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Daniel Simeanu and Răzvan-Mihail Radu-Rusu

Animal Nutrition and Productions
Reprinted from: Agriculture 2023, 13, 943, doi:10.3390/agriculture13050943 . . . . . . . . . . . . . 1

Mutassim M. Abdelrahman, Ibrahim A. Alhidary, Abdulkareem M. Matar, Mohsen M. Alobre,

Abdulrahman S. Alharthi, Bernard Faye and Riyadh S. Aljumaah

Effect of Total Mixed Ratio (TMR) Supplementation on Milk Nutritive Value and Mineral Status
of Female Camels and Their Calves (Camelus dromedarius) Raised under Semi Intensive System
during Winter
Reprinted from: Agriculture 2022, 12, 1855, doi:10.3390/agriculture12111855 . . . . . . . . . . . . 11

Francesco Serrapica, Felicia Masucci, Giuseppe De Rosa, Ada Braghieri, Fiorella Sarubbi,

Francesca Garofalo, et al.

Moving Buffalo Farming beyond Traditional Areas: Performances of Animals, and Quality of
Mozzarella and Forages
Reprinted from: Agriculture 2022, 12, 1219, doi:10.3390/agriculture12081219 . . . . . . . . . . . . 23

Daniel Simeanu, Răzvan-Mihail Radu-Rusu, Olimpia Smaranda Mintas and Cristina Simeanu

Qualitative and Nutritional Evaluation of Paddlefish (Polyodon spathula) Meat Production
Reprinted from: Agriculture 2022, 12, 1965, doi:10.3390/agriculture12111965 . . . . . . . . . . . . 35
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Animal nutrition and feeding, along with other sciences (reproduction, genetics,
hygiene, management, etc.), play a major role in improving animal production. In this
vein, it is unanimously accepted that animal nutrition and feeding do not create high-
potential animals, but allow them reach their productive potential. It is unthinkable to
breed, artificially select and genetically improve animals in inadequate feeding conditions;
in the same way, the normal reproduction of animals relies, to a decisive extent, on a
rational diet based on the latest scientific achievements.

The importance of nutrition in animal production is also highlighted by the weight
of the cost of feed (over 50% of the costs of animal products). The attention that animal
breeders pay to nutrition and feeding determines, to a large extent, the profitability of
their livestock.

Animal feeding has a major influence on the quality of products of animal origin, and
on the proximate composition of different components of the body (proteins, lipids, water),
the sensory (colour, taste, smell) and biochemical–functional (such as the proportion of
different fatty acids) properties and even on their technological qualities (in milk, meat,
eggs, etc.).

Animals are biological transformers of dietary matter and energy into high-quality
raw matters (meat, eggs, milk and honey) for human food, but also into raw materials
(e.g., wool and leather) for human clothing and accessories. Thus, animal nutrition is a
fundamental topic for all farm animal productions as well as for the health and wellbeing
of companion animals.

Animal products have been essential components of human food for many centuries
and in many cultures. In developed countries, the share of products of animal origin in food
is important; thus, for example in the USA [1], the typical daily ration for humans provides
approx. 2100 kcal, to which animal products contribute 47% and vegetable products 53%.

Moreover, at the European level, a direct relationship between infant mortality and
milk production has been highlighted (the increase of 100 kg of milk production/inhabitant
causes a reduction in infant mortality of 2.20/1000 inhabitants). Additionally, a direct
link has been established between the increase in milk consumption and the decrease
in alcoholism.

The global population was 7.4 billion in 2016 and is projected to reach 9.6 billion in
2050. With the increase in global population and the per capita human consumption of
meat, milk and eggs, it is expected that the demand for animal protein and other animal
products will increase by 70% globally by 2050 [2].

It is also important to mention that recent evidence suggests that a major reduction
in animal production would produce both important ecological disturbances and strong
economic instability worldwide. However, the increased consumption of food of animal
origin requires a larger area of land to be used to feed one person (approx. 0.37 ha, compared
to only 0.09–0.1 ha in the case of vegetarian food). According to the biological law of cycles
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and trophic levels, the ingested organic matter is found in the consumer’s body in a ratio
of 1/10; therefore, in herbivores, from a consumption of 10 kg of organic substance, only
1 kg of organic substance is deposited in the body.

Due to the continuous growth of the population and other causes, the area of land
cultivated with cereals (the main source of food for non-ruminant animals), expressed in
relation to the number of inhabitants, has decreased and continues to decrease.

Increasing animal productivity, possibly primarily through genetic improvements
associated with appropriate feeding and a more efficient use of feed, ensures a better use of
agricultural land, allowing a reduction in animal flocks without decreasing total production.

This Special Issue, “Animal Nutrition and Productions”, comprises a total of 20 articles,
of which one is a review, from a total of 139 researchers: 49 from Romania, 34 from Brazil,
13 from the USA, 11 from Tunisia, 8 each from Italy and Mexico, 7 from Saudi Arabia, 3 from
Egypt and 1 each from Spain, Canada, Jordan, Germany, France and the Netherlands.

The published articles can be classified in nine research directions, including the influ-
ence of nutrition on the quantitative and qualitative production of milk in different species
(buffaloes, camels); the influence of nutrition on the quantitative and qualitative production
of meat from different species (rabbit, swordfish, European catfish), as well as the changes
obtained after preservation (chicken, turkey and duck); the influence of nutrition on repro-
ductive function; the digestibility of some animal feed sources; the influence of nutrition
on egg production (hen or quail); microbiological evaluation of combined feeds intended
for broiler chickens; the assessment and monitoring of pollutants from animal farms; the
quality of honey production; and a phylogenetic analysis of endangered animal breeds.

The first category includes two articles that study the impact of the quality of different
feed sources on milk production in camels and buffaloes. Thus, Abdelrahman M.M. et al. [3]
conducted a study on the nutritional value of camel milk obtained from animals that were
fed during the winter with a total mixed ration (TMR) together with alfalfa hay. Thirty-
seven lactating multiparous camels were chosen for the study. The onset period of the
study was mid-lactation and the geographical area of this research was Al-Kharj in Saudi
Arabia. Females were divided into two groups, one fed exclusively alfalfa hay ad libitum
(C), and group two (T) received an additional mixture (TMR) consisting of barley, wheat,
palm kernel cake, soybean husks, vitamins and minerals at an amount of 4 kg/head/day.
Milk and blood samples were collected from the studied animals in the middle of the
winter season. A significantly (p < 0.05) higher concentration of protein and organic matter
was found in the milk of group T camels. In addition, the levels of Mg, Co, Fe and Zn in
milk increased significantly (p < 0.05) in group T compared to group C. The concentration
of minerals Ca, P, Mg, Cu, I, Se, Zn and Cd in the blood of camels from group T was
significantly (p < 0.05) higher than that of group C. Blood serum levels from the youth
of group T were significantly (p < 0.05) higher for all minerals compared to the values
recorded in the comparison group (C), the exception was iodine. In youth, there were
significant signals and correlations between Co and Mn and most of the other minerals
investigated. In conclusion, supplementation with TMR in the T group of camels during
lactation, in the winter season, can be recommended because it leads to improvements in
the chemical composition and mineral profile of camel milk.

In another case study, Serrapica F. et al. [4] analysed the effect of raising buffaloes
outside traditional breeding areas in Italy. Thus, in their study, researchers from Italy chose
20 pregnant buffaloes (Bubalus bubalis) that were moved from the traditional breeding lot
area, on the southern coast of Italy, to a farm in the interior of the peninsula located in a
hilly area. After the buffaloes calved, data were collected monthly, throughout lactation,
on the productive and reproductive performance of the studied animals. The applied
feeding regime was also studied throughout 4–6 months of lactation to evaluate the in vivo
digestibility of locally produced forages (maize silage compared to hay) and their effects of
on the milk production. At the same time, the sensory properties of the mozzarella cheese
obtained from the milk of the studied animals were also analysed.
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In terms of the applied feeding, no significant differences were found; however, a com-
parison of the results obtained with the values recorded in the previous lactation revealed
major differences. Milk production decreased by 37.2%, and the protein content of milk was
reduced by 6.1%. At the same time, the fat content of milk improved (+4.5%). Severe deteri-
orations in reproductive indicators, such as decreases in gestation rate (−13.3%) and an
increase in calving interval (+26.9%), were reported. The duration of lactation was less than
the standard value of 270 days. Artificial insemination failure and lower environmental
temperatures are likely the origin of these results, while the body condition score at the end
of the observation period and data from the feeding study do not indicate feeding errors.
Overall, the distinctive reproductive characteristics of buffalo, the lower environmental
temperatures and the specificity of the mozzarella cheese production process are the main
issues that farmers should consider when they want to expand buffalo farming outside the
traditional growing areas of Italy.

The second category, the largest one, with five articles, includes studies carried out on
fish (Polyodon spathula, Silurus glanis), hares and rabbits, lamb and different types of poultry
meat preserved by smoking.

The first study includes data on the qualitative and nutritional evaluation of the meat
production of paddlefish sturgeon of different ages, raised and fed under the conditions
of some fish farms in Romania. The authors, coordinated by Simeanu D. [5], contribute
detailed knowledge on the nutritional properties of the flesh of second- and third-summer
paddlefish sturgeon, but also more specifically of the different muscle groups. The study
included analyses of the chemical composition and cholesterol and collagen content of
fillets obtained from two- or three-year-old Polyodon spathula sturgeons reared and fed in
polyculture conditions with carp (Cyprinus carpio) and Asian cyprinids (Ctenopharyngodon
idella, Hypophthalmichthys molitrix and Aristichthys nobilis). The nutritional analysis was even
more detailed, as it calculated the nutritional value, the profile of acids and amino acids, the
sanogenic indices and the biological value of proteins for the epaxial and hypaxial muscle
groups. The chemical analysis of the fillets, related to age, indicated slightly higher values
for three-summer-old compared to two-summer-old sturgeon fish: +5.32% dry matter,
+0.89% protein, +41.21% fat, +10.94% gross energy, +2.94% collagen; in contrast, for water,
minerals and W/P ratio the values were lower by 1.52%, 10.08% and 2.29%, respectively.
The nutritional evaluation of Polyodon spathula sturgeon meat highlighted that the fats of
these fish are of good quality with a significant presence of PUFA (about 22% of total fatty
acids) and with good sanogenic indices values (PI = 7.01–8.77; AI = 0.57; TI = 0.38–0.39;
hFA = 33.01–41.34; h/H = 1.9). Additionally, the proteins of these fish are of good quality
for youth and adult consumers (EAAI (%) = 156.11; BV = 158.46; NI (%) = 28.30) and
good enough for children (EAAI (%) = 96.41; BV) = 93.39; NI (%) = 17.45). The authors
recommend that paddlefish sturgeons should be capitalised when they are three summers
old, when they have the best nutritional quality.

In another study concerning fish meat, a group of researchers from USV Ias, i led by
Simeanu C. [6] carried out research to evaluate the quantitative and qualitative meat of
European catfish (Silurus glanis) from two different environments: aquaculture, where it
benefited from a feeding specific to farms of this type, and in the Prut river in Romania,
where it fed naturally. The samples were grouped into two groups: AG—fish from aquacul-
ture and RG—fish from a natural environment, the Prut river. The catfish were measured,
and biometric and conformational indices were calculated. The best values were found in
fish from aquaculture. The Fulton coefficient reached 0.82 in RG and 0.91% in AG catfish.
The fleshy index was 19.58% in AG aquaculture fish and 20.79% in wild fish, indicating
better productivity capabilities in AG catfish. The yield at slaughter was calculated, and
the qualitative analysis of the resulting fillets was carried out at different moments of
refrigeration conservation (0–15 days). In the AG samples, water content decreased by
8.87%, protein by 27.66% and lipid by 29.58%. In the case of RG samples, the loss reached
8.59% for water, 25.16% for protein and 29% for lipids. The fatty acid profile was also
studied and sanogenic indices were calculated. The studied European catfish presented
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good levels of PUFA (31–35%), and the AI reached 0.35–0.41 while the TI varied between
0.22 and 0.27. In conclusion, the origin of the fish and especially the refrigeration duration
influence the proximate composition of the meat and its nutritional value.

A nutritional and technological perspective on rabbit (Oryctolagus cuniculus) and hare
(Lepus europaeus Pallas) meat is presented by Frunză G. et al. [7]. In this study, the authors
analysed meat from 50 Flemish Giant farmed rabbits and 50 hunted hares from three
regions of the carcasses; the Longissimus dorsi (LD), Semimembranosus (SM) and Triceps
brachii (TB) muscles were harvested. The proximate composition and the fatty acid profile
were evaluated, then the energy content and lipid sanogenic indices (polyunsaturated,
atherogenic, thrombogenic, hypocholeroserolemic/hypercholesterolemic ratio and the
nutritional index—NVI) were calculated. To highlight the technological qualities of the
meat, the pH values at 24 and 48 h after slaughter, the cooking loss (CL) and the water-
holding capacity (WHC) were assessed. The gross energy was higher in TB samples from
rabbit compared to hare due to higher fat accumulations (p < 0.001). The pH value was
higher for TB muscles in both categories of meat, WHC was higher in hare (p < 0.001)
and CL was higher in rabbit (p < 0.001). PI values were 6.72 in hare and 4.59 in rabbit.
AI reached 0.78 in hare and 0.73 in rabbit. TI was calculated at 0.66 in hare and 0.39 in
rabbit. The h/H ratio reached 3.57 in hare and 1.97 in Giant Flemish rabbit, while the NVI
was 1.48 in hare and 1.34 in rabbit. Meat from both species is nutritionally valuable to
human consumers, with values better than other farmed mammals or other wild species
of mammals or birds. The study highlighted that hare meat is healthier than rabbit meat
because it has lower fat content, less energy and contains better quality lipids.

The quantitative and qualitative aspects of meat from lambs fed Tifton 85 grass
(Clynodon sp.) in different proportions were dealt with by the team led by Corrêa Y. [8]. The
authors aimed to determine the optimal ratio between fibrous and concentrated feedstuffs
on the quantitative and qualitative properties of Santa Ines lamb meat. Diets were composed
of Tifton 85 grass hay (Cynodon sp.) and concentrate mixtures (soybean meal, corn meal,
urea and mineral mix) and consisted of five forage/concentrate ratios of 88:12 (C12), 69:31
(C31), 50:50 (C50), 31:69 (C69) and 12:88 (C88). After 63 days, animals were slaughtered
and the carcasses, dressed yield and meat physicochemical properties were evaluated. The
high proportion of concentrates in the lamb diet provided a higher intake of dry matter,
better feed conversion, well-conformed carcasses, good slaughter yield and higher meat
fat content. The addition of 50% concentrate improved carcass conformation and the
physicochemical parameters of the meat in a similar way to the 88% concentrate diet but
with leaner meat, meeting the requirements of the current consumer market.

Another article published in this Special Issue, written by Coroian C. et al. [9], deals
with the presence of polycyclic aromatic hydrocarbons (PAHs) in traditionally smoked
poultry. The attention of researchers has been drawn to the fact that increasing attention is
being paid to the sensory, nutritional and sanogenic properties of meat in general and of
poultry meat in particular. They evaluated how a traditional meat preservation method—
hot smoking with natural wood smoke—adds certain polycyclic aromatic hydrocarbons
(PAHs) to chicken, duck and turkey. A one-day versus two-day smoking period and three
types of smoking wood (plum, cherry and beech) showed that the highest concentrations
of PAHs were present in duck meat, regardless of smoking duration or type of wood. An
overall higher PAH concentration was quantified when beech wood was used, followed by
cherry and plum wood. Fluorene associated with beech wood gave the highest values for
day 1 and day 2, followed by duck meat and turkey meat, respectively. Highly significant
differences (p < 0.001) were usually observed for duck meat compared to chicken and
turkey meat, but absolute values for anthracene, phenanthrene or fluoranthene were also
easily observed. As expected, smoking for two days contributed to higher concentrations
of PAHs in the meat.

In the third category, there are three articles. The first addresses the interesting topic of
the effect of supplementation with Saccharomyces cerevisiae on the reproductive performance
of rams fed a wheat-straw-based ration. The experiment led by Ben Saïd S. et al. [10]
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comprised 14 Queue Fine de l’Ouest rams aged between 3 and 4 years with an average
body weight of 54.7 ± 2.03 kg and an average body condition score of 3.5 ± 0.5. The study
was carried out throughout a period of 80 days, during the breeding season. The rams were
divided into two homogeneous groups (n = 7) and were maintained in individual floor
pens. The control group was fed a daily diet containing 1 kg of wheat straw and 700 g of
concentrates, and the experimental group received the same diet but supplemented with
10 g of S. cerevisiae/head/day. Although the supplementation did not significantly influence
ram body weight, sperm volume and concentration, dry matter intake, protein digestibility
and nitrogen balance, the authors found that the addition of S. cerevisiae improved (p < 0.05)
the digestibility of dry matter by 7.3%, of organic matter by 11.9% and of crude fibre by
24%. In addition, the degree of sperm motility increased in the case of the group that
received yeast compared to the control (3.7 ± 0.24 vs. 1.9 ± 0.27, p < 0.05). There was also a
decrease in the total number of dead and abnormal spermatozoa for the yeast-fed group as
opposed to the control group (9.28 ± 0.95 vs. 26.8 ± 3.85% and 25.5 ± 3.33%, respectively,
vs. 59.2 ± 2.78%; p < 0.05). Therefore, the addition of S. cerevisiae to the diets of rams during
the breeding season could improve nutrient digestibility and reproductive performance.

The influence of nutrition on the reproductive performance of sheep was also ap-
proached by Nechifor I. et al. [11], who studied females from the Karakul de Botos, ani
breed. Two groups, L1 (control) and L2 (experimental), were formed of adult females aged
between two and six years. Group L2 received supplemental feeding 25 days before mating.
Improvements in body condition and significant increases in live weight occurred up to the
time of mating in ewes receiving the booster feed (L2) (p < 0.01 vs. L1). The number of lambs
at calving was influenced by body condition score (BCS), especially in ewes with a BCS
of 2. The total number of lambs weaned by ewes with a BCS of 2 was different compared
to that of ewes with a BCS of 2.5 or 3.0. All results showed that supplementary feeding
applied to ewes before mating influenced their reproductive and economic performance,
and increased the live weight of lambs at weaning in group L2 (p < 0.01 in lambs from
ewes with BCS 2 and p < 0.001 in lambs from ewes with BCS 2.5 to 3.5). Stimulative feeding
applied to ewes positively influenced their reproductive performance and generated better
economic results (23–27% better live weight in lambs from supplemented ewes with only
1.3% additional feed costs), thus supporting its applicability in farm conditions.

Reproductive performance influenced by animal feeding was also studied by the
research team led by Edmunds C.E. [12], who studied the effect of increasing manganese
intake from an organic source on the reproductive performance of sows. Sows (n = 39;
231 ± 8 kg) were randomly assigned to one of three dietary Mn inclusion levels (CON:
0 ppm Mn; PRO20: 20 ppm Mn; PRO40: 40 ppm Mn). Groups PRO20 and PRO40 were
initiated at breeding and continued through two parturitions. Sows were grouped by
parity within each farrowing group. Data were analysed as a completely randomized
block design using the MIXED procedure of SAS with diet as a fixed effect and group as
a random effect. Feed intake for lactation increased in PRO20 sows compared to CON
and PRO40 sows (p < 0.05). PRO20 and PRO40 sows farrowed piglets that achieved an
improved average daily gain from birth to weaning (CON 214 g/d; PRO20 237 g/d; 220 g/d;
p < 0.05) compared to CON sows. Milk fat content was lower in PRO20 (5.5%) and PRO40
(6.1%; p < 0.05) compared to CON (7.8%) sows, possibly due to increased milk demand
for suckling. The introduction of supplementary Mn during two cycles of gestation and
lactation resulted in the improved birth weight and growth rate of piglets until weaning.

Another direction of research addressed in this Special Issue is the digestibility of some
feed sources for animals. Thus, the group of authors led by Ammar H. [13] studied the nu-
tritional value of Ajuga iva (A. iva) harvested from three distinct altitude regions in Tunisia
(Dougga, Mograne and Nabeul). Proximate composition, phenolic concentration, gas pro-
duction and in vitro dry matter digestibility were assessed. The highest concentrations of
neutral detergent fibres and acid detergent fibres were found in A. iva cultivated in Nabeul.
In contrast, the highest concentration of crude protein was observed in plants from Mograne
and the lowest one (p < 0.01) was measured in Dougga samples. In addition, cultivation
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regions affected the concentrations of free radical scavenging activity, total flavonoids and
total polyphenols (p < 0.01). The highest free radical scavenging activity was observed in A.
iva grown in Dougga and Mograne. The highest gas production rate (p < 0.05) and lag time
were observed in A. iva grown in the Mograne and Nabeul regions. Dry matter digestibility
differed between regions and analytical methods. The highest (p < 0.01) DM degradability
was observed in plants harvested from Mograne and Dougga, while the lowest value
(p < 0.01) was recorded for those from Nabeul. Additionally, metabolizable energy (ME)
and protein digestibility values were higher in A. iva harvested from Mograne compared to
those collected from the other areas. In conclusion, the nutritional value of A. iva differed
between regions and care should be taken when developing recommendations for the use
of A. iva as feed, including the adoption of season- and region-specific feeding strategies.

In another study dealing with the digestibility of some feedstuffs, Zúñiga-Serrano
A. et al. [14] carried out an extensive bibliographic study on the antimicrobial and digestive
effects of Yucca schidigera extracts on animal production and their consequences for the
environment. Plant extracts have been used throughout time in traditional medicine,
mainly for their antimicrobial activity and medicinal effects. Plant-derived products contain
secondary metabolites that inhibit pathogenic microbial growth, similar to conventional
drugs. These secondary metabolites can improve animal health and production in a more
natural or organic way and help reduce the use of pharmacological drugs in animal feed,
which is a major concern for emerging microbial resistance. Plant secondary metabolites can
be cost-effective while improving the production efficiency of ruminants, non-ruminants
and fish. Among the plant-derived products, Yucca schidigera extract (YSE) contains steroidal
saponins as the main active component. YSE has multiple biological effects, including the
inhibition of some pathogenic bacteria, protozoa and nematodes. YSE is used to control
odours and ammonia and consistently improve poultry production. In pigs, the results
are still inconclusive. In ruminants, YSE acts against protozoa, has selective action against
bacteria and reduces archaea populations; all these effects are reflected in a reduction
in polluting gas emissions, mainly methane, although they are not observed in all fuel
conditions. These effects of YSE are discussed in this review. YSE has potential as a natural
feed additive for sustainable animal production while contributing to the mitigation of
pollutant gas emissions.

The final study that falls within the research area of feed digestibility in farm animals
is that of Zanine A. et al. [15], who investigated the effect of cotton lint consumption on
feed intake, nutrient digestibility, nitrogen balance and blood parameters in rams. Twenty
rams weighing 30.2 ± 3.7 kg and aged 12 ± 1.3 months were studied and distributed in
a completely randomized design with four treatments and five replications. The diets
consist of 50% forages and 50% concentrates. Treatments consisted of replacing dietary
corn with cotton lint at levels of 0, 70, 140 and 210 g/kg dry matter (DM). The feed intake
of the rams was determined during the last three days of the experimental period. The
linear effect decrease (p < 0.05) was observed for the nutritional fraction intake; however,
neutral detergent fibre (NDF) intake and plasma urea-N were not affected (p > 0.05) by
cotton consumption levels. The apparent digestibility of DM, crude protein, fat and non-
nitrogen extractives were affected (p < 0.05), except for total carbohydrate. There was a
low effect (p < 0.05) on the efficiency of SM and NDF intake. Nitrogen balance (g/day) and
glucose levels (mg/dL) were reduced following the administration of cotton in the diets.
Up to 70 g/kg of cotton fluff (lint) can be added to ram feed without adversely affecting
DM intake and without altering digestibility, nitrogen balance, plasma urea and glucose
concentrations; however, negative effects can be recorded when using larger amounts of
cotton fluff, as a decrease in dry matter intake has been noted.

The category dealing with egg production includes two papers. In one of the articles,
Usturoi A. et al. [16] studied the correlations between the health status of laying hens and
their productivity. The study was conducted on the ISA Brown hybrid, monitored over a
period of 25–55 weeks. The groups were represented by fowl raised differently in halls
equipped with aviary or improved cage batteries, under real production conditions. The
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blood biochemical traits of hens, as well as quantitative indicators of egg production, were
studied. A cumulative production of 199.24 eggs/week/head was achieved in birds reared
in the aviary compared to 199.98 from the improved cage batteries, which led to an average
laying intensity of 91.82% and 92.17%, respectively. Flock casualties reached 4.14% (aviary)
and 2.98% (cages). Daily average feed intake reached 122.20 g feed/head in the aviary
and 115.87 g feed/head in cages, while the feed conversion ratio was 133.09 g feed/egg in
aviary versus 125.69 in cages. The aviary rearing system has proven to provide optimal
conditions for the expression of the natural behaviours of fowl, and it had a positive impact
on metabolic functions, resulting in good health and high productive levels, comparable to
those of birds exploited in cages.

The second article by Carvalho L.C. et al. [17] highlights a very interesting topic,
and the authors provide a substantial contribution to the determination of the optimal
amino acid ratio for Japanese quail based on the quality of egg production. A completely
randomized design was used, with 120 Japanese quails, 12 treatments and 10 replicates per
treatment. The treatments consisted of a basal balanced protein (BP) and the 11 combined
feed diets that were obtained by reducing BP by 40%, using a specific test for Lys, Met + Cys,
Thr, Trp, Arg, Gly + Ser, Val, Ile, Leu, His and Phr + Tyr. The study lasted 25 days. At the
end, egg weight (EW), albumen height, albumen diameter, albumen index, yolk height, yolk
diameter, yolk index, Haugh units, mineral shell weight (ESW) and egg shell participation
percentage were measured. The ideal ratio was calculated when a statistical difference was
detected using Dunnett’s test. Only the variables EW and ESW were different in relation
with BP. The ideal amino acid ratios considering Lys as 100 for EW and ESW were Met
+ Cys 82 and 83, Thr 60 and 68, Trp 18 and 21, Arg 109 and 112, Gly + Ser 99 and 102,
Val 77 and 87, Ile 61 and 67, Leu 155 and 141, His 34 and 37, and Phe + Try 134 and 133,
respectively. Applying the reduction method with a 40% limitation of dietary amino acid
depletion allowed the EW and ESW variables to be sensitive for all amino acids tested.
Thus, it was possible to simultaneously establish the ideal profile of essential amino acids
in the diet, focusing on target traits (which in this study were EW and ESW).

The microbiological evaluation of chicken broiler feed was handled by a group of
researchers from USV Ias, i led by Lăpus, neanu D. [18], who conducted a case study in
a combined feed factory in Romania. The study was carried out between 2019 and
2020 and 334 samples of raw materials and 601 samples of combined feed were col-
lected and analysed. The raw materials (corn, wheat, soybean meal and sunflower)
were tested for the presence of yeasts and moulds with the following results: 1.3 × 103,
9.5 × 102, 6.4 × 102 and 7, 4 × 102 cfu/g in 2019 and 1.5 × 102, 1.0 × 103, 5.2 × 102 and
7.1 × 102 cfu/g in 2020. Combined feed samples (starter, grower and finisher) revealed
the following mean values: 5.9 × 102, 4.2 × 102 and 4.2 × 102 cfu/g in 2019 and 5.3 × 102,
6.5 × 102 and 5.8 × 102 cfu/g in 2020. Potentially toxigenic fungi of the genera Aspergillus,
Penicillium and Fusarium occurred most frequently in all samples. For raw materials, the
highest numbers of positive samples for Aspergillus were recorded in both years: 66.6%
in 2019 and 100% in 2020 for maize, 50% in 2019 and 75% in 2020 for wheat, 76% in 2019
and 87.5% in 2020 for soybean meal and 71.4% in 2019 and 100% in 2020 for sunflower
meal. In starter combined feeds, Aspergillus predominated in 2019 (46.6%), while in 2020,
Penicillium and Cladosporium were identified in most samples (50%); in grower and finisher
feeds, Aspergillus was predominantly identified in 2019 (60% and 72.2% of the samples,
respectively) and in 2020 (61.5% and 46.6%, respectively). All bacteriological analyses
to identify possible contamination with Salmonella spp., E. coli and Clostridium perfringens
produced negative results. Based on the results obtained in this study, it could be concluded
that the monitoring and analysis of microbiological hazards in a feed factory are necessary
to be able to prevent contaminations of this type because they can have a direct impact on
feed and food safety.

Another side of obtaining animal products is its polluting potential. This topic was
a concern of researchers from USAMV Bucharest, led by Popa R.A. [19], who carried out
a comparative assessment of the resulting air pollutant dynamics in a dairy farm using

7



Agriculture 2023, 13, 943

an LoT platform. The study is based on the necessity of the awareness and permanent
monitoring of sources of pollution to ensure the efficient management of the farm. The
authors conducted a case study of air pollutants in a cattle farm in different seasons (winter
and summer) and the assessed the correlation between their variations and microclimate
parameters. In this study, a further comparison was carried out between values estimated
using the EMEP methodology (European Monitoring and Evaluation Programme, 2019)
for air pollutant emissions and values measured by sensors in a hybrid farm decision
support platform. Interactions between microclimate and pollutant emissions were found
that can provide a model for farm activities, which is useful as managing tool for farmers.
Starting from the fact that the estimates using the EMEP methodology do not consider the
natural and artificial ventilation of the stable, as they are used for a global assessment of
atmospheric air quality, the authors recommend the use of sensors and alert systems that
analyse pollutant concentrations in real time to ensure animal welfare.

Another type of study included in this Special Issue was related to the quality of
honey. Albu A. et al. [20] analysed the phenolic and flavonoid contents and also the
raw chemical composition of Romanian monofloral honey. In this study, 28 samples
(acacia, linden, rapeseed, sunflower and mint) were analysed. Pearson’s test revealed a
strong positive correlation between total phenolic content and total flavonoids (r = 0.76)
and color intensity (r = 0.72). For total flavonoid content, correlations were strongly
positive with colour intensity (r = 0.81), ash content (r = 0.76) and electrical conductivity
(r = 0.73). The relevant levels of polyphenols and flavonoids identified in the types of honey
analysed demonstrate its antioxidant potential, with essential nutritional and sanogenic
characteristics in human nutrition.

The second article dealing with the quality of honey offers us a profile of several varieties
of monofloral honey from Romania. Thus, Pop I.M. et al. [21] evaluated 7 monofloral honey
varieties (linden, acacia, rapeseed, sunflower, mint, raspberry and chestnut) from a physical-
chemical point of view (moisture, specific gravity, pH, free acidity, ash, electrical conductivity,
total phenols and total flavonoid content, K, Ca, Mg, Na and P). The quality parameters that
were investigated fell within the recommended limits established by the regulated standards.
Sample analyses indicated the presence of antioxidants such as total phenols content (TPC)
(17.9–73.2 mg GAE/100 g) and total flavonoids content (TFC) (0.84–4.81 mg QE/100 g) and
high amounts of K (101–1462 mg kg−1), Ca (58.3–167.5 mg kg−1), Mg (24.8–330.6 mg kg−1),
Na (94.5–233.3 mg kg−1) and P (34.1–137.2 mg kg−1). Pearson’s correlations between
certain parameters (such as colour × TFC, colour × Mg, colour × P, electrical conductivity
× ash, mm Pfund × TFC, TPC × TFC, K × Ash, P × Mg) along with principal component
analysis, hierarchical clusters analysis and ANOVA statistics reveal three main factors that
explain the variability of the data set and could be attributed to stability: minerals and
colour/antioxidant contributions. FTIR spectra confirmed the authenticity of all monofloral
honeys. The experimental data confirmed the influence of environmental elements (soil,
water, air) on the composition of honey and highlighted the quality of honey as a complete
food and therapeutic product.

For the end of this editorial, we have saved an article that presented a phylogenetic
analysis of the genetic diversity of the Romanian cattle breed named Steppe Grey, a breed
that is on the way to extinction. Since 2000, FAO has been drawing attention to the signifi-
cant decline in the Podolian cattle population group, which also includes the Romanian
Steppe Grey. Currently, this breed is on the verge of extinction, counting less than 100 heads
throughout the country. Due to its qualities of resilience, adaptability and increased resis-
tance to diseases and severe climatic conditions, the Steppe Grey is considered a valuable
genetic pool for improving livestock production. The study carried out by Davidescu M.A.
et al. [22] aimed to quantify the genetic diversity of a population of 32 cattle from northeast-
ern Romania (historical province of Moldova) by analysing two mitochondrial markers,
Cytochrome B and Loop D, that proved to be relevant for studies of genetic diversity and
phylogeny. The results obtained, based on statistical data analysis derived from nucleotide
sequencing analysis software (DnaSP, SeaView, MegaX, PopArt, etc.), demonstrated that
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the breed belonged to the ancestral haplogroup P′QT, with direct ancestry from Bos taurus
primigenius. Within this haplogroup, five cattle were identified that could be used in artifi-
cial selection and mating, with the aim of preserving valuable genetic resources, improving
the biological resilience of other cattle breeds against various adverse environmental factors
and protecting biodiversity.

This Special Issue of Agriculture, focused on animal nutrition and productions, includes
articles that are diversified in approach and represent some of the latest preoccupations of
specialised research, aiming at continuously developing knowledge in the targeted fields.
The authors of this editorial are pleased to have completed this Special Issue, underlining
the valuable contributions of researchers from all over the world, many of which are young
people representing the future of research in their respective fields. We hope that Series II
will be as successful and will give us the opportunity to write a second editorial.
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Abstract: This study was conducted to investigate the nutritional values of female camels’ milk
and the minerals status, for them and their calves, when fed a total mixed ration (TMR) beside
alfalfa hay during winter. Thirty-seven lactating multiparous female camels and their calves were
selected at mid-lactation in the Al-Kharj region. Group one was fed only alfalfa hay ad libitum
(C) and group two was supplemented with a total mixed ratio (TMR; 4 kg/head/day), primarily
containing a mix of barley grain, wheat feed, palm kernel cake, soya hulls, vitamins and minerals.
Milk and blood samples were collected in the middle of the winter season and analyzed for minerals
using ICP-OES. A significant (p < 0.05) higher concentration was observed for protein and inorganic
matter in milk from female camels supplemented with TMR in the T group. In addition, Mg, Co, Fe
and Zn levels in milk significantly (p < 0.05) increased compared with the control group (C). Blood
serum concentrations of Ca, P, Mg, Cu, I, Se, Zn and Cd minerals in female camels were significantly
(p < 0.05) higher in the T group compared to the C group. Blood serum of the calves in the T group
was significantly (p < 0.05) at higher levels for all minerals than in the control group (C); except iodine.
Furthermore, significant correlations were reported between Co and Mn elements with most other
minerals under investigation. In conclusion, TMR supplementation in the T group of female camels
during lactation in the winter season is highly recommended since it improves the milk composition
and mineral profile.

Keywords: female camels; milk; minerals; heavy metals; winter; total mixed ration

1. Introduction

The ecosystem in the Middle East and Africa can be primarily classified as arid or
semi-arid, with approximately 70% of their lands receiving less than 100 mm of rainfall
per year. Traditionally livestock grazing on these lands has been a nomadic system. The
inadequate rangeland forage has forced nomadic people to shift to other feed resources
and consequently change their production system from nomadic to primarily settled, semi-
intensive systems [1]. The main consequence for the feeding behavior of camels in this
context is the change from a highly diversified diet (with important variability in nutritive
value and grazed ecosystems) to a very monotonous diet (typically alfalfa + more or less
barley + more or less concentrate [2].

Camels (Camelus dromedarius) are important dairy animals in semi-arid and arid
nomadic and other communities as a source of high-quality animal protein, fatty acids,
vitamins and minerals contained in milk [3]. Camel production systems are now shifting
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toward the semi-intensive approach that depends mainly on feed supplements to meet
nutrient requirements. Feed supplements consisting of alfalfa hay, Rhodes grass, barley,
wheat bran, crop by-products and, rarely, seasonal grazing pasture are the main source of
nutrients for camels which do not cover the nutrient requirements including trace minerals,
especially during lactation [4]. In camels, features such as low growth rate, seasonal
breeding, long gestation period, abortion, low milk production, diseases and the high
mortality rate of pre-weaning newborns and dams appear to be the major constraints on the
improvement of their productivity and general performance [5]. However, camels are well
known for their unique anatomy and physiology, which helps them to be suited for harsh
environments, poor feeding and water scarcity. However, the problem with this feature is
the unknown nutritional subclinical deficiencies during different seasons, which markedly
reduce camel performance and profitability. Many scientific studies have demonstrated
alterations in the absorption and metabolism of glucose, protein, lipids and minerals and
effects on liver biological function in heat or cold-stressed subjects [6–8].

Seasons are well documented to affect grazing ruminants’ health and productivity
since there is significant variation in feed availability and nutritive values. Moreover, the
animal requirements differ according to seasons, such as summer and winter. Winter
is a very stressful season for camels, especially lactating ones, affecting milk yield and
composition and so pre-weaned newborn camels’ health and growth rate. Dwyer et al. [9]
reported the mortality rate of livestock raised under an extensive system as follows: 9% of
beef cattle, 15% of sheep, 20% of goat and 30% of camels. The causes of high mortality rate
in camels may be caused by poor dam nutrition and late colostrum taking, which impairs
immunity transfer and, consequently, neonatal health and growth [10].

Trace and macro minerals are crucial for animal health and productivity, including
camels, especially when they become a limiting factor of the diet [11]. They play a pivotal
role in many physiological activities, and their deficiency causes various pathological
problems and metabolic defects [12]. The levels of nutrients and trace minerals intake are
known to affect the reproductive ability of male or female camels [13,14]. The trace minerals
such as selenium (Se), copper (Cu), zinc (Zn), manganese (Mn), cobalt (Co), iron (Fe), iodine
(I) and molybdenum (Mo) are involved in normal growth and productivity of livestock [15].
Infertility, non-infectious abortion, anemia and metabolic diseases are some of the main
clinical signs of deficiencies and abnormalities [16,17]. A few scientific studies have shown
evidence of camels’ sensitivity to trace and macro mineral disorders as a result of either
deficiency or toxicity in the same way as other ruminants [18]). Faye et al. [18,19], and Zong-
Ping et al. [20] have reported several incidences of clinical mineral deficiencies in camels
being underestimated because signs of subclinical deficiencies may remain undetected
for long periods. Regarding toxicity, evidence is even rarer. For example, some cases of
selenosis were described [21], as well as fluorosis [22].

Most of these studies in semi-arid and arid areas fail to consider the main factors
that affect the mineral and nutritional status of camels, such as seasons, age, breed, sex,
physiological status, and management risk factors, especially those linked to the feeding
system [23]. Such information is essential to establish a solid background for developing
supplementation programs during different seasons to improve camels’ reproductive and
production efficiency and, consequently, milk and meat quality and quantity. The results
indicated a lower concentration of some trace minerals in blood serum and tissue compared
with normal levels in camels, significantly varying by breed [24]. Alhidary et al. [25]
found that supplementing trace minerals to camels improves the average daily gain, feed
efficiency, liver mineral reserve, and immune response. The objective of this study was to
investigate the effect of total mixed ratio supplementation to one-humped female camels’
calves on milk composition and minerals status during the winter season compared to
female camels fed only alfalfa hay raised under semi-intensive systems.
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2. Materials and Methods

2.1. Experimental Site

This study was performed in the Al-Kharj agricultural region, located southeast of
Riyadh province, Saudi Arabia (23◦59′ N 47◦09′ E–24◦22′ N 47◦06′ E). The climate in this
area is typically arid, hot in the summer and cold in winter, with annual rain precipitation
of 132 mm. Winter starts in mid-September to the end of January, the coldest in December.
Moreover, the maximum temperature is 18 ◦C and the lowest is 5 ◦C.

2.2. Samples Collection and Management

Blood samples were taken with sterilized vacutainer tubes from the jugular vein of
37 multiparous female camels (at mid-lactation; ±2 months) and their calves, raised under
a semi-intensive system in Al-Kharj, Riyadh, with a different feeding protocol: Group one
(C) twenty female camels fed alfalfa ad libitium and group two (T) 17 female camels were
fed Total Mix Ration (TMR; 4 kg/head/day) beside the alfalfa hay ad libitum. The chemical
composition of the TMR is presented in Table 1. Blood samples were centrifuged (2000 for
10 min) to obtain serum. The serum was treated immediately with 10% trichloroacetic acid
(TCA) (1-part serum: 4 parts TCA) and centrifuged (1500× g for 10 min). The supernatants
were collected and stored at −20 ◦C until mineral analysis was performed. At the same
time, milk samples were collected from each female camel and prepared for composition
and mineral analysis.

Table 1. Composition and calculated nutrient content of the experimental diet.

Ingredients, %
Treatments

Alfalfa TMR

Barley grain - 30.45
Wheat feed - 26.00
Wheat Bran - 5.00

Palm kernel cake - 17.55
Soya Hulls - 13.40

Salt - 1.00
Limestone - 2.50
Molasses - 3.00

Acid buffer - 1.00
Commercial Premix - 0.10
Calculated analysis

Dry matter, % 91.3 90.8
Crude protein, % 14.1 13.24

Crude fiber, % 28.7 12.72
ME, Mcal/kg 16.8 2.79
Calcium (%) 378.86 617.27

Phosphorous (%) 1956.6 330.58
Iron (μg/g) 0.185 4.5

Copper (μg/g) 8.58 12.84
Zinc (μg/g) 12.5 15.65

Manganese (μg/g) 2064.6 2148.6
Selenium (μg/g) 1.47 17.51

Milk samples were immediately pipetted to prevent settling prior to removing the
sample. Milk composition (protein %, fat %, lactose % and total solid %) was analyzed after
collection using Milko-Scan FT6000 (Foss, Hillerød, Denmark). For trace metals analysis; a
0.5000 ± 0.001 g milk sample was weighed in an acid-washed Teflon™ vessel. Then, 1 mL
HNO3 (65% Riedel-de Haen, Hanover, Germany), 1 mL HCl (36% Avonchem, Macclesfield,
UK), 1 mL H2O2 (30% w/v Avonchem, UK) and 1 mL deionized H2O (Milli-Q quality)
were added to the sample before loading on the digestion units. The samples were digested
according to pre-set temperature program recommended by [26]. The digested samples
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were diluted in a 25 mL volumetric flask using 0.1 normality HCl and mixed very well.
Subsamples (5 mL) were taken in sterilized tubes for mineral analysis.

2.3. Mineral Analysis

Determinations of major, trace and heavy metals were determined using ICP-OES
equipped with a Meinhard Nebulizer type A2. Argon (purity higher than 99.999% supplied
by AH group (Dammam, Saudi Arabia) was used to sustain plasma and as a carrier
gas. The operating conditions employed for the ICP-OES determination were 1300 W
RF power, 15 L min−1 plasma flow, 0.2 L min−1 auxiliary flow, 0.8 L min−1 nebulizer
flow, and 1.5 mL min−1 sample uptake rate. The axial and radial view was used for
metals determination, while two-point background correction and three replicates were
used to measure the analytical signal, with the processing mode being the peak area. The
emission intensities were obtained for the most sensitive lines free of spectral interference.
The calibration standards were prepared by diluting the stock multi-elemental standard
solution (1000 mg L−1) in 0.5% (v/v) nitric acid. The calibration curves for all elements
were in the range of 1.0 ng mL−1 to 1.0 μg mL−1 (1–1000 ppb).

2.4. Statistical Analysis

Data were analyzed by using a completely randomized design, through ANOVA
(variance analysis), general linear model procedure (Proc GLM) of SAS (v. 9.4, SAS Institute
Inc., Cary, NC, USA. The statistical model was Y = μ + Ti + εij, where: Y = minerals
concentration in different tissues, blood serum, and milk (P, Mg, Co, Cu, Fe, I, Mn, Se, Cd,
Pb); Ti = the effect of the C or T diets; and εij = random error. The variation coefficients (R2

and VC) were considered to determine the models’ validity. A correlation was performed
to explain the relationship between the minerals in serum, blood and milk of female camels
and their calves. Differences among means were compared through LSD (least statistical
differences) considering p < 0.05.

3. Results

3.1. Female Camel Nutrition and Milk Composition

Protein content was significantly (p < 0.05) higher for female camels’ milk in the T
group supplemented with TMR (2.71%) than female camels’ milk in group C fed only
alfalfa hay (2.13%). In addition, the content of inorganic matter was significantly (p < 0.05)
higher in the female camels’ milk fed with TMR and alfalfa hay (0.79%) than in the C group
(0.65%) fed only alfalfa. Fat and lactose content did not statistically differ (p > 0.05) between
female camels’ milk in group C (2.29 % and 4.48 %, respectively), and group T (2.49 % and
4.22 %, respectively), as reported in Table 2.

Table 2. Camel milk’s nutritive value raised under semi-intensive system during winter.

Nutrients, (%) Group-C (n = 17) Group-T (n = 20) SEM p Value

protein 2.13 b 2.71 a 0.18 0.051
Fat 2.29 2.49 0.21 0.66

Lactose 4.48 4.22 0.15 0.40
Total solid 9.45 9.81 0.44 0.70

SNF 7.07 7.39 0.29 0.58
Inorganic matter 0.65 b 0.79 a 0.02 0.04

a,b Within a column, means without a common superscript are significantly different. Group-C: fed only alfalfa
hay ad libitum during the winter season in a semi-intensive production system. Group-T: fed alfalfa hay ad
libitum and 4 kg TMR/head/day during the winter season in a semi-intensive production system. p-value: less
than 0.05 considered significantly different. SEM: Standard error of means.
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3.2. Female Camel Nutrition and Minerals Content in Milk

The effects of feeding management on mineral concentrations in the milk and serum
of female camels and their calves are shown in Tables 3–5. On average, the rank of the
trace minerals levels, from higher to lower, in the milk of the control group were as follows:
iodine (46.15 μg/mL), followed by iron (27.77 μg/mL), copper (14.06 μg/mL), selenium
(3.90 μg/mL) and zinc (2.05 μg/mL). Other minerals, such as cadmium (0.045 μg/mL),
were present at the lowest concentration. Moreover, the highest value for macro minerals
was reported for Ca, followed by P, and the lowest was Mg for both groups. The same
trend was reported in the treated group with TMR. The content of Mg, Co, Fe, and Zn in
female camels’ milk (group T) fed TMR, and alfalfa hay in winter was significantly (p < 0.05)
higher than in female camels’ milk (group C) fed only alfalfa hay (Table 3). The serum
concentration of macro minerals Ca and P were significantly (p < 0.05) higher in the female
camel of the T group than in the C group. In contrast, the serum concentration of Mg in
female camels in the C group that were fed alfalfa hay was significantly (p < 0.05) higher
than in female camels in the T group. On the other hand, serum concentrations of trace
minerals such as Cu and Zn were significantly (p < 0.05) higher in female camels in the T
group while the serum concentrations of selenium were significantly (p < 0.05) higher in
female camels of group C compared to T group. In addition, the serum concentration of
the heavy metal, Cd was significantly (p < 0.05) higher in the serum of female camel in the
C group compared to the T group (Table 4).

A significantly (p > 0.05) higher concentration of macro minerals (Ca, P and Mg) was
observed in calves’ blood serum that suckled from female camels supplemented with TMR.
Similarly, the trace minerals (Co, Cu, Fe, Mg, Se and Zn) and heavy metals (Ca and Cd)
were significantly (p < 0.05) higher in concentration in the serum of calves that suckled
from female camels from group T than the blood serum of calves suckling female camels’
milk from the control group (Table 5). The two groups observed no significant differences
in iodine concentrations between serum female camels and calves (Table 5).

Table 3. Effect of concentrate supplementation to female camels beside alfalfa on element concentra-
tion of milk during winter.

Mineral Group-C (n = 17) Group-T (n = 20) SEM p-Value

Macro minerals, mg/dL
Calcium 214.80 201.9 1.64 0.71

Phosphorus 130.38 130.52 8.57 0.99
Magnesium 27.84 b 29.36 a 2.41 0.053

Trace minerals, μg/mL
Cobalt 0.311 b 0.536 a 0.14 0.04
Copper 14.06 15.48 1.41 0.34

Iron 27.77 b 32.99 a 1.52 0.03
Iodine 46.15 56.61 10.24 0.64

Manganese 1.954 2.669 0.33 0.29
Selenium 3.909 3.706 0.34 0.78

Zinc 2.058 b 2.694 a 0.41 0.054
Heavy metals, μg/mL

Cadmium 0.045 0.051 0.01 0.57
Lead 0.580 0.555 0.16 0.95

a,b Within a column, means without a common superscript are significantly different. Group-C: fed only alfalfa
hay ad libitum during the winter season in a semi-intensive production system. Group-T: fed alfalfa hay ad
libitum and 4 kg TMR/head/day during the winter season in a semi-intensive production system. p-value: less or
equal to 0.05 considered significantly different. SEM: Standard error of means.
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Table 4. Element concentrations (ug/mL) in the blood serum of female camels raised in a semi-
intensive system during winter.

Mineral Group-C (n = 17) Group-T (n = 20) SEM p Value

Macro minerals, μg/mL
Calcium 231.3 b 257.1 a 0.083 0.03

Phosphorus 139.77 b 219.87 a 16.88 0.01
Magnesium 35.62 a 30.571 b 1.186 0.02

Trace minerals, μg/mL
Cobalt 0.117 0.118 0.001 0.98
Copper 1.616 b 2.279 a 0.32 0.053

Iron 0.535 0.585 0.03 0.48
Iodine 0.053 0.092 0.002 0.16

Manganese 0.875 0.789 0.01 0.54
Selenium 1.253 a 0.962 b 0.03 0.050

Zinc 0.127 b 0.159 a 0.01 0.052
Heavy metals, μg/mL

Cadmium 0.024 a 0.023 b 0.0003 0.01
Lead 0.006 0.005 0.0008 0.87

a,b Within a column, means without a common superscript are significantly different. Group-C: fed only alfalfa
hay ad libitum during the winter season in a semi-intensive production system. Group-T: fed alfalfa hay ad
libitum and 4 kg TMR/head/day during the winter season in a semi-intensive production system. p-value: less or
equal to 0.05 is considered to be significantly different. SEM: Standard error of means.

Table 5. Elements concentration (ug/mL) in blood serum of calves s raise in a semi-intensive system
during winters.

Mineral Group-C (n = 17) Group-T (n = 20) SEM p-Value

Macro minerals, μg/mL
Calcium 293.0 b 326.1 a 0.080 0.04

Phosphorus 282.4 b 384.1 a 11.73 0.04
Magnesium 31.90 b 39.82 a 1.964 0.03

Trace minerals, μg/mL
Cobalt 0.01 b 0.02 a 0.004 0.04
Copper 1.46 b 2.82 a 0.41 0.052

Iron 0.55 b 0.76 a 0.04 0.01
Iodine 0.11 0.12 0.01 0.64

Manganese 0.08 b 0.09 a 0.003 0.051
Selenium 1.08 b 1.38 a 0.07 0.02

Zinc 0.18 b 0.20 a 0.008 0.055
Heavy metals, μg/mL

Cadmium 0.023 b 0.027 a 0.0001 0.002
Lead 0.005 b 0.009 a 0.0003 0.06

a,b Within a column, means without a common superscript are significantly different. Group-C: fed only alfalfa
hay ad libitum during the winter season in a semi-intensive production system. Group-T: fed alfalfa hay ad
libitum and 4 kg TMR/head/day during the winter season in a semi-intensive production system. p-value: less or
equal to 0.05 considered significantly different. SEM: Standard error of means.

3.3. Correlation between Minerals Concentrations

Mn and Co concentrations in the blood serum of female camel and milk and calf serum
were significantly (p < 0.05) correlated with most other minerals under investigation. In
the C group, the Mn in the serum of female camels and their calves showed significant
(p < 0.05) positive correlations with Mn, Cu, Fe, and Zn. On the other hand, Co showed
significant (p < 0.05) positive correlations with Cu and Se and significant (p < 0.05) negative
correlations with Mn and Fe within the C group (Table 6). In the T group, Mn in the serum
of female camels and their calves showed a significant (p < 0.05) positive correlation with
Mn, Co, Se and Zn, while it showed a significant (p < 0.05) negative correlation with Fe. In
addition, the mineral Co showed significant (p < 0.05) positive correlations with Mn, Co,
Cu, Se, and Zn in group T (Table 6).
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Table 6. Correlation coefficient of some trace elements for female camels and their calves blood serum.

Mineral Mn NB Cu NB Fe NB I NB Co NB Se NB Zn NB

Group-C

Mn D 0.990
**

0.946
*

0.962
* NC −0.945

* NC 0.901
*

Co D −0.945
*

0.903
**

−0.962
* NC 0.813

*
0.914

* NC

Group-T

Mn D 0.835
* NC −0.967

* NC 0.989
**

0.874
**

0.768
*

Co D 0.893
*

0.946
** NC NC 0.958

**
0.822

*
0.903

*
* = p < 0.05; ** = p < 0.01; NC = No correlation; D = female camels; NB = Newborn.

The correlation coefficients of minerals Mn and Co with minerals in the blood serum
and milk of female camel are presented in Table 7. In group C, Mn showed significant
(p < 0.05) positive correlations with minerals Fe, I, Se and Zn while, Co showed significant
(p < 0.05) positive correlations with minerals Mn, Fe, I and Co. In addition, the results
showed that Mn showed a significant (p < 0.05) positive correlation with minerals Mn, Cu,
Se and Zn minerals in group T (Table 7).

Table 7. Correlation coefficient of some trace elements for female camels’ blood serum and milk.

Mineral Mn M Cu M Fe M I M Co M Se M Zn M

Group-C

Mn D NC NC 0.961
**

0.964
* NC 0.864

**
0.871

*

Co D 0.990
** NC 0.973

**
0.961

*
0.788

* NC NC

Group-T

Mn D 0.936
**

0.988
*

−0.898
*** NC NC 0.966

***
0.875

**

Co D 0.932
** NC NC NC NC 0.768

*
0.945

**
* = p < 0.05; ** = p < 0.01; *** = p < 0.001; NC = No correlation; D = female camels; M = Milk.

The correlation coefficient of Mn and Co with other minerals in the blood serum of
calves and female camel milk is presented in Table 8. Mn showed significant (p < 0.05)
positive correlations with Fe, I, and Se, while Co was significantly (p < 0.05) positively
correlated with Fe and negatively with Cu in the C group. In addition, Mn showed
significant (p < 0.05) positive correlations with Fe, I, Co and Zn, and significant (p < 0.05)
negative correlation with Se. On the other hand, Co showed significantly (p < 0.05) positive
correlations with Mn, Fe, I and Zn, and negative ones with Se in the T group (Table 8).

Table 8. Correlation coefficient of some trace elements for calves’ blood serum and milk.

Mineral Mn M Cu M Fe M I M Co M Se M Zn M

Group-C

Mn NB NC NC 0.871
*

0.810
* NC 0.756

* NC

Co NB NC −0.891
*

0.903
** NC 0.988

** NC NC

Group-T

Mn NB NC NC 0.837
**

0.967
*

*0.875
**

−0.880
*

0.785
***

Co NB 0.965
** NC 0.837

**
0.938

*
0.817

*
−0.889

*
0.856

***
* = p < 0.05; ** = p < 0.01; *** = p < 0.001; NC = No correlation; NB = newborn calves; M = Milk.

4. Discussion

In Saudi Arabia, there is little information on mineral bioavailability so, the practice
of mineral supplementing is little or non-existent; therefore, it is possible that dietary
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imbalance is associated with mineral deficiencies. For dietary mineral imbalances and their
interrelationship, elements were determined in the blood serum and milk of female camels
with their calves, during winter. The current study aimed to estimate the micro and macro
minerals and heavy metals in the blood serum and milk of female camels and their calves
as indicators for determining the effect of supplementing TMR to female camels on their
newborns’ mineral status during winter. So, for trace minerals to be essential, they must be
part of biologically active molecules and affect animal productivity and health [11].

The female camel milk in the current study has low fat, protein, and total solid content
compared to Chinese Bactrian camel milk [27] and dromedary milk from Pakistan [28]. Still,
it is similar to dromedary milk [29,30] from different Saudi camel breeds [31] and Moroccan
camels [32]. In their meta-analysis, Konuspayeva et al. [33] showed higher concentrations
of chemical parameters in Bactrian and Asian dromedary compared to dromedary from
Arabian Peninsula and Africa. Unlike other dairy products, camel milk’s composition and
mineral content is mainly influenced by its water content [33]. Additionally, camel milk is
influenced by other factors such as feeding conditions, camel breed, stage of lactation, age,
and the number of calves [34]. In the present study, the results showed a significant effect
of feeding TMR on the protein content of female camels’ milk, which could be due to the
protein content of the diet. In addition, the content of inorganic matter in the milk of female
camels fed TMR was also significantly higher by (14%) compared to the C group. Milk
yield was not recorded in the present study, which could explain some results regarding
differences in milk composition between groups.

Dietary mineral bioavailability has not been well studied in camels and described in
the literature, but it is well documented in other ruminant animals. Micronutrients such as
Zn, Fe, Cu, Mn, Co, Mo, and Cr are required in minute amounts for homeostasis and optimal
body function, but excessive intake can have negative health consequences [35]. Thus,
our expectations regarding mineral metabolism in camels may differ from those of other
ruminants because of their digestive process, feeding behavior and other physiological
characteristics. In the present study, it was reported that the main mineral content (Ca,
P, and Mg) of female camels’ milk was higher compared to the milk of Chinese Bactrian
camels [27] and the milk of dromedary camels in Saudi Arabia [31,35]. However, the Mg
content of female camel milk was lower compared to the data reported for camels in Saudi
Arabia [35] and Somali, and Tur-kana camel breeds [36], which were performed in many
studies with large variations among them. The zinc concentration in the female camel
milk was similar to the value observed by Dell’Orto, Cattaneo, Beretta and Baldi [36] The
reason for these large variations could be due to the analytical methods used or factors not
considered. In this study, the trace mineral content in female camels’ milk was significantly
higher than in cow’s milk [37]. In contrast to previous studies in other countries, these
values differ. The Fe and Cu content (2.98 and 0.14 mg/100 g) were close to the results
of three dromedary camels reported by Al-Wabel et al. [38] The Cu content was slightly
lower than the value (0.22 mg/100 mL) reported by Raziq et al. [39] for camels from
mountainous Baluchistan, Pakistan, but significantly higher than the Fe and Cu content
(0.23 and 0.061 mg/100 g) reported by Soliman [40]. The high Fe, Cu, and P contents of
camel milk, as well as the fact that camels are fed dry plants, contribute to camel milk
being very salty and high in chloride [41]. In the current study, female camels fed TMR
had higher concentrations of Co, Fe and Zn in their milk than female camels from the C
group. According to the result of this study and previous studies, the overall means differ,
which may be due to several different factors, such as different physiological conditions
(e.g., stages of lactation), management, feeding, and statistical methodology. The effect of
trace elements in the diet on acid-base status is minimal because they are absorbed in such
small amounts [42].

The data obtained in this study showed that the minerals Ca, P, Cu, and Zn were in
significantly higher concentrations in the serum of female camel-fed TMR than in those
fed only alfalfa hay. Interestingly, the serum of calves that suckled from female camel-fed
TMR had the highest levels of macro (Ca, P and Mg) and trace mineral (Co, Cu, Fe, Mn,

18



Agriculture 2022, 12, 1855

Se and Zn) than that of other calves. On the contrary, Dell’Orto [36] reported that feeding
supplements to lactating camels had no effect on calf plasma Ca, P, Mg, Zn and Fe levels.
The average plasma phosphorus concentration ranges from 4 to 9 mg/100 mL, depending
on the species and age of the animal, and P levels are more influenced by diet than Ca
levels [16]. Goff [42] found that serum P levels exceed 2.0 mmol/L and are related to 1,25-
dihydroxyvitamin D, which cannot be converted from 25-hydroxyvitamin D and causes
milk fever in the cow. Blood Mg levels are not regulated, they reflect dietary Mg intake. It
is influenced indirectly by calcium-regulating hormones such as calcitonin and parathyroid
hormones. [42].

Toxic heavy metals/metalloids (THMs) such as arsenic, cadmium, lead, and mercury
are relatively dense metals/metalloids that are not beneficial to humans or livestock and
cause carcinogenicity, organ toxicity, and other negative health effects in small amounts [43].
In addition to industrial, domestic, agricultural, medical, and technological applications of
THMs, exposure of food-producing animals (FPAs) and humans to toxic metals may result
in massive environmental pollution [44]. Based on these results, female camel milk had
the lowest levels of lead and cadmium compared to camel milk in Iran [45]. According to
the Food and Agriculture Organization, World Health Organization (WHO), and Codex
standard (CXS 193-2007), the determined limit for lead and cadmium is 20 μg/kg and
10 μg/kg, respectively. So, the results of this study showed that lead and cadmium levels
were below the recommended levels.

To our knowledge, no study has been conducted on the relationship between the
concentration of minerals in the serum and milk of female camels and their calves in
dromedary camels except selenium [46]. The mineral correlation test was performed
in this study to determine the main relationships between these minerals in serum and
milk for female camel and their calves. Manganese and cobalt were found to be strongly
correlated with other minerals investigated. Therefore, the correlation analysis and results
focused on Mn and Co in the serum and milk of female camels and their calves with other
minerals. Manganese is a component of the bone matrix; it is also part of glycoproteins and
enzymes [47]. Manganese is required for lipid metabolism and the synthesis of cholesterol,
which is required for the synthesis of estrogen, progesterone, and testosterone. Thus,
animals with a manganese deficiency have lower reproductive performance [47]. The
most common alterations due to magnesium deficiency are loss of appetite, excessive
rumen fermentation, decreased milk production and tetany [42]. Cobalt is an essential trace
element required for the formation of vitamin B12 (cobalamin) in humans and animals [48].
Cobalt deficiency is only seen in ruminants that consume low levels of copper in their
diets, which could lead to a deficiency of this vital vitamin, and cause metabolic disorders,
inappetence, weight loss, and reproductive problems [48]. This study found a significant
positive correlation between Mn and Co with Cu, Fe, Se, and Zn in calves’ blood serum,
female camel serum, and milk during the winter in the two groups. Previous studies have
shown that Mn reaches the fetus through the placenta, which is related to the amount of
Mn in the basal diet [49]. Fortunately, blood Mn concentration is not a good indicator of
nutritional status for this trace element. The increase in Mn levels may be due to glucose
levels [50]. Essawi and Gouda [51] reported in dromedary camels that newborn weight is
not significantly associated with female camel serum levels of the various minerals.

5. Conclusions

The nutrient requirement of female camels during lactation in the winter season is
higher than to be covered by diet. TMR supplementation improves nutritional milk value,
especially protein milk percentage, inorganic matter percentages, and mineral status of
female camels’ milk compared to female camels fed only alfalfa hay. Moreover, with TMR
supplementation, blood serum concentrations of Co, Mn, and Zn of female camels and their
calves were increased. Cobalt and Mn were found to have a high correlation with most
other studied minerals between female camels, calves and milk. It is highly recommended
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that female camels must be supplemented with TMR during lactation in the winter season
to improve their productivity and mineral status.
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Abstract: An observational case study was designed to highlight issues associated with a possible
expansion of dairy buffalo (Bubalus bubalis) farming outside the traditional coastal plains of southern
Italy. Twenty pregnant buffaloes were transferred to a hilly inland farm. After calving, production
and reproduction data were collected monthly throughout lactation. From 4 to 6 months of lactation,
buffaloes were enrolled in a feeding trial to evaluate the effects of locally grown forages (maize
silage vs. hay) on milk production and in vivo digestibility. Sensory properties of mozzarella cheese
produced at a local dairy were also evaluated. No obvious effects of diet were found. Compared to
the data recorded in the previous lactation completed in the farm of origin, milk yield was reduced
by 37.2%, and milk protein by 6.1%, whereas milk fat improved (+4.5%). A lower pregnancy rate
(−13.3%), increased days open (+122%), and a prolonged intercalving period (+26.9%) were also
observed. Lactation length was shorter than the standard value of 270 d. The results showed that
peculiar reproductive characteristics, lower environmental temperatures, and the specificity of the
mozzarella production process are the main problems to be addressed in an expansion of buffalo
farming outside traditional areas.

Keywords: dairy buffaloes; farming environment; reproductive and productive performances;
feeding trial; mozzarella cheese; sensory properties

1. Introduction

Italian buffalo (Bubalus bubalis, Mediterranean type) farming is a traditional enter-
prise almost exclusively devoted to producing mozzarella cheese [1]. Currently, roughly
75% of the European 420,000 dairy buffalo heads are raised in specific coastal plains of
Campania, a region of southern Italy [2–4]. The growing demand for buffalo mozzarella in
the last few decades has driven a rapid intensification of the sector in terms of increased
use of off-farm inputs and implementation of genetic improvement techniques [5,6]. The
shift from extensive to intensive modes of production has increased the stocking rate and
then the environmental impact of buffalo farming in terms of worsening air and water
quality, as well as animal welfare and health, even facilitating occasional animal disease
outbreaks [7–10]. Moving buffalo farming from the traditional coastal plains to inland
hilly zones could mitigate the issues related to buffalo farming along with revitalizing the
economy and contrasting the depopulation of more marginal zones [11–13]. Nevertheless,
this expansion should consider the different environmental and infrastructural conditions
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of hilly and inland areas compared to lowland farms. Buffaloes originate and are mainly
distributed in tropic and sub-tropic environments, so that they present anatomic and physi-
ological mechanisms, for instance the sparse hairs and the numerous melanin pigments on
epidermis, able to counter hot and humid climate conditions rather than the cooler condi-
tions of internal areas [14–16]. In addition, some specific features of buffalo reproduction,
such as seasonality and estrus behavior, can reduce the reproductive efficiency and then
profitability of farms [17,18].

This study aimed to assess the possibility of expanding buffalo farming beyond the
traditional coastal areas and to highlight related issues, and an observational case study
was designed by moving a group of lactating buffaloes in an internal hilly area. We
also assessed the yield performance of the buffaloes fed with locally produced forages
(hays vs. maize silage), based on different scenarios for irrigation water availability and
farm size. The objectives of this research can be summarized as follows: (i) assess the
adaptability of buffaloes to the conditions of internal hilly areas by surveying the productive
and reproductive performance throughout the whole lactation; (ii) compare the yield
performance of buffaloes fed diets based on hay or maize silage; (iii) evaluate the sensory
characteristics of locally produced mozzarella.

2. Materials and Methods

2.1. Study Site

The study site was a dairy cattle farm (55 ha Utilized Agriculture Area, 120 cows)
sited in an internal hilly area of Campania Region (41◦17′ N, 15◦02′ E, 540 m a.s.l.). The
area is bounded by the pre-Apennine mountains, with a Mediterranean sub-continental
climate (Köppen zone Csb) characterized by dry and warm summers. The rainfall pattern
is very irregular and strongly influenced by the interaction between the wet air masses and
orography [19]. The average annual rainfall ranges from 800 to 1100 mm, with the maximum
monthly precipitation during November and December, and minimum values during July
and August. The temperatures average 4 ◦C in winter and 20 ◦C in summer [20,21].

2.2. Productive and Reproductive Performances

In early summer 20 pluriparous (age 6.0 ± 1.9 years, parity 3.2 ± 1.8), pregnant (on
average 7.7 months of gestation) dry buffaloes were moved from farm of origin (41◦05′ N,
14◦06′ E, 13 m a.s.l) and introduced in the experimental farm, where they were kept together
in an open barn equipped with external paddock, water bowls and manger until calving
that took place in the farm. The observation period started about two months after the
relocation, in July, at the time of delivery, and covered the whole lactation period (i.e.,
until dry off time). The animals were fed the same maize silage-based total mixed ration
(M-TMR) formulated for a milk yield of 8.0 kg/d which was modified at the 6th month
of lactation for meeting the lower needs [22,23]. After a voluntary waiting period of 60 d
from parturition, on the basis of visual observation of the estrous signals, the buffaloes
were artificially inseminated by intrauterine deposition of frozen-thawed semen from two
proven bulls. Pregnancy diagnosis was assessed by rectal palpations at 30-day intervals,
and days open (d from calving to pregnancy diagnosis), calving interval, and conception
rate (percentages of cows pregnant) were calculated. Every month, milk from each cow
was measured and sampled to assess for fat, protein, lactose (Milkoscan 605, Foss, Hillerød,
Denmark), and somatic cells count (SCC; Fossomatic 90, Foss Electric, Hillerød, Denmark).
Mozzarella cheese yield was estimated based on the milk chemical composition by using
the equation of Altiero et al. [24].

Climatic data (daily air temperature, relative humidity, and rainfall) from the experi-
mental farm and the farm of origin were collected.

2.3. Feeding Trial

At the 4th month of lactation, the cows were weighted, scored for body condition score
(BCS) [25], and randomly split into two groups homogenous for milk yield and quality.
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One group continued to be fed the M-TMR whereas the other was fed an isonitrogenous
and isoenergetic ration in which the maize silage was substitute by ryegrass hay (H-TMR)
(Table 1). The trial lasted 8 weeks, after 10 d of adaptation. The groups were housed in two
adjacent free stall barns and handled in similar way in terms of feeding and management.

Table 1. Ingredients (kg/d as-fed) and chemical composition (% of dry matter, DM, if not otherwise
stated) of the total mixed rations fed to the study buffaloes.

M-TMR H-TMR

Ingredients
Maize silage 15.4 -
Alfalfa hay 3.1 4.0

Ryegrass hay 2.0 5.0
Concentrates 6.3 7.0

Hydrogenated fat 1 - 0.3
Chemical composition

Dry matter (kg/d) 14.7 14.4
Ash 8.2 9.5

Crude protein 15.2 15.5
Ether extract 3.1 4.1

Starch 25.4 18.0
Neutral detergent fiber 42.7 45.5

Acid detergent fiber 27.8 31.5
Acid detergent lignin 6.3 7.4
NEL (UFL/kg DM) 0.85 0.86

1 Supplement containing 4% hydrogenated palm oil (Hidrofat© Nutrición Internacional, S.L., Madrid, Spain).
M-TMR, maize silage based total mixed ration; H-TMR, hay-based total mixed ration; NEL, net energy of lactation;
UFL, Unité Fourragère Lait: 1 UFL = 7.11 MJ/kg of NEL; DM, dry matter.

Dry matter intake (DMI) was measured every week on a group basis along with milk
and rations sampling. The TMRs were analyzed according to AOAC [26] for dry matter
(DM), ash, fat (Soxhlet apparatus), and crude protein (CP, Kjeldahl method). Neutral
detergent fiber including residual ash (aNDF), acid detergent fiber (ADF), and acid de-
tergent lignin (ADL) were determined according to Van Soest et al. [27]. Starch content
was assessed by a Polax-2l polarimeter (Atago Co., Ltd., Tokyo, Japan) in a 200 mm long
observation tube [28]. Net Energy for Lactation (NEL) was calculated based on chemi-
cal composition [29]. At the 7th week of the experimental period, the total tract in vivo
digestibility was evaluated by using acid insoluble ash (AIA) as intrinsic marker [30] ac-
cording to the procedure described by Vander Pol [31] and Masucci et al. [32]. Briefly, for
three consecutive days, fecal grab samples were collected from the rectum of each animal at
0900 h–1300 h and 1700 h. Samples of the rations were also collected and DMI determined.
The samples were dried to determine partial DM, composited per animal (fecal samples),
and analyzed for CP, NDF, ADF, and AIA content.

2.4. Mozzarella Cheese Production

Because traditional mozzarella cheese is an artisanal product subject to variation in
relation to cheesemaking conditions, the consistency of the sensory properties of mozzarella
on different days of production was tested. It was not possible to produce mozzarella sepa-
rately for the M-TMR and H-TMR groups, as no cheesemaking equipment was available to
process small amounts of milk in separate tanks at the same time. Therefore, at the end of
the feeding trial (sixth month of lactation) the buffaloes were reunited and fed the same
maize silage-based diet. After two weeks of adaptation, the mozzarella production process
was carried out on two different days (D1 and D2), one week apart, by the same staff from
a local dairy. Milk was collected at evening and morning milking, transported to the dairy,
and manufactured for mozzarella production according to the traditional procedure [33].
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2.5. Chemical and Sensory Analyses

Before the mozzarella manufacturing process, milk was sampled to determine chemi-
cal composition and titratable acidity [26]. Mozzarella samples from the D1 and D2 batches
of production were separately analyzed for macro-component and quantitative descriptive
sensory analyses (QDA) after 24 and 48 h from manufacturing. Overnight, mozzarella
samples were kept at 10 ◦C and allowed to equilibrate at room temperature (22–23 ◦C) for
at least 4 h before analysis. Chemical composition was determined on 3 samples/batch,
each consisting of 4 blended pieces of mozzarella. Moisture was quantified by oven drying
while fat and protein were determined according to the Gerber and Kjeldahl methods, re-
spectively [26].

To perform a quantitative descriptive analysis (QDA) [34], 15 subjects were recruited
among regular eaters of buffalo mozzarella cheese (defined as consuming this cheese at
least once a week). In total, 10 panelists (6 females and 4 males, mean age 29 year) were
selected by assessing their capacity to identify the 4 basic tastes (sourness, sweetness,
bitterness, and saltiness), according to the ISO recommendations [35]. During a preliminary
phase, the panelists were asked to taste buffalo mozzarella samples and, on the basis of
available literature [34,36], they developed and agreed on a 19-attribute consensus list
(Table 2) concerning appearance (5), odor/flavor (5), taste (4), and texture (5).

Table 2. List of attributes and reference samples used by the 10-member trained panel for Buffalo
mozzarella cheese sensory profiling 1.

Attribute
Reference Sample

Definition
Lower Anchor Upper Anchor

Appearance
Color 7.5Y 9/2 (ivory) N 9.5 (white) Overall intensity of white color (from ivory to white)

Brightness Ripened scamorza cheese Buffalo mozzarella cheese Shininess or glossiness of surface

Stringy appearance Ripened scamorza cheese Nodino cheese Typical filamentous or fibrillar structure of milk
casein after hot water stretching

Whey loss Ripened scamorza cheese Buffalo mozzarella cheese Amount of whey visible on the surface of the cheese
sample after cutting

Skin thickness Mozzarella cheese Burrata cheese Skin thickness of the buffalo mozzarella cheese
evaluable after cutting

Odor/Flavor
Overall Odor Ricotta cheese Buffalo mozzarella cheese Level of overall odor

Overall Flavor Ricotta cheese Buffalo mozzarella cheese Level of overall flavor

Milk Mixture of water (80%) and
milk (20%) Whole milk Odor/flavor arising from milk at room temperature

Cream Mixture of water (80%) and
cream (20%) Whole cream Odor/flavor arising from cream at room temperature

Yogurt Whole milk Plain whole yogurt
Taste

Saltiness 1.5 mL stock solution 100 mL−1 3 mL stock solution 100 mL−1 Fundamental taste associated with sodium chloride
Sweetness 8 mL stock solution 100 mL−1 20 mL stock solution 100 mL−1 Fundamental taste associated with sucrose
Bitterness 4 mL stock solution 100 mL−1 8 mL stock solution 100 mL −1 Fundamental taste associated with quinine
Sourness 8 mL stock solution 100 mL−1 16 mL stock solution 100 mL−1 Fundamental taste associated with citric acid
Texture

Tenderness Ripened provolone cheese 20 g round size mozzarella
cheese

Minimum force required to chew cheese sample:the
lower the force the higher the tenderness

Screechiness Asiago cheese Nodino cheese
Mouth sensation describing the typical filamentous

or fibrillary texture of milk casein after hot water
stretching

Elasticity Parmesan cheese seasoned 36
mo Emmental cheese Degree to which the original shape of a product is

restored after compression between the teeth

Moisture Ripened scamorza cheese Ricotta cheese Moisture released by the product in the mouth
during early mastication

Oiliness Ricotta cheese 80 g butter mixed with 40 g
ricotta cheese

Amount of oily/fatty feeling in the mouth during
chewing

1 Color definitions as in Munsell Book of Color (X Rite color. Europe GmbH). Stock solutions for sweetness,
sourness, saltiness, and bitterness were, respectively: 50 g sucrose 250 mL−1 solution; 2.5 g citric acid 250 mL−1

solution; 25 g sodium chloride 250 mL−1 solution; 51.25 g quinine hydrochloride 250 mL−1 solution.
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Subsequently, assessors were trained with a reference frame, using specific products
to each identified attribute (Table 2). During the panel training, at least two points of the
scale were anchored to the reference material. In particular, they were repeatedly exposed
to the reference samples (3 times) while overtly showing the corresponding intensity
levels. Subsequently, panelists re-assessed the two levels of intensity of each attribute in
blind conditions.

Then, a QDA was conducted in sensory booths [35,37], to assess the sensory profile of
the products. The tests started at about 10.00 h and panelists evaluated two of 50 g buffalo
mozzarella cheese at a serving temperature of 13 ◦C. To mask appearance differences in
the sample, assessors evaluated the first cheese under red light for odor/flavor, taste, and
texture attributes, and the second cheese under white fluorescent lighting, for appearance
attributes. The panelists evaluated 3 replications of each product, at 24 h and 48 h from
mozzarella manufacturing. The interval between consecutive samples was roughly 10 min
and panelists drank a sip of water after each sample.

As QDA is based on the use of a 100 mm unstructured intensity linear scale, with
anchor points at each end (0 = absent and 100 = very intense), panelists were trained to
identify the intensity ranges for low, medium, and high intensity [36].

2.6. Statistical Analysis

A descriptive statistic was used for productive (milk yield and quality over the whole
lactation) and reproductive performances. Data from the feeding trial were analyzed using
SAS statistical package (version 6.09, SAS Institute, Cary, NC, USA). Milk yield and quality
of the TMR-M and TMR-H groups underwent analysis of variance (ANOVA) for repeated
measures (mix proc) with diet (TMR-M and TMR-H) as a non-repeated factor and sampling
time and diet × sampling time as repeated factors. The cow variance was considered as
random and as the error term to test the main effect of the diet. Dry matter intake, and
animals’ BCS were analyzed by ANOVA (GLM procedure) to determine the fixed effects of
the dietary treatment (TMR-M and TMR-H). Chemical composition of mozzarella cheese
was analyzed by one-way ANOVA (GLM procedure) to determine the fixed effects of time
of conservation (24 and 48 h). Sensory profile data were subjected to ANOVA with assessor
(10), replication (3), storage time (24 and 48 h), day of production (1 and 2), and the interaction
as factors. Data are reported as least square means (LSM) and standard errors of means (SEM).
Statistical significance was declared at p < 0.05 and tendencies discussed at p < 0.10.

3. Results

3.1. Climatic Data

Data retrieved from the climatical stations are summarized in Table 3.

Table 3. Seasonal climatic data (mean ± standard deviation) of the experimental farm and origin
farm during the experimental period.

Item Summer 1 Fall 2 Winter 3 Spring 4

Study site

AT 5, ◦C 20.1 ± 1.9 12.4 ± 4.9 2.9 ± 1.4 8.1 ± 3.2
RH 6, % 74.1 ± 3.0 83.7 ± 7.1 86.5 ± 4.6 82.0 ± 6.6
R 7, mm 26.2 ± 3.7 70.5 ± 30.7 59.0 ± 23.3 45.6 ± 26.3

Farm of origin

AT 5, ◦C 26.1 ± 1.6 20.4 ± 3.4 10.0 ± 3.1 13.5 ± 2.3
RH 6, % 58.8 ± 3.1 72.7 ± 4.9 72.7 ± 2.7 66.8 ± 6.6
R 7, mm 7.4 ± 5.4 32.4 ± 2.9 34.4 ± 15.7 32.9 ± 15.7

1 Summer = June, July, and August; 2 Fall = September, October, and November; 3 Winter = December, January,
and February; 4 Spring = March, April, and May. 5 AT, daily air temperature; 6 AR, daily relative humidity;
7 R, monthly rainfall.

The study area was steadily colder (−7 ◦C per day), wetter (+14% of daily relative
humidity), and rainier (+23.5 mm of rain per month) than the coastal area from which
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the animals were moved. The largest seasonal variations were in fall, when the daily
temperatures and total rainfall differed by about 8 ◦C and 114 mm, respectively.

3.2. Maize-Based vs. Hay-Based Rations

The main differences between the chemical and nutritive characteristics of TMRs were
for the contents in starch (higher in M-TMR), and NDF and ADF (higher of H-TMR), while
the energy concentrations were quite close between the two diets (Table 1). The effects of
dietary treatment on DMI and milk production are shown in Table 4. The M-TMR group
showed a slightly but significantly (p < 0.05) higher DMI, whereas milk yield, milk fat,
and protein were rather similar between the dietary groups along with SCC and theorical
mozzarella cheese yield.

Table 4. Dry matter intake, body condition score, milk yield, and quality (LSM) of buffaloes fed total
mixed ration based on maize silage (M-TMR) and hay (H-TMR).

Item
Diets

SEM
p Value

M-TMR H-TMR D T D × T

DMI, kg/d 14.70 14.10 0.19 0.0357 - -
BCS 7.07 7.06 0.26 0.9579 - -

Milk yield, kg/d 6.09 6.69 0.74 0.5639 <0.0001 0.3500
Fat, % 9.05 8.76 0.21 0.3406 <0.0001 0.9347

Protein, % 4.61 4.60 0.05 0.9093 <0.0001 0.9959
Lactose, % 4.65 4.58 0.07 0.4555 <0.0001 0.5292

SCC, n.
cells/mL 742.150 903.830 194.56 0.5603 0.2777 0.9475

M-TMR, maize silage based total mixed ration; H-TMR, hay-based total mixed ration; SEM, standard error of
mean; D, diet; T, time; DMI, dry matter intake; BCS, body condition score.

The apparent total tract digestibility as influenced by the dietary treatments is in
Table 5. No significant differences were detected between the groups, albeit NDF and
ADF digestibility tended to be better in the H-TMR group (p < 0.0527 and p < 0.0661,
respectively).

Table 5. In vivo digestibility coefficients (LSM) of buffaloes fed total mixed ration based on maize
silage (M-TMR) and hay (H-TMR).

Item
Diets

SEM p Value
M-TMR H-TMR

Dry matter 76.26 75.65 0.91 0.6244
Organic matter 77.97 77.6 0.91 0.7661
Crude protein 76.25 77.47 0.89 0.323

Neutral detergent fiber 67.11 70.56 1.23 0.0527
Acid detergent fiber 63.26 66.89 1.38 0.0661

M-TMR, maize silage based total mixed ration; H-TMR, hay-based total mixed ration; SEM, standard error of
mean.

3.3. Productive and Reproductive Performances

Since the lack of statistically significant differences between the two feeding groups,
milk yield and quality, over the whole lactation were calculated regardless the diet (Table 6).

Compared to the data recorded in the previous lactation completed in the farm of
origin, milk yield was reduced by 37.2% and milk protein by 6.1%, whereas milk fat
improved (+4.5%) because of the lower milk quantity. In addition, milk yield was well
below the average values reported for buffalo cows bred in Campania [38–41]. Lactation
length was shorter than the standard value of 270 d (Table 6). Compared to the data
available for buffaloes farmed in similar conditions and seasons [42–45], and the data
recorded in the previous lactation, a lower pregnancy rate (−13.3%), increased days open
(+122%), and a prolonged intercalving period (+26.9%) were observed (Table 6).
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Table 6. Productive and reproductive performances (mean ± standard deviation) of lactating buffaloes.

Item Present Study Previous Lactation Δ 1 (%)

Milk yield, kg/lactation 1546 ± 622 2463 ± 632 −37.2
Milk fat, % 8.64 ± 0.83 8.27 ± 0.28 +4.5

Milk protein, % 4.43 ± 0.32 4.72 ± 0.07 −6.1
Days open, day 189 ± 112 85± 32 +122.3

Lactation length, days 256 ± 80 314 ± 27 −18.5
Calving interval, day 499 ± 112 393 ± 32 +26.9
Pregnancy rate 2, % 65 75 −13.3

1 Δ, calculated as percentage difference between the means recording during the study and in previous lactation
completed in a plain farm. 2 Calculates on a group basis as the number of cows confirmed pregnant divided by
the total number of cows × 100.

3.4. Mozzarella Cheese Quality

Milk chemical composition (fat 8.61 vs. 8.76%, protein 4.79 vs. 4.81%, lactose 4.88 vs. 5.01%,
respectively, for D1 and D2), titratable acidity (7.15 vs. 7.13 ◦SH/100 mL), as well as moz-
zarella yield (23.7 vs. 22.5%) were rather similar across two cheesemaking days.

By contrast, the chemical composition of the two batches of mozzarella varied over
the two days of production. In fact, the D1 mozzarella had significantly higher moisture
(p < 0.01), protein (p < 0.05), and fat (p < 0.01) contents than D2 (Table 7).

Table 7. Chemical composition and sensory profile of mozzarella cheese (LSM) affected by cheese-
making day and conservation time.

Cheesemaking Day Storage Time (h)
SEM

p Value

D1 D2 24 48 Day ST Day × ST

Chemical composition
Moisture 54.17 51.01 52.53 52.65 0.41 0.0006 0.8398 0.5998

Fat 28.97 25.32 27.02 27.27 0.51 0.001 0.7385 0.9111
Protein 14.77 14.35 14.55 14.57 0.09 0.0136 0.9029 0.7153

Appearance
Color 34.8 26.2 34.0 27.0 2.99 0.0457 0.1035 0.0791

Brightness 46.6 39.4 46.1 39.8 2.83 0.0753 0.1204 0.7259
Whey loss 34.1 19.1 28.5 24.7 2.61 0.0001 0.3088 0.4597

Stringy appearance 35.0 25.5 31.0 29.4 2.45 0.008 0.6513 0.2985
Skin thickness 33.0 23.0 26.9 29.2 2.40 0.0044 0.1115 0.2659
Odor/Flavor
Overall odor 46.5 46.2 45.0 45.0 2.06 0.9132 0.3677 0.6966
Yogurt odor 34.5 35.3 34.7 35.1 2.31 0.8092 0.9189 0.4872

Overall flavor 49.8 41.0 46.3 44.4 2.22 0.0063 0.5428 0.7856
Milk flavor 43.5 37.1 41.0 39.6 2.02 0.0285 0.6228 0.1128

Cream flavor 39.6 31.0 35.7 34.8 2.12 0.0056 0.7712 0.745
Yogurt flavor 25.5 22.6 2.1 2.1 2.09 0.3457 0.3181 0.1499

Taste
Saltiness 39.0 27.3 30.5 35.8 1.99 <0.0001 0.0687 0.1147

Sweetness 17.8 25.5 21.7 21.6 1.98 0.0073 0.9512 0.1251
Bitterness 9.3 8.5 9.8 8.0 1.26 0.6619 0.3218 0.8313
Sourness 35.9 17.8 29.1 24.6 2.15 <0.0001 0.1477 0.139
Texture

Tenderness 43.1 21.0 33.8 30.2 2.29 <0.0001 0.2698 0.1959
Screechiness 30.4 46.3 41.0 35.8 2.86 0.0002 0.2068 0.1813

Elasticity 37.7 44.0 38.1 43.6 2.58 0.1072 0.1617 0.1775
Moisture 54.0 21.1 37.3 37.8 2.58 <0.0001 0.8814 0.1777
Oiliness 39.0 29.4 32.3 36.1 2.39 0.0062 0.2741 0.8426

D1, first day of mozzarella cheese production; D2, second day of mozzarella cheese production; SEM, standard
error of mean; D, cheesemaking day; T, storage time.
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As for sensory analyses, no significant product x replication or product x assessor
interactions were detected in preliminary ANOVA, suggesting the efficacy of the training
program and of the reference frame developed in this study, both allowing to reach high
reliability of the panel (i.e., products were not evaluated differently in different replications
or by different assessors).

Apart from brightness (Appearance), overall odor, yoghurt odor and yoghurt flavor
(Odor/Flavor), bitterness (Taste), and elasticity (Texture), the sensory attributes of moz-
zarella cheese produced in the two days significantly differed. Mozzarella D1 showed
higher intensities perceived of the attributes related to appearance (i.e., color p < 0.05, whey
releasing p < 0.001, stringy appearance, skin thickness p < 0.01), and flavor (milk flavor
p < 0.05, overall flavor, cream flavor p < 0.01). Moreover, D1 was less sweet (p < 0.01), but
sourer (p < 0.001) and saltier (p < 0.01). Among the texture attributes, oiliness, tenderness
(p < 0.001), and moisture (p < 0.01) rated higher in D1, and accordingly, lower intensity was
perceived for screechiness (p < 0.01) (Table 7).

Storage time did not affect either chemical composition or sensorial parameters.
The typical sensory defect of mozzarella due to storage, such as outer skin adherence
(22.52 ± 1.82 vs. 26.07 ± 1.75, p = 0.1926, respectively, for 24 and 48 h of storage time), was
not significantly increased.

4. Discussion

No great effects were observed by using a hay-based diet instead of maize, as is
usually the case on traditional lowland buffalo farms. The lower NDF content of the maize-
based diet may have led to the higher DMI observed for M-TMR group since it is the main
determinant of the rumen fill and then of the ingestion capacity in ruminants [46]. However,
the higher DMI did not influence milk yield and quality and with them mozzarella cheese
yield because of the similar milk protein and fat contents. Since the level of fibrous fractions
in rations can greatly influence digestibility [47–49], a better digestibility of the less fibrous
M-TMR diet would have been expected. However, the higher starch levels of this diet have
likely lowered rumen pH and so impaired the activity of cellulolytic microorganisms [50].
Anyway, the tendency to a lower fiber digestibility observed for the M-TMR diet had no
obvious effects either on the milk yield or on the animals’ BCS. Overall, the hay-based diet
has yielded similar results to that based on maize silage, but its tendentially higher cost [51]
makes it unprofitable if maize silage is available.

No complications were observed at calving time and the neonatal deaths (3 calves)
were within the usual range for buffalo farming [32,52], indicating that cows’ handling and
calf care practices were appropriate. An undesirable result, however, is the rather low milk
production largely determined by the short duration of lactation, which does not seem
to be due to feeding errors, since correct BCS and DMI and good milk production were
observed during the feeding trial. Nevertheless, yield losses induced by environmental
change and weather distress cannot be excluded. In this regard, after a sudden drop (−3 ◦C)
in the minimum temperature, buffaloes at the early and intermediate stages of lactation
reduced milk production up to 20% for several days after the event, thus indicating that
low temperatures can have a cumulative effect [53].

The poor reproductive performances do not find an easy explanation. As buffalo is a
short-day breeder and the cows calve in late summer, an early postpartum resumption of
ovarian activity and a better reproduction efficiency would have been expected [54]. The
shortness of the sexual receptivity period combined with the difficulties in estrus detection
of buffaloes may have led to improper artificial insemination timing [54,55]. Indeed, the
buffalo estrus phase averages 20 h with high incidences of short (<12 h) and medium
(13–24 h) durations [56,57]. In addition, the visual observations for estrus detection are
less efficient in buffaloes since, compared to cattle, the typical signs and behaviors of
estrus as frequent urination, temporary teat engorgement, vulvar edema, and vocalizations,
restlessness, tail raising are extremely weak and poorly represented, and many cows show
estrus signs in the late-night and early morning hours [58]. The poor reproduction efficiency
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may have been amplified by weather-induced stress. According to Zicarelli [51,59], buffalo
cows are prone to change their reproductive pattern when exposed to sudden climatic
variation, becoming acyclic when cold wind and heavy rain associated with thermal drops
occur. Overall, failure of instrumental insemination and cooler environmental temperatures
are likely to account for the poor production and reproductive performance, while the BCS
at the end of the observation period and the feeding trial data do not indicate errors in
diet or feeding. In any case, these problems could be overcome by adopting insemination
protocols for buffaloes and sheltering the animals from cool environments.

Both chemical and sensory characteristics of mozzarella cheese varied widely over the
two days of production and appear to be closely related to each other. The higher moisture
content of D1 mozzarella might explain the higher intensities perceived for whey releasing
and moisture while the higher rate for cream and milk flavor, and tenderness may be
ascribed to higher fat content of these samples, as assumed by Stevens and Shah [60]. The
sensory quality of a fresh cheese depends on several factors linked to both the characteristics
of the raw milk and the cheese-making technology [61]. The differences both in the chemical
composition and in the sensory profile of the mozzarella samples seem to indicate a non-
uniformity of the D1 and D2 cheesemaking processes. Factors as natural milk treatment,
whey starter culture, curd pH and temperature, and management of the stretching phase
can greatly influence the composition of the mozzarella, as they impact on the amount of
moisture and fat trapped in the typical fibrous texture of mozzarella, as well as attributes
such as structure, the stringy appearance, and skin thickness [62,63]. In addition, skin
thickness seems to be also related the preservative liquid composition, and, in particular, to
higher citric acid concentration [64]. These results indicate the need for adequate training of
local cheesemakers on the mozzarella cheese-making process, as any perceived reduction
in sensory characteristics typical of traditional dairy products may not be accepted by
consumers [65].

As for the storage time effect, mozzarella is a high perishability cheese due to the
high moisture content and water activity, with mass transfer between the cheese matrix
and its serum phase. Probably, the storage times considered were rather short to affect
many sensory attributes. In fact, other authors [66] found significant changes in volatile
profile of traditional mozzarella cheese and lactose free mozzarella after 13 days and
8 days of storage, respectively; these modifications resulted from amino acid and fatty acid
metabolism occurred in the samples and caused a sensory decay of positive descriptors
associated with fresh cheese products and higher intensities of negative attributes, such as
bitter taste, associated with release of bitter tasting peptides due to the proteolytic activity of
spoilage microorganisms [67]. Moreover, a decrease in sensory hardness was significantly
observed by Alinovi et al. [68] after 7 d of refrigerated storage and they related it to casein
hydrolysis.

5. Conclusions

During the first year of farming in a cooler inland hilly area, multiparous buffaloes
showed a reduction in milk production by more than one-third and an increase in calving
interval by one-fourth compared with the previous lactation completed on the farm of
origin in a coastal lowland area.

Instrumental insemination failure and facing lower environmental temperatures are
probably the origin of these results, while the BCS at the end of the observation period and
the data from the feeding trial do not indicate dietary or feeding mistakes. Overall, the
distinctive reproduction characteristics of buffaloes, the cooler environmental temperatures
and the specificity of the mozzarella production process are the main problems to be faced
in an extension of buffalo farming beyond the traditional areas.
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Abstract: Polyodon spathula is a valuable species of sturgeon native to North America that has
acclimatized very well in Europe. Detailed knowledge of the quantitative and qualitative productive
performance of paddlefish meat is of interest. Through this article, we aimed to highlight the chemical
composition, cholesterol, and collagen content of fillets issued from paddlefish aged two and three
summers and to highlight, as well as the nutritional value, the profile of fatty acids and amino acids,
the sanogenic indices and the biological value of proteins for the epaxial and hypaxial muscle groups.
The chemical analysis of the fillets by age indicated slightly higher values in summer three, compared
to summer two: +5.32% dry matter, +0.89% protein, +41.21% fat, therefore +10.94% gross energy and
for collagen by 2.94%; instead, for water, minerals and the W/P ratio the values were lower by 1.52%,
10.08%, and 2.29%. The nutritional assessment revealed that paddlefish has a meat with high PUFA
content (approx. 22% of total fatty acids) and good values of sanogenic indices (Polyunsaturation
Index = 7.01–8.77; Atherogenic Index = 0.57; Thrombogenic Index = 0.38–0.39; Hypocholesterolemic
Fatty Acids = 33.01–41.34; Hypocholesteromic/Hypercolesteromic Fatty Acids ratio = 1.9). Also,
the proteins of these fish are of good quality for young and adult consumers (EAA index = 156.11;
Biological Value = 158.46; Nutritional Index (%) = 28.30) and good enough for children (Essential
Amino Acids Index = 96.41; Biological Value = 93.39; Nutritional Index (%) = 17.45).

Keywords: paddlefish; meat quality; chemical composition; fatty acids; biological value

1. Introduction

Only one species of sturgeon from the Polyodontidae family is found in the waters
of the North American continent, namely the Polyodon spathula or the commonly named
paddlefish, spoon-billed cat, or spoonbill (Walbaum, 1972) [1]. These fish are distributed
in the Mississippi River basin, from the Great Lakes area down to Florida. They can
reach approx. 1.5–2 m body length and a body mass of about 50–70 kg upon maturity.
Morphologically, Polyodon spathula is close to other sturgeons, with the exception of the
head area where there is an elongated, dorsally-ventrally compressed rostrum that has
the shape of a paddle. The length of this rostrum can reach 1/3 of the total body size in
adult specimens. In this species, tactile and electrical receptors were found, deployed as a
network on the operculum and the rostrum [2–6].

The sturgeon species Polyodon spathula usually does not have scales. However, small
scales have been identified in the area of the lateral line, at the base of the dorsal fin and
at the base of the pectoral fins [7,8]. The skin is smooth and its color varies from light
gray to black on the dorsal area and on the flanks, and grayish-white on the abdomen.
The paddle fish has poorly developed vision; the eyes are small and placed at the base
of the rostrum [9,10]. The skeleton presents bone pieces only in the head area (jaws),
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while the rest is cartilaginous. This fish has a well-developed filtering apparatus, being
a planktonophagous species. The mouth is large, located in a ventral position, and the
digestive tube has a formation specific to the Acipenseriform family, namely the spiral
valve [11–13]. Paddlefish consume planktonic organisms—especially zooplankton, aquatic
insects and larvae [14–17]. They reach sexual maturity at the age of 7–8 years in males
and 10–13 years in females [18,19]. The eggs are small, with a diameter of 2.5–3 mm, and
females lay about 100,000 eggs per reproduction season [20–22].

Reproduction takes place in spring, when the water temperature reaches 11–14 ◦C.
Fish migrate even hundreds of kilometers in the upper part of the river or on its
affluents [23–26]. Young sturgeons grow very fast in the first year of life, even during
the winter period [11,27], after which the development becomes slower. The growth rate is
around 5 cm body length/year throughout the first five years of life. Growth of body mass
increases after this age, becoming double or even triples at 10 years old [28–31].

The freshwater sturgeon species, Polyodon spathula, has been important and acclima-
tized in Eastern Europe since 1992. At the moment, in Romania, thanks to the studies
carried out by researchers from the Research and Development Station for Fisheries in
Nucet and from the Research and Development for Aquaculture and Aquatic Ecology,
Ciurea, Ias, i, it was facilitated the development of polyculture technologies, along with
other species, such as the common carp and Asian cyprinids and also techniques for repro-
duction, pre-development and growth of young fish in protected areas, throughout the first
year of life [32,33]. The success achieved in the research facilities also encouraged farmers
to turn to this species of sturgeon for rearing for meat production. Thus, the qualitative
meat production of these sturgeons, in general, but especially those obtained outside the
usual breeding area—North America, must be studied in particular. Polyodon spathula
meat has a taste and texture similar to that of other sturgeons, firm, white in color and
boneless [34–37]. The carcasses of paddlefish have a “bullet” shape (no head, visceral mass
and no fins) and represent 57% of the fish body. If the processing is carried out in the form
of a fillet, the dressed yield decreases to 27% after removal of the skin and red meat [38,39].
Sturgeons’ meat has been known and accepted since the beginning of the colonization
of the North American continent in the late 1800s, but the meat of Polyodon spathula was
less accepted. Currently, this meat is marketed under the title of “boneless catfish”, to
associate this meat with a popular product in the southern United States of America. As a
result, the paddlefish meat still remains unknown to many consumers, and the market is
very limited [40]. Meat from Polyodon spathula contains small amount of lipids, 1 to 4.5%,
depending on the body mass and age of the individuals [38]. Concerning total protein
content, the flank muscles (fillet) contain between 18 and 20% protein, placing this fish in
the class of fish with a high protein content [41–43]. The meat has a stable shelf life since it
can be kept refrigerated for up to seven days or even up to seven months under freezing
conditions [38].

There are some issues when approaching the assessment of paddlefish meat produc-
tion, both quantitatively and as quality, due to the fact that this species is reared mostly in
polyculture in Romania and in small flocks, there are no studies on consumers’ acceptability
level and preferences. Also, the technological aspects at the fishery farm level are more
difficult to manage, in comparison with other sturgeon species (water surface covering
with nests to protect the paddlefish against its predators—waterfowl, difficulties to provide
supplemental feeding to other species in polyculture), and farmers prefer to not choose
paddlefish when populate the ponds, despite its natural good potential for good feed
conversion weight gain using mostly natural feed sources (mostly zooplankton).

Within the presented context, our findings contribute to the most detailed knowledge
of the Polyodon spathula sturgeon meat and to the completion of the scientific literature with
original data on the most detailed on the chemical composition of the fillet, of the main
muscles groups, and on the biological value of the proteins issued from paddlefish aged
second and third summers raised in a fish farm in Romania.
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2. Materials and Methods

2.1. Biological Material

A total of 500 sturgeons, Polyodon spathula species (300 individuals aged 2 Summers
and 200 individuals aged 3 Summers) were used as main study populations. Fish were
farmed to be sold on market in Hudesti Fishery, Botosani County, located in the North-East
of Romania, at these geo coordinates: lat. N 48.1212, long. E 26.5519. The sturgeons
were reared throughout the 2010–2012 timespan in a pool with a surface of 30 hectares, in
polyculture with certain indigenous and Asian cyprinid species: Cyprinus carpio (indigenos
carp, 39% of the fish in the pond), Hypophtalmichthys molitrix (Asian silver carp, 30% of the
fish in the pond), Ctenopharingodon idella (Asian grass carp, 18% of the fish in the pond),
Aristichthys nobilis (Asian bighead carp, 12% of the fish in the pond).

No supplemental feeding was designed and provided for paddlefish, knowing the
species fed mostly through filtration and its natural feed source consists in zooplankton
(and mostly in cladocerans). Concentrated feed was provided for other fish species in the
pond and secondarily, it served to better develop the zooplankton eaten by paddlefish. The
diets supplementarily fed to cyprinids consisted in a mixture of soybean meal, sunflower
meal, corn, oat, and wheat flours and the proportions were optimized to achieve different
nutritional levels (Table 1) in accordance with season and pond richness in natural resources.

Table 1. Nutritional features of the supplemental feed provided in fishery, throughout May-October,
2010–2012.

Month
Metabolizable

Energy
kcal/kg

Crude
Protein

%

Lysine
%

Methionine
+ Cystine %

Crude
Fat %

Crude
Fiber %

Ca
%

P
%

May 2645 18.06 0.69 0.74 1.56 10.83 0.14 0.72
June 2617 20.53 0.76 0.83 1.33 11.88 0.16 0.82
July 2603 21.74 0.83 0.86 1.22 12.39 0.17 0.87

August 2600 22.00 0.84 0.89 1.20 12.50 0.18 0.88
September 2831 22.94 0.87 0.90 1.03 9.49 1.17 0.82
October 2893 26.34 1.15 0.99 1.16 9.92 0.19 0.84

In order to better depict the environmental conditions provided to policultural rearing
of the paddlefish, Table 2 displays the water quality traits (average values) throughout the
warm seasons of 2010–2012.

Table 2. Water quality traits in the paddlefish rearing pond.

Water Trait May June July August September

Colour Green brown Green Green Yellow green Yellow green
Transparency (cm) 24.58 19.67 18.34 16.21 17.76
Temperature (◦C) 18.86 20.73 23.84 25.72 24.65
Oxygen (mg/L) 7.35 6.65 4.47 5.19 5.88
pH value (pHU) 7.39 7.23 7.17 6.51 6.75
Calcium (mg/L) 52.54 60.78 56.76 46.94 40.75

Magnesium (mg/L) 25.42 28.31 19.78 18.10 18.34
Chlorides (mg/L) 17.98 12.45 11.78 13.12 15.32
Nitrates (mg/L) 0.32 0.24 0.14 0.16 0.16
Nitrites (mg/L) 0.32 0.27 0.26 0.18 0.16

Phosphates (mg/L) 0.02 0.02 0.03 0.03 0.03
Organic matters (mg/L) 68.7 71.6 79.8 98.5 59.6

Out of the 500 sturgeons in the pond, upon harvesting for selling them on the market,
10% were weighted and 20 fishes per each age (summer two and summer three) were
chosen for meat sampling after refrigeration and analytical laboratory investigations. No
animals were used for applying experimental factors and to measure their effect throughout
certain specific reasoning criteria. The specimens used for meat sampling were raised in
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common with the other marketable fishes and the samples were taken after the exitus was
installed in refrigeration marketing condition.

From the specimens chosen for analysis, samples were collected from in the form
of fillets (50% of fish) and from the groups of lateral muscles (50% of fish). Each lateral
muscle is divided along its length into two masses, one dorsal (epaxial) and one ventral
(hypaxial), by a connective wall (transverse myoseptum) fixed to the integument and the
axial skeleton and located slightly below the lateral line. The muscles located above the
lateral line are called epaxial muscles and are divided into dorsal epaxial muscles and costal
epaxial muscles, while those located below the lateral line are called hypaxial muscles and
are divided into costal hypaxial muscles and abdominal hypaxial muscles [1] (Figure 1).

Figure 1. Side muscles in Polyodon spathula: (a) topographic placement; (b,c)—cross sections through
the abdominal area; (d)—cross section through the caudally area; 1—side line; 2—costal epaxial
muscles; 3—dorsal epaxial muscles; 4—costal hypaxial muscles; 5—abdominal hypaxial muscles.

2.2. Assessment of Proximate Chemical Composition and Energetic Value

Water was assessed by oven dehydration method (drying of sample at +105 ◦C tem-
perature) following the SR ISO 1442/1997 analytical protocol.

Total minerals were measured gravimetrically by calcinations method in electric
furnace, using a working temperature of +550 ◦C (SR ISO 936:1998 standard).
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Protein was assessed via Kjeldhal method, carried on in accordance with the 981:10;
AOAC Official methods of analysis/1990, compatible with SR ISO 937:2007, adapted to
Velp Scientifica analytical devices (DK6 digester; UDK7 distiller) (manufacturer VELP
Scientifica SRL, Usmate Velate, Italy) [43–46].

Water/protein ratio (W/P) was calculated by reporting the water analytical content of
each sample to the crude protein content of each sample.

Total lipids were measured on the Velp Scientifica–SER 148 extractor (manufacturer
VELP Scientifica SRL, Usmate Velate, Italy), using the Soxhlet method (AOAC Officinal
methods of analysis/1990 [43–46]), compatible with the SR ISO 1443:2008 protocols [43,47].

Nitrogen free extract (remains of carbohydrates not analyzed individually) was cal-
culated algebraically, by difference between the total solids (dry matter) content, total
minerals content, total proteins content, and total lipids content.

Meat gross energy (GE) content was derived through mathematical computation,
using the raw calories content of one grams of each organic matter component when burnt
into a calorimeter, in accordance with the relation (1) [42,43]:

GE (kcal/100 g) = g TP × 5.70 kcal + g TL × 9.50 kcal + g NFE × 4.2 kcal (1)

where: GE = gross energy, TP = total proteins, TL = total lipids, NFE = nitrogen free extract.
Omega Bruins Food-Check Near InfraRed (NIR) spectrophotometer (manufacturer

Bruins Instruments GmbH, Puchheim, Germany) was used to run rapid scanning transmis-
sion tests for collagen content assessment [42,43].

Each sample was analyzed in 30 repetitions, for proximate composition, collagen
content and 30 repetitions have been carried out for W/P ratio and GE calculations.

2.3. Fatty Acids Profile Analysis and Lipids Nutritional Quality

Fatty acid methyl esters (FAME) in paddlefish meat were extracted and quantified
by gas chromatography and mass spectrometry detection, using the Perkin Elmer Chro-
matographic system coupled with mass spectrometer detector (GC-MS) (Clarus 680 gas-
chromatograph and Clarus SQ8T quadrupole mass spectrometer (manufacturer, Perkin
Elmer Inc., Boston, MA, USA, for both devices). An elite-wax with stationary polar phase
Polyethylene glycol (PEG) chromatographic column was used (total length 30 m, 1.0 μm
film thickness and internal diameter of 0.25 mm, injecting port temp. = 220 ◦C, injected
sample = 1.0 μL, He carrier flew at 1.5 mL/min rate, while used splitting ratio was 40:1).
Temperature gradient was set at 100 ◦C, throughout 2 min, standstill, and stationary 1 min
at 250 ◦C. Mass Spectrometer was characterized by the following operational values: 150 ◦C
the temperature of the transfer line; 150 ◦C the temperature of the source; 1500 multiplier;
solvent delay of 0–1.5 min for the solvent [48–51].

The method uses the chromatographic isolation of the fatty acid melange in samples,
after esterifying them with CHNaO2 (sodium formate or methanoate), on a capillary
column, and fragmenting the molecules by ionization. Identification and measuring of
FAME quantities are carried on using target and qualifying ions. The FAME in Polyodon
spathula meat issued from prior lipid saponification phase, followed by boron trifluoride
(15% vol.) catalyze on the esterification reaction. Fatty acids values in the samples were
achieved by running the comparison between FAME retention time with a homologated
standard (FAME Supelco 37 Mix). Each fatty acid was quantified as g FAME/100 g of total
identified FAME [48–51].

Seven analytical repetitions were carried out per sample to quantify the fatty acids
and cholesterol content in paddlefish meat.

To outline the lipid profile, the fatty acids were grouped accordingly: saturated fatty
acids–SFA, as sum (Σ SFA = C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C18:0 + C20:0 + C22:0);
mono unsaturated fatty acids–MUFA, as sum (Σ MUFA = C16:1 + C18:1 cis−9 + C20:1 n−9
+ C22:1 n−9); poly unsaturated fatty acids, as sum ((Σ PUFA = C18:2 n−6 + C20:2 n−6 +
C18:3 n−3 + C20:3 n−3 + C20:5 n−3 + C18:3 n−6), total unsaturated fatty acids, as sum of
MUFA and PUFA [49,50,52].
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Quantities of Omega-3 and Omega-6 PUFA series were expressed as ration (n−3/n−6).
Paddlefish meat polyunsaturation index (PI) was calculated by using the relation (2),

published by Timmons [49,52,53]:

PI = C18:2 n−6 + (C18:3 n−3 × 2). (2)

The atherogenic index (AI) and thrombogenic index (TI) of fats were calculated,
using the data issued from FAME GC analysis of the paddlefish meat, applying the
relations (3) and (4) published by Ulbricht and Southgate [48,52,54,55]:

AI = (C12:0 + C16:0 + 4 × C14:0)/[Σ MUFA + Σ (n−6) + Σ (n−3)], (3)

TI = (C14:0 + C16:0 + C18:0)/[0.5 × Σ MUFA + 0.5 × Σ (n−6) + 3 × Σ (n−3) + Σ(n−3)/Σ(n−6)]. (4)

The relation (5) proposed by Fernandez et al. [55] was used to calculate the ratio
between fatty acids with hypocholesterolemic (h) and hypercholesterolemic (H) effect.

h/H (hypocholesterolemic/Hypercholesterolemic) = (C18:1 + PUFA)/(C12:0 + C14:0 + C16:0). (5)

2.4. Amino Acid Analysis and Protein Quality Assessment

Amino acids in paddlefish meat were identified and quantifies using the Model
118/119 CL, CR Mikrotechna AAA 881 automatic analyzer (manufacturer Mikrotechna,
Prague, Czech Republic). Samples were hydrolyzed in HCl 6 M at 110 ◦C, continuously
throughout 24 h, using nitrogen atmosphere. Cysteine and methionine were assessed in
form of cysteic acid and methionine sulfone, following sample oxidation with performic
acid. Tryptophan was assessed after NaOH hydrolysis at 110 ◦C, throughout 22 h, in
accordance with the protocol specified by Official Methods of Analysis of the Association
of Analytical Chemists [44,46]. Amino acid quantification was expressed in the g/16 g N
system, equivalated to g/100 g of total protein [43,56–58].

Seven analytical repetitions were carried out per sample to quantify the Amino Acids.
Quality of the proteins was assessed by methods using parameters such as: in-

ner content in essential amino acids (AA), fraction of amino acids of exogenous origin
(EAA), protein chemical score (CS) (relation 6) and the essential amino acid index (EAAI)
(relation 7) [43,48,58,59].

CS =
content in amino acid A in the studied protein
content in amino acid A the standard protein

×100 (6)

Usually, egg protein is used as standard or etalon protein, in accordance with cer-
tain reference international scientific bodies: Food and Agriculture Organization of the
United Nation (FAO)/World Health Organization (WHO)/United Nations University
(UNU). Nutritional value of proteins was computed, in this research, according to the
standard requirements:

• Standard 1—children consumers: Tryptophan = 1.7; Threonine = 4.3; Isoleucine = 4.6;
Leucine = 9.3; Lysine = 6.6; Methionine + Cysteine = 4.2; Phenylalanine + Tyrosine = 7.2;
Valine = 5.5; EAA = 37.9 g/16 g Nitrogen) [56–58,60]

• Standard 2—youth consumers: Tryptophan = 1.0; Threonine = 4.0; Isoleucine = 4.0;
Leucine = 7.0; Lysine = 5.5; Methionine + Cysteine = 3.5; Phenylalanine + Tyrosine = 6;
Valine = 5; EAA = 36 g/16 g Nitrogen) [56–58,61]

• Standard 3—adult consumers: Tryptophan = 0.6; Threonine = 2.6; Isoleucine = 3;
Leucine = 4.4; Lysine = 3.1; Methionine + Cysteine = 2.7; Phenylalanine + Tyrosine = 3.3;
Valine = 2.3; EAA = 22 g/16 g Nitrogen) [56–58,61]

The EAAI (essential amino acid index) was calculated using relation (7) and the
values the chemical indexes for the eight essential amino acids, in accordance to Oser’s
methodology [43,48,58,62]:
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EAAI = n
√

CS1×CS2×CS3 × ... × CSn (7)

Oser’s [48,58,63] mathematical relation (8) was applied to compute the proteins Bio-
logical Value (BV):

BV = 1.09 (EAAI) − 11.7. (8)

The mathematical relation (9) proposed by Crisan and Sands, 1978 [43,48,58,64] was
used to compute the nutritional index (NI) of paddlefish meat:

NI (%) =
EAAI × % protein

100
. (9)

2.5. Data Analysis

The analytical data were input in a Microsoft Excel 2016 database then processed to
calculate main statistic descriptors (mean, variance, standard deviation, standard error
of mean, coefficient of variation), and analysis of variance—one-way ANOVA, followed
by post hoc Tukey testing—using the GraphPad Prism 9.4.0 (673) software (manufacturer,
GraphPad Software, San Diego, CA, USA).

Statistics outputs are based on 30 analytical repetitions in proximate content, W/P
ratio, collagen and gross energy and on 7 analytical repetitions for fatty acids, cholesterol
and amino acids contents.

3. Results

3.1. Chemical Proximate Composition

Results of the proximate chemical analysis of Polyodon spathula sturgeon fillets from
the 2nd and 3rd summer are displayed in Table 3, along with data on the gross energy
value, collagen content and water/protein ratio.

Table 3. Chemical composition and certain nutritional features of Polyodon spathula fillet, aged two
and three summers.

Age Statistics Water Dry Matter Protein Total Fat Minerals Energy Collagen W/P Ratio

S2
Mean ± SD 77.83 ± 0.27 22.17 ± 0.27 17.94 ± 0.18 2.82 ± 0.14 1.41 ± 0.30 102.05 ± 0.81 3.93 ± 0.06 4.34 ± 0.05

CV 0.35 1.21 0.99 5.02 21.13 0.79 1.61 0.09

S3
Mean ± SD 76.65 ± 0.25 23.35 ± 0.25 18.10 ± 0.13 3.98 ± 0.12 1.27 ± 0.34 113.22 ± 1.32 4.04 ± 0.08 4.24 ± 0.03

CV 0.33 1.07 0.74 3.12 26.82 1.17 1.86 0.79

Comparisons ±% S3 vs. S2 −1.52% +5.32% +0.89% +41.21% −10.08% +10.94% +2.94% −2.29%
p values 2.53 × 10−10 2.53 × 10−10 0.9928 2.53 × 10−10 0.9979 2.53 × 10−10 0.9998 0.9998

S2—2nd summer. S3—3rd summer SD—standard deviation. CV—coefficient of variation. n = 30.

Same parameters were analysed separately per muscular groups (epaxial dorsal,
epaxial costal, hypaxial costal and hypaxial abdominal) on samples taken from paddlefish
aged two summers (Table 4).

Chemical analysis results from the same muscle groups issued from Polyodon spathula
sturgeons aged three summers are presented in Table 5.

Achieved data was compared between the two investigated ages, both as relative
differences (± %) and as analysis of variance (Table 6).

3.2. Fatty Acids Profiling and the Sanogenic Indices of the Polyodon Spathula Sturgeons Meat

Profile of fatty acids and the sanogenic indices assessment are presented in Table 7.
The analysis was carried on for each age and on epaxial and hypaxial muscles groups.

41



Agriculture 2022, 12, 1965

Table 4. Chemical composition and certain nutritional features of Polyodon spathula meat, aged
two summers.

Muscles
Descriptive

Statistics
Water

(g/100 g)
Dry Matter

(g/100 g)
Protein

(g/100 g)
Total Fat
(g/100 g)

Minerals
(g/100 g)

Energy
(Kcal/100 g)

Collagen
(g/100 g)

W/P Ratio

ED
Mean ± SD 77.17 ± 0.46 22.83 ± 0.46 18.17 ± 0.30 3.29 ± 0.22 1.37 ± 0.41 107.28 ± 1.56 3.92 ± 0.12 4.25 ± 0.09

CV 0.59 2.00 1.65 6.55 30.20 1.46 3.99 2.07

EC
Mean ± SD 78.36 ± 0.62 21.64 ± 0.62 18.06 ± 0.29 2.19 ± 0.16 1.39 ± 0.62 96.88 ± 1.44 3.79 ± 0.12 4.34 ± 0.08

CV 0.80 2.16 1.63 7.10 45.02 1.48 3.18 1.86

HC
Mean ± SD 77.96 ± 0.37 22.04 ± 0.37 17.59 ± 0.27 2.98 ± 0.20 1.47 ± 0.35 101.99 ± 2.04 4.08 ± 0.05 4.43 ± 0.08

CV 0.48 1.70 1.56 6.62 33.46 2.00 1.33 1.79

HA
Mean ± SD 44.05 ± 0.42 55.95 ± 0.42 16.77 ± 0.31 38.15 ± 0.42 1.03 ± 0.68 415.71 ± 4.26 4.26 ± 0.08 2.63 ± 0.05

CV 0.95 0.75 1.84 1.11 65.58 1.02 1.81 1.94

p values
(ANOVA)

ED vs. EC 4.10 × 10−14 4.10 × 10−14 3.63 × 10−11 2.08 × 10−15 0.9989 2.41 × 10−15 3.74 × 10−6 6.80 × 10−5

ED vs. HC 2.21 × 10−8 2.21 × 10−8 2.15 × 10−15 0.0001 0.8843 9.08 × 10−12 9.36 × 10−9 4.45 × 10−14

ED vs. HA 2.15 × 10−15 2.15 × 10−15 4.92 × 10−8 2.16 × 10−15 0.0968 2.29 × 10−15 2.27 × 10−15 2.43 × 10−15

EC vs. HC 0.0079 0.0079 2.15 × 10−15 1.74 × 10−14 0.9360 3.90 × 10−11 9.05 × 10−15 2.37 × 10−5

EC vs. HA 2.31 × 10−15 2.31 × 10−15 2.37 × 10−15 2.51 × 10−15 0.0690 2.38 × 10−15 2.46 × 10−15 2.05 × 10−15

EC vs. HA 2.19 × 10−15 2.19 × 10−15 0.9935 2.29 × 10−15 0.0142 2.19 × 10−15 6.96 × 10−11 2.61 × 10−15

ED—Epaxial dorsal. EC—Epaxial costal. HC—hypaxial costal. HA—Hypaxial abdominal. SD—standard
deviation. CV—coefficient of variation. W/P—Water/Protein ratio. n = 30.

Table 5. Chemical composition and certain nutritional features of Polyodon spathula meat, aged
three summers.

Muscles
Descriptive

Statistics
Water

(g/100 g)
Dry Matter

(g/100 g)
Protein

(g/100 g)
Total Fat
(g/100 g)

Minerals
(g/100 g)

Energy
(Kcal/100 g)

Collagen
(g/100 g)

W/P Ratio

ED
Mean ± SD 76.62 ± 0.50 23.38 ± 0.50 18.80 ± 0.34 3.37 ± 0.22 1.22 ± 0.59 110.64 ± 2.37 4.03 ± 0.09 4.08 ± 0.07

CV 0.66 2.16 1.79 6.48 48.69 2.14 2.29 1.81

EC
Mean ± SD 76.47 ± 0.48 23.53 ± 0.48 18.19 ± 0.28 4.09 ± 0.20 1.25 ± 0.59 114.56 ± 2.00 3.96 ± 0.14 4.21 ± 0.08

CV 0.63 2.05 1.54 4.78 46.95 1.74 3.61 1.82

HC
Mean ± SD 76.85 ± 0.43 23.15 ± 0.43 17.32 ± 0.24 4.49 ± 0.22 1.34 ± 0.59 114.44 ± 2.29 4.14 ± 0.07 4.44 ± 0.06

CV 0.86 1.86 1.36 5.01 44.26 2.00 1.58 1.42

HA
Mean ± SD 43.92 ± 0.37 56.09 ± 0.37 16.77 ± 0.31 38.22 ± 0.69 1.61 ± 0.70 414.16 ± 6.31 4.32 ± 0.05 2.70 ± 0.04

CV 0.85 0.66 1.84 1.82 43.55 1.52 1.13 1.48

p values
(ANOVA)

ED vs. EC 2.09 × 10−15 2.09 × 10−15 1.97 × 10−13 5.98 × 10−10 0.9968 0.0004 0.0172 3.92 × 10−11

ED vs. HC 2.84 × 10−14 2.84 × 10−14 2.61 × 10−15 2.36 × 10−14 0.8653 0.0006 3.85 × 10−5 2.33 × 10−15

ED vs. HA 2.28 × 10−15 2.28 × 10−15 2.42 × 10−15 2.03 × 10−15 0.0721 2.08 × 10−15 7.12 × 10−15 2.11 × 10−15

EC vs. HC 0.0083 0.0083 4.16 × 10−15 0.0007 0.9410 0.9992 2.67 × 10−11 2.41 × 10−15

EC vs. HA 2.11 × 10−15 2.11 × 10−15 2.63 × 10−15 2.24 × 10−15 0.1156 2.17 × 10−15 2.17 × 10−15 2.58 × 10−15

EC vs. HA 2.25 × 10−15 2.25 × 10−15 2.17 × 10−15 5.98 × 10−10 0.3375 2.34 × 10−15 2.76 × 10−10 2.36 × 10−15

ED—Epaxial dorsal. EC—Epaxial costal. HC—hypaxial costal. HA—Hypaxial abdominal. SD—standard
deviation. CV—coefficient of variation. W/P—Water/Protein ratio. n = 30.

Table 6. Analysis of variance between ages (two summers vs. three summers) on the chemical
composition and certain nutritional features of Polyodon spathula meat.

Muscles
Percent

Differences
Water

Dry
Matter

Protein Total Fat Minerals Energy Collagen W/P Ratio

ED
±% S3 vs. S2 −0.71% +2.40% +3.43% −2.34% −11.12% +3.13% +2.86% −4.01%

p values 0.2701 0.2701 0.1017 0.9999 0.9999 2.53 × 10−10 0.9999 0.9999

EC
±% S3 vs. S2 −2.41% +8.72% +0.70% +86.76% −10.09% +18.25% +4.49% −3.09%

p values 1.0167 1.0167 0.9999 2.53 × 10−10 0.9999 2.53 × 10−10 0.9999 0.9999

HC
±% S3 vs. S2 −1.41% +5.00% −1.55% +50.67% −9.10% +12.21% +1.57% +0.13%

p values 1.0329 1.0329 0.9968 2.86 × 10−10 0.9999 2.53 × 10−10 0.9998 1.0064

HA
±% S3 vs. S2 −0.32% +0.25% −3.04% +0.18% +56.27% −0.37% +1.57% +2.80%

p values 1.0428 1.0428 0.9998 1.2613 0.9991 0.1007 0.9999 0.9999

ED—Epaxial dorsal. EC—Epaxial costal. HC—hypaxial costal. HA—Hypaxial abdominal. S2—2nd summer.
S3—3rd summer.
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Table 7. Profile of fatty acids (g/100 g total FAME), cholesterol content (mg/100 g) and sanogenic
indices of Polyodon spathula sturgeons meat, aged two and three summers.

Fatty Acid
Descriptive

Statistics

Summer 2 Summer 3

p ValuesEpaxial
Muscles

Hypaxial
Muscles

Epaxial
Muscles

Hypaxial
Muscles

Myristic C14:0 Mean ± SD
CV

2.02 ± 0.06
2.81

2.16 ± 0.07
3.44

2.44 ± 0.07
2.76

2.53 ± 0.06
2.55

ES3 vs. ES2, p = 1.81 × 10−14

HS3 vs. HS2, p = 1.62 × 10−13

Pentadecanoic C15:0 Mean ± SD
CV

0.40 ± 0.01
3.14

0.43 ± 0.01
2.86

0.49 ± 0.01
2.94

0.50 ± 0.02
4.27

ES3 vs. ES2, p = 1.57 × 10−9

HS3 vs. HS2, p = 1.74 × 10−7

Palmitic C16:0 Mean ± SDCV 15.31 ± 0.21
1.35

16.38 ± 0.57
3.51

18.53 ± 0.59
3.18

19.18 ± 0.61
3.19

ES3 vs. ES2, p = 1.83 × 10−14

HS3 vs. HS2, p = 1.79 × 10−14

Palmitoleic C16:1 Mean ± SD
CV

8.10 ± 0.26
3.27

8.67 ± 0.25
2.91

9.80 ± 0.36
3.69

10.14 ± 0.31
3.10

ES3 vs. ES2, p = 1.80 × 10−14

HS3 vs. HS2, p = 1.82 × 10−14

Margaric C17:0 Mean ± SD
CV

0.67 ± 0.03
4.36

0.71 ± 0.03
4.08

0.80 ± 0.03
3.14

0.83 ± 0.02
2.42

ES3 vs. ES2, p = 7.56 × 10−13

HS3 vs. HS2, p = 4.17 × 10−12

Stearic C18:0 Mean ± SD
CV

1.45 ± 0.04
2.84

1.55 ± 0.05
3.52

1.76 ± 0.05
2.72

1.82 ± 0.06
3.52

ES3 vs. ES2, p = 1.76 × 10−14

HS3 vs. HS2, p = 1.80 × 10−14

Oleic C18:1
cis–9

Mean ± SD
CV

15.18 ± 0.55
3.61

16.24 ± 0.36
2.19

18.36 ± 0.82
4.44

19.01 ± 0.80
4.21

ES3 vs. ES2, p = 1.81 × 10−14

HS3 vs. HS2, p = 1.79 × 10−14

Asclepic C18:1
cis–11

Mean ± SD
CV

4.30 ± 0.12
2.72

4.60 ± 0.20
4.27

5.21 ± 0.15
2.90

5.39 ± 0.16
2.91

ES3 vs. ES2, p = 1.80 × 10−14

HS3 vs. HS2, p = 1.82 × 10−14

Linoleic C18:2,
n–6

Mean ± SD
CV

1.71 ± 0.06
3.39

1.83 ± 0.05
2.62

2.07 ± 0.06
2.74

2.14 ± 0.06
2.82

ES3 vs. ES2, p = 1.78 × 10−14

HS3 vs. HS2, p = 1.82 × 10−14

α-linolenic C18:3,
n–3

Mean ± SD
CV

2.65 ± 0.11
4.08

2.83 ± 0.09
3.13

3.20 ± 0.12
3.80

3.32 ± 0.11
3.44

ES3 vs. ES2, p = 1.81 × 10−14

HS3 vs. HS2, p = 1.84 × 10−14

γ-linolenic C18:3,
n–6

Mean ± SD
CV

0.42 ± 0.01
3.54

0.45 ± 0.02
4.01

0.51 ± 0.02
3.24

0.53 ± 0.02
3.19

ES3 vs. ES2, p = 1.57 × 10−9

HS3 vs. HS2, p = 1.52 × 10−8

Arahic C20:0 Mean ± SD
CV

0.09 ± 0.01
5.99

0.09 ± 0.01
5.82

0.10 ± 0.01
5.28

0.11 ± 0.01
4.92

ES3 vs. ES2, p = 0.6656
HS3 vs. HS2, p = 0.1282

Gadoleic C20:1 Mean ± SD
CV

0.47 ± 0.01
2.76

0.50 ± 0.01
2.66

0.57 ± 0.03
4.80

0.59 ± 0.02
4.16

ES3 vs. ES2, p = 1.90 × 10−10

HS3 vs. HS2, p = 1.57 × 10−8

Eicosadienoic C20:2 Mean ± SD
CV

0.29 ± 0.01
3.24

0.31 ± 0.01
2.37

0.35 ± 0.01
2.85

0.36 ± 0.01
3.22

ES3 vs. ES2, p = 2.45 × 10−6

HS3 vs. HS2, p = 3.74 × 10−5

Dihomo-γ-
linolenic

C20:3,
n–6

Mean ± SD
CV

0.12 ± 0.01
4.61

0.13 ± 0.01
4.15

0.15 ± 0.01
4.22

0.15 ± 0.01
4.61

ES3 vs. ES2, p = 0.0108
HS3 vs. HS2, p = 0.1282

Eicosatrienoic C20:3,
n–3

Mean ± SD
CV

0.34 ± 0.01
3.18

0.36 ± 0.01
3.32

0.41 ± 0.01
2.70

0.42 ± 0.01
2.72

ES3 vs. ES2, p = 1.74 × 10−7

HS3 vs. HS2, p = 2.37 × 10−6

Arachidonic C20:4,
n–6

Mean ± SD
CV

0.94 ± 0.02
2.35

1.01 ± 0.03
2.88

1.14 ± 0.04
3.47

1.18 ± 0.04
3.57

ES3 vs. ES2, p = 1.81 × 10−14

HS3 vs. HS2, p = 1.95 × 10−14

Eicosapentaenoic C20:5,
n–3

Mean ± SD
CV

3.01 ± 0.11
3.58

3.22 ± 0.10
3.16

3.64 ± 0.13
3.54

3.77 ± 0.12
3.11

ES3 vs. ES2, p = 1.80 × 10−14

HS3 vs. HS2, p = 1.77 × 10−14

Clupanodonic C22:5,
n–3

Mean ± SD
CV

1.75 ± 0.06
3.66

1.87 ± 0.08
4.05

2.11 ± 0.07
3.12

2.19 ± 0.07
3.18

ES3 vs. ES2, p = 1.81 × 10−14

HS3 vs. HS2, p = 1.79 × 10−14

Docosahexaenoic C22:6,
n–3

Mean ± SD
CV

2.31 ± 0.05
2.18

2.47 ± 0.09
3.67

2.80 ± 0.11
3.85

2.90 ± 0.11
3.76

ES3 vs. ES2, p = 1.82 × 10−14

HS3 vs. HS2, p = 1.77 × 10−14

Cholesterol Mean ± SD
CV

48.86 ± 3.07
6.28

52.27 ± 1.42
2.71

59.10 ± 1.85
3.13

61.18 ± 2.18
3.56

ES3 vs. ES2, p = 1.82 × 10−14

HS3 vs. HS2, p = 1.79 × 10−14

Σ SFA 19.94 21.33 24.12 24.97

Σ MUFA 28.05 30.01 33.94 35.13

Σ PUFA 13.53 14.48 16.37 16.95

n–3 10.05 10.76 12.16 12.59

n–6 3.19 3.42 3.86 4.00

n–3/n–6 3.15 3.15 3.15 3.15

n–6/n–3 0.32 0.32 0.32 0.32
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Table 7. Cont.

Fatty Acid
Descriptive

Statistics

Summer 2 Summer 3

p ValuesEpaxial
Muscles

Hypaxial
Muscles

Epaxial
Muscles

Hypaxial
Muscles

PUFA/SFA 0.68 0.68 0.68 0.68

USFA/SFA 2.09 2.09 2.09 2.09

PI 7.01 7.50 8.48 8.77

AI 0.57 0.57 0.57 0.57

TI 0.38 0.39 0.39 0.39

HFA 17.33 18.55 20.97 21.71

hFA 33.01 35.32 39.94 41.34

h/H 1.90 1.90 1.90 1.90

SD—standard deviation. CV—coefficient of variation. ES2—epaxial muscles, summer 2. ES3—epaxial muscles,
summer 3. HS2—hypaxial muscles, summer 2. HS3—hypaxial muscles, summer 3. PI: polyunsaturated index. TI:
thrombogenic index. AI: Atherogenic Index. HFA: Hypercholesterolemic Fatty Acids (C12:0 + C14:0 + C16:0). hFA:
hypocholesterolemic Fatty Acids (C18:1 + polyunsaturated FA). h/H: hypocholesterolemic/hypercholesterolemic
FA. n = 7.

3.3. Amino Acids Profiling and the Nutritional Assessment of Polyodon Spathula Sturgeons Meat

The amino acids content of Polyodon spathula sturgeons fillets, aged 2 and 3 summers
is displayed in Table 8.

Table 8. Amino acids content (g/100 g) in the fillets sampled from Polyodon spathula sturgeons aged
two and three summers.

Amino Acids
Summer 2 Summer 3

p Values
Mean ±SD CV Mean ±SD CV

Tryptophan 0.202 0.005 2.65 0.204 0.006 2.95 >0.9999
Threonine 0.790 0.017 2.18 0.799 0.028 3.50 0.9999
Isoleucine 0.830 0.035 4.21 0.839 0.035 4.13 0.9999
Leucine 1.463 0.049 3.37 1.480 0.052 3.53 0.9924
Lysine 1.654 0.051 3.09 1.673 0.053 3.14 0.9628

Methionine 0.533 0.023 4.25 0.539 0.019 3.60 >0.9999
Cysteine 0.193 0.008 4.19 0.195 0.007 3.48 >0.9999

Phenylalanine 0.703 0.026 3.67 0.711 0.024 3.41 0.9999
Tyrosine 0.608 0.020 3.28 0.615 0.026 4.16 0.9999

Valine 0.928 0.027 2.94 0.939 0.035 3.68 0.9998
Arginine 1.077 0.036 3.38 1.090 0.047 4.32 >0.9999
Histidine 0.530 0.011 2.13 0.536 0.022 4.05 0.9997
Alanine 1.088 0.046 4.21 1.101 0.036 3.24 0.8220

Aspartic acid 1.843 0.053 2.86 1.865 0.051 2.73 0.1275
Glutamic acid 2.688 0.095 3.55 2.719 0.091 3.34 0.9999

Glycine 0.864 0.035 4.01 0.874 0.038 4.34 0.9999
Proline 0.637 0.024 3.69 0.644 0.022 3.47 0.9999
Serina 0.735 0.023 3.18 0.744 0.023 3.05 >0.9999

∑ amino acids 17.365 17.568

∑ essential amino acids 7.102 7.185

∑ semi-essential amino acids 0.801 0.810

∑ non-essential amino acids 9.463 9.573

In order to nutritionally evaluate the investigated fish proteins, the content of amino
acids was calculated as g amino acids/100 g protein, so that the obtained data can be
compared with the FAO/WHO standards for different categories of consumers (Table 9).
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Table 9. Amino acids content (g/100 g protein) of the etalon protein and of the fillets sampled from
Polyodon spathula sturgeons, aged two and three summers.

Amino Acids

FAO/WHO Etalon Protein

S2 S3Standard 1
Children

Standard 2
Youth

Standard 3
Adults

Tryptophan 1.7 1.0 0.6 1.1 1.1
Threonine 4.3 4.0 2.6 4.4 4.4
Isoleucine 4.6 4.0 3.0 4.6 4.6
Leucine 9.3 7.0 4.4 8.1 8.1
Lysine 6.6 5.5 3.1 9.2 9.2

Methionine + Cystine 4.2 3.5 2.7 4.0 4.0
Phenylalanine + Tyrosine 7.2 6.0 3.3 7.3 7.3

Valine 5.5 5.0 2.3 5.2 5.2

EAA (g/16 g N) 43.4 36 22 43.9 43.9
S2—2nd summer. S3—3rd summer. EAA (g/16 g N)—exogenous amino acids.

Nutritional evaluation of the proteins in the meat of Polyodon spathula sturgeons, aged
two and three summers, is presented in Table 10.

Table 10. Nutritional assessment of the proteins in the Polyodon spathula sturgeons meat, aged two
and three summers.

Amino Acids
S2—Chemical Indices S3—Chemical Indices

Standard 1 Standard 2 Standard 3 Standard 1 Standard 2 Standard 3

Tryptophan 66.00 112.20 187.00 65.88 112.00 186.67
Threonine 102.07 109.73 168.81 102.05 109.70 168.77
Isoleucine 100.24 115.28 153.70 100.15 115.18 153.57
Leucine 87.40 116.11 184.73 87.39 116.10 184.70
Lysine 139.23 167.07 296.42 139.20 167.04 296.35

Methionine + Cystine 96.02 115.23 149.37 95.98 115.17 149.30
Phenylalanine + Tyrosine 101.15 121.38 220.70 101.14 121.37 220.67

Valine 93.75 103.12 224.17 93.76 103.14 224.22

EAAI (%) 96.43 118.81 193.47 96.40 118.76 193.39

BV 93.41 117.80 199.18 93.38 117.75 199.10

NI (%) 17.36 21.39 34.82 17.55 21.63 35.22

S2—2nd summer. S3—3rd summer. EAAI (%)—essential amino acids index. BV—biological value. NI (%)—
nutritional index.

4. Discussion

4.1. Chemical Proximate Composition

The most valuable part of a fish, the musculature, reaches up to 40–50% of its weight
and includes: mostly the trunk musculature (the lateral muscles-the fillet, the red mus-
cles and the muscles of the odd fins); head musculature (mandible and gill muscles);
musculature of the girdles and of the even fins [1].

Water content of the fillet muscles in Polyodon spathula, varied between 75.65% in
S3 and 77.83% in S2 (Table 3); water having a variable content depending on the age of
the fish (higher at younger ages); the assessed values felt within the limits specified by
literature [38,39]. From a statistical point of view, high significant differences were revealed
between the two age categories (p < 0.001) (Table 3).

The proportion of proteins in the fillet of the studied fish ranged between 17.94%
and 18.01%, data which are similar to those in other studies [38,65]. The assessed protein
content places this species in the group of protein fish (15–20% protein) [66,67]. Even in the
case of protein content, no significant statistical differences were found between the two
ages (p > 0.05) (Table 6).
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In general, in fish, the lipid content varies within very wide limits (0.1–28%) [43,66],
fish being classified in: fatty fish, with more than 8% fat; fish with medium fattening status,
between 4 and 8%; lean fish, with less than 4% fat [42,67]. In the conditions of our study,
when no supplemental feeding was directly provided to paddlefish, the fillets had a lipid
content between 2.82 and 3.98%, values that place the analyzed sturgeons in the class
of fish with low lipid content. In comparison with other original findings on paddlefish
aged one summer [42,67], lipid level in summer two and three was higher by 15–62%,
following the natural trend of lipid accumulation as body reserves in parallel with fish
ageing. In this situation, the obtained values obtained felt within the limits specified in the
literature [38,65,68,69]. There are authors stating that meat of cultured sturgeons should
have a lipid content between 5 and 10% [70]. High significant differences (p < 0.001) were
found for the fillet total fat between the two analyzed ages (Table 6).

In comparable studies [71], data related to proximate composition of other sturgeon
species revealed meat moisture content of 75.5% in Acipenser baerii (Siberian sturgeon) and
of 77.7% in Acipenser transmontanus (White sturgeon), while in our findings, the fillet had
76.6–77.8 water content. Related to ash level, paddlefish samples from our findings ranged
between 1.2–1.4%, while in the Siberian sturgeon it reached 1.3% and in White sturgeon
1.1%. Paddlefish meat analyzed in our study was lighter in terms of lipids accumulation
(2.8–3.9%), in comparison with the Siberian sturgeon (5.6%) and richer than the White
sturgeon (2.6%). Total protein content was pretty similar (17.9–18.1%), in comparison with
17.6% (A. baerii) and 18.6% (A. transmontanus).

Among the most present and most mechanically and enzymatically degrading resis-
tant proteins in the connective tissues, collagen participates in maintaining the structural
integrity of the tissues. From a chemical point of view, collagen is an incomplete protein,
with low biological value [42,43]. The percentage of collagen in the fillets sampled from
the studied fish was 3.93% in the third summer and 4.04% in the fourth summer. The
collagen content is 3–10% for most fish species, and in the case of homoeothermic animals,
it can reach up to 17% of the total protein [42,43,66,67]. So, in the analyzed sturgeons, the
proportion in collagen fell within the quoted values. Statistically, no significant differences
were found between the two ages (p > 0.05) (Table 6).

Water-protein ratio (W/P) is a criterion for evaluating the quality of fish meat. Ac-
cordingly, fish are ranked into five categories: 1st—fish with high nutritional value
(W/P = 2.5–3.5); 2nd—fish with good nutritional value (W/P = 3.5–4.2); 3rd—fish with
mediocre nutritional value (W/P = 4.2–4.7); 4th—fish with low nutritional value (W/P = 4.7–5.2)
and 5th—fish in a state of advanced starvation (W/P above 5.2) [42,43,67]. Studied Polyodon
spathula sturgeons felt into the category of fish with mediocre food value (3rd). In previous
studies [43], W/P ratio has been found to be 4.33 (mediocre) in paddlefish aged one summer
and 3.79 (good nutritional value) in paddlefish aged four summers, suggesting that meat
becomes more qualitative starting with summer two.

Gross energy value of the fillet from paddlefish aged two summers was 102.05 kcal/100 g
and of those aged three summers was 113.22 kcal/100 g (+10.94% energy, compared to
previous year) (p < 0.001), suggesting an increase of nutritional value consequently to
ageing but also with body development, a fact that is mainly due to the increase of lipids
amount in the meat. The meat issued from three summers aged paddlefish was richer in
calories than the meat produced by other (105 kcal/100 g) [69–71].

Assessment of the chemical composition of epaxial muscles group (dorsal ED and
costal EC) and of the hypaxial muscle group (costal HC and abdominal HA) was carried
on to identify the occurrence of any differences between the groups. In the paddlefish aged
two summers, water content was quite low HA muscles (44.05%) compared to the ED, EC
and HC muscles, which had 56.21–57.1% lower values. In all comparisons run between
the four muscles, only the costal ones (EC and HC) did not differ significantly (p > 0.05)
for the water and total solids content, while the other differences were highly significant
(p < 0.001) (Table 4). The HA muscles had a much higher energy value (more than 400 kcal
by 100 g, 3.87–4.29 folds compared to other muscle groups) (p < 0.001) due to the much
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higher presence of lipids in the abdominal muscles compared to the other muscle groups
(p < 0.001). These parameters also influence the W/P ratio which was lower for HA muscles
(2.63), by 59.37–61.88% compared to ED, EC and HC muscles (p < 0.001) (Table 4).

In the samples issued from Polyodon spathula sturgeons aged three summers, there were
high significant differences (p < 0.001) found for water and total solids content between
muscles ED, EC, HC, and HA (the first three muscle groups comprise 57.15–57.43% more
water than the HA muscles). On the contrary, the HA muscles were 8.51–11.34% richer
than the other analyzed muscles, that led to a gross energy content also higher in HA
(p < 0.001) and to a much lower W/P ratio (by 60.8–66.2%), compared to the other three
other studied muscle groups (p < 0.001) (Table 5).

When the influence of fish age on the proximate composition of the meat was analyzed
(Table 6), only the total fat content presented significant differences (p < 0.001), particularly
for the EC and HC muscles, while the gross energy content varied significantly (p < 0.001)
in relation with age (S3 vs. S2) in ED, EC, and HC muscles. Therefore, fish ageing induces
excessive lipids accumulation not only on filled but also on other muscle groups, hence the
higher gross energy meat content in summer three, compared to summer two (especially
in those muscles having less caloric values in summer two, due to lower lipid content, in
comparison with HA muscles, which accumulated fat earlier before summer three).

4.2. Fatty Acids Profiling and the Sanogenic Indices of the Polyodon Spathula Sturgeons Meat

According to the data in Table 7, among the 20 identified fatty acids, Palmitic acid
had the highest occurrence (15.31–19.18 g/100 g total fatty acids), closely followed by the
Oleic acid (15.18–19.01 g/100 g total fatty acids), a fact also highlighted by other authors
for paddlefish meat [39,41] or in the case of other sturgeons [71–74].

Out of the total of fatty acids identified in the analyzed samples, the highest proportion
was taken by the MUFA (approx. 45.6%), followed by the SFA (approx. 32.4%), then by
PUFA (approx. 22%), which indicates the presence of good quality fat in the meat of
Polyodon spathula sturgeons aged two and three summers.

The high content of MUFA and PUFA, known to have a beneficial effect on human
health (especially due to their protective role against cardiovascular diseases, as well as the
values for the cholesterol content [39,41]) make the meat of the paddlefish an important
source of “good fats”. The degree of assimilation of fish fats, in human consumers compared
to other fats, is very high, a fact explained, first of all, by the particular presence of linoleic,
linolenic, arachidonic, eicosapentaenoic, docosapentaenoic, and docosahexaenoic acids.
Nutritionally, the increased n–3/n–6 PUFA ratio occurring in Polyodon spathula sturgeon
meat may also have a protective effect against breast cancer [75].

In other sturgeon species, total SFA reached 19.2 g/total FA (Acipenser baerii)—close to
our findings for two summers paddlefish and 24.5 g/total FA (Acipenser transmontanus),
comparable to the samples in our study issued from summer three individuals [71].

As expected, the analysis of meat proximate composition revealed increasing accumula-
tion of lipids from the 2nd to the 3rd summer. Consequently, MUFA increased from 28.05 to
33.94% of FAME (epaxial muscles) and from 30.01 to 35.13% of FAME (hypaxial muscles). Total
MUFA varied between 45.5 g/total FA in A. baerii and 31.3 g/total FA in A. transmontanus, both
species richer than the samples from P. spathula. Siberian sturgeon meat and Asian sturgeon
meat were two to three folds richer in PUFA (35.3 g/total FA–44.2 g/total FA), compared to
PUFA levels found in paddlefish investigated meat [71].

The high values of the polyunsaturation index (PI) of the II and III summer paddlefish
meat (7.01–8.77) indicate the high level of PUFA, an aspect considered important for human
health due to the implications in regulating the level of blood cholesterol [76,77].

From the perspective of human health, the thrombogenic index (TI) and atherogenic
index (AI) highlight the predisposition to the incidence of cardiovascular diseases and
express the relationship between saturated (pro-thrombo/atherogenic) and unsaturated
(anti-thrombo/atherogenic) lipids [52,78]. The AI value calculated for sturgeon Polyodon
spathula aged 2 or 3 summers (AI = 0.57) is similar to those of carp (0.57) [79] and with
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approx. 14% lower of that found in trout (0.65) [80]. The highest AI values were reported
by Kucukgulmez et al. [80] in two saltwater fish species (AI = 1.22). The TI values calcu-
lated for the studied sturgeons were very low compared to other freshwater fish species
(carp TI = 0.63, trout TI = 0.49) [79], which reveals a very low tendency for blood clotting in
those consuming such meat.

Ployodon spathula sturgeon meat is characterized by the fairly high presence of fatty
acids with hypocholesterolemic effects (hFA) (33.01–41.34), an aspect that also results from
the high h/H ratio (hypocholesterolemic/hypercholesterolemic FA) (1, 9). The value of the
h/H index suggests the presence of sufficiently valuable lipids, with the potential to lower
consumers’ blood plasma cholesterol [55].

4.3. Amino Acids Profiling and the Nutritional Assessment of Polyodon Spathula Sturgeons Meat

Data in Table 8 reveal slightly higher values of amino acids content in three summers
aged sturgeons, in close correlation with the dynamics of meat water and protein content.
The most abundant amino acids were Glutamic acid (2.688% in S2 and 2.719% in S3), Aspar-
tic acid (1.843% in S2 and 1.865% in S3), Lysine (1.654% in S2 and 1.673% in S3), followed
by Leucine, Alanine, Arginine, Valine, Glycine, Isoleucine, Threonine, and by Tryptophan
(0.202% in S2 and 0.204% in S3). The sum of amino acids was quite similar in summers 2
and 3 compared to previous original research results where levels of 17.44 g/100 g total
amino acids were reported [43]. The amino acids on the first three positions had the same
sequence in the case of the data reported by other authors [41,81,82]. The presence of
Glutamic acid gives the meat of sturgeon Polyodon spathula a special taste. Also, the special
role of this amino acid in brain metabolism has been highlighted since it participates in the
synthesis of several physiological substances [83–87].

The analysis by category of amino acids (essential, semi-essential and non-essential)
shows revealed that essential amino acids represent approx. 40.9%, the semi-essentials
represent 4.61%, while the non-essentials ones represent 54.49%.

In order to estimate the biological value of the proteins from the meat of Polyodon
spathula sturgeons, aged 2 and 3 summers by chemical methods, the content of essential
and semi-essential amino acids (g/100 g protein) was assessed, then reported to the values
specified within FAO and WHO standards for three categories of consumers (Table 10).
These comparisons revealed high values for all amino acids and for both ages of fish in
youth and adult consumers; for children the requirements for Tryptophan, Valine and
Methionine + Cystine were not covered.

By calculating the Oser index or EAA index [43,48,63], it was possible to show that
these fish contain high quality protein since the proportion of essential and semi-essential
amino acids passed above 100% of etalon protein (118.76–193.47%) in the case of young
people and adults. On the contrary, for children, the values were slightly lower, compared
to etalon protein (96.40% in S3 meat and 96.43% in S2 meat), suggesting an insufficient
degree of coverage of the essential amino acid requirements for this category of consumers.
This fact was also highlighted by the calculation of BV and NI (%).

The obtained results are consistent with other reported data on the amino acid content
and nutritional value of the meat of Polyodon spathula sturgeons [41,88–90], as well as of
other sturgeons [91].

5. Conclusions

Our study brings scientific novelty through a detailed approach of paddlefish meat
nutritional quality, of detailed muscle groups, supported with particular analysis of protein
biological values in comparison with international standards for different age groups of
consumers, as well as of sanogenic indices derived from the lipidic profile of the meat.

Proximate chemical composition analysis of the meat from Polyodon spathula sturgeons,
aged two and three summers highlighted that between the two ages there are no significant
differences for the chemical composition of the fillets, whereas significant differences
occurred between muscle groups. In the case of both ages, there were significant differences
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between HA muscles and the other three analyzed groups (HC, ED, and EC), mainly due
to the accumulation of fat throughout one year or growth. This fact has also significantly
impacted the gross energy content of the analyzed meat.

Nutritional evaluation of the paddlefish meat indicated that the fats are of good quality
with a significant presence of PUFA, and good values for sanogenic indices were found as
well. Also, the protein quality is good for youth and adults and good enough for children.

According to our findings, the optimal age to capitalize paddlefish meat is the 3rd
summer, when the best meat yields, proximate composition and nutritional value were met.
The study mainly focused on these nutritional aspects and less on the technological factors
related to quantitative productions. It would be interesting to overcome such shortcomings
in future studies, taking into account all factors and building-up, eventually, a mathematical
model to quantify the degrees of influence on quantitative and qualitative paddlefish
meat production.

As a follow-up research project, it would be interesting to run textural instrumental
analysis on paddlefish meat, accompanied by an analysis of the influence of cooking
methods on technological and nutritional quality, in parallel with sensory evaluation and
public tasting campaigns to support the degree of awareness and acceptability in consumers
for paddlefish (knowing that consumers do not prefer this kind of meat despite its high
nutritional features).
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Abstract: Quantitative and qualitative flesh production in the Silurus glanis species was compara-
tively studied between two fish groups: one from aquaculture (AG) and the other from a natural
environment, the Prut River (RG). Morphometry was carried out on the fish, and then biometric and
conformational indices were calculated. Better values were found in the aquaculture catfish. The
Fulton coefficient was 0.82 in the Prut River fish and 0.91% in the farmed ones. The fleshy index
reached 19.58% in the AG fish and 20.79% in the RG fish, suggesting better productive capabilities
in the AG fish. Postslaughter, the flesh yield and its quality were assessed at different moments
throughout the refrigeration period (0–15 days), and chemical compound loss occurred. In the AG
samples, the water content decreased by 8.87%, proteins by 27.66%, and lipids by 29.58%. For the RG
samples, the loss reached 8.59% in water, 25.16% in proteins, and 29%in lipids. By studying the fatty
acids profile and sanogenic indices, good levels of PUFA (31–35%) were found, and the atherogenic
index reached 0.35–0.41 while the thrombogenic index ranged between 0.22 and 0.27. Consequently,
it can be stated that fish origin and especially the refrigeration period influence the flesh proximate
composition and nutritional value of European catfish.

Keywords: European catfish; somatometry; corporal indice; flesh yield; nutritional quality

1. Introduction

The Silurus glanis L., 1758 species is the main European representative of the Siluri-
formes order. They are predatory fishes with quite aggressive behaviour, hunting during
the night or even in daytime when waters are murky, relying mainly on nonvisual sensitive
organs [1,2]. They easily adapt to environmental conditions and are mostly found in fresh-
waters from Central and Eastern Europe and Southwest Asia but occasionally can be found
in the salty waters of the Black Sea and Baltic Sea [3,4]. They are a large and very aggressive
fish and have reached certain lakes and rivers in Western Europe where they developed
quite explosively and sometimes detrimentally to the local fish species [5,6]. European
catfish farming has been an increasing trend throughout the last years due to three main
factors: it has a tasteful flesh, particularly appreciated by consumers, especially in Eastern
Europe and Asia [3,7,8]; it is a useful species in fisheries practising polyculture, providing
a good health state of biocenosis [9,10]; and last but not least, it is very appreciated in
sport fishing in countries like Spain, the Netherlands, France, and Italy [11–13] due to
its impressive dimensions and the struggle during the drill. Catfish rearing in different
aquaculture systems is closely correlated to the natural environment. According to the FAO
statistics on aquaculture and fisheries, the catfish spreading and rearing area in Europe
covers 19 countries (Belarus, Bulgaria, Croatia, Czech Republic, France, Germany, Greece,
Hungary, Lithuania, Moldova Rep., North Macedonia, Poland, Romania, Russian Federa-
tion, Serbia, Slovakia, Slovenia, Switzerland, and Ukraine), and the reported production
was of 7554 tons in 2019 [14]. The second continent in terms of yield of Silurus glanis is Asia,
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which is mostly spread across seven countries (Azerbaijan, Iran, Kazakhstan, Tajikistan,
Turkey, Turkmenistan, and Uzbekistan), and the reported production in 2019 was 3851
tons [14].

In Romania, catfish farming is less developed in comparison with cypriniculture
and salmoniculture. From 2010–2019, catfish flesh yield in Romania reached 1826 tons
(165 tons in 2019), ranking Romania in tenth place worldwide. A very important role in
achieving such production belongs to the Danube River and Danube Delta, from where,
according to the NAFA (National Agency for Fishery and Aquaculture), the largest quantity
is harvested [14]. Catfish have morphological, anatomical, and physiological adaptations
that allow them to occupy other habitats different from flowing waters, such as natural and
artificial lakes, favouring their farming in monoculture or polyculture systems along with
carp or other cyprinids. In this way, fish farms represent the second provenance source of
European catfish flesh in Romania.

European catfish is one of the species leaving strong impressions in consumers’ sen-
sory memory, and consumers have benefitted from an increasing trend among farmers
throughout the last years. The flesh is highly appreciated by consumers due to its average
content of lipids and high content of proteins but also due to its remarkable sensory traits,
especially developed after some special cooking processes [15,16].

In the current paper, we aimed to:

- Obtain quantitative data by gravimetry and morphometry run for certain anatomical
parts of European catfish originating from aquaculture and a natural environment;

- Calculate biometric indices to assess fish productive potential, maintenance state, and
adaptability to provided environment conditions;

- Track the dynamics of flesh chemical composition, fatty acids profile, and sanogenic
indices under the influence of the lastingness of refrigeration period (up to 15 days).

The practical utility of the study is given by the knowledge and understanding of
the qualitative and quantitative characteristics of Silurus glanis flesh issued from different
rearing environments and preserved by refrigeration, so we could indicate which meat is
of better quality in terms of origin and shelf life.

2. Materials and Methods

2.1. Biological Studied Material

Three hundred individuals of Silurus glanis of various sizes and weights issued from
two different rearing environments represented by “Acvares” fish farm situated in Ias, i
County, Romania (aquaculture, geo coordinates (47◦19′23.4′′ N–27◦31′08.8′′ E)) and by
Prut River on sector Bivolari–Gorban, Ias, i County, Romania (geo coordinates: 47◦32′01′′ N
27◦26′29′′ E–46◦53′43′′ N 28◦05′07′′ E) (capture) were studied. Biological material from
aquaculture was gathered using a trawl and was stored alive in a submersed storage cage
in a waiting pool.

Fish from Prut River were captured by using sport fishing equipment composed of a
rod and reel. The sector of Prut River where fish were captured is the eastern boundary of
Iasi County, Romania.

The groups were coded in relation to fish origin:

� AG—aquaculture group, individuals/samples from farmed fish;
� RG—river group, individuals/samples from Prut River (capture).

Body mass of the fish ranged between 1300 g and 2200 g. This weight range for
studied specimens is specified by the literature (better development rhythm combined with
economics of production) [17–22] and the market demand (buyers’ preference on average
fish weight).

2.2. Physical–Chemical Parameters of Water

Water temperature (◦C) had close values for both rearing systems. In the studied
period (March-October), in March, water reached a temperature of 10.2 ◦C in system AG
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and 9.2 ◦C in system RG. The highest thermal values were recorded in July (25.5 ◦C) for
fish farms, respectively, in August (24.6 ◦C) for Prut River. At the beginning of the studied
period (March–August), a slight difference in temperature was observed, with higher
values in farm starting in September; these were slightly higher in Prut River. Water pH
varied between 7.2 and 7.9 on farms while in Prut River water, it ranged between 7.1
and 7.5, considered normal for good development of studied species [23]. Quantity of
dissolved oxygen ranged between 4.09 mg/L and 8.85 mg/L in farm water while in natural
environment, dissolved oxygen varied from 8.06 mg/L to 10.12 mg/L, values considered
normal for the regular development of catfish. The other physical–chemical parameters
of the water analysed in the current study were chlorides (Cl−, 60.21–105.91 mg/L in
farm and 74.26–101.34 mg/L in Prut River); nitrites, NO2, 0.02–0.15 mg N/L in farm and
0.08–0.21 mg/L in Prut River; nitrates, NO3, with values from 0 up to 2.51 mg N/L in farm
and between 1.12–2.14 mg N/L in Prut River; ammonium (NH4

+) with values from 0.03
till 0.14 mg N/L in farm and between 0.14–0.35 mg N/L in Prut River; and phosphates
(PO4

3) with values from 0 till 0.12 mg P/L in fish farm and between 0.10–0.21 mg P/L in
Prut River. The water from both environments was suitable for a normal development of
fish, placed in 2nd and 3rd quality categories specific for fish farming systems [23].

Rearing of European catfish on farm was realised in 2 ponds of 30 hectares each in
polyculture with carp (Ciprinus carpio) (82%) and silver carp (Hypophthalmichtys molitrix)
and bighead carp (Aristichtys nobilis) (12%) aged one year older than the European catfish
with body masses of around 500 g. Rate of European catfish in both ponds was 6%
(750 individuals). The catfish had masses of around 250 g at brooding moment and between
1.3 kg and 2.2 kg at the end of growth.

2.3. Catfish Feeding

Feeding of catfishes from aquaculture was realised with mixed feed, providing be-
tween 120–180 kg/day (monthly variable) in 6 portions of 20–30 kg. Mixed feed was pur-
chased from the specialised market with the following characteristics: granule dimension–
6 mm, dry matter 89%, crude protein 54%, crude fat 20%, crude ash 9%, crude fibre 1%, P
1.1%, vitamin A 15000 IU/kg, vitamin D3 1800 IU/kg, vitamin E 105 mg/kg, and vitamin
C 280 mg/kg. Energetic value was 20.6 MJ/kg digestible energy.

Catfishes from Prut River benefited from feed sources that naturally occur in the river,
consisting of earthworms, snails, insects, tadpoles, frogs, and fish, such as carp (Ciprinus
carpio), Gibel carp (Carassius auratus gibelio), common bream (Abramis brama), common bleak
(Alburnus alburnus), chub (Leuciscus cephalus), common rudd (Scardinius erythrophthalmus),
and common dace (Leuciscus leuciscus).

2.4. Morphometric and Gravimetric Assessments

Morphometric assessments were based on the literature methodology [24–32], and
the measurements were run using an ihtyometer. Other measuring instruments used in
determination of metric characters were graded ruler, tape measure, square, callipers, and
tape line.

Growth performances and the main corporal indices were assessed via morphometry
based on the anatomical keypoints highlighted in Figure 1 [25,26].

Gravimetric assessments were run using a PGW 6002 I precision scale and a Partner
AS220/C/2 analytical scale.

Dressed yield after slaughter was calculated using Equation (1) [20,21]:

DY (%) = (carcass mass or anatomical analysed portion × 100)/initial mass of live fish (1)
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Figure 1. Body morphometry in European catfish (original photo): L—total length of fish; l—standard
length of body; lh—length of head; H—maximal height of body; h—minimal height of body;
C—maximal circumference of body; T—maximal thickness of body.

2.5. Body Indices and Coefficients

For reaching the aims of the current research, certain corporal indices were calculated:
Profile index (height) points out the corporal format of studied individuals facilitating

their framing into a certain profile [20,21] in accordance with Equation (2):

PI = l/H, (2)

where PI = profile index; l = body standard length (cm); and H = body maximal height (cm).
Fulton coefficient (maintenance index) indicates a direct proportionality ratio be-

tween its values and maintenance state of studied individuals and was calculated using
Equation (3) [33]:

FC = (m * 100)/l3, (3)

where FC (Fulton coefficient) (maintenance index) (%); m = corporal mass (g); and l = fish
standard length (cm).

Quality index (Kiselev) is based on Kiselev relation offering data regarding quality of
fishery material. This index was calculated in accordance with Equation (4):

QI = l/C, (4)

where QI = quality index; l = body standard length (cm); and C = body maximum circum-
ference (cm).

Thickness index represents the existing ratio between body maximal height and its
maximal thickness in accordance with Equation (5):

TI = (T/H) * 100, (5)

where TI = thickness index (%); T = body maximal thickness (cm); and H = body maximal
height (cm).

Fleshy index was calculated in accordance with Nistor et al. (2012) [34,35] and ex-
presses the percentage rate of head from body standard length using Equation (6):

FI = (lh/l) * 100, (6)

where FI = fleshy index (%); lh = head length; and l = body standard length (cm).
The equations used in body indices and coefficients computation were provided by

the literature [36–38].

2.6. Sampling

Consecutive to morphometry, fish was preserved via refrigeration in sealed plastic
recipients and then trenched and filleted to obtain skinless fillets. Samples had a mass of
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100 g and were individually refrigerated at temperatures between 2 ◦C and 4 ◦C and an air
relative moisture of 80–85%.

2.7. Assessment of Flesh Chemical Composition

Flesh water content was assessed via oven drying method, so the analysed sample
was subjected to drying at 105 ◦C temperature as specified by Romanian Standard SR ISO
1442/1997.

Assessment of proteins was realised in accordance with AOAC official methods of
analysis/1990 [39–42], compatible with Romanian Standard SR ISO 937:2007, by using
a Velp Scientifica device (DK6 digestion unit and UDK7 distillation unit) following the
Kjeldhal method.

Soxhlet method was applied to measure fat content on a Velp Scientific–SER 148 de-
vice following the manufacturer specifications as well as the AOAC official methods of
analysis/1990 [39–42], compatible with Romanian Standard SR ISO 1443:2008 [39,43].

To determine the crude ash (total minerals) content, the sample was subjected to
calcination method in an electric muffle furnace at a working temperature of +550 ◦C, in
accordance with the Romanian Standard SR ISO 936:1998.

2.8. Analysis of Fatty Acids Profile and Nutritional Quality of Lipids

The extraction and quantification of FAME (fatty acid methyl esters) from European
catfish flesh was realised by detection through gas chromatography and mass spectrometry
on a Perkin Elmer chromatographic device connected with a mass spectrometer detector
(GC-MS) [44–47].

Fatty acids were quantified as g FAME/100 g of total identified FAME [44–47]. For
lipid profile, fatty acids were grouped as follows:

Saturated fatty acids (SFA) as Σ SFA = C10:0 + C12:0 + C14:0 + C15:0 + C16:0 + C18:0 +
C20:0 + C22:0;

Monounsaturated fatty acids (MUFA) as Σ MUFA = C16:1 + C18:1 cis–9 + C20:1 n−9 +
C22:1 n−9;

Polyunsaturated fatty acids (PUFA) as Σ PUFA = C18:2 n−6 + C20:2 n−6 + C18:3 n−3
+ C20:3 n−3 + C20:5 n−3 + C18:3 n−6,

Total unsaturated fatty acids as sum of MUFA and PUFA [45,46,48].
The quantities of Ω-3 and Ω-6 PUFA series were expressed as a rate (n−3/n−6).
Polyunsaturation index (PI) of European catfish flesh was calculated in accordance

with Equation (7), established by Timmons [45,48,49]:

PI = C18:2 n−6 + (C18:3 n−3 × 2). (7)

AI (atherogenic index) and TI (thrombogenic index) of fats were run on the basis of
FAME GC analysis for European catfish flesh in accordance with Equations (8) and (9),
established by Ulbricht and Southgate [44,48,50,51]:

AI = (C12:0 + C16:0 + 4 × C14:0)/[Σ MUFA + Σ (n-6) + Σ (n-3)], (8)

TI = (C14:0 + C16:0 + C18:0) / [0.5 × Σ MUFA + 0.5 × Σ (n-6) + 3 × Σ (n-3) + Σ(n-3) / Σ(n-6)]. (9)

Equation (10), published by Fernandez et al. [51], was utilised in calculation of rate
between fatty acids with hypocholesterolemic (h) and hypercholesterolemic (H) effects.

h/H (hypocholesterolemic / Hypercholesterolemic) = (C18:1 + PUFA)/(C12:0 + C14:0 + C16:0) (10)

2.9. Data Analysis

The main experimental data (50 repetitions per biometric traits, body indices, and
yields of cut parts/group and 6 analytical repetitions for analytical chemistry investiga-
tions/group) were statistically processed to obtain the arithmetic mean and standard error
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of mean. Statistical significance of differences between samples was investigated via Fisher
testing [52] included within the Data Analysis ToolPack—ANOVA single factor, Microsoft
Excel 2019 software.

3. Results

3.1. Morphometry and Body Indices

The measurements of certain anatomical portions in the case of European catfish offer
only strict quantitative information. Calculations of certain rates between dimensions also
provide qualitative information regarding a productive potential [53,54].

The main biometric investigations are presented in Table 1. An average live weight of
1840.71 g was measured in the AG group, which is 3.12% higher than the RG one. Moreover,
a 7.89% higher maximum body height (10.80 cm) was found in the AG fish compared to
the RG fish. The average total length of the AG fish was 63.45 cm, 8.07% lower than in the
RG fish. The values for the AG fish were lower by 2.16% for standard length, 7.77% for
head length, 2.76% for maximum circumference, and 1.97% for maximum body thickness
compared to the RG fish. The data in Table 1 highlight a better body development of
aquaculture fish vs. river environment fish.

Table 1. Main biometric assessments in European catfish (Silurus glanis).

Biometric Traits
RG (n = 50) AG (n = 50)

p-Value
Mean ± SEM Min. Max. Mean ± SEM Min. Max.

Body mass (g) 1784.91 ± 37.43 1252.6 2192.5 1840.71 ± 30.25 1386.0 2152.4 0.0793

Total length (cm) 68.51 ± 0.61 58.53 75.12 63.45 ± 0.42 58.9 65.7 0.0041

Standard length (cm) 60.04 ± 0.40 54.3 63.7 58.74 ± 0.46 51.4 63.6 0.1059

Head length (cm) 12.48 ± 0.12 10.62 13.39 11.50 ± 0.11 9.6 12.4 0.0028

Body maximum height (cm) 10.01 ± 0.11 8.4 11.3 10.80 ± 0.10 9.5 11.8 0.0075

Body maximum circumference
(cm) 32.18 ± 0.37 26.0 37.3 31.29 ± 0.21 28.6 32.9 0.0964

Body maximum thickness (cm) 7.08 ± 0.09 5.9 8.0 6.94 ± 0.06 6.1 7.8 0.1868

SEM: Standard error of mean. Analysis of variance: check p values per row.

The main body indices in the studied fish populations are comparatively presented in
relation to their origin (RG—river; AG—aquaculture) in Table 2.

Table 2. Main body indices in Silurus glanis related to fish origin.

Calculated
Index

RG (n = 50) AG (n = 50)
p-Value

Mean ± SEM Min. Max. Mean ± SEM Min. Max.

Profile index 6.00 ± 0.04 5.47 6.58 5.44 ± 0.03 5.00 5.91 0.0002

Fulton coefficient 0.82 ± 0.01 0.74 1.03 0.91 ± 0.01 0.78 1.10 0.0063

Quality index 1.87 ± 0.02 1.57 2.03 1.88 ± 0.01 1.77 2.01 0.0947

Thickness index 70.77 ± 1.04 59.02 84.28 64.29 ± 0.61 57.65 70.98 0.0029

Fleshy index 20.79 ± 0.19 18.18 23.19 19.58 ± 0.14 17.77 21.53 0.0082

SEM: Standard error of mean. Analysis of variance: check p values per row.
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Calculation of the profile index for the AG fish revealed an average of 5.44, which is
9.33% lower than the RG fish, underlining a better development of dorsal muscle mass in
the aquaculture fish. The Fulton coefficient presented 10.97% better values in the AG fish;
moreover, the quality index had slightly higher values by 0.53% in the AG vs. RG group,
suggesting as well a better development of the aquaculture catfish than the ones captured
from the natural environment. The thickness index reached 70.77 in the RG fish, which is
10.07% higher than the AG fish, suggesting that river catfish are more robust and better
adapted to the natural environment.

3.2. Quantitative Flesh Production

The processing yield for portions with high economical value in catfish is presented in
Table 3.

Table 3. Processing yield for portions with high economical value at catfish.

Cut Part
RG (n = 50) AG (n = 50)

p-Value
Mean ± SEM Min. Max. Mean ± SEM Min. Max.

Live mass (g) 1784.91 ± 37.43 1252.59 2192.54 1840.71 ± 30.25 1386.04 2152.35 0.0793

Carcass mass (g) 1598.39 ± 21.97 1156.50 1928.69 1659.40 ± 27.93 1260.44 1940.07 0.3781

Carcass yield (%) 89.55 ± 0.71 86.89 91.68 90.15 ± 1.13 86.81 92.89 0.1028

Torso mass (g) 1159.48 ± 17.99 805.13 1385.39 1124.31 ± 25.31 835.72 1324.75 0.0083

Torso yield (%) 64.96 ± 0.81 61.70 67.24 61.08 ± 0.81 58.79 63.07 0.3973

Fillet mass (g) 825.17 ± 13.44 610.74 948.33 830.35 ± 14.99 621.89 960.41 0.1629

Fillet yield (%) 46.23 ± 0.50 44.12 48.80 45.11 ± 0.55 43.10 47.12 0.0793

SEM: Standard error of mean. Analysis of variance: check p values per row.

The carcass yield revealed 0.67% better values in the AG fish compared to the RG fish
while the catfish from the river had better efficacy for torso and fillet yields by 6.35% and
2.48%, respectively.

3.3. Qualitative Flesh Production

A comparative evaluation of losses and water content from European catfish refriger-
ated flesh in different storage periods is presented in Table 4.

Table 4. Comparative evaluation of losses and water content in European catfish refrigerated fillets
throughout different storage periods.

Storage Interval
(Days)

n Group
Losses (%) Water (%)

Mean ± SEM Mean ± SEM

0
6 AG 100 ± 0.00 77.80 ± 1.00
6 RG 100 ± 0.00 78.19 ± 2.02

p-value - 0.3039

3
6 AG 97.61 ± 0.98 76.60 ± 1.23
6 RG 98.12 ± 1.67 77.26 ± 1.40

p-value 0.1872 0.1762

6
6 AG 93.56 ± 2.85 74.26 ± 2.64
6 RG 94.58 ± 1.34 74.88 ± 1.12

p-value 0.3633 0.1906
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Table 4. Cont.

Storage Interval
(Days)

n Group
Losses (%) Water (%)

Mean ± SEM Mean ± SEM

9
6 AG 90.48 ± 2.72 72.74 ± 2.25
6 RG 89.87 ± 3.25 72.63 ± 3.21

p-value 0.1964 0.3692

12
6 AG 88.79 ± 1.95 72.18 ± 2.07
6 RG 89.05 ± 2.72 72.18 ± 2.61

p-value 0.1408 >0.9999

15
6 AG 87.12 ± 2.52 70.90 ± 2.17
6 RG 87.87 ± 2.03 71.47 ± 2.42

p-value 0.2386 2.2861
SEM: Standard error of mean. Analysis of variance: check p values per column, for each storage period.

Certain amounts of water and nutrients were lost from the flesh throughout the
experimental period. Water loss reached 8.87% in the AG samples and 8.59% in the
RG ones.

The evaluation of dry matter constituents from the European catfish in relation to the
lastingness of the storage period is presented in Table 5.

Table 5. Evaluation of dry matter constituents from European catfish flesh in different storage periods.

Storage
Period
(Days)

n Group

Ash (%) Proteins (%) Lipids (%)

Mean ±
SEM

Mean ±
SEM

Mean ±
SEM

0
6 AG 1.07 ± 0.00 17.75 ± 1.08 3.38 ± 0.22
6 RG 1.11 ± 0.04 18.08 ± 1.27 2.62 ± 0.16

p-value 0.0782 0.7320 0.0373

3
6 AG 1.05 ± 0.02 16.65 ± 0.82 3.31 ± 0.18
6 RG 1.08 ± 0.04 17.01 ± 0.89 2.77 ± 0.13

p-value 0.0836 0.6592 0.0459

6
6 AG 1.05 ± 0.05 15.21 ± 0.75 3.04 ± 0.16
6 RG 1.07 ± 0.04 16.22 ± 0.92 2.42 ± 0.12

p-value 0.0919 0.3182 0.0428

9
6 AG 1.03 ± 0.08 13.85 ± 0.72 2.87 ± 0.23
6 RG 1.04 ± 0.05 14.05 ± 0.76 2.15 ± 0.14

p-value 0.1305 0.7855 0.0285

12
6 AG 1.02 ± 0.07 13.04 ± 0.71 2.56 ± 0.24
6 RG 1.03 ± 0.09 13.85 ± 0.92 1.98 ± 0.12

p-value 0.1287 0.4348 0.0319

15
6 AG 1.00 ± 0.10 12.84 ± 0.56 2.38 ± 0.13
6 RG 1.01 ± 0.07 13.53 ± 1.02 1.86 ± 0.10

p-value 0.1149 0.4817 0.0402
SEM: Standard error of mean. Analysis of variance: check p values per column, for each storage period.

The protein levels decreased by 27.66% in the AG samples and 25.16% in the RG
samples while the loss of lipids was 29.58% in AG flesh and 29% in RG flesh. Total minerals
(crude ash) decreased by 6.54% in AG samples and 9% in RG flesh by the end of the 15 days
of storage.
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3.4. Fatty Acids Profile and Sanogenic Indices

The profile of fatty acids from the European catfish flesh and sanogenic indices evalua-
tion is presented in Table 6. Analysis was carried out on fillets obtained from the catfish
with the age of two summers issued from the farm (AG) or the wild environment (Prut
River) (RG).

Table 6. Fatty acids profile (g/100 g total FAME) and sanogenic indices of European catfish fillets.

Fatty Acids
AG (n = 6) RG (n = 6)

p-Value
Mean ± SEM Mean ± SEM

C 14:0 3.08 ± 0.078 1.54 ± 0.054 4.95 × 10−9

C 14:1 ND 0.32 ± 0.012 -
C 16:0 11.54 ± 0.113 15.16 ± 0.399 1.46 × 10−5

C 16:1 3.66 ± 0.069 8.39 ± 0.730 1.20 × 10−8

C 18:0 2.92 ± 0.080 3.69 ± 0.196 5.20 × 10−5

C 18:1 n−9 19.98 ± 0.397 24.83 ± 1.492 9.53 × 10−5

C 18:2 n−6 8.25 ± 0.202 4.79 ± 0.397 3.75 × 10−8

C 18:3 n−3 1.70 ± 0.021 3.83 ± 0.218 1.41 × 10−9

C 20:0 0.18 ± 0.005 0.19 ± 0.017 0.1478
C 20:1 n−9 5.75 ± 0.195 1.82 ± 0.100 1.23 × 10−10

C 20:2 n−6 0.44 ± 0.006 0.49 ± 0.010 0.0109
C 20:4 n−6 0.25 ± 0.008 2.12 ± 0.042 6.56 × 10−12

C 20:3 n−3 5.51 ± 0.198 0.27 ± 0.007 2.93 × 10−13

C 20:5 n−3 3.57 ± 0.083 3.09 ± 0.125 0.0001
C 22:0 0.49 ± 0.004 0.80 ± 0.010 9.14 × 10−9

C 22:5 n−6 0.17 ± 0.001 ND -
C 22:5 n−3 2.09 ± 0.014 1.91 ± 0.059 0.0293
C 22:6 n−3 7.17 ± 0.187 8.61 ± 1.173 0.0003

Σ SFA 18.21 21.37

Σ MUFA 29.38 35.36

Σ PUFA 25.58 25.11

n−3 20.03 17.71

n−6 9.12 7.39

n−3/n−6 2.20 2.40

n−6/n−3 0.46 0.42

PUFA/SFA 1.40 1.17

USFA/SFA 3.02 2.83

PI 11.65 12.45

AI 0.41 0.35

TI 0.22 0.27

HFA 14.62 16.70

hFA 45.56 49.94

h/H 3.12 2.99
SEM: Standard error of mean. Analysis of variance: check p values per row. PI: polyunsaturated index, TI:
thrombogenic index, AI: atherogenic index, HFA: hypercholesterolemic fatty acids (C12:0 + C14:0 + C16:0), hFA:
hypocholesterolemic fatty acids (C18:1 + polyunsaturated FA), h/H: hypocholesterolemic/hypercholesterolemic
FA, ND: not detectable.
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Out of the five PUFAs found in the studied European catfish, the most occurring in the
AG samples were linoleic acid (8.25 g/100 g total FAME), eicosatrienoic acid (5.51 g/100 g
total FAME), and eicopentaenoic acid (3.57 g/100 g total FAME). In RG fish, the PUFA with
the highest proportion was linoleic acid as well (4.79 g/100 g total FAME) followed by alfa
linolenic acid (3.83 g/100 g total FAME) and eicosapentaenoic acid as well (3.09 g/100 g
total FAME).

The sum of the fatty acids was 17.35% higher in the RG samples than the AG samples
for SFA and 20.35% higher for MUFA while lower for PUFA by 1.84% in river-originating
fish compared to aquacultured ones.

Significant amounts of polyunsaturated fatty acids were measured in European catfish
flesh with levels above 25 g/100 g total FAME, suggesting a high quality of inner lipids,
a fact also highlighted by the good values of the sanogenic indices in both fish groups:
PI = 11.65, TI = 0.22, and AI = 0.41 in AG samples and PI = 12.45, TI = 0.27, and AI = 0.35 in
RG flesh.

4. Discussions

4.1. Morphometry and Body Indices

Dimensional and gravimetric investigations were carried out on 50 individuals/group
that were aged two summers with body mass values close to the means of the groups.

No statistically significant differences occurred for body mass between groups. Dif-
ferences can be attributed to environmental conditions because the vastness of the Prut
hydrographic basin, permanent water stream, and lower feed quantity versus the envi-
ronment provided by the farm influence, as was demonstrated, a growth rhythm. The
obtained values fell within the literature limits [55,56].

Total length (L) values were statistically different (p < 0.01) between groups.
Standard length (l) represents a very important morphometric assessment because

it highlights the anatomical portion that presents a direct interest for consumers [57].
Between groups, it presented close values of 58.74 ± 0.46 cm (AG) and 60.04 ± 0.40 cm
(RG) (p > 0.05).

Head length (lh) is an important biometric assessment in fish because this cut does not
have a high demand in consumption. So, in artificial selection, individuals with a lower
HL related to total body length are preferred [58]. For the AG group, the HLs reached
11.50 ± 0.11 cm (18.12% from L) while in the RG group, they reached 12.48 ± 0.12 cm
(18.21% from L), with significant differences between groups (p < 0.01) (Table 1).

Maximal body heights (H) presented significant statistical differences between groups
(p < 0.01) (9.5 to 11.8 cm in AG, 8.4 to 11.3 cm in RG).

Maximal body circumference (C) is run on the anatomical portion in which the body
has the highest thickness and respective height [53]. No significant differences occurred
between groups. In the AG group, C reached 31.29 cm and was 2.76% less than in the
RG group.

Maximal body thickness (T) was maximal in the RG group at 7.08 ± 0.09 cm, respec-
tively, 1.97% higher than the one in the AG group.

Profile index (PI) highlights the body format and represents a rate between the body
standard length (cm) and its maximal height (cm). Low values for this index suggest
a convex aspect of the dorsal line, which, in practice, indicates the muscle mass is well
represented at the dorsal level [59]. Highly significant differences between means occurred
between groups (p < 0.001), with a lower value in aquaculture fish, proving the influence of
artificial selection of the European catfish population at the farm level.

The Fulton coefficient (FC) indicated a very good maintenance state, acquired by the
remarkable adaptability of the studied individuals to environmental conditions as well
as through an optimal nutrient uptake from the water supply [33,60]. This index ranged
between 0.91 ± 0.01 (AG) and 0.82 ± 0.01 (RG) (p < 0.05).

The quality index (QI) suggested a rich muscular mass. Considering that European
catfish have quite a serpent-shaped body, the values of those indexes as well as the other
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indices must not be compared with the values obtained for other fish species [61]. The QI
reached 1.88 ± 0.01 in the AG group and 1.87 ± 0.02 in the RG group (p > 0.05), proving
the quality of biological material in both groups.

The thickness index (TI) expresses the muscle width from the backbone region in
relation to the body’s maximal height, proving information regarding the fattening state or
even about the fish’s body format [21]. The means for this index were 64.29 ± 0.61 (AG)
and 70.77 ± 1.04 (RG). Associating those values with the ones of the profile index, we
can conclude that differences regarding body format exist between these two populations
because at similar values of body mass and standard body length, the total maximal height
for fishes from the Prut River was significantly reduced without a negative impact on
the thickness of back musculature. This aspect can be interpreted as an adaptation to
environmental conditions because a dorso-ventral body flattening opposes less resistance
to a constant water flow.

The fleshy index (FI) represents the rate between head length and body standard length.
This index has great importance because in production, the goal is to raise individuals
with an optimal body format with economically relevant anatomical regions in greater
proportion. The lower the FI, the higher the torso proportion from the fish’s standard
length [62,63]. The FI in the AG group reached 19.58 ± 0.14, and the RG group was 5.82%
higher, indicating a higher rate of head participation in relation to fish standard length in
river fish. These index values can also be considered as adaptations of individuals from the
Prut River to environmental conditions, considering that feeding in the wild is not as facile
as at the farm; therefore, a larger oral cavity can facilitate prey catching.

The achieved profile index values suggest a higher back and much more voluminous
dorsal musculature in farmed catfish while the thickness index shows that catfish from the
natural environment have a thicker body as an adaptation to environmental conditions.
Higher values of the Fulton coefficient for farmed fish reveal their better development,
and the lower values of the quality index (Kiselev) depict a richer muscular mass in farm
vs. river-originating fish. The lower values of the fleshy index for the farm fish indicate
better fleshiness in comparison with catfish from the natural environment. Considering
mind–body indices and coefficients for both categories of fish, it can be stated that the
aquaculture significantly and positively impacted body development in comparison with
the natural environment.

4.2. Quantitative Flesh Production

Individuals captured from the Prut River had yields of 89.55% for carcasses, 64.96% for
torsos, and 6.23% for fillets while the farmed fish achieved a 90.15% carcass yield, 61.08%
torso yield, and 45.11% fillet yield. The obtained means were significantly different only
for torso yields (p < 0.05). No major differences regarding the slaughtering yield occurred
for the catfish originating from both environments. The obtained data fell within the limits
in the literature for this species [8,19,64].

In a similar study, Jankovka et al. (2006) [19] analysed catfishes with different origins
and mentioned close values between the yields of fish from a natural environment (carcass
90.75%; torso 60.08%; and fillets 42.79%) and those that were farmed (carcass 90.76%; torso
60.86%; and fillets 45.11%).

4.3. Qualitative Flesh Production

Due to its proximate composition, fish flesh is placed among the products with high
biological value, mainly due to the protein quality which contains almost all the essential
amino acids. The high quality of the fish flesh is supported by the reduced quantity of the
connective tissue in muscles. Hussain et al. (2011) [65] assigned a digestibility coefficient for
fish flesh of around 97% based specifically on the reduced quantity of the connective tissue.

Lipids from fish flesh have high amounts of unsaturated fatty acids, which are benefi-
cial to consumers’ health but provide a negative influence on the stability of muscle tissue,
favouring its rapid alteration mostly through oxidation [66,67].
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In skinless fillets, the mean value for relative moisture was 77.80% in AG samples and
78.19% in RG samples.

During storage periods, the mean values of water between the groups did not exceed
a percentage difference higher than 0.66% (RG vs. AG). No statistically significant differ-
ences occurred between groups for the water content in the flesh; therefore, the rearing
environment did not have an influential role in defining flesh proximate composition. A
much more important role in the chemical composition of the flesh is attributed to the
applied preservation method and storage period [60]. In a 15-day period, European catfish
fillets refrigerated in chilled air flow recorded mass losses of 12.88% and 12.13% for the
AG group and RG group, respectively, versus the initial rate. In the AG fish, the losses
meant a decrease of 6.90 percentage points of moisture versus the first evaluation. In the
RG samples, the water content decreased by 6.72 percentage points throughout the same
storage period.

The literature provides much information on the water content of European catfish
flesh [68,69]. In our study, flash moisture ranged between 77.68 ± 0.45% and 79.45 ± 0.37%
in relation to feeding type. Close values for the same trait were reported by other au-
thors [15,16,55].

Flesh protein quantity in the RG group had a decreasing trend vs. the AG group due,
most probably, to the samples’ more intense hydrolysis. This flesh denaturation favours
the development of alternative bacteria. So, AG samples indicated a protein mean value
of 17.75% compared to 18.08% in the RG group. At the end of the 15 storage days, the
protein level reached 12.84% in the AG group and 13.53% in the RG group. During the six
evaluation sessions for this constituent, no statistical significance occurred between groups.
In a study on the chemical composition of flesh gathered from aquaculture featuring
catfishes with live weights close to the aquaculture catfishes analysed in the current study
(1813.51 g), Honzlova et al. (2021) [16] mentioned comparable values for protein content
(16.35–18.12%).

Generally, in most fish species, there is a correlation between lipids content and the
conditions provided in different rearing systems; this situation is also valid for European
catfish [20,70,71]. In the present study, total lipids values greater by 22.5% occurred in
aquaculture catfishes vs. the river-originating ones, thus highlighting the influence of
feeding with mixed fodders on the flesh fattiness. Concretely, the recorded limits of
lipids varied during the 15 storage days between 3.38% and 2.38% for AG fishes and
2.62–1.86% for RG catfishes. There were also observed fluctuations due to the activity
of alteration microorganisms as well as oxidative processes that appeared on the sample
surface [64,69,72]. Moreover, for the case of lipids, the literature indicates close values
to those obtained in the current study [15,16]. Linhartova et al. (2018) [73] indicated
catfish flesh lipids contents of 4.13% in intensive rearing system samples and 2.97% in the
semi-intensive system.

Statistically, during the whole storage period, the differences with statistical signifi-
cance (p < 0.01) can be accounted for by the influence of the rearing environments. So, due
to water action as well as due to lower food quantity, related to water volume unit, fish
from the wild environment are prone to exhibit higher effort in comparison with the ones
from the farm where, due to a very high density of fish–prey, the latter have a much more
sedentary lifestyle. Regarding the dynamics of these three traits, a descending trend was
noticed, indirectly proportional to the prolongation of the storage period.

Ash quantity in AG samples decreased by 0.07 percentage points compared to the
initial quantity while RG samples decreased by 0.10 percentage points.

4.4. Fatty Acids Profile and Sanogenic Indices

In accordance with the data presented in Table 6, out of the 18 identified fatty acids,
oleic acid was most present (19.98–24.83 g/100 g total fatty acids) followed by palmitic acid
(11.54–15.16 g/100 g total fatty acids), a fact also outlined by other authors [73].
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Statistically, significant differences occurred between the aquaculture and captured fish
for most of the analysed fatty acids (p < 0.01) except for arachidonic and eicosadienoic acid.

In lipids constitution, the highest proportion was occupied by MUFA (29.38–35.36%)
followed by PUFA (25.11–25.58%) and SFA (18.21–21.37%), indicating a high quality of fats
in the analysed European catfish fillets. Higher MUFA and SFA proportions were obtained
in the wild samples versus the farmed fish which presented higher values for PUFA.

Close values were reported by Linharthova et al. (2018) [73] for catfishes intensively
and semi-intensively reared: MUFA between 37.36 to 41.61%, PUFA 28.86 to 34.61%, and
SFA 22.25 to 24.23%. High contents of MUFA and PUFA, known for their beneficial effects
on human health, especially as protective against cardiovascular diseases [74,75], make the
European catfish flesh an important source of “good fats”. The assimilation degree of fish
fat is better in human consumers versus other dietary fats due to the higher presence of
linoleic, linolenic, arachidonic, eicosapentaenoic, docosapentaenoic, and docosahexaenoic
acids. The high rate of PUFA n−3/n−6 in fillets obtained from Silurus glanis reared in an
intensive rearing system and extensive system could also have a protective effect against
breast cancer [76].

The high level of the polyunsaturated index (PI) in fillets from aquaculture and
captured European catfish (11.65–12.45) outlines a high PUFA level, relevant for human
health due to implications for the adjustment of cholesterol levels in blood [77,78]. Bearing
in mind the fact that the PI for the RG samples was 6.9% higher, this places the fishes from
the natural environment on a better rank compared to the ones from aquaculture.

From a human health perspective, the thrombogenic index (TI) and atherogenic index
(AI) highlight the predisposition for cardiovascular disease occurrence in consumers and
express the relation between saturated (prothrombo/atherogene) and unsaturated lipids
(antithromobo/atherogene) [48,79]. The AI value calculated for Silurus glanis samples in
AG (AI = 0.41) was 39.02% lower compared to carp (0.57) and 58.53% less than in trout
(0.65). In samples from captured Silurus glanis, the AI value of 0.35 was also lower than in
carp (by 62.85%) and in trout (by 85.71%) [80]. The highest values for the AI were reported
by Kucukgulmez et al. (2018) [81] for two fish species from salty waters (AI = 1.22). The
TI calculated for the studied catfish was lower in comparison with other freshwater fish
species (carp TI = 0.63, trout TI = 0.49, and paddlefish TI = 0.39) [80,82], suggesting a
possible lower tendency in consumers for blood clots formation. Comparatively analysing
the data obtained in the current study, we observe the fact that fish from the RG had
an 14.6% better AI in comparison with AG fish. Regarding the thrombogenic index, we
observed that aquaculture fishes are superior to the ones from the natural environment by
around 22.7%.

European catfish fillets were characterised by a quite high occurrence of fatty acids
with hypocholesterolemic effects (hFA) (45.56–49.94), aspects resulting from the high rate
of the h/H FA (2.99–3.12). The h/H index suggests the presence of enough valuable lipids
with the potential to decrease consumers’ blood serum cholesterol [51]. It was observed
that catfish from the natural environment could have a better hypocolesterolemic effect
(hFA higher at RG with 9.61% and h/H lower with 4.16%) than fish from aquaculture.

5. Conclusions

A morphometric assessment revealed that catfish from a natural environment had
close values to the ones from the farm with a slight superiority of aquaculture specimens.

In terms of chemical composition, fish origin has particularly influenced the lipids
content, found in higher amounts in farm fishes, due to environmental conditions as well
as to the facile feed availability.

Flesh storage in a refrigerated state for 15 days leads to chemical modifications by
losing tissue water, especially throughout the first storage phases, followed by a decrease
of nutrients (proteins, fats) due to processes associated with the exudation and degradation
of the flesh.
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The fatty acids profile and sanogenic indices suggested the better quality of catfish
versus other freshwater commonly consumed fish species due to the significant proportion
of PUFA and better sanogenic indices. A better lipids profile and sanogenic indices values
occurred in wild catfish versus farmed ones.

As a research follow-up, it would be suitable to have an analysis of the pollution
degree of catfish environments and the possible transfer of such pollutants through the
food chain of water–fish–human consumer.
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Abstract: This study aimed to nutritionally and technologically characterize the meat produced by
rabbit (Oryctolagus cuniculus, Flemish Giant breed, 50 farmed individuals) and hare (Lepus europaeus
Pallas, 50 hunted individuals). Muscles were sampled from several carcass regions: dorsal torso—
Longissimus dorsi (LD), thigh—Semimembranosus (SM), and upper arm—Triceps brachii (TB). To better
depict the meat’s nutritional quality, the proximate composition and fatty acid profile were assessed,
and then gross energy content and lipid sanogenic indices (Polyunsaturation—PI, atherogenic—
AI, thrombogenic—TI, hypocholersyerolemic/hypercholesterolemic ratio—h/H, Nutritional Value
Index—NVI) were calculated. pH values at 24 and 48 h post-slaughter, cooking loss (CL), and
water-holding capacity (WHC) were the investigated technological quality traits. Gross energy was
higher in rabbit TB samples, compared with hare, due to more accumulated lipids (p < 0.001). pH
value was higher for TB muscles in both species; the WHC was higher for hare (p < 0.001), and CL
was higher for rabbit (p < 0.001). The PI values were 6.72 in hare and 4.59 in rabbit, AI reached 0.78 in
hare and 0.73 in rabbit, TI was calculated at 0.66 in hare and 0.39 in rabbit, and the h/H ratio reached
3.57 in hare and 1.97 in rabbit, while the NVI was 1.48 in hare and 1.34 in rabbit samples. Meat from
both species is nutritionally valuable for human consumers, meeting nutritional values better than
the meat of farmed or other wild species of fowl and mammals. Hare meat was found to be healthier
than rabbit in terms of lower fat content, lighter energy, and better lipid health indices.

Keywords: meat; rabbit; hare; nutritional quality; lipid health indices; water-holding capacity;
cooking loss

1. Introduction

Accentuated growth of both world population and life expectancy could lead to a
future “food crisis”. Whilst the demand for animal protein increases, the conventional
sources are insufficient, and areas for agriculture and fodder crop usage have become less
available. The UN predicted a world population size of 9.6 billion by 2050, suggesting
a necessity to increase food and feed production [1,2]. Rabbit breeding in developing
countries has helped many people out of poverty. According to the FAO, the world supply
of rabbit meat issued from Europe increased (>80%) between 1961–1985. The rabbit industry
in Asia has also grown rapidly throughout the past 30 years [2]. Recent studies [3–7] report
that rabbit meat yield and consumption have risen in countries such as China and Mexico,
while in the European countries that were the usual consumers (Italy, Poland, France,
and Spain) a significant reduction was observed [1–7]. In 2018, global rabbit meat output
reached 1.39 million tonnes, out of which the European countries represented 19.43%, while
Asian countries were predominant (72.71%) [2]. In addition, young people orient toward
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other types of meat and pre-cooked products, rather than consuming rabbit meat, which
is more laborious to cook [4]. Rabbits are usually sold as pre-packed whole carcasses or
cut up (hind legs and loin). Designing food products containing rabbit meat could be a
response to increasing consumers’ repeatable satisfaction when buying such products [4,5].
Rabbit meat is considered a functional food due to its high nutritional properties [8–12]. It
is a source of low allergenic valuable proteins with high nutritional value (essential amino
acids), and it has a sanogenic lipid profile, i.e., low levels of fat and cholesterol (dietetic
meat) [9,13,14], due to its high content of unsaturated fatty acids (UFA, especially ω-3 and
ω-6) and a good ratio of polyunsaturated fatty acids (n-6/n-3, PUFA) [15–17]. It is also
a very good source of minerals (P, K, Ca, Se, and Co) and has the highest concentration
of Fe (2.9 mg/100 g for hare to 4.9 mg/100 g hare and rabbit meat together) [8,9] vs. any
other type of meat (2.6 mg/100 g beef, 1.9 mg/100 g lamb, 1.3 mg/100 g chicken, 0.9/100 g
mg pork) [8,9]. It is also a great source of vitamins: B3, B6, B12 (the highest content of
B12: 8.7–11.9 mg/100 g, threefold more than beef) [10], and E. Its low Na level makes it
recommendable for children, pregnant women, people with cardiovascular diseases, and
elderly people [13,18,19].

One of the most popular small game species is the brown hare (Lepus europaeus
Pallas) [20–30], sometimes reared in farms for the restocking of hunting and protected
areas across Europe [20,21]. The potential of adding hare meat into the human diet is high,
due to its sensory characteristics [22], low fat content, high unsaturated fatty acids [21,22],
valuable proteins, mineral content, and vitamins [23,24], while its energetic value is similar
to other meats [20,23]. Hare meat is classified as red meat, mainly in terms of its high Fe
content [20,27], but its availability is restricted by hunting seasons. The hare in general, and
wild rabbit in particular, consume a wide variety of plants and grains that qualitatively and
nutritionally differ by season, which may cause large variation in the meat composition [28].
Very few data are available on the characterization of hare meat [20,22–30]. Only four
articles approached the chemical quality of hare meat (Lepus europaeus) from hunting (from
our knowledge), from Austria [24,25], Croatia, and Slovakia [26,27]; another three studies
describe the quality of hare meat collected from farmed brown hare in Italy [20,30] and
Poland [31].

The lack of data on the characterization of hare meat in comparison with rabbit
(Oryctolagus cuniculus) meat led us to carry out this study. Due to its spectacular size,
the Flemish Giant breed is the most farmed one in Romania. Its traits include: massive
head; long ears (17–21 cm) with a rounded tip and worn in a “V” shape; and variable
fur colouring, mostly agouti but also black, dark grey (kangaroo), brown, or chinchilla.
Adults can weight up to 7.5 kg, and exceptionally above 12 kg. The aim of this study
was to nutritionally and technologically compare the meat of farmed rabbits (Oryctolagus
cuniculus—Flemish Giant breed) with the meat of hunted hares (Lepus europaeus Pallas).

2. Materials and Methods

2.1. Meat

Meat issued from 50 rabbits (25 males and 25 females), slaughtered at 11 months old,
with average carcass weights of 10.9 kg and from 50 hares (23 males and 27 females), aged
around 9 months, that had been shot during the regular hunting season (November to
January) in Iasi County, Romania. Their carcasses weighted around 3.6 kg. Meat was
sampled right after slaughter, from 3 muscular groups: Longissimus dorsi (LD), Semimem-
branosus (SM), and Triceps brachii (TB); they were chosen due to the expected different
physical-chemical properties, as well as to cover the main anatomical regions of carcasses
(dorsal torso or episoma—LD, hind leg—SM, foreleg—TB). Muscles from one half of each
individual carcass were sampled to run physical-chemical tests, while the ones from the
other half were used for technological assessments. Samples were minced per muscle group
and homogenised prior to analysis. Afterwards, quantities as required by each method
were used to run 20 analytical repetitions per trait.
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2.2. The Nutritional Assessment of Hare and Rabbit Meat
2.2.1. Chemical Properties and Energy Value of Hare and Rabbit Meat

For the proximate composition analysis, the muscle samples were preliminarily finely
ground and homogenized using an electric shredder. The water, protein, and lipid contents
were assessed on the Omega Bruins Food-Check Near InfraRed (NIR) spectrophotometer
(Bruins Instruments GmbH, Puchheim, Germany); the crude ash content was assessed by
furnace muffle calcination in a Nabertherm B180 device (Nabertherm GmbH, Lilienthal,
Germany) (550 ◦C for 24 h after a preliminary carbonization on Bunsen burner flame) [32,33].
The nitrogen-free extract (NFE) was calculated by difference, using the Equation (1).

NFE (g/100 g) = 100 − Water − Ash − Proteins − Lipids (1)

The gross energy value was calculated via the Atwater Equation (2), which uses the
caloric value of each organic matter compound in the analysed matrix (total proteins, lipids,
nitrogen-free extract—NFE) [34].

GE (kcal/100 g meat) = g proteins × 4.27 kcal + g lipids 9.02 kcal + g NFE × 3.87 kcal (2)

2.2.2. Fatty Acid Content

The assessment of fatty acids was performed on the FOSS 6500 NIR spectrophotometer
(FOSS co., Hillerod, Denmark). The samples (harvested immediately after slaughter, stored
at −80 ◦C, thawed at 2–4 ◦C for 24 h, then chopped with a food processor) were placed
in sterile Petri dishes, weighed, then lyophilized at −110 ◦C for 24 h, using the CoolSafe
ScanVac freeze dryer (LaboGene co., Lillerod, Denmark), weighed again, then vacuumed
and stored in a freezer at −80 ◦C until analysis. The following saturated fatty acids (SFA)
were assessed: C14:0 (myristic acid), C15:0 (pentadecanoic acid), C16:0 (palmitic acid),
C17:0 (heptadecanoic acid), and C18:0 (stearic acid). Among the monounsaturated fatty
acids (MUFA, ω7 and ω9) these were analysed: 16:1 n-7 (palmitoleic acid, n-7 fatty acid),
C18:1 n-7 (vaccenic acid cis isomer of oleic acid), and C18:1 n-9 (oleic acid). A total of nine
polyunsaturated fatty acids (PUFA, ω3 and ω6) were also assessed: C18:2 n-6 (linoleic),
C18:3 n-3 (linolenic/ALA), C20:2 n-6 (eicosadienoic), C20:3 n-6 (eicosatrienoic), C20:4 n-6
(arachidonic/AA), C20:5 n-3 (eicosapentaenoic/EPA), C22:4 n-6 (docosatetraenoic), C22:5
n-3 (docosapentaenoic/DPA), and C22:6 n-3 (docosahexaenoic/DHA).

2.2.3. Health Lipid Indices Calculation

Rabbit and hare meat health lipid quality was assessed by calculating certain sanogenic
indices provided by literature (Equations (3)–(9)):

• The amounts of SFA, MUFA, PUFA (issued from analytical findings, summed up);
• The desirable fatty acids [35]

(DFA) DFA = 18:0 + MUFA + PUFA (3)

• The essential fatty acids [35]

(EFA) EFA = C18:2 n-6 + C18:3 n-3 + C20:4 n-6 (4)

• The Polyunsaturation Index (PI) [35,36]

PI = C18:2 n-6 + (C18:3 n-3 × 2) (5)

• The Atherogenic Index (AI) [37,38],

AI = [(4 × C14:0) + C16:0 + C18:0]/MUFA + PUFA n-6 + PUFA n-3 (6)
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• The Thrombogenic Index (TI) [37,39],

TI = (14:0 + 16:0 + 18:0)/[(0.5 × MUFA) + (0.5 × n-6 PUFA) + (3 × n-3 PUFA)
+ (n-3 PUFA/n-6 PUFA)]

(7)

• The ratio between the hypocholesterolemic and Hypercholesterolemic fatty acids
(h/H) [38–40]:

h/H = (C18:1 + PUFA)/(C14:0 + C16:0) (8)

• The Nutritive Value Index (NVI) [41,42],

NVI = (C 18:0 + C18:1)/C 16:0 (9)

2.3. The Technological Assessment of Hare and Rabbit Meat
2.3.1. pH Value

The pH value of meat was measured at 24 and 48 h post-slaughter (on chilled samples,
at 2–4 ◦C), using the digital pH meter HI99163 (Hanna Instruments Ltd., Leighton Buzzard,
UK), with a penetration probe. Calibration of the pH meter was performed at 4.0 and 7.0
pH at ambient temperature.

2.3.2. Cooking Loss

Cooking loss (CL%) of meat was assessed gravimetrically. The samples were weighed
with an analytical scale, then individually packed in thermo-resisting polyethylene bags,
labelled, and subjected to heat treatment (80 ◦C for one hour in a water bath), then forcedly
cooled in ice flakes for 30 min and rested at ambient temperature (21 ◦C) for another 30
min. Then, the samples were weighed again after removal, with paper filter, of the meat
juice resulting from the heat treatment. Cooking loss was expressed as percentage.

2.3.3. Water-Holding Capacity

The water-holding capacity (WHC%) was carried out by a method of compression of
the meat over filter paper between two plates [43]. Measurements were performed on the
muscles stored at 2 ◦C, 24 h after slaughter. WHC was assessed on a sample of environ
3 g of meat, placed on previously desiccated and weighed filter-paper (7 cm diameter).
The paper with the sample was placed between two glass plates and immediately loads
of 2.25 kg were applied, for 5 min. After that, the damp paper filter was rapidly weighed
after removal of the compressed meat. The percentage of WHC was calculated as a ratio
per cent of weight of released water (damp filter paper weight–dry filter paper weight) to
initial weight of meat.

2.4. Data Analysis

The results obtained were statistically processed through the main descriptors com-
putation (Arithmetic mean, SD—standard deviation. V%—coefficient of variation) and
analysis of variance, using the GraphPad Prism 9.4.1 software, running the unpaired two-
tailed t test with Welch’s correction, designed for one-to-one group comparisons assuming
that the SDs are not equal (20 analytical results from each group of data).

3. Results

3.1. Proximate Composition and Gross Energy Content of Meat

Table 1 presents the proximate composition of hare and rabbit meat (g/100 g), while
Table 2 displays the gross energy content (kcal/100 g).
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Table 1. Proximate composition of hare and rabbit meat (g/100 g).

Proximate
Compound

Muscles Species Mean ±SD V% p Value

Water
(g/100 g)

SM
hare 75.15 a ±0.28 0.37

0.0213rabbit 74.85 b ±1.61 2.15

LD
hare 75.10 ±0.41 0.55

0.1736rabbit 74.97 ±1.24 1.65

TB
hare 74.76 a ±0.25 0.33

<0.001rabbit 74.18 d ±2.36 3.18

Ash
(g/100 g)

SM
hare 1.23 ±0.01 0.81

0.4270rabbit 1.17 ±0.01 0.85

LD
hare 1.24 a ±0.01 0.81

0.0238rabbit 1.21 b ±0.02 1.65

TB
hare 1.26 a ±0.02 1.59

0.0080rabbit 1.22 c ±0.01 0.82

Proteins
(g/100 g)

SM
hare 21.59 ±0.09 0.42

0.7747rabbit 21.57 ±0.41 1.90

LD
hare 21.53 ±0.17 0.79

0.5918rabbit 21.62 ±0.55 2.54

TB
hare 21.45 ±0.08 0.37

0.4706rabbit 21.52 ±0.13 0.60

Lipids
(g/100 g)

SM
hare 1.90 a ±0.13 6.84

0.0017rabbit 2.31 c ±0.21 9.09

LD
hare 1.64 a ±0.06 3.66

0.0019rabbit 1.93 c ±0.03 1.55

TB
hare 2.10 a ±0.16 7.62

0.0045rabbit 2.57 c ±0.12 4.67

Nitrogen
Free Extract

(g/100 g)

SM
hare 0.13 ±0.01 5.12

0.2617rabbit 0.10 ±0.01 5.67

LD
hare 0.49 a ±0.02 3.81

0.0003rabbit 0.27 d ±0.01 4.61

TB
hare 0.43 a ±0.02 4.39

0.0019rabbit 0.51 c ±0.02 4.05
LD—Longissimus dorsi; SM—Semimembranosus; TB—Triceps brachii; SD—standard deviation; V%– coefficient of
variation; ANOVA: means signalled with non-identical superscripts, between species, within the same muscle
group, differ significantly for: p < 0.05 a vs. b; p < 0.01 a vs. c; p < 0.001 a vs. d.

Table 2. Gross energy content in hare and rabbit meat (kcal/100 g).

Muscles Species Mean ±SD V% p Value

SM
hare 109.83 a ±6.75 6.15

0.0009
rabbit 113.33 d ±6.37 5.62

LD
hare 108.62 a ±7.85 7.23

0.0014
rabbit 110.77 c ±9.40 8.49

TB
hare 112.20 a ±5.09 4.54

<0.001
rabbit 117.05 d ±4.42 3.78

LD—Longissimus dorsi; SM—Semimembranosus; TB—Triceps brachii; SD—standard deviation; V%– coefficient of
variation; ANOVA: means signalled with non-identical superscripts, between species, within the same muscle
group, differ significantly for: p < 0.01 a vs. c; p < 0.001 a vs. d.

The highest water content was found in hare Semimebranosus (SM) (75.15 g/100 g),
followed by Longissimus dorsi (LD) (75.10 g/100 g), while the lowest one occurred in rabbit
Triceps brachii (TB) (71.185 g/100 g), varying inversely proportional with lipid content.

The highest protein content was found in rabbit LD samples (21.62 g/100 g meat),
and close values, between 21.45 and 21.59 g proteins/100 g, occurred in other samples. No
statistically significant differences occurred between species for the protein content, and
the analytical homogeneity was high (V% varied between 0.37 and 2.54%).
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Little difference was identified for ash content in hare samples, for all muscular groups
(1.23–1.26 g/100 g); however, a higher than total mineral level was analysed in rabbit meat
(1.17–1.22 g/100 g).

Rabbit meat was 17.7–22.4% higher in lipids (TB, 2.57 g/100 g; SM, 2.31 g/100 g; LD,
1.93 g/100 g) than hare (TB, 2.10 g/100 g; SM, 1.90 g/100 g; LD, 1.64 g/100 g) (p < 0.01).

Consequently, higher gross energy was found in rabbit meat (110.71 Kcal/100 g in
LD to 117.05 Kcal/100 g in TB) compared to hare meat (108.62 Kcal/100 g in LD to 112.20
Kcal/100 g in TB) (p < 0.01 for LD and p < 0.001 for SM and TB) (Table 2).

3.2. Fatty Acid Content

Table 3 presents the fatty acid content in Semimembranosus, Longissimus dorsi, and
Triceps brachii muscles sampled from hares and rabbits. The most frequently occurring fatty
acid in SM was linoleic acid/C18:2 n-6 in hare (509.01 mg/100 g meat), followed by oleic
acid/C18:1 n-9 in rabbit (484.12 mg/100 g meat). In rabbit, palmitic acid/C16:0 also occurred
in a significant quantity (450.06 mg/100 g meat) alongside essential linoleic fatty acid/C18:2
n-6 (342.86 mg/100 g meat). Generally, in hare, the MUFA and PUFA were in higher quantities
vs. rabbit, except for oleic acid (285.45 mg/100 g hare meat vs. 484.12 mg/100 g rabbit meat)
and palmitoleic acid (1.05 mg/100 g hare meat vs. 80.13 mg/100 g meat).

Table 3. Fatty acid content (mg/100 g) in hare and rabbit meat.

Fatty
Acids

Species
Semimembranosus mm. Longissimus dorsi mm. Triceps brachii mm.

Mean ±SD V%
p

Value
Mean ±SD V%

p
Value

Mean ±SD V%
p

Value

SF
A

C14:0 hare 5.55 a ±0.95 17.12 <0.001 1.91 a ±0.35 18.32 <0.001 0.72 a ±0.13 18.06 <0.001rabbit 45.03 d ±8.65 19.21 31.67 d ±3.20 10.10 66.02 d ±1.66 2.51

C15:0 hare 7.81 a ±1.09 13.96 0.0016 9.01 a ±1.52 16.87 0.0009 9.12 a ±1.26 13.82 0.0064rabbit 9.02 c ±2.37 26.27 6.06 d ±0.65 10.73 13.94 c ±3.23 23.17

C16:0 hare 302.47 a ±5.60 1.85 <0.001 329.07 ±3.42 1.04 0.7453 297.04 a ±4.25 1.43 <0.001rabbit 450.06 d ±7.38 1.64 344.87 ±4.31 1.25 687.94 d ±9.01 1.31

C17:0 hare 17.5 a ±2.70 15.43 0.0500 18.98 a ±1.14 6.01 <0.001 21.36 a ±1.59 7.44 0.0087rabbit 10.97 b ±2.42 22.06 6.93 d ±0.56 8.08 18.31 c ±4.24 23.16

C18:0 hare 101.92 ±9.57 9.39 0.2637 112.16 a ±3.20 2.85 0.0038 114.94 a ±1.99 1.73 0.0028rabbit 119.88 ±8.56 7.14 87.22 c ±5.92 6.79 177.07 c ±4.39 2.48

M
U

FA

C16:1
n-7

hare 1.05 a ±0.04 3.81 <0.001 2.45 a ±0.16 6.53 <0.001 6.12 a ±0.31 5.07 <0.001rabbit 80.13 d ±3.10 3.87 51.01 d ±4.11 8.06 123.66 d ±3.90 3.15
C18:1

n-7
hare 24.78 ±0.66 2.66 0.2415 27.01 a ±1.10 4.07 0.0009 27.94 a ±0.36 1.29 0.0025rabbit 28.11 ±1.38 4.91 19.22 d ±1.63 8.48 45.88 c ±1.11 2.42

C18:1
n-9

hare 285.45 a ±4.02 1.41 0.0005 328.4 ±4.56 1.39 0.6478 347.54 a ±6.88 1.98 0.0003rabbit 484.12 d ±5.03 1.04 309.17 ±3.83 1.24 741.22 d ±9.78 1.32

PU
FA

C18:2
n-6

hare 509.01 a ±6.06 1.19 <0.001 559.55 a ±7.55 1.35 <0.001 639.05 ±8.18 1.28 0.2204rabbit 342.86 d ±8.37 2.44 233.47 d ±4.18 1.79 577.12 ±6.29 1.09
C18:3

n-3
hare 44.78 a ±4.01 8.95 0.0064 50.37 a ±9.46 18.78 <0.001 58.59 ±1.07 1.83 0.9533rabbit 32.88 c ±2.43 7.39 20.11 d ±0.33 1.64 59.01 ±1.91 3.24

C20:2
n-6

hare 8.95 a ±0.09 1.01 <0.001 10.34 a ±0.16 1.55 <0.001 10.41 a ±0.67 6.44 <0.001rabbit 3.98 d ±0.68 17.09 2.91 d ±0.18 6.19 8.29 d ±0.25 3.02
C20:3

n-6
hare 0.54 a ±0.01 1.85 <0.001 0.47 a ±0.04 8.51 <0.001 1.72 a ±0.39 22.67 <0.001rabbit 3.89 d ±0.27 6.94 4.16 d ±0.12 2.88 3.99 d ±0.50 12.53

C20:4
n-6

hare 60.91 a ±2.26 3.71 <0.001 64.21 a ±2.47 3.85 <0.001 56.24 a ±0.80 1.42 0.0206rabbit 53.01 d ±4.16 7.85 54.32 d ±1.18 2.17 51.78 b ±4.72 9.12
C20:5

n-3
hare 2.82 a ±0.39 13.83 <0.001 2.75 a ±0.04 1.45 <0.001 2.99 a ±0.69 23.08 <0.001rabbit 11.05 d ±1.17 10.59 10.04 d ±0.31 3.09 9.97 d ±1.86 18.66

C22:4
n-6

hare 16.77 a ±0.39 2.33 <0.001 16.9 a ±0.22 1.30 <0.001 16.5 a ±0.26 1.58 <0.001rabbit 15.07 d ±0.57 3.78 15.09 d ±0.14 0.93 15.44 d ±0.60 3.89
C22:5

n-3
hare 20.13 a ±1.21 6.01 <0.001 22.54 a ±1.51 6.70 <0.001 13.45 a ±1.66 12.34 <0.001rabbit 8.06 d ±1.13 14.02 9.26 d ±0.28 3.02 7.14 d ±1.06 14.85

C22:6
n-3

hare 38.53 a ±1.93 5.01 <0.001 42.84 a ±0.82 1.91 <0.001 27.38 a ±3.01 10.99 0.0004rabbit 22.89 d ±2.68 11.71 24.44 d ±0.68 2.78 21.89 d ±2.82 12.88

V%—coefficient of variation; ANOVA: means signalled with non-identical superscripts, between species, within
the same muscle group, differ significantly for: p < 0.05 a vs. b; p < 0.01 a vs. c; p < 0.001 a vs. d.

In LD muscles, the highest content of fatty acids occurred in hare, and linoleic acid
(559.55 mg/100 g meat) was more than double compared to rabbit (233.47 mg/100 g meat);
for hare in general, the LD PUFA existed in higher amounts.
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In TB samples, oleic acid was the most commonly occurring in rabbit (741.22 mg/100
g meat vs. 347.54 mg/100 g in hare) followed by linolenic acid in hare (639.05 mg/100 g
meat vs. 577.12 mg/100 g meat in rabbit) and by C16:0 in rabbit (687.94 mg/100 g meat vs
297.04 mg/100 g meat for hare).

In general, SFAs were more present in rabbit than in hare, especially for C16:0 (687.94
vs. 297.04 mg/100 g in TB, 450.06 vs. 302.47 mg/100 g in SM, and 344.87 vs. 329.07 mg/100
g in LD). PUFA occurred at higher rates in hare; linoleic acid reached 639.05 mg/100 g in
TB, 559.55 mg/100 g in LD, and 509.01 mg/100 g in SM. For MUFA, the highest values
were found for oleic acid in rabbit (741.22 vs. 347.54 mg/100 g in TB; 484.12 vs. 285.45
mg/100 g in SM). In LD muscles, the oleic acid content was higher in hare, although it was
close to the amounts in rabbit (328.40 vs. 309.17 mg/100 g). Palmitoleic acid (16:1 n-7) was
higher in rabbit (51.01 mg/100 g).

3.3. Health Lipid Indices for Hare and Rabbit Meat

The total fatty acids and health lipid indices for hare and rabbit meat are presented
in Table 4. The EFA value in hare was 680.90 mg/100 g meat, and in rabbit it was 474.85
mg/100 g meat. In hare, the %EFA for SM was 42.45%, in LD it was 42.16%, and in TB it
was 45.66. In rabbit, the %EFA was 24.91% for SM, in LD it was 25.03%, and in TB it was
26.17%. Overall, the meat was 43.42% EFA in hare and 25.37% EFA in rabbit.

Table 4. Total fatty acids and health lipid indices for hare and rabbit meat (mg/100 g meat).

Health Lipid Indices SM LD TB Average/3 Carcass Areas

Σ SFA hare 435.25 471.13 443.18 449.85
Σ SFA rabbit 634.96 476.75 963.28 691.66

Σ MUFA hare 310.28 357.86 381.60 349.91
Σ MUFA rabbit 592.36 379.4 910.76 627.51
Total PUFA hare 702.44 769.97 826.33 766.25

Total PUFA rabbit 493.69 373.80 754.63 540.71
Σ PUFA n-6 hare 596.18 651.47 723.92 657.19

Σ PUFA n-6 rabbit 418.81 309.95 656.62 461.79
Σ PUFA n-3 hare 106.26 118.50 102.41 109.06

Σ PUFA n-3 rabbit 74.88 63.85 98.01 78.91
EFA hare 614.70 674.13 753.88 680.90

EFA rabbit 428.75 307.90 687.91 474.85
DFA hare 1114.64 1239.99 1322.87 1225.83

DFA rabbit 1205.93 840.42 1842.46 1296.27
Σ Total fatty acids hare 1447.97 1598.96 1651.11 1566.01

Σ Total fatty acids rabbit 1721.01 1229.95 2628.67 1859.88
% EFA hare 42.45 42.16 45.66 43.42

% EFA rabbit 24.91 25.03 26.17 25.37
% DFA hare 76.98 77.55 80.12 78.22

% DFA rabbit 70.08 68.33 70.09 69.50
Σ n6/Σn3 hare 5.61 5.50 7.07 6.06

Σ n6/Σn3 rabbit 5.59 4.85 6.70 5.71
Σ PUFA/ΣSFA hare 1.61 1.63 1.86 1.70

Σ PUFA/ΣSFA rabbit 0.778 0.784 0.783 0.78
PI hare 5.99 6.60 7.56 6.72

PI rabbit 4.09 2.74 6.95 4.59
AI hare 0.73 0.78 0.83 0.78

AI rabbit 0.68 0.50 1.02 0.73
TI hare 0.62 0.68 0.67 0.66
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Table 4. Cont.

Health Lipid Indices SM LD TB Average/3 Carcass Areas

TI rabbit 0.37 0.32 0.49 0.39
h/H hare 3.29 3.40 4.04 3.58

h/H rabbit 2.03 1.86 2.04 1.98
NVI hare 1.36 1.42 1.65 1.48

NVI rabbit 1.41 1.21 1.40 1.34
LD—Longissimus dorsi; SM—Semimembranosus; TB—Triceps brachii; SFA = Saturated fatty acids; MUFA = monoun-
saturated fatty acids; PUFA = polyunsaturated fatty acids; EFA = essential fatty acids; %EFA = EFA × 100/Σ
Total fatty acids; DFA = desirable fatty acids; %DFA = DFA × 100/Σ total fatty acids; PI = Polyunsaturation
Index; AI = Atherogenic Index; TI = Thrombogenic Index; h/H = Ratio between the hypocholesterolemic and
hypercholesterolemic fatty acids; NVI = Nutritive Value Index.

The desirable fatty acids (DFA%) ranged from 68.33% in rabbit LD muscles (the lowest
value) to 80.12% in hare TB muscles (the highest value). Higher values were observed for
all hare samples.

The Polyunsaturation Index was 5.99 in hare SM muscles, 6.60 in LD, and 7.56 in TB
(Table 4). In rabbit, PI reached 4.09 in SM, 2.74 in LD, and 6.95 in TB.

The values from the Atherogenic Index in hare varied from 0.73 in SM to 0.83 in TB; in
rabbit, the variability was higher, within the AI limits of 0.68 to 1.02.

The Thrombogenic Index in hare meat was relatively similar for the three muscle
groups (0.62 for SM, 0.68 for LD, and 0.67 for TB) and much higher compared to rabbit
samples (0.37 in SM, 0.49 in TB, and 0.32 in LD).

Higher values were observed in hare meat for the h/H index (3.29 in SM, 3.40 in LD,
and 4.04 in TB) compared to rabbit (2.03 in SM, 1.86 in LD, and 2.04 in TB).

The Nutritional Value Index in hare samples varied between 1.36 in SM and 1.65 in
TB, while in rabbit it ranged from 1.21 in LD to 1.41 in SM.

Overall, for all three muscle groups, each species’ meat can be characterized thus: the
PI was 6.72 in hare and 4.59 in rabbits; the AI reached 0.78 in hare and 0.73 in rabbit; the
TI was calculated at 0.66 in hare and at 0.39 in rabbit; and the h/H index was 3.57 in hare
and 1.97 in rabbit; while the NVI in hare was 1.48, and in rabbit it reached 1.34, indicating
a better sanogenic value for hare and rabbit than the meat issued from other species of
mammals.

3.4. The Technological Assessment of Hare and Rabbit Meat
3.4.1. pH Value

The pH24 and pH48 measured values of hare and rabbit meat are presented in Table 5.

Table 5. The pH24 and pH48 for hare and rabbit meat.

Muscles Period Species Mean ±SD V% p Values

Longissimus dorsi
24 h

hare 5.631 a ±0.10 1.78
0.0008rabbit 5.724 d ±0.12 2.10

48 h
hare 5.665 a ±0.11 1.94

0.0003rabbit 5.762 d ±0.14 2.43

Semimembranosus
24 h

hare 5.685 a ±0.08 1.41
0.0066rabbit 5.796 c ±0.12 2.07

48 h
hare 5.769 a ±0.11 1.91

0.0039rabbit 5.818 c ±0.13 2.23

Triceps brachii
24 h

hare 6.033 ±0.08 1.33
0.2529rabbit 6.002 ±0.15 2.50

48 h
hare 6.138 a ±0.08 1.30

0.0034rabbit 6.087 c ±0.08 1.31
SD—standard deviation; V%—coefficient of variation; ANOVA: means signalled with non-identical superscripts,
between species, within the same muscle group, differ significantly for: p < 0.01 a vs. c; p < 0.001 a vs. d.
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3.4.2. Cooking Loss

The cooking loss (%) values of hare and rabbit meat samples are presented in Table 6.

Table 6. Cooking loss (%) for rabbit and hare meat.

Muscles Species Mean ±SD V% p Values

Longissimus dorsi rabbit 31.41 a ±2.75 8.76
<0.001hare 27.52 d ±1.31 4.76

Semimembranosus
rabbit 36.2 a ±2.25 6.22

<0.001hare 31.04 d ±1.39 4.48

Triceps brachii rabbit 30.23 a ±2.23 7.38
<0.001hare 28.64 d ±1.24 4.33

SD—standard deviation; V%—coefficient of variation; ANOVA: means signalled with non-identical superscripts,
between species, within the same muscle group, differ significantly for: p < 0.001 a vs. d.

3.4.3. Water-Holding Capacity (%)

The water-holding capacity (%) values of hare and rabbit meat are presented in Table 7.

Table 7. Water-holding capacity (%) of rabbit and hare meat.

Muscles Species Mean ±SD V% p Values

Longissimus dorsi rabbit 7.79 a ±0.30 3.85
<0.001hare 14.58 d ±0.60 4.12

Semimembranosus
rabbit 12.17 a ±0.80 6.57

<0.001hare 18.23 d ±1.43 7.84

Triceps brachii rabbit 8.77 a ±0.58 6.61
<0.001hare 15.73 d ±1.26 8.01

SD—standard deviation; V%—coefficient of variation; ANOVA: means signalled with non-identical superscripts,
between species, within the same muscle group, differ significantly for: p < 0.001 a vs. d.

The lowest values of WHC% were found in rabbit LD (7.79%), followed by TB (8.77%)
and SM (12.17%). For hare, the lowest WHC% was found in LD (14.58%), followed by TB
(15.73%) and SM samples (18.23%).

4. Discussion

4.1. The Nutritional Assessment of Hare and Rabbit Meat
4.1.1. Chemical Properties and Energy Value of Hare and Rabbit Meat

Significant differences between species were found for water content in SM samples
(+0.4% in hare, p < 0.05) and in TB, as well (+0.8% in hare, p < 0.01) (Table 1). The water
content for hare meat was close to that measured by other authors [26] (75.34%) and was
in line with wider findings [30] (73.3–75.5 in hind leg and LD muscles); meat water found
in our study was higher than reported values in other articles [20] (73.3%), [31] (73% in
foreleg, 74% in hind leg, and 73.4% in LD muscles) and [27] (72.83%).

Differences between species for ash were significant in LD muscles (p < 0.05) and
TB muscles (p < 0.01) (Table 1). The measured ash in hare meat was lower than that
reported in certain articles [31] but aligned with other findings, 1.16% ash [23]. Vizzarri
et al. [20] found 1.06% ash in LD muscles, and Trocino et al. [30] found 1.28–1.42% ash in
subadult and adult hares. The lipid content in hare meat was close to that reported by other
authors [20,23,27,30,31] and slightly lower than that in other studies [31].

Slightly lower protein levels occurred in our study, in comparison with levels assessed
by other authors in Croatia, Italy, and Poland [26,30,31]. The quantity of lipids was slightly
higher in our study, while other studies found higher lipid content than in ours [31]. In
the meat of hare that had been shot, other authors described the proximate composition as
follows: water 75.32%, protein 23.08%, fat 1.09%, and ash 1.16% [26].
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The interspecific differences related to calorie content were significant for LD samples
(p < 0.05) and for SM and TB muscles (p < 0.01) where high lipid content was measured
(Table 2).

In farmed hare meat, a study found levels of 73.3% water, 22% protein, 2.1% lipids,
and 1.35% ash in the hind legs and, respectively, 75.5% water, 23% protein, 1.0% lipids, and
1.44% ash in LD [30].

Protein levels in rabbit varies in accordance with the carcass part, ranging between
18.6 g/100 g in the forelegs and 22.4 g/100 g in LD muscles [41–44].

The assessed fat content was relatively close to the results found in the literature [42–50].
Pla M. et al., 2008, [45] found an average of 1.2 g/100 g lipids in LD muscle and 3.03 g/100
g in the hind legs. Similar values of ash content were found in average sized rabbit breeds
in Italy [30].

The water values were placed within the limits obtained by other authors, from 69.7
g/100 g in foreleg and hind leg muscles to 75.3 g/100 g in LD muscles [42,46–50].

Rabbit and hare meat provides moderate energy value, due to its high protein and
low fat content.

4.1.2. Fatty Acid Content

Regarding the fatty acid content (Table 3), the differences between species were sig-
nificant for SM muscles (p < 0.05) but not for C18:0 (SFA) and C18:1 n-7 (MUFA), where
differences of lower amplitude were observed (p > 0.05).

In LD muscles, the differences between species were statistically significant, with the
exception of C18:1 n-9 (MUFA) fatty acids.

In TB muscles, the differences between species were statistically significant, but not
for C18:2 n-6 and C18:3 n-3 (PUFA) fatty acids.

4.1.3. Health Lipid Indices

The fatty acid profile and health lipid indices, according to our findings, are presented
in Table 4. For humans, EFAs are very important because they cannot be synthesized in
the body and humans require EFA uptake through food. Previous studies reported that
EFAs and DFAs have an important role in biological activity. For example, the proportion
of DFAs in the breasts and thighs of three breeds of chickens and broilers [51] ranged from
65.15% to 69.83% and from 70.23% to 72.25%, respectively. Other authors [52] suggested
that the DFAs could be useful in describing the potential health effects of different types of
lipids [35].

In the present study, DFAs were 78.22% in hare and 69.50% in rabbit.
The PUFA:SFA ratio for hare meat reached 1.61 in SM muscles, 1.63 in LD muscles, and

1.86 in TB muscles, with an average of 1.70. Higher values were revealed in our research
than those reported in other studies [31] (1.17 in LD, 1.20 in the hind leg, and 1.40 in the
foreleg) and was close to values reported in other articles [30] (0.83 for hind leg of youth and
1.70 for adult). The high PUFA/SFA ratio in hare and rabbit meat is favourable for human
health. The α-linolenic acid (C18:3 9 c12 c15 c) and PUFAs C20:5 EPA, C22:5 DPA, and C22:6
DHA received the most attention due to their importance for human health [53]; they are
effective in reducing triacylglycerol in blood and preventing cardiovascular diseases. EPA
and DHA also reduce inflammation and play a role in decreasing the incidence of childhood
allergic diseases. In addition, EPA and DHA have biological activities that might influence
tumoral cell proliferation and viability; DHA can promote tumours cell apoptosis, possibly
by inducing oxidative stress [54,55]. The European Food Safety Authority recommends
an intake of 250 mg of EPA plus DHA per day as sufficient for preventing morbidity in
humans with no pathology installed [56].

The n-6/n-3 ratio represents an important lipid quality index and can help to prevent
or treat many diseases. Eating habits have dramatically changed throughout the years,
and Western diets have become poor in n-3 PUFAs and rich in n-6 PUFAs, resulting in an
unhealthy n-6: n-3 ratio of 17 to 20:1, which seems much higher than the recommended
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ratio of 2.5 to 8:1 [57–59]. A ratio of 10:1 was recommended for n-6/n-3 to avoid the risk of
cardiovascular disease, obesity, and chronic diseases [57].

The values of the TI and h/H nutritional indexes were similar to those computed for
the muscle of the loin (Longissimus lumborum) from rabbits fed a pelleted diet supplemented
with fresh alfalfa and thyme [60,61]. There was a higher n-3 family PUFA content in rabbit
meat derived from a grass-based diet [61–63].

The atherogenic index (AI) and thrombogenic index (TI) are important tools indicating
a potential for stimulating platelets’ aggregation and estimating the likelihood of food
to favour the onset of coronary heart disease. They also provide an indication about
the nutritional quality of lipids, where low values suggest healthier food with better
nutritional quality of fatty acids and, subsequently, a greater potential for preventing
coronary diseases [41].

Fatty acid content of food has become increasingly important, and fatty acids are
involved in health issues in humans. The nutritional value of fats is proven by the content
and structure of fatty acids, as well as by the ratio between them [12,13,64,65]. The content
and profile of the fatty acids in meat is dependent on species, breed, gender, anatomical
part, muscle group, and rearing system conditions (especially animal feeding).

Palmitic acid (C16:0) and stearic acid (C18:0) were the major saturated fatty acids from
the samples analysed; these were also observed by other authors in dry-cured pork and
rabbit-meat burgers [4,5,66,67].

In rabbit meat, palmitoleic acid was clearly higher than in the hare meat in all three
muscular groups, probably because adipocytes in hares are scarce, knowing the liveweight
of hares was smaller by more than 50% (3.6 kg in hare compared with 10.9 in rabbit).
Palmitoleic acid (produced and released by adipocytes) has been shown to enhance whole-
body glucose disposal, to attenuate hepatic steatosis (protecting pancreatic beta-cells from
palmitic acid-induced death), to improve the circulating lipid profile (in rodents and
humans), and to act as regulator of physiological cardiac hypertrophy [68,69].

Oleic acid (18:1 n-9 MUFA), the most commonly occurring fatty acid in the samples,
can be nutritionally beneficial: moderate and constant intake of oleic acid can reduce
hypercholesterolemia [70] and insulin levels in the body, in addition to preventing the
occurrence of pancreatic cancer [71] and assisting in the control of obesity [72]. The
meat samples from rabbits presented a considerable amount of palmitoleic acid C16:1 n-7
(especially in TB muscles, 123.66 mg/100 g) that provides nutritional benefits along with a
lower occurrence of atherosclerosis [73], type II diabetes [74], and obesity [16,75].

Concerns about the quality of rabbit meat have been observable in the literature for
more than 25 years, coming in anticipation of consumers’ wishes, who, unfortunately, do
not eat a lot of rabbit meat anymore [76,77].

The relationship between the dietary fatty acid (FA) profile and rabbit meat FA profile
has been widely and thoroughly evaluated [42,78,79] throughout the past 40 years. For
non-ruminant animals, the FA profile of meat partially reflects their diet composition, and
many studies aimed to incorporate the n-3 PUFA in rabbit diets, to improve quality of
tissular lipids. Rabbit meat is a good source of unsaturated fatty acids (UFA) and linoleic
acid (18:2 n-6; LA); the manipulation of diet is very effective in increasing n-3 PUFA, thus
obtaining functional meat [10].

There are authors [80] claiming that cardiovascular disease (CVD) accounts for 45% of
deaths in Europe and for 32% of deaths worldwide [81,82], whilst atherosclerosis seems
to be the most important cause of cardiovascular mortality in developed countries [83]. A
diet rich in saturated fatty acids (SFAs) and cholesterol along with a low intake of fibre
and PUFAs is associated with atherosclerosis; therefore, a diet rich in PUFAs and low
in SFAs [84] is recommended. The impact of fatty acids on atherosclerosis still remains
controversial. Recent studies indicated no correlation between the consumption of SFAs
and the overall mortality and also showed that some diets containing SFAs, such as dairy
products, may be associated with a reduction in CVD risk [85,86].
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The positive influence of PUFAs on CVD risk mitigation appear to be obvious; con-
cerning the impact of the n-6/n-3 ratio, nutritionists recommend consuming large amounts
of n-3 and give less importance to n-6; however, certain studies involving humans stated
the important roles of both n-3 and n-6 fatty acids, with no correlation between the n-6/n-3
ratio, obesity, and CVD risk [57,80,86].

Due to the high PUFA level in hare meat, the AI was lower but close to rabbit meat
(on average, AI was 0.78 vs 0.73), which should be attractive to consumers because of the
role of PUFAs in decreasing CVD; the TI tended to be higher in hare meat (on average 0.66)
than in rabbit meat (0.39 for all muscle groups). The low values of both the AI and TI may
be features specific to the species.

Usually, game meat comes from hunting, but hare farmed for restocking purposes
can be used for meat production due to their slaughter results (high proportion of meat
in hind legs and loins) and high nutritional value of meat with especially high PUFA and
EFA proportions [20,30]. This fact would offer more commercial opportunities, in addition
to restocking, to hare farmers [30]. Under controlled conditions, it might be an alternative
method for producing a high-quality meat that could protect consumers’ health.

Indices related to human health calculated for rabbit meat are in line with other
studies [77].

4.2. The Technological Assessment of Hare and Rabbit Meat
4.2.1. pH Value

The pH values were higher in TB muscles (Table 5) for both species (above 6.00 pH
units). The pH of meat is mainly influenced by the metabolic specialisation of muscle
(glycolytic and oxidative fibres). TB muscles have a higher oxidative metabolism, lower
glycolytic potential, and higher pH value than LD and SM muscles. No significant differ-
ences occurred between species in TB muscles for pH24, and they became significant for
pH48 (p < 0.01). In LD muscles, the species differed significantly (p < 0.001), as did SM
muscles (p < 0.001) for both assessments (pH24 and pH48). The results are in line with
other studies for rabbit meat issued from medium-sized breeds [87,88].

4.2.2. Cooking Loss

The highest values for cooking loss (CL%) occurred in rabbit SM muscles (Table 6). In
hare, they were generally low compared to those measured in the rabbit sample, probably
due to the much larger size of the muscle fibres in the latter, compared to smaller thickness
of the hare muscle fibres [89,90]. Significant differences (p < 0.001) occurred between species
for all three muscular groups, but they were in line with other studies for hare [30] and
rabbit [41].

4.2.3. Water-Holding Capacity

WHC% was higher in hare than in rabbit, for all muscles groups studied (p < 0.001)
(Table 7). In SM muscle, a higher average value of WHC (12.17% for rabbit vs 18.23%
for hare) is probably due to the smaller diameter of myocites and also to higher water
content. The values obtained in our study are lower than those reported by other authors
for rabbit [87] in L. lumborum muscles (14.5–15.4%) and in L. dorsi muscles (16.25% and
32%) [91,92], with differences generated by breeds (medium size/hybrid vs rabbit breed)
and age at slaughter (42 days, 64 days-old, and 240 days vs. 330 days-old).

Further research is needed to elucidate the role of feeding, habitat, and locomotion on
meat quality of hare and rabbit. The differences found in this study could be influenced by
age (rabbits were examined at older age—11 months and hares at younger age—9 months).
The rabbits had a limited range of motion, and the hares moved across larger areas. Thus,
in other studies [93], the percentage of fat deposits was highest in caged rabbits (compared
to a bigger proportion of hind parts in rabbits reared in large pens). Water-holding capacity
and lipid content were not affected by the housing systems.
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For hare, the effects of diet and gender did not produce important differences in
productive performances and on the quantitative and qualitative parameters of their meat.
Thus, the hare reared in cages had a better performance, with fleshier carcasses and higher
accumulations of fat. Rearing of hare in pens favours the production of meat with better
dietary characteristics (advisable for diets oriented for the prevention of CVD) [94].

Due to its low contents of fat and cholesterol as well as to the high proportion of PUFA,
rabbit meat is considered a “healthy” meat [95–97]. However, its consumption is sometimes
rejected because its cooking is considered time-consuming and requires culinary skills. In
order to promote the consumption of rabbit meat, the processing companies have been
trying to develop ready-to-cook and ready-to-eat products. A possible way to improve
rabbit meat utilization for convenience foods preparation could be realised by freezing it
when the market price is lower (during summer) and using it as raw matter in preparing
further processed products (minced meat, hamburgers, sausages, charcuterie) when the
price becomes higher again [41,98].

The meat of goat, cattle, buffaloes, fowl, and sheep is insufficient to satisfy the growing
demand for animal protein, and it has become necessary to explore alternatives animal
protein sources to reduce this deficit. The rabbit, a small animal (that does not produce
CO2 in high quantities), can be considered an alternative sustainable source of protein,
comparable to chicken from a nutritional point of view, and its nutritional and dietary
qualities should be promoted through public campaigns for benefits regarding consumer
health. Hare meat is a full-value meat, easily digestible with typical aroma for the given
species, and it has finer muscle fibres than the meat of other mammals. Venison ranks
among the richest proteinaceous meat, along with fish, and thanks to its relatively low fat
content, rabbit has higher nutritional and dietetic qualities than other farmed species [20].

5. Conclusions

Gross energy content was higher in all muscles in rabbit versus hare meat, especially
in Triceps brachii muscles from rabbit compared to hare, due to more lipid accumulation.

On the technological meat quality, pH value was higher in Triceps brachii muscles
from both species, while water-holding capacity was better in hare samples, and cooking
loss was better in rabbit samples. As follow-up, the connective matrix of skeletal muscles
should be investigated, regarding its composition and proportion in meat, to explain the
differences between species, in which now favours hare muscles.

For all muscle groups, the mean value of AI was 0.78 in hare and 0.73 in rabbit; the
TI had a mean of 0.66 in hare and of 0.39 in rabbit; and the h/H index was 3.57 in hare
and 1.97 in rabbit. The NVI reached 1.48 in hare and 1.34 in rabbit. Overall, hare meat
was found as more dietetic (lower fat, lower gross energy, better sanogenic lipidic profile
indices) than rabbit meat, whose fatty acid profile is influenced by farm feeding.

From a nutritional point of view, the consumption of both hare and rabbit meat can
positively contribute to improvements in human health, because of its favourable health
indices and high nutritional value.
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Abstract: The high intake of fermentable carbohydrates may cause nutritional disorders and nega-
tively affect animal performance. Thus, the research study aimed to determine the better roughage:
concentrate ratio to improve the carcass traits and physicochemical quality of meat from feedlot-
finished Santa Ines lambs. Diets were composed of Tifton 85 grass hay (Cynodon sp.) and concentrate
(soybean meal, corn meal, urea, and mineral mixture) and consisted of five roughage: concentrate
ratios of 88:12 (C12), 69:31 (C31), 50:50 (C50), 31:69 (C69), and 12:88 (C88). After 63 days the animals
were slaughtered and carcass traits, the yield of commercial cuts, and physicochemical properties of
meat were evaluated. The higher percentage of concentrate on roughage provided higher DM intake,
better feed conversion, higher conformation, finishing, and carcass yield that resulted in heavier
commercial cuts with higher fat content in the meat. The addition of 50% concentrate to the roughage
improved the carcass traits, commercial cuts, and physicochemical parameters of the meat in a similar
way to the diet with 88% concentrate, but with leaner meats, meeting the demands of the current
consumer market.

Keywords: carcass yield; commercial cuts; low cost; neutral detergent fiber; non-fiber carbohydrate

1. Introduction

Young lambs with high potential for body weight gain are usually finished between
60 and 150 days of age and need diets with high protein and energy content according
to the NRC [1]. However, in Brazil, the ruminant’s production usually uses forages as
exclusive feed because it has a lower cost, but longer periods are required for finishing
animals under these conditions, even when well-managed, it cannot fully meet the animal’s
nutritional demands, resulting in slower body development, animals with lighter carcass
weight and consequently, low yield and decreased producer’s revenue [2].

In contrast, feedlot systems for finishing use diets based on high concentrates ratio
with a greater non-fiber carbohydrates (NFC) content and have short-term finishing periods
resulting in rapid body development, reduced time to slaughter, heavier carcasses with
better quality, and a higher percentage of marbling fat. Although, the high expense of feed
provided to the animals do not always provide greater profitability to the producer [3,4].
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However, the ruminal microbiota need availability of energy and protein in synchrony
for growth and replication, resulting in better use of nutrients and SCFA production, which
will provide a better performance, especially in parameters of carcass traits and meat
quality. The intake of substantial amounts of readily fermentable carbohydrates can lead to
changes in the ruminal fermentation pattern, resulting in increased production of short-
chain fatty acids (SCFA), especially lactic acid that cause a drop in ruminal pH, directly
affecting the ruminal microbiota [5] that may cause the animal to experience clinical or
subclinical acidosis. SCFA production is closely related to the availability and synchronicity
of nutrients which provide the proliferation and growth of the ruminal microbiota [6].

In view of the above for finishing lambs, it is believed that the addition of concentrate
to the roughage will improve the synchronicity of rumen microorganisms, resulting in
better performance, carcass traits, and meat physicochemical quality.

Thus, the present research aimed to determine the better roughage: concentrate ratio
to improve the carcass traits and physicochemical properties of meat from feedlot-finished
Santa Ines lambs.

2. Materials and Methods

The experiment was conducted at the Experimental Farm of Veterinary Medicine
and Animal Science of the Federal University of Bahia, which is located at 174 km from
the BR 101 highway, at 12◦23′58′′ S and 38◦52′44′′ W, Bahia State, Brazil. The research
was approved by the ethics committee for the use of animals (CEUA), under protocol
number 68/2018.

2.1. Animals, Diets, and General Procedures

Sixty intact Santa Ines sheep were used, with an initial average body weight (IBW)
of 25.84 ± 0.53 kg, identified with numbered ear tags, dewormed, weighed, randomly as-
signed to their treatments, and housed in individual pens of 1.0 × 1.0 m, that were equipped
with slatted wood floors, containing feed troughs and water troughs. The experiment lasted
78 days (15 for adaptation and 63 days for data collection). During the adaptation period,
all animals were treated for internal and external parasites with ivermectin (Ivomec gold;
Merial, Salvador, Bahia, Brazil) and vaccinated against clostridiosis using Polivalente (Sin-
toxan; Merial, Sao Paulo, Brazil). The animals received water ad libitum and the diets were
supplied twice a day (8:00 and 15:00) i.e., 50% of the diet was allocated in the morning
and the other half in the afternoon. Feed refusals were collected and weighed daily, and
the amount of feed offered was adjusted to allow an approximate 20% refusal. Before the
experiment, the feed components were chemically analyzed (Tables 1 and 2) separately
with triplicate samples.

Table 1. Chemical composition of feed ingredients.

Items (g/kg DM)
Ingredient

Tifton Hay 85 Soybean Meal Corn Meal Urea

Dry matter, g/kg as fed 890 918 917 99.0
Organic matter 850 865 865 -
Crude protein 44.7 471 75.3 281
Ether extract 18.5 26.1 45.9 -

Neutral detergent fiber 762 144 134 -
Neutral detergent fiberap

1 682 101 118 -
Acid detergent fiber 346 77.4 36.0 -

Non-fiber carbohydrate 21.5 34.9 70.9 -
1 Corrected to ash and protein.
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Table 2. Ingredient proportions and chemical composition of experimental diets.

Items
Experimental Diets

C12 C31 C50 C69 C88

Ingredients (g/kg DM)
Tifton hay 880 690 500 310 120

Soybean meal 80.0 80.0 76.0 74.0 72.0
Corn meal 10.0 200 394 586 778

Urea 15.0 15.0 15.0 15.0 15.0
Mineral mixture 1 15.0 15.0 15.0 15.0 15.0

Chemical Composition (g/kg DM)
Dry matter (g/kg as fed) 896 901 906 911 916

Ash 55.0 57.2 60.5 62.8 64.1
Organic matter 826 829 832 834 837
Crude protein 120 126 130 135 140
Ether extract 18.8 24.0 29.3 34.6 39.8

Neutral detergent fiber 683 564 445 325 206
Neutral detergent fiberap

2 609 502 395 288 181
Acid detergent fiber 311 252 193 134 75.1

Non-fiber carbohydrate 224 318 413 508 602
Metabolizable energy (MJ/kg) 8.75 9.50 9.88 10.2 12.5

1 Guaranteed levels (for active elements): 120 g calcium, 87 g phosphorus, 147 g sodium, 18 g sulfur, 590 mg copper,
40 mg cobalt, 20 mg chrome, 1800 mg iron, 80 mg iodine, 1300 mg manganese, 15 mg selenium, 3800 mg zinc,
300 mg molybdenum, and maximum 870 mg fluoride. Solubility of phosphorus citric acid: 2–95%. 2 Corrected to
ash and protein.

The experimental diets were formulated according to the requirements recommended
by National Research Council [1] and consisted of five Tifton hay (Cynodon sp.) to concen-
trate ratios of 88:12 (C12), 69:31 (C31), 50:50 (C50), 31:69 (C69), and 12:88 (C88) (Table 2).
The concentrates were composed of soybean meal, corn meal, urea, and mineral mixture.
The Tifton-85 hay was chopped into short lengths (2–3 cm) and mixed with the concentrate
before offering.

Samples ingredients, refusals, and feces were pre-dried in a forced-air ventilation oven
at 55 ◦C for 72 h and ground in a Wiley knife mill with a sieve size of 1 mm for ingredients
and refusal samples and 3 mm for feces samples.

2.2. Diet Composition Actually Consumed and Growth Performance

After a period 15 days for animals’ adaptation to diets and stables, the animals were
weighed to obtain the initial body weight (IBW).

The dry matter intake (DMI) was calculated by the difference between the dry matter
(DM) present in the offered diet and the DM obtained from the animals’ refusals. In the
same way, metabolizable energy intake (ME intake) was calculated.

The diet composition actually consumed (DCC) by lambs was estimated based on the
ratio of the intake of each nutrient by the equation:

DCC = (Nutrient/DMI) × 100 (1)

After the experimental period (63 days), the animals were weighed (body weight at
slaughter—BWS) after 16 -h solid fasting. Total weight gain (TWG) was calculated as the
difference between BWS and IBW. Average daily gain (ADG) for individual lambs was
calculated using the sum of average daily divided by the number of days that the animals
were confined. Feed conversion ratio (FCR) for each lamb was calculated as a ratio of daily
DMI to ADG.

2.3. Slaughter Procedures

Animals arrived at the slaughterhouse and were fasted for solids for 16 h, with water
ad libitum, placed in a duly covered and walled corral. The slaughter was carried out in
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the slaughterhouse and meat packing plant of the Cooperativa Agroindustrial de Pintadas
(COOAP) in the municipality of Pintadas, state of Bahia, according to the standards of the
State Inspection Service (SIE) of Bahia, according to the standards for humane slaughter,
stunning animals by electronarcosis, followed by bleeding, by cutting the jugular veins
and carotid arteries, then the animals were skinned and eviscerated. Head, limbs, and tail
were removed, carcasses were identified, washed, and weighed to obtain the hot carcass
weight (HCW).

After weighing, the carcasses were transferred to a cold room at ±4 ◦C and stored
under chilling for 24 h hung by the common Achilles tendon, with appropriate hooks,
keeping 17 cm between the tarsometatarsal joints.

2.4. Carcass Traits and Commercial Cuts

During the chilling period, the pH of the carcass was recorded 24 h postmortem, using
a portable pH meter coupled to a penetration electrode previously calibrated with buffer
solutions of pH 4.00 and 7.00. Afterwards, carcasses were weighed to obtain the cold
carcass weight (CCW) and the weight loss by cooling (WLC) was calculated using equation:

WLC = ((HCW − CCW)/HCW) × 100 (2)

Then, the following carcass morphological measurements were evaluated: internal
and external carcass length; leg length; chest and rump width; chest depth; thoracic and
rump perimeter. All length and perimeter measurements were taken using a measuring
tape, and width and depth measurements were taken with the aid of a handmade compass,
whose registered opening was measured with a ruler. The carcass compactness index (CCI)
was calculated by the equation:

CCI = CCW/ICL (3)

Then, the subjective assessment of the conformation and the state of fatness (marbling,
pelvic-renal fat, and fattening degree) was carried out on the carcass, following the method-
ology of Cezar and Sousa [7], considering the conformation index varying from 1 = poor
(concave) to 5 = excellent (convex); pelvic-renal fat of 1 = little fat to 3 = much fat; fattening
degree of 1 = very thin to 5 = very fat; and marbling of 1 = nonexistent to 5 = abundant.

After the subjective assessment of the carcass pelvic-renal fat, the kidneys and pelvic
renal fat were removed, whose weights were recorded and subtracted from the hot and
cold carcass weights. Then, the hot carcass yields (HCY) and cold carcass yields (CCY)
were calculated by equations:

HCY (%) = (HCW/BWS) × 100 (4)

CCY (%) = (CCW/BWS) × 100 (5)

The cold carcasses were sawed into two symmetrical sides along the backbone and
the left sides from the carcasses were cut into five commercial cuts (leg, loin, rib, shoulder,
and neck) and weighed separately. The weight of reconstituted half carcass was obtained
by the sum of five commercial cuts weights and used to calculate commercial cuts yield, as
proposed by Cezar and Sousa [7].

2.5. Physicochemical Properties from the Proximate Composition of Meat

In the left half carcass, a cross section was made between the 12th and 13th ribs, and
using a digital caliper, the cover fat thickness was measured on the Longissimus lumbo-
rum muscle.

The Longissimus lumborum samples were dissected with the aid of a scalpel to remove
the subcutaneous fat and epimysium, individually packaged, identified, and stored at
−20 ◦C until the physicochemical analyses. Loins were thawed under chilling (8 ◦C) the
night before the beginning of the analyses.
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Two samples that were 2.5 cm thick from Longissimus lumborum muscle were used
to evaluate the cooking weight loss (CWL). The samples were weighed before and after
cooking and recorded.

A stain-less-steel thermocouple (Gulterm 700; Gulton do Brazil, Brazil) was placed
into the geometric center of each sample to check and record its internal temperature. The
samples were cooked on a grill (George Foreman Jumbo Grill GBZ6BW, Rio de Janeiro,
Rio de Janeiro, Brazil) until the internal temperature reached 71 ◦C. Upon reaching the
temperature, the samples were taken, placed into a plastic bag, and cooled to 10 ◦C in an
ice water bath. The cooking weight loss of each sample was obtained by the difference
between the weights before and after cooking and expressed as a percentage.

These same samples were kept at 4 ◦C overnight for instrumental texture analysis
conducted according to the method of the AMSA [8].

On the following day, the samples were brought to room temperature before Warner-
Bratzler Shear Force (WBSF) analysis and using a cork borer at least three cores of 1.27 cm in
diameter and 2.0 cm in length, parallel to the muscle fibers, were removed from each sample.

The WBSF was measured using a texture analyzer (Texture Analyzer TX-TX2; Mecmesin,
NV, USA) fitted with a Warner ± Bratzler-type shear blade with a load of 25 kgf (kilogram-
force) and a cutting speed of 20 cm/min [9] that sheared each core perpendicular to the
fiber direction and was expressed in Newtons (N).

Meat color was evaluated with a Minolta CR300 colorimeter, operating in the CIE
system (L*, a*, b*), where L* is lightness, a* is redness, and b* is yellowness. The colorimeter
was calibrated with a white tile and the illuminant used was C and the observation was at
2◦. Before analysis, samples were exposed to room temperature for 30 min for the formation
of oxymyoglobin, the main pigment responsible for the bright red color of meat [10]. After
this time, and as described by Miltenburg et al. [11], L*, a* and b* were measured at three
different points on the muscle surface, and the average of the triplicates of each coordinate
per animal sample was subsequently calculated.

The saturation index (Chroma) and Hue angle (hab) were determined using a* as (a)
and b* as (b) data according to the equations determined by Hunt and King [12]:

Chroma =

√
(a∗)2 + (b∗)2 (6)

hab = tan−1
(

b∗

a∗

)
.
(

180
x

)
(7)

Longissimus lumborum muscle samples for proximate composition analysis were ground
and homogenized in a food processor. The moisture, ash, and protein contents were eval-
uated according to AOAC [13], in procedures 985.41, 920.153, and 928.08, respectively.
Total lipids were extracted according to the methodology described by Folch et al. [14] by
extraction with chloroform: methanol (2:1) solution, followed by evaporation of the solvent
in an oven at 105 ◦C.

2.6. Experimental Design and Statistical Analysis

Animals were distributed in a completely randomized experimental design, with
5 treatments and 12 replications, totaling 60 animals. The following mathematical model
was used:

Xij = μ + Ti + εij (8)

where Xij = observation of treatment i, in repetition j; μ = overall mean; Ti = effect of
treatment i; εij = effect of uncontrolled factors in the plot.

Data obtained were tested by analysis of variance and the means compared using the
Tukey test at 5% significance, according to the forage:concentrate ratio in the diet for lambs
finished in feedlot, using the software Statistical Analysis System [15] (SAS, version 9.1).
The subjective assessment of the carcass also included the Levene test to verify the variance
homogeneity using the “HOVTEST” command.
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3. Results

3.1. Diet Composition Actually Consumed and Growth Performance

Effective consumption of nutritional fractions and performance of Santa Ines lambs
are presented in Table 3.

Table 3. Composition of the diet actually consumed by Santa Ines lambs who received different
forage-to-concentrate ratios.

Item
Experimental Diets 1

SEM 2 p-Value 3

C12 C31 C50 C69 C88

Initial body weight, kg 25.17 25.53 26.28 25.78 26.45 0.99 -

Dry matter intake, kg 1.07c 1.23bc 1.44ab 1.70a 1.51ab 0.08 <0.01
ME intake, MJ/day 9.34d 11.71cd 14.28bc 17.43ab 18.88a 0.81 <0.01

Composition of the diet actually consumed 4

Crude protein 14.16b 14.24a 14.15c 14.13d 14.10e <0.01 <0.01
Ether extract 2.37e 2.69d 3.02c 3.34b 3.66a <0.01 <0.01

Neutral detergent fiber 68.05a 56.05b 43.99c 32.02d 20.06e 0.01 <0.01
Non-fibrous carbohydrate 15.3e 26.91d 38.7c 50.41b 62.12a 0.01 <0.01

Body weight at slaughter, kg 29.68b 33.33b 38.88a 42.08a 39.91a 1.35 <0.01
Total weight gain, kg 4.51d 7.80c 12.60b 16.30a 13.46b 0.61 <0.01

Average daily gain, kg 0.07d 0.12c 0.20b 0.26a 0.21b 0.01 <0.01
Feed conversion ratio, kg/kg 15.06a 10.05b 7.27c 6.63c 7.27c 0.40 <0.01

1 C12, C31, C50, C69, and C88 refer to diets with Tifton-85 hay to concentrate ratios of 88:12, 69:31, 50:50, 31:69,
and 12:88, respectively. 2 Standard error of the mean. 3 Significance at p < 0.05. Averages followed by different
letters on the line differ among themselves by Tukey’s test (p < 0.05). 4 Value expressed as the percentage of each
nutrient ingested in relation to DMI.

The dry matter intake differed between treatments (p < 0.01), with higher DMI in
the treatment with 69% concentrate, but not statistically different from the treatments
with 50% and 88% concentrate. The lowest DMI was observed for the treatment with
12% concentrate.

There was greater metabolizable energy (ME) intake (p < 0.01) observed for the C88
treatment, but it did not differ statistically from the treatment with 69% concentrate. The
lowest ME intake was observed for the C12 treatment.

The effective consumption of CP (p < 0.01) was higher in the treatment with 31%
concentrate and lower in the treatment with 88% concentrate. The effective consumption
of EE (p < 0.01) and NFC (p < 0.01) showed the same behavior, with higher averages for
the treatment with 88% and lower averages for the treatment with 12% concentrate. The
effective consumption of NDF (p < 0.01) had the highest average for the treatment with 12%
concentrate and the lowest average for the treatment with 88%.

The daily weight gain (p < 0.01) and consequently the total weight (p < 0.01) of the
animals, presented greater means for the treatment with 69% concentrate and the lowest
for the treatment with 12% concentrate in the diet.

The worst feed conversion (p < 0.01) was obtained for the treatment with 12% concentrate
and there was no significant difference for treatments with 50%, 69% and 88% concentrate.

3.2. Carcass Traits and Commercial Cuts

The data of morphometric measurements and carcass traits of Santa Ines lambs are
presented in Table 4.

Most morphometric measurements (p < 0.05) of the carcass had a significant difference
between treatments except leg length (p = 0.25).

Regarding the development of the carcass, we can observe through the morphometric
measures, that there was no significant difference (p < 0.05) between treatments with 50%,
69%, and 88% concentrate. The animals receiving 12% concentrate had lower carcass
development. This behavior can also be evaluated using the CCI variable.
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Table 4. Effect of dietary forage-to-concentrate ratios on morphometric measurements and carcass
traits of lambs.

Item
Experimental Diets 1

SEM 2 p-Value 3

C12 C31 C50 C69 C88

Morphometric measurements, cm
Chest width 13.93b 14.92b 16.43a 17.29a 17.31a 0.33 <0.01
Rump width 20.42b 22.15ab 22.71ab 24.00a 24.02a 0.64 <0.01

Thoracic perimeter 64.5c 68.79b 73.25a 74.68a 74.68a 0.98 <0.01
External length 59.17b 61.75ab 64.08a 63.55a 64.18a 0.96 <0.01
Internal length 49.08b 51.5ab 53.42a 54.18a 53.54a 0.76 <0.01

Leg length 39.33 40.67 41.25 40.64 40.20 0.61 0.25
Chest depth 17.33b 18.33ab 19.04a 17.86ab 17.95ab 0.30 <0.01

Rump perimeter 49.08c 52.83bc 55.79ab 57.82a 58.14a 1.08 <0.01
Carcass compactness index 4, kg/cm 0.22c 0.27b 0.32a 0.34a 0.34a 0.01 <0.01

Hot carcass weight, kg 10.83c 13.98b 17.08a 18.30a 18.32a 0.67 <0.01
Cold carcass weight, kg 10.78c 13.93b 17.03a 18.27a 18.26a 0.67 <0.01

Hot carcass yield, % 36.47d 41.95c 43.91b 43.88bc 45.90a 0.47 <0.01
Cold carcass yield, % 36.33c 41.80b 43.78a 43.81a 45.76a 0.47 <0.01

Fat thickness, mm 0.84 1.04 1.14 1.21 1.13 0.09 0.07
Carcass conformation index 5 2.77c 3.52b 4.02ab 4.18a 4.14ab 0.16 <0.01

Carcass fattening degree 6 2.54c 3.63b 4.06ab 4.25ab 4.48a 0.17 <0.01
Pelvic-renal fat 7 1.17b 1.75ab 2.25a 2.35a 2.36a 0.16 <0.01

Marbling 8 1.00 1.25 1.25 1.36 1.64 0.13 0.06
1 C12, C31, C50, C69, and C88 refer to diets with Tifton-85 hay to concentrate ratios of 88:12, 69:31, 50:50, 31:69,
and 12:88, respectively. 2 Standard error of the mean. 3 Significance at p < 0.05. Averages followed by different
letters on the line differ among themselves by Tukey’s test (p < 0.05). 4 Carcass compactness index. 5 Carcass
conformation index (1 = Poor (concave) to 5 = Excellent (convex)). 6 Fattening degree (1 = very thin to 5 = very
fat). 7 Pelvic-renal fat (1= little fat to 3 = much fat). 8 Marbling (1= nonexistent to 5= abundant).

Body weight at slaughter did not present a significant difference (p < 0.05) between
treatments with 50%, 69%, and 88% concentrate and animals receiving 12% concentrate in
their diet presented lower weight (p < 0.01). The same behavior can be observed for hot
carcass weight (p < 0.01) and cold carcass weight (p < 0.01).

Hot (p < 0.01) and cold (p < 0.01) carcass yields presented greater averages for treatment
with 88% concentrate and lower yield for the carcass for the animals that received 12%
concentrate in their diet.

The fat thickness presented an average of 1.07 cm and did not differ statistically
(p = 0.07) between the treatments.

Within the subjective assessments of carcasses only marbling (p = 0.06) did not show a
significant difference between treatments and obtained an average of 1.30.

The carcass conformation index (p < 0.01) showed the highest average for the treatment
with 69% concentrate; however, it did not differ statistically from the treatments with 50%
and 88% concentrate.

The highest average for carcass finishing degree (p < 0.01) was obtained by treatment
with 88% concentrate, but it did not differ statistically from the treatments with 50% and
69% concentrate. The lowest carcass finishing degree was obtained by the C12 treatment.

When evaluating pelvic-renal fat (p < 0.01), it was observed that the lowest aver-
age obtained was for the treatment with 12% concentrate. The other treatments did not
differ statistically.

The weight and yield of commercial cuts are presented in Table 5.
The reconstituted half carcass (p < 0.01) showed the same behavior as the CCW

(Table 4), not differing between treatments C50, C69, and C88 with a lower average for
treatment C12.

The neck, shoulder, loin, and leg cuts showed a lower average for treatment with 12%
concentrate and did no differ between treatments C50, C69, and C88.
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Table 5. Effect of dietary forage-to-concentrate ratios on weight and yield of commercial cuts
from ambs.

Items
Experimental Diets 1

SEM 2 p-Value 3

C12 C31 C50 C69 C88

Reconstituted half carcass, kg 5.06c 6.40b 7.90a 8.24a 8.32a 0.33 <0.01
Commercial cut weight, kg

Neck 0.53c 0.65b 0.78a 0.77a 0.76a 0.03 <0.01
Shoulder 1.10c 1.37b 1.68a 1.77a 1.78a 0.06 <0.01

Rib 1.42b 1.87b 2.49a 2.62a 2.68a 0.12 <0.01
Loin 0.25c 0.32b 0.38a 0.41a 0.42a 0.01 <0.01
Leg 1.76c 2.2b 2.57a 2.68a 2.69a 0.09 <0.01

Commercial cut yield, %
Neck 10.47 10.11 9.87 9.32 9.10 0.49 0.33

Shoulder 21.74 21.41 21.27 21.44 21.33 1.14 0.99
Rib 28.06 29.20 31.52 31.80 32.20 1.85 0.57

Loin 4.94 5.00 4.81 4.94 5.05 0.26 0.98
Leg 34.78 34.31 32.53 32.50 32.31 1.76 0.77

1 C12, C31, C50, C69, and C88 refer to diets with Tifton-85 hay to concentrate ratios of 88:12, 69:31, 50:50, 31:69,
and 12:88, respectively. 2 Standard error of the mean. 3 Significance at p < 0.05. Averages followed by different
letters on the line differ among themselves by Tukey’s test (p < 0.05).

The treatments with 12% and 31% concentrate did not differ statistically for the loin
cut. Additionally, there was no significant difference between treatments with 50%, 69%
and 88% concentrate.

No significant differences (p > 0.05) were observed between treatments for commercial
cuts yields, with means of 9.16%, 20.05%, 28.57%, 4.63%, and 31.24% for yields of neck,
shoulder, rib, loin, and leg, respectively.

3.3. Physicochemical Properties from the Proximate Composition of Meat

The physicochemical composition of the Longissimus lumborum muscle is presented in
Table 6. Most of the variables evaluated showed no significant difference (p > 0.05).

Table 6. Effect of dietary forage-to-concentrate ratios on physicochemical composition of the Longis-
simus lumborum muscle from lambs.

Item
Experimental Diets 1

SEM 2 p Value 3

C12 C31 C50 C69 C88

pH0h 7.33a 7.28ab 7.23ab 7.04b 7.02b 0.07 <0.01
pH24h 6.17 5.98 6.03 6.16 6.01 0.08 0.37

Color parameter
L* (lightness) 38.97 37.54 38.30 37.14 38.19 0.47 0.08
a* (redness) 22.70 22.11 22.29 21.61 22.21 0.35 0.34

b* (yellowness) 6.19 5.58 5.83 5.18 5.63 0.38 0.53
Chroma (saturation) 23.53 22.80 23.04 22.22 22.91 0.416 0.35

Hue (hab) 15.25 14.16 14.66 13.48 14.22 0.761 0.65
Cooking weight loss, % 19.02 22.75 24.55 28.39 30.52 2.957 0.09

Shear force, N 20.99 21.39 16.28 24.53 20.21 2.060 0.14
Chemical composition, %

Moisture 74.48a 73.51ab 72.95bc 72.83bc 71.95c 0.44 <0.01
Ash 1.07 1.12 1.12 1.09 1.14 0.02 0.39

Protein 21.93 22.55 22.97 22.51 22.92 0.45 0.37
Lipid 2.43d 2.41d 2.55c 2.63b 2.82a 0.01 <0.01

1 C12, C31, C50, C69, and C88 refer to diets with Tifton-85 hay to concentrate ratios of 88:12, 69:31, 50:50, 31:69,
and 12:88, respectively. 2 Standard error of the mean. 3 Significance at p < 0.05. Averages followed by different
letters on the line differ among themselves by Tukey’s test (p < 0.05).
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The pH0h showed a significant difference (p < 0.01) between treatments, with the
highest average for the treatment with 12% concentrate. There was no significant difference
between treatments for pH24h (p = 0.37), presenting a mean value of 6.07.

For the color parameters, none of the variables showed a significant difference between
treatments, presenting mean values of 38.03, 22.18, 5.68, 22.90, and 14.35 for lightness,
redness, yellowness, Chroma, and Hue angle, respectively.

Cooking losses and shear force did not differ statistically between treatments and
presented averages of 25.05 and 2.11, respectively.

The moisture showed a significant difference (p < 0.01) between treatments, with the
highest average for the treatment with 12% concentrate and lower mean for C88 treatment.

Ash and protein did not differ statistically between treatments and presented averages
of 1.11% and 21.86%, respectively.

The lipids content in the muscle showed the highest mean for the treatment with 88%
concentrate and the lowest mean for the C12 treatment.

4. Discussion

4.1. Diet Composition Actually Consumed and Growth Performance

The lower DMI was observed for the animals receiving 12% concentrate, due to the
high concentration of NDF that this diet presented (88%). This possibly limited DM intake
by physical factors in the gastrointestinal tract, which reduced the passage rate of digesta
and prevented the emptying of the gastrointestinal tract (GIT) that caused a distension of
the rumen-reticulum, resulting in a decreased DMI [16–18] and inability to ingest more
feed to nourish themselves.

The metabolizable energy (ME) intake by animals was greater than ME offered by the
diets, in this way, it is confirmed that the reduction in DMI was not limited by the energy
density of the ration and rather limited by physical factors in the gastrointestinal tract.

The diet effectively consumed allows us to observe the behavior of animal selectivity
in relation to their offered, that is, we can observe through the DMI the amount of each
nutrient that was consumed per day. In this way, it was observed that the research animals
were selective because the diet actually consumed (Table 3) was not equal to that offered
(Table 2).

According to the chemical composition of diets, the CP content ranged from 14.0%
to 12.0%, EE of 3,98% to 1.88%, NFC of 60.2% to 22.4% and NDF of 18.1% to 60.9% for
treatments with 88%, 68%, 50%, 31%, and 12% concentrate, respectively. When the compo-
sition of the diet effectively consumed was observed, the CP contents ranged from 14.10%
to 14.24%, EE of 3.66% to 2.37%, NFC of 62.12% to 15.3%, and NDF of 20, 06% to 68.05%.
This difference between the offered and actually consumed diet indicates that there was a
preference of animals to the concentrate, since the concentrate has a higher percentage of
CP, EE, and NFC and lower NDF in relation to forage.

Although these animals received diets with different roughage: concentrate ratio,
they depend, in common on the amount of DM ingested and the levels of protein and
energy satisfactory [19] for the development and efficiency of the rumen microbiota. These
satisfactory levels result in higher synthesis of microbial protein and a better use of energy
and protein by the animal so that they can achieve greater growth performance through
development of muscle and adipose tissue, and consequently increase the BWS [20] re-
sulting in a better feed conversion ratio. This can be observed for animals receiving 69%
concentrate in diet.

According to Abbasi et al. [21] working with dietary energy levels of goat kids, and
Cui et al. [22] working with dietary energy and protein levels of lambs, the low dietary
energy level (9.1 vs. 10.7 MJ ME/kg and 10.9 vs. 8.6 MJ ME/kg, respectively) can reduce
the average daily gain and worsen the feed conversion ratio. This was observed for the
12% concentrate treatment.
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4.2. Carcass Traits and Commercial Cuts

Measurements and evaluations performed on the carcass allow us to understand
the body development of animals, seeking to obtain a deposition maximum of muscle
and intermediate fat in the carcasses. In view of the data obtained, the animals from
the treatments with 50%, 69%, and 88% concentrate showed similar and better body
development than the animals from the treatments C12 and C31. This is probably related
to DMI for those animals that received diets above 50% roughage, preventing them from
expressing their production potential, because with the high NDF content in these diets,
the passage of digesta through the gastrointestinal tract was reduced, limiting DMI from
animals by filling [17,20].

Within the measurements and evaluations carried out on the carcass, the carcass
compactness index and carcass conformation index stand out as being parameters that
estimate the amount of muscle deposited in the carcass, which is the edible part with the
highest financial return for the producer. The animals from treatments C50, C69, and C88
did not differ statistically; this indicates that all animals from these treatments were similar
in body performance with similar muscle composition and carcass conformation. This
resulted in higher hot and cold carcass weight, and better cold carcass yield (also known as
commercial yield). The same behavior was observed by Brand et al. [23] evaluating carcass
characteristics and fat deposition of Merino, South African Mutton Merino, and Dorper
lambs housed in a feedlot.

Lower weights and yields of carcass obtained for the animals that received 12%
concentrate can be explained by the NDF and ADF content in the diet, which is higher
than the other treatments. This fiber content provided the animals with a longer digesta
retention time due to reduced passage rate, resulting in a greater volume/weight of the
gastrointestinal tract. As the carcass yield calculation is obtained through the ratio between
the carcass weight and the final body weight of the animal, the volume/weight of the GIT
and its content are considered only in the final weight of the animal, which reduces the
weight and consequently the carcass yield. With higher energy availability in feed, there is
greater availability of nutrients for the development of muscle and adipose tissue, resulting
in higher carcass weights, and consequently heavier commercial cuts [18].

Regarding the deposition of fat in the carcass, the fat thickness and marbling did
not differ between treatments, indicating that this distribution occurred in a similar way,
regardless of the roughage:concentrate ratio that the animal received. However, the subjec-
tive evaluation of carcass finishing indicated that animals from treatments C50, C69, and
C88 had better distribution of fat in the carcass than animals that received 12% and 31%
concentrate. This divergence may be related to the measured and/or visualized location,
as the fat thickness is measured only between the 12th and 13th ribs, while the fat finish
assessment examines the complete carcass.

Regarding the deposition of pelvic-renal fat, tropical animals have the physiological
ability to deposit intra-abdominal fat, which occurs with maturity and acts as energy
reserves that are mobilized during the period of feed shortage to reduce their energy
deficit [18]. Renal pelvic fat has a high correlation with carcass fattening degree; that is, the
greater the deposition of fat in this region, the greater the carcass fattening degree [7,24].

Carcass fattening degree is interesting because it protects carcasses from cold dry-
ing [25] and keeps meat with optimal concentrations of moisture, providing, together
with the fat, a greater juiciness in the meat [26,27]. However, it is necessary to consider to
what extent the amount of fat is interesting in the carcass fattening. Because it is highly
correlated with the pelvic-renal fat, indicating feed energy waste, it fails to convert the
energy absorbed from the food into muscle and/or marbling fat (edible part of the carcass)
to convert it into a type of fat that is neither commercialized nor used in cooking. The
animals that received 31%, 50%, 69% and 88% concentrate showed similar pelvic-renal
fat deposition.
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4.3. Physicochemical Properties from the Proximate Composition of Meat

As can be seen by pH0h, diets with different roughage:concentrate ratios provided
different amounts of muscle glycogen reserve during the animals’ development. The
diet with the lowest proportion of concentrate (C12) had a higher pH0h compared to the
other treatments. This was due to the high NDF and ADF content in the diet, which
reduced the passage rate of digesta, distended the rumen-reticulum, and limited the intake
of animals due to physical factors of the gastrointestinal tract. This probably prevented
the animals from having their energy demand fully satiated, resulting in less muscle
glycogen deposition.

The muscle pH in live animals is between 7.08 and 7.30, soon after slaughter the pH
reduces to 7.0 and continues to reduce until reaching values between 5.4 and 5.8 for sheep
meat [7,27]. This reduction in pH occurs due to the accumulation of lactic acid produced,
via anaerobic mechanism, which is inversely proportional to the concentration of muscle
glycogen present at the time of slaughter. The pH24h did not differ between treatments
and presented an average of 6.07, above the expected for sheep meat. The animals were
probably subjected to some stress during transport and/or at the slaughterhouse, which
made them use muscle glycogen for energy production via aerobic mechanism, resulting in
lower lactic acid production and higher pH24h [28].

In this research, the pH24h obtained was higher than the isoelectric point of muscle
proteins (5.2–5.3), which indicates that because it is above the neutral charge of proteins,
these meats had an excessive negative charge in their fibers, which provided repulsion of
the filaments, in this way, increased the space for the water molecules to bind, contributing
to greater juiciness, less mechanical force when cutting, and smaller proportional losses of
water during cooking. The mean values of CL were within the acceptable range of up to
35% [29].

The shear force did not differ between treatments, which was expected, since this
variable is more affected by the age, physical activity, and sex of the animal [18]. The shear
force is directly related to the connective tissue protein, that is, the size of the fiber bundles,
the quantity and size of the fibers, the collagen solubility, if there is a presence of cross-links,
among others. The mean values indicate that the meat obtained for most treatments was
considered tender (<22.27 N), except the meat from animals that received a diet with 69%
concentrate, which had an average value of 24.50 N, but was considered with medium
tenderness (22.27 and 35.61 N) [7].

The pH24h of the meat affects the load of the muscle proteins that alters the spacing
between the fibers of the meat. This change in the structure affects how the light is reflected
and absorbed and therefore affects the visual appearance of the meat, which is measured
through the indices of brightness (L*), the intensity of yellow (b*), and intensity of red (a*).
The different roughage:concentrate ratios did not affect the coordinates referring to color,
which is important because it is the primary attribute considered at the time of purchase [30].
The averages obtained corroborate those in the literature for sheep meat, which are from
30.03 to 49.47 for L*, from 8.24 to 23.53 for a* and from 3.38 to 11.10 for b* [27]; also working
with Santa Ines sheep, means similar to those of this study were found.

When evaluating the chemical composition of Santa Ines sheep meat, we observed that
the different roughage:concentrate ratios did not provide a significant difference for the ash
and protein contents and the averages obtained for the moisture and lipid contents were
inversely proportional, as also described by Silva et al. [31]. The moisture and lipid contents
in the meat are important for providing the consumer with the feeling of juiciness since
the moisture in the meat is released at the time of mastication and the juiciness sensation
persists due to the concentration of lipids in the meat, which stimulates salivation [26],
ensuring the juiciness for longer.

The diet with 88% concentrate presented lower NDF content and higher NFC and ME
content. This promoted greater use of the diet and energy supply to ruminants due to the
production of ruminal propionic acid and a lower acetate:propionate ratio, which allows
a higher concentration of circulating glucose, favoring insulin secretion and induction of

99



Agriculture 2022, 12, 752

lipogenesis, which resulted in greater storage of energy in the form of adipose tissue [32].
In this way, the meats of the animals that received this treatment probably provided greater
succulence to the consumer compared to treatments C12 and C31. This is because, despite
the meat from these last two treatments having a higher moisture content, the prolonged
sensation of juiciness is obtained with the concentration of lipids in meat, which for these
treatments had a lower proportion.

The Santa Ines breed is specialized in producing lean meats [24]; however, total
lipid contents obtained in meats were adequate to guarantee the desirable organoleptic
properties of meat [33].

5. Conclusions

Higher levels of concentrate favored carcass traits, commercial cuts, and physicochem-
ical parameters of the meat. However, considering the demands of the producer (higher
production with lower cost) and the demand of market consumer, the addition of 50% of
concentrate to the roughage presented animal performance and carcass traits similar to the
highest level of concentrate tested, also presenting as the most interesting option.
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Abstract: An increasingly high interest is given to the sensory, nutritional, and sanogenic qualities of
meat. Considering that poultry meat is nowadays the main quantitatively demanded meat for human
consumption, its quality is largely verified and monitored. Toxic compounds are trace markers to
be monitored, as their health impacts often cause a high health risk for humans. We have evaluated
how a traditional method of meat preservation—hot smoking with natural wood smoke—adds
certain polycyclic aromatic hydrocarbons (PAHs) to chicken, duck, and turkey meat. One- vs two-day
smoking period and three wood types for smoking (plum, cherry, and beech) have shown that the
highest concentrations of PAHs were present in duck meat, irrespective of smoking time or wood
type. A higher concentration overall of PAHs was quantified when beech wood was used, followed
by cherry and plum woods. Fluorene associated with beech wood gave the highest values for day 1
and day 2, followed by duck and turkey meat, respectively. Very significant differences (p < 0.001)
were usually observed for duck meat when compared with chicken and turkey meat, but it was also
easy to notice absolute values for Anthracene, Phenanthrene, or Fluoranthene. As expected, two-day
smoking contributed to higher concentrations of PAHs in meat.

Keywords: polycyclic aromatic hydrocarbons; meat; chicken; duck; turkey

1. Introduction

Meat is one of the main protein sources in the human diet and an important component
of a balanced diet [1]. Short-generation interval animal species, such as poultry and pig,
provide the largest amount of meat globally. The previsions indicate these species as
the main sources of meat for the upcoming period, poultry being among consumers’ top
preferences [2]. Worldwide, poultry is the second top meat produced as primary livestock
and yields after pork, while turkey reaches 5–6% of chicken trades and duck meat is slightly
above 4% [2]. While chicken meat production increased by about 50% throughout the past
decade, turkey has increased slightly by about 8–9% and duck by about 40%. However,
market demands for duck meat are far from being met, which is the same for turkey and
even for chicken [2]. Duck requires the most particular rearing conditions and, therefore,
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has regional specificity. Both turkey and duck meats have different nutritional and sensory
qualities as compared with chicken, and global demands have an ascending trend.

Besides production aspects, meat quality is an increasingly imperative requirement,
especially among rich countries’ consumers. The nutritional values seem to reach a stable
level based on the applied farming technologies. Meat quality is a complex of features, of
which the conditions of being safe, sanogenic, and from a trustworthy source have probably
become the most important. Among multiple preserving and preparation methods, meat
smoking imprints special sensory characteristics [3], rendering it very attractive for con-
sumers. Such preservation was most likely begun in prehistoric times [4] and still represents
a practice elsewhere. Smoking temperature may give more desirable aroma and flavour to
meat [5]. Despite such benefits, wood smoking also brings into meat polycyclic aromatic
hydrocarbons (PAHs) and their alkylated derivatives [6]. PAHs are carcinogenic, and ther-
mal cooking processes add them to various foods [7]. Cooking and processing techniques,
such as roasting, barbecuing, grilling, smoking, heating, drying, baking, ohmic-infrared
cooking, etc., also contribute to PAHs formation. Various factors, such as the distance from
the heat source, used fuel, level of processing, and cooking durations and methods, as well
as processes, such as reuse, conching, concentration, crushing, and storage, all increase the
concentration of PAHs in food [8]. Different cooking methods also contribute to the for-
mation of heterocyclic aromatic amines (HCAs)—another mutagenic and/or carcinogenic
compound naturally formed during the cooking of protein-rich foods, such as beef, poultry,
and fish—which exhibit higher accumulation when the deep-fat frying method is used in
food processing [9].

Specific legislation [10] limits the concentration of PAHs in foods. A wide-ranging
debate is in full swing and will probably continue with the emergence of new data. This is
due to associated toxicity and health issues that PAHs have been linked to [11]. Since the
1970s, a set of 16 PAHs have been monitored by the United States Environmental Protection
Agency [12], while the European Food Safety Agency (EFSA) identified Σ8PAHs or Σ4PAHs
as relevant toxicity indicators [12,13].

Not all types of wood produce the same amount of PAHs; large variation limits
are described [14,15]. The time of smoking also dramatically contributes to final PAH
concentrations in meat [13], as do the various smoke generating methods [16,17]. Although
PAHs are naturally occurring in the environment, including in the air we breathe [18–20],
the most acute toxic effect is given by direct dietary ingestion [21]. Of the many adverse
effects of PAHs, those leading to serious illnesses are the most worrying [19,22–24].

Meat is a fully interesting subject of study when related to human health, regardless
of dietary habits, quantities, or methods of preparation and consumption. A permanent
comparison is the one about the way meat is consumed or the type of meat, i.e., species,
anatomical region, white or red meat, aquatic originating or terrestrial, etc. Poultry seemed to
be healthier than red or processed meat when colorectal cancer was a study subject [25], but
consumed as refrigerated, frozen, and as minced meat. In pancreatic carcinoma, an inverse
association was shown in poultry meat when compared with red meat [26]. What about
when smoked meat is consumed? Traditional and long-lasting smoking of meat preserves
its quality with antioxidant and antimicrobial properties, and also imparts a desirable
colour, flavour, and aroma to smoked foods [27]. In fish, smoking either cold or hot has a
long tradition [28], and PAH concentrations greatly vary among the producers, sometimes
exceeding the regulation limits [29]; however, few associations with specific pathologies
or genotoxic effects are documented [30]. In poultry, smoking methods vary, e.g., at least
four were described at industrial scale [31], while traditional methods imply natural smoke
generated from hardwood sawdust. Solutions are being sought for the optimization of
technological ways to reduce the risk of PAHs depositing or synthesis in food [32], while
smoke flavour is highly desirable in developing societies [33]. Nonetheless, a potential
concern for consumers’ health and for specific population groups can be easily seen in
populations with traditions for consuming smoked food [34].
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As a request to health concerns about PAH, European Commission experts are trying
to standardize detection methods in tandem with new scientific discoveries [35], while
the producers offer a wider range of varieties of smoked meat. Poultry meat is either
traditionally or warm-flavour smoked, although liquid smoke could be a viable alternative
to traditional methods sensitively appreciated [36], but even as an all-natural antimicrobial
in preserving food [27]. In spite of more and more explicit methodology in PAHs detection,
not much information is offered about smoking poultry meat, and even less is available
for duck meat or turkey. Within this context, we aimed to assess PAH levels in traditional
smoking hardwood sawdust applied (birch, plum, cherry wood) to poultry meat (chicken,
duck, and turkey).

2. Materials and Methods

2.1. Biological Material

Chicken (Gallus gallus domesticus), turkey (Meleagris gallopavo), and ducks (Anas platyrhyn-
chos) were traditionally bred and provided the meat used for the experiment. Farmers pro-
duce their own reproductive material each year; consequently, no pure-blood, certified
breeds were raised. The fowl were reproduced in their own farm, specifically in Posmus,
place (a village in S, ieu rural community, Bistrit,a-Năsăud County, Transylvania, Romania,
geo coordinates N lat. 46.9753, E long. 24.5814), and were slaughtered in Caraiman Slaugh-
terhouse, Bistrit,a-Năsăud County, for commercial purposes, to be marketed as traditionally
farmed poultry products. A semi-intensive farming system was applied, using locally
available feedstuffs during warm season to formulate a maize-soybean diet, following the
nutritional requirements of each species. Fowl (30 males from each species) were slaugh-
tered at different ages and live weights: 16 weeks and 3.2 kg/head in chickens, 16 weeks
and 3.0 kg/head in ducks, 21 weeks and 6.1 kg in turkey. Breast anatomic region has been
used for smoking (Pectoralis superficialis and Pectoralis profundis muscles).

In terms of research bioethics, no animals were used for applying experimental factors
on them within a farm-conducted protocol. They were raised for meat production and
sold as eviscerated carcasses to farmers’ market. Samples were taken from refrigerated
carcasses. No ethical approval was necessary, as the biological material consisted of meat
issued from marketed poultry, and the research did not interfere with fowl welfare and
farming conditions.

2.2. Smoking Materials

Three types of wood were used for smoking: beech (Fagus sylvatica), plum (Prunus
domestica), and cherry (Prunus cerasus). All types of wood had the same size of wood chunks
(approximate dimensions: 6 × 2 × 0.3 cm) while a continuous maintenance of the hot
embers was carried out. Two time intervals were set, one-day smoke treatment (24 h) and
two-day smoking treatment (48 h). A traditional wooden, handmade installation was used,
and a natural velocity of smoke through a metal sieve covered pipe of 20 × 20 cm occurred.

2.3. Meat Proximate Composition

Breast pieces of 10 g were taken from all individuals, prior to smoking, then were
minced and blended together to form a homogenous sample of 300 g/species, thereafter
submitted to analytical chemistry investigation to assess the proximate composition. Most
of the methods involved an initial gravimetric assessment of a crude sample using a
KERN ABJ 220 4NM analytical scale (manufacturer KERN & SOHN GmbH, Stuttgart,
Germany). AOAC standard protocols were used to assess proximate composition: dry
matter (DM)—water content via AOAC 950.46 method [37], on a thermoregulated forced
airflow MEMMERT UF110+ oven (manufacturer Memmert GmbH + Co., Schwabach,
Germany); total minerals (TM) content via AOAC 920.153 method [38], on a Nabertherm
muffle furnace L 9/13 (manufacturer Nabertherm GmbH, Lilienthal, Germany); total
lipids (TL) content—ether extract via AOAC 960.39 method [39], on a Velp Scientific SER
148 Randall extractor (manufacturer VELP Scientifica SRL, Usmate, Italy); total nitrogen
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content and total protein (TP) content via AOAC 929.08 method [40], on a Velp Scientifica
DK6 digester and a UDK127-distiller (manufacturer VELP Scientifica SRL, Usmate, Italy)
and Biotrate 50 mL digital burette (manufacturer Sartorius Lab Instruments GmbH &
Co., Goettingen, Germany). Total organic matter (TOM) was calculated by the difference
between Dry Matter (DM) and Total minerals (TM) content (Relation (1)).

TOM (g/100 g) = DM (g/100 g) − TM (g/100 g) (1)

Nitrogen-Free Extract (NFE) was calculated by the difference between Organic Matter
content and Total lipids and Total protein content (Relation (2)).

NFE (g/100 g) = DM (g/100 g) − TL (g/100 g) − TP (g/100 g) (2)

For each proximate compound and each derived computation, 6 analytical repetitions
were run. All results were expressed as grams per 100 g crude sample.

2.4. HPLC Analysis

Extraction of polycyclic aromatic hydrocarbons (PAHs) from smoked, skinless chicken,
turkey, and duck breast meat started from an average sample of 10 g/species, homogenized
in a blender, and saponified in an ultrasound bath for 30 min at 60 ◦C, using 50 mL KOH
0.4 M solution in ethanol and water in a 9:1 ratio. Post saponification, the samples were
passed through sodium sulphate and filtered, then a double extraction was performed using
15 mL cyclohexane. The supernatant was reunited and purified on a Florisil column, then
evaporated to dryness under a continuous nitrogen atmosphere. Each sample was dissolved
in acetonitrile (1 mL) and filtered through a 0.45 μm filter, then kept in the refrigerator
until the beginning of chromatographic analysis. This was carried out on a Perkin-Elmer
HPLC system (manufacturer Perkin-Elmer, equipped with a model 200 series binary pump
delivery system (Perkin-Elmer), a model 200 series degasser (manufacturer Perkin-Elmer
Inc., Boston, MA, USA), a Flexar autosampler (Perkin-Elmer), a Spark thermostat, and a
fluorescence detector model 200 series (Perkin-Elmer) with a double monochromator. The
identification of PAHs was carried out on a column of ZORBAX Eclipse PAH (5 μm, 15 cm
× 4.6 mm) in a gradient consisting of acetonitrile and ultrapure water as the mobile phase.

The LOQ and LOD were calculated as 10 times and 3.3 times, respectively, the standard
deviation of the response for the lowest feasible analytic concentration in the range and the
calibration curve’s slope. Calibration curve 0.05–10 ng/g. Limit of quantification 0.05 ng/g.
Limit of detection 0.015 ng/g. Recovery between 88.3–97.2 %, calculated using spiked
samples with a concentration of 5 ng/g.

Fifteen PAHs were aimed for detection: Benzo(a)pyrene, Naphthalene, Acenaphthene,
Flourene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benz(a)anthracene, Chrysene,
Benzo(k)fluoranthene, Benzo(b)fluoranthene, Benzo[ghi]perylene, Dibenzo[a,h]anthracene,
and Indeno [1,2,3-cd]pyrene. Eleven PAHs were utterly quantified among the 15. All ac-
quired data resulted after 5 analytical replications for each PAH.

The sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene
(level of Σ4PAHs in smoked meat) was also quantified, representing an index for evaluating
the toxicity induced by PAHs on meat quality, according to EU legislation.

2.5. Statistical Analyses

Analytical data were statistically processed via Graph Pad Prism 9.4.1 (manufacturer
GraphPad Inc., Palo Alto, CA, USA) software to achieve the descriptive statistics values
(mean, standard error of mean, coefficient of variation) and to analyse the variance using the
ANOVA one-way algorithm, followed by Tukey post-hoc treatment, when 3 data groups
were compared, or the unpaired 2-tailed t test when just 2 data groups were compared. The
results of the analysis of variance were reported as p values, compared to p thresholds of
0.05, 0.01, and 0.001.
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Within the same fowl species, meat samples were compared for differences in PAHs
accumulation at 24 and 48 h post-smoking, in relation to smoking materials (burnt wood).
Additionally, comparisons were carried out between the fowl species, within the same
smoking type, to find out whether meat structure and its other particularities affect the
accumulation of the same PAHs.

3. Results

The proximate composition of meat, prior to smoking, is displayed in Table 1. Fat con-
tent in meat, as the main accumulation matrix for the investigated PAH, varied from
1.88 g/100 g in chicken breast to 2.42 g/100 g in turkey and to 2.81 g/100 g in duck breast
meat (Table 1).

Table 1. Proximate composition of the matured poultry meat prior to smoking (g/100 g).

Proximate Compound
Chicken Turkey Duck

Mean ± SEM V% Mean ± SEM V% Mean ± SEM V%

Water 77.35 ± 0.55 1.75 73.28 ± 0.64 2.13 81.27 ± 0.67 2.01

Dry matter 22.65 ± 0.55 5.91 26.72 ± 0.64 5.86 18.73 ± 0.67 8.79

Total minerals 0.96 ± 0.02 5.12 1.31 ± 0.02 4.28 0.87 ± 0.02 4.81

Organic matters 21.69 ± 0.39 4.38 25.41 ± 0.48 4.66 17.86 ± 0.39 5.32

Total proteins 19.56 ± 0.27 3.44 22.62 ± 0.35 3.83 14.74 ± 0.25 4.09

Total lipids 1.88 ± 0.04 4.97 2.42 ± 0.05 5.08 2.81 ± 0.06 5.19

Nitrogen free extract 0.25 ± 0.01 5.63 0.37 ± 0.01 5.45 0.31 ± 0.01 5.81

These values of meat nutrients are generally expected when a traditional manner of
farming is rolled on, in respect to feeding based mostly on locally available feedstuffs,
such as corn and wheat crumbles (concentrated in carbohydrates and, subsequently, en-
ergy), and a relatively long period of fattening, compared to conventionally reared broilers,
whose diets are based on a corn-soymeal mixture (better balanced diets in terms of en-
ergy/protein ratios).

Data on the accumulation of PAHs in chicken meat are presented in Table 2 with com-
parisons between the type of woods used in smoking and between the duration of exposure.

As expected, the two-day smoking period produced a higher accumulation of PAHs in
meat; some of the PAHs even more than doubled in concentration (i.e., Benz(a)anthracene in
beech wood smoking or Benzo(k)fluoranthene in cherry wood smoking). Benzo(k)fluoranthene
has only been quantified in cherry wood smoking.

Data on the accumulation of PAHs in turkey meat are displayed in Table 3 with
differences analysis related to the species of tree sawdust used in smoking and to the
smoking length.
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Table 2. Variance of total PAHs accumulation in chicken meat (μg PAH/kg meat, ppm).

Polycyclic
Aromatic

Hydrocarbons

Exposure
Time

Beech Wood Smoking
(B)

Plum Wood Smoking
(P)

Cherry Wood
Smoking (C)

Regulated
Maximal

Admitted LimitMean ± SEM V% Mean ± SEM V% Mean ± SEM V%

Naphtalene 24 h 6.47 a
x ± 0.14 4.4 4.01 da ± 0.09 4.5 6.74 ad

x ± 0.24 7.1 At lowest as possible [10]
48 h 8.24 a

z ± 0.21 5.8 4.66 da ± 0.05 2.2 9.07 ad
w ± 0.43 9.4

Acenaphthene 24 h 8.95 a ± 0.15 3.3 6.46 da ± 0.30 9.4 10.24 ad ± 0.25 4.9 At lowest as possible [10]
48 h 10.24 a ± 0.21 4.2 7.88 da ± 0.57 14.5 11.32 ad ± 0.22 3.8

Fluorene
24 h 32.93 a

x ± 0.65 3.9 16.24 da
x ± 0.40 4.9 20.7 dd

x ± 0.32 3.1 At lowest as possible [10]
48 h 37.02 a

w ± 0.31 1.7 18.56 da
z ± 0.17 1.9 22.53 dd

y ± 0.23 2.1

Phenanthrene
24 h 54.85 a

x ± 0.59 2.2 42.45 d
x ± 1.09 5.1 43.68 d

x ± 0.52 2.4 At lowest as possible [10]
48 h 59.60 a

y ± 0.99 3.3 64.53 ca
w ± 0.39 1.2 77.16 dd

w ± 1.07 2.8

Anthracene
24 h 2.01 a

x ± 0.03 3.3 0.84 d ± 0.04 8.8 0.70 d
x ± 0.03 9.3 At lowest as possible [10]

48 h 3.22 a
w ± 0.11 6.7 0.96 d ± 0.03 6.3 0.94 d

y ± 0.02 3.8

Fluoranthene
24 h 6.05 a

x ± 0.08 2.6 4.09 da
x ± 0.20 9.9 2.51 dd

x ± 0.20 16.1 At lowest as possible [10]
48 h 7.18 a

w ± 0.11 2.9 5.30 da
w ± 0.17 6.4 4.09 dd

w ± 0.12 5.9

Pyrene 24 h 0.88 a ± 0.03 6.4 1.48 ca ± 0.07 8.9 2.18 dd
x ± 0.13 11.5 At lowest as possible [10]

48 h 1.17 a ± 0.11 18.3 1.82 da ± 0.04 4.8 3.52 dd
w ± 0.12 6.8

Benz(a)anthracene 24 h 0.32 a
x ± 0.02 15.1 0.68 aa ± 0.07 19.9 1.65 dd ± 0.13 16.2 At lowest as possible [10]

48 h 0.77 a
y ± 0.05 12.1 0.95 aa ± 0.05 11.4 1.76 dd ± 0.15 16.9

Chrysene 24 h 0.98 a
x ± 0.03 5.5 1.70 da ± 0.05 6.3 0.70 ad

x ± 0.06 17.4 Σ4PAHs < 30 μg/kg [10]
24 h 1.59 a

z ± 0.125 15.3 2.08 b ± 0.12 11.3 1.69 ab
w± 0.16 20.3

Benzo(k)fluoranthene 24 h - - - - 0.75 x ± 0.07 18.4 At lowest as possible [10]48 h - - - - 1.88 w ± 0.03 2.9

SEM = Standard error of mean; V% = coefficient of variation. Analysis of variance: per line, means with different
superscripts on the same line differ significantly for: ab p < 0.05; ac p < 0.01; ad p < 0.001; per column (24 h vs. 48 h),
means with different subscripts on the same column differ significantly for: xy p < 0.05; xz p < 0.01; xw p < 0.001.
Σ4PAHs: Sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene is <30 μg/kg in smoked
meat and meat products [10].

Table 3. Variance of total PAHs accumulation in turkey meat (μg PAH/kg meat, ppm).

Polycyclic
Aromatic

Hydrocarbons

Exposure
Time

Beech Wood Smoking (B) Plum Wood Smoking (P) Cherry Wood Smoking (C) Regulated
Maximal

Admitted LimitMean ± SEM V% Mean ± SEM V% Mean ± SEM V%

Naphtalene 24 h 4.85 a ± 0.14 5.82 3.37 c
x ± 0.26 15.19 4.14 x ± 0.33 15.86 At lowest as possible [10]48 h 5.37 ± 0.22 8.04 5.06 w ± 0.24 9.41 5.33 y ± 0.12 4.68

Acenaphthene 24 h 7.93 a
x ± 0.29 7.36 6.19 ba ± 0.36 11.48 9.97 cd

x ± 0.53 10.56 At lowest as possible [10]
48 h 9.60 a

y ± 0.30 6.27 7.74 ba ± 0.33 8.42 11.79 cd
y ± 0.39 6.59

Fluorene
24 h 23.96 a

x ± 0.89 7.43 17.51 d
x ± 0.39 4.48 18.45 d

x ± 0.37 3.99 At lowest as possible [10]
48 h 29.91 a

w ± 0.61 4.06 21.51 d
z ± 1.02 9.46 23.78 d

w ± 0.56 4.71

Phenanthrene
24 h 46.45 a ± 1.23 5.32 32.82 d

x ± 1.16 7.05 46.70 a
x ± 3.00 12.85 At lowest as possible [10]

48 h 53.58 a ± 1.21 4.52 44.50 ba
z ± 1.72 7.72 57.70 ad

z ± 2.25 7.79

Anthracene
24 h 1.75 a

x ± 0.09 9.85 0.76 d ± 0.07 17.66 0.51 d ± 0.03 13.32 At lowest as possible [10]
48 h 2.40 a

y ± 0.29 23.78 0.98 d ± 0.08 16.74 0.72 d ± 0.08 23.68

Fluoranthene
24 h 2.64 a ± 0.23 17.39 4.27 ca

x ± 0.34 15.89 1.68 cd ± 0.18 21.36 At lowest as possible [10]
48 h 3.82 a ± 0.49 25.92 5.57 ca

y ± 0.20 7.31 2.31 bd ± 0.13 10.88

Pyrene 24 h 0.61 a
x ± 0.06 18.45 0.96 a ± 0.05 10.40 2.05 d ± 0.09 8.89 At lowest as possible [10]

48 h 1.23 a
z ± 0.18 29.76 1.07 a ± 0.16 6.45 2.45 d ± 0.08 11.91

Benz(a)anthracene 24 h 0.63 ± 0.04 11.91 0.69 ± 0.08 17.21 0.60 x ± 0.05 12.70 At lowest as possible [10]48 h 0.83 ± 0.05 12.70 0.80 ± 0.10 16.33 0.92 y ± 0.08 17.29

Chrysene 24 h 0.71 a ± 0.06 17.29 1.01 ba ± 0.02 8.50 1.77 dd
x ± 0.08 10.40 Σ4PAHs < 30 μg/kg [10]

48 h 0.89 a ± 0.05 10.40 1.06 da ± 0.05 8.69 2.19 dd
z ± 0.10 15.74

Benzo(k)fluoranthene 24 h - - - - - - 0.38 x ± 0.16 32.76 At lowest as possible [10]48 h - - - - - - 0.71 z ± 0.17 19.57

Benzo(a)pyrene 24 h - - - - - - 0.51 ± 0.04 15.74 < 5 μg/kg [10]48 h - - - - - - 0.59 ± 0.05 17.16

SEM = Standard error of mean; V% = coefficient of variation. Analysis of variance: per line, means with different
superscripts on the same line differ significantly for: ab p < 0.05; ac p < 0.01; ad p < 0.001; per column (24 h vs. 48 h),
means with different subscripts on the same column differ significantly for: xy p < 0.05; xz p < 0.01; xw p < 0.001.
Σ4PAHs: Sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene is <30 μg/kg in smoked
meat and meat products [10].
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In turkey meat, the two-day smoking also quantified more PAHs, with Pyrene dou-
bling the concentration in beech wood smoking from 0.61 μg after day 1 to 1.23 μg after
two smoking days. Overall, the absolute values of the PAHs were lower in turkey meat
as compared to chicken meat. The sum of Benz(a)anthracene and Chrysene (two of the
set of four PAHs that were monitoring markers of PAHs toxicity accumulation in meat
based on EU legislation) was similar after day 1 in chicken and turkey meat (2.35 μg vs.
2.37 μg, respectively), but the differences were slightly in favour of chicken meat after day
2 of smoking (3.45 μg vs 3.11 μg, respectively).

The dynamics of PAHs deposition and accumulation in duck meat in relation to the
duration of smoking and the species of tree used in smoking are presented in Table 4.

Table 4. Variance of total PAHs accumulation in duck meat (μg PAH/kg meat, ppm).

Polycyclic Aromatic
Hydrocarbons

Exposure
Time

Beech Wood Smoking (B) Plum Wood Smoking (P) Cherry Wood Smoking (C) Regulated Maximal
Admitted LimitMean ± SEM V% Mean ± SEM V% Mean ± SEM V%

Naphtalene 24 h 8.55 a ± 0.25 5.93 6.46 da
x ± 0.23 7.27 9.42 ad

x ± 0.26 5.50 At lowest as possible [10]
48 h 9.53 a ± 0.46 9.66 8.76 aa

w± 0.13 2.89 11.11 cd
z ± 0.41 7.42

Acenaphthene 24 h 9.10 x ± 0.44 9.71 8.94 ± 0.13 3.17 10.24 x ± 0.39 7.68 At lowest as possible [10]
48 h 10.81 a

y ± 0.21 3.88 10.40 aa ± 0.30 5.70 12.26 bc
z ± 0.42 6.93

Fluorene
24 h 27.12 ± 1.23 9.09 25.80 ± 0.52 4.02 24.60 ± 0.83 6.73 At lowest as possible [10]48 h 31.20 ± 1.36 8.72 29.26 ± 0.71 4.88 27.80 ± 0.86 6.19

Phenanthrene
24 h 84.74 a ± 1.95 4.59 74.16 ba

x ± 3.04 8.21 71.56 ca
x ± 3.11 8.70 At lowest as possible [10]

48 h 93.24 ± 1.20 2.57 94.00 w ± 1.41 3.01 88.06 w ± 2.12 4.82

Anthracene
24 h 3.19 a

x ± 0.21 12.99 0.92 da
x ± 0.10 20.36 2.19 dd

x ± 0.22 20.44 At lowest as possible [10]
48 h 4.06 a

z ± 0.14 6.79 1.62 da
y ± 0.09 11.39 2.84 dd

y ± 0.04 2.86

Fluoranthene
24 h 8.84 a ± 0.45 5.09 6.38 d

x ± 0.67 10.51 5.40 d ± 0.67 12.45 At lowest as possible [10]
48 h 9.73 a ± 0.22 4.08 7.67 da

y ± 0.34 8.81 6.22 db ± 0.34 5.25

Pyrene 24 h 1.48 a
x ± 0.14 18.89 2.10 aa ± 0.14 13.28 2.56 db

x ± 0.20 15.74 At lowest as possible [10]
48 h 2.17 a

y ± 0.14 12.68 2.50 aa ± 0.18 14.81 3.26 db
y ± 0.11 6.87

Benz(a)anthracene 24 h 0.94 a ± 0.08 17.21 1.08 aa
x ± 0.15 28.33 1.68 cb ± 0.09 10.24 At lowest as possible [10]

48 h 1.38 a ± 0.16 22.88 1.74 aa
z ± 0.11 12.90 2.12 ca ± 0.07 6.37

Chrysene 24 h 1.88 a ± 0.31 22.05 2.63 ba ± 0.10 7.37 1.78 ac
x ± 0.10 11.40 Σ4PAHs < 30 μg/kg [10]

48 h 2.12 a ± 0.16 14.74 3.10 da ± 0.06 3.98 2.48 ab
y ±0.17 13.59

Benzo(k)fluoranthene 24 h - - - - - - 0.89 x ± 0.07 16.54 At lowest as possible [10]48 h - - - - - - 2.07 w ± 0.09 8.62

SEM = Standard error of mean; V% = coefficient of variation. Analysis of variance: per line, means with different
superscripts on the same line differ significantly for: ab p < 0.05; ac p < 0.01; ad p < 0.001; per column (24 h vs. 48 h),
means with different subscripts on the same column differ significantly for: xy p < 0.05; xz p < 0.01; xw p < 0.001.
Σ4PAHs: Sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene is <30 μg/kg in smoked
meat and meat products [10].

As shown in Table 3, the PAHs accumulation in duck meat increased from day
1 to day 2 in all smoking wood types, the highest being in cherry wood smoking for
Benzo(k)fluoranthene, with more than doubling the concentration (from 0.89 μg to 2.07 μg).
The most relevant finding is that the absolute values summarized for all PAHs are highest
in duck meat when compared with chicken and turkey meat. In addition, the sum of
Benz(a)anthracene and Chrysene was higher for duck meat, irrespective of the day of smok-
ing, indicating similar values for day 1 with day 2 for chicken and turkey meat (3.46 μg in
duck meat on day 1 vs. 3.45 μg for chicken meat and 3.11 μg for turkey meat, but the last
two after two days of smoking). After two days of smoking, duck meat accumulated 4.6 μg
of Benz(a)anthracene + Chrysene.

Table 5 reveals the influence of meat origin on the dynamics of PAHs accumulation, in
relation to exposure time to smoking, within each type of fuel used to generate smoke.
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Table 5. Analysis of variance of total PAHs accumulation in meat, under the influence of poultry
species (arithmetic means, μg PAH/kg meat, ppm).

Polycyclic
Aromatic

Hydrocarbons

Exposure
Time

Beech Wood Smoking
(B)

Plum Wood Smoking
(P)

Cherry Wood Smoking
(C)

Regulated
Maximal
Admitted

LimitChicken Turkey Duck Chicken Turkey Duck Chicken Turkey Duck

Naphtalene 24 h 6.47 a 4.85 ca 8.55 dd 4.01 a 3.37 a 6.46 d 6.74 a 4.14 da 9.42 d At lowest as
possible [10]48 h 8.24 a 5.37 da 9.53 ad 4.66 a 5.06 a 8.76 d 9.07 a 5.33 da 11.11 d

Acenaphthene 24 h 8.95 7.93 9.10 6.46 a 6.19 a 8.94 d 10.24 9.97 10.24 At lowest as
possible [10]48 h 10.24 9.60 10.81 7.88 a 7.74 a 10.40 d 11.32 11.79 12.26

Fluorene
24 h 32.93 a 23.96 d 27.12 d 16.24 a 17.51 a 25.80 d 20.70 a 18.45 aa 24.60 bd At lowest as

possible [10]48 h 37.02 a 29.91 d 31.20 d 18.56 a 21.51 a 29.26 d 22.53 a 23.78 aa 27.80 db

Phenanthrene
24 h 54.85 a 46.45 a 84.74 d 42.45 a 32.82 ba 74.16 d 43.68 a 46.70 a 71.56 d At lowest as

possible [10]48 h 59.60 a 53.58 a 93.24 d 64.53 a 44.50 a 94.00 d 77.16 a 57.70 da 88.06 cd

Anthracene
24 h 2.01 a 1.75 a 3.19 d 0.84 0.76 0.92 0.70 a 0.51 a 2.19 d At lowest as

possible [10]48 h 3.22 a 2.40 da 4.06 dd 0.96 a 0.98 a 1.62 b 0.94 a 0.72 a 2.84 d

Fluoranthene
24 h 6.05 a 2.64 da 8.84 dd 4.09 a 4.27 aa 6.38 da 2.51 a 1.68 a 5.40 d At lowest as

possible [10]48 h 7.18 a 3.82 da 9.73 dd 5.30 a 5.57 a 7.67 d 4.09 a 2.31 da 6.22 d

Pyrene 24 h 0.88 a 0.61 a 1.48 d 1.48 a 0.96 aa 2.10 ad 2.18 2.05 2.56 At lowest as
possible [10]48 h 1.17 a 1.23 a 2.17 d 1.82 a 1.07 ca 2.50 bd 3.52 a 2.45 d 3.26 a

Benz(a)anthracene 24 h 0.32 a 0.63 aa 0.94 ca 0.68 0.69 1.08 1.65 a 0.60 d 1.68 a At lowest as
possible [10]48 h 0.77 a 0.83 aa 1.38 cc 0.95 a 0.80 a 1.74 d 1.76 a 0.92 d 2.12 a

Chrysene 24 h 0.98 a 0.71 a 1.88 d 1.70 a 1.01 ca 2.63 dd 0.70 a 1.77 d 1.78 d Σ4PAHs < 30
μg/kg [10]48 h 1.59 a 0.89 ca 2.12 ad 2.08 a 1.06 da 3.10 dd 1.69 a 2.19 aa 2.48 da

Benzo(k)fluoranthene 24 h - - - - - - 0.75 a 0.38 ca 0.89 ad At lowest as
possible [10]48 h - - - - - - 1.88 a 0.71 d 2.07 a

Benzo(a)pyrene 24 h - - - - - - - 0.51 - < 5 μg/kg [10]48 h - - - - - - - 0.59 -

Analysis of variance: per line, means with different superscripts on the same line differ significantly for: ab p < 0.05;
ac p < 0.01; ad p < 0.001; Σ4PAHs: Sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and chrysene
is <30 μg/kg in smoked meat and meat products [10].

Table 5 shows comparatively how the PAHs varied between species, based on smoking
wood and period of smoking. Overall, the duck meat has the higher PAHs accumulation,
although there is an exception for Fluorene when beech wood was used. Chicken meat
presented higher values for day 1 and day 2, followed by duck and turkey meat, respectively.
Significant differences (p < 0.001) were usually observed for duck meat when compared
with chicken and turkey meat, but also easy to notice as absolute values for Anthracene,
Phenanthrene, or Fluoranthene.

4. Discussion

The concentration limits were found below the EU legislation [41] thresholds for benzo(a)
pyrene (BaP), for the sum of benzo(a)pyrene, benz(a)anthracene, benzo(b)fluoranthene, and
chrysene (level of Σ4PAHs in smoked meat should not exceed 12 μg/kg or 30 μg/kg for
some of the member state countries since 13.12.2014 [10]) in all three poultry species. Those
four PAHs are highly indicative and carefully monitored when present in food. The highest
concentrations of PAHs occurred in duck meat, irrespective of time of smoking or wood
type (Table 4), followed by chicken meat (Table 2) and turkey (Table 3). Duck meat also
accumulated PAHs faster, as the percent of total PAHs at the end of the first day of smoking
per total period.

In comparison, Peking roasted ducks in the hung oven roasted technique had a high
BaP concentration of 8.7 μg/kg in the skin, but <3.0 μg/kg when other techniques, such as
the closed oven procedure and electricity heating, were used [42]. Within the same study,
ducks roasted by electrical heating presented lower concentrations of total PAHs. No BaP
were detected in smoked duck meat, but higher Σ4PAHs were, followed by chicken and
turkey meat. Duck meat reached the highest value for chrysene (one of the Σ4PAHs with
legislative imposition limits) of 3.10 μg/kg when plum wood and two days of smoking
treatment was used. T1hat represents 10.33% of the Σ4PAHs. When smoking time was
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used as reference, the duck meat accumulated the highest concentration of chrysene after
only one day of smoking, with a value of 2.63 μg/kg (again in plum wood smoking), which
was superior to all other meats after two days of smoking. This might correlate with the fat
percentages of carcasses. Our samples had no skin at all. Generally, fatter meat accumulates
higher PAH concentrations [43,44], while proteins and carbohydrates do not contribute
to the formation of PAHs during thermal cooking [43]. Fat distribution inside the breast
muscle differs among species, but usually a low percentage is found in chicken and higher
in duck [45]. This fat is generally uniformly distributed within the muscle and surrounding
muscle fibres.

The skin might significantly contribute to PAHs accumulation, but as a natural “bar-
rier” too. In pork meat, skin has been suggested to protect the bacon from PAHs concentra-
tion [46]. Added fat in Portuguese traditional dry fermented sausages positively influenced
PAHs contamination [47]. PAH compounds were found to be more abundant in high-fat
doner samples than in low-fat groups when fat content was interrogated [48], while a
positive linear correlation was observed for the PAHs’ bio-accessibility and the fat contents
of grilled meat [49]. That is also observed in various traditionally smoked products from
Cyprus, where the highest PAH concentrations were found in samples with higher fat
content [50]. The fat content of the meat products appears to favour PAHs accumulation
in smoking products. Normally, smoked meat is left with the skin on, knowing that the
fat gives it superior organoleptic qualities. There is also a small risk of dehydration of
smoked meat when the skin is removed, but a short smoking period could help to avoid
this phenomenon.

The tissue composition and tissue texture of the meat are other characteristics that
could influence the smoking process. Tissue texture in poultry species varies depending
on several factors [51], but genetic ones mostly differentiate the chemical and tissue com-
position of the meat from the three species. Meat texture and intramuscular connective
tissue play an important role in meat quality [52], and texture affects bio-concentrating and
PAHs accumulation properties [13]. In our sample data, turkey meat has the lowest total
content of PAHs and also Σ4PAHs. Interestingly, benzo(a)pyrene was only quantified in
low quantities (average of 0.512 μg/kg in the single-day smoking treatment and average of
0.592 μg/kg in the two-day smoking treatment) in turkey meat and only in cherry wood
smoking. From this perspective, the values are far lower than the legislative imposition
limit of 5 μg/kg. Anyway, the presence of a highly monitored PAH only in turkey meat is
somehow surprising based on the chemical composition of the three types of meat used in
the experiment. Duck meat has accumulated the highest concentrations overall of PAHs,
but no benzo(a)pyrene. Possibly, the fat content was one of the most significant factors
in PAHs accumulation, but there are certainly others to be interrogated. Duck meat has
the highest fat content of the meat, while turkey exhibited the highest protein content
(22.62% from dry matter vs 14.74% in duck meat in our experiment). Chicken meat had
intermediate values with respect to both fat and protein content.

The type of wood used for smoke generated significant differences (p < 0.01) for the
same smoking period (one day or two days). Irrespective of meat species, the highest
concentration overall (average of the three poultry species) of PAHs was quantified when
beech wood was used for smoking, followed by cherry and plum woods (Tables 1–3).
Taking the poultry species separately, the same order was recorded (when averaging day
one and day two). Beech wood is largely used in smoking meat and is part of Romanian
tradition. It also generated higher concentrations of PAHs in various pork meat products,
e.g., Frankfurter-type sausages and mini-salamis when compared with several other wood
types in an experiment where a smoking chamber with a smoldering smoke generator was
used [14,53].

Interestingly, only cherry wood generated benzo(k)fluoranthene in all species when
the two-day smoking period occurred, and benzo(a)pyrene in duck meat, although in low
concentrations (Tables 1–4). Bird-cherry wood has been shown to generate moderate to
low concentrations of PAHs in pork meat smoked in a system of homemade smoking kiln,
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when 10 wood types and charcoal were used [54]. The same was not true for chicken and
turkey meat, where plum wood utilization produced a significantly lower accumulation of
PAHs when compared with both beech and cherry wood (p < 0.05).

Among the three species, duck recorded the fastest PAHs accumulation in meat, as
the day one percentage from the final smoking time (83.95% as average for all three types
of wood vs. 79.91% in turkey and 75.98% in poultry).

Surprisingly, the highest concentration of PAHs as the percent of accumulation from
day one through day two was in chicken meat, although it has a low-fat percent in meat as
compared with duck and turkey meat.

Benzo(a)pyrene, although present in turkey meat, was only a little concentrated (p > 0.05)
with the doubling of the smoking time. The first smoking period has been shown to
significantly accumulate higher PAH concentrations in grilled beef and pork meat, in direct
correlation with fat percent and fat dripping from the meat samples onto the heat source
during grilling [44]. In our experiment, fat dripping was excluded due to the smoking
technique itself.

From PAHs, the higher concentration was observed for benz(a)anthracene, chrysene,
and benzo(k)fluoranthene in chicken meat after 2 days of smoking. More than doubled
values were generated by cherry wood for chrysene and benzo(k)fluoranthene and for
benz(a)anthracene by smoking with beech wood.

In duck meat, the total average values of PAHs revealed non-significant differences for
all types of wood after two days smoking treatment, suggesting a mild or any dependency
of this parameter. This also might be interpreted as the high capacity of PAHs accumulation
with increasing time. A longer smoking time entails a higher accumulation of PAHs, but
a higher amount of fat seems to contribute even more to this accumulation in similar
products [55]. In our experiment, the time factor is limited to only two days, but even so, in
fatter duck meat, the rate shows uniformity in the accumulation of PAHs, regardless of the
type of wood used in smoking.

Significant differences (p < 0.001) were recorded when the smoking time was the vari-
able. The two-day smoking period dramatically increased the level of PAH contamination,
especially in cherry wood.

ANOVA analysis based on wood type revealed a significant influence of the type of
wood in PAH contamination, the most “polluting” being the cherry wood.

5. Conclusions

The highest concentrations of PAHs were present in duck meat, irrespective of smoking
time (one vs. two days) or wood type (cherry, plum, and beech).

When wood type was interrogated, the higher concentration overall of PAHs was
quantified when beech wood was used, followed by cherry and plum woods.

Two days of smoking contributed to higher concentrations of PAHs in meat, and the
fastest PAHs accumulation was shown in duck meat, while turkey meat had the lowest
total content of PAHs and also Σ4PAHs. The only meat that accumulated benzo(a)pyrene
was turkey meat when cheery wood was used, but in low concentrations and far below the
legally imposed limits.

As follow-up, the sensory analysis must complete the characterisation of poultry
smoked breast. Moreover, lipid oxidation is a concern and should be approached through
measuring the oxidative status of the meat and the likelihood of free radicals’ occurrence
after smoking.
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Abstract: This study aimed to investigate the effect of supplementing a wheat straw-based diet with
Saccharomyces cerevisiae (S.C.) on feed intake, nutrient digestibility, nitrogen balance, body weight
and reproduction performance. The experiment was conducted on 14 Queue Fine de l’Ouest rams
between 3 and 4 years of age (body weight (B.W.): 54.7 ± 2.03 kg; body condition score (B.C.S.):
3.5 ± 0.5), for 80 days during the breeding season. The rams were divided into two homogenous
groups (n = 7), housed individually in floor pens, and allocated to two dietary treatments. The control
group was offered a basal diet of 1 kg/d of wheat straw and 700 g of concentrate. The experimental
group (yeast) received the same basal diet supplemented with 10 g of S.C./head/day. The results
indicated that the S.C. supplementation had no significant effect on the animal’s body weight, volume
and concentration of semen, dry matter intake, crude protein digestibility and nitrogen balance.
Compared to the control group, the S.C. addition improved (p < 0.05) the digestibility of dry matter by
7.3%, organic matter by 11.9% and crude fiber by 24%. In addition, the mass motility score increased
for the yeast group compared to the control (3.7 ± 0.24 vs. 1.9 ± 0.27, p < 0.05). The total number
of dead and abnormal spermatozoa decreased for the yeast group in contrast to the control group
(9.28 ± 0.95 vs. 26.8 ± 3.85% and 25.5 ± 3.33 vs. 59.2 ± 2.78%, respectively; p < 0.05). These results
showed that adding S.C. to Queue Fine de l’Ouest ram’s diet during breeding season could improve
nutrient digestibility and reproductive performance.

Keywords: ram; sperm quality; Saccharomyces cerevisiae; apparent digestibility

1. Introduction

Animal feeding is vital for maintaining animal health, including reproductive perfor-
mance, and producing safe animal products [1]. Puberty onset, ovulation rate, embryo
survival, depth of anestrus and the response to the male effect were all proven to be af-
fected by dietary changes in ewes [2]. High-energy diets increase the libido, testes size,
seminiferous tubule diameter and spermatogenesis for rams [3] and promote the onset of
puberty in young males [4,5]. Furthermore, malnutrition was reported to reduce the scrotal
circumference and inhibit the intensity of the goat male’s sexual behavior [6].

Despite their poor digestibility and their negative impact on animal productivity [7],
forages and agricultural by-products continue to be the primary feeding source for ruminants.

This has created an interest among nutritionists in manipulating the rumen ecosystem
and fermentation characteristics of livestock in order to improve feed utilization, animal
productivity and health [8,9].

Currently, probiotics that are live and non-pathogenic microbes, such as live yeast
(Saccharomyces cerevisiae), are widely used as feed additives for ruminants. Probiotic supple-
mentation has proved its effectiveness for enhancing intestinal function by maintaining
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a healthy gastrointestinal environment, thus improving nutrient intake and digestibility,
production performance and feed efficiency [10–13]. Further, Saccharomyces cerevisiae
(S.C.) application to the ruminant diet has been shown to reduce methane emissions from
anaerobic fermentation [14], decrease the number of pathogenic intestinal bacteria [15]
and repopulate gut microflora in diarrheal cases [16]. However, far too little attention has
been paid to the effect of S.C. supplementation on ruminant’s reproductive performance.
Recently, Ahmadzadeh [17] proved that S.C. supplementation to the ewe in the breeding
season could enhance the reproductive performance by increasing fertility and the twinning
rate. Hence, this study aimed to evaluate the effect of S.C. supplementation on reproductive
performance, intake and ruminal digestibility of native Tunisian rams fed a wheat straw
and concentrate diet during the breeding season.

2. Materials and Methods

The study was carried out on the experimental farm of the Higher School of Agricul-
tural of Kef, located in the northwestern part and the semi-arid area of Tunisia (latitude
35.7◦ N, longitude 8.83◦ W). The experiment meets the ethical guidelines and adheres
to Tunisian legal requirements (The Livestock Law No. 2005-95 of 18 October 2005) and
was conducted by trained staff strictly following good animal practices as defined by
national authorities.

2.1. Experimental Design

A total of 14 Queue Fine de l’Ouest rams (also called “Bergui” in the local language)
were used during the traditional mating season in Tunisia for 80 days from March to May.
Animals were aged between 3 and 4 years, with a mean body weight of 54.75 ± 2.03 kg and
a mean body condition score (B.C.S.) of 3.5 ± 0.5. The rams were checked for the integrity
of their sexual tracts before the experiment, then assigned into two homogenous groups.
For the control group (n = 7), rams received 1 kg of wheat straw and a fixed amount of
concentrate (700 g) according to their metabolic weight. The concentrate was composed
of 9% soyabean meal, 87% barley and a 4% mineral and vitamin complement. For the
experimental group (yeast, n = 7), the same diet was supplemented with 10 g/head/day
of Saccharomyces cerevisiae yeast culture Celmanax® (Arm & Hammer Animal and Food
Production, Ewing, NJ, USA). The chemical composition of the diet ingredients (concen-
trate and wheat straw) is detailed in Table 1. Animals were allowed free access to fresh
and clean water and received two equal meals at 09:00 a.m. and 15:00 p.m. The rams
were housed individually in cleaned experimental pens of 2 m2 (1 m × 2 m) and raised
under the same management and nutritional conditions. They were exposed to the same
normal seasonal photoperiod without any contact with ewes. All rams were vaccinated
against enterotoxemia (Coglavax®, CEVA, Libourne, France, 2 mL/animal) and received
an antiparasitic treatment (IVOMEC®, Boehringer-Ingelheim, Reims, France, 1 mL/50 kg
B.W. by subcutaneous rout).

Table 1. Ingredients of the experimental diets and their chemical composition (g/kg fresh matter).

Dry Matter Mineral Crude Protein Crude Fiber

Wheat straw 890 54 42 430
Concentrate 910 50 182.9 70

2.2. Measurements
2.2.1. Feed Intake, Live Weight, Body Score Condition and Testicular Diameter

The daily feed intake of concentrate and wheat straw (the difference between offered
feeds and refusals) for each animal was recorded throughout the trial. Samples of feed
offered and refused were removed and weighed before every morning feeding and pooled
over the week for each ram. Live body weight, body score condition (B.S.C., noted on a
scale from 0 to 5, [18]) and testicular diameter were measured every two weeks before
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distributing the morning’s food. The testicular diameter was assessed using a clipper with
the ram in a standing position.

2.2.2. Semen Collection and Evaluation

Sperm collection was performed every 10 days. Rams were put individually in the
collection room in the presence of a teaser female that was previously induced by inserting
a progestogen-impregnated vaginal sponge for 10 days [19]. After collection, sperm volume
was immediately recorded by direct reading from a graduated glass tube. The general
appearance of the semen was visually assessed [20]. Samples were immediately placed
in a water bath at 35 ◦C [19]. Mass activity (wave motion or motility score) in undiluted
semen and individual motility in diluted semen were assessed by examining a drop of
semen under a warm stage using a phase-contrast microscope (score, 0–5, [21]). The
sperm concentration was assessed by a hemocytometer slide (Malassez slide, Marienfeld,
Germany) [21]. Percentages of dead and abnormal spermatozoa were studied using the
eosin/nigrosin staining technique described by Baril et al. [21].

2.2.3. Digestibility Trial

Over the last two weeks of the trial, rams were placed in an individual metallic box
with a wire-mesh floor (1.2 m × 0.6 m) to evaluate the diet’s (in vivo) digestibility and
nitrogen balance (7 days for adaptation and 7 days for measurements) [22]. The crates
were specifically designed to separate feces, urine and refusals. The offered feed, refusals,
total urine and feces excreted during 24 h by each ram were collected and weighed daily
before the morning feeding. A sample of 10% of raw material from the feed refusals
and total feces of each ram was pooled daily (during the 7 days of measurements). The
fecal samples were stored at −20 ◦C until further analysis. The total urine was collected
daily into plastic buckets and preserved with 50 mL of 10% sulfuric acid (0.1 N) solution.
Representative aliquots of each animal’s urine (10%) were immediately stored in a freezer
(−20 ◦C) until analysis.

For each ram, samples of offered diets, refusals and feces were dried in a forced air
oven at 55 ◦C until a constant weight [23]. The samples were subsequently ground through
a 1 mm screen using a Wiley mill. Dry matter, ash, crude fiber and crude protein contents
were determined according to the Association of Official Analytical Chemists [23]. More-
over, the nitrogen content of urine was determined according to the Kjeldahl method [23].
All chemical analyses were performed in triplicate for each sample.

2.3. Statistical Analysis

Mixed models with a random animal effect were run for repeated data on body weight,
testicular diameter and semen parameters (volume, concentration, massal motility and
individual motility, percentages of dead and morphologically abnormal spermatozoa)
using the MIXED model’s procedure (S.A.S. Version 9.1; S.A.S. Inst. Inc., Cary, NC, USA).
We included the fixed effect of the treatment, the rank of the sperm collection (week of
collection) and their interaction in the analysis. The random variable was the ram within
the treatment. An ANOVA was performed to study the effect of treatment on dry matter,
digestibility parameters and nitrogen balance. Duncan’s test was used to compare variables
between groups. Data on dry matter intake, digestibility parameters and nitrogen balance
were compared using the analysis of variance (ANOVA) [24]. Each ram was regarded as
the experimental unit. The significance level was set at 0.05, and trends were discussed for
p-values between 0.05 and 0.10.

3. Results

3.1. Live Body Weight, Body Condition Score and Testicular Diameter

The live body weight and B.C.S. of rams did not vary between the experimental and
control groups (p > 0.05; Table 2). Regarding the testicular diameter, results showed no
variation between the treated and the control groups (p > 0.05).
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Table 2. Live weight, body score condition and testicular diameter of control and yeast-treated rams
(means ± S.E.M.).

Beginning * End *
Control Yeast Control Yeast

L.B.W. (kg) 55.7 ± 4.0 54.8 ± 3.8 56.0 ± 1.9 55.05 ± 2.7
B.S.C. 3.1 ± 0.32 3.2 ± 0.27 3.4 ± 0.21 3.5 ± 0.15

T.D. (cm) 4.95 ± 0.20 4.90 ± 0.31 4.93 ± 0.18 4.83 ± 0.12
S.E.M: standard error of the mean; L.B.W.: live body weight, B.S.C.: body score condition, T.D.: testicular diameter.
* Beginning: mean data relative to the first sample collection during the trial. End: mean data of the last sample
collection during the trial.

3.2. Semen Characteristics

Data for semen characteristics such as ejaculation volume, sperm concentration, motil-
ity scores and percentage of dead and abnormal spermatozoa are represented in Figure 1.
There was no significant difference between the two groups regarding the ejaculation
volume, mass motility, individual motility, sperm concentration and the percentage of
abnormal spermatozoa at the beginning of the trial (Table 3; p > 0.05).

 

  

a

b c

d e

Figure 1. Variation in (a) ejaculate volume, (b) mass motility score, (c) individual motility, (d) dead
spermatozoa rate and (e) abnormal spermatozoa rate in yeast-treated and control rams. Effect of
supplementation is significant, * p < 0.05.

120



Agriculture 2022, 12, 1268

Table 3. Sperm quality traits of control and yeast-treated Queue Fine de l’Ouest rams (means ±
S.E.M.).

Beginning * End *
Control Yeast Control Yeast

Volume (mL) 0.4 ± 0.06 0.48 ± 0.1 1 ± 0.15 1.02 ± 0.14
MM 0.77 ± 0.12 0.75 ± 0.18 1.91 ± 0.27 a 3.70 ± 0.24 b

MI 0.66 ± 0.08 0.64 ± 0.14 1.90 ± 0.40 3.20 ± 0.30
CC (106 spz/mL) 1512.29 ± 86.91 1840.7 ± 246 2036.47 ± 127 a 2296.23 ± 132 b

Dead spz (%) 35.25 ± 4.59 37.5 ± 7.13 26.8 ± 3.85 a 9.28 ± 0.95 b

Abnormal spz (%) 75 ± 8.62 77.4 ± 7.38 59.2 ± 2.78 a 25.5 ± 3.33 b

MM: mass motility score; MI: individual motility score, CC: sperm concentration, spz: spermatozoa. a,b: different
letters within the same row (different diets) differ significantly (p < 0.05). S.E.M.: standard error of the mean.
* Beginning: mean data relative to the first sample collection during the trial. End: mean data of the last sample
collection during the trial.

Regardless of the treatment, the mean ejaculation volume was 0.73 ± 0.2 mL (0.66 ± 0.2
and 0.80 ± 0.1 for control and yeast-treated rams, respectively, p > 0.05; Table 3). However,
the ejaculate volume was significantly affected by the rank of sperm collection (p < 0.05). The
volume increased during the weeks of the trial (Figure 1a) and the sixth sperm collection
showed the highest sperm volume (v = 1 mL, p < 0.05). The interaction between the
treatment and sperm collection had no significant effect on sperm volume (p > 0.05). At
the end of the experiment, S.C. supplementation improved the mass motility (Table 3)
compared with the control group (3.7 ± 0.24 vs. 1.91 ± 0.17, p < 0.05). Statistical analysis
also showed a significant effect on the collection rank (p < 0.05) and on the interaction
between the treatment and the collection rank (p < 0.05; Figure 1b). In the same way,
statistical analysis showed the effect of the collection rank (p < 0.05) on individual motility.
However, there was no effect of S.C. supplementation on this parameter (Figure 1c).

S.C. supplementation slightly improved sperm concentration (p = 0.056; Table 3). Mean
sperm concentration during the whole period of the experiment was 2240 ± 201 × 106 spz/mL
and 2534 ± 190 × 106 spz/mL for control and yeast-treated rams, respectively. In addition,
an effect of the collection rank was observed (p < 0.05).

The percentage of dead spermatozoa decreased (p < 0.05) during the trial (Table 3
and Figure 1d). At the end of the experiment, the improvement in this parameter was
more pronounced (p < 0.05) with the S.C. diet than in the control one (9.28 ± 0.95% and
26.8 ± 3.85, respectively). The interaction between the treatment and the collection rank
was significant (p < 0.05).

The mean of the abnormal spermatozoa percentage followed the same trend as the
dead spermatozoa since it decreased significantly (p < 0.05) during the trial for both diets.
However, this decrease was more significant in the yeast-supplemented group than in the
control group (59.2 ± 2.78 vs. 25.5 ± 3.33%, respectively, p < 0.05; Table 3).

3.3. Nutrient Intake and Diet Digestibility

The results revealed no significant effect (p > 0.05) of the diet supplementation with
S.C. on the daily feed intake (g kg−1 body weight per day) (Table 4). However, for the
nutrient’s digestibility (Table 5), the addition of S.C. to the rams’ diet improved the dry
matter, organic matter and fiber digestibility by 7.3% (p = 0.02), 11.9% (p = 0.01) and 24%
(p = 0.02), respectively, as compared with the control. Likewise, protein digestibility tended
to increase by 10.5% (p = 0.08). Moreover, the N intake, excreted nitrogen (urinary nitrogen
(U.R.) and fecal nitrogen (F.N.)) and nitrogen retention (Table 5) were unaffected by the
addition of S.C. to the diet (p > 0.05).
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Table 4. Effect of adding S.C. supplementation on nutrient intake (g/kg B.W.0.75/day) of rams (means
± S.E.M.).

Control Yeast

Dry matter 63.3 ± 1.00 68.5 ± 1.10
Crude protein 6.4 ± 0.04 6.8 ± 0.11

Crude fiber 14.4 ± 0.38 15.6 ± 0.31
Organic matter 60.3± 0.95 65.3 ± 1.05

S.E.M.: standard error of the mean.

Table 5. Apparent digestibility (%) and nitrogen balance (g/d) parameters (means ± S.E.M.).

Control Yeast

Dry matter digestibility (D.M.D.) 70.19 ± 0.90 a 75.30 ± 0.96 b

Organic matter digestibility (O.M.D.) 58.73 ± 1.22 a 65.72 ± 1.25 b

Crude protein digestibility (C.P.D.) 62.07 ± 1.20 68.61 ± 2.06
Crude fiber digestibility (C.F.D.) 40.44 ± 2.51 a 50.10 ± 1.61 b

Nitrogen intake (g/d) 22.45 ± 0.91 21.72 ± 0.77
Fecal nitrogen (g/d) 13.32 ± 0.48 12.4 ± 0.74

Urinary nitrogen (g/d) 4.22 ± 0.28 5.36 ± 0.80
Retained nitrogen (g/d) 4.91 ± 0.86 3.96 ± 0.73

a,b: different letters within the same row (different diets) differ significantly (p < 0.05). S.E.M.: standard error of
the mean.

4. Discussion

In this study, adding 10 g/day of S.C. during the experimental period did not affect
body live weight, testicular diameter, ejaculation volume and concentration. This may
be explained, in part, by the fact that there was not any measured difference in the feed
intake between both dietary groups. In addition, the animals are already mature, thus
they do not have additional needs. Although there is a general agreement that prebiotic
supplementation to ruminant feeding increases the feed intake [25], the S.C. addition to
the rams’ diet did not affect feed intakes for dry matter, crude proteins, crude fiber and
organic matter in our study. In agreement with our finding, Haddad and Goussous [26] and
Titi et al. [27] reported that supplying yeast culture at increasing addition rates of 0, 3, 6 and
12.6 g/day to Awassi lambs’ diets had no significant effect on nutrient intake. In another
meta-analysis of 141 yeast treatment studies, Desnoyers et al. [28] reported that the effect of
yeast supplementation on ruminant diets is related to some interfering factors. Indeed, the
positive effect on intake could be affected by the proportion of concentrate in the diet but
not be influenced by the neutral detergent fiber or ruminant species. Issakowicz et al. [29]
reported a significant increase in dry matter intake and the feed conversion ratio by adding
S.C. to lamb-fed diets with a greater concentrate proportion (80%).

Several studies reported the interrelationship between energy intake and reproductive
performance in adult rams [30–32]. In this regard, Tufarelli et al. [33] reported that a dietary
level with a higher concentrate of supplementation would improve body weight gain,
feed intake and semen characteristics (volume and concentration) of rams. In the Tunisian
Queue Fine de l’Ouest breed, alternating feeding levels from high (1.6 of the metabolizable
energy for maintenance (M.E.M.) requirement) to low (1.0 M.E.M.) levels was associated
with a reduction in the volume of ejaculate, but did not reduce the sperm concentration in
rams [9]. The current study showed that both quantitative and qualitative parameters of
rams’ semen were improved during the trial period independently of the diet. These results
are similar to those reported by Mahouachi and Khaldi [34], suggesting a resumption of
sexual activity of the local breed at the beginning of the traditional mating season even if
the photoperiod is unfavorable. Therefore, there would be interference between the two
factors of diet and time, as shown by the significant interactions. Compared to the control
group, S.C. supplementation had no apparent effect on ejaculation volume. However, it
increased the mass motility significantly after 60 days of its introduction to the diet.

122



Agriculture 2022, 12, 1268

Furthermore, the percentage of dead spermatozoa and abnormal spermatozoa were
reduced with the yeast supplementation compared to the control group. These results
suggest that yeast supplementation’s main positive effect is improving sperm quality. In
this regard, Aboul-Ela et al. [35] reported that S.C. reduces primary sperm abnormalities in
rats. Furthermore, Emmanuel et al. [36] showed that an S.C.-based diet in bucks improved
motility and live sperm, tubule diameter, epididymal volume, the volume fraction of the
duct and total duct volume. They also reported that the incidence of head and tail sperm
abnormalities decreased significantly in bucks fed S.C.-based diets compared with the
control diet.

For humans, Sahar-Eissa et al. [37] found that the baker’s yeast extraction of S.C. at
the different doses of 10, 20 and 50 mg/mL improved sperm viability and motility.

For female ruminants, it was proved that dietary supplementation with fermented
yeast culture induced an early onset of the first post-partum heat, improved the conception
rate and reduced the number of inseminations per conception [38].

In the same way, our results indicate that rams fed with S.C. had higher sperm
motility and viability and a lower number of abnormal sperm. Based on these findings
and those proved by [39,40], we could hypothesize that the antioxidant properties of
S.C. could stimulate the improvement of semen characteristics. Dietary antioxidants
are crucial to control and counteract the harmful effect of oxidative stress. Therefore, a
sufficient antioxidant intake contributes to a lower risk of oxidative stress-mediated diseases
and infertility. For that reason, yeast has been shown to contain significant amounts of
antioxidants [41]. In addition, S.C. supplementation in dairy cows’ diet increased total
antioxidant capacity, glutathione peroxidase and superoxide dismutase in serum while
decreasing malondialdehyde [42].

Furthermore, this improvement in sperm quality could be explained, in part, by the
positive effect of S.C. on diet digestibility. One of the limitations that influences the use of
cereal crop residues in ruminant diets, such as wheat straw as used in this study, is its low
digestibility and protein deficiency [43]. Our results showed that for nutrient digestibility,
the S.C. yeast supplementation tended to increase the crude protein digestibility and
significantly improved the digestibility of dry matter, organic matter and crude fiber.
Similar results were reported earlier for lambs [44], dairy heifers [45] and buffalos [46]. This
improvement in nutrient digestibility could be due to different possible yeast action modes
in a ruminal environment. It is admitted that the presence of a yeast source in the rumen
improves the release of various proteolytic, glycolytic or lipolytic enzymes, which leads to
better digestion of the organic matter [47] and promotes the ruminal ecosystem through
the stimulation of the growth and the function of ruminal microbiota [48]. This stimulation
is ensured by releasing amino acids and monosaccharides through the cell wall [49].

Our results showed a significant increase in fiber digestibility with the addition of
yeast to a wheat straw-based diet for rams, which is in agreement with the findings
of other authors such as Ghazanfar et al. [45] and Mallekahi et al. [44] who reported
a significant positive effect of yeast on neutral detergent fiber, acid detergent fiber and
cellulose digestibility. It was also shown by Ding et al. [50] that S.C. increased the number
of the total ruminal bacteria, fungi and protozoa, especially the Ruminococci, by two-
to four-fold [12] in fibrolytic protozoa and Fibrobacter succinogenes feed colonization [51].
Furthermore, in one of the few papers that studied the efficiency of yeast addition on
gene expression, Durand et al. [51] reported an increase in the expression of carbohydrate-
active enzymes GH5 and GH43 in the rumen of lambs receiving yeast supplementation.
This suggests the ability of this feed additive to improve the fibrolytic potential of the
rumen microbiota.

However, findings regarding crude protein digestibility are inconsistent. Similar to
our findings, Osita et al. [52] showed that crude protein digestibility improved by 24.5% by
adding 1.5 g yeast/kg to the sheep’s diet. Likewise, Malekkhahi et al. [44] found that crude
protein digestibility improved by 7.8% by supplementing the wheat straw-based lambs’ diet
with 4 g yeast/animal/day. In another study on dairy heifers, Ghazanfar et al. [45] recorded
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an improvement of 6% in crude protein digestibility by adding 5 g of yeast/animal/day on
a wheat straw-based diet. However, some other studies found that yeast supplementation
does not significantly affect crude protein digestibility [27,46]. Therefore, as proved by
the meta-analysis study of Desnoyers et al. [28], all ruminal fermentation characteristics
influenced by yeast addition are significantly dependent on at least one of the dietary
characteristics, such as the concentrate proportion.

5. Conclusions

The present study has shown that the supplementation of S.C. into the diet of rams
improves the semen quality and the diet digestibility of rams when fed low-quality straw
and used in mating season. These findings suggest the importance of using prebiotics in
animal feeding to improve animal performance when raised under hard conditions and
fed with low-quality forage.
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Abstract: The aim of this research was to study the impact of supplementary feeding on reproductive
traits in sheep. Two groups, L1 (control) and L2 (experimental treatment), of adult females aged
between two and six years belonging to the Botosani Karakul sheep breed were formed. The experi-
mental treatment group (L2) received supplementary feeding 25 days prior to mating. Improvements
in body condition and significant increases in live weight occurred by the time of mating in those
ewes that had been flushed (L2) (p < 0.01 vs. L1). The number of lambs per individual parturition
was influenced by the body condition score (BCS), especially in females with a BCS of 2.0. The total
number of weaned lambs in females with a BCS of 2.0 differed in comparison to that of females
with a BCS of 2.5 or 3.0. All results highlighted that supplementary feeding applied to ewes prior to
mating affected their reproductive and economic performance, translating to an increased live weight
of the litter at weaning in the L2 group (p < 0.01 in lambs from BCS 2.0 ewes and p < 0.001 in lambs
from BCS 2.5 to 3.5 ewes).

Keywords: body condition score; ewes; reproductive traits; flushing

1. Introduction

Northeastern Romania is a geographical region in which traditional sheep farming
technologies are mostly applied and the rearing of the Botosani Karakul sheep breed
represents a priority activity. The breed flock comprises more than 250,000 heads, of
which 65% represent reproductive females [1]. Climate change, in the form of drought
and high temperatures, induces alterations in the botanical composition and nutritional
value of pastures, affecting the body conditions of ewes before the reproductive season and,
subsequently, their level of productivity. The research aim was to evaluate the impact of
supplementary feeding on the main reproductive and productive features of the Botosani
Karakul sheep breed.

To establish the research objectives, we started from the idea that the management of
sheep farms cannot be competitive without the satisfaction of certain minimal demands
related to the biological state of flocks, i.e., their body condition and live weight throughout
the essential periods of reproduction and production [2]. Bringing the breeders to an
optimal body condition is important, due to the strong and complex connection between
their metabolic functioning and their reproductive control system [3].

In reproductive ewes, an appropriate body condition is important. Hence, metabolic
factors have intense manifestations and exercise variable effects, from yield increases
to reproductive performance improvements, when the conditions become favourable or
could induce the total inhibition of reproduction when the circumstances are adverse [4–6].
Supplementary feeding could be an efficient means for improvement in this regard when
correctly applied and must comprise nutrient-rich feedstuffs. Intake and digestibility
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can be reduced or unaffected by supplementation with energy, while, in some cases, it
has been proven that lower levels of energetic supplements increase the intake of grazed
fodders [7]. Supplementary feeding is also useful because it covers ewes’ nutritional
demands throughout the developmental stages, providing a solution to the scarcity of
specific nutrients and contributing to the formation of body reserves and the improvement
of the growth rate and fertility, as well as meat, milk, and wool yields and quality [8]. Ewes’
nutritional needs vary by age, body development, gestational status, gestation phase, and
suckling period. The application of supplementary feeding is beneficial, preventing live
weight losses in ewes and facilitating body weight maintenance at optimal levels [9].

The nutritional status of ewes can affect both their reproductive performance and their
main productive functions, with yields decreasing below their genetic potential due to
many limiting factors, such as malnutrition throughout critical physiological stages (i.e.,
gestation and lactation) [10].

Scoring the body development of sheep highlights quite well the general body con-
dition of the herd, and farmers can intervene to correct nutritional uptake in relation to
demand, which in the grazing period is very high, depending on the quality and quantity
of the consumed grass [11]. Continuously updating the procedures and criteria used in
the body condition score (BCS) calculation offers efficient technical support for the use of
this tool in informing important farming decisions, with direct effects on the level of future
production, as well as on the fodder management mode [12]. Body condition is determined
by growth peculiarities and by farm management activities [13]. Evaluation based on
point-scoring the body condition represents a valuable instrument for the assessment and
management of ewes’ welfare in farms [13,14].

Body condition assessment is highly relevant, along with live weight and size mea-
surements, and could mitigate the errors that appear during certain periods (gestation or
lactation) [15,16]. The results of the body condition scoring method are not affected by
temporary mass variations caused by digestive tract filling or by wool length and moisture
content [16–21]. The evaluation technique of the BCS was proposed by Jefferies (1961), in
order to obtain accurate information on aspects affecting ewes’ body development state and
nutrition so that the available nutritional resources could be utilised more efficiently [17].
This technique allows the evaluation of the body condition in the absence of certain concrete
aspects that are not visible through the analysis of the body’s appearance (external traits).
When correctly applied, the farmer can observe whether a major decline in body condition
has occurred and can intervene to eliminate/prevent the apparition of certain negative
effects [22].

The achievement of favourable economic results is determined by the provision of
appropriate welfare conditions, including supplemental feeding for the restoration or
improvement of body condition, especially during certain critical periods of the production
cycle, due to external factors (the poor nutritional value of feed, drought, etc.) or internal
factors (special physiological statuses and metabolic conditions of animals) [23]. The
application of stimulating feeding has a positive influence on static characteristics (live
weight at mating) as well as on dynamic traits, such as variations in body weight across
different periods [20,23].

Within the context of natural feed resource depletion and degradation due to climate
change, i.e., the deterioration of the floristic composition and nutritional value of pastures,
it is important to study the supplemental feeding of ewes prior to mating in order to assess
the direct effect of nutritional boosting on their productive and reproductive performance.
Many farmers rear Botosani Karakul sheep using inherited traditions and facilities, and
such findings could be of substantial benefit by offering an example of effective practices for
improving farm management. Additionally, this study could provide a technical example
to other research facilities, based on which they might modify their fodder resources and
nutritional optimisation process in order to use locally available feedstuffs and raise the
economic performance of their herds.
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2. Materials and Methods

2.1. Study Area

The rearing area of the Botosani Karakul sheep breed is situated in the North-east part
of Romania (Figure 1) between 25◦02′ and 28◦07′ Eastern longitude and between 46◦37′
and 48◦15′ Northern latitude.

  
(a) (b) 

Figure 1. Distribution map of Romania’s regions (a) and representation of rearing area of Botosani
Karakul sheep breed (b).

Temperatures have continued to increase throughout the last decades, progressively till
July and August, and sometimes during September. Drought lasts more than 60 days. When
higher temperatures are associated with less rainfall, the pastures’ floristic composition
modifies, and drought-resistant plants increase as proportion. They have poor nutritional
value, unable to provide the optimal nutrients for ewes’ body development prior to the
reproduction season.

2.2. Animals and Data Management

The research was carried out within the Research and Development Station for Sheep
and Goat Rearing Popauti-Botosani and took place on a complete reproduction-production
cycle. Biological material was represented by adult females belonging to the Botosani
Karakul sheep breed, representative of the Northeast Region of Romania (it counts up to
30% of the whole area sheep population) [24].

To study the impact of supplementary feeding on body condition (BC), reproductive
and productive traits, two groups (L1 and L2) were formed, each comprising 100 adult
females, aged 2 and 6 years (Figure 2). Each group benefited from the same experimental
conditions, maintained throughout the whole research period in a local traditional system,
i.e. indoors (barn) throughout the cold season (December–May) and on pasture during the
warm season (May–November).

  
(a) (b) 

Figure 2. Females exclusively grazed (a) and females which benefited from supplementary feeding (b).
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During the cold season, a diet composed of a unique mix of gramineae (grasses) hay,
alfalfa hay, and rough fodders was fed to ewes, and they were grazed exclusively on natural
pasture, in the warm season.

The experimental factor that differentiated the Groups was the supplementary feeding
provided to Group L2: 25 days prior to mating season onset, a mix of concentrated feedstuffs
(cracked corn, sunflower meal, grains of barley, and oat). Their nutritional values and
usage rates are presented in Table 1. Supplementary feeding in Group L2 aimed to improve
the females’ BC prior to reproduction season onset (150 g of the supplemental mixture was
fed daily to each female), thanks to the 15% higher dietary energy, in comparison with the
regular diet, fed to Group L1.

Table 1. Structure of diet throughout experimental period.

Feedstuffs
Assortment

MU

Diet Provided
before Mating and
during the 1st Part
of Gestation (First

3 Months)

Flushing
Diet

Diet during the 2nd Part of
Gestation

Diet during the Lactation Period

4th
Gestational

Month

5th
Gestational

Month

1st–2nd
Lactation
Months

3rd
Lactation

Month

4th
Lactation

Month

Pasture Kg 7.5 6 7.5 - - - 5.833

Alfalfa hay Kg - - - 0.2 0.44 0.711 -

Grasses hay Kg - - - 0.5 0.5 0.915 -

Wheat straw Kg - - - 0.33 0.611 0.3 -

Barley Kg - 0.04 - 0.36 0.05 - -

Oat Kg - 0.03 - 0.05 - -

Corn Kg - 0.05 - 0.1 - -

Sunflower meal Kg - 0.03 - 0.113 0.2 - -

Salt Kg - - - 0.001 0.001 0.001 -

Nutritional value

Dry matter G 1077 1200 1200 1300 1687 1657 1225

Crude protein G 199.81 225 225 160 215 195 175

NEM (Net energy
for milk

production)
MJ 7.47 8.59 8.23 7.0 8.2 7.71 7.65

Gross fibre G 225 177 225 304 481 537 292

Ca G 6.09 7.5 7.5 8.137 12.662 18.746 8.167

P G 3.65 3.75 3.75 4.348 5.215 4.0 4.083

Ca/P Ratio 1.67:1 2:1 2:1 1.87:1 2.43:1 4.69:1 2:1

Na g 1.18 1.42 1.425 1500 1.5 1.5 1.458

Mg g 1.5 1.5 1.5 2.716 3.862 3.551 1.75

Water and salt were provided ad libitum. Reproduction season began in September
and ended in October. Conducted natural mating was used, providing a ratio of 1 male
to 25 females. Lambing season lasted between March and April and lambs were weaned
70 days post-partum.

To assess the economic efficacy of the supplemental feeding, average daily costs
generated by the diets have been calculated for each experimental version, using the real
pricing for producing or procuring the feedstuffs at the moment of the experiment.

2.3. Traits

The research aimed to highlight the impact of supplementary feeding on body condi-
tion (BC) dynamics, reported as body condition score (BCS), and on certain reproductive
and productive traits of the Botosani Karakul sheep breed.

Body development condition was evaluated by palpation of muscular masses and fat
deposits on the episome (topside trunk, loin, and rump) and was graded from 1 (slim ewes)
to 5 (very fat ewes) with subrankings of 0.5 using a method developed by Russel [17]. BC
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was evaluated by two experienced graders who scored the ewes consensually. Live weight
(LW) was measured with an electronic scale, with an accuracy of ±100 g.

The impact of supplementary feeding on reproduction performances was evaluated
through certain specific parameters, in accordance with a pattern presented by Landais and
Sissoko, 1986 [25]:

Lambing rate (%) = (number of lambing ewes/number of mated ewes) × 100;

Fertility rate (%) = (number of pregnant ewes/number of mated ewes) × 100;

Litter size (prolificacy) = (number of lambs/number of lambing ewes) × 100;

Weaned rate (%) = (number of weaned lambs/number of born lambs) × 100;

Fecundity rate (%) = (number of live births/number of mated ewes) × 100;

Abortion rate (%) = (number of abortions/number of mated ewes) × 100;

Pregnancy rate (%) = (number of pregnant ewes/total mated ewes) × 100.

Other specific investigated traits were:
LLW-lambs live weight at birth (kg);
WLW-lambs live weight at weaning (kg);
LLW/LE-lambs live weight at birth(kg)/LE-number of lambing ewes (n);
WLW/LE-lambs live weight at weaning (kg)/LE-number of lambing ewes (n);
WLW/MWE-lambs live weight at weaning (kg)/MWE-metabolic weight of ewes (kg−0.75).

2.4. Statistical Data Processing

Data have been assembled in a database using Microsoft Excel 2016 software and
statistically processed via the GraphPad Prism 9.4.1., software (manufacturer, GraphPad
Ltd., Palo Alto, CA, USA), to obtain the statistical descriptors (mean, standard error of the
mean—SEM, coefficient of variation). Analysis of variance for the difference of average
performances between studied groups was performed, using the ANOVA single factor
algorithm followed by Tukey post-hoc for multiple comparisons correction using the
statistical hypothesis testing.

In the quantifiable studied traits, such as LW at lambing and weaning moments (both
for ewes and lambs), there were run comparisons between groups when at least three
individual different values were present on the data class. Each data table displays the
number of individuals that were compared.

Those traits with single output values, such as the reproduction indices, i.e., fecundity,
prolificacy, fertility, abortion, pregnancy, lambing, and weaning rates, were expressed as
percentages out of the main group and they were not compared statistically, because no
repeated data were available.

3. Results

3.1. Impact of Supplementary Feeding on Body Condition and Live Weight

The obtained results show the effect of supplementary feeding, due to the 15% en-
ergetic dietary surplus, on the BC, through the restoration of body reserves as well as
through depositing nutritional reserves that animals are supposed to metabolise further.
The ewes BCS increased by 12% in L2 vs. L1 at mating and by 16% at weaning, while
the LW values were 5.1 to 5.2% higher in L2 vs. L1, due to supplementary feeding usage
(p < 0.01) (Table 2).

131



Agriculture 2022, 12, 2006

Table 2. Descriptive statistics for BCS (points) and ewe live weight (kg).

Assessment
Moment

Trait
L1 L2

p-Value
Mean ±St. Dev Mean ±St. Dev

Mating
BCS (points) 2.48 0.059 2.79 0.054 0.1960

LW (kg) 46.61 a 5.484 49.02 c 5.049 0.0014

Weaning
BCS (points) 2.21 0.054 2.57 0.063 0.7713

LW (kg) 45.09 a 5.666 47.44 c 5.514 0.0032
BCS = Body Condition Score; LW = Live Weight. ANOVA: means with different superscripts per row are
statistically different: ac for p < 0.01.

Supplementary feeding determined more ewes to achieve better BCS categories in
group L2 (Figure 3) due to LW increasing, due to muscular masses restoration, and due to
adipose tissue deposition.

 
Figure 3. Females’ rate (%) in relation to BCS (points) assessed at the mating moment and lambs’
weaning moment. Notes: BCSL1M and BCSL2M: body condition score at the mating moment;
BCSL1W and BCSL2W: body condition score at lambs weaning moment. ABWL1M and ABWL2M;
average body weight at mating moment; ABWL1W and ABWL2W average body weight at lambs
weaning moment.

3.2. Impact of Supplementary Feeding on Ovulation Rate and on Some Reproduction Characters

In the L1 group, ewes presented a narrow body frame and observable bone angles.
After finishing mating in L1, 55.55% of females with BCS ≤ 1.5 did not become pregnant
even if heats were observable. Female fertility was affected in a direct way by both BC
and LW.

The positive impact of supplementary feeding is highlighted by the reproduction
performances in L2 ewes, where just 7% of all ewes needed the third mating service, and
less than 2% experienced abortions, in comparison with L1 ewes which had worse BC and,
consequently poorer reproductive performance (12% of females with third mating service
and 5% abortion rate) (Table 3).

After finalizing all lambing, better reproductive performances were recorded in the
group that was supplementarily fed prior to mating. The number of lambs/ewes was
influenced by ewes BC and LW at mating time.
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Table 3. Effect of body condition on reproduction and production performances.

BCS

Pregnancy Rate, Lambing, and Weaning (n)

Total
(%)

1st Service 2nd Service
3nd Service
and More

Abortion Lambing Weaning

Group L1

1 3 1 1 1 2 1 0

1.5 6 2 2 2 3 3 2

2 27 19 5 3 0 30 22

2.5 28 23 3 2 0 32 27

3 31 20 8 3 0 35 28

3.5 3 1 1 1 0 2 2

4 2 1 1 0 0 2 0

4.5 0 0 0 0 0 0 0

Total (n) 100 67 21 12 5 103 97

Group L2

1 0 0 0 0 0 0 0

1.5 0 0 0 0 0 0 0

2 16 12 2 2 1 20 17

2.5 33 28 3 2 0 41 38

3 36 32 3 1 0 43 43

3.5 8 5 2 1 0 12 12

4 7 5 1 1 1 6 5

4.5 2 1 1 0 0 1 1

Total (n) 100 82 11 7 2 123 116

Impact of Supplementary Feeding on Reproduction Traits

Supplementary feeding had a positive impact on prolificacy (Table 4); in L2 group,
there were 15.47% more lambs obtained in comparison with L1. The nutritional surplus
meant not only energy intake but higher quantities of digestible proteins prior to mating,
stimulating, most likely, the ovulatory rate.

Table 4. Effect of supplementary feeding on reproduction indices.

Groups Fecundity, %
Prolificacy,

%
Fertility
Rate, %

Lambing
Rate, %

Weaning
Rate, %

Abortion, %
Pregnancy,

%

L1 95 104 95 96 94.1 3 97

L2 97 123 97 98 94.3 2 98

Reduced differences were recorded for fecundity and fertility rates, due to the fact
that those characters are genetically well consolidated and their different manifestation is
relatively low even when ewes did not have an optimal BC or LW at mating.

When traditional rearing technologies are applied under the influence of climatic
changes or of the quantity and quality of grazed forage, supplementary feeding prior to the
mating period could improve reproduction traits and it is advisable to become a current
technique for all farmers rearing Botosani Karakul sheep.
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3.3. Evaluation of Relation between Ewes’ Body Condition and Live Weight of Lambs at Lambing
and Weaning

Even if weight at lambing was close among groups and no significant differences
occurred (Table 5), by reporting the total LW of lambs to the total number of females which
carried out the gestation till the end (LLW/LE), higher values were achieved by females L2
with favourable BCS (3.0 and 3.5).

Table 5. Descriptive statistics (mean ± SEM) and the ratio between the lambs’ weight at lambing and
at weaning in relation to the mothers’ BCS.

Group Characters
Body Condition Score (Points)

2 2.5 3 3.5 4

L1

LLW 4.57 ± 0.06 4.80 ± 0.07 5.08 ± 0.06 4.90 ± 0.10 0

WLW 20.78 a ± 0.26 21.09 a ± 0.20 21.53 a ± 0.17 a 21.77 a ± 0.12 0

LLW/LE 5.13 5.53 5.89 4.90 0

WLW/LE 16.93 20.33 19.44 21.77 0

WLW/MWE 1.30 1.23 1.24 1.22 0

L2

LLW 4.62 ± 0.06 4.84 ± 0.06 5.21 ± 0.06 5.03 ± 0.09 5.10 ± 0.13

WLW 22.28 c ± 0.14
p = 0.0051

22.53 d ± 0.08
p = 2.7 × 10−5

23.06 d ± 0.07
p = 0.0001

23.37 d ± 0.15
p = 0.0099

22.66 ± 0.13

LLW/LE 5.71 5.96 6.22 7.54 4.37

WLW/LE 23.67 25.94 27.54 35.05 16.18

WLW/MWE 1.36 1.30 1.32 1.25 1.19

ANOVA: statistical significance of differences between live weights of lambs at weaning, per classes of ewes Body
Condition Scores (means with different superscripts per column are statistically different: ac for p < 0.01; ad for
p < 0.001). LLW—lambing live weight (kg); WLW—weaning live weight (kg); LLW/LE—lambing live weight
(kg)/LE—lambing ewes (n); WLW/LE—weaning live weight (kg)/LE—lambing ewes(n); WLW/MWE—weaning
live weight (kg)/MWE—metabolic weight of ewes (kg−0.75).

Supplementary feeding applied to group L2 prior to mating did not have a relevant
effect on lamb weight at lambing because the resulting differences were not significant, and
the lambs obtained from ewes with a mediocre BC had a reduced survival rate. Neonatal
mortality exceeded 6% in ewes with BCS below 2.0. Lambs obtained from ewes in group
L2 had a better survival rate and greater LW at weaning (p < 0.001). In group L2, ewes with
BCS 2.0 and BCS 3.5 had better body development, higher prolificacy, and a better rate
between lambs LW at weaning and the number of ewes that lambed (WLW/LE).

L2 ewes with BCS = 2.0 and BCS = 2.5 during mating raised the lambs easier till
weaning, but the tendency was to have lower LW values, compared with the ewes with
BCS ≥ 3.0. The ratio between the lambs’ mean total weight at weaning and metabolic
weight of ewes indicates certain variations, with higher values in females with BCS = 2.

3.4. Effect of Supplementary Feeding on the Economical Results

Supplementary feeding contributed to achieving differentiation in economic results,
between groups (Table 6).

Thus, in the L2 group, the daily supplementary feeding costs exceeded by 1.3% the
regular feeding in L1. At birth, the value of the lambs’ LW was 23.1% higher in L2, compared
to L1, while after weaning, the value gap became more intense, reaching 27.4%, in the
favour of lambs issued from supplementary fed mothers (L2). Therefore, supplementary
feeding probably generated higher ovulation rates, with positive effects on prolificacy,
leading to better reproduction and higher economical performances.

134



Agriculture 2022, 12, 2006

Table 6. Economical outcomes generated by supplementary feeding.

Economical Item n
Live Weight
/Lamb (kg)

Live Weight
/Group (kg)

Total Value/Group
(Euro)

L1

Total born lambs (n) 103 4.81 495.43 1694.37

Total weaned lambs (n) 97 21.37 2072.89 7089.28

Feeding costs
(euro/group/day) 189.21

L2

Total born lambs (n) 123 4.96 610.08 2086.47

Total weaned lambs (n) 116 22.76 2640.16 9029.35

Feeding costs
(euro/group/day) 191.72

4. Discussions

4.1. Effect of Supplementary Feeding on Ewes’ Body Condition and Live Weight

Supplementary feeding should be a common practice in farms, especially in arid
areas where climate negatively affects the floral composition of pastures. It would be
ideal that female breeders have fulfilled their nutritional requirements, in order to reach
the appropriate BC and LW prior to mating, and to become able to express well the
production and reproduction characteristics. Close and positive relations are between
BCS and ewes’ LW (LW) at mating and weaning, which improve many basic features.
Additionally, stimulating feeding applied to Group L2 improved both BC and LW. The
25 days of stimulating feeding in L2 ewes produced moderate improvement of BCS and
a significant increase of LW (p < 0.01), compared to L1, in mating and weaning moments.
Supplementary feeding had a positive influence on the L2 group. More than 84% of ewes
achieved a BCS ≥ 2.5 points, out of which 20.23% with a BCS between 3.5 and 4.0 points. In
Group L1 (no supplementarily fed), around 9% of females achieved a BCS ≤ 1.5 (palpation
revealed weakly developed muscle masses and lack of fat layer).

According to our results, the existence of quite a high proportion of females with
BCS ≤ 2 could due to the extremely high temperatures and poor rainfalls throughout the
months preceding mating (July and August), which affected not only pastures’ productivity
but also the grass quality and its nutritional value. From all climatic variables, fluctuations
of ambient temperatures had the highest impact on animals’ yields and welfare [26] but
also on reproductive characteristics [2], and compromise the productivity of ewes with
suckling lambs [27]. The combined effects of low feed intake and of higher energy demands,
under conditions of thermal stress, induce the mobilisation of body-stored fats and of labile
protein reserves to provide amino acids for protein neo-synthesis and carbon sources for
gluconeogenesis [28]. Longer periods of exposure of animals to thermal stress are not
desirable due to the generated negative effects: compromised growth, decreased milk and
meat yields, and disrupted reproductive capacity [29].

The relation between BC and LW is dynamic due to the oscillations occurring through-
out a production cycle. BCS values were consistent with ewes LW, and influenced ewes’
reproductive function and yields. The impact of supplementary feeding was positive,
and the BC was improved, in accordance with other studies (LW increases by 3.1 kg for
each BCS unit) [30]. When nutritional requirements cannot be covered by grazing alone,
decreasing in ewes’ LW can occur, due to the demobilisation of body nutrients stored
reserves. One study reported LW significant decrease throughout ewes’ physiological
stages, in relation to fodder availability, with the gestation stage (p < 0.05), but not with the
pregnancy rank (p > 0.05) [31]. Experimental data suggest a linear relationship between
LW and BCS. A study on the Aragonesa sheep breed [32] reported a curvilinear relation
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between LW and BCS, i.e., increasing in LW by 7, 10, 12, and 16 kg is necessary to im-
prove BCS with 1.0 units within the BCS ranges of 1.0–2.0, 2.0–3.0, 3.0–4.0, and 4.0–5.0,
respectively. The correlation between LW and BCS could be influenced by breed, age, or
physiological status. A Turkish study indicated different regression equations that could
be used to predict LW on the BCS basis and in accordance with ewes’ physiological status:
LW = 28.716 + 6.962 × BCS (reproduction period); LW = 39.977 + 6.771 × BCS (lambing
period); LW = 33.444 + 7.074 × BCS (weaning period) [11]. Other authors [33] stated that
the absence of a feed stimulating program (throughout gestation and milking) can induce
metabolic dysfunctions, translating to some variations of LW, depreciation of BC, and
modifications of certain blood serum parameters.

4.2. Effect of Supplementary Feeding on Sexual Cycle and Ovulation Rate

Ewes’ mating period was placed during the regular—natural season for mating in
the study area (September and October), to eliminate any abnormal seasonal interference
on reproduction function. The results revealed the beneficial influence of the appropriate
body condition on the manifestation of the sexual cycle and ovulation rate. Ewes in group
L2 performed better till the end of mating season, suggesting that supplementary feeding
improved the ovulatory rate. These females had a 93% ovulation rate and better fecundity
values after two heats cycles. Ewes in group L1 needed the 3rd mating in quite high
proportion because poor body condition at mating influences the number of sexual cycles
required for pregnancy onset, inducing economic loss as well. Scottish ewes, Blackface, with
lower BCS, had a late onset of the mating season [34], while at the end of the reproduction
season, Masham females with higher BCS had a higher probability to manifest oestrus [35].
Aragonesa sheep with higher BCS had longer reproduction season, due to a tardive onset
of seasonal anoestrus [36] and to a shorter total seasonal anoestrus [37]. Therefore, higher
BCS could induce longer reproductive seasons. However, BCS effects on the duration of
the reproduction season are not relevant in the majority of studies and are less probable to
significantly change the moment or lastingness of the reproduction season, by improving
the BCS of breeder ewes [38].

Static and dynamic effects of nutrition on ovulation rate are very well defined in
sheep; ewes with higher LW and fed supplementary prior to mating could produce more
lambs [39,40]. The relation between LW and ovulation rate is curvilinear. Each LW sup-
plementary kg corresponds to a relative increase in ovulation rates, but to a point. After
a certain level, exceeding LW does not lead to ovulation rate improvement, even if sup-
plementary feeding is provided prior to mating [39]. Above a certain BCS threshold
(3.5 points), the ovulation rate can decrease and ewes respond less to supplementary feed-
ing, in comparison with ewes with average BCS values (2.0–3.0). Covering the nutritional
requirements of ewes leads to positive effects in achieving a favourable BCS, an appropriate
LW, and in reaching better values for reproduction indices, suggesting that a flushing diet
has a positive impact on reproductive function [41,42].

The management of sheep reproductive activity influences farm economics and ar-
tificial selection activity. The number of lambs per lambing or weaned from each ewe,
as well as their LW in both moments, affect profitability [43,44]. Therefore, breeder ewes
must benefit from adequate feeding, knowing that the metabolic energy balance of one
ewe represents an important factor in determining how many lambs are weaned and
their LW [40]. Ewes with low BCS can have diminished reproductive performances in
comparison with the ones with higher BCS; a study carried out on Lori-Bakhtiari sheep [30]
reported that BCS values up to three at mating exert positive effects on the number of lambs
weaned/ewe. Individual ovulatory rate establishes the potential for the number of lambs
weaned per ewe and per year.

4.3. Effect of Supplementary Feeding on Reproductive Indices

BCS effect on the reproductive performance of ewes reared in Romania was not studied
till now, and the current research brings new findings in this respect.
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All reproductive traits were improved in the L2 group, probably due to stimulating
feeding, compared to L1 (−33% abortion rate; +2.1% fecundity, fertility and lambing rates;
+18.3% prolificacy rate; +0.21% weaning rate). In group L1, some females manifested signs
of sub-nutrition, because grazed-only ewes did not have the ability to cover their daily
nutritional needs (36% of the group achieved a BCS ≤ 2.0). After a long-lasting period of
poor feeding, the miscarriage rate reached 5% in this group. A daily decrease in nutrient
uptake induces sub-nutrition, diminishing the endometrial sensitivity to progesterone and
affecting embryo survival [45].

Studies on other sheep breeds revealed that the rate of oocyte loss could be higher and
reproductive performances lower even if ewes have good levels of body condition [41,46,47].
It is recommended to score the ewes for body condition 6–8 weeks prior to mating, to allow
the farmer to take adequate measures to bring the breeding stock to an optimal state (BCS
of 2.5–3) at the moment of mating. Other studies recommend to assess the BCS of adult
ewes at least once a trimester [48], to keep it within the optimal range while, on the contrary,
other authors [49] reported insignificant effects of BCS on ovulation rate, pregnancy rate,
and oocyte loss. On the other hand, in ewes with poor BC at the onset of reproductive
activity, deletion or attenuation of oestrus can occur [50]. Effects of supplementary feeding
on prolificacy are positive and relevant, knowing this trait has a reduced heritability, hence
a longer time needed for improvement via artificial selection. Genetic control of ovulation
rates at many breeds, even at the prolific ones, is hard to manage, because litter size is a trait
subjected to polygenic influence, implying a great number of genes with small individual
effects [51].

Botosani Karakul sheep breed was formed and selected for pelts production. Therefore,
among the selection criteria included in the breeding synthesis program, technical activities
to support prolificacy improvement were not included. Obtaining more products per
lambing led to less developed new born lambs, and to decreased individual pelts surface.
However, in the current research, it was noticed that supplementary feeding led to an
increase in litter size, with better values in L2 ewes presenting BCS between 2.0 and 2.5
prior to mating.

Ewes in the L2 group deposited body reserves efficiently when their BCS was between
2 and 2.5 and, subsequently, it can be hypothesised that the concentration of hormones and
metabolites which appear during chronological modifications was optimal. In pregnant
ewes, prolongation of the sub-nutrition state induces certain modifications and increas-
ing of endometrial sensitivity to steroid hormones throughout the gestational beginning
stages, with a negative impact on the intrauterine environment and on embryo survival, as
well [52,53]. This can explain why L1 ewes with BCS ≤ 1.5 points were not fertile or why
they experienced abortions.

4.4. Effect of Body Condition on Lambs Weight at Lambing and Weaning

Ewes’ LW and BC influence the postpartum lambs’ survival rate. Providing balanced
diets prior to mating is essential to allow ewes to reach a BC that will guarantee repro-
ductive performance. Additionally, it is recommended to provide well-balanced feeding
throughout the whole gestation period. The current research confirms that next to repro-
ductive performance, ewes in L2 with higher BCS (2, 2.5, and 3) produced more lambs,
with better LW in both lambing and weaning moments.

Weight at birth is a determinant of the lambs’ immediate and further survival rate.
Usually, lambs born below 3 kg LW have a higher risk of sudden death, regardless of the
ranking received at birth or the age and BC of the mother. Litter weight was higher in
ewes with better BSC values at mating (Table 5). Ewes with BCS ≥ 3.0 produced lambs
above 5.0 kg LW. Ewes with BCS ≤ 2.5 gave birth to lambs with close mean LW, with
very small differences between groups (p > 0.05). Both LW and BCS of mothers had
a great influence on the postpartum adaptation of lambs to the extra-uterine environment.
Supplementary feeding aimed to build up ewes’ energy reserves, used during gestation to
positively influence the foetal development and lambs’ LW at birth. In both groups, ewes
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with BCS ≥ 3.0 produced lambs with LW values between close limits (4.90 ± 0.10 kg till
5.21 ± 0.06 kg).

Statistically significant differences appeared between groups, on the lambs’ LW at
weaning: for p < 0.01 in females with BCS 2; for p < 0.001 in those having BCS ≥ 2.5. The
ratio between lambs’ total weight at weaning (WLW) and the total number of females
which lambed (LE) indicated better values in the flushed group (25.94 in ewes with BCS 2.5
and in 35.05 in ewes with BCS 3.5).

For the same BC, the LW of ewes was different, therefore we considered that the
assessment of the ratio between lambs’ LW at weaning (WLW) and metabolic weight of
ewes (MWE) will be more relevant. Maximal values of 1.30 were calculated in group L1
and higher in group L2, except the value of this ratio in group L2 ewes with BCS 3.5. In this
case, the value was lower, influenced by lower litter size and by higher LW of the ewes.

The performance related to lambs’ total weight at lambing, lambs’ weight at weaning
moment (WLW) and litter size was considered the most representative evaluation, because
it mixed multiple traits, such as conception rate, fecundity, prolificacy, lambs survival rate
till weaning, weight at weaning, suckle capacity, and maintenance conditions provided to
ewes and lambs during suckle period. The ratio between lambs’ LW and the number of
ewes that lambed (LLW/LE) had higher values in females with BCS 3.0 (6.22 kg/ewe) and
in ewes with BCS 3.5 (7.54 kg/ewe). This rate can be improved only in two situations: when
the litter size is greater, or when lambs’ LW is higher at lambing. A study carried out on the
Afshari breed [54] confirmed that BCS had a significant effect on litter size. Females with
BCS 3 had better reproductive performances and bore heavier lambs, while the lambing
rate at ewes with BCS > 3.5 decreased. Other research [55] has shown that ewes’ BCS at
the lambing moment did not have any effect on the LW of lambs at birth or at the age
of 30, 60, 90, and 120 days. On the contrary, Sezenler et al. [56] noticed that ewes with
higher BCS values at lambing had lambs with better LW. Other studies reported the direct
impact of ewes’ BCS on reproductive performances [56,57], on colostrum production [58],
with a direct and significant impact on lambs’ mortality reduction throughout the incipient
neonatal period [59]. According to other authors, flushing diet and BCS value at mating
did not have any effect on lambs’ LW or on apparent colostrum intake [21]. When ewes
are malnourished throughout gestation, negative effects can occur, especially on Maternal
Behaviour Score (MBS) and on the postpartum moment when lambs make their first
suckling [60] with further negative consequences on their development.

In accordance with BCS and by reporting the lambs’ LW at weaning (WLW) to the total
numbers of females which lambed (LE), better values were observed in group L2. Ewes’
BCS had a significant effect on productivity and on some features with high economic
relevance (number of lambs at lambing, lambs’ total weight at lambing and at weaning).
In both groups, females with BCS ≤ 3.0 had lower performances for the same parameters,
proving that in advanced gestation, ewes’ nutritional requirements were not covered at an
optimal level. The current study results are in concordance with other published data on
other breeds from semi-arid zones, such as the Ossimi ewes [50] and Malpura breed [61]
which proved that ewes’ BCS has a curvilinear correlation with productive traits.

The tendency of decreasing performance (lambs’ LW at birth and weaning) in females
with BCS lower than 3–3.5 could be attributed to poor feeding of mothers throughout the
advanced gestation stage [49]. The decreasing tendency of performance in ewes’ with BCS
above 3.5 can probably be attributed to higher requirements for maintenance because ewes
with BCS 4 were heavier than the ones with a BCS 3–3.5. On the other hand, the litter size
and the number of weaned lambs in ewes with BCS 3.0 was higher, compared to ewes with
lower BCS values.

Better rates between lambs’ LW at weaning (WLW) and ewes’ metabolic weight (MW)
in Group L2 can be due to the supplementary feeding, that facilitated the achievement of
a better body condition and induced the constitution of some energetic deposits as backup
for the increased nutritional requirements throughout both advanced gestation stage and
whole suckling period. Reaching an optimal BC has a positive effect on milk yield [62,63],
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knowing that approx. 33% of the yielded milk is based on the mobilization of fat and
proteins previously deposited by females [64,65].

Besides these, reproductive performances depend on the ewes’ age. Studies of other
sheep reared in drought areas, indicate that the older the ewes were, the higher were
prolificacy and weaning rates [66]. When adequately fed, ewes can cover the metabolic
demands for gestation and milk secretion, regardless of their age and litter size.

5. Conclusions

All the original results highlight the positive effect of a supplementary diet on breeder
ewes, prior to mating.

Botosani Karakul sheep provide better performances in ewes having a BCS between
2.5 and 3.5, therefore it advisable for farmers to identify those technical-economic ways to
bring and keep their female breeders within this BCS interval.

Supplementary feeding positively influenced the reproductive performance and, gen-
erated better economical results (23–27% better live weight in lambs from flushed ewes,
with only 1.3% supplemental dietary costs), supporting thus the idea of its applicability
into farm conditions.
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Abstract: The objective of this study was to determine the effect of dietary manganese on the
reproductive performance of sows. Sows (n = 39; 231 ± 8 kg) were randomly assigned to one of three
dietary levels of supplemented Mn (CON: 0 ppm Mn; PRO20: 20 ppm Mn; PRO40: 40 ppm Mn).
The experimental treatments were initiated at breeding and continued through two parities. The
sows were blocked by parity within each farrowing group. The data were analyzed as a randomized
complete block design using the MIXED procedure of SAS with diet as a fixed effect and block as
a random effect. The lactation feed intake increased in the PRO20 sows compared to the CON and
PRO40 sows (p < 0.05). The PRO20 and PRO40 sows farrowed piglets with improved average daily
gain from birth to weaning (CON 214 g/day; PRO20 237 g/day; 220 g/day; p < 0.05) compared to the
CON sows. The milk fat content was lower in the PRO20 (5.5%) and PRO40 sows (6.1%; p < 0.05)
compared to the CON sows (7.8%), possibly due to increased milk demand. Supplementary dietary
Mn throughout two gestation and lactation cycles led to improved birth weights and pre-weaning
growth of piglets.

Keywords: lactation; manganese; reproductive performance; sows

1. Introduction

Reproductive efficiency is an important aspect of the swine industry. Genetics, nutri-
tion, and the environment are contributing factors to a sow’s reproductive efficiency [1],
but nutrition is one of the easiest factors for producers to control. Adequate nutrition for
gestating and lactating sows ensures a balance between energy expenditure and investment
as her body and metabolism shift to accommodate the developing offspring and mammary
tissue [1,2]. Neonates experience innate nutritional deficiencies that must be corrected
via the formulation of the sow’s diet because suckling piglets obtain the majority of their
required nutrients from the sow via colostrum and milk until weaning [3,4]. Maximizing
the performance of sows and their litters during the lactation period of reproduction is
therefore a major focus for swine nutritionists [5].

Manganese (Mn) is an important inorganic dietary component found in low concen-
trations in most feedstuffs [6]. The basal levels of Mn in feedstuffs alone are not sufficient
for optimal growth and are of unknown availability to the animal [6]. Therefore, Mn
must be supplemented in the diets of pigs. It is well established that Mn plays a role
in development, digestion, reproduction, antioxidant defense, and immune function in
multiple species [7–12]. Leibholz et al. established that feeding piglets 0.4 mg/kg Mn is
sufficient for normal growth, and no toxicity symptoms were noted in pigs supplemented
with 4000 mg/kg [10]. Plumlee et al. demonstrated that feeding a Mn-deficient diet to
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gilts results in bone growth abnormalities, irregular estrous cycles, fetal resorption, and
the birth of small and weak neonates [13]. Supplemental Mn in the diets of swine, poultry,
and other species is necessary to prevent growth abnormalities, reproductive failure, and
overall negative health concerns [6,7,13]. The form in which trace minerals, such as Mn,
are supplemented (organic vs. inorganic) can affect their efficacy in improving growth,
utilization, and decreasing mineral excretion [14,15]. It is believed that organic mineral
sources are more available to the animal because the organic mineral complex can pass
through the stomach intact and arrive in the small intestine to be absorbed more read-
ily [15]. However, the literature is varied in the supposed benefits of using organic mineral
sources compared to inorganic mineral sources. The objective of this research project was
to determine the effect of increasing dietary Mn from an organic source on the reproductive
performance of sows and the antioxidant status of their offspring. It was hypothesized that
the supplementation of Mn would improve the reproductive performance of sows and the
antioxidant status of their offspring.

2. Materials and Methods

The animal care, handling, and processing procedures were approved by the Univer-
sity of Georgia Institutional Animal Care and Use Committee (AUP #A2018 11-014-R1).

2.1. Sow Management

Sows (Choice Genetics Line CG32; n = 39; 231 ± 8 kg (at first breeding)) were blocked
by parity (ranged 3–6 parities) within farrowing groups at breeding, with all dietary
treatments being represented within each block. Sow diets were formulated with three
levels of supplemental Mn (ProPath® Mn, Zinpro Corp, Eden Prairie, MN, USA): Parity
1 on treatment (n = 39): Control (n = 13; CON; no supplemental Mn, Table 1), 20 ppm
Mn (n = 13; PRO20), or 40 ppm Mn (n = 13; PRO40); Parity 2 on treatment (n = 35): CON
(n = 11), PRO20 (n = 11), PRO40 (n = 13). The current NRC (2012) requirement for Mn in
gestating and lactating sows is 25 ppm. Sows began their respective dietary treatments on
the day of breeding and remained on dietary treatment until pregnancy determination after
the third breeding cycle. All the sows were on a common diet for at least 90 d prior to the
start of this study. During gestation, the experimental diet was mixed to contain 320 ppm
Mn and then fed at 1/16 (20 ppm) or 1/8 (40 ppm) of the daily intake with the remainder
being the control diet. This blending of the experimental and control diets allowed the use
of the dual hopper system in the electronic sow feeder (AP®, AGCO; Duluth, Georgia).
The sows were fed to maintain a body condition score of three during gestation [16]. The
low Mn gestation diet and the CON lactation diet were both 42 ppm Mn, which met the
NRC requirement and was not Mn-deficient (Table 1). Although 42 ppm Mn was in excess
of the NRC recommendation, basal levels of Mn in corn, soybean meal, DDGS, and other
ingredients are of unknown availability to the animal. During breeding and gestation, the
sows were housed in a temperature-controlled (21.1 ± 2.8 ◦C) barn at the University of
Georgia Double Bridges Swine Unit (Oglethorpe County, Georgia).

The pregnant sows were transported to an environmentally controlled (21.1 ± 2.8 ◦C)
farrowing room (LARU; University of Georgia, Athens, Georgia) approximately d 110 ± 1
of gestation. The sows were restrict-fed upon arrival (2.27 kg/day) until 1 d post-farrowing
with ad libitum access to water. The sows consumed the lactation feed and water ad
libitum after 1 d post-farrowing until weaning (Table 1). The sows remained on the
same dietary treatment during the gestation and lactation phases. Diet samples were
collected throughout the study and were sent to the University of Georgia Feed, Water, and
Soil Laboratory (Athens, Georgia) for proximate analysis and mineral concentration via
inductively coupled plasma (ICP) analysis (Table 1). The sows were weighed upon entering
the farrowing unit, within 24 h of farrowing, and at weaning (Mosdal Scale Systems;
Broadview, MT, USA). The weekly feed intake was recorded during the lactation period.
The data were collected through two full breeding cycles and lactations. Only those sows
that completed parity 1 on the treatment were included in parity 2 data collection.
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Table 1. Dietary composition and analysis on an as-fed basis.

Dietary Treatment
Gestation Lactation

Low Mn High Mn CON PRO20 PRO40

Ingredient, %
Corn 54.370 54.160 54.410 54.400 54.380

Corn DDGS 40.000 40.000 20.000 20.000 20.000
Soybean meal, 47.5% 1.700 1.700 21.620 21.620 21.620

L-Lysine 0.210 0.210 0.220 0.220 0.220
Dicalcium phosphate 0.870 0.870 1.260 1.260 1.260

Limestone 1.600 1.600 1.240 1.240 1.240
Salt 0.250 0.250 0.250 0.250 0.250

Vitamin premix 1 0.250 0.250 0.250 0.250 0.250
Sow Add Pack- Vit 2 0.250 0.250 0.250 0.250 0.250

Mineral premix 3 0.500 0.500 0.500 0.500 0.500
ProPath® Mn 4 0.000 0.210 0.000 0.014 0.027

Analysis 5

ME 6,7, Mcal/kg 3303.000 3303.000 3297.000 3297.000 3297.000
Crude protein, % 18.400 17.600 20.000 19.900 19.900

Lysine 6, % 0.520 0.520 0.970 0.970 0.970
Crude fat, % 3.700 3.600 3.800 4.100 3.800

Ash, % 5.900 5.900 5.500 5.600 6.000
Crude fiber, % 5.400 5.100 3.700 4.000 3.900

Phosphorus (total), % 0.600 0.600 0.700 0.700 0.700
Phosphorus (avail) 6, % 0.400 0.420 0.390 0.390 0.390

Calcium, % 1.000 0.900 0.900 0.900 0.900
Potassium, % 0.800 0.740 0.920 0.940 0.920

Magnesium, % 0.210 0.180 0.190 0.210 0.210
Sulfur, % 0.070 0.080 0.080 0.080 0.080

Manganese, ppm 42.000 310.000 42.000 73.000 81.000
Iron, ppm 243.000 176.000 464.000 576.000 479.000

Copper, ppm 34.000 30.000 48.000 40.000 35.000
Zinc, ppm 181.000 113.000 225.000 255.000 251.000

1.Vitamin Premix: supplied per kg of diet: vitamin A (4,134 IU); vitamin D (1,653 IU); vitamin E (66 IU); vitamin
K (3.3 mg); riboflavin (8.27 mg); niacin (49.6 mg); vitamin B12 (0.033 mg); pantothenic acid (27.6 mg); ADM
Alliance Nutrition, Quincy, IL 62305. 2.Sow Add Pack: supplied per kg of diet: vitamin A (4,134 IU); vitamin E
(33 IU); pyridoxine (0.992 mg); folic acid (2.205 mg); biotin (0.2205 mg); choline (551.25 mg); carnitine (49.6 mg);
ADM Alliance Nutrition, Quincy, IL 62305. 3.Mineral Premix: supplied per kg of diet: Copper (10 ppm Cu as
CuSO4; 10 ppm Cu as ProPath® Cu, Zinpro); Zinc (50 ppm Zn as ZnO and 50 ppm Zn as ProPath® Zn, Zinpro);
Iron (100 ppm Fe as FeSO4); Iodine (1 ppm iodine as KIO3); Selenium (0.3 ppm Se as Na2SeO3). 4.Zinpro, Eden
Prairie, MN. 5.Analysis performed at University of Georgia Feed, Water, and Soil Laboratory (Athens, GA).
6.Metabolizable energy. 7.Calculated value.

2.2. Piglet Handling and Care

The piglets were processed and weighed (Ohaus Corporation; Parsippany, NJ, USA)
within 24 h of birth and at 21 ± 3 d of age (weaning). Pre-weaning mortality, number of live
piglets, number of stillborn piglets, and number of mummies were recorded. The males
were castrated at 7–10 d of age. Pre-weaning survivability was calculated on a per litter
basis. The number of litters on treatment from the LARU were: Parity 1 (n = 39): CON
(n = 13), PRO20 (n = 13), PRO40 (n = 13); Parity 2 (n = 35): CON (n = 11), PRO20 (n = 11),
PRO40 (n = 13). The piglets were not cross-fostered or allowed access to creep feed during
the course of this study.

2.3. Blood Collection and Storage

Sow blood samples were obtained 10 d ± 1 post-breeding and at 3 d ± 1 of lactation via
syringe using the jugular vein. The blood samples were transferred into heparinized blood
tubes (BD Vacutainer®, Franklin Lakes, NJ, USA), inverted several times, and placed on ice
until arriving at the laboratory within an hour. The samples were centrifuged (2000 × g,
10 min, 4 ◦C) and plasma was aliquoted and stored at −80 ◦C for subsequent analyses.
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The samples obtained 10 d post-breeding were analyzed for progesterone concentration.
The samples obtained 3 d into lactation were analyzed for prolactin and immune marker
concentrations.

Piglets were chosen for blood sampling by selecting an average-sized piglet from each
litter based on the average weaning weight for that litter. The piglet blood samples were
obtained 5 d ± 1 post-weaning via the orbital sinus [17] and collected into heparinized tubes
(BD Vacutainer®, Franklin Lakes, NJ, USA). The samples were inverted several times after
collection and placed on ice until arriving at the laboratory within an hour. The samples
were then centrifuged (2000 × g, 10 min, 4 ◦C), and plasma was aliquoted and stored at
−80 ◦C for subsequent analysis of immune marker concentrations. All the piglets were on
a common phase 1 nursery diet containing 12 ppm Mn (supplemented) post-weaning.

2.4. Prolactin and Progesterone Assays

A previously described radioimmunoassay (RIA) was used to determine the concen-
tration of prolactin [18] with the modification that 100 μL of plasma sample was used.
The radio-inert prolactin and the first antibody to porcine prolactin were purchased from
A.F. Parlow (U.S. National Hormone and Peptide Program, Harbor UCLA Medical Centre,
Torrance, CA, USA). The parallelism of a pooled sample from lactating sows was 98.4%.
The average recovery calculated by the addition of various doses of the radio-inert prolactin
to 50 μL of a pooled sample was 96.3%. The sensitivity of the assay was 1.5 ng/mL. The
intra- and inter-assay CV were 1.57% and 3.16%, respectively. Progesterone was measured
with a RIA commercial kit (Progesterone CT, ICN Pharmaceuticals Inc., Costa Mesa, CA,
USA). The validation showed a parallelism of 105.3% and an average recovery of 94.4%.
Intra- and inter-assay CV were 2.96% and 0.65%, respectively.

2.5. Cytokine Analyses

Cytokines were measured using Luminex xMAP technology for multiplexed quantifi-
cation of 13 porcine cytokines, chemokines, and growth factors. The multiplexing analysis
was performed using the Luminex™ 200 system (Luminex, Austin, TX, USA) by Eve Tech-
nologies Corp. (Calgary, Alberta). Thirteen markers were measured simultaneously using
Eve Technologies’ Porcine Cytokine 13-Plex Discovery Assay® (MilliporeSigma, Burlington,
MA, USA) according to the manufacturer’s protocol. The 13-plex consisted of GM-CSF
(granulocyte-macrophage colony-stimulating factor), IFNγ, IL-1α, IL-1ra, IL-1β, IL-2, IL-4,
IL-6, IL-8, IL-10, IL-12, IL-18, and TNF-α. The assay sensitivities of these markers ranged
from 5 to 42 pg/mL for the 13-plex. The individual analyte sensitivity values are available
in the MilliporeSigma MILLIPLEX® MAP protocol.

2.6. Tissue Collection and Storage

Piglet tissue samples were collected at weaning (21 ± 3 d of age) during the second
parity. An average-sized female piglet was chosen at weaning for tissue sampling based on
the average weaning weight of each litter. The piglets were euthanized with CO2 and the
ileum, heart, and liver were removed. The ileum was flushed with 1X phosphate buffered
saline solution, and the heart and liver were rinsed with the same solution. Approximately
45–65 cm of the ileum was removed immediately prior to the ileocecal junction. The
left ventricle of the heart and the right medial lobe of the liver were removed. The gall
bladder was removed from the liver before tissue was homogenized and frozen. The tissues
(1.0 ± 0.05 g) were homogenized in 4 mL of homogenizing buffer according to Marklund
and Marklund [19]. The resulting tissue homogenates were frozen at −80 ◦C for subsequent
analysis of MnSOD activity. Additional ileum, heart, and liver tissues (5.0 ± 0.1 g) were
sent to the University of Georgia Feed, Water, and Soil Laboratory (Athens, Georgia) to
determine the tissue mineral concentrations via ICP analysis. The samples were kept at
−20 ◦C until analysis.
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2.7. MnSOD Analysis

The tissue MnSOD specific activity (EC 1.15.1.1) was determined according to the
protocol outlined by Marklund and Marklund [19] with slight modifications. The tissue
samples were collected and homogenized as previously stated. The tissue homogenates
were then kept at −80 ◦C until analysis, according to the cited protocol.

In order to inactivate the Cu/Zn-dependent SOD, 1 mmol potassium cyanide (KCN)
was added to the reaction buffer (50 mM Tris-HCl, 1.0 mM diethylenetriamine pentaacetic
acid, pH 8.2) and was used to measure the relative MnSOD activity [19]. The tissue
homogenate (0.5 mL) was added to 1.1 mL of reaction buffer and centrifuged (2000× g,
15 min, 4 ◦C). The resulting supernatant was diluted in a reaction buffer (1:10). An assay
control with no added sample (900 μL reaction buffer + 50 μL of 10 mM sodium azide
(NaN3)), 200 μL (of diluted homogenate + 700 μL reaction buffer + 50 μL NaN3), and
400 μL (of diluted homogenate + 500 μL reaction buffer + 50 μL NaN3) were plated in
triplicate on a 12-well microcuvette plate (VWR® Tissue Culture Plates, Radnor, PA, USA),
with each well having a volume of 950 μL. The reaction was initiated when 50 μL of
4 mM pyrogallol in 10 mM HCl was added to each well and the plate was quickly mixed.
The reaction was monitored at 320 nm for 3 min using the kinetic reading program of a
spectrophotometer (Biotek® μQuant, 2006). Deionized water (1.0 mL) was used to blank
the spectrophotometer. The amount of supernatant that resulted in the 50% inhibition of
the autooxidation of pyrogallol was the equivalent of one unit of MnSOD activity (IU). The
Lowry protein determination [20] was performed on the tissue homogenate to determine
the milligram of soluble protein. Specific activity was defined by the internationally
recognized unit, IU mg/soluble protein.

2.8. Milk Collection and Component Analysis

Milk samples were obtained from sows on d 1, 7, and 14 of their individual lactation.
The success of adequate milk collection was dependent on sow temperament and safety of
collection. The piglets were removed 45 min to 1 hour prior to milking. The sow’s udder
was manually stimulated in order to induce milk letdown. In cases where milk letdown
would not occur after manual stimulation, an injection of 0.25 mL of oxytocin (20 USP
oxytocin/mL) was administered to accelerate milk letdown. Several minutes post-injection,
milk was collected from the sow into labelled, 15-mL conical tubes. Milk was collected
from as many of the sow’s functional teats (those teats that expressed milk) as possible to
ensure a representative sample. The samples were frozen at −20 ◦C until milk component
analysis.

Protein concentration of colostrum and milk was determined with the Lowry method [20].
The total fat percent of colostrum and milk was determined using a modification of the
method described by Folch et al. [21]. The milk samples were thawed, mixed thoroughly,
and one mL of sample was placed in a 25 mL glass screw top tube. Ten milliliters of
chloroform and methanol (1:2) were added to the tube, which was then capped and
vortexed, and left at room temperature for at least 10 min. Then, 5 mL of chloroform and
5 mL of saline (9.0 g/L NaCl) were added, the tubes were capped, vortexed, and the phases
were allowed to separate overnight. The next morning, samples were centrifuged (800 × g;
37 ◦C; 10 min) to further separate the phases. The upper methanol and water layer was
aspirated, and the protein precipitate at the interface was discarded. Aluminum weigh
pans were accurately weighed using gloves and forceps, and 6 mL of chloroform were then
transferred from the tube to its corresponding weigh pan. The weigh pans with chloroform
were left under the fume hood to allow the chloroform to evaporate (1 h minimum) and
were placed in a 100 ◦C drying oven for an hour to allow any additional water to evaporate.
The pans with dried lipid were weighed.

The milk samples were submitted to the University of Georgia Feed, Water, and
Soil Laboratory (Athens, Georgia) for determination of the mineral concentration via the
method of ICP analysis.
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2.9. Statistical Analysis

All the analyses were performed using sow or litter as the experimental unit and a
farrowing group based on farrowing dates as the block. There were five groups of 8, 8, 8,
8, and 7 sows, respectively. The sow performance data were analyzed as a randomized
complete block design. The dietary treatment served as a fixed effect, and the block served
as a random effect. All the models were analyzed using the MIXED procedure of SAS
9.4 (SAS Enterprise, Cary, NC, USA). The dietary treatment within the study parity (first
or second) was included to detect the differences between the diets within each parity.
The lactation length was utilized as a covariate for sow feed intake, total number weaned,
and survivability. The piglet birthweights, weaning weights, and average daily gains
were analyzed on an individual piglet basis. For the total litter weaning weight, the
of number piglets weaned was used as a covariate in addition to the lactation length.
The cytokine data was not normally distributed, and thus a log10 transformation of the
cytokine concentrations was analyzed with the MIXED procedure of SAS as described
above. Pairwise comparisons between the least squares means of the Mn level comparisons
were computed using the PDIFF option of the LSMEANS statement. Statistical significance
was declared at p < 0.05 and tendencies were considered at 0.05 ≤ p < 0.10.

3. Results

3.1. Sow Performance

The sow body weights during lactation were not affected by treatment (p > 0.10;
Table 2). There was a dietary treatment within parity effect on relative weight change
between d 110 of gestation and d 1 of lactation (p = 0.024). The PRO20 sows lost less weight
from d 110 until d 1 of lactation in the second parity compared to their first (p < 0.05). There
were no differences between treatments in sow body weight loss during lactation or from d
110 until weaning (p > 0.10). The gestation length was not affected by dietary treatment
(p > 0.10). The weekly sow feed intake was affected by dietary treatment during all three
weeks of lactation (p < 0.05). In either parity, feed intake during week 1 of lactation was
higher for the PRO20 sows than the CON sows (p < 0.05) and did not differ from that of the
PRO40 sows (p > 0.10). The feed intake during week 2 of the second parity was increased
by 0.5–1.0 kg when compared to the first parity across all dietary treatments (p < 0.01). In
either parity, the feed intake during week 3 of lactation was greater for the PRO20 sows
than the CON sows (p < 0.05) and did not differ from that of the PRO40 sows (p > 0.10).
Overall, average daily feed intake was affected by dietary treatment. In the first parity, the
PRO20 sows ate significantly more feed (p < 0.05) when compared to either the CON or
PRO40 sows. During parity 2, the PRO20 sows ate significantly more feed than the PRO40
sows (p < 0.05), while feed intake did not differ from the CON (p > 0.10).

Table 2. The effect of supplemental dietary Mn (0, 20, 40 ppm) on the reproductive performance of
sows over two parities.

Parity 1 1 Parity 2 1 p–Values 2

Dietary Treatment CON PRO20 PRO40 CON PRO20 PRO40 SEM Mn Lin Mn
Mn

(Parity)

Sow body weight, kg (N) 13 13 13 11 11 13
d 110 ± 1 Gestation 233.0 226.4 233.1 222.0 225.4 233.5 8.0 0.588 0.450 0.807

d 1 ± 1 Lactation 224.6 217.7 224.4 216.9 221.9 222.9 10.9 0.879 0.707 0.907
d 21 ± 1 Lactation 233.4 223.6 230.6 230.2 228.8 236.5 9.3 0.612 0.822 0.918

Relative weight change, kg
d 110–d 1 Lactation −15.3 a −11.0 a −8.9 ab −7.2 ab −3.6 b −16.2 a 3.6 0.118 0.689 0.024

d 1 Lactation–d 21 Lact 11.2 7.0 6.3 16.8 6.6 15.6 3.9 0.148 0.376 0.260
d 110–d 21 Lact −4.2 −0.3 0.3 8.7 2.2 1.6 4.5 0.932 0.748 0.273

Gestation length, d 114.7 115.2 114.8 115.3 115.1 115.0 0.5 0.878 0.899 0.695
Feed intake, kg/sow/day

(N) 13 13 13 11 11 13

Week 1 5.15 b 6.26a 5.72 ab 5.63 b 6.68 a 6.20 ab 0.43 0.012 0.128 0.726
Week 2 6.38 c 7.73a 6.38 c 7.87 ab 8.01 ab 7.50 ab 0.38 0.039 0.621 0.003
Week 3 6.36 bc 6.58bc 6.04 cd 7.63 a 8.16 a 6.41 b 0.56 0.025 0.060 0.131
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Table 2. Cont.

Parity 1 1 Parity 2 1 p–Values 2

Dietary Treatment CON PRO20 PRO40 CON PRO20 PRO40 SEM Mn Lin Mn
Mn

(Parity)

ADFI 5.92 d 7.05a 6.04 bd 6.96 abc 7.52 a 6.73 bc 0.35 0.006 0.848 0.150
Lactation length, d 18.5 16.1 18.8 17.9 17.9 18.8 3.0

Litter performance (N) 13 13 13 11 11 13
Total number born 16.2 a 12.9 b 15.2 ab 15.2 ab 13.3b 14.6 ab 0.9 0.021 0.396 0.817

Total live born 13.6 a 12.0 ab 13.2 a 12.6 ab 10.6 b 12.4 ab 0.7 0.035 0.713 0.524
Stillborn 1.7 0.5 1.3 2.3 2.3 2.1 0.6 0.541 0.594 0.083

Mummies 0.9 0.6 0.6 0.2 0.4 0.1 0.3 0.750 0.466 0.348
Total number weaned 10.7 10.0 10.5 9.8 9.2 9.3 0.7 0.686 0.652 0.355

Survival, % 79.8 82.3 82.3 78.9 88.4 77.0 4.3 0.282 0.937 0.592
Avg piglet birthweight, kg3 1.23 c 1.59 a 1.35b 1.22 c 1.55 a 1.45 b 0.04 0.001 0.001 0.150
Avg piglet weaning wt, kg3 5.18 b 5.44 ab 5.74a 5.11 b 5.82 a 5.24 b 0.26 0.001 0.010 0.023
Avg litter weaning wt, kg 52.58 ab 59.08 a 58.09ab 51.66 ab 58.54 ab 51.40 b 2.7 0.049 0.310 0.318

ADG, g/pig/day3 216 b 232 ab 236a 211 b 241 a 204b 11 0.001 0.298 0.014

a−dLS Means within a row that do not share a letter superscript differ significantly (p < 0.05). 1. This refers to
Parity 1 or 2 on treatment; this applies throughout the text and in tables. 2. p-values reported are for the main
effect of manganese (Mn), the preplanned linear orthogonal contrast (Lin Mn), and the manganese treatment
within parity (Mn(Parity)). 3. Variables with a quadratic p-value of p < 0.01 as a result of a quadratic orthogonal
contrast statement.

3.2. Litter Performance

The total number of piglets born, the total number of piglets born alive, the number
of stillborn piglets, and the number of mummies were not affected by dietary treatment
(p > 0.10; Table 2). There was a significant effect of Mn on the total number of piglets born
(p < 0.05) and the total number of piglets born alive (p < 0.05). The numbers of total piglets
and total live piglets were greater for the CON sows compared to the PRO20 or PRO40 sows,
while values were lowest for the PRO20 sows. The PRO40 sows were intermediate between
the CON and PRO20 sows. The number of stillborn piglets between Mn treatments within
parity tended to be different (p = 0.08). The PRO20 sows tended to have lower numbers of
stillborn piglets in the first parity. There was no effect of Mn and parity on the previously
listed variables: the total number of piglets, the total born alive, the stillborn, and the
mummies. The total number of piglets weaned and litter survivability were not affected by
dietary treatment (p > 0.23). The average piglet birthweight increased linearly in response
to increasing the concentration of dietary Mn (p < 0.01). The PRO20 piglets weighed more
at birth (1.57 kg; p < 0.05) than the CON piglets (1.23 kg) and the PRO40 piglets (1.40 kg),
and the PRO40 piglets weighed more at birth than the CON piglets (p < 0.05). The weaning
weights differed in response to dietary treatment (p < 0.01). The PRO20 and PRO40 piglets
weighed more at weaning than the CON piglets (p < 0.05), the PRO20 piglets (5.6 kg) had
similar weights to the PRO40 piglets (5.5 kg) at weaning (p > 0.10). The dietary treatment
did have a significant effect on litter weaning weight (p < 0.05; Table 2). Looking at parity
1 and parity 2 separately, there were no significant differences in litter weaning weight
(p > 0.10). However, there was a significant difference (p < 0.05) in the weaning weights
of the PRO20 litters from parity 1 (59.08 kg) and the PRO40 litters from parity 2 (51.40 kg).
It does not appear that litter weaning weights followed any particular biological pattern
in response to the maternal dietary treatment. When averaged across parity, the piglet
average daily gain (ADG) was affected by dietary treatment (p < 0.01). The PRO20 piglets
gained, on average across both parities, 23 g more per day (237 g/pig/day) than the
CON piglets (214 g/pig/day; p < 0.05), while it was similar for the PRO20 and the PRO40
(220 g/pig/day; p > 0.10). In the second parity, the PRO40 piglets had decreased ADG
compared to that in the first parity.

3.3. Sow Immune Marker and Plasma Hormone Concentrations

In sows, plasma concentrations (log transformed) of GM-CSF, IFN-γ, IL-1β, IL-1rα,
IL-6, IL-8, and TNF-α did not differ in response to increasing the dietary Mn concentration
(Table 3) or effect of the dietary treatment within parity (p > 0.10). There was an effect
of the dietary treatment on the log concentrations of IL-1α, IL-2, IL-4, IL-10, IL-12, and
IL-18 (p < 0.05; Table 3), as well as a linear effect on the log concentrations of these same
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markers (p < 0.05). There was a linear effect of Mn on IL-1β and IL-6 (p < 0.05), even
though the Mn effect was not significant itself. Nevertheless, mean separations for these
two markers are presented in Table 3. In the first parity, concentrations of IL-1α, IL-1β,
IL-2, IL-4, IL-6, IL-10, IL-12, and IL-18 were not significantly different from one another in
response to the dietary treatment. During the second parity, IL-1α, IL-1β, IL-4, IL-6, IL-10,
and IL-12 had similar patterns of log concentrations. The PRO40 sows had significantly
decreased log concentrations compared to the CON sows (p < 0.05), while the PRO20 sows
had an intermediate log concentration that did not differ from that of the CON or PRO40
sows (p > 0.10). During the second parity, the CON sow log concentrations of IL-2 were
significantly increased compared to the log concentrations in the PRO20 and PRO40 sows
(p < 0.05). In addition, the PRO20 sows had a significantly increased log concentration of
IL-2 compared to the PRO40 sows (p < 0.05). During the second parity, the CON and PRO20
sow log concentrations of IL-18 were significantly increased compared to the PRO40 sows
(p < 0.05).

Table 3. The effect of supplemental dietary Mn (0, 20, 40 ppm) on the log concentration of plasma
immune markers in sows 3 d into lactation over two parities.

Parity 1 Parity 2 p–Values 1

Dietary Treatment CON PRO20 PRO40 CON PRO20 PRO40 SEM Mn Lin Mn
Mn

(Parity)

Log10Conc, pg/mL (N) 13 13 13 11 11 13
GM-CSF 2.38 2.57 2.37 2.33 2.57 2.47 0.15 0.24 0.61 0.94

IFN-γ 2.94 3.35 3.29 3.01 3.22 3.09 0.30 0.38 0.30 0.86
IL-1α 2.03 ab 1.95 ab 1.89b 2.32 a 2.08 ab 1.82b 0.15 0.05 0.01 0.45
IL-1β 3.10 ab 2.96 ab 2.94 ab 3.38 a 3.18 ab 2.90b 0.18 0.08 0.02 0.52
IL-1rα 3.00 3.12 3.03 3.37 3.15 2.99 0.14 0.26 0.12 0.24

IL-2 3.03 abc 2.96 abc 2.86 bc 3.33 a 3.11 b 2.72 c 0.17 0.02 0.01 0.38
IL-4 3.53 ab 3.36 ab 3.30 b 3.84 a 3.48 ab 3.21 b 0.19 0.03 0.01 0.61
IL-6 2.43 ab 2.41 ab 2.31 b 2.79 a 2.55 ab 2.34b 0.17 0.11 0.04 0.45
IL-8 1.47 1.04 1.52 1.25 1.30 1.17 0.18 0.50 0.93 0.24

IL-10 3.29 ab 3.31 ab 3.07 b 3.62 a 3.35 ab 2.95 b 0.19 0.01 0.01 0.52
IL-12 2.89 ab 2.90 ab 2.83 b 3.07 a 2.96 ab 2.76 b 0.09 0.04 0.02 0.38
IL-18 3.51 ab 3.52 ab 3.35b 3.82 a 3.62 a 3.25 b 0.16 0.01 0.01 0.43

TNF-α 2.51 1.81 2.21 2.43 2.09 1.96 0.28 0.20 0.10 0.69
Prolactin2, ng/mL 30.95 28.88 30.52 32.03 30.28 28.23 3.55 0.75 0.47 0.91

(N) 13 13 13 11 11 13
Progesterone3, ng/mL 25.83 26.86 23.04 21.56 25.45 21.12 2.40 0.09 0.36 0.60

(N) 13 13 13 11 11 13

a-bLS Means within a row that do not share a letter superscript differ significantly (p < 0.05).1P-values reported
are for the main effect of manganese (Mn), the preplanned linear orthogonal contrast (Lin Mn), and the effect
of Mn within parity (Mn(Parity)). 2. Prolactin was measured from plasma obtained on d 3 ± 1 of lactation.
3. Progesterone was measured from plasma obtained on 10 ± 1 d post breeding.

The prolactin concentrations in sows did not differ due to increasing dietary Mn
(p > 0.10; Table 3). There was a tendency for the progesterone concentration to differ in
response to the dietary Mn level (p < 0.10; Table 3), with concentrations being greater in the
PRO20 sows compared to the CON and PRO40 sows.

3.4. Piglet Immune Marker Concentrations

In piglets, the log plasma concentrations of all the tested immune markers did not
differ in response to increasing the maternal dietary Mn concentrations (p > 0.10; Table 4).

3.5. Tissue MnSOD Activity and Mineral Composition in Piglets

The dietary treatment had no effect on the MnSOD activity in the ileal or cardiac tissue
of piglets (p > 0.10; Table 4). The hepatic MnSOD activity decreased in a linear manner across
increasing levels of the maternal dietary Mn supplementation (p = 0.03; Table 4). There
was a tendency for the Mn to affect the cardiac and hepatic zinc concentrations (p = 0.09,
p = 0.077, respectively; Table 5). None of the other analyzed mineral concentrations differed
across the dietary treatments (p > 0.10; Table 5).
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Table 4. The effect of maternal supplemental dietary manganese on the log concentration of plasma
immune markers in piglets 5 d post-weaning and MnSOD tissue activity at weaning.

Parity 1 Parity 2 p–Values 1

Dietary
Treatment

CON PRO20 PRO40 CON PRO20 PRO40 SEM Mn Lin Mn
Mn

(Parity)

Log10Conc2,
pg/mL (N)

13 13 13 11 11 13

GM-CSF 1.21 0.97 1.35 1.36 1.67 0.88 0.24 0.57 0.42 0.06
IFN-γ 2.18 2.40 2.13 2.03 2.24 2.34 0.20 0.50 0.45 0.68
IL-1α 0.80 0.62 0.96 0.86 0.89 0.79 0.23 0.83 0.80 0.72
IL-1β 2.38 2.31 2.42 2.31 2.38 2.30 0.14 0.99 0.91 0.87
IL-1rα 3.17 3.02 3.15 3.24 3.18 3.17 0.12 0.58 0.64 0.76
IL-2 1.80 1.76 1.89 1.64 1.87 1.81 0.24 0.78 0.51 0.90
IL-4 2.25 1.81 2.04 2.17 2.06 2.12 0.20 0.28 0.41 0.76
IL-6 1.57 1.33 1.52 1.57 1.44 1.49 0.12 0.13 0.50 0.87
IL-8 1.46 1.30 1.38 1.78 1.42 1.66 0.17 0.12 0.44 0.44
IL-10 2.30 2.17 2.13 2.27 2.42 2.13 0.14 0.23 0.14 0.57
IL-12 3.19 3.15 3.13 3.13 3.18 3.17 0.06 0.97 0.88 0.71
IL-18 2.93 2.83 2.92 2.89 3.07 2.85 0.12 0.69 0.70 0.17
TNF-α 1.74 1.84 1.82 1.85 1.63 1.49 0.15 0.51 0.25 0.16
MnSOD 3,4,
IU/mg (N)

11 11 13

Ileum . . . 6.95 6.36 6.89 0.81 0.67 0.93
Heart . . . 8.79 5.73 6.77 1.25 0.21 0.23
Liver . . . 10.02 a 7.46 b 7.87 ab 0.71 0.03 0.03

a-bLS Means within a row that do not share a letter superscript differ significantly (p < 0.05). 1.P-values reported
are for the main effect of manganese (Mn), the preplanning linear orthogonal contrast (Lin Mn), and the effect of
Mn within parity (Mn(Parity)). 2.This data is derived from plasma obtained from piglets on d 5 ± 1 post-weaning.
One average sized piglet was bled from each litter, based on the average weaning weight for their litter. 3.MnSOD
activity is expressed in the internationally recognized unit for enzymatic activity, IU/mg soluble protein. In
addition, tissue samples were only collected from piglets during the second lactation of the study. 4. p–values
reported (from left to right) are for the main effect of manganese (Mn), the preplanned linear orthogonal contrast
(Lin Mn), and the effect of tissue on MnSOD activity. There was no Mn x Tissue interaction (p = 0.653).

Table 5. The effect of supplemental maternal dietary manganese on tissue mineral concentrations of
piglets at weaning.

Dietary Treatment CON PRO20 PRO40 SEM p-Value

Mineral Concentration 1,2 N 11 11 13 Mn
Ileum
Phosphorus, % 1.385 1.320 1.427 0.060 0.249
Calcium, % 0.041 0.046 0.051 0.004 0.114
Manganese, ppm 5.316 5.000 5.556 0.235 0.227
Iron, ppm 116.000 114.000 118.000 11.000 0.937
Copper, ppm 6.000 15.000 6.000 5.000 0.364
Zinc, ppm 124.000 118.000 119.000 5.000 0.728
Heart
Phosphorus, % 1.015 0.970 1.013 0.010 0.117
Calcium, % 0.023 0.024 0.031 0.004 0.226
Manganese, ppm 5.704 5.410 5.670 0.190 0.479
Iron, ppm 238.000 222.000 219.000 16.000 0.589
Copper, ppm 7.000 7.000 16.000 4.000 0.215
Zinc, ppm 89.000 87.000 91.000 2.000 0.091
Liver
Phosphorus, % 0.908 0.912 0.922 0.060 0.970
Calcium, % 0.022 0.023 0.023 0.002 0.692
Manganese, ppm 6.023 6.441 5.907 0.446 0.591
Iron, ppm 845.000 1152.000 863.000 204.000 0.478
Copper, ppm 172.000 159.000 148.000 27.000 0.662
Zinc, ppm 262.000 265.000 199.000 24.000 0.077

1.Mineral concentration analysis performed via inductively coupled plasma (ICP) analysis. 2.Tissue samples were
only collected from the second parity of the study.

3.6. Sow Milk Composition

There was no interaction between the Mn and the parity for any of the measured milk
components, therefore, averages were presented across the dietary treatments (Table 6).
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There was no day effect between d 7 and d 14 milk samples for any measured component,
therefore, averages were presented and an orthogonal contrast between colostrum (d 1) and
milk (average of d 7 and d 14) was reported (Table 6). The protein percentage decreased
(p < 0.01) between the colostrum and milk, while there was a tendency for the milk protein
to decrease in response to the supplemented dietary Mn (p = 0.08). The colostral fat content
differed in response to dietary treatment (p < 0.05), with The PRO20 sows having higher
colostral fat than the PRO40 sows (p < 0.05), but similar values to the CON sows (p > 0.10).
The CON sows had the highest percent milk fat when compared to the PRO20 and PRO40
sows (p < 0.05), whereas the PRO20 sows and the PRO40 sows had similar values (p > 0.10).
The increased dietary supplementation of Mn did not affect the mineral composition of
the colostrum or milk (p > 0.10; Table 6). The calcium content increased (p < 0.01) from the
colostrum to the milk, while the copper and zinc concentrations decreased (p < 0.01).

Table 6. The effect of supplemental dietary manganese on the colostrum (d 1) and milk (d 7 and 14)
composition of lactating sows.

Dietary Treatment CON PRO20 PRO40 p–Values

Milk composition
(as-received) Mn Col v. Milk

Protein1, %
Colostrum (N) 15.4 (19) 16.0 (18) 13.5 (21) 0.39 0.01

Milk 2 (N) 9.2 (16) 8.7 (15) 7.7 (20) 0.08
Fat 1, %

Colostrum (N) 5.9 ab (19) 6.2 a (18) 4.4 b (17) 0.05 0.02
Milk 2 (N) 7.8 a (15) 5.5 b (12) 6.1 b (16) 0.01

Mineral Concentration 1,3

(as-received)
Colostrum (N) 19 17 17

Milk 2 (N) 15 11 15
Phosphorus, %

Colostrum 0.11 0.12 0.12 0.21 0.85
Milk 2 0.12 0.12 0.12 0.20

Calcium, %
Colostrum 0.09 0.11 0.12 0.22 0.01

Milk 2 0.16 0.17 0.17 0.71
Manganese, ppm

Colostrum 0.25 0.25 0.26 0.32 0.13
Milk 2 0.26 0.25 0.30 0.12

Iron, ppm
Colostrum 1.69 1.90 1.53 0.68 0.52

Milk 2 1.68 1.84 2.17 0.63
Copper, ppm

Colostrum 2.59 2.60 2.21 0.52 0.01
Milk 2 1.29 1.03 1.10 0.30

Zinc, ppm
Colostrum 9.05 10.34 8.66 0.48 0.01

Milk 2 5.34 5.74 5.58 0.80

a-bLS Means within a row that do not share a letter superscript differ significantly (p < 0.05). 1.There was no Mn
x parity effect, so data were averaged over both lactation periods for protein and fat percentages and mineral
composition. 2. There was no day effect (p > 0.10) between d 7 and d 14 samples for any component, therefore
those samples were combined and an orthogonal contrast between colostrum and milk was reported. 3.Mineral
analysis performed via inductively coupled plasma (ICP) analysis.

4. Discussion

Sow body weight is an important variable to monitor during gestation and lactation
as it can affect subsequent reproductive performance and longevity [22]. Before farrowing,
feed intake is restricted to prevent unnecessary weight gain and the onset of constipation in
the days leading up to parturition [22]. In general, sows lose body weight after farrowing
and throughout lactation until weaning [22,23]. The dietary treatment had no effect on sow
body weight before farrowing, after farrowing, or after weaning. There was an effect of the
Mn level within parity on the relative body weight change from d 110 to birth (p < 0.02),
but there was no clear or logical pattern of change. This statistically significant observation
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does not have a significant impact in the larger frame of the study, based on the absence of
the observed differences in the other relative weight change variables.

The lactation feed intake across all the treatments in this study approximated the
industry mean of 6.5 kg/sow/day [24]. The increased lactation feed intake in the sows fed
20 ppm of Mn is in agreement with Tsai et al. [25] in regards to organic minerals improving
sow growth characteristics. Nevertheless, Peters and Mahan [26] have reported no change
in sow feed intake between mineral sources. Feed intake may be impacted by the type of
mineral, but the previous literature on this subject is not consistent from one study to the
next. Trace minerals are involved in many physiological pathways and affect many cellular
processes, including hormone synthesis and distribution.

Progesterone is the pregnancy and conceptus maintenance hormone and is necessary
for fetal growth [27,28]. Manganese is a cofactor for enzymes related to squalene synthesis,
a precursor for steroid hormones like progesterone [29,30]; however, dietary treatment
did not impact plasma progesterone concentrations in the current study. Current findings
indicate that the dietary levels of Mn provided sufficient support of progesterone synthesis
and did not differ based on Mn supplementation.

Prolactin stimulates the production of milk in mammals and has key roles in mam-
mary development [31]. Increasing prolactin secretion in late gestation [32] or during
lactation [33] led to greater sow milk yield. Prolactin is known to be a peripheral marker of
Mn toxicity in rats and could also serve as a sensitive biomarker of cumulative exposure to
Mn [34]. More specifically, Mn stimulates dopamine depletion, thereby increasing prolactin
secretion and circulating concentrations [34]. In this study, prolactin concentrations were
not affected by feeding increasing amounts of Mn from an organic source, even though
organic minerals have better absorption and body retention compared to the inorganic
form [35].

Efficient reproductive performance is a key component in swine husbandry. Increasing
litter size while minimizing labor costs is a goal in piglet production, but there are many
routes that may lead to this goal [3,4]. Plumlee et al. demonstrated that sows fed Mn-
deficient diets gave birth to weak and poorly structured piglets [13]. Therefore, it was
anticipated that sows fed increasing amounts of supplemental Mn would have improved
Mn utilization for mineral deposition and bone development in the conceptus during
gestation. It was predicted in the current study that more piglets would be born to the
PRO20 and PRO40 sows and would be heavier in comparison to the CON piglets due
to improved dam nutrient intake and deposition in fetal piglets. Increased maternal Mn
supplementation may lead to improved Mn utilization and, as a result, lead to more piglets
being born alive by the improvement of the embryonic survivability and the oxidative
defense of the sow.

The sows in the current study had litter size characteristics (total number, total live
born, total number weaned) slightly below the US industry average [24]. The piglet
weights at birth and pre-weaning survivability were similar to the industry means. There
was a numerical increase in the pre-weaning survivability when comparing the CON
to PRO20 litters (79.4% vs. 85.4% over two parities, respectively). This is likely linked
to the greater birthweight of the PRO20 piglets. Increased birthweight has been shown
to improve pre-weaning survivability [36,37]. Improved piglet birthweights, weaning
weights, and pre-weaning average daily rates of gain are important factors for efficient
piglet production [3,4]. Piglets that are born heavier have a reduced risk of pre-weaning
mortality and generally will gain more weight during the pre-weaning period, which was
the case in the present study. Heavier piglets at weaning also typically result in improved
average daily gain during the grow-finish phase of production [38]. Although the PRO20
sows did have significantly less total born and total live born piglets, there was not a
feasible explanation for the heavier piglet birthweights for those particular sows.

Maternal immunity is essential for suckling piglets because there is no placental
transfer of immunoglobulins to the developing offspring in swine. As is the case with most
mammals, immunity must be passed from the dam to the neonate via colostrum in order
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for the newborn piglet to fight off pathogenic organisms [39–41]. Sow colostrum and milk
contain a variety of immunomodulatory agents: prolactin, nucleotides that enhance the
activity of natural killer (NK) cells, macrophages, T helper cells, and cytokines [39]. These
immune markers and agents are used by the animal and can usually be found circulating
in the plasma [40]. It was anticipated that increasing Mn in sow diets may impact immune
markers due to improved Mn utilization by the immune system and the reduction of
oxidative stress. In a recent study, plasma cytokine profiles of sows during early gestation
and the second half of pregnancy were characterized by the increased production of IL-1α
and IL-4 and the reduction of the production of IFN-γ [42]. Following parturition, sows
experience metabolic stress, and pro-inflammatory cytokine concentrations increase after
farrowing [42].

When looking at the immune status of sows post-farrowing in the present experiment,
clear patterns emerge. For markers that did respond significantly to the dietary treatment,
the CON sows generally had increased concentrations compared to the PRO20 sows, while
the PRO40 sows had lower concentrations compared to the CON and PRO20 sows. It may
be that the CON sows had a more primed and capable immune response when faced with
the metabolic stress that accompanies parturition. On the other hand, the PRO40 sows
may have experienced a suppression or deficiency in their immune response based on the
lower plasma concentrations of various immune markers. It is also possible that the PRO40
sows overcame the metabolic stress associated with farrowing more quickly or had less
metabolic stress to begin with, and the plasma immune marker concentrations had already
begun to decrease. It would be of interest to obtain multiple blood samples before and
after farrowing and throughout lactation to draw meaningful conclusions on the impact of
feeding supplementary organic Mn on the immune status of sows.

Manganese has been linked to nutritional immunity, which is the idea that the body
sequesters trace nutrients to impair or prevent the growth of certain pathogens [43]. In
addition, trace elements can play messenger roles in immune system cascades [43]. The
reduced plasma concentrations (log transformed) of IL-1α in the PRO40 sows compared
to the CON and PRO20 sows are of importance because IL-1α is produced by activated
macrophages and plays an important role in the regulation of immune responses [39,44]. It
is an intermediary cellular signal in the pathway activating the pro-inflammatory cytokine,
tumor necrosis factor- α (TNF-α). However, log plasma concentrations of the TNF-α were
not affected by the dietary treatment. It has been determined that TNF-α concentrations
peak 24–36 h following parturition in sows of differing immune status [45]. The plasma
concentrations (log transformed) of the pro-inflammatory cytokines, IL-1β, IL-2, and IL-6
and the anti-inflammatory cytokine, IL-4, were also lower in the PRO40 compared with the
CON and PRO20 sows, indicating altered immune status. IL-1β is released by macrophages
and monocytes during cell injury, infection, invasion, and inflammation [39,44]. IL-2 is a
signaling molecule that regulates the activities of white blood cells that are responsible
for immune status, while the anti-inflammatory cytokine IL-4 induces the differentiation
of naïve helper T-cells and reduces pro-inflammatory responses [39,44]. IL-6 is a pro-
inflammatory cytokine that has been shown to suppress feed intake and stimulate the acute
phase immune response [44]. There was no effect of Mn on the plasma concentration of
IL-6. The plasma concentrations of IL-10, IL-12, and IL-18 were also lower in the PRO40
sows compared with the CON and PRO20 sows, especially in parity 2. IL-1rα is secreted
by various cell types (for example: epithelial and adipocytes) and is a natural inhibitor
of the pro-inflammatory effects of IL-1α and IL-1β [44]. IL-1rα may have suppressed the
inflammatory effects of the IL-1α and IL-1β in this study. IL-10 is an anti-inflammatory
cytokine with multiple, pleiotropic effects in immune regulation and inflammation, while
IL-18 is a pro-inflammatory cytokine that facilitates type 1 responses along with IL-12, to
induce cell-mediated immunity following infection [39,44]. IL-12 stimulates the production
of IFN-γ, TNF-α, and NK cells [44]. Supplemental Mn concentrations exceeding 20 ppm
may have a role in the disruption of secondary messenger cascades and, as a result, a
reduction in immune marker expression.
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Overall, plasma concentrations of immune markers that did change in response to
dietary treatment seemed to do so in similar patterns, showing that the PRO40 sows
had reduced immune marker concentrations (log transformed) compared to the CON
and PRO20 sows, especially in parity 2. A reduction in concentrations in response to
the Mn supplementation is not necessarily a negative result. As previously mentioned,
an explanation may be that the PRO20 and PRO40 sows overcame the metabolic stress
associated with parturition more quickly than the CON sows. The significant responses in
log concentrations of these markers to the dietary Mn occurred in parity 2, and it is possible
that feeding these diets for a longer period of time could have longer term effects on the
sow’s immune system. It is important to understand that these are log concentrations at a
specific moment in time in the farrowing room; therefore, more definitive conclusions could
be made about the immune status of the animal if samples were taken at various points
in time. Looking at a variety of acute phase proteins like serum amyloid A, haptoglobin,
albumin, and others could aid to better understand the immune responses observed in this
study. The concentrations and activity of these acute phase proteins can provide a more
complete understanding of the immune system around parturition in sows of differing
immune status [45].

There were no significant differences observed in the log concentrations of immune
markers in piglets at 5 d post-weaning. It is known that weaning induces the expression
of pro-inflammatory cytokines in piglets, with peak expression primarily occurring 1 d
post-weaning [46,47]. Based on the current data, it can be concluded that there were no
long-term effects of maternal Mn supplementation on the immune status of their piglets at
5 d post-weaning.

The dietary treatment did not affect tissue mineral concentrations in the present
study. In a related study, some tissues, such as the liver, showed similar trends in mineral
concentration compared to the present study, independent of dietary treatment [48,49].
There is limited research on the impact of supplementing maternal diets with organic
minerals on the mineral status of offspring. It was reported that maternal supplementation
of chelated organic mineral sources (Cu, Fe, Zn and Mn) did not impact whole body tissue
analysis in piglets when compared to inorganic sources [50]. Furthermore, as described by
Papadopolous et al. [50], there was no difference in tissue concentrations of Mn in response
to the maternal dietary addition of Mn, the element of interest in this study.

Weaning for piglets is a time of nutritional, immunological, social, and oxidative
stress [47]. Oxidative stress results from the formation of reactive oxygen species (ROS),
a byproduct of oxygen metabolism [12]. If left unchecked by antioxidant regulators, the
accumulation of ROS can cause damage to membrane lipids, proteins, and DNA [51,52].
The tissue types of interest for the analysis of MnSOD activity in the present study were
chosen based on the increased cellular energy requirement of hepatic, cardiac, and ileal
tissues and localization of MnSOD to the mitochondria [12]. It was expected that increasing
maternal Mn supplementation would increase MnSOD activity in tissues post-weaning.
In weanling pigs fed the increasing dietary levels of Mn (0.24 to 32 ppm Mn), the hepatic
MnSOD concentrations averaged 4.89 IU/mg and the cardiac concentrations averaged
10.0 IU/mg irrespective of Mn dose [53]. Weanling pigs fed 12 mg/kg had the increased
red blood cell MnSOD activity 7 d post-weaning compared to those with no supplemented
Mn [54]. The MnSOD values in the current study are higher than those previously reported.
These differences are likely attributed to the supplemental Mn post-weaning rather than
the maternal diet supplementation. In the current study, the liver MnSOD activity showed
a reduction as the maternal Mn supplementation increased. This could be a result of
suppressed oxidative stress in the PRO20 and PRO40 piglets at weaning. Cardiac tissue
MnSOD activity, though not significantly different, showed a similar numerical reduction
in activity from the CON to the PRO20 and PRO40 piglets.

Sow Mn supplementation influenced percent fat of both colostrum and milk and
tended to change milk protein content. Mineral composition did not change due to supple-
mental Mn. The PRO20 sows had increased colostrum fat when compared to the PRO40

155



Agriculture 2022, 12, 2168

sows (p < 0.05), while colostrum fat in the PRO20 sows did not differ from the CON sows
(p > 0.05). The CON sows had the highest milk fat percentage when compared to the PRO20
and PRO40 sows. Decreased percent fat of colostrum in response to increased dietary Mn
may be due to increased milk demand from heavier the PRO20 and PRO40 piglets. Piglets
from the PRO20 and PRO40 sows had significantly increased ADG when compared to
CON piglets, suggesting consumption of increased amounts of milk. In conjunction, the
PRO20 sows had a significantly increased overall ADFI. It is known that litter size can have
an impact on sow milk yield [55]. The milk fat in thePRO20 and PRO40 may have been
reduced or diluted, due to presumably higher milk yield. However, based on this data,
there was no conclusive evidence that this was the case. The milk and colostral percent fat
values from the current study are in line with those previously reported [56–58].

5. Conclusions

Supplementing gestating and lactating sow diets with Mn increased piglet birth-
weights and improved pre-weaning growth. The driver of increased pre-weaning piglet
weight gain seems to be increased milk production, driven by increased sow lactation
feed intake. Immune markers in lactating sows and their offspring at weaning responded
inconsistently to Mn supplementation, suggesting that dietary Mn beyond what is provided
by feedstuffs does not significantly impact either sow or piglet immune status at 3 d into
lactation. Manganese supplementation to sow diets is critical to ensure increased piglet
birthweights and pre-weaning growth rates. These improvements can have compounding
effects as pigs continue to grow and progress through the nursery and grow-finish phases
of production.
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Abstract: This study aims to evaluate the nutritive value of Ajuga iva (A. iva) harvested from three
distinct altitude regions in Tunisia (Dougga, Mograne, and Nabeul). The chemical composition,
phenolic concentration, gas production, and in vitro dry matter (DM) digestibility were determined.
The highest concentrations of neutral detergent fiber (NDF) and acid detergent fiber (ADF) were for
A. iva cultivated in Nabeul. In contrast, the highest crude protein (CP) concentration was observed in
that cultivated in Mograne, and the lowest (p < 0.01) CP concentration was noted in that cultivated in
Dougga. Additionally, the cultivation regions affected the concentrations of free-radical scavenging
activity, total flavonoids, and total polyphenols (p < 0.01). The highest free-radical scavenging activity
was observed with A. iva cultivated in Dougga and Mograne. The highest (p < 0.05) gas production
rate and lag time were observed in A. iva cultivated in Mograne and Nabeul regions. DM digestibility
differed between regions and methods of determination. The highest (p < 0.01) DM degradability,
determined by the method of Tilley and Terry and the method of Van Soest et al., was for A. iva
cultivated in Mograne and Dougga, while the lowest (p < 0.01) value was recorded for that cultivated
in the Nabeul region. Likewise, metabolizable energy (ME) and protein digestibility values were
higher for A. iva collected from Mograne region than that collected from the other sampling areas. In
conclusion, the nutritive value of A. iva differed between regions. Therefore, care should be taken
when developing recommendations for using A. iva in an entire region. Season- and region-specific
feeding strategies for feeding A. iva are recommended.

Keywords: Ajuga iva; chemical composition; nutritive value; unconventional feeds; phenolic;
growing conditions
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1. Introduction

Inadequate feed supply is one of the significant challenges facing ruminant livestock
producers, making exploring new feeds a premium issue for successful animal produc-
tion [1]. Evaluating the nutritive value of unconventional feeds is essential before feeding
them to animals. However, the nutritive value of plants depends on many factors and may
differ for the same plant under different conditions. Reasons for that variability can be clas-
sified as intrinsic (variety, chemical composition) or extrinsic factors (growing conditions,
storage, etc.) [2]. In addition, soil types, environmental conditions, geographical areas, and
many more characteristics affect the nutritive value of feeds [3].

Plants contain secondary metabolites, including flavonoids, phytosterols, tannins,
saponins, alkaloids, terpenoids, cyanogenic glycosides, etc., with multiple biological activ-
ities [4]. The concentration of secondary metabolites in plants depends on growth stage,
soil type, etc. Soil type plays a vital role in determining the concentration and type of plant
secondary metabolites. It is the matrix through which potential secondary metabolites are
adsorbed and pass [5]. The activities of plant secondary metabolites in the soil are strongly
linked with the soil’s physical, chemical, biological, and physicochemical properties, which
in turn affect adsorption and degradation [6]. Ajuga iva (L.) Schreber (Lamiaceae) (A. iva) is
a plant that has been used in traditional medicine due to its anti-inflammatory, antifungal,
antimicrobial, antifebrile, and anthelmintic activity [7]. A. iva contains polyphenolic com-
pounds with antioxidant properties [8]. Its extract has been used traditionally as a diuretic,
cardiac tonic, hypoglycemic, or a cure for fever. It exhibits a high stimulating effect on
animal protein synthesis [9,10]. Chemical studies on A. iva have revealed the presence of
several flavonoids, tannins, terpenes, and steroids [11]. The natural presence of bioactive
compounds in the plant suggests the possibility of its use in animal feed to alter ruminal
fermentation [12,13]. Recently, Bouyahya et al. [14] compared the volatile compounds of
A. iva essential oils at three developmental periods, and noted that phenological stages
significantly affected the volatile compounds resulting in different biological properties.
They identified 28 volatile compounds in A. iva essential oils at the three developmental
periods, with carvacrol, methyl chavicol, and octadecane among the significant compounds
with different concentrations in each developmental period.

Additionally, the antioxidant, antibacterial, and antifungal properties of Ajuga were
significantly affected by the concentrations of total phenolics and flavonoids [9]. Thus, the
hypothesis of the present study depends on the possibility of a relationship between the
nutritional value of A. iva feed materials and the sites of cultivation, as well as their content
of phenolic substances, which may have an impact on their in vitro gas production and
digestibility. Therefore, the present trial was undertaken to compare in vitro the nutritive
value of A. iva at different sites (Dougga, Mograne, and Nabeul) in Tunisia.

2. Materials and Methods

2.1. Sampling Source of Ajuga iva (A. iva)

Approximately 1000 g of naturally cultivated mature A. iva parts (leaves and small
stems) were randomly collected in Spring 2018 from three different sites in Tunisia: Nabeul
(latitude 36◦22′556′′ N longitude 11◦40′4581′′ E), Dougga (latitude 36◦25′94′′ N; longitude
9◦13′05′′ E), and Mograne (latitude 36◦40′920′′ N and longitude 10◦27′918′′ E). These sites
were selected to represent the majority of Mediterranean conditions in Tunisia. The texture
of the soil in Nabeul was sandy, it was silty in Mograne, and vertisol (very fertile and
rich in clay) in Dougga. The three regions are situated in semi-arid areas (precipitation
ranges between 400–600 mm/year). The plant samples were air-dried at room temperature
(40 ± 2 ◦C) for one week, ground by a Retsch blender mill (Normandie-Labo, 7210, type
ZM1, Lintot, France), and sieved through a 0.5 mm mesh screen to obtain a uniform particle
size. The ground substrates were bagged and stored at room temperature until the chemical
analysis and in vitro experiments.
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2.2. Chemical Analysis

All A. iva samples were analyzed in triplicate for dry matter (DM, method ID 934.01),
ash (method ID 942.05), ether extract (EE, method ID 920.30), and crude protein (CP, method
ID 984.13) content following the methods of AOAC [15]. Neutral detergent fiber (NDF),
acid detergent fiber (ADF), and acid detergent lignin (ADL) were determined using an
ANKOM2000 fiber analyzer [16] (ANKOM 2000, ANKOM Technology, Macedon, NY, USA)
with the reagents described by Van Soest et al. [17]. Sodium sulfite, but not β-amylase, was
added to the solution for NDF determination.

2.3. Phytochemical Analysis

For a detailed analysis of the bioactive components in A. iva, triplicate samples (1 g)
were extracted with 20 mL of hydro-ethanolic solution (700 mL/L) according to the method
described by Neffati et al. [18]. Extractions were carried out using maceration at room
temperature for 24 h. The mixture was then filtered through Wattman No.1 filter paper
(Bärenstein, Germany) and micro filter paper (Wattman, 0.45 μm). The resulting solu-
tions were evaporated under vacuum at 40 ◦C using a rotavapor (Buchi Corporation
R-210, New-Castle, DE, USA), and the yield (%) of extraction was determined. Samples
were stored at 4 ◦C until use. The extract yield (%) was determined according to the
below equation:

Yield (%) =
weight o f dried extract (mg)

weight o f dried plant material (mg)
×100 (1)

The total phenolic (TP) content was determined by the Folin–Ciocalteu colorimetric
method [19] with some modifications, using gallic acid as the standard. The method is based
on reducing phosphotungstate–phosphomolybdate complex to blue reaction products [19].
The modified method is described briefly: A. iva leaf extract and the chosen standard
(gallic acid) were dissolved at different concentrations, and 0.1 mL of each solution was
mixed with 1 mL of Folin–Ciocalteu reagent (10%). The mixture was incubated for 5 min
before adding 1 mL of 10% (w/v) Na2CO3. Prepared solutions were then diluted with
8.4 mL of deionized water and incubated in the dark at room temperature for 90 min. The
absorbance of each sample and of the standard mixture was measured at 760 nm against the
appropriate blank using a spectrophotometer (Jenway spectrophotometer monofaisceau
UV/visible model 7315). The TP concentration was expressed as gallic acid equivalents per
milligram of dry extract (mg GAE/mg DE).

Total flavonoid content (TF) was measured using a colorimetric method based on the
formation of flavonoid [20]. Each diluted sample extract (0.25 mL) was added to 0.075 mL
of NaNO2 solution (7%) and mixed for 6 min before adding 0.15 mL of freshly prepared
AlCl3 solution (6H2O, 10%). Catechin was used as a standard. After 5 min, 0.5 mL of
1 mol/L NaOH solution was added. The final volume was adjusted with distilled water to
2.5 mL, and thoroughly mixed; the absorbance of the mixture was determined at 510 nm.
TF of dried A. iva leaf extract was estimated according to the calibration curve obtained
by a series of concentrations of the catechin standard (0 to 700 μg/mL range). Samples
were analyzed in triplicate, and results were expressed as catechin equivalents per mg dry
extract (mg CE/mg DE).

2.4. Antioxidant Activity

The anti-radical activity (ARSA) of A. iva leaves was evaluated as the scavenging of
the free anionic 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical. At different concentrations,
the sample solution (50 μL) or standard Trolox solution was added to 1 mL of 40 μM DPPH
in methanol. The mixture was then shaken vigorously. After incubation (1 h), changes in
color (from deep violet to dark yellow) were measured at 517 nm. The radical scavenging
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activity for DPPH was evaluated by calculating the percentage of inhibition (PI) using the
control and sample recorded absorbance (Abs):

PI (%) =
Abs control– Abs sampl

Abs control
× 100 (2)

The half-maximal inhibitory concentration (IC50) was calculated from the linear equa-
tion of the curve obtained by projection of PI versus the respective sample concentrations.

2.5. In Vitro Assays

In vitro trials were carried out using two different methods: the in vitro dry matter
digestibility, a gravimetrical method, and the in vitro gas production technique. In vitro
dry matter digestibility analysis was performed in Spain (University of León, León, Spain)
according to the technique proposed by Tilley and Terry [21] or by Van Soest et al. [22]. The
in vitro gas production analysis was carried out in Tunisia at the Sylvo-Pastoral Institute
of Tabarka.

2.5.1. In Vitro Dry Matter Digestibility (IVDMD)

Four mature Merino sheep with 49.4 ± 4.2 kg body weight (mean ± standard error)
and fitted with a permanent ruminal cannula were used as inoculum donors to carry out
in vitro incubations of the plant material. Animals were allowed 1 kg of Lucerne (Medicago
sativa) hay (the traditional Mediterranean forage) once per day supported with ground
maize and soybean meal (0.7 kg/100 kg live weight, 156 g CP/kg), and had free access to a
mineral premix and fresh water. Sheep were cared for and handled by trained personnel
in accordance with the Spanish guidelines for experimental animal protection (Spanish
Royal Decree 53/2013 on the protection of animals used for experimentation or other
scientific purposes). The experimental protocols were approved by the Institutional Ethics
Committee on Animal Experimentation (ULE_014_2016) of Universidad de León and the
Junta de Castilla y León (León, Spain). Ruminal liquid and solid parts were collected
separately from each animal before morning feeding. The liquid part was collected by a
stainless steel probe (2.5 mm screen) attached to a large-capacity syringe. The solid part was
collected from the dorsal rumen sac through the cannula, and squeezed by hand. Liquid
and solid parts were placed separately under anaerobic surroundings into pre-warmed
thermo containers (39 ◦C) and were carried immediately to the laboratory. The two parts
were blended at 1:1 (v/v) for 10 s, squeezed through four layers of cheesecloth, and retained
in a water bath (39 ◦C) flushed under CO2 until the inoculation took place.

The in vitro dry matter digestibility (IVDMD) was determined using the Ankom Daisy
procedure [16], to which two different approaches were applied as proposed by Tilley and
Terry, and Van Soest et al. [22]. Both techniques were carried out separately in different
trials. A culture medium containing macro and micro mineral solutions, resazurin, and a
bicarbonate buffer solution was prepared as described by Van Soest et al. [22]. The medium
was kept at 39 ◦C and saturated with CO2. Oxygen in the medium was reduced by adding
a solution containing cysteine–HCl and Na2S, as Van Soest et al. [22] described. Rumen
fluid was then diluted into the medium at a proportion of 1:5 (v/v). A. iva samples (250 mg)
were weighed into artificial fiber bags (size 5 cm × 5 cm, pore size 20 μm), sealed with
heat, and placed in incubation jars. Each jar was a 5 L glass recipient with a plastic lid
provided with a single-way valve to avoid the accumulation of fermentation gases. Each
incubation jar was filled with 2 L of the buffered rumen fluid transferred anaerobically,
closed with the lid, and the contents mixed thoroughly. The jars were then placed in a
revolving incubator (Ankom Daisy Incubator, ANKOM Technology Corp, Macedon, NY,
USA) at 39 ◦C, with continuous rotation to facilitate the effective immersion of the bags
in the rumen fluid. After 48 h of incubation in buffered rumen fluid, samples were either
subject to 48 h pepsin–HCl digestion as described by Tilley and Terry [21], or gently rinsed
in cold water followed by extraction with a neutral detergent solution at 100 ◦C for 1 h as
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described by Van Soest et al. [22]. According to Van Soest [23], the original method of Tilley
and Terry is a measurement of the apparent in vitro digestibility (AIVD).

Treatment with the neutral detergent solution removed bacterial cell walls and other
endogenous products and, therefore, the residuals can be considered a determination of the
true in vitro digestibility (TIVD) of dry matter. The first stage of ruminal incubation (48 h)
following the Goering and Van Soest technique corresponds to the determination of dry
matter degradability (IVdeg). Each technique was performed in duplicate (two bags per
sample) and repeated in three runs in different weeks, giving six observations per sample.

2.5.2. Kinetics of Gas Production

Rumen fluid was extracted from four mature slaughtered Queue Fine de l’Ouest sheep
(48.5 ± 4.3 kg body weight), collected in a thermos, and transported immediately to the
laboratory where it was strained through various layers of cheesecloth and kept at 39 ◦C
under a CO2 atmosphere. A culture medium was prepared as described previously and the
rumen fluid was diluted in the culture medium at the proportion 1:2 (v:v). Plant material
samples (300 mg) were weighed in a glass syringe (capacity 100 mL), added to 30 mL of
the culture medium, and incubated in a water bath. The volume of gas produced in the
syringes was measured every 2 h (from 0 to 72 h). Data were fitted to the model proposed
by France et al. [24]:

G = A [1 − e − c(t − L)] (3)

where G (mL) denotes the cumulative gas production (GP) at time t; A (mL) the asymptotic
gas production; c (h − 1) the fractional rate of gas production and L (h) is the lag time.
Effective degradability (ED, g DM degraded/g DM ingested) for a given rate of passage
(k, h−1) was estimated following the approach derived by France et al. [24]. To calculate
ED, a mean retention time of digesta in the rumen of 30 h was assumed, giving a rate of
passage of 0.033 h−1 (which can be found in sheep fed on a forage diet at maintenance
level). The partitioning factor (PF) was calculated as the ratio between net GP and the
degradation of the organic matter during 24 h, and was used as an indicator of microbial
protein syntheses [25].

2.6. Calculations

Metabolizable energy (ME, MJ/kg DM) content was estimated using CP and EE
contents (g/kg DM) and the volume of gas measured after 24 h of incubation (G24 in
mL per 300 mg DM incubated), as described by Menke and Steingass [26]:

ME = 2.43 + 0.1206 × G24 + 0.0069 × CP + 0.0187 × EE (4)

The digested organic matter (DOM), protein values [dietary protein undegraded in
the rumen (PDIA), true protein degraded in the small intestine (PDIN), and true protein
absorbable in the small intestine (PDIE)], and net energy status (in terms of forage units
for lactation (UFL) or meat production (UFV)) of Ajuga foliage were assessed according to
the INRA [27] feed evaluation system. These were estimated from the feed characteristics
(chemical composition and in vitro digestibility parameters) obtained in our study using
the INRAtion software (V5, RUMIN’AL, Paris, France).

The partitioning factor (PF) was calculated as mg DM digested potential of degradabil-
ity (D144)/mL gas production (A) [25], as an indicator of the efficiency of ruminal microbial
protein synthesis.

2.7. Statistical Analysis

All data were analyzed by Tukey’s test according to a split-plot design, with the whole
plots arranged in a randomized block design. Statistics were carried out using the PROC
GLM procedure of SAS (v. 9.2; SAS Institute Inc., Cary, NC, USA). The mean values of each
parameter and the pooled standard error of the mean (S.E.M.) are reported in the tables.
Differences between treatments were considered significant at p < 0.05 using Duncan’s test.
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3. Results

3.1. Chemical Composition and Phytochemical Contents

Table 1 shows the chemical composition of A. iva cultivated in different Tunisian
regions. A. iva cultivated in Nabeul provided the highest (p < 0.001) values of Ash, NDF,
ADF, and EE compared with the other regions, while that collected in Mograne had the
highest (p < 0.001) CP value compared with the other two regions. On the other hand,
the lowest (p < 0.001) values of CP and EE were observed for A. iva cultivated in the
Dougga region.

Table 1. Chemical composition, active phytochemicals (g/kg dry matter), and anti-radical scavenging
activity (μg/mL) of A. iva leaves cultivated in three different Tunisian regions.

Items
Regions

S.E.M. p-Value
Dougga Mograne Nabeul

DM 892 898 905 2.94 0.060

Ash 165 b 155 b 244 a 3.07 <0.001

CP 81.7 c 134.5 a 102.4 b 2.27 <0.001

NDF 279 b 262 b 332 a 3.90 <0.001

ADF 212 b 202 b 274 a 4.34 <0.001

ADL 50.1 51.6 46.2 2.03 0.229

EE 10.8 c 11.2 b 12.2 a 0.072 <0.001

TF (mg CE 1/mg DM 2) 0.34 b 0.17 c 0.93 a 0.020 <0.001

TP (mg GAE 3/mg DM) 0.79 a 0.61 c 0.72 b 0.013 <0.001

ARSA (μg/mL) 485 a 343 b 71.2 c 6.283 <0.001
DM = Dry matter, CP = Crude protein, NDF = Neutral detergent fibre, ADF = Acid detergent fibre, ADL = Acid
detergent lignin, EE = Ether extract, TF = Total flavonoid, TP = Total phenolic, ARSA = Anti-radical scavenging
activity. a,b,c = letters within the same row, mean values not sharing a common superscript represent significant
differences (p < 0.05), S.E.M. = Standard error of the mean. 1 CE = Catechin equivalents, 2 DM = Dry mater,
3 GAE = Gallic acid equivalents.

Results of TF, TP, and anti-radical scavenging activity “ARSA” of A. iva samples col-
lected from different regions of Tunisia generally showed that Ajuga is a rich phytochemical
plant (Table 1). Highly significant values (p < 0.001) of TP and ARSA were recorded in A. iva
from Dougga, while those collected from Nabeul had the highest (p < 0.001) TF compared
with A. iva from other regions. Leaves collected from Mograne had the lowest TF and TP,
while samples collected from Nabeul resulted in the lowest (p < 0.001) ARSA compared
with other plant samples.

3.2. In Vitro DM Digestibility (IVDMD)

As shown in Table 2, the highest values (p < 0.05) of in vitro DM digestibility (IVDMD)
measured either by the Tilley and Terry or Van Soest et al. methods [23] were observed in
A. iva collected from Mograne and Dougga, while leaves collected from Nabeul had the
lowest (p < 0.01) nutrient digestibility values.
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Table 2. In vitro dry matter degradability of Ajuga. iva leaves cultivated from three different regions
in Tunisia.

Parameters
Regions

S.E.M. p-Value
Dougga Mograne Nabeul

AIVD (g/kg) 699 a,b 741 a 631 b 1.58 0.008

IVdeg (g/kg) 577 a 599 a 491 b 1.69 0.009

TIVD (g/kg) 776 a 793 a 679 b 1.04 <0.001

ED 451 a 492 a 392 b 1.18 0.003
AIVD = Apparent in vitro dry matter digestibility, IVdeg = in vitro degradability of dry matter, TIVD = true
in vitro digestibility, ED = effective degradability. a,b = letters within the same line, mean values not sharing a
common superscript represent significant differences (p < 0.05), S.E.M. = Standard error of the mean.

3.3. Gas Production Kinetics and Energy Status

The gas emitted from leaves of A. iva collected from three different regions incubated
at different times (0–72 h) is illustrated in Table 3. A. iva collected from Nabeul had the
lowest (p < 0.05) GP at 8, 16, and 24 h incubation times, the lowest yield of GP calculated
at 24 h (GY24), and lowest average rate (AR) of GP compared with those collected from
Dougga and Mograne regions.

Table 3. In vitro cumulative gas production (mL/g DM) and gas kinetics through 72 h of incubation
of Ajuga. iva cultivated in three different regions in Tunisia.

Items
Regions

S.E.M. p-Value
Dougga Mograne Nabeul

8 h 112 a 113 a 100 b 2.3 0.012

16 h 163 a 167 a 147 b 1.9 <0.001

24 h 226 a 210 b 199 b 2.9 0.002

36 h 286 250 256 10.9 0.119

48 h 312 277 279 11.4 0.122

72 h 323 292 291 12.3 0.189

A 344 295 311 17.3 0.209

c 0.046 0.054 0.046 0.003 0.202

GY24 231 a 215 a,b 204 b 4.1 0.012

AR 11.5 a 11.6 a 10.2 b 0.18 0.002

PF 2.26 2.69 2.22 0.125 0.069
A = Asymptotic gas production (mL/g DM incubated), c = Fractional rate of fermentation (/h), GY24 = Volume
of fermentation gas produced at 24 h incubation (mL/g DM incubated), AR = Average gas production rate
(mL/g DM per h), PF = Partitioning factor. a,b = letters within the same row, mean values not sharing a common
superscript represent significant differences (p < 0.05); S.E.M. = Standard error of the mean.

Table 4 shows the ME, DOM, net energetic values (UFL and UFV), and protein values
(PDIA, PDIN, PDIE) of A. iva leaves cultivated from three different regions. A. iva cultivated
in Nabeul showed the lowest (p < 0.001) ME, UFL, and UFV values compared with samples
collected in Dougga and Mograne. However, the highest (p < 0.001) PDIA (41.7 g/kg DM),
PDIN (84.7 g/kg DM), and PDIE (87.7 g/kg DM) were recorded in A. iva cultivated in
Mograne, compared with those cultivated in Nabeul and Dougga. As compared with those
cultivated in other regions, samples of A. iva cultivated in Mograne tended to have the
highest PF values (p = 0.06).
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Table 4. Metabolizable energy (MJ/kg DM), digested organic matter (g/kg DM), energetic value
(kg DM), and protein value (g/kg DM) of A. iva leaves cultivated from three different regions
in Tunisia.

Parameters
Regions

S.E.M. p-Value
Dougga Mograne Nabeul

ME (MJ/kg DM) 8.59 a 8.51 a 8.08 b 0.064 0.003

DOM (g/kg) 673 670 664 0.44 0.449

UFL (MJ/kg DM) 0.71 a 0.70 a 0.61 b 0.006 <0.001

UFV (MJ/kg DM) 0.64 a 0.63 a 0.54 b 0.008 <0.001

Protein values (g/kg DM)

PDIA 25.7 c 41.7 a 31.7 b 0.81 <0.001

PDIN 51.3 c 84.7 a 65.0 b 1.44 <0.001

PDIE 73.0 b 87.7 a 73.3 b 0.64 <0.001
ME = Metabolizable energy, DOM = Digested organic matter, UFL = Net energy for lactation, UFV = Net energy
for meat production, PDIA = Dietary protein undegraded in the rumen, PDIN = True protein digested in small
intestine, PDIE = True protein absorbable in the small intestine. a,b,c = letters within the same row, mean values not
sharing a common superscript represent significant differences (p < 0.05), S.E.M. = Standard error of the mean.

4. Discussion

4.1. Chemical Composition

The CP concentration of A. iva ranged between 8.2 and 13.5%, which is within the
acceptable range reported for different foliage plants [28], and was above the minimum
threshold of 80 g/kg DM required for rumen microbial growth and activity [29]. A. iva
cultivated in Dougga had the lowest CP concentration (p < 0.05), while that cultivated in
Mograne had the highest CP (13.5%). Irrespective of the region, based on CP, it appears that
leaves of A. iva were at least comparable in value to most traditional Mediterranean legume
forages such as lucerne hay [30]. Therefore, the significant contribution of such pastoral
plants would suggest their potential for overcoming feed limitations for ruminant livestock
in Mediterranean regions, especially during the drought season, justifying their use to
complement poor-quality pastures and crop residues [30]. However, it is supposed that
some nitrogenous compounds are encrusted in the cell wall structure [31], and consequently,
the utilization of CP by animals may not be as high as expected. Thus, the chemical
composition of these browse species should not be the sole criterion for judging the relative
importance of a particular species. Concerning cell wall fractions (NDF and ADF), A. iva
cultivated in Mograne had the lowest values (p < 0.05), at 26% and 20% for NDF and
ADF, respectively. The variability observed between cultivated regions could be due to
differences in climatic conditions, soil types, soil fertility, agronomical management, and
other environmental factors [30,32,33]. In this context, Mountousis et al. [34] reported that
NDF and ADF content of forages were affected by the altitudinal zone and the season.

4.2. Bioactive Phytochemicals and Antioxidant Activity of A. iva

Our present study shows that secondary metabolites (types and concentrations) varied
widely with the site of A. iva cultivation. The environmental conditions across the three
collection sites are the most probable causes of variations in the plant phytochemicals [35].
In the present experiment, these differences also resulted in variations of antioxidant
activity. The differences between regions are related to many factors including differences
in meters above sea level, soil type, soil chemical composition, erosion status, management
systems, and other related aspects [33,36]. Moreover, the differences in AA between regions
and extraction methods could be associated with differences in active ingredients due to
different concentrations of phenolic compounds in A. iva [14].

Free-radical scavenging is one known mechanism by which antioxidants inhibit lipid
oxidation [9]. In the present study, the AA differed between regions and from other studies
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examining the leaves of A. iva harvested in Tunisia [9]. In the current study, we used
ethanolic extraction; thus, the solvent extraction method seems to be the main reason
for the differences between studies [37]. Extracts with high polarities, such as ethanol,
give better results than weakly polar solvents such as petroleum ether or methanol. The
primary function of plant secondary metabolites is defense against different environmental
threats. Therefore, concentrations of plant secondary metabolites are expected to differ
between cultivation zones. Extraction is the foremost step for recovering and isolating
phytochemicals from plant materials, and the concentration of phytochemicals in plants
depends on plant samples’ physical properties and the solvent’s polarity [34,35]. Extraction
efficiency is affected by the chemical nature of phytochemicals, the extraction method,
and the solvent used [5,38]. The sensitivity of the chemical method used to quantify the
phenolic compounds and the nature of the standard can affect concentrations in the same
sample. Makni et al. [9] observed that the extraction yield of A. iva differed between
methanol, aqueous, hexane, and chloroform extractions. For A. iva, Bendif et al. [39]
observed different concentrations of total phenolics and free-radical scavenging activity
with different extraction methods (acetone, ethanol, and water). Ouerghemmi et al. [40]
compared the phenolic composition and antioxidant properties of methanol and ethyl
acetate extracts from leaves of Rosa canina, Rosa sempervirens, and Rosa moschata collected
from different Tunisian regions and observed differed yields. Higher phenolic compounds
indicate higher antioxidant activity (i.e., low free-radical scavenging activity).

Phenolic compounds are critical components in plant samples, and their ability to
scavenge free radicals is due to their hydroxyl groups [35]. The highest free-radical scav-
enging activity was observed for A. iva cultivated in Dougga and Mograne. It has been
proven that levels of total phenols and flavonoids are high when the living environment
of the plant is not appropriate. In this case, the plant promotes the synthesis of secondary
metabolites to adapt and survive.

4.3. In Vitro DM Digestibility and Kinetics of Gas Production

DM degradability differed among plant samples cultivated in different regions. The
in vitro DM digestibility measured by the Van Soest et al. method [22] (TIVD) or by Tilley
and Terry’s method [21] (AIVD) for A. iva from different regions was within the range (36 to
69%) of in vitro DM digestibility observed for most browse plants [41]. The digestibility of
DM determined using Goering and Van Soest’s method was high for A. iva cultivated in
Mograne, while the lowest value was recorded for that cultivated in the Nabeul region. The
different results obtained by different methods of DM digestibility determination could be
related to the conditions of each determination method. In vitro methods such as in vitro
digestibility and gas production measurements are more reliable for detecting inhibitory
compounds in feeds, because these compounds are likely to affect the activity of rumen
microbes in a closed system [42,43]. As previously observed by Ammar et al. [44], using
the in vitro gas production technique is preferred to other in vitro methods for estimating
digestibility [26]. Moreover, in vitro gas production is very suitable for assessing the
biological activity of tannins and other anti-nutritional factors affecting the digestibility
of browse plants [44,45]. In the present experiment, A. iva cultivated in Nabeul showed
the lowest values of AIVD, TIVD, degradability potential, and effective degradability
compared with samples cultivated in Dougga and Mograne.

The kinetics of the in vitro GP differed between regions. Gas production is a good
indicator of the ruminal fermentability of feeds [46,47]. It depends mainly on the degrad-
ability of soluble components in the incubated substrates, and the partitioning of fermented
substrates to volatile fatty acids and microbial biomass production [25,48]. During the
first 24 h of incubation, A. iva from Dougga and Mograne regions produced higher gas
levels, a higher average rate of gas production, and higher gas yields at 24 h; however,
the asymptote and the rate of gas production were not significantly affected, indicating
different fermentability between A. iva from different regions. Differences could be due
to variations in the chemical composition and nutrient degradability [49] of the Ajuga
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cultivated in different zones. In the present experiment, the asymptotic gas production
followed the same trend as OM and CP content and in vitro digestibility, conversely to the
fiber content in A. iva, which confirms the results obtained by Ammar et al. [44,50]. They
observed significant positive correlations between in vitro digestibility, GP parameters, and
CP content, and negative correlations with NDF, ADF, and lignin contents. Furthermore,
other factors including non-soluble carbohydrate fractions and phytochemicals affect the
production of gases [51]. In the present experiment, the insignificantly different partitioning
factor indicates similar efficiency of ruminal microbial protein synthesis [25].

The higher NDF and ADF concentrations in A. iva collected from Nabeul may be
the main reason for the low degradability revealed in the GP experiment. The observed
greater ED of A. iva cultivated in Dougga and Mograne, compared to that in Nabeul,
is an indicator of how well it can be utilized by ruminants. Differences in ED may be
attributed to chemical composition, particularly the structural and non-structural protein
and carbohydrate fractions [52–54].

The low values of UFL and UFV indicate low energy availability for milk and meat
production for animals consuming A. iva cultivated in Nabeul, compared to those in the
Dougga and Mograne regions [27]. Moreover, the measured parameters of protein value
indicate that A. iva cultivated in Dougga and Nabeul had lower nutritive protein value
compared to that cultivated in the Mograne region [27]. Greater concentrations of protein
undegraded in the rumen but truly digestible in the small intestine, as well as true protein
absorbable in the small intestine when rumen fermentable energy is limited, are good
indicators of high nutritive value and are important from a nutritional view as lower
degradability at the beginning of incubation indicates greater bypass protein that can
be utilized in the duodenum [55,56]. Microorganisms could more easily attach to better
degradable protein in the rumen and reflect greater protein solubility [57].

5. Conclusions

Based on the chemical composition and the in vitro digestibility results, it seems
that A. iva could be successfully used to complement protein deficiencies in the diet of
ruminants during periods of feed scarcity. The nutritive value of A. iva greatly varies
between geographical zones, suggesting a need for season- and region-specific feeding
strategies. Further studies are needed to evaluate its palatability and demonstrate its
efficacy in vivo. Studies are ongoing examining other biochemical activities of A. iva to
demonstrate its medicinal properties.
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Abstract: Plant extracts have been used over time in traditional medicine, mainly for their antimi-
crobial activity as well as for their medicinal effects. Plant-derived products contain secondary
metabolites that prevent pathogenic microbial growth similar to conventional medicines. These
secondary metabolites can enhance animal health and production in a more natural or organic
manner and may contribute to the reduction in the use of pharmacological drugs in animal feed,
which is of great concern for emerging microbial resistance. Plant secondary metabolites can be
cost effective, while improving the production efficiency of ruminants, non-ruminants, and aquatic
food animals. Among the plant-derived products is the Yucca schidigera extract (YSE), containing
steroidal saponins as their main active component. YSE has multiple biological effects, including
inhibition of some pathogenic bacteria, protozoa, and nematodes. YSE is used to control odor and
ammonia and consistently enhance poultry production by enhancing intestinal health and function.
In pigs, results are as yet inconclusive. In ruminants, YSE works against protozoa, has selective
action against bacteria, and reduces the archaea populations; all these effects are reflected in the
reduction in emissions of polluting gases, mainly methane, although the effects are not observed in
all feeding conditions. These effects of YSE are discussed in this review. YSE has potential as a natural
feed additive for sustainable animal production while contributing to the mitigation of contaminant
gas emissions.

Keywords: Yucca schidigera; antimicrobial; secondary metabolites; sustainability; pollution;
production; food animals

1. Introduction

For several years, antibacterial drugs have been routinely used in diets to enhance
food animal production efficiency in intensive systems; nevertheless, there is concern about
increased bacterial resistance to these drugs [1,2]. As a consequence, alternative products
are sought to prevent the proliferation of pathogenic microorganisms, as well as those that
can enhance food animal production. Among these alternatives are plant extracts that may
offer fewer adverse effects than conventional drugs and have similar or superior effects
against pathogenic microorganisms to those of traditional drugs [3–5].

Much of the research on natural products to prevent or control infections is primarily
geared towards plant extracts and essential oils, several of them being related to phenolic
compounds, terpenes, saponins, tannins, flavonoids, organic acids, complex carbohydrates,
and non-protein amino acids [6–8]. Antimicrobial effects of plant secondary metabolites
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include cell membrane disruption, enzyme inhibition, substrate deprivation, and pre-
vention of bacterial colonization. Plant extracts can contain many different secondary
metabolites that can have a synergistic biological effect when used in combination with
other plant extracts or with other feed additives used to promote growth in livestock, such
as probiotics and organic acids [9,10]. The antimicrobial compounds obtained from sec-
ondary metabolites of plants have potential use in ruminants, non-ruminants, and aquatic
organisms [11] and are a real alternative to traditional antibiotics to improve the health,
productive performance, and quality of food animals.

Different research works are being conducted for agricultural systems sustainability [12,13].
In this aspect, diet formulations must provide nutrients for optimal growth of animals,
and the inclusion of additives extracted from plants has potential as a common practice to
enhance animal production efficiency [14]. Among these extracts is the one obtained from
Yucca schidigera (YSE), which has antibacterial, antiprotozoal, and antifungal effects [15–17].
YSE contains saponins and polyphenols; however, the main biological effects are associated
with the steroidal fraction of saponins [18–23]. The saponins trap ammonia-nitrogen,
reducing odor and ammonia emissions in pig and poultry production [10,24,25], as well as
demonstrating influence on cat and dog fecal metabolites and microorganisms [26] and in
reducing ammonia accumulations in aquaculture environments [27–30].

In ruminants, feed supplementation with YSE reduces gas emissions that pollute
the environment. The positive effects of YSE on methane and ammonia mitigation in
livestock are well documented [31]. The saponins in YSE reduce the methanogenic
archaea (methanogens) in the rumen, mainly reducing the protozoa associated with
methanogens [32]. Additionally, YSE also inhibits the growth of some rumen bacteria
and fungi [15].

There is information available regarding the effects of YSE on the different enteric
microorganisms in ruminants and in non-ruminants [25,33–35]; also, there are some scien-
tific reports about the use of YSE to enhance animal production efficiency and to reduce
ambient pollution [36,37]. All of this information must be integrated and organized into
an approach to maximize the potential of YSE for sustainable animal production, reduce
conventional drug use as feed additives, and reduce polluting gas emissions. It is also
important to show those areas that need more research because some aspects of efficacy
and application are not conclusive. The objective of the present study is to review the
antimicrobial and digestive effects of Yucca schidigera extracts related to the production and
environmental implications of ruminant and non-ruminant food animals.

2. Yucca schidigera, Distribution, and General Characteristics

Yucca schidigera is a native plant in the states of Baja California and Sonora, Mexico;
its habitat extends from the arid region of northwestern Mexico to the Mojave Desert in
the southwestern United States. Yucca schidigera, with the common names Mojave yucca,
Mohave yucca, and Spanish dagger, is a shrub or small tree that belongs to the Agavaceae
family. It is a slow-growing plant that thrives in a climate characteristic of high temperature
and low rainy precipitation [38]. Yucca schidigera has medicinal properties and was used
by Native Americans to treat various diseases, one of them being arthritis [39]. The plant
has straight leaves and white, bell-shaped, edible flowers and bears edible fruits [40]. The
Yucca schidigera products are approved for human use by the FDA [39]. To obtain extracts,
the plants are harvested and transported to the factory, where the trunks are mechanically
processed to obtain the extracts [41]. Currently, the plant is used in animal feed with
multiple benefits enhancing animal production efficiency and acting against multiple
harmful organisms such as protozoa, nematodes, and bacteria (mainly Gram-positive).
Yucca schidigera contributes to reducing ammonia and methane emissions in confined
animals. In addition, it has other uses for commercial purposes such as in beverages and
agriculture [39]. Yucca is used to control nematodes and fungi in agricultural crops [42].
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2.1. Saponin in Yucca schidigera Extracts

Saponin is the main active compound in YSE. The word saponin comes from Latin
“sapo” that in English is “soap” because it forms foams like soaps with water; saponins
have surfactant properties due to their amphiphile nature. In the chemical structure of
saponins are observed two components: one is the hydrophobic aglycone (sapogenin)
bounded to the second part that is the hydrophilic component composed of carbohydrates
such as glucose, fructose, galactose, and arabinose [43]. According to Francis et al. [43] and
Tamura et al. [44], the aglycone component is used for the classification of saponins into
two groups: steroidal (steroid saponins) or triterpenoid (triterpene saponins). The steroidal
saponins may contain smilagenin and sarsasapogenin. Cheeke [41] recognized that the
main plants used for industrial extraction of saponins are Yucca schidigera (from Mexico)
and Quillaja Saponaria (from Chile), which have steroidal (Yucca) and triterpenoid (Quillaja)
structures, respectively; however, saponins are also found in many other plants [43].

Both steroid and triterpene saponins have been explored for many years with commer-
cial applications. Due to their detergent properties, saponins have exhibited several bio-
logical activities of economic importance with applications in the pharmaceutical industry,
foods, cosmetics, and beverages [43,44]. In animal production, the commercial applications
of saponins in YSE are in the cereal grain processing known as tempering [45,46] and for
odor and pollution control from poultry and pigs’ feces. Matusiak et al. [25] observed in
poultry manure that YSE had effective control of odorous and volatile compounds such
as ammonia, hydrogen sulfide, dimethylamine, trimethylamine, and isobutyric acid; they
observed greater effect when combining YSE with other microbial treatments.

Extracts from the Yucca schidigera plant show antimicrobial effects against yeasts and
dermatophytes, as well as antibacterial and antiprotozoal properties, and have been used
for many years in food production and cosmetics [47]. However, it has been reported that
YSE has no effect on the concentration of microorganisms under specific conditions [48],
and the growth of microorganisms depends on the substrate and the concentration of
microbiota present. Thus, the implications for effects on the gut microbiota differ according
to their ecological niche [33].

The presence of saponins in plants appears to be linked to defensive functions against
pathogenic bacteria and fungi [9,11,49]. In animals, saponins inhibit microbial growth by
adsorption to the microbial cell membranes, disruption of cytoplasmic membranes, and cell
leakage [33,50]. However, these inhibitory effects of saponins are seen at lower population
densities and may not be effective with higher densities [33]. Some bacteria, including
Fusobacterium necrophorum and Clostridium perfringens, have reduced growth when exposed
to culture medium containing 10% YSE. In addition, YSE has reduced rumen protozoa
numbers in cattle in in vitro and in vivo studies [15,17,22,51,52]. Extracts of Yucca schidigera
eliminated Giardia trophozoites in in vitro studies; however, these extracts, when included
in diets of gerbils and lambs, did not alter the course of experimentally induced giardiasis
but did diminish the excretion of cysts [17].

2.2. Influence of Yucca schidigera Extracts on Enteric Microorganisms

The influence of YSE on microbial growth in different conditions of study is shown in
summary in Table 1. According to this table, YSE has different effects on microbial growth.
Katsunuma et al. [34], in in vitro studies with 20 strains of bacteria isolated from the in-
testinal tract of animals, observed that Yucca schidigera extract did not inhibit the growth
of seven strains of bacteria (Lactobacillus plantarum, Lactobacillus rhamnosus, Enterococcus
hirae, Escherichia coli, Bifidobacterium thermophilum, Bifidobacterium longum, and Streptococcus
bovis); however, the other 13 strains (Bacteroides fragilis, Fusobacterium varium, Fusobacterium
necrophorum, Clostridium perfringens, Clostridium innocuum, Clostridium sporogenes, Veillonella
parvula, Propionibacterium acnes, Eubacterium aerofaciens, Selenomonas ruminantium, Peptococ-
cus asaccharolyticus, Ruminococcus productus, and Megasphaera elsdenii) were inhibited by YSE.
It is interesting to note that the antimicrobial effects of saponins from Yucca schidigera are
due to the compounds sarsasapogenin and smilagenin, present in the butanol-extractable
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fraction. Conversely, the aqueous non-butanol-extractable fraction of Y. schidigera saponins
influences various effects on in vivo nitrogen metabolism [33,35].

Matusiak et al. [25] observed that 5% YSE reduced most populations of several
pathogenic microorganisms, including E. coli., Listeria monocytogenes, Salmonella Typhimurium,
and Enterococcus faecalis. In addition, 15% YSE reduced all potentially pathogenic mi-
croorganisms. The potentially beneficial lactic acid bacteria Leuconostoc mesenteroides and
Lactiplantibacillus plantarum were not influenced by YSE.

2.3. Influence of Yucca schidigera on the Growth Microorganisms of Poultry

Yucca schidigera extract has the potential to decrease the number of pathogenic mi-
croorganisms or those that may reduce the productive performance of poultry. In addition,
YSE may not influence the growth of beneficial bacteria such as those producing lactic
acid. More research is warranted in this aspect, mainly using YSE plus probiotics and
prebiotics. Ayoub et al. [53] supplemented YSE to broiler chickens in drinking water and
observed reductions of intestinal bacteria for total bacteria counts and E. coli; however,
lactic-acid-producing bacteria numbers were not influenced. Alghirani et al. [54] tested
the oxytetracycline antibiotic or Yucca schidigera at different levels in broiler feed. In all
treatments, they observed in cecal contents the presence of Escherichia coli and Bacillus sp.;
however, Enterococcus faecalis growth was inhibited by the antibiotics and by Yucca schidigera.
Bafundo et al. [55] observed reductions in mortality of broiler chickens, reduced numbers
of fecal Clostridia, and decreased percentages of broiler chickens with Salmonella when
treated with a product obtained from Quillaja saponaria trees and Yucca schidigera plants. In
another study, Yucca schidigera additions to the litter of broiler chickens did not influence
total colony counts of Enterobacteriaceae, yeast, mold, pH, moisture, or ammonia-N [56].
A blend of caprylic acid plus Yucca schidigera extract consistently reduced E. coli and had no
effect on Lactobacillus in laying hens [57] or broiler chickens [58] but had no effect on the
growth of Clostridium perfringens and Bifidobacteria.

2.4. Influence of Yucca schidigera on the Growth Microorganisms of Pigs

Weaning is critical due to the stress of piglets. In this stage, a decrease in feed intake,
an increase in morbidity, and enteric infections with diarrhea are observed [59]. Diarrhea
is of economic importance in pig production [60]. As mentioned, YSE may reduce or
inhibit the growth of enteric microorganisms with pathogenic potential. In this sense, Yang
et al. [61] supplemented weaning piglet diets with YSE and observed reduced diarrhea rate
and mortality and increased diversity and abundance of cecal microflora. At the family
level, the authors saw reduced numbers of Bacteroidales, Clostridiaceae, Veillonellaceae,
Erysipelotrichaceae, Acidaminococcaceae, Streptococcaceae, Campylobacteraceae, and
Streptomycetaceae. The authors also mentioned that YSE reduced the growth of bacteria
associated with ammonia production in the intestine. Katsunuma et al. [62] observed with
pig YSE-supplemented diets that there was no change in total fecal counts of viable mi-
croorganisms. However, Bifidobacteria, eubacteria, and staphylococci were more abundant,
while the Veillonella number was lower in the feces of pigs supplemented with YSE. More
research is warranted on effect of YSE on other pathogenic microorganisms such as those
of the Enterobacteriaceae family, as well as on normal or beneficial microorganisms found
in the gastrointestinal tract of healthy pigs.

2.5. Influence of Yucca schidigera on Microbial and Fermentation in Ruminants

The possible use of YSE to decrease gas emissions that pollute the environment
and that are produced by livestock was reviewed by Adegbeye et al. [63]. YSE mainly
reduced methane and nitrous oxide, as well as urinary and fecal nitrogen excretion. The
authors documented that saponins as the main active compounds in YSE reduced ruminal
cellulolytic bacteria and fungi that produce the contaminant gases. In addition, Jayanegara
et al. [64], in a meta-analysis study, established that the increase in saponin levels reduced
methane and acetate levels and protozoal counts; however, propionate was increased with
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increased saponin levels. They also observed greater reductions in methane levels for yucca
than for tea or quillaja as sources of saponins. Sun et al. [31] recognized the beneficial effects
of YSE on methane and ammonia mitigation in in vitro studies; however, in some studies,
YSE did not influence methane or ammonia production, attributing those differences to
different experimental conditions.

The influence of YSE on microbial and ruminal fermentation characteristics is shown
in summary in Table 2. In this table, the different factors that influence the effect of YSE
on rumen fermentation can be observed. Hristov et al. [36], in beef heifers supplemented
with YSE, did not observe an influence on ruminal pH or degradability of peptides; amino
acids; microbial protein synthesis; or digestibility of crude protein (CP), dry matter (DM),
or neutral detergent fiber (NDF). However, they did observe reduced ruminal ammonia,
protozoa numbers, and an increase in propionate concentration with YSE supplementation.
Consistently, Liu and Li [37], in ruminal cannulated lambs fed a basal diet supplemented
with YSE, did not observe changes in ruminal pH, but ruminal ammonia concentrations
and protozoa populations were decreased, and they saw increased ruminal propionate
concentrations. In addition, the authors observed reduced acetate levels and improved
digestibility of DM, CP, and NDF with YSE supplementation.

Eryavuz and Dehority [48] found that in lambs, YSE supplementation did not in-
fluence bacteria (total and cellulolytic) and fungal concentrations. Lambs given YSE at
30 g/head/day had higher protozoal numbers and pH in rumen contents. With differ-
ent results, Wang et al. [15], in in vitro studies with ruminal microorganisms, observed
that saponin extracted from Yucca schidigera had different effects on the growth of amy-
lolytic bacteria, decreasing the numbers of Prevotella bryantii, Ruminobacter amylophilus, and
Streptococcus bovis but increased Selenomonas ruminantium. The authors also observed that
saponins from Yucca schidigera inhibited the growth of cellulolytic bacteria and fungi.

Narvaez et al. [65], using in vitro fermentations of a barley-based diet supplemented
with monensin alone or combined with extracts of hops and YSE, found that all treatments
reduced CH4, NH3-N, microbial protein, and propionate. In addition, YSE increased total
VFA production. Monensin reduced Ruminococcus flavefaciens and increased Selenomonas
ruminantium, while both microorganisms increased with only YSE supplementation, as did
Fibrobacter succinogenes and Ruminococcus albus. The methanogenic archaea were decreased
by all treatments. YSE has multiple effects in rumen related to methane reductions (Figure 1).
The influence of YSE on other ruminal changes, such as on metabolites and on different
ruminal microorganisms, is not complete, and research on these themes is warranted.

Figure 1. Proposed modes of action for ruminal methane reduction with Yucca schidigera extracts.
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The beneficial effects of YSE on rumen fermentation are not always observed. Canul-
Solis et al. [66], in lambs fed Pennisetum purpureum grass, did not find effects of saponins
from Yucca schidigera on DM intake and digestibility of DM, OM, NDF, or production
of VFA or CH4. Similarly, Galindo et al. [67], using in vitro ruminal incubations with
star grass (Cynodon nlemfuensis) as substrate and saponin extract from Sapindus saponaria,
observed reductions in protozoa numbers but increased methanogen numbers and methane
production. Wang et al. [68] observed that YSE improved in vitro fermentation of barley
grain but not with alfalfa hay. In addition, the fermentation of barley grain resulted in
increased propionic acid and VFA; however, ammonia production was decreased. These
results may indicate that the beneficial influence of YSE could be expected with high grain-
based diets. Furthermore, Guyader et al. [69] reported that saponins caused reductions in
protozoa populations and methane production in in vitro studies with ground cereal grains
as substrate. However, in in vivo studies with dairy cows fed a diet with 60% forage, the
same saponin did not mitigate methane production. Because several factors account for
methane and ruminal fermentation characteristics, more research is warranted to elucidate
the role of saponins or YSE on methane production and feed efficiency in in vivo studies
under different feeding conditions.

Table 1. Effect of Yucca schidigera extract (YSE) on microbial growth in different conditions of research.

Reports Where YSE Inhibited Microbial Growth

Microorganism Conditions of the Study Reference

Enterococcus faecalis Inhibited by antibiotics and by YSE.
Study in broiler chickens Alghirani et al. [54]

Bacteroides fragilis; Fusobacterium varium; Fusobacterium
necrophorum; Clostridium perfringens; Clostridium innocuum;
Clostridium sporogenes; Veillonella párvula; Propionibacterium

acnés; Eubacterium aerofaciens; Selenomonas ruminantium;
Peptococcus asaccharolyticus; Ruminococcus productus;

Megasphaera elsdenii

In vitro study Katsunuma et al. [34]

E. coli; Listeria monocytogenes; Salmonella Typhimurium;
Enterococcus

Faecalis

15% YSE reduced all potentially
pathogenic microorganisms Matusiak et al. [25]

Candida famata; Pichia carsonii; Pichia nakazawae; Dermatomyces
hansenii; Zygosaccharomyces In vitro study Miyakoshi et al. [16]

Reports where YSE reduced microbial growth

E. coli A blend of caprylic acid plus YSE Wang et al. [57]

E. coli Cecal microbiota in chickens Begum et al. [58]

Neocallimastix frontalis; Piromyces rhizinflata In vitro study. Ruminal fungi Wang et al. [68]

Prevotella bryantii; Ruminobacter amylophilus; Streptococcus bovis In vitro study. Cellulolytic
ruminal bacteria Wang et al. [68]

Bacteroidales; Clostridiaceae; Veillonellaceae; Erysipelotrichaceae;
Acidaminococcaceae; Streptococcaceae; Campylobacteraceae;

Streptomycetaceae
Bacterial Family. Study with piglets Yang et al. [61]

Salmonella Reductions in mortality of
broiler chickens Bafundo et al. [55]

Giardia trophozoite Trophozoite in the ileum McAllister et al. [17]

Escherichia coli Study in broiler chickens
(intestinal bacteria) Ayoub et al. [53]

Clostridia spp. bacterial fecal Bafundo et al. [55]

Veillonella Study with pig feces Katsunuma et al. [62]
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Table 1. Cont.

Reports Where YSE Inhibited Microbial Growth

Reports where YSE had no effect on microbial growth

Lactobacillus plantarum; Lactobacillus rhamnosus
Enterococcus hirae; Escherichia coli; Bifidobacterium thermophilum;

Bifidobacterium longum; Streptococcus bovis
In vitro study Katsunuma et al. [34]

Leuconostoc mesenteroides; Lactiplantibacillus plantarum Lactic acid bacteria important
in nutrition Matusiak et al. [25]

Lactobacillus Laying hens Wang et al. [57]

Lactobacillus; Bifidobacteria; Clostridium perfringens Broiler chickens Begum et al. [58]

Lactobasullus; Streptococcus; Staphylococcus Study with pig feces Katsunuma et al. [62]

Enterobacteriaceae Study in litter of broiler chickens Onbasilar et al. [56]
E. coli In vitro study Killeen et al. [33]

Table 2. Effects of Yucca schidigera extracts (YSE) on microbial and ruminal fermentation characteristics.

Effect of Yucca schidigera Extracts Study Characteristics Reference

YSE reduced ruminal ammonia (33.5%) and protozoa numbers
(20.3%). Increased propionate concentration (18.2%).

Beef heifers fed a diet with 61% barley
grain and 39% alfalfa silage (DM basis)

Hristov et al.
[36]

YSE reduced ruminal ammonia (14.42%), protozoa (17.3%), and
acetate (17.5%). Improved propionate (16.9%) and digestibility of

DM, CP, and NDF.

Lambs fed a diet of 50:50 forage
to concentrate Liu and Li [37]

YSE increased protozoal numbers (23.3%) and pH (6.5%) in rumen.
YSE did not influence total or cellulolytic bacteria and fungi.

Lambs fed a diet with 69.5% concentrate
and 30.5% alfalfa meal (DM basis)

Eryavuz and
Dehority [48]

YSE had different effects on amylolytic bacteria. Decreased
numbers of Prevotella bryantii, Ruminobacter amylophilus, and

Streptococcus bovis but increased Selenomonas ruminantium. YSE
inhibited the growth of cellulolytic bacteria and fungi.

Pure culture in in vitro studies Wang et al. [15]

YSE reduced methane (55.3%), ammonia (11.9%), microbial protein
(39.9%), acetate (16.8%), total VFA, and methanogenic archaea

(23.9%). YSE increased propionate (67%), as well as the
microorganisms Ruminococcus flavefaciens, Selenomonas ruminantium,

Fibrobacter succinogenes, and Ruminococcus albus.

In vitro study with barley grain
as substrate

Narvaez
et al. [65]

YSE had no effect on DM intake, digestibility of DM, OM, NDF, or
on the production of VFA or methane In lambs fed Pennisetum purpureum grass Canul-Solis

et al. [66]

YSE improved in vitro fermentation of barley grain but not with
alfalfa hay. Fermentation of barley grain resulted in increased

propionic acid and VFA; however, ammonia production
was decreased.

In vitro fermentation Wang et al. [68]

Saponins caused reductions in protozoa populations and methane
production. However, in in vivo studies with dairy cows fed a diet

with 60% forage, the same saponin did not mitigate
methane production.

In in vitro studies with ground cereal
grains as substrate.

Guyader
et al. [69]

2.6. Effects of Yucca schidigera Supplementation on Production Behavior and Carcass Traits of
Broiler Chickens

The enhanced production parameters of broiler chickens supplemented with YSE are
well documented (Table 3), revealing improved carcass characteristics and meat compo-
sition. Other beneficial effects of YSE supplementation were improved antioxidative and
immune capability, as well as improved nutrient digestibility. Sahoo et al. [70] reported that
YSE supplementation in broiler chickens improved average weight gain (9.7%), feed con-
version ratio (9%), survivability (3.5%), eviscerated weight yield (8.1%), breast yield (6.2%),
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and thigh yield (11.4%). All of these improvements were reflected in higher economic profit
with YSE supplementation.

Table 3. Effects of Yucca schidigera supplementation on production behavior and carcass traits of
broiler chickens.

Effect of YSE on Broiler Productive Variables Conditions of the Study Reference

YSE improved average weight gain (9.7%), feed conversion
ratio (9%), survivability (3.5%), eviscerated weight yield (8.1%),

breast yield (6.2%), and thigh yield (11.4%).
Broiler chickens in winter season Sahoo et al. [70]

YSE had no effect on weight gain. It improved feed conversion
ratio (13.5%), protein efficiency (19.5%), and reduced feed

intake (11.4%).

YSE in drinking water of broiler chickens
in finisher phase Ayoub et al. [53]

YSE enhanced feed efficiency in the whole experimental period. Broiler chickens Sun et al. [31]

The product of Quillaja and Yucca at 42 d enhanced FCR (5.4%)
and reduced mortality (79%).

Broiler chickens with a product of
Quillaja saponaria and Yucca schidigera. Bafundo et al. [55]

At 42 d, YSE improved body weight gain (15.2%), FCR (9.4%),
carcass weight (7.1%), and breast weight (2.05%). Broiler chickens in a tropical environment Alghirani et al. [54]

At 35 d, YSE plus caprylic acid improved body weight gain
(10.7%) and FCR (5.6%). The effect was small on

carcass characteristics.

Yucca schidigera extract combined with
caprylic acid Begum et al. [58]

Ayoub et al. [53], supplementing YSE in the drinking water of broiler chickens, ob-
served enhanced feed conversion, antioxidative biomarkers, and immunoglobulin levels;
in addition, litter nitrogen and water concentration were reduced. Sun et al. [31], with YSE
supplementation, saw in broiler chickens enhanced production performance during the
finisher period at grow out, as well as improved liver antioxidative capability.

Bafundo et al. [55] examined disease response in broiler chickens given a product of
Quillaja saponaria trees and Yucca schidigera plants. They observed reductions in mortality
of birds and reductions in numbers of fecal Clostridia and Salmonella colonization. In
broiler chickens produced in a tropical environment, Alghirani et al. [54] observed that
YSE improved production parameters, digestibility of nutrients, gut health, carcass yields
of main cuts, and meat chemical composition through increased CP, reduced crude fat,
and saturated fatty acids. Begum et al. [58] showed that Yucca schidigera extract combined
with caprylic acid improved the growth performance of broilers. The improved production
variables were evident during the finisher phase and at grow out. The effect was small
on carcass characteristics. In broiler chickens supplemented with probiotics plus YSE, Be-
namirouche et al. [71] observed improved meat chemical composition. They saw increased
pH, crude protein, and reduced crude fat levels. In addition, saturated fatty acids were
reduced, and polyunsaturated fatty acids were increased with the supplements.

There is limited information about the effects of YSE on the coccidia of broiler chickens.
Rodríguez et al. [72] reported that broiler chickens challenged with coccidia and supple-
mented with YSE saponin and Trigonella foenum-graecum showed reduced oocyst counts
and intestinal lesions, and these improvements were reflected in enhanced production
performance of the birds. These results agree with Bafundo et al. [73] using saponins of
quillaja plus yucca. Alfaro et al. [74] reported the synergic influence of YSE and coccidiosis
vaccine on the productive performance of broiler chickens; however, YSE did not have the
same positive effect when combined with the coccidiostat monensin.

2.7. Effect of Yucca schidigera Supplementation on Production Behavior and Carcass Traits of Pigs

Yang et al. [61] observed in weaned piglets supplemented YSE or Candida utilis that
YSE improved production performance and reduced diarrhea. There was also enhanced im-
munity, antioxidant function, and intestinal health. The improved production performance
with YSE and Candida utilis was quite similar, although no synergic effect was detected.
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In agreement, Fan et al. [75], in weaned piglets, also reported that YSE improved feed
efficiency and reduced hindgut NH3-N production with increased nutrient digestibility
and reduced blood urea concentrations. Espinosa-Muñoz et al. [14], in growing and finish-
ing pigs supplemented with YSE in diets, also found decreased blood urea, triglycerides,
and cholesterol. In contrast, Gebhardt et al. [76], in growing finishing pigs, found a very
marginal advantage of YSE combined with chromium propionate on the production perfor-
mance. The treatments did not influence carcass characteristics. These differences may be
related to the initial body weights of the animals, and other factors related to management;
the available information is limited as to document these effects, and research is warranted
on these themes.

3. Conclusions

In addition to odor and ammonia control, YSE can be used to enhance animal pro-
duction efficiency and contributes to diminishing ambient pollution mainly in confined
animals. YSE may decrease or inhibit the growth of some pathogenic microorganisms
that reduce animal production efficiency. The most consistent effect of YSE is in poultry
production enhancement. In pig production, more research is warranted to identify the
stage of production (from weaning to finishing and for animals in reproduction) where
YSE supplementation could be more effective to improve the health and production of
animals. More information is required for poultry and pig production regarding the effect
of YSE combined with other feed additives such as probiotics or prebiotics. In ruminants,
the effects of YSE can be influenced by diet type; however, YSE has the potential to reduce
methane and contribute to reduced ambient contamination. YSE is a natural feed additive
that may have the potential to improve animal production.
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Simple Summary: The confinement system using traditional ingredients to feed animals, such as
ground corn and soybean meal, has a high cost. Thus, alternative feeds that are cheaper, available
in the region, and that present good nutritional quality are recommended. In this way, the residue,
cottonseed lint, which is an agroindustry by-product, is an alternative feed that is cheaper than
traditional feed ingredients. However, it has a high content of fiber and lignin, which is unattractive
for non-ruminants’ diets, but may be an interesting option in ruminant feeding.

Abstract: This study aimed to evaluate intake, digestibility, nitrogen balance, ingestive behavior,
and blood parameters of sheep fed with cotton lint levels. Twenty rams weighing 30.2 ± 3.7 kg and
aged 12 ± 1.3 months were distributed in a completely randomized design, with four treatments and
five repetitions. Diets consisted of 50% roughage and 50% concentrate. The treatments consisted of
replacing corn with cotton lint at levels of 0, 70, 140, and 210 g/kg of dry matter (DM) of the diets.
The animals’ feeding behavior was determined in the last three days of the experimental period.
Data were subjected to regression analysis. Decreased linear effect (p < 0.05) was observed for the
nutritional fraction’s intake. However, neutral detergent fibre (NDF) intake and plasma urea-N were
not affected (p > 0.05) by lint levels. Apparent digestibility of DM, crude protein (CP), ethereal extract
(EE), and non-fibrous carbohydrate (NFC) were affected (p < 0.05), except for total carbohydrate.
There was a decreased linear effect (p < 0.05) for the intake efficiency of DM and NDF in g/h. The
nitrogen balance (g/day) and glucose levels (mg/dL) were reduced with the addition of lint in the
diet. The addition of cotton lint up to 70 g/kg in DM can be used over a short-term period.

Keywords: alternative feed; degradability; fractions; sustainability

1. Introduction

The world population is growing, and thus there is a greater demand for food pro-
duction. Thus, the productive chain is searching for alternatives to optimize production.
In the food sector, the meat industry seeks to optimize its production using the feedlot, a
technique for finishing animals faster that requires high technology. However, one of the
primary issues is to limit the feed cost, which is about 70–80% of the final cost [1].

In view of the above, alternative products that replace traditional feeds, such as corn
and soybean meal, are often a solution to reduce costs [1], and in this case, the residues
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from the cotton agribusiness have gained prominence in recent years [2]. According to
Moreira et al. [3], the cotton culture can originate several products, from the direct ones,
such as lint and oil, to the by-products, such as cottonseed, hull, and cottonseed meal.

The residual cottonseed lint is considered one of the by-products of cotton, obtained
through the delinting process, where the fiber is separated from the cottonseed through
chemical or physical treatments. This residue of lignocellulosic fibers is generally used in
the manufacture of paper money, and the production of cotton wool and surgical fabrics.
The lint content varies according to the cotton cultivar and the extraction process, ranging
from 4 to 8% dry matter of the cottonseed after extraction [4]. The cottonseed lint residue
has a high content of metabolizable energy, 13.29 kJ/kg DM, due to the high level of ether
extract 268.7 g/kg DM [5].

According to the Companhia Nacional de Abastecimento (CONAB) [6], the 2017 har-
vest in the state of Mato Grosso, Brazil accounted for 56.5% of Brazilian cotton production,
being the largest cotton producer in Brazil, with its by-products demonstrating a high
production scale. Every year an average of 35 million hectares of cotton are planted across
the planet and world demand has gradually increased since the 1950s, at an average annual
growth of 2% [6]. The trend of production growth this year should consolidate Brazil as
the fourth-largest producer and second-largest exporter. In the harvest planted in 2019,
3 million tons were produced. In 2017, 1.5 million tons were produced. For 2022, pro-
duction is estimated between 2.6 and 2.8 million tons. There are many studies developed
with cottonseed, hull and meal, whereas they are scarce or non-existent in the literature
concerning lint for animal feed [3,7,8].

Thus, knowledge of the physical and chemical properties of this by-product is ex-
tremely important since it has specific characteristics in relation to other cotton by-products.
Therefore, studies assessing both the chemical composition of by-products and animal
tests help in the evaluation of feed, since it allows for determining the nutritional value of
alternative feeds [9–11].

In view of the above, we hypothesised that by-products such as cottonseed lint can
replace conventional ingredients in the diet to some level, and due to the chemical compo-
sition, lint can be an alternative ingredient to ground corn.

In this context, the aim of this study was to evaluate the addition of cotton lint in
the diet of confined sheep on intake, feeding behavior, digestibility, nitrogen balance, and
blood parameters.

2. Materials and Methods

2.1. Study Location

This study was conducted in the metabolism shed of the experimental area of the
Animal Science Faculty at the Federal University of Mato Grosso, Rondonópolis Campus,
Mato Grosso State, Brazil (16◦28′ S, 50◦34′ W), under the Federal University of Mato Grosso
Animal Use and Care Committee (Protocol Number 23108.046399/13-4).

2.2. Animals, General Procedures, and Experimental Diets

A total of 20 mixed-breed rams with an average age of 12 ± 1.3 months and average
weight of 30.2 ± 3.7 kg were used in a completely randomized design with four treatments
and five replicates. The experiment was performed in April 2015 and lasted 21 days, with
15 days for adaptation to diets, environment, and management, and 6 days for sample
collection. The experimental diets consisted of 50% corn silage and 50% concentrate on a
DM basis, formulated to meet the nutritional needs of animals weighing 30 kg and gaining
150 g/day [12]. Soybean meal, ground corn, lint, and urea were used in the formulation of
concentrates. The lint was derived from a cotton processing company located in the city
of Primavera do Leste, MT, Brazil. The treatments consisted of replacing the ground corn
with cottonseed lint at levels of 0, 70, 140, and 210 g/kg dry matter of the diets (Table 1).
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Table 1. Chemical composition of experimental diets ingredients, maize silage (MS), ground corn
(GC), soybean meal (SM), cottonseed lint (LIN), and urea.

Chemical Composition of Ingredients (g/kg DM)

MS GC SM LIN Urea

Dry matter 1 327.30 910.00 896.70 900.20 990
Crude protein 58.90 81.30 480.10 29.70 2812.5

Ethereal extract 31.60 53.60 130.05 18.90 0
Ash 59.30 11.50 67.60 67.80 0

NDFap 2 454.44 112.87 105.41 407.85 0
NDF 3 541.80 125.25 128.74 487.80 0
ADF 4 324.50 31.33 83.61 280.50 0
NFC 5 395.80 740.08 216.4 475.80 0
TC 6 850.20 853.36 322.24 883.60 0

1 Dry matter in g/kg Natural matter; 2 NDFap: Neutral detergent fibre corrected to ash and protein; 3 NDF: Neutral
detergent fibre; 4 ADF: Acid detergent fiber; 5 NFC: Non-fibrous carbohydrate; 6 TC: Total carbohydrate.

The NDF corrections for ash and protein (NDFap) were performed according to
Licitra et al. [13]. The total carbohydrates (TC) were calculated according to Sniffen et al. [14]
as portrayed in Equation (1):

TC = 100 − (%CP + %Ash + %EE) (1)

The non-fibrous carbohydrates (NFC) were calculated in the manner proposed to
Hall et al. [15] according to Equation (2):

NFC = 100 − [%CP + %NDFap + %EE + %ash]. (2)

Degradability data for the fractions of the ingredients were also estimated. The protein
fractions (A, B1 + B2, B3, and C) were determined according to Licitra et al. [13]; carbohy-
drate fractions (A + B1, B2, and C) were proposed by Hall et al. [15] and Cabral et al. [16];
and estimation of the degradation of DM, CP, and NDF (Table 2) was according to Orskov
and McDonald [17].

Table 2. Carbohydrate and protein fractionation, and degradation parameters of DM, CP, NDF from
cottonseed lint.

MS * GC * SM LIN

Carbohydrate Fractionation (%TC)

A + B1 34.00 76.60 73.58 54.75
B2 45.39 21.50 17.32 15.53
C 20.61 1.90 9.10 29.72

Protein Fractionation (% CP)

A 32.71 11.70 18.72 33.83
B1 + B2 44.54 75.12 75.47 37.58

B3 10.41 11.13 3.21 5.79
C 12.34 2.05 2.60 22.80

DM Degradation Parameters

a 28.60 19.60 13.29 10.21
b 50.44 74.08 92.04 59.91

kd 0.036 0.072 0.003 0.081

CP Degradation Parameters

a 56.34 23.27 7.65 4.03
b 33.11 55.37 90.74 74.20

kd 0.040 0.054 0.070 0.187
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Table 2. Cont.

MS * GC * SM LIN

NDF Degradation Parameters

a 0.89 3.93 10.33 5.65
b 67.25 39.61 52.24 55.99

kd 0.051 0.243 0.098 0.112
* CQBAL datas [18]; TC = Total carbohydrate; A + B1 = Non-fibrous carbohydrate (%TC); B2 = potentially digestible
neutral detergent fibre (%TC); C = unavailable; A = non-protein nitrogen; B1 + B2 = true protein degradable
in the rumen; B2 = true protein with intermediate degradation rate in the rumen; B3 = true protein with slow
degradation rate in the rumen, C = unavailable or cell-wall bound true protein; (a) water-soluble fraction; (b)
water-insoluble fraction potentially degradable in the rumen as a function of time; (kd) rate of degradation per
fermentative action of b.

The rams were dewormed with Invermectin 1%-Ivomec-Merial® and were placed in
metabolic cages provided with feeders, feed troughs, and drinking fountains. The animals
were offered ad libitum water and mineral salt (Coperphós ovino®) with guaranteed levels
(g/kg) as follows: zinc 30.00; calcium 17.70; manganese 12.00; phosphorus 8.00; fluorine
(maximum) 8.00; iodine 6.00; copper 5.50; sulphur 2.00; sodium 0.40; selenium 0.15.

In the last three days, the ingestive behavior and the water intake of each animal were
quantified by the daily difference between the supplied volume and the leftover water in
graduated buckets. The buckets were washed at every use and two of them were allocated
in the installation with water in order to measure evaporation losses [19].

Feed intake was measured daily by the difference in weight between the offered feed
and the leftovers. The amounts of daily diets supplied per animal were adjusted in order to
allow 10% of leftovers on a natural matter basis.

In the last six days of the experiment, daily samples of the supplied feed, leftovers,
and feces were obtained, which were frozen and subsequently homogenized in order to
obtain the respective composite samples. The diets were fed twice a day, with an interval
of 8 hours between them, in a total mixed ratio (t 7.30 a.m. and 3.30 p.m.) (Table 3).

Table 3. Proportion of ingredients and chemical composition of diets with cottonseed lint levels, and
average of body weight animals fed each level.

Ingredients (g/kg DM)
Cottonseed Lint Levels (g/kg)

0 70 140 210

Maize silage 500.00 500.00 500.00 500.00
Ground corn 424.00 352.20 280.70 209.00
Soybean meal 76.00 76.30 76.20 76.30

Lint 0.00 70.00 140.00 210.00
Urea 0.00 1.50 3.10 4.70

Chemical composition of diets (g/kg DM)

Dry matter 1 617.64 617.07 616.51 615.95
Organic matter 960.05 958.87 957.90 956.93
Crude protein 100.41 101.01 101.73 102.53

Ethereal extract 48.41 45.92 43.40 40.89
Ash 39.95 41.13 42.10 43.07

NDFap 2 283.09 303.57 324.03 344.50
NDF 3 333.79 358.98 384.16 409.34
ADF 4 181.89 199.30 216.69 234.08

Hemicelullose 151.90 159.68 167.47 175.26
NFC 5 528.14 508.37 488.74 469.01
TC 6 811.41 812.09 812.90 813.60

TDN 7 estimated 747.31 733.75 720.20 706.65
Metabolisable energy 8

(Mj/kgDM)
11.25 11.05 10.84 10.63
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Table 3. Cont.

Ingredients (g/kg DM)
Cottonseed Lint Levels (g/kg)

0 70 140 210

Animal’s body weight in each group

Body weight (kg) 29.19 28.91 32.63 29.90
1 Dry matter in g/kg Natural matter; 2 NDFap: Neutral detergent fiber corrected to ash and protein; 3 NDF: Neu-
tral detergent fibre; 4 ADF: Acid detergent fibre; 5 NFC: Non-fibrous carbohydrate; 6 TC: Total carbohydrate.
7 TDN: Total digestible nutrients. 8 Metabolizable energy was estimated using the equation provided by the
NRC [12].

The total collection of feces was performed with the aid of individual collector bags
adapted to the animals through a breastplate. The samples were collected twice a day,
always before the provided diet. The samples were then weighed and stored under −20 ◦C
for further analyses.

2.3. Chemical, Intake, Digestibility, Nitrogen Balance and Blood Analyses

The samples of silage, lint, concentrate, leftovers, and feces were stored in polyethylene
containers for further analysis of dry matter (DM), organic matter (OM), crude protein (CP),
ether extract (EE), mineral matter (MM), neutral detergent fiber (NDF) and acid detergent
fiber (ADF), according to methodologies described by Silva and Queiroz [20].

The DM and nutrient digestibility coefficients of the diets were calculated based on
the difference between the amounts ingested and excreted in the feces.

The digestibility coefficients (DC) from DM, CP, NDF, and EE were calculated through
the Equation (3):

DC =
(kg of the portion ingested − kg of the portion excreted)

kg of the portion ingested
× 100 (3)

Samples of diets, feces and leftovers were stored frozen. Before performing the
analysis, they were thawed, mixed, homogenized, and pre-dried in a convection oven at
65 ◦C, then ground in a Thomas Wiley mill on 1 mm sieves.

The urine of each animal was collected in the last three days and put in buckets
arranged under the cages containing 50 mL of 50% hydrochloric acid in order to avoid
losses by volatilization of urinary NH3. The total urine volume of each animal was recorded
and a 10% aliquot was taken, which was packed in plastic flasks and frozen for further
analysis. Nitrogen balance (NB) was obtained by the difference between total nitrogen
ingested and total nitrogen excreted in feces and in urine [21].

Plasmatic ureic nitrogen (PUN) was determined through blood collection, in Vacu-
tainer tubes with ethylenediamine tetra acetic acid (EDTA), which was performed 3 h
after feeding in the last day of collection, obtaining the plasma, which was analyzed by
colorimetric-enzymatic method on a biochemical analyzer (Thermo Plate TP Analyser®)
for urea determination, using commercial kits (Urea 500, Labtest®).

For reading the glucose concentration, a digital glucose meter (Accu-Chek®) equipped
with test tape (tape reagent) was used. The measurement was performed immediately after
collecting blood from the animals.

2.4. Assessment of Feeding Behaviour

The animals’ feeding behavior was determined in the last three days of the experi-
mental period by quantifying the time intervals spent on feeding, rumination, and leisure
throughout 24 h [22]. To record the time of these activities, visual observation of animals
was adopted every 10 min.

Trained observers were strategically positioned in the shed so as not to disturb the
animals. In the same period, the number of cud chewings (MMnb, n/bolus) and the time
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taken to ruminate each bolus (MMtb, sec/bolus) were counted using a digital stopwatch.
The minimum and maximum temperature averages were obtained every 1 h, within 24 h.

Chewing averages and rumination time were obtained through observations of rumen
boluses made every 30 min, within each 24-h evaluation period [23]. The time and number
of chews for each rumen bolus per animal within this period were recorded. The variables
g DM/bolus and NDF/bolus were obtained by dividing the average individual intake of
each fraction by the number of boluses ruminated per day (within 24 h).

The efficiencies of feeding and rumination, in g of DM/h and g of NDF/h were
obtained by dividing the average daily intake of DM and NDF divided by the time spent in
feeding and rumination within 24 h, respectively. These and other variables, such as the
number of boluses ruminated per day (NBR), the total chewing time (TCT), and the number
of cud chewings per day (CCD) were obtained according to the methodology described by
Polli et al. [22] and Burguer et al. [23]. During the night data collection, the environment
was maintained with artificial lighting.

The number of eating, rumination, and idleness periods were counted by the number
of activity sequences observed in the worksheet. The average daily duration of these
activity periods was calculated by dividing the total duration of each activity (eating,
rumination, and idleness in min/day) by their respective number of periods.

2.5. Statistical Analysis

The experiment was performed in a completely randomized design with four treat-
ments and five replicates (animals) per treatment. Data on intake, apparent digestibility,
nitrogen balance, blood glucose and serum urea were submitted to analysis of variance and
regression testing. The statistical model is represented by Equation (4):

Yij = μ+ Ti + β
(
Xi − X

)
+ eij (4)

where Yij was the observed dependent variable, μ—overall average; Ti—fixed effect of
treatment i; in which i = 0, 70, 140 and 210 g/kg; β—regression coefficient or functional
relationship with the covariate; Xi—observed value of the covariate (body weight) applied
to the experimental unit; X—average of the covariate; j—random error associated with each
observation and j repetitions, where j = 1, 2, 3, 4, and 5.

The data were subjected to analysis of variance using the PROC GLM command
of the SAS statistical package (SAS version 9.1, 2003), and the means were subjected to
regression analysis using the PROC REG command of the SAS® (9.1) statistical package
(SAS University Edition). Analysis of ingestive behavior also included a t-test in SAS® (9.1)
to verify the effect of the period (daytime and nighttime). Significance was declared when
p ≤ 0.05.

3. Results

3.1. Nutrient Intake

The addition of cotton lint promoted a decreasing linear effect (p < 0.01) in the intake
of CP and NFC (Table 4). Considering the diet effectively consumed, despite the diets being
completely supplied, it can be observed that there was selectivity of the diet by the animals
(Table 4), indicating that the addition of lint at the 210 g/kg level led to the almost exclusive
intake of roughage. The diets effectively consumed were modified with the addition of lint
and caused a linear decreasing effect (p < 0.01) in the fractions CP, EE, NFC, but the lint
promoted a linear increasing effect (p < 0.01) in the NDF and TC of (Table 4).

3.2. Nutrient Digestibility

The apparent digestibility of DM, CP, EE, and NFC presented a decreased linear effect
(p < 0.05) with the addition of the lint in the diet (Table 5). In contrast, the NDF digestibility
presented an increasing linear effect (p < 0.0001) and the TC digestibility was not influenced
(p = 0.5036) by the addition of lint.
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Table 4. Average intakes of dry matter (DMI), crude protein (CPI), ether extract (EEI), neutral
detergent fiber (NDFI), non-fibrous carbohydrates (NFCI), total carbohydrates (TCI), total digestible
nutrients (TDNI), indigestible neutral detergent fiber (iNDFI), and water (H2OI) of rams fed with
cottonseed lint inclusion levels diets.

Variable
Cottonseed Lint Levels (g/kg)

SEM 1
Regression
Equation

p-Value

0 70 140 210 L 2 Q 3

Intake g/day

DMI 986.56 796.68 722.31 517.81 23.78 Ŷ = 755.84 0.114 0.986
CPI 91.58 72.59 55.61 39.10 3.858 Ŷ = 92.623 − 0.1613x <0.001 0.400

NDFI 210.90 195.87 217.94 183.17 1.494 Ŷ =201.97 0.362 0.513
EEI 57.38 44.01 37.87 26.37 16.50 Ŷ = 41.41 0.405 0.136

NFCI 590.04 454.01 383.37 253.21 14.39 Ŷ = 422.61 − 0.5106x 0.005 0.382
TCI 801.20 650.05 601.45 436.47 29.93 Ŷ = 622.29 0.076 0.215

H2OI 641.88 838.25 468.75 638.33 24.13 Ŷ = 646.80 0.067 0.462

Relation between intake and body weight g/kg

DMI BW 24.67 24.30 20.71 17.77 0.964 Ŷ = 32.052 − 0.026x 0.034 0.176
DMI

BW0,75 77.84 64.42 53.24 41.92 0.101 Ŷ = 2.62 − 0.0043x <0.001 0.239

NDFI BW 7.10 6.89 6.74 6.43 0.032 Ŷ = 6.79 0.054 0.381
H2OI BW 22.24 29.13 15.93 23.69 0.416 Ŷ = 22.75 0.498 0.072

Diet effectively consumed g/kg

CPI 92.17 90.89 76.50 68.39 2.438 Y = 94.84 − 1.225x <0.001 0.081
NDFI 205.24 244.14 301.22 353.93 13.49 Y = 200.66 + 7.189x <0.001 0.414
EEI 59.36 55.52 52.64 51.16 0.934 Y = 58.795 − 0.393x 0.003 0.389

NFCI 606.70 571.70 531.70 489.44 10.80 Y = 608.65 − 5.597x <0.001 0.678
TCI 812.20 816.06 833.13 843.55 3.011 Y = 809.57 + 1.587x <0.001 0.057

1 SEM: Standard error mean, 2 L: linear, 3 Q:quadratic.

Table 5. Apparent digestibility of dry matter (DM), crude protein (CP), ether extract (EE), neutral
detergent fiber (NDF), non-fibrous carbohydrates (NFC), and total carbohydrates (TC) of rams fed.

Variable
(gDM)

Cottonseed Lint (g/kg DM)
SEM 1

Regression
Equation

p-Value

0 70 140 210 L 2 Q 3

DM 707.45 690.42 638.82 643.15 11.453 Y = 706.63 − 3.493x 0.015 0.602
CP 609.27 548.29 416.78 335.84 25.461 Y = 620.32 − 13.597x <0.001 0.486

NDF 330.68 348.47 421.55 483.63 17.070 Y = 316.30 + 7.599x <0.001 0.315
EE 895.75 881.49 840.24 799.19 10.556 Y = 903.80 − 4.727x <0.001 0.325

NFC 883.38 864.06 816.21 783.58 11.073 Y = 888.89 − 4.961x <0.001 0.642
TC 694.88 721.62 672.24 680.59 14.487 Y = 692.33 0.504 0.764

1 SEM: Standard error mean, 2 L: linear, 3 Q:quadratic.

3.3. Feeding Behaviour

The ingestive behavior presented an increasing linear effect (p < 0.0001) with the
addition of lint for the intake time. The DM intake rate indicated a decreasing linear effect
(p < 0.0001), similar to that observed for the rumination time (p < 0.0001) and for the DM
rumination rate (p < 0.001) (Table 6).

3.4. Nitrogen Fractions

The intake of total nitrogen, digested nitrogen, and nitrogen balance were reduced
linearly (p < 0.01) with the addition of lint in the diets; however, the addition of lint did
not affect (p = 0.194) the fecal and urinary nitrogen (Table 7). The plasmatic ureic nitrogen
was not affected (p = 0.172) by the addition of lint; however, the blood glucose was reduced
linearly (p = 0.036) with the addition of lint (Table 7).
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Table 6. Ingestive behavior of rams fed with cottonseed lint inclusion levels diets.

Variable
Cottonseed Lint (g/kg DM)

SEM 1
Regression
Equation

p-Value

0 70 140 210 L 2 Q 3

Chewing number/bit 70.60 60.32 66.65 58.01 2.138 Y = 63.90 0.093 0.838
Time chewing/bit 44.93 40.27 48.71 43.00 1.315 Y = 44.23 0.809 0.830
Intake time (min) 375.37 416.44 453.70 476.30 8.901 Y = 379.25 + 0.4901x <0.001 0.063
IRDM (gDM/h) 175.03 145.24 96.27 64.73 9.801 Y = 177.30 − 0.5427x <0.001 0.412

IRNDF (gNDF/h) 33.95 31.23 28.97 22.89 2.112 Y = 29.26 0.073 0.689
Rumination (min) 333.23 299.91 274.08 254.06 7.618 Y = 329.82 − 0.3762x <0.001 0.388
RRDM (gDM/h) 198.44 177.28 149.23 139.77 9.292 Y = 196.79 − 0.2915x 0.014 0.874

RRNDF (gNDF/h) 43.16 49.29 46.25 49.52 4.965 Y = 47.06 0.743 0.896
Idle (min) 731.40 723.75 710.22 709.64 8.032 Y = 718.98 0.272 0.888

1 SEM: Sandard error mean, 2 L: linear, 3 Q:quadratic, IRDM—intake rate of dry matter; IRNDF—intake rate of
neutral detergent fiber; RRMS—rumination rate of dry matter; RRNDF—rumination rate of neutral detergent fiber.

Table 7. Average values of values of the nitrogen fractions in urine, feces, and plasma for diets
containing cottonseed lint levels.

Variable
Cottonseed Lint (g/kg DM)

SEM 1
Regression
Equation

p-Value

0 70 140 210 L 2 Q 3

4 IN 14.65 11.61 8.90 6.24 0.950 Ŷ = 47.917 − 0.1293x <0.001 0.486
5 FN 7.96 5.27 5.51 4.48 0.670 Ŷ = 10.88 0.541 0.194
6 UN 2.16 1.71 1.79 1.78 0.076 Ŷ = 26.186 − 0.0631x <0.001 0.876

7 DIGN 6.70 6.34 3.38 1.76 0.549 Ŷ = 7.355+ 0.0341x <0.001 0.043
8 NB 4.54 4.63 1.59 −0.02 0.550 Ŷ = 5.193 – 0.0239x <0.001 0.223

9 PUN 20.44 25.22 28.72 19.88 2.339 Ŷ = 23.57 0.933 0.172
10 Glucose 79.20 76.80 62.00 61.62 3.548 Ŷ = 80.036 – 0.0965x 0.036 0.880

1 SEM—standard error mean; 2 L—linear; 3 Q—quadratic; 4 IN—intake nitrogen (g/day); 5 FN—fecal nitrogen
(g/day); 6 UN—urinary nitrogen (g/day); 7 DIGN—digested nitrogen (g/day); 8 NB—nitrogen balance(g/day);
9 PUN—plasmatic ureic nitrogen (mg/dL); 10 glucose—blood glucose (mg/dL).

4. Discussion

For every 10 g of lint added per kg of DM in the diet, there was a decrease of 2.83 g of
CP consumed. According to the NRC [12], lambs with an average weight of 30 kg require
an intake of 1.03 kg/day of DM and 97 g/day of CP, but all treatments were below the
recommended, where intakes of DM were 986.56 g, 796.68 g, 722.31 g, and 517.81 g, and of
CP g/day were 91.58, 72.59, 55.61, and 39.10, respectively. The addition of lint reduced the
DM intake and hence the various bromatological fractions, except for the NDF due to the
selectivity of animals that started to consume more hay than concentrate when the lint was
added. The animals’ selectivity can be evidenced through the diet effectively consumed
(Table 4).

This result may be a consequence of the industrial extraction process of the lint since
sulphuric acid is used and may generate residue in the final product (lint) [4]. This factor
can be considered highly relevant in terms of acceptability because it is known that the
odor, texture, color, and taste possibly affect the feed intake by animals. Nevertheless,
Mertens [24] reported that acceptability is defined as the characteristic of feed associated
with taste, olfactory, and visual activities that influence the intake of animals. There was no
difference for the NDF intake; however, considering the diet effectively consumed as the
ratio between the amount of NDF and DM consumed, and the NDF of the diet effectively
consumed was linearly affected. It increased with the addition of lint, in which corn silage
had a greater amount of this fraction (Table 1). The lint is also a source of NDF and ADF.
Thus, the addition of lint promoted an increase of NDF in the concentrate, i.e., the animals
received a diet with a higher content of NDF, and reduced NFC and EE.

The decrease of the apparent digestibility of DM, CP, EE, and NFC with the addition of
lint may be related to the quality of the diet effectively ingested (Table 4). The composition
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of the fractions DM, CP, and TC of the corn grain, primarily observed in fractions A + B1
(Table 2), are superior to those of the lint. Therefore, with the increased addition of lint, the
animals started to eat less feed and of lesser quality, thus precluding the multiplication of
the ruminal microorganisms, primarily reducing the apparent digestibility of the fractions
cited above. Thereby, the rumen environment had a lower pH reduction, which apparently
seems to have provided a more suitable environment for the development of fibrolytic
bacteria, and thus a higher digestibility rate of the NDF, as observed by Santos et al. [25].
The treatment for extraction of lint uses sulphuric acid, which weakens the ether bonds
between lignin and cellulose, making cellulose more digestible in the rumen, but with
a slow degradation rate [26–28]. The data related to the NDF degradation of corn grain
was higher than lint; however, the addition of lint decreased the degradation of other
fractions due to the higher concentration of the undegradable fraction (C) of protein and
carbohydrates, in addition to lower degradation of the DM and CP (Table 2), corroborating
the linear reduction of digestibility with the addition of lint (Table 5).

Diets with the addition of lint promoted an increase in unavailable fractions of CP,
such as neutral detergent insoluble nitrogen (NDIN). This fraction of CP is adhered to the
plant cell wall and is generally indigestible. Thus, the CP digestibility is influenced by the
increase of this fraction [29,30]. This fact is evidenced by observing the fractionation of
CP in which the values for the fraction C (Table 2), which is undegradable, was higher in
cotton lint compared to corn grain.

The apparent digestibility of EE decreased 4.73 g/kg with the addition of each 1 g/kg
DM addition of lint in the diet (Table 5). The EE digestibility followed the decreasing linear
effect of DM. The NFC digestibility was linearly reduced. This was possibly due to the
smaller ruminal microbial population likely a function of the lower availability of CP and
lack of synchrony between the availability of CP and energy [31].

There was no effect for the digestibility of TC as lint was added to the diet. This lack
of effect is due to the increasing linear effect on the digestibility of NDF and decreasing
linear effect on the digestibility of NFC. As TC is the sum of these fractions, the sum of
these antagonistic behavior effects promotes the lack of effect by the addition of lint.

The ingestion time of the diet was likely negatively influenced by the reduced palata-
bility of the diet with the addition of lint. Therefore, the animals went more often to the
trough to eat, trying to consume the amount of diet sufficient to satisfy their requirements.
However, even increasing the ingestion time, the animals were unable to compensate such
demand, since they reduced the consumption of DM with the addition of lint (Table 6). The
combined effect of reduced DM intake with increased ingestion time resulted in a reduced
DM intake rate; the animals demonstrated a lower efficiency in DM intake. This effect
was not observed in the NDF intake, due the increasing content of NDF observed with
the addition of lint (Table 6), likely because of the lower rate of DM disappearance in the
rumen and lower rate of passage.

Rumination time was affected in a linear decreasing way by the addition of lint despite
an increase in NDF intake, which likely led to an increasing effect of rumination time.
Despite it being emphasised in the literature that only physically effective NDF would have
this effect, fibers from lint do not have the physical effect due to their reduced length [30].

The NB decreased with the addition of lint in the diet (Table 7), a factor that may be
associated with a lower DM intake and the decrease of CP effectively consumed in the diets
when lint was added. According to the NRC [12], the NB allows assessing the nutritional
quality of diets and food, since it expresses how much of the absorbed nitrogen was used
for animal metabolism [32,33]. The addition of lint in 210 g/kg DM promoted a negative
NB, associated with the linear reduction in blood glucose provided by the addition of lint.
Thus, it can be inferred that the addition of lint will promote a greater mobilization of the
animal’s body reserves, culminating in weight loss.

The addition of lint reduced the intake of concentrate (Table 4), which likely promoted a
smaller rumen microbial population associated with a lower production of SCFA, primarily
propionic acid, which is a glucose precursor via gluconeogenesis. Generally, glucose is not
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variable in ruminants, but when the animals are in a negative balance due to insufficient
feed intake, blood glucose is altered, indicating a negative energy balance. This biological
signalling is generally mediated by several signals that stimulate the mobilization of body
energy reserves [33]. However, if inclusion in values up to 70 g in the diet for a short period
of time is used, we may not have deleterious effects on the physiological parameters of the
animals. Considering that the performance of the animals was not evaluated, it is possible
that the inclusion at this level in short-term feeding may be a possibility to improve feed
conversion [34]. The presence of lint can modulate the rate of passage and disappearance
of food particles in the rumen.

According to Cavalcante et al. [35], the concentration in the diet or the differentiated
intake of DM may cause variations in nitrogen intake [36]. In this research, the variation
was to the detriment of the decreasing effect of DM intake. Another possible explanation
was the reduced concentration of CP in the diet effectively consumed when lint was
added. Although they were formulated to be isoproteined, there were variations in the
consumption of the diets (Table 4). The glucose concentration reduced 0.96 mg/dL for
each 1 g/kg DM of lint added in the diet, indicating a lower energy supply for the animals
that received lint, a factor that may be related to the lower nutrient consumption when the
by-product was added. However, even with the reduction, these values were within the
reference range for sheep, which is 50–80 mg/dL [37].

The PUN concentration had no significant effect as the lint was added to the diet,
with an average of 23.57 mg/dL, (Table 7). Menezes et al. [38] describes that the range in
plasma urea concentration considered ideal for sheep is from 20.0 to 60.0 mg/dL, which
was observed in this experiment. Lira et al. [39] reported that the plasma urea concentration
is related to the part of digestible nitrogen that will be directed or be excreted via urine, or
will be reused via saliva, increasing the efficiency of use of dietary nitrogen.

According to Gonzáles and Scheffer [40], the liver synthesizes urea from ammonia
derived from the metabolism of amino acids and the absorption of rumen ammonia from
protein degradation in the rumen, being directed through the blood for renal or mammary
excretion when there is excess protein in the diet or even recycled via saliva when the diet
has CP levels below requirements.

The addition of lint promoted a linear reduction in almost all parameters related to
the use of the diet, even modifying the animals’ ingestive behavior. The bromatological
composition of lint suggests that this by-product can be tested as a source of roughage in
the future.

5. Conclusions

The addition of up to 70 g/kg of cotton lint can be included in the diet of rams without
adversely affecting DM intake and without altering digestibility, nitrogen balance, plasma
urea, and glucose concentrations. These results suggest a possible negative effect on dry
matter intake when using levels above 70 g/kg of cotton lint.
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Abstract: Predictions show the possibility of banning birds’ rearing in batteries. From this reason,
we aimed to study the welfare conditions assured to birds accommodated in lofts in comparison
with those reared in improved batteries. The research targeted ISA Brown hybrids monitored over
a period of 25–55 weeks. The batches were represented by birds that were differently reared in
halls provided with lofts compared to with improved batteries. The research was carried out in real
production conditions. Biochemical indicators were determined, using a BA 400 analyzer produced by
BioSystems, as well as quantitative ones using specific formulas based on productions, consumptions,
and batch outputs. A cumulated production of 199.24 eggs/week/head was realized in the loft,
versus 199.98 in the battery, at a mean laying intensity of 91.82% and 92.17%. Batch output was 4.14%
(loft) and 2.98% (battery). Mean consumption registered a level of 122.20 g m.f./head/day for birds in
the loft and 115.87 g for the ones from the battery, and feed conversion index was 133.09 g m.f./egg,
compared to 125.69. The aviary system ensures optimal conditions to express the birds’ natural
behaviors, with a positive impact on the metabolic functions, resulting in a good state of health and
high productive levels, comparable to those of birds exploited in batteries.

Keywords: rearing system; birds’ welfare condition; biochemical analysis; productive parameters

1. Introduction

Both fowl welfare and the performance of laying hybrids are affected by environmental
factors, and they are still to be tuned within the context of modern industrialized aviculture.

The adaptability of hybrids to housing conditions is crucial in reaching efficiency while
welfare is observed. Fowl’s response to environmental factors relies on breed particularities.
Stress markers are lower in less active, lymphatic genotypes (Green-legged Partridge hen)
compared to the sensitive, active, and quite excitable ones (Leghorn) that are less adapted
in large-scale farms [1]. Such differences also occur between purebreds and commercial
hybrids, i.e., Sussex hens have the best levels of welfare markers, while ISA Browns have
the lowest ones among commercial lines. However, mortality and aggressiveness seem to
be more intense in pure breeds, and lower welfare occurs, compared to commercial hybrids
that easily adapt to closed housing [2].

The European Union Council regulates the minimum comfort for laying hens and
has also prohibited (since 2012) classic cage batteries as fowl housing [3,4]. Starting from
this premise, there were designed various alternative rearing solutions to allow for the
expression of flow productive potential [5,6], and to ensure wellbeing [7]. Housing in
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limited spaces (conventional cages) reduces resistance to diseases and decreases the fowl’s
comfort state markers [8].

Consequently, starting from the premise of ensuring welfare conditions, improved
cage batteries (increased room) [9,10] and furniture endorsements (nesting, resting perches,
sand bath) were initially designed to support high yields and superior egg quality [11–13].
The fowl that benefited from the enlarged vital space yielded more egg mass and eggs with
better specific weight, Fe, Mg, and glucose level compared to those reared on narrower
surfaces [14].

The second stage of the changes consisted in housing laying hens in aviaries (lofts
allowing for the expression of natural instincts but also generating superior egg yields [15].
The major disadvantage of the system is the increased incidence of mechanical acci-
dents (fractures) [16], but this was mitigated through covered edgy equipment parts with
polyurethane [17]. Freedom of movement, however, raised the aggressive behavior, a
problem solved by introducing males into the flocks of laying hens (egg yields also im-
proved) [18]. In aviary housing, hens’ serum immunoglobulin Y was higher and improved
the specific antibody response in industrially reared fowl [19].

Serum biochemical traits, performance of production, and livability of fowl are traits
depicting the fowl’s wellbeing state [20,21]. The levels of plasmatic proteins, Mg, glucose,
cholesterol, and P decrease as egg-laying intensity increases [22], while calcium decreases
during the laying peak [23]. However, such changes are not strictly correlated with a
certain housing system [24]. Various stressor factors induce fear [25] and generate changes
in the concentration of basal plasma corticosterone and serotonin, with direct effects on
eggs yield, weight, and flock livability [26]. The stress generated by fowl transportation
affects the ratio of heterophiles/lymphocytes and plasmatic glycoprotein 1-acid [27]. Beak
clipping, a procedure that limits the negative consequences of aggressive behavior and
improves production performance [28], is tough, and therefore a stressor. Fasting applied
to induce artificial molting induces a significant decrease in the serum glucose and an
intense increase in plasmatic cholesterol and GSH-Px activity (poor plumage quality, tonic
immobility reaction, etc.) and negatively affects the welfare condition [29,30].

Bird feeding has generated many studies in which, for example, direct correlations
were detected between the level of essential amino acids and the incidence of feather
plucking or mortality through cannibalism [31]. It has been shown that when fed in cage
batteries, low dietary protein levels (13%) lead to egg yield drops and decreases in plasmatic
uric acid, triglycerides, and albumin compared to fowl fed 16% crude protein diets [32,33].
Low dietary metabolizable energy and crude protein can cut feeding costs, whilst serum
creatine kinase activity rises and serum triglyceride and cholesterol decrease [34]. A high
proportion of cereals (wheat) in feed can induce poorer plumage quality and thermoreg-
ulation issues [35,36], while using nonconventional feedstuffs (dried olive pulp) induces
improvement in the lipid profile of eggs (PUFA increases and SFA decreases, AI and TI
decrease and h/H ratio increases) [37].

The welfare and performance of laying depend on many factors and the interactions
between them, but especially on the applied rearing system and its particularities. Conse-
quently, we must find these correlations as well as the way to implement the solutions in
real production conditions.

2. Materials and Methods

2.1. Animals and Housing

The study took place in a private production unit in Galati County, Romania, starting in
July. We used the commercial ISA Brown hybrid due to its adaptability to local conditions.
The experimental groups were represented by birds from two production halls. The
first batch was raised in a hall equipped with Natura Nova Twin model aviary (initial
population of 35,950 heads), and the second in a hall with improved Eurovent batteries
(initial population of 10,217 heads). The research started when the birds were 25 weeks old
and ended when they were 55 weeks old (a total of 31 weeks).
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The housing of the hens was carried out in accordance with the requirements of the
technical manual of the hybrid [38] and of the equipment manufacturer [39]. In both
cases, the particular density standards for integrating the farm under the welfare regime
were followed.

The feeding of the birds respected the nutritional management strategy used in the
work unit. An identical combined diet was given to the two groups of birds, but the
nutritional values varied according to the quantity and quality of eggs laid [40]. The
combination feed 21-5A (PB = 18.6%; EM = 2748.6 kcal/kg; Ca = 3.82%; P = 0.40%) was
given between the ages of 25 and 40 weeks, and the combined feed 21-5B (PB = 16.43%;
EM = 2786.0 kcal/kg; Ca = 3.8%; P = 0.36%) was given to animals between the ages of 41
and 55 weeks.

2.2. Data Collection and Data Processing

The technical data (feed consumption, egg production, batch outputs) necessary for
elaborating the paper were taken from the farm registers and the computerized devices that
served the rearing halls. The monitoring was carried out daily, with a weekly presentation
of the data. Later, standardized formulas were applied to obtain the values for various
indicators [41].

Mean flock (heads/week) = (heads at the beginning of the week − heads at the end of the week)/2

Laying intensity (%) = [total egg production (pieces/week/shelter) × 100]/[mean flock (heads) × 7 days]

Individual egg production (egg/week/head) = total egg production (pieces/week/shelter)/mean flock (heads)

Daily mean consumption (g/head/day) = consumed fodders (kg/period) × 1000/mean flock (heads)/number of days

Feed conversion index (g m.f./egg) = consumed fodders (kg/period) × 1000/egg production (pieces/period)

The situation of outputs from the batch and their causes were counted by the farm
manager and the veterinarian of the unit, and later reported numerically and percentage-
wise to the total population (weekly situation and for the total period). Biochemistry
samples were taken at 25, 35, 45, and 55 weeks by the veterinarian. They were harvested
from 35 specimens from each growth hall, in accordance with the specific methods [42,43].
After harvesting, the samples were processed with the ByoSystems BA 400 analyzer.

The main experimental data were processed by calculating arithmetic mean, mean
standard deviation, and variability coefficient (using an algorithm included in the Microsoft
Excel software).

3. Results

3.1. Biochemical Indicators

In the case of hens from the improved batteries, the cholesterol level oscillated between
a minimum of 153.72 mg/dL, the value recorded at the beginning of the research, and a
maximum of 206.14 mg/dL in the 55th week. For hens reared in the aviary, the swing limits
varied between 148.81 mg/d (25th week) and 195.21 mg/dL (55th week) (Table 1).

The level of blood triglycerides showed quantitative increases with the advancing
age of birds, with the mention that higher values were detected in birds from improved
batteries (189.56–206.19 mg/dL) and somewhat lower values were detected in those from
aviaries (186.12–201.34 mg/dL).
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Table 1. Biochemical indicators for the studied birds.

Specification n

Birds’ Age

25 Weeks 35 Weeks 45 Weeks 55 Weeks

X ± sx V% X ± sx V% X ± sx V% X ± sx V%

Cholesterol
(mg/dL)

A 35 148.81 ± 8.36 19.36 162.35 ± 12.18 18.31 175.36 ± 15.22 23.16 195.21 ± 12.68 24.33
B 35 153.72 ± 10.14 21.14 164.14 ± 16.23 20.19 178.12 ± 19.46 25.31 206.14 ± 17.33 25.14

Triglycerides (mg/dL) A 35 186.12 ± 5.34 16.12 191.37 ± 8.38 15.68 197.15 ± 8.55 17.22 201.34 ± 8.46 16.97
B 35 189.56 ± 7.22 17.22 194.26 ± 9.55 17.12 203.41 ± 9.31 19.14 206.19 ± 10.15 19.45

Total protein
(g/dL)

A 35 3.78 ± 0.72 12.20 4.12 ± 0.95 13.26 4.35 ± 0.51 10.46 4.87 ± 0.93 13.12
B 35 3.54 ± 0.57 17.56 4.06 ± 0.78 18.21 4.19 ± 0.47 9.58 4.56 ± 0.77 10.68

Calcium
(mg/dL)

A 35 8.94 ± 0.30 16.32 8.75 ± 0.21 17.38 10.16 ± 0.24 15.31 12.14 ± 0.51 15.96
B 35 8.36 ± 0.25 12.44 8.16 ± 0.32 15.44 9.85 ± 0.31 12.14 11.61 ± 0.38 14.32

Phosphorous (mg/dL) A 35 6.87 ± 0.69 20.15 6.42 ± 0.36 18.26 8.05 ± 0.93 22.17 9.02 ± 1.19 21.38
B 35 6.31 ± 0.52 18.34 6.11 ± 0.25 15.17 7.81 ± 0.75 20.19 8.77 ± 0.92 20.71

Glucose
(mg/dL)

A 35 208.23 ± 14.96 15.19 219.14 ± 17.16 13.61 238.45 ± 20.02 18.14 252.19 ± 16.77 15.36
B 35 211.10 ± 15.23 17.32 223.08 ± 18.17 15.48 256.12 ± 19.33 19.38 270.14 ± 17.16 17.81

Uric acid
(mg/dL)

A 35 8.97 ± 0.51 12.95 7.85 ± 0.38 15.11 7.39 ± 0.26 15.19 6.89 ± 0.21 20.62
B 35 10.14 ± 0.48 13.34 9.43 ± 0.41 14.24 9.08 ± 0.21 17.26 7.24 ± 0.19 22.14

Urea
(mg/dL)

A 35 4.95 ± 0.41 15.31 5.19 ± 0.27 16.21 5.57 ± 0.55 23.15 5.72 ± 0.22 16.96
B 35 5.12 ± 0.38 19.76 5.34 ± 0.32 17.49 5.82 ± 0.71 24.21 5.95 ± 0.24 17.21

ALT
(U/l)

A 35 87.86 ± 12.32 13.35 89.24 ± 15.93 10.16 94.19 ± 12.38 17.31 98.83 ± 15.46 23.94
B 35 89.56 ± 14.16 14.26 91.31 ± 16.41 11.35 95.26 ± 14.12 17.16 101.11 ± 17.32 24.13

AST
(U/l)

A 35 231.22 ± 15.73 15.26 241.44 ± 15.27 15.77 267.85 ± 17.06 24.08 294.39 ± 12.08 24.31
B 35 236.16 ± 16.52 18.19 246.19 ± 16.11 15.27 272.11 ± 16.19 24.25 300.41 ± 19.55 25.14

A: rearing in loft. B: rearing in battery.

The amount of total protein had an average level of 3.54 g/dL at the beginning of the
analyzed period (25th week) and 4.56 g/dL at its end (55th week) in the birds raised in
battery. In the case of the livestock in the aviary, the total protein content increased from
3.78 g/dL, as it was in the 25th week, to 4.87 g/dL, as found at the end of the study.

Blood calcium recorded lower values at 35 weeks (8.16 g/dL for battery hens and
8.75 g/dL hens in the aviary) and higher at 55 weeks (11.61 g/dL-battery and 12.14 g/dL-
aviary). Phosphorus had a similar evolution, with lower levels at 35 weeks (6.11 mg/dL for
battery hens and 6.42 mg/dL in aviary birds) and higher in 55 weeks (8.77 mg/dL-battery
and 9.02 mg/dL-aviary) (Table 1).

In birds aged 25 weeks, the amount of glucose was at a close level between the
two groups (208.23 mg/dL-aviary and 211.10 mg/dL-improved batteries), after which
progressive increases were registered towards the end of the investigations, when they
were 252.19 mg/dL in aviary birds and 270.14 mg/dL in those in improved batteries.

The level of uric acid recorded higher values at the beginning of laying (week 25), was
8.97 mg/dL in birds from the aviary and 10.14 mg/dL for those from modified batteries,
after which the values decreased in parallel with the age of the birds until up to 6.89 mg/dL
(aviary) and at 7.24 mg/dL (improved batteries). Urea did not fluctuate significantly
between batches or between reference intervals, with the beginning of the research showing
values of 4.95 mg/dL (birds from the aviary) and 5.12 mg/dL (those from the batteries),
while in the last period it showed values of 5.72 mg/dL and d 5.95 mg/dL, respectively
(Table 1).

The determined values for alanine aminotransferase (ALT) oscillated between 89.56 U/L
(25-week-old birds) and 101.11 U/L (55-week-old chickens) in the flock from the improved
batteries and between 87.86 U/L (25-week-old chicken’s weeks) and 98.83 U/L (55-week-
old hens) in those raised in the aviary. As for aspartate aminotransferase (AST), it showed
limits of variation in the range of 236.16–300.41 U/L, as determined in hens from improved
batteries and in the range of 231.22–294.39 U/L in those in the aviary.

3.2. Numerical Egg Production and Laying Intensity

Average weekly egg production ranged between 6.09 eggs/head (55th week of control)
and 6.53 eggs/head (in weeks 31, 32, and 33 of control) in hens reared in the aviary and
between 6.17 eggs/head (55th week of bird life) and 6.57 eggs/head (in weeks 31 and 32) in
those in improved batteries. For the total studied period (25–55 weeks), the individual egg
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production was 199.24 eggs/head for the specimens in the aviary and 199.98 eggs/head for
those in the battery (Table 2).

Table 2. Numerical egg production and laying intensity.

Birds’
Age

(Weeks)

Rearing in Loft Rearing in Battery

Mean
Flock

(Head)

Total Egg
Production

(Pieces/
Week/

Shelter)

Individual Egg Production
Laying
Inten-
sity
(%)

Mean
Flock

(Head)

Total
Egg Pro-
duction
(Pieces/
Week/

Shelter)

Individual Egg Production

Laying
Intensity

(%)

(Egg/
Week/
Head)

(Egg/
Day/

Head)

Cumulated
(Egg

/Week/
Head)

(Egg/
Week/
Head)

(Egg/
Day/

Head)

Cumulated
(Egg/
Week/
Head)

25 35,927.5 229,512 6.39 0.91 6.39 91.26 10,214.5 65,445 6.41 0.91 6.41 91.53
26 35,884.5 229,639 6.40 0.91 12.79 91.42 10,209 65,717 6.44 0.91 12.85 91.96
27 35,838 230,671 6.44 0.91 19.23 91.95 10,202.5 66,261 6.49 0.92 19.34 92.78
28 35,787 230,767 6.45 0.92 25.68 92.12 10,198 66,367 6.51 0.92 25.85 92.97
29 35,742.5 231,032 6.46 0.92 32.14 92.34 10,194.5 66,409 6.51 0.93 32.36 93.06
30 35,705 231,815 6.49 0.92 38.63 92.75 10,189 66,573 6.53 0.93 38.89 93.34
31 35,670.5 232,564 6.52 0.93 45.15 93.14 10,182 66,940 6.57 0.93 45.46 93.92
32 35,635 232,657 6.53 0.93 51.68 93.27 10,174 66,838 6.57 0.93 52.03 93.85
33 35,600.5 232,482 6.53 0.93 58.21 93.29 10,164 66,573 6.55 0.93 58.58 93.57
34 35,567.5 232,142 6.53 0.93 64.74 93.24 10,154.5 66,404 6.54 0.93 65.12 93.42
35 35,535.5 231,958 6.53 0.93 71.27 93.25 10,146.5 66,274 6.53 0.93 71.65 93.31
36 35,498 231,340 6.52 0.93 77.79 93.10 10,137.5 66,151 6.52 0.93 78.17 93.22
37 35,455.5 230,766 6.51 0.92 84.30 92.98 10,127.5 65,973 6.51 0.93 84.68 93.06
38 35,415.5 230,158 6.50 0.92 90.80 92.84 10,117 65,826 6.51 0.92 91.19 92.95
39 35,371 229,696 6.49 0.92 97.29 92.77 10,108.5 65,686 6.50 0.92 97.69 92.83
40 35,323.5 229,214 6.49 0.92 103.78 92.70 10,099 65,723 6.49 0.92 104.18 92.79
41 35,275.5 228,829 6.49 0.92 110.27 92.67 10,087.5 65,394 6.48 0.92 110.66 92.61
42 35,232 228,497 6.48 0.92 116.75 92.65 10,077.5 65,308 6.48 0.92 117.14 92.58
43 35,188 228,187 6.48 0.92 123.23 92.64 10,069 65,218 6.48 0.92 123.62 92.53
44 35,137 227,709 6.48 0.92 129.71 92.58 10,061 65,159 6.48 0.92 130.10 92.52
45 35,084 227,120 6.47 0.92 136.18 92.48 10,053.5 65,096 6.47 0.92 136.57 92.50
46 35,028.5 225,902 6.45 0.92 142.63 92.13 10,045.5 64,939 6.46 0.92 143.09 92.35
47 34,970.5 224,794 6.43 0.91 149.06 91.83 10,035 64,653 6.44 0.92 149.47 92.04
48 34,916 224,175 6.42 0.91 155.48 91.72 10,023.5 64,460 6.43 0.91 155.90 91.87
49 34,863.5 223,179 6.40 0.91 161.88 91.45 10,011.5 63,997 6.39 0.91 162.29 91.32
50 34,806.5 222,107 6.38 0.91 168.26 91.16 9997.5 63,754 6.38 0.91 168.67 91.10
51 34,753 219,747 6.32 0.90 174.58 90.33 9983 63,403 6.35 0.90 175.02 90.73
52 34,703.5 216,494 6.24 0.89 180.82 89.12 9970 62,909 6.31 0.90 181.33 90.14
53 34,651 214,930 6.20 0.88 187.02 88.61 9956.5 62,454 6.27 0.89 187.60 89.61
54 34,597.5 212,007 6.13 0.87 193.15 87.54 9943.5 61,753 6.21 0.88 193.81 88.72
55 34,545 210,427 6.09 0.87 199.24 87.02 9929.5 61,277 6.17 0.88 199.98 88.16

At the beginning of the studied period (week 25), the laying rate recorded good levels,
with 91.26% in hens reared in the aviary and 91.53% in those in modified batteries. The
highest laying intensity (laying peak) was reached in the 33rd week of life by the birds
raised in the aviary (93.29%) and in the 31st week by those in improved batteries (93.92%),
after which it decreased progressively, so that at the end of the investigations (week 55),
the levels achieved were 87.02% for hens in aviaries and 88.16% for those maintained in
modified batteries (Table 2).

3.3. Analysis of Batch Outputs

The rate of exits from the batch, including the generative causes, represented another
criterion based on which the welfare condition ensured to the laying hens operating in the
two rearing systems tested (aviary vs. battery) was assessed (Table 3).

It was found that in the birds raised in the aviary, the number of specimens that left
the batch in the first 5 weeks was 227 heads, corresponding to a mortality of 0.62%/week,
while in the hens raised in improved batteries, only 25 cases were recorded, resulting in a
mortality of only 0.25%/week. Next, the rate of exits from the herd showed fluctuating
values, being 0.1% (36 heads) in the 30th week, 0.14% (49 heads) in the 40th week, 0.14%
(48 heads) in the 50th week, and 0.15% (52 heads) in the 55th week for hens in the house
equipped with an aviary and 0.06% (6 heads), 0.12% (12 heads), 0.15% (15 heads), and
0.17% (17 heads) for specimens from the hall equipped with batteries (Table 3).
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Table 3. Situation of exits from flock at the studied hens.

Birds’ Age
(Weeks)

Rearing in Loft Rearing in Battery

Birds’ Flock Cumulated Exits
from Flock

Cumulated Exits
from Flockat the Beginning of

the Week (Heads)

at the End of the
Week

(Heads)

at the Beginning of
the Week (Heads)

at the End of the
Week

(Heads)Heads % Heads %

25 35,950 35,905 45 0.12 10,217 10,212 5 0.05
26 35,905 35,864 86 0.23 10,212 10,206 11 0.11
27 35,864 35,812 138 0.37 10,206 10,199 18 0.18
28 35,812 35,762 188 0.51 10,199 10,197 20 0.20
29 35,762 35,723 227 0.62 10,197 10,192 25 0.25
30 35,723 35,687 263 0.72 10,192 10,186 31 0.31
31 35,687 35,654 296 0.81 10,186 10,178 39 0.39
32 35,654 35,616 334 0.92 10,178 10,170 47 0.49
33 35,616 35,585 365 1.01 10,170 10,158 59 0.61
34 35,585 35,550 400 1.11 10,158 10,151 66 0.68
35 35,550 35,521 429 1.19 10,151 10,142 75 0.77
36 35,521 35,475 475 1.32 10,142 10,133 84 0.86
37 35,475 35,436 514 1.43 10,133 10,122 95 0.97
38 35,436 35,395 555 1.54 10,122 10,112 105 1.07
39 35,395 35,347 603 1.67 10,112 10,105 112 1.14
40 35,347 35,300 650 1.80 10,105 10,093 124 1.26
41 35,300 35,251 699 1.94 10,093 10,082 135 1.37
42 35,251 35,213 737 2.05 10,082 10,073 144 1.46
43 35,213 35,163 787 2.19 10,073 10,065 152 1.54
44 35,163 35,111 839 2.34 10,065 10,057 160 1.62
45 35,111 35,057 893 2.49 10,057 10,050 167 1.69
46 35,057 35,000 950 2.65 10,050 10,041 176 1.78
47 35,000 34,941 1009 2.82 10,041 10,029 188 1.90
48 34,941 34,891 1059 2.96 10,029 10,018 199 2.01
49 34,891 34,836 1114 3.12 10,018 10,005 212 2.14
50 34,836 34,777 1173 3.29 10,005 9990 227 2.29
51 34,777 34,729 1221 3.43 9990 9976 241 2.43
52 34,729 34,678 1272 3.58 9976 9964 253 2.55
53 34,678 34,624 1326 3.73 9964 9949 268 2.70
54 34,624 34,571 1379 3.99 9949 9938 279 2.81
55 34,571 34,519 1431 4.14 9938 9921 296 2.98

During the entire study period (25–55 weeks), the total exits from the flock of hens
raised in the aviary were at a level of 4.14% (1431 heads from an initial flock of 35,950 heads),
while for those bred in battery this figure was only 2.98% (296 heads from an initial herd of
10,217 heads).

3.4. Causes of Batch Outputs

The main cause of batch exits was represented by mechanical accidents, but with
large differences between the two growth systems used. Thus, for hens in the aviary, the
mortality due to accidents was 49.27% (705 heads) with limits between 42.59% (45th week)
and 55.55% (30th week) of total deaths (1431 heads), while in hens raised in improved
batteries, batch losses due to accidents were only 39.53% (117 heads) with limits between
20.0% (38th week) and 100% (28th week) out of a total of 296 specimens withdrawn from
the population (Table 4).

Another cause of exits from the batch referred to obstetric diseases, which, in the batch
of birds raised in the aviary, represented 35.64% of the total losses (510 heads out of the
total exits), with a minimum of 18.0% recorded in week 28 and a maximum of 50.0% in
the 42nd week. In the batch grown in improved batteries, the average value of the output
from the batch due to obstetrical diseases was 33.11% (98 heads of total losses), oscillating
between 0.0% in the 28th week and 60.0% as they were in the 25th week.

The exits from the batch due to internal diseases were at much lower levels com-
pared to the other causes, being only 15.09% in the case of specimens raised in the aviary
(216 heads out of total losses) and 27.36% in those raised in improved batteries (81 chapters
of total losses); in both cases, the analyzed parameter had an asymptotic evolution, with
limits of 2.08–36.00%/week in hens from the aviary and 0.0–55.56%/week in those from
improved batteries (Table 4).
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Table 4. Causes of batch outputs.

Birds’
Age

(Weeks)

Rearing in Loft Rearing in Battery

Total
Exits

(Heads/Week)

Causes

Total
Exits

(Heads/Week)

Causes

Accidents
Obstetrical

Diseases
Internal
Diseases

Accidents
Obstetrical

Diseases
Internal
Diseases

Head % Head % Head % Head % Head % Head %

25 45 21 46.67 11 24.44 13 28.89 5 2 40.00 3 60.00 - -
26 41 19 46.34 13 31.71 9 21.95 6 3 50.00 2 33.33 1 16.67
27 52 26 50.00 12 23.08 14 26.92 7 3 42.86 3 42.86 1 14.28
28 50 23 46.00 9 18.00 18 36.00 2 2 100 - - - -
29 39 19 48.72 16 41.03 4 10.26 5 3 60.00 2 40.00 - -
30 36 20 55.55 14 38.89 2 5.55 6 2 33.33 3 50.00 1 16.67
31 33 16 48.48 13 39.39 4 12.12 8 2 25.00 3 37.50 3 37.50
32 38 18 47.37 15 39.47 5 13.16 8 3 37.50 2 25.00 3 37.50
33 31 17 54.83 11 35.48 3 9.68 12 5 41.67 4 33.33 3 25.00
34 35 18 51.43 14 40.00 3 8.57 7 4 57.14 2 28.57 1 14.29
35 29 16 55.17 11 37.93 2 6.90 9 4 44.44 3 33.33 2 22.22
36 46 24 52.19 19 41.30 3 6.52 9 3 33.33 3 33.33 3 33.33
37 39 19 48.72 17 43.59 3 7.69 11 3 27.27 4 36.36 4 36.33
38 41 20 48.78 15 48.79 6 14.63 10 2 20.00 4 40.00 4 40.00
39 48 25 52.08 22 45.83 1 2.08 7 3 42.86 2 28.57 2 28.57
40 47 22 46.81 19 40.43 6 12.76 12 4 33.33 3 25.00 5 41.67
41 49 23 46.94 14 28.57 12 24.48 11 4 36.36 4 36.36 3 27.27
42 38 17 44.74 19 50.00 2 5.26 9 2 22.22 2 22.22 5 55.56
43 50 27 54.00 17 34.00 6 12.00 8 3 37.5 4 50.00 1 12.50
44 52 25 48.08 18 34.61 9 17.30 8 2 25.00 3 37.50 3 37.50
45 54 23 42.59 19 35.18 12 22.22 7 2 28.57 2 28.57 3 42.86
46 57 26 45.61 19 33.33 12 21.05 9 2 22.22 5 55.56 2 22.22
47 59 31 52.54 23 38.98 5 8.47 12 3 25.00 5 41.67 4 33.33
48 50 24 48.00 21 42.00 5 10.00 11 4 36.36 4 36.36 3 27.28
49 55 28 50.91 19 34.54 8 14.54 13 4 30.77 6 46.15 3 23.08
50 59 29 49.15 22 37.29 8 13.56 15 6 40.00 4 26.67 5 33.33
51 48 26 54.17 19 39.58 3 6.25 14 7 50.00 3 21.43 4 28.57
52 51 24 47.06 16 31.37 11 21.57 12 8 66.66 2 16.67 2 16.67
53 54 29 53.70 15 27.78 10 18.52 15 8 53.33 4 26.67 3 20.00
54 53 23 43.39 17 32.08 13 24.53 11 7 63.64 2 18.18 2 18.18
55 52 27 51.92 21 40.38 4 7.69 17 7 41.18 5 29.41 5 29.41

Total 1431 705 49.27 510 35.64 216 15.09 296 117 39.53 98 33.11 81 27.36

3.5. Consumption of Mixed Fodders

In hens in the hall equipped with an aviary, the average daily consumption of mixed
feeders recorded values of 120.45 g/head/day in the first studied period (25–40 weeks) and
124.10 g/head/day in the second period (41–55 weeks), while the feed conversion index
was at levels of 130.0 g m.f./egg in the period of 25–40 weeks and 136.47 g m.f./egg in the
interval of 46–55 weeks.

In the case of birds operating in improved batteries, the consumptions were better, both
in the age period of 25–40 weeks (average daily consumption = 113.10 g/head/day; feed
conversion index = 121.55 g m.f./egg), as well as during the period of 41–55 weeks (average
daily consumption = 118.87 g/head/day; feed conversion index = 130.25 g m.f./egg).

Over the total period studied (25–55 weeks), the most convenient consumption of com-
bined feed was achieved by the birds in the house equipped with improved batteries, which
had an average daily consumption of 115.87 g/head/day (average effective = 10.092 head;
feed consumed = 253.763 kg) and a feed conversion index of 125.69 g n.c./egg (egg produc-
tion = 2.018.934 egg). Comparatively, hens reared in the aviary registered an average consump-
tion of 122.20 g/head/day (average effective = 35.281 heads; feed consumed = 935.551 kg) and
a feed conversion index of 133.07 g m.f./egg (egg production = 7.030.517 egg) (Table 5).
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Table 5. Consumption of mixed fodders for studied hens.

Age Period
(Weeks)

Specification
Exploitation System

in Loft in Battery

25–40
16 weeks
(112 days)

Mean flock (heads) 35.622 10.164
Consumed fodders (kg/period) 480.553 128.747

Daily mean consumption (g/head/day) 120.45 113.10
Egg production (pieces/period) 3.696.413 1.059.160

Feed conversion index (g m.f./egg) 130 121.55

41–55
15 weeks
(105 days)

Mean flock (heads) 34.917 10.016
Consumed fodders (kg/period) 454.998 125.016

Daily mean consumption (g/head/day) 124.10 118.87
Egg production (pieces/period) 3.334.104 959.774

Feed conversion index (g m.f./egg) 136.47 130.25

25–55
31 weeks
(217 days)

Mean flock (heads) 35.281 10.092
Consumed fodders (kg/period) 935.551 253.763

Daily mean consumption (g/head/day) 122.20 115.87
Egg production (pieces/period) 7.030.517 2.018.934

Feed conversion index (g m.f./egg) 133.07 125.69

4. Discussion

4.1. Biochemical Indicators

The determination of the main biochemical indicators was aimed at evaluating the
comfort state provided to the studied hens, in correlation with the adopted breeding
method (aviary vs. battery).

From the general analysis of the data regarding blood markers, it emerged that in
most cases, their level was higher in hens raised in the aviary, regardless of age, a finding
that reveals the fact that this production system ensures suitable wellbeing, as well as a
good balance between neurohormonal function and metabolic activity.

The second finding was that the level of biochemical indicators was inversely related
to the egg-laying intensity of the birds, in the sense that their level in the blood increased
towards the end of egg laying, given the decrease in the number of nutrients necessary
for egg formation (the rate of egg laying was increasingly reduced towards the end of the
spawning period).

The high and even very high values of the coefficients of variation for each of the
biochemical characters studied can be attributed to the physiological state in which the
birds were at the time of sampling (with the egg in different stages of formation, with the
egg prepared for oviposition, or with the egg already expelled).

For example, the level of cholesterol and triglycerides (components involved in the for-
mation of lipids in the yolk) showed significant increases between the birds at the beginning
of laying (week 25) and those at the end of laying (week 55), these being 31.18–34.10% for
cholesterol and 8.17–8.77% for triglycerides, respectively. A similar situation was recorded
for blood proteins (role in the formation of egg white), which increased by 28.84% in hens
from the aviary and by 20.63% in those from the improved batteries.

In clinically healthy hens examined every five weeks of laying, Suchy et al. [22] found
the following limits for biochemical parameters: protein = 47.43–60.45 g/L;
glucose = 13.36–14.97 mmol/L; cholesterol = 2.73–6.18 mmol/L; calcium = 5.26–7.19 mmol/L;
phosphorus = 1.25–1.90 mmol/L; magnesium = 1.08–1.42 mmol/L; sodium = 141.03–148.30
mmol/L; potassium = 3.40–5.00 mmol/L. The authors stated that the plasma levels of some
biochemical parameters were directly influenced by the variations in laying capacity.

Triglyceride concentration determined in free-range Hy-Line hens was significantly
lower than in those raised in battery cages (p < 0.05) [9].

The use of diets with reduced levels of crude protein in the Lohmann LSL hybrid
significantly reduced the content of uric acid and albumin in the blood (variant with
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13% CP) compared to the control group (16% CP); in contrast, blood triglyceride levels
were higher (p < 0.05) in hens fed 14% and 13% CP than in those fed the control diet [32].
On the other hand, it was found that diets with low levels of metabolizable energy and
crude protein reduced serum triglyceride and cholesterol concentrations in Gushi chickens,
regardless of the density provided in the rearing cages (20–50 head/m2) [34].

Glucose used in energy metabolism was determined in smaller amounts in young
birds (they were more active), and higher in birds aged 55 weeks (they were much quieter),
with the differences between the two periods being 21.11% in the case of specimens from
the aviary and 27.97% for those from the battery.

In an experiment that looked at the influence of fasting on blood parameters in different
genotypes (Bovans, ISA Brown, and Ross-508), it was found that the lack of food caused a
significant decrease in glucose levels and a significant increase in plasma cholesterol, which
suggests a reduction in the welfare of the hens [29].

It is known that for the formation of the eggshell, a bird’s blood must transport
100–150 mg Ca/h [44], and if calcium is not absorbed quickly at the intestinal level, cal-
cemia can be established within only 10–12 min [37]. In the studied birds, the blood level of
calcium was influenced only by the rate of egg formation (the lowest values were in hens
in full production—week 35, and the highest were in hens at the end of laying—week 55).
The amount of phosphorus in the blood evolved similarly, which had lower values at
high laying intensities (35th week) and higher values at low laying intensities (55th week),
with the mention that the oscillations recorded were generated by the different status of
each specimen from which the sample was collected (phosphorus in the blood increases
significantly during the formation of the egg shell in the uterus).

Comparing the blood plasma mineral profile (Ca, P, K, Mg, Zn, Cu, and Se) in ISA
Brown hens from three different batteries (traditional batteries, improved batteries, and
deep litter system) did not reveal a significant effect of the system of growth on the
monitored indicators, with the obtained values falling within the physiological range [24].

In Leghorn hens, a direct correlation was found between the surface provided in the
rearing battery and the level of some blood indicators; for example, in the variant with
500 cm2 cage/head, significantly lower levels (p < 0.05) were found for plasma calcium and
plasma uric acid, but significantly higher levels (p < 0.05) were found for iron, magnesium,
and plasma glucose compared to specimens that benefited from 2000 cm2/head [14].

The uric acid level recorded higher values at the first determination performed
(week 25), but it was significantly reduced at the last one, by 23.19% in the hens in the
aviary and by 28.60% in those in the battery, while the amount of urea increased by 15.55%
(aviary) and by 16.21% (battery) between the first harvest and the last harvest, respectively.

In Hisex Brown hens reared in different systems (battery and permanent litter) and
with different diets (reduced levels of crude protein), a significant interaction was observed
between the experimental factors and the level of serum protein, uric acid, and total blood
cholesterol (p < 0.05). Diets with low CP levels decreased serum protein and cholesterol in
litter-reared birds, as well as uric acid in battery birds, but without exceeding physiological
limits [33].

The determined values for blood enzymes indicated fluctuations concerning liver
metabolism, generated by the different laying rhythms of the birds, but in both cases,
higher values were recorded in young birds (aged 25 weeks) and lower values were
recorded in old ones (week 55). Thus, the values for alanine aminotransferase (ALT)
increased by 12.48% in hens from the aviary and by 12.89% in those from batteries, while
aspartate aminotransferase (AST) showed quantitative increases of 27.32% (aviary) and
27.21% (battery), respectively, between the two mentioned age periods.

4.2. Numerical Egg Production

Between the two rearing systems tested (battery vs. aviary) there is a clear difference
regarding the freedom of movement of the birds and what corresponds to the level of
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ensured wellbeing [45], but additional energy consumption is also implied, to the detriment
of the productivity of the birds [46].

Contrary to expectations, the experimental factor applied in our research (the rearing
system) did not generate significant differences in terms of individual egg production, these
being only 0.35% in favor of those in the battery (199.24 eggs/head vs. 199.98 eggs/head);
compared to the theoretical potential of the ISA Brown hybrid, the egg production of hens
in the aviary was lower by 1.85%, and of the battery hens by only 1.49%.

This indicates that the functionality of the reproductive apparatus of the hens in
the aviary was stimulated by the superior welfare conditions, materialized in a high and
constant numerical egg production, similar to that of the battery-reared birds [47].

This aspect is also confirmed by the fact that both groups of birds benefited from the
same technological parameters (light program, microclimate, and food), the only difference
being that the hens in the aviary had the opportunity to manifest their instincts much more
freely, with positive effects on the neurohormonal system.

4.3. Laying Intensity

At the beginning of the investigations (the 25th week of the birds’ life), the egg-laying
intensity recorded values lower than the theoretical potential of the hybrid used (lower
by 4.74% in the hens in the aviary and by 4.47% in the ones in the batteries), the probable
cause being not achieving optimal body weights at the time of spawning (the information
comes from the data provided by the unit where the research was carried out).

This aspect also had an impact on the age at which the maximum egg-laying intensity
was reached (the egg-laying peak), this being achieved in the 31st week of life for the
specimens raised in the battery and in the 33rd week for the birds in the aviary; the delay
in the laying peak in caged hens was due to both lower body weights and disruptions to
the normal ovulatory cycle, amid the constant agitation of birds that benefited from large
areas of movement.

During the 31 weeks of investigations, the studied hens achieved a good average
egg-laying intensity (91.81% in the specimens raised in the aviary and 92.17% in those
operated in improved batteries), very close to the potential of the hybrid used (lower by
0.82% and 0.06%, respectively) and similar to those presented in the specialized literature.

Thus, for ISA Brown hens, an average egg-laying intensity of 91.42% was reported for
specimens raised in improved batteries and only 75.94% for those in classic batteries, in the
age period of 37–45 weeks [21].

In an experiment that aimed at the effect of the presence of males on the productivity of
ISA Brown hens raised on permanent litter (6.6 head/m2), an average egg-laying intensity
of 76.21% was obtained in the version without males and of 84.4% in the version with
introduced 1 male for 10 females; the control period was 18–31 weeks [18].

Egg production also depends on the technique of rearing replacement juveniles. Thus,
in the case of adult ISA Brown hens raised in an aviary, an average egg-laying intensity of
85% was obtained when they came from chicks raised in a youth aviary and only 84% in
specimens from chicks raised in a classic battery [15].

4.4. Batch Outputs Rate

The improved batteries limit the movement space of each bird [30], while the aviary is
an equipment that respects the welfare condition, because it gives the birds the possibility
to move on much larger surfaces, both vertically (between the floors of the same section)
and horizontally (between two neighboring sections) [48].

Compared to the theoretical mortality rate specific to the ISA Brown hybrid for the
age period of 25–55 weeks (3.1%), the birds studied by us had a 1.04% higher mortality rate
in the specimens raised in the aviary (4.14%) and a 0.12% lower rate in those grown in the
improved battery (2.98%).
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Similar results were reported by Huneau-Salauen et al. [11], who found a mortality
rate of 4.2% in ISA Brown hens at a density of 40 heads/cage in improved Zucami batteries
(768 cm2/bird) and a mortality rate of only 2.4% in the version with 20 heads/cage.

From the direct observations of the two groups of birds, it turned out that the hens in
the aviary had a much more active behavior, constantly moving between the areas of interest
(feeders, waterers, and nests) and fully manifesting their instincts (perching, snorting, etc.).
This freedom of movement generated a greater number of mechanical accidents (in contact
with the hard parts of the equipment), but also of internal diseases, the temporal distribution
of which was somewhat uniform throughout the entire period studied.

In an experiment that looked at the effect of genotype and the content of essential
amino acids (methionine + cystine) on the feather chipping phenomenon, ISA Brown hens
had a mortality rate of 17.5% (not attributed to the provided diet), compared to 2.4% in
New Hampshire hens and 0% in White Leghorns [31].

4.5. Causes for Batch Outputs

For the exits from the batch studied by us, three main causes were identified (accidents,
obstetric diseases, and internal diseases) whose weight was directly influenced by the
breeding system used.

From this point of view, it was found that batch losses due to mechanical accidents
(especially wing and leg fractures) were much more frequent in hens from the aviary,
higher by 9.74% than those from the battery, the incriminating factor in this case being the
movement of birds on much larger surfaces than in the battery; another factor generating
accidental mortality is the effect of fights between birds to establish the social hierarchy,
at least for the beginning of the investigations. The highest rate of mechanical accidents
was recorded in the age period of 46–55 weeks (37.87% for hens in the aviary and 47.86%
for those in the battery compared to total accidents), due to the increase in bone fragility
(higher consumption of Ca for the shell eggs), increasing body weights, and quite possibly,
the decrease in the agility of the birds as they get older (especially in the aviary).

In the growth conditions ensured by the aviary, ISA Brown hens recorded a 1.37%
higher proportion of flock exits (due to fractures and injuries at the level of the sternal
carina) compared to Dekalb White hens [17].

As for the rate of exits from the batch due to obstetrical diseases, it was higher by 2.53%
in hens in the aviary, due to the fact that they moved much more in order to satisfy their
natural instincts, thus affecting the regularity of the ovulatory cycle. It should be noted
that the highest levels for obstetrical diseases were in the period of 25–45 weeks (62.35% for
hens in the aviary and 59.18% for those in the battery out of total exits caused by obstetrical
diseases), when an increased incidence of “peritonitis” was found “vitelline” with various
forms of ovaritis due to the lack of correlation between the intense rhythm of ovulation
and the insufficient amount of hormones stimulating the maturation of ovarian follicles.

There were also cases of birds with abdominal peritonitis (the oviduct can no longer
capture the mature follicles and they fall into the abdominal cavity), and towards the end
of the studied period, the number of birds with uterine prolapse, caused by the increased
volume of the eggs, also increased quite a lot, and with both categories requiring the
withdrawal of birds from the batch.

The exits from the batch caused by the manifestation of internal diseases registered a
higher rate in the hens in batteries compared to those in the aviary, the difference between
the batches being 12.27%. Among the internal diseases, a high incidence of mortality was
due to the “fatty liver” syndrome detected only in the specimens in the battery (massive
deposits of fat on the abdomen and mesentery due to lack of movement), especially after
the age of 40 weeks. Another cause was the manifestation of necrotic enteritis, whose
etiological agent is Clostridium perfringens, a bacterial species that colonizes the intestines of
birds (the replacement chicks were probably not treated for this disease), but which can
contaminate the administered chicks, the air admitted to the sheds, or even the bedding
used [49].
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4.6. Consumption of Mixed Fodders

This productive indicator was correlated with the egg-laying intensity of the birds but
influenced by the freedom of movement granted to them by the state of ensured well-being.

For example, the numerical egg production from 25–40 weeks was 104.21 eggs/head
(battery) compared to only 103.77 eggs/head (aviary), hence a lower feed conversion index
by 6.95% in hens raised in improved batteries; in the age period of 41–55 weeks, the egg
production of the birds was reduced (95.49 pcs./head in the aviary and 95.82 pcs./head in
the batteries), which led to higher values of the feed conversion index, with the mention
that hens reared in improved batteries still recorded more favorable consumption levels
(4.77% lower than aviary hens).

The obtained data showed that hens in the aviary had a higher average daily con-
sumption than those in the battery (by 6.50% in the period of 25–40 weeks and by 4.40% in
the period of 41–55 weeks), due exclusively to the additional energy expenses caused by
permanent movement in the much more generous space offered by the aviary.

The consumption of combined feed calculated for the entire period studied was at
levels similar to those reported in different experiments, both for hens in the aviary (daily
consumption = 122.20 g n.c./head/day; feed conversion index = 133.07 g n.c./egg) and especially
for those in the shed with improved batteries (average consumption = 115.87 g n.c./head/day;
conversion index = 125.69 g n.c./egg), which proves that both types of equipment tested by
us ensure conditions of exteriorization of the productive potential of hybrids specialized in
egg production.

When reared in the improved battery (768 cm2/bird) for 53 weeks, ISA Brown hens
achieved an average daily consumption of 111.4–113.2 g d.c./head/day and a conversion
index of 2.04–2.06 kg d.c./kg eggs, depending on the number of birds in the cage (20 vs.
40 heads/cage) [11].

ISA Brown hens weaned and in battery cages with different interior layouts (clas-
sic nest vs. nest lined with artificial turf or plastic mesh) had average daily intakes of
110.6–111.1 g n.c./head/day [28].

5. Conclusions

Our investigations concluded that the exploitation of laying hens in the aviary system
ensures the most optimal conditions for the externalization of the birds’ natural behaviors,
with positive repercussions on the metabolic functions, resulting in a good state of health
and high productive levels, comparable to those of birds raised in the battery. However, we
believe that it is necessary to continue research in this direction by evaluating molecular,
biochemical, or hormonal markers that accurately reflect the different types of stress to
improve the productivity and quality of life of birds exploited for egg production.
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Abstract: The objective of this study was to determine the ideal amino acid ratio for Japanese quail
based on egg quality. In total, 120 Japanese quail were used. A completely randomized design was
used with 12 treatments and 10 replicates per treatment. The treatments consisted of a balanced
protein (BP) and the subsequent 11 diets were obtained by the 40% deletion of the BP a specific
test for Lys, Met + Cys, Thr, Trp, Arg, Gly + Ser, Val, Ile, Leu, His, and Phr + Tyr. The trial lasted
for 25 days. At the end of the trial, egg weight (EW), albumen height, albumen diameter, albumen
index, yolk height, yolk diameter, yolk index, Haugh unit, eggshell weight (ESW), and eggshell
percentage were measured. The ideal ratio was calculated when a statistical difference was detected
using Dunnett’s test. Only the EW and ESW variables differed from those of BP. The ideal amino acid
ratios considering Lys as 100 for EW and ESW were Met + Cys 82 and 83, Thr 60 and 68, Trp 18 and
21, Arg 109 and 112, Gly + Ser 99 and 102, Val 77 and 87, Ile 61 and 67, Leu 155 and 141, His 34 and
37, Phe + Try 134 and 133, respectively.

Keywords: egg weight; shell weight; fractional reduction; deletion method; reproduction

1. Introduction

Egg formation depends on maternal nutrition [1,2]. Some studies have shown that
maternal nutrition can modify the composition and characteristics of eggs and consequently
affect embryonic development [1,3,4]. Among nutrients, amino acids are essential for
egg formation.

The ideal profile of dietary amino acids must support the protein synthesis of target
tissues, which in this research consists of proteins that make up eggs, such as low- and
high-density lipoproteins, phosvitain and livetin, which make up the yolk, ovoalbumin,
ovotransferin, ovomucoid, ovoglubin and ovomucin that form the albumen [5,6]. Glu-
cosamine, glycosaminoglycans, elastin, collagen (I, V, X), osteopontin, and clusterin are
present in the eggshell membrane [5,7].

These proteins are synthesized in the liver, magnum, and uterus (or eggshell gland) to
form the yolk, albumen, and eggshell, respectively [8], and are related to the dietary supply
of amino acids [9,10]. The essential amino acids arginine (Arg), histidine (His), isoleucine
(Ile), leucine (Leu), lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr),
tryptophan (Trp), and valine (Val) are vital for the constitution of embryonic tissues [11].
The main effects of amino acids are related to production aspects [12], such as the effect
of Lys on egg production [12]. Research has linked the effects of Ile and Met on bird
fertility [13,14]. Kim et al. [15] and Ullah et al. [16] described the outcomes of imbalances
involving Leu, Ile, and Val on egg quality, especially the albumen and eggshell, which are
able to regulate protein synthesis [17], and alter the integrity of egg membranes. These
findings were corroborated by other studies [18–20], which evaluated the effects of Arg,
Trp, and Thr.
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Several methods are available to determine the daily intake of each essential amino
acid based on egg quality assessment to ensure proper embryo formation [14,20–23]. The
ideal amino acid profile is used to establish essential amino acid requirements in proportion
to Lys requirements. Nitrogen balance has been established as a criterion commonly used
for growing animals [24–26], commercial layers [27], and broiler breeders [28]. The deletion
technique has been preferred to establish ideal amino acid profiles due to the possibility of
studying all essential amino acids concurrently. The challenge in this research was to apply
the method to variables related to egg quality, such as egg weight (EW), format index, and
yolk and albumen content. All of these variables are sensitive in detecting the effects of
limiting a specific amino acid in the diet [2,4,29]. However, no research has been conducted
using this information to establish an ideal amino acid profile. The present methodology
allows for the establishment of an optimal ratio of all essential amino acids simultaneously,
with the same group of animals and employing the same control diet, which attenuates
environmental effects [28,30]. Therefore, this study aimed to establish the ideal ratio of
essential amino acids (Lys, Met + Cys, Thr, Trp, Arg, Gly + Ser, Val, Ile, Leu, His, and
Phe + Tyr) for Japanese quail breeding based on egg quality using the deletion method.

2. Materials and Methods

Location and ethics approval. This study was conducted in the Poultry Sector of the
Animal Science Department of the Universidade Estadual Paulista (UNESP/FCAV) in
accordance with ethical standards and approved by the Ethics Committee for the Use of
Animals under protocol 012203/17.

2.1. Housing, Animals and Experimental Design

Experiments were conducted in a climatic chamber composed of refrigerators and
exhausters that maintained the temperature at 24 ◦C. The birds were housed individually in
galvanized wire cages measuring 0.26 m × 0.37 m × 0.36 m, equipped with a linear feeder
and nipple drinkers throughout the experimental period. The light program maintained
throughout the experimental period consisted of 16 h of light and 8 h of darkness. A total
of 120 Japanese quail breeding at 16 weeks of age, during the peak laying period, were
used. The birds were standardized by weight and egg production and distributed by
experimental units. A completely randomized design was used with 12 treatments and
10 replicates per treatments.

2.2. Experimental Diets

In this study, a control diet was formulated to form a balanced protein (BP) with all
of the nutritional requirements for Japanese quail as estimated by Rostagno et al. [31] for
commercial Japanese quail since it does not provide nutritional requirements for breeders.
Nitrogen and essential amino acids were provided by corn, soybean meal, corn gluten meal,
and crystalline amino acids (Table 1).

The other experimental diets, total of 11 diets with different limiting amino acids, were
obtained by deletion BP using corn starch (Tables 2 and 3). The total amino acid contents of
the ingredients used in the formulation were analyzed by Evonik Industries AG, São Paulo,
Brazil using a near-infrared spectrometer (NIRs) before formulating diets. The values were
converted into digestible basis using digestibility coefficients from Rostagno et al. [31]. The
deletion was 40% of the amino acid requirement to be evaluated in each treatment, and
the other nutrients and energy were recomposed to meet the same BP level, except for the
test amino acid, which was depleted by 40%, according to the methodologies described
by Dorigam et al. [28]. The nutritional levels of amino acids in experimental diets were
described in Table 3.

212



Agriculture 2023, 13, 173

Table 1. Composition of the control diet (balanced protein).

Item Content, g/kg

Corn 647.6
Soyabean meal (47%) 120.8

Corn Gluten (60%) 52.1
Dicalcium phosphate 11.5

Limestone 70.6
Sodium chloride 3.4

Potassium chloride 3.4
L-lysine (55%) 3.8

DL-methionine (99%) 9.5
L-threonine (98%) 2.7

L-tryptophan 1.0
L-arginine 4.8
L-glycine 1.3
L-valine 1.3

L-histidine 1.5
L-phenylalanine 0.8

L-glutamate 10.0
Choline chloride (60%) 1.6

Premix—Vitaminic 1 0.2
Premix—Mineral 1 0.2

1 Content per kg of the diet—vit A, 6.668 IU; vit D3, 1.668 IU; vit E, 8 IU; vit K3, 2 mg; vit B1, 1 mg, vit B2, 3.34 mg;
vit B6, 2 mg; vit B12, 9 mcg/kg; niacin, 21 mg; chlorine, 0.13 g; pantothenate acid, 8 mg; folic acid, 0.46 mg/kg,
biotin, 0.05 mg/kg; 0.46; copper, 8 mg/kg; iron, 6.25 mg/kg; manganese, 70 g; zinc, 25 g; iodine, 6.25 mg; selenium
1.25 mg.
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3. Data Collection

The trial lasted 25 days and was divided into adaptation and egg collection, with
20 days of adaptation and 5 days of egg collection or up to a total of 15 eggs per treatment.
The daily amount of feed provided was 24 g per bird and water was ad libitum. Birds were
weighed at the beginning and end of experiments to determine their body weights. Feed
leftovers were measured at the end of the trial to determine consumption. Egg production
was measured daily. The variables evaluated were feed intake (FI. g/bird/day), crude
protein intake (CPIntake. g/ave/day), body weight (g), EP (%/bird/day), egg weight
(EW. g), egg mass (g/bird/day), and feed conversion by egg mass (FCR. Feed intake g/Egg
weight g and Protein intake g/Protein deposition in egg g). During the data collection
period and tested were immediately, eggs were collected, weighed, and broken to measure
the height, diameter, albumen, and yolk index and Haugh unit. Additionally, the eggshells
were evaluated for weight and percentage.

3.1. Egg Quality Analysis

At the end of the trial, egg weight (EW), albumen height, albumen diameter, albumen
index, yolk height, yolk diameter, yolk index, Haugh unit, eggshell weight (ESW), and
eggshell percentage were measured. Heights of albumen and yolk were measured using a
digital micrometer coupled to a tripod base, and diameters were measured using digital
calipers. The HU values were calculated from the logarithmic relationship between the
height of the dense albumen and the EW. This formula [32] was applied to each egg
collected, as described in Equation (1)

HU = 100 log (H + 7.57 − 1.7 W0.37) (1)

where: H = albumen height in mm and W = EW. g
The index yolk (YI) and albumen (AI) were determined by considering the relationship

between the height (H) and diameter (D) of the respective components (as described by
Funk) [33]. Eggshells were washed with water and dried by forced air circulation at 55 ◦C
for 72 h. After drying. the shell was weighed using a digital scale accurate to 0.01 g. Shell
percentage was obtained considering the relation between shell weight (ESW) and EW.

3.2. Statistical Analysis

Data were subjected to homoscedasticity of variance and error normality tests. Upon
satisfying the premises, analysis of variance, declared as significant at 0.05, was performed.
and when treatment effects were detected. Dunnett’s test was applied for all egg quality
variables. All data were analyzed using SAS software (v.9.4; SAS Institute Inc., Cary, CA,
USA, 2014).

3.3. Determination of Ideal Amino Acid: Lys Ratios

The ideal proportion of amino acids were determined following the principles of
Green and Hardy [34], modified in this study to use egg quality variables.

The calculation consists of four steps: Step 1: Calculate the proportion of reduction
(Yr) of the analyzed variables of each experimental unit in relation to BP as follows:

Yr = 100 × (1 − Yi/Ȳ BP)

where Yr is the percentage of reduction in the response of the analyzed variable of each
treatment; Yi is the response of each treatment and Ȳ BP is the mean value of the response
of the control treatment, which received the BP.

Step 2: The Yr values were standardized considering the percentage of deletion applied
in the treatments (40%) as follows: PYr = Yr/40. where PYr is the standardized Yr value for
the applied deletion.
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Step 3: The treatment’s actual deletion ratio (RDP) was calculated as follows:

RDP = 40 × [1 − (PYri/PYrmax)]

where 40% is the initial deletion value. PYrmax is the maximum PYr of the analyzed
variable and PYri is the PYr associated with a deficient diet resulting from the second step.

Step 4: The optimal in-feed amino acid (AAI) was calculated as follows:

AAI = AABP − [AA BP × (RDP/100)]

where AABP represents the concentration of the amino acid in the BP (g/kg) and RDP is
the actual deletion ratio resulting from the third step.

Step 5: The ideal ratio of amino acids to Lys (IAAR) is calculated as follows:

IAAR = [AAI/Lys] × 100

where AAI is the value found for each amino acid (Met + Cys. Thr. Trp. Arg. Gly + Ser. Val.
Ile. Leu. His. and Phe + Tyr) and Lys is the value found from AAI to Lys.

4. Results

The responses obtained for the productive performance responses were significantly
affected by limiting dietary and treatment BP (p < 0.05; Table 4). Based on the results of the
Dunnett test for limitation in Lys, Thr, Try, Arg, and Val FI was affected. However, only for
Val was there a difference in the intake relative to BP. The lower IF contributed to the lower
ME in the Lys, Thr, Try, and Val limiting treatments. Lys limitation still affected FCR and
CPCR, by 30% and 34%, respectively, when compared to BP.

Table 4. Average responses to dietary limited in amino acids.

Amino Acid
Feed Intake

(g/Bird Day−1)
Protein Intake
(g/Bird Day−1)

Egg Mass
(g Day−1)

FCR 1 (g/g) FCR 2 (g/g)

Lysine 18.62 b 2.46 a 4.15 b 4.90 a 1.87 b
Met + Cys 21.14 a 2.58 a 6.94 a 3.13 a 1.05 a
Threonine 18.83 b 2.40 a 5.09 b 4.35 a 1.62 a

Tryptophan 19.15 b 2.56 a 4.78 b 4.41 a 1.78 b
Arginine 19.05 b 2.42 a 5.79 a 3.58 a 1.17 a
Gly + Ser 22.43 a 2.84 a 6.71 a 3.86 a 1.28 a

Valine 14.78 b 1.91 b 3.81 b 3.92 a 2.08 b
Isoleucine 20.18 a 2.53 a 5.29 a 3.83 a 1.30 a
Leucine 21.39 a 2.71 a 6.66 a 3.54 a 1.31 a

Histidine 22.55 a 2.77 a 7.18 a 3.36 a 1.12 a
Phe + Try 20.39 a 2.51 a 6.63 a 3.16 a 1.24 a

BP 21.27 a 2.61 a 7.14 a 3.09 a 1.09 a
Mean ± SE 19.98 ± 1.82 2.53 ± 0.25 5.83 ± 1.79 3.77 ± 1.30 1.39 ± 0.42

p value <0.0001 <0.0001 <0.0001 <0.0530 <0.0001

FCR 1, feed conversion ratio; FCR 2, crude protein conversion ratio; BW, body weight; BP, balanced protein. a, b,
mean values with b within the line were significantly different (p < 0.05) compared with balanced protein, by the
Dunnett test.

The limiting dietary treatments for the respective amino acid and BP treatments are
presented in Table 5. According to the ANOVA results (Table 5). Only YH was not affected
by the treatments (p > 0.05); for the other variables, it was possible to detect the effect of the
treatments (p < 0.05).
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Limiting dietary treatments of His, Phe + Tyr, and Leu affected EW and ESW. When
the means were compared using Dunnett’s test, considering BP as a reference, only the EW
and ESW variables were found to have significant effects on the dietary treatments (p < 0.05)
except for the difference between BP and the His-limited dietary treatment (Table 5) which
was not significant for ESW (p > 0.05). Therefore, only EW and ESW variables were used to
establish the ideal amino acid ratio.

The EW for BP was 10.76 g, while the EW of the other dietary treatments ranged from
9.59 to 8.16 g for the limiting dietary treatments involving His and Leu, respectively. Thus,
the minimum reduction was approximately 11% for His and 24% for Leu. For ESW, the
mean value for BP was 0.84 g, ranging from 0.73 and 0.54 g for the His and Val limited
dietary treatments, respectively, which were equivalent to a reduction of 13% and 36%.
when compared to BP.

The His exhibited the least limitation in terms of the two response variables EW and
ESW, compared to BP. On the other hand, Leu and Val were amino acids that presented
the greatest limitation, with a visible deterioration in egg quality, especially EW and ESW
(p < 0.05).

These results were used to calculate the optimal concentration of the respective amino
acids using Leu and Val as control standards to calculate the actual deletion. Table 6
presents AAI and IAAR values of the evaluated amino acids. AAI and IAAR values
differed between EW and ESW variables. The distance quantified by the standard deviation
was 8% for AAI between EW and ESW and 7% for IAAR between EW and ESW.

Table 6. Summarized results of the individual amino acid deletions for egg weight (EW) and eggshell
weight (ESW) of Japanese quail’s breeders.

Variables
EW ESW

Yr RDP IAA IAAR Yr RDP IAA IAAR

Lys 22.30 3.15 1.06 100 23.32 13.82 0.94 100
Met + Cys 21.69 4.16 0.86 82 23.45 13.68 0.78 83

Thr 22.22 3.28 0.63 60 33.45 2.45 0.63 68
Trp 12.36 19.57 0.18 18 22.53 14.72 0.2 21
Arg 18.60 9.26 1.15 109 20.14 17.39 1.05 112

Gly + Ser 14.39 16.22 1.05 99 14.90 23.28 0.96 102
Val 23.61 0.98 0.81 77 35.64 0 0.82 87
Ile 18.76 9 0.65 61 25.51 11.37 0.63 67

Leu 24.21 0 1.64 155 18.59 19.13 1.33 141
His 10.84 22.09 0.36 34 14.48 23.75 0.35 37

Phe + Tyr 21.37 4.68 1.41 134 21.57 15.79 1.25 133

Yr = per cent reduction in EW and ESW (%); RDP = real deleted proportion; IAA = amino acid requirement;
IAAR = optimal in-feed amino acid ratio (%).

5. Discussion

Maternal amino acid nutrition is essential for egg formation. which later supports
embryonic development [3]. This study aimed to apply the deletion method to establish an
ideal amino acid profile using egg quality variables. The results obtained in the present
study indicated that the applied deletion of 40% of the studied amino acids (Lys, Met + Cys,
Thr, Trp, Arg, Gly + Ser, Val, Ile, Leu, His, and Phe + Tyr) limited the responses of the female
breeders of the Japanese quail, verifying the worsening of performance and egg quality
variables (Tables 4 and 5), especially for EW and ESW. These results support the objective
proposed in this research, which assumed the existence of a dose-response relationship
(Table 5). The only exception was for the amino acid His; although the dose affected the
EW response, the reduction found for ESW was not significantly different according to
the BP Dunnett’s test, which had no dietary limitation (Table 5). Previously published
results [29] validated the limitation of the test amino acid Arg based on its response to
EW. According to these authors, EW is the most sensitive response in Japanese quails. The
convention proposed by Morris and Gous [35] has prevailed for commercial laying hens,

219



Agriculture 2023, 13, 173

and dietary amino acid limitations primarily affect bird egg production, with little change
in EW. This understanding was corroborated by other studies carried out with commercial
laying hens [36,37] and broiler breeders [19,38,39]. However, recent Japanese quail results
support the fact that these birds are more sensitive to reduced levels of amino acids in their
diet, and that a significant reduction in EW occurs [29,40–42].

The results of this study indicated that nutritional limitation involving the tested
amino acids was able to modify EW. This effect is related to nutritional deficiency imposed
on the breeder birds, which decreases embryo birth weights [1]. One hypothesis to explain
the reduction in EW is that the weight of the embryo is related to maternal protein loss.
causing a decrease in protein synthesis under dietary conditions deficient in essential amino
acids [1,4]. The 40% limitation imposed on the diets decreased the supply of amino acids to
meet the physiological processes related to the maintenance of body weight, where a small
part would be available for processes related to protein deposition in the egg. Therefore. to
compensate for the loss of amino acids and to maintain plasma levels [43,44], only muscle
protein mobilization remains. In addition to EW, ESW was also significantly affected given
the greater thickness of the eggshell membrane protein constitution. which was considered
in the ESW computation.

The eggshell is a structure whose function is to protect the interior of the egg from
physical and microbial agents, regulate gas, water, and metabolite exchanges, and provide
mineralized components for embryo development [45]. The effects of dietary amino acid
limitation on ESW have been reported, in particular regarding the protein that composes
the protein matrix and influences eggshell texture [45,46]. Mann and Mann [47] identified
two proteins from the ovocleidin-17 family as the main components of eggshell protein
matrix. In quails, the eggshell membrane is thicker than that found in chicken eggs. This
difference lies in the number of protein families in the membrane constitution; in quails,
there are two families, while in eggs from chickens, there is only one family Mann and
Mann [47].

The YD verified in the limited dietary treatments involving Lys, Met + Cys, Thr, Arg,
and Val was significantly lower than the value obtained for BP. El-Tarabany [48] reported
that yolk diameter is positively correlated with EW, corroborating the results obtained in
this study.

His was the only amino acid that exhibited a difference in EW. His is an essential amino
acid [49,50] which does not present immediate signs of deficiency. but a function of protein
metabolism that compensates for such deficiency through hemoglobin and carnosine
catabolism [51]. Robbins et al. [52] demonstrated that the growth rate of broiler chicks fed
His-deficient diets was recovered by intravenous administration of L-carnosine. However,
there was no increase in the plasma concentration of His, supporting the hypothesis that
muscle carnosine is rapidly metabolized to His and used in priority demands such as the
synthesis of regulatory proteins.

The results obtained for AAI revealed a difference of 8% when calculated based on
EW and ESW. For IAAR, the difference between EW and ESW variables was approximately
8.4%. The amino acid Leu showed a greater degree of limitation. and one hypothesis
may be related to its concentration in egg protein composition [1,53]. In addition, there
exists potential antagonism involving Val and Ile [50,54,55]. The amino acid Leu has been
considered the most efficient in protein synthesis among BCAAs (Lynch et al. 2006), since
Leu induces the activation of the mTOR complex, which stimulates protein synthesis [56].
Our results corroborate the suggestion of Macelline et al. [6], who indicate that farmers
should pay attention to dietary Leu levels.

The amino acid profile of the target tissue is usually used when there is no information
regarding the ideal amino acid ratio. The ideal relationship obtained considering the
composition of the egg presented by Bayomy et al. [57] was as follows: Met + Cys 118%,
Thr 52%, Arg 35%, Gly + Ser 75%, Val 69%, Ile 57%, Leu 108%, His 35%, and Phe + Tyr 97%.
The ideal ratios obtained based on the composition of meat presented by Bayomy et al. [57],
was (Lys 100%) Met + Cys 37%, Thr 29%, Arg 31%, Gly + Ser 33%, Val 48%, Ile 60%, Leu
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55%, His 38%, and Phe + Tyr 84%. These values are different when compared to the results
obtained in this study. Suggesting that the composition of the target tissue alone may
not represent the best option for establishing ideal ratios of amino acids [57,58], since the
proportion of dietary amino acids is modified during digestion and absorption processes,
which precede deposition in the target tissue [55].

The IAA obtained for EW and ESW estimated by the deletion method (Table 6) showed
considerable variation from 0.86 to 19.13% for the same amino acid. The greatest variations
were observed for Leu, Phe + Tyr, Lys, Met + Cys, Arg, Gly + Ser, Trp, Ile, His, Val, and
Thr, with values of 19.13, 11.65, 11.02, 9.93, 8.97, 8.42, 6.04, 2.60, 2.13, 0.86, and 0.99%.
respectively. In addition, only the IAAs of Thr and Val were higher in terms of eggshell
weight; however. with a difference of 11.65% in the IAA for Lys between the variables
(EW:1.06; ESW:0.94), it was possible to reduce the proportional distance between Lys and
the other amino acids. Thus, the amino acid requirements increased for all when the
eggshell weight was met, except for Leu and Phe + Thr.

The NRC [59] and Rostagno et al. [60], based their recommendations on compilations
of studies. Due to the lack of research for breeders the requirements for breeders and
commercial quails were not differentiated. However, it is expected that due to the genetic
differences between these birds a modification in IAA and consequently IAAR is likely.
The results of Rostagno et al. [60], indicate that IAA for all amino acids studied are higher
for commercial quails, when an average was made between the IAA of EW and ESW, with
difference ranging from 5.40 (Val) to 35.37% (His). When evaluations between the AAIs are
specific for each variable the highest variation was for AAI for ESW, with a difference of up
to 37% for the amino acids Gly + Ser and His and the lowest difference was for Val (5%).
The observed for IAA of EW with highest difference for His (34%) and lowest for Leu (5%).
To compare the results with NRC [59], the IAAs of NRC [59] were transformed considering
the digestibility of lysine with an average of 89% [31]. When compared. Less variation was
observed with proximity of the estimated results for Arg. Gly + Ser and Val (1.12, 1.04, and
0.82% in feed, respectively) for IAA from EW and Thr. Val and Phe + Try (0.66, 0.82, and
1.25% in feed, respectively) for IAA from ESW. However, for the other amino acids IAA are
higher for NRC [59] results, being only for ESW results for Arg. Gly + Ser. Ile and His (1.12,
1.42, 0.80, 0.37% in feed, respectively) IAA were higher.

However, the AAI was estimated based on egg quality to determine the AAI related
to Lys. The intake of amino acids by the proportion between them can be modified
in relation to the AAI. When comparing the AARI for commercial quails based on the
recommendations of Rostagno et al. [60]. NRC [59] and Silva and Costa [61] for Lys at
100%: 82, 70, and 74; 61, 74, and 71; 21, 19, and 19; 115, 126, and 133; 115 and 117; 75, 92,
and 92; 65, 90, and 92; 150, 142, and 151; 42, 42, and 44; 135, 140, and 149 for Met + Cys,
Thr, Trp, Arg, Gly + Ser, Val, Ile, Leu, His and Phr + Tyr, respectively, except for Gly + Ser
from Silva and Costa [61] which was not determined. Lower ratios were observed for the
recommendations of NRC [59] and Silva and Costa [61]. Rostagno et al. [60] recommended
higher ratios between amino acids and Lys, approaching the IAARs determined in this
study. However. the slight increase did not provide ratios close to those found for EW in
Trp. Arg. Gly + Ser. Ile and His. with an increase in 19.84, 5.35, 15.93, 6.21, and 23.71%
difference in the AA:Lys ratio, respectively. Corroborating with that found for ESW, where
differences of 9.63, 12.64, 14.09, 6.24, and 10.69% differed for Thr. Gly + Ser. Val. Leu and
His in AA:Lys ratios, respectively, His and Val being the amino acids that differed most
when compared with the reference used today for formulation of rations.

The ratios for Met + Cys:Lys (82:100) and Phe + Try:Lys (135:100), did not differ with
that recommended by Rostagno et al. [60] for the two IAAR determined in that study (EW
and ESW = 82 and 83 for Met + Cys and 134 and 133 for Phe + Try, in percentage, relative to
Lys), minimal differences were found for Thr:Lys (61:100) and Val:Lys (75:100) in EW and
between Trp:Lys (21:100), Arg:Lys (115:Lys) and Ile:Lys (65:100). However, differences in
ratios were found for most amino acids. Previous recommendations used for broilers may
have overestimated the IAAR for all amino acids except for Val for birds production. The
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current IAAR recommendations for broilers in contrast to all previously used techniques
apply a target tissue to ensure quality of protein synthesis and minimize lighter EW and
ESW during production, thus modifications were noticed when a target trait is selected as
a basis.

Understanding how the limitation of essential amino acids influences egg quality is
essential for the animal category studied in this work, as the physical quality of eggs can
be used as a selection trait directly and indirectly in genetic improvement [62]. Among
the characteristics studied (EW and ESW), determining the optimal relationship between
essential amino acids presents high heritability [63,64].

In a study by Hegab and Hanafy [65] with Japanese quail breeders, it was observed
that EW influenced the hatchability of eggs and increased the weight of chicks at hatch.
Regarding the characteristics of ESW, the study also found that larger ESWs have a higher
hatchability rate, resulting in greater eggshell volume, pore count, and surface area [65].
Therefore, the contribution of nutrition to maintaining the desired quality of these param-
eters is extremely important for genetic companies and nutritionally enables animals to
express their genetic potential.

6. Conclusions

In conclusions, the application of the deletion method with a limitation of 40% of
dietary amino acid deletion, allowed the EW and ESW variables to be sensitive for all
tested amino acids. Thus, it was possible to establish the ideal profile of essential amino
acids in the diet simultaneously, focusing on a target tissue, (which in this research was EW
and ESW).
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Abstract: Compound feed and the raw materials used in their production are potential vectors of
microbiological contamination in the food chain. The purpose of this study was to microbiologically
asses raw materials (maize, wheat, soybean meal, and sunflower meal), and broiler compound feed
(starter, grower, and finisher) from a representative feed mill in Romania; the microbiological contam-
inants that were analyzed were yeasts and molds, Salmonella spp., Escherichia coli, and Clostridium
perfringens. Our study occured during the years 2019 and 2020; in 2019, 191 samples of raw materials
and 360 samples of compound feed were analyzed and in 2020, 143 samples of raw materials and
241 samples of compound feed were analzyed. Among the tested samples of raw materials, the
mean values of the yeasts and molds for maize, wheat, soybean, and sunflower meal were 1.3 × 103,
9.5 × 102, 6.4 × 102, and 7.4 × 102 cfu/g in 2019 and 1.5 × 103, 1.0 × 103, 5.2 × 102, and 7.1 × 102

cfu/g in 2020. In the analyzed compound feed samples, the mean amounts for the starter, grower,
and finisher were 5.9 × 102, 4.2 × 102, and 4.2 × 102 cfu/g in 2019 and 5.3 × 102, 6.5 × 102, and
5.8 × 102 cfu/g in 2020. Potentially toxigenic fungi from Aspergillus, Penicillium, and Fusarium genera
have been identified as the most common in all of the samples. In the raw materials, in both years the
highest numbers of Aspergillus-positive samples were recorded: 66.6% in 2019 and 100% in 2020 for
the maize samples, 50% in 2019 and 75% in 2020 for the wheat samples, 76% in 2019 and 87.5% in
2020 for the soybean meal samples and 71.4% in 2019 and 100% in 2020 for the sunflower meal. In
the starter compound feed, the Aspergillus genera was prevailing in 2019 (46.6%), while in 2020, the
species of the Penicillium and Cladosporium genera were identified in the majority of the samples (50%);
for the grower and finisher compound feed, the Aspergillus genera was predominantly identified in
2019 (60% and 72.2% of the samples, respectively) and 2020 (61.5% and 46.6%, respectively). All of
the results of the bacteriological analysis for determining the contamination with Salmonella spp.,
E. coli, and Clostridium perfringens were negative. Based on the results obtained in this study, mon-
itoring and analysis of microbiological hazards in a feed mill will help to control and prevent
contamination and have a direct impact on food safety.

Keywords: food and feed safety; yeasts and molds; Salmonella spp.; Escherichia coli; Clostridium perfringens

1. Introduction

Compound feed is vulnerable to the introduction of bacteria throughout the produc-
tion chain. The aim of the control of pathogens in feed is to ensure that they are under
a critical threshold to minimize the risk to human and animal health [1]. The unneces-
sary or unintentional presence of pathogenic microorganisms is called microbiological
contamination [2].

Potentially toxigenic fungi of field crops belong to the Alternaria, Aspergillus, Cla-
dosporium, Helminthosporium, and Fusarium genera [3,4]. When cereal grains and feed
are colonized by molds, there is a significant risk of contamination with their secondary
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metabolites [5], such as mycotoxins [6–8]. In addition to impairing the nutritional value and
processing, the sanitary quality of the corn kernels can chemically alter the composition
of the feed through the presence of substrates produced by microorganisms [9]. A high
incidence of fungi of the Aspergillus genus (aflatoxigenic) was identified in maize grain
stored under conditions of humidity between 13–18% [4]. Zearalenone mycotoxin in high
concentrations can contaminate the carcasses of broilers, implying an anabolic effect in
humans [10,11].

The genus Salmonella corresponds to an enteric Gram-negative, facultative anaerobe
and non-spore-forming bacillus with cell diameters ranging from 0.7 to 1.5 μm and lengths
from 2 to 5 μm, that belongs to the Enterobacteriaceae family [12]. Members of the Salmonella
genus grow under temperatures from 7 to 48 ◦C, tolerating growth at water activity levels up
to 0.995 and pH values between 6.5 to 7.5 [13]. Salmonella infection in poultry has long been
categorized as a zoonotic disease of economic importance in public health [14–18]. Poultry
products have been considered as the major reservoir of Salmonella, with approximately
200 serovars isolated from them [18–22]. Broilers and broiler products are an important
source of Salmonella [23,24] and contaminated compound feed is considered to be one of
the main sources of infection with Salmonella [25,26]. After contaminated feed has been
ingested by broilers, Salmonella can multiply in their gastrointestinal tract and be eliminated
in feces leading to increased multiplication on the farm [27,28]. Thermal inactivation of
Salmonella enteridis and Escherichia coli O157:H7 was determined by temperatures between
54.3–64.5 ◦C, pH values between 4.2–9.6 with HCl or NaOH, and a NaCl concentration
between 0.5–8.5% [29].

Escherichia coli (E. coli) is a Gram-negative bacterium of the family Enterobacteriaceae [30].
Regularly, it is found in the small intestine of endothermic organisms. E. coli is not always
confined to the gut, and its ability to survive for short periods outside the body makes
it possible to test samples for fecal contamination [31]. Avian colibacillosis is one of the
major bacterial diseases in the poultry industry that has gained substantial attention world-
wide [32]. Moreover, it is important to consider the potential for its zoonotic transmission
through poultry reservoirs [33].

Clostridium perfringens (C. perfringens) is an anaerobic spore-forming, Gram-positive
bacterium capable of producing various toxins and enzymes responsible for the lesions
and associated symptoms [34,35]. The colonisation of poultry with C. perfringens is an
early incident [36,37]. As a consequence of its ubiquity, C. perfringens is also recovered
from broiler carcasses after refrigeration [36,37]. In broilers, Clostridia can cause necro-
tizing enteritis, an infection of the intestinal wall that is mainly caused by C. perfringens
type A toxin [38]; it also constitutes a risk of transmission to humans through the food
chain [39,40].

The European Union’s food safety policy was reformulated at the beginning of the
2000s, in accordance with the approach of an integrative concept “from farm to fork”, thus
guaranteeing a high level of safety for food products in all stages of the production chain
(including feed production) [41]. Regulation (EC) number 2160 of 2003 [42] ensures that
appropriate and effective measures are implemented for their detection and control at
all relevant stages of production, processing, and distribution, including animal feed, to
reduce their prevalence and the risk to public health. According to Article 5, paragraph 3 of
Regulation (EC) number 183 of 2005 [43] on feed hygiene, feed manufacturers must comply
with specific microbiological criteria.

Considering the inclusion of compound feed production in the food chain, in the
present work, raw materials and broiler compound feed from a feed mill in Romania were
microbiologically assessed; the microbiological contaminants that were analyzed were
yeasts and molds, Salmonella spp., E. coli, and Clostridium perfringens. Our study took place
during the years 2019 and 2020, and provides new data on the microbiological evaluation
of compound feed production as a part of the food chain.
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2. Materials and Methods

2.1. Feed Samples

Compound feed is a balanced mixture of raw feed materials in order to satisfy the
energy and nutrient requirements of a species/category of animals. In Romania, the main
source of energy for compound feed is cereal seeds (maize and wheat), and soybean and
sunflower meal are used as protein sources [44].

The samples of raw materials used in the production of compound feed (maize grains,
wheat grains, soybean meal, and sunflower meal) and compound feed for broilers in
different growth phases (starter, grower, and finisher) originated from a representative
feed mill in Romania in terms of production (120,000 t/year). In 2019, 191 raw material
samples were analyzed (37 maize, 15 wheat, 107 soybean meal, and 32 sunflower meal)
and in 2020, 143 raw material samples were analyzed (13 maize, 9 wheat, 109 soybean meal,
and 12 sunflower meal). In 2019, 360 samples of compound feed were analyzed (103 starter,
90 grower, and 167 finisher) and in 2020, 241 samples were analyzed (44 starter, 84 grower,
and 113 finisher). The samples of raw materials were collected from the storage silos and
the samples of compound feed were collected from the bunkers for storing the finished
products of the studied unit, and they transferred to the specialized laboratories.

For the raw materials analysis, elementary samples from 25 points were collected
with a manual probe inserted perpendicular to the base of the silo; for the compound feed
analysis, seven elementary samples from batches of 24 tons were sampled manually with
a trowel. All of the elementary samples taken constituted the global sample which was
divided and homogenized with the centrifugal mechanical divider and resulted in the
laboratory sample.

2.2. Yeasts and Molds Analysis

Yeasts and molds were detected in according with standard SR ISO 21527-2:2009
which describes a horizontal method for the enumeration of viable osmophilic yeasts and
xerophilic molds in products intended for human consumption or the feeding of animals
by means of the colony count technique at 25 ± 1 ◦C. In order to create surface-inoculated
plates, a specific selective culture medium was used. A certain amount of the initial
suspension, or decimal dilutions of the suspension, was employed, depending on the
anticipated number of colonies. The plates were then aerobically incubated at 25 ± 1 ◦C
for 5 to 7 days, then the colonies were counted. The number of colonies discovered on the
plates selected at dilution levels producing countable colonies was used to compute the
quantity of yeasts and molds per gram of sample [45].

2.3. Salmonella spp. Analysis

Salmonella spp. was detected in according with standard SR EN ISO 6579-1:2017
which specifies a horizontal method for the detection of Salmonella and is applicable to
the products intended for human consumption and the feeding of animals. Even when
Salmonella is present, other Enterobacteriaceae or bacteria from other families are frequently
present in far higher numbers. Pre-enrichment is used to enable the detection of Salmonella
with low numbers or that have been harmed. The test portion was inoculated into buffered
peptone water, and the mixture was then incubated between 34 ◦C and 38 ◦C for 18 h. The
resulting culture was inoculated into Rappaport–Vassiliadis medium with soy (RVS broth)
and a Muller–Kauffmann tetrathionate–novobiocin broth (MKTTn broth). The MKTTn
broth was incubated at 37 ◦C for 24 h whereas the RVS broth was incubated at 41.5 ◦C.
From the cultures obtained, a selective solid media was inoculated with xylose lysine
deoxycholate agar (XLD agar); the XLD agar was incubated at 37 ◦C and examined after
24 h. Salmonella subcultures were used to subculture colonies, and the identities of the
colonies were verified using the proper biochemical and serological tests [46].
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2.4. Escherichia coli Analysis

Escherichia coli was detected in according with standard SR ISO 7251:2009 which gives
general guidelines for the detection and enumeration of presumptive Escherichia coli by
means of the liquid-medium culture technique and calculation of the most probable number
(MPN) after incubation at 37 ◦C, then at 44 ◦C. The initial suspension was inoculated into
three tubes of double-strength liquid selective enrichment medium in a predetermined
amount. A predetermined amount of the initial suspension was inoculated into each of
the three tubes of the single-strength liquid enrichment medium. A specific number of
decimal dilutions of the initial suspension was then added to three more tubes of the
single-strength medium under the identical conditions. After 24 and 48 h of incubation
at 37 ◦C, the double- and single-strength medium tubes were checked to see if any gas
was being produced. Each tube contained a liquid selective medium and was subcultured
to a tube containing a double-strength medium that had produced opacity, cloudiness,
or gaseous emissions, as well as each tube containing a single-strength medium that had
produced gaseous emissions (EC broth). The obtained tubes were incubated at 44 ◦C for up
to 48 h, and after 24 h and 48 h, they were checked for gas production. Each tube of media
that had produced gaseous emissions was subcultured with a tube of peptone water free
of indole. The obtained tubes were incubated at 44 ◦C for 48 h before being checked for
indole formation as a result of tryptophan being broken down in the peptone component.
The MPN table from Standard, which takes into account the number of tubes of single- and
double-strength medium whose subcultures have produced gas in the EC broth and indole
in the peptone water at 44 ◦C, was used to calculate the most likely number of presumptive
Escherichia coli [47].

2.5. Clostridium perfringens Analysis

Clostridium perfringens was detected in according with standard SR EN ISO 7937:2005
which is applicable to products intended for human consumption and the feeding of ani-
mals. A predetermined amount of the original suspension was inoculated into Petri dishes
as an inoculant. Under the same circumstances, additional Petri dishes were inoculated
using decimal dilutions of the test sample or the initial suspension. An overlay of the same
media was applied after adding a selective medium (poured-plate technique). The plates
were anaerobically incubated at 37 ◦C for 20 h and two hours, and the distinctive colonies
were enumerated. The quantity of distinctive colonies was verified, and it was computed
as to how many C. perfringens bacteria there were per gram of sample [48].

2.6. Statistical Analysis

The data obtained from the analyses were processed and interpreted statistically. The
minimum and maximum values were established and the position and variation estimators
were calculated, respectively, the arithmetic mean (

_
x) and the standard deviation (s), for the

samples that recorded positive results. The means and standard deviation were calculated
using Microsoft Excel 2016 [49].

3. Results

3.1. Raw Materials

The results of the microbiological assessment (yeasts and molds, Salmonella spp.,
E. coli, and Clostridium perfringens) of the raw materials (maize, wheat, soybean meal, and
sunflower meal) are presented in Table 1.
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The mean values established for the analysis to determine the yeast and mold contam-
ination of the maize were 1.3 × 103 cfu/g in 2019 for 88.2% of the positive samples, and a
maximum value of 4.3 × 103 cfu/g and of 1.5 × 103 cfu/g in 2020 for 84.6% of the positive
samples with a maximum value of 4.9 × 103 cfu/g. Compared to the number of analyses
carried out to determine the content of yeasts and molds in soybean meal, a proportion of
92.5% of positive samples was identified in 2019 and 86.7% in 2020, and also the average
values of 6.4 × 102 cfu/g in 2019 5.2 × 102 cfu/g in were identified in 2020.

Regarding the isolation proportion of potentially toxigenic fungi genera from the
maize and wheat grains analyzed, the graphic representation (Figure 1) highlights the five
genera that were identified (Aspergillus, Penicillium, Fusarium, Cladosporium, and Alternaria).
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Figure 1. Proportion (%) of potentially toxigenic fungi genera in positive maize and wheat samples
(n—number of positive samples).

Regarding the proportion of potentially toxigenic fungi genera identified in soybean
and sunflower meal (Figure 2), five genera were identified (Aspergillus, Penicillium, Fusarium,
Cladosporium, and Mucor).
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Figure 2. Proportion (%) of potentially toxigenic fungal genera in positive soybean and sunflower
meal samples (n—number of positive samples).
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3.2. Compound Feed

The results of microbiological assessment (yeasts and molds, Salmonella spp., and
E. coli, and Clostridium perfringens) of broiler compound feed (starter, grower, and finisher)
are presented in Table 2.

The mean values established for the analysis to determine the yeast and mold con-
tamination of the starter compound feed were 5.9 × 102 cfu/g in 2019 for 50% of the
positive samples and a maximum value of 2.9 × 103 cfu/g, and 5.3 × 102 cfu/g in 2020
for 42.8% of the positive samples with a maxim value of 9.0 × 102 cfu/g. In the case of
grower compound feed, a proportion of 38.4% of positive samples was identified in 2019
and 44.8% in 2020, and also the average value of 4.2 × 102 cfu/g in 2019 respectively
6.5 × 102 cfu/g in 2020. Regarding finisher compound feed, positive samples had a per-
centage of 37.5% in 2019 with a mean value of 4.2 × 102 cfu/g, and 40.5% in 2020 with a
mean of 5.8 × 102 cfu/g. The proportions of potentially toxigenic fungi genera identified
in the starter (Figure 3), grower (Figure 4), and finisher (Figure 5) compound feed highlight
that the Aspergillus and Penicillium genera were predominantly isolated.
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Figure 3. Proportion (%) of potentially toxigenic fungal genera in positive starter compound feed
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Figure 5. Proportion (%) of potentially toxigenic fungal genera in positive finisher compound feed
samples (n—number of positive samples).

4. Discussion

4.1. Raw Materials

The main sources of fungal microflora in compound feed originate from raw materials
of plant origin, firstly cereals [50]. Potentially toxigenic fungi are associated with oilseeds
and cereals and mostly belong to the Fusarium, Aspergillus, and Penicillium genera [51]. It
is distinguished in Figure 1 that the Aspergillus genus was identified in a high proportion
of cases, over 50% in both years of research in contrast to the research carried out by
Krnjaja et al. [52] which identified the most frequent genera as the Fusarium genera (92.22%).
Krnjaja et al. [52] analyzed 127 maize samples for determinate fungal contamination; the
total fungal count ranged from 1.0 × 101–3.0 × 106 cfu/g. In our study, the total fungal
count ranged from 4.0 × 102 to 4.9 × 103 cfu/g. To determine the content of the yeasts
and molds in the wheat samples, four analyses were carried out in both years of the study,
with all of the results being positive. Aspergillus genera was isolated in more than 70%
for the two types of meals analyzed in both years of the study (Figure 2). Studies have
specified that fungi of the Aspergillus genera are the main producers of aflatoxins [53] and
ochratoxin A, which in terms of their effect are the second most investigated mycotoxin
after aflatoxins [54]. For the 60 most common mycotoxins occurring in feed, 48% have been
shown to be produced by the Fusarium genus, 13% by the Aspergillus genus, 8% by the
Penicillium genus, and 12% by the Alternaria genus [55]. In our study, high fungal colony
counts for maize and wheat in both of the research years can be attributed to favorable
climate conditions that were ideal for the growth of toxic mold during their growing and
harvesting phases. The right temperature and humidity levels are essential for the growth
of toxic fungus in grain both before and after harvest. The grain’s moisture content is also
one of the most crucial preconditions for grain infection during storage. A moisture level
of 15% or less in maize is acceptable for safe storage.

Raw materials used in compound feed production represent an important source of
Salmonella contamination [39]. Jones and Richardson [56] isolated Salmonella from maize,
cottonseed meal, soybean meal, and wheat bran. In a raw materials survey, Ge B. et al. [57]
identified positive samples for Salmonella contamination for 14 (54.2%) of 31 samples of
soybean meal, 3 (60%) of 5 samples of sunflower meal, and 3 (17.6%) of 17 samples of maize.
In our study, there were no positive results for Salmonella spp. contamination during the
two years for the raw materials studied.

In addition, the results to determine raw materials contaminated with E. coli and
Clostridium perfringens were negative. In their study, Da Costa et al. [58] analyzed 66 sam-
ples of raw materials (corn, wheat, barley, soybean meal, and sunflower meal) for E. coli
contamination and identified that 89.2% of the samples were positive. Casagrande et al. [59]

235



Agriculture 2023, 13, 107

demonstrated that out of the 80 raw materials’ samples used in compound feed production,
C. perfringens was isolated in 12.5% of the plant origin samples (soybean meal, and maize).
Prió et al. [60] studied raw material microbial contamination and identified the presence of
C. perfringens in 1.2% of maize samples (298 samples analyzed), 35.2% of wheat samples
(85 samples analyzed), 5.3% of soybean meal samples (464 samples analyzed), and 13.3%
of sunflower meal samples (70 samples analyzed). Another study conducted an analysis
of 298 poultry feed ingredients and C. perfringens was detected in 33.89% of samples; the
highest level of contamination with C. perfringens was observed in fish meal (55.26%) fol-
lowed by bone meal (44.83%); the same as in our study, negative results of C. perfringens
contamination were noticed in soybean meal and maize [61].

Regarding the correlation in the microbiological analysis results for raw materials
intended for compound feed, all of them were in accordance with the limits allowed by
legislation [62,63].

4.2. Compound Feed

Dalcero et al. [64] found the highest incidence of the Aspergillus (85%) and Fusarium
genera (70%) in 130 samples of poultry feed. Rosa et al. [65] collected 96 samples of poultry
feeds from four feed mills which were examined for total molds and for Aspergillus and
Penicillium occurrence; the total mold counts were generally higher than 1.0 × 105 cfu/g;
the Aspergillus and Penicillium species were isolated in the highest numbers. Shareef [66]
realized a study in which 45 samples of poultry feed were analyzed; the most frequent fungi
were from genus Aspergillus (88%) with a range of 1.0 × 104–5.3 × 106 cfu/g and a mean
value of 2.6 × 106 cfu/g and the second most frequent were the from the genera Penicillium
and Mucor (64%) with a range of 2.0 × 104–4.4 × 106 cfu/g and 3.0 × 104–2.6 × 105 cfu/g
and a mean of 2.2 × 106 and 1.4 × 105 cfu/g, respectively. In a study realized by Cegielska-
Radziejwska et al. [67], 45 samples of compound feed for broilers were analyzed, collected
from four different feed mills in Poland; the samples consisted of compound feed for
the different growing stage of broilers (starter, grower, and finisher). For the starter com-
pound feed, the yeasts and molds ranged from 5.5 × 101–3.0 × 102 cfu/g and a mean
value of 1.8 × 102 cfu/g; the determined grower compound feed values ranged from
6.0 × 101–4.7 × 102 cfu/g with a mean of 3.2 × 102 cfu/g; the finisher compound feed
had values for yeasts and molds ranging from 8.5 × 101–7.0 × 103 cfu/g and a mean of
1.6 × 103 cfu/g. In the tested feed samples, fungi from the genera Aspergillus, Fusarium,
Mucor, Penicillium, and Rhizopus were identified, with Aspergillus being the most commonly
found genera, the same as in our study (Figures 3–5). A total of 49 samples of compound
feed for broilers were analyzed by Greco at al. [68] for mycotoxigenic fungi and the most
frequent mycotoxigenic fungi were those from the genus Fusarium (69.6), followed by
Eurotium (52.2%), Penicillium (45.6%), and Aspergillus (43.5%). The fungal count for the
compound feed was typically lower than the values found for raw materials. The pelleting
procedure was applied to the studied compound feed, and it has been established that this
procedure considerably reduced the fungal counts. As a result, pelleting may be the cause
of the moderate frequency of some fungal genera.

Contamination of compound feed with Salmonella has been considered as an important
source of contamination for broilers since the 1950s [69]. The potential transmission of
Salmonella strains from feed to animals and subsequently to carcasses has been proven
since the 1970s [70]. Over a period of 16 years, 23,963 samples for Salmonella culture
and serotyping were collected from 22 stock feed mills in Australia. The percentage of
positive samples ranged from 7.2% in 2003 to 2.8% in 2017. Of the 1069 positive samples,
976 were serotyped with 61 different Salmonella serotypes were isolated. The serotype most
frequently isolated from raw materials was Salmonella Agona, (n = 108) whilst Salmonella
Anatum was the serotype most frequently isolated from compound feed (n = 156) [71]. To
determine Salmonella contamination in the studied broiler compound feeds, 105 analyses
were carried out in 2019, and 78 analyses were carried out in 2020, with all of the results
being negative, in accordance with the legislative regulations [62,63].
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To determine the compound feed contamination with E. coli, 101 analyses were carried
out in 2019, and 78 analyses were carried out in 2020, with all of the results being negative
(Table 1). A survey on the prevalence of Escherichia coli in compound feed was carried
out over a period of nine years in the Republic of Croatia; a total of 1688 feed samples
were collected from feed mill and poultry farms, and analyses showed the presence of
E. coli in 629 (37.3%) feed samples, which is different to our results [72]. In their study,
Da Costa et al. [58] analyzed 23 samples of broiler compound feed for E. coli contamination
and it was detected that 100% of the samples were positive. A study conducted an analysis
on 378 animal feed samples to determine the prevalence of E. coli isolated from U.S. feed
between 2005–2011; from the 65 samples of the poultry feed analyzed, 22 were positive
(33.8%) [73].

In a survey conducted by Schocken-Iturrino et al. [74], they observed that among the
90 samples of broiler compound feed analyzed, 42% were contaminated by C. perfringens,
and the mean count was 3.69 × 102 cfu/g. Tessari et al. [75] analyzed 121 samples of
compound feed and reported C. perfringens isolated in 23 samples (19%). In comparison
with the previous study, in our study all of the results were negative for C. perfringens
contamination.

For the negative results of microbiological analysis (Salmonella spp., E. coli, and
C. perfringens) both for the raw materials and compound feed, maybe it is because the
feed mill that was studied has implemented a HACCP (hazard analysis and critical control
points) system, which, as specified in Regulation (EC) number 183 of 2005 [43], can facilitate
the achievement of a high level of feed safety; this may be a reason as to why our results
are different from other studies.

Regarding the correlation in the microbiological analysis results for compound feed,
the same as in case of raw materials, all of them were in accordance with limits allowed by
national legislation [63,64].

5. Conclusions

Microbiological control of raw materials and broiler compound feed must be consid-
ered relevant due to the demands of consumers for food safety all over the food chain.
This fact is possible through the introduction of an appropriate system for monitoring and
analyzing microbiological contaminants in feed mill; this contributes to the control and
prevention of contamination, with it having a direct impact on food safety and animal and
human health. Based on the results obtained of the study, it can be concluded that the
microbiological analysis is justified and necessary to assess the safety of broiler compound
feed. It is necessary to continue the assessment with a complete approach to the hazards
associated with food safety (physical, chemical, and biological), extended to other raw
materials and categories of compound feed.
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Abstract: One of the major challenges of animal husbandry, in addition to those related to the economic
situation and the current energy crisis, is the major contribution of this sector to atmospheric pollution.
Awareness of pollution sources and their permanent monitoring in order to ensure efficient management
of the farm, with the aim of reducing emissions, is a mandatory issue, both at the macro level of the
economic sector and at the micro level, specifically at the level of each individual farm. In this context, the
acquisition of consistent environmental data from the level of each farm will constitute a beneficial action
both for the decision-making system of the farm and for the elaboration or adjustment of strategies at
the national level. The current paper proposes a case study of air pollutants in a cattle farm for different
seasons (winter and summer) and the correlation between their variation and microclimate parameters.
A further comparison is made between values estimated using the EMEP (European Monitoring and
Evaluation Programme, 2019) methodology for air pollutant emission and values measured by sensors
in a hybrid decision support platform for farms. Results show that interactions between microclimate
and pollutant emissions exist and they can provide a model for the farm’s activities that the farmer can
manage according to the results of the measurements.

Keywords: AP monitoring; IoT; AP estimation; decision support; livestock farming

1. Introduction

Currently, the exploitation of cows for milk production represents a major challenge,
both from an economic point of view (the price of milk at the farm gate in relation to the
current financial challenges) and in terms of its significant impact on the environment, i.e.,
the ecological implications at a global scale, noticed for several decades by the scientific
community but widely and acutely felt in recent years.

The exploitation of animals for food production undoubtedly has a major ecological
impact on the environment, represented in deforestation, crises in the provision of drinking
water through the pollution of surface and underground waters, the loss of biodiversity
at all its levels, emissions of greenhouse gases (approximately 30% of total emissions),
pollutant emissions, etc. [1–4].

Ensuring food security is a priority policy of any modern state, but this goal must
not be fulfilled under any circumstances. The concept of food security must also include
environmental security in such a way that future generations are not affected.

Animal exploitation affects the environment on several levels. A first problem that arises
is related to the pollution of water by increased levels of nutrients such as nitrogen and
phosphorus, which causes the phenomenon of water eutrophication, with all its consequences

Agriculture 2023, 13, 25. https://doi.org/10.3390/agriculture13010025 https://www.mdpi.com/journal/agriculture
241



Agriculture 2023, 13, 25

for the biodiversity of aquatic ecosystems. For this reason, the member states of the United
Nations have included this phenomenon in the list of objectives “Sustainable Development
Goals (SDGs) 14, 15, 17” (https://sdgs.un.org/goals, accessed on 18 October 2022).

Loss of specific biodiversity is another consequence of animal agriculture. The growing
demand for animal products has led to an increase in cultivated areas. Under the conditions
of the permanent expansion of urban areas, the provision of areas for the cultivation of
fodder is achieved by deforestation. The FAO (Food an Agriculture Organization) has
estimated that more than 7% of land area is used to feed dairy animals [5]. Deforestation
leads, in addition to massive biodiversity loss [6], to the intensification of the greenhouse
effect by releasing stored carbon in various forms.

A large number of gases that cause climate change are also known air pollutants that
affect our health and the environment. In many ways, improving air quality can also boost
climate change mitigation efforts and vice versa, but not always. The challenge is to ensure
that climate change and air policies focus on win-win scenarios.

In its 2007 assessments, the Intergovernmental Panel on Climate Change (IPCC)
predicted a decline in air quality in the future due to climate change, but we do not
currently have a complete understanding of how climate change might affect air quality.

It is interesting to note that many climate-related processes are controlled not by the
main components of our atmosphere, but by some gases that are found only in very small
quantities. The most common of these so-called waste gases, carbon dioxide, makes up
only 0.0391% of the air. Any variation in these very small amounts has the ability to affect
and modify our climate.

The World Health Organization specifies that almost all the world’s population (99%)
breathes air with levels of pollutants that significantly exceed the maximum limits of
admissibility and which, obviously, affect human health, generating different categories
of pathologies (https://www.who.int/health-topics/air-pollution#tab=tab_1, accessed
on 18 October 2022). These pollutants are represented by ammonia, volatile organic com-
pounds, nitrogen oxides and microscopic particles in suspension. Animal production
generates such pollutants; it is estimated that approximately 8% (PM10) and 4% (PM2.5) of
the total microscopic particles in suspension come from this economic sector [7].

In this context and taking into account the fact that the demand for milk and dairy
products is constantly increasing, one of the major challenges of milk production is rep-
resented by reducing its impact on the environment and minimizing pollutant emissions.
Obviously, in this action we are limited by the physiology of the animal. As a result, the
tools at our disposal are related to nutrition and farm management (type of feed, shelters,
microclimate, feed administration, manure management).

The objectives of this study are:

• To present the current knowledge on the relationship between air pollutants and animal
welfare and the relationship between air pollutant variation and farm management.

• To propose a case study in a real environment where an IoT infrastructure is used
for monitoring key parameters of the stable environment: gas sensors (NH3) and PM
sensors (PM2.5, PM1, PM10).

• To estimate the air pollutants’ concentrations (in two seasons—winter and summer)
based on European Monitoring and Evaluation Programme (EMEP) methodology and
to compare the estimated values with the monitored concentrations.

• To study the behavior of air pollutants in correlation with micro-climate parameters.

The paper is organized as follows. Section 2 reviews the state of the art in assessing
the relationship between air pollutants, animal welfare and farm management. Section 3
describes the architecture of the platform for AP monitoring and outlines the case study
conducted using the platform. Sections 4 and 5 present the results obtained and the
conclusions drawn, respectively.
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2. State of the Art

Pollutant emissions from animal husbandry must benefit from a holistic treatment,
as they influence each other. In order to understand the phenomenon, it is necessary that
the physiology of cows be introduced in the context of trophic relations in a biocenosis.
Thus, it must be accepted that the Eltonian pyramid is a simplistic representation of
trophic relationships, and the very strict labeling of a trophic link is a gross error. The
stability of a biocenosis by optimizing energy and nutrient flows would not be possible
without some plasticity in the component species. Thus, cows can be considered the
most inefficient herbivores, trophically speaking, and, to use a figure of speech, “the
most carnivorous of herbivores.” For this reason, cows are the most inefficient organisms
regarding nitrogen utilization. It has been found that between 50 and 80% of consumed
nitrogen is excreted as urea and other nitrogen compounds through feces and urine [8] (a
consequence of physiology and trophic position), which represent important sources of
ammonia emissions [9]. Most of the nitrogen is present in the urine and a smaller part in
the feces. Regardless of the operating conditions, in the stable or on the pasture, at the time
of excretion and the mixture of urine and feces, the nitrogen in the form of urea in the urine
is converted into an unstable mixture of ammonia (NH3) and ammonium (NH4) under the
action of urease from feces, resulting ammonia volatilization [10].

Numerous research papers have highlighted the direct relationship between the nitrogen
content (in various forms) of cow manure and their nutrition. The crude protein content
of the ration influences ammonia emissions through the manure, even establishing a linear
relationship between them [11]. Decreasing the crude protein content of the ration is proving
to be an effective means of reducing ammonia emissions from dairy cow manure [12], with
research showing a 45% reduction in ammonia emissions as a result of lowering from 17% to
13.5% of crude protein content in cow diets [13]. Swensson [14] finds that ammonia emissions
will be three times higher when the crude protein content of the ration increases from 13 to
19%. Similar results, namely the highlighting of the direct relationship between crude protein
intake and ammonia emissions, are reported by other authors [15–18].

It should be emphasized that the efficiency of nitrogen use in the metabolism of
dairy cows is also influenced by other nutritional factors apart from crude protein intake.
For example, in cows, the nitrogen content of milk, under the conditions of a diet with
similar levels of protein, depends on the content and composition of carbohydrates in the
ration [19]. The nitrogen content of milk will decrease (so we expect higher values in urine
and feces) on a high-fiber diet compared to a high-starch diet.

However, it should be kept in mind that ammonia emissions from manure (urine) also
depend on other factors. Research has shown that the type of soil, atmospheric humidity,
temperature, wind speed or air currents in the shelter influence this aspect and cause large
variations in ammonia losses from urine: between 25–50% [9] or between 4–52% [20]. In
this regard, significant results were achieved [21] stating that ammonia emissions increase
with temperature, and that this is directly related to the type of floor in the shelter and the
management of manure. Significant differences occur depending on the cow maintenance
system. In open systems the manure will be deposited directly on the soil and there will
thus be a rapid conversion of urea to ammonia (i.e., high emissions), while in closed
systems, with the maintenance of cows in the shelter, the emissions are lower as a result
of the regular removal of manure from the shelter [22,23]. Inside the stable, ammonia
emissions differ significantly depending on the type of flooring. Solid floors generate
higher emissions than those in the form of a grid [24], because the former facilitate the
mixing of feces and urine. Numerous research papers have shown that the temperature
inside the stable is also an important factor in ammonia emission, its high values causing
higher ammonia emissions (through its relation to urease activity), which is also generating
seasonal differences [25,26], especially in temperate climates.

Microscopic particles are particles suspended in the air and produced in various
types of industries and agriculture. A high concentration of them affects human and
animal health. In animal husbandry in general, and in cow farms in particular, the sources
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of air pollution with microscopic particles could be feed administration [27] and feed
management (wet vs. dry food, feed distribution system, feed storage), waste burning [28],
stable cleaning, manure management, animal movement, animal maintenance (on bedding
or not), ventilation rate or the microclimate in the shelter, while an indirect origin is
oxidation of ammonia or other precursor gases [29–31].

Obviously, in agriculture, as in other types of industries, the degree of pollution
with microscopic particles both at the global level and at the point level (stable, farm)
depends on a number of factors: climatic zone, season, geographical peculiarities, humidity
etc. [32]. The limitation of air pollution with microscopic particles belongs exclusively to
the management of the farm, given the fact that the other influencing factors cannot be
controlled, but only possibly influenced to a small extent.

One possible way of limiting particle emissions is by carrying out certain farm opera-
tions (particle generators) during the night. This is based on the fact that during the day
the concentration of particles can increase 10–15 times [33] as a result of the simultaneous
action of four factors: moisture at the soil surface, air humidity, the angle of the sun’s rays
and temperature.

Manure management can result in a decrease in farm-level particulate emissions.
Removing litter and storing it in non-concentrated forms can be a useful action, along with
maintaining a layer of 2–3 cm of concentrated manure mixed with soil [34].

Other research has highlighted that reducing particle pollution in cow farms can be
possible through the use of a sprinkler system [35], but this solution is debatable under the
current water crisis.

The reduction of atmospheric pollutant emissions must represent a priority of each
economic sector, and the lack or inefficiency of technical and/or legal mechanisms for their
permanent monitoring attracts behaviors that are not related to ensuring sustainability. Ob-
viously, these mechanisms must be subject to a general legal framework, but the awareness
of each farmer of his contribution to the total amount of emissions at the national level is
a matter of common sense and absolutely mandatory. In this sense, the implementation of
technical solutions for monitoring emissions at point level (at the farm level) and for alerting
in case of exceeding them would allow farmers to achieve efficient management and create a
particularly useful national system that would enable strategy correction in real time.

The growing urbanization trend has led to a great deal of research conducted on the
modification of air pollutant emissions due to climate modification. For example, a study
has shown [36] that air quality deterioration may be caused by anthropogenic activities and
land use changes. Air pollutants such as VOC, O3, PMs or NOx are found to be correlated
with density and population, but also with mean summer temperature and precipitation.

In addition, a considerable number of studies show that micro-climatic features have an
impact on air quality and thermal comfort. For example, in Sri Lanka [37] indoor concentra-
tions of CO2, NO2, PM2.5, CO, VOC, temperature, relative humidity and wind speeds were
measured. The findings of the study recommended the introduction of a vegetative cover
around buildings in suburban areas to overcome this problem since vegetation has a favorable
impact on temperature and the concentrations of several air pollutants.

3. Measurement Platform for AP Concentration Monitoring and Case Study Description

3.1. Platform Architecture

AP concentrations in a case study are obtained through two methods: (i) estimation
based on EMEP/EEA methodologies and (ii) monitoring using various sensors (IoT de-
vices). Based on the EMEP/EEA equations, an IoT-based hardware–software platform was
designed, tested and implemented. The information gathered by this system (concerning
stable environment, AP concentration and animal state) and the way that information is
processed, stored and presented allow it to be used with ease by farmers.

The platform has been presented in detail in a previous paper [38]; Figure 1 illustrates
the platform architecture.
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Figure 1. IoT-based AP Monitoring platform architecture.

The high-level architecture of the proposed IoT platform is divided into four layers:
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• Device Layer: includes sensors (i.e., for measurement of the concentrations of APs
such as NH3, CO, CO and PMx), devices and client agents (to collect and transmit
data to the IoT platform).

• Network Layer: includes the communication component (which uses low-power radio
transmission technologies such as LoRa and cellular IoT) and the gateway (which
sends the data packets to the next Layer).

• Cloud Layer: has the role of transforming data into knowledge. In this way, intelligence
is added as a higher level of services. This layer receives the data and integrates and
transforms them into knowledge. The data are received through the use of The Things
Network and MQTT protocol.

• Application Layer: uses the knowledge generated in the previous layer to provide an
overview of the farm performance (based on specific KPIs such as productivity, AP
concentrations etc.) and their visual representation (various graphic representations).

Data is collected via diverse sensors which are equipped with different wireless
interfaces: either 4G, Wi-Fi or LoRa. They transmit data packets via a device that allows
connection to the Internet, called Base Station (for 4G), Router (for Wi-Fi) or Gateway (for
LoRa). The data packets are transmitted via MQTT protocol either directly (for 4G and
Wi-Fi) or via the Things Network (for LoRa). Finally an MQTT broker receives the data
which is at this point being used by the Cloud Layer.

The platform presented uses open-source software and offers the possibility of long-term
operation (>10 years) for IoT devices within the platform without battery replacement. We
argue that the platform is sustainable (i) from an environmental point of view and (ii) in terms
of the human resources needed for the operation and future extension of the platform.

3.2. Case Study

The input data for the estimation of atmospheric pollutant emissions are provided
from a dairy cow farm, which has in operation (intensive system, no pasture or paddock)
120 dairy cows, 40 heifers and primiparous and 40 youth heads (3–9 months). The animals
are from the Montbeliarde and Friza breeds. The stable is cleaned twice a day, and the
feeding is done with the technological trailer used for feed distribution. The manure is
separated into a solid fraction (deposited on the solid storage platform) and a liquid fraction
(in the sealed lagoon).

The monitoring of the farm environment is done using the IoT infrastructure listed on
Table 1 which transmits data wirelessly according to the architecture in Figure 1. These on-
farm wireless sensors transmit information needed to determine the source of AP emissions
and the costs associated with these emissions. Figure 2 shows that the IoT devices are carefully
positioned in locations where they do not interfere with the daily activities of the animals.

Table 1. Sensors used in the IoT infrastructure.

Sensor Name Parameter Measurement Unit Minimum Measured Value Maximum Measured Value

BME280 1 Temperature ◦C 0 65
BME280 Humidity % RH 0 100
BME280 Pressure kPa 30 110

MICS-6814 2 CO ppm 30 1000
MICS-6814 NO2 ppm 0.05 5
CCS_811 3 CO2 ppm 350 10,000

SEN0237-A 4 O2 % 0 30
CCS811 VOC ppm 30 400

OPC-N2 5 PM1 μg/m3 0 1
OPC-N2 PM2.5 μg/m3 0 2.5
OPC-N2 PM10 μg/m3 0 10

1 https://www.bosch-sensortec.com/products/environmental-sensors/humidity-sensors-bme280/, accessed on
18 October 2022; 2 https://www.sgxsensortech.com/content/uploads/2015/02/1143_Datasheet-MiCS-6814-rev-
8.pdf, accessed on 18 October 2022. 3 https://learn.adafruit.com/adafruit-ccs811-air-quality-sensor, accessed on
18 October 2022. 4 https://ro.farnell.com/dfrobot/sen0237-a/analog-dissolved-oxy-sensor-kit/dp/3517931, ac-
cessed on 18 October 2022. 5 http://www.aqmd.gov/aq-spec/product/alphasense, accessed on 18 October 2022.
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Figure 2. IoT devices installed in the farm and their configuration.

4. Comparison between Estimated and Monitored AP Concentrations

The usefulness of a support platform for monitoring environmental factors and pol-
lutant emissions lies in two aspects: it is necessary on the one hand from the perspective
of environmental protection (for monitoring emissions), and on the other hand from the
perspective of farm management (as a support system in the decision-making process
through emission monitoring and alert systems).

4.1. AP Concentration Estimated Using EMEP Methodology

This section will present the estimation of air pollutant (AP) concentrations using the
EMEP methodology.

The EMEP 2019 guideline (the co-operative programme for monitoring and evaluation
of the long-range transmission of air pollutants in Europe—unofficially European Monitor-
ing and Evaluation Programme) proposes different methods of estimating the emissions
of pollutants from animal husbandry, depending on how many parameters are known in
each case. For example, Tier 1 is the simplest method for estimating the pollutant emission
as it consists of the multiplication of the default emission factor by the number of animals
specific to each category (this method was used for PM emissions estimation).

The next level, if more parameters are known, can use the tier 2 method, which involves
specific parameters. In our study, we used tier 2 for estimating NH3 emissions (EMEP/EEA
guideline, 2019) and we combined this value with tier 2 for the calculation of excreted nitrogen
from the IPCC (Intergovernmental Panel on Climate Change) 2019 guideline [39].

Methane emissions were estimated using the manure management N-flow tool (https:
//www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-
chapters/4-agriculture/manure-management-n-flow-tool, accessed on 18 October 2022).

There are no specific equations in the IPCC or EMEP guidelines for CO and in our
case study the data refers exclusively to the sensors’ measurements. Table 2 presents the
parameters and equations used for AP emissions.
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Table 2. Parameters used for the estimation of AP emissions and methodology.

Crt. No. Parameter Guideline Equation/Table Number in IPCC, 2019 and EMEP, 2019

Calculated parameters
1 Nex IPCC, 2019 10.31 A
2 Nintake IPCC, 2019 10.32
3 Nretention IPCC, 2019 10.33
4 NEg IPCC, 2019 10.6
5 mhous_N EMEP, 2019 5
6 mhous_TAN EMEP, 2019 10
7 mhous_solid_N EMEP, 2019 14
8 Ehous_solid EMEP, 2019 16
9 Estorage_solid EMEP, 2019 34
10 EMMS_NH3 EMEP, 2019 46

Default values
1 XTAN EMEP, 2019 Table 3.9
2 EFhousing EMEP, 2019 Table 3.9
3 EFPM2.5, EFPM10 EMEP, 2019 Table 3.5

The primary data needed to calculate excreted nitrogen (Nex) (equations 10.32 and
10.33—see Table 2) are provided by the farm. The rations administered to all three categories
fluctuate during the year, but the differences between the summer and winter seasons are
insignificant. Depending on the animal’s age and the category of exploitation the rations
were calculated using the structure and chemical composition of the feed in each case.
Feeding dairy cattle is very important for ensuring constant and qualitative production
throughout the year. Romanian farmers with an important herd of dairy cows choose the
option of establishing a unique forage recipe, so that the animals on the farm benefit from
the same food all year round. The uniformity of the feed contributes to ensuring a uniform
amount of milk and does not allow farmers to change the qualitative parameters of the milk.

In our case study, during the summer season dairy cows, primiparous and heifers
receive the green mass (5 kg maximum, introduced gradually, because the rumen is not
accustomed to this type of feed after the winter season), and in the cold season for these
categories the green mass is replaced with beer mug, without important changes in the
value of the ingested energy. Between the summer and winter seasons there exist differences
regarding Nex values (dairy cattle, primiparous and heifers). For the young (3–9 months), a
single ration is provided throughout the year, and for primiparous and heifers there are no
differences between seasonal Nex values.

Table 3 presents the feed structure of rations for both seasons and for all animal categories.

Table 3. Fodder type used in all cattle categories and chemical structure (per kilo).

Category
PB

(g/kg)
GB

(g/kg)
CelB
(g/kg)

SEN
(g/kg)

GE
(Kcal/kg)

Barley straw 32.00 14.00 390.00 381.00 3772.91
Alfalfa hay 120.00 30.00 330.00 340.00 3969.90
Corn silage 22.00 8.00 85.00 127.00 1138.58

Corn kernels 90.00 40.00 22.00 710.00 3960.88
Barley kernels 100.00 20.00 56.00 678.00 3857.50

Rape seed meal 350.00 25.00 130.00 312.00 4163.24
Wheat bran 150.00 40.00 105.00 530.00 3951.05

Soybean meal 443.00 14.00 63.00 311.00 4265.60
Beer wort 50.40 15.20 38.10 70.00 907.09

Green mass 31.00 4.80 60.00 70.00 802.22

where, PB = crude proteine; GB = crude fat; CelB = crude cellulose; SEN = non-nitrogenous extractable substances;
GE = gross energy intake.

The feed categories presented in Table 3 are cut to the required dimensions, mixed and
homogenized, and are presented in the form of a unique mixture, balanced according to
the physiological and production requirements of the animals.
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For all categories, the unique mixture is administered throughout the year with
the technological trailer. In summer green mass is added, and in winter beer wort is
incorporated into the mixture. Table 4 presents the composition of that mixture for dairy
cattle, primiparous and heifers during the year (summer period and winter period).

Table 4. Composition of unique mixture.

Category

Animal Category

Dairy Cattle Primiparous and Heifers
Youth

(3–9 Months)

Summer Winter Summer Winter Summer Winter

kg/Head/Day kg/Head/Day kg/Head/Day kg/Head/Day kg/Head/Day kg/Head/Day

Barley straw 0.5 0.5 1.5 1.5 1.0 1.0

Alfalfa hay 2.0 2.0 3.5 3.5 2.0 2.0

Corn silage 20.0 20.0 15.0 17.0 9.0 9.0

Corn kernels 3.5 3.8 3.5 4.0 2.5 2.5

Barley kernels 1.5 1.5 1.5 1.0 0.3 0.3

Rape seed meal 2.5 2.5 2.0 2.0 0.3 0.3

Wheat bran 2.0 2.0 - - - -

Soybean meal 2.0 2.0 2.0 2.0 - -

Beer wort - 8.0 - 3.0 - -

Green mass 8.0 - 5.0 - - -

Total 42.0 42.3 34.0 34 15.1 15.1

A total mixed ration (TMR) was administered consisting of alfalfa hay, barley straw,
corn silage, corn and barley grain colza meal, soya meal, the proportion of feeds varying
according to the need for nutrients in the categories of tested cattle.

During the summer the TMR was supplemented with green mass represented by
alfalfa, which is a food rich in the nutrients necessary for production. During the winter
the TMR was supplemented with by-products represented by beer wort.

The rations are balanced from the point of view of both macro- and micro-nutrients,
which allows farmers to obtain increased milk production, a development of pregnancy in
optimal conditions and an average daily gain corresponding to the young cattle.

For the formulation and optimization of the rations administered to the Holstein
taurine categories, a list of fodder was established that included fibrous, coarse and concen-
trated fodder. This feed structure of the rations has been optimized so as to cover the entire
nutrient requirement for dairy cows, pregnant cows and heifers and young cattle.

In the composition and optimization of the rations, fodder and by-products of plant
origin were introduced in order to efficiently use the local fodder resources and with an
optimal cost price.

To calculate the caloricity of the gross energy intake of each recipe or ration, the
following equivalences were considered [35] (p. 114):

1 g crude protein = 5.72 kcal;

1 g crude fat = 9.5 kcal;

1 g crude fibers =4.79 kcal;

1 g SEN (non-nitrate extractable substances) = 4.17 kcal.

The GE calculation formula [35] is (p. 131):

GE (kcal/kg) = 5.72·GP + 9.5·GB + 4.79·CelB + 4.17·SEN

where:
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GE = gross energy intake
GP = crude protein
GB = crude fat
CelB = crude fibers
SEN = non-nitrate extractable substances

The rations were calculated according to this equation, and the values of crude protein,
crude fat, crude fibers and non-nitrate extractable substances were taken from the tables
with the feed chemical composition [35] (pp. 513–517).

In accordance with the requirements of the IPCC 2019 that the energy be expressed in
MJ/kg in the calculation of ratios, we multiplied the values by 10 to express the caloricity
for 1 kg (tables give the value of these nutrients expressed as a percentage, for 100 g).

The total value of the ration, expressed in kcal, was divided by 239 in order to obtain
the equivalence in MJ (Mega Joules).

The equivalence relations are as follows [35] (p. 114):

1 MJ= 239 kcal

where MJ = megajoule and Kcal = kilocalory
For each feed category, the values of crude protein, crude fat, crude fibers and non-

nitrate extractable substances are included in a table [35] (pp. 513–517); these table values
are multiplied by the caloricity specific to each nutrient (5.72 kcal for 1 g of crude protein,
etc.), followed by the adding of the caloricity of each nutrient and the achievement of
the respective forage caloricity. This value is multiplied by the number of feed kilograms
specified in the ration.

Table 5 presents total gross energy (GE) expressed in MJ per head and per day, for
each category of animals and for both seasons.

Table 5. Total gross energy intake (MJ/head/day).

Category
Season

Dairy Cows Heifers and Primiparous Youth (3–9 Months)

Winter 330.91 270.33 143.40
Summer 335.90 280.10 143.40

Table 6 presents the specific parameters used for calculation of ammonia emissions.

Table 6. Parameters’ values used for calculated excreted nitrogen (Nex).

Category
Parameter

Dairy Cows Heifers and Primiparous Youth (3–9 Months)

Days of life 365 365 180
Heads number 120 40 40

AAP 365 365 19.73
Season Summer Winter Summer Winter All year

GE (MJ/head/day) 330.91 335.90 270.33 280.10 143.40
CP% (%) 0.143 0.160 0.161 0.170 0.205

Milk (kg/head/day) 30 28 - - -
Milk% (%) 1.92 1.92 - - -

WG (kg/day) 0.2 0.2 0.4 0.4 0.9
NEg (MJ/head/day) 1.96 1.96 3.93 8.31 6.05
Nex (kg/head/year) 119.83 139.78 135.06 147.55 81.40

where: AAP = average annual population = number of animals produced annually × days of live.
GE = gross energy intake (MJ/head/day). CP% = percent crude protein in dry matter (%). Milk = milk pro-
duction (kg/head/day). Milk% = percent of protein in milk, calculated as [1.9 + 0.4 × %Fat], where %Fat was
determined by milk analyzer (Farm Eco 25) = 4% (%). WG = weight gain (kg/day). NEg = net energy for
growth, calculated in livestock characterization, based on current weight, mature weight, rate of weight gain,
and IPCC constants (MJ/head/day). Nintake = daily N consumed per animal of each category (kg N/head/day).
Nretention = amount of daily N intake by head of animal (kg N/head/day). Nex = annual N excretion rates
(kg N/head/year).
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The percentage of crude protein in dry matter (CP%) was calculated based on the
chemical composition of each fodder and then multiplied by the proportion of feed in the
total ratio.

Table 7 presents the estimated NH3 emissions.

Table 7. Estimated NH3 emissions during the monitoring period.

Animal Category

NH3 (t/Year)

Season

Summer
(185 Days)

Winter
(180 Days)

All Year
(365 Days)

Dairy cattle 1.21 1.40 2.61
Primiparous and heifers 0.48 0.5 0.98

Young (3–9 months) 0.92 0.92
Total 4.51

Table 8 presents the estimated microscopic particles emissions.

Table 8. Microscopic particles emissions (PM2.5, PM10) (kg PM/year).

Category Heads No Life Days AAP EF Emissions (kg/Year)

PM10 PM2.5 PM10 PM2.5
Dairy cows 120 365 110 0.63 0.41 75.6 49.2
Heifers and
primiparous 40 365 50 0.63 0.41 25.2 16.4

Young 40 180 19.73 0.27 0.18 10.8 7.2
Total 111.6 72.8

4.2. AP Concentration Monitored Using Sensors

The validation of an interactive platform model that can be used for farm management
from the perspective of microclimate parameters and pollutant emissions must be based
on the study of their behavior, alone and in relation to one another. The complexity of the
relationships between them, of a physical-chemical nature, makes taking a parameter out of
context and studying its behavior, abstracting it from its interaction with others, a dead end.

In this sense, using the data obtained from two studied seasons (summer and winter)
regarding the microclimate parameter values (humidity and temperature) and the studied
pollutant emission values, respectively 711 records in the winter season and 597 records in
the summer season, the correlations between them and their meaning and significance were
determined. Tables 9 and 10 present the correlation values between the studied parameters
and their significance over two measurement seasons.

Table 9. Correlation between microclimate and pollutant concentrations during the winter season
(711 recordings).

Specification HUM NH3 PM1 PM10 PM2.5 T0C

HUM - 0.56HS

t = 17.99
0.43HS

t = 12.68
0.02NS

t = 0.53
0.24HS

t = 6.58
-0.67HS

t = 24.03

NH3 - 0.41HS

t = 11.97
0.12S

t = 3.21
0.33HS

t = 9.31
-0.02NS

t = 0.53

PM1 - 0.13S

t = 3.49
0.71HS

t = 26.84
-0.23HS

t = 6.29

PM10 - 0.42HS

t = 12.32
0.06NS

t = 1.60

PM2.5 - -0.02NS

t = 0.53
HUM = humidity (%). t = correlation significance. S = significant, p < 0.05. S = significant, p < 0.01. HS = high
significant, p < 0.001. NS = nonsignificant, p > 0.05. Critical t0.05 = 1.96. Critical t0.01 = 2.58. Critical t0.001 = 3.29.
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Table 10. Correlation between microclimate and pollutant concentrations during the summer season
(597 recordings).

Specification HUM NH3 PM1 PM10 PM2.5 T0C

HUM - 0.25HS

t = 6.30
0.18HS

t = 4.46
−0.31HS

t = 7.95
−0.18HS

t = 4.46
−0.89HS

t = 47.61

NH3 - 0.11S

t = 2.70
−0.03NS

t = 0.73
0.002NS

t = 0.048
−0.25HS

t = 6.29

PM1 - 0.39HS

t = 10.33
0.65HS

t = 20.86
−0.01NS

t = 0.24

PM10 - 0.80HS

t = 32.52
0.32HS

t = 8.23

PM2.5 - 0.25HS

t = 6.30
HUM = humidity (%). t = correlation significance. S = significant, p < 0.05. S = significant, p < 0.01. HS = high
significant, p < 0.001. NS = nonsignificant, p > 0.05 Critical t0.05 = 1.96. Critical t0.01 = 2.58. Critical t0.001 = 3.29.

From the analysis of the results presented in Tables 9 and 10 we can observe the
existence of correlations with varying degrees of significance between the values of the
microclimate parameters and the pollutant emissions from the stable, different between the
two seasons. This cumulative behavior raises certain problems related to the management
of the farm. Thus, in the winter season, we can observe that the humidity in the animal
stable correlates intensely negatively with the temperature, the increase of one implicitly
leading to the decrease of the other. Furthermore, the increase in humidity is not related to
PM10 emissions, the latter being exclusively related to farm management, especially feed
administration, stable cleaning actions and other possible occurrences. As a result, the
increase in PM10 emissions cannot be attributed to the existence of vapor supersaturation
of the air, and the eventual switching on of fans to reduce humidity would do nothing
more than circulate microscopic particles through the air. Conversely, increased humidity
will maintain in the air a high concentration of the other types of particulate matter (PM1
and PM2.5) as well as ammonia. In the case of ammonia, when the temperature increases,
the proportion of stable emissions becomes lower. Regarding particulate matter, it is noted
that its concentration in the air is related exclusively to the concentration of ammonia, and
not at all to the temperature.

In the warm season, increased humidity will lead to a decrease in the concentration of
PM10 and PM2.5. In the summer, it seems that the concentrations of particulate matter in
the air (PM10 and PM2.5) do not correlate with those of ammonia, and consequently the re-
duction of particle emissions must be attributed to activities related to food administration,
cleaning, the evacuation of solid waste, and the reduction of ammonia by good ventila-
tion. But the significantly positive correlation between PM10 and temperature indicates
that, during the warm season, the reduction of PM10 emissions is done by lowering the
temperature, that is, by ventilation and possibly by air humidification systems (sprinklers).

A clearer picture of the interactions between microclimate and pollutant emissions
is presented in Figures 3 and 4 for the two seasons, showing the correlations between the
observations by trendline using zero-intercept linear regression.

Analysis of the scatterplots presented in Figures 3 and 4 graphically reveals the links
between the analyzed variables. Thus, the shape of the cloud of points, the direction of the
regression line and the value of R2 emphasize the strength of the links. Strongly correlated
values are highlighted by the existence of a cloud of points aligned along the regression
line. The interruption of the cloud of points (Figure 3m) suggests the existence, with a
preponderance, of extreme values of PM10 and PM2.5 in the winter season. Points that lie
outside the cloud suggest either outliers (possible registration errors) or drastic increases in
a certain parameter. Obviously, the direction of the regression line suggests the algebraic
sign of the correlation.
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(a) Humidity and NH3 (b) Humidity and PM1 

  
(c) Humidity and PM10 (d) Humidity and PM2.5 

  
(e) Humidity and Temperature (f) NH3 and PM1 

(g) NH3 and PM10 (h) NH3 and PM2.5 
 

 
(i) NH3 and Temperature (j) PM1 and PM10 

  
(k) PM1 and PM2.5 (l) PM1 and Temperature 

Figure 3. Cont.
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(m) PM10 and PM2.5 (n) PM10 and Temperature 

 
(o) PM2.5 and Temperature 

Figure 3. Relationship between different daily measured microclimate values and pollutants. The
red line represents the 0−intercept line regression, during the winter season.

  
(a) Humidity and NH3 (b) Humidity and PM1 

  
(c) Humidity and PM10 (d) Humidity and PM2.5 

  
(e) Humidity and Temperature (f) NH3 and PM1 

Figure 4. Cont.
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(g) NH3 and PM10 (h) NH3 and PM2.5 

  
(i) NH3 and Temperature (j) PM1 and PM10 

  
(k) PM1 and PM2.5 (l) PM1 and Temperature 

  
(m) PM10 and PM2.5 (n) PM10 and Temperature 

 
(o) PM2.5 and Temperature 

Figure 4. Relationship between different daily measured microclimate values and pollutants. The
red line represents the 0-intercept line regression, during the summer season.
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All these observations, which reveal a complexity in the behavior of microclimate
parameters and pollutant emissions, complicate farm management activities, and the
existence of a platform that allows permanent monitoring of air quality through sensors, as
well as an alert system, becomes useful in interpreting the causality of concrete situations
that go beyond the limits of admissibility and in the optimization of the decision-making
system regarding the welfare of animals, workers and the environment.

Figure 5a–f presents the microclimate values and pollutant concentrations in the stable,
throughout one day, in the two analyzed seasons. Measurements were made by placing
sensors approximately 1 m above the animals’ heads and approximately 2.5 m from the floor.

 
(a) Humidity variation 

 
(b) NH3 variation 

Figure 5. Cont.
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(c) PM1 variation 

 
(d) PM10 variation 

 
(e) PM2.5 variation 

Figure 5. Cont.
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(f) Temperature variation 

Figure 5. Microclimate values and pollutant concentrations at 1 m above the animals’ heads in the
barn, during one day, in both seasons: winter (January) and summer (August).

We can observe that, during the day, the concentration of ammonia increases when the
stables are closed (during the night and afternoon to evening), a consequence of the lack of
ventilation and the increase in humidity. Although the increase in ammonia concentration
is apparently not related to temperature, it favors the increase in ammonia emissions by
maintaining metabolic processes and intensifying urease activity in manure. Zero values
for ammonia concentration during the warm season (no records) can be explained by its
negative correlation with temperature, when the sensor was not able to record any emission
(which does not mean that it did not exist, however, but simply that the values were below
the sensitivity of the sensor).

The variation in PM10 concentration captures the times of the day when food is
administered and stable cleaning is performed. During both seasons, the concentration of
PM10 is also influenced by the increase in ammonia.

PM2.5 concentrations throughout the day vary in the warm season following a similar
pattern to PM10, capturing the same activities, but in the cold season, throughout the day,
PM2.5 concentration variations most likely capture certain activities that are not are related
to animal husbandry (possibly smoking in the barn by the farm hands, sheltered from the
cold temperatures outside—this would also explain the PM1 variations).

Regarding the observed difference between the values estimated by the EMEP/EEA
guideline equations (2019) and the values recorded by the sensors, this phenomenon is
because the estimates do not consider the natural and artificial ventilation of the stable,
being used instead for an overall assessment of atmospheric air quality. Estimates and
measurements may be similar only under experimental conditions, or if the stable were
permanently closed. For this reason, for point sources of air pollutants from livestock
(farms) it is recommended that farmers use sensors and create alert systems that adjust
pollutant concentrations in real time (support for farm management decisions) to ensure
animal welfare.

5. Conclusions

This article presents a case study of air pollutant emissions and their correlation with
animal welfare and farm management in two different seasons.

Our use-case from the Milanovici farm showed that the estimated air pollutant con-
centration exhibits complex behavior that correlates with the micro-climate parameters.
Therefore, for efficient farm management it is important to treat them as a whole and
not individually.
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We conclude that estimates using the EMEP methodology do not take into account the
natural and artificial ventilation of the stable since they are used for an overall assessment
of atmospheric air quality, and it is recommended that sensors are used and alert systems
that adjust pollutant concentrations in real time (support for farm management decisions)
are created to ensure animal welfare for point sources of air pollutants from livestock farms.
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In the manuscript, we used the following abbreviations and chemical symbols:
AAP Average Annual Population
ANFIS-GP Adaptive Neuro-Fuzzy Inference Systems with Grid Partitioning
ANFIS-SC Adaptive Neuro-Fuzzy Inference Systems with Subtractive Clustering
AP Air Pollutant
AQI Air Quality Index
AQM Air Quality Monitoring
CFC Cloud Farm Controller
CoAP Constrained Application Protocol
CP Crude Protein
EF Emission Factor
EMEP European Monitoring and Evaluation Programme
EPA United States Environmental Protection Agency
EX-ACT EX-Ante Carbon-balance Tool
FEM Farm Emissions Model
HTTP Hypertext Transfer Protocol
IoT Internet of Things
IPCC Intergovernmental Panel on Climate Change
KF Kalman Filter
KPI Key Performance Indicator
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LEACH Low Energy Adaptive Clustering Hierarchy Aggregation
LFC Local Farm Controller
LMC Litter Moisture Content
MLP Multilayer Perceptron
MLR Multiple Linear Regression
MQTT Message Queuing Telemetry Transport
NPM National Practices Model
pH Potential of Hydrogen
PM Microscopic Particles
PMx Microscopic Particles less than x microns in diameter, where x {1, 2.5, 10}
REST Representational State Transfer
WSN Wireless Sensor Network
CO carbon monoxide
CO2 carbon dioxide
CH4 methane
N2O nitrous oxide
NO2 nitrogen dioxide
NH3 ammonia
O3 ozone
SO2 sulfur dioxide
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Abstract: Since ancient times, honey has been appreciated not only for its sensorial traits, but
also for the observed effects in rejuvenation and treatment against several bad health conditions,
when used externally or internally, along with other beehive products, such as pollen, propolis and
royal jelly. Today, it is known that such effects are generated by compounds bearing antimicrobial,
anti-inflammatory, and antioxidative features (enzymes, polyphenolic molecules). The purpose of
this study was to assess the total phenolic and flavonoid contents of 28 samples of Romanian raw
monofloral honey (acacia; linden; rapeseed, sunflower and mint), and to establish their correlations
with several qualitative parameters. Pearson’s test revealed a strong positive correlation between
total phenolic content and total flavonoids (r = 0.76) and color intensity (r = 0.72). For total flavonoid
content, correlations were strongly positive with color intensity (r = 0.81), ash content (r = 0.76) and
electrical conductivity (r = 0.73). The relevant levels of polyphenols and flavonoids identified in the
analyzed honey types demonstrate its antioxidant potential, with essential nutritional and sanogenic
features in human nutrition.

Keywords: honey; quality; phenolic content; flavonoid content; Pearson’s correlation

1. Introduction

The Romanian beekeeping sector has developed throughout the last few years. Both
conventional and organic honey production has increased because Romania has large
areas of melliferous plants [1]. The variety of melliferous flora in Romania provides the
possibility of producing many types of honey: monofloral, multifloral and honeydew
honey [2]. The chemical composition of honey consists mainly of sugars, about 80%, mainly
glucose and fructose, 15–17% water, 0.1–0.4% protein and 0.2% ash, while other components
contained in small quantities provide some special properties [3]. The quality of honey is
closely related to its properties (sensorial, physical, chemical, nutritional and sanogenic
traits) that, in turn, are largely influenced by the type of melliferous flora, geographical
and environmental factors of the region, by the final operations (processing, packaging,
storage place and time) and manipulations [4–6]. The price and purchase frequency of
honey depends on some traits that consumers seek in perceiving the quality of honey,
such as: color, texture, clarity and flavor. Maintaining health through an appropriate
diet led, in the last few years, to a change in preferences in honey consumption, namely,
consumers are interested in the nutritional properties of this unique natural food [7]. The
antimicrobial, anti-inflammatory and antioxidative activities of honey are properties that
have been recognized for their beneficial effects on the human body. Many studies have
shown that the composition and antioxidant activity of honey depends on several factors
that can directly or indirectly affect its quality [8,9]. Honey’s antioxidant capacity has
been correlated with the levels of certain molecules: enzymes, polyphenolic compounds
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(phenolic acids, phenolic acid derivates, flavonoids), proteins, amino acids and other
compounds. Flavonoids belong to a larger group of vegetal phenolic compounds. These
bioactive molecules, originating in plants, are brought together with the collected nectar,
and they have been used in other studies as floral markers to identify the geographical and
botanical origin of honey [6,10,11]. In the literature, there are reports of correlations between
certain physicochemical parameters: electrical conductivity and total ash content [12–14],
pH and moisture, pH and acidity, acidity and ash [15,16]. Sant’ana et al., observed that
darker honey has a higher content of phenolic compounds (flavonoids) and minerals [16];
other correlations, such as total phenolic content and total flavonoid content with color
have also been studied [17–19]. In the present work, the therapeutic qualities of honey
issued from different geographic regions, and, in particular, their antioxidant features, were
studied (especially the polyphenolic and flavonoids compounds). Within this conjuncture,
our study brings forth new data on the total phenolic and total flavonoid contents, as
well as their correlations with several qualitative parameters of raw honey collected from
eastern parts of Romania throughout 2019.

2. Materials and Methods

2.1. Honey Samples

In 2019, the following 28 samples of raw monofloral honey types were collected
directly from beekeepers: acacia (A), eight samples; linden (L), seven samples; rapeseed
(R), five samples; sunflower (SF), five samples; and mint (M), three samples. The honey
bee samples were issued from the Eastern and Southeastern Romanian sites of Iasi County
(A1, A2, A3, A4, L1, L2, R1, R2, SF1, SF2), Vaslui County (A5, A6, L3, L4, L5, R3, R4,
SF3), Botosani County (A7, A8, L6, L7, R5, SF4, SF5) and Tulcea County (M1, M2, M3)
(Figure 1). Each analytical sample was taken from fully filled and sealed individual jars of
400 mL capacity (honey content of 0.5 kg/jar). The botanical origin was declared by the
beekeepers based on the naturally occurring floral species or on cultivated crops that the
bees had harvested during the flowering period of the year. Thereafter, the company that
purchased the honey from the beekeepers applied melissopalynological methods in order
to certify the floral origin, prior to its processing and marketing. The raw honey samples
were kept at 20 ± 3 ◦C in the dark. The preparation stage of the raw honey for analysis
consisted in liquefying the crystallized samples at 40 ◦C in a water bath (manufacturer:
Memmert GMBH—Schwabach, Germany). They were subsequently homogenized and
filtered through a gauze.

Figure 1. Geographic regions of collected honey samples (1—Botosani County; 2—Iasi County;
3—Vaslui County; 4—Tulcea County).
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2.2. Color

The color of the honey samples was determined using the Shimadzu UV-1700 Pharma
Spec instrument (manufacturer: Shimadzu Corporation, Analytical Instruments Division,
Kyoto, Japan). Aqueous honey solutions of 50% (w/v) were centrifuged at 3200 rpm for
5 min in a Universal 320 Hettich centrifuge (manufacturer: Hettich GMBH—Tuttlingen,
Germany) [20]. The absorbance units, measured at 635 nm wavelength, were converted
into mm Pfund using the following calculation:

Pfund (mm) = −38.7 + 371.39 × Abs (1)

where Pfund = the honey color value on the Pfund scale (mm); Abs = the value of the
absorbance read at the wavelength 635 nm.

2.3. Water-Insoluble Solids

Ten grams of honey sample weighed on the PI-214 Denver analytical balance (man-
ufacturer: Denver Instrument GMBH—Gottingen, Germany) were dissolved in distilled
water, filtered through filter paper with constant weight, and washed several times. After
being dried in an ESAC 100 oven at 105 ◦C (manufacturer: SC Electronic April Aparatura
Electronica Speciala S.R.L.—Cluj-Napoca, Romania), the content of water-insoluble solids
was calculated by the difference between the filter paper with water-insoluble solids weight
and filter paper weight, and the result are expressed as percentages [21].

2.4. Refractive Index, Moisture and Solid Substances

The refractive index (RI) of samples was determined using the Abbé Kruss AR 2008
refractometer (manufacturer: Kruss Scientific GMBH, Hamburg, Germany), then, moisture
content (M) was taken from the table of correspondence between the water content and the
refractive index at 20 ◦C [21]. Solid substance content (SS), expressed as a percentage, was
calculated as the difference between 100 and moisture content.

2.5. Total Soluble Solids and Specific Gravity

The total soluble solids (TSS) represented by soluble sugars, expressed as Brix degrees,
were obtained from the table of correspondence between the refractive index at 20 ◦C and
the Brix degrees [22].

Specific gravity was assessed by a gravimetric method, using the pycnometer device.
The results are expressed in g/cm3 [5].

2.6. pH and Free Acidity

Using the Multi 3320 multiparameter (manufacturer: WTW GMBH, Weilheim, Ger-
many), the pH values were measured in an aqueous honey solution (10 g of honey in 75 mL
of distilled water). In the same solution, free acidity was measured by titration with 0.1 N
NaOH (Chemical Company, Iasi, Romania) solution using phenolphthalein (Chimreactiv,
Bucharest, Romania) as a color indicator [21,23,24].

2.7. Ash and Electrical Conductivity

Assessment of ash content was carried out using a gravimetric method after honey
samples were calcinated in the Nabertherm B180 furnace (manufacturer: Nabertherm
GMBH, Lilienthal, Germany); the results are expressed in g/100 g. Electrical conductivity
was measured with the Multi 3320 multiparameter (manufacturer: WTW GMBH, Weilheim,
Germany). The 20% solution (the weighted honey was calculated as dry matter) was
formed with ultrapure water produced by the Barnstead Easy Pure II system (manufacturer:
Thermo Fisher Scientific Co. Ltd., North Liberty, IA, USA); the results are expressed
in μS cm−1 [21,23].
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2.8. Total Phenolic Content and Total Flavonoid Content

Total phenolic content and total flavonoid content were determined according to the
Folin–Ciocalteu method with minor modification.

For total phenolic content, a 10% honey-based alcoholic solution (solution 1:1 of
methanol (Merck KGaA, Darmstadt, Germany) with acidified water (deionized water at
pH = 2 with HCl (Merck KGaA, Darmstadt, Germany)) was homogenized and filtered
through filter paper. An aliquot of honey solution was mixed with 0.2 mL of Folin–
Ciocalteu’s phenol reagent (Merck KGaA, Darmstadt, Germany) for 5 min, and to it was
added 75g/L Na2CO3 (Merck KGaA, Darmstadt, Germany) until the volume was 10 mL.
The solution was kept in the dark, at room temperature, for 30 min prior to measuring it
at 742 nm wavelength, against a blank sample using the Shimadzu UV-1700 Pharma Spec
instrument (manufacturer: Shimadzu Corporation, Analytical Instruments Division, Kyoto,
Japan). To obtain the calibration curve with five calibration points (concentration range
of 2–12 mg L−1; y = 0.089x + 0.1147; R2 = 0.9972), gallic acid (Merck KGaA, Darmstadt,
Germany) was used as the standard. The maximum absorption was recorded at 742 nm for
a spectrum range of 700–800 nm. The results are expressed in mg of gallic acid equivalents
(GAE)/100 g [24,25].

The same honey-based alcoholic solution was used to assess the total flavonoid content.
The same volume of 2% AlCl3 (Merck KGaA, Darmstadt, Germany) was added to this
honey solution. After 10 min, absorbance was read at 430 nm. To obtain the calibration
curve with six calibration points (concentration range of 0.5–5 mg L−1; y = 0.1331x + 0.0112;
R2 = 0.9997), quercetin (Sigma-Aldrich, St. Louis, MO, USA) was used as the standard. The
maximum absorption was recorded at 430 nm for a spectrum range of 400–500 nm. The
results are expressed in mg of quercetin equivalents (QE)/100 g [17,25].

2.9. Statistical Analyses

All analyses were conducted in triplicate. The analytical data were statistically pro-
cessed for main descriptors and analysis of variance—one-way ANOVA—via GraphPad
Prism 9.4.0 (673) software. Correlations between physicochemical parameters were tested
using Pearson’s correlation coefficient (r) between total phenolic and total flavonoid content
and the other investigated parameters. These r values were grouped using OriginPro 2022
software and presented as a heatmap. Graphics were built, and circular hierarchical cluster
analysis (HCA) was performed, using the same software.

3. Results

3.1. Physicochemical Analyses

The results of some studied parameters (color, water-insoluble solids, refractive index,
moisture, solid substance content, total soluble solids, specific gravity) are presented in
Table 1.

Table 1. Parameter (color, water-insoluble solids, refractive index, moisture, solid substances, total
soluble solids, specific gravity) values of honey samples.

Type Descriptive Statistics
Color

mm Pfund
WIS

%
RI

M
%

SS
%

TSS
%

SG
%

Acacia
8 samples

Min–Max 0.2–7.5 0.035–0.108 1.488–1.498 15.41–19.49 80.51–84.59 79.03–83.06 1.420–1.448
Mean ± SD 3.9 ± 2.29 0.079 ± 0.03 1.494 ± 0.00 16.98 ± 1.21 83.02 ± 1.21 81.51 ± 1.20 1.437 ± 0.01

CV 71.20 33.81 0.21 7.15 1.46 1.47 0.58

Linden
7 samples

Min–Max 21.7–26.7 0.062–0.107 1.488–1.493 17.28–19.20 80.80–82.72 79.32–81.19 1.422–1.435
Mean ± SD 24.5 ± 1.75 0.090 ± 0.01 1.491 ± 0.00 18.10 ± 0.70 81.90 ± 0.70 80.40 ± 0.68 1.430 ± 0.00

CV 7.14 16.19 0.12 3.87 0.86 0.85 0.33

Rapeseed
5 samples

Min–Max 52.5–61.0 0.074–0.107 1.486–1.495 16.77–20.07 79.93–83.23 78.28–81.73 1.410–1.439
Mean ± SD 55.6 ± 3.29 0.095 ± 0.01 1.491 ± 0.00 18.21 ± 1.35 81.79 ± 1.35 80.27 ± 1.39 1.428 ± 0.01

CV 5.92 13.42 0.23 7.40 1.65 1.74 0.80

Sunflower
5 samples

Min–Max 36.9–82.9 0.060–0.114 1.487–1.494 16.93–19.60 80.40–83.07 78.92-81.58 1.420–1.438
Mean ± SD 61.5 ± 18.92 0.080 ± 0.02 1.491 ± 0.00 18.27 ± 1.23 81.73 ± 1.23 80.23 ± 1.22 1.429 ± 0.01

CV 30.77 26.87 0.21 6.76 1.51 1.53 0.59
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Table 1. Cont.

Type Descriptive Statistics
Color

mm Pfund
WIS

%
RI

M
%

SS
%

TSS
%

SG
%

Mint
3 samples

Min–Max 42.8–86.1 0.047–0.087 1.489–1.496 16.07–18.79 81.21–83.93 79.73–82.40 1.425–1.444
Mean ± SD 68.0 ± 22.52 0.072 ± 0.02 1.493 ± 0.00 17.31 ± 1.38 82.69 ± 1.38 81.18 ± 1.35 1.435 ± 0.01

CV 33.13 30.52 0.24 7.95 1.66 1.66 0.64

p values
(ANOVA)

A vs. L p = 7.7 × 10−9 p = 0.3633 p = 0.0049 p = 0.0067 p = 0.0067 p = 0.0070 p = 0.0127
A vs. R p = 4.5 × 10−12 p = 0.1050 p = 0.0070 p = 0.0073 p = 0.0073 p = 0.0062 p = 0.0028
A vs. SF p = 4.3 × 10−11 p = 0.9999 p = 0.0037 p = 0.0040 p = 0.0040 p = 0.0045 p = 0.0076
A vs. M p = 3.9 × 10−11 p = 0.8471 p = 0.9247 p = 0.9342 p = 0.9342 p = 0.9299 p = 0.9477
L vs. R p = 3.7 × 10−12 p = 0.9303 p = 0.9995 p = 0.9985 p = 0.9985 p = 0.9966 p = 0.9402
L vs. SF p = 4.1 × 10−12 p = 0.5542 p = 0.9935 p = 0.9898 p = 0.9898 p = 0.9914 p = 0.9906
L vs. M p = 4.3 × 10−12 p = 0.1344 p = 0.3291 p = 0.3507 p = 0.3507 p = 0.3647 p = 0.4127
R vs. SF p = 0.4897 p = 0.2120 p = 0.9997 p = 0.9998 p = 0.9998 p = 0.9999 p = 0.9986
R vs. M p = 0.0318 p = 0.0398 p = 0.2936 p = 0.2843 p = 0.2843 p = 0.2705 p = 0.1685
SF vs. M p = 0.5265 p = 0.8441 p = 0.2203 p = 0.2183 p = 0.2183 p = 0.2352 p = 0.2672

WIS—water-insoluble matter. RI—refractive index. M—moisture. SS—solid substances. TSS—total soluble
substances. SG—specific gravity. SD—standard deviation; CV—coefficient of variation.

The results of some parameters (pH, free acidity, ash, electrical conductivity, total
phenolic content, total flavonoid content) are presented in Table 2.

Table 2. Parameter (pH, free acidity, ash, electrical conductivity, total phenolic content, total flavonoid
content) values of honey samples.

Type Descriptive Statistics pH
FA

meq kg−1 Ash % EC mS cm−1 TPC
mg GAE/100 g

TFC
mg QE/100 g

Acacia
8 samples

Min–Max 4.14–4.72 6.8–15.4 0.040–0.100 0.130–0.220 11.10–17.92 0.44–1.63
Mean ± SD 4.36 ± 0.18 11.3 ± 2.82 0.066 ± 0.02 0.173 ± 0.03 13.88 ± 2.39 0.86 ± 0.40

CV 4.21 24.84 32.02 17.83 17.21 46.92

Linden
7 samples

Min–Max 4.14–4.81 12.5–37.2 0.157–0.333 0.397–0.623 20.30–29.29 1.01–3.14
Mean ± SD 4.42 ± 0.24 27.7 ± 7.93 0.246 ± 0.06 0.506 ± 0.09 24.37 ± 3.08 2.02 ± 0.78

CV 5.51 28.65 25.99 17.03 12.65 38.70

Rapeseed
5 samples

Min–Max 3.62–4.26 19.9–44.0 0.085–0.135 0.197–0.290 19.70–24.74 1.33–3.12
Mean ± SD 4.00 ± 0.25 29.1 ± 9.62 0.101 ± 0.02 0.224 ± 0.04 21.72 ± 1.98 2.00 ± 0.69

CV 6.17 33.05 19.84 16.88 9.10 34.42

Sunflower
5 samples

Min–Max 3.25–5.03 21.6–47.0 0.127–0.428 0.328–0.637 20.60–28.84 1.63–3.92
Mean ± SD 4.09 ± 0.67 28.8 ± 10.43 0.251 ± 0.11 0.428 ± 0.12 25.12 ± 3.26 2.52 ± 0.90

CV 16.45 36.18 44.50 28.04 12.96 35.64

Mint
3 samples

Min–Max 3.80–4.20 24.3–40.0 0.134–0.238 0.220–0.551 42.06–50.82 2.04–3.97
Mean ± SD 4.02 ± 0.21 30.6 ± 8.29 0.202 ± 0.06 0.394 ± 0.17 47.20 ± 4.58 3.05 ± 0.97

CV 5.16 27.09 29.17 42.17 9.70 31.71

p values
(ANOVA)

A vs. L p = 7.7 × 10−8 p = 5.5 × 10−10 p = 3.2 × 10−13 p = 2.1 × 10−11 p = 3.5 × 10−10 p = 1.6 × 10−6

A vs. R p = 4.5 × 10−12 p = 7.7 × 10−10 p = 0.3660 p = 0.3081 p = 2.8 × 10−10 p = 1.5 × 10−5

A vs. SF p = 4.3 × 10−11 p = 1.5 × 10−9 p = 3.9 × 10−14 p = 1.3 × 10−9 p = 6.1 × 10−12 p = 6.2 × 10−10

A vs. M p = 3.9 × 10−11 p = 1.7 × 10−8 p = 4.6 × 10−7 p = 5.9 × 10−8 p = 3.9 × 10−11 p = 4.7 × 10−12

L vs. R p = 3.7 × 10−12 p = 0.9776 p = 8.8 × 10−10 p = 4.6 × 10−10 p = 0.0420 p = 0.9999
L vs. SF p = 4.1 × 10−12 p = 0.9897 p = 0.9986 p = 0.0415 p = 0.9252 p = 0.1906
L vs. M p = 4.3 × 10−12 p = 0.8508 p = 0.3167 p = 0.0068 p = 7.3 × 10−12 p = 0.0021
R vs. SF p = 0.4897 p = 0.9999 p = 3.4 × 10−9 p = 8.7 × 10−9 p = 0.0091 p = 0.2251
R vs. M p = 0.0318 p = 0.9883 p = 0.0007 p = 2.9 × 10−5 p = 4.8 × 10−8 p = 0.0034
SF vs. M p = 0.5265 p = 0.9783 p = 0.2585 p = 0.8516 p = 5.5 × 10−6 p = 0.3357

pH—pH value. FA—Free Acidity. Ash—Crude ash, total minerals content. EC—electrical con-ductivity.
TPC—Total Phenolic Content. TFC—Total Flavonoid Content.

Figures 2 and 3 present the mean content, standard error and mean line values of
selected parameters of five floral honey samples.
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Figure 2. Mean content, standard error and mean line values of selected honey sample parameters:
(a) mm Pfund; (b) moisture; (c) free acidity; (d) electrical conductivity.

Figure 3. Mean content, standard error and mean line values of some honey sample parameters:
(a) total phenols; (b) total flavonoids.

3.2. Correlations between Physicochemical Parameters

The correlations between all studied parameters are presented on a heatmap; these
results were determined using Pearson’s correlation coefficient (Figure 4).

The correlation between ash and electrical conductivity is presented in Figure 5.
The relationship between the flavonoid content and honey color is shown in a visual

graph; data are expressed as % of total studied honey samples (Figure 6).
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Figure 4. Pearson’s correlation coefficient results presented on a heatmap.

Figure 5. Radial graph of correlation between two parameters: ash content (%) and electrical
conductivity (EC) (mS cm−1).

Figure 6. Visual presentation of correlation between (a) color and (b) total flavonoid content of
honey samples.
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In Figure 7, five colored clusters are distinguished, highlighting the connections
between the parameters of the honey samples.

Figure 7. Circular hierarchical cluster analysis (HCA) of studied honey sample parameters.

4. Discussion

4.1. Water-Insoluble Solids (WIS)

In honey, materials such as wax particles, pollen, bee parts, plant material pieces
and other foreign elements that contaminate the honey, represent water-insoluble solids
(WIS) [26]. An increased amount of WIS causes not only a lower quality of honey, but
also an increased opportunity for the development of yeasts, which can create favorable
conditions for the fermentation process, leading to further decreasing of honey quality.
Beekeepers perform centrifugal and filtering operations on their bees’ honey, but most of
them do not sell it directly on the market; therefore, raw honey may have a higher content
of WIS. In our studied honey samples, water-insoluble solids varied from 0.035% in acacia
honey, to 0.114% in sunflower honey. Seven samples of raw monofloral honey (two acacia,
two linden, two rapeseed, one sunflower) had WIS contents between 0.101% and 0.114%,
which are above the threshold level (0.1%) established by the legislation [27].

4.2. Color

The color of honey has an important visual impact on the consumers. In different
parts of the world, honey is consumed primarily because of its color hue: some consumers
prefer light-colored honey, others dark-colored. This honey color palette depends on certain
factors, such as the botanical origin, the composition of the nectar, the amount of pigments,
the extraction operations, temperature, storage conditions and time [3,28]. The color of the
studied honey samples varied from water-white (0.2 mm Pfund) in acacia honey samples
to amber (86.1 mm Pfund) in mint honey samples. The average color intensity increased as
follows: acacia honey < linden honey < rapeseed honey < sunflower honey < mint honey
(Figure 2a). The color of the studied acacia honey samples was similar to the color of acacia
honey from Croatia [29]; various studies show that for the same botanical origin, honey
samples from different regions exhibit various colors; for example, sunflower honey color
intensity varied from 33.66 mm Pfund to 114.00 mm Pfund (Table 3).
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Table 3. Color intensity of different types of floral honey in our study and from literature sources.

Literature source Country
mm Pfund

Acacia Linden Rapeseed Sunflower Mint

Our study Romania 0.20–7.50 21.70–26.70 52.50–61.00 36.90–82.90 42.80–86.10
[30] Chiş and Purcărea (2017) Romania - - - 61.3; 70.5; 88.7 -
[4] Al et al. (2009) Romania 11.00–45.00 36.00–54.00 - 79.00–83.00 -
[2] Pauliuc and Oroian (2020) Romania - - - 32.87–47.52 -
[3] Pauliuc et al. (2020) Romania - - 29.40 37.60 74.30

[31] Pauliuc et al. (2022) Romania 12.87 35.64 36.14 33.66 63.86
[32] Aazza et al. (2013) Portugal - - - 97.60 -
[33] Chirsanova et al. (2021) R. Moldova - 22.00–38.00 - 39.00–41.00 -
[29] Flanjak et al. (2016) Croatia 1.00–8.00 10.00–29.00 - - -
[20] Rat,iu et al. (2020) Poland - 68.01; 76.80 34.34–114.07 62.07; 114.00 -
[34] Smetanska et al. (2021) Germany 26.51 - - - -
[35] Živković et al. (2019) Serbia 20.00 70.00 - - -

Previous studies of honey parameters revealed correlations between the color intensity
and the quantity of minerals (lowest content found in light-colored honey samples) [36]
with phenolic or flavonoid content (color intensity increased as phenolic content grew
higher) [16]. Chiş and Purcărea, showed that the colors of three Romanian sunflower honey
samples became darker, i.e., the mm Pfund increased, over time (2 years) from 70.5 mm
Pfund, 88.7 mm Pfund and 61.3 mm Pfund to 73.4 mm Pfund, 101.4 mm Pfund and to
68.5 mm Pfund, respectively [30].

4.3. Refractive Index, Moisture and Solid Substance Content, Total Soluble Solids and
Specific Gravity

The refractive index (RI), as read from the refractometer, ranged from 1.486 in rapeseed
honey samples to 1.498 in acacia honey samples. The range in moisture content (M) was
between 15.41% (acacia) and 20.07% (rapeseed), while the highest average moisture content
(18.27%) was registered in sunflower honey (Figure 2b). Solid substance contents (SS)
were between 79.93% (rapeseed) and 84.59% (acacia) (Table 1). Of the 28 honey samples,
only one had a moisture content above the 20% (water content) value, recommended
for honey, according to Romanian standards and international regulations [21,27]. The
moisture content of honey samples studied in other research publications [2,29,37–39]
ranged between 14.45% and 22.8%; there were some honey samples reported with moisture
contents exceeding the value of 20% established by the legislation (Table 4). A low content
of moisture provides quality assurance for a long time period; high moisture content is a
favorable condition for the occurrence of the fermentation phenomenon, thus leading to
changes in both sensory and physicochemical properties, and thus, to the decrease in the
quality of the bee product [12,34].

Table 4. Some physicochemical properties of the five different types of floral honey in our study and
from literature sources.

Literature Source Country
Moisture

(%)
pH

Free
Acidity

(meq kg−1)
Ash (%)

EC
(mS cm−1)

TPC
mgGAE/100 g

TFC
mgQE/100 g

Acacia

Our study Romania 15.41–19.49 4.14–4.72 6.8–15.4 0.04–0.10 0.130–0.220 11.10–17.92 0.44–1.63
[4] Al et al. (2009) Romania 16.60–19.80 - - 0.03–0.28 - 2.00–39.00 0.91–2.42
[31] Pauliuc et al. (2022) Romania 15.96 4.31 3.86 - 0.12 - -
[37] Stihi et al. (2016) Romania 16.7–22.8 3.65–4.63 - - 0.097–0.268 - -
[40] Atanassova et al. (2012) Bulgaria 16.9 3.23 - - 0.159 - -
[29] Flanjak et al. (2016) Croatia 14.6–19.9 - - - 0.1–0.161 2.82–5.20 -

[41] Rostislav et al. (2016) Czech
Republic 17 3.82 9.6 - 0.18 23.84 0.87

[42] Alzahrani et al. (2012) Germany 17 5.4 - - - 62.75 -
[11] Smetanska et al. (2021) Germany 18.83 4.10 - - - 21.457 -
[43] Attanzio et al. (2016) Italy - - - - - 18.2 7.6
[44] Di Marco et al. (2018) Italy - - - - - 10.72 3.31
[45] Gośliński et al. (2021) Poland - - - - - 76.3 -
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Table 4. Cont.

Literature Source Country
Moisture

(%)
pH

Free
Acidity

(meq kg−1)
Ash (%)

EC
(mS cm−1)

TPC
mgGAE/100 g

TFC
mgQE/100 g

[39] Milek et al. (2021) Poland 17.17 3.77 20.85 - 0.31 14.081 -
[46] Tomczyk et al. (2019) Poland 17.73 3.79 25.6 - 0.42 47 0.32
[47] Milosavljević et al. (2021) Serbia 14.5–18.5 - 6.6–15.5 0.04–0.15 0.083–0.174 58.17–142.61 -
[48] Sakač et al. (2022) Serbia 16.4; 17.3 3.90; 4.51 13.8; 16.3 - 0.114; 0.136 13.5; 14.4 -
[35] Živković et al. (2019) Serbia - - - - - 37.93 -
[46] Tomczyk et al. (2019) Slovakia 17.86 3.71 16.1 - 0.20 20 0.14
[38] Akgün et al. (2021) Turkey 14.45–21.62 - 12–21 - 0.14–0.27 1–3 -

Linden

Our study Romania 17.28–19.20 4.14–4.81 12.5–37.2 0.157–
0.333 0.397–0.623 20.30–29.29 1.01–3.14

[4] Al et al. (2009) Romania 16.70–19.10 - - 0.19–0.30 - 16–38 4.7–6.98
[31] Pauliuc et al. (2022) Romania 16.75 4.05 14.55 - 0.33 - -
[37] Stihi et al. (2016) Romania 17.2–18.8 3.84–4.35 - - 0.202–0.346 - -
[40] Atanassova et al. (2012) Bulgaria 17.1 4.04 - - 0.689 - -
[29] Flanjak et al. (2016) Croatia 15.9–20.00 - - - 0.497–0.628 6.62–12.10 -

[41] Rostislav et al. (2016) Czech
Republic 16 4.06 14.9 - 0.39 45.04 1.88

[44] Di Marco et al. (2018) Italy - - - - - 26 5.5
[49] Dżugan et al. (2018) Poland - - - - - 30.27–54.95 -
[45] Gośliński et al. (2021) Poland - - - - - 91.3 -
[39] Milek et al. (2021) Poland 20.30 14.13 25.50 - 0.640 43.69 -
[46] Tomczyk et al. (2019) Poland 17.76 3.81 34.2 - 0.53 38 0.5
[48] Sakač et al. (2022) Serbia 15.8; 17.1 4.62; 4.72 14.5; 16.1 - 0.488; 0.608 53.7; 67.3 -
[35] Živković et al. (2019) Serbia - - - - - 71.49 -
[46] Tomczyk et al. (2019) Slovakia 18.35 3.90 21.6 - 0.23 35 0.26

Rapeseed

Our study Romania 16.77–20.07 3.62–4.26 19.9–44.0 0.085–
0.135 0.197–0.290 19.70–24.74 1.33–3.12

[3] Pauliuc et al. (2020) Romania 18.4 4.22 16 - 0.162 19.9 20.2
[31] Pauliuc et al. (2022) Romania 17.31 4.11 17.33 - 0.15 - -
[40] Atanassova et al. (2012) Bulgaria 19.7 3.33 - - 0.181 - -
[49] Dżugan et al. (2018) Poland - - - - - 20.54–31.08 -
[45] Gośliński et al. (2021) Poland - - - - - 101.6 -
[46] Tomczyk et al. (2019) Poland 17.86 3.88 18.6 - 0.23 25 0.32
[48] Sakač et al. (2022) Serbia 18.4; 19.4 4.01; 4.10 16.3; 21.3 - 0.191; 0.224 11.5; 11.9 -
[46] Tomczyk et al. (2019) Slovakia 17.45 3.61 13.6 - 0.16 21 0.14

Sunflower

Our study Romania 16.93–19.60 3.25–5.03 21.6–47.0 0.127–
0.428 0.328–0.637 20.60–28.84 1.63–3.92

[50] Chiş and Purcărea (2015) Romania 18.7 3.656 22.36 0.112 0.301 - -
[30] Chiş and Purcărea (2017) Romania - - - - - 48.6–132.5 -
[4] Al et al. (2009) Romania 17.80–19.70 - - 0.35–0.40 - 20.00–45.00 11.53–15.33
[2] Pauliuc and Oroian (2020) Romania 16.23–20.39 3.65–4.34 15.94–47.32 - 0.315–0.441 - -
[3] Pauliuc et al. (2020) Romania 18.4 3.94 31.6 - 0.362 21.1 22.8
[31] Pauliuc et al. (2022) Romania 16.95 4.04 18.32 - 0.31 - -
[37] Stihi et al. (2016) Romania 17 3.67 - - 0.188 - -
[45] Gośliński et al. (2021) Poland - - - - - 82.4 -
[32] Aazza et al. (2013) Portugal 19.2 3.84 25.50 0.15 0.235 36.69 1.93

[33] Chirsanova, A. et al., 2021 R.
Moldova 16.05–17.52 3.68–4.05 - 0.31–0.49 - - -

[47] Milosavljević et al. (2021) Serbia 17.4–19.8 - 18.5–39.4 0.12–0.30 0.189–0.359 25.45–61.09 -
[48] Sakač et al. (2022) Serbia 17.0 3.38 28.9 - 0.366 27.5 -
[51] Živkov-Baloš et al. (2021) Serbia 14.6–18.6 - 20.40–36.4 0.05–0.30 0.22–0.54 - -

Mint

Our study Romania 16.07–18.79 3.80–4.20 24.3–40.0 0.134–
0.238 0.220–0.551 42.06–50.82 -

[3] Pauliuc et al. (2020) Romania 17.7 4.20 26.9 - 0.474 23.7 25.7
[31] Pauliuc et al. (2022) Romania 16.24 4.52 33.17 - 0.60 - -
[52] Boussaid et al. (2018) Tunisia 19.80 - - 0.13 0.43 119.42 -

Minimum/maximum values of total soluble solids of 78.28 ◦Brix/83.06 ◦Brix were
found in rapeseed/acacia honey samples. Minimum/maximum values of specific gravity
(1.410 g/cm3/1.448 g/cm3) were also found in rapeseed/acacia samples.

4.4. pH and Free Acidity

The values of pH were found to be within a 3.25–5.03 range, while the free acidity
ranged between 6.8 meq kg−1 in acacia honey, and 47.0 meq kg−1 in sunflower honey; all
free acidity values were situated below the threshold (50 meq kg−1) value established by
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the legislation [27]. The lowest average free acidity value was found in acacia samples,
11.3 meq kg−1 (Figure 2c). Honey pH and acidity are correlated with the internal amount of
microorganisms, enzymatic activity and the presence of organic acids. A low pH indicates
a good environment that inhibits microorganism growth, while the free acidity level is
a biochemical marker for honey samples freshness [34,51]. Similar values of free acidity
were found among Serbian acacia honey samples [47]; these were the lowest values when
compared to other types of honey (Table 4). The data on the free acidity of sunflower honey
varied greatly, between 21.6 meq kg−1 and 47.0 meq kg−1. In their study, Pauliuc and
Oroian, found even wider variation limits of free acidity for other Romanian sunflower
honey types, from 15.94 meq kg−1 to 47.32 meq kg−1 [2]. The values of pH and free acidity,
obtained in other studies from different countries are presented in Table 4.

4.5. Ash and Electrical Conductivity

The highest average ash content was found in sunflower samples (0.251%), while
the lowest (0.066%) was measured in acacia samples. The electrical conductivity ranged
between 0.130 mS cm−1 in acacia samples and 0.637 mS cm−1 in sunflower samples.
The lowest average electrical conductivity value was registered in acacia honey samples
(0.173 mS cm−1) (Figure 2d). All values were measured below the maximal threshold of
0.8 mS cm−1, specified by Directive 2001/110/EC of the European Union [3,27] for blossom
honey. Electrical conductivity has become an increasingly common analysis; its value is
related to the quantity of minerals, organic acids and proteins. Additionally, the assessment
of electrical conductivity is useful in certifying honey authenticity/adulteration, as it
facilitates discriminating between blossom honey types and honeydew [3,20,51]. Highly
similar results were obtained from investigations carried out on the same floral type of
honey, with values also below 0.8 mS cm−1 (Table 4).

4.6. Total Phenolic Content and Total Flavonoid Content

Throughout the year, from spring to late autumn, bees mix the nectars of flowers or
secretions of other plants with their fluids to produce blossom honey or honeydew. The
composition of honey, the amount of nutrients, especially the antioxidant compounds
(phenols, flavonoids, flavones), are influenced by the botanical family, the richness of flora
diversity, and/or by the geographical area [28,45]. Honey can be considered a healing food
due to the antioxidant role conferred mainly by phenolic compounds, such as phenolic
acids and flavonoids. The amount of antioxidant compounds depends mainly on the floral
source and on the geographical origin [34,35]. The highest amplitude of variation for the
phenolic content was found in the linden honey (8.99 mg GAE/100 g of phenolic content
between the analytical limits). The minimal individual sample value of phenols (11.10 mg
GAE/100 g) was found in acacia honey, while the maximal value (50.82 mg GAE/100 g) was
measured in mint honey. The lowest average value of phenolic content was calculated in
acacia honey samples (13.88 mg GAE/100 g), followed ascendingly by rapeseed (21.72 mg
GAE/100 g), linden (24.37 mg GAE/100 g) and sunflower (25.12 mg GAE/100 g); thus,
the richest content was found in mint honey samples (47.20 mg GAE/100 g) (Figure 3a).
The values of total phenol content obtained by Milosavljević et al. in Serbian acacia honey
were much higher in comparison to our findings (58.17 to 142.61 mg GAE/100 g) [47]. The
total phenol content assessed in honey bee samples from several European countries have
been reported, ranging from 1 mg GAE/100 g in Turkish acacia honey [38] to 142.61 mg
GAE/100 g in Serbian acacia honey [47] (Table 4). Honey is considered to be a food that,
when kept under optimal conditions, can maintain its nutritional qualities for a long time.
However, the antioxidant content is influenced negatively as storage time extends. In their
study, Chiş and Purcărea found that the total phenolic content of three sunflower honey
samples decreased over time (2 years) from 68.3 mg GAE/100 g to 60.3 mg GAE/100 g,
from 132.5 mg GAE/100 g to 98.2 mg GAE/100 g, and from 48.6 mg GAE/100 g to 40.5 mg
GAE/100 g, respectively [30]. In our findings, total flavonoid content ranged between the
limits of 0.44 mg QE/100 g in acacia honey and 3.97 mg QE/100 g in mint honey (Table 2).
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The highest average content was recorded in mint samples (3.05 mg QE/100 g) followed,
in descending order, by sunflower honey (2.52 mg QE/100 g), and linden and rapeseed
honey (2.02–2.00 mg QE/100 g); thus, the lowest average flavonoid content was calculated
in acacia honey (0.86 mg QE/100 g) (Figure 3b). Table 4 shows the results obtained in other
studies related to flavonoid content in the same floral types of honey. As can be seen, the
data vary considerably from one type of honey to another, and from one country to another
country, within the same honey variety. The presence of phenols and flavonoids reaffirms
the antioxidant properties of honey.

4.7. Correlations between Honey Parameters

Correlations between the physicochemical parameters of the studied honey samples
were revealed using the Pearson correlation coefficient r value; these results are arranged
and presented as a heatmap in Figure 4. Moisture (M) content had a strong negative
correlation with four parameters: refractive index (RI) (r = −1.0), solid substances (SS)
(r = −1.0), total soluble substances (TSS) (r = −1.0) and specific gravity (SG) (r = −0.99).
There were some strong positive linear correlations (r = +1) between three parameters:
refractive index (RI), solid substances (SS) (r = +1) and total soluble solids (TSS); strong
positive linear correlations (r = +0.99) were also noticed between specific gravity (SG) and
refractive index (RI), solid substances (SS) and total soluble solids (TSS). Another strong
positive correlation (r = +0.95) stood out between ash (Ash) and electrical conductivity
(EC) (Figure 5). Phenolic compounds exhibit a close positive relationship with color,
thus explaining the Pearson coefficient of +0.72 determined between total phenol content
(TPC) and color (mm Pfund), and +0.81 between total flavonoid content (TFC) and color
(mm Pfund) (Figure 6). There was also a close positive relationship between these two
compounds and antioxidant properties, the Pearson coefficient having a high value of
+0.76. Total phenol content (TPC) exhibited moderate positive correlations with free acidity
(FA) (r = +0.57), electrical conductivity (EC) (r = +0.53) and with ash (Ash) (r = +0.51).
Total flavonoid content (TFC) had strong positive correlations with ash (Ash) (r = +0.76)
and electrical conductivity (EC) (r = +0.73), and a moderate positive correlation with free
acidity (FA) (r = +0.65). Moderate positive correlations were also found between free
acidity (FA) and color (mm Pfund) (r = +0.68) and moisture (M) (r = +0.59). There are
many other studies exploring the correlations between honey parameters. Pontis et al. [17]
reported strong correlations between total phenolic content and color (r = +0.967), total
flavonoid content and color (r = +0.924) of Brazilian honey. Al Farsi et al. found strong
correlations for color vs. flavonoids (+0.999) and color vs. phenols (+0.974) in honey
samples of Apis mellifera honeybees from regions within the Sultanate of Oman [18], with
higher Pearson coefficient values compared to those obtained in our study. Total flavonoid
content was significantly correlated with color (r = +0.82) in Brazilian honey samples, as
reported by De Almeida et al. [53]. Cimpoiu et al. obtained a strong linear correlation of
+0.86 between total phenolic content and the color intensity in Romanian honey [19]. It
is known that pigments provide the color hue of honey, specifically those pigments with
antioxidant properties, such as carotenoids. Many studies have shown strong correlations
between color intensity and antioxidant compounds: Kavanagh et al. in Irish honey
(color/TPC, r = +0.6) [54]; Ciappini et al., in Argentinian honey (flavonoid content and color,
r = +0.93) [55]; Moniruzzaman et al. [56] in Bangladesh honey samples (color with phenolic
acids, r = +0.943 and flavonoids r = 0.926); Aazza et al. [32] in Portuguese honey (color/TPC,
r = +0.685; color/TFC, r = 0.843); Živković et al. [35] in Serbian honey (color/TPC, r = +0.815;
color/TFC, r = 0.771); Flanjak et al. [29] in Croatian honey (color/TPC, r = +0.925). The
correlations between the total phenol (TPC) and total flavonoid (TFC) contents were also
confirmed in a study on monofloral honey from Sicily (Italy) (r = +0.919), a higher value than
that found in our research [43]. Al Farsi et al. found strong positive correlations between
flavonoids and phenolics (r = +0.977) [18], as did Živković et al., who observed a correlation
of +0.967 between TPC and TFC in Serbian honey samples [35]. Aazza et al., on commercial
Portuguese honey, found strong correlation between TPC and TFC (r = +0.861) [32], while
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in Romanian honey, correlation reached a level of 0.7512 [8]. Flanjak et al., found a strong
statistically significant positive correlation between honey EC and TPC (r = +0.837) [29],
while in another study, this correlation had a lower value (r = +0.55) [54]. In sunflower
honey samples from Serbia, Živkov Baloš et al. found a moderate correlation between
electrical conductivity and ash mass fraction (r = +0.611) [51]. To compare similarities
between studied parameters, we used a color circular hierarchical cluster analysis (HCA).
Figure 7 shows the formation of five clusters, with the following parameters in the first
cluster: refractive index (RI), solid substances (SS), total soluble substances (TSS) and
specific gravity (SG). These parameters exhibited strong positive linear correlations. The
second cluster also consisted of parameters with strong relationships: total flavonoid
content (TFC), color (mm Pfund), free acidity (FA), electrical conductivity (EC) and ash
(Ash). The parameters forming other clusters were moisture content (M), water-insoluble
solids (WIS) and pH.

5. Conclusions

The results of this study show many strong positive correlations, especially between
antioxidant compound levels and color. Dark-colored honey samples had higher phenolic
and flavonoid contents, in comparison with light-color honey samples.

The relevant levels of polyphenols and flavonoids identified in the analyzed honey
demonstrate its antioxidant potential, as well as its essential nutritional and sanogenic
features in human nutrition.
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50. Chiş, A.M.; Purcărea, C. The phisico-chemical caracterisation of sun flower honey from bihor county. An. Univ. Din Oradea Fasc.
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Abstract: The objective of this research was to evaluate some quality-defining physicochemical param-
eters (moisture, specific gravity, pH, free acidity, ash, electrical conductivity, total phenols, and total
flavonoids content, K, Ca, Mg, Na, and P) of seven Romanian monofloral honeys (linden, acacia, rape-
seed, sunflower, mint, raspberry, and chestnut) collected in 2017. The investigated quality parameters
are mainly within the recommended limits set by standards for honey. Sample analyses indicate the
presence of antioxidants, such as TPC (17.9–73.2 mg GAE/100 g) and TFC (0.84–4.81 mg QE/100 g),
and high amounts of K (101–1462 mg kg−1), Ca (58.3–167.5 mg kg−1), Mg (24.8–330.6 mg kg−1),
Na (94.5–233.3 mg kg−1), and P (34.1–137.2 mg kg−1). The Pearson’s correlations between some
parameters (such as color/TFC, color/Mg, color/P, EC/Ash, mm Pfund/TFC, TPC/TFC, K/Ash,
P/Mg), together with PCA, HCA, and ANOVA statistics, highlight three main factors that explain
the variability in the dataset and could be attributed to stability, mineral, and color/antioxidant
contributions. FTIR spectra confirm the authenticity of all the monofloral honeys. The results and
data processing confirm the influence of environmental elements (soil, water, air) on the honey
composition and highlight the quality of honey, as a complete food and a therapeutic product.

Keywords: honey; phenols; flavonoids; minerals; FTIR; Pearson’s correlation

1. Introduction

Honey is considered one of the healthiest foods because any change of the environment
quality produces a negative impact on the health of bees. Bees have important contributions
to pollination, not only of wild plants that have nectar, but also of cultivated ones. Along
with other pollinators, bees play an important role in maintaining biodiversity [1]. One of
the measures to preserve biodiversity is to keep bees safe. Healthy bees have an impact
over the quality of products of the hive. Honey is one of the main products of the hive. In
Romania, the diversity of melliferous plants as well as those that are cultivated ensures
a diversified production of polyfloral and especially monofloral honey [2]. Monofloral
honey is a type of honey that comes mostly from the nectar of a single plant species, is more
valuable, and has a higher price compared to the polyfloral honey [3]. It is known that the
quality properties of honey differ from one year to another, and responsible for this, first,
are the climatic variations of the last years and other factors such as the pastoral regions, en-
vironmental quality (soil, water, air), and mainly the botanical origin [4–7]. The nutritional
and therapeutic quality of honey has been known for a long time, and therefore its use in
different fields (nutrition, medicine, cosmetics, etc.) has been continuously increasing.

Honey contains many substances (mainly sugars, water, organic acids, proteins, vita-
mins, phenolic compounds, minerals, pigments, etc.) that, in perfect harmony, give it its
known properties [4,8–10]. Qualitatively, honey must comply with a series of legislative
requirements, not more than 20% moisture content, not less than 60 g/100 g sugars’ content,
free acidity not more than 50 milliequivalents acid per 1000 g, etc. [11]. The moisture level
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is important, because with a higher content of moisture, honey can ferment and other
parameters such as viscosity, taste, and odor change and contribute to the depreciation of
honey [10]. All the studied European honeys were acidic, and a low pH inhibits the growth
of microorganisms. Free acidity is considered a freshness indicator and the flavors of honey
are due to the presence of organic acids [2,12–16]. Honeydew and blossom honey differ
through composition. The value of electrical conductivity established by legislation [11]
delimits the botanical origin of blossom honey from honeydew, and it could be considered
a criterion for determining a possible honey adulteration. This parameter is correlated with
ash, salts, concentrations of mineral elements, etc. [8,10,12,17,18]. Other constituents of
honey that have a special role are polyphenols and flavonoids. The quantity and the type of
these antioxidant compounds in honey come mainly from flowers, which give this beehive
product its antioxidant properties, and are responsible for its therapeutic qualities [19,20].
Each mineral and trace element in honey varies depending on the geographical as well
as the floral origin. Minerals in honey come from the environment, mainly from the soil,
from which plants absorb them. Plants absorb both essential minerals for human health (K,
Ca, Mg, Na, P, Cu, Mn, Fe) and toxic ones (Pb, Cd, Hg). The traceability of these mineral
elements from soil to honey can negatively influence the quality of the hive products. The
presence and quantity of minerals in honey could reflect the quality and degree of pollution,
which is why honey has also been considered as a possible indicator of the environment
quality [9]. Many researchers have shown some correlations between compounds of honey
that could help to identify some common characteristics of different types of honey from
different geographical areas [21–28].

The analyses carried out on honey involve the structural destruction of the sample,
the consumption of chemical reagents, and consequently, take a long time to obtain viable
results. In recent years, Fourier transform infrared (FTIR) spectroscopy has been used
in honey research. This is a nondestructive analytical method used to scan, to identify,
or to highlight certain substances or chemical groups present in the composition of the
tested samples and the chemical properties of the samples. FTIR spectroscopy yields
valuable information on the quality of honey and is important to verify the authenticity of
the honey and its possible adulteration [29–31]. The technique was applied on different
types of honey samples to determine the botanical or geographical origin, and to identify
some chemical compounds that define the specific quality of honey, such as carbohydrates
(fructose, glucose, sucrose) [32–35].

The aim of this study was to evaluate the quality of some monofloral honey types pro-
duced in Romania by using classical physicochemical methods and to show the similarities
or molecular differences with a nondestructive method—FTIR spectroscopy.

2. Materials and Methods

2.1. Honey Samples

The honey samples, from Apis mellifera species, collected in 2017, come from two com-
panies that collect, process, and then sell the honey (producers 1 and 2) and from four
private beekeepers (producers 3, 4, 5, and 6) (Table 1). The honey samples originate
from mainly the eastern part of Romania, as well as the northwestern and southeastern
parts (Figure 1).

The botanical origin of raw honey samples was established by a company that pur-
chases the honey from the beekeepers, by using melissopalynological methods. Three jars
of 750 g each were collected from every type of honey. All samples were kept in the dark
at laboratory temperature (22 ± 2 ◦C). The crystallized samples were liquefied at 40 ◦C
in a water bath (Memmert GMBH—Schwabach, Germany), homogenized, and filtered
through gauze.
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Table 1. Sample description.

Sample Producer Location
Geographical

Location
Sample Producer Location

Geographical
Location

L1 1 Barnova Iasi 47◦05′32′ ′ N
27◦38′14′ ′ E L3 3 Popesti Iasi 47◦08′42′ ′ N

27◦15′33′ ′ E

A1 1 Lunca Prutului Iasi 47◦27′0′ ′ N
27◦33′0′ ′ E A3 3 Baltati Iasi 47◦13′42′ ′ N

27◦06′32′ ′ E

RP1 1 Barnova Iasi 47◦05′32′ ′ N
27◦38′14′ ′ E RP3 3 Baltati Iasi 47◦13′42′ ′ N

27◦06′32′ ′ E

SF1 1 Barnova Iasi 47◦05′32′ ′ N
27◦38′14′ ′ E SF3 3 Popesti Iasi 47◦08′42′ ′ N

27◦15′33′ ′ E

M1 1 Danube Delta Tulcea 45◦20′ N 29◦30′ E L4 4 Aroneanu Iasi 47◦12′50′ ′ N
27◦36′00′ ′ E

RB1 1 Bistrita mountains 47◦12′, 25◦67′ E A4 4 Aroneanu Iasi 47◦12′50′ ′ N
27◦36′00′ ′ E

C1 1 Satu Mare county 47◦47′24′ ′ N
22◦53′24′ ′ E L5 5 Tomesti Iasi 47◦07′07′ ′ N

27◦42′48′ ′ E

L2 2 Raducaneni Iasi 46◦57′33′ ′ N
27◦58′41′ ′ E A5 5 Tomesti Iasi 47◦07′07′ ′ N

27◦42′48′ ′ E

RP2 2 Raducaneni Iasi 46◦57′33′ ′ N
27◦58′41′ ′ E L6 6 Roscani Iasi 47◦26′18.12′ ′ N

27◦25′42.78′ ′ E

M2 2 Danube Delta Tulcea 45◦20′ N 29◦30′ E A6 6 Roscani Iasi 47◦26′18.12′ ′ N
27◦25′42.78′ ′ E

RB2 2 Dobrovat Iasi 46◦57′55′ ′ N
27◦43′18′ ′ E

Figure 1. Map showing the locations where the honey samples were produced.
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2.2. Pfund Value and Color

The Pfund value and the color of honey samples were determined using the method
described by Ratiu et al. [17,26,36]. A 50% (w/v) honey aqueous solution was centrifuged at
3200 rpm (UNIVERSAL 320 HETTICH centrifuge, Hettich GMBH—Tuttlingen, Germany)
and the absorbance was measured at 635 nm using a Shimadzu UV-1700 Pharma Spec
spectrophotometer (Shimadzu Corporation, Analytical Instruments Division, Kyoto, Japan).
The absorbance units were converted to mm Pfund with the relation:

Pfund (mm) = −38.7 + 371.39 × Abs (1)

where Pfund represents the honey color value in the Pfund scale (mm), and Abs is the
absorbance at 635 nm.

2.3. Refractive Index, Moisture, Solid Substances, and Specific Gravity

Moisture content (M), expressed as a percentage, was taken from the table of corre-
spondence between the water content and the refractive index at 20 ◦C [37] after reading the
refractive index on an ABBÉ Kruss AR 2008 refractometer (Kruss Scientific GMBH, Ham-
burg, Germany) and applying the appropriate temperature correction. Solid substances’
content (SS), expressed as a percentage, was calculated as the difference between 100 and
the moisture content. Specific gravity was determined by the gravimetric method, using
a pycnometer device. The results were expressed in g/cm3 [38,39].

2.4. pH and Free Acidity

The pH values were measured in a honey solution (10 g of honey in 75 mL of distilled
water) using the MULTI 3320 multiparameter (WTW GMBH, Weilheim, Germany). Free
acidity was determined by titration with 0.1 N NaOH (Chemical Company, Iasi, Romania)
of a honey solution (10 g of honey in 75 mL of distilled water) using phenolphthalein
(Chimreactiv, Bucuresti, Romania) as a color indicator. The free acidity was expressed in
g/cm3 [10,37,39].

2.5. Ash and Electrical Conductivity

Ten grams of each honey sample were weighed in porcelain crucibles and were cal-
cinated in a furnace (Nabertherm B180, Nabertherm GMBH, Lilienthal, Germany), and
the ash content was expressed in g/100 g. The 20% solution (the mass of honey was
calculated as dry matter) with ultrapure water (Barnstead EASY PURE II, Thermo Fisher
Scientific Co. Ltd.; Marietta, OH, USA) was measured with the MULTI 3320 multiparam-
eter (WTW GMBH, Weilheim, Germany). The electrical conductivity was expressed in
mS cm−1 [37,39].

2.6. Total Phenols Content and Total Flavonoids Content

The extraction of the total phenols and total flavonoids was carried out with an al-
coholic solution (1:1 equal parts of methanol (Merck KGaA, Darmstadt, Germany) and
acidified water (deionized water at pH = 2 with HCl (Merck KGaA, Darmstadt, Germany)).
The 10% honey solution obtained by mixing the corresponding amount of honey with the
prepared alcoholic solution was homogenized and filtered through filter paper. An aliquot
of filtered honey solution was mixed with 0.2 mL of Folin–Ciocalteu’s phenol reagent
(Merck KGaA, Darmstadt, Germany) for 5 min and 75 g/L of Na2CO3 (Merck KGaA,
Darmstadt, Germany) was added to a total volume of 10 mL. The solution was spectropho-
tometrically analyzed at 742 nm, after incubating in the dark at room temperature for 30 min
(Shimadzu UV-1700 Pharma Spec, Shimadzu Corporation, Analytical Instruments Division,
Kyoto, Japan). The calibration curve was linear (y = 0.0993x + 0.0741; R2 = 0.9991) in the
concentration range of 2–12 mg L−1 gallic acid (Merck KGaA, Darmstadt, Germany). The
total phenols content was expressed as mg of gallic acid equivalents (GAE)/100 g [10,40].
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Total flavonoids were determined in the same alcoholic solution of honey prepared
for the determination of total polyphenols. Equal volumes of 2% AlCl3 (Merck KGaA,
Darmstadt, Germany) and honey solution were mixed, and after 10 min, the absorbance
was measured at 430 nm. A standard solution of quercetin (Sigma-Aldrich, Saint Louis,
MO, USA) was prepared and used to obtain the calibration curve (concentration range
0.5–5 mg L−1; y = 0.01330x + 0.0111; R2 = 0.9998). The total flavonoids content was ex-
pressed as mg of quercetin equivalents (QE)/100 g [26,40].

2.7. Mineral Elements (K, Ca, Mg, Na, and P)

To determine the mineral elements’ content, the ash resulting from the calcination
of the samples was moistened with ultrapure water, evaporated in a sand bath, and after
calcination for 6 h, treatment with 6 M HCl, and heating to evaporate the acid, the residue
was dissolved in 0.1 M nitric acid. The extracts were then filtered, and ultrapure water
was added to a total volume of 25 mL. The presence of possible contaminants during the
digestion process was controlled using blanks. Phosphorus was spectrophotometrically
determined with molybdovanadate reagent at 430 nm (Shimadzu UV-1700 Pharma Spec,
Shimadzu Corporation, Analytical Instruments Division, Kyoto, Japan) [41]. The calibra-
tion curve was linear in the concentration range of 5–50 mg L−1 (y = 0.0209x + 0.0150;
R2 = 1.000). Ca and Mg were determined by flame atomic absorption spectrometry (Ca:
y = 0.0264x + 0.0140, R2 = 0.9995, 1–10 mg L−1; Mg: y = 0.3997x + 0.0253, R2 = 0.9991,
0.1–0.5 mg L−1), and Na and K were determined by flame atomic emission spectrometry
(Na: y = 0.0970x + 0.0017, R2 = 0.9966, 1–10 mg L−1; K: y = 0.1010x + 0.0128, R2 = 0.9988,
1–10 mg L−1) (Analytik Jena novAA 350, Analytik Jena GmbH, Jena, Germany).

2.8. FTIR Analysis

Infrared spectra were obtained by using a Jasco FT/IR-660 Plus Fourier Transform In-
frared Spectrometer (Tokyo, Japan). The honey samples were liquefied at 40 ◦C and homog-
enized. A small quantity of the honey samples was incorporated into a KBr (Sigma-Aldrich,
Darmstadt, Germany) pellet. Spectral measurements were recorded in the wavenumber
over a domain from 4000 to 400 cm−1 with 32 scans, with a resolution of 4 cm−1 [30].

From the FTIR analysis, the raw data of 21 honey samples were saved in a file with
“.jws” and “.txt” extensions. In each obtained spectrum, the transmittance vs. wavenumber
was plotted. With the OriginPro 2022 software, the spectra of the honey samples were
obtained and graphically displayed.

2.9. Statistical Analyses

All analyses were performed in triplicate. Statistical analyses were performed using
the software package STATISTICA 12.0 (StatSoft Inc, Tusla, OK, USA). Correlations between
the investigated parameters were tested using Pearson’s correlation coefficient. Principal
component analysis and hierarchical cluster analysis were used to obtain an overview of
physicochemical parameters’ contributions.

3. Results

3.1. Physicochemical Analyses

Figure 2 shows the color differences of the 21 honey samples and their classifications
according to the Pfund scale.

In Table 2, the values of mm Pfund, refractive index, moisture, solid substances’
content, and specific gravity are presented.

The results for pH, free acidity, ash, electrical conductivity, total phenols content, and
total flavonoids content are presented in Table 3.
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Table 4 lists the concentrations of mineral elements in the analyzed honeys.

 
Figure 2. The color of the honey samples according to the Pfund scale.

Table 2. Parameter values (mm Pfund, refractive index, moisture, solid substances’ content, and
specific gravity) of seven types of honey.

Parameter
Descriptive

Statistics

Type

ANOVALinden
6 Samples

Acacia
5 Samples

Rapeseed
3 Samples

Sunflower
2 Samples

Mint
2 Samples

Raspberry
2 Samples

Chestnut
1 Sample

mm Pfund
Min–Max 23.1–41.8 0.1–2.0 45.2–73.7 15.5–53.9 18.8–65.2 28.5–43.7 98.3–100.2

***Mean ± SD 28.6 ± 9.94 0.6 ± 0.81 59.3 ± 14.30 34.7 ± 27.14 42.0 ± 32.83 36.1 ± 10.75 99.2 ± 0.59
CV 34.81 132 24.12 78.27 78.17 29.77 0.59

RI
Min–Max 1.486–1.494 1.488–1.493 1.486–1.492 1.488–1.493 1.490–1.491 1.490–1.492 1.497–1.498

nsMean ± SD 1.489 ± 0.00 1.491 ± 0.00 1.488 ± 0.00 1.490 ± 0.00 1.490 ± 0.00 1.491 ± 0.00 1.497 ± 0.00
CV 0.20 0.15 0.24 0.21 0.05 0.09 0.01

M
%

Min–Max 17.0–20.4 17.5–19.5 17.8–20.4 17.6–19.3 18.3–18.7 17.8–18.7 15.9–16.0
nsMean ± SD 18.9 ± 1.18 18.3 ± 0.92 19.5 ± 1.44 18.4 ± 1.24 18.5 ± 0.29 18.3 ± 0.64 15.9 ± 0.03

CV 6.24 5.04 7.36 6.75 1.55 3.49 0.21

SS
%

Min–Max 79.6–83.0 80.5–82.5 79.6–82.2 80.7–82.4 81.3–81.7 81.3–82.2 84.0–84.1
nsMean ± SD 81.1 ± 1.18 81.7 ± 0.92 80.5 ± 1.44 81.6 ± 1.24 81.5 ± 0.29 81.8 ± 0.64 84.1 ± 0.03

CV 1.46 1.13 1.78 1.53 0.35 0.78 0.04

SG
g/cm3

Min–Max 1.415–1.437 1.421–1.434 1.415–1.432 1.422–1.434 1.426–1.429 1.426–1.432 1.444–1.445
nsMean ± SD 1.420 ± 0.01 1.428 ± 0.01 1.421 ± 0.01 1.428 ± 0.01 1.28 ± 0.00 1.429 ± 0.00 1.445 ± 0.00

CV 0.55 0.44 0.68 0.59 0.14 0.30 0.02

RI—refractive index, M—moisture, SS—solid substances, SG—specific gravity, SD—standard deviation,
CV—coefficient of variation. Significant difference at: p < 0.001 (***), ns—not significant.
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Table 3. Parameter values (pH, free acidity, ash, electrical conductivity, total phenols content, total
flavonoids content) of seven types of honey.

Parameter
Descriptive

Statistics

Type

ANOVALinden
6 Samples

Acacia
5 Samples

Rapeseed
3 Samples

Sunflower
2 Samples

Mint
2 Samples

Raspberry
2 Samples

Chestnut
1 Sample

pH
Min–Max 3.81–5.08 3.94–4.64 3.95–4.17 3.91–4.91 3.99–4.77 4.27–4.30 4.63–4.67

nsMean ± SD 4.59 ± 0.44 4.17 ± 0.27 4.06 ± 0.11 4.41 ± 0.71 4.38 ± 0.55 4.29 ± 0.02 4.65 ± 0.01
CV 9.50 6.49 2.65 16.09 12.54 0.50 0.31

FA
meq kg−1

Min–Max 23.4–38.6 12.8–25.4 24.3–46.6 35.6–50.1 38.2–45.7 25.8–42.0 49.6–49.9
**Mean ± SD 29.51 ± 5.20 19.8 ± 5.08 34.7 ± 11.21 42.9 ± 10.25 42.0 ± 5.33 33.9 ± 11.46 49.8 ± 0.11

CV 17.64 25.60 32.30 23.92 12.71 33.79 0.23

Ash
%

Min–Max 0.199–0.471 0.044–0.190 0.061–0.114 0.184–0.501 0.199–0.213 0.174–0.176 0.459–0.502
**Mean ± SD 0.33 ± 0.11 0.098 ± 0.06 0.088 ± 0.03 0.343 ± 0.22 0.206 ± 0.01 0.175 ± 0.00 0.483 ± 0.02

CV 34.75 64.12 30.56 65.45 4.81 0.81 3.30

EC
mS cm−1

Min–Max 0.358–0.692 0.140–0.320 0.209–0.252 0.469–0.699 0.503–0.542 0.294–0.378 0.920–0.935
***Mean ± SD 0.594 ± 0.17 0.200 ± 0.08 0.2350.02± 0.584 ± 0.16 0.523 ± 0.03 0.336 ± 0.06 0.927 ± 0.01

CV 27.82 40.36 9.73 27.85 5.28 17.68 0.57

TPC
mg

GAE/100g

Min–Max 22.0–27.5 13.7–23.1 22.4–24.1 21.10–23.90 50.3–58.7 28.2–33.5 72.5–74.1
***Mean ± SD 25.1 ± 2.42 17.9 ± 3.79 23.3 ± 0.87 22.50 ± 1.98 54.5 ± 5.93 30.9 ± 3.75 73.2 ± 0.51

CV 9.63 21.17 3.72 8.80 10.89 12.15 0.70

TFC
mg QE/100g

Min–Max 1.48–2.56 0.46–1.29 2.29–2.87 1.21–2.56 2.12–3.62 2.38–2.87 4.21–5.27
***Mean ± SD 1.81 ± 0.43 0.87 ± 0.32 2.43 ± 0.33 1.89 ± 0.95 2.87 ± 1.06 2.63 ± 0.35 4.81 ± 0.31

CV 24.0 36.18 13.35 50.64 36.96 13.20 6.41

FA—free acidity, EC—electrical conductivity, TPC—total phenols content, TFC—total flavonoids content,
SD—standard deviation, CV—coefficient of variation. Significant difference at: p < 0.01 (**), p < 0.001 (***),
ns—not significant.

Table 4. Concentrations of mineral elements (K, Ca, Mg, Na, P) in seven types of honey.

Parameter
Descriptive

Statistics

Type

ANOVALinden
6 Samples

Acacia
5 Samples

Rapeseed
3 Samples

Sunflower
2 Samples

Mint
2 Samples

Raspberry
2 Samples

Chestnut
1 Sample

K
mg kg−1

Min–Max 404–1507 75–213 46–196 455–1150 415–697 228–327 1455–1467
**Mean ± SD 984 ± 476 131 ± 53.96 101 ± 82.76 803 ± 491.44 556 ± 199.15 278 ± 70.00 1462 ± 1.71

CV 48.45 41.15 82.08 61.24 35.81 25.23 0.12

Ca
mg kg−1

Min–Max 31.7–429.8 17.7–139.7 24.3–84.3 131.0–132.0 122.6–171.9 15.7–128.8 155.7–173.1
nsMean ± SD 167.5 ± 143 62.2 ± 53.41 58.3 ± 30.79 131.5 ± 0.71 147.3 ± 34.86 72.3 ± 79.97 164.0 ± 5.50

CV 85.51 85.82 52.81 0.54 23.67 110.69 3.35

Mg
mg kg−1

Min–Max 39.4–96.9 10.8–64.6 33.3–58.6 50.8–74.3 29.5–78.2 70.9–72.8 320.2–339.0
***Mean ± SD 59.4 ± 21.12 24.8 ± 22.52 46.2 ± 12.66 62.6 ± 16.62 53.9 ± 34.44 71.9 ± 1.34 330.6 ± 1.23

CV 35.54 90.80 27.38 26.57 63.95 1.87 0.37

Na
mg kg−1

Min–Max 97.9–223.1 28.4–292.6 45.0–128.3 129.7–247.0 172.5–181.2 110.1–156.1 216.0–245.2
nsMean ± SD 169.4 ± 49.41 94.5 ± 113.23 98.0 ± 46.03 188.4 ± 82.94 176.9 ± 6.15 133.1 ± 32.53 233.3 ± 5.79

CV 29.18 119.85 46.99 44.04 3.48 24.44 2.48

P
mg kg−1

Min–Max 29.8–52.9 21.8–47.3 39.5–50.5 40.1–52.5 43.5–74.5 44.2–79.4 125.6–145.1
***Mean ± SD 42.1 ± 9.68 34.1 ± 9.69 45.4 ± 5.54 46.3 ± 8.77 59.0 ± 21.92 61.8 ± 24.89 137.2 ± 1.05

CV 22.98 28.41 12.21 18.94 37.15 40.28 0.76

SD—standard deviation, CV—coefficient of variation. Significant difference at: p < 0.01 (**), p < 0.001 (***),
ns—not significant.

Statistical differences based on the mean values of the determined parameters between
all types of analyzed samples (one-way ANOVA) are listed in Tables 2–4. In Table 5, the
statistical differences for the investigated quality parameters for pairs of different honey
types are summarized.

3.2. FTIR Spectra

In Table 6, the band wavelengths of honey samples’ spectra are presented. Figures 3 and 4
show the FTIR spectra of the analyzed honey samples in the 4000–400 cm−1 and 1700–400 cm−1

spectral regions.

3.3. Correlation and Multivariate Statistical Analysis

The correlations between all studied parameters are summarized in Table 7.

285



Agriculture 2023, 13, 75

Table 5. Analysis of variance (ANOVA) for the determined quality parameters (pairs of honey types).

mm Pfund RI M SS SG pH FA Ash EC TPC TFC K Ca Mg Na P

L-A *** ns ns ns ns ns * ** *** ** ** ** ns * ns ns

L-RP ** ns ns ns ns ns ns ** ** ns ns * ns ns ns ns

L-SF ns ns ns ns ns ns * ns ns ns ns ns ns ns ns ns

L-M ns ns ns ns ns ns * ns ns *** ns ns ns ns ns ns

L-RB ns ns ns ns ns ns ns ns ns * ns ns ns ns ns ns

L-C ** ns ns ns ns ns * ns ns *** ** ns ns *** ns ***

A-RP *** ns ns ns ns ns * ns ns ns *** ns ns ns ns ns

A-SF * ns ns ns ns ns ** ns ** ns ns * ns ns ns ns

A-M * ns ns ns ns ns ** ns ** *** ** ** ns ns ns ns

A-RB *** ns ns ns ns ns ns ns ns ** ** * ns * ns ns

A-C *** ns ns ns ns ns ** ** ** *** *** *** ns *** ns ***

RP-SF ns ns ns ns ns ns ns ns * ns ns ns * ns ns ns

RP-M ns ns ns ns ns ns ns ** *** ** ns * ns ns ns ns

RP-RB ns ns ns ns ns ns ns * ns * ns ns ns ns ns ns

RP-C ns ns ns ns ns * ns ** ** *** * ** ns ** ns **

SF-M ns ns ns ns ns ns ns ns ns * ns ns ns ns ns ns

SF-RB ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

SF-C ns ns ns ns ns ns ns ns ns * ns ns * * ns ns

M-RB ns ns ns ns ns ns ns * ns * ns ns ns ns ns ns

M-C ns ns ns ns ns ns ns * ns ns ns ns ns ns ns ns

RB-C ns ns ns ns ns * ns ** ns ns ns * ns ** ns ns

Significant difference at: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), ns—not significant.

Table 6. Positions of absorption bands for the monofloral honey samples analyzed by FTIR.

Spectral Range

FT-IR
Wavenumber (cm−1)

Linden Acacia Rapeseed Sunflower Mint Raspberry Chestnut

D1 3377–3416 3393–3415 3383–3398 3396–3408 3376–3388 3370–3416 3369
D2 2933–2934 2934–2935 2932–2933 2922–2933 2933 2929–2933 2933
D3 2117–2120 2118–2119 2115–2118 2120–2121 2116–2118 2116–2117 2119
D4 1641–1647 1636–1647 1638–1646 1637–1640 1637–1639 1640–1647 1638
D5 1452–1453 1452–1454 1453–1454 1450–1454 1452–1453 1453 1454
D6 1415–1416 1415–1418 1415–1417 1415–1418 1414–1416 1415–1416 1416
D7 1342–1350 1348–1350 1340–1342 1348 1342–1344 1339–1345 1343
D8 1256–1258 1256–1257 1256 1257 1255–1256 1255–1259 1256
D9 1144–1146 1144–1146 1144 1144–1145 1144 1144–1145 1145
D10 1055–1057 1054–1056 1056 1056 1056 1054–1057 1056
D11 919–920 919–920 918–919 919 919 919 919
D12 866–867 867 866–867 867 867–868 867 867
D13 819 819–819 818 818 818 818–819 819
D14 778–779 778–779 778 778 778 778–779 778
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Figure 3. FTIR spectra of all studied honey samples in the spectral region from 4000 to 400 cm−1.

Figure 4. FTIR spectra of all studied honey samples in the spectral region from 1700 to 400 cm−1.
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The results of the principal component analysis are shown in Table 8 and Figure 5. In
Figure 6, the hierarchical dendrogram of cluster analysis is presented.

Table 8. Loadings and explained variance (%) for the extracted principal components for the analyzed
honey samples. The values of significant correlation coefficients are marked in bold.

Variable PC 1 PC 2 PC 3

RI 0.98 0.03 0.15
M −0.99 −0.03 −0.15
SS 0.99 0.03 0.15

Color 0.05 0.00 0.93
SG 0.98 0.02 0.15
pH 0.12 0.91 −0.23
FA −0.06 0.03 0.88

Ash 0.00 0.94 0.19
EC 0.12 0.90 0.36

TPC 0.31 0.31 0.73
TFC 0.12 0.02 0.98

K 0.15 0.88 0.18
Ca −0.31 0.66 0.04
Mg 0.31 0.47 0.70
Na 0.00 0.81 0.10
P 0.33 0.16 0.86

Eigenvalue 6.85 4.02 2.89
% Total variance 42.83 25.15 18.04
Cumulative % 42.83 67.97 86.01

(a) (b) 

Figure 5. Graphical representation of PC for the analyzed honey samples: (a) scores for PC2 vs. PC1
and (b) scores for PC3 vs. PC1.
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Figure 6. The hierarchical dendrogram of cluster analysis for the analyzed honey samples based on
the determined quality parameters.

4. Discussion

4.1. Color

The first opinion on the quality of a food product for a consumer is the color, and
subsequently the flavor and taste. Consumer preferences on honey vary, some prefer
light-colored honey and others dark-colored, and these preferences can affect the price [4].
The colors of honey are grouped into seven categories: water white, extra white, white,
extra light amber, light amber, amber, and dark amber, without considering the variations
of shades that they can have. There are several methods to determine the color of honey,
such as Pfund, Lovibond, and Jack’s scale color grader [42]. The color of honey is directly
influenced by various factors, such as water content and some chemical compounds (phe-
nolic, carotenoids, minerals), pollen floral types, and geographical origin, and indirectly by
technological conditions (temperature, processing/handling/storage), time, etc. [8,42–44].
In this study, the average honey color values ranged from 0.1 mm Pfund for acacia honey
to 100.2 mm Pfund for chestnut honey (Table 1). The color of linden honey varied between
23.1 and 41.80 mm Pfund (extra white–extra light amber). High differences were found
for mint honey of 46.4 mm Pfund and of 38.4 mm Pfund for sunflower honey. Similar
high differences were found by Ratiu et al. for rapeseed and sunflower honey from Poland
(Table 9) [17]. All acacia samples have low values of mm Pfund, such as those observed
by Flanjak et al. for acacia honey from Croatia [45]. It is known that chestnut honey
is dark-colored, as also shown in other studies when higher values were reported than
those found in this study [5,42] (Table 9). The results in the present study showed the
highest concentration of antioxidant compounds in the dark-colored honey. Considering
the variability in the global dataset, the ANOVA indicated significant differences at the
p < 0.001 level (Table 2), mainly based on the statistically significant differences between
acacia honey and the other monofloral honey types (Table 5) and also between chestnut
and linden honeys.
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Table 9. Comparative results on color intensity (mm Pfund) of different floral-type honeys.

mm Pfund Country
Literature

Source

Linden Acacia Rapeseed Sunflower Mint Raspberry Chestnut

23.1–41.8 0.1–2.0 45.2–73.7 15.5–53.9 18.8–65.2 28.5–43.7 98.3–100.2 Romania This study
- - - 61.3; 70.5; 88.7 - - - Romania [46]

36.00–54.00 11.00–45.00 - 79.00–83.00 - - - Romania [47]
- - - 32.87–47.52 - - - Romania [2]
- - 29.40 37.60 74.30 61.4 - Romania [8]

35.64 12.87 36.14 33.66 63.86 63.36 - Romania [15]
- - - 97.60 - - - Portugal [36]

22.00–38.00 - - 39.00–41.00 - - - R. Moldova [48]
10.00–29.00 1.00–8.00 - - - - - Croatia [45]
68.01; 76.80 - 34.34–114.07 62.07; 114.00 - 87.45; 91.29 - Poland [17]

68.1 10.2; 21.47 85.47–114.07 - - 101.56; 87.45 - Czech Repub-
lic/Poland [17]

- 26.51 - - - - - Germany [49]
70.00 20.00 - - - - - Serbia [43]

- - - - - 39–74.5 - Romania [50]
- - - - - 118 - Spain [16]

38.27–139.48 −7.26–20.92 2.08–138.56 96.3–198.91 - - 71.3–149.42 Hungary [42]
- - - - - - 123–150 Spain [5]
- - - - - - 69.63–108.7 Portugal [51]

33.3 12.9 26.2 52.4 - - 87.9 Europe [52]

4.2. Refractive Index, Moisture, and Solid Substances, and Specific Gravity

The main compounds of honey are sugars, and therefore one of its properties is to
be hygroscopic. A high moisture content of honey can cause fermentation and spoilage,
and these processes negatively change the physicochemical properties and undoubtedly
lower the quality and price, shortening the shelf life of the product [9,10,17,21,49,52]. The
moisture content of honey samples can be determined by measuring the refractive index.
The refractive index of honey is directly related to the content of solid substances. The
values of the refractive index (RI) were found between 1.486 and 1.498, with the range of the
moisture content between 15.9% for chestnut honey and 20.4% for two samples of linden
and rapeseed honey (Table 2). Three honey samples had moisture over the maximum
moisture content limit of 20%, recommended for honey in international regulations and
Romanian standards [11,37] (20.3% and 20.4% for RP1 and RP2, 20.4% for L3). The various
values of moisture content (Table 2) can be attributed to factors such as: weather, harvesting
and manipulation procedures, storage, etc. Various values, from 3.9% in acacia honey [53]
to 22.8% in acacia honey [54], were also obtained in other studies conducted on the seven
honey types analyzed, taken from different countries (Table 10). Honey is a viscous product,
having a higher density than water. The specific gravity depends on the moisture content,
and it is important to know the stored quantity of honey. The lowest specific gravity of
1.415 g/cm3 was obtained for linden honey and the highest specific gravity of 1.445 g/cm3

for chestnut honey. No significant differences were observed between the mean values of
all four parameters, neither at the global level (by testing the variability in the dataset of
seven honey types) nor between the pairs of honey types (Tables 2 and 5).

Table 10. Comparative physicochemical properties of seven types of monofloral honeys.

Country
Moisture

(%)
pH

Free Acidity
(meq kg−1)

Ash (%)
EC

(mS cm−1)
TPC

mg GAE/100 g
TFC

mg QE/100 g
Literature

Source

Linden

Romania 17.0–20.4 3.81–5.08 23.4–38.6 0.199–0.471 0.358–0.692 22.0–27.5 1.48–2.56 This study
Romania 5.4–6.0 3.6–4.7 - - 0.410–0.730 - - [53]
Romania 16.70–19.10 - - 0.19–0.30 - 16–38 4.7–6.98 [47]
Romania 16.75 4.05 14.55 - 0.33 - - [15]
Romania 17.2–18.8 3.84–4.35 - - 0.202–0.346 - - [54]
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Table 10. Cont.

Country
Moisture

(%)
pH

Free Acidity
(meq kg−1)

Ash (%)
EC

(mS cm−1)
TPC

mg GAE/100 g
TFC

mg QE/100 g
Literature

Source

Linden

Bulgaria 17.1 4.04 - - 0.689 - - [55]
Croatia 15.9–20.0 - - - 0.497–0.628 6.62–12.10 - [45]
Czech

Republic 16 4.06 14.9 - 0.39 45.04 1.88 [13]

Italy - - - - - 26 5.5 [56]
Poland 20.30 4.13 25.50 - 0.640 43.69 - [14]
Poland 17.76 3.81 34.2 - 0.53 38 0.5 [20]
Serbia 15.8; 17.1 4.62; 4.72 14.5; 16.1 - 0.488; 0.608 53.7; 67.3 - [57]
Serbia - - - - - 71.49 - [43]

Slovakia 18.35 3.90 21.6 - 0.23 35 0.26 [20]
Romania 18.54 4.83 5.88 - 0.512 - - [58]

Acacia

Romania 17.5–19.5 3.94–4.65 12.8–25.4 0.044–0.190 0.140–0.320 13.7–23.1 0.46–1.29 This study
Romania 3.9–6.2 3.7–4.3 - - 0.110–0.270 - - [53]
Romania 16.60–19.80 - - 0.03–0.28 - 2.00–39.00 0.91–2.42 [47]
Romania 15.96 4.31 3.86 - 0.12 - - [15]
Romania 16.7–22.8 3.65–4.63 - - 0.097–0.268 - - [54]
Bulgaria 16.9 3.23 - - 0.159 - - [55]
Croatia 14.6–19.9 - - - 0.1–0.161 2.82–5.20 - [45]
Czech

Republic 17 3.82 9.6 - 0.18 23.84 0.87 [13]

Germany 17 5.4 - - - 62.75 - [59]
Germany 18.83 4.10 - - - 21.457 - [49]

Italy - - - - - 18.2 7.6 [60]
Italy - - - - - 10.72 3.31 [56]

Poland 17.17 3.77 20.85 - 0.31 14.081 - [14]
Poland 17.73 3.79 25.6 - 0.42 47 0.32 [20]
Serbia 14.5–18.5 - 6.6–15.5 0.04–0.15 0.083–0.174 58.17–142.61 - [61]
Serbia 16.4; 17.3 3.90; 4.51 13.8; 16.3 - 0.114; 0.136 13.5; 14.4 - [57]
Serbia - - - - - 37.93 - [43]

Slovakia 17.86 3.71 16.1 - 0.20 20 0.14 [20]
Turkey 14.45–21.62 - 12–21 - 0.14–0.27 1–3 - [62]
Croatia 16.78–17.01 - 10.45–11.02 - 0.15–0.18 - - [63]

Romania 18.02 4.02 2.29 - 0.218 - - [58]

Rapeseed

Romania 17.8–20.4 3.95–4.17 24.3–46.6 0.061–0.114 0.209–0.252 22.4–24.1 2.29–2.87 This study
Romania 5.1–5.8 3.6–3.9 - - 0.150–0.285 - - [53]
Romania 18.51 4.23 15.26 0.168 - - [58]
Romania 17.31 4.11 17.33 - 0.15 - - [15]
Bulgaria 19.7 3.33 - - 0.181 - - [55]
Poland 17.86 3.88 18.6 - 0.23 25 0.32 [20]
Serbia 18.4; 19.4 4.01; 4.10 16.3; 21.3 - 0.191; 0.224 11.5; 11.9 - [57]

Slovakia 17.45 3.61 13.6 - 0.16 21 0.14 [20]

Sunflower

Romania 17.6–19.3 3.91–4.91 35.6–50.1 0.184–0.501 0.469–0.699 21.10–23.90 1.21–2.56 This study
Romania 18.82 4.12 11.82 - 0.367 - - [58]
Romania 4.7–6.6 3.3–3.8 - - 0.340–0.475 - - [53]
Romania 18.7 3.656 22.36 0.112 0.301 - - [64]
Romania - - - - - 48.6–132.5 - [46]
Romania 17.80–19.70 - - 0.35–0.40 - 20.00–45.00 11.53–15.33 [47]
Romania 16.23–20.39 3.65–4.34 15.94–47.32 - 0.315–0.441 - - [2]
Romania 18.4 3.94 31.6 - 0.362 21.1 22.8 [8]
Romania 16.95 4.04 18.32 - 0.31 - - [15]
Romania 17 3.67 - - 0.188 - - [54]
Portugal 19.2 3.84 25.50 0.15 0.235 36.69 1.93 [36]

R Moldova 16.05–17.52 3.68–4.05 - 0.31–0.49 - - - [48]
Serbia 17.4–19.8 - 18.5–39.4 0.12–0.30 0.189–0.359 25.45–61.09 - [61]
Serbia 17.0 3.38 28.9 - 0.366 27.5 - [57]
Serbia 14.6–18.6 - 20.40–36.4 0.05–0.30 0.22–0.54 - - [65]

Morocco 16.9–18.5 3.52–3.8 15.3–36.7 0.12–0.20 0.43–0.52 - - [18]
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Table 10. Cont.

Country
Moisture

(%)
pH

Free Acidity
(meq kg−1)

Ash (%)
EC

(mS cm−1)
TPC

mg GAE/100 g
TFC

mg QE/100 g
Literature

Source

Linden

Mint

Romania 18.3–18.7 3.99–4.77 38.2–45.7 0.199–0.213 0.503–0.542 50.3–58.7 2.12–3.62 This study
Romania 17.91 4.19 26.71 - 0.466 - - [58]
Romania 17.7 4.20 26.9 - 0.474 23.7 25.7 [8]
Romania 16.24 4.52 33.17 - 0.60 - - [15]
Tunisia 19.80 - - 0.13 0.43 119.42 - [12]

Morocco 15.6–18.3 3.53–4.07 26.6–32 0.18–0.23 0.350–0.505 - - [18]

Raspberry

Romania 17.8–18.7 4.27–4.30 25.8–42.0 0.174–0.176 0.294–0.378 28.2–33.5 2.38–2.87 This study
Romania 17.32–20.12 4.01–4.31 20.1–42.1 - 0.367–0.528 14.48–25.72 25.36–41.35 [50]
Romania 18.3 4.16 27.3 - 0.446 19.9 35.5 [8]
Romania 17.27 4.27 24.06 - 0.519 - - [15]
Romania 18.35 4.16 27.31 - 0.439 - - [58]
Poland - - - - - 109.1 - [19]

Chestnut

Romania 15.9–16.0 4.63–4.67 49.6–49.9 0.459–0.502 0.920–0.935 72.5–74.1 4.21–5.27 This study
Spain 15.83 5.31 26.25 - 1.16 35.41 - [16]

Romania 18.2 5.10 11.2 0.63 1.21 - - [66]
Georgia 18.2–20.9 4.5–4.97 20.8–44.6 0.89–2.71 1.036–1.667 80.0–461.5 - [67]

Spain - 3.93–4.65 - - 0.737–1.235 88.43–166.45 6.60–11.78 [5]
Spain 17.6–18.2 4.5–4.7 - - 1.0–1.1 121.5–138.2 8.4–9.6 [68]

Portugal 15.23–16.87 4.35–4.42 19.67 - 0.98–1.14 67.88–73.39 - [51]
Turkey 17.4–19.5 4.80–5.34 - 0.74–0.80 1.30–1.52 76.20–94.05 4.20–6.50 [69]

4.3. pH and Free Acidity

Raw honey can be collected at different maturity stages, in different seasons, and its pH
ranges between 3.5 and 5.5. The pH values of the analyzed honey samples ranged between
3.81 and 5.08. The concentration of organic acids lowers the pH of honey, giving it an acidic
character [10,14,65]. The more acidic the honey is, the more the fermentation process and its
alteration are avoided because the medium does not favor the development and growth of
microorganisms. The maximum recommended value for free acidity is 50 meq kg−1 [11]. In
this research, only one sunflower honey sample with 50.1 meq kg−1 exceeded the regulated
limit. As can be seen from Table 3, the lowest average value of 19.8 meq kg−1 for free
acidity was determined in acacia honey samples and the highest average value of free
acidity was found in the chestnut honey sample (49.8 meq kg−1). Large intervals of free
acidity were also reported in other studies, from 2.29 to 47.32 meq kg−1 (Table 10). While
the pH of the different types of honey did not significantly differ, the free acidity showed
a significant difference at the p < 0.01 level (Table 3), mainly due to the differentiation of
acacia and linden honeys from the other types (Table 5).

4.4. Ash and Electrical Conductivity

The ash content is formed by all the minerals in the honey, an inorganic residue
obtained after calcination. In general, blossom honey has an ash content lower than
0.6%, [22,70]. The lowest average mineral content of 0.088% was found in rapeseed samples
and the highest average mineral content was found in chestnut honey samples (0.483%).
Mărghitas, et al. found the lowest ash content of 0.03% in acacia honey, and in their study,
Kharadze et al. reported a 2.1% ash content in chestnut honey (Table 10) [47,67]. Due to its
strong correlation with ash, electrical conductivity was included in new quality standards.
It is an important parameter, that helps to identify the honey origin, and therefore to
differentiate the blossom honey from the honeydew. Electrical conductivity measures
inorganic and ionizable organic substances [8,12,17,18,23,65]. The lowest average value
of electrical conductivity was found in acacia honey (0.200 mS cm−1) and the highest
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average value was for chestnut honey (0.927 mS cm−1). All the analyzed samples complied
with the quality criteria of electrical conductivity below 0.8 mS cm−1, the maximum value
established by legislation for blossom honey, with the exception of honeydew, chestnut
honey, and blends [8,11]. Acacia honey, in most cases, had the lowest amount of ash, and
therefore, the electrical conductivity was low. The highest electrical conductivity values
for chestnut honey were reported in many studies, within a range between 0.737 and
1.667 mS cm−1 (Table 10). The honey samples showed significant differences in terms of
ash (p < 0.01) and electrical conductivity (p < 0.001) when considering the global dataset
(Table 3), with the higher differences in conductivity between linden and acacia, and
rapeseed and mint, respectively (Table 5).

4.5. Total Phenols Content and Total Flavonoids Content

Honey is known as food and as a natural medicine, used due to its anti-inflammatory,
antioxidant, and antibacterial properties. In its composition, there are natural compounds
that yield strong antioxidant properties, such as the polyphenolic compounds (phenolic
acids, catechins, flavonoids, etc.) [27,71]. These compounds qualitatively and quantita-
tively varied, and are directly linked with the rich flora, the environment, and the area
around the beehive, due to their plant–honey–nectar traceability [13,19,43,44,49,56,72,73].
The chestnut honey sample had the highest average concentration of phenols of 73.2 mg
GAE/100 g (Table 3). For the same type of honey from Portugal, similar results in the
range of 67.88–73.38 mg GAE/100 g were found by Karabagias et al. [51]. High val-
ues of total polyphenols content for chestnut honey from Spain and Georgia ranging
from 80.0 to 461.5 mg GAE/100 g were reported by Kharadze et al.; Escuredo et al.; and
Rodríguez-Flores et al. [5,67,68]. In acacia honey, total polyphenols were within the range
of 13.7–23.1 mg GAE/100 g (Table 3). Similarly, the lowest concentration of total flavonoids
(0.87 mg QE/100 g) was determined for acacia honey and the highest content of 4.81 mg
QE/100 g in chestnut honey. There was a presence of high amounts of antioxidants in the
mint honey of 54.4 mg QE/100 g for polyphenols and 2.87 mg QE/100 g for flavonoids
and slightly lower for raspberry honey of 30.9 mg QE/100 g for polyphenols and 2.63 mg
QE/100 g for flavonoids. Compared to the results obtained in this study, Pauliuc and
Oroian and Pauliuc et al. reported high levels of flavonoids content between 25.36 and
41.35 mg QE/100 g for raspberry honey [8,50].

As summarized in Table 10, studies on antioxidants (TPC, TFC) showed their variable
contents in various monofloral honeys. These findings were confirmed by the results of
the ANOVA, which indicated significant differences (p < 0.001) in the concentrations of
both classes of antioxidant compounds in the global dataset (Table 3). For linden honey,
TPC ranged between 6.62 and 71.49 mg GAE/100 g, for acacia honey between 1 and
142.61 mg GAE/100 g, for sunflower honey within the range of 20–132.5 mg GAE/100 g,
for mint honey between 23.7 and 119.42 mg GAE/100 g, for raspberry honey in the range
of 14.48–109.1 mg GAE/100 g, and the highest concentrations were noticed for chestnut
honey, between 35.41 and 461.5 mg GAE/100 g. Similarly, different values of TFC were
reported: in the range from 0.26 to 6.98 mg QE/100 g for linden honey, from 0.14 to 7.6 mg
QE/100 g for acacia honey, and from 1.21 to 22.8 mg QE/100 g for sunflower honey. The
highest TFC values were in the range of 2.38 to 41.35 mg QE/100 g in raspberry honey
(Table 10). Important factors with a high possibility of influence on the variability in the
dataset could be climatic and soil conditions (with large seasonal and yearly variations), as
well as the quality of pollen from plants that have different botanical origins and are found
in different geographical regions. Different analytical methodologies used to determine
these compounds or analytical equipment as possible sources of variation should also be
considered [15,51].

However, in all analyzed honey samples, antioxidant compounds were found in
variable amounts, which once again proves and confirms the anti-inflammatory, antioxidant,
and antibacterial properties of the studied honey samples.
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4.6. Mineral Elements’ Content

Carbohydrates and water are the main quantitative components of honey, but other
important substances such as vitamins and minerals were found in small amounts. Most
of the honey components come from plants, but minerals derive from soil following the
path of soil–plant–nectar–honey or beehive products [74]. The composition and amount of
minerals depend on the environment (soil, water, air), their availability, climatic conditions,
botanical origin, and the procedure of harvesting and storage [68,74–76].

The minerals in honeys are highly bioaccessible and play a positive role in human
nutrition, prevention of illness, and healing the body. Macro-mineral elements (Ca, K, Na)
and trace minerals (Cu, Zn, Mg, Fe) are important in biological systems. Potassium and
sodium are electrolytes, and they maintain fluid balance in the body and help the heart
and muscle functions. Na also has an essential role in kidney function, the maintenance of
optimum blood pressure, and nerve functions. Calcium is involved in mineral homeostasis
and physiological performance, has many roles (important for bones, for healing fracture, is
indicated in prophylaxis for osteoporosis, and confers a protective role in the musculoskele-
tal, nervous, and cardiac systems), and acts as a cofactor for several enzymes. Calcium
and phosphorus confer a protective role, making honey less cariogenic. Magnesium is
a key mineral in honey, which plays an indispensable function in muscle contraction and
in transmission of electrical impulses between neurons and contributes to the growth and
support of bones and acts as a cofactor for many enzymes, most of which are involved in
antioxidant reactions. Mg deficiency contributes to aging and age-related disorders [77–79].

The content of potassium ranged from 46 mg kg−1 in rapeseed honey to 1507 mg kg−1

in linden honey. The mean concentration of K in the seven studied honey types followed
the order: C > L > SF > M > RB > A > RP. The concentrations of calcium were within the
range of 58.3–167.5 mg kg−1, following the order: L > C > M > SF > RB > A > RP. The
content of magnesium was between 24.8 and 330.6 mg kg−1, the highest in chestnut honey,
followed in decreasing order by raspberry honey, sunflower honey, linden honey, mint
honey, rapeseed honey, and acacia honey. The lowest amount of sodium (94.5 mg kg−1)
was in acacia honey, followed in increasing order by rapeseed honey, raspberry honey,
linden honey, mint honey, sunflower honey, and chestnut honey (233.3 mg kg−1). For
phosphorus, the lowest average content of 34.1 mg kg−1 was found for acacia honey,
followed in increasing order by linden honey, rapeseed honey, sunflower honey, mint
honey, raspberry honey, and chestnut honey (137.2 mg kg−1) (Table 4). The most abundant
element in this study was potassium, and the results are confirmed by several other studies
(Table 11). The amount of sodium in the studied honeys was higher compared with the
results reported in other studies [55,78,80–83]. The higher concentrations of sodium found
in the honey samples collected in this study could be explained by the presence of plants
in soils rich in sodium and salts in certain areas in Romania [84]. In the present study, the
highest mineral content was determined for potassium, followed by natrium, calcium, and
magnesium, and the lowest concentration for phosphorus. Based on the variability in the
global dataset, the ANOVA indicated significant differences for Mg and P at the p < 0.001
level, and for K at the p < 0.01 level (Table 4). No significant differences were observed
between the mean values of Ca and Na by testing the variability in the dataset of the seven
honey types (Table 4).

In general, the large variations of the studied elements’ concentrations were attributed
to the composition of the soil, the availability of minerals in the soil, the physiology of the
plant, and other factors that can positively or negatively influence the transport of minerals
to the nectar. The mineral composition of honey correlates with its color. Dark honeys
(such as chestnut honey) contain higher amounts of certain major minerals, such as Ca, K,
Mg, and Na, compared with light-colored honeys [79].
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Table 11. Mineral elements of the seven floral honeys.

Country K (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) Na (mg kg−1) P (mg kg−1)
Literature

Source

Linden

Poland 925.2 63.1 28.1 80 - [75]
Slovenia 1510–2290 48.1–62.5 - 2.9–4.3 - [80]
Bulgaria 290 46.4 11.5 13.6 - [85]
Hungary 1027–1883 15.2–67.4 19.8–30.2 5.1–7.4 23.0–42.4 [86]
Croatia 1574.8 387.8 25.5 31.9 - [87]
Poland 1071.6–2311.6 47.8–102.5 18.9–41.2 - - [76]

Romania 955.3 137.9 50.6 123.8 - [88]
Bulgaria 792 77 21 7.5 49 [55]
Romania 494–735 35.5–76.5 15.7–20.5 22.1–51.1 - [89]
Hungary 1278 67.9 16.5 9.3 41.5 [81]
Poland 224–528 25.5–48.0 7.3–27 9.2–47.6 35.8–23.8 [82]

Acacia

Italy 506 15 5 4.1 - [90]
Hungary 10–255 17.6–59.6 1.90–15.9 1.60–11.5 27.7–92.3 [86]
Poland 127–196 28.6–69.2 6.5–14 3.8–42.8 71.4–28.6 [82]
Poland 587.2 52.6 24 53.8 - [75]

Romania 146.7–244.6 1.02–6.9 3.25–6.7 5.06–24.3 - [74]
Bulgaria 250 46.9 13.1 62.1 - [85]
Croatia 258.7–360.8 74.4–184.4 16.8–30.7 51.6–168.9 - [63]
Poland 221.6–431.1 41.7–68.6 16. 7–28.6 - - [76]

Romania 553.9 52.9 51.2 171.2 - [88]
Serbia 188–340 3.8–8.4 3.8–6.8 21–124.3 33–120 [91]

Romania 180.2–252.4 50.1–55.2 11.1–18.1 21.3–24.3 - [92]
Romania 356–521 5.2–10.2 7.1–18.3 1.9–32.7 - [89]
Hungary 226.6 12.4 5.2 6.0 24.9 [81]
Bulgaria 126 32 6 8.1 24 [55]

Rapeseed

Hungary 103–288 23.7–60.4 13.5–27.6 6.3–16.9 50.9–71.1 [86]
Poland 84.8–494 22.1–62.4 9.5–32.1 7.0–26 35.7–161 [82]
Poland 265.2 48.9 19.2 31.3 - [75]
Poland 221.6–431.1 41.7–68.6 16.7–28.6 - - [76]

Romania 112.6–194.2 87.1–88.6 23.5–23.9 36.1–47.9 - [92]
Bulgaria 105 46 11 8.5 28 [55]

Sunflower

Portugal 276.9 24.9 68.2 87.9 - [36]
Hungary 245–552 58.2–153 10.2–36.6 4.66–24.5 59.8–144 [86]
Hungary 759 126.4 33.3 13.2 76.3 [81]
Bulgaria 210–260 42.2–56.8 6.9–11 9.5–10.2 - [85]
Hungary 446.3–790.2 - 24.2–38.7 - - [93]
Romania 849.4 163.9 63.8 154.1 - [88]
Romania 552–574 36.6–60.4 20.4–23.1 24.9–35.2 - [89]
Romania 234.6–532.1 152.4–200.5 32.6–39.3 47.1–50.7 - [92]

Mint

Tunisia 976.8 221.1 78.1 343.6 59.3 [12]
Spain 200–280 123–148 27.4–36.8 - - [18]

Romania - 1603.5 427.9 - - [94]

Raspberry

Poland 1104.7 68.8 47.6 48.1 - [75]
Estonia 125.8–292.7 29.2–53.9 12.1–20.9 4.8–9.7 - [83]

296



Agriculture 2023, 13, 75

Table 11. Cont.

Country K (mg kg−1) Ca (mg kg−1) Mg (mg kg−1) Na (mg kg−1) P (mg kg−1)
Literature

Source

Chestnut

Italy 3875 119 49 11.9 - [90]
Italy 706–714 54–55.9 48.9–49.9 7.5–8.2 143 [82]
Italy 3250–5280 60–130 - 60–90 - [95]

Slovenia 3670–5520 117–183 - 7.1–9.0 - [80]
Spain 1615–3770 68–476 30–402 11–84 48–315 [68]

Croatia 2824.4 486.7 59.1 35.8 - [87]
Hungary 2136–2281 51.6–59.7 25.4–31.7 10.8–18.3 66.4–84.7 [86]
Hungary 1815.8 153 45.4 20.9 79 [81]
Bulgaria 1628 66 16 9.55 32 [55]
Turkey 2524–5125 320.24–463.10 32.05–67.10 28.3–52.0 56.20–71.02 [69]

4.7. FTIR Spectra

The FTIR spectral fingerprints of the seven types of analyzed honeys are shown in
Figures 3 and 4. Intense signals were identified in the spectral ranges of 3400–3200 cm−1

and 1700–800 cm−1. Many studies carried out on honey have shown that the obtained
spectra can be studied by dividing them into spectral regions depending on the vibration
of the functional groups:

D0—3500–3100 cm–1, assigned to: O–H stretching (carboxylic acids) and NH3 stretch-
ing (free amino acids).

D1—3000–2800 cm−1, assigned to: C–H stretching (carbohydrates).
D2—1700–1600 cm−1, assigned to: O–H stretching/bending (water), C = O stretching

(mainly from carbohydrates), and N–H bending of amide I (mainly proteins).
D3—1540–1175 cm−1, assigned to: O–H stretching/bending, C–O stretching (carbohy-

drates), C–H stretching (carbohydrates), and C = O stretching of ketones.
D4—1175–940 cm−1, assigned to: C–O, C–C stretching (carbohydrates), and ring

vibrations (mainly from carbohydrates).
D5—940–700 cm−1, assigned to: the anomeric region of carbohydrates, C–H bending

(mainly from carbohydrates), and ring vibrations (mainly from carbohydrates) [32,33,96,97].
The analyzed honey samples of seven floral origins come from different geographical

zones, and the physicochemical analysis results obtained in this study confirmed the
differences in FTIR spectra (Table 6). The differences obtained for the FTIR spectra observed
in Figure 4 are probably related to the amount of carboxylic acids, groups of polyphenols,
types of carbohydrates, or other functional groups.

The spectral region D0 of 3100–3500 cm−1 corresponds to O–H of carbohydrates, O–H
stretching from water, and N–H stretching vibration (amide A band) of the peptide and
proteins and polyphenols [75]. The wavenumber was between 3369 cm−1 for chestnut
honey and 3416 cm−1 for linden honey, higher values compared to those reported by
Anjos et al. of 3279.64 cm−1, Sabri and See of 3276.79 cm−1, Pauliuc et al. of 3297 cm−1, or
by Svečnjak et al. of 3284 cm−1 [30,31,34,58].

In the spectral region between 3000 and 2800 cm−1, the presence of bands between
2922 and 2935 cm−1 corresponds to stretching vibrations of the C–H bonds of the chem-
ical structure of the carbohydrates [29,33]. Similar values between 2932 and 2960 cm−1

were also reported [31,34,98]. In Figure 4, next to the D1 spectral region, a peak can be
observed that records values from 2115 to 2121 cm−1, which can be assigned to C = C
conjugated and C ≡ C. Honey spectra recorded peaks between 1636 and 1647 cm−1. It
is known that the domain represented by the values from 1700 to 1600 cm−1 is responsi-
ble for C = O stretching (mainly from carbohydrates), O–H stretching/bending (water),
and N–H bending of amide I (mainly proteins). The appearance of peaks could also be
attributed to stretching band of carbonyl groups C = O and C = C related to phenolic
molecules [29,32,33,58,97]. Comparable wavenumber values were found in studies per-
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formed by Anjos et al. of 1646.56 cm−1, Sabri and See of 1638.19 cm−1, Pauluic et al. of
1640 cm−1, and by Svečnjak et al. of 1645 cm−1 [30,31,34,58].

In Table 6, the wavenumber values are presented for the spectral region of 1200–1500 cm−1.
The bands at 1450 and 1454 cm−1 are attributed to bending vibration of O–CH and C–C–H
in the carbohydrate structure [31,98].

Characteristic of O–H bending vibration of the C–OH group is the presence of a peak
in the spectral range of 1340–1350 cm−1. For 1255–1259 cm−1, the overlapping peaks are
due to N–H deformation and C–N stretching vibrations from amide II and C−N amide
III bands [31,75,98]. Between 1175 and 940 cm−1, the presence of peaks is associated
with C–H in carbohydrates and/or C–O and C–C in carbohydrates [31,34,75,96,98]. The
band from 1050 to 970 cm−1 is responsible for the C–O stretching vibrations of the C–OH
group or for the C–C stretch in the carbohydrate structure, ring vibrations (mainly from
carbohydrates) [33,34,98]. The spectral region between 940 and 700 cm−1 is assigned to the
anomeric region of carbohydrates, C–H bending (mainly from carbohydrates), and ring
vibrations (mainly from carbohydrates) specific for honey samples [33,34,75,98].

4.8. Correlation and Multivariate Statistical Analyses

The correlations between the investigated quality parameters (Pearson’s coefficients
for mean values of each parameter corresponding to each type of honey) are shown in
Table 6. Significant correlations at p < 0.001 were observed for the refractive index with
moisture (r = −0.99), solid substances (r = 0.99), and specific gravity (r = 0.99). These
parameters were significantly correlated (p < 0.01) with Mg (r = 0.91), P (r = 0.91), and total
phenolic content (r = 0.79, p < 0.05). Color was significantly correlated (p < 0.001) with
total flavonoid content (r = 0.95), and with free acidity (r = 0.82), total phenolic content
(r = 0.78), and two mineral elements, Mg (r = 0.84) and P (r = 0.86), at the p < 0.05 level.
Similar correlations have also been reported for other honey samples [36].

As concerns the pH, a strong positive correlation at p < 0.001 was observed with
K (r = 0.95) and at p < 0.01 with Ca (r = 0.93) and Na (r = 0.90), as well as the expected
correlations with ash (r = 0.93) and electrical conductivity (r = −0.92).

Significant strong correlations were observed for ash with electrical conductivity
(r = 0.97), and all mineral cations (K—r = 0.98, Na—r = 0.95, Ca—r = 0.85, and Mg—r = 0.77).
Similar findings were also reported by other authors, who observed strong positive correla-
tion of electrical conductivity with potassium [36,99,100]. Among the mineral elements, P
was significantly correlated only with Mg (0.98).

Many studies on honey reported correlations between the studied honey parame-
ters: Strong correlation (Pearson’s coefficient of r > 0.8) between color and antioxidant
compounds (TPC, TFC) for honey samples from Brazil, Sultanate of Oman, Romania,
Bangladesh, Serbia, Croatia, Turkey, and Alger [26–28,43,45,69,101–103]. Positive corre-
lations between color and TPC (Pearson’s coefficients of 0.8 > r > 0.6) were found by
Kavanagh et al. in Irish honey of r = +0.6 and by Aazza et al. in Portuguese honey of
r = +0.685 [36,104]. In this research, the highest content of phenolic compounds was found
in chestnut honey, which was the sample with the highest ash content, and at the same
time, with a darker color (amber). Rapeseed honey (RP3) of dark color (light amber) also
had a high content of ash and antioxidants. The high content of polyphenolic compounds,
pollen, pigments (carotenoids and flavonoid), and minerals present in honey can contribute
to the appearance of a dark color of the honey [8,49,73]. In this study, comparable values of
phenols concentrations in the acacia honey sample (A3) and rapeseed honey sample (RP3)
were observed, but the flavonoid content was 3.3 times higher in the RP3 sample compared
to sample A3, confirming the conclusions of several studies of a strong positive correlation
between color and flavonoid content. Strong correlations (Pearson’s coefficient r > 0.8)
between total phenol and total flavonoid contents are presented in some studies on honey
samples from Italy, Serbia, and Algeria [43,60,103]. Kolayli et al.; in a study on chestnut
honey, noticed that the ash content and the value of electrical conductivity increased with
the pollen content from the studied chestnut honey samples [69].
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Lanjwani and Channa reported good correlations between Na and K (r > 0.7) and K
and Ca (r > 0.879), and moderate correlations (r = 0.5–0.7) between Na and Ca and Mg for
honey samples from Pakistan [6].

Principal component analysis was used to obtain an overview of the honey data and
to achieve a better resolution of contributions from different parameters. Via Varimax
normalized factor rotation, three factors that explain 86% of the total variance in the dataset
were chosen. The loadings and explained variances are presented in Table 8.

Principal component 1 (PC1) is characterized by the refractive index, moisture, solid
substances, and specific gravity as parameters with significant loadings, which can be
attributed to some fundamental characteristics of the product that contribute to ensuring
its stability. The graphical representation of corresponding scores (Figure 5) indicated that
PC1 can be interpreted as a component distinguishing the chestnut honey from the other
honey types. PC1 did not clearly differentiate the botanical and geographical origins of the
investigated honey types.

PC2, which explains 25.15% of the variance in the dataset, includes pH, ash, electrical
conductivity, K, and Na as dominant parameters, suggesting a honey origin factor, as
mineral content depends on the botanical and geographical origins of honey [36,74,105].
The scores for PC2 (Figure 5a) did not highlight distinct groupings of the samples according
to the geographical origin.

PC3, with high loadings of color and total flavonoid content, followed by free acidity,
P, and total phenolic content, could be considered a color/antioxidant factor. The corre-
sponding scores outlined three groups of samples: one group with RP1, RP2, M1, and L2,
one group that contained only L1, and one group of all the other samples (Figure 5b).

The hierarchical dendrogram obtained for physicochemical parameters determined in
honey samples collected in 2017 is shown in Figure 6. K was clearly differentiated from the
other parameters. One cluster contained the mineral elements Na and Ca. Free acidity and
total phenols were grouped in a cluster, and electrical conductivity and ash were grouped
in another distinct cluster.

5. Conclusions

Some of the investigated quality parameters such as humidity, acidity, and pH are
useful when the honey is stored for a longer time, while others (sugar content, electrical
conductivity, antioxidant compounds, minerals, etc.) could differentiate the quality of
honey for its therapeutic use. FTIR spectroscopy can be easily implemented to determine
the composition of honey at mainly a qualitative level and to confirm the authenticity
of the honey and its possible adulteration. In all analyzed honey samples, significant
amounts of antioxidants were found, that once again proved and confirmed the anti-
inflammatory, antioxidant, and antibacterial properties of the studied honey types. The
positive correlation between the honey’s color and its phenolic and flavonoid content
indicates that the higher the content of antioxidant compounds, the darker the honey
becomes. The mineral elements’ concentrations showed the abundance of potassium
and sodium.

Many factors, such as improper management in raising and caring for bees, the
presence of xenobiotics (pesticides, heavy metals, etc.), pests, specific diseases of bees,
improper food given to bees, and finally, collecting honey from the hive and its subsequent
handling, can influence the composition and quality of honey. Hence, every year the quality
of honey is different, and therefore a systematic quality control of this product is needed.

Romania has a diverse flora, that allows producing a wide variety of honey types.
Most of the samples analyzed in this study were collected from Iasi County, an area in
eastern Romania of tradition in linden honey. The great variability of the results on honeys
from this relatively small area, especially the mineral elements, in accordance with previous
studies carried out on the soils of this area, supports the need of monitoring these honey
quality parameters and their continuous updating.
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In Romania, and elsewhere, honey is being used as food but also as an adjuvant
for various diseases. Today, honey is recommended in different diseases as a dietary
supplement. To consume the appropriate dose of honey for each health condition, it is
necessary to know the level of antioxidants and the amount of important major elements,
such as K, Ca, Na, P, and Mg. Studies shows high differences of these components in the
same type of honey. The results reported in this study indicate that studies should not be
limited to studying the quality of honey in only one year and from one area because of
the very large differences between mineral elements in honey samples collected from very
close areas.

In the association of mineral elements’ concentration in honey with the particularities
of the soil mineral composition, the geographical and floral origins confirm the influence of
environmental components (soil, water, air, biota) on the quality of honey. However, for
a more complete quality assessment, determination of more mineral elements, including
toxic ones, in honey, plants, and soil is still needed.

The obtained data and correlations between the studied parameters of honey are
complementary with other studies and highlight the variability of honey composition in
time and space, and consequently the need to monitor its quality.
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20. Tomczyk, M.; Tarapatskyy, M.; Dżugan, M. The influence of geographical origin on honey composition studied by Polish and
Slovak honeys. Czech J. Food Sci. 2019, 37, 232–238. [CrossRef]

21. Ahmida, N.H.; Elagori, M.; Agha, A.; Elwerfali, S.; Ahmida, M.H. Physicochemical, heavy metals and phenolic compounds
analysis of Libyan honey samples collected from Benghazi during 2009–2010. Food Nutr. Sci. 2013, 4, 33–40. [CrossRef]

22. El Sohaimy, S.A.; Masry, S.H.D.; Shehata, M.G. Physicochemical characteristics of honey from different origins. Ann. Agric. Sci.
2015, 60, 279–287. [CrossRef]

23. Majewska, E.; Druzynska, B.; Wołosiak, R. Determination of the botanical origin of honeybee honeys based on the analysis oftheir
selected physicochemical parameters coupled with chemometric assays. Food Sci. Biotechnol. 2019, 28, 1307–1314. [CrossRef]
[PubMed]

24. Krishnasree, V.; Ukkuru, P.M. Quality Analysis of Bee Honeys. Int. J. Curr. Microbiol. Appl. Sci 2017, 6, 626–636. [CrossRef]
25. Sant’Ana, L.D.; Ferreira, A.B.; Lorenzon, M.C.A.; Berbara, R.L.L.; Castro, R.N. Correlation of total phenolic and flavonoid contents

of Brazilian honeys with color and antioxidant capacity. Int. J. Food Prop. 2014, 17, 65–76. [CrossRef]
26. Pontis, J.A.; Costa, L.A.M.A.D.; Silva, S.J.R.D.; Flach, A. Color, phenolic and flavonoid content, and antioxidant activity of honey

from Roraima, Brazil. Food Sci. Technol. 2014, 34, 69–73. [CrossRef]
27. Al-Farsi, M.; Al-Amri, A.; Al-Hadhrami, A.; Al-Belushi, S. Color, flavonoids, phenolics and antioxidants of Omani honey. Heliyon

2018, 4, e00874. [CrossRef]
28. Cimpoiu, C.; Hosu, A.; Miclaus, V.; Ioncas, A. Determination of the floral origin of some Romanian honeys on the basis of physical

and biochemical properties. Spectrochim. Acta Part A 2013, 100, 149–154. [CrossRef]
29. Anguebes, F.; Pat, L.; Ali, B.; Guerrero, A.; Cordova, A.V.; Abatal, M.; Garduza, J.P. Application of Multivariable Analysisand

FTIR-ATR Spectroscopy to the Prediction of Properties in Campeche Honey. J. Anal. Methods Chem. 2016, 2016, 5427526. [CrossRef]
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Ecotoxicol. Zooteh. Şi Tehnol. De Ind. Aliment. 2015, XIV B, 107–114.
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Abstract: Since 2000, the Food and Agriculture Organization of the United Nations (FAO) has been
drawing attention to the increasing numerical decline of Podolian cattle, which include the Romanian
Grey Steppe. Currently, this breed is endangered, numbering under 100 heads across the territory of
the entire country. Due to its qualities of rusticity, adaptability, and increased resistance to diseases
and severe climate conditions, the Grey Steppe is considered a valuable genetic reserve for improving
livestock production. This study aimed to quantify the genetic diversity of a population of 32 cattle
from the area of N-E Moldova through the analysis of two mitochondrial markers, cytochrome b
and the d-loop, which have been proven to be relevant to studies of genetic diversity and phylogeny.
The results obtained based on the statistical analysis of the data using nucleotide sequence analysis
software (DnaSP, SeaView, MegaX, PopArt, etc.) demonstrated that the breed belonged to the ancestral
P′QT haplogroup, with direct descent from Bos taurus primigenius. Within this haplogroup, five cattle
were identified, which could be used in the selection of crosses, with the aim of preserving valuable
genetic resources for the improvement of other cattle breeds and the protection of biodiversity.

Keywords: animal production; genetic diversity; grey cattle; mitochondrial DNA; Podolian cattle

1. Introduction

Podolian cattle breeds are considered a form of socio-cultural heritage and a valuable
genetic resource due to their high tolerance to extremely harsh environmental climatic
conditions, resistance to disease and external parasites, and quick recovery after illnesses,
which are important aspects of reproduction and conservation programs for improving
livestock production [1–3]. Many historical sources attribute the term Podolian to a shared
ancestral origin in Podolia (the modern western Ukraine). Alternative hypotheses have
been proposed: Podolian cattle may have spread from the eastern steppe southward into
Anatolia and westward into the Balkans and Italy in historical times (3rd–5th century AD)
with Eastern European Barbarian people; other authors have suggested a more ancient
migration (3 kya BP) from the Near East to Central Italy via the Mediterranean Sea, with
a contribution from local wild aurochs via secondary local domestication [3]. Romanian
Grey Steppe cattle belong to the category of Podolian breeds, which have been threatened
with extinction since 2000, according to the Food and Agriculture Organization (FAO) [4,5].
The common origin of this cattle and other Podolian breeds (Iskar Grey, Bulgarian Grey,
Istrian, Slavonian Podolian, Katerini, Hungarian Grey, Maremmana, Podolica, Turkish
Grey, etc.) is the wild ancestor Bos taurus primigenius, which was declared be extinct
around the 16th century [2,6]. This cattle breed was formed over many centuries, under the
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exclusive influence of natural environmental conditions that imprinted special qualities
of hardiness, resistance, and adaptability to severe climatic factors [7–10]. The external
peculiarities of the Grey Steppe breed led to the distinction of this breed from the others
based on the craniological type and, more precisely, the characteristic shape of the bicolor
horns, which are white at the base with a characteristic black dot. At birth, calves are
yellow-reddish in color, and after a period of about 2–3 months, they change to shades
of grey [11,12]. In 2018, the number of specimens of the Grey Steppe breed decreased
below 150 heads [13]. Isolated specimens of this breed can also be found in households
in north-eastern Moldova, in the counties of Iasi, Neamt, and Pardina (Danube Delta),
currently totaling about 100 heads [14,15]. Presently, within the Research and Development
Station for Cattle Breeding Dancu, Iasi, Romania, there is a population of cattle of this breed
that is part of a national genetic conservation program, representing the biological material
used in this research. The genetic diversity of Podolian breeds is an important asset for
countries where agriculture is still an important economic sector [16].

Numerous studies [17–21] focusing on the origin of cattle based on mitochondrial
genome analysis have determined that all taurine breeds share a common ancestor in the
Near East, around 10 ka ago, during the Neolithic transition. The discovery of uncommon
mitochondrial DNA (mtDNA) haplogroups such as P, Q, and R has sparked debate about
the potential occurrence of independent or secondary domestication episodes. Recent
research on the mitochondrial genome of Bos taurus has revealed that macro-haplogroup T
is composed of two sister clades, T1′2′3 and T5, with the former including the originally
identified haplogroups T1, T2, and T3, and T4, a grouping within T3. The Fertile Crescent is
where all T haplogroups most likely originated and underwent domestication. From there,
they spread with the movement of domestic Bos taurus herds. However, the mtDNA of
contemporary taurine breeds is not entirely represented by haplogroups T1–T5. Complete
mtDNA sequence analyses have revealed that a small subset of these individuals belongs
to three other uncommon haplogroups (P, Q, and R). The mtDNA of haplogroups P and R
most likely come from populations of wild aurochsen in Europe, whereas haplogroup Q is
most likely of Near Eastern origin.

This research aimed to quantify the genetic diversity of the Grey Steppe cattle pop-
ulation using mitochondrial markers (cytochrome b and the d-loop) that are relevant to
studies of genetic diversity, phylogeny, and molecular phylogeography. The main objective
was to preserve valuable genetic resources for the improvement of other cattle breeds and
the protection of biodiversity. The results of this study demonstrated that the Romanian
Grey is a direct descendant of the Bos taurus primigenius, which is valuable information for
the efforts to conserve the genetic resources of this endangered cattle breed.

2. Materials and Methods

2.1. The Biological Material Studied

In Romania, the Grey Steppe represents one of the oldest autochthonous breeds,
adapted to the pedoclimatic conditions of the country. Along with other breeds (Podolica
Italiana, Hungarian Grey, Bulgarian Grey, Istrian cattle, Katerini, Turkish Grey, Ukrainian
Grey, etc.), it is included in the Podolian group [21]. This breed developed in a natural
environment, both in summer and in winter, which granted it exceptional qualities that aew
necessary for the improvement of other cattle. In the past, the breed was used intensively
for traction, due to its special resistance characteristics, which also ensured an average
milk production, noted for its high-fat content (approximately 4.71% in the fifth lactation).
With the disappearance of this breed, a series of special qualities such as adaptability,
resistance to disease, and high fat content in milk would disappear. The maintenance of
various conformation features of the breed, such as the large lyre-shaped horns, gray color,
and small waist that are characteristic of the primitive type, is an equally important goal
(Figure 1) [22].
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Figure 1. The Grey Steppe cattle within the Research and Development Station for Cattle Breeding,
Iasi, Romania (original photograph).

2.2. Blood Samples

The first step in achieving the objectives of this research was the collection of blood
samples from 32 females of the Grey Steppe cattle breed (Table 1), a population located
within the Research and Development Station for Cattle Breeding in Romania, located
in northern Moldova. The blood samples were collected by jugular vein puncture using
Vacutainer tubes with EDTA (ethylene-diamine-tetra-acetic acid) to prevent clotting, with a
capacity of 2 mL.

Table 1. Information on Grey Steppe population analyzed.

Current No.
Cattle

Identification
No.

Age of Cattle
(Months)

Sex
Blood Sample
Identification

Code 1

1. RO242000109988 288 female blood-ss01
2. RO242000110002 242 female blood-ss02
3. RO245000109998 228 female blood-ss03
4. RO241000109812 202 female blood-ss04
5. RO247000109811 193 female blood-ss05
6. RO243000109786 187 female blood-ss06
7. RO243000109800 186 female blood-ss07
8. RO242000110205 185 female blood-ss08
9. RO243000109723 185 female blood-ss09
10. RO241000110120 184 female blood-ss10
11. RO241000110274 178 female blood-ss11
12. RO242000120579 175 female blood-ss12
13. RO243000120587 175 female blood-ss13
14. RO242000120656 171 female blood-ss14
15. RO243000120678 171 female blood-ss15
16. RO243000174164 152 female blood-ss16
17. RO242000218328 144 female blood-ss17
18. RO243000218587 136 female blood-ss18
19. RO143000108432 128 female blood-ss19
20. RO248001058693 111 female blood-ss20
21. RO507000112314 109 female blood-ss21
22. RO506001166289 97 female blood-ss22
23. RO504001166308 96 female blood-ss23
24. RO508003831422 69 female blood-ss24
25. RO502003831482 68 female blood-ss25
26. RO504005500784 61 female blood-ss26
27. RO501007300790 39 female blood-ss27
28. RO508007300858 37 female blood-ss28
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Table 1. Cont.

Current No.
Cattle

Identification
No.

Age of Cattle
(Months)

Sex
Blood Sample
Identification

Code 1

29. RO507007405358 29 female blood-ss29
30. RO504007405388 28 female blood-ss30
31. RO507007448267 27 female blood-ss31
32. RO500007448406 22 female blood-ss32

1—“ss” is the abbreviation of the name of the cattle breed in the Romanian language (Sura Stepa).

The blood samples were stored in the freezer under optimal conditions, at a tempera-
ture of −20 ◦C until the DNA extraction step.

2.3. Extraction and Quantification of Total DNA from Blood Samples

DNA extraction from blood samples was performed via the automated method with
Maxwell™ 16 and 16 MDx instruments, using a special kit provided by the Promega distrib-
utor: Maxwell 16 LEV Blood DNA Kit (code-AS1290) [23], containing 50 LEV purification
pistons, 50 elution tubes, 20 mL lysis buffer, two 1 mL proteinase K solutions, and 20 mL
elution buffer. The DNA samples were quantified using the Nanodrop ASP-3700 spec-
trophotometer (ACTGene Inc., New Jersey, USA), and the optical density was measured at
the absorption rates of A260 nm and A280 nm to calculate the DNA yield.

2.4. Primer, Amplification, Sequencing

The amplification of mtDNA, cytochrome b, and d-loop (mitochondrial DNA control-
region sequences) was carried out through PCR analysis (polymerase chain reaction),
which is a genomic technique applied for rapidly amplifying millions to billions of copies
of a specific segment of DNA using amplification primers. In this research, the PCR
amplification of the cytochrome b and d-loop was performed using two pairs of primers,
forward and reverse (Table 2), specifically designed on the Bovine Reference Sequence
(BRS; GenBank V00654) [24]. The total size of the complete mitochondrial genome of Bos
taurus is 16,341 bp (Figure 2a). The cytochrome b gene, which has a size of 1140 bp, and the
mitochondrial d-loop control region, which has a length of 910 bp (Figure 2b) [25–28], were
amplified by the PCR technique.

Table 2. Characteristics of the primer pairs used to amplify the gene sequences by PCR.

Primer Set
Primer

Specificity
Sequenced (5′-3′)

Content
G 1 + C 2

(%)

GenBank
Accession

no./Position in
Genome [23]

Length of PCR
Product (bp)

BCYT
cytochrome b Forward:

TTCTTACATGGAATCTAACCATGA 33.3 V00654.1
14,443–14,466 1140

cytochrome b
cytochrome b Reverse:

GGGAGGTTAGTTGTTCTCCTTCTC 50.0 V00654.1
473–497

BRS
d-loop Forward:

CCTAAGACTCAAGGAAGAAACTGC 45.8 V00654.1
15,718–15,741 910

d-loop
d-loop Reverse:

CAGTGAGAATGCCCTCTAGGTT 50.0 V00654.1
496–517

1 “G”—guanine nitrogen base. 2 “C”—cytosine nitrogen base.

The isolated and purified DNA samples were amplified by the PCR technique. The
final volume of the PCR was 25.5 μL, including 2 μL DNA samples; 12.5 μL GoTaq®

Green Master Mix (Promega, Madison, WI, USA); 1.5 μL of each primer (forward and
reverse); and 7.5 μL nuclease-free water. The reaction mixture was supplemented with
0.5 μL MgCl2. In the case of the amplification of cytochrome b fragments, the temperature
of primer alignment was 62 ◦C, and in the case of the amplification of d-loop fragments,
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the temperature of primer alignment was 60 ◦C. The PCR program for the amplification
reaction of cytochrome b and d-loop fragments included 35 amplification cycles under the
conditions represented in Table 3.

Figure 2. The complete mitochondrial genome of Bos taurus: (a) complete mitochondrial genome
of Bos taurus (16,340 bp); (b) mitochondrial markers analyzed—cytochrome b (1140 bp) and d-loop-
(910 bp) [29].

Table 3. PCR program: cytochrome b and d-loop sequence amplification.

Stages *
Cytochrome b Amplification Conditions d-Loop Amplification Conditions

Temperature Time Temperature Time

1. Denaturing 94 ◦C 2 min 94 ◦C 2 min
2. Annealing 62 ◦C 30 s 60 ◦C 30 s
3. Extending 72 ◦C 5 min 72 ◦C 5 min

* ×35 amplification cycles.

The cytochrome b and d-loop region were successfully amplified; then, the PCR frag-
ments were sent to Macrogen Europe Sequencing Laboratory, Amsterdam, The Netherlands
for sequencing. To determine the nucleotide sequence of cytochrome b and d-loop, Sanger
sequencing was applied using the primers detailed in Table 2.

2.5. Data Analysis

Data analysis was carried out using a series of programs (Table 4). The primary pro-
cessing of the sequences in the form of fluorograms and their correction was carried out
using the DNABaser program (sequence assembly software). To identify the phyloge-netic
relationships of the Grey Steppe cattle breed with other Podolian cattle breeds, we aligned
both sequences of the complete mitochondrial genome of Bos taurus and the individual
cytochrome b genes and mitochondrial control regions (d-loop) specific to the Podolian
cattle breeds (Grey Steppe, access no. HM596474.1; Bulgarian Grey, access no. KF373019.1;
Istrian, access no. MZ901619.1; Slavonian Podolian, access no. MZ901634.1; Katerini, access
no. DQ518336.1; Hungarian Grey, access no. GQ129207.1; Podolica, access no. EU177843.1;
and Turkish Grey, access no. EF126309.1) from the NCBI-GenBank [23]. For each individual,
forward and reverse sequences were concatenated with the resulting sequences from the
two primers, and the two strands were cut, resulting in a unique sequence. The alignment
of all cytochrome b and d-loop gene sequences from the analyzed individuals was carried
out using ClustalW [30] with the MegaAlignment module. Sequence comparison and phy-
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logenetic tree tracing was carried out using the MEGA X program (Molecular Evolutionary
Genetics Analysis, Center for Evolutionary Medicine and Informatics, Tempe, AZ, USA).

Table 4. List of programs used for data analysis.

Data Analysis Program Used

Amplicon sequencing

Sanger sequencing

Alignment of chromatograms and correction of
raw sequences

DNA Baser

Sequence alignment

Mega X

Calculation of the optimal substitution model

jModelTest

Haplotype network construction

PopArt

Construction of phylogenetic trees

SeaView/PhyML

Nucleotide sequence diversity analysis

DnaSP

The analyzed sequence diversity was estimated using LaunchDnaSP version 4.50.3
software [31]. PopART software was used for the median-joining network analysis. The
neighbor-joining tree was built using the Kimura 2-parameter model with the follow-
ing parameters: 1000 bootstrapping replicates, a gamma distribution (+G) with five rate
categories, and evolutionary invariability (+I).

3. Results

3.1. Validation of Amplification of PCR Products in Agarose Gel Electrophoresis

The PCR amplicons were validated in 1% agarose gel with 0.5xTBE buffer, after which
migration was performed at a voltage of 100 volts for 30 min (Figure 3). A molecular weight
marker of 100 base pairs was used to estimate the size of the amplified fragments. The
amplification of the gene sequences of interest was successfully achieved, with the primers
having high specificity for these mitochondrial markers. The length of the PCR products
was approximately 1140 bp for the cytochrome b sequences and approximately 910 bp for
the d-loop sequences, in agreement with the values found for the complete sequence of the
Bos taurus mitochondrial genome (GeneBank accession number: V00654).
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Figure 3. Amplification of mitochondrial markers: (a) Amplification of cytochrome b sequence (M,
100 bp marker; C-, negative control; 1–8: sample numbers). (b) Amplification of d-loop sequence (M,
100 bp marker; C-, negative control; 1–9: sample numbers).

3.2. The Proportion of Nitrogenous Bases in the Nucleotide Sequences of Grey Steppe for
Cytochrome b and d-Loop Mitochondrial Markers

The complete sequence of the mtDNA cytochrome b (1140 bp) [32] was obtained for
all 32 samples. The base composition was as follows: 31.2% adenine, 25.1% thymine, 30.2%
cytosine, and 13.4% guanine. The base composition for the mtDNA d-loop (910 bp) [33] was
as follows: 32.8% adenine, 29.0% thymine, 24.3% cytosine, and 13.9% guanine (Figure 4).

Figure 4. The frequency of nitrogenous bases (A: adenine; T: thymine; C: cytosine; and G: guanine)
for the sequences of cytochrome b and d-loop.

3.3. The Specificity Coefficient

Based on the frequencies of the four nitrogenous bases, the specificity coefficient was
calculated, the value of which is given by the A+T/C+G ratio and shows the differences
between the individuals of a species. This coefficient is calculated in molecular phylogeny
studies to observe differences in nucleotide composition. Normally, it has values in the
range of 1.2–1.5, characteristic of most animal species. If we refer to the nitrogenous bases

311



Agriculture 2022, 12, 2059

with the highest frequency, two types of DNA can be distinguished, namely, AT-type DNA
(when A+T > C+G) and GC-type DNA (when A+T < C+G). In the case of the cytochrome
b nucleotide sequences, the nitrogenous bases A and T predominated; therefore, all the
individuals analyzed had characteristic AT-type DNA (A+T > C+G). The same conclusion
was also reached in the case of the nucleotide sequences of the mitochondrial d-loop control
region. The specificity coefficient for the two concatenated nucleotide sequences had an
average value of 1.45, which fell within the range of values specific to animal organisms.

3.4. Dynamics of the Rate Evolution of Cytochrome b and d-Loop Mitochondrial Markers

Regarding the genetic variability at the d-loop region, after aligning and trimming the
32 sequences, the haplotypes and variable nucleotide positions were assessed in relation to
the reference sequence V00654 from GenBank. The T3/T4 subclade haplogroup had the
highest frequency, as predicted for European cattle breeds. The diversity of haplotypes was
0.908 ± 0.005. The haplotypes observed in Romanian Grey Steppe were the same as those
seen in Hungarian Grey and Podolian cattle (Hungarian Grey, Bulgarian Grey, Ukrainian
Grey, Istrian, and Slavonian Syrmian).

Based on the gene sequences of the cytochrome b and d-loop mitochondrial markers,
the demographic and spatial expansion of the Grey Steppe population was analyzed, using
the Mismatch distribution calculation model, which shows the distribution of the number
of differences identified between pairs of haplotypes. As a rule, this distribution can
be unimodal (specific to populations that have undergone either a recent demographic
expansion or a spatial expansion characterized by a high degree of migration) or multimodal
(in the case of populations in demographic equilibrium). In the case of the Grey Steppe, a
multimodal distribution resulted from the analysis of both the cytochrome b nucleotide
sequences and the d-loop mitochondrial control region (Figure 5a,b).

Figure 5. Demographic expansion of Grey Steppe population: (a) cytochrome b; (b) d-loop.

The alignment of all cytochrome b and d-loop gene sequences was performed by the
ClustalW method using the MegAlign module, which is based on joining the forward and
reverse sequences for each individual by aligning them with the primer sequences, cutting
the two chains, and joining them into a single chain. After alignment, for each dataset
(cytochrome b sequences and d-loop sequences, respectively), the optimal substitution
model was checked, using the jModelTest program [34] based on the Akaike Information
Algorithm Criterion [35] (AIC). The best-fit models of nucleotide substitution were cho-
sen using jModelTest. This program employs five distinct model selection procedures,
including hierarchical and dynamical likelihood ratio tests (hLRT and dLRT), Akaike and
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Bayesian information criteria (AIC and BIC), and a decision theory method (DT). It also
provides model-selection uncertainty estimates; parameter importance estimates; and
model-averaged parameter estimates, including model-averaged tree topologies. Addi-
tionally, jModelTest provides novel tree optimization algorithms and model-averaged
phylogenetic trees (determining both topology and branch length). The optimal substi-
tution model for each analysis is shown in Table 5. Following the analysis, 22 variable
sites (1.9%) were observed, of which 18 were informative sites (1.6%). In the case of d-loop
sequences, the number of variable sites was 18 (2.0%), and the number of informative sites
was 13 (1.4%).

Table 5. The optimal substitution model calculated in the jModelTest program (cytochrome b and
d-loop).

Cytochrome b d-Loop

Model TrN+I 6 TPM3uf
Partition 010020 012012

-lnL 1 1708.1951 1354.6687
K 2 64 67

freqA 3 0.3125 R(a) 1.0000 0.3278 R(a) 23.9836

freqC 3 0.3021 R(b) 4.4591 0.2440 R(b) 200.0000
freqG 3 0.1352 R(c) 1.0000 0.1379 R(c) 0.0586

cytochrome b d-loop
freqT 3 0.2501 R(d) 1.0000 0.2902 R(d) 23.9836
ti/tv 4 - R(e) 0.5005 - R(e) 200.0000

- R(f) 1.0000 - R(f) 0.0586
p-inv 5 0.8680 gamma - gamma -

1 -lnL: negative log likelihood. 2 K: number of estimated parameters. 3 freqA, freqC, freqG, freqT: frequency of
nitrogen base A, C, G, and T, respectively. 4 ti/tv: transition/trasversion ratio. 5 p-inv: proportion of invariable
sites. 6 I: invariable sites

The optimal substitution model was chosen from a confidence interval of 100%,
with eight candidate models for both cytochrome b TrN+I6 (with an estimated mean log-
likelihood value of 1708.1951) and d-loop TPM3uf (with an estimated mean log-likelihood
value of 1354.6687). The values for the nitrogenous base frequencies were 31.2% for A,
25.1% for T, 13.4% for G, and 30.2% for C (cytochrome b sequence). A<->G and T<->C type
transversions had values of 4.4591 and 0.5005, respectively (Figure 6a), their ratio being
0.755 (Table 6).

Figure 6. Substitution rates for each nucleotide, calculated in jModelTest: (a) cytochrome b gene
sequences; (b) d-loop gene sequences.
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Table 6. Number of sites and Ti/Tv ratio for cytochrome b and d-loop mitochondrial markers specific
to the Grey Steppe population.

Sequence No. of Informative Sites % No. of Variable Sites % Ti/Tv 1

cytochrome b 18 1.6 22 1.9 0.755
d-loop 13 1.4 18 2.0 5.107

1 ti/tv: transition/trasversion ratio.

In the case of d-loop gene sequences, the frequencies of the nitrogenous bases were as
follows: 32.8% A, 29.0% T, 24.3% C, and 13.9% G. The Ti/Tv ratio showed a value of 5.107
(Table 6 and Figure 6b).

3.5. Haplotype Frequency Assessment by Analysis of Cytochrome b Gene Sequences and
Mitochondrial d-Loop Control Region

By analyzing and interpreting the gene sequences of the two mitochondrial markers,
four haplotypes with different frequencies were identified (T1, T2, T3/T4, and P′QT), into
which the 32 individuals under study were classified (Figure 7).

Figure 7. The frequency of haplotypes in Grey Steppe cattle population analyzed.

The highest haplotype frequency was represented by the T3/T4 haplotype, which
was identified in 20 analyzed individuals (62%): SS_02; SS_03; SS_04; SS_06; SS_07; SS_08;
SS_09; SS_10; SS_12; SS_13; SS_14; SS_15; SS_16; SS_17; SS_20; SS_21; SS_23; SS_24; SS_29;
and SS_31. Six individuals fell into the T2 haplotype, representing 19%: SS_01; SS_05;
SS_18; SS_19; SS_28; and SS_33. The haplotype P′QT was identified in five individuals,
with a frequency of 16%: SS_22; SS_25; SS_26; SS_30; and SS_34. (This haplotype was also
identified in the analysis of the nucleotide sequences from taurine specimens with direct
descent from Bos taurus primigenius.) A single individual, SS_11, was included in the T1
haplotype, which had the lowest frequency at only 3% (Table 7).
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Table 7. Identified haplotypes and representative individuals for each haplotype in Grey
Steppe population.

Haplotypes Identified Representative Individuals Total Individuals/Haplotype

T3/T4
SS_02; SS_03; SS_04; SS_06; SS_07; SS_08; SS_09; SS_10;
SS_12; SS_13; SS_14; SS_15; SS_16; SS_17; SS_20; SS_21;
SS_23; SS_24; SS_29; SS_31

20

T2 SS_01; SS_05; SS_18; SS_19; SS_28; SS_33 6

T1 SS_11 1

P′QT SS_22; SS_25; SS_26; SS_30; SS_34 5

3.6. Haplotype Network Analysis and Phylogenetic Tree Construction

The analysis of the nucleotide sequences using the Network program resulted in the
haplotype network graphically represented in Figure 8a,b. Four major haplotypes (T1,
T2, T3, and P′QT) were identified, with specific connection networks. Each haplotype
corresponded to a certain number of individuals (Table 7).

Figure 8. The network haplotypes of Grey Steppe cattle population: (a) d-loop; (b) cytochrome b.

Through the analysis of the distribution of the four haplotypes, it was found that the
T3 haplotype had the highest weight, being identified in 20 individuals out of the 32 that
were analyzed.

The identification of the P′QT haplogroup following the analysis of the nucleotide
sequences of the Grey Steppe cattle breed indicated that this haplotype is of the ancestral
type, being specific to Bos taurus primigenius, from which this breed evolved. Within this
haplogroup, five individuals were identified (SS_22; SS_25; SS_26; SS_30; and SS_34),
representing 16% of the specimens analyzed. The genetic distance between haplotypes
T1, T2, and T3 varied between one and four sites. The presence of T-derived haplotypes
suggested the demographic expansion of this population (Figure 9).
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Figure 9. Phylogenetic tree obtained from the data analysis of the cytochrome b gene and the
estimation of divergence time.

4. Discussion

To date, only a few studies have been conducted on the genetic composition of
Podolian cattle breeds. Most were confined to a few breeds and focused on the nuclear
genome. This study reported, for the first time, the genetic diversity and phylogenetic
characteristics of indigenous Romanian Grey cattle based on the sequencing of mtDNA
markers. The analysis of genetic diversity and phylogeny plays an essential role in the
genetic improvement and selection of cattle breeds for sustainable breeding and manage-
ment programs in many countries. The type and number of haplotypes constitutes a key
indicator in the maternal line of a cattle breed’s genetic diversity. The numerous studies of
mtDNA in the Bovinae species [2,19,36–38] have demonstrated the existence of five major
haplotypes specific to the genus Bos taurus, the wild ancestor of domesticated cattle (T1, T2,
T3, and T4), as well as two haplotypes for Bos indicus (I1 and I2). Recent research [39–43] has
shown that almost all taurines belong to macro-haplogroup T, and the estimated divergence
time is ~16,000 years, indicating a narrow bottleneck in the evolutionary history of taurines
in the Bos taurus genus. Macro-haplogroup T is divided into two sister subclades (T5 and
T1/T2/T3), the predominant subclade being T1/T2/T3. Over time, T4 was integrated
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into T3 [44]. Haplogroup P was another prominent haplogroup in European aurochs,
but it has not been found in current European cattle. However, from a dataset of over
3000 haplotypes, haplogroup P has only been detected in three modern breeds: Asian cattle,
Korean cattle, and Chinese cattle [45]. This haplogroup is thought to be a relic of wild
auroch introgression into the early domesticated bovine gene pool [45,46].

Other studies [47,48], aimed at analyzing the nucleotide sequences of the d-loop spe-
cific to an endangered Italian taurine breed, led to the identification of another haplogroup
belonging to this breed, namely, haplogroup Q. Haplogroup Q was also identified following
the phylogenetic analysis of ancestral European cattle, with descent from Bos taurus primige-
nius. A study by Achilli et al. [19], regarding the origin of taurines based on mitochondrial
genome analysis, demonstrated that not all taurines in Europe belong to haplogroup T. In
this study, we analyzed the gene sequences of the mtDNA from 26 European cattle breeds
(22 from Italy and 4 from other regions of Europe). Most breeds fell into macro-haplogroup
T and its subclades. Of the analyzed breeds, 1.4% were representative of haplogroups P
and Q, which are specific to ancestral cattle from northern and central Europe with Bos
taurus primigenius as their common ancestor. Haplogroup Q is phylogenetically close to
macro-haplogroup T. Studies in the literature show that haplogroup Q and haplogroup T
subclades are implicated in the same domestication event in the Fertile Crescent [49–51].

It has been suggested that haplogroup P belongs to breeds domesticated in the Near
East, which then moved following the migration of humans. Another recent article by
Senczuk et al. [21] contributed several findings regarding the origin and evolutionary
history of the Podolian cattle breeds. Haplogroup P is characteristic of ancestral taurines of
central and northern Europe and a few modern taurine breeds. In the haplogroup Q line,
Italian, Egyptian, and Neolithic European cattle breeds can be distinguished, and in the R
line, Italian cattle breeds can be distinguished from the Podolian Grey group. Compared
to modern European cattle breeds, cattle from the “Podolian Grey” group, which also
includes the Grey Steppe breed that was the subject of this research, present many ancestral
characteristics (long horns, longevity, and adaptability to climatic and environmental
conditions). The evolutionary history of European cattle is dominated by introgression
events with both ancestral cattle and other breeds. According to the latest findings, the
introgression between Indic and European taurines dates back ~4200 years [21,52,53].

Other studies on Podolian breeds found 13 haplotypes in 5 Istrian cattle and 5 haplo-
types in 47 Slavonian Syrmian Podolian cattle [54], as well as 7 haplotypes in 39 Bulgarian
Grey cattle [55]. Significantly lower levels of genetic diversity were observed in Serbian
Podolian (0.709; n = 11) and Ukrainian Grey cattle (0.000; n = 8) [56], which could be ex-
plained by the lower sample size or the influence of human breeding activities (inbreeding,
population bottlenecks). Moreover, modern cattle populations and wild cattle have high
haplotype diversity, with the predominance of haplogroups T1, T2, and T3 [19,24].

Through molecular investigations, we found that the cytochrome b gene was the
mitochondrial marker capable of evaluating the phylogenetic relationships most accu-
rately, showing particular relevance for highlighting genetic differences, while the d-loop
molecular marker presented the best topological support.

5. Conclusions

The identification of the P′QT haplogroup following the analysis of the mitochondrial
marker nucleotide sequences of the Grey Steppe cattle breed indicated that this haplogroup
is of an ancestral type, being specific to the wild Bos taurus primigenius, from which this breed
evolved. The present research might help to save the endangered Romanian Grey Steppe.
The findings from a small population of endangered Romanian Grey cattle demonstrate
the presence of significant genetic variety and underline the importance of the breed in the
formation of overall genetic biodiversity in cattle. Saving the Romanian Grey breed from
extinction will assist both Romanian agriculture and global genetic heritage. The results
of this study demonstrated that the Romanian Grey is a direct descendant of Bos taurus
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primigenius, representing a valuable tool for efforts to conserve the genetic resources of this
endangered cattle breed.
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