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Rational Use of Feed to Promote Animal Healthy Feeding
Reprinted from: Agriculture 2025, 15, 644, https://doi.org/10.3390/agriculture15060644 . . . . . 1

Nicoleta Corina Predescu, Georgeta Stefan, Mihaela Petronela Rosu and Camelia Papuc

Fermented Feed in Broiler Diets Reduces the Antinutritional Factors, Improves Productive
Performances and Modulates Gut Microbiome—A Review
Reprinted from: Agriculture 2024, 14, 1752, https://doi.org/10.3390/agriculture14101752 . . . . 5

Miut, a Filip, Mihaela Vlassa, Ioan Petean, Ionelia T, ăranu, Daniela Marin,
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Željka Klir Šalavardić, Josip Novoselec, Mislav Ðidara and Zvonko Antunović
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Preface

Our Special Issue on the “Rational Use of Feed to Promote Animal Healthy Feeding” promotes

the utilization and reintegration of agricultural by-products in the animal feeding sector as strategic

nutritional solutions to maintain economic efficiency and contribute to food security by presenting

the complete valorization of feed resources within the context of a circular bioeconomy.

The studies within the reprint present the results and benefits of using fermented feed,

probiotics, natural pigment supplementation, and alternative protein sources in animal farm

feeding. Agricultural by-products were used in poultry feeding to either mitigate heat stress while

maintaining productive performance or improve milk/cheese/meat quality in goats’ and lambs’

diets, focusing on analyzing their nutrient content and bioactive compounds. The topic of this reprint

addresses farmers, feed manufacturers, the value-added products industry, and researchers.

We would like to express our gratitude to all the participants and colleagues for their research

work, support, and contributions to this reprint.

Tatiana Dumitra Panaite and Mihaela Hãbeanu

Guest Editors
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Editorial

Rational Use of Feed to Promote Animal Healthy Feeding

Tatiana Dumitra Panaite 1,* and Mihaela Hăbeanu 2

1 Nutrition Physiology Department, National Research and Development Institute for Biology and Animal
Nutrition, 077015 Balotesti, Romania

2 Sericultural Research-Station Baneasa-Bucuresti, 69 Bucures, ti-Ploies, ti Avenue, 013685 Bucharest, Romania;
mihaela.habeanu@scsbaneasa.ro

* Correspondence: tatiana.panaite@ibna.ro

Nowadays, ensuring global food production depends on various factors like climate
change, resource scarcity, and a continuously increasing population, which creates tremen-
dous pressure on traditional agricultural practices. Therefore, there is an urgent need to
reimagine how to overcome limited natural resources to sustain food production, minimize
environmental impact, and support animal and human nutrition. A well-defined strategic
direction can be applied, focusing on a more in-depth exploration of underutilized feed
resources and the valorization of agri-food by-products. While not a novel approach, this
strategy enhances animal nutrition while promoting a circular bioeconomy.

Feed formulation based on conventional ingredients such as soybean meals and corn,
often associated with deforestation, excessive water utilization, and significant greenhouse
gas emissions, can be partially/ manipulated by including local, available, and accessible
agri-food by-products to obtain high-quality animal feed, also reducing agricultural waste
and farm environmental footprint. Valorizing agri-food by-products is not merely a techni-
cal solution; it represents a fundamental change in utilizing natural resources in agriculture.
This path—producing more or enough (re)using less—aligns with present agricultural practices.
Feed valorization methods such as fermentation can enhance these materials’ digestibility
and nutritional profile. To address the multifaceted challenges of global food production,
adopting an integrated strategy that brings together technological innovation, supportive
and adequate policies, and sustainable economic models is essential.

This Editorial provides an overview of recent studies exploring various feed
interventions—including fermentation processes, probiotic supplementation, natural addi-
tives, agri-food by-products, and alternative protein sources—to enhance productivity and
product quality in poultry and small ruminants and also provide nutritional solutions for
thermal stress mitigation. In this Special Issue “Rational Use of Feed to Promote Animal
Healthy Feeding”, 10 papers were published, of which 9 research papers and 1 review
paper were published. This Special Issue highlighted key research studies that explored
nutritional interventions in broilers, laying hens, dairy goats, and lambs, emphasizing im-
provements in production performances, animal product quality, and gut health. Therefore,
integrating these strategies into a circular bioeconomy framework is essential for achieving
sustainable animal farming and ensuring food security.

Predescu et al. [1] reviewed the numerous effects of fermented feed utilization in
broilers’ feed, emphasizing the benefits of fermented feed in reducing the by-products
antinutrients and enhancing nutrient availability, reducing pathogenic microorganisms,
and promoting a healthier gut microbiome. Beneficial microorganisms, particularly lactic
acid bacteria, enhance gut health and immune response. Performance parameters like
feed conversion ratio (FCR), final body weight (FBW), and feed intake (FI) are positively
influenced by fermented feeds.

Agriculture 2025, 15, 644 https://doi.org/10.3390/agriculture15060644
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Complementing this, Ren et al. [2] investigated the effects of xylooligosaccharide
(XOS) on the growth performance and intestinal health of broiler chickens challenged by
avian pathogenic Escherichia coli (APEC). An improvement in FBW and average daily gain
(ADG) was observed in APEC-challenged broilers, while FCR was also improved during
the initial days of the experiment. The negative effects registered in APEC-challenged
broilers led to decreased FBW and ADG and increased FCR, indicating that growth re-
tardation was primarily due to intestinal disruption rather than reduced appetite. The
XOS supplementation increased the count and density of jejunal goblet cells (crucial for
maintaining the intestinal barrier). The jejunal villus height (VH) and crypt depth (CD)
were significantly improved in XOS-supplemented broilers, indicating better intestinal
morphology. The cecal microbiota was positively influenced by increasing the counts of
Lactobacillus and enhancing the production of short-chain fatty acids (SCFAs) like acetate,
butyrate, and valerate. The inflammatory cytokine expression in the jejunum was dimin-
ished in XOS-supplemented groups, suggesting a reduction in intestinal inflammation due
to the protective effects of XOS against APEC. Additionally, XOS supplementation blocked
the increases in the expression of virulent genes associated with E. coli, further contributing
to maintaining intestinal health in challenged broilers.

Dumitru et al. [3] assessed the probiotic potential of Bacillus licheniformis (BL) in broil-
ers fed cowpea-based diets; BL significantly improved BWG overall during the growing
and finisher rearing phases. Improved tibia iron (Fe) and phosphorus (P) mineralization
were observed while also reducing the calcium-phosphorus (Ca:P) ratio. Microbial analysis
revealed that BL inclusion decreased coliform counts in the CWP diet and reduced E. coli in
the ileum. Additionally, it lowered Clostridium spp. and Enterococcus spp. in the cecum of
broilers on soybean meal (SBM) diets. The presence of Staphylococcus spp. in broiler feces
was also reduced in CWP groups.

Matache et al. [4] investigated natural pigment supplementation from marigold and
paprika extracts in laying hens’ diets. Their findings revealed that these natural addi-
tives utilize enhanced yolk color and improved egg quality during storage, serving as
an effective alternative to synthetic colorants. Cornescu et al. [5] evaluated the effects of
white grape pomace supplementation (6%) in laying hens’ diets under normal, low, and
high-temperature conditions. While the benefits were most visible under low thermal stress
conditions, improvements in parameters such as egg weight, production, and yolk quality
indicate that such by-products dietary inclusion can be effectively used to support poultry
performances under varying environmental conditions.

Other authors, such as Antunovic et al. [6], tested grape seed cake (5% and 10%) in
lactating dairy goats, concluding that a 10% inclusion rate significantly enhances milk
antioxidative activity. This improvement is attributed to the high polyphenol content of the
grape seed cake, which helps alleviate lactation-induced stress and improve milk quality.
A significant reduction in somatic cell count (SCC) was observed in the milk from goats
in the grape seed cake group (10%) compared to the control and grape seed cake group
(5%) groups, suggesting beneficial effects on udder health. The activity of superoxide
dismutase (SOD) and glutathione reductase (GR) was significantly higher in the milk
from the grape seed cake group (10%), indicating an enhanced milk antioxidative status.
Cismileanu et al. [7] experimented with the substitution of conventional protein sources
(sunflower meal 11.5% DM basis) with dietary linseed or hempseed in the diets of late
lactation Murciano-Granadina dairy goats. Including these oilseeds significantly improved
the fatty acid profiles of both milk and cheese. Notably, the enhanced levels of omega-3,
omega-6 polyunsaturated fatty acids, and conjugated linoleic acid (CLA) contributed to
lower atherogenic and thrombogenic indices, thereby elevating the nutritional quality
of dairy products. Salavardic et al. [8] investigated the effects of extruded flaxseed (9%)
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and pumpkin seed cake (16%) as alternative protein sources in diets for growing Alpine
goat kids. Although these dietary modifications did not alter the average daily weight
gain, significant results in hematological and biochemical parameters indicated potential
benefits in immune modulation. Costa et al. [9] examined the impact of incorporating
sunflower cake (150, 300, and 450 g/kg DM) of high-oleic sunflower cakes derived from
high-oleic seeds on finishing lambs, evaluating performance, carcass characteristics, meat
quality, and intramuscular fatty acid composition. While sunflower cake inclusion did not
significantly influence weight gain, dry matter intake, or metabolizable energy intake, an
increase in neutral detergent fiber (NDF) and ether extract (EE) intake was noticed. Includ-
ing sunflower cakes reduced hot and cold carcass yields and intramuscular fat content;
oleic acid, rumenic acid, and EPA fatty acids linearly increased with high-oleic sunflower
cake. Including high-oleic sunflower cake reduced saturated fatty acids, except stearic acid.
Filip et al. [10] investigated samples of golden apples, red apples, carrots, celery, beetroots,
and red potato peel waste as animal feed, focusing on their nutrient content and bioactive
compounds. Various analyses highlighted the value of waste in providing essential nutri-
ents in animal diets. Several analyses were performed collectively (chemical composition,
X-ray diffraction analysis, thermogravimetric and differential thermal analyses, antioxidant
activity assessment: DPPH and ABTS, and total phenolic content analysis), providing a
comprehensive understanding of the structural, thermal, chemical, and bioactive properties
of fruit and vegetable waste, emphasizing their potential as alternative animal feed sources.

The papers published within this Special Issue presented evidence of the benefits of
different feed interventions in animal farm nutrition. From fermented feeds that mitigate
antinutritional factors to the use of agri-food by-products and natural additives that enhance
product quality, these studies highlight diverse strategies to promote farm animal health
and sustainability, especially in poultry and small ruminants.

Author Contributions: Conceptualization, T.D.P. and M.H.; writing—original draft preparation,
T.D.P.; writing—review and editing, T.D.P. and M.H. All authors have read and agreed to the
published version of the manuscript.
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for their support and contribution to this Special Issue.
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Fermented Feed in Broiler Diets Reduces the Antinutritional
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Abstract: The aim of this review is to highlight the most beneficial effects of dietary fermented
feed in correlation with decreasing the antinutrient concentration in vegetal matrices usually used
for broiler nutrition. Rational feed formulation is critical for animals because it improves animal
performance, and provides the animal with the necessary nutrients to develop strong bones, muscles
and tissues, and a properly functioning immune system. Fermentation of animal feed is useful
as compounds with high molecular mass are converted into energy and compounds with lower
molecular mass in the presence of enzymes produced mainly by bacteria and yeasts. Fermentation
products contain probiotic compounds with beneficial effects on the health of the animal microbiome.
Feed fermentation has other roles such as converting antinutrients into beneficial substances for
animal organisms, and some studies have shown that fermentation of feed decreases the risk of
antinutrient components presence. For the bibliographic research, different platforms were used
(PubMed, Science Direct, MDPI resources), and numerous words or combinations of terms were
used to find the latest information. Fermented feed utilization has been shown to enhance growth
performance while promoting a healthier gut microbiome in animals.

Keywords: fermented feed; broiler; antinutrient components; gut microbiome; biofilm; bioavailabil-
ity; goblet cells

1. Introduction

Sustainable and physiological growth [1], improving meat quality and feed conversion
efficiency of farm broilers represent the main directions of this sector [2,3]. Increased
oxidative stress has a tremendous impact on the health status and well-being of the birds [4].
In fact, stress management presented a big concern for researchers all over the world, for
the last ten years. In order to reduce the unintended side effects, many solutions were
proposed and tested [2]. In European Union until 2006, for both therapeutic and non-
therapeutic applications antibiotics were used in animal production [5], posing a threat to
product safety due to antimicrobial residues and increasing the risk of microbial resistance
development and spread in the poultry environment [3].

To mitigate this risk, alternative strategies are being explored to reduce antibiotic use
in chicken farms [5,6]. Research has focused on finding natural agents that can serve as
growth promoters while maintaining low mortality rates, high animal yield, and protecting
the environment and consumer health [7].

Agriculture 2024, 14, 1752. https://doi.org/10.3390/agriculture14101752 https://www.mdpi.com/journal/agriculture5
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Research has simultaneously explored the use of plant-derived antioxidant com-
pounds [8], bacteriophage therapy [9], micronutrient supplementation, and fermented
feed [10] in animal feed as strategies to alleviate various negative impacts on animal health,
human health, and environmental sustainability.

In general, animal agricultural sectors and especially, poultry farms have grown more
interested in using plants and their derivatives as feed additives throughout the past ten
years to preserve or enhance their health and productivity [11]. Secondary plant metabolites,
polyphenols, are responsible for most host health benefits [12]. Polyphenols are well known for
their antioxidant [13], immunomodulatory [14], anti-mutagenic [15], and anti-inflammatory
effects [16]. Despite these benefits, polyphenols have been shown to have poor gastrointestinal
absorption as well as reduced quantities in target cells, limiting their effectiveness as antioxi-
dants. Some polyphenols’ poor bioavailability necessitates additional research to fully realize
their potential in poultry livestock rearing [17]. For example, tannins are plant polyphenols,
known for their properties like binding to proteins to form large-molecular compounds, and
complex metal ions, decreasing their availability for animals [18].

So, researchers are looking for solutions to increase the accessibility and bioavailability
of proteins, metal ions, tannins, and other molecules [19]. A brief search on the main
platforms for scientific journals (MDPI, PubMed, and Science Direct) revealed an increased
number of articles related to the use of fermented feed for broilers reared in the farm system,
to improve the bioavailability of the healthy molecules.

Indeed, feeds are the most important instruments used to achieve the mentioned goals
(rapid growth, enhanced meat quality, and increased feed conversion efficiency in farms
raising broiler chickens).

The use of fermented feeds in broiler nutrition has gained attention due to its potential
impact on growth performance [20]. Also, many studies proved that fermented feed has
a salutary effect on the broiler gut microbiome [21]. In general, the fermentation process
results in the breakdown of complex compounds in the presence of microorganisms, leading
to the production of smaller and more beneficial metabolites [21], that have a positive
impact on the health and antioxidant status of the broiler [20]. Also, fermentation reduces
the antinutrient components (ANC) in the feed, conducting to increase of food-beneficial
nutrient bioavailability [19–21].

Healthy fermented feed alternatives include probiotics, prebiotics, enzymes, organic
acids, immunostimulants, bacteriocins, bacteriophages [9], or feed additives [8]. Probiotics
used in fermentation become the main microorganisms delivered by feed; the probiotic’s
metabolites lower the pH of the feed and help reduce harmful microorganisms [22]. Probi-
otics like Lactobacillus, Bacillus subtilis, and yeast can improve immunological, antioxidant,
and production function as well as remodel gut microbiota and alleviate intestinal dysbio-
sis and inflammation [23]. Probiotics are added to a feed substrate and fermented under
controlled conditions to make fermented feed. Probiotics take over in the feed during
fermentation, generating metabolites that raise crude protein content, lower pH, limit
mycotoxin synthesis, reduce dangerous microbes, and remove allergens and antinutritional
factors. Some studies recommend fermented feed for better tastes thanks to the production
of acids, alcohols, ketones, and esters during the process [24,25].

The aim of the present review is to emphasise and discuss the most beneficial effects
of using fermented feed for broilers in the context of achieving the expected growth
performance in connection with gut microbiome health. Notably, for the present review,
the most beneficial effects of feed fermentation are presented in correlation with decreasing
the concentration of ANC in vegetal matrices usually used for broiler nutrition.

Feed of vegetal origin, that undergone microbial fermentation, usually with the aid of
lactic acid bacteria (LAB), is referred as fermented feed. Through this method, the feed’s
nutritional profile changes, its digestibility is increased, and the broilers’ gastrointestinal
health is improved [20]. Probably the most important fact is that fermented feed contains
live probiotics, organic acid (like lactic acid), lowering the pH, which can inhibit harmful
pathogens, naturally preserves the feed, and reducing the risk of spoilage [25].
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2. Fermentation Used in Feed Processing

Fermented feeds have been gaining attraction in poultry farming as a potential way
to improve both growth performance and gut health in broilers [24,26]. It is known that
fermentation is a complex process, and lately, it gained more and more application from
the food industry to the feed industry. The fermentation process is based on the breaking
down of complex compounds in feedstuffs, making nutrients more digestible for animals.
This can lead to improved growth performance and feed efficiency. Fermentation can
preserve feedstuffs and extend their shelf life by reducing spoilage caused by moulds and
bacteria [27]. Moreover, fermentation allows for the utilization of non-conventional feed
sources, such as industrial waste products, which can help reduce reliance on traditional
feed ingredients. The use of probiotics (live microorganisms) and prebiotics (fibres that
promote beneficial gut bacteria) in conjunction with fermentation can further enhance the
benefits for animal health [24].

There are various techniques for making fermented feeds from vegetal matrices,
such as liquid fermentation, solid fermentation, and ensiling, which are the most used
over the last couple of decades [20]. Fermented liquid feed provides not only water and
digestible nutrients, but also organic acids and beneficial microorganisms such as lactic
acid bacteria and yeasts. Solid-state fermentation, as opposed to liquid fermentation, has
advantages such as reduced wastewater generation, increased product stability, reduced
energy consumption and easier transportation [22]. In general, the fermentation substrate
used for ensiling consists of fresh, water-rich plant material that supports a high number of
active microorganisms [28]. For instance, mechanical chopping during harvesting may lead
to an increase in lactic acid bacteria (LAB) counts, followed by Enterobacteriaceae and yeasts.
Whatever type of fermentation is used, most of the research studies suggest a concentration
of live microorganisms in the biomass between 105 and 109 CFU/g [28].

Spontaneous fermentation, although possible in all types of fermentation, should be
avoided because of the risk of growth of harmful microorganisms and toxic metabolites. The
development of harmful microorganisms is reduced under normal production conditions
and can be effectively controlled by applying good quality control practices as well as by
optimizing fermentation parameters [21,22]. These parameters include composition of raw
materials used, starter culture formulation, fermentation conditions, and post-fermentation
processes. For instance, the selection of enzymes and microorganisms depends on the
characteristics of the substrate, and pretreatments (mechanical, thermal, chemical) can
facilitate fermentation. The choice between enzymatic treatments and fermentation varies
depending on the properties of the feed and enzymes used. Finally, nutritional assessments
are essential to determine both feed improvement and nutritional value [24–26,28].

All the three fermentation processes described above, can help reduce ANC in feed-
stuffs, such as tannins and phytates, which can interfere with nutrient absorption [29]. In
Figure 1 are presented the most basic ingredients of the fermentation process of milled
vegetal material with the addition of water (chlorine-free water is preferred to avoid killing
fermentation sensitive microorganisms) and substances to stimulate bacteria and yeast for
multiplication and fermentation of matrices. Reduced ANC, increased feed shelf life, alter-
native feed source utilization and enhanced probiotic and probiotic delivery are probably
some of the most important reasons to use fermented feed for broiler chickens’ nutrition.

Legumes and cereals are part of the base diet for all farm animals including broilers.
Because they provide significant amounts of carbs, protein, vitamins, and dietary fibre,
these grains are vital to the broiler chicken diet [24]. To promote growth and maintain
health, these nutrient sources are necessary for daily nourishment. However, a lot of
research regarding the plant composition in proteins, lipids, carbohydrates, vitamins, and
minerals provide evidence and debate the issue regarding the presence of ANC, which
reduce the bioavailability of good nutrients [30].

In Table 1 are presented a few of the most used vegetal matrices of basal diet of broiler
corelated with ANC and ways to mitigate their effects.
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Figure 1. The ingredients involved in the fermentation process (wet milled vegetal material in the
presence of microorganisms acting in specific pH and temperature conditions) are in correlation with
four of the most important arguments for using fermentation to improve feed safety and quality for
broiler nutrition.

Worldwide, soybean (Glycine max) is the primary source of protein and amino acids
utilized in animal feed formulations, especially for monogastric animals. High inclusion
rates of high-quality vegetable protein, particularly in diets for chicken, can be found in
soybeans, which have a less changeable chemical makeup than other protein sources. In
addition to their high protein content, soybeans also include a variety of variable amounts of
substances that are generally regarded as antinutritional. Phytic acid, saponins, isoflavones,
and trypsin inhibitors are a few examples [31]. Nowadays, it is believed that eating
controlled concentration of these substances can have positive biological effects on blood
cholesterol levels and cancer prevention [33]. Most of the scientific results addressed the
variations in the concentrations of phytic acid, saponins, isoflavones, and trypsin inhibitors.
Soybean processing alters the levels of these minor elements in a variety of ways. During
the processing of soybeans by fermentation is created conventional protein components,
flours, isolates, and concentrates, without ANC [32].

Corn or maize (Zea mays) provides an affordable and easy-to-access source of protein
and energy, being utilized as an important ingredient in commercial chicken feed. The
high carbohydrate content, and amino acid profile of corn protein give chickens the energy
they need to thrive and regulate their body temperature. Also, corn contains higher
levels of ANC, phytate and polyphenols, that form complexes with metal ions [34,35].
With the help of the enzymes produced during fermentation, ANC are reduced, making
fermentation an effective technique for enhancing the macro, trace, and total minerals levels
of corn genotypes. Tannase and phytase, two enzymes produced during fermentation by
microorganisms, are thought to be responsible for reducing antinutrients (polyphenols and
phytate) in corn genotypes [36]. This likely explains the increase in trace minerals after
corn fermentation. One possible mechanism for releasing minerals from phytate could
be dephosphorylation, whereby the removal of phosphate groups from the inositol ring
reduces phytate’s ability to bind minerals, increasing the bioavailability of vital dietary
minerals. Fermenting grains flour for 14 days resulted in significant increases in total and
extractable zinc, manganese, copper, and cobalt levels [29].

Both ruminant and nonruminant farming systems can use sorghum (Sorghum bicolor L.)
as a source of protein and energy. Sorghum can be a good source of grain in an animal’s
diet if it is processed properly and combined with other feed ingredients in a balanced
manner [38]. Further research is required to fully comprehend important antinutritive
characteristics of sorghum, such as tannin (phenolic compounds), phytic acid, and dhur-
rin [37]. Apart from its application in the food animal industry, the problem lies in the
high tannin content of sorghum, a water-soluble polyphenolic metabolite that inhibits
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poultry growth. Increased tannin concentrations slow down protein digestion and form
chelate, which makes them ANC [39]. Tannins negatively affect the growth, feed intake,
digestion of protein, egg production, and deformities of the legs of broiler chickens. Dhur-
rin, a cyanogenic glucoside, by a specific enzyme pathway generate hydrogen cyanide
(HCN), toxic for organisms [40]. It decreases the broilers’ apparent nutritional digestibility,
promotes cytochrome oxidase system inactivation causing anoxia of the central nervous
system, which can lead to death in a matter of seconds. To inhibit the antinutritive effects,
processing in the presence of microorganism like lactic acid bacteria (LAB) is used [37,41].

Research has shown that the inclusion of barley (Hordeum vulgare L.) with β-glucan in
the diets of young chicks can hinder growth and lead to problems such as sticky droppings.
However, these negative effects can be mitigated either by fermenting the barley or by
adding β-glucanase producing microorganisms to barley-rich diets [42]. The adverse effects
appear to be associated with nutrient digestion and bowel transit problems, but there is
no conclusive evidence that treatments aimed at removing β-glucan can improve nutrient
digestibility in barley-based diets. Although there is a substantial amount of literature
on this topic, very few studies have made significant advances for a certain answer [42].
Some recent research has looked at the antinutritive effects of pentosans present in other
cereals, but there have been no direct tests on β-glucan isolated from barley in poultry diets,
nor examinations of its impact on nutrient uptake by poultry. Probably, further research
on the biochemistry and molecular biology of fermentation microorganisms with glucan-
degrading enzymes could provide a deeper insight into their role in poultry nutrition [43].

Antinutritional factors are harmful compounds in wheat (Triticum aestivum) that in-
terfere with the absorption and bioavailability of nutrients in monogastric animals like
pigs and poultry, so impact its nutritional quality. Wheat, a key source for energy and
protein, contains several ANC like phytate, protease inhibitors, tannins, lectins, alkaloids,
and oxalate. Phytate, for instance, reduces the bioavailability of essential micronutrients
such as iron and zinc [44]. Various strategies, including fermentation as well as genetic engi-
neering, aim to mitigate these effects. Enzyme degradation of tannins—proteins complex in
seed provide an efficient solution (this network being responsible for trapping metal ions).
Rather than germination, processing by fermentation increases the content of iron and zinc,
with the highest iron content observed in fermented samples (5.52 mg/100 g) [45].

Oats (Avena sativa L.) stand out among cereals because of their high dietary fiber
content and nutritional value, which includes proteins, balanced amino acids, minerals,
unsaturated fatty acids, vitamins, antioxidants, and phenolic compounds [46]. Their
high soluble and insoluble fiber level is especially sought because it has been associated
with several health advantages. Also, important concentrations of ANC are present in
oats, it can disrupt the stomach’s normal functioning and prevent nutrients from being
absorbed [47]. Also, rough texture, tough hull removal, low digestibility, and antinutrient
elements, limit the use of oats in animal diet. To lower ANC, several processing methods,
including fermenting, grinding and boiling, can help address these problems by increasing
the availability of minerals, protein, and carbohydrates [47].

The rye grain (Secale cereale) contains several nutritionally beneficial dietary compo-
nents. Poultry should not receive more than 5–7% of their diet, according to zootechnical
requirements. The primary cause of rye grain’s restricted use as animal feed is its high level
of antinutrient ingredients, like water-soluble pentosans [48]. Water-soluble pentosans’
capacity to absorb water and create a very dense solution gives their negative feeding
characteristics. Animals’ digestive tracts are clogged with a viscous pentosan solution
that prevents food nutrients from being absorbed. High rye grain consumption causes
indigestion, weakens farm animals, and slows down the forage’s passage through the
digestive system [49]. Poultry may experience oesophageal and gastric blockages. The
immune systems of the birds will be impacted by the addition of rye to their diet. To pre-
pare rye grain for feeding animals, there are several methods. Winter rye grain is currently
subjected to enzymatic treatments to counteract its antinutritional qualities and improve its
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nutritional digestibility. Studies indicate that applying enzyme preparations to the aqueous
grain extract of winter rye can considerably lower its viscosity [50].

Because it has a high protein content and a high dry matter yield, alfalfa (Medicago
sativa L.) is an essential livestock feed crop in both developed and developing countries.
This plant’s primary ANC are saponins, and because of their detrimental effects on animal
performance, its high protein content has not been able to be used to its full potential as
animal feed [51]. Saponins are glycosides that have a polycyclic aglycone moiety connected
to a carbohydrate. These moieties can be either of the C27 steroid or the C30 triterpenoid,
which are together referred to as sapogenins [52]. The flavor of saponins is unpleasant,
and they have foaming qualities. For non-ruminant animals (pigs and chicks), the most
important negative effect is growth rate retardation, which is mainly caused by a decrease
in feed intake [6]. To fully detoxify the seeds of this antinutrient, the dry (raw) bean requires
a long cooking time. Alternatively, fermentation with LAB microorganism, dramatically
eliminates the majority of these antinutrients with a significantly lower energy cost than
cooking [53].

Fermentation increases feed digestibility because fermentation break down lipids,
complex carbohydrates and proteins into their simple biochemical units (e.g., fatty acids,
monosaccharides or amino acids), making them easier for broilers to digest and absorb
nutrients [20]. According to another study, the enhanced digestibility of fermented feeds
may be responsible for the beneficial effects observed in the gastrointestinal environ-
ment/condition (e.g., the reduction of gastric pH and pathogenic microbial activity as well
as the increase in the production of short chain fatty acids [SCFA]), which in turn enhances
the growth performance of chickens [54].

Fermentation of fresh vegetal nutrients reduces the size of the complex molecules,
with anti-nutritional characteristics, to easily absorbable structures in the digestive tract.
Some of these molecules (Figure 2A), like protein-tannin complex, metal—starch—phytate
complex or inhibitor–enzyme complex. After fermentation process (Figure 2B) of vegetal
feed, the complex molecules are degraded, reducing the concentration of ANC, increases
the concentration of beneficial compounds (antimicrobial peptides, metal ions, antioxidants,
vitamins, short chain fatty acids, and amino acids) released from the complex networks and
acting as prebiotics in the broiler gastrointestinal tract (GIT). Additionally, fermentation
brings beneficial microorganisms, probiotics, to the digestive tract of the broiler improving
the health status of the birds (Figure 2C). Broilers ingest fermented feed with decreased
concentration of antinutritional compounds and enhanced prebiotics and probiotics levels,
elevate the meat nutritional value. The human consumer, as the final link in the chain, is the
beneficiary of the positive consequences of feeding fermented feed to broilers (Figure 2D).

Tannins have been shown to bind proteins via hydrogen bonding and hydrophobic
interactions, resulting in protein-tannin complexes [55]. They impact the digestibility of
proteins and carbohydrates, adding to the diet’s lower calorie value. Tannins interact with
digestive enzymes such as trypsin and amylase, leaving them unavailable for digestion
reactions. Tannins can form a complex compound with vitamin B, making it inaccessible
for body needs [31,56].

Phytic acid is present in many plants and is also called inositol hexa-phosphate or
IP6. It forms salts of the mono or/and divalent cations K+, Ca2+, and Mg2+. In this way,
phytates serve as reservoirs of cations, with high-energy phosphoryl groups [56]. Because
they can act as chelators of free iron are considered efficient natural antioxidant. Phytates
are powerful anions in a broad pH range, impacting the bioavailability of divalent and
trivalent mineral ions such as Ca2+, Cu2+, Mn2+, Zn2+, Mg2+, Fe2+, or Fe3+ in diet [57].
The effect of increasing phytate intake on mineral deficiency is dependent on what else is
consumed. It has been claimed that the interaction between phytate and polysaccharides
like starch, lowers carbohydrate bioavailability and breakdown, and influences starch
metabolism as the development of the phytate-carbohydrate complex [31].
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Figure 2. The influence of fermenting plant material rich in anti-nutritional compounds on feed
quality and implications for broiler health and, consequently, human health. (A) Most often
found antinutritional complex in feed protein-tannin complex, metal—starch—phytate complex,
inhibitor—enzyme complex; (B) Fermentation process enhancing feed quality and safety through
microbial degradation of the complex compounds into smaller and easily absorbable compounds;
(C) Highlighted products found in fermented feed like beneficial microorganism and antimicrobial
peptides, metal ions, antioxidants, vitamins, short chain fatty acids, amino acids; (D) consequences of
administration of fermented feed to broiler and humans as final receiver.

Protease inhibitors are found in many plants, including legume and cereal seeds used
for broiler nutrition. Protease inhibitors function as competitive inhibitors, binding to the
enzyme’s active site and forming a complex with a low dissociation constant at neutral
pH [57]. The inhibitor imitates the substrate, resulting in an inhibitor-enzyme complex that
cannot be removed using the usual process [55]. This blocks the enzyme’s active site and
effectively silences its activity. For instance, amylase inhibitors are thought to have two
functions: they protect the seeds from microbial diseases and pests while also inhibiting
endogenous amylase [31,56].

Nutrient digestibility is a measurement of feed nutritional processes related to capacity
and intestinal function. Beneficial microorganisms in fermentation produce metabolites like
lactic acid, bacteriocin, antibacterial substances, and alcohols, which can lower digestive
tract pH, inhibit harmful bacteria like Escherichia coli, and improve intestine digestion and
absorption [55]. Addition of fermented material, broilers’ apparent calcium metabolic rates
increased. Adding 20% fermented feed enhanced the apparent metabolic rate of Calcium.
This is because the lactic acid produced by fermentation lower the feed pH, creating a
favourable acidic environment in digestive system for calcium absorption [58].

In the same time, research suggests that fermented feeds can be a promising strategy
for enhancing growth performance and gut health in broilers. However, the specific effects
can vary depending on factors like the type of fermentation, the ingredients used, and the
inclusion level in the diet. Furthermore, improved growth in birds is attributed to elevated
activity of digestive enzymes such lipases, amylases, trypsin, and proteases in broilers fed
fermented diets [59].

Enhanced nutrient availability by previously subject to fermentation of row vegetal
matrices or plant byproducts. Beneficial microbes in fermented feeds can produce enzymes
and organic acids that further improve nutrient utilization. While there is evidence linking
fermentation to enhanced palatability and nutrient digestibility, fermentation resulted in a
decrease in the amount of feed consumed by broilers throughout the starter and grower
phases [60]. The hens’ growth rates were slowed down as a result during these stages, but
surprisingly not during the finishing phase.

The ability of animals to convert feed into muscle tissues is shown by their slaughter
performance [61]. The two main indicators used to assess carcass yield and meat quality
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in broilers are muscle and visceral (abdominal) fat. The addition of FTLM to the broiler
diets raised the weights of the thigh and breast muscles [62]. Also, Yang et al. (2008) noted
a rise in the weights of the cut parts (thighs and breast) of broilers given fermented herbal
items [63].

3. Effects of Fermented Feeds on Broilers Growth Performance and Gut Microbiome

3.1. Improved Growth Performance

Resources like cereals, different vegetal beans, and agricultural by-products are in-
sufficient to improve growth performance in broiler? It was shown previously that ANC
in the feed, reduce digestibility and have an impact on survival rates. To reduce ANC,
fermentation is the most used method [24]. Fermentation feed can stimulate growth, take
the place of antibiotics, recycle waste (use byproducts to cut waste), and alleviate feed
scarcity [22].

To evaluate the growth performance of an animal, in this case, broiler, considered
parameters are feed conversion ratio (FCR), body weights gaining (BW) and feed intake
(FI) [24]. Those tree parameters are linked by a mathematical relationship. FCR represents
the ratio between FI and BW. The research indicate that the microorganisms used for feed
fermentation influence the balance [64].

It’s crucial to increase broiler feed conversion rate, and for broilers feed with fermented
feed, FCR is between 1.35–1.70 g feed/g gain, depending on the concentration of fermented
feed added to the basal ratio and the age of the broilers [24]. The most recommended solu-
tion by the researchers is represented by feed fermentation. Indeed, probiotic fermentation
of different materials produces fermented feed, which increases the beneficial nutrients
and decreases the ANC [65].

According to the study [21], corn, soy-bean, and wheat, 6:2:2 (w:w:w), fermented
with Lactobacillus casei (L. casei) was used as fermented feed additive. Four groups of
chickens were investigated as follows NC (negative control received basal diet), PC (positive
control received basal diet +antibiotic 15 ppm), FFL (fermented feed low received basal
diet + 0.3 kg/t FFA), and FFH (fermented feed additive high received 3 kg/t FFA). The
results of the study [21] indicated that FFL and PC diets had a higher FCR than the NC
from 0–42 days, and the FFH and FFL groups gained greater BW (1–21 days). Also,
microorganisms with beneficial properties, such as Lactobacillus aviarus genus, Lactobacillus
spp., and Lactobacillus phylum Delsulfobacterota and class Desulfovibriona, were also tended
to increase in the FFH and FFL fermented feed groups compared to the PC and NC groups.
Pathogenic microorganisms were also significantly reduced in the group treated with FFH
and PC [21].

Irawan et al., [62] investigated the effect of fermented soybean meal (FSBM) in the
presence of Lactic acid bacteria and yeast on chickens’ performance. Comparing broiler trials
fed with and without FSBM revealed that replacing SBM with FSBM had a substantial
favorable effect on the BW of broiler chickens [66]. Except for the feed fermentation in the
presence of Aspergillus niger, the majority of microbial fermentation (Lactic acid bacteria and
yeast) resulted in a considerable rise of broiler BW. In the same research, positive correlation
was found between broiler average daily gain and the diet supplementation with FSBM
fermented in the presence of Aspergillus oryzae, mixed probiotics + bromelain, Bacillus
subtilis, and Lactobacillus microorganisms. Also, fermented feed seems to be responsible for
increasing the FI [66].

The most important microorganisms used to obtain fermented feed are belong to
Ruminococcaceae, Lactobacillaceae, and unclassified Clostridiales. The growth performance
parameters obtained after feeding broilers with fermented feed in the presence of these
bacteria are shown in Table 2.
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In the last years, besides corn, soybean, cotton-seed, and rapeseed, other vegetal
sources are used as feed for broiler. Leaf meals (LM) are leaves and twigs dried, pulverized,
and used as a feed for livestock. They are an important management tool during the
dry months when fresh fodder is in short supply [68]. For instance, tropical leaf meals
(TLMs) can be used in poultry production due to their health and nutritional benefits.
However, their large-scale use is limited due to their high crude fiber content and moderate
anti-nutritional factors. Fermentation, particularly microbial fermentation, has been shown
to reduce these factors, increase nutritional benefits, and improve growth performance in
broiler production. Ogbuewu et al. [61] find out that the growth performance of broilers
fed with fermented tropical leaf meals (FTLM) may be linked to decreased ANC levels
and the breakdown of complex biomass by fermentation microorganisms. This may also
improve intestinal health and function, as the intestine is the primary site for immunity,
nutrient digestion, and uptake [61].

Fermented feeds have been found to promote growth in broilers by increasing intesti-
nal length indices, maintaining normal gut microbial ecosystems, and improving intestinal
morphology, such as villus height. These feeds also improve digestion and absorption,
leading to improved production performance [20]. This can be sustained by the study
of Saleh et al. [67], where Bacillus spp. appear to be a viable alternative for antibacterial
growth promoters that improve animal health and performance. Bacillus licheniformis can
sporulate, rendering them stable under thermal processing of feed and resistant to en-
zymatic digestion along the gastrointestinal tract (GIT). Bacillus licheniformis addition in
broiler drinking water or diets boosted growth performance by increasing the body weight
and feed conversion ratio of broilers [67].

3.2. Gut Microbiota Modulation

The microbiota is the entire microbial population (including viruses, bacteria, fungi,
protists, and archaea) that lives in complex multicellular organisms such as plants, animals,
and humans [9]. The microbiota in broiler chickens’ gastrointestinal tract (GIT) plays a
crucial role in their health, immune system, and productivity. It reduces colonization by en-
teric pathogens and prevents inflammation, leaky gut, and other gut-related disorders [69].
Broiler microbiota composition is influenced by factors like age, diet, genetics, and antibiotic
use. Broad-spectrum antibiotics cause collateral damage, leading to dysbiosis and antibiotic
resistance. Poultry production systems use antibiotics for growth promotion, but indiscrim-
inate use reduces microbiota stability and Lactobacillus population in broilers. Long-term
antibiotic usage has disrupted the gut microbiome of the animals in general, and impaired
immune function [56]. Furthermore, increasing treatment resistance among pathogenic
strains has emerged as one of the world’s most severe issues. The observations described
above has given rise to a growing interest in the management of infections caused by
antibiotic resistant pathogens by selectively targeting the disease-causing bacteria, without
disturbing the commensal microbiota of the GIT [70].

Due to their immature immunological and digestive systems, chickens have poor
nutrition utilization and low condition resistance. 44 bacterial strains have been licensed
by the Food and Drug Administration (FDA) and Association of American Feed Control
Officials (AAFCO) for use in fermented feed, which has improved animal husbandry [71].
By secreting chemical signals known as auto-inducers, which alter bacterial behaviour,
bacteria are able to interact with one another across cells. Bacteria also utilize the quorum
sensing mechanism of bacterial communication to communicate with their host. Probi-
otics may impact pathogenic bacteria’s ability to sense quorum, which could change how
harmful they are [72]. For instance, fermentation products from L. acidophilus La-5 signifi-
cantly reduced the extracellular secretion of a chemical signal (autoinducer-2) by human
enterohaemorrhagic E. coli serotype O157:H7. This led to the in vitro suppression of the
expression of the virulence gene (LEE, locus of enterocyte effacement). This interferes with
quorum sensing and stops E. Coli serotype O157:H7 from colonizing the GIT [73].
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In order to mitigate the concentration of ANC, cereals and vegetables commonly used
in broiler feed are most often subjected to fermentation and then fed to the animals [73].
Fermented mixed feed had lower pH, phytic acid, trypsin inhibitor, and β-glucan concen-
trations, compared to unfermented feed. Fermentation increased crude protein content,
but unfermented mixed feed contained higher molecular mass proteins (60–120 kDa) [68].

Fermentation of feed introduces beneficial bacteria like Lactobacillus and Bifidobacterium
to the gut. These microbes compete with harmful bacteria for space and resources, pro-
moting a healthy gut balance. The analysis reveals positive correlations between intestinal
morphology and certain bacteria related to gut health, while negative correlations exist
with bad microorganism. Fermentation improves feed safety by preventing the growth of
pathogenic bacteria [74].

The diverse habitats that make up the gastrointestinal lumen’s various segments’
distinct functions are reflected by them. Additionally, the gut lumen has a variety of habitats
that could add to the microbiota’s spatial variability [68]. The most listed chemical gradients
(like, pH, bile concentrations, etc.), nutritive molecules availability, and immunological
interactions are some of the possible causes of this heterogeneity [75]. The upper section
of the gut is thought to have a bacterial density of 10–103 bacteria per gram of stomach
and duodenal contents, in the ileum and jejunum, it rises to 104–107 bacteria/gram of
content [76].

The broiler intestinal health is very broad and relies on an understanding of nutrition,
intestinal morphology, and gut microbiota [77]. All of these components interact with
one another to ensure the appropriate functioning and dynamic balance of the GIT lumen
(Figure 3). The intestinal histological structure has a crucial impact in the GIT’s ability
to move nutrients from the lumen into the systemic circulation. As shown in Figure 3A,
the gut mucosa functions as both a physical and immunological defensive barrier. The
barrier is primarily composed of the mucus layer, biofilm, microorganism metabolites,
and secretory immunoglobulin A (sIgA) molecules, which are linked to the specialized
epithelial central single cell layer with the epithelium’s tight junction proteins (ETJP) and
the inner lamina propria, which is made up of immune cells, loose connective tissue, blood
vessels, and lymphatics [78,79]. Goblet cells secrete high molecular weight glycoproteins,
known as intestinal mucous layer [80]. Enterocytes, goblet cells, and other specialized cells
form a continuous and polarized monolayer. It separates the lumen of the intestine and
lamina propria. In the absence of specialized transporters, cell membranes are impermeable
to hydrophilic solutes, limiting their transit through ETJP. Diffusion and endocytosis are the
primary mechanisms for lipophilic or large-molecule absorption [79]. Junctional complexes
govern the transport of molecules between ETJP. Generally speaking, there are two ways
that nutritional compounds can go from the intestinal lumen to the subepithelial space:
transcellular and paracellular [81]. Large antigenic molecules, lipophilic substances, and
nutrients will prefer the transcellular pathway. It assumed binding to certain transporters,
endocytosis, or passive diffusion to move molecules across the ETJP. Ions, particularly
cations, and tiny hydrophilic molecules (<600 Da) will leave the lumen by paracellular
transport pathway. These substances will diffuse via the intercellular gaps between neigh-
bouring IECs, with the TJs acting as the rate-limiting step for epithelial permeability [79,82].
Fermented feed contains small molecules with molecular weight less than 600 Daltons, like
amino acids, monosaccharides, antioxidants like vitamin C or polyphenols, SCFA. These
molecules are easily absorbed by villus enterocyte which is the absorptive surface of the
intestines. Also, the study prove that increased dimensions of intestinal villi are connected
with an increase in the absorbent surface of the intestines as well as the absorbing rate
of the intestine [80]. Good microbiome is preserved by competition with the pathologic
microorganism (Figure 3A).
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Figure 3. Intestinal cytoprotective effect of fermented feed (A) and unfermented feed (B). Probiotic
and prebiotic condition and stabilizes the gut structure; reduce pathogenic bacteria, increase small
molecules content (amino acids, monosaccharides, antioxidants like vitamin C, polyphenols, SCFA)
and free ions (Mg2+, Ca2+, Fe2+, Zn2+); increases the number of beneficial bacterial metabolites like
bacteriocins; stabilize mucus layer; (A); unfermented feed promote longer period for digestion of
protein—tannin complex, and metal—phytate complex, increased of inhibitor—enzyme complex,
enterocyte villus atrophy, inflammation via pathogenic bacteria metabolites, development of pathogen
microorganism on account of the fall in good bacteria number, goblet cells perturbation with the
result of diminishing of mucus layer secretion (B).

So, intestinal morphology (like, villus height, crypt depth) changes in response to
exogenous agents, such as the presence or lack of good nutrient feed or pathological cir-
cumstances. Based on the previous presented fact, fermented food is quickly absorbed from
the lumen of the intestine, also stimulate the peristalsis of the intestine. Also, unfermented
feed stays longer time in the intestine and the presence of ANC conduct to modification
and pathology development like inflammation, villus atrophy, corrupted epithelium’s tight
junction proteins (ETJP), and goblet cells perturbation and decreasing in mucous layer
secretion represent an unwanted scenario having dramatic consequences on broiler health
(Figure 3B). Mucous layer is protecting the enterocyte and, in its absence, the perturbance
of microbiome appear and together with pathological microorganism metabolites can pass
from the intestine lumen complicated even more the broiler health. The decreased number
of healthy microbes allow the development of the rest of the unwanted bacteria and yeast.
The important concentration of ANC (like, protein-tannin complex, metal—starch—phytate
complex, inhibitor—enzyme complex) overlap existing problems (Figure 3B).

The gastrointestinal tract (GIT) microflora is primarily composed of bacteria, with
minor populations of fungi and protozoa. Because different bacterial species have distinct
growth requirements and substrate preferences, the chemical content of diet might affect
the composition of microflora in GIT. Fermented feeds promote wellness by lowering
feed viscosity [82]. Fermented barley, wheat, oats, and rye diets substantially raised
caecal butyrate and propionate levels. Nutrient degradation and solubilization enhance
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accessible substrates for microbial fermentation in the intestine, including oligosaccharides
and monosaccharides. Increasing of short-chain fatty acids (SCFA) from digestion due
to fermented substrates promote the growing of the healthier microflora (for example,
Lactic Acid Bacteria (LAB)) [83]. Other study showed that certain beneficial bacteria can
synthesize essential vitamins and SCFAs, further contributing to broiler health and growth.
The number of LAB adhering to the gut mucosa forming biofilm is more developed when
the number of benefic bacteria increased and significantly dropped in the case of pathologic
case. The lately situation conduct the formation of pathogenic microorganism biofilm [84].
Similarly, in the presence of prebiotic compounds, which pass undigested, the growth of
beneficial bacteria is promoted [85].

Many research indicate that fermented feed may improve immune function [23].
A balanced gut microbiome can strengthen the immune system, making broilers less
susceptible to diseases. The study conducted by [68] found that fermented feed, particularly
6% and 8%, significantly improved jejunum secretory immunoglobulin A concentration
(sIgA is an important component of the immune shield) and jejunum morphology in laying
hens, indicating its positive effects on gut mucosa barrier function and reducing adverse
effects on gut health [24].

Figure 4 emphasizes the most important achievements of the present paper. Fermented
feed decreased the concentration of ANC and enhanced the concentration of beneficial
probiotics, enzymes and metabolites. Beside this, the fermentation process has acidic
pH and molecules with lower molecular mass. Those factors stimulate gut microbiota
by growing the number of good microorganism and regulation of the immune response.
Healthy broiler chicken will improve growth performance (feed conversion ratio (FCR),
body weights gaining (BW) and feed intake (FI)).

Figure 4. Intercorrelation between gut microbiota and growth performance under the influence of
fermented feed in broiler chicken.

4. Conclusions

Proper control of fermentation parameters and the use of good quality practices are
essential whatever fermentation techniques—liquid, solid-state, and ensiling—offering
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distinct benefits for enhancing vegetal-based feeds, including decreased concentration
of antinutrient components. Tailoring the fermentation process to the specific substrate
characteristics, selection of fermentation microorganism and conducting regular nutritional
assessments ensure improved feed quality and safety.

Using fermented feeds in broiler nutrition has shown promising effects on growth
performance and gut health. However, it’s essential to consider various factors, includ-
ing feed composition, fermentation conditions, and the specific needs of the broiler pro-
duction system. Fermented feeds often contain higher levels of beneficial microorgan-
isms, most lactic acid bacteria. These bacteria can contribute to a healthier gut environ-
ment by stimulating and supporting a balanced immune response the host or exhibiting
anti-inflammatory properties.

Studies suggest that fermented feeds can positively influence intestinal morphology,
including increased villus height and crypt depth, which is indicative of better nutrient
absorption. Fermented feeds may stimulate the production of mucin, a protective layer in
the gut. This can contribute to a healthier gut lining and protection against pathogens.

Certain fermented feed components, such as prebiotics and short chain fatty acids, can
influence the relative abundance of specific microbial populations, promoting a balanced
microbiota. Fermented feeds may enhance the palatability of the diet, leading to increased
feed intake and subsequently supporting growth performance.

Research in this field continues to explore optimal strategies for incorporating fer-
mented feeds into broiler diets. The type and composition of the feed used in fermentation,
as well as the specific fermentation microorganisms employed, can impact the outcomes.
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Abstract: Agricultural waste from the fruit and vegetable industry is used as an alternative source
of animal feed, but detailed investigations are required. The aim of this work was to conduct a
physico-chemical characterization, through analytical techniques, of fruit and vegetable wastes such
as those of golden apples, red apples, carrots, celery, beetroots, and red potato peels. The bioactive
compounds in the samples indicated a high carbohydrate content of 50.38 g/100 g in golden apples
and 59.38 mg/100 g of organic acids in celery. In addition, the total phenolic content (TPC, mg gallic
acid equivalent/g dry weight) varied between 3.72 in celery and 15.51 in beetroots. The antioxidant
capacity values were significant. A thermal analysis showed thermal stability and weight loss,
underscoring the composition of the solid samples. An infrared spectroscopy (FTIR) analysis showed
C-H, O-H, C=O, and N-H functional groups in non-starchy carbohydrates, organic acids, and proteins.
Microscopic techniques revealed the microstructure, particle size, and semicrystalline profile of the
samples. The ultrastructure (determined via atomic force microscopy (AFM)) of celery consisted
of a smooth and uniform surface with a lignin and cellulose texture. These results highlight the
importance of fruit and vegetable waste as an alternative source of essential nutrients and bioactive
compounds for animal feed.

Keywords: fruit and vegetable waste; physico-chemical methods; structural characterization;
bioactive compounds

1. Introduction

The waste of fruits and vegetables, obtained after processing in order to obtain food
products, contains compounds that are identified in the scientific literature as materials
intended for human consumption that are subsequently evacuated, lost, degraded, or con-
taminated [1]. Agricultural wastes are regarded as a loss of valuable biomass and nutrients,
since these wastes have the potential to become useful products or even raw materials for
other industries. It is well known that fruits and vegetables are good sources of valuable
organic and mineral compounds, along with having high amounts of dietary fiber [2]. In
particular, the by-products of the fruit and vegetable industry are of interest, since they
are inexpensive and available in large quantities [3]. Agricultural waste (pomace, seeds,
peels, stems, pulp, etc.) represents a high percentage of processed fruits and vegetables,
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at 20–35% [4]. This fact led to the accumulation of biodegradable matter rich in organic
compounds, which can contribute to major environmental pollution through decomposing
waste in landfills and the release of harmful gases with greenhouse effects [4,5]. Moreover,
the costs to dispose of these agricultural wastes are becoming higher and higher [5]. At
present, according to the current EU legislation, a small amount comprising 5–10% of
the food waste generated can be used in animal feed [6]. Recent studies considered the
characterization of different agricultural by-products in order to use them in the future as
animal feed, with the aim of achieving positive effects on animal health and performance,
minimizing waste management costs, and avoiding environmental pollution [7]. Moreover,
due to the recycling of waste, various food by-products have been included in the catalog
of feed materials [8], updated in 2017, through the European Commission regulations [9].
Thus, fruit and vegetable waste could be used as a substitute in animal nutrition and as
part of cereal grains and plant protein sources, which would diminish the food competition
between humans and animals [10]. In this respect, various fruit and vegetable by-products,
which are abundant in bioactive compounds, are used by humans and animals for their
nutritional purposes [11].

Carrots (Daucus carota) may be processed into juice, concentrates, or dried food [12].
After juicing, approximately 30–50% of the initial mass becomes a by-product of the
beverage industry as pulp [13], which provides an inexpensive, sustainable, and renewable
source of cellulose, fibers, vitamins, phenolic compounds, and flavonoids [14,15]. Using
up to 5% dried carrot processing waste in broiler diets enhances productive performance
and economic efficiency [16]. The processing of beetroots (Beta vulgaris) results in large
amounts of waste materials, including the flesh, crown, and peel [17]. These waste products
are being increasingly recognized as a natural source of bioactive compounds with a rich
nutritional and commercial value, such as pigments and fibers [18]. The strong antioxidant
activity of beetroots is attributed to its content of polyphenolic compounds, and they can
be used to stabilize free radicals, preventing the oxidation of biological molecules [19].
In addition, the dietary addition of beetroot waste and carrot waste has been shown to
influence the total carotenoid content in the skin and muscle tissues of goldfish (Carassius
auratus) [20].

Apple (Malus domestica) pomace (the pulpy residue remaining after the fruit has been
crushed) accounts for ~25% of apples; thus, the remains from the apple juice and cider
industry can generate massive amounts of waste. These fruit waste products are a good
source of carbohydrates and functionally important bioactive molecules such as proteins,
vitamins, minerals, and natural antioxidants [21]. Potatoes (Solanum tuberosum) are among
the most important agricultural crops that, in order to be consumed, are usually peeled
during processing, forming potato peel waste that can vary between 15 and 40% of the
initial mass, depending on the peeling method [22]. Potato peels are a by-product rich in
starch, non-starchy polysaccharides, lignin, polyphenols, proteins, and small amounts of
lipids [23]. In addition, this waste represents a rich material for the extraction of biologically
valuable compounds, such as natural antioxidants, dietary fibers, biopolymers, etc. [23].
This waste can be used as an alternative to animal feed due to its natural sources of energy
and fiber and its low protein levels [24]. Celery (Apium graveolens L.) is rich in vitamins,
carotene, protein, cellulose, and other nutrients and is a good source of flavonoids, volatile
oil, and antioxidants [25].

For the valorization of agri-food waste, celery root peels were studied by Uzel Aşkın in
a case study of raw material [26]. In addition to being a very good source of carbohydrates,
celery root peels are a good source of phenolic compounds and pectin, since most of the
phenolic components in celery are in the peel [26].

There is growing interest in investigating the potential of by-products as substitutes
for conventional feed. These wastes are obtained in significant quantities during the
manufacture of agricultural products and by-products that are processed annually in many
agricultural countries [6,10].
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The aim of the present study was to investigate the physico-chemical and structural
properties of some vegetable and fruit wastes to highlight the valuable amounts of essential
nutrients and beneficial bioactive compounds contained in these products, which can be
exploited as additives in animal feed for the support of animal health.

2. Materials and Methods

2.1. Sample Preparation

The analytical experiments were carried out in 2023 and 2024. In the current study,
fruit waste (golden apples and red apples) and vegetable waste (celery, carrots, beetroots,
and red potato peels) were provided by a local food and canning manufacturer from Vâlcea
County, Romania (45.04412/24.31295). After the manufacturer obtained juice extractions,
the waste of the fruit and vegetable samples (approximately 500 g/sample) was collected
in order to be lyophilized for further chemical analyses.

The lyophilization process consisted of two operations: freezing the samples in suc-
cessive stages and subliming the ice with the help of a higher vacuum. A LyoQuest
freeze-dryer (Azbil Telstar, S.L.U., Terrassa, Spain) was used to dry the samples. The
residues were placed on lyophilizer shelves. Lyophilization was conducted for 45.5 h in
four steps at −40 ◦C and −0.5 mbar of pressure. The temperature of the lyophilizer shelves
and the sample temperature were measured using temperature sensors.

2.2. Chemical Composition

The crude chemical composition was determined according to the WEENDE scheme
for the determination of dry matter (DM) (103 ◦C), crude protein (CP), crude fat (CF), crude
cellulose (CC), crude ash (CA), and organic substances. The CC was assessed according to
Taranu et al. [27]. The CP in the residues was determined with the semi-automatic classic
Kjeldahl method using a Kjeltek auto 1030—Tecator (Tecator AB, Hőganäs, Sweden) [27].
The ether extract was analyzed using an improved version of the classical continuous
solvent extraction method with a Soxhlet extractor, followed by a fat measurement after
solvent removal [27]. The DM and CA were determined in accordance with a method from
the literature [27]. Neutral detergent fibers (NDFs) were quantified using the Van Soest
method reported in [28], and acid detergent fibers (ADFs) were quantified using the Van
Soest method reported in [29].

The residue samples were analyzed for their concentration of macro-elements; calcium
(Ca) was analyzed according to Anzano et al. [30], and sodium (Na), potassium (K),
and magnesium (Mg) were analyzed using atomic absorption spectrometry (AAS) on
a Thermo Electron atomic absorption spectrophotometer (Thermo Fisher Scientific Inc.,
Göteborg, Sweden) [31]. The concentrations of the micro-minerals copper (Cu), iron (Fe),
zinc (Zn), and manganese (Mn) were determined using AAS after microwave digestion and
mineralization with nitric acid [32]. The working parameters were as follows: wavelength
(nm): 324.8 (Cu), 279.5 (Mn), and 213.9 (Zn); bandpass (nm): 0.5 (Cu), 0.2 (Mn), and 0.5 (Zn);
lamp current (mA): 5 (Cu), 12 (Mn), and 10 (Zn). The samples were analyzed in triplicate.

2.3. HPLC Determination of Carbohydrates, Organic Acids, and Individual Polyphenols

Carbohydrates, organic acids, and phenolic compounds were analyzed using high-
performance liquid chromatography (HPLC) on a Jasco chromatograph (Jasco Corporation,
Tokyo, Japan) equipped with a UV/Vis detector, a refractive index detector, and an injection
valve with a 20 μL sample loop (Rheodyne®, Thermo Fisher Scientific, Waltham, MA, USA).
To collect and process the chromatographic data, the ChromPass software (version v1.7,
Jasco International Co., Ltd., Tokyo, Japan) was used. The HPLC analyses of carbohydrates
were carried out by adapting the method reported in [33]. The determination of organic
acids and the analyses of individual phenolic compounds (flavonoids and phenolic acids)
were performed according to the methods presented by Filip, M et al. [34,35].
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2.4. Analysis of Total Phenolic Content (TPC)

The TPC was measured using the Folin–Ciocalteu colorimetric method with a Specord
205 spectrophotometer (Analytik Jena, GMbH, Berlin, Germany), which was used to detect
the blue complex at 760 nm; gallic acid was used as a reference standard [36]. The TPC of
each lyophilized compound was quantified as the mg gallic acid equivalent per 100 g of
dry weight (mg GAE/100 g). All the determinations were performed in triplicate and the
data are presented as the mean ± standard deviation (SD).

2.5. Antioxidant Activity

Two different chemical methods, namely DPPH (2,2-diphenyl-1-picrylhydrazyl) and
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), were used to evaluate the
antioxidant activity of the studied samples.

DPPH• radical scavenging assay: A spectrophotometrically modified DPPH method
was used to determine the antioxidant activity of the studied samples at 517 nm against
methanol as the blank [37]. The free radical scavenging activity of the sample extracts was
measured using the absorbance with standard solutions of methanolic Trolox (6-hydroxy-
2,5,7,8-tetramethylchroman-2-carboxylic acid). The effective concentrations of DPPH were
expressed in μmol Trolox/100 g dry weight. All the determinations were performed in
triplicate and the data are presented as the mean ± standard deviation.

ABTS+• radical scavenging assay: The antioxidant activity of the samples, determined
using the ABTS method, was based on the percentage inhibition of the peroxidation of this
radical according to a previously described method [38], with modifications. The ABTS+•
radical was generated during a chemical reaction between an ABTS aqueous solution and
potassium persulfate [39]. The antioxidant capacity of the studied sample extracts was
calculated using a standard curve drawn up for Trolox solutions at 734 nm and expressed
as a μmol Trolox equivalent/100 g dry sample. All the determinations were performed in
triplicate and the results are presented as the mean ± SD.

2.6. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTG)

The thermal behavior of all the samples was evaluated based on a TG-DTG analysis.
The measurements were carried out in the temperature range of 25 to 1200 ◦C with a heating
rate of 10 ◦C/min, under an inert N2 atmosphere and at a flow rate of 60 mL/min on a
Mettler-Toledo TGA/SDTA851 instrument (Mettler-Toledo, Schwerzenbach, Switzerland).

2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

An analysis was performed using a Fourier-transform infrared spectrophotometer
(FTIR) (Jasco FTIR-610) (Jasco® International Co., Ltd., Tokyo, Japan) equipped with an
attenuated total reflectance (ATR) accessory with a horizontal ZnSe crystal (Jasco PRO400S).
The samples were placed in direct contact with the ZnSe crystal and then the spectra were
recorded at a resolution of 4 cm−1. The scans were repeated 100 times.

2.8. X-Ray Diffraction (XRD)

The powder X-ray diffraction patterns were obtained with a Bruker D8 Advance pow-
der diffractometer (Brucker Company, Karlsruhe, Germany) at 40 kV and 40 mA, equipped
with an incident beam Ge 111 monochromator using CuKα1 radiation (λ = 1.540598 Å). The
spectra were scanned at a diffraction angle (2θ) range of 5–80◦ and a step size of 0.05◦/step
and 2 s/step. The patterns were indexed using the Dicvol method [40].

2.9. Scanning Electron Microscopy (SEM) Analysis

The analysis was performed on an INSPECT S spanning electron microscope (FEI
Company, Hillsboro, OR, USA). The experiment was conducted in a low vacuum at 80 torr,
each powder sample was mounted on a stub using carbon tape, and field emissions were
performed at 5 kV.
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2.10. Atomic Force Microscopy (AFM) Analysis

The AFM investigation was effectuated with a JSPM 4210 scanning probe microscope
produced by Jeol Company, Tokyo, Japan. The samples were probed in tapping mode
using NSC 15 Hard cantilevers produced by MikroMasch Company, Sofia, Bulgaria; they
had a resonant frequency of 330 kHz and a force constant of 40 N/m. The topographic
images were obtained at a scanning rate of 1–2 Hz, depending on the surface complexity.
The images were analyzed with WinSPM 2.0 Processing software, powered by Jeol Com-
pany, Tokyo, Japan. The fine microstructural details were observed for a scanned area of
20 μm × 20 μm and the nanostructural details were observed for an area of 2 μm × 2 μm.
At least three different macroscopic areas were investigated for each sample, and the Ra
and Rq surface roughness parameters were measured.

3. Results

3.1. Chemical Composition

As can be seen from Table 1, there was variation in the DM, with values ranging from
11.85 to 19.30% at a temperature of 65 ◦C, and between 89.96 and 95.72% at a temperature
of 103 ◦C. The highest CP concentration of all the residues was found for beetroots (16.08%),
followed by red potato peels (15.58%).

Table 1. The crude chemical composition and fiber content of fruit and vegetable waste.

Chemical
Composition (%)

Golden
Apples

Red
Apples

Carrots Celery Beetroots
Red Potato

Peels

DM (65 ◦C) 18.56 ± 0.17 19.30 ± 0.16 11.85 ± 0.11 12.10 ± 0.12 13.94 ± 0.14 15.67 ± 0.14
DM (103 ◦C) 95.04 ± 0.13 89.86 ± 0.19 93.19 ± 0.15 95.00 ± 0.11 94.18 ± 0.11 95.72 ± 0.11

CP 2.43 ± 0.09 2.45 ± 0.06 5.79 ± 0.06 6.97 ± 0.08 16.08 ± 0.07 15.58 ± 0.08
CF 0.76 ± 0.04 1.16 ± 0.03 0.14 ± 0.015 0.52 ± 0.03 0.29 ± 0.02 0.12 ± 0.01
CA 1.48 ± 0.07 1.75 ± 0.08 6.45 ± 0.08 10.38 ± 0.17 9.61 ± 0.07 5.79 ± 0.08

NDFs 22.42 ± 0.28 19.85 ± 0.10 14.19 ± 0.16 18.85 ± 0.12 33.15 ± 0.19 46.29 ± 0.16
ADFs 13.89 ± 0.16 14.90 ± 0.15 10.74 ± 0.18 14.96 ± 0.16 14.00 ± 0.26 10.72 ± 0.22

CC 14.49 ± 0.15 13.09 ± 0.13 8.83 ± 0.12 11.87 ± 0.23 13.07 ± 0.16 6.85 ± 0.24

The values are presented as the mean ± standard deviation (SD).

Celery presented the highest amount of CA (10.38%), followed by beetroots (9.61%),
carrots (6.45%), and red potato peels (5.79%). Golden apples presented the lowest CA value
(1.48%).

Measuring NDFs is the most common method of determining the quantity of fibers
for a feed analysis, but they do not represent a unique class of chemical compounds.
NDFs include most of the structural components in plant cells (lignin, hemicellulose, and
cellulose), but not pectin. Hemicellulose, which is also a carbohydrate present in plant
material, is taken into account only when calculating the amount of ADFs. The NDF
content varied from the highest amounts, found in red potato peels (46.29%), beetroots,
(33.15%), and golden apples (22.42%), to the lowest value, which was determined for carrots
(14.19%). The samples of celery, red apples, beetroots, and golden apples presented the
highest contents of ADFs (14.96, 14.90, 14.00, and 13.89%). With regard to the CC content,
golden apples, red apples, and beetroots presented the highest values (14.49–13.97%), while
carrots and red potato peels had the smallest values (8.83 and 6.85%).

Concerning the composition of micro- and macro-elements (see Table 2), celery rep-
resents a valuable source of Cu (10.480 ppm), Fe (116.400 ppm), Mn (21.190%), and Zn
(40.250%), followed by beetroots, with 10.08 ppm of Cu and 33.050% of Zn. Still, red potato
peels exhibited the highest concentration of Fe (249.400 ppm). Macro-elements were present
in higher quantities in the celery, beetroot, and carrot samples. Thus, the values of K in
beetroots (4.502%), celery (4.003%), and red potato peels (3.392%) were followed by the Na
values in celery (0.602%), carrots (0.529%), and beetroots (0.367%). Higher values of Ca, P,
and Mg were also found in the same vegetables.
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Table 2. Composition of macro- and micro-minerals.

Waste
Ca P Mg Na K Cu Fe Mn Zn

% % % % % ppm ppm % %

Golden apples 0.04 ± 0.002 0.11 ± 0.004 0.06 ± 0.002 0.008 ± 0.0004 0.75 ± 0.037 3.73 ± 0.186 26.09 ±
1.043 6.07 ± 0.303 3.46 ± 0.138

Red apples 0.38 ± 0.019 0.11 ± 0.004 0.105 ±
0.005 0.006 ± 0.0003 1.216 ±

0.061
5.660 ±

0.283 34.910 ± 1.746 5.06 ± 0.253 19.01 ±
0.951

Carrots 0.32 ± 0.013 0.31 ± 0.012 0.117 ±
0.005

0.529 ±
0.021 2.66 ± 0.106 4.16 ± 0.166 25.97 ±

1.039
10.18 ±

0.407
14.60 ±

0.584

Celery 0.48 ± 0.024 0.55 ± 0.028 0.122 ±
0.006

0.602 ±
0.030

4.003 ±
0.200

10.48 ±
0.419 116.40 ± 0.058 21.19 ±

0.848
40.25 ±

2.013

Beetroots 0.12 ± 0.006 0.38 ± 0.019 0.139± 0.367 ±
0.007

4.502 ±
0.225

10.08 ±
0.403

55.65 ±
2.226

16.59 ±
0.664

33.05 ±
1.322

Red potato
peels 0.08 ± 0.005 0.33 ± 0.165 0.081 ±

0.004
0.027 ±

0.001
3.392 ±

0.169 8.79 ± 0.439 249.40 ± 9.976 13.66 ±
0.546

21.44 ±
0.858

The values are presented as the mean ± standard deviation (SD).

3.2. HPLC Determination of Carbohydrates, Organic Acids, and Individual Polyphenols

The total studied carbohydrates, presented in Figure 1, were found in the largest
quantities (g/100 g) for the golden apple samples (50.38) and the carrot samples (46.89).

Figure 1. The carbohydrate content (mean ± SD) in fruit and vegetable waste.

On the other hand, the smallest value for the total studied carbohydrates was found
for red potato peels at 1.41 g/100 g. The celery waste contained 15.35 g/100 g of the studied
carbohydrates.

Regarding the organic acid content (Figure 2), the celery and carrot samples had the
largest amounts, at 59.38 mg/100 g and 43.81 mg/100 g, respectively. Organic acids were
found in relatively important quantities in the golden apple samples, at 35.63 mg/100 g,
and the beetroot samples, at 29.96 mg/100 g.

The content of individual flavonoids and phenolic acids had values between 41.44 mg/
100 g for the golden apple samples and 129.88 mg/100 g for the beetroot samples. We
observed (Figure 3) that the vegetables samples, including those from beetroots, red potato
peels, and celery, presented a larger quantity of flavonoids and phenolic acids than the fruit
samples from golden and red apples.
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Figure 2. The organic acid content (mean ± SD) in fruit and vegetable waste.

 
Figure 3. The content of individual polyphenolic compounds (mean ± SD) in fruit and vegetable
waste.

3.3. Determination of Total Phenolic Content and Antioxidant Capacity

The Total Phenolic Content (TPC) and antioxidant capacity were determined using
the DPPH, ABTS, and FRAC radical scavenging activities of methanol extracts of the fruit
and vegetable wastes. The results are shown in Table 3.
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Table 3. Total phenolic content and antioxidant capacity of fruit and vegetable wastes.

Golden Apples Red Apples Carrots Celery Beetroots Red Potato Peels

TPC 6.69 ± 0.03 10.64 ± 0.12 4.69 ± 0.06 3.72 ± 0.02 15.51 ± 0.24 7.75 ± 0.14
DPPH 2066.28 ± 10.63 4075.81 ± 8.49 1438.91 ± 8.13 516.60 ± 4.16 6622.28 ± 35.31 2046.02 ± 13.82
ABTS 1941.81 ± 7.32 3852.48 ± 16.59 1838.29 ± 12.52 1443.91 ± 9.90 7334.98 ± 33.22 3669.92 ± 11.30

TPC, total phenolic content, expressed as gallic acid-equivalent (mg GAE/g dry weight). The DPPH and ABTS
assays are expressed as μmol Trolox/100 g dry sample. The values are presented as the mean ± standard
deviation (SD).

The highest TPC (mg GAE/g dry weight) was found for beetroots, at 15.51, followed
by red apples, at 10.64, and red potato peels, at 7.75. The TPC in the celery samples was
3.72 mg GAE/g dry weight.

For the apple samples, the determined values (mg GAE/g dry weight) were 6.69 for
golden apples and 10.64 for red apples.

In this study, the results of the DPPH and ABTS methods were expressed using the
same unit, i.e., Trolox-equivalent antioxidant capacity (micromolar μmol Trolox/100 g), in
order to directly compare the results. The highest antioxidant capacity measured with the
ABTS assay was found to be 7334.98 for beetroots, followed by 3852.48 for red apples and
3669.92 for red potato peels. For the golden apple, carrot, and celery samples, the amounts
found were lower.

Regarding the DPPH antioxidant capacity (micromolar μmol Trolox/100 g), the ob-
tained values followed the same pattern; the highest value was found for beetroots (6622.28),
followed by red apples (4075.81). The golden apple and red potato peel samples showed
similar values (2066.28 and 2046.02). The lowest value was obtained for celery (516.60).

3.4. Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTG)

A TGA was performed in order to examine the thermal degradation behavior of the
lyophilized selected waste of vegetable and fruit samples, providing important information
regarding the pyrolysis process of these materials (Figure 4). As the temperature increased,
a mass loss was observed together with the removal of volatile substances.

In a thermodynamic system analysis, heat gain by a system is considered positive,
while heat loss is considered negative. The decomposition stages of the powdered fruit and
vegetable samples were investigated under a nitrogen atmosphere at temperatures of up to
1200 ◦C (Figure 4).

In the case of all the freeze-dried samples, the DTA curves showed four stages of
thermal decomposition with endothermic effects. Table 4 presents the temperatures and
mass losses corresponding to each stage of decomposition and the final residues.

The first stage of decomposition was between 30 and 98.99 ◦C, and was accompanied
by a mass loss of 2.72% for golden apples, 3.85% for red apples, 4.32% for carrots, 4.61%
for celery, 4.09% for beetroots, and 5.87% for red potato peels. In this stage, moisture
evaporation and a slight weight loss took place due to the loss of light volatiles.

The second stage occurred between 100 and 260 ◦C, with a mass loss of 37.22% for
golden apples, 37.43% for red apples, 39.26% for carrots, 24.17% for celery, and 39.23%
for beetroots.

In the third stage of decomposition between 260 and 600 ◦C, the mass loss, which
was equal to 27.89% for carrots and 44.00% for celery, was due to the decomposition of
hemicelluloses (220–315 ◦C), cellulose (315–400 ◦C), and lignin.

The fourth stage of decomposition, which involved a mass loss of 11.97% for red
apples and 25.96% for beetroots, was due to lignin, which decomposes slowly. The total
mass losses were in the range of 89.28–96.57% under a nitrogen atmosphere.
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Figure 4. TGA-DTG of the studied fruit and vegetable waste.

Table 4. The stages of thermal decomposition of the studied samples.

Sample
Tmin Ml I T1 Ml II T2 Ml III T3 Ml IV Tmax TMl
◦C % ◦C % ◦C % ◦C % ◦C %

Golden apples 53.79 2.77 199.93 37.43 328.00 38.91 1189.97 15.22 1200 94.11
Red apples 49.52 3.85 196.1 37.22 321.93 37.09 1144.79 11.97 1200 89.69

Carrots 52.44 4.32 196.96 39.26 295.89 27.28 960.08 24.27 1200 95.64
Celery 57.55 4.61 197.18 24.17 286.38 44.00 962.75 20.43 1200 96.57

Beetroots 56.15 4.09 201.27 39.23 296.91 27.89 919.10 25.96 1200 92.84
Red potato peels 56.76 5.87 - - 286.43 64.66 928.41 18.79 1200 89.28

Mass loss (Ml) stages I, II, III, and IV; TMl, total mass loss.

3.5. FTIR-ATR Analysis of Fruit and Vegetable Waste

The FTIR-ATR spectra of the studied golden apple, red apple, carrot, celery, beetroot,
and red potato peel samples are shown in Figure 5. Table 5 presents the wavenumbers
(cm−1) for each studied sample and the assignment of vibration bands.
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Figure 5. The FTIR-ATR spectra of the studied fruit and vegetable waste.

Table 5. FTIR absorption band assignments.

Golden
Apples

Red
Apples

Carrots Celery Beetroots
Red Potato

Peels Assignment of Vibration Bands References

Wavenumber [cm−1]

- - 3735 3735;
3649 3735 3735; 3649 O-H group stretching from alcohols, which are

abundant in polysaccharides. [41,42]

3294 3292 3275 3290 3290 3275 O-H group stretching and bending from
cellulose or pectins. [41]

2922 2924 2922 2924 2922 2925
CH3, CH2, or -CH=CH- aliphatic group

asymmetric and symmetric stretching; trans
-CH=CH- of beta-carotene and pectins.

[41]

1734 1734 1734 1734 1734 1747

C-O in acetyl group and uranic ester group
stretching, or ester groups present in the

carboxylic group of ferulic and p-coumaric
acids of lignin and/or hemicellulose

and pectins.

[41]
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Table 5. Cont.

Golden
Apples

Red
Apples

Carrots Celery Beetroots
Red Potato

Peels Assignment of Vibration Bands References

Wavenumber [cm−1]

1614 1616 1601 1606 1616 1635 C=O esters from free carboxyl groups (acids);
C-O stretching of aryl group present in lignin. [43]

1417 1417 1417 - 1541 1541 C=C vibration of the aromatic ring. [44]

1338 1338 1338 1317 1396 1396 CH3 and CH2 aliphatic groups. [44]

1236 1240 1244 1234 1244 1242 C-OH, C-O-C, C-C, C-O, and C=O stretching
in sugars, alcohols, and ethers. [45–47]

1024 1022 1028 1011 1036;
989 1012

C-O bond deformation vibrations in secondary
alcohols and aliphatic ethers; C-C, C-OH, C-H

ring, and side group vibrations; C-O-C
stretching of galacturonic acid, starch,

cellulose, and phenols.

[44]

866 868 - - 926 856 C-O out-of-plane band. [48]

818–777 818–777 - - - -

C-H, C-C, C-OH, COC, CCO, CCH, and N-H
bond deformation and stretching vibrations

associated with aromatic rings, carbohydrates,
and lignin.

[44]

557 580 567 568 568 565 C-O-O and P-O-C group bending in aromatic
phosphates. [48]

3.6. X-Ray Diffraction Analysis

The X-ray diffraction patterns indicated many amorphous compounds and the pres-
ence of low organic crystallinity (Figure 6).

Figure 6. XRD patterns for the wastes of (a) beetroots, (b) red apples, (c) golden apples, (d) carrots,
(e) red potato peels, and (f) celery.

The beetroot sample contained starch, hemicellulose, and lignin. In the red apple sample,
lignin, cellulose, hemicellulose, and traces of starch were found. The golden apple sample
also contained lignin, cellulose, hemicellulose, and traces of starch, and the carrot sample
contained starch, cellulose, and lignin. In the red potato peel sample, hemicellulose, starch,
cellulose, and lignin were found. The celery sample contained starch, lignin, and cellulose.
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3.7. SEM Analysis

SEM is a test procedure that scans a sample with an electron beam to produce a
magnified image for an analysis. The image contains microscopic information about the
surface or near-surface region of a specimen (Figure 7).

 

Figure 7. SEM images of the investigated samples. Beetroot sample at different magnifications:
(a) ×100, (b) ×500, and (c) ×5000; red apple sample at different magnifications: (d) ×100, (e) ×1000,
and (f) ×5000; golden apple sample at different magnifications: (g) ×100, (h) ×1000, and (i) ×5000;
carrot sample at different magnifications: (j) ×100, (k) ×1000, and (l) ×5000; red potato peel sample
at different magnifications: (m) ×100, (n) ×1000, and (o) ×5000; and celery sample at different
magnifications: (p) ×100, (q) ×500, and (r) ×5000.
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The beetroot sample presented several conglomerates with irregular shapes of about
700 μm. The microstructural details of the beetroot sample revealed ultrastructural con-
stituents within the flakes.

The apple and carrot powders were very well dispersed, with small particles, while
the potato skin and celery samples presented a bimodal aspect, with some clusters of about
350 μm, related mainly to the starch content, surrounded by fine fractions, related to the
fiber content. The powders’ microstructure revealed a flake-like shape due to the high
lignin and cellulose content, giving the powders cohesion and mechanical strength.

The samples from both of the apples revealed a grainy ultrastructural formation
(20–40 μm in diameter) of rounded nanoparticles. The details of the carrot sample revealed
a lamellar structure, most likely caused by an interlaced texture of lignin and cellulose.

The microstructural detail of the red potato peel sample was heterogeneous due to
the presence of starch grains and the lamellar features of hemicellulose interlaced with
cellulose and lignin. In the celery sample, there was no evidence of the presence of starch,
and well-formed flakes with a fibrous structure were found, induced by lignin and cellulose.

3.8. AFM Analysis

The sample particles were further subjected to water dispersion in order to sim-
ulate their initial disaggregation during feeding. The dispersions were deposited on
glass slides as thin films, naturally dried, and were further investigated with AFM mi-
croscopy (Figure 8). The fine microstructural details were observed for a scanned area of
20 μm × 20 μm and the nanostructural details were observed for an area of 2 μm × 2 μm.
The peel flakes seemed to keep their consistency, but their nanostructural features were
enhanced, indicating the possibility of their release into a humid environment. The beetroot
sample revealed rounded nanoparticles of about 90 nm, with starch disaggregation due to
the wet interactions. These starch nanostructural fractions are more effective in the diges-
tive process, facilitating nutrient absorption. The red and golden apple samples featured
a complex ultrastructure based on round nanoparticles of about 35–40 nm that might be
related to degraded starch and pectin nanoparticles. The carrot flakes presented a very fine
ultrastructure containing fine nanoparticles of about 20 nm that might be related to the
presence of beta carotene. The red potato peel ultrastructure showed evidence of starch dis-
aggregation into ultrastructural features consisting of submicron clusters of about 150 nm
surrounded by nanoparticles in the range of 60–90 nm. The celery ultrastructure was very
interesting, revealing a smooth and uniform surface with a lignin and cellulose texture.
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Figure 8. AFM topographic images of fruit and vegetable waste: (a) beetroot fine microstructure,
(b) beetroot nanostructure, (c) red apple fine microstructure, (d) red apple nanostructure, (e) golden
apple fine microstructure, (f) golden apple nanostructure, (g) carrot fine microstructure, (h) carrot
nanostructure, (i) red potato peel fine microstructure, (j) red potato peel nanostructure, (k) celery fine
microstructure, and (l) celery nanostructure.

4. Discussion

4.1. Evaluation of Chemical Composition and Fiber Content of Fruit and Vegetable Waste

The DM content is an important parameter affecting the storage stability of the pow-
ders.

The lyophilization method was selected for analytical purposes only. Another stage
of this study will focus on methods for the preservation and use of fruit and vegetable
by-products. Many feedstuffs are used in various forms: fresh, ensiled (fermented) using
various techniques, or dried using various techniques. The current study focused on the
nutritional potential of fresh samples. Thus, the values of the DM for the studied samples
ranged from 11.85 to 20.88% at a temperature of 65 ◦C. The highest protein concentration
was found for beetroots (16.08%) and red potato peels (15.58%), with similar values of
protein to those presented by other authors for potato peels, at 13.15% [49].

Moreover, the ash content of the samples indicated the mineral quantity. Therefore, a
low ash content indicates a low metal content [50]. Celery presented the highest amount
of CA (10.38%), and golden apples presented the lowest value (1.48%). Both NDFs and
ADFs included cellulose and lignin present in the plant material. The NDF content varied
from 46.29% in red potato peels to 14.19% in carrots. The CC content of the studied waste
samples was in agreement with the literature data [49,51]. The CC content of the golden
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apple, red apple, and beetroot samples presented the highest values, at 14.49 and 13.09
and 13.07%, respectively. Different apple cultivars can influence the physico-chemical
composition of apple residues [52]. Moreover, these studied vegetable and fruit wastes are
a valuable source of macro- and micro-elements.

4.2. HPLC Determination of the Carbohydrates, Organic Acids, and Individual Polyphenols of
Fruit and Vegetable Waste

The carbohydrate constituents in the studied pomaces are valuable substances due
to their positive health effects. The total studied carbohydrates were found in the largest
quantities (g/100 g) in the golden apple samples, at 50.38, and the carrot samples, at 46.89.
The carbohydrates reported by Luca et al. for carrot pomace represent a rich source of
fibers, carbohydrates, and minerals, which suggests its capacity to improve the nutritional
value of food products, into which it can be incorporated [53]. The celery waste contained
15.35 g/100 g of the studied carbohydrates, which is within range of literature data on
celery waste reporting 5.7–5.9% of the total carbohydrates as sucrose and 33.5–39.3% of the
total carbohydrates as mannitol [54].

The studied waste samples are a good source of malic, citric, succinic, and oxalic
acids, which behave as antioxidants because they have the ability to chelate metals. The
organic acid content in the celery and carrot samples represented the largest amounts,
at 59.38 mg/100 g and 43.81 mg/100 g, respectively. In addition, these organic acids
enhance appetite; facilitate digestion; and improve potassium, copper, zinc, iron, and
calcium absorption [55]. In the fermentation process of rapeseed meal, it was reported
that the content of organic acids decreased to varying degrees, while that of succinic acid
increased [36].

The content of individual flavonoids and phenolic acids had values between 41.44 mg/
100 g in golden apple samples and 129.88 mg/100 g in beetroot samples. The results
obtained show that the vegetables waste samples had a larger quantity of flavonoids and
phenolic acids than the fruit waste samples.

Javed et al. reported that potato peels are an important source of polyphenols, with
their extract comprising protocatechuic acid, caffeic acid, gallic acid, and chlorogenic
acid [56]. Some authors reported the content of polyphenols in an aqueous extract of
beetroot peels at 70% chlorogenic acid, 21% gallic acid, 6% syringic acid, 2% ferulic acid,
and 1% caffeic acid [57].

4.3. Evaluation of Total Polyphenolic Content and Antioxidant Capacity of Fruit and
Vegetable Waste

Waste pomace contains substantial concentrations of polyphenols, which are located
mainly in the skin. These valuable active compounds have many health benefits for both
animals and humans. In piglets, for example, they improve digestive and fermentative
processes [58]. The highest TPC (mg GAE/g dry weight) was found for beetroots at 15.51.
The TPC in the celery samples of 3.72 was in agreement with the amounts found in the
literature of 3.36–3.50 g GAE/kg [59], 3.3 g GAE/kg [60], and 10.8 g GAE/kg in celery
roots [61]. For the apple samples, the determined values (mg GAE/g dry weight) of
6.69 for golden apples and 10.64 for red apples were higher than the values obtained for
commercial apple varieties from Croatia, at 2.88–5.72 mg GAE/g dry weight [62]. Some
authors reported TPC values in red and purple potatoes of between 7.72 and 40.45 mg
GAE/g [63], which are similar to the quantity found in our samples of 7.75 mg GAE/g.
The TPC in red-skinned potatoes may be correlated with a high amount of anthocyanins,
which are the coloring pigments in red potato varieties [22].

The antioxidant capacities obtained using the DPPH and ABTS assays were expressed
in μmol Trolox/100 g in order to facilitate a direct comparison of the results. The highest
antioxidant capacity measured using the ABTS assay was 7334.98 for beetroots, followed
by 3852.48 for red apples and 3669.92 for red potato peels. The scavenging capacity (ABTS
assay) of red beetroot varieties was determined by T. Sawicki et al. to be within the range
from 37.68 to 49.71 μmol Trolox/g dry matter; the difference in the antioxidant capacity of
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red beetroots depends on the type of root [64]. Regarding the DPPH antioxidant capacity
(μmol Trolox/100 g), the obtained values followed the same pattern, with the highest value
being found for beetroots (6622.28) and the lowest value being obtained for celery (516.60).
W.K. Lau et al. found that the antioxidant capacity of carrots could be significantly reduced
through drying or treatment methods [65]. In addition, P.D. Drogoudi et al. showed that
the highest antioxidant capacity was found in apple peel tissues and was lower in the
flesh tissue, and golden apples showed a lower value in comparison with red apples [66].
The literature findings show that apple and carrot pomaces contain important amounts
of bioactive substances with many benefits for both animal and human health. Among
these are polyphenols and organic acids, which prevent the multiplication of pathogenic
bacteria in the intestine and reduce the diarrhea incidence in piglets after weaning [58]. In
addition, polyphenols are recognized as anti-inflammatory compounds. Both apples and
carrots, and their by-products, demonstrated antioxidative activity [58]. For example, Sehm
et al. (2007) reported a beneficial effect on catalase, glutathione peroxidase, and superoxide
dismutase antioxidant enzyme activity by including 3.5% apple pomace in the diet of mice,
thus increasing their defense against oxidative stress [67]. The same antioxidant effect was
demonstrated for β-carotene, one of the most bioactive compounds found in carrots and
their by-products.

Therefore, the obtained results for the studied fruit and vegetable wastes demonstrate
that they could be used as bioactive foods due to their strong antioxidant activity.

4.4. Evaluation of Fruit and Vegetable Waste Using TGA and DTG

The TGA provided important information regarding the pyrolysis process of these
materials. As the temperature increased, a mass loss was observed together with the
removal of volatile substances.

The first stage of decomposition was between 30 and 98.99 ◦C, and was accompanied
by a mass loss of 2.72% for golden apples and 3.85% for red apples. The same results
were obtained by Guerrero et al. [68]. A.C. Gowman et al. found a 2% mass loss for apple
pomaces under the same conditions [69]. In this stage, moisture evaporation and a slight
weight loss took place due to the loss of light volatiles. According to the literature, a
weight loss that occurs at 200 ◦C is related to the beginning of lignin and hemicellulose
pyrolysis [70,71]. The second stage occurred with a mass loss between 24.17% for celery
and 39.26% for carrots. In the case of potato skins, starch decomposition took place with a
distinct peak at 286.43 ◦C and a mass loss of 64.66% [44]. In the third stage of decomposition
(260–600 ◦C), the mass loss was due to the decomposition of hemicelluloses (220–315 ◦C),
cellulose (315–400 ◦C), and lignin. The fourth stage of decomposition, which involved
a mass loss of 11.97% for red apples and 25.96% for beetroots, was due to lignin, which
decomposes slowly over the entire temperature range up to 1200 ◦C [44,72].

The thermal degradation stages of the fruit and vegetable samples were in agreement
with their compositions.

4.5. Evaluation of Fruit and Vegetable Waste Using ATR-FTIR

The FTIR analysis provided data on the absorption regions of the characteristic groups,
along with a rapid process for interpreting these data [42].

The FTIR-ATR spectra of the samples showed intense bands at 3294–3292 cm−1,
corresponding to O-H group stretching and bending from cellulose or pectins, and at
2922–2924 cm−1, corresponding to CH3, CH2, or -CH=CH- aliphatic group asymmetric and
symmetric stretching, as well as the trans-CH=CH- of beta-carotene and pectins [41,42]. The
bands at 1734 cm−1 resulted from C-O, the most widespread group in hemicellulose and
pectin [41]. The absorption at 1614–1616 cm−1 was attributed to C=O groups from esters
from the free carboxyl groups (acids) and/or C-O stretching of the aryl groups present in
lignin [43]. The band detected at 1635 cm−1 was assigned to the C=N vibration group in
the potato spectra. A closer examination of the spectra revealed the presence of a band at
1541 cm−1, which was characteristic of the deformation of the C-H bond vibration and C=C
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vibration of the aromatic ring [44]. The region of the ATR-FTIR spectra between 800 and
1300 cm−1 was considered to be the specific region for carbohydrates, which allowed for the
identification of the major characteristic chemical groups for certain polysaccharides [45].
The most intense peak, with a maximum in the area of 1024–1022 cm−1, belonged to the
C-O deformation vibration bonds in secondary alcohols and aliphatic ethers; the C-C,
C-OH, C-H ring, and side group vibrations of cellulose and hemicellulose; and the C-O-C
stretching of galacturonic acid [46,47]. The bands between 1065 and 989 cm−1 corresponded
to -C-C, -C-OH, and -C-H group vibrations from cellulose and phenols [48].

4.6. Evaluation of Fruit and Vegetable Waste Using X-Ray Diffraction, SEM, and AFM

The observed patterns indicated many amorphous compounds, with the decompo-
sition of cellulose indicating an amorphous carbon structure with randomly oriented
aromatic carbon sheets and a low organic crystallinity [73]. Microscopic information about
the surface or near-surface region showed that the fruit and vegetable waste contained
starch, cellulose, hemicellulose, and lignin [74].

The surface SEM morphology analysis of the fruit and vegetable waste revealed differ-
ently shaped particles with an agglomerated cluster-like morphology. The microstructure
of the powders revealed a flake-like shape due to the high lignin and cellulose contents,
giving them cohesion and mechanical strength. According to Anukriti et al., a morphology
and surface analysis of solar-dried vegetables through XRD and SEM showed the effect of
solar drying on the nutritional value of green leafy vegetables [74]. The structure of the
celery leaves was dense and uniform, without any detectable gel breaks, and the pores
were smaller and fewer [75].

The fine microstructural information revealed using AFM is in good agreement with
the SEM observations of the microstructure details. The peel flakes seemed to maintain
their consistency, but their nanostructural features were enhanced, indicating the possibility
of their release into a humid environment. Ultrastructure AFM provides images with a
near-atomic resolution for measuring the surface topography of dried fruits and vegetables,
revealing their surfaces and textures. These are properties that influence the behavior of
these wastes as an animal feed additive. In the literature, AFM analyses have been used to
clarify the influences of blanching treatments on carrot texture [76].

5. Conclusions

The abundance of the biologically active substances in vegetable and fruit waste
potentially makes these residues valuable products for the livestock industry. The results
obtained show that the CP content in the beetroots and red potato peels was between 16.08
and 15.58%. The CA content was higher in the celery samples, at 10.38%, and the NDF and
ADF content was 18.85 and 14.96%, respectively. All the samples contained fibers in the
form of lignin, cellulose, hemicellulose, starch, and pectin. The highest values of macro-
and micro-elements in celery included Zn at 40.250%, Mn at 21.190%, and Cu at 10.480 ppm.
In addition, the beetroot samples contained 4.502% K, and the red potato peel samples
contained 249.400 ppm, representing the highest Fe content of all the samples.

The total studied carbohydrates were found in the largest quantities (g/100 g) in the
golden apple samples at 50.38, followed by the carrot samples at 46.89. The celery samples
contained 15.35 g/100 g of the studied carbohydrates. Regarding the organic acid content,
the celery and carrot samples had the largest amounts, at 59.38 mg/100 g and 43.81 mg/
100 g, respectively. The content of individual flavonoids and phenolic acids was between
41.44 mg/100 g (for the golden apple samples) and 129.88 mg/100 g (for the beetroot
samples). The vegetable samples, including from beetroots, red potato peels, and celery,
presented a larger quantity of flavonoids and phenolic acids than the fruit samples, which
included golden and red apples.

The highest TPC (mg GAE/g dry weight) was found for beetroots at 15.51, followed
by red apples at 10.64, and red potato peels at 7.75. The highest antioxidant capacities (mi-
cromolar μmol Trolox/100 g), as measured using the ABTS assay, were found in beetroots
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at 7334.98; in red apples at 3852.48; and in red potato peels at 3669.92. Regarding the DPPH
antioxidant capacity, the obtained values (micromolar μmol Trolox/100 g) were the highest
for the beetroot (6622.28) and red apple (4075.81) samples.

TGA-DTG analysis was used to determine the thermal stability and weight loss, which
confirmed the composition of the solid samples. FTIR analysis showed the presence of
C-H, O-H, C=O, and N-H functional groups in non-starchy carbohydrates, organic acids,
and proteins. The SEM and XRD microstructural analyses revealed the particle size and
the semicrystalline profile of the samples. The AFM ultrastructure of celery consisted of a
smooth and uniform surface with a lignin and cellulose texture.

These results indicate the importance of fruit and vegetable waste as an alternative
source of essential nutrients and bioactive compounds for livestock feeds.
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Abstract: This study investigates the effects of the Bacillus licheniformis (BL) ATCC 21424 strain, as a
potential bacterial probiotic in broiler diets based on soybean meal (SBM) or cowpea seeds (CWP), on
growth performance (GP), bone mineralization, and intestinal/fecal microbiota status (0 to 42 d age).
A 2 × 2 factorial arrangement was employed in a completely randomized design, with four dietary
treatments: SBM and CWP diets with or without BL supplementation (1.0 × 1011 CFU spores g−1

feed). A total of 480 one-day-old mixed-sex Ross 308 broiler chickens were randomly assigned to
the treatments, with 6 pens of 20 chicks each. The results showed that broilers fed with CWP diets
showed comparable body weight gain (BWG), feed intake (FI), and feed conversion rate to those
fed the SBM diet (p > 0.05). The inclusion of BL improved BWG during the grower and finisher
periods (p = 0.01) and overall study (p < 0.001), resulting in a numerical increase in FI (p = 0.054). In
addition, BL in birds’ diets reduced abdominal fat (p = 0.032) and influenced cecum weight (p = 0.040).
Additionally, BL improved tibia iron (Fe) and phosphorus (P) bone mineralization and reduced the
calcium–phosphorus (Ca:P) ratio (p = 0.0001). Microbial analysis revealed that BL inclusion decreased
Coliforms counts in the CWP diet (p = 0.073), reduced E. coli in the ileum (p ≤ 0.05), and lowered
Clostridium spp. and Enterococcus spp. in the cecum broilers on SBM diets (p ≤ 0.05). The presence
of Staphylococcus spp. in broiler feces was also reduced in both SBM and CWP groups (p < 0.05). In
conclusion, the addition of BL to broiler diets enhanced growth performance and bone mineralization
and positively influenced gut and excreta bacterial populations in both SBM and CWP diets.

Keywords: protein sources; Bacillus probiotic; performance; poultry

1. Introduction

The escalating cost of feed ingredients, particularly cereal grains, and legume seeds,
poses a significant challenge within the animal industry, notably in poultry feed man-
ufacturing. This increase is fueled by their expanding use in human food and biofuel
production, resulting in limited availability and higher prices. Consequently, the overall
expense of poultry feed continues to rise, exerting pressure on poultry producers and
impacting production efficiency [1]. Nutrition plays an important role in determining the
profitability of animal production, with protein being a key component affecting the costs
of feed mixes for poultry [2]. To tackle the challenge of reducing poultry feed costs [3],
improving feed efficiency, maximizing growth performance, and minimizing the use of
antibiotic growth promoters, nutritionists have been prompted to explore alternative strate-
gies in poultry feed [2]. Therefore, the selected alternative protein source for broiler diets
should contain highly digestible protein to ensure efficient utilization for meat production
and minimize nitrogen excretion into the environment [4].

Soybean meal (SBM) serves as the main source of protein in broiler diets [5]. Among
potential plant protein sources, cereal grains, and legumes, such as cowpeas, could serve
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as excellent alternatives to SBM due to their comparable amino acid (AA) profiles [6,7].
Recent studies have highlighted the promising potential of cowpea (CWP) as an alternative
protein source in poultry feed [5,8,9].

Cowpea [Vigna unguiculata (L.) Walp.], commonly known as “beans”, is cultivated
across diverse regions of the tropics and subtropics, including Asia, Oceania, the Middle
East, Southern Europe, Africa, the Southern USA, and Central and South America [10].
This low-input, herbaceous annual plant pulse crop can grow either as an erect plant or as a
climber. CWP is a versatile crop [11], with both its grains and leaves serving as valuable nu-
tritional resources for humans and animals [12]. Due to its high economic importance, this
plant is a vital leguminous cover crop rich in AAs and high-quality protein [13]. It provides
essential nutrients, including soluble and insoluble dietary fibers [14], polyunsaturated fatty
acids (PUFAs), vitamins (such as A, C, riboflavin, thiamine, niacin, B6, pantothenic acid,
and a small amount of folate) [15], minerals (like calcium), carbohydrates, antioxidants, and
polyphenolic compounds [4,16]. Besides the presence of beneficial bioactive compounds,
cowpea seeds contain anti-nutritional factors like protease inhibitors, phytic acid, lectins,
and tannins which can induce some limits for utilization in animal feeding [3,17,18].

According to the literature, diets supplemented with probiotics can enhance produc-
tion performance, reduce chicken mortality, and decrease environmental pollution [18,19].
As feed additives, probiotics improve the health of the digestive system by regulating
the intestinal microbiota structure [20], strengthening immunity to improve disease re-
sistance, ensuring quicker nutrient absorption, and promoting faster growth [21]. These
benefits result in improved production performance and positive physiological effects
on the host [22,23]. Defined as non-pathogenic living organisms, probiotic bacteria can
withstand gastric acid, bile, and digestive enzymes, adhere to the intestinal wall, and
combat pathogens, improving by the way, the bioavailability of feed ingredients [4,22].
Different probiotics have been shown to inhibit pathogens effectively based on in vitro and
in vivo experiments. Specifically, for broiler chickens, previous studies have demonstrated
significant benefits from including species such as Lactobacillus (LAB), Bacillus, Streptococcus,
Saccharomyces, and Aspergillus in their diet [19,21,24].

Among probiotic bacteria, Bacillus spp. received significant attention due to their
thermophilic, spore-forming nature and status as Gram-positive aerobic bacteria with a
strong safety profile [25]. Known for their ability to produce various compounds, including
digestive enzymes and vitamins, Bacillus may improve the weight gain and feed conversion
ratios in poultry [26]. Generally considered non-pathogenic to humans and animals, these
species have shown promising results when used as supplements in poultry diets. For
example, the addition of different species such as B. subtilis, B. coagulans, B. amyloliquefa-
ciens, and B. licheniformis has been demonstrated to promote growth effectively [21,27].

To the best of our knowledge, there has been limited research on the utilization of
Bacillus licheniformis ATCC 21424 (BL) in broiler chicks, whose diets are based on CWP
and SBM inclusion. Therefore, the objective of this study was to assess the effects of BL
inclusion in broiler diets containing various protein sources on GP, bone mineralization,
and microbial populations (intestinal and excreta content).

2. Materials and Methods

2.1. Preparation of Probiotic Strain

Bacillus licheniformis ATCC 21424 was purchased from the American Tissue Culture
Collection (Manassas, VA, USA). A previous study provided BL product preparation
details [28].

2.2. Ethical Statement

The care and use protocol for the birds was approved by the Animal Care and Use
Committee at the National Research–Development Institute for Biology and Animal Nutri-
tion (INCDBNA-IBNA) from Balotesti, Romania. The protocol followed the guidelines set
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forth by the EU Directive 2010/63/EU and complied with Romanian Animal Protection
Law [9].

2.3. Experimental Design and Husbandry Bird

A total of 480 healthy, one-day-old mixed-sex Ross 308 broiler chickens (starting body
weight 46.5 ± 0.23 g) were sourced from a local commercial hatchery. Two protein-based
diets were tested: one using local CWP as a potential substitute for SBM. These diets were
evaluated in the presence (+) or absence (−) of BL, arranged in a 2 × 2 factorial design
within a completely randomized framework. Broiler chicks were randomly assigned to
four dietary treatments, with six replicates per treatment and twenty chicks per replicate.
BL inclusion was 1 × 1011 CFU/g−1 feed. The study lasted 42 days, with mash feed and
freshwater provided ad libitum. The feeding program consisted of three phases: starter
(days 1–10), grower (days 11–24), and finisher (days 25–42). Birds were fed isocaloric
and isonitrogenous diets with a similar content of total lysine, total sulfur amino acids
(TSAAs; Table 1), calcium (Ca), and available phosphorous (P). The diets were formulated
to meet or surpass breeder guidelines specified for Ross 308 (Aviagen Ltd., Midlothian,
UK). Diets were produced in mash form and did not contain any growth promoters or
antibiotics. Nevertheless, all four experimental diets included narasin as a coccidiostat
(Monteban G100, Elanco GmbH, Cuxhaven, Germany) and phytase (Axtra PHY 5000 L,
Danisco Animal Nutrition, Marlborough, UK) as exogenous enzymes in their premixes.
Pens with dimensions of 1.75 × 1.55 m were used. The temperature was initially set at
34 ◦C for the first 5 days and gradually decreased following standard management proto-
cols. Thermostatically controlled heaters, fans, and adjustable sidewall inlets were utilized
to achieve 22 ◦C. The lighting system provided 23:1 h light/dark conditions per day from
day 1 to day 7, then 20:4 h light/dark conditions until the end of the experimental trial. The
relative humidity was consistently maintained at approximately 55–60% throughout the en-
tire duration of the trial. This schedule adhered to European Union legislation (EU Council
Directive 2007/43/EC). Upon hatching, immediately, the broiler received vaccinations for
Marek’s disease, Newcastle disease, and Infectious Bronchitis Disease.

Table 1. Ingredients and chemical compositions of the experimental diets.

Starter Grower Finisher

(0 to 10 d) (11 to 24 d) (25 to 42 d)

SBM CWP SBM CWP SBM CWPs

Ingredients (%)
Corn 55.73 46.12 56.66 47.28 64.26 54.73
Soybean meal (45%) 33.10 27.20 31.56 25.50 25.10 19.10
Corn gluten 4.30 4.30 4.00 4.00 3.50 3.50
Cowpea (24%) 0.00 15.00 0.00 15.00 0.00 15.00
Soybean oil 1.50 2.10 2.90 3.40 2.50 3.10
Monocalcium phosphate 1.67 1.63 1.66 1.65 1.47 1.44
Calcium carbonate 1.71 1.72 1.46 1.46 1.27 1.28
Salt (NaCl) 0.28 0.28 0.28 0.28 0.28 0.28
L-lysine HCl 0.32 0.24 0.17 0.10 0.29 0.22
DL-methionine 0.31 0.33 0.23 0.25 0.26 0.28
Choline chloride (50%) 0.08 0.08 0.08 0.08 0.07 0.07
Vitamin–mineral supplement 1 1.00 1.00 1.00 1.00 1.00 1.00
Bacillus licheniformis ATCC 21424 2 −/+ −/+ −/+ −/+ −/+ −/+
Total ingredients 100 100 100 100 100 100
Calculated chemical composition
ME (MJ/kg) 12.56 12.57 12.98 12.97 13.20 13.21
Crude protein (%) 23.0 23.0 22.0 22.0 19.50 19.50
Lysine, total (%) 1.40 1.40 1.32 1.24 1.16 1.16
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Table 1. Cont.

Starter Grower Finisher

(0 to 10 d) (11 to 24 d) (25 to 42 d)

SBM CWP SBM CWP SBM CWPs

Lysine, digestible 1.34 1.34 1.18 1.16 1.05 1.04
Methionine + cysteine, total 1.05 1.05 0.95 0.95 0.91 0.91
Methionine + cysteine, digestible 0.97 0.97 0.87 0.86 0.84 0.83
Calcium (%) 1.00 1.00 0.90 0.90 0.79 0.79
Available phosphorus (%) 0.45 0.45 0.45 0.45 0.40 0.40
Crude fat 4.38 5.10 5.77 6.40 5.57 6.29
Crude fiber 2.85 3.27 2.79 3.20 2.61 3.02
Analyzed chemical composition (%)
Dry matter 88.97 88.50 88.20 88.73 89.95 89.98
Crude protein 23.09 22.90 22.05 22.10 19.58 19.60
Crude fat 4.40 5.05 5.69 6.36 5.40 6.19
Crude fiber 2.90 3.30 2.82 3.25 2.70 3.10
Calcium 0.98 0.96 0.88 0.89 0.80 0.82
Total phosphorous 0.79 0.75 0.76 0.78 0.73 0.75

Abbreviations: SBM, soybean meal; CWP, cowpea. 1 Supplied per kg diet: 12,000 IU vitamin A, 5000 IU vitamin
D3, 75 mg vitamin E, 3 mg vitamin K3, 3 mg vitamin B1, 8 mg vitamin B2, 5 mg vitamin B6, 0.016 mg vitamin B12,
13 mg pantothenic acid, 55 mg nicotinic acid, 2 mg folic acid, 0.2 mg biotin, 120 mg Mn, 100 mg Zn, 40 mg Fe,
16 mg Cu, 1.25 mg I, 0.3 mg Se, 70 mg Monteban G100, 0.2 g Axtra PHY 5000 L (1000 FTU). 2 − = probiotic not
included in the diet; + = probiotic included in the diet.

2.4. Feed Analyses and Amino Acid Contents

Samples of ingredients and feeds were analyzed in duplicate for dry matter (DM),
crude protein (CP), ether extract (EE), and ash content, using standard procedures outlined
in Commission Regulation (EC) no. 152. The neutral detergent fiber (NDF) and acid
detergent fiber (ADF) levels were measured with a Fibertec system (automatic Foss-Tecator
system, Höganäs, Sweden). Carbohydrate content was calculated as a nitrogen-free extract.
The apparent metabolizable energy (AME) content of the diets was estimated using the
energy values of individual ingredients, following the European poultry feedstuff energy
tables equation (WPSA, 1989). Amino acids (excluding tryptophan, which was not deter-
mined) were analyzed using a high-performance liquid chromatography system (HPLC
Thermo Fisher Scientific Inc., San Jose, CA, USA) [27]. Trypsin inhibitor activity (TIA) in
CWP was measured and expressed as trypsin-inhibited units (TIUs) [29]. All data and
AME values are reported on a DM basis.

2.5. Growth Performance Data

The body weights (BWs) of the chicks and their feed intakes (FIs) were weighed at
1, 10, 24, and 42 days of age in each pen at the same times. BW gain (BWG) and feed
conversion ratio (FCR) were calculated during different periods. Mortality was recorded
daily, and FI was corrected for mortality as it occurred. FCR was calculated by dividing the
FI by the BWG.

2.6. Carcass Traits and Bone Mineralization

At the end of the experimental period, on day 42, the six chickens from each treatment
group, with a BW close to the respective group averages, after 12 h of fasting for complete
gut evacuation were selected randomly for euthanasia and individual weighing. After
removing the head, neck, feet, and viscera, the carcasses, breast, legs, abdominal fat,
liver, spleen, pancreas, heart, gizzard, and small intestine were weighed individually and
expressed as a percentage of their carcass weight [30]. Also, the length of the small intestine
(duodenum, jejunum, ileum, and cecum) was measured and recorded. The relative weight
and size of internal organs were quantified as percentages of the hot carcass weight. Until
analyzed, the tibia from the left leg was removed, deboned, packed into polyethylene bags,
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sealed, and promptly stored in the deep freezer at −20 ◦C. In brief, the tibias of euthanized
broilers were autoclaved to remove tissues and cartilage caps, enabling the determination
of relative bone weight and length [9]. After microwave digestion, the fat-free bones were
ground, dried, and analyzed using flame atomic absorption spectrometry (FAAS) at the
following specific wavelengths: 422.7 nm for Ca, 213.9 nm for zinc (Zn), 372.0 nm for Fe,
and 403.1 nm for manganese (Mn). P concentration in the bones was determined via UV-
VIS spectrometry, while ash content was measured using a gravimetric method. Mineral
content in the samples was expressed in milligrams (mg) or micrograms (μg) per gram
of ash.

2.7. Intestinal and Feces Bacterial Counts

The same batch of slaughtered broilers (n = 6 per treatment) underwent microbial
analysis. The intestinal content, comprising the ileum (1 cm distal to Meckel’s diverticulum
to the ileocecal junction) and the cecum, was aseptically collected and stored in sterile
plastic bags on ice. In the laboratory, 10-fold serial dilutions of 1 g of sample from both
the ileum and cecum were prepared. These dilutions were homogenized with 7.0 mL of
Brain Heart Infusion (BHI) broth supplemented with 2.0 mL of glycerol and then imme-
diately frozen at −20 ◦C for subsequent analysis [31]. Upon thawing, decimal dilutions
in Phosphate-Buffered Saline (PBS; Oxoid LTD, Basingstoke, UK) were performed. Sub-
sequently, the samples were evaluated for Lactic Acid Bacteria (LABs), Escherichia coli
(E. coli; biotype β-hemolytic), Salmonella spp., Clostridium spp., Coliforms, Bacillus spp.,
and Enterococcus spp. LABs were cultured on de Man, Rogosa, and Sharpe agar (MRS;
Oxoid CM0361) under anaerobic conditions at 37 ◦C for 48 h (Oxoid jar with Anaerogen
2.5 L). Coliforms were cultured on MacConkey agar (Oxoid CM0007) incubated aerobically
at 37 ◦C for 24 h. E. coli was determined by inoculating 0.01 mL from 10−1 dilution onto
sheep blood agar [trypticase soy agar (TSA) 5% (w/v)] and incubating at 37 ◦C for 24 h
under aerobic conditions [32]. Clostridium spp. was cultured on Reinforced Clostridial Agar
(Oxoid CM0151) incubated anaerobically at 37 ◦C for 48 h. Enterococcus spp. were enu-
merated on Slanetz–Bartley agar (Oxoid CM0377) incubated at 37 ◦C for 48 h in anaerobic
conditions [31]. Bacillus spp. and Salmonella spp. were counted on a nutritive agar medium,
respectively, with Salmonella-Shigella agar (Oxoid CM0099) incubating aerobically at 37 ◦C
for 24 h. Every sample’s procedure was repeated three times. Finally, the microbiota
enumerations were reported as a mean of 10 logarithm colony-forming units (log10 CFUs)
per gram.

The fecal microbial count was assessed at d 42 (n = 24 samples). Paper drop-sheets
were placed in each pen to collect fresh excreta samples using sterile plastic containers.
The fecal sample was well homogenized by vortexing for 1 min. with PBS (1:10, w/v),
and used for bacterial counting. LABs and Salmonella spp. followed the same protocol
method from the intestinal bacterial count. Enterobacteriaceae were enumerated using Levine
medium agar (g/L: pancreatic digest of gelatine 10; lactose 10; potassium phosphate 2;
eosin Y 0.4; methylene blue 0.065; bacteriological agar 15; pH 7.1 ± 0.2) and Staphylococ-
cus spp. on Baird-Parker Agar supplemented with an egg yolk tellurite emulsion (BPA;
Oxoid LTD, Basingstoke, UK); both determinations were incubated at 37 ◦C for 48 h in
aerobic conditions.

2.8. Measurement of Intestinal pH

To determine the pH of intestinal content (ileum and cecum; n = 6 per treatment),
approximately 1 g of digesta from each bird was collected and thoroughly homogenized in
distilled water (DW, 1:10, w/v). The pH was measured using a portable pH meter (series
pH 7.0 + DHS, XS Instruments, Carpi, Italy), with the final pH value representing the
average of three readings.
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2.9. Statistical Analysis

Statistical analysis was performed using a two-way ANOVA with the GLM procedure
of SPSS, version 20.0 (SPSS Inc., Chicago, IL, USA). Data were analyzed as a 2 × 2 factorial
design of dietary treatments. The statistical model included the effects of protein sources
(Ps), probiotic supplementation (BL), and their interactions. For the analysis of growth
performance (BWG, FI, and FCR), replicate pens were used as the experimental unit, while
carcass traits, tibia bone characteristics, pH, and bacterial counts from digesta (ileum and
cecum) were analyzed based on individual broilers (n = 6 per treatment). Tukey’s post hoc
test was used for multiple comparisons. The significant differences between treatments
were considered statistically significant at p < 0.05, and a p-value between 0.05 and 0.10 was
classified as a tendency to be influenced by the treatment. The graphics were generated
using GraphPad Prism software V. 9.1.2 (Boston, MA, USA).

3. Results

3.1. Feed Analyses

The main compounds of the chemical composition of CWP seeds (cultivar Aura 26)
and AA profile are presented in Table 2. The results show that the variety of CWP has
substantial crude protein (288 g/kg DM) and AME value (12.8 MJ kg DM), highlighting its
potential as a protein-rich and energy-dense feed source. Regarding the mineral content, the
CWP seed showed a high concentration of Ca (1.1 g/kg) and P (5.6 g/kg). The composition
can vary based on varietal differences, climatic conditions, and agronomic practices. The
protein quality or nutrient value of food depends on its AA content and the physiological
utilization of specific AAs after digestion, absorption, and metabolism. The CWP source
is rich in essential AAs such as arginine, leucine, lysine, isoleucine, and valine, while
the sulfur AAs (methionine, cysteine, and threonine) are found in lower amounts. For
non-essential AAs, the results showed that glutamic and aspartic acids are predominant,
followed by serine and glycine contributing to the overall AA profile, enhancing, by the
end, the nutritional value of CWP. The ratio of essential amino acids (EAAs) to the total non-
essential amino acids (NEAAs) in CWP was noted as 0.95. This balance in AA composition
can enhance other dietary components, making it a suitable candidate for use as a partial
protein source in broiler feed.

Table 2. Composition and amino acid content of cowpea seeds (cultivar Aura 26).

Item Cowpea

Nutrient (g/kg dry matter)
Dry matter 910
Crude protein 288
Ether extract 12.00
Crude fiber 51.00
Ash 45.00
Nitrogen-free extract 514
Calcium 1.10
Phosphorous, total 5.60
AME (MJ/kg) 1 12.80

Amino acids (g/kg dry matter) Amount (g/kg)
Relative to
lysine (%)

Lysine 19.20 100
Methionine + cysteine 6.60 34
Threonine 12.80 66
Arginine 27.20 142
Leucine 22.50 117
Isoleucine 12.90 67
Phenylalanine 15.60 81
Valine 16.30 85
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Table 2. Cont.

Item Cowpea

Amino acids (g/kg dry matter) Amount (g/kg)
Relative to
lysine (%)

Essential amino acids (EAAs) 133.10 133.10
Tyrosine 8.70 45
Serine 17.50 91
Glycine 12.60 65
Alanine 8.80 46
Aspartic acid 37.40 195
Glutamic acid 54.70 285

Non-essential amino acids (NEAAs) 139.70 139.70
Essential/non-essential AA ratio 0.95 0.95

1 Calculated value; European Table of Energy Values for Poultry Feedstuffs (WPSA, 1989). AME = metabolizable
energy.

3.2. Growth Performance Data

Table 3 shows the main effect of protein source (Ps), probiotic inclusion (BL), and
their interaction (Ps × BL) on the performance growth of broiler chickens. The results
demonstrate that broilers fed diets with CWP exhibited growth performance (BWG, FI, and
FCR) like those fed SBM throughout the study period (days 1 to 42; p > 0.05). BL inclusion in
broiler diets increased BWG in the grower and finisher period (p = 0.01), respectively, during
the entire study period (p < 0.001). Further, probiotic addition tended to increase FCR
during the grower period (d 11–24) and led to a slight increase in FI for the overall period (d
0–42), resulting in a tendency to be influenced by the treatment (p = 0.054T). Regarding the
main factors (Ps × BL) for all GP variables measured, there was no significant interaction.
Mortality was low (less than 3%) and unrelated to the treatments. All deaths occurred
within the first week of age and were attributed to transportation-related stress.

3.3. Carcass Traits and Bone Mineralization

Table 4 presents the effects of BL probiotic supplementation on carcass characteristics
(breast and leg yield and abdominal fat) and organ weights (heart, liver, gizzard, pancreas,
small intestine, and cecum), along with the weight and length of the small intestine and
cecum in broilers at 42 days of age. For all carcass characteristics measured, no significant
interaction between the main factors (Ps × BL) was noticed. Diets for broilers up to 42 days
with SBM and CWP significantly affect the abdominal fat (p = 0.026). CWP diets involved
an increase in small intestine weight (SIW) for the jejunum section (p = 0.032) vs. birds fed
SBM diets. Further, the Ps effect was observed as well in the small intestine length (SIL),
more exactly in the jejunum portion, whose length was increased (p = 0.084). The inclusion
of BL in birds’ diets decreased the abdominal fat (p = 0.032), respectively, affecting the
cecum weight (p = 0.040) compared to the treatments without BL inclusion.

Tibia traits and bone mineralization results in broiler feed diets with different Ps in
the presence (+)/absence (−) of BL are presented in Table 5. Ps diets did not involve
significant differences in tibia bone development (relative weight and length) as well as ash,
Ca, P, and Zn content (p > 0.05). Tibia Fe content registered significant differences between
birds fed different diets (p = 0.044). Supplementation with BL significantly increased P
tibia concentration on day 42 (4.88%; p = 0.027) compared to bird diets without probiotic
inclusion. A similar but non-significant trend in Zn mineral content was noted (p = 0.098).
A reduction in the Ca:P ratio (3.7%; p = 0.0001) in BL treatments was observed. There was
no interaction between the main factors (Ps × BL) for any of the tibia parameters measured
at d 42, except for P content (p = 0.588), Fe content (p = 0.377), and the Ca:P ratio (p = 0.443).

50



Agriculture 2024, 14, 2013

T
a

b
le

3
.

E
ff

ec
ts

of
th

e
d

ie
ts

w
it

h
d

iff
er

en
tp

ro
te

in
so

ur
ce

s
w

it
ho

ut
an

d
w

it
h

Ba
ci

llu
s

lic
he

ni
fo

rm
is

A
T

C
C

21
42

4
(B

L
)o

n
pe

rf
or

m
an

ce
va

ri
ab

le
s

(m
ea

n
va

lu
es

1 )
of

br
oi

le
rs

.

It
e

m
s

P
ro

te
in

S
o

u
rc

e
P

ro
b

io
ti

c
In

cl
u

si
o

n
2

S
ta

rt
e

r
(d

0
–

1
0

)
G

ro
w

e
r

(d
1

1
–

2
4

)
F

in
is

h
e

r
(d

2
5

–
4

2
)

O
v

e
ra

ll
(d

0
–

4
2

)

B
W

G
(g

)
F

I
(g

)
F

C
R

(g
/g

)
B

W
G

(g
)

F
I

(g
)

F
C

R
(g

/g
)

B
W

G
(g

)
F

I
(g

)
F

C
R

(g
/g

)
F

B
W

(g
)

B
W

G
(g

)
F

I
(g

)
F

C
R

(g
/g

)

1
SB

M
N

o
24

4
29

8
1.

22
76

9
b

12
45

1.
62

17
07

ab
31

80
1.

86
a

27
65

ab
27

20
ab

47
25

1.
74

2
C

W
P

N
o

24
3

30
0

1.
23

76
2

b
12

30
1.

61
16

77
b

31
40

1.
87

a
27

27
b

26
82

b
46

70
1.

74
3

SB
M

Ye
s

24
5

30
0

1.
22

80
6

a
12

80
1.

59
17

33
a

32
05

1.
86

a
27

83
ab

27
38

ab
47

95
1.

75
4

C
W

P
Ye

s
24

7
30

3
1.

23
81

9
a

12
85

1.
57

17
85

a
32

25
1.

82
b

28
51

a
28

06
a

48
23

1.
72

SE
M

3
7.

60
9.

70
0.

01
19

.1
3

25
.5

0
0.

02
27

.5
4

36
.5

0
0.

03
28

.7
7

23
.1

4
65

.5
0

0.
03

M
ai

n
ef

fe
ct

s
4

Pr
ot

ei
n

so
ur

ce
(P

s)
SB

M
24

4
29

9
1.

22
78

8
12

63
1.

61
17

20
31

92
1.

86
27

74
27

29
47

59
1.

74
C

W
P

24
5

30
2

1.
23

79
0

12
58

1.
59

17
31

31
83

1.
85

27
89

27
44

47
47

1.
73

Pr
ob

io
ti

c
in

cl
us

io
n

(B
L)

N
o

24
5

29
9

1.
23

76
6

b
12

38
1.

61
16

92
b

31
60

1.
87

a
27

46
b

27
01

b
46

97
1.

74
Ye

s
24

6
30

2
1.

23
81

2
a

12
82

1.
58

17
59

a
32

15
1.

84
b

28
17

a
27

72
a

48
09

1.
73

p-
va

lu
e

Ps
ef

fe
ct

0.
57

7
0.

31
7

0.
34

8
0.

76
4

0.
54

3
0.

24
4

0.
23

4
0.

45
4

0.
77

0
0.

34
3

0.
31

3
0.

44
6

0.
65

4

BL
ef

fe
ct

0.
65

6
0.

09
8

0.
98

3
0.

01
0

0.
34

5
0.

06
7

T
0.

01
0

0.
11

5
0.

04
3

0.
02

4
0.

00
1

0.
05

4
T

0.
53

5

Ps
×

BL
ef

fe
ct

0.
78

7
0.

93
3

0.
75

7
0.

35
6

0.
08

9
0.

79
8

0.
55

3
0.

26
2

0.
75

5
0.

04
2

0.
35

3
0.

55
8

0.
62

7

A
bb

re
vi

at
io

n:
SB

M
,s

oy
be

an
m

ea
l;

C
W

P,
co

w
pe

a;
FB

W
,fi

na
lb

od
y

w
ei

gh
t.

1
D

at
a

ar
e

m
ea

ns
of

6
re

pl
ic

at
e

pe
ns

w
it

h
20

bi
rd

s
pe

r
pe

n.
2

Ba
ci

llu
s

lic
he

ni
fo

rm
is

A
TC

C
21

42
4

st
ra

in
:1

×
10

11
C

FU
/g

−1
fe

ed
.3

SE
M

,s
ta

nd
ar

d
er

ro
r

of
th

e
m

ea
n.

4
D

at
a

w
er

e
an

al
yz

ed
as

a
2
×

2
fa

ct
or

ia
la

rr
an

ge
m

en
t.

a,
b

M
ea

ns
w

ith
di

ff
er

en
t

su
pe

rs
cr

ip
ts

in
a

ro
w

di
ff

er
si

gn
ifi

ca
nt

ly
(p

<
0.

05
).

T
:t

he
te

nd
en

cy
to

be
in

flu
en

ce
d

by
tr

ea
tm

en
t.

T
a

b
le

4
.

Ef
fe

ct
s

of
th

e
di

et
s

w
it

h
di

ff
er

en
tp

ro
te

in
so

ur
ce

s
w

it
ho

ut
an

d
w

it
h

Ba
ci

llu
s

lic
he

ni
fo

rm
is

A
TC

C
21

42
4

(B
L)

on
th

e
ca

rc
as

s
tr

ai
ts

(m
ea

n
va

lu
es

1 )o
fb

ro
ile

rs
(d

42
).

It
e

m
s

P
ro

te
in

S
o

u
rc

e

P
ro

b
io

ti
c

In
cl

u
si

o
n

2

C
a

rc
a

ss
5

B
re

a
st

6
L

e
g

s
6

A
b

d
o

m
in

a
l,

F
a

t
6

O
rg

a
n

s
(g

)
S

IW
7

(g
)

S
IL

7
(c

m
)

H
e

a
rt

6
L

iv
e

r
6

G
iz

z
a

rd
6

P
a

n
cr

e
a

s
6

D
u

o
d

e
n

u
m

6
Je

ju
n

u
m

6
Il

e
u

m
6

C
e

cu
m

6
Je

ju
n

u
m

7
Il

e
u

m
7

C
e

cu
m

7

1
SB

M
N

o
72

.4
5

37
.9

6
27

.7
0

1.
78

0.
60

2.
85

1.
81

0.
22

0.
84

2.
92

2.
35

0.
77

4.
29

4.
25

1.
82

2
C

W
P

N
o

71
.9

7
37

.2
5

27
.4

0
1.

54
0.

53
2.

87
1.

83
0.

26
0.

96
3.

40
2.

43
0.

85
4.

52
4.

39
1.

70
3

SB
M

Ye
s

72
.5

5
37

.3
4

27
.5

5
1.

72
0.

54
3.

10
1.

90
0.

24
0.

93
2.

94
2.

50
0.

74
4.

22
4.

37
1.

75
4

C
W

P
Ye

s
72

.3
4

37
.8

2
27

.8
5

1.
43

0.
59

2.
79

1.
82

0.
27

0.
90

3.
33

2.
55

0.
70

4.
45

4.
44

1.
69

SE
M

3
0.

67
0.

53
0.

44
0.

09
0.

01
0.

26
0.

09
0.

05
0.

09
0.

17
0.

16
0.

11
0.

15
0.

17
0.

13
M

ai
n

ef
fe

ct
s

4

Pr
ot

ei
n

so
ur

ce
(P

s)

51



Agriculture 2024, 14, 2013

T
a

b
le

4
.

C
on

t.

It
e

m
s

P
ro

te
in

S
o

u
rc

e

P
ro

b
io

ti
c

In
cl

u
si

o
n

2

C
a

rc
a

ss
5

B
re

a
st

6
L

e
g

s
6

A
b

d
o

m
in

a
l,

F
a

t
6

O
rg

a
n

s
(g

)
S

IW
7

(g
)

S
IL

7
(c

m
)

H
e

a
rt

6
L

iv
e

r
6

G
iz

z
a

rd
6

P
a

n
cr

e
a

s
6

D
u

o
d

e
n

u
m

6
Je

ju
n

u
m

6
Il

e
u

m
6

C
e

cu
m

6
Je

ju
n

u
m

7
Il

e
u

m
7

C
e

cu
m

7

SB
M

72
.5

0
37

.6
5

27
.6

2
1.

75
a

0.
57

2.
97

1.
86

0.
23

0.
89

2.
93

b
2.

43
0.

76
4.

26
4.

31
1.

78
C

W
P

72
.1

6
37

.5
4

27
.6

3
1.

49
b

0.
56

2.
83

1.
83

0.
26

0.
93

3.
37

a
2.

49
0.

78
4.

48
4.

42
1.

70
Pr

ob
io

ti
c

(B
L)

N
o

72
.2

1
37

.6
0

27
.5

5
1.

66
a

0.
57

2.
86

1.
82

0.
24

0.
90

3.
16

2.
39

0.
81

a
4.

40
4.

32
1.

76
Ye

s
72

.4
4

37
.5

8
26

.7
0

1.
57

b
0.

57
2.

95
1.

86
0.

26
0.

91
3.

14
2.

53
0.

72
b

4.
34

4.
41

1.
72

p-
va

lu
e

Ps
ef

fe
ct

0.
25

3
0.

99
8

0.
62

2
0.

02
6

0.
85

8
0.

10
4

0.
63

2
0.

15
2

0.
53

7
0.

03
2

0.
55

4
0.

23
7

0.
08

4
0.

61
9

0.
10

3
BL

ef
fe

ct
0.

55
2

0.
65

4
0.

12
2

0.
03

2
0.

99
4

0.
23

5
0.

64
3

0.
27

5
0.

86
6

0.
42

3
0.

20
1

0.
04

0
0.

36
5

0.
66

3
0.

11
8

Ps
×

BL
ef

fe
ct

0.
78

9
0.

27
7

0.
50

5
0.

65
5

0.
78

5
0.

19
6

0.
52

2
0.

64
6

0.
35

2
0.

24
4

0.
11

9
0.

27
5

0.
22

4
0.

74
5

0.
58

7

A
bb

re
vi

at
io

n:
SB

M
,s

oy
be

an
m

ea
l;

C
W

P,
co

w
pe

a;
SI

W
,s

m
al

li
nt

es
ti

ne
w

ei
gh

t;
SI

L
,s

m
al

li
nt

es
ti

ne
le

ng
th

.1
D

at
a

ar
e

m
ea

ns
of

6
bi

rd
s

pe
r

tr
ea

tm
en

t;
2

Ba
ci

llu
s

lic
he

ni
fo

rm
is

,A
T

C
C

21
42

4
st

ra
in

:
5.

0
×

10
11

C
FU

/
g−

1
fe

ed
.

3
SE

M
,s

ta
nd

ar
d

er
ro

r
of

th
e

m
ea

n.
4

D
at

a
w

er
e

an
al

yz
ed

as
a

2
×

2
fa

ct
or

ia
la

rr
an

ge
m

en
t.

5

R
ep

re
se

nt
s

th
e

w
ei

gh
t(

g)
w

ith
ou

th
ea

d,
ne

ck
,f

ee
t,

an
d

vi
sc

er
a

ca
rc

as
s

as
10

0
g

of
liv

e
bo

dy
w

ei
gh

t.
6,

7
C

al
cu

la
te

d
as

w
ei

gh
to

r
le

ng
th

(g
or

cm
)o

fo
rg

an
s

as
10

0
g

of
ca

rc
as

s
w

ei
gh

t.
a,

b
M

ea
ns

w
it

h
di

ff
er

en
ts

up
er

sc
ri

pt
s

in
a

ro
w

di
ff

er
si

gn
ifi

ca
nt

ly
(p

<
0.

05
).

T
a

b
le

5
.

Ef
fe

ct
s

of
th

e
di

et
s

w
it

h
di

ff
er

en
tp

ro
te

in
so

ur
ce

s
w

it
h

an
d

w
it

ho
ut

Ba
ci

llu
s

lic
he

ni
fo

rm
is

A
TC

C
21

42
4

(B
L)

on
ti

bi
a

bo
ne

de
ve

lo
pm

en
t

an
d

m
in

er
al

iz
at

io
n

(m
ea

n
va

lu
es

1 )o
fb

ro
ile

rs
(d

42
).

It
e
m

s
P

ro
te

in
S

o
u

rc
e

P
ro

b
io

ti
c

In
cl

u
si

o
n

2
T

ib
ia

,
W

e
ig

h
t

5
T

ib
ia

,
L

e
n

g
th

5
A

sh
,
%

M
in

e
ra

l
C

o
n

te
n

ts

C
a
,
m

g
/g

P,
m

g
/g

F
e
,
μ

g
/g

Z
n

,
μ

g
/g

C
a
:P

R
a
ti

o

1
SB

M
N

o
0.

63
0.

46
57

.0
2

31
9.

89
16

7.
41

17
4.

42
34

6.
37

1.
91

2
C

W
P

N
o

0.
64

0.
47

58
.2

0
31

9.
36

15
8.

80
19

5.
45

33
3.

88
2.

01
3

SB
M

Ye
s

0.
65

0.
47

57
.3

8
32

1.
54

16
6.

27
17

0.
29

35
6.

48
1.

93
4

C
W

P
Ye

s
0.

68
0.

49
57

.5
7

32
5.

33
17

5.
90

20
4.

03
34

9.
33

1.
85

SE
M

3
0.

06
0.

02
0.

44
2.

79
3.

27
27

.8
5

15
.5

7
0.

03
M

ai
n

ef
fe

ct
s

4

Pr
ot

ei
n

so
ur

ce
(P

s)
SB

M
0.

64
0.

47
57

.2
0

32
0.

72
16

6.
84

17
2.

35
b

35
4.

43
1.

92
C

W
P

0.
66

0.
48

57
.8

9
32

2.
34

16
7.

35
19

9.
74

a
34

1.
61

1.
93

Pr
ob

io
ti

c
(B

L)
N

o
0.

64
0.

47
57

.6
1

31
9.

63
16

3.
11

b
18

4.
93

34
0.

12
1.

96
a

Ye
s

0.
67

0.
48

57
.4

8
32

3.
44

17
1.

08
a

18
7.

16
35

2.
90

1.
89

b

p-
va

lu
e

Ps
ef

fe
ct

0.
40

7
0.

98
2

0.
76

2
0.

42
3

0.
39

5
0.

04
4

0.
11

1
0.

96
8

BL
ef

fe
ct

0.
75

4
0.

98
7

0.
64

3
0.

50
2

0.
02

7
0.

33
2

0.
09

8
T

0.
00

1
Ps

×
BL

ef
fe

ct
0.

55
6

0.
77

1
0.

40
5

0.
49

6
0.

58
8

0.
37

7
0.

39
3

0.
44

3

A
bb

re
vi

at
io

n:
SB

M
,s

oy
be

an
m

ea
l;

C
W

P,
co

w
pe

a.
1

D
at

a
ar

e
m

ea
ns

of
6

bi
rd

s
pe

r
tr

ea
tm

en
t.

2
Ba

ci
llu

s
lic

he
ni

fo
rm

is
,A

TC
C

21
,4

24
st

ra
in

:5
.0
×

10
11

C
FU

/g
−1

fe
ed

.
3

SE
M

,s
ta

nd
ar

d
er

ro
r

of
th

e
m

ea
n.

4
D

at
a

w
er

e
an

al
yz

ed
as

a
2
×

2
fa

ct
or

ia
la

rr
an

ge
m

en
t.

5
R

ep
re

se
nt

s
th

e
w

ei
gh

t(
g)

w
it

ho
u

th
ea

d
,n

ec
k,

fe
et

,a
nd

vi
sc

er
a

ca
rc

as
s

as
10

0
g

of
liv

e
bo

dy
w

ei
gh

t.
a,

b
M

ea
ns

w
it

h
di

ff
er

en
ts

up
er

sc
ri

pt
s

in
a

ro
w

di
ff

er
si

gn
ifi

ca
nt

ly
(p

<
0.

05
).

T
:t

he
te

nd
en

cy
to

be
in

flu
en

ce
d

by
tr

ea
tm

en
t.

52



Agriculture 2024, 14, 2013

3.4. Intestinal and Feces Bacterial Counts

The treatment effects of the diets using different protein sources (SBM and CWP) with
and without BL (log10 CFU/g) on the microbial population of broilers (d 42) are presented
in Figure 1.

 

 
 
 

 

 

 

Ileum

 

 

 

 

Cecum

Figure 1. Effects of dietary supplementation with Bacillus on the intestinal microbiota count of broiler
chickens. Bars represent the mean SD. The use of distinct lowercase letters in the graph corresponds
to the results of Tukey’s post hoc comparisons.
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At d 42, the inclusion of BL in birds’ diets showed a significant increase in LABs
(p ≤ 0.05) from the ileum content of broiler chickens. Moreover, the Lactobacilli count
from SBM/+BL compared with the SBM/-BL group was significantly influenced by BL
supplementation (9.76 vs. 8.82 Log10 CFU/g, p ≤ 0.05). The BL addition increased CWP vs.
CWP/−BL in birds’ diets (p = 0.087). The presence of BL in CWP broilers’ diet demonstrates
significantly stronger impacts on microbial populations, exhibiting a significant decrease in
Coliforms (p = 0.073) vs. the SBM/-BL group. Notably, the Clostridium spp. from ileum
content decreased by 27.12% in SBM/+BL vs. CWP/−BL (p = 0.078), respectively, and
by 28.84% in CWP/+BL compared to CWP/−BL (p = 0.065). As expected, the probiotic
inclusion had a more pronounced effect on Bacillus spp. in the SBM/+BL group (p = 0.063);
also, in the CWP/+BL treatment, an increase of 21.70% vs. the SBM/+BL group was noted.
Harmful microbes such as E. coli in ileum content were significantly influenced by BL
addition (p < 0.05). An exhibited decrease was noted in CWP/+BL (CWP/+BL, p = 0.005).
Further, the presence of BL seems to counteract the potential reduction in Enterococcus spp.
(p > 0.05). However, the interaction between BL and protein diet sources reaches statistical
significance (p ≤ 0.05) and is particularly more evident for LAB, Coliforms, Bacillus spp.,
and E. coli counts. This indicates that the combination of BL with SBM and CWP develops
a significant impact on microbial populations in the ileum content of broilers.

Regarding the cecum area, the population size of LABs from treatment groups/+BL
inclusion involves a slow improvement (p > 0.05). Also, the product inclusion led to a
decrease in the number of Coliforms (p > 0.05), Clostridium spp. (SBM/±BL, p = 0.001;
CWP/−BL vs. SBM/+BL, p = 0.002), and Enterococcus spp. (SBM/± BL, p ≤ 0.05). The in-
clusion of BL in bird diets involved lower microbial counts, especially for E. coli (SBM/−BL
vs. SBM/+BL, p = 0.001). More significant differences were noted for Bacillus spp. gener-
ated by BL administration (CWP/+BL vs. CWP/−BL, p = 0.065; SBM/+BL vs. SBM/−BL,
p = 0.0001) than those in SBM and CWP groups without product addition (p > 0.05).

The results of the feces bacterial population of broilers at 42 d are shown in Figure 2. As
can be observed, the LAB and Enterobacteriaceae populations in all treatment groups showed
similar growth rates (p > 0.05). Regarding the Staphylococcus spp., the feed supplementation
with BL decreased the count number (p = 0.0001).

Figure 2. Effects of dietary supplementation with Bacillus on the fecal microbiota count of broiler
chickens. Bars represent the mean SD. The use of distinct lowercase letters in the graph corresponds
to the results of Tukey’s post hoc comparisons.

3.5. Measurement of Intestinal pH

The inclusion of BL as a dietary probiotic resulted in higher pH values in the ileum
content of broilers compared to SBM/-BL (p > 0.05) (Figure 3). Conversely, the pH values
of CWP/−BL were significantly lower (p < 0.05) vs. CWP/+BL. Moreover, the pH differed
between SBM groups in the cecum broiler segment (p < 0.05); the pH data from CWP/+BL
involved a decrease vs. CWP/−BL (p > 0.05).
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Figure 3. Effects of dietary supplementation with Bacillus on the intestinal pH of broiler chickens.
Bars represent the mean SD. The use of distinct lowercase letters in the graph corresponds to the
results of Tukey’s post hoc comparisons.

4. Discussion

In recent decades, probiotics have been widely studied and incorporated into chicken
feed as natural additives to support poultry health [33]. These probiotics enhance the
viability of beneficial bacteria, promoting a balanced intestinal microbiota that is crucial
for digestion and nutrient absorption [6,9,18,21]. Additionally, protein source supplemen-
tation has emerged as another important factor in improving poultry growth and feed
efficiency [27,30]. The combined use of probiotics and protein sources may offer synergistic
effects, promoting both the balance of intestinal microbiota and efficient nutrient utilization,
thereby improving overall poultry health and productivity [31].

Bacillus licheniformis ATCC 21424, the strain used in this study, was selected as a
potential candidate based on its properties and capabilities and was prepared to act as
probiotic bacteria in broilers’ diets [32]. The present study was focused on evaluating the
efficacy of BL in promoting a balance of microbiota and intestinal pH values, supporting,
by the end, as a natural alternative, the growth and health of broilers. By exploring these
aspects, the aim was to provide valuable insights into using BL as a sustainable and effective
probiotic solution for enhancing poultry health and productivity.

Cowpeas, like other legumes, are recognized for their relatively high protein content,
which enhances the nutritional profile of starchy tuber-based diets. The crude protein (CP)
level of 28.8% and fiber content of 5.1% found in the recent study align well with values
reported in other studies in the literature, which generally range from 20% to 30% for
protein content [8,34–36]. Instead, the high protein content of CWP makes them an excel-
lent substrate for producing protein hydrolysates providing peptides and free AAs, which
are essential nutrients for the growth and metabolic activity of Bacillus probiotics. These
nutrients help the probiotics to thrive in the gut, enhancing their ability to maintain a bal-
anced microbial population [14]. Moreover, the hydrolysates, by offering a readily available
source of nitrogen and energy, promote the proliferation of Bacillus species, which in turn
enhances digestion and nutrient absorption through enzyme production [37]. This interac-
tion directly supports the previously mentioned benefits of spore-based probiotics, such
as improved feed conversion efficiency, better growth rates, and overall enhanced health
of poultry. The synergy between CWP protein hydrolysates and Bacillus probiotics thus
contributes to maintaining gut health and boosting immune function, ultimately leading to
higher productivity and better-quality meat in broiler chickens. Moreover, environmen-
tal factors, CWP variety, and growing conditions influence the chemical composition of
hydrolysates, adding another dimension to their effectiveness in poultry diets [38]. In
addition to their direct benefits, CWP seeds improve the overall nutritional quality of diets
when combined with cereals, creating complementary protein mixtures [8]. Furthermore,
as indicated in Table 2, the apparent metabolizable energy (AME) values of CWP seeds
observed in the recent study are comparable to those reported in earlier literature [35]. This
similarity in AME values underscores the consistency of CWP seeds as a reliable energy
source in animal feed, supporting their continued use in diverse dietary formulations.
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The AA composition of CWP further highlights its value as a dietary ingredient
in poultry nutrition. In addition to high levels of arginine, leucine, and lysine, which
are crucial for growth, immune function, and overall health, cowpea seeds also contain
significant amounts of other essential amino acids (EAAs) such as valine, isoleucine, and
threonine [39]. Analyzing the AA concentrations revealed that essential amino acids (EAAs)
comprised 133.10% of the total AAs in CWP, while non-essential amino acids (NEAAs)
accounted for 139.70%, yielding an EAA-to-NEAA ratio of 0.95. Our ratio suggests a good
balance, making them a versatile protein source that can be successfully incorporated into
poultry diets. Consistent with the typical characteristics of legumes, CWP was found
to have high levels of arginine, leucine, and lysine (27.20%, 22.50%, and 19.20% of DM),
which are essential for promoting growth, supporting immune function, and maintaining
overall health in poultry [40]. However, to achieve optimal nutrition, it may be necessary
to supplement these seeds with other protein sources to balance AAs such as methionine,
which is relatively lower in cowpea seeds, enhancing overall dietary quality.

Previous studies have indicated that supplementing with probiotics can enhance
growth performance and improve feed utilization in chickens [9,41–43]. Known for their
stability and resistance to harsh environmental conditions [44], these probiotics have
been shown to significantly improve the feed conversion efficiency, growth rates, bird
health [8,9,41], and better-quality meat of broiler chickens [35,45].

Spore-based Bacillus probiotics, such as B. licheniformis, have been used successfully
in poultry feed due to their high environmental tolerance, easy storage, and ability to
enhance growth performance and optimize the microbial profile within the gastrointestinal
tract (GIT) of broilers [46]. This bacterium is particularly effective due to its capacity to
produce a variety of beneficial compounds [47], including enzymes, antimicrobials, and
other bioactive substances that promote gut health, improving digestion and nutrient
absorption [48]. Moreover, these bacteria can form endospores (spores) involving a highly
resilient structure, allowing them to survive the gastric barrier and enzymatic challenges of
the broiler’s GIT [49]. In the present study, we observed that the BW of broilers fed with
BL was improved during the overall period. Our data showed consistency with ref. [9],
who found that the inclusion of Bacillus spp. promotes an increase in broiler performances.
The absence of notable differences in BW, FI, and FCR, as presented in Table 3, aligns with
findings from comparable studies investigating the effects of different types of CWP used as
alternative protein sources or probiotics on broiler growth [8,41]. Instead, ref. [8] affirmed
that different levels of CWP (0–20%) did not affect broiler performance, indicating that CWP
can be used as a protein source and can successfully replace the SBM. Moreover, Embaye
et al. [8] found that including different levels of CWP in broiler diets, up to 20%, did not
negatively affect their performance. Also, probiotic addition in broiler diets containing
CWP increased BW and FCR compared to the birds without probiotic inclusion. Moreover,
other studies have demonstrated the efficiency of dietary B. licheniformis or Bacillus subtilis
supplementation, showing that it can improve broiler growth parameters [21,50]. One
hypothesis suggests that enhanced growth performance could be linked to beneficial
metabolites produced by B. licheniformis, including its ability to produce a broad range of
extracellular enzymes that enhance digestive processes. Additionally, our results showed
that improvements in broilers’ BW over the entire period were significantly greater in the
BL supplement groups than those without probiotic inclusion. This suggests that CWP
inclusion of up to 15% can be effectively used as a partial substitute for SBM in poultry
diets without compromising growth, feed efficiency, or overall broiler health [9]. However,
if a higher replacement level is desired, the feed formulation may need to be adjusted with
AA supplementation, anti-nutritional factor reduction, and energy-balancing strategies to
avoid any potential negative effects on poultry performance.

Carcass characteristics provide important indices in broiler production [51], espe-
cially when following the meat performance of broilers [41]. In our report, BL signifi-
cantly decreased the abdominal fat of broiler chickens, a result that is in line with other
studies [9,51,52]. Moreover, abdominal fat is an important index used to measure lipid
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deposition in broilers [53]. The addition of BL to broiler diets did not significantly alter
the breast and leg yield compared to diets without probiotics. According to our data,
Sarangi et al. [54] reported that the percentage of carcass yield in broiler chickens did not
significantly increase with probiotic inclusion compared to the control group. Various other
studies showed that Bacillus spp. or other probiotic products involve beneficial effects on
different organ weights [21,43,55]. Our results showed that BL inclusion was more effective
on birds’ cecum weight.

Introducing Bacillus species into broiler diets can positively influence bone mineraliza-
tion, which is essential for maintaining skeletal health and preventing leg disorders [56].
Bacillus species produce enzymes like phytases [57] that enhance the bioavailability of
minerals such as Ca and P, which are vital for the growth and development of broilers,
particularly in bone formation and mineralization. The enhanced bioavailability and distri-
bution of these minerals, facilitated by the enzymatic activity of Bacillus bacteria, contribute
to stronger and healthier bone structures. This aspect is very important for bone tibial
growth, a key indicator of skeletal health in broilers [58]. In the current research, the
inclusion of BL improved several bone quality traits such as increased Fe, P, and Zn content,
and a reduction in the Ca:P ratio. Further, the Ca:P ratio plays a crucial role in broiler health,
working synergically to create strong bone development, skeletal integrity, and overall
metabolic function. If the Ca is in excess, P absorption can be impaired, which can lead
to chondroplasia and/or osteoporosis in broiler chickens, as shown by Liu et al. 2023 [59].
Conversely, if the Ca:P ratio is deficient (excess P), Ca may not be adequately available
for bone mineralization, causing conditions like rickets, where bones become soft and
brittle, due to the disorders in the body’s mineral metabolism [59]. These improvements
could result from the probiotic’s ability to secrete exogenous enzymes. Consistent with
our findings, several studies have reported that dietary probiotic supplements contain-
ing Bacillus spp. benefit tibial bone growth [9,56,60]. The inclusion of Bacillus in animal
diets promotes the secretion of exogenous enzymes, like phytases and proteases, that
increase mineral availability. These enzymes are important in breaking down phytic acid
and anti-nutritional factors commonly present in plant-based feeds [61]. When Bacillus
species produce phytases, they break down phytic acid, freeing up Ca and P so they can
be absorbed more effectively in the gut. Once absorbed, Ca and P are essential for bone
mineralization and strength, particularly in the tibia, a key bone for structural integrity
in broilers. Consistently, the addition of BL leads to better bone density, stronger tibial
structures, and overall bone development in broilers.

Establishing microbial equilibrium within the GIT is crucial for maintaining optimal
digestive function and effectively controlling potentially pathogenic microorganisms in
the intestine of the host [62]. Each section of the GIT provides unique niches, with distinct
environmental conditions like pH, oxygen availability, and nutrient composition, which
shape the microbiota composition. For example, the inclusion of spore-forming probiotics
(like Bacillus species) in poultry diets can significantly impact bacteria communities, poten-
tially enhancing health, growth performance, and feed efficiency [63]. In the present study,
it was found that 1 × 1011 CFUs of BL-ATCC 21424/g feed for 42 days provided beneficial
effects on the concentration of LABs in the ileum content of both corn wheat protein (CWP)
and soybean meal (SBM) groups. Several studies [33,41,44] have demonstrated that the
inclusion of probiotics based on Bacillus spp. can significantly increase the proliferation of
lactobacilli in the intestinal content of poultry. This positive effect is attributed to the ability
of Bacillus-based probiotics and Bacillus species-fermented products to produce catalase
enzyme, which helps create a more favorable environment for lactobacilli growth (106 to
108 CFU/g of intestinal content). This level of lactobacilli increase promotes better intesti-
nal health by enhancing pathogen inhibition and nutrient absorption, leading to stronger
immune responses and overall improved performance in broilers [64,65]. Additionally, the
presence of lactobacilli supports balanced gut microbiota by outcompeting harmful bacteria,
helping to maintain intestinal stability and prevent infections [66]. The diet supplemented
with BL exerted a decrease in harmful bacteria. So, a balanced intestinal microbiota is es-
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sential for maintaining the structural integrity of the intestinal lining. Coliforms, Clostridium
spp., E. coli β-hemolytic, and Enterococcus spp. developed a lower growth, especially in the
groups with BL diet inclusions. Our study’s findings align closely with recent research that
demonstrates the positive impact of probiotic supplementation on the gut microbiota of
broilers [62,67]. Probiotic inclusion, particularly involving spore-forming bacteria, has been
shown to significantly increase the population of viable LABs while concurrently reducing
the number of pathogenic microorganisms in the animal GIT [67].

The cecum is an essential intestinal organ in broilers, hosting the most abundant and
concentrated intestinal microbiota, which plays critical roles in various physiological and
metabolic functions [68]. It is a key site for biological fermentation processes, including
the production of short-chain fatty acids (SCFAs). Additionally, the gut microbiota in the
cecum can ferment feed through diverse pathways, leading to the production of a range
of metabolites [21]. In our study, the abundance of Clostridium spp. and Enterococcus spp.
in the cecum area was significantly decreased by BL addition in the SBM/+BL treatment
group. This is in accordance with previous studies that reported similar outcomes in
broiler diets [44,69,70]. It has been demonstrated that disruptions to the normal intestinal
microbiota can be restored with probiotic administration, which also helps animals resist
infections by pathogenic bacteria [71]. Furthermore, previous studies found that Bacillus
licheniformis can inhibit the proliferation of harmful bacteria by secreting some antimicrobial
peptides or inhibiting biofilm formation [72,73]. The findings of the current research on
intestinal microbiota populations showed that the dynamics of microorganisms are affected
by the addition of BL as a probiotic in broiler diets, which significantly reduces the growth
of pathogens. Once they reach the intestine, these spores germinate and colonize the gut
effectively, establishing a beneficial microbial community that supports digestive health
and inhibits the growth of pathogenic bacteria. This colonization not only enhances nutrient
absorption and growth performance but also contributes to the overall health and well-
being of the broilers, leading to improved production outcomes in poultry farming.

Dietary treatments did not involve a notable impact on the count of Lactobacilli
and Enterobacteriaceae in broiler feces. Similarly, other probiotics did not have significant
modulation on LAB count in broiler chickens [74]. Instead, the inclusion of BL in broiler
diets involved a more pronounced effect on the size of Staphylococcus spp. in SBM and
CWP groups at 42 d. These findings align with studies in the literature indicating that
including Bacillus probiotics in broiler diets can reduce the number of E. coli, Salmonella,
Clostridium, and Campylobacter counts, ultimately inhibiting their growth, followed by
reducing the incidence of infections [75–78]. Also, all samples were found to be negative for
Salmonella spp.

The pH of the poultry GIT is a dynamic characteristic influenced by multiple factors,
such as feed composition, endogenous secretions (e.g., gastric acid, bile salts, pancreatic
enzymes), and the gut microbiome [79]. The pH levels vary significantly across different
sections of the GIT, ranging from 2.6 in the gizzard to 6.3 in the large intestine [80]. These
variations are not only a normal physiological feature but also play a crucial role in the
health and functionality of the gut, as many pathogens are highly sensitive to low pH
levels. This sensitivity directly impacts their survival and proliferation, emphasizing
the importance of maintaining appropriate pH conditions within the GIT. Our findings
align with these observations and highlight the role of Bacillus-based probiotics (BL) in
modulating pH levels in different parts of the poultry GIT. Specifically, the results indicate
that the addition of Bacillus-based probiotics to diets containing SBM and CWP increased
the pH in the ileum by 10% to 13% compared to groups without supplementation. This
increase in ileum pH could be attributed to the metabolic activities of Bacillus spp. which
may alter the fermentation profile and microbial composition within this segment, leading
to a shift in pH. Conversely, a different effect was observed in the cecum, where the same
Bacillus-based probiotic treatments resulted in a gradual pH reduction of 3% to 5%. This pH
decrease can be explained by the production of lactic acid and other organic acids by Bacillus
species during fermentation. The production of these acids lowers the pH of the intestinal
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environment, creating conditions that inhibit the growth of pathogenic bacteria and favor
the proliferation of beneficial microbiota, such as Lactobacilli [81]. This shift in microbial
populations can improve gut integrity, immune function, and nutrient utilization over
time. In terms of long-term effects, maintaining a stable and favorable gut environment
through pH modulation has been linked to improved FCR, reduced disease incidence, and
enhanced overall productivity in broilers. By lowering pathogenic load and improving
nutrient absorption, these pH changes contribute to better growth rates, healthier flocks,
and higher-quality meat production. Thus, while pH changes alone may seem minor, they
are integral to sustaining long-term gut health and productivity in broilers. The ability
of probiotics to manage pH levels and reduce the population of harmful pathogens is a
critical aspect of maintaining a balanced gut microbiome. By enhancing the gut’s natural
acidity, probiotics create an environment less favorable for pathogenic bacteria such as E.
coli and more conducive to beneficial bacteria like LABs [82]. Although Bacillus licheniformis,
a commonly used probiotic, is not a native component of the chicken’s intestinal flora
and does not colonize the GIT for extended periods, it quickly consumes oxygen and
reduces pH levels. The findings of our study suggest that managing the pH levels within
the poultry GIT through targeted dietary strategies, including the use of probiotics, is
essential for promoting gut health and reducing the risk of infections. However, further
research is needed to fully understand the mechanisms by which probiotics influence pH
in various sections of the GIT and to determine the optimal types and dosages of probiotics
for specific dietary formulations. Additionally, studies should explore the long-term effects
of such dietary interventions on poultry health and productivity. In conclusion, our study
supports the use of Bacillus-based probiotics as an effective strategy for modulating gut pH
and promoting a healthier gut environment in poultry. By creating conditions that inhibit
pathogens and support beneficial microbiota, these probiotics can play a significant role in
improving overall gut health and potentially enhancing poultry performance.

5. Conclusions

Cowpea seeds (V. unguiculata [L.] Walp, cv. Aura) can effectively serve as an alter-
native protein source to replace SBM in broiler chick diets, with inclusion levels of up
to 15% showing no negative effects on bird growth. Cowpea is an important source of
nutrients (AAs such as lysine and tryptophan) and bioactive compounds, such as fiber.
The addition of B. licheniformis ATCC 21424 (10 Log10 CFUs) improved GP, which was
associated with a slight increase in FI and a reduction in abdominal fat. The probiotic
affected bone mineralization by increasing tibia Fe and P content. Additionally, the inclu-
sion of BL positively influenced the GIT microbiota by promoting the growth of beneficial
bacteria (Lactobacillus and Bacillus spp.), while suppressing potential pathogens (E. coli and
Coliforms). Considering these findings, supplementation with BL demonstrates promising
potential as a probiotic in poultry feed by enhancing growth performance, supporting bone
mineralization, and positively impacting the microbiota profile.
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Abstract: This study was conducted to investigate the protective effects of xylooligosaccharide
(XOS) on the growth performance and intestinal health of broilers challenged by avian pathogenic
Escherichia coli (APEC). A total of 144 newly hatched male Lingnan yellow-feathered broilers were
randomly divided into three groups (six replicates/group): a control (CON) group, an APEC group
and an XOS group (APEC-challenged broilers supplemented with 1600 mg/kg XOS). Birds in
the APEC and XOS groups were orally challenged with APEC from 7 to 12 d of age. Growth
performance and intestinal health-related parameters were determined on d 13 and 17. The reductions
(p < 0.05) in final body weight, average daily gain and elevation (p < 0.05) in intestinal APEC
colonization in challenged broilers were counteracted by the XOS addition, which also alleviated
the APEC-induced reductions (p < 0.05) in jejunal goblet cell count and density in broilers on d
17. Supplementing with XOS increased (p < 0.05) jejunal villus height and crypt depth, coupled
with occludin and zonula occluden-1 expression, on d 17, and diminished the change (p < 0.05) in
the jejunal inflammatory cytokine expression profile in a time-dependent manner. Moreover, cecal
counts of total bacteria and Lactobacillus in challenged broilers were augmented (p < 0.05) by the
XOS addition, which also mitigated APEC-induced reductions (p < 0.05) in cecal acetate, butyrate
and valerate concentrations in broilers on d 13 or 17. Supplementing with XOS blocked the increases
(p < 0.05) in the expression of cecal E. coli virulence genes relA and ompR on d 13 along with the
expression of fimH and csgA on d 17. XOS alleviated APEC-induced growth retardation and intestinal
disruption in broilers partially by restraining the intestinal colonization of APEC. Furthermore, the
improvements in cecal microbiota and fermentation pattern, along with attenuation of cecal E. coli
virulence resulting from XOS supplementation, could also support the maintenance of intestinal
health in APEC-challenged broilers.

Keywords: avian pathogenic Escherichia coli; broiler; growth performance; intestinal health;
xylooligosaccharide

1. Introduction

As one of the most prevalent pathogenic bacteria in poultry, avian pathogenic Es-
cherichia coli (APEC), such as serogroups O1, O2 and O78, account for a range of diseases.
Both broilers and laying hens are susceptible to APEC, with economic losses from APEC-
contaminated carcasses reaching USD 40 million in the U.S. APEC serves as either a primary
pathogen or secondary pathogen to viral infections, immunosuppressive disease, or envi-
ronment stress, leading to colisepticemia, hemorrhagic septicemia and enteritis. Although
antibiotics and vaccines are employed to combat APEC infections, the emergence of resis-
tance and the variety of serotypes limit their effectiveness [1]. Although APEC belongs to
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the extra-intestinal pathogens, it mainly inhabits and develops in the gut [1]. Avian isolates
clustered with human extra-intestinal pathogenic Escherichia coli (ExPEC) at the genomic
level, indicating a horizontal exchange of mobile genetic elements between APEC and
ExPEC [2]. This interaction contributes to their survival and virulence. Therefore, APEC
is characterized as a potential zoonotic pathogen that poses a threat to public health [3].
Moreover, APEC still has intestinal pathogenicity with the potential to trigger numerous
intra-intestinal disorders in chickens [1]. Indeed, oral administration of APEC has been
verified to cause intestinal damage, leading to retardation of growth in broilers [4]. During
the past few decades, antibiotics have been widely used in feeds to prevent or control
bacteria-related disorders in animals. However, the efficacy of antibiotic treatment for
APEC is diminished by the horizontal spread of genetic elements, such as islands of re-
sistance and virulence genes in APEC and commensal E. coli [5]. Moreover, the in-feed
antibiotic prohibition results in a demand for exploring natural additives to mitigate APEC
damage. There is an interest in characterizing prebiotics as potential alternatives to alleviate
the detrimental effects of the APEC challenge in poultry [6].

Xylooligosaccharide (XOS) represents an important type of prebiotic that can pass
through the proximal intestine and selectively stimulate the proliferation of certain ben-
eficial bacteria as well as facilitate the production of short-chain fatty acids (SCFAs) in
the hindgut of animals [7]. As a key nutritional and energy component for enterocytes,
SCFAs sustain cell renewal and repair to enhance the anti-inflammation response and
barrier function of intestinal epithelia [8]. In addition, SCFAs inhibit the virulence genes
and colonization ability of ExPEC, making them versatile and effective antimicrobial agents
produced during microbial degradation of oligosaccharides [9]. Additionally, XOS is hy-
pothesized to exert a similar effect to other oligosaccharides in inhibiting the adhesion of
specific pathogenic bacteria to host intestinal epithelia, due to its potential ability to bind to
bacterial surfaces, probably by acting as decoy receptors for bacterial adhesins [10]. Other
ways that XOS suppresses pathogens, such as interference with gene expression associated
with bacterial virulence (e.g., adhesion), are less investigated but might be equally impact-
ful [11]. The aforementioned actions of XOS are speculated to optimize the gut microbiome
and diminish bacterial pathogenicity, which may subsequently enhance the production
performance and intestinal health of chickens. Indeed, it has been reported that an XOS
addition improved growth performance and intestinal health as well as modulated the
immune responses of broilers that were free of challenges [12]. Nevertheless, it is unknown
whether dietary XOS could protect broilers against an APEC challenge. Therefore, this study
aimed to investigate the effect of XOS on intestinal integrity, cecal microbial composition
and SCFA production, with the goal of decreasing APEC colonization and the expression
of virulence, thus protecting yellow-feathered broiler chicks from APEC. The findings of
this research may offer insights into the application of XOS in broiler farming and present
an environmentally friendly and effective approach to address microbial infections.

2. Materials and Methods

2.1. Animals and Experimental Design

The experimental animal protocols of this study were approved by the Animal
Care and Use Committee of the South China Agricultural University (Protocol Number:
2023F240). In this study, we selected yellow-feathered broilers, which are medium-growing
breeds favored in China [13]. A total of 144 1 d old male Lingnan yellow-feathered broiler
chicks were purchased from Xinwang Poultry Co., Ltd. (Guangzhou, China), vaccinated
with live chicken Marek’s disease vaccine and did not receive any other vaccinations or
probiotics during the trial period. Chicks (paired as AF × DB, with A and F representing
the heavy-duty sire lines of the Lingnan yellow-feathered chicken, while D and B denote
the high-yielding female lines of the same breed) were randomly allocated into 3 groups: a
control (CON) group (birds received a basal diet without challenge), an APEC group (birds
received a basal diet with APEC challenge) and an XOS group (APEC-challenged birds
supplemented with 1600 mg/kg XOS). Each group involved 6 replicates with 8 birds per
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replicate. The initial body weight was similar across replicates. The corncob-derived XOS
(95% purity) was obtained from Shandong Longlive Bio-Technology Co. Ltd. (Dezhou,
China). The percentage of each component was as follows: xylose 2.2%, xylobiose 40%, xy-
lotriose 33%, xylotetraose 12%, xylotentaose 5%, xylhexaose and xylheptaose 5.5%, glucose
and arabinose 2%. The additive dosage of XOS in the broiler diet was selected based on our
preliminary experiment, and another study used 2000 mg/mg of XOS additions to mitigate
pathogenic bacterial infections [5,14]. Feed ingredients were crushed and mixed with the
corresponding weight of XOS to make a ground diet for broiler rearing.

The nutritional composition and nutrient levels of the basal diet based on the Chi-
nese Feeding Standard of Yellow-feathered Chickens (NY/T 3645-2020) are presented in
Table 1 [15]. Broilers were housed in a windowed room measuring 40 square meters, and
the humidity was kept at approximately 65%. Eighteen wire cages were used in this study,
and each cage contained eight chickens. The dimensions of the cages were 70 cm in length,
32 cm in width and 43 cm in depth. The room temperature was kept at 34 ◦C during the
first three days using heaters and then gradually reduced to 26 ◦C on d 17. Birds were
exposed to continuous white lighting and had free access to the diets and fresh water.

Table 1. Composition and nutrient levels of basal diet (air-dry basis).

Ingredients Contents (%)

Corn 60.88
Soybean meal 35.21

Limestone 1.44
Dicalcium phosphate 1.56

Salt 0.34
Choline chloride (50%) 0.35
DL-Methionine (98%) 0.12

Premix (1) 0.10
Total 100.00

Nutrient levels (2)

Metabolizable energy (Mcal/kg) 2.86
Crude protein (%) 21.06

Calcium (%) 1.00
Available phosphorus (%) 0.40

Digestible lysine (%) 1.05
Digestible methionine (%) 0.42

Digestible methionine + cysteine (%) 0.71
(1) Supplied per kilogram of diet: vitamin A, 12,000 IU; vitamin D3, 600 IU; tocopherol, 45 IU; menadione, 2.5 mg;
thiamin, 2.2 mg; riboflavin, 8 mg; niacin, 40 mg; pantothenic acid, 10 mg; pyridoxine, 4 mg; biotin, 0.4 mg; folic
acid, 1.0 mg; cobalamin, 0.013 mg; Fe, 80 mg; Cu, 8.0 mg; Zn, 60 mg; Mn, 110 mg; Se, 0.3 mg; I, 1.1 mg. (2) Values
represent calculated levels of nutrients.

2.2. Construction of APEC O78 Recombinant Strain with Antibiotic Resistance

In order to detect the colonization in the intestine by resistance plate screening, we
constructed APEC O78 with a spectinomycin-resistant biofilm self-inducible promoter [16].
The pMB1-spect-PthrC3_8-eGFP plasmid (Addgene#107411) that exerts no impacts on
the growth, virulence and physiological activities of E. coli [16] was extracted from DH5α
strain in agar stab (Addgene Plasmid Repository) by using the SanPrep Column Plasmid
Mini-preps Kit (Sangon Biotech. Co., Ltd., Shanghai, China). The concentration of extracted
plasmid was measured using a NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The purity and integrity of the plasmid were verified by measuring
the ratio of absorbance at 260 nm to 280 nm (A260/A280 greater than 1.8) and using agarose
gel electrophoresis, respectively. The recovery and purification of plasmid were performed
using DNA gel recovery kits (Tsingke Biotech. Co., Ltd., Beijing, China).

The APEC O78 strain (CVCC1570), provided by China Veterinary Culture Collection
Center (Beijing, China), was plated in LB agar. Single colonies of APEC O78 were picked
and cultured in LB medium (37 ◦C, 180 rpm) until the OD600 value reached 0.3~0.5, followed
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by centrifugation for 8 min (4 ◦C, 3000 rpm). After discarding the supernatant, the resulting
precipitate was washed twice with calcium chloride solution and then resuspended with
sterile water containing 15% glycerol. The resultant competent cells of APEC O78 (100 μL)
were electro-transformed with pMB1-spect-PthrC3_8-eGFP plasmid (5 μL, guaranteed
plasmid mass greater than 1 μg) through a micropulser (Bio-Rad, Hercules, CA, USA) with
voltage of 1.8 kv, capacitance of 25 μF and resistance of 200 Ω. The successfully recombinant
bacteria were screened by plating on spectinomycin (50 μg/mL, solarbio Tech. Co., Ltd.,
Beijing, China)-resistant LB agar.

2.3. Oral Administration of Recombinant APEC O78

The above recombinant APEC O78 strain was inoculated in LB broth and cultured
at 37 ◦C overnight. To enumerate bacteria, the inoculum was diluted and plated on LB
broth agar at 37 ◦C for 24 h. From 7 to 12 d of age, each bird in the APEC and XOS groups
was orally gavaged with 2 mL of recombinant APEC culture (total 4.0 × 109 CFU), while
CON birds were orally gavaged with the same amount of LB broth. The APEC gavage
dose was determined by a combination of a previous trial and studies to construct APEC
infections [17]. No food or water were administered for 6 h before and 3 h after the APEC
challenge in all groups.

2.4. Sample Collection

At 1st and 5th d post challenge (namely 13 and 17 d of age), birds were randomly
selected from each replicate (one bird/replicate) and then slaughtered for separating the
intestinal tract. Sterile scissors and forceps were used to cut 1 cm of duodenum, jejunum
and ileum at their midpoints for determination of intestinal colonization of APEC O78.
Further, the samples near the midpoints of the jejunum and ileum were collected and
separated into two sections, one of which was fixed in 4% paraformaldehyde solution,
while the other one was snap-frozen by liquid nitrogen and kept at −80 ◦C. Meanwhile,
cecal content was harvested from each bird.

2.5. Measurement of Growth Performance

Each replicate was kept in a cage, and they were weighed collectively. The overall
weight of each treatment group was then divided by the number of chicks in that group to
calculate the average weight. Body weight and feed consumption of broilers were recorded
for each replicate at 13 and 17 d of age for calculation of the final body weight (FBW),
average daily gain (ADG), average daily feed intake (ADFI) and feed conversion ratio
(FCR) during 1–13 d and 1–17 d of age. The collected data on FBW, FCR, mortality rates
and rearing duration were utilized to compute the European Production Index (EPI) using
the following formula: (FBW × liveability × 100)/(FCR × rearing time).

2.6. Determination of Intestinal Colonization of APEC O78

The experimental method was derived from a previous study [18]. The samples from
duodenal, jejunal and ileal tissues were dissected longitudinally and rinsed in sterile phos-
phate buffer solution (PBS) containing 0.25 mg/mL of spectinomycin (in order to kill the
irrelevant bacteria). These tissues were then cryohomogenized by a rapid Sample Grinder
(JXFSTPRP-24, Jingxin Industrial Development Co., Ltd., Shanghai, China), and the result-
ing homogenate was 10-fold gradient-diluted with sterile PBS containing 0.05 mg/mL of
spectinomycin, followed by spreading on a MacConkey agar plate containing 0.05 mg/mL
of spectinomycin at 37 ◦C overnight. We recorded the number of colonies grown and
multiplied this by the number of dilutions, after which this was processed as log10 to
analyze the differences between the groups.

2.7. Histomorphological Examination of Intestinal Tissues

Jejunal samples fixed in formaldehyde solution were subjected to paraffin-embedding
procedures. The 4 μm cross-sections of samples were separately stained with hematoxylin–
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eosin and periodic acid–Schiff (PAS) stain. For each section, the intact and representative
villus–crypt units in each section (at least 8) were selected for analyzing intestinal mor-
phology under microscopic vision fields with Image J software (1.54d). Villus height (VH)
was defined as the length from the tip of the villus to the villus–crypt junction, while crypt
depth (CD) was defined as the depth of emboli between adjacent villi, and the ratio of
VH to CD (VCR) was then calculated. Further, goblet cells were detected in PAS-stained
sections, and the count and density of goblet cells were expressed as the total number of
goblet cells per villus and per 100 μm of villus, respectively.

2.8. Determination of the Relative mRNA Expression of Intestinal Genes

Total RNA was isolated from jejunal tissue using the FastPure® Cell/Tissue Total
RNA Isolation Kit V2 (Vazyme Biotech., Nanjing, China) according to the manufacturer’s
protocols. The verification of RNA concentration and quality, reverse transcription as well
as quantitative reverse transcription PCR (RT-qPCR) were implemented according to the
methods described elsewhere [18]. Primer sequences for the reference gene, glyceraldehyde-
phosphate dehydrogenase (GAPDH), and the target genes, including interleukin (IL)-1β,
IL-6, IL-8, IL-10, tumor necrosis factor α (TNF-α), claudin-1, occludin and zonula occludens-
1 (ZO-1) are listed in Table 2. The relative mRNA expression of the target genes was
calculated using the 2−ΔΔCt method, ΔCt = CtTarget − CtGAPDH, ΔΔCt = ΔCttreat − ΔCtCON.

Table 2. Primer sequences for relative quantitative PCR.

Species Genes (1) Primer Sequences (5′-3′) Product Sizes
(bp)

Chicken

GAPDH
F: GTGAAGGTCGGAGTGAACGGATTT

187R: CCCATTTGATGTTGGCGGGAT

IL-1β
F: TGCCTGCAGAAGAAGCCTCG

204R: GACGGGCTCAAAAACCTCCT

IL-6
F: GCTGCAGTCACAGAACGAGT

167R: GGACAGGTTTCTGACCAGAGG

IL-8
F: TGAGAAGCAACAACAACAGCA

129R: CAGCACAGGAATGAGGCATA

IL-10
F: TCAATCCAGGGACGATGAACT

114R: TCTGTGTAGAAGCGCAGCAT

TNF-α
F: GCATCGCCGTCTCCTACCA

204R: CCTGCCCAGATTCAGCAAAGT

Claudin-1
F: GTGCAGAAGATGCGGATGG

253R: TTGGTGTTGGGTAAGATGTTGTTT

Occludin
F: ATCAACAAAGGCAACTCT

157R: GCAGCAGCCATGTACTCT

ZO-1
F: GAGTTTGATAGTGGCGTT

298R: GTGGGAGGATGCTGTTGT

Escherichia
coli

GAPDH
F: TCGCATTGTTTTCCGTGCTG

75R: TCAGCGTCTAACAGGTCGTT

fimH F: GATGTTTCTGCTCGTGATG
261R: TACCGCCGAAGTCCCT

csgA F: ACTGGCCTCATATCAACGGC
98R: CGTAAAGTAGCATTCGCCGC

hycA F: CGGCATGATTGATGGCAAGG
100R: GGCGGTGTATAAGCTGTCGT

luxS
F: TTGGTACGCCAGATGAGCAG

113R: GCCACACTGGTAGACGTTCA

tolA
F: ATGGTTGATTCAGGTGCGGT

87R: CTTGCGCTGCTCATCAGAAC

relA
F: GTTCGCCGGATGTTATTGGC

100R: CCGGCGCATCTTTTACTTCG

ompR F: GCGTCGCTAATGCAGAACAG
142R: ATGATCGGCATCGGATTGCT

(1) The primer sequences were obtained from the genes of the corresponding species. Gallus gallus: GAPDH,
reduced glyceraldehyde-phosphate dehydrogenase; IL, interleukin; TNF, tumor necrosis factor; ZO-1, zonula
occludens-1. Escherichia coli: fimH, fimbrillin H; csgA, curli subunit gene A; hycA, formate hydrogenlyase regulator
HycA gene; luxS, S-ribosylhomocysteine lyase; tolA, Tol/Pal system protein TolA gene; relA, (p)ppGpp synthetase
gene; ompR, outer membrane protein R.
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2.9. Quantitative Profiling of Cecal Bacterial Counts

Bacterial populations were measured by the absolute RT-qPCR method described
previously [19]. Briefly, total genomic DNA was extracted from cecal chyme using the
TIANamp Stool DNA kit (TIANGEN Biotech. Co., Ltd., Beijing, China). The concentration
and quality of DNA were validated according to our previous study [20]. The extracted
DNA was used as a template for PCR amplification using microbe-specific primers (Table 3),
and the PCR products were then validated by agarose gel electrophoresis, followed by
recovery and purification using DNA gel recovery kits (Tsingke Biotech. Co., Ltd., Beijing,
China). The resulting DNA standards for target bacteria with their serial 10-fold dilutions
served as the templates for qPCR with the corresponding primers. To construct standard
curves for target bacteria, the lg (copy numbers) and their respective Ct values of each
concentration of DNA standards were denoted as the X-and Y-axes, respectively. The copy
numbers of DNA standards were calculated under the following formula: DNA (copy
numbers) = [(C × 6.0233 × 1023 (copies/mol)]/(S × 660 × 106), in which C represents the
concentration of DNA standards (μg/μL) and S represents the number of product bases
corresponding to microbe-specific primers. Finally, individual sample DNA served as
the template to obtain the Ct value by quantitative PCR, and the copy number of each
bacterium was then calculated according to the standard curve obtained above.

Table 3. Primer sequences for absolute quantitative PCR.

Bacteria Primer Sequences (5′-3′) Product Sizes (bp)

Total bacteria
F: GCAGGCCTAACACATGCAAGTC

315R: TGCTGCCTCCCGTAGGAGT

Lactobacillus
F: GAGGCAGCAGTAGGGAATCTTC

126R: GGCCAGTTACTACCTCTATCCTTCTTC

Bifidobacterium F: TACACCACCACCCGAAGAA
123R: GGAGTGCTCCTGCAGATTGT

Escherichia coli
F: CATGCCGCGTGTATGAAGAA

96R: CGGGTAACGTCAATGAGCAAA
Avain pathogenic

E. coli O78
F: CGATGTTGAGCGCAAGGTTG

323R: TAGGTATTCCTGTTGCGGAG

Salmonella
F: AGGCCTTCGGGTTGTAAAGT

97R: GTTAGCCGGTGCTTCTTCTG

2.10. Analysis of SCFA Profile

The concentrations of SCFAs in cecal chyme were determined by the internal standard
method of gas chromatography with 2-ethylbutyric acid (2-EB) used as the internal standard.
Briefly, cecal chyme was dissolved in 2.5 times (v/w) the volume of ultrapure water by
vortex shaking for 5 min and then centrifuged (10,000 rpm, 4◦C) for 10 min. The supernatant
was collected and mixed with 0.2 times the volume of 25% (v/v) metaphosphate containing
2 g/L 2-EB, followed by incubation in ice water for 30 min and centrifugation (10,000 rpm,
4 ◦C) for 10 min. The resulting supernatant was then poured into the chromatographic
injection bottle of an Agilent 6890 N gas chromatograph (Agilent, Santa Clara, CA, USA)
for SCFA analysis following the method of a previous report [21].

2.11. Determination of the Relative mRNA Expression of Cecal E. coli Virulence Genes

Bacterial RNA was isolated from cecal chyme, using the PowerFecal Pro kit (QIAGEN,
Hilden, Germany) under the manufacturer’s instructions [22]. The confirmation of RNA
concentration and quality, reverse transcription as well as RT-qPCR were implemented as
described previously [19]. Primer sequences of the reference gene GAPDH and virulence
genes (type 1 fimbriae D-mannose specific adhesin (fimH), curlin major subunit (csgA), for-
mate hydrogenlyase regulatory protein (hycA), S-ribosylhomocysteine lyase (luxS), Tol/Pal
system protein (tolA), (p)ppGpp synthetase (relA) and DNA-binding transcriptional dual
regulator (ompR)) of E. coli are presented in Table 2. The relative mRNA expression of target
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genes was calculated using the 2−ΔΔCt method, ΔCt = CtTarget − CtGAPDH, ΔΔCt = ΔCttreat
− ΔCtCON.

2.12. Statistical Analysis

Data are presented as means with their pooled standard error of the mean. All data
were analyzed by one-way ANOVA in the general linear model procedure of SPSS 22.0. Dif-
ferences among groups were detected by Duncan’s multiple comparisons. Significance was
defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward significance.

3. Results

3.1. Effect of XOS on Growth Performance of Broilers Challenged by APEC

As shown in Table 4, broilers in the APEC group showed reduced (p < 0.05) FBW and
ADG during both 1–13 d and 1–17 d of age, along with an increased (p < 0.05) FCR during
1–13 d of age when compared with those in the CON group. However, supplemental XOS
restored the above parameters in challenged broilers to the same (p > 0.05) levels as those in
the CON group. An XOS addition also elevated (p < 0.05) the ADFI in challenged broilers
during 1–17 d of age as compared with that in the APEC group.

Table 4. Effect of xylooligosaccharide on growth performance of broilers challenged by avian
pathogenic Escherichia coli (1).

Items CON (2) APEC XOS SEM p-Value (3)

Days 1–13
FBW, g 149 a 133 b 160 a 6.77 <0.001
ADG, g 9.01 a 7.59 b 9.98 a 0.547 <0.001
ADFI, g 14.8 b 14.3 b 15.4 a 0.514 0.037

FCR 1.62 b 1.86 a 1.68 b 0.087 0.004
EPI 705.92 a 547.81 b 734.20 a 62.88 0.020

Days 1–17
FBW, g 220 a 191 b 237 a 11.6 <0.001
ADG, g 11.23 a 9.40 b 11.99 a 0.624 <0.001
ADFI, g 21.7 a,b 19.7 b 22.8 a 1.17 0.005

FCR 1.90 2.09 1.97 0.143 0.158
EPI 680.21 a,b 536.55 b 709.83 a 89.83 0.012

SEM, pooled standard error of the mean; FBW, final body weight; ADG, average daily gain; ADFI, average daily
feed intake; FCR, feed conversion ratio; EPI, European Production Index. (1) Values are the mean of six replicates
per treatment. (2) CON = control (broilers were free of challenge); APEC = broilers were challenged by avian
pathogenic Escherichia coli from 7 to 12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg
xylooligosaccharide. (3) Significance was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency
toward significance. a,b Values within a row with different superscript letters differ significantly (p < 0.05).

3.2. Effect of XOS on Intestinal Colonization of APEC in Broilers Challenged by APEC

There was a higher (p < 0.05) number of duodenal, jejunal and ileal APEC in broilers on
both d 13 and 17 in the APEC group versus the CON group (Table 5). However, the number
of duodenal, jejunal and ileal APEC on d 13 and d 17 in the XOS group was reduced to a
level comparable to (p > 0.05) those in the CON group. Based on the above results (jejunal
APEC number was reduced more obviously than duodenal APEC number due to XOS
addition), we selected jejunal samples for further analysis.
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Table 5. Effect of xylooligosaccharide on intestinal colonization of Escherichia coli (O78) in broilers
challenged by avian pathogenic Escherichia coli on d 13 and 17 (1).

Items
(CFU)

CON (2) APEC XOS SEM p-Value (3)

Day 13
Duodenum 3.94 b 4.28 a 3.81 a,b 0.124 0.047

Jejunum 3.25 b 4.57 a 3.85 a,b 0.216 0.048
Ileum 4.03 b 5.14 a 3.87 b 0.153 0.016

Day 17
Duodenum 3.59 b 4.45 a 3.91 a,b 0.096 0.042

Jejunum 4.23 b 4.54 a 4.08 b 0.115 0.039
Ileum 4.44 b 5.23 a 3.79 b 0.085 0.024

SEM, pooled standard error of the mean. (1) Values are the mean of six replicates per treatment. (2) CON = control
(broilers were free of challenge); APEC = broilers were challenged by avian pathogenic Escherichia coli from 7 to
12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg xylooligosaccharide. (3) Significance
was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward significance. a,b Values within a
row with different superscript letters differ significantly (p < 0.05).

3.3. Effects of XOS on Jejunal Histomorphological Measurements of Broilers Challenged by APEC

As shown in Table 6, compared with the CON group, the APEC group had a decrease
(p < 0.05) in CD coupled with a trend toward a decrease (p < 0.10) in VH on d 13. However,
VH on d 13 tended to be higher (p < 0.10), while VH and CD on d 17 were higher (p < 0.05)
in the XOS group than those in the APEC group. Furthermore, compared to the APEC
group, the CD on d 13 in the XOS group was increased to a level similar to that in the CON
group (p > 0.05). Goblet cell density on d 13 in the XOS group was higher (p < 0.05) than
that in either the CON group or the APEC group. Both goblet cell count and density on d
17 were lower (p < 0.05) in the APEC group versus either the CON group or the XOS group.

Table 6. Effect of xylooligosaccharide on histological measurements from jejunal tissues of broilers
challenged by avian pathogenic Escherichia coli (1).

Items CON (2) APEC XOS SEM
p-Value

(3)

Day 13
Villus height (μm) 575 475 542 60.1 0.088
Crypt depth (μm) 77.2 a 60.8 b 71.4 a,b 9.75 0.043

Villus height-to-crypt depth
ratio 7.51 7.74 7.77 1.30 0.963

Goblet cell count (4) 72.3 66.5 86.6 20.4 0.313
Goblet cell density (5) 8.19 b 7.73 b 11.22 a 1.68 0.013

Day 17
Villus height (μm) 648 a,b 536 b 815 a 92.9 0.006
Crypt depth (μm) 82.2 a,b 79.6 b 104.7 a 13.98 0.035

Villus height-to-crypt depth
ratio 7.88 6.74 7.83 0.957 0.100

Goblet cell count 88.3 a 52.0 b 80.8 a 9.03 <0.001
Goblet cell density 9.28 a 4.75 b 8.47 a 0.887 <0.001

SEM, pooled standard error of the mean. (1) Values are the mean of six replicates per treatment. (2) CON = control
(broilers were free of challenge); APEC = broilers were challenged by avian pathogenic Escherichia coli from 7 to 12 d
of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg xylooligosaccharide. (3) Significance was
defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward significance. (4) Goblet cell count was
calculated as the total number of goblet cells per villus. (5) Goblet cell density was calculated as the number of goblet
cells per 100 μm of villus. a,b Values within a row with different superscript letters differ significantly (p < 0.05).

3.4. Effect of XOS on the Relative Expression of Jejunal Genes of Broilers Challenged by APEC

As shown in Table 7, the mRNA expression profile of jejunal tight junction (TJ) proteins
was similar (p > 0.05) between the CON group and the APEC group on both d 13 and 17.
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However, the XOS group showed increases (p < 0.05) in occludin mRNA expression on d
13 as well as the mRNA expression of occludin and ZO-1 on d 17 in comparison with the
APEC group.

Table 7. Effect of xylooligosaccharide on the relative mRNA expression of jejunal tight junction
proteins in broilers challenged by avian pathogenic Escherichia coli on d 13 and 17 (1).

Items CON (2) APEC XOS SEM p-Value (3)

Day 13
ZO-1 1.00 b 1.05 ab 1.32 a 0.105 0.036

Occludin 1.07 a,b 0.87 b 1.45 a 0.135 0.041
Claudin-1 1.12 1.35 1.90 0.327 0.279

Day 17
ZO-1 1.00 b 1.12 b 1.79 a 0.253 0.048

Occludin 1.03 b 1.01 b 1.66 a 0.178 0.027
Claudin-1 1.00 b 1.17 a,b 2.57 a 0.464 0.019

SEM, pooled standard error of the mean; ZO-1, zonula occludens-1. (1) Values are the mean of six replicates
per treatment. (2) CON = control (broilers were free of challenge); APEC = broilers were challenged by avian
pathogenic Escherichia coli from 7 to 12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg
xylooligosaccharide. (3) Significance was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency
toward significance. a,b Values within a row with different superscript letters differ significantly (p < 0.05).

Compared with the CON group, the APEC group had a lower (p < 0.05) expression of
TNF-α and IL-8 on d 13 coupled with a higher (p < 0.05) expression of IL-8 on d 17 (Table 8).
The XOS group had a higher (p < 0.05) expression of TNF-α on d 13 with a lower (p < 0.05)
expression of IL-1β on d 17 when compared with the APEC group.

Table 8. Effect of xylooligosaccharide on the relative mRNA expression of jejunal inflammatory
cytokines in broilers challenged by avian pathogenic Escherichia coli on d 13 and 17 (1).

Items CON (2) APEC XOS SEM p-Value (3)

Day 13
IL-6 1.09 1.71 1.81 0.233 0.098
IL-8 1.10 a 0.23 b 0.28 b 0.064 <0.001

IL-10 1.09 b 1.32 a,b 2.26 a 0.108 0.041
IL-1β 1.23 1.20 0.64 0.253 0.302

TNF-α 1.02 a 0.51 b 1.15 a 0.079 0.001
Day 17

IL-6 1.05 b 1.91 a,b 2.36 a 0.409 0.047
IL-8 1.02 b 1.92 a 2.79 a 0.404 0.048

IL-10 0.94 b 1.81 a,b 2.45 a 0.438 0.044
IL-β 0.94 a,b 1.42 a 0.80 b 0.178 0.024

TNF-α 1.00 0.97 0.67 0.137 0.570

SEM, pooled standard error of the mean; IL, interleukin; TNF, tumor necrosis factor. (1) Values are the mean of six
replicates per treatment. (2) CON = control (broilers were free of challenge); APEC = broilers were challenged by avian
pathogenic Escherichia coli from 7 to 12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg
xylooligosaccharide. (3) Significance was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward
significance. a,b Values within a row with different superscript letters differ significantly (p < 0.05).

3.5. Effect of XOS on Cecal Bacterial Count of Broilers Challenged by APEC

As presented in Table 9, the APEC group had a lower (p < 0.05) count of Lactobacillus
with a higher (p < 0.05) count of E. coli O78 in the cecum on d 13 than those in the CON
group. Comparatively, the counts of total bacteria and Lactobacillus in the cecum on both d
13 and 17 were higher (p < 0.05) in the XOS group versus the APEC group. No differences
(p > 0.05) were observed in the counts of cecal Bifidobacteria, E. coli and Salmonella among
groups on either d 13 or 17.
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Table 9. Effect of xylooligosaccharide on cecal bacterial counts of broilers challenged by avian
pathogenic Escherichia coli (1).

Items
CON

(2) APEC XOS SEM p-Value (3)

Day 13
Total bacteria (lg copies/g) 9.95 a,b 9.58 b 10.19 a 0.327 0.041
Lactobacillus (lg copies/g) 7.83 a 7.47 b 8.27 a 0.277 0.003
Bifidobacteria (lg copies/g) 6.87 6.72 7.15 0.486 0.359

E. coli (lg copies/g) 7.77 7.47 7.69 0.124 0.621
E. coli O78 (lg copies/g) 3.44 b 4.29 a 4.20 a 0.453 0.016
Salmonella (lg copies/g) 4.14 4.25 4.17 0.170 0.636

Day 17
Total bacteria (lg copies/g) 9.71 a,b 9.69 b 10.11 a 0.221 0.035
Lactobacillus (lg copies/g) 8.00 a,b 7.49 b 8.19 a 0.325 0.036
Bifidobacteria (lg copies/g) 6.77 6.58 6.85 0.323 0.420

E. coli (lg copies/g) 7.80 7.74 7.47 0.186 0.552
E. coli O78 (lg copies/g) 3.35 3.46 3.19 0.211 0.212
Salmonella (lg copies/g) 3.87 3.90 3.86 0.180 0.963

SEM, pooled standard error of the mean. (1) Values are the mean of six replicates per treatment. (2) CON = control
(broilers were free of challenge); APEC = broilers were challenged by avian pathogenic Escherichia coli from 7 to
12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg xylooligosaccharide. (3) Significance
was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward significance. a,b Values within a
row with different superscript letters differ significantly (p < 0.05).

3.6. Effect of XOS on Cecal SCFA Profile of Broilers Challenged by APEC

Compared with the CON group, the APEC group presented reductions (p < 0.05) in
cecal acetate and isobutyrate concentrations on d 13, along with the concentrations of cecal
acetate, butyrate and valerate on d 17 (Table 10). The propionate concentration on d 13 and
isovalerate concentration on d 17 showed a tendency toward reduction (p < 0.10) in the
APEC group compared to the CON group. The concentration of acetate on both d 13 and
17 in the XOS group was higher (p < 0.05) than that in the APEC group but did not differ
(p > 0.05) from the CON group. Furthermore, the concentrations of butyrate and valerate
on d 17 in the XOS group were not different (p > 0.05) from both the CON group and the
APEC group.

Table 10. Effects of xylooligosaccharide on cecal short-chain fatty acid profile of broilers challenged
by avian pathogenic Escherichia coli (1).

Items (mmol/L) CON (2) APEC XOS SEM p-Value (3)

Day 13
Acetate 24.8 a 18.5 b 30.5 a 3.07 0.001

Propionate 2.26 1.36 1.43 0.589 0.077
Butyrate 4.66 5.33 7.27 2.201 0.200

Isobutyrate 0.26 a 0.16 b 0.18 b 0.039 0.014
Valerate 0.29 0.17 0.28 0.085 0.135

Isovalerate 0.21 0.21 0.20 0.085 0.981
Day 17
Acetate 22.8 a 12.8 b 24.1 a 5.10 0.008

Propionate 1.53 1.05 1.49 0.685 0.553
Butyrate 7.94 a 5.13 b 6.13 a,b 1.241 0.027

Isobutyrate 0.21 0.10 0.15 0.112 0.411
Valerate 0.38 a 0.20 b 0.27 a,b 0.062 0.004

Isovalerate 0.30 0.14 0.18 0.091 0.055

SEM, pooled standard error of the mean. (1) Values are the mean of six replicates per treatment. (2) CON = control
(broilers were free of challenge); APEC = broilers were challenged by avian pathogenic Escherichia coli from 7 to
12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg xylooligosaccharide. (3) Significance
was defined as p < 0.05, and 0.05 < p < 0.10 was considered as a tendency toward significance. a,b Values within a
row with different superscript letters differ significantly (p < 0.05).
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3.7. Effect of XOS on the Relative Expression of Cecal E. coli Virulence Genes of Broilers
Challenged by APEC

As displayed in Table 11, the cecal E. coli of broilers in the APEC group showed
increases (p < 0.05) in relA and ompR expression on d 13 together with fimH and csgA
expression on d 17 compared with those in the CON group. Supplementing XOS to
challenged broilers restored the above parameters to the same levels (p > 0.05) as those in
the CON group. Furthermore, the XOS group had a lower (p < 0.05) expression of fimH and
hycA along with a tendency toward lower (p < 0.10) expression of luxS of cecal E. coli on d
13 when compared with the APEC group.

Table 11. Effect of xylooligosaccharide on the relative mRNA expression of virulence genes of cecal
E. coli in broilers challenged by avian pathogenic Escherichia coli on d 13 and 17 (1).

Items CON (2) APEC XOS SEM p-Value (3)

Day 13
fimH 0.93 b 1.89 a 0.60 b 0.241 0.045
csgA 1.29 2.17 0.52 0.475 0.134
hycA 0.97 a,b 1.68 a 0.36 b 0.192 0.024
luxS 0.84 2.21 1.03 0.238 0.056
tolA 1.04 1.34 1.49 0.175 0.237
relA 0.88 b 3.17 a 0.84 b 0.521 0.006

ompR 1.16 b 2.84 a 0.95 b 0.412 0.024
Day 17
fimH 0.90 b 2.75 a 0.38 b 0.337 0.003
csgA 0.87 b 2.00 a 0.53 b 0.236 0.012
hycA 0.84 1.20 0.65 0.287 0.329
luxS 0.87 1.35 0.51 0.178 0.155
tolA 0.85 0.76 0.39 0.191 0.269
relA 1.01 1.73 0.67 0.367 0.153

ompR 1.00 0.97 0.67 0.137 0.141
SEM, pooled standard error of the mean; fimH, fimbrillin H; csgA, curli subunit gene A; hycA, formate hydro-
genlyase regulator HycA gene; luxS, S-ribosylhomocysteine lyase; tolA, Tol/Pal system protein TolA gene; relA,
(p)ppGpp synthetase gene; ompR, outer membrane protein R. (1) Values are the mean of six replicates per treatment.
(2) CON = control (broilers were free of challenge); APEC = broilers were challenged by avian pathogenic Escherichia
coli from 7 to 12 d of age; XOS = APEC-challenged broilers supplemented with 1600 mg/kg xylooligosaccharide.
(3) Statistical significance was determined at p < 0.05, and trends (tendencies toward significant effects) were
measured at 0.05 < p < 0.10. a,b Values within a row with different superscript letters differ significantly (p < 0.05).

4. Discussion

Consistent with a previous report [4] that revealed the detrimental effects of the APEC
challenge on the growth performance of broilers, the present study showed that an APEC
challenge caused reduced FBW and ADG during both 1–13 and 1–17 d of age concurrent
with increased FCR during 1–13 d of age without alteration of ADFI in broilers. These
results suggest that the poor growth of broilers induced by APEC was likely due to the
detected intestinal disruption instead of a reduction in appetite. It has been reported that
XOS supplementation could improve the growth performance of broilers [12]. However,
contrasting results were also described elsewhere [23,24]. The discrepancies might originate
from the differences in the amount of XOS added and the health status of the chickens. In
this study, the addition of XOS to diets reversed the decline in growth performance induced
by an APEC challenge, which could be partly attributed to the observed effect of XOS in
mitigating the APEC-induced intestinal disruption of broilers.

Intestinal colonization of APEC is essential for colonization, invasion and damage
to intestinal and extra-intestinal tissues of chickens [25]. Our study revealed that oral
administration of APEC O78 increased its colonization of intestinal tissues in broilers, while
an XOS addition reduced its colonization in the intestine on d 13 and d 17. Those findings
indicated the use of XOS against intestinal colonization of APEC in broilers. Similarly,
other researchers reported that feeding XOS reduced intestinal colonization of Salmonella
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in mice by enriching Bifidobacterium in the intestine [7]. Alternatively, XOS might repress
adhesion-related gene expression in bacteria. This hypothesis is somewhat supported
by the current findings on cecal E. coli virulence genes’ expression as well as by some
previous studies [11], thus supporting that there is reduced intestinal colonization of APEC
in broilers that were fed with XOS.

Intestinal histological morphology serves as an indicator of intestinal health. The elon-
gation of intestinal villi increases their surface area, which enhances absorption, strengthens
the barrier function and improves the growth performance of animals [4,26]. Impaired in-
testinal morphology, along with a slow turnover of enterocytes, occurred in broilers during
APEC invasion [27]. Likewise, we found that the APEC challenge tended to decrease VH
and reduced the CD of jejunum in broilers on d 13, implying compromises of development
and turnover of intestinal villi by the APEC challenge. Increasing evidence has demon-
strated the benefits of XOS in the intestinal morphological structure of broilers [23,24].
In the present study, the XOS addition tended to increase jejunal VH on d 13 as well as
elevating both the VH and CD of the jejunum in APEC-challenged broilers on d 17. These
results indicated that the addition of XOS could protect intestinal epithelia, maintain the
development of the crypt–villus and repair intestinal villi [26].

Goblet cells are capable of secreting a variety of functional proteins (e.g., mucin-2) that
help maintain the intestinal barrier and prevent colonization by pathogenic bacteria [28].
Similar to the previous report, this study observed reductions in jejunal goblet cell count
and the density of broilers on d 17 due to an APEC challenge [29]. On the other hand,
adding XOS to challenged broilers enhanced the density of jejunal goblet cells on day
13 and offset the decreases in both count and density on day 17, indicating that dietary
XOS could potentially shield the intestinal mucosal barrier against an APEC challenge by
promoting the growth of goblet cells. This is consistent with the elevation of Lactobacillus
and SCFAs in the cecum, which is thought to promote mucin-2 expression [30]. Analogous
results were reported in previous studies regarding chickens under unchallenged condi-
tions [23]. Because prebiotics can improve the intestinal histomorphology of animals in
a microbiota-associated manner, we hypothesized that the reduced jejunal colonization
of APEC due to the XOS addition could partially explain the observed enhancements in
intestinal morphology, goblet cell count and density in broilers fed with XOS [24].

Intraepithelial TJ is composed of various proteins, including transmembrane proteins
(such as claudin-1 and occludin) and linker proteins (such as ZO-1), which are implicated
in maintaining intestinal integrity against paracellular penetration of pathogen-related
factors from the intestinal lumen. Thus, they serve as a crucial defense line against enteric
infections [31]. In line with a previous study [27], this study revealed minimal changes in the
expression of jejunal TJ proteins in broilers following an APEC challenge. Supplementing
XOS to challenged broilers improved their intestinal integrity, as evidenced by an increased
expression of occludin in the jejunum on both d 13 and 17, along with increased expression
of ZO-1 on d 17. Similar results were reported in previous studies, where the addition
of XOS fortified intestinal integrity by increasing the expression of specific TJ proteins in
chickens [23].

The disruptions in the intestinal structure of chickens due to an APEC challenge are
established to be linked with intestinal inflammation [22]. On the one hand, inflammatory
cytokine-mediated inflammation benefits the recruitment of phagocytes to clear pathogens,
especially at the early stage of infection [32]. On the other hand, sustained inflammation
contributes to bacteria-related intestinal injury [33]. There can be varying responses of
intestinal inflammatory cytokine expression profiles in broilers to bacterial challenges that
likely depend on the time-points post-challenge and the intricate immune feedback of
the host [19]. Indeed, we found that the APEC challenge had a complex effect on the
expression of jejunal inflammatory cytokines, as evidenced by a time-dependent change in
their expression profile. It was possible that the downregulation of TNF-α, a multifunctional
cytokine that enhances the host immune response against pathogens [34], in challenged
broilers at an early stage of APEC infection (d 13) was unfavorable for eliminating the
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invading bacteria in the intestine. In contrast, the upregulation of IL-6 and IL-8 at a later
stage of APEC infection (d 17) was assumed to contribute to the detected damage of the
intestinal histomorphology in broilers [22]. It has been shown that feeding XOS attenuated
intestinal inflammation in piglets by decreasing the expression of several inflammatory
cytokines, such as TNF-α and IL-6 [35]. We observed that supplementing XOS to challenged
broilers reversed the reduction in jejunal TNF-α expression on d 13 and lowered jejunal
IL-1β expression on d 17, suggesting a potential of XOS addition in prompting elimination
of intestinal pathogens (e.g., APEC) and alleviating intestinal inflammation in broilers at
early and later stages of APEC infection, respectively.

The gut microbiota is involved in maintaining intestinal homeostasis and regulating
pathological processes in broilers [19]. It has been indicated that APEC disrupt gut micro-
bial composition in broilers, primarily characterized by an increased count of E. coli and a
reduced count of Lactobacillus [25]. In this study, the APEC challenge elevated their abun-
dance and reduced the Lactobacillus count in the cecum of broilers on d 13, demonstrating a
negative shift in the cecal microbiota of broilers at an early stage of APEC infection. XOS
stimulated beneficial bacteria such as Lactobacillus in the chicken gut [36]. We found that
adding XOS to challenged broilers enhanced the numbers of cecal Lactobacillus as well as
total bacteria on days 13 and 17. These results validated that an XOS addition optimized
cecal microbial composition in broilers partially through the enrichment of Lactobacillus [23].
However, a contrasting finding was reported of no changes in cecal bacterial counts of
broilers fed with XOS [37]. This inconsistency might be related to the variations in the
quantity and duration of the XOS addition. Remarkably, it seemed that the observed
increase in Lactobacillus upon the XOS addition was not sufficient to fully account for the
simultaneous increase in total bacteria, suggesting the potential enrichment of others in
broiler cecum [38].

SCFAs are the crucial metabolites during microbial fermentation of carbohydrates
in the hindgut and mediate cross-talk between the host and gut microbes; furthermore,
they maintain the health and growth of animals, primarily as a key energy component
for enterocytes, thus sustaining intestinal renewal [8]. This study revealed reductions or
decreasing trends of SCFAs in broilers’ responses to APEC. These findings suggested a
disturbance in the cecal fermentation pattern in challenged broilers, which was plausibly
related to the observed alteration of gut microbiota. Previously, feeding XOS increased
cecal concentrations of certain SCFAs in chickens [24,38], although these results showed
some variations. In this study, the XOS addition alleviated the APEC-induced reduction in
the cecal acetate concentration in broilers on both d 13 and 17, concurrent with reductions
in cecal butyrate and valerate concentrations in broilers on d 17, which were presumably
associated with the stimulation of SCFA-producing bacteria [38]. These results supported
the idea that dietary XOS protects the cecal fermentation pattern from the APEC challenge,
in consideration of the abilities of SCFAs to regulate intestinal recovery and immunity, thus
defending against bacterial invasion [8].

The cecum of chickens is considered a reservoir for E. coli virulence factors, whose
expression is pivotal for their pathogenicity [1,22]. The upregulation of virulence genes
has been indicated to aggravate intestinal disorders in broilers [1]. In this way, the fimH
and csgA genes are, respectively, responsible for encoding an important subunit of fimbriae
type I and curli, prompting adhesion, motility and biofilm formation, thus being prominent
for establishing E. coli infection in chickens [1]. The hycA gene encodes a regulatory protein
related to antibiotic resistance in E. coli [39]. The luxS gene encodes an enzyme impelling
the synthesis of autoinducer-2, which can reinforce E. coli pathogenicity [1]. The tolA gene
encodes a cytoplasmic membrane protein required for maintaining the outer membrane
integrity of bacteria and, consequently, benefits the motility and adherence of E. coli [40].
The relA gene encodes a ribosome-associated enzyme that mediates the environmental
sustainability of E. coli, and enhances its adhesion and survival [41]. The ompR acts as a
response regulator in bacterial two-component systems, which can facilitate the growth
and virulence of E. coli [1].
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Despite a minor difference in amount, the expression profile of virulence genes in
the cecal digesta differed across groups. We recorded an upregulation of fimH, hycA, relA
and ompR on d 13 along with fimH and csgA on d 17 following the APEC challenge. These
results evidenced a fortification of virulence genes within the cecum in APEC-challenged
broilers, which coincided with the findings of Afridi [42]. Previous studies have observed
the repressed expression of adhesin-related genes in Listeria [11] caused by XOS treatment
in in vitro models. Herein, APEC-induced upregulations of cecal E. coli virulence factors
relA and ompR expression on d 13, together with fimH and csgA expression on d 17 in
broilers, were reversed by an XOS addition. These effects might be related to elevated
concentrations of cecal SCFAs, which could inhibit the expression of E. coli O157 virulence
factors [9]. The above findings uncovered an influential role of XOS in limiting E. coli
virulence, which could diminish E. coli pathogenicity and thereby protect intestinal health
in broilers challenged by APEC.

5. Conclusions

In this experiment with short duration, supplemental XOS attenuated growth retarda-
tion and intestinal disruption in APEC-challenged broilers at least partially by inhibiting
APEC colonization of the intestine. Moreover, supplemental XOS mitigated APEC-induced
perturbations of cecal microbiota and the fermentation product profile along with the
increase in E. coli virulence, which might also contribute to protecting intestinal health
in broilers challenged by APEC. The findings can expand our fundamental knowledge
regarding the mechanisms of XOS in protecting the intestinal health of animals. Future
experiments with long duration deserve to be conducted to confirm the above benefits of
an XOS addition.
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Abstract: This study investigated the effect of white grape pomace (WGP) via a 6% level dietary
supplementation on laying hens exposed to varying thermal stress conditions. The experiment was
designed as a 2 × 3 factorial study, incorporating two dietary treatments (C and E) and three different
thermal conditions: normal (NT: 22 ◦C), high stress (HST: 35 ◦C), and low stress (LST: 10 ◦C). Feed
and water were provided ad libitum throughout the experiment. Results showed that the inclusion of
6% WGP in laying hens’ diet did not demonstrate beneficial effects under HST conditions, but under
LST conditions, the WGP showed higher final body weight (1849.38 g) compared to both groups from
the HST conditions (C 1599.40 g and WGP 1592.59 g), and the AEW (average egg weight) was highly
significantly higher (p = 0.0001) compared to the C or NT groups (both groups, 2nd week), and the
HST conditions (both groups, 2nd, 4th, and 6th weeks). HDEP (hen-day egg production) registered
highly significant values (p = 0.0001) for the WGP group under HST conditions compared to HST
conditions (both groups, 4th and 6th weeks). The whole egg weight was highly significant (p = 0.0001)
for the WGP group under LTS conditions compared to the C group and to HST conditions (both
groups, 2nd week and 6th week). The yolk weight parameter registered highly significant (p = 0.0001)
values for the WGP group under LTS conditions compared to the C group and HST conditions (both
groups, 2nd week; C group, 4th week; both groups 6th week) and the NT conditions (C group, 2nd
week). Our study indicates that dietary supplementation with 6% white grape pomace (WGP) has
potential benefits in LST conditions but limited efficacy under HST conditions. Further research
is needed to explore the mechanisms and optimal inclusion levels of WGP in diets for laying hens
exposed to different temperatures, especially in HST conditions.

Keywords: antioxidant capacity; eggs; grape pomace; heat stress; low stress

1. Introduction

The worldwide, continuously increasing temperatures and changing climate patterns
have raised significant concerns regarding the welfare and productivity of laying hens,
particularly during peak summer months when high thermal stress can severely impact
their health and egg production, threatening the sustainability of poultry production
systems [1].

Heat stress in laying hens leads to reduced feed intake, lower egg production, poor egg
quality, compromised immune function, increased oxidative stress, and higher mortality
rates [2,3].

Negative effects were also observed in laying hens exposed to low temperatures.

Agriculture 2024, 14, 2209. https://doi.org/10.3390/agriculture14122209 https://www.mdpi.com/journal/agriculture80



Agriculture 2024, 14, 2209

Cold stress in poultry increases dietary energy demand, feed intake, and feed conver-
sion rate [3]. Kim et al. [4] reported changes in antioxidant status and lipid peroxidation
under low thermal stress without stress-related responses. Other studies observed ele-
vated antioxidant vitamins, reactive oxygen species, malondialdehyde, and corticosterone,
alongside decreased insulin levels in laying hens’ serum [5–7].

According to OECD/FAO [8] global food consumption is expected to rise by 1.3%
annually, necessitating adaptive strategies and investments to ensure a resilient, sustainable
food system while confronting climate change and population growth challenges.

Using agricultural byproducts in animal feed reduces land and water competition,
saves resources, and supports a sustainable food system [9].

In the context of a circular economy, grape pomace serves as a sustainable antioxidant
resource for farm animal feed, effectively mitigating heat or cold stress when combined
with natural dietary additives and advancements in housing and climate control [10].

Grape pomace, a low-cost and available Romanian byproduct of the winemaking
process, is a rich source of bioactive compounds (polyphenols, flavonoids, and dietary
fibers). These bioactive molecules are known for their antioxidant, anti-inflammatory, and
antimicrobial properties, which can offer various health benefits when included in farm
animal feed formulations, also positively influencing the egg/meat quality [11].

The polyphenolic compounds present in grape pomace were highlighted for their
ability to enhance the antioxidant status of poultry, with tested beneficial effects on gut
microbial activity modulation histomorphology and functionality of the gut [12]. Herranz
et al. [13] achieved enriched yolks with gallic acid and albumen Haugh units and yolk color
score enhancement; although, they registered a reduction in shell thickness when including
50 g/kg of grape pomace in laying hens’ diet.

Incorporating waste materials into poultry diets innovatively enhances animal health
and productivity while supporting the circular bioeconomy by transforming agricultural
byproducts into valuable feed, reducing waste, and promoting sustainable agriculture [14,15].

Furthermore, higher antioxidant enzyme activity and lower lipid peroxidation lead to
overall improvements in the health, performance, and egg quality of the hens, particularly
during storage, as evidenced by a study in which grape pomace flour was included in the
feed of 74-week-old laying hens under heat stress [16].

We hypothesized that incorporating white grape pomace with recognized antioxidant
potential into the diets of laying hens will mitigate the effects of different thermal stresses
(high and low temperatures), improving productive performance, some quality traits, and
the antioxidant capacity of eggs, efficiently enhancing the utilization of Romanian low-cost
local natural available resources and reducing the need for synthetic additives.

2. Materials and Methods

2.1. Ethical Statement

The experiment was conducted according to the protocol (No. 601/05.02.2024) ap-
proved by the Commission of the National Research Development Institute of Animal
Biology and Nutrition (IBNA-Balotesti, Romania) following the Romanian legislation (Law
206/2004, Ordinance 28/31.08.2011, Law 43/11.04.2014, Directive 2010/63/EU) for feeding,
handling, and slaughtering procedures.

2.2. White Grape Pomace Purchasing and Their Proximal Chemical Analyses

The white grape pomace used in this study was sourced from a local vineyard farmer
in Dâmbovit,a County, Romania. Traditionally, the waste generated after the grape harvest
is considered to have no economic or productive value, becoming a significant disposal
challenge for many Romanian farmers. Prior to incorporating the white grape pomace
(WGP) into the laying hens’ diet, the provided amount was dried in an oven (ECO CELL
Blueline Comfort, Nuremberg, Germany) at a constant temperature of 65 ◦C for 48 h. Once
dried, the WGP was weighed to assess its initial moisture content and then ground into
powder using a laboratory hammer mill (Pulverisette 11, Fritsch, Industriestr 8, 55743 Idar-
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Oberstaein, Germany) equipped with a 1 mm screen. To establish the proximate analyses,
samples of white grape pomace (500 g) were analyzed for dry matter (DM), crude protein
(CP), ether extract (EE), crude fiber (CF), ash, minerals, including copper (Cu), iron (Fe),
manganese (Mn), zinc (Zn), and antioxidant activity, including polyphenols and antioxidant
capacity using 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity. The
entire quantity of WGP was hammer milled and included in the laying hens’ diet. The
proximate composition, mineral content, and antioxidant activity of white grape pomace
are presented in Table 1.

Table 1. The proximate composition, mineral and vitamin content, and antioxidant capacity of white
grape pomace.

Parameters White Grape Pomace

Proximate composition

Dry matter (DM), % 92.17
Crude protein (CP), % 7.27
Ether extract (EE), % 5.21
Crude fiber (CF), % 14.44

Ash, % 3.33

Mineral content

Cooper (Cu), ppm 9.27
Iron (Fe), ppm 147.02

Manganese (Mn), ppm 14.57
Zinc (Zn), ppm 10.11

Vitamin E content

Alpha-tocopherol (mg/kg) 68.93
Delta tocopherol (mg/kg) 6.46

Gamma tocopherol (mg/kg) 19.61
Vitamin E total (mg/kg) 95

Antioxidant activity

Total phenolic contents
(mg GAE/100 g) 1254.78

Total flavonoid contents
(mg catechin/100 g) 883.94

Antioxidant activity
(DPPH, μmol TE/100 g) 11,020.40

Antioxidant activity
(ABTS, μmol TE/100 g) 7923.94

Note: GAE (gallic acid equivalents), TE (Trolox equivalent), DPPH (2,2-diphenyl-1-picrylhydrazyl), ABTS (2,2′-
azino-bis (3-ethylbenzothiazoline-6-sulphonic acid).

The high DM content of the WGP sample suggests that white grape pomace has
relatively low moisture, which is beneficial for storage and stability. The high CF content
can be attributed to the presence of skins, seeds, stems, and other components. Previous
studies have reported total dietary fiber levels for red grape pomace ranging from 51% to
56%, while for white grape pomace, values were found to range between 17% and 28% [17].

2.3. Birds Performances, Housing, and Experimental Diets

The 6-week experiment involved 240 Lohmann Brown laying hens, aged 58 weeks,
housed in three experimental rooms. Each room was assigned a Control (C) and an
Experimental (E) group, resulting in a total of 6 Control and 6 Experimental groups. This
2 × 3 factorial design combined two dietary treatments (C and E) with three thermal
conditions: normal, high stress, and low stress, ensuring that both diets were tested
under each temperature condition, under permanent microclimate conditions controlled
by a Big Dutchmann computer, with temperature and humidity parameters recorded
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twice a day at 8:00 a.m. and 3:00 p.m. The registered daily average temperature and
humidity were 22.44 ◦C ± 1.85 and 45% ± 1.02 for the normal temperature, NT, condition;
35 ◦C ± 1.50 and 63.88% ± 6.02 for the high-thermal-stress temperature, HST, condition,
and 10 ◦C ± 1.50 and 40.00% ± 2.00 for the low-thermal-stress temperature, LST, condition.

Each thermal temperature experimental hall housed 80 birds, 40 birds/group, with
10 cages per group with 4 birds per cage (dimensions: front 610 mm; back: 745 mm; height:
front 560 mm/back 450 mm; between levels: 688 mm; inclinations: 8◦/14%). The lighting
regime across all halls was maintained at 16 h of light per 24 h period. This setup was
designed to analyze the effects of normal, high, and low thermal stress on the birds’ overall
productive performance and internal and external egg quality. Each cage was considered
an experimental unit, and performance parameters were evaluated per pen. Feed and
water were offered ad libitum during the entire experimental period. In the experimental
room under high temperatures, the water was changed when it overheated, at 8 a.m. and
again at 3 p.m. Each of the three groups from all experimental halls had a similar basal diet
formulations shown in Table 2. Compared to the C diet, the E group included 6% white
grape pomace. The diet structure was formulated using a specifically designed compound
feed formulation software (Brill® Formulation, AGRIFOOD, Spain), in agreement with the
feeding requirements of laying hens [18]. The diets were isoenergetic and isonitrogenous
containing 18% CP and 2850.00 kcal/kg metabolizable energy (ME) per kg diet (Table 1).
Average body weight (BW, g/hen) was measured at the beginning and the end of the
experimental period. Daily production parameters were monitored and calculated: average
daily feed intake (ADFI; g/hen/day); feed conversion rate (FCR; kg feed/kg egg); hen-day
egg production (HDEP; %); average egg weight (AEW; g); and viability (%). No medical
treatment was necessary or requested during the six-week experimental period. The
difference between the amount of compound feed administered and the amount of leftover
feed was used to calculate the ADFI parameter. The production parameter for FCR was
given as kg of feed eaten for every kilogram of eggs produced. The HDEP parameter was
calculated dividing the number of laid eggs divided by the number of hens and multiplied
by 100.

Table 2. Diet formulation and proximal analysis results.

Specifications C E

Corn, % 39.06 49.66
Wheat, % 20.00 -

White grape pomace, % - 6.00
Soybean meal, 46 CP % 26.33 28.25

Methionine, % 0.23 0.26
L-Threonine, % 0.01 0.01

Calcium carbonate, 38% 9.20 9.16
Monocalcium phosphate, % 0.56 0.66

Salt, % 0.37 0.37
Vegetal oil, % 3.19 4.58
Choline 60% 0.05 0.05
Premix *, 1% 1.00 1.00

Total ingredients, % 100.00 100.00
Calculated composition

Metabolizable energy, kcal/kg 2850.00 2850.00
Dry matter, % 89.29 90.10

Crude protein, % 18.00 18.00
Crude digestible protein, % 15.00 14.50

Ether extract, % 5.53 7.14
Crude ash, % 2.26 2.58
Crude fiber, % 4.71 5.65

Calcium, % 4.19 4.19
Available phosphorus, % 0.38 0.38
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Table 2. Cont.

Specifications C E

Calcium/Phosphorus 11.03 11.03
Sodium, % 0.18 0.18
Chloride, % 0.27 0.25

Lysine, % 0.89 0.90
Digestible lysine, % 0.80 0.81

Methionine, % 0.50 0.52
Digestible methionine, % 0.48 0.50

Methyionine + cysteine, % 0.85 0.80
Methyionine + cystine, % 0.72 0.72

Threonine, % 0.64 0.66
Tryptophan, % 0.20 0.19

Arginine, % 1.05 1.04
Linoleic acid (C18:2) 2.86 3.69

Metabolizable energy/Crude protein 158.33 158.33
Antioxidant analyzed composition

Total vitamin E (mg/kg) 83.23 96.40
DPPH (mM echiv Trolox) 1.19 2.41

Total polyphenols, mg/g GAE 2.34 3.71
Note: * 1 kg Premix contains 1,100,000 IU/kg Vit. A; 200,000 IU/kg Vit. D3; 2700 IU/kg vit. E; 300 mg/kg Vit.
K; 200 mg/kg Vit. B1; 400 mg/kg Vit. B2; 1485 mg/kg pantothenic acid; 2700 mg/kg nicotinic acid; 300 mg/kg
Vit. B6; 4 mg/kg Vit. B7; 100 mg/kg Vit. B9; 1.8 mg/kg Vit. B12; 2000 mg/kg Vit. C; 8000 mg/kg manganese;
8000 mg/kg iron; 500 mg/kg copper; 6000 mg/kg zinc; 37 mg/kg cobalt; 152 mg/kg iodine; 18 mg/kg selenium.

2.4. Egg Collection and Their Internal and External Quality Assessment

During the entire experimental period (2, 4, and 6 weeks, respectively), a total number
of 324 eggs were collected randomly (18 eggs/group/period collection) to assess the
internal and external quality parameters of the eggs. The following measurements were
realized: the egg weight and its components (albumen, yolk, and shell) were measured
using a Kern EW6000-1M Electronic Balance, with a precision of 0.001 (Kern & Sohn
GmbH, D-72336 Balingen, Germany), the egg freshness (albumen height and Haugh unit
calculation), and eggshell breaking strength, measured using a Digital Egg Tester DET-6500
(NABEL Co., Ltd., Kyoto, Japan). The eggshell thickness was measured within a range of
0.10–0.60 mm, with an accuracy of ± 0.02 mm, with the concave part of the eggshell side
down, using a digital micrometer with a range of 0–10 mm, with a measuring force of 1.5 N
or less (Mitutoyo 547-360 ABSOLUTE Digimatic Thickness Gauge). The pH of the albumen
and yolk was measured using a portable pH meter (Five Go F2-Food kit with LE 427IP67,
Sensor Metler Tolledo, Greifensee, Switzerland). To measure the yolk color, the DET6500
uses natural light (artificial light varies greatly between locations depending on its light
source), being estimated based on the DSM’s YolkFanTM. The CIE-Lab system (Commission
Internationale de l’Eclaraige) with a customized aperture (8 mm/4 mm/1 × 3 mm), 2.6 s
measuring time, high accuracy of 0.04, and an observer angle of 2◦/10◦ was used to
measure egg yolk color parameters (L*, a*, and b*) using a portable colorimeter 3nh
YS3020 (Shenzhen Threenh Technology Co., Ltd., Beijing, China). The lightness (L*) scale,
ranging from 0 (perfect black) to 50 (mid-gray) and up to 100 (perfect white), along with
the saturation index a* (indicating green with negative values, red with positive values,
and neutral at 0) and the saturation index b* (negative values representing blue, positive
values representing yellow, and neutral at 0) were assessed using CIE—L* a* b* color
reflectance coordinates.

2.5. Chemical Analyses of Samples
2.5.1. Proximate Analyses

The nutrient concentration of the samples (raw materials, compound feed, and eggs)
was analyzed using standardized methods: the gravimetric method (BMT model ECOCELL
Blueline Comfort, Nuremberg, Germany) was used to determine the DM concentration;
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the Kjeldahl method (Kjeltek auto 1030—Tecator (FOSS Tecator AB, Höganäs, Sweden))
was used to determine CP concentration; extraction in organic solvents (FOSS Tecator AB,
Höganäs, Sweden) was used to determine the EE concentration; a method with intermedi-
ary filtration (Fibertec 2010 System—Foss Tecator, Sweden) was used for the CF concentra-
tion; the procedures described in Regulation (CE) No. 152/2009 (Nabertherm Labotherm
L15/11/P320 Comfort (Bremen, Germany)) were used for crude ash determination.

2.5.2. Minerals Assessment

The minerals’ concentration assessment, for zinc (Zn), iron (Fe), copper (Cu), and
manganese (Mn) in the raw materials, compound feed, and eggs, was conducted using
flame atomic absorption spectrometry [Thermo Electron—SOLAAR M6 Dual Zeeman
Comfort [19]. The results were expressed as μg/g (ppm) of the dried sample.

2.5.3. Vitamin E Assessment

For vitamin E, determination was accomplished using an RP HPLC analytical method
described by Vărzaru et al. [20]. A high-performance liquid chromatograph (HPLC Finni-
gan Surveyor Plus, Thermo-Electron Corporation, Waltham, MA, USA) and a PDA-UV
(292 nm) with a Hypersil BDS C18 column, with silica gel and dimensions of 250 × 4.6 mm
and a particle size of 5 μm (Thermo-Electron Corporation, Waltham, MA, USA), were used.
Chromatographic parameters were as follows: flow rate of 1.5 mL/min and a mobile phase
of 4% water, using 96% methanol.

2.5.4. Determination of Total Polyphenols Content

The total polyphenol content of the plants was spectrometrically determined using the
Folin–Ciocalteu method, as described by Untea et al. [21]. The reading of absorbance was
performed at 732 nm, and gallic acid was used for the calibration curve, with the results
being expressed as mg of gallic acid equivalent per gram of sample.

2.5.5. Determination of 2,2-Diphenyl-1-picrylhydrazyl for Measuring Antioxidant Capacity

The antioxidant activity of raw materials, feed, and egg samples was measured using
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging activity as described by Untea
et al. [22]. The absorbance was read at 517 nm using a spectrophotometer (Jasco V-530,
Japan Servo Co., Ltd., Tokyo, Japan). The results were expressed as mM eq Trolox after
a standard calibration curve was constructed by plotting percentage inhibition against
different Trolox concentrations.

2.6. Statistical Analysis

All data were subjected to analysis of variance using the GLM procedure of the Minitab
software (version 17, Minitab® Statistical Software). The data obtained were analyzed by
two-way ANOVA (Analysis of Variance) following the following statistical model:

Yijk = μ + αi + βj + αiβj + eijk

where Yijk = the variable measured for the kth observation of the ith treatment and jth
temperature; μ is the sample mean, and αi is the effect of the ith treatment; βj is the effect
of temperature; αiβj = the interaction of ith treatment and jth temperature, and εijk is the
effect of error. The differences were highly significant when p < 0.001 and significant if
p < 0.05.

3. Results

3.1. Productive Performance Parameters

Table 3 shows the body weight measured at the beginning and the end of the experi-
ment, under different thermal stress conditions (NT, HST, and HST) and two different diets
(C and WGP).
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Table 3. Effect of dietary WGP supplementation on laying hens’ body weight at the beginning and
the end of the experiment.

Specifications
NT HST LST

SEM p-Value
C WGP C WGP C WGP

Initial body weight
(g/layer) 1610.28 1678.33 1648.33 1658.15 1660 1653.71 15.14 0.9386

Final body weight
(g/layer) 1787.22 cd 1822.78 cd 1599.40 abef 1592.59 abef 1734.17 cdf 1849.38 cde 15.789 <0.0001

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of
the mean; a–f Mean values within a row not sharing the same superscripts are significantly different at p < 0.05;
NT (normal temperature); HST (high-stress temperature); LST (low-stress temperature).

The initial body weight of laying hens under NT, HST, and LST conditions registered
no significant differences (p = 0.9386) between groups or thermal stress conditions. Signifi-
cant differences (p < 0.0001) are observed in final body weights after 6 experimental weeks,
indicating a statistically significant effect of the diets and temperature conditions. Under
NT conditions, the laying hens from the C and WGP groups showed an increase in body
weight (1787.22 g and 1822.78 g, respectively) compared to the initial weight (1610.28 g
and 1678.33, respectively). In HST conditions, there was a significant decrease in final
body weight for both the C (1599.40 g) and WGP (1592.59 g) groups, indicating that high
stress negatively affected the weight gain of laying hens. Under LST conditions, the WGP
group showed the highest final body weight (1849.38 g), suggesting that WGP might have
a positive effect on weight gain under low-stress conditions compared to the C group.

The results obtained suggest that both temperature and group significantly influenced
the final body weight of laying hens, especially HST which caused weight loss and WGP
potentially enhancing the weight gain under LST conditions.

Table 4 presents the hens’ production parameters data under different temperature
conditions (NT, HST, and LST). At 2 weeks, under NT conditions, the ADFI parameter’s
values are highest (p = 0.0001) in the C group compared to the WGP group. Under HST
or LST conditions, no significant differences (p = 0.251) can be observed between the two
groups. The D×T interaction, evaluated at 2 weeks, registered highly significant differences
(p = 0.0001) for the ADFI parameter.

Generally, a decrease in ADFI across all temperature conditions was observed, but
hens under NT conditions with the WGP diet (121.23 g) still had a relatively high intake.

The ADFI evaluated at 4 and 6 weeks continues with the same trend, with hens in
the NT condition with the C diet consistently exhibiting the highest ADFI, while hens
under HST and LST conditions had significantly lower feed intakes. WGP supplementation
slightly mitigated the reduction in feed intake under LST compared to HST conditions. The
D×T interaction, evaluated at 4 weeks, registered significant differences (p = 0.001), while
at 6 weeks a highly significant difference (p = 0.0001) was noticed, for ADFI parameter. It
is important to note that, according to the Lohmann Tierzucht Management Guide [23],
the average feed consumption for Lohmann Brown Classic hens ranges between 115 and
125 g/hen/day.

The hen-day egg production (HDEP) parameter at 2 weeks registered the highest value
for the NT condition in the C group (93.25%) and was lower under HST, particularly in the
C group. Under LST conditions, the WGP supplementation registered a higher percentage
closer to the NT level. The D×T interaction, evaluated at 2 weeks, registered significant
differences (p = 0.010) for the HDEP parameter.

At 4 weeks, the HDEP parameter was significantly higher (p = 0.0001) under NT and
LST conditions compared to HST, with the highest values registered for the WGP groups
compared to the C groups.
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Table 4. Effect of dietary WGP supplementation on different thermal stress conditions on laying hens’
productive performances.

Parameter Period Diet NT HST LST SEM
D T D×T

p-Value

ADFI (g/hen/day)

2 weeks
C 130.00 a 87.07 d 111.94 c

1.090 0.251 0.0001 0.0001
WGP 121.23 b 93.64 d 119.49 bc

4 weeks
C 124.78 a 93.25 d 115.13 c

0.516 0.261 0.0001 0.001
WGP 120.81 b 91.82 d 118.04 bc

6 weeks
C 122.70 a 94.73 d 109.41 c

0.608 0.052 0.0001 0.0001
WGP 117.22 b 89.96 e 114.58 b

HDEP (%)

2 weeks
C 93.25 a 88.48 ab 83.53 b

1.060 0.859 0.010 0.010
WGP 90.48 ab 85.18 b 90.41 ab

4 weeks
C 95.63 a 86.27 bc 90.67 ab

0.877 0.170 0.0001 0.029
WGP 96.43 a 84.39 c 96.91 a

6 weeks
C 94.84 ab 87.14 c 90.87 bc

0.832 0.083 0.0001 0.108
WGP 97.22 a 85.98 c 95.85 ab

AEW (g)

2 weeks
C 61.99 b 61.97 b 63.31 b

0.194 0.545 0.0001 0.0001
WGP 62.28 b 59.97 c 64.93 a

4 weeks
C 64.27 b 59.75 d 62.94 c

0.139 0.0001 0.0001 0.0001
WGP 64.89 ab 59.08 d 65.73 a

6 weeks
C 64.96 a 59.95 c 63.21 b

0.152 0.650 0.0001 0.0001
WGP 64.89 a 58.12 d 65.40 a

FCR
(feed intake (kg)/egg

production (kg))

2 weeks
C 2.36 a 1.64 d 2.14 abc

0.038 0.981 0.0001 0.011
WGP 2.21 ab 1.87 cd 2.06 bc

4 weeks
C 2.15 a 1.89 b 2.08 a

0.024 0.0001 0.0001 0.054
WGP 1.98 ab 1.87 b 1.87 b

6 weeks
C 2.15 a 1.85 b 1.95 b

0.022 0.0001 0.0001 0.057
WGP 1.94 b 1.82 b 1.86 b

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of
the mean; a–e Mean values within a row not sharing the same superscripts are significantly different at p < 0.05;
NT (normal temperature); HST (high-stress temperature); LST (low-stress temperature); D (diet); T (temperature);
ADFI (average daily feed intake); HDEP (hen-day egg production); AEW (average egg weight); FCR (feed
conversion rate).

The D×T interaction, evaluated at 4 weeks, registered significant differences (p = 0.029)
for the HDEP parameter. At 6 weeks, the situation was similar to 4 weeks; under the NT
and LST conditions, the WGP group registered the highest values compared to the C
and WPG groups under HST. However, WGP supplementation under LST conditions
(95.85%) registered values reaching those of the C and WGP groups for NT conditions. At
6 weeks, no significant differences (p = 0.108) were detected for the D×T interaction in the
HDEP parameter.

The AEW at 2 weeks under LST conditions with WGP had the highest value (64.93 g),
while those under HST conditions, particularly with the control diet (59.97 g), had the lowest
AEW values. At 4 weeks of evaluation, a similar pattern is observed, with the LST condition
with WGP hens producing heavier eggs compared to their NT and HST counterparts.

At 6 weeks, in LST conditions the WGP hens still show the highest AEW, indicating
that WGP supplementation can positively affect egg weight under low-stress conditions.
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For the AEW parameter, highly significant differences (p = 0.0001) were observed in the
D×T interaction at 2 weeks, 4 weeks, and 6 weeks.

The lowest FCR was registered at 2 weeks under HST conditions with the control
diet (1.64), indicating more efficient feed conversion. However, under NT conditions, FCR
was highest compared to the C diet (2.36). At 4 and 6 weeks, the FCR generally improves
(decreases) under WGP supplementation across all temperature conditions, particularly
under heat stress, suggesting that WGP may help hens utilize feed more efficiently in
stressful environments. A significant statistical difference for FCR concerning the D×T
interaction was observed only at 2 weeks (p = 0.011). At 4 weeks (p = 0.054) and 6 weeks
(p = 0.057), only a tendency was noted.

Table 5 presents the egg percentage distribution of different size categories (small, mid-
dle, large, and extra large) during the 6 experimental weeks. The percentage of small eggs
(<53 g) remained consistently low across all experimental weeks, with a peak production of
7.96% registered in the 6th week. The middle-sized eggs (53–63 g) registered the highest
percentages, with a peak of 69.75% registered in the 2nd week for the WGP group. There
was a noticeable decrease in the percentage of middle-sized eggs as the weeks progressed,
especially on the 6th week (35.82% for the C group in the NT condition and 35.82% for the
WGP group in the LST condition in week 6).

Table 5. The egg size percentage distribution (small, middle, large, and extra large) during the
experimental period.

Egg Size
Classification Period

NT HST LST

C WGP C WGP C WGP

Small
(<53 g), %

2 weeks 0.88 1.33 1.27 4.46 0.72 0.45
4 weeks 1.75 - 2.70 7.37 1.80 0.22
6 weeks - - 4.31 7.96 0.84 0.43

Middle
(53–63 g), %

2 weeks 61.23 62.67 57.46 69.75 46.17 35.23
4 weeks 39.30 41.42 72.64 66.67 52.93 31.25
6 weeks 35.17 41.11 71.38 69.32 51.46 35.82

Large
(63–73 g), %

2 weeks 37.00 36.00 40.63 25.80 50.96 60.00
4 weeks 52.40 54.81 24.32 25.32 42.79 62.07
6 weeks 58.05 54.55 23.38 22.12 44.56 57.14

Extra large
(>73 g), %

2 weeks 0.88 - 0.63 - 2.15 4.32
4 weeks 6.55 3.77 0.34 0.64 2.48 6.47
6 weeks 6.78 4.35 0.92 0.59 3.14 6.61

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; NT (normal temperature);
HST (high-stress temperature); LST (low-stress temperature); G (group); T (temperature).

The proportion of large eggs (63–73 g) increased throughout the experiment from the
2nd week, with the percentage ranging from 25.80% (WGP group—HST) to 62.07% (WGP
group—LST), increasing by the 6th week, with values between 22.12% (WGP group—HST)
and 58.05% (C group—NT). The extra-large eggs (>73 g) registered a low percentage but
increased gradually over time, with the highest peak production registered on the 4th week
for the C group in NT conditions and on the 6th week for the C group at 6.78%, and also a
high percentage of extra-large eggs was noticed for the WGP group with LST conditions.

3.2. External and Internal Egg Quality Parameter

Table 6 presents the results for the external egg traits of the two groups and thermal
stress conditions. The shape index values at 2 weeks registered no significant differences
between groups or temperature (p > 0.05); at 4 weeks, no significant effects (p > 0.05)
were noticed, and at 6 weeks, a significant interaction effect (p = 0.013) suggests that
the combined effect of group and temperature significantly influences the shape index.
Concerning the whole egg weight parameter at 2 weeks, significant differences were
registered between groups (p = 0.031), temperatures (p < 0.0001), and their interaction
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(p = 0.006), with significantly higher egg weight values for the C and WPG groups under
NT and WGP with LST conditions compared to both groups for the HST condition and the
C group with LST conditions.

Table 6. Effect of dietary WGP supplementation on different thermal stress conditions (NT, HST, and
LST) on external egg quality parameters.

Parameter Period
NT HST LST

SEM
p-Value

C WGP C WGP C WGP D T D×T

Shape index
2 weeks 88.98 88.42 88.38 88.78 87.68 87.53 0.321 0.823 0.104 0.689
4 weeks 88.42 88.55 88.80 87.75 88.12 87.79 0.247 0.239 0.464 0.386
6 weeks 86.58 87.69 87.80 86.32 87.72 87.85 0.251 0.824 0.193 0.013

Whole egg
weight

(g)

2 weeks 63.48 ab 62.42 abc 58.68 d 59.95 cd 61.07 bcd 64.60 a 0.398 0.031 0.0001 0.006
4 weeks 62.41 62.46 62.04 61.30 62.73 63.41 0.489 0.996 0.262 0.704
6 weeks 62.89 ab 63.58 a 60.88 bc 60.25 c 63.37 ab 64.13 a 0.357 0.586 0.0001 0.452

Eggshell weight
(g)

2 weeks 8.47 a 8.54 a 7.15 c 7.35 bc 8.20 ab 8.63 a 0.120 0.173 0.0001 0.681
4 weeks 7.73 abc 7.97 ab 7.26 bc 6.94 c 8.35 a 7.88 ab 0.116 0.270 0.0001 0.188
6 weeks 7.99 a 8.30 a 7.16 c 7.36 bc 7.71 abc 7.84 ab 0.083 0.074 0.0001 0.824

Breaking
strengths (kgF)

2 weeks 4.73 4.06 4.02 4.07 4.58 4.21 0.227 0.309 0.589 0.654
4 weeks 4.06 ab 4.46 ab 4.50 ab 3.25 b 5.14 a 4.75 a 0.177 0.108 0.004 0.037
6 weeks 4.25 4.39 4.20 3.90 4.61 4.63 0.152 0.825 0.102 0.694

Shell thickness
(mm)

2 weeks 0.41 0.41 0.39 0.39 0.41 0.40 0.008 0.661 0.429 0.982
4 weeks 0.39 ab 0.41 a 0.37 b 0.38 ab 0.39 ab 0.38 ab 0.006 0.176 0.069 0.147
6 weeks 0.41 0.41 0.38 0.38 0.38 0.40 0.004 0.364 0.002 0.570

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of the
mean; a–d Mean values within a row not sharing the same superscripts are significantly different at p < 0.05; NT
(normal temperature); HST (high-stress temperature); LST (low-stress temperature); D (diet); T (temperature).

At 4 and 6 weeks, significant temperature effects (p < 0.0001) were noticed but with
no significant interaction effects, suggesting temperature has a consistent effect on egg
weight regardless of the group. For the eggshell weight parameter, it was observed that
temperature resulted in significant effects at all periods (p < 0.0001), indicating a strong
influence of temperature on eggshell weight, with no significant group or interaction
effects. The breaking strength parameter at 4 weeks registered significant temperature and
interaction effects (p < 0.05), suggesting that specific conditions impact eggshell strength.
The shell thickness parameter at 6 weeks showed a significant temperature effect (p = 0.002),
indicating that temperature influences shell thickness over time.

Table 7 presents the results for internal egg traits for the C and WGP groups under
varying thermal stress conditions. For the albumen weight parameter at 2 weeks, a sig-
nificant interaction effect of group and temperature (p = 0.033) was registered. At 4 and
6 weeks, a significant temperature effect at 6 weeks (p = 0.017) was registered with the
highest values for the WPG group in NT and LTS conditions. The yolk weight registered
significant differences across all weeks across groups (p = 0.0001 at 2 weeks; p = 0.035 at
4 weeks; p = 0.028 at 6 weeks) and temperatures (p < 0.002 for HST and p < 0.0001 for NT
and LTS), indicating that both factors consistently affect yolk weight. The pH levels for the
albumen show some significant temperature effects at 4 and 6 weeks (p < 0.05), suggesting
that changes in albumen pH are temperature-dependent over time. The pH yolk showed
significant temperature effects at 2 weeks and 6 weeks (p ≤ 0.025), with an interaction
effect at 2 weeks (p = 0.016), indicating that yolk pH is affected by both temperature and
the combination of group and temperature. The albumen height registered no signifi-
cant differences across groups, temperatures, or interactions, suggesting this parameter
remains stable. At 2 and 4 weeks, the yolk fan color registered significant group differences
(p ≤ 0.015) and temperature differences (p < 0.05), indicating that color is influenced by
both factors. At 6 weeks, a strong temperature effect (p = 0.010) and group effect (p < 0.0001)
showed the continued influence of these factors over time. The Haugh unit parameter had
no significant differences, indicating that the overall quality index remains unaffected by
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the variables measured. The yolk height differences were noticed at various periods, with
an interaction effect at 2 weeks (p = 0.017), indicating that a specific combination of factors
affects yolk height. The yolk diameter registered significant differences observed mainly
as temperature and group effects (p < 0.05), showing that these factors impact yolk size.
The yolk index presented significant effects in the interaction at 2 weeks (p = 0.015) and
at the group level at 6 weeks (p = 0.0001), suggesting that combined effects of group and
temperature alter the yolk index. For albumen and yolk temperature, both parameters
exhibited significant differences across all weeks (p-values < 0.05 for group, temperature,
and interaction in some cases), indicating that the temperature of the egg components is
highly influenced by the experimental conditions.

Table 7. Effect of dietary WGP supplementation on different thermal stress conditions (NT, HST, and
LST) on internal egg quality parameters.

Parameter Period
NT HST LST

SEM
p-Value

C WGP C WGP C WGP D T D×T

Albumen
weight

(g)

2 weeks 39.36 37.43 37.14 37.15 37.30 38.86 0.373 0.821 0.143 0.033
4 weeks 39.37 38.08 40.03 39.22 38.27 38.88 0.469 0.457 0.383 0.482
6 weeks 38.71 38.52 38.41 37.61 39.68 39.36 0.302 0.305 0.017 0.826

Yolk weight (g)
2 weeks 15.65 bc 16.45 ab 14.39 c 15.45 bc 15.57 bc 17.11 a 0.198 0.0001 0.0001 0.553
4 weeks 15.31 ab 16.41 a 14.75 b 15.14 ab 16.11 ab 16.65 a 0.221 0.035 0.002 0.622
6 weeks 16.19 ab 16.77 a 15.31 b 15.28 b 15.97 ab 16.93 a 0.160 0.028 0.0001 0.207

pH albumen
2 weeks 8.66 8.70 8.79 8.73 8.57 8.60 0.050 0.974 0.145 0.823
4 weeks 8.81 ab 8.79 ab 8.81 ab 8.84 a 8.49 b 8.74 ab 0.047 0.211 0.025 0.220
6 weeks 8.59 b 8.62 ab 8.64 ab 8.68 ab 8.14 ab 8.86 a 0.035 0.366 0.0001 0.987

pH yolk
2 weeks 6.48 ab 6.37 ab 6.53 a 6.50 ab 6.36 b 6.48 ab 0.022 0.873 0.025 0.016
4 weeks 6.48 6.49 6.75 6.57 6.51 6.71 0.052 0.875 0.137 0.128
6 weeks 6.42 6.40 6.67 6.57 6.53 6.44 0.043 0.244 0.019 0.826

Ht (mm)
2 weeks 7.13 6.50 6.73 6.06 6.78 6.76 1.270 0.453 0.326 0.295
4 weeks 7.05 6.87 6.98 6.66 6.61 6.93 0.165 0.793 0.794 0.494
6 weeks 7.01 6.54 6.26 6.47 6.83 6.68 0.145 0.511 0.202 0.417

Yolk fan color
2 weeks 4.90 b 6.00 a 5.00 b 5.60 ab 5.50 ab 6.10 a 0.102 0.0001 0.019 0.269
4 weeks 5.00 ab 5.40 ab 4.50 b 5.10 ab 5.30 ab 5.70 a 0.131 0.015 0.013 0.880
6 weeks 5.17 b 6.50 a 4.76 b 6.06 a 4.83 b 6.33 a 0.078 0.0001 0.010 0.721

Haugh
unit

2 weeks 82.40 77.88 81.66 77.07 81.74 80.26 1.590 0.122 0.838 0.812
4 weeks 83.01 82.10 82.59 80.82 79.62 81.86 1.090 0.924 0.630 0.530
6 weeks 82.56 78.87 78.28 79.34 80.18 79.96 1.090 0.544 0.601 0.438

Yolk height
(mm)

2 weeks 19.14 ab 18.93 ab 18.37 ab 17.99 b 17.93 b 20.18 a 0.287 0.178 1.142 0.017
4 weeks 19.30 a 18.52 ab 18.70 ab 18.49 ab 18.04 ab 17.68 b 0.210 0.132 0.016 0.721
6 weeks 18.06 18.36 17.70 18.30 18.85 18.96 0.221 0.288 0.053 0.812

Yolk
diameter (mm)

2 weeks 39.51 39.28 37.17 39.68 39.82 39.58 0.433 0.273 0.216 0.117
4 weeks 39.23 ab 41.81 a 38.60 ab 38.33 b 39.63 ab 40.46 ab 0.446 0.099 0.025 0.184
6 weeks 39.72 ab 40.45 ab 42.89 a 34.71 b 38.81 ab 40.43 ab 1.02 0.181 0.763 0.012

Yolk
index

2 weeks 0.48 0.48 0.49 0.45 0.46 0.51 0.009 0.811 0.764 0.015
4 weeks 0.49 0.45 0.48 0.48 0.46 0.44 0.008 0.050 0.026 0.211
6 weeks 0.45 b 0.46 b 0.44 b 0.55 a 0.50 ab 0.47 b 0.010 0.055 0.059 0.0001

Albumen
temperature

2 weeks 11.86 ab 12.40 a 11.06 ab 10.58 b 12.15 a 7.77 c 0.195 0.0001 0.0001 0.0001
4 weeks 9.88 d 10.96 c 9.29 d 9.70 d 16.90 a 14.19 b 0.148 0.057 0.0001 0.0001
6 weeks 15.48 a 14.47 ab 13.30 bc 14.15 ab 10.98 d 11.86 cd 0.215 0.433 0.0001 0.017

Yolk
temperature

2 weeks 11.11 ab 11.33 ab 10.09 b 9.82 b 12.55 a 7.32 c 0.256 0.0001 0.007 0.0001
4 weeks 10.36 c 12.35 b 9.92 c 9.96 c 16.46 a 14.98 a 0.206 0.533 0.0001 0.0001
6 weeks 14.21 a 14.38 a 12.13 b 12.44 b 10.17 c 11.72 b 0.200 0.019 0.0001 0.098

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of the
mean; a–d Mean values within a row not sharing the same superscripts are significantly different at p < 0.05; NT
(normal temperature); HST (high-stress temperature); LST (low-stress temperature); D (diet); T (temperature).
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3.3. Yolk Color

The effects of the apple and white grape pomaces dietary supplementation under
different temperature stress are shown within Table 8. The L* values at 2 weeks significantly
differ between groups (p < 0.0001) and temperatures (p < 0.0001). The NT-C and LST-C
groups had the highest L* values, indicating a lighter color, while the HST-WGP group
had the lowest, indicating a darker color. The interaction between diet and temperature
D×T is not significant (p = 0.281). At 4 weeks, there are significant differences in L* values
between groups (p < 0.0001) and temperatures (p = 0.004). The LST-C group shows the
highest lightness value (L* = 46.18), meaning the lightest yolk color, while the HST-WGP
group shows the lowest value (L* = 43.39), which indicates the darkest yolk color. There
was no significant interaction effect (p = 0.235) of diet and temperature. At 6 weeks, a
significant group effect (p = 0.025) shows differences in L* values between groups, with
the NT-C group recording the highest lightness values compared to the WGP-HST group
which recorded the darkest yolk color. No significant differences for temperature (p = 0.064)
and the D×T interaction (p = 0.139) were registered, suggesting that neither temperature
nor the D×T interaction significantly affects L* at 6 weeks.

Table 8. Effect of dietary WGP supplementation under different thermal stress conditions (H, HST,
and LST) on yolk color.

Parameter Period
NT HST LST

SEM
p-Value

C WGP C WGP C WGP D T D×T

L*
2 weeks 44.59 a 43.68 ab 43.42 ab 41.59 c 44.79 a 42.78 bc 0.212 0.0001 0.0001 0.281
4 weeks 44.53 bc 43.77 bc 44.93 ab 43.39 c 46.18 a 44.21 bc 0.206 0.0001 0.004 0.235
6 weeks 45.17 a 44.39 ab 44.57 ab 43.70 b 44.45 ab 44.58 ab 0.160 0.025 0.064 0.139

a*
2 weeks 0.69 b 1.41 a 0.58 b 1.27 a 0.87 b 1.38 a 0.046 0.0001 0.048 0.369
4 weeks 0.47 b 0.62 ab 0.09 c 0.57 ab 0.64 ab 0.87 a 0.046 0.0001 0.0001 0.101
6 weeks 0.35 b 1.59 a 0.27 b 1.53 a 0.21 b 1.50 a 0.036 0.0001 0.155 0.934

b*
2 weeks 14.84 b 17.96 a 14.47 b 15.29 b 15.11 b 17.63 a 0.210 0.0001 0.0001 0.005
4 weeks 15.89 a 15.36 a 13.42 b 15.49 a 15.18 a 16.21 a 0.190 0.002 0.0001 0.0001
6 weeks 14.41 d 17.09 a 14.48 d 16.44 ab 14.98 cd 15.63 bc 0.161 0.0001 0.274 0.001

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of
the mean; a–d Mean values within a row not sharing the same superscripts are significantly different at p < 0.05;
NT (normal temperature); HST (high-stress temperature); LST (low-stress temperature); D (diet); T (temperature).
L* lightness scale, ranges from 0 (perfect black) to 50 (mid-gray) and 100 (perfect white); the saturation index a*
(indicates green for negative values, red for positive values, and neutral at 0); the saturation index b* (negative
values represents blue, positive values represent yellow, and neutral at 0).

The a* parameter at 2 weeks registered significant differences between groups
(p < 0.0001) and temperatures (p = 0.048). Groups like NT-WGP and HST-WGP had higher
a* values (a redness intensification of yolk color), compared to the NT-C and HST-C groups
which registered lower values. No significant interaction (p = 0.369) was registered, indicat-
ing that the D×T interaction does not significantly affect the a* parameter at the 2-week
period. At 4 weeks, both group (p < 0.0001) and temperature (p < 0.0001) have significant
effects on a* parameter values. The LST-WGP group has the highest redness (a* = 0.87),
while the HST-C group has the lowest (a* = 0.09). There was no significant interaction
effect (p = 0.101). At 6 weeks, for the a* parameter, a significant group effect (p < 0.0001)
shows statistical differences among groups, with the NT-WGP, HST-WGP, and LST-WGP
groups showing higher redness yolk intensification. Temperature (p = 0.155) and the D×T
interaction (p = 0.934) registered no significant effects.

For the b* parameter, at 2 weeks, it is noticed that all effects are significant: group
(p < 0.0001), temperature (p < 0.0001), and D×T interaction (p = 0.005). This indicates that
yellowness is highly influenced by group, temperature, and the D×T combination. The
NT-WGP and LST-WGP groups showed the highest yellowness values, while the NT-C
and HST-C groups showed lower values. At 4 weeks, the group (p = 0.002), temperature
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(p < 0.0001), and D×T interaction (p < 0.0001) all exhibited significant effects on b* values.
The HST-WGP group registered the highest yellowness value compared to group HST-C.
At 6 weeks, the group (p < 0.0001) and D×T interaction (p = 0.001) registered high statistical
differences in yellowness yolk color, with the NT-WGP group showing the highest b* value.

3.4. Proximate Composition and Oxidative Stability of Yolk Under Different Thermal
Stress Conditions

As presented in Table 9, no significant differences (p > 0.05) were found for DM%,
with values ranging from 51.50% in the HST-WGP group to 52.15% in the LST-WGP group,
regardless of diet or temperature effects. The highest CP content, which was statistically
significant (p = 0.0001), was observed under LST conditions in both the C and WGP
groups compared to the WGP group under HST conditions. For ash concentration, highly
significant differences (p = 0.0001 for temperature; p = 0.015 for the D×T interaction) were
observed in the LST-WGP group compared to the NT-C, NT-WGP, and HST-WGP groups.

Table 9. Effect of dietary WGP supplementation under different thermal stress conditions (NT, HST,
and LST) on yolk proximate composition and its oxidative stability.

Parameter
NT HST LST

SEM
p-Value

C WGP C WGP C WGP D T D×T

DM% 51.88 51.80 51.51 51.50 51.57 52.15 0.106 0.297 0.103 0.161
CP% 17.09 ab 17.05 ab 16.85 ab 16.80 b 17.26 a 17.27 a 0.0566 0.745 0.0001 0.937
EE% 27.98 28.03 27.85 27.89 27.87 28.29 0.0885 0.178 0.408 0.376

Ash% 1.56 bc 1.54 bc 1.63 ab 1.52 c 1.64 ab 1.68 a 0.0135 0.132 0.0001 0.015

Note: C—control diet; WGP—control diet supplemented with 6% white grape pomace; SEM, standard error of the
mean; a–c Mean values within a row not sharing the same superscripts are significantly different at p < 0.05; NT
(normal temperature); HST (high-stress temperature); LST (low-stress temperature); D (diet); T (temperature).

Figure 1 presents the total polyphenol concentrations which registered highly sig-
nificant differences (p = 0.0001), with the highest polyphenol content being recorded in
the NT-C and WGP groups with values of 1.63 and 1.59, respectively, significantly higher
values compared to HST-C group (1.36) and LST-WGP group (1.34). No significant effects
of diet (p = 0.833) or the D×T interaction (p = 0.244) were observed.

 

Figure 1. Total polyphenol concentration determined in yolk samples (mEq GAE/g g fresh yolk);
a,b Mean values not sharing the same superscripts are significantly different at p < 0.05.

Figure 2 displays the DPPH results, with highly significant D×T interaction effects
(p = 0.0001), where the highest antioxidant capacity was observed in the NT-WGP group

92



Agriculture 2024, 14, 2209

(3.47). The HST-WGP group recorded lower DPPH values (3.22) compared with the NT-
WGP group, while the LST-C group recorded the lowest antioxidant capacity (2.02). Neither
diet (p = 0.059) nor temperature (p = 0.058) independently influenced DPPH concentration.

 

Figure 2. DPPH concentration determined in yolk samples (mM Trolox Eq/g fresh yolk), a–c Mean
values not sharing the same superscripts are significantly different at p < 0.05.

4. Discussions

4.1. Productive Performance Parameters

Under HST conditions, both the C and WGP groups registered a significant decreasing
in final body weight compared to all other groups under NT and LST conditions, highlight-
ing the adverse impact of high temperatures on weight gain, likely due to reduced feed
intake and increased energy expenditure for heat dissipation as an adaptive method [24].
Mashaly et al. [25] found similar findings in heat-stressed laying hens, reporting a sig-
nificant reduction in both body weight (19%) and feed consumption between C and E
groups. A recent study [26] noticed that high temperature–humidity index levels (>81)
significantly reduced laying hens’ body weight. Interestingly, in our study, under LST
conditions, the WGP group outperformed the C group, suggesting a beneficial effect of
WGP supplementation in colder environments. Based on these results, we assumed that
WGP supplementation in laying hens’ diet may positively influence metabolic efficiency,
which contributed to the observed weight gain. Our hypothesis is supported by the antioxi-
dants’ and fibers’ beneficial effects present in WGP, which could potentially help the body’s
adaptation to low temperatures. Zhou et al. [27] reported that a cold tolerance test (4 ◦C
metabolism chamber) performed on mice indicated that dietary high concentrations of
grape seed flour (54.04 mg/g) could be beneficial in maintaining body temperature suggest-
ing that an increased energy expenditure positively correlated with more heat production.
Also, Gollucke PB [28] stated that grape juice provides high energy and fructose intake that
may lead to body weight gain.

Regardless of the thermal stress conditions, Goni et al. [29] reported that incorporating
grape pomace into laying hen diets improved antioxidant status but had minimal effects on
body weight. Brenes et al. [30] found that grape seed extract did not significantly affect body
weight in broilers but improved antioxidant capacity. Previous studies [31] suggested that
antioxidant supplementation can alleviate some negative effects of heat stress on poultry
performance. Reis et al. [32] declared that a 1–3% addition of grape pomace flour in the diet
of laying hens can be beneficial for their health and performance, particularly in enhancing
egg production and quality, while also providing antioxidant benefits. Dietary inclusion
of 4% and 6% grape pomace in laying hen diets had no significant effects on weight, feed
intake, or egg production [33]. Similar findings were indicated by Dae Kim et al. [34],
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who observed that low temperatures in laying hens significantly affect final body weight,
feed intake, and FCR. Hafeez et al. [35] reported that incorporating grape seed extract at
levels of 250–750 g/kg into laying hens’ diets under normal temperature conditions did not
significantly influence feed intake, body weight gain, or FCR. In contrast, Sayago-Ayerdi
et al. [36] found that including grape seed byproducts above 6% in laying hens’ diets under
similar conditions negatively impacted feed intake. In our study, under NT conditions,
the WGP group exhibited significantly lower ADFI, likely due to the increased dietary
CF content. In contrast, under HST and LST conditions, ADFI did not differ significantly
between the C and WGP groups across all periods, except at the 6th week under LST,
where the WGP group showed a significantly higher ADFI. Overall, temperature and
the D×T interaction had a highly significant effect on ADFI across all periods (2nd, 4th,
and 6th weeks). Our findings align with previous research demonstrating that heat stress
adversely affects feed intake in poultry. De Souza et al. [37] observed that broilers exposed
to continuous or cyclical heat stress at 32 ◦C experienced a reduction in feed intake ranging
from 25% to 45%. Similarly, Mitchell and Carlisle [38] reported a 29% decrease in feed intake
and a 20% reduction in body weight in domestic fowl subjected to 35 ◦C for 14 days. These
studies corroborate our results, highlighting the significant impact of elevated temperatures
on poultry feed consumption and growth performance. The HDEP parameter was highly
influenced by HST conditions on both C and WGP groups (especially at the 4th and 6th
weeks) compared to NT and LST conditions. While no significant differences were observed
between the C and WGP groups under LST conditions, the WGP group exhibited a slight
increase in HDEP across all three periods suggesting a potential positive influence of WGP
supplementation under LST conditions. This improvement may be attributed to enhanced
nutrient absorption, as reported by Hosseini Vashan et al. [39], who found that including
grape pomace at levels of 20, 40, and 60 g/kg in the diets of heat-stressed broilers (exposed
to 37 ◦C for 6 h daily from days 25 to 42) improved nutrient absorption.

Similarly, Selim et al. [40] reported that incorporating grape pomace at 3%, 6%, and 9%
into laying hens’ diets under normal temperature conditions led to increased egg production
rates and egg weights. The FCR value under NT conditions was higher, indicating less
efficient feed utilization compared to HST or LST conditions. On the other hand, a lower
FCR value for HST conditions is most probably due to reduced feed intake and egg
production in both groups.

4.2. External and Internal Egg Quality Parameters

The external and internal egg quality parameters data showed that some egg quality
traits, including weight, pH, strength, and temperature, were significantly influenced
by both group and temperature. The interaction between these factors also plays a role,
especially for parameters like yolk weight, pH, and shell thickness, indicating complex
interactions affecting egg quality.

Our study’s results indicate that HST conditions adversely affected whole egg weight,
eggshell weight, and shell thickness compared to NT and LHS conditions. Similar results
were reported in heat stress conditions by [25] which registered a significant decline
in egg quality, including reductions in egg weight, shell weight, shell thickness, and
specific gravity.

Kim et al. [4], under low temperature conditions of 12 ± 4.5 ◦C, found no significant
(p > 0.05) differences concerning the egg weight, mass, and production.

Sahin et al. [41] found that dietary antioxidants improved egg production and quality
under heat stress. Kara et al. [33] observed that incorporating 4% grape pomace into the
diets of laying hens under normal temperature conditions led to a significant egg weight
increase, while other egg quality parameters remained unchanged. According to Herranz
et al. [13], a supplementation of 50 g/kg of grape pomace in laying hens’ diet significantly
enriched the egg yolks with gallic acid, improved albumen Haugh units and yolk color
scores, and reduced the eggshell thickness. Kim et al. [26] observed a reduced eggshell
thickness and strength and Haugh units under severe heat stress (33 ◦C). Additionally,
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Attallah et al. [42] stated that the antioxidant properties of grape pomace (0.5%, 1%) may
help mitigate oxidative stress, which can be exacerbated by heat, potentially leading to
improved yolk quality.

Our results showed that WGP supplementation can enhance some productive perfor-
mance metrics, especially under LST conditions.

4.3. Yolk Color

The data obtained in our study showed that all color parameters (L*, a*, and b*) were
influenced by diet and temperature effects to varying extents, with significant group effects
during all periods for each parameter. The D×T interaction effects are less significant,
compared to both group and temperature. The L* parameter generally shows significant
changes due to group and temperature, and the a* parameter is more influenced within
groups, with temperature also exerting an influence at certain periods, whereas the b*
parameter is significantly influenced by group, temperature, and their interaction, par-
ticularly noticeable in earlier weeks. The addition of WGP to the diet of laying hens has
been found to improve the yolk color score, a benefit that is especially significant under
heat-stress conditions. Research indicates that diets supplemented with grape pomace
significantly increased yolk color scores, with one study reporting a 9.36% increase when
50 g/kg of grape pomace was included in the diet [13]. While specific studies on heat
stress were not detailed, the overall benefits of grape pomace in enhancing yolk color
and reducing lipid peroxidation suggest a positive impact on egg quality during stressful
conditions [32,33]. Dae-Kim [34] reported an intensification of eggshell color under low
thermal stress compared to normal temperatures, whereas Kim et al. [26] found that heat
stress (33 ◦C) significantly diminished yolk color. Ronceros et al. [43] found that a 5% grape
pomace inclusion produced darker, redder yolks, while higher inclusions (7% and above)
resulted in lighter yolks with diminished yellow and red tones.

4.4. Antioxidant Capacity of Eggs Obtained Under Different Thermal Stress Conditions

Numerous studies have shown that polyphenols from grape pomace possess strong
antioxidant properties that help alleviate the oxidative stress caused by extreme thermal
stress conditions in poultry, reducing lipid peroxidation and enhancing overall antioxidant
capacity [44]. In our study, the highest polyphenol concentrations were observed under
normal temperature (NT) conditions. Both the HST and LST conditions registered lower
polyphenol concentrations. Neither the type of WGP supplementation diet nor the D×T
interaction significantly influenced the polyphenol content. The highest DPPH value
recorded in the NT-WGP group suggested that NT conditions combined with the WGP diet
(rich in polyphenols) promoted a higher antioxidant capacity in the yolk. The DPPH value
observed for LST conditions was higher in the WPC group compared to the C group but
without significant statistical differences. Reis et al. [32] found that a 3% dietary inclusion
of grape pomace prevented the reduction in monounsaturated fatty acids in the yolk of
stored eggs compared to the control group. Additionally, laying hens fed grape pomace (at
1%, 2%, or 3% inclusion levels) exhibited higher glutathione peroxidase and superoxide
dismutase activities, along with greater total antioxidant capacity against peroxyl radicals
in their serum, while showing the lowest levels of lipid peroxidation compared to the C
group. Also, red grape pomace has been linked to increased antioxidant levels in eggs,
which may mitigate oxidative stress associated with high temperatures. Studies indicate
that dietary GP can increase the deposition of phenolic compounds in eggs, suggesting a
transfer of these antioxidants from the diet to the egg [13]. Additionally, the antioxidant
properties of grape pomace may help maintain the integrity of egg lipids during storage,
thereby enhancing the nutritional value of eggs produced under heat stress [40]. Affordable
and country-specific feed ingredients with unique properties, bioactive properties, and
adequate inclusion levels can help alleviate thermal stress in laying hens [45,46].
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5. Conclusions

This study aimed to explore the potential of locally available white grape pomace, a
waste byproduct rich in antioxidants and polyphenols, as a dietary inclusion for laying hens
under normal, heat, and cold thermal conditions. While the inclusion of 6% white grape
pomace did not significantly impact productive performance or egg quality parameters
overall, it demonstrated promising benefits under low thermal stress conditions for the
following: average egg weight, hen-day egg production, eggshell weight, breaking strength,
yolk weight, a* color parameter, and DPPH value. These findings highlight the potential of
white grape pomace as a functional feed ingredient, particularly in mitigating the challenges
of low thermal stress in poultry production.
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41. Sahin, K.; Akdemir FAT, İ.; Orhan, C.; Tuzcu, M.; Hayirli, A.; Sahin, N. Effects of dietary resveratrol supplementation on egg
production and antioxidant status. Poult. Sci. 2010, 89, 1190–1198. [CrossRef]

42. Attallah, O.K.; Mohammed, T.T.; Al-Anbari, N.N. Effect of adding grape pomace and resveratrol on some physiological traits and
gene expression to prevent hemorrhagic fatty liver syndrome in laying hens. In IOP Conference Series: Earth and Environmental
Science; IOP Publishing: Bristol, UK, 2022; Volume 1060, p. 012076.

43. Ronceros, B.; Quevedo-León, R.; Jara-Quezada, J.; Soto-Maldonado, C.; Lespinard, A.; Uquiche, E. Afianzamiento del color
comercial y de la capacidad antioxidante en yema de huevos de gallinas ponedoras por suplementación dietética con harina de
bagazo de uva. AgroScience Res. 2024, 2, 29–35. [CrossRef]

44. Thema, K.K.; Mlambo, V.; Egbu, C.F.; Mnisi, C.M. Use of red grape pomace and Aloe vera gel as nutraceuticals to ameliorate
stocking density-induced stress in commercial male broilers. Trop. Anim. Health Prod. 2024, 56, 107. [CrossRef]

45. Cornescu, G.M.; Panaite, T.D.; Untea, A.E.; Varzaru, I.; Saracila, M.; Dumitru, M.; Vlaicu, P.A.; Gavris, T. Mitigation of heat stress
effects on laying hens’ performances, egg quality, and some blood parameters by adding dietary zinc-enriched yeasts, parsley,
and their combination. Front. Vet. Sci. 2023, 10, 1202058. [CrossRef]

46. Govoni, C.; D’Odorico, P.; Pinotti, L.; Rulli, M.C. Usage of By-Products and Residues of the Food System in Livestock Diets
Leads to Savings in Global Land and Water Resources. In Proceedings of the EGU General Assembly Conference Abstracts 2023,
EGU-15056, Vienna, Austria, 23–28 April 2023.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

98



Citation: Matache, C.-C.; Cornescu,

G.M.; Drăgotoiu, D.; Cis, mileanu,

A.E.; Untea, A.E.; Sărăcilă, M.;

Panaite, T.D. Effects of Marigold and

Paprika Extracts as Natural Pigments

on Laying Hen Productive

Performances, Egg Quality and

Oxidative Stability. Agriculture 2024,

14, 1464. https://

doi.org/10.3390/agriculture14091464

Academic Editor: Lin Zhang

Received: 14 May 2024

Revised: 21 August 2024

Accepted: 22 August 2024

Published: 28 August 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agriculture

Article

Effects of Marigold and Paprika Extracts as Natural Pigments on
Laying Hen Productive Performances, Egg Quality and
Oxidative Stability

Cristina-Camelia Matache 1,2, Gabriela Maria Cornescu 1,*, Dumitru Drăgotoiu 2, Ana Elena Cis, mileanu 1,

Arabela Elena Untea 3, Mihaela Sărăcilă 3 and Tatiana Dumitra Panaite 1

1 Nutrition Physiology Department, National Research and Development Institute for Biology and Animal
Nutrition, 077015 Balotesti, Ilfov, Romania; camelia.matache@ibna.ro (C.-C.M.);
ana_cismileanu@yahoo.com (A.E.C.); tatiana.panaite@ibna.ro (T.D.P.)

2 Faculty of Animal Productions Engineering and Management, University of Agronomic Sciences and
Veterinary Medicine of Bucharest, 59 B-dul Marasti, District 1, 011464 Bucharest, Romania;
dumitrudragotoiu@yahoo.com

3 Food and Feed Quality Department, National Research and Development Institute for Biology and Animal
Nutrition, 077015 Balotesti, Ilfov, Romania; arabela.untea@ibna.ro (A.E.U.); mihaela.saracila@ibna.ro (M.S.)

* Correspondence: gabriela_cornescu@yahoo.com; Tel.: +40-21-351-2082

Abstract: Enhancing the quality of eggs by using natural food sources has become a very important
topic in the last decade. The objective of this study was to determine the influence of natural
(marigold and paprika extracts) pigments on the shelf life of eggs from laying hens. This research
was carried out for a 6-week period on 168 Lohmann Brown laying hens (45 weeks age) divided
into four groups (C, E1, E2 and E3) to assess the performances, external and internal egg quality
parameters, egg yolk color, and antioxidant profile. The control group (C) was fed a standard diet
(16.39% PB, 2750 kcal EM/kg compound feed) and the experimental diets were supplemented with
0.07% marigold extract (E1), 0.07% paprika extract (E2), and a mixture containing 0.07% of both
extracts (E3). In summary, the study demonstrated that adding natural pigments from marigold
and paprika extract with highly antioxidant lipid capacity into the diets of laying hens improved
egg quality when eggs were stored at 28 days, under both storage temperature conditions (4 ◦C
and 20 ◦C).

Keywords: antioxidant capacity; eggs; lutein; marigold extract; natural pigments; paprika extract

1. Introduction

Eggs are a highly nutritious food that provides the consumer with necessary elements
such as fatty acids, vitamins, minerals, and proteins [1]. Therefore, the egg has perishable
qualities, much like any other food derived from animals, losing its interior quality from
the time the hen lays it until it is consumed [2]. Conservation techniques become crucial
to prevent premature perishability, with a focus on refrigeration, which tends to maintain
the internal quality of eggs by delaying their degradation [1]. Temperature and relative
humidity have the biggest effects on the internal quality of eggs. High temperatures during
storage are associated with decreased albumen quality, which can be attributed to water and
carbon dioxide loss that causes the albumen to become fluidified and the yolk membrane
easier to crack when breaking eggs. The egg will lose water more quickly and lose weight
as a result of the air chamber expanding if the relative humidity of the atmosphere around
it is less than 99.6% [3].

The color of the egg yolk is another attribute associated with internal egg quality, and
a factor contributing to customer decision-making, because it is typically linked to the
nutritional value and quality of the egg. Corn is a notable source of xanthophylls, which
are responsible for the yolk’s yellowish color. However, the amount of these pigments
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in corn varies throughout the year, primarily from harvest to harvest, which means that
laying hens must use pigments in their diet to maintain the yolk’s color given that the birds
cannot synthesize xanthophylls; they must only get them from their dietary ingredients [4].

Carotenoids are a group of pigments found in plants, algae, and photosynthetic
bacteria, responsible for the vibrant red, orange, and yellow hues in various fruits and
vegetables [5]. Due to their importance to nutrition, health, and well-being, carotenoids
have recently attracted much attention in the food and feeding industries. Carotenoids also
serve as essential precursors for synthesizing vitamin A in animals, contributing to various
physiological functions such as vision and immune system support [6]. Additionally,
their antioxidant properties make carotenoids valuable in promoting human health by
neutralizing harmful free radicals, potentially reducing the risk of chronic diseases [7].
Including natural pigments in poultry feed enhances these antioxidant benefits in the eggs,
maintaining their flavor, color, and nutritional profile. This is crucial since eggs are a
significant source of essential nutrients like vitamins A and E [8].

As Darvin et al. [9] stated, antioxidant combinations can significantly enhance an-
tioxidant protection through a synergistic complex effect when the composition and con-
centration of antioxidants are optimally balanced to neutralize free radicals and reduce
their harmful effects. Being seen as a strategy in laying hen diets, the plant/herbal sup-
plementation had a positive impact on poultry physiological, productive, reproductive,
and immunological performances [10]. Therefore, natural pigment extract utilization in
animal feed can provide a triple benefit, as observed in various studies: enhanced oxidative
stability of food lipids, increased carotenoid concentration, and a more intense egg yolk
color [11].

The marigold extract, derived from Tagetes erecta L. (Asteraceae family), is well-known
as an ornamental plant (yellow or orange flowers grouped in solitary inflorescences), but
also for the rich content of carotenoids, is easy to purchase and available to anyone. The
total carotenoid content of marigold extract is 4200 mg/kg [12]. Additionally, it is utilized in
the production of dietary supplements intended to stop age-related macular degeneration
and other eye disorders from affecting visual acuity. The content of the plant in lutein
means it has many uses, such as commercial purposes as a natural pigment for poultry
feed [13].

Paprika extract (Capsicum annuum) is one of the most well-known and often-used
natural food pigments [14]. The bright orange-red pigment known as capsanthin, which
gives paprika its unique red color, belongs to the xanthophylls class of oxygen-containing
carotenoids. The strong antioxidant activity of capsanthin results in its shown chemopre-
ventive, antitumor, skin photoprotective, anti-inflammatory, and antidiabetic properties.
Capsanthin provides a lot of health benefits, is naturally occurring, and could be developed
into a pharmaceutical, nutraceutical, or cosmeceutical product [15]. Carotenoids are be-
coming feed additives preferred as human food natural pigments due to their positive and
healthy effects on animal products when added to their diets [16]. The specific carotenoids,
lutein and zeaxanthin, have demonstrated antioxidant, anti-inflammatory, light absorbing,
and blue filtering effects. It has been suggested that they may help prevent immune-
mediated macular degeneration and the development of age-related cataracts [17–19].

The trial aimed to assess the nutritional feeding qualities of the two natural pigments
from plant extracts, marigold and red pepper, in the diets of laying hens, based on the
premise that the aforementioned plants can be considered phyto-additives with beneficial
effects on laying hens’ health, productivity and egg quality.

2. Materials and Methods

2.1. Ethical Statement

The feeding trial was carried out according to the protocol (No. 4096/23 Septem-
ber 2022) approved by the institute’s Commission of Ethics in the experimental halls of the
National Research Development Institute of Animal Biology and Nutrition (IBNA-Balotesti,
Romania) following the Romanian legislation (Law 206/2004, Ordinance 28/31 August
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2011, Law 43/11 April 2014, Directive 2010/63/EU) for the feeding, handling, and slaugh-
tering procedures of a study.

2.2. Carotenoids Purchasing and Their Proximal Chemical Analyses

The natural carotenoid powders (marigold and red pepper extracts) were provided
by Animal Feed Consulting (Ilfov, Romania). The natural pigments were produced by
Kaesler Nutrition GmbH (Cuxhaven, Germany) under EC Regulation no. 1831/2003,
labelled accordingly and packed in aluminium plus polymer bags of 25 kg. Samples of
marigold and red pepper powders, of 500 g each, were analyzed to determine the proximate
qualities of dry matter (DM), crude protein (CP), ether extract (EE), crude fiber (CF) and
ash, the minerals copper (Cu), iron (Fe), manganese (Mn) and zinc (Zn), and the factors
contributing to antioxidant activity, including polyphenols, antioxidant capacity, toco-
pherols, and carotenoids. The natural carotenoids and feed samples were analyzed using
standardized methods to determine the nutrient concentration. The DM concentration
was measured using the gravimetric method (BMT model ECOCELL Blueline Comfort,
Nuremberg, Germany), the CP concentration was assessed using the Kjeldahl method
[Kjeltek auto 1030–Tecator (FOSS Tecator AB, Höganäs, Sweden)], the EE concentration
was determined by extraction in organic solvents (FOSS Tecator AB, Höganäs, Sweden), the
CF concentration was assessed using intermediary filtration, (Fibertec 2010 System-Foss
Tecator, Sweden), and crude ash [Nabertherm Labotherm L15/11/P320 Comfort, (Bremen,
Germany)] was determined according to the procedures described in Regulation (CE)
No. 152/2009.

2.3. Birds Performances, Housing and Experimental Diets

The 6-week experiment used 168 Lohmann Brown layers (45 weeks old), assigned
into four groups: control (C), experimental group 1 (E1), experimental group 2 (E2) and
experimental group 3 (E3). They were housed in a hall under controlled microclimate
conditions, where the temperature was recorded twice a day, at 8:00 a.m. and 3:00 p.m.

The registered daily average temperature was 22.44 ◦C ± 1.85, the humidity was
63.88% ± 6.02, and the ventilation was 27.4% ± 10.86. The hens were weighed individually
(initial average weight of 1.760 ± 53.46 g) and housed in three-tier batteries, Big Dutchman
digestibility cages, with 42 birds/group, 21 cages/group and 2 birds/cage, respectively,
with a 16 h/24 h light regimen. Each cage (50 cm width × 40 cm height × 50 cm length)
was considered an experimental unit and performance parameters were evaluated per
pen. Feed and water were offered ad libitum throughout the experiment. Each of the four
groups had a similar basal diet formulation (Table 1). Compared to the C diet, the E1 group
included 0.07% marigold extract, the E2 group included 0.07% red pepper extract, and
the E3 group included a combination of marigold and red pepper extracts. The structure
of the experimental diets was developed using dedicated software for the formulation of
compound feed (Brill® Formulation 2.5, AGRIFOOD, Lleida, Spain), in agreement with the
feeding requirements of laying hens [20]. The diets were isoenergetic and isonitrogenous,
containing 17% CP and 11.51 MJ metabolizable energy (ME) per kg diet (Table 1). Average
body weight (BW, g/hen) was measured at the beginning and at the end of the experimental
period. Daily production parameters were monitored: average daily feed intake (ADFI;
g/hen/day); feed conversion rate (FCR; kg feed/kg egg); laying rate intensity (LRI; %);
average egg weight (AEW; g) and viability (%). No medical treatment was applied to the
hens throughout the six-week experimental period. The difference between the amount of
feed administered and the amount of leftover feed that was not consumed each day was
used to calculate the ADFI parameter. The production parameter for FCR was given as kg
of feed eaten for every kilogram of eggs produced. By dividing the total number of eggs
laid by the total number of laying hens, the LRI parameter was determined.
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Table 1. Diet formulation and proximal analysis results.

Specifications C E1 E2 E3

Red pepper extract, % - - 0.07 0.05
Marigold extract, % - 0.07 - 0.02

Corn, % 55.07 54.93 54.93 54.93
Soybean meal, % 13.97 14.00 14.00 14.00

Sunflower meal, % 16.00 16.00 16.00 16.00
Lysine, % 0.26 0.26 0.26 0.26

Methionine, % 0.23 0.23 0.23 0.23
Calcium carbonate, % 8.77 8.77 8.77 8.77

Monocalcium phosphate, % 1.01 1.01 1.01 1.01
Salt, % 0.36 0.36 0.36 0.36

Soybean oil, % 3.26 3.31 3.31 3.31
Choline 60% 0.05 0.05 0.05 0.05

Phytase 0.01 0.01 0.01 0.01
Premix *, 1% 1.00 1.00 1.00 1.00

Total ingredients, % 100.00 100.00 100.00 100.00

Calculated Analysis

Metabolizable energy, kcal/kg 2.750 2.750 2.750 2.750
Crude protein, % 17.00 17.00 17.00 17.00

Calcium, % 3.90 3.90 3.90 3.90
Phosphorus, % 0.38 0.38 0.38 0.38

Lysine, % 0.94 0.94 0.94 0.94
Met + cist, % 0.85 0.85 0.85 0.85
Threonine, % 0.64 0.64 0.64 0.64

Chemical Analysis

Gamma tocopherol (mg/kg) 7.31 8.79 8.13 8.06
Alpha-tocopherol (mg/kg) 34.61 36.07 28.25 31.69
Lutein + zeaxanthin (ppm) 9.90 22.19 9.06 14.77

Antioxidant capacity (μM Trolox) 22.64 26.89 30.07 28.28
Total polyphenols, mg/g GAE 4.31 4.89 4.54 4.74

* 1 kg premix contains 1,100,000 IU/kg vitamin A; 200,000 IU/kg vitamin D3; 2700 IU/kg vitamin E; 300 mg/kg
vitamin K; 200 mg/kg vitamin B1; 400 mg/kg vitamin. B2; 1485 mg/kg pantothenic acid; 2700 mg/kg nicotinic
acid; 300 mg/kg vitamin B6; 4 mg/kg vitamin B7; 100 mg/kg vitamin B9; 1.8 mg/kg vitamin B12; 2000 mg/kg
vitamin C; 8000 mg/kg manganese; 8000 mg/kg iron; 500 mg/kg copper; 6000 mg/kg zinc; 37 mg/kg cobalt;
152 mg/kg iodine; 18 mg/kg selenium.

2.4. Egg Collection and Their Quality Measurement

After 3 and 6 experimental weeks, a total of 144 eggs were collected randomly
(18 eggs/group/period) to assess the internal and external quality parameters of the
eggs: egg weight and its components (albumen, yolk, shell) with a Kern EW6000-1M
Electronic Balance, precision 0.001 (Kern & Sohn GmbH, D-72336 Balingen, Germany),
egg freshness, Haugh unit, and eggshell breaking strength, using the Digital Egg Tester
DET-6500 (NABEL Co., Ltd., Kyoto, Japan). The eggshell thickness was measured within
a range of 0.10–0.60 mm, with an accuracy of ± 0.02 mm, with the concave part of
the eggshell side down, using a digital micrometer in the range of 0–10 mm, with a
measuring force of 1.5 N or less (Mitutoyo 547-360 ABSOLUTE Digimatic Thickness
Gauge, NABEL Co., Ltd., Kyoto, Japan). The pH of the albumen and egg yolk was
measured using a portable pH meter (Five Go F2-Food kit with LE 427IP67, Sensor Metler
Tolledo, Greifensee, Switzerland). To assess accurately the yolk color, DET6500 uses
natural light, as artificial light varies greatly between locations depending on its light
source. The yolk color was estimated using DSM YolkFanTM based on daylight, without
artificial light. Furthermore, utilizing the CIE-Lab system (Commission Internationale de
l’Eclaraige) with a customized aperture (8 mm/4 mm/1 × 3 mm), 2.6 s measuring time,
high accuracy of 0.04 and an observer angle of 2◦/10◦, the egg yolk color (parameters L*,
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a*, and b*) was measured using the portable colorimeter 3nh YS3020 (Shenzhen Threenh
Technology Co., Ltd., Beijing, China).

The oxidative stability of the fat yolk was measured at the end of the experiment
and after 28 days when 144 eggs were collected randomly and kept at different storage
temperatures: 18 eggs/group were kept at room temperature (20 ◦C ± 1) and another
18 eggs/group were kept in a refrigerator (4 ◦C) for 28 days and analyzed to assess the
yolks’ oxidative stability.

After measuring the internal and external quality parameters of the eggs, 6 yolk
samples (3 yolks/sample) per group were formed and assayed for the antioxidant profile
(lutein content, alpha and gamma tocopherols, vitamins A and E, antioxidant capacity
and total polyphenols) and oxidative status of the yolk, represented by thiobarbituric acid
reactive substances (TBARS) assessment. Yolk samples were stored at −20 ◦C until analysis.
Before analysis, the samples were allowed to reach room temperature. Chemical analysis,
represented by vitamins, polyphenols and antioxidant capacity, was performed on the dry
yolk samples, while the oxidative stability of eggs and color measurement were determined
on the fresh yolk samples.

2.5. Minerals Assessment

Flame atomic absorption spectrometry [Thermo Electron—SOLAAR M6 Dual Zeeman
Comfort (Cambridge, UK)] was utilized for the concentration assessment of zinc (Zn), iron
(Fe), copper (Cu), and manganese (Mn) in marigold and red pepper powder extracts [21].
The results have been expressed as μg/g (ppm) of dried sample.

2.6. Determination of Total Polyphenols Content

The total polyphenol content of plants was spectrometrically determined using the
Folin–Ciocalteu method, as described by [22]. The reading of absorbance was performed at
732 nm, and gallic acid was used for the calibration curve, the results being expressed as
mg gallic acid equivalents per gram sample.

2.7. Total Antioxidant Capacity Assessment

The total antioxidant capacity of samples was evaluated by the DPPH method
described by [22]. The antioxidant activity was expressed as Trolox equivalents. The
total antioxidant capacity of the extracts was based on the reaction between the sam-
ple solution and DPPH reagent prepared in methanol and the absorbance recorded at
517 nm using a V-530 Jasco (Japan Servo Co., Ltd., Tokyo, Japan) spectrophotometer, as
described elsewhere.

2.8. Determination of Vitamin E, Lutein and Zeaxanthin

Vitamin E determination for plants, compound feed and eggs were performed us-
ing high-performance liquid chromatography (HPLC Finningan Surveyor Plus, Thermo-
Electron Corporation, Waltham, MA, USA) and a PDA-UV detector at a wavelength of
292 nm, as described by Vărzaru et al. [23]. The results have been expressed as mg/kg.

Lutein and zeaxanthin content were analyzed using a high-performance liquid chro-
matograph (Perkin Elmer 200 series, Shelton, CT, USA) with a UV detector (445 nm), and
a Nucleodur C18 column (Macherey-Nagel, Dueren, Germany), as described by Vărzaru
et al. [23]. The results have been expressed as mg/kg.

2.9. Determination of Thiobarbituric Acid Reactive Substances (TBARS)

The oxidative stability of yolk was indicated by the levels of thiobarbituric acid
reactive substances (TBARS), according to the methods described by Untea et al. [22]. The
TBARS values were calculated from a standard curve of malondialdehyde and expressed as
milligrams of malondialdehyde (MDA) per kg of sample (mg MDA/kg). The absorbance
of the prepared sample was read at 532 nm.
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2.10. Statistical Analysis

All data were subjected to an analysis of variance using the GLM procedure of the
Minitab software (version 17, Minitab® Statistical Software). The level of significance was
set at p < 0.05. The experimental results (production performances and antioxidant profile)
were analyzed according to the following linear model:

Yij = μ + Aj + eij

where Yij means the value of the trait (the dependent variable); μ, overall mean; Aj, the
treatment effect; and eij, random observation error.

The effect of feeding time on external and internal egg quality parameters and yolk
color was analyzed according to a 2 × 2 factorial arrangement to determine whether the
factors studied (treatment and feeding time) influenced the egg parameters for different
periods. The data obtained were analyzed by two-way ANOVA using the Tukey test
following the statistical model:

Yijk = μ + αi + βj + αiβj + eijk

where Yijk = variable measured for the kth observation of the ith treatment and jth feeding
or storage time; μ is the sample mean; αi is the effect of the ith treatment; βj is the effect of
the jth feeding or storage time; αiβj is the interaction of ith treatment and jth feeding or
storage time, and eijk is the effect of error. The differences were highly significant when
p < 0.001 and significant if p < 0.05.

The graphs for the oxidative stability parameters (TBARS) were statistically con-
structed using GraphPad Prism 9.1.2 software (GraphPad Software, La Jolla, CA, USA).
Values were determined to be significant when * p < 0.05, ** p < 0.01 and *** p < 0.001, with
different letters indicating significant differences between groups (p < 0.05).

3. Results

3.1. Nutritional Profile of Marigold and Red Pepper Powder Extracts

The nutritional compositions of natural pigments are presented in Table 2. The
marigold extract powder showed higher CP (5.15%) and CF (1.17%) contents, compared to
red pepper extract powder (0.25% CP and 0.21 CF %). The red pepper extract registered a
higher content of EE (4.21%) compared to marigold extract (0.23%). Also, the trace mineral
content (Cu, Fe, Mn, Zn) was higher in marigold extract compared to red pepper extract
powder. However, Cu and Zn could not be detected in red pepper extract powder samples.

Table 2. The nutritional profile of marigold and red pepper powder extracts.

Parameters
Red Pepper

Extract Powder
Marigold

Extract Powder

Proximate Composition

Dry matter (DM), % 92.79 94.84
Crude protein (CP), % 0.25 5.15
Ether extract (EE), % 4.21 0.23
Crude fiber (CF), % 0.21 1.17

Ash, % 55.54 50.74

Mineral Content

Cooper (Cu), % n.d. 3.78
Iron (Fe), % 284.26 1296.77

Manganese (Mn), % 20.87 158.94
Zinc (Zn), % n.d. 33.71
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Table 2. Cont.

Parameters
Red Pepper

Extract Powder
Marigold

Extract Powder

Antioxidant Activity

Total polyphenols, mg/g GAE 5.32 3.64
Antioxidant capacity (μM Trolox/kg) 22.80 52.82

Delta tocopherol (mg/kg) n.d. n.d.
Gamma tocopherol (mg/kg) 560.32 68.22
Alpha-tocopherol (mg/kg) 199.43 150.11
Lutein + zeaxanthin (ppm) 956.26 3786.66

Astaxanthin, (mg/kg) 660.05 n.d.
Canthaxanthin (mg/kg) 31.72 n.d.

where: n.d., not detectable.

Regarding the antioxidant profile, the marigold extract powder was the richest in
lutein (3786.66 ppm) and antioxidant capacity (52.82 μM Trolox). The red pepper extract
presented the highest values for total polyphenols content (5.32%) and the concentrations of
astaxanthin (660.05 ppm) and canthaxanthin (31.72 ppm), not detectable in the red pepper
extract’s case. The richest source of gamma-tocopherol (mg/kg) was red pepper extract
powder, its content being 8.21 times higher compared to the concentration encountered in
marigold extract powder.

3.2. Productive Performance Parameters

Table 3 presents the results related to the production performances. There were no
significant differences (p > 0.05) between the groups C, E2 and E3 groups in terms of ADFI
parameter, except for the E1 group, which recorded a significantly lower consumption
(p < 0.0001). At the same time, the lowest FCR values were highly significant (p < 0.0001)
for the C and E3 groups compared to the E1 and E2 groups. Regarding the LRI (%)
parameter and total number of eggs laid, no significant differences (p < 0.110; p < 0.081)
were observed between experimental groups. There were highly significant (p < 0.0001)
differences recorded for the AEW parameter in the E2 and E3 groups compared to the C
and E1 groups.

Table 3. Effect of marigold and red pepper extract powder in laying hens’ diets on the productive
performances of layers.

Specifications C E1 E2 E3 SEM p-Value

Initial body weight (g/layer) 1667.60 1624.60 1684.00 1657.00 18.500 0.71
Final body weight (g/layer) 1830.52 1825.00 1894.20 1830.20 17.080 0.43

Average daily feed intake (g/hen/day) 118.92 a 116.21 b 120.76 a 119.96 a 0.469 <0.0001
Feed conversion rate (kg feed/kg egg) 2.15 bc 2.21 b 2.22 b 2.11 c 0.017 <0.0001

Laying rate intensity (%) 89.02 89.21 89.02 90.33 0.531 <0.110
Average egg weight (g) 63.46 b 63.17 b 64.39 a 64.37 a 0.095 <0.0001

Total egg weight (g) 1393.65 1326 1406.95 1429.91 10.561 <0.081

C—control diet; E1—control diet supplemented with 0.07% marigold extract powder; E2—control diet supple-
mented with 0.07% red pepper extract powder; E3—control diet supplemented with a mix of 0.05% red pepper
extract powder and 0.02% marigold extract powder; SEM, standard error of the mean; a–c mean values within a
row not sharing the same superscripts are significantly different at p < 0.05.

3.3. External and Internal Egg Quality Parameters

Table 4 data presents the internal and external egg parameters over the two periods
(3 weeks and 6 weeks) and groups (C, E1, E2, E3).
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There were no significant differences registered (p > 0.05) concerning the whole egg
weight, albumen and yolk weight, breaking strength, eggshell thickness, pH yolk, and yolk
diameter across groups, periods, or their interaction. Significant differences were found
regarding eggshell weight between periods (p < 0.012). Highly significant differences in val-
ues for pH albumen were found between periods (p < 0.0001) and between period*groups
interactions (p = 0.001). For the albumen height parameter, significant differences (p < 0.05)
were observed between groups (p = 0.042) and between periods (p = 0.02); significantly
lower albumen heights were registered at 6 weeks compared to 3 weeks. Consequently,
the same trend was noticed for the Haugh unit parameter, where significant differences
were registered between groups (p < 0.048) and between periods (p = 0.013). Other sig-
nificant differences between groups were observed for yolk height (p < 0.001) and yolk
index (p < 0.003). For most of the analyzed parameters, there were statistically significant
differences between groups, periods and their interaction, indicating that the observed
changes were primarily due to periods rather than different treatment groups. Indeed, as
time increased, lower values but without statistical significance were noticed for whole egg
albumen, albumen and eggshell weight, and yolk pH.

3.4. Yolk Color

Table 5 presents the effects of marigold and red pepper extracts’ inclusion in the diet
on yolk color. The presence of these two carotenoids exhibited a significant effect on the L*,
a*, and b* color parameters. Concerning the yolk fan color, highly significant differences
(p < 0.0001) were noted between groups, with the darkest colors in E3 and E2 groups
compared to C and E1 groups. Also, highly significant differences (p < 0.0001) regarding
the darkest hue were measured at 3 weeks compared to 6 weeks. No significant differences
(p = 0.139) were registered for the period and group interaction.

Table 5. Egg yolk color assessment at 3 weeks and 6 weeks (average values/group).

Specifications
Yolk Fan

Color (DSM)
L* a* b*

3 weeks

C 4.83 d 42.84 a 0.49 d 20.54 bc

E1 7.33 c 42.88 a 2.80 bc 27.51 a

E2 9.00 ab 40.30 bc 4.44 a 20.62 bc

E3 9.67 a 42.88 a 4.42 a 21.60 bc

6 weeks

C 4.50 d 42.06 ab 0.12 d 21.52 bc

E1 6.89 c 39.79 c 2.21 c 28.18 a

E2 8.78 ab 40.13 bc 3.52 ab 18.99 c

E3 8.11 bc 39.74 c 3.00 bc 22.67 b

Main effects

Group

C 4.67 c 42.45 a 0.30 c 21.03 bc

E1 7.11 b 41.34 ab 2.50 b 27.84 a

E2 8.89 a 40.21 b 3.98 a 19.81 c

E3 8.89 a 41.31 ab 3.71 a 22.14 b

SEM group 0.222 0.331 0.169 0.458

Period 3 weeks 7.71 a 42.23 a 3.04 a 22.57 a

6 weeks 7.07 b 40.43 b 2.21 b 22.84 a

SEM period 0.157 0.234 0.120 0.324

Interaction (p-Value)

group 0.000 0.000 0.000 0.000
period 0.006 0.000 0.000 0.549

period × group 0.139 0.001 0.149 0.123
C—control diet; E1—control diet supplemented with 0.07% marigold extract powder; E2—control diet supple-
mented with 0.07% red pepper extract powder; E3—control diet supplemented with powder a mix of 0.05% red
pepper extract powder and 0.02% marigold extract powder; L* (lightness), a* (redness), b* (yellowness); SEM,
standard error of the mean; a–d mean values within a row not sharing the same superscripts are significantly
different at p < 0.05.
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For the L* parameter, highly significant differences (p < 0.000) were noticed between
the C and E2 groups, whereas a highly significant statistical difference with the lowest
values of the L* parameter was registered on the 6 weeks. Concerning group and period
interaction (p = 0.001), highly significant statistical differences were recorded. Highly
significant differences (p < 0.000) were found in the a* parameter between the groups, with
values of 3.98 for E2 and 3.77 for E3, compared to 2.50 for E1 and 0.30 for the control (C).
These differences were also found to be significant in the period evaluation, with values
of 3.04 at 3 weeks compared to 2.21 at 6 weeks. For the b* parameter, the only highly
significant difference (p < 0.000) was observed in the group analysis, where the E1 group
showed higher yellow values compared to the control (C), E2, and E3 groups.

3.5. Antioxidant Profile

Table 6 presents the effects of the two dietary extracts on the antioxidant profile of egg
yolks. Concerning the lutein and zeaxanthin concentrations, diet E1 showed the highest con-
centration (p < 0.0001), whihc was significantly higher that that of the C, E2 and E3 groups.
Group E3 had a higher concentration compared to the E2 group, but this was lower than
in the E1 group. The antioxidant capacity of group E2 exhibited the highest antioxidant
capacity (p < 0.0001), which was significantly higher compared to the C group. For the
total polyphenols content, the E2 group registered significantly higher values (p < 0.002)
compared to the C and E1 groups. For other parameters, such as alpha-tocopherol, gamma-
tocopherol, vitamin E, and vitamin A, there were no significant differences among the
experimental diets. Nevertheless, it is noteworthy that a trend towards significance was ob-
served for gamma-tocopherol on experimenatl groups compared to the C group (p = 0.052).

Table 6. Effects of dietary marigold and red pepper extract powder on antioxidant profile (average
values/group).

Specifications
Experimental Diets

SEM p-Value
C E1 E2 E3

Lutein + zeaxanthin (ppm) 7.77 c 28.67 a 8.03 c 12.35 b 0.436 0.0001
Alfa tocopherol (ppm) 158.48 179.34 160.43 163.74 6.01 0.167

Gama tocopherol (ppm) 15.83 18.21 17.92 17.65 0.533 0.052
Vitamin E (ppm) 174.31 197.55 178.35 181.39 6.44 0.166
Vitamin A (ppm) 19.84 22.76 19.09 21.26 1.07 0.195

Antioxidant capacity (μM Trolox) 0.54 b 0.60 ab 0.69 a 0.60 ab 0.033 0.067
Total polyphenols, mg/g GAE 0.15 c 0.19 bc 0.29 a 0.24 ab 0.020 0.002

C—control diet; E1—control diet supplemented with 0.07% marigold extract powder; E2—control diet supple-
mented with 0.07% red pepper extract powder; E3—control diet supplemented with a mix of 0.05% red pepper
extract powder and 0.02% marigold extract powder; SEM, standard error of the mean; a–c mean values within a
row not sharing the same superscripts are significantly different at p < 0.05.

3.6. Oxidative Stability

In Figure 1 are presented the differences registered between experimental groups
regarding the TBARS values. Common practices in the scientific evaluation of egg stability
and quality involve monitoring them at intervals of 7, 14, 21, or 28 days to understand
the qualitative transformations that occur during the product’s shelf life under various
storage conditions and temperatures (https://agriculture.ec.europa.eu/farming/animal-
products/eggs_en (accessed on 17 June 2024). In our study, after 28 days, under both
storage conditions (room temperature and refrigeration), the TBARS values were highly
significant (p < 0.0001) when compared to the C group. The TBARS values decreased
significantly (p < 0.0001), which indicates that the natural extracts of marigold and paprika
demonstrated a high lipid oxidative capacity, delaying the degradation of yolk fat. There
were no statistically significant differences (p > 0.05) between the experimental groups for
the 4 ◦C versus the 20 ◦C conditions.
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Figure 1. Effect of dietary marigold and red pepper extract powders on egg yolk TBARS concentration
evolution in time (after 28 days storage period), with **** p < 0.0001 indicating a significant difference
between groups (p < 0.05). ns: not significant.

4. Discussion

4.1. Nutritional Composition of Powder Extracts of Marigold and Red Pepper

Both marigold and red pepper extracts provide a natural yellow/red hue to egg yolks,
with a high efficiency and rate of transfer to eggs. Marigold extract contains a high content
of polyphenols, lutein and zeaxanthin compared to red pepper extract. This makes it a
potent source of antioxidants, valuable for enhancing immune function. On the other hand,
red pepper extract registered a higher antioxidant capacity, higher concentrations of gamma-
tocopherol, alpha-tocopherol, astaxanthin and canthaxanthin, and crucial trace minerals
such as copper, iron, manganese, and zinc, compared to marigold extract. Other studies on
marigolds [24] registered a concentration of 12.16% for Cu and 1262.54 mg for Fe, while
the lutein + zeaxanthin was 11.221 ppm and the total polyphenols were 13.55 mg GAE/g.
Varying results were found in the literature when assessing the antioxidant activities of
plant extracts due to different factors such as extraction solvents, assay procedures, and
sample processing methods used [25,26]. Also, within marigold fresh flowers, the lutein
concentration can vary from 4 mg/g in greenish-yellow flowers to 800 mg/g in orange-
brown flowers. Dark colors have roughly 200 times more lutein esters compared to light
colors [27]. Panaite et al. [28] found in kappa pepper the highest concentrations of lutein
at 5.631 mg/kg, zeaxanthin at 1.528 mg/kg, lycopene at 0.351 mg/kg, and β-carotene
at 7.576 mg/kg, as well as a total carotenoid content of 16.719 mg/kg compared to sea
buckthorn pomace and carrot as alternative carotenoid sources.

4.2. Dietary Effects of Powder Extracts of Marigold and Red Pepper on Productivity Parameters

The results of the study indicate that while the experimental groups were not signifi-
cantly different concerning production indicators including total egg weight or laying rate
index, they varied significantly in terms of feed conversion ratio, average egg weight, and
average daily feed intake, respectively.

Similar favorable results were observed by Oliveira [29], who concluded that supple-
menting extracts of marigold (0.1%) and paprika (0.6%) showed no apparent effect on the
production of laying hens (p > 0.05). Compared to the 0.6% inclusion and control groups,
the authors reported that 0.7% red pepper extract enhanced average daily feed intake
and average egg weight. Skrivan [30] examined the effects of 150, 250, and 350 mg/kg
marigold extracts when included in laying hens’ diets, finding no differences concerning
the productive performance compared to a corn-based treatment. In egg-laying quails,
Oliveira [29] included 0.06% paprika extract and 0.01% marigold extract, and registered an
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increased nutritional digestibility of the small intestine, a lower average feed intake, and a
higher feed/gain ratio. A slightly increased egg weight was noted as well by Jang et al. [31]
in lutein-supplemented groups. However, Skřivan et al. [30] reported a decrease in egg
weight in the group fed with marigold flower extract. Other researchers [32] concluded
that lutein from marigold flower extract did not affect egg weight. Atai et al. [33] examined
the effects of 100, 200, 400, and 800 ppm lutein on 70 Brown-Nick laying hens (39-week-old)
over a 6-week trial period. They found no significant effects on final body weight, feed
intake, or feed conversion ratio, but noted higher egg production in the 100, 200, and
400 ppm lutein groups compared to the control and 800 ppm groups. Wang et al. [34]
observed that supplementation with 0.075%, 0.15%, 0.30%, and 0.60% of marigold extract
did not affect feed intake, body weight gain, or feed conversion ratio. Other authors [35]
also found improvements in egg mass, egg production and feed conversion rate in an
experiment on 160 laying hens fed with a diet supplemented with 0.5, 1, and 1.5% red
pepper extract.

4.3. Dietary Effects of Powder Extracts of Marigold and Red Pepper on External and Internal Egg
Quality Parameters

Supplementation with the dietary marigold extract (E1), paprika (E2), and both extracts
(E3) did not significantly affect whole egg weight, albumen and yolk weight, eggshell
thickness, breaking strength, yolk pH, or yolk diameter. This suggests that the inclusion
of these natural pigment extracts does not significantly impact the egg quality under the
experimented conditions. Significant differences (p < 0.05) were observed in eggshell
weight during the two different periods from 3 weeks to 6 weeks, indicating that time
may influence the shell quality and the pH of the albumen, which might be related to
changes in egg freshness or storage conditions. Significant differences in albumen height
were observed between groups and periods, with a noted decrease at 6 weeks compared
to 3 weeks and with a similar pattern reflected in the Haugh unit, suggesting a decline
in freshness over time. Differences were also statistically significant for yolk height and
index between groups, indicating that the diets might have some specific effects on yolk
structure and quality. The changes observed during the two periods of time, with generally
lower values in parameters such as albumen height and Haugh unit, emphasize that the
observed variations were more influenced by the duration of the storage period rather than
the type of dietary pigment. Grčević et al. [36], when using 1 g/kg of marigold extract (E1)
and 2 g/kg of marigold extract supplementation (E2), noticed that the greatest values of
albumen height and HU were measured in the E2 group, both in fresh and in stored eggs,
but the authors could not explain the marigold extract’s influence on these egg quality
parameters. Maia et al. [37] tested four levels of marigold flower extract (2.10; 2.40; 2.70;
3.00 ppm) and observed a linear reduction in albumen percentage. Chowdhury et al. [38]
used 40 g of marigold flower in laying pullets, observing no statistical differences compared
to the C group regarding the albumen index, weight and Haugh unit measured at 8 and
12 experimental weeks. Mixed results have been found concerning the effects of marigold
extract on egg quality parameters, with some studies showing improvements and others
not finding significant effects. The mixed results indicate that adding these plant extracts
might have some potential benefits for productive performance, or no significant effect.
In another similar study, Spasevski et al. [39] conducted a trial using marigold (1.5%, 1%,
0.5%) and paprika (1.5%, 1%, 0.5%), and a combination of the two plants (marigold 1% +
paprika 0.5%), and found no significant differences (p > 0.05) in egg weight, shell, yolk,
or albumen. Oliveira et al. [29] stated that none of the experimental groups (paprika vs.
marigold or the mix of the two) produced changes in egg weight or Haugh unit. The
inclusion of paprika extract improved egg quality, lowering egg pH values and increasing
yolk height. A significant difference in laying rate and egg mass (p < 0.02) was registered in
the experimental groups vs. the control group. Also, Moraleco et al. [40] included marigold
flower (0.8%) and paprika (0.8%) extracts in the diets of 90 Black Avifran hens (60 weeks
old) with no significant effects (p > 0.05) concerning egg/shell weight or shell percentage.

110



Agriculture 2024, 14, 1464

Further, when 4% paprika extract was used in the diets of Lohmann Brown laying hens
aged 30 weeks, the authors declared there were no significant differences either in the feed
consumption of the hens or in the quality parameters of the eggs [41]. Hussain et al. [42]
supplemented the diets of layer hens (27-week-old) with 4% marigold powder for 60 days,
noticing that egg weight was significantly (p < 0.05) impacted by the dietary inclusion of
marigold. Maia et al. [37] included four levels of marigold flower extract (2.10; 2.40; 2.70;
3.00 ppm) and noticed that the yolk and Haugh unit linearly increased concomitantly with
levels of marigold, whereas the percentage of albumen decreased linearly. Also, Skřivan
et al. [30] stated that the addition of marigold extract in the diets of laying hens increased
hen egg production and egg weight.

4.4. Dietary Effects of Powder Extracts of Marigold and Red Pepper on Yolk Color

Although the yolk color does not significantly influence the egg’s nutritional value,
consumers often associate a darker/intense yellow or golden-orange hue with a healthier
egg, rich in natural carotenoids. Worldwide, preferences for yolk color can differ signifi-
cantly across various countries and regions. The highest amounts of lutein and zeaxanthin,
which provide a yellow hue, were registered in the E1 group for marigold extract, and the
highest value for the a* redness parameter coincided with the E2 group, red paprika extract.
Overall, dietary supplementation in the E1, E2, and E3 groups effectively enhanced yolk
pigmentation compared to the C group. Authors Belyavin and Marangos [43] suggested
that, for optimal yolk coloration, the hens’ diets should be supplemented with both yellow
and red xanthophylls. The marigold flower contains 12 g/kg of total xanthophylls (80 to
90% lutein). Similarly, paprika meal contains 4 to 8 g/kg of total xanthophylls (50 to 70%
capsanthin). Our results are similar to those of Skřivan M. et al. [30], who stated that the
level of lutein and zeaxanthin increased yolk color parameters. Lokaewmanee et al. [32]
noted that incorporating marigold extract into the diet of laying hens at a rate of 0.4%
increased yolk redness. The other authors Englmaierová and Skrivan [44] and Skrivan
et al. [30] stated that including marigold extract in hens’ diets led to an increased yolk
coloration compared to diets based only on maize. Niu et al. [45] noticed a dose-dependent
carotenoid concentration in the yolk ranging from 3.43 mg/g to 16.83 mg/g as paprika ex-
tract inclusion rates varied from 0.1% to 0.8%. Lokaewmanee et al. [46] found no combined
effects of paprika and marigold on yolk coloration, although Moura et al. [47] reported an
increase in coloration effects when the two plant extracts were combined.

Oliveira et al. [29] reported that a 0.6% red pepper inclusion rate significantly enhanced
yolk color compared to groups uisng only marigold extract or a mixture of paprika and
marigold. Furthermore, Lokaewmanee [46,48] considered that red pepper powder could be
used as a potent natural colorant for poultry, enhancing yolk coloration. Santos-Bocanegra
et al. [49] observed that hens fed with dietary red xanthophylls from capsicum (7.5 ppm) or
yellow xanthophylls from Tagetes (4.0 ppm) exhibited intense yolk pigmentation, classified
as 11.7, compared to synthetic carotenoids (citranaxanthin, canthaxanthin pigments) at
various concentrations, resulting in yolk color ranging from 13 to 14 at the highest concen-
tration. Panaite et al. [28] provided 2% kapia pepper, in a 4-week experiment, to Lohmann
Brown layers (43 weeks of age), and registered the highest reddish yolk pigmentation.
Furthermore, Grčević et al. [36] tested 0.2% and 0.4% dietary additions of marigold powder
extract on laying hens at 31 weeks of age, observing a color intensification due to the
positive correlation between the inclusion rate and the increased lutein concentration. Yolk
color was evaluated using the RocheFan, rating the color from 1 (very light) to 15 (very dark
orange), and the yolk color was found to be 12.66. Maia et al. [37] observed a quadratic
effect concerning marigold inclusion (2.73 and 2.80 ppm/kg) when assessed using YolkFan
DSM®, especially regarding redness/yellowness.
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4.5. Dietary Effects of Powder Extracts of Marigold and Red Pepper on Antioxidant Profile

In our study, we observed that while the yolks from the group receiving marigold
extract exhibited the highest concentrations of lutein and zeaxanthin, the highest values for
antioxidant capacity and total polyphenols were found in group E2 compared to group C.

The lutein concentration in red pepper was around 4 times higher compared to
marigold, and similar results were found for the antioxidant capacity values, which were
approximately 2.3 times higher compared to marigold. According to Biacs et al. [50],
the level of antioxidant compound, and the content and composition of carotenoids, are
linked to the quality and stability of paprika color. As Daood et al. [51] stated that the
yellow color of paprika is attributed to β-carotene and zeaxanthin ester concentrations,
while capsorubin, cryptocapsin esters, and capsanthin contribute to the red coloration of
carotenoids in red peppers. Wang et al. [52] used 24 kg of dried marigold flower (170.2 g
free lutein, 80% purity) and showed via PCL assay that lutein exhibited higher antioxidant
activity (0.266 mM Trolox equivalent) compared to β-carotene (0.027 mM) and lycopene
(0.018 mM). Additionally, using the b-CLAMS assay, only lutein displayed the inhibition
of peroxidation.

4.6. Dietary Effects of Powder Extracts of Marigold and Red Pepper on Oxidative Stability

Our experiment highlighted the effects of marigold and red pepper extract supple-
mentation on lipid oxidation in eggs, as measured by TBARS values, an indicator of lipid
peroxidation. The significant TBARS values reduced after 28 days, for all experimental
groups (E1, E2, and E3), compared to the C group, and this suggests that the two natural
extracts have antioxidant properties, effectively delaying the degradation of yolk fat. No
significant differences were found among the experimental groups (E1, E2, and E3), neither
at 4 ◦C nor at 20 ◦C, after 28 days of storage, and this indicates that both marigold and red
pepper extracts, whether used individually or in combination, presented similar effective-
ness in reducing lipid oxidation. Other researchers found that natural sources of essential
polyunsaturated fatty acid (flaxseed) can be successfully combined with dietary natural
antioxidants such as kapia pepper, dried carrot, sea buckthorn pomace [28], thyme [53],
pine wood [54] and grape pomace [55,56] to reduce lipid peroxidation in the yolk. The
study conducted by Romero et al. [55] concluded that grape pomace demonstrated a higher
antioxidant capacity compared to grape extract in yolk. Also, Panaite et al. [28] observed a
significant decrease in TBARS values in the groups supplemented with 2% kapia pepper
and 2% linseed meal (0.14 mg MDA/kg). Grčević et al. [36] noticed that dietary supple-
mentation with 400 mg/kg of marigold extract led to a slightly reduced oxidation value
compared to the control group, but no statistical differences were observed regarding
the lipid oxidation levels among fresh egg yolks. Meanwhile, Englmaierová et al. [44]
established a significant influence (p < 0.001) of lutein supplementation (250 mg/kg) on
the enhancement of the oxidative stability of yolk lipids during a 28-day storage period
at 18 ◦C. Rezaei et al. [57] observed a significant improvement in the oxidative stability of
yolks in hens fed marigold pigments after 3 weeks (p < 0.05). Skřivan et al. [30] reported
that the dietary inclusion of 950 mg marigold extract/kg reduced lipid peroxidation levels.
Additionally, all supplementary levels of marigold flower extract (150, 350, 550 and 750 mg
marigold extract/kg diet) notably enhanced the lipid oxidative stability in eggs stored for
28 days at 18 ◦C. According to Cadun [58], food that is intended for human consumption
should have lipid oxidation levels below 3 mg MDA/kg of sample, with a maximum limit
of 7–8 mg MDA/kg sample.

5. Conclusions

Marigold and red pepper represent natural sources of carotenoids with the capacity to
improve yolk color pigmentation, which is an important criterion of consumer preference,
without affecting the health and the productive performances of laying hens. In our study,
we obtained decreased TBARS values after 28 days of storage at both 4 and 20 ◦C, and
observed significantly increased yolk coloration in all experimental groups. Therefore,
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these two natural extracts could enhance egg quality during different storage periods
and under different temperature conditions as an alternative to synthetic colorants, with
potential applications in animal nutrition, and further benefits for food preservation and
human health.
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Abstract: The study aimed to assess the effects of including linseeds or hempseeds in the diets of
late lactation Murciano-Granadina dairy goats on the nutritional quality of the milk and cheese fat,
expressed by the fatty acids profile and the healthy lipid indices. Thirty-six goats were randomly
distributed in 3 groups of 12 animals each, according to a 3 × 3 Latin square design, and fed three
different diets: group CON (control, with sunflower meal, 11.5% DM basis); group LIN, where
sunflower meal was replaced by linseed; and group HMP, where sunflower meal was replaced by
hempseeds. The replacement had no effects on the milk yields and the milk protein content as no
significant differences were detected among groups. The significant increase of the fat content in the
case of the LIN and HMP groups was accompanied by significant decreases in saturated fatty acids
concentration and very significant increases in monounsaturated fatty acids. The content of n3 and
n6-PUFAs (polyunsaturated fatty acids) increased, mainly due to a 4.1 times higher proportion of
alpha-linolenic acid (ALA; C 18:3n-3) in LIN diet milk and a 1.3 times higher proportion of linoleic
acid (LA; C 18:2n6c) in HMP diet milk. The conjugated linoleic acid (CLA; isomer c9, t11) was
1.9 times higher for the LIN diet and 5.05 times higher for the HMP diet. Feeding either linseed or
hempseeds contributed to the reduction of the atherogenic and thrombogenic indices, increased the
hypocholesterolemic: hypercholesterolemic ratio as well as the proportion of other desired fatty acids
in the milk fat. The improved nutritional quality of milk, which has potentially far-reaching human
health benefits, is maintained in cheese through the increase of the n3 and n6-PUFAs, especially for
the LIN diet where the n6/n3 ratio decreased significantly, compared with the CON diet (3.62 vs.
6.88). The CLA concentration was significantly higher (p < 0.001) for the HMP cheese compared with
the CON diet (1.89% vs. 0.78%). These effects highlight the opportunity of obtaining dairy products
with improved nutritional quality using local feed resources.

Keywords: CLA; fatty acids; goat cheese; hempseed; linseed; milk

1. Introduction

The existing knowledge regarding the potential effects of fats on human health allows
food to be classified as “good” or “bad”, depending on the nature of the fats they contain.
From a human health perspective, the fat in the human diet should have an ideal fatty acids
(FA) composition of 8% SFA (saturated fatty acids), 82% MUFA (monounsaturated fatty
acids), and 10% PUFA (polyunsaturated fatty acids) [1]. Dairy products are a good source
of fat in human nutrition but at the same time, dairy fat contains, on average, 70% SFA,
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25% MUFA, and 5% PUFA and therefore may induce health problems like cardiovascular
diseases. But the profile of FA can be healthier, especially by tailoring the feeding strategies
for ruminants [2] to produce a shift of the of n6/n3 PUFAs ratio in the dairy products [3] or
an improvement of the CLA content [4].

Goat milk and goats’ dairy products are already associated by consumers with the
image of healthy food; this offers the premises for introducing more valuable goat milk
products to the market, by feeding the goats with dietary ingredients that are rich in PUFA,
in quantities that allow detectable effects in milk. Such ingredients, rich in n3 or/and
n6-PUFA, are oilseeds [5]; however, for some of them or their by-products, the effects on
goats are less studied. For example, their high fat content may be a limitation of their
use in goats’ diets, as it may impair rumen processes such as cellulolysis. On the other
hand, they should be included in proportions that are high enough to overcome rumen
biohydrogenation of the unsaturated fatty acids.

The linseeds (Linum usitatissimum L.) contain oil with a high proportion (more than
50%) of ALA (alpha-linolenic acid; C 18:3n3), an important n3-PUFA acid, and they have
been used successfully in the diets of ewes to produce n-3 enriched milk as mentioned by
some authors [6–8]. More recently, Rapetti et al. [9] reported that after feeding linseeds and
hempseeds (at a 9.3% proportion in the diet total DM), Alpine goat milk had higher levels
of ALA; linseed induced the lowest n-6/n-3 ratio of the experimental groups, while the in
case of LA, no differences were registered among diets.

The hempseeds (Cannabis sativa L.) were reconsidered for the use in dairy ruminant
nutrition because of their high level of valuable PUFA–LA (linoleic acid; C 18:2n6) as
the most predominant FA (53.4–60.0%) [10], followed by ALA (12.98–22.40%) [11], oleic,
palmitic, and stearic acids. There are some examples of its inclusion in the nutrition of
dairy small ruminants. The hempseeds were utilized successfully to manipulate the FA
profile in the sheep milk [12], as well as in Carpathian goat milk with a diet with 4.7%
hempseed oil on DM [13] or 9% hempseeds on DM [14]. Also, Cremonesi et al. included
hempseeds in diets for Alpine lactating goats by 9.3% on DM [15] or 9.4% on DM [10], and
their influence in the milk FA was noticeable. Also, an increased content of milk n3-PUFA
and an improved n-6/n-3 ratio were obtained by Mierlita et al. [16] on Turcana dairy sheep
after feeding with hempseeds and cake. Total CLA content increased by 2.0 times in the
milk of the ewes that received hempseed and by 2.4 times with the hemp cake inclusion.
The milk yield and milk fat content were increased but milk lactose decreased.

In this context, we intended to obtain enriched n3 and n6-PUFA milk from Murciano-
Granadina goats, adapted to be raised in a farm from Romania using local linseeds or
hempseeds in their diets. Therefore, the study aimed to assess the effects of the inclusion of
11.5% of linseeds or hempseeds (DM basis) in the hay-based diets on milk production, as
well as on the fatty acid profiles of both milk and cheese.

2. Materials and Methods

2.1. Animals and Experiment Design

The study was carried out on a commercial farm in the southeast of Romania on
Murciano-Granadina multiparous goats in late lactation, which have similar age, milk
yield, and days in milk (Table 1). Thirty-six goats were randomly distributed in 3 groups
of 12 animals each. According to a 3 × 3 Latin square design, each of the three groups
was fed, in three successive periods, 3 experimental diets: CON (control group, based on
sunflower meal), LIN (where sunflower meal was replaced by linseed), and HMP (where
sunflower meal was replaced by hempseed) (see the Scheme 1 below). Each period of
feeding lasted 28 days, of which 21 days were for adaptation to the diets and 7 days were
for data recording and samplings.

The animals were kept indoors during the experiment, with free access to paddocks,
and were group-fed. The animals were milked at 7:00 a.m. and 4:30 p.m., in a milking
parlor allowing record of individual milk yields.
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Table 1. Parameters of the goats’ groups of at the beginning of the experiment.

CON LIN HMP

Age, years 3.30 3.28 3.32
Days in milk 143.75 139.75 141.33

Average milk yield,
kg/day 1.10 1.11 1.17

CON, control diet; LIN, linseed diet; HMP, hempseed diet.

 Group 1 Group 2 Group 3 
Period 1 CON LIN HMP 
Period 2 HMP CON LIN 
Period 3 LIN HMP CON 

CON, control diet; LIN, linseed diet; HMP, hempseed diet; Period 1-3, the three successive periods 
of feeding. 

Scheme 1. The scheme of 3 × 3 Latin square experiment design.

2.2. Diets and Ingredients

The diets were formulated according to the French feeding system [17]; the control
group was fed a diet that is typical for the indoor feeding of goats in Southeastern Europe:
hay and a mixture of cereals and sunflower meal (3:1). In the experimental diets, the
sunflower was totally replaced with linseed or hempseed in order to supply high amounts
of PUFA-rich lipids. For practical reasons, no adjustments of the other dietary ingredients
were made; therefore, the experimental diets had a higher energy supply and slightly
lower protein supply. The goats were group-fed by limited amounts of compound feed
(1.2 kg/head/day) and hay (1.5 kg/head/day) as presented in Table 2. The ingredients of
the compound feeds were grinded including the oilseeds. Diets were fed twice daily in
equal amounts (at 8.00 a.m. and 5.00 p.m.). Access to water and a trace-mineralized salt
block was provided ad libitum.

Table 2. Consumption of diets and daily nutritive supplies.

Ingredients CON LIN HMP

Diets’ consumption, kg/day

Grass hay 1.3 1.3 1.3
Alfalfa hay 0.2 0.2 0.2

Compound feed 1.2 1.2 1.2
Compound feeds’ structure, %

Maize (%) 33.4 33.4 33.4
Barley (%) 8.3 8.3 8.3

Oat (%) 12.5 12.5 12.5
Wheat (%) 8.3 8.3 8.3

Wheat bran (%) 8.3 8.3 8.3
Sunflower meal (%) 25.0 0.0 0.0

Linseeds (%) 0.0 25.0 0.0
Hempseeds (%) 0.0 0.0 25.0

Calcium carbonate (%) 2.2 2.2 2.2
Salt (%) 1.0 1.0 1.0

Vitamin-mineral premix for goat (%) 1.0 1.0 1.0
Nutritional and fatty acids supply from the consumed diets

Dry matter, kg/day 2.356 2.356 2.358
MFU(UFL)/kg DM/day 0.787 0.865 0.863

PDIN, g/day 219.05 181.90 185.86
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Table 2. Cont.

Ingredients CON LIN HMP

PDIE, g/day 192.67 183.48 190.01
Ether extract, g/day 30.70 107.85 109.29

Calcium, g/day 20.74 20.93 20.10
Phosphorus, g/day 12.03 9.70 9.51

C 16:0, g/day 5.61 9.71 10.62
C 18:0, g/day 0.89 3.61 2.82
C 18:1, g/day 6.32 20.72 15.49

C 18:2n-6, g/day 10.11 21.23 48.52
C 18:3n-3, g/day 2.45 39.08 15.64

Others, g/day 1.27 2.06 4.98
Total FA, g/day 26.66 96.41 98.06

CON = control diet; LIN = linseed diet; HMP = hempseed diet; MFU = Milk Feed Units (UFL), according to INRA
system, 2010; 1 UFL = 1700 kcal; PDIN = protein truly digested in the small intestine when the protein is the
limiting factor, according to INRA system, 2010; PDIE = protein truly digested in the small intestine when the
energy is the limiting factor, according to INRA system, 2010.

The proximate composition of every dietary ingredient was assessed using commonly
accepted methods [18]: dry matter (DM) by the gravimetric method, crude protein (CP)
by the Kjeldahl method, crude fiber (CF) by successive hydrolysis in alkali and acid
environment, ether extractives (EE) by extraction in organic solvents, and ash determined
by the gravimetric method.

The levels of CP and CF for both oilseeds were comparable (Table 3). As for the com-
position of fatty acids, the Romanian variety of linseeds used in the experiment contained
51.33% ALA, 20.83% oleic acid, and 16.42% LA. The hempseeds utilized in the experiment
were also sourced from a Romanian variety, primarily cultivated for oil production and
characterized by low concentrations of delta-9-tetrahydrocannabinol. The hempseeds con-
tain a high concentration (over 80% of the oil) of long-chain essential PUFAs, as detailed in
Table 3. Specifically, they consisted of 53.41% LA and 18.08% ALA. Oleic acid content was
13.19% whereas palmitic and stearic acids were also present.

Table 3. Chemical composition and summarized fatty acids profile of the local varieties of linseeds
and hempseeds and of the sunflower meal.

Linseeds Hempseeds
Sunflower

Meal

Chemical composition
Dry matter, g/kg 904.06 910.62 902.88

Crude protein, g/kg DM 228.35 236.36 450.99
Crude fat, g/kg DM 291.12 293.60 6.67

Crude fibre, g/kg DM 290.43 303.11 158.88
Nitrogen-free extract, g/kg DM 148.77 126.54 298.98

Ash, g/kg DM 41.32 40.38 84.47
Fatty acids (g/100 g total fatty acids)

C 16:0 6.09 7.19 14.97
C 18:0 4.00 2.82 7.72
C 18:1 20.83 13.19 28.57

C 18:2n-6 16.42 53.41 37.04
C 18:3n-3 51.33 18.08 0.58

Others 1.44 6.12 2.07
C 16:0, palmitic acid; C 18:0, stearic acid; C 18:1, oleic acid; C 18:2n-6, linoleic acid; C 18:3n-3, alpha-linolenic acid.

2.3. Milk Samples

Two sets of milk samples were collected from each animal at the end of the experi-
mental periods. The first set of samples was used for proximate analyses and therefore
preserved with bronopol and stored at 4 ◦C until further analysis by infra-red spectroscopy.
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The second set of milk samples was frozen (−18 ◦C), without preservatives, for future
assessment of the fatty acids’ profile.

The proximate milk analysis for fat, protein, lactose, casein, urea, specific density,
pH, and total solids was done by FTIR (Fourier Transform Infrared Spectrometer) rotation
scanning with a CombiScope FTIR 200 device (Delta Instruments, Drachten, Holland)
(ISO 9622:2013) [19]. The somatic cell count was determined according to the SR EN
ISO 13366-2:2007 method [20].

The milk fatty acids composition was determined by the gas chromatography method
after extracting the lipids by the EN ISO 661:2005/AC:2006 [21] method and then trans-
methylating the fatty acids with a mixture of concentrated H2SO4 (95%) and methanol.
The resulting methyl esters of fatty acids (FAME) were separated using the gas chromato-
graph GC Perkin Elmer-Clarus 500, equipped with a capillary column of high-polarity
stationary phase (Agilent BPX70; 60 m × 0.25 mm inner diameter × 0.25 μm thick film)
and flame-ionization detector according to SR CEN ISO/TS 17764-2:2008 [22].

2.4. Cheese Samples

The cheese was manufactured from the milk distinctly collected from each experimen-
tal group. Ten pieces of cheese were manufactured for each group using a method that is
common in the region. The raw milk, not standardized for fat content, was filtered, heated
at 36 ◦C, treated with Rennet 8 g (Ideal Still Exim SRL, Chitila, Romania) as a coagulant,
thoroughly mixed, stabilized, and left for 60 min to coagulate. After the milk had clotted,
the curd was cut with a knife and left to express the whey for 15 min. After the elimination
of the whey, the cheese mass was placed in cheese cube molds. The cheese cubes were
pressed for 1.5 h at 20 ◦C, then cooled (6 ◦C). After being brined in a solution containing 18%
NaCl for 16 h at a temperature of 10 ◦C, the cheese cubes were subsequently dried. They
were then stored in a refrigerated environment at 5 ◦C until further assays were conducted.

The DM and the CF content (g/100 g) for each of the 30 manufactured cheese pieces
were determined according to the same methods that were used for diet ingredients. The
fatty acid profile was determined following fat extraction from dried cheese, conversion
to fatty acid methyl esters (FAME), and GC analysis performed according to the method
described for the milk samples.

The FAME peak areas were converted to fatty acid (FA) using the FAME-to-FA con-
version factor for milk. FAs were expressed as a percentage of the total identified FA (%
of total FA), or in gravimetric contents (mg/100 g cheese), using the conversion factor for
milk and milk products (0.945) for the calculation of total FA from total lipids [23].

2.5. Health Lipid Indices of Milk and Cheese Fat

In addition to the profile of individual FA with each diet, the proportion of bene-
ficial FA was also calculated using the following parameters: PUFA/SFA ratio values;
proportion of desired fatty acids (DFA); HSF (hypercholesterolemic SFA) and hypocholes-
terolemic/hypercholesterolemic (h/H) ratio. The nutritional quality of milk and cheese fat
was also assessed by the calculation of health indices: the atherogenic index (AI), calculated
according to [24], and the thrombogenic index (TI), calculated following [25].

2.6. Statistical Analysis

The effects of dietary inclusion of linseed or hempseed on productive performances,
milk and cheese quality, and health indices were analyzed using the general linear model
procedure (Minitab version 17, SAS Institute Inc., Cary, NC, USA), according to the
following model:

Yijk = μ + Ai +Bj +Ck + eijk

where Y represents variable studied during the trial; μ represents the overall mean; A
represents the effect due to the treatment/diet (CON, LIN and HMP); B represents the
effect due to the period (blocking factor); C represents the effect due to the group (blocking
factor); and e represents the error.
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Significance was declared at p < 0.05, while values between 0.05 and 0.1 were consid-
ered as tendencies.

3. Results

3.1. Proximate Composition of Milk and Cheese

No significant differences of the milk yield were detected among the three groups
(1.18 L/head/day for CON, 1.14 L for LIN and 1.19 L for HMP, p = 0.686). Consequently,
as the diets were fed in limited amounts (1.2 kg compound feeds/head, 1.5 kg hay/head),
the feed consumption: milk yield ratio was not significantly changed by the inclusion of
either linseeds or hempseeds: 2.06 kg DM/L of milk (CON), 2.26 kg DM/L of milk (LIN)
and 2.08 kg DM/L of milk (HMP).

Also, in the case of protein and casein content, there were no significant differences
among groups (Table 4).

Table 4. The milk yield and the proximate composition of the milk.

Specification CON LIN HMP SEM
p-Value

Treatment Period Group

Milk yield, kg/day 1.18 1.14 1.19 0.043 0.686 0.190 0.063
Milk fat, % 5.58 b 6.18 a 6.10 a 0.113 0.0001 0.805 0.0001

Milk protein, % 4.03 3.99 3.96 0.032 0.570 0.0001 0.749
Lactose, % 4.75 b 4.83 a 4.83 a 0.017 0.001 0.0001 0.012

Casein, g/L 32.99 32.72 31.89 0.443 0.185 0.0001 0.563
Urea N, mg/100 mL 48.49 a 40.14 b 41.98 b 1.323 0.0001 0.0001 0.050
Specific density, g/L 1026.87 1026.84 1026.83 0.103 0.951 0.005 0.0001

pH 6.57 6.57 6.58 0.017 0.850 0.0001 0.037
Total solids, % 15.27 b 15.78 a 15.69 ab 0.150 0.040 0.002 0.001

Somatic cells count × 1000 per mL 1943 2403 2354 235 0.312 0.119 0.001

CON, control diet; LIN, linseed diet; HMP, hempseed diet; SEM, standard error of the mean; a, b—means in
rows marked with different uppercase superscripts significantly differ at p < 0.001; n = 36, number of milk
samples analyzed.

On the other hand, milk fat content was significantly higher (p = 0.0001) in the case
of the LIN (6.18%) and HMP (6.10%) diets compared to the CON diet (5.58%). Also,
milk lactose content was significantly higher (p = 0.001) in the case of the LIN and HMP
diets compared to the CON diet. A highly significant (p = 0.0001) decrease in the urea-N
percentage was recorded with the LIN and HMP diets. This parameter is a predictor of
nitrogen excretion and is linearly correlated with dietary crude protein content.

The other parameters for milk, like pH, density, and the number of somatic cells,
were not influenced by the diets, with similar values being recorded among the three
experimental groups. Only total solids for the LIN diet slightly differed from CON diet
(p = 0.04).

The fat and protein contents of the goat cheese were also assessed, as shown in Table 5,
and no significant differences were observed among the diets.

Table 5. The proximate composition of the cheese.

Specification CON LIN HMP SEM p-Value

Goat cheese fat, % 21.67 21.26 22.03 1.00 0.864
Goat cheese protein, % 15.32 14.28 14.10 0.55 0.258

CON, control diet; LIN, linseed diet; HMP, hempseed diet; SEM, standard error of the mean; n = 30, number of
cheese samples analyzed.

3.2. Profile of Fatty Acids in Milk

The particular oil composition of the local varieties of linseeds and hemp is reflected
by the results of analyses of the milk fatty acids profile, presented in Table 6.
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Table 6. The effect of linseeds and hempseeds in goats’ diets on fatty acids milk composition (g
FAME/100 g total FAME).

Fatty Acids in Milk CON LIN HMP SEM
p-Value

Treatment Period Group

Butyric C 4:0 0.04 b 0.05 b 0.06 a 0.006 0.013 0.194 0.897
Caproic C 6:0 1.32 1.31 1.42 0.038 0.057 0.124 0.597
Caprylic C 8:0 3.11 ab 3.07 b 3.20 a 0.041 0.044 0.147 0.0001
Capric C 10:0 12.09 a 10.67 c 11.12 b 0.143 0.0001 0.006 0.0001

Undecanoic C 11:0 0.44 a 0.35 b 0.38 b 0.013 0.0001 0.987 0.185
Lauric C 12:0 7.47 a 5.56 b 5.71 b 0.167 0.0001 0.0001 0.459

Tridecanoic C 13:0 0.17 0.15 0.15 0.008 0.250 0.700 0.640
Myristic C 14:0 11.98 a 9.46 b 9.64 b 0.175 0.0001 0.010 0.953

Miristoleic C 14:1 0.78 a 0.57 b 0.59 b 0.022 0.0001 0.002 0.025
Pentadecanoic C 15:0 0.31 a 0.28 b 0.26 b 0.008 0.001 0.0001 0.179
Pentadecenoic C 15:1 1.05 a 0.96 b 0.96 b 0.021 0.002 0.0001 0.001

Palmitic C 16:0 26.23 a 21.31 c 22.64 b 0.360 0.0001 0.004 0.802
Palmitoleic C 16:1 1.98 b 1.78 c 2.23 a 0.042 0.0001 0.366 0.328

Heptadecanoic C 17:0 0.36 0.35 0.34 0.008 0.372 0.001 0.776
Heptadecenoic C 17:1 0.44 a 0.39 b 0.41 ab 0.010 0.003 0.0001 0.649

Stearic C 18:0 6.93 c 10.23 a 8.16 b 0.235 0.0001 0.007 0.718
Oleic cis C 18:1n9c 19.98 b 24.57 a 24.21 a 0.370 0.0001 0.004 0.769

Linoleic trans C 18:2n6t 0.67 c 1.90 a 1.22 b 0.071 0.0001 0.0001 0.002
Linoleic cis C 18:2n6c 2.07 b 2.66 a 2.72 a 0.072 0.0001 0.247 0.061
Arachidic C 20:0 0.05 b 0.11 a 0.06 b 0.008 0.0001 0.019 0.399

Linolenic gamma C 18:3n6 0.06 c 0.13 a 0.09 b 0.007 0.0001 0.0001 0.966
Eicosenoic C 20:1n9 0.06 a 0.06 a 0.04 b 0.004 0.0001 0.984 0.0001

Linolenic alfa C 18:3n3 0.36 b 1.50 a 0.47 b 0.052 0.0001 0.0001 0.001
Conjugated

Linoleic–rumenic acid
CLA (c9,

t11) 0.36 c 0.69 b 1.82 a 0.081 0.0001 0.070 0.205

Eicosadienoic C 20:2n6 0.12 b 0.14 b 0.17 a 0.008 0.0001 0.042 0.829
Eicosatrienoic Ω6 C 20:3n6 0.11 b 0.11 b 0.15 a 0.010 0.0001 0.101 0.001
Eicosatrienoic Ω3 C 20:3n3 0.08 b 0.10 b 0.14 a 0.011 0.0001 0.008 0.007

Arachidonic C 20:4n6 0.15 a 0.11 b 0.12 b 0.005 0.0001 0.010 0.001
Total SFA 1 70.46 a 62.92 b 63.31 b 0.539 0.0001 0.003 0.534

Total MUFA 2 24.24 b 28.47 a 28.55 a 0.425 0.0001 0.021 0.359
Total PUFA 3 3.74 b 7.29 a 6.97 a 0.208 0.0001 0.002 0.016
n-3 PUFA 4 0.41 b 1.55 a 0.57 b 0.053 0.0001 0.0001 0.001
n-6 PUFA 5 3.07 c 5.02 a 4.42 b 0.128 0.0001 0.008 0.001

n-6/n-3 PUFA 6 7.67 a 3.50 b 7.32 a 0.237 0.0001 0.001 0.015
PUFA/SFA 0.06 b 0.12 a 0.11 a 0.004 0.0001 0.003 0.013

DFA 35.10 c 46.12 a 43.83 b 0.367 0.0001 0.0001 0.363
HSFA 45.68 a 36.48 b 37.90 b 0.535 0.0001 0.0001 0.763

h/H ratio 0.49 b 0.76 a 0.73 a 0.020 0.0001 0.001 0.619
AI 2.94 a 1.86 b 1.91 b 0.062 0.0001 0.002 0.683
TI 1.99 a 1.68 b 1.60 b 0.036 0.0001 0.024 0.081

CON, control diet; LIN, linseed diet; HMP, hempseed diet; SEM, standard error of the mean; 1 saturated fatty acids,
2 monounsaturated fatty acids, 3 polyunsaturated fatty acids, 4 omega-3 polyunsaturated fatty acids; 5 omega-6 polyun-
saturated fatty acids, 6 omega 6/omega 3 ratio; DFA = MUFA + PUFA + C 18:0; HSFA = C 12:0 + C 14:0 + C 16:0; h/H
ratio = (C 18:1c9 + C 18:2n6 + C 20:4n6 + C 20:5n3 + C 22:5n3)/(C 12:0 + C 14:0 + C 16:0); AI = (C 12:0 + 4 × C 14:0 + C
16:0)/(MUFA + PUFA); TI = (C 14:0 + C 16:0 + C18:0)/(0.5 × MUFA + 0.5 × n6 + 3 × n3 + n3/n6); a, b, c—means in rows
marked with different uppercase superscripts significantly differ at p < 0.001.

The LIN and HMP diets were associated with a significant decrease (p < 0.0001) in
the total SFAs (62.92 and 63.31 g/100 g total FAME) vs. the CON diet (70.46 g/100 g total
FAME). The butyric (C:4) and caprylic (C:8) acids were slightly increased (p < 0.05) for
the HMP diet, but the caproic acid (C 6:0) was not influenced by the diet. A decrease was
registered for capric acid (C 10:0), an important and specific acid for goat milk, with the
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LIN (10.67 g/100 g total FAME) and HMP (11.12 g/100 g total FAME) diets vs. the CON
diet (12.09 g/100 g total FAME). The lauric acid (C 12:0), the myristic acid (C 14:0), and the
palmitic acid (C 16:0) also registered significant decreases. Only the stearic acid (C 18:0),
the most abundant long-chain FA in milk, was increased with both the LIN (10.23 g/100 g
total FAME) and HMP (8.16 g/100 g total FAME) diets vs. the CON diet (6.93 g/100 g
total FAME).

The LIN and the HMP groups had significantly (p < 0.001) reduced proportions of
the minor MUFAs like miristoleic (C 14:1) and pentadecenoic (C 15:1); the palmitoleic acid
(C 16:1) registered a decrease only with the LIN diet. The total MUFA percentage was
increased for both the LIN and HMP groups vs. the CON group. The highest increase in
the total MUFA was due to the increase of the cis-oleic acid (C 18:1n9c), a major MUFA acid,
by values of 24.57 g/100 g total FAME with the LIN diet and 24.21 g/100 g total FAME
with the HMP diet vs. 19.98 g/100 g total FAME with the CON diet.

The total PUFA concentration showed a highly significant increase (p < 0.0001) for
both the LIN and HMP diets compared to the CON diet.

The major n-6 PUFA, cis-linoleic acid (C 18:2n6c), similarly increased for both exper-
imental groups (2.66 for the LIN diet and 2.72 for the HMP diet) compared to the CON
diet (2.07 g/100 g total FAME). The sum of the n6-PUFA acids with the LIN diet was
5.02 g/100 g total FAME, a higher value than with the HMP diet (4.42 g/100 g total FAME),
but both were significantly higher compared to the CON diet (3.07 g/100 g total FAME). The
major n-3 acid, the alpha-linolenic acid ALA (C 18:3n3), was highly significantly (p < 0.0001)
increased only within the LIN diet (1.50 g/100 g total FAME) compared to the CON diet
(0.36 g/100 g total FAME) and HMP diet (0.47 g/100 g total FAME).

The percentage of conjugated linoleic acid (CLA), namely the dominant isomer—rumenic
acid, c9, t11-CLA (or C 18:2n cis911t)—registered a significant increase (p < 0.0001) with the
HMP diet (1.82 g/100 g total FAME) compared to the CON diet (0.36 g/100 g total FAME)
and LIN diet (0.69 g/100 g total FAME); also, significant differences were noticed between the
LIN and CON diets. This confirms that the presence of dietary oil sources rich in C18:2 and
C18:3 acids improves the milk quality.

Health-related indices such as n6/n3, PUFA/SFA, DFA, HSFA, h/H, AI, and TI were
also influenced (Table 6). The n6/n3 ratio decreased significantly only for the LIN diet. The
DFA index increased significantly for both the LIN (46.12) and HEM (43.83) diets vs. the
CON (35.10) diet. Also, the h/H ratio increased for both the LIN and HMP diets, while the
HSFA index had important decreases for both the LIN and HMP diets. The linseeds and
hempseeds determined the significant decrease in both the AI and TI indices.

3.3. Profile of Fatty Acids in Cheese

The results for cheese (Table 7) were expressed as g FAME/100 g total FAME but
also as mg fatty acid/100 g cheese, a parameter which is more relevant to the farmers
and consumers.

The linolenic-alfa acid concentration increased in the LIN diet (p < 0.0001) compared
to the CON and HMP diets, while for the CLA concentration, the HMP diet registered the
highest value compared to the CON and LIN diets.

The FAME profile for the principal classes was relatively similar between cheese
and milk. Consequently, the SFA decreased for both the LIN (63.60 g/100 g total FAME)
and HMP (62.62 g/100 g total FAME) diets compared to the CON diet (67.80 g/100 g
total FAME), the MUFA increased for both groups (27.48, and 28.80 g/100 g total FAME,
respectively), and the PUFA increased (7.30, and 7.11 g/100 g total FAME, respectively).

The content of n3-PUFAs compared to the CON diet was highest in the case of the LIN
diet, similarly as for milk content. The n6-PUFAs were increased by 1.29 times for the LIN
diet and by 1.16 times for the HMP diet. Consequently, the n6/n3 ratio values, similar to
those found in milk, exhibited a significant decrease within the LIN diet (3.62) compared
with the CON diet (6.88) and the HMP diet (8.00).
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Table 7. The FA composition in the goat cheese as g FAME/100 g total FAME (%) and as mg fatty
acid/100 g cheese.

Fatty Acids in Cheese
(g FAME/100 g Total FAME) mg Fatty Acid/100 g Cheese

CON LIN HMP SEM p-Value CON LIN HMP SEM p-Value

Butyric C 4:0 0.04 0.05 0.04 0.007 0.642 3.69 3.60 4.01 0.70 0.900
Caproic C 6:0 1.36 1.35 1.30 0.074 0.841 120.44 125.27 119.99 9.96 0.912
Caprylic C 8:0 3.08 3.07 3.05 0.092 0.967 264.65 266.92 260.42 15.0 0.953
Capric C 10:0 11.50 a 10.56 b 10.78 ab 0.238 0.027 1099.81 a 963.63 b 1076.71 ab 77.2 0.049

Undecanoic C 11:0 0.40 0.37 0.36 0.017 0.276 38.68 32.37 33.32 2.21 0.122
Lauric C 12:0 6.31 5.48 5.32 0.293 0.055 555.08 474.48 518.30 39.2 0.341

Tridecanoic C 13:0 0.18 0.15 0.15 0.015 0.388 15.31 13.02 13.47 1.20 0.363
Myristic C 14:0 10.88 a 9.63 b 9.43 b 0.352 0.015 966.24 a 852.98 b 912.83 b 54.3 0.033

Myristoleic C 14:1 0.64 0.56 0.58 0.037 0.300 61.17 48.73 52.15 3.52 0.061
Pentadecanoic C 15:0 0.27 0.26 0.25 0.010 0.354 25.43 23.30 22.25 1.31 0.253
Pentadecenoic C 15:1 0.93 0.93 0.93 0.037 0.998 85.57 80.51 79.38 4.81 0.654

Palmitic C 16:0 25.41 22.55 23.03 0.825 0.047 2385.47 2010.23 2045.85 140 0.137
Palmitoleic C 16:1 1.87 ab 1.80 b 2.13 a 0.090 0.036 176.90 ab 165.81 b 209.94 a 13.7 0.048

Heptadecanoic C 17:0 0.34 0.33 0.31 0.012 0.272 32.40 30.39 28.80 1.69 0.354
Heptadecenoic C 17:1 0.38 0.37 0.37 0.017 0.945 34.58 a 33.96 b 33.35 b 1.39 0.008

Stearic C 18:0 7.97 b 9.66 a 8.53 ab 0.432 0.030 696.28 b 890.32 a 820.62 ab 53.5 0.046
Oleic cis C 18:1n9c 21.69 b 23.78 ab 24.74 a 0.838 0.046 1939.63 b 2240.84 a 2232.33 a 117 0.050

Linoleic trans C 18:2n6t 1.03 b 1.84 a 1.24 ab 0.199 0.027 82.35 b 212.14 a 131.10 b 16.6 0.0001
Linoleic cis C 18:2n6c 2.46 2.79 2.85 0.120 0.063 216.26 b 257.29 a 244.01 a 15.2 0.047
Arachidic C 20:0 0.06 b 0.14 a 0.07 b 0.016 0.001 6.57 b 14.91 a 7.61 b 1.54 0.0001

Linolenic gamma C 18:3n6 0.12 0.15 0.10 0.020 0.213 11.59 14.05 10.95 1.93 0.514
Eicosenoic C 20:1n9 0.05 0.04 0.05 0.009 0.815 5.31 b 4.03 a 3.73 a 0.504 0.048

Linolenic alfa C 18:3n3 0.48 b 1.30 a 0.47 b 0.123 0.0001 43.35 b 121.98 a 63.04 b 11.2 0.0001
Conjugated

Linoleic–rumenic
acid

CLA (c9, t11) 0.78 b 0.74 b 1.89 a 0.177 0.001 80.50 b 68.16 b 157.21 a 23.7 0.037

Eicosadienoic C 20:2n6 0.13 0.15 0.19 0.019 0.104 13.03 b 13.72 b 17.04 a 1.97 0.032
Eicosatrienoic-n6 C 20:3n6 0.12 0.10 0.13 0.0233 0.536 11.80 b 9.12 b 13.46 a 2.45 0.050
Eicosatrienoic-n3 C 20:3n3 0.10 0.12 0.11 0.025 0.819 8.72 b 10.48 ab 11.15 a 2.23 0.047

Arachidonic C 20:4n6 0.13 0.11 0.13 0.009 0.065 11.82 b 9.70 a 12.07 b 0.943 0.003
Total SFA 67.80 a 63.60 b 62.62 b 1.230 0.087 6210.05 a 5701.42 b 5864.18 b 283 0.016

Total MUFA 25.56 b 27.48 a 28.80 a 0.771 0.021 2303.16 b 2573.88 a 2610.88 a 200 0.008
Total PUFA 5.35 b 7.30 a 7.11 a 0.563 0.024 479.42 b 716.64 a 660.03 a 85.3 0.009
n-3 PUFA 0.58 b 1.42 a 0.58 b 0.158 0.001 52.07 b 132.46 a 74.19 b 12.5 0.0001
n-6 PUFA 3.99 b 5.14 a 4.64 ab 0.337 0.039 346.85 b 516.02 a 428.63 b 53.8 0.031

n-6/n-3 PUFA 6.88 a 3.62 b 8.00 a 0.626 0.001 6.66 a 3.90 b 5.78 a 0.572 0.000
PUFA/SFA 0.08 b 0.11 a 0.11 a 0.010 0.022 0.08 b 0.13 a 0.11 a 0.009 0.0001

DFA 38.88 44.44 44.44 1.650 0.031 3478.86 4180.84 4091.53 251 0.005
HSFA 42.60 a 37.66 b 37.78 b 1.390 0.028 3906.79 a 3337.69 b 3476.98 b 216 0.040

h/H ratio 0.59 b 0.76 a 0.77 a 0.046 0.040 0.58 b 0.81 a 0.75 a 0.059 0.009
AI 2.43 a 1.91 ab 1.84 b 0.161 0.023 2.45 a 1.79 b 1.90 b 0.188 0.033
TI 2.66 a 2.01 b 2.21 b 0.073 0.024 2.73 a 1.93 b 2.17 b 0.167 0.050

CON, control diet; LIN, linseed diet; HMP, hempseed diet; SEM, standard error of the mean; 1 saturated
fatty acids, 2 monounsaturated fatty acids, 3 polyunsaturated fatty acids, 4 omega-3 polyunsaturated fatty acids;
5 omega-6 polyunsaturated fatty acids, 6 omega 6/omega 3 ratio; DFA = MUFA + PUFA + C 18:0; HSFA = C 12:0 + C
14:0 + C 16:0; h/H ratio = (C 18:1c9 + C 18:2n6 + C 20:4n6 + C 20:5n3 + C 22:5n3)/(C 12:0 + C 14:0 + C 16:0); AI = (C
12:0 + 4 × C 14:0 + C 16:0)/(MUFA + PUFA); TI = (C 14:0 + C 16:0 + C 18:0)/(0.5 × MUFA + 0.5 × n6 + 3 × n3 + n3/n6);
a, b—means in rows marked with different uppercase superscripts significantly differ at p < 0.001.

The PUFA/SFA ratio was significantly improved in both the LIN and HMP groups
(0.11 and 0.11, vs. 0.08 for CON diet, respectively). The content of DFA increased but not
significantly in cheese, in a similar way with the milk fat. The HSFA index registered a
reduction of almost 12% with the LIN diet and nearly 11% with the HMP diet. The h/H
ratio was increased between 1.28–1.30 times for each diet. The value of the AI and TI indices
decreased with both LIN and HMP diets.

4. Discussions

Although the energy supply of LIN and HMP diets was higher than the CON diet (due
to the replacement of a fat-extracted meal with oilseeds), the milk yield was not statistically
different among groups. This might be related to the high proportion of dietary fat in LIN
and HMP groups. This lack of effect is in line with the results of two previous studies [9,15],
where the inclusion of 9.3% DM of linseeds or hempseeds in the diet for Alpine lactating
goats also resulted in similar milk yields among groups.

The increased milk fat content is consistent with the fact that replacement of sunflower
meal with linseeds and hempseeds represents a supplementation of total dietary lipids,
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equivalent with 4.6% of DM intake. The effect of increasing milk fat after adding linseed to
the diet was also reported in ewes by [7], in Cilentana grazing goats by [26], and by [9] in
Alpine goats for both oilseeds. A similar effect of the hempseeds on the milk fat content
was observed by [16], also on ewes, along with an increase of the milk yield. Even in
iso-energetic diets, Sampelayo et al. [27] found that the replacement of starch with fat, as
energy sources, has increased milk fat content and stimulated the presence of oleic, vaccenic,
and rumenic acids, as well as linolenic acid and other trans fatty acids in goat milk.

Whereas the protein and casein contents were not modified by the LIN and HMP
diets, the lactose content was higher in these diets. This increase was associated with the
higher energy levels in these diets (0.865 UFL and 0.863 UFL compared to 0.787 UFL).
The increased lactose levels could also be attributed to a higher glucose availability for
lactose synthesis in the mammary gland as a result of feeding with these lipid-enriched
diets. This effect was presented by other researchers [24] in goats fed starch-enriched or
lipid-supplemented diets. Tudisco [8] also reported an increase in lactose content for goat
fed linseed (4.61%) compared with pasture-fed goat (4.57%).

The milk urea-N registered a decrease for both LIN and HMP diets; this decrease is
also in line with other authors [28] who showed that milk urea nitrogen is also negatively
correlated with the increasing energy content of the diet, like in our study for LIN and
HMP groups.

The levels of short SFAs in milk observed in our study were slightly decreasing. They
enhance the milk’s taste and flavor and, according to Chilliard [4], the SFAs serve as an
energy source for the proper functioning of internal organs, the nervous system, and
muscles in the human body.

The decrease of the levels of long SFAs was a natural consequence of dietary long-chain
FA, as presented by [4].

Other researchers [13] reported similar results, such as a decrease in SFAs de novo
synthesized (C 10:0-C 16:0) and an increase in C 4:0 and C 18:0 acids, as well as in PUFA
amounts in goat milk, after the dietary inclusion of hempseed oil. Similar results were
obtained by [10] concerning elevated stearic acid (C 18:0) levels in Alpine lactating goats
fed with a diet comprising 9.4% hempseed in DM, wherein they also noted a reduction in
the C 8:0-C 16:0 acids.

The magnitude of the increase of the concentration of total milk MUFA percentage
was comparable in both the LIN and HMP groups. This increase also contributed to the
significant increase in the DFA index (46.12 for the LIN diet and 43.83 for the HMP diet vs.
35.10 for the CON diet).

The increase in cis-linoleic acid in milk was due to its prevalence in hempseeds
(53.41%) and its significant presence in linseeds (16.42%). This effect was presented by other
authors [29] who observed that the sum of oleic, linoleic, and α-linolenic acids in the milk
fat exhibited a linear increase corresponding to the dietary daily intake of unsaturated lipids.
The increased presence of alpha-linolenic acid exclusively in the milk from the LIN diet
emphasizes the effect of the linseeds on the milk composition by the presence of this major
FA in the linseeds in a very high amount, 51.33%. A similar effect was presented by [9].
The difference in the major PUFA composition in these two oil seeds is summarized in the
n6/n3 ratio, for milk which significantly decreased only with the LIN diet but remained
unchanged within the HMP diet due to the absence of an increase in milk n3-PUFAs.

Our obtained values for the LIN and HMP diet on CLA isomers are in line with other
studies on various diet types and oilseeds. Correddu et al. [30] found increased levels
of vaccenic acid in milk of dairy sheep fed linseed. High levels of 0.7% for both CLA
isomers (rumenic acid and t10 c12 CLA) and for oleic acid were reported by [7] for ewes
fed extruded linseeds. Increased levels of CLA isomers were also found for diets with
hempseed as presented by other authors [14] on Carpathian goats and by [10] on Alpine
lactating goats supplemented with 9.4% hempseed in different types of diets (based on
pasture hay/shrubs–grass rangeland/less fermentable or less degradable ingredients).
According to Cozma et al. [13], a very high increase of CLA-rumenic acid concentration

125



Agriculture 2024, 14, 1498

in milk fat was observed when goats’ diets were supplemented with hempseed oil. Our
CLA values for HMP diet were similar to those from an extensive, grazing-based, milk
production system presented by the author Slots [31], who found that cows fed natural
pasture yielded a CLA content of 1.75%.

Both vaccenic and rumenic acids are known for anti-atherosclerotic effects by lowering
blood levels of triglycerides and LDL cholesterol fractions, anti-cancer effects, and beneficial
effects on the immune system [32,33].

The main fatty acid classes showed comparable values in both cheese and milk;
however, only the Cis-linoleic acid registered a high increase in milk, whereas in cheese,
the increase was not statistically significant. Also, the CLA-rumenic acid corresponding to
the LIN diet was not increased in cheese compared to the CON diet (although significantly
different values were observed for milk). However, the direction of changes between LIN
or HMP comparing to the CON diet were similar to those registered in milk; therefore, the
minor inconsistencies between milk and cheese were caused by the cumulated individual
errors (sampling, analyses, etc.).

The health indices were similar for cheese and milk (as FAME), and after expressing
FA in an absolute amount (mg FA/100 g cheese), the modifications of the indices were even
better highlighted. These indices are consistent with the findings of [30], who recorded
decreased values of AI and TI and an increased h/H ratio when dairy ewes were fed
linseed. Similar improved health-promoting indices were registered by other authors [34]
for semi-hard cheese made from milk of French Alpine goats fed a basal diet with 90 g/kg
DM extruded linseed. The results for the n6/n3 ratio, for milk and for cheese, were around
5.0, which is recommended to be below 5.0 in the human diet in order to mitigate the risk
of developing cardiovascular diseases and cancer [35].

5. Conclusions

The replacement of sunflower meal with equal quantities of linseeds or hempseeds in
the diets of Murciano-Granadina goats, at a level of 11.5% proportion of the total dry matter
intake, had no influence on raw milk yield or milk protein content but led to a significant
increase in the milk fat content.

In the case of raw milk composition, the inclusion of either LIN of HMP led to the
decreases in the SFA proportion and the increases in the MUFA proportion (mainly the
oleic acid). Inclusion of LIN induced a significant decrease in the n3:n6-PUFA ratio.

Also, in the LIN diet milk, the ALA (C 18:3n-3) increased by 4.1 times, while the LA
(C 18:2n6c) also increased by 1.3 times. In the HMP diet milk, there was no increase in
ALA, and the increase of LA was similar with the LIN diet.

The increased contents of healthy FA, such as n3-PUFA, and CLA-rumenic led to
higher health indices of the milk corresponding to the goats that were fed a linseed or
hempseed diet.

The improved FA profile of the milk collected from the goats fed either LIN or HMP
diets was found also in the cheese manufactured from this milk, which is a good base for
obtaining premium-labelled dairy products through application of feeding strategies that
covers also the non-grazing periods or production systems.
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Novoselec, J.; Ðidara, M.; Antunović,
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Abstract: Blood parameters can provide information on the nutritional status of goat kids, which
is related to both health and performance. The present study aimed to research whether feeding
extruded flaxseed (FS) and pumpkin seed cake (PC), as an alternative protein source in diets, has
an effect on the hematological and serum biochemical parameters of goat kids during growth. In
the small-scale goat farm, 31 French Alpine goat kids aged 32 days were used for the study. The
goat kids were subjected to three different feeding treatments: a mixture containing soybean meal
and extruded soybeans (CON), a mixture containing 16% PC (PC-16), and a mixture containing
9% FS (FS-9). They were monitored during the suckling, weaning, and post-weaning growth
periods. PC-16 and FS-9 in goat kids’ diets did not result in any changes regarding average daily
weight gain. The WBC count was higher in goat kids fed FS-9 and PC-16 compared to CON (9.84
and 9.54 vs. 6.61 × 109 L) diets during the weaning period. GGT activity was lowest in the serum
of goat kids fed PC-16 compared to CON post-weaning (38.65 vs. 48.40 U/L). In addition, FS-19
increased GPx compared to kids fed PC-16 post-weaning (809.7 vs. 600.8 U/L). Regarding blood
parameters, PC-16 and FS-9 can be used in goat kids’ nutrition as alternative sources of proteins on a
small-scale goat farm without compromising goat kids’ growth.

Keywords: goat kids; whole blood; serum; pumpkin seed cake; extruded flaxseed; alternative
protein sources

1. Introduction

The performance of livestock is influenced by a variety of factors, including the type
of production systems used, breed, age, sex, nutritional status, hormonal status, and envi-
ronment [1]. The health and performance of animals are related to their nutritional status,
which is reflected in metabolic products in the blood [2,3]. At the beginning of their lives,
goat kids are monogastric animals or non-functional ruminants that become functional
ruminants at around two months of age. Goat blood parameters can be influenced by
the weaning processes and dynamics as well as the development of the liver, rumen, and
immune system during the transition from pre-ruminant to ruminant [4]. It can also be a
tool to check the quality of the feed, e.g., nutrient availability, mineral status, digestibility,
and absorption by the animals [5]. Abdelsattar et al. [3] reported that the age of goats
has a great influence on their blood profile, especially around the weaning. Thus, goat
kids are very sensitive, especially when there are changes in diet, such as switching to a
diet containing voluminous feeds and cereals with a gradual reduction in milk protein [6].
Goat kids are mostly known and valued for their meat, which is highly appreciated in
Mediterranean Europe [7,8]. The meat of goat kids has a high nutritional value since it is
rich in proteins and low in fat, with a significant proportion of beneficial fatty acids [9,10].
These attributes are what provide goat meat its potential for use in human diets and overall
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health. Furthermore, goat farming requires less input, due to natural adaptation to free-
range farming, and yields lean red meat that is a healthier alternative [11]. These factors
make goat kids’ meat a potentially sustainable supply of red meat.

Most of the livestock production systems worldwide are based on unsustainable
feeding sources to maintain the need for proteins in animal nutrition, the most common
of which is soybean meal [12]. Soybeans are an excellent source of protein and are often
used in commercial feed rations to increase the crude protein content of the diet. As
soybeans are in high demand, their increased cultivation and production as a crop are often
associated with negative environmental impacts and increased use of natural resources,
e.g., deforestation and soil depletion [13], a loss of biodiversity and natural habitats, long
transport distances, high tillage, and fertilizer requirements [14]. Furthermore, using
soybeans is costly in today’s global economy. Due to current feed imports, food production
is no longer sustainable in many countries as the cost of food production rises [15]. In
order to maintain a lower-cost protein supply, it is necessary to maintain the use of various
alternative protein sources for animal nutrition. As reported by Klir et al. [16], soybeans,
both extruded and as meal, can be completely replaced by pumpkin seed cake (PC, Cucurbita
pepo L.) in the diet of lactating dairy goats due to the very high content of crude proteins
and crude fats. Boldea et al. [17] included PC in the diet for lactating dairy goats and
improved the fatty acids in their milk. Antunović et al. [18] found that PC is a high-quality
feed that can partially replace soybean meal and is practicable in terms of good energy and
protein balance in lamb’s serum, while lowering the serum NEFAs and BHB of lambs fed
with 10% and 15% of PC in organic farming. In addition, Li et al. [19] completely replaced
soybean meal with PC and dried distillers’ grains with a soluble mixture in dairy cows
and concluded that this diet promoted antioxidant functions in dairy cows. Pumpkin is
considered an agro-industrial by-product and sometimes industrial waste which has a very
high potential as a nutraceutical [20] and has medicinal and pharmacological properties [21].
In addition, pumpkin is cultivated according to organic principles [22], so that it can be
used as high-quality feed in organic animal farming. Moreover, PC, as feed for ruminants,
is one of the local and low-cost feeds that meets the requirements of both farmers and
customers [17].

On the other hand, extruded flaxseed (FS, Linum usitatissimum L.) has been used
for over twenty years to enrich animal products with n-3 polyunsaturated fatty acids
(PUFAs) in ruminant diets. Colonna et al. [23] reported that the saturated fatty acids
in meat decreased, while monounsaturated fatty acids, PUFAs, and conjugated linoleic
acid increased when goat kids were fed diets containing 3% flaxseed. Hao et al. [24]
indicated that soybean meal can be partially replaced by flaxseed meal in the diets of
fattening lambs in an optimal proportion of 12%, and increased the average daily weight
gain. Ababakri et al. [25] observed increased serum cholesterol levels in ewes fed 10% FS
in feed mixtures, while in the research by Nudda et al. [26], kidney and liver function
parameters did not differ in the serum of dairy goats fed 180 g/day of FS in the diet.
Alves Dutra et al. [27] reported that flaxseed added to the diet of Alpine goats affected the
metabolic profile of the blood, with values still within the physiological interval, except
for triglycerides. However, the available literature lacks information on the use of FS and
PC in the diet of goat kids during their growth. As far as we know, there is no study on
the influence of PC in the diet of goat kids on metabolic status. The clarification of these
questions is of considerable scientific interest in the search for feed called nutraceuticals
that can reduce the soybean content in the diet and at the same time improve the health
status of growing goat kids on a small-scale goat farm.

The hypothesis here was that FS and PC added in the feed mixture as alternative
protein sources have no adverse effects on the blood parameters and goat kids’ growth,
which would be the novelty of the study. To test this hypothesis, the objective of this study
was to evaluate two different feeding strategies for the inclusion of pumpkin seed cake and
extruded flaxseed in the diet of Alpine goat kids and to research their effects on average

130



Agriculture 2024, 14, 1667

daily weight gain, hematological parameters, and biochemical serum parameters (energy,
protein and mineral status, and enzyme activities) during goat kids’ growth period.

2. Materials and Methods

This trial was carried out within the regulations of the Animal Protection Act of Croatia
(NN 102/17, NN 32/19) and the Regulation on the Protection of Animals used for Scientific
Purposes (NN 55/13, Declaration of Helsinki) and other relevant acts determining the
welfare of farm animals as approved by the Bioethical Committee for the Animal Research
of the Faculty of Agrobiotechnical Sciences Osijek (2158-94-02-24-18, 19 June 2024).

2.1. Animals and Management

At the small-scale goat farm in the Republic of Croatia, 31 French Alpine goat kids
were used in the research. The experimental farm was located in the Slavonia part of
Croatia (Marjančaci, Osijek-Baranja County, Croatia), characterized by a farm household
system, using mainly family labor and using part of the products for family consumption
and part for commercial uses (dairy and meat products). The goat kids were reared in
a semi-intensive farming system, kept together with goats, until the age of two months,
including a one-month weaning period. Each goat kid had given birth within seven days.
The design of the experimental setup has been explained in Table 1. The experiment lasted
for 55 days (from 32 to 87 days of kids’ age), and measurements were taken during growth:
I—at the end of the suckling period (32 ± 3 days old); II—at the end of the weaning
period (60 ± 3 days old); and III—in the post-weaning period (87 ± 3 days old). The
following average body weights of goat kids were determined: 7.9 ± 1.5 kg, 12.8 ± 1.5 kg,
and 16.2 ± 1.6 kg in the suckling, weaning, and post-weaning periods, respectively. The
average daily weight gain (ADWG) of goat kids was determined as the difference between
two consecutive weights from the suckling to the weaning period (32nd–60th day) and
from the weaning to the post-weaning period (60th–87th day).

Table 1. Experimental design and composition of experimental diets offered to goat kids on a
small-scale goat farm.

Trait
Diets

Control FS-9 PC-16

Goat kids (n) 9 11 11

Age of goat kids
(days) 32 60 87 32 60 87 32 60 87

Growth period Suckling Weaning Post-
weaning Suckling Weaning Post-

weaning Suckling Weaning Post-
weaning

Production traits 1

Live body weight
(kg) 7.48 12.54 15.49 8.07 13.05 17.11 8.23 14.38 17.92

ADWG, 32nd–87th
day (g) 145.64 164.21 163.77

Feeding

Suckling milk Ad
libitum Restricted 2 - Ad

libitum
Restricted

2 - Ad
libitum Restricted 2 -

Feed mixture
-

0% extruded flaxseed or
pumpkin seed cake - 9% extruded flaxseed - 16% pumpkin seed cake

Ad libitum ~200 g Ad
libitum ~200 g Ad libitum ~200 g

Hay - Ad libitum - Ad libitum - Ad libitum

ADWG—average daily weight gain. 1 Klir Šalavardić et al. [17]; non-significant differences were observed
(p > 0.05). 2 Restricted means goat kids were allowed to suck mothers milk between morning and evening milking,
throughout the day.
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Following kidding, the goat kids suckled colostrum; however, all goat kids were
housed with goats until they were about 32 days old and suckled milk ad libitum. After
32 days of age, the goat kids were removed from their mothers before the evening milking
and placed back in a pen with the goats after the morning milking. After the first sampling
at 32 days of age, the goat kids were offered feed mixtures and a hay mixture of red clover
and grass (Lolium multiflorium and Phleum pratense) ad libitum in an approximate ratio
of 50:50 (feed mixture/hay). At the same time, suckling was restricted and only allowed
throughout the day between morning and evening milking. The goat kids were completely
weaned after 60 days and given feed mixtures and hay ad libitum. The average daily intake
of feed mixture by goat kids was ~200 g/day/head during the post-weaning period.

The feed composition used in the study was consistent with that used by Klir et al. [16]
and Klir Šalavardić et al. [28], since this trial is a part of wider research carried out with
goats and their goat kids. The feed mixtures differed concerning the sources of protein and
fat: the control feed mixture with soybean meal and extruded soybean; the feed mixture
with 16% pumpkin seed cake (PC-16), which completely replaced soybean; and the feed
mixture with 9% extruded flaxseeds (FS-9), which partially replaced soybean. In order to
replace soybean as much as possible with PC and FS, without disturbing the metabolism
of goat kids, firstly, a study of the chemical composition of PC and FS was carried out
(Section 2.2). Then, PC and FS, together with other ingredients, were added in amounts
that would balance the feed mixtures to obtain a norm for growing goat kids in terms of
protein, fat, and energy content according to the National Research Council [29] (Table 2).
It turned out that 16% PC and 9% FS were ideal for the feed mixtures, whose chemical
composition was still within the prescribed norms. The chemical composition of the milk
consumed by the kids was 3.43, 3.81, and 4.05% milk fat; 3.01, 2.98, and 3.22% protein; and
4.47, 4.40, and 4.29% lactose in goat’s milk in CON, PC-16, and FS-9, respectively [30].

Table 2. Dietary ingredients, chemical composition, and major fatty acid proportions of concentrate
mixtures and hay used in the diets for goat kids.

Ingredient, %
Concentrate Mixture

Hay
CON FS-9 PC-16

Corn grain 42.9 40.8 45.9
Barley grain 8.0 8.0 9.0

Oat grain 10.0 10.0 13.5
Wheat flour 12.0 9.0 12.0

Extruded soybean 15.0 - -
Extruded linseed - 9.0 -

Pumpkin seed cake - - 16.0
Alfalfa dehydrated - 4.0 -

Soybean meal (46% crude protein) 8.5 15.7 -
Calcium carbonate 1.6 1.5 1.6

Monocalcium phosphate 0.5 0.5 0.5
Salt 0.4 0.4 0.4

Pellet binder 0.1 0.1 0.1
Mineral vitamin premix 1 1.0 1.0 1.0

Chemical composition, %
DM (% fresh matter) 87.6 87.4 87.3 92.5

Crude protein 16.2 16.2 16.3 11.0
Crude fiber 4.14 4.88 3.73 28.7
Crude ash 4.92 5.06 5.23 5.73

Crude lipid 5.64 5.83 5.63 1.33
ME (MJ/kg DM) 13.2 13.0 13.2 8.0

Mineral composition (mg/kg DM)
Ca 8949 8108 8548 1572
P 7100 6147 6818 1410

Mg 2114 1944 2096 480
Fe 321 278 294 92.8
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Table 2. Cont.

Ingredient, %
Concentrate Mixture

Hay
CON FS-9 PC-16

Fatty acids (g/100 g FAME)
C16:0 10.7 9.43 12.9 29.80
C18:0 4.08 6.11 4.48 2.84

C18:1 n-9 31.9 32.0 34.4 7.71
C18:2 n-6 48.2 38.2 44.4 22.40
C18:3 n-3 2.97 11.50 1.80 24.50

CON—control group; FS-9—feed mixture containing extruded flaxseed, PC-16—feed mixture containing pumpkin
seed cake, DM—dry matter, ME—metabolizable energy, FAME—fatty acid methyl ester. 1 Mineral–vitamin premix:
iron sulphate monohydrate 4000 mg, copper sulphate pentahydrate 800 mg, manganese oxide 3500 mg, zinc
sulphate monohydrate 5000 mg, potassium iodide 80 mg, cobalt sulphate heptahydrate 20 mg, sodium selenite
15 mg, magnesium oxide 5000 mg, vitamin A 1,000,000 IU, vitamin D3 150,000 IU, α-tocopherol 1500 mg, vitamin
K3 50 mg, vitamin B1 100 mg, vitamin B2 200 mg, vitamin B6 200 mg, vitamin B12 1 mg, niacin 1000 mg,
Ca-pantothenate 500 mg, and choline chloride 10,000 mg.

2.2. Feed Analyses

Standard methods were used to determine the composition of feed [31]. Using the
steam distillation unit for Kjeldahl nitrogen (Behr Labor-Technik GmbH, Düsseldorf, Ger-
many) and the Kjeldahl method, crude protein concentrations were determined on the basis
of the nitrogen content. The Universal Extractions System B-811 (Büchi, Flawil, Switzerland)
was used to analyze crude fat concentrations. According to Menke et al. [32], the metabolic
energy (ME, MJ/kg DM) of the feed samples was determined from the gas generation
during a 24 h in vitro incubation period using the Hohenheim gas test. An inductively
coupled plasma mass spectrometer (ICP-MS, Agilent 7500a, Agilent Technologies Inc.,
Santa Clara, CA, USA) was used to measure the concentrations of mineral elements (Ca, P,
Mg, and Fe) in solutions containing digested plant materials. Gas chromatography was
used to determine the fatty acid content of food according to the approach of the State
Office for Agricultural Chemistry Baden-Württemberg (LaChemie P23-5-008, V. 01).

2.3. Blood Sampling and Analyses

Blood was collected from all animals by jugular venipuncture between 0700 and 0800 h
into 10 mL vacuum tubes (Vacutube®, LT Burnik, Vodice, Slovenia) by the same trained
professional at goat kids’ ages of 32, 60, and 87 days. The blood was sampled in the morning
and completed in 1 min to avoid excessive stress. Within an hour of blood collection on
each day, a tube from each animal was brought to the Central Agrobiotechnical Analytical
Unit (Faculty of Agrobiotechnical Sciences, Osijek, Croatia) for hematology analyses and
differential blood counts.

For hematology analysis, the blood of goat kids was sampled into the sterile vacuum
tubes containing ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. Before
analysis, whole blood was mixed with the Coulter mixer (Coulter Electronics Ltd., Luton
Bedfordshire, UK). In whole blood, within 2 h after sampling, the following hematological
parameters were determined: the number of leukocytes, the number of erythrocytes,
hemoglobin, and hematocrit (WBC, RBC, HGB, and HCT, respectively). The following
RBC indices were examined: mean corpuscular volume, average hemoglobin content
in erythrocytes, and mean hemoglobin concentration in erythrocytes (MCV, MCH, and
MCHC, respectively). The hematological parameters were analyzed on an automatic three
differential hematology analyzer (Sysmex PocH-100Iv, Sysmex Europe GmbH, Hamburg,
Germany). Blood samples from EDTA tubes were collected to make blood smears on glass
slides. The smears were stained according to the Pappenheim method. White blood cells,
such as neutrophils (NEUTs) and lymphocytes (LYMs), were identified using a compound
microscope (BX53, Olympus Corporation, Tokyo, Japan).

Serum was prepared from the remaining blood tubes using standard procedures.
The serum for each animal was aliquoted into 2 mL vials within 2 h of blood collection,
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transported in dry ice, and stored at−80 ◦C until required. Blood serum biochemical
parameters were determined, including concentrations of minerals (calcium, phosphorus-
inorganic, magnesium, and iron) and concentrations of urea, glucose, total proteins, and
albumin, as well as cholesterol, high density lipoprotein, low density lipoprotein, triglyc-
eride, β-hydroxybutyrate, and non-esterified fatty acids (CHOL, HDL, LDL, TGCs, BHB,
and NEFAs, respectively). In addition, the following enzymes activities were determined:
alanine aminotransferase, aspartate aminotransferase, and gamma-glutamyl-transferase
(ALT, AST, and GGT, respectively). Globulin was calculated as the difference between
total protein and albumin. Analyses were obtained by Beckman Coulter analyzer (AU400,
Brea, CA, USA). Superoxide dismutase activity was measured by the degree to which
the xanthine oxidase and superoxide radicals inhibited the following reaction (Randox
Laboratories, Crumlin, UK):

O2
• + O2

• + 2H SOD → O2 + H2O2

The glutathione peroxidase enzyme catalyzes the oxidation of glutathione by cumene
hydroperoxide (Randox Laboratories, Crumlin, UK):

2GSH + ROOH GPx → ROH + GSSG + H2O

2.4. Statistical Analyses

Mean values for average daily weight gain and blood parameters were obtained by
Proc MEANS for each parameter within each dietary treatment, during different growth
periods. The statistical model of these analyses included the fixed effect of diet as a
“between-subject factor” and goat kid’s growth effect as a “within-subject factor”. In the
first step, a one-way Proc ANOVA was used to analyze the effect of dietary treatments
for each growth period with the following model: Yij = μ + di + eij, where μ = over-
all mean, di = the fixed effect of diet (three treatments: i = CON, FS-9, and PC-16), and
eij = residual error. In the second step, a repeated measures Proc ANOVA was used to
analyze the effect of the growth period on blood parameters for each dietary treatment
with the following model: Yij = μ + gi + eij, where μ = overall mean, gi = the fixed ef-
fect of the growth period (three periods: i = suckling, weaning, and post-weaning), and
eij = residual error. Comparisons of mean values among dietary treatments and growth
periods were performed using Tukey’s tests, while significant differences were declared
at p < 0.05 and trends were declared at 0.05 < p ≤ 0.1. Standard errors of the mean were
reported. Statistical analysis was performed using the statistical software SAS 9.4 [33].

3. Results

3.1. Average Daily Weight Gain

Average daily weight gain is presented in Figure 1 from the suckling to weaning
period (32nd–60th day) and from the weaning to post-weaning period (60th–87th day) of
goat kids fed FS-9 and PC-16 compared to CON. It is evident that there were no differences
observed in ADWG between different dietary treatments in both growth periods. However,
the growth period affected ADWG in the PC-16 and CON groups (p < 0.05). In PC-16
and CON, ADWG decreased from the weaning to post-weaning period compared to the
suckling to weaning growth period, while in FS-9, no differences were estimated.
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Figure 1. Average daily weight gain (ADWG) of growing goat kids fed diets containing soybean
(CON, n = 9), extruded flaxseed (FS-9, n = 11), and pumpkin seed cake (PC-16, n = 11) from the
suckling to the weaning period (32nd–60th day) and from the weaning to the post-weaning pe-
riod (60th–87th day). c,d Means with different superscripts differ significantly at p < 0.05 (growth
period effect).

3.2. Hematological Parameters

As presented in Table 3, no specific changes were observed in the majority of hema-
tological parameters in goat kids’ blood as affected by dietary treatment. However, the
WBC count was higher (p < 0.05) in goat kids fed FS-9 and PC-16 compared to CON diets
during the weaning. The age of the goat kids affected some hematological parameters,
like WBC, RBC, and HGB. The WBC count increased (p < 0.05) in all groups as kids were
growing, specifically at post-weaning compared to suckling, while in CON, it increased
compared to suckling and weaning periods. The RBC count increased only in the CON
group post-weaning compared to the suckling period, while in PC-16 a tendency towards
an increase was determined (p = 0.06). HGB increased (p < 0.05) in experimental groups
during animal growth at the post-weaning period compared to suckling, while in the CON
group a tendency towards an increase (p = 0.08) was observed.

Table 3. Hematological parameters in the whole blood of goat kids fed with diets containing soybean
(CON, n = 9), extruded flaxseed (FS-9, n = 11), and pumpkin seed cake (PC-16, n = 11).

Parameters Growth Period
Diet

SEM p Value 1

CON FS-9 PC-16

WBCs (×109 L)

Suckling 6.44 d 8.49 d 8.76 d 0.530 0.185
Weaning 6.61 b,d 9.84 a,c,d 9.54 a,c,d 0.455 0.005

Post-weaning 10.76 c 12.09 c 12.58 c 0.563 0.468
p value 2 0.011 0.003 0.027

RBCs (×1012 L)

Suckling 10.18 d 11.35 11.85 0.503 0.442
Weaning 11.63 c,d 12.00 13.03 0.505 0.556

Post-weaning 13.54 c 13.43 14.53 0.393 0.481
p value 2 0.017 0.232 0.064

HGB (g/L)

Suckling 85.86 83.20 d 86.38 d 3.568 0.927
Weaning 85.14 90.91 c,d 96.38 c,d 3.115 0.410

Post-weaning 103.0 103.9 c 110.3 c 2.715 0.538
p value 2 0.076 0.038 0.013
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Table 3. Cont.

Parameters Growth Period
Diet

SEM p Value 1

CON FS-9 PC-16

HCT (L/L)

Suckling 0.485 0.540 0.408 0.032 0.231
Weaning 0.558 0.560 0.501 0.043 0.824

Post-weaning 0.467 0.599 0.417 0.043 0.186
p value 2 0.720 0.851 0.323

MCV (fL)

Suckling 49.90 52.39 38.01 4.829 0.444
Weaning 56.77 60.33 40.74 5.422 0.302

Post-weaning 48.20 61.55 36.31 5.200 0.117
p value 2 0.804 0.730 0.919

MCH (pg)

Suckling 8.02 7.38 7.33 0.178 0.050
Weaning 7.41 7.73 7.45 0.129 0.545

Post-weaning 7.63 7.83 7.60 0.109 0.638
p value 2 0.111 0.203 0.562

MCHC (g/L)

Suckling 201.6 174.6 216.3 13.652 0.439
Weaning 159.9 165.1 214.8 14.990 0.290

Post-weaning 194.0 158.5 241.9 15.001 0.079
p value 2 0.570 0.897 0.609

CON—control group; FS-9—feed mixture containing extruded flaxseed, PC-16—feed mixture containing pumpkin
seed cake; RBCs—erythrocytes, WBCs—leukocytes, HGB—hemoglobin, HCT—hematocrit, MCH—average
hemoglobin content in erythrocytes, MCV—mean corpuscular volume, MCHC—mean hemoglobin concentration
in erythrocytes. 1 Diet effect. 2 Growth period effect. a,b Row means with different superscripts differ significantly
at p < 0.05 (diet effect). c,d Column means with different superscripts differ significantly at p < 0.05 (growth
period effect).

In Figure 2, it is evident that diet influenced the LYM percentage between differently
fed groups during the weaning period, when FS-9-fed kids had higher (p < 0.05) LYMs
compared to PC-16, while the growth effect was noticeable in the PC-16 group by increasing
LYMs post-weaning compared to the suckling period. The NEUT content was lower in FS-9
compared to PC-16 during weaning, while in PC-16, NEUTs decreased from the suckling to
the post-weaning period.

 
Figure 2. Lymphocytes and neutrophils in growing goat kids fed diets containing soybean (CON,
n = 9), extruded flaxseed (FS-9, n = 11), and pumpkin seed cake (PC-16, n = 11). a,b Means with
different superscripts differ significantly at p < 0.05 (diet effect). c,d Means with different superscripts
differ significantly at p < 0.05 (growth period effect).
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3.3. Biochemical Parameters

In Table 4, biochemical parameters present mostly no significant changes as affected
by FS-9 or PC-16 feeding. The concentration of BHB was the lowest (p < 0.05) in the serum
of goat kids fed FS-9 compared to CON, while PC-16 feeding did not effect any changes
in the post-weaning period. Growth affected a few parameters, like LDL being higher
(p < 0.05) in serum post-weaning compared to the weaning period in the FS-9 group. The
NEFA concentrations were lower (p < 0.05) at post-weaning and weaning compared to the
suckling period in both experimental groups. Concentrations of BHB were higher (p < 0.05)
in the suckling period compared to the weaning and post-weaning periods in both FS-9
and PC-16.

Table 4. Biochemical parameters of energy status in the serum of goat kids fed with diets containing
soybean (CON, n = 9), extruded flaxseed (n = 11), and pumpkin seed cake (n = 11).

Parameters, mmol/L Growth Period
Diet

SEM p Value 1

CON FS-9 PC-16

Glucose

Suckling 3.22 3.34 4.17 0.213 0.163
Weaning 3.80 3.94 4.29 0.195 0.621

Post-weaning 3.94 3.94 4.03 0.108 0.926
p value 2 0.314 0.316 0.749

Cholesterol

Suckling 2.54 2.60 2.41 0.159 0.896
Weaning 2.27 2.21 2.40 0.130 0.830

Post-weaning 2.66 3.05 2.86 0.191 0.740
p value 2 0.689 0.084 0.474

TGCs

Suckling 0.423 0.422 0.339 0.029 0.430
Weaning 0.291 0.323 0.384 0.033 0.569

Post-weaning 0.397 0.395 0.454 0.037 0.780
p value 2 0.282 0.387 0.455

HDL

Suckling 1.49 1.58 1.36 0.066 0.384
Weaning 1.32 1.30 1.38 0.061 0.856

Post-weaning 1.48 1.54 1.51 0.066 0.944
p value 2 0.633 0.088 0.654

LDL

Suckling 0.856 0.823 c,d 0.900 0.094 0.949
Weaning 0.813 0.765 d 0.846 0.071 0.893

Post-weaning 0.998 1.33 c 1.15 0.124 0.583
p value 2 0.788 0.035 0.433

NEFAs

Suckling 1.37 1.50 c 1.69 c 0.188 0.819
Weaning 0.590 0.242 d 0.185 d 0.077 0.111

Post-weaning 0.443 0.324 d 0.113 d 0.103 0.485
p value 2 0.104 <0.001 <0.001

BHB

Suckling 0.463 0.396 c 0.498 c 0.033 0.436
Weaning 0.283 0.191 d 0.210 d 0.029 0.451

Post-weaning 0.373 a 0.229 b,d 0.268 a,b,d 0.023 0.036
p value 2 0.197 <0.001 0.004

CON—control group; FS-9—feed mixture containing extruded flaxseed, PC-16—feed mixture containing pumpkin
seed cake; HDL—high-density lipoprotein, LDL—low-density lipoprotein, TGCs—triglycerides, NEFAs—non-
esterified fatty acids, BHB—β-hydroxybutyrate, SEM—standard error of mean. 1 Diet effect. 2 Growth period
effect. a,b Row means with different superscripts differ significantly at p < 0.05 (diet effect). c,d Column means
with different superscripts differ significantly at p < 0.05 (growth period effect).

In all groups, the concentration of proteins increased (p < 0.05) during aging, specifi-
cally post-weaning, compared to the weaning or suckling periods. Similarity was deter-
mined in the concentration of globulin in experimental groups, where higher (p < 0.05)
values were determined post-weaning compared to weaning or suckling, while in CON,
globulin increased only at post-weaning compared to the weaning period (Table 5). Most
minerals did not differ in goat kids’ serum as affected by different dietary treatments. Only
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Mg concentrations tended to increase (p = 0.05) with the inclusion of PC-16 in goat kids’
diets during the weaning period. It is evident that Mg concentration increased (p < 0.05)
in the serum of goat kids fed PC-16 post-weaning compared to the weaning or suckling
periods. Other minerals, like Ca, Fe, and P-inorganic, did not reveal any significant changes
in the serum of goat kids during growth.

Table 5. Biochemical parameters of protein and mineral status in the serum of goat kids fed with
diets containing soybean (CON, n = 9), extruded flaxseed (n = 11), and pumpkin seed cake (n = 11).

Parameters (g/L) Growth Period
Diet

SEM p Value 1

CON FS-9 PC-16

Urea (mmol/L)

Suckling 4.15 4.90 4.06 0.236 0.254
Weaning 3.96 3.86 3.74 0.261 0.953

Post-weaning 4.72 4.57 3.77 0.297 0.413
p value 2 0.614 0.271 0.793

Proteins

Suckling 53.21 d 53.48 d 57.11 d 0.855 0.129
Weaning 53.53 d 54.45 d 53.64 d 0.831 0.883

Post-weaning 61.48 c 64.42 c 64.31 c 0.786 0.303
p value 2 0.010 <0.001 <0.001

Albumin

Suckling 28.84 30.81 29.23 0.472 0.178
Weaning 29.07 28.75 29.09 0.378 0.766

Post-weaning 30.45 30.44 31.00 0.362 0.787
p value 2 0.305 0.081 0.151

Globulin

Suckling 24.37 c,d 22.67 d 27.88 d 0.940 0.057
Weaning 24.07 d 25.70 d 24.55 d 0.679 0.605

Post-weaning 31.03 c 33.98 c 33.31 c 0.712 0.266
p value 2 0.032 <0.001 <0.001

Ca (mmol/L)

Suckling 2.36 2.45 2.54 0.029 0.053
Weaning 2.41 2.45 2.38 0.020 0.352

Post-weaning 2.48 2.41 2.25 0.083 0.589
p value 2 0.191 0.680 0.415

Mg (mmol/L)

Suckling 0.931 0.967 0.880 d 0.018 0.112
Weaning 0.869 0.945 0.960 d 0.015 0.050

Post-weaning 0.959 0.990 1.06 c 0.020 0.144
p value 2 0.094 0.552 <0.001

Fe (μmol/L)

Suckling 28.64 26.32 27.09 2.863 0.952
Weaning 30.67 26.68 33.58 2.567 0.333

Post-weaning 25.48 23.26 22.69 1.259 0.710
p value 2 0.554 0.740 0.123

P-inorganic
(mmol/L)

Suckling 3.06 3.15 3.10 0.078 0.906
Weaning 3.12 3.08 3.22 0.064 0.669

Post-weaning 3.49 2.96 3.17 0.087 0.057
p value 2 0.187 0.491 0.809

CON—control group; FS-9—feed mixture containing extruded flaxseed, PC-16—feed mixture containing pumpkin
seed cake; SEM—standard error of mean. 1 Diet effect. 2 Growth period effect. c,d Column means with different
superscripts differ significantly at p < 0.05 (growth period effect).

The activity of GGT was the lowest in the serum of goat kids fed PC-16 diets compared
to CON, while FS-9 did not reveal any changes in the post-weaning period (Table 6). The
AST activity tended to decrease (p = 0.07) with PC-16 in the post-weaning period, while
the activity of GPx was the highest (p < 0.05) in the serum of FS-9 goat kids compared to
PC-16 post-weaning. The GGT in the serum of CON goat kids was the highest (p < 0.05)
post-weaning compared to the suckling period, and the GPx was higher in the serum of
goat kids during weaning compared to the suckling or post-weaning periods, but only in
the FS-9 group.
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Table 6. Activities of serum enzymes of goat kids fed with diets containing soybean (CON, n = 9),
extruded flaxseed (n = 11), and pumpkin seed cake (n = 11).

Enzyme (U/L) Growth Period
Diet

SEM p Value 1

CON FS-9 PC-16

Aspartate
aminotransferase

(AST)

Suckling 71.17 71.38 68.73 2.525 0.905
Weaning 97.15 80.72 74.57 5.984 0.377

Post-weaning 101.06 82.81 77.19 3.974 0.072
p value 2 0.223 0.383 0.369

Alanine
aminotransferase

(ALT)

Suckling 11.76 18.78 20.45 2.885 0.498
Weaning 16.27 17.73 14.07 2.514 0.841

Post-weaning 25.38 20.54 18.14 3.610 0.771
p value 2 0.251 0.927 0.694

γ-glutamyl
transferase (GGT)

Suckling 34.23 d 37.52 36.20 1.823 0.791
Weaning 43.97 c,d 43.63 41.56 2.079 0.894

Post-weaning 48.40 a,c 39.52 a,b 38.65 b 1.606 0.040
p value 2 0.009 0.400 0.507

Superoxide
dismutase

(SOD, U/mL)

Suckling 0.340 0.402 0.464 0.066 0.803
Weaning 0.383 0.501 0.609 0.071 0.524

Post-weaning 0.769 0.617 0.716 0.089 0.789
p value 2 0.209 0.323 0.610

Glutathione
peroxidase (GPx)

Suckling 960.1 1061.4 d 914.7 62.739 0.610
Weaning 1011.1 1104.2 c 893.6 63.785 0.396

Post-weaning 700.2 a,b 809.7 a,d 600.8 b 35.716 0.039
p value 2 0.154 0.008 0.119

CON—control group; FS-9—feed mixture containing extruded flaxseed, PC-16—feed mixture containing pumpkin
seed cake; SEM—standard error of mean. 1 Diet effect. 2 Growth period effect. a,b Row means with different
superscripts differ significantly at p < 0.05 (diet effect). c,d Column means with different superscripts differ
significantly at p < 0.05 (growth period effect).

4. Discussion

4.1. Average Daily Weight Gain

Feeding goat kids FS-9 and PC-16 resulted in similar ADWG compared to CON
from suckling to weaning and from the weaning to post-weaning period. This agrees with
Mahouachi et al. [34], who concluded that extruded flaxseed (15%) can be used in lamb diets
without adverse effects on average daily gains of lambs fed iso-caloric and iso-nitrogenous
feed mixtures. Novoselec et al. [35] concluded that 7% pumpkin seed cake can be used
as a protein source in lamb diets without affecting production characteristics such as the
average daily gain of lambs. However, it can be seen from Figure 1 that ADWG decreased
in PC-16 and CON goat kids after weaning, while there was no significant decrease in FS-9
goat kids. The results showed that the goat kids exhibited a very high growth intensity
during the period from suckling to weaning. During this period, ADWG was achieved by
both maternal milk consumption and supplemental feed [36,37], such as FS-9, PC-16, or
CON feed mixtures.

According to a current study, 16% PC completely replaced the 15% extruded soybeans
and 8.5% soybean meal in the feed mixtures for goat kids. This suggests that utilizing PC
as an alternative protein source could reduce the high cost of soybeans in feed mixtures.
Since PC is one of the affordable and locally available feeds in Europe, it may be financially
advantageous for a small-scale goat farm to avoid the import of soybeans [17]. Since PC is
primarily produced under organic conditions [22], it can also be used as a premium feed in
organic animal farming, supporting sustainable production on small-scale goat farms. In
addition, it is essential to maintain the quality of the product, the production output, and
the overall health of the livestock [38]. However, 9% FS was combined with 15.7% soybean
meal in feed mixtures for goat kids as an alternative source of fat and proteins. Although
it is commonly recognized that FS is not very cost-effective for animal nutrition, it may
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help enhance the amount of functional compounds, including n-3 fatty acids, which adds
additional value to animal products. Consequently, the increased cost of the produced
functional foods is the only way to offset the cost of this feed mixture. Functional foods are
more expensive than similar products that are not classified as “medical” healthy foods,
according to Balogh et al. [39].

4.2. Hematological Parameters

As shown in Table 3, no specific feeding-related changes were observed in most
hematological parameters in the blood of goat kids, except for WBC count, which was
higher in the blood of goat kids fed FS-9 and PC-16 during the weaning period. In the FS-9
group, this could be explained by the high level of n-3 PUFAs in the FS-9 group, which
promoted lymphocyte responses. In the study by Abu El-Hamd et al. [40], the addition of
flaxseed oil to the milk of Friesian calves (0.2 mL/kg live weight) during suckling increased
the WBC count and improved the immune response of calves without adverse effects
on hematological or biochemical parameters. According to Al-Zuhairy and Taher [41],
feeding 5 or 10% flaxseed to chickens increased blood WBC counts at 40 days of age. These
authors explained that the birds were in good condition and this was not so much a sign
of disease but a sign possibly related to the immunomodulatory properties of the active
components of flaxseed, like n-3 PUFAs. N-3 PUFAs have an impact on various immune
mechanisms, such as lymphocyte proliferation, the production of cytokines by lymphocytes,
and natural killer cell activity [42]. Gandra et al. [43] reported that phagocytosis-positive
leukocytes were greater in prepartum and postpartum cows fed whole flaxseeds compared
to a control group, concluding that n-3 PUFAs seem to have a greater effect on the activity
of leukocytes when compared with n-6 PUFAs. These results are consistent with the results
of the present research, since α-linolenic acid was the highest in the feed mixture of the
FS-9 group (Table 1). Furthermore, membrane phospholipids act as substrates for the
release of (non-esterified) PUFAs; these released PUFAs can function as transcription factor
ligands, signaling molecules, or precursors for the biosynthesis of lipid mediators, which
are involved in the regulation of numerous cell and tissue responses [44]. Lee and Kang [45]
showed that n-3 PUFA treatment increased immune cell numbers such as WBCs and LYMs
in 100-day-old male miniature pigs fed diets supplemented with n-3 PUFAs. Momeni-
Pooya et al. [46] reported that supplementing the diet with n-3 PUFAs from flaxseed oil
can be a strategy to improve the immune performance of calves fed barley-based starter
diets. As reported by El-Saadany et al. [47], the addition of pumpkin seed oil to the poultry
diet (0.5%) can enhance the physiological, antioxidative, and immunological status of birds,
owing to its high polyphenol content. The slightly elevated WBC values observed in both
experimental groups indicate that the immune system of the goat kids functioned well
during the weaning. The values obtained in our study were within the laboratory reference
values Jackson and Cockcroft [48] (4–13 × 109/L) obtained for goats. Consistent with
the increase in WBCs in the FS-9 group of goat kids, LYM levels increased in the same
group compared to PC-16, while PC-16 increased NEUTs compared to FS-9 during weaning.
Lee et al. [49] observed a lower NEUT/LYM ratio in the blood of laying hens fed a basal
diet containing 3.6% (w/w) FS product (17% α-linolenic acid), indicating its potential effect
on alleviating inflammation and stress conditions in laying hens.

It is known that goat kids are very sensitive to changes in nutrition and rearing,
especially at a young age. Therefore, the switch from milk to the feed mixtures’ proteins
and forage in the diet needs to be gradual [6], and took 28 days in the current study. The
WBCs increased in all groups from suckling until the post-weaning period. During the
weaning, goat kids are usually under stress. It has been suggested that certain immune
cell populations seek refuge in the bone marrow and adipose tissue during metabolic
stress [50]. In the experimental groups of the present study, the effect of metabolic stress
during weaning was not pronounced, which is also reflected in adequate ADWG. The
variation in the total WBC changes from suckling to the post-weaning period reflects the
adaptability process of the hematopoietic system to extrauterine life, which brings the WBC

140



Agriculture 2024, 14, 1667

counts of young animals closer to those of adults [51] and the immune system becomes
more functional [52]. It is evident that RBCs and HGB increased in all groups during
the growth of goat kids, but the RBC count was only significant in CON, and a tendency
towards an increase was observed in PC-16, while HGB increased in experimental groups
during animal growth with a tendency towards an increase in CON. Souza et al. [52] found
that lambs aged 30 to 60 days had higher levels of RBC (12.1–13.6 × 106 cells μL−1) and
higher levels of HGB from 30 to 90 days (8.8–11.4 gdL−1) along with a decline at the age of
120 days. They explained that when the amount of solid foods consumed increased, so did
the overall RBC count and HGB content. These findings are consistent with the results of
the current study on goat kids’ growth.

4.3. Biochemical Parameters

When comparing the PC-16 or FS-9 group with the CON group, the concentrations
of most blood serum parameters related to energy and protein status, as well as enzyme
activities, remained unchanged. This indicates that PC-16 or FS-9 had no discernible
negative effects on the health or nutritional status of the goat kids, making it a safe dietary
ingredient. However, growth did affect some parameters in goat kids’ serum, e.g., serum
LDL levels were increased after weaning compared to the weaning period but only in the
FS-9 group. This implies that prolonged (>55 days) FS-9 feeding to goat kids may contribute
to hyperlipidemic blood traits by increasing serum LDL, as reported in the goat study
conducted by Alves Dutra et al. [27]. In this study, increasing flaxseed supplementation
from 0 to 15% had a linear effect on LDL levels measured at both 40 and 60 days of the
trial period. According to the authors, the effect of flaxseed on lipid concentrations in the
plasma in this investigation can be explained by the fact that eating flaxseed increased the
number of circulating lipoproteins. In our study, a trend of increasing CHOL concentration
in the FS-9 group was reported from the suckling to the post-weaning period, which was
slightly above the reference values (1–3 mmol/L) [48]. Most of the CHOL increase occurs
in the LDL cholesterol fraction [53]. In a study with 30-month-old lambs fed 10% FS in
concentrate mixture, Hossein Abadi et al. [54] discovered higher CHOL when compared to
raw flaxseed and the control. According to Huerta et al. [55], some studies observed that
supplementation with n-3 PUFAs could raise LDL concentration, while others have found
no effect, concluding that the overall n-3 PUFAs’ effect on LDL remains unclear.

Regarding the biochemical parameters of energy status, the feeding effect was sig-
nificant only in the post-weaning period, when feeding FS-9 resulted in decreased BHB
compared to CON. Diet, stress, and age have all been shown to influence blood BHB and
ketogenesis processes in goats [3]. Probably the lowest mobilization of body fat in the
post-weaning period was in FS-9 goat kids, since the ADWG in FS-9 did not decrease as
compared to CON or PC-16 from the weaning to the post-weaning period. It is very well
known that increased circulating levels of NEFAs and BHB are a result of the increased
mobilization of body fat reserves in response to a negative energy balance [56]. Thus, a
decreased BHB and NEFAs in both experimental groups during the weaning and post-
weaning period, compared to the suckling period, may alleviate the negative energy status
of goat kids, during the weaning, more than commercial concentrate mixtures based on
soybean. Mohapatra et al. [57] showed that the sudden separation of lambs from their
mothers cause stress. However, in the present study, the transition from suckling to wean-
ing took 28 days so that the goat kids had sufficient time to acclimatize to the feed mixture
and cope with weaning stress at the age of two months. However, Khan et al. [58] observed
that animals weaned gradually over 21 days had lower NEFA levels than animals weaned
earlier, which is consistent with the present study. In addition, Qugley et al. [59] reported
that NEFA concentrations in the plasma of calves decreased with increasing age (from
5 to 8 weeks). In cases where young animals have a negative energy balance, the BHB
measurement in blood could indicate BHB produced in the liver [60]. In the present study,
this probably occurred during the suckling period, when BHB levels were higher in all
groups, although only significantly higher in the experimental groups than in the other
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periods. During the suckling period, goat kids are exclusively dependent on their mother’s
milk and the fact that they were not suckling during the blood sampling probably led to
stress, which could be reflected in a higher BHB value. In addition, there are no reference
values for BHB in the serum of growing goat kids, which needs to be investigated further.

The total proteins in goat kids’ serum were lower during the suckling period compared
to weaning and post-weaning, when goat kids consumed concentrate feed mixture rich in
proteins. As reported by Yusuf et al. [61], an adequate supply of protein is a fundamental
factor for the proper growth of goats. An adequate proportion of crude proteins and energy
provided by the feed mixture (16.2% of crude protein and 13.2 MJ/kg of metabolizable
energy) explains the higher serum total proteins in goat kids in the post-weaning period.
Osman et al. [62] determined a similar concentration of total proteins in weaned goat
kids, which was 61 ± 4.1 g/L. Lower values for total proteins and globulins at 30 days,
according to Souza et al. [63], signify the beginning of the animal’s active production of
immunoglobulins and the inference of the immunoglobulins’ passive degradation process
as received via colostrum. After a few months, the increase in globulin concentration
in serum mainly comes from the increase in gamma-globulin concentrations related to
adaptation to environmental conditions, as at this age, animals already have a mature
immune system, as determined in lambs by Santos et al. [64].

GGT activity decreased in the serum of goat kids fed a PC-16 diet compared to
CON, while AST activity tended to decrease with PC-16, and ALT showed some numerical
decrease in the same group during the post-weaning period. It is known that elevated levels
of serum enzymes such as GGT, AST, and ALT are indications of liver injury. According to
Makni et al. [65], pumpkin seeds are rich in dietary fiber, antioxidants, and unsaturated
fatty acids, which are known to have hepatoprotective and anti-atherogenic properties. In
an experiment with rats, Nkosi et al. [66,67] observed a hepatoprotective effect of pumpkin
seed protein isolate in the diet by reducing the activity of AST and ALT in plasma. A similar
decrease in AST activity in the plasma of dairy cows fed diets in which soybean meal was
replaced by PC and dried distillers’ grains was found by Li et al. [19]. El-Saadany et al. [47]
found that the addition of pumpkin seed oil to the poultry diet (0.5%) decreased AST
and ALT activity in the plasma of laying hens, concluding that pumpkin seed oil can be
added to laying hens diets to improve metabolism and liver functions. Additionally, PC is
rich in polyphenol content [47], which may improve hepatic morphology and antioxidant
capacity in the liver, as observed by He et al. [68] in the study with piglets fed dietary holly
polyphenol extracts. The decrease in serum GGT and AST activity observed in the goat
kids fed PC-16 in the present study suggests that replacing extruded soybeans and soybean
meal with PC after feeding for 55 days may have a protective effect on liver cells in the
post-weaning period.

Antioxidant enzymes like SOD, GPx, and catalase play a role in preserving an optimal
level of antioxidants inside cells [69]. Superoxide dismutase, the first enzyme responding
to the presence of oxygen radicals, was not affected by the diet. However, the response
of GPx activity in serum was diet-dependent at the post-weaning period. Increased GPx
activity in FS-9 compared to PC-16 may be due to the n-3 fatty acids in extruded flaxseed,
as shown in Table 2, which indicates that the FS-9 diets are enriched in α-linolenic acid.
Higher GPx activity in blood serum could also indicate that the body is ready to cope with
reactive oxygen species [70], as determined in FS-9 goat kids during the post-weaning
period in our study. Gangal [71] reviewed and explained that n-3 PUFAs regulate gene
expressions and thereby influence signaling pathways by interacting with nuclear receptors,
e.g., by binding to the peroxisomal proliferator-activated receptor gamma. As reported
by Sembratowicz et al. [72], flaxseed oil has a beneficial effect by stimulating antioxidant
defense mechanisms and reducing the severity of oxidative stress, which probably occurred
in the FS-9 group of the present study compared to PC-16. Al-Maghadi et al. [73] suggested
that flaxseed oil exerts an alleviating effect by increasing levels of antioxidant enzymes
in the cells of the intestinal mucosa, resulting in improved defense against oxygen-free
radicals. In addition, Śpitalniak-Bajerska et al. [70] found higher GPx activity in the serum
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of pre-weaning dairy calves fed milk replacer with ethyl esters of flaxseed oil (10 g/day)
and lyophilized apples (25 g/day), which improved metabolic and oxidative functions. In
our study, a positive effect of FS-9 diets was shown after 55 days of goat kid experimental
feeding, which is worth further study. Barda et al. [74] conducted a study on rats with
paw edema, who received topical treatment with flaxseed and pumpkin oils. The authors
explained that the anti-inflammatory effect of the oils tested was found to be closely
linked to their antioxidant properties and their bioactive compounds (PUFAs, vitamin
E, and phytosterols). Indeed, the lipophilic aspect of these substances allowed them to
diffuse into the cell membrane, which is rich in PUFAs and proteins [74]. In our study, the
proportion of palmitic acid was higher in the PC-16 diet than in the FS-9 diet, as palmitic
acid is predominant in pumpkin seed cake, together with oleic and linoleic acids. Palmitic
acid promotes pro-inflammatory processes [75], while a higher inflammatory status was
significantly correlated with lower levels of antioxidant enzymes [76] as observed in PC-16
compared to FS-9 serum in goat kids. Li et al. [77] demonstrated that treatment with
palmitic acid promoted the formation of malondialdehyde and simultaneously reduced the
activity of GPx determined in bovine endometrial cells. However, the GPx activity in the
serum of PC-16 goat kids was similar to that of the CON group and was within normal
physiological levels, as reported by Śpitalniak-Bajerska et al. [70].

Despite the promising outcomes regarding the use of alternative protein sources in
the nutrition of growing goat kids, the complete replacement of soybean by PC-16 or
the partial replacement by FS-9 in feed mixtures addresses some limiting factors in the
present experimental setup. Lower sample size was probably a limitation that affected
differences among treatments or growth periods, which were not significant but showed
some tendencies. The main reason for the current sample size is that the experiment was
done on the small-scale goat farm, which requires the production for family consumption
and for commercial uses. This is why we tried to minimize the experiment’s risks on the
farm, especially because goat kids were examined in a very sensitive period during growth.
Another reason is that, since this trial is a part of wider research carried out with carefully
selected lactating dairy goats, we used only their goat kids in the current experiment. The
present study could give us some useful guidelines for further studies regarding PC-16 and
FS-9 in diets for goat kids, which will comprise a larger sample size and a longer duration.

5. Conclusions

Regarding the blood parameters, which portray the health and nutritional status,
PC-16 and FS-9, in isoproteic, isolipidic, and isoenergetic diets, can be used in goat kids’
nutrition as sources of proteins and fats on a small-scale goat farm without compromising
goat kids’ growth. The current experimental setup demonstrated that pumpkin seed cake
is a high-quality ruminant protein feed that contributes to the reduction of soybeans in
diets. At the same time, PC-16 decreased GGT activity in serum, thus having a potential
hepatoprotective role in the post-weaning period of goat kids. As compared to pumpkin
seed cake diets, dietary FS-9 has a more beneficial impact on GPx activity, which is worth
further study in which the overall antioxidant status of goat kids shall be studied. To justify
these findings further, the meat quality, as well as profitability and environmental issues,
like nitrogen excretions, should still be evaluated to study overall sustainability when using
pumpkin seed cake and extruded flaxseed in goat kids’ diets on a small-scale goat farm.
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p. 84.

23. Colonna, M.A.; Karatosidi, D.; Cosentino, C.; Freschi, P.; Carbonara, C.; Giannico, F.; Losacco, C.; Tufarelli, V.; Tarricone, S.;
Selvaggi, M.; et al. Dietary supplementation with oregano and linseed in autochthonous “Facciuta Lucana” goats: Effects on
meat quality traits in suckling kids. Animals 2023, 13, 3050. [CrossRef] [PubMed]

144



Agriculture 2024, 14, 1667

24. Hao, X.Y.; Yu, S.C.; Mu, C.T.; Wu, X.D.; Zhang, C.X.; Zhao, J.X.; Zhang, J.X. Replacing soybean meal with flax seed meal: Effects
on nutrient digestibility, rumen microbial protein synthesis and growth performance in sheep. Animal 2020, 14, 1841–1848.
[CrossRef] [PubMed]

25. Ababakri, R.; Dayani, O.; Khezri, A.; Naserian, A.A. Effects of extruded flaxseed and dietary rumen undegradable protein on
reproductive traits and the blood metabolites in Baluchi ewes. J. Anim. Feed. Sci. 2021, 30, 214–222. [CrossRef]

26. Nudda, A.; Battacone, G.; Atzori, A.S.; Dimauro, C.; Rassu, S.P.G.; Nicolussi, P.; Bonelli, P.; Pulina, G. Effect of extruded linseed
supplementation on blood metabolic profile and milk performance of Saanen goats. Animal 2013, 7, 1464–1471. [CrossRef]

27. Alves Dutra, P.; Batista Pinto, L.F.; Cardoso-Neto, B.M.; Silva Mendes, C.; Moraes Pinheiro, A.; Pires Barbosa, L.; de Jesus Pereira,
T.C.; Pinto de Carvalho, G.G. Flaxseed added to the diet of Alpine goats affects the nutrients intake and blood parameters. Trop.
Anim. Health Prod. 2022, 54, 104. [CrossRef]
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Abstract: The objective of this study was to assess the impact that diets supplemented with grape
seed cake rich in polyphenols had on lactating goats. The study investigated the quantity and
quality of goat milk, the metabolic profile of blood, and the antioxidative status. The study involved
24 French Alpine dairy goats throughout their lactation period. The goats were, on average, 5 years
old (±three months) and in the fourth lactation. The experiment lasted for 58 days. The control
group (CON) had a diet without grape seed cake (GSC). The experimental groups were given a diet
containing 5% and 10% GSC on a dry matter basis (GSC5 and GSC10, respectively). A slightly higher
milk production, as well as protein and fat milk content, were found in GSC5 and GSC10, but the
differences were not significant. Goat milk in the GSC10 group exhibited significantly higher activity
of superoxide dismutase and glutathione reductase, as well as decreased concentrations of GUK and
SCC. The feeding treatments did not affect significant differences in hematological and biochemical
indicators, except for the BHB content, which can be associated with a higher energy value of feed
containing GSC. There was an observed elevation in the activity of SOD within the blood of GSC5,
and GSC10 was measured as well. The determined changes justify the supplementation of GSC
rich in polyphenols to goat feed, especially in the amount of 10%, as it can reduce stress caused by
lactation, which is known as a very stressful production period for animals.

Keywords: grape seed cake; goat; milk; blood; antioxidative status; blood metabolic profile

1. Introduction

Lactating dairy goats play a crucial role in providing milk, a valuable source of
nutrition for human consumption. However, the physiological demands of lactation can
often lead to stress and metabolic challenges for these animals. Investigating nutritional
strategies to improve the production and well-being of lactating goats has drawn more
attention in recent years [1]. Polyphenols found abundantly in various plant sources have
been recognized for their antioxidant properties and potential health-promoting effects [2].
Grape seed cake, a by-product of the winemaking industry, is rich in polyphenols and has
been increasingly considered as a potential feed supplement for livestock [3,4].
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Grapevine (Vitis vinifera L.) ranks among the most widely cultivated crops globally,
primarily renowned for its nutritional benefits, largely attributed to its abundant polyphe-
nol content [5]. Global wine production reached 260 million hectoliters in 2021 [6], causing
millions of tonnes of by-products to be produced each year. Mediterranean countries such
as Italy, France, and Spain are prominent contributors to this production. In Croatia, wine
production amounted to approximately 726,000 hectoliters in 2022. The processing of
grapes results in various by-products, one of which is grape seeds. The wine industry’s by-
products frequently contain beneficial nutrients and chemicals that can be used as additives
for livestock feed, thereby reducing waste and promoting resource efficiency [7,8].

The share of seeds in grape pomace amounts to 15–52% of DM [9]. Grape seeds are
complex in structure; their chemical composition usually depends on ecological conditions
(growing and harvesting of grapes, etc.). According to Bucić-Kojić et al. [10], grape seeds
contain around 40% fibre (with a significant share of cellulose), 16% essential oils, 11%
protein, 7% polyphenols (flavonols, flavanols, anthocyanins, phenolic acids, and resveratrol)
and other compounds (minerals, sugars, and neo-phenolic antioxidant-β-carotene). The
most common minerals in grape seeds are iron (Fe) and copper (Cu), but their use in food
is limited because of the high levels of lignin, acid detergent fibre (ADF), and neutral
detergent fibre (NDF). In addition to the above-mentioned ingredients, grape seeds are
rich in vitamin E, which contributes to their significant antioxidant activity [11]. The food,
cosmetic, and pharmaceutical industries regularly utilize grape seeds [12]. In recent years,
grape seeds have also been processed for oil extraction. After crushing the grape seeds for
oil extraction, the resulting by-product, known as grape seed cake (GSC), can be utilized
as a nutritional supplement in human nutrition. More recently, GSC as a by-product has
been used in animal feeding as well. Although the potentials of GSC supplementation to
animal feed are still not fully recognized, farmers are slowly starting to consider GSC as a
dietary supplement because of its nutritional value and rich source of natural antioxidants.
Lutterodt et al. [13] determined that total phenol content was 100 times lower in the oils than
in grape seed flour, thus confirming it to be a valuable source of total phenols. Incorporating
large quantities of grape by-products into the diet of monogastric animals may negatively
impact growth features since anti-nutritional substances have been present [3,14]. There
are few studies referring to the use of grape seed cake in the feeding of lactating ruminants,
yet none of them are conducted on lactating goats. Alba et al. [15] investigated the impact
of supplementing sheep diet with grape residue flour (GRF) at levels of 0%, 1%, and 2%.
They found no effect on the produced quantities and composition of milk despite the fact
that the experimental sheep groups produced a greater amount of milk than the control.
However, the indicators of antioxidative status were better in the experimental groups.
Correddu et al. [16] pointed out that feeding ruminants with agro-industrial by-products,
including grape by-products, has many advantages. These include reducing storage and
disposal costs, adding value to dairy products by improving their quality, enhancing animal
health by enriching animal’s diets with polyphenols, and contributing to the preservation
of environmental biodiversity.

Lactation is a highly demanding and stressful period for animals, often disrupting
homeostasis maintenance and leading to the occurrence of various diseases. In order to
prevent such conditions during highly demanding production phases, various antioxidants
are often added to animal feed. The purpose of this study is to establish the feasibility
and efficacy of using grape seed cake, rich in polyphenols, as a dietary supplement for
lactating goats and to assess its effects on the quantity and quality of milk, metabolic profile
and antioxidative status of goats. Utilizing industry by-products, such as grape seed cake,
in animal nutrition presents a promising avenue for advancing both animal welfare and
sustainable agricultural practices. Furthermore, integrating industry by-products into
animal nutrition strategies can contribute to the development of circular economies within
the agricultural sector [17].
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2. Materials and Methods

2.1. Experimental Design and Bioethics Standard

This study involved 24 French Alpine lactating goats at a small-scale family-operated
farm in Osijek-Baranja County (Croatia). The selected goats were approximately 5 years of
age (±three months), in the fourth lactation. Every goat was in good health and physical
condition, had a starting body weight of 49.4 kg, and morning milk production was 1.53 kg.
A herd of fifty goats was used to select the goats, and all goats had given birth within
one week. The trial started on day 40 after kidding, with an adaptation period of eight
days for experimental nutrition. According to the dietary treatment, three groups were
formed, with eight goats in each. Goats were kept in a barn, and milking was completed
in a separate parlour. The trial lasted for 58 days, during which goats were weighed at
the beginning of the experiment (the preparatory period lasted for 7 days) on days 1, 29,
and 58. On the same days, goats’ body measures were recorded, and milk and blood
samples were collected. According to Santucci and Maestrini [18], the body condition
score (BCS) was measured on a 1-to-5-point scale, with the intervals between 1 (thin) and
5 (obesity) being 0.25. Every employee handling live goats had the necessary training
and education. The Faculty of Agrobiotechnical Sciences Osijek’s Committee for Animal
Welfare gave the study their approval (644-01/22-01/03 from 30 June 2022). The declaration
of Helsinki and the legislative guidelines established by the Animal Protection Act (the
Republic of Croatia Official Gazette Nos. 133 (2006), No. 37 (2013) and No. 125 (2013)) were
followed throughout.

2.2. Feed and Analysis of Feedstuffs

The goats were fed with a feed mixture offered twice a day (during machine milking),
individually (1.5 kg per day) in separate feeding troughs, according to NRC [19]. In
addition, goats were fed with alfalfa hay ad libitum. The ratio of the voluminous and
concentrated parts of the diet was 60:40. The diet was isonitrogenous and isoenergetic.
Kids were removed from the mothers 24 h prior to each milk sample collection day (1st,
29th, and 58th day of trial). The ratio was formulated according to body weight before
the experiment started, 49.4 kg, and morning milk production of 1.53 kg. Diets differed
in the amount of grape seed cake (GSC) supplemented to the feed mixture. The pomace
of Cabernet franc (Vitis vinifera L.) grapes was purified after maceration lasting for 5 days.
Seeds were separated in a separating machine manufactured by Crystal-Mezőtúr Kft.,
model S800. After separation, seeds were washed of impurities and dried for 10 h at a
temperature of 50 ◦C. After drying, seeds were pressed in the Komet oil press, model
CA59G, at a screw conveyor temperature of 80 ◦C, screw conveyor diameter of 10 mm, and
frequency of 60◦/min, with the aim of separating the oil. The residue (grape seed cake)
was ground in the Albrigi Luigi hammer mill. A sieve with holes of 1.5 mm diameter was
used to grind the cake. The ground grape seed cake was used as a supplement in the feed
mixture for goats.

The control diet did not contain GSC. In the first experimental group (GSC5), grape
seed cake was added to the feed mixture in the amount of 5%/DM. In the second experi-
mental group (GSC10), grape seed cake was added to the feed mixture in the amount of
10%/DM. Grape seed cake was added to the feed mixture of group GSC5 in the amount of
75 g/day and to the feed mixture of GSC10 in the amount of 150 g/day. Feed mixture, hay,
and GSC were dehydrated and pulverized by using an ultra-centrifugal mill (heavy-metal-
free). To ascertain feed composition, AOAC [20] standard procedures were applied. The
raw material and chemical composition of the feed are presented in Table 1.
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Table 1. Ingredients and chemical composition of feed mixture, grape seed cake, and hay.

Ingredient (g/kg Feed Mixture) Feed Mixture GSC Hay

CON GSC5 GSC10

Corn 487 569 553
Oat 100 100 100

Wheat flour 100 - -
Soybean meal (46% CP) 179 197 199

Soybean hulls 100 50 -
Grape seed cake - 50 100

Fat - - 14
Salt 4 4 4

Mineral vitamin premix 1 30 30 30
Chemical content (g/kg DM)

DM 889 888 889 909 900
Crude protein 165 161 159 119 143

Crude fibre 54 51 53 422 293
Crude ash 54 54 51 32 61

EE 28 29 38 46 10
NDF 386 273 367 614 686
ADF 85 79 88 501 395
ADL 21 8.6 37 422 68

ME (MJ/kg DM) 11.36 11.20 11.21 3.50 7.21
Polyphenols (total), mg/kg 56.06 418.22 812.06 5065.36 -

Anthocyanins (total), mg/kg 144.23 155.80 240.46 105.53 -
CON control group; GSC5: grape seed cake 5%, GSC10: grape seed cake 10%; DM: dry matter; CP: crude
protein; EE: ether extract; NDF: neutral detergent fibre; ADF: acid detergent fibre; ADL: acid detergent lignin;
ME: metabolic energy; 1 The mineral vitamin premix1 is composed of 21% calcium, 5% phosphorus, 6% sodium,
5% magnesium, 1,200,000 IU/kg vitamin A, 140,000 IU/kg vitamin D3, 3500 mg/kg vitamin E, 600 mg/kg iron
sulphate monohydrate, 490 mg/kg copper sulphate pentahydrate, 500 mg/kg copper (in the form of chelates),
5 mg/kg manganese sulphate pentahydrate, 6500 mg/kg zinc oxide, 1500 mg/kg zinc (in the form of chelates),
60 mg/kg iodine in the form of anhydrous calcium iodate, 40 mg/kg cobalt carbonate monohydrate, and 50 mg/kg
selenium selenite.

All feed samples (grape seed cake, alfalfa hay, and feed mixture) were dried before
being processed into a powder in a knife mill (GM 200, Retsch GmbH, Haan, Germany)
or heavy metal-free ultra-centrifugal mill (ZM 200, Retsch GmbH, Haan, Germany). The
Association of Official Analytical Chemists’-established procedures were used to determine
the feed composition [20]. Table 1 displays the ingredients and chemical compositions of the
diets. The Kjeldahl method was used to assess the crude protein content of the feed using a
Kjeldahl steam distillation apparatus (Behr, Stuttgart, Germany). The universal extraction
system B-811 (Buchi, Flawil, Switzerland) was used to estimate the ether extract. The
Weende technique was used to calculate the crude fibre content, and INRAE-CIRAD-AFZ
was used to determine the ME [21]. Using the instruments and methods outlined by Jakobek
et al. [22], the total polyphenols in the feed were extracted and determined. The same
procedure was repeated to obtain three extracts of feed. The total polyphenol concentration
was presented as mg of gallic acid equivalents (GAE) per kg of sample weight. Total
anthocyanins and polyphenols analyses were carried out by using a Shimadzu UV-1280
spectrophotometer (Shimadzu Europe GmbH) following the method by Jakobek et al. [22].

2.3. Milk Sampling and Analysis

During routine milking on experiment days 1, 29, and 58, three samples of milk
were obtained from each goat at 7:00 a.m. None of the goats had mastitis throughout the
experiment, as observed by forestripping before each milk sampling. One of these two milk
samples obtained from each goat was transferred into bottles (30 mL) and cooled to 4 ◦C.
The milkoScan FT 6000 analyzer (Foss Electric, Hillerød, Denmark) was used to obtain the
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chemical composition of milk following HRN ISO 9622:2017. The following equation was
used to calculate fat-corrected milk at 3.5% (FCM, kg/day; [23]):

FCM = milk yield × (0.634 + 0.1046 × fat) (1)

A Fossomatic 5000 Analyser (Foss Electric, Hillerød, Denmark) was used to determine
somatic cell count (SCC) with fluoro-opto-electronic method (HRN ISO 13366-2/Ispr.1:2007).
According to Wiggans and Shook [24], the results were transformed to log values via the
following equation:

SCC = 3 + log2(SCC/100,000) (2)

In order to determine biochemical indicators, fresh milk was centrifuged at 5000× g
for 30 min to separate the fat, and until analysis, the milk plasma was stored at −80 ◦C.
Biochemical markers, such as ALT (alanine aminotransferase), GGT (γ-glutamyl transferase)
and AST (aspartate aminotransferase), GR (glutathione reductase), urea, albumin, glucose,
and TP (total protein)) were determined using a biochemical analyser Olympus AU 400
(Olympus, Tokyo, Japan). Glutathione peroxidase (GPx) activity in milk was determined by
Ransel® kit (Randox, Crumlin, UK) and SOD activity by Ransod® kit (Randox Laboratories,
Crumlin, UK).

Milk antioxidant compounds were extracted in three replicates using a slightly mod-
ified method, according to Alyaqouba et al. [25]. Briefly, 10 parts of extraction solvent
(1 N HCl/95% ethanol (v/v, 15/85)) were used for 1 part of milk and shaken for 1 h
using a rotary shaker (Brunswick™ Innova® 43R Console Incubator Shaker, Eppendorf AG,
Hamburg, Germany) at 30 ◦C and 300 rpm, while protected from light. The supernatants
separated after centrifugation at 4400× g and 5 ◦C for 40 min (Hermle Z 326 K, Hermle
Labortechnik GmbH, Wehingen, Germany) and were then stored at −20 ◦C until further
analysis. The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity of the milk
extracts was assessed in three replicates using a modified method [26]. Briefly, 9 parts of
methanolic solution of DPPH radical at 0.2 mM were mixed with 1 part of milk extract
and left at room temperature for 30 min in the dark after being shaken vigorously. In
brief, 9 parts of a 0.2 mM methanol DPPH radical solution and 1 part of milk extracts were
combined and, after being vigorously shaken, were allowed to sit at room temperature for
30 min in the dark. Utilizing a spectrophotometer (Lambda 25, Perkin Elmer, Waltham, MA,
USA), absorbance was measured at 517 nm. Equation (3) was used in order to compute the
DPPH scavenging activity:

DPPH scavenginming activity (%) = ((Ab + As) − Am)/Ab × 100)) (3)

where Ab is the negative control absorbance, As is the milk sample control absorbance, and
Am is the tested milk extracts and DPPH radical absorbance.

The method used for Thiobarbituric Acid Reactive Substances measurement was
adapted from Oancea et al. [27] and Sun et al. [28]. To remove proteins, a mixture of
1 part of 0.1% trichloroacetic acid (TCA) and milk samples (3 parts) was prepared. The
supernatants were collected and incubated with TBA/TCA reagent (0.5% thiobarbituric
acid—TBA in 20% TCA) in a 2:1 ratio for 90 min at 80 ◦C, after centrifugation at 3000× g for
5 min at 4 ◦C (Hermle Z 326 K, Hermle Labortechnik GmbH, Wehingen, Germany). The
incubation was followed by cooling on ice. Absorbance readings were taken at different
wavelengths: 450 nm for saturated aldehydes, 532 nm for malondialdehyde (MDA), and
600 nm for non-specific absorption. Results were then calculated by subtracting non-specific
absorbance at 600 nm and expressed as absorbance values at 450 nm (TBARS450).

2.4. Blood Sampling and Analysis

Samples of blood (10 mL) were drawn from each goat’s jugular vein for hematological
analysis, and they were placed into sterile Venoject® (Sterile Terumo Europe, Leuven,
Belgium) vacuum tubes that contained EDTA (ethylenediamine tetra-acetic acid). After

152



Agriculture 2024, 14, 479

collection, blood samples were set on ice and stored in chilled conditions (0–6 ◦C). To
ascertain the hematological parameters in goat whole blood (WBC (number of leukocytes),
RBC (erythrocytes), HGB (the content of hemoglobin), HCT (hematocrit), MCV (mean
corpuscular volume), MCH (average hemoglobin content in erythrocytes), and MCHC
(mean hemoglobin concentration in erythrocytes)), the three-part differential veterinary
hematology analyzer (Sysmex PocH-100iV, Sysmex Europe GmbH, Norderstedt, Germany)
was utilized.

Following that, blood samples that had been obtained in sterile vacuum tubes devoid
of EDTA were centrifuged using a centrifuge ROTOFIX 32A (Hettich GmbH & Co. KG, Tut-
tlingen, Germany) at 1609.92× g for ten minutes. The obtained serum samples were placed
into the Olympus AU400. ALB (albumin), CHOL (cholesterol), BHB (β-hydroxybutyrate),
TGC (triglycerides), GUK (glucose), PROT (total proteins), ALB (low-density lipoprotein),
HDL (high-density lipoprotein), NEFA (non-esterified fatty acids), and minerals (calcium,
magnesium, phosphorus, and iron) were among the biochemical parameters determined in
the serum. Enzyme activities were measured for GGT (γ-glutamyl transferase), AST (aspar-
tate aminotransferase), ALT (alanine aminotransferase), and GR (glutathione reductase) by
using Olympus System reagents (Olympus Diagnostic GmbH, Ballymount, Ireland). The
difference between total protein and albumin was expressed as globulin (GLOB) content.
The GPx in the serum was determined using a Ransel® kit (Randox, Crumlin, UK), and
SOD in serum was determined using a Ransod® kit (Randox, Crumlin, UK) on an Olympus
AU 400 analyzer (Olympus, Tokyo, Japan).

2.5. Statistical Analyses

Mean values for milk performance, as well as hematological and antioxidative status,
were estimated for each goat and for each time of sampling. These values were then
subjected to a repeated-measure analysis using PROC MIXED (SAS 9.4; [29]), with the
following model: Yijk = μ + di + hij + wk + dwik + eijk, where μ means overall mean, di
means fixed effect of diet (i = C, GSC5, GSC10), hij means animal within diet as subject
(j = C, GSC5, GSC10), wk means fixed effect of sampling time in lactation (k = 1–3), dwik
means interaction between diet and sampling time (diet × sampling), and eijk means
residual error. Diet × sampling time interactions were considered fixed effects. Mean
values were compared with the Tukey significant difference test, where p < 0.05 indicated
significant differences.

3. Results

Data on recorded body weight, body condition score, milk production, and composi-
tion of lactating dairy goats fed a diet enriched with varying amounts of grape seed cake
are shown in Table 2.

Analysis of data presented in Table 2 confirmed a slightly higher amount of milk, as
well as protein and fat content, in milk produced by goats that were fed diets supplemented
with GSC; however, those differences were not significant. When comparing the milk of
GSC10 goats to the control (CON) and GSC5 groups, the SCC was significantly reduced.
Furthermore, when compared to the CON group, GSC5 and GSC10 milk had a significantly
lower concentration of GUK. A significant influence on the periods of milk sampling was
also determined for the concentration of ALB, and there was also a significant interaction
of D × P for concentrations of TP, ALB, and ALT and AST activities in goat milk.

Table 3 provides an overview of the hematological parameters of dairy goats fed diets
with different amounts of GSC.

The content of hematological indicators was not affected by the supplementation of
GSC to goats’ diets.

Analysis of the data presented in Table 4 confirmed a significant decrease only in the
concentrations of BHB in experimental GSC10 groups as well as a non-significant increase
in the concentrations of ALB, TGC, and CHOL, HDL, and LDL cholesterol, and a decrease
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in the concentration of Fe in blood in GSC groups. A significant influence of the lactation
stage was determined for concentrations of Ca, TP, TGC, and NEFA in goats’ blood.

Table 2. Milk yield and composition and production traits of goats fed diets supplemented with GSC.

Diets
SEM

p Value

CON GSC5 GSC10 D S D × S

Milk yield (kg) 1.34 1.63 1.59 0.075 0.214 0.094 0.843
Body weight (kg) 50.02 49.57 47.74 0.881 0.588 0.982 0.986

BCS (point) 2.61 2.53 2.45 0.053 0.518 0.094 0.534
Milk composition (g/100 g)

Fat 3.00 3.14 3.27 0.105 0.572 0.420 0.901
Protein 2.77 2.98 3.02 0.052 0.157 0.796 0.946
Lactose 4.29 4.40 4.39 0.023 0.088 0.100 0.174

Non-fat dry matter 8.25 8.31 8.49 0.050 0.146 0.470 0.763
AST (U/L) 18.70 21.56 26.22 1.674 0.083 0.095 0.024
ALT (U/L) 2.87 4.14 7.40 4.109 0.051 0.076 <0.001
GGT (U/L) 286.86 334.85 329.55 14.134 0.223 0.621 0.066
ALB (g/L) 12.62 11.65 11.40 0.645 0.732 0.027 0.021
TP (g/L) 18.64 17.93 18.30 0.741 0.947 0.054 0.015

GUK (mmol/L) 0.28 a 0.19 b 0.16 b 0.014 0.001 0.460 0.377
Urea (mmol/L) 8.95 8.65 8.45 0.274 0.834 0.174 0.010

SCC (log) 5.95 a 5.85 a 5.15 b 0.077 <0.001 0.052 0.411
a,b Means in rows with different letters differ significantly (p < 0.05). CON: control group; GSC5: grape seed cake
5%, GSC10: grape seed cake 10%; D: diet, S: time of sampling, D × S: interaction (diet × sampling); SEM: standard
error of mean; BCS: body condition score; TP: total proteins; ALB: albumins; GUK: glucose; AST: aspartate
aminotransferase; ALT: alanine aminotransferase; GGT: γ-glutamyl transferase; SCC: somatic cells count.

Table 3. Hematological parameters of goats fed diets with different amounts of GSC.

Parameter
Diets

SEM
p Value

Reference Values *
CON GSC5 GSC10 D S D × S

RBC (×1012 L) 8.47 9.47 9.20 0.283 0.305 0.831 0.672 8.00–18.00
WBC (×109 L) 10.06 9.61 10.48 0.422 0.733 0.563 0.803 4.00–13.00

HGB (g/L) 67.09 78.76 71.95 2.078 0.073 0.892 0.723 80.00–120.00
HCT (L/L) 0.24 0.27 0.26 0.006 0.222 0.869 0.624 0.22–0.38
MCH (pg) 8.27 8.37 7.85 0.135 0.230 0.052 0.796 5.20–8.00
MCV (fL) 30.10 28.71 28.57 0.486 0.262 0.059 0.328 16.00–25.00

MCHC (g/L) 276.39 293.10 275.29 3.443 0.068 0.357 0.835 300.00–360.00

CON: control group; GSC5: grape seed cake 5%; GSC10: grape seed cake 10%; D: diet; S: time of sampling; D × S:
interaction (diet × sampling); SEM: standard error of mean; RBC: erythrocytes; WBC: number of leukocytes;
HGB: hemoglobin; HCT: hematocrit; MCV: mean corpuscular volume; MCH: average hemoglobin content in
erythrocytes; MCHC: mean hemoglobin concentration in erythrocytes; * [30].

The activities of blood enzymes did not vary depending on feeding treatment, except
for SOD activity, which was significantly increased in GSC5 and GSC10 (Table 5). The milk
sampling period had a significant influence on GPx activity in goats’ blood.

The TBARS450 content and DPPH scavenging activity did not differ significantly when
influenced by the feeding treatment, although the TBARS450 content was decreased in the
milk of goats fed diets supplemented with GSC (Table 6). Milk from GSC10 goats had a
significantly higher activity of SOD. Furthermore, when compared to goat milk from C
and GSC5, milk from GSC10 had a significantly higher activity of GR. The milk sampling
period had a significant influence on DPPH scavenging as well as the activities of SOD
and GR.
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Table 4. Blood biochemical parameters in goats fed diets with different amounts of GSC.

Parameter (mmol/L)
Diets

SEM
p Value

Reference Values *
CON GSC5 GSC10 D S D × S

Urea 9.28 9.35 9.57 0.215 0.870 0.575 0.714 4.00–8.60
TP (g/L) 70.44 74.97 73.58 1.332 0.820 <0.001 0.232 62.00–79.00

ALB (g/L) 25.20 28.50 26.52 0.563 0.060 0.783 0.838 29.00–43.00
GLOB (g/L) 45.23 46.47 47.06 0.906 0.701 0.362 0.740 35.00–57.00 1

Ca 2.21 2.18 2.10 0.028 0.221 0.017 0.503 2.30–2.90
P-inorganic 3.29 3.26 3.39 0.098 0.286 0.056 0.550 1.00–2.40

Mg 1.44 1.50 1.41 0.023 0.286 0.056 0.550 0.80–1.30
Fe (μmol/L) 23.60 22.64 16.96 1.233 0.078 0.850 0.609 11.60–38.10 1

GUK 4.26 4.23 4.37 0.060 0.619 0.072 0.699 2.40–4.00
CHOL 2.64 3.02 2.84 0.078 0.159 0.938 0.991 1.00–3.00
HDL 1.44 1.70 1.49 0.039 0.616 0.314 0.754 1.05–1.76
LDL 1.11 1.23 1.33 0.070 0.420 0.916 0.906 0.77–1.25
TGC 0.17 0.20 0.21 0.012 0.440 0.022 0.537 0.20

NEFA 0.16 0.19 0.19 0.012 0.410 <0.001 0.392 >0.2 2

BHB 0.54 a 0.50 a 0.41 b 0.016 0.003 0.150 0.750 0–1.20

CON: control group; GSC5: grape seed cake 5%; GSC10: grape seed cake 10%; D: diet; S: time of sampling; D × S:
interaction (diet × sampling); SEM: standard error of mean; TP: total proteins, ALB: albumins; GLOB: globulins;
GUK: glucose; CHOL: cholesterol; HDL: HDL cholesterol; LDL: LDL cholesterol; TGC: triglycerides; NEFA:
non-esterified fatty acids; BHB: β-hydroxybutyrate; a,b means in rows with different letters differ significantly
(p < 0.05).* [31]; 1 [32]; 2 [33].

Table 5. Blood enzyme activities of goats fed diets with different amounts of GSC.

Parameter (U/L)
Diets

SEM
p Value

CON GSC5 GSC10 D S D × S

AST 125.51 121.35 119.76 3.296 0.772 0.725 0.570
ALT 27.34 26.10 26.82 0.895 0.857 0.425 0.974
GGT 46.52 50.17 48.35 1.165 0.466 0.965 0.972
CK 172.87 154.05 166.90 4.719 0.274 0.621 0.953
GPx 768.25 829.09 849.90 23.662 0.330 0.006 0.961

SOD (U/mL) 0.26 b 0.48 a 0.51 a 0.021 0.001 0.126 0.851
GR 90.48 83.90 82.16 2.512 0.336 0.500 0.411

CON: control group; GSC5: grape seed cake 5%; GSC10: grape seed cake 10%; D: diet; S: time of sampling; D × S:
interaction (diet×sampling); SEM: standard error of mean; AST: aspartate aminotransferase; ALT: alanine amino-
transferase; GGT: γ-glutamyl transferase; CK: creatine kinase; GPx: glutathione peroxidase; SOD: superoxide
dismutase; GR: glutathione reductase; a,b means in rows with different letters differ significantly (p < 0.05).

Table 6. Antioxidant status of milk of goats given diets with various amounts of GSC.

Parameter
Diets

SEM
p Value

CON GSC5 GSC10 D S D × S

TBARS450 0.039 0.036 0.035 0.0017 0.724 0.604 0.233
DPPH scavenging

(%) 92.87 92.19 92.14 0.247 0.240 <0.001 0.425

SOD (U/mL) 3.41 a 4.31 ab 5.30 b 0.250 0.002 0.002 0.765
GPx (U/L) 426.64 441.17 472.75 36.043 0.866 0.302 0.200
GR (U/L) 3.37 a 3.25 a 6.57 b 0.426 <0.001 0.047 0.072

CON: control group; GSC5: grape seed cake 5%, GSC10: grape seed cake 10%; D: diet, S: time of sampling,
D × S: interaction (diet × sampling); SEM: standard error of the mean; TBARS450—Thiobarbituric acid reactive
substances; DPPH—radical scavenging activity at final milk concentration 10 uL/mL; SOD—superoxide dismu-
tase; GPx—glutathione peroxidase; GR—glutathione reductase; a,b means in rows with different letters differ
significantly (p < 0.05).
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4. Discussion

There is a growing interest of scientists exploring the potential of using grape waste
products in the feeding of small ruminants. Flavonoids and proanthocyanidins, as bioactive
compounds obtained from wine industry by-products, are used to enhance the immune
response. They modulate the immune system of ruminants via binding to proteins, as well
as to boost interference at the active site, thus exerting antioxidant effects [34]. Feeding
goats with polyphenol-rich diets leads to the presence of proline-rich proteins (PRPs) in
their saliva [35], as well as in a better capacity of saliva to bind tannins [36]. In the present
research, supplementation of GSC to goats’ diets resulted in a slight, nonsignificant increase
in the quantity of milk, fat, and protein milk content but a significant decrease in SCC in the
milk of the GSC10 group (Table 2). In a study on sheep fed a diet supplemented with 5%
grape seeds during mid-pregnancy and lactation, Pascual-Alonso et al. [37] found similar
content of milk fat, protein, and somatic cell count. Smaller changes in the lactose content
in sheep milk were determined in all feeding treatments. A study by Gessner et al. [38]
with dairy cows administered pomace meal extract and grape seeds describes the effect
of grape phenols on enhancing the flow of protein into the small intestine, which results
in an increase in milk production. Similarly, high doses of winery by-products (grape
seeds and pomace) could reduce the breakdown of dietary protein [39]. When compared to
CON, significantly higher activity of SOD and reduced SCC were found in the milk from
GSC10 goats in the present study. Likewise, when compared to CON and GSC5, GSC10
had a significantly lower concentration of GUK in the milk. Alba et al. [15] supplemented
grape residue flour (GRF) in the amount of 1% and 2% (10 and 20 g/kg) to sheep diets and
determined a non-significant increase in milk quantity without changes in its composition
(except for reduced BSC and increased fat content). The SCC was significantly lowered in
the milk from sheep fed diet with 2% grape residue flour (by 18.01%) and nonsignificant
lowered in groups fed with 1% (by 10.20%), which was linked to the anti-inflammatory
capability caused by the ingredients present in the dietary supplement. The aforementioned
changes align with the results obtained in the present study, where a reduction in SCC
in milk by 13.5% was determined in the GSC10 group. The reduction in milk GUK in
the GSC groups in the present study may be related to slightly higher milk production
and higher lactose content in the milk. The reason for the high turnover of glucose in
lactating ruminants is that the demand for the udder is high, and glucose is almost the only
precursor of lactose [40]. Mokni et al. [41] investigated grape seed and skin supplemented
to lactating sheep feed in the amount of 20% and proved increased milk production, but
without significant differences in the composition of milk, except for the increased content
of urea, Fe and Ca. Resconi et al. [42] did not confirm the influence of grape seeds (5%) in
feeding lactating sheep on the quality of milk and meat of sheep and their lambs. Similarly,
Manso et al. [43] and Nudda et al. [44] also did not confirm changes in the quantity of milk
produced by sheep fed diet with grape pomace. The absence of a significant increase in
the amount of milk in the goats of the experimental groups that consumed feed mixtures
with added GSC can be connected with similar ME content in feed mixtures (Table 1).
Mokni et al. [41] obtained similar results with sheep but with significantly higher milk
production influenced by feeding sheep diets supplemented with grape seed and skin
(20%). In the present research, a non-significant increase in GPx activity was observed
in the milk and blood of goats fed diets supplemented with GSC. Alba et al. [15] also
reported increased activity of GPx in sheep blood, which was more pronounced in sheep
fed a diet supplemented with 2% GRF, and the authors associated this with the presence of
polyphenols in grape residue.

In this research, the determined blood metabolic profile (concentrations of hemato-
logical and biochemical indicators) was within reference values [31–33,45,46], with a slight
influence on the milk sampling period, which was expected (Tables 3 and 4). We deter-
mined a lower content of HGB, MCHC, ALB, and Ca as well as higher value of MCV, urea,
and P. The content of hematological indicators was not influenced by GSC supplemented in
goats’ diets. When feeding sheep diet supplemented with grape pomace, Nudda et al. [47]
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obtained similar results for hematochemical indicators in blood. The present research
resulted in a non-significant increase in TGC and CHOL concentrations and a significant
decrease in BHB in goats’ blood, which points out the fact that feeding mixtures of the
experimental groups were enriched with GSC ether extract (Table 1). Specifically, it is
known that grape seeds have higher polysaccharide content, which can lower serum BHB
concentrations and also inhibit the mobilization of adipose tissue and liver glycogen in
the GSC10 group [48]. The amount of NEFA in the serum indicates how fat is metabo-
lized, and the goats from the GSC groups’ consistent concentration might be connected to
the absence of alterations in CHOL. Similar results for blood TGC in investigation with
dried pomace feeding of wethers were confirmed by Juráček et al. [49]. In a study on
sheep fed a diet supplemented with 5% grape seeds during mid-pregnancy and lactation,
Pascual-Alonso et al. [37] found higher concentrations of NEFA and CK activity in the
blood. Alba et al. [15] published similar conclusions referring to concentrations of TGC in
the blood of sheep fed diets supplemented with grape residue flour. It is very well known
that both flavonoids and proanthocyanidins are free radical scavengers; they promote
vasodilation by inhibiting phospholipase, cyclooxygenase, and lipoxygenase. They also
reduce the peroxidation process of lipids [50]. This research did not confirm the variation
in enzyme activities in goats’ blood that depended on the feeding treatment, except for
SOD activity, which was significantly increased in GSC5 and GSC10 (Table 5). SOD is an
enzyme that is essential to the body’s defence against oxidative stress because it removes
superoxide radicals from inside cells [51]. When feeding sheep diets supplemented with
grape residue flour (10 and 20 g/kg), Alba et al. [15] also found that there was an increase
in GPx, a decrease in lipid peroxidation, an increase in total antioxidant status (TAS), and
enhanced SOD activity in the serum. In this study, the absence of notable alterations in
the activity of other antioxidant enzymes in the blood of goats could be linked to the re-
stricted absorption of anthocyanins in small ruminants relative to monogastric animals [52].
Previous studies have shown a high correlation between the oxidation of dairy products
and the yellow colour of TBARS at 450 nm, which have been associated with the oxidation
of monounsaturated fatty acids [27,53,54]. The objectives of the TBARS analysis were to
assess potential lipid oxidation in milk. Milk lipids are susceptible to chemical and physical
changes, including autooxidation, oxidation, and the development of trans fatty acids,
aldehydes, ketones, and lactones. These changes can have adverse effects on the properties
of dairy products, such as undesirable odour, flavour, and colour. By conducting TBARS
analysis, it becomes possible to quantify the extent of lipid oxidation, thereby evaluating
the quality and stability of dairy products. The TBARS are indeed primary by-products of
lipid peroxidation. Previous studies demonstrated that antioxidants, such as polyphenols
found in grape extracts or grape pomaces, seeds, skins, and stems, have the capability to
regulate and reduce the levels of TBARS [55]. Polyphenols gain their antioxidant properties
via scavenging free radicals and preventing lipid peroxidation reactions, thus mitigating
the formation of TBARS. Consequently, the incorporation of grape-derived antioxidants
into food products may help preserve their quality by minimizing lipid oxidation and
subsequent TBARS formation. While polyphenols have low plasma and tissue levels and
limited bioavailability in healthy animals, they still exhibit a favourable effect on antiox-
idative capacity, particularly in stressed animals [56]. The content of TBARS450 and DPPH
scavenging activity determined in this research did not differ significantly depending on
the feeding treatment, although the content of TBARS450 was decreased in milk of goats
fed with GSC supplementation (from 0.039 to 0.035; Table 6).

When compared to CON, significantly higher activity of SOD was determined in
GSC10 goat milk. In contrast to CON and GSC5, GSC10 had significantly higher activity of
GR in milk. A significantly greater GR activity in the milk of goats fed with 10% GSC in
food indicates the stimulation of oxidation-reduction potential. Similar results were found
in the research with dried apple pomace by Bartel et al. [57]. GR is the primary enzyme
involved in the metabolism of glutathione and plays a crucial role in the glutathione redox
cycle, which sustains appropriate amounts of reduced cellular GSH [58]. For example,
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adding grape extracts from different cultivars to goat feed confirmed increased GR activity
in the liver tissue of goats [59].

According to Santos et al. (2014) [60], dairy cows fed silage with the greatest addition
of grape residue had milk with a positive antioxidant influence. Significant rises in SOD
activity in the serum and GPx in milk were confirmed by Alba et al. [15]. In an experiment
with pigs fed a diet with an additional 5% GSC throughout the 24-day finishing period,
Taranu et al. [14] found no influence on blood biochemistry or pig characteristics, but they
did find a modulatory effect on the antioxidative status (substantially reduced TBARS).
Paraskevakis [61] identified the beneficial effects of polyphenols on the oxidative status of
goats. This is attributed to the direct antioxidative effect of polyphenols, stemming from
their absorption in the gastrointestinal tract and subsequent tissue deposition [62].

5. Conclusions

Considering the preservation of goat milk production and quality, as well as the
metabolic profile of goats’ blood, a significant increase in antioxidant enzymes in milk
(SOD and GR) and in blood (SOD) confirms that using grape seed cake rich in polyphe-
nols as a supplement in goats’ feed is justified because it reduces oxidative stress caused
by lactation, which is very stressful for animals. Supplementation of 10% GSC rich in
polyphenols to the diet fed to lactating goats can be recommended because GSC can pre-
vent oxidative stress and reinforce the antioxidative response of animals. By bolstering the
antioxidative response and mitigating oxidative stress during this demanding production
period, GSC supplementation may contribute to the overall well-being of lactating goats.
Further research should explore the effects of various groups of polyphenols in the diet of
lactating goats.
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22. Jakobek, L.; Matić, P.; Ištuk, J.; Barron, A.R. Study of Interactions Between Individual Phenolics of Aronia with Barley Beta-Glucan.
Pol. J. Food Nutr. Sci. 2021, 71, 187–196. [CrossRef]

23. Pulina, G.; Cannas, A.; Serra, A.; Vallebella, R. Determination and Estimation of the Energy Value in Sardinian Goat Milk. In
Proceedings of the Congress of Società Italiana Scienze Veterinarie (SISVet), Altavilla Milicia, Italy, 25–28 September 1991; pp.
1779–1781.

24. Wiggans, G.R.; Shook, G.E. A Lactation Measure of Somatic Cell Count. J. Dairy Sci. 1987, 70, 2666–2672. [CrossRef] [PubMed]
25. Alyaqoubi, S.; Abdullah, A.; Addai, Z.R. Antioxidant Activity of Goat’s Milk from Three Different Locations in Malaysia. AIP

Conf. Proc. 2014, 1614, 198–201. [CrossRef]
26. Qwele, K.; Hugo, A.; Oyedemi, S.O.; Moyo, B.; Masika, P.J.; Muchenje, V. Chemical Composition, Fatty Acid Content and

Antioxidant Potential of Meat from Goats Supplemented with Moringa (Moringa Oleifera) Leaves, Sunflower Cake and Grass
Hay. Meat Sci. 2013, 93, 455–462. [CrossRef]

27. Oancea, A.-G.; Untea, A.E.; Dragomir, C.; Radu, G.L. Determination of Optimum TBARS Conditions for Evaluation of Cow and
Sheep Milk Oxidative Stability. Appl. Sci. 2022, 12, 6508. [CrossRef]

28. Sun, Q.; Faustman, C.; Senecal, A.; Wilkinson, A.L.; Furr, H. Aldehyde Reactivity with 2-Thiobarbituric Acid and TBARS in
Freeze-Dried Beef during Accelerated Storage. Meat Sci. 2001, 57, 55–60. [CrossRef]

29. SAS 9.4 Copyright (c) 2002–2012. by SAS Institute Inc., Cary, NC, USA. Available online: https://go.documentation.sas.com/api/
docsets/fndigunx/9.4/content/fndigunx.pdf?locale=en (accessed on 9 February 2024).

30. Kramer, J.W. Normal Hematology of Cattle, Sheep and Goats. In Schalm’s Veterinary Hematology; Feldman, B.F., Zinkl, J.G., Jain,
N.C., Eds.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2000; pp. 1075–1084.

159



Agriculture 2024, 14, 479

31. Jackson, P.G.G.; Cockcroft, P.D. Laboratory Reference Values: Biochemistry. In Clinical Examination of Farm Animals; Blackwell
Science Ltd.: Oxford, UK, 2002; pp. 303–305, ISBN 978-0-470-75242-5.

32. Kaneko, J.; Harvey, J.; Bruss, M. Clinical Biochemistry of Domestic Animals; Elsevier Academic Press: Amsterdam, The Netherlands,
2008; p. 963.
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Abstract: The aim of this study was to evaluate the effect of sunflower cake from high-oleic
seeds on performance, carcass characteristics, meat quality, and intramuscular fatty acid
composition of finishing lambs. Thirty-six crossbred ewe lambs were assigned to four
treatments (nine lambs/treatment) in a completely randomized design: 0 (control), 150,
300 and 450 g/kg DM of high-oleic sunflower cake. The lambs were weighed weekly and
slaughtered with 42.3 ± 0.18 kg body weight and 270 ± 10.8 days of old. The inclusion
of sunflower cake did not affect weight gain, dry matter intake and metabolizable energy
intake (p > 0.05). There was an increase in neutral detergent fiber and EE intake (p < 0.01)
with the inclusion of sunflower cake in the diet of the lambs. The inclusion of sunflower
cake reduced hot and cold carcass yields (p < 0.01). Intramuscular fat content, L*, oleic
acid, rumenic acid and EPA fatty acids linearly increased (p < 0.01) with the inclusion
of high-oleic sunflower cake. The inclusion of high-oleic sunflower cake reduced satu-
rated fatty acids (p < 0.01), except stearic acid, which linearly increased (p < 0.01). Up to
450 g/kg DM of high-oleic sunflower cake in the diet of lambs did not affect animal per-
formance while providing a higher deposition of fat with better fatty acid composition for
human consumption.

Keywords: ruminant nutrition; by-product; fatty acids; PUFA; saturated fatty acids; ovine

1. Introduction

The search for more productive and sustainable food production systems, in addition
to the elevated costs of animal feed, especially in the off-season, has been the fundamental
driver for adhering to the use of alternative foods in animal feeding systems. By-products
of the biodiesel industry have been prominent among the potential nutrient sources for
animal feed, especially due to their lower price compared to traditional feeding ingredients
and nutritious composition [1,2].

Sunflower (Helianthus annuus L.) is an oilseed with potential for biodiesel production
due to its high oil concentration [3]. Currently, high-oleic sunflower oil is the most used
in the food sector and as a raw material for non-food applications such as biofuels, due
to its industrial properties, mainly high oxidative stability [4,5]. High-oleic sunflower has
approximately 80% oleic acid, but some linoleic acid is still present in the achenes [4]. Unlike
sunflower meal, sunflower cake is a by-product with a high fat content. It is produced when
sunflower seeds are crushed for physical strength without the use of heat or solvent [6,7].
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Meat fatty acid composition is one of the determining factors affecting fat quality [8],
especially with regard to human health, emphasizing the recommendation of reduced
intake of saturated fatty acids and increased intake of long-chain n3 polyunsaturated
fatty acids (PUFA) in response to their effect in lipid-related diseases [9]. The inclusion of
alternative animal feeds rich in unsaturated fatty acids is a strategy to reduce saturated
fatty acids deposited in tissues and increase polyunsaturated fatty acids in red meat [9],
primarily conjugated linoleic acid (CLA) isomers [10–12]. However, ruminal fatty acid
biohydrogenation challenges the increase in PUFA content in the meat of ruminants through
dietary intake, in addition to the activity of enzymes involved in fatty acid synthesis in the
muscle (e.g., Δ9 desaturase and elongase) [13,14].

The application progress of sunflower cake has gained increased attention as a viable
ingredient in ruminant nutrition due to its favorable nutrient profile and availability.
High-oleic sunflower cake can be a high-energy feed ingredient in the diet of feedlot
lambs and improve the profile of fatty acids in the meat, providing a direct deposition of
monounsaturated fatty acids and, through biohydrogenation, convert to stearic fatty acid,
which has a protective effect against cardiovascular disease [15]. However, due to the fat
content associated with the amount of fiber in sunflower cake, the levels of inclusion of
this by-product in the diet can reduce dry matter intake and animal performance [2,16]
while others have shown that the inclusion of sunflower cake can support intake, nitrogen
balance and ruminal fermentation parameters [17]. Given that, the objective of the present
study was to assess the effects of increased levels of high-oleic sunflower cake (0, 150, 300
and 450 g/kg DM) in the diet of feedlot crossbred lambs on their performance, carcass
traits, meat quality (pH, color, shear force and composition), and intramuscular fatty
acid composition.

2. Materials and Methods

2.1. Facilities and Experimental Diets

This study was conducted in 2013 at the Sheep Sector in the Department of Animal Sci-
ences of the Federal University of Lavras. Animal experimental procedures were approved
and performed according to the Animal Care Guidelines (Protocol number 105/12).

Thirty-six female lambs ( 1
2 Santa Inês × 1

2 Dorper, randomly selected from a larger
herd), with an initial body weight of 21.52 ± 0.27 kg and initial age of 138 ± 2.62 days,
were individually allocated to covered pens (1 m2). This experiment was carried out in
a completely randomized design. Animals were allocated among the four treatments,
totaling 9 replicates per treatment, which consisted of the inclusion of high-oleic sunflower
cake (Table 1) in the proportions of 0, 150, 300, and 450 g/kg DM (Table 2). The diets were
calculated to be isoproteic (181 g/kg DM), with a 20:80 roughage:concentrate ratio. The
diets were formulated to meet the nutritional requirements of female lambs with 20 kg
live weight and average daily weight gain of 250 g, according to the National Research
Council [18]. Sunflower cake was obtained through cold pressing of high-oleic sunflower
seeds from a Brazilian company (Parecis Alimentos S/A, Campo Novo do Parecis, Brazil).

Table 1. Chemical and main fatty acid composition of the sunflower cake.

Chemical Composition g/kg DM

Dry matter, g/kg as fed 968.8
Organic matter 943.3
Crude protein 276.0
Neutral detergent fiber 440.0
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Table 1. Cont.

Acid detergent fiber 357.0
Ether extract 160.0
Ash 57.0
Non fibrous carbohydrates 72.0
Metabolizable energy a, (Mcal/kg) 2.77

Fatty acid composition g/100 g total fatty acids

C12:0 (Lauric) 0.00
C16:0 (Palmitic) 4.40
C18:0 (Stearic) 2.21
C18:1c9 (Oleic) 81.02
C18:2 n6 (Linoleic) 5.30
C18:3 n3 (α-Linolenic) 0.23
Saturated fatty acids 7.90
Unsaturated fatty acids 91.30
Monounsaturated fatty acids 85.64
Polyunsaturated fatty acids 5.66

a Estimated according to [18], where metabolizable energy = 0.82 × digestible energy.

Table 2. Diet composition, chemical analysis and main fatty acids composition of the experimental diets.

High-Oleic Sunflower Cake (g/kg DM)

0 150 300 450

Ingredients (g/kg DM)
Tifton 85 hay (Cynodon spp.) 200.0 200.0 200.0 200.0
Ground corn grain 560.0 440.0 380.0 310.3
Soybean meal 210.0 180.0 90.0 7.70
Sunflower cake 0.00 150.0 300.0 450.0
Premix mineral-vitamin supplement a 20.0 20.0 20.0 20.0
Limestone 10.0 10.0 10.0 10.0
Chemical composition (g/kg DM)
Dry matter, g/kg as fed 947.7 950.0 952.2 955.5
Organic matter 933.3 932.2 934.4 933.3
Crude protein 181.5 182.0 180.2 180.5
Neutral detergent fiber 357.4 388.1 418.6 449.0
Acid detergent fiber 130.3 163.6 196.8 229.8
Ether extract 30.0 49.8 69.5 89.1
Ash 67.2 68.6 66.6 68.6
Non fibrous carbohydrates 364.0 311.5 265.4 212.8
Metabolizable energy b, (Mcal/kg) 2.70 2.72 2.67 2.62
Fatty acid composition (g/100g total fatty acids)
C12:0 (Lauric) 0.04 0.02 0.02 0.01
C16:0 (Palmitic) 18.51 11.63 8.50 6.80
C18:0 (Stearic) 3.07 2.76 2.61 2.61
C18:1c9 (Oleic) 25.60 52.77 63.40 68.80
C18:2 n6 (Linoleic) 41.22 25.41 17.00 12.00
C18:3 n3 (α-Linolenic) 1.08 0.83 0.63 0.42
Saturated fatty acids 26.23 17.50 12.65 11.46
Unsaturated fatty acids 74.95 83.13 86.67 88.00
Monounsaturated fatty acids 32.40 56.61 68.90 75.40
Polyunsaturated fatty acids 42.56 26.52 17.84 12.60

a Composition per kg of mixture: 122 g Calcium, 87 g Phosphorus, 18 g Sulfur, 147 g Sodium, 3800 mg Zinc, 590 mg
Copper, 2000 mg Manganese. b Estimated according to [18], where metabolizable energy = 0.82 × digestible energy.

2.2. Animal Performance, Slaughter and Carcass Traits

The lambs were subjected to 15 days of an adaptation protocol to adapt to facilities
and experimental diets. The total mixed ration was offered ad libitum twice daily (07:00 and
15:00 h). The amount of diet provided everyday was adjusted according to the recorded intake
of the previous day, calculated to achieve 5% refusals. Feeding leftovers were weighed daily
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to determine the average daily intake. One sample of the feed refusals from each animal was
collected daily and combined into a weekly sampling and taken to a dry-forced ventilation
oven for drying to determine daily dry matter intake. The samples were ground using a
Wiley-type mill with a sieve size of 1 mm to determine the concentrations of total dry matter
(DM) (method 967.03), ash (method 942.05), crude protein (CP) (method 981.10), and ether
extract (EE) (method 920.29) [19]. The neutral detergent fiber (NDF) and acid detergent
fiber (ADF) were determined according to the procedure described by Van Soest et al. [20],
with an NDF correction for ash (NDFa). Non-fibrous carbohydrate (NFC) concentration was
calculated using the following equation: NFC = 100 − (CP + NDF + EE + ash).

Lambs were weighed weekly until they reached a body weight of 42.3 ± 0.18 kg.
The animals were submitted to feed and water fasting for 16 h and weighed to assess the
pre-slaughter weight (SW). Then, the animals were transported to a commercial slaugh-
terhouse, where they were slaughtered according to the slaughterhouse regulations. Non-
carcass body parts were removed and weighed to determine the non-carcass traits (NCTs).
Stomach and intestinal contents were weighed to determine gastrointestinal tract content
(GITC) weight, and empty body weight (EBW) was estimated according to the equation:
EBW = SW − GITC. The carcasses were weighed to obtain hot carcass weight (HCW) and
hot carcass yield (HCY = HCW/SW × 100); subsequently, the carcasses were cooled for 24 h
at 4 ◦C. After cooling, the carcasses were weighed again, obtaining the cold carcass weight
(CCW) and cold carcass yield (CCY = CCW/SW × 100). The cooling loss was calculated
according to the equation: CL = (HCW − CCW)/HCW) × 100. Then, the carcasses were
split longitudinally, and an incision was made in the left half carcass, between the 12th
and 13th ribs for exposure of the longissimus muscle. Subcutaneous fat thickness (SFT)
was measured with a digital caliper. At the same point, the eye muscle area (EMA) of the
muscle was drawn on a transparency with the aid of a permanent pen and measured using
the software Universal Desktop Ruler (AVPSoft®). Percentage yields of carcass cuts (loin,
ribs, leg, shoulder, rack and neck) were calculated relative to the cold carcass weight of
the lambs.

2.3. Meat Quality Analysis

The longissimus thoracis et lumborum muscle was sampled and divided into three
steak samples, vacuum-packed with polyethylene packages and kept in refrigerator at 2 ◦C
for 3 days before further analyses. One steak was used for the measurement of meat color.
After 30 min of opening the vacuum bags at room temperature, color measurements were
taken using a CM-700 Minolta spectrophotometric colorimeter (Konica Minolta, Osaka,
Japan). Three readings were recorded on each steak to calculate the average values of
the lightness (L*), redness (a*) and yellowness (b*). The saturation index (Chroma) and
hue angle were calculated according to MacDougall [21], using the following equations:
Chroma = ((a*)2 + (b*)2)0.5 and hue = arc tan (b*/a*). Meat pH was measured in triplicate
using a digital pH meter (TESTO-205 pH meter, Campinas, Brazil). Additionally, the same
steak sample was also analyzed for moisture, CP, EE, and ash concentration, according
to the AOAC [19]. The second steak was used to measure cooking loss. In summary, the
weight of the samples was recorded, and the samples were placed on a rack above a glass
baking dish. A digital thermometer was inserted into the geometric center of the samples
to monitor their internal temperature. The steaks were cooked in an electric oven, and
once the internal temperature of the sample reached 40 ◦C, the steak was flipped and
cooked further until the internal temperature reached 71 ◦C, as previously described [22].
After cooking, the samples were kept at room temperature for 15 min, weighed again to
determine cooking loss, and cooled at 4 ◦C for 24 h. After refrigeration, for determination
of shear force (SF) three subsamples measuring 1 cm2 each were cut parallel to the muscle
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fiber. The subsamples were sectioned using a texturometer (ModleTA-TX2, Stable Micro
Systems Ltd., Godalming, Surrey, UK) attached to a Warner–Bratzler slide and calibrated
using a weight of 2 kg with an adjusted speed of 200 mm/min. The results were presented
in kgf/cm2 and five replicate measurements were taken per steak.

The third steak was used for the quantification of intramuscular fatty acid composition
according to Hara and Radin [23]. The fatty acid profile was assessed using the methods
reported by Rodrígues-Ruiz et al. [24]. After extraction and methylation, each sample was
injected into a gas chromatograph (model Focus CG, Finnigan) equipped with a flame
ionization detector and a 100 m long CP-Sil 88 capillary column (Varian) with an internal
diameter of 0.25 μm and a film thickness of 0.20 μm. Hydrogen was used as the carrier
gas at a 1.8 mL/min flow rate. The oven temperature program started at 70 ◦C with a
4 min wait time. Subsequently, the temperature increased to 175 ◦C at 13 ◦C/min, with a
27 min wait time, followed by an increase to 215 ◦C at 4 ◦C/min, with a 9 min wait time.
The temperature was increased by 7 ◦C/min until it reached 230 ◦C, which was held for
5 min, totaling 65 min. The vaporizer temperature was set at 250 ◦C, and the detector
temperature was set at 300 ◦C. The fatty acids were identified by comparing the retention
times of methyl esters with a predefined pattern, and then quantified by area normalization
of the methyl esters, and were expressed as percentages of total methylated fatty acids.

The Δ9-desaturase and elongase enzymatic activity indices were calculated as reported
by Malau-Aduli et al. [25], using the following equations: Δ9-Desaturase 16 = 100 [(C16:1cis-
9)/(C16:1cis-9 + C16:0)]; Δ9-Desaturase 18 = 100 [(C18:1cis-9)/(C18:1cis-9 + C18:0)]; and
Elongase = 100 [(C18:0 + C18:1cis-9)/(C16:0 + C16:1cis-9 + C18:0 + C18:1cis-9)]. The athero-
genicity and thrombogenicity indices were calculated according to Ulbricht and Southgate [26],
as indicators of the risk for cardiovascular disease: Atherogenicity = {[C12:0 + 4 × (C14:0) +
C16:0]/ (MUFA + n3 + n6)} and Thrombogenicity = {(C14:0 + C16:0 + C18:0)/[(0.5 × MUFA) +
(05 × n6) + (3 × n3) + (n3/n6)]}.

2.4. Statistical Analysis

Data were analyzed using the GLM procedure of SAS (SAS Version 9.1, SAS Institute,
Cary, NC, USA) to determine the significant effects of the inclusion of high-oleic sunflower
cake in the diet. The initial body weight of the animals was included as a covariate, according
to the following model: Yij = μ + Ti + Pj + eij; where Yij is the observed value, μ is the constant
associated with each observation, Ti is the effect of using sunflower cake (i = 0 to 450 g/kg
DM), Pj is the effect of the covariate initial live weight and eij is the experimental error. When
significant effects were detected (p < 0.05), linear regression models were fitted using the REG
procedure of SAS, testing linear and quadratic models (α − 0.05).

3. Results and Discussion

3.1. Growth Performance and Carcass Characteristics

The inclusion of high-oleic sunflower cake up to 450 g/kg DM in the diet of the lambs
did not affect dry matter intake, crude protein intake, daily weight gain, or gain/feed
ratio (p > 0.05) (Table 3). The intake of EE and NDF linearly increased (p < 0.01) with the
inclusion of high-oleic sunflower cake due to the high concentrations of these nutrients in
the by-product. Conversely, a reduction in the NFC intake was observed. These outcomes
were anticipated, as including sunflower cake in the diet reduced the proportion of soybean
meal, thereby maintaining isoproteic condition. Sunflower cake contains higher levels of
EE and NDF but lower levels of NFC compared to soybean meal. The primary rationale for
incorporating fat into ruminant diets is to enhance energy intake without utilizing rapidly
fermentable feeds. However, reductions in dry matter intake and NDF digestibility are com-
monly reported due to the inhibitory effect of fatty acids on ruminal microorganisms [27].
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These fatty acids include medium-chain (10 to 14 carbons) and long-chain polyunsaturated
fatty acids [18,28]. However, there was an elevated EE intake, especially in the diet with
450 g/kg DM of high-oleic sunflower cake inclusion (89 g/kg of DM). The by-product used
in the present study is composed mostly of oleic acid (81.0 g/100 kg total fatty acids), a
monounsaturated fatty acid which is less toxic to ruminal microorganisms [29]. Previous
studies have shown that antiprotozoal and antibacterial effects from feed oils are associated
with the degree of unsaturation of their fatty acids [30,31]. A reduction in the detrimental
effects of unsaturated fatty acids on digestibility through the use of oleic acid was also
observed by Weld and Armentano [32] using plenish high-oleic soybeans, which mod-
erately increased milk fat content compared with conventional soybeans. Therefore, the
performance of lambs fed with increased levels of high-oleic sunflower cake was not greatly
affected apart from an increase in EE and NDF intake due to their superior concentration
in the diet.

Table 3. Performance of lambs fed diets with increased levels of high-oleic sunflower cake.

High-Oleic Sunflower Cake (g/kg DM)
SEM

p-Value
Equation R2

0 150 300 450 T L Q

Intake
Dry matter, kg/day 1.07 1.15 1.11 1.09 0.03 0.42 0.86 0.14 Y = 1.11 -
Crude protein, g/day 189.00 197.23 188.12 180.44 3.90 0.06 0.08 0.06 Y = 188.70 -
Neutral detergent fiber, g/day 361.41 426.63 453.83 496.13 12.00 <0.01 <0.01 0.07 Y = 370.64 + 2.85x 0.95
Ether extract, g/day 35.63 64.07 86.36 105.91 2.51 <0.01 <0.01 0.07 Y = 38.12 + 15.5x 0.98
NFC, g/day 406.51 389.28 332.28 251.78 8.22 <0.01 <0.01 0.05 Y = 422.97 − 34.4x 0.94

Weight gain, kg 22.35 22.15 21.61 21.68 0.37 0.40 0.73 0.86 Y= 21.95 -
Daily weight gain, g 176.87 200.09 206.21 184.41 8.90 0.09 0.45 0.08 Y = 191.90 -
Gain: feed, kg/kg 6.29 5.75 5.38 5.92 0.23 0.14 0.31 0.07 Y= 5.84 -
Gastrointestinal tract content, kg 3.63 4.29 4.78 5.20 0.21 <0.01 <0.01 0.46 Y = 3.71 + 0.03x 0.90
Empty body weight, kg 39.06 38.01 37.26 36.90 0.34 <0.01 <0.01 0.28 Y = 38.88 − 0.048x 0.73
Slaughter weight, kg 43.00 42.41 41.70 42.15 0.36 0.10 0.12 0.20 Y = 42.32 -

NFC: non-fibrous carbohydrates; SEM: standard error of the mean; R2: coefficient of determination; T: treatment
effect; L: linear effect; Q: quadratic effect.

A significant linear decrease in empty body weight (p < 0.01) and a linear increase
in gastrointestinal tract content (p < 0.01) were observed with the inclusion of high-oleic
sunflower cake (Table 3). Diets containing higher levels of NDF can prolong rumen retention
time and increase total digesta volume [33], ultimately leading to a proportional decrease
in empty body weight once gastrointestinal contents are removed [34].

Hot and cold carcass weights and their yield percentage linearly decreased (p < 0.01) as
a result of the observed increase in gastrointestinal tract content, even though there was no
change in slaughter weight nor in the sum of non-carcass components with the inclusion of
high-oleic sunflower cake in the lambs’ diet (p > 0.05) (Table 4). Lima et al. [2] also reported
a reduction in hot and cold carcass yields with the inclusion of up to 300 g/kg of sunflower
cake in the diet of male Santa Ines lambs. Additionally, Lima et al. [2] observed a decrease
in weight gain and slaughter weight of the lambs with the inclusion of sunflower cake in
the diet, which is not supported by our findings. In diets with up to 9.5% EE in which
cottonseed meal was replaced by sunflower cake, Junior et al. [35] did not observe effects
on weight gain and empty body weight of confined lambs despite reductions in hot and
cold carcass yields. This effect can be attributed to the varying levels of sunflower cake
included in the diet, which can increase gastrointestinal fill. As a result, a larger proportion
of the animal’s live weight consists of digesta, leaving a smaller share for carcass tissue
once the gastrointestinal tract is emptied at slaughter. Consequently, both hot and cold
carcass weights are reduced.
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Table 4. Carcass characteristics of lambs fed diets with increased levels of high-oleic sunflower cake.

High-Oleic Sunflower Cake (g/kg DM)
SEM

p-Value
Equation R2

0 150 300 450 T L Q

Non-carcass traits, kg 21.07 20.83 21.41 20.60 0.49 0.74 0.69 0.32 Y = 20.98 -
Hot carcass weight, kg 23.52 22.44 21.80 21.45 0.34 <0.01 <0.01 0.21 Y = 23.64 − 0.05x 0.65
Hot carcass yield, % 54.70 52.93 52.39 50.97 0.77 0.02 <0.01 0.16 Y = 23.17 − 0.04x 0.73
Cold carcass weight, kg 23.03 22.06 21.40 21.00 0.31 <0.01 <0.01 0.17 Y = 54.43 − 0.075x 0.64
Cold carcass yield, % 53.57 52.02 51.33 49.91 0.74 <0.01 <0.01 0.23 Y = 53.39 − 0.078x 0.72
Cooling loss, % 2.06 1.82 1.82 2.08 0.15 0.54 0.84 0.07 Y = 1.94 -
Eye muscle area, cm2 17.96 17.01 17.00 16.94 0.76 0.70 0.34 0.58 Y = 17.23 -
Subcutaneous fat thickness, mm 2.51 2.74 2.93 3.11 0.11 0.01 <0.01 0.90 Y = 2.54 + 0.013x 0.99
Kidney fat, kg 1.14 1.13 1.15 1.34 0.05 0.04 0.02 0.08 Y = 1.09 + 0.004x 0.66
Gastrointestinal tract fat, kg 2.52 2.77 2.85 3.39 0.10 <0.01 <0.01 0.17 Y= 2.48 + 0.017x 0.90
Cut yield, %

Loin 6.42 6.44 6.33 6.61 0.15 0.68 0.47 0.30 Y = 6.45 -
Ribs 13.31 13.48 14.47 13.70 0.34 0.15 0.42 0.09 Y = 13.74 -
Leg 31.17 31.36 30.52 31.03 0.48 0.70 0.45 0.55 Y = 31.02 -
Shoulder 17.30 17.85 16.63 17.47 0.36 0.15 0.44 0.94 Y = 17.31 -
Rack 22.50 21.68 22.45 22.53 0.46 0.52 0.52 0.26 Y = 22.29 -
Neck 5.70 6.94 5.31 6.12 0.43 0.08 0.88 0.83 Y = 6.02 -

SEM: standard error of the mean; R2: coefficient of determination; T: treatment effect; L: linear effect; Q: quadratic effect.

The inclusion of up to 450g/kg DM of high-oleic sunflower cake in the diet of the
lambs did not affect eye muscle area and cooling loss (p > 0.05) (Table 4). Eye muscle area
is an indicator of muscular tissue development in animals and is highly correlated with
valuable commercial cuts. In the present study, the yields of commercial cuts were not
affected by the treatment effect (p > 0.05) (Table 4). Similar findings have been reported in
the literature with the use of sunflower cake in the diet of male Santa Ines lambs and male
Boer goats [35,36]. The inclusion of high-oleic sunflower cake in the diet linearly increased
subcutaneous fat thickness (p < 0.01), reaching 3.11 mm in lambs fed 450 g/kg DM of high-
oleic sunflower cake (Table 4). Regardless of treatment, the fat thickness was presumably
insufficient to affect the percentage of cooling loss. Hristov et al. [37] did not observe effects
on eye muscle area or fat thickness when adding 5% of high-oleic acid safflower oil to
the diet of beef cattle. Lima et al. [2] also did not observe an effect on subcutaneous fat
thickness of lambs fed up to 6% EE from sunflower cake. Kidney fat also increased with the
inclusion of high-oleic sunflower cake in the diet of the lambs (p < 0.01) (Table 4). Therefore,
the increase in subcutaneous fat thickness and kidney fat can be attributed to a higher
energy intake from increased levels of lipids in the high-oleic sunflower cake diets which
support fat storage in the body [38]. However, these dietary changes did not significantly
alter eye muscle area or cooling loss, suggesting that the inclusion of high-oleic sunflower
cake in the diet of the lambs appears to affect fat deposition more than muscle growth due
to the high-fat content and energy-dense nature of the sunflower cake.

3.2. Meat Quality

Meat pH was not significantly affected by the experimental diets (p > 0.05), with a mean
value of 5.56 (Table 5). The observed pH values indicate that the glycogen concentration
available in the animals was satisfactory at slaughter and was unaffected by the increased
EE intake, which can otherwise prevent the pH from lowering to optimal levels [39]. Similar
results were observed by Junior et al. [35] when sunflower cake was included in lamb diets
containing up to 9.5% EE, and by Oliveira et al. [40] in the goat diets.

168



Agriculture 2025, 15, 191

Table 5. Meat quality of lambs fed diets with increased levels of high-oleic sunflower cake.

High-Oleic Sunflower Cake
(g/kg DM)

SEM p-Value
Equation R2

0 150 300 450 T L Q

pH 5.57 5.57 5.60 5.56 0.02 0.79 0.86 0.86 Y = 5.58 -
Cooking loss, % 21.56 21.85 20.23 20.81 0.87 0.55 0.32 0.32 Y = 21.11 -
Shear force, kgf/cm2 3.93 4.09 3.49 3.99 0.23 0.29 0.61 0.61 Y = 3.88 -
L* 37.66 37.54 37.96 38.87 0.19 <0.01 <0.01 0.03 Y = 37.47 + 0.025x 0.61
a* 21.76 21.12 20.87 20.91 0.48 0.55 0.17 0.17 Y = 21.17 -
b* 13.22 13.13 13.20 13.59 0.26 0.62 0.37 0.37 Y = 13.29 -
Chrome 25.47 24.88 24.71 24.96 0.48 0.70 0.37 0.37 Y = 25.00 -
Hue 31.32 31.90 32.31 33.08 0.59 0.21 0.04 0.87 Y = 32.15 -
Moisture, % 73.15 72.90 72.60 72.08 0.14 <0.01 <0.01 0.40 Y = 73.18 − 0.022x 0.95
Crude protein, % 21.18 20.95 19.80 21.59 0.57 0.09 0.74 0.07 Y = 20.88 -
Intramuscular fat, % 4.52 4.52 4.95 5.37 0.13 <0.01 <0.01 0.13 Y = 4.39 + 0.020x 0.89
Ash, % 1.18 1.19 1.17 1.15 0.02 0.73 0.31 0.77 Y = 1.17 -

SEM: standard error of the mean; R2: coefficient of determination; T: treatment effect; L: linear effect; Q: quadratic effect.

The inclusion of high-oleic sunflower cake did not significantly affect cooking loss or
shear force values (p > 0.05) (Table 5). Shear force is commonly used as an index of meat
toughness and is associated with higher concentrations of intramuscular fat [41]. Although
no difference was observed in shear force, there was a linear increase in intramuscular
fat concentration and L* with the inclusion of up to 450 g/kg DM of high-oleic sunflower
cake in the diet of lambs (p < 0.01) (Table 5). The increase in L* is related to the increase
in fat content, as this component contributes to higher luminosity in the meat [42]. This
effect on luminosity through the addition of fat in the meat was also reported by Brito
et al. [43] and Holman et al. [44]. Higher nutritional levels during the finishing period are
associated with increased subcutaneous and intramuscular fat. Elevated intramuscular fat
concentration has been shown to reduce the toughness of beef, which Nakamura et al. [45]
suggested is due to changes in collagen architecture. Additionally, this elevation could
affect the consumer’s perception of toughness by improving meat juiciness and flavor.
There was no treatment effect on a*, b*, Chroma and hue values (p > 0.05) (Table 5). The
inclusion of high-oleic sunflower cake lamb diets linearly decreased meat moisture content
(p < 0.01). This result is associated with the increase in fat as lipid content in meat is
negatively associated with moisture content [46]. There was no treatment effect on ash and
crude protein concentrations of lamb meat (p > 0.05) (Table 5). Oliveira et al. [40] observed
the same pattern in goats fed sunflower cake. A significant increase in intramuscular fat
concentration was observed by Qwele et al. [6] with the inclusion of 170g of sunflower cake
in goats’ diet.

3.3. Fatty Acid Profile

Inclusion of up to 450 g/kg DM of high-oleic sunflower cake in the diet of lambs did
not significantly affect lauric (C12:0) and myristic (C14:0) fatty acids (p > 0.05) (Table 6).
Chikwanha et al. [12] showed that even-chain fatty acids are frequently found in ovine
meat and their adverse effects on human health have been widely debated. Fatty acids
with 12 to 16 C are undesirable for human health because they raise the serum concentra-
tion of low-density lipoprotein, contributing to increased coagulation, inflammation, and
insulin resistance [47]. In the present study, palmitic acid (C16:0) concentration decreased
(p < 0.01) with the inclusion of high-oleic sunflower cake; on the other hand, an increase
in stearic acid (C18:0) concentration (p < 0.01) was observed. These results are beneficial
to human health as palmitic acid is associated with the development of cardiovascular
diseases (CVDs) [48], and stearic acid is associated with protection against CVDs [15].
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Table 6. Fatty acid composition (g/100g fatty acid methyl esters) of the longissimus muscle of lambs
fed diets with increased levels of high-oleic sunflower cake.

High-Oleic Sunflower Cake
(g/kg DM) SEM

p-Value
Q Equation R2

0 150 300 450 T L Q

C12:0, lauric 0.07 0.08 0.08 0.07 0.003 0.13 0.98 0.23 Y = 0.08 -
C14:0, myristic 1.97 2.04 2.07 2.06 0.065 0.70 0.59 0.68 Y = 2.04 -
C16:0, palmitic 23.94 22.65 22.09 21.70 0.290 <0.01 <0.01 0.09 Y = 29.15−0.70x 0.99
C17:0, margaric 1.28 0.96 0.88 0.70 0.035 <0.01 <0.01 0.06 Y = 1.44 − 0.18x 0.93
C18:0, stearic 12.80 12.55 13.91 14.80 0.412 <0.01 <0.01 0.18 Y = 8.48 + 0.73x 0.87

∑ Saturated 41.06 39.11 39.28 39.09 0.245 <0.01 <0.01 0.03 Y = 42.96 − 0.57x 0.80
C16:1c9, palmitoleic 2.46 2.43 2.14 2.06 0.092 <0.01 <0.01 0.77 Y = 3.73 − 0.15x 0.99
C17:1, heptadecenoic 0.92 0.71 0.57 0.47 0.022 <0.01 <0.01 0.02 Y = 1.43 − 0.15x 0.98
C18:1c9, oleic 46.53 48.88 49.60 49.40 0.490 <0.01 <0.01 0.08 Y = 46.92 + 0.90x 0.78

∑ Monounsaturated 53.97 55.46 55.88 56.31 0.484 0.01 <0.01 0.27 Y = 56.34 + 0.75x 0.99
C18:2 n6, linoleic 2.31 2.23 1.86 1.88 0.118 <0.01 <0.01 0.70 Y = 2.90 − 0.16x 0.74
C18:2 c9 t11 rumenic 0.22 0.26 0.26 0.28 0.012 0.01 <0.01 0.43 Y = 0.18 + 0.01 0.77
C18:3 n6, γ-linolenic 0.03 0.03 0.04 0.04 0.002 <0.01 <0.01 0.61 Y = −0.006 + 0.004 0.99
C18:3 n3, α-linolenic 0.07 0.06 0.07 0.07 0.008 0.65 0.50 0.55 Y = 0.07 -
C20:4 n6, araquidonic 0.560 0.536 0.532 0.583 0.027 0.553 0.77 0.36 Y = 0.553 -
C20:5 n3, EPA 0.004 0.004 0.007 0.007 0.0008 0.01 <0.01 0.80 Y= −0.013 + 0.001x 0.99
C22:5 n3, DPA 0.06 0.07 0.06 0.05 0.004 <0.01 <0.01 0.10 Y = 0.03 − 0.006x 0.64
C22:6 n3, DHA 0.007 0.008 0.006 0.009 0.001 0.43 0.47 0.55 Y = 0.007 -

∑ Polyunsaturated 3.38 3.30 2.79 2.95 0.147 0.02 0.01 0.45 Y = 3.50 − 0.18x 0.69
∑ Unsaturated 57.29 59.00 59.00 59.23 0.365 <0.01 <0.01 0.05 Y = 58.42 + 0.58x 0.81
∑ UFA/∑ SFA 1.37 1.49 1.50 1.51 0.015 <0.01 <0.01 0.02 Y = 1.29 + 0.04x 0.99
∑ n3 0.36 0.37 0.33 0.31 0.008 <0.01 <0.01 0.19 Y = 0.37 − 0.02x 0.81
∑ n6 3.01 2.90 2.37 2.38 0.077 <0.01 <0.01 0.51 Y = 2.95 − 0.24x 0.71
n6: n3 8.54 8.00 6.96 7.32 0.314 <0.01 <0.01 0.09 Y = 8.43 − 0.45x 0.66

Δ9-desaturase 16 9.91 9.80 9.46 8.50 0.112 <0.01 <0.01 0.04 Y = 0.37 − 0.02x 0.78
Δ9-desaturase 18 79.18 79.30 78.07 76.89 0.353 <0.01 <0.01 0.07 Y = 79.70 − 0.81x 0.59
Elongase 0.69 0.71 0.72 0.72 0.003 <0.01 <0.01 0.03 Y = 0.64 + 0.01x 0.95
Atherogenicity 0.54 0.53 0.53 0.51 0.004 <0.01 <0.01 0.87 Y = 0.56 − 0.008x 0.81
Thrombogenicity 1.32 1.30 1.24 1.24 0.019 0.02 <0.01 0.64 Y = 1.50 − 0.03x 0.63

SEM: standard error of the mean; R2: coefficient of determination; T: treatment effect; L: linear effect; Q: quadratic effect.

Ruminal biohydrogenation can be negatively affected by the high inclusion of polyun-
saturated fatty acids in the diet [49]. Additionally, the conversion of C18:1 to C18:0 is
impaired by the reduction in rumen pH, resulting from the high intake of rapidly fer-
mentable carbohydrates [50]. In the present study, the fat source and the supply of fibrous
carbohydrates, both provided by sunflower cake, contributed to the maintenance of rumen
metabolism, favoring complete biohydrogenation and the formation of stearic acid, which
was subsequently deposited in the meat. Furthermore, the significant increase in C18:1
dietary intake with the elevated levels of high-oleic sunflower cake may have potentiated
the final stage of the ruminal biohydrogenation process by continuously providing a high
concentration of the C18:0 precursor.

The inclusion of high-oleic sunflower cake in the diet significantly decreased the sum
of the SFA (p < 0.01). There was an increase in oleic acid (C18:1 c9) concentration in meat
with the inclusion of high-oleic sunflower cake (p < 0.01) as a result of the high concentra-
tion of this fatty acid in the by-product used. A significant decrease in enzymatic activity of
Δ9-desaturase 18 (p < 0.01) and Δ9-desaturase 16 (p < 0.01) was observed with the inclusion
of high-oleic sunflower cake. The reduction in Δ9-desaturase 18 is associated with the
modulatory effect of C18: 1c9 on sterol regulatory element-binding protein-1c (SREBP-1c),
the transcription factor that encodes genes for the enzyme Δ9-desaturase (SCD1) [51].
Choi et al. [52] reported that oleic acid downregulated SCD1 expression in bovine subcuta-
neous and intramuscular preadipocytes.

The inclusion of up to 450 g/kg DM of high-oleic sunflower cake in the diet reduced
the concentration of palmitoleic acid (C16:1c9) in the meat (p < 0.01). This monounsaturated
fatty acid is associated with increased insulin resistance [53]. This occurrence may have
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caused a linear increase in stearic acid (p < 0.01), which is the fatty acid with the highest
ruminal flow for absorption in the small intestine [54].

The essential fatty acids series n6 (linoleic) and n3 (linolenic) are the main fatty acids
that contribute to human well-being and health [55]. In the present study, the inclusion
of high-oleic sunflower cake reduced the concentration of these fatty acids in the diets
(Table 2), which resulted in a decrease in n6 concentration in meat (p < 0.01) (Table 6).
Although there was a reduction in linoleic acid concentration in the diets with the inclusion
of high-oleic sunflower cake, this result did not affect linolenic acid concentration in the
meat (p > 0.05). A study with cattle fed sunflower cake up to 27% in DM supports the results
for linolenic acid in the meat; however, there were opposite findings for the concentration
of linoleic acid and EPA [56]. The inclusion of high-oleic sunflower cake in the diet reduced
the sum of PUFA in the meat (p < 0.02) as a result of the intrinsic characteristics of the
by-product used, which presented a small amount of PUFA (5.66 g/100 g).

The inclusion of high-oleic sunflower cake in the diet resulted in a linear increase in
rumenic acid (C18:2 c9 t11) and conjugated linoleic acid (CLA), achieving an approximate
27% increase compared to the control diet. The CLA is a fatty acid associated with the
prevention of diseases such as cancer, atherosclerosis, alterations in protein and energy
metabolism, and reduced immune response [12,57]. The CLA can be formed through the
ruminal biohydrogenation process or by the action of Δ9-desaturase on vaccenic acid in
the tissues [58]. In the present study, there was a reduction in Δ9-desaturase activity with
the inclusion of high-oleic sunflower cake in the diet, which suggests that the greatest
contribution to the increase in CLA in the meat was due to the biohydrogenation process.
Possibly, a higher lipid concentration in the diets with the inclusion of high-oleic sunflower
cake compared to the control diet increased the supply of fatty acid intermediates of ruminal
biohydrogenation in the small intestine. During FA biohydrogenation, including the CLA
intermediate, FA continually leaves the rumen, is absorbed across the small intestine, and
can be deposited in muscle tissue [59].

The inclusion of high-oleic sunflower cake in the diet of lambs did not affect DHA
(p > 0.05); however, it increased EPA (p < 0.01) and reduced DPA (p < 0.01). The conversion
of C18: 2 and C18: 3 to PUFA is dependent of the n6/n3 ratio in the diet [60]. Elongase
activity increased with the inclusion of high-oleic sunflower cake in the diet (p < 0.01);
however, it did not increase the concentration of DPA and DHA. This result is associated
with greater proportions of C18: 0 and a lower proportion of C16: 0 in lamb meat fed with
high-oleic sunflower cake compared to the control diet. The sum of n3 and n6 fatty acids
decreased (p < 0.01) with the inclusion of sunflower cake, reducing the ratio n6/n3 (p < 0.01).
Omega-3 fatty acids are precursors to a series of bioactive fatty acids important in reducing
the risk of cardiovascular, cancer, and Alzheimer’s disease [61]. Desirable values for the
n6/n3 ratio in foods for human consumption are between 2 and 6 [62,63]. Although the
inclusion of high-oleic sunflower cake reduced the concentration of n3 and n6 fatty acids in
the meat, a linear decrease in the atherogenicity and thrombogenicity indices was observed
(p < 0.01). Lower values of atherogenicity and thrombogenicity indices are associated with
a greater amount of anti-atherogenic fatty acids [64]. The inclusion of high-oleic sunflower
cake in the diet of the lambs improved the fatty acid profile, as evidenced by a reduction in
saturated fatty acids in the meat.

4. Conclusions

Up to 450 g/kg DM dietary supplementation of feedlot lambs with sunflower cake
rich in oleic acid did not affect animal performance, even in those lambs that consumed
diets containing approximately 9% ether extract. Although the increased levels of high-
oleic sunflower cake in lambs diet decreased carcass yield and increased fat deposits, the
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inclusion of up to 450 g/kg DM of high-oleic sunflower cake in the diet of the lambs
significantly reduced the concentration of hypercholesteremic fatty acids (C14:0 and C16:0),
increased the concentration of fatty acids with neutral or protective effects on cardio-
vascular diseases (C18:0 and C18:1), and that of EPA and CLA in the meat. This study
demonstrates the potential use of up to 450 g/kg DM of high-oleic sunflower cake in
feedlot diets for lambs to improve nutritional properties of red meat without compromising
animal performance.

Author Contributions: Conceptualization, D.M.C. and I.F.F.-G.; Methodology, D.M.C. and I.F.F.-G.;
Validation, D.M.C. and I.F.F.-G.; Formal Analysis, D.M.C. and I.F.F.-G.; Investigation, D.M.C., I.F.F.-G.,
I.J.d.S. and P.C.G.D.J.; Resources, I.F.F.-G.; Data Curation, D.M.C.; Writing—Original Draft Prepara-
tion, D.M.C.; Writing—Review and Editing, D.M.C., I.F.F.-G., T.I.R.C.A. and F.A.P.A.; Visualization,
D.M.C., I.F.F.-G. and N.G.A.; Supervision, I.F.F.-G.; Project Administration, I.F.F.-G.; Funding Acquisi-
tion, I.F.F.-G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by CNPq-Brazil (National Council for Scientific and Technological
Development, grant number 483631/2010-8) for project financial support.

Institutional Review Board Statement: The animal study protocol was approved by the Animal
Care and Use Committee from Federal University of Lavras (protocol number 105/12).

Data Availability Statement: The data presented in this study will be available upon reasonable
request to the second author, I.F.F.-G.

Acknowledgments: The authors would like to thank the GAO/UFLA-Brazil (Grupo de Apoio à
Ovinocaprinocultura, Federal University of Lavras) research team for supporting data collection and
laboratory analysis of this study.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Duca, D.; Toscano, G.; Riva, G.; Mengarelli, C.; Rossini, G.; Pizzi, A.; Pedretti, E.F. Quality of residues of the biodiesel chain in the
energy field. Ind. Crops Prod. 2015, 75, 91–97. [CrossRef]

2. Lima, A.G.V.O.; Silva, T.M.; Bezerra, L.R.; Pereira, E.S.; Barbosa, A.M.; Ribeiro, R.D.X.; Rocha, T.C.; Trajano, J.S.; Oliveira, R.L.
Intake, digestibility, nitrogen balance, performance and carcass traits of Santa Ines lamb fed with sunflower cake from biodiesel
production. Small Rumin. Res. 2018, 168, 19–24. [CrossRef]

3. FAO. The State of Food and Agriculture. In FAO Biofuels: Prospects, Risks and Opportunities; FAO: Rome, Italy, 2008.
4. Ferfuia, C.; Vanozzi, G.P. Maternal effect on seed fatty acid composition in a reciprocal cross of high oleic sunflower (Helianthus

annuus L.). Euphytica 2015, 205, 325–336. [CrossRef]
5. Melo, M.A.R.; Maria, A.M.F.; Silva, E.V.; Filho, J.R.C.; Souza, A.G. Study of the oxidative stability of oils vegetables for production

of biodiesel. Rev. Verde Agroecologia Desenvolv. Sustent. 2014, 9, 84–88.
6. Qwele, K.; Hugo, A.; Oyedemi, S.O.; Moyo, B.; Masika, P.J.; Muchenje, V. Chemical composition, fatty acid content and antioxidant

potential of meat from goats supplemented with Moringa (Moringa oleifera) leaves, sunflower cake and grass hay. Meat Sci. 2013,
93, 455–462. [CrossRef] [PubMed]

7. Selvam, T.A.; Manikantan, M.R.; Chand, T.; Sharma, R.; Seerangrayar, S. Compression loading behaviour of sunflower seeds and
kernels. Int. Agrophys. 2014, 28, 543–548. [CrossRef]

8. Wood, J.D.; Richardson, R.I.; Nute, G.R.; Fisher, A.V.; Campo, M.M.; Kasapidou, E.; Sheard, P.R.; Enser, M. Effects of fatty acids on
meat quality: A review. Meat Sci. 2004, 66, 21–32. [CrossRef]

9. Alvarenga, T.I.R.C.; Chen, Y.; Furusho-Garcia, I.F.; Perez, J.R.O.; Hopkins, D.L. Manipulation of Omega-3 PUFAs in lamb:
Phenotypic and genotypic views. Compr. Rev. Food Sci. Food Saf. 2015, 14, 189–204. [CrossRef] [PubMed]

10. Daley, C.A.; Abbott, A.; Doyle, P.S.; Nader, G.A.; Larson, S. A review of fatty acid profiles and antioxidant content in grass-fed
and grain-fed beef. Nutr. J. 2010, 9, 2891–2899. [CrossRef]

11. Shingfield, K.J.; Bonnet, M.; Scollan, N.D. Recent developments in altering the fatty acid composition of ruminant-derived foods.
Animal 2013, 7, 132–162. [CrossRef]

12. Chikwanha, O.C.; Vahmani, P.; Muchenje, V.; Dugan, M.E.; Mapiye, C. Nutritional enhancement of sheep meat fatty acid profile
for human health and wellbeing. Food Res. Int. 2018, 104, 25–38. [CrossRef]

172



Agriculture 2025, 15, 191

13. Bressan, M.C.; Rossato, L.V.; Rodrigues, E.C.; Alves, S.P.; Bessa, R.J.B.; Ramos, E.M.; Gama, L.T. Genotype x environment
interactions for fatty acid profiles in Bos indicus and Bos taurus finished on either pasture or grain. J. Anim. Sci. 2011, 89, 221–232.
[CrossRef]

14. Wood, J.D.; Enser, M.; Fisher, A.V.; Nute, G.R.; Sheard, P.R.; Richardson, R.I.; Hughes, S.I.; Whittington, F.M. Fat deposition, fatty
acid composition and meat quality: A review. Meat Sci. 2008, 78, 343–358. [CrossRef]

15. Hunter, J.E.; Zhang, J.; Kris-Etherton, P.M. Cardiovascular disease risk of dietary stearic acid compared with trans, other saturated,
and unsaturated fatty acids: A systematic review. Am. J. Clin. Nutr. 2010, 91, 46–63. [CrossRef] [PubMed]

16. Jenkins, T.C. Lipid Metabolism in the Rumen. J. Dairy Sci. 1993, 76, 3851–3863. [CrossRef]
17. Moura, E.S.; Silva, L.D.F.; Peixoto, E.L.T.; Bumbieris Junior, V.H.; Ribeiro, E.L.A.; Mizubuti, I.Y.; Fortaleza, A.P.S. Sunflower cake in

diets for lambs: Intake, digestibility, nitrogen balance and rumen parameters. Semina Ciênc. Agrár. 2015, 36, 2247–2258. [CrossRef]
18. NRC. Nutrient Requirements of Dairy Cattle, 7th ed.; National Academy Press: Washington, DC, USA, 2001.
19. AOAC. Association of Official Analytical Chemists, 18th ed; Official Methods of Analysis; AOAC: Gaithersburg, MD, USA, 1990.
20. Van Soest, P.V.; Robertson, J.B.; Lewis, B.A. Methods for dietary fiber, neutral detergent fiber, and no starch polysaccharides in

relation to animal nutrition. J. Dairy Sci. 1991, 74, 3583–3597. [CrossRef]
21. MacDougall, D.B. Colour of meat. In Quality Attributes and Their Measurement in Meat, Poultry and Fish Products; Pearson, A.M.,

Dutson, T.R., Eds.; Advances in Meat Research Series; Blackie Academic and Professional: London, UK, 1994; pp. 79–93.
22. Wheeler, T.L.; Shackelford, S.D.; Koohmaraie, M. Sampling, Cooking, and Coring Effects on Warner-Bratzler Shear Force Values

in Beef. J. Anim. Sci. 1996, 74, 1553–1562. [CrossRef] [PubMed]
23. Hara, A.; Radin, N.S. Lipid extraction of tissues with a low-toxicity solvent. Anal. Biochem. 1978, 90, 420–426. [CrossRef]
24. Rodríguez-Ruiz, J.; Belarbi, E.H.; Sánchez, J.L.G.; Alonso, D.L. Rapid simultaneous lipid extraction and transesterification for

fatty acid analyses. Biotechnol. Tech. 1998, 12, 689–691. [CrossRef]
25. Malau-Aduli, A.E.O.; Siebert, B.D.; Bottema, C.D.K.; Pitchford, W.S. A comparison of the fatty acid composition of triacylglycerols

in adipose tissue from Limousin and Jersey cattle. Aust. J. Agric. Res. 1997, 48, 715–722. [CrossRef]
26. Ulbricht, T.L.V.; Southgate, D.A.T. Coronary heart disease: Seven dietary factors. Lancet 1991, 338, 985–992. [CrossRef] [PubMed]
27. Palmquist, D.L.; Jenkins, T.C. A 100-Year Review: Fat feeding of dairy cows. J. Dairy Sci. 2017, 100, 10061–10077. [CrossRef]
28. Palmquist, D.L.; Mattos, W.R.S. Metabolismo de lipídeos. In Nutrição de Ruminantes; Funep: Jaboticabal, Brazil, 2006.
29. Maia, M.R.G.; Chaudhary, L.C.; Bestwick, C.S.; Richardson, A.J.; McKain, N.; Larson, T.R.; Graham, I.A.; Wallace, R.J. Toxicity

of unsaturated fatty acids to the biohydrogenating ruminal bacterium, Butyrivibrio fibrisolvens. BMC Microbiol. 2010, 10, 52.
[CrossRef]

30. Hristov, A.N.; Grandeen, K.L.; Ropp, J.K.; McGuire, M.A. Effect of sodium laurate on ruminal fermentation and utilization of
ruminal ammonia nitrogen for milk protein synthesis in dairy cows. J. Dairy Sci. 2004, 87, 1820–1831. [CrossRef] [PubMed]

31. Oldick, B.S.; Firkins, J.L. Effects of degree of fat saturation on fiber digestion and microbial protein synthesis when diets are fed
twelve times daily. J. Anim. Sci. 2000, 78, 2412–2420. [CrossRef] [PubMed]

32. Weld, K.; Armentano, L.E. Milk fat secretion in lactating dairy cattle is influenced by soybean particle size and fatty acid profile.
J. Dairy Sci. 2016, 94, 344.

33. Kendall, C.; Leonardi, C.; Hoffman, P.C.; Combs, D.K. Intake and milk production of cows fed diets that differed in dietary
neutral detergent fiber and neutral detergent fiber digestibility. J. Dairy Sci. 2009, 92, 313–323. [CrossRef]

34. Morril, J.L.; Van Horn, C.J.W. (Eds.) Large Dairy Herd Management; American Dairy Science Association: Savoy, IL, USA, 1992;
pp. 401–410.

35. Junior, F.F.; Ribeiro, E.L.A.; Mizubuti, I.Y.; Silva, L.D.F.; Barbosa, M.A.A.F.; Prado, O.P.P.; Pereira, E.S.; Pimentel, P.G.; Constantino,
C. Características de carcaça e qualidade da carne de cordeiros Santa Inês alimentados com torta de girassol em substituição ao
farelo de algodão. Semin. Cienc. Agrar. 2013, 34, 3999–4014. [CrossRef]

36. Palmieri, A.D.; Oliveira, R.L.; Ribeiro, C.V.D.M.; Ribeiro, M.D.; Ribeiro, R.D.X.; Leão, A.G.; Agy, M.S.F.A.; Ribeiro, O.L. Effects of
substituting soybean meal for sunflower cake in the diet on the growth and carcass traits of crossbred boer goat kids. Asian-Aust.
J. Anim. Sci. 2012, 25, 59–65. [CrossRef] [PubMed]

37. Hristov, A.N.; Kennington, L.R.; McGuire, M.A.; Hunt, C.W. Effect of diets containing linoleic acid- or oleic acid-rich oils on
ruminal fermentation and nutrient digestibility, and performance and fatty acid composition of adipose and muscle tissues of
finishing cattle. J. Anim. Sci. 2005, 83, 1312–1321. [CrossRef]

38. Torres, R.N.S.; Ghedini, C.P.; Chardulo, L.A.L.; Baldassini, W.A.; Curi, R.A.; Pereira, G.L.; Schoonmaker, J.P.; Almeida, M.T.C.;
Costa, C.; Machado Neto, O.R. Potential of different strategies to increase intramuscular fat deposition in sheep: A meta-analysis
study. Small Rumin. Res. 2024, 234, 107258. [CrossRef]

39. Apple, J.K.; Dikeman, M.E.; Minton, J.E.; McMurphy, R.M.; Fedde, M.R.; Leith, D.E.; Unruh, J.A. Effects of restraint and
isolation stress and epidural blockade on endocrine and blood metabolite status, muscle glycogen metabolism, and incidence of
dark-cutting Longissimus muscle of sheep. J. Anim. Sci. 1995, 73, 2295–2307. [CrossRef] [PubMed]

173



Agriculture 2025, 15, 191

40. Oliveira, R.L.; Palmieri, A.D.; Carvalho, S.T.; Leão, A.G.; Abreu, C.L.; Ribeiro, C.V.D.M.; Pereira, E.S.; Carvalho, G.G.P.; Bezerra,
L.R. Commercial cuts and chemical and sensory attributes of meat from crossbred Boer goats fed sunflower cake-based diets.
Anim. Sci. J. 2015, 86, 557–562. [CrossRef]

41. Minick, J.A.; Dikeman, M.E.; Pollak, E.J.; Wilson, D.E. Heritability and correlation estimates of Warner-Bratzler shear force and
carcass traits from Angus-, Charolais-, Hereford-, and Simmental-sired cattle. Can. J. Anim. Sci. 2004, 84, 599–609. [CrossRef]

42. Realini, C.E.; Duckett, S.K.; Brito, G.W.; Dalla Rizza, M.; De Mattos, D. Effect of pasture vs. concentrate feeding with or without
antioxidants on carcass characteristics, fatty acid composition, and quality of Uruguayan beef. Meat Sci. 2004, 66, 567–577.
[CrossRef] [PubMed]

43. Brito, G.F.; Ponnampalam, E.N.; Hopkins, D.L. The effect of extensive feeding systems on growth rate, carcass traits, and meat
quality of finishing lambs. Compr. Rev. Food Sci. Food Saf. 2017, 16, 23–38. [CrossRef]

44. Holman, B.W.B.; Ven, R.V.; Mao, Y.; Coombs, C.E.O.; Hopkins, D.L. Using instrumental (CIE and reflectance) measures to predict
consumers’ acceptance of beef colour. Meat Sci. 2017, 127, 57–62. [CrossRef] [PubMed]

45. Nakamura, Y.-N.; Tsuneishi, E.; Kamiya, M.; Yamada, A. Histological contribution of collagen architecture to beef toughness. J.
Food Sci. 2020, 75, E73–E77. [CrossRef]

46. D’Alessandro, A.G.; Palazzo, M.; Petrotos, K.; Goulas, P.; Martemucci, G. Fatty acid composition of light lamb meat from Leccese
and Comisana dairy breeds as affected by slaughter age. Small Rumin. Res. 2015, 127, 36–43. [CrossRef]

47. Calder, P.C. Functional roles of fatty acids and their effects on human health. J. Parenter. Enteral Nutr. 2015, 39, 18S–32S. [CrossRef]
[PubMed]

48. Jiang, J.; Xiong, Y.L. Natural antioxidants as food and feed additives to promote health benefits and quality of meat products: A
review. Meat Sci. 2016, 120, 107–117. [CrossRef] [PubMed]

49. Ladeira, M.M.; Schoonmaker, J.P.; Swanson, K.C.; Duckett, S.K.; Gionbelli, M.P.; Rodrigues, L.M.; Teixeira, P.D. Review:
Nutrigenomics of marbling and fatty acid profile in ruminant meat. Animal 2018, 12, s282–s294. [CrossRef] [PubMed]

50. Fievez, V.; Vlaeminck, B.; Jenkins, T.; Enjalbert, F.; Doreau, M. Assessing rumen biohydrogenation and its manipulation in vivo,
in vitro and in situ. Eur. J. Lipid Sci. Technol. 2007, 109, 740–756. [CrossRef]

51. Waters, S.M.; Kelly, J.P.; O’Boyle, P.; Moloney, A.P.; Kenny, D.A. Effect of level and duration of dietary n-3 polyunsaturated fatty
acid supplementation on the transcriptional regulation of Δ9-desaturase in muscle of beef cattle. J. Anim. Sci. 2009, 87, 244–252.
[CrossRef]

52. Choi, S.H.; Park, S.K.; Johnson, B.J.; Chung, K.Y.; Choi, C.W.; Kim, K.H.; Kim, W.Y.; Smith, S.B. AMPKα, C/EBPβ, CPT1β, GPR43,
PPARγ, and SCD gene expression in single-and co-cultured bovine satellite cells and intramuscular preadipocytes treated with
palmitic, stearic, oleic, and linoleic acid. Asian-Australas. J. Anim. Sci. 2015, 28, 411–419. [CrossRef] [PubMed]

53. Mozaffarian, D.; Micha, R.; Wallace, S. Effects on coronary heart disease of increasing polyunsaturated fat in place of saturated fat:
A systematic review and meta-analysis of randomized controlled trials. PLoS Med. 2010, 7, e1000252. [CrossRef] [PubMed]

54. Bauman, D.E.; Lock, A.L. Milk fatty acid composition: Challenges and opportunities related to human health. In Proceedings of
the 26th World Buiatrics Congress, Santiago, Chile, 14–18 November 2010; pp. 278–289.

55. Marangoni, F.; Agostoni, C.; Borghi, C.; Catapano, A.L.; Cena, H.; Ghiselli, A.; Poli, A. Dietary linoleic acid and human health:
Focus on cardiovascular and cardiometabolic effects. Atherosclerosis 2020, 292, 90–98. [CrossRef]

56. Oliveira, V.S.; Oliveira, R.L.; Goes, R.H.T.B.; Silva, T.M.; Silva, L.F.; Freitas, L.S.; Pereira, E.S.; Bezerra, L.R. Physicochemical
composition, fatty acid profile and sensory attributes of the meat of young Nellore bulls fed sunflower cake from the biodiesel
industry. Livest. Sci. 2019, 227, 97–104. [CrossRef]
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