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ABSTRACT

The increasing demand for sustainable agricultural practices prompts a reevaluation of feeding strategies in ruminant nutrition.
Agricultural waste, often viewed as a by-product (BP), presents a promising opportunity to enhance the sustainability of livestock
production systems. This review explores the potential of incorporating various agricultural BPs into ruminant diets. Utilizing
these BPs reduces the environmental impact of livestock farming and contributes to the circular economy by recycling nutrients
back into the food system. The nutritional composition of these wastes varies widely, and their inclusion in ruminant diets
improves feed efficiency, animal performance and overall health. Research indicates that specific treatments, such as fermentation
and ensiling, enhance the digestibility and nutrient availability of these materials. Moreover, incorporating agricultural waste
into ruminant nutrition leads to financial benefits for farmers by reducing reliance on conventional feed sources. However, key
challenges remain, particularly the need for further research to optimize inclusion rates and address potential anti-nutritional
factors found in some agricultural wastes. Notably, adding these materials to ruminant diets results in 10%-30% reductions in feed
costs and improvements of 5%—20% in key performance metrics, such as weight gain and milk production. These findings highlight
the economic and sustainability benefits of utilizing agricultural BPs in livestock feeding practices. This review emphasizes the
necessity of developing innovative and sustainable feeding strategies that leverage agricultural waste, calling for interdisciplinary
approaches that combine animal nutrition, agronomy and environmental science. By adopting these practices, the livestock sector
contributes to food security while minimizing its ecological footprint. Future research focuses on innovative processing techniques,
effective management of anti-nutritional factors, and assessing long-term impacts on animal health and productivity. Additionally,
examining the nutritional and health aspects of commonly used BPs, such as pomegranate, grape, pistachio, saffron, raisin, olive
and tomato, is essential for fully understanding their potential in ruminant nutrition and guiding the development of targeted
feeding strategies.

1 | Introduction in the agricultural economy by converting fibrous plant materials

into high-quality protein sources for human consumption (Pal-
The global demand for livestock products is steadily increasing ~ monari et al. 2021; Koakoski et al. 2024). However, traditional
due to population growth and changing dietary preferences, feeding practices depend on conventional feedstuffs, which can
leading to an urgent need for sustainable agricultural practices. ~ be costly and harmful to the environment. In this context, the
Ruminants, including cattle, sheep and goats, play a crucial role  utilization of agricultural by-products (BPs) as feed ingredients
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presents a promising solution to enhance the sustainability of
ruminant nutrition (Cavallini et al. 2021). Agricultural BPs, such
as crop residues, fruit and vegetable waste and agro-industrial
BPs, are generated in large quantities worldwide. In 2021, the
United Nations estimated that approximately 931 million tons
of food waste were produced globally, representing 17% of the
total food production worldwide (Thaore et al. 2024). This waste
mainly originated from households, retail outlets and the food
service industry (Thaore et al. 2024). Additionally, food leftovers
are nutritious, highly digestible and safe feed ingredients that can
significantly enhance the environmental sustainability of live-
stock by providing suitable dietary options for both monogastric
and ruminant animals (Pinotti et al. 2021). These BPs are often
underutilized and disposed of, leading to environmental concerns
such as greenhouse gas emissions and soil degradation (Vastolo
et al. 2024). The proper utilization of these BPs not only enhances
ruminant nutrition but also mitigates environmental impacts
by reducing agricultural waste disposal, which, in turn, lessens
greenhouse gas emissions and soil degradation. Furthermore, by
incorporating these materials into ruminant diets, farmers can
not only reduce waste but also improve the nutritional value of
their feed, thereby enhancing animal performance and health
(Nath et al. 2023; Vastolo et al. 2024). Additionally, the inclusion of
botanical supplements and BPs could serve as a viable alternative
to antibiotics for promoting growth within the poultry sector
(Jalal et al. 2024). Research has shown that agricultural BPs can
provide essential nutrients, including fibre, protein and energy,
which are vital for ruminant growth and productivity (Akram and
Firincioglu 2019). For example, crop residues, like corn stover and
wheat straw, have been demonstrated to be effective feed sources
when treated appropriately to enhance their digestibility (Akram
and Firincioglu 2019). Furthermore, the fermentation of fruit and
vegetable waste can improve its nutritional profile, making it a
viable feed option for ruminants (Sinthuja et al. 2023). A review
indicates that when incorporated in appropriate and sufficient
quantities, BPs can enhance the quality characteristics of meat,
particularly regarding its nutritional, sensory and emotional
aspects (Pinotti et al. 2023). The incorporation of BPs, such
as distiller’s grains and oilseed meals, has also been shown to
improve the protein content of ruminant diets, leading to better
growth rates and feed conversion efficiency (Nath et al. 2023).
However, the literature reports that BPs, mainly distiller’s grains,
may pose risks related to pesticide and phytotherapeutic residue
(Gasparini et al. 2024). Furthermore, research indicates that
substituting 11%-16% of energy-dense feed crops, such as cereals
and cassava, with agricultural BPs can save approximately 15.4—
27.8 million hectares of land, as well as between 3 and 19.6 km?
of blue water and 74.2-137.8 km? of green water for cultivating
alternative food crops (Govoni et al. 2023). This approach presents
a viable strategy for mitigating the unsustainable exploitation of
natural resources, both locally and through the virtual trade of
land and water, thereby promoting more sustainable solutions for
enhancing animal diets by recycling agricultural waste (Govoni
et al. 2023). Despite the potential benefits, the inclusion of
agricultural BPs into ruminant diets poses several challenges.
Variability in the nutritional composition of these materials, the
presence of anti-nutritional factors and the need for appropriate
processing techniques are critical considerations that must be
addressed. For instance, certain BPs may contain high levels of
tannins or lignin, which can negatively impact digestibility and
nutrient absorption. Therefore, a comprehensive understanding

of the nutritional value and recommended inclusion propor-
tions of agricultural BPs is essential for developing effective
feeding strategies. Moreover, the economic implications of using
agricultural BPs cannot be overlooked. The increasing costs of
traditional feed ingredients have led farmers to look for alter-
native sources that are both cost-effective and environmentally
sustainable. Utilizing agricultural BPs can result in substantial
economic advantages, which, in turn, enhances the profitability
of livestock production (Nath et al. 2023). Additionally, using local
agricultural waste can lower transportation costs and decrease
the carbon footprint related to feed sourcing. Furthermore, a
literature review indicated that rabbit performance, meat quality,
immune response and overall health can be influenced by fruit
and plant BPs, as well as their essential oils (Abd El-Aziz et al.
2024). Additionally, animal feeds constitute approximately 60%-
70% of the variable production expenses in intensive livestock
operations (Salami et al. 2019). Currently, livestock producers are
facing reduced profitability, primarily due to rising global prices
of traditional feed sources. The incorporation of low-input feed
materials, such as agri-BPs, has the potential to mitigate feed costs
and enhance the economic viability of livestock farmers, particu-
larly in arid regions that heavily rely on imported grains (Salami
et al. 2019). Furthermore, the incorporation of agricultural BPs,
particularly those containing tannins and phenolic contents, into
ruminant diets not only enhances feed efficiency and animal
performance but also significantly reduces methane emissions
and feed costs, thereby promoting environmental sustainability
and contributing to the circular economy in livestock production
systems (Manoni et al. 2023, 2024; Khejornsart et al. 2024). This
article investigates sustainable approaches for integrating agri-
cultural BPs into ruminant diets, focusing on their advantages,
challenges and future research directions. Transforming waste
into feed allows the livestock industry to contribute significantly
to a more sustainable food system, promoting environmental
stewardship while meeting the growing demand for animal
protein. Future studies should explore innovative processing
methods, such as fermentation and ensiling, to enhance the
nutritional value of these BPs and evaluate their long-term
impacts on animal health and productivity. Additionally, this
review assesses commonly used BPs in animal feed, including
pomegranate, grape, pistachio, saffron, raisin, olive and tomato,
with an analysis of recent scientific literature to elucidate their
nutritional benefits and health implications for livestock.

2 | Pomegranate BPs

The pomegranate, scientifically designated as Punica granatum
L., is a remarkable species belonging to the family Punicaceae. It
can take the form of either a deciduous shrub or a small tree and is
widely grown in many different regions, especially in the Middle
East, Iran, several European countries and Southeast Asia. This
cultivation has garnered significant agricultural and economic
importance (El-Hadary and Taha 2020). Pomegranate fruit is
widely used in the fruit processing and beverage industries, espe-
cially for creating juices and soft drinks. However, this production
process unintentionally creates a significant amount of low-cost,
non-edible waste derived from fruit, mainly consisting of peels
and seeds. Although they are frequently neglected, these BPs
are rich in important bioactive compounds (Das et al. 2021).
All parts of the pomegranate plant, such as its leaves, stems,
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FIGURE 1 | Different parts of pomegranate and its by-products. Source: Derived from Ampem (2017).

fruits, bark and roots, contain a wide range of bioactive com-
pounds. These include a diverse range of phenolic compounds,
such as hydrolysable tannins (including pedunculagin, punicalin
and punicalagin), as well as ellagic and gallic acids. Addition-
ally, flavonoids like catechins and anthocyanins, along with
other complex flavonoids and polysaccharides, are also present
(Quideau et al. 2011; Smaoui et al. 2019; Ain et al. 2023). This fruit,
commonly referred to as the ‘seeded apple’ or ‘granular apple’,
is highly regarded and consumed globally due to its delightful
flavour, impressive nutritional profile and numerous medicinal
properties that have been well-documented in various scholarly
works (Pathak et al. 2016). These discarded BPs can be repurposed
as functional food ingredients, food additives, nutraceuticals and
dietary supplements, helping to boost the phenolic content in
human diets, which are increasingly acknowledged for their
health benefits (Pathak et al. 2016; Gullén et al. 2020). Different
parts of pomegranate and its BPs are exhibited in Figure 1. In this
figure, various sections of the pomegranate fruit are illustrated,
along with the extraction of its juice and the production of oil from
pomegranate seeds.

Notably, these bioactive compounds are characterized not only by
their natural origins but also by their demonstrated antioxidant
and antimicrobial properties. Research has shown that these
properties positively influence the quality, safety and longevity
of various food products, ranging from oils (El-Hadary and Taha
2020) to meat (Natalello et al. 2020; Kazemi and Valizadeh 2021,
Nemati et al. 2024), fish (Yu et al. 2022) and even dairy products
such as cheese, curd and various forms of fermented milk
(Kandylis and Kokkinomagoulos 2020). Additionally, a study has
confirmed the positive effects of pomegranate macerate on sheep
gastrointestinal nematodes (Castagna et al. 2024). Recently, a
study focused on reducing the negative effects of pomegranate
peel (PP) tannins on fattening lambs by utilizing tannase-
producing bacteria (Chaji and Jahanara 2023). The findings
indicated that treating PP with tannin-degrading bacteria was
more advantageous than leaving the raw PP untreated (Chaji and

Jahanara 2023). Furthermore, employing these bacteria offers an
effective strategy for lowering tannin levels, which enhances the
nutritional quality of PP for ruminants (Chaji and Jahanara 2023).
In addressing the anti-nutritional factors present in agricultural
BPs, such as tannins and lignin, it is crucial to explore specific
solutions that can mitigate their adverse effects. Enzymatic treat-
ments, such as the use of tannase and ligninase, have been shown
to effectively reduce the levels of tannins and lignin, thereby
enhancing the nutritional value of feed (FAO/IAEA 2000; Grgas
et al. 2023). Additionally, microbial fermentation has emerged
as a promising approach, where specific strains of bacteria and
fungi can degrade these compounds, making nutrients more
bioavailable (Salas-Milldan and Aguayo 2024). For instance, the
fermentation of BPs using Aspergillus niger has demonstrated
significant reductions in tannin content, leading to improved
digestibility in livestock (Ikusika et al. 2024). These methods not
only improve the nutritional profile of the feed but also contribute
to the sustainability of livestock farming by utilizing agricultural
waste more effectively. A study examined the effects of adding
dietary pomegranate pulp to a total mixed ration (TMR) for
Ghezel lambs, focusing on growth performance, blood parame-
ters, carcass traits, meat quality and shelf life (Nemati et al. 2024).
The findings suggested that adding pomegranate pulp to the
diet of Ghezel lambs positively impacts animal performance and
meat quality. Specifically, there was an increase in carcass weight,
higher concentrations of intramuscular fat and elevated levels of
both mono- and polyunsaturated fatty acids (MUFAs, PUFAs)
(Nemati et al. 2024). Additionally, the study observed higher
total unsaturated fatty acid (UFA) content and an improved ratio
of polyunsaturated to saturated fatty acids (SFAs) in the meat
(Nemati et al. 2024). The use of pomegranate pulp also resulted in
lower fat and ash content in the liver, as well as enhancements in
the oxidative status (as measured by thiobarbituric acid-reactive
substances) and quality attributes of the meat, including water-
holding capacity, colour and pH (Nemati et al. 2024). Some
researchers have suggested that adding 4% pomegranate seed
oil to the diet of fattening lambs may improve the levels of
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specific PUFAs and lower the n-6/n-3 fatty acid ratio in the fat
of the carcass (Karampour et al. 2024). This addition appears to
have no negative impact on the lambs’ fattening performance,
carcass features or the stability of meat colour (Karampour et al.
2024). The findings of a study indicated that supplements of
vitamin C, organic selenium, betaine and PP effectively reduce
heat stress. Additionally, these supplements positively affect
cecal fermentation, the composition of microbiota, antioxidant
levels and the overall performance of rabbits (Abu Hafsa et al.
2024). In another study, the impact of water-extracted PP on
ruminal protein degradation and post-ruminal digestion in dairy
cows was assessed (Abarghuei et al. 2020). The inclusion of
PP extract reduced the acetate:propionate ratio and ammonia
nitrogen production after 24 h of incubation. Additionally, the
total number of protozoa, specifically the genera Dasytricha and
Isotricha, along with the subfamilies Entodiniinae, Diplodini-
inae and Ophrioscolecinae, decreased with increasing dietary
concentrations of PP extract. Higher levels of PP extract were
associated with a reduction in the numbers of proteolytic bacteria
(Abarghuei et al. 2020). These findings indicate that all levels
of PP extract supplementation diminish protozoal populations
and lower ammonia nitrogen concentrations. Furthermore, all
concentrations of PP extract reduced protein degradation in the
rumen, whereas no significant effects on crude protein (CP)
degradation were observed in the total digestive tract (Abarghuei
et al. 2020). Integrating agricultural BPs, such as pomegranate
BPs, into the diet at concentrations between 5% and 40% of
DM generally does not negatively impact milk, fat or protein
production. This highlights the ability of these feeds to serve as
substitutes for concentrates, thereby improving both economic
and environmental sustainability and reducing competition for
food resources between humans and animals (Correddu et al.
2023). The effects of partially replacing forage and concentrate
with pomegranate pulp silage (PPS) and dried pomegranate seed
pulp (PSP) on the performance, dry matter intake (DMI) and car-
cass characteristics of fattening Mehraban lambs were evaluated
(Ghoreishi et al. 2021). The results showed that both PPS and
PSP are effective alternatives for partially substituting the diet of
fattening lambs, leading to lower dietary costs without negatively
impacting animal performance (Ghoreishi et al. 2021). In another
study, 24 male lambs were chosen to compare the effects of a diet
containing PSP at a level of 100 g/kg of dietary dry matter (DM;
PSP100) with a control diet that excluded PSP (Obeidat 2023).
The results indicated that nutrient intake was significantly higher
in lambs fed the PSP100 diet compared to those on the control
diet. Additionally, both nitrogen intake and nitrogen retention
were greater in the lambs that consumed the PSP100 diet. The
final weight, total gain and average daily gain (ADG) were also
superior in the lambs receiving PSP100. Both hot and cold carcass
weights were significantly higher in the PSP100 group compared
to the control group. Furthermore, carcass cut weights increased
with the PSP100 diet (Obeidat 2023). The authors concluded that
adding PSP to lamb diets positively improved growth and carcass
characteristics without negatively impacting the health of the
lambs. Therefore, they recommend using PSP as an alternative to
traditional feeds in formulated rations for lambs (Obeidat 2023).
In another study, the effect of including whole pomegranate
BPs (WPB) in the lamb diet on meat flavour was investigated
(Natalello et al. 2023). The researchers observed an increase in
total PUFAs, as well as levels of vaccenic and rumenic acids,
in lambs that received 200 g/kg DM of WPB (Natalello et al.

2023). Additionally, they found that most volatile compounds
resulting from lipid degradation, such as aldehydes, alcohols,
ketones and hydrocarbons, were present in higher concentrations
in the meat from WPB-fed lambs compared to the control group,
with the exception of 2-pentanone, which was found in greater
amounts in the control meat (Natalello et al. 2023). Although
the smart nose technology successfully distinguished between
the dietary treatments, the consumer panel did not identify any
significant differences in meat flavour (Natalello et al. 2023).
The incorporation of PP into diets supplemented with fish oil
or fat enriched with palmitic acid resulted in enhanced feed
intake and antioxidant capacity. However, no interactions were
observed concerning oxidative stress and inflammatory markers
in dairy cows (Akhlaghi et al. 2022). It was shown that lambs
fed a mixture of pomegranate powder and laurel bay leaf powder
(LLP) exhibited better performance than those receiving only 1%
LLP, without negatively impacting biochemical blood parameters
(Abdulzahrah and Al-Wazeer 2022). A study was conducted to
examine the effects of three levels of dietary pomegranate BP
extract (PBE) (100, 150 and 200 mg) on the carcass characteristics,
growth performance, nutrient digestibility and selected blood
parameters of New Zealand White rabbits (Hassan et al. 2020).
The findings indicated that supplementing rabbit diets with
PBE at concentrations of 100, 150 and 200 mg/kg significantly
enhanced both growth performance and nutrient digestibility.
Additionally, PBE demonstrated antioxidant and antibacterial
effects in the growing rabbits (Hassan et al. 2020). It has been
reported that the intensive farming methods used in rabbit
production can create environmental problems and compromise
animal welfare, especially when inadequate management of
agricultural waste occurs (El-Sabrout et al. 2024). The study
examined the effects of dietary pomegranate seed cake (PSC) as
a replacement for corn and barley grains on several parameters.
These included productive traits, carcass characteristics, the
composition of intramuscular and subcutaneous fatty acids and
the antioxidant status of the meat (Kotsampasi et al. 2021). The
findings suggest that PSC can partially replace cereals in the diets
of growing lambs without negatively affecting their performance
or quantitative carcass traits. Furthermore, the supplementation
of PSC in the diet appears to enhance the nutritional and func-
tional qualities of both meat and subcutaneous fat, as evidenced
by an increase in essential fatty acids, particularly trans-10, cis-
12 C18:2. Specifically, low levels of PSC inclusion may have a
positive influence on the antioxidant potential, as well as the
nutritional and functional quality of the meat. However, higher
inclusion levels (particularly 235 g/kg of concentrate) may lead
to adverse effects (Kotsampasi et al. 2021). Pomegranate leaves
have considerable nutritional value for ruminants and can be
ensiled with yogurt or molasses to improve their digestive and
fermentation properties in both silage and ruminal environments
(Kazemi et al. 2022). The techniques of fermentation and ensiling
are critical in enhancing the digestibility and nutrient availability
of agricultural BPs (Yang et al. 2021). Fermentation, a process
involving the microbial conversion of organic substrates, has been
shown to significantly increase the bioavailability of nutrients
(Knez et al. 2023). For instance, studies indicate that fermentation
can improve protein digestibility by up to 25% due to the break-
down of anti-nutritional factors (Cabuk et al. 2018). Similarly,
ensiling, which involves the anaerobic preservation of forage, can
enhance the nutritional profile of feed by promoting the growth
of beneficial microorganisms such as Lactobacillus plantarum,
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which aids in the fermentation process (Yang et al. 2020; Jin
et al. 2024). However, it is essential to address the challenges
associated with these processing methods. The costs associated
with establishing fermentation or ensiling facilities can be a
barrier for many producers, particularly in small-scale operations.
Additionally, scalability remains a concern, as the successful
implementation of these techniques often requires specific con-
ditions that may not be feasible in all settings. A balanced view of
these methods must consider both their benefits and limitations.
To ensure clarity for a broader audience, it is important to define
technical terms. The use of pomegranate fruit peel as a substitute
for antibiotic growth promoters in poultry nutrition shows signif-
icant potential. Research indicates that PP can effectively improve
the health and growth of poultry while reducing the side effects
associated with the use of antibiotics (Abdelhafez et al. 2015;
Hafeez et al. 2023). PP not only supports growth but also enhances
immune responses, extends the shelf life of meat, improves
egg quality and increases nutrient availability. Additionally, it
contributes to better bone quality and reduces the emission of
odorous gases from poultry manure, likely due to its abundant
antioxidant properties and bioactive compounds such as phenols
and tannins (Akuru et al. 2020). Research has demonstrated that
incorporating extracts from pomegranate and grape wastes at
concentrations of 0%, 2%, 4% and 6% into chilled poultry carcasses
can enhance preservation and prolong shelf life, maintaining
acceptable quality standards for up to 9 days under suitable
storage conditions (Javanmard Dakheli 2020). Furthermore, the
use of pomegranate extracts in slaughterhouses may serve as
an environmentally friendly, natural and safe decontamination
method within a comprehensive food safety system (Javanmard
Dakheli 2020). Investigations on the use of pomegranate BPs
in animal diets are shown in Table 1. The findings of a study
suggested that the inclusion of a blend of Moringa oleifera leaf
meal and PP powder in quail diets could provide considerable
benefits for growth and overall health (Magsood et al. 2024).
The chemical compositions of DM, ash, CP, ether extract (EE),
total sugars, neutral detergent fibre (NDF), acid detergent fibre
(ADF) and lignin in the peel and seeds of pomegranate were
found to be 32.4% versus 20% for DM (peel vs. seed), 3.59%
versus 2.47% for ash, 3.80% versus 7.17% for CP, 1.60% versus 1.55%
for EE, 42.7% versus 75.3% for total sugars, 26.7% versus 12.8%
for NDF, 18.6% versus 8.64% for ADF and 6.80% versus 3.90%
for lignin, respectively (de Evan et al. 2024). The metabolizable
energy (ME) values for the seeds and peel of pomegranate
were reported as 11 and 7.43 MJ/kg DM, respectively (de Evan
et al. 2024). Additionally, another study reported the following
percentages for moisture, ash, carbohydrates, protein, total fat,
crude fibre, total phenolic contents (TPCs) and various mineral
contents in PP: 7.27% moisture, 4.3% ash, 66.51% carbohydrates,
3.74% protein, 0.85% total fat, 17.31% crude fibre and TPCs of
18.75 mg/g, with calcium, magnesium, sodium, phosphorus, iron,
zinc, manganese and copper measured at 342, 148.64, 64.63, 118.3,
6.35,0.93,0.78 and 0.64 mg/100 g, respectively (Azmat et al. 2024).
Furthermore, the PSP contained 94.0% DM, 17.8% CP, 34.3% NDF,
20.3% ADF and 11.3% EE (Obeidat et al. 2024). A study conducted
by Hagag et al. (2023) identified the contents of CP, moisture, ash
and EE as 17.51%, 13.80%, 4.40% and 3.65% of DM, respectively.
TPCs in animal feed have been shown to positively impact the
health and performance of ruminants (Bes$lo et al. 2022). These
compounds can enhance the fermentation process in the rumen,
leading to improved nutrient utilization and growth performance

(Manoni et al. 2023). Moreover, TPC has been associated with
a reduction in methane emissions, a significant greenhouse gas
produced during ruminant digestion (Manoni et al. 2023, 2024).
By modulating the microbial population in the rumen, phenolic
and polyphenolic compounds can decrease methanogenic activ-
ity, thus contributing to more sustainable livestock production
(Teng et al. 2024). Overall, incorporating high levels of TPCs in
ruminant diets can lead to both environmental and production
benefits.

Ensiling effectively preserves feed quality by enhancing fermen-
tation, reducing spoilage and improving nutrient availability for
livestock. In this regard, co-ensiling PP with berseem improves
silage quality by reducing silage pH, ammonia nitrogen and
butyric acid levels and increasing DM and non-fibre carbohy-
drates (NFCs) (Ahmed et al. 2025).

3 | Grape BPs (GBs)

The grapevine (Vitis vinifera L.) is a globally significant agri-
cultural species, widely cultivated for its economic value and
diverse product offerings, including raisins, fruit juice, vinegar,
seed oils, table grapes and wine (Daler 2024). On the other hand,
approximately 75% of global grape production is allocated to
the wine industry, with the remaining 25% composed of skins,
seeds and stalks, which represent the total weight of grapes
utilized in winemaking (Wang et al. 2020; Quagliardi et al. 2024).
Seedless pomace accounts for about 48%-62% of total grape
pomace (GP), serving as a source of dietary fibre and phenolic
compounds, whereas seeds constitute approximately 38%-52%,
primarily providing oils rich in UFAs (Beres et al. 2017). A form of
GBs after juicing is shown in Figure 2. In this figure, the various
parts of the grape fruit, including the pulp, skin, seed and stalk,
are highlighted. Each of these components can be considered
BPs and utilized in animal feed. The highest concentrations of
phenolic compounds, including strong antioxidant, cytotoxic and
antibacterial properties, are found in the seeds. In contrast, the
skins contain elevated levels of p-coumaric acid hexoside and
anthocyanins (Peixoto et al. 2018). Given these factors, GBs can
be utilized as dietary supplements, acting as nutraceuticals, foods
or ingredients that provide medical or health benefits (Quagliardi
et al. 2024). These BPs are abundant in phytonutrients, plant-
derived compounds and, more specifically, phytochemical bioac-
tive plant-derived compounds linked to positive health outcomes
(Frank et al. 2020; Quagliardi et al. 2024). For instance, GP
can be utilized to produce extracts with antioxidant properties
and as fermentation substrates due to its high content of bioac-
tive compounds demonstrating significant antioxidant activity,
including various polyphenols (such as anthocyanins, flavanols,
flavan-3-ols and procyanidins), phenolic acids, resveratrol and
dietary fibre (Caponio et al. 2023). It is one of the most widely
cultivated crops, thanks to its many nutritional advantages, which
are largely due to its high concentration of polyphenols (Turcu
etal. 2021). BPs, like GP, seeds and grape seed oil (GSO), represent
valuable but often underutilized resources for ruminants and
poultry (Costa et al. 2022). These BPs are rich in fibre and
bioactive phenolic compounds, which render them promising
alternatives to conventional, unsustainable feed components.
Unfortunately, GBs are often discarded or improperly utilized,
leading to negative environmental consequences (Costa et al.
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FIGURE 2 | Grape by-products after juicing.

2022). Grape seeds make up about 15%-52% of DM in GP and
have a complex chemical structure that is affected by various
ecological factors, including the conditions of grape cultivation
and harvesting time (Teixeira et al. 2014). They generally consist
of approximately 40% fibre (mainly cellulose), 16% essential oils,
11% protein and 7% polyphenols (which include flavanols, antho-
cyanins, phenolic acids and resveratrol) (Antunovic¢ et al. 2024).
They also contain minerals, sugars and antioxidant compounds
like 3-carotene (Antunovi¢ et al. 2024). Major minerals found in
grape seeds include iron and copper; however, their application in
food is limited due to high lignin content, as well as ADF and NDF
levels. Additionally, grape seeds are a good source of vitamin E,
contributing to their elevated antioxidant properties (Antunovi¢
et al. 2024). In poultry nutrition, the effect of adding GBs in feed
has been shown to depend on dosage and form. Typically, GBs
are included at rates of up to 6%-10% of the feed (DM basis)
(Erinle and Adewole 2022). Elevated levels of these BPs may result
in substantial concentrations of anti-nutritional compounds,
such as fibre and polymeric polyphenols (e.g., proanthocyani-
dins), which can impede nutrient digestion and absorption,
ultimately affecting weight gain negatively. Conversely, lower
inclusion rates (less than 6% feed) have been associated with
beneficial bioactive effects, including improved gut morphology,
modulation of gut microbiota and enhanced antioxidant activity,
primarily due to polyphenol presence (Erinle and Adewole
2022). GBs have been utilized across various livestock species
to evaluate their beneficial properties. The most commonly
studied animals include dairy cows (Signor et al. 2024), fat-
tening lambs (Elsheikh et al. 2024), lactating goats (Badiee
Baghsiyah et al. 2023), beef cattle (Molosse et al. 2023), dairy
ewes (Buffa et al. 2020; Bennato et al. 2022), horses (Kollathova
et al. 2020; Kollathova 2021) and rabbits (Derbali et al. 2024;
Romelle Jones et al. 2024).

It was observed that feeding broilers 1%-4% grape seeds enhanced
the growth of Lactobacillus while decreasing the populations
of harmful Streptococcus spp. and Escherichia coli in the ileum
(Abu Hafsa and Ibrahim 2017). Similarly, it was reported that

chicks fed 0.72% grapeseed extract exhibited an increase in
Lactobacillus sp. in their ileal contents (Viveros et al. 2011).
Adding grape seeds to the diet (up to 4%) has been found to
reduce oxidative stress by boosting the activity of antioxidant
enzymes in the plasma, such as superoxide dismutase (SOD)
and glutathione peroxidase (GSH-Px) (Abu Hafsa and Ibrahim
2017). At the same time, it lowers the levels of thiobarbituric
acid-reactive substances (Abu Hafsa and Ibrahim 2017). Overall,
the bioactive properties of GBs contribute to the maintenance
of intestinal barrier integrity and disease prevention in poul-
try, notably promoting growth (Erinle and Adewole 2022). For
instance, feeding broilers with 2.5% GP increased the relative
abundance of beneficial genera like Bacteroides and Lactobacillus
while decreasing the Firmicutes to Bacteroidetes ratio in the
cecum (Erinle et al. 2022). Furthermore, they demonstrated that
GBs increased the ratio of intestinal villus height to crypt depth
(Erinle et al. 2022). Recent studies have investigated the effects
of diets supplemented with grape seed cake (GSC, 5% and 10%
of dietary DM) on goat milk quality, blood metabolic profiles
and antioxidant status in lactating goats (Antunovi¢ et al. 2024).
Goats receiving 10% GSC exhibited higher SOD and glutathione
reductase activity, along with reduced glucose levels, somatic cell
counts and B-hydroxybutyrate concentrations. It was concluded
that10% GSC supplementation, rich in polyphenols, may alleviate
lactation-related stress, a notably challenging period for livestock
(Antunovi¢ et al. 2024). The remarkable nutritional profile of
white GP (WGP) was emphasized, particularly its significant
mineral content, with manganese levels at 106.35 mg/kg (Oancea
et al. 2024). Additionally, it has a high concentration of PUFAs
at 65.05 g/100 g of fatty acid methyl esters, including a notable
amount of omega-3 fatty acids at 62.66 g/100 g of fatty acid methyl
esters (Oancea et al. 2024). The antioxidant compounds present
in WGP included 12.49 mg/g of total polyphenols and 3.27 mg/kg
of total flavonoids (Oancea et al. 2024). The study also demon-
strated the strong antioxidant potential of WGP, as shown by
its results in the following assays: 2,2-diphenyl-1-picrylhydrazyl
radical-scavenging activity, measuring 74.26 mM equivalent to
Trolox; 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) rad-
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ical scavenging activity at 75.07 mM equivalent to Trolox and total
antioxidant capacity (TAC) at 286.26 mM equivalent to ascorbic
acid (Oancea et al. 2024). In another study, researchers examined
the effects of adding 100 g/kg of DM from GP silage (GPS) and
GP bran (GPB) as alternatives to traditional fibre sources in the
diets of steers (Molosse et al. 2024). They focused on carcass traits,
meat quality and composition, as well as shelf life. The group
receiving GPS exhibited a higher carcass pH compared to the
control. Both the GPS and GPB groups demonstrated enhanced
oxidative status, characterized by reduced lipid peroxidation and
lower concentrations of reactive oxygen species in the meat
compared to the control group. On the first day of storage, the
activity of the antioxidant enzyme glutathione S-transferase was
significantly greater in the meat from the GPS and GPB groups
than in the control. Furthermore, the use of GPS was linked
to lower bacterial levels in the meat, as evidenced by reduced
total coliform counts and a tendency for decreased enterobacteria
counts when compared to the control group (Molosse et al. 2024).
The dietary treatments also modified the fatty acid profile of
the meat; specifically, the GPB diet resulted in an increased
concentration of n-6 fatty acids, whereas the GPS diet showed
a trend towards higher amounts of both n-6 and n-9 fatty acids.
Both diets (GPS and GPB) led to an increase in the concentrations
of long-chain fatty acids (Molosse et al. 2024). Furthermore, the
GPS diet resulted in lower levels of SFAs. Their research indicated
that dietary interventions utilizing GPS and GPB could serve as
promising alternatives for maintaining meat quality standards
in real-world retail situations (Molosse et al. 2024). GP is an
abundant source of various polyphenolic compounds, including
tannins, proanthocyanidins, anthocyanidins, flavonoids and phe-
nolic acids. The presence and diversity of these compounds are
influenced by the conditions, efficiency and chemical reactions
involved in the winemaking process (Li et al. 2024). Studies
have shown that many of these polyphenolic compounds do not
have a negative effect on the growth performance and digestive
metabolism of beef cattle (Voicu et al. 2016). Investigations on the
use of GBs in animal diets are presented in Table 2. Condensed
tannins (CTs) are particularly notable, accounting for 58.7% of
the TPCs found in GP (Tayengwa et al. 2020). In a study, the
effects of different levels of GP (0%, 10% and 20% of DM from corn
silage replaced with dried GP) were examined regarding their
impact on growth performance, nitrogen utilization efficiency,
antioxidant activity and the microbiota in the rumen and rectum
of Angus bulls (Li et al. 2024). The findings revealed that the
ADG was higher in the GP0% and GP10% groups compared to
the GP20% group, and urinary nitrogen levels decreased linearly
with increasing GP addition. In terms of antioxidants, there were
higher levels of catalase (CAT) in the GP10% group compared
to the GP0% and GP20% groups, and TAC was significantly
greater than that observed in the GP20% group. Additionally, an
analysis of the microbial network diagram indicated enhanced
microbial community complexity and stability in the GP10%
group (Li et al. 2024). In another study, the effects of dietary
supplementation with dehydrated GP (DGP) at levels of 1% and
2% of dietary DM were evaluated concerning growth perfor-
mance, nutrient digestibility, nitrogen balance, semen quality,
fertility parameters and biochemical metabolic parameters in the
blood plasma and seminal fluid of rabbit bucks (Derbali et al.
2024). The 2% DGP supplementation led to improved growth
performance and feed intake in the rabbits. However, it enhanced
fat digestibility while reducing organic matter (OM) and CP

digestibility without affecting nitrogen balance. Notably, 1% DGP
improved both sperm mass motility and concentration. The study
concluded that adding 1% DGP as a feed additive to the diets
of rabbit bucks is an environmentally friendly approach that
improves reproductive performance without negatively affecting
growth (Derbali et al. 2024). To evaluate the potential of grape
stem-based ingredients for rabbit nutrition, a study assessed its
nutritional value, discovering a high fibre content (>40%) and
polyphenol levels (>6%) alongside antioxidant and antimicrobial
activity against Staphylococcus aureus (San Martin et al. 2024).
Following this, a feed efficiency trial demonstrated that including
up to 10% of grape stem ingredients did not adversely affect
rabbit mortality, average daily feed intake, daily weight gain
or feed conversion ratios (San Martin et al. 2024). Similarly,
the use of GP preserved as silage in the diets of growing-
finishing swine was investigated (Giuliani et al. 2024). They
reported that the inclusion of GP did not change the proximal
composition, cholesterol content, fatty acid profile, juiciness or
flavour of the meat. Furthermore, GP improved pork quality
characteristics such as increased tenderness, enhanced red colour
intensity and delayed lipid oxidation, marking it as a sustainable
alternative for utilizing waste products. Grape stems are another
BP of winemaking, often discarded or minimally used as soil
amendments (San Martin et al. 2024). Nevertheless, they are
rich in fibre and polyphenols, making them a promising feed
source for livestock. In this context, rabbits are particularly
well-suited for such nutrition because their diets require high
fibre levels to prevent digestive issues, whereas polyphenols
can contribute to improved animal performance through their
antimicrobial and antioxidant properties (San Martin et al. 2024).
Bioactive compounds found in GBs have the potential to combat
foodborne pathogens, including Campylobacter jejuni, E. coli,
Listeria monocytogenes, Salmonella enterica, S. aureus and Vibrio
cholerae, as well as microbial toxins such as ochratoxin A and
Shiga toxin. These compounds can enhance food microbiological
safety, help prevent or treat illnesses in both humans and
animals and optimize the utilization of grapes and their BPs
(Friedman 2014). In the aquafeed sector, BPs from the wine
industry have been investigated as a means to improve feed
quality. Their volatile components can enhance sensory attributes
and beneficial characteristics, aligning with the principles of a
circular economy. Specific compounds, such as hexanoic acid and
terpenoids like limonene, may serve as antibacterial, antioxidant
and antiproliferative agents. Additionally, esters and terpenoids
contribute positively to the aroma of aquafeeds, imparting fruity,
sweet, green, fresh and berry notes (Camara et al. 2020). A study
examined the effects of a high-fat diet (HFD) on lipotoxicity
and disturbances in energy metabolism in rat hearts, specifically
investigating the protective properties of grape seed extract (GSE)
(Majoul et al. 2023). This study highlighted the anti-lipotoxic
and cardioprotective effects of GSE, particularly concerning free
fatty acid profiles and energy metabolism enzymes, suggesting its
potential as a therapeutic agent for cardiac dysfunction related
to obesity. Furthermore, another study explored the therapeutic
benefits of GP for treating different stages of non-alcoholic fatty
liver disease in mice (Daniel et al. 2021). The findings indicated
that GP reduced food intake, serum leptin levels and body weight
gain, as well as mitigating ectopic fat deposition while preserving
white adipose tissue mass (Daniel et al. 2021). Additionally, GP
improved glucose tolerance and insulin sensitivity, prevented
adipose tissue inflammation and decreased hepatic steatosis.
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The researchers proposed that GP could serve as a beneficial
supplement for the prevention and treatment of hepatic steatosis
and obesity-related disorders. In another study, it was reported
that silage containing 144 g/kg of viniculture residues enhanced
carcass conformation in lambs (Gongalves et al. 2024). Addi-
tionally, the inclusion of GSO positively influenced cow health,
particularly enhancing oxidative stability by increasing total
thiols, plasma ferric reducing capacity and overall antioxidant
capacity (Signor et al. 2024). This finding indicates that adding
GSO might enhance the antioxidant defences in cows. A previous
research indicated that the seed and pulp fractions of GP exhibit
different characteristics, such as cell wall content (523 g/kg DM
for seeds vs. 243 g/kg DM for pulp), CP content (104 g/kg DM
for seeds vs. 138 g/kg DM for pulp), EE (99.0 g/kg DM for
seeds vs. 31.7 g/kg DM for pulp), PUFAs levels (69.6% for seeds
vs. 53.3% for pulp) and extractable polyphenols (55.0 g/kg DM
for seeds vs. 32.1 g/kg DM for pulp) (Guerra-Rivas et al. 2016).
Additionally, a recent study showed that diets supplemented with
grapeseed procyanidins, a type of phenolic compound, improved
resilience to weaning stress (Fang et al. 2020). This was evidenced
by the increased expression of antioxidant-related genes like
GSH-Px, SOD and CAT in the liver, as well as lower levels of
malondialdehyde (MDA) in the serum, liver and muscle tissues
(Fang et al. 2020). Another study indicated that GP and grape seed
meal can be added to cattle diets at levels of up to 20% of DM
without significantly impacting ruminal fermentation (Khiaosa-
Ard et al. 2023). Furthermore, the study emphasized that grape
phenols may have a positive effect on nitrogen metabolism in the
rumen, leading to a reduction in ammonia production. Therefore,
grape and winery BPs are recommended to be combined with feed
ingredients that are high in highly digestible protein (Khiaosa-
Ard et al. 2023). Moreover, it was suggested that using lactic
acid bacteria inoculum and zeolite supplementation can improve
the quality of GPS for future use in animal feed (Soka¢ Cvetni¢
et al. 2023). Overall, similar to other agricultural BPs, grape-
derived materials are abundant in compounds with antioxidant
properties beyond the widely recognized resveratrol. These com-
pounds can act as effective scavengers of reactive free radicals or
enzyme activators and possess antibacterial, anti-inflammatory
and anticancer properties, among various other health benefits.
Moreover, the utilization of grape biomass is gaining traction
as a source of dietary fibre and pigments. GBs can be included
in the diets of monogastric animals to reduce feeding costs
associated with conventional crops like maize and soybean meal,
while also enhancing meat quality (Alfaia et al. 2022). Addi-
tionally, GBs offer numerous industrial applications, particularly
in animal feed, due to their high polyphenol content, which
can positively influence intestinal microbiota and morphology
and enhance anti-inflammatory and antioxidant capabilities,
thereby promoting intestinal health and production in pigs
(Proca et al. 2024).

Ensiling enhances the fermentation process by encouraging
beneficial microbial activity, which leads to improved nutrient
preservation and overall feed quality for livestock. In this
regard, a study showed that ensiling GP, particularly with
the addition of Lactiplantibacillus plantarum, enhances
in vitro digestion efficiency by improving nutrient
degradation and reducing inhibitory polyphenolic compounds
(De Bellis et al. 2022).

4 | Pistachio BPs (PBs)

Nuts, including pistachios (Pistachia vera L.), have long been val-
ued for their nutritional and functional properties. Pistachios are
commonly grown and highly valued for their distinctive taste and
unique composition. These characteristics make them ideal for
use as food ingredients and for oil production (Ozdikicierler and
Oztiirk-Kerimoglu 2023). Conventional oil extraction techniques,
especially solvent extraction, often necessitate refining processes
that can diminish bioactive compounds. As a result, supercrit-
ical fluid extraction provides a superior option for maintaining
nutritional quality. Notable BPs from pistachio oil production
include flour, hulls and extracts, which are rich in terpenoids,
phenolic compounds, lipids, amino acids and carbohydrates
(Ozdikicierler and Oztiirk-Kerimoglu 2023). Additionally, ground
pistachio shells (PSs) can serve as dye adsorbents in water
treatment (Ozdikicierler and Oztiirk-Kerimoglu 2023). On the
other hand, every year, a significant quantity of PBs accumulates
in processing facilities, often discarded in the vicinity of pistachio
orchards (Kazemi et al. 2024). Photos of PBs and its derivatives
are illustrated in Figure 3. In this figure, the various parts of
the pistachio, including the leaves, cluster, hard shell, soft shell
and broken kernels, are presented. Each of these components
can be incorporated as BPs in animal feed. These BPs typically
remain moist, despite their rich nutrient content, creating an
ideal environment for microbial growth. This situation can lead
to environmental issues and an increase in fungal contaminants
around pistachio orchards (Kazemi et al. 2024). During pistachio
processing, two BPs are generated: pistachio green hulls (PGH)
and PS, which are removed during de-hulling and shelling,
comprising over 75% of the harvested crop. PGH is particularly
rich in bioactive compounds, notably phenolics, but is often
discarded as waste, creating environmental concerns (Ripari
Garrido et al. 2024). Studies have demonstrated its significant
antioxidant, antimicrobial and antimutagenic properties. Pista-
chio nuts primarily consist of lipids (47.5%-57%), followed by
protein (17.1%-27.1%), with dietary fibre ranging from 8.6% to
15.3%. Of this dietary fibre, about 97% is insoluble (Ripari Garrido
et al. 2024). The kernels have a low moisture content (3.3%—
5.34%) and an ash content of approximately 3%. Triglycerides
dominate the lipid fraction, with oleic, linoleic and a-linolenic
acids as the main UFAs. Potassium is the primary mineral, par-
ticularly abundant in Iranian pistachios (1589 mg/100 g), whereas
sodium content is notably low (between 8.72 and 26.4 mg/100 g).
Pistachios also contain lipophilic vitamins (A and E) and water-
soluble vitamins, including vitamin C and several B vitamins such
as pyridoxine (B6), thiamine (B1) and riboflavin (Ripari Garrido
et al. 2024). Research indicates that PB contains a substantial
amount of NFC (36.9%-40.4%), moderate levels of CP (11.4%—
13.0%) and NDF (30.9%-33.3%), along with being abundant in
polyphenolic and tannin compounds (Hosseini Ghaffari et al.
2013a, 2013b; Shakeri et al. 2014). Due to its cost-effectiveness
and availability, PB serves as a preferred source of energy and
protein for ruminants (Shakeri 2016). Recently, different amounts
of pistachio waste (PW) have been added to the diets of sheep
(Ebadi and Mahdavi 2023; Hajalizadeh and Dayani 2021), dairy
cows (Mokhtarpour et al. 2012), growing calves (Shakeri et al.
2014), broiler chickens (Ahmadi Kohanali et al. 2022) and Saanen
dairy goats (Hosseini Ghaffari et al. 2013a, 2013b; Kordi et al.
2022). However, the use of PW for its phenolic and tannin
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Soft hull (mesocarp)

FIGURE 3 |

content in ruminant diets is limited (Bohluli et al. 2007). The
TPCs in dried PB have been reported to vary between 7.5%
and 14.2%, depending on the variety and growth stage (Bohluli
et al. 2007; Bagheripour et al. 2008). Tannins, which are complex
polyphenolic compounds, can have either beneficial or harmful
effects on ruminants, depending on factors such as consumption
method, chemical structure, molecular weight or the physiology
of the consuming animals (Hagerman and Butler 1991).

High concentrations of tannins (>50 g/kg DM) in lamb diets
can reduce DMI due to their astringent properties and lower
nutrient digestibility (Lima Junior et al. 2010; Mazza et al.
2020). Polyethylene glycol (PEG) is a synthetic, high molecular
weight polymer that is poorly digested and absorbed in animal
intestines (Grosell and Genz 2006). It is widely utilized as a
raw material in the food and pharmaceutical sectors (He et al.
2019). Due to its strong affinity for tannins, PEG can form
a complex with tannins (Makkar et al. 1995). Aluminosilicate
(AS), a porous clay composed of aluminium oxide and silicon
dioxide, has a high specific surface area that can absorb various
cations, including ammonium, and is used in treatments for
numerous gastrointestinal issues (Herremans et al. 2018). Several
methods have been used to reduce the negative effects of phenolic
and tannin compounds in ruminant diets, including electron
irradiation (Fatehi et al. 2020), gamma irradiation (Valizadeh
et al. 2019), ensiling (SoltaniNezhad et al. 2016; Hajalizadeh and
Dayani 2021) and the use of materials like PEG (Kordi et al.
2022). Additionally, several management strategies have been
suggested to alleviate the impact of tannins, including drying,
crushing, chemical treatments and the use of binding agents such
as PEG and polyvinyl pyrrolidine (Bagheripour et al. 2008). It
has been observed that bentonite clay can act as an effective
inactivating agent because it is less expensive than PEG and has
the capability to absorb or bind anti-nutritional factors, such
as tannins, in animal feed (Kemboi et al. 2023). Recently, a
study was conducted on PWs to examine their chemical and
mineral compositions, along with the nutritional impacts of
incorporating AS and PEG into PW-based diets (Kazemi et al.
2024). In the first experiment, the chemical compositions and
ruminal fermentation activities of PW and its derivatives were
determined. In the second experiment, 40 male Mahabadi goats
were divided into 4 groups: a control group, a group with 40% PW,

—
Hard shell (endocarp)

Photos of pistachio by-products and its derivatives. Source: Derived from Kazemi et al. (2024).

a group with PW plus 10 g of PEG and a group with PW plus 10 g
of AS. The results indicated that adding PW to the diet reduced
DM]I, final body weight and growth performance; however, the
addition of PEG or AS significantly improved digestibility and
ruminal fermentation activities, enhancing growth performance.
It is recommended to include PW at a level of 40% in the diets
of fattening goats, supplemented with AS or PEG for optimal
nutritional benefits (Kazemi et al. 2024). In another study, the
effects of pistachio hull (PH), a tannin-rich BP, on nitrogen
metabolism, milk production and digestibility in lactating dairy
cows were examined (Sadeghi et al. 2024). They utilized a 4 x 4
Latin square design involving 12 Holstein cows to evaluate diets
that included either soybean meal or slow-release urea (SRU) in
combination with PH. Their results showed that feeding diets
with 7.65% PH reduced milk yield, milk urea nitrogen and milk
efficiency, while increasing milk fat and protein concentration.
The inclusion of PH led to a reduction in the digestibility of
DM, CP and NDF. Although there was no significant impact on
nitrogen intake and urine or milk excretion, PH increased faecal
nitrogen excretion and reduced apparent nitrogen efficiency
(Sadeghi et al. 2024). They demonstrated that replacing sugar
beet pulp with PH negatively impacted nutrient digestion and
milk production efficiency. In contrast, the use of SRU was
shown to be a viable nitrogen source that did not affect lactation
productivity (Sadeghi et al. 2024). Investigations on the use of
PBs in animal diets are presented in Table 3. The study examined
how incorporating 6% pistachio skin into the diets of grower and
finisher rabbits affects the quality of their meat (Attard, Liotta,
et al. 2024). In the study, 150 Martini rabbits were divided into
two groups: One group received a diet containing pistachio skins,
whereas the other did not. The findings indicated no negative
impact on growth or carcass characteristics. However, the treated
group showed an enhanced fatty acid profile, characterized by
higher levels of monounsaturated and PUFAs, whereas SFAs
were reduced. This suggests that pistachio skin could potentially
enhance the nutritional value of rabbit meat (Attard, Liotta,
etal. 2024). Furthermore, another study compared the nutritional
value of PS powder to soybean hulls in pig diets (Kim et al.
2024). In two experiments involving gestating and lactating sows,
they measured the apparent total tract digestibility (ATTD) of
DM, gross energy (GE) and total dietary fibre (TDF), as well as
digestible energy (DE). Their results showed that PS powder had
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TABLE 3 | Investigation on the use of pistachio by-products in animal diets.

Pomegranate
by-product

Animal

Offered
amount

Finding

Reference

Shell

Ensiled
pistachio
residues

Pistachio
external hull
polysaccharides
(PHP)

Awassi
sheep

Sheep

Male Wistar
rats

5% of dietary
DM

33%, 66% and
100% of dietary
DM

10, 25, 50, 75
and 100 mg/kg
of body weight

- Significant reduction in alanine, citrulline,

glutamine, glutamic acid, glycine, leucine,
ornithine and alpha-aminoadipic acid in
supplemented groups

- The group receiving PS exhibited increases in

argininosuccinic acid, gamma-aminobutyric acid,
beta-alanine and sarcosine levels

- There was no significant effect on the ratio of short,

medium and long-chain fatty acids in the milk

- Significant changes in milk amino acid profiles

with 5% inclusion of PS in sheep diets

- Importance of considering the benefit-harm rela-

tionship in the context of altered milk amino acid
profiles

- No significant difference in meat traits among

groups; lower fat content in EPR treatments com-
pared to control, with the lowest in the 66% EPR

group

- Increase in zinc and iron content in mutton

following EPR addition, with the highest levels
observed in the 100% EPR diet. Improvement in
quality and nutritional value of mutton with EPR
supplementation compared to standard diet

- Study focused on extraction and benefits of PHP

- PHP demonstrated protective effects against CCl,

and cisplatin-induced hepatotoxicity and nephro-
toxicity in rats

- Recovery of plasma biomarkers associated with

hepatotoxicity included reductions of 23.23% in
AST, 98.97% in ALT and 81.39% in LDH

- Normalization of nephrotoxicity biomarkers: crea-

tinine (17.5%), urea (14.59%) and uric acid (14.81%)
reductions

- PHP improved lipid profile alterations caused by

ccl,

- Significant reduction in lipid peroxidation (50%

and 67.56%) in liver and kidney tissues, indicating
reduced oxidative stress

- Increases in antioxidant enzymes: SOD (19.89%),

GSH-Px (31.15%) and CAT (27.57%) compared to
CCl, treatment; higher enhancements against cis-
platin

- Histopathological examination supports the protec-

tive role of PHP in liver and kidneys

- PHP’s monosaccharides recognized as potential

bio-antioxidants for pharmaceutical applications

Kahraman
et al. (2023)

Ebadi and
Mahdavi (2023)

Hamed et al.
(2021)

(Continues)
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TABLE 3 | (Continued)

Pomegranate Offered
by-product Animal amount Finding Reference

Pistachio green Broiler 1.5%, 3% and 5% - Significant reduction in feed conversion ratio dur- Ahmadi
hull Chickens of dietary DM ing both the initial and entire rearing periods with Kohanali et al.
pistachio skin addition (2022)

- Addition of 3% PH resulted in significantly higher
body weight compared to control and 5% treatment

- Increased total antibody titre and immunoglobulin
G levels against sheep red blood cells with PH
inclusion

Decreased serum cholesterol and LDL concentra-
tions compared to control

- A 3% inclusion level resulted in increased height
of jejunum villi, decreased width and enhanced
relative weight of organs (breast, heart and bursa
of Fabricius), along with reduced abdominal fat
percentage

Supplementation with green pistachio skin
enhanced functional traits, with an optimal level
of 3% leading to cholesterol reduction, improved
conversion rates and strengthened immune
responses

Pistachio seed Kermani 5,10 and 15% of - Results showed that feed intake, nitrogen intake, Esmaili et al.
coat sheep dietary DM excreted nitrogen and nitrogen retention were not (2021)
significantly affected by the diets

- The addition of PSC decreased ruminal ammonia
nitrogen levels without impacting ruminal fluid pH
at various time points after feeding

- Total protozoa population was unchanged, but
cellulolytic species’ population increased linearly

- Nosignificant differences in total purine derivatives
or microbial protein synthesis across treatments

PSC can be included up to 15% of DM in sheep diets,
substituting for wheat bran or other ingredients

Pistachio Lamb 1% of dietary - Inclusion of biochar did not affect DMI but Mirheidari
by-product DM improved ADG and FCR et al. (2020)

biochar . . o .
Higher ruminal ammonia nitrogen observed in

lambs fed PBB compared to control

- No significant changes in pH, number of rumen
protozoa, total VFAs or individual VFAs propor-
tions across treatments

- Increased concentrations of allantoin, xanthine
plus hypoxanthine and total purine derivatives,
along with enhanced microbial nitrogen supply

Biochar serves as a cost-effective feed additive for
improving ruminal fermentation and enhancing
animal performance in fattening lamb diets

Abbreviations: ADG, average daily gain; ALT, alanine aminotransferase; AST, aspartate transferase; CAT, catalase; DM, dry matter; DMI, dry matter intake; EPR,
ensiled pistachio residue; FCR, feed conversion ratio; GSH-Px, glutathione peroxidase; LDH, lactate dehydrogenase; LDL, low-density lipoprotein; PBB, pistachio
by-products biochar; PH, pistachio hulls; PHP, pistachio external hull polysaccharides; PS, pistachio shell; PSC, pistachio seed coat; SOD, superoxide dismutase;
VFAs, volatile fatty acids.
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significantly lower ATTD of DM, GE and TDF, as well as lower
DE, compared to soybean hulls (Kim et al. 2024). Consequently,
the study suggests that the inclusion of PS powder in lactation
diets should be limited due to its lower energy content (Kim
et al. 2024). One of the primary BPs of pistachio processing is
the green hull, which makes up over 60% of the total PBs (Arjeh
et al. 2020). The PGH is rich in bioactive compounds, particularly
phenolics (Rafiee et al. 2018). A study reported the composition
of PGH as follows: DM 23.0%, 11.0%, crude fibre 15.0%, ash 12.0%,
crude fat 6.0% and nitrogen-free extract 55.50% (Shakerardekani
and Molaei 2020). Another study investigated the effects of PGHs
aqueous extract (PHE) on Ross 308 broiler chicks that were
challenged with Eimeria (Noruzi et al. 2024). They found that
increasing PHE levels improved growth performance, antioxidant
capacity, and reduced excreta oocyte counts and lesion scores
in challenged broilers. PHE also mitigated the negative effects
of Eimeria on antioxidant levels, leading to an increase in TAC
and enzyme activity. Overall, they noted that PHE enhanced
performance and health without causing any adverse effects on
intestinal morphology (Noruzi et al. 2024). Furthermore, another
study examined the effects of aerobic exercise and pistachio soft
hull extract (PSHE) on inflammatory gene expression in the
soleus muscles of rats that were fed an HFD (Barshan et al. 2024).
The study found that the HFD led to a significant decrease in
IL-6 and an increase in IL-18 expression. Both aerobic exercise
and PSHE, alone or in combination, significantly reduced IL-
18 levels and increased IL-6 expression compared to the HFD
control group. Overall, the findings suggest that aerobic exercise
and PSHE can mitigate HFD-induced inflammation in skeletal
muscle (Barshan et al. 2024).

Ensiling not only improves the stability of feed by minimizing
spoilage factors but also enhances the overall nutritional profile,
making it a valuable practice in animal nutrition management.
Therefore, a study reported that ensiling PBs significantly reduces
the levels of CTs, hydrolysable tannins and fibre, thereby decreas-
ing in vitro gas production and OM digestibility (Bagheripour
et al. 2008).

5 | Saffron BPs

Crocus sativus L. (CC), widely recognized as saffron, is a highly
valued spice originating from Asia, particularly from Iran, which
is the leading producer of this spice. Saffron, derived solely from
dried stigmas, is recognized as the most expensive spice in the
world (Marrone et al. 2024). Iran and several countries in the
Middle East experience arid and semi-arid climates. Due to signif-
icant constraints on water resources in the region and predictions
of future droughts, a shortfall in forage resources previously
cultivated through irrigation is anticipated. CC is an autumn-
blooming plant primarily cultivated for its red flower stigmas that,
upon drying, produce saffron, often referred to as ‘red gold’ due
to its high value (Popovi¢-Djordjevi¢ et al. 2021). With growing
concerns about synthetic antioxidants in food, researchers are
increasingly investigating the antioxidant properties of saffron’s
bioactive compounds, including crocin, crocetin, picrocrocin and
safranal. These compounds exhibit significant antioxidant poten-
tial, demonstrated through various assays (Popovi¢-Djordjevi¢
et al. 2021). Moreover, saffron processing waste and specific
plant parts are emerging as valuable sources of bioactive com-
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FIGURE 4 | The various parts of the saffron flower. Source: Derived
from Rashed-Mohassel (2020).

pounds, highlighting the importance of waste valorization in
the agri-food sector and its role in reducing environmental
pollution (Popovi¢-Djordjevi¢ et al. 2021). Therefore, identifying
and utilizing agricultural waste that can partially meet livestock
feed requirements is vital. The use of these unconventional
feed sources can not only reduce feed costs but also alleviate
the environmental issues associated with their accumulation.
Significantly, the primary and notable BPs identified in this region
consist of the petals, stamens (anthers) and stem (perianth tube)
of saffron. Additionally, saffron is a monocotyledonous plant
belonging to the Iridaceae family. Botanically, it completes its
life cycle within a year, but agronomically, it is regarded as a
perennial plant (Fallahi and Mahmoodi 2018). The presence of
compounds such as crocin, picocrocin and safranal in saffron
has made it a popular natural colouring and flavouring agent
in various industrial and food products (Kaveh and Salari 2018).
The various parts of the saffron flower are illustrated in Figure 4.
In this figure, the various parts of the saffron plant, including
the stigma, petals, stamen, perianth tube, bract, leaves, bracteole
and cataphylls, are displayed. The stigma is the most valuable
part of saffron, known for its numerous nutritional applications,
particularly as a food seasoning, whereas the remaining parts
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have the potential for use in animal nutrition. Furthermore,
investigations on the use of saffron BPs in animal diets are shown
in Table 4. Currently, Iran is the largest producer of saffron in
the world. Specifically, the production of saffron in Iran reached
approximately 336,000 kg in the year 2016, and in 2017, this figure
rose by 12% to exceed 376,200 kg (Agricultural Statistics 2017). The
total saffron cultivation area in the country in 2017 was equivalent
to 1,080,864 hectares, with Razavi Khorasan province holding the
largest share of 84,226 hectares (Agricultural Statistics 2017). The
weight percentages of the components of fresh saffron flowers
include 86.42% petals, 5.93% anthers (stamen) and 7.64% stigma
(Hemmati Kakhki 2001). In Iran, after the stigma is separated
from the flower, it is dried and sent to the market; however,
the remaining saffron flower BPs, including the petals, stamen
and stem (perianth tube), are left as main BPs, amounting to
approximately 194,445 t of sepals and petals and 13,753 t of anthers
annually (Hemmati Kakhki 2001). Occasionally, a small quantity
of stigma, leaves, cataphylls, bract, perianth tube and bracteole
may be present in this waste, potentially introduced during the
harvesting of saffron flowers. Although these residues contain
significant amounts of valuable compounds, they are currently
disposed of in the environment without utilization. Feeding
livestock with these residues can prevent the wastage of these
valuable BPs. Saffron petals (SPs) present a relatively suitable
potential for livestock nutrition, with a reported CP concentration
of 11.55% on a DM basis, and the rapid degradation component of
the DM of SP being reported as 65.94% (Alipour et al. 2016). In
another study, the concentrations of sodium, potassium, calcium,
copper, iron, manganese, zinc and phosphorus found in SP
were reported to be 25.75, 542.13, 486.25, 0.87, 17.99, 2.93, 1.80
and 209.90 mg/100 g of DM, respectively (Khoshbakht Fahim
et al. 2012). A further study on saffron residues revealed that
these residues provide appropriate nutritional value for livestock,
especially in the late stages of vegetative growth, with effective
degradability, CP, NDF, water-soluble carbohydrates and calcium
percentages reported as 69.6%, 13.9%, 32.5%, 27.2% and 1.3%,
respectively (Kardan Moghadam et al. 2014). A moisture content
of 91.33% has been reported for SP (Alipour et al. 2016). The
concentrations of ash, CP, fat and total carbohydrates in SP were
reported as follows: 7.08% ash, 6.35% CP, 3% fat and 71.16% total
carbohydrates (Jadouali et al. 2018). One of the key strategies for
reducing wastewater production in silos is the use of moisture-
absorbing materials, which retain nutrients within the silo by
absorbing the produced leachate (Seidali Dolat-Abad et al. 2016).
In a study, wheat bran (WB) was used as a moisture-absorbing
substance for silage of high moisture citrus pulps (Kordi and
Naserian 2012). Saffron has diverse applications across the food,
beverage, pharmaceutical and cosmetic industries. Like other
phytochemicals, saffron and its BPs are considered important
sources of bioactive natural compounds. The health benefits of
saffron are well-established, particularly its antioxidant and anti-
inflammatory properties, which help reduce pro-inflammatory
cytokines and are acknowledged in internal medicine (Marrone
et al. 2024). Specifically, saffron’s health benefits are linked
to its ability to combat degenerative maculopathy, depression,
anxiety, neurodegenerative disorders, metabolic syndrome, can-
cer and chronic kidney disease, while also enhancing glucose
metabolism. A review emphasizes key studies that showcase
saffron’s potential as a valuable ally in the prevention and
treatment of various conditions. Additionally, it advocates for
the use of saffron BPs within a bio-circular economy framework,

which aims to minimize waste, optimize resource utilization and
promote environmental and economic sustainability (Marrone
et al. 2024). In a study, the researchers assessed the chemical
composition, silage characteristics, digestibility and in vitro gas
production parameters of saffron waste (SW), specifically petals
and stamens, both prior to and following the ensiling process
(Kazemi et al. 2020). The experimental design comprised seven
treatments, each with four replicates: (1) SW before ensiling
(SWBE); (2) SW after ensiling (SWAE); (3) a mixture of 96.88%
SWAE and 3.12% WB based on fresh weight; (4) a mixture of
93.75% SWAE and 6.25% WB (fresh weight); (5) a mixture of
87.5% SWAE and 12.5% WB (fresh weight); (6) a mixture of
75% SWAE and 25% WB (fresh weight) and (7) a mixture of
50% SWAE and 50% WB (fresh weight). The second treatment
exhibited poor quality and an undesirable odour as a result of
significant mould growth and adhesion. However, the addition
of WB, especially in larger amounts (as seen in treatments 4, 5
and 6), significantly improved the quality of the silage (Kazemi
et al. 2020). The chemical composition of the treatments varied,
with DM ranging from 10.40% to 54.37% (fresh weight), NDF from
12.83% to 27.35%, ADF from 7.23% to 11.45%, CP from 14.88% to
15.67%, EE from 5.43% to 5.77% and ash content from 5.89% to
11.12% (dry weight) (Kazemi et al. 2020). Notably, the highest
concentrations of NDF and ADF (27.35% and 11.45%, respectively)
were recorded in treatment 7 (Kazemi et al. 2020). Furthermore,
treatment 7 also exhibited the lowest pH values, along with the
highest levels of lactic and acetic acids, gas production after 12
and 24 h of incubation and a consistent gas production rate. True
DM digestibility varied between treatments, with values ranging
from 76.30% for treatment 2 to 79.95% for treatment 1 (Kazemi
et al. 2020). Overall, the study concluded that SW possesses
good nutritional value prior to ensiling, whereas ensiling without
additives diminishes its quality. Additionally, the authors indi-
cated that ensiling SW with WB as a moisture-absorbing agent
did not adversely affect certain nutritional parameters (Kazemi
et al. 2020). They further observed that treatment 7 demonstrated
the most favourable conditions in terms of appearance, odour,
absence of mould and fermentation characteristics within the
silo environment (Kazemi et al. 2020). Recent pharmacological
research suggests that saffron extract exhibits a range of beneficial
effects, including antitumor, anticonvulsant, antidepressant, anti-
inflammatory, anti-lipid, anti-instigative, antihyperlipidemic and
antioxidant properties (Asdaq and Inamdar 2009; Melnyk et al.
2010; Goli et al. 2012). It has been proposed that certain BPs
derived from Moroccan saffron could be used as feed supplements
for ruminants throughout both the wet and dry seasons (Jadouali
etal. 2021). When used as a feed additive, saffron has the potential
to serve as a natural colourant and enhance antioxidant activity.
Studies suggest that it may improve the oxidative stability of poul-
try meat and eggs (Botsoglou et al. 2010). Additionally, evidence
has been reported regarding the chemopreventive and protective
effects of saffron extract against oxidative stress induced by
genotoxic agents in animal models (Asdaq and Inamdar 2009).
Further investigations have highlighted the pharmacological ben-
efits of SW in treating certain gastrointestinal diseases, which are
attributed to its content of phenolic compounds and phytosterols
(Ashktorab et al. 2019; Rezaee Khorasany and Hosseinzadeh
2016).

Research on SWs as a dietary supplement for small ruminants is
limited. Therefore, two experiments were conducted to evaluate
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TABLE 4 | Investigation on the use of saffron by-products in animal diets.

Pomegranate
by-product

Animal

Offered
amount

Finding

Reference

Petal

Stigma extract

Stigma extract

In vitro
using lamb
ruminal
fluid

Wistar
Albino rats

Rat

1%, 2% and 3%
of DM

80 mg/kg BW

200 mg/kg BW

- Positive effects of SP on rumen fermentation

- Increased cellulolytic bacteria and fibrolytic enzyme

activity in rumen fluid

- Decreased protozoa population with SP inclusion

- Significant improvement in antioxidant capacity of fer-

mented rumen fluid

- Non-significant decrease in proteolytic bacteria and pro-

tease levels

- Enhanced digestibility of the diet

- Reduction in ammonia and methane production of rumen

fluid

- Optimal effects were observed with the inclusion of 2%

and 3% of SP

- SP has the potential to be used as a natural phytobiotic

additive at levels up to 3%

- Beneficial properties of saffron include its anti-apoptotic,

anti-inflammatory and antioxidant effects

- Numerous applications as a flavouring and herbal remedy

- Protective efficacy of saffron against AFB, toxicity in

Wistar albino rats

- BW changes showed significant decreases in all treatment

groups compared to the control group

- Increase in basophils, platelets, monocytes and lympho-

cytes; and a decrease in neutrophils and eosinophils

- Increase in serum levels of uric acid, creatinine, AST,

alkaline phosphatase, nitric oxide and MDA; reduced
testosterone levels in the AFBI group

- The AFBI1 group displayed alterations in testes, liver and

kidney tissues

- Saffron administration restored the oxidative stress

biomarkers and normal tissue structure, similar to the
control group

- Acrylamide identified as a dietary pollutant linked to liver

and kidney damage

- Saffron and its constituents suggested to have preventive

properties against digestive and urinary tract disorders

- Significant increases in creatinine, urea, protein fractions

and serum minerals observed in rats receiving both
acrylamide and saffron extract with Vit C

- Delayed administration of saffron extract and Vit C

after acrylamide exposure still resulted in elevated liver
function tests and minerals

- Saffron extract and Vit C demonstrated potential to

reverse alterations caused by acrylamide

Akbari
Shooshood
et al. (2024)

Ashi et al.
(2024)

Moustafa Omar
(2023)

(Continues)
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TABLE 4 | (Continued)

Pomegranate Offered
by-product Animal amount Finding Reference
Ethanolic SP Baluchi 25 mg/kg BW - No significant effects on growth performance or many  Alipour et al.
male lamb  or 500 mg oral blood metabolites (2019)
dose/kg BW - Plasma cholesterol levels in ISPE and Vit E groups lower
than OSPE and control
- ISPE group exhibited lower plasma triglycerides com-
pared to OSPE and Vit E
- Highest plasma GPx activity found in OSPE group
- ISPE and Vit E groups demonstrated higher SOD activity
than control
- ISPE group had lower plasma MDA levels compared to
OSPE
- Treatment effects on GPx and SOD activities in kidney and
heart
- Addition of ethanolic SPE improved antioxidant status
and reduced lipid oxidation in lambs
Green zinc Ram 7.5,10 and - 12.5 uyg/mL gZn0 nanoparticles had destructive effect on =~ Khoshvaght
oxide (gZn0O) 12.5 pg/mL of sperm quality et al. (2024)
nanoparticles semen

produced from
SP

- Lower gZnO levels (7.5 and 10 ug/mL) increased sperm

motility

- Significant improvement in membrane integrity at

7.5 pg/mL gZnO

- Antibiotics combined with gZnO reduced microbial load

- Strong positive correlation between zinc and sperm

motility

- Zinc’s antioxidant power reduces reactive oxygen species

and lipid peroxidation

- Zinc nanoparticles stabilized the membrane lipids and

enhanced mitochondrial activity

- Higher concentrations of gZnO (>10 ug/mL) have toxic

effects on sperm

- The utilization of gZnO nanoparticles decreases both

antibiotic usage and cytotoxic effects

- The combined effects of gZnO and antibiotics strength-

ened antibiotic efficacy and diminished resistance

- The optimal concentrations of gZnO (7.5 and 10 pug/mL)

resulted in the most significant enhancement of frozen-
thawed sperm quality

- Combined use of gZnO and antibiotics increased effec-

tiveness and reduced toxicity

the nutritional potential of SW (Kazemi 2024). The first trial
included a proximate analysis of SW from various regions of
northeast Iran, revealing variability in its chemical and mineral
composition. The second trial evaluated the incorporation of a
1:1 mixture of SW at two levels (30 and 60 g/day) in the diets

(Continues)

of Afshari male lambs. Although DMI and nutrient digestibility
remained unaffected, certain health indicators, including MDA,
TAC and cholesterol levels, showed significant changes in lambs
fed 60 g SW/day. This finding highlights the need for further
long-term investigations to evaluate the in vivo effects of SW
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TABLE 4 | (Continued)

Pomegranate Offered
by-product Animal amount Finding Reference
Petal extract Laying hens 40, 60 and - Significant decrease in yolk cholesterol with saffron Vakili and
80 ppm extract inclusion Mokhtarpour
(2023)

- Feed intake, feed conversion ratio and egg weight

remained unaffected

- Increased egg production percentage in saffron-fed hens

compared to control

- Lower serum cholesterol in saffron-fed hens

- Decreased blood glucose and triglyceride levels noted

with 80 ppm saffron extract

- Faecal minerals excretion unchanged across treatments

- Significantly lower NH, gas emissions in faeces from hens

receiving 60 and 80 ppm saffron extract

- An extract of saffron at a concentration of 80 ppm was

effective in lowering cholesterol levels in egg yolk and
serum, as well as in reducing faecal ammonia emissions

Abbreviations: AFB,, aflatoxin B;; AST, aspartate transferase; BW, body weight; DM, dry matter; GPx, glutathione peroxidase; gZnO, green zinc oxide nanoparticles;
ISPE, injected saffron petal extract; MDA, malondialdehyde; OSPE, oral saffron petal extract; SOD, superoxide dismutase; SP, saffron petal; SPE, saffron petal

extract; Vit, vitamin.

(Kazemi 2024). A study examined the impact of SP supplemen-
tation on the lactation performance, nutrient digestibility and
antioxidant status of dairy goats (Ebrahimi et al. 2024). Eighteen
multiparous Saanen goats were assigned to three groups receiving
diets with 0%, 1.5% and 3% SP. Results indicated that although
DMI and nutrient digestibility remained constant, the 3% SP
group experienced a significant increase in milk production and
protein content. Additionally, plasma glucose and cholesterol
levels decreased, whereas TAC improved in both plasma and
milk. The study concluded that up to 3% SP supplementation
positively affects milk yield and antioxidant status without
harming nutrient digestibility (Ebrahimi et al. 2024). A study
investigated the effects of different extraction methods on the
antioxidant activity of CC and their performance in vegetable
oils (Najafi et al. 2022). Saffron stigmas were extracted using
various solvents and methods, revealing that the methanol/water
(50:50) extract, obtained through a combination of ultrasonic-
assisted and microwave-assisted extraction, exhibited the highest
TPCs (31.56 mg/g GAE) and antioxidant activity (83.24% inhibi-
tion). The freeze-dried saffron extract, containing key bioactive
compounds, significantly enhanced the oxidative stability of
canola, sunflower and corn oils when added at 1000 ppm
(Najafi et al. 2022). Furthermore, the extraction efficiency of
bioactive compounds from saffron anthers was investigated using
various solvents, including ethanol, methanol and distilled water
(Mahood et al. 2023). Ethanol was found to be the most effec-
tive solvent, yielding the highest TPCs, total flavonoid content
(TFC) and antioxidant activity, with flavonoids showing superior
antioxidant properties compared to ascorbic acid. Notably, key
compounds identified included gallic acid, syringic acid, vanillic
acid and various flavonoids. This research highlights that saffron
anthers, typically regarded as agricultural waste, are a valuable
source of bioactive compounds, offering potential economic

benefits through the valorization of saffron BPs in the Mashhad
region of Iran (Mahood et al. 2023). In another research study, the
nutritive value of saffron residues was evaluated by determining
their chemical composition, in situ degradability and in vitro
gas production using two permanently fistulated Holstein heifers
(Kardan Moghaddam et al. 2015). The analysis indicated that the
composition of saffron forage consists of 96.8% OM, 6.7% CP,
along with noteworthy amounts of both fibre and NFC. However,
essential minerals such as sodium, magnesium, zinc and iron
were found to be insufficient for ruminant requirements. The
study indicated that the rapidly and slowly degradable fractions
were 32% and 39.2%, respectively, whereas the OM digestibility
was 53.9%. The research concluded that saffron forage could
serve as an economical feedstuff alternative within animal diets
(Kardan Moghaddam et al. 2015).

6 | Raisin BPs (RBs)

Raisins are the ripe, dried fruit of grapes, marketed under
various names depending on the type of grape, the drying
method and conditions and permissible additives. Like other
dried fruits, raisins are available throughout the year. To produce
raisins, grapes with white flesh and green skins are used; after
drying, their colour changes and darkens, ultimately turning
into a sweet snack with small seeds. Raisins are rich in iron,
potassium, calcium and B vitamins, and they possess antioxidant
properties that help prevent cellular damage (Schuster et al.
2017; Thiruchelvi et al. 2020). They contain a significant amount
of fibre, antioxidants and energy. The fibre in raisins can help
prevent colon cancer and abnormal cell growth, as well as aid
in the control of blood sugar levels, making them beneficial for
treating stomach issues and constipation. Eating raisins helps
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C thods for raisin prod

Washing and sun-drying without chemical material
Washing and shade-drying without chemical material
Washing, oil dipping and shade drying

Washing, shade-drying and sulfur fumigation process
and shade dried

Raisin by-products—

FIGURE 5 | A schematic of raisin preparation and its by-products.

combat fatigue and lethargy while also strengthening the body
(Schuster et al. 2017; Thiruchelvi et al. 2020). The bioflavonoids
found in raisins contribute to detoxification and purification
of the blood and the body, supporting liver health and the
treatment of liver diseases. Nutritionists believe that eating a few
raisins daily can enhance memory and may protect individuals
from Alzheimer’s disease. Additionally, the high fibre content
in raisins aids in reducing cholesterol levels and improving
intestinal function. Potassium, which is abundantly present in
raisins, helps to lower blood pressure and prevent fluid retention
in the body (Schuster et al. 2017; Thiruchelvi et al. 2020). The
high calcium content in raisins supports bone health and helps
prevent osteoporosis. Moreover, raisins contain selenium, which
contributes to skin clarity and nourishment. The Iranian grape,
scientifically classified under the family Vitaceae and the species
V. vinifera (commonly referred to as European grape), has seen an
increase in the establishment of agricultural processing factories
in recent years. A schematic of raisin preparation and its BPs
are shown in Figure 5. This figure outlines several different
methods for producing raisins. Generally, during the production
of raisins, the grapes undergo an initial washing and the removal
of unhealthy or damaged fruits before being dried without the
addition of chemicals, either in the shade or under sunlight.
Grapes dried in the shade are referred to as ‘sun-dried raisins’,
whereas those dried in direct sunlight are called ‘shade-dried
raisins’. In some instances, after thoroughly washing the grape

clusters, they are briefly immersed in a special oil and then dried
in designated areas using metal wire rods, away from sunlight
and in the shade. Another method of raisin production involves
washing the grape clusters and discarding unsuitable fruits, then
drying them in the shade followed by sulphur fumigation. This
last process typically results in golden-coloured raisins, which are
commonly known as ‘smoked raisins’ in Kashmar, a city in the
Razavi Khorasan province. Although there may be various other
methods worldwide for producing raisins, Figure 5 highlights
the most important ones. It is noteworthy that during the
preparation of raisins for human consumption, waste products
such as rejected raisins (those that are broken and not suitable
for human consumption), tails and stalks are generated during
the processing of raisins and at cleaning factories, which can have
nutritional potential for livestock. These facilities often produce
a significant amount of agricultural waste, including BPs from
raisin production. Notably, the processing of raisins generates
approximately 900 t of pomace and tails, alongside 135 t of sugared
raisin and 463 t of other waste annually. On the other hand,
RBs comprise the skins and stems of grapes, as well as unripe
berries along with their stems, leaves and rachises generated
during the production of raisins (Ahmadi Kohanali et al. 2022).
Unfortunately, these BPs are often incinerated despite their
potential utility in the food industry and are typically disposed of
in the surrounding environment without proper treatment (Yari
et al. 2016). The use of RBs, especially in animal feed, presents a
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promising opportunity to reduce environmental pollution while
addressing certain nutritional needs in livestock. However, it is
crucial to note that these BPs might also contain anti-nutritional
factors like tannins and lignin (Alipour and Rouzbehan 2007;
Besharati and Taghizadeh 2009; Yari et al. 2016). High levels
of tannin in the diet can negatively impact livestock health by
binding to proteins, minerals and carbohydrates, which may
impair microbial activity and disrupt digestion in both the rumen
and intestines (McSweeney et al. 2001; Besharati and Taghizadeh
2009). However, tannins can also affect protein metabolism
in ruminants by reducing the ruminal degradation of dietary
protein. This may lead to more protein reaching the intestines,
potentially increasing the concentration of VFAs and providing
beneficial effects (Besharati and Taghizadeh 2009; McSweeney
et al. 2001; Yari et al. 2016). Adding tannin-rich materials into
animal diets has been proposed as a strategy to reduce protein
degradability in the rumen (McSweeney et al. 2001). Additionally,
it is important to note that some RBs contain high levels of
insoluble carbohydrates, mainly made up of simple sugars (Yari
et al. 2016). A study investigated the use of RBs as a substitute
for barley grain in diets that included cereal straw for growing
ram lambs (Ahmadi et al. 2022). Three iso-nitrogenous and iso-
energetic diets with RBs replacing 9% and 18% of barley were
tested on 12 lambs using a 3 x 3 Latin square design. The
nutritional composition of RBs showed 78.4% DM, 3.7% CP and
significant fibre content. The results indicated that substituting
ground barley with RBs did not affect final body weight, ADG,
feed intake or nutrient digestibility. However, blood urea levels
decreased, whereas blood total protein and triglycerides increased
at the 9% substitution level.

The findings suggest that up to 18% of barley can be replaced
with RBs in lamb diets without negatively impacting growth
performance or health metrics (Ahmadi et al. 2022). Furthermore,
another study examined the sustainable potential of biomass
produced during the grape drying process, analysing 11 different
RBs for their organic content and energy properties (Okasha
etal. 2023). Key findings included significant variations in carbon,
nitrogen, hydrogen and oxygen levels among RBs. BPs no. 10
and no. 11 exhibited the highest calorific values of 22.73 + 0.08
and 22.80 + 0.07 MJ/kg, whereas BPs no. 5%-9% had minimal
lignin content. The maximum biogas production was observed
in BP groups C (11.50 NL/L) and B (11.20 NL/L). The research
concludes that biomass from various raisin production stages
shows promise as a solid fuel and energy source, particularly
suitable for pyrolysis (Okasha et al. 2023). Some researchers
investigated the nutritive value of several RBs for ruminants in
semi-arid conditions, employing the National Research Council
feeding system and in vitro gas production methods (Yari et al.
2015b). The study identified three types of RBs: outer layers
of flesh and skin (RBsl), rejected raisins (RBs2) and peduncles
with branches (RBs3) (Yari et al. 2015b). Results showed that
RBsl and RBs2 had significantly higher predicted ME and
net energy for lactation compared to RBs3. Additionally, RBs2
exhibited superior in vitro gas production, energy estimates and
OM digestibility. The findings suggest that RBs can serve as
alternative feeds for ruminants during dry periods (Yari et al.
2015b). Similarly, in another study, the nutritional value of several
RBs for ruminants was evaluated, with the aim of addressing
feed shortages during dry periods (Yari et al. 2015a). The RBs
assessed include different parts of the grapevine (flesh and

skin; rejected raisins and branches). Results indicate that RBsl
had the lowest NDF and lignin content, whereas RBs3 had
the highest. RBsl and RBs3 also exhibited higher total tannin
concentrations compared to RBs2. In situ ruminal degradation
analysis showed that RBsl had better degradability and lower
undegradable fractions than RBs3, with RBs2 being intermediate.
The findings suggest that RBs can serve as alternative ruminant
feed during dry periods, although their tannin and lignin levels
must be carefully considered. Additionally, the nutritional value
of RBs as feed for ruminants was investigated, particularly in
semi-arid climates like Malayer in Hamedan province (Yari et al.
2016). The objective is to compare this BP with late-flowering
alfalfa hay and evaluate its impact on the in vitro fermentation of
alfalfa. RBs revealed significantly higher total phenol, tannin and
OM content compared to alfalfa hay, while demonstrating lower
values for DM, CP and NDF (Yari et al. 2016). The in situ results
indicated that RBs had higher degradability for DM and OM but
lower degradability for NDF and CP. The study also found that
increasing levels of RBs improved the rate of gas production and
nutrient supply, largely due to its higher NFC content and the
presence of tannins, which appeared to influence fermentation
dynamics (Yari et al. 2016). The researchers concluded that
the RBs can be considered a viable feed option for ruminants,
enhancing the in vitro gas production kinetics of alfalfa hay
and overall nutrient efficiency (Yari et al. 2016). The effects of
varying inclusion levels of RB in the diets of growing lambs
were studied, involving 24 male lambs aged 6 months (Saremi
et al. 2014). Four inclusion levels were tested: RO (0 g), Rl
(100 g), R2 (200 g) and R3 (300 g) RB/kg of DM. The study
assessed animal performance, ruminal parameters and protozoa
populations. Results indicated that R2 and R3 diets led to the
highest final body weights. However, R3 exhibited the lowest
DMI and feed conversion rate. Although total protozoa numbers
increased with RB inclusion, Epidinium spp. disappeared in the
R3 diet. Dietary inclusion of RBs above 200 g/kg DM significantly
decreased digestibility of CP and NDF. The study concludes
that RBs can be included in growing lamb diets up to 200 g/kg
DM without adversely affecting production performance (Saremi
et al. 2014). In another study, an experiment was conducted
to evaluate the impact of PEG (PEG-6000) and urea on in
vitro DM and OM digestibility (IVDMD and IVOMD) and gas
production in vitro, using raisin stalks (Angaji et al. 2011).
The raisin stalks contained 8.6% CP and significant levels of
total extractable phenol and tannin. Treatments included control
(no supplementation), 3% urea, 5% urea and a combination of
3% urea with 5% PEG. Results showed that PEG significantly
enhanced IVOMD and IVDMD and increased gas production
during incubation compared to other treatments. The study
concluded that PEG treatment can mitigate the negative effects
of tannins on digestibility and gas production in raisin stalks
(Angaji et al. 2011). Because in raisin production factories, raisin
processing waste is viewed as a low-value BP, less attention
may be paid to maintaining its quality, and due to storage
for a relatively long time, anti-nutritional substances such as
mould may be observed in it. In general, it should be noted
that raisin waste may contain anti-nutritional substances such as
tannins and lignin. Feeding high levels of tannins can negatively
affect animal performance due to the binding of tannins with
proteins. However, the presence of a certain amount of tannin
in the diet can have beneficial effects on protein metabolism
and animal performance by reducing protein degradation in the
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FIGURE 6 | A schematic of olive and its by-products.

rumen and increasing the amount of protein that passes to the
intestine.

7 | Olive BPs

Olive pomace (OP), also known as oil cake, is a BP generated
during the oil extraction process. It comprises the skins, pulp and
pits of olives, along with a residual quantity of fat, and can repre-
sent up to 80% of the total processed fruit (Monteiro et al. 2024).
This BP is rich in bioactive compounds, making comprehensive
characterization essential to explore its potential in functional
foods, nutraceuticals and pharmaceuticals for both humans and
animals (Monteiro et al. 2024). A schematic of the olive and its BPs
is illustrated in Figure 6. This figure illustrates the BPs generated
from olives, which mainly include pits or kernels and pulp that
are no longer suitable for human consumption. These BPs can
be easily converted into animal feed through various processing
methods. In vitro studies indicate that biophenols from OP exhibit
antioxidant, anti-inflammatory and antiproliferative properties,
which may help mitigate cardiovascular disorders and improve
animal immunity and meat quality. Although human clinical
trials are limited and show minimal biological changes, some
biomarkers suggest potential cardioprotective effects (Monteiro
et al. 2024).

In industrialized societies, waste from olive production poses
a significant challenge, as international statistics indicate that
approximately 5%-10% of agricultural production is discarded as
waste. This waste has the potential to serve as a food source
for a significant population. OP enhances the flavour of meat in
livestock and poultry and provides advantages over traditional
feeds in animal husbandry. However, it also presents certain
drawbacks. Notably, the high moisture and oil content in OP can
lead to mould formation when exposed to air, rendering it unfit
for consumption as feed. To prevent mould growth, OP is pressed
to remove its moisture and oil and subsequently dried at high
temperatures to produce olive meal for animal feed. This process
increases the shelf life of olive meal, resulting in a healthier feed
option for livestock and poultry. In Iran, approximately 50,000 t

of OP are produced annually in oil extraction facilities, with about
50% of this material composed of water. From this total, around
20,000 t of usable waste are obtained, which can be utilized as
animal feed. OP contains adequate amounts of oil and can be
considered an energy-generating food source. Its use in feeding
livestock, poultry and aquatic animals leads to the reduction
of environmental pollution and ration cost, but the amount of
consumption of each food item in the ration is important. It is
another important thing that should be paid enough attention to,
and it is possible that the consumption of an edible substance
in a certain amount in the diet has beneficial effects on the
growth and breeding of fish, but at higher levels, it is not only
not fruitful but also causes a decrease in growth and adverse
effects. One of the most important limitations of using OP is the
variability of its chemical composition and the presence of large
amounts of anti-nutritional compounds such as tannins, which
in combination with dietary protein and carbohydrates reduce
the activity of digestive enzymes. OP is a valuable source of oil
and can serve as an energy-rich feed ingredient. Its incorporation
into the diets of livestock, poultry and aquatic animals can help
reduce environmental pollution and lower feed costs. However,
the quantity of each feed component in the diet is crucial. It
is essential to recognize that although moderate consumption
of OP can positively influence the growth and reproduction of
fish, excessive amounts may lead to detrimental effects, including
reduced growth rates. A significant challenge in utilizing OP
is the variability in its chemical composition, as well as the
presence of substantial levels of anti-nutritional compounds, such
as tannins. These compounds can interact with dietary proteins
and carbohydrates, inhibiting the activity of digestive enzymes.
In the Mediterranean region, olive oil production generates bio-
waste such as olive oil pomace and olive tree leaves, which can
be utilized in animal diets (Scicutella et al. 2024). Investigations
on the use of olive BPs in animal diets are presented in Table 5.
Two in vitro trials examined the effects of these co-products on
rumen fermentation and microbiome ecology, using isoproteic
and isoenergetic diets (Scicutella et al. 2024). Results indicated
that both olive oil pomace and olive tree leaves increased the
levels of beneficial fatty acids (C18:1 ¢9 and C18:3 c9c12c15) while
selectively altering microbial communities, reducing the abun-
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TABLE 5 |

Investigation on the use of olive by-products in animal diets.

Olive

by-product Animal

Offered
amount

Finding

Reference

Dried olive oil Sarda ewes

mill wastewater

In vitro
protocol
(rumen
fluid
collected
from goat)

Olive cake

Olive cake Barki sheep

0.1% and 0.2%
of dietary
polyphenol
prepared from
dried olive oil
mill wastewater

300 mg
incubated in
the glass
syringes

10% of DM

- Methanobrevibacter

- Positive and

- No significant effect on milk yield or composition
- Decrease in milk urea content

- Reduced somatic cell counts with increased polyphe-

nols

- Enhanced levels of vaccenic and rumenic acids with

0.2% polyphenols

- Having nutraceutical value of new feed and environ-

mental benefits

- Alignment with circular economy principles through

waste valorization

- Two-phase centrifugation of OC exhibited the lowest

DM content, the highest nitrogen-free extract and
increased levels of tannins compared to mechanical
press and three-phase centrifugation

- Mechanical press of OC demonstrated the lowest

digestibility

- The chemical composition of OC and its digestibility

were also impacted by the extraction period and
process

- Diet compositions were traditional concentrate (S1),

non-traditional concentrate (S2) with discarded dates
and OC, supplemented with date palm frond (S3)

- Higher rumen pH was observed in experimental diets

supplemented with date palm frond (S3) compared
to traditional concentrate (S1) and non-traditional
concentrate with discarded dates and OC (S2)

- The S1 diet resulted in the highest TVFAs and rumen

ammonia levels

- Increased acetic and butyric acid proportions in S2 and

S3; reduced propionic acid compared to S1

dominance in rumen
methanogens, with numeric decline due to
non-traditional feed inclusion

- Principal component analysis identified three dis-

tinct clusters based on fermentation parameters and
methanogen abundance

negative  correlations between
methanogen genera and rumen metabolites noted

Cifuni et al.
(2023)

El Otmani et al.
(2019)

Rabee et al.
(2021)

(Continues)

dance of certain genera like Butyrivibrio and Pseudobutyrivibrio
and increasing others such as Christensenellaceae_R-7_group and
Manheimia. This study demonstrates the potential of these BPs
to effectively modulate rumen microbial communities (Scicutella
et al. 2024). Furthermore, in another study, the effects of adding
olive cake (OC) into the diets of indigenous Bisaro pigs were
evaluated, focusing on the quality of processed meat products
(Leite et al. 2024). Loins and ‘cachacos’ were produced using a

standardized process, revealing significant differences in physic-
ochemical properties such as water activity, moisture, total fat,
protein and haem pigments (Leite et al. 2024). The diet also
significantly influenced NaCl content. However, the diet did not
affect the proportions of saturated, monounsaturated or PUFAs,
although a significant increase in n-3 fatty acids was noted. The
diet with 25% centrifuged OC yielded the highest levels of n-3
fatty acids, resulting in a lower PUFAs n-6/n-3 ratio compared
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TABLE 5 | (Continued)

Olive
by-product

Offered

Animal amount

Finding

Reference

Sieved olive Rabbit Replacement of
pulp basal diet with
20% and 25%

Olive cake Pig 20% of DM

1.5%, 3.5% and
4.5% of dietary
DM

Broiler
chicks

Olive pomace

Olive pomace Dairy cow 15% of dietary

DM

- Utilization of SOP improved live body weight, body

weight gain and feed conversion ratio

- Enhanced nutrient digestibility in supplemented

groups

- Higher dressing percentage in groups fed 20% and 25%

SOP with enzyme and yeast combination

- Increased total protein, albumin (A), globulin (G) and

A/G ratio in treated groups

- Elevated TAC, SOD and GPx in supplemented diets

- Significant decrease in triglycerides, total cholesterol

and MDA levels in treated groups

- Improved economic efficiency in SOP-supplemented

diets compared to control

- Exogenous enzymes and/or dry yeast supplementation

enhance SOP’s nutritional value and rabbit perfor-
mance

- Significant differences in microbial abundance at the

phylum, genus and species levels were identified using
differential abundance analysis among experimental
diets (control [C], 20% partially defatted OC [20PDOC]
and 20% cyclone OC [20COC])

- Increased abundance of health-promoting bacteria in

20PDOC and 20COC groups, including Plactomycetota
and Allisonella

- Higher concentrations of SCFAs in slurry from OC-fed

groups notably increased acetic, butyric, caproic and
heptanoic acids in 20COC pigs

- Positive correlations between specific bacteria (uncul-

tured Bacteroidales, uncultured Selenomonadaceae)
and energy digestibility

- Monoglobus and Desulfovibrio positively correlated

with total SCFAs, indicating significant impact on gut
fermentation

- Inclusion of OC in pig diets suggests potential to

enhance gut microbiota composition and function-
ality, along with improved nutrient digestibility and
fermentation patterns

- There were no significant differences in productive

traits (body weight, weight gain, feed intake and
food conversion factor) among OP treatments and the
control

- Highlighted economic importance of olive
- The inclusion of OP (up to 15% DM basis) does not

impact milk production or composition

- Feed efficiency was maintained with the inclusion of

OP in the livestock diet

Alderey et al.
(2024)

Belloumi et al.
(2024)

Habib et al.
(2023)

Chaves et al.
(2020)

(Continues)
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TABLE 5 | (Continued)

Olive
by-product

Offered

Animal amount

Finding

Reference

Olive oil pomace Dairy cow 8% of dietary

DM

7.5% and 15% of
dietary DM

Olive pomace Dairy

buffalo

7.5% and 15% of
dietary DM

Olive cake Beef cattle

- OOP supplementation did not affect the DM intake,

rumen degradability or milk production

- Improvement in milk nutritional quality, along with

increase in functional fatty acids (e.g., linoleic acid and
conjugated linoleic acid)

- Decrease in biohydrogenation rate of UFAs in the

rumen

- OOP reduced methane production potential

- There were minimal changes in rumen microbiota,

with certain bacteria increasing in abundance with
(0]0)3

- OOPinclusion enhances milk quality without compro-

mising rumen degradability or animal performance

- OOP rich in polyphenols improves milk nutritional

value

- Study focused on the effects of OP on Khuzestan

dairy buffaloes’ production performance and nutrient
digestibility

- Experiment involved 10 lactating buffaloes with 3

treatments (control, 7.5% OP and 15% OP)

- Increased milk fat and fat-free solids in experimental

treatments

- No significant effect on DMI, protein production or

milk pH

- Blood parameters remained largely unaffected; how-

ever, cholesterol and alkaline phosphatase levels
increased in specific treatments

- Nutrient digestibility showed no significant changes

due to treatments

- Conclusion: OP can replace wheat flour in lactating

buffalo diets without negative effects on production
performance or nutrient digestibility

- Recommendation to include up to 15% OP in the ration

of milking buffaloes due to its reasonable price

- Evaluation of dietary partially destoned OC sup-

plementation on performance and meat quality of
Limousin bulls

- 45 bulls divided into 3 groups: control (no supplemen-

tation), low OC (7.5%) and high OC (15.0%)

- Increase in body weight, ADG, slaughter traits and

intramuscular fat content with OC supplementation

- Improvement in quality indices of carcass associated

with OC inclusion

- 15.0% OC reduced cooking loss and shear force

- Increased unsaturated fatty acid content with higher

OC inclusion

Scicutella et al.
(2023)

Mohammadabadi
et al. (2023)

Chiofalo et al.
(2020)

(Continues)
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TABLE 5 | (Continued)

Olive Offered
by-product Animal amount

Finding Reference

10% and 20% of
dietary DM

Damascus
dairy goats

Olive cake

- Evaluation of dietary inclusion of ensiled OC on milk
yield and composition in Damascus dairy goats (2023)

Neofytou et al.

Drum-dried
pitted olive
pomace

Mice

10% and 20% of
dietary DM

- 72 goats assigned to 3 iso-nitrogenous and iso-energetic

diets: 0%, 10% and 20% OC for 42 days

- There were no significant differences in milk yield, fat-

corrected milk, fat or protein yield among the groups
treated with OC and the control group

- Increase in milk fat percentage with higher OC

inclusion rates

- Increase in milk protein percentages in both OC

groups, significantly in the 20% OC group

- Reduced content of fatty acids (C4:0-C16:0) and

enhanced MUFAs concentration in OC groups

- Increased mammary expression of SLC2A1, VLDLR

and FABP3 genes in OC groups

- Elevated SLC2AI and FASN gene expression in adipose

tissue of goats fed the OC20 diet

- Evaluation of health benefits of drum-dried pitted OP

pulp from first and second oil extraction in mice

- Higher total soluble phenols in OP from first extraction

compared to second extraction

- Hydroxytyrosol identified as the main phenolic com-

pound in OP

- Lower weight gain observed in mice on OP diets

compared to high and low-fat control diets

- High faecal protein levels in OP diets indicating poor

protein retention, possibly due to phenolic binding

- Reduced liver weight and adipose tissue in mice

consuming high fat OP diets compared to high fat
control diet

- No significant effect of OP on blood glucose levels

- Changes in gut microbiota: decreased actinobacteria

and increased bacteroidetes in OP diets, correlating

Inzunza-Soto
et al. (2021)

with reduced body fat and weight

Abbreviations: ADG, average daily gain; DM, dry matter; DMI, dry matter intake; GPx, glutathione peroxidase; MDA, malondialdehyde; MUFAs, mono-
unsaturated fatty acids; OC, olive cake; OOP, olive oil pomace; OP, olive pomace; SCFAs, short-chain fatty acids; SOD, superoxide dismutase; SOP, sieved olive
pulp; TAC, total antioxidant capacity; TVFAs, total volatile fatty acids; UFAs, unsaturated fatty acids.

to the control (Leite et al. 2024). OC constitutes approximately
35% of the weight of olives processed and serves as a solid BP of
olive oil extraction (Difonzo et al. 2022; Amato et al. 2024). Given
its significant environmental impact, there has been a surge of
research in recent years focusing on sustainable applications for
this BP. This includes energy production, the development of
new materials, pharmaceutical uses, food products and animal
feeds (Espeso et al. 2021; Amato et al. 2024). In particular, the
addition of OC into animal feed presents a noteworthy alternative
to conventional feed for both monogastric animals (Leite et al.
2024) and ruminants (Abbeddou et al. 2014; Hafez et al. 2024),

owing to its high content of water-soluble polyphenols (such
as hydroxytyrosol and tyrosol) and UFAs, particularly oleic acid
(C18:1 cis-9). Among the various methods for olive oil extraction,
the two-phase milling process is noted for its ability to yield a
greater quantity of polyphenols (Scicutella et al. 2023). Numerous
studies have identified feeding strategies that can enhance the
fatty acid composition of milk, which is linked to beneficial
metabolic effects in humans (Amato et al. 2024) and serves as an
important indicator of the metabolic and energy status of cows
(Giannuzzi et al. 2022; Amato et al. 2024). Reports indicate that
cows fed diets supplemented with OC exhibit increased levels
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of MUFAs in their milk, a reduction of SFAs and lower throm-
bogenic and atherogenic indices (Castellani et al. 2017). These
findings are supported by additional studies (Chiofalo et al. 2020;
Neofytou et al. 2023), which have demonstrated that the inclusion
of OC, whether ensiled or dried, in ruminant diets can serve
as an effective nutritional strategy to enhance the composition
of dairy products while simultaneously reducing animal feeding
costs. Researchers investigated the chemical composition, fatty
acid profile and polyphenol content of Provola cheese produced
from the milk of cows whose diets were supplemented with OC
(Attard, Bionda, et al. 2024). The study, conducted over several
months, demonstrated that both the diet and seasonal variations
significantly influenced the composition of the cheese. Notably,
the cheese produced in spring from cows on the supplemented
diet exhibited the most favourable health attributes, characterized
by lower atherogenic and thrombogenic indices alongside a
higher total polyphenol content. Specifically, cheese from the
treated group had a 32.9% increase in polyphenol levels compared
to the control group, enhancing its nutritional functionality.
Overall, the inclusion of dried and stoned OC in dairy cow
diets not only fosters sustainable production practices but also
enhances the nutritional quality of the resulting cheese (Attard,
Bionda, et al. 2024). Moreover, another study evaluated the effects
of substituting 20% of the TMR with milled olive cake (MOC),
with or without the addition of PEG or fibrolytic enzymes, on the
productive performance of Barki sheep (Bakr et al. 2024). In the
first experiment, five rations were compared, revealing that PEG
had no significant impact, making the fourth group (20% MOC)
the most effective (Bakr et al. 2024). The second experiment
involved 18 Barki lambs divided into three groups, where the
ration containing 20% MOC resulted in decreased DM and OM
digestibility, with significant differences in CP digestibility (Bakr
etal. 2024). Rumen pH and ammonia levels remained unchanged
across groups. However, significant differences were noted in
total gain, ADG and feed efficiency, with a slight increase in DMI
in the group fed the ration with fibrolytic enzymes (R3) (Bakr et al.
2024). Itis reported that OP is rich in polyphenols, known for their
health benefits, including anti-inflammatory and antibacterial
properties (Cavallucci et al. 2024). The anti-inflammatory effects
of in vitro digested OP were examined as a potential functional
ingredient in horse feed, suggesting that OP could serve as
a valuable source of nutraceuticals while also mitigating the
environmental impact of olive oil BPs (Cavallucci et al. 2024).
Although horses can utilize dietary fat effectively, the fat content
in commercial feeds is often restricted (Cavallucci et al. 2024). The
impact of a solid-state-fermented mixture of olive mill stone waste
(OMSW) and Lathyrus clymenum husks (LP) on the antioxidant
blood parameters of weaned piglets was investigated in another
study (Eliopoulos et al. 2024). Two hundred piglets were divided
into two groups, receiving either a control diet or a diet with 50 g
of OMSW-LP per kg for 40 days. Blood examinations indicated
that the OMSW-LP diet significantly reduced thiobarbituric acid-
reactive species and protein carbonyls, while enhancing free
radical scavenging activity, reduced glutathione levels and CAT
activity. These findings suggest that the dietary inclusion of solid-
state-fermented OMSW-LP can improve antioxidant profiles,
which is essential for the health and growth of piglets post-
weaning (Eliopoulos et al. 2024). The mineral composition of
dairy products is influenced by various factors, including the
genetic traits of the dairy cows, their lactation stage and their
diet. In this context, a study was conducted to examine the

mineral content in Provola cheeses produced from dairy cows
that were fed two different integrated diets: one supplemented
with Biotrak and another serving as a control group without
any additives (Potorti et al. 2024). The findings indicated that
the Biotrak cheeses had significantly higher levels of essential
minerals, particularly selenium, which ranged from 0.112 to
0.281 mg/kg, approximately double that of the control cheeses.
Only cadmium was detected among the toxic elements, with
levels averaging below 0.11 mg/kg. Thus, the addition of OC
in animal feed effectively enhances the mineral profile of the
resulting cheese (Potorti et al. 2024). The environmental impact of
substituting apple and OP for maize grain in the diets of fattening
pigs was investigated (Rebolledo-Leiva et al. 2024). Using life
cycle assessment (LCA), the study evaluates four diet alternatives,
highlighting a diet with 33% maize and 43% subproducts as the
most environmentally effective. It emphasizes the importance of
allocation methods for subproduct loads, such as mass, economic
and zero-burdens allocation, to validate strategy assumptions.
The consequential LCA suggests the strategy may have both
positive and negative environmental impacts, depending on
substitutes for maize stover and displaced bioproducts, like those
for bioenergy (Rebolledo-Leiva et al. 2024). In another study, the
transformation of OMSW and walnut shell (WS) into protein-
rich animal feed was explored using solid-state fermentation
with the fungus Pleurotus ostreatus (Arapoglou et al. 2024). A
substrate composed of 80% WS and 20% OMSW resulted in the
most significant protein enhancement, achieving 7.57% of its
total mass, which represents a 69.35% increase (Arapoglou et al.
2024). Additionally, this combination led to a 26.13% reduction
in lignin content. Furthermore, the procedure increased the $-
glucan content threefold, reaching 6.94% of the substrate’s mass
(Arapoglou et al. 2024). These findings suggest the potential of
OMSW and WS mixtures as effective substrates for developing
novel animal feed, aiding in addressing protein shortages and
reducing the environmental impact of agro-industrial processes
in-line with circular economy principles (Arapoglou et al. 2024).
In a separate study, the main phenolic compounds identified in
spray-dried olive oil mill wastewater were analysed. These com-
pounds included oleuropein derivatives (54.67%), tyrosol (17.03%),
hydroxytyrosol (12.35%), verbascoside (5.83%) and hydroxytyry-
loleate (4.70%) (Cifuni et al. 2023). Additionally, the wastewater
contains other phenolic compounds such as caffeic acid, vanillic
acid, p-coumaric acid, apigenin, luteolin, diosmetin, rutin and
oleuropein (Cifuni et al. 2023). The total concentration of the
identified phenolic compounds in the spray-dried olive oil mill
wastewater was found to be 11,991 mg/kg (Cifuni et al. 2023).
In a study, the impact of a novel silage, composed of olive mill
wastewater, GP and deproteinized feta cheese whey, in broiler
chicken diets was assessed (Bonos et al. 2022). A total of 216
male Ross-308 chicks were allocated to three groups receiving
diets with 0%, 5% or 10% silage. Results showed that a 10%
silage inclusion significantly increased final body weight and feed
intake, and it positively modified jejunum and cecum microflora,
as well as meat microflora (Bonos et al. 2022). Additionally, thigh
meat’s oxidative stability improved, and significant differences
were observed in fatty acid profiles between supplemented
treatments and controls. They demonstrated that the novel silage
could enhance broiler performance and meat quality (Bonos et al.
2022). Due to rising animal feed costs, there is an ongoing need for
alternative funding sources to replace high-cost raw materials in
animal feed. In a study, researchers explored the effects of alkaline
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hydrogen peroxide (AHP) pretreatment on improving the in vitro
rumen digestibility of exhausted OP (EOP), which is a widely
available agricultural BP (Masmoudi et al. 2024). Under opti-
mized conditions (1.6% H,0,, 5% NaOH), the phenolic content
in treated OP (TOP) significantly decreased, and approximately
25% of lignin was removed. TOP exhibited improved nutritional
parameters, showing higher yields of CP and fibres compared
to untreated EOP. Enzymatic hydrolysis demonstrated a 48%
reducing sugar yield for TOP, whereas IVOMD and ME were also
significantly higher in TOP than EOP. Overall, AHP pretreatment
effectively detoxifies EOP and enhances its suitability as animal
feed (Masmoudi et al. 2024). Additionally, a study focused on
the incorporation of OP into ruminant feed, emphasizing its
potential to address environmental issues related to OP disposal,
decrease food-feed competition and improve food security (Mnisi
et al. 2024). Despite its benefits, OP’s high fibre and low CP
content limit its nutritional value. The researchers evaluated the
impact of oyster mushrooms (OYM) on the nutritive value of
OP by assessing its chemical composition and in vitro rumi-
nal fermentation parameters after cultivating OYM on varying
percentages of OP. Results indicated that OYM significantly
improved the nutritional profile of OP by increasing DM, OM and
CP while decreasing fibre content. This bioconversion approach
not only enhances feed quality but also addresses waste disposal
concerns and offers economic benefits to the olive oil industry
(Mnisi et al. 2024). In another study, six types of OC from the
Tréas-os-Montes and Alto Douro regions were examined, with
an assessment of their chemical properties conducted through
conventional analyses (Paié-Ribeiro et al. 2024). The key findings
revealed that the dehydrated TPOC had the lowest moisture
content (8%), whereas crude olive cake (COC) displayed high
crude fat (14.5%) and varying protein levels (5.3%-7.3%). The
NDF was notably high (>65%), indicating significant lignification.
Furthermore, COC had the highest MUFA, whereas exhausted
OC showed higher saturated and PUFAs. The phosphorus and
phytic acid contents were comparable among most samples.
These findings suggest that OC, particularly dry two-phase OC,
possesses beneficial properties for transport, conservation and
utilization, presenting a viable option for reducing waste in the
olive oil industry (Paié-Ribeiro et al. 2024). Some researchers
investigated the impact of OP on OM degradation through
vermicomposting, utilizing Eisenia fetida earthworms for the
process (Akpinar Borazan et al. 2024). Various biomass mixtures,
including eggshells, cabbage and cattle manure, were amended
with different OP concentrations (0%, 15%, 30% and 37.5%). After
45 days, analyses, such as nitrogen adsorption-desorption and
FT-IR, were conducted. Results indicated that the addition of
OP enhanced biomass compactness and increased earthworm
biomass by 31% at 37.5% OP. The study also noted a decrease in
C/N ratios with lower OP levels, whereas higher levels led to
increased C/N ratios due to elevated nitrogen values. Overall, OP
was identified as a beneficial nutritional source for earthworms,
promoting OM degradation (Akpinar Borazan et al. 2024). In
another study, researchers conducted an investigation into the
effects of a dietary intervention using OP oil rich in bioactive
triterpenoids, specifically oleanolic and maslinic acid, during
diet-induced obesity in mice (Claro-Cala et al. 2020). The pomace
olive oil utilized in the study contained high concentrations of
triterpenic acids (referred to as POCTA). The findings indicate
that a 10-week POCTA diet led to significant reductions in body
weight, insulin resistance and adipose tissue inflammation, along

with improvements in vascular function, despite a high caloric
intake. This research highlights the potential of pomace olive
oil as a functional food in combating obesity and contributes
to the understanding of health benefits associated with the
Mediterranean diet (Claro-Cala et al. 2020). In general, olive BPs
are abundant in compounds that exhibit antioxidant, antimicro-
bial, cardioprotective and anticancer properties, making them a
promising candidate for the treatment of various diseases in both
humans and animals. Simultaneously, their incorporation into
the nutrition of ruminants facilitates the sustainable utilization
of high-value bioactive compounds within food chains, enhanc-
ing the quality of milk and meat while promoting consumer
health. This approach does not adversely impact rumen function,
metabolism or overall productivity.

The processing of olives into oil affects olive meal by altering its
chemical composition, particularly its phenolic content, fibre and
antioxidant properties (Safarzadeh Markhali 2021). Enhanced
extraction techniques can improve the nutritional value and
functional properties of olive meal, making it a valuable BP
rich in bioactive compounds that can be utilized in animal feed,
food products or nutraceuticals (Safarzadeh Markhali 2021). It
has been shown that ensiling olive BPs with different additives
and additions to diets of animals can improve their performance
(Taheri et al. 2012; Abid et al. 2020; Symeou et al. 2021).

8 | Tomato BPs

Tomatoes (Solanum lycopersicum L.) are among the most exten-
sively cultivated vegetables worldwide. It is a significant edible
plant that is rich in bioactive compounds, including protein,
fibre, carotenoids and pectin (Kiralan and Ketenoglu 2022). These
compounds are recognized for their protective properties against
various human diseases. Tomato pulp, also referred to as tomato
pomace, is an agricultural BP derived from the leftover pulp
produced during the manufacturing of tomato paste and sauce.
It constitutes approximately 2%-10% of the total weight of fresh
tomatoes (Hafez 2024). Tomatoes are processed into a variety
of products, such as ketchup, paste, sauce, puree, soup, juice
and canned tomatoes, resulting in substantial waste generation
(Kiralan and Ketenoglu 2022). A schematic of the parts of the
tomato and its pomace is illustrated in Figure 7. In this figure,
the various parts of the tomato, including columella, endocarp,
mesocarp, exocarp (skin), seed, locular gel, funiculus, placenta,
pedicel and sepal, are highlighted. Each of these parts can
serve as valuable nutritional waste for animal feed after the
dehydration process of the tomato. This waste is a valuable source
of bioactive compounds that can enhance human health. More
than half of the composition of tomato waste consists of fibre,
sugars and proteins, with carotenoids serving as important minor
components. Lycopene, in particular, is a notable carotenoid
that offers significant health benefits (Laranjeira et al. 2022).
Lycopene, a carotenoid, is responsible for the red colouration of
tomatoes. The primary degradation pathways of lycopene during
the processing of tomatoes include oxidation and isomerization.
Oxidation predominantly occurs at low pH levels, particularly in
the presence of light and oxygen during non-thermal processing
methods such as cutting, grinding and storage (Laranjeira et al.
2022). TP, a BP of tomato processing, includes the peel, seeds
and small amounts of pulp (Kiralan and Ketenoglu 2022). These
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FIGURE 7 | A schematic of the parts of the tomato and its pomace.

components are often repurposed in various products. Dried
tomato waste can be used as animal feed and as an ingredient in
meat products, whereas the seeds can be added to baked goods
and fermented cereals. Additionally, tomato seeds are rich in
oils that contain high levels of carotenoids, contributing to the
oxidative stability of the oil. Tomato seed oil offers promising
uses beyond culinary purposes, particularly in the production
of biodiesel (Kiralan and Ketenoglu 2022). The predominant
SFA identified in TP is palmitic acid (Lu et al. 2022). TP serves
as a valuable natural source of lipids (5%-10%), proteins (10%—
20%) and dietary fibre (60%-70%) (Hafez 2024). TP is notably
rich in minerals, especially calcium, phosphorus, magnesium,
sodium and potassium. Among these, potassium exhibited the
highest concentration, ranging from 303 to 1125 g/kg, with a
mean value of 835.5 g/kg. Sodium levels varied between 47.2 and
191.7 g/kg, yielding an average of 97.7 g/kg (Lu et al. 2022). The
calcium content ranged from 76.4 to 160.0 g/kg; however, the
average was reported as 170.3 g/kg, which may be attributed to a
potential measurement discrepancy. Phosphorus was represented
by a single measurement of 219.7 g/kg. Magnesium levels showed
considerable variation, ranging from 3.1 to 251.1 g/kg, yet only
one measurement was as low as 3.1 g/kg (Lu et al. 2022). Con-
trarily, other investigations reported magnesium concentrations
exceeding 100 g/kg, averaging around 149.7 g/kg. The quantities
of iron and zinc were relatively low, with iron levels varying
from 1.5 to 11 g/kg and averaging 3.7 g/kg, whereas zinc levels
ranged from 0.5 to 6.3 g/kg, with an average of 3.4 g/kg (Lu
et al. 2022). The predominant essential amino acids identified
in the analysis were phenylalanine, leucine, arginine and lysine
(Lu et al. 2022). Ensuring the quality of final processed products
is a key priority for the food processing industry; therefore, it
is crucial to take into account the factors that affect the raw
materials (Laranjeira et al. 2022). Because the quality of BPs is
directly linked to the processing techniques and conditions used,
it is crucial for the tomato processing industry to receive proper
guidance to optimize outcomes. Consequently, variations in the
chemical composition and nutritional value of tomato BPs can
be attributed to different processing methods. For instance, the
concentration of lycopene has been demonstrated to increase
following specific processing methods, such as heat treatment
(Laranjeira et al. 2022). Thus, employing appropriate heating

Pomace

techniques can greatly enhance the retention of nutrients in both
tomato-derived products and the nutritional quality of the TP.
Additionally, it contains bioactive compounds such as lycopene
and beta-carotene, which are recognized for their potent antioxi-
dant properties (Hafez 2024). -carotene is a carotenoid that gives
the characteristic orange colour to many fruits and vegetables,
making it the second most abundant coloured carotenoid present
in tomatoes (Laranjeira et al. 2022). It is extensively utilized in the
food industry as an additive, particularly as a colouring agent. The
primary significance of S-carotene for human health is attributed
to its antioxidant properties and its function as a precursor to
vitamin A (Laranjeira et al. 2022). Given the abundance of tomato
residues, they present a valuable opportunity to be incorporated
as agricultural inputs in animal and poultry nutrition. Tomatoes
contain lycopene, folate, vitamin C, vitamin A, phenols and
flavonoids (Laranjeira et al. 2022). Phenolic compounds are
significant phytochemicals renowned for their potent antioxi-
dant activity, found in a wide variety of fruits and vegetables.
These compounds can be categorized into two principal groups:
polyphenols and phenolic acids. Their antioxidant capacity is
chiefly attributed to their ability to scavenge reactive species
through electronic and atomic exchanges (Laranjeira et al. 2022).
In tomatoes, notable phenolic compounds include flavonoids,
phenolic acids and tannins. The phenolic content in tomatoes
is greatly influenced by factors such as agricultural practices,
genotype and storage conditions. In many fruits and vegeta-
bles, phenolic compounds are predominantly associated with
cell walls. Thus, certain processing methods, particularly those
that disrupt cell membranes, can enhance the bioavailability of
phenolic compounds (Laranjeira et al. 2022). The TPCs varied
between 94.5 and 213.4 mg GAE/g, with a mean value of 161.8 mg
GAE/g (Lu et al. 2022). The TFC ranged from 30.6 to 378.7 mg
QE/g, averaging 124.4 mg QE/g. Lycopene levels were found to
range from 36.7 to 50.2 g/kg, with an average of 44.6 g/kg (Lu
et al. 2022). The lipids present in tomatoes are primarily in the
form of UFAs and are composed of glucose, fructose and essential
amino acids (Lamtar Mohammadi et al. 2021). Additionally, TP
contains various phytochemicals, including flavanones such as
naringenin and glycosylated derivatives, as well as flavonols like
quercetin, rutin and glycosylated kaempferol derivatives (Amini-
fard and Kiani 2023). Some researchers evaluated agricultural
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wastes as non-fasting methods for inducing moulting in laying
hens. Five treatments were tested: feed withdrawal, apple peel
waste, carrot pomace, TP and zinc oxide (20 g/kg) (Heidari
Safar et al. 2024). Results showed reduced feed intake in pomace
groups without affecting body weight loss. The zinc oxide group
exhibited the lowest egg production, whereas the apple peel and
TP treatments enhanced production during the resting period.
Pomace groups had lower heterophil to lymphocyte ratios and
improved yolk colour. Blood tests revealed lower triglycerides
in pomace groups, with higher cholesterol and MDA in the
feed withdrawal group. Ovary and oviduct weights were lower
in pomace groups compared to zinc oxide. In conclusion, they
noted that TP and apple peel waste are effective alternatives to
feed withdrawal for induced moulting (Heidari Safar et al. 2024).
Moreover, it assessed the nutritional value of tomato pulp in
broiler diets utilizing a multivalent enzyme (Lotfi et al. 2021).
Broiler chicks were fed different diets: control (no tomato pulp
or enzyme), 5% TP without enzyme, 5% TP with 0.2% enzyme,
10% TP without enzyme and 10% TP with 0.2% enzyme for 42
days. The results indicated that chicks on enzyme-supplemented
diets experienced greater weight gain compared to those on
diets without the enzyme. The 5% TP with enzyme increased
empty gizzard weight compared to control. Serum lipids were
unaffected, but TP diets raised high-density lipoprotein (HDL)
levels. Villi height in the jejunum and ileum was higher in
the 5% TP with enzyme group, whereas the highest villi were
observed in the 5% TP without enzyme. The 10% TP diet reduced
feed costs per unit of live weight gain by 5%. In general, they
demonstrated that using multi-enzyme improves the nutritional
value of TP in broiler diets up to 10% (Lotfi et al. 2021). A study was
conducted to assess the nutritional value of TP as an agricultural
BP for animal nutrition (Aminifard and Kiani 2023). The research
aimed to compare the gas production and digestibility of TP
with WB in vitro. They determined the chemical composition
and gas production parameters of both materials and substituted
TP at levels of 0%, 5.5%, 5.7% and 10% for WB in the diets
of fattening lambs. Results indicated that TP contained higher
CP and insoluble fibres compared to WB. However, it exhibited
lower gas production potential and digestibility of DM and OM.
Nonetheless, the production of microbial protein was greater
when TP was included in the diet, and increasing the amount of
TP further boosted microbial protein production (Aminifard and
Kiani 2023). Overall, they noted that incorporating up to 10% TP
in lamb diets as a substitute for WB did not negatively impact
ruminal fermentation parameters and could be a cost-effective
alternative (Aminifard and Kiani 2023). Additionally, the study
explored the use of TP as a substitute feed ingredient in poultry
diets, highlighting its potential advantages for breeding quails
(Malek et al. 2021). The study involved 160 Japanese quails divided
into four treatment groups (0%, 4%, 8% and 12% TP) over 5 weeks,
assessing the impact on progeny performance, organ weights,
chick quality and MDA levels in meat. Results indicated that
incorporating TP did not significantly affect feed consumption,
weight gain or feed conversion ratios. However, quails fed 8% TP
exhibited numerically higher feed intake. The quality of newly
hatched chicks was notably improved in those from quails fed
8% TP, with better overall appearance and lower MDA content in
breast meat compared to controls. Conversely, a higher inclusion
level (12%) negatively impacted chick quality, likely due to
increased dietary fibre reducing nutrient bioavailability. Overall,
the study concluded that although TP does not adversely affect

progeny performance, an optimal inclusion level of 8% enhances
antioxidant status and chick quality (Malek et al. 2021). Moreover,
a study was conducted to assess the nutritional and digestibility
values of TP both before (TP1) and after the oil extraction (TP2)
process (Aminifard et al. 2022). In this study, the lycopene content
of TP and its ruminal disappearance rate were measured, using
a completely randomized design to evaluate gas production in
vitro. The study utilized fistulated cows to determine the ruminal
degradation parameters of TP over various incubation times. The
results indicated that TP1 contained 168 mg/kg DM of lycopene,
whereas TP2 had higher levels of CP, NDF and ADF than TP1. The
TP2 also exhibited increased gas production, OM digestibility and
short-chain fatty acid production, alongside reduced ammonia
nitrogen levels compared to TPl. The ruminal degradability
of lycopene was found to be approximately 30%, suggesting
that over 70% of lycopene bypasses the rumen. In general, the
findings conclude that de-oiled TP possesses (TP2) favourable
nutritional values for ruminant nutrition (Aminifard et al. 2022).
Growth and reproductive performance are critical parameters
within animal production systems, serving as key indicators for
assessing animals’ responses to feed, environmental conditions
and various production methods. The findings indicated that the
body weight, feed intake and feed conversion ratio of broiler
chickens were not significantly influenced by the inclusion of
TP fermented with A. niger (Gungor et al. 2024). Consistent with
this finding, a group of researchers reported no significant impact
on growth performance when dietary TP was supplemented at
levels of 20 and 50 g/kg, respectively (Rezaeipour et al. 2012;
Faryabidoust et al. 2013). This lack of impact may stem from the
high inclusion rate of TP in the chickens’ diets, as its elevated fibre
and lignin content could impair digestibility, nutrient absorption
and utilization, ultimately diminishing productivity. Conversely,
an increase in body weight was observed among broilers when
supplemented with tomato puree at levels of 5 and 10 g/kg
(Selim et al. 2013). The variations between these findings could
be attributed to the use of different components of tomato BPs
and the comparatively lower inclusion levels utilized in the diet.
Recent studies have focused on the suitability of substitute protein
sources in aquaculture diets. In this regard, a study was conducted
to investigate the growth performance and blood parameters of
common carp (Cyprinus carpio) fed diets supplemented with
tomato paste BP extract (TPE) (Kesbic et al. 2022). The research
included five diets with varying TPE concentrations (0%, 0.5%,
1%, 2% and 5%) over a 60-day period involving 300 fish (Kes-
bic et al. 2022). Results indicated significant enhancements in
relative and specific growth rates, alongside a decrease in feed
conversion ratios. Haematological analyses revealed that TPE
significantly improved erythrocyte counts, haemoglobin content
and haematocrit levels. Biochemical assessments showed that
diets containing 1% or more TPE significantly lowered serum
glucose, cholesterol and triglyceride levels while increasing total
protein, albumin and globulin. The study concluded that a 2%
TPE extract could serve as an effective growth promoter in
common carp diets without adversely affecting blood parameters
(Kesbic et al. 2022). Similarly, a study evaluated the effects of
adding TP, with or without enzymes and amino acids, into the
diets of Nile tilapia over an 8-week period, focusing on growth
performance, digestive enzymes, histological parameters and
liver gene expression (Hafez et al. 2024). Five experimental diets
were developed, all maintaining a protein content of 28%, with
varying combinations of TP, lysine, methionine and gallizyme.
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The study found that the groups receiving enzyme supplemen-
tation, particularly those with amino acids, showed significant
improvements in growth performance metrics, including body
weight gain and feed conversion ratio, compared to the con-
trol. Furthermore, enzyme supplementation was associated with
increased intestinal villi length and goblet cell numbers, whereas
liver expression levels of IGF-1and GH were significantly elevated
in the enzyme and amino acid groups. Overall, the inclusion
of enzymes, with or without amino acids, positively influenced
both growth parameters and gene expression in N. tilapia (Hafez
et al. 2024). The inclusion of silages made from surplus tomatoes
and olive BPs, along with sunflower oil, in the diet of dairy
goats will sustain rumen fermentation and milk production
while improving the fatty acid profile of the milk (Arco-Pérez
et al. 2017). Hence, two experiments were conducted to evaluate
the use of olive and tomato silages as partial replacements for
conventional forage in the diets of lactating Murciano-Granadina
goats. In experiment 1, the inclusion of olive BPs silage and
tomato surplus silage (TSD), supplemented with sunflower oil,
led to higher fat intake, nutrient digestibility and specific fatty
acid profiles in the goats’ milk compared to the control diet (Arco-
Pérez et al. 2017). Additionally, TSD resulted in lower methane
production. Experiment 2 confirmed these findings over a longer
period (90 days) with more animals, again showing increased
DMI and changes in fatty acid profiles without affecting milk
yield. The study suggests that substituting traditional forage with
local BPs can enhance the energy balance in dairy goats while
maintaining overall nutritional efficiency (Arco-Pérez et al. 2017).
Similarly, an assessment was conducted to determine whether
the inclusion of BPs, such as GP, pomegranate residues, OC and
TP, in the diets of dairy ruminants could improve the nutritional
quality of dairy products without adversely affecting production
efficiency (Correddu et al. 2023). The results indicated that partial
replacement of concentrates with BPs generally does not reduce
milk yield or composition, though high doses may decrease yield
by 10%-12% (Correddu et al. 2023). Conversely, positive changes
in milk fatty acid profiles were observed with the inclusion of
BPs (5%-40% of DM), supporting economic and environmental
sustainability while lessening food competition between humans
and animals (Correddu et al. 2023). They demonstrated that
enhancing the nutritional quality of milk fat derived from BPs
offers considerable commercial advantages for the dairy industry
(Correddu et al. 2023). In a study, researchers substituted 10%
of the corn silage with tomato paste silage in the diets of dairy
cows (Tuoxunjiang et al. 2020). It was observed that, although
no significant changes were detected in milk production or
composition, there was an increase in DMI, digestibility and
concentrations of vitamins in the milk (Tuoxunjiang et al. 2020).
This dietary modification also led to elevated levels of total
cholesterol, HDL, cholesterol, serum aspartate aminotransferase,
antioxidant capacity and improved immune performance.

Similarly, analogous findings were reported when fermented
tomato paste was used as a substitute for soybean meal, high-
lighting an increase in DMI and 4% fat-corrected milk production
(Zhao et al. 2012). However, no significant impact was observed
on average milk production, feed conversion ratio or the contents
of milk fat, protein and total solids (Zhao et al. 2012). Importantly,
this approach resulted in reduced feed costs alongside increased
economic benefits. In contrast, differing outcomes were reported,
indicating no significant differences in average daily DMI or the

nutrient consumption of DM, OM, NDF and ADF digestibility,
as well as no variations in faecal and rumen pH values among
the cows fed silage TP (Tahmasbi et al. 2004). Furthermore, the
nutritional variability of TP for ruminants was assessed, along
with its impact on in vitro fermentation when incorporated into
high-concentrate diets (Marcos et al. 2019). A total of 12 TP sam-
ples collected weekly from 2 processing plants were analysed for
chemical composition, fermentation and digestibility. The results
indicated that TP exhibits consistent chemical composition across
plants and minimal variation over time, characterized by low DM
but high NDF, CP and EE. The fermentation of TP in the rumen
occurred rapidly, demonstrating significant protein degradability,
but exhibited low intestinal digestibility. Replacing soybean meal
and barley straw with dried TP in diets enhanced fermentation
rates and volatile fatty acid production while reducing ammonia
nitrogen concentrations; however, methane production remained
unaffected. Ultimately, TP can be included in high-concentrate
diets at levels up to 180 g/kg, maintaining effective rumen
fermentation (Marcos et al. 2019). TP has also been utilized as a
feed ingredient for rabbits. In this regard, a study involved 120
New Zealand White rabbits to evaluate the effects of dried tomato
pomace powder (DTPP) supplementation on their performance,
blood metabolites, carcass traits and meat quality from 5 to 13
weeks of age (Hassan et al. 2024). Four dietary treatments were
applied: a control diet and diets supplemented with 0.5%,1.0% and
1.5% DTPP. Results indicated that rabbits on the 1.5% DTPP diet
experienced the highest growth rates and best feed conversion
ratios despite lower feed intake. Supplementation improved meat
quality by enhancing fatty acid profiles, reducing fat deposition
and lowering cholesterol levels. Notably, diets with DTPP elevated
beneficial fatty acids and health indices in the meat. Overall,
DTPP up to 1.5% positively impacted growth performance and
meat quality in rabbits (Hassan et al. 2024). Similarly, the impact
of DTTP on the performance and digestibility of growing rabbits
was investigated (Grioui et al. 2019). Fifty-four 6-week-old rabbits
were divided into three groups and fed diets with 0% (as control),
10% (DTP-10) and 20% (DTP-20) DTP for 6 weeks. The digestibility
trial revealed that although DM and EE digestibility remained
consistent across groups, CP digestibility significantly increased
with higher DTP inclusion. No significant differences were
observed in weight gain, ADG, feed intake or feed conversion
ratio among groups. Notably, the 20% DTP group exhibited
the lowest mortality rate. Additionally, DTP supplementation
reduced production costs and enhanced net revenue (Grioui et al.
2019). The study concludes that incorporating up to 20% DTP in
rabbit diets improves protein digestibility. In general, the high
nutritional profile of TP supports its effective use as a value-
added component in animal feed. Incorporating TP into animal
diets can enhance feed intake and growth performance, increase
the levels of PUFAs and n-3 fatty acids in meat and improve the
colour, nutritional quality and juiciness of the meat (Grioui et al.
2019). Additionally, TP supplementation can boost the immunity
and antioxidant capabilities of animals, as well as enhance sperm
quality. Furthermore, the reduction of rumen pH and methane
emissions in ruminants fosters the fermentation activity of rumen
microorganisms, leading to improved economic efficiency. To
avoid any negative effects, it is crucial to follow the recommended
supplementation levels of TP: no more than 15% for poultry, 40%
for goats, 15% for cattle and 60% for rabbits (Lu et al. 2022).
Ensiling promotes the preservation of feed quality by facilitating
anaerobic fermentation, which enhances nutrient availability and
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reduces losses from spoilage, ultimately contributing to improved
livestock health and productivity. In this context, it has been
reported that the ensiling of tomato BPs enhances their quality,
subsequently improving animal performance following their
consumption (Fayed 2019; Tuoxunjiang et al. 2020). Furthermore,
the ensiling of wet tomato pomace with dried molasses sugar beet
pulp significantly improved its silage quality by increasing DM,
ME and IVOMD, while reducing CP, fibre contents and ammonia
nitrogen levels, without the presence of butyric acid (Sargin and
Denek 2017).

9 | Conclusion

The integration of agricultural f into ruminant diets presents a
valuable opportunity to enhance sustainability in animal nutri-
tion. BPs from pomegranate, grape, pistachio, saffron, raisins,
olives and tomatoes offer significant nutritional benefits, improv-
ing feed efficiency and animal performance while decreasing
reliance on conventional feed sources. Utilizing these BPs min-
imizes agricultural waste and contributes to a circular economy
by recycling nutrients back into the food system, addressing envi-
ronmental concerns linked to livestock farming. Furthermore,
incorporating agricultural waste can provide economic benefits
for farmers by lowering feed costs without compromising animal
health or productivity. However, key challenges include the need
for further research on optimal incorporation levels and the
potential anti-nutritional factors in some agricultural wastes. To
facilitate the adoption of these practices, stakeholders should
engage in specific recommendations: Farmers should document
the effects of various agricultural BPs on livestock to build a
knowledge base on best practices; policymakers can support this
transition by offering incentives, such as subsidies or grants,
for sustainable practices; and researchers should investigate
the nutritional profiles and anti-nutritional factors of different
BPs, providing evidence-based guidelines for their safe use in
ruminant diets. By strategically utilizing agricultural BPs, we can
enhance food security and promote sustainable agricultural prac-
tices, fostering a more environmentally friendly livestock sector.
Embracing innovative methods and encouraging collaboration
across sectors will enable the agricultural community to con-
tribute to a sustainable future while meeting the growing global
demand for livestock products. This article identifies critical areas
for future research and emphasizes the need to prioritize them
effectively to guide subsequent efforts. Expanding the call for
interdisciplinary approaches, including specific technologies like
artificial intelligence in feed formulation and advanced waste
processing techniques, would further enhance the integration of
agricultural BPs into ruminant diets. Additionally, incorporating
regulatory and policy considerations is vital to address potential
barriers to the adoption of these innovative feeding strategies,
ultimately laying a stronger foundation for future studies in this
important field of livestock nutrition.
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