared with the respective unfermented mixture (MIX1NF, MIX7NF, 

MIX4NF). 
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By contrast, the molecules characterizing the pre-ferments obtained with the C8 consortium were 

predominantly alcohols including 2-Penten-1-ol, 3-Nonen-1-ol, 1-Octen-3-ol, 1-Pentanol, 1-Octanol, 

and some esters such as Octanoic acid, ethyl ester and Hexanoic acid, Ethyl ester. Kaseleht et al. 

(2011b) and Lund et al. (1989) confirmed that some molecules found in the pre-ferments obtained 

from rye bran belong to the main volatile compounds of rye sourdough. On the other end, the literature 

emphasizes how the microbial 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 modified (Pétel et al., 2017). This aspect justifies the greater separation 

of MIX4C3 from pre-ferments 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 three pre-fermented mixtures 

after 24 hours of fermentation 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 are reported 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 bakery yeast. However, the total fat content of each preferment was 

strongly dependent on the formulation in terms of milling by-products ingredients. In fact, milling 

by-products fractions from durum wheat (MIX7) were characterized by a higher lipidic content 

compared to soft wheat by-products (MIX1), while rye bran is characterized by the lowest lipidic 

content. On the other hand, as reported in Chapter 4, each milling by-product fraction was 

characterized by a specific lipid content. The 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 pre-ferment samples were palmitic (C16:0), linoleic (C18:2 n-

6), linolenic (C18:3 n-3) and oleic acids (C18:1 ȹ9) representing, on average, 31.37, 40.50, 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. 

Sample   

Lipid extracted/100g 

bran  

(g) 

Dry matter  

(%) 

Lipid extracted on 

dry matter  

(%) 

MIX1 

NF 1,64 ± 0,22ab 29,5 ± 0,21a 5,55 ± 0,42b 

Benchmark 1,70 ± 0,89ab 29,5 ± 0,21a 5,62 ± 0,40b 

C8 1,57 ± 0,15b 29,6 ± 0,23a 5,31 ± 0,35b 

MIX4 

NF 0,96 ± 0,21c 29,4 ± 0,22a 3,27 ± 0,42c 

Benchmark 1,20 ± 0,16c 29,4 ± 0,21a 3,95 ± 0,32c 

C3 1,16 ± 0,15c 29,6 ± 0,20a 3,91 ± 0,36c 

MIX7 

NF 2,02 ± 0,23a 29,6 ± 0,24a 6,81 ± 0,44a 

Benchmark 2,09 ± 0,15a 29,5 ± 0,22a 7,20 ± 0,36a 

C8 2,13 ± 0,18a 29,3 ± 0,20a 7,27 ± 0,39a 

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

 

 

Figure 5.6. Fatty acids quantification of different by-products mixtures fermented for 24h with the 

selected microbial consortia and compared to unfermented samples (NF). 

However, the pre-ferment composition strongly affected the amount of FA. As in Table 5.5 the pre-

ferment obtained by mixing milling by-products fractions from durum wheat (MIX7) were 

characterized by the higher amount of FA followed by pre-ferment made from soft wheat by-products 

(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 pre-fermented samples is of great industrial interest because they are characterized by 

nutritional, functional and health-promoting effect (Rizzello, Nionelli, Coda, di Cagno, et al., 2010), 

moreover they are precursors of aromatic and antimicrobial compounds (i.e. Furanones)(Ndagijimana 

et al., 2006) 

Short chain fatty acids (SCFA) were determined by means of Gas-Chromatography combined with 

Mass Spectrometry and Solid Phase Micro Extraction- GC/MS/SPME, and the obtained results are 

reported in Figure 5.7. 

 

Figure 5.7. Total amount of short chain fatty acids, expressed in mg/kg, detected in the different 

selected pre-ferments (MIX1C8, MIX7C8 and MIX4C3) after 24h of fermentation and compared with 

the respective control pre-ferments obtained by using a benchmark bakery yeast (Benchmark) and 

the not-fermented mixtures (NF). Different letters indicate significantly different data. 

The total amounts of SCFA were measured in pre-ferment mixtures and compared with pre-ferments 

obtained from by a benchmark bakery yeast and the unfermented milling by-product mixtures. The 

results, in mg/kg, highlighted the strong impact of the consortia used on the starting matrix. In fact, 

the SCFA content in milling by-products mixtures, obtained by the selected microbial consortia 

fermentation was significantly higher than both unfermented and fermented mixtures with a 

benchmark bakery yeast. The concentration of SCFA was strictly dependent on the fermentation 

agents used, whereas the pre-ferment mixture used did not significantly affect the content. In fact, 
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independently of the pre-ferment considered, the samples obtained from 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 production of SCFA in pre-fermented 

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 conditions (LeBlanc et al., 2017). 

The SCFA composition of the pre-ferment samples analyzed is shown in Figure 5.8.  

 

Figure 5.8. Composition of short chain fatty acids, expressed in mg/kg, detected in the different 

selected preferments (MIX1C8, MIX7C8, and MIX4C3) after 24h of fermentation and compared with 

the respective pre-ferments controls obtained by using a benchmark bakery yeast (Benchmark) and 

the not-fermented mixtures (NF). 

Acetic acid, propanoic acid, butanoic acid, butanoic acid 3-methyl-, pentanoic acid, hexanoic acid 

and octanoic acid were detected. Unfermented pre-ferment mixtures were characterized by a low 

SCFA content, specifically hexanoic acid. The fermentation process affected the composition in 

SCFA. In fact, during fermentation with benchmark yeast 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 increase. 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 inflammation (Kasubuchi et al., 2015). Moreover, SCFA also contributes to the taste 

of breadcrumbs (Birch et al., 2013). 

5.3.6. Peptide concentration and phytate content 

Peptide concentration was determined by the o-phtaldialdehyde method (OPA) on the milling by-

product mixtures after 24 h of fermentation 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 found in pre-ferment 

cells is expressed in mg/ml and represented in Figure 5.9.  

 

Figure 5.9. Bioactive peptides, expressed as mg/ml, detected in the different pre-fermented 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 of bio-active peptides depended on the pre-fermented sample 

considered. Specifically, the pre-ferment samples containing the milling by-product fractions from 

soft wheat (MIX 1), after 24 h of fermentation, possessed a higher content of bio-active peptides, 

regardless of the fermentation agent used, compared to mixtures obtained from durum wheat (MIX 

7) or rye (MIX 4). In any case, the fermentation by the selected microbial consortia led to an increase 

in bio-active peptides compared to the concentration found in the control samples fermented with a 

commercial bakery yeast (Benchmark).  
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The functional importance of bioactive peptides is widely demonstrated. In fact, literature attributes 

to the bio-active peptides activities such as mineral binding, immunomodulatory, antimicrobial, 

antioxidative, antithrombotic, hypocholesterolemic and antihypertensive, are attributed to them 

(Coda et al., 2012). The release of various bioactive peptides (e.g., angiotensin I-converting enzyme 

[ACE]-inhibitory peptides) from proteins through proteolysis by lactic acid bacteria in various food 

systems is well documented (Tagliazucchi et 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 observed 

in the pre-ferments obtained by selected consortia. 

The pre-ferments were also 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 results are illustrated in 

Figure 5.10.  

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 pre-ferments controls obtained by using a benchmark bakery yeast (Benchmark) 

and the not-fermented mixtures (NF). Different letters indicate significantly different data. 

The phytate content was influenced by the considered MIX. In particular, the mixture containing the 

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 



142 

 

phytate amount. The results were in accordance with the raw material analyses reported in Chapter 

5. In all cases, a decrease in phytats was observed as a result of the fermentation process compared 

with unfermented mixtures. In particular, fermentation with the selected microbial consortia resulted 

in a higher 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-ferments. On the other hand, phytic acid is an anti-nutritional compound capable to interfere with 

the absorption of fundamental micronutrients such as iron, zinc, calcium, magnesium and manganese 

due to its chelating properties (Bohn et al., 2004; Gupta et al., 2015; Phillippy, 2006). The phytic acid 

reduction allows to increase the bioavailability of many cations and thus the functionality and 

nutritional value of pre-fermented ingredients (Coulibaly et al., 2010; Gupta et al., 2015). Therefore, 

the ability of these selected microbial consortia to reduce phytate content is an important achievement.  

5.3.7. Antioxidant activity and total polyphenols 

The antioxidant activity of the pre-ferments after 24h from the inoculum with the selected microbial 

consortia was assessed using two analytical methodologies (ABTS and DPPH). The pre-fermented 

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. 

 

Figure 5.11. Antioxidant activity, determined by ABTS of the different selected pre-ferments 

(MIX1C8, MIX7C8, and MIX4C3) compared with the respective pre-fermented control samples 
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obtained by using a benchmark bakery yeast (Benchmark) and the not fermented mixtures (NF). 

Different letters indicate significantly different data. 

 

Figure 5.12. Antioxidant activity, determined by DPPH of the different selected pre-ferments 

(MIX1C8, MIX7C8, and MIX4C3) compared with the respective pre-fermented control samples 

obtained by using 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 compounds in pre-ferment 

samples showed in Figure 5.13. In fact, in comparison to both unfermented and benchmark yeast 

fermented controls, the pre-ferments obtained from selected microbial consortia showed a significant 

increase in total phenol concentrations. As evidenced by the antioxidant activity analysis, also in this 

case, the highest content of total phenols belonged to the formulation containing rye bran fermented 

for 24h by consortium 3 (MIX4C3). In any case, the increase in total phenols, compared to the 

unfermented controls, was between 20 and 60% according to the pre-fermented sample considered. 

Moreover, according Gobbetti et 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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Figure 5.13. Concentration of phenols, expressed in Gallic acid mg eq/ kg dry sample, detected in 

the different selected pre-ferments (MIX1C8, MIX7C8, and MIX4C3) compared with the respective 

pre-fermented control samples 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 

activity, and glutathione, the main non-enzymatic antioxidant and scavenger of free-radicals 

(Laurent-Babot & Guyot, 2017). 

5.3.8. Prebiotic activity 

The prebiotic activity of pre-fermented mixtures with selected microbial consortia was evaluated in 

both aerobic and anaerobic fermentation models. The values in Table 5.6 were used to calculate the 

prebiotic index (PI) scores reported in Table 5.7. 

In Table 5.7. the PI value was positive for all pre-fermented samples with selected microbial 

consortia, this means that all probiotic bacteria grew higher than enteric strains (E. coli). 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 of pre-ferments. In addition, MIX1, 4 and 7 scores 

showed higher PI 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 time 24ha 

  
Unsupplemented 

MIX1  MIX7  MIX4  
Glucose FOS Inulin  

Bacterial Culture NF C8 NF C8  NF C3 

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. rhamnosus 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 0,21 ± 0,01 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 0,44 ± 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 0,31 ± 0,01 0,21 ± 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 35320 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 carbohydrates and preferments. 
a Increase in cell density over 4 days reported for Bifidobacterium breve and Bifidobacterium longum. 

 

 

Table 5.7. Prebiotic indices of pre-fermented ingredients and commercial prebiotic products. 

 MIX1  MIX7  MIX4  
FOS  INULIN  

Bacterial strains  NF C8 NF C8  NF C3 

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 DSM 20091 1.35 8.95* -0.09 0.87 1.96 0.82 1.59 5.7 

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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This result could be given by the metabolic activity of the selected microbial consortia that were able 

to reduce the oligosaccharides of the pre-ferments by influencing the growth of the probiotic bacteria 

studied. Among the samples analyzed, the pre-ferment obtained from the durum wheat by-products 

formulation and fermented with Consortium 8 (MIX7C8), showed the highest PI scores with 

significant differences (p<0.05) in all strains, except for Bifidobacterium breve which achieved a 

maximum score of 0.87. The prebiotic 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 milling by-product fractions and of the 

microorganisms isolated from the latter, in Chapter 4 it was possible to identify 3 by-products 

formulations and 2 microbial consorti. The formulations 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 LAB (Latilactobacillus curvatus LANC A, Leuconostoc 

mesenteroides LANC B and Pediococcus pentosaceus LANC C) and 2 yeasts (Kazachstania servazzii 

KAZ2 and Kazachstania unispora FM2). While the formulations MIX4 obtained from rye bran and 

germ was fermented by consorzium 3 composed by a LAB (Latilactobacillus curvatus LS1) and 2 

yeasts (Kazachstania servazzii KAZ2 and Kazachstania unispora FM2). 

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 modification of the 

functional, nutritional and technological characteristics of pre-fermented ingredients. In fact, the 

fermentation by the selected microbial consortia led to a greater acidification due to the increase of 

organic acids which positively influence the aromatic profile of the final product. In addition, matrix 

acidification increases the shelf-life of the pre-ferment and final bread as well as ensuring better 

digestibility and an increase in the bioavailability of fundamental micronutrients. In fact, the 

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 microbial consortia 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 the pre-fermentation samples after 24 

hours of fermentation at 25 ºC. This aspect is very important from a technological point of view. In 

fact, in view of large-scale production, it may be necessary to store the pre-ferment and use it over 
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time, therefore it is necessary to have a pre-ferment stable from the visual as well as nutritional, 

microbiological and organoleptic point of view.  

The nutritional composition of pre-ferments 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 

pre-ferments 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 pre-fermented samples is of great industrial interest 

because they are aromatic and antimicrobial compounds precursors, but are also especially 

characterized by nutritional, functional and health-promoting effect. Finally, the pre-fermented 

mixtures with selected microbial 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 of pre-ferments by positively influencing the growth of probiotic 

bacteria. Therefore, the prebiotic potential of pre-ferment samples obtained from selected microbial 

consortia may have high functional and technological relevance. However, further analysis should be 

carried out on finished bakery products, such as bread.  

In this regard, selected pre-ferments will be used as ingredients in the formulation of innovative 

bakery products. Preliminary tests will be performed to identify the most effective quantity to be 

added to the final dough formulations for the bakery. Afterwards, the bakery will be carried out at 

Barilla S.p.A. and the samples obtained will be analyzed from a functional, nutritional and 

technological point of view. 
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Abstract 

The interest in the use of bran and germ in food formulation 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 ingredients. The characterization, in Chapter 

5, of fermented milling by-products with selected microbial consortia highlighted the importance of 

fermentation in the pre-ferment. The use of 20% on the flour of the pre-fermented ingredients, 

obtained by mixing milling by-products fractions from the processing 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 products. The innovative 

bread prototypes obtained were characterized by an encouraging volume of the loaf and rheological 

characteristics. The pre-fermented ingredients gave bread samples a greater quantity of aromatic 

molecules as well as an increase in short-chain fatty acids, antioxidant activity and total phenol 

content, providing 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 worldôs population, contributing to 60% of total world food production. Corn, rice, wheat, rye, 

barley, sorghum, millet and oats are the most important cereals in the world (Hill & 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 year (Verni et al., 2019). The two main by-products obtained 

during traditional milling procedures, are germ and bran. The by-products 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 vitamins, minerals and fiber but is also 

composed of a high content of unsaturated fatty acids that make it susceptible to oxidation adversely 

affecting the shelf-life and technological properties of flour. Soft and durum wheat bran, but also rye 

bran is composed by non-starch 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 7%) (Hemdane et al., 2016; 

Juhnevica-Radenkova et al., 2021).  

The by-products of the milling industry are also characterized by the presence of bioactive 

compounds with health benefits. Rye bran is one of the richest sources of ferulic acid (Dziki, 2022), 

a compound with antioxidant, anti-inflammatory and anti-cancer properties (ZduŒska et al., 2018), 

as well as alkylresorcinols and sterylferulates with anticancer and antioxidant potential (Liukkonen 

et al., 2003; Patel, 2012b; Ross et al., 2004). While Brouns et 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 alkylresorcinols and minerals, as phosphorus and iron. In addition, high levels of bran dietary 

fiber attribute some physiological effects to milling by-products. In fact, the consumption of whole-

grain foods rich in fiber report benefits in reducing the risk of gastrointestinal cancer (Anson et al., 

2011; J. M. Chan et al., 2007; Hamer et al., 2008; Schatzkin et al., 2008), type 2 diabetes (de Munter 

et al., 2007) cardiovascular diseases (Jacobs & Gallaher, 2004) and obesity (Fardet, 2010; Kumar et 

al., 2017b; Sivam et al., 2010; Slavin, 2008). 

Despite the many benefits, the by-products of the milling industry are mainly intended for use as feed, 

substrates for bio-refineries. However, consumers prefer naturally fortified foods, therefore, the 

interest in the use of bran and germ in food formulation has gradually increased over the years, but 

its current use is too limited in comparison to its production rate (Luithui et al., 2019). Moreover, the 

technological and functional potential of these by-products is currently not being fully exploited. For 



151 

 

example, wheat bran contains considerable levels of phytic acid, which reduces the bioavailability of 

minerals by strongly chelating them.  

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 cultivar (Seyer & Gélinas, 2009), the particle size (Zhang 

& Moore, 1999) and other treatment applied to bran (Gómez et al., 2011; Mosharraf et 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 of fiber-rich bakery products, mainly concerning the 

use of enzymes and the use of biotechnology techniques such as fermentation (Katina et al., 2012b; 

Nordlund et al., 2013; Rizzello, Nionelli, Coda, di Cagno, et al., 2010; Salmenkallio-Marttila et al., 

2001). The use of fermentation processes, alone or coupled to technological or biotechnological 

processing techniques, may improve the nutritional, technological and functional properties of cereal 

by-products and enforce their use in food production by modifying the starting matrix (Verni et al., 

2019). In fact, during fermentation with lactic acid bacteria and yeasts 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 by-products with better health, nutritional and 

technological properties (Teixeira et al., 2018; Capozzi et al., 2012; Hole et 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 a formulation containing 20% 

of a pre-fermented ingredient, already characterized in Chapter 5. The three pre-ferments were 

obtained by mixing milling by-products fractions from the processing of soft and durum wheat and 

rye bran and wheat germ inoculated with two selected microbial consortia.  

6.2. Material and Methods 

6.2.1. Pre-ferments production 

The experimental research was based on the milling by-products mixtures prepared according to the 

method reported in Chapter 5. Specifically, three by-product formulations, 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 wheat by-products fraction 

respectively, were fermented by microbial consortia 8, while MIX4, composed mainly of rye bran, 

was fermented by consortia 3. 

Each pre-ferment 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 pre-fermented 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 

3 
LS 1 Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

    FM 2 Kazachstania unispora 

8 

LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

LANC B Leuconostoc mesenteroides  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 from spontaneously fermented wheat and rye bran, 

were previously refreshed respectively in Yeast Extract-Peptone-Dextrose (YPD) medium (Thermo 

Fisher, Milan, Italy) and Maltose Man Rogosa Sharpe (mMRS) medium (Thermo Fisher, Milan, Italy) 

as described in Chapter 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 milling by-products 

mixtures. The fermentation was performed in a sanitized tank at room temperature for 20-22h, 

depending on the preferment. 

The pre-fermented 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 pre-ferment (on flour) in the bakery recipe was the 

best option. The three bread samples obtained with the selected pre-ferments (MIX1 B, MIX7 B and 

MIX B) were compared with two kinds of control, one obtained without the addition 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 pre-ferment). 

 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 oil 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, leavening, baking, cooling and packing. 

The packaging of the bread was carried out without the aid of ethanol for storage. 

The bread prototypes produced were characterized during the shelf-life for them chemical-physical 

parameters, volatile molecule profile, shelf-lif e, texture and rheological analysis, antioxidant activity, 

short chain fatty acids and fatty acid composition. 
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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, the bread 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 Devices, Inc Pullman, 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 samples were 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 Micro System, 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 gap between compressions (Gámbaro et al., 2002). 

The considered textural parameters were hardness (kg), cohesiveness and gumminess (kg). The test 

results are based on the average of several measurements taken on numerous slices of bread from 

three different samples. 

6.2.5. Shelf-life assessment 

The shelf-life of ethanol-free 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 molecule profiles analyses were performed on the innovative bread samples using a GC-

MS coupled with a solid phase microextraction technique, according to Burns et al., (2008) with some 

modifications described in Chapter 5. The analysis was performed with an Agilent Technology 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 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 

equivalents on the internal standard used (4-methyl-2-penthanol). 

6.2.7. Fatty acids profile and short chain fatty acids 

The fatty acid profile of the innovative bread sample was analyzed Gas-Chromatography combined 

with Mass Spectrometry according to the method reported in Boselli 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 external reference 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 operating in electron impact mode (ionisation voltage, 70 eV). A 

Chrompack CP-Wax 52 CB capillary column (50 m length, 0.32 mm i. d., 1.2 ɛm df) was used 

(Chrompack, Middelburg, the Netherlands). 

National Institute of Standards and Technology-United States Environmental Protection Agency-

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 of Gas-Chromatography combined with 

Mass Spectrometry and Solid Phase Micro Extraction- GC/MS/SPME according to Scarnato et 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 

extracted in accordance with the method described in Chapter 5. The evaluation of antioxidant activity 

was carried out on bread extracts using the 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid 

assay (ABTS) as reported by 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 out according to the Folin-Ciocalteu 

methodology as reported by Slinkard & 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 expressed as the mean of three different samples from three repeated experiments on 

different days. 

The data were statistically analysed using the one-way ANOVA procedure of statistica 6.1 (StatSoft 

Italy srl, Vigonza, Italy). The differences between mean values were detected by the HSD Tukey test, 

and evaluations were based on a significance level of P Ò 0.05. 

6.3. Results and Discussion 

In order to set some variables such as the optimal pre-ferment concentration to be used in the dough 

formulation for baking, the temperatures and times of dough rise and cooking, preliminary baking 

tests were performed on the three selected bakery pre-ferments (MIX1 B, MIX4 B and MIX7 B) (data 

not showed). The data obtained allowed to define the % of pre-ferment to be used in the dough 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 characteristics  

Samples of innovative bread obtained by adding the 20% of pre-ferment 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 the control samples obtained from the unfermented 

MIX7 (MIX7 STD) and a by-product-free 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., the 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 21 (STD and MIX1 

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 differences. Figure 6.2a shows 

that the presence of pre-fermented by-products 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 pre-fermented ingredients, MIX1 B 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 and acidity) analyzed on innovative pre-fermented by-product- based bread 

(MIX1 B, MIX7 B and MIX4 B) and the two control samples obtained without by-products (STD) and 

with unfermented MIX7 (MIX7 STD). The coefficients of variability, expressed as standard deviations 

and the mean values, ranged between 1 and 8 for process data and 0.01 and 0.6 for final product 

data. 

  Bread STD MIX7 STD MIX1 B  MIX7 B  MIX4 B  

Process 

Leavening time 

(min) 
70a 80a 70a 80a 70a 

Baking time 

(min) 
21a 23a 21a 23a 23a 

Final 

product 

Height 

(cm) 
11,00a 10,20b 9,20d 9,40d 9,80c 

Moisture 

(%) 
35,10b 36,80a 37,20a 36,60a 36,30a 

Aw 0,93a 0,93a 0,93a 0,93a 0,93a 

pH 5,30a 5,30a 4,29b 4,25b 4,24b 

Acidity  

(meq NaOH) 
7,90b 7,90b 13,10a 12,60a 11,30a 

For each parameter, different letters indicate significantly different data. 

a 
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b 

 

Figure 6.2. Bread prototypes characteristics in terms of height (cm) and moisture content (%) (a) 

and pH and titratable acidity (MEQ NaOH) (b) analyzed on innovative pre-fermented by-product- 

based bread (MIX1 B, MIX7 B and MIX4 B) and the two control samples obtained without by-

products (STD) and with unfermented MIX7 (MIX7 STD). For each parameter, different letters 

indicate significantly different data. 

However, compared to bread produced with the addition of unfermented MIX7 (MIX7 STD), the 

reduction in the volume of loaves obtained with pre-fermented ingredients can be considered 

acceptable. Also in Figure 6.3., which shows the innovative bread prototypes obtained, it is possible 

to observe that the addition of the pre-fermented 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. 

 

Figure 6.3. Innovative bread prototypes obtained. 
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The moisture content follows the opposite trend. Among the innovative prototypes, the 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 %, respectively. In contrast, 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 different from bread samples obtained with pre-fermented 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 levels (from molecular to 

macroscopic), reduces the volume of loaf and increases the hardness of the crumb (to a different 

extent depending on the composition of the bran) (Curti et al., 2013). 

No differences among samples were observed in terms of water activity 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 4.24 respectively for MIX1 B, MIX7 B and MIX4 B. A 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 meq NaOH for MIX1 B, MIX7 B and MIX4 B respectively.  

On the other hand, as reported in Chapters 4 and 5, micro-organisms belonging to selected microbial 

consortia were known for their strong acidification capacity. In fact, fermentation by typical 

sourdough microorganisms can lead to high content production of organic acids 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 its shelf-life (Gobbetti et al., 2014). 

6.3.2. Texture and rheological analysis 

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 room temperature 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, Cohesiveness and Gumminess. Specifically, Hardness was the maximum 

force of the 1st 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 after 5 days 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 value than the 

STD reference. However, no significant differences were observed between the reference STD and 

the sample MIX4 B after 2 days of storage, and even after 5 days both showed a similar increase in 

the hardness parameter. In addition, after 5 days of storage, 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 prototypes. Except for the samples produced with pre-ferment MIX1C8, the others showed a 

still acceptable hardness (<60 N) also after 5 days of storage. 

a 
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b 

 

c 

 

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 flour 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 (STD) as well as a standard bread 

produced with the addition of unfermented MIX7 (MIX7 STD). The 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, different letters 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 pre-fermented ingredients. However, also in this case, limited differences were observed 

compared to MIX7 STD. In particular, all samples containing by-products of the grinding showed a 

gumminess parameter significantly higher than the STD control, regardless of the storage time. Also 

in this case, the bread sample MIX1 B had the highest parameter. However, MIX7 B showed similar 

values after 5 days of storage. The bread sample obtained with pre-fermented rye bran (MIX4 B) 

showed the lowest gumminess values than all innovative bread prototypes and, after 5 days, was not 

significantly different from the MIX7 STD 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 from pre-fermented 

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 samples (Hartikainen et al., 2014; Hemdane, 

Langenaeken, et al., 2016; Kim et al., 2013; Liu et al., 2017). In fact, bran can be considered a 

polymer-based composite material that acts as a matrix reinforcement, therefore large bran particles 

can create a physical obstacle impacting on the mechanical properties of the matrix (Saccotelli et al., 

2017). 

6.3.3. Shelf-li fe assessment 

The bread prototypes produced in Barilla S.p.A. were packaged in a clean room without a modified 

atmosphere with ethanol. The shelf-life of ethanol-free packed bread was monitored by a visual 

evaluation of moulds presence. Some examples of end-of-shelf 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 by-products 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 with pre-ferment 

MIX1C8, while the control sample obtained from unfermented MIX7 and 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 fact, numerous 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 the shelf-life and meet the food industry 

demands (Kapetanakou & 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 with MIX 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 sensorial characteristics of the bread prototypes, the volatile molecule profiles were 

analyzed by GC-MS-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 the pre-ferment 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 prototypes. The bread samples 

used as control, without the addition of preferments (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 through GC-MS-SPME 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 variability, expressed as the percentage ratios 

between the standard deviations and the mean values, ranged between 2% and 5%. 

    

STD 

Bread 

MIX7 

STD 
MIX1 B  MIX7 B  MIX4 B  

    mg/kg 

Aldehydes 

Butanal, 3-methyl- - - 0,13 0,09 0,16 

Butanal, 3-methyl- 0,15 0,15 0,27 0,27 0,17 

Hexanal 1,14 0,93 1,75 1,82 1,35 

2,6-Octadienal, 3,7-dimethyl-,(Z)- 0,26 - 0,22 - 0,00 

Heptanal 0,23 0,19 0,29 0,35 0,21 

Octanal 0,23 0,08 0,22 0,19 0,16 

Nonanal 0,73 0,39 0,74 0,75 0,63 

3-Furaldehyde - 0,04 - 0,09 0,09 

Furfural 0,67 1,17 1,50 2,21 1,37 

Decanal - - - 0,05 0,00 

2-Nonenal, (E)- 0,08 0,04 0,14 0,17 0,10 

Benzaldehyde 0,97 0,75 1,38 1,29 1,07 

2-Furancarboxaldehyde, 5-methyl- - 0,06 0,06 0,14 0,09 

Benzeneacetaldehyde - 0,05 0,38 0,48 0,44 

Total Aldehydes 4,46 3,84 7,08 7,88 5,84 

Ketones 

2,3-Butanedione 0,31 0,34 0,44 0,37 0,37 

2-Hexanone, 4-methyl- 0,09 0,05 0,09 - 0,00 

3-Penten-2-one, 4-methyl- 0,24 0,22 0,21 0,32 0,29 

4-Heptanone, 2,6-dimethyl- 0,14 0,12 0,20 0,14 0,16 

2-Heptanone - - - 0,09 0,00 

2-Butanone, 3-hydroxy- 1,00 0,87 1,79 1,45 1,21 

2-Propanone, 1-hydroxy- 0,08 0,10 0,10 0,12 0,07 

Ethanone, 1-(2-furanyl)- 0,21 0,23 0,19 0,29 0,30 

3-Decen-5-one, 2-methyl- 0,17 - 0,14 0,14 0,17 

Total Ketones 2,24 1,93 3,16 2,91 2,57 

Alcohols 

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, 2-methyl- 0,51 0,31 0,70 - 0,00 

1-Butanol - 0,08 - 0,11 0,08 

1-Butanol, 3-methyl 2,38 2,34 5,64 4,65 4,77 

2-Hexanol 0,21 0,12 0,17 0,13 0,13 

1-Pentanol 0,17 0,15 0,30 0,33 0,19 

2-Penten-1-ol, (Z)- - - 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-Hexen-1-ol 0,10 0,08 0,12 0,10 0,08 

1-Octen-3-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 

Acids 

Acetic Acid 1,27 1,05 2,29 2,44 1,69 

Propanoic acid - - 0,06 0,08 0,00 

Butanoic Acid 0,16 0,12 0,39 0,41 0,28 

Butanoic acid, 2-methyl- 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 Acids 2,07 1,61 4,19 4,99 3,08 

Esters 

Ethyl Acetate 8,93 12,31 7,73 5,97 7,72 

Propanoic acid, ethyl ester 0,38 0,37 0,46 0,29 0,28 

Butanoic acid, ethyl ester 0,87 0,91 0,91 0,90 0,97 

Acetic acid, butyl ester - 0,08 - 0,08 0,08 

1-Butanol, 3-methyl-, acetate 0,07 0,08 0,12 0,10 0,09 

Pentanoic acid, ethyl ester - - 0,07 0,08 0,05 

3-Hexen-1-ol, acetate - - 0,08 - 0,00 

2-Butenoic acid, 3,7-dimethyl-6-octenyl ester - - 0,14 - 0,00 

Octanoic acid, ethyl ester - 0,03 0,08 0,14 0,07 

Total Esters 10,25 13,78 9,59 7,56 9,26 

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. 

 

Figure 6.6. Principal classes of compounds (expressed in mg/kg) detected in the bread prototipes 

(MIX1 B, MIX7 B and MIX4 B), compared with the two kind of control samples obtained without 

addiction of by-products (STD bread) and with the addiction of unfermented MIX7 (MIX7 STD). For 

each volatile compound, different letters indicate significantly different data. 
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On the contrary, samples obtained by the addition of 20% on flour of pre-ferment 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 qualitative point 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, aldehydes 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, 2-Butanone, 3-methyl-hexanol, hexanoic acid, butanoic 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 wheat bread containing sourdough (Plessas et 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 fermentation of yeast 

that takes place in traditional bread, in particular for the ester content (Pétel et al., 2017; Plessas et 

al., 2008). However, as the pre-ferments were added to 20% of the flour content and the dough 

underwent a baking process, the volatile from the pre-fermented ingredients were diluted. Hansen & 

Schieberle (2005) also 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 thanks to sourdough, which then 

contribute to the Maillard reaction during baking (Pétel et al., 2017). Otherwise, considering only the 

breads obtained with pre-fermented ingredients, the bread samples MIX1 B and MIX7 B showed 

higher quantities of volatile compounds 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, 

Pétel et al. (2017) points out that the content of volatile molecules in rye sourdough are lower 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 addition of innovative pre-fermented 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 and b). The Figure 6.7. (a), explained that each 

bakery prototype was different from the control samples and from the other innovative prototypes. In 

fact, each sample showed a specific volatiloma, described in Figure 6.7. (b), where the volatile 

compounds were separated from each other along the PC1 and PC2 factorial plan which account 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, MIX7 B and MIX4 B), on the basis 

of their volatile molecules, in comparison to standard breads, without the addition of pre-ferment 

(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 pre-fermented ingredients were on the left side of the graph. However, the 

bread sample obtained from the pre-ferment 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 characterized mainly 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 acid, 1-pentanol, 1-octanol, heptanol, 1-hexanol, 

1-Butanol, 3-methyl and 1-octen-3-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 6.8. The FA content was similar in all samples analyzed 

and ranged between 3.91 and 4.07g/100g. 

 

Figure 6.8. Fatty acids quantification in the different bakery prototypes obtained by the addition of 

different pre-fermented ingredients (MIX1 B, MIX7 B and MIX4 B) in comparison to standard breads, 

without the addition of preferment (STD) and with the addition of unfermented MIX7(MIX7 STD). 

The fatty acids mainly detected in all the bread prototypes considered were palmitic (C16:0), stearic 

(C18:0), oleic (C18:1 ȹ9), linoleic (C18:2 n-6) and linolenic (C18:3 n-3) acids. The amount of FA 

was dependent on the pre-ferment added. For example, compared to the control bread obtained 

without the addition of by-products, samples containing pre-fermented ingredients and the MIX7 
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STD control sample were characterized by an increased presence of linolenic acid. In contrast, 

palmitic acid was more present in 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, produced with pre-

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 milling by-products. On the other 

hand, the characterization of pre-ferments carried out in Chapter 5 showed that the pre-ferment 

MIX4C3 was characterized by a lower amount of fatty acids than all other pre-ferments. However, 

the high presence of polyunsaturated FA such as linoleic and linolenic acid brings health benefits to 

the final innovative 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 concentrations (Marpalle et al., 2015; Pan et al., 2012; Rodriguez-Leyva et 

al., 2013).  

The dependence of the quantity and quality of FA on the pre-ferment 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 represents the 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 6.9 (a) it is possible to observe that the samples obtained by the addition of milling 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 the addition of by-products 

(STD) and the bread containing rye bran (MIX4 B), along the PC1. Specifically, the samples 

containing the pre-ferments MIX1C8 and MIX7C8 were grouped on the lower left side and stood out 

from the control sample MIX7 STD for compounds such as linoleic and oleic acid. In 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 pre-ferment (STD) and with the addition of unfermented 

MIX7(MIX7 STD). 
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The bread prototypes were also assessed for short chain fatty acid (SCFA) profiles determined by 

means of Gas-Chromatography 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 

innovative breads (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 obtained from pre-fermented 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 the addition of pre-ferments (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 mg/kg, detected 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 STD). The 

coefficients of variability, expressed as the percentage ratios between the standard deviations and 

the mean values, ranged between 2% and 5%. 

  

STD 

Bread 

MIX7 

STD 
 MIX1 B   MIX7 B  MIX4 B  

  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, 2-methyl- 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 roles in insulin secretion, lipid metabolism and 

inflammation (Kasubuchi et al., 2015). Moreover, SCFA strongly contribute to the taste and flavour 

of bread crumb (Birch et al., 2013). 
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However, it is important to underline that the SCFA amount detected in innovative bakery prototypes 

is much lower than that observed in the pre-ferment samples characterized in Chapter 5. On the other 

hand, a dilution in the dough intended for baking was carried out. In fact, the addition of pre-ferment 

in the bakery recipe is 20% on flour and therefore the amount of SCFA could not be similar to that 

of the pre-fermented ingredients used in the formulation. 

6.3.6. Antioxidant activity and total polyphenols 

The antioxidant activity and total phenols content were evaluated on the innovative bakery 

prototypes. The innovative bread samples obtained by 20% on flour of pre-fermented ingredients 

from the milling by-product fractions derived from soft and durum wheat (MIX1 and MIX7) and 

from rye bran (MIX4) and fermented by selected microbial consortia (C8 and C3), were compared 

with a control bread obtained without milling by-products (STD) and a control obtained with 

unfermented MIX7 (MIX7STD). 

The antioxidant activity was carried out through the ABTS methodology and the results obtained are 

reported in Figure 6.10.  

 

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). Different letters indicate 

significantly different data. 
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The addition of pre-fermented 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 particular, 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 by-products are rich in compounds with antioxidant as well as anti-inflammatory 

and anti-cancer properties (Brouns et al., 2012; Dziki, 2022). However, the fermentation process by 

the microbial consortia selected further improved the final bread antioxidant activity. In fact, the 

microorganisms responsible for sourdough fermentation promote the production of active compounds 

with antioxidant activities such as exopolysaccharides, folates and free phenolic acids (Gobbetti, de 

Angelis, di Cagno, Polo, et al., 2019).  

To confirm the antioxidant activity results, the determination of total phenols, performed on bread 

samples, is reported in Figure 6.11. 

 

Figure 6.11. Total phenols content, expressed as gallic acid mg eq/kg dry matter, detected in the 

different bakery prototypes (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 phenols 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 phenols and of the antioxidant activity in the loaves obtained with the addition 

of the pre-ferments is a very interesting result. In fact, the pre-fermented ingredients were added in 

the bakery formulation only at 20% on the flour, therefore there was no certainty that the high 

antioxidant activity of pre-ferments, demonstrated in the previous chapter 5, could be transmitted to 

the final bread samples. 

6.4. Conclusion 

The pre-ferments obtained from the fermentation, with selected microbial consortia, of milling by-

products, used for the production of innovative breads, were previously characterized in Chapter 5. 

The formulations 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 LAB (Latilactobacillus curvatus LANC A, Leuconostoc mesenteroides LANC B and 

Pediococcus pentosaceus LANC C) and 2 yeasts (Kazachstania servazzii KAZ2 and Kazachstania 

unispora FM2). While the formulations MIX4 obtained from rye bran and germ was fermented by 

consorzium 3 composed by a LAB (Latilactobacillus curvatus LS1) and 2 yeasts (Kazachstania 

servazzii KAZ2 and Kazachstania unispora FM2). 

Following preliminary analysis carried out in order to set some variables, including the optimal 

concentration of pre-ferment to be used in the formulation of bread, the time and temperature of 

leavening and cooking, it was possible to determine that 20% of pre-ferment in the dough formulation 

was optimal. Therefore, the innovative bread prototypes were produced at the Barilla S.p.A. pilot 

plants with 20% pre-fermented ingredient on the weight of the flour and were leavened with 

commercial brewerôs yeast. The three innovative bread prototypes (MIX1 B, MIX7 B and MIX4 B) 

were compared with one control bread obtained without the addiction of milling by-product 

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% of pre-fermented 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 pre-ferment, was also acceptable and the crust color of the innovative prototypes showed a 

positive golden-brown increase. In addition, the rheological characteristics of the bread prototypes 

were not negatively affected by the addition of pre-ferments. However, as expected, an increase in 
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acidity 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 control containing unfermented MIX7, only the 

innovative bread obtained with pre-fermented soft wheat fractions, MIX1 B, showed a significant 

increase in this parameter. 

About the shelf-life of the innovative bread samples, the addition of pre-fermented ingredients 

showed a limited effect. In fact, only MIX7 B and MIX4 B bread samples showed an increase of the 

shelf-life up to 7 days compared to the control samples STD and MIX1 B that after 5 days of storage 

were subject to the development of mold on the surface. The innovative 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 by-products, strongly influenced the volatile molecules content of pre-ferments. 

The increase in SCFA, antioxidant activity and total phenols provide the innovative bread samples 

analyzed a positive effect on functionality compared to control samples. However, 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 that the pre-ferment 

obtained from the durum wheat milling by-products, MIX7C8, had the most interesting 

characteristics. In fact, from a conservation and storage point of view, the MIX7C8 suffered a lower 

and slower browning than the other two pre-ferments, an important aspect to take into account in the 

industrial scaling-up. In addition, the pre-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 profile. The pre-fermentation 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 shelf-life up to 7 days of storage. Furthermore, 

the addition of the pre-fermented ingredient did not excessively reduce the volume of the bread and 

maintained the rheological parameters in an acceptable range.  

For this reason, the pre-ferment MIX7C8 was chosen to proceed with an industrial up-scaling. The 

mixture will be tested in order to calibrate some variables including the form of storage of pre-

ferments (liquid or freeze-dried) and the degree of hydration of the mixture (if produced at an 

industrial level, transportation of the pre-ferment through plumbing requires dilution of the mixture). 

The pre-ferment, 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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Abstract 

The stability and functional value of wheat milling by-products can be improved by fermentation 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 proteolysis that occur during sourdough fermentation. 

Fermentation of durum wheat milling by-products with selected microbial consortia, performed in 

Chapters 6, showed the most interesting characteristics. In fact, this pre-ferment, added to 20% on 

flour, enriched 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 scaling-up perspective, where the pre-fermented 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 freeze-dried and the potential 

of some variables, including the bran:water ratio and the fermentation method of the wheat durum 

pre-ferment, was evaluated on the pre-ferment obtained and on bakery prototypes, in order to assess 

their effect on the characteristics of the innovative baked goods and therefore their applicability in 

bakery. Moreover, the shelf-life of the breads packaged with or without ethanol was evaluated. 

The tests, carried out at Barilla S.p.A, allowed to validate the data obtained in a lab-scale (10L) with 

a 50L fermenter and the results obtained indicated that the pre-ferments produced by modulating 

some process variables, to meet industrial needs, were suitable for the production of innovative 

prototypes. However, the use of fresh pre-ferment, in comparison to freeze-dried, led to 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 freeze-drying of the pre-ferment. 
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7.1. Introduction  

Wheat is one of the main human food 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 flour. The bran of cereals, are defined by-products 

of the milling industry that are generally used as feed, discarded or degraded lost (Helkar et al., 2016).  

Several epidemiological studies showed that fiber, and in particular wheat bran component, can 

reduce the risk of some chronic diseases including cardiovascular disease, metabolic syndrome, type 

2 diabetes and some types of cancer (de Munter et al., 2007; Koh-Banerjee et al., 2004; Mellen et al., 

2008; Sahyoun et al., 2006; Schatzkin et al., 2007; Seal, 2006). The health-promoting 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 milling by-products in food formulation. However, 

although their use in 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 material (Coda et al., 2015). 

The stability and functional value of wheat milling by-products can be enhanced by fermentation of 

raw materials through the typical sourdough microorganisms (Rizzello et al., 2012; Rizzello, 

Nionelli, Coda, de Angelis, et al., 2010). Synthesis of microbial metabolites, acidification, enzymatic 

activation, and proteolysis, cause several changes during sourdough fermentation, affecting the 

nutritional/functional quality of the dough and baked product (de Angelis et al., 2009). 

Milling by-products derived from durum and soft wheat 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 by-products by a microbial consortia, consisting of 3 lactic 

acid bacteria (Latilactobacillus curvatus LANC A, Leuconostoc mesenteroides LANC B and 

Pediococcus pentosaceus LANC C) and 2 yeasts (Kazachstania servazzii KAZ2 and Kazachstania 

unispora FM2), showed the most interesting characteristics.  

In fact, this pre-ferment, added to 20% on the flour, maintained the rheological parameters in an 

acceptable range and did not excessively reduce the volume of the loaf. In addition, the pre-fermented 

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 functionality effect 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 pre-fermented by-products to obtain functional and innovative 

bakery products faces problems when production is transferred to the industrial large-scale level. For 

example, the results reported in Chapter 6 showed a shelf-life of baked goods obtained with pre-

fermented ingredients, limited to 7-10 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 

pre-ferments such as freeze-drying and refrigerated storage. However, it is necessary to assess the 

physical state of the preferment can affect the characteristics of the final bakery prototype. 

Furthermore, the pre-ferment 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 variables. For 

example, for large industries, when the pre-ferment producer is the final user, it is necessary to 

promote the pumpability of the pre-fermented ingredient inside the production plantôs pipes. 

Therefore, assessing an increase in the bran:water ratio to 1:3, compared to the optimal 1:2 selected 

in the previous chapter, becomes necessary. From 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 oxygen in a dynamic fermentation of the by-products mixture may affect the 

metabolism and viability of the micro-organisms involved in fermentation.  

On the basis of the above considerations, the purpose of this study was to evaluate the effect of pre-

ferments preserved in different physical states on the characteristics of the baked products obtained 

and on the shelf-life of the breads packaged with or without ethanol. Moreover, the pre-ferments 

obtained following an increase in the production scale of up to 50 kg, at Barilla S.p.A., were evaluated 

and some process variables were modulated. The functional, technological, nutritional characteristics 

and the shelf-life of innovative bread prototypes obtained from pre-fermented ingredients having 

different hydration degrees 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 small-scale pre-ferments yield at microbiology laboratories of DISTAL (Campus Food 

Science, Department of Agricultural and Food Sciences, Alma Mater Studiorum, University of 

Bologna, Cesena, Italy), while the second trial involves the production of large-scale pre-ferments 

(production scale up to 50kg) at Barilla S.p.A. In addition, tests carried out on pre-ferment 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 plant at Barilla S.p.A. 
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7.2.1. Pre-ferments production in First Trial  

During the first trial the pre-ferment MIX7C8 obtained from the fermentation of durum wheat 

(Triticum durum) by-product fractions by the selected microbial consortium C8, was prepared in lab-

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 

formulations 
Consortium 8 

  
MIX 

7 
Lactic acid bacteria  Yeast 

Durum wheat Bran 

Micronized %  
25 LANC A Latilactobacillus curvatus KAZ 2 Kazachstania servazzii 

Durum wheat Middlings %  75 LANC B Leuconostoc mesenteroides  FM 2 Kazachstania unispora 

Bran:water ratio  2:1  LANC C Pediococcus pentosaceus    

 

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 acid bacteria (LAB) were inoculated at a level of 4.0 and 6.0 log CFU/g, respectively 

in the milling by-products mixtures. The fermentation was performed in a sanitized tank at room 

temperature for 22h. 

 

Figure 7.1. MIX7C8 production flowsheet at lab-scale. 1) Production of milling by-products 

ingredients (Durum wheat bran micronized and middlings) 2) Addition of the ingredients to a 



183 

 

fermenter; 3) Addition of water in proportion 2:1 respect to the milling by product; 4) Inoculation of 

yeasts and LABs, members of the selected microbial consortia; 5) Time and temperature of 

fermentation, 6) Pre-ferment 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 were stored at 6°C until their use in bakery (within 72h). 

2. Freeze-dried 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 freeze drying, the acidification kinetics, the growth 

kinetics and cell load of LAB and yeasts were. In addition, for the freeze-dried preferment the loss of 

weight after lyophilization was assessed. 

7.2.2. Pre-ferments production in Second Trial 

During the second trial the pre-fermented 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 fermenter (dynamic) 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 is a 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 the large-scale production, the formulation of MIX7 remained the same selected in Chapter 6 

and reported in Table 7.1. The pre-ferment MIX7C8 is made starting from MIX7 formulation and 

inoculated with a specific microbial consortium C8. The microbial starter, which 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 by-products mixture was inoculated at a level of 4.0 and 6.0 log CFU/g, for yeasts and LAB 

respectively, 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 and 

18h.  
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Three different preferments based on MIX7 and microbial consortia 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 

employed in the pre-ferments 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 Kg each and were used in bakery following two 

kinds of the storage methods. Preliminary tests showed that, if used within 72 hours of its production, 

MIX7C8 pre-ferment could be refrigerated without significantly properties change, on the contrary, 

if used after more than 72 hours from its production, could be frozen to avoid excessive alteration of 

the pre-fermented ingredient features. 

The fermentation time was dependent on the variables considered, and the time of fermentation was 

18 h for Pre-ferment A and 15 h for Pre-ferments B and C.  The production of the pre-ferment samples 

and the fermenter used are illustrated in Figure 7.2. 

 

Figure 7.2. Fermenter used for the production of Preferment B and C, and pictures of the preferment 

A, B and C. 
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The per-ferments 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 pre-ferments produces by Barilla S.p.A. and freeze stored were carried out. 

7.2.3. Bakery prototypes production and packaging 

Preliminary baking tests carried out in lab-scale allowed to define the % of preferment to be used in 

the dough recipe. In fact, by the evaluation of rheological, functional and sensorial analysis of the 

laboratory bread prototypes, the use of 20% of pre-ferment (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 type of pre-fermentation 

used in the two trials. The steps followed were dough ingredients mixing, forming, leavening, baking, 

cooling and packing in clean room. As leavening agent, a commercial 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 sample was produced 

without the addition of pre-ferment). 

 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 oil 1,95 3,40 

Salt 1,10 1,90 

Sugar 0,86 1,50 

 

Two kinds of control samples were considered. 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 pre-fermented ingredients was done during the dough phase and the 

amount of pre-ferment added was proportional to its physical state, due to the different amount of 

water contained. In the case of fresh pre-ferment it was added to 20% on flour, while in the case of 

freeze-dried pre-ferment 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 of by-products), 
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2. MIX7 STD (obtained by the addition of unfermented MIX7) 

3. 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 freeze-dried preferment MIX7C8). 

In order to have both short-time and long-time shelf-life prototypes, each of the 4 obtained prototypes 

was produced both with and without ethanol added during packaging, for a total of 8 different 

samples. Prototypes without added ethanol were packaged whole while those with added ethanol 

were packaged sliced as illustrated in Figure 7.3. 

The prototypes produced were characterized during the shelf-life for chemical-physical parameters, 

volatile molecule profile, microbiological shelf-life, texture and rheological analysis, antioxidant 

activity and total polyphenols content and short chain fatty acids profile. 

 

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, whole loaf indicates 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 pre-ferment added is due to the different water content 

of the obtained pre-ferments and has been established in order to add the same amount of dry 

preferment. The addition of pre-fermented ingredient in bakery recipe in reported in Table 7.3. and it 

was 20% on flour for Pre-ferment A, 28% on flour for Pre-ferment B and 30% on flour for Pre-

ferment C.  
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Table 7.3. Characteristics of the Pre-ferment 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 in fermenter 

tank 

Dynamic in 

fermenter tank  

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 shelf-life bread. Each prototype was produced in the amount of 20 Kg and named: 

1. Reference (Benchmark without the addition of by-products) 

2. MIX7 STD (Reference produced with the addition of unfermented MIX7) 

3. Bread A (obtained by adding 20% of Pre-ferment A) 

4. Bread B (obtained by adding 28% of Pre-ferment B) 

5. Bread C (obtained by adding 30% of Pre-ferment C) 

Pictures of the prototypes obtained are reported in Figure 7.4. 

 

Figure 7.4. Bakery prototypes obtained at Barilla S.p.A. using Pre-ferments 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 slice (below). 
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The prototypes obtained were characterized during the shelf-life (60 days) for the effect on process 

parameters, chemical-physical characteristics, nutritional characteristics, microbiological shelf-life, 

texture profile, sensorial analysis, volatile molecule 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, in pre-fermented ingredients, were monitored 

through plate counting on the selective agar media such as maltose-MRS (Thermo Fisher, 

Basingstoke, UK) supplemented with 0.02% cycloheximide for the enumeration of LAB, and Yeast 

extract Peptone Dextrose (YPD, Thermo Fisher, Basingstoke, UK) supplemented with 0.02% 

chloramphenicol for the enumeration of yeasts.  

In the first trial , the microbial monitoring of shelf-life was carried out through the determination of 

yeasts, LAB and moulds, while in the second trial the total aerobic bacteria (TMC), spore forming 

bacteria (SPA), yeasts and molds were monitored. In addition, to verify the microbiological safety of 

the prototypes also the presence/absence of pathogens (Bacillus cereus and Staphylococcus aureus) 

were assessed. In order to monitor the growth of total aerobic bacteria, Plate Count Agar (PCA; 

Thermo Fisher, Milan, 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 of (Corbo et al., 2000). Bacillus cereus and Staphylococcus aureus 

presence/absence were assessed by using Bacillus cereus selective agar (Bacillus cereus agar base 

[Oxoid CM617] + Bacillus cereus selective supplement [Oxoid SR99] + 1 egg yolk emulsion [Oxoid 

SR47]), and Baird Parker agar (BPA; Thermo Fisher, UK) medium and egg yolk tellurite emulsion 

as supplement (Thermo Fisher, UK) respectively, and were incubated at 37 °C for 24 h. 

7.2.5. Chemical-physical analysis  

After cooking, the bread samples obtained were analyzed to determine their water activity, 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 acidification kinetics and pH analysis of the pre-fermented 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 were tested during their shelf-life from 0 to 40 days in the first trial and up to 60 days in 

the second trial. The analysis was conducted by using a texture analyser mod.TA.HDi 500 (Stable 

Micro System, Godalming, Surrey, UK) according to the method reported by Balestra et 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 maximum 

force of the 1st compression, expressed 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 measurements 

taken on numerous slices of bread from three different samples. 

7.2.7. Sensory evaluation 

The sensory evaluation of the bakery prototypes produced during the first trial , was carried out by a 

panel test performed by 20 untrained panelists. The evaluated parameters 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: bread 

taste, hardness, gumminess, crunchiness, taste pleasantness, taste intensity and bitterness. 

During the second trial, the sensorial analysis of the different bakery prototypes was carried out by 

Barilla professional testing center. The prototypes were characterized for their appearance, aroma, 

textural and sensation and flavor and expressed on a scale ranged between 0 and 10, poor or excellent 

depends on the parameter. 

7.2.8. Volatile molecule profile 

The volatile molecule profiles analyses were performed on the innovative bread prototype deriving 

from both trials. The analysis was executed using a GC-MS coupled with a solid phase 

microextraction technique, according to Burns et al. (2008) with some modifications described in 

Chapter 5. The analysis was performed with an Agilent Technology 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 the compounds 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 

standard used (4-methyl-2-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 pre-ferment storage conditions affected the final bakery product. 

A Gas-Chromatography combined with Mass Spectrometry was used to evaluate the fatty acids 

profile, according to the method reported in Boselli 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 to Scarnato et al. (2017), by using a Gas-Chromatography combined with Mass 

Spectrometry and Solid Phase Micro Extraction- GC/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 the second trial were subjected to the antioxidant activity evaluation using 

the 2,2-diphenyl-1-picryl-hydrazyl-hydrate assay (DPPH) according to Rizzello et al. (2012). The 

absorbance at 517 nm was measured after 10 minutes. The kinetics of the antioxidant reaction were 

also determined over 30 minutes and compared with Trolox as an antioxidant reference. 

The bread samples obtained from the first trial  were extracted and then analyzed for the total 

polyphenols content and the antioxidant activity by using the Folin-Ciocalteu methodology as 

reported by (Slinkard & Singleton, 1977), and the 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid 

assay (ABTS) as reported by Miller & Rice-Evans, (1997), respectively. The mixture absorbance was 

read at 750 nm. The concentration of total phenols was expressed as gallic acid equivalent, while the 

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 characterized for Energy, 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 according to da Rocha Lemos Mendes et 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 according to Oliveira et al. 

(2011). The carbohydrate content (%) was calculated by subtracting the contents of ash, fat, fibre and 

protein from 100% dry matter, according to Costantini et al. (2014). Sugar content was evaluated 

according to Luchese et al. (2015), while Dietary fiber was evaluated according to AACCI Approved 

Method 32ï07.01 as reported by Khalid et al. (2017). Finally, Protein content was determined by the 

Kjeldahl method, while Minerals elements such as Phosphate, Calcium, Iron, Potassium, Sodium, 

Phosphorous, Zinc and Iodine 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 centrifuged at 2500 g 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 HCl and incubated at 110 °C for 24 h. After 24 h, samples were 

centrifuged at 2500 g for 15 min at room temperature. 

Amino acids were analyzed by loading supernatant samples into a C18 AccQ-Tag, (3.9 × 150 mm; 

Waters, Milford, MA, USA) column. Amino acids derived from hydrolysis were derivatized 

according to the AccQ-Tag protocol. A gradient elution 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 detector parameters were set as follows: ɚ ex, 250 nm; 

ɚ em, 395 nm; gain, 1; and eufs, 100.  

7.2.13. Statistical analysis  

The results are expressed as the mean of three different samples from three repeated experiments on 

different days. 

The data were statistically analysed using the one-way ANOVA procedure of statistica 6.1 (StatSoft 

Italy srl, Vigonza, Italy). The differences between mean values were detected by the HSD Tukey 

test, and evaluations were based on a significance level of P Ò 0.05. 
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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 of pre-fermented ingredients, the effect of the change 

in the physical state of the MIX7C8 pre-ferment, obtained from durum wheat milling by-products, 

on the final baked product, was evaluated. Specifically, the pre-fermented ingredient was subjected 

to a freeze-drying 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 freeze-dried ingredient 

was compared with 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 of by-products in the formulation 

(Reference).  

7.3.1.1. Microbiological quality and pH of pre-ferment 

Before and at the end of fermentation and after freeze drying, the pH and the cell load of LAB and 

yeasts were monitored in fresh or freeze-dried pre-ferment MIX7C8. Moreover, after freeze-drying, 

the weight loss of freeze-dried pre-ferment 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 the cell load 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 Ottogalli et al. (1996) 

and Gobbetti et al. (1994) in traditional type I 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 (0h) and 

after (22h) the fermentation and after freeze-drying process of pre-ferment MIX7C8 used for the 

first bakery trials at Barilla S.p.A. 

MIX7 C8  pH 
Yeast  

Log CFU/g ± SD 

LAB  

Log CFU/g ± SD 

Fermentation 

time (hours) 

0h 6,20 ± 0,09 3,95 ± 0,31 6,17 ± 0,15 

22h 4,00 ± 0,05 7,21 ± 0,04 9,48 ± 0,12 

After freeze-drying process 4,01 ± 0,08 3,99 ± 0,03 8,76 ± 0,06 

 

After freeze-drying 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 freeze-dried pre-ferment was 30.75% of the 
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fresh pre-ferment. According to data showed in Table 7.4, it is possible to assess a limited loss of 

LAB viability after freeze-drying comparable to 0,72 log CFU/g. On the contrary, yeasts were more 

sensitive to the freeze-drying process, suffering a greater loss of vitality equal to 3.22 log CFU/g. 

However, the freeze-drying process involved a pre-ferment freezing phase at -80 °C. This step 

strongly influenced the vitality of yeasts due to their sensitivity to temperatures below -20 °C, while 

LAB are able to maintain the highest post-freeze-drying viability until -196 °C (Polo et al., 2017). 

7.3.1.2. Chemical-physical 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 during packaging. 

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 innovative prototypes, and smaller differences in humidity level 

were observed compared to the Reference samples obtained without the addition of by-products. 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 addition of pre-ferment. 

Table 7.5. Bread prototypes Humidity %, Dry matter % and pH ± standard deviation (SD), in relation 

to the pre-ferment addition (freeze-dried 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 unfermented MIX 7 (MIX7 STD). 

    Humidity % ± SD Dry matter % ± SD pH ± SD 

Reference 
EtOH 32.94 ± 0.05e 67.06 ± 0.03b 

5.35 ± 0.03b 

No EtOH 31.99 ± 0.28f 68.01 ± 0.26a 

MIX7 STD 
EtOH 34.95 ± 0.06c 65.05 ± 0.04d 

5.50 ± 0.04a 

No EtOH 33.55 ± 0.12d 66.45 ± 0.14c 

MIX7B 

Fresh 

EtOH 36.24 ± 0.07a 63.76 ± 0.08f 

4.79 ± 0.02d 

No EtOH 35.33 ± 0.34bc 64.67 ± 0.34e 

MIX7B 

Powder 

EtOH 35.41 ± 0.77abc 64.59 ± 0.70de 

4.99 ± 0.04c 

No EtOH 35.47 ± 0.64b 64.53 ± 0.61e 

For each parameter, different letters indicate significantly different data. 

As expected, and also observed in Chapter 6, the addition of the pre-ferment 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 MIXB 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 affecting the acidity 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 nutritional characteristics of the final product (Arendt et al., 2007b; 

Thiele et 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 in Figure 7.5. On the contrary, the long-term shelf-life 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 

different prototypes, 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 prototypes obtained with fresh pre-ferment. On 

the contrary, the gumminess of the bread prototype obtained with freeze-dried pre-ferment (Powder) 

was lower than all the other samples tested and statistically similar only to the Reference sample. A 

similar trend was followed 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 bread 

tested also suffered a slight reduction in gumminess but statistically not relevant when compared 

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 by-product, only the Reference sample was reduced, however the differences were not 

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 

between 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 the addition of bran with variable grain size and 

during storage (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 freeze-dried (Powder). A reference bread produced without the 

addition of by-products 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 long-term shelf-life prototypes, produced with the addition of ethanol, were analyzed after 2, 21 

and 40 days of storage. Regarding gumminess and cohesiveness, no large differences among samples 

were observed throughout the storage period (data not shown). In contrast, an increase in hardness 

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 hardness parameters 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 showed a further increase in the hardness parameter that ranged between 95 and 106 

Kg independently to the considered sample.  

 

Figure 7.6. Hardness (Kg) determined after 2, 21 and 40 days of storage of the bread prototypes, 

packed with the addition of ethanol, obtained using MIX7C8 Fresh or freeze-dried (Powder). A 

reference bread produced without the addition of by-products 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 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 maintain longer the acceptability of rheological parameters even beyond 20 days 

of storage. The addition of fresh or freeze-dried pre-ferments did not adversely affect the rheological 

characteristics of the prototypes, in fact, no significant differences were detected between the different 

samples. 

7.3.1.4. Shelf-life assessment 

The shelf-life of the different bread prototypes was then monitored by microbiological analysis, in 

particular considering the presence of spoiling yeast and molds. Also, the rheological parameters such 

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 with molds 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 below 5.0 log CFU/g at the end of the 60 days storage considered (data 

not showed). 

On the contrary samples without ethanol were characterized by a lower shelf-life. The presence of 

molds in samples without ethanol was initially observed after 5 days in the Reference bread, after 7 

days in the bread prepared with unfermented MIX7, after 8 days using pre-fermented MIX7C8 fresh 

and after 9 days using pre-fermented MIX7C8 freeze-dried.  

Independently to the sample considered, the presence of pathogens (L. monocytogenes, E. coli and B. 

cereus) 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 contrary, fresh bread showed a lower shelf-life, the 

addition of pre-ferment in freeze-dried form increased the shelf life of 4 and 2 days compared to the 

reference and the MIX7 STD respectively. 

Increase in shelf-life, even if by a few days, in samples containing the per-fermented ingredient, fresh 

or freeze-dried, 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 and the microbiological stability of bread, e.g. organic acids, exopolysaccharides 
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and/or enzymes (Torrieri et al., 2014). For example, the decrease in pH value, induced by the 

formation of organic acids during fermentation, causes the production of high amounts of compounds 

such as pronyl-l-lysine with antioxidant activity in baking products (Lindenmeier & 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. The parameters 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 a 

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, samples containing by-products, such as 

pre-ferment (Fresh or freeze-dried) 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 pleasantness compared to the reference (Figure 7.8. a and b).  

a 

 



200 

 

b 

 

c 

 




















































































































































































































































































