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Vincenzo Tufarelli

Eva Voslarova

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editors

Nikola Puvača
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Preface to ”Animal Nutrition and Welfare in

Sustainable Production Systems”

Today, food animal production systems demand high energy, land, chemicals, and water—all of

which are increasingly becoming scarce. Thus, change and innovation are required in many animal

production systems to meet the present and future demands for animal products sustainably. Over

the last four decades, inexpensive grain, energy, and protein have enabled the economic development

of intensive meat, eggs, and milk production systems based on feeding grains and other ingredients

sourced from far-off places. The poultry and pig intensive production systems have become highly

capital intensive, and they have resulted in many environmental challenges.

If the price of feedstuffs rises above a critical level, they might even become economically and

environmentally unviable. These issues may become magnified due to increasing competition for

arable land for food, feed, and biofuel production. So far, in many situations, the feed has been

produced, and nutrition has been balanced to achieve maximum production, with high economic

benefits. However, it has also contributed to ecosystem degradation and global warming through

methane and nitrous oxide. Moreover, animal production results in increased energy consumption at

every step, and even more so in intensive systems. These situations demand attention to examine the

excessive use of resources and consider ways to adopt more efficient processes and procedures.

Food animal feed, nutrition, and welfare are the foundation of successful animal systems. They

directly or indirectly affect the entire animal production sector, associated services, public goods,

and services, including animal productivity, health and welfare, product quality and safety, land use

and land-use change, and greenhouse gas emissions. The sustainability of food animal nutrition

and welfare is crucial in developing animal production across production systems. The sustainable

increase in animal productivity, which is key to meeting the large current and future demands for

animal origin products, cannot be achieved without sustainable animal nutrition and welfare.

Sustainable animal nutrition and welfare are expected to be beneficial for the food animals, the

environment, and society. Additionally, they are likely to generate socioeconomic benefits, furthering

poverty alleviation and food security efforts. This requires researchers, extension workers, science

managers, policy makers, industry, and farmers.

Nikola Puvača, Vincenzo Tufarelli, Eva Voslarova

Editors
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Abstract: When feeding pregnant sows, optimal body condition at birth is sought to avoid the effects
of a deviant nutritional condition on health and performance. Various feeding concepts exist but
mainly have a restriction in quantity and renunciation of farm-grown forage in common. An ad
libitum liquid feeding system based on farm-grown forage in combination with a sow sorting gate
(according to body weight—using mechanical scales) was realized on a commercial swine farm.
The sorting gate coordinated access to two feeding areas with rations based on whole plant wheat-
silage (WPWS) differing in energy content. In this study with a total of 183 pregnant sows, effects of
restrictive dry feeding (System I) were compared with ad libitum liquid feeding based on farm-grown
forage (System II). Sows were monitored regarding body condition development during pregnancy by
measuring body condition score (BCS), body weight (BW), and back fat thickness (BFT) on different
time points. Sow and piglet health (vaginal injuries of sows, rectal temperature during the peripartal
period, vitality of newborn piglets) and performance data regarding litter characteristics were also
recorded. Body condition development of the sows was absolutely comparable. Performance
indicators and the course of birth were also similar but with significantly higher scores for piglet
vitality in System II (p < 0.05). The tested concept offers opportunities for more animal welfare and
sustainability but remains to be further investigated regarding the repertoire of possibly applied
farm-grown forage and the effects of the concept in the transit phase of sows.

Keywords: forage; liquid feeding; gestation; lactation; sow; ad libitum feeding; sorting gate; feed
self-sufficiency

1. Introduction

Developments regarding improvements in animal welfare in pig farming and feeding
are being discussed throughout Europe [1,2]. Gestating sows must be kept in groups from
the 29th day of pregnancy until 7 days before the determined farrowing time in accordance
with the EU Council Directive 2008/120/EC of 18 December 2008.

In the feeding of pregnant sows, the aim is to achieve optimal body condition of the
animals at birth to avoid the effects of an obese or very lean nutritional status on health
and performance. This is because overconditioning can favor the occurrence of postpartum
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dysgalactia syndrome by prolonging the farrowing duration [3,4], and severe body weight
(BW) losses can have negative effects on fertility and longevity [5,6].

To maintain optimal body condition in group-housed sows, only a limited number
of housing concepts are suitable. For example, sows can be kept in small groups and
fed restrictively according to condition. If the sows are kept in a large group, individual
feeding can be used, for example, on automatic feeders [7]. To the best of our knowledge,
there is as yet no management system of sows in large groups with ad libitum feed supply
based on roughage and separation solely for feeding according to body condition.

The choice of feed components is varied in sow feeding. In the past—up to the second
half of the last century—pigs were often fed roughage, silages, and beets, supplemented
with concentrates and mineral feeds [8]; as pigs in far smaller production units were often
housed outside and after the second world war, cereal-based feeds were very expensive [8].
In the intensified pig farming of the last few decades up to now, "combined feeding"
has little significance because pigs are being expected to grow as efficiently and fast as
possible [9]. Additionally to production performance, the labor and time requirements
of the respective feeding system and problem-free manure removal are the basis for the
commercial use of a husbandry system [10].

The current concentrate-based supply of feed meets the sows’ nutritional needs,
but not their desire for continuous foraging and voluntary feed intake [11–13]. Animals
often show increased manipulation of housing equipment or stereotypic behavior due
to an unfulfilled feeding and foraging motivation and hunger [14,15]. To ensure that
the supply of crude fiber to pregnant gilts and sows is adequate, different crude fiber
carriers and feeding concepts are available to pig farms [16–18]. Technologically advanced
liquid feeding systems facilitate the safe provision of liquid diets from chopped whole
plant silage in combination with other forages [19]. A basic forage-based and fiber-rich
ration can meet nutrient requirements while as well meeting the sows’ distinct food
intake needs when an ad libitum diet is provided [13,20,21]. The gestating sows can
consume an individual amount of feed together at any given time. Additionally, using
higher amounts of farm-grown forage instead of imported concentrates can lead to higher
feed self-sufficiency of farms [22,23]. Farm-grown forage used for ad libitum feeding of
pregnant sows can therefore offer an option for animal nutrition and welfare in a sustainable
production system.

The aim of the present study as part of the “SWOF” project (sow welfare optimized
feeding) was to compare two feeding systems for group-housed sows in order to achieve ad
libitum feeding in larger groups of sows while maintaining body condition during gestation,
sow and piglet health in the peripartal period and performance data. The comparison
included one conventional concentrate based and restricted dry feeding regime and one
roughage-based ad libitum liquid feeding regime.

2. Materials and Methods

In a field trial, ad libitum feeding based on whole plant wheat-silage (WPWS) was
implemented for pregnant sows in group housing using an automated sorting gate to
give sows access to rations with either high or low energy content depending on their BW
(System II). This was compared with a conventional feeding system (restrictively a dry
complete pelleted feed, System I).

2.1. Animals

The animal housing and data collection took place in accordance with German regula-
tions. No relevant interventions in accordance with the German Animal Welfare Act had
been carried out on live animals (Approval by the Animal Welfare Officer of the University
of Veterinary Medicine Hannover, Foundation, Hannover, reference: TVO-2017-V-49).

The study was carried out at a conventional farm in Germany with approximately
1200 sows (Danzucht) between January and June 2018. Sows were weaned at 1-week
intervals. At a maximum of 28 days after service, sows were moved to the respective

2
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group-housing system. At day 108 of gestation, about one week before the estimated
farrowing date (115 d p.c.), the sows entered the farrowing compartments. After a 28-day
suckling period and weaning of the piglets, the sows again entered the service area. In
two successive approaches, a total of 92 sows in System I and 91 in System II could be
incorporated in the study. In the first run, 50 sows in System I and 49 in System II were
included, in the second approach, 42 sows were included in each system. At the beginning
of the trials, the sows have had an average of 2.86 litters in System I and 2.78 litters in
System II.

2.2. Housing System
2.2.1. System I

In System I, each group consisting of 35–55 sows on the farm was housed in a com-
partment, which was again divided by a partition wall, where cross troughs were installed
(Figure 1). Drinkers were mounted on the side walls in each compartment. Each pen in the
compartments of the control group was equipped with volumetric feeders, and the cross
trough extended the entire length of the compartment.

–

—

Figure 1. Housing of gestating sows in System I (Figure was created with BioRender.com) (accessed
on 29 November 2021).

2.2.2. System II

In System II, the pregnant sows were kept in a large dynamic group, the size of
which varied between 76 and 117 animals. Feasible group sizes in the two systems were
determined by the structural conditions of the farm buildings. The sows were provided
with different functional areas in the compartment—a resting/activity area and two feeding
areas (Figure 2).

3
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Figure 2. Housing of gestating sows in System II (Figure was created with BioRender.com) (accessed
on 29 November 2021).

The resting/activity area was built with pen construction elements and had alternating
perforated and paved areas. This functional area contained the drinkers and centrally the
access to the feeding areas through a sorting gate (Hölscher + Leuschner GmbH & Co.
KG®, Emsbüren, Germany). The sorting gate separated the feeding area from the activity
and resting area (Figure 3).

Figure 3. Design of the sorting gate for group-housed pregnant sows.

Transponder ear tags of the sows enabled automatic identification and storage of
individual animal data. In addition to the optical unit (measuring height and width of the
animals), the gate also contained mechanical scales for documenting BW. Sows could only

4
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enter the feeding areas through the gate, allowing access to one of two feeding areas with
different feed ratios depending on body condition.

2.3. Diets and Feeding Technique

The sows in System I were fed restrictively using a chain feeding system with crumbled
pellets (Tables 1 and 2). The amount of feed was manually adjusted on the volumetric
feeders. Sows received feed twice daily. The complete feed used was purchased by the
farm. In System II, the liquid feeding system from the company Hölscher + Leuschner
GmbH & Co. KG (Emsbüren, Germany) was based on WPWS (Tables 1 and 2). The
silage was taken from the silo and mixed with water in an outside mixing tank (approx.
11.5% DM). The mixture was pumped into the mixing tank of the liquid feeding system
in the barn building and was completed with barley meal, soybean extraction meal, and
mineral feed. Table 1 displays the botanical composition of the compound feeds used in
Systems I and II. The two ad libitum rations were each pumped in stub lines to the troughs
so that any ration could be fed at any time in System II. Sensors were integrated into each
trough to measure the filling level. If the level in the trough was low, the feed was added
automatically. Feeding was carried out in four feeding blocks and started in the morning
at 03:00. A feeding break was taken from 21:00 to 03:00 to empty the trough once a day for
hygienic reasons.

Table 1. Botanical composition of the complete feed for the restrictively fed sows in System I according to feed declaration
and for the two ad libitum feed rations (% of dry matter-DM) in System II.

System I System II

Component Component Low-Energy Ration High-Energy Ration

Barley Barley 30.93 48.54
Wheat bran WPWS 51.55 25.89

Oats Soybean extraction meal 13.40 21.04
Rapeseed cake Mineral feed 4.12 4.53

Extracted sunflower seed meal
Sugar beet pulp
Soybean hulls

Soybeans (toasted)
Malt culms

Sugarbeet molasses
Brewer’s yeast

Calcium carbonate
Monocalcium phosphate

Sodium chloride

Table 2. Chemical composition of the three different compound feeds used in the trials (% of dry matter—DM).

Chemical Component
Restrictive Dry Feed-in

System I

Ad Libitum Liquid Feed in System II

Low-Energy
Ration

High-Energy
Ration

Crude protein 17.2 18.5 22.5
Crude fat 4.18 2.18 2.38

Crude fiber 8.48 12.7 9.34
Ash 5.90 5.30 5.16

Calcium 0.79 0.76 0.81
Phosphorus 0.68 0.41 0.46

Sodium 0.25 0.15 0.13
Starch 37.4 34.6 37.0

Energy (MJ ME/kg DM) 13.31 11.54 13.15

5
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The chemical composition of the two different feed ratios as well as of the restrictive
dry feed is displayed in Table 2.

Sows in System II were identified by the transponder and automatically sorted by age
and weight using an algorithm. With controlled access to low or high energy and nutrient
feed, those sows were able to ingest feed ad libitum together at the cross trough at any time.
If the target condition could be determined for a sow, it was assigned to the feeding area
with lower-energy and -nutrient feed. The target condition or weight was set according to
the BW of sows under restrictive feeding (Table 3).

Table 3. Sorting gate algorithm according to body weight (BW) and parity.

Parity Target BW (kg)
Sorting to the High-Energy

Ration BW (kg)
Sorting to the Low-Energy

Ration BW (kg)

0 225 <215 >235
1 and 2 270 <260 >280
3 and 4 300 <290 >310

>5 325 <315 >335

2.4. Data Collection
2.4.1. Feed Intake

Daily feed consumption was calculated for both systems. For the sows in System II,
the amount of daily feed allocation per valve was recorded by the computer of the liquid
feeding system every day during the study. The number of sows using the feeding area was
recorded by the sorting gate. From this, the average feed intake could be calculated. Feed
losses at the trough could not be taken into account. The sows in System I received feed
twice daily. The volumetric feeders installed in the compartment were gauged, and the
feed quantities weighed. From this, the average feed intake per animal could be calculated.

2.4.2. Body Condition Development

The BW of the sows was determined on four control days always at the same time
(entry into the waiting group, 70th gestation day, exit from the waiting group at 108th day
of gestation, weaning) by means of mobile individual animal scales (T.E.L.L. Steuerungssys-
teme GmbH & Co.KG, Vreden, Germany; weighing range: 65–500 kg). To document the
development of body condition, the body condition score (BCS) of all sows was assessed
on the same four control days as the BW from the same single person, according to Kam-
phues et al. [24]. The BCS assessment was always done before determining the BW and
back fat thickness (BFT). The BFT of the sows was measured using an ultrasonic device
(Logiq V2, GE Healthcare, Inc., Wauwatosa, WI, USA) on the day of entry into the waiting
group, at the exit from the waiting group, and at weaning. The measurement was done
when the sows were standing with their backs straight on the individual animal scales
using three measurement points on the right side of the body. The mean value of the three
measurement points resulted in the BFT.

2.4.3. Health Status

In the peripartal period, manual or medical birth assistance, e.g., dystocia was
recorded. In the puerperium, the body temperature of sows was measured directly after
parturition and 12 h postpartum. After weaning, the weaning estrus interval was docu-
mented.

Vaginal injuries were documented in the waiting group. Clinical examination and
evaluation of the external genitalia were performed on the 108th day of gestation, docu-
menting any type of injury to the vulva at the end of gestation. Depending on the size of
the injury, these were classified into three categories: (score 0) no injuries were found to the
vulva; (score 1) fresh bloody injuries < 4 cm; (score 2) fresh bloody injuries > 4 cm.

6
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2.4.4. Performance Data

At farrowing, the following reproductive parameters were recorded: litter number,
number of piglets born alive, stillborn, mummified piglets, litter size of piglets born alive
(within the first 12 h postpartum), number of piglets after litter balancing, as well as number
of weaned piglets and litter size of weaned piglets. During the births, a total of 31 sows (16
in System I and 15 in System II) were filmed with camera systems. The exact length of birth
(time interval from first to last born piglet), the birth interval between piglets (including
mummified and stillborn piglets), and the vitality of the piglets could be documented for
these sows. The following parameters were selected to describe piglet vitality immediately
after birth according to a score developed by Muns et al. [25]: The piglets’ ability to move
was assessed based on body posture and position change (movement or rotation around
body axis). Documented were head movements of piglets that corresponded to search
behavior or actual mammary stimulation. The time interval from birth to first teat contact
was recorded for each piglet.

2.5. Statistical Analyses

Statistical analysis was performed using the Statistical Analysis System for Windows,
SAS®Enterprise Guide®, version 7.1 (SAS Institute Inc. Cary, NC, USA). Descriptive statis-
tics were applied to report mean and standard deviation values. The Shapiro–Wilk test and
Kolmogorov–Smirnov test were used to test the normal distribution of the data and verified
by visual representation. If data could be considered normally distributed, a comparison
was made using one-way ANOVA and the Ryan–Einot–Gabriel–Welsch test (probability of
error α = 5%). In the case of not normally distributed data, the nonparametric Wilcoxon’s
two-sample test was applied. Correlation analyses were performed by determining Pear-
son’s correlation coefficient. Indicated by SAS®, p-values with a significance level lower
than α = 0.05 were considered statistically significant.

3. Results

3.1. Feed Intake

Daily feed intake of sows in the two feeding systems differed significantly (p < 0.0001).
Both the diluted low-energy and concentrated high-energy rations in System II resulted in
high feed intakes with very high variation in each case (low-energy ration 4.67 ± 2.14 kg
dry matter (DM) per animal and day and high-energy ration 4.52 ± 2.03 kg DM per animal
and day). Feed losses at the trough (during feed intake) were observed but could not be
quantified. The sows in System I consumed 2.54 ± 0.23 kg DM per animal and day.

3.2. Body Condition Development

No significant differences in BW, BCS, and BFT were observed between the feeding
systems during the gestation period. Interestingly, the mean BW, BCS, and BFT gain
during gestation of the sows in System I were significantly higher (BW: 68.23 ± 24.92 vs.
57.03 ± 22.42, BCS: 0.54 ± 0.65 vs. 0.19 ± 0.48 and BFT: 4.30 ± 4.11 vs. 3.26 ± 6.49; p < 0.05,
Table 4). However, at the beginning of the field study, sows in System I had a significantly
lower BCS and BFT.

Table 4. Body condition development of sows during pregnancy.

Timepoint
BW (kg) BCS BFT (mm)

System I System II System I System II System I System II

Entry into
waiting group 225.43 ± 43.48 a 236.72 ± 59.84 a 3.25 ± 0.49 a 3.62 ± 0.60 b 11.49 ± 3.51 a 13.78 ± 4.56 b

Day 70 of gestation 268.86 ± 58.03 a 271.55 ± 57.49 a 3.63 ± 0.46 a 3.73 ± 0.50 a - -
Day 108 of gestation 295.34 ± 59.81 a 299.03 ± 61.31 a 3.79 ± 0.52 a 3.81 ± 0.55 a 15.84 ± 5.61 a 16.98 ± 5.66 a

Gain during
gestation3 68.23 ± 24.92 a 57.03 ± 22.42 b 0.54 ± 0.65 a 0.19 ± 0.48 b 4.30 ± 4.11 a 3.26 ± 6.49 b

a, b different letters mark significant differences between means in a row for one parameter (p < 0.05).
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3.3. Health Status of Sows

There were no significant differences between sows in the two feeding systems in the
number of obstetric measures or in body temperature postpartum.

Significantly (p < 0.05) more vulva injuries at the end of gestation (day 108) were
observed in System I (32.50% of sows (21.25% score 1 and 11.25% score 2) vs. 17.10% of
sows (14.47% score 1 and 2.63% score 2) in System II).

3.4. Performance Data

There were no significant differences between the systems in terms of the overall
performance of sows. In System I, significantly more piglets were left with a sow after
litter balancing (Table 5). The crushing losses in System II were significantly reduced by
one-third compared to System I. Recorded litter size of live-born piglets and calculated total
litter size (with secundiae) were significantly different between feeding systems. Higher
masses were recorded for sows in System II in each case. The calculated litter size of dead
and live born piglets or the calculated average birth weight per piglet showed no significant
differences. The individual BW of the piglets were determined at the time of weaning and
were almost equal between the two systems.

Table 5. Birth and performance data of sows as well as litter sizes and weight of piglets at birth and
weaning (kg).

Parameter System I System II

Piglets born alive per litter 16.71 a ± 5.32 18.49 a ± 3.52
Still born piglets per litter 1.80 a ± 1.97 1.47 a ± 1.83

Mummified born piglets per litter 1.01 a ± 2.06 0.79 a ± 1.42
Piglets after litter balancing 15.93 a ± 1.47 15.47 b ± 2.21

Crushed piglets per litter 1.20 a ± 0.91 0.80 b ± 0.80
Dead piglets (cause unknown) per litter 1.16 a ± 1.09 1.05 a ± 1.12

Weaned piglets per litter 12.75 a ± 1.58 12.75 a ± 1.40
Litter weight (dead and alive piglets) 23.84 a ± 6.11 25.55 a ± 4.18

Litter weight (piglets born alive) 1 21.83 a ± 5.56 23.52 b ± 3.96
Average birth weight of piglets born alive 2 1.24 a ± 0.22 1.31 a ± 0.23

Total litter size (with secundiae) 3 28.16 a ± 8.02 30.61 b ± 5.01
Average weight of piglets at weaning 6.38 a ± 0.10 6.38 a ± 1.01

a, b Different letters indicate significant differences between the mean values in one row (p < 0.05). 1 Calculated
assumption: same mean birth weight of piglets born alive and dead. 2 Calculated, from litter size and number
of piglets born alive. 3 Calculated, as the sum of litter size and placental mass (placental mass = 19.8% of litter
size [26]).

The sows (n =75) from System I could be inseminated after an average of 5.89 ± 5.35 days
after weaning. Animals (n = 70) from System II had a comparable weaning estrus interval
(5.87 ± 3.17 days).

3.5. Farrowing

For the duration of birth from first to last piglet, the individual time intervals between
the birth of two piglets and the time until complete expulsion of the placenta after the
last-born piglet, no significant differences were found between the sows of the two systems.
Regarding the duration of birth and the mean birth interval, the sows in System II tended to
take longer (06:49:45 ± 04:57:21 and 00:21:47 ± 00:47:22 in System I vs. 07:08:42 ± 04:35:33
and 00:24:24 ± 01:08:50 in System II), while the time interval between the birth of the last
piglet until complete expulsion of placenta tended to be shorter (05:10:24 ± 06:02:55 in
System I vs. 03:37:29 ± 03:08:30 in System II).

3.6. Piglet Vitality

The recorded video footage was examined for each piglet regarding the time interval
until the first head and body movement and until the first contact with the teats of the
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respective piglet. The newborn piglets of sows from feeding System II took significantly
less time to show head movement and to reach the teat (Table 6).

Table 6. Mean time interval until first body movement, first head movement, and first contact of
piglets with teats [hh:mm:ss].

Time System I System II

Until body movement 00:01:16 a ± 00:01:06 00:01:13 a ± 00:01:08
Until head movement 00:00:31 a ± 00:00:47 00:00:27 b ± 00:00:36

Until contact with the teats 00:22:16 a ± 00:24:18 00:21:11 b ± 00:28:48
a, b Different letters mark significant differences between means in a row (p < 0.05).

Of the sows from System II, significantly (p < 0.05) more piglets (System I: 70.79%;
System II: 81.15% of piglets) showed head movements analogous to mammary stimulation
in the first 30 seconds after birth. In the first 10 minutes after birth, significantly more
piglets from the sows in System II reached the teats in comparison to piglets from System I
sows (43.35 vs. 32.79%).

3.7. Body Condition at Weaning

BW of the sows was recorded on the 108th day of gestation and on the day of weaning
(day 28 postpartum). BW postpartum was calculated based on the determined litter size.
The weight loss of sows from both systems during lactation and BW at weaning did not
differ significantly from each other (Table 7). The display of the change in BW was only
based on the animals for which the calculation of the weight postpartum was possible. At
the end of gestation, the sows of the two feeding groups reached an almost identical mean
BCS. The calculation of the mean BCS difference was based exclusively on the animals
that had also been assessed on the 108th day of gestation. After lactation, there was no
significant difference in the BCS values of the sow groups. During lactation, sows in feeding
System II lost numerically more back fat; this difference was not significant.

Table 7. BW, BCS, and BFT change during lactation of the sows in both systems.

Timepoint
BW (kg) BCS BFT (mm)

System I System II System I System II System I System II

Day 108 of gestation 295.34 a ± 59.81 299.03 a ± 61.31 3.79 a ± 0.52 3.81 a ± 0.55 15.84 a ± 5.61 16.98 a ± 5.66
Postpartum 265.67 a ± 56.44 267.49 a ± 61.64 - - - -

Weaning 237.11 a ± 48.41 236.90 a ± 52.74 2.95 a ± 0.45 3.00 a ± 0.51 11.18 a ± 4.03 11.45 a ± 4.59
Difference −28.20 a ± 19.17 −31.17 a ± 18.67 −0.83 a ± 0.38 −0.84 a ± 0.43 −4.38 a ± 3.29 −5.54 a ± 2.97

a, b Different letters mark significant differences between means in a row for one parameter (p < 0.05).

4. Discussion

The investigations in this field study within the “SWOF” project (sow welfare opti-
mized feeding) aimed to compare two feeding systems for pregnant group-housed sows
(restricted dry feeding, System I vs. ad libitum liquid feeding based on farm-grown forage,
System II) in terms of body condition development during gestation, sow performance data
and sow and piglet health in the peripartal period and lactation. System II was equipped
with a sorting gate to give sows access to two different feeding areas with rations either
high or low in energy and nutrients according to their body condition. In particular, this
ad libitum system was expected to enable sows a natural feed intake rhythm with regard
to their voluntary feed intake behavior as well as maintain the weight development, health
status, and litter performance characteristics, and therefore improving overall animal
welfare. In this study, data were collected on the farm from two systems diverging with
regard to feeding access (restricted vs. ad libitum), feed composition (“conventional” vs.
based on WPWS) and type (dry vs. liquid), group size (35–55 sows vs. 76–117 sows) and
management (small stable vs. large dynamic group) with a total of 183 sows. Manifold
factors have therefore to be considered when interpreting the results.

9



Sustainability 2021, 13, 13506

During pregnancy, the sows gained body mass regardless of the feeding system in the
group. No significant differences could be detected at the three measurement time points
during pregnancy. A comparable body condition development of sows during pregnancy
between these two feeding concepts (restrictive vs. ad libitum) was not described by
Hoy et al. [27], Steffens [28], or Ziron [29], who all found a higher body mass gain in the
group of ad libitum fed sows. Feed consumption in System II was almost twice the amount
of System I (low-energy ration 4.67 ± 2.14 kg DM per animal and day and high-energy
ration 4.52 ± 2.03 kg DM per animal and day vs. 2.54 ± 0.23 kg DM per animal and day),
but a major uncertainty in energy and nutrient supply that cannot be calculated remains
the obvious feed losses in feeding areas of the ad libitum feeding system as the design
of the troughs and the feeding technique was a prototype and has to be adjusted and
improved regarding the use of fiber-rich liquid feed. The same extent of the standard
deviation of BW over all measuring times is an indication that the sow groups did not
grow apart depending on the ad libitum feeding system. A growing apart of the sow
groups due to the different feed intake of the animals in an ad libitum feeding system was
described by different authors [27,29,30], whereas Steffens [28] could not document any
growing apart of the sows during pregnancy under ad libitum feeding when comparing
the feeding systems. Peltoniemi et al. [31] found no significant difference in BW and BFT
of sows at the beginning of their study, which investigated the effect of ad libitum feeding
on body condition development and fertility in comparison with a conventionally fed
group. After the third lactation, the ad libitum fed sows were significantly heavier and had
a significantly higher mean BFT. Steffens [28] and Schade [30] also documented lower BFT
at the beginning of gestation than after lactation in ad libitum fed sows. Consequently, the
ad libitum fed sows could start the next pregnancy with a higher BFT. This finding could
not be confirmed in the present study. Unfortunately, the sows could not be analyzed over
several reproductive cycles, so that a statement about performance development is not
possible. Several studies have shown that BW and BFT of sows at the end of gestation are
directly related to ME and nutrient intake during gestation [32,33]. In the present study,
the average energy consumption of sows in System I was higher than in System II (low
and high-energy ration, Energy (MJ ME/kg DM); 13.31, 11.54, 13.15, respectively), which
might be a possible reason for this result.

When looking at our results, considering both systems, a lower occurrence of vulva
injuries was observed in System II at the end of gestation (day 108; 32.5% vs. 17.1% of
sows in System I and II, respectively). A likely explanation, according to Rault et al. [34], is
that pigs are a gregarious species, and when housed in groups, they establish dominance
hierarchies. Consequently, group-housed sows are required to share resources and compete
for feed [34]. Vulva biting is thereby a potent method of expelling sows without being in
danger of being attacked in return [35]. Thus, the higher occurrence of vulva injuries found
in sows in System I in our study might result from the feed restriction that could have
been related to the competitive behavior in sows and which was the main cause of this
injury [36]. According to Angermann et al. [36], the use of controlled entrance doors in the
ad libitum liquid feeding system could explain the lower occurrence of vulva injuries as
the automatic entrance door at the sorting gate was designed to protect the animals from
being attacked by other sows.

In the present study, the reproductive performance was on a generally high level with
litter sizes between 16.71 ± 5.32 and 18.49 ± 3.52 piglets born alive. Other recent studies
reported lower litter sizes under different conditions: depending on different energy levels
during late gestation, Rooney et al. [37] found litters with 13.5 to 15.3 piglets born alive,
and Li et al. [38] fed different ratios of soluble to insoluble fiber and reported between 11.2
and 12.8 piglets born alive.

The reproductive performance characteristics, e.g., live-born, stillborn, mummified
piglets as well as weaned piglets or the calculated average birth weight per piglet of sows,
were not significantly influenced by the different feeding systems. Previous studies [39,40]
as well reported no difference in the litter performance, the litter weight, or the number of
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born, born alive, stillborn, or mummified piglets between the restrictively vs. ad libitum
fed group-housed pregnant sows. Van der Peet-Schwering et al. [41], for example, reported
with 13.6 total born piglets in restricted feeding vs. 13.5 under ad libitum feeding conditions
very similar results, and Martí et al. [42] reported 13.5 total born piglets with restricted
feeding and 13.6 total born piglets with ad libitum feeding during late gestation. However,
this is not in accordance with Cools et al. [43], who found a higher number of total born
and born alive piglets to restrictively fed sows during the peripartal period compared to
ad libitum fed sows (total born 11.5 vs. 10.5 piglets, live-born 11.1 vs. 10.2 piglets.

Compared to restricted dry feeding (System I), ad libitum liquid feeding (System
II ) led to a significantly higher litter size of live-born piglets and calculated total litter
size (with secundiae) for sows in System II. This is in accordance with Li et al. [44], who
reported an increased placental weight in sows fed a high-fiber diet. The crude fiber content
in the dry compound diet fed to sows in System I was lower than in the feed in System
II (low- and high-energy ration, crude fiber (% DM); 8.48, 12.7, and 9.34, respectively),
which might be an explanation for our finding. Moreover, fiber-rich feeding of the sows
during pregnancy has an effect on the ingesta passage (faster) and thus lowers the risk of
prolonged farrowing due to constipation [19].

Interestingly, the farrowing duration and the birth interval were longer in sows from
System II, while the time interval between the birth of the last piglet until complete
expulsion of the placenta tended to be shorter (05:10:24 in System I vs. 03:37:29 in System
II). However, in our study, due to technical reasons, the respective system could not be
continued in the farrowing crates. Thus, at farrowing, the sows of both systems had already
been fed the same feed for some days. A possible long-term effect of the respective feeding
system can therefore be discussed but not be explained.

It has been observed that a longer farrowing duration is associated with an increased
piglet stillborn rate [45,46]. However, there was no evidence for a difference in the stillborn
rate in this study, regardless of the feeding system. In contrast, Feyera et al. [47], who
observed an influence of the timing of the last meal prior to parturition on the farrowing
duration and stillborn rate, concluded that when sows had been offered a meal less than
6 h before parturition, sows had a shorter farrowing duration and a reduced stillborn rate.

With increasing litter size and performance selection, the piglet vitality or the viability
of the piglets is also a relevant criterion for piglet production [48]. Birth weight is often a de-
cisive factor for assessing viability and selection with regard to litter compensation [49,50].
In the study by Muns et al. [25], a relation was found between the ability to move and reach
the teats of sows to assess piglet vitality and its influence on piglet survival and growth
during lactation. In the present study, the newborn piglets from feeding System II showed
smaller time intervals until first head movements and reaching the teats of the mother sows.
The head movements analogous to mammary stimulation were a reliable indicator of the
piglets’ vitality and were correlated with their BW [25]. After evaluating the recorded video
material, more piglets from the sows from System II showed head movements analogous
to mammary stimulation in the first 30 seconds after birth (70.8% vs. 81.2%), and in the first
ten minutes after birth, significantly more piglets from System II sows reached the teats in
comparison to piglets from System I sows (43.4 vs. 32.8%). According to the evaluations by
Muns et al. [25], mammary stimulation is a reliable indicator of piglet vitality. Nonetheless,
ad libitum liquid feeding did not affect lactating and weaning sow performance. In accor-
dance with van der Peet-Schwering et al. [41], it is possible to feed group-housed gestating
sows a liquid diet ad libitum without negative effects on reproductive performance.

Unfortunately, due to technical reasons, the respective feeding system could not
be continued during lactation, which could also have had effects on performance and
health [43]. When using an ad libitum feeding system based on whole plant silages, higher
feces masses are produced in combination with lower digestibility. These should be taken
into account when designing stables and optimizing manure management [51]. Further
studies are, therefore, ultimately necessary and useful to examine the effects of forage-
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based ad libitum feeding in an optimized housing system, since in terms of comprehensive
animal welfare, the target is full feeding of sows.

5. Conclusions

In summary, it can be said that the tested group-adapted ad libitum feeding system in
combination with a sorting gate had no negative impact on the body condition development
and sow’s performance. If anything, the piglet vitality was positively affected. The feeding
concept evaluated in this study offers opportunities for more animal welfare, and due
to the use of farm-grown forage, it also enhances sustainability and farm self-sufficiency.
Nevertheless, this will require further research in the future regarding the repertoire of
possibly applied farm-grown forage, the effects of the concept in the transit phase of sows,
and the optimization of floor design and manure management.
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Abstract: Commercial high-yielding corn hybrids have not been evaluated for their ability to pigment
egg yolk. Therefore, the objective of this research was to investigate the effects of commercial hybrids
with different carotenoid profiles as the only source of pigments in the diets of hens on yolk color
and carotenoid content, as well as the carotenoid deposition efficiency into the yolk. Treatment diets,
differing only in one of five corn hybrids, were offered in a completely randomized design in six
cages per treatment, each with three hens. Treatment diets and yolks differed in carotenoid profile
(contents of lutein, zeaxanthin, β-cryptoxanthin and β-carotene, p < 0.001), with total carotenoid
contents ranging from 17.13–13.45 µg/g in diet and 25.99–21.97 µg/g in yolk. The treatments differed
(p < 0.001) in yolk color, which was determined by yolk color fan (10.8–9.83) and CIE Lab (redness;
range 12.47–10.05). The highest yolk color intensity was achieved by a diet with the highest content
of zeaxanthin, β-cryptoxanthin and β-carotene. The deposition efficiency of lutein and zeaxanthin
(25.52 and 26.05%, respectively) was higher than that of β-cryptoxanthin and β-carotene (8.30 and
5.65%, respectively), and the deposition efficiency of all carotenoids decreased with increasing dietary
content. Commercial corn hybrids provided adequate yolk color and could be the only source
of carotenoids in the diets of hens, which could reduce the cost of egg production and increase
farmers’ income.

Keywords: corn hybrid; egg yolk; lutein; zeaxanthin; β-cryptoxanthin; β-carotene; yolk color;
carotenoid deposition efficiency

1. Introduction

Producing and providing an adequate amount of high-quality food for the rapidly
growing world population requires enormous resources that negatively impact the envi-
ronment [1]. Among other environmental protection methods, the use of feeds that meet
more than one animal requirement shows promising potential by reducing the impact of
the production of additional ingredients (such as vitamins and pigments) and contributing
to the reduction in the environmental footprint of animal feed production. In this regard,
corn grain has the potential to meet poultry energy and resistant starch requirements, as
well as contribute to the antioxidant capacity and pigmentation of egg yolk.

The natural color of the yolk is a result of accumulated carotenoids due to hens’ ability
to deposit carotenoids in the yolk. Carotenoids are compounds with pigmenting but
also antioxidant and provitamin A activity, which is why higher yolk color intensity is
associated with better laying hen health and better egg quality and flavor [2]. Eggs, in
turn, are important natural sources of carotenoids in the human diet, with the xanthophylls
lutein and zeaxanthin being prominent due to the prevention and reduction of cataracts and
age-related macular degeneration [3,4]. Similar to other animals, hens cannot synthesize
carotenoids and must obtain them through diet.
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Yolk color is one of the most important attributes for consumer preference in eggs,
and one of the most commonly used methods for determining yolk color intensity is the
DSM Yolk Color Fan scale (YCF). Yolk color preference varies from country to country,
and consumers in Southern Europe prefer a more intense yolk color (YCF > 11), while
the majority of consumers worldwide prefer paler eggs [2]. To achieve the desired yolk
color, carotenoids are supplied in hen diets as pigment additives, which is an important
contribution to the overall cost of egg production. The global carotenoids market reached
USD 1.5 billion in 2017 and is expected to reach USD 2.0 billion by 2022, growing at a
compound annual growth rate of 5.7% from 2017 to 2022 [5].

A number of factors can influence yolk color, but when considering carotenoids,
their content, type and ratio in the diet presents the basis for the possible color [6,7]. In
general, the carotenoid profile of the yolk reflects the carotenoid profile of the diet [8],
and consequently, the yolk color can be influenced by the addition of different carotenoid
sources in the hen diet. It is considered that the standard hen diet, in which the main part
is one or more cereals, is insufficient to achieve the desired yolk color without pigment
supplementation. These pigments are usually of synthetic origin as they deposit faster
and have better efficiency than natural pigments [2,9]. However, when such pigments
are added to hen diets, the higher yolk color intensity is not associated with the higher
yolk carotenoid content [10]. Furthermore, with the increasing concern regarding healthy
nutrition, the synthetic supplementation of food and feed has become an issue. Although
numerous natural sources have been investigated over the last three decades, only marigold
is commercially available [11].

Corn, which is often the main ingredient of hen diets, is the only cereal with apprecia-
ble carotenoid content and an adequate carotenoid profile for egg yolk pigmentation [12].
However, the contribution of corn carotenoids to yolk pigmentation is neglected even in
countries with high corn content in hen diets, and pigment supplementation is common
in corn-soy-based diets, despite increase of costs and decrease of carotenoid deposition
efficiency [6]. In the last decade, biofortification has been used to create corn varieties
with enhanced carotenoid content, mainly for human nutrition [13]. When biofortified
corn is the only source of carotenoids in hen diets, eggs have higher carotenoid content
and more intensive color of yolks compared to non-biofortified corn [14,15]. However,
corn varieties biofortified with carotenoids have a much lower yield and a higher price
compared to commercial corn hybrids [16], which could limit their use in intensive crop
and poultry production.

The most important reason for underestimating the contribution of corn carotenoids to
yolk color is likely due to the high genetic variability of carotenoid content in high-yielding
hybrids used in commercial production. This genetic variability of corn hybrids suggests
that hybrids with high total carotenoid content and adequate profile for yolk pigmentation
can be found in the market. At the same time, the use of such hybrids in hen diets does
not require pigment addition, which simplifies diet preparation, reduces egg production
costs and increases farmers’ income. However, commercially available high-yielding corn
hybrids have not been evaluated for their ability to pigment the yolk and the efficiency
of carotenoid deposition. Therefore, the objective of this research was to investigate the
effects of commercial high-yielding hybrids with different carotenoid profiles as the only
source of hen diet pigment on yolk color and carotenoid content, and carotenoid deposition
efficiency into yolk.

2. Materials and Methods

The animal experiment was conducted in accordance with the Croatian directives
(Animal Protection Act, OG 102/17, and Regulation on the Protection of Animals Used
for Scientific Purposes, OG 55/13), which correspond to the European guidelines for the
care and use of animals used for scientific purposes. The animal procedures used in this
study were approved by the Bioethics Committee for the protection and welfare of animals
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at the University of Zagreb Faculty of Agriculture (KLASA 114-04/17-03/02, URBROJ
251-71-01-17-1).

2.1. Corn Hybrids and Treatment Diets

Five commercial and high-yielding yellow corn hybrids (Zea Mays L.) with differ-
ent carotenoid content (Bc 572, Kekec, Mejaš, Rid̄an and Pajdaš) were provided by Bc
Institute (Zagreb, Croatia). The corn hybrids were grown under the same agro-climate
and production conditions. Each hybrid was planted on a 560 m2 test plot located in
central Croatia, near Zagreb. At the time of physiological maturity of the grain, each corn
hybrid was harvested from the central part of the plot. The harvested grains were dried
at 60 ◦C to 120 g/kg moisture and stored in corn storage bags until the preparation of the
experimental diets.

The five experimental diets were formulated to have the same nutrient content and
differed only in the corn hybrid. All diets were formulated according to the NRC [17] and
updated to be suitable for TETRA SL commercial layer hen hybrid at initial phase of egg
production (20–45 weeks of age) [18]; the diet composition and calculated nutrient contents
are shown in Table 1. No pigment source other than corn was added. Immediately prior to
preparation of the diets, corn grain was ground to pass through a 4-mm screen. Since the
objective of the study was to compare commercial high-yielding corn hybrids, the control
diet was not included in the experiment.

Table 1. Diet composition and calculated nutrient content.

Ingredient Content (g/kg)

Corn 600
Soybean meal 262
Sunflower oil 30

Calcium carbonate 88
Monocalcium phosphate 12

Sodium chloride 4
DL methionine 1.5

Vitamin premix 1 1.2
TRT Poultry Pack 2 1.3

Calculated nutrient composition
Crude protein 170

Crude fat 55
Crude fibre 28
Crude ash 12.7
Calcium 38

Phosphorus, available 4.3
Lysine 8.8

Methionine 4.2
Metabolic energy (MJ kg−1) 11.6

1 The vitamin premix provided per kg of diet: Vitamin A 10,000 IU, Vitamin D3 2500 IU, Vitamin E 200 mg,
Vitamin K3 3 mg, Vitamin B1 1 mg, Vitamin B2 45 mg, Vitamin B3 30 mg, Vitamin B5 10 mg, Vitamin B6 3 mg,
Vitamin B7 50 mg, Vitamin B9 0.5 mg, Vitamin B12 25 mg, Choline 400 mg, antioxidant (BHA, EQ) 50 mg. 2 TRT
Poultry Pack (Alltech Ireland Ltd., Dunboyne, Ireland) provided per kg of diet: I 1 mg, Fe 5 mg, Cu 5 mg,
Mn 30 mg, Zn 30 mg, Se 0.2 mg.

All diets were mixed immediately before the start of the dietary experiment and
divided into 5 paper bags. For further analysis, a sample was taken from each bag of the
same treatment diet (total of 5 replicates per treatment diet), and samples were stored at
−20 ◦C until carotenoid analysis. Before analysis, corn samples were ground in a laboratory
mill (Cyclotec 1093, Foss Tocator, Hoganas, Sweden) equipped with a 0.3-mm screen. All
samples were analyzed for dry matter content (DM) determined by drying 3 g of each
sample 4 h at 103 ◦C according to the method ISO 6496:1999 [19].
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2.2. Hens, Housing and Experimental Design

A total of 90 TETRA-SL 18-week-old laying hens were randomly allotted in groups of
3 to 1 of 30 metal battery cages with 750 cm2 per hen. Diets and water were provided ad
libitum to hens. Room temperature was 20 ± 3 ◦C, and the light period consisted of 16 h
light per day throughout the experimental period.

After allocating hens to the cages, a 4-week depletion period began. All hens were fed
a diet without added pigments and based on barley instead of corn grain and with the same
calculated nutrient composition as the experimental diets (Table 1). After depletion, the
cages were randomly assigned to one of five dietary treatments (six replicates per dietary
treatment). The experimental period lasted 10 weeks. Throughout the experimental period,
the number of eggs laid was recorded daily, and diet intake was recorded weekly.

During the experimental period, eggs were collected every three days until the third
week to determine stabilization in carotenoid content (i.e., on day 1, 4, 7, 10, 13, 16, 19 and
22 after the beginning of experimental period) and then weekly for color and carotenoid
analysis (i.e., on day 28, 35, 42, 49, 56, 63 and 70 after the beginning of experimental
period). All eggs were analyzed in the shortest possible time and stored at 4 ◦C if necessary.
Collected eggs were broken immediately before analysis; the yolks were separated from
albumen and dried on a paper napkin. After the yolks were separated, their weight
was recorded.

2.3. Yolk Color Determination

Yolk color was analyzed with both YCF (Egg Multi Tester EMT-5200, Robotmation
Co. Ltd., Japan) and Minolta Chroma Meter CR-410 (Minolta Co. Ltd., Osaka, Japan) using
the CIE (Commission Internationale d’Eclairage) Lab scale. Color was first determined
using the YCF scale; each yolk from eggs collected in the same cage on the same day was
analyzed separately, and the average value was taken. Then, the yolks from each cage
were combined and mixed carefully to avoid air bubbles, and the color was determined
using the CIE Lab scale. The L*, a* and b* values reflect brightness (0 = black, 100 = white),
redness (−a = green, a = red) and yellowness (−b = blue, b = yellow), respectively.

2.4. Carotenoid Analysis
2.4.1. Experimental Diets

Carotenoids from experimental diets were extracted and quantified according to
the procedure described by Kurilich and Juvik [20], using β-apo-carotenal as an internal
standard. Each sample was analyzed in triplicate, and the average value was taken as
the result. For the extraction, samples were homogenized with ethanol, saponified with
80% KOH and incubated for 10 min at 85 ◦C in a water bath. The test tubes were then
cooled in an ice bath with the addition of deionized water. The carotenoids were extracted
with hexane, which was pipetted into a separate tube after centrifugation at 2200× g
for 10 min (Centric 322A, Tehtnica, Železniki, Slovenia). The extraction procedure was
repeated until the colorless upper hexane layer. The collected supernatants were evaporated
using vacuum evaporator (Laborata 400 efficient, Heidolph, Schwabach, Germany) and
reconstituted in 200 µL acetonitrile:dichloromethane:methanol (45:20:35, v/v/v) containing
0.1% BHT.

Carotenoids were separated and quantified using a SpectraSystem HPLC instrument
(Thermo Separation Products, Inc., Waltham, MA, USA) equipped with a quaternary
gradient pump, an autosampler and a UV/Vis detector. Two sequentially connected C18
reversed-phase columns, Vydac 201TP54 column (5 µm, 4.6 × 150 mm; Hichrom, Reading,
UK) and Zorbax RX-C18 column (5 µm, 4.6 × 150 mm; Agilent Technologies, Santa Clara,
CA, USA), were used for carotenoid separation. The separation columns were protected
by a Supelguard Discovery C18 guard column (5 µm, 4 × 20 mm; Supelco, Bellefonte, PA,
USA). The mobile phase consisted of acetonitrile:methanol:dichloromethane (75:25:5, v/v/v)
containing 0.1% BHT and 0.05% triethylamine. An aliquot of 30 µL was injected, and the
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flow rate was 1.8 mL/min. The separations were performed at room temperature, and
carotenoids were monitored at 450 nm.

Carotenoids (lutein (purity 99%), zeaxanthin (purity 99%), β-cryptoxanthin (purity
99%) and β-carotene (purity 98%)) were identified by comparing their retention times
and quantified by external standardization with calibration curves using commercially
available standards (Sigma-Aldrich, Steinheim, Germany; r2 ≥ 0.99 for all carotenoids).
The total carotenoid content was calculated by summing the contents of the individual
carotenoids.

2.4.2. Yolks

The changes in carotenoid content in yolks during the experimental period were
determined using the reversed-phase HPLC method described previously (Section 2.4.1).
Yolks mixed after YCF color analysis were weighed for the carotenoid extraction procedure
described by Surai et al. [21] before the determination of color by CIE Lab. Carotenoids were
extracted with hexane after yolk homogenization with 2 mL of 5% NaCl aq. solution:ethanol
(1:1, v/v). Combined extracts were evaporated using a vacuum evaporator and reconstituted
in 300 µL acetonitrile:dichloromethane:methanol (45:20:35, v/v/v) containing 0.1% BHT.

2.5. Carotenoid Deposition Efficiency

The carotenoid deposition efficiency for each cage within dietary treatment was
calculated using the following equation [8]:

Carotenoid deposition efficiency (%) = Carotenoid production by egg/Carotenoid consumption by diet × 100

where carotenoid production by eggs and consumption by diet were calculated using the
following equations:

Carotenoid production by egg = yolk weight (g) × yolk carotenoid content (µg/g) × egg production (%)

Carotenoid consumption by diet = diet intake (g/d/hen) × diet carotenoid content (µg/g)

based on the data obtained in the hen trial and after sample analysis.

2.6. Statistical Analysis

Statistical analyses of the obtained results were performed using SAS statistical soft-
ware (version 9.4; SAS Institute Inc., Cary, NC, USA). The dietary experiment was con-
ducted as a randomized block design with five dietary treatments, defining a cage with
three hens as the experimental unit. Differences between the treatment diets were subjected
to an analysis of variance using the MIXED procedure with treatment as the fixed effect.
The same procedure was used to analyze differences between treatments in yolk color,
carotenoid content and carotenoid deposition efficiency using repeated measurements
ANOVA, with results obtained from third week and until end of the dietary experiment.
Mean values were defined by the least squares means statement and compared using the
PDIFF option; letter groups were determined using the PDMIX macro procedure. The rela-
tionship between carotenoid content in treatment diets and yolk color, carotenoid content,
and carotenoid deposition efficiency was evaluated using Pearson correlation implemented
in the CORR procedure. The threshold for statistical significance was defined as p < 0.05.

3. Results

3.1. Carotenoid Content in Experimental Diets

The experimental diets differed (p < 0.001) in the contents of all individual and total
carotenoids (Table 2). The average contents of lutein and zeaxanthin in the experimental
diets were similar (6.04 and 6.24 µg/g DM, respectively), although the treatments had
a wide range of both carotenoids in the experimental diets. Treatment Bc 572 had the
lowest dietary lutein content, while the content in the Rid̄an treatment was twice as high.
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Opposite to lutein, the Bc 572 treatment had the highest dietary zeaxanthin content, which
was twice as high as in the Rid̄an and Pajdaš treatments. Treatment Bc 572 also had the
highest dietary contents of β-cryptoxanthin and β-carotene, resulting in the highest dietary
content of total carotenoids among the treatments. Treatment Bc 572 had a 27% higher total
carotenoid content than the treatment with the lowest content, Kekec.

Table 2. Average carotenoid content (µg/g DM) in treatment diets differing in corn hybrids.

Carotenoid
Dietary Treatment

SEM p
Bc 572 Kekec Mejaš Rid̄an Pajdaš

Lutein 3.72 e 5.64 d 6.53 c 7.36 a 6.94 b 0.09 <0.001
Zeaxanthin 9.99 a 5.87 b 5.78 b 4.57 d 4.98 c 0.10 <0.001

β-cryptoxanthin 1.67 a 0.83 c 1.02 b 0.75 c 0.73 c 0.05 <0.001
β-carotene 1.74 a 1.12 c 1.45 b 1.16 c 1.40 b 0.07 <0.001

Total carotenoids 17.13 a 13.45 d 14.78 b 13.86 cd 14.04 c 0.16 <0.001

Values in a row with different letters differ significantly (p < 0.05).

3.2. Yolk Color

The yolks from hens fed the tested dietary treatments differed (p < 0.001) in color
determined by the YCF scale (Table 3), the difference being due to the differentiation of
treatment Bc 572 from the other treatments. Despite the differences in the dietary carotenoid
profile, the Kekec, Mejaš, Rid̄an and Pajdaš treatments yielded similar YCF scores. Of
the CIE Lab color space parameters, only redness differed between the dietary treatments
tested (p < 0.001; Table 2), and it followed the same relationship between treatments as the
YCF scale. Dietary treatments tended to differ in yellowness (p = 0.065), with the lowest
value detected in the treatment with the highest redness value, Bc 572.

Table 3. Average egg yolk color according to the Yolk Color Fan (YCF) scale and CIE Lab in eggs laid by hens fed dietary
treatments differing in corn hybrids.

Carotenoid
Dietary Treatment

SEM p
Bc 572 Kekec Mejaš Rid̄an Pajdaš

YCF 10.8 a 9.92 b 9.96 b 9.98 b 9.83 b 0.08 <0.001

CIE Lab
L* 67.27 67.64 67.76 67.70 67.35 0.21 0.351
a* 12.47 a 11.01 b 11.02 b 11.04 b 10.05 b 0.12 <0.001
b* 67.47 68.14 68.30 68.62 68.22 0.28 0.065

Values in a row with different letters differ significantly (p < 0.05).

The yolk YCF score and the redness and yellowness according to CIE Lab correlated
with the content of individual and total carotenoids in the experimental diets. An increase
in lutein content in the experimental diets was associated with a decrease in redness and
YCF score (r = −0.73 and −0.76, respectively, p < 0.001) and an increase in yellowness
(r = 0.43, p < 0.05). On the other hand, zeaxanthin, β-cryptoxanthin and β-carotene showed
an opposite correlation compared to lutein. Zeaxanthin and β-cryptoxanthin correlated
positively with redness and YCF (r = 0.77 and 0.78 for zeaxanthin and r = 0.70 and 0.71 for
β-cryptoxanthin, respectively, p < 0.001) and negatively with yellowness (r = −0.42 and
−0.46, respectively, p < 0.05). β-carotene and total carotenoids correlated with redness and
YCF (r = 0.42 and 0.50 for β-carotene, p < 0.05, and r = 0.68 and 0.69 for total carotenoids,
p < 0.001, respectively).

3.3. Yolk Carotenoid Profile

The content of individual and total carotenoids in yolks increased in all treatments
during the first two weeks of the experiment (Figure 1). After the second week, the content
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of individual carotenoids showed weekly fluctuations, which were more pronounced for
β-cryptoxanthin and β-carotene than for lutein and zeaxanthin. Weekly fluctuations in the
total yolk carotenoid content were less evident compared to individual carotenoids. No
significant decrease in the yolk content of the determined carotenoids was observed by the
end of the experiment.

                   
 

 

                     β‐    β‐          
                         

Figure 1. Changes in yolk contents of lutein (a), zeaxanthin (b), β-cryptoxanthin (c), β-carotene (d) and total carotenoids
(e) in eggs laid by hens fed dietary treatments differing in corn hybrid.

21



Sustainability 2021, 13, 12287

The yolks of the experimental treatments differed in the content of individual and total
carotenoids (p < 0.001; Table 4). The average content of lutein and zeaxanthin in the yolks
was 11.51 and 12.00 µg/g, and their content was up to 25 times higher than the content of
β-cryptoxanthin and β-carotene, on average, 0.61 and 0.56 µg/g, respectively. Treatment Bc
572 had the lowest lutein content and the highest content of zeaxanthin, β-cryptoxanthin
and total carotenoids. Treatment Rid̄an had the highest contents of lutein and β-carotene.
The contents of lutein, zeaxanthin and β-cryptoxanthin increased with their increase in the
experimental diets (r = 0.93, 0.93 and 0.83, respectively, p < 0.001). On the other hand, the
yolk content of β-carotene decreased with its content in the experimental diets (r = −0.61,
p < 0.001).

Table 4. Average yolk carotenoid content (µg/g) in eggs laid by hens fed dietary treatments differing in corn hybrids.

Carotenoid
Dietary Treatment

SEM p
Bc 572 Kekec Mejaš Rid̄an Pajdaš

Lutein 8.31 e 10.92 d 12.52 b 13.91 a 11.88 c 0.19 <0.001
Zeaxanthin 16.36 a 12.35 b 11.78 b 10.29 c 9.22 d 0.22 <0.001

β-cryptoxanthin 0.92 a 0.69 b 0.56 c 0.51 d 0.39 e 0.02 <0.001
β-carotene 0.40 d 0.51 c 0.60 b 0.79 a 0.48 cd 0.03 <0.001

Total carotenoids 25.99 a 24.47 b 25.47 ab 25.49 ab 21.97 c 0.40 <0.001

Values in a row with different letters differ significantly (p < 0.05).

3.4. Carotenoid Deposition Efficiency in Yolks

The deposition efficiency of lutein and zeaxanthin (on average, 25.52 and 26.05%,
respectively) in the yolks of the tested treatments was up to 10 times higher than the
deposition efficiency of β-cryptoxanthin and β-carotene (on average, 8.30 and 5.65%,
respectively). The tested treatments differed in the deposition efficiency of all individual
and total carotenoids (p < 0.001; Table 5). Treatment Pajdaš achieved the lowest values of
deposition efficiency for all individual carotenoids except β-carotene, and the deposition
efficiency of total carotenoids was similar to the result of treatment Bc 572, despite the
high total carotenoid content in the experimental diet of treatment Bc 572. In addition,
treatments Kekec, Mejaš and Rid̄an resulted in a similar deposition efficiency of total
carotenoids, regardless of the differences in the carotenoid profile of the experimental diets.

Table 5. Average carotenoid deposition efficiency (%) in yolks from eggs laid by hens fed dietary treatments differing in
corn hybrids.

Carotenoid
Dietary Treatment

SEM p
Bc 572 Kekec Mejaš Rid̄an Pajdaš

Lutein 28.46 a 26.37 b 26.19 b 24.81 b 21.75 d 0.60 <0.001
Zeaxanthin 20.87 d 28.62 ab 27.76 b 29.53 a 23.49 b 0.60 <0.001

β-cryptoxanthin 7.00 c 11.21 a 7.52 c 8.87 b 6.90 c 0.32 <0.001
β-carotene 2.94 d 6.23 b 5.68 b 8.95 a 4.45 c 0.35 <0.001

Total carotenoids 19.31 b 24.74 a 23.50 a 24.15 a 19.85 b 0.50 <0.001

Values in a row with different letters differ significantly (p < 0.05).

The deposition efficiency of all individual and total carotenoids correlated negatively
with their content in the experimental diets (lutein: r = −0.62, p < 0.001; zeaxanthin:
r = −0.68, p < 0.001; β-cryptoxanthin: r = −0.43, p < 0.05; β-carotene: r = −0.79, p < 0.001;
total carotenoids: r = −0.63, p < 0.001).

4. Discussion

The only source of carotenoids in the experimental diets was corn; therefore, lutein,
zeaxanthin, β-cryptoxanthin and β-carotene, as the main carotenoids in corn [20], were
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found in the diets. Consequently, the differences between the experimental diets in the
carotenoid profiles were attributed to the differences in the carotenoid profiles of the com-
mercial corn hybrids used. Comparing the experimental diets in terms of their carotenoid
profile with other studies is somewhat difficult because the current research focuses on
biofortified corn. In those studies, commercial yellow corn has typically been used as
the control to which biofortified corn has been compared. Experimental diets prepared
with commercial yellow corn in these studies have lower levels of total carotenoids than
the diets in the present study. Liu et al. [14] reported that commercial yellow corn con-
tained 24.63 nmol/g, i.e., 13.89 µg/g of total carotenoids, and the resulting diet containing
600 g/kg of corn corresponds to a total carotenoid content of 8.33 µg/g. In addition,
Moreno et al. [15] reported that the experimental diet containing 620.6 g/kg of corn had
9.2 µg/g of total carotenoids, while Ortiz et al. [22] reported 5.7 µg/g of total carotenoids
in a diet containing 565 g/kg of commercial yellow corn.

Although studies have shown that biofortification generally results in increased
carotenoid content in the experimental hen diets, this increase could represent an increase
in the content of some specific carotenoids, which, consequently, does not result in an in-
crease in total carotenoids. The experimental diets in the present study had higher contents
of lutein, zeaxanthin, β-cryptoxanthin and β-carotene but did not contain violaxanthin and
astaxanthin, which were present in the diets with corn fortified with ketocarotenoids in
the study by Moreno et al. [15], resulting in similar total carotenoid contents (13.81 µg/g
vs. 14.65 µg/g on average in the present study). Similarly, high β-cryptoxanthin corn in
the study by Liu et al. [14] provided a similar amount of β-cryptoxanthin and β-carotene
(4.71 and 5.31 nmol/g for corn varieties, or 1.56 and 1.71 µg/g, calculated on the basis of
corn proportion in the diet, respectively) as treatment Bc 572 in the present study but with
a lower total carotenoid amount (13.89 µg/g, calculated on the basis of corn proportion in
the diet, vs. 17.13 µg/g, respectively). Therefore, some existing commercial corn hybrids
have comparable levels of individual or total carotenoids to carotenoid-biofortified corn,
i.e., they could provide their similar levels to the hen through the diet. This implies that
some high-yielding commercial corn hybrids, depending on yolk pigmenting ability, could
be used in targeted production as corn for laying hens.

The next step in evaluating the suitability of commercial corn hybrids as a single
pigment in hen diets was to determine their yolk pigmentation ability. The results of the
YCF values obtained show that treatment Bc 572 was the only commercial hybrid able
to pigment the yolk to the color acceptable in most markets, while the other treatments
pigment the yolk in such way that the color is acceptable in markets where a paler yolk color
is desired. Similar values to treatments tested in the present study were achieved by the
diet containing 620.6 g/kg of genetically engineered corn fortified with carotenoids in the
study by Moreno et al. [15], while the diet containing 565 g/kg of Orange Corn, non-GMO
corn biofortified to increase the total and provitamin A carotenoid content in the study
by Ortiz et al. [22], achieved even lower values (9 ± 0.3). Diets prepared with the yellow
commercial corn from these two studies (YCF scores ~ 6 and 4, respectively) achieved a
color significantly lower than the YCF scores of the present study. When considering the
CIE Lab, the increase in yolk YCF scores is accompanied by the increase in yolk redness
(r = 0.96, p < 0.001), suggesting that carotenoids affecting redness contribute most to the
changes in the YCF scale. The dietary treatments in the present study resulted in eggs that
varied in yolk redness from 10.23 to 12.47, which is higher than the values for biofortified
corn in studies by Liu et al. [14] and Ortiz et al. [22] (~5 and 4, respectively).

The commercial corn hybrids in the present study achieved yolk colors comparable
to various pigments in other studies. Skřivan et al. [23] reported a similar YCF score
(10.55) and redness values (11.51) of yolks from hens fed diets based on 350 g/kg of
corn and 280 g/kg wheat supplemented with 950 µg/g of marigold flower extract, while
treatment Bc 572 in the present study achieved similar yolk YCF score (10.55) as hens fed
diets containing 600 g/kg of wheat supplemented with 15 µg/g of spirulina in a study
by Zahroojian et al. [24]. However, the yolk color intensity in the present study was not
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as high as that of the commercial synthetic pigment containing canthaxanthin added to
the standard diet at a concentration of 8 mg/kg (YCF 13.47, a* 18.76) [10]. The higher
pigmentation effect of canthaxanthin compared to the carotenoids present in corn is due
to its higher deposition efficiency in the yolk; 37 to 50% of the ingested canthaxanthin is
deposited in the yolk [2]. However, although the dietary treatments were not as successful
as the synthetic pigments in achieving high YCF scores, the eggs from the present study
provide more carotenoids in the human diet, especially lutein and zeaxanthin, at no
additional cost to the pigment source. On the other hand, the YCF scores obtained were
close to the value of 10.7 obtained in the study by Englmaierová et al. [25], who used a
combination of synthetic carotenoids with 2 mg/kg of canthaxanthin and 1.5 mg/kg of
ethyl ester of β-apo-8’-carotenoic acid in hen diet.

Based on the correlations between the dietary content of individual carotenoids and
color scores, dietary lutein contributed to yolk yellowness, which decreased the YCF
score. On the other hand, zeaxanthin, β-cryptoxanthin and β-carotene contributed to yolk
redness, which increased the YCF score. These correlations suggest that an adequate profile
of commercial corn hybrids for desirable yolk pigmentation has elevated levels of the
latter three carotenoids, as found in treatment Bc 572. This observation is in agreement
with Liu et al. [14] and Ortiz et al. [22], who also showed that increased zeaxanthin and
β-cryptoxanthin in diets as a result of increased content in corn grain resulted in higher
yolk color intensity.

The accumulation of carotenoids in the yolks occurred after the fourth day, after the
experimental diets were offered to the hens, and saturation was reached after the second
week. The duration of the accumulation phase in the present study falls within the range
reported in studies with biofortified corn. Moreno et al. [15] reported that saturation was
reached after the third week in all dietary treatments, while Ortiz et al. [22] showed that
maximum carotenoid accumulation was reached on the 12th day of feeding with dietary
treatments. During the experimental period, the yolk levels of lutein and zeaxanthin were
higher and more constant than those of β-cryptoxanthin and β-carotene. Moreover, the
weekly fluctuations of β-carotene in the yolk showed a wide range in all the treatments
tested. These fluctuations most likely reflect the utilization of β-cryptoxanthin and β-
carotene by the hen; as previously reported [26], they are converted to vitamin A, with
β-carotene being more readily converted than β-cryptoxanthin [14]. As yolk carotenoid
levels remained constant until the end of the experiment, commercial corn hybrids provided
a stable source of carotenoids for yolk pigmentation.

In agreement with previous reports [8,14], yolk carotenoid profiles of the tested
treatments reflected the carotenoid profile of the experimental diets, with zeaxanthin
dominating in the eggs of treatments Bc 572 and Kekec and lutein in the eggs of treatments
Mejaš, Rid̄an and Pajdaš. The high correlation coefficients between the dietary and yolk
contents of lutein, zeaxanthin and β-cryptoxanthin confirm these considerations. On the
other hand, the β-carotene content decreased with the dietary content, in accordance with
the preferential conversion to vitamin A. The experimental diets had the same content of
ingredients and the other ingredients except corn were from the same batch, thus unifying
the effect of the diet matrix on carotenoid bioavailability. From compounds present in
the experimental diets, oleic acid was the most important for carotenoids; corn contains
26.8% while sunflower oil contains 20% of this fatty acid [27]. Monounsaturated fatty acids
improve the absorption of polar carotenoids, especially when associated with high ME
density (11.6 MJ/kg) [28].

The yolk total xanthophyll content reached values in the range of 21.5 to 25.5 µg/g,
which was close to lower values in yolks from ecological eggs (20.5–33.5 µg/g) but close
to higher values for yolks from free range (12.6–25.5 µg/g), barn (12.1–26.8 µg/g) or eggs
(7.3–29.3 µg/g) purchased in local German supermarkets [29]. This comparison suggests
that commercial corn hybrids provide more carotenoids than most free-range, barn and
cage eggs, in which canthaxanthin, β-apo-8′-ethyl ester and citranaxanthin were found
in considerable amounts. Moreover, the yolks from hens fed corn hybrids in the present
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study provided more xanthophylls than conventional cage, cage free, cage-free and free-
range/pasture and free-range/pasture-organic eggs (21.5, 22.1, 18.2, 18.8, and 22.6 µg/g,
respectively) purchased from the local market in the study by Ortiz et al. [22]. The yolks
from the later study had YCF scores between 6 and 8, implying that commercial corn
hybrids could result in higher color intensity with only a small increase in xanthophyll
content in the yolks.

Compared to biofortified corn, commercial corn hybrids were within the range of total
carotenoid contents in yolk reported in previous studies. While Liu et al. [14] reported
lower values for high-β-carotene and high-β-cryptoxanthin corn (23.61 and 25.86 nmol/g,
i.e., 13.37 and 14.61 µg/g, respectively), Ortiz et al. [22] reported a higher value for Orange
Corn (29.4 µg/g). Moreno et al. [15] reported results in the freeze-dried yolks and based
on the fact that the yolk contains approximately 50% moisture [30], corn enriched in
carotenoids resulted in similar contents of total carotenoids (57.5 µg/g of freeze-dried
yolk), while corn enriched in ketocarotenoids resulted in twice lower content (26.18 µg/g
of freeze-dried yolk). In these previous studies, the biofortification of corn in the diet of
hens resulted in increased zeaxanthin and β-cryptoxanthin content and color intensity in
the yolks, and a similar result was found with treatment Bc 572 in the present study.

The deposition efficiencies of lutein (on average 25.52%) and zeaxanthin (on average
26.05%) were higher than those of β-cryptoxanthin (on average 8.30%) and β-carotene (on
average 5.65%). In addition to the preferential utilization of β-cryptoxanthin and β-carotene
as vitamin A, these results also reflect the easier absorption of the more polar carotenoids
lutein and zeaxanthin [31]. Furthermore, van het Hof [32] has shown that lutein is five times
more bioavailable than β-carotene in humans. The deposition efficiencies of individual
carotenoids were within the range of values reported in previous studies [8,33,34]. These
studies reported variable deposition efficiencies but also differed in the carotenoid source
and its inclusion level in the diet. For example, Karadas et al. [8] reported deposition
efficiencies of zeaxanthin ranging from 9.1–30.3% and β-carotene ranging from 0.4–3.8%
for diets containing 20 g/kg of lucerne extract, marigold extract and tomato powder.
Hammershøj et al. [29] reported values in the range of 18.8–27.4 for lutein, 18.9–27.9
for zeaxanthin and 0.3–1.0 for β-carotene in diets supplemented with 70 g/day/hen of
different carrot varieties. Thus, the values reported in the present study show good
deposition efficiency of corn carotenoids, including β-carotene, into the egg yolk.

In addition to the differences between individual carotenoids, the deposition efficiency
of corn carotenoids also varied with their concentration—the levels of all individual and
total carotenoids decreased with increasing dietary content. This relationship between
the deposition efficiency into yolk and dietary content has been reported previously for
lutein [8,34]. It seems that other corn carotenoids follow the same relationship, in agree-
ment with their decreasing bioaccessibility from the matrix with increasing content in the
grain [35]. However, the tested corn hybrids as the only source of carotenoids in hen diets
resulted in high yolk carotenoid content and color intensity for the majority of world mar-
kets, despite the observed relationship between the deposition efficiency and the dietary
content of carotenoids.

5. Conclusions

Commercial high-yielding corn hybrids may differ in carotenoid content, but the
present study showed that those with high carotenoid contents could be the only source of
pigments for yolk pigmentation in hen diets. More so, the dietary treatments resulted in
the high yolk content of lutein and zeaxanthin, comparable to biofortified corn, which has
been widely studied recently, with no decrease in color intensity compared to synthetic
pigment sources widely used in poultry production. Corn hybrids containing higher levels
of zeaxanthin and β-cryptoxanthin even resulted in higher yolk color intensity (higher
YCF score and redness values). The results of the study suggest that more attention should
be given to the selection of existing commercial corn hybrids for poultry; the inclusion of
these hybrids in the diet could lead to a reduction in egg production costs.
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* Correspondence: nikola.puvaca@fimek.edu.rs; Tel.: +381-65-219-1284

Abstract: The quality and safety attributes of poultry products have attracted increasing widespread
attention and interest from scholarly groups and the general population. As natural and safe
alternatives to synthetic and artificial chemical drugs (e.g., antibiotics), botanical products are recently
being used in poultry farms more than 60% of the time for producing organic products. Medicinal
plants, and honeybee products, are natural substances, and they were added to poultry diets in a
small amount (between 1% and 3%) as a source of nutrition and to provide health benefits for poultry.
In addition, they have several biological functions in the poultry body and may help to enhance
their welfare. These supplements can increase the bodyweight of broilers and the egg production
of laying hens by approximately 7% and 10% and enhance meat and egg quality by more than 25%.
Moreover, they can improve rooster semen quality by an average of 20%. Previous research on the
main biological activities performed by biotics has shown that most research only concentrated on
the notion of using botanical products as growth promoters, anti-inflammatory, and antibacterial
agents. In the current review, the critical effects and functions of bee products and botanicals are
explored as natural and safe alternative feed additives in poultry production, such as antioxidants,
sexual-stimulants, immuno-stimulants, and for producing healthy products.

Keywords: honeybee; medicinal plants; quality; antimicrobials; poultry; health

1. Introduction

The poultry industry has recently faced many challenges, including economic re-
cession, climate change, disease, and overuse of antibiotics. Enhancing animal welfare,
production, and health is a significant request for all poultry farms and provides safe and
organic products to consumers [1]. Organic production refers to the final product quality
and extends to the whole production process under high quality and security control [2,3].
Therefore, today’s global trend is to lessen the usage of synthetic prophylactic and ther-
apeutic drugs (such as antibiotics) in poultry farms and find safe and healthy natural
replacements [4,5]. The prospect of using new natural materials as dietary supplements in
poultry diets instead of antibiotics has been recently studied [6]. These materials have to al-
low the production of safe and high-quality food. For decades, antibiotics were commonly
used in poultry farms to preserve the gut ecosystem’s equilibrium and improve chicken
growth [7]. The overuse of these antibiotics in poultry farms, as growth promoters for
improving feed conversion ratio and growth, has resulted in several adverse effects such
as the development of antimicrobial resistance (AMR) and transference, and the residues
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remained in consumed meat [8–11]. Several strategies have been applied to deal with this
global trend. One of these strategies is to use botanicals as natural substances in poultry
production to improve poultry welfare and produce organic meat and eggs [12]. The
botanical products can be defined as a natural substance derived from natural products
such as plant extracts, fruits, and bee products, added to the animal diet to provide medical
or health benefits, including preventing or treating a disease [13–15]. Botanicals appear to
have a wide variety of uses in the nutrition and production of poultry [16,17]. In various
ways, they are distinct from other dietary supplements, such as their ability to play positive
biological roles in an animal’s body and their capability to improve its health status without
leaving any traces in consumed meat [18–21]. The probable mechanism of action of plant
products has been found to be through their beneficial effect on gut microflora by reducing
the number of pathogenic organisms, resulting in increased nutrient availability for the
host [22–25]. Due to their nutritional and medical properties, herbal and bee products are
now used as dietary supplements in poultry production on a large scale [26–32]. Addi-
tionally, they are progressively used for in vivo feeding techniques as multiple functions
such as nutrients for growth and immune stimulation in young chicks [33]. Because the
significant benefits in poultry production of both products originated from bees and plants,
we decided to unify those products in this review. Furthermore, those products express
their efficacy in terms of meat performance, carcass traits, meat quality, immunity, egg qual-
ity, and blood parameters, along with the costs and returns on investment to establish the
usefulness as an alternative to antibiotics growth promoters, improving their importance.

2. Biological Functions of Botanicals

Botanicals, in general, are natural chemical components with a significant part in the
modification and maintenance of normal physiological activities that promote the health of
the host [34–36]. They can be divided into botanicals that are still under investigation, such
as plant essential oils, and those whose mode of action is supported scientifically [37]. Due
to their considerable growth and health benefits, botanicals are widely used in poultry diets
as commercial additives and alternative feed supplements to improve animal production
and welfare [38]. A healthy gut is generally the cornerstone of optimal poultry growth
performance [39]. Sugiharto [40] found that gut health could be affected by various factors.
When gut health and function are damaged, the digestion and absorption of nutrients are
impacted, which impacts the growth and productivity of poultry. On the other hand, when
they are enhanced, the growth and productivity of poultry are improved. Sugiharto [40]
also concluded that botanicals could improve the gut ecosystem and the immune functions
of poultry and result in growth promotion and prevention or treatment of enteric infections.
Botanicals can positively affect the balance of intestinal microbiota, which play a vital role
in regulating metabolism, intestinal epithelial proliferation, and vitamin synthesis [41–44].
Many botanicals, in the form of prebiotics, probiotics, and symbiotics, are used to promote
poultry gut health [45].

Additionally, these natural products could help in protecting the host against infec-
tious diseases [46]. Plant essential oils have been used routinely in poultry farms for
keeping poultry healthy and enhancing their productive performance [47]. Abo Ghan-
ima et al. [47] showed significant and positive results on layers performance, egg quality,
hematological traits, blood chemistry, and immunity with the dietary addition of rosemary
and cinnamon essential oils. The experiment was conducted on a total of 5000 ISA brown
laying hens during the production stages from 28 to 76 weeks of age; the application of
300 mg/kg of essential oils showed promising results. These essential oils contain active
substances that have a beneficial impact on physiological processes and have therapeutic
properties such as anti-inflammatory and antibacterial effects [48]. In general, previous
literature focusing on the biological activity of botanicals has shown that most studies only
discuss the concept of their use as growth promoters and anti-inflammatory and antibacte-
rial agents. Our review discusses other critical biological functions using recent natural
products as safe alternative feed additives in poultry production and health. The recent
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findings and applications concerning the bee (Table 1) and botanical (Table 2) products as
natural supplementations adding in poultry diets for improving poultry productivity and
enhancing their immunity are summarized, including their mechanisms of action.

Table 1. Effects of dietary addition of bee products in daily poultry production.

Additive Poultry Species
Additive

Concentrations
Obtained Results Source

Honey Japanese quails 22 g/L

Improved weight gain, feed intakes,
and lower feed conversion ratio;

improved immune system, and blood
parameters; improved meat quality

[49–51]

Royal jelly Laying hens 100–400 mg/kg

Increased egg production, improved
welfare, and improved immunity;

improved performance, egg quality,
serum biochemistry and
intestinal morphology

[52,53]

Bee venom Broiler chickens 10–500 µg/kg

Improved production results, fatty
acid composition, and antioxidant

capacity; Better early development of
chickens’ digestive system and a

helpful tool against short
bowel syndrome

[54,55]

Bee
pollen

Laying hens and quails 500–1500 mg/kg

Improved production results and
biochemical blood parameters with
the dietary addition of 500 mg/kg;

improved egg production
performance, blood biochemical and

immunological response

[56,57]

Broiler chickens 0.5–1.5%

Enhanced immunity of chickens with
dietary addition in the concentration

of 1.5%; improved performance,
carcass traits and blood parameters

[58,59]

Bee propolis
Broiler chickens 200–400 mg/kg

The dietary concentration of 200 to
400 mg/kg improved blood

lipid status
[60]

Laying hens 250–1000 mg/kg

Increased body weight, egg
production, and stimulate immunity;

improved hematological and
immunological parameters;

improved performance, digestibility,
egg production and egg quality under
different environmental temperatures

[61–63]

Japanese quails 1000 mg/kg

Retaining the performance and egg
production at expedient levels under

heat stress conditions; improved
productivity of laying Japanese quails

[64,65]

Table 2. Effects of dietary addition of botanicals in daily poultry production.

Additive Poultry Species
Additive

Concentrations
Obtained Results Source

Fenugreek seeds Broiler chickens 1–3%

Improved production of
chickens with the dietary
addition of 1% to 3% of
fenugreek seed powder

[66,67]
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Table 2. Cont.

Additive Poultry Species
Additive

Concentrations
Obtained Results Source

Black cumin Broiler chickens 5–10 g/kg

Improved broiler performance
and meat quality by enhancing

antioxidant activities and
suppressing lipid

peroxidation in meat

[68,69]

Ginger Broilers chickens 2–6 g/kg

Improved oxidative status;
improved anticoccidial effects

against experimentally
induced coccidiosis; improved

growth performance,
haematological profiles,
slaughter traits and gut

morphometry

[70–72]

Laying hens 0.25–0.75%
Improved antioxidant status
and performance, decreased
egg yolk cholesterol levels

[73]

Turmeric
Laying hens 0.5–3%

Improved performance, serum
and egg yolk antioxidant
status; improved blood

metabolites and production
performance characteristics;
improved performance, egg

quality traits, and blood
parameters

[74–77]

Broiler chickens 0.5–1 g/kg

Under heat stress, dietary
addition of 0.5% increased the
serum concentration of T3 and

T4; improved blood
constituents and performance

[78–80]

Thyme
Broiler chickens 1–3%

100–200 mg/kg

Possibility to replace
antibiotics in the diet of

chickens; Reduction of fat in
chicken carcasses; improved
growth, lipid oxidation, meat

fatty acid composition and
serum lipoproteins; improved
growth performance microbial

counts in the crop, small
intestine and caecum

[81–83]

Laying hens 300 mg/kg

Maintain production results,
decreased serum glucose level,
decrease plasma MDA during

the heat stress; improved
productive performance, egg

quality traits, and blood
parameters under cold stress

conditions

[84–86]

Japanese quails 0.01–1%

Increased antibody titer
against sheep red blood cells

(SRBC), lymphocyte
proliferation, and respiratory

bursting ability and decreased
the delayed type of

hypersensitivity; improved
performance, some blood

parameters and ileal microflora

[87,88]
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Bee and botanical products express various protective effects when used as a dietary
supplement in daily nutrition. Flavonoids, a major group of bee ingredients, are known as
potential natural iron chelators and antioxidants. They appeared to play an important role
as cardioprotective agents in doxorubicin-induced cardiac toxicity caused by the production
of oxygen free radicals. The specific mechanism of action induced by flavonoids found
in bee products is not yet fully elucidated. Some findings state that the cardio-protective
potential of bee propolis could be associated with the radical scavenging action of caffeic
acid phenethyl ester [89]. Dietary supplementation with propolis significantly reduces the
serum concentrations of triglyceride, cholesterol, nitric oxide, very low-density lipoprotein
(LDL), cholesterol, nitric oxide synthase (NOS), plasma glucose and malonaldehyde in
fasting murine models, which improves the circulatory levels of high-density lipoprotein
(HDL), cholesterol, and superoxide dismutase activity, indicating that propolis could play
a role in normalizing the metabolism of circulatory fats [90]. According to the published
data, the components of propolis can have potentially beneficial effects against microbial
infections, hypertension, cardiovascular disorders, diabetes, and several chronic diseases.
It is confirmed that several therapeutic impacts of bee products are due to their anti-
oxidative, immunomodulatory, and anti-inflammatory activities. Some research lies behind
the molecular mechanism of bee products’ mediated protective effects [91]. Dysfunction
of mitochondria is the major factor of ROS production, which leads to hypertension,
diabetes, allergies, and asthma. The high production of ROS involves oxidative injury to
cellular components (nucleic acids, proteins, and lipids) of tissues. Likewise, several other
mechanisms are also involved in the generation of ROS. Enzymatic and non-enzymatic
oxidation of polyunsaturated fatty acids such as arachidonic fatty acid. The interaction
of unsaturated fatty acids with the trace metal ion Fe3+ resulted in the per-oxidation of
fatty acids and the intensification of ROS production. ROS are also generated by NADPH
oxidase. The components of bee propolis like quercetin, p-coumaric, caffeic, ferulic acids,
caffeic acid phenethyl ester, and chrysin block the production of inflammatory mediators
by suppressing the expression of lipoxygenases, cyclooxygenases, phospholipase A2,
and nitric oxidase synthase [92]. Additionally, other bee components also inhibited the
production of NF-kB by blocking its translocation to the nucleus [93].

Most of the researchers attributed the better performance of the poultry that were
fed natural products to an improvement in palatability and a quick digestive effect. They
further postulated that because of these natural products, the digestive tract would have
been emptied earlier and feed consumption promoted. Ginger has been found to increase
the secretion of gastrointestinal enzymes, including lipase, disaccharidase, and maltase [70].
Generally, improved performance may be attributed to the digestive enzymes such as
protease and lipase, which are present as part of the plant’s natural protective mechanisms.
Reports have shown that natural products enhance animals’ nutrient digestion and absorp-
tion because of their positive effect on gastric secretion, enterokinase, and digestive enzyme
activities [94]. Even the dietary addition of natural products to laying hens expressed
positive effects in better egg production and mass; the exact mechanism through which
egg-laying performance is enhanced is not known. The higher performance of the laying
hens may be due to antioxidant, antimicrobial, increased blood circulation, secretion of
digestive enzymes, and reduction in feed oxidation. Despite increased levels of antioxidant
enzymes and a reduction in MDA concentrations, the mechanism involved is not yet
known [74]. Literature has shown that polyphenolic flavonoids in plants are some of the
major sources of antioxidant compounds. Some studies have also shown that raw plant
materials and single constituents like [6] gingerol have the ability to protect against lipid
peroxidation. It is known that natural products and various medicinal plants change the
blood metabolites of poultry when used as dietary supplements [95]. Still, the exact mecha-
nisms through which blood metabolites are altered are not known. Research conducted
with mice and ginger dietary supplements postulated that (E)-8 beta, 17-epoxyllabed-12-
ene-15, 16-dial, a compound isolated from ginger, interferes with cholesterol biosynthesis in
the liver homogenates of hypercholesterolaemic mice, causing their reduction. Srinivasan
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and Sambaiah [96] reported that feeding laboratory animals with natural plant products
significantly elevated the activity of hepatic cholesterol 7-alpha-hydroxylase, which is a
rate-limiting enzyme in the biosynthesis of bile acids and stimulates the conversion of
cholesterol to bile acids, leading to the excretion of cholesterol from the body.

3. Bee Products and Their Effects on Health Status and Poultry Productivity

Honeybee products are natural substances synthesized in honeybees (Apis mellif-
era) [97–100]. These products have unique structures rich with active components of
enzymes and peptides that have several pharmaceutical characteristics besides their high
nutritional value and their significant impact on poultry’s physiological and productive
performance [101]. These kinds of nutritional and therapy alternatives have been used for
centuries, mainly in China and Egypt [102]. According to the results of Babaei et al. [49], the
critical active nutrient components of bee products may increase body weight gain, body
weight, lymphoid organ weight, and antibody titer of Japanese quails. Rabie et al. [60]
indicated that it is imperative to add bee products such as propolis (400 mg/kg diet) or
bee pollen (2000 mg/kg) to broiler diets and bee venom (2 mg/L) to broiler’s water as
alternatives to antibiotics in poultry production. These additives can improve physiological
performance, productivity, meat quality, and the development of the poultry immunity
system due to their high levels of active enzymes, essential amino acids, vitamins, and
minerals, and antimicrobial and immuno-stimulant activities of bee products [103]. Bee
products can also increase the fertility of animals by enhancing the cryopreservation of
gametes and fertilization [104]. The bioavailability of bee products is greater than that
of artificially produced preparations. Research on the use of bee products as nutritional
supplements for poultry has generally shown their positive impact on health and productiv-
ity [105,106]. A wide range of research has concentrated on the propolis supplementation of
layers and broilers in various conditions and age groups. Research has concerned primarily
the immune response of the birds, physiological parameters, and weight gain in broilers,
as well as the parameters of egg-laying activity and quality of eggs [107].

3.1. Honey

Honey is a naturally sweet liquid produced by honeybees from nectar or plant secre-
tions [108]. Therefore, several natural substances, such as antioxidants, are transferred from
plants and accumulated in this product. The bioactive components of honey, including
its chemical properties and physical characteristics, make it one of the most important
natural products nowadays [109]. Chemically, it is composed of simple sugars: fructose,
glucose; minerals: calcium, phosphorus; vitamins: ascorbic acid, riboflavin; enzymes; or-
ganic acid: gluconic, butyric; flavonoids and other phenolic and aromatic substances [110].
For its nutritional and therapeutic properties, honey is considered a vital drinking water
additive for poultry [111]. The supplementation with honey into the drinking water (20 to
60 g/L) for broiler chickens during the summer seasons can improve some stress indices
by more than 10%, body mass over 6%, and immunity over 2%. Haščík et al. [111] have
conducted a small study on a total of 240 Ross and 308 broiler chickens to investigate the
influence of bee pollen extract, propolis extract, and probiotics on the amino acid profile
of chicken meat. Haščík et al. [111] stated that in addition, these bee products did not
improve or show any adverse effects in the chicken meat amino acid profile. Another
study was performed by Abioja et al. [112] on broiler chickens, with the aim to investigate
the growth, mineral deposition, and physiological responses of chickens offered honey
in drinking water during the hot-dry season. Investigations have shown that honey did
not affect growth but might improve the chickens’ welfare when offered up to 20 mL per
litre water from d28 to d56 during hot periods. Adekunle et al. [113] investigated the
addition of honey to the water of laying pullets through the hot–dry season. The trial was
conducted on a total of 120 Isa Brown layers at 28 weeks old in a 16-week experiment
supplemented with 10 and 20 mL of honey per 1 L of drinking water. The results of this
trial have shown that heart rate was significantly (p < 0.05) lower in 20 mL supplemented
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hens (300.9 ± 1.70 bpm) compared to 0 mL supplemented hens (313 ± 1.70 bpm). Hens
supplied 20 mL had a significantly (p < 0.05) higher lymphocyte count (50.6 ± 0.79 %)
while hens that received a lower concentration of honey had a significantly (p < 0.05) lower
basophil count (3.1 ± 0.39%). Adekunle et al. [113] concluded that the use of honey in
drinking water reduced heart rate and basophil count.

3.2. Royal Jelly

Royal jelly is one of the popular bee products widely used as natural food for humans
and animals due to its high content of essential nutrients [114]. It is an excellent source
of B vitamins, vitamin C, folic acid, and phenolic acids [115]. Royal jelly is also a good
source of minerals [116]. It has several important biological functions in the living being,
including its effects as an antioxidant, immuno-stimulant, and growth promoter [117].
The antioxidant activity of royal jelly is primarily due to the presence of polyphenolic
compounds [118]. It can be used in poultry production to improve the growth, gut health,
and immune response and produce high-quality and safe poultry meat [119]. Previous
studies focused on supplementing with royal jelly (10 to 200 mg/kg) in poultry diets
have shown a significant increase in body weight (7%), egg production (10%), semen
quality, and immune levels, as well as producing organic products [120]. Besides, El-
Tarabany [52] conducted an experiment to clarify the influence of royal jelly on behavioural
patterns, feather cover, egg quality, and some blood haematological indices in laying
hens (58–64 weeks of age). Pure royal jelly injected in a concentration of 100 mg/kg,
and 200 mg/kg, was used. Results have revealed that the feed consumption and water
drinking in the 200 mg/kg group were significantly higher than the control and 100 mg/kg
groups. Furthermore, the aggressive pecks, feather pecks, and threatening behaviour in
the 200 mg/kg group were significantly lower than the control and 100 mg/kg groups.
The effect of royal jelly, propolis, honey, and bee pollen was investigated in comparison
to virginiamycin in regards to the performance and immune system of Japanese quail
in research by Babaei et al. [49]. An in vivo experiment including a control, ethanolic
extract of propolis 1000 and 5000 mg/kg, pollen powder 1000 and 5000 mg/kg, royal jelly
100 mg/kg, honey 22 g/L of drinking water, and virginiamycin 150 mg/kg were used in a
trial for 42 days.

3.3. Bee Venom

Bee venom is also one of the bee products synthesized in the venom gland of honey-
bees and has several pharmaceutical and medical characteristics [121]. It consists of various
substances, including peptides and enzymes, whereas melittin is the most effective compo-
nent [122]. It also contains other essential substances, such as apamin and adolapin, which
have various medicinal effects such as anti-inflammatory and antibacterial [123]. Therefore,
bee venom could be added to the animal diet to provide productive and health benefits, in-
cluding preventing and treating disease [124]. El-Hanoun et al. [125] and Elkomy et al. [124]
reported that bee venom could also be an effective and safe alternative for poultry produc-
tion instead of artificial sexual stimulants, which could harm consumer’s health. It can
improve reproductive efficiency, serum quality, and antioxidant status of broiler chickens
and their immune response by using small doses (0.1 to 0.5 mg/kg) [121]. Rabie et al. [60]
have conducted trials to evaluate the effects of propolis, bee pollen, and bee-venom as
eco-friendly alternatives on the productive and physiological performance of broiler chick-
ens. The chicks fed diets containing propolis (200 or 400 mg/kg diet), bee-venom (2 mg/L
water), or bee-pollen (2 g/kg diet) showed significantly lower plasma cholesterol and LDL-
cholesterol concentration compared to the control and Biox-Y®treatments. Consequently,
propolis (200 or 400 mg/kg diet) and bee-pollen (2 g/kg diet) treatments had significantly
higher plasma HDL cholesterol concentrations than the control treatment. Broilers fed
propolis (200 or 400 mg/kg diet) for six weeks had significantly lower serum AST and ALT
concentrations compared to the control treatment [60].
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3.4. Bee Pollen

Bee pollen is a fresh form of feed additive and is composed of a range of nutritional
and bioactive compounds [30]. Bee pollen has the ability to improve immunity, promote
growth, protect intestinal tract health, and improve the quality and safety of poultry
products. Also, bee pollen is a natural mixture of pollen grains collected by bee workers
and then mixed with nectar and other gland secretions containing active components
such as a β-glycosidase enzyme [126]. It has been used as natural growth and health
promotion in poultry production due to its high content of amino acids, vitamins, and
minerals [127]. Moreover, it is rich in polyphenols and tannins that act as protective
agents and potent antioxidants, essential for improving animal health and immunity [128].
Abdelnour et al. [129] concluded that bee pollen could improve the animal’s productive
performance, including body weight gain. It can reduce daily feed intake by improving the
feed conversion ratio [65] while increasing body weight by increasing the small intestinal
villi surface of the duodenum, jejunum, and ileum.

Additionally, biochemical blood profiles, kidney functions, immunological parameters,
antioxidant status, carcass traits, and meat quality have been improved remarkably by
using bee pollen as an addition to broiler diets at the level of 400 to 800 mg/kg [129]. Bee
pollen’s underlying mechanism for improving carcass and meat quality could be attributed
to decreased fat deposition and an increase in amino acid deposition [130]. The dietary
addition of bee pollen in the concentration of 400 mg/kg have improved the amino acid
profile of breast and thigh muscles, with significantly increased concentrations of tyrosine in
the breast and significantly decreased concentrations of proline in breast and thigh muscles,
respectively [131]. Trembecká et al. [132] have investigated the influence of bee pollen on
the chemical and sensory characteristics of chicken breast meat. Results have shown that
diet did not affect the chemical characteristics of chicken meat, except for supplementation
with bee pollen and probiotics, which resulted in increased fat content. Further research has
shown that the carcass yield values were significantly higher (p = 0.038), and the drip loss
values were significantly lower (p = 0.003) in the experimental groups in comparison to the
control group when bee pollen and propolis was used as dietary supplements. In addition,
there was a statistically significant difference in b* skin colour (p = 0.017) and b* chicken
breast muscle colour (p < 0.001) between the groups of chickens. The study showed that
dietary supplementation with propolis and bee pollen has a significant positive effect on
the quality of chicken meat [133]. Moreover, supplementation with bee pollen under stress
conditions has been shown to reduce oxidative stress markers and improve the animal’s
antioxidant system [134]. Research has revealed that bee pollen as a natural antioxidant
can be used as a supplementation in laying hen diets (1000 to 2000 mg/kg) to improve
their production performance, egg production by 4.5%, and enhance egg yolk quality with
a decreased total cholesterol concentration by 45%, thereby producing healthy products for
consumers [135]. Furthermore, it is recommended to use bee pollen in roosters’ diets (1000
mg/kg) to improve the ejaculate volume, progressive motility, live sperm, concentrate per
ejaculate, and decrease sperm abnormalities [136].

3.5. Bee Propolis

Bee propolis is a natural resinous substance rich in active enzymes, and it has been
recognized for its medicinal and therapeutic properties [137,138]. Aromatic compounds,
flavonoids, and phenolics are the core components responding to the biological functions of
propolis [139]. Working on propolis as one of the bee products used in poultry production,
researchers have reported that it could be effectively added to the Japanese quail diet
(500 to 4000 mg/kg) to improve growth performance and egg quality. It could optimize
the lipid profile in egg yolk and reduce the total cholesterol concentration by more than
3.5%, respectively [140]. Moreover, it positively affects the antioxidative status of poultry,
especially under summer conditions [141]. The authors found that propolis supplemen-
tation improved the immune status of poultry and positively affected the plasma levels
of calcium (23%), phosphorus (24%), and albumin (17%), in addition to normalizing the
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plasma levels of alanine aminotransferase (ALT) and cholesterol [142]. This additive has
successfully maintained the performance and egg production of Japanese quail under heat
stress conditions at adequate levels [64]. Pieroni et al. [143] have investigated the effects of
dietary inclusion of other varieties of propolis, such as the green propolis, on productivity,
egg quality, nutrient utilization, and duodenal morphology of 120 Japanese laying quail.
Authors have pointed out that the inclusion of green propolis at 1500 ppm in the diet of
Japanese laying quail improves productivity, egg quality, nutrient utilization ability, and
duodenal morphology [143].

4. Botanicals and Their Effects on Health Status and Poultry Productivity

Medicinal plants possess many natural materials widely used as dietary supplements
in poultry production [38]. Due to their nutritional and medicinal properties, they have
many positive effects on poultry performance [144]. Phytochemicals, phenols, flavonoids,
tannins, and essential oils are found in various botanicals, and their products have several
activities inside the poultry body [144]. They can act as digestive enhancers and health
promoters for various poultry species such as broiler chickens, Japanese quails, and laying
hens [145]. As a result, they play several significant roles in increasing poultry produc-
tivity and immunity [146]. Because of the bio-security threats for human and animal
health, which come from the escalating resistance of pathogens to antibiotics, the global
need to remove antimicrobial growth promoters from animal diets are rising as a very
important issue.

4.1. Fenugreek Seeds (Trigonella foenum L.)

Fenugreek seeds are known as medicinal seeds that have several therapeutic prop-
erties such as antibacterial and anti-inflammatory [147]. They are also rich in protein, fat,
carbohydrates, and minerals and contain biotin and trimethylamine, which tend to stimu-
late the animals’ appetite [148]. Studies by Tewari et al. [148] revealed that fenugreek seed
dietary supplementation has a positive effect on the activities of the hepatic antioxidant
defence enzymes in animals. Galactomannan is the major polysaccharide found in fenu-
greek seeds and represents approximately 50% of the seed weight [149]. Galactomannan
in fenugreek has been identified as an anti-diabetic compound because of its ability to
reduce blood glucose levels [150]. Gaikwad et al. [67] concluded that using fenugreek seed
powder in amounts 1% to 1.5% as a natural supplement in the broiler diet can improve the
feed conversion ratio and increase the live body weights. Furthermore, Yassin et al. [66]
concluded that the inclusion of up to 3% fenugreek in broiler diets could improve the
average daily gain and carcass characteristics of chickens. Several investigations have
suggested that fenugreek seeds may have hypocholesterolemic activity and thus, may
be efficient in the treatment of egg yolk cholesterol. Omri et al. [151] have evaluated
the effect of dietary incorporation of 3% of fenugreek seed combined with 3% of linseed,
1% of garlic paste, and 0.078% of copper sulphate on laying performance, egg quality,
and lipid profile. An experiment on a total of forty-four 41 week-old Novogen White
laying hens lasted 42 days. The dietary addition of medicinal plant mix in this small trial
showed positive results. The egg weight of hens was not affected by dietary additions of
medicinal plants, but the egg yolk cholesterol and blood cholesterol were both reduced.
Abdouli et al. [152] evaluated the effects of ground fenugreek seeds given to laying hens at
2, 4 or 6 g/hen/day on laying performance, egg quality characteristics, serum, and egg
yolk cholesterol concentrations. A total of forty 52-week-old Lohmann White laying hens
were fed for seven weeks in the experiment. The results of Abdouli et al. [152] showed
that ground fenugreek seeds reduced blood serum cholesterol but did not affect egg yolk
cholesterol. Authors have pointed out that ground fenugreek seeds given to Lohmann
White laying hens at up to 6 g/hen/day had no effect on feed intake, laying production
performance, and egg quality but reduced the hen’s serum cholesterol [152]. A research
study was conducted by Abbas [153] to find the effect of fenugreek, parsley, and sweet basil
seeds as natural feed additives on broiler performance. Experimentation was performed
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on a total of 120 day-old chicks reared for 42 days. Chicks fed basil diets had significantly
(p < 0.05) heavier body weight than those fed fenugreek diets. Carcass characteristics
had no significant differences. A significant reduction occurred in serum cholesterol as
compared to control diets. Abbas [153] suggested that the supplementation of broiler chick
diets with (3 g/kg) basil or parsley seeds improve product performance.

4.2. Black Cumin (Nigella sativa L.)

Black cumin seeds are also known for their medicinal and pharmaceutical proper-
ties [154]. They contain alkaloids, volatile oils, antioxidants, and several pharmacologically
active substances such as thymol [155]. Martínez Aispuro et al. [156] reported that black
cumin promotes poultry production and health and plays a significant role as a natural
antioxidant, immuno-stimulant, and anti-cancer agent. Black cumin seed supplementation
in daily poultry diets (10 to 30 g/kg) improved nutrient utilization, growth performance,
and immune response and reduced the fatty acid content in poultry meat and eggs [157].
Rahman and Kim [158] indicated that black cumin supplementation could improve broiler
chickens’ production and meat quality by improving antioxidant activities and suppressing
lipid peroxidation in meat. Boka et al. [159] performed a study to investigate the effects
of different levels of black cumin seeds on performance, intestinal Escherichia coli count
and morphology of jejunal epithelial cells in laying hens. A total of 100 Leghorn laying
hens of 49 weeks old were used in an experiment where hens were supplemented with 0,
1, 2, and 3% of dietary black cumin. Based on the gain results, it has been concluded that
supplementation with black cumin improves (p < 0.05) eggshell quality, Haugh unit, and
feed conversion ratio. This improvement can be addressed as the increase (p < 0.05) in egg
mass and contemporaneous decrease (p < 0.01) in feed consumption. Besides, regardless
of supplementation level, dietary inclusion of black cumin decreased E. coli enumeration
in ileal digesta and improved serum lipid profile and eggshell quality. A previous study
conducted by Aydin et al. [160] with a total of 80 laying hens (Hyline-5 White) fed with a
dietary addition of 1, 2, or 3% black cumin have shown a similar tendency.

4.3. Ginger (Zingiber officinale L.)

Ginger roots have been widely consumed as a herbal medicine with anti-cancer prop-
erties in several countries worldwide [161]. They contain essential volatile oils and other
compounds, such as zingerone and gingerols, which can stimulate digestive enzymes and
microbial activities and improve the antioxidative status of living beings [162]. There-
fore, when Zhang et al. [70] have used a level of 5 g/kg ginger powder in broiler diets
as nutritional supplementation, it led to the enhancement of antioxidant capacity and
serum metabolites. Growing Japanese quails fed ginger supplemented diet (0.125 g/kg)
obtained the best results in feed conversion ratios and humoral immunity. Moreover,
ginger supplementation helped to optimize the lipid profile in blood serum and improve
quails antioxidative status [163]. The use of ginger as an antibiotic replacement in live-
stock nutrition and welfare improvement may play a basic role in maximizing benefits
and preserving poultry productiveness [164]. Oleforuh-Okoleh et al. [165] performed an
experiment to evaluate the growth performance, haematological, and serum biochemical
response of broiler chickens to aqueous extracts of ginger and garlic. The experiment
lasted 56 days and was performed on a total of 80-day-old Marshal Strain broiler chickens
supplemented with 50 mL of ginger and garlic in a 1:1 ratio mixture in drinking water.
All the investigated parameters were significantly improved at the end of the experiment.
On the other hand, a study using 144 one-day-old Arbor Acres broilers was conducted
to assess the effects of dried ginger root processed to particle sizes of 300, 149, 74, 37,
and 8.4 µm on growth performance, antioxidant status, and serum metabolites of broiler
chickens by Zhang et al. [70]. The results of these investigations revealed that reducing the
particle size of ginger powder linearly reduced (p < 0.05) cholesterol (d 21) and linearly
increased (p < 0.05) glutathione peroxidase (d 21), total superoxide dismutase (d 42), and
total protein (d 21 and 42). Supplementation of ginger at the level of 5 g/kg improved
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the antioxidant status of broilers, and the efficacy was enhanced as the particle size was
reduced from 300 to 37 µm [70]. Other studies have been conducted to investigate the effect
of ginger extract combined with citric acid on the tenderness of duck breast muscles. Even
added as a marinade, ginger has expressed positive effects and significantly increased duck
breast meat tenderness which could be attributed to various mechanisms such as increased
myofibrillar fragmentation index and myofibrillar protein solubility [166].

4.4. Turmeric (Curcuma longa L.)

Turmeric is a rhizomatous herbaceous plant belonging to the ginger family [167]. It
has been described as a natural polyphenol nutraceutical substance and is widely known
for improving oxidative stress and fixing oxidative damage [168]. It can also be used
in animal diets to mitigate heat stress [169]. Turmeric or curcumin can eliminate free
radicals such as reactive oxygen species (ROS) and reactive nitrogen species (RNS) by
activating glutathione (GSH), catalase, and superoxide dismutase (SOD), triggering better
responses in the antioxidative mechanisms and inhibiting or neutralizing enzymes genera-
tors of ROS [170]. Therefore, it becomes an important antioxidant and medical additive
in poultry diets, particularly in tropical regions, where high temperatures throughout the
year can lead to reduced egg production, delayed growth, increased disease outbreaks,
and mortality [171]. All these problems intensify poultry heat stress [172]. Sadeghi and
Moghaddam [173] found that the addition of turmeric powder (0.5%) into broiler diet un-
der heat stress increased serum concentrations of thyroxine (T4) and triiodothyronine (T3),
the consumption of feed, the average daily gain, and decreased the feed conversion rate of
birds. Furthermore, El-Maaty et al. [174] observed that turmeric powder (0.5 g/kg diet)
could improve the final body weight (12%), the feed conversion ratio (19%), the digestibil-
ity of crude protein (5%), and the high-density lipoprotein (HDL) level (29%), as well as
decrease the levels of creatinine, triglycerides, cholesterol (17%), low-density lipoprotein
(LDL) (38%), during the heat stress conditions in broiler chickens. Algawany et al. [175]
performed a study to evaluate the effects of turmeric for protection against alterations
resulted from exposure to endosulfan in broiler chicks.

4.5. Thyme (Thymus vulgaris L.)

Thyme is one of the most commonly used herbs worldwide and is an aromatic medic-
inal plant, belongs to the Lamiaceae family [176]. It extensively uses in human food to add
a distinctive aroma and flavour [177]. It is also used in animal diets as an alternative to
synthetic drugs such as antibiotics to improve the product performance and the immunity
of animals due to its antioxidant, antimicrobial, pharmaceutical, and therapeutic prop-
erties [178]. Dry thyme contains approximately 2% of the essential oil that is a mixture
of monoterpenes, primarily thymol (2-isopropyl-5-methylphenol) and its phenol isomer
carvacrol [179]. It also contains phenolics and some biphenolics and flavonoids, which
have been shown to have an antioxidative effect and other benefits to poultry [180]. Thyme
extracts are recommended to improve egg quality, particularly the fatty acid profile in
yolk [181]. Yalçın et al. [182] found that a diet supplemented with dry thyme leaves (2%)
has various beneficial effects on the physiological and productive performance, antioxi-
dant status of laying hens, as well as having a positive effect on egg production quality
such as decreasing the yolk cholesterol and total saturated fatty acids concentrations, and
increasing the n-3 polyunsaturated fatty acids (PUFAs). It also increases the α-linolenic
acid while decreasing palmitic acid percentage in the yolk [181]. Moreover, dietary thyme
at 2% can decrease yolk malondialdehyde (MDA), blood serum cholesterol, and triglyc-
erides levels, while the antibody titers against SRBC were increased [182]. Previous studies
have shown that dietary thyme supplementation can increase the productivity of poultry
(growth performance and egg production) and the humoral immune response without
adverse effects on poultry [183–186]. Additionally, investigations have found that dietary
thyme supplementation (0.1 to 1%) can play a role as a growth promoter in broiler diets to
improve feed intake, conversion ratio, and body weight gain [187]. It can also improve the
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dressing percentage and meat quality of poultry. Its underlying mechanism may involve
stimulating intramuscular fat and flavour amino deposition and changes in muscle fibre
characteristics. Hashemipour et al. [188] reported that phytogenic products containing thy-
mol and carvacrol improved performance, digestive enzyme activities, antioxidant enzyme
activities, immune response, and retarded lipid oxidation in broiler chickens. Pournazari
et al. [189] performed an investigation to evaluate the effects of the prebiotic, probiotic, and
thyme essential oil on growth, organ and carcass traits, and hematology of Ross broiler
chicks during 42 days on a total of 560 broilers. Results showed an increase in body weight
gain and feed intake when thyme essential oil at 1 g/kg was used [189].

Additionally, thyme is rich in flavonoids, which can increase vitamin C activity, which
serves as an antioxidant and, consequently, enhances immune functions [190]. Thus, it
plays a vital role in reducing stress on poultry, particularly during the summer months,
and increasing feed intake, improving feed metabolism, and decreasing weight loss in
poultry, mainly due to heat stress [191]. Essential oils found in thyme can improve the
productive performance of the animal by increasing the secretion of digestive enzymes
and enhance the use of nutrients through enhanced liver function [192]. El-Ghousein and
Al-Beitawi [193] found that the antibacterial activity of thyme could be associated with
improved broiler productivity. In addition, Hernandez et al. [194] observed that broilers
fed with a thyme-supplemented diet had improved their productive performance, which
may be attributed to the improvement of apparent total faecal digestibility and crude
protein digestibility. Another study was performed by Nouri [195] to evaluate the effects of
chitosan nano-encapsulating mint, thyme, and cinnamon essential oils used in the diet for
performance, immune responses and intestinal bacteria population in broiler chickens. A
total of 600 mixed-sex, 1-d-old Ross 308 broiler chicks were used in the experiment, which
lasted 42 days, during which chickens were supplemented with 0.025%, 0.04%, and 0.055%
essential oils, respectively to starter, grower, and finisher diets. Results showed that thyme
essential oil improved traits in broiler chickens [195].

5. Conclusions

Bee and botanical products are biologically active substances found in natural prod-
ucts. Whether they are from animal or plant sources, they are essential materials for
maintaining better growth performance for animals such as poultry and enhancing their
health and welfare.

The present review has focused on bee and botanical products’ potential in poultry
production as natural growth promoters, antioxidants, anti-inflammatory, and antimicro-
bial agents’ immuno-stimulants, and sexual-stimulants. It has presented the current state
of knowledge on the nutritional and therapeutic properties of the most important bee and
natural botanical products in poultry diets and summarized the results of previous studies
concerning dietary supplements in intensive and modern poultry production.

Bee and botanical supplements can increase the bodyweight of broilers and the egg
production of laying hens by approximately 7 and 10% and enhance meat and egg quality
by more than 25%.

Many results recommend that poultry have bee and botanical products as additions
in their diets as natural alternatives to any artificial chemical material such as antibiotics.
These natural substances can be added to the poultry diet individually or mixed to im-
prove several physiological functions of poultry that have the most significant impact on
the growth performance, reproductive efficiency, immune-response, and productivity of
poultry, which, in turn, will lead to improved poultry welfare and produce healthy and
organic products.

Keeping in mind that bee products are rich in several chemical bioactive compounds
like polyphenols, steroids, terpenoids, amino acids, and inorganic compounds, and pos-
sesses many biological properties, including antiviral, antioxidant, antibacterial, hepatopro-
tective, antifungal and immuno-stimulating activities, further research on finding the ideal
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techniques for the practical application of bee products on a commercial level in poultry
farming is still necessary and should be encouraged.

Also, botanical products represent a source of very valuable bioactive compounds
with a proven impact on the health, performance, and welfare of poultry. These factors can
be influenced by dosage, type, and levels of bioactive compounds, so further investigation
should be focused on dosage and depend on trials and correlation effects with bee products
to get deeper knowledge and mechanisms of action which will scientifically explain positive
results on poultry performance and health support. It is well-known that botanicals have
a positive influence as a growth enhancer, antioxidant, immunomodulator, antibacterial.
Further, we suggest that the use of botanicals combined with bee products could be used
for the alleviation of oxidative stress in farm animals and poultry, thus may be used
successfully to overcome stress, but future research in this field is still needed.
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Abstract: The effects of replacement of maize grain with ancient wheat by-products on intestinal
morphometry and enzymatic activity in laying hens was studied. Eighty hens were divided into
two groups (40 each, 8 replicates, 5 hens/replicate) fed two isoproteic and isoenergetic diets. In the
treated group, part of the maize was replaced by a mix of ancient grains (AGs) middling, in a 50:50
ratio of Triticum aestivum L. var. spelta (spelt) and Triticum durum dicoccum L. (emmer wheat). The
AG diet affected the weight of all the large intestine tracts, decreasing the weight of caeca (p < 0.01)
and increasing those of colon (p < 0.01), rectum and cloaca (p < 0.05). Villus height in the AG group
was higher (p < 0.01) than the control for the duodenum and jejunum, while for the ileum, the control
group showed the highest values (p < 0.01). The submucosa thickness was higher (p < 0.01) in the
control group for the duodenum and ileum, while the jejunum for the AG group showed the highest
(p < 0.05) submucosa thickness. The crypts depth was higher (p < 0.01) in the control group for the
duodenum and ileum. Enzyme activity was enhanced by AGs (p < 0.01) in the duodenum. Regarding
the jejunum, sucrase-isomaltase and alkaline phosphatase had higher activity (p < 0.05 and p < 0.01,
respectively) in the AG group. In the ileum, sucrase-isomaltase showed higher activity (p < 0.01) in
the control group, while alkaline phosphatase showed the highest values (p < 0.05) in the AG group.
Overall, results suggested that the dietary inclusion of AGs exerted positive effects in hens, showing
an improved intestinal function.

Keywords: ancient grains; organic farm; intestinal morphometry; enzymatic activity; animal
performance

1. Introduction

The term “ancient wheat” indicates primitive grains that never underwent selection
or breeding, thus retaining their wild ancestors’ patterns, such as high individual variety,
brittle rachis, and low harvest index [1]. In the last decade, a rediscovery of ancient varieties
took place, aiming to produce high value food products with great health benefits [2,3].
These beneficial properties were attributed to the presence of some nutrients, especially
unsaturated fatty acids, soluble fibers, minerals, vitamins, and phytochemicals [3–7]. The
highest concentration of such nutrients occurs in the outer layers of grains [8,9], thus
explaining why the reduced risk of developing several diseases has been associated with
an increased consumption of whole grains [10–12]. After milling, only the endosperm of
the whole wheat grain is used to make white flour, whereas the bran and middling are
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used as by-products [13], which could also represent an important added value brought to
animal feeding. Although durum wheat represents the vast world production of wheat,
with the main production and cultivation areas concentrated in the Mediterranean [14],
other cultivars such as spelt einkorn (Triticum monococcum L.), spelt (“ancient grains”) are
still produced in small quantities (mainly for traditional foods) in recent years to meet the
growing interest of the natural food market.

The compelling argument in favor of ancient wheats is their environmentally friendly
production—in fact, growth with few agronomic practices, environmental sustainability,
and possible use in marginal lands or under organic growing conditions—thus, they can
be produced in a more sustainable way with few external inputs [15,16].

This study is the completion of a previous trial [17] where laying performance, serum
biochemistry, and the physical quality of the eggs of hens fed with ancient wheats (spelt
and emmer wheat) were investigated. The objective of the present trial, performed in an
organic laying hen farm, was to evaluate the effects of a partial replacement of maize grain
with local ancient wheats by-products on the intestinal morphometry and brush border
enzymatic activity of 36-week-old laying hens.

2. Materials and Methods

2.1. Animals

The animals used in this study were treated following the Directive 63/2010/EEC
regarding animal welfare and the safeguard of experimental animals. This research was
approved by the Ethical Animal Care and Use Committee of the University of Naples
Federico II, Italy (number 2017/0017676). Experiments were performed in an organic
laying hens farm in Avellino (Italy) for 14 weeks (February–May 2019).

Eighty Hy-Line W-36 Single Comb White Leghorn hens, aged 18 weeks and with an
average body weight of 1.57 ± 0.09 kg, were randomly divided into two groups (40 animals
each; 8 replicates of 5 hens each/group). Each group was stabled in a free-range area
equipped with an indoor recover for the night. The available space for each hen was
0.45 m2 indoor and 5 m2 in the outdoor areas. A detailed description of the hens’ housing
system was presented in a previous paper [17].

2.2. Diets

Every morning both groups were fed two isoproteic and isoenergetic diets; the differ-
ences in ingredients are reported in Table 1.

Table 1. Ingredients and chemical composition of the diets used in the trial.

Ingredients (%)

Control Diet Ancient Grains Diet

Maize grain (Zea mays) 59.3 25.0
Emmer wheat middling (Triticum durum dicoccum) - 18.15

Common wheat middling (Triticum aestivum) - 18.15
Soybean meal 30.0 27.0

Salt 0.2 0.2
Calcium carbonate 8.0 8.0

Vegetable oil 1.0 2.0
Vitamin–mineral premix 1.0 1.0
Monocalcium Phosphate 0.5 0.5

Chemical characteristics

Dry matter (DM) 1, % 88.4 87.7
Crude protein 1, % DM 19.5 20.2
Ether extract 1, % DM 4.12 4.79
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Table 1. Cont.

Ingredients (%)

Control Diet Ancient Grains Diet

Neutral detergent fiber 1, % DM 10.50 13.80
Acid detergent fiber 1, % DM 5.61 5.83

Acid detergent lignin 1, % DM 0.80 0.91
Ca 2, % DM 3.87 3.89
P 2, % DM 0.52 0.54

Methionine 2, % DM 0.57 0.68
Lysine 2, % DM 1.09 1.31

ME 2, Kcal/kg DM 3.09 3.15
Vitamin–mineral premix contained the following per kg: retynil acetate 10,000 IU, Vit. D3 3000 IU, Vit. E 45 mg,
Vit. B6 4.0 mg, Vit. B12 0.02 mg, Vit. K3 3.5 mg, d-pantothenate calcium 13.9 mg, niacin 50 mg, biotin 0.2 mg,
ferrous sulfate 122 mg, cupric sulfate 96 mg, zinc oxide 124 mg, manganese oxide 129 mg, anhydrous calcium
iodate 1.5 mg, sodium selenite 0.44 mg.1 determined values; 2: calculated values.

The control group (C) received a standard diet containing organic maize and soybean
meal and formulated to exceed the requirements reported in the W-36 Commercial Layers
Management Guide (Hi-line, 2016); in the ancient grains (AG) group around 57.8% of
maize grain was substituted with a mix of ancient grains middling in a 50:50 ratio of
Triticum aestivum L. var. spelta (spelt) and Triticum durum dicoccum L. (emmer wheat). The
ingredients, ground to the same particle size to avoid a possible influence on the animal
feed choice, were mixed in a small local mill; the same mill produced the millings used
in the trial. The analysis of the diets (chemical and nutritional) was performed following
the AOAC indications [18] (ID number: 2001.12, 978.04, 920.39, 978.10, and 930.05 for dry
matter (DM), crude protein (CP), ether extract (EE), crude fiber (CF), and ash, respectively).
The methods of Van Soest et al. [19] were used to assay neutral detergent fiber (NDF),
acid detergent fiber (ADF), and acid detergent lignin (ADL). The diets’ metabolizable
energy was calculated according to the NRC [20]. Ca, P, methionine, and lysine contents
were estimated according to the diet ingredients content [15,21]. The chemical–nutritional
characteristics of the grains are depicted in Table 2.

Table 2. Chemical characteristics of the cereal sources used in the trial (% as feed basis).

Chemical Characteristics Maize Grain Spelt Wheat Middlings Emmer Wheat Middlings

Dry matter 1 % 88.7 87.9 89.2
Ash 1 % 1.3 3.4 2.8

Crude protein 1 % 7.65 13.2 11.8
Ether extract 1 % 3.7 3.5 2.7

Neutral detergent fiber 1 % 8.9 21.7 13.2
Acid detergent fiber 1 % 3.2 5.4 4.3

Acid detergent lignin 1 % 0.9 1.4 1.1
Ca 2 % 0.02 0.04 0.04
P 2 % 0.26 0.47 0.51

ME 2, kcal/kg 3.32 2.87 3.43
1 determined values; 2 calculated values.

At the end of the trial (36 weeks of age), after 12 hours of fasting, 16 hens per group
(2 per replicate, 32 hens in total) were weighed and slaughtered in a specialized slaughter-
house, the digestive tract was removed and weighed, the different intestinal tracts were
identified, weighed, measured for length, and properly stored for further analysis.

For each group, small intestine tracts from 8 animals were collected for histological
analysis. Samples were washed using a pH 7 isotonic ice-cold saline buffer, dried with
absorbent paper, and the duodenum, jejunum, and ileum were separated, weighed, and
stored in aluminum foil at −20 ◦C to be later used for the analysis of the brush border
membrane (BBM) enzymes.
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2.3. Villus and Crypt Morphometry

Samples (0.5 cm) from the duodenum, jejunum, and ileum of 8 animals per group were
prepared for histological analysis according to Zarantoniello et al. [22] and Moniello et al. [23].
Briefly, samples were fixed by immersion in 4% phosphate-buffered paraformaldehyde
for 48 h. Samples were then washed in phosphate-buffered saline solution (pH = 7.4),
dehydrated in graded ethanol solutions, and embedded in paraffin. Cross sections (5 µm)
at an interval of 200 µm were stained with Mayer’s hematoxylin and eosin (H&E) and
Alcian blue (Ab) for the acid mucopolysaccharide-secreting cells (Ab+) detection. Stained
sections were examined under a Zeiss Axio Imager A2 microscope according to Zaran-
toniello et al. [24]. For the evaluation of morphometric parameters (intestinal fold height,
submucosa thickness, and crypts depth), 10 random microscopic fields from each section of
the duodenum, jejunum, and ileum were acquired by a microscope equipped with a color
digital camera Axiocam 503 (Zeiss, Oberkochen, Germany). Data obtained were analyzed
by mean of unpaired t test (significance p < 0.05) and reported as means ± SD.

2.4. Brush Border Membrane Enzymes Activity

The evaluation of BBM enzymes was done as reported by Shirazy-Beechey et al. [25]
with few changes. All steps were done at 4 ◦C. Briefly, 100 mg of tissue was diluted 1:10
with a buffer (100 mM mannitol, 2 mM Hepes-tris, pH 7.1), with MgCl2 added at a final
concentration of 10 mM, and crushed with a TissueLyser (TissueLyser II, Qiagen, Germany)
at 30 Hz for 1 min. After a first centrifugation at 2000× g at 4 ◦C for 10 min, the supernatant
was centrifuged at 15,000× g at 4 ◦C for 10 min. The resulting supernatant was stored at
−20 ◦C until the analysis of maltase, sucrase-isomaltase (SI), L-aminopeptidase (L-ANP),
and alkaline phosphatase (IAP) BBM enzyme activity.

The hydrolysis of sucrose and maltose by the mucosal maltase and sucrase was
determined as reported by Tibaldi et al. [26].

The intestine alkaline phosphatase (IAP) activity was determined by using a commer-
cial kit (Paramedical, Pontecagnano Faiano, Sa, Italy) using the manufacturer’s instructions.

L-aminopeptidase (L-ANP) was determined as reported by Vizcaino et al. [27].
Total proteins were determined according to Bradford [28] (Sigma-Aldrich cat. no.

B6916) and bovine serum albumin (Sigma-Aldrich cat. no. 0834) as a standard.
One unit (U) of enzyme activity is the amount of enzyme that transforms or hydrolyzes

1 µmol of the substrate per minute. Specific enzyme activity was calculated as 1 U of the
enzyme activity per mg of protein.

2.5. Statistical Analysis

The normal distribution of data and error was evaluated using the Shapiro–Wilk test
(SAS, 2002). Data were processed by one-way ANOVA according to the following model:

Yij = m + Di + eij

where Y is the single observation, m the general mean, D the effect of the diet (i = control
or ancient grains), e is the error using the PROC GLM [20]. The comparison between the
means was performed by Tukey’s test [29]. The results were expressed as average value
and the significance level was set at p ≤ 0.05; p values < 0.10 were considered as a tendency.

3. Results

The relative weights of the whole digestive tract, proventriculus, gizzard, liver, spleen,
and abdominal fat for the different dietary treatments are reported in Table 3.
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Table 3. Body weight and relative weight of empty gut, proventriculus, gizzard, liver, spleen, and abdominal fat in hens fed
the experimental diets over 16 weeks.

Control Diet Ancient Grains Diet RMSE p-Value

Body weight, g 1498.7 1521.2 97.2 0.6441
Empty gut, % BW 8.02 8.84 0.71 0.0725

Gizzard, % BW 1.40 1.50 0.27 0.1106
Proventriculus, % BW 0.51 0.53 0.07 0.0854

Liver, % BW 2.81 2.65 0.21 0.4396
Spleen, % BW 0.14b 0.19a 0.05 0.0316

Abdominal fat, % BW 1.76a 0.63b 0.086 0.0112

RMSE: root mean square error; a, b: p < 0.05. n = 16.

The spleen weight expressed as BW percentage was higher in the AG group (p < 0.05),
while the percentage of abdominal fat showed higher values in the control group (p < 0.05).

Table 4 shows the relative weights and lengths of the small intestine tracts of the hens,
according to the dietary treatments. The duodenum and jejunum lengths exhibited the
highest weights in the control group (p < 0.05).

Table 4. Relative weight and length (% body weight) of the empty duodenum, jejunum, and ileum in
hens fed the experimental diets over 16 weeks.

Control Diet Ancient Grains Diet RMSE p-Value

Duodenum weight 1.40 1.41 0.11 0.8439
Jejunum weight 1.73 1.70 0.83 0.6241

Ileum weight 1.03 1.15 0.09 0.4744
Duodenum length 2.52a 2.16b 0.19 0.0156

Jejunum length 4.70a 4.12b 0.36 0.0372
Ileum length 3.40 3.28 0.35 0.6636

RMSE: root mean square error; a, b: p < 0.05. n = 16.

Table 5 reports the relative weights and lengths of the large intestine tracts of the
hens according to the dietary treatments. Ancient grains affected the weight of all the
large intestine tracts, decreasing the relative weight of caeca (p < 0.01) and increasing that
of colon (p < 0.01), rectum and cloaca (p < 0.05). Conversely, only the relative length of
the caeca was significantly decreased by the treatment (p < 0.05). Colon length % tended
(p = 0.0510) to be higher in the AG group.

Table 5. Relative weight and length (% body weight) of the empty caeca, colon, rectum, and cloaca in
hens fed the experimental diets over 16 weeks.

Control Diet Ancient Grains Diet RMSE p-Value

Caeca weight 0.66A 0.61B 0.06 0.0002
Colon weight 0.49B 0.63A 0.05 0.0126

Rectum weight 0.26b 0.31a 0.02 0.0262
Cloaca weight 0.56b 0.64a 0.04 0.0356
Caeca length 2.75a 2.42b 0.24 0.0371
Colon length 1.21 1.40 0.10 0.0510

Rectum length 0.64 0.62 0.04 0.1722
Cloaca length 0.27 0.28 0.05 0.1798

RMSE: root mean square error; A, B: p < 0.01; a, b: p < 0.05. n = 16.

Table 6 shows the morphometric evaluation performed on the duodena, jejuna, and
ilea of hens according to the dietary treatment. The villus length in the AG group was
higher (p < 0.01) than the control in the duodenum and jejunum while in the ileum, the
control group showed the highest values of villus length (p < 0.01).
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Table 6. Morphometric evaluations performed on the duodena, jejuna, and ilea of hens fed the
experimental diets over 16 weeks.

Control Diet Ancient Grains Diet RMSE p-Value

Villus length, µm
Duodenum 888.1B 1116.5A 103.5 <0.0001

Jejunum 941.8B 1156.8A 108.5 <0.0001
Ileum 953.2A 660.6B 198.9 0.0016

Submucosa thickness, µm
Duodenum 64.2A 33.6B 6.63 0.0002

Jejunum 43.22b 51.65a 7.72 0.0138
Ileum 71.28A 45.39B 18.98 0.0030

Crypts depth, µm
Duodenum 410.58A 317.0B 45.590 <0.0001

Jejunum 434.9 360.1 115.7 0.1274
Ileum 419.4A 263.2B 10.41 0.0010

Villus:Crypt ratio
Duodenum 2.14B 3.52A 0.18 0.0043

Jejunum 2.16B 3.21A 0.20 0.0062
Ileum 2.27b 2.50a 0.16 0.0121

RMSE: root mean square error; A, B: p < 0.01; a, b: p < 0.05. n = 8.

The submucosa thickness was higher (p < 0.01) in the control group for the duodenum
and ileum, while the jejunum in the AG group showed the highest (p < 0.05) submucosa
thickness. The crypts depth was higher (p < 0.01) in the control group for the duodenum
and ileum. The villus:crypt ratio in the three tracts of the small intestine was higher for the
AG group in the duodenum and jejunum (p < 0.01) and in the ileum tract (p < 0.05).

Table 7 shows the specific activity of the brush border enzymes in the small intestine of
hens according to the dietary treatment. The activity of all the evaluated enzymes (maltase,
sucrase-isomaltase, L-aminopeptidase, and intestinal alkaline phosphatase) was enhanced
by the presence of AGs (p < 0.01) in the duodenum.

Table 7. Specific activity of intestinal brush border membrane (BBM) enzymes measured in the
different digestive tracts of the hens fed the experimental diets over 16 weeks.

Enzymatic Activity Control Diet Ancient Grains Diet RMSE p-Value

Duodenum
Maltase, U 22.49B 46.94A 7.82 0.000

SI, U 5.95B 13.10A 4.29 0.005
L-ANP, U 1.58B 3.28A 0.67 0.000
IAP, mU 290.83B 550.61A 131.58 0.001
Jejunum

Maltase, U 32.97 41.19 17.16 0.339
SI, U 7.43b 13.35a 4.81 0.023

L-ANP, U 2.44 2.25 0.83 0.656
IAP, mU 397.33B 817.57A 245.20 0.003

Ileum
Maltase, U 34.18 32.23 8.84 0.651

SI, U 10.77A 6.26B 2.29 0.002
L-ANP, U 2.73 2.48 0.544 0.360
IAP, mU 321.16b 493.26a 138.18 0.032

SI: sucrase-isomaltase; L-ANP: L-aminopeptidase; IAP: intestinal alkaline phosphatase. RMSE: root mean square
error; A, B: p < 0.01; a, b: p < 0.05. n = 8.

Regarding the jejunum, SI and IAP had higher activity (p < 0.05 and p < 0.01, re-
spectively) in the AG group than in the control group. In the ileum, SI showed higher
activity (p < 0.01) in the control group, while IAP showed the highest values (p < 0.05) in
the AG group.
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Histological analysis performed on the duodenum, jejunum, and ileum exhibited
intact intestinal mucosa in both groups in all the analyzed samples, showing a continuous
epithelial layer forming the absorptive mucosa and a low number of exfoliated cells in the
lumen (Figure 1).

 

Figure 1. Ab+ mucous cells (arrowheads) in duodenum (a,d), jejunum (b,e), and ileum (c,f) crypts
from C (a–c) and AG groups (d–f) of hens fed the experimental diets over 16 weeks. Alcian blue.
Scale = 20 µm.

A regular degree of basal crypts was observed in all the intestinal traits analyzed, with
a comparable Ab+ mucous cells distribution between the experimental groups (Figure 2).
Nevertheless, melanomacrophage intra-epithelial influx (Figure 2) was observed in 75% of
group C duodenum samples, while it was not detected in any of the AG group samples.

–

’

’

Figure 2. Group C duodenum crypts (a) and lamina propria of jejunum villi (b) showing
melanomacrophage influx (arrows) in hens fed the experimental diets over 16 weeks. H&E.
Scale = 20 µm.

4. Discussion

The inclusion of ancient grains in the diet of hens did not affect the weight of the small
intestine tracts mainly involved in the digestion and absorption of the nutrients, but the
length of both duodenum and jejunum was lower by 13.36 and 11.10% than the control
group, respectively. According to the first part of this trial [17], feed intake was lower in
the hens of the AG group than in the control one (120.9 vs. 134.1 g/d, respectively, p < 0.01),
probably due to a low palatability of the ancient wheats compared to the maize [17], while
the digestibility of organic matter (75.12 vs. 75.98%), crude protein (86.23 vs. 85.47%) and
ether extract (92.48 vs. 91.87%) were unaffected by the dietary treatment. The higher levels
in methionine and lysine are due to their higher content in ancient wheats than in maize.
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However, the essential amino acid levels were calculated based on literature values and
not determined.

The higher feed intake could justify the higher percentage of abdominal fat recorded in
hens fed the control diet, in contrast with the results of El-Katcha et al. [30]. These authors
reported that including wheat (in ratios of 25 and 50%) instead of corn in the diet of broiler
chickens did not significantly reduce abdominal fat weight compared with a broiler chicken
group fed a corn–soybean-based diet. However, the previous trial from Lombardi et al. [17]
showed that wheat inclusion did not impair intestinal nutrient digestibility and the hen’s
final weight.

Such a result could be related to the different intestinal morphology between the
groups. The morphology of the small intestine is often used to explore its functionality and,
generally an increased villus height, as recorded in the present trial in the duodenum and
jejunum for the AG group, is indicative of an improved intestinal function [31]. It seems
that when ancient grains were administered in the diet, the hens’ intestinal tracts increased
absorptive tissue rather than length, which would involve a higher energy requirement.
The improvement in intestine absorptive surface may be related to the presence of AG
peptides and to the presence of insoluble non-polysaccharide starch (NPS) which, different
from soluble viscous NSP, is able to enhance intestine welfare [32,33]. In any case, the effect
of bioactive peptides from cereal grains has already been recognized in humans [34,35].
Another interesting consideration is that, in chickens, the ileal villi are smaller than those of
the previous tracts of the small intestine, and, in hens fed corn–soybean-based diets, very
few nutrients are available beyond the jejunum [36–38].

In addition, in the present trial, the highest feed intake recorded in the control group,
associated with an unmodified nutrient digestibility in comparison to the AG group [17],
could have produced a higher amount of undigested starch particles in the ilea of the hens
fed the corn–soybean-based diet, and this could be responsible for the higher height of villi
in the ilea of hens of the control group. It is noteworthy that the ileum plays a significant
role in digestion and absorption of undigested starch in chickens [39,40].

Also, Yamauchi [41] reported that increasing the load of nutrients from the duodenum
to the ileum (for both jejunum dissection and different diets) may stimulate the absorptions
in the ileum, thus resulting in a compensatory development of the villi as observed in the
control group ilea. It is known that the presence of longer villi is due to the activation of
cell mitosis in the crypts [42]; as a consequence, a larger crypt area means an increased cell
production. In our trial, only the crypt depth was recorded, being higher in the control
group for both duodenum and ileum tracts. In addition, the villus height-to-crypt depth
ratio (VH/CD), which is a measure of the epithelial cell turnover [41], was lower in the
control group for the three small intestine tracts. Sozcu and Ipek [43] studied the effects
of lignocellulose supplementation on jejunal histomorphology of laying hens, including
increasing levels (0.05, 0.1, and 0.2 g/100 g feed) of a commercial product containing 92.6 g
of ADL per 100 g. The authors observed that lignocellulose at 0.05 and 0.1% improved
jejunum mucosal development by increasing villus height and VH/CD ratio, and such a
result is in agreement with our findings, since the ADL in the AG group was 0.14% higher
than the control. The villus size (height and width) is fundamental for the absorptive
activity of the intestine [44]. As a result, a higher VH and CD ratio can be recognized as
marker for an increase in the digestion and absorption of nutrients [43]. Moreover, dietary
AGs in addition to modifying villus size enhanced the brush border membrane enzymatic
activities, contributing to normalizing the nutrient digestion.

The levels of brush border membrane enzymes could have also contributed to normal-
izing the nutrient digestion despite the lower intestinal length and feed intake of hens fed
AGs. The digestion and absorption of almost all the nutrients in the diet take place in the
small intestine [45]: around 95% of the fats are digested in the duodenum [46]; fats, starch,
and protein are digested in the jejunum and ileum [47], but the ileum is mainly involved in
water and mineral absorption [45]. Disaccharidase and peptidase are extrinsic enzymes,
which mainly participate in the digestion and absorption of nutrients. An increase in the
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activities of disaccharidase and peptidase is connected with enhanced nutrient digestion
and absorption capacity of the intestinal epithelium [48]. In the duodenum, all the BBM
enzyme activities in the AG-fed hens were higher than the control: +109% for maltase,
+120 for SI, +108 for L-ANP, and +89.3% for IAP. In the jejunum, only SI (+79.68%) and
IAP (+105.8%) were higher in the AG group, while in the ileum, SI showed a lower activ-
ity (−72.04%) and IAP a higher activity (+53.6%) in the AG group. Such an increase of
the BBM enzyme activity in the hens fed the AGs diet is coherent with the histological
observations in the duodenum, where an increase in villus height and villus:crypt ratio
was observed. The increased enzyme activity could be related both to a higher enterocyte
number and to the quantity and composition of the digesta since malt, SI, and L-ANP are
substrate-inducible enzymes. Other features together with the BBM enzyme activity could
have affected the absorption of nutrients in hens fed the AGs. Among these, PepT-1 and
Na+/K+ ATPase expression and activity, and Na+ availability to co-transport, may have
played a role in the substantially equal ileal nutrient digestibility between the experimental
diets. Also in Tibaldi et al. [26] the differences related to the BBM enzyme activities were
not consistent with the changes in nutrient digestibility in European sea bass.

The different activities of intestinal enzymes are affected, among the other factors, by
the diet [49,50]. As the main difference in the two groups was the carbohydrate source, this
aspect must be focalized. Even if not measured in the present trial, it is well known that corn
is richer in starch, while wheats have higher non-starch polysaccharides (NSPs) contents,
which act as anti-nutritional factors in poultry [51]. Accordingly, the AG diet contained
6.98% of hemicelluloses (NDF–ADF) [19] and the control diet only 4.32%. According to De
Keyser et al. [52], corn contains 8.74% DM of NSP, and wheat 9.93%. Gebruers et al. [53]
stated that emmer contained about half the level of mixed-linkage beta-glucan (0.25–0.45%
of DM) present in winter, spring, and spelt wheats (0.50–0.95% of DM). Being indigestible
by poultry enzymes, the dietary NSPs undergo a microbial digestion that increases along
the gastrointestinal tract, including the upper small intestine [54–57]. The consequent
fermentation of NSPs leads to the production of volatile fatty acids and is able to decrease
the load of carbohydrate necessary for the development of intestinal enzyme function [58].
However, a decrease of intestinal enzyme function due to the presence of soluble NSPs can
be compensated by cellular hyperplasia and hypertrophy [59]. Some studies on commercial
NSPs [60] reported higher activities of maltase, sucrase, and alkaline phosphatase in the
jejuna of broiler chickens fed diets including xanthan gum. In the ileum, maltase activity
was also found marginally increased, thus suggesting that NSPs, other fiber sources, or
their metabolites should be involved in the maturation of gut cells, which is crucial for
various functions along the villus:crypt axis [58].

The cereal type affected jejunal mucosal disaccharidases. In fact, the increase in
intestinal enzymes is mechanically improved when the chyme passes through the digestive
tract [61]. As reported by Shakouri et al. [62], the bulk of digesta in the gut of birds fed
maize diets, resulting from a higher feed intake than birds fed on barley and wheat, may
increase maltase activity.

The increased disaccharidase activity facilitates starch digestion, thus increasing the
amount of energy absorbable from feeds and giving to the animals a metabolic advantage,
despite the lower amount of dietary starch. Our results indicated that the jejunum and
ileum are less sensitive to the effect of the diet, probably because the feeds get there partially
digested by the previous intestinal tract. In the jejunum and ileum, the maltase and L-ANP
showed similar activity in both the experimental groups. In general, the SI activity was
higher in the jejuna and lower in the ilea of the AG group. Our results partially agree with
Kohl et al. [50], who observed an effect of dietary starch on maltase activity in the mid
intestine of chickens.

The aminopeptidases located in the intestinal brush border, enzymes known to carry
out intestinal membrane digestion [27], were significantly affected by AGs inclusion in
the hen’s diet, while IAP has been traditionally considered a marker of the enterocyte
maturation and is involved in the dephosphorylation of the microbial LPS, thus preventing
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its toxicity [63,64]. These enzymes, in combination with other intestinal membrane-bound
enzymes, are important for the absorption of the nutrients in order to keep homeostasis [65].
The increased activity of these intestinal enzymes in the AG-fed hens was consistent with
the villi height in the duodenum and jejunum and with the villus:crypt ratio in all the
considered intestinal tracts. In previous studies, a modulatory effect of the dietary starch
and protein level on the aminopeptidases and disaccharidases activity was not observed in
chickens [50]. Therefore, we hypothesize a stimulatory effect of the specific AG composition
on the metabolism and development of the enterocytes together with a positive effect on
the activity of the IAP and L-ANP.

Furthermore, a high level of IAP activity provides the animals a better defense [63,64].
An additional role of IAP is the dephosphorylation of dietary proteins/peptides, so

its high activity in the AG group could be also related to a particular moiety of proteins
from the digested AGs.

5. Conclusions

To summarize, based on the histological and physiological analysis of the gut per-
formed in the present study, we suggest that the dietary inclusion of ancient grains is
related to positive effects in hens. In particular, the increase of both the digestive enzymes
activity and the villus height are indicative of an improved intestinal function without
affecting growth and nutrient digestibility, as shown in a previous study [17].

In conclusion, these data characterize the opportunity to include ancient grains in the
hen’s diet to noticeably affect the structure as well as the overall digestive enzyme activity.
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Abstract: The aim of this research was the visual characterization and investigating the effects of
Alternaria spp. contaminated wheat grains in the starter stage of broilers nutrition on productive
parameters and oxidative stress. The research was divided into two phases. Bunches of wheat in post-
harvest period of year 2020 was collected from a various locality in Serbia and Albania. In the first
phase, collected samples were visual characterized by Alternaria spp. presence by color measurement
methods. Gained results are conferred in the range of the color properties of grain color properties of
Alternaria toxins. Wheat grain samples were significantly different (p < 0.05) in terms of all measured
color parameters (L*, a*, b*). Classification of field fungi in analyzed wheat grain samples showed that
the significant field fungi were Rhizopus spp., followed by Alternaria spp., and Fusarium spp. In the
second phase, biological tests with chickens were carried out during the broiler chickens’ dietary
starter period in the first 14th days of age. At the beginning of the experiment, a total of 180-day-old
Ross 308 strain broilers were equally distributed into three dietary treatments, with four replicates
each. Dietary treatments in the experiments were as follows: basal diet without visual contamination
of Alternaria spp. with 25% wheat (A1), a basal diet with visual contamination of Alternaria spp. with
25% wheat from Serbia (A2), basal diet with visual contamination of Alternaria spp. with 25% wheat
from Albania (A3). The trial with chickens lasted for 14 days. After the first experimental week,
wheat infected with Alternaria spp. in treatment A2 and A3 expressed adverse effects. The highest
body weight of chickens of 140.40 g was recorded in broilers on control treatment A1 with statistically
significant differences (p < 0.05) compared to treatments A2 (137.32 g) and A3 (135.35 g). At the end of
the second week of test period, a statistically significant (p < 0.05) difference in body weight of broiler
chickens could be noticed. The highest body weight of 352.68 g was recorded in control treatment
A1, with statistically significant differences compared to other Alternaria spp. treatments. The lowest
body weight of chickens was recorded in treatment A3 (335.93 g). Results of feed consumption
and feed conversion ratio showed some numerical differences between treatments but without any
statistically significant differences (p > 0.05). Alternaria spp. contaminated diet increased glutathione
(GSH), glutathione reductase (GR), alanine aminotransferase (ALT), and aspartate aminotransferase
(AST) and decreased peroxidase (POD) and superoxide dismutase (SOD) serum levels, respectively.
Built on the achieved results, it can be concluded that the wheat contaminated with Alternaria spp. in
broilers nutrition negatively affected growth, decreased oxidative protection and interrupted chicken
welfare in the first period of life.
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1. Introduction

Corn and wheat represent the primary energy source in the food animal’s daily diet,
while wheat has been considered the third most-produced feedstuff globally [1]. In the
last ten years, studies and researchers have been struggling with the fungi of the genus
Alternaria, which has grown to be the leading cause of wheat grains contamination [2].
The essential characteristics of Alternaria genera is the production of melanin and the host-
specific plant–fungi/toxin interaction [3–5]. In addition, direct melanin emerges an indirect
role in virulence, as well [6]. Melanin poses the ability to function as the shield in plant
fungi protections versus ecological stress or unfavorable conditions, which gives fungus
permanency and endurance. Furthermore, melanin promptly responds with free oxygen
radicals, versus the pathogen’s infiltration in the plant-host cells [7,8]. The blackening
of the wheat grain lobes prior to cropping is typical indicator of contamination with
Alternaria spp. [9]. At hand there is several forms of discoloration that can alter ordinary
wheat (Triticum aestivum L.). In nearly all areas where wheat is cultivated, the black
point is usually correlated by Alternaria alternata as a common discoloration of seed [10].
The staining usually appears in the external pericarp and internal grain tissue and could
broaden beside its adaxial side. Such kinds of grain color changes differ drastically in
frequency and seriousness depending on grain during the maturation. Biotic and abiotic
stresses can cause wheat grain color changes, often caused by high humidity and high
temperatures [11]. Those kinds of conditions are very favorable for fungi and mycotoxins
occurrence in general [12,13]. Recently it has been confirmed that high humidity levels
might stimulate the sporadic expansion of black point on wheat grain under controlled
conditions [14]. A. alternata was the primary cause related to black point occurrence on
wheat grain [15]. Likewise, pathogenicity and decrease of quality of wheat grains are
influenced by a number of Alternaria spp. the producers of toxic secondary metabolites
known as Alternaria mycotoxins [16,17]. Alternaria mycotoxins as alternariol (AOH) [18],
tenuazonic acid (TzA) [19], alternariol monomethyl ether (AME) [20], altenuene (ALT) [2],
altertoxin I (ATX-I) [21], alterotoxin II (ATX-II) [18], and stemphyltoxin III (STTX-III) [22]
could be toxic for animal health [23].

Some of the previous mentioned toxins could cause a serious health damages in
animals when ingested, between them, for instance, fetotoxicity and somatic or functional
deficiencies in the fetus when the mother is exposed to toxins [23]. A. alternata, as a separate
mycotoxin, is mutagenic and clastogenic in various in vitro systems [24]. Moreover, it has
been recommended that Alternaria toxins in grains be accountable for gullet pipe cancer [25].
Consequently, because of toxic effects, Alternaria toxins are of concern for public and animal
health [26]. The European Commission (EC), and European Food Safety Authority (EFSA)
were therefore engaged to give a technical view on the hazards for community and animal
wellbeing associated with the occurrence of Alternaria mycotoxins in the commodities
for human and animal daily nutrition. Subsequently, A. alternata have been chemically
characterized, and incidence in feed was recorded [27]. Nevertheless, more than a few
other Alternaria toxins have been classified as well, respectively [28].

Assessment of Alternaria toxins consumption by food animals through daily feeding
have been restricted to broilers since poultry have been single one animal race where
certain information about mycotoxin toxicity is appropriate for hazard evaluation [29–31].
Given that the incidence of feed data was lacking for the majority of the Alternaria toxins,
the exposure assessments have been restricted to AOH toxin. Estimated lower bound
and upper bound introductions to alternariol (AOH) were around 0.003 mg/day and
0.006 mg/day, for chickens and layers, respectively.

Broilers in production conditions are subjected to a variety of stressors [32]. The ad-
ditional reactive oxygen species (ROS) and reactive nitrogen species (RNS) production
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and oxidative stress are the essential harmful outcomes [33]. In the evolutionary process,
antioxidant defense mechanism were built in birds to be able to stay alive in an oxygenated
atmosphere [34]. They consist of a dense system of inside integrated antioxidant enzymes,
for instance, glutathione (GSH), coenzyme Q (CoQ), and outwardly provided by vitamins,
carotenoids, and antioxidants [34]. Furthermore, all antioxidants in the body work to-
gether to sustain the best oxidoreduction equilibrium [35]. This equilibrium is a crucial
component in supplying the required preconditions for cells indicating, stress adjustment,
and homeostasis upkeep [36]. While ROS and RNS are critical signaling molecules, their
presence have been rigorously controlled by the antioxidant defense system linked with
various transcript components and vitagenes [37]. Physiology shows that change from
optimum inner and outer circumstances causes stress [38].

Additionally, a complicated flow of controlling systems is implicated in the stress
reaction, causing the metabolic alterations triggering weakened live performance in broil-
ers [39]. When the ROS and RNS construction outstrips the antioxidant defense mechanism
ability to neutralize them, oxidative stress arises [38]. That includes polyunsaturated fatty
acids (PAFAs), proteins, and DNA [40], take the lead to damaging outcomes in wellbeing,
progress, development, and overall animal welfare [41].

Contemplating lucking research results and significant information’s on Alternaria
mycotoxins and that the biochemical composition of more than a few is identified, this
research’s precise aim was to visually characterize and investigate the effects of Alternaria
spp. contaminated wheat grains in broiler chicken nutrition in the starter stage on pro-
ductive parameters, oxidative stress, and overall welfare of this species of food animals.
Obtained results from this research can serve in the future as the reference material for
creating the new up-to-date guidelines on Alternaria toxins in foodstuffs and feedstuffs.

2. Materials and Methods

2.1. Wheat Samples

Wheat grain samples (Triticum aestivum) were collected in post-harvest time in the
season of 2020 from the region of Serbia (Vojvodina) and Albania (Durrës). Obtained
samples were collected with the appropriate equipment, such as a probe for stationary
grain and a diverter-type mechanical sampler, using a sampling pattern and procedures
designed to collect samples from all areas of the lot. The appropriate size of wheat grain
between 1.5 and 2.5 kg sample was taken from a truck with adequate identified and labeled
bags. Collected samples were handled in such a way as to maintain representativeness.
Samples were stored in a cool and dry place in triple lined paper breathable bags to avoid
mold growth and increase of sample moisture level over 14%.

2.2. Proximate Analyses of Compound Feed for Broilers Chickens

Compound feed for broiler chickens in each experimental treatment were analyzed for
moisture, crude ash, crude protein, crude fat, and crude fiber. All analyses were performed
in triplicate. The moisture content was determined according to AOAC (Association of
Official Analytical Chemists) [42] Method 934.01. Crude protein content was determined
by Kjeldahl method according to the AOAC Method 978.04, crude ash, according to AOAC
Method 942.05, crude fat, according to AOAC Method 920.39 and crude fiber according to
AOAC Method 978.10 (AOAC, 1998). Concentration of total phosphorus (P) and calcium
(Ca) as well as metabolizable energy (ME), was calculated within licenced feed formulation
software.

2.3. Visual Scale Establishing and Color Measurement

Instrumental methods were used to measure the color of wheat grains. The wheat
grain samples color was measured with Minolta Chroma Meter CR-400, and the attach-
ment CR-A50, respectively. The color space defined by the International Commission on
Illumination (CIELAB) L* (lightness), a* (red-green), and b* (yellow-blue), and dominant
wavelength (DWL) was determined using a D65 light source and the observer angle at
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2◦. The tristimulus values of L*, a* and b* readings were calibrated against a standard
white plate (Y = 84.8; x = 0.3199; y = 0.3377). Each wheat ear sample was divided into
four subgroups, and the color of one hundred ears from each subgroup (400 ears from
one sample) was measured on 5 locations. Samples of wheat grains was divided into
4 subgroups, and 5 repetitions measure were applied in each subgroup (20 repetitions per
sample in total) [43].

2.4. Wheat Grain Infection Confirmation

Precisely one hundred wheat grains were counted randomly and used in all the
treatments. Therefore, wheat grain samples must be cleaned with 0.4% NaOCl, and washed
with clean water for 2 min. After cleaning process samples of wheat was placed on Petri
dishes in 4 replicates (25 grains/Petri) containing potato dextrose culture medium. Grains
were incubated at 25 ◦C, in total of 7 days, after which concentration of contamination was
evaluated. For validation of fungi species from each Petri dish 5 randomly wheat grain
was taken out by microscopic inspection after finishing the incubation period [44].

2.5. In Vivo Experimental Part with Broiler Chickens

The test with the broilers was conducted in the wake of the EU legislation and tenet of
the 3Rs contained by Directive 2010/63/EU, as well with the approval of Ethic Commission
for the Protection and Welfare of Experimental Animals EK-I-2020-01. At the beginning of
the investigation, a total of 180-day-old Ross 308 strain broilers were equally distributed into
three dietary treatments, with four replicates each. Dietary treatments in the experiments
were as follows: basal diet without visual contamination of Alternaria spp. with 25% wheat
(A1), a basal diet with visual contamination of Alternaria spp. with 25% wheat from Serbia
(A2), and basal diet with visual contamination of Alternaria spp. with 25% wheat from
Albania (A3). Wheat contamination of Alternaria spp. from control treatment A1 was
prepared as 1/2 mixture of wheat samples from both Serbia and Albania. During the test
period broilers was given feed and water by will e.g., ad libitum, with regularly monitored
and maintained environmental conditions provided by broilers producer. Broilers were
kept on the ground bedding system with the pelleted wheat straw. To control the productive
results of broilers, body weight, feed consumption, and feed utilization were monitored.

2.6. Blood Samples Collection and Hemolysate Preparation

The broiler chickens’ blood was collected by the trained veterinarian from the broil-
ers’ heart by puncture into heparinized sterile tubes. Blood samples were immediately
delivered to the laboratory and centrifugated for 10 min at 1507 g and 4 ◦C. Plasma was re-
moved, following the erythrocytes rinsing in saline three times. The obtained red blood cell
pellet was held in same amount of two filtered water and vortexed afterward. Following
incubation for 60 min at 25 ◦C, the hemolysate was centrifugated during fifteen minutes at
1507 g, after which obtained buoyant was gathered for additional examination [45].

2.7. Determination of Glutathione and Enzymatic Determination

To determine glutathione (GSH) concentration, proteins from hemolysates were di-
vided by increasing half amount of 10% sulfosalicylic acid and centrifugated at 3075 g,
for five minutes, at 4 ◦C. The buoyant was deposited at 4 ◦C, and GSH was determined
the next day. The GSH concentration in the blood hemolysate was determined from the
quantity of sulfhydryl residues [45].

Superoxide dismutase (SOD) activity was determined by the spectrophotometric
method based on the inhibition of adrenaline reduction to adrenochrome at pH 10.2 [45].
The activity of glutathione reductase (GR) was determined from the rate of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidation measured at the absorbance at
340 nm [46]. The concentration of lipid peroxides (LPx) was determined by the thio-
barbituric acid (TBA) assessment [47]. The oxidation of cellular membrane lipids was
measured through the reaction of lipid peroxides with TBA [47]. The determination of
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peroxidase (POD) activity was based on the catalytic oxidation of guayacol by H2O2 as
an electron acceptor [45]. The reaction of xanthine oxidation of uric acid was used for the
determination of xanthine oxidase (XOD) activity. Spectrophotometric measurement was
performed in 0.1 mmol/dm3 phosphate buffer at pH 7.5, at the absorbance at 295 nm [45].

2.8. Serum Biochemical Analyses

The serum activities of aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) were determined in serum samples. Analysis of the serum samples was measured
by an automatic biochemistry analyzer (Beckman Synchron CX4 PRO, Fullerton, CA,
USA) [48].

2.9. Statistical Analyses of Data

The data acquired in the conducted examination were evaluated by one-way analysis
of variance (ANOVA) using the software package Statistica 13. Once the analysis of
variance exhibited statistical significance, Duncan’s MRT was employed. A significant
difference was registered at p < 0.05.

3. Results and Discussion

Results of proximate analysis of compound feed used in daily nutrition of broiler
chickens during the experiment are presented in Table 1.

Table 1. Proximate composition and diet ingredients of compound feed, %.

Nutrients
Treatments

A1—Control A2—Serbia A3—Albania

Dry matter 89.6 89.5 89.6
Moisture 10.4 10.5 10.4

Crude protein 22.0 22.1 22.1
Crude fat 5.1 5.0 5.2

Crude fiber 3.5 3.4 3.5
Crude ash 6.3 6.4 6.2

Ca 1.0 1.1 0.9
P 0.8 0.8 0.8

Metabolizable Energy, MJ/kg * 12.5 12.5 12.5

Diet ingredients
Corn 35.4 35.6 35.5

Wheat 25.0 25.0 25.0
Soybean meal 19.5 19.5 19.5

Sunflower meal 2.0 2.0 2.0
Soy protein isolate 8.8 8.6 8.5

Corn gluten 2.0 2.0 2.0
Yeast 1.5 1.5 1.5

Limestone 1.8 1.8 1.8
Premix 4.0 4.0 4.0

* Values were calculated.

Gained results are conferred in the range of the color properties of grain color prop-
erties of Alternaria. Gained results are conferred in the range of the color properties of
Alternaria spp. contaminated wheat grains [49]. Wheat grain samples were significantly
different (p < 0.05) in terms of all measured color parameters (L*, a*, b*). Control wheat grain
(A1) samples were significantly different in terms of lightness and dominant wavelength,
compared to wheat grain samples (A2) and (A3), which have shown significant difference
(p < 0.05) compared to A1, but without any statistically significant difference (p > 0.05)
between themselves, nevertheless numerical differences (Figure 1), respectively.
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Figure 1. Color parameters of different samples of wheat grains. A1—wheat grain without visual contamination of Alternaria

spp.; A2—wheat grain with visual contamination of Alternaria spp. (Serbia); A3—wheat grain with visual contamination of
Alternaria spp. (Albania); L*—lightness; a*—red/green value; b*—blue/yellow value.

The results presented in Figure 1 show that all wheat grain samples belong to the
different groups by dominant wavelength values. Contemplating all stated, it can be
concluded that infection entered the grain in a higher amount in some wheat samples
(A2 and A3). Simultaneously, there were samples without visible infection and color
changes on the grain (A1). Wheat grain samples without visible dark spots were commonly
described by higher lightness and more prominent yellow tones [50].

All wheat grain samples collected from the field and previously instrumentally ana-
lyzed were disinfected with 0.4% NaOCl and placed for incubation (Section 2.4) for seven
days. Results of fungi genera confirmation were carried out by microscopic examination,
and the results have been shown in Table 2.

Table 2. Incidence of some genera of fungi in wheat grain samples, %.

Treatment/Sample
Fungi spp. Other Fungi spp.

Alternaria Rhizopus Fusarium Not Identified

A1—Control 25.2 b 72.2 a 1.0 b 1.6
A2—Serbia 37.9 a 48.3 b 3.5 a 10.3

A3—Albania 39.2 a 46.6 b 3.9 a 10.3
p-value 0.023 0.016 0.003

Values in the same row marked with the different letters are significantly different at the significance level of
p < 0.05.

Classification of field fungi in analyzed wheat grain samples showed that the signif-
icant field fungi were Rhizopus spp., followed by Alternaria spp., and Fusarium spp. The
ratio of contamination of wheat grain samples by Alternaria spp. was the highest in A3
samples without significant difference (p > 0.05) compared to A2, as previously stated.
Differences in percentages between A2 and A3 could be explained by the fact that Alternaria
spp. produce melanin pigments of dark color, which can cause the differentiation in deter-
mination with instrumental measurement, respectively. Due to fungi growth in the field
even at low temperatures, they are also responsible for spoilage of commodities during
refrigerated transport and storage. Several Alternaria species are known producers of toxic
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secondary metabolites known as Alternaria mycotoxins [23]. A. alternata produces several
mycotoxins. TeA is harmful to several animal species, e.g., mice, chickens, and dogs [23].
Many Alternaria metabolites have been reported to occur naturally in cereals [5,12]. Al-
ternariol, alternariol monomethyl ether, and tenuazonic acid were frequently detected
in sorghum, wheat, and edible oils [23]. Xu et al. [51] have reported the importance and
danger of exposure to Alternaria toxins from grain and grain-based products because of
its relation to human esophageal cancer in China. In their study, a total of 370 freshly
harvested wheat grain samples were analyzed for the four Alternaria toxins TeA, TEN,
AOH, and AME. Field contaminated samples (95%) of the wheat grains were positive
for more than one type of Alternaria toxins [51]. Li and Yoshizawa [52] reported the first
report of the natural occurrence of Alternaria mycotoxins in Chinese wheat. Their wheat
grains were significantly infested by Alternaria species, mainly A. alternata, with a median
infection rate of 87.3%. The grains with low quality which is acceptable in some cases was
researched in post-harvest period to investigate if the Alternaria or Fusarium influenced in
adverse quality of the grains [53]. The distribution of Alternaria and Fusarium spp. they
were varied significantly in samples of reduced rate compared with acceptable samples.
The results of Kosiak et al. [53] revealed a negative interaction between F. graminearum and
Alternaria spp. as well as between F. graminearum and another Fusarium spp. Fusarium and
Alternaria fungi naturally occurring on the ears and the formation of their mycotoxins in
the ripe grains. Müller et al. [9] investigated the fluorescent pseudomonads colonizing
wheat ears, which have a high antagonistic potential against phytopathogenic fungi. Un-
fortunately, the results of their findings indicate that extensive biological management of
mycotoxin development by naturally arising pseudomonads with incompatible activity is
very doubtful [9].

Based on the gained results in the second phase of the experiment with the live broiler
chickens, after the first experimental week, it could be noticed that the addition of wheat
infected with Alternaria spp. in the amount of 25% in treatment A2 and A3 expressed
adverse effects. The highest body weight of chickens of 140.40 g was recorded in broilers
on control treatment A1 with statistically significant differences (p < 0.05) compared to
treatments A2 (137.32 g) and A3 (135.35 g).

At the end of the second week of test period, a statistically significant (p < 0.05)
difference in body weight of broiler chickens could be noticed. The highest body weight
of 352.68 g was recorded in control treatment A1, with statistically significant differences
compared to other Alternaria spp. treatments. The lowest body weight of chickens was
recorded in treatment A3 (335.93 g), while significant differences (p > 0.05) between chickens
in Alternaria spp. treatments were not recorded (Table 3). The low broiler chicken body
weight observed in Alternaria spp. contaminated diet than control could be due to Alternaria
spp. toxin tenuazonic acid which was firstly described in 1987 [54].

Table 3. Broiler chickens body weight in the experiment, g.

Age
Treatments in Test Pooled

A1 A2 A3 SE p

0 day 35.52 a ± 2.82 35.38 a ± 2.66 34.97 a ± 2.77 0.16 0.098
7 day 140.40 a ± 9.61 137.32 b ± 8.13 135.35 b ± 8.19 0.47 0.000
14 day 352.68 a ±18.44 341.85 b ± 23.30 335.93 b ± 22.42 1.29 0.000

Values in the same row marked with the different letters are significantly different at the significance level of
p < 0.05.

Numerous researches have registered a broad array of serious wellbeing impacts
and medical indications after food animals was subjected to the elevated amount of tox-
ins. Nevertheless, not a lot is seen concerning the wellbeing impacts of toxins at small
amounts [55]. Kolawole et al. [55] conducted a long-term feeding trial in order to investi-
gate the impact of small amounts of toxin combinations on the production of poultry fed
with naturally contaminated complete feed. Total of eighteen tests with poultry production
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was performed, with closely of 2200 one-day-old Ross-308 birds per each test. As food
animals are frequently subjected to low doses of mycotoxin, a cumulative risk evaluation
in quantifying and alleviating counter to the economic, welfare, and health influences is
necessary for mycotoxins. Hessel-Pras et al. [56] stated that once Alternaria mycotoxins
passes the intestinal barrier, they can reach the liver to exert yet uncharacterized molec-
ular effects. Hence, the same group of authors used hepatic in vitro systems to examine
selected Alternaria mycotoxins for their induction of metabolism-dependent cytotoxicity,
phosphorylation of the histone H2AX surrogate marker for DNA double-strand breaks,
and relevant marker genes for hepatotoxicity. They have found evidence that 50 µmol/L
of AOH, AME, TeA, and TEN might be associated with hepatotoxic effects, necrosis, and
the development of diseases like cholestasis and phospholipidosis [56]. Kemboi et al. [57]
discovered that other developing toxins and metabolites, counting Alternaria, Aspergillus,
Fusarium, Penicillium toxins, were discovered at differing concentrations during their re-
search. Such co-occurrences of mycotoxins could trigger synergistic and additive health
effects, impeding the food animal production sectors worldwide.

Results of feed consumption and feed conversion ratio are shown in Tables 4 and 5.
Alternaria spp. contaminated wheat grain showed some numerical differences between
treatments but without any statistically significant differences in broiler chickens’ life stage
of life.

Table 4. Feed consumption of broiler chickens, g.

Age
Treatments in Test Pooled

A1 A2 A3 SE p

7 day 163.57 a ± 30.51 152.63 a ± 20.01 162.71 a ± 29.50 9.62 0.564
14 day 292.33 a ± 10.16 293.77 a ± 11.66 284.11 a ± 17.03 4.72 0.689

Values in the same row marked with the different letters are significantly different at the significance level of
p < 0.05.

Table 5. The feed conversion ratio of broiler chickens, kg/kg.

Age
Treatments in Test Pooled

A1 A2 A3 SE p

7 day 1.16 a ± 0.21 1.11 a ± 0.15 1.21 a ± 0.22 0.07 0.454
14 day 1.29 a ± 0.09 1.29 a ± 0.07 1.33 a ± 0.08 0.04 0.555

Values in the same row marked with the different letters are significantly different at the significance level of
p < 0.05.

In addition to wheat, corn is the main feed ingredient used in poultry nutrition. As
a wheat grain, the corn can also be naturally infected with mycotoxins, especially with
Alternaria spp. Topi et al. [58] have investigated the presence of Alternaria mycotoxins
in grains from Albania: alternariol, alternariol monomethyl ether, tenuazonic acid, and
tentoxin. They have concluded that the contribution of AOH and AME originating from
wheat was 0–31.7 ng/kg body weight per day. In contrast, the contribution of Alternaria
toxins through maize consumption was significantly lower.

Changes from optimal internal and external conditions lead to stress from a phys-
iological point of view. Between the main stressors in broiler production, nutritional
stressors have a significant role, and within them, the leading role is mycotoxins feed
contamination [34].

The highly probable clarification for the remarked results presented in Table 6 is that
the pathological modifications strengthen free radical processes by promoting catalytic
activities of enzymes engaged in the antioxidative protection, POD, and GR. Still, through
the disease phase, lipolysis from the lipid depots could be increased due to reduced feed
consumption, which is not the case in our research. Moreover, tiredness of the organism
could lead to escalation of free radical processes and higher amounts of lipid peroxides in
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blood. To defend himself, the body initiates its antioxidative safety mechanisms. Decrease
of SOD activity was anticipated and is in accordance with other research [59,60].

Table 6. GSH and LPx content and the activity of POD, SOD, GR, and XOD in blood hemolysates, µmol/g Hb min.

Treatment GSH LPx POD SOD GR XOD

A1 5.1 b ± 0.9 0.3 a ± 0.2 65.2 a ± 4.4 82.6 a ± 6.1 11.3 b ± 5.9 26.3 a ± 3.6
A2 5.8 a ± 0.3 0.3 a ± 0.1 55.1 b ± 7.2 25.5 b ± 3.5 21.1 a ± 7.2 27.5 a ± 2.9
A3 6.2 a ± 1.1 0.4 a ± 0.1 59.3 b ± 3.4 29.1 b ± 8.9 19.8 a ± 9.6 26.7 a ± 4.1

p-value 0.032 0.089 0.038 0.001 0.004 0.341

Values in the same row marked with the different letters are significantly different at the significance level of p < 0.05.

The glutathione has a vital position in reducing the acute toxicity of xenobiotics
and products of lipid peroxidation. A statistically significant decrease of POD activity
compared to the A1 control treatment was expected since POD catalyzes various proton
donors’ oxidation with hydrogen peroxide. Having in mind that mycotoxins are classified
as hepatotoxins, nephrotoxins, neurotoxins, immunotoxins, and that there are to date,
400 mycotoxins identified and the most critical species producing mycotoxins belong to
Aspergillus, Penicillium, Alternaria, and Fusarium genera, Ülger et al. [61] have described their
genotoxic effects on the organism. Uric acid increased accumulation, and reduced excretion
is closely related to the pathogenesis of gout and hyperuricemia. Higher plants produce
different metabolites, which might impede XOD, so disallow the oxidation of hypoxanthine
to xanthine then to uric acid in the purine metabolism. Nevertheless, microorganisms
generate a group of degrading enzymes, which catalyze uric acid degradation to ammonia.
Xanthine oxidoreductase (XOR) has two forms; xanthine oxidase (XOD) and xanthine
dehydrogenase (XDH), both of them catalyze the oxidation of hypoxanthine to xanthines,
then to uric acid in the purine metabolism [62]. Hafez et al. [63] presented an analysis
with the incidence of uric acid in plants and other organisms, especially microorganisms,
in addition to the mechanisms by which plant extracts, metabolites, and enzymes could
reduce uric acid in the blood. Overactivity of both enzymes (XOD and XDH) cause
the accumulation of uric acid in the animal body and form a pathogenesis condition
called gout [64]. Additionally, XOD serves as a valuable biological source of oxygen free
radicals that participate in various damages of animal tissues leading to many pathological
states [65], which could be caused by multiple stress triggers, e.g., mycotoxins [66–68].

Serum biochemical parameters were significantly affected by Alternaria spp. wheat in
both treatments compared to control treatment during the starter dietary phase (Table 7).
Even though the Alternaria spp. contaminated wheat had no significant effect on growth
performance in broiler chicks, it induced the typical clinical signs of hepatic injury, including
increased activities of AST and ALT, during the starter dietary period what is in accordance
with results of other researchers [48,69,70].

Table 7. Aminotransferase (AST) and alanine aminotransferase (ALT) activity in serum of broiler
chickens, U/L.

Treatment AST ALT

A1 182.1 b ± 32.1 1.1 b ± 0.1
A2 268.8 a ± 41.3 1.7 a ± 0.3
A3 271.5 a ± 33.7 1.6 a ± 0.2

p-value 0.075 0.039
Values in the same row marked with the different letters are significantly different at the significance level of
p < 0.05.

Oxidative stress plays an important role in the development of many animal diseases
and it has been shown that have significant implications for the well-being and overall
welfare of nonruminants [71]. Various studies have shown that oxidative stress has a funda-
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mental role in the etiopathogenesis of several acute and chronic diseases which are causally
related to animal welfare [72]. Over the years oxidative stress has been deeply investigated
in human, while in poultry production the data are yet less uneven [73]. Poultry welfare
is fundamental in maintaining correct health and a good level of mental and physical
well-being of the animal [74]. In our study increased content of total glutathione levels in
chicken dietary treatments (5.8 and 6.2 µmol/g Hb min) with addition of blackpoint wheat,
indicates that chickens had increased antioxidant defense. These results are directly related
with the impaired welfare of chickens. Likewise, certain indicators of impaired welfare of
chickens in our expert are increased activity of GR (21.1 and 19.8 µmol/g Hb min), and
decreased activity of SOD (25.5 and 29.1 µmol/g Hb min), respectively. The similar results
were obtained by Brambilla et al. [75] in their research related to influence of oxidative
stress markers reactive oxygen metabolites (ROM) and anti-oxidant power (OXY) in swine
welfare. Stresses in commercial poultry result from many various factors which negatively
impact poultry health, production, and welfare [76]. Oxidative stress is downstream of all
these stresses. Oxidative stress in the cells results from an imbalance between free radical
production and endogenous antioxidant defense [77]. It is well documented that poultry
feed is often contaminated with a wide range of environmental toxicants, bacterial and
fungal toxins, and known to affect the health and welfare of poultry [78]. Mycotoxins usu-
ally generates reactive oxygen species which induces lipid peroxidation, alters the cellular
redox signaling, antioxidant status, and membrane integrity of the cells [79]. Mycotoxins
increase cellular apoptosis and affect poultry health, production, and welfare.

4. Conclusions

Based on the gained results, it can be concluded that identifying field fungi in all
analyzed wheat grain samples showed that the dominant mycotoxigenic fungus was
Rhizopus spp., followed by Alternaria spp., and Fusarium spp. Usage of 25% wheat in
complete feed for broiler chickens in the first 14 days of life has shown adverse effects
reflected on body weight gain without significant influence on feed consumption and
utilization. Concerning oxidative stress, it can be concluded that Alternaria spp. causes
high oxidative stress in chickens at a young age negatively influences production and
overall broiler chicken’s welfare.

Further research on the influence of Alternaria spp. on animal production and geno-
toxicity is still essential.
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12. Puvača, N.; Bursić, V.; Petrović, A.; Vuković, G.; Cara, M.; Peulić, T.; Avantaggiato, G. Mycotoxin Incidence of Ochratoxin A in
Wine and Methods for Its Control. J. Agron. Technol. Eng. Manag. 2020, 3, 475–482.
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Abstract: The practical usage of untraditional feedstuffs such as sunflower meal (SFM) in laying hens
nutrition in developing countries has received considerable attention. SFM is a by-product of the sun-
flower oil industry and has been progressively added to bird’s diets. Sunflower meal (SFM) is gaining
great interest as a feed ingredient due to its eminent crude protein content, low anti-nutritional
compounds, and low price. The current experiment was aimed to assess the production efficiency,
egg quality, yolk fatty acids composition, and nutrient digestibility of laying hens fed SFM. A total
of 162 Bovans Brown laying hens aged 60 weeks old were randomly allocated using a completely
randomized design into three experimental groups of nine replicates each (n = six/replicate) for eight
weeks. The dietary treatments involved a control (basal diet) and two levels of SFM, 50 and 100 g/kg
feed. The dietary treatments did not influence live weight gain, feed intake, and egg mass. On one
hand, the laying rate was increased; on the other hand, the feed conversion ratio and broken eggs
rate of laying hens were decreased (p < 0.05) by the dietary inclusion of SFM. Dietary treatments
had no effect on the egg’s quality characteristics except the yolk color and yolk height were larger
(p = 0.01) for laying hens fed SFM compared with those fed the control. Dietary inclusion of SFM
decreased (p < 0.05) the content of cholesterol in the egg yolk. Still, it increased the yolk contents of
vitamin E, calcium, linoleic acid, linolenic acid, and oleic acid (p < 0.05). Furthermore, the dietary
inclusion of SFM increased crude protein and calcium digestibility, but decreased the ether extract
digestibility. In conclusion, our results suggested that the dietary inclusion of SFM, up to 100 g/kg at
a late phase of laying, could improve the production performance, some of the egg quality traits, and
nutrient digestibility while decreasing egg yolk cholesterol.

Keywords: sunflower meal; laying hens; performance; yolk cholesterol; yolk fatty acids; egg quality

1. Introduction

In the practical poultry industry, higher feed ingredient prices have led to a closer
consideration to seek less expensive agricultural by-products [1]. Sources of protein are
becoming more and more limited around the world. Consequently, there is a need to search
for alternative protein sources [2]. In general, feed costs reflect much of the expenses, and
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abrupt increases in feed costs make it a contest for nutritionists to sustain animal production
and safety while balancing the cost of the diet [3]. Soybean meal (SBM) is one of the most
popular sources of protein used in poultry diets. When the price rises, nutritionists must
choose the available ingredients to formulate cheap, balanced, and economically viable
diets [4,5]. In this context, developing diet formulations with alternative ingredients is the
best to overcome this problem and reduce feed costs, especially when these alternative
ingredients are locally available.

Sunflower can be harvested in tropical areas two or three times a year, and it is a
healthy substitute for the oil manufacturers and the feed mill district [6]. Sunflower meal
(SFM) is an invention from the oil extraction of sunflower seed, and it is utilized primarily
as protein and fiber sources in the diets of poultry [4,5,7–9]. Although SFM is opulent in
crude protein, its poultry applications have some limitations due to its relatively extreme
fiber including insoluble fiber and low levels of specific limiting amino acids such as
lysine and methionine. Additionally, sunflower seeds have a high content in α-tocopherols
(608 mg/kg seed) with efficient antioxidants. Therefore, sunflower is deemed as a plentiful
source of vitamin E [10]. Compared with other oilseed meals, SFM is considered a good
Ca, P, and vitamin B-complex [11]. Due to its low anti-nutritional and toxic compounds,
sunflower proteins are considered an attractive alternative feed ingredient to replace
SBM [12]. Researchers have extensively studied the potential functional properties of
defatted oilseed meals [13]. Therefore, it is important to realize that the differences in its
nutrient contents restrict the application of SFM in the poultry fed due to the different
ways in the seeds’ processing. SFM can be utilized in the diet of laying hens with no
negative impact on the egg quality parameters [7,14–16]. By-products such as SFM contain
high fiber and linoleic acid (a laying hen’s fat source); the by-products are marketed for
various world areas [17,18]. Fafiolu et al. [19] found that SFM is an excellent source of crude
protein, ether extract, and amino acids, and it can be a substitute for SBM as feedstuff. SFM
contains significant cell-wall components and high fiber content that may perform a crucial
role in minimizing the blood cholesterol level. Baghban-Kanani et al. [8] revealed that the
inclusion of SFM up to 20% of the laying hens’ diets with multi-enzyme complex did not
induce any negative impacts on the laying rate, egg quality traits, or antioxidant status.
The partial substitution of SBM protein with SFM in Naked Neck hens’ diets preserved
successful efficiency and enhanced yolk color, showing that SFM was an economically
viable substitute feed ingredient [20]. Earlier studies showed that the dietary SFM inclusion
rates greater than 5% required lysine supplementation. SFM has a variable content of
amino acids with lysine content that ranged from 0.56% to 0.66% and methionine content
of 0.33% to 0.50% [14]. Lysine supplementation to the laying hens’ diets containing SFM
does not appear as crucial as in broilers’ diets due to lower lysine requirement. Methionine,
the first limiting amino acid, restricts egg weight, egg development, and egg mass [21–23].

Furthermore, SFM has potential environmental benefits in which the dietary inclusion
of 20% SFM in the laying hens’ diets significantly decreased ammonia and total nitrogen
emissions [24]. The high fiber content of SFM is expected to have formed more fermented
substrates in the gastrointestinal tract, leading to more significant microbial proteins [24].
Additionally, feeding poultry on SFM might have an indirect environmental impact by
producing volatile fatty acids (VFA), which decreases the pH of the manure [25,26].

However, very few studies have assessed the dietary addition of SFM, as a supplier of
polyunsaturated fatty acids (PUFA), in the laying hens’ diets on the laying efficiency, yolk
fatty acids (FA), and cholesterol concentration. Therefore, the current research is intended
to assess the effect of dietary inclusion of SFM as a complementary protein resource on
the laying performance, egg quality parameters, yolk fatty acids content, and nutrient
digestibility of laying hens. The assumption examined was that the dietary inclusion of
SFM might improve the production performance (egg production, egg mass, and feed
conversion ratio), some egg quality characteristics (yolk height and yolk color), and enrich
egg yolk with beneficial fatty acids (omega-3 fatty acids).
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2. Materials and Methods

This study was permitted by the Local Experimental Animals Care Committee’s
Ethics Committee and done according to the rules of Kafrelsheikh University, Egypt.
(No. 4/2016EC).

2.1. Chemical Composition of Sunflower Meal (SFM)

Sunflower meal was provided from the Egyptian raw material market in pellet form;
this was ground before use. The chemical composition values used for soybean meal (SBM)
and sunflower meal (SFM) were analyzed in the laboratory of feed analysis at Kafrelsheikh
University, Egypt and the values recorded by national research council (NRC) [27] and
shown in Table 1. The metabolizable energy content of SBM and SFM were calculated with
the following equation [27]:

Men = 26.7 × DM + 77 × EE − 51.22 × CF

where:

DM: dry matter, %.
EE: ether extract, %.
CF: crude fiber, %.

Table 1. Nutrient composition and metabolizable energy content of soybean meal and sunflower
meal (% DM).

Nutrients Soybean Meal Sunflower Meal

DM, % 1 92.06 91.20
Crude protein, % 46.0 36.00

ME, kcal/kg diet 2 2350 1800
Calcium, % 0.3 0.40

Total Phosphorus, % 0.64 0.70
Ether extract, % 1.42 2.87
Crude fiber, % 5.6 17.00

Lysine, % 3.04 1.50
Methionine, % 0.66 0.91

Linolenic fatty acid, % 3.83 1.97

Analyzed values are mean of all replicates; 1 DM, dry matter; 2 ME, metabolizable energy.

2.2. Birds, Housing, and Experimental Design

A total of 162 Bovans laying hens, aged 60 weeks old (well beyond the laying peak and
even the age at which most farms hens stop laying) with an average laying rate of 60.5%,
was individually housed in cages in an open-sided structure under a 16-h light system, 8 h
of darkness with LED light colors. A light intensity of 15 lux, however, controlled the dark
period by closing the windows with blackout curtains. Laying hens (started lay at 20 weeks
of age) were arbitrarily allotted into three dietary groups. Each group (54 laying hens) was
randomly assigned into nine replicates; each replicate had six hens caged in Big Dutchman
in regular dimensions of 40 × 35 × 60 cm3, in a double-sided battery cage. An automated
nipple drinker was given for each cage. Birds were fed, on ad libitum basis, basal diet
as the control, and two levels of SFM, 50 and 100 g/kg feed from 60 to 68 weeks of (thus
from weeks 40 to 48 of laying). The composition of the experimental diets is presented in
Table 2. Diets were calculated to meet the recommendations of NRC [27] for Brown Bovans
laying hens.
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Table 2. Ingredients and components of the experimental diets.

Ingredient
Diets, g/kg

Control 50 g SFM/kg 100 g SFM/kg

Yellow corn 635 650 605
Soybean meal, 46% 240 108 109

Corn gluten meal, 62% 60 37
Soybean oil 18 9 26

Di-calcium phosphate 20 19 17.8
Sunflower meal, 36% 50 100

Wheat bran 7 8
DL- methionine 2.1 1.6 1.6

L-lysine 3.2 3
Threonine 0.5 1.7 1.7
Limestone 72 73.6 74

NaCl 3 3 3
Premix * 4 4 4

Sodium bicarbonate 2.4 2.4 2.4
Potassium carbonate 3 6.5 6.5

Choline chloride 1 1
Total 1000 1000 1000

Calculated analysis **
Crude protein, % 16.09 16.02 15.99
ME (kcal/kg diet) 2851 2850 2850

Calcium, % 3.26 3.29 3.29
Total phosphorus, % 0.71 0.70 0.71

Available phosphorus, % 0.46 0.46 0.47
Ether extract, % 4.46 3.68 5.12

Fiber, % 2.80 3.15 3.86
Lysine, % 0.88 0.89 0.89

Methionine, % 0.49 0.51 0.51
Chemical analysis

Moisture, % 11.27 11.31 11.29
Crude protein, % 16.11 16.19 16.03
Ether extract, % 4.51 3.93 4.98

Fiber, % 2.93 3.22 3.97
Calcium, % 3.30 3.28 3.27

Total phosphorus, % 0.68 0.69 0.69
* Premix composition (units per kilogram of feed): vitamin A, 10,000 IU; vitamin D3, 3,500 IU; vitamin E, 35 IU;
menadione, 1.5 mg; vitamin B1, 1.5 mg; vitamin B2, 5 mg; vitamin B5, 8 mg; vitamin B6, 1.5 mg; vitamin B12,
0.012 mg; folic acid, 0.5 mg; niacin, 30 mg; biotin, 0.06 mg; iodine, 0.8 mg; Cu, 10 mg; Fe, 80 mg; Se, 0.3 mg; Mn,
80 mg; Zn, 80 mg. ** Calculated according to NRC [27] for Brown Bovans laying hens. The diets were provided in
mash form.

2.3. Performance Parameters

At the beginning (60 weeks of age) and the end (68 weeks of age) of the trial, the birds
were weighed individually by ZIEIS Digital Bird Scale, A63SS-NMP, 0.05 Ounce Accuracy,
5000 Gram Capacity. Eggs were hoarded every day. The laying rate was calculated as
hen-day (% hens-day) by applying the following equation (number of daily eggs produced
per treatment/number of birds accessible in the treatment on that day × 100). Each egg
weight was assessed and then utilized for all experimental times to evaluate the mean egg
weight. The total egg mass was determined by laying rate by multiplying the weights
of the eggs. As the hens were fed by an ad libitum system, the feed amount was added
according to the catalog, and after seven days, the remaining feed was measured, and then
the intake of feed was calculated on a cage base (a hen). Daily feed consumption per hen
for all days during the trial was determined. The FCR (kg of feed/kg of eggs) was assessed
utilizing egg production, egg weight, and feed intake.
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2.4. Egg Quality Parameters

Egg quality parameters including egg length, egg width, egg shape, shell thickening,
high albumin, high yolk, yolk width, yolk index, and yolk color score were undertaken
and measured at the beginning of the experiment (60 weeks of age) and the end of the
experiment (68 weeks of age). From each test, 30 eggs lay between 08:00 and 12:00 h were
arbitrarily selected. A digital egg scale individually weighed eggs, accurate to 1/10th of a
gram, 100 g maximum capacity, and the egg quality estimation was done on individual
eggs, likewise the egg weight. The eggs were broken on the plate measurement stand
egg Quality Microprocessor (EQM), and the albumen and yolk heights were determined.
Yolk color score was measured utilizing the Roche yolk color fan method (DSM Yolk Color
Fan, Basel, Switzerland). Eggshell thickness was performed by determining the thickness
mean values taken at three locations on the egg (air cell, equator, and sharp end) utilizing a
micrometer caliper (Mitutoyo, 0.01 to 20 mm, Tokyo, Japan).

2.5. Yolk Fatty Acid Content, Total Cholesterol, Vitamin E, and Ca Concentrations

At the beginning of the experiment (60 weeks) and the end (68 weeks), 30 eggs
were collected per procedure to measure the content of FAs in the egg yolk, including
myristic, palmitic, palmitoleic, stearic, oleic, veccenic, linoleic, linolenic, arachidonic,
Eicosapentaenoic acid (EPA), Docosapentaenoic acid (DPA), Docosahexaenoic acid (DHA),
yolk fat and total cholesterol. Analysis of the previous fatty acids was performed using a
Shimadzu GC-4 CM (PFE) gas chromatograph fitted with a flame ionization detector (FID).

Before running the samples, a regular blend of methyl esters was examined under
similar circumstances. The retention times of the unidentified methyl ester sample were
compared with those of the standard. In the triangulation process, the quantity of methyl
esters was assessed according to Radwan [28] and Saleh et al. [29].

Fatty acids were expressed as mg/100 g fat. For determination of vitamin E and
Ca in the egg yolk, pooled samples were homogenized in a 0.054 mol/L dibasic sodium
phosphate buffer amended to 7 pH with HCl. After being mixed with absolute ethanol and
hexane, the upper layer α-T was evaporated and dissolved in ethanol before evaluation by
HPLC3 (UV detector fixed at 290 nm). Egg yolk total cholesterol was measured through the
extraction of fat from the egg yolk with chloroform and methanol admixture (2:1 vol:vol)
methods according to Surai [30] and expressed as mg/100 g fat.

Calculation of the lipid quality indices including the atherogenic index (AI) and the
thrombogenic index (TI) were performed following Ulbricht and Southgate [31]. The
peroxidability index (PI) was assessed using the equation of Arakawa and Sagai [32].

2.6. Nutrient Digestibility

For digestibility tests, excreta were collected and weighted from each cage replicate
over the last three days of the experiment. The feed intake and birds were weighted daily
during these three days, and feces eliminated were collected, weighed, and placed in a
freezer. Following the digestibility trial, all samples were dried in a drying oven at 60 ◦C
for 24 h. Next, the whole dried samples were homogenized according to AOAC [33]
and finely ground for examination. The crude protein substance in the diet and excreta
was determined using the Kjeldahl method to determine the digestibility of nitrogen (CP,
Method 968.06), the fat extract was calculated using the Soxhlet method (EE, Method920.39),
crude fiber (CF, Method 932.09) and calcium (Ca, Method 985.35). The calculation was
as follows:

Nitrogen digestibility (%) = (total nitrogen intake – total nitrogen excreted)/total
nitrogen intake × 100.

2.7. Statistical Analysis

Statistically, the experimental results were analyzed using a one-way analysis of
variance (ANOVA) (IBM SPSS Statistics Version 25.0. Armonk, NY, USA: IBM Corp). We
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contrasted the means of different treatments using Duncan’s new multiple range test. The
limit of significance was at p < 0.05.

3. Results

3.1. Laying Performance

Table 3 presents the impact of feeding SFM on the efficiency parameters of laying birds.
Non-significant changes in final body weight, body weight gain, feed intake, egg weight,
and egg mass were observed among the dietary groups. An increase in egg production
(p < 0.05) was noted in laying hens fed the SFM diets compared with those fed the control
diet. The percent of broken eggs was the lowest from laying hens-fed SFM (p < 0.05).
Laying hens fed the SFM diets had better FCR (p < 0.05) when controlling the control one.

Table 3. Effect of feeding sunflower meal (SFM) on the production performance of laying hens.

Item
Experimental Diets SEM p-Value

Control 50 g SFM/kg 100 g SFM/kg

Initial body weight (60
wks.), g 1512.8 1516.1 1516.1 37.11 0.99

Final body weight, (68
wks.), g 1586.5 1587.2 1588.8 37.35 0.99

Body weight gain, g 73.8 71.1 72.6 1.42 0.75
Feed intake, g/day 116.6 116.5 116.4 0.39 0.98
Egg production, % 61.7 b 65.0 a 65.4 a 0.04 0.05

Egg weight, g 55.8 58.2 58.7 0.58 0.12
Egg mass, g of
egg/hen/day 34.4 37.8 38.4 0.49 0.09

FCR, g feed/g egg 3.39 b 3.08 a,b 3.03 a 0.06 0.05
Broken egg, % 11.4 a 9.9 b 8.9 b 0.26 0.05

Values are presented as means ± SE of 60 per group. a,b Mean values with different superscripts in the same row are different at p < 0.05.
FCR = feed conversion ratio.

3.2. Selected Egg Characteristics

The effect of feeding SFM on the selected egg characteristics at the beginning of the
experiment (60 weeks of age) and the end of the experiment (68 weeks of age) is presented
in Table 4. There was a non-substantial impact (p < 0.05) of the SFM levels on the egg
quality characteristics, except for yolk color score and yolk height, which were higher
(p = 0.01) for laying hens fed SFM concerning hens fed control.

Table 4. Impact of feeding SFM on the selected egg characteristics of laying hens.

Item
Experimental Diets SEM p-Value

Control 50 g SFM/kg 100 g SFM/kg

At week 40 of laying (60 wk of age)
Egg length, cm 5.92 5.99 5.99 0.034 0.64
Egg width, cm 4.46 4.41 4.42 0.024 0.65

Egg shape index, % 75.33 73.62 73.79 0.005 0.29
Eggshell thickness, µm 327.9 328.6 328.9 4.06 0.19

Albumen height, cm 0.85 0.85 0.84 0.024 0.93
Yolk height, cm 2.03 2.03 2.04 0.016 0.89
Yolk width, cm 4.48 4.5 4.49 0.031 0.86
Yolk index, % 45.31 45.11 45.43 0.004 0.95

Yolk color score 6.7 6.7 6.7 0.13 0.99

At week 48 of laying (68 wk of age)
Egg length, cm 5.85 5.93 6.41 1.17 0.36
Egg width, cm 4.44 4.47 4.46 0.028 0.89

Egg shape index, % 75.89 75.38 69.58 0.015 0.40
Eggshell thickness, µm 320.8 323.7 335.4 4.29 0.34
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Table 4. Cont.

Item
Experimental Diets SEM p-Value

Control 50 g SFM/kg 100 g SFM/kg

Albumen height, cm 0.75 0.80 0.73 0.013 0.11
Yolk height, cm 1.83 b 2.13 a 2.22 a 0.056 0.01
Yolk width, cm 4.51 4.46 4.52 0.027 0.63
Yolk index, % 40.57 47.75 49.11 0.004 0.16

Yolk color score 6.6 b 7.8 a 7.9 a 0.145 0.01

Values are presented as means of 30 eggs per group and SEM for a total of 90 eggs from three study groups. a,b Mean values with distinct
superscripts in the same row are different at p < 0.05.

3.3. Yolk Fat, Fatty Acid (FA) Content, Vitamin E, and Ca Contents in the Egg Yolk

Results concerning the effects of feeding SFM on egg yolk nutritional analysis in laying
hens are shown in Table 5. The addition of SFM in the diets of laying hens did not influence
the egg yolk fat content; however, it increased (p < 0.05) linoleic acid, linolenic acid, and
oleic acid egg yolk content. On the other hand, palmitic acid’s egg yolk concentration was
decreased significantly by feeding SFM. Myristic, palmitoleic, stearic, vaccenic, arachidonic,
eicosapentenoic, docosapentenoic, docosahexenoic acids AI, TI, and PI was not substan-
tially affected by the dietary treatments. However, all fatty acids were not influenced at the
beginning of the experiment. Interestingly, cholesterol level was significantly lowered by
dietary treatments (p < 0.05).

Table 5. Effect of feeding SFM on the egg yolk fatty acid composition (%) of laying hens.

Item
Experimental Diets SEM p-Value

Control 50 g FM/kg 100 g FM/kg

At start (week 40 of laying)
Myristic acid (C14:0) 0.23 0.22 0.23 0.02 0.63
Palmitic acid (C16:0) 24.5 24.52 24.45 0.62 0.75

Palmitoleic acid (C16:1) 2.78 2.77 2.93 0.23 0.62
Stearic acid (C18:0) 8.95 8.97 8.82 0.33 0.88

Oleic acid (C18:1 n-9c) 43.2 42.98 43.11 2.65 0.72
Vaccenic acid (C18:1 n-7) 1.95 1.92 1.94 0.21 0.81
Linoleic acid (C18:2 n-6) 14.44 14.62 14.51 0.92 0.58

Linolenic acid (ALA, C18:3 n-3) 0.52 0.53 0.56 0.032 0.41
Arachidonic acid (AA, C20:4 n-6) 1.81 1.91 1.81 0.091 0.42

Eicosapentenoic acid (EPA, C20:5 n-3) 0.088 nd 0.088 0.0001 0.82
Docosapentenoic acid (DPA, C22:5n-3) 0.111 0.111 0.112 0.001 0.64
Docosahexenoic acid (DHA, C22:6n-3) 0.867 0.866 0.869 0.002 0.34

AI 0.436 0.438 0.438 0.00611 0.98
TI, 0.932 0.931 0.931 0.00685 0.98
PI, 24.233 24.233 24.239 0.1147 1.00

After 8 weeks of the experiment (week 48 of laying)

Myristic acid (C14:0) 0.22 0.23 0.24 0.021 0.57
Palmitic acid (C16:0) 26.8 a 23.11 a,b 20.07 b 1.42 0.042

Palmitoleic acid (C16:1) 2.94 2.58 2.32 0.36 0.37
Stearic acid (C18:0) 7.66 7.32 7.14 0.28 0.48

Oleic acid (C18:1 n-9c) 42.54 b 45.28 a 47.12 a 3.12 0.045
Vaccenic acid (C18:1 n-7) 1.94 1.93 1.93 0.23 0.79
Linoleic acid (C18:2 n-6) 14.34 b 15.51 a,b 17.45 a 1.01 0.048

Linolenic acid (ALA, C18:3 n-3) 0.42 b 0.52 a 0.56 a 0.052 0.042
Arachidonic acid (AA, C20:4 n-6) 1.8 1.8 1.79 0.092 0.92

Eicosapentenoic acid (EPA, C20:5 n-3) 0 0.027 0.028 0.00008 -
Docosapentenoic acid (DPA, C22:5n-3) 0.115 0.114 0.114 0.001 0.72
Docosahexenoic acid (DHA, C22:6n-3) 0.875 0.873 0.872 0.002 0.68
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Table 5. Cont.

Item
Experimental Diets SEM p-Value

Control 50 g FM/kg 100 g FM/kg

AI, 0.427 0.422 0.421 0.00583 0.74
TI, 0.953 0.963 0.963 0.0145 0.86
PI, 24.495 24.501 24.783 0.2389 0.65

Yolk fat, g/100 g yolk 28.76 29.11 29.21 2.19 0.58
Total Cholesterol, mg/100 g yolk 137.07 a 130.60 a,b 122.47 b 2.45 0.04

Values are presented as means of 15 samples per treatment and SEM for 45 samples from all study groups; for “a,b Mean values with
different superscripts in the same row are different at p < 0.05. nd = not detected.

The vitamin E and Ca contents in the egg yolk of laying hens fed the experimental
diets were demonstrated in Table 6. Inclusion of SFM in the diets of laying hens increased
(p < 0.05) vitamin E and Ca contents in the egg yolk.

Table 6. Effect of feeding SFM on vitamin E and calcium contents in egg yolk of laying hens at the
end of the experiment.

Item
Experimental Diets SEM p-Value

Control 50 g SFM/kg 100 g SFM/kg

Vitamin E, mg/100 g 5.11 b 5.60 a,b 6.10 a 0.0116 0.01
Calcium content,

mg/100 g 0.736 b 0.808 a 0.821a 0.0058 0.03

Values are presented as means ± SE of 15 samples per group. a,b Mean values with different superscripts in the
same row are different at p < 0.05.

3.4. Nutrient Digestibility

Table 7 reveals the effect of feeding SFM on nutrient digestibility in laying hens.
The dietary treatments significantly increased the rate of CP (p = 0.01) and Ca (p = 0.05)
digestibility. Interestingly, the addition of SFM in laying hens diets significantly decreased
the digestibility of laying hens to EE (p = 0.05).

Table 7. Effect of feeding SFM on nutrient digestibility of laying hens at the end of the experiment.

Item
Experimental Diets SEM p-Value

Control
50 g

SFM/kg
100 g SFM/kg

Crude protein, % 66.1 b 68.1 a 68.0 a 0.375 0.01
Crude fiber, % 33.3 36.3 35.2 0.633 0.15

Ether Extract, % 25.8 a 25.0 a,b 24.1 b 0.322 0.05
Calcium, % 32.3 b 36.0 a,b 37.1 a 0.911 0.05

Phosphorous, % 29.9 36.0 34.7 1.406 0.18

Values are presented as means of 15 samples per treatment and SEM for 45 samples from all study groups; for a,b

Mean values with different superscripts in the same row are different at p < 0.05.

However, non-significant differences were detected in the CF and P digestibility
between the dietary treatments.

4. Discussion

As the world’s population grows, demand for eggs will continue to rise. To meet this
demand sustainably will be a big challenge because of the traditional plant protein sources’
high cost for layer hens diets. Furthermore, poultry nutritionists have been working for
decades on sustainability in higher egg production. Using alternative plant protein sources
like sunflower seed meal and others are innovative solutions for reducing the cost of
the diets and improving the production, leading to the production and improvement of
the environment.
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4.1. Laying Performance

The current study’s findings showed that feeding SFM significantly improved laying
performance, broken egg ratio, and FCR for laying hens at a very late phase of laying
(phase 2 of the production).

The available findings of the probable impacts of dietary inclusion of SFM on laying
efficiency and FCR are questionable and contrasting. Several earlier studies have revealed
that dietary inclusion of SFM had no adverse effect on live weight, feed intake, egg produc-
tion, or FCR [2,7,8,15]. In contrast, other studies [4–6,14,34] showed that supplementation
of SFM in the laying hens’ diets improved the laying performance and FCR.

Additionally, Sunil [35] found a substantial increase in the rate of laying and FCR
when SFM was incorporated in the diet at a concentration of 13% and attained maximum
benefit. Due to the upsurge in the layer’s body mass, body mass constancy in laying bird
diets containing various protein resources can enhance laying performance [36].

Considering egg production percent and feed intake, FCR determination is possibly
the largest single variable used in laying hens’ economic assessments for the laying rate [37].

Additionally, the egg weight among experimental hens, was statistically similar. The
average egg weight was also variable and compared favorably with laying hens’ values
recorded in the available literature [2,38]. For normal digestive function, a significant
amount of fiber is needed. However, ingredients with high fiber content are limited in
poultry diets due to their low energy content. The appropriate amount of crude dietary
fiber in a realistic laying hen diet is between 35 and 45 g/kg [2]. Based on the dehulling
degree, the rudimentary fiber of SFM seems to be the most critical component of poultry
diets [39]. The enhancement in the laying performance of hens in the present trial might be
ascribed to the use of high-protein and low-fiber SFM, and the added lysine contributes
to the improved feed intake of laying hens. Seidavi et al. [9] indicated that SFM might be
effectively included in the diets of laying hens up to 40% with an increase in egg production.

4.2. Egg Quality Parameters

In the present study, feeding SFM to laying hens did not influence the egg quality
parameters. These results are inconsistent with Shi et al. [2], Baghban-Kanani et al. [8],
Tsuzuki et al. [14], and Koçer et al. [16], who described non-substantial changes in the egg
quality traits when laying birds were fed various dietary SFM levels. Meanwhile, dietary
SFM supplementation substantially increased the yolk height and yolk color score. These
results are close to Laudadio et al. [7], who observed that the egg yolk color record was
improved when SFM with low fiber content was included in the layer diet concerning
the SBM treatment layers. The effect of low-fiber SFM noted in our experiment on yolk
color score may be linked to the number of natural pigments found in SFM. Previous
studies [36,40] have shown an enhancement in yolk color as leguminous plant levels
increased in the diets of laying hens.

On the other hand, adding dietary fat is essential as it accelerates the absorption of
pigment and fat-soluble vitamins [41]. De Morais Oliveira et al. [20] indicated that the
amount of lipids in the SFM diet augmented pigment absorption, resulting in improved
yolk color. In contrast, Shi et al. [2] and Tsuzuki et al. [14] described no positive effect of
dietary SFM on the egg yolk color.

4.3. Yolk Fat, Fatty Acids, Vitamin E, and Calcium Contents in Egg Yolk

The dietary addition of SFM, in the current study, increased the egg yolk contents
of linoleic acid, α-linolenic acid, oleic acid, vitamin E, and Ca. Unsaturated FA plays a
vital role in animal and human nutrition as they minimize metabolic problems such as
cardiovascular diseases and diabetes [42]. It is commonly identified that sunflower is
a good source of FA. In contrast, for high oleic sunflower oil, the reported contents for
palmitic, stearic, linoleic, and oleic acids were 4.6%, 3.4%, 27.5%, and 62.8%, respectively.
For ordinary sunflower oil, these values were 6.2%, 3.7%, 25.2%, and 63.1%, correspond-
ingly [43]. Laudadio et al. [7] stated that substitution of SBM with SFM in layer diets did
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not cause any adverse impacts on egg production and egg quality, but modified the lipids
contained in the yolk.

Comparably, Ebeid et al. [44] indicated that the increased α-linolenic acid in the eggs
of laying hens might be achieved by introducing specific resources to the diets of laying
hens like seed meals or oil sources. Additionally, sunflower seeds are exceptionally rich
in α-tocopherols (608 mg/kg seed), which perform as potent antioxidants. Therefore,
sunflower is believed to be a higher source of vitamin E. Nevertheless, heat inactivation
of α-tocopherols is easier than p- and y-tocopherols, which are more common in soybean
and cotton oil [45]. Furthermore, the protein obtained from SFM has a well-balanced
composition of amino acids. SFM is considered a healthy source of Ca, P, and vitamin
B-complex [46]. Our findings demonstrated that the inclusion of SFM in the diets of laying
birds reduced the content of egg yolk cholesterol. Such results agreed with several previous
studies [2,7,8], which recorded a substantial decrease in the egg yolk cholesterol when
replacing SBM with SFM. This appears to appeal to consumers, as one of the primary health
threat considerations associated with cardiac troubles is a higher circulating cholesterol
level [47]. The hypo-cholesterolemic influence in serum and egg yolk of low-fiber SFM
may be partially by diminishing the hepatic de novo lipogenesis.

Nevertheless, it is unidentified if SFM supplementation is efficient in decreasing the
intestinal absorption of biliary cholesterol of laying hens, which regulates the whole-body
cholesterol to reduce the cholesterol content in blood and egg yolk [47]. Additionally,
a decrease in the yolk cholesterol content resulting from feeding low-fiber SFM may
be partially due to the plant sterols present in sunflower with a hypo-cholesterolemic
impact [48]. On the other hand, fiber’s role in lowering cholesterol may be beneficial
with the inclusion of SFM in the poultry diet. One possible mechanism in which SFM can
perform its hypo-cholesterolemic effect is through bile acids. The cholic and deoxycholic
bile acids are formed by hepatocytes from cholesterol and are conjugated with glycine and
taurine correspondingly.

4.4. Nutrient Digestibility

In the present study, the substantial rise in the digestibility of CP and Ca in laying
hens fed the SFM diets was an indication that these diets have met the birds’ requirements
and may have been caused by the reduction of anti-nutritional factors in the used SFM.
Since sunflower has characteristics such as chlorogenic acid, which inhibits trypsin activity
by 30%, the levels of chlorogenic acid of 40 g/kg in the sunflower seeds may have been
enough to decrease the digestibility of the dietary protein. Consequently, the response to
additional lysine, where about 43% of the chlorogenic acid was destroyed by heating at
100 ◦C or 135 ◦C for 5 h.

On the other hand, similar to soybean, cotton, and rapeseed meals, one advantage of
SFM is that it does not include large levels of anti-nutritional factors [49,50]. Bedford and
Classen [51] reported that the SFM content of raw fibers might be three times greater than
SBM. The fibers’ quantity, which originates from the cortex, is considered highly resistant
to bacterial dilapidation in the gastrointestinal tract. This problem can be overcome by
lowering the fiber content of SFM. Some promising findings have been recorded when
meals are heat-treated [37], ground with pins [52], or air-classified [53,54]. Furthermore,
laying hens have a more evolved digestive system than broilers in gut ability [15].

On the other hand, variations in complexity, chemical composition, treatment method,
fusion levels, age of birds, and food preparation methods used in various studies may
explain not always obtaining consistent results. Despite some contradictory findings,
previous studies have observed that SFM is deemed a great supplier of protein in poultry
diets to guarantee optimum poultry production [55]. Other considerations must also
be considered including low fiber ratios, pelleting the feed, using oils, supplementing
lysine, measuring protein solubility, and adding enzymes that suit the SFM NSP content to
improve feed performance. Thus, further research regarding SFM quality factors that affect
the digestibility of nutrients in laying hens should be investigated [56–59].
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5. Conclusions

Increasing the dietary supplement level of SFM from 50 g/kg to 100 g/kg did not
adversely impact body weight gain, feed intake, and egg mass. The dietary inclusion of
SFM improved egg production, FCR, broken eggs rate, yolk color score, and yolk height
of the laying hens. Dietary supplementation with SFM decreased egg yolk cholesterol,
whereas vitamin E, Ca, linoleic acid, linolenic acid, and oleic acid contents in the egg yolk
were increased. Furthermore, the addition of SFM in the diets of laying hens improved
CP and Ca digestibility, but decreased the EE digestibility. Our results suggest that the
inclusion of SFM, up to 100 tableg/kg, in the diets of laying bird at a late phase of laying
could improve the production performance, selected egg characteristics, yolk linolenic acid,
and oleic acid contents, and nutrient digestibility while decreasing egg yolk cholesterol.
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Abstract: Three experiments were conducted to evaluate the feasibility of using a commercial slow-
release urea product (SRU; Optigen®, Alltech Inc., Nicholasville, KY, USA) as a partial replacement
for vegetable protein sources in cattle diets. The first experiment was an in vitro rumen fermentation
that evaluated the effect of replacing soybean meal (SBM) nitrogen with nitrogen from either SRU or
free urea in diets varying in forage:concentrate ratios. The second experiment examined the effect
of replacing SBM with SRU on in situ dry matter and nitrogen degradability in the rumen. In the
third experiment, a feeding trial was conducted to evaluate the effect of replacing SBM (0% as-fed
SRU) with 1% or 3% as-fed SRU on feed carbon footprint (CFP; total greenhouse gas emissions
associated with the life cycle of feed raw materials) and the toxicity potential of SRU in growing beef
cattle. Results showed that replacing SBM with SRU up to 1.3% did not negatively affect in vitro
rumen fermentation parameters. Supplementing SRU favourably decreased ruminal accumulation of
ammonia and lactic acid when compared to free urea. There was no significant effect on effective
rumen degradability of dry matter and nitrogen when one-third of SBM was replaced by SRU in
the in situ study. Compared with the 0% SRU diet, feed CFP decreased by 18% and 54% in 1% SRU
and 3% SRU diets, respectively. Additionally, feeding up to 3% SRU diet to beef cattle did not affect
health and intake, and blood hematological and biochemical indices were within the physiological
range for healthy bulls, suggesting no indication of ammonia toxicity. Overall, these results indicate
that SRU can be used as a sustainable alternative to partially replace vegetable protein sources in
ruminant diets without compromising rumen function and health of ruminants.

Keywords: cattle; vegetable protein; urea; rumen fermentation; sustainability

1. Introduction

Ruminants play a crucial role in converting human-inedible resources to high-quality
protein (meat and milk) which is vital for meeting the nutritional needs of humans [1].
Increasing population growth, household income and urbanization have contributed sig-
nificantly to a growing demand for animal protein, which has been projected to increase by
70% between 2005 and 2050 [2,3]. In recent times, the sustainability of the ruminant sector
has attracted intense public concerns due to the environmental impacts of the sector. Thus,
the ruminant sector is faced with the serious challenge of meeting the growing demand
for animal protein while reducing its environmental impacts. The environmental impacts
of the ruminant sector are largely due to manure nitrogen excretion and greenhouse gas

89



Sustainability 2021, 13, 2464

(GHG) emissions originating mainly from enteric fermentation, as well as feed produc-
tion, processing and transport [3]. The low nitrogen utilization efficiency of ruminants
increases manure nitrogen excretion, which can negatively affect air quality through am-
monia volatilization, water quality through nitrate leaching and eutrophication and global
warming through the release of nitrous oxide [4,5]. Opio, et al. [6] estimated that GHG
emission from the ruminant sector was approximately 5.7 gigatonnes CO2-eq, of which beef
and dairy cattle production contribute about 4.6 gigatonnes CO2-eq, representing 65% of
the anthropogenic emissions from the livestock sector. Feed emission is the second-largest
source of ruminant emissions, contributing about 36% of emissions associated with beef
and milk production [3]. Thus, reducing the carbon footprint (CFP) of ruminant feeds
is crucial for improving the resource efficiency and environmental performance of the
ruminant sector [5,7,8].

Ruminants have the unique capability of converting dietary non-protein nitrogen
(NPN) sources, such as urea, into high-quality protein via microbial protein synthesis in
the rumen. Traditionally, the low cost of urea has increased its use as a partial substitute
for vegetable protein sources, such as SBM (soybean meal) and rapeseed meal, to supply
rumen-degradable protein (RDP) in ruminant diets. Moreover, the use of urea products
could reduce the effect of land-use changes and GHG emissions associated with the cul-
tivation and processing of plant protein sources, thus improving the resource efficiency
and carbon footprint of ruminant production [9,10]. However, the utilization of feed-grade
(unprotected) urea in ruminant nutrition is limited due to its rapid ruminal hydrolysis
to ammonia, often exceeding the rate of carbohydrate fermentation in the rumen [11].
Asynchronization between ammonia production and fermentable energy availability in
the rumen negatively affects the efficiency of microbial protein synthesis. This condition
decreases the amount of rumen microbial protein outflow which may reduce the availabil-
ity of metabolizable protein required to meet the maintenance and production needs of
ruminants [12]. The rapid ruminal hydrolysis of feed-grade urea could also reduce the
nitrogen utilization efficiency of ruminants, resulting in negative environmental impacts
associated with increased nitrogen excretion and ammonia emission from manure [12].
Furthermore, the rapid degradation of dietary urea in the rumen can increase the blood
ammonia concentration and increase the risk of ammonia toxicity and related negative
health impacts in ruminants [13]. As a consequence, dietary urea supplementation is
typically limited to 1% of total dietary dry matter or 0.3 g/kg body weight (BW)/day in
animals adapted to urea consumption and fed a diet with an adequate supply of readily
fermentable carbohydrates [14].

To alleviate the limitations associated with the use of feed-grade urea, several research
efforts have been dedicated to developing coated urea products with a reduced rate
of hydrolysis in the rumen and therefore improving the efficiency of microbial protein
synthesis, while minimizing nitrogen excretion and toxic effects in ruminants [11]. In earlier
research, Owens, et al. [15] estimated that 900 g of urea consumption in tung- and linseed-
oil-coated urea would be required to cause ammonia toxicity in steers. Similarly, other
slow-release forms of urea supplemented at 1.2–1.9% of the diet have been shown to exert
no detrimental effects on the health or performance of ruminants with improved nitrogen
use efficiency [16–18]. Another commercial slow-release urea product (SRU; Optigen®,
Alltech Inc., Nicholasville, KY, USA) involves the use of urea prills embedded in a lipid
matrix. The SRU has demonstrated a reduction in the rate of urea degradation in the
rumen [18,19] and led to a more consistent concentration of ruminal ammonia compared
to feed-grade urea [20]. Indeed, the rate of microbial urea hydrolysis must proceed in
synchrony with bacterial ammonia assimilation and fermentable energy availability to
maximize microbial protein synthesis in the rumen.

Data from the Dutch FeedPrint software developed by Wageningen University and
Research, Wageningen, The Netherlands [21] indicate that the isonitrogenous replacement
of soybean meal nitrogen with SRU will reduce the carbon footprint of the diet. However,
feeding strategies aimed at utilizing SRU to replace vegetable protein sources must be
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achieved without impairing rumen function and production performance, and without
significant risk of toxicity to animals. In this paper, three studies were conducted to evaluate
the feasibility of using SRU to replace vegetable protein sources in cattle diets. The first
experiment examined the effect of dietary SRU on in vitro rumen fermentation parameters
at different forage:concentrate ratios to understand its potential application across beef
diets high in forage or grain. The second experiment was designed to evaluate the effect of
replacing vegetable protein with SRU on dry matter and nitrogen degradability using in
situ techniques. The third experiment evaluated the impacts of replacing SBM with dietary
SRU on feed CFP and the toxicity potential of SRU when fed up to 3% of cattle diet. To
test the toxicity potential of SRU, the maximal supplemented SRU dose (i.e., 3%) selected
in this experiment was three-fold higher than the maximum dose recommended for free
urea [14], but lower than the expected threshold (i.e., 4.8%) for toxicity [15].

2. Materials and Methods

2.1. Experiment 1: In Vitro Evaluation to Determine the Effect of Slow-Release Urea on
Rumen Fermentation
2.1.1. Diets, Treatments, and Doses

In this experiment, an in vitro rumen fermentation model developed by Alimetrics
Research Ltd. (Espoo, Finland) [22,23] was used to compare the effect of replacing SBM
nitrogen with nitrogen from either SRU or urea on the ruminal fermentation of high-forage
and high-grain rations. Two basic diets were used in the rumen fermentation study: a
high-forage ration consisting of 200 mg DM (dry matter) of wheat and 800 mg DM of grass
silage and a high-grain ration consisting of 600 mg DM of wheat and 400 mg DM of grass
silage. The total amount of feed introduced in each fermentation vessel was 1000 mg. Each
nitrogen supplement, SBM, SRU (Optigen®, Alltech Inc., Nicholasville, KY, USA) and urea,
were introduced at three doses. Notably, the SRU (Optigen®) consists of urea evenly coated
with a semi-permeable vegetable fat matrix containing 88% urea (41% N, 256% crude
protein (CP)) and 11–12% fat [24]. The fat coating in the SRU slows the dissolution of urea,
reducing the rate of urea conversion to ammonia in the rumen [19].

The starting point for dose determination was that 20, 60 or 100 mg of each basic
ration was replaced by the corresponding amount of SBM (2, 6 and 12% of ration DM).
The total nitrogen analysis of the SBM preparation revealed that the amount of nitrogen
thus added was 1.07, 3.22 and 5.35 mg, respectively. The doses of SRU and urea were
calculated so that the amount of nitrogen added was the same as in 20, 60 and 100 mg of
SBM. Since the nitrogen densities in SRU and urea were significantly higher than in SBM,
smaller proportions of basic diets were replaced by these nitrogen sources. For SRU, the
doses were 2.6, 7.8 and 13.1 mg (0.26, 0.78 and 1.31% of ration DM) and for urea, the doses
were 2.3, 6.9 and 11.5 mg in the 1000 mg amount of diet (0.23, 0.69 and 1.15% of ration DM).
Each of the 20 treatments was fermented in 5 replicate vessels. Thus, the total number of
fermentation vessels was 100. Table 1 summarizes the treatment combinations and dosages
used in this study.

2.1.2. Rumen Fermentation Simulation

Individual feed components and test products were weighed in 120 mL serum bottles,
flushed with CO2 that had passed through a hot copper catalyst for O2 scavenging and
sealed with thick butyl rubber stoppers. In each simulation vessel, 38 mL of anaerobic,
reduced, temperature-adjusted (38 ◦C) buffer solution was added under oxygen-free
CO2 flow. Ruminal fluid was obtained from a rumen-fistulated early-lactation Ayshire
cow fed ad libitum grass silage (13 kg dry matter with energy 10.8 MJ/kg and CP 16%)
and a compound feed at 8 kg DM/day (Opti-Maituri 26, Lantmännen Feed Oy, Turku,
Finland; energy 12.8 MJ/kg, CP 26%). Finally, 2 mL of fresh, strained rumen fluid was
added to the serum bottles, where the final volume was 40 mL. This inoculation started
the actual fermentation. Inoculation time for each vessel was registered and considered

91



Sustainability 2021, 13, 2464

when sampling and stopping the fermentation. Details of the protocol are described by
Meissner, et al. [23] and Apajalahti, et al. [22].

Table 1. Treatments used for the evaluation of slow-release urea in in vitro rumen fermentation.

Diet
Number

Ration 1 Nitrogen
Supplement

Dose, mg
(Nitrogen Levels) 2

Replicate
Fermentations

1

High-forage

None - 5
2

SBM
20 (low) 5

3 60 (medium) 5
4 100 (high) 5
5

SRU
2.6 (low) 5

6 7.8 (medium) 5
7 13.1 (high) 5
8

Urea
2.3 (low) 5

9 6.9 (medium) 5
10 11.5 (high) 5
11

High-grain

None - 5
12

SBM
20 (low) 5

13 60 (medium) 5
14 100 (high) 5
15

SRU
2.6 (low) 5

16 7.8 (medium) 5
17 13.1 (high) 5
18

Urea
2.3 (low) 5

19 6.9 (medium) 5
20 11.5 (high) 5

Total 100

SBM: soybean meal, SRU: slow-release urea. 1 High-forage ration: 20:80, wheat: grass silage ration; high-grain
ration: 60:40, wheat: grass silage ration. 2 Low, medium and high nitrogen levels correspond to 1.07 mg N,
3.22 mg N and 5.35 mg N, respectively, in the total 1 g of diet.

2.1.3. Analytical Procedures

Rumen fermentation simulation was continued for 24 h at 38 ◦C. During fermentation,
the total gas production was measured after 3, 6, 9, 12 and 24 h of simulation fermentation
to reveal the general metabolic activity of rumen microbes. Volatile fatty acids (VFA), lactic
acid and pH were measured in all simulation vessels at 0, 9 and 12 h by taking 1 mL of the
inoculum from each vessel through the rubber stopper using a 1 mL syringe and needle.
The short-chain fatty acids (lactic acid and VFA) were analyzed by gas chromatography
using a packed column for the analysis of free acids as described in detail by Apajalahti,
et al. [22]. In brief, the following volatile fatty acids were analyzed: acetic, propionic,
butyric, valeric, isobutyric, 2-methylbutyric and isovaleric acid. The main non-volatile
fatty acid quantified was lactic acid. In this paper, all these acids are cumulatively referred
to as short-chain fatty acids (SCFA). In the gas chromatographic analysis, a glass column
packed with 80/120 Carbopack B-DA/4% Carbowax stationary phase was used. The use
of this column enabled quantification of the free acids, with no derivatization. Pivalic acid
was used as an internal standard (Sigma-Aldrich, St. Louis, MO, USA). The analytical
chromatography run was isothermal at 175 ◦C (Agilent Technologies, Santa Clara, CA,
USA), helium was used as a carrier gas and analytes were detected by flame ionization.

Total bacteria density was analyzed at 12 h in all the simulation vessels. Bacterial
samples were fixed with formaldehyde, stained with DNA-specific dye SYTO® 24 and the
total bacteria were enumerated by flow cytometry using settings adjusted to the counting
of bacteria. The details of the method have been described by Apajalahti, et al. [25]. The
samples from simulation vessels were analyzed for ammonia at 0, 3, 9 and 12 h. Ammonia
analysis was performed by using a colorimetric method described by Weatherburn [26]
modified from the Berthelot reaction [27]. The method was based on the reaction of phenol
and hypochlorite with ammonia, resulting in color formation and the color intensity was
measured with a spectrophotometer.
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2.2. Experiment 2: In Situ Evaluation to Determine the Effect of Slow-Release Urea on Feed
Degradability in the Rumen
2.2.1. Diets, Treatments and In Situ Incubation

Two rumen-fistulated cows in mid-lactation were fed with grass silage (CP = 16.4% of
DM) and a compound feed mixture (CP = 12.4% of DM) of hay, oats, wheat and protein-
rich meals (soy, pea and/or rapeseed), and were used to examine the effect of SRU (i.e.,
Optigen®) on in situ dry matter (DM) and nitrogen degradation. Two test diets (control
and SRU) were formulated as shown in Table 2. The control diet had no SRU whereas the
SRU diet contained one-third of the SBM in the control diet, replaced with an isonitrogenous
amount of SRU (0.75%). Thus, a cow consuming 20 kg DM/day of a total mixed ration would
have been provided 150 g of SRU. The CP content of both diets was 19.9%. Dacron bags
(10 cm × 20 cm; 53 µm pore size; ANKOM Technology Corp., Fairport, NY, USA) containing
5 g of the corresponding test diets were incubated in the rumen of the two cows. At 0 h, there
were 6 replicate bags and 3 replicates for the other time points. Bags were withdrawn from
the rumen after 0, 2, 5, 8, 16, 24 and 48 h of incubation. The bags were immediately dipped in
cold water to stop fermentation, after which the bags were rinsed with water and the excess
water was removed with a spin dryer and the bags were freeze-dried.

Table 2. Composition of test feeds used for in situ rumen degradability.

Diet Component
Nitrogen Content

(g/kg DM)
Crude Protein

(g/kg DM) DM (%)
% of Diet DM

Control SRU

Soybean meal 82.3 514 88.9 15 10
SRU 410 2563 100 0 0.75

Compound feed 1 19.9 124 90 44 45.25
Grass haylage 26.2 164 72.1 41 44

SRU: slow-release urea. 1 Compound feed (CP—12.4% of DM) containing hay, oats, wheat and protein-rich meals.

2.2.2. Analysis of Dry Matter and Nitrogen Degradation

Residual dry matter in the Dacron bags was determined by weighing the bags after
drying and dry matter (DM) residues in three replicate bags were determined. The nitrogen
content in the feed residues was determined by the Kjeldahl method [28]. In situ degradation
curves of DM and nitrogen were fitted to a non-linear model [29] using the equation:

Y = a + b
[

1 − e−Kd(t)
]

where Y = ruminal degradation of DM or nitrogen (%); a = rapidly soluble fraction
that disappeared at 0 h after the rinsing procedure; b = potentially degradable fraction;
Kd = constant rate of degradation of fraction b; and t = time of incubation (h). The un-
degradable fraction, c, was calculated as 100 − (a + b). Effective rumen degradability (ERD)
was determined by the equation:

ERD = a +
[

bKd/
(

Kd + Kp
)]

where a, b and Kd are the degradation constants described previously [29] and Kp is the
passage rate from the rumen (%/h) assumed fixed at 0.06/h. Degradation constants of DM
and nitrogen described above were estimated using the NLIN procedure of SAS (Statistical
Analysis Systems, Cary, NC, USA) [30].

2.3. Experiment 3: In Vivo Trial to Evaluate Feed Carbon Footprint and Toxicity Potential of
Slow-Release Urea in Cattle

The research protocol and animal care followed the European Union Directive
2010/63/EU on the protection of animals used for experimental or other scientific purposes
and were managed according to the regulations of the Animal Care Committee of the
Institute of Agrifood Research and Technology (IRTA), Spain. The animal experiment was
conducted at the Corporació Alimentaria de Guissona Experimental Station, Lleida, Spain.
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2.3.1. Animals, Diets and Experimental Design

Twenty-four growing Holstein bulls (3–4 months of age) were commercially-sourced
and subjected to the following preventive treatments before the start of the experiment:
Draxxin® (intravenous injection of tulathromycin, 2.5 mg/kg BW, Pfizer Animal Health,
Parsippany-Troy Hills, NJ, USA) to prevent intercurrent respiratory disease; Vectimax®

(subcutaneous injection of ivermectin, 0.2 mg/kg BW, Esteve Veterinaria, Barcelona, Spain)
for internal and external parasites; CattleMaster® (subcutaneous application of a vaccine
against IBR, BVD, PI3, BRSV, 2 mL/animal, Pfizer Animal Health), to prevent relevant viral
respiratory diseases affecting young ruminants; Vecoxan® (oral Diclazuril, 1 mg/kg BW,
Esteve Veterinaria) to prevent coccidiosis.

The growing Holstein bulls were blocked by liveweight (128.1 ± 14.2 kg) and randomly
assigned to one of three treatments: a control diet, basal mash feed (CON, 0% SRU) or
the basal diet reformulated to include SRU (i.e., Optigen®) at a rate of 1% (1% SRU) or
3% (3% SRU) of the diet on an as-fed basis. Energy and CP levels were maintained in
the SRU diets by replacing SBM with SRU, barley grain meal and corn grain meal; the
ingredient and nutrient composition of diets are presented in Table 3. The SRU was added
in meal form to the complete feed and thoroughly mixed. Diets contained no antibiotics or
other growth promoters. Trace minerals and other nutrients were supplied at nutritional
concentrations according to the NRC requirements [31]. Basal diets were calculated to be
iso-nutritive, to meet the nutrient requirements recommended for growing ruminants [31].
Bulls were allocated to an individual, partially slatted pens (2.40 × 1.45 m), with two
feeders in each pen (one for mash feed and one for straw), which were hand-filled daily.
Animals were allowed ad libitum access to both the mash feed and straw and an automatic
watering device was available in each pen. The experimental feeding period lasted for
42 days. All animal handling and laboratory staff were blinded to the study diets.

Table 3. Ingredient composition of the experimental mash diets of growing bulls supplemented with
slow-release urea (SRU) in replacement for soybean meal.

Ingredient (%) 0% SRU 1% SRU 3% SRU

Corn grain meal 38.19 40.96 48.00
Wheat middlings 3.02 3.02 2.00
Barley grain meal 17.02 19.02 22.61

Wheat 2.51 2.51 2.00
Beet pulp 7.99 7.99 9.99

Dried alfalfa 8.33 8.33 6.52
Palm oil 2.46 2.85 3.27

Soybean meal 18.38 12.16 0.00
Calcium carbonate 0.80 0.86 0.80

Sodium bicarbonate 0.60 0.60 0.60
Salt 0.40 0.40 0.40

Bicalcium phosphate 0.00 0.00 0.51
Vitamin/mineral premix 809 1 0.30 0.30 0.30

Slow Release Urea 0.00 1.00 3.00
Analyzed nutrient content (% DM)

DM 87.46 87.81 87.51
Crude protein 18.22 18.03 18.28
Ether extract 4.28 5.39 6.15

Neutral detergent fibre 26.17 25.56 26.14
Ash 5.99 5.62 4.86
Urea - <0.1 0.88

Calculated NSC 53.2 53.1 53.3

DM: dry matter; NSC: non-structural carbohydrates. 1 Vitamin/mineral premixture: Calcium 0.0102%; Phospho-
rus 0.0612%; Magnesium 29.02%; Sodium 0.0139%; Selenium 150 mg/kg; Cobalt 240 mg/kg; Iodine 256 mg/kg;
Manganese 15,525 mg/kg; Zinc 20,350 mg/kg; Copper 2500 mg/kg Vitamin A (retinyl acetate) 5,000,000 IU/kg;
Vitamin D3 (cholecalciferol) 1,000,000 IU/kg; Vitamin E (di-alpha tocopheryl acetate) 50,000 mg/kg.

Animal liveweights were determined on d 0, 21 and 42. Individual intake of the
experimental mash diets was recorded daily, while the straw intake was recorded weekly.
Animal health, culls and mortality were recorded daily. Blood samples were collected from
each animal on d 0 and 42 (1 h post-feeding) for routine hematological and biochemical
analysis (total blood cell counts, hemoglobin, hematocrit, aspartate aminotransferase,
alanine aminotransferase, gamma-glutamyl transferase, glucose, uric acid, albumin, total
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protein, urea, and ammonia). Blood samples were taken via jugular venipuncture using
a vacutainer and an 18 G needle. For hematology, 4 mL of blood was collected in EDTA
vacutainer tubes (BD, Franklin Lakes, NJ, USA), inverted and stored at 5 ◦C until analysis.
For biochemistry analysis, 10 mL of blood was collected in spray-dried clot activator
vacutainer tubes (BD, Franklin Lakes, NJ, USA). For glucose analysis, 4 mL of blood was
collected in sodium fluoride and potassium oxalate vacutainer tubes (BD, Franklin Lakes,
NJ, USA). For ammonia analysis, 4 mL of blood was collected in EDTA dipotassium salt
vacutainer tubes (BD, Franklin Lakes, NJ, USA). The vacutainer tubes for biochemistry,
glucose and ammonia were then centrifuged at 1500× g at 4 ◦C for 15 min and the serum
from each tube was equally divided between three Eppendorf tubes.

2.3.2. Chemical Analysis

Proximal analysis and the urea concentration of each experimental diets was deter-
mined using the following methods: Crude protein (AOAC 988.05); Crude fat (AOAC
920.39); Ash (AOAC 642.05); Moisture (AOAC 925.04); Neutral Detergent Fiber [32]; Urea
(AOAC 967.07). Plasma glucose concentration was determined following the hexoki-
nase method, serum aspartate aminotransferase and alanine aminotransferase following
recommended IFCC reference method, without pyridoxal phosphate addition, serum
urea following GLDH method, serum uric acid following uricase/peroxidase method,
serum ammonia method by molecular absorption spectrometry, serum albumin follow-
ing bromocresol green method, and serum total protein following biuret method (OSR,
Winston-Salem, NC, USA). For hematology analyses, the ADVIA 120 Hematology System
developed by the manufacturer (Siemens Healthcare GmbH, Erlangen Germany) was used.
The following parameters were measured using flow cytometry methods and specific
staining such as peroxidase and basophilic staining: red cell count, hemoglobin, packed
cell volume, mean corpuscular volume, mean corpuscular hemoglobin, cell hemoglobin
concentration mean, white cell count, percentage and number of neutrophils, lymphocytes,
monocytes, eosinophils and platelet count.

2.3.3. Calculations

The impact of replacing SBM with SRU on feed CFP was determined by calculating
the sum of the CFP of feed raw materials in 0% SRU, 1% SRU and 3% SRU diets. The CFP
values (including land-use changes) of feed raw materials were retrieved from the Dutch
FeedPrint software developed by Wageningen University and Research, Wageningen, The
Netherlands [21]. The FeedPrint calculates the CFP of feed raw materials during their
complete life cycle and it has been developed to gain insight into GHG emissions during the
production and utilization chain of feed and to identify mitigation options. Supplementary
Table S1 presents the CFP of the common feed raw materials used for the estimation of
feed CFP. The contribution of the feed raw materials to the feed CFP was estimated by
multiplying the inclusion level of the raw material and the CFP per kg of raw material
(g CO2-eq/kg). The average feed CFP was expressed as g CO2-eq/kg diet. Figure 1 shows
that replacing SBM (0% SRU) with 1% and 3% SRU in the diets of growing bulls decreased
calculated feed CFP by 18% and 54%, respectively.

2.4. Statistical Analysis

For experiment 1 (in vitro fermentation study), the experimental unit was the indi-
vidual fermentation vessel. For each of the two diets (high-forage or high-grain), there
were ten experimental groups: a control group and three nitrogen supplements (SBM,
SRU and urea) each at three levels of nitrogen (low, medium or high). All data were
subjected to one-way ANOVA as a factorial arrangement, to determine the effect of dietary
treatment on rumen fermentation parameters. Tukey’s HSD test was used for multiple
comparisons of treatment means when significance was detected at p < 0.05 and a tendency
for treatment effect was observed when 0.05 < p ≤ 0.10. Statistical analyses were performed
using Minitab® software (Minitab, v18, State College, TX, USA). Data from experiment 2

95



Sustainability 2021, 13, 2464

(in situ degradability study) were analyzed as a linear mixed model to test the effect of the
diets as a fixed factor and the cow was considered as a random term using SAS® software.
Diet effect was declared significant when p < 0.05. For experiment 3 (in vivo study), feed
intake data were analyzed using a linear mixed-effects model with repeated measurements
using SAS® software. The model accounts for the fixed effects of treatment, time and the
interaction between these two factors, plus the random effect of the pen as the experimental
unit and the initial body weight as a covariate. Blood parameters at 42 d were analyzed
using a linear model with the fixed effects of treatment including data of day 0 as covariate
plus the random effect of the pen. Tukey’s HSD test was used for multiple comparisons
of treatment groups when a significant effect of the treatment was found at p < 0.05 for
growth performance parameters and p ≤ 0.10 for blood indices.
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3. Results

3.1. Experiment 1: In Vitro Rumen Fermentation

Although the effects of supplementing different nitrogen sources (SBM, SRU and
urea) on in vitro rumen fermentation in high-forage and high-grain diets were measured
over 24 h of incubation, the most discerning effects were obtained at 9 h incubation. Thus,
the effects of treatments on in vitro fermentation characteristics at 9 h are reported here
(Figures 2–7) while results of total gas production, short-chain fatty acids, pH, ammonia
and lactate concentration measured at all time points (0 h, 9 h and 12 h of incubation) are
presented in Tables S2–S15. Total gas production at 9 h (p > 0.05) was unaffected when
different nitrogen sources (SBM, SRU and urea) were supplemented with high-forage
diets (Figure 2A). However, total gas production at 9 h for the high-grain diets increased
significantly (p < 0.05) for both urea and SRU treatments in a dose-dependent manner while
the isonitrogenous amount of SBM did not affect total gas production (Figure 2B). The
addition of urea significantly increased (p < 0.05) ammonia concentration in high-forage
diets after 9 h, whereas there was no difference (p > 0.05) between SRU, SBM and control
treatments (Figure 3A). For high-grain diets, only the highest dose (i.e., 5.35 mg N) of
urea increased ammonia concentration (p < 0.05) after 9 h, with no difference (p > 0.05)
observed between SRU, SBM and control treatments (Figure 3B). Nitrogen supplements
in high-forage diets did not influence the pH of the fermentation vessels (Figure 4A)
whereas medium and high dosage (i.e., 3.22 mg N and 5.35 mg N) of SRU and urea
in high-grain diets lowered the pH of the fermentation vessels (Figure 4B). Compared
with the control treatment, lactic acid accumulation at 9 h was not affected (p > 0.05) by
nitrogen supplements (SBM, SRU and urea) in high-forage diets (Figure 5A) whereas
high dosage of SRU and urea treatments (medium and high dosages) increased lactic acid
concentration in high-grain diets (Figure 5B). Notably, SRU resulted in 21 to 33% lower
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(p < 0.05) accumulation of lactic acid in the high-grain diets compared to urea (Figure 5B).
However, the residual concentration of lactic acid was marginal at 12 h with the high-
forage diet while its concentration at 12 h was still significant with the high-grain diet
(Table S14). Total volatile fatty acids concentration measured at 9 h was not different
(p > 0.05) between control, SBM, SRU and urea treatments in both high-forage and high-
grain diets (Figure 6A,B). The effect of nitrogen supplements on bacterial density was
observed (p < 0.05) in high-forage diets (Figure 7A) but not (p > 0.05) in high-grain diets
(Figure 7B). In high-forage diets, both SBM and urea inclusion slightly increased the total
bacterial density at this single analyzed time point (12 h). In general, the high-grain diet
yielded higher bacterial density than the high-forage diet.
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Figure 2. Total gas production measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80,
wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen
sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low,
medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as
means with standard error bars. a–f Bars with different letters are significantly different (p < 0.05).
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Figure 3. Ammonia (NH3) concentration measured at 9 h in an in vitro fermentation model incubated with (A) high-forage
(20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different
nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and
high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are
presented as means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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Figure 4. pH measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80, wheat: grass silage)
ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen sources (soybean
meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low, medium and
high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as means with
standard error bars. a–d Bars with different letters are significantly different (p < 0.05).
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Figure 5. Lactate concentration measured at 9 h in an in vitro fermentation model incubated with (A) high-forage (20:80,
wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different nitrogen
sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and high). Low,
medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are presented as
means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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Figure 6. Total volatile fatty acids concentration measured at 9 h in an in vitro fermentation model incubated with (A)
high-forage (20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with
three different nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low,
medium and high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively.
Values are presented as means with standard error bars.
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Figure 7. Total bacteria concentration measured at 12 h in an in vitro fermentation model incubated with (A) high-forage
(20:80, wheat: grass silage) ration and (B) high-grain ration (60:40, wheat: grass silage) supplemented with three different
nitrogen sources (soybean meal (SBM), slow-release urea (SRU) and urea) at increasing nitrogen levels (low, medium and
high). Low, medium and high nitrogen levels correspond to 1.07 mg N, 3.22 mg N and 5.35 mg N, respectively. Values are
presented as means with standard error bars. a–c Bars with different letters are significantly different (p < 0.05).
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3.2. Experiment 2: In Situ Degradability

The effects of replacing one-third of the SBM in the control diet with SRU on in situ
dry matter and nitrogen degradability estimates are presented in Table 4. The potentially
degradable DM fraction was lower (p < 0.05) in the SRU diet whereas other estimated
parameters (c, Kd and ERD) were not affected. Similarly, the replacement of SBM with SRU
did not significantly affect (p > 0.05) the nitrogen degradability estimates. However, ERD of
dietary nitrogen tended (p = 0.052) to be lower in the SRU diet compared to the control diet.

Table 4. Effect of replacing soybean meal with slow-release urea (SRU) on estimated parameters of in
situ dry matter (DM) and nitrogen degradation in the rumen.

Parameter Control SRU SEM p-Value

DM degradation
b 68.30 62.31 0.029 0.004
c 29.05 31.27 0.686 0.263

Kd 0.15 0.16 0.006 0.640
ERD 51.86 51.71 0.219 0.716

Nitrogen degradation
b 88.40 85.91 0.509 0.179
c 11.60 14.09 0.509 0.179

Kd 0.10 0.10 0.002 0.252
ERD 54.40 53.98 0.024 0.052

b: potentially degradable fraction; c: undegradable fraction; Kd : fractional rate of degradation; ERD: effective
rumen degradability. SEM: standard error of the mean.

3.3. Experiment 3: Effect on Feed Intake and Blood Indices in Growing Cattle

There was no effect (p > 0.05) of dietary treatment on dry matter intake (5.06, 4.89 and
5.01 kg DM/day for 0%, 1% and 3% SRU respectively; p = 0.721).

The blood hematologic indices for all dietary treatments were within normal phys-
iological ranges (Table 5). Compared with 0% SRU (control diet), bulls fed SRU at 1%
or 3% diets had lower (p < 0.05) hemoglobin and packed cell volume. Bulls fed 3% SRU
diet had lower mean corpuscular volume (p = 0.090) and mean corpuscular hemoglobin
(p = 0.061) compared to those fed 0% SRU diet. Mean corpuscular hemoglobin concentra-
tions (39.4–39.6 g/dL) were slightly higher than reference values (30–38 g/dL [33]) but did
not differ between the control and SRU diets.

Table 5. Effect of slow-release urea (SRU) supplementation in concentrate diets on hematological
indices of growing cattle.

Parameter 0% SRU 1% SRU 3% SRU SEM p-Value
Reference
Values 1

Red cell count (×106 cells/µL) 9.6 9.5 9.7 0.15 0.649 6.5–11.9
Hemoglobin (g/dL) 13.0 a 12.3 b 12.3 b 0.19 0.028 8–14.1

Packed cell volume (%) 33.1 a 31.1 b 31.2 b 0.44 0.007 23–42
Mean corpuscular volume (fL) 34.2 a 33.1 ab 32.6 b 0.44 0.090 26.6–44.3

Mean corpuscular hemoglobin (pg) 13.5 a 13.1 ab 12.8 b 0.18 0.061 9.1–15.6
White cell count (×103 cells/µL) 11.6 10.9 11.9 0.92 0.609 5.6–13.7

Neutrophils (×103 cells/µL) 4.6 3.7 4.5 0.67 0.428 0.6–6.1
Lymphocytes (×103 cells/µL) 6.1 6.4 6.8 0.46 0.527 2.2–8.7

Monocytes (×103 cells/µL) 0.5 0.5 0.5 0.06 0.809 0.1–0.2
Eosinophils (×103 cells/µL) 0.2 0.2 0.2 0.08 0.902 0–0.3
Basophils (×103 cells/µL) 0.3 0.3 0.4 0.03 0.519 0–0.1
Platelets (×103 cells/µL) 580 591 524 48 0.752 220–950

SEM: Standard error of the mean. 1 Reference values were according to Lumsden, et al. [33], Martin and
Lumsden [34], and Mohri, et al. [35]. ab Values in the same row with different superscripts are significantly
different (p ≤ 0.10).

Table 6 depicts the blood biochemical indices in growing bulls fed concentrate diets in
which SBM was replaced with 1% or 3% SRU. Albumin concentrations differed (p < 0.05)
between treatments, but all values were within the normal physiological range. Total pro-
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tein values were significantly lower (p < 0.05) in bulls fed diets containing SRU compared
to bulls fed the control diet and were slightly under the reference values. The activity
of aspartate aminotransferase was lower (p = 0.07) in bulls fed 1% SRU compared with
those fed 0% SRU, whereas a further reduction in aspartate aminotransferase activity was
not observed at 3% SRU. Serum ammonia concentrations were below the toxic limit (i.e.,
5 mg/dL) and did not differ (p > 0.05) between dietary treatments.

Table 6. Effect of slow-release urea (SRU) supplementation in concentrate diet on serum biochemical
indices of growing cattle.

Parameter 0% SRU 1% SRU 3% SRU SEM p-Value
Reference
Values 1

Glucose (mg/dL) 101.2 103.0 102.9 2.91 0.879 45–135
Aspartate aminotransferase (IU/L) 66.1 a 56.9 b 62.5 ab 3.03 0.067 <60
Alanine aminotransferase (IU/L) 17.2 14.9 16.6 0.75 0.114 3–18

Gamma-glutamyl transferase (IU/L) 13.4 12.1 11.7 1.13 0.534 <16
Urea (mg/dL) 27.5 28.2 24.4 1.44 0.180 21–54

Uric acid (mg/dL) 0.4 0.4 0.4 - 0.679 -
Albumin (g/dL) 3.7 a 3.4 c 3.6 b 0.03 0.001 2.5–3.8

Ammonia (mg/dL) 0.7 0.7 0.9 0.09 0.105 <5
Total protein (g/dL) 6.8 a 6.6 b 6.5 b 0.09 0.031 6.8–7.5

SEM: standard error of the mean. 1 Reference values were according to EFSA [14], Lumsden, et al. [33], Martin
and Lumsden [34], and Mohri, et al. [35]. a–c Values in the same row with different superscripts are significantly
different (p ≤ 0.10).

4. Discussion

Vegetable protein sources, such as SBM and rapeseed meal, are commonly utilized to
supply RDP in ruminant diets. Emissions from ruminant feeds represent 36% of the GHG
emissions attributed to beef and milk production [3]. Thus, formulating environmentally
friendly ruminant feeds offers an opportunity to mitigate the negative impacts of beef and
milk production on GHG emissions and climate change [7]. Vegetable protein sources
could constitute high CFP due to the impact of cultivation on land-use changes. This has
increased the interest in utilizing NPN sources for providing RDP in ruminant nutrition.
In the experimental design of the in vivo study (experiment 3), we employed a diet refor-
mulation strategy that reduced the feed CFP by using the inclusion of 1% or 3% SRU for
isonitrogenous replacement of SBM in concentrate diets of growing beef cattle. Consistent
with our experimental design, Reddy, et al. [10] reported that feed CFP was decreased by
23% when SBM was replaced by up to 1.2% SRU in a total mixed ration of sheep. Similarly,
replacing cottonseed meal with SRU at a 2% level of concentrate diet reduced the feed
CFP of dairy buffalo by 25% [9]. Moreover, a recent meta-analysis study revealed that
the replacement of vegetable protein sources with an average inclusion of 0.58% DM SRU
reduced the CFP of feed use for milk production by 14.5% [36]. In addition to a reduction
in feed CFP, these previous studies showed that feeding SRU to ruminants could offer other
environmental benefits such as lower global warming potential for meat and milk produc-
tion, lower eutrophication potential and reduction of land and virtual water requirement
for feed. Overall, this information suggests that SRU could be an eco-friendly alternative
to vegetable protein sources in ruminant diets.

As mentioned previously, feed-grade urea is a commonly used NPN source in rumi-
nant diets, but its utilization is limited due to rapid degradation in the rumen, producing
excess ammonia that can increase the risk of ammonia toxicity on animal health and in-
crease nitrogen excretion to the environment [11,37]. Alternatively, coating technologies
have been used to develop SRU with a reduced rate of hydrolysis in the rumen, increas-
ing the synchronization of ammonia and fermentable carbohydrate for microbial protein
synthesis in the rumen. This reduced rate of hydrolyses in the rumen may reduce their
toxicity when supplemented at greater rates compared with feed-grade urea, increasing
their potential to substitute vegetal protein sources and therefore reducing the CFP.
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In the first study, the effect of energy supply and N doses was evaluated on microbial
fermentation in vitro. Microbial fermentation of feed substrates in the rumen produces VFA
and microbial proteins that supply ruminant animals with energy and highly digestible
proteins used for maintenance and production purposes [38]. Thus, strategies aimed at
reformulating ruminant diets with SRU must not impair ruminal fermentation to avoid
negative effects on animal performance. It is noteworthy that the most discerning effects
of supplementing high-forage and high-grain diets with different nitrogen sources (SBM,
SRU and urea) on rumen fermentation were observed at 9 h incubation in the fermentation
vessels. Thus, the effect of treatments on in vitro fermentation characteristics at 9 h were
reported in this study. In general, the present results indicated that supplementation of SRU
in high-forage and high-grain cattle rations did not impair in vitro ruminal fermentation
characteristics. The effect of SRU on ruminal fermentation was similar to that of SBM
when supplemented in high-forage and high-grain cattle diets. Gas production in the
rumen directly results from the microbial digestion of feed substrates and indirectly from
buffering of acids generated as a result of fermentation [39]. Menke [40] indicated that the
amount of gas production reflects the extent and rate of digestion of soluble and insoluble
carbohydrates and the production of VFA. In this study, higher gas production was ob-
tained from the incubation of high-grain diets compared to high-forage diets, possibly due
to greater fermentation of higher non-fibre carbohydrate levels in the high-grain diet [39].
Dose-dependent stimulation of gas production by SRU and urea, when supplemented in
high-grain diets, could suggest that nitrogen supply may have been limiting rumen fermen-
tation. In contrast to the effect of NPN sources (SRU and urea), SBM supplementation did
not increase in vitro gas production, possibly indicating that more soluble protein might be
required to increase the fermentation of the high-grain diets. However, the effect of NPN
sources on increasing total gas production of high-grain diets did not result in greater total
VFA concentration.

Furthermore, the current results indicated that SRU resulted in similar ammonia
accumulation as SBM but lower than that of urea, confirming the reduced hydrolysis of
SRU in the simulated rumen environment. This effect could be explained by the similarity
in the nitrogen disappearance of SRU and that of SBM in the rumen, which is slower
than that of feed-grade urea [41]. This assertion is further supported by the similarity
in the in situ nitrogen degradation estimates when one-third of SBM was replaced by
SRU in diets incubated in the rumen of cows reported herein. In further agreement with
our observation, Garcia-Gonzalez, et al. [19] demonstrated that the dissolution rate of
SRU in the rumen was lower than that of urea, resulting in lower ruminal and blood
ammonia concentrations in steers. This implies that reduced ruminal hydrolysis of SRU
produces lower ammonia concentration that could decrease the risk of ammonia toxicity
and improve nitrogen utilization efficiency through better synchronization of ammonia
with available fermentable energy in the rumen [11]. An increase in rumen pH is a major
contributing factor to the toxicity of urea, as the permeability of the rumen epithelium
to ammonia increases as rumen pH increases [42]. In this study, there was no effect of
supplementing SRU or urea in high-forage diets on the pH of the fermentation vessels. This
is in agreement with previous observations reported when urea or SRU was supplemented
in high-fibre diets similar to the high-forage diets incubated herein [17,43]. However,
supplementing medium and high dosage (i.e., 3.22 mg N and 5.35 mg N) of SRU and
urea in high-grain diets lowered the pH of the fermentation vessels. This observation
is contrary to the assertion that ruminal ammonia from urea could increase ruminal pH,
as ammonia protonates to ammonium [44]. Notably, the lower pH in the present study
was accompanied by an increase in lactic acid accumulation particularly in high-grain
diets supplemented with NPN sources (SRU and urea). The high-grain diet presumably
induced an acidotic condition in the ruminal incubation system, typical of the effect of
high concentrate diets [45]. It is well documented that rapid fermentation of starch in high
concentrate diets results in the accumulation of lactic acid, which induces lower ruminal
pH [45]. Thus, the lower pH found in our study could be attributed to the acidotic potential
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of the high-grain diet, but NPN sources appeared to stimulate this acidotic condition to a
lesser extent for SRU compared to urea. It is noteworthy that the decrease in ruminal pH
was not as dramatic as the elevated level of lactic acid in the urea-based treatments, which
could be related to the counteracting effect of ammonia accumulation on ruminal pH.

It is crucial to consider that reformulating diets with SRU does not impair ruminant
health and performance due to their direct relationship with animal welfare and farm
profitability [46,47]. In this regard, we examined the tolerance of growing cattle to feeding
a high inclusion level of SRU at 3% of the concentrate diet. It is noteworthy that our feeding
trial was not primarily designed to test the effect of SRU in improving the production
performance of cattle. Growth performance parameters are not discussed in the present
paper and only intake data are considered to analyze if SRU exhibits toxicity potential
that affects animal health and consequently affects the production performance of cattle.
Replacement of SBM with 1% or 3% SRU in concentrate diets did not affect the intake
or health of growing bulls, suggesting that feeding up to 3% SRU was well tolerated by
cattle. In agreement with this result, Bourg, et al. [48] have also shown that the inclusion of
3.1% DM of SRU in concentrate diet did not negatively affect the growth performance and
carcass characteristics of steers. The lack of negative effect of SRU on animal performance
is consistent with results of in vitro and in situ experiments which indicated that SRU does
not impair rumen fermentation and feed degradability. Similarly, previous studies have
shown that dietary inclusion up to 1.75% DM SRU did not affect the growth performance of
cattle [16,47,48]. However, other studies have demonstrated positive effects of dietary SRU
on feed efficiency of beef and dairy cattle production [48,49]. A recent meta-analysis showed
that partial replacement of vegetable protein sources with an average SRU inclusion of
0.88% DM diet improved the liveweight gain and feed efficiency of growing and finishing
beef cattle [24]. The authors identified different diet- and production-related factors that
contributed to variations in the performance response of cattle when SRU is supplemented.
Dietary inclusion of corn silage as the forage source was particularly found to improve
liveweight gain and feed efficiency while other roughage sources did not affect these
performance parameters. This positive effect was explained by the high digestible energy
and digestibility value of corn silage which could have provided fermentable carbohydrate
with better synchronization with ammonia to optimize microbial protein synthesis [24].
In contrast, straw was fed as the roughage source in the present study, which might have
partly contributed to the lack of positive effect of SRU on the growth performance of
beef cattle.

Furthermore, the potential of SRU supplementation to cause ammonia toxicity in cattle
was determined by measuring blood hematological and biochemical parameters [50,51].
Excess ammonia produced from rapid ruminal hydrolysis of RDP sources, such as urea,
above the requirement of microbes may be absorbed across the rumen epithelium and
converted to urea in the liver through hepatic detoxification [52]. The liver can remove
ammonia added to the portal blood up to a maximum of 182 mg/min before peripheral
blood concentration increases [53]. The accumulation of ammonia in the blood of urea-fed
cattle is the primary cause of urea toxicity [42]. Serum ammonia concentration is one of
the primary biomarkers used to evaluate urea toxicity [54]. In the current study, serum
ammonia concentrations (0.7–0.9 mg/dL) measured at 1 h post-feeding were below the
toxic limit (i.e., 5 mg/dL) and did not differ between the three dietary treatments. This ob-
servation is consistent with the lack of treatment effect on plasma ammonia concentrations
when 0.55% SRU or 0.50% feed-grade urea were fed to dairy cows [18]. Similarly, the serum
urea concentration measured in this study was not different between treatments and was
within recommended range. Holder, et al. [55] showed that rumen ammonia and plasma
urea were higher in steers fed feed-grade urea compared to those fed SRU at two levels of
dietary CP (12.1% and 10.9%), suggesting that SRU offers a safer alternative to feed-grade
urea. Garcia-Gonzalez, et al. [19] also reported that replacing feed-grade urea with SRU re-
sulted in reduced rumen ammonia concentration and did not increase postprandial plasma
urea concentration. Moreover, aspartate aminotransferase (AST), alanine aminotransferase
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(ALT) and gamma-glutamyl transferase (GGT) are key enzymes that reflect the condition
of liver function and they are associated with the welfare of animals [50,56]. Chronic urea
toxicity could result in intense hepatic nitrogen metabolism, which may be manifested
by higher serum activity of AST, ALT and GGT enzymes in ruminants [50,57]. Thus, the
lack of substantial increase in these key enzymes is further evidence that feeding 3% SRU
did not induce toxicity in growing bulls. Overall, blood hematological and biochemical
indices measured in this study were within the normal physiological ranges for healthy
cows, suggesting that feeding high inclusion level of up to 3% SRU in a concentrate diet
was well tolerated by the bulls and did not exhibit a negative effect on animal health.

5. Conclusions

These results demonstrated that SRU is a viable NPN source that can be utilized
to partially replace vegetable protein sources, such as SBM, without negative impact on
in vitro rumen fermentation and in situ feed degradability under the current experimental
conditions. Replacement of vegetable protein sources with SRU could reduce the CFP of
ruminant diets, thereby contributing to lower environmental impacts of ruminant milk and
meat production. Moreover, dietary inclusion of SRU can be tolerated at up to 3% in cattle
diets without negative impacts on feed intake and health indices of bulls.
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Abstract: This review article discusses the importance and effects of Selenium (Se) in sustainable
dairy cows’ production. The Se is an important micronutrient in dairy cows. It is one of the important
feed derived antioxidants. It participates in important enzymes and enzyme reactions to improve
metabolism, growth, and the defense system of the body, which results in the improved health
of animals, particularly that of the mammary gland and reproductive system, thereby improving
productive and reproductive performance. The Se is usually deficient in soil due to current extensive
farming strategies, so its supplementation is generally advised. Supplementation of Se in organic
form is generally preferred over inorganic form due to its better incorporation and uptake, resulting
in improved performance. Kidneys, liver, testis, and lungs are important sites for Se storage. The Se is
excreted in urine, feces, exhaled breath, loss of skin, and hair cells. Although Se supplementation plays
an important role in the profitability of dairy cows, its excess intake is toxic and should be avoided.

Keywords: selenium; cow; production; reproduction; nutrition

1. Introduction

Selenium (Se) is a nonmetal with the atomic number 34. In the periodic table, the element is
located in the fourth period [1,2]. Se was discovered by a Swedish chemist, Jons Jacob Berzelius, in the
year 1817 [3]. It is regarded as trace element due to its low content (0.05 ppm) in the earth’s crust [4,5].
The Se can occur in organic as well as inorganic form [6]. Inorganic forms of Se include metal selenides,
elemental selenium, and selenates (IV) and (VI). Organic forms of Se include selenium amino acids,
methyl compounds, selenoproteins, selenocysteine, and selenomethionine [7].

Se was first reported as an essential nutrient for animals by Schwarz and Foltz [8]. In biological
samples, Se is present in the form of selenomethionine and selenocysteine [9]. Se plays an important
role in animals and human health [10]. In the human body, Se plays a significant role in various
biochemical and physiological processes [11].

In farm animals, adequate Se intake prevents various disorders like white muscle disease,
mulberry heart disease, dietary necrotic liver degeneration, parturition problems, retention of placenta,
post-parturient paraplegia, and early embryonic mortality [12]. In cattle, Se supplementation reduces
postpartum reproductive disorders like ovarian cysts and metritis [13]. Se also plays an important
role in udder health, preventing clinical and subclinical mastitis [14]. Se is a structural component
of important proteins involved in defense mechanisms [15]. Further, Se occupies an important part
in these proteins [16]. The body cannot produce Se by itself. Forage is a natural source of Se for
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animals [17]. Selenium is usually deficient in the soil, and the current extensive farming strategies tend
to favor Se deficiency [18]. The soil Se concentration differs to a great extent even within small areas.

Therefore, in livestock animals, Se supplementation is advised so that the minimum intake level
is certain [19]. Dairy cattle require Se at the rate of 300 µg/kg DM [13]. Recently, several studies have
recommended that organic Se is superior to the inorganic form of Se in dairy cattle [20].

2. Absorption, Distribution, Metabolism, and Excretion of Se

Mechanisms of Se homeostasis are important because the element is potentially toxic as well as
an essential micronutrient [21]. The Se is absorbed from the small intestine. Organic Se is obtained
by the body from selenized yeast and basal feed ingredients in the form of seleno-amino acids
(i.e., selenocysteine and selenomethionine), while inorganic selenium supplementation provides
selenate and selenite. Seleno-methionine (Se-Methionine) is absorbed via methionine transporter
system, selenate is absorbed by active transport system while absorption of selenite mostly takes place
by passive diffusion [22]. Rate of absorption of organic Se is higher than inorganic Se [23]. Inorganic Se
is mostly reduced to insoluble elemental Se or is readily absorbed into feed particles in the digestive
tract [24], resulting in excretion of most of the Se [25]. In contrast, most of organic Se (in form of
Se-Methionine) is incorporated in rumen microorganisms so less elemental Se is formed.

Oral bioavailability of Se-Methionine is, therefore, greater than that of inorganic Se [26]. In blood,
Se is bound to low density lipoprotein (LDL), very low-density lipoprotein (VLDL), albumin, and α and
β-globulins [27]. Most of the Se in body fluids and tissues is present either in the form of Se-methionine
or selenocysteine [28]. In cattle, kidneys are the site of the highest density of Se, and muscles are the site
of the highest concentration of Se [29]. The highest amount of Se is stored in the kidneys followed by
the liver, testis, and lungs [30]. Liver, heart, and skeletal muscles are most sensitive to Se deficiency [29].
The liver is considered the Se storage organ to which a considerable amount of Se is directed during
absorption for accumulation [31]. In cattle, concentration of Se rises in serum two to six days following
increased supplementation in diet [32].

Various organic and inorganic Se sources are first transformed to inorganic selenide before
synthesis of Se-cysteine which, in turn, contributes to the bioactive component of Selenoproteins.
Following absorption, Se-Methionine can be found in plasma methionine pool and blood proteins as it
is transported to body tissues. One of example of the transportation is extraction of large amounts
of methionine by the mammary gland for milk protein synthesis, resulting in a large quantity of Se
in milk, which is beneficial to the neonate and human consumers [33]. With an increase in Se intake
in Se deficient animals, the concentration of Se in tissues and the whole body rises sharply due to
accumulation of Se in tissues as selenoproteins until adequate body Se status is achieved. However,
the rate of Se excretion increases once the body requirement for Se has been fulfilled, thereby reducing
its further accumulation [34]. The liver plays an important role in Se excretion [35]. Excretion of Se is
important for regulation of whole-body Se [34]. Se is excreted in urine, feces, exhaled breath, loss of
skin, and hair cells [36]. Polymethylation of selenide takes place before excretion. Dimethyl selenide is
excreted in feces and breath, while the cation (CH3)3Se+ is excreted in urine [31]. With an increase
in the amount of dietary Se supplementation, the concentration of Se excretion in urine and feces
increases. However, the form of Se intake does not influence the concentration of Se excreted [37].

3. Role of Se in Antioxidant Defense Mechanism

Oxidation is a process in which loss of electrons occurs [38]. Oxidation reactions are very important
for life, but they can also have detrimental effects [39]. These reactions may produce reactive oxygen
species (ROS) [40]. ROS can cause oxidative damage and cell death in case of excessive production [41].
ROS damage macromolecules of the cells leading to lipid peroxidation, nucleic acid, and protein
alterations. Formation of ROS is considered as a pathobiochemical mechanism involved in progression
or initiation phase of various diseases. To maintain correct cell signaling, radical scavenging enzymes
must maintain a threshold level ROS inside the cell. Otherwise, increased ROS production not
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only causes excessive signals to the cells, but also directly damages key components in signaling
pathways [42]. Animals with high productive performance are more susceptible to oxidative stress,
resulting in their lower productive and reproductive performance [43].

Under stress conditions, the antioxidant system of the body requires dietary antioxidant
supplementation via water/feed, as it cannot deal with excessive ROS formation properly [44].
Antioxidant is a natural or man-made substance that may prevent or delay some types of cell
damage [39]. Antioxidants play a significant role in the body’s defense system against reactive oxygen
species (ROS) [45]. Se is one of the important feed derived antioxidants [43]. Se is an important
part of 25 selenoproteins identified in animals [43]. More than half of these proteins are involved in
redox balance and antioxidant defense of the body [44]. Important families of selenoproteins include
iodothyronine deiodinases, thioredoxin reductases, and glutathione peroxidases (GPX) [45]. The GPX,
for example, protects cells against oxidative injury [46]. Activity of this enzyme is better in cows fed Se
supplemented diets compared to cows fed Se deficient diets [47–49].

To kill phagocytized bacteria, neutrophils must provide a high oxidizing intracellular environment,
but at the same time they must also maintain a balance between reactive oxygen metabolites (H2O2

and superoxide [O2−]) so that cell damage and death can be avoided [33]. In neutrophils of Se deficient
cattle, GPX activity and oxygen consumption is lower than normal [50]. This results in oxidative injury
of body cells [46]. Due to healthy GPX activity, destruction of cellular proteins and necrosis can be
avoided, as it neutralizes the effects of lipid hydroperoxide and hydrogen peroxide [51]. Organic Se is
superior to inorganic Se in improving antioxidant status in dairy animals [44].

4. Role of Se in Milk Production

General health of the animal, health of the mammary gland, environmental conditions such
as insufficient nutrient intake, intensity of production system, and low corporal condition directly
influence milk production [52]. Production can be improved in lactating dairy cows by supplementation
of organic trace minerals [53]. Se is one of the trace minerals [54]. It is an essential element in ruminant
nutrition [54,55]. Deficiency of Se impairs the immune function, leading to a higher risk of illness
including that of the udder, which results in lower milk production [56].

Se helps to decrease linear somatic cell count scores [14]. Se affects innate and adaptive immune
responses of the mammary gland through humoral and cellular activities [57]. It improves the bactericidal
effects of milk and blood neutrophils [58]. It, therefore, prevents the incidence of mastitis [59]. In short,
higher milk production in response to supplementation of Se is due to improvement in immune system
brought about by Se [60].

Se yeast also improves feed digestibility, resulting in improved milk production [61]. There is
a better incorporation and uptake of selenium when it is supplemented as selenium yeast [56].
Yeast based Se retains higher in tissues than inorganic Se and ensures sufficient Se availability for
disease reduction [62]. Supplementation of Se in yeast form increases milk production by 24.8% [63].
When Se is supplemented along with vit E, a payback of 0.21 US cents/animal/day can be increased [64].

5. Role of Se in Feed Intake, Feed Utilization, and Body Growth

Feed intake is a critical factor for milk production of dairy cattle. The intake generally declines
under heat stress to reduce metabolic heat production [65]. Feeding management is one of the key
factors to enhance feed intake of dairy cows. [66]. Supplementation of diet with supranutritional
Se and vit E enhances feed intake in heat stress condition by improving antioxidant status and
thyroid hormone activity [67]. Se supplementation also improves growth performance in heifers,
especially during the early stages of growth [68]. Se participates in important enzymes and enzyme
reactions [69,70]. For example, Se helps in the expression of iodothyronine deiodinases, which regulate
active T3 hormone production in peripheral tissues and the thyroid gland to improve metabolism and
growth [71]. Thyroid peroxidase is also a selenoenzyme important for the process of iodization of
globulin, thus avoiding damage to the thyroid epithelial cell membrane [72,73].
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Supplementing Se enhances organic matter (OM) and crude protein (CP) intake [74]. Se supplementation
improves total digestible nutrients (TDN) intake [68]. A higher TDN intake improves microbial
efficiency in cattle. Due to differences in metabolism, the organic form of Se has better bioavailability
compared to the inorganic form [75]. Supplementation of Se in yeast form improves digestibility of dry
matter (DM), organic matter (OM), crude protein, neutral detergent fiber (NDF), and acid detergent
fiber [76]. Se yeast improves feed digestibility in lactating dairy cows [61].

6. Role of Se in Cattle Reproductive Performance

Reproductive performance, such as age at first calving and calving interval, are important for
improving productivity and profitability of dairy cows [77]. Trace minerals play very important roles
in improving reproductive health and performance [78]. Fertility in dairy cows is getting worse in
recent years, so enhancement of the conception rate has become an important issue. Although multiple
factors are responsible for the declining fertility, improving the function of corpus luteum (CL) is one
of the focuses of recent studies [79]. The function of CL is very important for reproduction according
to many researchers [79]. For example, it was found that a reduced level of progesterone (P4) in
plasma during the ovulatory follicles’ growth is associated with decreased conception rate [80], and a
low level of plasma progesterone in the blood was associated with low survivability of the embryo
during early pregnancy [81]. Progesterone concentration in blood plasma of dairy cows supplemented
with selenium enriched yeast shows an early increase compared to cows to which no selenium is
fed [79]. Se increases proliferation of bovine corpus luteal cells by degrading lipid peroxides resulting
in increased progesterone concentration [82]. This improved luteal function helps in preventing early
embryonic death [83]. So, Se supplementation improves fertility by reducing embryonic death during
the first month of gestation [13].

Se supplementation also improves estrous percentage and results in lower age at first conception [84].
Supplementation of diet with organic Se in lactation and transition period improves the immune
function and health of the uterus followed by improved reproductive performance [85]. Pregnancy
enhances oxidative stress and vitamin E, and Se supplementation reduces the stress [86]. Deficiency of Se
is usually associated with a high risk of metritis, retention of placenta, abortion, increased susceptibility
to infections, and lower fertility [87]. Se supplementation improves the rate of reproduction. However,
results are best when Se is supplemented as Se yeast. There is a better incorporation and uptake of
selenium when it is supplemented as Selenium yeast [56].

7. Toxicity and Concluding Remarks

Se is an indispensable micronutrient in animals and is a fundamental part of seleno-enzymes.
However, its excess is toxic for animals [88]. Toxicity of Se was described long before its actual
discovery. In 1295, Marco Polo observed that in the north-eastern region of China, hooves of animals
consuming a particular type of plant became deformed [89]. At the turn of the nineteenth century,
it was discovered by US researchers that similar situation arose in cattle due to eating plants containing
Se in large quantities [10,90].

Different factors, like routes of administration of Se, species of animals, and chemical forms of
the element, influence the severity of Se poisoning. The soluble salts of Se (Na2SeO3 and Na2SeO4)
are among the more toxic compounds; seleno-aminoacids and Se inherent in grains are relatively
moderately toxic; the poorly soluble forms (e.g., diphenyl selenide, SeS2, Na2Se, and elemental Se) are
among the least toxic of the Se compounds. Oral administration of Se poses less chances of toxicity
than parental administration [91].

Chronic selenosis, often called alkali disease and acute selenosis, popularly known as blind
staggers, are the most common form of selenosis [12]. Animals consuming feed containing Se at the
rate of 5–8 mg/kg of dry matter are at risk of Se toxicity [92,93]. Livestock within 1 km of toxic farms is
at risk of the toxicity. Therefore, blood samples from the livestock within 5 miles of known toxic farms
should be tested for levels of Se before supplementation with the mineral [94].
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Acute poisoning is not common due to the unpalatability of plants with high Se levels. However,
hungry animals may eat such plants and thus suffer from acute poisoning. In cattle, acute poisoning is
characterized by watery diarrhea, abnormal posture and movement, labored respiration, indications of
abdominal pain, elevated temperature, prostration, and death. Chronic selenium poisoning may result
from consumption of seleniferous feed over prolonged periods such as weeks or months. Important
signs of the poisoning in cattle include hoof malformations, emaciation, loss of hair, and lameness [95].
In advanced cases, atrophy of the heart, anemia, and liver cirrhosis occur [91]. Excess Se intake impairs
some immunological functions [96].

It is concluded from the present review that Se supplementation, especially in organic form,
improves immunity, feed utilization, reproductive performance, and milk production in dairy cattle
(Figure 1).

 

Figure 1. Benefits of Se supplementation in dairy cattle nutrition.

Lastly, excessive antioxidant supplementation generally can lead to an increased production of
ROS [97,98]. Inorganic Se (selenite) is more toxic than the organic form. Inorganic Se reacts with
glutathione, resulting in formation of selenotrisulphides which, in turn, react with other thiols and thus
lead to the generation of oxygen free radicals, for example, superoxide anion. Organic Se is converted
into selenols. This also results in the generation of oxygen free radicals inducing oxidative stress [88].
Mineral sulphates given in high doses can antagonize Se [94]. Deficiency of Se [99] is a much more
common problem than its toxicity.

Table 1 summarizes the effects of the different forms of Se supplementation on productive and
reproductive parameters, as well as the health status of dairy cows.

Table 1. Effect of Se supplementation on different parameters of dairy cows. DM: Dry matter; OM:
Organic matter; NDF: Neutral detergent fiber; NFC: Non-fiber carbohydrates.

Parameter Form of Se Dose of Se Effect Reference

Milk production
Organic 0.15 mg/kg DMI Increased [61]

Organic 0.3 mg/kg DMI Increased [61,63,64]

Organic 0.4 mg/kg DMI Decreased [63]

Neutrophil function
Inorganic/sodium

selenite 10 µM Improved [58]

Organic 0.3 mg/kg DMI Increased [33]

Adaptive immunity Organic 0.3 mg/kg DMI Improved [33]

Somatic cell count Organic 0.3 mg/kg DMI Decreased [33]
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Table 1. Cont.

Parameter Form of Se Dose of Se Effect Reference

Milk fat

Organic 0.3 mg/kg DMI Increased [100]

Nano particles 0.3 mg/kg DMI Increased [100]

Organic 0.3 mg/kg DMI Increased [33]

Milk protein
Organic 0.3 mg/kg DMI Increased [100]

Nano particles 0.3 mg/kg DMI Increased [100]

Digestibility (DM, OM, NDF,
Ether extract, NFC)

Organic 0.3 mg/kg DMI Increased [100]

Nano particles 0.3 mg/kg DMI Increased [100]

Plasma P4 Inorganic 0.5 mg/kg DMI Increased [101]

Serum Se
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Plasma Se Organic 0.3 mg/kg DMI Increased [33]

Whole blood Se concentration
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Serum amyloid A
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Erythrocyte glutathione
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Serum albumin concentration
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Serum cholesterol concentration
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Decreased [102]

α-tocopherol/cholesterol ratio
Organic +
Inorganic

105 mg/week +
0.3 mg/kg DMI Increased [102]

Uterine health Organic 0.3 mg/kg DMI Improved [33]

Second service pregnancy rate Organic 0.3 mg/kg DMI increased [33]
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