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Preface

In the context of rapid global population growth, shifting dietary patterns, and the increasing
demand for sustainable food systems, the production of high-quality animal-based foods has become
more important and complex than ever. Ensuring that animal-derived foods, such as meat, milk, and
eggs, are nutritionally rich and produced in a responsible manner is essential to meeting the dietary
needs of all populations. Achieving this goal requires innovative, safe, and sustainable feeding
strategies that not only optimize animal health and productivity, but also enhance the nutritional
value of the foods produced, while minimizing environmental impacts.

This Special Issue is the second volume of “Feeding Strategies and Nutritional Quality of Animal
Products,” which addresses the critical intersections of animal nutrition, feeding practices, and food
quality. It brings together cutting-edge research and insights from experts worldwide (Croatia,
Bulgaria, Romania, Brazil, Mexico, and Poland), examining how various feeding strategies influence
the nutritional profile, safety, and sensory qualities of animal-based foods. The studies presented
in this Special Issue explore the impact of novel feed ingredients, supplementation techniques, and
management practices on the nutritional composition of farm animal products. They also provide key
insights into sustainable and ethical feeding solutions that could reduce dependency on traditional
resources and promote a circular economy within the agricultural sector.

In this collection of papers, the authors aimed to provide a perspective on the current trends,
challenges, and opportunities in the field of farm animals. The papers published examined different
topics, including a revision of alternative feed ingredients for poultry for achieving zero hunger; the
characterization and application of alternative feeding resource like oilseed cakes, yellow mealworm,
and grape pomace silage; nutritional solutions for small ruminants (lambs and goats); and snails
and chicken meat quality assessment under different storage conditions, showcasing their ability to
improve both animal and human health outcomes.

This volume is intended for a broad audience of researchers, practitioners, policymakers, and
students who are dedicated to advancing animal science, nutrition, and sustainable agriculture. By
providing a deeper understanding of the ways that diet influences the quality of animal-derived
foods, we hope to inspire new ideas and practices that will help to sustainably feed the world’s
growing population with nutritious, safe, and ethically produced animal products.

We extend our gratitude to the contributing authors, reviewers, and editorial team who made
this Special Issue possible. Their expertise, dedication, and collaboration have created a valuable
resource that we believe will contribute meaningfully to the fields of animal nutrition and food

science.

Petru Alexandru Vlaicu, Arabela Elena Untea, and Mihaela Saracila
Editors
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Editorial
Feeding Strategies and Quality Assessments of
Animal-Derived Products

Petru Alexandru Vlaicu * and Arabela Elena Untea *

Feed and Food Quality Department, National Research and Development Institute for Animal Biology and
Nutrition, Calea Bucuresti 1, 077015 Balotesti, Romania
* Correspondence: alexandru.vlaicu@ibna.ro (P.A.V.); arabela.untea@ibna.ro (A.E.U.)

Feeding strategies play an important role in animal production systems by directly
influencing animal health, productivity, and the quality of animal-derived products (meat,
eggs, and milk). These techniques comprise a variety of practices designed to optimize
the dietary feeds of animals while maintaining their well-being, production performance,
and quality of end-products. Feeding practices can be executed using multiple techniques,
including formulating balanced diets that meet the precise dietary requirements of various
animal species by incorporating functional components such as pre/probiotics, food waste,
by-products, recycled food waste, insects, or fermented ingredients [1] while adopting
precision livestock feeding techniques that tailor diets to individual animal species [2].
Additionally, alternative feed sources are gaining attention as sustainable options to lessen
dependence on conventional feed ingredients like soybean and corn.

Quality assessments of animal-derived products are important to assure food safety,
nutritional value, and consumer acceptance while also meeting regulatory standards and
market demands. In this context, feeding strategies have a high impact on animal end-
product niches, such as those with the inclusion of specific nutrients (omega-3 fatty acids,
antioxidants, carotenoids, minerals, and other nutrients), aligning with the consumers’
request for safer products.

This Special Issue received a total of 30 papers, from which 10 have been published,
comprising 8 research articles, 1 meta-analysis, and 1 review article. Based on the number of
published works, the submitting authors are from six different countries: Croatia, Bulgaria,
Romania, Brazil, Mexico, and Poland. The papers published in this Special Issue are

Citation: Vlaicu, PA.; Untea, A.E. the continuation of the first volume of the Feeding Strategies and Nutritional Quality of
Feeding Strategies and Quality Animal Products [3]. The published papers in the second volume of the Special Issue are
Assessments of Animal-Derived grouped into different categories: a review dealing with numerous feeding strategies for
Products. Agriculture 2024, 14, 1949. achieving zero hunger; alternative feeding resource (oilseed cakes; yellow mealworm, and
hitps://doi.org/10.3390/ grape pomace silage) characterization; nutritional solutions for small ruminants (lambs and
agriculture14111949 goats); and snails and chicken meat quality assessment under different storage conditions.
Received: 29 October 2024 The review paper by Vlaicu et al. [4] explores the potential of alternative sustainable
Accepted: 30 October 2024 poultry feeding strategies aimed at achieving SDG2 (Zero Hunger) while increasing pro-
Published: 31 October 2024 duction performance and food quality, focusing on the potential recycling of by-products,

plants, and food waste derived from fruits, vegetables, and seeds, which, according to FAO

and Eurostat reports [5], account for up to 35% annually. The paper provides a review
- analysis of the nutritional (protein, fat, fiber, and ash) and mineral (calcium, phosphorus,

zinc, manganese, copper, and iron) contents as well as the bioactive compounds (polyphe-
nols, antioxidants, carotenoids, fatty acids, and vitamins) of the reviewed alternative feed
ingredients, which can contribute to resource efficiency, a reduction in dependency on
conventional feeds, and lower production costs. The benefits of legumes, fruits, berries,
seeds, and plant wastes have been reported to enhance the essential nutrients in poultry
products and their performances [6-11]. Further, the circular economy approach in poultry
farming, which emphasizes the efficient use of resources, waste minimization, and the

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 /
1.0/).

Agriculture 2024, 14, 1949. https://doi.org/10.3390/agriculture14111949 1 https:/ /www.mdpi.com/journal/agriculture
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recycling of discarded by-products, is also discussed. The paper also reports the chal-
lenges associated with the implementation of these alternative feeding strategies, including
inconsistencies in quality and availability, the presence of anti-nutrients, and regulatory bar-
riers. Despite these, future research directions in sustainable feeding strategies for animals
with alternative feed ingredients should be continuously explored to better understand
their usage.

The second category of papers explored the characterization of different alternative
feeding sources and their potential usage in animal feeding. The study conducted by
Rambu et al. [12] explored the solid-state fermentation efficiency of Bacillus licheniformis
ATCC 21424 on various agro-industrial by-products (oilseed cakes of hemp, pumpkin,
and flaxseed) by examining the nutritional composition, reduction in sugars, and in vitro
protein digestibility for use in animal nutrition. The authors showed that this strategy
produces a few significant changes in these by-products, especially by altering the crude
protein, crude fat, crude fiber, carbohydrate content, neutral detergent fiber (NDF), and acid
detergent fiber (ADF). Moreover, the authors demonstrate that solid-state fermentation with
Bacillus licheniformis, under optimized conditions (72 h), increases the reduced sugar content
for flax and pumpkin waste compared with hempseed waste. This study is important as
it shows the advantages of oilseed waste bioprocessing by solid-state fermentation as an
effective approach in yielding valuable products with probiotic and nutritional properties
as suitable alternative ingredients for animal feeding. Although previous studies have
reported the nutritional composition and the beneficial effects of feeding flax, pumpkin,
and hemp waste in animals nutrition and product quality, the study conducted by Rambu
et al. [12] shows additional potential usages of these wastes through fermentation.

Vlahova-Vangelova et al. [13] showed the impact of different drying treatments, such
as freeze-drying, conventional drying, microwave drying, microwave drying without
freezing prior to blanching, and microwave drying with the addition of 0.1% butylated
hydroxytoluene during the blanching of the larvae, used in the production of flour from
Tenebrio molitor larvae. Their results revealed that the freeze-drying and conventional
drying of the larvae reduced the water activity of the derived flours but significantly
reduced protein content and considerably increased the fat content compared to the flours
after microwave treatments. Their research also revealed that the conventional drying and
microwave treatment with butylated hydroxytoluene induced a significantly darker color
in comparison to the other methods. The authors mentioned that despite the advantages
of microwave drying as a fast and energy-efficient method, it displayed some negative
effects associated with low lipid stability, such as higher acid value and increased secondary
products of lipid oxidation (TBARS). By revealing both the positive and negative effects
of the applied treatments, their study contributes to the development of optimal drying
modes for the preparation of insect flours.

Further, Soka¢ Cvetni¢ et al. [14], in their study, monitored the chemical and fermenta-
tive characteristics during different treatments (raw, treated with an inoculum of lactic acid
bacteria, and treated with zeolite) of grape pomace silage. Their results showed that after
30, 60, and 90 days of ensiling, the silages treated with inoculum and zeolite had better
fermentation quality (lower pH and ammonia-nitrogen contents). Interestingly, the authors
revealed that the tested additives (inoculum and zeolite) decreased the total polyphenols
and tannins, confirming the degradation of polyphenols and tannins in grape pomace
silage due to the lactic acid bacteria and zeolite presence. The conclusion of this study
showed the importance of inoculant and zeolite supplementation impact on the quality of
grape pomace silage as an alternative use in animal feed.

In the third category of papers, Antunovi¢ et al. [15] investigated how the feeding
solutions that imply the inclusion of polyphenol-rich black oats in lamb diets affect their
performance, metabolic health, antioxidant status, and carcass quality. Their results showed
that the substitution of black oats did not influence production performances, carcass traits,
or physical measures, except for reduced pH values in lamb meat. The metabolic analysis
revealed that lambs fed black oats exhibited higher levels of red blood cells, hematocrit,
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and mean corpuscular volume, indicating improved overall metabolic health. The tested
feeding strategy also improved the activities of the liver enzymes ALT and ALP, showing
their potential to reduce hepatic stress in lambs consuming black oats. Additional benefit
effects were reported for antioxidant status (higher glutathione peroxidase (GPx) and
superoxide dismutase (SOD)) and DPPH radical scavenging activity in the liver of lambs.
The potential of polyphenols to reduce oxidative stress in animals was also noted by
the authors. The importance of this study stands in the potential of replacing 15% of
conventional oats with black oats with beneficial effects on metabolic and antioxidant
status without altering the production performances and carcass characteristics. As the
authors concluded, the effects of polyphenols in weaning crises and older animals are a
field of future studies.

The study of Dos Santos et al. [16] investigated how different feeding systems impact
lamb growth, metabolic health, meat quality, and gene expression, subject to a distinct
feeding strategy. They reported that lambs fed with forage and a diet of 72% concentrate
and 28% Tifton-85 hay in a feedlot showed the highest daily weight gain and feed efficiency.
On the other hand, the grazing system raised lambs fed 1.2% concentrate while grazing
on Tifton-85 grass resulted in improved meat quality (higher concentration of omega-3
polyunsaturated fatty acids) and a more favorable n6/n3 ratio. Moreover, lambs in the
feedlot systems fed a high-grain diet consisting of 85% whole-grain corn and 15% protein
pellets showed higher insulin and glucose levels, reflecting the impact of the high energy
content of grain-based diets. It was concluded that while feedlot systems, especially high-
grain diets, improved growth performance and fat deposition, the grazing system produced
lambs with healthier meat profiles, especially essential fatty acids composition and better
sensory attributes. The results of this study suggest that producers can tailor feeding
strategies based on their market goals.

Antunovi¢ et al. [17], in a different study, evaluated the effects of new nutritional
solutions obtained by replacing yellow corn with red corn on dairy French Alpine goats’
performance, metabolic health, and antioxidant status. Their results have indicated that
the inclusion of red corn did not significantly impact dairy goats milk yield or nutritional
composition, with only minor increases in milk lactose observed in the red corn-fed groups.
However, the part and total (100%) red corn replacement for yellow corn improved the
metabolic health of goats while also increasing superoxide dismutase (SOD) activity in
their blood, pointing to enhanced antioxidant defenses. In terms of milk quality, total
replacement with red corn resulted in a significant decrease in the thiobarbituric acid
reactive substances (TBARS). These results are important, especially due to the richness of
red corn in anthocyanins, which could improve dairy goat resilience to oxidative stress, but
to test this hypothesis, long-term feeding trials are required.

A meta-analysis conducted by Orzuna-Orzuna et al. [18] examined the feeding so-
lutions for dairy cows, including dietary supplementation with Schizochytrium sp., a mi-
croalgae rich in omega-3 fatty acids. The analysis conducted by the authors revealed that
Schizochytrium sp. supplementation increased milk yield but simultaneously reduced dry
matter intake, milk fat yield, and milk fat content. This analysis is of particular interest,
especially understanding that although cows produce more milk, the concentration of
fat in the milk is lowered, which could have implications for cheese production or milk
products relying on higher fat content. Moreover, the fat content in milk gives the selling
price, which represents an important economic aspect. The analyses also revealed that
supplementation with Schizochytrium sp., a microalgae, decreased the levels of palmitic and
stearic fatty acids, which are associated with important implications on cardiovascular risks
in humans. Contrarily, the authors showed that the concentration of beneficial fatty acids
like omega-3 polyunsaturated fatty acids and conjugated linoleic acid increased, making
the milk more nutritious for consumers. This study shows that although beneficial effects
are observed, the negative ones cannot be ignored, which suggests that further research is
needed to optimize supplementation strategies that maintain or enhance milk fat content.
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References

Also in this category, the research conducted by Rygato-Galewska et al. [19] aimed
to develop new feeding solutions for snails by examining how varying concentrations of
calcium (44.3, 66.1, 88.7, and 103.5 g/kg feed) and magnesium (3.3, 5.6, and 7.2 g /kg feed)
in the diet of garden snails influenced their growth, shell quality, survival rate, and meat
composition. The two research studies aimed to optimize the dietary levels of these miner-
als to improve the technological and production characteristics of snail farming. The results
from the first experiment indicated that higher calcium levels led to significantly greater
body and shell weights, with the snails receiving the highest calcium levels (103.5 g/kg)
exhibiting the best growth and shell strength. However, an excess of calcium reduced
overall body weight percentage relative to shell weight, and higher calcium levels were
associated with a lower feed conversion ratio. The second experiment showed that mod-
erate magnesium supplementation (5.6 g/kg) yielded better growth, while the highest
magnesium level (7.2 g/kg) negatively impacted weight gain and feed efficiency. Shell
strength improved with increasing magnesium levels, but too much magnesium was linked
to a reduction in overall survival rates. From this study, it was concluded that although both
calcium and magnesium are critical for the optimal growth and development of garden
snails, excessive levels of either can lead to reduced performance. It is recommended to
use a balanced approach with moderate levels of both minerals for optimal improvements.
This study also shows the importance of snails for commercial production.

The fourth category of articles included a study conducted by Popova et al. [20],
which aimed to evaluate the growth performance, economic aspects, and meat quality of
Lohmann Brown Classic male layer-type chickens. Significant alterations were observed in
the production performances, depending on the age of the birds. In terms of the economic
aspect, they have reported that raising chickens until 9 weeks of age slightly reduced the
costs per kg for live weight and per kg for the ready-to-cook carcass, mainly due to higher
dressing percentages and lower labor and slaughtering costs. The authors mentioned
that extending the rearing period could improve economic efficiency. The meat quality
of broilers was also examined during frozen storage at 60 and 120 days. It was noted
that lipid oxidation increased markers such as peroxide values over 60 days of frozen and
TBARS after 120 days. However, the meat did not show significant deterioration, and the
antioxidant parameters remained below thresholds for rancidity. The study recommends
further research into optimizing the slaughter age to balance economic efficiency and
meat quality.
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Abstract: As global demand increases for poultry products, innovative feeding strategies that reduce
resource efficiency and improve food safety are urgently needed. This paper explores the potential
of alternative sustainable poultry feeding strategies aimed at achieving SDG2 (Zero Hunger) while
increasing production performance and food quality, focusing on the potential recycling of by-
products, plants, and food waste derived from fruits, vegetables, and seeds, which account for up to
35% annually. The paper provides a review analysis of the nutritional (protein, fat, fiber, and ash) and
minerals (i.e., calcium, phosphorus, zinc, manganese, copper, and iron) content as well as the bioactive
compounds (polyphenols, antioxidants, carotenoids, fatty acids, and vitamins) of alternative feed
ingredients, which can contribute to resource efficiency, reduce dependency on conventional feeds,
and lower production costs by 25%. The nutritional benefits of these alternative feed ingredients,
including their effects on poultry production and health, and their potential for improving poultry
product quality, are presented. Carrot, paprika, rosehip, and some berry waste represent a great
source of carotenoids, polyphenols, and vitamins, while the seed meals (flax, rapeseed, and sea
buckthorn) have been reported to enhance the essential fatty acid composition in eggs and meat.
Numerous plants (basil, sage, rosemary, and lettuce) are natural reservoirs of bioactive compounds
with benefits for both animal and food products. Some challenges in implementing these alternative
sustainable feeding strategies, including inconsistencies in quality and availability, the presence of
anti-nutrients, and regulatory barriers, are also explored. In conclusion, future research directions in
sustainable poultry feeding with alternative feed ingredients should be considered to achieve SDG2.

Keywords: food quality; poultry; eggs; meat; sustainability; zero hunger; SDG; feed ingredients

1. Introduction

The current global challenge of achieving food security and ensuring access to suffi-
cient, nutritious, and safe food for all while maintaining or improving agricultural sustain-
ability has been presented in the United Nations’ Sustainable Development Goals (SDGs),
particularly Goal 2, which refers to Zero Hunger. This goal emphasizes the necessity to end
hunger while achieving food security through improved nutrition and promote sustainable
agricultural practices by 2030.

In the agricultural sector, poultry production plays an important role in the global food
system, providing consumers with a major source of high-quality animal protein through
meat and eggs [1]. However, since conventional poultry feed raw materials, mainly corn
and soybean meal, this poses challenges with respect to its sustainability, such as defor-
estation, biodiversity loss, and more greenhouse gases associated with their manufacture
and transportation [2]. In this context, new strategies are needed to develop and imple-
ment alternative feeding strategies for poultry. In recent years, there has been a growing
interest in the potential of alternative feed ingredients as viable and practical alternatives
to conventional poultry diets. These alternatives not only aim to reduce the ecological
footprint of poultry farming but also are great candidates to enhance the nutritional profile
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of poultry products and performances. The utilization of diverse novel and alternative
feed ingredients, such as legume waste [3], oilseed meals [4,5], fruit waste [6,7], leaves or
plants [8,9], and other agricultural by-/co-products [10], into poultry diets offers promising
ways to mitigate the current challenges in poultry industries. Nevertheless, the transition
to alternative feed ingredients for poultry is complex, and the nutritional adequacy, feed
palatability, cost-effectiveness, and supply chain logistics should be considered. For exam-
ple, understanding the nutritional requirements of poultry and the nutrient composition
of various feed ingredients is crucial for formulating balanced diets that support optimal
growth, health, productivity, and product quality. Moreover, the variability in nutrient
content and the presence of anti-nutritional factors in some alternative ingredients require
careful laboratory assessments and processing to ensure their effective utilization in poultry
diets [11]. However, numerous research studies dealing with feed technology and animal
nutrition science have facilitated the development of novel feed formulations that incorpo-
rate alternative ingredients without compromising poultry performance while improving
poultry product quality, as further presented in the current paper.

In this context, this review paper aims to explore potential alternative and sustainable
poultry feeding strategies that align with the Sustainable Development Goal of Zero Hunger
(SDG 2). The paper examines the chemical composition, and bioactive compounds present
in the alternative feed ingredient options and their potential to enhance poultry production
performances, health, and food quality while contributing to a circular economy (Figure 1).
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Figure 1. Overview of potential valorisation of co-/by-products and agro-food industry waste in
poultry to achieve Zero Hunger.

2. SDG 2: Zero Hunger and the Role of Poultry Production in Global Food Security
and the Circular Economy

2.1. SDG 2: Zero Hunger and Why It Is Relevant to Poultry Production

Zero Hunger is one of the 17 SDGs established by the United Nations in 2015 as part
of the 2030 Agenda for Sustainable Development, officially known as SDG 2 [12]. This goal,
as described in the agenda, addresses a range of interconnected issues related to hunger,
food quality, and food security. The main goal is to ensure that all people, especially poor
and vulnerable populations, have access to sufficient, nutritious, and safe food products
all year round. This involves not only increasing animal-origin food production but also
improving food system distribution and reducing food waste [13]. A potential strategy to
achieve sustainable nutrition and health for the increasing population can be formulated
by following the principles of bioeconomy, which involves the production of renewable
biological resources and the conversion of these resources and waste streams into value-
added products, such as food, feed, bio-based products, and bioenergy [14]. Furthermore,
to increase the eco-sustainability of the food processing industry, food waste, by-products,
co-products, and/or plants should be exploited before they become waste or neglected.
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Dealing with food waste is of great importance, especially in terms of combating hunger,
raising incomes, and improving food security in the poorest countries. Until a few decades
ago, food waste was not considered either a cost nor a benefit. However, to maximize
benefits for the environment, society, and economy, the FAO is currently developing a
code of conduct (CoC) for the reduction of food loss and waste and has proposed an
inverted pyramid, setting priorities on how to best reduce food waste and save natural
resources [15]. To achieve this target, SDG 2 emphasizes the importance of sustainable
agriculture, which involves promoting agricultural practices that increase productivity and
production, among other objectives.

2.2. Poultry Production as a Pillar of Food Security

Poultry production plays a pivotal role in providing affordable, high-quality protein to
millions of consumers globally, contributing directly to SDG 2 by enhancing food security
and promoting sustainable agricultural practices [16].

From a nutritional point of view, poultry products (chicken meat and eggs) are among
the most consumed animal-origin-derived products worldwide, being rich sources of
protein, amino acids, fats, vitamins, and minerals, which are crucial for various bodily
functions, including immune system support and cognitive development essential for hu-
man health, particularly in developing countries [17]. Furthermore, poultry meat generally
contains lower levels of saturated fats compared to red meats [18], making it a healthier
option for consumers and supporting efforts to reduce diet-related non-communicable
diseases.

From an economic point of view, due to efficient feed conversion and short production
cycles, poultry production is cost-effective, making poultry products more affordable
compared to other animal protein sources [19], which increases their accessibility to a
larger population, including low-income families. Eggs and chicken meat products are
often included in school feeding programs, pregnant women, and emergency food aid due
to their high nutritional value and ease of storage and preparation. Programs targeting
such groups often use eggs and poultry meat as key components to improve nutritional
outcomes, as recently reported in a study focused on programs from sub-Saharan Africa
and South Asia regions [20]. Another important economic aspect is that poultry species are
more resilient to climate variations compared to larger livestock, and they can be raised
in diverse environmental conditions [21,22], from tropical to temperate climates, making
poultry farming a reliable source of food even under changing climatic conditions. Lastly,
poultry production generally emits fewer greenhouse gases per unit of meat compared to
ruminant livestock [23], supporting sustainable food systems that balance food production
with environmental conservation.

From a cultural point of view, poultry is widely accepted across different cultures and
religions, making it a versatile and important component of global diets [24]. This cultural
acceptance facilitates its inclusion in various food security initiatives without significant
dietary restrictions. In this context, the importance of poultry products (eggs and meat)
in global food security cannot be overlooked, as it supports the dietary needs of billions
humans, particularly in regions where other forms of animal protein are scarce or too
expensive for the average consumer [25]. Furthermore, poultry farming is often integrated
into larger agricultural practices, providing a steady income stream for smallholder farmers,
who represent a significant portion of the world’s agricultural producers. These small-scale
operations contribute not only to local food security but also to the livelihoods of millions
of families, thereby reinforcing the socio-economic stability of rural areas, as shown in a
study conducted in South Asia [26].
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2.3. Poultry Production and the Circular Economy

The concept of a circular economy is gaining massive attention in discussions about
sustainable agriculture, which includes poultry production. A circular economy approach
in poultry farming emphasizes the efficient use of resources, waste minimization, and the
recycling of discarded by-products [27]. This approach aligns closely with the principles
of SDG by reducing environmental impacts, such as carbon footprint, and enhancing
resource efficiency, which in the context of SDG 2 are considered critical aspects. Generally,
traditional poultry feeding practices rely heavily on common grains such as corn, wheat,
and soybeans, which are also staple foods for humans [28]. This competition for these
common resources can amplify food insecurity, especially in regions where grain production
is not sufficient to meet both human and animal needs. Therefore, the transition to more
sustainable feeding practices is essential. Alternative feed ingredients such as insect protein,
algae, and agricultural by-products and wastes [29-31] represent promising solutions for
reducing the environmental footprint of poultry production. Insects, for example, can be
produced using organic waste, which not only diverts waste from landfills but also creates
a high-protein feed source for poultry [29]. Algae, another alternative, can be cultivated
in environments that are unsuitable for traditional agriculture, making it a viable option
in arid regions [30]. Agricultural by-products, such as oil seed meals [31], hulls [32], and
other residues (fruits and legumes) from crop production [33-35], can also be repurposed as
poultry feed ingredients, thereby closing the loop in agricultural systems and promoting a
circular economy. The adoption of these alternative feeding strategies can lead to significant
reductions in the environmental impacts of poultry farming. For instance, insect-based
feeds have been shown to lower greenhouse gas emissions [36] and reduce the reliance on
water-intensive crops like soy. Additionally, it was recently reported in a case study [37]
that by utilizing waste materials as feed, the poultry industry can contribute to reducing
overall food waste, which is a significant challenge in the global food system.

2.4. Challenges in Implementing Sustainable Feeding Practices

While the benefits of sustainable feeding strategies are clear, several challenges hinder
their widespread adoption, particularly when focusing on by-products, food waste, and
plant-based alternatives. As recently mentioned in other studies focused on the valorization
of food waste, one of the primary economic barriers is the variability in the availability
and quality of by-products and food waste [38,39]. Unlike conventional feed ingredients,
which are produced in large quantities with a consistent quality, by-products and food
waste can vary significantly depending on their source, processing methods, and seasonal
availability [40]. This inconsistency poses a challenge for formulating balanced poultry
diets that meet nutritional requirements consistently. Another challenge is the presence
of anti-nutritional factors and contaminants in plant-based alternatives and by-products.
Many of these alternative feeds contain compounds such as tannins, phytic acid, and
mycotoxins, which can interfere with the bioavailability of various components, nutrient
absorption, and poultry health [41]. Another challenge is given by the influence of soil,
climatic conditions, vegetation, and seasons, which will result in wastes with variability in
their chemical composition. However, as recently reported, these issues can be addressed by
additional processing steps, such as fermentation, enzyme treatment, or heat treatment [42],
which later can increase costs and complexity for farmers, particularly those with limited
resources.

The logistical challenges associated with collecting, processing, and distributing food
waste and by-products also present significant barriers. Farmers often struggle to access
alternative feed ingredients reliably and affordably due to the absence of established supply
chains. Unlike traditional feeds that are mass-produced and distributed through established
networks, by-products and food waste may need new infrastructure for collection, trans-
portation, and storage. The same applies to food waste, which must be treated to make sure
it is safe and nutritionally appropriate for poultry to eat. As reported by Salvador et al. [43],
solutions to this concerning behavior are crucial for an adequate circular bioeconomy



Agriculture 2024, 14, 1811

strategy. In addition, regulatory barriers can impede the adoption of sustainable feeding
practices. Moreover, consumer perceptions and market acceptance play a crucial role in
the success of these alternative feeding strategies [44]. There may be resistance to poultry
products raised on diets that include by-products or food waste, especially in markets
where traditional feeding practices are well established and preferred by consumers [44,45].
Educating consumers about the sustainability and environmental advantages of these
practices as well as ensuring that the final poultry products meet high standards of quality
and safety will be essential to building trust and acceptance.

3. The Purpose of Developing Alternative Poultry Feeding Practices

Current poultry feeding includes a variety of traditional and innovative methods
designed to meet the nutritional needs of poultry, while improving productivity. Traditional
poultry feeding practices are primarily based on well-established ingredients that have
been shown to support poultry health and yield. Poultry feeding protocols are largely a
matter of tradition, relying on standard ingredients known to help promote poultry health
and production. Ingredients that are used frequently among traditional feed ingredients
include grains, like corn and wheat, as primary energy sources, while soybean meal is
mainly utilized in order to provide protein [46]. Some of these end products are mixed
with animal by-products, fats, vitamins, and minerals. This results in a well-balanced diet
tailored to the specific needs and growth of different poultry [42]. Balanced macronutrients
(proteins, carbohydrates, and fats), as well as perfect combination of essential micro-
nutrients (vitamins and minerals), are key factors to be considered in diet formulation
for poultry. Formulating complete feed is important for the best performance and so as
to avoid nutrient deficiencies, which can help to produce better chickens’, health-wise,
regarding their production qualities. However, even the most effective traditional diets
are not without their pitfalls. A major challenge is the high costs and price fluctuations
of common feed ingredients, such as corn and soybean meal [47,48]. These costs can
be limitative for resource-limited smallholder farmers, affecting their profitability and
sustainability. Furthermore, the heavy reliance on particular crops raises concerns about
the environmental impact of their agriculture on the environment, with issues such as
deforestation, water consumption, including its use, and greenhouse gas emissions. To
address these challenges, there is growing interest in exploring alternative feed ingredients
that can supplement or replace entirely, if possible, the conventional ones [42,49]. These
ingredients can provide valuable nutrients while potentially reducing feed costs and
environmental impacts. However, their nutritional profiles as shown in Table 1 and effects
on poultry health, performance, and product quality need to be thoroughly evaluated to
ensure they meet the birds’” needs.
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Another innovative approach in poultry feeding practices is the use of feed additives
and supplements designed to enhance feed efficiency and animal health. Pliego et al. [123]
reviewed the beneficial effects of medicinal and herbal plants, while other authors explored
the uses of legumes [124,125], fruit pomaces and co-products [126,127], and other unex-
plored plants by/co-products [128,129] are nowadays used to improve digestion, nutrient
absorption, and gut health. These additives can be particularly beneficial when incorpo-
rating alternative feed ingredients, as they help mitigate potential nutritional imbalances
and enhance the bioavailability of nutrients, resulting in products with improved nutri-
tional quality, which can further provide nutritious and healthier affordable food products.
Sustainable feeding practices are also gaining attention as producers seek to reduce the
environmental footprint of poultry production [130]. This involves optimizing feed formu-
lations to minimize waste and enhance nutrient utilization, as well as adopting practices
that promote resource efficiency. It was shown recently by Lefter et al. [131] that locally
sourced ingredients that match the dietary supply of the birds’ nutritional requirements can
be a sustainable approach. Such a strategy will also contribute to reducing transportation
emissions and environmental pollution.

These evolving practices are directly aligned with the SDG2 of Zero Hunger by adopt-
ing innovative feeding strategies, ensuring the availability of nutritious and affordable
poultry products. These strategies not only enhance the animal’s production performances
and the quality of food but also support the sustainability of food systems, making a
substantial impact on global food security.

4. Innovative Feeding Strategies for Sustainable Poultry Production

Sustainable feeding strategies in poultry production focus more on the use of alter-
native feedstocks to overcome the challenges of traditional feed practices, such as high
cost, input restrictions, and environmental impact. These alternatives can replace con-
ventional ingredients such as corn and soybean meals [132] and include plant substitutes
such as wastes from legumes, oilseeds, plants, and various agricultural co-/by-products.
Furthermore, some recent review reports showed that other unconventional sources like
insects [133], algae [134], and food waste [135] are being investigated for their potential
as sustainable alternative poultry feed ingredients. The benefits of using plant-based and
by-product feeds are manifold. First, these innovations can significantly reduce feed costs,
making chicken production economically viable, especially for smallholder farmers with
limited resources. Secondly, many of these substitutes are by-products of other agricultural
practices, which means they can be obtained cheaply and even contribute to reducing
waste in the feed system. Moreover, additional feed supplementation to poultry feed can
reduce competition between feed and food crops, resulting in more balanced agricultural
sustainability [136].

Nutritionally, many alternative feed ingredients offer a diverse array of essential
nutrients that can meet the dietary needs of poultry. For example, legumes and oilseeds
are rich in proteins and amino acids, while by-products provide valuable energy, fibers,
and numerous beneficial bioactive compounds [42]. Babatunde et al. [136] recently stated
that the use of alternative feeds can enhance the resilience of poultry production systems.
By diversifying their feed base, producers can reduce their vulnerability to market fluc-
tuations and supply chain disruptions that commonly affect the availability and price
of conventional feed ingredients. Other authors [137,138] showed that this resilience is
particularly important in the context of global food security, as it helps ensure a steady
supply of poultry products even in times of economic or environmental stress. All in
all, such feeding strategies that incorporate alternative feed ingredients hold significant
promise for advancing the goals of Zero Hunger and sustainable agriculture.

Furthermore, by reducing costs, minimizing environmental impacts, and improving
the nutritional profile of poultry diets and final products, these feeding strategies can en-
hance the sustainability and productivity of poultry farming, aligning also to the principles
of the 3 R’s, which can now be considered as 5 R’s (Figure 2).
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Minimize the overuse of feed by optimizing
feeding practices, through
precise nutrient formulations.

Figure 2. The principle of the 5 R’s for alternative sustainable poultry production system.

4.1. Plant-Based as Alternative Feed Ingredients

Plant-based feeds have long been a cornerstone of poultry feed, primarily due to their
availability, low cost, and high nutritional value. Traditional plant-based feeds, such as
corn, barley, wheat, and soybean meals, are used as main sources of energy and protein,
making them ideal for supporting fast growth and productivity in poultry [135]. But as
demand for these crops increases worldwide for human consumption and animal feed,
competition for agricultural products has intensified, as noted by Frona et al. [139]. This has
raised concerns about sustainability as they rely heavily on these foods. In response to these
challenges, researchers and industry stakeholders are looking for plant-based alternatives
that are not only nutritious but also sustainable. These alternatives take less resources to
manufacture, which are usually obtained as commodities resulting from other agricultural
methods. For example, lupins, faba beans, chickpeas, and peas [140] are gaining attention
as potential protein sources due to their high protein content and low environmental impact
compared to soybeans. Similarly, oilseed meals like canola, flax, and rapeseed meal [87],
which are by-products of oil extraction processes, offer substantial protein and fat content
and can partially replace soybean meals in poultry diets.

Another promising approach is the use of agricultural residues and by-products as
feed ingredients. These include rice bran, wheat bran, and other cereal by-products that are
commonly discarded or used in low-value products [141]. These products can be recycled
as poultry feed, contributing to a circular economy, which will result in reducing waste and
improving food production. The challenge of using such by-products is in their variable
nutrient content and potential presence of anti-nutritional compounds [142], which requires
careful formulations and processing when it comes to poultry nutritional needs to ensure
that they do not compromise health or performance.

In addition to diversifying the sources of plant-based feed ingredients, there is ongoing
research into enhancing the nutritional quality of these alternatives. Some techniques, such
as fermentation, enzyme supplementation, and genetic modification, are being explored
to improve the digestibility and nutrient availability of plant-based feeds, as revived by
Samtiya et al. [143]. The shift towards more sustainable plant-based feed alternatives also
aligns with broader environmental goals, as they have a lower carbon footprint compared
to animal-based feeds [144], and their production often requires less water and land.
This makes them an attractive option for reducing the environmental impact of poultry
farming, particularly in regions facing resource constraints. Nevertheless, the transition
to these alternative plant-based feeds is not without challenges. Economic factors and
challenges, like the cost and availability, the variability in nutrient content, and the presence
of anti-nutritional factors of these ingredients, can be significant barriers to their worldwide
implementation. Despite these challenges, the continuous research and development efforts
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in this area are paving the way towards more sustainable and resilient poultry production
systems.

4.2. Insect-Based as Alternative Feed Ingredients

Over the past 10 years, insect-based feed has emerged as one of the most promising
poultry alternative protein sources due to its high nutritional value, low environmental
footprint, and potential to contribute to a circular economy. As the demand for sustainable
livestock feed increases, insects such as black soldier fly larvae, mealworms, and crickets
are increasingly recognized for their ability to efficiently convert organic wastes into high-
quality protein sources [145,146]. Insects are highly nutritious, with protein content ranging
from 30% to 80% depending on species and growth stage. These are rich in essential
amino acids, fats, and minerals, making them a viable alternative to traditional protein
sources such as fish meal and soybean meal [145]. For example, black soldier larvae have
a balanced amino acids profile as reported by Khalifa et al. [133], while insect feed can
provide essential fatty acids such as n-3 and n-6, which are essential for poultry health
and productivity. Insects also have the advantage of being able to efficiently convert
organic waste into biomass. They can be raised on a variety of natural materials, such
as agricultural residues, food waste, and even garbage, making them an integral part of
the waste management process. Not only does this diminish the environmental impact
of waste disposal but also provides a valuable by-product of the process in the form of
insect proteins [147]. By recycling waste into feed ingredients, insect farming supports the
principles of a circular economy, reduces reliance on traditional feed crops, and reduces
the overall carbon footprint of poultry production, as mentioned by Chavez et al. [148].
Despite the clear benefits, there are challenges associated with the use of insect-based
feeds in poultry diets. One of the main barriers is the regulatory framework governing
the use of insects in animal feed. In many regions, the approval process for insect-based
feed ingredients is still in its early stages, and there are strict regulations regarding the
substrates that can be used for insect rearing [149]. However, in a recent study conducted
by Zuk-Golaszewska et al. [150], it was reported that H. illucens, M. domestica, T. molitor, A.
diaperinus, G. sigillatus, A. domesticus, and G. assimilis insect species fulfil safety conditions as
insect production for feeding purposes, according to European Commission Regulation no.
893/2017, European Parliament Regulation no. 999/2001, and of the European Council and
Commission Regulation no. 142/2011. This approval is important and ensures the safety
and quality of insect meals in terms of contaminants that can potentially be transferred to
the poultry. Another challenge is the scalability and economic viability of insect farming.
While insect farming is less resource-intensive compared to conventional agriculture,
Madau et al. [151] reported that it requires significant investment in infrastructure and
technology to be scaled up to a level where it can meet the demands of the poultry industry.
Other authors [152] mentioned that the cost of insect protein is currently higher than
that of traditional feed ingredients, although this is expected to decrease as the industry
matures and production processes become more efficient. All in all, ongoing research is
exploring ways to optimize insect farming practices, improve the nutritional quality of
insect meals, and assess the long-term effects of insect-based feeds on poultry health and
productivity. Studies have shown that insect protein can successfully replace a significant
portion of conventional protein sources in poultry diets without negatively affecting growth
performance or feed efficiency [133,145]. In some cases, the inclusion of insect protein has
been associated with improved gut health and immune function in poultry [153,154],
suggesting potential additional benefits beyond basic nutrition.

4.3. Co-/By-Products and Wastes as Alternative Feed Ingredients—Nutritional Composition and
Bioactive Compounds

The nutritional content of alternative poultry feed ingredients is an important factor
in determining their suitability for poultry feed. Poultry species require a balanced diet
of proteins (16 to 18% for laying hens; 20 to 23% for broilers), essential amino acids such
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as lysine (0.9 to 1.1% for laying hens; 1.1 to 1.3% for broilers), methionine (0.4 to 0.5% for
laying hens; 0.5 to 0.6% for broilers), threonine (0.6 to 0.8% for laying hens, 0.8 to 1.0% for
broilers), and tryptophan (0.2% for both hens and broilers), carbohydrates (50 to 60% of
the total diets), fats (3 to 6% of the total diet), vitamins such as A (7500 to 12,000 IU/kg),
D3 (2000 to 3000 IU/kg), and E (10 to 20 mg/kg)and minerals like Ca (3.5 to 4.5% for
laying hens; 1% for broilers) and P (0.45 to 0.5% for both hens and broilers) to maintain
optimal health, growth and productivity. These nutritional requirements are mentioned in
each hybrid management breeding guide. The chemical composition of alternative feeds
varies greatly depending on the source, but in general, these products provide essential
nutrients that support poultry health and yield. A comprehensive understanding of the
nutritional value of these new ingredients is essential for composing a balanced diet. These
components include protein, fiber, fat, a mixture of vitamins and minerals, and several
bioactive compounds, as shown in Table 1. After an extensive literature review, we classified
several sources, compounds, and plant and vegetable food wastes based on their genus
and identified them as potential sources of new alternative feed ingredients for poultry
nutrition.

The literature revealed that the Apiaceae family includes plants, such as carrots,
parsnips, celery, fennel, coriander, parsley, dill, anise, and lovage, which are known for their
rich medicinal properties and potential bioactive compounds. Carrot (Daucus carota) waste
exhibits a wide range of nutrients in different areas, including high levels of carotenoids
such as (3-carotene and a-carotene, especially in orange, black, and purple varieties, which
also exhibit strong antioxidant activity [33,51]. Carrot flour and leaves contain significant
amounts of TPC and TFC, contributing to their nutritional value [52,53]. Parsnip roots (Pasti-
naca sativa) are notable for their high dry matter content, monosaccharides, disaccharides,
and minerals. They also contain substantial TPC and antioxidant capacities, enhancing
their health benefits [54]. Celery (Apium graveolens) in its bulbs, leaves, and roots offers high
levels of protein, fiber, and the essential minerals, with significant amounts of choline, pan-
tothenic acid, and rutin in the leaves contributing to its resistance against infection [55-58].
Fennel (Foeniculum vulgare) seeds and shoots contain proteins, fats, carbohydrates, and es-
sential fatty acids like PUFA and other essential fatty acids; the seeds also contain vitamins
B1, B2, and niacin [59,60]. Anise (Pimpinella anisum) seeds contain protein and fiber con-
tent and are rich in TPC, carotenoids, tannins, and various phenolic compounds, making
them more nutritious, as reported by Sun et al. [61] and Ghosh et al. [62]. In addition, the
leaves and seeds of coriander (Coriandrum sativum) contain high levels of protein, fiber,
essential minerals, and vitamins, with the leaves containing high levels of vitamin C and
the seeds containing high levels of MUFA and PUFA [63,64]. Parsley (Petroselinum crispum)
leaves are particularly rich in protein, fiber, vitamins, and phenolic compounds, which
confer significant antioxidant properties, according to Cornescu et al. [65] and Dobricevich
et al. [66]. In addition, the leaves and stems of dill (Anethum graveolens) contain large
amounts of vitamin C, carotenoids, 3-carotene, and TPC [67], while the leaves and stems of
lovage (Levisticum officinale) provide essential proteins, carbohydrates, and fatty acids, with
significant amounts of n-3 and n-6 fatty acids [68,69].

Another important alternative feed ingredient is represented by the fruits of American
and European elderberries. These unexplored sources are rich in total phenolics, exhibit
significant antioxidant capacity, and contain various essential nutrients such as glucose,
fructose, proteins, and a variety of minerals, including K, P, Ca, and Mn [70]. They
also contain notable amounts of anthocyanins, which contribute to their health benefits.
However, they also have trace amounts of toxic compounds like sambunigrin [70,71]. The
flowers of European elderberry are also rich in phenolics and proteins and exhibit strong
antioxidant activity and minerals like Ca, Mn, Fe, Cu, and Zn [71,72].

Jerusalem artichoke (Helianthus tuberosus) are tubers from the Asteraceae family that
are rich in carbohydrates and inulin, making them a significant source of dietary fiber.
They are also a good source of Ca and K with high TPC content [73]. The Jerusalem
artichoke leaves vary widely in protein content and are high in fiber. They are also rich

23



Agriculture 2024, 14, 1811

in minerals (Ca, Mg, and K) and contain notable amounts of carotenoids [74,75]. Chicory
(Cichorium intybus) roots have high inulin content (44.69%) and provide significant amounts
of carbohydrates (89.41%). The roots are also rich in phenolic acids, such as chlorogenic
and caffeic acids, which contribute to their antioxidant properties [76]. The leaves of
chicory contain a notable amount of TPC and a variety of phenolic compounds, including
protocatechuic and caffeic acids [76]. The chicory seeds are rich in protein (18.61%) and
fat (21.18%) and contain high levels of Fe, Cu, and Zn, along with a modest amount of
vitamin C [77]. Some authors [78,79] revealed that calendula (Calendula officinalis) flowers
are high in TPC and TFC, with notable levels of tocopherols, containing significant amounts
of carbohydrates and organic acids. Similarly, dandelion (Taraxacum mongolicum) has high
antioxidant activity in its flower, leaves, and stem, with TPC values ranging from 23.89
to 30.05 mg GAE/g dry weight. The flowers and leaves are also rich in vitamin C and
carotenoids, with notable levels of Ca and Mg [80]. Another important agricultural crop
that produces waste is lettuce (Lactuca sativa). Although the results presented by Mampholo
et al. [81] show variation in antioxidant content across different varieties, they present
important bioactive compounds suitable as alternative feed ingredients in poultry [81,82].
Moreover, artichoke (Cynara cardunculus), particularly the receptacle and heads, were
reported as rich sources of inulin and various minerals. The receptacle has high dry
matter and protein content, while the heads contain a balance of fats, carbohydrates, and
antioxidants [83,84]. Lastly, another important crop with high protein and fat content and
a notable amount of PUFA in both wild and commercial varieties is the yarrow (Achillea
millefolium). The commercial inflorescences have higher fat and protein levels, contributing
to their nutritional profile [85].

In the Arecaceae family, coconut (Cocos nucifera) shell waste was identified as a source of
high crude fiber (32.39%) and carbohydrate content (52.63%). Ewansiha et al. [86] showed
that despite its low protein and fat levels, the shell is rich in Fe (618 mg/100 g), making it a
significant source of this mineral.

The Brassicaceae family includes several nutritionally significant plants. Rapeseed
(Brassica napus) is notable for its various components, such as meals, seeds, and cake. The
meal is a rich source of protein and healthy fats, including significant amounts of MUFA
and PUFA, and it contains valuable antioxidants and phenolic compounds [5]. Rapeseed
seeds offer a substantial amount of crude protein and fat, with a noteworthy balance of n-3
and n-6 fatty acids. These seeds also provide essential minerals and fiber, making them
a nutritious food source [87]. The cakes, which are by-products of oil extraction, are rich
in protein and healthy fats, as well as essential fiber and minerals [87]. The kale (Brassica
oleracea) leaves are another member of the Brassicaceae family, known well for having
numerous essential nutrients (dietary fiber, vitamins, and minerals, including vitamin C
and beta-carotene), and exhibit strong antioxidant properties due to their high phenolic
content [88]. Similarly, mustard seeds (Brassica juncea) were reported by Oancea et al. [89]
to contain high protein and fat content and are particularly rich in essential minerals such
as Fe, Mg, and Zn. These seeds contain a variety of beneficial antioxidants and vitamins,
contributing to their health-promoting properties. Commonly discarded cabbage (Brassica
oleracea) waste is high in protein, fiber, and various minerals [90], making it a valuable
source of nutrients.

Another important by-product belongs to the Cannabaceae family, which includes
hemp (Cannabis sativa), whose seeds are highly nutritious, containing a balanced profile of
proteins and fats, including a high proportion of PUFA. Mierlita et al. [91] reported recently
that they offer significant amounts of dietary fiber and antioxidants, such as tocopherols
and carotenoids, suitable for poultry nutrition.

In the Cucurbitaceae family, cucumbers (Cucurbita pepo) yield edible parts, such as flesh,
peel and seeds, which are suitable for poultry feed, each with their own unique nutritional
value. The flesh is low in calories but rich in vitamins and minerals. However, the peel
contains high levels of protein, fiber, and antioxidants [92]. Cucumber (Cucumis sativus)
and watermelon (Citrullus lanatus) also belong to this genus, where cucumber stands out
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for its high-water content and various mineral and vitamin properties in organic matter,
extract, and juice, which are important [93,94]. Pumpkin seed meal (Cucurbita moschata) is
also a rich source of protein, fat, and beneficial n-3 fatty acids [95].

Sea buckthorn (Hippophae rhamnoides) from the Elaeagnaceae family, whose leaves and
fruits are rich in protein, fat, and antioxidants, contains important minerals and vitamins,
making them highly nutritious and suitable for poultry nutrition [31,96]. Additionally,
other important co-products are the leaves and flowers of Elaeagnus angustifolia, which were
reported by Saboonchian et al. [97] as sources rich in phenolic and flavonoid compounds.
The fruits of this plant provide a good source of fats, including a balanced ratio of SFA and
UFA, along with significant amounts of antioxidants [98].

In a recent study, conducted by Untea et al. [99], it was revealed that the Ericaceae
family cranberry (Vaccinium macrocarpon) offers significant nutritional benefits, particularly
in its leaves. These coproducts contribute to a robust nutrient profile that includes protein,
fat, fibers, and essential minerals such as Fe, Mn, and Zn.

The alfalfa plant, scientifically known as Medicago sativa and belonging to the Fabaceae
family, is well known for its remarkable nutritional value. The alfalfa plant is abundant in
protein and fiber, and it also has significant levels of healthy fats, such as a high proportion
of PUFA. Alfalfa is additionally a beneficial supplier of antioxidants, such as tocopherols
and carotenoids [100]. Pea (Pisum sativum) seeds are a beneficial legume, offering a good
amount of protein and important nutrients such as tocopherols. Peas provide a beneficial
combination of carbs, fiber, and fats [101]. Lentil seeds, containing high levels of protein
and fiber, as well as a notable quantity of PUFA, are a healthy option for nutrition. Lentils
have sugars and tocopherols that enhance their nutritional worth [102].

Mung bean (Vigna radiata) seeds are rich in protein and fat, and they offer antioxidant
benefits through their TPC and TFC [103].

One important by-product from the Juglandaceae family includes walnuts (Juglans regia),
whose meal is highly nutritious, contains protein and essential lipids, with a significant
amount of antioxidants, including phenolic acids and flavonoids, as well as essential
minerals, such as Mg and Zn, and has a high TAC [99].

The Lamiaceae family encompasses several aromatic herbs with notable nutritional
profiles. Spearmint (Mentha spicata) leaves are characterized by their high dry matter content
and significant levels of fiber and phenolic compounds [104]. Basil (Ocimum basilicunt)
leaves are rich sources of nutrients such as protein, fiber, and essential minerals and contain
a balanced profile of fatty acids along with substantial antioxidant activity [24]. Thyme
(Thymus vulgaris) leaves also have a high TPC and TAC, with a substantial amount of
essential minerals and beneficial fatty acids [24]. Sage (Salvia officinalis) leaves are another
member of this family with a high protein and fiber content and contain significant levels
of antioxidants, including vitamin E and lutein [24]. Rosemary (Rosmarinus officinalis)
leaves are noted for their high antioxidant content, including phenolic compounds and
vitamin E, although they contain relatively lower levels of protein and fat compared to
other herbs [105].

The Liliaceae family includes garlic (Allium sativum), which is valued for both its bulb
and leaves. The bulb is noted for its high content of dry matter and minerals, alongside
significant amounts of monosaccharides and disaccharides. The antioxidant properties
of garlic are also noteworthy, with appreciable TPC and TAC [54]. In contrast, garlic
leaves exhibit high protein content and crude fiber, along with notable antioxidant levels
including TPC and TAC [106]. Onion (Allium cepa) waste provides a broad range of
nutrients, with variability in dry matter, protein, and mineral content such as K, Ca, and
Mg. The antioxidant properties are also significant, with variations in TPC and TFC as
reported by Benitez et al. [107]. Further, another important crop, asparagus (Asparaguis
officinalis), offers a diverse nutritional profile, including fibers, sugars, proteins, and a
variety of vitamins such as B and C vitamins and essential minerals like Ca and Mg [108].

In the Musaceae family, important food wastes are produced by plantain and banana
peels. Plantain peel is rich in carbohydrates and contains essential minerals, including K and

25



Agriculture 2024, 14, 1811

Mg, with moderate levels of protein and fat [109]. Similarly, banana peel is characterized
by its high carbohydrate content and significant levels of fiber and minerals, though with
slightly lower protein and fat content compared to plantains [109].

The Oleaceae family includes olive (Olea europaea) seeds, which are rich in lipids,
especially MUFA and PUFA. The seeds also provide various sterols and essential minerals,
contributing to their nutritional richness as alternative feed ingredients [110].

Within the Rosaceae family, the nutritional profiles of apple (Malus domestica) and
rosehip (Rosa canina) are distinct. Apple waste (peels, seeds, and pulp) is rich in TPC
and TFC, with varying levels of K, Ca, and Mg [111]. Rosehip meal and seeds offer a
high dry matter content and are rich in antioxidants, including high levels of PUFA, with
substantial amounts of vitamin C and carotenoids [6,112]. The co-products of raspberry
and blackberry (Rubus spp.) leaves have been recently shown to have a high dry matter
content and are rich in proteins, fibers, and essential minerals. They also have significant
levels of antioxidants and carotenoids [113]. Strawberry leaves are noted for their protein
content and high TAC [114]. Another important crop that recently gained attention are the
aronia (Aronia melanocarpa) fruits, leaves, and pomace, which were described by Saracila
et al. [115] to be rich in dry matter and provide a balanced profile of nutrients including
carbohydrates, proteins, and fats, along with high levels of Fe, Mn, and Zn.

Further, in the Rutaceae family, citrus fruits are prominent for their diverse nutritional
benefits. Citrus aurantium, or orange, peels are known for having high levels of total
polyphenol content (TPC) and large total antioxidant content (TAC), as expressed in terms
of both vitamin C and E equivalents. The peel is also high in lutein and zeaxanthin,
which are critical for eye health, and has a little amount of crude protein, fat, and fiber [116].
Similarly, the peel of grapefruits (Citrus paradisi) displays a strong TPC and TAC pattern, but
it also has somewhat greater crude protein and fiber content than orange peel. Important
antioxidants found in grapefruit peel include vitamin E and carotenoids like lutein and
zeaxanthin [116]. Conversely, lemons (Citrus x limon) offer a more significant nutritional
profile, including high levels of fiber, protein, and important minerals like Mn, Ca, and K.
The high nutritional density of lemon peel, particularly with regard to minerals, underscores
its potential to augment dietary consumption of these components [117].

As further highlighted by Panaite et al. [50], tomato (Solanum lycopersicum) waste is a
member of the Solanaceae family and is rich in crude protein and fiber. It is also notable for
its high amount of PUFA and carotenoids, such as lycopene and beta-carotene, which are
known for their antioxidant effects. Waste from bell peppers (Capsicum annuum) is a good
source of carotenoids and vitamins C and E. The varying TPC and TFC across different bell
pepper samples underline its antioxidant potential [118]. Eggplant (Solanum melongena),
both in its fruit and pulp forms, has relatively low levels of protein and fat but provides a
balanced ratio of lipids [119].

Within the Vitaceae family, grape (Vitis vinifera) pomace and seed meal are the most
important and studied sources rich in both PUFA and antioxidants. The pomace is high
in crude protein and fiber, with a significant amount of fatty acids and a balanced profile
of SFA, MUFA, and PUFA [120]. The seed meal, which contains high dry matter content,
shows substantial antioxidant activity and a similar fatty acid profile, though with a higher
proportion of unsaturated fats [121].

Lastly, in the Zingiberaceae family, ginger (Zingiber officinale) rhizome, known for its
aromatic and medicinal properties, is primarily composed of carbohydrates and moisture,
while its nutritional content is complemented by trace amounts of protein, fat, and fiber,
and it contains gingerol, a compound with known health benefits [122].

All these reviewed plants, by-products, co-products, and plants, containing various
amounts of nutrients and bioactive compounds, have been reported as safe and with
multiple benefits when used in poultry diets, as presented further in Table 2.
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5. Effects of Reviewed Alternative Feed Ingredients on Poultry Performance, Health
Status, and Product Quality

In recent studies, various plants from different botanical families have been explored
for their effects on poultry performance, health, and product quality. Each plant species
tested by researchers showed unique impacts and effects depending on the poultry hybrid,
dosage, and part or type of the plant used, as summarized in Table 2.

The reviewed alternative feed ingredients from the Apiaceae family demonstrate sig-
nificant potential in improving the health and productivity of poultry through enhanced
nutrient intake, better egg and meat quality, and improved immune responses. Carrot
waste has shown positive effects on both laying hens and broilers. In laying hens, carrot
waste was effective in improving internal and external egg quality [50]. Similarly, carrot leaf
increased production performances and nutrient digestibility, as reported by Siti et al. [122],
as well as egg quality. Anise seed, according to the results of Barakat et al. [155], was
effective in improving the immune system of broilers and meat quality. For broiler chickens,
coriander seed at a 1.5% dose was most effective in improving dressing percentage and the
overall health status of the broilers [156]. Parsley leaves tested in laying hens raised under
heat stress conditions improved production performances and antioxidant compounds in
eggs [65], as well as the quality characteristics of eggs during 28 days of storage. In broiler
chickens, parsley leaves in higher doses significantly increased feed intake and carcass
quality and health parameters, according to Ali et al. [157]. The dill leaves in lower doses
used in broiler chickens significantly improved production performance and improved
lipid metabolism [158,159].

The reviewed alternative feed ingredients from the Asteraceae family exhibit various
beneficial effects on poultry health and performance. The incorporation of these plants
and their by-products into poultry diets can lead to improved growth rates, better immune
responses, enhanced egg quality, and improved health status of poultry, aligning with
sustainable feeding strategies and contributing to improved food quality and security.
Jerusalem artichoke was evaluated for its effect on broiler chickens’ diets, which signifi-
cantly improved production performance, as reported by Al-Abboodi et al. [160]. Chicory
has demonstrated several beneficial effects in broiler chickens, showing a significant reduc-
tion in abdominal fat pad and improved health status [161]. In laying hens, free access to
chicory vegetation resulted in better production performance and improved lipid compo-
sition in the eggs [162]. Calendula flower supplement in broilers improved carcass yield;
however, more than 1% could affect production performances [163]. In layers, petal and
leaf supplements significantly increased carotenoid deposition in egg yolks, with no effect
on egg production or quality characteristics [164]. Dandelion leaves and meal in different
broiler hybrids and laying hens was demonstrated to be effective in improving product
quality (meat and eggs) as well as production performance and health status [165-167].
However, in laying hens, a 4% dandelion meal had detrimental effects on feed consumption
and egg weight, as shown by Saenz et al. [168]. Similar effects were reported for echinacea
supplementation in broiler chickens, demonstrating its potential in improving health and
performance [169].

Ginseng was not very effective when tested in laying except for a notable increase in
egg production, according to Kang et al. [170], however, had a notable effect on the health
status of laying hens.

Rapeseed has been extensively studied as an alternative feed ingredient for poultry.
In broilers, rapeseed can be used up to 30% without detrimental effects on production
performances, while in laying hens’” lower levels < 20% are preferred [171]. The same effect
was noted by others in laying hens [172]. In terms of egg quality, rapeseed meal had a
significant impact on n-6 PUFA and health-related indices [5].

According to Mustafa et al. [8], broccoli waste up to 9% was suitable for broiler
chickens’ diets, with significant effects on production performance and nutrient digestibility.
In a different study with broiler chickens, broccoli stem and leaf meal had no effect on
growth performance but significantly increased antioxidant compounds in meat samples
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and enzyme activity [173]. For laying hens, broccoli stem and leaf meal did not affect
production performance but significantly increased the xanthophyll content in egg yolk
and decreased cholesterol content [174]. Further, cabbage waste in broiler chickens had no
effect on production performance but improved nutrient digestibility [175]. In laying hens,
cabbage waste up to 12% significantly improved egg quality, however, might negatively
impact eggshell percentage [176]. These findings suggest that incorporating by-products
from the Araliaceae and Brassicaceae families into poultry diets can enhance production
performance, immune responses, and nutrient digestibility and health, contributing to
sustainable feeding strategies and improved food quality.

Hemp seed by-products also have shown promising results when included in poultry
diets. In broiler chickens, hemp seed cake significantly improved the fatty acid profile in
the thigh and breast meat and health status but had no significant effects on performance,
as shown by Tufarelli et al. [177]. In laying hens, significant effects were reported on both
egg quality and performance [91].

Pumpkin (Cucurbita pepo) seed meal up to 20% inclusion levels in broiler chickens
significantly increased production performance, with no effect on commercial parts [178].
The watermelon (Citrullus lanatus) rind in laying might have some detrimental effects
on egg weight, but the overall health status was significantly improved [126]. However,
further research is required. Pumpkin (Cucurbita moschata) seed meal significantly improved
shelf-life and egg quality parameters in laying hens [95].

In broiler chickens, dietary supplements with cranberry leaves stimulated the deposi-
tion of bioactive compounds in meat samples and exhibited a strong effect in counteracting
oxidative processes in broiler meat [99,128]. A 30% cranberry pomace in broilers diet
significantly affected nutrient absorption but improved the plasma lipid profile [179].
These findings support the potential of these plant by-products from the Cannabaceae,
Cucurbitaceae, and Ericaceae families as sustainable alternative feed ingredients in poultry
nutrition, contributing to improved food quality and Zero Hunger initiatives.

Alfalfa (Medicago sativa) from the Fabaceae family has been extensively studied for
its beneficial effects in poultry diets as a dietary fiber source. In broiler chickens, up to
5% was demonstrated to be effective in improving antioxidant compounds in meat ex-
cept carotenoids content while maintaining the production performances [100,180]. In
laying hens, 5 to 10% dietary alfalfa meal significantly decreased FCR, mortality, ab-
dominal fat yield, and egg yolk cholesterol content while demonstrating potential health
benefits [181,182]. Pea (Pisum sativum) has also been explored for its potential as an al-
ternative protein and energy source. In broiler chickens, 4 to 48% raw pea was used
as a replacement for soybean meal and corn, which had no detrimental or additional
effects on meat quality, as mentioned by Dotas et al. [183]. Another group of authors
reported significant effects on meat quality and significant improvements in health-related
indices [184].

In a study by Untea et al. [128], walnut meal, when included in the diets of broiler
chickens, improved meat lipid and nutritional composition; however, some minerals’ ability
to deposit in the tissue was affected [99]. These plant-based feed ingredients from the
Fabaceae, Cucurbitaceae, and Juglandaceae families offer promising alternatives to traditional
feed ingredients, improving meat and egg quality, enhancing health parameters, and
contributing to sustainable poultry production practices.

Further, several plants from the Lamiaceae family, including peppermint, spearmint,
basil, thyme, rosemary, and sage, have been investigated for their effects on broiler chicken
diets. Each of these plants showed varying impacts on production performance, meat
quality, and health parameters. Peppermint significantly improves oxidative stability and
immune responses [185], while others showed its potential effects on production perfor-
mance [186]. Spearmint also influenced the performance of broiler chickens while reducing
cholesterol levels and increasing hemoglobin and superoxide dismutase activity, as showed
by Abu Isha et al. [187]. Basil and thyme, when included in the diet of broilers, had sim-
ilar effects. Both herbs decreased production performance; however, they significantly
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improved the deposition of bioactive compounds in breast and thigh meat samples [24,180].
Moreover, rosemary in broilers improves intestinal health, with potential negative effects
above 1.5% inclusion on production performance [188,189]. Sage leaves had similar effects
as basil and thyme [24,180]. Overall, these findings highlight the potential of Lamiaceae
plants to modulate various aspects of broiler chicken health and production. While some
herbs like peppermint and spearmint can improve production performance at optimal
inclusion levels, others like basil, thyme, and sage offer more substantial benefits in en-
hancing meat quality, particularly in terms of antioxidant and lipid profiles. However, the
inclusion rates are critical, as higher levels can sometimes lead to decreased performance
metrics.

Avocado seed meal reduced BW without affecting FCR, as showed in the study by
George et al. [190], while another group of authors [191] reported that using up to 8% seed
meal found no significant effect on broilers health, indicating that avocado seed meal does
not negatively affect broilers” health.

Garlic (Allium sativum) was found to have varying effects based on its preparation
and dosage. In laying hens, garlic had no effect on productivity and egg characteristics but
significantly improved the bird’s health status [192]. Raw garlic powder slightly improved
broiler performances but influenced meat aroma; however, boiled garlic powder did not
show these beneficial effects, indicating that the method of preparation plays a critical role
in the efficacy of garlic as a supplement [193]. Onion (Allium cepa) demonstrated similar
effects to garlic in laying hens.

Plantain peel waste is a suitable maize substitute in broiler finisher diets, with a
recommended inclusion rate of up to 10% for optimal blood characteristics [194].

Olive leaf powder in laying hens had no significant effect on production performances
but improved egg yolk quality, making olive leaf powder a potential agent for reducing
egg yolk cholesterol [195]. In broilers, olive pulp waste improved footpad dermatitis and
feather cleanliness without affecting growth performance or health [196].

Rosehip (Rosa canina) showed promising effects in laying hens by improving TAC
and TPC in PUFA-enriched eggs while extending the shelf life of stored eggs [6]. In
broiler chickens, low levels of rosehip fruits improved BW, FI, protein intake, and dressing
percentages, as reported by Monesa et al. [197]. Another recent study showed that the
leaves of rosehip, which are co-products, can be used as feed additives in the first stage
of laying hens and could potentially improve the production performance and some egg
quality parameters [70].

Citrus waste, such as orange (Citrus sinensis) and grapefruit (Citrus paradisi) peels, was
tested in broiler chickens, and showed promising effects on performances, meat quality,
and health status [116]; however, grapefruit peel decreased final BW.

Tomato wastes up to 7.5% enriched egg yolk quality; however, more than 7.5% level
depressed the absorption and deposition of n-3 fatty acids in the yolk, indicating that
optimal dosing is critical [34]. The 5% inclusion rate showed the best effect in this study.

The grape seed meal from the Vitaceae family was beneficial for broilers, significantly
improving performance, meat quality, and health [121]. In laying hens, improved produc-
tion performance and antioxidant compounds in eggs, although n-6 fatty acids were more
prevalent than n-3 [5]. Recently, Costa et al. [198] concluded that in poultry, the effect of
grape by-products is more variable, and these sources should not be incorporated in broiler
diets at more than 6-10% to prevent an impairment of animal growth.

Ginger (Zingiber officinale) powder, when tested in broilers, had no effect on production
performance; however, it reduced gizzard weight, indicating potential benefits for gut
health [199].

These findings highlight the diverse impacts of alternative feed ingredients on poultry,
emphasizing the importance of selecting the appropriate dosage and plant part to achieve
desired outcomes in production performance, health status, and product quality, as detailed
in Table 2.
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6. Environmental and Economic Impacts and Limitations of the Presented Sustainable
Poultry Feeding

6.1. Environmental and Economic Impacts of Sustainable Feeding Strategies

The shift towards alternative and sustainable feeding strategies in poultry production
is driven not only by the need to improve nutrition and animal welfare but also by the
imperative to reduce the environmental and economic impacts associated with conventional
poultry farming. As the global demand for poultry products continues to rise, it is essential
to adopt practices that minimize the carbon footprint, resource use, and economic costs
of production [202]. The studies conducted by Campos et al. [203] and Osorio et al. [204]
revealed that the use of agricultural by-products as feed ingredients contributes to a
circular economy by recycling waste materials and reducing the environmental burden
of waste disposal. This approach helps to lower the overall carbon footprint of poultry
production. However sustainable feeding practices have obvious environmental benefits,
chicken producers will only embrace them if they can be made economically viable [205].
However, the price of these substitute feeds should drop as the market for sustainable
feed ingredients expands and manufacturing techniques advance. Economies of scale,
advances in processing technologies, and increased competition in the market will likely
drive down prices, making these feeds more accessible to a broader range of producers.
Another economic consideration is the potential for alternative feeds to create new markets
and revenue streams [206,207].

It is important to achieve a balance between environmental sustainability and eco-
nomic viability for adopting alternative feeding strategies on a large scale. Moreover, there
are surveys [208-210] suggesting that the rising awareness of environmental issues and
preference for ethical food leads to increased customer demand for ecologically sustainable
poultry products. As a result, such changes in consumer preferences can give rise to market
opportunities for farmers who decide to go green in terms of their feed provisions, with
possible high prices being charged on their goods.

However, moving away from conventional feeds poses challenges but also presents
significant opportunities aimed at reducing the ecological burden from poultry farming
as well as strengthening its economic resilience. Consequently, continued investments
in research, technology, and policy support will be necessary towards unlocking the full
potential of such approaches and making poultry production environmentally friendly in
the long run.

6.2. Limitations of the Presented Alternative Sustainable Poultry Feeding

Feed control is a very important aspect in poultry diets, especially when incorporating
fruit waste or other raw materials, due to their variability in nutritional composition. These
materials offer potential nutritional benefits but also carry risks and limitations due to
varying levels of anti-nutritive substances. In this regard, multiple levels of control are
essential to ensure that the feed is both safe and nutritionally adequate for poultry. Poultry
diets, as mentioned before, are composed of a balance of energy sources, proteins, vitamins,
minerals, and additives, which all contribute to overall bird health and productivity. For
these nutritional reasons, when including unconventional waste materials in poultry diets,
several aspects must be carefully evaluated, as explained below.

The nutritional value of any ingredient, especially novel ones like fruit waste, needs to
be thoroughly analyzed for proximate composition for basic nutrients (proteins, fats, and
fibers), amino acids, fatty acids, and vitamins (like A, C, and E) content, knowing that they
can vary in composition based on growing conditions and processing methods [211].

Anti-nutritional compounds present a significant challenge in alternative feed ingredi-
ents, especially tannins, saponins, phytic acid, and oxalates found in by-products, which
can interfere with nutrient absorption and reduce feed efficiency, inhibit enzyme activity,
reduce mineral bioavailability, and impair protein digestion [212].

Digestibility is a key factor when formulating poultry diets, particularly when using
waste products. Ingredients with high fiber content, like many fruit peels, may lower
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feed digestibility if not processed correctly. Fiber-rich ingredients need to be included
in controlled amounts to avoid increasing intestinal bulk, which can interfere with the
digestion of essential nutrients like proteins and fats [212]. Palatability is another critical
factor, as poultry may reject feed if it has an unpleasant taste, smell, or texture. Some
by-products may contain bitter compounds or unfamiliar flavors, which could reduce feed
intake as reported by others [211,213].

Considering the variability in the chemical composition of novel ingredients, they
should be included in the compound feeds at levels that do not negatively affect the balance
of the formulation. Although majority plant-derived waste can provide useful antioxidants
or fiber, the excessive amounts may dilute energy-dense components or overwhelm the
birds with non-digestible matter [213]. For this reason, formulation software and nutritional
modeling are recommended to be used to adjust and balance the inclusion rates of novel
ingredients tested based on their nutritional content.

7. Future Research Directions in Sustainable Poultry Feeding with Alternative
Feed Ingredients

In order to fully exploit alternative feeding options, it is important that policy mak-
ers create an enabling environment that promotes research, innovation, and uptake of
sustainable systems. Some aspects to consider for future research include the following:

Further investigations to improve upon alternative feed nutritional contents so that
they can meet poultry nutrition requirements while still being cost-effective for farmers.
This will require further studies on the digestibility, palatability, and nutritional advantages
of new feed ingredients.

Comprehensive analyses should be performed to assess the environmental impacts of
different poultry feeding strategies, including lifecycle analysis, potential carbon footprint
savings, water usage, and other environmental indicators linked with alternative feeds.

The economic viability of alternative feeding strategies needs to be evaluated at vari-
ous scales of production, ranging from small-holder farms to large commercial enterprises.
It is important to understand such dynamics in terms of cost-benefit relationships when
considering widespread adoption. Furthermore, consumer perception studies could iden-
tify barriers to market acceptance of poultry products raised on alternate feeds and suggest
ways in which these could be overcome.

To maintain industry standards of production, there is a need for long-term health
and productivity studies on the effect of alternate feeds on the health status, growth rate,
reproduction indices, and the quality of products (meat and eggs) from poultry farms.

One example is that governments as well as international organizations must introduce
economic incentives like grants or reduced taxes for chicken farmers who apply ecological
principles when it comes to feeding their birds. For example, this could involve support
for the establishment of infrastructure necessary for production or sourcing of alternative
feeds, such as insect- and plant-based proteins.

Increased investment in research geared towards optimizing alternative feed formula-
tions, their long-term effects on avian health status, and the existence of scalable production
methods. Academia—industry—government collaborations can enable the development of
affordable, sustainable feeding solutions.

Sustainable poultry feeding strategies should be explained to farmers, industry players,
and consumers. Through awareness campaigns, resistance against new practices shall be
overcome while building consumer demand for poultry products from birds fed using
sustainable feeds.

It is vital to develop clear guidelines that ensure the safety, quality, and environmental
benefits of alternative feed ingredients, in addition to setting standards for the use of
insect-based feeds, which are still relatively new to the market.
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Abstract: The solid-state fermentation (SSF) efficiency of Bacillus licheniformis ATCC 21424 (BL) on
various agro-industrial by-products such as oilseed cakes [hemp (HSC), pumpkin (PSC), and flaxseed
(FSC)] was evaluated by examining the nutritional composition, reducing sugars, and in vitro protein
digestibility (IVPD) for use in animal nutrition. SSF significantly decreased crude protein, along
with changes in the total carbohydrates (p < 0.05) for all substrates fermented. An increase in crude
fat for HSC (1.04%) and FSC (1.73%) was noted, vs. PSC, where the crude fat level was reduced
(—3.53%). Crude fiber does not differ significantly between fermented and nonfermented oilseed
cakes (p > 0.05). After fermentation, neutral detergent fiber (NDF) and acid detergent fiber (ADF)
significantly increased for HSC and FSC (p < 0.05), as well as for PSC despite the small increase in
ADF (4.46%), with a notable decrease in NDF (—10.25%). During fermentation, pH shifted toward
alkalinity, and after drying, returned to its initial levels for all oilseed cakes with the exception of
PSC, which maintained a slight elevation. Further, SSF with BL under optimized conditions (72 h)
increases the reducing sugar content for FSC (to 1.46%) and PSC (to 0.89%), compared with HSC,
where a reduction in sugar consumption was noted (from 1.09% to 0.55%). The viable cell number
reached maximum in the first 24 h, followed by a slowly declining phase until the end of fermentation
(72 h), accompanied by an increase in sporulation and spore production. After 72 h, a significant
improvement in water protein solubility for HSC and FSC was observed (p < 0.05). The peptide
content (mg/g) for oilseed cakes fermented was improved (p < 0.05). Through gastro-intestinal
simulation, the bacterial survivability rate accounted for 90.2%, 101.5%, and 85.72% for HSC, PSC,
and FSC. Additionally, IVPD showed significant improvements compared to untreated samples,
reaching levels of up to 65.67%, 58.94%, and 80.16% for HSC, PSC, and FSC, respectively. This
research demonstrates the advantages of oilseed cake bioprocessing by SSF as an effective approach
in yielding valuable products with probiotic and nutritional properties suitable for incorporation into
animal feed.

Keywords: solid-state fermentation; Bacillus; proximate composition; digestibility; IVPD; fatty acid
profile; soluble proteins; peptides; spores; hemp; pumpkin; linseed; flaxseed

1. Introduction

Considering the increasing demand of alternative high-protein sources of foods and
feeds, oilseed cakes (OSCs), derived from the industry of edible oil extraction as an under-
rated by-product, could serve as a drive for sustainability through enhancing the circular
economy and food security [1]. Replacing soybean meal, which has long been considered
as the golden standard in animal nutrition [2], with locally sourced oilseed cakes could con-
tribute to the amelioration of the negative impact related with its cultivation such as poor
socioeconomics, loss of biodiversity, fertilizers, long transport routes, etc. [3]. With a high
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protein content, hemp, pumpkin, and flaxseed cakes represent a tempting alternative to tra-
ditional feeding systems. However, the presence of anti-nutritional factors such as trypsin
inhibitors, phytic acid, and tannins can reduce protein bioavailability and digestibility,
impairing OSC efficient utilization [4]. In this context, an integration of the knowledge ac-
quired from traditional fermentation and modern innovation can drive meticulous changes
in nutritional and bioactive composition, shaping the path towards precision.

Solid-state fermentation (SSF), a process caried out by one or a diverse array of microor-
ganisms on a solid substrate with a moisture typically between 30 and 80% [5], has gained
more attention in recent years due to a variety of advantages that this technology poses
in biotransformation. By using solid matrixes, microbial fermentation can create a unique
microenvironment that promotes a microorganism’s resistance to catabolic repression (i.e.,
inhibition of enzyme synthesis) [6], the biosynthesis of high yields of enzymes (amylases,
proteases, xylanases, phytases, etc.) [7-9], and bioactive compounds’ [10] improvement of
their nutrient profile and absorption, followed by a reduction in anti-nutritional factors [11].
Despite the numerous advantages of SSF, the process of scaling-up encounters several
constraints, including temperature build-up, pH regulation, oxygen transfer, moisture regu-
lation, and an uneven distribution of cell mass and nutrients. These challenges underscore
the critical significance of rational design and meticulous process control [12].

Bacillus licheniformis is a Gram-positive, endospore-forming bacterium which is gener-
ally regarded as safe (GRAS) and that has a high extracellular protein secretory capacity [13].
It is known for a diverse range of proteases, including alkaline proteases exhibiting optimal
activity within the pH range of 8-12, and neutral proteases showing efficacy between
pH 5.0 and 8.0 [14]. The enzymatic action of proteases facilitates the hydrolysis of protein
substrates in fermentation media into smaller peptides with improved functionality, such
as solubility, digestibility, and biologic activity [15].

Furthermore, SSF is considered one of the most efficient techniques used in altering
the functional properties and/or bioactive compounds of a target substrate [16]. Moreover,
fermentation has the potential to improve the nutritional composition of various substrates
or to obtain value-added products. Several studies found that B. licheniformis increased
peptide content [17] and bioactivity, and significantly improved the nutritional profile
of co-substrates of brewer’s spent grain and soybean meal (SBM) [18]. In addition, data
from the literature present successful results of B. licheniformis in SSF, for example, the
SSF of SBM and rapeseed meal to increase peptide, soluble protein content, and also to
eliminate anti-nutritional factors [19,20]. Through this enzymatic activity, they contribute
to the degradation of substrates, the conversion of ingredients, and the synthesis of new
compounds [20,21].

Some reports indicate that fermented products derived from Bacillus licheniformis
exhibit promising effects on gut health. These products have been found to positively
influence gut conditions by modulating the microbiota composition. They demonstrate
the ability to inhibit the proliferation of harmful enteric pathogens while promoting the
growth of beneficial bacteria such as lactobacilli. Additionally, these fermented products
have been associated with improvements in nutrient digestibility and have shown potential
in alleviating various gut-related diseases [22]. The proposed mechanisms are related to
the enhancement of gut barrier functions, enhanced immunity (lymphocyte activation,
increased levels of immune globulins, improved cellular or humoral immunity), as well as
the production of antibiotic proteins/peptides [23]. Animal studies have shown a positive
impact of solid-state fermentation (SSF) using Bacillus licheniformis in alleviating necrotic
enteritis and improving intestinal morphology in broilers challenged with Clostridium
perfringens [24,25] as well as in reducing diarrhea incidence in weaning piglets [26].

The next step toward precision agriculture involves targeted probiotic interventions,
as described here, owing to the ability of the Bacillus licheniformis to form spores under
environmental stress; the bacterium demonstrates a unique resilience that enables it to
withstand harsh conditions encountered within the gastrointestinal tract of animals [27,28].
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Considering these aspects, this study aims to bridge the gap between solid-state
fermentation, probiotics, and sustainable protein sources by exploring the dynamics of
Bacillus licheniformis growth and sporulation patterns throughout the fermentation process.
Additionally, we studied the driven changes in proximate composition and fatty acid
profiles to gain a deeper understanding of how this process influences these nutritional
aspects. By assessing alterations in protein solubility and reducing sugars, we seek to
provide an overview of the hydrolysis process. Finally, implementing gastrointestinal
simulation allows us to study protein bioavailability and bacterial survival which are
crucial factors in developing probiotic-enhanced feed formulations.

2. Materials and Methods
2.1. Chemicals

Enzymes used in this study were x-amylase (10080; 52.2 U/mg), pepsin (P7000,
605 U/mg), and pancreatin (P3292, 4 x USP) bought from Sigma-Aldrich (Saint-Louis,
MO, USA). Culture media and bile salts were bought from Oxoid™ (Basingstoke, UK). All
other reagents used in the study were of analytical grade, purchased from Sigma-Aldrich
(Saint-Louis, MO, USA) and Carl Roth (Karlsruhe, Germany).

2.2. Plant Material and Microorganism

Hempseed cake (Cannabis sativa L.) was kindly provided by Canah International S.R.L.
(Bihor, Romania), while pumpkin (Cucurbita spp.) and flaxseed (Linum usitatissimum L.)
cakes were kindly supplied by Dachim S.R.L. (Cluj, Romania), both of which resulted
as byproducts from oil cold-pressing production processes. The microbial strain used in
fermentation, Bacillus licheniformis ATCC 21424, was acquired from The American Type
Culture Collection (Manassas, VA, USA).

2.3. Solid-State Fermentation (SSF)

SSF was carried out for 3 different timepoints (24, 48, and 72 h) using separate 500 mL
Erlenmeyer flasks for each timepoint, where 100 g from each oilseed cake was added
individually. Flasks were plugged with cotton wool covered by aluminum foil and auto-
claved at 121 °C for 15 min. Frozen bacterial culture was revitalized, and after 2 passages
on Nutrient Agar, a working stock culture of Bacillus licheniformis was prepared in LB
(Luria—Bertani) broth and grown overnight for approx. 20 h at 37 °C, 150 rpm to an ODggg
of 4.5 (this value was extrapolated from a 10-fold dilution). SSF flasks were inoculated
with 18 mL of working stock culture and 82 mL of autoclaved distilled water was added
to achieve a final ODgq of 0.8/g equivalent to a viable cell number of 7.75 x 108 cfu/ g
and 50% moisture content. After a thorough mix using a sterile spatula, inoculated flasks
were incubated at 37 °C. After the designated incubation period elapsed, samples were
collected for viability assessment and spore number quantitation according to a pH of
2.4. Subsequently, the remaining quantity of samples was stabilized for future analysis by
subjecting it to freeze-drying; afterwards, the samples were blended for 30 s in order to
achieve a powdery consistency and stored at 4 °C.

2.4. Microbial Viability, Spore Number, Colony Morphology, and pH Value
2.4.1. Determination of Microbial Viability

Approximately 1 g of sample was prelevated at 24, 48, and 72 h, mixed with autoclaved
distilled water (1:9 w/v), and shaken at 150 rpm for 30 min at room temperature. For the
determination of viable cell number, 1 mL of supernatant was sampled and serially diluted
in 0.85% saline solution, and 0.1 mL was plated on Nutrient Agar and expressed as log
cfu/g after 24 h incubation at 37 °C.

2.4.2. Determination of Spore Number

Spore number was assayed at 24, 48, and 72 h, with 1 mL of the supernatant consist-
ing of vegetative cells, and the spores were diluted 10-fold in 0.85% saline solution and
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incubated at 80 °C for 15 min [28] in order to eliminate vegetative forms. Afterwards, it
was serially diluted and plated on Nutrient Agar, and spore number was determined in the
same manner as for microbial viability assay.

2.4.3. Determination of pH Value

The pH of the fermented samples at 0, 24, 48, and 72 h was measured for the super-
natant using a calibrated pH meter (pH 7.0 + DHS, XS Instruments, Carpi, Italy).

2.5. Proximate Composition

The proximate composition of oilseed cakes at 0 and 72 h was assayed based on the
recommended methods of the AOAC (Association of Official Analytical Chemists) [29]. In
brief, dry matter was determined gravimetrically by the drying oven method at 105 °C
(Method 925.09); crude protein was determined by the Kjeldahl method (Method 979.09)
on a Kjeltec auto 1030 system (Hogands, Sweden); crude fat was determined gravimetrical
by organic solvent extraction (Method 920.39) using a Soxtec 2055 Foss Soxhlet extractor
(Hogands, Sweden); ash content was assayed gravimetrically by calcination in an oven
at 600 °C; crude fiber was quantified by successive hydrolysis in alkaline and acidic
environments (Method 962.09); neutral detergent fiber (NDF) and acid detergent fiber
(ADF) contents were determined by Van Soest extraction using a Raw Fiber Extractor FIWE
6 (Velp Scientifica, Usmate, Italy) [30,31]; and finally, carbohydrate content was determined
as a nitrogen-free extract (NFE), as follows: NFE (%) = dry matter% — (crude protein% +
crude fat% + crude ash% + crude fiber%) [32].

2.6. Fatty Acid Profile

Fatty acids (FAs) from total lipid extract were determined as FA methyl esters (FAMEs)
at 0 and 72 h based on the ISO/TS 17764-2:2008 [33] standard method [31] by GC-FID
using a Perkin Elmer-Clarus 500 (Waltham, MA, USA) gas chromatograph equipped with
a TRACE TR-Fame (Thermo Electron, Waltham, MA, USA), 60 m x 0.25 mm x 0.25 um,
capillary column.

2.7. Reducing Sugars

The concentration of reducing sugars at 0, 24, 48, and 72 h was measured by a modified
method of Miller’s work [34] using DNSA reagent (10 g/L 3,5-dinitrosalicylic acid, 2 g/L
phenol, 10 g/L NaOH, and 200 g/L sodium potassium tartrate, 0.5 g/L NaySO3). Samples
were prepared by extracting the reducing sugars from 1 g of fermented feeds or controls
in 25 mL distilled water in a rotatory shaker at 220 rpm and room temperature for 1 h
following a 10 min centrifugation at 10,000 rpm and 4 °C. In a test tube, 1 mL of extract
and 2 mL DNSA reagent were vortexed and incubated at 100 °C for exactly 5 min. After
incubation, the test tubes were cooled in a water bath, and 9 mL of distilled water was added
and recentrifuged. Subsequently, the samples were read on Eppendorf BioSpectrometer
(Hamburg, Germany) at 540 nm in comparison to a reagent blank. A calibration curve was
constructed across a range of 0.1-2 mg/mL (R? = 0.9982) using glucose as standard.

2.8. Soluble Proteins and Peptides, Extraction, and Quantification
2.8.1. Determination of Soluble Proteins

Soluble proteins and peptides in neutral solution (pH 7.0), salt solution (0.5 M NaCl),
and alkaline environment (pH 10.0) at 0, 24, 48, and 72 h were determined as an indicator
of the effectiveness of the fermentation process, providing direct insights on enzymatic
activities, extraction efficiency, and protein hydrolysis. The extract was prepared by adding
1 g of fermented feeds or controls into 25 mL of distilled water for neutral extraction, into
25 mL 0.5 M NaCl solution for salt extraction, and for alkaline extraction, the mixture in
25 mL of distilled water was vortexed for 1 min and brought to pH 10.0 using a 3 M NaOH
solution. Extraction was performed in a rotatory shaker at 220 rpm and room temperature
for 1 h following a 10 min centrifugation at 10,000 rpm and 4 °C, and diluted up to 100-fold.
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The soluble protein content of the supernatant of the extract was determined using Pierce
BCA Protein Assay kit (Thermo Scientific, Waltham, MA, USA) with bovine serum albumin
as standard.

2.8.2. Determination of Peptides

Soluble peptide yield was determined as TCA-soluble peptides; 1 mL of 20% trichloroacetic
acid (TCA) was added to an equal volume of extract and incubated for 30 min at 4 °C for
protein precipitation, followed by centrifugation [35], and diluted up to 100-fold. Peptide
content was quantitated using a bicinchoninic acid (BCA) assay Kkit.

2.9. In Vitro Protein Digestibility (IVPD) and Microorganism Viability under
Simulated Conditions

The in vitro gastrointestinal (GI) digestion simulation model previously described [36]
was employed with some modifications. The GI simulation model consisted of 3 steps
that resemble the conditions within a digestive system, namely oral, gastric, and intestinal
phases, all of which each fermented (after 72 h) and control (after 0 h) sample underwent.
Prior to the experiment, a test was performed to determinate the exact volume of the HCL
3 M/NaOH 3 M needed to adjust the pH of the oral, gastric, and intestinal stages for
fermented and control samples as each one has a unique buffering ability. The volume
was recorded and the results were adjusted according to it. Simulated solutions containing
electrolytes were prepared according to the protocol, pre-warmed to 37 °C, and adjusted to
their specific pH in order to mimic physiological conditions. Shortly before the experiment,
enzymes and bile salts were added and mixed by employing a magnetic stirrer.

Oral stage: A 2.5 g sample was mixed with 2.5 mL of distilled water and a 5 mL
simulated oral solution containing 750 U a-amylase for 2 min at pH 7.0.

Gastric stage: The oral bolus was mixed with 10 mL of simulated gastric solution
containing 40,000 U pepsin for 2 h at pH 3.0.

Intestinal phase: The gastric chyme was mixed with 20 mL simulated intestinal
solution containing 32 mg/mL pancreatin [37] and 24 mg/mL bile salts for 2h at pH 7.0 [38].

Samples were taken at different points of the digestion: gastric 1 h (G1), gastric2 h
(G2), intestinal 1 h (I1), and intestinal 2 h (I2). Distinct digestion flasks were prepared per
each timepoint. At the end of the prescribed time, samples were taken and immediately
diluted and plated (using the method stated at Section 2.4.1) for the viability assay. For
IVPD, samples were centrifugated at 4 °C and the soluble peptide content was assayed
(Section 2.8.2). IVPD was calculated using the following formula [39]:

Protein digestibility (%) = B/A x 100

where B is the soluble peptide content after each digestion stage and A is the total protein
content. Independently, a reagent blank for each timepoint was prepared and its peptide
content was subtracted from the total concentration:

Survivability rate (%) = B/A x 100
where B is the log cfu/g viability after the 12 stage and A is the initial log cfu/g.

2.10. Statistical Analysis

The results were calculated on dry basis (DW). The data are the means of triplicate
experiments + standard deviations. Statistical analysis was performed using Minitab
v.21.2 (State College, PA, USA) where differences between the means were evaluated by
a one-way ANOVA followed by Tukey’s test. For analyzing the proximate composition
and FA profile, paired t-tests were used. Differences were considered significant at p < 0.05.
Graphics were prepared using Prism-GraphPad v. 9.1.2 (San Diego, CA, USA).

52



Agriculture 2024, 14, 639

3. Results
3.1. Effect of Fermentation on Proximate Composition and Fatty Acid Profile

Fermentation with Bacillus licheniformis has a notable effect on the nutritional composi-
tion of the samples as presented in Table 1. Variations in dry weight across samples are
attributed to the drying conditions utilized rather than being solely a consequence of the
fermentation process itself. Crude protein decreased significantly (p < 0.05) for all samples,
the most significant being for HSC (—5.40%). The increases in crude fat for HSC and FSC
(1.04% respectively 1.73%) and decrease (p > 0.05) for PSC (—3.53%) highlights the substrate
specificity of this process along with the capacity for de novo lipid biosynthesis from
carbohydrates whose lipidic profile will be further explored through FA profile analysis.
Nitrogen-free extracts expressed as total carbohydrates significantly decreased (p < 0.05)
for FSC, suggesting the bacterial capacity to ferment specific carbohydrates presented in
flaxseed. Small increases were observed for HSC and were more accentuated for PSC
relative to its initial content. Crude fiber does not differ significantly between fermented
and unfermented (p > 0.05) samples for HSC, and small increases were accounted for PSC
and FSC. NDF and ADF significantly increased for HSC and FSC (p < 0.05), whereas PSC
showed small increases despite ADF (4.46%), and a notable decrease in NDF was observed
(—10.25).

Table 1. Changes in proximate composition after fermentation.

Parameter HSCTOh HSCT72h PSCTOh PSCT72h FSCTOh FSCT72h
DM (%) 93.58 £+ 0.38 95.82 £ 0.1 90.91 £ 0.1 95.17 £ 0.03 90.54 & 0.06 96.44 £ 0.05
CP (% DM) 38.00 £+ 0.22 35.95 4+ 0.08 4527 +0.1 44.65 +0.17 33.35+0.13 32.53 £+ 0.07
Crude fat (% DM) 8.44 +£0.11 8.53 + 0.08 15.60 £ 0.09 15.05+0.1 18.82 + 0.09 19.15 £ 0.14
Carbohydrates (% DM) 17.10 £ 0.05 18.24 +0.27 1.55 £ 0.58 3.45 1 047 34.07 £ 0.149 31.21 £ 0.56
CF (% DM) 30.23 £ 0.09 30.14 £ 0.04 31.18 £ 0.29 32.27 £0.15 10.44 £0.23 11.78 £0.22
NDF (% DM) 43.98 +0.13 4716 £ 0.1 4528 +0.28 40.64 +0.33 27.32 +£0.17 28.22 +0.24
ADF (% DM) 29.96 £ 0.25 33.83 & 0.12 29.60 £ 0.17 30.92 £ 0.19 13.99 +0.21 16.82 £0.13
Ash (% DM) 6.20 £ 0.06 7.11 £ 0.06 6.37 = 0.09 4.56 & 0.05 4114 0.09 4.48 1 0.06

DM = dry matter; CP = crude protein; CF = crude fiber; NDF = neutral detergent fiber; ADF = acid detergent fiber.
Each value represents the mean for three replications + standard deviation.

The effect of solid-state fermentation of OSC on the FA metabolism of Bacillus licheni-
formis is displayed in Table 2. The results revealed notable alterations in the levels of
saturated, monounsaturated, and polyunsaturated FAs across the substrates. A significant
increase in total saturated FAs was observed in FSC with 8.59% (p > 0.05), contrasting with
a decrease in PSC with 6.61%, while no significant changes were noted in HSC. Palmitic
acid, which serves as a readily available energy source, decreased with 12.94% and 7.51%
for PSC and FSC, respectively, whereas a notable increase of 7.41% was observed in HSC.
Levels of monounsaturated FAs increased significantly with 3.59% and 6.91% for PSC and
FSC substrates (p < 0.05), but decreased for HSC, with 6.20%. Total polyunsaturated fatty
acids (PUFAs) show variation, where small significant increases were observed for HSC
and PSC, with 0.69% and 1.21%, respectively, and a notable decrease in FSC fermentation
with 3.64% (p < 0.05%). Fermentation does not induce noticeable changes in the total ratio
of omega-6 to omega-3 FAs (n-6/n-3 ratio). However, individual fatty acids such as linoleic
acid and omega-6 decreased with 0.33% and 2.04% for HSC and FSC, increasing with 3.61%
for FSC after 72 h. Alpha linolenic acid, an omega-3 PUFA, is also affected by fermen-
tation, decreasing with 6.15% for HSC, 22.88% for PSC, and 3.51% for FSC, respectively.
Arachidonic acid, which serves as a precursor for pro-inflammatory eicosanoids, exhibited
noteworthy changes, increasing approx. 5-fold in HSC and decreasing below undetectable
levels for PSC.
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Table 2. Changes in fatty acid profile after fermentation.

FA (g/100 g) HSCTOh HSCF72h PSCTOh PSCF72h FSCTOh FSCF72h
Myristic C14:0 0.04 +0.01 0.06 + 0.01 0.12 + 0.02 0.11 £ 0.01 0.09 + 0.02 0.05 £+ 0.01
Pentadecanoic C15:0 0.04 + 0.01 0.11 £ 0.02 0.04 = 0.01 0.19 + 0.02 ND 0.22 + 0.02
Palmitic C16:0 8.61 £ 0.05 9.29 4+ 0.04 14.53 4+ 0.09 12.65 4+ 0.15 7.67 £0.13 7.51 +£0.19
Heptadecanoic C17:0 0.72 + 0.04 ND 0.03 + 0.0 0.05 £ 0.0 ND 0.08 + 0.01
Stearic C18:0 2.66 £ 0.04 3.05 £ 0.06 5.03 + 0.07 5.45 + 0.06 3.32 +0.08 3.99 £ 0.2
Arachic C20:0 1.85 £ 0.03 1.75 4+ 0.05 ND ND ND ND

TOTAL SATURATED 13.97 4+ 0.08 14.28 +0.18 19.76 + 0.19 18.45 4+ 0.22 11.09 £+ 0.24 12.04 4+ 0.38
Pentadecenoic C15:1 0.12 + 0.02 ND 0.07 = 0.02 ND 0.05+0 ND
Palmitoleic C16:1 0.19 + 0.02 0.12 £ 0.01 0.11 + 0.03 0.05+ 0.0 0.08 + 0.01 0.06 + 0.01
Heptadecenoic C17:1 0.81 + 0.07 ND ND 0.05 £+ 0.0 ND 0.73 + 0.07
Oleic C18:1 11.49 4+ 0.05 11.71 £ 0.1 284+ 0.3 29.51 £0.13 219 4+ 0.37 22.77 £ 0.08

gg;‘:%ul\;l{g}l\}g; 12.61 +0.16 11.84 +£0.12 28.59 + 0.31 29.61 + 0.13 22.04 £0.38 23.56 £+ 0.13
Linoleic Cis C18:2n6 54.13 £ 0.07 53.96 £ 0.08 48.48 £ 0.41 50.23 +£0.24 15.05 £ 0.08 14.74 + 0.06
Linolenic y C18:3n6 0.09 + 0.02 ND ND ND 0.21 + 0.03 ND
« Linolenic C18:3n3 17.4 £ 0.04 16.33 £ 0.06 0.39 4+ 0.04 0.3 +0.04 51.14 £ 0.07 49.34 £ 0.67
gfg‘jr‘f;atetrae“"ic 0.66 + 0.03 1.7 4 0.08 0.24 + 0.02 0334006  0.16+0.02 0.24 + 0.02
Eicosadienoic C20:2n6 0.33 £ 0.03 040 0.38 £ 0.04 0.14 £ 0.04 0.07 £ 0.0 ND
Eicosatrienoic C20:3n6 ND ND ND ND ND ND
Arachidonic C20:4n6 0.07 £ 0.0 0.47 + 0.04 017+0 ND ND ND
Eicosapentaenoic C20:5n3 0.02+0.0 ND 0.22 £+ 0.04 ND ND ND
Docosapentaenoic C22:5n3 ND 0.12 £ 0.03 ND ND ND ND
Docosadienoic C22:2n6 0.22 +0.02 0.68 + 0.04 0.16 = 0.02 0.14+0 ND ND
Other Fatty Acids 0.49 + 0.02 0.68 + 0.06 0.6 £0.08 ND 0.11 £ 0.0 ND
U{gi?{};g_}f;b 73.44 £0.22 73.95 + 041 50.81 £ 0.54 51.43 £0.42 66.76 + 0.21 64.33 £ 0.72
n-6/n-3 ratio 0.75 0.75 0.98 0.99 0.23 0.23

ND, not detected; each value represents the mean of three replications + standard deviation (SD). Results are
expressed as g FAME/100 g oil.

3.2. Effect of Fermentation pH and Reducing Sugars

The initial pH levels of the studied substrates were slightly acidic, at 5.9, 6.5, and 6.6
for FSC, HSC, and PSC, respectively, as shown in Figure 1.

Effect of fermentation on pH Effect of drying on pH
8.5 8.5
&% -=— FSC
g 6.9 - HsC
7.5 7.5 —~ PSC
7.0 7.0
= X
%65 265
6.0 6.0
5.5 5.5
5.0 T T T 5.0 T T T
0 24 48 72 [ 24 48 72
Time (h) Time (h)

Figure 1. Variation of pH during fermentation and after the drying process.
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As fermentation progressed, there was a shift toward alkalinity, with final pH levels
reaching 7.9 and 8.2 for HSC and PSC. In contrast, the pH remained slightly acidic for FSC,
measuring 6.4 at the end of fermentation. For HSC, the pH increased during fermentation,
showing an alkalinization trend, while for PSC, alkalinization started only after 48 h of
fermentation; finally, for FSC, a slower acidification was observed in the first 48 h of
fermentation, followed by a slightly rise in pH toward 6.4. After drying, the pH returned
to its initial slightly acidic state for HSC and FSC, suggesting the volatilization of alkaline
compounds that increased the pH during fermentation. On the other hand, PSC maintained
a slight elevation above the baseline pH, measured at 7.3.

As shown in Figure 2, for FSC, reducing sugar content initially decreased from 1.33%
in the first 24 h to 1.09%, followed by a subsequent increase to 1.46% at 72 h. For HSC,
sugars were predominantly consumed, showing a decline from 1.09% to 0.55%. On the
other hand, the PSC exhibited an increase in reducing sugar concentration, rising from
0.36% to 0.86% at 24 h, followed by a further increase to 0.89% at the end of fermentation.

(=]
o~

mgig DW

0 24 48 72 0 24 48 72 0 24 48 72
Time (h)
Hm FSC @@ HSC 77 PSC

Figure 2. Reducing sugar concentrations at different timepoints. The use of distinct uppercase in
the graph corresponds to the results of Tukey’s post hoc comparison that highlight differences in
reducing sugar concentrations across the four timepoints.

3.3. Effect of Fermentation on Growth Dynamics and Spore Formation

In this case, Bacillus licheniformis growth and spore formation exhibited consistency
through all examined samples, as demonstrated in Figure 3. Initial count increased in the
first 24 h of fermentation from initial 8.57 log cfu/g up to 11.66, 10.97, and 10.17 log cfu/g
for HSC, PSC, and FSC, respectively (p < 0.05), following a declining phase until the end of
fermentation, which was accompanied by an increased spore formation (not determined for
T0). Viability reached the lowest point at 72 h of fermentation for all samples, measuring
9.80,9.47, and 9.32 log cfu/g for HSC, PSC, and FSC (p < 0.05). Sporulation rate (%) relative
to total viable counts progressed over time (24 h, 48 h, and 72 h), with a rising trend, as
follows: from 39.21% and 71.78% to 84.92% for HSC; from 52.99% and 72.19% to 86.36% for
PSC; and from 43.60% and 51.61% to 82.26% for FSC (p < 0.05). As HSC and PSC displayed
an approx. similar pattern, FSC rose from 43.60% to 51.61% in the first 48 h and rapidly
surged to 82.26%.
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Figure 3. Viability and spore concentrations at different intervals. Bars represent SD of means. The
use of distinct uppercase and lowercase letters in the graph corresponds to the results of Tukey’s post
hoc comparisons. These comparisons highlight differences in viability across the four timepoints and
separate differences in spore concentration over the same time intervals.

3.4. Effect of Fermentation on Protein Solubility and Peptide Content

As illustrated in Figure 4, this study indicates a significant improvement in water
protein solubility over time due to fermentation (p < 0.05) for HSC and FSC, and most
notably for PSC, where an approx. 4.8-fold increase was observed after 72 h. Water-
soluble protein content (mg/g) increased from 15.87 £ 0.61 to 69.40 + 1.06 for HSC, from
90.44 £ 0.33 to 127.64 £ 0.67 for FSC, and from 32.46 £ 0.70 to 156.56 + 0.57 for PSC.
Peptide yield, due to Bacillus licheniformis” enzymatic activity, increased in the same manner,
improving peptide content (mg/g) from 10.62 & 0.53 to 38.99 £ 0.67 for HSC, 43.73 4 0.33
to 63.45 & 0.67 for FSC, and 20.96 + 0.25 to 45.48 + 0.88 for PSC.

FSC pH7
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PSC NaCl0.5M FSC NaCl0.5M

Time (h) Time (h)

PSC pH 10 FSC pH 10

Time (h) Time (h)

Figure 4. Soluble protein and peptide content during fermentation in water, NaCl, and alkaline
solution. Bars represent the mean SD. The use of distinct uppercase and lowercase letters in the graph
corresponds to the results of Tukey’s post hoc comparisons. These comparisons highlight differences
in protein solubility across the four timepoints and separate differences in peptide yield over the

same time intervals.
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Fermentation positively affected NaCl protein extraction for HSC, increasing the
extraction yield (mg/g) from 55.44 £ 0.79 to a maximum of 97.72 + 1.17 at 48 h. In the case
of FSC, a noticeable decrease in protein extracted by salt solution from 172.39 & 0.72 to
129.53 4 0.94 was observed. Nevertheless, SSF was not found to be relevant for PSC protein
salt extraction. Peptide content (mg/g) increased from 20.36 £ 0.46 to 35.61 & 0.61 for HSC
after 72 h. In contrast, for FSC, an increase was observed from 43.14 + 0.81 to 62.84 £ 0.95
after 48 h of fermentation, followed by a decrease to 51.78 & 1.05 at 72 h. Similarly with PSC,
peptide yield (mg/g) increased from 36.29 + 1.13 to 44.96 + 0.85 mg/g at 48 h, followed
by a decrease to 39.39 & 1.02 mg/g at 72 h, probably due microbial consumption or future
hydrolysis to amino acids.

Similar trends were observed in the alkaline extraction as in the salt extraction process.
SSF positively influenced HSC, resulting in an increase in extraction yield (mg/g) from
85.53 £ 0.78 to 108.64 + 0.85. Conversely, for FSC, there was a decrease from 215.79 + 0.97
to 198.26 + 0.44. In the case of PSC, a marginal increase of approximately 2% was noted
within the initial 24 h, rising from 171.63 & 1.24 to 178.15 £ 0.77. The lowest content of
peptides in comparison with other extractions was obtained through alkaline extraction
for HSC, yielding from 15.40 & 0.71 mg/g to 31.35 &+ 1.28 mg/g. PSC’s final concentration
was similar with water or salt extraction, ranging from 20.31 + 0.26 to 44.84 4+ 0.78 mg/g,
and FSC yielded the highest amount at the end of fermentation from 45.38 & 0.90 mg/g
to 77.72 £ 0.56 mg/ g, suggesting that FSC exhibited a more pronounced response to enzy-
matic hydrolysis compared to all other studied samples and conditions.

3.5. Bacillus licheniformis Survival under Simulated GI Conditions

In this study, we employed a simulation to consider multiple factors and their interac-
tions simultaneously, rather than isolating them individually, with the viability outcome
on different digestion stages, as illustrated in Figure 5. In the first hour of gastric stage,
a decline in viability of about 1 log cfu/g was observed for HSC and FSC due to acidic
conditions, and 0.12 log cfu/g for PSC. A modest rise in viability from G1 to G2 was ob-
served across all samples, although statistical significance was only noted for FSC (p < 0.05).
This indicates adaptability to the medium conditions, particularly noticeable in the case
of FSC. Transitioning to the intestinal (I1) phase of digestion resulted in a rise in total
count by 0.35 and 0.22 log cfu/g for HSC and PSC, respectively. In contrast, there was a
small decrease of 0.11 log cfu/g observed for FSC. This decreasing trend persisted in the
12 stage and was particularly significant for HSC and FSC (0.22 log cfu/g, 0.17 log cfu/g,
respectively), probably attributable to the presence of bile salts. PSC, in contrast, showed
signs of reaching a stationary phase. Despite the modest microbial dynamics observed,
Bacillus spores demonstrated resilience across the studied conditions. Survivability rate
accounted for 90.2%, 101.5%, and 85.72% for HSC, PSC, and FSC when compared to initial
counts before simulation.
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Figure 5. Bacillus licheniformis viability during GI simulation on different digestion stages for fer-
mented (T72) samples. Bars represent the mean standard deviation.
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3.6. In Vitro Protein Digestibility

Our approach involved measuring the short-chain peptides generated during simu-

lated digestion using TCA-soluble peptides as a marker [39].

Additionally, we employed the BCA assay for the detection and quantification of
peptides. The BCA capability to detect peptides at least three amino acids in length
and a few dipeptides and amino acids [40] offers a comprehensive assessment of protein

breakdown during digestion.

Peptide content of fermented and unfermented OSC, expressed as mg/g DW after
each digestion stage, is shown in Figure 6. After 1 h of gastric digestion (G1), the fermented
samples (T72) exhibit significantly higher digestibility rates compared to the unfermented
ones (T0). Specifically, the digestibility rates for HSC, PSC, and FSC in the fermented
samples are 34.73%, 27.48%, and 44.24%, respectively, whereas those in the unfermented
samples are 31.28%, 15.20%, and 35.77%. These findings underscore the role of microbial
enzymes in facilitating enzymatic hydrolysis under acidic conditions, improving pepsin

digestion at low pH.

HSC PSC FSC

G1 G2 " 12 G1 G2 il 12 G1 G2 " 12
Digestion stage Digestion stage Digestion stage

. T0
= 172

Figure 6. Changes in digestibility (%) during digestion stages. Bars represent the mean SD. The use

of distinct uppercase letters in the graph corresponds to the results of Tukey’s post hoc comparisons.
These comparisons highlight differences in digestibility (%) between unfermented samples (T0) and

fermented samples (T72) across the same stages of digestion.

The G2 digestibility results, representing protein breakdown after 2 h of gastric di-
gestion, demonstrate notable improvements across all OCS, where a substantial increase
was observed for fermented (T72) HSC and PSC. Following fermentation, the digestibility
of HSC increases from 33.30% to 38.98%, while in PSC, it rises from 22.91% to 30.37%. In
contrast, FSC demonstrates higher digestibility in the unfermented sample compared to its

counterpart, with rates of 51.59% and 46.96%, respectively.

Intestinal digestion markedly increased the amount of liberated peptides, augmented
by various proteases, including trypsin from pancreatin composition. SSF improved
intestinal (I1 and I2) digestion for all substrates in comparison with unfermented ones,
reaching in I1 a digestibility of 56.43%, 48.62%, and 68.03% for fermented (T72) HSC,
PSC, and FSC, respectively, in contrast with 48.84%, 44.52%, and 66.41% for unfermented

(TO) ones.

At the end of 12, the most pronounced differences were between FSC samples, of about
13.50%, reaching 80.16% in fermented ones, followed by HSC with a difference of approx.
11.60%, reaching 65.67%, and finally PSC, where fermentation improved digestion, with

approx. 8.60%, reaching a final protein digestibility of 58.94%.

4. Discussions

In this study, we investigate the dynamic changes of macronutrients and microbial
lifecycles through the complete process of the production to consumption of probiotic-
enriched feeds by employing chemico-microbiological analysis and in vitro simulated
conditions, which allow us to gather comprehensive data within a complex environmental

58



Agriculture 2024, 14, 639

context. This approach may find relevance in various areas such as animal nutrition,
by-product utilization in spore production, or protein and peptide isolation.

Based on the presented results, several notable changes in the nutritional composition
of the samples due to fermentation with Bacillus licheniformis can be observed. The loss of
protein content in all samples can be regarded as a result of the formation of nitrogenous
volatile substances, such as ammonia and amines produced during fermentation from pro-
tein degradation by microbes [41], that creates an alkaline environment associated with an
inhibition in spoilage microorganism and a modification of organoleptic characteristics [42].
As our results show, the drying method could reverse this process, resulting in subsequent
loss in volatile compounds associated with a returning of the pH to initial levels.

A potential explanation for crude fiber, NDF, and ADF increases could be related to
microbial biomass accumulation through the fermentation process as cells typically contain
complex carbohydrates as structural components such as cell walls. A reduction in NDF
(composed of cellulose, hemicellulose, and lignin) suggest the presence of carbohydrase
activity in PSC. The ability of a bacterial strain to ferment carbohydrates is crucial for
various metabolic activities, including growth and reproduction. As the chosen substrates
are low in readily available sugars < 1-2% [43-45], the strain is likely to rely on its repertoire
of carbohydrase to hydrolyze complex carbohydrates for its carbon metabolism. In this
context, different dynamic patterns of production and consumption of reducing sugars can
be attributed to substrate composition.

Bacillus sp. possess the ability to alter the composition of FAs within their cells
and surrounding environment; this modification of FA patterns is crucial for various
cellular functions such as membrane formation and adaptation to different environments.
Notably, the process of de novo biosynthesis of FAs has been demonstrated to occur during
sporulation [46]. In studies investigating the metabolic adaptation of Bacillus licheniformis
to stressors such as thermal stress [47] or varying growth stages [48], alterations in cell
membrane composition may occur to regulate fluidity. In our study, the dynamic synthesis
of specific fatty acids, whether up-regulated or down-regulated, could be attributed to the
various stressors encountered during fermentation in the OCS medium. These findings
underscore the complex alterations induced by fermentation in the FA profile of OSC, which
could have implications for their nutritional value and suitability for various applications
in animal feed formulations. However, more studies are required to fully elucidate the
influence of different environmental conditions on FA profile modulation by Bacillus sp.

When encountering a new life medium, endospore formation is a crucial survival
strategy for certain bacteria. It is triggered by various environmental cues (temperature,
pH, aeration, presence of certain minerals, carbon or nitrogen concentrations), and one such
trigger occurs at the end of the exponential growth phase when nutritional deprivation is
recognized, such as during a transition from a nutrient-rich to a nutrient-poor environment.
Another factor is population density, as the culture grows, there is an accumulation of
a secreted peptide known as the competence and sporulation factor, which acts as an
autoinducer for quorum-sensing mechanisms that trigger sporulation [49-51]. Our results
suggest that changing culture conditions from inoculum to SSF using HSC, PSC, and
FSC create an environmental stress that directly induces the expression of the sporulation
mechanism [52,53].

A delay in sporulation in FSC at the 48 h mark suggests that it may harbor substrate-
specific nutrients that delay sporulation without increasing in total viable count. Further-
more, a longer fermentation time is required to asses, as Gray et al. [54] suggested, whether
the remaining vegetative cells will eventually sporulate or persist in a slow-growing
state, rendering them resilient to environmental conditions. Interestingly, based on plated
colonies and microscopy observations, new colony morphologies emerged after 3 days of
fermentation, typically seen in Bacillus spp. biofilms where strains differentiate in different
populations [52], suggesting that OSC promotes the apparition of a new subpopulation
of genetically identical cells but with different gene expressions [51]. Spore production
has been attempted on various subproducts through SSE. Zhao et al. [55] achieved a spore

59



Agriculture 2024, 14, 639

count of 11 log cfu/g of Bacillus licheniformis on wheat bran and straw powder, while
Chistyakov et al. [56] reported a notable production of 11.95 log cfu/g Bacillus amyloliquefa-
ciens on soybean meal, showing that agricultural by-products are an economical alternative
for the production of bacterial spores.

For a functional probiotic-based feed to effectively exert its activity, the probiotic
microorganisms must endure harsh or challenging environmental conditions from the GI
tract, including low pH, high temperatures, elevated levels of bile salts, and nutrient depri-
vation [57]. Considering the resilience of Bacillus spores in withstanding gastrointestinal-
simulated conditions as shown in this study, an intriguing question arises regarding their
capacity to transition into vegetative states and sustain their life cycle and potentially
colonizing the intestine. The observed increase in viability from G1 to G2 during gastric
simulation suggests the strain’s capability to proliferate and adapt to initial gastric condi-
tions. However, a subsequent decline in CFU during intestinal simulation indicates a shift
into a new adaptation phase for the bacteria, where a lesser reduction viability suggests
that PSC has a beneficial food matrix effect over Bacillus licheniformis [58]. However, further
investigation is needed to clarify if the spore germination versus the remaining vegetative
cells is responsible for these dynamics.

In this work, we also conducted a preliminary evaluation on the potential of em-
ploying a short fermentation of protein-rich substrates for enhancing protein and peptide
recovery. In general, seed storage proteins can be classified based on solubility; they in-
clude water-soluble albumins, salt-soluble globulins, hydrophobic prolamins which are
commonly soluble in 70% ethanol, and glutenin primarily extracted using acidic solvents
or alkali [59,60]; however, some quantity of protein may remain unextracted if not soluble
in these solvents [61]. The protein fractions derived from HSC primarily comprise edestin
(globulin), which constitutes approximately 60-80%, while albumin around 25% [62]. PSC
consists of 87% extractable proteins (glutelin 49%, globulin 20.4%, albumin 13.5%, and
prolamin 4.3%) [63] and FSC (albumin 38.1%, glutelin 33.9%, and globulin 27.9%) [64].
An industry-relevant extraction is considered a salt extraction (known as micellization),
which is considered a milder extraction associated with less structural and conformation-
changes [61]. It affects solubility by altering the electrostatic interactions (ionic strength)
promoting aggregation [62]. Alkali extraction is widely used at an industrial level; it is
suggested that the use of alkali can disrupt disulfide cross-linking in proteins and to ionize
neutral and acidic amino acids, therefore increasing solubility [62]. Even though alkali
has high efficiency, it favors the racemization of the amino acids L-isomers to D-analogues
in a concentration- and exposure time-dependent manner that could lead to toxic and
antagonistic actions in animals, thus reducing feeds’ nutritional quality [65]. Our results
suggest that peptide yield was improved for all OSCs by employing water, alkaline or salt
extraction, probably due to enzymes like proteases and cellulases that are widely used
in order to improve hydrolysis degree, solubility, and functionality [66]. However, the
extraction method and the optimization of strain catalytic activities could further improve
the extraction of protein and peptides for OSC. In other studies, hemp seed meal protein
solubility increased from 6.07% to 15.15% after Bacillus subtilis fermentation [67]. In PSC,
a remarkable peptide content of approx. 190 mg/g was achieved using R. oligosporus,
due to high fungal proteolysis activity [68]. In flaxseed proteins, fermentation with Bacillus
altitudinis was successfully employed to generate bioactive peptides with antioxidant and
antibacterial activity [69].

The evaluation of protein digestibility is crucial for nutritional assessment in terms of
the quality and bioavailability of feed products. Therefore, fermentation enhances in vitro
protein digestibility possibly by Bacillus licheniformis proteolytic activity that can target
plant-based proteins, thereby promoting hydrolysis, protein modification [70-72], and
remediation of anti-nutritional factors such as trypsin inhibitors [19]. Some studies using
lactic bacteria achieved 65-79% IVPD in hemp [73]. Alternatively, indigenous microbial
communities” microbiota were used for PSC fermentation where protein digestibility was
68.7% after 7 days of fermentation [74]. Isolation of flaxseed protein can give a digestibility
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coefficient of 68% [75], while in other cases, fermentation with Aspergillus oryzae was directly
correlated with proteolytic activity, thereby enhancing digestibility to values between 70
and 85% after 96 h [76].

5. Conclusions

Fermentation is a dynamic process with substrate specificity orchestrated by the
degradation and synthesis of new compounds. While proximate composition provides a
broad overview, it may not fully capture the complex chemical transformations occurring
during fermentation. We did not find Bacillus licheniformis strain ATCC 21424 capable
of making extreme changes in proximate composition or fatty acid profile; however, it
seems capable of markedly improving water protein solubility and salt solution solubility
in the case of HSC, accompanied by the generation of higher peptide yields. The SSF of
oilseed cakes induces sporulation, demonstrating that it is suitable for producing probiotic-
enriched feeds that can withstand harsh environmental conditions from simulated GI
tracts along with a noticeable improvement in protein digestibility. Furthermore, our
study underscores the potential of laboratory-domesticated strains like ATCC 21424 in
improving feed digestibility and functionality through SSF. Future research focusing on
strain adaptation to fermentation media holds promise for enhancing the capabilities of
such strains.
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Abstract: The increasing production of edible insects on an industrial scale makes it crucial to
implement appropriate technologies after harvesting to process safe and high quality insect prod-
ucts. The aim of this work was to compare the impact of different drying treatments used in the
production of flour from Tenebrio molitor larvae. The larvae were subjected to freeze-drying (FD),
conventional drying (CD), microwave drying (MWD), microwave drying without freezing prior
blanching (MWDL), and microwave drying with addition of 0.1% butylated hydroxytoluene (BHT)
during the blanching of the larvae (MWDA). The studied parameters included water activity (aw),
instrumental colour, chemical composition, lipid oxidative processes, antioxidant activity, as well as
microbiological status. The freeze-drying and conventional drying of the larvae reduced the a,, of
the derived flours (p < 0.0001); however, their nutritional profile revealed lower protein (p < 0.0001)
and considerably higher fat content (p < 0.0001) compared to the flours after microwave treatments.
The conventional drying and microwave treatment with BHT induced significantly darker colour
(p < 0.0001) in comparison to the other methods. Despite the advantages of the microwave drying as a
fast and energy efficient method, it displayed some negative effects associated with low lipid stability
such as higher acid value (AV) and secondary products of lipid oxidation (TBARS) (p < 0.0001). This
was also observed in the MWDA flour, indicating a certain pro-oxidative effect of the BHT. Regardless
of the drying method, all the flours had a low microbial load.

Keywords: yellow mealworm; drying treatments; flours; nutrients; lipid oxidation; antioxidant
activity; safety

1. Introduction

The agriculture industry is alarmed by a future shortage of food products due to the
increasing global population [1]. In recent decades, there has been a continuous increase in
the demand for proteins worldwide [2]. It is known that insects are a complete source of
proteins, vitamins, and minerals of organic origin. According to Wageningen University,
insect protein can replace 10% of the animal protein in the animal feeds and 20% in human
diets in 2025 [3]. Insects have high reproductive capacity. Furthermore, the low resource
utilization (land and water) and feed for their cultivation makes them a suitable alternative
to meat and dairy products, against the backdrop of growing global needs for nutritious
food [4]. While in many countries in Asia, Africa and Latin America insects are used
as a major protein source, in Western societies people still resist eating them and they
have greater potential as animal feed rather than human [5]. Researchers have studied
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the aversion to insects to find ways to overcome it and have found that the species of
insects chosen for consumption is considered a significant factor [6]. For example, some
species are considered more acceptable and visually appealing than others [7]. Yellow
mealworms (the larvae of Tenebrio molitor) are consumed as a part of a regular diet or for
medicinal purposes in some countries outside the EU. The yellow mealworms were the
first insects approved by EFSA for human consumption [8], considering the consumption
of mealworms as generally safe, as the larvae can be consumed “both as a whole, dried
insect and in powder form” [9]. Consumers in Europe are more inclined to consume insects
when the body parts are not visible [10]. Therefore, the development of new food products
including insects is expected to attract consumer interest. With the increase in production
of edible insects on an industrial scale, it is crucial to implement appropriate technologies
after their harvesting and processing. Thus, the safety, preservation, quality improvement,
fractionation, and storage of the insects and insect products will be guaranteed.

In its report, the World Bank announced inflation in domestic food prices ranging from
5 to 30% in the majority of countries worldwide [2]. This, in turn, necessitates the search for
cheaper and more efficient methods for food processing and production. Conventional food
and feed processing may include several individual operations. The pathways for insect
processing may vary depending on the nature of the initial material and the desired end
product. In recent years, new food processing technologies (e.g., high-pressure processing,
ultrasound, or microwave waves) have shown potential as alternatives or synergies to
conventional technologies. The main challenges in insect processing are the development of
efficient, environmentally friendly, and low-cost processing technologies, waste minimiza-
tion, utilization, and incorporation of by-products. Drying is the most common technology
used to extend the shelf life of foods and feeds. Dehydration enhances the microbiological
stability, reduces oxidation, and possibly improves the colour and texture of end products.
From traditional sun drying to innovative technologies such as freeze-drying or microwave
drying, these methods have been studied to increase shelf life and safety. Despite their
effectiveness, some pre-treatments are recommended before drying to eliminate or reduce
the overall microbiological load and to inactivate enzymes, initiators of lipid and protein
oxidation. Blanching is the most commonly used method, both at a traditional and indus-
trial level, as it has safety advantages, reduces lipid oxidation, and inactivates enzymes,
contributing to extending shelf life. Microwave drying, in combination with various types
of freezing, has been studied by Vlahova-Vangelova [11]. Microwave drying takes less
time to dry insects compared to freezing and conventional drying. Finally, drying affects
the final quality of the proteins and lipids and the extraction of other metabolites with
potential health benefits. Despite the research on the methods of processing insects for
their further use in foods and feeds, the information on suitable modes and methods of
drying, as well as the qualities of the derived products, including flours, still remains rather
scarce. This work was designed to compare the impact of different drying treatments
applied in the production of flour from Tenebrio molitor larvae as an alternative protein
source. This will enable the clarification of their advantages or disadvantages in regards
to maximal preservation of the nutritional parameters of the insect flours and selection of
the best method for further processing and implementation in the strategies of animal and
human nutrition.

2. Materials and Methods
2.1. Larvae Rearing

The mealworm larvae were reared in plastic boxes (600 x 400 x 120 mm), at an
insect farm located in Petrich, Bulgaria (Vi Bi Ef PRO Ltd.) in controlled microclimate
(T =25+ 2°C, RH = 50-70%). The insects were fed on wheat bran up to day 70. Fruits and
vegetables were also added 2-3 times a week. Three days prior to harvest, the mealworms
were not fed. The proximate composition of the larvae after harvest and before any
treatment is presented in Table 1:
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Table 1. Proximate composition of the larvae after harvesting.

Protein, % Fat, % Ashes, % Moisture, % Carbohydrates, %
14.85 1.20 1.02 77.30 5.63

2.2. Drying Treatments

After harvesting, the larvae were separated into five groups (1 kg each). Four of the
groups were frozen at —18 °C and kept at this temperature for 24 h. All the larvae were
blanched (100 °C, 45 s) and cooled in cold water prior to drying (Figure 1). For the purpose
of the study, five drying treatments were applied:

[ Larvae (Tenebrio molitor)

\

Freezing

¥

[
[ Blanching Je—
[

V

Cooling

!

( Draining

\ 2 v \

Freeze-drying (FD) Conventional Microwave Microwave, no Microwave +
(cD) (MwWD) freezing (MWDL) antioxidant (MWDA)
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Grinding
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A
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Figure 1. Scheme of the drying treatments applied to Tenebrio molitor larvae.

Freeze-drying (FD)—the larvae were freeze-dried (T= —45-—40 °C; 0.400 mBar) for
12-18 h using laboratory freeze dryer CRYODOS—G50 (Telstar Industrial, S.L., Terrassa,
Spain).

Conventional drying (CD)—the conventional drying was carried out in a hot air rack
oven (KC-100/200, Zalmed, Warsaw, Poland), for 6 h (T = 60 °C, RH = 17%, air speed
1m/s).
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Microwave drying (MWD)—the frozen and blanched larvae were dried in microwave
(MWD307/WH, Whirlpool, Benton Harbor, MI, USA) at 825 W for 7 min.

Microwave drying without freezing (MWDL)—the live directly blanched larvae were
dried in the microwave oven at 825 W for 7 min.

Microwave drying + antioxidant (MWDA)—after freezing, the larvae were blanched
in water containing 0.1% BHT and dried in the microwave at 825 W for 7 min.

After drying, the insect flours were prepared by grinding the larvae using a Nutribullet
blender (NB-WL046A-02, Capital Brands, Los Angeles, CA, USA). Each flour was divided
into three samples of approximately 200 g. The samples were stored in sealed plastic bags
until analysis.

2.3. Water Activity (ay) and Instrumental Colour Measurements

Water activity was determined using an a,, meter LabSwift-aw (Novasina AG, Lachen,
Switzerland) at 20 °C.

Colour measurements of the flours were conducted using a Konica Minolta CR-400
chromameter (Konica Minolta Holding, Inc., Ewing, NJ, USA) by measuring the lightness
(L*), redness (a*), and yellowness (b*). The chromameter had the following settings:
aperture = 8 mm, standard observer 2°, and illuminant D65. The instrument was calibrated
using a standard white plate (Y = 94.3, x = 0.3134 and y = 0.3197).

2.4. Proximate Composition

The total nitrogen was determined by the AOAC [12], and the protein content was
calculated by nitrogen-to-protein conversion factor 4.76, as proposed by Janssen et al. [13]
to compensate for the presence of chitin-derived nitrogen.

The fat content was determined after extraction performed by Soxhlet apparatus [14].

Total ash content was measured after incineration of the insect flour [15].

The moisture content of the flours was calculated after drying at 104-105 °C using
a KERN MLS 65 3A—moisture analyser (Kern & Sohn Gmbh, Ballingen, Germany) un-
til constant weight [16]. The carbohydrate content was calculated using the following
equation [17]:

Carbohydrates = 100 — Protein — Fat — Ash — Moisture, %.

2.5. Acid Value (AV)

The degree of lipolysis was described by the acid value of the extracted lipids and
measured following the method of Kardash and Tur’yan [18]. The extraction of lipids was
performed according to the method of Bligh and Dyer [19]. After extraction, 1 g of lipid
was dissolved in 20 cm? neutral alcohol-ether mixture with added phenolphthalein. The
mixture was titrated with 0.01N KOH. The volume of the used KOH was recorded. The
acid value was calculated as AV = (V x F x 5.6104)/m, mg KOH/g, where:

V—volume of KOH used for titration, g.
F—factor of 0.1 nKOH = 0.996.
m—the weight of the sample, g.

2.6. Peroxide Value (PV)

Peroxide value was determined according to Shantha and Decker [20]. Briefly, the
extracted lipid (0.1 g) was mixed in a glass tube with 50 pL iron (II) solution, 50 uL NHy
SCN (300 mg/mL), and CHCl3:CH3OH (3:5, v/v) for a final volume of 10 mL. The samples
were incubated for 5 min at room temperature and the absorbance was determined by
spectrophotometer at 507 nm against a blank, containing all the reagents except the sample.
The PV was calculated through a standard curve set up using Fe?* chloride standard
solution (10 pug/mL). The results were presented as meqO, /kg lipid.
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2.7. TBARS Content

The content of the thiobarbituric acid reactive substances was determined as described
by Botsoglou et al. [21] with slight modifications. Ten grams of flour were homogenized
with 50 mL NaCl (0.9%), and left for 5 min. Furthermore, 50 mL of trichoroacetic acid
(10%) were added and the samples were filtered through (Filtrax, Grade 391). The filtered
samples (4 mL) were then mixed with 1 mL 2-thiobabituric acid (1%) and were incubated
at 70 °C for 30 min. After cooling to room temperature, the absorbance of the samples was
determined at 532 nm against a blank, containing distilled water instead of the sample.
TBARS concentrations were calculated using 1, 1, 3, 3 tetraethoxypropane as standard. The
results were expressed as mg MDA /kg product or TBARS units.

2.8. Antioxidant Activity

The antioxidant activity of the flours was measured through DPPH assay according
to the method of Brand-Williams et al. [22], modified by Dinkova et al. [23]: 250 uL of the
sample extract (in methanol 1/10, w/v) was mixed with 2250 uL of methanolic solution of
DPPH (6 x 10~° M) in a UV-macro cuvette. The cuvettes were sealed and left in the dark
for 15 min at room temperature. Absorbance was measured at 515 nm against a blank of
pure methanol. The results were expressed as umol TE (Trolox Eq)/100 g sample.

2.9. Microbiological Assay

All of the preparation and decimal dilutions of sample suspensions were conducted
according to ISO 6887-4:2017 [24]. The microbiological status was presented by the Total
Plate Count (TPC), Coliforms count, and E. coli count, following the procedure of ISO
4833-1:2013/ Amd 1:2022 [25].

All of the analyses were performed in triplicates.

2.10. Statistical Evaluation

The statistical evaluation was performed through one way ANOVA procedure and
post-hoc comparisons (Tukey HSD, p < 0.05) using JMP v. 7 statistical software [26].

3. Results
3.1. Water Activity and Instrumental Colour

The drying treatments significantly affected the ay and they differed among all the
flours. The lowest value of this parameters was measured in the CD flour, whereas the
MWDA flour exhibited the highest a,, (Table 2). The freezing of the larvae prior to blanching
for the microwave treatment decreased the water activity, and as a result the MWD flour
had lower aw when compared to MWDL flour.

Table 2. Water activity and instrumental colour parameters of the flours derived from Tenebrio molitor
larvae according to the drying treatment.

Treatment aw L* a* b*
FD 0.354 52.76 ® 6.55¢ 11.79 b
CD 0.14°¢ 49.09 © 6.17 4 9.95¢

MWD 0.50 © 51.74 b 7.292 12.94 2
MWDL 0.54b 54.70 @ 6.63°¢ 13.272
MWDA 0.632 4954 ¢ 7.00° 13372

SEM 0.01 0.44 0.05 0.34
P <0.0001 <0.0001 <0.0001 <0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

The drying treatments had a significant effect on the lightness of the flours (Table 2).
The darkest colour was observed in the CD and MWDA flours, whereas the MWDL flour
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was the lightest. The freeze-drying and microwave drying of the insect larvae also resulted
in the lighter colour of the FD and MWD flours, when compared to the oven dried and
MWDA flours. In addition to the lower L*, the CD flour also had lower a* and b*, when
compared to the flours derived after the other studied methods of drying. Higher a* values
were observed in the MWD and MWDA flour. These flours, together with the MWDL flour,
exhibited higher b* values in comparison to the FD and CD samples.

3.2. Proximate Composition

The freeze-drying and conventional drying of the Tenebrio molitor larvae led to lower
protein content of the derived flours (Table 3). The highest protein content was measured in
the MWDL followed by MWD flours. Contrary to protein content, the fat percentage was
significantly higher in FD and CD flours when compared to the rest. FD, CD, and MWDA
flours had ash content within the range of 4.16—4.23%, which was significantly higher than
MWD and MWDL.

Table 3. Proximate composition of the flours derived from Tenebrio molitor larvae according to the
drying treatment.

Treatment Protein, % Fat, % Ash, % Moisture, % Carboi/loydrate,

FD 41214 20.822 4172 6.07 27.73¢

CD 41424 21.112 4232 5.62 27.62¢

MWD 47.14° 1271 2.87°¢ 5.71 31.57 ab

MWDL 49.99 2 11.35P 3.83b 5.18 29.65 b¢

MWDA 4497 ¢ 11.42° 4174 6.29 33.152
SEM 0.75 0.55 0.10 0.46 0.97

P <0.0001 <0.0001 <0.0001 0.1034 0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

The latter differed in regard to the ash content as MWD displayed lower values of
this parameter in comparison to MWDL flour. With regard to the carbohydrates, their
percentage was lower in the FD and CD than in MWD and MWDA flours, while the
carbohydrate content of the MWDL flour had an intermediate position.

3.3. Lipid Stability

The hydrolysis in lipids of the derived flours were presented through the acid value
(Table 4).

Table 4. Acid value (AV), peroxide value (PV), and TBARS value in the lipids of flours derived from
Tenebrio molitor larvae according to the drying treatment.

Treatment AV, mgKOH/g PV, meqO,/kg TBARS, mgMDA/kg
FD 1.94¢ 1.272 0.05°¢
CD 1.694 1.22b 0.06
MWD 2.58b 0.97 be 0.122
MWDL 255b 0.91°¢ 0.10°
MWDA 3.102 1.163bc 0.10°
SEM 0.04 0.10 0.005

P <0.0001 0.0080 <0.0001

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean. The means
connected with different letters in a row are significantly different (p < 0.05).

Lower AV was found in the FD and CD flours, while the microwave drying in all three
modes stimulated the lipid hydrolysis.
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The content of the primary products of lipid oxidation also depended on the drying
treatment. The highest levels of peroxides were measured in the flours derived after freeze-
drying and conventional drying of the Tenebrio molitor larvae. Microwave drying; however,
was associated with lower content of peroxides, except for the MWDA flour.

The analysis of the secondary products of lipid oxidation showed that FD and CD
flours had significantly lower TBARS levels when compared to all the flours derived from
microwave dried insects.

3.4. Antioxidant Activity

Not surprisingly, MWDA displayed the highest radical scavenging activity (Figure 2).
It was followed by the MWDL and MWD flours. The lowest radical scavenging activity
was observed in the FD and CD samples.
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Figure 2. Antioxidant activity of the flours derived from Tenebrio molitor larvae according
to the drying treatment. FD, CD, MWD, MWDL, and MWDA represent freeze-drying, con-
ventional drying, microwave drying, microwave drying without freezing prior blanching, and
microwave drying + 0.1% BHT, respectively. The means connected with different letters in a row are
significantly different (p < 0.05).

3.5. Microbiological Status

The total plate count was higher in the FD flours in comparison to all the other flours
in this study; however, the differences were not significant (Table 5).

Table 5. Microbiological status of the flours derived from Tenebrio molitor larvae according to the

drying treatments.
TPC, logio Coliforms, log;p  Yeasts Moulds, E. coli, logyg
Treatment CFU/g CFU/g log1o CFUlg CFU/g

FD 4.52 2.93 N.D. N.D.
CD 391 3.19 N.D. N.D.
MWD 3.93 297 N.D. N.D.
MWDL 3.97 2.87 N.D. N.D.
MWDA 3.99 2.90 N.D. N.D.

SEM 0.62 0.50

p 0.7279 0.9411

FD, freeze-drying; CD, conventional drying; MWD, microwave drying; MWDL, microwave drying without
freezing prior blanching; MWDA, microwave drying + 0.1% BHT; SEM, standard error of the mean; TPC, total
plate count; N.D.—not detected.
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The coliform content varied within 2.87-3.19 log;oCFU/g, with no statistical difference
among the drying treatments. Yeasts, moulds, and E. coli were not detected.

4. Discussion

Drying of the larvae is of crucial importance for the further processing of the insects so
that the nutritional quality and safety are guaranteed. Some studies have already reported
changes in the quality characteristics of edible insects or insect flours due to different drying
methods [11,15,27-29]. The results of this study confirmed the effect of freeze-drying, oven
drying, and microwave drying of the larvae on the water activity of the flours that was
observed by Kronke et al. [28] and Vlahova-Vangelova et al. [11]. The freeze-drying and
conventional drying considerably reduced the water activity of the flours, while it was
higher after microwave drying. Substances with higher water activity tend to support
microbial growth; most bacteria usually require a,, at least 0.91 [30], while some moulds
and yeasts need ay in the range of 0.61-0.65 [31]. Colour is one of the most important
quality attributes. It is a crucial factor influencing the consumer’s decision when buying a
new product, but also can indicate chemical changes that occur in food [32]. Colour can
change during drying due to chemical and biochemical reactions [33]. In our study, the
lowest L* were observed for the flours derived after conventional drying and microwave
drying of the larvae blanched in the presence of BHT. The other microwave treatments
led to a lighter colour, compared to conventional drying and freeze-drying. In their study,
Trukhanova et al. [34] observed lighter colour of the microwave dried larvae of Tenebrio
molitor, when compared to the larvae dried through convection, which is in line with our
results. The lower L* values observed in the CD flour can be attributed to Maillard reaction,
due to the longer drying process (6 h). Usually, this type of browning occurs in foods
that have high lipid content and where reactions between products of lipid oxidation with
amino acids, amines, and proteins occur [32]. Maillard reaction and lipid oxidation are
interrelated and should be considered simultaneously in regard to colour changes [35]. The
microwave treated flours also exhibited elevated content of secondary products of lipid
oxidation, which was considerably higher in comparison to FD and CD flour. Furthermore,
the significantly darker colour of the MWDA flour suggests a certain pro-oxidative effect of
the BHT in the amount used to treat the larvae for the present experiment. Some phenolic
compounds might act as pro-oxidants depending on the conditions of the environment
(such as high pH, presence of oxygen molecules, and high concentration of transition
metals) [36].

There was considerable variation in the chemical components of the flours according
to the drying treatment. Generally, the flours derived from microwave dried larvae had
higher protein content when compared to the FD and CD flours. Additionally, the flours
derived from larvae that were not frozen prior to blanching exhibited the highest protein
content of all the flours. This indicates the negative effect of freezing, most likely associated
with the denaturation of proteins in the other flours in the study [37]. The higher protein
content in the MWD, MWDL, and MWDA flours corresponded to their lower fat percentage
when compared to the FD and CD flours. The latter did not differ in regard to the protein
and fat content. Our results coincided with those of Selaledi and Mabelele [1], who did not
observe any differences in the protein content of Tenebrio molitor larvae when freeze-dried
and oven dried. In contrast to our data, Kronke et al. [38] found that rack oven dried
mealworm larvae had higher protein and fat content than freeze-dried larvae. The authors
also reported dramatic increase in moisture after freeze-drying, whereas in our study, we
failed to observe any significant difference in the moisture content among the flours. The
moisture content only tended to be higher in the MWDA flour and corresponded to its
highest ay.

When comparing the different drying treatments applied in this study, we can conclude
that the conventional drying is associated with lowest degree of free fatty acid accumulation,
whereas the microwave drying stimulated the hydrolytic changes in the lipid fraction of
the insect flours. Other studies also reported a similar effect of the microwave treatment on
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the lipid stability in foods, associated with a considerable degree of hydrolysis [39,40]. The
freezing prior to blanching of the Tenebrio molitor larvae did not affect the lipid hydrolysis in
the flours derived from the microwave treated larvae. The comparison of the flours derived
after the different microwave treatments showed that in the BHT addition there was a 20%
increase in the free fatty acid content, again indicating the potential pro-oxidative effect of
BHT. According to Pérez-Torres et al. [41], the high concentrations of strong antioxidants
such as BHT in the food matrices exert a pro-oxidative effect. Hence, the higher degree
of hydrolysis of the lipids in the MWDA flour might be due to the higher dose of BHT.
The elevated AV of the flours derived after microwave treatment corresponded to their
higher TBARS values. Usually, with advancing of lipid oxidation, triacylglycerols are
converted into fatty acids and glycerol thus increasing the acid value, which is in line with
our results. On the other hand, we observed a decrease in the PV of the MWD and MWDL
flours, corresponding to the elevated levels of TBARS in these flours. The lipid peroxides
are unstable and susceptible to decomposition [42] and formation of other products, such
as alcohols, ketones, and aldehydes. The freeze-drying and conventional drying were
associated with a significant increase in the peroxide content in the insect flours and the
same was observed in the MWDA samples. In all the samples regardless of the drying
treatment, PV remained below 2 meq/O,, which is considered as a threshold recommended
by EFSA [43].

Despite the higher degree of lipid oxidation, the flours derived of microwave dried
larvae displayed higher antioxidant activity in comparison to the FD and CD flours. Not
surprisingly, the MDWA flour exhibited the highest antioxidant activity. As reported in
previous studies, the antioxidant content correlates positively with the radical scavenging
activity [44]. On the other hand, the higher antioxidant activity measured in the MWD,
MWDL and MWDA flours contradicts to the higher degree of lipid oxidation. It can be
suggested that the products from lipid oxidation have reacted with DPPH, presenting
falsely increased antioxidant activity [45].

Microbiological status is crucial for the safety of the foods. In our study, we observed a
low microbial load of the flours. In their study, Bufiler et al. [46] observed a high microbial
contamination in Tenebrio molitor larvae before processing (8.1 log CFU/g) that reduced
to 4.3 log CFU in the high protein fraction. Kluder et al. [47] found a low microbial load
in whole Tenebrio molitor larvae after boiling and roasting (<1.7 log CFU/g); however,
after crushing, the TVC was considerably augmented (2.5-4.8 log CFU/g). The analysis
of the results showed that the total plate count measured in the FD flours was higher
than the CD, MWD, MWDL, and MWDA flours. Caparros Megido et al. [48] reported
data about different treatments on the microbial load in edible insects. Similar to our
results, the authors measured the total aerobic count in freeze-dried mealworm and house
crickets as 4.47 and 4.05 log CFU/g, respectively, significantly higher than the microbial
load in the sterilized insects. Messina et al. [49] presented a microbiological profile of
powders prepared using mealworm and house crickets after prolonged storage. They
identified seven microbial populations in the Tenebrio molitor powder, consisting of LAB
cocci, enterococci, pseudomonads, CPS, and members of the Bacillaceae family, while yeasts
and moulds were not detected. The flours presented in this study showed insignificant
differences in regard to the coliforms. Yeast, moulds, and E. coli were not detected, showing
the high level of microbial safety of the applied drying treatments.

5. Conclusions

The drying treatments caused considerable changes in the qualities of the flours pre-
pared from Tenebrio molitor larvae. The flours obtained by freeze-dried and conventionally
dried larvae had lower water activity and showed considerably higher fat content than the
microwave treated flours; however, their nutritional profile was less favourable with lower
protein. The conventionally dried flour, as well as the flour derived from microwave treated
insects with addition of BHT, exhibited a darker colour that can probably be attributed to
the Maillard reaction and lipid oxidation. Although known as a fast and energy efficient
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method, in this study, the microwave drying displayed some negative effects associated
with a higher degree of lipid oxidation in the flours. Increased oxidation was also observed
after BHT treatment, indicating that the dose of the antioxidant used in the study (0.1%)
is not recommended for obtaining a good quality in the flours treated with microwaves.
Showing both positive and negative effects of the applied treatments, this study contributes
to the development of optimal drying modes for preparation of insect flours. However, fur-
ther experiments are needed to determine the most appropriate drying technique that will
help to preserve the best nutritional qualities of the flours while restricting the processes
that will deteriorate them.
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Abstract: Grape pomace is a fibrous food with satisfactory quantities of residual sugars. It meets the
desirable characteristics for conservation in the form of silage for later use in animal feed, mainly for
ruminant herbivores. Fresh grape pomace was subdivided into three treatment groups: grape pomace
as a control, grape pomace treated with an inoculum of lactic acid bacteria, and grape pomace treated
with zeolite. The treatments were performed in micro-silos over 90 days. There was a significant
change (p < 0.05) in the chemical characteristics, content of biologically active compounds, and
fermentative characteristics during the silage of all treatments. After 30, 60 and 90 days of ensiling,
silages treated with inoculum and zeolite had better fermentation quality indicated by significantly
(p < 0.05) lower pH and ammonia-nitrogen contents compared with those of the control. Also, the
additives have decreased the total polyphenols and tannins for 97% in average which confirmed
that lactic acid bacteria and zeolite positively effect on the degradation of polyphenols and tannins
in grape pomace silage. The Flieg score was calculated and the values were above 80% what refers
to excellent silage. In conclusion, our results suggest that inoculant and zeolite supplementation
improves the quality of grape pomace silage for later use in animal feed.

Keywords: fermentation quality; grape pomace; lactic acid bacteria; silage; zeolite

1. Introduction

The wine industry produces a large amount of unprocessed plant waste, known as
grape pomace. Approximately 25% of the total mass of grapes used in wine production ends
up as biowaste, which is, globally, around 9 million tons of waste every year [1]. In Croatia,
the wine industry produces 15,000 tons of solid waste annually. A wide distribution of the
leading grape variety in Croatia, called Grasevina, is responsible for producing the largest
share of wine waste [2]. Grape pomace consists of skins, seeds, and stems, and is considered
a valuable by-product because grapes are rich in biologically active compounds. Improperly
disposed grape pomace presents an environmental risk in terms of soil and water pollution.
To reduce the amount of waste, a small portion of pomace is used for o0il production or
polyphenol extraction, or is processed into animal feed [3]. However, grapes are a seasonal
fruit and large quantities of pomace are generated in a short period, making it difficult
to store in a way that ensures the maintenance of desirable chemical characteristics. To
preserve the stability of fresh plant material, the biomass can be dried; for example, vacuum
drying is proven to be an effective method for conserving fresh biomass. However, vacuum
drying requires additional equipment, which increases the final cost of storage, especially
on a large industrial scale [2]. For the said reasons, ensilage is another method that can be
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applied in such cases [4]. Ensilage is a fermentative process used for the conservation of by-
products. Lactic acid bacteria facilitate the fermentation of moist biomass under anaerobic
conditions. As a result of converting water-soluble carbohydrates into organic acids, the
pH value rapidly drops, which inhibits the growth of undesirable micro-organisms, such
as yeast and mold. Therefore, the further decomposition and deterioration of the biomass
are prevented and long-term storage under those conditions is provided [5]. When grape
pomace is ensiled, it can produce high-quality feed for ruminant animals, such as cows or
sheep. The fermentation process can produce a valuable by-product called biogas, which
can be used as a renewable energy source. This can be economically beneficial for wineries
that have a lot of disposed grape pomace. In addition to its potential as a feed source, the
ensiling of grape pomace offers ecological advantages. Ensiling contributes to a reduction
in agricultural waste by minimizing the amount of pomace left in the fields. To prevent
greenhouse gas production during silage, it is advisable to monitor lactate degradation
and butyrate formation by clostridia, as the production of methane can adversely affect the
silage quality. The quantities of greenhouse gas emissions also depend on factors such as
the forage type, dry matter concentration, and silage additives [6].

Grape pomace is especially desirable for ensiling because of its already low pH
value and high content of polyphenols and lipids, which prevent protein degradation [7].
Polyphenolic compounds have already attracted a large market interest as antioxidants
that can be used as additives for various applications and that exert numerous health-
promoting effects on humans [8]. In contrast, polyphenol effects have been only recently
studied in animal diets, and effects such as an enhanced oxidative stability of meat, the
modulation of intestinal microbiota, and a reduction in synthetic antioxidant additions
such as vitamin E have been reported [9]. Monitoring the total polyphenolic content during
ensilage is essential for the quality control of the process. Polyphenols, being natural antiox-
idants, play a crucial role in enhancing the overall quality and nutritional value of silage.
Variations in the polyphenolic content can serve as indicators of potential issues, such as
spoilage during storage or excessive heating in the process, due to their degradation [10].
Moreover, polyphenols aid in optimizing the nutritional quality of the silage for specific
animal diets [9]. Tannins are naturally occurring phenolic compounds that may exhibit
positive effects on human health and ruminant performance. Nevertheless, concentrations
higher than 50 g 1<g*1 dry matter (DM) generally decrease feed intake and reduce nutri-
ent availability [11]. Since white grapes contain much higher concentrations of tannins,
decreasing their concentration during silage is desirable. Tannins are capable of binding
proteins, minerals, and carbohydrates, which can negatively affect the nutritional value of
the ensiled biomass [12]. The main goal of ensilage is to improve the microbiological and
nutritional quality of by-products [13].

Various types of additives can be applied early in the process to ensure that fermenta-
tion occurs appropriately and to improve the silage quality. These additives can be chemical
or microbiological (also known as starter cultures or inoculants), with microbiological addi-
tives being more commonly used [14]. Chemical additives such as acids and salts improve
the aerobic stability of the process. Urea can also be beneficial by increasing the protein
content and reducing the fiber in silage, making it more nutritious [13]. The inoculant is
a product composed of strains of one or more species of micro-organisms, and it must be
viable at the time of use. The main positive effects of the use of these micro-organisms
in silages are a reduction in dry matter losses, an increase in the production of microbial
metabolites of interest, the inhibition of undesirable micro-organisms, and an improvement
in the microbiological and nutritional quality [14]. The benefits of inoculated silage include
the inhibition of pathogenic micro-organisms, lower concentrations of toxins and unde-
sirable compounds, interactions with ruminal micro-organisms, and changes in rumen
fermentation (e.g., a reduction in methane production) [15]. Recently, much attention has
been directed towards zeolites—additives from the group of mycotoxin adsorbents that
considerably reduce the toxic effects of the metabolic products of mildew, which are present
in many feeds. The results of previous research indicated that zeolite had a positive effect
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on the quality of corn, alfalfa, red clover, and ryegrass silages as well as the silages of sugar
beet pulp, in the way that they bound moisture and improved the activity of bacteria in the
silages [16]. Irrespective of the ensilage approach applied, the main goal of ensilage is to
improve the microbiological and nutritional quality of by-products [13].

The objective of this study was to evaluate the impact of different additives on the
quality of grape pomace silage. Briefly, Grasevina grape pomace was ensiled over 90 days
in three different experiments: grape pomace as a control, grape pomace with an inoculum
of lactic acid bacteria, and grape pomace with zeolite. After 30, 60, and 90 days of ensiling,
chemical analyses of the grape pomace were performed. The following parameters were
determined: the dry matter (DM), water-soluble carbohydrate (WSC), crude protein (CP),
neutral detergent fiber (NDF), acid detergent fiber (ADF), total polyphenol (TP), and total
tannin (TT) content. Furthermore, the fermentative characteristics of the grape pomace were
determined, such as the pH, silage acids (lactic, acetic, and butyric acids), the ammonia—
nitrogen (NH3-N) content, and the Flieg score, which describes the silage quality.

2. Materials and Methods
2.1. Materials

Gras$evina grape pomace (Vitis vinifera) was obtained from the Croatian native grape
cultivar Kutjevo d.d. in September 2021. All solvents were purchased from Kemika d.d.
(Zagreb, Croatia) and were of HPLC grade.

2.2. Silage of Grape Pomace

After harvest and wine production, the grape pomace was used for ensilage. Three
different treatments were carried out: grape pomace as a control, grape pomace with an
inoculum of lactic acid bacteria (0.0002% w/w) (SIL-ALL 4 x 4+ FVA, Nutritech, Auckland,
New Zealand), and grape pomace with zeolites (0.2% w/w) (zeolite clinoptilolite, Heil-
tropfen, London, UK). The commercial inoculum comprised 4 bacterial strains (Lactobacillus
plantarum, Pediococcus acidilactici, Pedioccus pentosaceus, and Propionibacterium acidipropionici),
4 enzymes (x-amylase, cellulase, 3-glucanase, and xylanase), sucrose, and silica. The
additives were mixed homogenously with the grape pomace.

In detail, each treatment was carried out in three replicates of 0.5 kg each, and they
were packed into air-tight polyethylene bags. A total of 27 bags (3 treatments x 3 ensiling
days x 3 replicates) were stored at a temperature of 18-20 °C. At 30, 60, and 90 days of
ensiling, 9 bags (3 treatments x 3 replicates) were opened and the chemical composition
and fermentative characteristics were analyzed. Initial fresh grape pomace samples were
taken before ensiling and the same analysis was carried out.

2.3. Extract Preparation and Sample Analysis

The amount of total dry matter and the residual moisture content of Grasevina grape
pomace were determined using a conventional dryer (Instrumentaria d.d., Sesvete, Croatia)
at 103 £ 2 °C with a pressure <100 mmHg (13.3 kPa) [2]. The WSCs were extracted in
distilled water in a ratio of 1:10. The extraction was performed for 2 h in a water bath at
70 °C, and after the extraction, the mixture was filtered through a filter paper. The WSC
content in the supernatant was determined using the phenol-sulfuric method described by
Nielsen [17]. The total nitrogen (TN) was determined using an elemental analyzer with
a spectrophotometer (LaboMed UV-VIS, Los Angeles, CA, USA), and the crude protein
content was calculated via multiplying the TN by 6.25. The NDF and ADF were determined
according to Van Soest et al. [18]. The extraction of phenolic compounds was carried out
using an 80% (w/w) methanol solution according to the method described by Palma and
Barroso [19], with some modifications. After the extraction, the mixture was filtered
through a filter paper and the total phenolic (TP) content was determined using the Folin-
Ciocalteu method [20]. The absorbance was measured at 760 nm (Specord 50 PLUS UV /VIS
spectrophotometer, Analytik, Jena, Germany) and the results were expressed as the grams
of gallic acid equivalent per kilogram of dry matter (g GAE kg~! DM). The extraction of
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tannins was carried out according to the method described by Hagerman et al. [21] using
70% (w/w) acetone. After the extraction, the mixture was filtered through a filter paper and
the total tannin (TT) content was determined using the Bate-Smith method as described
by Ribéreau-Gayon et al. [22]. The absorbance was measured at 550 nm (Specord 50 PLUS
UV /VIS spectrophotometer, Analytik, Jena, Germany) and the results were expressed as
the tannin mass over the mass of dry matter (g kg~!). For the determination of pH, the
extract was prepared as described by Ni at el. [23] and the pH was measured using a
digital pH meter (Mettler Toledo, Greifensee, Switzerland). The organic acid concentrations
were determined using high-performance liquid chromatography (HPLC) [2]. The NH3-N
content was analyzed using Nessler’s method as described by Merck [24]. All the analyses
were performed in triplicate. The parameter of silage quality, the Flieg score, was calculated
using the following equation [25]:

Flieg score = [220 + (DM — 15)] — 40-pH 1)

2.4. Statistical Analysis

The statistical analyses were performed using Statistica 13.0 (Tibco Software Inc., Palo
Alto, Santa Clara, CA, USA). Differences between the means of the chemical characteristics
and the fermentative characteristics during the grape pomace silage were tested using
a two-way analysis of variance (two-way ANOVA) at the significance level of p < 0.05,
followed by Tukey’s honestly significant difference (HSD) test. The SS (sum of squares)
in total, the SS among subjects, the SS between subjects A and B, the MS (mean square)
for subjects A and B, the df (degrees of freedom) for subjects A and B, and the F-ratio for
subjects 1 and 2 were the parameters used for the two-way ANOVA. A two-way ANOVA is
a statistical method that tests the group means of two or more factors. This type of analysis
examines groups that have been divided into multiple categories based on the values of
both independent variables. The formulas for two-way ANOVA are given in Table 1:

Table 1. Formulas for two-way ANOVA.

Source of Variation d.f. SS MS Fy
Factor A (between groups) a—1 SSA = f (i — ) MSA = % %
i=1
Factor B (between groups) b-1 SSB — f ;s (y,] _ ?)2 MSB = (Zfli M58
=1
Error (within groups) (@a—1b-1) SSE = SST — SSA — SSB MSE = ; 15)5(5 0
a n 2
Total N-1 SST=1Y Y (%‘j —?)
i=1j=1
n=23.

3. Results and Discussion
3.1. Effect of Additives and Storage Time on the Chemical Characteristics of Grape Pomace Silage

The main characteristics of fresh grape pomace and the effect of additives and storage
time on the chemical composition of grape pomace silage are presented in Table 2. In
general, there was a significant change in the chemical characteristics after 30 days of the
silage of grape pomace in all the treatments in comparison to fresh grape pomace; with
a longer silage period, the chemical characteristics did not change considerably, and the
values were consistent until the end of the process.

One of the factors that affected the ensiling process was the DM content of the plant.
According to the literature, to obtain good-quality silage, the interval needs to be between
280 and 400 g kg~! to avoid high nutrient losses [4]. As these authors have reported, dry
matter values within this range contributed to a reduction in nutrient losses, which can
be leached together with excess moisture. The grape pomace used in our experiment for
ensiling showed an adequate dry matter content, and at the end of all treatments, the
values were higher than 400 g kgfl, which indicated no significant nutrient loss. Also, an
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increase in the dry matter content was noticed in the treatment with zeolite, and similar
results have been reported by Herremans et al. [16]. In this previous study, they found
that an application of zeolite (1%) increased the content of dry matter in ryegrass and red
clover silage compared to a control. Good fermentation probably results in total dry matter
losses of less than 10 to 12%, and poor fermentation coupled with poor storage conditions
results in total dry matter losses of greater than 20%. Losses of dry matter may also come
from runoff, oxidation, and the loss of volatile organic compounds [26]. In this work, the
control and grape pomace with an inoculum had dry matter losses of 8.75% and 12.00%,
respectively, which indicates good fermentation. On the other hand, the experiment with
zeolite showed an increase in dry matter of 6.58%, which was expected and is in line with
the literature.

Table 2. Chemical composition of fresh and ensiled grape pomace. Results are presented as average
value *+ standard errors.

Grape Pomace +

Variable Day .Of Control Lactic Acid Grape Po.m ace +
Ensiling B . Zeolite
acteria
0 465.50 + 3.05 A2 465.50 4 3.05 A2 465.50 4 3.05 A2
DM 30 485.72 + 4.79 Aa 431.67 + 9.57 A2 513.44 + 6.14 42
(8kg™) 60 463.03 +£15.01 42 42868 +12.23 42 49459 + (.79 A2
90 42474 + 27.76 B2 409.62 + 0.31 BP 498.33 +9.52 A
0 54.83 4 0.47 A2 54.83 + 0.47 A2 54.83 4+ 0.47 A2
WSC 30 48.13 + 0.02 AP 23.40 + 0.01 BP 34.05 + 0.01 ©P
(gkg ! DM) 60 11.89 + 0.01 A< 10.13 + 0.01 Be 11.76 + 0.02 A€
90 13.40 + 0.01 A4 11.78 +0.01 Bd 7.88 +0.07 ¢4
0 96.25 + 0.02 A2 96.25 + 0.02 A2 96.25 + 0.02 A2
CcpP 30 105.60 + 0.02 AP 93.70 + 0.02 Bb 91.80 + 0.02 b
(g kg~! DM) 60 98.10 + 0.02 A< 98.10 + 0.02 A< 98.10 4 0.02 A
90 100.00 =+ 0.02 B4 102.50 + 0.02 A4 99.40 + 0.02 ¢4
0 451.70 4+ 0.54 Ad 451.70 4 0.54 A4 451.70 + 0.54 A4
NDF 30 454.80 + 0.54 Be 511.90 4 0.54 A< 511.20 & 0.54 A<
(g kg~ ! DM) 60 572.00 4 0.54 Bb 579.90 = 0.54 A2 559.90 + 0.54 P
90 593.00 & 0.54 A2 572.80 & 0.54 b 585.90 4 0.54 B2
0 395.40 =+ 0.65 A¢ 395.4 + 0.65 Ad 395.40 + 0.65 A4
ADF 30 392.20 + 0.65 ©< 445.6 + 0.65 B< 467.10 & 0.65 A¢
(g kg™ DM) 60 527.20 =+ 0.65 BP 554.2 4 0.65 A2 529.70 + 0.65 B
90 573.10 + 0.65 A2 547.1 + 0.65 <P 553.10 + 0.65 B2

DM: dry matter; WSC: water-soluble carbohydrate; CP: crude protein; NDF: neutral detergent fiber; ADF: acid
detergent fiber. (n = 3). -C The same superscript capital letters within a row denote no significant differences
(p > 0.05) between the values obtained for the different treatments regarding the control sample according to
Tukey’s ANOVA (real p-values are given in Supplementary Table S1). *¢ The same superscript lowercase letters
within a column denote no significant differences (p > 0.05) between values obtained for different days of storage
according to Tukey’s ANOVA (real p-values are given in Supplementary Table S1).

The concentration of WSCs during the silage was influenced by factors such as the
temperature, moisture content, fertilizers, additives, and time of ensiling. In the ensiling
process, carbohydrates are the key source of fermentable substrates. In an anaerobic
environment, water-soluble carbohydrates are converted into organic acids with the help of
lactic acid bacteria [27]. The initial value of WSCs was 54.83 g kg*] DM, which corresponds
to the values reported in the literature [28]. As expected, the WSC concentrations decreased
rapidly in all the grape pomace silages over the first 30 days of ensiling (Table 2), especially
in the experiment with lactic acid bacteria. The higher WSC content in the control silage
(48.13 g kg~! DM) and lower content in the inoculant and zeolite treatments 30 days
after the start of the silage could be explained by an inhibition of microbial growth by
the tannins in the grape pomace silage. After 90 days of ensiling, the final WSC contents
were 13.40,11.78, and 7.88 g kg*1 DM for the control, inoculum, and zeolite treatments,
respectively. The decrease in the WSC content was mainly due to oxygen consumption
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by plant cells in the silages in the early stage of ensiling, followed by the fermentation
of water-soluble carbohydrates by micro-organisms into lactic acid; as a consequence,
the pH decreased [29]. Furthermore, the CP content in fresh grape pomace before the
silage process was 96.25 g kg~ DM, and the approximate values have been reported by
some authors [10,28]. There were no significant changes in the CP values after 90 days
of ensilage. Similar results were obtained by Massaro Junior et al. [4] and Fitri et al. [30].
Herremans et al. [16] found that an application of zeolite (1%) increased the content of
crude protein in red clover silage compared to the control.

The nutritional value of grape pomace silage is significantly lower than that of other
forages, resulting from a high proportion of structural carbohydrates. Generally, there
is great variation in the ADF and NDF values of grape pomace in the literature. For the
ADF, the values are between 312.00 and 593.10 g kg’1 DM, and for the NDF, the values
are between 439.70 and 631.00 g kg*1 DM [4,28], which correspond to the values obtained
in this experiment. A detergent fiber analysis showed that the content of ADF and NDF
in grape pomace silages increased after 90 days of the silage process compared to the
content before the ensilage. Alipour et al. [31] and Spanghero et al. [32] also found an
increase in the ADF and NDF content in grape pomace 30 and 45 days after the start of
ensilage. Certain inoculants contain bacteria that could secrete specific enzymes, mainly
cellulases and xylanases, that may contribute to degrading these structures and increasing
fiber digestion [33].

3.2. Effect of Additives and Storage Time of Grape Pomace Silage on Biologically Active Compounds

Polyphenols and tannins are biologically active compounds that may provide positive
impacts on human health due to their anti-tumor, anti-inflammatory, anti-viral, anti-fungal,
anti-bacterial, anti-parasitic, and cardio-protective effects [8]. In past decades, the polyphe-
nol valorization of agro-food industry by-products emerged in order to provide added
value to unexploited by-products. In addition, polyphenol’s global market is ever-growing,
since these compounds may be used as additives to improve a product’s potential health
benefits across a wide range of industries, such as the cosmetic, pharmaceutical, and food
industries [7,32]. On the other hand, an elevated polyphenol content in silage may have
a negative impact on animal production. Polyphenols may inhibit the activity of certain
digestive enzymes and modulate the gut microbiota, thus negatively affecting digestion.
Nevertheless, polyphenols have also been reported to improve animal gut health due to
their antioxidant and anti-inflammatory properties [34]. Due to all the aforesaid results,
their preservation during ensiling is crucial. Therefore, during grape pomace ensiling, the
TP and TT contents were closely monitored.

The TP content in fresh Gragevina grape pomace was 58.80 g kg~! DM (Figure 1a).
Antonic¢ et al. [3] reported that the TP content in white grape pomace varies from 2.80 to
87.00 g kg ! DM. The content of polyphenols decreased rapidly in all the grape pomace
silages over the first 30 days of ensiling. On average, 82.24% of the polyphenols were
degraded during the first 30 days. At the end of the experiment, 97.67% of the polyphenols
had been degraded, on average, in all the monitored treatments. Winkler et al. [35], on the
other hand, noted that 50% of the TPs in grape pomace ensiled for 56 days was degraded.
Of the three silage treatments, after 90 days, the lowest TP degradation was seen in the
treatment with zeolite (96.84%), while the control and inoculum treatments exhibited
lower TP retention (98.21 and 97.96% of TPs degraded, respectively). The degradation
of polyphenols has also been reported in studies by Alipour and Rouzbehan [31] and
Winkler et al. [35]. This degradation generally occurs due to polyphenol polymerization
and oxidation [35].
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Figure 1. TP (a) and TT (b) content during 90 days of ensiling. Results are expressed as average values
+ standard errors (CON-control; LAB-inoculum of lactic acid bacteria; ZEO-zeolite); n = 3. A-C The
same superscript capital letters within a row denote no significant differences (p > 0.05) between
the values obtained for the different treatments regarding the control sample according to Tukey’s
ANOVA. *d The same superscript lowercase letters within a column denote no significant differences
(p > 0.05) between values obtained for different days of storage according to Tukey’s ANOVA.

The TT content was monitored over the 90 days of grape pomace ensiling (Figure 1b).
In fresh grape pomace, the TT content was 64.16 g kg ~! DM. A similar TT content in white
grape pomace has already been reported in the literature [36]. As in the case of TPs, the
most considerable number of tannins were degraded during the first 30 days of ensiling
(66.71%, on average). This was slightly less evident in the control, where it was 47.92%.
Nevertheless, after 90 days, the control treatment, together with the zeolite treatment, had
the lowest TT content (1.24 and 1.19 mg g~! DM, respectively). At the end of ensiling,
only 2.15% of the tannins, on average, were preserved. Condensed tannin degradation
during grape pomace ensiling has also been reported by Alipour and Rouzbehan [31],
whereby after 30 days of ensiling, only 27.56% of the tannins remained in the grape pomace
silage. The presented results (Figure 1) indicate that ensiling is not a suitable method
for polyphenol and tannin preservation. Therefore, other methods for biologically active
compound conservation should be applied.

Sokac et al. [2] reported a high stability for polyphenols and tannins during grape
pomace drying. The authors noted that grape pomace drying at 70 °C ensured the highest
level of secondary metabolite retention. Therefore, drying could be an acceptable alternative
to ensure secondary metabolite stability in grape pomace. Despite the above-mentioned
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polyphenol and tannin degradation in grape pomace silage, ensiling has been reported
to increase the digestibility of grape pomace, and thus, improve its feed value [9]. Grape
pomace is generally considered to be a low-energy source when compared to the common
forage used in animal diets. Nevertheless, ensiling may improve its digestibility, ensuring
a year-round feed source [37]. The application of grape pomace as feed does not bring an
extremely high added value to the whole wine-making process; however, it decreases the
amount of wasted by-product and ensures its complete usage.

3.3. Effect of Additives and Storage Time on the Fermentative Characteristics of Grape Pomace Silage

Table 2 illustrates the dynamics of the fermentation quality of grape pomace silage
during ensiling. Generally, the fermentation quality of silages improved by a low pH,
a high lactic acid content, and a low level of ammonia-N can be achieved through the
treatment of silage with different additives, including inoculants, chemical matter, and
enzymes [12,21,26]. The pH of fresh grape pomace was 5.88, and after 90 days of the
ensiling process, the value decreased. At the end of the silage, the pH value in the control
treatment and the treatment with LAB was 4.06, and in the treatment with zeolite, it
was 4.27. The decrease in the pH was expected due to the fermentation of water-soluble
carbohydrates by lactic acid bacteria (LAB), and as a result, organic acids (mainly lactic
acid) were produced [29]. The pH value of silage is an important index for evaluating the
success of silage; well-fermented silage should have a pH of 3.80~4.20 [38]. The amount
of acid required to decrease the original pH of 6 to a stable pH depends on the contents
of the silage dry matter, the water-soluble carbohydrate content, and the crude protein
content. Furthermore, forages with a high dry matter content are fermented at a slower
rate than forages with low dry matter because of low water activity [39]. There are different
opinions on the suitability of pH values for silage: some authors define a pH value of 4.2 as
the upper threshold for a positive assessment of silage [40], while other researchers state
that the final pH is not important; what matters is the decreasing rate, as this parameter is
more important for inhibiting a secondary fermentation occurrence [4].

Lactic acid should be the primary acid in good silages. This acid is stronger than the
other acids present in silage (acetic, propionic, and butyric acids), and as mentioned before,
it is usually responsible for the decrease in the pH value. Lactic acid should represent at
least 65 to 70% of the total silage acids in a good silage [26]. In this study, the lactic acid
content before the silage of grape pomace was 28.35 g kg~ ! DM, and after 30 days, the
values in all the treatments decreased. Moreover, after 60 days of silage, an increase in lactic
acid was noted and, finally, it decreased until the end of the process (Table 3). The content
of lactic acid was higher in the treatment with zeolite than in the control and inoculum
treatments. Also, Dordevi¢ et al. [41] found in their research that the application of zeolite
increased the content of lactic acid in corn, alfalfa, and perennial ryegrass silage compared
to a control.

When lactic acid decreases, acetic acid increases (Table 3), which can be explained by
the conversion of lactic acid to acetic acid with a prolonged ensilage time, in accordance
with Ni et al. [23]. Der Bedrosian et al. [42] reported that some strains of lactic acid bacteria
can utilize lactic acid anaerobically when sugar is limiting, which reduces the lactic acid
concentration and increases the acetic acid concentration. Acetic acid is the acid with
the second highest concentration in silage, usually ranging from 1 to 3%. The acetic acid
content in silage is also affected by the dry matter content [38], while the acetic acid
content decreases as the dry matter content increases, as also confirmed by the results
of Juracek et al. [43]. Acetic acid is a promoter of aerobic stability during the ensiling
process [44] and an effective inhibitor of fungi [45].

84



Agriculture 2023, 13, 2264

Table 3. Fermentative characteristics of the grape pomace silage. Results are presented as average

value =+ standard errors.

. Day of Grape Pomace + Grape Pomace +
Variable Ensiyling Control LacticpAcid Bacteria pZeolite
0 5.88 + 0.14 A4 5.88 + 0.08 A2 5.88 & 0.05 A2
30 4.01 £ 0.05 A4 3.95 + 0.03 Ad 4.09 £ 0.03 A4
pH
60 412 +0.04 AP 412 +0.03 AP 420 £ 0.01 A€
90 4.06 4 0.05 A< 4,06 + 0.02 A< 427 +0.01 AP
0 6.09 4 0.07 AP 6.09 + 0.07 A2 6.09 4 0.04 €A
Lactic acid 30 0.18 £0.18 Bd 6.98 +0.20 A2 5.08 + 0.15 Ba
(gkg™! DM) 60 11.19 +0.33 Ba 6.80 +£0.18 €2 11.54 + 0.26 &b
90 4.58 +0.03 Be 0.17 £ 0.29 ©b 7.86 4 0.01 Bd
0 15.39 + 0.10 A< 15.39 + 0.10 A€ 15.39 + 0.10 A2
Acetic acid 30 22.25 + (.29 A2 15.72 + 0.13 Be 14.63 + 0.02 €2
(gkg~! DM) 60 11.79 + 0.31 Bd 16.53 + 0.87 AP 8.68 4 0.02 Cb
90 19.19 4+ 0.11 BP 24.40 + 0.37 A2 14.53 4+ 0.02 €2
0 - - -
Butyric acid 30 - - -
(g kg~ DM) 60 - - -
) - - -
0 0.00 4 0.04 A< 0.00 4 0.04 A< 0.00 4 0.04 A<
NH;3-N 30 1.19 £ 0.02 A2 0.90 4 0.02 B2 0.84 +0.01 2
(gkg 1 DM) 60 0.92 4 0.01 AP 0.63 4+ 0.01 € 0.79 4+ 0.01 BP
90 0.97 4 0.01 AP 0.99 4 0.02 A2 0.94 4 0.02 A2

(n = 3). AC The same superscript capital letters within a row denote no significant differences (p > 0.05) between
the values obtained for the different treatments regarding the control sample according to Tukey’s ANOVA (real
p-values are given in Supplementary Table S2). 9 The same superscript lowercase letters within a column denote
no significant differences (p > 0.05) between values obtained for different days of storage according to Tukey’s
ANOVA (real p-values are given in Supplementary Table S2).

The butyric acid content was not determined in any of the grape pomace silage
treatments. Furthermore, butyric acid is undesirable in silage due to its inhibitory effect
on lactic acid bacteria and yeast growth. However, the presence of butyric acid in a range
between 0.1% and 0.6% would not affect the silage quality [46]. Belém et al. [28] reported
that the low values observed for butyric acid may be related to the low ammoniacal
nitrogen in the silage, indicating low Clostridium spp. activity and a high silage quality.
Besides the presence of butyric acid and lower-than-normal concentrations of lactic acid,
clostridial silages are often characterized by a higher-than-normal pH and higher-than-
normal concentrations of acetic acid and NH;3-N [38].

Furthermore, the NH3-N concentration is a reliable indicator of protein degrada-
tion [25,44]. During the ensiling process, NH3-N accumulation can be explained by the
activity of plant enzymes and fermentation by Clostridium and Enterobacter [47]. Usually,
silage with high concentrations of NH3-N coupled with butyric acid may also have signifi-
cant concentrations of other undesirable end products, such as amines, that may reduce
animal performance [38]. Compared to the control, a significant reduction in ammonia was
observed in the silages with the inoculant or zeolite opened after 30 and 60 days (Table 3).
This may have been the result of the lower pH values, the activity of homofermentative
lactic acid bacteria, or lactic acid production. Some authors [5,46] have also found that
an inoculation with lactic acid bacteria or the use of zeolites significantly decreased the
NH;3-N levels compared with the controls. At the end of the silage, the lowest values of
NHj3-N were found for the treatment with zeolite in comparison with the control and the
treatment with an inoculum (Table 3), which agrees with the literature [14,39].

Finally, the silage quality can be expressed by the Fleig score, which is the relationship
between the dry matter content and the pH value of the silage [48]. The Flieg point was
determined for all the treatments, and the value for the fresh grape pomace was 61.85.
After the first 30 days of ensiling, the Flieg score increased significantly and the maximum
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values were achieved; these values were 141.74 for the control, 133.33 for the treatment
with the inoculum of lactic acid bacteria, and 144.08 for the treatment with zeolite. At
the end of the ensiling, the values decreased by 7.90%, on average, in comparison to the
values determined 30 days after the process. The Flieg score had a value >80 for excellent
silage, 61-80 for good, 41-60 for medium, 21-40 for weak, and 0-20 for poor silage [48,49].
Considering the mentioned scale and the calculated values for the Flieg score, in all the
treatments, the silage was of a great quality. Similar results to those obtained in this work
were reported by Zehra Saricicek et al. [25] for corn silage.

4. Conclusions

The present study illustrates the chemical and fermentative characteristics during
grape pomace silage carried out in different treatments: control, with an inoculum of lactic
acid bacteria, and with zeolite. After 30 days, the silages treated with additives had a
better fermentation quality, as indicated by a significantly (p < 0.05) lower pH and NH3-N
content and a higher lactic acid content compared with those of the control. Thus, our
results suggest that inoculant and zeolite supplementation can improve the quality of grape
pomace silage for its use in animal feed, mainly for ruminant herbivores.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agriculture13122264/s1, Table S1. p-values of two-way ANOVA
of chemical composition of the fresh and the ensiled grape pomace; Table S2. p-values of two-way
ANOVA of fermentative characteristics of the grape pomace silage.
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Abstract: The study aimed to establish the dietary effects of black oat rich in polyphenols on the
production traits, metabolic profile, antioxidant status, and carcass quality of fattening lambs, after
weaning. In the BO group, in the feed mixture, common oats replaced the black oat compared to the
CO group. The research comprehensively investigated production indicators, blood metabolic profile,
antioxidant status, and lamb carcass quality. No significant differences were found in the fattening
or slaughter characteristics of lamb carcasses, except for lower pH; values in BO lamb carcasses.
Significant increases in RBC, HCT, and MCV levels as well as TP, ALB, and GLOB concentrations and
GPx and SOD activities in the blood of BO lambs were found. The glucose and EOS content as well as
the activity of the enzymes ALT and ALP were significantly lower in the blood of the BO group than
in the CO group. In the liver, the DPPH activity was significantly higher in the BO lambs compared
to the CO lambs. The observed changes in glucose, protein metabolism, and antioxidant status in the
blood and tissues of lambs indicate that the use of polyphenol-rich black oats in the diet of lambs
under stress conditions is justified.

Keywords: oat; black oat; production traits; metabolic profile; antioxidative status

1. Introduction

Oat grain is commonly used in ruminant rations, typically making up to 20% of the
feed mixture [1]. Oats are well known for having a distinctive protein composition and
high nutritious content. Oat proteins are mostly composed of globulins as opposed to
other grain proteins; as a result, their amino acid profile is more balanced [2]. Oats are
regarded as a highly valuable grain because of their high fat content and unsaturated fatty
acids, which contribute to their high energy and nutritional value [3]. Due to the ban on
the use of antibiotics as growth promoters in animal feed, various biostimulants and other
feed additives are increasingly being used to increase resistance and have a positive effect
on animal immunity. Numerous colored feedstuffs are becoming increasingly important,
including coloured cereals used in animal meals. The reason for their use lies in the richness
of polyphenols, which in oats are mainly phenolic acids [4], as quality components that con-
tribute to the above. Dietary interventions with polyphenols may alter the gut microbiome
response and attenuate the weaning stress related to inflammation. Further, polyphenols
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elicit health-favored effects through ameliorating inflammatory processes to improve di-
gestibility and thereby exert a protective effect on animal production [5]. The health effects
of the use of oats in human and animal nutrition are well known, given the richness of oats
in various biological components [6-8]. These are primarily antioxidants, proteins, lipids,
vitamins, minerals, soluble fiber-f-D-glucan (but also cellulose and arabinoxylan), and
especially avenanthramides, a unique group of N-cinnamoyl anthranilic acid derivatives
found in oats but not in other cereals [9-12]. Recent research has also demonstrated the
anti-inflammatory, antiproliferative, and antipruritic properties of oat polyphenols, which
may offer extra defense against colon cancer, coronary heart disease, and skin irritation
in both humans and animals [13-15]. There are numerous varieties/genotypes of oats,
of which the black varieties, the so-called black oats, stand out [16,17]. In the studies of
Varga et al. [17], it was found that the DPPH content was increased in black-hulled oats,
indicating an increased antioxidant activity associated with a higher content of phenolic
compounds in black-hulled oats. According to Fontanella et al. [18], black oats can only be
grown as a forage crop or as a forage crop and cereal. There are considerably more studies
in the literature in which black oats are used as pasture fodder or as a component of silage,
while the available literature contains very few studies on the use of black oat grains in
animal nutrition. Most of these studies were carried out in Central and North America
(Mexico, Brazil) with ruminants on pasture [19-21] or as a component of silage [20,22].
The aforementioned studies emphasize the positive effects of black oats in animal feed on
the production characteristics and profitability of this production. When analyzing the
available literature, two papers were found showing the use of black oat grains together
with other cereal grains in animal feeding, in fattening lambs, when satisfactory production
and slaughter indicators and economic efficiency of production were achieved [23,24].

Sheep are subjected to a variety of physiological and environmental stresses that affect
their welfare, reduce their production, and increase the risk of disease [25]. The lamb
experiences extreme stress during weaning. According to Lynch et al. [26], weaning is the
total physical separation of mother and child as well as the nutritional switch from milk
to solid foods. According to Freitas-de-Melo et al. [27], artificial weaning is regarded as
one of the most stressful events in farm animals’ lives. As such, it is critical to consider
the elements influencing those reactions in order to create effective weaning procedures
and enhance the welfare of the sheep. The level of shock manifested by reduction in post-
weaning growth rate may vary depending on weaning age and weight, the intake of solid
feed before weaning as well as health status of the lamb [25]. Lambs may also experience
nutritional, social, and emotional changes that result in a significant stress reaction [28].
According to studies by Damidn et al. [29] and Freitas-de-Melo et al. [30], abrupt weaning
is linked to reduced weight gain, increased alertness and mobility, and decreased resting
and feeding behavior in ewes and lambs. In the Republic of Croatia, the normal time
for natural weaning of lambs is around 4 months. Therefore, earlier weaning can cause
various problems/shock in lambs. Therefore, the time of weaning and quality preparation
of lambs before weaning, especially regarding feeding, are very important [31,32]. It is
critical to figure out how to reduce the issues listed above that arise from lambs’ weaning
stress. Feeding the lambs premium feed, preferably with fodder rich in polyphenols or
polyphenols extracted from certain plants that offer many health benefits, is one method.
In a study using weaned lambs, for instance, Xu et al. [33] discovered that tea polyphenols
in the lambs’ diets had antioxidant and anti-inflammatory properties comparable to those
of antibiotics.

To the best of our knowledge there is no study carried out on lambs fed black oats in
their diets affecting the production traits and blood parameters. Finding out how black
oat polyphenols affected the metabolic profile, antioxidative status, production traits, and
carcass quality of fattening lambs was the study’s main goal.
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2. Materials and Methods

The European Union Directive 2010/63/EU, the Animal Protection Act (NN 133/06,
NN 37/13, and NN 1. kg125/13), the Act on the Protection of Animals Used for Scientific
Purposes (NN 55/13), and other relevant legal acts on the welfare of farm animals were
all followed in this research. Consequently, the Bioethical Committee for Research on
Animals of the Faculty of Agrobiotechnical Science Osijek (22-03, 17 March 2022) accepted
the protocol of the animal study.

2.1. Experiment Design and Body Weight Analysis

The study was carried out on 20 Merinoladschaf lambs aged 70 days after wean-
ing on the Si¢aja family farm in Gasinci (Osijek-Baranja County, Croatia; 45°2000500 N,
18°1805900 E), during the year 2022. The selected lambs were fed a feed mixture and
meadow hay (40:60) as well as salt and water ad libitum. In addition, an acclimatization
phase was carried out to accustom the lambs to the new feed, which lasted 7 days. The
selected lambs were in the same sex ratio (50 M: 50 F), body weight, age, and in good
physical condition and health. The lambs were divided into 2 groups of 10 lambs each.
Each group was housed and ate together in an enclosure (5 m x 4 m). The study lasted
30 days, during which body weight was determined at the beginning and end of the study
by weighing (Kern EOS 150K50XL animal scales (Kern & Sohn, Balingen, Germany)). A
qualified technician evaluated the body condition score (BCS), which was measured using
Russel’s 5-point scale [34] (1 = thin to 5 = obese).

2.2. Analyses of Feed Mixture and Hay

As per the National Research Council [35], the feed mixtures were provided to the
lambs based on their specific needs, with an expected weight of approximately 32 kg.
Using a cutting mill (Microtron MB 550; Kinematica, Luzern, Switzerland) to grind the feed
mixture and meadow hay to a particle size of 1 mm, samples were taken, dried at 60 °C,
and their chemical composition was examined (Table 1). The standard methods of the
AOAC [36] were used to analyze the basic chemical composition of the feed. Methods for
the determination of proteins, ether extract, dietary fiber, and ash of feeds were described
in the work of Antunovi¢ et al. [37]. The crude protein content was estimated on the
basis of the nitrogen content using the Kjeldahl method. The concentrations of the ether
extracts were analyzed using the extraction system B-811 (Buchy, Flawil, Switzerland).
The crude fiber content was determined according to the Weende method and the NEM
according to INRAE-CIRAD-AFZ [38]. Finally, the crude ash concentration was determined
by burning the feed samples at 550 °C for 6 h. The extraction and determination of
polyphenols is presented in the work of Jakobek et al. [39]. Samples were weighed and
0.2 g was set in a tube and 1.5 mL of 80% (v/v) methanol was added in water. Then,
samples were vortexed and extracted for 15 min with an ultrasonic water bath (RK 100,
Bandelin, Berlin, Germany). Afterwards, samples were centrifuged for 10 min at 6739x g
(Eppendorf, Hamburg, Germany). The extract was transferred into a separate plastic tube.
Total polyphenols were determined by using the Shimadzu UV-1280 spectrophotometer
(Shimadzu Europe GmbH, Duisburg, Germany). Total polyphenols were expressed as mg
gallic acid equivalents (GAE)/kg of sample weight. Data are presented as the mean of
three parallels.
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Table 1. Ingredients and chemical composition of the feed mixture and meadow hay for
feeding lambs.

Group
Ingredient (%) Meadow Hay Black Oat
co BO
Ingredients composition
Corn 40.00 40.00
Oat 15.00 * -
Black oat - 15.00
Barley 21.30 21.30
Soybean meal 8.00 8.00
Soybean toasted 12.00 12.00
Limestone 0.30 0.30
Cattle salt 0.40 0.40
Mineral premix ** 3.00 3.00
Chemical composition (g/kg DM)
Dry matter 950.00 945.00 946.70 950.20
Crude proteins 155.00 152.90 102.70 73.60
Ether extract 48.30 48.60 7.00 48.70
Crude fibre 22.30 36.90 353.70 101.30
Ash 66.90 60.40 51.50 28.80
NEM, M]/kg 8.00 7.00 4.50 -
Polyphenols (total; mg
gallic acid equivalents 1631.15 2234.63 4730.30 1538.46
(GAE)/kg)

CO—control oat, BO—black oat; NEM-net energy for meat production; * content of total polyphenol in oat is
1053.58 mg/kg. ** Mineral-vitamin premix for lambs: 8% Ca, 5% P, 9.5% Na, 2.00% Mg, 400,000 IU vitamin A,
40,000 IU vitamin D, 500 mg vitamin E, 4000 mg Zn, 2000 mg Mn, 60 mg I, 10 mg Co, 50 mg Se.

2.3. Blood Sampling and Analysis

Blood samples were taken from the lambs at the start and end of the study (days 1
and 30). Sterile vacuum tubes (Vacutube®, LT Burnik, Vodice, Slovenia) were used for
blood sampling from the jugular vein. The hematological indicators (leukocytes—WBC,
erythrocytes—RBC, hemoglobin content—HGB, HCT—hematocrit, mean corpuscular
volume—MCYV, mean corpuscular hemoglobin—MCH, mean corpuscular hemoglobin
concentration-MCHC and platelet count—PLT) were determined on the Sysmex pocH
100 iV hematology 3-Diff analyzer (Sysmex Europe GmbH, Hamburg, Germany). Blood
smears stained with the Pappenheim procedure and fixed in air were used to calculate the
relative proportion of each kind of leukocyte. An Olympus BX 51% microscope (Olympus,
Tokyo, Japan) was used to differentiate the white blood count. Following blood collection,
lamb serum was separated using centrifugation for 10 min at 1609.92x g. An Olympus
AU640 analyzer (Olympus, Tokyo, Japan) was used for analysis. Mineral concentrations
(calcium—Ca; inorganic phosphorus—P; magnesium—Mg), biochemical parameters (glu-
cose, urea, total proteins, cholesterol, albumin, globulin, triglycerides, high-density lipopro-
tein (HDL), low-density lipoprotein (LDL), 3-hydroxybutyrate (BHB), non-esterified fatty
acids (NEFA) and enzyme activities (glutathione peroxidase-GPx, superoxide dismutase-
SOD, alanine aminotransferase—ALT; aspartate aminotransferase—AST; gamma-glutamyl
transferase—GGT and alkaline phosphatase—ALP) were determined in serum using Olym-
pus System Reagents (Olympus Diagnostica GmbH, Lismeehan, Ireland). The globulin
content was determined as a subtraction of total protein and albumin.

2.4. Analyses of Carcass Measures and Meat Quality

The lambs were weighed on an automated animal scale, the Kern EOS 150K50XL
(Kern und Sohn, Balingen, Germany), prior to slaughter. On the Croatian market, lamb is
sold as whole carcass with head and kidneys. This is why these parts were not separated
from the carcass or weighed separately. After slaughter (classic method of bleeding by
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severing the large blood vessels in the neck external jugular vein and common carotid
artery) and bleeding of 10 lambs, the skin of the lambs was removed from the carcasses
and the organs of the abdominal cavity (forestomach, stomach, spleen, intestines, and
liver) and the thoracic cavity (trachea with lungs and heart) were cut off. Weighing was
conducted on the skin, lower limbs, internal organs, and carcasses itself. The carcasses were
measured using the standard developmental technique (linear measurement) according
to Antunovic et al. [40]: length (carcass length 1—os pubis to the atlas; length 2—os pubis
to the first rib; length 3—os pubis to the last rib); circumference of the carcass at chest;
length of the hind legs (tuber calcanei to tubercule ossis ischia); and circumference of the
hind legs (the widest part). Evaluation of meat quality samples of lamb meat (musculus
semimembranosus) was taken from all lambs immediately after carcass processing. The pH;
values and the color of the lamb carcass were determined 45 min post-mortem, while pHy
was determined 24 h post-mortem. The pH of muscle (a central part) was measured with a
Mettler Toledo contact pH meter (Mettler Toledo, Columbus, OH, USA). In accordance with
the CIE [41] L*a*b* color system standard, the meat’s color was measured using a portable
Minolta Chroma Metre CR-410 (Minolta Camera Co. Ltd., Osaka, Japan). The formula for
calculating dressing percentage was (pre-slaughter weight — carcass weight x 100). Water
holding capacity was measured according to the method of Sierra [42].
The hue angle and colorfulness were computed using the formulas:

H* = tan™! (b*/a*) x (180/7) (1)

C* =/ (@*2 + b*2) @)

2.5. Extraction of Antioxidants from Lamb Muscle, Liver, and Kidney Samples to Assess
Antioxidative Status

Immediately after slaughter, muscle (musculus semimembranosus), liver, and kidney
samples were taken and observable fat was detached. Homogenates were prepared in
0.05 M phosphate buffer (pH 7) using an Ultra Turrax (IKA T18 Basic, Labortechnik, Staufen,
Germany) homogenizer (10 w/v) and centrifuged at 12,000x g for 60 min at 4 °C. The
equipment used was a centrifuge Hermle Z 326 K (Hermle Labortechnik GmbH, Wehingen,
Germany). The extraction was performed in triplicate. The prepared extracts were stored
at —80 °C in a Binder UF V 700 Ultra-low temperature freezer (BINDER GmbH, Tuttlingen,
Germany) until they were analyzed. The supernatant obtained was used for DPPH radical
scavenging activity and TBARS.

2.5.1. Free-Radical-Scavenging Activity of 2,2-Diphenyl-1-picrylhydrazyl (DPPH)

With slight adjustments, the DPPH radical scavenging assay previously reported by
Qwele et al. [43] was used to measure the extracts’ overall antioxidant activity. A volume
of 625 uL of 0.2 mM DPPH prepared in methanol was added to 625 uL of supernatant,
which had been diluted with distilled water at a 1:4 ratio. The mixture was vortexed and
allowed to stand for 30 min in the dark at room temperature. A tube containing 625 uL
methanol and 625 pL. DPPH solution was used as a control, while methanol alone served
as a blank. To establish a baseline, ascorbic acid (AA) was utilized. We took three duplicate
measurements for each. DPPH scavenging activity was calculated using Equation (1), and
absorbance was measured at 517 nm using a spectrophotometer (Lambda 25, Perkin Elmer,
Waltham, MA, USA).

DPPH activity = ((Ab + As — Am)/Ab) x 100 3)

where Ab is the absorbance of the 0.1 mM DPPH radical solution at A = 517 nm, As is the
absorbance of the extracts at A = 517 nm, and Am is the absorbance of the mixture of tested
extracts and DPPH radical at 517 nm.
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2.5.2. Thiobarbituric-Acid-Reactive Substances (TBARS)

The TBARS method was used to quantify lipid peroxidation in muscle (musculus
semimembranosus), liver, and kidney samples. Slight adjustments were made to the
parameters published in Liu et al.’s [44] paper. In brief, a volume of 1.5 mL of 0.1%
trichloroacetic acid was added to 300 uL of supernatant and centrifuged at 6000x g for
5 min at 4 °C. The equipment used was a centrifuge Hermle Z 326 K (Hermle Labortechnik
GmbH, Wehingen, Germany). A volume of 800 uL. TBA /TCA solution reagent (0.5% 2-
thiobarbituric acid in 20% trichloroacetic acid) was added to 400 uL supernatant, vortexed,
and heated to 95 °C for 30 min in a boiling water bath. The mixtures were then cooled on
ice for 10 min and centrifuged at 18,000 x g for 15 min at 4 °C with a centrifuge Hermle Z
326 K (Hermle Labortechnik GmbH, Wehingen, Germany). The same procedure without
adding the sample was performed for the blank and the absorbance values were measured
(532 nm and 600 nm) using a spectrophotometer (Lambda 25, Perkin Elmer, Waltham,
MA, USA). The concentration of malondialdehyde (MDA) was calculated using the molar
extinction coefficient of MDA (156,000 M~! em™1). The results were expressed as mg MDA
equivalents per kg tissue sample.

2.6. Statistical Analysis

The normality of data distribution was checked by the Shapiro-Wilk test. The mean
values of the obtained results were calculated by MEANS procedures in the statistical
program TIBICO Statistica® (version 13.3.0) [45]. Differences between mean values of
analyzed results were examined by ANOVA using feeding treatment as a fixed effect.

3. Results
3.1. Production Traits

There were no significant variations in the lambs’ production traits based on the
feeding, as indicated by Table 2. The analysis of slaughter characteristics of lamb carcasses
(Table 3) and its development (Table 4) did not reveal any significant changes. Physical
properties of lamb carcass are presented in Table 5 in which a decreased value of pH;
musculus semimembranosus 45 min post-mortem was determined.

Table 2. Production traits of lambs.

. Measuring Groups (Mean =+ sd) Val
Traits Time (Days) co BO SEM p-Vvalues
Body mass (kg) 1 23.71 £ 1.58 24.75+1.34 0.34 0.13
30 33.71 £ 2.65 34.00 +2.27 0.54 0.80
Daily gain (kg) 1-30 0.333 + 0.05 0.309 + 0.05 0.01 0.29
Feed conversion (DM/g gain) 1-30 2.86 2.88
Feed consumption (g/days) 1-30 0.95 0.89
BCS (point) 1 3.53 £0.27 3.66 £0.23 0.06 0.26
30 3.88 £0.23 4.00£0.21 0.05 0.06
sd—standard deviation; SEM—standard error of the mean; BCS—body condition score; DM—dry matter;
CO—control oat group, BO—black oat group.
Table 3. Slaughtering characteristics of lamb carcasses.
Groups (Mean + sd)
Indicators SEM p-Value
co BO
Pre-slaughter mass (kg) 33.71 £2.65 34.00 £ 2.27 0.54 0.80
Carcass mass (kg) 19.06 + 1.33 18.47 +1.03 0.27 0.28
Entrails mass * (kg) 1.50 £ 0.30 1.45 +£0.26 0.06 0.71
Skin and legs mass (kg) 4.52 £0.40 4.64 £0.59 0.11 0.60
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Table 3. Cont.

Groups (Mean =+ sd)

Indicat SEM -Value
ndicators co BO p
Forestomach and intestines mass (kg) 7.78 +0.87 7.09 £+ 0.59 0.18 0.06
Carcass dressing (%) 56.73 + 4.54 54.37 +£1.50 0.78 0.14
sd—standard deviation; SEM—standard error of the mean; * lungs, trachea, heart, liver; CO—control oat group,
BO—black oat group.

Table 4. Development measures of lamb carcasses.

Groups (Mean =+ sd)

Measures SEM p-Value
cO BO

Carcass length 1 (cm) 73.90 + 3.03 74.40 + 3.06 0.67 0.72
Carcass length 2 (cm) 51.95 + 2.59 53.40 + 3.45 0.68 0.30
Carcass length 3 (cm) 29.00 + 1.53 29.90 + 1.70 0.37 0.23
Carcass circumference (cm) 65.85 + 1.84 66.90 + 1.58 0.44 0.06
Hind legs length (cm) 30.60 £ 4.01 30.15 + 2.54 0.73 0.21
Ham circumference (cm) 52.60 £+ 1.90 54.05 £1.89 0.44 0.11

sd—standard deviation; SEM—standard error of the mean; carcass length 1 = (os pubis—atlas); carcass length
2 = (os pubis—first rib); carcass length 3 = (os pubis-last rib); CO—control oat group, BO—black oat group.

Table 5. Physical properties of lamb carcasses.

Groups (Mean =+ sd)

Indicators co 50 SEM p-Value
pHi 6.51 +£0.15 6.37 +0.10 0.03 0.03
pH2 5.69 4+ 0.05 5.66 4+ 0.05 0.12 0.24

WHC (%) 25.50 + 5.07 28.23 + 3.88 1.03 0.19

Color
L* 4432 +1.24 43.00 + 1.82 0.37 0.08
a* 19.03 + 1.41 19.30 £+ 0.80 0.25 0.14
b* 2.47 +0.26 242 +0.27 0.06 0.68
Hue angle 7.44 +0.90 7.17 £0.88 0.20 0.51
Chroma 19.19 +1.40 19.45 + 0.79 0.25 0.61

sd—standard deviation; SEM—standard error of the mean; CO—control oat group, BO—black oat group;
WHC—water holding capacity.

3.2. Blood Parameters and Antioxidative Status

Table 6 displays the hematological indicators in which a significant increase in RBC,
HCT, and MCV content, and a decrease in EOS was presented at the end of study in the
blood of the BO group. Table 7 presents the biochemical indicators in which significant
differences were observed, namely a significant increase in TP, ALB, and GLOB concentra-
tions, but also a significant decrease in glucose concentrations at the end of the study in the
blood of the BO groups compared to CO. Enzyme activities are presented in Table 8 when
feeding lambs feed mixture with black oats. Significant differences were observed in GPx
and SOD activities, but a significant decrease in ALT and ALP enzyme activity was also
found at the end of the study in the blood of the BO groups compared to CO.

TBARS content in all tissues in BO was lowered compared to the CO group but not
significant (Figure 1). Non-significant changes in the DPPH scavenging activity were found
in the muscle and kidney. However, a numerical increase in the DPPH scavenging activity
was found in all tissues in BO group. Figure 2 shows that BO lambs had a significantly
higher DPPH scavenging activity in the liver compared to CO lambs.
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Table 6. Hematological parameters in lambs.

Groups (Mean =+ sd)

: Measuring Ref. Values
Indicators Time (Day) co BO SEM p-Values 46]
WBC x 10° L 1 10.51 £ 2.74 10.39 £ 1.85 0.51 0.91 5.10-15.90
30 11.31 + 3.02 12.12 4+ 3.60 0.73 0.59
RBC x 1012 L 1 9.74 +1.19 10.50 =+ 0.88 0.24 0.14 9.20-13.00
30 9.17 £ 3.02 10.45 + 0.63 0.27 0.01
HGB (g/L) 1 117.70 £+ 9.90 120.70 + 2.62 2.02 047 105.00-137.00
30 121.80 £+ 10.41 129.00 +9.84 2.35 0.13
HCT (L/L) 1 0.44 +0.11 0.48 + 0.12 0.03 0.41 0.28-0.47
30 0.34 + 0.06 0.40 + 0.03 0.01 0.003
MCYV (fL) 1 46.09 £ 18.50 46.50 £ 15.24 0.69 0.96 28-41
30 36.46 + 0.06 38.09 £ 1.29 0.35 0.02
MCH (pg) 1 12.22 +1.86 11.57 + 0.62 0.31 0.31 10-13
30 13.61 £+ 3.02 1241 £ 1.54 0.54 0.28
MCHC (g/L) 1 279.00 £+ 41.70 261.30 + 43.92 9.54 0.37 332-392
30 357.90 £+ 101.63 327.80 + 50.85 18.34 0.20
PLT x 10° L 1 680.80 + 68.87  634.60 £ 155.73 26.74 0.40 426.00—
30 610.53 + 47.09 591.80 £ 129.74 21.35 0.67 1142.00
Differential blood smears (%)
EOS 1 4.50 + 3.60 5.40 + 8.46 142 0.76 1-8 [47]
30 2.60 + 1.65 1.00 £+ 0.67 0.33 0.01
SEG 1 33.30 £7.82 29.20 £5.79 1.70 0.07 10-50 [47]
30 26.10 + 6.74 24.40 £+ 11.02 1.99 0.68
BAC 1 0.20 + 0.42 040 +1.71 0.37 0.06 0[47]
30 0 0.10 + 0.32 0.05 0.33
LYMPH 1 56.60 + 9.24 64.50 + 11.96 2.50 0.16 50-75 [47]
30 69.50 + 8.44 73.60 + 10.78 2.16 0.36
MONO 1 4.80 £ 6.63 0.90 +1.20 1.13 0.08 0-4 [47]
30 1.70 £ 2.00 0.70 + 0.95 0.36 0.17
BAS 1 0.59 + 0.70 0.60 + 1.08 0.20 0.99 0-1[47]
30 0.10 = 0.32 0.20 + 0.42 0.08 0.56
sd—standard deviation; SEM—standard error of the mean; CO—control oat group, BO—black oat group; WBC—
white blood cells; RBC—red blood cells; HGB—hemoglobin content; HCT—hematocrit; MCV—mean corpuscular
volume; MCH—mean corpuscular hemoglobin; MCHC—mean corpuscular hemoglobin concentration; PLT—
platelet count; SEG—segmented neutrophils; LYMPH—Ilymphocytes; EOS—eosinophils; MONO—monocytes;
BAS—basophils; BAC—band cells.
Table 7. Lambs’ blood biochemical parameters.
) Measuring Groups (Mean =+ sd) Ref. Values
Indicators Time (Day) co BO SEM p-Values [46]
Ca (mmol/L) 1 2.77 £0.16 2.89 +0.23 0.05 0.20 2.42-2.92
30 2.85+0.21 2.68 + 0.28 0.08 0.12
P-inorganic 1 3.04 £ 0.60 3.31 +0.52 0.13 0.29 1.88-3.34
(mmol/L) 30 3.05 £ 0.35 2.99 + 0.38 0.10 0.08
Mg (mmol/L) 1 1.55 £0.19 1.61 £0.22 0.05 0.52 0.91-1.31
30 1.52 £0.18 142 +£0.14 0.04 0.17
Glucose 1 6.62 + 0.52 639 + 0.58 012 037 2.70-4.80
(mmol/L)
30 6.57 +0.34 6.06 + 0.67 0.13 0.046
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Table 7. Cont.

Groups (Mean =+ sd)

M .
Indicators Tir?es](l];l:f) co 50 SEM p-Values Ref.[;;a]lues
Urea (mmol/L) 1 6.55 = 1.07 6.80 - 1.83 0.33 0.72 5.00-9.10
30 9.76 & 1.51 9.67 £ 0.97 0.28 0.89
Total 1 60.80 £ 4.01 59.19 +4.32 0.93 0.40 51.00-64.00
proteins (g/L) 30 58.50 £+ 3.19 65.64 £+ 4.30 1.16 0.007
ALB (g/L) 1 30.87 £ 2.47 28.97 £2.01 0.54 0.08 30.00-37.00
30 28.64 + 4.57 32.32 £1.69 0.86 0.03
GLOB (g/L) 1 29.93 £ 3.63 30.22 £ 3.64 0.79 0.86 19.00-30.00
30 29.82 £ 3.62 33.33 +£3.33 0.86 0.04
CHOL 1 1.42 +0.46 1.63 £ 0.76 0.14 0.46 1.35-1.97 [48]
(mmol/L)
30 143 +£0.22 1.29 £ 0.30 0.06 0.26
HDL (mmol/L) 1 0.73 £0.26 0.87 £ 0.19 0.05 0.19 0.68-0.97 [49]
30 0.83 £ 0.09 0.77 £ 0.17 0.03 0.09
LDL (mmol/L) 1 0.42 £ 0.26 0.64 £ 0.49 0.09 0.22 0.10-0.50 [49]
30 0.45 £+ 0.14 0.39 +£0.17 0.03 0.80
TRIG (mmol/L) 1 0.43 £0.10 0.40 £ 0.07 0.02 0.48
30 0.33 £ 0.14 0.29 4 0.04 0.02 0.78 0.00-2.00 [48]
NEFA 1 0.35 £+ 0.47 0.17 £ 0.18 0.08 0.27 <0.4
(mmol/L)
30 0.27 £0.22 0.26 £ 0.14 0.04 0.88
BHB (mmol/L) 1 0.29 £0.12 0.28 £0.13 0.03 0.87 0.2-0.7
30 0.30 +0.10 0.38 +0.12 0.03 0.11
sd—standard deviation; SEM—standard error of the mean; CO—control oat group, BO—black oat group; Ca—
calcium; P—inorganic phosphorus; Mg—magnesium; ALB—albumin; GLOB—globulin; CHOL—cholesterol,
TRIG—triglycerides, HDL—high-density lipoprotein; LDL—low-density lipoprotein; NEFA—non-esterified fatty
acids; BHB—p-hydroxybutyrate.
Table 8. Blood enzyme activity in lambs.
. Measuring Groups (Mean =+ sd) Ref. Values
Indicators Time (Day) co BO SEM p-Values 146]
AST (U/L) 1 107.88 + 8.84 116.03 +11.98 2.48 0.10 83.00-140.00
30 130.55 + 16.11 119.27 £5.76 2.93 0.052
ALT (U/L) 1 13.43 +3.24 15.29 +5.24 0.97 0.35 6.00-20.00 [48]
30 16.06 + 2.53 12.55 £ 0.69 0.57 0.0006
ALP (U/L) 1 44197 £114.50  459.56 £ 98.01 23.28 0.72 300-500 [50]
30 590.11 £ 59.36 508.66 £ 64.23 16.39 0.009
GGT (U/L) 1 81.31 £ 10.09 68.58 £ 19.44 3.67 0.08 56.00-110.00
30 72.49 £ 9.50 70.10 £ 10.30 2.14 0.59
GPx (U/L) 1 524.02 £37.77 524.73 £ 38.98 8.35 0.97 >600 [50]
30 510.27 £ 36.74 676.73 £109.68 25.85 0.0005
SOD (U/mL) 1 0.39 £+ 0.10 0.43 £ 0.11 0.04 0.366 0.39-0.67 [50]
30 0.54 £+ 0.08 0.63 £+ 0.10 0.03 0.047

sd—standard deviation; SEM—standard error of the mean; CO—control oat group, BO—black oat group; (LDL),
AST—aspartate aminotransferase; ALT—alanine aminotransferase; ALP—alkaline phosphatase; GGT—gamma-
glutamyl transferase; GPx—glutathione peroxidase; SOD—superoxide dismutase.
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Figure 1. Content of TBARS (reactive thiobarbituric acid substances) in muscle (musculus semimem-
branosus), liver, and kidney of lambs from the CO (control oat) and BO groups (black oat).
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Figure 2. DPPH (2,2-diphenyl-1-picrylhydrazyl radical) scavenging activity in muscle (musculus
semimembranosus), liver, and kidney of lambs from CO (control oat) and BO groups (black oat);
* p-values for DPPH-liver is 0.031.

4. Discussion
4.1. Production Traits

It is well known that weaning is a very stressful period for the ruminants since it is
a process in which milk is gradually replaced with concentrates or diets based on grains
and forage. It has been confirmed that sheep’s and goats” high metabolic demands make
them more vulnerable to oxidative stress. The occurrence of oxidative stress in ruminants
jeopardizes their productivity and health. One of the main dietary sources of polyphenols
is cereal, particularly whole grains [51]. Whole grains contain non-nutritive chemicals
called polyphenols, which are mostly flavonoids, lignans, and phenolic acids and found
in all structural domains of cereal components. The influence of polyphenols in stress
during weaning of young domestic animals (calves, lambs, piglets) improves digestion
and absorption of nutrients, improves the function of the intestinal barrier, improves the
function of the intestinal microbiota, and thus provides positive effects [52]. In the present
study, no significant effect of black oats in the diet was found on the production traits of
lambs (daily gain, BCS, conversion, and feed consumption), the slaughter traits of lamb
carcasses (weight, individual parts of the carcass and yield, developmental measures, and
physical characteristics of carcasses, with the exception of pH1). Bernardes et al. [23,24]
obtained satisfactory production and slaughter indicators for lambs when using black
oats together with other grains in the meals of fattening lambs. In the study by Tian
et al. [53] conducted with goat kids at the age of 90 days (weight 21.38 kg) with the aim of
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investigating the influence of anthocyanins from purple corn on traits, meat quality and
antioxidant activity of muscles, no influence on the performance of kids (daily gain, feed
conversion, feed consumption) was determined. In the study by Orzuna-Orzuna et al. [54],
the effects of a polyphenol-containing polyherbal mixture (PM) on growth performance,
carcass characteristics, and meat quality in lambs during the fattening period were investi-
gated. The above authors found no changes in final body weight, body condition, carcass
characteristics, and meat quality between treatments (p > 0.05). Cimmino et al. [55] found
that there were no differences in productive traits (daily gain, carcass weight, pH and per-
centage of dressing) in a study with additional dietary supplementation with polyphenols
(3.2 mg/day for 78 days) from the residual water after olive oil extraction in Saanen goat
kids. Since consumers are guided by color when choosing fresh meat, the same authors
have demonstrated the importance of color for meat quality. The meat of the lambs did
not change in color during the current investigation. Similar conclusions were reached in
studies in which the addition of polyphenols and flavonoids to the diet had no effect on
the color of the meat of lambs [56].

4.2. Blood Parameters and Antioxidative Status

The metabolic profile of blood can be used to diagnose and predict disease and to
assess the physiology and welfare of animals [57]. The beneficial effects of polyphenols in
animals depend largely on their bioavailability in target tissues [58], cellular distribution,
and metabolism after absorption. The analysis of the metabolic profile of the lambs” blood
showed a significant increase in the content of hematological indicators (RBC, HCT, and
MCV) and a decrease in the content of EOS in the blood of the lambs in the BO group com-
pared to the CO group. All hematological parameters in the blood of lambs showed very
little variation overall, with the results being within the reference range for lambs [37,47,59].
In their study, Teng et al. [60] concluded that the positive effect of polyphenols on ery-
thropoiesis could be beneficial both in healthy people and in patients with metabolic
diseases. Youdim et al. [61] showed that polyphenols are known to protect against reactive
oxygen-species-induced hemolysis by increasing red blood cell integrity in conjunction
with inhibition of lipid peroxidation. In the study by Orzuna-Orzuna et al. [54], the effects
of a polyphenol-containing polyherbal mixture (PM) on blood metabolite concentrations
in lambs during the fattening period was studied. Authors found an increase (p < 0.05) in
MCHC and lymphocytes and a decrease in SEG in experimental lamb’s blood fed the PM
diet compared to the CON treatment (p < 0.05), which they classify as beneficial for the
health status of the lambs. The analysis of biochemical indicators and enzyme activity in
the blood revealed significantly higher concentrations of TP, ALB, and GLOB as well as
GPx and SOD activities but also a significant decrease in glucose concentrations and ALT
and ALP enzyme activity at the end of the study in the blood of the BO groups compared
to the CO group. It is also noticeable that there was a decrease in total, high-density
lipoprotein and low-density lipoprotein and triglycerides in the blood of the lambs in
the BO group compared to the CO group, but without significant differences (p > 0.05).
The biochemical indicators determined in the blood were within the reference values for
lambs [46,49,62]. Higher protein concentration in the lamb’s blood of the BO group can
be associated with increased amino acid and microbial protein flux in the duodenum of
ruminants fed flavonoids [63], while increased globulin levels in serum are an indicator
of an improved immune response of the lamb’s body [57]. The liver plays a very impor-
tant role in protein metabolism. Any damage to its cells is reflected in the total serum
proteins [64]. Giannenas et al. [65] showed that the addition of a plant additive rich in
polyphenolic compounds to the ration of cows reduced blood urea and increased serum
globulin and total protein concentrations, improved nutritional status, increased microbial
protein synthesis and minimized protein catabolism. When compared to the CO group,
the glucose levels in the blood serum of the BO lambs was significantly lower at the last
of the research. In a study by Antunovi¢ et al. [37], a lower blood glucose concentration
was found when red corn in the ration of fattening lambs compared to the blood of lambs
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fed yellow corn. Even at low concentrations (1%), oat 3-glucans are thought to have a
high viscosity, which may contribute to lower plasma glucose and insulin levels as seen
in type 2 diabetics by delaying intestinal transit, gastric emptying, and glucose and sterol
absorption [66]. The activity of aspartate transferase in blood, gamma-glutamy] transferase,
alkaline phosphatases, and cholesterol concentrations are used to diagnose hepatic injury in
people and animals, alkaline phosphatases activity and cholesterol concentrations are used
to indicate biliary blockage or mild and progressive liver damage [67]. ALT, a particular
hepatic enzyme generated following hepatocellular injury, is utilized to measure liver
damage instead of GGT. The current study’s much lower ALT and ALP at the conclusion
imply that neither liver nor muscle damage occurred because their activities were within
the reference levels [48]. Antioxidant enzymes such as SOD, GPx, and catalase help to
maintain a healthy level of antioxidants within cells [68].

In the present study, significantly higher GPx and SOD activities in the blood, signifi-
cantly higher DPPH scavenging activity in the liver of BO lambs compared to CO lambs
were found. In the study by Tian et al. [53] conducted study with goat kids at the age of
90 days with the aim to research the influence of anthocyanins from purple, determined
a significantly higher DPPH scavenging activity and peroxidase levels in muscle (longis-
simus thoracis et lumborum). In the muscle and kidney samples, no significant changes
(p > 0.05) were found in the TBARS content and DPPH scavenging activity, although
lower TBARS content and higher DPPH scavenging activity were determined in the BO
groups in comparison to the CO group, especially in the liver. The changes mentioned
indicate a moderate antioxidant activity in the BO group compared to the CO group. It
is to be expected that a longer duration of the study would result in a significantly more
pronounced positive influence on the antioxidant status of the meat and kidney of lambs in
the BO group. Similar results in lambs fed with feed mixture with added red corn were
determined by Antunovié et al. [37]. Changes in antioxidant status in the kidneys may be
associated with the specific uptake or excretion of some tissue metabolites or intracellular
metabolism [69]. In recent years, the health effects of whole-grain products have been
closely associated with their phenolic compounds and antioxidant effects [51]. Polyphenols
not only have strong antioxidant properties [70] but also have bacteriostatic [71], hepatopro-
tective [72], cholesterol-lowering [73], and immune-boosting [74] effects. In rations rich in
polyphenols, an inhibitory effect on the lipid oxidation of meat (reduction of MDA levels)
in lamb [75], an increase in the percentage of inhibition of lipid oxidation, an increase in
superoxide dismutase activity in the blood of goats [43], and an inhibitory effect on lipid
oxidation (reduction of MDA levels) in goat kids [55] were observed in small ruminants. In
the current study, a lower pH; value was found in the carcasses of BO lambs compared
to the CO group. The lamb’s pH, was within the usual range of 5.5 to 5.8, despite the
lamb’s pH being similar among treatments [76]. According to Dalle’s research [77], meat
preservation during storage depends on maintaining an acting bacteriostatic pH below 5.8.
Higher pH values, on the other hand, promote the proliferation of proteolytic microbes.
The above opens up the possibility of using black oats in other types of ruminants in the
future research. This is especially important during the stressful conditions during the
weaning period.

5. Conclusions

The observed changes in glucose, protein metabolism in the of lamb’s blood and
tissues antioxidant status indicate that the use of polyphenol-rich black oats is justified
when feeding lambs under stressful conditions, such as in the post-weaning period. In
the future, it would be more beneficial to obtain the study with a longer period of feeding
lambs with black oats, with its larger amount in the mixture, especially in older sheep,
which may possibly improve the antioxidant activity of the meat. Therefore, a polyphenol
profile in feed and meat also needs to be carried out in the future.
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Abstract: The aim of this study was to investigate the effects of feeding systems on the growth
performance of Santa Inés x Dorper lambs, meat quality, fatty acid profile, and gene expression.
Thirty lambs at an initial body weight of 22.6 + 2.59 kg were randomly assigned to one of three
feed systems: a grazing system with 1.2% body weight concentrate supplementation (GS); a feedlot
system with 28% forage and 72% concentrate (FFC); or feedlot with 85% whole corn grain and 15%
pellets (FHG). The lambs were slaughtered after 60 days of experiment. Average daily gain, glucose,
and insulin concentration were higher for lambs on FHC than lambs on a GS feeding system. The
fatty acid profile in the meat of the lambs fed GS showed a higher proportion of c9t11-C18:2, C20:5,
(C22:5, and C22:6 compared with FFC and FHC (p < 0.05). Meat tenderness was lower for lambs under
FEC treatment compared with GS and FHG. FHG treatment provides better performance and higher
deposition of lipid content in meat compared with GS and FHG. The expression of the genes SCD-1,
SREBP1-c, and EVOL6 was greater in lambs undergoing GS and FHC treatments compared with FFC.
Results of this research showed a reduced performance of grazing lambs compared with the feedlot
system; however, it enhanced the fatty acid profile with increased levels of polyunsaturated acids
and reduced n6/n3 ratio.

Keywords: grain fed; grass fed; fatty acids; lipid metabolism; pasture; feedlot; whole grain

1. Introduction

Nutritional strategies have been proposed to enhance the profitability and productivity
of sheep systems. Pasture and feedlot are traditional management systems applied in
livestock to promote greater growth rates and market-targeted fat deposition. The type of
forage and grain has been shown to affect meat quality, mainly sensory characteristics, and
the concentration of polyunsaturated fatty acids in the meat of lambs [1-3]. Pasture systems
are richer in polyunsaturated fatty acids, which are beneficial for human health, while
grain systems are known to enhance daily weight gain [4]. Overall, strategies combining
feed management and nutrition aim to produce meat with better sensory acceptability and
increased polyunsaturated fatty acids, which promote better human health [5].

Lamb meat from grass-fed systems contains a lower concentration of saturated fatty
acids and a higher proportion of mono and polyunsaturated fatty acids, especially alphali-
nolenic (ALA), eicosapentaenoic (EPA), docosahexaenoic (DHA), conjugated linoleic acid
(CLA), and lower n6/n3 ratio, which are beneficial to human health [2,5,6]. These fatty
acids are well known to promote better nutritional value to meat, have anticarcinogenic
properties, and reduce the incidence of coronary heart disease in humans [6,7].
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Although meat from grass-fed lamb provides a better fatty acid profile for human
consumption, from the point of view of productivity and feed efficiency, finishing lambs in
feedlots is more efficient. Feedlot diets are rich in grains and high in energy; there are diets
with forage and diets without forage based on whole corn grains and protein pellets [8].
These diets provide rapid growth and greater deposition of fat in the carcass [4,8].

Carcass fat deposition is a trait commercially important to the industry and target
markets. Adipose tissue accumulation occurs when lipogenesis is higher than lipolysis, and
these processes are controlled by some key hormones, transcription factors and enzyme-
coding genes [9]. Fatty acids from meat can be controlled even more using specific factors,
such as genes related to lipid metabolism [10].

Steroid-binding protein transcription factor (SREBP-1c) plays a central role in energy home-
ostasis, promoting lipogenesis and adipogenesis [11,12]. SREBP-1c activates the transcription
of genes such as acetyl-CoA carboxylase (ACACA), fatty acid synthase (FASN), elongases
(ELOVL), stearoyl-CoAdesaturase (SCD-1), and other genes that participate in bioenergetics,
adipogenesis, lipolysis, and synthesis of new fatty acids and triglycerides [13-15]. Previous
studies have reported gene expression related to fat metabolism in lambs [16,17]; however, there
is a lack of information on gene expression due to the effects of different feeding systems.

The aim of this study was to evaluate growth performance, blood parameters, carcass
traits, meat quality, and gene expression related to lipid metabolism in the Longissimus lum-
borum muscle of lambs under three different feeding systems: GS, grazing with supplement
(Cynodon spp. cv Tifton—85 with supplement); FFC, feedlot with forage (72% concentrate;
28% Cynodon spp. cv Tifton—385 hay); or FHC, feedlot whole grain without forage (85%
whole-grain corn; 15% pellets).

2. Materials and Methods

Experimental procedures used in this study were approved by the Ethics and Animal
Welfare Committee of the Federal University of Lavras (UFLA), Brazil (protocol No. 063/16).
Meat sensory analysis was approved by the Ethics Committee on Research with Human
Beings of UFLA (process No. 2.984.593. CAAE No. 99920918.7.0000.5148), following the
Resolution of the National Health Council 196/96 [18].

This study was carried out in the Sheep Farm Facility of the Department of Animal
Science of the Federal University of Lavras, MG, Brazil (21°13/38” S, wet subtropical
mesothermal Cwa from dry winter). There was an average rainfall and temperature of
110.33 mm and 22.4 °C, respectively, during the experiment, from February to April 2017.

2.1. Animals and Feeding Systems

Thirty male lambs (%Santa Inés %Dorper) at an average body weight of 22.6 4 2.59 kg
(mean =+ SD) and age of 70.0 + 10 days (mean =+ SD) were used. Previously, at 60 days of age,
the lambs were weaned and were fed an initial diet (70% ground corn, 15% soybean meal, 5%
vitamin mineral premix, and 10% cane molasses) and Tifton pasture. Prior to the experiment
period, the lambs were prescribed 1 mL/10 kg of 5% levamisole hydrochloride (Ripercol® L,
Zoetis Industria de Produtos Veterinarios Ltd.a., Campinas, SP, Brazil) for deworming. The
experiment was a randomized design with three treatments and 10 animals in each treatment
group. Data were collected for a period of 60 days. Experimental feeding systems consisted of
GS grazing with supplementation (1 = 10): Cynodon spp. cv Tifton—85 pasture plus 1.2% body
weight concentrate supplementation; FFC conventional feedlot (1 = 10): a diet containing 72%
concentrate and 28% Cynodon spp. cv Tifton—S85 hay; and FHG high grain feedlot (1 = 10): a
diet containing 85% whole-grain corn and 15% pellets (Premix Mineral Confipeso Alto Grao,
Presence-Nutricdo Animal, Paulinia, SP, Brazil). Data provided for FFC treatment have been
used as a control treatment in Dias Junior et al. [17] in another context of analysis.

The ingredients, chemical composition and fatty acid profile of the diets are listed in
Table 1. The diets for FFC and GS feeding systems were formulated to meet the nutritional
requirements of lambs with 30 kg live weight and ADG of 300 g/day [19]. The supplement
provided to the lambs on the GS feeding system was calculated for 1.2% body weight.
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Lambs from FFC and FHC treatments were kept in individual 1.3 m? pens with free access
to feed and water. The lambs were fed twice a day, at 8:00 a.m. and 4:00 p.m., ad libitum.
The feeding offered, and the orts were recorded daily, calculated for a daily surplus of 15%
ad libitum.

Table 1. Ingredients, chemical composition, and fatty acid profile (g/kg dry matter) of the experi-
mental diets.

I di /e of Drv M Feeding System
ngredients, g/kg of Dry Matter Gs FFC FHG
Tifton—85 hay (Cynodon spp.) - 279 -
Pasture Tifton 85 611 - -
Soybean meal 334 400 -
Ground corn 41 297 85
Mineral premix 11 22 -
Dicalcium phosphate 2 2
Pellets - - 15
Chemical composition, g/kg of dry matter
Dry matter 562 926 893
Crude protein 216 217 130
Ether extract 14 21 39
Neutral detergent fiber 455 215 124
Minerals 60 50 46
Non-fibrous carbohydrate 291 392 660
Metabolizable energy, Mcal/kg * 26 27 25
Fatty acids, g/kg of dry matter
C14:0 11 18 1
C16:0 50 29 22
c9-C16:1 7 2 2
C18:0 9 33 22
9-C18:1 101 261 320
C18:2n6 320 415 5
C18:3n3 213 2 2

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). * Metabolizable energy estimated
by Cannas et al. [20].

The GS lambs grazed from 7 a.m. to 6 p.m. and were kept overnight in individual
1.3 m? pens with free access to water. The supplement was individually provided during
the overnight period at 1.2% body weight, with an average value of 0.365 kg of supplement
throughout the experimental period. Daily in the morning, the orts of the supplements
were collected, weighed, and sampled per animal to determine the individual animal intake.
The GS lambs rotationally grazed a total area of 9000 m?, subdivided into five paddocks of
1800 m? composed of Tifton-85 (Cynodon spp.). Each paddock contains a water trough and
shed area with a polyethylene fabric of 20 m? in each paddock to provide 80% shade. The
stocking rate was fixed, and the grazing cycle was 35 days, with 7 of occupation and 28 of
rest. Pasture composition was, on average, 30.98 g/kg of dry matter, 12.57 g/kg of crude
protein, 1.4 g/kg of ether extract, and 74.75 g/kg of neutral detergent fiber (NDF).

Pasture sampling was performed manually, simulating the grazing of the animals on
the first, third, and seventh day of grazing of each paddock, always in the morning, until a
sample of approximately 400 g of forage for each experimental group was obtained. The
morphological characteristics at the time of entry and exit are shown in Table 2. Pasture
samples were dried in a forced ventilation oven at 65 °C for 72 h for pre-drying. Then, the
samples were ground using a 1 mm sieve for the bromatological analyses and 5 mm for the
degradability test.
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Table 2. Pasture characterization—mean of morphological constituents of pasture and height of the
forage (Cynodon spp.) at the time of entry and exit of the animals to the paddock.

Pasture Constituents (%) Entry Exit
Leaf 52.95 46.66
Thatch 23.53 26.86
Senescent material 11.76 13.03
Other forages and weeds 11.76 13.45
Height, cm 25.50 15.50

Pasture intake was evaluated from the 23rd to the 30th day and from the 53rd to the
60th day of the experiment using titanium dioxide (TiO,) as an external indicator, according
to Willians et al. [21], cited by Silva and Queiroz [22]. Pasture intake was evaluated for
twelve days (seven days of adaptation followed by five days of feces and feeding sampling).
In addition, 4 g of TiO, was provided via the esophagus, 2 g at 7 a.m., and 2 g at 6 p.m.
Fecal samples were collected from each animal in the morning and afternoon, summing
ten samples per animal during each evaluation period, which were composed per animal
in each period. The composed were stored at —18 °C, then dried at 65 °C, and ground
using a 1 mm sieve mill for subsequent analysis. The concentration of TiO, in the feces was
determined [23].

To determine indigestible neutral detergent fiber (NDFi), five bags of textile non-textile
(TNT) per sample, containing 0.5 g forage and feces, were previously dried, weighed, and
incubated for 264 h in the rumen of a cannulated cow [3,24]. Bags were removed, cleaned
with water, dried at 65 °C and boiled for 1 h in a neutral detergent solution. Then, it was
washed with hot water and acetone, dried and weighed [25]. The remaining residue was
recorded as NDFi. The production of fecal dry matter was determined using the following
formula: Fecal production = intake of the indicator (kg)/concentration of the indicator
in feces (%), which allowed to obtain pasture intake as DMIpasture (kg/day) = (fecal
production x NDFifeces)/NDFipasture.

The diets of the FFC and FHC treatments, the supplement of GS treatment, and the
orts were sampled every day and combined every 15 days to obtain a fortnightly sample
per experimental unit. The samples were stored at —18 °C. Dry matter of feed, orts, and
pasture was determined according to the method of the Association of Official Analytical
Chemists [26]. All samples were ground with a Wiley mill (Marconi, Piracicaba, Sao Paulo,
Brazil) to pass a 1 mm screen. Ash was obtained by incinerating the sample in a muffle
furnace at 550 °C for 4 h [26], and ether extract (EE) was measured according to AOAC
International [27]. Crude protein (CP) was determined using micro-Kjeldahl analysis [28].
The ash-free neutral detergent fiber was determined by Van Soest et al. [25]. Non-fibrous
carbohydrate fraction determined as non-fibrous carbohydrate = 100 — (crude protein +
ether extract + ash + neutral detergent fiber). Metabolizable energy intake was determined
by Cannas et al. [20].

2.2. Performance and Digestibility

Body weight was recorded fortnightly after 16 h of fasting during the 60 days of the
experimental period to determine average daily gain and feed efficiency. Feed efficiency
was calculated as the average dry matter intake divided by the average daily gain, both in
kg/day.

The nutrient intake and dry matter intake of the FFC and FHC treatments and the
supplement intake of GS were measured daily (Dry matter intake = feed offered — orts).
Pasture intake was measured using indigestible neutral detergent fiber (NDFi) as an internal
marker [29].

The apparent digestibility coefficient was calculated for dry matter, crude protein, ether
extract, neutral detergent fiber, total digestible nutrients, and non-fibrous carbohydrates
according to the digestibility formula: (Feed nutrient — Fecal nutrient) /Feed nutrient. The
total digestible nutrient content was determined according to the following equation: Total
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digestible nutrient = crude protein digestible + (ether extract digestible x 2.25) + non-fibrous
carbohydrate digestible + neutral detergent fiber digestible [30].

2.3. Blood Biochemical Analysis

At 58 days of the experiment, blood samples were collected minutes before the first
feeding of the day. Blood samples were collected by performing jugular venipuncture using
10 mL vacutainer tubes with sodium fluoride + EDTA. Immediately after collection, the
samples were centrifuged (1500 g, room temperature for 10 min) and frozen and stored at
—20 °Cin 1.5 mL plastic tubes until laboratory analysis. The colorimetry technique was
applied using a 96-well plate spectrophotometer reader (Multskan GO, Thermo Scientific,
Waltham, MA, USA). Glucose (Bioclin Glucose Monoreagent, Belo Horizonte, Brazil),
cholesterol (Bioclin Cholesterol Monoreagent, Belo Horizonte, Brazil), insulin (DRG ELISA
D-35039, DRG Instruments, Marburg, Germany), and triglycerides (Bioclin Triglicerides
Monoreagente, Belo Horizonte, Brazil) were quantified using commercial kits.

2.4. Slaughter and Carcass Sampling

At the end of the feeding trial (60 days), the animals were individually weighed in the
morning, and pre-slaughter live weight was determined. The lambs were transported to a
commercial abattoir located 128 km from the experimental facility. The lambs underwent
16 h of fasting for solids and ad libitum access to water. Muscle samples (5 g) were taken
approximately seven minutes after bleeding, between the 12th and 13th ribs (right side),
placed in cryogenic tubes, transported in liquid nitrogen, and stored at —80 °C for gene
expression analysis. Hot carcass weight was recorded immediately after evisceration and
skin removal. Non-carcass components and internal fat (mesenteric and visceral fat) were
weighed using a scale with 0.100 kg accuracy (Filizola, Campo Grande, MS, Brazil).

pH was measured pre-rigor (right carcass side between the 12th and 13th ribs) using
a pH meter TESTO-205 (Testo, Campinas, Brazil). The pH meter was calibrated at room
temperature on pH 7.0 and 4.0 with standard buffers (Testo buffer, Campinas, Brazil).

Carcasses were hung at 4 °C for 24 h in the slaughterhouse. Carcasses were transferred
to the university laboratory in a refrigerated truck. Cold carcass weight was recorded, and
a second measure of pH was undertaken (post-rigor). Subcutaneous fat thickness was
recorded by making two incisions through the fat along lines extending over the greatest
depth of the muscle between the 12th and 13th ribs [31] using a digital caliper (Battery,
model SR44) on the left side of the carcass. Acetate paper was placed on the LL muscle to
record muscle area using Image] software, https:/ /imagej.net/software/imagej/ (accessed
on 13 June 2024) (National Institutes of Health, Bethesda, MD, USA). After deboning, the
left and right sides of the LL muscle were wrapped in aluminum foil, vacuum-packed, and
stored at —20 °C for further analysis.

2.5. Meat Quality

The frozen longissimus muscle (left side) was divided into six steaks of 2.5 cm thick-
ness each, labeled, vacuum-packed, and held at —20 °C. The steaks were allocated in each
analysis in the anterior—posterior direction: qualitative analyses (three steaks), thiobarbi-
turic acid reactive substances (TBARSs) (one steak), proximate composition (one steak),
and fatty acid analysis (one steak). Thawing loss was determined using three steaks that
were thawed for 12 h at 2 °C. Following this, color measurements were taken after opening
the vacuum bag and 30 min of blooming. A Minolta CR700 Chroma Meter (Konica Minolta,
Osaka, Japan) was used set on illuminant A and a 10° standard observer. The displays per
steak were undertaken to record lightness (L*), redness (a*), and yellowness (b*). Meat color
parameters were averaged from nine readings per animal.

Water-holding capacity was determined using the Hamm and Deatherage [32] method
and expressed as the ratio Ap/Ae [33].

Three 2.5 cm steaks were used to determine cooking loss. Meat samples were randomly
placed in polyethylene bags and cooked in a water bath set at 98 & 1 °C (aimed at 71 °C
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internal temperature using a digital thermometer [34]). Meat samples were weighed after
2 h of cooling at room temperature. Cooking loss was determined in percentage as the
weight difference before and after cooking. For shear force analysis, each steak used for
cooking loss analysis was subdivided into three subsamples (1 cm?) cut in parallel to the
direction of the muscle fibers (removing connective tissue and fat). A texturometer (Modle
TA-TX2, Stable Micro Systems Ltd., Godalming, Surrey, UK) attached to a Warner-Bratzler
slide was used and calibrated using a weight of 2 kg with an adjusted speed of 200 mm /min.
The maximum positive peak values were recorded as kgf/ cm?.

LL muscle (100 g) was trimmed of external fat and connective tissue for proximate
analysis. A multiprocessor (Philips RI7630, Itapevi, Brazil) was used to homogeneously
ground the samples. Crude protein, fat, moisture, and ash were determined with a near-
infrared method [35] using a FoodScanTM device (FOSS, Hillerod, Denmark).

2.6. Sensory Analysis

After thawing and trimming, longissimus muscles were weighed, and salt was added
(1%) for sensory analysis. A grill (SFSE Croydon) was set at 250 °C, and the samples were
cooked to an internal temperature of 70 °C using a digital thermometer. After cooking, the
muscle was cut into cubes of 12-15 g [36]. A total of 55 panelists (25 men and 30 women
ranging from 18 to 60 years old) evaluated the samples on a white plastic plate, coded with
three random digits in an individual chamber. Panelist assessment was carried out in one
day. Sensory evaluation was undertaken as described previously [37] using appearance,
flavor, tenderness, and overall liking as sensory parameters on a hedonic scale of nine
points [37].

2.7. Fatty Acids and Enzyme Activity

For fatty acid analysis, extraction [38], hydrolysis, and methylation [39] were per-
formed as previously reported. A gas chromatograph fitted with a 100 m Supelco SP 2560
capillary column (0.25 mm and 0.2 pm film thickness) was used as described previously [17].
Carrier gas helium flow of 1.8 mL per minute, set at 45 mL per minute for make-up gas
(N2), 40 mL per minute for hydrogen, and 450 mL per minute for synthetic flame gas. The
oven temperature was set at 70 °C for 4 min, increased to 170 °C at a rate of 13 °C for
1 min, subsequently increased to 250 °C at a rate of 35 °C for 1 min, and maintained at
250 °C for 5 min. The percentage of fatty acid in total lipids (fatty acids methyl
ether—FAME) was obtained by individual area of fatty acid x 100/total area of fatty
acid. Estimates of A9-desaturase and elongase enzyme activity were determined as de-
scribed by Malau-Aduli et al. [40] and Kelsey et al. [41]. The overall desaturase index
was calculated as follows: A9 — overall = A9 — 14 + A9 — 16 + A9 — 18, as modified by
Archibeque et al. [42].

2.8. Gene Expression Analysis

Reference and target primers design were carried out by the sequences registered and
published in the public database of Genbank (NCBI platform—National Center for Biotechnol-
ogy Information). Open Reading Frames (OFRs) of the selected sequences were obtained using
the NCBI ORFinder tool and associated with the coded protein bank using the translate tool
(ExPASY protein bank). Oligo PerfectTM Designer software (https:/ /www.thermofisher.com/
pl/en/home/life-science/oligonucleotides-primers-probes-genes / custom-dna-oligos/ oligo-
design-tools.html, accessed on 13 June 2024) was used considering the sequences obtained
from Genbank. Primer’s information is detailed in Dias Junior et al. [17].

Total RNA extraction from LL muscle is detailed described in Dias Junior et al. [17].
Relative gene expression was based on the corrected cycle threshold values for the amplifi-
cation efficiency of each primer pair [43].
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2.9. Statistical Analysis

Statistical analysis was performed using the GLM procedure of SAS (SAS Version 9.1,
SAS Institute, Cary, NC, USA). Experimental diets were used as a fixed effect and the initial
weight as a covariate. Only meat sensory analysis was considered a randomized block design,
with each panel member representing one block (block effect was considered random). The
MIXED procedure of SAS was used to verify the effect of the experimental diets (fixed effect)
on acceptability, and the score of each panel member was considered as a repeated measure.
The comparison between the mean of the different parameters evaluated was made using the
t-test, with a difference considered significant when p < 0.05.

3. Results
3.1. Nutrient Intake, Digestibility, and Performance

The intake of dry matter, crude protein, ether extract, and non-fibrous carbohydrates
was higher in FFC than FHG and GS (p < 0.0001), subsequently (Table 3). GS treatment
showed the greatest neutral detergent fiber intake (p < 0.0001), and FFC and FHG showed
superior total digestible nutrient intake compared with GS (p < 0.0001).

Table 3. Intake and digestibility of nutrients, average daily gain, and feed efficiency of lambs under
three feeding systems.

Parameter Feeding System SEM p Value
GS FFC FHG
Intake, kg/day
Dry matter 0.76 1172 0.90° 0.048 0.0001
Crude protein 0.15¢ 0.282 0.22° 0.007 0.0001
Neutral detergent fiber 0387 0.23° 0.12°¢ 0.007 0.0001
Ether extract 0.01°¢ 0.02° 0.032 0.001 0.0001
Non-fibrous carbohydrate 0.15¢ 0.44° 0.54 2 0.023 0.0001
Total digestible nutrient 0.53° 0.80 0.75% 0.032 0.0001
Digestibility coefficient
Dry matter 0.63° 0.752 0.772 0.013  0.0478
Crude protein 0.73® 0.80 0792 0.010 0.0001
Neutral detergent fiber 0.692 0.46° 0.39¢ 0.017 0.0001
Ether extract 0.62° 0.702 0.72% 0.014 0.0001
Non-fibrous carbohydrate 0.68 © 0.77° 0.847 0.013 0.0001
Total digestible nutrient 0.71° 0.822 0.84? 0.012 0.0001
Performance
Average daily gain, kg/day 0.182° 0222 03112 0.015 0.0001
Feed efficiency 0342 0279  0426° 0.023 0.0006

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
Mean in the same row with different superscripts differ significantly (p < 0.05).

The apparent digestibility coefficients for dry matter, crude protein, ether extract, and
total digestible nutrients were lower in GS compared with FFC and FHG (p < 0.05). GS
showed the greatest digestibility of neutral detergent fiber and the lowest for non-fibrous
carbohydrates (p < 0.0001).

Average daily gain and feed efficiency were greater for lambs raised under FHG
compared with GS and FFC (p < 0.0001).

3.2. Blood Biochemical Parameters

The concentration of cholesterol and triglycerides was not affected by the feeding
system (p > 0.05); however, glucose and insulin were lower in lambs raised under GS
compared with FFC and FHG (p < 0.001) (Table 4).
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Table 4. Blood biochemical parameters (mg/dL) of lambs under three feeding systems.

Parameter Feeding System

SEM p Value
GS FFC FHG
Cholesterol 133.28 137.83 162.34 12.340 0.2202
Glucose 59.29 ¢ 73.18" 89.49 @ 3.641 0.0001
Triglycerides 71.46 65.99 66.95 4.611 0.6736
Insulin 55.33 P 90.54 @ 104.822 8.722 0.0019

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
Mean in the same row with different superscripts differ significantly (p < 0.05).

3.3. Carcass and Meat Quality Parameters

The pre-slaughter live weight of lambs raised under FFC was greater than FHG but
lower than GS (p < 0.01) (Table 5). Lambs raised under FHG had lower weights of non-
carcass components, but in proportion, they were greater (p < 0.01). Hot carcass weight was
not affected by the feeding system (p > 0.05), but cold carcass weight was lower under GS
compared with FFC and FHG (p < 0.05). Loin muscle area and subcutaneous fat thickness
were inferior for GS lambs compared with FFC and FHG (p < 0.01). Internal fat (mesenteric
+ visceral fat) was greater in lambs raised under FFC compared with GS but lower than
FHG (p = 0.0016). Carcass pH (hot and cold) was not affected by the feeding system
(p > 0.05).

Table 5. Carcass characteristics of lambs under three feeding systems.

Feeding System

Parameter

GS FFC FHG SEM p Value
Pre-slaughter live weight, kg 33.46 ¢ 38.53 P 43172 0.860 0.0001
Non-carcass components, kg 1540° 16132  17.75% 0.480 0.0061
Non-carcass components, % 46.64 2 41.97b 4153P 1.219 0.011
Hot carcass weight, kg 15790 19.40% 20817 0.443 0.0001
Hot carcass yield, % 47.25 50.28 48.24 1.035 0.1308
Cold carcass weight, kg 15.35P 18912 20.30° 0.464 0.0001
Cold carcass yield, % 45.98 48.97 47.04 1.089 0.1703
Loin muscle area, cm? 1375° 17532 18012  0.697  0.0004
Subcutaneous fat thickness, mm 151b 3.322 3.342 0.346 0.0068
pH hot carcass 6.94 6.75 6.78 0.085 0.2598
pH cold carcass 5.74 5.90 5.93 0.106 0.3948
Internal fat 0.73 ¢ 0.97° 1382 0.110 0.0016

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FEC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
Mean in the same row with different superscripts differ significantly (p < 0.05).

L* was lower on the longissimus muscle of GS lambs compared with FFC and FHG
(p = 0.0043), and no effect was observed on a* and b* values (p > 0.05) (Table 6). The feeding
system did not affect thawing loss, cooking loss, shear force, and water-holding capacity
(p > 0.05).

The proximate composition of the meat did not differ in crude protein and ash content
(p > 0.05), whereas the lipid content in the meat was higher in FHC lambs compared with
GS (p = 0.0269), and the moisture content was higher in FHG lambs compared with GS
(p =0.0464).
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Table 6. Parameters of meat quality and chemical composition of lambs under three feeding systems.

Feeding System

Parameter SEM p Value
GS FFC FHG
L* 38.07P 41.282 41992 0.802 0.0043
a* 14.78 15.28 14.78 0.647 0.8188
b* 10.68 9.83 10.45 0.617 0.6111
Thawing loss, % 5.37 439 5.09 0.343 0.1388
Cooking loss, % 14.19 12.74 14.18 1.388 0.7015
Shear force, kgf/ cm? 3.44 3.59 3.27 0.182 0.469
Water-holding capacity 0.15 0.18 0.17 0.011 0.283
Moisture, % 74572 73883  7329P 0.343 0.0464
Crude protein, % 21.61 21.40 21.70 0.256 0.7057
Fat, % 2.19b 250 b 3443 0.316 0.0269
Ash, % 1.62 2.18 1.88 0.200 0.1581

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
Mean in the same row with different superscripts differ significantly (p < 0.05).

3.4. Sensory Analysis

Appearance and overall liking of the meat were not affected by the feeding system
(p > 0.05) (Table 7). Consumers scored higher for the flavor of meat from lambs raised
under GS compared with FFC and FHG (p = 0.0023), but scored meat tenderness lower in
lambs raised under FFC compared with GS and FHG (p = 0.0246).

Table 7. Sensory analysis of muscle Longissimus lumborum muscle of lambs under three feeding

systems.
Feeding System
Parameter Gs FFC FHG SEM p Value
Appearance 5.87 6.02 6.20 0.231 0.6699
Flavor 7202 6.47b 6.18"P 0.239 0.0023
Tenderness 7.052 6.70 P 7462 0.19 0.0246
Overall liking 6.73 6.18 6.67 0.229 0.1111

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FEC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
Mean in the same row with different superscripts differ significantly (p < 0.05).

3.5. Fatty Acids

Fatty acids were affected by feeding systems; the main and most beneficial enhance-
ment was observed in the meat of lambs raised under GS. C16:0 and ¢9-C18:1 were inferior
to GS compared with FFC and FHG (p < 0.01), and the sum of SFA tended to be inferior as
well (p = 0.0570) (Table 8). The PUFAs C20:4 (arachidonic), C20:5 (EPA), C22:5 (DPA), and
C22:6 (DPA), as well as CLA ¢9 t11-C18:2 (CLA) and the sum of n3 and n6 and the sum
of PUFAs, were higher for GS compared with FFC and FHG (p < 0.01). The same pattern
was observed in the elongase activity estimate (p = 0.0131). Lambs raised under FFC had
greater levels of MUFA and A 9-18 compared with GS but lower levels than FHG (p < 0.01).

Table 8. Fatty acid composition (% of total fatty acid) of the Longissimus lumborum muscle of lambs
under three feeding systems.

Feeding System

Fatty Acid, % FAME SEM p Value
GS FFC FHG

C10:0 0.15 0.14 0.14 0.020 0.9416

C14:0 2.63 2.44 241 0.232 0.6418
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Table 8. Cont.

Feeding System
Fatty Acid, % FAME SEM p Value
GS FFC FHG
C16:0 20.60 © 23.882 23.142 0.547 0.0006
C18:0 16.20 2 13.92° 10.62 ¢ 0.549 0.0001
9-C16:1n7 1.79 1.89 2.49 0.217 0.0676
t11 C18:1 3.61P 247b 5.362 0.356 0.0001
c11-C18:1 1.67 1.77 1.92 0.138 0.468
9-c18:1 34.98b 41472 40.522 0.836 0.0001
C18:2n6 0.05 0.04 0.04 0.005 0.8816
C20:4 n6 3.002 1.70® 1.12° 0.374 0.0046
C18:3n3 0.12 0.09 0.10 0.008 0.0735
C20:5 (EPA) 0312 0.09° 0.04° 0.037 0.0001
(C22:5 (DPA) 0.652 028" 0.14° 0.071 0.0001
(C22:6 (DHA) 0.172 0.07b 0.03P 0.021 0.0002
9 t11-C18:2 (CLA) 0.822 0.49° 0.33¢ 0.043 0.0001
~n3 0.602 0.25P 0.18° 0.056 0.0001
~n6 32792 2.00b 1.26° 0.404 0.0051
né/n3 5.09b 7592 7182 0.606 0.0159
¥ SFA 42.82 43.03 39.82 1.001 0.0570
~. MUFA 44.30¢ 49.33b 52,58 2 0.878 0.0001
¥~ PUFA 12.012 7.25b 7.11b 1.127 0.0057
A9-14 6.80 433 4.70 1.137 0.2693
A9-16 7.94 7.25 9.68 0.818 0.1152
A9-18 68.33 ¢ 74.84° 79.252 0.875 0.0001
A 9 Overall 48.33b 51.91b 54372 0.776 0.0001
Elongase 69.60 2 68.252b 66.57© 0.669 0.0131

GS: Grazing supplemented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the propor-
tion of 1.2% body weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay);
FHG: Feedlot whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean.
X n3: sum omega 3 fatty acids. £ n6: sum omega 6 fatty acids. n6/n3: omega6/omega3. & SFA: sum saturated
fatty acids. ¥ MUFA: sum monounsaturated fatty acids. & PUFA: sum of polyunsaturated fatty acids. Mean in the
same row with different superscripts differ significantly (p < 0.05).

3.6. Gene Expression

The expression of the SCD-1 gene was lower in lambs under FFC treatment compared
with GS and FHC (p = 0.0375) (Figure 1). The feeding system did not affect the expression
of the PPAR« gene (p > 0.05). The SREBP-1c gene was more expressed in GS compared
with FFC but less than FHC (p < 0.0001). ELOV6 gene expression was higher in lambs
under GS compared with FFC and FHC (p = 0.0114).
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Figure 1. Relative expression of the Sterol regulatory element-binding proteins (SREBP-1), peroxisome
proliferator-activated receptor alpha (PPAR-a), Stearoyl-CoA desaturase (SCD1) and Elongase 6 (ELOVL6)
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genes in the Longissimus lumborum muscle of lambs under three feeding systems. GS: Grazing supple-
mented (Cynodon spp. cv Tifton—85 pasture ad libitum and supplement in the proportion of 1.2% body
weight); FFC: Feedlot with forage (72% concentrate; 28% Cynodon spp. cv Tifton—85 hay); FHG: Feedlot
whole grain without forage (85% whole-grain corn; 15% pellets). SEM: Standard error of the mean. Mean
in the same row with different superscripts differ significantly (p < 0.05).

4. Discussion

Dry matter intake was lower in lambs under GS, as ruminants often reduce dry matter
intake when dietary energy density decreases [44,45]. Also, the neutral detergent fiber
in the GS diet contributes to the reduction in feed intake [46,47]. Lambs under FHC
showed intermediary dry matter intake, which is associated with physiological, physical,
or psychogenic mechanisms [48]. The physiological mechanism could be observed when
high-energy diets, such as FHC, were provided in this study. Consequently, lambs from the
FHC treatment had the highest intake of non-fibrous carbohydrates and total digestible
nutrients, which are inherent to the diet.

A lower digestibility of dry matter for GS treatment was expected due to its higher
fiber content. De Paula Carlis et al. [47] observed similar results when studying increased
levels of neutral detergent fiber in feedlot lambs. This result is due to the replacement of
corn with hay, whereas corn has greater digestion potential compared with hay [19]. The
total digestible nutrients of corn (820 g/kg) are 1.4 times higher than the total digestible
nutrients of coast cross hay (500 g/kg) [49,50], and it explains the higher digestibility of
total digestible nutrients for lambs raised under FFC and FHC.

Neutral detergent fiber digestibility was higher in lambs raised under GS due to a
higher proportion of this nutrient in the pasture and its higher intake. Pereira et al. [51]
observed a similar result in lambs under feedlot-fed diets differing in fiber levels. The
intake of neutral detergent fiber from forage is probably favored for maintaining rumen
pH in the optimal range for the growth of fibrolytic bacteria. The favorable environment
may have stimulated the increase in the population of these bacteria, which resulted in the
greater digestibility of neutral detergent fiber [52].

The higher intake and digestibility of non-fibrous carbohydrates and total digestible
nutrients in the FHC treatment may explain a greater weight gain in those lambs. As
suggested by De Paula Carlis et al. [47], these are conditions that promote a greater pro-
duction of short-chain fatty acids in the rumen and, consequently, a better performance.
An increase in short-chain fatty acids reflects an increase in the amount of metabolizable
energy for weight gain [53], which culminated in a greater average daily gain for lambs
raised under FHC. Feed intake is associated with a higher weight gain and feed efficiency
improvement to FHC treatment. Similar results of increased feed efficiency for sheep
consuming high-grain diets are reported in the literature [8,54].

The highest glucose concentration in lambs raised under FHC and the lowest under
GS is associated with the type of fermented carbohydrate in the diet. Diets with higher
proportions of non-fibrous carbohydrates, especially starch, provide greater production and
absorption of propionate, which is the main precursor of gluconeogenesis in ruminants [55]
and may lead to an increased concentration of glucose in the plasma. [56] reported that an
increase in glucose concentration is directly related to an increase in propionate production.
In addition, the results of insulin concentration can be associated with the results of
glucose concentration. Insulin is an anabolic hormone essential in maintaining glucose
homeostasis. It is secreted by pancreatic islet 3-cells in response to increased concentrations
of circulating glucose and amino acids [57]. The higher glucose input from gluconeogenesis
in lambs raised under FHC and FFC stimulated the production and release of insulin to
maintain glucose homeostasis. A higher concentration of insulin and glucose in ruminants
is associated with a higher fat deposit, as insulin stimulates the uptake and use of glucose
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by cells [58]. In ruminants, blood is not a site of synthesis or storage of excess energy, as
these processes occur in the adipose tissues.

The lower hot and cold carcass weight in lambs raised under GS is explained by a
lower intake and digestibility of dry matter, resulting in lower average daily gain and live
weight in GS lambs. Lambs raised under FFC showed lower live weight compared with
FHC, but their hot and cold carcass weight were similar. This is associated with a higher
amount of internal fat in FHC lambs.

Subcutaneous fat thickness was lower for lambs raised under GS, which is related to a
lower insulin concentration, an anabolic hormone that stimulates lipogenesis [58]. Lambs
raised under FHC and FFC showed higher concentrations of insulin, which stimulated the
lipogenesis process, reflecting higher saturated fatty acids. Loin muscle area was superior
in lambs raised under FHC and FFC, which is related to carcass weight, whereas loin
muscle area reflects the degree of muscularity of the carcasses [59]

L* was higher in meat from lambs raised under FHC and FFC, which is associated
with a greater deposition of intramuscular fat. According to Realini et al. [60], fat is the
chemical component of meat that has the highest luminosity. These effects on luminosity
were also reported by Brito et al. [61] and Holman et al. [62].

Water loss from thawing or cooking is directly related to the water-holding capacity,
which may influence shear force values. In the present study, water-holding capacity and
shear force were similar between feeding systems and had characteristic values of meat
considered tender by consumers. Protein and mineral contents in the meat were similar
in the feeding systems. However, the fat proportion of the meat was higher in lambs
raised under FHC. These results are related to the increased intake and digestibility of total
digestible nutrients and a higher concentration of glucose and insulin, resulting in greater
lipogenesis and hypertrophy of adipocytes. Moisture content was negatively correlated
with the fat results, and it agrees with data published by D’Alessandro et al. [63], as the
lipid meat content is inversely associated with the moisture content.

Meat quality is an important factor for product acceptance. It is closely related to
several aspects, including sensory characteristics. Meat from lambs raised under GS showed
better flavor than the other treatments. This result is related to a lower fat content in the
meat of these animals. Bravo-Lamas et al. [64] found that meat from animals consuming
high-grain diets had a lower intensity of species-specific flavor due to a lower proportion of
C18:3 n3, which is associated with a strong flavor of sheep meat. However, the contribution
of C18:3 n3 in the amount of total fatty acids is low, and in the present study, there was no
greater deposition of C18:3 in the meat of lambs raised under GS.

Meat texture is one of the main attributes of meat acceptance [65]. This attribute
showed a significant difference between feeding systems, and more tender meat was
observed in lambs under FFC. This result agrees with Muela et al. [66] and Safiudo et al. [1],
who reported that grazing lambs tended to have tougher meat than lambs finished in
confinement. In the present study, lamb meat from the GS e FHC treatments showed a
similar texture. This may be associated with the age at which the animals were slaughtered
since the age of slaughter has a strong impact on the quality of lamb meat [67].

Overall liking was not affected by the feeding system, and sensory analysis indicated a
moderate to high acceptance of the lamb meat of all three groups. Commercially, moderate
acceptance demonstrates consumption and recommendation of the product [68].

The highest concentration of C18:0 in lambs raised under GS is explained by the
greater extent of biohydrogenation in the rumen and the greater relative expression of
the ELOVLG gene in the muscle LL of GS lambs (Figure 1). A longer feed retention time
in the rumen allows complete biohydrogenation to form the final product C18:0 [69],
favoring its deposition in the meat. The ELOVLG6 is the main enzyme responsible for the
elongation process of fatty acids in ruminants [70], and it showed higher expression in the
LL of GS lambs, which is consistent with the higher proportion of C18:0. A higher C18:0
content accompanied by the reduction in the C16:0 present in muscle of animals from GS is
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beneficial; C16:0 is associated with cardiovascular diseases, while C18:0 may have a neutral
or protective effect against cardiovascular diseases [71].

The highest concentration of ¢9-C18:1 in FHC agrees with the expression of the SCD-1
gene. The SCD-1 has desaturation activity between carbons 9 and 10, converting C18:0 into
c9-C18:1 [72]. According to Campbell et al. [73] and Smith et al. [74], more energetic diets
stimulate lipogenesis, promoting a greater activity of the enzyme stearoyl-CoA desaturase
(SCD-1). The gene expression results corroborate with a higher desaturase activity on the
C18:0 fatty acid. These results are also associated with the desaturation index (A9 total),
and the FHC treatment showed the highest value of this index.

Although FHC showed higher amounts of t11-C18:1, this did not result in a higher
proportion of c9t11-C18:2 (conjugated linoleic acid, CLA) as expected since t11-C18:1 is
a precursor of c9t11-C18:2. During endogenous synthesis, the desaturation of t11-C18:1
occurs through the action of the enzyme A9 desaturase, converting it into c9t11-C18:2. On
the other hand, a higher proportion of c9t11-C18:2 was observed under GS due to a higher
proportion of C18:3 n3 and C18:2 n6 in lambs raised under GS. The increase in c9t11-C18:2
is associated with positive effects on human health due to anticarcinogenic, antioxidant,
antidiabetic, and immunostimulatory actions [75], and it was associated with an increase in
C18:0 and a reduction in C16:0 in the LL of GS lambs, increasing the quality of the final
product and making it healthier for human consumption.

There was no effect of the feeding system on PUFA C18:3 n3 or C18:2 n6, though the
n6/n3 ratio was the lowest in GS lambs. Even so, at 5.093, it was still higher than the
recommended 4:1 ratio for promoting a human health benefit while being far lower than
the 10:1 ratio that causes damage to health (n6/n3) [76].

C20:4 (arachidonic acid) is an intermediate in the metabolism of C18:2 n6 and C18:3 n3.
Lambs raised under GS showed a higher sum of these precursors of C20:4, which resulted
in a greater deposition in the meat (Table 8).

Fatty acids of the n3 series, C20:5 n3 (eicosapentaenoic acid, EPA), C22:5 n3 (docos-
apentaenoic acid, DPA), and C22:6 n3 (docosahexanoic, DHA), which have anticarcinogenic
and anti-inflammatory actions and act in the development and protection of the nervous
system [77], showed the highest values in lambs raised under GS. Lambs managed in the
pasture have higher proportions of the fatty acids EPA, DHA, and DPA due to the action
of elongases and desaturases, which act in the biosynthesis of long-chain fatty acids from
C18:3 n3 present in pastures. This result is associated with the gene expression of ELOVL6
(Figure 1), which was higher in lambs raised under GS.

The expression of PPAR« transcription factor mRNA was similar among feeding
systems. The activation of the PPAR« starts in response to the need for energy, resulting in
the catabolism of fatty acids [9,78]. In the present study, the absence of differences between
the different feeding systems indicates that none of the treatments required the mobilization
of fat for energy, corroborating the results found for triglycerides.

A higher SCD-1 gene expression in lambs raised under GS and FHC corroborates the
higher proportion of ¢9-C18:1 under FHC and c9-t11-C18:2 under GS. SCD-1 gene expression
is related to the activity of the stearoyl-CoA desaturase enzyme; this enzyme’s main products
are ¢9-C18:1 and c9-t11-C18:2 [72], corroborating the results for these fatty acids.

The results obtained for SREBP-1c and SCD-1 for lambs raised under FHC were asso-
ciated with a higher insulin concentration, thereby stimulating the SREBP-1c¢ transcription
factor. According to Ricoult et al. [12], the greatest stimulus to produce the transcription
factor SREBP-1c is the concentration of insulin in the bloodstream. The intermediate values
for SREBP-1c transcription factors in lambs raised under GS may be related to a higher
proportion of acetate, the main short-chain fatty acids produced from the fermentation
of neutral detergent fiber [25], which was present in high concentrations in GS treatment.
After absorption, acetate is distributed to peripheral tissues, where it is converted into
acetyl-CoA through the action of the enzyme acetyl-CoA synthetase, which is encoded by
SREBP-1c [79].
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Lambs raised under GS showed a higher expression of the ELOVL6 gene, which acts
in the process of the elongation of fatty acid chains [80]. The ELOVL6 gene encodes the
enzyme that catalyzes the elongation of palmitic acid (C16:0) to stearic acid (C18:0) [81]. In
the present study, C18:0 was higher in lambs raised under GS, corroborating the higher
ELOVL6 expression and higher elongase activity index.

5. Conclusions

The results indicated no major differences in carcass characteristics and parameters of
meat quality between lambs raised under feedlot and high-grain systems; however, the high-
grain system showed superiority in feed efficiency and glucose concentration. Nonetheless,
the results of this study confirm that grazing lambs under supplementation increases the
expression of the gene ELOVL6 and enhances meat flavor and the concentration of PUFA,
which are important to human health. Differences between the feeding systems can be
used by producers to determine target markets. More research is needed to overcome the
challenges and limitations of experimental grazing research, e.g., replication groups and a
larger number of animals, and assess the economic profitability among the different systems.
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Abstract: This study investigated the effect of red corn in the feed mixture of dairy goats on produc-
tion traits, blood metabolic profile, and antioxidative status. The study was conducted on 30 French
Alpine dairy goats. The feed mixture for the goats in the control group (CC) contained yellow corn
(100%). In the first experimental group (RC50), yellow corn was partially (50%) replaced by red corn
(RC), and in the second experimental group (RC100), yellow corn was completely (100%) replaced by
red corn. No significance variations (p > 0.05) were determined in production traits of dairy goats
between dietary treatments. A significant increase in hemoglobin (84.43, 100.00 and 106.55 g/L), mean
corpuscular hemoglobin (7.98, 9.70 and 12.54 pg), and mean corpuscular hemoglobin concentration
(293.57, 357.50 and 462.78 g /L) was found in the RC groups, and a decrease in erythrocytes in the
RC100 compared with the RC50 group of goats (from 8.71 to 10.45 x 10!2 L). A significant increase in
blood superoxide dismutase (SOD) activity in the RC groups was found (0.29, 0.53, and 0.44 U/mL).
The results indicate maintaining production traits and a moderate effect on blood metabolic profile
(most hematologic parameters) as well as a positive antioxidative effect RC.

Keywords: lactating goats; corn with increased anthocyanins; milk performance; blood metabolic profile

1. Introduction

Domestic animals are pressured to increase their production, i.e., financial profit
of their farmers. This is why an increase in cellular respiration and production of free
radicals and oxidative stress often occurs, afterward [1]. This is the primary cause of
various metabolic disorders in animals, especially in the transition period, which leads
to impairment of welfare, production properties, and quality of obtained products [2].
However, various antioxidants can be used for prevention [3,4]. The prohibition on the
use of antibiotics and the interest for the use of various phyto-additives as food sup-
plements such as flavonoids, including anthocyanins, is growing [5]. Flavonoids can
promote the growth and development of animals and improve the health and quality of
animal products [3]. Feeding anthocyanin- and antioxidant-rich forages to sheep and dairy
cows can improve performance and product quality [6]. Anthocyanins are water-soluble
glycosides of polyhydroxy and polymethoxy derivatives of 2-phenyl-benzopyrylium or
flavylium salts responsible for the colors like red, purple, and blue presented in many fruits,
vegetables, and cereal kernels as well as included in a class of flavonoids [7]. Further efforts
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by scientists are being made toward the use of anthocyanins in natural sources, through
the consumption of certain feeds rich in their content. Corn is the most commonly con-
centrated fodder used in animal feeding. However, the different varieties of corn contain
significantly different concentrations of anthocyanidins, as blue, red, and purple corn have
higher concentration of anthocyanidins (up to 325 mg/100 g dry matter of corn), while
yellow corn is rich in carotenoids (up to 823 ug/100 g dry matter of corn) [8]. Anthocyanins,
besides giving various striking colors, also have a positive health influence [9]. However,
the regulatory mechanisms in the metabolic pathway for anthocyanins are not yet fully
elucidated [10]. It is known that anthocyanins as one of the flavonoids are absorbed in the
gut poorly and thus concentrations in tissues are too low to obtain an effective antioxidant
defense [4]. Changxing et al. [11] reported that anthocyanins have excellent antioxidant,
anti-inflammatory, antimicrobial, and anticancer effects as well are proven to be safe and
potent feed additives. In the available literature, we found only one paper that investi-
gated the application of red corn in weaned lamb feeding [12], while there is no research
on goats. Therefore, for the discussion, we used research conducted with purple corn
in ruminant nutrition while monitoring the content of anthocyanins and polyphenols in
them. Tian et al. [13] propose the use of purple corn in ruminant nutrition due to improved
antioxidant resistance, better transfer of anthocyanins to goat’s milk, and the lack of impact
on milk composition. The present study investigates the effect of different levels of red
corn in the feed mixture of dairy goats on productive traits (especially milk yield and
composition), blood metabolic profile, and antioxidant status.

2. Materials and Methods
2.1. Experimental Design

The study was conducted in accordance with the Declaration of Helsinki, by obeying
legal provisions determined by the Animal Protection Act (Republic of Croatia Official
Gazette No. 133 (2006), No. 37 (2013), and No. 125 (2013)), and approved by the Committee
for Animal Welfare of the Faculty of Agrobiotechnical Sciences Osijek (644-01/23-01/23
from 14 March 2023).

The study was conducted with 30 French Alpine dairy goats during lactation on a
family farm in Osijek-Baranja County in Croatia. The goats were approximately 4 years
old and in their third lactation. All the goats included in the study were healthy and in
good physical condition. The research goats were selected from a flock of 60 animals. The
goats were divided into three groups of 10 animals each, depending on their nutrition.
In each experimental group, there was the same number of goats with singles and twins.
The goats were housed in the barn throughout the study, and milking took place in the
milking parlor in a separate room. All selected goats had kidded within seven days. The
experiment started 60 days after kidding. Eight days before the experiment started goats
had an adaptation period and were fed with experimental diet. In total, the experiment
lasted 30 days. The index of body condition score (BCS) was determined using a scale of 1
to 5 points according to Santucci and Maestrini [14]. This scale uses points from 1 (thin) to
5 (obese), with intervals of 0.25. All personnel dealing with live goats have been trained
and educated.

2.2. Feedstuff Analysis and Nutrition

The goats were given individual feed mixtures (1.2 kg per day) according to their
requirements according to NRC [15]. Feeding with prepared feed mixtures was conducted
in separate feeding troughs in the milking parlor during twice-daily milking by a machine.
Furthermore, the goats had hay (ad libitum). During the research, 24 h before each goat’s
milk sampling (1st, 15th, and 30th days), the kids were separated from their mothers. Milk
samples for the research were taken only during morning hand milking. A measuring
cylinder was used to determine the morning milk yield of each goat. During the rest
of the time, that is, except for the days of sampling, kids stayed with their mothers and
suckled milk. Experimental diets differed in the type of corn. Yellow corn (100%) was
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included in the control group diet. In the first experimental group (RC50), yellow corn was
partially replaced by 50% red corn in the feed mixture. In the feed mixture of the second
experimental group (RC100), the yellow corn was completely replaced by 100% red corn.
Red corn is an old native Croatian variety. The feed samples (feed mixture, hay, and corn)
were dried and ground to a powder using an ultra-centrifugal mill (heavy metal-free, Retsch
ZM 200, Haan, Germany). The standard methods of AOAC [16] were used to determine
the feed composition of goats. The feed mixture (g/kg feed mixture) contained: corn 600,
barley 120, wheat flour 23, soybean meal (46% crude proteins) 100, extruded soybean 120,
salt 4, calcium carbonate 3, mineral vitamin premix 30. Goats mineral vitamin premix
contained: 21% Ca; 5% P; 6% Na; 5% Mg; 1,200,000 IU/ kg vitamin A; 140,000 IU/kg vitamin
Dj; 3500 mg/kg vitamin E; 600 mg/kg Fe (iron sulphate monohydrate); 490 mg/kg Cu
(copper sulphate pentahydrate); 500 mg/kg Cu (in the form of chelates); 5 mg/kg Mn
(manganese sulphate pentahydrate); 6500 mg/kg Zn (zinc oxide); 1500 mg/kg Zn (in the
form of chelates); 60 mg/kg I (anhydrous calcium iodate); 40 mg/kg Co (cobalt carbonate
monohydrate); 50 mg/kg Se (disodium selenite). Chemical compositions of the food are
presented in Table 1. The methods used for the analysis of the nutritional values of feed
are described in [12]. Extraction and determination of total polyphenols and anthocyanins
from feed were performed according to the procedures and equipment described by [17].
Concentrations of total polyphenols and anthocyanins in the RC50 group were 513.06 and
217.32 mg/kg, while in the RC100 group they were 1276.70 and 485.40 mg/kg, respectively.

Table 1. Chemical composition of feed mixture, hay, yellow corn, and red corn used in investigation
with dairy goats.

Chemical Content (g/kg DM) Feed Mixture Yellow Corn Red Corn Hay
DM 912 905 907 932
Crude protein 157 100 105 91
Crude fiber (g/kg DM) 36 25 23 328
Crude ash (g/kg DM) 30 13 14 67
EE (g/kg DM) 51 38 37 8
ME (M]/kg DM) 12 - - 7
Polyphenols * (total), mg/kg 144.77 179.87 298.69 -
Anthocyanins ** (total), mg/kg 0 125.37 253.04 -

DM—dry matter; * The concentration of polyphenols in RC50 and RC100 was 513.06 and 1276.70 mg/kg,
respectively; ** The concentration of anthocyanins in RC50 and RC100 was 217.32 and 485.40 mg/kg, respectively.

2.3. Milk Sampling and Analysis

At the 1st, 15th, and 30th day of the research, two milk samples (one for chemical
analyses and other for biochemical parameters) were taken from each goat at morning
(7:00 a.m.) during routine hand milking. Total morning milk yield of each goat was
determined using a measuring cylinder. Immediately after the collection of these two milk
samples, a milk sample (30 mL) from each goat was placed in plastic bottles containing
0.3 mL of azidiol, cooled to 4 °C, and prepared for analysis. The chemical composition
of the goat’s milk was determined using the MilkoScan FT 6000 analyzer (Foss Electric,
Hillered, Denmark) according to the principle of infrared spectroscopy in accordance
with HRN ISO 9622:2017 [18]. The somatic cell count (SCC) was determined according to
the Fluor-electronic method HRN ISO 13366-2/Ispr.1:2007 [19] using a Fossomatic 5000
analyzer (Foss Electric, Hillerod, Denmark). To determine the biochemical parameters,
the milk was centrifuged at 5000x g (30 min) after fat separation and the milk plasma
was frozen at —80 °C until analysis. In blood serum, biochemical parameters (aspartate
aminotransferase—AST; alanine aminotransferase—ALT; gamma-glutamyl transferase—
GGT; iron—Fe; calcium—Ca; and phosphorus—P) were determined using the Olympus
AU 400 biochemical analyzer (Olympus, Tokyo, Japan), while the activity of SOD was
determined using RANSOD (Randox Laboratories, Crumlin, UK) on the same Olympus
AU 400 biochemical analyzer (Olympus, Tokyo, Japan).
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2.3.1. Antioxidant Indicators

Fresh goat’s milk samples were stored at —80 °C. The extraction of the antioxidant
compounds followed the method described in the paper of Alyaqoubi et al. [20] with some
modifications. Fresh milk (1 g) was added to 10 mL extraction solution (1 N HC1/95%
ethanol (v/v, 15/85)) in brown 50 mL bottles and shaken for 1 h at 30 °C in a rotary shaker
(Brunswick™ Innova® 43/43R—Console Incubator Shaker, Eppendorf AG, Hamburg,
Germany) at 300 rpm. The mixture of solvent and samples was then centrifuged at 4400x ¢
(Hermle Z 326 K, Hermle Labortechnik GmbH, Wehingen, Germany) at 5 °C for 40 min.
The supernatant liquids were stored at —20 °C in the dark until further analysis for DPPH
radical scavenging activity and TBARSysp. The extraction was performed three times.

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Activity

In a modification of the methods of [21], the DPPH radical scavenging test was carried
out to determine the total antioxidant activity of milk extracts. Briefly, an aliquot of 200 pL
of milk extracts was added to 1.8 mL of a 0.2 mM methanol DPPH radical solution, so the
final concentration was 0.18 mM DPPH. The mixture was shaken vigorously using a vortex
mixer and then left to stand for 30 min in the dark at room temperature. Negative control
was carried under the same conditions, which contained 200 uL of milk extraction solution
and 1800 puL of 0.2 mM DPPH in methanol. All measurements were performed three times.
Absorbance was measured at 517 nm using a spectrophotometer (Lambda 25, Perkin Elmer,
Waltham, MA, USA). The percentage of DPPH scavenging activity was determined using
Equation (1):

DPPH scavenging activity (%) = ((Ab + As) — Am)/Ab x 100 1)

where Ab is the absorbance of the negative control, 0.18 mM DPPH radical methanolic
solution with the milk extraction solution, As is the absorbance of the milk sample control,
and Am is the absorbance of samples of tested milk extracts (final concentration 10 uL./mL)
and DPPH radical.

Thiobarbituric Acid Reactive Substances (TBARSs50)

Slightly modified methods from Oancea et al. [22] based on the absorbance values (at
450 nm, 532 nm and 600 nm) from Sun et al. [23] with a spectrophotometer (Lambda 25,
Perkin Elmer, Waltham, MA, USA) were used to measure TBARS,5). Determinations were
performed after defrosting of milk samples overnight in the refrigerator. Each sample used
for analytical determination consisted of 1.5 mL of defrosted milk, and 0.5 mL of 0.1% TCA
was used for the protein-removal step. After centrifugation at 3000x g for 5 min at 4 °C
(Hermle Z 326 K, Hermle Labortechnik GmbH, Wehingen, Germany), the supernatants were
incubated with 1 mL of TBA/TCA reagent (0.5% TBA in a 20% TCA) for 90 min at 80 °C.

After incubation and cooling of samples on ice, the absorbance values were read at dif-
ferent wavelengths, specific for milk degradation products (450 nm—saturated aldehydes,
532 nm—MDA and 600 nm—nonspecific absorption). The results were expressed as the
absorbance values at 450 nm after subtraction of non-specific absorption at 600 nm.

2.4. Blood Sampling and Analysis of Blood Metabolic Profile

Blood samples were taken from the jugular vein of each goat (10 mL) into a sterile
vacuum tube Venoject® (Sterile Terumo Europe, Leuven, Belgium) containing ethylenedi-
aminetetraacetic acid (EDTA) as an anticoagulant for hematologic analysis. After blood
collection, samples were transferred on ice at 0-6 °C to the laboratory of the Department
of Animal Production and Biotechnology, Faculty of Agrobiotechnical Sciences, Josip Ju-
raj Strossmayer University of Osijek, Osijek Croatia. The EDTA tubes containing the
anticoagulant were inverted several times to ensure adequate mixing of the blood. Hema-
tological parameters in goat whole blood, such as leukocyte (WBC, 10° L) and erythrocytes
count (RBC, 10'2 L) as well as the content of hemoglobin (HGB, g/L), hematocrit (HCT,
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L/L), mean corpuscular volume (MCYV, fL), the mean hemoglobin content in erythrocytes
(MCH, pg), and the mean hemoglobin concentration in the erythrocytes (MCHC, g/L)
were determined using the Sysmex PocH-100iV automated three-differential hematol-
ogy analyzer (Sysmex Europe GmbH, Hamburg, Germany). Blood samples collected in
sterile vacuum tubes (Venoject®, Leuven, Belgium) were centrifuged within 10 min at
1609.92x g by centrifuge ROTOFIX 32A (Hettich GmbH & Co. KG, Tuttlingen, Germany)
and the serum samples obtained were analyzed in the Olympus AU400. In the blood
serum, the concentration of biochemical parameters was determined and showed in the
reagent code, such as calcium (Ca, mmol/L; OSR 60117), phosphorus-inorganic (P-inorg,
mmol/L; OSR6122), magnesium (Mg, mmol/L; OSR6189), iron (Fe, umol/L; OSR6186),
urea (mmol/L; OSR6134), glucose (GUK, mmol/L; OSR6140) total proteins (TPROT, g/L;
OSR6132), albumin (ALB, g/L; OSR6102), cholesterol (CHOL, mmol/L; OSR6116), LDL—
low-density lipoprotein (LDL, mmol/L; OSR6183), HDL—high-density lipoprotein (HDL,
mmol/L; OSR6187), triglycerides (TGC, mmol/L; OSR60118); 3-hydroxybutyrate (BHB,
mmol/L; RB1007), and non-esterified fatty acids (NEFA, mmol/L; FA115). Also, in the
blood serum, activities of enzymes were determined and showed in the reagent code, such
as alanine aminotransferase (ALT, U/L; OSR 6007), aspartate aminotransferase (AST, U/L;
OSR6009), y-glutamyl transferase (GGT; U/L; OSR6020), and glutathione reductase (GR;
U/L; GR2368) and were measured by using Olympus System reagents (Lismeehan, Ireland).
The globulin content (GLOB) was calculated as the difference between the total protein and
albumin content. In blood serum, the activity of glutathione peroxidase (GPx, U/L; RA505)
was determined using a Ransel® kit (RANSEL, RANDOX, London, UK), and the activity
of total superoxide dismutase (SOD, U/mL; SD125) was determined using a Ransod® kit
(RANDOX, San Diego, CA, USA) on an automatic Olympus AU 400 (Olympus, Tokyo,
Japan) analyzer.

2.5. Statistical Analyses

Data for milk yield, milk composition, blood metabolic profile parameters, and antiox-
idant status for each goat and sampling period were analyzed by repeated measure using
the PROC MIXED procedure of SAS 9.4 [24] according to the following model:

Yijk = p + di + hij + wk + dwik + eijk,

where:

p = overall mean,

di = fixed effect of diet (i = CC, RC50, RC100),

hij = animal within diet as subject (j = CC, RC540, RC100),

wk = fixed effect of period during lactation (k = 1-3),

dwik = interaction between diet and period (diet x period), and
eijk = random error variation (residual error).

Means were compared using Tukey’s honestly significant difference test [24], and
p < 0.05 was indicated as significant. The values for SCC were logarithmically transformed
to obtain a linear value that approximates the normal distribution.

3. Results

Table 2 shows the body weight, body condition score, and milk yield and composition
of milk of dairy goats during lactation when fed feed mixtures containing different levels
of red corn.

No significant (p > 0.05) variations were determined in milk yield and composition
between dietary treatments. The timing of sampling and the interaction between feed and
timing of sampling did not affect the parameters studied, except for urea concentration
depending on the lactation stage (Table 2). It is evident that the activity of enzymes (AST,
ALT and GGT) in milk showed an insignificant decrease (p > 0.05) when feeding with a
higher content of red corn in the feed mixtures (RC50 and RC100) compared to the CC group
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Table 2. Production traits and milk composition of dairy goat fed feed mixtures with different levels
of red corn.

Diets p-Value
Traits SEM
CC RC50 RC100 D T D*T
Morning milk yield (g) 1461.47 1323.54 1367.18 54.176 0.555 0.443 0.779
Body weight (kg) 46.10 48.22 47.83 0.712 0.465 0.991 0.993
BCS (point) 2.76 2.90 2.80 0.051 0.577 0.687 0.856
Milk composition
Fat (g/100 g) 3.14 3.22 3.09 0.083 0.840 0.939 0.980
Protein (g/100 g) 2.84 2.89 3.00 0.029 0.086 0.569 0.995
Lactose (g/100 g) 445 448 453 0.022 0.800 0.285 0.335
NFDM (g/100 g) 8.34 8.43 8.58 0.042 0.101 0.650 0.688
AST (U/L) 171.29 130.43 145.66 11.812 0.415 0.734 0.614
ALT (U/L) 386.68 346.95 352.00 46.341 0.904 0.460 0.784
GGT (U/L) 364.92 360.19 327.88 15.362 0.584 0.766 0.446
Fe (umol/L) 17.21 15.79 13.76 1.261 0.603 0.774 0.769
Ca (mmol/L) 41.03 45.30 45.84 1.673 0.417 0.081 0.484
P-inorg (mmol/L) 28.47 32.63 33.96 1.200 0.154 0.172 0.435
Urea (mg/dL) 19.88 22.51 23.06 0.257 0.572 0.032 0.911
SSC (log) 543 5.51 5.37 0.049 0.645 0.940 0.562
CC—control corn; RC50—red corn 50%, RC100—red corn 100%; D—diet, T—time of sampling, D*T—interaction
(diet x time of sampling), SEM—standard error of mean; BCS—body condition score; NFDM—non-fat dry matter;
AST—aspartate aminotransferase, ALT—alanine aminotransferase, GGT—y-glutamyl transferase; SSC—somatic
cell count.

From the results of the analysis (Table 3), the increase in HGB, MCH, and MCHC was
found in feeding goats with an increased content of RC in both groups (RC50 and RC100)
compared with CC, and a decrease in RBC in RC100 compared with RC50. These parameters
were affected by dietary treatment and time of milk sampling and their interaction.

Table 3. Hematologic parameters in dairy goat fed feed mixtures containing red corn.
Diets p-Value
Parameter SEM
CcC RC50 RC100 D T D*T
RBC (x10'2 L) 9.74 b 10.452 8.71b 0.228 0.015 0.180 0.843
WBC (x10° L) 9.74 8.99 9.74 0.350 0.313 0.382 0.901
HGB (g/L) 84.43 0 100.00 2 106.55 % 5.212 <0.001 <0.001 <0.001
HCT (L/L) 0.27 0.28 0.26 0.006 0.169 0.015 0.728
MCH (pg) 7.98 ¢ 9.70 b 12,542 0.661 <0.001 <0.001 <0.001
MCYV (fL) 27.24 27.25 30.54 0.992 0.300 0.207 0.474
MCHC (g/L) 293.57 ¢ 357.50 P 462.78 2 18.755 <0.001 <0.001 <0.001

CC—control corn; RC50—red corn 50%; RC100—red corn 100%; D—diet; T—time of sampling; D*T—interaction
(diet x time of sampling); SEM—standard error of mean; RBC—erythrocytes, WBC—number of leukocytes;
HGB—hemoglobin; HCT—hematocrit; MCV—mean corpuscular volume; MCH—mean hemoglobin content in
erythrocytes; MCHC—mean hemoglobin concentration in erythrocytes; * Values within a row with different
superscripts differ significantly at p < 0.05.

Analysis of blood metabolic profile (biochemical parameters and enzyme activities)
in dairy goats concerning the consumption of feed mixtures with red corn did not reveal
statistically significant (p > 0.05) differences, except for the concentrations of urea, glucose,
and Mg influence of milk sampling time (Table 4).

In the RC100 group, a significant decrease in TBARSy5( values in milk compared with
CC was found, as well as a smaller increase in the DPPH scavenging, but without significant
differences in RC50 and RC100 compared with CC. A sampling time affected TBARS,s59
concentration significantly as well (Table 5). The TBARS450 results were expressed as the
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absorbance values at 450 nm after subtraction of non-specific absorption at 600 nm, while
the absorbance values at 532 nm were insignificant.

Table 4. Blood biochemical parameters and enzyme activities of dairy goat fed with feed mixtures
containing red corn.

Diets p-Value
Parameter SEM
CcC RC50 RC100 D T D*T
Urea (mmol/L) 7.58 7.92 7.44 0.220 0.626 <0.001 0.488
TPROT (g/L) 74.74 77.13 73.71 0.867 0.295 0.788 0.505
ALB (g/L) 27.56 27.83 26.46 0.439 0.442 0.760 0.541
GLOB (g/L) 47.18 49.30 47.25 0.616 0.314 0.454 0.741
Ca (mmol/L) 2.31 2.29 2.24 0.024 0.463 0.097 0.720
P-inorganic (mmol/L) 2.25 211 2.20 0.065 0.696 0.975 0.375
Mg (mmol/L) 1.30 1.30 1.29 0.011 0.960 0.009 0.273
Fe (umol/L) 25.57 24.90 24.33 0.950 0.869 0.489 0.314
GUK (mmol/L) 3.55 349 3.60 0.045 0.636 0.031 0.803
CHOL (mmol/L) 2.74 3.09 2.67 0.080 0.099 0.656 0.801
HDL (mmol/L) 1.64 1.83 1.63 0.044 0.143 0.907 0.891
LDL (mmol/L) 1.03 1.18 0.95 0.041 0.098 0.316 0.736
TGC (mmol/L) 0.17 0.18 0.19 0.011 0.734 0.235 0.921
NEFA (mmol/L) 0.11 0.14 0.10 0.009 0.311 0.157 0.863
BHB (mmol/L) 0.71 0.67 0.57 0.024 0.071 0.562 0.766
AST (U/L) 130.53 121.43 137.93 3.423 0.187 0.512 0.914
ALT (U/L) 27.71 24.59 27.54 0.679 0.136 0.326 0.878
GGT (U/L) 45.29 43.92 43.44 1.027 0.753 0.681 0.506
CC—control corn; RC50—red corn 50%; RC100—red corn 100%; D—diet, T—time of sampling; D*T—
interaction (diet x time of sampling); SEM—standard error of mean; TPROT—total proteins; ALB—albumins;
GLOB—globulins; GUK—glucose; CHOL—cholesterol, HDL—HDL-cholesterol; LDL—LDL-cholesterol; TGC—
triglycerides; NEFA—non-esterified fatty acids, BHB—@-hydroxybutyrate; AST—aspartate aminotransferase;
ALT—alanine aminotransferase, GGT—y-glutamyl transferase.
Table 5. Antioxidative status of milk and blood of dairy goats fed with feed mixtures containing red corn.
Diets p-Value
Parameter SEM
CcC RC50 RC100 D T D*T
Milk
TBARS,59 0.0252 0.022 ab 0.019° 0.017 0.022 <0.001 0.186
DPPH scavenging (%) 87.78 91.17 92.54 1.107 0.187 0.099 0.324
SODm (U/mL) 10.37 11.45 11.63 0.668 0.735 0.532 0.616
Blood serum
GPx (U/L) 1633.48 1669.75 1531.92 99.589 0.726 <0.001 0.043
SODb (U/mL) 0.29b 0.532 0.44°2 0.025 0.001 0.356 0.916
GR (U/L) 96.16 95.36 95.06 2.561 0.990 0.003 0.512

CC—control corn; RC50—red corn 50%; RC100—red corn 100%; D—diet; T—time of milk sampling; D*T—
interaction (diet x time of sampling); SEM—standard error of mean; TBARSy5p—Thiobarbituric acid reactive
substances; DPPH—radical scavenging activity at final milk concentration 10 uL/mL; SODm—milk superoxide
dismutase; GPx—blood glutathione peroxidase; SODb—blood superoxide dismutase; GR—blood glutathione
reductase; *° Values within a row with different superscripts differ significantly at p < 0.05.

It can be seen that SODm activity in milk increased when fed with a higher content of
red corn in the feed mixtures (RC50 and RC100) compared to the CC group but without
significant differences. A significant (p < 0.05) effect was found on the activity of antioxidant
enzymes in the blood of dairy goats fed with different proportions of RC, namely an increase
in SODDb activity in the RC50 and RC100 groups and a significant effect of sampling time
on GPx and GR activity in the blood (Table 5).
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4. Discussion

Lactation is a very challenging physiological process for an animal. Due to their high
metabolic demands, goats and other small ruminants are prone to suffering from oxidative
stress [13]. Both the productivity and health of ruminants are negatively influenced by
the oxidative stress. Therefore, research on the addition of anthocyanins to the feed
of small ruminants is very timely. However, the high content of polyphenols in food,
especially astringent polyphenols, can bind nutrients and reduce their absorption in the
digestive system causing reduced food consumption and impaired animal production
properties [25]. Plants rich in anthocyanins influence the immune response associated with
the inhibition of inflammatory processes by promoting the normalization of microflora
in the digestive tract and reducing the permeability of the gastrointestinal barrier [26]. In
this research, no significant changes were observed in the production traits of goats. The
lactose content of milk was slightly increased in RC50 and RC100 goats compared to the
CC group (from 4.45 to 4.53% DM). In a study by Tian et al. [27], no effects of feeding goats
with anthocyanins from purple corn on dry matter intake, average daily gain of goats,
glucose blood concentrations, urea nitrogen, total proteins, albumins, and DPPH activity
were observed. In a study [13] conducted with lactating dairy goats, no change in milk
quantity and composition was observed when feeding purple corn silage, except for a
significant increase in lactose content in the goat milk compared to the group fed ordinary
corn (from 4.50 to 4.55%). This may be related to fermentation in the rumen, in particular
by inhibiting acetic acid and increasing the proportion of propionic acid in the rumen.
The authors indicated that the anthocyanin sugars can be broken down in the digestive
system and are therefore involved in lactose synthesis. The absence of changes in the
activity of other enzymes such as GPx and GR could be explained by the poor absorption
of anthocyanins by small ruminants compared with monogastric animals. SOD is the first
line of defense among the intracellular enzymes that scavenge reactive oxygen species [28].
Consequently, anthocyanins are powerful antioxidants that regulate peroxidation reactions
and control the production of free radicals in the goat’s body [29]. Quadros et al. [6]
suggested that anthocyanins can suppress oxidation resistance and enhance plasma SOD
enzyme, resulting in reduced saturated fatty acids (SFA) and increased polyunsaturated
fatty acid (PUFA) levels. Antunovi¢ et al. [12] found similar deviations in blood GPx and
GR activities, and an insignificant increase in blood SOD activity in lambs fed mixtures
with the addition of red corn. Hosoda et al. [30] pointed out that the cause might be a
sufficient number of non-enzymatic antioxidants, as no serious oxidative stress was found
in sheep. Tian et al. [31] found an increase in plasma SOD activity when goats were fed
silage from anthocyanin-rich purple corn, while the activity of other antioxidant enzymes
(GPx and catalase) in the goats’ plasma did not change. These authors pointed out that the
reason could be that the increased activity of SOD in the plasma of goats reduces the load
on the antioxidant defense system so that other enzymes in the plasma do not change [32].
Matsuba et al. [33] found that when feeding dairy cows with purple corn silage, the activity
of SOD in the blood also increased. Corn rich in anthocyanins is suitable to provide an
antioxidant effect in dairy cattle due to the stability of anthocyanins in rumen fluid [34].
Hosoda et al. [28] found an increase in plasma activity SOD in lactating sheep fed purple
corn and a significant increase in plasma activity SOD in cows [35] fed anthocyanin-rich
corn silage. The antioxidant enzymes, such as SOD, have the ability to eliminate reactive
oxygen and prevent cell damage, which can be associated with the use of purple corn
extract that can penetrate cell membranes and stimulate the production of antioxidant
enzyme [36]. Tian et al. [29], in a study on the effects of anthocyanin-rich purple corn pot
silage in goat feed, found a potential to improve antioxidant status by improving SOD
activity in blood plasma through modulation of antioxidant genes in the mammary gland.
In the present study, a significant (p < 0.05) increase in blood SOD activity was found in the
RC50 and RC100 groups compared to the control group, which corresponds with previously
mentioned studies. Hematologic and biochemical parameters and enzyme activities in goat
blood in the present investigation were within the reference values established for goats
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under similar rearing conditions, except for the MCH content in RC50 and RC100, MCV in
all groups, and MCHC (only in RC100), which were above the reference values [37-39] with
a slight effect of period and interaction between diet and period, which was expected. A
significant increase in HGB, MCH, and MCHC content with increasing RC content in both
groups (RC50 and RC 100) compared with CC might be related to anthocyanins stabilizing
erythrocyte membranes and inhibiting hemoglobin polymerization [40]. According to
Youdim et al. [41], polyphenols protect against reactive oxygen species-induced hemolysis
by increasing the integrity of red blood cells in conjunction with the inhibition of lipid
peroxidation. In the research by Antunovi¢ et al. [12], which was carried out on the feeding
of lambs after weaning, an increase in the HGB content was also found with an increase
in the proportion of red corn in the feed. The effect of anthocyanins from the feed on the
antioxidant response of the animal organism is well known. The antioxidant properties
of phenols are attributed to their redox property, which allows phenols to act as reducing
agents, hydrogen donors, and oxygen scavengers. In the present study, a significant
decrease in TBARS,5) in milk was observed in the RC100 group compared with CC, as
well as a smaller increase in the DPPH scavenging, but without significant differences in
RC50 and RC100 compared with CC. These changes also indicate the antioxidative effect of
nutritional treatments. Indeed, the anthocyanins in plasma can supply hydrogen atoms to
DPPH [42] and thereby increase DPPH scavenging activity. In addition, antioxidants in the
diet can reduce the content of superoxide anions, hydroxyl radicals, and peroxynitrite [43].
The aforementioned authors point out that it can inhibit the activities of enzymes that
generate reactive oxygen species and increase the expression of antioxidant enzymes such
as SOD. Tsuda et al. [44] performed a study with rats fed C3G anthocyanins (2 g/kg)
for 14 days. A significant decrease in TBARS,5) formation during serum formation was
observed, but no significant difference in serum lipid concentrations (CHOL, NEFA, TGC).
Tian et al. [13] also found no changes in DPPH scavenging activity and GPx activity when
feeding goats with purple corn silage due to the possible high toxicity of O, that was
converted into low toxicity of H,O, by SOD, thus facilitating oxidative stress. In the
present research, we also did not determine significant (p > 0.05) differences in DPPH and
GPx activity when feeding the goats with red corn.

5. Conclusions

From the present results, it can be concluded that the replacement of yellow corn with
red corn had no effect on the production traits and blood metabolic profile of the goats,
except for most of the blood hematologic parameters. Higher levels of HGB, MCH, and
MCHC were observed with an increase in the content of CR in both groups (RC50 and
RC100) compared to CC, as well as a decrease in RBC in RC100 compared to RC50. A
significant increase in SOD activity in the blood of RC50 and RC100 groups was found. A
significant decrease in TBARS,5( in milk was found compared to the CC group, as well as
an increase in DPPH scavenging, but without significant differences compared to the CC
group. These changes indicate an adequate antioxidative effect of red corn used in goat diet,
since the SOD activity in blood, as well as antioxidant indicators (TBARS45y and DPPH
scavenging), were increased in goat milk, while the blood metabolic profile and production
traits were maintained. Further studies should be undertaken to develop indicators for
antioxidant status in the blood (TBARS,59, DPPH scavenging) and anthocyanin profiles in
red corn and milk from lactating dairy goats.
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Abstract: This study aimed to evaluate the effects of the microalgae (MIAs) Schizochytrium sp. as
a dietary supplement for dairy cows with respect to the yield, composition, and fatty acid profile
of milk using a meta-analytical method. The data used in the statistical analyses were obtained
from 11 peer-reviewed scientific publications. The effect size was assessed using the weighted
mean differences (WMDs) between MIA-supplemented and control treatments. Dry matter intake,
milk fat yield, and milk fat content decreased (p < 0.001) in response to the dietary inclusion of
Schizochytrium sp. MIAs. However, Schizochytrium sp. MIAs supplementation increased (p = 0.029)
milk yield. The dietary inclusion of Schizochytrium sp. MIAs decreased (p < 0.05) the content of
the fatty acids (FAs) butyric, caproic, caprylic, capric, undecanoic, lauric, pentadecanoic, palmitic,
heptadecanoic, stearic, arachidic, and total saturated FAs, and it resulted in a w-6/w-3 ratio in milk.
In contrast, Schizochytrium sp. MIAs supplementation increased (p < 0.05) the content of linoleic,
conjugated linoleic, eicosapentaenoic, behenic, docosahexaenoic, total monounsaturated FAs, total
polyunsaturated FAs, and total omega-3 FAs in milk. The results showed that Schizochytrium sp.
MIAs could be used as a dietary supplement to improve the milk yield and fatty acid profile of milk
obtained from dairy cows.

Keywords: Schizochytrium sp.; Aurantiochytrium sp.; meta-regression; milk quality

1. Introduction

In recent years, the demand for high-quality milk has increased due to the growth
in the world population and improvement of citizens’ quality of life [1]. According to
Pereira [2], cow’s milk is the most consumed milk worldwide and contains several impor-
tant nutrients for human nutrition and health, such as vitamins, minerals, proteins, fats,
and sugars. However, Plata-Pérez et al. [3] and Samkova and Kalac [4] mention that cow’s
milk has a high content of total saturated fatty acids (SFAs), which have been reported to
increase the risk of metabolic and cardiovascular diseases (CVDs) in humans [2]. On the
other hand, previous studies [4,5] indicate that cow’s milk fat only has a low proportion of
total polyunsaturated fatty acids (PUFAs), which decreases triglycerides and cholesterol
in blood [6] have anti-inflammatory and antithrombotic properties [7], and benefit brain
development and function in humans [8]. Consequently, in recent years, several studies
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have focused on the search for nutritional strategies that help improve the nutritional and
nutraceutical quality of cow’s milk through an increase in the total PUFA content and a
reduction in the proportion of total SFAs [4,9]. Among the currently available strategies,
the inclusion of PUFA-rich products (e.g., protected fats and oilseeds) in cows’ diets has
been successfully used to increase milk PUFA content [3,4].

Recent studies [1,10] indicate that the inclusion of microalgae (MIAs) in diets for dairy
cows can also be used as a nutritional strategy to improve PUFA content and, at the same
time, reduce the amount of SFAs in milk. MIAs are photosynthetic microorganisms [11],
which contain a wide variety of vitamins, minerals, pigments, proteins (between 39 and
71%), carbohydrates (from 10 to 57%), and between 6 and 86% lipids, mainly long-chain
PUFAs [9,11,12]. This variation in the chemical composition of MIAs depends on the
cultivation and growth conditions, as well as their physical and chemical processing before
being included in diets [11]. In dairy cows, large amounts (>100 g/kg DM) of MIAs have
been successfully used as a protein ingredient in the diet [13]. Likewise, other studies
have used MIAs to partially replace some ingredients, such as ground corn [14], soybean
meal [15], and rapeseed and faba bean meals in the diets of dairy cows [13,16]. However,
some recent reviews [17-19] have recommended not including high doses (>20 g/kg DM)
of MIAs in dairy ruminant diets to avoid negative effects on fiber digestibility, feed intake,
and milk fat content.

Particularly in dairy cows, few studies have evaluated the effects of the use of
Schizochytrium sp. MIAs as a dietary supplement on milk yield [1,20], milk composi-
tion [6,21], and the profile of fatty acids in milk [22,23]. In addition, the results obtained in
some of these studies are contradictory, which makes it difficult to draw reliable conclusions.
For example, in some studies [10,21], Schizochytrium sp. MIAs have negatively affected
milk yield and milk fat content. However, other authors have detected positive [24] or
neutral [23] effects on milk yield, milk composition, and fatty acid profile in milk from dairy
cows supplemented with Schizochytrium sp. MIAs. According to recent studies [17,19], the
breed and lactation stage of the animals, the doses and species of MIAs, the duration of
the experimental period, and the amount of forage in the diet are factors that influence the
variability of the results observed between studies.

To date, some narrative reviews have been published [9,11,17] that suggest the use
of MIAs as a dietary supplement to improve the productive performance and fatty acid
profile of ruminant milk. However, none of these reviews focused only on dairy cows or
Schizochytrium sp. MIAs, nor did they use a meta-analytic approach. According to Littell
et al. [25], a meta-analysis is a set of statistical methods that allows for the quantitative
results of multiple studies to be combined and statistically analyzed to obtain objective
evidence on a given topic. The hypothesis of the present study states that the use of
Schizochytrium sp. MIAs as a dietary supplement for dairy cows will positively impact
the milk yield and profile of fatty acids in milk. Consequently, the present study aimed
to evaluate, using a meta-analytical approach, the effects of the use of Schizochytrium sp.
MIAs as a dietary supplement for dairy cows on the milk yield, milk composition, and milk
fatty acid profile.

2. Materials and Methods
2.1. Literature Search

The research question was formulated using the PICO strategy proposed by Nishikawa-
Pacher [26], in which P is the population, I is the intervention, C is the comparison, and O
is the outcome. Therefore, in the current study, the population was dairy cows, the inter-
vention was the dietary supplementation with Schizochytrium sp. MIAs, the comparison
was between diets with and without the addition of Schizochytrium sp. MIAs, and the
outcomes were the means of treatments obtained in the milk yield, milk composition, and
milk fatty acid profile. Subsequently, the scientific documents that evaluated the effects
of dietary supplementation with Schizochytrium sp. MIAs in dairy cows were identified,
selected, chosen, and included in the database by following the guidelines of the PRISMA
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protocol [27], as shown in Figure 1. The identification of the literature was carried out
through systematic searches using the search engines PubMed, ScienceDirect, Scopus,
and Web of Science. The keywords used in all databases were: microalgae, dairy cows,
dairy cattle, milk yield, milk composition, milk fatty acid profile, Schizochitrium sp., and
Aurantiochytrium sp. Aurantiochytrium sp. MIAs were included in the keywords of the
searches carried out because Schizochytrium sp. and Aurantiochytrium sp. are synonyms [28].
To obtain updated information, literature searches were restricted to studies published in
the recent decade (January 2014 to May 2024).

Identification

Records identified through database

searching (1 =2371):

Screening

Eligibility

Included

v’ Scopus (n=43) Additional records identified
¥ ScienceDirect (n = 237) through other sources:
v' PubMed (n =35) (1=0)
v" Web of Science (1 =56)
A A
Duplicate records removed
(n=67)
Jv Records excluded (n = 286):
Records screened < v" Reviews and in vitro studies
(1=304) o v Studies not conducted in dairy
cows

v' Abstracts, thesis, and books

Full-text articles excluded, with reasons
(m=7)

v’ Absence of outcome interest

A4

Full-text articles assessed for
eligibility
(n=18)

A 4

v" Lack of measure of variance

¥ No control group

4

Studies included in
quantitative synthesis
(meta-analysis)

(n=11)

Figure 1. A PRISMA flow diagram detailing the literature search strategy and study selection for the
meta-analysis.

2.2. Inclusion and Exclusion Criteria

Through the searches, 371 scientific documents were identified which, after eliminating
duplicate documents, were reduced to 304. After this, documents that had any of the
following traits were eliminated: (1) conference proceedings, books, theses, review articles,
and simulations; (2) studies that did not use dairy cows or used experimentally infected,
or cannulated dairy cows; and (3) studies that did not use MIAs Schizochytrium sp. or
combined Schizochytrium sp. with another genus of microalgae. The remaining documents
were evaluated, and only those that met all of the following inclusion criteria were used
to form the meta-analysis database [19,29]: (1) full-text scientific articles published in
English in peer-reviewed journals; (2) studies using dairy cows as experimental animals
and randomized controlled study design; (3) studies that measured and reported data

135



Agriculture 2024, 14,1119

on milk yield, milk composition, or milk fatty acid profile; (4) studies that evaluated the
impact of dietary supplementation with Schizochytrium sp. MIAs compared with the control
using the same basal diet in all treatments; (5) studies that reported the amount (g/kg DM)
of Schizochytrium sp. MIAs included in the diet or provided the information necessary
to estimate it; and (6) studies that included data on the treatment means, number of
experimental units (n), and standard error of means (SEM) from the control (diets without
Schizochytrium sp. MIAs supplementation) and experimental (diets supplemented with
Schizochytrium sp. MIAs) treatments.

2.3. Data Extraction

Table 1 shows the 11 scientific articles used to build the meta-analysis database. The
following characteristics of each selected scientific article were extracted into an Excel
spreadsheet: (1) name of the author; (2) year of publication; (3) breed of dairy cows; (4) doses
(g/kg DM) of Schizochytrium sp. MIAs included in the experimental diets; (5) duration
of the period of dietary supplementation with Schizochytrium sp. MIAs; (6) days in milk
from dairy cows; and (7) amount of forage (g/kg DM) included in the diet. The final
database only included response variables reported in at least three scientific articles, as
recommended by other authors [25,29]. The final database included the following milk
yield and milk composition variables: dry matter intake (DMI), milk yield (MY), milk
fat yield (MFY), milk protein yield (MPY), milk lactose yield (MLY), milk fat content
(MFC), milk protein content (MPC), milk lactose content (MLC), and somatic cell count
(SCQC). In addition, the database included the following milk fatty acids: butyric (C4:0),
caproic (C6:0), caprylic (C8:0), capric (C10:0), undecanoic (C11:0), lauric (C12:0), myristic
(C14:0), myristoleic (C14:1), pentadecanoic (C15:0), palmitic (C16:0), palmitoleic (C16:1),
heptadecanoic (C17:0), margoleic (C17:1), stearic (C18:0), oleic (C18:1 n-9 cis), linoleic (C18:2
n-6 cis), conjugated linoleic (C18:2 cis-9, trans-11), «-linolenic (C18: 3 n-3), y-linolenic (C18:3
n 6), arachidic (C20:0), eicosapentaenoic (C20:5 n-3), behenic (C22:0), docosahexaenoic
(C22:6 n-3), total saturated fatty acids (SFAs), total monounsaturated fatty acids (MUFAs),
total polyunsaturated fatty acids (PUFAs), total omega-3 (w-3), total omega 6 (w-6), and
w-6/w-3 ratio. From the 11 scientific articles selected, the means of treatments, SEM, and n
for each response variable were extracted.

Table 1. Description of the studies included in the meta-analysis database.

Reference Breed Days in Milk Sup[I)’Ier.nentahon Dose (g/kg DM) Forage, g/kg DM
eriod, d
Glover et al. [20] Holstein NR 112 9.8 557
Liuetal. [1] Holstein NR 60 6.8,10.6 523
Marques et al. [21] Holstein 130 84 2,4,6 480
Moate et al. [30] Holstein 163 80 6,12,18 700, 710, 730
Moran et al. [31] Holstein 133 84 4.1 710
Moran et al. [22] Holstein 164 84 6.6, 6.6 707
Till et al. [6] Holstein 77 112 2.1,4.3,6.4 554
Till et al. [23] Holstein 25 98 4.5 543
Vahmani et al. [24] Holstein 0 195 9.4 51
Vanbergue et al. [10] Holstein 100 70 7.3,18 75.5,76.1
Vanbergue et al. [32] Holstein 100 70 7.3,18 75.5,76.1

NR = not reported.

2.4. Calculations, Statistical Analysis, Heterogeneity, and Publication Bias

The “meta” [33] and “metafor” [34] packages available in R statistical software (version
4.1.2) were used to analyze all data in the current study. The effect size (ES) of Schizochytrium
sp. MIAs supplementation in dairy cow diets was assessed by examining the weighted
mean differences (WMDs) between the experimental (diets with Schizochytrium sp. MIAs)
and control (diets without Schizochytrium sp. MIAs) treatments. According to Takeshima
et al. [35], WMDs have greater statistical power and are easier to interpret than other
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ES measures, which makes their use advisable. The methods and procedures previously
proposed by Der-Simonian and Laird [36] for random effects models were used to weigh
the treatment means by inverse variance.

Heterogeneity between studies was rigorously assessed using I? and Cochran’s Q statis-
tics, and significant heterogeneity was declared when Q had p < 0.05 and 12 > 50% [25,37,38].
Furthermore, the statistical tests of Egger [39] and Begg [40] were used to detect the possible
presence of publication bias considering a significance threshold of p < 0.05.

2.5. Meta-Regression and Subgroup Analysis

Univariate meta-regression analyses were used to test the effects of Schizochytrium
sp. MIAs doses, Schizochytrium sp. MIAs supplementation periods, days in milk from
dairy cows, and amount of forage included in the diets in the heterogeneity detected in
the response variables. Meta-regression analyses were performed using Der-Simonian
and Laird’s [37] method of moments only on response variables that had the following
traits: (1) reported in at least ten scientific articles [25]; (2) have p < 0.05 for the Q test and
12 > 50% [38]; and (3) have no publication bias (i.e., p > 0.05 in Egger and Begg tests) [39,40].
The doses of Schizochytrium sp. MIAs added to the diets (<10 and 11-18 g/kg DM), the
supplementation period (experimental period) with Schizochytrium sp. MIAs (<80 or >80),
the days in milk (<100 or >100), and the level of forage included in the diets (<500 g/kg
DM and >500 g/kg DM) were used as categorical covariates. The breed of dairy cows was
not used as a covariate because all studies used Holstein cows (Table 1). The significant
covariates (p < 0.05) were evaluated through subgroup analysis, including only subgroups
with at least three comparisons, as recommended by other authors [19,29,41].

3. Results
3.1. Milk Yield and Composition

Table 2 shows that DMI, MFY, and MFC decreased (p < 0.001) in response to Schizochytrium
sp. MIAs supplementation. In contrast, MY increased in response to Schizochytrium sp.
MIAs supplementation (p = 0.029). On the other hand, MPY, MLY, MPC, MLC, and SCC
were not affected (p > 0.05) by Schizochytrium sp. MIAs supplementation.

Table 2. Milk yield and milk composition of dairy cows supplemented with Schizochytrium sp.

microalgae.

Item N (NO) Heterogeneity Egger Test!  Begg Test 2
Control o 2 (o

Means (SD) WMD (95% CI) p-Value p-Value I# (%) p-Value p-Value
DM, kg/d 10 (19) 22.845 (1.341) —0.341 (—0.541; —0.141) <0.001 <0.001 68.64 0.209 0.859
MY, kg/d 10 (19) 32.06 (5.37) 0.458 (0.048; 0.868) 0.029 0.967 0.00 0.455 0.646
MFY, kg/d 9(18) 1.251 (0.167) —0.128 (—0.182; —0.075) <0.001 <0.001 73.09 0.282 0.467
MPY, kg/d 9 (18) 1.048 (0.173) 0.005 (—0.01; 1 0.021) 0.523 0.948 0.00 0.341 0.502
MLY, kg/d 7 (15) 1.537 (0.266) 0.015 (—0.006; 0.036) 0.163 0.953 0.00 0.082 0.130
MFC, g/kg 10 (19) 35.21 (5.86) —5.095 (—6.730; —3.461) <0.001 <0.001 72.03 0.398 0.242
MPC, g/kg 10 (19) 32.68 (1.65) —0.248 (—0.929; 0.432) 0.474 <0.001 91.49 0.325 0.413
MLC, g/kg 10 (19) 49.12 (1.99) —0.054 (—0.359; 0.251) 0.727 <0.001 68.39 0.210 0.136
SCC, x10° cell/mL 7(12) 1.907 (0.709) 0.208 (—0.102; 0.519) 0.189 <0.001 95.46 0.948 0.329

N = number of studies; NC = number of comparisons between Schizochytrium sp. microalgae treatment and
control treatment; SD = standard deviation; WMD = weighted mean difference between control and treatments
with Schizochytrium sp. microalgae; CI = confidence interval of WMD; p-value of the x? (Q) test of heterogeneity;
2= proportion of total variation of size effect estimates that is due to heterogeneity; 1= Egger’s regression
asymmetry test; 2= Begg’s adjusted rank correlation; DMI = dry matter intake; MY = milk yield; MFY = milk fat
yield; MPY = milk protein yield; MLY = milk lactose yield; MFC = milk fat content; MPC = milk protein content;
MLC = milk lactose content; SCC = somatic cell count.

3.2. Milk Fatty Acid Profile

Table 3 shows that the dietary inclusion of Schizochytrium sp. MIAs did not affect
(p > 0.05) the content of C14:0, C14:1, C16:1, C17:1, C18:3 n-3, C18:3 n-6, and total w-6
in milk. However, Schizochytrium sp. MIAs supplementation decreased (p < 0.05) the
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content of C4:0, C6:0, C8:0, C10:0, C11:0, C12:0, C15:0, C16:0, C17:0, C18:0, C18:1 n-9 cis,
C20:0, and total SFAs and the w-6/w-3 ratio in milk. In contrast, dietary supplementation
with Schizochytrium sp. MIAs increased (p < 0.05) the content of C18:2 n-6 cis, C18:2 cis-9,
trans-11, C20:5 n-3, C22:0, C22:6 n-3, total MUFAs, total PUFAs, and total w-3 in milk
(Table 3).

Table 3. Fatty acids (FAs) (% of total FAs) in the milk of dairy cows supplemented with Schizochytrium
sp. microalgae.

Item N (NC) Heterogeneity Egger Test!  Begg Test 2
Control o 2 (o
Means (SD) WMD (95% CI) p-Value  p-Value I# (%) p-Value p-Value

Butyric (C4:0) 7(13)  2703(1545)  —0.025(—0.047; —0.002)  0.029 0.772 0.00 0.139 0217
Caproic (C6:0) 7(14)  2454(1518)  —0.060 (—0.097; —0.023)  0.002 0.063 43.09 0.209 0.749
Caprylic (C8:0) 7(14)  1224(0326)  —0.059 (—0.090; —0.029)  <0.001  0.086 36.25 0.636 0.855
Capric (C10:0) 8(15)  2846(0.522)  —0.217(—0293; —0.140)  <0.001  0.061 39.95 0.367 0588
Undecanoic (C11:0) 5(11)  0.665(0.166)  —0.183(—0228; —0.137)  <0.001  <0.001 99.45 0.757 0.465
Lauric (C12:0) 7(14)  3537(0352)  —0.229(—0316; —0.142)  <0.001  0.077 4445 0.270 0.966
Myristic (C14:0) 8(15)  11.640(0910)  —0.135(—0.279; 0.010) 0.068 0.222 21.36 0.344 0.429
Myristoleic (C14:1) 8(15  1.189(0.471) 0.018 (—0.033; 0.069) 0.494 0.088 42.77 0.489 0478
Fg‘;‘gemnom 7(13)  1291(0470)  —0.038 (—0.056; —0.019)  <0.001 0219 22.23 0.141 0.189
Palmitic (C16:0) 8(16)  34119(3957) —0.728(—1276;—0.181)  0.009 0.063 4131 0.144 0.646
Palmitoleic (C16:1) 5(11) 1979 (0.538) 0.031 (—0.084; 0.146) 0.602 0.076 40.91 0.230 0.384
gé"ll;t_g?ecam"c 8(16)  0.601(0.185)  —0.009 (—0.014; —0.003)  0.002 0312 12.33 0.610 0.615
Margoleic (C17:1) 5(10) 0439 (0.342) 0.002 (—0.003; 0.007) 0.501 0.128 34.95 0313 0.117
Stearic (C18:0) 8(16)  9.083(2.046)  —2.026(—2911; —1.142)  <0.001  <0.001 96.05 0.974 0.646
Oleic (C18:1 n-9 cis) 7(13) 19424 (2.830)  —0.725 (—1.461;0.012) 0049  <0.001 96.90 0.830 0.228
k‘g‘zlé;c (C18:2 6(10) 2057 (0.718) 0.173 (0.107; 0.238) <0.001 0.501 0.00 0.362 0.428
Conjugated linoleic .

(182 089, trame11) 816 0489(0.249) 0.503 (0.350; 0.657) <0.001  <0.001 95.92 0.099 0.128
fl‘_'é‘)mlemc (183 9(14)  0432(0201)  —0.005 (—0.030; 0.020) 0722 0.064 39.47 0.153 0.086
z:g;mlemc (C18:3 4(8) 0.038 (0.019) 0.028 (—0.020; 0.076) 0.252 <0.001 99.55 0.692 0.406
Arachidic (C20:0) 7(15)  0.165(0.042)  —0.018(—0.031; —0.005)  0.006  <0.001 98.18 0.174 0.129
Fé;%?;‘;e_g‘;ae“‘““ 9(16)  0.061 (0.032) 0.022 (0.010; 0.034) <0.001  <0.001 98.65 0.275 0.867
Behenic (C22:0) 6(12)  0.079 (0.043) 0.015 (0.003; 0.026) 0014  <0.001 9225 0.196 0.087
zjc"zcz(,’za;‘_g’;ae“m 19(16)  0.042 (0.031) 0.226 (0.187; 0.264) <0001  <0.001 95.44 0.062 0321
Total SFA 11(21)  69.345(4216)  —2419 (—3225; —1.613)  <0.001  <0.001 74.67 0.082 0.305
Total MUFA 11(21)  24.452 (3.395) 0.842 (0.260; 1.424) 0.005  <0.001 65.25 0.125 0.087
Total PUFA 11(Q21) 6490 (9.110) 2.001 (1.412; 2.591) <0.001  <0.001 98.83 0.386 0333
Total omega-3 (w-3) 8(16)  0.614 (0.274) 0.183 (0.133; 0.233) <0001  <0.001 97.47 0.173 0478
Total omega 6 (w-6) 8(16)  3.123(1.270) 0.253 (0.074; 0.431) 0.006  <0.001 95.78 0.068 0227
w-6/w-3 ratio 6(12) 635(442)  —0.611(—0.820; —0.402)  <0.001  <0.001 86.36 0.993 0.998

N = number of studies; NC = number of comparisons between Schizochytrium sp. microalgae treatment and
control treatment; SD = standard deviation; WMD = weighted mean difference between control and treatments
with Schizochytrium sp. microalgae; CI = confidence interval of WMD; p-value of the x? (Q) test of heterogeneity;
12 = proportion of total variation of size effect estimates that is due to heterogeneity; ! = Egger’s regression
asymmetry test; 2= Begg’s adjusted rank correlation; SFA = saturated fatty acid; MUFA = monounsaturated fatty
acid; PUFA = polyunsaturated fatty acid.

3.3. Publication Bias and Meta-Regression

Tables 2 and 3 show that Egger’s regression asymmetry test and Begg’s adjusted rank
correlation were not significant (p > 0.05) for any of the response variables tested, indicating
that publication bias was not detected.

Table 2 shows that there was significant heterogeneity (Q) (p < 0.05) in DMI, MFY,
MFC, MPC, MLC, and SCC. Likewise, Table 3 shows that there was significant Q (p < 0.05)
in the content of FAs C11:0, C18:0, C18:1n-9 cis, C18:2 cis-9, trans-11, C18:3 n-6, C20:0, C20:5
n-3, C22:0, C22:6 n-3, total SFAs, total MUFAs, total PUFAs, total w-3, and total w-6 and
the w-6/w-3 ratio. In the current study, meta-regression analyses were only performed on
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DMI, MFC, MPC, MLC, total SFAs, total MUFAs, and total PUFAs. This is justified because
the other response variables that had heterogeneity were reported in less than ten studies,
and under these conditions, the power of the test is low [25].

Table 4 shows that the covariates’ days in milk and supplementation period did not
have a significant relationship (p > 0.05) with any of the response variables evaluated. None
of the covariates used had a significant relationship (p < 0.05) with MFC, MPC, total MUFAs,
and total PUFAs. The Schizochytrium sp. MIAs dose covariate explained (p < 0.05) 68.72
and 18.32% of the observed heterogeneity for MLC and total SFAs, respectively. The level
of forage in the diet explained (p < 0.05) 43.62 and 12.39% of the observed heterogeneity for
DMI and MLC, respectively.

Table 4. Meta-regression of the effects of dietary Schizochytrium sp. microalgae supplementation on
the milk production and quality of dairy cows.

Parameter Days in Milk  Supplementation Period Mlgzz;legae Forage Level
QM 0.778 0.150 0.085 12.656
. df 1 1 1 1
Dry matter intake (DMI) p-Value 0.378 0.699 0.770 <0.001
R2 (%) 0.00 0.00 0.00 13.62
QM 0.220 0.221 2,99 0.444
‘ df 1 1 1 1
Milk fat content (MFC) p-Value 0.136 0.638 0.083 0.505
R? (%) 0.27 0.00 9.22 0.00
QM 0.497 0.069 0.372 2.240
. . df 1 1 1 1
Milk protein content (MPC) - 71 0.481 0.792 0.542 0.134
R2 (%) 444 0.00 0.00 3.89
QM 1.382 0.397 24533 3.387
_ df 1 1 1 1
Milklactose content (MLC) 7 0.240 0.529 <0.001 0.046
RZ (%) 0.00 1.02 68.72 12.39
QM 0.054 2.349 3.425 0.880
df 1 1 1 1
Total SFAs p-Value 0.816 0.125 0.044 0.127
R? (%) 0.00 0.00 18.32 0.00
QM 1.620 1.303 0.292 2.546
Total MUEA df 1 1 1 1
otal MUFAs p-Value 0.203 0.254 0.589 0111
R2 (%) 1.70 7.96 0.00 0.00
QM 0.684 0.079 3.020 1352
df 1 1 1 1
Total PUFAs p-Value 0.408 0.779 0.082 0.301
RZ (%) 3.97 3.10 2.74 0.00

QM = coefficient of moderators; QM is considered significant at p < 0.05; df: degree of freedom; R? = the
amount of heterogeneity accounted for; SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids;
PUFAs = polyunsaturated fatty acids.

3.4. Subgroup Analysis

Figure 2a shows that MLC was decreased (p < 0.05) when low doses (<10 g/kg DM)
of Schizochytrium sp. MIAs were used. However, the inclusion of Schizochytrium sp. MIAs
at doses ranging between 11 and 18 g/kg DM did not affect MLC (p > 0.05). On the other
hand, the total SFAs content decreased (p < 0.001) regardless of the dose of Schizochytrium
sp. MIAs used (Figure 2b).
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(a) Milk lactose content (MLC), g/kg (b) Total saturated fatty acids (SFA), %

—| 0.516(p=0.180) 11-18 g/kg DM (n =4) |—

-0.5 0.0 0.5

R e

5460 (p <0.001)  11-18 kg DM (n = 5)
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WMD (microalgae - control) and 95% CI WMD (microalgae - control) and 95% CI

Figure 2. Subgroup analysis (subgroup = doses of microalgae (g/kg DM)) of the effect of including
Schizochytrium sp. microalgae in dairy cows’ diets, WMD = weighted mean differences between
microalgae treatments and the control.

Figure 3a shows that DMI decreased (p < 0.05) regardless of the level of forage included
in the diets. On the other hand, MLC decreased (p < 0.05) in dairy cows consuming diets
with a forage level < 500 g/kg DM. However, MLC was not affected when the forage level
in the diet of dairy cows was greater than 500 g/kg DM (Figure 3b).

(a) Dry matter intake (DMI), kg/d (b) Milk lactose content (MLC), g/kg

V///////A -0.900(p =0.026) <500 gkg DM (n=3)

-0221(p=0.023) >3500 g/kg DM (n=16) 0.119 (p=0.482) >500 gkg DM (n = 16)

0667 (p<0.001) <500 g/kg DM (n=3)

15 4.0 05 0.0 1.0 05 0.0 05
WMD (microalgae - control) and 95% CI ‘WMD (microalgae - control) and 95% CI

Figure 3. Subgroup analysis (subgroup = forage in diet (g/kg DM)) of the effect of Schizochytrium
sp. microalgae supplementation in dairy cows’ diets; WMD = weighted mean differences between
microalgae treatments and the control.

4. Discussion
4.1. Milk Yield and Composition

In the present meta-analysis, supplementation with Schizochytrium sp. MIAs decreased
DML This effect could be related to the unpleasant taste and smell that MIAs generally
have [17]. Likewise, it has been hypothesized that the lower DMI observed in ruminants
supplemented with Schizochytrium sp. MIAs may be related to possible toxic effects of the
PUFAs contained in MIAs on ruminal microorganisms, which decreases fiber digestibility.
This hypothesis is supported by recent studies [42,43], which indicate that the inclusion of
Schizochytrium sp. MIAs as a supplement in ruminant diets decreases the relative abundance
of fiber-degrading ruminal bacteria (e.g., Fibrobacter succinogenes and Ruminococcus albus).
Likewise, the lower DMI observed in dairy cows supplemented with Schizochytrium sp.
MIAs could be related to the PUFAs contained in the MIAs [21] as PUFAs stimulate the
release of intestinal hormones in dairy cows, such as glucagon-like peptide-1 (GLP-1)
and cholecystokinin (CKK), and DMI decreases when plasma levels of CKK and GLP-1
increase [44].

In the present meta-analysis, the dietary inclusion of Schizochytrium sp. MIAs in-
creased MY; however, MFY and MFC decreased in response to Schizochytrium sp. MIAs
supplementation. In a previous meta-analysis, Orzuna-Orzuna et al. [19] also detected
higher MY and lower MFC in lactating small ruminants supplemented with MIAs as a
dietary supplement. The higher MY and lower DMI observed suggest that Schizochytrium
sp. MIAs improved feed efficiency (FE) in dairy cows; however, there was no necessary
information in the database to assess FE directly. Some previous reviews [11,12,17] report
that most Schizochytrium sp. MIAs contain folic acid, vitamin E, B-complex vitamins (B,
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Bg, and Byy), and essential amino acids (e.g., methionine and lysine). The presence of these
nutrients in the Schizochytrium sp. MIAs could explain the higher MY observed in the
present meta-analysis as recent studies [45-48] have shown that these nutrients improve
nutritional status and energy metabolism and lead to higher MY in dairy cows.

The lower MFC observed in the present meta-analysis could be negative as a positive
correlation between MFC and cheese yield has been reported [49]. The exact mechanism
of the lower MFC in dairy cows supplemented with Schizochytrium sp. MIAs has yet to
be studied [6]. However, the lower MFC observed could be related to the high content
of PUFAs in the Schizochytrium sp. MIAs [50], as Hussein et al. [51] suggest that dietary
supplementation with products rich in PUFAs may inhibit circulating fatty acid uptake
and de novo synthesis by the mammary gland. This hypothesis is supported by the results
of Vahmani et al. [52] in dairy cows supplemented with Schizochytrium sp. MIAs. In that
study, the authors detected lower hepatic expression of some genes (lipoprotein lipase, fatty
acid synthase, stearoyl-CoA desaturase) involved in the uptake, de novo synthesis, and
desaturation of fatty acids. In addition, according to Mavrommatis and Tsiplakou [53], MFC
has a positive and negative correlation with the contents of C18:0 and C18:2 cis-9, trans-11
in milk, respectively. Therefore, the lower content of C18:0 and the higher proportion of
C18:2 cis-9, trans-11 in milk detected in the present study partially explain the reduction
in MFC. Likewise, the lower MFY observed could be directly related to the lower MFC
because, in dairy cows, there is a positive correlation (r = 0.40) between MFY and MFC [54].

4.2. Milk Fatty Acid Profile

According to Hanus et al. [55], making specific changes in the fatty acid profile of
milk can improve the health of a large part of the human population. For example, it
has been reported that a lower content of SFAs (C4:0-C20:0) in milk can decrease the risk
of CVDs in humans [2]. In the present meta-analysis, MIAs supplementation decreased
the content of most SFAs (C4:0, C6:0, C8:0, C10:0, C11:0, C12:0, C15:0, C16, C17:0, C18:0,
and C20:0) in milk, which could benefit the health of consumers. In dairy cows or other
lactating ruminants, the percentage transfer of C4:0, C6:0, and C8:0 to the blood has not been
evaluated. However, in lactating ruminants, dietary supplementation with Schizochytrium
sp. MIAs decreases between 21 and 76% of the blood levels of C10:0, C11:0, C12:0, C14:0,
C15:0, C16:0, C17:0, C18:0, and C20:0 [1,23,53,56]. Therefore, similar effects of Schizochytrium
sp. MIAs consumption in the present study could reduce the amount of C10:0, C11:0, C12:0,
C14:0, C15:0, C16, C17:0, C18:0, and C20:0 reaching the mammary gland and reduce the
percentage of these fatty acids in milk.

In dairy cows, vitamin By, deficiency decreases the transformation of propionic acid to
succinyl-CoA [47]. According to Pe¢ina and Ivankovi¢ [57], this reduction leads to an accu-
mulation of propionic acid and favors the formation of C15:0 and C17:0 FAs. Schizochytrium
sp. MIAs contain vitamin By, which partially explains the reduction observed in the
current study in the contents of FAs C15:0 and C17:0 in milk. On the other hand, dietary
supplementation with Schizochytrium sp. MIAs decreases the relative abundance of Bu-
tyrivibrio proteoclasticus bacteria in the ruminal fluid of dairy goats [58]. According to Costa
et al. [18], B. proteoclasticus has a predominant role in the final step of the ruminal biohy-
drogenation (RBH) process, which is required for the saturation of 18-carbon unsaturated
fatty acids and their conversion into C18:0 [59]. Therefore, a similar effect of consuming
Schizochytrium sp. MIAs on the ruminal microbiota of dairy cows could explain the reduc-
tion observed in the current study in the concentration of C18:0 in milk. Mavrommatis
and Tsiplakou [53] indicate that, in the ruminant mammary gland, C18:0 can be used as
a substrate by the enzyme stearoyl-CoA desaturase (A9-desaturase) to synthesize C18:1
n-9 cis de novo. Therefore, the reduction of C18:1 n-9 cis in milk observed in the present
meta-analysis could be related to the lower concentration of C18:0 observed in response to
supplementation with Schizochytrium sp. MIAs.

In the present study, the use of Schizochytrium sp. MIAs as a dietary supplement for
dairy cows increased the contents of C18:2 n-6 cis and C18:2 cis-9, trans-11 in milk. Similar
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results were reported by Orzuna-Orzuna et al. [19] in a meta-analysis of lactating small
ruminants supplemented with MIAs. In dairy cows, it has been reported that supplementa-
tion with low doses (between 4.5 and 10.6 g/kg DM) of Schizochytrium sp. MIAs increases
blood levels of vaccenic (C18:1 trans-11) acid to between 17.4 and 45.4% [1,23]. This effect
could increase the amount of C18:1 trans-11 reaching the mammary gland and result in
increased amounts of C18:2 cis-9, trans-11 in milk because, in the mammary gland, the
enzyme A9-desaturase can convert C18:1 trans-11 to C18:2 cis-9, trans-11 [60]. In humans,
the consumption of C18:2 n-6 cis decreases serum cholesterol levels, improves glucose
metabolism, and is inversely correlated with the incidence of CVDs [61]. Likewise, the
consumption of C18:2 cis-9, trans-11 has anti-inflammatory effects and decreases the risk of
obesity, diabetes, atherosclerosis, and some types of cancer in humans [62].

The contents of C20:5 n-3, C22:0, and C22:6 n-3 in milk increased in response to the
dietary inclusion of Schizochytrium sp. MIAs. A previously published meta-analysis [19]
also detected a higher ratio of C20:5 n-3, C22:0, and C22:6 n-3 in milk from small ruminants
supplemented with MIAs. It has been confirmed that MIAs contain C20:5 n-3 that are
partially protected from the effects of the ruminal biohydrogenation (RBH) process [63].
This effect could increase the flow and duodenal absorption of C20:5 n-3 and subsequently
increase the incorporation of this fatty acid in milk. Likewise, it has been reported that
C22:6 n-3 can be saturated at C22:0 in the rumen [64]. Schizochytrium sp. MIAs contain a
high concentration (up to 38% of total FAs) of C22:6 n-3 [12,28], and the saturation of a part
of this C22:6 n-3 could be related to the higher C22:0 content observed in the current study.
In addition, recent studies [1,31] have reported that C22:6 n-3 from Schizochytrium sp. MIAs
consumed by dairy cows could be transferred to milk with an efficiency of up to 13.2%,
which partially explains its increase in milk. Shahidi and Ambigaipalan [8] indicate that
the consumption of foods rich in C20:5 n-3 and C22:6 n-3 decreases the risk of CVDs and
improves cognitive function in humans. Likewise, a high consumption of C22:0 improves
the intestinal absorption of C22:6 n-3 and reduces the incidence of fatty liver [65]. Therefore,
including Schizochytrium sp. MIAs in diets for dairy cows could help produce milk that
benefits consumers” health.

In the present study, the dietary inclusion of Schizochytrium sp. MIAs increased the
MUFAs, PUFAs, and total w-3 contents in milk and, at the same time, decreased the total
SFAs content and the w-6/w-3 ratio. These effects could be directly related to the changes
observed in the proportions of individual FAs in the current study. A previous meta-
analysis [66] found that MUFA consumption reduces the risk of stroke in humans by 17%.
Maki et al. [67] reported that the consumption of PUFAs reduces the incidence of CVD
problems and diabetes by 30 and 50%, respectively. Likewise, the consumption of w-3
reduces mortality in patients with heart problems by up to 20% [7]. In contrast, previous
studies [55,68] have indicated that the consumption of foods with a high SFA content and a
high w-6/w-3 ratio increases the risk of obesity, atherosclerosis, CVDs, and Alzheimer’s in
humans. Therefore, the changes detected in MUFAs, PUFAs, total w-3, SFAs, and w-6/w-3
ratio in milk suggest that Schizochytrium sp. MIAs can be used as a dietary additive to
produce healthier cow’s milk for humans.

5. Conclusions

The results of the present study suggest that the inclusion of Schizochytrium sp. mi-
croalgae in diets for dairy cows decreases dry matter intake, as well as milk fat content
and yield. However, Schizochytrium sp. microalgae can be used as a dietary supplement
to improve milk yield and fatty acid profile in milk from dairy cows. Furthermore, more
studies are needed to evaluate the simultaneous use of Schizochytrium sp. microalgae and
some other additives that prevent the reduction of milk fat content.
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Abstract: Edible snails are an attractive protein source due to their high growth rate, cost-efficiency,
and nutritional value. Calcium is crucial for snail growth, reproduction, and shell formation, while
magnesium plays a role in enzyme function and muscle tone. This study aimed to optimise calcium
and magnesium levels in Cornu aspersum diets to optimise the production and technological charac-
teristics of the derived animal products. Snails were fed specific diets in controlled conditions with
varying calcium and magnesium levels (44.3, 66.1, 88.7, 103.5 Ca g/kg feed and 3.3, 5.6, 7.2 Mg g/kg
feed) for four months. Their growth, shell characteristics, and meat composition were evaluated.
As calcium in the feed increased, carcass and shell weights were higher. Also, the crushing force
of the shells was higher with increasing amount of calcium in the feed. In the group with 10.35%
calcium and 0.72% magnesium, snail growth significantly slowed down after three months, with
lower mortality. It is suggested that a shortened fattening cycle by 34 weeks compared to the
magnesium-free diet is possible. However, based on meat, shell, mortality, and feed intake analysis, a
0.56% magnesium concentration in the feed seems to give better results, as magnesium content at
0.72% might be toxic to snails. Further investigation is to confirm the possibility of neutralising the
negative effects of magnesium in the diet through increasing calcium and phosphorus intake.

Keywords: edible snails; Cornu aspersum; snail nutrition; magnesium addition; calcium addition

1. Introduction

New animal protein sources are being investigated to meet the growing human
population’s demands. Edible snails are an interesting source because they are easy to
maintain, have a fast fattening cycle, are cost-effective, and are relatively environmentally
friendly in production [1-3]. Snails are also valued for their low-calorie meat and caviar. In
many European coastal countries (Italy, Spain, France, Greece), land snails are an integral
part of the national cuisine, and the demand for their production is constantly high [4,5].
Snail meat is a good source of protein (59.53-67.42% of dry matter—DM), exogenous amino
acids and unsaturated fatty acids. However, snail meat is relatively low in fat (4.24-7.30%
DM). It is also a good source of vitamins and minerals [6].

One of the biggest problems in edible snail farming is achieving adequate mechanical
strength in the shells. More shell brittleness hampers pre-processing—preventing mechani-
cal cleaning and sorting of shells as well as long-distance transport, causing financial losses,
as shells that are damaged, even if they only result in minor losses, are unsuitable for
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further use. Shell quality also affects the value of the snails for export, as a garden snail
(Cornu aspersum) is traditionally served in the shell [7].

The shell makes up about a third of a snail’s body weight. The function of the shell
is to protect the snail’s internal organs, prevent water loss, provide shelter from the cold,
and protect from predators and microorganisms [8,9]. The outer part of the shell—the
periostracum—can be divided into three layers: the outer conchiolin layer, made up of
organic matter, which gives the shell its colour; the crystalline middle layer, made up mainly
of calcium carbonate (about 95-99% of the total shell composition); and the inner layer,
known as the pearl layer [10,11]. The shell ends with an opening called a peristomium.
In adult specimens, the edge of the opening forms a characteristic upturned lip [12]. The
quality of the shell is closely linked to the formation of its internal structure. This process
involves the formation of an organic matrix of amino acids and glycoproteins in which
calcium carbonate crystallises in the form of aragonite. The level of bioavailable calcium
(Ca) forms in the feed influences the correct crystallisation and formation of aragonite layers
under farm conditions. The mature shell exhibits species-specific microstructural variations
in the arrangement of crystals and organic elements. The degree of mineral saturation
of successive layers is highest in the inner layers and decreases outwards through the
layers [9,13].

The shell also stores Ca, which the snails use to produce eggshells during the laying
period. Excessive drainage of minerals from the shell leads to animal death or cannibalism
(feeding on the shells of other living or dead individuals) [14].

Ca influences the adequate mineralisation of the skeleton in vertebrate organisms. It
also affects muscle contraction, enzyme activation, cell differentiation, immune response,
programmed cell death, and neuronal activity [15]. It is an essential element for the proper
growth and development of animals [16,17].

In snails, Ca is crucial for shell formation [18-20] and during egg-laying by adults [7,21,22].
Ca deficiency can retard snail growth and render their shells more susceptible to damage.
Conversely, excess Ca can reduce their body weight and cause shell thinning, increasing
their vulnerability [7,23]. The Ca content in their diet influences the snails’ nutritional prefer-
ences [24], and its availability can be constrained by shell growth [25,26]. Snails acquire Ca
ions through dietary consumption, water filtration, or passive diffusion across their bodies.
Once absorbed, these ions may be temporarily stored in the mantle’s connective tissues or
the calcifying mantle epithelium [27]. As previously noted, soluble Ca and bicarbonate ions
circulate in the hemolymph, and Ca can be stored or transported as amorphous granules [28].
These granules are a Ca reserve readily available for release, especially during urgent
situations like shell repair [29]. In minor quantities, Ca is deposited in the digestive gland,
connective tissue cells, foot tissue, and surrounding major blood vessels [30,31].

Both Ca deficiency and its excess in the diet can lead to a decrease in snail body
weight [7,32]. Adequate Ca intake enhances the reproductive outcomes of these ani-
mals [26,33,34], and a subsequent rise in their survival rate has been observed [7,35,36].
Depending on the snail species and the Ca source, 6.0 to 20.9% dry matter in the feed is
advised [8,37,38].

Magnesium (Mg) is distinguished by its pronounced chemical activity [39,40], which
influences various physiological functions, such as improving energy metabolism, protein
synthesis, and replication prior to cell division [41] as well as cell proliferation and wound
healing [42—44]. Magnesium supplementation has also been shown to have a beneficial
effect on reproduction in animals [45,46]. Over 90% of intracellular Mg is associated with
ribosomes, lysosomes, phospholipids, nucleotides, and mitochondria functions and struc-
tures. It aids in the structural stabilisation of proteins, nucleic acids, and membrane surface
bonds [47,48]. Mg's attributes related to membrane stabilisation have implications for
generating reactive oxygen species and lipid peroxidation and releasing and modulating
neurotransmitters [49]. This mineral orchestrates the function of approximately 300 en-
zymes pivotal in the metabolic transformation of carbohydrates, fats, proteins, nucleic acids,
and redox reactions. It facilitates the synthesis of high-energy compounds, namely ATP
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and ADP, within cells and is involved in phosphorylation reactions, forming complexes
with ATP (Mg?* ATP) [43,50]. A myriad of enzymes, directly or indirectly, are influenced by
fluctuations in Mg concentrations, encompassing those engaged in cell cycle regulation [51]
and glucose utilisation [52].

Furthermore, Mg partially influences smooth muscle tone by counteracting Ca in
potassium and Ca channels [53-55]. The metabolism of Mg is intricately intertwined with
that of Ca and phosphorus [56-58]. The transport mechanisms of Mg are interconnected
with other elements, predominantly via shared proteins that oversee their exchange and
translocation across cellular membranes. These elements are Na [59-61], Cu, Fe, Mn [62-64],
and K [53,65,66]. Particularly strong associations have been found between Mg and Na,
K, and Ca [67-69]. Antagonistic interactions with Ca and zinc have also been demon-
strated [70,71]. The interplay between Mg and phosphate absorption appears to be due to
Mg-Ca interactions, mainly driven by renal phosphorus conservation [72].

Despite the absence of mucosal injury, Mg deficiency causes subclinical inflamma-
tion in the small intestine, leading to functional changes in local and distant organs and
increasing susceptibility to oxidative stress [73]. Mg deficiency primarily results in elevated
cellular Ca?*, which acts as a signal for priming cells to initiate an inflammatory response.
The primary effects of Mg deficiency result from changes in extracellular Mg concentrations
due to direct membrane effects and Mg—Ca interactions [74]. Mg deficiency also disrupts
bone metabolism, impairing bone growth [75] and leading to bone loss [76].

Mg is absorbed primarily in the small intestine at an efficiency of approximately
60%, mostly via passive transport. In this site, potassium, Ca, and ammonia are its an-
tagonists [77]. Mg is transported to various tissues, and its uptake occurs in response
to physiological demand [78]. Analogous to Ca, the primary site of Mg retention is the
kidneys [79]. In dietary Mg insufficiency, diminished plasma Mg concentrations can precip-
itate a swift release from the bone surface [80]. Consequently, it has been established that
deficiencies in Mg can culminate in osteoporosis [81].

In snails, Mg constitutes a vital component of their shells [18,19,82]. Considering the
literature addressing the impact of dietary Mg on fattening metrics or the quality of snail
shells [83], this research endeavours to elucidate these associations.

Determining the optimal amount of Ca and Mg in snail feed can increase animal
survival and improve reproductive performance. Farmers may also benefit from better
feed utilisation by snails, increased mechanical shell strength, and accelerated animal
maturation, reducing fattening time. These benefits may translate into direct economic
benefits, allowing savings in the fattening period. Snails” price depends on their maturity
level, based on the appearance of their shell lip. Also, an increased final body weight
of snails and animal survival rate result in higher earnings for the farmer. Snail meat’s
enhanced quality and dietary benefits, including mineral enrichment, may be crucial to the
end consumer.

The objective of this study was to determine the optimal Ca concentration and assess
the influence of different levels of Mg addition in the diet for Cornu aspersum. That was done
to optimise the production and technological characteristics of the derived animal products.

2. Materials and Methods
2.1. Animals and Experimental Design

In Experiments I and II, Cornu aspersum snails were housed at the Warsaw University of
Life Sciences animal facility (52.15890, 21.04554). The animal facility was maintained under
strict, controlled conditions: ambient temperature was consistently held at 22 °C £ 1 °C,
with a relative humidity of 60% =+ 10%. A 12:12 h light cycle was implemented. The room
was provided with a mechanical-gravity ventilation system. The snails were housed in
10 L ventilated plastic containers with sterilised soil at the base to regulate humidity (refer
to Figure 1). The mobile racks on which the containers were placed were repositioned
twice a week. Additionally, a weekly rotation was carried out on the containers located on
individual shelves.
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A complete feed mixture, formulated for experiments at the Division of Animal Nutri-
tion (detailed composition provided in Table 1), was administered ad libitum. This feed
was presented in a flour form, with corn meal as its primary component. The composition
of this compound feed was determined based on prior research and the standards set by
the French INRA [84]. Per these standards, the protein content should range between
16-18% (and reach up to 24% [25]), while fat and fibre contents should not exceed 4% of
the dry matter. Mayaki et al. [85] suggest that the optimal Ca content in snail feed should
be 8%. However, other research recommends values ranging from 6% [37] to 17.5% [86] to
achieve optimal production outcomes. Ca carbonate was selected as the Ca source primarily
because of its prevalent use in snail production as fodder chalk and its distinction as the
purest and most efficient form of Ca supplement in feed [7,87,88]. The premix included
only vitamins and amino acids, devoid of any minerals.

Figure 1. (a) Experimental container; (b) Setting of containers in the animal house; (c) Adult snails
foraging on experimental feed.

Residual feed post-consumption was gathered to determine the FCR (Feed Conversion
Ratio)—a metric representing the quantity of feed ingested in kg (DM) by the snails for
every kg of body weight gain.

In both experiments, snails were procured commercially as hatchlings and introduced
into the experimental containers when they were 2-3 days old. Upon their allocation to
the containers, which was done randomly, both their body weight and shell width were
ascertained using a scale and a caliper (AOS Absolute Digimatic Caliper, Mitutoyo, Japan).
This instrument was consistently employed for all subsequent measurements. At the
commencement of the experiment, each experimental group consisted of 120 snails, with
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40 snails allocated to each experimental container within the group. The initial density
was determined in alignment with the guidelines established for the commercial rearing of
snails [12,89,90].

Table 1. Ingredients and determined chemical composition of snail diets in Experiments I and II.

. o Experiment I Experiment IT
Ingredients (%) CI cu cI cIv CON MI MII M IIT
Corn meal 53.0 50.0 45.0 43.3 43.8 43.5 433 43.1
Post-extraction 18.0 190 210 210 210 210 210 210
soybean meal 460
Wheat bran 10.0 8.0 6.0 5.0 5.0 5.0 5.0 5.0
Fodder yeast 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
Rapeseed oil 2.0 2.0 25 25 2.0 2.0 2.0 2.0
Monocalcium 20 20 20 20 20 20 20 20
phosphate
NaCl 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Vitamin premix 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Ca carbonate 8.9 13.2 17.3 20.0 20.0 20.0 20.0 20.0
Mg oxide (g) - - - - - 0.8 3.1 4.7
Composition (% DM)
Crude protein 1822 +0.53 18.86 +0.76 18.72 £0.44 1830+ 0.68 1840+ 0.58 18.74+0.63 19.03+0.71 18.82 £0.42
Ether extracts 2.93 £0.09 3.11+0.12 3.32 £0.11 3.31 £0.07 3.01 £0.10 3.33 £0.13 3.15£0.10 3.12 £ 0.08
Crude fibre 3.62 £ 0.09 4.05 £+ 0.09 3.47 £ 0.09 3.30 £ 0.09 3.33 £ 0.09 3.62 £ 0.09 3.59 £0.09 3.81 £+ 0.09
Crude ash 21.15+0.62 2348 +0.73 25484093 2730+1.03 2724+4+0.79 2630+0.81 27.00+0.53 27.60 £ 0.86
Nitrogen-free extract ~ 54.08 £2.09 50.50 £1.83 49.01 +1.12 47.78+1.06 48.02+1.66 48.01+0.67 4723+134 46.65+1.12
Ca 443 +0.13 6.61 £0.21 8.87 £ 0.32 10.35+0.39 10.35+0.22 1035+031 10.35+040 10.35=£0.25

Mg 0.26 + 0.01 0.25 4+ 0.01 0.26 + 0.01 0.24 +0.01 0.25 4+ 0.01 0.33 + 0.01 0.56 + 0.02 0.72 £ 0.02
Calculated BE (M]) 1321 £052 1279+044 12594049 1232+£0.37 1226+042 12434+050 1228 £0.38 12.14 +0.45

Experiment I was designed to explore the influence of varying Ca concentrations on
snail production metrics, shell morphometry, and the nutritional attributes of the mollusc
meat (refer to Figure 2). Each month, fifty individuals were randomly selected from each
experimental group and their weight and shell width were measured, following the same
procedure used at the start of the experiment. Mortality rates for animals within the
group were determined, and feed consumption was calculated. Lastly, at the end of the
experiment, fifty randomly selected individuals from each group were euthanised through
freezing and utilised for further laboratory analyses pertaining to the quality of their
carcasses and shells.

Cl

44.33 g/kg

120 individuals / group
2 — 3 days old "
Body weight 0.02g J

Shell widith 4.02 = 0.10 mm.

Cll .
measurements carried

out once a month
66.14 g/kg

Measurement of body weight
p— and shell morphometry
50 individuals/group
Weighing uneaten feed

(o]

88.70 g/k
L end of experiment
(4 months long)

CIv

Laboratory analysis

103.49 g/kg

- —

50 individuals / group

Figure 2. Scheme illustrating the design of Experiment I: categorisation of the groups based on Ca
content, details of the snails’ initial body parameters, the methodology for measuring the snails, and
the end of the research.
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Given the extensive range of recommended dietary Ca levels cited in the literature, the
decision was made to evaluate four distinct levels in this study. The C I group contained
Ca levels of 44.22 g/kg feed, the C II group, 66.14 g/kg feed; the C III group, 88.70 g/kg
feed; and the C IV group, 103.49 g/kg feed.

Experiment II, as depicted in Figure 3, aimed to assess the impact of Mg concentrations
on snail production results, shell morphometry, and the nutritional attributes of the mollusc
meat. The procedure in Experiment IT mirrored that of Experiment I, except that forty-six
individuals, chosen at random, underwent laboratory analysis instead of fifty. The diet
from Experiment I, which yielded the most favourable results regarding snail fattening,
was adopted as the benchmark for the control diet in this study. Mg oxide was chosen
as the Mg supplement for the diet, given its status as the most prevalent mineral source
with the highest available Mg concentration for feed [77]. Furthermore, Mg oxide typically
ensures efficient absorption of Mg ions.

The control group (CG) had a Mg content of 2.45 g/kg feed (with no additional Mg).
This level was determined based on prior research on poultry [91]. The M I group had a
Mg content of 2.36 g/kg feed, the M II group was at 5.56 g/kg feed, and the M III group
was set at 7.15 g/kg feed. The Mg concentrations in these rations were chosen based on
studies in poultry, assuming that the nutritional requirements of laying hens may be similar
to those of snails [92,93].

Control group

120 individuals / group
2 — 3 daysold

No magnessium

addition
2.45g/kg

Body wight 0.02g
Shell width 4.05 £ 0.11 mm.

M -
measurements carried

out once a month
3.26 g/kg

Measurement of body weight
— and shell morphometry
50 individuals/group
Weighing uneaten feed
5.56 g/k
S end of experiment
(4 months long)

lz

M Il

7.15 g/kg Laboratory analysis

46 individuals / group

\

Figure 3. Scheme illustrating the design of Experiment II: categorisation of the groups based on Mg
content, details of the snails” initial body parameters, the methodology for measuring the snails, and
the end of the research.

2.2. Experimental and Analytical Procedures

In the laboratory, carcasses were removed from shells. Carcass weight and the propor-
tion of carcass to total body weight were calculated using data from fifty randomly chosen
snails from Experiment I and forty-six from Experiment II. Then, further analyses of the
chemical composition of snail meat, TBARS (thiobarbituric acid reactive substances) and
mineral composition of the snail meat and shells were conducted in 6 replicates.

The chemical composition of the snail carcasses was determined according to AOAC
(Association of Official Analytical Chemists) [94]: moisture and dry matter by drying at
105 °C to constant weight, crude ash by incineration at 550 °C for six h, crude protein
(N x 6.25) using the micro-Kjeldahl technique (Kjeltec System 1026 Distilling Unit, Foss
Tecator, Sweden), and crude fat after extraction with petroleum ether by the Soxhlet method.
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Thiobarbituric acid reactive substances (TBARS) were expressed as equivalents of
malondialdehyde (MDA), and MDA precursor—1.2.3.3-tetraethoxypropane (TEP) was
used as a standard to plot a standard curve. The methodology presented by Uchiyam and
Mihar [95] was used. The test tissues of snail carcasses were homogenised in 1% potassium
chloride solution and then centrifuged at 2000 rpm for 15 min at 4 °C. Then, 1% phosphoric
acid, 1% potassium chloride, 2% butyl hydroxyanisole (BHA), and 0.4% TBA were added
to the resulting filtrate. After adding the reagents and mixing, the sample was capped and
placed in a water bath at 100 °C for 60 min. After cooling, 4 mL of butanol was added to the
sample and shaken for 2 min. The absorbance of compounds dissolved in the butanol phase
was read at 532 nm. The results were read in nmol/mL from a standard curve against TEP.

Inductively coupled plasma optical emission spectrometry (ICP-OES) determined the
mineral components of carcasses and snail shells. First, test samples were ground and
mineralised in a chamber furnace at 450 °C for 12 h. Then, the acid digestion (hydrochloric
acid 37%, AnalaR NORMAPUR®, VWR Chemicals, Radnor, PA, USA) occurred on a
hotplate. The material was then filtered through blotting paper and diluted to 50 mL with
distilled water. The total contents of Ca, Cu (copper), Fe (iron), Mg, Mn (manganese), P
(phosphorus), K (potassium), Zn (zinc), Si (silicone), and Na (sodium) were determined
with ICP-OEC equipment (Perkin Elmer Avio 200; Waltham, MA, USA).

During shell analysis, the share of matured individuals was determined by inspecting
the presence of solid shell lip, indicating that the individual has reached maturity and
ended the growth cycle [9]. Also, shell measurements were taken to establish the shell shape
index—shell width-to-height ratio [96] and solidity index. This method is based on one used
on poultry eggs [97], previously used in snail shell estimation by Ligaszewski et al. [98].
The formula follows [shell weight x (height width)~1] x 100.

An Instron 3382 testing device (Norwood, MA, USA) was employed to evaluate
the crushing force exerted on the shells. This assessment aimed to discern the potential
influence of varying Mg levels in the feed on shell robustness. The testing setup encom-
passed several components: a device designated for compression tests, plates marked for
compression testing, and a computer system for data acquisition.

The device was calibrated to administer loads ranging from 0 to 100 kN (kilonewton).
Static tests were conducted at a consistent speed of 5 mm per minute. The compressive
strength was ascertained based on the orientation of the applied materials and the resistance
they generated.

2.3. Statistical Analysis

The results were analysed using one-way analysis of variance (ANOVA), using Sta-
tistica 13.3 (TIBCO Software Inc., Palo Alto, CA, USA). A difference of p < 0.05 between
means was significant. Further, the post-hoc LSD and repeated measures ANOVA tests
were performed.

The used mathematical model followed Yij = it + i + eij, where Yijj is the observation
value, i is the overall mean, «i is the effect of the experimental diet (calcium or magnesium
level), and eij is random error.

Statistical analysis for the parameters of body weight, shell width, and mortality
was performed with the PS IMAGO PRO 9.0 software, using ANOVA tests for repeated
measures. The pairwise comparison method with Bonferroni correction was used for
significant interaction effects. All study variables met the sphericity condition. A p < 0.05
was taken as statistically significant.

3. Results

The development of snails is characterised by three stages that can be distinguished:
slow growth of the body and rapid development of the internal organs in the first month,
rapid increase in body weight in the second and third months, and stabilisation of body
weight and a slowdown in growth after 13 weeks of age [12]. The results of the mea-
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surements carried out in each month of Experiment I and Experiment II are presented in
Figures 4-9.

Group
=Cl
—C
— Il
_—CN

Body weight (g)

Month

Figure 4. Results of monthly body weight (g) measurements of snails in Experiment I. Data are
given as mean + SD (n = 50). C I, CII, C III, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7,
103.5 g/kg feed.

There was no significant difference (p > 0.05) in the body weights of the snails between
C1III (0.85 g) and C IV (0.68 g) during the first month. Snails in group C II had the lowest
weight gain, and those in group C III had the highest (0.18 g vs. 0.83 g). Throughout the
second and third months, snails in group C I showed the lowest mean weight gains (1.08 g
and 1.65 g), while animals in group C IV showed the greatest (3.87 g and 3.51 g). In the
second month, the weights of snails in groups C III (3.99 g) and C 1V (4.54 g) did not differ
significantly (p > 0.05). Group C I showed the lowest body weight (1.61 g). During the
third month, no significant differences were found (p > 0.05), only between C II (5.95 g) and
CIII (6.79 g). Group C I showed the lowest body weight (3.26 g), and group C IV showed
the highest (8.05 g). In the final measurement, there was no significant difference (p > 0.05)
in the body weights of snails between groups C II (7.56 g) and C III (8.52 g). At the end of
the experiment, snails in the C I group had the lowest mean body weight (3.19 g) and those
in C IV, the highest (9.67 g).

In the first month of the experiment, the snails belonging to group C III exhibited the
largest shell width (13.58 mm). In comparison, those from C II had the smallest (8.94 mm).
Significant shell width differences (p < 0.01) were observed in all tested groups. However,
during the second measurement, groups C III (22.37 mm) and C IV (23.47 mm) did not show
significant differences in shell width (p > 0.05). Group C I showed the lowest shell width
at 14.79 mm. At month 3, there were no significant differences (p > 0.05) in is-total between
groups C II(28.17 mm) and C III (27.56 mm). Group C I'had the lowest shell width throughout
the Experiment I duration. In group C II, snails showed the highest shell width increases
among all experimental groups in months 2—4 (11.95 mm, 7.28 mm and 2.37 mm, respectively).
Finally, animals in group C I showed the smallest average shell width at 17.51 mm in the final
month of the experiment, while snails in group C IV showed the largest average shell width
at 30.63 mm. By the end of the experiment, there were no significant differences (p > 0.05) in
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shell width between snails in groups CII (30.54 mm) and CIII (29.77 mm), CII and CIV, and
CIII and CIV. The most significant overall increase in shell width (p < 0.01) over time was
observed in CII (+21.60 mm), whereas the smallest was in CI (+5.92 mm).
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Figure 5. Results of monthly shell width (mm) measurements of snails in Experiment I. Data are
given as mean =+ SD (n = 50). C I, CII, C IlI, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7,

103.5 g/kg feed.
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Figure 6. Results of monthly mortality (%) records of snails in Experiment I. Data are given as
mean + SD (n = 3). CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g/kg feed.
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During the first month, the mortality rate was the lowest (p < 0.01) for group C III at
9.03%, while group C I registered the highest rate at 30%. For the first measurement, the
number of deaths did not differ significantly (p > 0.05) between groups C I (30%) and C IV
(27.17%), and between groups C II (10%) and C IIT (9.83%). For the second measurement,
the number of deaths did not differ between groups C III (2.10%) and C IV (2.60%). For
the third measurement, it did not differ between groups C II (1%) and C III (1.50%) and
between groups C II and C IV (0%). By the fourth month of the experiment, the mortality
rates for groups C I and C Il were relatively low at 3.40% and 4.00%, respectively. However,
group C III recorded a significantly higher mortality rate of 30.90%, while group C IV had
a mortality rate of 25.00%. The number of deaths did not differ significantly (p > 0.05)
between groups CI and CII.
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Figure 7. Results of monthly body weight measurements (g) of snails in Experiment I. Data are
given as mean + SD (n = 50). No-Mg control diet; M I, M II, M Ill—diet with Mg dose respectively:
3.3 g/kg, 5.6,7.2 g/kg feed.

Magnesium supplementation in the diet of snails in Experiment II had a significant
effect (p < 0.01) on their mean body weight. During the first measurement, there was no
significant difference (p > 0.05) in mean body weight between the M II and M III groups.
The control group had the highest body weight (0.83 g) whilst M I had the lowest (0.62 g). In
the second month of measurements, only the CG (4.40 g) and M III (5.39 g), and M I (4.32 g)
and M III groups had significantly different (p < 0.05) body weights. Differences (p < 0.05)
in snail body weight were observed only between the M I (7.32 g) and M III (8.21 g) groups
during the third measurement. No significant differences (p > 0.05) in the snails” body
weights were evident during the last month of measurements. At the end of the experiment,
the snails had gained body weights of CG=9.62g;M1=9.68 g MII=9.95g;, MIII =9.08 g.
Animals in the M II group consistently showed the most significant differences in weight
gain compared to the control group, specifically, in the first month (0.70 g vs. 0.40 g), in the
third month (4.70 g vs. 3.71 g) and the fourth month (2.41 g vs. 1.49 g). Conversely, snails
in the M III group showed the lowest weight gains in the mentioned months: 0.69 g,2.82 g,
and 0.87 g, respectively.
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Figure 8. Results of monthly shell width (mm) measurements of snails in Experiment I. Data are
given as mean + SD (n = 50). No-Mg control diet; M I, M II, M Ill—diet with Mg dose respectively:
3.3g/kg, 5.6,7.2 g/kg feed.

No significant difference was observed in shell width during the first month of the
experiment (p > 0.05). Among all groups, M I had the smallest shell width (12.34 mm),
while MIIT had the largest (12.84 mm). However, shell width varied significantly (p < 0.05)
between CG and M 1II (25.41 mm), M I (22.30 mm) and M II, as well as between M 1
and M III (24.14 mm) during the second month of measurements. Similarly, during the
third measurement round, significant differences were found (p < 0.05) between the CG
(29.98 mm) and M I (28.39 mm), CG and M 1II (28.72 mm), and CG and M III (28.68 mm)
groups. Significant differences in shell width (p < 0.01) were observed between groups CG
(30.66 mm) and M III (29.03 mm), M I (30.79 mm) and MIII, and between M II (30.30 mm)
and MIII by the end of the measurements. The largest shell width of 30.79 mm was
observed in M I, while the smallest width of 29.06 mm was observed in M III. Regarding
shell width gains, the M II group had significantly more substantial gains: 18.25% greater
than the control group in the first month (13.04 mm vs. 11.03 mm). In contrast, in the third
month, the M II group had significantly smaller gains: 47.77% less than the control group
(3.31 mm vs. 6.36 mm). In the last month, the M I group had the highest increase in shell
width—2.40 mm. Furthermore, the largest shell width change over time was found in MI
(+18.45 mm) and the smallest in MIII (+16.21 mm).

During the initial measurement, mortality exhibited a substantial difference (p < 0.01)
exclusively between the CG (27.33%) and MII (13.50%) groups. In the second measurement,
no significant differences (p > 0.05) were found while comparing CG (2.6%) and M II (0%),
and CG and M III (2.9%). No significant differences in mortality were observed (p > 0.05)
between the M I (7.6%) and M II (5.9%) groups after three months of measurements. The
mortality rate of group M III was the highest at 13.6%. At the end of the study, mortality
rates were noted as follows: CG = 25.00%; MI = 30.50%; MII = 35.28%; and MIII = 28.00%.
Only the CG and MI groups showed significant differences (p < 0.01).

During the examination of carcass and shell traits in Table 2, animals in group C IV
in Experiment I had the highest mean carcass weight (8.27 g). The lowest body weight
was noted in group C I at 2.89 g. The trend in shell mass was similar, with group C IV
displaying the heaviest shells at 1.40 g and group CIat0.29 g.
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Figure 9. Results of monthly mortality (%) records of snails in Experiment I. Data are given as mean + SD

(n = 3). No-Mg control diet; M I, M II, M IIl—diet with Mg dose respectively: 3.3 g/kg, 5.6, 7.2 g/kg feed.

Table 2. Mean (£SD) results of carcass and shell characteristics and feed intake at the end of
Experiment I and Experiment II.

Experiment I
Experimental Groups

Indices n SEM p-Value
CI cl (il (1%

Carcass weight (g) 50 289 +£1952 6.87 +1.40° 741 +1.39P 827 £ 1.68 © 0.23 <0.0001

Shell weight (g) 50 0.29 +£0.222 0.70 + 0.34° 112 +£021°¢ 1.40 +0.24 4 0.03 <0.0001

Share of the “arcas(so/f)‘ total body weight 50 91044 093¢ 9078+ 112°  8687+232b 85462200 024  <0.0001
Shell shape index 50 1.44 +0.36 1.39 + 0.08 1.44 4+ 0.07 143 £0.12 0.03 0.5572
Solidity index (g/cm?) x 100 50  11.19+243%  1025+210%  18.08+285°  21.15+355°¢ 0.39 <0.0001
Crushing force of the shells (N) 15 1244 +6.68° 1747 +£801° 3285+1346> 5483+£1739¢ 338 <0.0001
TBARS (nmol/g lyophilisate) 6 56.94+0.65% 5887+ 147°¢ 5802+ 1.84° 5559 +0.38° 0.45 <0.0001
Mature individuals (%) 50 440022 20 +0.04° 20 +0.04° 46 +0.05°¢ 0.06 <0.0001
Total FCR (kg DM/kg) 3 0.86 +0.322 1.10 + 0.14 20 0.94+0.102 1.28 +0.05° 0.09 0.0009
Total feed intake (g/individual) 3 11.09 + 0.31 8.34 + 0.03 8.75 + 0.51 10.64 +0.25 0.92 0.1647

Experiment II
Experimental Groups
Indices n Control Group SEM p-Value
MI MII M III

Carcass weight (g) 46 8234+ 130 818+ 1.51P 8.45 4+ 1.53P 747 +£1.652 0.22 0.0134

Shell weight (g) 46 1394+023%  150+035%  149+028° 1.61+0.27P 0.04 0.0047

Share of the e total body weight 0 g5454210¢  8452+£207° 8492+ 1875  8198+304° 030  <0.0001
Shell shape index 46 143 +0.10¢ 1294008  1.27+0.08 % 124 4+0.11° 0.02 <0.0001
Solidity index (g/cm?) x 100 46 211743132 202643522 2051 +3.03% 2358 +3.84° 0.51 <0.0001
Crushing force of the shells (N) 15 5729+1731  59.384+2348 614142261 49.73 + 10.73 5.77 0.5123
TBARS (nmol/g lyophilisate) 6 55.59 £0.35% 5533 +£0.32°  5590+£1.36%  57.65+ 196" 0.39 0.0246
Mature individuals (%) 46 46.00 £ 0.41 63.00 + 0.49 65.00 + 0.48 59.00 + 0.52 0.07 0.2287
Total FCR (kg DM/kg) 3 1274006°  110+£025%  094+£0.17° 1.61+0.12°¢ 0.09 0.0049
Total feed intake (g/individual) 3 11.09 + 0.29 8.34 +0.23 8.75 + 0.88 10.64 £ 3.04 091 0.1643

CI, CII, CII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g/kg feed; No-Mg control diet; M I,
M II, M IlI—diet with Mg dose respectively: 3.3 g/kg, 5.6, 7.2 g/kg feed. The means indicated with different
superscripts (a, b, ¢, d) are significantly different (p < 0.05).
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The share of carcass in total body weight was highest among snails in group C I at
91.24. Animals in group C IV showed the lowest share at 85.46%.

The shell shape index demonstrated minimal variation, with all groups exhibiting
values around 1.44, signifying a similarity in shell shape among the experimental groups.
The solidity index shows that animals in group C IV had the highest value of 21.15, while
in group C I, the lowest score was recorded at 11.19 g/cm?.

Snails in group C IV displayed the highest crushing force at 54.83 N, and group C
I had the lowest, at 12.44 N. The shells of the C I group showed unique characteristics,
such as softness, flexibility and translucency. They exhibited a delayed fracture pattern
characterised by stretching and planar flattening.

Thiobarbituric acid reactive substance (TBARS) results provide essential information
in studies related to lipid oxidation processes in biological samples and indicate changes in
health status and metabolism, or the effects of external factors on the studied organisms.
The results showed that snails in group C IIT had the highest levels at 58.87 nmol/g
lyophilizate in carcasses and snails in group C IV had the lowest, at 55.59 nmol/g.

Furthermore, group C IV had the highest percentage of mature individuals at 46%. In
contrast, in groups C I, C II, and C III, the results were 10 times (C I) and 1.3 times (CII and
C III) lesser, correspondingly.

The feed conversion ratio (FCR) in group C IV showed the highest value at 1.28 kg of
feed (DM) per kg of snail body weight. Results of groups C I and C III showed comparable
FCR values.

Regarding feed intake, individuals in group C II consumed the least amount of feed
in the first month, with an average of 4.92 g per individual. Contrarily, group C IV had
the highest feed intake, averaging 11.10 g per individual. The trend remained constant
throughout the experiment, whereby Group C IV consistently displayed the greatest feed
intake, and the largest discrepancy was noted in the final month. On the other hand, Group
C I constantly demonstrated the lowest feed intake, with the minimum value of 2.06 g per
specimen documented in the first month.

When carcass and shell characteristics were examined in Experiment II, the snails in
group M II exhibited the highest mean carcass weight at 8.45 g compared with other groups.
The lowest weight was recorded in group M I at 7.47 g.

Animals in group M III exhibited the heaviest shells, weighing 1.61 g, whereas the
control group showed shells weighing 1.39 g. The mean proportion of the carcass of snails
in total body weight was the highest in the control group, at 85.45%, while group M III had
the lowest proportion, at 81.98%.

The control group displayed a shell shape index of snails of 1.43, the highest among
the groups, while group M IIl recorded the lowest at 1.24. Group M I had the lowest solidity
index of 20.26, whereas group M III had the highest solidity index of 23.58 g/cm?. The
crushing force of the shells showed differences, but these were not statistically significant.

The TBARS levels in snail carcass tissues from group M III were the highest at 57.65 nmol/g
lyophilisate, whereas those in snails from group M I were the lowest at 55.33 nmol/g.

The proportion of mature snails did not exhibit a distinct trend of maximum and
minimum values (46-65%) between the groups but demonstrated fluctuation.

The FCR records revealed that group M Il displayed the most efficient feed conversion,
with the lowest FCR recorded at 0.94, while group M I reflected the highest FCR at 1.27.
Also, group M III presented the highest feed intake at 11.09 g/individual, whereas group
M I showed the lowest intake (8.34 g/individual).

The investigation into the percentage differences in proximate composition among the
experimental groups in Experiment I and Experiment II demonstrates significant variations
in the nutritional profiles of snail carcasses (Table 3).
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Table 3. Mean (£SD; n = 6) proximate composition of snail carcasses (% of DM) in Experiment I and
Experiment II.

Experiment I
Experimental Groups

Item SEM p-Value
CI CII CIII CIV
Crude protein 60.26 + 1.33 ¢ 58.06 + 1.56 5338 £1.79¢ 59.97 4 1.96 b¢ 0.69 <0.0001
Ether extracts 4.66 +0.62°¢ 314+241° 149 +£0.26 2 148 +0.24° 0.51 0.0008
Crude ash 14.07 £0.72¢ 14.30 £ 1.38¢ 11.09 4+ 1.26® 9.20 £0.622 0.43 <0.0001
Experiment IT
Experimental Groups
Item Control Group SEM p-Value
MI MII M III
Crude protein 59.97 +1.92° 5216 £1.727 5248 £1.00° 5214 +£0.76° 0.56 <0.0001
Ether extracts 1.56 +0.28° 1.68 +0.722 229 £151% 2.86 +0.25° 0.33 0.0442
Crude ash 9.20 £ 0.58 9.22 £0.24 9.01 £ 0.39 8.79 £0.97 0.25 0.6056

CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g /kg feed; No-Mg control diet; M I, M
II, M IlI—diet with Mg dose respectively: 3.3, 5.6, 7.2 g/kg feed. The means indicated with different superscripts
(a, b, c) are significantly different (p < 0.05).

The study found that snails in group C I exhibited the highest crude protein content in
meat, at 60.26%. Group C III showed the lowest crude protein content of 53.38%.

The lipid content exhibited comparable changes across the experimental groups.
Animals in group C I'had the highest ether extract content, measuring 4.66%. Both groups
CIII and C IV exhibited the lowest ether extract content, measuring 1.49%.

Groups C I and C II exhibited the highest crude ash content values, registering at
14.07%. Snails in group C IV showed the lowest crude ash content among all experimental
groups, measuring 9.20%.

The proximate composition analysis of the snail carcasses conducted in Experiment II
illustrates substantial disparities in crude protein and ether extract content. Animals in the
control group displayed the highest crude protein content at 59.97% in their carcasses. In
contrast, the M III group showed the lowest content, a 13.16% reduction compared to the
control group.

In contrast, the control group displayed the lowest ether extract content of 1.56%. In
contrast, the M III group exhibited the highest ether extract content, with a significant
increase of 83.33% compared to the control group. These results emphasise the substantial
variations in these two components between the study groups.

Crude ash content was similar across all groups, ranging from 8.79% (group M III) to
9.22% (group M II).

Additional analyses were conducted concerning the mineral composition (in DM) of
the snails’ meat and shells (in FM). The results are presented in Table 4.

In Experiment I, animals in group C III had the highest Ca content in meat (1.45%),
with the lowest being in group C II (1.31%). In the shells, the highest Ca content was found
in group C IV (38.96%), with the lowest being in group C II (36.16%). Snails in group
C II recorded the highest concentration of Cu in meat (56.99 mg/kg), while group C IV
presented the lowest (36.70 mg/kg). In the shells, group C I had the highest Cu content
(6.12 mg/kg), and group C IV showed the lowest (1.88 mg/kg).

The Fe content in snail meat was highest in group C I (357.52 mg/kg) and lowest in
group C IV (127.82 mg/kg). Regarding the shells, group C IIl had the highest Fe content
(202.39 mg/kg), and group C IV had the lowest (135.82 mg/kg). While analysing potassium
content, animals in group C IT had the highest K content in meat (7718.49 mg/kg), while
group C IV had the lowest (6220.12 mg/kg). There were no significant differences in K
content in the shells among the groups.
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Table 4. The mean (+SD; n = 6) mineral content of snail carcasses (in DM) and shells (in FM) in
Experiment I and Experiment II.

Experiment I
Experimental Groups

Item SEM p-Value
cI cu cllI cIv

Ca %) Meat 1.36 £ 0.23 1.31 £ 0.09 1.45 £ 0.05 1.40 + 0.12 0.07 0.5847
Shell 37.99 + 0.96 b 36.16 £ 0.97 37.05 + 1.15% 38.96 +0.22°¢ 0.45 0.0048

Meat 36.70 +1.19 2 56.99 £4.04 ¢ 4533 £1.58" 60.33 +3.90 € 149  <0.0001

Culmg/ke) g 612+ 2.60° 347 40472 35140722 1.88 + 0.022 0.68 0.0072
Fe (mg/kg) Meat 357.52 +31.75¢9 312.01 + 28.83 ¢ 218.19 + 30.51 ° 127.82 +£9.702 1338 <0.0001
Shell 196.76 =+ 35.77 be 129.26 + 50.56 2 202.39 +23.17 135.82 =+ 26.76 2P 17.41 0.0181

K (mg/kg) Meat  7097.36 + 430.28 ¥ 7718.49 + 275.80 © 696040 + 529.03> 622012 +21421° 19153  0.0012
Shell 806.19 = 184.37 791.41 +289.89 726.69 + 126.45 1096.67 + 48.90 9206 0.0624

Mg (mg/kg ~ Meat 204814425590 353252 4+ 12251 267022 +£308.842 268413 +186.15% 14278  0.0026
Shell 508.48 -+ 32.46 32213 +9.542 356.97 + 26.00 2 320.12 +5.89 2 1074 <0.0001

Meat 25.98 + 2.90 2331 + 2.65 24.57 + 2.08 21.82 + 0.94 1.14 01148

Mn (mg/kg) g 14.58 + 068 10.98 + 0.78 ® 9.99 £ 0.562 9.76 40202 030  <0.0001
Na(mg/kg ~ Meat 591544 886.60° 7934.27 + 17555 546721 +783.89%  5299.06 +298.35% 30826  <0.0001
Shell 1198.09 + 169.30 € 806.95 + 242.83 @ 752.42 + 117.97 @ 1050.68 + 27.87% 7987  0.0057

P (mg/kg) Meat  11,109.90 + 1289.60°  11,616.93 + 265.68°  10,415.35 + 880.25%  9271.07 £ 415492 40935  0.0089
Shell 896.51 - 55.47 ¢ 558.19 + 14.21° 532.45 + 47.52° 428.37 + 16.78 2 1892 <0.0001

Si (mg/kg) Meat 57.49 + 15.46 > 36.40 4+ 9.59 2 45.59 + 14.02 2 66.00 £ 10.35 ¢ 6.30 0.0293
Shell 182.30 + 45.08 € 93.11 + 27.66 190.42 + 36.81 ¢ 24.98 + 3.69 2 1613  <0.0001

Znmg/kg et 105.27 + 11.43 104.58 + 8.85 9525+ 730" 57.26 + 3.06 2 412 <0.0001
Shell 6.40 £ 1.042 628 + 2252 526 + 1.162 1791 + 1.75° 077 <0.0001

Experiment II
Experimental Groups
Item Control Group SEM p-Value
MI MII M III

Ca (%) Meat 138 £0.11° 1.16 +0.052 1.29 4 0.09 20 1.26 +0.23 2b 0.05 0.0274
Shell 38.96 + 0.21 33.78 £ 6.48 38.70 £ 2.39 37.64 + 1.08 1.48 0.0977

Meat 60.33 4 3.88 48.69 + 4.43° 5700 4294 48.86 +2.72° 1.78 0.0013

Culmg/kg) o 1.90 + 0.02 3.06 + 1.53 3.84 £1.45 4.98 + 2.66 0.82 0.1048
Fe (mg/kg) Meat 127.82 +£9.722 228.16 + 8.39 ¢ 223.68 + 18.68 174.40 + 7.05° 593 <0.0001
Shell 135.80 + 26.76 2 184.22 +2.28" 200.70 = 2537 131.80 + 10.40 878  <0.0001

K (mg/kg) Meat 622012 + 214.23 6102.19 + 233.64 5829.50 + 443.64 5759.94 + 22828  147.78  0.1424
Shell 1096.70 -+ 27.92 750.43 + 90.35 2 882.32 + 138.52 2 827.05 +140.74° 5364  0.0043

Meat 268413 + 186.13 ¢ 2279.38 + 44.22 2 250001 + 154355 2381.87 £9234% 6565  0.0055

Mg (mg/ks) g 320.10 £5.78 > 271.84 +2.85° 367.77 + 42,97 408.85 =+ 16.86 ¢ 1162 <0.0001
Meat 21.82 40,922 2277 £1,10° 2534+ 1.80° 2117 £ 1.30 0.66 0.0043

Mn (mg/ks) gy 9.80 + 022" 9.18 + 047 % 9.25 +0.58° 842 + 0.467 0.21 0.0058
Na(mg/kg ~ Meat 529906 +29835¢ 4899.43 + 142,00 464427 + 262,320 4497.35+£112,38  109.15  0.0013
Shell 1050.70 + 26.98 © 738.78 + 32.79 2 849.92 £101.69%  941.13 +180.83% 5260  0.0082

P (mg/kg) Meat  9271.07 + 41542 7905.68 + 332.83 2 8164.64 +330.692 795851 £327.05° 17673  <0.0001
Shell 42840 + 16.79° 24433 + 24,082 259.35 + 39.55 2 296.59 + 38.89 2 1510  <0.0001

i (mg/kg) Meat 66.00 + 10322 102.26 + 19.74 > 119.27 + 10.67° 104.25 + 347" 624  <0.0001
Shell 25.00 + 3.66° 179.36 + 24.08 ® 178.05 + 39.55 ° 149.24 + 38.89 ® 2065  0.0094

Zn(mg/kg  Meat 57.26 + 3.09 € 49.63 +£1.242 53.86 &= 1.85° 53.35 + 1.71° 1.04 0.0022
Shell 17.90 £ 1.72°¢ 452+ 0.96 44240622 663+ 1.74° 062  <0.0001

CI, CII, CIII, C IV—diet with Ca dose respectively: 44.3, 66.1, 88.7, 103.5 g /kg feed; No-Mg control diet; M I, M
II, M IlI—diet with Mg dose respectively: 3.3, 5.6, 7.2 g/kg feed. The means indicated with different superscripts
(a, b, ¢, d) are significantly different (p < 0.05).

Snails in group C II had the highest Mg content in meat at 3532.52 mg/kg, while the
lowest was detected in group C IV at 2670.22 mg/kg. In the shells, group C I exhibited
the highest Mg content at 508.48 mg/kg, and group C IV had the lowest at 320.12 mg/kg.
Animals in group C I displayed the highest manganese concentration in meat (25.98 mg/kg)
and shells (14.58 mg/kg). Group C IV had the lowest manganese content in both meat and
shells, with measurements of 21.82 mg/kg and 9.76 mg/kg, respectively.

Animals in group C II showed the highest Na content in meat at 7934.27 mg/kg,
whereas group C IV showed the lowest at 5299.06 mg/kg. In the shells, inversely, group
C IV had the highest Na content at 1050.68 mg/kg, and group C II had the lowest at
806.95 mg/kg. The highest phosphorus content in snail meat was observed in group C II
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(11,616.93 mg/kg), whereas the lowest was in group C IV (9271.07 mg/kg). In the shells,
group C I'had the highest phosphorus content (896.51 mg/kg), whereas group C IV had
the lowest (428.37 mg/kg).

The meat from group C I exhibited the highest silicon content (66.00 mg/kg), while the
lowest was in group C II (36.40 mg/kg). In the shells, group C I demonstrated the greatest
Si concentration (182.30 mg/kg), whereas group C IV presented the lowest (24.98 mg/kg).
Group C I exhibited the highest zinc content in meat (105.27 mg/kg); conversely, group C
IV had the lowest (57.26 mg/kg). In the shells, the Zn content was highest in group C IV
(17.91 mg/kg) and lowest in group C I (6.40 mg/kg).

In Experiment II, animals in the control group had the highest Ca content in the meat
at 1.40% and in shells (38.96%), while M I had the lowest content in meat at 1.16% and
in the shell at 33.78%. Copper content displayed differences across the groups, with M 1
having the lowest at 48.69 mg/kg and the control group having the highest at 60.33 mg/kg
in snail meat. Cu content increased across the groups in the shell, with the control group
having the lowest (1.90 mg/kg) and M III having the highest (4.98 mg/kg).

The iron content in the snail meat exhibited a significant increase in M I(228.16 mg/kg)
compared with the control group (127.82 mg/kg). Regarding the shell, the Fe content was
the highest in group M II (200.70 mg/kg) and the lowest in group M III (131.80 mg/kg).
There were slight, not statistically significant, differences in the potassium content of the
snail meat. However, in the shell, the control group exhibited a high concentration of
1096.70 mg/kg, while M I showed the lowest concentration at 750.43 mg/kg.

Differences across the groups in the Mg content in the snail meat were noted, with
M I recording the minimum value (2279.38 mg/kg) and the control group showing the
maximum value (2684.13 mg/kg). However, the Mg content in the shell varied signif-
icantly, with the highest value recorded in M III (408.85 mg/kg) and the lowest in M I
(271.84 mg/kg). The Mn content in the meat in group M III was the lowest (21.17 mg/kg);
in group M II, the Mn content recorded was the highest (25.34 mg/kg). The M III group
shells exhibited the lowest Mn content (8.42 mg/kg), in contrast to M II, which contained
the highest Mn content (9.25 mg/kg).

The sodium levels in the meat were most elevated in the control group (5299.06 mg/kg)
and least in M III (4497.35 mg/kg). Na levels varied in the shells, with M I exhibiting the
lowest (738.78 mg/kg) and the control group the highest (1050.70 mg/kg). Phosphorus
content in the meat was the lowest in group M I (7905.68 mg/kg) and the highest in the
control group (9271.07 mg/kg). In shell analysis, the highest P content was found in the
control group (428.40 mg/kg) and the lowest in the M I group (244.33 mg/kg).

The silicon content in the snails’” meat was highest in the M II group, measuring
119.27 mg/kg, while the lowest value was recorded in the control group at 66.00 mg/kg.
Regarding the shell, Si content in the control group was the lowest (25.00 mg/kg), and M I
had the highest (179.36 mg/kg) values. The lowest zinc content in the meat was detected
in the M I group (49.63 mg/kg), with the highest value found in M II (53.86 mg/kg). Zn
content in the shell varied among the groups, with the highest content in the control group
(17.90 mg/kg) and the lowest in group C II (4.42 mg/kg).

4. Discussion
4.1. Growth Rates during Fattening
4.1.1. Experiment I

As anticipated, the body weights of the snails increased concerning the Ca concen-
tration in the mixtures. As an indicator of shell development, the shell width parameter
showed similar results across all groups from the second month until the fattening period’s
end, except for the group receiving the lowest Ca supplement (C I). Based on the findings, it
can be inferred that the C I group (44.3 g Ca/kg) lacked sufficient calcium for the adequate
growth and development of snails. Individuals in this group displayed indications of
arrested development at approximately 1 month of age compared to the other experimental
groups. From day 30 onwards, the low Ca content was deficient and impeded proper shell
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development. This finding corroborates previous research linking low Ca levels in their
diet to the development of dwarfism in these animals [99-101]. However, it is worth men-
tioning that in the first fattening stage, a level of 4.4% satisfies the animals” Ca requirements.
Although the shell widths in groups C II, C III, and C IV during the second and third
months differ considerably, they eventually equalise by the end of the fattening period.
That implies that shell growth is sustained regardless of the Ca level in the mixtures.

Previous studies on Archachatina marginata demonstrated that increasing the propor-
tion of Ca in the feed by up to 20% (above the standard level in snail nutrition) increased
body weight and shell width [32]. Also, Oluokun et al. [25] conducted studies that indicated
body weight and shell width of snails were positively influenced by Ca levels, showing
that animals fed with an 8% added Ca mixture feed noted an increase in shell width of
approx. 30%, and an approx. 25% increase in body weight compared with animals fed with
a feed composition containing 4% Ca.

The experimental results show that the C IV group had the highest total FCR results
compared to other experimental groups, yet it was not significantly different. Also, group
C IV showed minimal growth during the final month of the fattening period, which
was attributed to the onset of reproduction. As a result, this group may have had an
overestimated FCR compared to other groups, as the snails’ growth ceased despite their
continuous feed consumption. The study results show that total feed intake was rising
along with Ca levels in the feed, suggesting that feed containing higher doses of Ca is
more palatable or encourages animals to eat in larger quantities, supported by previous
research [24]. It was previously shown that increased Ca supply likely affects digestive
processes and the absorption of other nutrients, which may affect metabolic efficiency
and feed energy utilisation [7]. However, current results contrast with those of Oluokun
et al. [25], who demonstrated that FCR improved with higher percentages of Ca in animal
feed. Experimental groups, except C IV, exhibited FCRs comparable to those documented
in the literature for Cornu aspersum [102].

The results show an association between Ca in the diet at 4.43% and 8.87% and higher
mortality rates in the early fattening stages. A different trend is observed in the 6.61% Ca
group, which can reduce mortality throughout the entire fattening period. It is assumed
that low calcium levels in snails’ feed increase mortality in the first month of rearing due
to deficiencies. In contrast, high levels contribute to high mortality in the final phase of
fattening due to the exhaustion of animals during laying, which commences earlier due to
the accelerated maturation process. Maintaining sufficient calcium levels in the snails’ feed
is recommended to reduce mortality rates.

Studies by Tchakounte et al. [36] on Archachatina marginata showed reduced snail
mortality with increasing Ca concentration (14-18%) in the feed, valid for animals in the
middle fattening period in the current study. Notably, snails experience their highest
mortality during the first month of development and when entering the breeding and
egg-laying phase [21,36]. Notably, none of the experimental groups achieved a mortality
rate of 40% during the first month of fattening, which has been reported in the literature as
the standard [12]. The results were closer to the 30% obtained by Desbuquois (1997) [103].
Studies on Helix Aspersa Maxima reported mortality rates of 8-10% [102], and comparable
results, below 12% mortality, were observed in all experimental groups in the current study
in the second and third month of fattening.

4.1.2. Experiment II

It was shown that Mg at 0.72% promoted increased animal weight in the second
and third months of rearing. Therefore, it appears justifiable to incorporate magnesium
supplementation during the intermediate stage of snail feeding (second and third month).
Adding Mg to the diet did not significantly affect the final body weight of the animals,
yet it was observed that it accelerated the snails” growth in time. Previous studies on
farm animals and shrimps confirm the beneficial effect of Mg supplementation on animal
weight gain [104-106]. Compared to the Berillis et al. [8] study (20% Ca in feed mixture),
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snails’ body weights were higher, and the widths of the shells were comparable to the
current research.

In addition to compound feed, results of Experiment II showed that total FCR and
feed consumption were lower in the groups with Mg at 3.3 g and 5.6 g/kg feed (approx.
1 kg DM/kg and approx. 8.5 g/individual), which indicates better feed utilization by
animals and the possibility of savings for the farmer due to lower feed expenses. The
high feed conversion rate observed in both the control and M III groups, coupled with the
weight gain and shell width measurements in the last two months of fattening and the
number of mature individuals in each group, suggests that the snails’ growth was nearly
complete. The snails began to reproduce after the development and fattening phase ended.
Consequently, the fattening period of the snails could be completed 2-3 weeks earlier,
thereby positively impacting the economic factors of snail fattening. It was shown that
higher Mg content had a beneficial effect on feed conversion in farm animals and shrimps,
which is, to some extent, consistent with the study’s findings [104,105]. All experimental
groups exhibited FCRs better than those documented in the literature for Cornu aspersum,
with values up to 1.85 [9,12,107].

Groups with additional Mg in their diet exhibited a comparatively lower mortality
rate in the initial month of fattening than CG. Mg at 0.56% in the diet increased mortality in
the last month. Results below 14% of mortality were observed in all experimental groups
in the current study in the second and third month of fattening. This study’s findings
suggest that adding magnesium to the diet at levels of 3.3 g/kg and 5.6 g/kg in the first
month of fattening and 5.6 g/kg in the second month resulted in favourable survival
of the snails. However, during the following two months, the addition of magnesium
to the diet showed no better results than its absence in the control group. All groups
receiving Mg supplementation exhibited more significant mortality in the final month of
fattening, potentially due to the snails laying eggs and maturing faster than the control
group. This faster maturation is believed to be the primary reason for the higher mortality
rate observed [108]. A study on shrimps indicated higher animal survival rates with
increasing Mg supplementation. However, this association was not observed in the present
snail study [105,106]. The mortality results were close to 20-30% obtained in previous
studies on snails [109,110] in the first and fourth month of fattening. Earlier studies on
Helix Aspersa Maxima reported mortality rates of up to 10% [111].

4.2. Carcass Characteristics
4.2.1. Experiment I

Increasing dietary Ca levels were associated with increased carcass weight from 2.89 g
to 8.27 g. The increased calcium content in the diet is thought to have a positive effect on
the development of the snails and their growth, not only in terms of total body weight,
but also in terms of carcass weight. Calcium is speculated to enhance the rapidity and
effectiveness of fattening these animals. At the same time, it was noted that under the
influence of increased dietary Ca intake, the percentage of carcass weight in the total body
weight of the snail was reduced from 91.24% to 85.46%. Previous studies corroborate
the present findings [31]. It can be assumed that this effect is due to the maturation and
saturation of the shell with minerals and increasing its weight [9,25,32]. Therefore, calcium
supplementation has a positive impact not only on the weight of the snail’s body but also
on the weight of its shell and overall weight.

The proximate composition analyses showed that introducing 4.43% Ca in the diet
contributes to increased snail meat protein. In contrast, the presence of 8.87% Ca in the
diet appears to have a negative effect on the protein content of the meat. As the amount
of Ca in the feed increased, a decrease in the fat and ash content of the snail meat was
observed (down to 1.48% and 9.20%, respectively). The findings indicate that an elevated
calcium content in the diet correlates with a heightened proportion of carbohydrates in snail
carcasses. Such carbohydrates mostly exist in the form of glycogen and galactose, which
enable the animals to prepare for hibernation, among other functions [112,113]. Current
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findings show comparable crude protein and fat levels and higher crude ash content than
previous snail studies [102,114]. The current research shows higher amounts of crude ash
in snail meat and lower levels of crude protein than previous studies on Helix Aspersa
Maxima [111,115].

Mineral analyses of the carcasses revealed that Ca at 4.43% in the diet influences higher
iron content and that Ca at 6.61% contributes to the meat’s potassium, Mg, sodium, and
phosphorus content while reducing the amount of silicon. In addition, a higher amount
of Ca in feed was linked to higher silicon content and lower potassium, Mg, sodium, and
phosphorus content. Ca interacts with these elements, frequently dislodging them from
their binding and transportation positions on the exterior of cell membranes. Based on
the study results, it can be assumed that Ca at a level above 8.87% starts to have negative
influence on these elements’ absorption. Also, Ca at 10.35% increased snail carcasses’
copper. It is worth noting that copper is a component of haemocyanin, which is responsible
for transporting oxygen in the snail’s haemolymph throughout the body [12,116]. This
relationship may be attributed to the presence of larger and heavier carcasses, which
require a greater supply of nutrients to a larger body surface area. Consequently, an
increased amount of hemolymph is necessary for proper body function. An association
was observed among vertebrates (rats, dogs, chickens) between increased Ca supply and
Mg deficits [117-119]. In the current study, no such relationship was shown.

As a result of the experiments related to the mineral analysis of snail meat, significant
differences were observed in the carcasses’ Ca, iron, phosphorus, Mg, sodium, potassium,
manganese, and zinc contents. The values of these minerals were significantly different
compared with the results of previous studies [120,121], where higher Ca, iron, and phos-
phorus contents were found in the carcasses studied. In contrast, a lower Ca content was
recorded compared with the results of Cagiltay (2011) [115]. Moreover, copper and Mg
contents were lower compared with the study of Gomot (1998) [120]. Compared with A.
achatina, it was proven that the Cornu aspersum snails’ meat contained more Ca, iron, copper,
potassium, and phosphorus and less zinc [122]. It was established that Cornu aspersum
snails can accumulate copper in their foot tissues [123]. The snails in the current experiment
exhibited decreased Ca, Mg, and phosphorus levels and elevated iron and zinc levels in
their carcasses, except in the C IV group, compared with the Niemiec et al. [124] study.
On the other hand, the potassium and manganese levels were higher than in previous
studies [115,125]. Fagbuaro et al. [126] showed lower iron, sodium and potassium levels
than in the current study. Thus, the available literature confirms variations in the mineral
composition of meat.

The increased TBARS concentration in the C II and C III groups, compared with the
CICa group, could indicate a possible increase in lipid oxidation processes or biological
tissue reactivity within these groups. A decrease in TBARS values in the C IV group might
signify a particular reduction in these oxidation processes. The results indicate that the
effect of calcium in the diet at a level of 10.35% is beneficial from the point of view of lipid
peroxidation in snail tissues.

4.2.2. Experiment II

Post-mortem analyses showed that Mg at 0.72% decreased the proportion of carcass
weight in the body weight of the animals along with carcass weight, favouring an increase
in shell weight. It can be assumed that Mg in the feed above this level begins to have a
negative effect on the weight gain of snails, especially carcass weight. Compared with
the Ligaszewski et al. [127] study, lower carcass weights were demonstrated, along with a
higher share of the carcass in the total body weight of animals.

It was proven that Mg supplementation increases protein utilisation in foods due to
increased protein absorption and synthesis [128]. Stronger protein digestion may be related
to increased sodium—potassium triphosphatase activity in enterocytes and changes in
membrane transport systems [129]. That could explain the weight gain observed during the
second and third month of fattening of the snails. At 2-3 months, snails achieve complete

164



Agriculture 2023, 13, 2055

development of their internal organs, marking the beginning of their fattening period.
However, this did not result in an increase in final protein quantity in snail carcasses, as
analyses of the proximate composition showed that adding Mg to the diet contributed to a
linear decrease in protein and ash while increasing carcass fat. It is possible that increasing
magnesium levels in the diet may result in increased deposition of elements in the shell
(thus reducing the ash content of the meat) or reduce the digestibility and absorption of
nutrients such as protein and minerals. This may be related to the possibility of diarrhea
when taking high doses of magnesium in the diet [40]. A study on shrimps confirms Mg
supplementation’s positive impact on animal carcasses’ fat content [105]. It was also shown
that Cornu aspersum carcasses contained five times less crude fat compared with the research
conducted by Niemiec et al. [124] on reared snails fed a diet without added Mg. The crude
protein levels were comparable across the groups.

Experiment II meat mineral assays showed that Mg at 0.72% reduced the meat’s
manganese content. Mg at 0.33% increased the iron and decreased the carcass’s Ca, copper,
Mg, potassium and zinc content. Mg at 0.56% increased manganese and silicone in the
meat. Adding Mg to the diet also resulted in a linear decrease in the sodium and potassium
content of the snail meat. It is worth pointing out that sodium and potassium are the main
positive ions responsible for maintaining animals’ physiological pH levels. Objectively, the
ions’ presence affects muscle contractility and tension. Proper sodium concentrations in
the body also aid the absorption of monosaccharides and amino acids [16]. Reducing the
percentage of these constituents in carcasses may suggest the potential for several disorders
in the organism. The current findings challenge preceding research demonstrating an
inverse relationship between Ca concentrations and Mg and copper concentrations [31].
Reductions in the content of elements like K, Mg, Mn, Na, Fe, and P in the meat of snails
fed with feed mix containing 0.72% Mg can indicate the antagonistic effects between
these elements.

These results partially align with the study’s findings on Roman snails, which showed
an association between Mg, Cu, and Zn in soft tissues [130]. The study by Beeby and
Richmond (2015) displayed that Mg levels did not impact Mg deposition in Cantareus As-
persus snails” bodies, contradicting the present study’s results [131]. However, the element
concentrations used in the cited research were notably low (720-2263 pug/g). In contrast to
studies on poultry [118,132], the present study demonstrates that Mg addition affects the
mineral composition of meat by increasing iron levels and decreasing Ca and Mg levels.
Similarly, studies on shrimps that received an elevated Mg dose (254.36 ug/g) in the feed
yielded conflicting outcomes to the current findings. The heightened Mg dosage raised the
copper, zing, Ca, sodium, and potassium concentration in the organisms’ carcasses. The sole
shared result was the rise in iron levels [105]. The study’s findings corroborate previously
reported links between elevated Mg intake and reduced absorption of manganese [133,134],
zinc [135,136], and Ca [137,138] into body tissues. Both Mg and zinc were proven to min-
imise oxidative stress and free radicals [139,140]. Like Mg, zinc is a component or an
activator of nearly 300 enzymes and plays various biological roles in the body [127,128],
like regulating hormonal functions [141-143] and the immune response [144,145]. Higher
iron content in Mg groups can indicate increasing immunity because immune responses
are, among others, aided by enzymes containing iron, which promote the improvement of
non-specific immunity. [146,147]. Mg supplementation also enhances protein utilisation in
food by increasing protein absorption and synthesis [128]. It was shown that excessive Mg
results in increased phosphate resorption [148], which promotes the formation of Ca salts
that may favour Fe retention in the body [149].

In Experiment II, it was observed that the Mg content of snail meat was higher
compared with the results of Cagiltay (2011) [115] and Fagbuaro et al. [126] but lower than
in the study by Ozogul et al. [125]. In contrast, potassium and manganese contents were
higher than in the last-mentioned study [125]. Snail meat’s zinc content was also lower
than previous studies’ results [120,125,126]. Furthermore, it was noted that the Mg content
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was lower than in the results of Ozogul et al. [125]. The levels of potassium and manganese
in Experiment IT were similar to the results of Cagiltay (2011) [115].

The current study showed that Mg content at 0.72% increased TBARS levels compared
with other experimental groups, indicating an increased incidence of oxidative stress.

Significant reductions in the content of a number of elements in the meat of snails fed
with feed mix containing 0.72% Mg can confirm antagonistic effects between these elements,
as shown in previous studies [59,63,66]. Alongside a statistically significant increase in
TBARS, these findings suggest that a high Mg level may be toxic to snails. Generally, the
lack of this element is associated with oxidative stress, inflammation, cytokine production,
and increased free radicals [150-152]. It was proven that the negative impact of Mg on
the body can be neutralised by increasing the availability of Ca and phosphorus in the
diet [153].

4.3. Characteristics of Shells
4.3.1. Experiment I

The study showed that increasing Ca levels positively affected shell weight, as it also
positively affects shell width, and shells may have a higher mineral saturation. It was
proven that increasing Ca content in feed has a positive effect on snails” development and
growth. Also, the results of Ireland and Marigomez (1992) confirm the beneficial impact of
an increased Ca proportion in the feed on the weight of shells [31]. Yet, the results were
lower than those of the Berillis et al. [8] study.

Mineral analyses of the shells showed that Ca at 4.43% increased the Mg and sodium
in shells. For Ca at 6.61%, a reduction in the Ca and iron content of the shells was observed.
Ca at 8.87% contributed to an increase in iron and silicon while decreasing sodium and
zinc. In contrast, Ca at 10.35% increased the Ca content and reduced the amount of silicon
in the shells. As the proportion of Ca in the diet increased, a decrease in copper, Mg,
manganese, and phosphorus and an increase in zinc was observed in the snail shells. The
mechanisms responsible for the deposition of individual minerals in snail shells are still
poorly understood and require further research.

A solidity index increase in response to higher dietary Ca levels was observed. This
change may have implications for shell structural resistance. As such, the study showed
that snail shell crushing force also increased (from 12.44 N to 54.83 N). In addition, an
association was observed between shell crushing force, solidity index, and shell weight
(from 0.29 g to 1.40 g). The current shells’ crushing force was lower than in previous
studies [84,98]. Also, in the present study, if differences in the shell shape index were
statistically significant, they had little impact on crush resistance, and besides the Ca-
deficient group, a higher Ca content enhanced the shell’s crush resistance, unlike the results
of the previous research on Cornu aspersum [84,98]. Also, less Ca was present in the shells:
37-38%, compared to 41.5%.

These relationships may indicate significant interactions between dietary Ca and
physical characteristics and shell strength and the potential influence of individual maturity
on its strength [26,154,155]. Studies on marine gastropods have demonstrated that the low
Ca content of the water causes a substantial decrease in shell hardness [156]. Previous
studies noted that shells of snails fed with insufficient Ca exhibited discolouration, thin
walls, and reduced resistance to crushing. That was particularly evident in the group with
a Ca level of 4.43% [34].

In the current study, there is evidence of earlier maturation of animals under the
influence of increased dietary Ca, like higher body weight, a higher percentage of matured
individuals, and smaller weight and shell size gains in the last month of the experiment.

4.3.2. Experiment II

The study showed that the addition of Mg increased snail shell weight from 1.39 g to
1.61 g. Considering the absence of considerable variations in shell dimensions, it is likely
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that mineral saturation within the shell structure may cause an increase in their mass. The
results are comparable to those of the Berillis et al. [8] experiment.

It was also observed that Mg at 0.72% promoted a higher solidity index of shells
(23.58 g/cm?) and higher shell weight than other experimental groups. In addition, a
reduction in the shell shape index was observed, meaning that the shells became flatter.
Shell crush strength increased up to a level of 0.56% of the dietary Mg content (61.41 N)
and then decreased significantly (to 49.73 N), which is even lower than that of the control
group (57.29 N). The experimental findings have established that the augmentation of Mg
to the extent of 0.56% has a beneficial effect on the strength of the shell, as well as on its
hardness and density (strength index). The shell crushing force can also be linked to the Fe
amount in shell composition. Interestingly, a study on commercially raised Cornu aspersum
in outdoor plots demonstrated more than twice the shell-crushing force compared to the
best-observed result in the current experiment [157]. On the other hand, in a study by
Berillis et al. 2013 [8], the shell-crushing force was up to five times lower than in the current
study. It is plausible that dissimilar measurement techniques account for the disparity.

Mineral analyses of the shells showed that Mg at 0.33% in the diet reduced the Mg,
potassium, Na, and P while increasing the Si content of the shell. Mg at 0.56% increased
iron in the shell while decreasing Zn. In contrast, Mg at 0.72% resulted in a decrease in
iron in the shell. Adding Mg to the diet also contributes to increased Mg in the shell while
reducing the levels of manganese. The antagonistic interaction between magnesium and
other elements is also apparent in the elemental composition of shells, although it is not as
evident as it is in the composition of meat.

Assuming a similarity between hen eggshells and snail shells, the relationship between
increased Mg in the feed and increased Mg in the shell composition is confirmed. However,
this is not the case for Ca—studies on poultry showed that a higher proportion of Mg in
the feed reduced the amount of Ca in the eggshell. The Ca level remained statistically
unchanged in snail shells [158,159]. A study on eggshells found that adding Mg to feed
increased zinc and reduced manganese levels [160]. This study affirms the association
between Mg addition and decreased manganese levels in the shell. Still, the zinc content
was lower in the Mg-added group than in the control group. However, there was an
observable trend of increasing zinc concentration with increasing Mg levels within the
experimental groups. Substantial decreases in the elemental levels, including Fe, K, and
Mn, highlight the antagonistic interactions between these minerals and Mg. It is worth
mentioning that the deposition of Mg and copper within the chicken eggshells increases
along with their respective concentrations in the feed [53,61,62].

It was noted that Mg addition helped accelerate the snails” maturation process (from
46% to 65% mature individuals), potentially allowing for a shorter fattening period.

4.4. Impact of Ca and Mg

It is crucial to consider that snails excrete some nutrients absorbed from their feed,
which ultimately affects the soil. According to Gomot et al. [83], consuming Ca and Mg-rich
soil, which is a natural behaviour of snails, positively impacts their growth and enhances
the resilience and hardness of their shells. Soils richer in Ca and Mg were also shown to
reduce oxidative stress physiology parameters in snails Pila globose [161]. In addition, a
previous study showed that these kinds of soils are preferred by a wide range of gastropod
snail species [162].

When considering the effect of soil Ca on plants, it should be noted that Ca deficiency
results in reduced plant growth, impairs root system growth, and causes leaf discolouration.
Mg plays a role in the structure of chlorophyll, and thus in photosynthesis, and is also
required for many enzymatic reactions in plant organisms [163]. It was proven that it is
Mg deficiency that is related to the occurrence of plant diseases (17) rather than its excess
(6 linked diseases), which may be linked to the impact of these ion elements on the pH of
the soil and plant immune mechanisms [164]. However, the intended Mg level application
is unlikely to impact soil pH or the availability of Ca to plants (Mg-inducted Ca deficiency),
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as it is comparably low in the feed compared with Ca levels [165,166]. Infiltration of Ca and
Mg into groundwater is possible. Nevertheless, the augmented presence of these minerals
in drinking water has been shown to have beneficial effects on human health [167,168].

Typically, to mitigate low pH, toxic ions, and other ionic imbalances and their harm-
ful effects on plant roots, soil solution concentrations of Ca ranging from 1 to 5 mM
are necessary. Ca and Mg requirements for plants vary with plant species, from 100 to
2000 pg/g [169]. A study on maize showed that ratios of 2:1 to 3:1 of Ca:Mg gave optimum
yield of plants without symptoms of Mg deficiency. Ratios of up to 6:1 also gave satisfactory
results [170]. It can be assumed that additional amounts of Ca in soil can be beneficial for
plants as long as the Ca:Mg ratio is kept at the right level.

5. Conclusions

In the group featuring 10.35% Ca and 0.72% Mg, snail growth was observed to slow
down after three months, accompanied by a decrease in mortality. However, based on
the analysis of total animal mortality and feed intake, it seems that a feed containing
0.56% magnesium would be the safer option, as high Mg (0.72%) could potentially exhibit
slight toxicity towards snails. Shortening the fattening period by 3—4 weeks could increase
profitability for snail farmers.
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Abstract: An experiment was carried out in the Institute of Animal Science—Kostinbrod, Bulgaria, to
investigate the growth performance of male layer-type chickens (Lohmann Brown Classic), raised to
6 and 9 weeks of age, to evaluate the economic aspects of this rearing, as well as to present changes in
the quality characteristics of the meat during frozen storage. The chickens were reared in a controlled
microclimate with an initial stocking density of 9 birds/m?. After 6 weeks of age, fragmentation of the
stocking density was applied, and then it diminished to 3 birds/m?2. The chickens were slaughtered
at 6 and 9 weeks of age. Ten 9-week-old chickens were subjected to carcass analysis. Meat quality
parameters (pH, color), degree of proteolysis (free amino groups), and lipid oxidation (content of
peroxides and TBARS) were assessed in fresh breast and thigh meat (0 d) and in samples stored for
60 and 120 days at —18 °C in chickens slaughtered at 6 and 9 weeks old. The mean live weight of the
male layer-type chickens at 6 weeks was 608.81 g, while the 9-week-old chickens reached 1115.93 g.
The feed conversion ratio (FCR) for the whole period of rearing was 2.75. There were no considerable
deviations in the meat traits, indicating quality deterioration over the course of the frozen storage.
There was a significant increase in the pH of the breast and thighs, reaching maximum values for
60 days of storage in the 6-week-old chicks, while in the 9-week-old birds, pH peaked in the samples
stored for 120 days. The changes in the dynamics of pH corresponded to those of proteolysis. There
was an increase in lightness (L*), allowing for higher values in the samples stored for 60 days to
be reached regardless of the type of meat and age of the chickens. The content of the peroxides
increased considerably for 60 days of frozen storage and decreased afterwards. During storage, there
was a constant increase in the secondary products of lipid oxidation. Our results indicated that the
application of practices such as the fragmentation of stocking density and finding the suitable age
for slaughter have significant importance for the profitability of producing meat product from male
layer-type chickens. We found that rearing this type of bird until 9 weeks of age resulted in lower
costs and higher economic efficiency.

Keywords: male layer-type chickens; growth performance; economics; meat; frozen storage

1. Introduction

Meat is an important component in the human diet. It provides high value protein,
iron, vitamin B12, zinc, selenium, and phosphorus. Removing it from the diet poses a risk
of severe nutritional deficiencies, imbalanced diet, and impaired human health [1]. Poultry
meat makes no exception, and it is even considered healthier compared to red meats,
having a lower content of saturated fatty acids but still being a very good source of protein.
The inclusion of poultry meat in the diet, especially when substituting red meat, has been
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associated with a reduced risk of developing cardiovascular diseases [2], obesity, and type 2
diabetes mellitus [3,4]. Furthermore, poultry consumption might decrease the risk of certain
cancers [5,6]. Chicken meat is the most consumed among all the poultry meats [7]. Fast-
growing broilers have been the main source of chicken meat; however, in recent decades,
consumers have become more and more aware of the benefits of eating meat from slow-
growing chickens. In comparison to fast-growing broilers, the latter have a more favorable
nutritional profile in terms of protein and lipid content [8] and fatty acid composition [9].
An alternative source of this meat could be male layer-type chickens. In fact, their rearing
for meat has been considered as an option in addition to in ovo sex determination and
the development of dual-purpose breeds to avoid the common practice of culling them
immediately after hatching [10]. Based on previous studies, showing that the meat of
male layer-type chickens is not inferior to fast- and slow-growing chickens, we focused
on their age at slaughter as a factor to produce high-quality meat and meat products, as
well as achieve more economically efficient production. Since the raising of male layer-type
chickens is a longer and less profitable process, to avoid accumulating higher costs, we
applied fragmentation of the stocking density at a certain age to the birds, that being the
age of first slaughter. This method has been modified in the Institute of Animal Science—
Kostinbrod, and its advantages are described in more detail elsewhere [11]. Our previous
studies have shown that the most appropriate age for applying density fragmentation is
5 weeks. However, since the carcasses of the slaughtered birds at this age are quite small
(approx. 200 g) [11], for the purposes of this study, we decided to decrease the stocking
density of the birds at 6 instead of 5 weeks of age and to assess the economic efficiency of
the process.

After harvesting the meat, it is of crucial importance to store it properly so that its
quality and nutritional value are maximally preserved. Freezing is one of the most impor-
tant preservation methods that allows for a longer shelf life of meat and meat products
to be generated, including poultry. However, during frozen storage, meat components
can be involved in many reactions, such as oxidation. Oxidative reactions in meat can
significantly contribute towards quality deterioration, negatively affecting color, pigments,
flavor, texture, and nutritional value. Poultry meat is particularly susceptible to oxida-
tion due to its high contents of polyunsaturated fatty acids [12]. Although extensive
research has been carried out on the changes in the quality of poultry meat during low-
temperature long-term storage, such studies on male layer-type chickens remain rather
scarce. So far, studies on the meat of male layer-type chickens have focused on comparisons
with fast-growing genotypes and local or dual-purpose breeds [13-16], as well as on the
effect of production systems [17]. This study was conducted to present the growth perfor-
mance of male layer-type chickens, raised to 6 and 9 weeks of age, economical evaluation
of this rearing, as well as the changes in the quality characteristics of the meat during
frozen storage.

2. Materials and Methods
2.1. Experimental Birds and Housing

This trial was carried out in the experimental poultry farm of the Institute of Animal
Science—Kostinbrod, Bulgaria, involving a total of 800 one-day-old Lohmann Brown
Classic male chickens, supplied by Bulagro AD. The birds were distributed into 5 pens,
each containing 160 chickens, and were reared conventionally until 9 weeks of age at an
initial stocking density of 9 chickens/m2. When the chickens reached 6 weeks of age,
fragmentation of the stocking density was applied to reach 3 birds/m?. The decrease in
the stocking density of the chickens was achieved through the preliminary weighing of
each bird and differentiation by live weight. By applying the fragmentation of the density,
approximately % of the chickens set for trial remained and were reared until 9 weeks of age.
For each of the groups, the limit weight was individually determined, and all the birds
of a lower weight (<540 g) were slaughtered. Male layer-type chickens were reared in
deep litter and a controlled microclimate. The lighting regime was 3 h light and 3 h dark,
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repeated during the 24 h cycle. Feed and water for the birds were provided ad libitum.
Their diet consisted of standard broiler feed containing maize, wheat, sunflower meal, and
soybean meal (crude protein 20%, crude fat 5.99%, crude fiber 4.40%, Ca 0.94%, P 0.80%, Lys
1.30%, Met 0.53%, metabolizable energy 3000 kcal /kg) and was purchased from a certified
feed supplier. Water was provided through gravity drinkers. During the trial period, the
live weight (LW) and feed intake (FI) of the birds were controlled weekly. These indicators
were further used to calculate the body weight gain for the controlled periods (BWG) and
the feed conversion ratio (FCR) of the male layer-type chickens.

2.2. Slaughtering, Carcass Analysis, Sampling, and Storage

The chickens were slaughtered at the age of 6 and 9 weeks in a certified poultry abattoir
in Pazadrzik, Southern Bulgaria. After stunning, decapitating, and bleeding, the carcasses
were plucked and eviscerated. Their feet and edible viscera (heart, liver, gizzard) were
removed in order to obtain the ready-to-cook carcass. The carcasses were then placed in a
refrigerator at 4 °C for 24 h. On the next day, ten 9-week-old chickens were subjected to
carcass analysis. Each of the carcasses were weighed and cut to neck, breast, thighs, wings,
and back. Sampling for meat quality analysis and storage was performed in the breast and
thighs of chickens at both ages (1 = 10). Briefly, the breast and thighs of each carcass were
collected, and their skin and bones were removed. A part of the samples was used for the
analysis of the meat quality and oxidative stability on the same day before freezing (day 0),
while the others were frozen and stored at —18 °C for subsequent analysis after 60 and
120 days.

2.3. Economic Evaluation
Methodology of Calculation of the Costs:

The total costs for obtaining kg live weight and kg product by the chickens were
calculated according to the following equations:
(i FG+ Y, VCL)
TLW

LWC = )

( "y FCi+ X, VCL + Tk chk)

TPW ’ @
where TLW is the total live weight of all the chickens (kg), TPW is the total weight of the
ready product obtained (ready-to-cook carcass) (kg); LWC denotes the costs for rearing
the chickens before slaughter (EUR/kg)—as all the costs are further presented in the same
units—and TC denotes the total costs to obtain kg of ready product.

FC; are fixed costs, comprising the rent (depreciation) of the building used for rearing
the chickens and preparation of the premises, including covering and preliminary heating
the one-day-old chickens.

VC1; are a group of variable costs that are used to calculate the cost price of the live
weight of the chickens and comprise labor costs; price of a one-day-old chicken; cost for
vaccines and decontamination of the premises; energy costs; and feed costs.

VC2y are a second group of variable costs used to calculate the price cost of the ready
product: costs for slaughter; transportation; and packaging and freezing.

TC =

2.4. Analysis of Meat Quality

The analysis of the meat quality parameters was carried out in the Department of Tech-
nology of Meat and Fish Products at the University of Food Technology, Plovdiv, Bulgaria.

2.4.1. Measurement of Meat pH and Color

pH and color were measured on the fresh meat (day 0) and on day 60 and day 120
of the frozen storage. The pH measurements were performed using a portable pH meter
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(HI99163, Hanna Instruments, Inc., Smithfield, RI, USA) equipped with a specialized probe
(FCO99) with a conical tip and stainless-steel blade. Calibration prior to use at pH 4.0
and 7.0 was performed. The color of the breast and thigh meat surface was described
by the CIELab color space. The lightness (L*), redness (a*), and yellowness (b*) were
measured using a chroma meter CR-410 (Konica Minolta Holding, Inc., Ewing, NJ, USA) at
the following settings: aperture = 8 mm, standard observer 2°, and illuminant D65. The
instrument was calibrated using a standard white plate (Y = 94.3, x = 0.3134 and y = 0.3197).
Measurements of the pH and color were performed at three locations in the meat samples,
and the results were averaged.

2.4.2. Free Amino Groups

The content of the free amino groups was determined in muscle proteins after extrac-
tion, as described Khan et al. [18], with slight modifications. Meat samples (2.5 g) were
homogenized with 48.5 mL PBS buffer (49 mM Na,HPO,4.7H,0, 4.5 mM NaH,PO,.H,0,
KCl to obtain I = 0.55). The homogenate was kept in a refrigerator for 12 h and then cen-
trifuged at 1000 x g for 15 min. The free amino groups were measured according to Vassilev
et al. [19] as follows: 2 mL of supernatant was transferred in a test tube and mixed with
1 mL solution of ninhydrin reagent (0.5% ninhydrin; 10%Na,HPO,-12H,0O; 6%KH,POy;
0.3% fructose). The mixture was heated in boiling water for 16 min and then cooled at
room temperature for 20 min and diluted with 5 mL water—ethanol (3:2) solution of KIO3
(2%). The absorbance was read at 570 nm against the blank sample using a Camspec,
M 550 two-beam UV-VIS spectrophotometer (Spectronic Camspec Ltd., Leeds, UK). The
concentration of free amino groups was calculated using a standard curve made by leucine
and presented as mg leucine/g meat.

2.4.3. Lipid Oxidation

The lipids from the breast and thigh meat were extracted according to the method of
Bligh and Dyer [20].

The peroxide value was determined as described by Shantha and Decker [21]. The
extracted lipid (0.1 g) was mixed in a glass tube with 50 uL iron (II) solution and 50 uL
NH, SCN (300 mg/mL) and CHCl3:CH3O0H (3:5, v/v) to form a final volume of 10 mL.
The samples were incubated for 5 min at room temperature, and the absorbance was
determined by a spectrophotometer at 507 nm against a blank containing all the reagents
except the sample. The results were presented as meqO, /kg lipid.

Thiobarbituric acid reactive substances (TBARSs) were determined according to the
method described by Botsoglou et al. [22] with slight modifications. A total of 10 g of
meat was homogenized with 50 mL NaCl (0.9%) and left for 5 min. Further, 50 mL of
trichloroacetic acid (10%) was added, and the samples were filtered through grade 391 filter
paper. The filtered samples (4 mL) were then mixed with ImL 2-thiobabituric acid (1%) and
were incubated at 70 °C for 30 min. After cooling to room temperature, the absorbance of
the samples was determined at 532 nm against a blank containing distilled water instead of
the sample. The TBARS concentrations were calculated using 1, 1, 3, 3 tetraethoxypropane
as standard. The results were expressed as mg MDA /kg meat or TBARS units.

2.5. Statistical Evaluation

Statistical evaluation of the data was performed using JMP v.7 software package [23].
A one-way ANOVA was applied to assess the effect of the storage duration on the examined
quality traits and oxidation in the breast and thigh meat of the chickens slaughtered at 6
and 9 weeks of age. In the case of significance, the difference between means was further
assessed through post hoc comparisons (Tukey HSD, p < 0.05). Data were presented as
means and standard deviations.
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3. Results
3.1. Growth Performance and Carcass Composition

The initial live weight of the chickens was 36.43 g. At 6 weeks of age, when density
fragmentation was applied, the average live weight of the male layer-type chickens was

601.81 g, and until the end of the experiment (9 weeks of age), their weight increased to
1115.93 g (Figure 1).

1200 1115.93
1000 927.33
= 800 760.60
£ 608.81
‘o 600 i
z 427.71
= 400 310.45
199.14
200 122.34
36.43 669 l
o m W
0 1 2 3 4 5 6 7 8 9
Age (wk)

Figure 1. Live weight of the male layer-type chickens during the experiment.

As seen from Table 1, the weight gain of the male layer-type chickens increased until
the 6th week.

Table 1. Dynamics of growth performance traits of the male layer-type chickens during the
trial period.

Trait BWG, g FI, g/Bird EB(;:‘;““I“‘V" ig}i i
1 week 3052 (3.16) 65.00 (1.20) 65.00 (1.20) 2.15 (0.25)
2 week 55.40 (1.73) 7432 (2.62) 139.32 (3.06) 1.34 (0.06)
3 week 76.79 (1.12) 183.07(2.47) 322.38 (4.47) 2.38 (0.04)
4 week 11132 (3.98) 250.04 (4.21) 572.43 (8.14) 2.25 (0.10)
5 week 117.25 (7.74) 349.40 (2.68) 921.83 (8.46) 2.99 (0.18)
6 week 18110 (11.04)  369.00 (0.99) 1290.83 (7.53) 2.04 (0.13)
7 week 15179 (12.67)  464.79 (16.55) 1755.61 (15.71) 3.07 (0.15)
8 week 16673 (20.75)  597.96(2128)  2353.57 (35.63) 3.63 (0.42)
9 week 18860 (2211) 61892 (3037)  2972.49 (63.31) 3.31(0.31)

On the 7th and 8th week of the trial, the values of this trait decreased; however,
body weight constantly increased. As presented by the data, despite the lower weight
gain measured at the age of 7 and 8 weeks, the feed intake remained higher and was
associated with higher values of FCR. Maximum weight gain was reached at the end of
the experimental period (9 weeks). The chickens gained 572.38 g to reach the maximum
weight for the first slaughter at 6 weeks with FCR 2.25, while the FCR for the whole period
was 2.75.
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The weight at slaughter for 6-week-old chickens was 527.42 g, and for the birds at
9 weeks it was 1110.13 g. The carcass yield for the younger chicks was 57.58%, while for the
9-week-old birds the value of this parameter was 65.18%. The carcass analysis of the male
layer-type chickens showed that thighs had the highest proportion of all parts, followed by
breast and back (Figure 2).

40.00
33.92

23.34

8 8 8

20.00

N
=
N
~

14.64
15.00

10.00 6.93

5.00 .
0.00

Breast Thigh Wings Back Neck

% of the ready-to cook-carcass

Carcass part

Figure 2. Proportion of the carcass parts in male layer-type chickens (9 weeks old).

3.2. Economic Evaluation of the Rearing of Male Layer-Type Chickens

Comparisons of the costs to produce 1 kg of live weight between the chickens raised
to 6 and 9 weeks of age are shown in Table 2. The differences between both ages are small
(0.07 EUR/kg) in favor of the chickens raised until 9 weeks old.

Table 2. Costs for producing 1 kg live weight of male layer-type chickens.

Costs (EUR/kg Live Weight)

Group of Costs Parameters
6 Weeks Old 9 Weeks Old Difference
. Preparing the premises 0.43 0.22 0.21
FC (Fixed costs) Rent 076 107 ~031
Price of one day chicken 0.29 0.14 0.16
Energy 0.76 0.70 0.06
VC1 (Variable costs 1) Labor 0.96 1.26 —0.30
Feed 1.49 1.41 0.07
Medication 0.35 0.16 0.18
TC (Total costs) 5.03 4.96 0.07
Live weight (kg) 304.698 237.440

Source: own calculation.

Table 3 presents the comparison of the costs made to produce 1 kg ready product
between the two age groups. The differences are again in favor of the older birds; however,
here they are considerable (1.84 EUR/kg).
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Table 3. Costs for producing 1 kg ready product of male layer-type chickens.

Cost (EUR/kg Product Weight)

Group of Costs Parameters
6 Weeks Old 9 Weeks Old Difference
. Preparation of premises 0.74 0.33 0.41
FC (Fixed costs) Rent 132 164 ~032
Price of one-day-old chick 0.51 0.21 0.30
Energy 1.32 1.07 0.25
VC1 (Variable costs 1) Labor 1.66 1.93 -0.27
Feed 2.58 2.16 0.42
Medication 0.60 0.25 0.35
Transport 0.73 0.83 —0.10
VC2 (Variable costs 2) Slaughter 1.34 0.56 0.78
Package 0.17 0.14 0.03
TC (Total costs) 10.97 9.13 1.84
Product weight (kg) 175.439 154.770

Source: own calculation.

3.3. Meat Quality

3.3.1. pH and Color

The values of the pH in breast and thigh (Table 4) meat were significantly affected
(p <0.0001) by the storage period in the chickens slaughtered at 6 and 9 weeks of age.
The pH of the breast and thigh meat samples of the 6-week-old birds stored for 60 days
increased, but the values decreased in the meat stored for 120 days. The meat of the
9-week-old birds, however, had a significant increase in pH at the end of storage (120 days).

Table 4. pH and color of meat in male layer-type chickens.

Trait (\/\2 Eis) Storage (Days) Significance (p)
Breast 0 60 120
pH 6 6.06 (0.004) © 6.13 (0.02) @ 5.87 (0.06) © <0.0001
9 5.87 (0.04) P 5.94 (0.07) ® 6.24 (0.03) 2 <0.0001
L* 6 58.51 (1.25) P 61.86(1.81) @ 58.53 (1.99) 0.0001
9 56.51 (0.28) P 59.76 (0.65) 54.96 (1.20) © <0.0001
a* 6 13.60 (0.75) @ 13.19 (0.99) 2 9.54 (1.29) b <0.0001
9 14.44 (0.17) @ 7.66 (0.89) 13.70 (1.36) @ <0.0001
b* 6 8.46 (0.41) P 10.90 (0.68) @ 6.19 (0.65) © <0.0001
9 7.62(0.19) 2 6.76 (0.43) P 6.49 (0.85) P 0.0003
Thigh
pH 6 6.55 (0.007) ® 6.67 (0.03) 2 6.54 (0.04) <0.0001
9 6.42 (0.03) P 6.41 (0.02) P 6.59 (0.008) @ <0.0001
L* 6 52.06 (0.90) @ 52.97 (1.60) @ 4791 (2.32)® <0.0001
9 47.95 (1.42) b 53.10 (2.88) @ 49.06 (1.52) P <0.0001
a* 6 16.52 (0.23) 16.01 (1.26) 16.26 (1.25) 0.5501
9 18.49 (0.81) 2 13.55 (1.49) © 16.96 (1.36) P <0.0001
b* 6 5.23 (0.67) © 8.65 (0.84) @ 6.89 (0.88) P <0.0001
9 4.86 (0.75) ® 4.22 (0.95)® 7.76 (0.83) @ <0.0001

Means connected with different letters within an age group differ significantly (p < 0.05).

The storage time had a significant effect on most of the color parameters of the meat
(p < 0.0001); however, different trends for the change in their values were observed both
according to the age of the birds and the type of meat. Lightness (L*) significantly increased
in the breast meat of 6- and 9-week-old chickens stored for 60 days and then decreased until
120 days of storage. Such a trend was registered in the thigh meat of 9-week-old chickens
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as well. Similar to breast, the lightness of the thigh meat showed the lowest values at the
end of the storage period. The dynamics of the changes in the redness (a*) and yellowness
(b*) of the meat showed patterns in the breast and thighs of the chickens that differed in
the different age groups. The redness of the breast of the 6-week-old chickens underwent
negligible changes for 60 days of storage; however, this then significantly decreased for
120 days. Likewise, the yellowness of the breast was lowest in the samples stored for
120 days; however, the values of this parameter peaked in the middle of the storage period
compared to those that were measured initially and at the end of storage. In the birds
slaughtered at 9 weeks old, both redness and yellowness decreased over the course of
storage as the redness showed substantially decreased values in the samples stored for
60 days.

The redness of the thigh meat was only affected by the storage period in 9-week-old
birds, and its values decreased gradually in the samples stored for 120, with minimal values
on day 60. On the other hand, b* was affected by the storage of the thigh meat of both 6-
and 9-week-old birds. The former displayed more yellow meat when stored for 60 days
and decreased values of this trait for 120 days of storage. The thigh meat of the 9-week-old
birds had higher b* values at the end of storage.

3.3.2. Proteolysis in Meat

The content of the free amino groups showed similar trends of change during storage
in breast and thigh meat depending on the age at slaughter of the chickens and was affected
by frozen storage (Figure 3). There was a significant increase in the proteolysis in the breast
and thighs of the younger birds stored for 60 days and a gradual decrease afterwards until
day 120. In the meat samples stored for 60 days, the content of the free amino groups
showed maximum values. In the meat of the older birds, we observed a constant increase
in this parameter over the course of the frozen storage as the highest content was registered
in the meat samples stored for 120 days.

3.3.3. Lipid Oxidation

Lipid oxidation in terms of PV showed that the content of peroxides was affected
significantly by the storage period and showed similar trends of changes in the birds
slaughtered at 6 and 9 weeks. The highest content of lipid peroxides was measured in the
breast and thigh meat stored for 60 days. In the samples stored for 120 days, the levels of
the peroxides significantly decreased (Figure 4).
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Figure 3. Cont.
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Figure 3. Content of free amino groups in the breast (A) and thigh (B) meat of male layer-type
chickens during frozen storage. Means connected with different letters within an age group differ
significantly (p < 0.05).
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Figure 4. Content of peroxides in the breast (A) and thigh (B) meat of male layer-type chickens
during frozen storage. Means connected with different letters within an age group differ significantly

(p < 0.05).
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The TBARS values showed a constant significant increase (p < 0.0001) over the course
of storage in the breast and thigh (Figure 5) regardless of the age of the birds. The maximum
TBARS contents were measured in the meat stored for 120 days and varied within 1.99-2.46
for the breast and 2.31-2.33 for the thigh meat.
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Figure 5. Content of TBARSs in the breast (A) and thigh (B) meat of male layer-type chickens
during frozen storage. Means connected with different letters within an age group differ significantly
(v <0.05).

4. Discussion

Raising male layer-type chickens for meat is one option to avoid their culling right after
hatching. Yet, despite studies reporting the positive characteristics of their meat [13,24],
this option is still considered challenging by many, mainly due to economic reasons. There
are certain factors, however, that can affect the rearing of this type of bird to achieve lower
costs. Stocking density and the suitable age for slaughter are important for economically
efficient production. In a previous study [11], we focused on the growth performance of
male layer-type chickens reared at an initial stocking density of 22 birds/m? until 5 weeks
of age, when a part of the birds was slaughtered. For the present trial, we opted for a much
lower initial density and higher age of first slaughter to obtain a higher weight for the
ready-to-cook carcass, particularly for small chickens. After applying fragmentation of the
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stocking density after 6 weeks of age to reduce it to 3 birds/m?, the average final live weight
of the birds was 1115.93 g. Though the difference in the final body weight is negligible,
the body weight of the birds reared at a lower density before and after fragmentation
remained higher than that previously reported for the birds reared at a higher stocking
density [11]. The live weight of the male layer-type chickens that we measured in this
study was considerably lower than that of Habig et al. [25] in Lohmann Brown males for
the whole trial period. Similarly, other studies with male layer-type chickens reported live
weights higher than ours until the 4th [26] and 5th week [27]. Additionally, Putra et al. [27]
reported a lower growth rate of the birds after the 6th week, which we can explain with
the fragmentation of the stocking density that we applied to select birds with a higher live
weight for further rearing. The final live weight of the male layer-type chickens at 9 weeks
of age was comparable to that of 3-week-old fast-growing broilers [14]. For the whole
period until 9 weeks of age, the FCR was 2.75. This value was lower than that reported by
Mueller et al. [15] for Lohmann Brown chickens reared for 67 and 84 days, but it is closer to
that determined for dual-purpose breeds and slow-growing broilers. It can be considered
acceptable when compared to the FCR for rearing male layer-type chickens reported in
previous studies [28,29].

The carcass composition of the male layer-type chickens in this study showed that
thighs had the highest proportion of all parts, followed by the breast and back. The content
of the thighs is approximately 10% higher than that of the breast. This is in agreement
with our previous research on layer cockerels [11], slow-growing chickens [30], and dual-
purpose crosses [31]. A higher percentage of thighs in male layer-type chickens has also
been reported in other studies regardless of age [16,32]. In contrast, in fast-growing broilers,
both conventionally and organically reared, the yield of breast was reported to be 10%
higher than that of thighs (37% vs. 27%) [33]. The body composition of the layer strains
makes them less attractive to consumers compared to fast-growing broilers at the same
slaughter weight. On the other hand, when slaughtered at an early age, male layer-type
chickens might be used as “coquelets”, as shown by Koenig et al. [26] in a study with
two different layer genotypes (medium-heavy and light). It was found that this was
economically feasible; however, the carcass composition differed between the genotypes in
favor of the heavier strain.

The economic analysis of the production of male layer-type chickens revealed that
the total costs for producing 1 kg live weight were lower for birds reared until 9 weeks of
age. A detailed breakdown of the individual parameters revealed that rearing the chickens
to older age was associated with higher labor and rental costs. The latter was a direct
consequence of the reduced stocking density, whereas the increase in labor costs was due
to the negligible difference in the activities for rearing to 6 weeks (for total weight of
304.698 kg) and 9 weeks of age (for total weight 237.44 kg). Higher costs were compensated
by the rest of the parameters, the preparation of the premises, the price of a one-day-old
chick, and the costs for medication, having the highest share. The first two costs were made
once at the beginning of the experiment, and as the weight of the chickens increased, it was
obvious that their proportion decreased. On the other hand, medication costs included
decontamination of the premises (constant parameter) and vaccine costs, which were used
mainly until the chickens were 6 weeks old.

Again, when evaluating the efficiency of the production of 1 kg ready product, we
found that the total costs were lower for the 9-week-old birds. This was mainly due to
two factors. First was the lower cost for slaughter. At the same price for slaughtering a
chicken (as it is in our case), it is clear that it is economically more efficient to slaughter
chickens of higher weight. The second factor is the higher dressing percentage of 9-week-
old chickens (65.18%) compared to that of 6-week-old chickens (57.58%). The dressing
percentage obtained by us is slightly higher than the one presented in the study of Mueller
et al. [15], where the value is 57.28% of Lohmann Brown Classic chickens slaughtered at the
age of 67 days. It could be suggested that lower costs can also be obtained by slaughtering
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at an older age, but not more than 12 weeks, because it has been found that after this age,
the growth rates for this breed decrease significantly, and the economic costs are unjustified.

The pH of meat is an important factor in its quality. It reflects the rate of the post-
mortem glycolysis, and variations in the pH values affect the ability of meat to retain
water, as well as its color. The highest pH values in chickens slaughtered at 6 weeks were
observed in meat stored for 60 days, followed by a decrease, while in 9-week-old birds,
the values of pH peaked in the meat stored for 120 days. The trends of the changes in the
pH values of the meat in this study were consistent with the changes in the free amino
groups over the course of the frozen storage. The increase in the pH values during storage
corresponded with the increased content of the free amino groups, and point towards the
association of pH, with proteolysis occurring in meat [19]. So far, the results reporting the
effect of the frozen storage on meat pH remain contradictory. Our results, showing an
increase in pH, coincide with those for goose meat when subjected to frozen storage [34].
Other studies, however, report no change [35,36] or decrease [37,38] in pH during frozen
storage. Moreover, the different patterns of the change in pH in the age groups regardless
of the type of meat suggest an interaction between storage and age. Since we refer to 6-
and 9-week-old chickens as a source of two different products, we have not examined the
effect of age, and in this study, both age groups are separated in regard to meat quality
characteristics. However, in our previous study, when comparing the meat quality traits of
layer cockerels slaughtered at 5 and 9 weeks of age, we found significant differences in the
pH of breast and thigh meat between the two ages [24].

During the course of frozen storage, we observed a significant increase in L* values in
the breast of 6- and 9-week-old birds stored for 60 days, as well as in the thigh of 9-week-old
male chickens. The thighs of the chickens slaughtered at 6 weeks old also displayed this
trend. The increased values of the L* in the breast and thighs of the 9-week-old chickens
measured after 60 days of frozen storage corresponded to the lower degree of redness.
On the other hand, the dynamics of the changes in b* showed similar patterns in birds
at 6 weeks of age in the breast and thigh, with increased values in the samples stored for
60 days. The lower values of a* and increased values of b* suggest denaturation of the
myoglobin, particularly during 60 days of frozen storage. The effect of the frozen storage on
the color parameters has been reported to be different among studies. Constant increased
values of L* and b* during 18 months of frozen storage were reported for pork [39]; however,
for a*, the authors observed an increase from 3 to 12 months and then a decrease until
18 months of frozen storage. In chicken meat, Lee at al. [40] observed a gradual decrease in
L* until 6 months of storage and an increase afterwards until the 8th month. The authors
reported a similar trend for a* and a constant decrease in b*. Our results coincide with
those of Agustynska-Prejsnar et al. [41], that demonstrated a decrease in L* in chicken meat
during long periods of frozen storage compared to shorter ones. On the other hand, Ali
et al. [42] reported an increase in L* in chicken meat for 6 months of frozen storage, which
is in line with our findings. The authors also observed increased b* values for this period,
that we only observed in the meat of 6-week-old chickens, again suggesting an interaction
between storage with age.

The changes in the content of the free amino groups reflect the accumulation of the
end products of proteolysis. The initial and final content of free amino groups in this
study were higher in the breast than in the thigh meat. Vassilev et al. [19] also reported
a higher content of free amino groups in breast meat compared to leg when refrigerated
for 7 days. These observations indicate that the trends of proteolysis are dependent on the
different muscle fiber characteristics [43]. It could be seen that the concentration of the free
amino groups showed different trends during the frozen storage process in the meat of the
chickens slaughtered at 6 and 9 weeks of age. The highest levels of amino groups were
measured after 60 days of storage in the breasts and thighs of younger chicks, while in the
meat of 9-week-old chickens, the value of this trait reached maximum at day 120 of storage.
It could be suggested that proteolytic processes have different intensities depending on the
age of the birds due to the different activity of the enzyme systems [44].
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In this study, the peroxide value and TBARSs were selected to represent the oxidative
processes that occur in the chicken meat during storage. The peroxide value is a measure
of the formation of peroxides that are primary products of lipid oxidative processes and
determine their extent at the initial stages. We observed considerable augmentation of
the content of the peroxides for 60 days of frozen storage, regardless of the type of the
meat or the age of the birds, followed by a reduction in the peroxide values. The decrease
in peroxide formation during frozen storage is not unusual. In line with our results, a
reduction in PV was reported after frozen storage in breast and leg meat, respectively,
after 2 and 3 months [45]. Another study on chicken meat also reported a dramatic
decrease in peroxide formation at 6 months of frozen storage regardless of the presence
of antioxidants [46]. As stated by Yi et al. [47], the ability to form peroxides is relevant
to meat quality since it precedes the formation of an off-flavor as well as the crosslinking
of proteins. Furthermore, it was showed [48] that even in small concentrations, lipid
peroxides can exert toxic effects on the cell. Lipid peroxides are unstable and susceptible
to decomposition [49] and the formation of other products, such as alcohols, ketones,
and aldehydes. This could explain the decrease in their content during frozen storage
that we observed in this study, corresponding to the dramatic increase in the TBARSs
that we measured in the meat stored for 120 days. We observed a constant increase in
the TBARS values over the course of storage. This is in line with the results obtained in
goose meat stored for 365 days [50], poultry meat frozen for 3 months [51], as well as in
the meat of other species—lamb [52], horse [53], and pork [39]. The major TBA reactive
substance is malondialdehyde (MDA)—an important secondary product of the oxidation
of polyunsaturated fatty acids. It is associated with rancid odors in meat even at low
concentrations. According to some studies [54,55], MDA, in an amount of 2.5 mg/kg
meat, has been set as a limit below which no rancidity was detected. The TBARSs content
presented in this study did not exceed the mentioned threshold; hence, frozen storage was
not associated with negative changes in the flavor of the meat of male layer-type chickens.

5. Conclusions

This study aimed to demonstrate the potential of male layer-type chickens to produce
meat as an option to avoid their culling after hatching and to further investigate the
influence of frozen storage on the quality of their meat derived at two ages of slaughter.
Over the course of frozen storage, no considerable deviations in the quality parameters
indicating deterioration of the meat were observed. Yet, it had significant effect on pH,
color, proteolysis, and lipid oxidative processes in the breast and thigh meat, and in some
of these parameters the changes were different according to the age of slaughter. Further,
our results showed that the application of some rearing practices such as fragmentation
of stocking density, as well as finding a suitable age for slaughter, are very important for
obtaining good economic results. We found that rearing male layer-type chickens until an
older age (9 weeks) had lower costs and higher economic efficiency.
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