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CHAPTER 1 – Sulla forage species 

 

1.1. General introduction 

The use of high quality forage crops for livestock feeding is a key element in ensuring health, 

welfare and production performance of animals. Sulla forage is an example of a resources highly 

valued for its positive impact on the productivity and quality of ruminant products (Bonanno et al., 

2016). 

The benefits of this legume species for ruminant production are largely due to its high protein 

content, low fiber content, favourable balance between non-structural and structural carbohydrates, 

and its content of condensed tannins (CT) (Burke et al., 2004). 

In particular, the high nutritional value of fresh sulla forage (Mora-Ortiz and Smith, 2018) is linked 

to its high content in crude protein and α-linolenic acid (ALA C18:3 n-3) (Chikwanha et al., 2018), 

which are useful for improving the quality of meat and milk (Glasser et al., 2013). Additionally, the 

forage contains compounds with antioxidant properties, such as carotenoids, tocopherols and 

polyphenols (Mueller-Harvey et al., 2019), which may enhance product quality traits like shelf-life 

(Lobón et al., 2017) and antioxidant status of animals (Leal et al., 2019), as these molecules are 

partially transferred and deposited in animal tissues and dairy products (Rufino-Moya et al., 2022). 

For this reason, the use of sulla forage in ruminant feeding seems to be able to ensure the 

improvement of animal welfare and health, their productive performance, the technological quality 

of milk, the health benefits of dairy products and the environmental sustainability of the production 

process. Although some of the potential benefits of sulla is already known, its effects on dairy 

production remain underexplored; thus, more studies need to understand the role of its phenological 

stage and the preservation method in influencing the presence in nutrients and bioactive molecules. 

New drying techniques to obtain forage stocks would ensure the presence of nutrients and bioactive 

molecules which are essential to produce products with optimal organoleptic characteristics and 

naturally enriched with antioxidant molecules and polyunsaturated fatty acids (PUFA) of health 

interest. 

The need to improve and spread these techniques, particularly in relation to the dehydration of sulla 

forage, followed by a possible pelleting, would represent a valid alternative for obtaining a forage 

with higher yield than hay and silage practises, both in terms of dry matter (DM) and nutritional 

value, and to mantain as much as possible unchanged the composition and properties that may 

contribute to enhance the production of dairy products. 

 

1.2. The different forage species 

In Europe, more than 40% of the world’s total agricultural land area consists of permanent or 
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temporary grasslands and pastures, and these areas represent the most significant feeding resources 

for ruminants; fresh forage and preserved forage provide more than 50% of feed for livestock 

(Herrero et al., 2013). In Italy, pastures cover around 3.57% of the total land area, with a major 

concentration in three regions: Sicily, Piedmont and Sardinia. The pasture is a land covered with 

wild plants that are not mowed, but grazed directly by livestock animals. Grazing pasture forages is 

important for the well-being, health and fertility of animals, since it allows them to exhibit their 

natural behavior and rediscover their feeding habits, being able to freely choose the essences that 

most satisfy them, in terms of both quality and quantity. This influences the physico-chemical, 

nutritional and organoleptic characteristics of the animal productions, benefiting also their health 

quality. 

The term “forage” refers to all those plant species capable of providing feeding products used for 

livestock animals. The term “forage” therefore, refers to the edible products derived from these 

species, in the form of fresh or processed forage, this latter obtained by conservation techniques to 

provide hay and silage. 

However, forage can not be considered individually, but must be framed within a “forage system” 

defined “an association of productions and techniques in dynamic interaction, set in a given 

environmental and socio-economic context, by which the maximum satisfaction of the feeding 

needs of the livestock is sought” and whose objectives have to be defined on the basis of the needs 

of the livestock. The characteristic feature of almost all forages, with exception of those used as 

single-cut grasses, is their ability to regrow. This occurs in graminaceous and leguminous forages, 

which are the most widely used species in pasture composition. Graminaceous plants are richer in 

fiber and carbohydrates compared to legumes, so their energy value is higher; they also have a good 

level of phosphorus, but are scarce in calcium and protein. On the other hand, legumes crops 

improve soil fertility and are rich in calcium and protein but poor in sugars, therefore resulting in 

less energy. Some of these forages are suitable for both grazing or conservation by means of other 

tecniques than the traditional haymaking, for example by ensilage. 

The high quality forages in livestock feeding is an important element in improving animals’ health, 

welfare and production. 

In fact, the nutritive value of forages is determined by the concentration and relationship among 

macronutrients (proteins, soluble carbohydrates, fiber, fat), macrominerals (Ca, Na, Mg, P), mineral 

micronutrients (Fe and Cu) and vitamins. Furthemore, substances such as phenolics, terpenes and 

essential oils greatly influence the characteristics of forage, increasing its nutritional value or 

conversely modifying its digestibility. Phenolic substances in plants affect both composition and 

digestibility of forage, and also represent the fraction that can influence the preference of animals, 
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which instinctively select their feed based of its palatability and nutritional characteristics 

(Buchsbaum et al., 1984). 

To assess the nutritive value of fresh forage, various chemical and physical parameters are 

determined, including moisture, crude protein, carbohydrate fractions, ash, minerals, vitamins, 

provitamins, and also molecules classified as products of the secondary metabolism of plants. 

Secondary metabolites, in addition to defining forage characteristics, play a key role in determining 

primary characteristics in products that directly result from livestock practices (meat and cheese). 

The nutritional quality for grazing livestock is determined by the presence in fresh forage of certain 

botanical species containing molecules of nutraceutical interest, due to the presence of active 

ingredients useful for animal and consequently human health (Pieroni et. al, 2004). 

In Mediterranean environments, the most representative leguminous forage species are Medicago 

sativa, various types of trifolium, especially Trifolium alexandrinum and Trifolium pratense and, 

particularly in lower latitude areas, Sulla coronaria; the graminaceous species include Lolium 

perenne, Cynodon dactylon, Hordeum vulgare, and Dactylis glomerata. These forages have been 

evaluated among the best from a nutritional point of view because of the presence of certain 

molecules that have positive consequences for the animal’s health status and productions. 

 

1.3. Origin and spread of sulla 

The sulla (Sulla coronaria (L.) Medik), a short-lived perennial leguminous plant (Talamucci, 1998; 

Issolah et al., 2006; Bonanno et al., 2007; Ruisi et al., 2011), is one of the most important species 

for forage cultivation in Mediterranean environments, and the presence of numerous agro-ecotypes 

allows great adaptability to different altitudes and latitudes. Its introduction in Italy seems to be due 

to the Calabrian marquis Grimaldi, who in a paper of 1776 illustrated the merits of the plant 

(Baldoni and Giardini, 2002). In Sicily, the cultivation of wild sulla occurred only in the second half 

of the nineteenth century. In 1929 the area covered by sulla was found to be about 60.000 ha 

(Prestianni, 1946); its greatest expansion occurred in the mid-1950s whose hectares covered were 

found to be about 140.000, and until the early 1970s it did not undergo any major changes. The 

sulla is wild in almost all countries of the Mediterranean basin, believed to be the center of origin of 

the species. However, Italy is the only Mediterranean and EU country where sulla is cultivated on a 

significant area and where it is included in crop rotation. Tunisia, Spain, Portugal, the western part 

of North America, Australia, and New Zealand are areas of new cultivation; in New Zealand the 

species is used primarily for silage production and as a cover crop for soil conservation, especially 

in view of its ability to grow on a wide range of soil types, and its tolerance to dry conditions 

(Douglas 1984). However, the rapid mass production of the herbaceous plant (up to 16 t DM/ha per 
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season; Douglas & Foote 1985) suggests that this species may be used primarily for animal 

production in dry summer regions. 

According to ISTAT (2023), in Italy sulla was cultivated on 97,694 ha (Table 1), occupying about 

3.8% of the total area devoted to temporary or rotational forage, which accounts for slightly more 

than one-sixth of the area under alfalfa. In southern Italy, sulla is grown in dryland conditions, 

occupying an area more close to that of alfalfa which, being irrigated, provides greater forage 

production. In the south of Italy, sulla is considered the “queen of forage crops”, due to its excellent 

agronomic traits which allow it to adapt to different soil and climate conditions and provide high 

quanti-qualitative yields of forage, suitable for both grazing and conservation (Ruisi et al., 2011). 

In Sicily, where it is grown on considerable extensions, sulla greatly overcomes alfalfa, occupying 

nearly 30% of the area dedicated to forage cultivation and producing 36% of the total forage 

production (Table 1). 

The Table 2 reports the surfaces occupied by the sulla crop in the Italian regions, among which 

Sicily in the first position with the 64.7% of surface. The province of Palermo alone accounts for 

60% of the regional cultivated area, followed by the provinces of Enna (15%) and Agrigento (16%) 

(ISTAT, 2023). 

 

Table 1. Surface area and production of temporary or rotational forage (ISTAT, 2023). 
 

 

  Surface area  Total production 

  hectares % ,000 q % 

Italy Total 2,559,939  555,188  

 Alfalfa 676,361 26.42 153,882 27.72 

 Sulla 97,694 3.81 10,665 1.92 

Sud Italy Total 475,692  59,110  

 Alfalfa 74,574 15.68 17,159 20.03 

 Sulla 21,595 4.54 3,479 5.88 

Sicily Total 215,163  12,593  

 Alfalfa 3,702 1.72 433 3.44 

 Sulla 63,302 29.38 45,15 35.85 
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Table 2. Area cultivated with sulla in Italy and in different regions (ISTAT, 2023). 
 

 

REGIONS SURFACE 

Total hectares 

Sicily 63,302 

Sardinia 10,640 

Campania 10,450 

Abruzzo 4,950 

Calabria 3,099 

Tuscany 1,939 

Molise 2,700 

Umbria 40 

Basilicata 310 

Apulia 90 

Latium 69 

Marche 91 

Emilia Romagna 9 

Veneto 5 

TOTAL 98,628 

 

 

1.4. Botanical characteristics of sulla 

From a systematic point of view, sulla belong to the following classification: Domain Eukaryota, 

Kingdom Plantae, Division Magnoliophyta, Class Magnoliopsida, Order Fabales, Family Fabaceae, 

Subfamily Faboideae, Tribe Hedysareae, Genus Hedysarum (the largest genus of the tribe 

Hedysareae, consisting of about 160 species, entirely distributed in the temperate northern 

hemisphere), Species Hedysarum coronarium or also Sulla coronaria. Sulla has a typical 

xerophytic habitus and, as the xerophilous plants is adapted to live in arid environments 

characterized by long periods of drought or arid or desert climate. It is a biennial meadow forage 

plant whose main product can be used in livestock feeding, and it is meadow because it is a biennial 

crop. It is characterized by high polymorphism; in fact, the plant has varied habit, depending on the 

angle formed by the main stems relative to the ground (Figure 1). 

Size varies according to bearing and environment; bearing can be plagiotrope, semi-plagiotrope, 

semi-orthotropic or orthotropic. The latter two types of habit reach the maximum vegetative 
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development (140-160 cm). The root is taproot, vigorous, well-developed and of various shapes 

(fusiform and conical), with branches inserted at different taproot heights and provided with 

numerous lamelliform scales called “palettes,” which can be white or brown. The taproot apparatus 

makes it possible to use modest irrigation resources, to endow the soil with better structure and 

porosity, and to enrich it with organic matter and nitrogen; moreover, because of its rapid and 

luxuriant vegetative development, it exerts a controlling action with regard to weed flora. The stems 

are simple or branched, hollow or fistulous, with more or less prominent veins, varying in color 

from light green to dark red, in size and number depending on the habit; semi-orthotropic habit 

types usually have a higher number of stems. The leaves are composed, alternate imparipinnate, 

with 2-12 pairs of leaflets, in addition to the terminal leaf, which, compared to the lateral leaves, 

may take on a different development depending on the biotype. The petiolate leaflets vary in size 

and shape: oval, sub-oval, rounded, lanceolate more or less pointed and with a slight terminal 

indentation, hairy along the margins and on the lower pages. The flowers are gathered in axillary 

conical-globose, pedunculate, purple-red racemes. The legumes, also called loments, mucronate at 

apex, consist of 2-5 articles, monosperm, subspherical, complex, warty-spiny, brown in color. The 

seeds are sub-reniform, compressed, yellow or brownish, shiny (Baldoni and Giardini, 2020); the 

weight of a thousand seeds is between 4.5 and 4.8 g. Pollination is entomophilous. There are 

currently seven varieties listed in the national seed register: Grimaldi, Centaur, Bellante, S. Omero, 

Corona, Carmen and Silvan. 

Figure 1. Plant of sulla and its botanical parts. 
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1.5. Agronomic practices 

Sulla is a forage plant defined among the best nitrogen fixers. It has an autumn-winter growing 

cycle and becomes dormant during summer. The ideal sowing period in Mediterranean 

environments is in autumn and early winter, mainly in October, with mild temperatures and 

immediately after the first rains, and grazing or haying in spring (Amato et al., 2016). It is advisable 

to create a good seed bed and provide optimal condition for seeds germination by traditional 

techniques, such as plowing, and conservation techniques such as minimum tillage of the land. 

Seeding is done in rows or by scattering at a maximum depth of 1-1.5 cm. Sowing at greater depths 

can slow seedling establishment and emergence by delaying the time of first use. The seed dose 

depends on the seeding method used. Using the seed drill, seed rates can be reduced to 25 kg/ha, 

sowing with the spreader needs a higher seed rate equal to 33-35 kg/ha, in view of the higher losses 

and lower efficiency achieved. After sowing, it is recommended to cover the seed with a mesh 

harrow or toothed roller. The interval between sowing and emergence varies depending on 

temperature trends, soil moisture, and type of seed: at bare seed with temperatures around 16°C and 

sufficient soil moisture, the cotyledon leaves take 7-10 days to emerge from the soil. 

Sulla is considered a fairly hardy plant, due to its spontaneous occurrence in difficult soils. It grows 

under short-day conditions (autumn-winter), while it flowers under long day conditions (April- 

May). During the dry season, i.e. the summer season, the crop goes into dormancy, a process 

induced by the photoperiod and high temperatures, but the vegetation starts growing again after the 

first autumn rains. The ideal temperature for maximum growth is around 15-16°C, while above 

25°C the plant goes into stress. At temperatures around 2-4°C, it stops growing without damage, 

while late frosts in spring can cause damage. The sulla tolerates periods of drought well, but not 

waterlogging. It is important to note that a lack of rainfall during the growing season reduces 

production, regrowth ability, and length of the growing cycle, causing a decline of the nutritive 

value and digestibility of forage. 

The sulla is endowed with a wide adaptability to different soil types. Preferred soils are calcareous 

or sodic soils, which are highly colloidal and unstable, allowing the plant, due to the presence of 

the taproot, to improve the soil optimally, making the environment suitable for other more 

demanding crops; it adapts well to clay soils since they are rich and deep, and also to poor, compact 

soils. 

Sandy, acidic and brackish soils are not, however, suitable. As with many other legumes, sulla 

residues play an important role in soil fertilization and its structure improvement. In fact, for this 

reason it is an excellent improving crop and is often included as alternating of two cereal crops, 

such as wheat and barley. In addition to its high rusticity, sulla is distinguished by the excellent 
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nitrogen-fixing activity of the specific rhizobia, bacteria belonging to the genus Rhizobium, which 

settle in the roots of the host legume, inducing the formation of small nodules visible to the naked 

eye and, due to a special enzymatic kit, are capable of transforming atmospheric nitrogen (N2) into 

ammonia nitrogen. The bacterium, a Gram-negative bacillus, is usually present in the natural 

environment. If the bacterium is not present in the soil, it will be necessary to proceed with what is 

know as “blotting”, a technique that involves inoculating the seed at planting time with artificial 

cultures of the microorganism. 

Sulla is a highly allogamous species (Yagoubi and Chriki, 2000), so the introduction and use of 

allochthonous genotypes could potentially contaminate the genetic heritage of natural populations. 

In Sicily, the flowering time of natural populations is about 148 days after sowing, except for the 

cultivars Grimaldi and S. Omero, which are characterized by late flowering (Ruisi et al., 2011). 

The optimal developmental stage at which to harvest sulla for hay is at full flowering (Leto et al., 

2002) because in the Mediterranean the crop produces seeds when the soil begins to dry out; late 

flowering genotypes enjoy relatively drier conditions during seed formation and would often suffer 

from increased water stress, compared to early flowering genotypes (Blum and Lehrer, 1973). 

Biomass production is higher in late flowering populations, as observed by Di Giorgio et al. (2009) 

and Graziano et al. (2010) in other forage legumes. Sulla provides a high yield of good quality 

forage, amounting to 20-30 t/ha of fresh forage in the first year with fall sowing, and 40-50 t/ha in 

the second year, with a peak in maximum production in the first spring cut, which makes it 

advisable to store this forage as hay or silage to optimize their use for animal feeding. The crop 

yield of sulla is highest in the second and last year of the crop cycle (Amato et al.,1997; Sulas et al., 

2000). 

 

1.6. The main uses of sulla 

The excellent agronomic characteristics of sulla allow its use for increasing the productivity and 

sustainability of cereal-based systems. Sulla, due to its plasticity, lends itself to various forms of 

use; therefore, management is a key factor in obtaining a good quality product. 

It can be used for grazing, hay or silage production. With fall planting, use can begin from mid- 

February with grazing of small animals until the end of March, a period when it is convenient to 

suspend grazing to encourage full plant growth and make a mowing for haying in April-May. 

In the southern regions, in the second year of a sulla meadow, from the vegetative restart coinciding 

with the first rains until late winter (February), the sulla can be use for grazing, to avoid that the 

mowing period, and consequently that of the haymaking, falls into a period unsuitable for this 

practice. 
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The timing of cutting is important as the forage composition will come to be progressively damaged 

starting from the pre-flowering stage. During the flowering stage, in fact, there is a rapid 

lignification of stems and a loss of digestibility that results in a reduction in nutritional value (Leto 

et al., 2002). To optimize quantitative and qualitative forage production, it is important to separate 

the early flowering stage and the full flowering stage (Baldoni and Giardini, 2002). 

After the second year, the sulla meadow is exhausted or its economic viability is lost to make space 

for cereal crops. Forage preservation has long been the subject of study and reserch because of its 

importance in the animal nutrition; much of livestock production is carried out on confined farms, 

with large use of preserved forages. 

The use of preserved forage is important both in extensive livestock farms in seasonal periods of 

shortages of pasture, and in intensive systems where unifeed is the livestock feeding ration. 

The main objective of forage conservation is to extend the availability of resources which often, as 

in the case of Mediterranean environments, are concentrated in a short period during the favorable 

season. 

In Italy the most widespread traditional conservation techniques are haymaking and silage. These 

techniques lead to significant losses of biomass and nutrients, resulting in a decrease in quantitative 

production, and especially in quality in terms of palatability, ingestion, digestibility and nutritional 

value, affecting farm productivity and product quality. 

Haymaking, particularly in Mediterranean areas, represents the most widespread conservation 

system. This system consists of cutting the plants and leaving them to dry in the soil until they loss 

a considerable amount of water, so that they can be stored. It is also the most used technique for 

stock production, although the weather conditions in which this technique falls often contribute to 

obtaining a nutritional poor quality product, especially when the spring rains oblige to postpone the 

mowing period. Additionally, if the rainy event occurs after cutting, partial drying provides a poor 

product due to the proliferation of molds and mycotoxins that, if ingested by animals, can cause 

consequences for the health of the animals themselves and the safety of derived products. 

Haymaking is characterized by losses of dry matter and nutritive value in the period between the 

cutting the product and its subsequent stabilization for storage (Rufino-Moya et al., 2022). 

After mowing, forage suffers losses due to respiratory activity, mechanical interventions and post- 

harvest fermentation. In addition, the risk of being able to incur unfavourable meteoric phenomena 

is high and with consequent losses due to leaching of water-soluble nutrients and the development 

of moulds and mycotoxins that, as mentioned, if ingested can lead to serious consequences for 

animals and consumers. 

Forage preservation by ensilage is made possible by the transformation of fermentable sugars into 
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organic acids by lactic bacteria in anaerobic conditions. The production of these organic acids 

(mainly lactic and acetic) results in a gradual lowering of the pH to a level of acidity that inhibits 

the development of those microorganisms that cause damage to the forage. Thus, the mass becomes 

biologically stable. Silage, on the other hand, can be an alternative product to avoid some of the 

problems associated with haying. The soluble carbohydrates content (more than 10% in pre- 

flowering) makes this legume suitable for silage with 25% DM. 

However, also losses on the fatty acid (FA) profile occur during the ensiling process (Rufino-Moya 

et al., 2022; Toral et al., 2016; Girard et al., 2016). Pre-ensiling practises, such as chopping and 

crushing of forage (Huang et al., 2016), can cause oxidation of PUFA in green forage (Mierliță et 

al., 2017) and the consequent decrease in unsaturated FA in silage (Glasser et al., 2013), although in 

each case, these losses turn out to be smaller than in hay, since the ensiling process protects PUFA 

from oxidation (Mierliță et al., 2017). 

Regarding α-tocopherol, or vitamin E, Rufino-Moya et al. (2022) found that the content of the 

vitamin, compared to fresh forage, is reduced in hay but not in silage. Lindqvist et al. (2012) 

concluded that in good atmospheric conditions, when the silage is submitted to a short drying 

period, losses of α-tocopherol are minimal. Silage, on the other hand, shows limited diffusion due to 

higher management costs, but also for the low palatability of silage for animals, and the widespread 

and unfounded concern that silage may damage the microbiological characteristics as well as the 

organoleptic qualities of aged cheeses (Manfredini et al., 1987; Cavani et al., 1991). 

The need to improve the quality of stored forage is common in southern Italy where the climate 

reduces the periods of green forage use by imposing late haymaking when plants are at an advanced 

stage of development. The result is an excessively fibrous hay, with poor palatability and low 

nutritional value. On forage-livestock farms in the south, it becomes strategic to intervene in the 

choice of forage species and in the forage production and processes. Another opportunity, which is 

increasingly emerging to improve the quality of stored forage, is dehydration, performed with rapid 

and controlled drying systems, and followed by pelleting. The most obvious advantages of this 

technique are the considerable reduction in losses with a consequent increase in the quality of the 

forage produced (Gannuscio et al., 2022), and mainly the possibility of separating the moment of 

mowing from the weather conditions, thus limiting the qualitative decline that forage would 

undergo if it is harvested and subsequently stored. 
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1.7. Sulla for biofuel production 

In Mediterranean environments, the species that provide high yield for biofuel production appear to 

be Miscanthus giganteus, Arundo donax, and Panicum virgatum (Alexopoulou et al., 2015); 

however, these crops require a lot of nutrients and water. So, due to the scarcity of water and high 

energy costs in our environments, the species that might be suited is sulla. 

Sulla forage is not only used in livestock feeding, but can be exploited as a raw material for biofuel 

and protein production (Amato et al., 2016). In fact, the plant has several advantages: high biomass 

yield, ease of planting, management and harvesting, possibility of ensiling or haying with minimal 

inputs, as well as contribution in reducing the risk of soil erosion and increasing soil carbon 

(Schwart and Amesino, 2013). Amato et al. (2016) showed that the sulla plant has good potential as 

an energy crop and that it is particularly suitable for dual use if the stems are intended for biofuel 

production and the leaves for the production of livestock forage with high nutritional value. Thus, 

the biomass of sulla can be divided into two fractions: the leaf fraction, rich in protein, that could 

represent a protein concentrate for livestock feeding, and the stem fraction, that can be used for 

biofuel production because stems are rich in soluble and structural sugars that represent the 

substrate of fermentation for ethanol production. 

At the time of cutting, the stem part accounts for 70% of the theoretical ethanol yield, reaching 

values of 1600 L/ha per year, while for biomethane production, the stem part appears to be lower 

(55%), producing about 1300 m³/ha of CH4 (Lamb et al., 2014). Therefore, it would be more 

appropriate to use the stems for bioethanol production rather than biomethane production. 

The maximum expected production based on the theoretical potential for ethanol and biomethane 

can be achieved by cutting in the early stage with 25% of plants with green leaves before seed 

formation; this result is a trade-off between quantity and quality of biomass. 
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CHAPTER 2. Polyphenols and condensed tannins 

 

2.1. Total polyphenols 

Polyphenols are organic compounds produced naturally by plant metabolism. These substances are 

quantified to varying degrees in edible plants depending on the species, variety, organ considered, 

phenological stage, and soil and environmental conditions. Polyphenols comprise a large group of 

natural organic substances that constitutes several classes of compounds; more than 8000 

compounds are divided into several subgroups, ranging from rather basic substances (such as 

phenolic acids), to complex molecules (such as tannins). Chemically, they are very different in their 

structure, but all are distinguished by the presence of a benzene aromatic ring with one or more 

hydroxyls. Next to the phenolic hydroxyl group -OH, in most cases, there are functional groups that 

influence their physicochemical properties. 

 

Figure 2. Basic structure of flavonoids. 

 

According to the classification of Harborne & Simmonds (1964), polyphenols are divided into three 

main groups: flavonoids, phenolic acids, and polymerized phenolic compounds. 

Flavonoids are compounds characterized by phenolic groups that consist of two aromatic rings 

linked by a 3-carbon-atom bridge in a basic C6-C3-C6 structure. This 3-carbon bridge usually 

forms an oxygenated heterocycle, resulting in a 3-ring structure composed of 15 carbon atoms 

(Figure 2). Depending on the degree of oxidation of the heterocycle structure, the type of sugar 

residue and the degree of polymerization, flavonoids can be classified into subgroups, such as 

flavonols, flavones, isoflavones, flavan-3-ols (or flavanols), flavanones and anthocyanidins (Bravo, 

1998). Polymerization of flavan-3-ols leads to the formation of condensed tannins (CT) (Bravo, 

1998). 

Phenolic acids are the simplest phenols and include two classes: those derived from benzoic acid 

(hydroxybenzoic) and those derived from cinnamic acid (hydrocinnamic) (Figure 3). 

They have minor effects on the sensory characteristics of the product but can compromise its 

stability, because some phenolic acids, when oxidized, lead to the formation of oxidation 
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compounds that interfere with organoleptic characteristics. 

 

 

Figure 3. Phenolic acids: hydroxybenzoic acid and hydrocinnamic acid. 

 

Polyphenols have been long studied for their biological activity in plants and their effects on 

nutrition and animal production (Makkar, 2003; Patra and Saxena, 2011). 

Additionally, such polyphenol compounds have been studied for their antioxidant activity and 

their positive effects on human health (Shahidi and Ambigaipalan, 2015); relevant effects have 

been attributed not only in primary and secondary prevention of some important cardiovascular 

and oncological diseases, but also in premature ageing and nervous system disorders (Han et al., 

2007). 

The variability of the structure of polyphenols is related to the different defense functions they 

perform in plants, such as antimicrobial, antifungal, against insects, shielding from solar UV 

radiation, antioxidant for free radicals produced by photosynthesis, chelating to neutralize absorbed 

heavy metals. One of the most efficient defense mechanisms of plants involves the action of the 

enzyme oxidase capable of modifying and aggregating polyphenolic structures in the presence of 

oxygen; such polymers of polyphenolic nature are able to seal off damage in plant tissues caused, 

for example, by insect attacks (Stevenson and Hurst, 2007). 

In addition to their protective functions, polyphenols contribute to play a key role on the 

organoleptic properties, such as color, odor, and taste, of feeding resources for livestock animals 

(O’Connell and Fox, 2001). For example, the sensation of astringency is generated by the 

precipitation on the tongue of salivary glycoproteins that react with the ingested polyphenolic 

substances, resulting in a feeling of dryness and constriction for the palate due to inhibition of the 

lubricating function of saliva (Haslam et al, 1988). 

2.2 Tannins 

Tannins belong to the family of plant secondary phenolic compounds and are distinguished from 

other phenolic compounds due to chemical reactivity and biological activities (Haslam, 1989; 

Hagerman, 1998; Haslam, 1998). They are widely distributed in the plant kingdom: in 

monocotyledonous plants, like grasses, they are sparsely present; however, they are present in 

higher concentrations in some dicotyledonous families, particularly in legumes, providing positive 
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effects on feed utilization efficiency and health of grazing animals. 

Tannins have a variable molecular weight and a complex structure that allows them to have binding 

capacity to achieve a stable cross-linking association within different molecules, such as proteins or 

carbohydrates (Muller-Harvey, 2006; Tava et al., 2021). Molecular complexity appears to be 

primarily responsible for the bioavailability of these molecules; thus, molecules consisting of 

simple phenolic groups appear to be more readily absorbed in the gut. 

Gladine et al. (2007) found the presence of epicatechins, polyphenols with a complex polymer 

structure, in the blood of sheep that had received plant extracts rich in these phenolic groups by 

direct infusion into the rumen, showing that ruminants are also able to metabolize these molecules, 

making them bioavailable compounds. 

Based on their structural characteristics, tannins can be classified into two groups: hydrolyzable 

tannins (HT) (esters of gallic or ellagic acid and glucose) and condensed tannins (CT), which differ 

in chemical and bioactive properties. 

The hydrolyzable tannins (HT) represent a homogeneous group and, as the term itself implies, are 

substances subject to hydrolysis processes either in the presence of weak acids or bases, or enzymes 

(Haslam, 1966; 1989), producing water-soluble compounds such as gallic acid (Figure 4), 

pyrocatechic acid and sugar. One of the best known examples of HT is gallotannin. In aqueous 

environment, HT have a strong affinity for metal ions, amino acids, polysaccharides, but especially 

for proteins to which they bind by forming complexes (Makkar, 2003). This tendency to bind to 

proteins could efficiently increase the proportion of ruminal by-pass proteins, improving both 

nitrogen use efficiency and shifting to the faeces some of the nitrogen that, without tannins, would 

have been excreted with urine, thus reducing the environmental impact of animal husbandry 

(Aboagye and Beauchemin, 2019), and improving performance, since it would result in higher milk 

yield. 

The hydrolyzable tannins (HT) are mainly found in fruit pods and plant galls and, unlike condensed 

tannins (CT), their breakdown products are absorbed by the small intestine of animals (McLeod, 

1974) and are potentially toxic to ruminants (Dollahite et al.1962). 

The condensed tannins (CT), more widely distributed in nature than hydrolyzable tannins (HT), are 

found in the cell vacuoles, leaves and stems of plants; they are present in forage legumes, like white 

clover and red clover, mainly in flower petals (Barry, 1985). The condensed tannins (CT), which 

have catechins and leucoanthocyanins as biological precursors, are complexes of oligomers or 

polymers of flavonoid units (i.e., flavan-3-ols, flavan-3,4-diols, and biflavans) held together by 

carbon-carbon bonds which are resistent to hydrolysis (Haslam 1966; 1989; Hemingway 1982). 

This characteristic, together with the absence of sugar residues (Goodwin and Mercer, 1983), 
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differentiates them from HT. 

The condensed tannins (CT) are also known as “proanthocyanidins” (Freudenberg, 1920; Haslam, 

1989) (Figure 5), term derived from the acid that catalyzes the oxidation reaction leading to the 

formation of red anthocyanidins by heating proanthocyanidins in acidic alcohol solutions (Galvez et 

al., 1997). They represent a large heterogeneous chemical group of phenolic polymers 

(polyphenols), which occur in nature as water-soluble oligomers and insoluble polymers derived 

from the monomer flavan-3-ol. Compared to hydrolyzable tannins (HT), they are more resistant to 

chemical degradation and microbial attack (Lewis and Starkey, 1969), resulting in the ability of 

these compounds to play a role as plant defense system (Bhat et al., 1998). 

 

 

Figure 4. Representation of the chemical structure of gallic acid, one of the main types of 

hydrolyzable tannins. 

 

Figure 5. Representation of the chemical structure of proanthocyanidins or condensed tannins. 
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2.3. Condensed tannins in ruminant nutrition 

In animal feeding, condensed tannins (CT) can have both negative effects, due to their toxicity, and 

positive effects. 

In reference to ruminant nutrition, the consequences of CT on animal health and productivity have 

been extensively studied. Such molecules are of interest in ruminant nutrition especially for their 

reactivity with dietary proteins after chewing. These CT-protein interactions are most often based 

on hydrophobic and hydrogen bonds (Haslam 1989). It is generally accepted that CT-protein 

interaction depends on pH; each protein has a specific pH optimum: 4.1 for bovine serum albumin 

(BSA) and 6.1 for leaf fraction 1 proteins (Jones and Mangan, 1977). The same authors (Jones and 

Mangan (1977) reported that CT can bind to proteins at near-neutral pH (pH 3.5-7.5) to form CT- 

protein complexes, which dissociate and release the protein at pH below 3.5. 

Numerous experiments have been conducted over the years to evaluate the effects that CT- 

containing forages cause, and their use in ruminant feeding. 

In several studies, condensed tannins (CT) from legume forages at low to moderate concentrations 

(3-4% DM) have been shown to have beneficial effects on ruminants (Aerts et al., 1999). At higher 

levels in forage (70 g/kg DM), CT form strong complexes with dietary protein, depressing 

voluntary feed intake, nutrient utilization, and animal productivity. Instead, CT at moderate levels 

in forage (<60 g/kg DM) protect forage protein from degradation in the rumen, due to CT 

bindingprotein, and thus increase protein escape to the intestinal tract (Min al., 2003; Waghorn and 

McNabb, 2003), so improving protein utilization and animal performance. 

In addition, these compounds in forages have a positive effect on ruminant health because they limit 

the growth of gastrointestinal parasites and, by reducing rumen fermentations, inhibit the possible 

occurrence of meteorism (Hoste et al., 2006). 

Moreover, several recent studies have shown how tannins exert also antioxidant effects in different 

animal tissues, as well as at plasma level, highlighting the importance of these molecules to 

counteract the oxidative stress. 

Animal species raised for livestock production are often exposed to oxidative stress, a redox 

imbalance generated by the overproduction of free radicals that cannot be handled by the body’s 

own antioxidant defense capacity, resulting in oxidative damage of various vital cellular 

components and deterioration of many physiological functions. Oxidative damage in cells and 

tissues results from the action of various reactive molecular species, normally referred to as reactive 

oxygen species (ROS). In fact, ROS are the result of catabolic processes produced by cells of all 

living species and are mainly produced in the mitochondrial electron transport chain (Ames et al., 

1995). The excess and accumulation of free radicals result in the appearance of damage to nucleic 
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acids (DNA), lipids and proteins, causing loss of function and onset of disease (Trevisan et al., 

2001). To counteract free radical activity, aerobic organisms possess an effective antioxidant 

defense system that depends in part on dietary intake of antioxidants (Bendich, 1993). When an 

imbalance between oxidants and antioxidants occurs, the organism experiences a condition called 

“oxidative stress”, which can cause oxidative damage if cellular biomolecules undergo oxidative 

changes (Celi, 2011). 

In farm animals, oxidative stress has been shown to result from several factors; the most common 

are nutritional imbalance, feed contamination and the presence of mycotoxins, but also management 

errors, incorrect housing structural characteristics and high temperatures. The latter factor appears 

to be a major concern because of the possible impact of projected climate change, being alarming 

temperature increases more intense and frequent (Bernabucci et al., 2002; Castillo et al., 2006). 

Oxidative stress also depends on the physiological state of the animals (Castillo et al., 2006; Di 

Trana et al., 2006; Celi, 2011). For dairy cows, for example, the calving phase and the beginning of 

lactation represent periods of drastic physiological changes and intense metabolic activity involving 

both lipids and proteins (Turk et al., 2004; Castillo 2006). 

A lower susceptibility or resistance to oxidative deterioration, improving the antioxidant status of 

animals, is reflexed positively in the quality of their products. In this regard, a valid strategies to 

promote a positive antioxidant balance, improve the performance of animals and ensure that their 

products are safe for human consumption, is increasing the intake of feeds containing bioactive 

compounds with antioxidant properties (Makkar et al., 2007; Celi and Raadsma, 2010; Luciano et 

al., 2011). 

There are numerous feeding resources belonging to the category of concentrates, forages, 

manufactured feeds, plant extracts and agricultural by-products used by livestock species that 

contain polyphenols, and tannins in particular, with antioxidant properties. Thus, several scientific 

researches have investigated the effects of diets containing these antioxidant compounds on the 

oxidative status of animals and the antioxidant capacity of the resulting products. 

Gladine et al. (2007) reported a significant increase in plasma total antioxidant capacity (TAC) in 

sheep following direct administration in the rumen of grape extract rich in condensed tannins (CT). 

Barbato et al. (2019) found also an improved redox balance in the blood of cows fed plant extracts 

rich in polyphenols, assuming a direct role of these compounds in limiting oxidative stress. 

Administration of polyphenols, tannin-rich plants and plant extracts has been shown to improve the 

oxidative stability of chicken, rat and sheep meat (Larraín et al., 2007; Nieto et al., 2010). The 

effects of tannin containing diets on the antioxidant status of lamb muscle were observed by 

Moñino et al. (2008) as consequence of the consumption of milk from ewes fed with rosemary 
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extract. Luciano et al. (2011) found higher muscle antioxidant capacity in lambs when they received 

a concentrate added with a commercially available CT-rich Quebracho (Schinopsis lorentzii) 

extract. The same Quebracho extract led to slower oxidation of myoglobin, which induced greater 

meat color stability under aerobic conditions (Luciano et al., 2009 and 2011). In lamb feeding, the 

use of ellagic acid, a natural phenolic antioxidant with remarkable bioactivity, resulted in lower 

lipid oxidation and improved meat color stability (Hayes et al., 2009). López-Andrés et al. (2013) 

reported increased antioxidant capacity of liver tissue and blood plasma of lambs fed a Quebracho 

supplemented diet containing 6.4% tannins. 

Some studies have reported how the content of polyphenols and total tannins in the diet has positive 

effects on the quality of milk (De Feo et al., 2006; Jordán et al., 2010) and dairy products (Hilario et 

al., 2010) in small ruminants. Among these effects, the ingested polyphenols showed also to protect 

the dietary PUFA from rumen biohydrogenation, enhancing their transfer in the products, thus 

improving their nutritional and health value (Frutos et al., 2020). In this regard, Vasta et al. (2009) 

observed that the supplementation of the diet for growing lambs with Quebracho extracts containing 

CT resulted in improved nutraceutical characteristics of meat related to an increase in PUFA and 

conjugated linoleic acid (CLA), probably due to a lower biohydrogenation of FA in the rumen. 

On this basis, the intake of polyphenol-rich plants by ruminants may be certainly a promising 

strategy for improving the oxidative status of animals and increasing the nutritional value, health 

properties and shelf life of ruminant-derived foods. 

 

2.4. Effects of condensed tannins in sulla forage 

For ruminants, a balanced diet is an essential prerequisite for ensuring a healthy and good quality 

life; therefore, sulla appears to be among the best plant species used in ruminant nutrition in the 

Mediterranean area, a region where the plant is widely cultivated as a forage crop used for grazing 

or for hay and silage production (Ruisi et al., 2011). 

Many of the positive effects that sulla shows on animal productivity result from its content of tannic 

and non-tannic phenolic compounds and, in particular, to its moderate concentration of condensed 

tannins (CT) (<60 g/kg DM) (Burke et al., 2000; Amato et al., 2005; Piluzza and Bullitta, 2010). 

In Mediterranean environments, the CT content of sulla varies according to territory, plant-specific 

traits, phenological stage, and genotype. It has been observed that variations in the total content of 

phenolic tannins, non-tannic phenols and CT in sulla forage depend on phenological stage (Molle et 

al., 2004; Cabiddu et al., 2009) and plant organs (Tibe et al., 2011). The parts of the plant with the 

highest CT content (Piluzza and Bullitta, 2010) are the leaf blades and flowers, especially during 

summer collections, compared to those found in spring (Tibe et al., 2011). In their study, Tava et al. 
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(2021) indicated that sulla flowers contain more than double the amounts of flavonoids and 

saponins along with a higher amount of CT in comparison with the other parts of plant, supporting 

their edible use as an important source of healthy molecules (Skrajda-Brdak et al., 2020). 

Beneficial effects for ruminants and their products attributed to CT in sulla plants include: increased 

absorption of essential amino acids, increased live weight, reduced methane emissions (Ramirez- 

Restrepo et al., 2005; Douglas et al., 1999), higher milk and cheese yields (Addis et al, 2005) and 

milk protein, casein and polyunsaturated fatty acids (PUFA) concentrations, lamb carcass 

characteristics and meat quality (Priolo et al., 2005), reduced nematode parasite load, better animal 

antioxidant and immune responses (Tzamaloukas et al., 2006). 

Bonanno et al. (2007a) observed that the sulla consumption reduced the number of nematodes 

responsible for gastrointestinal parasitic infestations in ewes. The same authors (Bonanno et al., 

2013a and 2013b) evaluated the effects of sulla forage diets on lactating goats; these diets, 

characterized by a moderate quantity of CT, have favored milk production, in relation to both 

quantity and quality. Particularly, dietary CT contributed to reduce the ratio of saturated to 

unsaturated FA, determined by the partial inhibition of unsaturated FA biohydrogenation by 

ruminal microorganisms, and improving the dietary protein utilization at the intestinal level, 

positively influencing milk casein synthesis, as also observed in previous investigations (Bonanno 

et al., 2007b; Molle et al., 2009). 

In grazing ewes, the presence of CT on the sulla forage showed to be responsible for a wider and 

more uniform distribution of feeding activity throughout the day (Bonanno et al, 2016); this feeding 

pattern, characterized by smaller, more frequent meals, should imply a slower transit through the 

digestive tract that, inducing a longer degradation of nutrients in the rumen, should favor acetate 

formation and synthesis of microbial proteins, precursors of milk fat and casein, respectively, as 

well as a slower passage along the small intestine, resulting in improved digestibility (Bonanno et 

al., 2016; Landau et al., 2000). Also the high milk protein and casein secretion observed in ewes fed 

sulla (Bonanno et al., 2016) can be attributed, according to Roy et al. (2004), to the CT content; 

these latter are capable of reducing protein degradability in the rumen, thus contributing to improve 

efficiency of dietary protein utilization and increasing the intestinal absorbition and the blood flow 

of essential amino acids to the mammary gland for milk casein synthesis in udder tissue. 

Furthermore, it is proven how the intake of CT from sulla forage, inhibiting the biohydrogenation of 

dietary PUFA by rumen microorganisms (Cabiddu et al, 2009), is able to promote the transfer of 

PUFA, n-3 FA and rumenic acid (RA), the main isomer of CLA, into milk and cheese (Bonanno et 

al., 2016), enriching their acid profile of beneficial FA for consumers cardio-vascular health 

(Bauman et al., 2006; Dewhurst et al., 2006; Chilliard et al., 2007). It has been also recognized how 
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grazing sulla forage containing moderate levels of CT improved the oxidative status of animals 

detected in plasma, as well as the antioxidant capacity of milk. These effects of CT of sulla fresh 

forage on oxidative status of goats and total antioxidant capacity (TAC) of their milk was studied by 

Di Trana et al. (2015) who observed an increase in the TAC of plasma of goats in relation to 

increase in total CT intake. These results confirm how the antioxidant activity of CT improves the 

oxidative and immune defenses of the animals fed fresh sulla forage; the results also prove that the 

phenolic compounds derived from the rumen degradation of ingested CT are moved to various 

tissues by crossing the intestinal barrier (Gladine et al, 2007; Soldado et al., 2020), thus increasing 

the plasma oxidative status of animals and, once transferred into the milk, enhancing the derived 

dairy products in relation to their microbiological profile, oxidative stability, antioxidant capacity 

and benefits for the consumers health (Di Trana et al., 2015; Bonanno et al., 2020). In addition, the 

antioxidant properties of these polyphenolic molecules may contribute to stabilize the sulla green 

forage during storage processes, thus preserving its nutrients and bioactive molecules in the forage 

stocks (Bonanno et al., 2020). 
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CHAPTER 3. EXPERIMENTAL PART 

 

ABSTRACT 

Sulla is a legume species primarily used as forage, exploited mainly by grazing small ruminants 

during early spring, and then left ungrazed to constitute hay stocks. Fresh sulla forage is known to 

enhance the physiological status and the productive responses of dairy ewes and goats, due to its 

high protein content and moderate level of phenolic compounds, mainly consisting of condensed 

tannins (CT). Preliminary investigations showed analogous positive effects using pelleted and 

dehydrated sulla forage (DSF) in the diet of dairy ewes, whereas the same effects did not emerge 

when sulla forage is provided as hay. Thus, dehydration can represent a valid alternative to 

haymaking for reducing the losses of biomass and nutrients and preserving the properties of 

bioactive components. 

The investigations that are the subject of this PhD thesis were aimed to explore the potential of sulla 

in relation to its seasonal utilization, as fresh or stored forage, and to improve the quality traits of 

sulla forage stocks, proposing dehydration as alternative to haymaking. 

Two experiments were carried out in different seasons, spring (SPR) and autumn (AUT), both 

involving Valle del Belice ewes fed different diets evaluated in terms of feed utilization efficiency, 

ewes’oxidative status and dairy production. 

In the SPR experiment, diets consisting of fresh sulla forage (SULLA) or fresh barley forage 

(BARLEY) provided ad libitum were compared using 12 ewes at 70 days in milk divided into 2 

groups and fed the 2 diets in a 2 × 2 Latin square design. 

In the AUT experiment, pellets of DSF obtained from an early (April) or a late (May) cutting time 

and differing in crude protein (CP) (April, 15.1% dry matter (DM); May, 11.3% DM) were 

compared with sulla hay (SH, CP 11.8% DM) using 9 ewes at 60 days in milk divided into 3 groups 

and fed the following 3 diets in a 3 × 3 Latin square design: A-DSF, 2 kg/day per ewe of April 

pellets and SH ad libitum; M-DSF, 2 kg/day of May pellets and SH ad libitum; SHL, SH ad libitum. 

Concentrate feed was supplied to all ewes (600 or 800 g/day in SPR and AUT, respectively). 

In both experiments, cheeses manufactured from bulk milk of the different groups were sampled at 

15 and 30 days of storage. 

Statistical analyses were performed in SAS 9.2 software using MIXED models for individual ewes’ 

parameters and GLM procedures for bulk milk and cheese parameters. 

In SPR, compared to BARLEY, SULLA improved milk yield (1777 vs 1317 g/day; P<0.0001), 

milk casein (4.00 vs 3.82%; P=0.0020), efficiency of feed conversion in milk (DM intake/milk 

yield, 1.39 vs 1.85; P<0.0001), and the ewes’ antioxidant balance, while in cheese increased the 

polyunsaturated fatty acids (PUFA), and reduced redness index (a*) and fat content. 
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In AUT, both DSF diets increased feed intake (3591, 3596, 2963 g DM/day with A-DSF, M-DSF 

and SHL; P<0.0001) and improved DM digestibility (75.3, 69.6, 67.4% with A-DSF, M-DSF and 

SHL, P<0.0001) and milk yield in comparison with SH (1667, 1557, 1308 g/day with A-DSF, M- 

DSF and SHL; P<0.0001), without reducing milk casein. Due to higher intake, estimated daily 

methane emissions increased with DSF diets (45.4, 45.2, 39.2 g CH4/day with A-DSF, M-DSF and 

SHL; P<0.0001), while was lower with only A-DSF if referred to milk yield (28.3, 29.9, 31.1 g 

CH4/kg milk with A-DSF, M-DSF and SHL, P<0.0081). Moreover, feeding A-DSF induced a 

higher plasma free polyphenols level (13.4, 13.0, 11.5 μg GAE/mL with A-DSF, M-DSF and SHL; 

P<0.0429) although this was unable to improve the ewes’ oxidative status. 

In cheese, DSF diets enhanced total PUFA, especially due to linoleic and α-linolenic acids, but only 

A-DSF diet tended to improve the cheese antioxidant capacity, regardless of storage time. 

The microbiological profile of SPR and AUT cheeses was almost similar among diets, indicating no 

negative effect of stored forages on fermentation process. In triangle tests, the panel was able to 

distinguish cheese from different diets for both seasons and storage times, without recording 

differences in their acceptance degree. 

These results confirm the potential of sulla forage as fresh or dehydrated feeding source in the diet 

for small ruminants, and evidence how dehydration, especially when applied to an early-cut forage, 

can represent a valid alternative to traditional haymaking, ensuring adequate dairy productions 

during periods when fresh forage is not available. 

 

3.1. Objective of the thesis 

In the Mediterranean basin, particulary in Italy, the species Hedysarum coronarium (L.), also called 

Sulla coronaria (L.) Medik., is commonly cultivated (Annicchiarico et al. 2014, Córdoba et al. 

2013) as the typical legume of cereal-based crop rotations, and used directly as grazed forage or in 

the form of hay or silage (Boukrouh et al. 2023a). The widespread of sulla in the Italian territories 

derives from its good agronomic characteristics and the excellent adaptability to different climatic 

conditions, especially marginal and dry environments (Annicchiarico et al. 2014), but also on its 

large use in ruminants’ feeding, due to its excellent nutritional characteristics associated to low 

input requirements for its cultivation. For these reasons, different varieties of sulla have been 

selected in Italy, such as Grimaldi, Sparacia, Bellante, and S. Omero, listed in the Italian national 

seed register. In Sicily, the populations Avorio, Gangi, Resuttano and Toscano, not yet included in 

the Italian national seed register, are the most largely cultivated due to their appreciable 

characteristics. 

Sulla forage is well known as a valid component in the diet of small ruminants, especially due to its 
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high protein content (Boukrouh et al. 2023b) and moderate concentration of condensed tannins 

(CT), molecules of phenolic nature. In ruminant feeding, the presence of polyphenols in the diet, 

such as the CT from sulla, is responsible of various positive effects in the digestive tract, being able 

to reduce the presence of gastrointestinal parasites (Hoste et al., 2006); to improve ruminal 

fermentations and reduce methanogenesis and methane emission to the environment (Piluzza et al., 

2014, Vasta et al., 2019), thus to mitigate the environmental impact of ruminants’ livestock 

(Ramírez-Restrepo et al. 2005, Bonanno et al. 2011, Gannuscio et al. 2022); to limit the microbial 

degradation of dietary proteins in the rumen, promoting greater availability of amino acids for 

intestinal absorption (Makkar, 2003; Min et al., 2003; Piluzza et al., 2014), hence increased 

digestive utilization efficiency and reduced nitrogen excretion into the environment (Molle et. al., 

2009); to protect PUFA from biohydrogenation in the rumen, and thus to facilitate their transfer into 

meat and dairy products that increase their nutritional and health value (Frutos et al., 2020); to 

improve, because of their antioxidant power, the thermo-tolerance, oxidative status and the immune 

defenses of animals, ensuring them better well-being and health, and to elevate the oxidative 

stability of their products (Di Trana et al., 2015; Soldado et al., 2021). 

Since nowadays consumers are more interested in food of proved nutritional and health value, the 

interest in the favourable traits of sulla forage explains the several studies conducted to explore the 

effects of its phenological stage and conservation method (Rufino-Moya et al. 2012) in preserving 

the level of its nutrients (Borreani et al. 2003, Kadi et al. 2011), especially phenolic compounds 

(Tibe et al. 2011). Use of sulla forage in the diet of small ruminants showed interesting results in 

terms of milk yield and cheese production and their quality (Di Trana et al. 2015, Ponte et al. 2022, 

Gannuscio et al. 2022). Recent studies have demostrated that the processes of dehydration and 

pelleting of sulla forage have slightly varied the content of protein and fiber fractions of original 

forage from which it was derived, whereas a greater reduction occurred for the total polyphenols, 

including CT, and the antioxidant capacity, without compromising the ewes’ production responses 

(Gannuscio et al. 2022) and the quality of cheeses (Ponte et al. 2022). 

The main obiective of this thesis is to explore the potential of sulla by proposing its use in the 

feeding of dairy ewes in the form of dehydrated and pelleted forage, and demonstrating the effective 

value of dehydrated sulla pellets, also in relation to the phenological stage of plants when they are 

cut to be processed. Specifically, this study analyzes the effects of the inclusion of pelletted 

dehydrated sulla forage as a local alternative feed resource in the diet of lactating ewes, with greater 

attention to the physiological and productive responses of the animals, and especially to the quality 

of dairy products, with particular regard to the beneficial health properties for consumers, and 

taking into account also aspects linked to the environmental sustainability. 
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Accordingly, the study aims to investigate whether the dietary use of dehydrated and pelleted sulla 

forage involves, similarly to fresh sulla forage, positive implications in dairy ewes’ production. 

Two experiments were carried out, at two different seasonal times: one in spring, when ewes 

commonly exploit green forage through grazing, and one in autumn when, due to little or no 

availability of pasture herbage, the forage component of the ewes’ diet consists of stored resources. 

These latter are generally hays obtained from late spring cuts of the crops left undisturbed by 

grazing; it is precisely in this contex of limited grazing resources that dehydrated sulla forage can 

represent a viable alternative to hay, compared to which it would have higher dotation in nutrients 

and bioactive molecules. 

Therefore, the spring experiment was aimed to compare the performance and dairy products of 

ewes fed fresh forage of sulla or barley, whereas in the autumn experiment the comparisons 

involved diets based on sulla forage dried through dehydration or haymaking. 

In both experiments, the responses of dairy ewes were evaluated in terms of feed intake, nutrients 

utilization efficiency, methane emissions, milk production, and oxidative status, as well as the 

balance between oxidant and antioxidant substances at plasma level, whereas the effects on dairy 

productions were evaluated in terms of technological, microbiological, nutritional, sensory and 

health properties of sheep cheeses, these latter with particular reference to their antioxidant 

properties and fatty acid profile. 

 

3.2. Materials and methods 

3.2.1. Animals, Experimental Design and Feeding Treatments 

The experimental activities were conducted in a commercial farm with attached dairy factory 

located in Santa Margherita di Belìce, in the province of Agrigento (Sicily), involving Valle del 

Belice breed ewes with parity more than two lambings, housed indoors into single wide straw- 

bedded pens equipped with feeder and water trough. 

The experimental protocols had the approval of the Animal Welfare Body (OPBA) of the 

University of Palermo (2021-UNPA CLE-0059470), which found as not applicable the 

requirements established by the Italian Legislative Decree No. 26/2014, implementing the Directive 

2010/63/EU. 

Two experiments were carried out in different seasons, in spring (April-May) for 40 days and in 

autumn (November-December) for 55 days, adopting a Latin square experimental design. During 

the spring period, 12 ewes at 70 days of lactation were homogeneously divided into 2 groups in 

relation to live weight (LW) (53.6±5.9 kg) and milk yield (2213±277 g/day). After a 10- day period 

of adaptation to the new housing condition, the experimental groups were fed, according to a 2×2 
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Latin square (2 groups of 6 ewes and 2 experimental phases of 15 days), diets based on fresh sulla 

forage of Avorio population (SULLA) or fresh barley forage (BARLEY), both provided ad libitum 

and integrated with 600 g/day per head of a commercial concentrate feed divided into two meals 

supplied after morning (7:00) and afternoon (15:00) milking. Both fresh forages were mowed daily 

in the morning from close crops and, after being cut roughly, were administered in the feeder in the 

morning and in the afternoon in amounts ensuring enough refusals. 

In the autumn experiment, sulla hay (SH) was compared with dehydrated sulla forage (DSF) in 

pellets obtained from fresh sulla forage of Avorio population cut at two different times, April (A- 

DSF) and May (M-DSF), corresponding to the phenological phases of partial and full flowering. 

Thus, the compared forage sources were different in their crude protein content (15.1, 11.3 and 11.8 

% DM in A-DSF, M-DSF and SH, respectively). 

To produce the DSF pellets, dehydration was carried out using a small pilot-plant consisting of a 

container into which hot air at a temperature always below 55°C, generated by a diesel-powered 

system, was conveyed. After harvesting, the fresh sulla forage was immediately cut into 3-4 cm 

pieces; then, for each drying turn, a forage amount of about 400 kg was placed on mesh platforms 

mounted on trolleys to be introduced into the container where the mass were dried for 18-24 hours, 

until reaching approximately 15% humidity. Successively, the dehydrated forage was ground and 

passed through a small pelleting machine. 

The autumn experiment involved 9 ewes at 60 days of lactation divided into 3 homogeneous groups 

for live weight (52.3±3.4 kg) and milk yield (1812±223 g/day). After a 10-day period of adaptation, 

the ewes were fed, according to a 3×3 Latin square (3 groups of 3 ewes and 3 experimental phases 

of 15 days), with 3 different diets: SHL = SH offered ad libitum; A-DSF = 2 kg/day per head of A- 

DSF pellets plus SH ad libitum; M-DSF = 2 kg/day per head of M-DSF pellets plus SH ad libitum. 

All ewes reveived a supplement of 800 g/day per head of a commercial concentrate feed. 

The daily rations of DSF and concentrate feed were divided into two meals supplied after morning 

(7:00) and afternoon milking (15:00), whereas the SH offered ad libitum was provided at the same 

times in amounts to maintain enough refusals. 

In both experiments, each 15-day experimental phase was divided into an initial 10-day period of 

adaptation to the diets, followed by 5 days for measurements and sampling. At the end of each 

experimental phase, bulk milk produced over on the 72 h was collected from each group and 

processed under controlled conditions at the farm dairy plant, following the procedure for 

manufacturing pressed-curd type cheese. 
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3.2.2. Measurements and sampling 

Measurements and sampling carried out during the last 5 days of each experimental phase included 

feeding resources (forages and concentrates) and ewes. 

Ewes’ live weight (LW) and body condition (BCS) were recorded at the start and end of each 

experimental phase. 

Individual ewes’ feed intake was measured daily by weighing the offered feeds and the 

corresponding refused amounts. Samples of offered and refused resources were collected twice 

during each phase and prepared to be analysed to estimate the composition of dietary intake; fresh 

forages were stored at -20°C to be freeze dried before analysis. 

Individual milk yield was recorded daily at morning and afternoon milking and sampled twice in 

each phase, whereas the bulk milk was collected from each group over on 72 h, comprising the milk 

from 6 milkings, to be later processed as described below. Both individual and bulk milk samples 

were stored at 4°C until analyses. 

Blood, faeces and ruminal fluid were collected from each ewe in the morning at the end of each 

experimental phase. To assess the ewes’ oxidative status, blood was sampled by jugular 

venipuncture using two vacutainer tubes, one containing lithium heparin to obtain plasma, and the 

other without anticoagulant for serum. Samples to obtain plasma were immediately placed on ice 

and then centrifuged at 3000 rpm for 10 min at 4°C, while samples to obtain serum were kept at 

room temperature until clotting, and then centrifuged at 3000 rpm for 7 min. Both plasma and 

serum samples were stored at -80°C until analyses. 

To estimate dietary digestibility, individual ewes’ faeces samples, collected directly from the 

rectum, were frozen at -20°C to be freeze-dried for subsequent analyses. 

For rumen liquid collection, the ewes were given free access to their ration for 1 h after morning 

milking; then, the feeds were removed and 3 h later rumen liquid samples were collected from each 

ewe using a stomach tube connected to a manual pump. After discarding the first 30-50 mL of 

liquid collected to avoid or reduce saliva contamination, each sample was immediately filtered 

through two layers of cheesecloth and measured for pH by a pH meter HI 9025 (Hanna Instruments 

Inc., MI, USA); then, a volume of 10 mL was mixed with 0.2 mL of a 0.1 N sulfuric acid (H2SO4) 

solution (1:1), and stored at -20°C for later analysis for volatile fatty acids (VFA).  

 

3.2.3. Cheese manufacturing 

The bulk milk collected during 72 h from each group and in each experimental phase was processed 

under controlled conditions in the farm dairy plant, according to the procedure for pressed-curd type 

cheese. 

After being heated to 40°C in a double bottomed tank, milk was inoculated (1:100 v/v) with a 
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natural starter culture of the selected strains Lactococcus lactis CAG4 and PON36, according to 

Gaglio et al. (2021). Lamb’s rennet paste (1:10,000) diluted in distilled water (7.5:100) was added 

to the milk at a ratio of 0.25 g/kg, after verifying the lowering of its pH due to the starter colture 

inoculation, which occurred within a few minutes. Then milk was kept at 37°C for 40-50 minutes 

until coagulation occurred. The curd was added with hot water (1:10 v/v) at 70-75°C to induce 

syneresis, and then broken with a wooden paddle until small rice-size grains (3-7 mm dimeter) were 

obtained. After the whey was removed, curd was taken out and pressed by hand into cylindrical 

perforated plastic molds with a diameter of 15 cm, forming two cheeses of about 700-900 g for each 

ewes’ group in each experimental phase. 

The cheeses maintained inside the molds were immediately cooked in hot water at 85°C for 2 h, and 

then placed on a flat surface for draining at room temperature. Twenty-four hours after cooking, all 

cheeses were salted in saturated brine for a time equal to 1 h per kg, and after being dried with a 

paper towel were transferred to a storage room at 16°C and 80% relative humidity. For each group 

and each phase, cheese weight recording and sampling were done after 15 and 30 days of storage. 

 

3.2.4. Analyses 

3.2.4.1. Analyses of feeding resources and faeces 

All samples of offered and refused forages, concentrate feeds and freeze-dried faeces were ground 

with a 1 mm grid and then analyzed following the AOAC procedures (2005). 

Dry matter (DM) was determined by drying the samples in an oven at 105°C until a constant weight 

was obtained (AOAC method 934.01); crude protein (CP) was calculated by multiplying nitrogen, 

determined using the Kjeldahl method (AOAC method 2001.11), by the coefficient 6.25; ether 

extract was determined using the Soxhlet method (AOAC method 920.39); ash was determined in a 

muffle furnace at 550°C for 3 h (AOAC method 942. 05). Neutral detergent fibre using 

thermostable amylase and excluding residual ash (aNDFom) (AOAC method 2002.04), ash-free 

acid detergent fibre (ADFom) (AOAC method 973.18), acid detergent lignin (ADL) (AOAC 

method 973.18), representing the fibrous fractions, were determined following the methods of 

AOAC (2005) and Van Soest et al. (1991), and used to calculate the lignin acid insoluble ash (AIA), 

cellulose and hemicellulose contents. The non-structural carbohydrate content (NSC,%) was 

estimated as follows: NSC% = (100 ₋ (CP% + EE% + ash% + aNDFom%)). 

Vitamin E (α-tocopherol) in forage dried samples (1 g) was determined in duplicate following the 

extraction method and the reversed-phase HPLC analysis described for cheese. 

Extracts of the feeding resources were prepared to determine in duplicate the content in condensed 

tannins (CT) and total polyphenols, and their antioxidant capacity. Briefly, each individual freeze- 
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dried powdered sample (0.75 g) was mixed with 25 mL of an acetone/water solution (70:30, v/v), 

placed in an ultrasonic water bath (LBS1 Sonicator; Falc Instruments, Treviglio, Italy) for 30 min at 

30°C, then centrifuged at 6000 rpm at 4°C for 15 min; the supernatant was filtered through 

Whatman N. 541 filter paper and kept at ₋18°C until further analysis. 

The extracted samples of feeding resources were prepared to be analysed for CT, expressed as 

delphinidin equivalent (g DE/kg DM) (Tava et al. 2005), using the butanol-HCl assay (Porter et al, 

1986), for total polyphenols, expressed as gallic acid equivalent (g GAE/kg DM), using the Folin- 

Ciocalteau colorimetric method (ISO, 2005), and for TEAC (Trolox equivalent antioxidant 

capacity) (mmol trolox/kg DM) according to Re et al. (1999) and Todaro et al. (2017); the 

absorbance of the samples was read using a HACH DR3900 spectrophotometer (Hach, Loveland, 

CO, USA) at 550, 725 and 734 nm for CT, polyphenols and trolox equivalent antioxidant capacity 

(TEAC), respectively. The fatty acids (FA) profile of freeze-dried forage, hay and concentrate 

samples (50 mg) was determined using the one-step extraction and transesterification procedure 

reported by Sukhija and Palmquist (1988); each forage FA was identified and quantified as 

described for cheese FA. 

Analyses for determination of dry matter (DM), crude protein (CP), neutral detergent fiber 

(aNDFom), acid detergent lignin (ADL) and lignin acid insoluble ash (AIA) were performed on 

freeze-dried faeces samples as described for feeds to estimate the diets digestibility using the AIA 

content in the faeces as an internal marker, according to Sunvold and Cochran (1991). 

Methane (CH4) production, as an indicator of the environmental impact of diets, was estimated 

based on DM intake (DMI), organic matter digestibility (OMD), and live weight (LW) of ewes, 

using one of the equations reported in the recent meta-analysis from Belanche et al. (2023): 

CH4, g/day = ₋0.669 + (9.19*DMI, kg/day) + (0.0495*OMD, %) + (0.169*LW, kg) 

 

3.2.4.2. Analyses of plasma and rumen fluid 

Plasma oxidants were measured as reactive oxygen metabolites (ROMs, expressed as Unit Carr), 

especially consisted of hydroperoxides generated by the oxidation of biomolecules, whereas 

antioxidant capacity was evaluated as biological antioxidant potential (BAP, mmol/L reduced iron 

equivalent), measuring the capacity of plasma to reduce iron from ferric (Fe3+) to ferrous (Fe2+) 

form through specific kits from Diacron (Grosseto, Italy), and using the ferric ion reducing 

antioxidant power (FRAP) assay (Benzie and Strain, 1996). 

The oxidative stress index (OSI) was calculated as the ratio ROMs/BAP proposed by Ranade et al. 

(2014), as well as the ratio ROMs/FRAP. Plasma total polyphenols (PTP) and free polyphenols 

(PFreeP), both expressed as g GAE/mL, were determined using the Folin-Ciocalteau colorimetric 
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method (ISO 2005) after extraction performed following the procedure described by Serafini et al. 

(1998) for PTP, and by Santiago-Arteche et al. (2012) for PFreeP. Serum non-esterified fatty acids 

(NEFA) were analysed using the commercial kit FA 115 (Randox Laboratories) according to the 

manufacturer’s instructions. 

To determine the ruminal concentration of individual volatile fatty acids (VFA), rumen liquid 

samples were analysed by high performance liquid chromatography (HPLC) using the protocol 

described by Cappucci et al. (2021). Briefly, 10 mL of rumen liquid, previously mixed with a 

H2SO4 solution and stored at a temperature of -20°C, was thawed and centrifuged at 5000 × g for 15 

min at 4°C to separate the liquid phase from the feed residuals. Subsequently, the supernatant was 

microfiltered using SLMV033RS, 0.45 μm filters (Millex-HV, Merck-Millipore, Billerica, MA). 

Then, 20 µL of the sample were injected directly into the HPLC system equipped with an Aminex 

85 HPX-87 H ion exclusion column (300 mm × 7.8 mm; 9 μm particle size; Bio-Rad) kept at 40°C. 

The detection wavelength was set at 220 nm. The analyses were performed using an isocratic 

elution (flux 0.6 mL/min) with a 0.008 N H2SO4 solution as the mobile phase. The injection loop 

was 20 µL. Single VFA were identified using a standard solution of acetic acid (5.40 mg/mL), 

propionic acid (5.76 mg/mL), butyric and isobutyric acids (7.02 mg/mL), valeric and isovaleric 

acids (8.28 mg/mL), all in 0.1 N H2SO4 solution (codes 338826, 402907, B103500, 58360, 75054, 

129542, respectively; Sigma-Aldrich, Milano, Italy). Quantification of VFA was performed by an 

external calibration curve based on the standards described above. Data were expressed as mg/g and 

% total VFA. 

 

3.2.4.3. Milk chemical composition and physical traits 

Samples of daily ewes’ individual milk and bulk mik for cheesemaking, collected during each 

experimental phase, were stored at 4°C until analyses, performed within 24 h after sampling. 

All milk samples were analyzed for lactose, fat, urea and somatic cell count (SCC) by infrared 

spectroscopy (Combi-foss 6000, Foss Electric, Hillerød, Denmark), pH by pH meter HI 9025 

(Hanna Instruments Inc., MI, USA), and titratable acidity by Soxhlet-Henkel method (°SH/50 mL). 

Bulk milk samples were also evaluated for total bacterial count (TBC) by BactoScan instrument 

(Foss Electric). 

For both individual and bulk milk samples, total nitrogen (TN), non-casein nitrogen (NCN) and 

non-protein nitrogen (NPN) were determined following the standard FIL-IDF procedures (FIL-IDF 

29, 1964; FIL-IDF 20B, 1993) and used to calculate total protein (TN × 6.38), casein [TN-(NCN × 

0.994) × 6.38] and whey protein [(NCN-NPN) × 6.38]. 

Individual and bulk milk samples were also evaluated for their clotting ability by a Formagraph 

instrument (Foss Electric), according to Zannoni and Annibaldi (1981). The lactodynamometric 
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parameters such as coagulation time (r, min), curd-firming time (k20, min), and curd firmness at 30 

min (a30, mm) were measured on 10 mL of milk heated to 35°C after addition of 0.2 mL of a diluted 

solution (1.6:100) of rennet (1:15,000; Chr. Hansen, Parma, Italy). The measurement is given by the 

linear oscillation of a small pendulum immersed in the coagulating milk sample; these pendulum 

movements are recorded creating a plot of firmness as a function of time (McMahon and Brown, 

1982). 

 

3.2.5. Cheese analyses 

In both Spring and Autumn experiments, the two cheeses manufactured with bulk milk from each 

experimental group and in each phase were sampled one at 15 days and the other at 30 days of 

storage, and both assessed for their microbiological, physical, chemical and sensory characteristics. 

Samples of 15-day and 30-day cheeses were frozen at -20°C to be successively lyophilized 

(SCAN-VAC Coolfase 55-9, Labogene Aps, Lynge, Denmark) for successive analyses. 

 

3.2.5.1. Microbiological analyses of cheese 

Cheeses at 15 and 30 days were aseptically sampled (25 g) and transferred into a sterile bag 

(BagFilter P, Interscience, Saint Nom, France) and diluted with 225 mL of 2% Na-citrate solution 

(w/v) (Sigma Aldrich, Milan, Italy). These samples were then homogenized in a stomacher 

BagMixer 400 (Interscience, Saint Nom, France) at maximum speed for 2 min. Further serial 

decimal dilutions (1:10) were carried out in Ringer’s solution. Cell suspensions of cheese samples 

were plated on agar media to allow the development of: total mesophilic microorganism (TMM) 

spread on plate count agar (PCA) supplemented with 1 g/L skimmed milk and incubated for 72 h at 

30°C; total psychrotrophic microorganisms (TPM) spread on PCA plus skimmed milk, incubated 

for 7 days at 7°C; members of the Enterobacteriaceae family poured in violet red bile glucose agar 

(VRGBA), incubated for 24 h at 37°C; coliforms poured in violet red bile agar (VRBA), incubated 

for 24 h at 37°C; pseudomonads spread on pseudomonas agar base (PAB) supplemented with 

cephaloridine sodium fusidate cetrimide (CFC), incubated for 48 h at 25°C; enterococci spread on 

kanamycin esculin azide (KAA) agar, incubated for 24 h at 37°C; thermophilic and mesophilic 

coccus LAB poured in M17 agar under anaerobic incubation, occurred into hermetically sealed jars 

containing the AnaeroGen AN25 sachets (Oxoid), incubated for 48 h at 44°C and 30°C, 

respectively; yeasts spread on yeast peptone dextrose (YPD) incubated for 48 h at 28°C; molds 

spread on potato dextrose agar (PDA) supplemented with 0.1 g/L chloramphenicol to avoid 

bacterial growth under aerobic incubation for 7 days at 25°C; Escherichia coli and Salmonella spp. 

spread on Hektoen enteric agar (HEA), incubated for 24 h at 37°C; coagulase-positive 
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staphylococci (CPS) spread on Baird-Parker (BP) agar supplemented with rabbit plasma fibrinogen 

(RPF), incubated for 48 h at 37°C; Listeria monocytogenes spread on Listeria selective agar base 

(LSAB) added with SR0140E supplement, incubated for 48 h at 37°C. All media and supplements 

were purchased from Oxoid (Milan, Italy). Microbiological plate counts were performed in 

duplicate for each sample. 

 

3.2.5.2. Cheese physical and chemical traits 

The colour of internal and external surfaces of cheeses was assessed in duplicate using a Minolta 

Chroma Meter CR-300 (Minolta, Osaka, Japan) standardized by a white plate, measuring lightness 

(L* values, range from 0 = black to 100 = white), redness (a* values, range from red = +a* to green 

= ₋a*) and yellowness (b* values, range from yellow = +b* to blue = ₋b*) according to the CIE 

L*a*b* system (CIE, 1986). 

An Instron 5564 tester (Instron, Trezzano sul Naviglio, Milan, Italy) was used to assess the cheese 

hardness measuring the maximum resistance to compression (compressive stress, N/mm2) exerted 

by a cylinder at the point of maximum deformation of a cylindrical sample (2 cm height ×2 cm 

diameter) held at room temperature (20-22°C). 

The pH values were measured with a pH meter HI 9025 (Hanna Instruments, Ann Arbor, MI, 

USA). 

Lyophilised cheese samples were analysed using standard International Dairy Federation (IDF) 

methods for the determination of dry matter (IDF, 1982), fat (IDF, 1986), protein (N × 6.38) (IDF, 

1964a), and ash (IDF, 1964b). 

Lyophilized samples of cheese (0.5 g) were analysed in duplicate for total retinol (vitamin A) and α- 

tocopherol (vitamin E) by reversed-phase HPLC methods (Panfili et al., 1994; Manzi et al., 1996) 

with modifications. All procedures for vitamins extraction were carried out using dark glassware to 

protect the samples from light exposure. Briefly, 0.5 g of sample was digested with 10 mL of KOH- 

ethanol solution (11% w/v KOH in 55% ethanol aqueous solution), and 0.2 g of ascorbic acid 

acting as an antioxidant. After being vortexed to ensure complete mix, the suspension was digested 

in a water bath at 70°C for 30 min, and then cooled to room temperature. The extraction of vitamins 

was repeated three times. At each time, the sample was shaken for 30 minutes after addition of 5 

mL of n-hexane and, after shaking, the lower aqueous layer was collected and transferred in a 

round-bottom flask. The pooled organic layers were evaporated with a rotary evaporator set to 

40°C, and the dry residue was dissolved in 5 mL of methanol and filtered using a 0.20 µm PTFE 

filter. 

For the determination of vitamins, a sample volume of 20 µL was injected into HPLC equipment. 
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The chromatographic system consisted of Agilent 12100 Series (Agilent Technologies, Milan, Italy) 

with a 1260 Infinity Quaternary Pump, G1329A High Performance Autosampler, G1316A 

Thermostated Column Compartment and G1315D Diode Array Detector (DAD). Separation was 

carried out using an Agilent Eclipse XBD-C18 column (4.6 x 250 mm, 5 µm). The temperature of 

the column was kept at 25°C, the flux of the mobile phase was set at 1 mL/min. The gradient 

program, with water [A] and methanol [B] as eluents, was 96% B until 13 min, 96 - 100% B in 7 

min, hold at 100% B for 4 min, 100 - 96% B in 0.5 min, hold at 96% B for 5.5 min. In the same 

chromatographic run, vitamin A and vitamin E at 294 nm and 325 nm were detected. 

Chromatographic data were processed using the Open Lab software (Agilent Technologies, Palo 

Alto, CA, USA). Concentrated standard solutions of 100 µg/mL retinol and 100 µg/mL α- 

tocopherol were stored at 2-8°C in vials wrapped in aluminium foil. External calibration solutions 

were prepared by the dilution of concentrated solutions in the range of the material studied (0.1-100 

µg/mL). A blank sample was prepared from the solvent of standard solutions and processed three 

times. 

 

3.2.5.3. Cheese antioxidant properties 

Extracts of lyophilised samples were prepared by applying the method of Rashdinejad et al (2013), 

with some modifications. Briefly, 0.5 g of lyophilised cheese was suspended in 25 mL of methanol 

(95% aqueous solution) containing 1% HCl. Subsequently, the suspension was homogenised for 30 

sec using an Art-Miccra D-8 high-speed homogeniser (Art Labortechnik, Müllheim, Germany), 

then maintained in an ultrasonic water bath (LBS1 Sonicator; Falc Instruments, Treviglio, Italy) at 

40°C for 30 min, during which it was vortexed for a few seconds every 10 min. Finally, the 

suspension was cooled and filtered using cheesecloth and centrifuged at 7000 rpm for 10 min at 

9°C, then kept at -18°C until analysis. 

Each cheese extract was subjected to duplicate analysis to define its antioxidant properties by 

determining total polyphenols, CT and TEAC. 

Total polyphenols were determined by the Folin-Ciocalteau colorimetric method (ISO, 2005), using 

gallic acid as standard. Briefly, 100 μL of cheese extract were mixed with 900 μL of distilled water 

and 500 μL of Folin-Ciocalteau reagent 1 N solution. Subsequently, 2.5 mL of a 20% (w/v) aqueous 

sodium carbonate solution was added and the mixture was vortexed for 30 sec, then incubated in 

darkness at room temperature for 40 min. Using a HACH DR3900 spectrophotometer (Hach, 

Loveland, CO, USA), the absorbance of the samples was read at 725 nm. Aqueous solutions of 

gallic acid at different concentrations (0-1 mg/mL) were used for the calibration curve (R2 = 0.99). 

The results were expressed as gallic acid equivalent (g GAE/kg DM). 
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To determine the content of condensed tannins (CT), the butanol-HCl assay (Porter et al., 1986) was 

carried out, using delphinidin as standard (Tava et al., 2005) and reading the absorbance at 550 nm 

using a HACH DR3900 spectrophotometer. To obtain the calibration curve, aqueous solutions of 

delphinidin between 0 and 0.15 mg/mL were used (R2 = 0.99). The results obtained were expressed 

as delphinidin equivalent (g DE/kg DM). 

The antioxidant capacity of cheese extracts was evaluated by the antioxidant capacity (TEAC) 

decolorization assay. performed according to Re et al. (1999), as described by Bonanno et al. 

(2019). This assay measures the in vitro radical scavenging ability of a sample against the 

monocationic radical 2,2-azino-bis (3-etilbenzotiazolin)-6-sulfonic acid (ABTS●+), using trolox as 

standard. Briefly, the ABTS radical cation was produced by reacting to a 14 mM ABTS aqueous 

solution with an equal volume of 4.9 mM potassium persulphate and incubating the mixture in the 

dark at room temperature for 12-16 h before use. During incubation, potassium persulphate oxidises 

ABTS to ABTS●+ radical, a chromophore responsible for the blue-green colouration of the 

solution. The ABTS●+ solution was diluted with 5 mM sodium phosphate buffered saline (PBS) at 

pH 7.4 in a ratio of ABTS: buffer (1:50, v/v) to give an absorbance of 0.750 (±0.02) at 734 nm. The 

absorbance of a mixture of 40 μL of distilled water and 4 mL of diluted ABTS●+ solution was read 

at 734 nm after incubation at 30°C for 6 min. Similarly, 40 μL of each extracted sample was mixed 

with 4 mL of diluted ABTS●+ radical cation solution and the absorbance read at 734 nm after 

incubation at 30°C for 6 min was used to calculate the percentage decrease in absorbance due to 

decolorization compared to that read with distilled water. Trolox solutions in PBS, in the range 

from 0 to 2.5 mM, were used to develop a calibration curve (R2 = 0.99); results were expressed as 

mmol trolox/kg cheese dry matter (DM). 

 

3.2.5.4. Cheese oxidative stability 

The oxidative stability of cheese fat was evaluated by primary and secondary lipid oxidation 

indices. Primary lipid oxidation was measured in duplicate as peroxide value (POV) expressed in 

milliequivalents (mEq) O2/kg fat (IDF, 1991). Secondary lipid oxidation index was evaluated by 

measuring the thiobarbituric acid-reactive substances (TBARS), according to the methods proposed 

by Tarladgis et al. (1960) and modified by Mele et al. (2011). The final TBARS values were 

expressed as μg malonylaldehyde (MDA)/kg DM. Briefly, 8 mL of phosphate-buffered saline (PBS) 

with pH 7 was placed in a 25 mL Sovirel tube and added with the lyophilized cheese extract 

samples (4 g); the resulting mixture was homogenised using an Art-Miccra D-8 high-speed 

homogeniser (Art Labortechnik). Subsequently, 2 mL of a 30% (v/v) trichloroacetic acid aqueous 

solution was added to the sample, then vortexed for a few seconds and filtered through Whatman 
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N.1 filter paper into a 25 mL flask. An aqueous solution of 0.02 M thiobarbituric acid (5 mL) was 

added to 5 mL of filtrate; the mixture was placed in a hot water bath (90°C) for 20 min then 

refrigerated. After centrifugation for 5 min at 4500 rpm, the absorbance of the supernatant was read 

at 530 nm using a HACH DR/4000 U spectrofotometer. To evaluate TBARS, 1,1,3,3 

tetramethoxypropane solutions at concentrations from 0.016 to 0.165 μg/mL were used for the 

calibration curve (R2 = 0.99). 

 

3.2.5.5. Cheese fatty acid profile 

In order to determine the fatty acids (FA) composition, lyophilised cheese samples (100 mg) were 

directly methylated by adding 1 mL of hexane and 2 mL of 0.5 M sodium methylate (NaOCH3), 

keeping them at a temperature of 50°C for 15 min, and then adding 1 mL of 5% HCl in methanol 

and heating them again at 50°C for 15 min, according to the bimethylation procedure described by 

Lee and Tweed (2008). Fatty acid methyl esters (FAME) recovered in 1.5 mL of hexane were 

injected by an autosampler into a HP 6890 gas chromatograph system equipped with a flame 

ionisation detector (FID) (Agilent Technologies, Santa Clara, CA, USA), and separated using a 

capillary column (100 m long, 0.25 mm internal diameter, 0.25 μm thickness) (CP-Sil 88, 

Chrompack, Middelburg, The Netherlands). The injector temperature was maintained at 255°C and 

the detector temperature at 250°C, with hydrogen flow of 40 mL/min, air flow of 400 mL/min and a 

constant helium flow of 45 mL/min. Initially, the thermostatically controlled chamber was 

maintained at a temperature of 70°C for 1 min, then increased by 5°C/min to 100°C held for 2 min, 

again increased by 10°C/min to 175°C held for 40 min, and finally increased by 5°C/min until the 

final temperature of 225°C was reached and maintained for 45 min. Helium was used as the carrier 

gas at a pressure of 158.6 kPa and a flow rate of 0.7 mL/min (linear velocity 14 cm/sec). A solution 

of FAME in hexane (Nu Check-Prep, Elysian, MN, USA) was used to identify each FA. Individual 

standards (Larodan Fine Chemicals AB, Malmö, Sweden) were used to recognize some branched 

FA, such as C15:0 iso, C15:0 anteiso, C17:0 iso and C17:0 anteiso. Isomers of conjugated linoleic 

acid (CLA) were identified with a standard mixture of rumenic acid (RA) and C18:2 c10 t12 methyl 

esters (Sigma-Aldrich, Milan, Italy) as well as published isomeric profiles (Kramer et al., 2004; 

Luna et al., 2005). To quantify total FA, C23:0 (Sigma-Aldrich) was used as internal standard (4 

mg/g lyophilised cheese). Based on the FA profile, a number of indexes of the health value of 

cheese fat were calculated as shown below. 

Thrombogenic index (TI) = (C14:0 + C16:0 + C18:0) / (0.5 × MUFA + 0.5 × n-6 PUFA + 3 × n-3 

PUFA + n-3/n-6) (Ulbricht and Southgate, 1991). 

Health-promoting index (HPI) = (n-3 PUFA + n-6 PUFA + MUFA) / (C12:0 + 4 × C14:0 + C16:0) 
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(Chen et al., 2004). 

Atherogenic index (AI) = (C12:0 + 4 × C14:0 + C16:0) / (n-3 PUFA + n-6 PUFA + MUFA) 

(Ulbritcht and Southgate, 1991). 

Hypocholesterolemic FA to hypercholesterolemic FA ratio (h/H) = (C18:1 c9 + C18:2 n-6 + C20:4 

n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3) / (C14:0 + 16:0) (Santos-Silva et al., 2002). 

The health value of cheeses was also evaluated using the General Health Index of Cheese (GHIC) 

as proposed by Giorgio et al. (2019), based on the contents of total PUFA, n-3 PUFA and RA, 

together with polyphenols content and antioxidant capacity by TEAC. The GHIC was calculated by 

adding the scores attributed to each component in a range from 0 (minimum value) to 10 (maximum 

value), as reported by Giorgio et al. (2019), with the modifications to express the FA levels as g/100 

g FA, and refer the other components to cheese DM. The GHIC-ALA was calculated only replacing 

n-3 PUFA score with those referred to ALA. 

The efficiency of 9-desaturase activity in the mammary gland was expressed calcutating the 

desaturation indexes of C14:1, C16:1, C18:1 and RA as follows. 

C14:1 c9 Δ-9 desaturase ratio = C14:1 c9/C14:1 c9 +C14:0 

C16:1 c9 Δ-9 desaturase ratio = C16:1 c9/C16:1 c9 +C16:0 

C18:1 c9 Δ-9 desaturase ratio = C18:1 c9/C18:1 c9 +C18:0 

RA Δ-9 desaturase ratio = RA/trans vaccenic acid (TVA) + RA 
 

3.2.5.6. Sensory analysis of cheeses 

The evaluation of sensory properties of cheeses was carried out by means of a descriptive sensory 

test (ISO, 2003), a hedonic test, and a triangle discriminant test (ISO, 2004), involving a panel of 10 

untrained volunteers (4 females, 6 males), selected for their habitual cheese consumption, during 3 

sessions for Spring cheeses and 4 sessions for Autumn cheeses. In each panel session, the 

evaluation was performed on cheese portions of approximately 10 g placed in close containers and 

kept at room temperature (about 20°C) for 30 min before tasting. Sparling water was offered to 

evaluators after tasting each cheese. 

For the descriptive test, before each session the panelists were involved in a training session to 

define a shared sensorial grid (ISO, 2010). The descriptive evaluation of sensory profile of cheese 

samples was based on 15 sensory attributes referred to aspect (colour, structure uniformity, holes 

presence), smell (strength of odor, odor of butter, odor of milk, unpleasant odor), taste (salty, sweet, 

acid, bitter, spicy) and texture (chewiness, solubility, grittiness), as well as overall acceptance. The 

score given by the evaluators to each descriptor was expressed as the distance (mm) from the 

anchor point on the left of a 90-mm visual analogue scale corresponding to the minimum rating. 

The hedonic test was based on rating the overall appreciation of the cheese in terms of taste, texture, 
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mouthfeel, overall appearance and overall liking; these traits were scored using a 9-point hedonic 

scale from 1 (extremely dislike) to 9 (extremely like). 

For the triangle test, cheeses of 15 and 30 days were evaluated separately. Within the same storage 

time, 3 samples of cheese, 2 of which belonging to the same dietary treatment, were offered for 

tasting to each panelist who were asked to identify the odd sample. Comparisons between the 

experimental theses were made in both triangular combinations, as follows: SULLA SULLA 

BARLEY; SULLA BARLEY BARLEY; A-DSF A-DSF M-DSF; A-DSF M-DSF M-DSF; A-DSF 

A-DSF SHL; A-DSF SHL SHL; M-DSF M-DSF SHL; M-DSF SHL SHL. 

 

3.2.5.7. Statistical Analysis 

Data were statistically analysed using the SAS 9.2 software (SAS, 2010). Individual ewes’ 

parameters were analysed by the MIXED procedure applying a mixed model in which experimental 

phase (2 levels in Spring and 3 levels in Autumn), and diet (2 levels in Spring = SULLA and 

BARLEY; 3 levels in Autumn = A-DSF, M-DSF and SHL) were treated as fixed factors and the 

ewe was considered as random factor and used as error term. For parameters of bulk milk and 

cheese, the GLM procedure was performed using linear models including the fixed effects of 

experimental phase (2 levels in Spring and 3 levels in Autumn), diet (2 levels in Spring = SULLA 

and BARLEY; 3 levels in Autumn = A-DSF, M-DSF and SHL), and only for cheese also storage 

time (ST, 2 levels in both seasons = 15 and 30 days) and the interaction diet*ST. For the cheese 

sensory evaluation scores, the fixed effect of the panelist was also considered. Before analysis, 

somatic cell count (SCC) and total bacterial count (TBC) values were transformed into logarithmic 

form (log10). When the effect of a factor resulted significant (P<0.05), means were compared using 

the Tukey- Kramer multiple comparison test with adjusted P-values. The significance of the 

differences between the cheeses compared in the sensory triangle tests was assessed using the 

standard references tables of Amerine et al. (1965). 
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3.3 RESULTS AND DISCUSSION 

 

3.3.1. SPRING EXPERIMENT 

 

3.3.1.1. Feeding resources 

Table 1S reports the botanical disaggregation and the chemical and fatty acids (FA) composition of 

the entire fresh plant of sulla and barley forages and concentrate feed offered to ewes in the 

experiment, as well as those of sulla leaves and flowers. Compared to fresh barley forage 

(BARLEY), the plants of fresh sulla forage (SULLA) were lower in DM and higher in protein, 

especially due to the good incidence (30.9% DM) of the high-protein leaves (27.8% DM), whereas 

was lower in fiber (aNDFom), although this fraction resulted more ADL. Regarding antioxidant 

compounds, SULLA was richer in polyphenols, mostly represented by CT, as expected; 

consequently, it recorded a higher antioxidant capacity (TEAC) than BARLEY, although this latter 

was higher in vitamin E, in line with the superior levels generally detected in grasses than in 

legumes (Danielsson et al., 2008). 

The fatty acids (FA) profile of SULLA was characterized by major levels of ALA and stearic acid, 

and lower amount of oleic acid (OLA) and linoleic acid (LA). Analogous differences were observed 

by Bonanno et al. (2018) when compared grazing forage of sulla with that of another graminaceous 

species such as annual ryegrass. 

 

3.3.1.2. Oxidative status of ewes 

The plasma parameters related to the ewes’ oxidative status are shown in Table 2S. Overall, 

compared to the BARLEY diet, the SULLA diet increased the antioxidant defenses of ewes, 

potentially responsible to their better welfare and health conditions. Indeed, the effect of SULLA 

was evident in the reduction of the level of plasma oxidant metabolites, expressed as ROMs, as well 

as in the increase of antioxidant capacity when measured as antioxidant power (FRAP), presumably 

attributable to the higher level of plasma free polyphenols, possibly derived by the ruminal 

metabolization of the ingested condensed tannins (CT) of sulla forage. In this regard, the 

contribution of the antioxidant power of vitamin E has to be excluded since its level was found 

higher in BARLEY than in SULLA (Table 1S). These trends led to a favorable significant decrease 

of both oxidative stress indexes (OSI) for the ewes receiving SULLA than in those fed BARLEY. 

Additionally, the SULLA diet contributed to a significant reduction in the plasma level of non- 

esterified fatty acids (NEFA), denoting a lower lipomobilization, thus a better nutritional status in 

ewes fed SULLA.  
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3.3.1.3. Volatile fatty acids in rumen fluid 

The effect of the diet on the volatile fatty acids (VFA) profile of rumen fluid is shown in Table 3S. 

It was found that the SULLA diet increased the production of total VFA, especially due to acetic 

acid (+7.3 mg/g), which was the main represented acid; this consistent increment of acetic acid 

denotes the higher degradability of the fibrous component of the legume forage, especially 

cellulose. However, the pH of rumen fluid and the proportion of each single acid did not differ 

between diets. On this basis, the CT of sulla forage seem not to have inhibited the microbial 

fermentation, responsible of the VFA production in the rumen; this contrasting result with that of 

Stienezen et al. (1996) is attributable to the greater degradability of the fiber in legume forage than 

in grass. 

 

3.3.1.4. Feed utilization and estimated methane production 

Table 4S shows the results related to the effect of diet on live weight (LW), body condition score 

(BCS), feed intake, digestibility and methane production of the ewes. 

Ewes in the SULLA group reached a significantly higher final live weight compared to those in the 

BARLEY group; however, the slight difference recorded (+1 kg) did not correspond to an improved 

BCS. Additionally, although the groups had the same total and forage dry matter (DM) intake, the 

ewes fed SULLA recorded higher intake of protein, polyphenols and condensed tannins (CT) , and 

a lower intake of aNDFom than the animals consuming BARLEY, due to the different nutrients 

content of compared forages. 

SULLA ewes also displayed a better efficiency in feed utilization, that resulted by the significant 

improvement in dry matter (DM), organic matter (OM), crude protein (CP) and aNDFom 

digestibility, as well as in feed conversion ratio (DM intake/milk yield), this latter attributable to the 

higher milk yield (Table 5S). 

To evaluate the impact of the diets on environment, methane production was estimated using one of 

the equations proposed in a recent meta-analysis (Belanche et al., 2023) based on DM intake, OM 

digestibility and the ewes’ LW. Daily methane production was similar for both forages (34.34 and 

34.11 g CH4/day for SULLA and BARLEY). However, when expressed per unit of milk yield, 

methane emissions with SULLA were significantly lower than that with BARLEY diet (19.68 and 

26.23 g CH4/kg milk for SULLA and BARLEY), indicating the lower environmental impact of the 

SULLA diet. Also this favorable effect of SULLA diet on ewes’ methane emissions is related to the 

higher milk yield (Table 5S). 
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3.3.1.5. Milk yield and quality 

Tables 5 and 6 describe the effects of the diet on milk yield and quality for individual and bulk milk 

used for cheese-making, respectively. 

The SULLA diet increased milk yield by 460 g/day compared to the BARLEY diet, as well as 

improved milk content in protein and casein, certainly referable to the effect of condensed tannins 

(CT); indeed, binding to dietary protein, CT protect them from ruminal degradation, enhance their 

intestinal digestibility and, consequently, the absorption of amino acids used for protein synthesis in 

the mammary tissue (Min et al. 2003; Piluzza et al, 2014; Gannuscio et al., 2022). Nevertheless, the 

SULLA diet contributed to a higher content of milk urea and, as consequence of non-protein 

nitrogen, both linked to the major dietary crude protein concentration and intake (Bonanno et al., 

2010), although the level recorded (33.92 mg/dL) can be considered within the values denoting an 

efficient utilization of dietary protein, and resulted far lower than the value (56 mg/dL) that Branca 

et al. (2000) and Giovanetti et al. (2019) indicated as the threshold not to be exceeded to ensure the 

ewes’ reproductive function. 

However, the higher milk yield of SULLA ewes was accompanied by a decrease in fat content, 

which can be explained only on the basis of the well-known negative relationship with the milk 

amount. Indeed, this reduction of milk fat can not be linked to the lower intake of dietary fibrous 

components since, despite its lower aNDFom content (Table 1S) and intake (Table 4S), the sulla 

forage recorded analogous cellulose level and DM intake to those with barley forage; presumably, 

this condition led to an analogous intake of cellulose, that represents the substrate of ruminal 

fermentations to obtain acetic acid, the main precursor of the novo synthesis of short- and medium- 

chain fatty acids (FA) in the cells of udder tissues, thus responsible of the milk fat content. On this 

basis, the presumed higher cellulose degradability of sulla forage, evidenced by the higher acetate 

production detected in the rumen fluid (Tabella 3S), seems not to have been enough to sustain the 

udder FA synthesis. 

Somatic cell count (SCC), pH, titratable acidity and coagulation parameters of individual milk did 

not show significant differences between the two diets. 

The parameters of the bulk milk used in the cheese-making process (Table 6S) reflected the same 

trends observed in the individual milk, especially for the higher protein, casein and urea contents, 

and the lower fat level recorded in SULLA milk. Among the coagulation parameters, only the curd 

firming time (k20) reached the threshold of statistical significance, being higher for the SULLA 

milk, as an effect of its higher casein content. 
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3.3.1.6. Cheese physico-chemical and antioxidant traits 

The results related to yield and physico-chemical parameters of cheeses obtained processing the 

milk from the experimental groups are shown in Table 7S. 

Cheese yield, expressed on both fresh and dry matter (DM), did not differ between diets in each 

storage time. 

Diet, storage time and their interaction (diet*ST) revealed significant effects on some physico- 

chemical parameters of cheeses. 

The significant effect of the diet emerged for cheese fat, protein and redness (a*). Indeed, SULLA 

diet was responsible of fat reduction and protein increase, consistent with the milk composition 

(Table 6S). Additionally, SULLA forage contributed to reduce the redness index, indicating a shift 

toward a green color, that could be linked to the higher level of chlorophyll transferred from sulla 

forage to milk, in accordance with Ponte et al. (2022); in this regard, the contribution of carotenoid 

pigments would be negligible considering their metabolic conversion into retinol or vitamin A that 

was more abundant in SULLA cheeses (3.2 vs 2.5 mg/kg DM), although at not significant level.  

The higher intake of polyphenols and condensed tannins (CT) with SULLA forage (Table 4S) did 

not result in an increase of polyphenols and antioxidant capacity (TEAC) in the corresponding 

cheeses, that were comparable to those of BARLEY cheeses. In this regard, also Ponte et al. (2022) 

observed a weak transfer in cheeses of polyphenols ingested at higher levels with fresh sulla forage 

than with sulla hay. The disappearance of polyphenols in cheese can be attributed to their 

degradation during digestive and cheese-making processes (Gladine et al., 2007) or to their binding 

with cheese protein, both reducing or avoiding their analytical detection (Rashidinejad et al., 2016). 

During storage of cheeses, besides the increase in DM, which is foreseeable together with a 

consequent decrease of water activity, there was also an unexpected increasing trend in 

polyphenols. This result, supported by literature (Gupta et al., 2009; Rashidinejad et al., 2016), 

could be due to the interaction of certain amino acids released by proteolysis during cheese 

maturation with the determination method of polyphenols, leading to the measurement of their false 

increase. Another explanation is that polyphenols, when interacting with proteins, are not detected 

in fresh cheeses but are released during aging, thus being detectable in more matured cheeses. 

Based on this result, the improvement in the TEAC in 30-day cheeses can be associated to this 

increase in polyphenols, since no variation emerged in the level of the other compounds with 

antioxidant action, such as the vitamins A and E. As known, antioxidant capacity is influenced by 

several factors, among which the presence of β-carotene, vitamin E, phenols or caseins, as well as 

the cheese manufacturing and the coagulating agent used (Fardet and Rock, 2018). 

Moreover, regarding the oxidative stability of cheeses, the unique significant effect was the 
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interaction of peroxide value, due to the better stability to primary oxidation emerged for 30-day 

stored cheeses produced with BARLEY; however, this result can not be attributed to their TEAC 

value, which was lower than that in SULLA 30-day cheese, but presumably to their lower content of 

compounds more sensitive to oxidation, such as polyunsaturated fatty acids (PUFA) (Table 10S). 

Finally, among the cheese physical parameters, the prolongation of storage time from 15 to 30 days 

contributed to slightly reduce the yellow color of cheese paste, expressed by the yellowness index, 

and increase its consistence, measured as resistance to compression or hardness. 

 

3.3.1.7. Cheese fatty acid composition 

The fatty acids (FA) profile of the cheese fat is shown in Tables 8S, 9S and 10S, which report the 

short-, medium- and branched-chain FA, the long-chain FA, and the FA profile and health indexes, 

respectively. The cheese FA composition was significantly influenced by the diet, whereas the 

effects of storage time and interaction diet*ST were always not significant. 

Among the short- and medium-chain FA (Table 8S), the diet influenced the presence of palmitic 

acid (C16:0) and some odd-chain and branched FA, which in most part resulted lower in SULLA 

cheeses, with the exception of higher C15:0, C17:0 iso and C17:0 anteiso. 

Since the branched-chain FA derive by the synthesis activity of ruminal bacteria, favoured by diets 

with high fiber level and forage:concentrate ratio (Vlaeminck et al., 2006), their reduction with the 

SULLA diet can be associated to the higher intake of more degradable fiber. However, the total 

amount of branched-chain FA resulted comparable between diets. 

The effect of diet emerged for almost all the long-chain FA (Table 9S). Among FA with 18 carbon 

atoms, SULLA diet increased the levels of the main FA with health benefits, such as TVA, LA, 

ALA, and RA, main isomer of CLA, whereas reduced OLA and did not change the stearic acid 

(C18:0). These results can be attributed to the role of CT of sulla forage in inhibiting the 

biohydrogenation of dietary unsaturated FA in the rumen, thus increasing their level in the final 

products. Indeed, the cheeses from the SULLA diet were characterized by a substantial increase in 

PUFA (Table 10S) that contribute to improve their FA profile from a health perspective (Parodi et 

al., 2009). In particular, the ratio of PUFA to saturated fatty acids showed a favourable increase, 

and the n-3/n-6 and LA/ALA ratio decreased in the SULLA cheeses, primarily due to the higher 

levels of ALA, precursor of long-chain n-3 FA. Moreover, it can be observed as most indexes 

calculated to evaluate the health quality of cheese fat, such as thrombogenic index (Ulbricht and 

Southgate, 1991), hypocholesterolemic FA to hypercholesterolemic FA ratio (h/H) (Santos-Silva et 

al., 2002), and the both versions of the general health index of cheese (GHIC and GHIC-ALA) 

(Giorgio et al., 2019) significantly improved in the cheeses produced from the SULLA diet. Finally, 
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the ∆-9 desaturase indexes of C14:1, C18:1 and RA were higher in the BARLEY cheeses, whereas 

the index related to the desaturation of C16:1 was analogous among diets, presumably linked to the 

higher amount of C16:0 in BARLEY cheeses. 

 

3.3.1.8. Cheese microbial population 

Table 11S shows the microbial profile of cheeses sampled after 15 and 30 days of storage. 

No pathogenic microorganism (Lysteria monocytogenes, Escherichia coli, Salmonella spp., and 

coagulase-positive staphylococci as Stafilococcus aureus) was detected at any stage of the 

production process, thus these results are not reported. The absence of these pathogens highlights 

the high hygienic standards of both the raw materials and the production technology. 

The cheese microbial loads were affected more by the storage time than by the diet or their 

interaction. 

The effect of diet and its interaction with storage time emerged only for the Pseudomonas, that were 

detected at the highest level with SULLA diet, but only at 15 days, since at 30 days the counts 

reached the same value with the two diets. 

From 15 to 30 days of storage, the total mesophilic microrganisms and the coccus lactic acid 

bacteria (LAB) showed a consistent increase regardless of diet, reaching concentrations of around 8 

log CFU/g, which aligns with values found in the literature (Busetta et al, 2022) for this type of 

cheese. The presence of coccus LAB is related to the addition of starter LAB during cheese-making 

process, and their increase at 30 days of storage confirmed their dominance and persistence as 

fermenting agents able to define the final aroma of cheeses (Foulquié Moreno et al., 2006). 

The enterococci also reached higher concentration at 30 days of storage, whereas the spoilage 

microorganisms, as Enterobacteriaceae and coliforms, showed a reduction of about one logarithmic 

cycle during the storage time, regardless of diet. 

These findings suggest that there were no negative effects on the fermentation process or the 

microbiological aspects of the cheeses. 

 

3.3.1.9. Cheese sensory properties 

The cheeses were also evaluated for their sensory traits through a descriptive sensory test, a hedonic 

test, and a triangle discriminant test. 

Table 12S report the mean scores recorded for each trait in descriptive test and hedonic test in 

relation to diet, storage time and their interaction, and Figure 1S displays the results in a spider 

graph. 

The diet influenced only at a level of tendency (P<0.10) the traits of descriptive test related to the 
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strength of odor, weaker in SULLA cheeses, and the acid and bitter tastes, slightly less pronounced 

in BARLEY cheeses. There was a greater differentiation involving many descriptors due to storage 

time; accordingly, the cheeses stored for 30 days achieved higher scores for bitter and spicy taste, 

and lower scores for the structure uniformity, salty and sweet taste, chewiness, grittiness, overall 

acceptance and all traits assessed in hedonic test. The interaction reached the statistical significance 

only for the overall apparence, which resulted better in the 15-day cheeses from SULLA diet. 

In the triangle discriminant test (Table 13S), the differences between the diets were significantly 

perceived, although at more moderate level in 15-day cheeses (52.5% of corrected responses) than 

in 30-day cheeses (59.4% of corrected responses). 

Based on these results, the influence of ewes’ diets on the sensory properties of cheeses seems to be 

limited, whereas the maximum appreciation was expressed for the cheeses stored for the shorter 

period of 15 days, regardless the diet. 

 

3.3.1.10. Conclusions spring experiment 

The aim of this experiment was to evaluate the effects on ewes’ performance and quality of dairy 

products of a diet based on fresh forage of SULLA, greatly available in the spring season when 

normally is exploited by ewes through grazing, by comparison with another forage resource 

available in the same season, such as fresh forage of BARLEY. 

The results confirmed the superiority of the diet in which green SULLA forage was the only forage 

source offered ad libitum, especially due to its content in condensed tannins (CT). Indeed, feeding 

ewes with fresh forage of SULLA resulted in an increase in digestibility and a reduction in ruminal 

methane production that led to an improved nutritional efficiency and, consequently, a higher milk 

yield. The positive effects of SULLA were also evident in the characteristics of dairy products, 

since this forage contributed to maintaining a high milk casein content, and in cheese increased the 

level of main PUFA, as RA and ALA, and ensured a good microbiological profile and appreciable 

sensory properties. 
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Table 1S. Botanical components (% DM), chemical composition (% DM) and fatty acid content (g/kg DM) of forages and concentrate feed 

received by ewes 

 

 Fresh SULLA forage  Fresh BARLEY forage Concentrate feed 
 plant leaves flowers   

Flowers/ears 14.82   31.66  

Leaves 30.85   13.04  

Stems/culms 46.21   44.01  

Dry parts and weeds 8.12   11.30  

Dry matter (DM), % 15.32 17.40 18.10 32.88 90.89 

Crude protein (CP) 16.82 27.80 21.44 8.63 20.94 

Ether extract (EE) 2.43 3.95 2.95 2.04 4.40 
Ash 11.11 14.07 8.12 8.28 7.34 

aNDFom 40.45 22.50 32.12 58.06 20.35 

ADFom 37.02 21.15 27.58 35.87 8.95 
ADL 7.32 6.00 4.79 4.05 0.81 
AIA 0.368 0.458 0.288 2.24 1.26 

Cellulose 29.70 15.15 22.79 31.82 8.14 
Hemicellulose 3.67 1.50 4.77 21.12 10.57 
Non-structural carbohydrates (NSC) 28.58 31.07 34.85 21.81 46.55 

Vitamin E, mg/kg DM 11.91   17.53 - 

Condensed tannins, g DE/kg DM 15.22 26.77 27.73 1.50 2.60 
Polyphenols, g GAE/kg DM 20.16 37.33 35.96 7.22 10.85 

TEAC, mmol trolox/kg DM 98.73 148.8 153.8 47.13 76.71 

Lauric acid, C12:0 0.153 
  

0.081 0.061 
Myristic acid, C14:0 0.166   0.303 0.232 

Palmitic acid, C16:0 4.88   4.12 12.78 
Stearic acid, C18:0 0.959   0.578 1.47 

Oleic acid (OLA), C18:1 c9 0.797   1.56 13.77 

Linoleic acid (LA), C18:2 n-6 1.91   3.46 11.03 

α-linolenic acid (ALA), C18:3 n-3 7.58   5.61 0.507 

aNDFom, neutral detergent fibre using thermostable amylase and excluding residual ash. ADFom, ash-free acid detergent fibre. 
ADL, acid detergent lignin. AIA, lignin acid insoluble ash. DE, delphinidin equivalent. GAE, gallic acid equivalent.  

TEAC, trolox equivalent antioxidant capacity. 
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Table 2S. Effect of diet on oxidative status biomarkers, plasma polyphenols and NEFA in ewes 

 

 Diet Significance P< 

 Fresh SULLA forage Fresh BARLEY forage SEM Phase Diet 

Reactive Oxigen metabolites (ROMs), Unit Carr 131.6 195.9 10.14 <0.0001 0.0004 

Biological antioxidant potential (BAP), μmol/L 3329 3566 105.83 0.0704 0.1211 

Oxidative Stress Index (OSI=ROMs/BAP*100) 4.09 5.56 0.344 0.0096 0.0041 

Ferric reducing antioxidant power (FRAP), μmol/L 309.3 253.5 14.25 0.0574 0.0081 

Oxidative Stress Index (OSI=ROMs/FRAP*10) 4.38 7.89 0.440 0.0097 <0.0001 

Plasma Total Polyphenols (PTP), μg GAE/mL 22.08 21.32 1.50 0.1564 0.7208 

Plasma Free Polyphenols (PFreeP), μg GAE/mL 11.03 8.48 0.356 <0.0001 <0.0001 

Plasma Conjugated Polyphenols (PCP), μg GAE/mL 10.98 12.83 1.55 0.0104 0.4022 

Non-esterified fatty acids (NEFA), mmol/L 0.054 0.091 0.011 0.0330 0.0225 

GAE, gallic acid equivalent. SEM = standard error of mean. 
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Table 3S. Effect of diet on volatile fatty acid (VFA) concentration in ewes’ rumen fluid 

 

 Diet Significance P< 

 Fresh SULLA forage Fresh BARLEY forage SEM Phase Diet 

pH 7.01 6.78 0.074 0.2899 0.1866 

Acetate, mg/g 19.20 11.92 1.29 0.7015 0.0024 

Propionate, mg/g 9.95 7.50 1.15 0.9456 0.1344 

Isobutyrate, mg/g 6.02 3.09 0.724 0.0116 0.0140 

Butyrate, mg/g 9.48 7.02 0.581 0.3058 0.0031 

Isovalerate, mg/g 4.80 4.07 1.41 0.5826 0.5134 

Total VFA, mg/g 50.14 33.95 3.45 0.74.16 0.0067 

C2/C3 1.97 1.70 0.154 0.9773 0.2132 

C2/C4 2.03 1.70 0.144 0.6447 0.0789 

Acetate, % VFA 37.81 35.22 2.09 0.9928 0.2751 

Propionate, % 19.05 23.28 2.84 0.3696 0.2163 

Isobutyrate, % 12.45 8.49 1.88 0.0173 0.1415 

Butyrate, % 19.10 20.79 1.48 0.3769 0.2834 

Isovalerate, % 10.03 9.88 3.16 0.6927 0.9470 

SEM = standard error of mean. 
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Table 4S. Effect of diet on live weight variation, feed intake, digestibility, and methane production 

 

 Diet Significance P< 

 Fresh SULLA forage Fresh BARLEY forage SEM Phase Diet 

Initial live weight (LW), kg 55.16 55.10 1.78 <0.0001 0.8827 

Final live weight, kg 53.72 52.81 1.76 0.0485 0.0062 

Weight gain, kg -1.44 -2.29 0.355 0.0005 0.1212 

Weight gain, % -2.53 -4.12 0.600 0.0005 0.0911 

Initial BCS 3.56 3.54 0.060 0.1114 0.7342 

Final BCS 3.42 3.38 0.088 0.0881 0.7134 

BCS variation -0.146 -0.167 0.087 0.4172 0.8690 

BCS variation, % -3.94 -4.65 2.44 0.4491 0.8408 

Total DM intake (DMI), g/day 2416 2439 78.85 <0.0001 0.5533 

Forage DM intake, g/day 1870 1894 78.85 <0.0001 0.5533 

Concentrate feed, % total DMI 22.74 24.46 0.957 <0.0001 0.0010 

Total CP intake, g/day 486.7 289.9 9.41 <0.0001 <0.0001 

Total aNDFom intake, g/day 734.5 1199 60.96 <0.0001 <0.0001 

Condensed tannins intake, g DE/day 36.15 4.18 0.150 <0.0001 <0.0001 

Polyphenols intake, g GAE/day 51.39 20.16 0.848 <0.0001 <0.0001 

DM intake/milk yield, kg/kg 1.39 1.85 0.060 0.0065 <0.0001 

DM digestibility, % 74.03 68.30 0.954 <0.0001 <0.0001 

Organic matter digestibility (OMD), % 75.42 69.56 0.979 <0.0001 <0.0001 

CP digestibility, % 71.92 66.29 0.980 0.2788 <0.0001 

aNDFom digestibility, % 56.99 57.81 1.30 <0.0001 0.3738 

Methane production, g/day (1) 34.34 34.11 0.879 <0.0001 0.5377 

Methane production, g/kg milk (1) 19.68 26.23 0.653 0.0050 <0.0001 

BCS, body condition score. DM, dry matter. CP, crude protein, aNDFom, neutral detergent fibre using thermostable amylase and excluding residual ash. 

DE, delphinidin equivalent. GAE, gallic acid equivalent. SEM = standard error of mean. 

Methane production, g/day = -0.669 + (9.19*DMI, kg/day) + (0.0495*OMD, %) + (0.169* LW, kg) (Belanche et al., 2023). 
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Table 5S. Effect of diet on individual milk yield and composition 

 

 Diet Significance P< 

 Fresh SULLA forage Fresh BARLEY forage SEM Phase Diet 

Milk yield, g/day 1777 1317 52.23 <0.0001 <0.0001 

Somatic cells count, log10 n/ml 5.75 5.93 0.169 0.6839 0.2296 

Lactose, % 4.58 4.59 0.048 0.0895 0.7028 

Fat, % 5.62 6.09 0.173 <0.0001 <0.0001 

Protein, % 5.27 5.02 0.105 0.5481 0.0007 

Casein, % 4.00 3.82 0.095 0.5269 0.0020 

Whey protein, % 1.03 0.945 0.042 0.4263 0.0880 

Non-protein nitrogen (NPN), % 0.042 0.038 0.001 0.9999 0.0013 

Urea, mg/dl 33.37 27.91 1.24 0.2595 <0.0001 

pH 6.68 6.65 0.014 0.0003 0.1475 

Titratable acidity, °SH/50 ml 5.03 4.96 0.102 <0.0001 0.4964 

Coagulation time (r), min 24.61 22.68 1.51 0.0114 0.3551 

Curd firming time (k20), min 1.86 1.70 0.114 0.1518 0.2848 

Curd firmness (a30), mm 47.40 51.30 3.26 0.3697 0.3575 

SEM = standard error of mean. 



58  

Table 6S. Effect of diet on composition and coagulation properties of bulk milk used for cheese-making 

 

 Diet Significance P< 

 Fresh SULLA forage Fresh BARLEY forage SEM Phase Diet 

Somatic cells count, log10 n/ml 6.29 6.29 0.084 0.0483 0.9882 

Total bacterial count, log10 ufc/ml 5.84 5.47 0.225 0.6070 0.3285 

Lactose, % 4.57 4.60 0.015 0.0195 0.2983 

Fat, % 5.57 5.90 0.083 0.0023 0.0213 

Protein, % 5.22 5.07 0.028 0.6211 0.0052 

Casein, % 3.95 3.85 0.020 0.6897 0.0070 

Whey protein, % 0.989 0.895 0.041 0.4678 0.1399 

Non-protein nitrogen (NPN), % 0.041 0.037 0.002 0.5968 0.1111 

Urea, mg/dl 33.92 28.54 0.779 0.1844 0.0017 

pH 6.64 6.63 0.027 0.0024 0.9314 

Titratable acidity, °SH/50 ml 4.93 4.73 0.065 0.0569 0.0569 

Coagulation time (r), min 22.85 19.91 1.65 0.0009 0.2224 

Curd firming time (k20), min 2.30 1.66 0.183 0.5788 0.0224 

Curd firmness (a30), mm 50.74 50.80 4.45 0.0200 0.9923 

SEM = standard error of mean. 
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Table 7S. Effect of diet and storage time on cheese yield and physico-chemical traits 

 

Diet Fresh SULLA forage Fresh BARLEY forage SEM Significance P< (1)  

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

Cheese yield at 15 days, g/100 g milk 13.48  13.61  0.113 0.0190 0.4675   

Cheese yield at 30 days, g/100 g milk 12.79  12.82  0.188 0.5284 0.9406   

Cheese yield at 15 days, g DM/100 g milk 8.79  8.88  0.104 0.4531 0.6181   

Cheese yield at 30 days, g DM/100 g milk 8.51  8.60  0.141 0.8313 0.7274   

pH 5.55 5.59 5.49 5.64 0.070 0.3168 0.9232 0.2100 0.3945 

Water activity, aw 0.995 0.986 1.00 0.986 0.035 0.1034 0.2392 0.0043 0.1712 

Dry matter (DM), % 63.93 66.51 63.74 67.18 0.423 0.0404 0.6109 <0.0001 0.3620 

Fat, % DM 46.34 46.21 49.19 47.56 0.701 0.0556 0.0152 0.2629 0.3380 

Protein, % DM 43.73 44.24 41.97 41.46 0.776 0.3967 0.0172 0.9997 0.5563 

Ash, % DM 6.07 6.40 6.35 6.65 0.163 0.6347 0.1604 0.0915 0.9350 

Vitamin A, mg/kg DM 3.35 3.13 2.48 2.73 0.523 0.4488 0.2890 0.9805 0.6850 

Vitamin E, mg/kg DM 11.09 9.75 10.40 7.94 2.00 0.8028 0.5942 0.4172 0.8101 

Polyphenols, g GAE/kg DM 3.63 4.04 3.94 4.56 0.242 0.4805 0.1291 0.0558 0.6815 

TEAC, mmol/kg DM 12.47 20.87 13.42 17.81 1.36 0.1180 0.4855 0.0001 0.1854 

Peroxide value, mEq O2/kg fat 2.44 ab 2.74 a 2.59 ab 2.20 b 0.133 0.3780 0.1834 0.7865 0.0214 

TBARS, mg MDA/kg DM 0.523 0.518 0.600 0.614 0.052 0.8550 0.1370 0.9336 0.8688 

Lightness, L* 73.37 72.70 74.74 73.77 0.594 <0.0001 0.6656 0.2065 0.8196 

Redness, a* -3.88 -3.74 -3.30 -3.16 0.130 0.6748 0.0001 0.3247 0.9842 

Yellowness, b* 13.69 13.04 13.36 12.56 0.334 <0.0001 0.2747 0.0489 0.8325 

Hardness, N/mm2 0.611 0.899 0.643 0.858 0.060 0.8049 0.9466 0.0005 0.5771 

GAE, gallic acid equivalent. TEAC, trolox equivalent antioxidant capacity. TBARS, thiobarbituric acid–reactive substances. MDA, malonylaldehyde. 
SEM = standard error of mean. (1) On the row: a, b = P<0.05. 
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Table 8S. Effect of diet and storage time on fatty acid (FA) composition (g/100 g FA) of cheese fat: short. medium. and branched chain FA 

 

Diet Fresh SULLA forage Fresh BARLEY forage SEM  Significance P<  

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

C4:0 3.56 2.97 2.66 2.79 0.367 0.4630 0.2049 0.3776 0.5701 

C6:0 3.20 2.88 2.90 2.81 0.223 0.0119 0.4635 0.4140 0.6330 

C7:0 0.013 0.007 0.019 0.007 0.008 0.0183 0.7474 0.2973 0.7351 

C8:0 2.80 2.74 2.86 2.80 0.077 <0.0001 0.4588 0.5178 0.9629 

C9:0 0.056 1.15 2.82 2.46 0.816 0.0032 0.0375 0.6897 0.4235 

C10:0 7.29 6.80 5.38 5.69 0.987 0.0002 0.1852 0.9337 0.7183 

C11:0 0.471 0.911 1.87 1.64 0.434 0.0073 0.0409 0.8300 0.4847 

C12:0 3.81 3.62 2.87 3.11 0.597 0.0007 0.2878 0.9763 0.7467 

C13:0 anteiso 0.015 0.008 0.033 0.047 0.007 0.0022 0.0021 0.6490 0.1929 

C13:0 0.133 0.145 0.167 0.170 0.007 0.0013 0.0017 0.3856 0.5952 

C14:0 iso 0.221 0.137 0.132 0.126 0.046 0.1906 0.3415 0.3766 0.4479 

C14:0 10.48 11.12 11.45 11.62 0.341 0.9768 0.0685 0.2937 0.5442 

C15:0 iso 0.233 0.245 0.312 0.314 0.006 0.0047 <0.0001 0.3066 0.5106 

C15:0 anteiso 0.424 0.449 0.490 0.492 0.013 0.0989 0.0019 0.3800 0.4492 

C14:1 c9 0.171 0.180 0.205 0.212 0.007 0.0007 0.0008 0.3251 0.8971 

C15:0 1.19 1.23 1.08 1.09 0.026 0.8123 0.0005 0.4151 0.6338 

C16:0 iso 0.303 0.313 0.319 0.321 0.006 0.0002 0.0984 0.4000 0.5391 

C16:0 24.29 24.60 25.23 25.51 0.256 <0.0001 0.0047 0.3021 0.9457 

C17:0 iso 0.624 0.614 0.573 0.537 0.015 0.0180 0.0013 0.1682 0.4414 

C17:0 anteiso 0.349 0.349 0.236 0.240 0.020 0.1145 0.0001 0.9340 0.9438 

C16:1 c9 0.929 0.994 0.868 0.972 0.059 0.0002 0.5282 0.2020 0.7632 

C17:0 0.641 0.764 0.704 0.717 0.064 0.3311 0.9134 0.3500 0.4446 

C17:1 c9 0.173 0.176 0.185 0.182 0.006 0.0006 0.1618 0.9806 0.6168 

C18:0 iso 0.133 0.000 0.033 0.035 0.067 0.2596 0.6668 0.3826 0.3695 

Total branched chain FA 2.30 2.11 2.13 2.11 0.066 0.0016 0.2496 0.1710 0.2499 

SEM = standard error of mean. 
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Table 9S. Effect of diet and storage time on fatty acid (FA) composition (g/100 g FA) of cheese fat: long chain FA 

 

Diet Fresh SULLA forage Fresh BARLEY forage SEM Significance P< (1)  

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

C18:0 8.72 8.60 8.79 8.69 0.186 0.8612 0.7132 0.5971 0.9665 

C18:1 t11, TVA 2.68 2.66 1.61 1.56 0.057 0.1835 <0.0001 0.5722 0.8239 

C18:1 c9, OLA 14.99 14.87 18.28 18.33 0.191 <0.0001 <0.0001 0.8707 0.7014 

C19:0 0.088 0.085 0.000 0.000 0.014 0.2013 <0.0001 0.8492 0.9927 

C18:2 n-6, LA 2.10 2.10 1.88 1.89 0.027 <0.0001 <0.0001 0.9248 0.8365 

C20:0 0.484 0.453 0.303 0.324 0.020 <0.0001 <0.0001 0.6397 0.3481 

C20:1 c9 0.052 a 0.007 b 0.021 b 0.015 b 0.007 0.0830 0.1745 0.0072 0.0288 

C18:3 n-3, ALA 1.63 1.66 0.628 0.634 0.031 0.1281 <0.0001 0.6210 0.7445 

C18:2 c9 t11 CLA, RA 1.02 1.03 0.726 0.717 0.020 <0.0001 <0.0001 0.8321 0.5455 

C22:0 0.232 0.194 0.140 0.143 0.022 0.3814 0.0083 0.4751 0.3912 

C20:3 n-3 0.038 0.017 0.039 0.033 0.012 0.3389 0.5191 0.3200 0.5957 

C20:4 n-6, AA 0.084 0.084 0.104 0.103 0.003 0.0027 0.0001 0.8277 0.8927 

C20:5 n-3, EPA 0.162 0.144 0.142 0.137 0.011 0.5472 0.2657 0.3277 0.6120 

C22:5 n-3, DPA 0.118 0.126 0.146 0.146 0.007 0.4198 0.0056 0.7049 0.6676 

Other C18:1 trans 1.05 1.03 0.806 0.795 0.017 0.0003 <0.0001 0.4753 0.8948 

Other C18:1 cis 2.53 2.50 1.71 1.67 0.034 0.5165 <0.0001 0.3447 0.9045 

Other C18:2 n-6 1.60 1.51 0.772 0.777 0.050 0.1959 <0.0001 0.4464 0.4007 

Other CLA isomers 0.318 0.25 0.049 0.046 0.037 0.3208 <0.0001 0.4116 0.4547 

Total CLA isomers 1.33 1.29 0.775 0.763 0.033 0.0373 <0.0001 0.4178 0.6297 

TVA, trans vaccenic acid. OLA, oleic acid. LA, linoleic acid. ALA, α-linolenic acid. CLA, conjugated linoleic acid. RA, rumenic acid. 

AA, arachidonic acid. EPA, eicosapentaenoic acid. DPA, docosapentaenoic acid. 

SEM = standard error of mean. (1) On the row: a, b = P<0.05. 
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Table 10S. Effect of diet and storage time on fatty acid (FA) profile (g/100 g FA) and health indexes of cheese fat 

 

Diet Fresh SULLA forage Fresh BARLEY forage SEM  Significance P<  

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

Total FA. % DM 40.41 39.53 43.49 43.69 0.828 0.4450 0.0011 0.7115 0.5572 

Non identified FA 0.597 0.281 0.295 0.232 0.125 0.0128 0.2207 0.1823 0.3674 

Identified FA 99.40 99.72 99.70 99.77 0.125 0.0128 0.2207 0.1823 0.3674 

Saturated FA. SFA 69.77 70.38 71.53 71.55 0.385 <0.0001 0.0032 0.4606 0.4915 

Monounsaturated FA 22.57 22.41 23.69 23.73 0.262 <0.0001 0.0006 0.8574 0.7297 

Polyunsaturated FA. PUFA 7.07 6.93 4.49 4.48 0.082 0.0020 <0.0001 0.4107 0.4513 

Unsaturated FA. UFA 29.64 29.34 28.17 28.21 0.330 <0.0001 0.0026 0.7278 0.6444 

PUFA/SFA 0.101 0.098 0.063 0.063 0.001 0.0003 <0.0001 0.3584 0.4081 

UFA/SFA 0.425 0.417 0.395 0.395 0.007 <0.0001 0.0025 0.5880 0.5981 

n-6 PUFA 3.76 3.68 2.75 2.76 0.056 0.0031 <0.0001 0.5488 0.4390 

n-3 PUFA 1.95 1.94 0.956 0.949 0.019 0.1959 <0.0001 0.8081 0.9438 

n-6/n-3 1.94 1.89 2.88 2.91 0.044 0.0137 <0.0001 0.9724 0.4191 

n-3/n-6 0.518 0.529 0.348 0.343 0.008 0.0440 <0.0001 0.7495 0.3959 

LA/ALA 1.29 1.27 3.01 3.04 0.090 0.0038 <0.0001 0.9664 0.7670 

Thrombogenic index (TI) 2.23 2.29 2.78 2.79 0.037 0.2089 <0.0001 0.3581 0.6333 

Health Promoting Index (HPI) 0.408 0.386 0.372 0.365 0.016 0.0619 0.1174 0.4037 0.6447 

Atherogenic index 2.48 2.60 2.72 2.75 0.092 0.0181 0.0675 0.4785 0.6488 

h/H 0.551 0.531 0.577 0.572 0.012 0.1015 0.0183 0.3380 0.5547 

GHIC 34.50 40.00 17.10 19.75 1.18 0.4478 <0.0001 0.0058 0.2829 

GHIC-ALA 34.33 40.17 16.49 19.47 1.15 0.4865 <0.0001 0.0027 0.2698 

C14:1 c9 Δ-9 desaturase ratio 0.016 0.152 0.018 0.018 0.0003 <0.0001 0.0002 0.6570 0.6371 

C16:1 c9 Δ-9 desaturase ratio 0.037 0.039 0.033 0.036 0.002 0.0076 0.2045 0.2508 0.7652 

C18:1 c9 Δ-9 desaturase ratio 0.632 0.633 0.675 0.679 0.004 <0.0001 <0.0001 0.5616 0.7603 

RA Δ-9 desaturase ratio 0.275 0.280 0.310 0.313 0.004 0.0014 <0.0001 0.3530 0.8245 

 

Continue 
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Table 10S. Continuation 

 
DM, dry matter. LA, linoleic acid. ALA, α-linolenic acid. 

Thrombogenic index = (C14:0 + C16:0 + C18:0) / (0.5 × MUFA + 0.5 × n-6 PUFA + 3 × n-3 PUFA + n-3/n-6) (Ulbricht and Southgate, 1991). 
Health-promoting index = (n-3 PUFA + n-6 PUFA + MUFA) / (C12:0 + 4 × C14:0 + C16:0) (Chen et al., 2004). 

Atherogenic index = (C12:0 + 4 × C14:0 + C16:0) / (n-3 PUFA + n-6 PUFA + MUFA) (Ulbritcht and Southgate, 1991). 

h/H, hypocholesterolemic FA to hypercholesterolemic FA ratio = (C18:1 c9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3) / (C14:0 
+ 16:0) (Santos-Silva et al., 2002). 
GHIC, general health index of cheese (Giorgio et al., 2019). 

C14:1 c9 Δ-9 desaturase ratio = C14:1 c9/C14:1 c9 +C14:0. 
C16:1 c9 Δ-9 desaturase ratio = C16:1 c9/C16:1 c9 +C16:0. 

C18:1 c9 Δ-9 desaturase ratio = C18:1 c9/C18:1 c9 +C18:0. 

RA Δ-9 desaturase ratio = rumenic acid (RA)/trans vaccenic acid (TVA) + RA. 

SEM = standard error of mean. 
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Table 11S. Effect of diet and storage time on microbial loads (log CFU/g) of cheese samples 

 

Diet Fresh SULLA forage Fresh BARLEY forage SEM  Significance P< (1) 

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

TMM 8.17 8.89 8.11 8.89 0.096 0.2300 0.7394 <0.0001 0.7589 

TPM 6.51 6.32 6.52 6.38 0.090 0.3187 0.6639 0.0787 0.9942 

Enterobacteriaceae 2.52 1.52 2.49 1.67 0.088 0.5924 0.4993 <0.0001 0.3081 

Total coliforms 3.21 2.37 3.23 2.47 0.091 0.5701 0.5078 <0.0001 0.6661 

Pseudomonads 2.82 b 3.46 a 2.40 c 3.41 a 0.078 0.0398 0.0045 <0.0001 0.0196 

Enterococci 5.37 6.22 5.52 6.38 0.096 0.1233 0.1136 <0.0001 0.9760 

Coccus LAB 8.92 9.22 8.96 9.24 0.063 0.0250 0.6792 <0.0001 0.8863 

Yeasts 2.86 2.56 2.89 2.66 0.125 0.0622 0.6122 0.0415 0.8037 

Molds 2.41 2.47 2.44 2.46 0.077 0.5869 0.8762 0.6078 0.8321 

TMM, total mesophilic microorganisms. TPM, total psychrotrophic microorganisms. LAB, lactic acid bacteria. 
SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 
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Table 12S. Effect of diet and storage time on sensory traits of cheese 

Diet Fresh SULLA forage Fresh BARLEY forage SEM Significance P< (1) 

Storage time (ST) 15 days 30 days 15 days 30 days  Phase Panelist Diet ST Diet*ST 

Colour 5.20 5.15 5.05 4.84 0.270 0.0005 0.0024 0.3727 0.6137 0.7527 

Structure uniformity 5.07 3.04 5.41 3.84 0.380 0.1437 0.3045 0.1231 <.0001 0.5293 

Holes 3.05 3.39 2.25 3.26 0.463 0.0100 0.1762 0.2904 0.1325 0.4536 

Strenght of odor 4.98 4.18 5.00 5.17 0.277 0.0645 <0.0001 0.0574 0.2395 0.0690 

Odor of butter 4.09 3.48 4.29 4.07 0.285 0.0225 <0.0001 0.1473 0.1362 0.4610 

Odor of milk 2.17 1.87 2.03 2.00 0.250 0.0198 <0.0001 0.9769 0.4967 0.5711 

Unpleasant odor 0.645 0.804 0.622 0.404 0.171 0.6701 <0.0001 0.1987 0.8577 0.2530 

Salty 2.23 1.64 2.17 1.64 0.248 <0.0001 <0.0001 0.9762 0.0134 0.7616 

Sweet 1.30 0.94 1.60 1.21 0.242 0.2354 <0.0001 0.2192 0.1157 0.9490 

Acid 0.927 0.959 0.573 0.809 0.138 0.6840 <0.0001 0.0597 0.3187 0.4411 

Bitter 0.431 1.154 0.157 0.808 0.185 <0.0001 0.0366 0.0837 0.0002 0.8382 

Spicy 0.573 0.799 0.395 0.861 0.122 0.4166 <0.0001 0.6232 0.0042 0.3062 

Chewiness 5.18 4.45 5.61 4.74 0.285 <0.0001 0.0003 0.1909 0.0048 0.7809 

Solubility 3.88 3.92 3.89 3.99 0.341 0.0246 0.0099 0.9168 0.8373 0.9307 

Grittiness 4.56 3.80 5.12 3.95 0.295 <0.0001 <0.0001 0.2169 0.0011 0.4607 

Overall acceptance 6.09 4.17 5.90 4.42 0.301 <0.0001 <0.0001 0.9251 <0.0001 0.4408 

Hedonic test           

Taste 7.34 6.35 7.21 6.48 0.272 0.0009 0.0228 0.9890 0.0015 0.6214 

Texture 7.29 6.34 7.07 6.76 0.216 0.0281 0.0002 0.6466 0.0032 0.1232 

Mouthfeel 7.26 6.33 7.37 6.50 0.261 0.0005 0.0972 0.5797 0.0005 0.9102 

Overall appearance 7.34 a 6.15 b 7.10 a 6.90 a 0.224 0.0666 0.0006 0.2434 0.0019 0.0226 

Overall liking 7.41 6.14 7.11 6.55 0.254 0.0001 0.0413 0.7983 0.0003 0.1482 

SEM = standard error of mean. (1) On the row: a, b = P<0.05. 
 

 

Table 13S. Comparisons at triangle test between cheeses from diets based on fresh sulla forage or fresh barley forage 

in relation to storage time 

Storage time (ST) Corrected responses Significance P< 

15 days 52.50 (21/40) 0.01 

30 days 59.38 (19/32) 0.01 
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Figure 1S. Spider graph displaying the scores of cheeses sensory evaluation in descriptive test and hedonic test. 
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3.3.2. AUTUMN EXPERIMENT 

 

3.3.2.1. Effects of dehydration process 

Table 1A shows the chemical composition of the feeding resources used in the autumn experiment, 

such as April and May pelleted dehydrated sulla forage (A-DSF and M-DSF), sulla hay (SH) and 

the concentrate feed. Table 1A also includes the composition of fresh sulla forage obtained from the 

April and May cuts, which was used to produce the corresponding A-DSF and M-DSF pellets, to 

assess the changes induced by the dehydration process. 

The comparison between the pre- and post-treated sulla forages reveals how dehydration led to a 

reduction in protein content by about 1 percentage point in both fresh forage cuts, and an increase in 

aNDFom, by 1% in A-DSF pellets and 5% in M-DSF pellets, and in ash in both pellets. These 

changes can be mainly associated to the leaves losses occurred inevitably during the dehydration 

process, from forage harvesting to pelleting. 

The vitamin E showed an evident increase in May forage compared to the April one, linked to the 

advanced development stage of plants, as also observed in alfalfa and sainfoin (Maxin et al., 2020); 

it also increased in both pellets, presumably due to the higher incidence of flowers, more rich in α- 

tocopherol (Maxin et al., 2020), as consequence of the leaves loss. However, this trend confirms the 

lower susceptibility of vitamin E to the heater temperatures of dehydration and pelleting, 

confirming the previous finding (Gannuscio et al., 2022). 

In contrast, condensed tannins (CT) were greatly reduced, practically halved, while the reduction in 

total polyphenols, as well as in antioxidant capacity, was less consistent. In this regard, recent 

studies (Nitasha Thakur et al., 2020) have highlighted the ability of dehydration in increasing the 

bio-accessibility of polyphenols. On this basis, it could be hypothesized that the DSF contains 

transformation products of CT, which are more bioavailable, and analytically counted among 

polyphenols. 

Also, fatty acid profile of fresh sulla forage showed only negligible variations attributable to the 

dehydration process, especially for polyunsaturated fatty acids (PUFA) as also observed by 

Gannuscio et al. (2022). 

The chemical composition of SH used in the experiment was comparable to that of the pellets 

produced from the forage of May cut. Both hay and M-DSF pellets exhibited higher fiber content 

and lower levels of protein and polyphenolic molecules compared to the earlier A-DSF pellets. 

Moreover, vitamin E, LA and ALA in SH were lower than in both pellets, probably due to the 

higher losses of both leaves and flowers, rich in α-tocopherol and PUFA, occurring during hay- 

making, in line with Rufino-Moya et al. (2022).  

These results suggest that dehydration maintains almost unchanged protein and fiber levels in the 
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forage and preserves the presence of its nutritional and bioactive components, such as polyphenols 

and vitamin E, that are important for animals’ productivity and the health properties of their dairy 

products. Therefore, the results support the effectiveness of dehydrating fresh sulla forage, 

especially when it is harvested at an earlier development stage, which ensures the highest 

concentration of nutrients. 

 

3.3.2.2. Oxidative status of ewes 

Table 2A shows the effects of the diet on parameters linked to the nutrition, welfare and health 

status of ewes, such as oxidative biomarkers, plasma polyphenols and non-esterified fatty acids 

(NEFA). 

Plasma analyses revealed that the diet did not influence significantly NEFA and the ewes’ oxidative 

status, in terms of ROMs, BAP, FRAP and the OSI expressed by their ratio. While the A-DSF diet 

led to an increase in plasma free polyphenols, that contributed to the tendency for higher total 

polyphenols (P<0.0773). Nevertheless, these major levels did not result in a marked improvement 

in antioxidant capacity (BAP and FRAP) or a reduction in OSI in ewes fed A-DSF; this condition 

can be mainly attributable to the formation of ROMs that, although not significantly higher, was 

probably linked to the metabolic stress due to higher milk yield (Di Trana et al., 2006), not fully 

balanced by the antioxidant protection exerted by the higher intake of polyphenols and vitamin E. 

On the other hand, both pellets-based diets led to a tendency to increase the OSI obtained using 

FRAP as measure of the antioxidant capacity. This result contrasts with that of Gannuscio et al. 

(2022) who found a lower OSI in ewes receiving 2 kg/day of DSF pellets than in ewes fed hay, 

attributed to the effective antioxidant action of vitamin E and CT metabolites present in major levels 

in DSF than in hay; the higher content of vitamin E recorded in the hay used in this experiment in 

comparison with that of hay reported by Gannuscio et al. (2022) (11.6 vs 5.0 mg/kg DM) could 

explain this opposite trend. 

 

3.3.2.3. Volatile fatty acids in rumen fluid 

The diet did not affect significantly the pH of rumen fluid, the total production of volatile fatty acids 

(VFA) in the rumen as well as the concentration of single volatile acids (Table 3A). With each diet, 

acetate was the main represented acid, followed by propionate and butyrate. 

Since the VFA profile in the rumen fluid reflects the metabolic activity of ruminal microorganisms, 

the results demonstrate how the rate of fermentation and the trend of nutrients degradability in the 

rumen did not differ among diets.  

Stienezen et al. (1996) associated the lower VFA concentrations found in the rumen fluid of sheep 



69  

fed sulla forage to the slower rate of ruminal fermentations induced by condensed tannins (CT), 

able to inhibit the microbial activity. 

In this experiment, dehydration of sulla forage seems to have been responsible for reduction of its 

CT (Table 1A), presumably due to their transformation induced by high temperatures in more 

simple metabolites (Nitasha Thakur et al., 2020) that, being possibly unable to inhibit the microbial 

fermentation in the rumen, can explain how the VFA profile of ewes fed DSF did not differ from 

that of ewes fed hay. 

 

3.3.2.4. Feed utilization and estimated methane production 

Table 4A reports the results regarding the effects of diet on ewes’ live weight (LW), body condition 

score (BCS), feed intake, digestibility, and methane production. 

No significant effect of diet was observed on variations in LW and BCS of animals; however, it can 

be noted that all diets enabled the ewes to increase their live weight and improve their body 

condition during the experimental phases. 

The results related to dietary ingestion were in line with those found by Gannuscio et al. (2022). 

Ewes fed A-DSF and M-DSF had higher DM intake compared to ewes fed SHL, that can be 

referred to the higher forage intake, attributable to the good palatability and smaller encumbrance of 

pellets. As consequence, the proportion of concentrate resulted lower by almost 5% for both groups 

received DSF than for SHL ewes. In addition, the A-DSF ewes ingested more protein, followed by 

M-DSF ewes, whereas the highest aNDFom intake was recorded with the M-DSF diet, due to the 

superior fiber content of the May pellets. Moreover, total polyphenols intake increased passing from 

SHL to M-DSF and A-DSF diets, whereas only the A-DSF diet resulted in an increase in CT intake. 

Although the diets did not differ in terms of feed conversion ratio (DM intake/milk yield), the A- 

DSF diet showed a better efficiency in feed utilization, evidenced by the significant improvement in 

the digestibility of dry matter (DM), organic matter (OM), protein and aNDFom in comparison with 

other diets; however, the intermediate digestibility levels recorded with the M-DSF diet were 

always significantly higher than those found with the SHL diet. 

Methane production, as indicator of the environmental impact of diets, was estimated based on DM 

intake, OM digestibility and the ewes’ live weight, using one of the equations proposed in the recent 

meta-analysis by Belanche et al. (2023). Daily methane production was higher with both pellets due 

to the combined effect of higher DM intake and improved OM digestibility. On the contrary, when 

the methane emissions were expressed per unit of milk yield, they reached a significantly higher 

level with the SHL diet which, as well known, corresponds to a greater environmental impact. 
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3.3.2.5. Milk yield and quality 

Table 5A shows data of individual milk production. Compared to SHL diet, both high-protein and 

low-protein pellets of DSF resulted in higher milk yield, by about 350 g/day with A-DSF, and 250 

g/day with M-DSF. This major milk yield obtained with the pellets did not negatively affect milk 

protein and casein contents, whereas fat percentage decreased significantly only with A-DSF, due to 

its inverse relationship with milk yield, whereas it can be excluded an involvement of cellulose 

fermentation in the rumen to form acetic acid since this latter was not significantly different among 

diets, although higher in A-DSF group in comparison with other ones. Furthermore, both pellet diets 

were also responsible for slight but significant variations in lactose, that increased, and whey 

protein and urea, that were reduced, presumably due to the effect of CT on ruminal microflora. 

Also in this case, the maintenance of protein and casein levels in milk, despite the increased 

production, can be attributed to the action of CT which, binding to dietary protein, improve the 

availability and digestive utilization of amino acids in the intestine, with advantages for the casein 

synthesis in the mammary tissue (Min et al., 2003; Piluzza et al., 2014; Gannuscio et al., 2022). 

Also the lowest urea level found in the milk produced with A-DSF denotes how this diet promoted a 

more efficient utilization of dietary protein. 

No significant difference was observed for somatic cell count (SCC), pH, acidity or coagulation 

parameters of individual milk samples due to the diet. 

The parameters of bulk milk used in cheese-making, reported in Table 6A, reflect those of 

individual milk samples, although the differences in lactose, fat, whey proteins, and urea emerged 

for the individual samples did not reach the statistical significance, probably due to the smaller 

number of analyzed samples. On the contrary, the longer time for coagulation and curd firming and 

the lower curd firmness emerged for A-DSF milk reached significant levels; this slight worsening in 

the coagulation efficiency observed in the bulk milk from the A-DSF diet may simply reflect a 

slight delay in coagulation, associated to the lower casein level and the higher somatic cells count, 

although both these parameters resulted not significantly affected by the diet. 

 

3.3.2.6. Cheese physico-chemical and antioxidant traits 

The yield, and physico-chemical parameters of cheeses, obtained by processing the bulk milk from 

the experimental groups and stored for 15 and 30 days, are shown in Table 7A. 

The SHL cheeses at 15 days showed a higher yield than cheeses of other groups, attributable mainly 

to the higher fat content of the origin milk. However, the differences in yield became less 

pronounced over time, with no significance after 30 days of storage. Regarding the physico-

chemical parameters of cheeses, significant effects of diet and storage time were observed, but there 



71  

was no significant interaction of their effects (diet*ST). 

The diet influenced the polyphenols content, which was higher in cheeses made with A-DSF and M- 

DSF milk, in line with the higher polyphenols content in the corresponding diets, and the 

consequent their higher ewes’ intake. Instead, the vitamins A and E were not significantly affected 

by the diet, although showed an increasing trend from SHL to M-DSF and A-DSF that, for α- 

tocopherol, was consistent with its dietary content. These trends observed for polyphenols and 

vitamins correspond to that emerged for antioxidant capacity (TEAC), denoting how the cheese 

antioxidant capacity also improved from SHL to M-DSF and A-DSF, althought only at level of 

tendency. On this basis, it can be supposed that these molecules present in sulla forage, such as 

polyphenols and vitamins, or their precursors or metabolites, are little affected by the dehydration 

process and, consequently, are transferred into the products, improving sinergically their antioxidant 

properties, in accordance with Ponte et al. (2022). 

The color parameters, such as lightness (L*) and redness index (a*), were also significantly affected 

by the diet, with lower values in the cheeses made with milk from diets based on dehydrated pellets. 

The reduced red intensity observed in these cheeses is consistent with findings by Ponte et al.  

(2022) and may be linked to higher levels of chlorophyll transferred from the dehydrated pellets, 

rather than to carotenoid pigments since these latter, although also abundant in dehydrated sulla, are 

converted into retinol (or vitamin A) during ewes’ metabolization. 

The storage time affected cheeses by increasing their dry matter (DM) percentage, as was to be 

expected, but also their polyphenols contents, while reducing their vitamins and lightness (L*). 

As for the cheeses produced in the spring experiment, some hypotheses can be advanced regarding 

the increase of polyphenols in cheese during storage, supported by literature (Gupta et al., 2009; 

Rashidinejad et al., 2016). A first hypothesis suggests that certain amino acids released during 

proteolysis in cheese matrices might have interfered with the polyphenol detection method, leading 

to a false increase in polyphenols levels; this condition is supported by the fact that the increase in 

polyphenols during storage does not correspond to a similar increase in the antioxidant capacity 

(TEAC) of cheeses. Another explanation is that polyphenols, interacting with proteins, remain 

analytically undetectable in fresh cheeses while, being gradually released during maturation, they 

became detectable in more aged cheeses. 

On the contrary, both vitamin A and E significantly decreased in cheeses after 30 days of storage, as 

also occurred in cheeses produced in spring; in this regard, other authors (Marino et al., 2021) 

observed no change in the level of α-tocopherol in cheese after 14 days of storage, whereas 

consistent declines of retinol and α-tocopherol were detected in cheeses ripened until 60 days 

(Gutiérrez-Peña et al., 2021). 
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These opposite trends of polyphenols and vitamins A and E during storage can explain the 

negligible changes occurred in terms of antioxidant capacity between 15-day and 30-day cheeses. 

Finally, no variation due to the effect of diet or storage time emerged in the oxidative stability of 

cheeses, except for the tendency to a higher peroxide values in cheeses from both DSF pellets, 

probably dependent on their high content in unsaturated FA (Table 10A). Also, hardness of cheeses, 

expressed as compressive stress (N/mm2) that reflects the consistency of their paste, was found 

without significant differences, probably depending on the slight moisture variations recorded 

among cheeses, despite the significant effect of storage time in increasing cheese DM. 

 

3.3.2.7. Cheese fatty acid composition 

Tables 8A, 9A and 10A show the data related to the effects of diet, storage time and their interaction 

on FA composition of cheese fat; specifically, Table 8A reports the short-, medium- and branched- 

chain FA, Table 9A the long-chain FA, and Table 10A the FA profile and health indexes. Overall, 

the effects of storage time and the interaction were never significant, thus discussion will focus only 

on the means and the statistical significance of the diet factor. 

The data reveal that dehydrated sulla pellets contributed to an increase in short. and medium-chain 

saturated FA (SFA), from C6:0 to C14:0, and a reduction in palmitic acid (C16:0) and some odd- 

(C15:0 and C17:0) and branched-chain FA (C15:0 iso, C15:0 anteiso, C17:0 iso) in comparison with 

SHL (Table 8A), as also observed by Ponte et al. (2022). 

It is well known that the short- and medium-chain FA are de novo synthetized in the udder tissues 

from acetic acid produced by the ruminal fermentation of cellulose. Thus, the increase of de novo 

FA in cheese is certainly related to the higher intake and digestibility of dietary aNDFom emerged 

with the DSF based diets (Table 4A); indeed, these latter should denote a better microbial 

degradation of the dietary cellulose fraction to acetic acid, proved by the higher acetate incidence 

observed in the rumen fluid (Table 3A), although the differences did not reach the statistical 

significance. 

Whereas the branched-chain FA originate by the synthesis activity of ruminal bacteria that is 

favoured by higher forage:concentrate ratio and fiber level in the diet (Vlaeminck et al., 2006); thus, 

the lower levels in some single branched-chain FA and, consequently, in their total amount resulting 

with DSF diets can be linked to the lower intake of lignified (Table 1A) and less digestible fiber 

(Table 4A) than with SHL diet.  

With regard to long-chain FA (Table 9A), both pellets led to the reduction in stearic acid (C18:0) 

and OLA, while increased the levels of TVA, LA, and especially the amount of ALA, a key PUFA, 

being the precursor of long-chain n-3 FA; on the contrary, RA, the most prevalent isomer of CLA 
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with recognized antitumoral activity (Parodi, 2009), did not show a similar increase, even though 

the level of TVA, its precursor in udder tissues, significantly rose up. 

The reduction of stearic acid observed in the DSF cheeses was able to balance the higher presence 

of the short- and medium-chain SFA, up to maintaining analogous amount of SFA. However, 

among the SFA, the contribution to hypercholesterolemia and the consequent risk or cardiovascular 

diseases is considered relevant only for the myristic acid (C14:0), null for the stearic acid (C18:0) 

and low for lauric (C12:0) and palmitic (C16:0) acids (Santos-Silva et al., 2022). 

Moreover, the dehydrated sulla pellets contributed to increase the level of total PUFA (Table 10A), 

thus improving the health profile of the cheese fat, in accordance with Ponte et al. (2022). Indeed, in 

the same Table 10A, it is possible to notice the improvement of A-DSF and M-DSF cheeses in 

terms of PUFA/SFA ratio, as well as of n-6/n-3 ratio and the corresponding one based on their 

precursors LA/ALA, mainly due to the increased levels of ALA. However, with all diets the values 

of n-6/n-3 ratio were greatly below the recommended threshold (<5) for human diet to prevent and 

treat chronic diseases (FAO/WHO, 1994). 

Among the other calculated health-related indicators, the significant effect of diet emerged only for 

thrombogenic index and both GHIC and GHIC-ALA which improved progressively from SHL to 

M-DSF and A-DSF. The GHIC values of A-DSF and M-DSF cheeses were within the range of 

sheep cheeses (16-23) observed by Di Trana et al. (2022), whereas the GHIC level of A-DSF 

cheeses was quite close to that estimated by Ponte et al. (2022) for cheese from ewes fed DSF 

(25.6), confirming the ability of DSF to maintain the health properties of cheeses. 

Finally, the ∆-9 desaturase indexes of C14:1, C16:1 and RA were higher in SHL cheeses, whereas 

the index related to the desaturation of stearic acid was analogous among diets; certainly, these 

results are linked to the respective amounts of the corresponding substrates to be desaturated, lower 

in SHL cheeses for C14:0, C16:0 and TVA, and higher for C18:0. 

 

3.3.2.8. Cheese microbial population 

Table 11A shows the microbial loads detected in cheese samples at 15 and 30 days of storage. The 

results of the specific identification of pathogenic microorganisms, such as Lysteria monocytogenes, 

Escherichia coli, Salmonella spp., and coagulase-positive staphylococci as Stafilococcus aureus, are 

not included in the Table since they were not found in any of the analysed samples; the complete 

absence of the four dairy-related pathogens, responsible for invasive food-borne infections in 

humans (EFSA & ECDC, 2022), confirms the high hygienic standards in the cheese manufacturing. 

The microbial profile of cheeses was affected mainly by storage rather than by diet; the effect of the 

diet emerged only for the Enterobacteriaceae that, usually associated with poor hygiene in dairy 
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production (Claeys et al., 2013), resulted higher in the SHL cheeses, although with all the diets their 

concentration decreased during storage. The most prevalent bacterial group detected in cheeses was 

that of coccus LAB that, regardless of the diet, reached concentrations exceeding 9 log CFU/g at 30 

days; this presence, due to the addition of starter lactic acid bacteria during the production process, 

confirms the dominance of the starter cultures used as fermenting agents. These bacteria are 

halotolerant, psychrotrophic, saccharolytic, and proteolytic, and they play a positive role in the 

aging of many cheeses, contributing to define a typical aroma (Foulquié Moreno et al., 2006). Also 

the enterococci increased after 30 days of storage, reaching concentrations higher than 6 log CFU/g 

with all diets. Instead, spoilage microorganisms (coliforms, enterobacteria, and pseudomonads) 

showed a decrease of about one logarithmic cycle during the storage time, regardless of the diet. 

These results stated the lack of negative effects of diets on the fermentation process during cheese- 

making and storage, or on the microbiological aspects of cheeses. 

 

3.3.2.9. Cheese sensory properties 

The cheeses were also tested for their sensory properties assessed through descriptive test, hedonic 

test, and triangle discriminant test. Table 12A shows the effect of diet, storage time and their 

interaction on the sensory characteristics of the cheeses scored in descriptive test and hedonic test. 

In both evaluation tests, the scores of individual descriptors, overall acceptance and traits of hedonic 

test showed a certain overlap among cheeses, as can be also observed in Figure 1A which displays 

the results in a spider graph. Indeed, no statistical difference emerged among diets, whereas the 

prolongation of storage time was responsible of some significant variations, contributing to increase 

the scores attributed to colour, holes, salty, overall acceptance and most of hedonic traits, and 

reduce the evaluation for structure uniformity and odor of milk. The only significant interaction 

emerged for bitter, due to the higher score of 30-day SHL cheese in comparison with the 30-day A- 

DSF cheese. 

Analyzing the results obtained in the triangle test (Table 13A), the differences among 15 days 

cheeses attributable to the diet were all perceived, although at moderate levels; indeed, the 

percentages of corrected responses were only slightly superior to 50%. Among cheeses at 30 days, 

only the difference between cheeses made with the two types of pellets was noted, with only 50% of 

corrected responses.  

These results denote how the sensory properties of the cheeses were minimally affected by the only 

diet, whereas the traits related to cheese liking were positively influenced by the longer maturation 

period. 
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3.3.2.10. Conclusions autumn experiment 

This study aimed to evaluate the effects of including dehydrated sulla pellets in the diet on the ewes’ 

performance and dairy production, by comparison with a diet based on sulla hay. The experiment 

was carried out in autumn, when the forage component of ewes’ diet consists of stored resources, 

due to the limited availability of green forage. 

The dehydration process of green forage seems to preserve its content in nutrients, especially 

protein and PUFA, and bioactive molecules such as polyphenols and vitamin E, which are 

beneficial for animal productivity and well-being, as well as interesting for the potential benefits on 

consumers’ health. 

Feeding the ewes with dehydrated sulla forage in comparison with sulla hay did not improve their 

oxidative status or the fermentations in the rumen, whereas resulted in increased digestibility and 

reduced ruminal methane production, leading to improved nutritional efficiency and, consequently, 

higher milk yield. 

Significant positive effects of dehydrated sulla forage were observed on the quality of dairy 

products, contributing to maintain high levels of milk casein and increase PUFA and polyphenols 

content, and antioxidant capacity of cheese. 

These results highlight the advantages of dehydration and confirm the promising potential of 

dehydrated sulla forage, especially from early cuts, in ensuring adequate dairy production during 

periods of limited fresh forage availability. 
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Table 1A. Chemical composition (% DM) and fatty acid content (g/kg DM) of forages and concentrate feed received by ewes 

 

 April pelleted dehydrated sulla forage May pelleted dehydrated sulla forage Sulla hay Concentrate feed 

 
pre dehydration 

post dehydration 
and pelleting 

pre dehydration 
post dehydration 

and pelleting 

  

Dry matter (DM), % 14.51 86.65 19.50 87.76 90.24 89.94 

Crude protein (CP) 16.17 15.07 12.03 11.26 11.79 22.40 

Ether extract (EE) 2.45 2.32 2.50 2.65 1.39 4.30 

Ash 10.89 14.45 10.21 12.38 11.52 7.93 

aNDFom 36.63 37.45 46.28 50.99 53.80 17.89 

ADFom 33.33 30.38 34.96 40.05 42.11 10.08 

ADL 5.26 5.31 5.25 7.17 7.88 0.86 

AIA 0.244 1.61 0.115 1.22 0.820 1.64 

Cellulose 28.07 25.06 29.72 32.88 34.23 9.22 

Hemicellulose 3.47 7.51 11.70 11.25 11.86 7.70 

Non-structural carbohydrates (NSC) 33.45 28.67 28.49 21.20 20.52 45.95 

Vitamin E, mg/kg DM 11.84 14.73 16.95 20.36 11.65 - 

Condensed tannins, g DE/kg DM 15.80 7.17 9.20 4.83 4.60 2.56 

Polyphenols, g GAE/kg DM 18.19 13.57 11.62 10.03 9.72 10.86 

TEAC, mmol trolox/kg DM 104.9 95.74 84.88 77.13 61.69 78.20 

Lauric acid, C12:0 0.103 0.115 0.000 0.036 0.084 0.061 

Myristic acid, C14:0 0.208 0.178 0.183 0.211 0.195 0.232 

Palmitic acid, C16:0 5.79 5.60 4.41 4.70 3.65 12.78 

Stearic acid, C18:0 0.790 0.733 0.751 0.794 0.677 1.469 

Oleic acid (OLA), C18:1 c9 1.03 0.945 1.69 1.91 0.804 13.77 

Linoleic acid (LA), C18:2 n-6 3.75 2.99 4.78 4.05 1.48 11.03 

α-linolenic acid (ALA), C18:3 n-3 11.40 10.52 6.89 6.77 0.968 0.507 

aNDFom, neutral detergent fibre using thermostable amylase and excluding residual ash. ADFom, ash-free acid detergent fibre. ADL, acid detergent lignin. AIA, 

lignin acid insoluble ash. DE, delphinidin equivalent. GAE, gallic acid equivalent. TEAC, trolox equivalent antioxidant capacity. 
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Table 2A. Effect of diet on oxidative status biomarkers, plasma polyphenols and NEFA in ewes 

 

  Diet   Significance P< (1) 

 A-DSF M-DSF SHL SEM Phase Diet 

Reactive Oxigen metabolites (ROMs), Unit Carr 150.8 136.5 123.5 10.01 0.0734 0.1859 

Biological antioxidant potential (BAP), μmol/L 3.97 3.81 3.71 93.11 0.4982 0.1579 

Oxidative Stress Index (OSI=ROMs/BAP*100) 3.80 3.60 3.36 0.265 0.1533 0.5251 

Ferric reducing antioxidant power (FRAP), μmol/L 292.7 308.7 317.9 9.97 0.0004 0.2238 

Oxidative Stress Index (OSI=ROMs/FRAP*10) 5.65 4.50 3.90 0.499 0.0221 0.0576 

Plasma Total Polyphenols (PTP), μg GAE/mL 25.94 21.85 19.26 3.21 0.0093 0.0773 

Plasma Free Polyphenols (PFreeP), μg GAE/mL 13.43 a 13.02 ab 11.46 b 0.795 0.0916 0.0429 

Plasma Conjugated Polyphenols (PCP), μg GAE/mL 13.91 6.06 7.14 3.51 0.0315 0.2836 

Non-esterified fatty acids (NEFA), mmol/L 0.069 0.062 0.081 0.015 0.3021 0.6458 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. 

SHL = sulla hay ad libitum. 

GAE, gallic acid equivalent. SEM = standard error of mean. (1) On the row: a. b = P<0.05. 
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Table 3A. Effect of diet on volatile fatty acid (VFA) concentration in ewes’ rumen fluid 

 

  Diet   Significance P< 

 A-DSF M-DSF SHL SEM Phase Diet 

pH 6.82 6.79 6.77 0.068 0.2181 0.8633 

Acetate, mg/g 16.60 11.65 12.40 2.62 0.7646 0.3439 

Propionate, mg/g 8.89 6.24 7.07 1.27 0.3364 0.3325 

Isobutyrate, mg/g 2.19 1.99 2.79 0.55 0.0263 0.5036 

Butyrate, mg/g 7.98 6.02 6.53 0.816 0.3420 0.2229 

Isovalerate, mg/g 3.40 3.24 3.17 0.615 0.0001 0.9615 

Total VFA, mg/g 39.34 29.14 32.10 4.83 0.4551 0.3173 

C2/C3 1.90 1.98 1.96 0.144 0.0536 0.8827 

C2/C4 1.94 1.95 1.87 0.158 0.0021 0.8919 

Acetate, % VFA 40.25 40.30 38.86 2.25 <0.0001 0.8112 

Propionate, % 22.93 22.27 21.83 1.93 0.2797 0.9215 

Isobutyrate, % 5.68 5.96 8.37 1.65 0.0542 0.4049 

Butyrate, % 21.35 21.43 21.72 1.12 0.6174 0.9714 

Isovalerate, % 9.11 10.03 5.56 1.81 0.0010 0.8903 

 
A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. 

SHL = Sulla hay ad libitum. SEM = standard error of mean. 
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Table 4A. Effect of diet on live weight variation, feed intake, digestibility and methane production 
 Diet Significance P< (1) 

 A-DSF M-DSF SHL SEM Phase Diet 

Initial live weight (LW), kg 53.73 53.59 54.06 1.14 0.0007 0.6716 

Final live weight, kg 54.91 55.47 54.89 1.12 0.0045 0.3992 

Weight gain, kg 1.18 1.88 0.83 0.489 0.0745 0.3346 

Weight gain, % 2.29 3.62 1.53 0.956 0.0869 0.3222 

Initial BCS 3.25 3.22 3.22 0.163 0.0013 0.9412 

Final BCS 3.44 3.36 3.42 0.170 0.0015 0.6680 

BCS variation 0.194 0.139 0.194 0.090 0.2459 0.8819 

BCS variation, % 6.83 4.09 6.44 2.82 0.3771 0.7628 

Total DM intake, g/day 3591 a 3596 a 2963 b 88.17 0.7184 <0.0001 

Forage DM intake, g/day 2872 a 2876 a 2244 b 88.17 0.7066 <0.0001 

Concentrate, % total DM intake 20.28 b 20.54 b 24.89 a 0.678 0.2232 <0.0001 

Total CP intake, g/day 626.5 a 562.2 b 495.0 c 10.27 <0.0001 <0.0001 

Total aNDFom intake, g/day 1272 b 1539 a 1240 b 56.02 <0.0001 <0.0001 

Condensed tannins intake, g DE/day 19.69 a 17.65 b 17.30 b 0.793 <0.0001 0.0032 

Polyphenols intake, g GAE/day 43.31 a 39.29 b 34.55 c 0.996 <0.0001 <0.0001 

DM intake/milk yield, kg/kg 2.23 2.37 2.35 0.077 <0.0001 0.1866 

DM digestibility, % 75.27 a 69.60 b 67.44 c 0.713 <0.0001 <0.0001 

Organic matter digestibility (OMD), % 76.89 a 70.37 ab 68.81 b 0.687 <0.0001 <0.0001 

CP digestibility, % 74.35a 70.65 b 67.69 c 1.16 <0.0001 <0.0001 

aNDFom digestibility, % 65.41 a 58.86 b 53.77 c 1.49 0.0034 <0.0001 

Methane production, g/day (1) 45.42 a 45.23 a 39.24 b 0.782 0.8822 <0.0001 

Methane production, g/kg milk (1) 28.31 a 29.94 ab 31.12 b 1.05 <0.0001 0.0081 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

BCS, body condition score. DM, dry matter. CP, crude protein, aNDFom, neutral detergent fibre using thermostable amylase and excluding residual ash. 

DE, delphinidin equivalent. GAE, gallic acid equivalent. SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 

Methane production (1), g/day = -0.669 + (9.19*DMI, kg/day) + (0.0495*OMD, %) + (0.169* LW, kg) (Belanche et al., 2023). 
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Table 5A. Effect of diet on individual milk yield and composition 

 

 Diet Significance P< (1) 

 A-DSF M-DSF SHL SEM Phase Diet 

Milk yield, g/day 1667 a 1557 b 1308 c 56.92 <0.0001 <0.0001 

Somatic cells count, log10 n/mL 5.23 5.17 5.08 0.152 0.5175 0.4667 

Lactose, % 4.62 a 4.61 a 4.54 b 0.054 <0.0001 0.0011 

Fat, % 6.72 b 7.38 a 7.63 a 0.224 <0.0001 <0.0001 

Protein, % 5.90 5.91 5.99 0.112 <0.0001 0.5880 

Casein, % 4.59 4.66 4.55 0.107 0.0002 0.6285 

Whey protein, % 1.06 b 1.01 b 1.19 a 0.042 0.0231 0.0004 

Non-protein nitrogen (NPN), % 0.040 0.039 0.040 0.001 0.1263 0.7899 

Urea, mg/dL 29.57 c 32.09 b 38.75 a 2.23 <0.0001 <0.0001 

pH 6.60 6.60 6.63 0.018 0.3738 0.2660 

Titratable acidity, °SH/50 mL 5.88 5.77 5.52 0.165 0.0320 0.0516 

Coagulation time (r), min 20.32 21.91 18.91 1.70 0.0030 0.2407 

Curd firming time (k20), min 1.81 1.52 1.66 0.115 0.0012 0.0876 

Curd firmness (a30), mm 52.46 53.41 56.21 1.95 0.0001 0.1893 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. 

SHL = Sulla hay ad libitum. SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 
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Table 6A. Effect of diet on composition and coagulation properties of bulk milk used for cheese-making 

 

 Diet Significance P< (1) 

 A-DSF M-DSF SHL SEM Phase Diet 

Somatic cells count, log10 n/mL 5.45 5.00 5.24 0.327 0.9899 0.6498 

Total bacterial count, log10 ufc/mL 5.91 5.76 5.74 0.122 0.0286 0.4640 

Lactose, % 4.58 4.57 4.51 0.090 0.3656 0.8320 

Fat, % 6.68 7.10 7.46 0.168 0.0095 0.0751 

Protein, % 5.89 6.09 6.11 0.123 0.0332 0.4410 

Casein, % 4.52 4.74 4.71 0.108 0.0611 0.3775 

Whey protein, % 1.12 1.12 1.16 0.052 0.0798 0.8413 

Non-protein nitrogen (NPN), % 0.040 0.037 0.040 0.001 0.6944 0.1811 

Urea, mg/dL 27.63 29.33 37.20 2.34 0.3128 0.0874 

pH 6.52 6.51 6.51 0.016 0.3072 0.8464 

Titratable acidity, °SH/50 mL 6.40 6.00 6.13 0.373 0.1534 0.7575 

Coagulation time (r), min 22.17 a 20.27 ab 18.70 b 0.822 0.2302 0.0330 

Curd firming time (k20), min 2.22 a 1.61 ab 1.27 b 0.222 0.5657 0.0287 

Curd firmness (a30), mm 45.45 b 53.75 a 54.41 a 1.45 <0.0001 0.0012 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. 

SHL = Sulla hay ad libitum. SEM = standard error of mean. (1) On the row: a, b = P<0.05. 
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Table 7A. Effect of diet and storage time on cheese yield and physico-chemical traits 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF  SHL  SEM  Significance P< (1)  

Storage time (ST) 
    15 

days 
30 

days 
15 

days 
30 

days 
15 

days 
30 

days 

 
Phase Diet ST Diet*ST 

Cheese yield at 15 days, g/100 
g milk 

16.15 b 16.59 ab 17.11 a 0.165 
       

<0.0001 0.0047 
  

Cheese yield at 30 days, g/100 
g milk 

15.31 16.20 16.50 0.291 
       

0.0238 0.0950 
  

Cheese yield at 15 days, g 
DM/100 g milk 

10.36 b 10.67 ab 11.00 a 0.126 
       

<0.0001 0.0109 
  

Cheese yield at 30 days, g 
DM/100 g milk 

9.93 10.47 10.68 0.181 
       

0.0174 0.0950 
  

pH 5.56 5.66 5.60 0.034 5.57 5.55 5.62 5.69 5.58 5.61 0.047 0.0114 0.1780 0.5072 0.6097 

Water activity, aw 0.975 0.977 0.977 0.003 0.973 0.976 0.975 0.978 0.977 0.978 0.004 0.0110 0.7684 0.4873 0.9350 

Dry matter (DM), % 64.13 64.30 64.25 0.177 63.39 64.87 63.96 64.65 63.83 64.68 0.251 0.0002 0.7869 0.0006 0.2963 

Fat, % DM 47.21 49.10 47.78 0.846 46.38 48.04 49.76 48.43 47.19 48.38 1.20 0.0219 0.3142 0.6168 0.4368 

Protein, % DM 42.61 42.45 42.04 0.796 43.76 41.46 42.20 42.70 42.53 41.55 1.13 0.1255 0.8742 0.3349 0.4868 

Ash, % DM 5.58 5.43 5.47 0.143 5.63 5.53 5.30 5.57 5.19 5.76 0.203 0.3051 0.7490 0.1632 0.2912 

Vitamin A, mg/kg DM 3.68 3.29 2.64 0.340 4.27 3.08 3.89 2.69 3.01 2.26 0.481 0.0015 0.1861 0.0316 0.8903 

Vitamin E, mg/kg DM 10.36 9.84 8.39 1.04 12.22 8.49 11.07 8.61 10.73 6.04 1.27 0.4214 0.4206 0.0175 0.7240 

Polyphenols, g GAE/kg DM 4.42 a 4.24 a 3.12 b 0.371 3.55 5.30 3.76 4.73 2.97 3.27 0.525 0.0046 0.0495 0.0264 0.3024 

TEAC, mmol/kg DM 11.29 9.84 8.53 0.877 12.70 9.88 10.56 9.12 8.42 8.63 1.24 0.0002 0.0917 0.1936 0.4823 

Peroxide value, mEq O2/kg fat 2.13 2.44 1.89 0.173 2.28 1.97 2.74 2.14 1.71 2.07 0.244 0.6308 0.0963 0.3624 0.1494 

TBARS, mg MDA/kg DM 0.243 0.296 0.223 0.038 0.245 0.241 0.252 0.340 0.205 0.242 0.053 0.2221 0.3888 0.3642 0.6928 

Lightness, L* 74.81 b 75.08 b 76.98 a 0.417 75.69 73.93 76.12 74.04 77.24 76.73 0.590 0.8968 0.0008 0.0038 0.3807 

Redness, a* -2.39 a -2.36 a -1.95 b 0.124 -2.27 -2.50 -2.15 -2.56 -1.98 -1.92 0.175 0.0020 0.0261 0.1764 0.3920 

Yellowness, b* 9.40 9.32 9.66 0.246 9.60 9.20 9.21 9.43 9.86 9.46 0.348 <0.0001 0.5930 0.5024 0.5880 

Hardness, N/mm2 0.696 0.724 0.699 0.024 0.720 0.671 0.693 0.754 0.675 0.724 0.034 0.0017 0.6717 0.4744 0.2213 

 
A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

DM, dry matter. GAE, gallic acid equivalent. TEAC, trolox equivalent antioxidant capacity. TBARS, thiobarbituric acid–reactive substances. MDA, malonylaldehyde. 

SEM = standard error of mean. (1) On the row: a, b = P<0.05. 
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Table 8A. Effect of diet and storage time on fatty acid (FA) composition (g/100 g FA) of cheese fat: short. medium. and branched chain FA 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF SHL SEM  Significance P< (1)  

Storage time (ST)     15 days 30 days 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

C4:0 2.72 2.76 2.70 0.075 2.61 2.83 2.69 2.82 2.63 2.76 0.106 0.6402 0.8485 0.1043 0.8979 

C6:0 3.31 a 3.27 a 2.95 b 0.075 3.19 3.42 3.18 3.35 2.89 3.01 0.107 0.6988 0.0144 0.0705 0.8902 

C7:0 0.041 a 0.039 a 0.013 b 0.006 0.039 0.043 0.041 0.038 0.014 0.013 0.008 0.5979 0.0130 0.9937 0.9262 

C8:0 3.69 a 3.58 a 3.04 b 0.094 3.61 3.78 3.49 3.67 3.00 3.091 0.133 0.2565 0.0014 0.2005 0.9498 

C9:0 0.071 a 0.064 a 0.057 b 0.003 0.069 0.074 0.063 0.066 0.056 0.057 0.004 0.0474 0.0110 0.3832 0.8406 

C10:0 12.11 a 11.14 ab 9.53 b 0.456 11.92 12.30 10.90 11.38 9.42 9.64 0.645 0.6796 0.0079 0.5109 0.9794 

C11:0 0.531 0.487 0.480 0.018 0.521 0.541 0.474 0.499 0.475 0.484 0.025 0.4880 0.1364 0.4040 0.9477 

C12:0 7.21 a 6.38 ab 5.64 b 0.281 7.14 7.27 6.29 6.47 5.61 5.68 0.397 0.9412 0.0092 0.6962 0.9912 

C13:0 anteiso 0.077 0.065 0.074 0.005 0.076 0.078 0.063 0.067 0.074 0.074 0.007 0.2254 0.2121 0.7290 0.9502 

C13:0 0.249 0.213 0.211 0.015 0.247 0.251 0.211 0.215 0.209 0.213 0.022 0.8618 0.1944 0.8306 0.9998 

C14:0 iso 0.133 0.151 0.154 0.006 0.132 0.134 0.152 0.149 0.154 0.153 0.009 0.5222 0.0796 0.9283 0.9688 

C14:0 13.42 a 13.09 ab 12.88 b 0.125 13.42 13.41 13.08 13.10 12.87 12.89 0.177 0.0040 0.0370 0.9491 0.9926 

C15:0 iso 0.188 b 0.210 b 0.270 a 0.006 0.186 0.189 0.212 0.207 0.271 0.268 0.009 0.0234 <0.0001 0.8182 0.8892 

C15:0 anteiso 0.292 c 0.332 b 0.441 a 0.009 0.290 0.294 0.334 0.330 0.441 0.441 0.013 0.1575 <0.0001 0.9874 0.9488 

C14:1 c9 0.252 0.232 0.283 0.014 0.253 0.252 0.231 0.232 0.282 0.284 0.020 0.0519 0.0805 0.9702 0.9983 

C15:0 0.994 b 1.04 b 1.15 a 0.013 0.998 0.989 1.05 1.03 1.15 1.15 0.019 0.0046 <0.0001 0.6068 0.9568 

C16:0 iso 0.288 0.307 0.316 0.007 0.290 0.287 0.309 0.304 0.315 0.316 0.010 0.7235 0.0649 0.7737 0.9580 

C16:0 26.54 b 26.60 b 28.59 a 0.564 26.75 26.34 26.84 26.35 28.71 28.48 0.798 0.3954 0.0450 0.5782 0.9874 

C17:0 iso 0.363 b 0.349 b 0.408 a 0.010 0.372 0.355 0.359 0.338 0.409 0.406 0.014 0.4293 0.0053 0.2633 0.7950 

C17:0 anteiso 0.220 0.205 0.189 0.012 0.245 0.195 0.232 0.178 0.190 0.188 0.017 0.7488 0.2249 0.0290 0.2767 

C16:1 c9 1.01 b 0.972 b 1.21 a 0.045 1.03 0.993 0.988 0.956 1.21 1.20 0.063 0.1906 0.0081 0.6272 0.9825 

C17:0 0.706 b 0.704 b 0.762 a 0.009 0.703 0.710 0.707 0.702 0.769 0.754 0.013 0.0041 0.0024 0.6998 0.7351 

C17:1 c9 0.144 b 0.162 b 0.189 a 0.006 0.143 0.144 0.167 0.157 0.188 0.190 0.009 0.6025 0.0013 0.7450 0.7161 

C18:0 iso 0.008 0.023 0.041 0.010 0.016 0.000 0.017 0.028 0.047 0.034 0.014 0.6965 0.1176 0.6173 0.5998 

Total branched chain FA 1.57 b 1.64 b 1.89 a 0.025 1.61 1.53 1.68 1.60 1.90 1.88 0.035 0.1103 <0.0001 0.0708 0.6659 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 
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Table 9A. Effect of diet and storage time on fatty acid (FA) composition (g/100 g FA) of cheese fat: long chain FA 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF SHL SEM  Significance P< (1) 

Storage time (ST)     15 days 30 days 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

C18:0 4.60 c 5.72 b 6.44 a 0.103 4.65 4.56 5.79 5.65 6.49 6.40 0.146 0.2938 <0.0001 0.3796 0.9758 

C18:1 t11, TVA 1.83 a 1.58 b 1.41 c 0.026 1.85 1.81 1.59 1.57 1.42 1.40 0.036 0.3054 <0.0001 0.3590 0.9432 

C18:1 c9 9.90 c 11.78 b 14.05 a 0.260 10.03 9.77 11.94 11.62 14.15 13.94 0.368 0.9782 <0.0001 0.4062 0.9878 

C18:2 n-6, LA 2.09 a 2.22 a 1.87 b 0.054 2.11 2.07 2.24 2.20 1.88 1.86 0.076 0.0006 0.0033 0.5701 0.9942 

C20:0 0.196 b 0.314 a 0.294 a 0.007 0.198 0.193 0.313 0.314 0.297 0.292 0.011 0.2671 <0.0001 0.7611 0.9473 

C18:3 n-6. 0.012 0.026 0.014 0.010 0.012 0.012 0.027 0.026 0.013 0.015 0.014 0.7034 0.5563 0.9579 0.9928 

C20:1 c9 0.042 b 0.134 a 0.044 b 0.003 0.041 0.042 0.133 0.134 0.044 0.045 0.005 0.0227 <0.0001 0.8093 0.9974 

C18:3 n-3, ALA 1.48 a 1.00 b 0.455 c 0.069 1.50 1.46 0.988 1.01 0.457 0.453 0.098 0.4540 <0.0001 0.9339 0.9457 

C18:2 c9 t11 CLA, RA 0.686 0.605 0.633 0.027 0.696 0.675 0.611 0.600 0.635 0.631 0.039 0.6960 0.1553 0.7077 0.9774 

C22:0 0.114 b 0.149 a 0.155 a 0.007 0.114 0.113 0.149 0.150 0.159 0.152 0.009 0.0799 0.0027 0.7723 0.9023 

C20:3 n-3 0.000 0.172 a 0.013 b 0.009 0.000 0.000 0.170 0.173 0.013 0.013- 0.013 0.2870 <0.0001 0.9288 0.9902 

C20:4 n-6, AA 0.082 b 0.089 ab 0.099 a 0.003 0.085 0.079 0.095 0.084 0.096 0.101 0.005 0.0246 0.0214 0.3614 0.3437 

C20:5 n-3, EPA 0.100 0.088 0.108 0.010 0.102 0.099 0.075 0.102 0.112 0.104 0.014 0.0185 0.4052 0.6241 0.4163 

C22:5 n-3, DPA 0.086 ab 0.081 b 0.098 a 0.003 0.089 0.082 0.080 0.082 0.097 0.099 0.005 0.0014 0.0179 0.8051 0.5084 

Other C18:1 trans 0.824 a 0.810 a 0.737 b 0.016 0.841 0.808 0.816 0.804 0.749 0.725 0.023 0.0886 0.0076 0.2543 0.9078 

Other C18:1 cis 1.94 a 1.77 a 1.32 b 0.046 1.99 1.90 1.78 1.76 1.32 1.32 0.066 0.0947 <0.0001 0.5118 0.7588 

Other C18:2 n-6 1.11 a 0.841 b 0.486 c 0.029 1.11 1.11 0.880 0.802 0.485 0.486 0.041 0.9977 <0.0001 0.4425 0.5708 

Other CLA isomers 0.113 0.107 0.102 0.009 0.118 0.108 0.107 0.107 0.104 0.099 0.013 0.6239 0.6807 0.6410 0.9324 

Total CLA isomers 0.799 0.712 0.735 0.024 0.814 0.783 0.718 0.707 0.739 0.730 0.034 0.4439 0.0756 0.5570 0.9464 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

TVA, trans vaccenic acid. LA, linoleic acid. ALA, α-linolenic acid. CLA, conjugated linoleic acid. RA, rumenic acid. AA, arachidonic acid. 
EPA, eicosapentaenoic acid. DPA, docosapentaenoic acid. 
SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 
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Table 10A. Effect of diet and storage time on fatty acid (FA) profile (g/100 g FA) and health indexes of cheese fat 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF SHL SEM  Significance P< (1)  

Storage time (ST)     15 days 30 days 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

Total FA, % DM 46.17 46.62 46.02 0.911 45.39 46.95 46.62 46.62 45.52 46.52 1.29 0.1131 0.8900 0.4354 0.8304 

Non identified FA 0.230 a 0.153 b 0.098 c 0.013 0.215 0.246 0.140 0.166 0.098 0.098 0.019 0.0175 0.0001 0.2382 0.6839 

Identified FA 99.77 c 99.85 b 99.90 a 0.013 99.78 99.75 99.86 99.83 99.90 99.90 0.019 0.0175 0.0001 0.2382 0.6839 

Saturated FA, SFA 78.07 77.18 76.79 0.495 77.80 78.35 76.95 77.41 76.64 76.94 0.669 0.5093 0.2182 0.4593 0.9833 

Monounsaturated FA 15.94 c 17.44 b 19.24 a 0.368 16.17 15.71 17.64 17.24 19.37 19.10 0.520 0.9114 0.0003 0.3987 0.9823 

Polyunsaturated FA, PUFA 5.75 a 5.23 a 3.88 b 0.144 5.82 5.69 5.27 5.19 3.90 3.86 0.203 0.0302 <0.0001 0.6220 0.9720 

Unsaturated FA, UFA 21.69 22.67 23.11 0.490 21.99 21.40 22.91 22.42 23.26 22.96 0.693 0.5539 0.1620 0.4359 0.9784 

PUFA/SFA 0.074 a 0.068 a 0.051 b 0.002 0.075 0.073 0.069 0.067 0.051 0.050 0.003 0.0473 <0.0001 0.5792 0.9703 

UFA/SFA 0.278 0.294 0.301 0.008 0.283 0.273 0.298 0.290 0.304 0.299 0.012 0.5664 0.1796 0.4438 0.9823 

n-6 PUFA 3.27 a 3.15 a 2.47 b 0.080 3.30 3.24 3.21 3.10 2.48 2.46 0.113 0.0073 <0.0001 0.4856 0.9153 

n-3 PUFA 1.66 a 1.34 b 0.674 c 0.072 1.69 1.64 1.31 1.37 0.68 0.669 0.102 0.1588 <0.0001 0.9898 0.8637 

n-6/n-3 1.98 b 2.36 b 3.73 a 0.182 1.97 1.9971 2.46 2.27 3.74 3.71 0.257 0.2538 0.0001 0.7574 0.9094 

n-3/n-6 0.507 a 0.426 b 0.275 c 0.017 0.509 0.504 0.410 0.443 0.276 0.274 0.024 0.3261 <0.0001 0.6672 0.6824 

LA/ALA 1.42 b 2.23 b 4.36 a 0.340 1.41 1.42 2.28 2.18 4.37 4.35 0.481 0.0943 0.0003 0.9288 0.9929 

Thrombogenic index (TI) 2.97 b 3.08 b 3.65 a 0.068 2.94 2.99 3.09 3.07 3.64 3.66 0.096 0.0319 <0.0001 0.8610 0.9167 

Health Promoting Index (HPI) 0.239 a 0.257 ab 0.261 b 0.006 0.242 0.236 0.260 0.255 0.263 0.259 0.008 0.0721 0.0444 0.5009 0.9877 

Atherogenic index 4.20 a 3.90 ab 3.84 b 0.089 4.15 4.25 3.86 3.93 3.82 3.86 0.126 0.0635 0.0347 0.4978 0.9764 

h/H 0.344 b 0.385 a 0.402 a 0.005 0.347 0.341 0.387 0.383 0.404 0.400 0.007 0.0014 <0.0001 0.4656 0.9881 

GHIC 23.00 a 18.50 a 9.83 b 1.71 24.33 21.67 18.33 18.67 8.67 11.00 2.42 0.1583 0.0009 0.9900 0.5977 

GHIC-ALA 23.83 a 18.17 a 9.83 b 1.70 25.00 22.67 18.00 18.33 9.00 10.67 2.40 0.2595 0.0006 0.9559 0.7060 

C14:1 c9 Δ-9 desaturase ratio 0.018 ab 0.017 b 0.021 a 0.001 0.018 0.018 0.017 0.017 0.021 0.021 0.001 0.1158 0.0381 0.9816 0.9994 

C16:1 c9 Δ-9 desaturase ratio 0.037 ab 0.035 b 0.041 a 0.001 0.037 0.036 0.035 0.035 0.041 0.040 0.002 03597 0.0407 0.7989 0.9885 

C18:1 c9 Δ-9 desaturase ratio 0.683 0.673 0.685 0.008 0.683 0.682 0.673 0.673 0.685 0.685 0.011 0.7483 0.5289 0.9502 0.9979 

RA Δ-9 desaturase ratio 0.273 b 0.277 b 0.309 a 0.008 0.274 0.272 0.278 0.276 0.308 0.310 0.011 0.4537 0.0154 0.9869 0.9774 

 

Continue 
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Table 10A. Continuation 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

DM, dry matter. LA, linoleic acid. ALA, α-linolenic acid. 

Thrombogenic index = (C14:0 + C16:0 + C18:0) / (0.5 × MUFA + 0.5 × n-6 PUFA + 3 × n-3 PUFA + n-3/n-6) (Ulbricht and Southgate, 1991). 
Health-promoting index = (n-3 PUFA + n-6 PUFA + MUFA) / (C12:0 + 4 × C14:0 + C16:0) (Chen et al., 2004). 

Atherogenic index = (C12:0 + 4 × C14:0 + C16:0) / (n-3 PUFA + n-6 PUFA + MUFA) (Ulbritcht and Southgate, 1991). 

h/H, hypocholesterolemic FA to hypercholesterolemic FA ratio = (C18:1 c9 + C18:2 n-6 + C20:4 n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6 n-3) / (C14:0 
+ 16:0) (Santos-Silva et al., 2002). 
GHIC, general health index of cheese (Giorgio et al., 2019). 

C14:1 c9 Δ-9 desaturase ratio = C14:1 c9/C14:1 c9 +C14:0. 
C16:1 c9 Δ-9 desaturase ratio = C16:1 c9/C16:1 c9 +C16:0. 

C18:1 c9 Δ-9 desaturase ratio = C18:1 c9/C18:1 c9 +C18:0. 

RA Δ-9 desaturase ratio = rumenic acid (RA)/trans vaccenic acid (TVA) + RA. 

SEM = standard error of mean. (1) On the row: a, b, c = P<0.05. 
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Table 11A. Effect of diet and storage time on microbial loads (log CFU/g) of cheese samples 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF SHL SEM Significance P< (1)  

Storage time (ST)     15 days 30 days 15 days 30 days 15 days 30 days  Phase Diet ST Diet*ST 

TMM 8.67 8.43 8.59 0.079 8.73 8.61 8.47 8.39 8.66 8.53 0.112 <0.0001 0.1117 0.2291 0.9728 

TPM 6.28 6.31 6.44 0.089 6.24 6.32 6.23 6.38 6.40 6.49 0.126 0.3394 0.3975 0.2947. 0.9639 

Enterobacteriaceae 2.17 a 2.09 ab 1.88 b 0.068 2.67 1.66 2.42 1.76 2.20 1.56 0.097 0.8375 0.0161 <0.0001 0.1110 

Total coliforms 3.09 2.99 2.93 0.074 3.48 ab 2.69 c 3.67 a 2.30 d 3.34 b 2.53 cd 0.105 0.2542 0.3450 <0.0001 0.0145 

Pseudomonads 2.96 2.76 2.87 0.068 2.63 3.29 2.31 3.21 2.51 3.24 0.097 0.4703 0.1324 <0.0001 0.4296 

Enterococci 5.86 6.02 6.04 0.086 5.51 6.20 5.77 6.28 5.53 6.56 0.122 0.0405 0.2602 <0.0001 0.1124 

Coccus LAB 9.11 9.03 9.06 0.075 8.83 9.38 8.86 9.20 8.95 9.17 0.105 0.0512 0.7796 0.0002 0.3170 

Yeasts 2.39 2.44 2.36 0.075 2.46 ab 2.32 ab 2.38 ab 2.50 ab 2.62 a 2.10 b 0.107 0.3206 0.7312 0.0425 0.0183 

Molds 2.35 2.45 2.24 0.068 2.36 2.33 2.42 2.49 2.40 2.08 0.096 0.2060 0.1008 0.2591 0.1327 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 

TMM, total mesophilic microorganisms. TPM, total psychrotrophic microorganisms. LAB, lactic acid bacteria. 
SEM = standard error of mean. (1) On the row: a. b. c. d = P<0.05. 



88  

Table 12A. Effect of diet and storage time on sensory traits of cheese 

 

Diet A-DSF M-DSF SHL SEM A-DSF M-DSF SHL SEM  Significance P< (1)  

Storage time (ST)     15 days 30 days 15 days 30 days 15 days 30 days  Phase Panelist Diet ST Diet*ST 

Colour 4.25 4.08 3.82 0.192 3.78 4.72 4.08 4.10 3.39 4.26 0.263 0.0061 0.0125 0.2521 0.0062 0.1463 

Structure uniformity 4.39 4.56 4.93 0.248 4.69 4.10 5.13 4.00 5.50 4.36 0.341 <0.0001 <0.0001 0.2701 0.0011 0.6430 

Holes 3.73 3.58 3.10 0.260 3.69 3.76 2.87 4.30 2.37 3.84 0.357 <0.0001 0.0189 0.1844 0.0011 0.0798 

Strenght of odor 5.39 5.13 5.45 0.128 5.16 5.61 5.07 5.19 5.39 5.51 0.176 0.4868 <0.0001 0.1538 0.1086 0.5496 

Odor of butter 3.82 3.82 3.64 0.123 3.96 3.68 3.88 3.76 3.83 3.44 0.170 0.0885 <0.0001 0.4627 0.0616 0.7258 

Odor of milk 1.54 1.67 1.59 0.108 1.79 1.30 1.89 1.47 1.78 1.40 0.148 0.0415 <0.0001 0.6567 0.0007 0.9172 

Unpleasant odor 0.285 0.385 0.527 0.105 0.319 0.252 0.412 0.358 0.445 0.609 0.144 0.0008 0.0054 0.2354 0.9046 0.6626 

Salty 1.82 1.78 2.07 0.142 1.64 2.00 1.51 2.05 1.82 2.33 0.195 0.0002 <0.0001 0.2537 0.0045 0.8758 

Sweet 0.751 0.841 0.806 0.081 0.797 0.704 0.907 0.775 0.836 0.775 0.111 0.0037 <0.0001 0.7102 0.3048 0.9499 

Acid 0.608 0.572 0.645 0.086 0.641 0.576 0.458 0.686 0.461 0.829 0.118 0.3683 <0.0001 0.8195 0.0741 0.1666 

Bitter 0.551 0.489 0.649 0.092 0.694 ab 0.407 b 0.360 b 0.617 ab 0.484 ab 0.814 a 0.127 <0.0001 <0.0001 0.4372 0.3443 0.0289 

Spicy 0.353 0.215 0.408 0.076 0.464 0.242 0.227 0.202 0.507 0.309 0.104 0.1890 <0.0001 0.1553 0.0907 0.5792 

Chewiness 5.53 5.81 5.60 0.170 5.52 5.54 5.84 5.77 5.59 5.61 0.233 0.0004 <0.0001 0.4719 0.9574 0.9749 

Solubility 3.78 3.89 3.91 0.196 3.34 4.22 3.81 3.97 3.84 3.99 0.269 0.0571 <0.0001 0.8620 0.0803 0.3002 

Grittiness 4.64 4.93 4.54 0.180 4.54 4.74 4.92 4.94 4.65 4.43 0.247 0.0001 <0.0001 0.2512 0.9850 0.6831 

Overall acceptance 5.36 5.17 5.03 0.207 5.03 5.68 4.75 5.60 4.87 5.18 0.284 0.5668 <0.0001 0.4969 0.0115 0.6229 

Hedonic test                 

Taste 6.17 6.10 5.93 0.170 5.95 6.39 5.95 6.25 5.75 6.12 0.233 0.3144 <0.0001 0.5807 0.0602 0.9589 

Texture 6.42 6.47 6.31 0.139 6.28 6.57 6.21 6.74 6.11 6.50 0.191 0.6110 <0.0001 0.6647 0.0130 0.8257 

Mouthfeel 6.13 6.20 5.96 0.159 5.81 6.45 5.94 6.45 5.84 6.09 0.218 0.7827 <0.0001 0.5364 0.0109 0.6391 

Overall appearance 6.46 6.52 6.37 0.148 6.19 6.73 6.45 6.59 6.29 6.46 0.203 0.0027 <0.0001 0.7557 0.0941 0.5436 

Overall liking 6.18 6.18 5.98 0.161 5.98 6.38 5.85 6.51 5.88 6.08 0.222 0.7414 <0.0001 0.5745 0.0246 0.5657 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 
SEM = standard error of mean. (1) On the row: a. b = P<0.05. 
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Table 13A. Comparisons at triangle test between cheeses from different diets in relation to storage time 

 

Storage time (ST) Comparisons Corrected responses Significance P< 

15 days A-DSF M-DSF 54.84 (17/31) 0.01 
 A-DSF SHL 51.72 (15/29) 0.05 

 M-DSF SHL 53.33 (16/30) 0.05 

30 days A-DSF M-DSF 50.00 (15/30) 0.05 
 A-DSF SHL 40.00 (12/30) ns 
 M-DSF SHL 46.67 (14/30) ns 

A-DSF = 2 kg/day dehydrated sulla forage from April cut. M-DSF = 2 kg/day dehydrated sulla forage from May cut. SHL = Sulla hay ad libitum. 
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Figure 1A. Spider graph displaying the scores of cheeses sensory evaluation in descriptive test and hedonic test. 
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3.4. FINAL CONCLUSIONS 

This study was aimed to evaluate the ewes’ performance and dairy products in two experiments 

carried out in two different seasons: in spring, to compare fresh forages of sulla and barley, and in 

autumn to compare diets based on sulla forage dried through dehydration or haymaking. 

In both experiments, the ewes’ performance was evaluated in terms of feed intake, nutritional 

efficiency, digestibility, methane emissions, oxidative status and milk production, whereas the 

effects on dairy products were evaluated in terms of technological, microbiological, nutritional,  

sensory and health properties of cheeses. 

The results confirmed the superiority of green forage of sulla, linked to its moderate content in CT 

that, improving the efficiency of nutrients utilization at rumen level, contribute to reduce methane 

emission, increase milk yield and enhance the quality traits of dairy products, especially the content 

in milk casein and PUFA. 

The results of autumn experiment further proved the validity of dehydration, especially when 

performed from early cuts, as an alternative to haymaking and an opportunity to fully exploit the 

properties and the advantages of sulla forage in periods when grazing resources are not enough or 

climate conditions are unfavorable for hay production, thus maintaining adequate production levels 

and good nutritional, technological and health properties of milk and cheese. 

Indeed, dehydrated sulla forage, compared to hay, improved the nutritional efficiency of ewes, 

increasing digestibility, milk yield, and reducing methane production. A good content of casein was 

maintained in the milk, while at the plasma level the increased polyphenols were able to slight 

improve the oxidative status of ewes. 

In perspective, it is hoped that the findings of this study will lead to further investigations focusing 

the role and the metabolization of polyphenols in the rumen and at plasma level, which could 

condition their bioavailability, and thus the oxidative stability and organoleptic, nutritional, and 

health quality of cheeses. 

It is also expected that this research could contribute to the development and spread of dehydration 

techniques for sulla forage, optimizing the management of the crop in terms of frequency and 

timing of cuts to be dehydrated and pelleted, and the design and working of dehydration plants that 

use alternative energy sources. These plants could operate on a farm scale for forage dehydration 

and the production of pellets characterized by high-nutritional quality, which could replace hay, 

ensuring good levels of sustainability, animals’ welfare and productivity, and quality traits of 

products comparable to those obtained with green sulla forage. 
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