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Preface to ”Novel Feed Ingredients: Improving Health

Status, Milk and Meat Quality in Small Ruminants”

Alternative feeding strategies are continuously employed in small ruminant production systems

in an effort to fortify animal health and welfare status and improve milk and meat quality

characteristics, leading to the prolongation of their shelf life and to an increase of their marketable

value. Incorporation of novel feed ingredients into small ruminants’ diets has therefore been

highlighted as an effective approach for the enhancement of milk and meat intrinsic quality

since bioactive compounds are preferably deposited where they are mostly required. Dietary

supplementation with these novel additives could manipulate bacteria involved in ruminal

biohydrogenation, decrease methane emissions, enhance animals’ health and well-being status,

reinforce antioxidant and anti-spoilage properties and positively modify milk and meat quality

characteristics. The present Special Issue includes original research and reviews on the effects of novel

feed ingredients and their bioactive compounds on health and welfare status, as well as milk and

meat intrinsic quality of small ruminants. We hope that this Special Issue will contribute to enlarge

our current knowledge about the novel feed ingredients used in small ruminants and establish their

regular use.

Panagiotis Simitzis and Athanasios I. Gelasakis

Editors
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Simple Summary: This study examined the impact of whole sesame seeds (WSS), rich in both linoleic
acid and lignans, on the innate immunity of goats. WSS were incorporated in the concentrates of
the control group at 5 and 10% respectively, by partial substitution of both soybean meal and corn
grain. The highest supplementation level of WSS resulted in a significant down-regulation in the
expression levels of several pro-inflammatory genes in the neutrophils of goats. In conclusion, the
dietary supplementation of goats with WSS might be a good nutritional strategy to improve their
innate immunity.

Abstract: Whole sesame seeds (WSS) are rich in both linoleic acid (LA) and lignans. However, their
impact on the innate immunity of goats is not well studied. Twenty-four goats were divided into
three homogeneous sub-groups; comprise one control (CON) and two treated (WWS5 and WWS10).
In the treated groups, WSS were incorporated in the concentrates of the CON at 5 (WSS5) and 10%
(WSS10) respectively, by partial substitution of both soybean meal and corn grain. The expression
levels of MAPK1, IL6, TRIF, IFNG, TRAF3, and JUND genes in the neutrophils of WSS10 fed goats
were reduced significantly compared with the CON. The same was found for the expression levels of
IFNG and TRAF3 genes in the neutrophils of WSS5 fed goats. Both treated groups primarily affected
the MYD88-independent pathway. The dietary supplementation of goats with WSS might be a good
nutritional strategy to improve their innate immunity.

Keywords: whole sesame seeds; innate immunity; blood; neutrophils; goats

1. Introduction

N-3 polyunsaturated fatty acids (PUFA) in humans have anti-inflammatory role [1]
since resolve inflammation [2] and eliminate pain in inflammatory circumstances [3]. On
the other hand, increased consumption of linoleic acid (LA), the main fatty acid (FA) of the
n-6 PUFA group, might be related with inflammatory diseases due to its metabolization
in LA-derived pro-inflammatory lipoxins and arachidonic acid, which further leads to
pro-inflammatory eicosanoids and prostaglandins production [4]. An enhancement in
the concentrations of pro-inflammatory leukotriene and prostaglandins [5] was found
in rats fed with high LA diets. Significantly higher tumor necrosis factor a (TNFA), and
interleukin-7 concentrations in the liver of pregnant rat, consumed a high compared with
low LA diet, was observed, without the cytokines content in their blood to be affected [6].
Similarly, excessive dietary LA consumption increased significantly the TNFA content in

Animals 2021, 11, 468. https://doi.org/10.3390/ani11020468 https://www.mdpi.com/journal/animals1
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plasma and nuclear factor-kappa B (NF-KB) expression in rats’ aortas [7]. On the other hand,
recent reviews and meta-analysis studies provide evidence that LA intake decreases [8]
or has no effect on cardiovascular diseases [9,10] disputing its role in chronic diseases
involving inflammatory process.

So far, to the best of our knowledge, no information exists on the impact of LA in the
innate immunity of productive animals, and particularly in goats. Thus, whole sesame
seeds (WSS), due to their high LA (44%) content [11], can be used in goats’ diets to test this
hypothesis. Moreover, WSS contain lignans such as sesamin and sesamolin, which might
have several beneficial effects in immunity [12]. The anti-inflammatory properties of sesame
in rats’ models through in vitro and in vivo trials have been reviewed recently [13]. Sesamin
down-regulates the expression of Toll-like receptor 4 (TLR4) gene in lipopolysaccharide
(LPS) stimulated BV-2 microglial cell line of rats, in a dose dependent matter in vitro [14].
Accordingly, 50 μM of sesamin suppressed the activation of p38 mitogen-activated protein
kinase (MAPK) signaling pathway after its stimulation with LPS [15]. A significant decline
in the expression of interleukin 1 Beta (IL1B), interleukin-2 (IL2) and TNFA genes in mouse
senescence-accelerated brain cells was found, when fed with sesaminol [16]. So far, the
impact of dietary inclusion of WSS in the immune system of produced animals has not
been studied.

The immune system is broken down into innate and adaptive [17]. Neutrophils com-
prise one of the main cellular component of the innate immune system and the first line
of defense against pathogens [18]. The innate immune system employs special receptors
known as pattern-recognition receptors (PRRs) such as NOD-like receptors (NLRs) that
recognize pathogen- or damage-associated molecular patterns (PAMPs and DAMPs, re-
spectively) [19]. Among the PRRs, Toll-like receptors (TLRs) enact the induction of immune
response [20]. All TLR signaling pathways end up in activation of the transcription factor
nuclear factor-kappa B (NF-KB) and interferons (IRFs), which regulate the outcome of
innate immune responses [19]. In addition, a core element of the NF-KB cascade is the IκB
kinase (IKK) complex or conserved helix-loop-helix ubiquitous kinase (CHUK) which is
encoded by the CHUK gene [21]. TLR activation stimulates the release of various inflam-
matory cytokines (TNFA, interferon IFNG, interleukins (IL1B, IL2 and IL6) and immune
modulators such as IL8, C-C motif chemokine ligand 5 (CCL5) and chemokine (C-X-C
motif) ligand 16 (CXCL16) [22–24]. After that, IL6 induces downstream signaling of the
signal transducer and activator of transcription 3 (STAT3) [25]. Upon PAMPs and DAMPs
recognition, TLRs recruit Toll-interleukin-1 receptor TIR domains, which transmit down-
stream signals via adaptor molecules such as myeloid differentiation primary response
gene 88 (MΥD88) and the TIR (Toll/Interleukin-1 Receptor) domain-containing adaptor
protein inducing interferon beta (TRIF) [26,27]. The MYD88-dependent pathway activates
the IRF5 gene expression [28] and the pathway involving mitogen-activated protein kinases
(MAPKs). TNF Receptor-associated Factor 3 (TRAF3) is incorporated into both MYD88 and
TRIF complex, activating MYD88-dependent signaling and suppressing TRIF-dependent
pathway [29]. TRAF3 mediates activation of IRF3 [30]. The extracellular signal regulated ki-
nase (ERK)–mitogen-activated protein kinase pathway determines the regulation of JUND
gene expression [31]. Finally, Heme Oxygenase-1 (HO1) gene has the ability to modulate
immune responses [32].

Taking into account all the above, the objective of this study was to investigate the
effects of dietary inclusion of WSS at two different levels (5 and 10%) on the expression
of selected key-genes (NLRC3, TLR4, MYD88, NF-KB, MAPK1, IL1A, IL1B, TNFA, TNFB,
IL2, IL6, IL10, STAT3, TRIF, IRF3, IFNG, TRAF3, IRF5, CCL5, IL8, CXCL16, HO1, JUND and
CHUK) involved in the innate immunity of dairy goats.

2. Materials and Methods

2.1. Animals and Diets

Animal handling procedures were performed in accordance with protocols approved
by the Agricultural University of Athens Ethical Committee of the Faculty of Animal Sci-
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ences. Twenty-four goats were divided into three homogenous subgroups (n = 8) according
to their fat-corrected milk yield (1.00 ± 0.22 kg/day) and body weight (44.9 ± 5.4 kg). The
goats were fed on a group basis with a basal diet consisted of alfalfa hay, wheat straw and
concentrates (Forage/Concentrate ratio = 50/50), for a seven-day adaptation period. The
forages were provided separately from the concentrates while they were both offered to
the animals twice a day (in two equal parts at 08:00 and 18:30 h) after milking. After the
adaptation period the control goats continued to consume the basal diet, in the concen-
trates of which hulled sesame seeds were not included (CON). On the other hand, in the
concentrates of the two other groups whole sesame seeds at 5 (WSS5) and 10% (WSS10)
respectively, were incorporated by partial substitution of both soybean meal and corn
grain (Table 1), in order the dietary treatments to be iso-energetic and iso-protein, and to
meet the animals’ average maintenance and lactation requirements [33]. The quantities
of food offered to the animals were adjusted every two weeks, according to their average
requirements, based on their body weight and milk fat-corrected yield. Diet selectivity
did not occur, and no refusals of forage and/or concentrates were observed. The mineral
and vitamin premix of both concentrates contained the following (per kg as mixed): 150 g
Ca, 100 g P, 100 g Na, 100 mg Co, 300 mg I, 5000 mg Fe, 10,000 mg Mn, 20,000 mg Zn,
100,000 mg Se, 5,000,000 IU retinol, 500,000 IU cholecalciferol and 15,000 mg α-tocopherol.
The experimental period, lasted 100 days and all the animals had free access to fresh water.

Table 1. Nutrients and fatty acids intake from forages and concentrates, and the total antioxidant
capacity and phenolic content of concentrates only.

Daily Nutrients Intake (g/goat)
Diets (Forages and Concentrates)

CON 1 WSS5 2 WSS10 3

Dry matter 2028.4 2027.6 2035.6
Ash 143.4 147.6 153.3

Ether extract 44.7 72.7 100.9
Crude protein 323.6 323.2 334.6

NDF 4 766.1 795.1 782.7
ADF 5 504.1 518.9 513.5

Daily Fatty Acids Intake (g/goat)

C14:0 0.34 0.34 0.33
C15:0 0.13 0.14 0.14
C16:0 7.96 10.27 14.06

C16:1(n-7) 0.25 0.29 0.34
C17:0 0.26 0.27 0.21
C18:0 1.70 2.52 4.48

C18:1(n-9) 8.70 20.18 31.19
C18:2(n-6)c 20.28 33.42 44.58

C20:0 0.15 0.22 0.34
C18:3(n-3) 3.77 3.87 3.94

C20:2 0.10 0.09 0.10
C22:0 0.31 0.34 0.39
C23:0 0.10 0.10 0.10
C22:2 0.01 0.01 0.01

C20:5(n-3) 0.04 0.04 0.04
C24:0 0.46 0.48 0.50

C24:1(n-9) 0.14 0.14 0.14

Concentrates
Total Antioxidant Capacity CON 1 WSS5 2 WSS10 3

FRAP 6 (μM ascorbic acid/g DM) 9.19 13.88 17.69
DPPH(% Inhibition) 41.89 51.24 49.91

Total phenolic content
Folin-Ciocalteu (mg GAE/g DM) 63.12 94.30 126.03

1 CON: Control. 2 WSS5: Whole sesame seeds at 5%. 3 WSS10: Whole sesame seeds at 10%.4 NDF: Neutral
detergent fiber. 5 ADF: Acid detergent fiber 6 FRAP: Ferric reducing ability of plasma.

2.2. Feed Sample Analyses

Samples of the alfalfa hay, wheat straw and concentrate were analyzed for organic
matter (OM; Official Method 7.009), dry matter (DM; Official Method 7.007) and crude
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protein (CP; Official Method 7.016) according to the AOAC (1984) and for neutral detergent
fiber (NDF) and acid detergent fiber (ADF)-expressed exclusive of residual ash-according
to the methods of Van Soest et al. [34].

2.3. Blood Samples
2.3.1. Blood Sample Collection for Neutrophil Isolation

Blood samples were taken at the 30th, 60th and 90th day from the beginning of the
experiment for neutrophil isolation from the jugular vein into 17 Units/mL heparine-
containing tubes (BD Vacutainer, Plymouth, UK).

2.3.2. Cell Isolation

Cell isolation was performed according to Tsiplakou et al. [35]. More specifically,
isolation of neutrophils is carried out using density gradient centrifugation Histopaque
1077 (Sigma-Aldrich, St. Louis, MO, USA). Analytically, whole blood mixed with an
equal volume of Hanks’ balanced salt solution and three parts diluted blood layered on
two parts Histopaque. Samples were centrifuged for 40 min at 500× g, 4 ◦C with the
minimum acceleration and deceleration. After centrifugation, the upper phases were
rejected. Neutrophils cells, which remained in the red cell layer, were lysed with the
addition of endotoxin-free ultrapure water, and were vigorously shaken. NaCl was then
added to resuspend cells in an isotonic solution (0.9% NaCl). These cells were washed
several times and centrifuged for 5 min at 1000 g and 4 ◦C until a white and consistent cell
pellet was clearly visible at the bottom of the tube. In the sequel, the final cell suspensions
were cultured in 1 mL of growth medium RPMI (Sigma-Aldrich, St. Louis, MO, USA)
which is incubated at 37 ◦C and then centrifuged at 1000 g for 5 min at 4 ◦C. Finally, the
resulting cell pellets were again washed at least twice in 0.5 mL of phosphate-buffered
saline (PBS) and centrifuged at 700 rpm for 1 min at 4 ◦C.

2.3.3. RNA Extraction

The isolated cells were homogenized with TRIzol™ (Invitrogen, Carlsbad, CA, USA)
and after centrifugation with 24:23:1 phenol: chloroform: isoamyl alcohol solution, three
distinct layers were obtained. The upper clear aqueous phase containing the RNA was
transferred carefully into a new tube, without disturbing the interphase. RNA pellet was
precipitated with 70% ethanol and then was dissolved in milli-Q water. The quantity and
quality of the extracted RNA were evaluated by ND-1000 spectrophotometer (NanoDrop,
Wilmington, DE, USA); the quantity was measured in ng/μL, and its purity was determined
based on the A260/A280 and A260/A23 ratios. In addition, RNA integrity was assessed by
electrophoresis on an agarose gel. As defined, the isolated RNA was treated with Turbo™
DNase I (2U/μL, commercially available kit: Invitrogen, Carlsbad, CA, USA), accordingly
to the manufacturer’s instructions. Absence of genomic DNA contamination was confirmed
by PCR, using glycer aldehyde3-phosphatedehydro genase (GAPDH; housekeeping gene)
Then, RNA samples were further purified by using phenol: chloroform and ethanol
precipitation. The quantity and quality of the pure RNA samples were again confirmed by
spectrophotometry (NanoDropND-1000) and by agarose gel (0.7%) electrophoresis.

2.3.4. cDNA Synthesis

Approximately 500 ng of RNA was used per cDNA synthesis by using the Prime Script
First Strand cDNA Synthesis Kit (Takara, Shiga, Japan) according to the manufacturer’s
protocol using a mix of random hexamers and oligo-dT primers.

2.3.5. Primers

To derive primers sequences the ARS1 goat annotation was used. A pair of primers
specific for each target gene (Table 2) were used by previous studies [35,36] designed to be
specific for Capra hircus by using Primer Express Software (version 3.0) and verified using
the Geneious Software (Biomatters, Auckland, New Zealand) and were tested against
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genomic DNAs to confirm that a single amplicon of 70 bp would result from quantitative
real-time PCR (qPCR). In addition, dissociation curves were generated, and the amplifica-
tion products were subjected to agarose gel electrophoresis to confirm the production of a
single amplicon per reaction.

Table 2. Primers used for real-time qPCR and the mean PCR efficiency for each gene as calculated by LinRegPCR software [37].

Gene Forward Primer 5′-3′ Reverse Primer 5′-3′ Ensemble

NLRC3 CAACCTACTCCACGACCAGG TGGATGAAGTTCCACTGCA ENSG00000167984
TLR4 ATGAACCACTCCACTCGCTC TCTTGCTCCTTAGAGGCCGT ENSG00000136869

NF-KB AAGCTGTGGTGGAGGACTTG ACAGAGTTACCCAAGCGGTC ENSG00000109320
MYD88 ACAGACAAACTATCGGCTGA CACCTCTTCTCAATGAGTTCA ENSG00000172936
MAPK1 GCAACGACCACATCTGCTAC AGGTTGGAAGGCTTGAGGTC ENSG00000100030

IL1A TCAAGCCCAGATCAGCACAT TGATTGAGGGCGTCGTTCAG ENSG00000115008
IL1B TGGATAGCCCATGTGTGCTG CAGAACACCACTTCTCGGCT ENSG00000125538

TNFA GGGAGACACAAACTAAGGGCT AACCTGCAGTTCAGCTCCG ENSG00000232810
TNFB ACTCCCGAAGCCCTTCACCCG GGCGGAGGAAGGCGCGGTCCG ENSG00000226979

IL2 AAATCCCGAGAACCTCAAGCT TGTAGCGTTAACCTTGGGCA ENSG00000109471
IL6 CAGCAAGGAGACACTGGCAGA TCCATCTTTTTCCTCCATTTTTGG ENSG00000136244

STAT3 CGCAATTAGGCAGAGCAACTG CCCTGTATCAGAGACCATCCCA ENSG00000168610
TRIF GCACGTCTAGCCTGCTTAC TTGCGGGCCCGCAGCATCT ENSG00000127666
IRF3 CCAGAGGCTGGGGCACTGCC CCTTCGGGACCTCGCCGTCA ENSG00000126456
IFNG AAATTCCGGTGGATGATCTG ACCATTACATTGATGCTCTCC ENSG00000111537

TRAF3 TAACTGCTGCATTCGCTCCA GGAACACAAAGCTGGGGTTG ENSG00000131323
IRF5 ACATCCCCAGTGAGAAGCAG ATGGCATACAGATCCTGGCC ENSG00000128604
CCL5 CAAGTGCTCCATGGCAGCAG GTTGGCGCACACCTGACG ENSG00000271503

IL8 CCTGCTCTCTGCAGCTCTGTG TGCATTGGCATCGAAGTTCTG ENSG00000169429
CXCL16 GTGCCTGTGTTGTCCCTCTT GCTTGCACACCACGTAGAGT ENSG00000161921

HO1 GAGCTGACCCGAGAAGGTTT AGACGGGGTTCTCCTTGTTG ENSG00000100292
IL10 CTGGGGGAGAAGCTGAAGAC CTCTCTTCACCTGCTCCACC ENSG00000136634

JUND ACGCAGTTCCTCTTTCCCAA CCAGCTGGTTTTGCTTGTGT ENSG00000130522
CHUK TGCAGGGAAAGAGGCAGAAA GACCGAGCAGAACTCTGTGT ENSG00000213341

GAPDH AAAGCCATCACCATCTTCCA ACCACGTACTCAGCACCTCAT ENSG00000111640
YWHAZ TGTTCTATTGTGCCTAGTACACTGT CATCAAGACTCACTGCCTCCC ENSG00000164924

2.3.6. Real-Time Quantitative PCR

The expression levels of genes were estimated by a Step One Plus ™ Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) using SYBR Select Master Mix (Applied
Biosystems, Austin, TX, USA), gene-specific primers at a final concentration of 0.2 μM
each (forward and reverse) and 1 μL of each cDNA as template. Thermal cycling was
started with denaturation at 95 ◦C for 15 min, followed by 40 cycles at 95 ◦C for 15 s and
62 ◦C for 10 s. GAPDH and YWHAZ were used as housekeeping genes to normalize the
cDNA template concentrations. The choice of housekeeping genes was based on a study
by Vorachek et al. [38].

2.3.7. Normalization

The expression levels of the genes were calculated as (1 + E)−ΔCt, where ΔCt is the
difference between the geometric mean of the two housekeeping genes’ Cts and the Ct
of the target gene, and the primer efficiency is the mean of each amplicon’s efficiency
per primer, which was calculated by employing the linear regression method on the log
(fluorescence) per cycle number (ΔRn) using the LinReg PCR software [37].

2.3.8. Statistical Analysis

Experimental data are presented as least squares means ± standard errors and were
analyzed using a general linear model (GLM) for repeated measures, considering the
sampling time (T) as the repeated measure, with fixed effects of dietary treatments (D)
(CON, WSS5, WSS10), sampling time (T) (30th, 60th, 90th experimental day) and the
interactions among them (D × T) according to the model:

Yijk = μ + Di + Tj + (D × T) ij + Ak + eijk (1)

where Υijk is the dependent variable, μ the overall mean, Di the effect of dietary treatment
(I = 1, 2, 3), Tj the effect of sampling time (j = 1, 2, 3), (D × T) ij the interaction between
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dietary treatments and sampling time, Ak the animal’s random effect and eijk the residual
error. Post hoc analyses were performed when appropriate using Duncan’s multiple range
test. Kolmogorov-Smirnov test revealed that all variables followed a normal distribution.
Pearson’s correlation coefficients were used to determine the relationships between gene
expression in neutrophils using heat map chart. For all tests, the significance was set at 0.05.
Graphs were drawn using SPSS software (version 20.0, IBM, Armonk, NY, USA), and the
error bars represent the standard error of the mean (SEM). Statistical analysis was performed
using the statistical packages SPSS software (version 20.0, IBM, Armonk, NY, USA).

3. Results

A significant reduction in the expression levels of MAPK1, IL6, TRIF, IFNG, TRAF3
and JUND genes in the neutrophils of WSS10 fed goats compared with the CON was found
(Figure 1).

Figure 1. The Transcript abundance of several genes in the neutrophils of goats. Bars represent means ± SEM of each (n = 8)
of the three dietary treatments; CON: control, basal diet; WSS5: basal diet + 5% whole sesame seed; WSS10: basal diet +
10% whole sesame seed in goats. For each gene, bars with different superscripts (a, b) between the three dietary treatments
(CON, WSS5, WSS10) differ significantly (p ≤ 0.05), according to the analysis of variance (ANOVA) using a general linear
model (GLM) for repeated measures. Post hoc analysis was performed using Duncan’s multiple range test.
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The same trend was found for the IFNG and TRAF3 genes in the neutrophils of SS5
fed goats (Figure 1). No differences were found in the expression levels of the above genes
between the treated groups (Supplementary Figure S1).

A significant reduction in the expression levels of NF-KB, MYD88, MAPK1, TNFA,
and STAT3 genes in the neutrophils of goats throughout the experimental period was
observed (Supplementary Table S1). The opposite happened in the relative abundance
transcripts of IRF5 and HO1 genes (Supplementary Table S1). The highest expression levels
of NLRC3, TNFB and TRIF genes were indicated in the 60th experimental day while in
this day the TLR4 gene showed the lowest expression levels (Supplementary Table S1). A
significant decline in the expression levels of IL1A, IL-2 and CCL5 genes was found in the
90th compared with the 30th and 60th experimental period, while the opposite trend was
observed for the IL10 and CXXL-16 genes (Supplementary Table S1).

Significantly positive correlations between the expression levels of; TLR4 with NF-KB,
MYD88, and IL1B, MYD88 with NF-KB and IRF3, STAT3 with MYD88 and NF-KB, JUND
with HO1, NF-KB with IRF3 genes respectively, as well as between MAPK1 with MYD88
and TLR4 and NLRC3 with IL6 and TNFB genes respectively, were found (Figure 2).

Figure 2. Pearson’s heat map correlations between the expression level of several genes in neutrophils of goats.

4. Discussion

The impact of sesame seeds in the innate immunity of ruminants has rarely been
investigated to the best of our knowledge. Neutrophils are involved in initiation of the
inflammatory response [39], through the expression of several families of PRRs such as
NLRs and TLRs [40,41] which can identify either microbial pathogens or components of
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host’s cells that are released during cell damage or death. Significantly higher expression
levels of TLR4 gene have been found in blood neutrophils of ketotic cows [42]. Moreover,
Roldan-Montes et al. [43] found in milk, a significant association between the identified
polymorphisms of the TLR4 gene and the somatic cell score of water buffaloes. A significant
down-regulation in the expression of TLR4 gene in LPS-stimulated BV-2 microglial cell line
of rats was observed in vitro [14]. Thus, the results of this study referring to NLRC3 and
TLR4 genes (Supplementary Figure S1) might show not only absence of any inflammation
(clinical or subclinical) but also the protective role of sesame seeds in goats’ cells survival.

TLR4 gene regulates the NF-KB pathway through the MYD88 gene [44] which affects
the MAPKs cascade [45]. Indeed, significantly positive correlations between the expression
levels of TLR4 with NF-KB, TLR4 with MYD88 and MYD88 with NF-KB genes, were found
(Figure 2). It was observed that sesamin, one of the main antioxidant compounds of
sesame seeds, reduces the activation of NF-KB (measured by ELISA) and P38 MAPK kinase
(measured by Western blot) in mice microglia cells treated with LPS [15]. The same has
been shown for the expression of TLR4 gene (measured by flow cytometry) in hepatic tissue
of mice [46]. Sesamin inclusion in RPMI-8226 cells [47] and sesame oil aqueous extract
in RAW 264.7 macrophages of mice treated with LPS [48] down regulate the expression
of NF-KB gene in vitro. Additionally, a significant up-regulation in expression levels of
TLR4 and MYD88 genes in goats’ mammary epithelial cells [49], and in human endometrial
cells [50] when stimulated in vitro by LPS have been found. Moreover, significantly higher
expression levels of MYD88 gene have been observed in bovine mastitis tissue [51]. Thus,
the results of this study, concerning the NF-KB, MYD88 and MAPK1 genes, not only show
no pathogens, stress or endogenous inflammatory factors in goats’ organisms but also
indicate a positive effect in their innate immunity when the animals were fed with the
higher supplementation level (10%) of WSS.

NLRs and TLRs stimulate the MAPKs cascade thought the MYD88 pathway [52] and
trigger the cytokines production [53,54]. The significantly positive correlations between the
expression levels of MAPK1 with MYD88 and TLR4 genes respectively, confirm this close
relationship (Figure 2). Moreover, the positive correlations between the expression levels
of TLR4 and IL1B genes, as well as between the expression levels of NLRC3 with IL6 and
TNFB genes respectively (Figure 2) show that both NLRs and TLRs regulate the cytokines
expression. IL2 has anti-inflammatory properties [55] while IL6 is elevated in most cases
of inflammation and have been recognized as target for therapeutic intervention [56].
Indeed, it has been found recently that elevated IL6 levels in blood plasma resulted a
STAT3 hyperactivation in tumor cells [25]. However, sesamin has the ability to suppress
the STAT3 signaling pathway (IL6/JAK/STAT3) in human hepatocellular carcinoma cell
line HepG2 [57]. The anti-cancer effects of sesamin have been attributed to its ability to
reduce significantly the expression of NF-KB, IL6 and transcriptional target of STAT3 [58].
In accordance with our findings, sesamin inhibits the expression levels of IL6 gene, in a
dose depend matter in vitro [15]. The anti-inflammatory activities of sesamin have been
shown also, in influenza H1N1-induced peripheral blood mononuclear cells of humans by
either the reduction in the expression levels of both IL1B and TNFA genes or the increase
in the expression of IL2 gene [59]. A significant reduction in the expression levels of IL2
gene was observed in cows infected with malignant catarrhal fever [60,61]. Furthermore,
a significant down-regulation in the expression levels of pro-inflammatory (IL1A, IL1B,
TNFA) genes including IL6 was found in the liver of mice fed with a sesame oil rich diet [62].
Sesamin, reversed the inflammation which caused by the consumption of a high fat diet in
rats by reducing the expression of IL6 and TNFA genes [63]. Thus, the results of this study,
as the IL2, IL6, STAT3 and cytokines genes expression is concerned could high light as well
the idea of an improvement of goats’ innate immunity especially, when they were fed with
the higher inclusion level of sesame seeds.

Although MYD88 is a common adaptor for all the TLRs except TLR3, TRIF, is an adap-
tor for TLR3 and TLR4 which promotes an alternative pathway that leads to the activation
of IRF3 for induction of type IFN [19,64]. Our results referring to the TRIF, IRF3 and IFNG
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genes, show that the highest dietary inclusion level (10%) of WSS affected also the MYD88
independent pathway. This is further supported by the changes in the expression levels
of TRAF gene since both MYD88 and TRIF pathways are controlled by TRAF regulators
such as TRAF3 [65,66]. Similar to our findings, a significant down-regulation in the ex-
pression levels of IFNG gene in cultured mononuclear cells of experimental autoimmune
encephalomyelitis mice, fed with sesame oil, has been found [67]. Additionally, sesame oil
reduces significantly the concentrations of IFNG in multiple sclerosis patients [68]. On the
other hand, the expression level of IRF3 gene increased significantly in goats’ mammary
epithelial cells after 3 h incubation in vitro with both toxins from LPS and gram-positive
lipoteichoic acid bacterial [49]. The same was observed in bovine mammary epithelial
cells when stimulated either with Escherichia coli or Staphylococcus aureus [69]. Further-
more, the pro-inflammatory role of IRF3 has been indicated also in mice macrophages,
through the activation of TLR4-TRIF metabolic pathway which regulates the production of
pro-inflammatory cytokines [70].

Chemokines such as CCL5, IL8 and CXCL16 can be produced by many cells including
neutrophils [71] after proper stimulation [72]. So far, significant higher expression levels
of CCL5 gene have been observed in infected blood macrophages with Mycobacterium
in vitro [73]. The same trend has been indicated in goats’ mammary epithelial cells af-
ter incubation with gram-negative and/or gram-positive bacteria cell wall components
in vitro [49]. The expression of IL8 gene enhanced significantly in blood neutrophils of
calving cows with clinical mastitis [71]. A positive correlation between IL8 gene expression
and the incidence of severe mastitis has been also shown [74]. However, chemokines
such as IL8 can be also released from the cells as response to the reactive oxygen species
(ROS) [75]. Additionally, CXCL16 chemokine can have a scavenger role for the uptake
of oxidase molecules such as the low-density lipoproteins [76]. It has been shown that
various antioxidant compounds can protect low-density lipoprotein (LDL) from oxidation
in vitro [77]. Indeed, a delay in the oxidation of lipoproteins in the blood plasma of mice
fed with sesame oil has been found due to its sesamin and sesamone content which was
accompanied by a significant reduction in the CXCL16 blood plasma content [62]. Thus,
the results of this study, concerning the expressions of chemokines (CCL5, IL8 and CXCL16),
further support the use of sesame seeds as a nutritional tool for the improvement of goats
both innate immunity and antioxidant status.

HO1 is a highly inducible gene well known for its anti-inflammatory, immunomodu-
latory and antioxidants functions [78]. Similar with our findings, sesamin did not modify
the expression levels of HO1 gene in rats in vitro [79]. On the contrary, a significant up-
regulation in the expression levels of HO1 gene has been found in the liver of bovine
and mice, infected by Fachiola hepatica [80]. The same was observed for both HO1 and
IL10 genes in LPS-stimulated macrophages of mice [81]. Although the metabolic pathway
which regulates HO1 gene expression in not clear, activation of STAT3 by IL10 cytokine
has repeatedly been suggested. The positive relationship between the expression levels of
HO1 and IL10 genes (p < 0.01) supports this suggestion while the negative relation between
the expression levels of STAT3 and IL10 genes (p < 0.01), which was found in this study
(Figure 2), needs further investigation in order to clarify the role of STAT3 gene in this
metabolic pathway. Thus, referring to the results on the expression levels of HO1, IL10
and STAT3 genes of this study, an enhancement of the innate immune responses with the
higher supplementation level of WSS could be claimed.

JUND gene might have also an involvement in the HO1 gene expression. It has
been found that JUND protein repressed HO1 gene expression in human renal epithelial
cells [82]. The relationship between the expression levels of HO1 and JUND genes supports
this link (Figure 2). Moreover, the expression levels of JUND gene followed the same
trend with the expression level of MAPK1 gene (Supplementary Table S1). JUND gene
has a fundamental role in the defense against oxidative stress [83]. Thus, its sharpest
down-regulation with the highest supplementation level of sesame seeds might show that
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the SS10 goats had a sufficient pool of antioxidants compounds in their organism such as
sesamin, sesaminol, etc. which enhance their innate immunity.

So far, in the innate immunity, little attention has been given in inflammatory media-
tors such as the IkappaB kinase (IKK). The role of IKK-α subunit (CHUK) in inflammation
is not well known. However, CHUK gene is required for the activation of the “alternative”
NF-KB pathway which is activated by the TNF family cytokines [84]. Moreover, CHUK has
anti-inflammatory role through the regulation of SUMO (small ubiquitin-related modifier)
ligase activity of protein inhibitor of activated STAT1 (PIAS) [85]. In accordance with our
findings sesamin had no effect on the expression of CHUK gene in various human cells
lines in vitro [47]. More research is needed in order to clarify the role of CHUK gene in the
innate immunity.

5. Conclusions

Overall, our study provides new evidence regarding the impact of dietary supplemen-
tation with WSS in the innate immunity of dairy goats. The highest inclusion level (WSS10)
seems the best modulator of goats’ innate immunity, as demonstrated by the sharpest
decline in the expression levels of genes (MAPK1, IL6, TRIF, IFNG, TRAF3, and JUND)
involved with inflammatory metabolic pathways. The topmost intake of WSS also regu-
lates both MYD88 dependent (MAPK1) and independent (TRIF, TRAF3, IFNG) pathway,
while this of WSS5 the independent one only. The above findings are very important in
animal husbandry since inflammation should be limited as much as possible, and animals’
innate immunity should be activated only when is needed in order to be stronger and
more effective. Finally, lignans can eliminate the pro-inflammatory compound, which
is produced by LA’s metabolism, making WSS one of the best way to administer LA in
goats’ diet.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-261
5/11/2/468/s1, Figure S1: The Transcript abundance of several genes in the neutrophils of goats. Bars
represent means ± SEM of each (n = 8) of the three dietary treatments; CON: control, basal diet; WSS5:
basal diet + 5% whole sesame seed; WSS10: basal diet + 10% whole sesame seed in goats. The analysis
of variance (ANOVA) using a general linear model (GLM) for repeated measures revealed that for
these genes there was not significant difference between the three dietary treatments (p > 0.05), Table
S1: Transcript abundance of several genes in the neutrophils of goats: NOD-like receptor (NLRC3),
Toll-like receptors 4 (TLR4), Nuclear factor kappa B (NF-KB), Myeloid-Differentiation-primary re-
sponse gene 88 (MYD88), Mitogen-Activated Protein Kinase-1 (MAPK1), Interleukin 1 Alpha (IL1A),
Interleukin 1 Beta (IL1B), Tumor necrosis factor Alpha (TNFA), Tumor necrosis factor Beta (TNFB),
Interleukin 2 (IL2), Interleukin 6 (IL6), Signal Transducer and Activator of Transcription 3 (STAT3),
TIR (Toll/Interleukin-1 Receptor) domain-containing adaptor protein inducing interferon beta (TRIF),
Interferon Regulatory Factor 3 (IRF3), Interferon gamma (IFNG), TNF Receptor-associated Factor 3
(TRAF3), Interferon Regulatory Factor 5 (IRF5), C-C motif chemokine ligand 5 (CCL5), Interleukin 8
(IL8), Chemokine (C-X-C motif) ligand 16 (CXCL16), Heme Oxygenase-1 (HO1), Interleukin 10 (IL10),
Transcription factor JunD (JUND) and Conserved Helix-Loop-Helix-Ubiquitous Kinase (CHUK)
or IKKA relative to the geometrical mean of the references genes (Glyceraldehyde 3-Phosphate
Dehydrogenase (GAPDH) and Tyrosine 3-monoxygenase/tryptophan 5-monooxygenase activation
protein, zeta polypeptide (YWHAZ)).
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Simple Summary: Olive oil is one of the main components in the Mediterranean diet that is known
worldwide for its beneficial effects on human health due to its high content of monounsaturated
fatty acids (MUFAs). During its extraction, a great quantity of olive by-products (OB) is generated
that poses a risk to the environment due to its high organic load. Utilization of OB as a part of
the ruminants’ diet could minimize the costs related to animal feeding and OB management and
contribute to the preservation of natural resources. At the same time, their application in ruminants’
nutrition enables the sustainable use of high-added value bioactive ingredients inside food chains
that improve milk and meat quality characteristics and fortify consumer health, without negative
effects on rumen function, metabolism and productivity.

Abstract: The olive oil industry has a leading position in the Mediterranean countries, resulting
in the production of considerable quantities of the respective by-products (OB) that constitute an
important environmental issue. OB contain valuable nutrients and bioactive components that can
be re-used under the bioeconomy strategy, and several chemical, physical, and biological processes
have been evaluated with the intention to improve their nutritional value. One feasible application
of OB is their incorporation in the diets of livestock and especially ruminants due to their high fiber
content. As indicated by numerous studies, OB dietary supplementation increases the levels of
monounsaturated fatty acids (MUFAs) and decreases that of saturated fatty acids (SFAs) in the milk
and meat of ruminants with beneficial effects for consumers’ health. At the same time, environmental
impact and feeding costs are reduced without detrimental effects on ruminal fermentation, nutrients
utilization, growth performance, carcass traits, milk yield and composition.

Keywords: olive by-products; ruminants; milk quality; monounsaturated fatty acids; meat quality

1. Introduction

The traditional Mediterranean diet has beneficial effects on the health status of popu-
lations in South Europe. One of its main components is olive oil, which provides a high
monounsaturated to saturated fat ratio in the diet [1]. Cultivation of olive (Olea europaea)
tree is strongly related to the economy of the Mediterranean countries. In 2014, Spain,
Italy, and Greece produced more than 1.74, 0.30, and 0.21 million tons of olive oil, respec-
tively [2]. However, olive oil extraction generates a considerable quantity of by-products
(pulp, olive kernels, skin, and water) that are potential environmental pollutants due to
their high organic load [3]; approximately 800 g of olive cake is obtained from each kg of
olives [4]. Incorporation of these by-products into the diets of livestock might mitigate the
environmental burden induced by their disposal and minimize the costs related to waste
management and animal feeding, since animals become less dependent on conventional
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feeds such as cereal grains that can be consumed by humans [5]. In addition, their ap-
plication according to bioeconomy principles enables the sustainable use of high-added
value ingredients—nutraceuticals—inside the food chain, protects natural resources, and
mitigates climate changes [6].

The phenolic compounds of olive products have been associated with improved
cardiovascular health, low cholesterol levels, and increased longevity. A variety of sub-
stances with proven antioxidant and radical scavenging activity, such as hydroxytyrosol,
oleuropein, tyrosol, caffeic acid, p-cumaric acid, verbascoside, and elenolic acid, is also
contained in olive cake [7]. The direct inclusion of olive by-products in pasta and baked
products improves not only their antioxidant capacity, but also their sensory attributes and
shelf-life, due to their content in polyunsaturated fatty acids, phenolic compounds, and
dietary fiber [8,9].

Furthermore, addition of olive by-product (OB) in pig diets could serve as a feasible
approach to reducing production costs, especially in the Mediterranean region, while the
quality and antioxidant capacity of the derived meat is maintained [10], as indicated by the
reduction in the levels of saturated fatty acids (SFAs) and the increase in that of unsaturated
fatty acids (MUFAs and PUFAs) [6,11,12]. In broilers, meat MUFAs levels are increased [13]
and growth parameters [14] and carcass traits [15] are improved as an effect of OB dietary
inclusion. Similar findings have been shown in laying hens, since levels of cholesterol
and SFAs are reduced and those of MUFAs and PUFAs are increased in egg yolk after OB
dietary supplementation [16,17], without negative effects on productive performance at a
level of up to 9% [18] or 16% [16].

The market continuously seeks alternative ways of improving the health benefits
and technological properties of dairy and meat products derived from ruminants. The
World Health Organization [19] suggested a reduction in the intake of SFAs due to their
hypercholesterolemic and thrombogenic effects that are correlated with an increased risk
for cardiovascular diseases. In this framework, researchers have focused their attention on
reducing SFAs content and improving nutritional properties of milk and meat through the
enrichment of diets with agro-industrial by-products rich in unsaturated fatty acids, such
as the olive cake.

2. Olive By-Products as Non-Conventional Feed Resources

Upon oil extraction, two fractions are generated: a solid residue that is generally
known as crude olive cake (OC) or olive pomace and a liquid one that refers to olive
mill wastewater. OC is the mixture of the olive kernel shell (or stone or pit) crushed
into fragments, the skin, and the crushed grape pulp. OC chemical composition greatly
varies due to the proportion of the aforementioned solid components but also the year, the
geographic origin, the olive variety, culture conditions, and possible soil contamination. It
can be further categorized to crude or extracted (or exhausted or defatted or depleted) OC
based on residual oil content, to fresh or dry OC based on its moisture levels and to partly
destoned or crude OC based on the stone removal or not [5,6]. For instance, the crude
OC obtained by mechanical extraction contains residual oil and stones. The exhausted
olive cake is the residue obtained after oil extraction from the crude olive cake by a solvent,
usually hexane, and the partly destoned olive cake is the result of partly separating the
stone (or kernel shell) from the pulp by screening or ventilation [20]. OC could be obtained
according to the applied method of oil centrifugation process (three or two phase OC).
The latter one, of two phase extraction, is a more efficient and environmentally friendly
procedure, since the production of olive mill wastewater is minimized. Furthermore,
other by-products of olive oil extraction are the olive pulp (OP), obtained when stones
are completely separated from OC during oil extraction, and the olive leaves (OL), which
refers to a mixture of leaves and branches from the pruning of olive trees and the cleaning
of olives prior to oil extraction [5,6].

OB are the most abundant agro-industrial by-products in the Mediterranean basin
and could be applied in animal and especially ruminant diets as fresh, ensiled, dried, or
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a component of concentrated pellets and multi-nutrient feed blocks. Their nutritional
value (fiber content, crude protein, and oil) varies according to the cultivation conditions
(geographic origin, year, season, etc.), the method of oil extraction (three or two phase
centrifugation), form (crude, exhausted, partly-destoned, etc.), the preservation methods
(drying, ensiling, etc.), and the storage conditions and time [5,21,22] (Table 1). OC di-
gestibility is variable, depending on its type. However, apparent digestibility of organic
matter and crude protein is low (0.20–0.50) due to a low nitrogen solubility and high levels
of acid detergent insoluble nitrogen (70–75% of total nitrogen), while ether extract is highly
digested (0.60–0.90), regardless of type of olive cake and processing method [5].

Table 1. Composition of the different olive by-products for feeding trials.

Olive by-Product Dry Matter (%)
Ether

Extract (%)
Crude

Protein (%)
NDF
(%)

SFAs
(%)

MUFAs
(%)

PUFAs
(%)

Total
Phenols

(%)
References

Olive cake (OC) 85–91 4–9 8–11 60–66 18–25 68–70 7–12 14 [5,23–25]

Partly destoned OC 89–92 1–5 3–13 54–68 47 45 8 0.65 mg
GAE */g [26,27]

Olive mill
wastewater - 0.2–1 - - - - - 0–1.2 [28]

Olive leaves (OL) 95 3–4 10–13 30–40 40 22 38 25 [5,23,29]

* gallic acid equivalent.

Olive by-products have traditionally been used by farmers in Mediterranean areas,
but there are some limitations regarding their use as non-conventional feed resources for
livestock [6]. These confinements are related to the fact that they contain low available
protein content (6.6–9.9%), high ether extract (10–30%), neutral detergent fiber (23–73%)
(NDF), and acid detergent lignin (12–37%) (ADL) and compounds such as phytic acid,
polyphenols, and tannins that inhibit rumen cellulolytic activity and negatively affect OB
palatability and digestibility [5,21,30]. Among them, the high lignin content constitutes
the main obstacle towards better utilization, while the tannin content is less than 1%
of DM [20]. Moreover, although they are considered as a good source of energy, this
high energy content may reduce the animals’ total feed intake [6]. Additionally, they
contain high fat levels, making them a good supplement for a balanced diet, but fat-rich
by-products should be limited to a certain percentage (10% of total diet at most, although
5% is usually recommended). As a result, participation of olive by-products in the diets
of both monogastrics and ruminants is limited (5–15%) due to high content of fiber and
fat, respectively [6,31]. Nasopoulou and Zabetakis [32] concluded that a moderate intake
of OB does not affect growth and improves the fatty acid profile of animal products by
reducing saturated and increasing unsaturated ones in both meat and milk.

Appropriate methods of collection, transportation, and processing should be imple-
mented in order to reduce the costs and improve the nutritive value of olive cake [33];
for example, ensiling is a low cost method of preserving olive cake without the need of
additives or the cost of drying/pelleting [34–36]. There are several chemical, physical, or
biological procedures that can be used to increase the protein content and minimize the
anti-nutritional factors (phytic acid, polyphenols, and tannins) in olive cake. In general,
destoning of olive cake improves its DM, NDF, crude protein digestibility, and nutritive
value [37]. Ammonia or soda treatment and addition of molasses appeared to improve
palatability and nutritive value of olive cake [38,39]. At the same time, the palatability of
ensiled olive cake is very high, as observed in several studies in ruminants. High intake of
olive cake has been reported in ruminants [40], whereas other reports shows that heifers
can consume higher amounts of ensiled olive cake compared to lams and kids (heifers
58, lambs 34, kids 28 g/kg of W0.75) [41]. Moreover, ensiling with urea (4–5%) increased
crude protein level of olive cake, but its digestibility was not improved [42,43]. On the
other hand, solid-state fermentation using selected filamentous fungi is a promising biolog-
ical technique that improves olive cake nutritional value and is characterized by its low
cost, simplicity, and efficiency. At the same time, a more stable product is obtained, the
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requirements for energy are less, and smaller levels of effluents are produced compared to
submerged fermentation systems [44].

3. Effects of Olive By-Products Dietary Supplementation in Ruminants

3.1. Effects of Olive By-Products Dietary Supplementation on Rumen Microbiota and
Fermentation Characteristics

Olive by-products generally have low digestibility and palatability, and their high
polyphenol content (particularly tannins) could decrease protein availability and micro-
bial protein synthesis in ruminants due to the inhibitory action of polyphenols on the
extracellular enzymes secreted by the ruminal microflora [45,46]. In detail, the inclusion
of stoned olive cake (SOC) into the diet inhibited in vitro rumen biohydrogenation of
C18 unsaturated fatty acids, resulting in a decrease in the stearic acid and an increase
in vaccenic acid concentration, a fact that is possibly associated with differences in the
microbial populations and activities; depression in the populations of Butyrivibrio proteo-
clasticus, Neisseria weaveri and Ruminobacter amylophilus [45]. Moreover, the inclusion of
crude two-stage olive cake (10–12%) in feed blocks increased vaccenic acid production,
since it is rich in oleic and linoleic fatty acids. The isomerization of linoleic acid as well as
the desaturation of vaccenic acid in both rumen and mammary gland led to goat milk with
high levels of rumenic acid and total conjugated linoleic acid (CLA) [47]. Additionally, the
replacement of forage by crude olive cake at the level of 33% (or 16.6% of the total diet)
in dairy sheep did not affect volatile fatty acids, ammonia production, microbial growth,
bacterial diversity, protozoal, fungi, or archaea abundance, although pH and butyrate
proportions were increased [48]. The inclusion of olive cake obtained with a two-stage (135
g/kg DM) or three-stage (112.5 g/kg DM) olive milling in the ewe diets indicated increased
contents of α-linolenic and rumenic acids in rumen liquor (RL), respectively, while there
was no diet effect on the overall composition of the RL microbiota among treatments [49].
However, in the same study, significant differences were observed for six bacterial taxa
between control and treated groups. More specifically, the RL microbiota of animals fed the
olive cake diets showed reduced concentration of Anaerovibrio genus, a result that could
lead to a reduction in lipolysis, and thereby lowering the amount of PUFA that are available
for biohydrogenation [49].

Incorporation of second-extraction pitted and dehydrated olive cake into the diets of
Friesian steers at the level of 10–20% (on DM basis) did not influence rumen fermentation
variables (pH, concentrations of ammonia and volatile fatty acids (VFA), and molar propor-
tions of the different acids) [50]. In small ruminants, the inclusion of two-stage dried olive
cake in the diet resulted in an increase of condensed tannins. Ruminal VFA concentration
in goats and wethers increased, and ammonia concentration decreased. The inclusion of
two-stage dried olive cake decreased urinary allantoin excretion only in wethers, indicating
a greater sensitivity of wethers than of goats to olive cake condensed tannins [46] and a
higher degradative efficiency of rumen microorganisms with proteolytic and cellulolytic
activity in goats than in sheep [31]. Ruminal fermentation parameters (pH, VFA levels, and
methane emissions) and nutrients utilization were also not disturbed in dairy goats after
the partial replacement of the 20% forage by crude olive cake silages supplemented with
sunflower oil at the level of 2% [51] or after the partial replacement of concentrates with a
mixture of corn dried distillers’ grains containing 18% solubles, 18% dry citrus pulp, and
8% exhausted olive cake (as-fed basis) [52]. The discrepancy observed in the literature is
also possibly related to the different olive varieties, different oil extraction procedures used,
and mainly due to the interaction of olive by-products with other dietary components.
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3.2. Effects of Olive By-Products Dietary Supplementation on Milk Products
3.2.1. Dairy Cows, Buffaloes, and Camels

The partial replacement of roughage (8%) and concentrate (5%) in the total mixed
ration by dried olive cake (DOC) [53] or its inclusion at the level of 5.6% (on DM basis) [54]
did not affect milk yield and composition in dairy cows. Dried, partially destoned, olive
cake dietary supplementation of dairy cows at the level of 15% (of DM) generally did
not affect milk and cheese yield and chemical profile, but the nutritional properties of the
derived cheese were also improved, since an increase in MUFAs and PUFAs and a decrease
in SFAs were also observed. Moreover, atherogenic and thrombogenic indices were reduced,
and oleic and CLA contents were increased as a result of the decreased biohydrogenation
rate of oleic and linoleic intermediate by Butyrivibrio genus and B. proteoclasticus [55]. In
buffaloes, no effect of DOC on milk yield, composition, and coagulation parameters was
observed, whereas the oxidative stability and the dietetic—nutritional characteristics of the
milk (increased MUFAs, PUFAs, unsaturated/saturated (UFA/SFA) ratio and decreased
atherogenic and thrombogenic indices) were improved as an effect of tocopherols, retinol,
and hydroxytyrosol that are presented in DOC [56].

Dietary supplementation with DOC at the level of 10% (on DM basis) did not influence
milk yield and composition in dairy cows, with the exception of milk protein content that
was increased [57]. An increase in MUFAs and a decrease in SFAs of milk and cheese were
observed, whereas no effect of DOC on PUFAs was found. In detail, DOC dietary inclusion
reduced palmitic acid and atherogenic and thrombogenic indices, while increasing oleic,
vaccenic, stearic, and CLA in both milk and cheese of dairy cows [57]. Crude olive cake as
a replacer of barley in the camel diets did not also affect milk yield, fat, or protein content
but increased medium-chain fatty acids levels [58].

At the same time, the substitution of forages with 10% (DM) of ensiled olive cake had
no effect on bovine milk yield and composition apart from an increase in milk fat yield.
At the same time, a significant reduction in the content of SFAs and the atherogenic index
was reported, whereas increased levels of long-chain and monounsaturated fatty acids
as well as individual fatty acids like stearic, oleic, the sum of C18:1 trans-10 and trans-11
acids, and CLA (cis-9, trans-11 C18:2) were observed in milk and Halloumi cheese [36].
Moreover, Chaves et al. [59] concluded that inclusion of olive cake, conserved as silage, as
a replacer of corn silage in the diet of lactating cows up to 15% (dry basis) does not alter
milk production or its composition and feed efficiency.

3.2.2. Dairy Ewes and Goats

In dairy ewes, MUFAs, oleic acid, n-6/n-3 PUFAs, and UFA/SFA ratio were in-
creased without negative effects on chemical composition and clotting properties after
the incorporation of olive cake at the level of 10–25%, leading to the improvement of the
dietetic-nutritional characteristics of milk and cheese and the decrease of the atherogenic
and thrombogenic indices [60,61]. Other researchers that used the same levels of olive cake
(20% on DM basis) did not observe a significant effect on milk yield and composition in
Awassi ewes [62]. Additionally, no diet effect on milk yield and composition was observed
in a recent study conducted on ewes after the inclusion of olive cake produced with a two
(135 g/kg DM) or three (112.5 g/kg DM) stage milling process, while an enrichment of
milk fat with α-linolenic and oleic acids was reported in both olive cake supplemented
groups [49]. On the other hand, the partial replacement of conventional concentrates by
a mixture containing by-products like exhausted olive cake (80 g/kg as fed-basis) signifi-
cantly increased milk protein content in dairy goats and improved the quality of goat milk
by significantly increasing the levels of PUFAs, CLA, and linoleic acid, decreasing at the
same time those of SFAs and the n-3 to n-6 ratio [52]. The inclusion of olive cake at a higher
level (30% on DM basis) did not influence milk yield and composition, while MUFAs con-
tent in milk and the derived yoghurt and cheese was improved in Awassi dairy ewes [63].
However, the same authors in a recent experiment found that the replacement of forage
and concentrate at the level of 30% by olive cake reduced milk yield (−10%) and protein
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and increased MUFAs content in ovine milk and attributed the observed discrepancies in
the increased sample size of the latter study [64].

No significant effects on milk yield and composition of dairy ewes were demonstrated
after the application of olive cake as a silage (fat: 115 g/kg DM) at the level of 100 g/kg
DM (as a replacement for equivalent amounts of grass hay) [65]. The strategy of partial
replacement of conventional forage by ensiled olive cake (with sunflower oil) at the level of
200 g/kg DM is also a valuable nutritional strategy in dairy goats, since it improves animal
energy balance and microbial protein synthesis while ruminal fermentation, nutrients
utilization, milk yield, and composition are not compromised [51]. Partial replacement
of conventional roughages by ensiled crude olive cake (50%) did not affect milk yield in
Chios ewes and Damascus goats and significantly increased milk fat content only in dairy
ewes [34]. Moreover, the substitution of forages with 72 or 142 g/kg DM of ensiled olive
cake reduced SFAs and increased the unsaturated and monounsaturated lipids as well
as individual fatty acids like rumenic and linoleic acids in milk fat of Chios ewes with
positive effects on human health, while the cholesterol content was not affected [36]. The
application of an ensiled-mixture consisting of crude olive cake, orange pulp, and wheat
straw increased MUFAs levels, UFA/SFA, and n-6/n-3 PUFAs ratio in milk of Comisana
ewes [66].

Alloueedat et al. [67] showed that a mix of alternative feeds including olive cake sup-
plemented at the level of 20–40% (of DM) could be used in ewe diets to mitigate production
cost without negatively affecting intake, milk yield and composition, digestibility, animal
welfare, and health. Moreover, feed blocks that contained two-stage olive cake at the level
of 10–12% could be used as an alternative to reduce half of the amount of concentrate
without detrimental effects on nutrient utilization, nitrogen balance, and energy efficiency
and milk composition in dairy goats. Although a decrease in milk yield was observed, milk
quality was improved, since an increase in CLA content and a decrease in SFAs levels and
atherogenicity index were shown [47]. The aforementioned studies regarding the effects of
OB dietary supplementation on milk products of ruminants are summarized in Table 2.

Table 2. The effects of olive by-products dietary supplementation on milk products of ruminants.

Olive By-Product Level Animal Effects Reference

PDOC 200 g/kg ewes No effect on clotting properties. Increase of MUFA,
PUFA, n−6/n−3 ratio, UFA/SFA of milk [60]

PDOC 98–244 g/kg ewes Increase of MUFA, PUFA, n−6/n−3 ratio, UFA/SFA
of milk and cheese [61]

Dried OC 300 g/kg ewes No effect on milk yield and composition. Increase of
MUFA in milk, cheese, and yogurt [63]

Dried OC (as a
replacer of forages
and concentrates)

30% ewes Increase of MUFA. Decrease of milk yield and
protein yield [64]

OC 20% ewes No effect on milk yield and composition [62]

OCS 100 g/kg ewes No effect on milk yield and composition [65]

OCS with
sunflower oil 200 g/kg goats

No effect on milk yield, milk composition, ruminal
fermentation, and nutrients utilisation. Increase of

energy balance and microbial protein synthesis
[51]

OCFB 10–12% goats

No effect on nutrient utilisation, nitrogen balance,
energy efficiency, and milk composition. Decrease of
milk yield. Increase of CLA content. Decrease of SFA

and atherogenic index

[47]

OCS (as a replacer
of forages 50% Ewes and goats No effect of ewe and goat milk yield and composition

apart from an increase in fat content of ewe milk [34]
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Table 2. Cont.

Olive By-Product Level Animal Effects Reference

Ensiled mixture
containing OC 30% ewes Increase of MUFA, n−6/n−3 PUFA, and UFA/SFA [66]

OC (as part of a mix
of alternative

feedstuffs—AF)
20–40% of AF ewes No effect on feed intake, milk yield and composition,

digestibility, animal welfare, and health [67]

OCS 72–142 g/kg ewes
No effect on the cholesterol content of milk. A

decrease of SFAs and an increase of UFAs, MUFAs,
CLA, and linoleic acid

[35]

Two-stage and
three-stage OC

112.5–135
g/kg ewes No effect on milk yield and composition. Increase of

α-linolenic and oleic acids in milk [49]

EOC (as part of a
mix of byproducts

replacing
concentrates)

80 g/kg goats

No effect on milk yield and composition except for
an increase in protein content. No effect on nutrient

apparent digestibility, urine N excretion, N
utilization. A decrease on SFAs and n−3/n−6. An

increase of PUFAs, CLA, and linoleic acid.

[52]

DSOC (as a replacer
of forages and
concentrates)

13% cows No effect on milk yield and composition [53]

DSOC 5.6% cows No effect on milk yield and composition [54]

DOC 10% cows

No effect on milk yield and composition apart from
an increase in protein content. Increase of MUFA,

oleic and vaccenic acids, C-18 FA, and CLA of milk
and cheese

[57]

OCS 10% cows

No effect on milk yield and composition apart from
an increase in fat yield. Increase of MUFA, oleic acid

and CLA of both milk and Hamoumi cheese.
Decrease of SFA and atherogenic index of milk and

Hamoumi cheese

[36]

OCS 15% cows No effect on milk yield, milk composition, and
feed efficiency [59]

DPDOC 15% cows

No effect on yield of milk and cheese and chemical
profile of cheese. Increase of MUFA, PUFA, oleic acid,

and CLA. Decrease of SFA, atherogenic, and
thrombogenic indices of cheese

[55]

DSOC (as a replacer
of concentrates) 15.50 % buffaloes No effect on milk yield, milk composition, and

coagulation parameters [56]

Crude OC (as a
replacer of forages) 3 kg camels No effect on milk yield and composition. Increase

of MUFA [58]

CLA: conjugated linoleic acid, DOC: dried olive cake, MUFAS: monounsaturated fatty acids, OCFB: feed blocks that contained olive cake,
OCS: olive cake silage, PDOC: partly destoned olive cake, DSOC: dried stoned olive cake, DOC: dried olive cake, DPDOC: dried partially
destoned olive cake, EOC: exhausted olive cake; PUFAs: polyunsaturated fatty acids, SFAs: saturated fatty acids, UFAs: unsaturated
fatty acids.

3.3. Effects of Olive By-Products Dietary Supplementation on Growth Performance, Carcass Traits,
and Meat Quality Characteristics
3.3.1. Beef Cattle

Although the majority of the available literature concerning the effects of olive by-
products refers to small ruminants, there are also some recent studies that deal with their
effects in beef cattle. Inclusion of up to 20% second-extraction pitted and dehydrated
olive cake (DM basis) in the diet did not affect growth performance (final body weight
and average daily gain) and rumen parameters (pH, ammonia, and volatile fatty acids)
of Friesian steers [50]. However, dried partially destoned olive cake (DPDOC) dietary
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supplementation of Limousin bulls at the level of 7.5–15% (of DM) increased final body
weight, average daily gain, carcass traits, intramuscular fat content, and meat yellowness.
Moreover, DPDOC inclusion at the level of 15% reduced meat cooking loss, shear force
value, and SFAs levels and increased PUFAs and MUFAs content, UFA/SFA and n-6/n-3
PUFAs ratio, and oleic acid levels [68]. Finally, incorporation of calcium soap of olive
oil into the diets of Blonde D’Aquitane steers at the level of 4.8% did not affect growth
performance, carcass traits, and meat sensory attributes [69].

3.3.2. Sheep

An acceptable level of performance in lambs could be assured when olive cake is used
as a part of the basal diet (12.2%) [70]. At the same time, the addition of higher levels of olive
cake (15%) to the concentrate had no significant effect on daily gain, feed efficiency, carcass
weight, and dressing percentage of lambs [71,72]. Moreover, the supplementation of lambs
fed indoors or reared on a rangeland with olive cake (280 g/day) did not affect slaughter
weight, carcass traits, meat yield, and quality characteristics (apart from a decrease in
pH and an increase in juiciness of meat) [73]. Kotsampasi et al. [27] reached similar
conclusions after the incorporation of partly destoned exhausted olive cake into lambs’ diet
(80–240 g/kg diet); no effect on growth performance, carcass weight, or intramuscular fatty
acid profile was observed, whereas fat color, fat firmness wetness, and overall acceptability
of carcasses were improved. Moreover, partly destoned exhausted olive cake could be used
in lamb finishing rations at the level of 10–20% with no adverse effects on ADG and carcass
characteristics, although final body weight and feed efficiency were negatively affected
at the higher level (20%) [26]. Being a cheap by-product, olive cake can be utilized as an
alternative feed source for lambs up to the level of 20–30% without having any detrimental
effect on their growth performance and carcass traits [74–76].

Moreover, the replacement of half of dietary wheat hay with sun-dried olive cake
improved weight gain and final body weight of Awassi lambs with no detrimental effects
on rumen parameters, nutrients intake, or digestibility [77]. In a recent experiment of
the same authors, dietary inclusion of a mix of alternative feedstuffs that contained olive
cake at the level of 250 or 500 g/kg also decreased production cost with no effect on feed
conversion ratio, carcass traits, or meat quality characteristics of lambs. However, at the
level of 500 g/kg, nutrients intake, digestibility, and lambs’ performance were negatively
affected [78]. Farmers could reduce the amount of concentrate used for lambs up to 75%
by using olive cake-based feed blocks (44%) as alternative supplements, since no negative
effects on lamb performance are observed [79]. Taheri et al. [80] reached a similar inclusion
after the inclusion of ensiled olive pulp at the level of 10–30% into the diets of ram lambs;
ADG, FCR, and most carcass traits including major cuts were not adversely affected.

The replacement of the diet at the level of 44% by a mixture of agro-industrial by-
products that contained exhausted olive cake did not change growth performance, pH,
chemical composition, color, or texture parameters of lamb meat but increased its shelf-life
(reduced lipid oxidation levels) and improved its fatty acid profile (decrease of SFAs and
increase of PUFAs content) [81,82]. Furthermore, stoned olive cake dietary supplementation
(35%) improved the oxidative stability of lamb meat and its combination with linseed (17%
and 10%, respectively) improved the fatty acid composition of meat without compromising
oxidative stability [83], with no effect on feed intake, growth performance, or carcass
weight [84]. Reduced SFAs levels and increased n−6/n−3 PUFAs ratio were observed in
the meat of lamb that were ad libitum fed with a silage based on olive cake and cactus
pads [85]. Furthermore, polypohenols extracted from olive mill wastewaters have positive
effects on kid meat, improving fatty acid profile (oleic and CLA content) and oxidative
stability, suggesting the utilization of this byproduct as a source of polyphenols although
this has not been investigated in any extent [86]. All the mentioned literature related to
the effects of OB dietary supplementation on growth performance, carcass traits, and meat
properties of lambs is summarized in Table 3.
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Table 3. The effects of olive by-products dietary supplementation on growth performance, carcass traits, and meat properties
of lambs.

Olive By-Product Level Effects Reference

COC 280 g/kg
No effect on slaughter weight, ADG, carcass traits, meat yield, and
quality parameters (CL, color), apart from a reduction in meat pH

and an increase in meat juiciness.
[73]

DOC 100 g/kg Increase of GR and FBW. No effect on carcass traits [70]

DOC 300 g/kg Reduction of ADG, FBW, carcass weight, and dressing percentage [71]

DOC 150 g/kg No effect on growth performance (FBW, ADG, and FCR), [72]

DOC (as part of a mix
of alternative

feedstuffs—AF)
250 g/kg AF

No effect on growth performance (FBW, ADG, FCR), carcass traits
and meat quality characteristics (pH, CL, WHC, SF, and color

lightness and yellowness). A decrease of color redness
was observed.

[78]

EOC 80 g/kg
No effect on meat pH, color, SF, and chemical composition. Increase

of PUFAs content and n-6/n-3 ratio and reduction of SFAs and
TBARS levels

[81]

FOW 50–150 g/kg No effect on growth performance (FBW, ADG, FCR) and
carcass traits [76]

OCFB 440 g/kg No effect on growth performance [79]

OCS 240 g/kg Reduction of FBW and ADG. No effect on FCR and carcass traits [87]

OCS 300 g/kg No effect on ADG, FCR, carcass characteristics, and major cuts,
apart from a reduction in carcass dressing percentage [80]

PDEOC 80–240 g/kg No effect on growth performance (FBW, ADG, FCR), carcass traits,
and meat chemical composition [27]

PDEOC 100–200 g/kg No effect on ADG and carcass major cuts. Reduction of hot carcass
dressing percentage [26]

PDOC 100–300 g/kg No effect on growth performance (FBW, ADG, FCR) and
carcass traits [75]

SOC 350 g/kg No effect on meat fatty acid profile. Improvement of meat oxidative
stability and increase of tocopherols content [83]

SOC 350 g/kg No effect on growth performance (FBW, ADG), carcass traits, and
meat fatty acid profile [84]

UTOC 100–300 g/kg No effect on FBW, ADG, and FCR [43]

ADG: average daily gain, CL: cooking loss, COC: crude olive cake, DOC: dried olive cake, EOC: exhausted olive cake, FBW: final body
weight, FCR: feed conversion rate, FOW: fermented olive wastes, GR: growth rate, OCS: olive cake silage, OCFB: feed blocks that contained
olive cake, PDEOC: partly destoned exhausted olive cake, PDOC: partly destoned olive cake, PUFAs: polyunsaturated fatty acids, SF: shear
force, SFAs: saturated fatty acids, SOC: stoned olive cake, TBARS: thiobarbituric acid reactive substances, UTOC: urea treated olive cake,
WHC: water holding capacity.

4. Conclusions

According to the literature, it is clearly demonstrated that the incorporation of olive
by-products (OB) into the diet of livestock and especially that of ruminants could serve as
an advantageous strategy in the Mediterranean areas, allowing exploitation of an important
costless agro-industrial by-product. Several methods of processing could be applied in
order to improve OB nutritive value, with ensiling appearing as the most cost-effective.
Nevertheless, the OB can safely be included up to 15–20% on DM basis without negative
effects on ruminant digestion, given the variability of other diet components as indicated
in several studies. Furthermore, nutritional properties of milk and meat are improved
through OB dietary supplementation, without negative effects on growth performance
and productivity. In detail, increased MUFAs and reduced SFAs levels are observed that
are correlated with diminished hypercholesterolemic and thrombogenic effects, leading
to the fortification of human health. In conclusion, OB utilization in ruminants’ diets
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reduces production costs and mitigates environmental burden, while an improvement in
the nutritional value of the derived products is observed.

Author Contributions: Conceptualization: O.T. and P.E.S.; writing—original draft preparation:
M.C.N. and P.E.S.; writing—review and editing: M.C.N., O.T. and P.E.S.; supervision: P.E.S. and O.T.
All authors have read and agreed to the published version of the manuscript.

Funding: This review received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Trichopoulou, A.; Vasilopoulou, E. Mediterranean Diet and Longevity. Br. J. Nutr. 2000, 84, 205–209. [CrossRef]
2. FAOSTAT. Available online: http://faostat3.fao.org/browse/Q/QD/E (accessed on 12 December 2020).
3. Chouchene, A.; Jeguirim, M.; Khiari, B.; Zagrouba, F.; Trouvé, G. Thermal Degradation of Olive Solid Waste: Influence of Particle

Size and Oxygen Concentration. Resour. Conserv. Recycl. 2010, 54, 271–277. [CrossRef]
4. Camposeo, S.; Vivaldi, G.A.; Gattullo, C.E. Ripening Indices and Harvesting Times of Different Olive Cultivars for Continuous

Harvest. Sci. Hortic. 2013, 151, 1–10. [CrossRef]
5. Molina-Alcaide, E.; Yáñez-Ruiz, D. Potential Use of Olive By-Products in Ruminant Feeding: A Review. Anim. Feed. Sci. Technol.

2008, 147, 247–264. [CrossRef]
6. Berbel, J.; Posadillo, A. Review and Analysis of Alternatives for the Valorisation of Agro-Industrial Olive Oil By-Products. Sustain.

2018, 10, 237. [CrossRef]
7. Ghanbari, R.; Anwar, F.; Alkharfy, K.M.; Gilani, A.-H.; Saari, N. Valuable Nutrients and Functional Bioactives in Different Parts of

Olive (Olea europaea L.)—A Review. Int. J. Mol. Sci. 2012, 13, 3291–3340. [CrossRef] [PubMed]
8. Araújo, M.; Pimentel, F.B.; Alves, R.C.; Oliveira, M.B.P. Phenolic Compounds from Olive Mill Wastes: Health Effects, Analytical

Approach and Application as Food Antioxidants. Trends Food Sci. Technol. 2015, 45, 200–211. [CrossRef]
9. Difonzo, G.; Troilo, M.; Squeo, G.; Pasqualone, A.; Caponio, F. Functional Compounds from Olive Pomace to Obtain High-Added

Value Foods—A Review. J. Sci. Food Agric. 2021, 101, 15–26. [CrossRef]
10. Tsala, A.; Mpekelis, V.; Karvelis, G.; Tsikakis, P.; Goliomytis, M.; Simitzis, P. Effects of Dried Olive Pulp Dietary Supplementation

on Quality Characteristics and Antioxidant Capacity of Pig Meat. Foods 2020, 9, 81. [CrossRef]
11. Joven, M.; Pintos, E.; Latorre, M.; Suárez-Belloch, J.; Guada, J.; Fondevila, M. Effect of Replacing Barley by Increasing Levels of

Olive Cake in the Diet of Finishing Pigs: Growth Performances, Digestibility, Carcass, Meat and Fat Quality. Anim. Feed. Sci.
Technol. 2014, 197, 185–193. [CrossRef]

12. Ferrer, P.; Calvet, S.; García-Rebollar, P.; De Blas, C.; Jiménez-Belenguer, A.I.; Hernández, P.; Piquer, O.; Cerisuelo, A. Partially
Defatted Olive Cake in Finishing Pig Diets: Implications on Performance, Faecal Microbiota, Carcass Quality, Slurry Composition
and Gas Emission. Animals 2020, 14, 426–434. [CrossRef]

13. Papadomichelakis, G.; Pappas, A.; Tsiplakou, E.; Symeon, G.; Sotirakoglou, K.; Mpekelis, V.; Fegeros, K.; Zervas, G. Effects of Dietary
Dried Olive Pulp Inclusion on Growth Performance and Meat Quality of Broiler Chickens. Livest. Sci. 2019, 221, 115–122. [CrossRef]

14. Herrero-Encinas, J.; Blanch, M.; Pastor, J.; Mereu, A.; Ipharraguerre, I.; Menoyo, D. Effects of a Bioactive Olive Pomace Extract from Olea
europaea on Growth Performance, Gut Function, and Intestinal Microbiota in Broiler Chickens. Poult. Sci. 2020, 99, 2–10. [CrossRef]

15. Sayehban, P.; Seidavi, A.; Dadashbeiki, M.; Ghorbani, A.; De Araújo, W.A.G.; Durazzo, A.; Lucarini, M.; Gabrielli, P.; Omri, B.;
Albino, L.F.T.; et al. Olive Pulp and Exogenous Enzymes Feed Supplementation Effect on the Carcass and Offal in Broilers: A
Preliminary Study. Agric. 2020, 10, 359. [CrossRef]

16. Afsari, M.; Mohebbifar, A.; Torki, M. Effects of Dietary Inclusion of Olive Pulp Supplemented with Probiotics on Productive
Performance, Egg Quality and Blood Parameters of Laying Hens. Annu. Res. Rev. Biol. 2014, 4, 198–211. [CrossRef]

17. Abd El-Samee, L.D.; Hashish, S.M. Olive Cake in Laying Hen Diets for Modification of Yolk Lipids. J. Agric. Sci. Technol. A 2011,
1, 415–421.

18. Zarei, M.; Ehsani, M.; Torki, M. Productive Performance of Laying Hens Fed Wheat-Based Diets Included Olive Pulp with or
without a Commercial Enzyme Product. Afr. J. Biotechnol. 2011, 10, 4303–4312.

19. World Health Organization. Diet, Nutrition and the Prevention of Chronic Diseases. Report of a Joint WHO/FAO Expert Consultation;
WHO Technical Report Series; World Health Organization: Geneva, Switzerland, 2003; p. 916.

20. Sansoucy, R.; Alibes, X.; Berge, P.; Martilotti, F.; Nefzaoui, A.; Zoiopoulos, P. Olive By-Products for Animal Feed. FAO Animal
Production and Health. Food Agric. Organ. United Nations 1985, 43, 14–18.

21. Marcos, C.N.; De Evan, T.; García-Rebollar, P.; De Blas, C.; Carro, M.D. Influence of Storage Time and Processing on Chemical
Composition and in Vitro Ruminal Fermentation of Olive Cake. J. Anim. Physiol. Anim. Nutr. 2019, 103, 1303–1312. [CrossRef]

24



Animals 2021, 11, 531

22. Yansari, A.T.; Sadeghi, H.; Ansari-Pirsarai, Z.; Mohammad-Zadeh, H. Ruminal Dry Matter and Nutrient Degradability of
Dif-Ferent Olive Cake By-Products after Incubation in the Rumen Using Nylon Bag Technique. Int. J. Agric. Biol. 2007, 9, 439–442.

23. Abbeddou, S.; Rischkowsky, B.; Richter, E.; Hess, H.; Kreuzer, M. Modification of Milk Fatty Acid Composition by Feeding
Forages and Agro-Industrial Byproducts from Dry Areas to Awassi Sheep. J. Dairy Sci. 2011, 94, 4657–4668. [CrossRef] [PubMed]

24. El-Moneim, A.E.A.; Sabic, E.M. Beneficial Effect of Feeding Olive Pulp and Aspergillus Awamori on Productive Performance, Egg
Quality, Serum/Yolk Cholesterol and Oxidative Status in Laying Japanese Quails. J. Anim. Feed. Sci. 2019, 28, 52–61. [CrossRef]

25. Tortuero, F.; Rioperez, J.; Rodríguez, M. Nutritional Value for Rabbits of Olive Pulp and the Effects on Their Visceral Organs.
Anim. Feed. Sci. Technol. 1989, 25, 79–87. [CrossRef]

26. Tufarelli, V.; Introna, M.; Cazzato, E.; Mazzei, D.; Laudadio, V. Suitability of Partly Destoned Exhausted Olive Cake as by-Product
Feed Ingredient for Lamb Production. J. Anim. Sci. 2013, 91, 872–877. [CrossRef] [PubMed]

27. Kotsampasi, B.; Bampidis, V.; Tsiaousi, A.; Christodoulou, C.; Petrotos, K.; Amvrosiadis, I.; Fragioudakis, N. Effects of Dietary
Partly Destoned Exhausted Olive Cake Supplementation on Performance, Carcass Characteristics and Meat Quality of Growing
Lambs. Small Rumin. Res. 2017, 156, 33–41. [CrossRef]

28. Zbakh, H.; El Abbassi, A. Potential Use of Olive Mill Wastewater in the Preparation of Functional Beverages: A Review. J. Funct.
Foods 2012, 4, 53–65. [CrossRef]

29. Hukerdi, Y.J.; Nasri, M.F.; Rashidi, L.; Ganjkhanlou, M.; Emami, A. Effects of Dietary Olive Leaves on Performance, Carcass Traits,
Meat Stability and Antioxidant Status of Fattening Mahabadi Male Kids. Meat Sci. 2019, 153, 2–8. [CrossRef]

30. Alcaide, E.M.; Ruiz, D.Y.; Moumen, A.; García, I.M. Chemical Composition and Nitrogen Availability for Goats and Sheep of
Some Olive By-Products. Small Rumin. Res. 2003, 49, 329–336. [CrossRef]

31. García, A.M.; Moumen, A.; Ruiz, D.Y.; Alcaide, E.M. Chemical Composition and Nutrients Availability for Goats and Sheep of
Two-Stage Olive Cake and Olive Leaves. Anim. Feed. Sci. Technol. 2003, 107, 61–74. [CrossRef]

32. Nasopoulou, C.; Zabetakis, I. Agricultural and Aquacultural Potential of Olive Pomace A Review. J. Agric. Sci. 2013, 5,
116–127. [CrossRef]

33. Ajila, C.M.; Brar, S.K.; Verma, M.; Tyagi, R.D.; Godbout, S.; Valéro, J.R. Bio-Processing of Agro-Byproducts to Animal Feed. Crit.
Rev. Biotechnol. 2011, 32, 382–400. [CrossRef]

34. Hadjipanayiotou, M. Feeding Ensiled Crude Olive Cake to Lactating Chios Ewes, Damascus Goats and Friesian Cows. Livest.
Prod. Sci. 1999, 59, 61–66. [CrossRef]

35. Symeou, S.; Tsiafoulis, C.G.; Gerothanassis, I.P.; Miltiadou, D.; Tzamaloukas, O. Nuclear Magnetic Resonance Screening of
Changes in Fatty Acid and Cholesterol Content of Ovine Milk Induced by Ensiled Olive Cake Inclusion in Chios Sheep Diets.
Small Rumin. Res. 2019, 177, 111–116. [CrossRef]

36. Neofytou, M.; Miltiadou, D.; Sfakianaki, E.; Constantinou, C.; Symeou, S.; Sparaggis, D.; Hager-Theodorides, A.; Tzamaloukas, O.
The Use of Ensiled Olive Cake in the Diets of Friesian Cows Increases Beneficial Fatty Acids in Milk and Halloumi Cheese and
Alters the Expression of SREBF1 in Adipose Tissue. J. Dairy Sci. 2020, 103, 8998–9011. [CrossRef]

37. Sadeghi, H.; Yansari, A.T.; Ansari-Pirsarai, Z. Effects of Different Olive Cake by Products on Dry Matter Intake, Nutrient
Digestibility and Performance of Zel Sheep. Int. J. Agric. Biol. 2009, 11, 39–43.

38. Amici, A.; Verna, M.; Martillotti, F. Olive By-Products in Animal Feeding: Improvement and Utilization. Options Méditerranéennes
1991, 16, 149–152.

39. Weinberg, Z.; Chen, Y.; Weinberg, P. Ensiling Olive Cake with and without Molasses for Ruminant Feeding. Bioresour. Technol.
2008, 99, 1526–1529. [CrossRef] [PubMed]

40. Nefzaoui, A.; Vanbelle, M. Effects of Feeding Alkali-Treated Olive Cake on Intake, Digestibility and Rumen Liquor Parameters.
Anim. Feed. Sci. Technol. 1986, 14, 139–149. [CrossRef]

41. Hadjipanayiotou, M.; Koumas, A. Performance of Sheep and Goats on Olive Cake Silages. Technical Bulletin; Agricultural Research
Institute: Nicosia, Cyprus, 1996; p. 10.

42. Aboul-Fotouh, G.E.; Kamel, M.; Rady, H.; Mahfouz, H. Effect of Olive Cake Level in Sheep Ration without or with Urea or Yeast
on Digestibility Coefficients and Nutritive Value. Egypt. J. Nutr. Feeds 2013, 16, 225–233.

43. Jassim, A.R.; Awadeh, F.; Abodabos, A. Supplementary Feeding Value of Urea-Treated Olive Cake When Fed to Growing Awassi
Lambs. Anim. Feed. Sci. Technol. 1997, 64, 287–292. [CrossRef]

44. Chebaibi, S.; Grandchamp, M.L.; Burgé, G.; Clément, T.; Allais, F.; Laziri, F. Improvement of Protein Content and Decrease of
Anti-nutritional Factors in Olive Cake by Solid-State Fermentation: A Way to Valorize This Industrial By-Product in Animal Feed.
J. Biosci. Bioeng. 2019, 128, 384–390. [CrossRef]

45. Pallara, G.; Buccioni, A.; Pastorelli, R.; Minieri, S.; Mele, M.; Rapaccini, S.; Messini, A.; Pauselli, M.; Servili, M.; Giovannetti, L.;
et al. Effect of Stoned Olive Pomace on Rumen Microbial Communities and Polyunsaturated Fatty Acid Biohydrogenation: An in
Vitrostudy. BMC Veter. Res. 2014, 10, 1–15. [CrossRef]

46. Ruiz, D.R.Y.; Moumen, A.; García, A.I.M.; Alcaide, E.M. Ruminal Fermentation and Degradation Patterns, Protozoa Population,
and Urinary Purine Derivatives Excretion in Goats and Wethers Fed Diets Based on Two-Stage Olive Cake: Effect of PEG supply1.
J. Anim. Sci. 2004, 82, 2023–2032. [CrossRef]

47. Molina-Alcaide, E.; Morales-García, E.; Martin-Garcia, A.I.; Ben Salem, H.; Nefzaoui, A.; Sanz-Sampelayo, M.; Morales-García,
Y.E. Effects of Partial Replacement of Concentrate with Feed Blocks on Nutrient Utilization, Microbial N Flow, and Milk Yield
and Composition in Goats. J. Dairy Sci. 2010, 93, 2076–2087. [CrossRef] [PubMed]

25



Animals 2021, 11, 531

48. García-Rodríguez, J.; Mateos, I.; Saro, C.; González, J.S.; Carro, M.D.; Ranilla, M.J. Replacing Forage by Crude Olive Cake in a
Dairy Sheep Diet: Effects on Ruminal Fermentation and Microbial Populations in Rusitec Fermenters. Animals 2020, 10, 2235.
[CrossRef] [PubMed]

49. Mannelli, F.; Cappucci, A.; Pini, F.; Pastorelli, R.; Decorosi, F.; Giovannetti, L.; Mele, M.; Minieri, S.; Conte, G.; Pauselli, M.; et al.
Effect of Different Types of Olive Oil Pomace Dietary Supplementation on the Rumen Microbial Community Profile in Comisana
Ewes. Sci. Rep. 2018, 8, 1–11. [CrossRef]

50. Estaún, J.; Dosil, J.; Al Alami, A.; Gimeno, A.; De Vega, A. Effects of Including Olive Cake in the Diet on Performance and Rumen
Function of Beef Cattle. Anim. Prod. Sci. 2014, 54, 1817–1821. [CrossRef]

51. Arco-Pérez, A.; Ramos-Morales, E.; Yáñez-Ruiz, D.; Abecia, L.; Martín-García, A. Nutritive Evaluation and Milk Quality of
Including of Tomato or Olive By-Products Silages with Sunflower Oil in the Diet of Dairy Goats. Anim. Feed. Sci. Technol. 2017,
232, 57–70. [CrossRef]

52. Marcos, C.; Carro, M.; Yepes, J.F.; Haro, A.; Romero-Huelva, M.; Molina-Alcaide, E. Effects of Agroindustrial by-Product
Supplementation on Dairy Goat Milk Characteristics, Nutrient Utilization, Ruminal Fermentation, and Methane Production. J.
Dairy Sci. 2020, 103, 1472–1483. [CrossRef] [PubMed]

53. Cibik, M.; Keles, G. Effect of Stoned Olive Cake on Milk Yield and Composition of Dairy Cows. Revue Méd. Vét. 2016, 167,
154–158.

54. Zilio, D.M.; Bartocci, S.; Di Giovanni, S.; Servili, M.; Chiariotti, A.; Terramoccia, S. Evaluation of Dried Stoned Olive Pomace as
Supplementation for Lactating Holstein Cattle: Effect on Milk Production and Quality. Anim. Prod. Sci. 2015, 55, 185–188. [CrossRef]

55. Chiofalo, B.; Di Rosa, A.R.; Presti, V.L.; Chiofalo, V.; Liotta, L. Effect of Supplementation of Herd Diet with Olive Cake on the
Composition Profile of Milk and on the Composition, Quality and Sensory Profile of Cheeses Made Therefrom. Animals 2020, 10,
977. [CrossRef]

56. Terramoccia, S.; Bartocci, S.; Taticchi, A.; Di Giovanni, S.; Pauselli, M.; Mourvaki, E.; Urbani, S.; Servili, M. Use of Dried Stoned
Olive Pomace in the Feeding of Lactating Buffaloes: Effect on the Quantity and Quality of the Milk Produced. Asian Australas. J.
Anim. Sci. 2013, 26, 971–980. [CrossRef]

57. Castellani, F.; Vitali, A.; Bernardi, N.; Marone, E.; Palazzo, F.; Grotta, L.; Martino, G. Dietary Supplementation with Dried Olive
Pomace in Dairy Cows Modifies the Composition of Fatty Acids and the Aromatic Profile in Milk and Related Cheese. J. Dairy
Sci. 2017, 100, 8658–8669. [CrossRef] [PubMed]

58. Faye, B.; Konuspayeva, G.; Narmuratova, M.; Serikbaeva, A.; Musaad, A.M.; Mehri, H. Effect of Crude Olive Cake Supplementa-
tion on Camel Milk Production and Fatty Acid Composition. Dairy Sci. Technol. 2013, 93, 225–239. [CrossRef]

59. Chaves, B.W.; Valles, G.A.F.; Scheibler, R.B.; Junior, J.S.; Nornberg, J.L. Milk Yield of Cows Submitted to Different Levels of Olive
Pomace in the Diet. Acta Sci. Anim. Sci. 2020, 43, e51158. [CrossRef]

60. Chiofalo, B.; Liotta, L.; Zumbo, A. Administration of Olive Cake for Ewe Feeding: Effect on Milk Yield and Composition. Small
Rumin. Res. 2004, 55, 169–176. [CrossRef]

61. Vargasbelloperez, E.; Vera, R.; Aguilar, C.; Lira, R.; Pena, I.; Fernández, J. Feeding Olive Cake to Ewes Improves Fatty Acid Profile
of Milk and Cheese. Anim. Feed. Sci. Technol. 2013, 184, 94–99. [CrossRef]

62. Shdaifat, M.; Al-Barakah, F.; Kanan, A.; Obeidat, B. The Effect of Feeding Agricultural by-Products on Performance of Lactating
Awassi Ewes. Small Rumin. Res. 2013, 113, 11–14. [CrossRef]

63. Abbeddou, S.; Rischkowsky, B.; Hilali, M.E.-D.; Hess, H.D.; Kreuzer, M. Influence of Feeding Mediterranean Food Industry
by-Products and Forages to Awassi Sheep on Physicochemical Properties of Milk, Yoghurt and Cheese. J. Dairy Res. 2011, 78,
426–435. [CrossRef]

64. Abbeddou, S.; Rischkowsky, B.; Hilali, M.E.-D.; Haylani, M.; Hess, H.D.; Kreuzer, M. Supplementing Diets of Awassi Ewes with
Olive Cake and Tomato Pomace: On-Farm Recovery of Effects on Yield, Composition and Fatty Acid Profile of the Milk. Trop.
Anim. Heal. Prod. 2014, 47, 145–152. [CrossRef] [PubMed]

65. Cabiddu, A.; Canu, M.; Decandia, M.; Molle, G.; Pompel, R. The Intake and Performance of Dairy Ewes Fed with Different Levels
of Olive Cake Silage in Late Pregnancy and Suckling Periods. In Nutrition and Feeding Strategies of Sheep and Goats under Harsh
Climates; Ben Salem, H., Nefzaoui, A., Morand-Fehr, P., Eds.; CIHEAM-IAMZ, Options Mediterraneennes: Zaragoza, Spain, 2004;
pp. 197–201.

66. Caparra, P.; Foti, F.; Scerra, M.; Postorino, S.; Vottari, G.; Cilione, C.; Scerra, V.; Sinatra, M.C. Effects of Olive Cake, Citrus Pulp and
Wheat Straw Silage on Milk Fatty Acid Composition of Comisana Ewes. In Advanced Nutrition and Feeding Strategies to Improve
Sheep and Goat; Biondi, L., Ben Salem, H., Morand-Fehr, P., Eds.; CIHEAM: Zaragoza, Spain, 2007; pp. 101–105.

67. Aloueedat, M.K.; Obeidat, B.S.; Awawdeh, M.S. Effects of Partial Replacement of Conventional with Alternative Feeds on
Nutrient Intake, Digestibility, Milk Yield and Composition of Awassi Ewes and Lambs. Animals 2019, 9, 684. [CrossRef]

68. Chiofalo, V.; Liotta, L.; Presti, V.L.; Gresta, F.; Di Rosa, A.R.; Chiofalo, B. Effect of Dietary Olive Cake Supplementation on
Performance, Carcass Characteristics, and Meat Quality of Beef Cattle. Animals 2020, 10, 1176. [CrossRef]

69. Castro, T.; Cabezas, A.; De La Fuente, J.; Isabel, B.; Manso, T.; Jimeno, V. Animal Performance and Meat Characteristics in Steers
Reared in Intensive Conditions Fed with Different Vegetable Oils. Animals 2016, 10, 520–530. [CrossRef] [PubMed]

70. Awawdeh, M.; Obeidat, B. Effect of Supplemental Exogenous Enzymes on Performance of Finishing Awassi Lambs Fed Olive
Cake-Containing Diets. Livest. Sci. 2011, 138, 20–24. [CrossRef]

26



Animals 2021, 11, 531
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Simple Summary: Various plant extracts have been used as feed additives to benefit ruminant perfor-
mance. In this study we investigated the effects of dietary cornus plant extract supplementation, with
or without the addition of oregano and thyme essential oil, in dairy ewes. Ewes participating in this
experiment were reared under thermal stress and their performance, as well as the composition of their
final products (milk, feta cheese and yoghurt), were assessed. The outcome of this experiment showed
that cornus plant extract, alone or in combination with oregano and thyme, favored the production of
ewe’s milk, along with the composition of milk and milk products.

Abstract: The effect of a diet supplemented with a novel cornus extract, enriched with essential oils
of oregano and thyme, on the performance of Chios cross-bred dairy sheep was investigated during
the summer period. The plant extracts were prepared using a “green” method based on aqueous
extraction. A total of 45 lactating ewes were allocated into three equal groups in a randomized block
design. The three groups were fed the same feed allowance, roughage based on Lucerne hay and
wheat straw and a concentrate based on cereals and oil cakes (the control diet). The diet of two groups
was fortified with cornus extract, with or without oregano and thyme essential oils, at a level 0.515 g
of plant extract/essential oils per kg of concentrate. Individual milk yield was recorded weekly and
feed refusals were recorded on a pen basis daily, during a six-week period of lactation. Milk samples
were analyzed for the chemical composition of protein, fat, lactose and solids-not-fat constituents,
somatic cell counts and total viable bacteria counts. Moreover, the milk of each group was used for
yoghurt and Feta cheese production. The lipid oxidative stability, protein carbonyl content and fatty
acid composition of milk, yoghurt and cheese samples were also evaluated. The results showed that
the incorporation of novel plant extracts and essential oils increased the milk production per ewe.
Dietary supplementation with cornus extracts and essential oils lowered lipid and protein oxidation
in milk, yoghurt and cheese samples, compared to the control. However, diet supplementation
with herbal extracts did not affect the fatty acid profile in milk, cheese and yoghurt or the serum
biochemical parameters. In conclusion, dietary supplementation with cornus in combination with
oregano and thyme has the potential to improve feed utilization and the performance of high-yield
dairy Chios cross-bred ewes reared under heat stress.

Keywords: cornus; oregano; thyme; sheep; milk; heat stress
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1. Introduction

The production of sheep milk is of great importance to the agricultural sector in
Mediterranean countries, and the largest part of its volume is designated for yoghurt and
cheese production [1]. Several attempts have been made to manipulate rumen efficiency
in order to maximize the productivity of ruminants with respect to milk production by
including various feed additives in the animals’ diets, such as antibiotics, hormones,
chemical growth promoters [2], enzymes and minerals [3] and plant extracts [4,5]. Feed
additives such as antibiotics, hormones and other pharmaceutical substances, despite
their financial benefits, have been prohibited in most countries of the world, mainly
due to their potentially hazardous residues and due to the development of multi-drug
resistance in bacteria [6]. The antimicrobial action of essential oils (EOs) has been known
for decades and a large number of scientific studies have been carried out [7]. Recent
scientific interest has focused on the addition of essential oils to ruminant nutrition in
order to improve nutrient utilization efficiency and dairy product quality. Moreover,
essential oils at high concentrations inhibit amino acid deamination and decrease methane
production [8,9]. In view of this, the use of plant extracts and essential oils in sheep feeding
should be further exploited. Additionally, milk and dairy products naturally enriched with
antioxidant compounds may provide extra health benefits to the consumer [10]. Indeed,
medicinal aromatic plants are used in animal nutrition and their exploitation has been
greatly increased during the last decade [11].

Sheep milk is highly nutritious [1] and cheese such as feta, which is the most well-
known Greek protected designation of origin product, have gained significant acceptance
worldwide. It is a high-quality white-brined cheese produced from sheep milk or a mixture
of sheep and goat milk (≤30%) [12]. It has a salty and slightly pungent flavor [13]. Nowa-
days in Greece, the majority of Feta cheese is manufactured in well-organized cheese dairies
using pasteurized milk and lactic acid bacteria (LAB) as starter cultures [14]. Yoghurt is
another very popular fermented dairy product which has gained significant acceptance
worldwide, and its nutritional and health benefits have been well known for centuries [15].
It is an excellent source of high biological value protein, essential amino acids, calcium,
phosphorus, vitamins and trace minerals such as magnesium and zinc [15].

The most commonly used plants for essential oil production in animal nutrition are
Oreganum vulgare and Thymus vulgaris, two plants which are widely distributed in Greece
and other Mediterranean countries. Oregano and thyme essential oils have been used in
animal nutrition due to their strong antimicrobial and antiparasitic action, along with their
influence on polyunsaturated fatty acid protection and the antioxidant capacity delivered
to the final dairy products [16]. The use of herbal thyme as a galactagogue is known to have
a beneficial effect, leading to an increase in milk production [17]. Another plant commonly
found in the Mediterranean area is Cornus spp., with a high antioxidant activity due to its
large total phenolic concentration of about 220 mg/dL gallic acid equivalents [18]. The
most important phenolic compounds of cornus are anthocyanins, gallic acid and ellagic
acid, which all have antioxidant and antimicrobial activity [19].

The isolation of bioactive compounds from aromatic and medicinal plants is usually
performed by extraction using several solvents, most of them organic, which are harmful
to the environment. Thus, it is important to explore the use of extraction methods that
combine eco-friendly solvents and a high yield of bioactive compounds. Green extraction
methods are using aqueous solutions, thereby avoiding organic solvents such as ethanol or
methanol or energy-consuming methods such as microwave extraction or high-pressure
extraction [20]. The effectiveness of aqueous solutions of cyclodextrin (CD) as an eco-
friendly solvent, appropriate for extracting phenolic compounds and other phytonutrients
from plant materials, such as pomegranate, olive leaves, aromatic and medicinal plants
or by-products of agricultural production, has been reported [21]. The addition of CD to
water augments the extraction of phenolic compounds and decrease the extraction time
and temperature. The extraction of essential oils from aromatic plants can be achieved by
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means of steam distillation, providing products with a high phenolic content, although at a
relatively high cost.

A recent major issue during the last two decades concerning dairy sheep farming
in the Mediterranean is the high ambient temperatures during the summer season and
the first period in autumn. High ambient temperatures, combined with high direct and
indirect solar radiation, low wind speed and increased relative humidity, are commonly
faced by intensively reared animals that have to survive out of their thermoneutral zone
(5 ◦C to 25 ◦C) [22] and maintain lactation, while possibly suffering from heat stress [23,24].
Heat stress is a major limiting factor of dairy production in hot climates [25] that is often
associated with oxidative stress, defined as the presence of a large amount of reactive
oxygen species, exceeding the available antioxidant capacity of animal cells [26]. Plant
extracts, rich in polyphenols, may support sheep that suffer from lipoperoxidation [27].

The objective of this study was to investigate the effect of diet supplementation with a
cornus plant extract alone or in combination with oregano and thyme essential oil on the
milk production and composition of dairy sheep reared under heat stress conditions, the
effect on animal health, as well as the effect on the nutritional value and the characteristics
of two traditional dairy products—yoghurt and feta cheese. The hypothesis of this study
was that the addition of bioactive plant extracts to the sheep nutrition will lead to improved
milk yield, along with increased antioxidant activity in the milk, yoghurt and cheese and
the capability of animals to cope better with the adverse effects of heat stress. It must be
noted that there is a lack of information on the effects of cornus, oregano and thyme in
dairy sheep reared during the hot seasons.

2. Materials and Methods

2.1. Ethics Guidelines of the Animal Research

This trial was carried out according to the regulations of the Greek Public Veterinary
Service and approved by the Research Committee of Aristotle University of Thessaloniki,
under the project numbered 99864. The health of the animals was monitored by a vet-
erinary surgeon; animals were routinely vaccinated against enterotoxaemia clostridial
infections 2 weeks before lambing, contagious agalactia, subclinical mastitis, pasteurelosis
and Brucella melitensis. All animals had been drenched with an antiparasitic drug contain-
ing Fenbendazole 5%, and no ewe received any antimicrobial agents during lactation. All
procedures were performed by the same team members on all herds throughout the project.

2.2. Experimental Design and Feeding

A total of 45 lactating ewes of the Chios cross-breed were randomly selected for twin
birth from a flock consisting of 150 ewes, kept on a dairy breeding sheep farm located in
the area of Polykastro (Latitude: 41◦00′ N; Longitude: 22◦33′ E) in the northwestern part
of Kilkis in Greece. The daily mean temperature during July and August (2020) ranged
between 27–34 ◦C. Figures 1 and 2 provide temperature data inside the building. The
relative humidity was 65% and the average wind speed was one meter per second. The
ewes were allocated into three equally sized treatment groups of 15 ewes, each consisting
of 5 subgroups housed in a separate pen. Each group and subgroup was balanced for body
weight (BW) three weeks after lambing, parity and body condition. The three treatment
groups were fed isonitrogenous and isoenergetic diets. Group 1 (Control) was fed the basal
ration with Lucerne hay and wheat straw and a concentrate containing maize, soybean
meal and sunflower meal as the main constituents (Table 1). The diet of group 2 was
supplemented with cornus extract at a level 0.5 g per kg of concentrate and that of group 3
with a cornus extract plus oregano and thyme essential oils, at a level of 0.5 g cornus extract,
0.01 g oregano and 0.005 g thyme essential oil per kg of concentrate, respectively (Cornus
and CorOrThym groups). All plant extracts were provided by ORIZON Diatrofiki, Serres,
Greece. At the start of the trial, the ewes were in the third month of their second lactation
(on average two months after lamb weaning) and were acclimatized to the experimental
conditions for two weeks prior to starting. The mean initial BW was 54.4 ± 1.65 kg and
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the trial lasted for 45 days plus acclimatization of two weeks, and the mean milk yield
was 1.73 L/d. The final BW was 55.3 ± 1.44 kg. After weaning, the ewes were machine
milked twice daily (at 6:30 and 17:00 h) in a 24-parallel milking parlor with individual
ear-tag identification.
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Figure 1. Minimum and maximum temperatures recorded on the sheep farm in July 2020.
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Figure 2. Minimum and maximum temperatures recorded on the sheep farm in August 2020.

All ewes were fed the same total diet, which was offered twice daily in equal quantities.
The daily forage allowance per ewe was 1.5 kg of Lucerne hay and 0.30 kg of wheat straw
on a fresh weight basis. The concentrate feed consisted of corn grains, barley grains,
wheat bran, extracted soybean meal, sunflower cake and mineral and vitamin premix
(Table 1). The concentrates were fed at the level of 1.51 kg per ewe per day; thus, the total
feed allowance was 3.31 kg fresh food/ewe/day. The feed allowance was kept constant
throughout the experimental period, according to commercial practices. Table 1 shows the
chemical analysis of the bilateral ration that was conducted according to AOAC [28]. Feed
samples were collected monthly and subsequently analyzed for each group. Any orts were
collected and taken into account in the calculations. Fresh water was available ad libitum.
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Table 1. Daily ingredient allowance and chemical composition of the diet offered to dairy ewes 1.

Ingredients (on Fresh Weight Basis) Diet (g/day/ewe)

Lucerne Hay 1500
Wheat Straw 300

Corn 900
Wheat Bran 50

Sunflower Seed Meal-36 150
Soya Bean Meal-47 350

Premix 1 of Vitamins and Inorganic Minerals 60

Chemical Analysis (%) -
Dry Matter 88.1

Crude Protein (N × 6.25) 17.3
Ether Extract 3.1
Crude Fiber 16.2

NDF 25.4
ADF 16.7
ADL 4.5
Ash 4.6

Starch 19.3
Sugars 6.7

Calculated Analysis -
Calcium 16.5 g/kg

Phosphorus (total) 7.1 g/kg
PDI 102 g/kg

PDIA 58 g/kg
UFL 0.71 g/kg

1 Vitamin and mineral mix contained (per kg dry matter (DM) of concentrate): 8000 IU of vitamin A; 90 mg
of vitamin E; 3000 IU of vitamin D3; 1.5 mg/kg biotin; 6 mg/kg niacin; 45 mg/kg choline; 0.2 mg Co; 3 mg I;
100 mg/kg Fe; 50 mg Mn; 0,45 mg Se; 150 mg Zn; 6 g of NaCl; 4 g of sulphur; 10 g of magnesium oxide; 15 g
of monocalcium phosphate and 21 g of limestone. NDF = neutral detergent fiber, ADF = acid detergent fiber,
ADL = acid detergent lignin, PDI = protein digestible in the small intestine, PDIA = protein digestible in the small
intestine supplied by rumen–undegraded dietary protein, UFL = forage unit for lactation [29].

2.3. Chemicals

All solvents or analytical standards such as 2,2-diphenyl-picrylhydrazyl (DPPH) stable
radical, Trolox™, Folin–Ciocalteu reagent, gallic acid, nordihydroguaiaretic acid (NDGA),
dimethyl sulfoxide (DMSO), trichloroacetic acid (TCA) and sodium chloride (NaCl), were pur-
chased from Sigma-Aldrich, Chemie GmbH (Taufkirchen, Germany). For gas chromatography
(GC), helium gas was purchased from Afoi Thomadaki (Thessaloniki, Greece).

2.4. Characterization of Cornelian Cherry Extract (Cornus mas L.)
2.4.1. Determination of the Antiradical Activity (AAR)

For the antiradical activity (AAR) determination, a previously described protocol
was used [30] with slight modifications. In brief, an aliquot of 0.025 mL of sample was
added to 0.975 mL DPPH solution (100 μM in MeOH) and the absorbance was read at
t = 0 and t = 30 min. Trolox™ equivalents (mM TRE) were determined based on linear
regression, after plotting %ΔA515 against the respective known concentration of a Trolox™
solutions, where

%ΔA =
At=0

515 − At=30
515

At=0
515

× 100 (1)

expressing the difference in antiradical activity, where At=30
515 is the absorbance of the sample

at 515 nm after the necessary time to reach the plateau (30 min) and At=0
515 is the absorbance

of the DPPH solution at 515 nm.
Results were expressed as μmol TRE/g of cornelian cherry.
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2.4.2. Determination of Total Polyphenol Yield (YTP)

The total phenolic content of the extracts was determined by using the Folin–Ciocalteu
method [30]. The yield in total polyphenols (YTP) was expressed as mg gallic acid equiva-
lents (GAE) per 100 g of cornelian cherry extract after 180 min of incubation in dark.

2.4.3. Determination of Total Monomeric Anthocyanins

The total monomeric anthocyanin content of the extract was determined according to a
protocol using the pH-differential method [31,32]. Briefly, the total monomeric anthocyanin
content was determined by measuring the absorbance at 510 nm and 700 nm, against
distilled water. Measurements were made after dilution of the extracts in buffer solutions
of pH 1.0 and pH 4.5, accordingly. The calculation was based on two equations:

A = (Aλmax − A700)pH1.0 − (Aλmax − A700)pH4.5 (2)

where Aλmax is the absorbance of the sample at 510 nm.

Total monomeric anthocyannins (mg/100 g) = A ∗ Mw ∗ Df ∗ 1000/ε ∗ l (3)

where MW = molecular weight of cyanidin-3-glucoside (449.2 g/mol); Df = dilution factor;
l = path length of the cuvette in cm; ε = molar extinction coefficient of cyanidin-3-glucoside
(26,900 L/mol/cm); 1000 = conversion of g to mg. The results were expressed as mg
cyanidin-3-glucoside per 100 g of cornelian cherry dry matter. All analyses were done in
triplicate.

2.5. Essential Oil Analysis

Essential oil analyses were performed on a Shimadzu GC-2010-GCMS-QP2010 (Kyoto,
Japan) system operating at 70 eV. The gas chromatograph (GC) was equipped with a
split/splitless injector (230 ◦C) and a fused silica column INNOWAX (Santa Clara, CA,
USA) (30 m × 0.25 mm, film thickness: 0.25 μm). The temperature program was from
50 ◦C (20 min) to 250 ◦C, at a rate of 3 ◦C/min. Helium was used as a carrier gas at a
flow rate of 1.0 mL/min. The injection volume of each sample was 1 μL. The injector
was set at 230 ◦C and operated in split mode (split ratio = 1:10), whereas the GC–MS
transfer line and the ion source were set at 300 ◦C and 230 ◦C, respectively. The mass
spectrometer was operated in electron ionization mode (70 eV) and full-scan mass spectra
were acquired from m/z 100 to 600. The relative percentage amounts of the separated
compounds were calculated from the total ion chromatogram by a computerized integrator.
The identification of the components was based on comparison of their mass spectra with
those of NIST21 and NIST107 [33] and by comparison with literature data [34]. Essential
oils were often subjected to co-chromatography with authentic compounds.

2.6. Determination of Total Phenolic Content of Experimental Diets, Milk, Yoghurt and Cheese

The concentrate fed to the three different experimental groups was also analyzed for its
total phenolic content according to the method of Singleton et al. (1999) [35] using the Folin–
Ciocalteu assay and expressed as gallic acid equivalents (GAE). An aliquot (1 mL) of the
sample or a standard solution of gallic acid (blank, 100, 200, 300, 400 and 500 μg/mL) was
transferred into a 25 mL volumetric flask, containing 9 mL of distilled water. Subsequently,
1 mL of Folin–Ciocalteu phenol reagent (Merck, Darmstadt, Germany) was added to the
mixture and shaken. After 5 min, 10 mL of a sodium carbonate (Na2CO3) solution (7% w/w)
was added to the mixture. After incubating for 90 min at room temperature, the absorbance
was measured against the reagent blank at 550 nm with a UV-VIS spectrophotometer (UV-
1700 PharmaSpec, Shimadzu, Kyoto, Japan). For the milk, yoghurt and cheese samples,
5 g were mixed with 25 mL of an aqueous methanol solution (ratio of methanol to water:
75:15). The mixture was stirred for 30 min and centrifuged for 15 min at 7200 rpm. The
upper phase was filtered through a nylon syringe filter (filter diameter: 25 mm, pore size:
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0.22 μm, Frisenette, Knebel, Denmark), and analyzed for gallic acid equivalents using the
procedure described above.

2.7. Feed and Essential Oils Interaction with DPPH

The antioxidant activity of the essential oils and the corresponding feed stuff was
determined with respect to hydrogen-donating or radical-scavenging ability, according
to the method of Peperidou et al. (2014) [36], using the stable radical 1.1-diphenyl-2-
picrylhydrazyl (DPPH). Ten microliters of the test samples, which were dissolved in
methanol (20 mg/mL stock solution), were added to a solution of DPPH (0.1 mM in
DMSO). After 20 and 60 min the absorbance was recorded at 517 nm and the percentage
of reducing activity (RA) was calculated and compared with the reference compound,
nordihydroguaiaretic acid (NDGA).

2.8. Determination of Milk Yield and Composition

The milk yield of each ewe was recorded weekly by the total volume measurement
method. Each sheep was recognized by their individual ear tag. Individual milk samples
were analyzed for total fat, total protein, lactose, total solids, total viable counts and
solid-not-fat (SNF) by means of near-infrared spectroscopy using a MilkoScan 4000 (FOSS
Electric, Integrated Milk TestingTM, Hillerød, Denmark) and somatic cell counts were
determined using a Fossomatic 5000 Basic (FOSS Electric, Denmark). Milk acidity was
measured using a portable titrator.

2.9. Preparation of Yoghurt and Determination of Bacteria Culture Viability

Yoghurt was produced by sheep milk. Five liters of milk from each group (Control,
Cornus and CorOrThym) were collected and heated for 8 min at 92 ◦C, followed by cooling
to 42 ◦C, and the addition of the standard yogurt starter culture under aseptic conditions.
Subsequently, the milk was transferred into 200-mL plastic retail containers, sealed, kept
quiescent and incubated at 42 ◦C for 3 h. Afterwards, the samples were immediately
stored at 5 ◦C. After 72 h, the yoghurt samples were subjected to physicochemical and
organoleptic analyses. All yoghurt trials were repeated twice. Enumeration of Lactobacilus
bulgaricus and Streprococcus thermophilus populations were conducted using the pour plate
technique and carried out after 10 days of storage at 4 ◦C. An aliquot of 1 g of yoghurt
was diluted in 9 mL of peptone water, containing sodium chloride (0.9% w/v), followed
by seven sequential dilutions (10−1–10−7). A quantity of 1 mL of the diluted sample of
10−4 up to 10−7 was placed in M17 agar (Merck, Germany) and each petri was incubated
at 37 ◦C for 72 h. For each sample, the mean numbers of colony forming units (CFU) per
gram of yoghurt was estimated.

2.10. Feta Cheese Production and Determination of its Physico-chemical Characteristics

Fresh sheep milk was standardized to a protein-to-fat ratio of 1.0, pasteurized at 63 ◦C
for 30 min, and then cooled to 35 ◦C. Cheese manufacturing was carried out according to
the traditional procedure. In brief, calcium chloride solution (0.2% w/v) was added to the
cheese milk. The milk was held for 30 min at 35 ◦C for culture maturation. Afterwards,
powdered calf rennet was added to achieve coagulation in about 50 min at 35 ◦C. After
coagulation, the curd was cut into cubes of 2 cm and left to rest for 10 min. The sliced
curd was then transferred into molds, stored at 18 ◦C and turned every hour for 3 h for
whey drainage, surface salted using dry salt and left overnight to complete whey drainage.
Following, the cheeses were placed in containers with brine (7%) and kept at 18 ◦C for
approximately 10 days for cheese ripening. Subsequently, the cheese containers were
sealed and stored at 4 ◦C for a total ripening period of 60 days. Samples were collected
on day 60 of ripening and subjected to physicochemical analyses. The pH of the cheeses
was determined by a pH meter (GLP-21, CRISON Instruments SA., Barcelona, Spain). The
moisture content was determined by the sea sand method, e.g., by thoroughly mixing 2 g
of sample with 20 g sea sand and heating at 105 ◦C until it was constant in weight [37].
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The sodium chloride (NaCl) content was determined according to the standard method of
the International Dairy Federation [38] and expressed as salt-in-moisture concentration.
Finally, total nitrogen (TN) was determined using the Kjeldahl method [28] and the fat
content was determined using the Gerber van Gulik method [39].

2.11. Determination of the Fatty Acid Composition in Milk, Yoghurt and Feta cheese

Fatty acid methyl esters (FAMEs) were prepared according to [40] Bligh and Dyer
(1959) method and [41] the International Organisation for Standardisation (ISO) (2002) as
reported previously by Papaloukas et al., 2016 [42]. Analysis of FAMEs was performed on
an Agilent Technologies 6890N gas chromatograph (GC), equipped with a flame ionization
detector (FID) (Santa Clara, CA, USA) and a DB-23 capillary column (60 m × 0.25 mm
i.d., 0.25-μm film thickness). Each peak was identified and quantified using a 37 compo-
nent FAME mix (Supelco, 47885-U) and the PUFA-2, Animal source (Supelco, 47015-U)
(Sigma-Aldrich, Taufkirchen, Germany). After analysis, the saturated fatty acids (SFA),
monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), unsaturated
fatty acids (UFA), n-3 PUFA and n-6 PUFA were further grouped together. The index for
atherogenicity (AI) was determined as suggested by [43] Ulbricht and Southgate (1991),
and the Δ−9 desaturase activity indexes were calculated using the following four ratios:
C14:1/C14:0, C16:1/C16:0, C18:1/C18:0 and CLA/VA.

2.12. Determination of TBARS and Protein Carbonyls in Milk, Yoghurt and Feta Cheese

Fresh milk samples were collected on days 1, 21 and 42 of the trial. The samples
were analyzed immediately. For the determination of TBARS (thiobarbituric acid reactive
substances), an aliquot of 100 μL of the fresh milk sample was mixed with 500 μL of
trichloroacetic acid (TCA) solution (35 % w/v) and 500 μL of Tris–HCl (200 mmol/L;
pH 7.4), and incubated for 10 min at 20 ◦C. Subsequently, 1 mL of 2MNa2SO4 and 55 mM
thiobarbituric acid solution were added, and the samples were incubated at 95 ◦C for
45 min. Finally, the absorbance was measured at 530 nm against a blank sample using
an UV-VIS spectrophotometer (UV-1700 PharmaSpec, Shimadzu, Japan). Results were
expressed as μmol MDA per liter of milk.

Protein carbonyl determination was based on the method of Patsoukis et al. (2004) [44].
In particular, 50 μL of a TCA solution (20% w/v) was added to 50 μL of sample ho-
mogenate (diluted 1:2 v/v). The mixture was then kept in an ice bath for 15 min and
centrifuged at 15,000× g for 5 min at 4 ◦C. The supernatant was discarded. To the re-
maining pellet, 500 μL of a 2,4-dinitrophenylhydrazine (DNPH) solution (10 mmol/L in
2.5 N HCl) were added. The blank was prepared by addition of 500 μL of 2.5 N HCl
to the pellet. In this assay, carbonyl formation is detected by the reaction of protein
carbonyls with 2,4-dinitrophenylhydrazine (DNPH) and its subsequent conversion to 2,4-
dinitrophenylhydrazone (DNP-hydrazone), which was measured at 375 nm. Calculation
of protein carbonyl concentration was based on the molar extinction coefficient of DNPH
(22,000 M−1 cm−1).

2.13. Determination of Blood Serum Parameters

The influence of the different diets on animal health indices was also evaluated by an-
alyzing specific biochemical parameters in the blood serum. Blood samples were obtained
from each ewe by jugular venipuncture into 10 mL vacuum tubes without anticoagulant
with a needle, on the first and last day of the experiment. Samples were centrifuged
(1600× g for 15 min in 4 ◦C), and the collected serum was frozen at −20 ◦C until analysis.
The biochemical parameters tested in the serum were total proteins, albumins, glucose,
blood urea nitrogen (BUN), creatine and gamma-glutamyl transpeptidase (γ-Gt) and they
were assayed using an automated analyzer (TARGA CLIN/CHEM Analyzer, BT 1500
Biotechnica instruments Roma, Italy).
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2.14. Statistical Analysis

Data on total milk production and composition were analyzed by ANOVA in the
general linear model of the SPSS 25.00 statistical package (SPSS Inc., Chicago, IL). Individual
ewes were considered replicates nested within pens; the pen was the statistical unit for
the analysis. Data on total milk yield and milk, cheese, yoghurt composition, serum
biochemical parameters were analyzed by means of one-way ANOVA. The homogeneity
of the variances was tested using the Levene test. The Tukey multiple comparison test was
carried out to assess any significant differences at a probability level of p < 0.05 between
the experimental treatments, when a significant effect of treatment was detected by means
of the ANOVA.

3. Results

All the animals consumed all their offered daily food allowance of 3.31 kg. Total
observed feed refusals were estimated to be 0.05–1% of the total food allowance. None
of the animals showed symptoms of any health affliction. The diet of the control group
contained 0.18 mg GAE/g dry matter (DM). The cornus-supplemented diet contained
0.50 mg GAE/g DM; whereas the CorOrThym diet contained 0.66 mg GAE/g DM. The
results of the photometric analysis of the cornelian extracts are presented in Table 2. In
Table 3 the analyses of the oregano and thyme essential oils are presented. Table 4 presents
the results relating to the DPPH and TP antioxidant activity of the diets and oregano and
thyme essential oils.

Table 2. Photometric analysis of Cornelian cherry extract.

Composition Extract

Total phenolics (mg/100 g) * 7611 ± 623
Antiradical activity (μmol TRE/g) ** 58,057 ± 741

Total monomeric anthocyanins (mg/100 g) *** 382 ± 15
* as gallic acid. ** TRE = Trolox equivalent. *** cyanidin-3-glucosid.

Table 3. Composition (%) of oregano and thyme essential oil.

Compounds a % Compounds a %

Oregano - Thyme -

α-Pinene 0.77 α-Pinene 1.84
α-Thujene 0.52 α-Thujene 0.94
Camphene 0.07 Camphene 1.03
β-Pinene 0.09 β-Pinene 0.36

α-Phellandrene 0.14 δ 3-Carene 0.11
β-Myrcene 1.26 α-Phellandrene 0.21
α-Terpinene 1.02 β-Myrcene 1.87
D-Limonene 0.17 α-Terpinene 2.07
γ-Terpinene 7.57 D-Limonene 0.68
3-Octanone 0.27 Eucalyptol 1.64
p-Cymene 7.29 γ-Terpinene 12.55
3-Octanol 0.08 p-Cymene 38.34

1-Octen-3-ol 1.01 Terpinolene 0.18
cis-Sabinenehydrate 0.68 3-Octanol 0.20

trans-Sabinenehydrate 0.34 1-Octen-3-ol 1.19
Linalool 0.48 cis-Sabinene Hydrate 1.05

4-Octanol 0.05 Camphor 0.43
Bornyl Acetate 0.06 trans-Sabinene Hydrate 0.30
β-Caryophyllene 2.24 Linalool 3.63

Thymol Methyl Ether 0.06 Bornyl Acetate 0.17
Dihydrocarvone 0.09 β-Caryophyllene 1.64
1-Terpinen-4-ol 0.94 Thymol Methyl Ether 0.85
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Table 3. Cont.

Compounds a % Compounds a %

Oregano - Thyme -

Carvacrol Methyl Ether 0.50 1-Terpinen-4-ol 0.48
α-Caryophyllene 0.18 Carvacrol Methyl Ether 0.63

Borneol 0.95 Borneol 1.72
β-Bisabolene 0.87 δ-Cadinene 0.21

Germacrene D 0.15 Caryophyllene Oxide 0.13
Caryophyllene oxide 0.14 Thymol 20.32

Thymol 13.51 Hinesol 0.14
Hinesol 0.33 Carvacrol 2.52

Carvacrol 57.23 Apiol 0.16
Apiol 0.41 Ledol 0.04

a Compounds are listed in order of elution from an INNOWAX capillary column.

Table 4. Photometric analysis of oregano and thyme essential oils and sheep diets.

Sample 2 DPPH (20 mg/mL) TP *

20 min 60 min GA

Oregano essential oil (EO) 87.70 93.55 837.93
Thyme EO 24.15 27.87 535.0

Feed Control 46.23 44.56 18.02
Feed Cornus 75.27 85.87 50.25

Feed CorOrThym 62.36 69.56 66.32
NDGA 1 81 93

1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent diets
supplemented with corresponding plant extracts; * TP = total phenolics as gallic acid (GA) equivalents (mg/L); 1

NDGA = nordihydroguaiaretic acid.

3.1. Milk Yield

Milk yield followed the typical lactation curve and no interactions were observed
between treatments and time (trial duration) on daily milk yield over the tested period.
However, supplementation of the diet with cornus extract, with and without essential oil,
seemed to improve the daily milk yield compared to the control group. The average milk
yield in the first days of the trial did not differ among the groups and was found to be
1.74 L/d for the control group and 1.72 L/d for both the Cornus and CorOrThym group,
respectively. On day 21 a significant increase in average milk yield of 1.76 L/d (Cornus
group) and 1.92 L/d (CorOrThym group), compared to an average milk yield of 1.72 L/d
for the control group, was noticed (Table 5). This pattern remained unchanged on the last
day of the experiment. However, there was no connection between cornus extract and
EO addition on milk composition, except for urea and somatic cell counts (SCCs), which
were found to be lower in the more highly EO-supplemented groups (Table 6). Although
we did not measure any changes in body composition, occasional observations did not
suggest that the effects of the EO supplementation were achieved through changes in body
mobilization between the treatments. In addition, BW was similar among the groups at the
start and at the end of the trial.
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Table 5. Effects of diet supplementation with cornus extract and oregano and thyme essential oils on
milk yield.

Milk Yield 1 Control 2 Cornus CorOrThym SEM 3 p-Value

Day 0 1.74 1.72 1.72 0.03 NS
Day 21 1.72 b 1.76 ab 1.92 a 0.04 0.04
Day 42 1.71 b 1.78 ab 1.92 a 0.03 0.04

1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent groups
of ewes fed a basal diet supplemented with corresponding plant extracts; a,b values with a superscript in common
in the same line do not differ significantly. 3 SEM = standard error of the mean. NS = not significant.

Table 6. Effects of diet supplementation with cornus extract and oregano and thyme essential oils on
milk composition and somatic cell counts (SCCs) of ewes during lactation.

Composition 1 Control 2 Cornus CorOrThym SEM 4 p-Value

Day 0
Protein (%) 5.65 5.61 5.62 0.26 NS

Fat (%) 5.85 5.88 5.84 0.35 NS
Lactose (%) 4.77 4.77 4.78 0.22 NS

Ash (%) 0.85 0.89 0.86 0.56 NS
SNF 3 (%) 11.24 11.21 11.23 0.38 NS

SCC (×103/mL) 26 24.0 27 25.6 NS
pH 6.72 6.71 6.71 0.05 NS

Acidity 22.1 22.2 22.5 0.36 NS
Urea (mg/100 mL) 58.4 52.1 59.3 2.95 NS

Total viable counts (×103/mL) 160 160 160 15.3 NS

Day 42
Protein (%) 5.85 5.89 5.95 0.25 NS

Fat (%) 5.95 b 6.16 b 6.39 a 0.39 0.04
Lactose (%) 4.82 4.82 4.88 0.26 NS

Ash (%) 0.85 0.89 0.86 0.55 NS
SNF 3 (%) 11.31 11.32 11.31 0.61 NS

SCC (×103/mL) 36 a 33 b 32 b 22.4 0.01
pH 6.72 6.71 6.71 0.04 NS

Acidity 22.1 22.2 22.5 0.32 NS
Urea (mg/100 mL) 48.3 a 32.1 b 29.4 b 2.08 0.004

Total viable counts (×103/mL) 200 a 140 b 130 b 13.5 0.005
1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent
groups of ewes fed basal diet supplemented with corresponding plant extracts; 3 SNF = solids-not-fat content of
milk. SCC =somatic cell counts, a,b values with a superscript in common in same line do not differ significantly.
4 SEM = standard error of the mean. NS = not significant.

3.2. Milk, Yoghurt and Feta: Composition, Fatty Acid Composition and Oxidation Status

The composition of the milk from the three investigated groups is presented in Table 6.
Yoghurt and feta cheese composition was within the normal standards and no major
differences were noted. The acceptance of the products was satisfactory in regard to taste
and aroma.

Regarding the levels of the main fatty acids in milk, yoghurt and cheese—namely,
palmitic and linoleic acids—no major differences were noted (Tables 7 and 8).
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Table 7. Effects of diet supplementation with cornus extract and oregano and thyme essential oils on
fatty acid profile of milk (% of total identified fatty acids).

Fatty Acids 1 Control 2 Cornus CorOrThym SEM 4 p-Value

C4:0 1.01 1.00 0.91 0.03 NS
C6:0 1.34 1.33 1.37 0.07 NS
C8:0 2.11 2.03 2.13 0.14 NS

C10:0 9.60 9.36 9.48 0.65 NS
C11:0 0.37 0.37 0.39 0.03 NS
C12:0 7.08 7.43 6.96 0.50 NS
C13:0 0.11 0.10 0.10 0.01 NS
C14:0 15.84 18.01 15.96 1.25 NS
C14:1 0.52 0.74 0.60 0.06 NS
C15:0 0.98 0.85 0.91 0.05 NS
C15:1 0.22 0.16 0.17 0.01 NS
C16:0 29.44 31.02 29.07 1.74 NS
C16:1 0.85 1.21 1.17 0.10 NS
C17:0 0.52 0.39 0.50 0.04 NS
C17:1 0.22 0.13 0.22 0.01 NS
C18:0 8.69 6.08 7.08 1.17 NS

18:1 trans-11 0.33 0.19 0.25 0.07 NS
C18:1 n-7 cis-VA 0.59 0.48 0.59 0.31 NS

18:1cis cis-9 15.87 15.23 17.16 1.75 NS
18:2 n-6 trans 0.62 0.69 0.88 0.34 NS

18:2 n-6 cis 2.27 1.91 2.22 0.18 NS
18:3n6 0.11 0.12 0.16 0.02 NS
18:3n3 0.80 0.57 0.88 0.16 NS

CLAcis-9, trans-11 0.35 0.48 0.52 0.12 NS
C20:0 0.03 0.00 0.12 0.01 NS
C21 0.02 0.05 0.07 0.02 NS

C20:2 0.11 0.08 0.12 0.02 NS
SCFA (C4-C11 sat) 14.43 14.09 14.29 0.86 NS

MCFA (C12-C16 sat) 53.45 57.41 53.00 3.40 NS
LCFA (C17-C21 sat) 9.26 6.52 7.76 1.26 NS

PUFA 4.26 3.84 4.78 0.81 NS
MUFA 18.60 18.14 20.17 2.05 NS
UFA 22.86 21.99 24.95 2.80 NS
SFA 77.14 78.02 75.05 2.79 NS

Al((C12:0 + 4 * C14:0 +
C16:0)/UFA) 4.37 5.03 4.00 0.48 NS

C14:1/C14:0 3 0.03 0.04 0.04 0.01 NS
C16:1/C16:0 0.03 0.04 0.04 0.01 NS
C18:1/C18:0 1.86 2.54 2.46 0.01 NS

C18:2cis9, trans-11/C18:1 trans11 0.60 0.99 0.88 0.07 NS
SFA/UFA 3.38 3.55 3.01 0.30 NS

SCFA: short chain fatty acids; MCFA: medium chain fatty acids; LCFA: long chain fatty acids; PUFA: polyunsatu-
rated fatty acids; MUFA: monounsaturated fatty acids; SFA: saturated fatty acids; UFA: unsaturated fatty acids;
1 results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent groups of
ewes fed a basal diet supplemented with corresponding plant extracts; 3 the Δ−9 desaturase activity indexes were
calculated using the following four ratios: C14:1/C14:0, C16:1/C16:0, C18:1/C18:0 and C18:2cis9,trans-11/C18:1
trans11; 4 SEM = standard error of the mean. NS = not significant.

Table 8. Effects of diet supplementation with cornus extract and oregano and thyme essential oils on fatty acid profile of
yoghurt and Feta cheese (% of total identified fatty acids).

Fatty Acids 1 Control 2 Cornus CorOrThym Control Cornus CorOrThym SEM 4 p-Value

- Yoghurt Feta Cheese - -
C4:0 0.86 1.14 1.37 0.77 0.85 0.76 0.23 NS
C6:0 1.04 1.27 1.32 1.30 1.43 1.27 0.07 NS
C8:0 1.67 1.97 2.03 1.78 2.32 2.06 0.09 NS
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Table 8. Cont

Fatty Acids 1 Control 2 Cornus CorOrThym Control Cornus CorOrThym SEM 4 p-Value

C10:0 7.12 8.52 8.31 7.76 9.81 8.70 0.39 NS
C11:0 0.29 0.31 0.34 0.32 0.39 0.22 0.01 NS
C12:0 5.72 6.49 6.02 5.70 7.17 6.72 0.25 NS
C13:0 0.14 0.13 0.14 0.12 0.15 0.13 0.00 NS
C14:0 14.70 15.42 14.30 15.27 15.69 14.76 0.35 NS
C14:1 0.45 0.32 0.39 0.44 0.32 0.38 0.03 NS
C15:0 1.40 1.03 1.16 1.19 0.95 1.05 0.04 NS
C15:1 0.26 0.16 0.18 0.27 0.18 0.19 0.01 NS
C16:0 30.92 28.98 27.52 32.02 27.55 28.12 0.84 NS
C16:1 1.41 0.63 1.33 1.42 0.98 1.06 0.13 NS
C17:0 0.65 0.50 0.44 0.66 0.52 0.58 0.02 NS
C17:1 0.29 0.17 0.22 0.26 0.20 0.24 0.01 NS
C18:0 7.83 8.33 7.87 7.28 7.92 8.36 0.59 NS

18:1 trans-11 0.33 0.32 0.54 0.36 0.36 0.51 0.04 NS
C18:1 n-7 cis-VA 0.77 0.64 1.37 0.94 0.74 1.16 0.13 NS

18:1 cis-9 18.90 18.77 18.50 16.79 17.43 17.69 0.66 NS
18:2 n-6 trans 0.75 0.62 1.16 0.62 0.66 0.85 0.17 NS

18:2 n-6 cis 2.45 2.53 3.14 2.36 2.70 2.71 0.16 NS
18:3n6 0.29 0.10 0.16 0.20 0.22 0.28 0.03 NS
18:3n3 0.82 0.76 0.95 1.02 0.71 0.85 0.19 NS

CLAcis-9, trans-11 0.66 0.67 0.82 0.80 0.53 0.86 0.05 NS
C20:0 0.08 0.11 0.18 0.09 0.08 0.18 0.10 NS
C21 0.09 0.08 0.11 0.09 0.05 0.17 0.02 NS

C20:2 0.13 0.01 0.15 0.20 0.11 0.16 0.03 NS
SCFA 10.98 13.21 13.36 11.92 14.79 13.00 0.62 NS
MCFA 52.88 52.04 49.15 54.29 51.51 50.78 1.34 NS
LCFA 8.63 9.03 8.59 8.11 8.57 9.29 0.61 NS
PUFA 5.09 4.70 6.38 5.20 4.93 5.71 0.45 NS
MUFA 22.41 21.02 22.53 20.48 20.21 21.22 0.74 NS
UFA 27.50 25.72 28.91 25.68 25.14 26.93 1.13 NS
SFA 72.50 74.28 71.10 74.32 74.86 73.07 1.13 NS

Al(C12:0 + 4 *
C14:0 +

C16:0)/UFA)
3.47 3.78 3.14 3.85 3.88 3.49 0.20 NS

C14:1/C14:0 3 0.03 0.02 0.03 0.03 0.02 0.03 0.01 NS
C16:1/C16:0 0.05 0.02 0.05 0.04 0.04 0.04 0.01 NS
C18:1/C18:0 2.46 2.29 2.42 2.36 2.25 2.18 0.12 NS

C18:2cis9,
trans-11/C18:1

trans11
0.85 1.05 0.60 0.85 0.71 0.74 0.01 NS

SFA/UFA 2.64 2.89 2.46 2.89 2.98 2.71 0.01 NS

SCFA: short chain fatty acids; MCFA: medium chain fatty acids; LCFA: long chain fatty acids; PUFA: polyunsaturated fatty acids; MUFA:
monounsaturated fatty acids; SFA: saturated fatty acids; UFA: unsaturated fatty acids; 1 results are given as means of groups (n = 5
= subgroups); 2 Control, Cornus and CorOrThym represent groups of ewes fed a basal diet supplemented with corresponding plant
extracts; 3 the Δ−9 desaturase activity indexes were calculated using the following four ratios: C14:1/C14:0, C16:1/C16:0, C18:1/C18:0 and
C18:2cis9,trans-11/C18:1 trans11; 4 SEM = standard error of mean. NS = not significant.

However, it is noteworthy that the addition of Cornus and CorOrThym to the animals’
diet affected the starter culture (Streptococcus thermophilus) in the produced yoghurt samples;
a reduction of about 2 logs of Streptococcus thermophilus was observed, compared to
the control sample (Table 9). TBARS values, gallic acid equivalents and protein carbonyl
levels were improved for the group fed with the cornus extract and oregano and thyme
oils compared to the control group (Table 10).
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Table 9. Effects of diet supplementation with cornus extract and oregano and thyme essential oils on
yoghurt bacteria populations.

Yoghurt 1 Control 2 Cornus CorOrThym SEM 3 p-Value

Streptococcus thermophilus 1.3 × 109 a 2.6 × 107 b 3.9 × 107 b 0.10 0.011
Lactobacillus bulgaricus ND 4 ND ND - -

1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent groups
of ewes fed a basal diet supplemented with corresponding plant extracts; a,b values with a superscript in common
in same line do not differ significantly; 3 SEM = standard error of the mean; 4 ND = not detected.

Table 10. Effects of diet supplementation with cornus extract and oregano and thyme essential oils
on antioxidant status of milk, yoghurt and Feta cheese.

Parameter 1 Control 2 Cornus CorOrThym SEM 3 p-Value

Milk
TBARS (ng/mL) 0.14 0.14 0.13 0.17 NS

Protein carbonyls (ng/mL) 23.63 a 20.90 a 11.81 b 0.68 0.02
TP * 0.05 b 0.05 a 0.58 a 0.06 0.01

Yoghurt
TBARS (ng/mL) 0.18 0.14 0.14 0.48 0.08

Protein carbonyls (ng/mL) 11.81 a 9.54 a 4.09 b 0.68 0.01
TP * 0.03 b 0.08 a 0.08 a 0.05 0.01

Feta Cheese
TBARS (ng/mL) 2.30 0.53 0.48 0.48 0.02

Protein carbonyls (ng/mL) 30.90 a 10.90 b 7.72 b 0.68 0.005
TP * 0.02 c 0.09 b 0.13 a 0.03 0.003

1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent groups
of ewes fed a basal diet supplemented with corresponding plant extracts; * as gallic acid equivalents (ng/mL);
a,b,c values with a superscript in common in the same line do not differ significantly; 3 SEM = standard error of
the mean. NS = not significant.

3.3. Blood Serum Parameters

The results of the blood biochemical parameters are presented in Table 11. Diet sup-
plementation with cornus extract with/without EO did not seem to affect the levels of
total urea, creatin and gamma-glutamyl transpeptidase (γ-GT) in the serum among the
experimental groups. However, the level of total protein decreased gradually in the Cornus
and cornus, oregano and thyme (CorOrThym) groups towards the end of the experimental
period. Interestingly, the level of total albumin was increased in the control and Cornus
groups but decreased in the CorOrThym group.

Table 11. Effects of diet supplementation with cornus extract and oregano and thyme essential oils
on blood parameters 1 of dairy ewes on day 1 and day 42.

Serum 1 Control 2 Cornus CorOrThym SEM 10 p-Value

Day 1
GLU 3 (g/dL) 14.8 12.8 18.8 1.57 NS
TP 4 (g/dL) 10.28 11.22 10.94 0.24 NS

ALB 5 (g/dL) 4.32 b 4.62 b 5.06 a 0.11 0.02
UR 6 (g/dL) 66.4 53.4 66.6 3.42 NS
CR 7 (g/dL) 0.83 0.84 0.76 0.02 NS
γ-GT 8 (g/dL) 53 57.1 37.06 4.39 NS
TBIL 9 (g/dL) 0.79 1.11 1.45 0.21 NS
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Table 11. Cont.

Serum 1 Control 2 Cornus CorOrThym SEM 10 p-Value

Day 42
GLU 3 (g/dL) 53.2 40.36 28.4 4.91 NS
TP 4 (g/dL) 11.76 10.44 7.32 0.85 0.08

ALB 5 (g/dL) 5.24 5.9 3.66 0.52 NS
UR 6 (g/dL) 67.6 78.4 65.4 6.74 NS
CR 7 (g/dL) 1.18 ab 1.42 a 0.89 b 0.08 0.01
γ-GT 8 (g/dL) 32.13 22 45.2 8.03 0.07
TBIL 9 (g/dL) 3.79 7.23 1.36 1.06 0.06

1 Results are given as means of groups (n = 5 = subgroups); 2 Control, Cornus and CorOrThym represent groups
of ewes fed a basal diet supplemented with corresponding plant extracts; a,b values with a superscript in common
in the same line do not differ significantly. 3 GLU = glucose content of blood serum; 4 TP = total proteins of blood
serum; 5 ALB = albumin content of blood serum; 6 UR = urea of blood serum; 7 CR = creatinine of blood serum;
8 γ-GT = gamma-glutamyltransferase of blood serum; 9 TBIL = total bilirubin of blood serum; 10 SEM = standard
error of the mean. NS = not significant.

4. Discussion

Currently, there are several commercially available EO products which are given to
ruminants, including dairy animals, in many parts of the world [7,45–47]. In general,
essential oils have a positive influence when administrated with dairy sheep rations.
Adding 1.25 g/kg DM of thyme essential oil improved both ruminal fermentation and
nitrogen metabolism [48]. Another study investigating the effects of oregano essential oils
on sheep showed an increase in the population of three primary cellulosic bacteria and
ruminal fungi, affecting the rumen fermentation process [49]. However, potential toxic
effects of plant essential oils are not scarce and should be taken into consideration before
feeding them to animals [50].

The plant extract used in our study included an aqueous cornus extract and a complex
of cornus hydro-extract plus oregano and thyme EOs. It was found that the addition of
either cornus extract alone or a mixture of cornus extract with oregano and thyme essen-
tial oils to the basal ration of dairy sheep improved milk production, milk yield and fat
content, whereas differences in total protein, ash and solids-not-fat were not significant.
The increasing effect of oregano and thyme on milk yield may be attributed to the galac-
topoietic effect of the active compounds present in the essential oils [51]. Furthermore, it
is suggested that positive effects of galactagogues on milk production may be due to the
decrease in circulating biogenic amines such as histamine, tryptamine and tyramine in
the blood, which are known to cause the excessive release of catecholamines, leading to a
reduction in milk production as well as causing indigestion by inhibiting ruminal mobility
and absorption [52]. Other researchers have shown that herbal essential oils can act as
galactagogues by enhancing prolactin production and releasing somatotropins, resulting
in increased glucose levels in the udder and improved milk production [51–55].

The properties and composition of oregano and thyme have been well investigated. It
was reported that their essential oils possess anti-bacterial, anti-fungal, anti-inflammatory
and antihistaminic effects [54,55]. Oregano and thyme essential oils increased mammary
gland development in rats, followed by a higher milk yield at different stages of lacta-
tion [56]. In addition, oregano and thyme essential oils appear to be a potential multipur-
pose feed additive and may be promising in improving the performance of sheep and
lambs [17]. However, there are contradictory opinions in the literature regarding the effect
of these plants on milk production; some researchers found that by using oregano and
thyme as feed additives, milk yield was increased and that the higher levels remained
rather constant [9,57]. On the other hand, it was reported that no positive effects were
achieved in ruminants by supplementing their diet with oregano oil or carvacrol, oregano’s
main constituent. However, it is notable that this study was conducted on dairy cows
and the inclusion level of oregano oil or carvacrol was at different levels (50 mg/kg of
DM intake) [58]. Additionally, the experimental period lasted for 4 weeks, and no effects
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were noted on nutrient utilization, ruminal fermentation characteristics, N-excretion, CH4-
production, milk production, milk composition or milk FA profile [58]. In the literature,
there are no data about the effect of cornus extracts in combination with oregano or thyme
in dairy sheep. Moreover, published studies with EOs and plant extracts have been mainly
focused on dairy cows [57,58]. Indeed, dietary hesperidin or naringin improved milk
oxidative stability without any further side effects in milk yield, composition, coagulation
properties and fatty acid profile in dairy sheep [59], whereas dietary supplementation with
plant extracts rich in flavonoids resulted in increased milk yield in cows [60,61].

In contrast to oregano and thyme, few publications have described the effect of dietary
cornus supplementation on ruminants. Cornelian cherry (Cornus mas L.) is a species
of dogwood widely grown in central and south-eastern Europe and Asia. It contains
phenolics, including anthocyanins, gallic acid, ellagic acid, quercetin, kaempferol and
cyanin [62]. These phenolics have both antioxidant and antimicrobial properties [63,64],
whereas ellagic acid also shows immune modulatory activity [64]. Quercetin, another main
phenolic compound, was found to reduce inflammation and oxidation damage caused by
Helicobacter pylori in the mucosa of guinea pigs [65]. Cornus is also rich in ascorbic acid,
sugar, organic acids, flavonoids, tannins and other bioactive compounds, among which
polyphenols were found in significant amounts [66]. Studies demonstrate that feeding
with cornus may reduce the use of antibiotics in young animals post-weaning and the
incidence of both diarrhea and mortality in rabbits [67]. Moreover, cornus in beef cattle
rations displayed an improvement in DM digestibility, which primarily resulted from
the enhanced digestibility of fiber (associated with increased ruminal protozoa counts by
feeding cornus) and protein [18]. Another study indicated that increasing dietary cornus
was beneficial for the NDF digestibility and also decreased protein degradability, providing
a higher concentration of bypass protein. Moreover, in the same study, cornus contributed
to the mitigation of acidosis, affecting cattle fed high-grain diets, by altering the nutrient
degradability of feeds [19].

In our study, dairy sheep were reared in the hot summer months under semi-temperate
climatic conditions. As the mean temperature during the trial period exceeded 28 °C
for several hours per day, the animals may have suffered from heat stress. A study by
Braun et al. [68] suggested that a blend of plant bioactive essential oils can improve feed
efficiency along with calcium homeostasis in dairy cows due to the activation of specific
cation-transporting proteins, resulting in an increased uptake of cations like calcium and
ammonium [69]. The effects on urea and SCC could be partly an effect of milk dilution.
Our findings on milk composition partly agree with a previous study [70], that showed no
change in milk concentrations of fat, protein and urea N, and the milk concentrations of fat,
protein and lactose content in cows fed up to 2 g/d of a supplement containing essential
oil compounds such as thymol, eugenol, vanillin, guaiacol and limonene. In our study we
took into account the effect of diet, season and farm management along with parity, BW
and stage of lactation in order to avoid confounding the effects of specific plant extracts
on milk production and milk quality, as was correctly described [71] when keeping sheep
indoors and under standardized feeding conditions without any grazing. Below, we make
a further attempt to elucidate the effects of cornus extract and EO supplementation.

The prohibited use of ionophores such as monensin as additives in the EU and the
increased interest in ‘naturally occurring additives’ that can also be used in the ‘organic’
production of ruminant milk and meat have resulted in a great deal of interest in iden-
tifying naturally occurring compounds that positively affect ruminal fermentation and
performance [59]. Thymus vulgaris supplementation has been found to increase milk yield
and the lactation period of Sanjabi ewes [17], as well as improving the milk production
of dairy goats [72]. The increase in milk yield and lactation period resulting from thyme
supplementation has been associated with the remarkable vasodilator action of thyme
essential oil. Particularly, its constituents like bisabolol and bisabolol oxides [72] may act as
vasodilators, increasing the flow in the blood vessels which normally supply the mammary
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gland with all necessary components for milk production, which is helpful during heat
stress periods.

Dairy animals are often exposed to stressful agents due to environmental conditions
(e.g., very high or very low temperatures), management (high yield, weaning, trans-
portation, feedlot entry) or nutrition (e.g., a high-grain diet). Stressful events have been
implicated in promoting oxidative stress through the excessive production of reactive
oxygen species or decreased antioxidant defenses [73]. Excessive reactive oxygen species
production overwhelms antioxidant defenses, leading to the oxidative damage of biological
molecules, disrupting normal metabolism and physiology. However, a reverse relationship
between antioxidant intake and stress-related diseases is supported by numerous stud-
ies [74,75]. Hence, improving antioxidant capacity through feeding of cornus extract alone
or in combination with oregano and thyme is expected to enhance the overall health of
sheep and, thus, to improve milk performance. In support of this, a recent study, carried out
using 95 control heifers and 95 heifers fed with 0.9 kg/d of cornus extract, showed that the
average daily gain increased from 0.89 to 1.12 kg/d [67]. Therefore, it is hypothesized that
feeding with red osier dogwood may influence the rumen microflora, immunity (intestine
and body) and antioxidant status, and consequently impact feed digestion and immune
response. Heat stress is one of the limiting factors affecting the production performance
of Mediterranean dairy ruminants, since it evokes a series of drastic changes in animal
biological functions, which include a decrease in feed intake efficiency and utilization;
disturbances in the metabolism of water, protein, energy and mineral balances; enzymatic
reactions; hormonal secretions and blood metabolites [74]. To avoid such situations, proper
management approaches are needed. Thus, nutritional techniques can be a part of the
solution; in this line, several studies have revealed that supplementing ruminants’ rations
with various essential oils has shown promising results, such as a decrease in SCC in
generally healthy dairy cows or goats under mild heat stress conditions [75–78].

The Chios breed of sheep is a relatively high yielding one [79] and it is mainly found
in the Mediterranean basin under intensive indoor conditions that resemble those used
for high-yielding dairy cows. Another crucial aim of this study was to evaluate whether a
dietary mixture of cornus extract plus oregano and thyme essential oils could enhance their
antioxidant properties, showing synergistic properties in simultaneous administration,
as it is presented in the literature [80,81], especially during the hot summer period. As
a result, diet supplementation with plant extracts and essential oils improved lipid and
protein oxidative stability in milk, providing evidence that those animals could better cope
with the high ambient temperatures compared to the animals on a normal diet. Moreover,
yoghurt and feta cheese made from the milk of animals that were fed the plant extracts
presented higher lipid and protein oxidative stability.

Based on the literature, the total anthocyanins of Cornelian cherries range between
106–850 mg cyanidin-3-glycoside/100 g dm and total phenolics between 1070–2696 mg
GAE/100 g [82,83]. Cornelian cherries can be considered a good source of anthocyanins,
ascorbic acid and phenolics compared to common red berries, and also represent a potential
functional food ingredient [82] due to their influence on sensorial properties such as color
and astringency. For this reason, analysis of the use of these cherries in foods and beverages
has developed during recent decades [83] and it has been reported that total phenolic
content, expressed in mg/g, may be almost doubled in a diet supplemented with cornelian
extract and essential oils. It was also found that diet supplementation with a combination of
cornelian extract and essential oils resulted in the highest interaction with the stable radical
DPPH, followed by the cornelian extract itself, which is in agreement with the GC-MS
results. Oregano and thyme EOs are rich in carvacrol and thymol, which are phenolic
monoterpenoids. It seems that the activity of the essential oil is related to the presence of
phenolic compounds. The main role of these components as a reducer of free radicals has
been previously reported [84,85].

A great number of studies referring to the addition of essential oils to milk and
milk-derived products acknowledge their beneficial effects. It is generally known that
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the essential oil of thyme has the potential to inhibit various types of pathogenic microor-
ganisms. The addition of thyme and thyme essential oil leads to an increased yoghurt
fermentation time, whereas the counts of lactic acid bacteria finally reach the required min-
imum value for dairy fermented products [86]. Another study revealed that the inclusion
of thyme, marjoram and sage in yoghurt had a stimulatory effect on the starter culture
and the total viable counts and that the titratable acidity was increased in Labneh cheese
samples fortified with essential oil. Moreover, thyme essential oils provided a stimulatory
effect on the growth of the starter culture of Lactobacillus casei at a dose of 0.1 mL/100 g
in yoghurt preparation [86]. However, in our study we noticed that dietary incorporation
of cornus extract alone or with oregano and thyme essential oils provided a significant
inhibitory effect on Streptococcus thermophilus populations.

The observed changes in feed utilization and FA concentrations could partly be due
to the antioxidative effects of the plant extracts used or to changes in rumen microbial
populations. A causal explanation of how EO mixtures affect ruminal fermentation pat-
terns through microorganism modification has not been clearly established. Evans and
Martin [87] examined the effects of thymol on ruminal microorganisms. Thymol, which is
a constituent of the EO mixture tested here, inhibited gram-positive bacteria (Streptococcus
bovis at 180 μg of thymol/mL and gram-negative bacteria (Selenomonas ruminantium)) at
90 μg of thymol/mL. Although these in vitro concentrations are much greater than the
theoretically expected concentration of the mixtures tested in our experiment, bacterial
inhibition could be a potential cause of the altered values of the fatty acid profiles of milk,
yoghurt and cheese observed in the current study, which may be due to differences in
fermentation patterns and subsequent biohydrogenation of the unsaturated fatty acids by
rumen bacteria.

5. Conclusions

A clear finding of the current study is that the composition of herbal mixtures can
greatly influence the performance outcomes of dairy sheep reared under stress conditions.
Heat stress is a major issue in Mediterranean sheep farming as it may negatively affect milk
yield and composition. Although the Chios breed and its crossbreeds are maintained and
adapted to temperate climatic conditions, they also suffer when environmental tempera-
ture exceeds the thermoneutral zone. The current study suggests that dietary antioxidant
compounds included in cornus, oregano and thyme have a positive impact on heat stress
reduction and redox homeostasis. The addition of a specific cornus mixture with EO com-
pounds of oregano and thyme had beneficial effects on milk production, urea concentration
and SCC in milk samples of dairy ewes of the Chios crossbreed in the hot summer period.
The addition of cornus hydrodistillation extract, as well as oregano and thyme essential
oils, improved the oxidative stability of milk, cheese and yoghurt. However, the fatty acid
profile in milk, cheese and yoghurt was not affected by the dietary addition of cornus
extract and oregano and thyme EOs during the third month of lactation. Future research ef-
forts should focus on defining specific types and compositions of various plant extracts and
EOs in order to optimize their level of addition, thus resulting in favorable and consistent
responses and effectively utilizing their benefits.
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Simple Summary: The substitution of soybean meal in farm animal diets is considered vital for the
economic and environmental sustainability of the livestock sector. However, data regarding the effects
of a soybean meal replacement on the milk yield and quality traits in dairy sheep are scarce. In our
study, two isonitrogenous and isoenergetic diets were used, with soybean meal of a typical ration being
replaced by a mixture of rapeseed meal, cottonseed cake, and fava beans. The milk yield and the body
condition scores were recorded, and milk samples were analyzed monthly for their fat, protein, lactose,
and total solids yields, as well as for somatic cell counts, total bacterial counts, pH, electrical conductivity,
and the refractive index. Daily and 100-day fat yields were significantly increased in the group fed the
experimental ration and the electrical conductivity was significantly decreased in the same group, while
no adverse effects on any of the rest of the studied milk production traits were observed.

Abstract: The replacement of soybean meal (SBM) from intensively reared dairy sheep diets has
emerged as a significant challenge for sustainable production. However, the effects of this replace-
ment on milk production have not been sufficiently elucidated. The objective of this study was to
prospectively assess the effects of replacing SBM with a mixture of alternative protein sources on
the milk yield (MY) and the milk quality traits (MQT) in intensively reared dairy sheep. A total of
112 multiparous, purebred milking ewes of the Chios and Frizarta breeds, from two intensive dairy
sheep farms, were involved in the study, postweaning, and were assigned to either the control (CR) or
the experimental ration (ER) group. In the ER, 3/4 of the SBM was replaced by a mixture of rapeseed
meal, cottonseed cake, and fava beans, producing a ration of a similar nutritional value. MY, MQT,
and body condition scores were recorded for each individual ewe monthly for a period of 4 months
during lactation. The experimental ration was associated with beneficial effects on daily and 100-day
fat yields and on the electrical conductivity of milk as an improved udder health status indicator,
with no adverse effects on any of the rest of the studied milk production traits.

Keywords: soybean meal; fava beans; rapeseed meal; cottonseed cake; dairy sheep; milk yield;
milk quality
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1. Introduction

The demand for sheep milk and products thereof (e.g., cheese, yoghurt, and butter)
has increased over the years due to their perceived high nutritional value and the consumer
demands to produce niche and premium-quality dairy products [1]. This demand-driven
evolution of the sheep milk processing sector has dragged the tendency towards the in-
tensification of production and the modernization of husbandry systems, mainly in the
developed world, as exemplified by European countries in the Mediterranean basin (i.e.,
Greece, Italy, France, and Spain). Among the factors affecting the sustainability of these
systems, evidence-based nutrition and precision feeding remain the cornerstones support-
ing the sufficient exploitation of highly productive dairy sheep breeds [2] in regard to their
milk (i) quantity and quality traits (e.g., milk yield, protein, fat, lactose, total solids, fatty
acid profile, etc.), (ii) technological and coagulation properties, and (iii) organoleptic traits.

In general, dairy ewe nutrition is characterized by increased demands in energy and
protein during the milking period. Particularly in intensive farms, nutrients are supplied
inside the barn by feeding concentrates of high nutritional value, gradually transforming
grazing-oriented traditional sheep farming systems to zero-grazing indoor systems [3].
Soybean meal (SBM) currently constitutes the most widely used protein-rich feedstuff
in the livestock sector for meat and milk production. It is the co-product of soybean oil
extraction and represents approximately 70% of the consumed oilseed meals globally [4]. It
is highly preferred in diets of dairy ruminants due to its high crude protein (CP) content
(44–56% of dry matter (DM)) and nitrogen digestibility (about 80%); it also contains crude
fiber (CF) ca. 1.5–6.0% of DM, fat ca. 2% of DM, and 2.0 Mcal/kg net energy for lactation
(NEL) [5]. Despite the unquestionable feeding value of SBM, its partial or total substitution
in farm animal diets has emerged as an imperative need due to logistic, economic, and
environmental burdens. The USA, Brazil, and Argentina rank first in the list of the SBM
producing and exporting countries, continuously intensifying their production despite
the recognized environmental impacts imposed by its cultivation [6]. Interestingly, more
than 40% of the global available SBM is exported to the EU due to the negligible self-
sufficiency of the latter, via an economically and environmentally detrimental transatlantic
trading system [7]. In addition, soybean is the most widely used genetically modified crop,
opposing the consumer awareness of genetically modified organisms [8].

A combination of grain legumes and the by-products of oil plants are a promising
alternative protein source in ruminant nutrition due to (i) their high nutritional value,
(ii) the improvement of soil fertility and the reduction of nitrogenous fertilization induced
by legume cultivation, (iii) their potential cultivation in less fertile, non-irrigated fields,
(iv) the exploitation of industrial by-products within the circular agricultural economy
model, and (v) the lack of competition with human nutrition [7,9]. The grain legumes of
Leguminosae family (e.g., fava bean, pea, lupin) and oil plants (e.g., rape and cotton) have
been studied as alternative feed resources in both monogastric and ruminant farm animals,
though they display contradictory effects on their productivity [10–18]. In Greece, three
popular, locally produced feedstuffs integrated into farm animal diets as protein sources
are rapeseed meal, cottonseed cake, and fava beans. Rapeseed (Brassica spp.) constitutes a
relatively new cultivation which has emerged mainly during the last decade in the country
and has been exploited for the production of biodiesel and for its soil fertilizing capacity.
Rapeseed meal is extensively used with meat and wool sheep as an efficient alternative
to SBM, offering similar energy, digestibility, and protein degradability comparable to
SBM [19]. Rapeseed meal is rich in protein (CP ca. 33–45% of DM) and fiber (CF ca. 9–18%
of DM) content, and contains ca. 2% fat and 1.70 Mcal/kg NEL [20]. Cotton (Gossypium
spp.) is a customary and extensively cultivated crop with a long tradition and experience
in its cultivation in many parts of the country. Cottonseed cake, a by-product of the textile
industry, is a valuable feedstuff for ruminants given its high protein content (CP ca. 20–50%
of DM) and its resistance to gossypol toxicity, in contrast to monogastric animals [21].
Cottonseed cake also contains CF ca. 7–17% of DM, fat ca. 2–10%, and ca 2.0 Mcal/kg
NEL [16,22]. Fava bean crop (Vicia faba L. minor) is suitable for cultivation in unfavored
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soils under less intensive and/or organic production systems, given its limited water and
fertilizer demands and the consequent low environmental footprint. It is abundant in
protein (CP ca. 25–35% of DM) and it contains CF ca. 9–11% of DM, fat ca. 2% of DM,
and 1.70 Mcal/kg NEL [23,24]. Although its high ruminal nitrogen degradability and the
presence of antinutritional factors (tannins and pyrimidine glycosides) have hindered its
preference in intensive farming systems [25,26], the currently available low levels of tannins
or tannin-free cultivars, and the implementation of technological treatments such as the
extrusion, have improved its nutritional value and enhanced its potential use in ruminant
diets [26,27].

Dairy sheep farming is the most dynamic livestock sector in Greece. In the last
two decades, the sector has rapidly evolved to cover the increasing demands for the
Protected Designation of Origin feta cheese and sheep yoghurt, with the intensification of
farming systems being the driving force. Consequently, zero-grazing, high-input farms
have emerged and have increased rapidly in the mainland. This transformation has led to
the development of balanced diets and more sophisticated feeding protocols to efficiently
meet the nutritional requirements of high-yielding animals within a reasonable production
cost. Such diets include SBM as the main protein source, utilized to meet corresponding
requirements of ewes during lactation, since the evidence to support its efficient substitution
with alternative protein sources in terms of animal performance is lacking.

The hypothesis here was that partial replacement of SBM with other protein-rich grain
legumes and by-products of oil plants has no adverse effects on the milk yield and quality.
To test this hypothesis, the objective of this study was to prospectively evaluate the effects
of the partial replacement of SBM with a mixture of rapeseed meal, cottonseed cake, and
fava beans on the milk yield and milk quality traits (fat, protein, lactose, total solids yield,
somatic cell count (SCC), total bacterial count (TBC), electrical conductivity (EC), refractive
index (RI), and pH) in intensively reared dairy sheep of two indigenous Greek breeds.

2. Materials and Methods

2.1. Animals and Diets

Two intensive dairy sheep farms located at Aetolia-Acarnania in Western Greece were
involved in the study. A total of 112 purebred, multiparous (2nd, 3rd and ≥4th parity),
milking ewes at postweaning (50 days post-partum), namely, 64 Frizarta (Farm A) and
48 Chios (Farm B), were randomly selected and enrolled in a 4-month prospective study.
Initially, in each farm, the selected ewes were homogeneously allocated into two equal
groups (with 32 Frizarta and 24 Chios each, for Farm A and B, respectively) according to
their parity number, their daily milk yield (DMY) and the milk quality traits (MQT, i.e.,
fat, protein, lactose, total solids yield, SCC, TBC, EC, RI, and pH) and were assigned to
either the control (C) or the experimental (E) groups. The two groups were permanently
housed in separate pens and were mechanically milked twice a day with a 12-h interval
(8:00 a.m. and 8:00 p.m.), following the routine of the farm. In both groups, concentrates
were fed in a pelleted form, whereas alfalfa hay (18% CP) and wheat straw of a similar
nutritional value were equally supplied. The ration fed in the group C ewes was a typical
one, incorporating 20% of SBM as the main protein source. In group E, 3/4 of SBM was
replaced by a mixture of locally produced rapeseed meal, cottonseed cake, and fava beans
to produce a ration of similar nutritional value. The assessment of the nutritional value of
the two rations was conducted following standard procedures according to the Association
of Official Agricultural Chemists (AOAC) in an accredited laboratory. The composition and
the nutritional values of the two rations are presented in Table 1.
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Table 1. Composition and chemical analysis of the rations fed in the control (C) and experimental
(E) groups.

Control Ration Experimental Ration

Composition (%)

Soybean meal 20.0 5.0
Rapeseed meal - 13.0

Cottonseed cake - 10.0
Fava beans - 12.5
Barley grain 13.5 -
Corn grain 50.0 52.0
Wheat bran 14.0 -

Sugar beet pulp - 5.0
Vitamins and minerals 2.5 2.5

Chemical analysis

Dry matter (%) 86.73 88.18
Crude protein (% of DM) 15.63 15.96

Ash (% of DM) 4.32 4.91
Fat (% of DM) 3.19 3.51

NDF (% of DM) 8.00 13.45
ADF (% of DM) 1.76 6.74
ADL (% of DM) 0.04 1.86

Starch (% of DM) 50.63 39.82
Calcium (% of DM) 1.61 1.71

Phosphorus (% of DM) 0.52 0.45
Net energy for lactation † (Mcal per kg DM) 1.95 1.96

DM: dry matter; NDF: neutral detergent fiber; ADF: acid detergent fiber; ADL: acid detergent lignin; † theoretical
estimation using the software Plurimix System® v.2.41.34, (Fabermatica, Ostiano, Italy).

During the study, the diets (concentrates and roughages) of the two groups were
isocaloric and isonitrogenous and were adapted to meet the nutritional demands of the
ewes according to their lactation stage and their milk production level. On the contrary, the
fiber content (neutral detergent fiber (NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL)) was lower in the group C ration (CR) compared to the group E ration (ER),
while the starch content was higher in CR. The concentrate quantities ranged from 1.0 to
1.3 kg/ewe/day with alfalfa hay from 1.1 to 1.4 kg/ewe/day, regularly tuned to meet the
nutrient requirements of the animals during the study. Quantities of concentrates were
constantly adjusted to the milk yield of each ewe and the additional demanded dry matter
for high yielding animals was individually provided in the milking parlor. In any case,
in the two groups, the quantities of concentrates and alfalfa hay were equal for equally
producing animals. Concentrates were provided in feeders, both during (in the milking
parlor) and after milking (in the barn), twice a day, while roughages were fed twice a day
after milking; all feed refusals were removed before the next feeding session.

2.2. Milk Sampling and Analyses

Following a 30-day adaptation period of the diets (at 80 days post-partum) the enrolled
ewes in the two farms were prospectively studied monthly for 4 months, including the
adaptation period. In every sampling occasion, the milk yield was recorded, and the
milk samples were collected from each individual ewe and were transferred to the lab for
chemical analyses. The milk yield recording and milk sampling were performed using ICAR
(International Committee of Animal Recording)-approved equipment (Waikato Milkmeter,
InterAg, Hamilton, New Zealand) and protocols during morning milking. Two milk
samples (ca. 70 mL each) were collected per animal. The first was used for TBC estimation
and was aseptically collected (proper udder and teat cleaning with antiseptic towels,
discarding of first milk streams, and collection of composite samples from both half udders),
before the milk yield recording. The second was collected from the milkmeter’s sampler
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and was used for the rest of the analyses. Sodium azide (sodium azide tablets, Supelco®,
Merck Milipore, Burlington, MA, USA) was added, and the samples were transferred
under cool storage conditions (4 ◦C) and were analyzed within 24 h. Milk samples were
analyzed for fat, protein, lactose, total solids contents (MilkoScanTM FT+, Foss, Hilleroed
Denmark ), SCC (FossomaticTM FC, Foss, Hilleroed Denmark), and TBC (BactoscanTM

FC+, Foss, Hilleroed Denmark). Daily milk, fat, protein, lactose, and total solids yields
were calculated using the morning milking records and were adjusted following the ICAR
methods [28]. The physicochemical characteristics of milk samples, namely the pH, EC, and
RI, were measured at 20 ◦C with a pen-type pHmeter-conductometer (EZDO 7200, GOnDO
Electronic Co., LTD, Taipei, Taiwan) and a handheld refractometer (RHB-32ATC, Laxco,
Inc., Mill Creek, WA, USA) according to the brix scale, respectively. At the end of the study,
the total milk, fat, protein, lactose, and total solids yields were calculated for the 100 days
of the experiment using the Fleischmann method and the ICAR recommendations [28].
Moreover, the body condition score (BCS) was recorded by the same veterinarian in each
sampling using a five-degree scale (1 = emaciated, 5 = obese) [29].

2.3. Statistical Analyses

SPSS v23 software (IBM Corp., Armonk, NY, USA) was used for the statistical analyses,
with the statistical significance being set at the 0.05 level. Initially, SCC and TBC were log-
transformed, and the Kolmogorov–Smirnov test was used to test for normality. Descriptive
statistics (mean ± standard error) were calculated for the milk quality and quantity traits
for groups C and E throughout the study. The following mixed linear regression model
was formulated for the assessment of the effects of the two diets on DMY and MQT:

Yijklm = μ + Fi + Gj + Pk + Sl + a1 × BCS + Em + δml + eijklm (model 1)

where Yijklm = dependent variables (daily milk, fat, protein, lactose, total solids yield,
logarithm of SCC (logSCC), logarithm of TBC (logTBC), EC, pH, and RI); μ = intercept;
Fi = fixed effect of the farm (i = 2 levels; 0 = Farm A, 1 = Farm B); Gj = fixed effect of the
ration (j = 2 levels; 0 = control ration, 1 = experimental ration); Pk = fixed effect of the parity
number (k = 3 levels; 2nd, 3rd, ≥4th parity); Sl = fixed effect of the sampling occasion
(l = 4 levels; 1st to 4th sampling occasion); a1 = fixed effect of the regression coefficient of
BCS; Em = random variation of the mth ewe; δml = repeated variation of the mth ewe in the
lth sampling occasion; eijklm = residual error.

Akaike’s information criterion (AIC) value was used for the selection of the most ap-
propriate covariance structure in the mixed linear model and the first-order autoregressive
was selected as the most appropriate one.

An analysis of covariance was used to assess the effects of the diet on the 100-day milk,
fat, protein, lactose, and total solids yields, as described in the following model:

Yijk = μ + Fi + Gj + Pk + eijk (model 2)

where Yijkl = dependent variables (100-d milk, fat, protein, lactose and total solids yield);
μ = intercept; Fi = fixed effect of the farm (i = 2 levels; 0 = Farm A, 1 = Farm B); Gj = fixed
effect of the ration (j = 2 levels; 0 = control ration, 1 = experimental ration); Pk = fixed effect
of the parity number (k = 3 levels; 2nd, 3rd, ≥4th parity); and e = residual error.

The assumptions of normal distribution, homoscedasticity, and linearity for the models
were checked by the assessment of a scatterplot of standardized predicted values against
the standardized residuals and the probability-probability and quantile-quantile plots of
standardized residuals.
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3. Results

3.1. Descriptive Statistics

Figure 1 demonstrates the progress of DMY and the studied MQT for the two groups
during the study. The average DMY continuously decreased from the middle to the end of
lactation in both groups, ranging from 1.4 to 0.9 l for group C ewes and from 1.3 to 0.9 l for
group E ewes. A similar declining trend was observed for the daily fat, protein, lactose, and
total solids yields. During the study, the mean daily fat, protein, lactose and total solids
yields varied from 83.9 to 56.4 g, 75.2 to 51.1 g, 63.4 to 39.7 g, and 232.3 to 157.5 g in group
C, respectively, while in group E the values varied from 93.2 to 58.5 g, 80.1 to 51.5 g, 63.0 to
39.7 g, and 249.1 to 157.5 g, respectively. Table 2 summarizes the mean values of daily and
total milk yields and the milk quality traits. The mean values of BCS varied from 2.7 to 2.9
in both groups, following a similar trend during the study.

Table 2. Mean values (± SD) of daily and total milk yields and milk quality traits and the effects of
diet on them (reference category for comparisons is group C).

95% CI

Dependent Variables
Group C

Mean (± SE)
Group E

Mean (± SE)
B SEM p-Value

Lower
Bound

Upper
Bound

M
od

el
(1

)

Daily milk yield (L) 1.09 (0.28) 1.09 (0.28) 0.01 0.081 0.946 −0.15 0.14
Daily fat yield (g) 67.64 (18.46) 76.20 (18.44) 8.55 3.945 0.032 0.73 16.38

Daily protein yield (g) 62.30 (20.61) 66.11 (20.58) 3.81 4.219 0.369 −12.17 4.56
Daily lactose yield (g) 51.30 (59.3) 52.44 (59.52) 1.14 3.686 0.757 −8.45 6.16

Daily total solids yield (g) 189.64 (63.53) 205.04 (63.78) 15.40 12.020 0.203 −39.23 8.44
Log of SCC (103/mL) 5.68 (0.45) 5.70 (0.45) −0.02 0.092 0.824 −0.02 0.16

Log of TBC (cfu × 103/mL) 4.50 (0.27) 4.49 (0.27) −0.02 0.066 0.783 −0.11 0.15
pH † 6.60 (0.09) 6.57 (0.09) −0.04 0.021 0.068 0.00 0.08

Electrical conductivity (mS/cm) † 3.58 (0.08) 3.39 (0.08) −0.20 0.054 0.000 −0.31 −0.09
Refractive index † (brix) 15.38 (0.57) 15.25 (0.61) −0.12 0.685 0.858 −1.24 1.48

M
od

el
(2

)

100-day milk yield (L) 109.57
(±5.45)

109.26
(±4.68) −1.10 7.216 0.879 −15.41 13.21

100-day fat yield (g) 6863.06
(±266.76)

7728.33
(±274.00) 799.96 378.095 0.037 50.35 1549.57

100-day protein yield (g) 6161.33
(±297.23)

6508.12
(±275.18) 281.09 410.284 0.495 −532.34 1094.52

100-day lactose yield (g) 5070.31
(±268.36)

5124.32
(±230.58) 4.47 355.361 0.990 −700.66 709.61

100-day total solids yield (g) 18953.30
(±842.55)

20410.30
(±791.83) 1261.97 1161.835 0.280 −1041.48 3565.42

Group C: control group; Group E: experimental group; SE: standard error; B: coefficient; SEM: standard error of
the mean of B coefficient; model (1): mixed linear regression model for daily milk yield and milk quality traits;
model (2): linear regression model for 100-day milk yield and milk quality traits; SCC: somatic cell count; TBC:
total bacterial count; cfu: colony-forming unit; † measured at 20 ◦C.
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Figure 1. Mean values of (a) daily milk yield; (b) daily fat yield; (c) daily protein yield; (d) daily
lactose yield; (e) daily total solids yield; (f) electrical conductivity; (g) refractive index; (h) pH;
(i) logarithm of somatic cell counts; and (j) logarithm of total bacterial counts, for the two groups
during the study.

3.2. The Effects of Diet on the Daily and Total Milk Yields and Milk Quality Traits

Table 2 summarizes the effects of diet on the daily and total yields of milk, fat, protein,
lactose, total solids, logSCC, and logTBC, as well as on pH, EC, and RI. A significant effect
was observed on the daily and total fat yields (p = 0.032 and p = 0.037, respectively) and
on EC (p < 0.001). Namely, ewes in group E yielded more fat in their milk (daily ca. 8.6 g,
95% CI, 0.7 to 16.4 g, and total ca. 800 g, 95% CI 50.4 to 1549.57 g) compared to ewes in
group C. Furthermore, milk EC was decreased by 0.2 mS/cm (p < 0.001, 95% CI, −0.3 to
−0.1 mS/cm) in group E ewes.

3.3. The Effects of Other Explanatory Variables on the Daily and Total Milk Yields and Milk
Quality Traits

The sampling occasion had a statistically significant effect (p < 0.001) in every case,
except from the RI and the logarithm of TBC. Moreover, Farm A ewes had significantly
higher logarithm of SCC and TBC (p < 0.001, increased by 0.44 and 0.30 logarithms, respec-
tively) and an increased milk EC by 0.48 mS/cm (p < 0.001) compared to Farm B. The parity
number had no statistically significant effect on any of the studied traits, while a one-degree
increase on BCS was associated with a decrease in pH by 0.08 units (p < 0.01) and milk EC
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by 0.27 mS/cm. Regarding the total milk yield and the quality traits (fat, protein, lactose,
and total solids yield), the farm and parity number had no statistically significant effects on
any case, except from Farm B ewes that had a significantly higher total fat yield compared
to Farm A (p < 0.05, increased by 1022.6 g).

4. Discussion

To the best of our knowledge, this is the first time the effects of SBM substitution
with a mixture of rapeseed meal, cottonseed cake, and fava beans on milk performance
in dairy sheep have been prospectively studied; no significant effects were observed on
MY and MQT, with the exception of a favorable effect on the milk fat yield observed in
the experimental ration. The combination of alternative protein sources aims towards
the efficient coverage of the metabolizable protein requirements of dairy sheep through
the improvement of the rumen degradable protein (RDP)-to-rumen undegradable protein
(RUP) ratio and the balance of essential amino acids [15,30]. As the amino acid profile
differs significantly among the protein sources, the ideal diet should be formulated by a
panel of protein sources which complement microbial proteins with the essential amino
acids for milk production, such as methionine, lysine, leucine, and histidine [31].

The majority of relevant studies in the available literature have assessed the effects of
substituting SBM with a single alternative protein feed, mainly on the quantity and quality
of milk in dairy cows. Therefore, extrapolating and directly comparing the results of these
studies with our findings is not appropriate.

The components selected in the experimental ration, namely, rapeseed meal, cotton-
seed cake, and fava beans, are among the most commonly used alternative protein sources
for the substitution of SBM in small ruminant diets in Greece, as the crops they derive
from are popular in different regions around the country. However, the effectiveness of
integrating them into the dairy sheep diets to effectively substitute SBM has not been
assessed, until now, on an evidential basis and under commercial farming conditions.
Up-to-date data demonstrating the effects of SBM replacement with rapeseed meal on MY
and MQT in dairy sheep are scarce. On the contrary, relevant studies in dairy cows have
extensively documented these effects and rapeseed meal was found to be more effective
than SBM and other oilseed feeds, favoring their milk, protein, lactose, and fat yields
without affecting BCS [31–35]. The decrease in milk urea and urine urea nitrogen, and the
increase of the essential amino acid availability, such as histidine, methionine, and lysine,
in cows fed rapeseed meal, restates SBM superiority in terms of ruminal degradability,
protein digestibility, and nitrogen efficiency [32,34–36].

Cottonseed cakes have been exploited as an alternative to the SBM protein source
mainly in monogastric farm animals, for fattening lambs, and for growing goats, and less
commonly in adult ruminants. Therefore, data with which to compare the results of our
study are limited. The addition of cottonseed cake in ostriches and broilers improved their
growth rate [10,22], whereas in pigs, the lysine deficiency and the presence of gossypol
adversely affected their performance [37]. The substitution of SBM with cottonseed cake in
goat kids and lambs did not influence their growth or their feeding efficiency, as well as the
microbial protein synthesis [16,38].

The substitution of SBM with fava beans has been studied in dairy ewes in Italy [39,40].
Liponi et al. [39] replaced soybean meal with fava beans or peas in 18 postweaning Massese-
bred lactating ewes for 70 days, while Bonanno et al. [40] replaced maize grain and SBM
with fava beans, chickpeas, or peas mixed with barley in 12 Comissana-bred lactating ewes
for 21 days. In both cases, no statistically significant differences regarding MY, MQT, BCS,
SCC, TBC, and pH were observed. On the contrary, in goats, fava beans improved the milk
protein yield when compared to other feeds with a high protein content (e.g., sunflower
meal, vetch, and bitter vetch) [41,42]. Relevant studies in dairy cows indicated that the
partial [43] or total replacement of SBM with fava beans [44] or with a combination of fava
beans and rapeseed meal [26] did not adversely affect the milk yield and composition,
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which is in accordance with our findings. However, the combination of fava beans with
peas reduced the dry matter intake and milk yield in cows [12].

In the current study, daily and total milk fat yields were significantly increased (by ca.
12.0%) in the group E, compared to the group C, ewes. An obvious explanation could be the
increased content of NDF against the starch content in the experimental ration, as previously
reported in dairy sheep and cows [45–48]. Although the mechanisms and regulators of
the milk fat synthesis are quite complicated and insufficiently evidenced in dairy sheep,
high starch and low NDF content have been related to the disruption of the acetate-to-
propionate and acetate-to-butyrate ratios, with a further effect on rumen fermentation
and the production of fatty acids for milk fat synthesis [49,50]. In any case, other factors
affecting the efficiency of the experimental rations need to be further elucidated and more
studies under different experimental protocols are warranted to reveal potential differences
on the ruminal metabolism and feed digestibility of the two rations, and to evidence the
superiority claims of the experimental rations.

In our study, the mean values of BCS and their progress were similar in the two
groups and followed the expected pattern for the studied period (mid to late lactation) [51].
The two diets succeeded in meeting the energy demands of the milking ewes without
compromising their energy balance during the mid to late stages of lactation. Although
high starch diets favor fat deposition against milk production, causing an increase of BCS in
mid-lactating animals [46,52,53], this was not the case in our study. A possible explanation
could be the regular modification of feedstuff quantities to efficiently meet, but not exceed,
the nutritional demands of the ewes according to the stage of lactation and productivity.

The studied milk physical properties did not differ between the two groups, except
with EC, which was significantly lower in group E. Although an increased EC has been
associated with subclinical mastitis and increased SCC in dairy cows and small rumi-
nants [52,53], in our study, we cannot conclude the potential improved mammary gland
health status in the group E ewes, since SCC and TBC values were not significantly lower
in that group. Moreover, EC is affected by the milk chemical composition, among other
physiological factors, such as the parity number, lactation stage, and animal breed [54].
Specifically, it is negatively correlated with the milk fat content in dairy cows and small
ruminants due to the nonconductive properties of fat globules [54,55], possibly explaining
this decrease in the milk EC in the group E ewes, which presented significantly increased
daily and total milk fat yields compared to the group C ewes. Nevertheless, this is an
assumption which needs to be further Investigated to reveal the underlying mechanisms
justifying the variation of milk EC. For this reason, a larger-scale assessment of health
indicators of sheep fed with the two diets is necessary to conclude the effects of the two
studied diets on the animal health and milk hygiene status.

Despite the encouraging results regarding the use of alternative protein sources, the
gradual replacement of SBM in the diets of dairy sheep prerequisites addressing some
limiting factors. In Greece and in many other European countries, the lack of experience and
expertise in the cultivation of alternative protein crops (fava beans, rapeseed meal, lupin
etc.) results in a low crop performance and the inadequate standardization of qualitative
traits (protein, fat, moisture content, foreign material, etc.). In our study, the cost of the
experimental ration was from EU 1.0 to EU 1.5/kg less than the control ration, despite
the observed shortage of fava bean and the consequent increase in its price in the year of
the study. In any case, the large-scale use of alternative protein-rich feedstuffs requires
the extended cultivation of the respective crops to maintain a competitive cost against
conventional rations (with SBM) and to succeed in sustainable production.

5. Conclusions

The partial replacement of SBM, used as the main protein source in a typical commer-
cial concentrate ration for dairy sheep, with a mixture of rapeseed meal, cottonseed cake,
and fava beans did not adversely affect the milk yield and any of the studied milk quality
traits; on the contrary, it was associated with a favorable effect on daily and 100-day fat
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yields and on milk EC. The increase in the milk fat yield of ewes fed the experimental ration
is possibly related to its greater NDF content. On the other hand, the decrease of EC in the
experimental ration group may be linked to the increased milk fat content. However, the
potential mechanisms justifying these findings need to be further investigated, assessing,
at the same time, the nitrogen utilization, nutrient digestibility, and ruminal metabolism
of the control and experimental rations. Although the results of our study support the
efficient use of alternative protein sources for the substitution of SBM in the diets of inten-
sively reared dairy sheep, further studies are deemed crucial for the assessment of the total
replacement of SBM in terms of the animal health and productivity statuses and the overall
farm sustainability.
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Simple Summary: The prohibition on the use of antibiotics in animal nutrition has resulted in the
more frequent use of phytobiotics, which are natural medical preparations made from herbs. When
used in the nutrition of ruminants, phytobiotic preparations affect the motility of the gastrointestinal
tract and the secretion of digestive juices, and also stimulate the development of the intestinal
microbiota. Their effect on the development of lactic acid bacteria (LAB), with subsequent effects on
the degree of microbial homeostasis in the gastrointestinal tract, is particularly important. The aim of
the present study was to evaluate the effects of herbal supplements on lactic acid bacteria (LAB) count
in the faeces of lactating dairy goats. It was assumed that the specific chemical composition of herbal
supplements would positively affect the digestive processes of does, and thus the growth of lactic
acid bacteria (LAB) colonies. The research was conducted on dairy goats assigned to five nutrition
groups of twelve animals each. The animals in the experimental groups received a supplement made
of (seven or nine) herbs at a rate of 20 g or 40 g per animal per day. A statistically significant effect of
lactation stage on the intestinal Lactobacillus bacteria count was found. The highest concentration of
LAB was found in the group receiving a feed supplement consisting of nine herbs at 20 g per animal
per day. A probiotic strain of Lactobacillus fermentum absent from the control goats was identified in
the faecal samples of goats that receiving the herbal supplement.

Abstract: Sixty dairy goats of the Polish white improved breed were randomly assigned to five
feeding groups of twelve animals each. The animals received a supplement containing seven herbs
at 20 or 40 g/animal/day (experimental groups 1 and 2) and a supplement containing nine herbs
at 20 or 40 g/animal/day (experimental groups 3 and 4)m, along with pelleted concentrate feed.
Group 5 (the control group) received pelleted feed without any herbal supplements. A significant
effect of herbal feed additive on lactic acid bacteria (LAB) count was observed (p < 0.001). The
highest number density of LAB was found in the goats receiving the feed additive with nine herbs
at 20 g/animal per day (p < 0.05). There was a statistically significant effect of lactation stage on
intestinal LAB count (p < 0.001). Regardless of the feeding group, the highest number density of LAB
was found in animals at the peak of lactation. The LAB count was also affected by the interaction of
diet group × lactation stage (p < 0.0001). A probiotic strain of Lactobacillus fermentum was identified in
the faecal samples of goats receiving the herbal additive, but not in the controls. Genetic identification

Animals 2022, 12, 255. https://doi.org/10.3390/ani12030255 https://www.mdpi.com/journal/animals65



Animals 2022, 12, 255

of the microorganisms isolated from the faeces of the experimental goats did not reveal the presence
of harmful mould spores, although spores of the fungus Aspergillus fumigatus were detected in
the controls.

Keywords: herbal feed additives; intestinal lactic acid bacteria (LAB); dairy goats

1. Introduction

The prohibition on the use of antibiotics in animal nutrition has resulted in the in-
creased use of natural substances derived from medicinal plants [1]. Herbs containing
bioactive ingredients—phytobiotics—have a particularly broad spectrum of action [2,3].

Phytobiotic mixtures are produced from wild plants or extracted from field crops [4].
Herbal raw materials are those parts of plants in which the accumulation of active ingre-
dients is relatively high, and may include leaves, rhizomes, roots, flowers, bark, fruit, or
seeds. The stimulating or prophylactic and therapeutic properties of plants are determined
by their bioactive ingredient content, which is maximized by harvesting at the optimal
vegetative phase, the appropriate conditions and place of harvesting, proper drying, and
storage [5]. Even under proper storage conditions, the properties intensity of the active
ingredients of herbs diminishes over time [6]. Production waste from the herbal industry
may also be used as a feed additive, provided that it still has an appropriate active ingredi-
ent content. One example is the endosperm of milk thistle, which is a waste product in the
production of silymarin [7]. The most important groups of bioactive ingredients that are
found in herbal raw materials are tannins, saponins, essential oils, flavonoids, glycosides,
and alkaloids [8].

The phytobiotic preparations used in feeding domestic animals, especially ruminants,
can enhance taste sensations and stimulate appetite. As regulators of digestive functions,
they also affect gastrointestinal (GI) motility and the secretion of digestive juices, reduce
the occurrence of diarrhoea, and regulate the pH of the GI tract [9]. Some of them may also
have a protective effect (such as fenugreek and flax), regulate metabolism (e.g., knotgrass,
nettle), or affect the quality of animal products (e.g., garlic and calendula flower) [10].

Animals’ taste preferences should also be taken into consideration when formulating
herbal mixes. Herbs usually contain high levels of essential oils and there may be problems
with their uptake by some ruminants, such as sheep [11].

The herbal feed additives provided to ruminants stimulate digestive processes by
supporting rumen microorganisms [9,12]. In particular, their effect on the growth of pro-
biotic LAB is important, because it affects the degree of gastrointestinal (GI) microbial
homeostasis. The gut flora balance constitutes an effective barrier against pathogen coloni-
sation, influences the production of metabolic substrates (e.g., vitamins and short-chain
fatty acids), and positively stimulates the immune system [13].

There are more than 180 species of Lactobacillus, and these include the homofermenta-
tive and mesophilic Lactococcus lactis, the best-known species of LAB. Strains with proven
probiotic properties are considered most valuable, and include Lactobacillus rhamnosus,
Lactobacillus casei, Lactobacillus bulgaricus, Lactobacillus salivarius, Lactobacillus plantarum,
Lactobacillus acidophilus and Lactobacillus helveticus [14].

This study aimed to evaluate the effects of herbal supplements incorporated into
the diets of lactating dairy goats on faecal LAB count. We assumed that the specific
chemical composition of the herbal supplements would have a positive effect on the
digestive processes of the animals, thus increasing the colonies of LAB that fortify microbial
homeostasis in the GI tract.

66



Animals 2022, 12, 255

2. Materials and Methods

2.1. Ethical Approval

All the research was performed in accordance with the Polish Act on the protection of
animals used for scientific or teaching purposes, which complies with EU legislation on the
protection of animals used for scientific purposes. All procedures were approved by the
Local Bioethics Committee for Animal Testing (Poznań, Poland; decision no. 57/2020).

2.2. Location and Animal Material

The experiment was conducted on sixty Polish white improved goats kept on a
specialised farm located in northwestern Poland (Bukowiec, 52◦51′41′ ′ N; 16◦52′12′ ′ E)
in the Wielkopolska region. Clinically healthy goats were selected for the experiment.
The somatic cell count (SCC) measured immediately prior to the experiment (during the
third week of lactation) was at an acceptable level, and did not exceed 800 × 103/mL. The
animals were aged 20–30 months, were in their second lactation, and had a body weight
of 56–60 kg. The experiment started when goats were approximately 28.1 ± 2.7 days in
milk (DIM).

The animals were randomly assigned to five feeding groups of twelve goats each:

Group 1 (receiving 20 g of herbal supplement—mix of seven herbs).
Group 2 (receiving 40 g of herbal supplement—mix of seven herbs).
Group 3 (receiving 20 g of herbal supplement—mix of nine herbs).
Group 2 (receiving 40 g of herbal supplement—mix of nine herbs).
Group 5 (control group, no herbal supplements).

The amount of herbal supplement provided (20 g or 40 g/goat/day) was based on the
experiment of Jarzynowska and Peter [15] on dairy sheep.

Goats were tagged using electronic transponders and coloured collars, varied by
group, with plastic numbers.

2.3. Herbal Supplements

The herbal supplements provided to the experimental goats were composed of seven
herbs (herbal supplement I) or nine herbs (herbal supplement II). The choice of herbs for
the supplements was established on the basis of our previous experiments (unpublished)
and herbs in supplement for dairy sheep in the Jarzynowska and Peter’s experiment [15].

Herbal mix 1 included common nettle Urtica dioica L. (herb); common agrimony Agri-
monia eupatoria (herb—dried flowering shoot tips); caraway Carum carvi (fruit); coriander
Coriandrum sativum (fruit); fenugreek Trigonella foenum graecum L. (seeds); plantain Plantago
lanceolata L. (herb); and purple willow Salix purpurea (bark).

Herbal mix 2 contained different proportions of herbs to that used in herbal mix 1. The
herbs included were common nettle Urtica dioica L. (herb); common agrimony Agrimonia
eupatoria (herb—dried flowering shoot tips); coriander Coriandrum sativum (fruit); fenugreek
Trigonella foenum graecum L. (seeds), as well as fennel Foeniculum vulgare (fruit); peppermint
Mentha piperita (leaves); chamomile Matricaria chamomilla L. (flower clusters); milk thistle
Silybum marianum (endosperm); and thyme Thymus vulgaris (leaves).

A detailed contribution of particular herbal components were included in these supple-
ments is presented in our patent applications (Polish Patent Office submissions P.4334426
and P.433779)

2.4. Animal Nutrition

The diets were formulated to meet the animals’ nutrient requirements: 2.12 UFM (unit
for milk production) and 185 g PDI (protein truly digestible in the small intestine) to obtain
an assumed milk yield of 3.0 kg and 3.8% of fat [16].

The ingredients (% DM) of diet offered to dairy goats were:
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15.6% maize silage; 21.6% grass hay silage; 7.8% brewers’ grain silage; 26.4% concen-
trate mixture; 10.3% meadow hay; 10.6% experimental concentrate (with herbal mix); 4.4%
dried sugar beet pulp; and 3.3% barley straw.

The chemical composition of the diet was 451 g kg−1 of DM organic matter, 163 g kg−1

of DM crude protein, 267 g kg−1 of DM acid detergent fibre (ADF), and 401 g kg−1 of DM
neutral detergent fibre (NDF).

All the ingredients, other than the experimental concentrate with the herbal mix, were
part of the total mixed ration (TMR) feed and were offered to the animals once a day. Goats
had free access to water and a mineral salt lick.

The herbal supplement was provided to the animals in the prepared pelleted concen-
trate feed (cereal grains, rapeseed meal, sunflower meal), containing the concentration of
the mixes of seven herbs (Group 1 and Group 2) and nine herbs (Group 3 and Group 4).
Group 5 was a control group and thus did not receive the herbal supplement.

Group 1 (G1): basal diet plus 20 g DM herbal mix 1 in 300 g of concentrate (herbal mix 1,
6.6 g of 100 g−1 concentrate dry matter);
Group 2 (G2): basal diet plus 40 g DM herbal mix 1 in 300 g of concentrate (herbal mix 1,
13.2 g of 100 g−1 concentrate dry matter);
Group 3 (G3): basal diet plus 20 g DM herbal mix 2 in 300 g of concentrate (herbal mix 1,
6.6 g of 100 g−1 concentrate dry matter);
Group 4 (G4): basal diet plus 40 g DM herbal mix 2 in 300 g of concentrate (herbal mix 1,
13.2 g of 100 g−1 concentrate dry matter);
Group 5 (CTRL): basal diet plus 300 g concentrate (no herbs; control group).

The composition of experimental concentrates is shown in Table 1.

Table 1. The composition of the experimental concentrates (% DM).

Dietary Treatment

Item Groups 1 and 3 Groups 2 and 4 Group 5 (Control)

Ingredient (% DM)
Wheat bran 17 13 17

Triticale 18.6 18 18.6
Rapeseed meal 17 16.5 17
Sunflower meal 10 9.5 10
Corn DDGS a 5 5 5

Rye 7 6 7
Wheat 5 5 5
Barley 4 4 4

Dried grasses 0 0 6.6
Herbs 6.6 13.2 0

Sugarcane molasses 2 2 2
Dried sugar beet pulp 4.2 4.2 4.2

Minerals and vitamins b 2.5 2.5 2.5
Fodder chalk 0.1 0.1 0.1

Salt 1 1 1
Composition (g kg−1 DM)

Organic matter 927 926 928
Crude protein 229 223 224

Crude fat 36 33 34
Crude fibre 86 92 87

Groups 1 and 2: a mix of seven herbs; groups 3 and 4: a mix of nine herbs; group 5: control group (no herbal
supplements); a corn DDGS, distiller’s dried grain with solubles from the production of biodiesel and ethanol; and
b 1 kg of minerals and vitamins contains 300,000 units of vitamin A, 30,000 units of vitamin D3, 1.5 g of vitamin E,
0.5 g of Fe, 2.5 g of Zn, 65.0 g of Mg, 0.015 g of Co, 3.0 g of Mn, 0.01 g of I, 0.003 g of Se, 60 g of Na, 240 g of Ca,
and 120 g of P.

2.5. Microbiological Tests of Faeces

The faeces underwent microbiological testing to determine the amount of LAB, in
order to assess the effects of the herbs on the microbiota of the digestive tract of the dairy
goats. The faeces for testing were collected from the animals of the five groups at four
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times: before the start of the experiment (T0) and at the end of the first (T1), second (T2),
and third (T3) trimesters of lactation. Faecal samples were collected directly from the
previously disinfected milking stall floor during morning milking of each animal. Faeces
were collected in individually labelled, sterile, 50 mL plastic containers. All samples were
placed in an ice thermostat and were transported to the laboratory within two hours. Each
collected sample (10 g) were individually dissolved in 10 g of sterile saline and shaken
using a vortex mixer for 1 h; they were then diluted using the decimal dilution method and
plated on Petri plates. The Petri plates were flooded with MRS agar broth nutrient medium
containing 20.0 g/L agar, 20.0 g/L glucose, 10.0 g/L peptone K, 8.0 g/L Lab-Lemco powder,
4.0 g/L yeast extract, 1 mL sorbitan monooleate, 2.0 g/L dipotassium hydrogen phosphate,
5.0 g/L sodium acetate, 2.0 g/L triammonium citrate, 0.2 g/L magnesium sulphate, and
0.05 g/L manganese sulphate. The Petri plates were placed in an incubator and incubated
under anaerobic conditions at 35–37 ◦C for 48–72 h. After the incubation, the number of
single bacterial colonies grown on the plates was determined.

Identification of LAB Strains

After incubation, a similar number of samples from all experimental dates were
collected from both the aerobically and anaerobically cultured samples. The cultured LAB
strains were then identified.

Genetic material (DNA) was isolated from the most frequently and morphologically
repetitive LAB colonies. Identification of LAB strains involved the following stages:

(1) Isolation of DNA from colonies grown on the plates.

Twelve isolations of genetic material (DNA) were performed on colonies of microor-
ganisms provided on plates. DNA was isolated using CHELEX (Bio-Rad, Hercules, CA,
USA) with the addition of enzymes to digest the cell wall.

(2) Amplification of the 16SrRNA gene fragment using polymerase chain reaction (PCR)
with specific primers and sequencing of PCR arrays.

To confirm the presence of bacteria in the sample, amplification by PCR of 16S rDNA
query fragments was performed using specific primers:

27F: 5-AGAGTTTGATCMTGGCTCAG-3;
1492R: 5-GGTTACCTTGTTACGACTT-3;
on the DNA template isolated from the colony.

The amplification reaction was performed in the ABI 9700 thermocycler (Life Technolo-
gies, Waltham, MA, USA) using thermostable OptiTaq polymerase (Eurx, Gdansk, Poland).

PCR conditions:

(1) 95 ◦C for 3 min.
(2) 95 ◦C for 15 s.
(3) 55 ◦C for 15 s.
(4) 72 ◦C for 90 s.
(5) Steps 2–4 were repeated 30 times.
(6) 72 ◦C for 2 min.
(7) 10 ◦C until cooled.

All the samples proved positive for amplification. PCR products were then puri-
fied, and sequencing was performed using a BigDye Terminator Mix v3.1 kit (Applied
Biosystems, Forest City, CA, USA), an ABI3730xl genetic analyser, and specific primers.

The reads (from the bacterial 16S-rDNA-specific primers 27F and 1492R) were assem-
bled into contigs, yielding a consensus sequence.

(3) Amplification by PCR of the internal transcribed spacer (ITS) fragment using specific
primers and sequencing of PCR arrays.
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To determine if there were any fungi present in the sample, amplification by PCR of
ITS fragments was performed using specific primers:

ITS1: 5-TCCGTAGGTGAACCTGCGG-3;
ITS4: 5-TCCTCCGCTTATTGATATGC-3;
on the DNA template isolated from the colony.

All samples proved positive for amplification. The PCR products were then purified,
and sequencing was performed using the BigDye Terminator Mix v3.1 kit, ABI3730xl
genetic analyser, and specific primers. The reads from the ITS primers (ITS1-F and ITS4-R)
were assembled into appropriate contigs, yielding a consensus sequence.

(4) Alignment of the obtained sequences and the NCBI database.

The consensus sequences were compared with the NCBI database (GeneBank, https:
//www.ncbi.nlm.nih.gov/gene/?term=, accessed on 25 October 2017) using the BLAST
software (NCBI, Bthesda, MD, USA).

2.6. Statistical Analysis

Data were analyzed using SAS version 9.4 (2014, SAS Institute, Cary, NC, USA).
Before analysis was conducted, all the data were evaluated for normality using PROC
UNIVARIATE SAS (SAS Institute, Cary, NC, USA). As no normal distribution was found in
the collected samples (Figure 1), the count of LAB determined in the faeces underwent the
Box–Cox transformation with an estimated λ = −0.114851.

 

 
Figure 1. The distribution of LAB count before and after the Box–Cox transformation.

Data were analysed using a PROC MIXED model (version 9.4, SAS Institute, Cary,
NC, USA). The lowest Akaike Information Criterion (AIC) was used to determine the
appropriate within-subject covariance structure, and the compound symmetry (CS) was
selected accordingly. Data were analysed as repeated measures (goat effect) using the
following model: Yjk = μ + gi + tj + tgij + eijk, where: Yijk Yjk = μ + gi + tj + tgij + eijk,
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where the Yijk are the observation means, μ is the overall mean, the gi are the fixed effects
of the groups (l = 1, 2, 3, 4, 5), the tj are the fixed effects of the time of measurement (k = 1,
2, 3, 4), the tgij are the interaction of group × time, and the eijk are the residual errors.

When differences were detected in terms of treatment or interactions of treatment with
time, separation of means was conducted using a Tukey’s adjustment for the probability.
The statistical significance was considered to be p ≤ 0.05

3. Results

3.1. The Effects of Experimental Factors on LAB Count

The effects of the experimental factors on LAB count are shown in Tables 2 and 3.
There was a highly significant effect of feeding group on LAB count (Table 2, p < 0.001).
The LAB count was highest in the faeces of animals in Groups 3 and 2 (p < 0.05). The LAB
counts of the faeces of goats in Groups 1, 2, and 4 were similar (p < 0.05). Excluding Group
4, the LAB content was significantly higher than in controls (p < 0.05). There was a highly
significant effect of sampling time on LAB count (p < 0.0001, Table 2). The introduction
of herbs into the diet of dairy goats increased the LAB count in the GI tract. There was a
significant increase in the LAB count in stages T1 and T2 of lactation. The LAB count was
highest in T2, the peak period of lactation, which indicates that there was significant effect
of the stage of lactation on LAB count (Table 3). The LAB count determined in the faeces of
Group 3 during the T2 measurement period was significantly higher than that in all other
animal groups.

Table 2. Effects of experimental factors on LAB count.

LAB
Group Time SE Group Time Group × Time

1 2 3 4 5 T0 T1 T2 T3 p-Value

Transformed
CFU

6.82 a

3.15 × 108
6.93 ab

2.37 × 109
7.03 b

1.92 × 109
6.75 ac

1.95 × 109
6.60 c

6.92 × 105
6.35 a

9.40 × 104
6.80 b

7.03 × 108
7.24 c

4.54 × 109
6.91 b

4.97 × 106
0.03

-
0.0001

-
0.0001

-
0.0033

-

Means marked with different letters are statistically different at p ≤ 0.05. Transformed: value after Box–Cox
transformation (first row); CFU: number of colony-forming units (second row); and SE: standard error.

Table 3. Effects of measurement time on LAB count in groups.

LAB Group
Time

SE
T0 T1 T2 T3

Transformed
CFU 1 6.35 a

9.33 × 104
6.82 b

1.51 × 106
7.34 cef

1.25 × 109
6.77 b

2.58 × 106
0.07

-
Transformed

CFU 2 6.37 a

9.41 × 104
7.01 b

2.36 × 109
7.35 bef

7.13 × 109
6.98 b

4.55 × 106
0.08

-
Transformed

CFU 3 6.36 a

9.51 × 104
6.98 b

4.28 × 107
7.72 ce

7.63 × 109
7.07 b

1.19 × 107
0.09

-
Transformed

CFU 4 6.33 a

9.33 × 104
6.65 ab

1.11 × 109
7.11 bfg

6.69 × 109
6.90 b

4.03 × 106
0.08

-
Transformed

CFU CTRL 6.36 a

9.41 × 104
6.55 ab

5.39 × 105
6.66 abg

4.25 × 105
6.81 b

1.71 × 106
0.05

-

Means marked with different letters are statistically different at p ≤ 0.05. Reading across rows, the letters mark the
significance of differences within experimental groups. Reading down columns, the letters mark the significance
of differences among experimental groups by time of measurement (italics). Transformed: value after Box–Cox
transformation (first row); CFU: number of colony-forming units (second row); and SE: standard error.

3.2. Identification of LAB Strains

Table 4 shows the results of identifying microorganisms from the DNA of the most
frequently and morphologically repeated bacterial colonies.
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Table 4. Alignment of consensus sequence for the 16S query fragments with the subject sequence in
samples collected from animals of the experimental and control groups.

Species of Bacteria Similarity Sequence Coverage

Experimental and control groups
Lactobacillus buchneri strain JCM 1115 99.8% 100%
Enterococcus faecium strain ATCC 19434 100% 100%
Enterococcus mundtii strain NBRC 100490 100% 100%

Experimental group
Lactobacillus fermentum strain NBRC 15885 99.9% 100%

Control group
Aspergillus fumigatus isolate C1946 100% 100%

The following species of microorganism were found in the genetic material isolated
from the experimental and control samples: Lactobacillus buchneri strain JCM 1115, Enterococ-
cus faecium strain ATCC 19434, and Enterococcus mundtii strain NBRC 100490. Furthermore,
Lactobacillus fermentum strain NBRC 15885 was present in faecal samples collected from the
goats in the experimental groups.

The genetic identification of faecal samples of the controls revealed, in addition to
LAB, the presence of spores of the fungus Aspergillus fumigatus in the digestive tract of
goats. This is a pathogenic exogenous fungal species that may cause various infections in
animals. In ruminants, in addition to weakening of the immune system, this species can
affect the throat, nasal mucous membranes, or lungs, and can cause acute enteritis.

No mould spores were detected in the samples from the goats fed with the herb
supplements.

4. Discussion

LAB are gram-positive, nonsporulating bacteria with low guanine-cytosine (GC) pairs
in the genome. This group was singled out for its ability to perform carbohydrate fermen-
tation with production of lactic acid, rather than for its phylogenetic relationships [17].
Although most LAB are anaerobia, some species may tolerate low levels of oxygen. LAB
have strong auxotrophy, and are thus found in environments that accommodate their
high nutritional requirements—i.e., that are rich in amino acids, purines, and pyrimidines.
LAB can be found in milk and its derivative products, and are also components of the
physiological flora (microbiota) of mammals. This group of microorganisms includes
species of the Lactococcus, Streptococcus, Pediococcus, Leuconostoc, and Lactobacillus genera.
Probiotic species are particularly valuable LAB [18]. These bacteria modulate the gut flora
and thus maintain its homeostasis. They provide protection against pathogenic bacteria
by competing with them for colonised surface. LAB can secrete compounds that inhibit
pathogen growth (lactic acid, short-chain fatty acids, hydrogen peroxide, and substances
that act as bacteriocins) [17]. Moreover, they stimulate the immune system and reduce the
risk of allergic reactions [17].

Probiotic strains play the most significant role in supporting the treatment of GI
diseases—especially viral diarrhoea and antibiotic-associated diarrhoea—and autoimmune
disorders [14,17]. Their positive effects on metabolic diseases (hyperlipidaemia, diabetes,
and obesity) have also been observed [16]. Probiotics are also credited with alleviating
symptoms of lactose intolerance, increasing intestinal absorption of nutrients, lowering
cholesterol level, improving intestinal peristalsis, and decreasing the activity of enzymes
associated with carcinogenesis [14].

The literature contains few results from research works concerning the microbial
composition of faeces in ruminant animals, mostly focusing on dairy cattle. Experiments
conducted on calves have shown the relationship between faecal microbiota and age [19],
nutritional diet [20,21], antibiotic therapy [22–24], and calf health status [25].

The effect of limit-feeding diets with different forage-to-concentrate ratios on faecal
bacterial community composition in Holstein heifers has been studied by Zhang et al. [26]
and others. In the study of Kim et al. [27], concerning bacterial diversity in the faeces of
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cattle fed different diets, faecal samples were collected from cattle fed a finishing steer diet
(“moderate grain diet”), a late growing diet (“high-grain diet”), and from heifers fed an
early growing diet (“silage/forage”). The taxonomic composition of faecal microbiota in
these three diet groups was compared based on the mean of the relative abundance (reads
of taxon divided by total number of reads in the sample). The abundance of Lactobacillus
was different (p < 0.001) in the three groups; the high-grain diet group had the greatest
abundance (1.50% of total sequences).

There have been few reports on the effect of lactation stages in ruminants on faecal
microbiota composition. The report of Huang et al. [28] shows a significant effect of
lactation period on diversity at the phylum level in the faecal bacterial community. This
means that lactation stages induce a variation in the faecal bacterial community [28].

There are very few results concerning the composition of the gut microbiota of goats.
The study of Draksler et al. [29] is one of the few reports to describe the number density of
LAB. The LAB content, identified in faecal samples of Creole goats kept in northwestern
Argentina, reached its highest value in the first two weeks of a goat kid’s life and ranged
from 5.58 to 7.15 log10 units/g of faeces [29]. In animals aged 30–60 days the CFU of LAB
count decreased, reaching 5.24 and 5.43 log10 units/g of faeces, respectively. LAB content
held stable from ninety days of age onwards. For animals in each age range, the log10
value of LAB was 4.61 (90 days), 4.93 (120 days), 4.82 (150 days), 4.52 (180 days), and 4.52
(270 days) [29].

Stella et al. [30] evaluated the effect of administering live Saccharomyces cerevisiae on
milk production, milk composition, blood metabolites, and faecal flora in early lactating
dairy goats. There was a significant effect on faecal flora. The differences between the
control and experimental groups in terms of colony counts of Lactobacilli were particularly
pronounced and statistically significant at sixty and ninety days of lactation, at 5.05 versus
6.21 and 4.89 versus 6.37 log10/g of faeces, respectively.

The following LAB species were identified in faecal samples: Lactobacillus buchneri
strain JCM 1115 (experimental and control groups) and, only in the experimental group
samples, Lactobacillus fermentum strain NBRC 15885. Both L. buchneri and L. fermentum are
typical probiotic bacteria with proven antioxidant activities. According to the experiment
conducted by Shokryazdan et al. [31], these strains had good antimicrobial activity against
selected pathogenic strains of humans and exhibited stronger antimicrobial activity than
the reference strain, L. casei Shirota.

The genetic identification performed as part of our experiment also revealed the
presence of microbes such as Enterococcus faecium strain ATCC 19434 and Enterococcus
faecium strain NBRC 100490. Enterococcus is a genus that is commonly found in the gut
microbiota of ruminant animals, especially in the first stages of life that are not related to
rumination. Jiao et al. [32], who studied the gut microbiota of goat kids during their first
week of life, estimated the proportion of Enterococcus in the total species composition of the
gut microbiota at 30.94% of the sequences under study.

It should be noted that spores of an exogenous fungus of the pathogenic species
Aspergillus fumigatus were identified in goat faeces collected from controls. In ruminant
animals this species may lead to various infections and even acute enteritis under extreme
conditions [32].

5. Conclusions

There is a significant effect of the herbal feed additive on LAB count (p < 0.001). The
highest number density of LAB was found in the group of goats receiving a feed additive
that contained nine herbs at 20 g/animal per day (p < 0.05).

There was a statistically strong effect of lactation stage on intestinal LAB count
(p < 0.001) The greatest number density of LAB was found in animals of all feeding groups
at the peak of lactation (T2). Moreover, there is a highly significant interaction of feeding
group × time of faecal sample collection (p < 0.0001).
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The valuable probiotic species Lactobacillus fermentum strain NBRC 15885, is present
in faecal samples of goats receiving a herbal additive compared to controls. The results of
the genetic identification of faecal samples collected from the animals receiving the herbal
supplement did not reveal the presence of mould spores, which are potentially harmful to
the health of small ruminants; however, these spores were identified in controls.

6. Patents

A patent for “Herbal feed additives and their application” was submitted to the Polish
Patent Office for intellectual protection of this technology (Polish Patent Application No.
P.433779 and P.434426).
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Simple Summary: During the weaning period, the change of feed and separation from ewe induce
weaning stress and may affect the growth and health of kids. The application of antibiotics could
relieve weaning stress; however, their prophylactic application coerces researchers to find antibiotic
alternatives to relieve weaning stress. Fucoidan is a natural plant extract widely used in animal
production with antioxidant and immune-modulatory properties resulting in beneficial effects on
the intestinal tract. In the present study, fucoidan dietary supplementation boosted antioxidant
and immune functions, improved the morphology of the intestinal tract and promoted the growth
performance of kids. These results indicated that fucoidan could be used to alleviate weaning stress
in kids.

Abstract: The purpose of this study was to evaluate the effects of fucoidan dietary supplementation
on growth performance, organs’ relative weight, serum anti-oxidation markers, immune function
indices and intestinal morphology in weaned kids. A total of 60 2-month-old weaned castrated
male kids (Chuanzhong black goat) were used for this 30-day experiment and randomly allocated to
four groups. The control group (CON) fed a basal diet, while the other three groups were provided
with the same diet further supplemented with fucoidan at 0.1%, 0.3% or 0.5%, namely, F1, F2 and
F3 groups, respectively. The results indicated that dietary fucoidan supplementation significantly
increased (p < 0.05) the activity of catalase (CAT) when compared to the CON group on day 15.
Moreover, the addition of fucoidan at 0.3% and 0.5% significantly increased (p < 0.05) the activities
of glutathione peroxidase (GSH-Px) and total superoxide dismutase (T-SOD). On day 30, dietary
fucoidan supplementation significantly reduced (p < 0.05) the feed conversion rate (FCR), contents
of tumor necrosis-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6), while it significantly
increased (p < 0.05) the activity of total superoxide dismutase (T-SOD), the content of immunoglobulin
G (IgG) and the villus height (VH) of the duodenum. Moreover, dietary 0.3% and 0.5% fucoidan
supplementation significantly increased (p < 0.05) the villus height (VH) of the jejunum and ileum
and significantly reduced (p < 0.05) the crypt depth (CD) of ileum. In conclusion, dietary fucoidan
had positive effects on growth performance, serum anti-oxidation, immune function and intestinal
morphology of weaned kids.

Keywords: fucoidan; weaned kids; growth performance; antioxidant capacity; immune function

1. Introduction

In modern small ruminants’ production, weaning stress is an inevitable problem
observed in small animals. Weaning stress had negative effects on antioxidant capacity,
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immunity, intestinal morphology and growth performance [1–3]. Formerly, antibiotics
were widely used to alleviate weaning stress [4]. However, the ban of antibiotic use in
feed worldwide forces researchers to find antibiotic alternatives. Fucoidan, a kind of
macromolecular polysaccharide rich in sulfate, occurs in the cell walls of brown algae,
mucous matrix and some marine invertebrates [5,6]. Fucoidan has been proven to possess
many biological properties, including immunomodulatory, antioxidant and antibacterial
properties, resulting in the promotion of animal growth [7–10]. Thus, fucoidan was widely
used in functional foods and animal production. Dietary fucoidan administration increased
feed intake, daily gain and feed efficiency and also had beneficial effects on intestinal
morphology, antioxidant capacity and immune function in weaning pigs [11–13]. Similar
results are also reported in chickens and fish [14–16]. In summary, fucoidan could be used
as an environmentally friendly substitute for antibiotics in diets to improve growth in
pigs, chicken and fish. However, data on the application of fucoidan in small ruminants
are scarce. Therefore, the purpose of this study was to evaluate the effects of fucoidan on
growth performance, organs’ relative weight, antioxidant markers, immunity indices and
intestine morphology in weaned kids.

2. Materials and Methods

2.1. Animals, Diet and Experimental Design

The experimental protocol applied in this study followed the guidelines of the Animal
Care and Use Committee of Guangdong Ocean University.

The fucoidan used in this study was provided by a company (Mingyue Hailin Fu-
coidan Biotechnology Co., Ltd., Qingdao, China). Fucoidan had the form of a powder with
a yellow color and a smell of seaweed. The purity of fucoidan was 98%, and the sulfate ion
content was 28.9%.

A total of 60 two-month-old weaned castrated male kids (Chuanzhong black goat)
with an average initial body weight of 12.5 ± 0.5 kg were used in this 30-day experiment.
Kids were weaned at 60 days and randomly allocated to 4 treatments with 15 replica-
tions. The control group (CON) was fed with a basal diet, while the other three treat-
ment groups were fed with the same diet further supplemented with fucoidan at 0.1%
(F1 group), 0.3% (F2 group) and 0.5% (F3 group). Three kids were placed in a pen
(each pen = 3.1 m × 2.5 m × 1 m). The basal diet (Table 1) was formulated to meet or
exceed the nutrient requirement of the Feeding standard of Goat, China (NY/T 861-2004).

Table 1. The composition and level of basal diet (air-dry basis).

Items Content

Ingredients (%)
Pennisetum purpureum 35.00
Corn 40.89
Soybean meal 13.98
Wheat bran 7.15
NaCl 0.65
CaHPO4 0.84
Limestone 0.84
Premix 1 0.65
Total 100
Nutrient level
DM (%) 88.86
ME 2 (MJ/Kg) 10.43
CP (%) 12.06
NDF (%) 30.06
ADF (%) 16.39
Ca (%) 0.76
P (%) 0.54

1 The premix provided the following per kg of diets: VA 8 000 IU, VD 2 000 IU, VE 40 IU, Cu 12 mg, Fe 70 mg, Mn
50 mg, Zn 80 mg, I 1.0 mg, Se 0.27 mg and Co 0.3 mg. 2 ME was a calculated value.
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Before the trial started, the sheep house was cleaned and sterilized. A 7-day pre-trial
was conducted first, during which vaccination, deworming and numbering were performed.
The roughage consisted of silage and Aneurolepidium Chinese hay. The kids were fed twice
a day at 8:30 am and 17:30 pm, with access to clean drinking water available ad libitum.
Fucoidan was manually mixed into the concentrate. The kids were fed concentrate first
and then roughage.

2.2. Growth Performance

Body weight was determined on day 1, 15 and 30, the feed intake was recorded daily.
The average daily gain (ADG), average daily feed intake (ADFI) and feed conversion rate
(FCR) were also calculated.

2.3. Sample Collection and Organs’ Relative Weight

On days 15 and 30, blood samples were collected from the jugular vein, and then they
were centrifuged at 3500 g for 10 min (4 ◦C). The serum was collected and stored at −20 ◦C
for later analysis.

Kids were fasted for 12 h prior to slaughter at the end of the trial. Six kids of similar
weight per group were selected for slaughter. About 2.5 cm segment of the duodenum,
jejunum and ileum were trimmed and used for morphological indices. Samples of tissue
were washed with PBS, then fixed in paraformaldehyde for histological evaluations. Finally,
organs were weighed.

The organ relative weight was calculated by the following formula: organ index (%) =
organ weight/body weight × 100%.

2.4. Serum Antioxidant

The activities of total antioxidant capacity (T-AOC), total superoxide dismutase
(T-SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and malondialdehyde (MDA)
content were measured using commercial kits according to manufacturer’s guidelines
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China).

2.5. Serum Immunity

The contents of immunoglobulin G (IgG), interleukin-1β (IL-1β), interleukin-6 (IL-6),
interleukin-2 (IL-2), interleukin-10 (IL-10) and tumor necrosis factor-α (TNF-α) were esti-
mated by enzyme-linked immunosorbent assay kits according to manufacturer’s guidelines
(Jiangsu Meimian industrial Co., Ltd., Jiangsu, China).

2.6. Intestinal Histomorphology

The samples from the duodenum, jejunum and ileum were fixed in paraformaldehyde
for 24 h at room temperature and subsequently dehydrated through a graded ethanol series,
cleared with xylene and embedded in paraffin. Then, tissues were cut into 5 μm-thick
continuous sections. Finally, the sections were stained with hematoxylin for 2 min and
eosin for 40 s, and then dehydrated and mounted on slides. The morphological parameters
were measured by Image Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD).
The morphological parameters of the intestinal tract included villus height (VH), crypt
depth (CD) and radio of villus height to crypt depth (VCR).

2.7. Statistical Analysis

All statistical analyses were performed using SPSS 26.0 via one-way ANOVA, and
differences were detected by Ducan’s multi-range test. The results are expressed as mean
± standard error of the mean (SEM), and differences are considered significant at p < 0.05.
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3. Results

3.1. Grouth Performance

As shown in Table 2, kids fed F2 and F3 diets had a higher final body weight than those
fed the CON and F1 diets. Kids fed diets with fucoidan significantly reduced (p < 0.05)
FCR compared to those fed the CON diet during days 16 to 30 and the overall period. Kids
fed F2 and F3 diets had significantly higher (p < 0.05) values for ADG and ADFI than those
fed the CON diet during days 16 to 30 and the overall period. No significant differences
were observed for growth performance among treatments during days 1 to 15.

Table 2. Effects of fucoidan administration on growth performance in weaned kids.

Item 1 CON F1 F2 F3 SEM 2 p-Value

BW of day 1 (kg) 12.20 11.38 12.27 12.98 0.99 0.26
BW of day 15 (kg) 12.47 11.53 13.25 12.78 1.08 0.12
BW of day 30 (kg) 12.85 b 12.88 b 15.28 a 15.13 a 1.09 0.02

Day 1 to 15
ADG (g/d) 30.00 31.78 51.78 53.22 10.41 0.10
ADFI (g/d) 432.01 427.02 484.05 445.01 24.41 0.16

FCR (g) 14.52 12.01 9.41 11.62 1.61 0.08
Day 16 to 30

ADG (g/d) 80.01 a 110.01 a 141.78 b 121.04 b 13.90 0.01
ADFI (g/d) 569.05 a 620.67 b 711.03 c 863.04 d 16.08 <0.01

FCR (g) 9.97 b 5.79 a 5.02 a 6.22 a 0.69 <0.01
Overall

ADG (g/d) 45.00 a 50.06 a 100.33 c 72.01 b 9.71 0.02
ADFI (g/d) 501.09 a 525.08 a 597.01 b 565.02 b 22.71 0.01

FCR (g) 11.25 c 10.60 b 6.05 a 8.25 a 1.08 0.01
1 CON, basal diet; F1, basal diet +0.1% fucoidan; F2, basal diet +0.3% fucoidan; F3, basal diet +0.5% fucoidan.
BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed conversion rate. 2 SEM,
standard error of the mean. a–d Values in the same row with different letters are significantly different (p < 0.05).
Results are presented as mean ± SEM (n = 6).

3.2. Organs’ Relative Weight

As shown in Table 3, no significant differences were observed for organs’ relative
weight among the experimental groups.

Table 3. Effects of fucoidan administration on organ index in weaned kids.

Item 1, % CON F1 F2 F3 SEM 2 p-Value

Heart index 0.41 0.40 0.39 0.40 0.50 0.13
Liver index 1.56 1.85 1.52 1.65 0.14 0.15

Spleen index 0.14 0.15 0.15 0.13 0.01 0.22
Lung index 1.15 1.37 1.170 1.37 0.20 0.61

Kidney index 0.33 0.35 0.33 0.33 0.03 0.91
Small intestine index 4.32 4.10 4.21 4.21 0.30 0.06

1 CON, basal diet; F1, basal diet +0.1% fucoidan; F2, basal diet +0.3% fucoidan; F3, basal diet +0.5% fucoidan.
2 SEM, standard error of mean.

3.3. Serum Antioxidant Capacity

As shown in Figure 1, on day 15, kids fed diets with fucoidan had a significantly
increased CAT activity (p < 0.05). Lambs fed F2 and F3 diets showed significantly increased
(p < 0.05) activity of GSH-Px and T-SOD than those kids fed CON and F1 diets. No
significant differences were observed for MDA and T-AOC among treatments.
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Figure 1. Effects of dietary fucoidan administration on antioxidant indexes in weaned kids. (A) serum
MDA content; (B) serum GSH-Px activity; (C) serum T-SOD activity; (D) serum CAT activity;
(E) serum T-AOC activity. Results are presented as mean ± SEM (n = 6). a, b, c means significantly
different (p < 0.05). CON, basal diet; F1, basal diet +0.1% fucoidan; F2, basal diet +0.3% fucoidan; F3,
basal diet +0.5% fucoidan. MDA, malondialdehyde; GSH-Px, glutathione peroxidase; T-SOD, total
superoxide dismutase; CAT, catalase; T-AOC, total antioxidant capacity.

On day 30, kids fed diets with fucoidan showed significantly increased (p < 0.05) activ-
ity of T-SOD. Kids fed F2 and F3 diets had a significantly reduced (p < 0.05) MDA content
than those fed CON and F1 diets. Kids fed F2 diet had a significantly increased (p < 0.05)
activity of CAT than those kids fed CON, F1 and F2 diets. No significant differences were
observed for GSH-Px and T-AOC content among treatments.

3.4. Serum Immuntiy Indices

As shown in Figure 2, kids fed diets with fucoidan had significantly higher IgG
content than that fed with CON diet on day 30 (p < 0.05). Kids fed diets with fucoidan had
significantly lower TNF-α, IL-1β and IL-6 contents than those fed CON diet (p < 0.05). On
the other hand, F2 and F3 animals had significantly higher IL-2 and IL-10 contents than
those fed CON and F1 diets (p < 0.05).
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Figure 2. Effects of dietary fucoidan administration for 30 days on serum immunity indexes in
weaned kids. (A) serum IgG content; (B) serum TNF-α content; (C) serum IL-1β content; (D) serum
IL-2 content; (E) serum IL-6 content; (F) serum IL-10 content. Results are presented as mean ± SEM
(n = 6). a–d means significantly different (p < 0.05). CON, basal diet; F1, basal diet +0.1% fucoidan; F2,
basal diet +0.3% fucoidan; F3, basal diet +0.5% fucoidan. IgG, Immunoglobulin G; TNF-α, tumor
necrosis factor-α; IL-1β, interleukin-1β; IL-2, interleukin-2; IL-6, interleukin-6; IL-10, interleukin-10.

3.5. Intestinal Morphology

The effects of dietary fucoidan administration on intestinal morphology are illustrated
in Figure 3. From the HE staining, we could see that the intestinal villi were denser and
longer than the CON in the duodenum, jejunum and ileum. As shown in Table 4, kids fed
with fucoidan-supplemented diets had significantly higher VH in the duodenum on day
30 (p < 0.05). Moreover, kids fed with F2 and F3 diets significantly increased (p < 0.05) the
VCR in the duodenum and ileum than those fed with CON and F1 diets. Kids fed with F2
and F3 diets had significantly lower (p < 0.05) CD values in the ileum than those fed with
CON and F1 diets. Kids fed with F2 and F3 diets significantly increased (p < 0.05) the VH
in the ileum than those fed with CON and F1 diets. However, no significant differences
were observed for CD in the duodenum and CD or VCR in the jejunum among treatments.

Table 4. Effects of dietary fucoidan administration on intestinal morphology in weaned kids.

Item 1 CON F1 F2 F3 SEM 2 p-Value

Duodenum
VH (μm) 514.83 c 657.89 b 841.39 a 904.28 a 48.38 <0.01
CD (μm) 420.44 358.94 407.33 244.56 68.56 0.07

VCR 1.42 b 1.94 b 2.21 b 3.02 a 0.51 <0.01
Jejunum

VH (μm) 578.50 b 657.06 b 708.28 a 774.39 a 43.41 <0.01
CD (μm) 345.11 337.67 412.45 467.00 65.75 0.19

VCR 1.70 2.15 1.94 1.75 0.36 0.59
Ileum

VH (μm) 578.50 b 657.06 b 708.28 a 771.50 a 44.05 <0.01
CD (μm) 420.45 a 435.61 a 314.22 b 354.00 b 85.80 0.04

VCR 1.87 b 1.76 b 2.44 b 3.82 a 0.58 0.02
1 CON, basal diet; F1, basal diet +0.1% fucoidan; F2, basal diet +0.3% fucoidan; F3, basal diet +0.5% fucoidan.
VH, villus height; CD, crypt depth; VCR, ratio of villus height to crypt depth. 2 SEM, standard error of mean.
a–c Values in the same row with different letters are significantly different (p < 0.05). Results are presented as
mean ± SEM (n = 6).
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Figure 3. Micrograph of duodenum, jejunum and ileum supplemented with fucoidan in the diet of
weaned kids: (A) duodenum; (B) jejunum; (C) ileum. F1, basal diet +0.1% fucoidan; F2, basal +0.3%
fucoidan; F3, basal +0.5% fucoidan.

4. Discussion

4.1. Growth Performance

In general, weaning stress adversely affects the growth performance of kids by re-
ducing feed intake, feed efficiency, immune suppression and increasing intestinal dam-
age [17,18]. In our study, dietary fucoidan administration had no significant effects on
growth performance among treatments during days 1 to 15. In support of our results, Ratti-
gan et al. [19] reported that dietary fucoidan supplementation had no significant effects
on feed intake and daily gain during days 1 to 14; however, supplemented weaner pigs
showed higher feed intake and ADG than those in the CON group during days 16 to 30 and
1 to 30. Similarly, Draper et al. [20] indicated that dietary fucoidan administration increased
feed intake and decreased FCR in weaning pigs. We speculated that the improved effects
of fucoidan on the growth performance in this study might be related to the improvement
of feed intake, antioxidant capacity, immune function and intestinal structure.

4.2. Serum Antioxidant

Weaning can lead to the excessive production of oxygen-free radicals, which results in
oxidative stress and is linked with reduced growth performance [21,22]. SOD, GSH-Px and
CAT activities are the first lines against oxidative injury, and MDA was the final product
of lipid peroxidation [23,24]. In this study, dietary fucoidan administration increased the
activities of GSH-Px, SOD and CAT on day 15 and decreased the content of MDA on day
30. Similarly, Yang et al. [25] reported that dietary supplementation with 0.1% fucoidan
increased the activities of CAT and SOD and decreased the content of MDA in Pelteobagrus
fulvidraco. Zhang et al. [26] indicated that supplementation with fucoidan improved the
activities of SOD, CAT and GSH and reduced the content of MDA in drosophila geriatric. In
summary, the improvement of antioxidant capacity with dietary fucoidan supplementation
might be related to the increased activities of antioxidant enzymes and the reduced lipid
oxidation values.

4.3. Serum Immunity

Previous research confirmed that weaning reduced immunity function, making inva-
sion by external pathogenic microorganisms easier [27]. Immunoglobulin and cytokines
are an important part of the immune system [28]. The immunoglobulins protect the body
by removing pathogenic microorganisms and harmful molecules [29]. Cytokines play a key
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role in inflammation and anti-inflammatory processes [30]. In this study, dietary fucoidan
administration increased the content of IgG, IL-2 and IL-10 in serum while reducing the
content of IL-1β, TNF-α and IL-6. In agreement with our study, Lean et al. [31] reported
that dietary fucoidan administration reduced the content of IL-1β in colons in mice with
colitis. Tomori et al. [32] indicated that fucoidan increased the contents of IgG and IL-2 in
serum by promoting the proliferation of immune cells and reducing the contents of IL-4
and IL-5 in spleens of mice. Moreover, Delma et al. [33] indicated that fucoidan exerted
anti-inflammatory activity by regulating the NF-κB signaling pathway and reducing the
expression of p53. Taken together, the improvement of immunological functions with
dietary fucoidan supplementation may be related to the regulation of inflammatory-related
factors release.

4.4. Intestinal Morphology

At weaning, the reduced villus height and increased crypt depth are related to
stress [34,35]. In this study, dietary fucoidan administration increased the villus height
of the duodenum, jejunum and ileum and decreased the crypt depth of the ileum. Our
results are in line with that of Leonard et al. [36], who reported that dietary fucoidan ad-
ministration in weaning pigs increases villus height and VCR of jejunum. Similarly, Walsh
et al. [12] indicated that dietary fucoidan supplementation increased the villus height of
small intestinal in post-weaning pigs. According to current studies, it indicated that dietary
fucoidan administration could improve the intestinal morphology of the small intestine.

5. Conclusions

In summary, this study showed that fucoidan dietary supplementation improved the
feed intake, daily gain, antioxidant capacity, immune status and intestinal morphology in
weaned kids.
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J.; Klir Šalavardić, Ž.; Steiner, Z.;

Šperanda, M.; Jakobek Barron, L.;
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Simple Summary: In order to prevent lamb distress during weaning and avoid the occurrence of
oxidative stress leading to diminished production performance, health status, or product quality,
feeds rich in polyphenols (anthocyanins) are increasingly used in ruminant feeding. In the present
study, lambs were allocated into three groups, with 10 lambs per group. The feed mixture for the
control group (C) contained yellow corn. Lambs in experimental group I were fed feed mixtures
containing yellow corn replaced by red corn at 50% (RC50). In experimental group II, red corn fully
replaced (100%) yellow corn (RC100) in the lambs’ feed. The results of the present study indicate a
positive effect of red corn rich in anthocyanins on the metabolic profile without any changes in the
productive traits of lambs.

Abstract: In this study, we aimed to evaluate the effects of different proportions of red corn rich
in anthocyanins on the diet of fattening lambs considering their productive traits, blood metabolic
profile, and antioxidative status. The research was carried out with 30 Merinolandschaf lambs, 90
days old and weaned. The feed mixture for lambs (n = 10) of the control group contained yellow
corn, while in the feed mixture of experimental group I (n = 10), yellow corn was replaced with red
corn at 50% (RC50), and in experimental group II (n = 10), yellow corn was 100% replaced with red
corn (RC100). An automatic three-part differential haematology analyser was used to determine
haematological parameters in whole blood, and biochemical parameters were determined in blood
serum using a biochemical analyser. A diet containing red corn did not affect productive traits or
the majority of the examined parameters. However, higher blood haemoglobin content, increased
aspartate aminotransferase and creatine kinase activity, and decreased glucose and non-esterified
fatty acids concentrations were found in the serum of RC100 lambs. These results indicate a positive
effect of red corn rich in anthocyanins on the metabolic profile without any changes in the productive
traits of lambs.

Keywords: red corn; anthocyanins; lambs; productive traits; metabolic profile

1. Introduction

The weaning period is a critical stage in the rearing of young ruminants because the
organism is usually under stress, which limits growth, decreases feed intake, and impairs
health status [1,2]. This is due to the still poorly developed digestive system of young
animals, which also contributes to possible digestive disturbances [3]. Stress in animals
may occur due to inadequate nutrition and adverse environmental effects, parameters
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that negatively affect the intestinal microflora, leading to the development of pathogenic
microorganisms which in turn cause diarrhoea, reduce nutrient absorption [4], and induce
oxidative stress. Particular importance is given to improving the adaptation of young
animals to concentrate feed consumption during the suckling period as soon as possible.
Therefore, various feeds enriched with polyphenols, such as anthocyanins, are increasingly
used as supplements incorporated into solid feed after weaning, which could lead to
reduced oxidative stress and improved immune response, health status, and meat quality
in lambs [5,6]. Currently, the meat industry is trying to change the consumer’s perception
by using natural compounds and plant-derived antioxidants instead of synthetic ones [7].
Improving diet composition is a key factor in improving the health status and welfare of
animals [8] and enhancing livestock productivity [9,10]. Ruminants depend on microbial
fermentation within the rumen to acquire energy from plant compounds. Rumen function
has been manipulated by supplementing forages with readily fermentable carbohydrates
and additives to improve animals’ productivity [11,12]. Logo et al. [13] pointed out that the
regulatory mechanisms of anthocyanin metabolic pathways have not yet been fully clarified.
There are numerous effects of anthocyanins [14], such as antioxidative, antimicrobial,
anticancer, and anti-inflammatory. Rice-Evans et al. [15] reported that anthocyanins exhibit
stronger antioxidant capacity than many other antioxidants. However, Jöbstl et al. [16]
observed poor palatability of anthocyanins owing to bitter taste, which may cause low
digestibility and lead to a negative effect on rumen fermentation and, consequently, reduced
growth of animals. Abdel-Aal et al. [17] reported that most of the anthocyanins in the
coloured varieties of corn are glycosylated while some of them are acylated, such as purple
and scarlet corn. It is already known that anthocyanins are primarily present in red and
black coloured corn varieties, and in blue corn, they are concentrated in the aleurone [18].
In general, coloured corn varieties contain between 27 and 1439 mg anthocyanins/kg of
dry kernel [19,20]. In the literature [19,20], coloured corn varieties are classified according
to the average total anthocyanin contents (in mg/kg dry kernel weight), which are from
99 to 379 in blue, 26.5 to 1439 in purple, 76.2 to 120 in black, and 2.5 to 696 in pink or red
corn. Žilić et al. [21] reported that red corn contains 15.43 mg of anthocyanins expressed as
cyanidin-3-glucoside equivalents (CGE)/kg DM, while red-yellow and dark yellow corn
contain 2.50 mg and 696.07 mg of CGE/kg DM anthocyanins, respectively. There is no
information available on the use of red corn in small ruminant feeding, but there are several
studies on the use of purple corn [22–24]. The conclusions from these studies are mainly
related to the positive antioxidant effects of using purple corn in diets for small ruminants.

According to these findings, we postulate that replacing yellow corn with red corn
in rations for lambs will not negatively affect lambs’ performance, but could positively
affect the metabolic profile due to increased concentrations of polyphenols or anthocyanins.
Therefore, the aim of this paper is to find out how different proportions of red corn rich in
anthocyanins affect the productive traits, blood metabolic profile, and antioxidative status
of fattening lambs.

2. Materials and Methods

2.1. Experimental Design and Bioethics Standard

The research was carried out with 30 Merinolandschaf lambs during the fattening
period at a family farm in Osijek-Baranya County, Croatia (45◦20′05′ ′ N; 18◦18′59′ ′ E).
The post-weaning lambs were 90 days old, on average. The selected lambs were healthy
and in satisfactory physical condition. Lambs were selected from ewes with single lambs.
All lambs were dewormed at 2 months of age. These lambs were selected from 200
animals according to body weight, and were allotted to the control group, the experimental
group with 50% red corn, and the experimental group with 100% red corn (25.01 ± 2.63,
25.04 ± 2.45, 25.07 ± 2.25 kg, respectively) before the experiment started. According to
diet, the lambs were evenly divided by sex (50% male and 50% female) into three groups
of 10 lambs. Each group was housed together in one pen (5 m × 4 m). An acclimatisation
period was also carried out to adapt the lambs to the new feed, which lasted 7 days. The
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main experimental period lasted 27 days. Body condition score (BCS) was recorded using
the 5-point scale according to Russel [25] (1 = thin to 5 = obese), and evaluated by a trained
technician. Weighing and evaluation of BCS were carried out on the 1st and 27th days of
the experiment. After the lambs’ slaughtering and bleeding, the skin was peeled off the
lambs’ carcasses, and the abdominal (spleen, intestine, forestomach, stomach, and liver)
and thoracic (trachea with the lungs and heart) cavity organs were removed. Afterwards,
the weighing of carcasses was carried out and samples of muscle (m. semimembranosus)
tissue were collected. The dressing percentage was calculated as follows: 100 × (carcass
weight/live body weight).

The trial followed the recommendations of the Animal Protection Act (NN 133/06, NN
37/13 and NN 1. kg125/13), the Legal Act on the Protection of Animals Used for Scientific
Purposes (NN 55/13), the European Union Directive 2010/63/EU, and the rest of the valid
legal acts related to the welfare of farm animals. Therefore, the study was approved by the
Bioethics Committee for Research on Animals of the Faculty of Agrobiotechnical Sciences
Osijek.

2.2. Feed and Analysis of Feedstuffs

The lambs were offered the feed mixtures following their requirements (expected
weight of ~32 kg) according to the National Research Council [26]. The feed mixture of
lambs from the control group (C) contained only yellow corn. Yellow corn was replaced by
red corn at a level of 50% in experimental group I (RC50) and at a level of 100% (RC100)
in experimental group II. The red corn is an old native Croatian species. A mixture of red
clover and grass hay (Trifolium pratense and Lolium multiflorum) and water were offered to
lambs ad libitum. Feed mixtures were offered to the lambs twice per day. The lambs were
weighed at the beginning and at the end of the study. Feed was offered at the same time
each day.

All feed samples (feed mixture, hay, yellow and red corn) were dried and then ground
into a powder using a heavy metal-free ultra-centrifugal mill (ZM 200, Retsch GmbH, Haan,
Germany) or knife mill (GM 200, Retsch GmbH, Haan, Germany). The feed composition
was determined using the standard methods of the Association of Official Analytical
Chemists [27]. The ingredients and chemical compositions of the diets are presented in
Table 1. The crude protein content in the feed was estimated by the Kjeldahl method using
a Kjeldahl steam distillation system (Behr, Stuttgart, Germany). The ether extract was
estimated by the universal extraction system B-811 (Buchi, Flawil, Switzerland). The crude
fibre content was determined by the Weende method and ME was determined according to
INRAE-CIRAD-AFZ [28].

The extraction of polyphenols was carried out from feed samples. First, samples were
weighed and 0.2 g was set in a plastic tube, then 1.5 mL of 80% (v/v) methanol was added
in water. Samples were vortexed and extracted for 15 min with an ultrasonic water bath
(RK 100, Berlin, Germany), and centrifuged for 10 min at 6739× g afterwards (Eppendorf,
Hamburg, Germany). The extract was transferred into a separate plastic tube. The residue
was extracted again following the same procedure using methanol (0.5 mL of 80%). These
two extracts were combined to obtain a final volume of the extract of around 2 mL. The
same procedure was then repeated to obtain a second and third parallel feed extract.

The total concentration of feed polyphenols was determined following the Folin–
Ciocalteu micro-method (Waterhouse). A diluted extract (20 μL) aliquot was mixed with
distilled water (1580 μL) and Folin–Ciocalteu reagent (100 μL). An amount of 300 μL of
sodium carbonate solution (200 g/L) was added to the mixture and shaken. After the
incubation at 40 ◦C for 30 min in the water bath, the absorbance was read against the blank
at 765 nm. Total polyphenols were expressed as mg of gallic acid equivalents (GAE)/kg of
the sample weight. Data are presented as mean ± standard deviation of three parallels each
measured two times. Determination of total anthocyanins and polyphenols was performed
according to the method described by Jakobek et al. [29], using the Shimadzu UV-1280
spectrophotometer (Shimadzu Europe GmbH, Duisburg, Germany).
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Table 1. The ingredients and chemical composition of the feed mixture, hay, yellow corn, and red
corn used in the diets for fattening Merinolandschaf lambs.

Ingredient (g/kg Feed
Mixture)

Feed Mixture Hay 1 Yellow Corn Red Corn

Corn 600
Barley 120

Wheat flour 23
Soybean meal (46% CP) 100

Extruded soybean 120
Salt 4

Calcium carbonate 3
Mineral–vitamin premix 2 30

Chemical content (g/kg DM)

DM 912 958 905 907
Crude protein 157 96 100 105

Crude fibre (g/kg DM) 36 343 25 23
Crude ash (g/kg DM) 30 70 13 14

EE (g/kg DM) 51 9 38 37
ME (MJ/kg DM) 12.30 7 12.70 12.70

Polyphenols (total), mg/kg * 144.77 - 179.87 298.69
Anthocyanins (total), mg/kg ** 0 - 125.37 253.04

1 Red clover and grass hay (Trifolium pratense and Lolium multiflorum). 2 Mineral–vitamin premix for lambs: 8% Ca,
5% P, 9.5% Na, 2.00% Mg, 400,000 IU vitamin A, 40,000 IU vitamin D, 500 mg vitamin E, 4000 mg Zn, 2000 mg
Mn, 60 mg I, 10 mg Co, 50 mg Se. CP: crude protein; DM: dry matter; EE: ether extract; ME: metabolizable
energy. * Concentrations of polyphenols in RC50 and RC 100 were 513.06 and 1276.70 mg/kg, respectively.
** Concentrations of anthocyanins in RC50 and RC 100 were 217.32 and 485.40 mg/kg, respectively.

2.3. Blood Sampling and Analysis

Blood samples were collected from each lamb, at the beginning (1st day) and at the
end (27th day) of the study, from the jugular vein (10 mL) into two sterile vacuum tubes
(Venoject®, Sterile Terumo Europe, Leuven, Belgium) at the same time in the morning. The
tubes, used for haematology analyses, contained ethylenediamine tetra-acetic acid (EDTA)
as an anticoagulant. After collection, the samples were transported to the Department of
Animal Production and Biotechnology (Faculty of Agrobiotechnical Sciences). The EDTA
tubes were inverted several times to ensure adequate blood mixing with the anticoag-
ulant. The automatic three-part differential haematology analyser Sysmex PocH-100iV
(Sysmex Europe GmbH, Hamburg, Germany) was used to determine haematological pa-
rameters such as the number of leukocytes (WBC) and erythrocytes (RBC), the contents
of haemoglobin (HGB) and haematocrit (HCT), the mean corpuscular volume (MCV),
the average haemoglobin content in erythrocytes (MCH), and the mean haemoglobin
concentration in erythrocytes (MCHC) in the whole blood of lambs. Afterwards, blood
samples collected in sterile vacuum tubes Venoject® (Sterile Terumo Europe, Leuven, Bel-
gium) were centrifuged at 1610× g for 10 min and the obtained serum samples were
placed into the analyser Beckman Coulter AU 400 with Total Protein Reagent (Beckman
Coulter Inc., Brea, CA, USA). The serum biochemical parameter concentrations were de-
termined, such as calcium, inorganic phosphorus, magnesium, iron, urea, glucose (GUK),
total proteins (PROT), albumin (ALB), cholesterol (CHOL), LDL-cholesterol (LDL), HDL-
cholesterol (HDL), triglycerides (TGC), β-hydroxybutyrate (BHB), and non-esterified fatty
acids (NEFA). The activities of enzymes, such as alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), creatine kinase (CK), γ-glutamyl
transferase (GGT), and glutathione reductase (GR), were also determined in serum. All
of the above-mentioned biochemical variables were determined using Beckman Coulter
reagents (Beckman Coulter Inc., Brea, CA, USA), apart from BHB concentration, which
was determined by using RANBUT (Randox Laboratories Ltd., Crumlin, UK), and NEFA,
determined by a NEFA kit (Randox Laboratories Ltd., Crumlin, UK). Globulin content
(GLOB) was calculated as the difference between total protein and albumin. The activi-
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ties of glutathione peroxidase (GPx) and superoxide dismutase (SOD) in the serum were
determined using a Ransel® kit (Randox Laboratories Ltd., Crumlin, UK) and Ransod®

kit (Randox Laboratories Ltd., Crumlin, UK), respectively, which were analysed by an
automatic Beckman Coulter AU 400 analyser (Beckman Coulter Inc., Brea, CA, USA).

2.4. Measurements of Lipid Peroxidation and Antioxidative Activity of Meat and Serum

Immediately after slaughter, fresh lamb meat samples were collected from the right
side of the m. semimembranosus, and visible fat was removed. The lambs’ muscle
homogenates were prepared (10% w/v) in 0.05 M phosphate buffer (pH 7) using an Ultra
Turrax (IKA T18 Basic, Labortechnik, Staufen, Germany) homogeniser and centrifuged
at 12,000× g for 60 min at 4 ◦C. The blood was allowed to clot, and then the serum was
separated immediately by centrifugation. The meat extraction and the serum dilution
preparation were carried out in triplicate. The supernatant obtained was used for the
measurement of DPPH radical scavenging activity and TBARS.

2.4.1. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Scavenging Activity

The total antioxidant activities of meat and serum extracts were determined using the
DPPH radical scavenging assay described by Qwele et al. [30], with some modifications.
The serum samples were diluted (25 μL/mL) and mixed with 0.2 mM DPPH radical solution.
The muscle extracts were diluted (0.01 g mL−1) and mixed with 0.2 mM DPPH radical
solution. Ascorbic acid (AA) was used as a reference compound. All measurements were
performed in triplicate. The absorbance was measured at 517 nm using a spectrophotometer
(Lambda 25, PerkinElmer, MA, USA), and DPPH scavenging activity was determined using
Equation (1):

DPPH activity = (Ab + As) − Am)/Ab × 100 (1)

where Ab is the absorbance of 0.1 mM DPPH radical solution at λ = 517 nm, As is the
absorbance of 0.1 mM extraction solution at λ = 517 nm, and Am is the absorbance of
0.1 mM solution mixture of tested serum or extracts with DPPH radical at 517 nm.

2.4.2. Thiobarbituric Acid Reactive Substances (TBARS)

Lipid peroxidation in the meat and serum samples was estimated using the TBARS
method according to Liu et al. [31], with slight modifications. A spectrophotometer
(Lambda 25, PerkinElmer, MA, USA) was used to measure absorbances (532 nm and
600 nm). The molar extinction coefficient of malondialdehyde (MDA; 156,000 M−1 cm−1)
was used to calculate the MDA concentration. The results were reported as mg of MDA
equivalents per kg of meat sample and as nmoles of MDA equivalents per mL of blood serum.

2.5. Statistical Analyses

The normality of data distribution was checked by the Shapiro–Wilk test (PROC
UNIVARIATE of SAS) [32]. Results are expressed as mean values and the standard error
of mean estimated by the MEANS procedure of SAS [32], while the effects of treatment
(C-control group; RC50-50% of red corn; RC100-100% of red corn) were analysed by the
GLM procedure. Tukey’s test and differences between groups were declared significant
at p < 0.05. Non-parametric data (body weight, WBC, MCV, NEFA, BHB, ALP, SOD, GPx,
DPPH in blood on 27th day of study) were analysed with the Kruskal–Wallis H test.

3. Results

Table 2 shows the production traits of lambs (body weight, average daily gain, carcass
dressing, and body condition scores) fed with different proportions of red corn.
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Table 2. Production traits and body condition scores of weaned Merinolandschaf lambs fed various
amounts of red corn.

Indicator Day
Group (Mean)

SEM p-Value
C RC50 RC100

Body weight (kg) 1st 24.96 25.17 25.35 0.43
27th 32.35 32.18 33.14 0.60 0.642

Body condition score 1st 3.64 3.49 3.38 0.06
27th 3.62 3.71 3.84 0.07 0.172

Daily gain (g) 1st–27th 273.78 259.63 288.52 19.01 0.835

Carcass weight (kg) 27th 16.68 16.98 17.44 0.32 0.623

Carcass dressing (%) 27th 51.61 52.80 52.73 0.47 0.530
Mean: mean value; SEM: standard error of mean; C: control (yellow corn); RC50: red corn 50%; RC100: red corn
100%.

No significant differences were found in the productive traits of the lambs (body
weight and daily gain) or in the BCS of the lambs and the carcass dressing among experi-
mental diets (Table 2). In addition, Table 3 reports a significant increase only in blood HGB
content in the RC50 and RC100 lambs compared to group C at the end of the study, while
other indicators did not vary significantly among the feeding treatments.

Table 3. The haematological parameters of weaned Merinolandschaf lambs fed various amounts of
red corn.

Indicator Day
Group (Mean)

SEM p-Value
C RC50 RC100

White blood cells (×109/L blood)
1st 13.09 12.68 14.78 0.81

0.65327th 11.04 11.53 13.26 0.68

Red blood cells (×109/L blood)
1st 9.65 10.11 10.09 0.18

0.25027th 9.63 10.25 9.77 0.16

Haemoglobin (g/L blood) 1st 123.90 124.40 123.80 2.19
0.04927th 113.00 a 124.80 b 120.40 b 1.57

Hematocrit (L/L blood) 1st 0.38 0.39 0.40 0.01
0.25527th 0.38 0.41 0.38 0.01

Mean corpuscular volume (fL) 1st 39.31 39.38 39.07 0.50
0.51227th 39.87 39.88 38.74 0.49

Mean corpuscular haemoglobin (pg) 1st 12.94 12.33 12.30 0.23
0.65127th 11.76 12.42 11.49 0.41

Mean corpuscular haemoglobin
concentration (g/L blood)

1st 331.20 315.50 317.10 8.17
0.45227th 297.60 308.50 321.60 7.63

Platelet blood count (×109/L blood)
1st 741.00 561.70 744.10 39.41

0.74727th 536.10 508.00 599.10 48.43
Mean: mean value; SEM: standard error of mean; C: control (yellow corn); RC50: red corn 50%; RC100: red corn
100%. a,b Values in rows with different letters differ significantly (p < 0.05).

There were no significant differences in most biochemical parameters in the blood
serum of lambs fed RC50 and RC100, except for glucose and NEFA concentrations (Table 4).
The blood glucose and NEFA concentrations of RC100 lambs were significantly reduced at
the end of the study compared to group C.
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Table 4. The biochemical parameters in the blood serum of weaned Merinolandschaf lambs fed
various amounts of red corn.

Indicator Day
Group (Mean)

SEM p-Value
C RC50 RC100

Mg (mmol/L) 1st 1.41 1.38 1.43 0.02
0.85627th 1.36 1.34 1.33 0.02

Ca (mmol/L)
1st 2.62 2.50 2.55 0.05

0.10327th 2.61 2.74 2.65 0.03

Fe (μmol/L)
1st 33.39 34.94 37.13 1.52

0.25727th 26.82 33.42 32.62 1.76

P-inorganic (mmol/L) 1st 2.79 2.91 2.98 0.09
0.46127th 2.72 2.87 2.99 0.09

Glucose (mmol/L)
1st 5.51 5.09 5.40 0.12

0.00327th 5.98 a 5.74 a 5.27 b 0.09

Urea (g/L) 1st 4.92 3.52 4.51 0.26
0.87427th 5.41 5.60 5.41 0.17

Total protein (g/L) 1st 60.65 58.38 58.90 0.51
0.86527th 63.35 64.030 63.06 0.73

Albumin (g/L) 1st 29.90 29.92 30.50 0.29
0.10927th 29.51 31.00 30.75 0.31

Globulin (g/L) 1st 30.75 28.46 28.40 0.46
0.65427th 33.84 33.03 32.31 0.66

Cholesterol (mmol/L)
1st 1.97 1.96 1.93 0.10

0.19627th 1.33 1.28 1.21 0.05

Triglycerides
(mmol/L)

1st 0.34 0.36 0.36 0.03
0.53227th 0.23 0.22 0.18 0.02

HDL (mmol/L)
1st 1.05 1.02 1.05 0.04

0.76827th 0.73 0.73 0.74 0.03

LDL (mmol/L)
1st 0.80 0.74 0.71 0.06

0.18827th 0.47 0.39 0.44 0.03

NEFA (mmol/L)
1st 0.33 0.23 0.40 0.05

0.01327th 0.31 a 0.17 ab 0.08 b 0.04

Beta hydroxybutyrate
(mmol/L)

1st 0.35 0.37 0.40 0.03
0.19327th 0.43 0.51 0.42 0.03

Mean: mean value; SEM: standard error of mean; C: control (yellow corn); RC50: red corn 50%; RC100: red
corn 100%; Mg: magnesium; Ca: calcium; Fe: iron; P-inorganic: phosphorus; NEFA: non-esterified fatty acids.
a,b Values in rows with different letters differ significantly (p < 0.05).

The analysis of enzyme activity in the blood serum of lambs fed with different RC
proportions revealed a significant effect, especially a significant increase in CK and AST
activity in RC100 lambs compared to the C group (Table 5). Other determined enzyme
activities did not differ significantly among the different dietary treatments.
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Table 5. The activity of enzymes in the blood serum of weaned Merinolandschaf lambs fed various
amounts of red corn.

Enzymes Day
Group (Mean)

SEM p-Value
C RC50 RC100

Aspartate transaminase (AST,
U/L)

1st 133.43 97.59 106.76 11.64
0.02127th 87.96 a 94.30 ab 104.54 b 2.54

Alanine aminotransferase (ALT,
U/L)

1st 8.76 11.22 9.42 1.01
0.87527th 8.82 8.35 8.86 0.43

Alkaline phosphatase (ALP,
U/L)

1st 350.68 366.26 490.17 31.54
0.11927th 358.30 307.48 456.97 28.28

Gamma-glutamyl transferase
(GGT, U/L)

1st 96.02 77.25 76.47 5.97
0.40827th 79.96 81.23 74.02 2.30

Creatine kinase (CK, U/L) 1st 160.40 274.20 184.10 21.15
0.03927th 119.80 a 127.80 ab 162.20 b 7.41

Superoxide dismutase (SOD,
U/mL)

1st 0.38 0.50 0.42 0.08
0.26427th 0.55 0.61 0.66 0.05

Glutathione reductase (GR,
U/L)

1st 72.35 75.91 72.26 3.16
27th 80.44 83.65 93.18 4.07 0.429

Glutathione peroxidase (GPx,
U/L)

1st 522.60 441.22 491.80 33.13
0.88227th 582.30 626.30 625.10 57.35

Mean: mean value; SEM: standard error of mean; C: control (yellow corn); RC50: red corn 50%; RC100: red corn
100%. a,b Values in rows with different letters differ significantly (p < 0.05).

The analysis of antioxidant status reveals no significant differences in TBARS or DPPH
in blood serum or in the meat samples of lambs regardless of dietary treatment (Table 6).

Table 6. Antioxidative status of lambs’ blood serum and meat.

Parameter Day
Group (Mean)

SEM p-Value
C RC50 RC100

TBARS (nmol MDA/mL blood serum)
1st 0.72 0.71 0.64 0.03

27th 0.84 0.83 0.73 0.04 0.370

DPPH blood serum (%) *
1st 73.63 77.48 76.21 2.30

27th 73.07 74.33 74.20 3.17 0.983

TBARS (mg MDAeq/kg muscle) 4.21 4.10 3.70 0.17 0.445

DPPH muscle (%) ** 54.10 56.84 57.08 1.01 0.433

Mean: mean value; SEM: standard error of mean; C: control (yellow corn); RC50: red corn 50%; RC100: red
corn 100%; TBARS: thiobarbituric acid reactive substances. * % DPPH radical scavenging activity at final serum
concentration 25 μL/mL; ** % DPPH radical scavenging activity at final muscle concentration 0.01 g/mL.

4. Discussion

The weaning period represents a stressful condition for animals. In particular, in
ruminants, weaning is not just a single event but a period in which milk is progressively
replaced by forage and concentrate or by grain-based diets. Lambs are not ruminants
at birth, and during the suckling period, the animal’s forestomach is poorly developed.
As dry feeds begin to be consumed, the rumen and the reticulum begin to develop and
rapidly increase in size. It has been demonstrated that small ruminants are more prone
to oxidative stress due to intense metabolic requirements. The appearance of oxidative
stress in ruminants endangers their productivity and their health. Therefore, research on
the addition of polyphenols, including anthocyanins, in the diet of small ruminants is
common, given the various biological activities of polyphenols (particularly anthocyanins)
in different corn varieties [33]. In the present study, there were no significant changes in
the productive traits of lambs, such as body weight and daily weight gain, or in the BCS
and carcass dressing among the different feeding treatments. However, it is noticeable that

94



Animals 2022, 12, 612

the expected body weight and daily gain of the lambs were achieved in all groups (Table 2).
In previous works carried out with the addition of polyphenols in lambs’ diet, the body
weight was not affected by grapeseed oil or grapeseed extract addition [34,35]. Kanfantaris
et al. [36] concluded that the supplementation of polyphenols in lamb diets, such as grape
pomace, is more effective in improving production traits during the suckling period than
in weaned lambs.

In the present study, haematological and biochemical parameters as well as parameters
of enzyme activity in the lambs’ blood ranged within the reference values established for
lambs reared in similar conditions [37–40]. An increase in the haemoglobin content in the
blood of the lambs of the RC50 and RC100 groups compared to the C lambs was found.
This may be related to anthocyanins that stabilise erythrocyte membranes and inhibit
haemoglobin polymerisation [41]. It is well known that polyphenols protect against reac-
tive oxygen species-induced haemolysis via increased red blood cell integrity associated
with the inhibition of lipid peroxidation [42]. The concentration of glucose and NEFA in the
blood serum of the RC100 lambs was significantly reduced at the end of the study compared
to group C. Glucose concentrations in the blood serum of the lambs in the RC50 group were
reduced at the end of the study, although not significantly when compared to the C group,
but it was significant compared to the RC100 lambs. There was a slight numerical decrease
in the blood serum CHOL and TG concentrations of the RC50 and RC100 lambs compared
to the C lambs. These changes indicate the need for a longer experimental duration when
changes in glucose and NEFA concentrations would be evident with certainty. Sharma
et al. [43] carried out a 12-week trial with mice fed diets with a high content of fat supple-
mented with isocaloric white, purple, or black whole wheat. These authors discovered that
body weight gain was significantly reduced in mice fed black wheat. In contrast, both black
and purple varieties of wheat reduced serum cholesterol concentrations, triglycerides, and
free fatty acids while restoring normal serum glucose concentrations and insulin resistance.
Chen et al. [44] carried out a study with mice fed black soybean seed coat extract (BSSCE),
a rich source of anthocyanins. A significant decrease in serum glucose, cholesterol, triglyc-
eride, and NEFA and MDA concentrations was determined, as well as an increase in serum
HDL-cholesterol concentration and antioxidant enzyme (SOD, GPx, and catalase) activities.
The authors emphasised that cyanidin-3-O-glucoside contributed to the BSSCE-induced
hypoglycaemia and hypolipidemia in type 2 diabetes mellitus. Tian et al. [45] found a
significant reduction in total blood cholesterol during the 74 days of their study when
feeding goat kids a diet supplemented with 0.5 g/d or 1 g/d anthocyanin-rich purple
corn pigment. The activity of AST in serum, GGT, ALP, and cholesterol concentrations
are used for hepatic damage diagnosis in humans and animals [46], while ALP activity
and cholesterol concentrations are used to detect bile obstruction or mild and progressive
liver damage. A liver enzyme such as ALT, a specific hepatocellular enzyme released after
hepatocellular damage, more than GGT, is used to assess liver damage. Despite significant
differences in AST and CK at the end of the present study, it can be concluded that since
their activities were within the reference values [47], no damage to the liver and muscle
occurred. SOD, GPx, and catalase are all antioxidant enzymes that help maintain a healthy
cellular antioxidant status [48]. The absence of significant changes in antioxidant enzyme
activity (SOD, GPx, GR) might be explained by the lower absorption of anthocyanin by
small ruminants compared to non-ruminant animals [49]. Hosoda et al. [22] reported that
one of the reasons could be a sufficient pool of non-enzymatic antioxidants since severe
oxidative stress is not determined in sheep. In a study conducted with lactating sheep fed
purple corn, these authors found increased plasma SOD activity. However, due to the lack
of research with red corn, the present study results were compared with studies in which
purple corn was used, which contains a significantly higher content of anthocyanins than
red corn [21]. The anthocyanin concentration possibly was not high enough to improve the
antioxidative status based on SOD, GPx, or GR. A relatively short duration of the present
study also contributed to an absence of significant differences.
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5. Conclusions

The administration of feed mixtures containing red corn rich in anthocyanins affected
neither the productive traits nor most of the haematological and biochemical indicators of
blood in the lambs studied here. However, significantly higher blood HGB content and
increases in serum AST and CK activity were found in the RC100 lambs, as well as decreases
in the serum GUK and NEFA concentrations compared to the C group. For further research,
it is necessary to start earlier in the suckling period and extend the duration of fattening,
with the inclusion in the experimental model the analysis of other muscles and qualitative
properties of meat in order to more comprehensively observe the response to red corn rich
in anthocyanins used in lamb diets.
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Simple Summary: The main aim of this preliminary study was to evaluate the effects of replacing
soybean meal with lupins on carcass traits, meat characteristics, meat characteristics, and meat fatty
acid profile in lambs. Two trials were conducted: In trial 1, the soybean meal was partially replaced
by Lupinus albus or Lupinus luteus; in trial 2, lambs were fed four diets with graded levels of Lupinus
luteus, ranging from 0 to 200 g/kg. The lambs were slaughtered to evaluate carcass characteristics,
meat composition, and fatty acids profile. Carcass composition was not affected (p > 0.05) by diet in
both trials. Meat quality attributes did not vary (p < 0.05) between trials 1 and 2. Overall, fatty acid
content was not affected by diet (p > 0.05) in both trials. Soybean meal produced the same results as
lupins in this study, indicating the latter as a potential alternative protein source, although research
should focus on meat palatability.

Abstract: The objective of this preliminary study was to evaluate the effects of partial replacement of
soybean meal by lupins on lambs’ diets, on the carcass traits, meat characteristics, and meat fatty acid
profile. Two trials were conducted: In trial 1, the soybean meal (control; C) was partially replaced by
Lupinus albus or Lupinus luteus (50 g/kg; LA5 and LL5, respectively); in trial 2, lambs were fed four
diets with graded levels of Lupinus luteus (0, 100, 150 and 200 g/kg; C, LL10, LL15, LL20, respectively).
At the end of the feeding trials, animals were slaughtered to evaluate carcass characteristics and
meat composition, including fatty acids. Carcass composition in tissues was not affected (p > 0.05) by
diet in both trials. Additionally, no significant (p < 0.05) differences were observed in meat quality
attributes between diets in trials 1 and 2. Overall, the Longissimus muscle’s fatty acid content was not
affected by diet (p > 0.05) in both trials. Carcass and meat quality was overall comparable between
lambs fed with soybean meal and lupins, indicating the latter as a potential alternative protein source.
However, the lack of significant differences could also be attributed to the small sample size.

Keywords: lupins; lambs; meat quality; pH; color; carcass characteristics; fatty acids
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1. Introduction

Over the last decade, the European Union (EU) has focused on solving its dependency
on imported soybean for animal feeding [1]. Different protein alternatives have been
evaluated, such as faba beans (Vicia faba), peas (Pisum sativum), and lupins (Lupinus spp.).
These species are well-adapted to the Mediterranean climate and soil characteristics [1,2].
Although these Mediterranean legumes species offer lower protein contents than soybean
meal, which is the most common protein source [3], they represent a local solution and
possible replacement candidate for soybean meal in livestock feeding [4,5]. The inclusion
of lupins as an alternative protein source in ruminant feeding has shown positive results
in ewe milk production and composition, and it improved nursing performance [6,7],
resulting in similar values to those obtained with soybean meal diets. Most important
are the results found on carcass traits and meat quality of lambs fed with lupins [8–10],
which are very encouraging and again indicate that this might be an adequate substitute.
Facciolongo et al. [8] found comparable results on carcass traits between Awassi lambs fed
soybean meal and lupins, which is in accordance with more recent results found in Gentile
di Puglia lambs [9]. Overall, the inclusion of legume grains in ruminant feeding, lupins
in specific, usually provides very similar results in meat quality and carcass traits to the
ones obtained with soybean meal, as previously stated. Most studies, however, present
results on the influence of Lupinus albus (white lupin) incorporation on ruminant diets, and
few studies on Lupinus luteus (yellow lupins) incorporation in finishing lambs’ diets have
been published, although this inclusion has provided comparable results to those from a
soybean-meal-based diet [11]. Although there has been a decline in lamb meat production
and consumption in Portugal during the last decade [12], sheep are extremely well-adapted
to the Mediterranean diverse production systems and could benefit from replacing soybean
meal with lupins [13], especially yellow lupins which used to be cultivated in the area.
This study provides results on the inclusion of yellow lupins in lambs’ diets, which is not
common and could provide a relevant step toward broader studies with legume grains.
After analyzing the inclusion of Lupinus albus and Lupinus luteus in Churra da Terra Quente
lambs’ diets and its effects on performance [14], this study aimed to evaluate the effects of
this inclusion on carcass composition and meat quality.

2. Materials and Methods

Two different trials were conducted over two consecutive years to study the effect of
introducing Mediterranean lupins in diets on lamb’s carcass composition and meat quality.
The first trial evaluated the introduction of low percentages of Lupinus albus and Lupinus
luteus, while the second one focused on increasing levels of Lupinus luteus. Both trials were
held at the University of Trás-os-Montes and Alto Douro (UTAD) at Vila Real (Portugal).
Daily handling was performed by trained personnel while respecting the Portuguese law
on animal welfare in experimental research [15]. The protocol was approved by the ORBEA
(Animal Welfare Body) of the University (669-e-DZ-2018).

2.1. Animals and Housing

A total of 28 Churra da Terra Quente weaned male lambs were used in the trials. In
the first trial, 12 lambs with ages between 92 and 110 days and initial body weight (BW)
of 18 ± 2.8 kg were distributed between 3 groups of 4 animals each. In trial 2, 16 more
animals were added, so a total of 16 lambs (16 ± 2.6 kg BW and 92–110 days of age) were
split into 4 groups of 4 animals each. Both trials started 3 weeks after weaning a 21-day
adaptation period and lasted 12–16 weeks.

2.2. Diets

During the trials, each group received a different diet (Figure 1). Three diets were
provided in trial 1: a control diet (C; 150 g/kg soybean meal) without lupin incorporation,
a diet with 50 g/kg Lupinus luteus cv. Mister (LL5), and a diet with 50 g/kg Lupinus albus cv.
Nacional (LA5). In trial 2, the lambs were fed four different diets: one group was provided
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with the control diet (C; 170 g/kg soybean meal), and the others consumed diets with
different incorporations of Lupinus luteus cv. Mister (100 g/kg, 150 g/kg, 200 g/kg; LL10,
LL15, LL20).

Figure 1. Diagram showing the distribution of diets by trial 1 and trial 2 with an indication of the
level of the incorporation of Lupinus albus (LA) and Lupinus luteus (LL). C—control; LL5—Lupinus
luteus 50 g/kg; LA5—Lupinus albus 50 g/kg; LL10—Lupinus luteus 100 g/kg; LL15—Lupinus luteus
150 g/kg; LL20—Lupinus luteus 200 g/kg; DM.

Details on diet formulation and chemical composition are found in Table 1, which is
published by Almeida et al. [14].

Table 1. Chemical composition (g/kg DM) and levels of inclusion of diet components (g/kg as fed)
of the different treatment diets.

Diets

Diet Components Chemical Composition

Soybean
Meal

Wheat
Lupinus albus

(LA)
Lupinus luteus

(LL)
Hay DM CP NDF

Trial 1
C 150 20 0 0 830 930 121 637

LL5 100 20 0 50 830 933 117 629
LA5 100 20 50 0 830 923 114 632

Trial 2
C 170 20 0 0 810 929 130 626

LL10 100 20 0 100 780 925 127 621
LL15 50 20 0 150 780 937 128 628
LL20 0 20 0 200 780 941 128 628

C—control; LL5—Lupinus luteus 50 g/kg; LA5—Lupinus albus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg; DM—dry matter; CP—crude-protein;
NDF—neutral detergent fiber. Table adapted from Almeida et al. [14].
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2.3. Carcass Traits, Cutting, and Dissection

Lambs were weighed weekly until they reached their target weight and then were
submitted to a digestibility trial before slaughter, as described in Almeida et al. [14]. At
the end of this trial, the animals were slaughtered at 23 ± 2 kg live weight using standard
commercial procedures according to the Portuguese law on animal welfare in experimental
research [15]. In trial 1, three animals per group were slaughtered. In trial 2, all animals
were slaughtered except one from the control group that died at the end of the digestibility
trial. Live weight at slaughter (LWS) was recorded after an overnight fast. Carcass dressing
and dissection were performed after the methods of Fisher and DeBoer [16]. Carcasses
were refrigerated for 24 h at 4 ◦C, and cold carcass weight (CCW) was recorded. The carcass
dressing percentage was calculated on a CCW basis. The carcasses were then split along
the vertebral column and the left side was divided into eight commercial cuts following the
procedure of Santos et al. [17]. After weighing, each cut was dissected into muscle, bone,
fat (subcutaneous and intermuscular fat), and residues (major blood vessels, ligaments,
tendons, and thick connective tissue sheets associated with some muscles). Experienced
operators performed the dissection in a controlled environment with room temperature
below 20 ◦C.

2.4. Muscle Sampling

The Longissimus thoracis et lumborum muscle (LM) samples were collected 24 h
postmortem between the 6th thoracic and 5th lumbar vertebrae from the right half of
each carcass. The LM between the 6th and 12th thoracic vertebrae was frozen and stored
at −20 ◦C for fatty acid analysis. The remaining portion of LM from the 12th thoracic
vertebrae and 5th lumbar vertebrae was packaged in vacuum bags (Combivac, Felzmann,
Linz, Austria) using a packaging machine (Minipack–Torre, SpA, MVS–35, Dalmine, Italy)
and aged at 4 ◦C for 72 h. This portion was used for cooking losses and Warner–Bratzler
shear force determinations.

2.5. Meat Quality Measurements

The pH was assessed at 1 h (pH1) and 24 h (pH24) postmortem in the LM, between
1st and 2nd lumbar vertebrae, using a pH meter equipped with a penetration electrode
and thermometer (Hanna Instruments, HI–9025, Woonsocket, RI, USA). Meat color was
measured on the LM surface after 60 min of blooming by placing the samples in containers
covered with polyethylene film at 4 ◦C, using the L* (lightness), a* (redness), and b*
(yellowness) color space [18] with a Minolta CR–10 colorimeter (Osaka, Japan). To assess
cooking loss, LM samples of about 30 g were placed individually in polyethylene bags
in a water bath at 78 ◦C. The samples were heated until an internal temperature of 75 ◦C
was achieved and monitored with thermocouples. After being cooled for 15 min under
running tap water, the samples were stored for 3 h at 4 ◦C, dried with filter paper, and
weighed. Cooking loss was measured by comparing the final with the initial weight and is
expressed as a percentage of the initial weight [19]. The meat samples used to determine
the cooking loss were then cut into cuboid shape subsamples (3 to 4) of 1 cm2 cross-section
and 3–4 cm in length to determine the shear force, after room temperature equilibrium,
using a Warner–Bratzler rectangular hole probe coupled to a Texture Analyser TA.XT
plus texturometer with a load cell of 30 kgF (Stable Micro Systems, Godalming, UK). To
perform this analysis, blade velocity and trigger force were set to 120 cm/min and 5 g,
respectively, and the subsamples were placed with fibers perpendicular to the direction of
the blade. Mean values for maximum shear force (kg/cm2) over each subsample group
were then obtained.

For fatty acid determination, the procedures described by Argemi-Armengol et al. [20]
were followed. Briefly, the LM samples were trimmed of intermuscular and subcutaneous
fat before fatty acid (FA) analysis. To determine fat content, the Ankom procedure (AOCS,
2005) [21] (Official Procedure Am 5–04) was applied using an Ankom extractor (XT10;
Ankom Technology, Madrid, Spain). The FA methyl esters were obtained by transester-
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ification using a 2% (v/v) methanol/sulfuric acid solution, with heating for 30 min at
80 ◦C, centrifugation at 3000 rpm for 5 min, and collection of the final supernatant. The
FA methyl esters’ analysis was performed in duplicate via gas chromatography with a
30 m × 0.25 mm capillary column and a flame ionization detector (Agilent DB-23; Agilent
Technologies, Santa Clara, CA, USA). The helium was used as the carrier gas at a flow rate
of two mL/min. The oven temperature was programmed to increase 35 ◦C per minute
between 150 ◦C and 180 ◦C and at 5 ◦C per minute up to 220 ◦C. For the injector and
detector, it was considered a temperature of 250 ◦C. The relative percentage of each FA in
relation to the total FA was considered. The FAs were identified by comparing the retention
times with a known standard Supelco® 37 Component FAME Mix (Supelco, Bellefonte, PA,
USA). In total, 34 FAs were detected and quantified. The proportions of saturated fatty
acids (SFA) (C10:0; C12:0; C13:0; C14:0; C15:0; C16:0; C17:0; C18:0; C20:0; C21:0; C22:0
and C23:0); polyunsaturated (PUFA) (C18: 2n − 6; C18: 3n − 3; C18: 3n − 6; C20: 2n − 6;
C20: 3n − 6; C20: 3n − 3; C20: 4n − 6; C20: 5n − 3; C22: 5n − 3 and C22: 6n − 3); mo-
nounsaturated (MUFA) (C14: 1n − 5; C15: 1n − 5; C16: 1n − 7; C17: 1n − 7; C18: 1n − 9;
C18: 1n − 7; C20: 1n − 9; C22: 1n − 9); cis/trans (9c,11t-C18:2; 9t,11t-C18:2; t11 C18:1;
9t-C18:1) were calculated.

2.6. Statistical Analyses

Data were subjected to an analysis of variance (ANOVA), performed on JMP®, version 14 [22].
Diets were used as the main factor. Tukey’s multiple comparison test evaluated significant
differences. Significance was declared at p < 0.05.

3. Results

3.1. Live Weight, Carcass Traits, and Meat Quality

In trial 1 and trial 2, no differences (p > 0.05) were found for LWS and CCW, although
there was a tendency (p = 0.06) for dressing (CCW basis) % to be different in trial 1 (Table 2).

Table 2. Least square means (±SE) of live weight at slaughter, cold carcass weight, and carcass
dressing of lambs in trials 1 and 2.

Trial Diets LWS (kg) CCW (kg) Dressing (CCW Basis) %

Trial 1 C (n = 3) 23.8 ± 0.82 9.18 ± 0.35 38.6 ± 1.22
LA5 (n = 3 24.7 ± 1.56 9.3 ± 0.52 37.7 ± 0.83
LL5 (n = 3) 23.7 ± 1.46 9.4 ± 0.43 40.0 ± 1.34

p 0.471 0.818 0.060
Trial 2 C (n = 3) 21.2 ± 1.96 8.38 ± 0.80 39.5 ± 2.26

LL10 (n = 4) 21.2 ± 1.75 7.9 ± 0.89 37.0 ± 1.53
LL15 (n = 3) 22.7 ± 0.54 8.6 ± 0.43 38.1 ± 1.44
LL20 (n = 4) 22.1 ± 1.38 8.3 ± 0.98 37.5 ± 2.47

p 0.483 0.603 0.430
C—control; LL5—Lupinus luteus 50 g/kg; LA5—Lupinus albus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg; LWS—live weight at slaughter; CCW—cold
carcass weight.

For cuts percentage and cuts composition after dissection on both trials (data not
shown), no differences were reported. For carcass composition in tissues and muscle:bone
ratio, there were also no differences (p > 0.05) among diets for either trial 1 or trial 2 (Table 3).
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Table 3. Least square means (±SE) of carcass composition in tissues (%) and muscle:bone ratio of
lambs in trials 1 and 2.

Trial Diets Carcass Tissues (%) Muscle:Bone

Muscle Bone
Intermuscular

Fat
Subcutaneous

Fat

Trial 1 C (n = 3) 58.0 ± 1.30 26.1 ± 0.74 11.7 ± 1.37 2.9 ± 0.12 2.0 ± 0.40
LA5 (n = 3) 58.3 ± 1.92 25.7 ± 1.39 11.0 ± 0.15 3.2 ± 0.76 1.7 ± 0.32
LL5 (n = 3) 58.2 ± 1.13 25.8 ± 0.77 11.8 ± 0.85 2.7 ± 0.21 2.1 ± 0.36

p 0.977 0.870 0.466 0.441 0.366
Trial 2 C (n = 3) 56.0 ± 1.64 31.4 ± 1.42 8.3 ± 2.79 3.8 ± 0.83 1.5 ± 0.15

LL10 (n = 4) 55.7 ± 2.22 31.4 ± 1.79 7.2 ± 1.99 4.9 ± 0.61 1.3 ± 0.12
LL15 (n = 4) 57.0 ± 1.22 30.2 ± 1.67 7.9 ± 1.86 4.5 ± 0.60 1.9 ± 0.14
LL20 (n = 4) 53.6 ± 2.77 31.8 ± 2.72 9.1 ± 2.54 4.8 ± 0.93 1.4 ± 0.28

p 0.191 0.690 0.710 0.238 0.339

C—control; LL5—Lupinus luteus 50 g/kg; LA5—Lupinus albus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg.

No effect (p > 0.05) of diet on pH, L*a*b* color parameters, and cooking loss was
observed. Lambs fed only Lupinus luteus (LL20) presented higher shear force values than
those fed LL10, hence tougher meat (p = 0.045; Table 4). However, the shear force was
similar between lamb meat and the rest of the groups. Although pH was not different
(p > 0.05) between diets in both trials, it is important to point out that pH values were
particularly high in the second trial, specially pH1.

Table 4. Least square means (±SE) of meat quality attributes of lambs in trials 1 and 2.

Trial Diets pH Color CL (%) SF (kg/cm2)

pH1 pH24 L* a* b*

Trial 1 C (n = 3) 6.7 ± 0.06 6.0 ± 0.33 47.1 ± 3.64 16.8 ± 0.93 15.8 ± 0.63 11.6 ± 1.16 4.9 ± 0.40
LA5 (n = 3) 6.7 ± 0.07 5.8 ± 0.08 46.3 ± 2.13 14.7 ± 1.77 15.0 ± 0.80 11.8 ± 2.38 5.3 ± 0.79
LL5 (n = 3) 6.7 ± 0.04 5.8 ± 0.10 46.0 ± 2.71 15.5 ± 0.57 15.4 ± 1.06 11.2 ± 2.03 5.2 ± 0.54

p 0.759 0.147 0.876 0.157 0.388 0.934 0.739
Trial 2 C (n = 3) 6.8 ± 0.63 6.6 ± 0.36 45.3 ± 2.73 16.1 ± 0.24 13.7 ± 0.77 8.5 ± 0.94 3.9 ± 1.18 ab

LL10 (n = 4) 7.4 ± 0.27 6.4 ± 0.15 46.4 ± 4.10 14.3 ± 2.15 13.9 ± 1.10 9.1 ± 1.48 3.8 ± 0.89 b

LL15 (n = 4) 7.8 ± 0.49 6.4 ± 0.11 45.8 ± 1.60 16.3 ± 2.20 14.7 ± 0.78 9.4 ± 2.59 4.2 ± 0.92 ab

LL20 (n = 4) 7.3 ± 0.42 6.5 ± 0.43 44.9 ± 3.35 15.1 ± 1.98 12.8 ± 1.32 8.7 ± 1.49 4.7 ± 1.09 a

p 0.477 0.860 0.915 0.475 0.144 0.728 0.045

C—control; LL5—Lupinus luteus 50 g/kg; LA5—Lupinus albus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg; CL—cooking losses; SF—shear force. Different
superscript letters (a, b) on the same column indicate significant differences (p < 0.05).

3.2. Fatty Acids

Table 5 shows fatty acids with values greater than 1% (g/100 g identified FA). For
both trials, the fat composition comprises SFA, MUFA, and PUFA fatty acids, with palmitic
(C16:0), stearic (C18:0), and oleic (c9 C18:1) fatty acids being the most abundant. Among
these FAs, oleic acid (c9 C18:1) showed the highest percentage, ranging from 29% to 36%,
followed by palmitic acid (C16:0) (from 20% to 23%) and stearic (C18:0) (from 18% to 23%).
In general, diets did not have a significant effect on FAs. However, in trial 1, diets show a
significant effect (p = 0.002) on t11 C18:1, in which the LL5 diet showed higher values than
the LA5 diet and was similar to the control. A similar trend was observed for C16:0. It was
also observed that the LM of lambs on the LL5 and LA5 diets showed higher values of oleic
MUFAs (p < 0.05) than the control (Table 5).
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Table 5. Fatty acid (FA) composition (g/100 g identified FA) in LM of lambs affected by diets in
trials 1 and 2.

Trial Diets SFA MUFA PUFA

C14:0 C16:0 C17:0 C18:0 C15:1n−5 C16:1n−7 C18:1n−7 t11 C18:1 c9 C18:1 C18:2n−6 C20:4n−6

Trial 1 C (n = 3) 3.81 22.7 a 1.56 17.86 1.57 1.25 1.14 1.78 a 32.3 b 6.42 2.76
LA5 (n = 3) 4.02 21.6 b 1.38 17.17 1.31 1.23 1.02 1.40 b 35.7 a 6.28 2.42
LL5 (n = 3) 3.19 22.4 a 1.42 18.24 1.36 1.29 0.98 1.86 a 34.2 a 5.95 2.74

p 0.577 0.019 0.554 0.837 0.588 0.960 0.772 0.002 0.013 0.839 0.707
Trial 2 C (n = 3) 3.29 19.7 1.40 18.1 2.70 0.98 1.26 1.73 29.1 9.27 5.38

LL10 (n = 4) 2.24 20.4 1.52 23.1 1.67 0.89 0.92 1.48 30.8 7.01 3.70
LL15 (n = 4) 2.93 20.3 1.33 20.0 1.96 1.02 0.97 1.64 31.3 8.14 3.97
LL20 (n = 4) 3.17 19.5 1.21 20.6 2.06 1.08 0.93 1.55 30.0 7.96 4.97

p 0.512 0.898 0.208 0.268 0.222 0.824 0.064 0.806 0.750 0.126 0.496

C—control; LA5—Lupinus albus 50 g/kg; LL5—Lupinus luteus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg; FA—fatty acid; SFA—saturated FA;
MUFA—monounsaturated FA; PUFA—polyunsaturated FA. Different superscript letters (a, b) on the same
column indicate significant differences (p < 0.05).

No differences were found among diets in most FA groups, except for MUFA in trial 1.
In this case, diets with lupin inclusion had a higher content (p < 0.05) of MUFA fatty acids
(Table 6). Regardless, similarly to what was observed for individual FA in all alternative
sources of protein diets, the results were very similar to those of the control diet.

Table 6. Groups of SFA, MUFA and PUFA (g/100 g identified FA) in LM of lambs affected by diets in
trials 1 and 2.

Trial Diets SFA MUFA PUFA n-3 n-6 n-6/n-3

Trial 1 C (n = 3) 47.6 39.4 b 12.8 2.18 10.1 4.73
LA5 (n = 3) 45.8 42.2 a 12.1 2.04 9.45 4.64
LL5 (n = 3) 46.7 41.2 a 12.1 2.01 9.48 4.72

p 0.492 0.031 0.776 0.541 0.865 0.985
Trial 2 C (n = 3) 44.0 37.2 18.6 2.34 15.75 6.74

LL10 (n = 4) 48.8 37.1 14.1 1.95 11.69 6.08
LL15 (n = 4) 46.1 38.2 15.5 1.99 13.04 6.67
LL20 (n = 4) 46.2 37.1 16.6 2.00 14.05 7.08

p 0.200 0.943 0.353 0.781 0.357 0.093

C—control; LA5—Lupinus albus 50 g/kg; LL5—Lupinus luteus 50 g/kg; LL10—Lupinus luteus 100 g/kg;
LL15—Lupinus luteus 150 g/kg; LL20—Lupinus luteus 200 g/kg; FA—fatty acids; SFA—saturated FA;
MUFA—monounsaturated FA; PUFA—polyunsaturated FA; LC—long chain. Different superscript letters (a, b)
on the same column indicate significant differences (p < 0.05).

4. Discussion

Lupin incorporation had no overall effect on carcass characteristics, although dressing
percentages of all the carcasses were lower than the ones observed in younger and lighter
lambs of the same breed [17,23], as well as on lambs with similar LWS [9,10]. However,
it is important to note that lambs in the studies of Santos et al. [23] and Santos et al. [17]
were slaughtered around 8–11 kg LW (around weaning) and produced in accordance with
the Protected Denomination of 89 Origin (PDO) specifications for carcasses of “Borrego
terrincho–PDO”, which might explain the differences in dressing percentages. Dietary
lupin incorporation also had no influence (p > 0.05) on the percentage of cuts in the carcass,
which was reasonably similar to the values observed by other authors [9,10,24]. Overall,
muscle content in the carcass was lower than the content previously observed in carcasses
of lambs of the same breed, considering the values reported by Santos et al. [17], which, in
turn, led to lower muscle:bone ratios than the ratios observed by these authors. This can
be explained by the fact that the animals studied by Santos et al. [17] were suckling lambs.
Since there were no statistical differences (p > 0.05) among groups, this could indicate that
the inclusion of lupins in lambs’ diets will not impact the dressing percentages, although
this could also be due to the small sample size in this study. Muscle:bone ratios were lower
than expected for this breed [17]. Leg muscle:bone ratio, for example, was slightly lower
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than the 2.64 value reported by Lestingi et al. [10] when incorporating 23% of Lupinus albus
in Gentile di Puglia lambs’ diets. However, the same study reported lower loin muscle:bone
values (1.54), due to a far higher percentage of bone than the one found in this study, which
might be attributed to phenotypic differences between the two breeds.

Particularly in trial 2, muscle pH24 was higher than desirable [17] and reported by
other authors using lupins in lambs’ diets [25,26]. During the preslaughter period, all
lambs were handled by the same person to reduce acute stress as much as possible since
it can increase ultimate meat pH [26]. Despite this outcome, there seems to have been no
effect of diet on this parameter (p > 0.05). Meat color was within the values previously
found for this breed [17]. Other authors have reported darker meats than the ones in
this study, in crossbred lambs and Merino wether weaner sheep fed diets with 20–35%
(DM) lupin incorporation [27,28] (L* = 37.5 ± 0.8; L* = 39.0 ± 0.6, respectively). The
values of b* of LL20 lambs (b* = 12.1), which were fed the highest lupin inclusion of both
trials, were similar to the ones reported by White et al. [28] with higher lupin inclusions
(b* = 12.8). In the present study, lupin inclusion in the diets resulted in slightly tougher
lamb meat (4.70 kg/cm2; p = 0.045), as was previously reported [29] for lambs fed a mixture
of barley and lupins. Although Santos et al. [17] reported far lower shear force values in
lamb meat from the same breed, the methodology applied by these authors was different
and, therefore, not comparable to the values found in this study. Other authors have
reported lower shear force values than those in this study [9,24] (2.48 and 2.04 kg/cm2,
respectively); however, overall, lupin inclusion in lambs’ diets tends not to have an impact
on meat tenderness. Higher sample size would probably clarify the results and provide a
clearer conclusion than these preliminary results. Since higher meat pH can be associated
with higher tenderness [25], this might also explain the present study results. While no
differences were found in either trial for cooking losses (p > 0.05), the high meat pH values
found in the second trial might also justify the lower cooking losses [30] observed in these
lambs’ meat (9% vs. 11% in trial 1).

The evaluation of the fatty acid composition of the LM of lambs fed diets contain-
ing alternative protein sources muscle has been the target of several researchers [9,31].
Diets including faba beans (Vicia faba), peas (Pisum sativum), and lupins (Lupinus sp.) to
replace soybean meal have been tested over the years to understand the effects on the
intramuscular FAs of lambs [9,29,32,33]. In the present study, the most abundant fatty
acid in the intramuscular fat of lambs was oleic acid (c9 C18:1), which has been positively
associated with human health [34,35] and did not differ among treatments except for trial
1, where the incorporation of Lupins proved to have a positive effect on this FA. These
results are consistent with those of other studies in which alternative protein sources were
used [29,36]. However, reports from other studies testing alternative protein sources show
variable effects on this FA. For example, Lestingi et al. [9] found that the meat of lambs
fed lupins contained lower levels of oleic acid (c9 C18:1) than peas or the combination
of lupin and peas, and Lanza et al. [32] reported that oleic acid in intramuscular fat was
higher (p < 0.05) in the pea group that that in the soybean-meal group. On the other hand,
vaccenic acid (t11 C18:1) showed a higher value (p < 0.05) in trial 1 for the group in which
Lupinus albus was used but had no effect when compared with the groups with Lupinus
luteus and soybean meal. Differences in vaccenic acid were also verified by other authors
who studied alternative legume seeds as a protein alternative to soybean meal [32,37]. The
reason for this is unclear, but differences in the fatty acid composition may depend on
incomplete ruminal hydrogenation of dietary fat [37].

Unlike the results found in this study, other authors showed differences in PUFAs. For
example, Scerra et al. [29] compared diets containing pea, faba bean, and soybean meal and
concluded that the meat of lambs fed with peas had higher proportions of the essential
fatty acids C18: 2n − 6 and C18: 3n − 3 than those of the other groups. On the other hand,
faba beans led to higher proportions of PUFAs (p < 0.01) in lamb meat than sweet lupins
and peas, according to Gómez-Cortés et al. [33]. Regarding the n − 6/n − 3 fatty acid ratio,
the nutritional guidelines for human consumption recommend optimizing the intake of
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foods containing high amounts of n − 3 fatty acids, which is proven to reduce the incidence
of cardiovascular diseases [38]. Our results show that the n − 6/n − 3 fatty acid ratio is
similar in meats from lambs fed on lupin and soybean meal diets. Additionally, the values
for this ratio are similar to those reported by other authors who tested lupins and other
legume grains [9,32].

5. Conclusions

Lupin incorporation in diets of growing lambs produced similar results to soybean
meal in terms of carcass traits and meat physical characteristics. Replacement of soybean
meal by lupins in fattening lambs’ diets had minor effects on their intramuscular FA profile.
However, adding legume grains such as lupins to lamb diets seemed to have no effect on
the n-6/n-3 ratio. Nevertheless, the lack of significant differences could also be attributed
to the small sample size. Combined with the results observed during the growth and
digestibility trials [14], lupin incorporation in lambs’ diets can present a solution for some
producers. Further research should be conducted with a larger sample to provide more
information and study the effect of lupin inclusion on the palatability of lambs’ meat.
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Simple Summary: Feed additives based on medicinal plants, such as neem and moringa plant
extracts, are used to mitigate rumen methane emissions, but data regarding their effects on lamb meat
quality are scarce. This study investigated the effects of oral supplementation of neem and moringa
leaf extracts on the carcass quality and meat fatty acid composition of lambs. Neem leaf extracts had
no effect on carcass fat and meat fatty acid composition. Whereas, Moringa leaf extract improved the
meat fatty acid composition of lambs compared to the monensin treatment.

Abstract: There is an increased interest in the use of medicinal plants as alternatives to antibiotic
growth promoters and as agents for methane production mitigation. This study investigated the
effects of Azadirachta indica and Moringa oleifera feed additives on the carcass and meat quality of
lambs. Forty South African Mutton Merino lambs, weighing between 29 and 43 kg, were randomly
assigned to four treatment groups (n = 10 lambs/treatment) and fed a basal total mixed ration (TMR)
containing soybean meal (17%), yellow maize (28%), Alfalfa hay (20%), Eragrostis curvula hay (22.2%),
molasses (6.0%), wheat offal (5%), urea (0.8%) and vitamin premix (0.5%) on a DM basis. The dietary
treatments: TMR diet (control); TMR diet with A. indica leaf extract (A. indica leaf extract at a dosage of
50 mg per kg of feed: neem); TMR diet with M. oleifera leaf extract (M. oleifera leaf extract at a dosage
of 50 mg per kg DM of feed: moringa); TMR diet with monensin (at a dosage of 50 mg monensin
sodium per kg of feed: positive control). After an adaptation period of 10 days to the experimental
conditions, the lambs from all treatment groups were fed ad libitum with the experimental diets. The
lambs were slaughtered at a live weight of 60–65 kg after a 23 week trial period. The plant extract
dietary additives had no significant effects on the carcass characteristics of the lambs. In comparison
to monensin, supplementing with moringa leaf extracts resulted in a higher proportion of C18:1n9c
(45.0% ± 0.57 vs. 40.5% ± 0.80; p < 0.05), total MUFAs (47.3% ± 0.66 vs. 42.6% ± 0.87; p < 0.05),
and UFA:SFA ratio (1.01 ± 0.03 vs. 0.85 ± 0.03; p < 0.05), which may be beneficial for human health.
Our results suggest that natural feed additives, such as A. indica and M. oleifera leaf extracts, can be
included in lamb diets without compromising meat fatty acid composition. The negative economic
impacts of such technologies on animal production and farm profitability should not be expected.

Keywords: bioactive compounds; methane mitigation; carotenoids; phytochemicals; medicinal
plants; feed additives

1. Introduction

There are increasing concerns regarding the long-term use of antibiotics in animal feed
due to the fact of their potential impact on the environment and human health [1–4]. This
fact has generated increased interest in research on the use of medicinal plants as a safe and
inexpensive approach to replace the use of antibiotic growth promoters [5]. Multipurpose
plants, such as Azadirachta indica and Moringa oleifera, are used in animal production for
their medicinal and antioxidant properties and as possible mitigants for rumen methane
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emission [6]. The methane inhibitory effect of these plants is related to the presence of
bioactive compounds, such as alkaloids, flavonoids and tannins, which are capable of
interacting with rumen microbes and influencing ruminal fermentation patterns [6,7].

Although dietary inclusion of A. indica and M. oleifera and other plant extracts are
promising strategies for mitigating rumen methane production [6], feeding strategies that
alter rumen fermentation patterns may also affect lipid metabolism and, subsequently, meat
quality [7]. Research has shown that phytogenic feed additives have an antimicrobial effect
on bacterial species involved in rumen biohydrogenation, resulting in improved absorption
and accumulation of polyunsaturated fatty acids (PUFAs) and conjugated linoleic acids
(CLAs) in milk [8] and presumably meat. A previous study showed that supplementation
with up to 5% neem fruit in lamb diets was effective in achieving high concentrations of
rumenic acid (C18:2 cis-9 trans-11), a CLA which is beneficial for human health [9]. Feeding
moringa silage (rich in α-linolenic acid) has been reported to increase both n-3 PUFA and
CLA in lamb meat [10].

Most studies on A. indica and M. oleifera supplementation in ruminant diets focus on
feeding whole plant parts, such as leaves, pods, fruits and seeds, to animals [9–11]. Plant
extracts are often used in ethnoveterinary medicine and their inclusion as dietary additives
is a useful strategy to conserve medicinal plants [12,13]. In vitro studies have shown the
antimethanogenic properties of A. indica and M. oleifera plant extracts [14]; however, the
effect of such antimethanogenic feed additives on animal production and meat quality has
not been thoroughly examined. Farmers are less likely to adopt new technologies unless
they are cost effective and induce no negative effects on animal production and product
quality. Therefore, the objective of the current research was to investigate the effects of A.
indica and M. oleifera plant extracts on the carcass traits and meat fatty acid composition of
South African Mutton Merino (SAMM) lambs.

2. Materials and Methods

2.1. Collection of Plant Materials and Extraction Procedure

The leaves from A. indica and M. oleifera trees were harvested in the South West
region of Nigeria. The harvesting and handling of the plant materials from Nigeria to
the University of Pretoria, South Africa, have previously been described [14]. On arrival,
the leaves were freeze-dried for 5 days to a constant weight and milled through a 0.5 mm
screen. The ground samples (100 g) were extracted with methanol (1 L) in glass vials and
placed in a shaker for 96 h. The extracts were sieved through a 150 μm screen aperture,
precipitated, freeze-dried to a constant weight and stored at 4 ◦C.

2.2. Management of Experimental Animals

Forty weaned ram lambs (approximately 120–135 days old) with a mean body weight
of 38.1 kg ± 3.83 were used in the present study in a completely randomised block design.
The lambs were randomly allocated to four dietary treatment groups. Two lambs from each
treatment within a block were allotted in a covered pen, with five pens of two lambs per
treatment and a total of ten lambs per treatment. Each pen measured 3.2 × 2.2 m. The pens
were considered experimental units, and the two sheep in each pen were the observational
units. The lambs were kept at the Hatfield Experimental Farm of the University of Pretoria,
in the city of Pretoria, South Africa.

A total mixed ration (TMR) was formulated by a commercial feed company to meet
the growth and maintenance requirements of the lambs. The TMR was sampled to conduct
a chemical analysis. The dry matter (DM) and ash of the TMR used in this study were
determined according to the standard procedure described by the Association of Official
Analytical Chemists (AOAC) [15]. Acid detergent fibre (ADF), neutral detergent fibre (NDF)
and lignin were determined using an Ankom technology 200/220 (Ankom Technology,
Fairport, NY, USA) as described by Van Soest et al. [16]. Nitrogen was analysed using
a Leco Instrumente GmbH, Kirchheim, Germany, nitrogen/protein analyser. The ether
extract was determined by extracting the sample with ether following the Tecator Soxtec
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(HT6) system [15]. The formulation and chemical composition of the TMR is presented in
Table 1.

Table 1. Formulation and chemical composition on a DM basis of the total mixed ration.

Ingredient Composition (%)

Yellow maize 28.0
Eragrostis curvula hay 22.2

Alfalfa hay 20.0
Soybean meal 17.0

Molasses 6.0
Wheat 5.0
Urea 0.8

Vitamin premix 0.5

Parameter Chemical composition (%)
Dry matter 89.7

CP 17.2
Ash 6.5

Starch 6.5
NDF 3.4
ADF 24.2

Lignin 2.5
ME 0.9

All experimental animals received the same total mixed ration (TMR) during the ex-
perimental period. The TMR used was formulated to support an average daily gain (ADG)
of approximately 250 g/head/day following the Agricultural Research Council’s [17]
recommendations. The following four dietary additives were formed:

• TMR only: (control treatment);
• TMR plus A. indica leaf extract at a dosage of 50 mg per kg feed: (neem treatment);
• TMR plus M. oleifera leaf extract at a dosage of 50 mg per kg feed: (moringa treatment);
• TMR plus monensin sodium at a dosage of 50 mg per kg of feed: (monensin; positive

control treatment).

The lambs from all treatment groups were fed ad libitum, and clean water was avail-
able ad libitum. Feed intake was calculated by subtracting the amount of refused feed
from the feed offered the day before. A random sample was collected from the amount
of feed offered each day as a retention sample for feed analysis later. The A. indica and
M. oleifera extracts were reconstituted with distilled water (1 g extract to 1 L distilled water)
and administered. The solutions of plant extract were administered at a dosage of 50 mL
per kg of feed DM as recommended by Akanmu and Hassen [14]. The average DMI of the
lambs was in the range of 1655 to 1866 g/head/day. The required dosages were drenched
to lambs in the morning and afternoon before feeding using a 20 mL metal drencher (NJ
Philips, Somersby, Australia).

The initial body weights of the animals were recorded for three consecutive days
before the start of the experiment and thereafter at seven-day intervals before the morning
feeding until the end of the experimental period. The final weights of the animals were also
recorded for three consecutive days before the morning feeding. The lambs were reared
over a 23 week trial period to a marketable weight of 60–65 kg (9–10 months old). The data
on feed intake, nutrient digestibility, average daily gain and methane measurement were
document by Du Preez [18]. The lambs were slaughtered when they reached the required
final weight of 48–52 kg, and the meat samples collected were used for the current study.

2.3. Slaughter and Sampling Procedure

The lambs were slaughtered according to the standard procedure at the Renbro Abat-
toir, Hammanskraal, South Africa. Carcasses were immediately weighed to obtain the
hot carcass weight and classified using the South African Carcass Classification System
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for beef, sheep and goat carcasses. This carcass classification system classifies carcasses
based on their physical and compositional attributes, which include age (age categories:
A, AB, B and C), carcass fatness (carcass fat codes: 1 to 6), carcass conformation (carcass
conformation codes: 1 to 5) and damage (1 to 3) [19]. The carcasses were then chilled at
4 ◦C for 24 h.

After 24 h in the chilling room, the carcasses were reweighed to obtain the cold carcass
weight, and they were transferred to the laboratory for dissection under refrigerated condi-
tions. Carcass composition was determined using the method described by Casey et al. [20].
Briefly, a three-rib sample was cut from the 8th, 9th and 10th lumbar vertebrae on the left
side of each carcass, the ventral extremity of the sample being on a line drawn from the
pubic symphysis to the middle of the first rib [20]. The three-rib cut sample was dissected
into meat, fat and bone to obtain an estimate of the total carcass composition. The meat, fat
and bone carcass components were vacuum packed and stored in the freezer at −20 ◦C
until further analysis. Subcutaneous fat (SCF) and intramuscular fat (IMF) samples of
approximately 5 g each were dissected from the three-rib-cut Longissimus muscle and stored
in polythene bags at −20 ◦C for fatty acid analysis.

2.4. Analytical Procedures

The dry matter content and ether extract of the Longissimus muscle samples were
determined with the method used by the Association of Official Analytical Chemists [15].
The method involved boiling about 1 g of freeze-dried meat samples in petroleum ether for
two hours and then oven drying until all the petroleum ether had evaporated. Thereafter,
the samples were weighed and expressed as a percentage of the whole sample. Fat pigments
were extracted according to the method of Kirton et al. [21]. The absorbance of each fraction
was measured in a spectrophotometer (Specord 200®) at a 423 nm wavelength, and the
lutein concentrations were calculated using Beer’s law equation [22].

2.5. Fatty Acid Analysis

The lipid extraction procedure and determination of fatty acid methyl esters were
described by Webb and Casey [23]. Briefly, lipids were extracted in duplicate using a modi-
fication [24] of the chloroform:methanol (2:1, v/v) method [25]. Butylated hydroxytoluene
(2.6 Di-tert-Butyl-p-Cresol) was included as an antioxidant. Methyl esters of the fatty acid
component of the neutral triglycerides were prepared according to the NaOH/methanol
method [15]. These esters were separated on a polar phase SP2330 column (2 m × 3 mm,
packed with Silar 1OC coated on a Gas Chrom Q) fitted to a Shimadzu Tracera gas chro-
matograph with a barrier ionisation discharge detector. Profiles of the cis–trans fatty acids
from the subcutaneous adipose tissues were obtained from fat samples that were treated
with n-hexane at 35 ◦C for 24 h, after which the fatty acids were esterified according to the
method of Van Wijngaarden [26]. The cis–trans fatty acids isomers were then separated
on an SP2560 fused silica capillary column (100 m × 0.2 mm) fitted to a Varian 3700 gas
chromatograph. Standards for the fatty acids were obtained from Nu-Chek-Prep., Inc.
(Elysim, MI, USA). Fatty acids were expressed in both normalised (i.e., molar proportion)
and gravimetric (i.e., milligrams per gram of fresh tissue) formats [27,28].

2.6. Statistical Methods

Data were analysed in a randomised complete block design. The variables of the
carcass’ characteristics, lutein concentrations and meat fatty acids were first tested for
normality and homoscedasticity with the Shapiro–Wilk and Levene’s tests, respectively.
Statistical analysis was performed using the general linear model (GLM) ANOVA proce-
dure in SPSS version 27, and the model included the treatment effect. Differences were
considered significant at p < 0.05 and a tendency for significance at 0.05 < p < 0.10. The post
hoc analyses were conducted with the Bonferroni comparison procedure in SPSS version 27.
Factor component scores (z-scores) were calculated for the three-rib cut fat content to calcu-
late the carcass fat content (CFC), after which the z-scores were transformed to standard
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scores (t-scores). Principal component factor analysis (PCA) was used to compute a succinct
factor index for the carcass fat content (CFC t-score) and to describe the main effect of the
feed additive treatments on the parameters measured. The measurements of the PCA plots
were interpreted according to the correlations between each parameter. On the PCA plot,
measurements close together are positively correlated; measurements separated by 180◦
are negatively correlated and measurements separated by 90◦ are independent [29].

3. Results

3.1. Carcass Characteristics

The results of the carcass characteristics of the lambs fed diets supplemented with
neem (A. indica) and moringa (M. oleifera) leaf extracts are presented in Table 2.

Table 2. The effects of dietary inclusion of neem (Azadirachta indica) and moringa (Moringa oleifera)
leaf extract on the carcass characteristics (LS means ± SE) of South African Mutton Merino lambs.

Treatment Control Neem Moringa Monensin p-Value

Initial weight (kg) 38.6 ± 0.95 38.3 ± 1.29 38.1 ± 1.17 37.4 ± 1.43 0.95
CCW (kg) 29.2 ± 0.55 30.2 ± 0.65 30.8 ± 1.31 28.7 ± 0.92 0.61
Meat (%) 51.8 ± 1.11 51.6 ± 0.81 55.5 ± 0.86 54.4 ± 0.70 0.06
Fat (%) 33.2 ± 1.22 34.3 ± 0.77 30.1 ± 1.23 30.0 ± 0.85 0.07

Bone (%) 15.0 ± 0.40 14.1 ± 0.72 14.4 ± 0.61 15.6 ± 0.48 0.51
LM dry matter (%) 32.7 ± 0.63 34.5 ± 0.90 34.5 ± 1.70 35.8 ± 2.44 0.11

IMF (%) 12.0 ± 0.89 15.2 ± 0.71 12.2 ± 1.33 12.6 ± 0.97 0.28
CFC t-scores 50.3± 2.43 58.9 ± 2.15 45.4 ± 4.11 46.2 ±2.55 0.05

CCW: cold carcass weight; LM: longissimus muscle; IMF: intramuscular fat; CFC: carcass fat content.

There were no significant differences in cold carcass weight among the dietary treat-
ment groups. However, there was a tendency for a treatment effect on meat percentage
(p = 0.06), fat percentage (p = 0.07) and CFC T-scores (p = 0.05) but the differences were not
significant. Dietary treatment had no effect (p = 0.11) on dry matter and IMF content of the
Longissimus muscle.

3.2. Pigmentation of the Subcutaneous Fat

The lutein pigment concentration in the subcutaneous fat of the lambs supplemented
with neem, moringa and monensin compared to the control are presented in Table 3.

Table 3. The effect of dietary inclusion of neem (Azadirachta indica) and moringa (Moringa oleifera) on
the lutein concentrations in the subcutaneous fat of SA Mutton Merino lambs.

Control Neem Moringa Monensin p-Value

Lutein (mg/100 g) 1.16 a ± 0.14 0.59 b ± 0.13 0.86 ab ± 0.14 0.57 b ± 0.14 0.03
ab Means with different superscripts were significantly different (p < 0.05).

The content of the lutein pigment was affected by the dietary treatment (p = 0.03).
The content of the lutein pigment was significantly higher (p < 0.05) in lambs fed with the
control diet compared to those supplemented with neem or monensin (p < 0.05), while those
fed with moringa had an intermediate (p > 0.05) lutein content. The practical implication is
that the subcutaneous fat from the control (i.e., nonsupplemented) lambs was slightly more
yellow compared to those supplemented with neem or monensin.

3.3. Fatty Acid Composition

The molar proportions of fatty acids in the SCF of lambs are presented in Table 4. The
saturated fatty acids (SFAs) comprised 49.7–54.3% of the total fatty acids in the subcuta-
neous fat of the lambs. The main SFAs were palmitic acid (C16:0; 26–27.6%) and stearic acid
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(C18:0; 15.7–19.2%). There was a tendency toward a treatment effect on the proportion of
stearic acid (p = 0.05). Although supplementation with the plant extracts did not affect the
proportion of margaric acid (C17:0), docosanoic acid (C22:0) and tricosanoic acid (C23:0),
monensin supplementation significantly decreased the C17:0 content and increased the
proportion of both C22:0 and C23:0 compared to the control treatment (p < 0.05).

Table 4. The effects of dietary inclusion of Azadirachta indica and Moringa oleifera leaf extract on the
fatty acid composition of the subcutaneous fat (w/w%; LS mean ± SE) of South African Mutton
Merino lambs.

Fatty Acids Control Neem Moringa Monensin p-Value

C14:0 3.09 ± 0.28 3.20 ± 0.22 2.76 ± 0.15 3.45 ± 0.24 0.43
C16:0 27.0 ± 0.66 27.6 ± 0.64 26.0 ± 0.82 26.6 ± 0.45 0.59
C17:0 5.52 a ± 0.44 3.74 ab ± 0.33 4.52 ab ± 0.15 3.59 b ± 0.44 0.03
C18:0 16.7 ± 1.31 17.6 ± 0.65 15.7 ± 0.64 19.2 ± 1.39 0.05
C20:0 0.11 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 0.13 ± 0.01 0.37
C21:0 0.51 ± 0.03 0.41 ± 0.03 0.47 ± 0.05 0.53 ± 0.08 0.65
C22:0 0.02 a ± 0.00 0.03 ab ± 0.00 0.03 ab ± 0.00 0.04 b ± 0.00 0.04
C23:0 0.05 a ± 0.00 0.07 ab ± 0.01 0.06 ab ± 0.01 0.09 b ± 0.01 0.04
SFA 50.1 a ±1.01 52.8 b ± 0.55 49.7 a ± 0.69 54.3 b ± 1.16 0.03

C14:1 0.25 ± 0.03 0.17 ± 0.02 0.18 ± 0.01 0.15 ± 0.02 0.13
C15:1 0.03 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.03 ± 0.01 0.85
C16:1 1.32 ± 0.13 1.07 ± 0.09 1.08 ± 0.08 0.96 ± 0.06 0.23

C18:1n9c 44.4 ab ± 1.05 42.4 ab ± 0.76 45.0 a ± 0.57 40.5 b ± 0.80 0.02
C18:1n9t 0.79 ± 0.15 0.59 ± 0.07 0.79 ± 0.17 0.95 ± 0.20 0.65

C20:1 0.15 a ± 0.01 0.08 b ± 0.00 0.14 ab ± 0.02 0.09 ab ± 0.01 0.02
MUFAs 46.9 ab ± 1.02 44.1 ab ± 0.69 47.3 a ± 0.66 42.6 b ± 0.87 0.02

C20:2 0.08 ± 0.00 0.07 ± 0.00 0.08 ± 0.00 0.08 ± 0.01 0.76
C18:2n6c 2.05 a ± 0.04 2.07 a ± 0.15 2.16 ab ± 0.11 2.71 b ± 0.11 0.01
C18:3n3 0.36 a ± 0.01 0.38 a ± 0.02 0.39 a ± 0.02 0.51 b ± 0.03 <0.01
C18:3n6 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.04 ± 0.00 0.10
C20:3n6 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.03 ± 0.00 0.38
PUFAs 2.53 a ± 0.06 2.56 a ± 0.18 2.66 ab ± 0.14 3.36 b ± 0.13 <0.01

UFA/SFA 0.99 a ± 0.04 0.89 ab ± 0.02 1.01 a ± 0.03 0.85 b ± 0.03 0.03
PUFA

n-6/n-3 5.86 ± 0.13 5.47 ± 0.23 5.61 ± 0.15 5.56 ± 0.31 0.78

PUFA/SFA 0.05 a ± 0.00 0.05 a ± 0.00 0.05 a ± 0.00 0.06 b ± 0.00 0.05
ab Means with different superscripts were significantly different (p < 0.05). SFAs: saturated fatty acids; MUFAs:
monounsaturated fatty acids; PUFAs: polyunsaturated fatty acids.

The molar proportion of the monounsaturated fatty acids (MUFAs) accounted for
approximately 45% of the total fatty acids. The major MUFA was oleic acid (C18:1n9c) which
comprised approximately 43% of the total fatty acids and approximately 96% of MUFAs.
The proportion of oleic acid (C18:1n9c) was affected (p = 0.02) by dietary treatment, since
a significant difference was observed in the proportion of oleic acid (C18:1n9c) between
the moringa and monensin treatment groups (45.0% vs. 40.5%). Similarly, total MUFAs
were higher in the moringa treatment group compared to the monensin treatment group
(47.3% vs. 42.6%).

Total polyunsaturated fatty acids (PUFAs) accounted for approximately 2.8% of total
fatty acids. Linoleic acid (C18:2n6c) was the main PUFA in the SCF of lambs in all groups.
Dietary treatment affected total PUFAs (p < 0.01). Lambs supplemented with monensin had
higher PUFAs in comparison to the control (2.53%; p < 0.05) and neem (2.56%; p < 0.05) treat-
ment groups. This dietary treatment effect was the result of higher (p < 0.05) proportions of
linoleic acid (C18:2n6c) and α-linoleic acid (C18:3n3) in the SCF of lambs supplemented
with monensin (2.71%) compared to the control and neem treatment groups.
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Dietary treatment affected the UFA:SFA ratio (p = 0.03). Lambs in the monensin
treatment group had lower (p < 0.05) UFA:SFA ratios compared to the control group and
moringa treatment group. The n-6/n-3 (p = 0.78) and PUFA: SFA (p = 0.05) ratios were not
affected by the dietary additives.

3.4. Overview of the Feed Additive Treatment’s Main Effects on Physiological Parameters

The results of the PCA of the parameters considered in this study are presented in
Figure 1. PC 1 (i.e., fatty acid composition component) is presented on the x-axis, and PC 2
(i.e., fat content component) is presented on the y-axis. The carcass fat content t-score, fat%,
IMF% and days-on-trial showed a strong positive correlation with PC 2 (i.e., fat content
component). Considering the direction of the PCA plot projections, it is evident that dietary
supplementation with neem considerably increased the carcass fat content compared to the
control and all of the other feed additive treatment groups.

Figure 1. Projections of carcass and meat quality measurements on a plane defined by PC 1 (i.e., fatty
acid composition component) and PC 2 (i.e., fat content component). Fat%: Rib-fat; carcass fat content
t-scores: T-score); intramuscular fat%: IM fat; saturated fatty acids: SFA; PUFA:SFA—P:S; bone
percentage: bone; meat%: LM; UFA:SFA—U:S; absorbance: absorb. Neem treatment: Azadirachta;
monensin treatment: monensin; moringa treatment: moringa; negative control treatment: control.

On the other hand, the proportions of PUFAs, SFAs and PUFA:SFA showed the largest
positive correlations with PC 1 (i.e., fatty acid composition component), emphasising the
improvements gained in terms of favourable fatty acids (i.e., MUFAs and UFA:SFA) by
the supplementation of lambs’ diet with moringa and the control treatment compared to
both the monensin and neem feed treatment groups. However, lambs supplemented with
monensin showed an increase in PUFAs, PUFA:SFA, meat% and bone% more than the
other treatment groups.

4. Discussion

In the present study, lambs were fed to weights exceeding normal market weight (e.g.,
60–65 kg) over a 23 week trial period to study the effects of plant supplements on carcass fat
content and composition. The cold carcass weights were similar to those recorded in South
African Mutton Merino (SAMM) lambs slaughtered at the same age/weight [30,31]. The
meat percentage was lower, while the fat percentage was higher than previously reported
for other South African lamb breeds in the A-age class [32] due to the differences in the
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slaughter age/weight. Future studies should consider slaughtering lambs when they
reach a normal market weight, approximately 45 to 50 kg, for an ideal carcass quality that
conforms to consumer preferences [30,33].

In terms of carcass composition, supplementing high-fibre diets with A. indica and
M. oleifera leaf extract as antimethanogenic agents did not affect the meat and fat contents
of the lamb carcasses. Previous studies have shown that the inclusion of M. oleifera in diets,
shifts rumen fermentation kinetics from acetate to propionate, a major precursor of glucose
synthesis in the liver that may be subsequently used for protein biosynthesis [34]. This
effect is attributed to secondary bioactive compounds in M. oleifera plant extract, which
have been reported to inhibit Gram-positive bacteria and favour propionate-producing
bacteria [35]. The present results on carcass quality suggest that both A. indica and M. oleifera
could be used in lamb diets as antimethanogenic additives, with the advantage of being
natural additives that have no negative effects on carcass fatness.

The degree of marbling is an important attribute of carcasses, and it is used as a visual
cue by consumers to judge the quality of meat [36]. In the present study, the IMF values
were within the range previously reported for lambs [37]. The IMF percentages of lambs
were not significantly different across the four dietary treatment groups. The inclusion of
A. indica and M. oleifera leaf extracts in lamb diets neither improved nor compromised the
visual appearance of the meat.

Yellow carcass fat is negatively evaluated by consumers in many countries [38]. Fat
colour changes from a creamy white to a bright yellow–orange with the accumulation of
carotenoids [22]. It is widely accepted that lutein is the main carotenoid in sheep adipose
tissue [22,39,40]. Studies that quantify carotenoids in sheep fat are very scarce, because the
concentrations are very low compared to carotenoids in cattle. The lutein concentrations
found in the present study (0.57–1.16 mg/100 g feed) compare well to values previously
reported in the literature for South African lamb breeds [33].

Previous studies have reported that plant secondary compounds have a protective
effect on carotenoids resulting in higher depositions [41]. This effect was not observed in
this study in both of our experimental treatment groups, which showed numerically lower
lutein values compared to the control treatment. We can only speculate that low lutein
concentrations in the neem and monensin treatment groups observed in this study were
possibly related to their IMF content. Research has shown that as carotenoids accumulate
in adipocytes, the increase in IMF may dilute the carotenoids and, consequently, reduce
the yellowness of the subcutaneous fat [42]. More studies of the effect of medicinal plant
extracts on the deposition of carotenoids in the adipose tissue of lambs/sheep should
be considered.

Fat and long-chain fatty acids contribute to important aspects of meat quality and
are key to the nutritional and sensory values of the meat [43]. In the present study, SFAs
constituted approximately half of the total fatty acids in SCF of lambs, typical of SAMM
lambs kept on high forage diets [23]. This is related to the fact that forages stimulate ruminal
activity and biohydrogenation of fatty acids thus increasing the proportion of SFAs [44].
The main SFAs were palmitic acid (C16:0) and stearic acid (C18:0). This prevalence is in
line with previously reported values for SAMM lambs kept on high forage-based diets [31].

Although SFAs are generally considered unhealthy, some have positive benefits on
human health. It is only myristic acid (C14:0) and palmitic acid (C16:0) that are associated
with an increased risk of obesity, hypercholesterolemia, some cancers and a decrease in LDL
cholesterol [43,45]. Overall, our experimental diets did not alter the SFA proportion. The
only SFAs affected by the dietary plant supplements were margaric acid (C17:0), docosanoic
acid (C22.0) and tricosanoic acid (C23:0), and the difference was between the monensin and
control treatment, while the moringa and neem treatments showed intermediate values.
Our results indicate that the inclusion of M. oleifera and A. indica leaf extracts in lamb diets
does not affect the SFA content of the meat and, by implication, does not cause increased
risk to human health as previously suggested [46].
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Oleic acid (C18:1n9c) was the main MUFA and conjugated linoleic acid (C18:2n6c)
was the most prominent PUFA, as previously reported for lamb meat [45]. PUFAs (n-3 and
n-6) are generally regarded as beneficial for human health [47]. However, high proportions
of PUFAs can have negative effects on quality aspects such as fat firmness, shelf life and
meat flavour [33]. In the present study higher proportions of oleic acid (C18:1n9c) were
deposited in the SCF of lambs supplemented with moringa plant extract compared to
monensin, which could be beneficial for human health. Higher proportions of linoleic
acid (C18.2n6c) (n-6) were deposited in the SCF of lambs fed monensin compared to the
neem and control treatment groups. Higher proportions and alpha-linoleic acid (C18:3n3)
(n-3) were deposited in the SCF of lambs fed monensin-supplemented diets as opposed to
other dietary treatment groups. However, the differences among dietary treatments in the
proportions of PUFAs deposited in the SCF were minor (less than 1%) and will presumably
not have any impact on human health, organoleptic properties and the technological quality
of the meat.

The UFA:SFA ratio is commonly used to assess the nutritional value of fats, while
the PUFA n-6-to-n-3 ratio indicates the risk of coronary heart disease or cancer in humans.
In the present study, both the UFA:SFA and n-6/n-3 ratios were above the minimum
recommended values of 0.4 and 4, respectively [43,47]. The differences across dietary
treatments were not significant and, hence, were presumably of minor importance.

5. Conclusions

Despite small differences, the inclusion of M. oleifera, as a feed additive, resulted in
higher oleic acid, MUFAs and UFA:SFA ratio compared to the monensin treatment, which
could be considered beneficial for human health. A. indica had no or minimal effects on the
carcass’ characteristics and the meat fatty acid composition. Overall, the antimethanogenic
feed additives investigated in this study had no negative effects on the carcass fat and
fatty acid composition of the lambs. Therefore, A. indica and M. oleifera feed additives
can be used as safe and inexpensive antimethanogenic agents, without compromising the
resultant meat quality.
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Simple Summary: Industrial hemp is currently being investigated as a potential new crop in the U.S.
after the passage and approval of the 2014 and 2018 Farm Bills. Hemp plants grow efficiently, and its
seeds are used in the production of hemp oil, leaving hempseed meal (HSM) as a byproduct, which is
reported to be rich in crude protein (CP) around 30–38% on a dry matter basis and fiber, making it a
possible feedstuff and a protein source for ruminants. However, limited work has been carried out to
evaluate the effects of utilizing HSM as feedstuffs for goats on their carcass characteristics. This study
aims to investigate the effects of feeding various levels of HSM on the carcass traits of the crossbred
Boer goats. Results suggest that including up to 30% of HSM in the diet of growing meat goats has
no adverse effects on their carcass traits and meat quality. These results might be encouraging for
the hemp industry as HSM could potentially be marketed and used as an alternative protein source
for livestock.

Abstract: Hempseed meal (HSM) is the byproduct of hemp seeds and is rich in crude protein and
fiber, making it an ideal candidate as a feedstuff for ruminants. The objective of the present study
is to evaluate the effects of feeding different levels of HSM on the carcass traits of crossbred Boer
goats. Forty castrated goat kids (approximately six months, 25.63 ± 0.33 kg) were assigned to one
of four treatments (n = 10) in a completely randomized design. Goats were fed pelleted diets (50%
forage and 50% concentrate) with additional supplementation of HSM: control with 0%, 10%, 20%,
and 30% of the total diets. Goats were harvested and processed after a 60-day feeding trial. There
were no significant differences (p > 0.05) in the mean values of dressing percentages, carcass weights,
body wall thickness, and ribeye area among treatments. Marbling scores and percentages of moisture,
fats, proteins, and collagen in the muscles showed no significant differences (p > 0.05) among the
treatments. Results suggest that including up to 30% of HSM in the diet of growing meat goats does
not affect their carcass traits.

Keywords: carcass traits; goats; hempseed meal; marbling scores; ribeye area

1. Introduction

Industrial hemp (Cannabis sativa L.) is an annual herbaceous plant grown mainly for
fibers, seeds, and various industrial products [1]. This variety of Cannabis sativa is legalized
to cultivate as it produces 0.3% or less tetrahydrocannabinol (THC) [2]. However, other
varieties of Cannabis, such as marijuana, contains 5–25% and shows more intoxicating and
hallucinogenic properties [2]. Industrial hemp is currently being investigated as a potential
new crop for livestock in the U.S. with the passage of the 2014 and 2018 Farm Bills in the
USA [3,4] and legalized hemp production and cannabidiol (CBD) products derived from
hemp [4]. Hemp plants thrive well, and its seeds are utilized in the production of hemp
oil. The remaining byproduct is used in the production of hempseed meal (HSM), which
is found to be rich in crude protein (CP), approximately 30 to 38% on a dry matter (DM)
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basis and fiber, making it an ideal candidate as a feedstuff for ruminant animals [1,5–8].
Hempseed oil is also abundant in essential fatty acids. It contains 50 to 70% linoleic acids
and 15 to 25% alpha-linolenic acids [9]. It contains around 80% polyunsaturated fatty
acids (PUFAs) and essential amino acids, especially arginine [5]. These polyunsaturated
essential fatty acids, and easily digestible complete protein properties of hempseeds provide
nutritional benefits to humans and animals [10]. It has an ideal omega 6 to omega 3 essential
fatty acids ratio for optimal human health [5,11]. These polyunsaturated essential fatty
acids can be utilized as another energy source for the animal while potentially improving
the immune function [1]. On a DM basis, hempseed meal contains 32.08% CP, 50.79%
neutral detergent fiber (NDF), 39.04% acid detergent fiber (ADF), 8.24% ash, and 5.24%
ether extract [1]. Studies showed that HSM is an excellent source of rumen undegraded
protein [1,5]. Gibb et al. [12] found no detrimental effect on the carcass traits of steers
fed 14% full-fat hemp seed (HS). Hessle et al. [6] fed steers diets supplemented with cold-
pressed hempseed cake and found no effect on the carcass traits compared to the soybean
meal fed steers. There are few studies on the hempseed and its byproduct as a potential
protein source for ruminants, especially goats [1,7,12].

Small ruminants such as goats can be vital in production arenas where nutritional
resources are limited. Goats (Capra hircus) are small ruminants domesticated for meat,
milk, fiber, and skins [13]. The meat goat industry is rapidly growing, and its demand
and popularity is increasing in the US with the increase in the ethnic populations and
immigrants from Asia, Africa, Latin America, and the Middle East [13]. Goat meat is
considered healthier than other red meats [14] because it has leaner protein, less fat, and
is high in iron and vitamin B12. It also has balanced amino acids, saturated/unsaturated
fatty acids, low n6:n3 ratio, and high conjugated linoleic acid [15]. Carcass characteristics
are important aspects of meat quality that help to determine the marketing value of the
meats and live animals. So, it is highly significant to the producer and consumer. Meat
goat carcass characteristics can be influenced by breed, age, sex, diet, and environment [16].
Numerous studies have been conducted to evaluate the effect of various agricultural
byproducts on the different carcass characteristics of small ruminants [17–19]. Previous
research evaluating the effect of HSM on fresh and cooked characteristics of meat are
extremely limited. However, Smith et al. [20] reported no significant difference (p > 0.05)
on the fresh and cooked characteristics in the goat meat fed with varying levels of HSM.
Limited research has been undertaken on the carcass characteristics of goat meat [21]. So,
the objective of the current study was to investigate the effects of feeding various levels of
HSM on the carcass traits and the meat quality of crossbred Boer goats during the 60 days
trial period.

2. Materials and Methods

2.1. Experimental Animals and Diets

The study was conducted at the Caprine Research and Education Unit of George
Washington Carver Agricultural Experiment Station of Tuskegee University, Tuskegee,
AL, USA. All animal handling, care, and sample collection procedures were conducted
and approved by Tuskegee University Animal Care and Use Committee protocol number
R07-2019-5. Goats were brought from Texas and quarantined for 14 days during which they
were provided control complete total mixed ration diet. The goats were individually housed
in 1.1 × 1.2 m pens with plastic-coated expanded metal floors. The goats were vaccinated
with Clostridium perfringens type C and D-Tetani Bacterin-Toxoid (Bayer Corp., Shawnee
Mission, KS, USA) and dewormed with Cydectin (moxidectin; Fort Dodge Animal Health,
Fort Dodge, IA, USA) before arrival. Forty castrated Boer cross goats (Capra aegagrus hircus)
with approximately six months of age and an initial average weight of 25.63 ± 0.33 kg were
randomly allocated to one of four treatments (n = 10) in a completely randomized design
for 60 days. Treatments consisted of different levels of HSM: control with 0%, 10%, 20%,
and 30% HSM supplementation of the total diets.
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Hempseed meal was obtained from Kentucky Hemp Works, Crofton, KY, USA. Pel-
leted diets were prepared at Auburn University Poultry Feed Mill to ensure the goats
consume as much HSM as possible by reducing the chance of selective feeding by goats.
The complete diet consisted of bermudagrass (Cynodon dactylon) hay, soybean meal, meat
maker 16:8 (goat premix), cracked corn, molasses, and HSM at varying rates. Goat diets
consist of 50% concentrate mix (as-fed basis) and 50% mixed hay which were offered
separately. The goats were fed pelleted diets formulated to meet their nutritional needs.
Animals were fed twice a day with ad libitum access to water throughout the experiment.
Additionally, each animal was provided with 0.23 kg of mixed hay to aid in optimal rumen
function. Feed remnants were weighed twice daily and replaced to ensure animals had
constant access to fresh feed.

2.2. Chemical Analysis

The samples of hay and concentrate mixes were separated and collected before the
experiment and dried for 48 hours at 55 ◦C in a convection oven (model 420, NAPCO,
Pittsburgh, PA, USA). The samples were ground using a grinding machine (Hammer Mill
Model 1250; Lorenz MFG Co., Benson, MN, USA) and sent to the Holmes laboratories,
Millersburg, Ohio for analysis. Dry matter, crude protein, acid detergent fiber, crude fat,
ash, calcium, and phosphorus were completed according to the methods described by the
American Organization of Analytical Chemists [22]. The D.M. concentration of hay was
measured at 60 ◦C for 24 hours, and ash was determined at a temperature of 550 ◦C for
5 hours. Nitrogen concentration (N) of the diet samples was determined using Kjeldahl N
method, and CP was measured by: Crude Protein (CP) = Nitrogen (N)× 6.25

Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were calculated using
the method of van Soest et al. [23] as utilized by the Ankom Fiber Analyzer (Ankom
Technology Corp., Macedonia, NY, USA). Lignin concentration was determined according
to methods described by the United States Department of Agriculture [24].

2.3. Slaughter and Carcass Evaluation

On day 60 of the study, goats were weighed (final weight) utilizing a goat and sheep
scale manufactured by Lakeland Farm and Ranch (Clawson, MI, USA) in 0.1 kg increments.
Feed and water were withheld overnight before slaughter. The goats were transported
and harvested according to the USDA standards at the Lambert-Powell Meats Laboratory,
Auburn University, AL, USA. Goats were slaughtered using approved methods of US
Department of Agriculture-Food Safety and Inspection Service (USDA FSIS) according
to the Humane Slaughter Act [25]. After the slaughter process, the carcass was rinsed
with hot water and a 2% solution of lactic acid and weighed using a Static Monorail Scale
(Vandenberg Scales, Sioux Center, IA, USA) to determine the hot carcass weight (HCW).
Kidney, pelvic, and heart (KPH) were collected to determine KPH fat percentage of the
carcass weight using an analytical balance (PB3002-S, Met- tler Toledo, Columbus, OH,
USA). Carcasses were then chilled at 4 ◦C for 24 hours, after chilling, carcasses were
re-weighed using the Static Monorail Scale to determine the cold carcass weight (CCW).
Dressing percentage (DP) was calculated by the following equation:

Dressing Percentage (DP) =
(

Hot Carcass Weight
Live Weight

)
× 100

Then, Ribeye area (REA) was determined by measuring the surface area of the longis-
simus dorsi muscle between the 12th and 13th ribs of the goat carcass using a grid [26].
Marbling scores were measured according to the USDA [27] utilizing beef marbling scores
as reference, between the 12th and 13th rib interface. Fat thickness opposite to the loin eye
was determined by measuring the subcutaneous fat over the ribeye area (REA) utilizing a
caliper after measuring the REA. In addition, body wall thickness was measured approx-
imately 4.5 inches from the midline of the ribbed goat carcass utilizing a stainless-steel
ruler. Fresh meat samples were minced twice through a meat-grinding machine; minced
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meat samples were vacuum packaged and frozen for chemical analysis. The chemical
composition of meat samples was determined by utilizing the proximate analysis to de-
termine the moisture, fat, protein, and collagen content according to the Association of
Official Analytical Chemists [28]. Samples for chemical analysis (protein, moisture, fat, and
collagen) were conducted using a near-infrared (NIR) approved spectrophotometer (Food
Scan™, FOSS Analytical A/S, Hilleroed, Denmark).

2.4. Statistical Analysis

Data were analyzed using the GLIMMIX procedures of SAS 9.4 (SAS Inst. Inc., Cary,
NC, USA). Treatment served as the lone fixed effect for carcass measurements and phys-
iochemical components. Least squares means were generated and statistical significance
(p < 0.05), F-values were observed, and least squares means were separated using pair-wise
t-tests (PDIFF option).

3. Results and Discussion

3.1. Diet Composition

The chemical composition of Bermuda grass hay (BGH) and hempseed meal (HSM)
are shown in Table 1, while the ingredients and chemical composition of concentrate mixes
are shown in Table 2. HSM is relatively high in CP concentration in the present study, and
other studies reported similar values [1,6–8,29]. In this study, diets were balanced to be
iso-nitrogenous replicating conditions that might be experienced in a production scenario.
As the rate of HSM supplementation increased, there was a decrease in total digestible
nutrients (TDN) and non-fiber carbohydrate (NFC), while there was an increase in crude
fat. Fiber content, both ADF and NDF increased as the rate of supplementation increased.
Lignin concentration, the indigestible portion of plant material, also increased with the
increasing level of HSM. Phosphorus concentration also increased with an increasing
level of supplementation while calcium decreased. As the level of HSM increased, net
energy for gain (NEg) and TDN decreased, which could potentially induce a difference
in growth and carcass characteristics; however, no significant differences were observed
among treatments.

Table 1. Chemical composition of Bermuda grass hay (BGH) and hempseed meal (HSM) used in
the experiment.

a Items
Diet

BGH HSM

Dry Matter (%) 95.85 89.61
Crude Protein (%) 9.58 36.42

Acid detergent fiber (%) 42.82 36.47
Neutral detergent fiber (%) 70.99 49.47

Lignin (%) 6.68 12.76
Crude Fat (%) 1.23 11.53

Total digestible nutrients (%) 55.13 63.22
Net energy for gain (Mcal/lb) 0.266 0.377

Ash (%) 4.79 5.82
Calcium (%) 0.26 0.23

Phosphorus (%) 0.17 1.03
a Values are presented on a dry matter basis, except dry matter. Source: Holmes Laboratory Inc., Millersburg, OH
44654, USA.
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Table 2. Ingredients and nutrient composition of the experimental diets fed to Boer crossbred
meat goats.

Items a Diets

0% HSM 10% HSM 20% HSM 30% HSM

Ingredients, as-fed basis
Bermuda Grass Hay (%) 50 50 50 50

Cracked Corn (%) 28 24 18.5 14
Soybean Meal (%) 18.5 13 8 2.5

Molasses (%) 2.5 2.5 2.5 2.5
b Goat Premix (%) 1 1 1 1

Nutrient composition, DM basis
Dry Matter (%) 89.06 88.66 89.1 89.86

Crude Protein (%) 19.18 19.91 19.25 20.39
Lignin (%) 3.34 4.77 6.21 7.02

Acid Detergent Fiber (%) 21.06 24.67 28.96 30.97
Neutral Detergent Fiber (%) 33.29 35.18 39.63 42.8
Non-Fiber Carbohydrate (%) 40.64 37.8 35.38 31.9

Acid Hydrolysis Fat (%) 3.19 3.32 4.22 4.5
Total Digestible Nutrients (%) 71.2 69.2 64.7 62.79
Net Energy for gain (Mcal/lb) 0.481 0.456 0.397 0.372

Ash (%) 7.02 7.01 7.09 6.79
Calcium (%) 0.95 0.92 0.88 0.82

Phosphorus (%) 0.39 0.41 0.48 0.52
a Values are presented on a dry matter basis, except DM. b Goat premix (%): Ca 9.0, P 8.0, salt 41.0, K 0.1, Mg 1.0;
(ppm) Cu 1750, Se 25.0, Zn 7500 and (IU kg−1) Vitamin A 3,08,644, Vitamin D 24,251, and Vitamin E 1653.

3.2. Carcass Characteristics

The effect of different levels of HSM supplementation on carcass traits of goats are
presented in Tables 3 and 4. HSM supplementation showed no significant effect on the
carcass weights (p > 0.05) evaluated in the present study (Table 3). There were no significant
differences (p > 0.05) in the mean values of dressing percentages (DP) among treatments
(Table 3). The values were 46.59, 45.42, 45.77, and 46.16% for diets containing 0, 10, 20,
and 30% HSM, respectively, which were higher than that reported by Gurung et al. [18]
when Dried Distillers Grain was used with soluble (DDGS) for goats. However, the DP
was lower than that obtained when goats were supplemented with peanut skins [30], and
grain diets and pasture [31]. The values of hot carcass weight (HCW) were 16.55, 16.37,
15.69, and 15.33 kg for diets containing 0, 10, 20, and 30% HSM, respectively, which are
in decreasing order with increase of HSM supplementation but not significantly different
(p > 0.05) among the treatments (Table 3). Similarly, the values of cold carcass weight (CCW)
of the animals were decreasing with the increase in the levels of HSM supplementation
but were not significantly different (p > 0.05) among the treatments (Table 3). The values
of HCW and CCW of meat goats were higher than that reported by Ebrahimi et al. [32],
whereas they were lower than that reported by Min et al. [30].

The marbling scores (376, 399, 355, 364, respectively) were also not significantly different
(p > 0.05) among the treatments and fall on the marbling degree of “Slight (S.L.)”. Flank
color and marbling scores were all within the normal range for growing meat goats, as these
values are consistent with other values reported by other researchers [17–19,30,32]. Ribeye
area (REA) was not significantly different (p > 0.05) among treatments with values of 3.68,
3.4, 3.47, 3.39 cm2 for 0, 10, 20, and 30% HSM, respectively. There were no differences in
the body wall (BW) thickness (p > 0.05) among treatments (Table 3), with 0.31, 0.30, 0.29,
and 0.29 cm for 0, 10, 20, and 30 % HSM, respectively. The results were lower than those
of Gurung et al. 2009 [18], reported the BW thickness of 1.09 cm for goats fed with 10.3 %
DDGS and 3.9 cm BWF thickness reported by 50 % peanut skins (PS) supplementation on
the goats [30]. Similarly, back fat thickness measured opposite loin eye was not significantly
different (p > 0.05) among treatments. The values were 0.033, 0.027, 0.032, and 0.025 cm

127



Animals 2022, 12, 1986

for diets containing 0, 10, 20, and 30% HSM, respectively. The results were lower than the
result of 0.8 cm of fat depth for 30% PS supplementation presented by Min et al. [30]. The
KPH fat percentage was not affected (p > 0.05) by varying levels of HSM supplementation
in the meat goats. These results suggest that varying levels of HSM supplementation have
no negative impact on the carcass characteristics of goat meat.

Table 3. Effects of varying levels of HSM supplementation on the carcass yields and quality measure-
ments of meat goats.

Items
Treatment, % SEM p-Value

0 10 20 30

Dressing Percent, % 46.59 45.43 45.77 46.17 0.510 0.107
Hot carcass weight, kg 16.55 16.37 15.69 15.33 0.42 0.153
Cold carcass weight, kg 16.42 16.09 15.51 15.15 0.418 0.152

Ribeye Area, cm2 3.68 3.40 3.47 3.39 0.119 0.297
Fat Thickness Opposite Loin Eye, cm 0.033 0.027 0.032 0.025 0.004 0.556

Body Wall Thickness, cm 0.31 0.30 0.29 0.29 0.036 0.975
Kidney, Pelvic, Heart Fat, % 2.20 2.70 2.60 2.45 0.295 0.656

Marbling score * 376 399 355 364 16.5 0.278
* Means based on USDA (2001) marbling scores where 100 = practically devoid (Standard−), 200 = traces
(Standard+/0), 300 = slight (Select+/−), 400 = small (Choice−), 500 = modest (Choice0), 600 = moderate (Choice+),
700 = slightly abundant (Prime−) and 800 = moderately abundant (Prime0). SEM = standard error of mean.

Table 4. Physio-chemical attributes of goat meats supplemented with varying levels of HSM.

Meat Quality Traits
Treatment, %

SEM p-Value
0 10 20 30

Moisture, % 71.28 72.82 71.24 73.58 0.757 0.087
Fat, % 13.69 11.49 13.68 10.18 1.069 0.065

Protein, % 22.95 22.96 23.09 23.72 0.383 0.446
Collagen, % 2.53 2.31 2.52 2.29 0.075 0.056

SEM = standard error of mean.

The results reported by Gurung et al. [18] also agreed with the results of the present
study that varying levels of agricultural protein by products do not significantly impact
carcass characteristics. Furthermore, Abdelrahim et al. [17] fed varying levels of DDGS
(12.7 and 25.4% of diet) to growing lambs and determined that the different levels of DDGS
had no negative impact on carcass characteristics evaluated in that study. There was no
significant difference (p > 0.05) in the moisture, fat, protein, and collagen content of the
goat meats among treatments, as shown in Table 4. The percentage of moisture, fat, protein,
and collagen were all within the normal range for growing meat goats, consistent with the
values reported by other studies [17–19,30,32]. Similarly, moisture and protein contents
were consistent with the values reported by Sen et al. and Shija et al. [31,33]. However, the
fat percentage of goat meat was higher than that reported by previous researchers [31,33].
These results showed that including up to 30% HSM supplementation has no detrimental
effects on the physio-chemical attributes of goat meat.

4. Conclusions

Limited studies have been implemented regarding the effect of supplementing HSM
on the carcass traits and meat quality of growing meat goats. So, these results suggest
that up to 30% HSM can be fed to growing meat goats without affecting the carcass traits.
HSM could potentially be an effective protein source for growing meat goats since even
the 30% level has no adverse effects. These results might be promising for the future of the
industrial hemp industry as HSM could potentially be marketed as an alternative protein
source for livestock. Further works are needed to evaluate the effects of HSM inclusion
rates on the carcass traits and meat quality of goats.
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Simple Summary: Omega-3 polyunsaturated fatty acids (n-3 PUFAs), mainly eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), have been increasingly studied due to their beneficial health
effects. N-3 PUFAs are particularly abundant in the brain and retina, where they play various roles
that are important to the maintenance of normal function in those organs. The present study aimed
to evaluate the FA profile of lamb brain and retinal tissues after they were fed three experimental
diets supplemented with an EPA-rich microalga for 21 days. The microalga was delivered in a
different format in each one of the diets (oil, spray-dried and freeze-dried biomass); therefore, its
efficiency in altering the FA profile of brain and retina was evaluated for each diet. Overall, our
results demonstrated that the brain EPA content remained unchanged after EPA supplementation, in
contrast with the retinal EPA, which was very responsive to microalga supplementation.

Abstract: Omega-3 polyunsaturated fatty acids (n-3 PUFAs) have special physiological functions
in both brain and retinal tissues that are related to the modulation of inflammatory processes and
direct effects on neuronal membrane fluidity, impacting mental and visual health. Among them, the
long-chain (LC) n-3 PUFAs, as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), are of
special importance. Scarce data are available about the fatty acid (FA) composition of the ruminant
brain in response to dietary intervention. However, we decided to examine the brain and retina FA
composition of lambs supplemented with an EPA-rich microalga feed for 21 days, as it is known that
despite the extensive biohydrogenation of dietary PUFAs in the rumen, ruminants can selectively
accumulate some n-3 LC-PUFAs in their brain and retinal tissues. Twenty-eight male lambs were fed
a control diet, or the same diet further supplemented with Nannochloropsis sp. microalga. Their brains
and retina were collected for FA characterization. Overall, the brain FA profile remained unchanged,
with little alteration in omega-3 docosapentaenoic acid (DPA) enhancement in both the hippocampus
and prefrontal cortex. Retinal tissues were particularly responsive to the dietary intervention, with a
4.5-fold enhancement of EPA in the freeze-dried-fed lambs compared with the control lambs. We
conclude that retinal tissues are sensitive to short-term n-3 PUFA supplementation in lambs.

Keywords: fatty acid; hippocampus; prefrontal cortex; dimethyl acetal

1. Introduction

Fatty acids (FAs) are the most abundant organic compounds in the brain. More than
90% of polyunsaturated FAs (PUFAs) in the mammalian brain are composed of long-chain
PUFAs (i.e., ≥20 C chain, LC-PUFA) such as arachidonic acid (AA, 20:4n-6) and docosa-
hexaenoic acid (DHA, 22:6n-3) [1]. Most of these PUFAs are esterified in brain membrane
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phospholipids (PLs), and they influence brain functions by altering the biophysical proper-
ties of cell membranes [2]. Omega-3 PUFAs (n-3 PUFAs) have a special importance since
they play a role in a variety of physiological functions related to neurogenesis, neurotrans-
mission, and neuroinflammation, contributing to the development, functioning, and ageing
of the brain. Furthermore, in humans, n-3 LC-PUFA dietary deficiencies are associated with
an increased risk of developing various psychiatric disorders [3] and neurodegenerative
diseases [4]. Among these FAs, eicosapentaenoic acid (EPA, 20:5n-3) and DHA have been
linked to the maintenance of mental health, mediated by the modulation of inflammatory
processes and direct effects on neuronal membrane fluidity and receptor function [3]. N-3
docosapentaenoic acid (DPA, 22:5n-3) also plays an important role, as it is the second most
abundant n-3 LC-PUFA in the brain after DHA. It is suggested to be specifically beneficial
for elderly neuroprotection and early-life brain development [5].

In addition to the brain, retinal tissue also is rich in lipids, which comprise approx-
imately 20% of the retina’s dry weight. Retinal membrane PLs have the highest level of
LC-PUFAs of any tissue in humans (approximately 33%) [6–8]. The retina is a tissue with
a naturally high content of n-3, particularly DHA, which plays an essential role in opti-
mizing the fluidity of photoreceptor membranes, retinal integrity and visual function [9].
DHA also has a protective role in the retina, participating in the anti-inflammatory activity,
anti-angiogenesis, anti-apoptosis and providing protection from neurotoxicity [9].

The brain lipids of ruminant species, especially cattle, have been well characterized
and appear to be very similar to those of the human brain in terms of both content and
composition [10]. Although they are less well-characterized, the lipids in the brains of
sheep also do not seem to differ markedly from the ones found in cattle [10]. In ruminants,
brain characterization has been traditionally focused on the types of lipids and less so on a
deeper characterization of FAs. Moreover, lipid analyses have been performed primarily
in brain homogenates or gross anatomical structures within the brain [10], not in specific
functional regions or tracts of the ruminant brain. Bovine and ovine retinal fatty acid
compositions are similar: they are composed of appreciable amounts of palmitic acid (16:0),
stearic acid (18:0), DHA and AA [10,11]. Thus, despite the extensive biohydrogenation
of dietary PUFAs in the rumen, ruminants can selectively accumulate n-3 LC-PUFA in
their brain and retinal tissues, contrasting with the low deposition of these FAs in adipose
tissue and muscle [12]. Liver stores of n-3 LC-FA were reported to be the primary source
of these FAs for the brain tissues of rats [13], even during periods of low dietary intake
of these FAs [13,14]. This makes it possible to maintain adequate levels of DHA and AA
in the brains of DHA- and AA-deprived animals [13,14]. In a very recent publication,
cattle supplemented with calcium salts of fish oil with 11% EPA and 8% DHA had, across
most brain regions, greater EPA concentrations when compared to palm-oil-supplemented
animals [15].

The dietary supplementation of microalgae has been shown to enhance n-3 LC-PUFAs
along lambs’ gastrointestinal tracts [16]. Moreover, Vítor et al. [16] showed that the drying
method applied to the microalgae strongly influenced the powder architecture and cell
wall integrity, consequently affecting the degree of EPA protection against rumen microbes.
Therefore, we hypothesise that lambs’ brains and/or retinal tissues would be sensitive to
the differences in n-3 LC-PUFA absorption due to the changes in rumen biohydrogenation
associated with the processing of microalgae biomass. Thus, we collected brain and retina
samples from six-month-old lambs used in a previous experiment and conducted a detailed
FA composition of those tissues.

2. Materials and Methods

2.1. Animal Handling and Diets

The current lamb trial was conducted in compliance with the ARRIVE and interna-
tional guidelines. The trial was conducted in certified facilities and was approved by an
ethical and animal well-being commission, as fully detailed in Vítor et al. [16]. Twenty-eight
sixty-day-old Merino Branco ram lambs with an average body weight of 21.8 ± 4.4 kg were
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housed in INIAV facilities in Santarém, Portugal. The animals were randomly allocated
to individual pens (1.52 m2) with ad libitum access to clean water. The lambs were sorted
into four experimental groups with seven replicates per group. The experimental diets
included a control diet (C diet), consisting of pellets containing dehydrated lucerne, barley
and soybean meal and no added sources of EPA, and three diets supplemented with the
microalga Nannochloropsis sp., designed to provide approximately 3 g of EPA per kg of
diet dry matter (DM). The average content of EPA (mg EPA/g product) in each microalgal
format was 235 in the Nannochloropsis oil, 22.7 in the spray-dried Nannochloropsis oceanica
and 30.8 in the lyophilized Nannochloropsis oceanica. Nannochloropsis sp.-containing diets
were composed of the C diet plus 123 g/kg of spray-dried Nannochloropsis oceanica biomass
(SD diet); 92 g/kg freeze-dried Nannochloropsis oceanica biomass (FD diet); and 12 g/kg of
Nannochloropsis sp. free-oil (O diet) (Table 1). The trial had a 3 week duration limitation
due to the high cost of the spray-dried Nannochloropsis oceanica biomass and the difficulty
of obtaining enough freeze-dried biomass with lab-scale equipment.

Table 1. Total fatty acid content (g/kg dry matter) and fatty acids (FAs) profile (% of total fatty acids)
of the experimental diets.

Item
Diets 2

C O SD FD

Total FA 1 13.7 20.6 19.5 20.2
FA profile

14:0 n.d. 1.26 2.40 2.28
16:0 25.5 23 23.9 26.2

c9-16:1 0.51 5.15 10.2 8.22
17:0 0.66 0.34 n.d. n.d.
18:0 4.09 2.96 2.51 3.32

c9-18:1 18.6 14.5 11.7 13.7
c11-18:1 0.73 0.93 0.72 0.69
18:2n-6 41 31.5 28.2 29.1
18:3n-3 8.91 6.80 5.02 6.44
20:4n-6 n.d 2.58 3.69 3.17
20:5n-3 n.d. 10.40 11.3 6.88

22:0 n.d. 0.58 0.36 n.d.
1 FA—fatty acids. 2 C—control diet with no EPA sources; O—diet with Nannochloropsis sp. oil; SD—diet with spray-
dried Nannochloropsis oceanica biomass; FD—diet with freeze-dried Nannochloropsis oceanica biomas; n.d.—not
detected. In the FA notation (x:n-), ‘x’ represents the number of C atoms, ‘:’ the number of double bonds and ‘n-’
the location, in its carbon chain, of the double bond which is closest to the methyl end of the molecule. c stands
for cis. Adapted from [16].

2.2. Slaughter and Sample Collection

After the end of the third week, the animals were slaughtered using a captive bolt.
This was followed by exsanguination. The brain tissue was removed whole. It retained its
shape and landmarks in spite of the captive bolt damage. The brain was cut on a sagittal
plane and divided into two hemispheres, which were then frozen at −80 ◦C. After thawing,
the different parts were individualized from the right hemisphere (Figure 1), stored in
individual bags, frozen at −80 ◦C and lyophilized. Grey and white matter were collected
from two different points in the brain and were considered samples from non-function-
specific brain parts, representing only samples from the two histologic and physiological
brain areas. The prefrontal cortex (cerebral cortex covering the front part of the frontal lobe),
and hippocampus (located in the medial part of the temporal lobe and, on a mid-sagittal
section of the brain, posterior to the amygdala extending posteriorly to the splenium of the
corpus callosum) were selected as function-specific brain parts.

Immediately after slaughter, the right eyeball of each lamb was removed with a spatula,
stored in a bag and frozen at −80 ◦C. The eyeballs were thawed, and the retina and tapetum
lucidum (RTL) were individualised (Figure 2). The liver was removed from the carcass, and
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a portion of the left lobe was stored in a bag and frozen at −80 ◦C. All brain parts, RTL and
a portion of the liver were lyophilised prior to fatty acid extraction.

 
Figure 1. Lamb right brain hemisphere. The four collected parts are highlighted in the figure:
prefrontal cortex and hippocampus are filled in blue and yellow, respectively; grey matter is identified
with the yellow triangles and white matter with the blue circles.

Figure 2. Dissection of the right eyeball of one lamb. From left to right: (A) right eyeball; (B) removal
of eye structures (cornea, iris and lens) and tapetum lucidum evidenced; and (C) cutting of material
used for FA analysis including tapetum lucidum and retina tissues.

2.3. Fatty Acid Methyl Esters (FAMEs) and Dimethyl Acetals (DMAs) Analysis

Fatty acid methyl esters (FAMEs) and dimethyl acetals (DMAs) of the brain, RTL tis-
sues and liver samples were prepared by acid-catalysed transesterification in methanol [17].
In plasmalogens, the sn-1 position of the glycerol contains a vinyl-ether that releases a DMA
in the presence of acid methanol solution. Briefly, approximately 100 mg of lyophilised
and ground sample was weighted to reaction tubes. Toluene and 1 mL of internal standard
(methyl nonadecanoate −1 mg/mL) were then added, and the samples were placed in an
ultrasound bath for ten minutes. A solution of 1.25 M HCl in methanol (3 mL) was added
and left to react overnight at 50 ◦C in a water bath.

Fatty acid methyl esters and DMAs were analysed by gas chromatography with flame
ionization detection (GC-FID), using a Shimadzu GC 2010-Plus (Shimadzu, Kyoto, Japan)
equipped with an SP-2560 (100 m× 0.25 mm, 0.20 μm film thickness, Supelco, Bellefonte,
PA, USA) capillary column. The injector and detector temperatures were maintained at
220 ◦C and 250 ◦C, respectively. The carrier gas was helium at a constant flow of 1 mL/min.
The GC oven temperature began at 50 ◦C for 1 min, then increased to 150 ◦C at 50 ◦C/min,
held for 20 min, increased to 190 ◦C at 1 ◦C/min, and finally increased to 220 ◦C at 2 ◦C/min
and held for 40 min. The identification of FAMEs was achieved by a comparison of the fatty
acid retention times with those of commercial standards (FAME mix, 37 components from
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Supelco Inc., Bellefont, PA, USA) and with published chromatograms [18,19]. Additional
confirmation of FAMEs and DMAs were achieved by electron impact mass spectrometry
using a Shimadzu GC–MS QP2010 Plus (Shimadzu, Kyoto, Japan) equipped with a SP-2560
(100 m× 0.25 mm, 0.20 μm film thickness, Supelco, Bellefonte, PA, USA) capillary column
and similar GC conditions.

2.4. Statistical Analysis

FAME and DMA data were analysed as a completely randomised experimental design
using the MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary, NC, USA). Diet was used
as a fixed factor, and the animal was used as the experimental unit. Feed intake data were
analysed as a completely randomised block design, in which an individual lamb was used
as the experimental unit and the model included the treatment and initial live weight block
as the fixed factors. The least square means and standard error of the mean (SEM) were
reported, and the main effects and their interactions were considered significant at p < 0.05.
The TFA + DMA content is presented in mg/g DM, and the FA individual composition is
presented in % of TFA + DMA (g FA/100 g TFA + DMA). The sparse partial least squares
discriminant analysis (sPLSDA) was performed using MetaboAnalyst 5.0 software, using
the centred log ratio transformed FA data as input.

3. Results

3.1. Fatty Acid Intake

The feed intake averaged 1.19 ± 0.13 kg (mean ± standard error of the mean) of
DM/day during the experiment. It did not differ among treatments (p > 0.05) [16]. A brief
report of individual and total FA intake (mg/day) is presented in Table 2.

Table 2. Daily fatty acid (FA) intake (m/day) during the trial.

FA 1
Diets 2

SEM 3 p-Value
C vs. Nannochloropsis DIETS 4

C O SD FD

14:0 - 320 590 540 0.030 <0.001
16:0 4110 5780 5710 6200 0.466 0.217

c9-16:1 60 1300 2490 1970 0.119 <0.001
18:0 660 740 600 790 0.061 0.011

c9-18:1 3010 3620 2800 3260 0.277 <0.001
c11-18:1 120 230 110 160 0.014 <0.001
18:2n-6 6640 7900 6710 6910 0.607 <0.001
18:3n-3 1440 1700 1190 1530 0.129 <0.001
20:4n-6 - 670 890 750 0.058 <0.001
20:5n-3 - 2600 2710 1630 0.178 <0.001
Total 16,100 25,100 24,000 23,700 1.90 0.033

1 FA—fatty acid; 2 C— control diet with no EPA sources; O—diet with Nannochloropsis sp. oil; SD—diet with spray-
dried Nannochloropsis oceanica biomass; FD—diet with freeze-dried Nannochloropsis oceanica biomass; n.d.—not
detected. 3 Standard error of the mean. 4 C vs. Nannochloropsis diets, compares C with O, SD and FD together. In
the FA notation (x:n-), ‘x’ represents the number of C atoms, ‘:’ the number of double bonds and ‘n-’ the location,
in its carbon chain, of the double bond which is closest to the methyl end of the molecule. c stands for cis.

Apart from 16:0, the intake of all the FAs analysed differed between the control and
Nannochloropsis-diet-supplemented lambs (p < 0.05). The FA 14:0, 20:4n-6 and 20:5n-3
were only present in the Nannochloropsis-supplemented diets; therefore, their feed intake
was zero in the control-fed lambs. The total FA intake differed between control and
Nannochloropsis-supplemented lambs (p < 0.05), being higher in the latter.

3.2. Brain Fatty Acid and Dimethyl Acetal Profile

The total FA and DMA (TFA + DMA) content (mg/g DM) and composition (g/100 TFA
+ DMA) of grey and white matter are presented in Table 3; those of the hippocampus and
prefrontal cortex are presented in Table 4. Regarding the grey and white matter, the
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amount of TFA + DMA did not differ among treatments, averaging 191 and 227 mg/g DM,
respectively. Additionally, in both the hippocampus and prefrontal cortex, TFA + DMA
content did not differ among treatments, averaging 199 and 208 mg/g DM, respectively.

Table 3. Total fatty acid (TFA) and dimethyl acetal (DMA) content (mg/g DM) and composition (%
TFA + DMA) of the grey matter and white matter of lambs.

FA and DMA 1

Grey Matter White Matter

Diets 2

SEM 3 p-Value
Diets 2

SEM 3 p-Value
C O SD FD C O SD FD

TFA + DMA 189 192 190 193 5.2 0.970 235 227 225 222 4.1 0.163
14:0 0.57 0.55 0.58 0.58 0.025 0.746 0.52 0.52 0.55 0.53 0.018 0.778
15:0 0.11 0.12 0.11 0.13 0.008 0.392 0.09 0.09 0.09 0.11 0.007 0.177
16:0 19 19 19 19 0.4 0.942 13 14 14 15 0.4 0.261

c7-16:1 0.42 0.42 0.40 0.42 0.021 0.934 0.35 0.37 0.35 0.36 0.016 0.722
c9-16:1 0.42 0.43 0.45 0.45 0.024 0.810 0.26 0.29 0.27 0.29 0.013 0.354

17:0 0.29 0.29 0.27 0.31 0.014 0.445 0.27 0.31 0.28 0.31 0.015 0.181
c9-17:1 0.11 0.11 0.10 0.11 0.010 0.940 0.11 0.17 0.14 0.15 0.019 0.223

18:0 21 21 20 21 0.5 0.964 15 16 16 16 0.4 0.176
c9-18:1 15 15 15 14 0.5 0.847 22 22 22 21 0.5 0.216

c11-18:1 3.4 3.3 3.3 3.3 0.07 0.433 3.0 3.0 2.9 3.0 0.05 0.671
18:2n-6 0.48 0.48 0.50 0.52 0.030 0.673 0.29 0.43 0.39 0.42 0.042 0.111

19:1 0.06 0.07 0.07 0.07 0.006 0.836 0.10 0.10 0.10 0.10 0.008 0.892
20:0 0.32 0.31 0.31 0.32 0.017 0.870 0.69 a 0.64 ab 0.62 b 0.62 b 0.019 0.045

18:3n-3 0.04 0.03 0.03 0.04 0.008 0.843 0.13 a 0.08 b 0.13 a 0.09 b 0.013 0.026
c11-20:1 0.86 0.83 0.88 0.80 0.080 0.902 2.2 2.0 2.1 1.9 0.11 0.372

20:1 0.27 0.27 0.27 0.26 0.021 0.941 0.62 0.62 0.59 0.56 0.035 0.542
21:0 0.06 0.06 0.07 0.07 0.005 0.428 0.09 0.10 0.11 0.10 0.012 0.868
20:2 0.10 0.12 0.11 0.12 0.014 0.761 0.26 0.25 0.24 0.23 0.023 0.803

20:2n-6 0.10 0.11 0.11 0.10 0.019 0.959 0.15 0.14 0.14 0.14 0.022 0.638
20:3n-9 0.54 0.54 0.59 0.49 0.068 0.764 0.69 0.69 0.69 0.65 0.054 0.943

22:0 0.71 0.66 0.64 0.66 0.069 0.915 1.90 1.84 1.68 1.69 0.078 0.140
20:3n-6 0.33 0.39 0.36 0.39 0.020 0.094 0.35 0.42 0.38 0.45 0.030 0.111

22:1 0.33 0.32 0.31 0.30 0.040 0.970 0.80 0.10 0.40 0.37 0.170 0.068
20:3n-3 0.13 0.13 0.12 0.11 0.020 0.941 0.57 0.78 0.62 0.60 0.083 0.334

22:1/20:3n-3 0.28 0.20 0.30 0.27 0.064 0.727 0.81 0.88 0.98 0.70 0.067 0.154
20:4n-6 6.3 5.8 5.7 6.2 0.24 0.312 3.8 4.0 3.8 4.2 0.16 0.176

23:0 0.21 0.20 0.21 0.20 0.028 0.992 0.50 0.39 0.39 0.37 0.050 0.262
22:2n-6 0.09 0.09 0.09 0.09 0.018 0.985 0.52 0.48 0.49 0.60 0.119 0.863
20:5n-3 0.26 0.29 0.32 0.32 0.040 0.655 0.71 0.60 0.69 0.69 0.053 0.502

24:0 0.66 0.63 0.61 0.63 0.139 0.997 2.3 2.3 2.2 2.0 0.11 0.115
c15-24:1 1.2 1.3 1.4 1.3 0.20 0.951 4.4 3.9 4.2 3.7 0.25 0.251

24:1 0.69 0.20 0.23 0.22 0.200 0.284 0.70 0.65 0.65 0.63 0.038 0.576
22:4n-6 2.5 2.5 2.6 2.9 0.268 0.864 2.8 2.4 2.5 2.7 0.14 0.194

21:5 0.11 0.03 0.03 0.03 0.035 0.334 0.14 0.17 0.12 0.10 0.030 0.448
22:5n-6 0.62 0.41 0.38 0.38 0.066 0.060 0.34 0.25 0.25 0.25 0.037 0.251

26:0 0.15 0.02 0.03 0.04 0.053 0.304 0.08 0.07 0.08 0.08 0.012 0.892
26:1 0.08 0.10 0.13 0.09 0.049 0.878 0.26 0.34 0.42 0.23 0.036 0.069

22:5n-3 3.0 0.76 1.05 1.21 1.111 0.504 0.51 0.32 0.57 0.65 0.150 0.454
22:6n-3 11 14 14 13 1.07 0.248 4.7 5.2 5.2 5.9 0.40 0.212
DMA

DMA 16:0 2.2 2.2 2.3 2.2 0.10 0.911 3.7 3.6 3.7 3.5 0.09 0.644
DMA 17:0 0.19 0.16 0.16 0.19 0.013 0.320 0.23 0.24 0.23 0.26 0.012 0.319
DMA 18:0 3.9 4.7 4.7 4.7 0.35 0.275 4.5 4.6 4.6 4.7 0.09 0.543

DMA c9-18:1 0.92 1.01 1.11 1.01 0.128 0.784 2.8 2.5 2.3 2.5 0.24 0.458
DMA c11-18:1 0.95 0.96 1.00 0.95 0.071 0.941 2.0 1.9 2.0 1.9 0.075 0.645
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Table 3. Cont.

FA and DMA 1

Grey Matter White Matter

Diets 2

SEM 3 p-Value
Diets 2

SEM 3 p-Value
C O SD FD C O SD FD

Partial sums
C18 4 39 39 39 39 0.3 0.526 40 41 41 40 0.5 0.207

C18:1 5 20 0.27 0.27 0.27 9.97 0.418 0.32 0.34 0.33 0.28 0.027 0.355
DMA 15 9.0 9.2 9.1 2.82 0.341 13 13 13 13 0.2 0.596
SFA 6 38 42 42 42 1.6 0.270 35 36 35 36 0.6 0.207

MUFA 7 22 22 22 22 0.8 0.901 35 34 34 32 0.8 0.156
cis-MUFA 22 21 21 21 0.9 0.455 32 32 32 30 0.7 0.223

PUFA 8 24 26 26 26 0.9 0.519 16 16 16 18 0.6 0.159
n-3 PUFA 14 15 15 15 0.5 0.121 6.7 7.0 7.3 8.0 0.41 0.162
n-6 PUFA 12 9.8 9.8 10 0.55 0.101 8.1 8.0 7.8 8.7 0.33 0.320

EPA + DHA 18 14 14 14 2.2 0.414 5.4 5.8 5.9 6.6 0.41 0.232
AA/EPA ratio 21 23 19 21 3.07 0.815 5.7 6.9 5.7 6.2 0.56 0.375

Means within a row with different letters are significantly different (p < 0.05). 1 FA and DMA—fatty acids and
dimethyl acetals; 2 C—control diet with no EPA sources; O—diet with Nannochloropsis sp. oil; SD—diet with spray-
dried Nannochloropsis oceanica biomass; FD—diet with freeze-dried Nannochloropsis oceanica biomass. 3 Standard
error of the mean; the value presented corresponds to a pooled sample standard error of the mean. 4 Sum of C18
FA. 5 Sum of C18:1 FA. 6 Sum of saturated FA. 7 Sum of monounsaturated FA. 8 Sum of polyunsaturated FA. In
the FA notation (x:n-), ‘x’ represents the number of C atoms, ‘:’ the number of double bonds and ‘n-’ the location,
in its carbon chain, of the double bond which is closest to the methyl end of the molecule. c stands for cis.

Table 4. Total fatty acid (TFA) and dimethyl acetal (DMA) (mg/g DM) content and composition
(% TFA + DMA) of the hippocampus and prefrontal cortex of lambs.

FA and DMA 1

Hippocampus Prefrontal Cortex

Diets 2

SEM 3 p-Value
Diets 2

SEM 3 p-Value
C O SD FD C O SD FD

TFA + DMA 199 196 204 195 4.4 0.569 206 206 211 210 3.0 0.533
14:0 0.52 0.51 0.53 0.48 0.018 0.243 0.59 0.59 0.61 0.63 0.024 0.643
15:0 0.11 0.10 0.09 0.10 0.005 0.185 0.11 0.11 0.10 0.12 0.008 0.493
16:0 17 17 16 16 0.4 0.458 18 17 17 18 0.3 0.923

c7-16:1 0.43 0.43 0.40 0.38 0.017 0.101 0.43 0.42 0.40 0.41 0.018 0.649
c9-16:1 0.35 0.39 0.38 0.34 0.017 0.174 0.42 0.42 0.41 0.43 0.019 0.863

17:0 0.29 0.28 0.27 0.29 0.009 0.428 0.27 0.29 0.26 0.31 0.019 0.408
c9-17:1 0.11 0.12 0.12 0.12 0.009 0.937 0.13 0.13 0.13 0.15 0.010 0.263

18:0 18 19 18 18 0.4 0.642 19 19 19 19 0.4 0.951
c9-18:1 17 17 18 17 0.5 0.756 17 17 17 17 0.5 0.905

c11-18:1 3.4 3.3 3.2 3.3 0.05 0.325 3.4 3.3 3.2 3.2 0.05 0.107
18:2n-6 0.41 0.45 0.45 0.44 0.027 0.644 0.40 0.42 0.42 0.45 0.035 0.790

19:1 0.08 0.08 0.08 0.09 0.008 0.578 0.08 0.08 0.07 0.08 0.005 0.125
20:0 0.50 0.48 0.49 0.50 0.029 0.968 0.45 0.48 0.44 0.45 0.027 0.705

18:3n-3 0.09 0.08 0.09 0.06 0.013 0.481 0.07 0.08 0.06 0.06 0.008 0.443
c11-20:1 1.4 1.3 1.6 1.6 0.14 0.567 1.2 1.2 1.2 1.2 0.07 0.912

20:1 0.38 0.37 0.40 0.39 0.026 0.822 0.38 0.39 0.38 0.37 0.021 0.878
21:0 0.07 0.07 0.08 0.07 0.007 0.904 0.10 0.09 0.08 0.07 0.013 0.660
20:2 0.19 0.17 0.19 0.17 0.012 0.472 0.19 0.20 0.19 0.18 0.018 0.846

20:2n-6 0.12 0.12 0.12 0.15 0.013 0.297 0.08 0.11 0.10 0.11 0.007 0.075
20:3n-9 0.83 0.84 0.77 0.70 0.051 0.221 0.73 0.74 0.69 0.64 0.066 0.673

22:0 1.0 1.1 1.2 1.2 0.12 0.815 1.1 1.2 1.1 1.2 0.07 0.759
20:3n-6 0.37 b 0.44 a 0.42 ab 0.46 a 0.023 0.049 0.29 b 0.38 a 0.35 a 0.37 a 0.018 0.008

22:1 0.50 0.47 0.58 0.59 0.054 0.348 0.46 0.53 0.48 0.48 0.032 0.536
20:3n-3 0.24 0.21 0.25 0.24 0.022 0.588 0.26 0.29 0.25 0.27 0.022 0.572

22:1/20:3n-3 0.59 0.49 0.55 0.57 0.145 0.960 0.43 0.30 0.46 0.46 0.037 0.108
20:4n-6 5.4 5.4 4.9 5.1 0.26 0.476 5.3 5.0 4.9 5.1 0.17 0.346

23:0 0.38 0.33 0.36 0.37 0.030 0.641 0.24 0.25 0.24 0.25 0.022 0.980
22:2n-6 0.18 0.13 0.19 0.19 0.035 0.600 0.18 0.20 0.21 0.20 0.038 0.958
20:5n-3 0.56 0.59 0.63 0.62 0.035 0.580 0.55 0.65 0.63 0.65 0.061 0.596

24:0 1.4 1.4 1.5 1.5 0.14 0.971 1.1 1.3 1.2 1.2 0.10 0.805
c15-24:1 2.6 2.1 2.7 2.8 0.28 0.266 2.2 2.3 2.3 2.3 0.17 0.983
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Table 4. Cont.

FA and DMA 1

Hippocampus Prefrontal Cortex

Diets 2

SEM 3 p-Value
Diets 2

SEM 3 p-Value
C O SD FD C O SD FD

24:1 0.39 0.31 0.38 0.40 0.034 0.260 0.43 0.42 0.40 0.44 0.030 0.823
22:4n-6 3.2 2.8 2.8 2.9 0.16 0.235 2.8 2.5 2.6 2.6 0.13 0.329

21:5 0.09 0.08 0.09 0.10 0.014 0.861 0.06 0.07 0.07 0.06 0.008 0.413
22:5n-6 0.50 a 0.34 b 0.31 b 0.31 b 0.052 0.047 0.52 a 0.38 ab 0.34 b 0.33 b 0.052 0.056

26:0 0.05 0.04 0.05 0.05 0.005 0.286 0.05 0.05 0.05 0.05 0.005 0.675
26:1 0.26 0.18 0.23 0.25 0.067 0.846 0.52 0.35 0.60 0.57 0.078 0.256

22:5n-3 0.83 c 1.14 b 1.24 ab 1.36 a 0.066 <0.001 0.54 c 0.82 b 0.97 ab 1.06 a 0.069 <0.001
22:6n-3 9.0 9.6 8.9 9.0 0.38 0.573 10 10 10 10 0.53 0.956
DMA

DMA 16:0 2.7 2.7 2.8 2.7 0.09 0.717 2.7 2.9 2.8 2.8 0.12 0.910
DMA 17:0 0.20 0.20 0.20 0.22 0.013 0.716 0.19 0.19 0.19 0.21 0.013 0.373
DMA 18:0 4.6 4.7 4.7 4.8 0.08 0.612 4.5 4.7 4.7 4.6 0.09 0.519

DMA c9-18:1 1.4 1.5 1.8 1.8 0.17 0.268 1.5 1.6 1.6 1.6 0.11 0.986
DMA c11-18:1 1.4 1.4 1.5 1.4 0.05 0.301 1.3 1.4 1.4 1.4 0.08 0.919
Partial sums

C18 4 40 40 40 39 0.3 0.303 40 40 40 40 0.3 0.813
C18:1 5 0.37 0.32 0.33 0.33 0.018 0.265 0.29 0.28 0.26 0.27 0.019 0.807
DMA 10.3 10 11 11 0.3 0.320 10 11 11 11 0.3 0.830
SFA 6 39 40 39 39 0.6 0.311 40 40 40 40 0.5 0.934

MUFA 7 27 26 28 27 0.9 0.617 27 27 27 27 0.7 0.979
cis-MUFA 25 25 26 25 0.8 0.671 25 25 25 25 0.6 0.972

PUFA 8 22 22 21 22 0.7 0.744 22 22 22 22 0.6 0.952
n-3 PUFA 11 12 11 11 0.3 0.340 12 12 12 12 0.5 0.790
n-6 PUFA 10 9.7 9.2 9.6 0.41 0.362 9.6 9.0 8.9 9.2 0.29 0.309

EPA + DHA 9.6 10 9.5 9.6 0.39 0.600 10 11.0 11 11 0.5 0.960
AA/EPA ratio 9.8 9.2 8.1 8.4 0.72 0.366 10 8.4 8.2 8.3 1.13 0.476

Means within a row with different letters are significantly different (p < 0.05). 1 FA and DMA—fatty acids and
dimethyl acetals; 2 C—control diet with no EPA sources; O—diet with Nannochloropsis sp. oil; SD—diet with spray-
dried Nannochloropsis oceanica biomass; FD—diet with freeze-dried Nannochloropsis oceanica biomass. 3 Standard
error of the mean; the value presented corresponds to a pooled sample standard error of the mean. 4 Sum of C18
FA. 5 Sum of C18:1 FA. 6 Sum of saturated FA. 7 Sum of monounsaturated FA. 8 Sum of polyunsaturated FA. In
the FA notation (x:n-), ‘x’ represents the number of C atoms, ‘:’ the number of double bonds and ‘n-’ the location,
in its carbon chain, of the double bond which is closest to the methyl end of the molecule. c stands for cis.

No major effects of microalgal supplementation (p > 0.05) were observed for any of
the FAs and DMAs in both the grey and white matter.

Significant differences in the FA composition were observed in the hippocampus
and prefrontal cortex (Table 4). In the hippocampus, 20:3n-6 was significantly (p < 0.05)
lower in the C and SD diets and higher in the O and FD diets. In the prefrontal cortex,
this FA was higher in all Nannochloropsis-supplemented lambs compared to C-fed lambs.
Regarding 22:5n-6: it was significantly higher in the hippocampus in the C-fed lambs when
compared to the Nannochloropsis-supplemented lambs. In the prefrontal cortex, this FA
tended (p = 0.056) to follow a similar pattern to what was found in the hippocampus.

DPA had its lowest values (p < 0.05) in the hippocampi and prefrontal cortices of C
lambs, and its highest values were found in the tissues of lambs fed with the FD supplement.
DPA was lower (p < 0.05) in these tissues in O-fed lambs than in SD-fed lambs.

Supplement treatments did not affect (p > 0.05) the EPA or DHA concentrations in
the hippocampus or prefrontal cortex. The sum of EPA + DHA averaged 10% in the
hippocampus and 11% in the prefrontal cortex. The total PUFA and n-3 PUFA contents
averaged 22% and 12% in both the hippocampus and prefrontal cortex, respectively.

The content of TFA + DMA was not affected (p > 0.05) by dietary treatment.

3.3. Retina and Tapetum Lucidum (RTL)

Similar to what was observed in the brain parts, the TFA + DMA content in the RTL
tissues did not differ among treatments, averaging 53 mg/g DM (Table 5). However, more
treatment effects occurred for RTL tissues than were observed in brain tissues.
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In RTL tissues, the c16-18:1 value was greater (p < 0.05) in SD lambs than in all other
treatments. Regarding 20:3n-9, a higher content was found in both the C- and SD-fed lambs
when compared to the remaining groups. The content of 20:3n-6 was lower in C-fed lambs
when compared to the remaining treatments, and 22:4n-6 was higher in both C- and SD-fed
lambs when compared to the remaining treatments. Both EPA and DPA were higher in the
microalgae-biomass-fed lambs, although there were no differences between the SD- and
FD-fed lambs. When compared to the C treatment, biomass-fed lambs had 4.6 times more
EPA and twice more DPA in their RTL tissues.

Table 5. Total fatty acid (TFA) and dimethyl acetal (DMA) (mg/g DM) content and composition
(%TFA + DMA) of the RTL tissues of lambs.

FA and DMA 1
Diet 2

SEM 3 p-Value
C O SD FD

TFA + DMA 54 61 43 53 8.9 0.591
10:0 0.05 0.06 0.08 0.06 0.014 0.376
12:0 0.26 0.24 0.23 0.25 0.036 0.955
14:0 2.2 1.3 1.6 1.9 0.25 0.069

i-15:0 0.08 0.05 0.05 0.02 0.014 0.063
a-15:0 0.18 0.06 0.07 0.05 0.066 0.433
c9-14:1 0.06 0.08 0.09 0.07 0.017 0.518

15:0 0.27 0.27 0.28 0.31 0.026 0.766
i-16:0 0.09 0.07 0.10 0.06 0.018 0.341
16:0 21 21 20 21 0.58 0.608

i-17:0 0.15 0.17 0.17 0.15 0.027 0.881
c7-16:1 0.29 0.30 0.25 0.29 0.034 0.717
c9-16:1 0.77 0.77 0.66 0.83 0.118 0.752
a-17:0 0.18 0.14 0.09 0.13 0.041 0.488
17:0 0.67 0.70 0.60 0.74 0.038 0.084

c9-17:1 0.31 0.32 0.27 0.27 0.033 0.543
18:0 18 18 19 18 0.5 0.591

t6/t7/t8-18:1 0.08 0.11 0.11 0.09 0.019 0.664
t9-18:1 0.07 0.12 0.11 0.11 0.018 0.198

t10-18:1 0.49 0.53 0.28 0.35 0.096 0.219
t11-18:1 0.66 0.87 0.88 0.87 0.114 0.455
t12-18:1 0.20 0.22 3.56 0.23 1.784 0.437
c9-18:1 29 28 21 27 2.4 0.121

c11-18:1 1.8 1.8 2.0 1.9 0.10 0.415
c12-18:1 0.09 0.11 0.15 0.10 0.023 0.241
c13-18:1 0.06 0.06 0.04 0.05 0.014 0.728

t16/c14-18:1 0.09 0.13 0.10 0.12 0.025 0.671
c15-18:1 0.04 0.04 0.05 0.03 0.014 0.799

tc/ct-18:2/cyclo-17 0.11 0.18 0.16 0.22 0.043 0.370
c9,t12/c9,t15/t8,c13-18:2 0.09 0.10 0.07 0.11 0.021 0.626

c16-18:1 0.03 b 0.03 b 0.08 a 0.04 b 0.012 0.021
t9,c12-18:2 0.04 0.06 0.07 0.05 0.013 0.385

t11,c15/t10,c15-18:2 0.06 0.16 0.08 0.14 0.033 0.094
18:2n-6 0.31 3.75 4.25 3.98 0.299 0.317

20:0 0.16 0.17 0.20 0.17 0.022 0.675
18:3n-3 0.63 0.67 0.65 0.66 0.038 0.873

c9,t11-CLA 0.26 0.37 0.30 0.38 0.057 0.339
20:2n-6 0.15 0.16 0.19 0.17 0.020 0.509
20:3n-9 0.29 a 0.20 bc 0.24 ab 0.14 c 0.032 0.014

22:0 0.05 0.07 0.07 0.06 0.012 0.414
20:3n-6 0.38 b 0.59 a 0.70 ab 0.58 a 0.056 0.004
20:3n-3 0.18 0.22 0.22 0.20 0.029 0.646
20:4n-6 6.4 5.4 6.5 5.6 0.54 0.391
20:5n-3 0.18 c 0.59 b 0.83 a 0.81 a 0.057 <0.001
22:4n-6 0.93 a 0.62 b 0.73 ab 0.58 b 0.071 0.008
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Table 5. Cont.

FA and DMA 1
Diet 2

SEM 3 p-Value
C O SD FD

22:5n-3 1.2 c 2.0 b 2.5 a 2.4 ab 0.17 <0.001
22:6n-3 5.7 6.8 6.9 6.2 0.90 0.752
DMA

DMA 16:0 1.2 1.2 1.5 1.2 0.14 0.195
DMA 18:0 1.8 1.9 2.1 1.7 0.18 0.552
DMA 18:1 0.41 0.37 0.43 0.34 0.041 0.360

Partial sums
C18 4 37 37 34 36 1.6 0.485
DMA 3.4 3.4 4.0 3.3 0.3 0.351
SFA 5 42 41 41 42 0.40 0.417

MUFA 6 34 33 30 32 1.7 0.330
cis-MUFA 32 31 25 30 2.4 0.141

PUFA 7 20 22 24 22 1.6 0.266
n3-PUFA 7.9 10 11 10 1.0 0.130
n6-PUFA 11 11 12 11 0.9 0.472

EPA + DHA 5.9 7.4 7.7 7.0 0.91 0.491
AA/EPA ratio 37 a 9.1 b 8.0 b 6.9 b 2.33 <0.001

Means within a row with different letters are significantly different (p < 0.05). 1 FA and DMA—fatty acids
and dimethyl acetals; 2 C—control diet with no EPA sources; O—diet with Nannochloropsis sp. oil; SD—diet
with spray-dried Nannochloropsis oceanica biomass; FD—diet with freeze-dried Nannochloropsis oceanica biomass.
3 Standard error of the mean; the value presented corresponds to a pooled sample standard error of the mean.
4 Sum of C18 FA. 5 Sum of saturated FA. 6 Sum of monounsaturated FA. 7 Sum of polyunsaturated FA. In the FA
notation (x:n-), ‘x’ represents the number of C atoms, ‘:’ the number of double bonds and ‘n-’ the location, in its
carbon chain, of the double bond which is closest to the methyl end of the molecule. c stands for cis and t stands
for trans. i stands for iso and a stands for anteiso.

The DHA content in RTL tissues did not differ among treatments (p > 0.05).
In the partial sums evaluated, the AA/EPA ratio differed between treatments, being

higher in the C-fed lambs when compared to the remaining treatments (p < 0.001). The
sum of the EPA + DHA averaged 7% TFA. N-3 PUFA averaged 10% ± 1.0, corresponding
to approximately 45% of the total PUFAs.

Similar to what was verified in the brain, none of the individual DMAs nor the total
DMA content differed between treatments in the RTL tissues. Overall, the total DMA
content was much lower than that found in the brain, averaging 4%.

The fold change in the EPA, DPA and DHA content between FD-fed lambs and C-fed
lambs was compared between the brain, RTL and liver (Table S1) and previously analysed
subcutaneous adipose tissue (SC AT) and longissimus lumborum muscle samples [20].

The EPA fold change was higher in the SC AT and similar between the liver and RTL.

3.4. sPLSDA Analysis

Figure 3 illustrates a total of five sparse partial least squares-discriminant analysis
(sPLS-DA) plots, corresponding to four plots that belong to all the brain parts evaluated
(Panels A–D) and one plot belonging to RTL tissues (Panel E). It is possible to observe
that there is no clear individualization of lambs belonging to the same diet in accordance
with their brain FA and DMA compositions (%TFA) in all brain parts. However, in the
RTL tissues (Figure 3E), it is possible to clearly separate C-fed lambs from Nannochloropsis-
supplemented lambs based on their retinal FA composition.
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Figure 3. sPLSDA analysis including the FA + DMA profile. The different plots correspond to the
different brain parts (A–D) and RTL tissues (E). (A) prefrontal cortex, (B) hippocampus, (C) grey
matter, (D) white matter, and (E): RTL tissues. Diets are represented in different colours: red—C,
control diet with no EPA sources; purple—O, diet with Nannochloropsis sp. oil; blue—SD, diet with
spray-dried Nannochloropsis oceanica biomass; and green—FD, diet with freeze-dried Nannochloropsis
oceanica biomass.

4. Discussion

4.1. Brain FA Composition

The classic research on ruminant brain lipids has been based on evaluating the lipid
classes and the FAs within the lipid classes of whole brain homogenates [10]. In the present
study, we present the FA and DMA profile (expressed as % of TFA + DMA) of the brain
and RTL tissues of lambs fed Nannochloropsis sp. lipids.

The most abundant FAs found in the ovine brain were 18:0 (≈18%), 16:0 (≈17%),
c9-18:1 (≈17%), DHA (≈9%) and AA (≈5% of TFA + DMA). A similar pattern was also
observed in the bovine brain regions [15], with the same five FAs also being the most
abundant: 16:0 (≈18%), 18:0 (≈20%), c9-18:1 (≈24%), AA (≈6%) and DHA (≈9% of total
FA). It was shown that linoleic acid (LA), often the major PUFA in muscle, and α-linolenic
acid (ALA) were only present at very low levels. In fact, the longissimus lumborum muscles
of the same animals presented LA and ALA proportions of circa 9 and 1% [20], contrasting
with the proportions of ≈0.5% and ≈0.1% observed in the brain, respectively. Despite
being the major dietary PUFA, LA can hardly be considered functional in the brain because
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of its low concentration (<0.5% of TFA). This low concentration is probably due to LA being
extensively converted to AA, which plays a role in neurodevelopment [21]. Moreover, the
majority (≈59%) of LA entering the brain is rapidly β-oxidized [22].

We hypothesised that lambs’ brains and/or retinal tissues would be sensitive to the
differences in n-3 LC-PUFA absorption due to the changes in rumen biohydrogenation
associated with processing the microalgae biomass. Namely, FD Nannochloropsis oceanica-
supplemented diets appeared to produce a higher n-3 LC-PUFA enhancement in the lambs’
brains when compared to O and SD because freeze-drying better protects the integrity of
the microalgal cell wall, reducing the access of ruminal microbiota to the n-3 LC-PUFA
inside the cell. In ruminants, almost 90% of dietary lipids reach the duodenum as non-
esterified saturated FAs [23], and PUFAs are selectively converted into phospholipid forms
in the enterocyte [24]. The transport and uptake of EPA and DHA within brain and
retina involves their esterification into a lysophospahtidylcholine and a specific transporter
(Mfsd2a) [25–27]. Thus we anticipated that the uptake of EPA into the brain and retina
would be efficient and responsive to the intestinal absorption of EPA. However, despite
the dietary supplementation of EPA, EPA proportions in the brain were low (≈0.6%) and
did not differ among treatments in any of the brain parts. This contrasts with the response
to EPA deposition observed in the longissimus lumborum muscle of the same animals, in
which EPA rose from 0.8% in the C treatment to 1.7% in the Nannochloropsis-supplemented
treatments [20]. The response in the liver was even more pronounced, with EPA rising
from 0.9% up to 4% in the Nannochloropsis-supplemented treatments (Table S1).

Thus, in general, the ovine brain was not responsive to dietary EPA supplementation.
This contrasts with the results reported by Rule et al. [15], in which a similar intake of
EPA (2.3 g/day) resulted in an EPA enhancement across various brain parts. However, the
supplementation period in our study lasted 1/10 of the one in Rule et al. [15].

As the uptake of EPA and DHA into the brain is similar [28], the lack of EPA enhance-
ment in the lambs’ brains in response to the treatments might be explained by the faster
β-oxidation of EPA compared to DHA and/or by the extensive elongation to DPA and
subsequent desaturation to DHA. Nevertheless, we also did not observe an increase in
DHA. The long half-life of DHA in brain tissues can explain the slow turnover of these
fatty acids, therefore explaining the lack of their enhancement in the brain [29]. Moreover,
there seems to be evidence that brain DHA and AA levels can be maintained by the liver
stores once there is evidence that liver (but not brain) DHA synthesis is upregulated when
the dietary content of n-3 PUFA is reduced [13].

Similar responses in brain FAs to microalgae supplementation were observed for
the hippocampus and prefrontal cortex, probably reflecting the extensive hippocampal–
prefrontal interactions involved in various cognitive and behavioural functions in ani-
mals [30,31]. Higher amounts of n-3 DPA and dihomo-γ-linolenic acid (DGLA, 20:3n-6)
were found in the hippocampi and prefrontal cortices of microalgae-fed lambs. DGLA is an
intermediate of the elongation and desaturation of LA, being converted into AA through
the activity of the Δ-5 desaturase enzyme [32]. The increase in DGLA in the brains of
lambs supplemented with microalgae was not obvious, as Nannochloropsis does not contain
relevant amounts of LA and DGLA. DPA, a product of the elongation of EPA, was increased
despite the lack of response in EPA and DHA. As it has been proposed that DPA constitutes
a storage depot for EPA and DHA [33], its enhancement seems desirable. Although DPA
was approximately 10 times lower than DHA in the brain, it was more responsive to the
dietary supply of n-3 PUFA. The same pattern was also observed in the brains of lambs
suckling from ewes fed with linseed [34] and in the hippocampus of bovines fed fish oil [15].

Most of the beneficial effects of marine oils (mainly fish oils) have been attributed to
DHA and EPA [5,35]. However, DPA, which is the intermediate between EPA and DHA in
the n-3 LC-PUFA biosynthetic pathway, also presents beneficial biological effects. It reduces
platelet aggregation, improves the lipid plasmatic profile, neural health and endothelial
cell migration, and assists in the resolution of chronic inflammation [5].
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Plasmalogens are a subclass of glycerophospholipids that comprise part of biological
membranes, including the plasma membrane and the membranes of intracellular organelles,
affecting their biophysical properties. They are quantitively important in membranes of
neuronal tissues, including the brain and the retina, and are associated with neurological
and psychiatric disorders or are involved in the regulation of retinal vascular development,
respectively [36,37]. In the DMA, the backbone at the sn-2 position is mainly bonded to
PUFAs such as DHA and AA, suggesting its protective role against lipoxidation [38,39]. The
DMA content of ruminant brains is not often reported [40]. In our study, the high abundance
of plasmalogens in the brain can be perceived through the high DMA content (≈10% of
TFA + DMA). The average content of DMA was higher in the brain when compared to the
retina (≈3.5% of TFA + DMA).

4.2. RTL Tissue FA Composition

The retina is a thin, highly organised neural tissue lining the posterior aspect of the
eye. It is responsible for initiating vision by transducing light into neural signals [41].
The visual streak area of the retina is a narrow horizontal band. It runs parallel to the
ventral edge of the tapetum [42]. Therefore, due to anatomical proximity and for practical
reasons, we collected both tissues simultaneously. The tapetum lucidum is a biologic reflector
system that is commonly present in the eyes of vertebrates. It enhances visual sensitivity
at low light levels by providing light-sensitive retinal cells with a second opportunity for
photon–photoreceptor stimulation. Ovine tapetum lucidum belongs to the choroidal fibrous
type, and the reflective material is made of collagen [43] that constitutes 65% of the dry
weight of the tapetum [44]. When comparing the results with the literature, it is important
to consider that the specialized retina lipids in the joint RTL samples will be diluted by the
fibrous tapetum tissue.

Studies with rodents demonstrated that the FA composition of the retina is influenced
by diet [45–51] and, for a given species, the retinal FA composition of each phospholipid
class is comparable to that of the brain grey matter [6,52]. The retina of sheep and cattle
have a similar FA composition [53], and the main FA of bovine retina (% dry weight) are
16:0 (25%), 18:0 (17%), 18:1 (17%) and DHA (23%) [6]. In the present study, 16:0 averaged
20%, 18:0 averaged 18%, c9-18:1 averaged 26% and DHA averaged 6.4%. AA averaged 6%,
in line with it being the most abundant omega-6 PUFA in the retina [7,8].

Contrary to what was observed in the brain, EPA supplementation increased the EPA
content in the RTL tissues. In the C lambs, EPA averaged 0.18% TFA + DMA, which was in
line with human EPA retinal content [54]. The EPA content significantly increased in O-fed
lambs (0.59% TFA + DMA) and particularly in SD- and FD-fed lambs (0.82% TFA + DMA;
+ 4.6 times the EPA content in the C-fed lambs). Contrary to the results achieved in
the brain, our results showed that the RTL tissues of lambs are very responsive to EPA
supplementation. The same magnitude of response was only comparable to what we found
in the liver (Figure 4).

The 4.6-fold increase was achieved despite the short duration of EPA supplementation.
Consistent with a better responsiveness of RTL tissues to the experimental diets, control
lambs were clearly separated from the lambs consuming Nannochloropsis-supplemented
diets in the sPLSDA analysis. This shows, once again, that the RTL tissues seem to have
been much more sensitive to dietary intervention. The high responsiveness of the retina is
evident in rodent studies, in which EPA contents of 6 to 35 times greater have been reported
following EPA supplementation [26,55].

As in the brain, no alterations in DHA content were observed between different
treatments. The content of DHA in RTL tissues averaged 6.4% of the total TFA + DMA.
This is considerably lower that what was reported in previous studies for ruminants in
which the DHA content averaged approximately 20–30% [6,53,56].
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Figure 4. EPA, DPA and DHA fold change in lambs’ tissues. The fold change was calculated between
the mean value determined in the tissues of freeze-dried Nannochloropsis oceanica-fed lambs versus
the mean value for control-fed lambs. SC AT: subcutaneous adipose tissue; RTL: retina and tapetum
lucidum. The reference value for the brain corresponds to the mean of all brain parts.

5. Conclusions

After a short-term trail of EPA supplementation in lambs, achieved through feeding
using three different diets containing Nannochloropsis sp. microalga, it was possible to
conclude that the brain content of EPA was not responsive to dietary supplementation.
However, the EPA content in the retina was highly responsive in lambs supplemented
with Nannochloropsis, especially lambs consuming SD and FD diets. Although we could
not confirm an advantage in freeze-drying over spray-drying Nannochloropsis oceanica
with respect to the efficiency of EPA enhancement in the lambs’ retinal tissues, we can
confirm their advantage over the free oil. Overall, our results suggest that RTL is a good
target to evaluate the differences in n-3 LC-PUFA absorption due to the changes in rumen
biohydrogenation associated with dietary interventions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani13050828/s1, Table S1: Summary table for total fatty acid
(TFA) and dimethyl acetal (DMA) (mg/g DM) content and composition (%TFA + DMA) of the liver
tissues of lambs.
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