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Effect of Inorganic Zinc on Selected Immune Parameters in Chicken Blood and Jejunum after
A. galli Infection
Reprinted from: Agriculture 2021, 11, 551, doi:10.3390/agriculture11060551 . . . . . . . . . . . . . 27
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Lili Dóra Brassó, Vanessza Szabó, István Komlósi, Tünde Pusztahelyi and Zsófia Várszegi
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Examination of the Usage of a New Beak-Abrasive Material in Different Laying Hen Genotypes
(Preliminary Results)
Reprinted from: Agriculture 2021, 11, 947, doi:10.3390/agriculture11100947 . . . . . . . . . . . . . 145

Lei Xu, Ning Li, Yuhua Z. Farnell, Xiaoli Wan, Haiming Yang, Xiangqian Zhong and

Morgan B. Farnell

Effect of Feeding a High Calcium: Phosphorus Ratio, Phosphorous Deficient Diet on
Hypophosphatemic Rickets Onset in Broilers
Reprinted from: Agriculture 2021, 11, 955, doi:10.3390/agriculture11100955 . . . . . . . . . . . . . 155
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Editorial

Recent Advancements in Poultry Health, Nutrition
and Sustainability

István Komlósi

Faculty of Agricultural and Food Science and Environmental Management, University of Debrecen,
4032 Debrecen, Hungary; komlosi@agr.unideb.hu

As the largest animal protein producer, the poultry industry is within the focus of
mixed-diet consumers, as well as the livestock industry in general. The poultry industry
is also extremely fast to uptake new technologies such as biotechnology, mechanization,
robotics, and climate and nutrient control in order to be economically efficient and sustain-
able. Reducing the use of chemical fertilizers in agriculture is one of the EU Green Deal’s
priorities. The NPK supply of a 100 ha field by pelletized poultry litter was found to possess
a smaller environmental impact compared to several combinations of chemical fertiliz-
ers [1]. Off-site coupled industrial chicken manure recycling technology (Hosoya compost)
fundamentally affects the agricultural value of organic-based products [2]. Achieving
the reduction in the N emissions in the poultry industry is vital. Feeding poultry with
low-protein diets is an option, but their effects on the performance parameters and excreta
composition of broiler chickens need to be investigated. It was found that the urinary
N content of broiler chicken’s excreta is lower than can be found in the literature, which
should be considered in the ammonia inventory calculations [3]. The amount of phosphorus
in the diet is also under debate. However, a P-deficient diet caused rickets in commercial
chicks within three days [4]. There is constant pressure from pathogens and new threats,
such as avian flu, that require new treatments and biosecurity measures. There are many
novel approaches and answers to these challenges. Footpad dermatitis and hepatic lipi-
dosis are health problems in fattening turkeys, where the positive influence of a higher
methionine content in feed can be found on foot health and antioxidative capacity of the
liver, although protein reduction might reduce growth performance [5]. The One Health
approach, which requires a holistic approach, where genetics, nutrition, health treatment,
and management need to be considered together, has gained ground in the poultry industry.
Citrullus colocynthis (CC) has been known as a natural medicinal plant with wide-ranging
biological activities, including antioxidant, anti-inflammatory, and antilipidemic effects.
Dietary supplementation with 2.0 g/kg of ECCs could be considered a successful nutri-
tional approach to producing healthier, lower-cholesterol eggs for consumers, in addition to
enhancing the physiological and productive performance of laying hens by alleviating the
stress of intensive commercial production [6]. Ascaridiosis in poultry results in a reduction
in body weight gain, egg production, as well as microelement levels. Infected poultry
have higher demands on feed with the addition of essential elements including zinc. The
enrichment of the diet with inorganic zinc has a positive effect on the relative percentage of
CD4+ lamina propria lymphocytes in the jejunum and on heterophil counts in the blood.
In addition, inorganic zinc has an anti-inflammatory effect and activates IgA-producing
cells in the jejunum of chicks infected with A. galli [7]. The microbiome of animals, both
in the digestive tract and in the skin, plays an important role in protecting the host. The
skin is one of the largest surface organs for animals, and therefore, the destabilization of
the microbiota on its surface can increase the risk of diseases that may adversely affect
animals’ health and production rates. The housing environment in which animals live may
affect the microbiota of their skin [8]. The gut microbiome seems to be a good indicator of
the balanced health of an animal. The intestinal health of poultry is of great importance
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for the birds’ growth and development. Probiotics-driven shifts in the gut microbiome
can exert considerable indirect effect on the birds’ welfare and production performance.
The fecal bacteriobiome can be very useful for the global meta-analysis in order to gain a
better insight into bacterial functioning and interactions with gut microbiota to improve
poultry health, welfare and production performance [9]. For the adjustment of breeding
programs for local, commercial, and exotic breeds, and to implement molecular breed-
ing, a proper comprehension of phenotypic and genotypic variation is a sine qua non for
sustainable breeding [10]. The status of animal welfare needs to be constantly monitored
and improved. The use and effect of a new beak-abrasive material not yet examined on
mortality of non-beak-trimmed laying hens of different genotypes housed in an alternative
pen has been examined [11], and increased the behavioral repertoire of hens. Alternative
food sources that support healthy human nutrition are in heavy demand. Ostrich meat,
as lean meat with low intramuscular fat (0.5%) and cholesterol content, is suitable for this
purpose [12].

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The microbiome of animals, both in the digestive tract and in the skin, plays an important
role in protecting the host. The skin is one of the largest surface organs for animals; therefore, the
destabilization of the microbiota on its surface can increase the risk of diseases that may adversely af-
fect animals’ health and production rates, including poultry. The aim of this study was to evaluate the
effect of nutritional supplementation in the form of fermented rapeseed meal and housing conditions
on the level of selected bacteria phyla (Firmicutes, Actinobacteria, and family Lactobacillaceae). The
study was performed on 30 specimens of broiler chickens (Ross 308), individually kept in metabolic
cages for 36 days. They were divided into 5 groups depending on the feed received. On day 36, skin
swabs were individually collected. Temperature and humidity were measured in the room. The
temperature was measured every 2 days (18 measurements × 6 points). The results of Real-Time
PCR analysis have shown a significant effect of the feed additive on the level of Firmicutes phylum
on the skin. On the other hand, a variable level of the tested bacteria was shown depending on the
location of the cages. The Firmicutes phylum and Lactobacillaceae family achieved the highest level
in the top-window zone. However, in the case of the Actinobacteria phylum, the highest level was
found at the top-door and middle-door zones. The obtained results suggest that the conditions in
which animals live may affect the microbiota of their skin.

Keywords: skin microbiota; poultry; welfare; diet

1. Introduction

Poultry, and in particular domestic chickens (Gallus gallus domesticus), is one of the
main sources of animal protein due to one of the best feed/meat conversion ratios [1].
Due to humanitarian reasons and the production volume itself, it is important to maintain
adequate welfare when keeping animals [2]. One of the welfare aspects is avoiding animal
exposure to mechanical injuries possibility [3], which often result in disruption of the skin
continuity, which may lead to many bacterial diseases [4]. It is not, however, the only
circumstance related to the skin that we should pay attention to when keeping animals.

The skin of vertebrates is one of the largest organs in terms of surface, and for decades
it has been attributed mainly to the role of an insulator separating the internal system of
animals from the external environment. Over time, however, our knowledge about the skin
and the roles and mechanisms occurring within or on its surface has grown significantly [5].
We already know that the protective barrier function is maintained not only by ectoderm
cells but also by bacteria living on the surface of the skin, creating a specific ecosystem—a

Agriculture 2021, 11, 287. https://doi.org/10.3390/agriculture11040287 https://www.mdpi.com/journal/agriculture
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microbiota that, in order to fulfill its proper function, requires a balance both in terms of the
species composition itself and the prevailing physicochemical conditions [6,7]. Factors such
as nutrition, temperature, humidity and sunlight may affect the structure of the microbiota,
which may directly affect animal health, and therefore, generate higher breeding costs [6].
The microbiota consists of bacteria, protozoa, fungi and archaea. However, bacteria are the
most abundant both inside the body and on the skin. In mammals, the most numerous
groups of bacteria belong to the Firmicutes and Bacteroidetes phyla. Yet, on the skin itself,
bacteria from the Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria phyla are
largely present; however, it depends on the taxon and even the species of the animal or
the place where it lives [8]. Unfortunately, in the case of broiler chickens, no tests were
carried out to systematize the correct microbiological composition, which in the future may
provide additional information about their health status and thus their welfare.

The use of feed additives, including fermented feed, may affect the microbiological
composition of the digestive system, increasing the amount of, e.g., bacteria from the
Lactobacillaceae family. Changes in the gut can have an impact on overall health status [9]
and thus also on the skin [10]. However, this relationship has not yet been thoroughly
investigated for broiler chickens and should be undertaken in the future, and was also the
reason for conducting the research presented in this paper.

This research focuses on the effects of nutrition and the housing environment on the
levels of selected bacteria phyla on the skin of caged broiler chickens.

2. Materials and Methods

2.1. Animals

The research was conducted on 30 broiler chickens (Ross 308, male) kept in metabolic
cages (1 broiler chicken per cage). The animals were kept in cages from the first day of life.
They were divided into 5 food groups, 6 chickens per group (Table 1):

• A—control (no rapeseed meal);
• B—addition of 5% of standard rapeseed meal;
• C—addition of 10% of standard rapeseed meal;
• D—addition of 5% standard rapeseed meal and 5% fermented rapeseed meal;
• E—addition of 10% standard rapeseed meal and 10% fermented rapeseed meal.

Table 1. Nutritional composition of experimental diets.

Mixture Group
Dry Matter

(%)
Ash
(%)

Protein
(%)

Fat (%)
Fiber
(%)

Gross
Energy
(kcal)

Starter
(Day:
1–7)

A 87.94 4.46 21.90 7.63 7.24 4275.29
B 87.90 3.99 20.77 7.45 7.39 4252.56
C 87.70 4.17 22.78 7.81 7.67 4306.74
D 87.63 4.41 22.37 7.72 7.53 4293.92
E 87.99 4.83 24.07 7.41 7.10 4243.74

Grower 1
(Day:
8–28)

A 89.17 6.33 19.98 8.11 7.62 4268.95
B 89.03 5.95 19.25 7.80 6.92 4247.90
C 89.37 6.41 19.83 8.27 6.61 4246.39
D 89.16 5.90 20.67 8.60 6.55 4294.93
E 89.59 5.92 20.23 7.87 7.41 4308.50

Grower 2
(Day:
28–35)

A 89.76 6.58 20.85 8.90 6.01 4356.83
B 89.90 5.98 20.77 9.89 6.17 4398.55
C 89.58 6.02 20.22 9.62 8.11 4364.70
D 89.74 6.40 20.61 9.02 6.31 4358.05
E 89.57 6.62 20.90 8.86 8.61 4327.62
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They received feed and water ad libitum.
The composition of the additive fermented rapeseed meal: protein 29%, fiber 10%,

lactic acid 6%, LAB(lactic acid bacteria) log 6–7, glucosinolate reduction.
The room temperature from day 1 was about 32 ◦C; then it was gradually lowered

by about 0.5 to 1 ◦C until the 20th day to obtain the temperature of 21 ◦C, at which it was
kept until the sampling and weighing day. Humidity in the rooms during their rearing
ranged from 60–70%. During the day, they had no access to external light. The only source
of light was automatic lighting from 6.00 to 23.00 throughout the entire period of their
maintenance. The lighting on both sides of the cages ranged between 24 to 20 lux from top
to bottom; LED lighting was used.

The condition of the tested animals was good, and they did not show any symp-
toms, such as diarrhea, skin problems, increased body temperature, lack of appetite, and
apathy, etc.

The authors confirm that the ethical policies of the journal were adhered to. All
animals that qualified for the study were subjected to standard procedures without any
harm or discomfort. The study did not require the consent of the Local Ethical Committee
for Animal Experiments (Act of 15 January 2015 on protection animals used for scientific
or educational purposes), OJ 2015, 266, implementing the Directive 2010/63/EU of the
European Parliament and the Council of 22 September 2010 on the protection of animals
used for scientific purposes.

2.2. Sampling

Samples were collected on the 36th day of age individually from each animal in the
area around the neck. Feathers were trimmed on a small area so the swabs would not have
contact with them. Skin swabs were collected with sterile brushes, placed in test tubes with
sterile water, and then frozen at −26 ◦C until analysis (5 days).

2.3. Assessment of the Housing Environment

Throughout the experimental period, the maintenance conditions were assessed, the
differences in temperature between the arrangement of the cages (top, middle and bottom
of the cages, as well as on the door and window side) were examined (Table 2). The
temperature was measured every 2 days (18 measurements×6 points). The arrangement
of the cages in the room is shown in the diagram below (Figure 1). Additionally, the
room humidity was measured at the same points, but its range was constant-SD (Standard
Deviation) = 5.25.

Table 2. Average differences in room temperature depending on the arrangement of cages (◦C) in
relation to the general room temperature.

Cage
Position

Top/
Window

Top/ Door
Middle/

Door
Middle/
Window

Bottom/
Window

Bottom/
Door

Mean +1.05 +/−0.42 +/−0.31 +0.61 −0.65 −0.44
SD 0.30 0.28 0.34 0.15 0.15 0.35

SD-Standard devation.

5
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Figure 1. Diagram presenting arrangement of individual digestibility cages.

2.4. DNA (Deoxyrybonucleic acid) Isolation

A genomic bacteria AX Mini (A&A Biotechnology, Gdansk, Poland) was used for
DNA isolation. The quality of DNA obtained as a result of isolation was verified using
the NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, NC, USA). The
average DNA content was 90–110 μg/μL. The level of impurities in the samples was as
follows: for parameter 260/230:2.0–2.2 and for parameter 260/280:1.8–2.0 (in accordance
with the guidelines from Thermo Scientific). When high levels of impurity or low-quality
DNA were found, the samples were isolated again or purified using a clean-up concentrator
(A&A Biotechnology, Gdansk, Poland).

2.5. Real-Time PCR Analysis

Bio-Rad CFX Connect 96 Touch apparatus was used to perform real-time PCR (Poly-
merase Chain Reaction) analysis. Bio-Rad SsoAdvanced™ Universal SYBR® Green Super-
mix kit (Bio-Rad Laboratories, Inc., Hercules CA, USA) at a volume of 10 μL was applied
in 3 technical repetitions (Table 3). A NTC test (no template control) was additionally
performed for each gene. The strategy of RT–PCR analysis involved the amplification of
genes specific for the examined phyla in the presence of the reference gene for all bacteria
(Table 4) [10,11].
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Table 3. PCR mix components.

Component Volume in 10 μL of Reaction

SsoAdvanced™ Universal SYBR® Green
Supermix

5 μL

Starter (Foward + Reverse) 1 μL (0.8 μM)
Matrix DNA 2 μL (0.04 − 0.015 × 10−4)
Sterile water 2 μL

PCR-Polymerase Chain Reaction.

Table 4. Primers used during RT–PCR.

Name Forward (5′–3′) Reverse (5′–3′) Source

Universal Eubacterial
genes

530F (5′-GTC CCA
GCM GCN GCG G)

1100R (5′-GGG TTN
CGN TCG TTG) [12]

Firmicutes
928F-Firm (5′-TGA

AAC TYA AAG GAA
TTG ACG)

1040FirmR (5′-ACC
ATG CAC CTG TC) [13]

Actinobacteria Act1159R TCCGAGT-
TRACCCCGGC

Eub338F ACGGGCG-
GTGTGTACA [14]

Lactobacillaceae
lac1 forward (5′-AGC
AGT AGG GAA TCT

TCC A)

Lac2Seq (5′-
ATTTCACCGCTACACATG) [15]

RT-PCR-Real Time Polymerase Chain Recation.

In order to determine the performance of individual genes, a standard curve was
drawn for the genes under the study. A sample dilution of 10−3 was selected for analysis
(from the 10−1 to 10−7 series). The analysis was performed in accordance with a 40 cycles
protocol: polymerase activation and DNA denaturation 95 ◦C (3 min), denaturation 95 ◦C
(15 s), annealing 60.5 ◦C (15 s), extension and plate reading at 72 ◦C (40 s). The melting
curves analysis for the samples was performed at temperatures ranging from 65 ◦C (5 s) to
95 ◦C (0.5 ◦C increments in 2 s).

The data obtained were then processed using the CFX Maestro software v. 1.1 (Bio-Rad
Laboratories, Inc., Hercules CA, USA). The sample with a DNA level of 100 μg/μL and
impurities at a level consistent with the standards was an arbitrary calibrator. The efficiency
of individual primers was normal (in accordance with the standards established by Bio-Rad)
and amounted to 89.4% for Firmicutes, 93.6% for Actinobacteria, 97.7% for Lactobacillaceae;
Universal—94.4. CFX Maestro calculated the results from the number of the reference gene
matrix and the differences at the relative normalized expression (RNE = ΔΔCq) phylum’s
level, taking into account the amplification efficiency of individual genes [10].

2.6. Statistical Analysis

The results were analyzed with the use of the Statistica software (v. 13.3, StatSoft Inc.,
Tulsa, OK, USA). The data distribution was checked with the Shapiro–Wilk test. The data
relating to the bodyweight of the chickens were analyzed using the ANOVA (analysis of
variance) test, while the remaining data (no normal distribution) using the Wilcoxon pair
test and the Friedman ANOVA (p > 0.05). The differences in the case of the ANOVA test
were determined using Tukey’s test.

3. Results

The weighing performed on the 36th day of life showed that the group with the
addition of 5% standard rapeseed meal and 5% fermented rapeseed meal (D) had the
highest body weight. On the other hand, the lowest body weight was found in individuals
from the group with the addition of 5% of standard rapeseed meal (Table 5). Additionally,
the performed statistical analysis in terms of the arrangement of cages (level and side-
window/door) did not show any significant statistical differences.
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Table 5. Bodyweight of broiler chickens at 36 days of age (g).

Group A B C D E

Mean 1729.92 a 1615.83 A 1707.29 A 1920.76 B,b 1642.57 A

SD 79.17 66.05 129.68 83.98 33.18
p > 0.05—a,b; p > 0.01—A,B.

The analysis of the RT–PCR results showed that the group fed with 10% standard
rapeseed meal (C) had a significantly higher RNE level of Firmicutes compared to the
group fed with 10% fermented rapeseed meal and 10% standard (E). In addition, this level
was generally the highest also compared to the other nutritional groups; similar trends are
also visible in the comparison of the level of Actinobacteria and the Lactobacillaceae family.
The lowest level of the Actinobacteria phylum was characteristic for the control group
(A), and the highest, the aforementioned group C. The lowest level of the Lactobacillaceae
family was characteristic for group B—5% addition of standard rapeseed meal (Figure 2).
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Figure 2. Level of relative normalized expression (RNE) of Firmicutes, Actinobacteria phyla and Lactobacillaceae family
depending on the nutritional supplement. * p = 0.048. (A)—control (no rapeseed meal); (B)—addition of 5% of standard
rapeseed meal; (C)—addition of 10% of standard rapeseed meal; (D)—addition of 5% standard rapeseed meal and 5%
fermented rapeseed meal; (E)—addition of 10% standard rapeseed meal and 10% fermented rapeseed meal.

The analysis of the level of selected bacterial phyla also showed differences depending
on the arrangement of the cages. The animals placed in the highest cages differed in the
level of the Firmicutes phylum depending on the side of the location—doors or windows. In
the window-up zone, animals were characterized by a much higher level (about 3 times) of
this phylum compared to the up-door zone (Figure 3). Additionally, the temperature in the
window-top sector was on average higher by 1.05 ◦C, and on the door side by 0.4 ◦C. Similar
results were also obtained in the case of the Lactobacillaceae family, where the difference
between the RNE level was more than twofold (Figure 4). Significant differences were also
observed for the Actinobacteria phylum (Figure 5). The most significant differences in the
level of the phyla were between the top-window and top-door zones. The highest RNE
level was found in the middle cages in the middle-door zone, while the lowest in the upper
part in the top-window zone.
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Figure 3. Level of relative normalized expression (RNE) of Firmicutes depending on the cage setting. ** p = 0.00427.
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Figure 4. Level of relative normalized expression (RNE) of Lactobacillaceae family depending on the cage setting.
* p = 0.0428.

However, when analyzing only the position of the cages in terms of height, significant
differences were shown only in the level of the Firmicutes phylum (Figure 6). The highest
level of this phylum was characterized by the groups staying in the upper cages and
the lowest in the lowest cages. There is also a downward trend in RNE levels in the
Lactobacillaceae family. On the other hand, in the case of the Actinobacteria phylum,
there is a slight upward trend between individuals housed in the upper and lower cages.
However, the highest level occurred in the middle frames. On the other hand, when
analyzing the level of the tested bacteria broken down into the window and door zones
only, no significant differences in the RNE level were found.
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Figure 5. Level of relative normalized expression (RNE) of Actinobacteria phylum depending on the cage setting.
** p = 0.00427; * p = 0.046.
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Figure 6. The level of studied phyla and families depending on the height of the cages. * p = 0.038.

4. Discussion

The microbial composition of the skin and the digestive tract is important because
of its role in regulating the immune system and overall health status maintenance [16,17].
The skin microbiota changes with age but is somewhat stable in adult animals. In the
case of animals, the main factors influencing the composition of their skin microbiome are
environment, diet, livelihood, and geographical area [6,18,19]. In the experiment carried
out on adult animals, it was shown that depending on the feed supplement obtained; there
were differences in the level of the Firmicutes phylum on the skin surface. The group with
the addition of 10% rapeseed meal (C) had the highest level of this phylum, while the
group with the addition of 10% standard rapeseed meal and 10% fermented rapeseed meal
had the lowest level of this phylum. Statistical differences were observed only in the case
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of Firmicutes phylum. Such a phenomenon, diet affecting microbiota of the skin, has been
observed previously for felines and humans [20–22] but not for poultry.

The housing conditions and animal welfare of livestock, including poultry, can influ-
ence the microbiological composition of the organism. Research and analyses conducted
by, among others, Hoffman et al. [8] or Ross et al. [6] indicate that the environment in
which animals are kept may affect the skin microbiota. In the conducted study, there were
observed statistical differences between groups on the basis of the cage arrangement. The
highest level of the Firmicutes phylum has been observed in the case of individuals located
the highest from the side of the windows; similar results were obtained in the case of the
Lactobacillaceae family; in addition, the highest temperature was recorded in this place.
Taking into account the sensitivity of bacteria to changing environmental conditions, the
bacteria on the skin surface are the most sensitive to changes, because even despite the
constant internal temperature of the host, the temperature of the skin surface also depends
on the environment in which it lives [23–25]. However, for this phylum and family, no
significant differences were found in the lower and mid-level cages, which may have been
due to a more stable holding temperature.

On the other hand, the greatest differentiation occurred at the level of the Actinobac-
teria phylum. Its highest level occurred in the cages arranged in the middle part from
the side of the door, and an equally high-level occurred in the upper part of the cages on
the same side. The upper part from the window side had the highest temperature in the
room, and the middle part from the same side was also slightly higher than the general
temperature, which could have influenced the higher level of this phylum from the door
side, where the temperature was usually lower. Similar relationships also occurred at the
lower level; in this part, the temperature was generally slightly lower on the window side
and slightly higher on the door side. This indicates that this phylum is better kept at a
slightly lower temperature than the aforementioned bacteria and allows the conclusion
that its level, as in the case of the others, is also dependent on the temperature on the skin
surface [26–28]. As can be seen, despite the presence of the animals in the same room, the
studied phyla appeared at different levels, depending on the arrangement of the cages.
This indicates that the housing system in the case of poultry can significantly affect the
microbiological composition of its skin. Both Firmicutes and Actinobacteria phyla are
characterized by bacteria that have a positive effect on the condition of the skin and are
relatively pathogenic. In the Actinobacteria phylum, these include, but are not limited
to, C. amicolatum, C. striatum, C. jeikeium, C. urealyticum, and C. xerosis. In the case of
the Firmicutes phyla, these are, for example, Staphylococcus epidermidis. Disturbance of
homeostasis in the composition of the microbiota may result in an increased risk of skin
diseases [16,17,27,28].

Due to the lack of similar studies, it is not possible to unequivocally assess the impact
of individual factors included in the experiment. Most of the studies performed on broilers
were focusing only on microbiota associated with the digestive tract. There is a clearly
visible lack of studies focused on chicken skin microbiota; thus given issue requires further
research and analysis. In addition, in the future, this type of research should be performed
using sequencing to detect as many bacteria on the skin as possible, as was the case with
humans.

5. Conclusions

The conducted experiment showed that the diet had a significant effect on broilers’
skin microbiota in terms of Firmicutes phylum. Additionally, environmental factors related
to the keeping of animals—the location of cages—also had a significant impact on levels
of selected bacteria. It has been shown that, depending on their arrangement, there
may be changes in the level of Firmicutes (including the Lactobacillaceae family) and
Actinobacteria phyla, depending on the ambient temperature. These changes indicate that
normalizing the conditions in the room where animals are located may positively impact
their skin microbiota and thus their health.
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Abstract: The intestinal health of poultry is of great importance for birds’ growth and development;
probiotics-driven shifts in gut microbiome can exert considerable indirect effect on birds’ welfare and
production performance. The information about gut microbiota of ducks is scarce; by using high
throughput metagenomic sequencing with Illumina Miseq we examined fecal bacterial diversity of
Peking ducks grown on conventional and Bacillus-probiotic-enriched feed. The probiotic supplemen-
tation drastically decreased the presence of the opportunistic pathogen Escherichia/Shigella, which
was the major and sole common dominant in all samples. Seventy other bacterial species in the ducks’
fecal assemblages were found to have probiotic-related differences, which were interpreted as benefi-
cial for ducks’ health as was confirmed by the increased production performance of the probiotic-fed
ducks. Bacterial α-biodiversity indices increased in the probiotic-fed group. The presented inventory
of the duck fecal bacteriobiome can be very useful for the global meta-analysis of similar data in
order to gain a better insight into bacterial functioning and interactions with other gut microbiota to
improve poultry health, welfare and production performance.

Keywords: 16S rRNA gene; amplicon sequencing; ducks; probiotic; gut microbiome

1. Introduction

Over 21 million ducks are raised for human consumption each year in the Russian
Federation [1], yet so far no research has been conducted on the gut microbiome of the
Pekin duck breed, maintained in the country. The intestinal health of poultry is of great
importance for birds’ welfare and hence their production performance, food safety and
environmental consequences [2]. Industrial poultry production still relies on antibiotics
as growth promoters, although probiotics nowadays are becoming an increasingly indis-
pensable pharmacological component for production of high quality food [3]. Probiotic
preparations can be based on different microorganisms, including the spore-producing
ones like Bacillus [4,5], which are Gram-positive, aerobic, spore-forming bacteria ubiquitous
in the environment. Importantly, they have high stability under adverse environmental
conditions, which is indispensable for probiotic cells to survive processing and storage
of feed, its passage through the gastrointestinal tract and subsequent chemical digestion
processes. The antagonistic effect of such probiotics on the pathogenic gut microflora of
humans and animals has been known since long ago [6]. However, most research about
the effect of dietary administration of probiotic Bacillus strains on growth performance has
been conducted in chicken, mouse, and pig [7–10], and yet only recently it was experimen-
tally shown that certain strains of B. subtilis can provide beneficial effects on the growth of
young broiler chickens and have the potential to replace antibiotic growth promoters [11] or

Agriculture 2021, 11, 406. https://doi.org/10.3390/agriculture11050406 https://www.mdpi.com/journal/agriculture
15



Agriculture 2021, 11, 406

improve egg quality [12]. Similar studies on ducks have been fewer [13,14], and we failed
to find reports on gut microbiome research using probiotic Bacillus strains for Pekin ducks.

Knowledge of the microbiome profiles in regional agricultural populations could
help in drawing a global picture of duck gut microbiota, leading to a better insight into
the regional effects of production technologies such as the use of probiotics, prebiotics,
synbiotics, enzymes and antibiotics. As there is still a gap in knowledge concerning the
effectiveness of probiotic supplementation in shaping gastrointestinal taxonomic profiles
in ducks, the objective of the study was to examine composition and structure of ducks’
gut bacterial assemblages by estimating diversity of phylogenetically significant fragments
of 16S rRNA genes from the feces of ducks grown on conventional and probiotic-enriched
feed by using high throughput metagenomic sequencing.

2. Materials and Methods

2.1. Duck Breed and Experimental Design

All experimental procedures involving ducks met the guidelines approved by the
institutional animal care and use committee and were performed in accordance with the
Russian National Law concerning the care of animals for research purposes, as well as in
compliance with the European Commission Directive 2010/63/EU on the protection of
animals used for scientific purposes [15]. Ducks Anas platyrhynchos of the Peking breed
Agidel variety were raised and grown at a poultry farm in the Omsk region, Russia, and
female ducks were used in the study. Until 10 days of age the ducklings were kept in
stainless steel cages at +28–30 ◦C and 65–70% relative humidity on a small-mesh-flooring;
after that they were put into a bigger house where they could freely roam on a deep pine-
shaving-based litter at +25 ◦C. Then, the 30-d-old birds were placed into the premises with
similar deep litter, air temperature of +14–20 ◦C, drinking water ad libitum and access to
artificial ponds. From the first day of life to three weeks of age, the ducks were fed ad
libitum with a starter diet (wheat, soya beans, oil free sunflower seed, sunflower seed cake,
fish flour, methionine, threonine, lysine, sodium chloride, premix), providing 3100 kcal/kg
of feed and 23% of crude protein. Then, from four to five weeks of age, the birds were fed
with a grower diet with threonine substituted with cysteine and providing 3150 kcal/kg
of feed and 21% of crude protein. Additionally, from 6 weeks of age until the end of the
performance the ducks were fed with a similar diet but providing 3200 kcal/kg of feed and
20% of crude protein.

The ducks were assembled in two groups of sixteen birds in each. One group received
conventional feed as described above supplemented with a probiotic (probiotic-fed) during
the entire growth period of 60 d as per manufacturer’s instructions, i.e., 0.4 kg/t during the
first 15 d followed by 1.0 kg/t till the end of the growth. The other group received only
conventional feed (control).

The commercially distributed probiotic preparation Olin®, produced for Probiotic-Plus
LLC (Russia) [16], was used in the study. According to the manufacturer, the preparation
contains dried biomass of antagonistically active strains of Bacillus subtilis and Bacillus
licheniformis, registered in the Russian Collection of Industrial Microorganisms under
accession numbers 10172 and 10135, respectively, with plate counts of at least 2 × 109 CFU
per 1 g of the preparation [17].

2.2. Sample Collection

At sixty days of age, all birds were weighed, and five apparently healthy ducks were
selected at random from each group, caught, not fed for 8 h, but could drink ad libitum,
and then euthanized by cervical dislocation in compliance with the European Commission
Directive 2010/63/EU on the protection of animals used for scientific purposes [15]. Within
two hours the recta were opened using sterile scissors, and the contents were collected into
sterile vials and frozen at −196 ◦C. In the laboratory the samples were stored at −80 ◦C
prior to the DNA extraction.
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2.3. Extraction of Total Nucleic Acid from Feces

Total DNA was extracted from 250 mg of feces using the DNeasy Powersoil Kit
(Qiagen, Germany) as per the manufacturer’s instructions [18] to lyse microbial cells
and obtain high-quality DNA solutions free from PCR inhibitors. The bead-beating was
performed using a TissueLyser II (Qiagen, Germany), for 10 min at 30 Hz. No further
purification of the DNA was needed. The quality of the DNA was assessed using agarose
gel electrophoresis.

2.4. 16S rRNA Gene Amplification and Sequencing

The 16S DNA region was amplified with the primer pair F343 (5′-TACGGRAGGCAG
CAG-3′) and R803 (5′-CTACCAGGGTATCTAATCC-3′) combined with Illumina adapter
sequences [19]. PCR amplification was performed as described earlier [20]. A total of 200 ng
PCR product from each sample was pooled together and purified through a MinElute Gel
Extraction Kit (Qiagen, Germany). The obtained libraries were sequenced with 2 × 300 bp
paired-ends reagents on MiSeq (Illumina, San Diego, CA, USA) in the SB RAS Genomics
Core Facility (ICBFM SB RAS, Novosibirsk, Russia). The read data reported in this study
were submitted to the GenBank under the study accession PRJNA523560.

2.5. Bioinformatic and Statistical Analyses

Raw sequences were analyzed with the UPARSE pipeline [21] using Usearch v11.0.
The UPARSE pipeline included merging of paired reads; read quality filtering; length
trimming; merging of identical reads (dereplication); discarding singleton reads; removing
chimeras and operational taxonomic unit (OTU) clustering using the UPARSE-OTU algo-
rithm. The OTU sequences were assigned a taxonomy using the SINTAX [22] and 16S RDP
training set v.16 [23].

Taxonomic structure of thus obtained sequence assemblages, i.e., a collection of dif-
ferent species at one site at one time [24], was estimated by the ratio of the number of
taxon-specific sequence reads to the total number of sequence reads, i.e., by the relative
abundance of taxa, expressed as a percentage.

Statistical analyses of the data were perfumed using Statistica v.13.3 software (Statsoft,
Tulsa, OK, USA). Comparison of relative abundances of different bacterial taxa in fecal
samples of the control and probiotic-fed group was carried out using the Mann–Whitney
nonparametric test, whereas comparison of ducks’ production characteristics ANOVA
and Fisher’s least significant difference test were carried out. The rarefaction curves were
obtained using iNEXT 2.0.15 in R-package [25] and biodiversity indices calculated with the
help of PAST 2.17 software [26].

3. Results

3.1. Taxonomic Richness and Structure of Duck Fecal Bacterial Assemblages

After 16S gene amplicon sequencing, quality filtering and chimera removal a total
of 666,588 high-quality DNA sequences were obtained from feces of the 10 ducks. High-
quality reads were clustered using >97% sequence identity into 568 bacterial operational
taxonomic units (OTUs). The obtained sets of sequences for each sample were analyzed
by plotting the number of OTUs against the total number of sequence reads (Figure 1).
The resulting rarefaction curves demonstrated sufficient out coverage to describe the
bacterial composition and compare assemblages of different groups [27].
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Figure 1. Rarefaction curves for the OTU number in fecal bacterial assemblages of the ducks.

The total number of different-level taxa identified in the study is shown in Table 1. The
mooutOTU-rich phyla were Proteobacteria (147 OTUs, or 26% of the total number of identi-
fied OTUs) and Firmicutes with (134 OTUs, or 24%), followed by Actinobacteria (131 OTUs,
or 23%) and Bacteroideteout25 OTU, or 4%). Taxonomic richness in the studied samples was
found to drastically decrease if only the dominant members, i.e., the ones contributing at
least 1% into the total number of sequence reads, of the bacterial assemblages, were taken
into account (Table 1).

Table 1. Taxonomic richness of fecal bacterial assemblages of ducks.

Taxon Level

Taxonomic Attribution

All OTUs
Dominant a OTUs

Both Groups Control Group Probiotic-Fed Group

Phylum 15 4 3 3
Class 36 6 4 6
Order 63 6 4 6
Family 137 9 4 9
Genus 251 12 5 12
OTU 567 13 5 13

a OTUs were considered dominant if their relative abundance was more than 1%.

Two bacterial phyla—Firmicutes and Proteobacteria—collectively accounted for more
than 90% of the total sequence reads in fecal assemblages (Figure 2a). The overwhelm-
ing majority of sequences represented three classes (Figure 2b), three orders (Figure 2c),
just six families (Figure 2d) and six genera (Escherichia/Shigella, Terrisporobacter, Streptococ-
cus, Enterococcus, Romboutsia and an unclassified representative of Clostridiaceae, Figure 3).
The commercial probiotic preparation, fed to the ducks in the study, was found to contain
54 OTUs, with one OTU (Bacillus sp.) accounting for 58% of the total number of sequence
reads, detected in the preparation. Other dominant components of the probiotic prepa-
ration were Pseudomonas spp. (three OTUs), Comamonas sp. (one OTU) and unclassified
Enterobacteriaceae (two OTUs). These bacteria were practically absent in fecal bacterio-
biomes of both groups. Overall Bacillus class was represented by seven OTUs in fecal
assemblages of ducks (Figure 2b), collectively accounting for a tiny portion of the total
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number of sequence reads (0.015% and 0.002% in the control and probiotic-fed groups,
respectively).

Figure 2. Relative abundance of taxon-specific sequences in fecal bacterial assemblages of ducks of the control and probiotic-
fed groups: (a) phylum, (b) class, (c) order and (d) family levels. The markers show median, boxes show 25–75% percentiles,
while the lines indicate fluctuation ranges. The p-values as estimated for each taxon by Mann–Whitney test are shown
in brackets.

Figure 3. Relative abundance of genera in fecal bacterial assemblages of ducks of the control and
probiotic-fed groups. Symbol * at the right of the columns denotes statistically significant difference
between the groups (Mann–Whitney test, p ≤ 0.05). “un.” stands for unclassified.
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Of the total OTU number detected in the studied samples, only 13 OTUs, or 2%, were
dominants, i.e., contributed ≥1% to the total number of sequences (Table 1). The number
of dominant OTUs per sample varied from three to nine in the control group, with just
two OTUs being common for all samples (Escherichia/Shigella sp. and Streptococcus sp.).
In the probiotic-fed group the number of dominant OTUs varied from 5 to 17 per sample,
with three OTUs being common for all samples (Escherichia/Shigella sp., Terrisporobacter sp.
and Romboutsia sedimentorum). Thus only one OTU, namely Escherichia/Shigella sp., was
common for all studied samples. Its relative abundance varied from 30 to 68% in samples
of the control group, and from 6 to 20% in samples of the probiotic-fed group.

3.2. OTUs’ Relative Abundance in Duck Fecal Bacterial Assemblages

The relative abundance of some OTUs found in the bacterial assemblages of ducks
is shown in Table 2. As mentioned above, the ultimate dominant in the control group
was Escherichia/Shigella sp. The second major dominant OTU in the control group was
Streptococcus sp. In fecal assemblages of the probiotic-fed group the abundance of this
bacterium was almost 10 times lower.

Table 2. Relative abundance (%) of bacterial OTUs, dominant in the fecal assemblages of ducks of
the control and/or probiotic-fed groups.

OTU Control Group Probiotic-Fed Group p-Value

1 Escherichia/ Shigella sp.
1 30.6 5.7 0.012

2 Terrisporobacter sp. 12.9 36.4 0.037
3 Streptococcus sp. 20.0 2.2 0.012
6 Enterococcus cecorum 1.2 3.8 0.210
7 unc. Clostridiaceae_1 2 0.2 3.7 0.012
8 Clostridium_ss3sp. 0.3 1.5 0.295
10 Cellulosilyticum sp. 0.1 1.3 0.094
11 Turicibacter sanguinis 0.3 1.2 0.403
12 unc. Clostridiales 0.01 1.9 0.094
13 Clostridium_ss3sp. 0.04 1.04 0.210
14 Fusobacterium sp. 0.11 1.41 0.012

15 Cellulosilyticum
lentocellum 0.04 1.48 0.037

19 Romboutsia
sedimentorum 2.0 3.2 0.403

1 The lines with statistically significant (p ≤ 0.05) difference are highlighted in bold; 2 “unc.” stands for unclassified;
3 “ss” stands for sensu stricto.

Overall, 70 OTUs were found to have differential relative abundance (p ≤ 0.05) in
fecal microbiota of the studied groups. Most of these OTUs were minor or rare members,
contributing much less than 1% into the total number of sequence reads.

Four dominant OTU were found to have increased (p ≤ 0.05) abundance in fecal
bacteriobiomes of the probiotic-fed group. Terrisporobacter sp. sequences were almost
three times more abundant in the probiotic-fed group, comprising one third of the entire
bacteriobiome. A Fusobacterium sp. was also found increased in the probiotic-fed group
(Table 2).

3.3. Biodiversity Indices of the Duck Fecal Bacterial Assemblages

Biodiversity indices serve to compact information about communities, assemblages,
guilds, etc. of living organisms; thus, the indices are useful for comparing large arrays of
metagenomic data. Therefore, for each studied sample, i.e., an array with the number of
sequence reads for each OTU, we calculated α-biodiversity indices (Table 3).
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Table 3. Alpha-biodiversity indices (median) of fecal bacterial assemblages of ducks of the control
and probiotic-fed group.

Index Control Group Probiotic-Fed Group p-Value

Total number of
identified OTUs 208 114 0.095

Dominance (D) 0.31 0.17 0.222
Simpson (1-D) 0.69 0.83 0.222

Shannon 1.92 2.49 0.151
Evenness 1 0.02 0.06 0.032
Brillouin 1.91 2.49 0.151

Menhinick 1 0.85 0.51 0.032
Margalef 19 9 0.095

Equitability 0.33 0.49 0.095
Fisher-alpha 27 13 0.095

Berger-Parker 0.46 0.36 0.841
Chao-1 246 127 0.095

1 The lines with statistically significant (p ≤ 0.05) difference are highlighted in bold.

The probiotic-fed group showed a tendency for decreased OTU richness, as indicated
by the number of OTUs, Chao-1, Fisher’s alpha, Margalef and Menchinik indices, and
increased evenness, with Shannon and Brilluin indices, on the contrary, tending to increase
in the probiotic-fed group.

3.4. Production Performance of Ducks

The data on production characteristics for the entire groups, i.e., consisting of 16 birds
each, were normally distributed: ANOVA showed that probiotic supplementation ac-
counted for 43% of the bird body mass variance at day 60 and for 30% of the growth rate
variance. Thus due to the beneficial effect of probiotic-enriched feed ducks’ production
characteristics improved, as the probiotic-fed ducks demonstrated (Table 4) higher both
daily mass increase rate (by 4.0 g/bird) and total body mass at the end of the feeding
(by 235 g/bird).

Table 4. Production characteristics of ducks fed with conventional (control) and probiotic-supplemented feed (probiotic-
fed group).

Characteristic Control Group (n = 16) 2 Probiotic-Fed Group (n = 16) p-Value 1

Living mass of a 1-day-old duck, g/bird 57.8 ± 5.8 2 57.9 ± 6.3 0.931
Living mass of a 60-day-old duck, g/bird 2772 ± 222 3007 ± 141 0.001

Average daily gain, g/bird per day 45.2 ±3.7 49.2 ± 2.3 0.001
Feed intake, kg/kg bird mass 3.35 2.85

1 The lines with statistically significant (p ≤ 0.05) difference are highlighted in bold. 2 Performance was assessed for a bigger sets of birds
than the fecal microbiome.

Supplementing conventional duck feed with probiotic resulted in 0.5 kg less consump-
tion per 1 kg of duck living mass. The ducks in the control group consumed on average
0.72 kg more feed, as compared to the probiotic-fed ducks.

4. Discussion

The finding that two bacterial phyla, namely Firmicutes and Proteobacteria, prevailed
in the ducks’ feces agrees with the results obtained in other studies: for instance, the
representatives of Firmicutes, Proteobacteria and Bacteroidetes were reported to account for at
least 90% of bacteriobiomes in duck’s ileum and cecum [28–31]. As for the rectum (as in
our study), recently Firmicutes and Proteobacteria were found to account for 75% of the
Muscovy ducks’ rectum bacteriobiome [32], with Proteobacteria abundance being twice
lower as in the control group in our study (15% vs. 30%).The difference may be attributed
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to the difference in duck species and sex, as well as other factors; this is an area that is still
poorly investigated.

The fact that we did not explicitly detect B. subtilis and B. licheniforms, the major
components in the probiotic preparation, may be due to the relatively short V3–V4 amplicon
sequences, not allowing discrimination between closely related species [33]. Our result
that the probiotic bacteria consumed by the ducks with their feed did not reside in the gut
complies with the fact that Bacillus representatives are not common for the gut microbiota
of poultry [31,34].

The occurrence of an Escherichia/Shigella bacterium in the probiotic-fed group was
more than five times lower. The genus represents important pathogens of humans and
animals [35], therefore the change was most likely beneficial for birds’ health and welfare.
Among the Streptococcus genus some serious pathogens for humans and animals were
reported before: for example, the ones capable of causing meningitis in ducks [36]. Thus
it seems that Streptococcus sp. in our study was not a beneficial bacterium, so decrease in
the probiotic-fed ducks might have contributed to their enhanced production performance.
The drastically decreased abundance of these two harmful bacteria, i.e., Escherichia/Shigella
sp. and Streptococcus sp., in the probiotic-fed group confirms the antagonistic and hence
beneficial impact of the Bacillus-based probiotic on the major opportunistic pathogens of
the fecal microbiota of ducks. It should be noted that the ducks in this study harboring
abundant Escherichia/Shigella and Streptococcus were apparently healthy, which means that
even high abundance of a potential pathogen’s sequence reads in a bacteriobiome is not be
immediately manifested as an actual instance of a disease.

Although some authors claim that Riemerella anatipestifer is one of the most common
bacterial pathogens of ducks [32], in our study none of the assigned OTUs were classified
into Riemerella.

The finding that most of the differentially abundant OTUs in fecal bacterial assem-
blages of the conventionally and probiotic-fed groups were minor or rare members suggests
that low-abundant OTUs may be important for the host adjustments to shifts in environ-
mental conditions. Such OTUs in the gut microbiome may have systemic interactions with
potentially important consequences for the microbial performance within a host organism.

There is evidence about the pathogenicity of the Terrisporobacter genus for humans [37],
but for animals and poultry we could not find such information. Some Terrisporobacter
genus representatives are known as chemoorganotrophs, while others are chemolithoau-
totrophs, or acetogenic bacteria [38,39], capable of decomposing plant material in anaerobic
conditions. Thus this bacterium is beneficial for host functioning, and its increased abun-
dance in the probiotic-fed ducks’ feces also confirms the positive effect of the Bacillus-based
probiotic on the fecal microbiota of ducks.

Although recently a Fusobacterium sp. was reported to be associated with decreased
production of hens, thus likely being an opportunistic pathogen [40], Fusobacteria phylum
representatives are common and often dominant members of the gut microbiota of wild
ducks and geese [41]. In view of the latter the increased relative abundance of the bacterium
in the probiotic-fed group can also be considered promoting intestinal health of the ducks.
As for Cellulosilyticum lentocellum, another bacterium with increased abundance in the
feces of the probiotic-fed ducks, it is known as a slow cellulose-degrader and member
of the healthy animal fecal bacteriobiome [42]. Increased presence of an unclassified
Clostridiaceae_1 OTU, important anaerobic degraders of plant polymers [43], in the fecal
bacteriobiome of probiotic-fed ducks, can be considered beneficial and hence might have
contributed to higher production performance of the ducks. Overall, increased abundance
of Clostridiales representatives in probiotic-fed ducks corroborates the use of these bacteria
for novel probiotic formulations: recently some of the latter were shown to exert beneficial
influence on Peking duck performance [44].

It should be noted that the available information about the influence of probiotic-
enriched feed on ducks’ gut microbiota is inconclusive, as both beneficial [28] and neutral
effects were reported earlier [45]. One of the reasons for such a discrepancy may be because
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two independent groups of birds, with and without probiotic supplementation, are usually
compared: implementing the repeated measures design, i.e., sampling the same member
of a group before and after the probiotic treatment, is more difficult in practice even in case
of feces. Other reasons may be associated with regional/country differences between the
studied duck groups such as lifespan, feed and its supplementation, medication, raising
conditions, genetics [28,30], etc.

Compared with the α-biodiversity indices for the gut microbiota of ducks reported
earlier [30], in our study Shannon and Chao-1 indices were lower. The dominance indices
were found to show tendency to be lower in probiotic-fed group, while equitability tended
to be higher. Therefore, overall α-diversity seemed to be increasing in the probiotic-fed
group, which is generally regarded as positive.

Our finding that probiotic supplementation decreased feed consumption per unit of
living mass of the ducks indirectly corroborates the results about increased abundance of
beneficial, particularly plant material fermenting, bacteria, which most likely translated
into more efficient transformation of nutrients in the gut and consequent more efficient
utilization of nutrients by host organisms, i.e., ducks.

The found beneficial effect of probiotic-enriched feed on ducks’ production character-
istics agrees with the improved production performance of probiotic-fed Pitalah ducks [46].
The Pekin ducks’ productivity performance in our study corroborates the beneficial influ-
ence of Bacillus-based supplementation on egg quality and biochemical properties of blood
of Shaoxing ducks [47], and on gut microbiota established with lysine-yielding Bacillus sub-
tilis on a locally domesticated Chinese duck breed [48]. Enhanced Pekin ducks’ production,
associated with beneficial changes in ducks’ gut microbiota due to Bacillus-based probiotic
supplementation, is also in line with improved growth performance shown by the Cherry
Valley ducks [13]. Therefore, the studied Bacillus-based probiotic formulation a promising
basis for further improvement [6] and use.

Finally, we want to stress that it is difficult to compare studies on duck intestinal
micrtobiome diversity due to substantive differences in methodology, beginning from the
studied groups (species, breed, age, raising conditions, site of sample collection in the gut,
etc.) and all the way to amplification (primers), sequencing (platforms) and bioinformatic
tools (software and databases). Therefore, there is an urgent need for a comprehensive
meta-analysis of the duck gut microbiome data, hopefully resulting in recommendations
for a more standardized research approach.

We also want to emphasize, albeit truistically, that case–control design, often used to
infer the medication/supplementation-associated effects in humans and animals, prevents
following directly, i.e., in one and the same individual, the dynamics of the properties of
interest, i.e., bacteriobiome diversity as in our study. Therefore, repeated measures’ design
should be implemented if and when possible and feasible, despite the objective difficulties
of doing so in studies with animals. Such a design helps to move closer to the cause–
effect mechanisms of microbiome shifts, rather than be confined to association/correlation
relations, as most of the microbiome studies do.

5. Conclusions

Our study aimed at comparing the structure and composition of fecal microbiota,
as determined using 16S rRNA gene amplicon sequencing, in ducks receiving conventional
and Bacillus-based probiotic supplemented feed. This is the first profile of gut bacteriobiome
of domestic ducks in Russia and as such can be used as a regional reference in further
research as well as a tiny contribution for constructing the global pattern. Duck fecal
bacteriobiome was found to be drastically dominated by just two phyla (Firmicutes and
Proteobacteria), represented by three classes (Clostridia, Bacilli and Gammaproteobacteria).
Escherichia/Shigella sp. turned out to be the major and sole common dominant in all
samples. Fecal bacteriobiome of probiotic-fed ducks differed from the conventionally fed
control in the relative abundance of some dominant OTUs, mainly the pathogenic ones
(Escherichia/Shigella sp., Streptococcus sp.). A number of minor and rare members of bacterial
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assemblages (12% of the total number of OTUs) also displayed differential abundance;
however, it was difficult to infer their physiological and/or pathogenic significance. The
Bacillus bacteria, contained in the probiotic preparation used in the study, could not survive
in the gut and were eliminated. Supplementation of the conventional feed with Bacillus-
based probiotic resulted in pronounced shifts towards the more beneficial gut microbiota
of ducks. The increased bacteriobiome α-diversity in the probiotic-fed group enhance
gut microbiota and hence ducks’ resilience towards adverse environmental effects. The
bacterial OTUs, found to be the significantly related to the probiotic supplementation,
provide a framework for further research on bacteria functioning and interactions within
gut microbiota in order to improve birds’ health and, as a consequence, both industrial
and small farm poultry production. The studied Bacillus-based probiotic is promising
for the development of improved formulations for specifically targeted interventions to
modify gut microbiota of ducks. Such formulations can be effective alternatives for growth-
promoting antibiotics, but there is still a great need to understand the role of poultry gut
microbiota in the prophylaxis, growth and health promoting mechanisms.
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Abstract: Ascaridiosis in poultry results in a reduction in body weight gain, egg production, as well
as microelement levels. Infected poultry have higher demands on feed with the addition of essential
elements including zinc. The effects of the infection by Ascaridia galli and the supplementation of
inorganic zinc on the immune status of broilers were monitored through evaluation of the relative
expression of selected genes (interleukins, IFN-γ, and TNF-α) by real-time PCR, haematology param-
eters by microscopy, and quantitative changes of lamina propria lymphocytes by flow cytometry in
day 7 and day 14 of the study. We observed that the enrichment of the diet with inorganic zinc has a
positive effect on the relative percentage of CD4+ lamina propria lymphocytes in the jejunum and on
heterophil counts in blood. In addition, it was concluded that inorganic zinc has an anti-inflammatory
effect (downregulation of TNF-α and IL-17) and activates IgA-producing cells in the jejunum of
chicks infected with A. galli.

Keywords: zinc; imunity; Ascaridia galli; chicken

1. Introduction

In the poultry industry, most chickens with outdoor access are often exposed to a wide
range of parasites, e.g., A. galli. In this regard, A. galli poses a serious biological threat due
to its direct life cycle and ability to survive extreme environmental conditions. Ascaridiosis
in poultry results in a reduction in body weight gain, egg production, ruffled feathers,
drooped wings, high mortality, and other secondary pathological symptoms [1].

Chickens become infected by the ingestion of infective eggs. In the gut’s lumen,
ingested eggs release larvae, where they molt and stay for approximately 10 days. Larvae
gradually penetrate the inner lining of the gut, where they spend 1–7 weeks and molt
again. Then, they return to the lumen of the intestine, where they develop into adult
worms and the females begin to produce eggs. Larvae in the gut’s lining destroy the
tissues around them and cause enteritis, which is frequently associated with haemorrhagic
exudate. Similarly, adult worms cause mechanical damage of the intestinal wall, thereby
contributing to malnutrition. In addition, they compete for nutrients and cause bowel
obstruction [2].

Nematodes, such as A. galli, activate both cellular and humoral immune responses
in the host organism [3,4]. In general, A. galli infections have been observed to stimulate
classical Th2 immune responses in laying hens [4,5]. Specifically, an increase in serum
antibodies IgY and the influx of CD4+ and CD8+ T cells at the site of infection have
been recorded during A. galli infections [6]. Upregulation of IL-4 and IL-13, but not
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IFN-γ gene expression, was observed in chickens’ intestine at 14 days post-infection [7].
This contributes to the hypothesis that Th2 polarization predominates during A. galli
nematode infections. During the migration of parasites in the intestine, pro-inflammatory
Th1 response is usually suppressed, which allows, among other things, wound healing
of the host [8]. Lambrecht and Hammad [9] reported a positive association between
type 2 immunity and IL-17 during eosinophilic inflammation in a mouse model. A similar
correlation was found mainly in mice with parasites migrating through the lungs [10,11].
However, another investigation is needed for a deeper understanding of the mechanism
regulating A. galli-induced Th1 and Th2 immune responses in broilers.

Studies of the relationship between poultry and A. galli revealed an adverse impact of
A. galli on the mineral balance of the host with a reduction in microelement levels in the
liver and muscles [12,13]. For this reason, infected poultry have higher demands on feed,
with the requirement for the addition of essential elements including zinc.

Zinc (Zn) is an essential mineral involved in many biochemical processes and as-
sociated with a wide range of physiological disorders, including weight loss, growth
retardation, and nervous and immune system disorders [14]. In addition, zinc is an es-
sential factor in the gene expression of proteins required for growth and development,
maintaining cell wall integrity, free radical sequestration, and protection against lipid
peroxidation [15].

Zinc deficiency affects cells involved in both innate and acquired immunity at the
level of proliferation and maturation. T cell function and the balance between different
subsets of helper T-lymphocytes are notably sensitive to changes in zinc levels in the
organism. Acute zinc deficiency results in the impairment of innate immunity through the
reduction in chemotaxis and phagocytosis of mononuclear cells and has negative impacts
on acquired immunity, which causes thymic atrophy with subsequent T cell lymphopenia.
Specifically, chronic zinc deficiency results in a significant increase in the production of
pro-inflammatory cytokines (for example IL-17), which may initiate the development of
autoimmune diseases [16].

Accordingly, the effect of A. galli infection and the supplementation of inorganic
zinc on the broilers’ immune status were monitored through evaluation of the relative
expression of selected genes (interleukins, IFN-γ, and TNF-α), white blood cell counts
(peripheral blood), and the quantification of immunocompetent cells, such as jejunal lamina
propria lymphocytes, on study days 7 and 14.

2. Material and methods

2.1. Chickens

The chickens were handled and killed according to state regulations. The specific ex-
periment was approved by the Ethics Committee of the Veterinary Medicine and Pharmacy
followed by the Committee for Animal Welfare of Ministry of Agriculture of the Slovak
Republic (permit number 836/17-221).

A total of 48 chicken broilers of hybrid COBB500 35-day-old were included in the
study that lasted 14-days. The birds were randomly divided into 4 groups: control (C),
A. galli (Ag), zinc (Z), and a combination (A. galli + zinc) (Ag + Z). Chickens were fed a
commercial diet BR1 (Table 1) ad libitum. The health status of birds was monitored twice a
day by visual inspection. Values of room temperature, feed, and water consumption as
well as any clinical signs of adverse conditions were recorded daily.
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Table 1. Composition of commercial diet BR1.

Ingredients g/kg BR1

Wheat 290

Maize 300

Soybean meal 320

Rapeseed oil 40

Fish meal 20

Limestone 12

Dicalcium phosphate 10

Sodium chloride 2

DL-methionine 1

Vitamin-mineral mix 5

Composition by analysis (g/kg dry matter)

dry matter 899.9

crude protein 232.7

fat 64.5

dietary fiber 22.7

ash 53

Ca 90.4

P total 69.6

On the second day of the study, birds of the Ag and Ag+Z groups were perorally
infected with 500 embryonated A. galli eggs in 0.5 mL of phosphate buffered saline (PBS)
per bird (via a plastic Pasteur pipette). Zinc and Ag + Z groups were individually subjected
to daily peroral administration of aqueous solution of inorganic ZnSO4 at a concentration
of 50 mg/0.5 mL PBS from day 1 to day 12 of the experiment. To simulate the same
stress manipulation, an equal volume of saline was applied to the control group with a
Pasteur pipette. Blood samples were withdrawn by vein puncture from vena subclavia, the
chickens were euthanized by intra-abdominal injection of xylazine (Rometar 2%, SPOFA,
Prague, Czech Republic) and ketamine (Narkamon 5%, SPOFA) at doses of 0.7 mL/kg
body weight, and samples from jejunum were collected during necropsy. Two samplings
were performed on days 7 and 14 of the study.

2.2. Infective Material and Inoculation

A. galli eggs were isolated from adult female worm uterus, obtained from the gut
of naturally infected chickens, according to Permin et al. [17], by a gentle mechanical
maceration in 0.5 N NaOH. The eggs were embryonated in 0.1 N NaOH in the dark for
4 weeks at 28 ◦C. During the incubation, the egg suspensions were oxygenated three
times a week by stirring. Subsequently, eggs embryonation was evaluated microscopically
on a weekly basis starting from day 14. Ultimately, the embryonated A. galli eggs were
stored in 0.1 N NaOH at 4–6 ◦C and regularly oxygenated until the application to the
experimental chickens.

2.3. Homogenization of Jejunum and Isolation of Total RNA of Interleukins (IL-4, IL-17), IFN-γ,
and TNF-α Gene

Jejunal samples (n = 6) (20 mg weighted pieces) were immediately placed in RNA
Later solution (Qiagen, Manchester, UK) and stored at −70 ◦C before RNA purification
and transcription as described in Karaffová et al. [18].
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2.4. Relative Expression of Interleukins, IFN-γ, and TNF-α Gene in Quantitative Real-Time PCR
(qRT-PCR)

The mRNA levels of interleukins, IFN-γ, and TNF-α genes were determined. More-
over, the mRNA relative expression of reference gene, coding GAPDH (glyceraldehyde-3-
phosphate dehydrogenase), was selected based on confirmed expression stability using
the geNorm program. The primer sequences, annealing temperatures, and times for each
primer used for qRT-PCR are listed in Table 2. All primer sets allowed cDNA amplification
efficiencies between 94% and 100%.

Table 2. List of primers used for the chicken cytokine mRNA quantification.

Primer Sequence 5′–3′ Annealing/Temperature Time References

IL-4 Fw AGCACTGCCACAAGAACCTG
60 ◦C /30 s [19]

IL-4 Rev CCTGCTGCCGTGGGACAT

IL-17 Fw TATCAGCAAACGCTCACTGG
59 ◦C /30 s [20]

IL-17 Rev AGTTCACGCACCTGGAATG

IFN-γ Fw GCCGCACATCAAACACATATCT
59 ◦C /30 s [21]

IFN-γ Rev TGAGACTGGCTCCTTTTCCTT

TNF-α Fw AATTTGCAGGCTGTTTCTGC
59 ◦C /30 s [22]

TNF-α Rev TATGAAGGTGGTGCAGATGG

GAPDH Fw CCTGCATCTGCCCATTT
59 ◦C /30 s [23]

GAPDH Rev GGCACGCCATCACTATC

Amplification and detection of target products were performed using the CFX 96 RT
system (Bio-Rad, Hercules, CA, USA) and Maxima SYBR Green qPCR Master Mix (Thermo
Scientific, Waltham, MA, USA). Subsequent qRT-PCR to detect relative expression of mRNA
in selected parameters was performed for 36 cycles under the following conditions: initial
denaturation at 95 ◦C for 2 min, subsequent denaturation at 95 ◦C for 15 s, and annealing
(Table 2) and extension step 2 min at 72 ◦C. A melting curve from 50 ◦C to 95 ◦C with
readings at every 0.5 ◦C was produced for each individual qRT-PCR plate. Analysis was
performed after every run to ensure a single amplified product for each reaction. All
reactions for real-time PCR were conducted in duplicate. We also confirmed that the
efficiency of amplification for each target gene (including GAPDH) was essentially 100% in
the exponential phase of the reaction where the quantification cycle (Cq) was calculated.
The Cq values of the studied genes were normalised to an average Cq value of the reference
gene (ΔCq) and the relative expression of each gene was calculated as 2−ΔCq.

2.5. White Blood Cell Count (WBC)

One ml of peripheral blood was taken from vena subclavia into Heparin (20 IU.mL−1

PBS). A total number of leukocytes were counted using the Bűrker chamber and Fried-
Lukáčová solution (475 μL solution plus 25 μL blood) [24]. A white blood cell differenti-
ation was performed, expressed in relative percentages utilising the light microscopy at
1000× magnification on blood smears after staining with Hemacolor (Merck, Darmstadt,
Germany), and a count of 100 cells per slide was used. The absolute number of the different
types of white blood cell count (G.l−1= 109 × l−1) was determined as follows:

absolute leukocyte count × relative % of a different type of WBC/100 counted cells.

2.6. Isolation of Lamina Propria Lymphocytes (LPL)

Isolation of lymphocytes from jejunal mucosa (n = 6) was performed by a modifi-
cation of the method of Solano-Aquilar et al. [25]. At first, the mucin was removed and,
subsequently, intraepithelial lymphocytes were isolated [26]. Then, the intestine (cut into
0.5 mm pieces) was washed with 30 mL RPMI-1640 (Sigma, Darmstadt, Germany) for
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15 min at 37 ◦C to remove the previous medium. The supernatant was discarded and
the gut fragments were incubated in RPMI-1640 with collagenase type I (15 mg/60 mL
RPMI; Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 37 ◦C. The solution was slightly
shaken every 5 min. Collagenase released LPL into the medium. The supernatant fluid was
harvested, filtered, and immediately centrifuged at 600× g for 10 min and resuspended
in PBS (Sigma, Germany). Cells were washed two times in PBS (centrifugation 5 min at
250× g) and sediment was resuspended in 1 mL of PBS. Lymphocytes were counted in the
Bűrker chamber by Tűrk solution (1:20 ratio) for correct dilution.

2.7. Staining of Lymphocytes by Direct Immunofluorescence

After the isolation of bloody and jejunal lymphocytes, their concentration was adjusted
to 106/50 μL for immunophenotyping. Labelled mouse anti-chicken monoclonal antibodies
CD4, CD8, IgM, and IgA (SouthernBiotech, Birmingham, AL, USA) at protocol-specified
concentrations were added to lymphocytes followed by incubation (15 min) in the dark at
room temperature. After being stained, the cells were washed once in PBS (centrifugation
5 min at 110× g), resuspended in 0.2 mLof PBS with 0.1% paraformaldehyde, and stored at
4 ◦C until measurement by flow cytometer.

2.8. Flow Cytometry Analysis of Stained Cells (FC)

FACScan cytometer and Cell Quest Program (Becton Dickinson, Heidelberg, Germany)
were used to measure and analyse labelled bloody and jejunal LPL subpopulations. Gates
were drawn around lymphocytes and the fluorescence data collected on at least 10,000 lym-
phocytes were analysed by two-parameter dot-plot histogram. The results are therefore
expressed as the relative percentage of the lymphocyte subpopulation, which was positive
for the specific monoclonal antibodies.

2.9. Statistical Analysis

Statistical analysis of data was performed using one-way ANOVA with Tukey post hoc
analysis using the statistical program GraphPad PRISM version 6.00. Differences between
the mean values for different treated groups were considered statistically significant at
p < 0.05, p < 0.01, and p < 0.001. Values in figures are given as means or median in the case
of relative gene expression with standard deviations (±SD).

3. Results

3.1. Relative Expression for Target Genes

The relative expression for IL-4 gene was significantly upregulated in groups infected
by A. galli (Ag, Ag + Z) compared to the zinc group and control (p < 0.05) on day 14 of
study (Figure 1). On the other hand, the relative expression of IL-17 gene was markedly
upregulated on study day 7 mainly in Ag group and Ag + Z group than compared to zinc
and control groups (p < 0.01; p < 0.001), as well as on day 14 (Figure 2). Similarly, the relative
expression for IFN-γ gene was upregulated in the Ag group compared to zinc (p < 0.05) and
control (p < 0.001), as well as in the Ag + Z group compared to control (p < 0.001), and
significantly in the zinc group compare to control (p < 0.001); however, this was only
observed on study day 7 (Figure 3). In a similar manner, TNF-α gene expression was
markedly upregulated in the Ag group compared to the other groups (p < 0.01; p < 0.001)
as well as in the combined group compared to zinc and control group (p < 0.001) on study
day 7. However, on day 14 TNF-α gene expression was downregulated in the jejunum of
infected groups compared to the zinc group and control (p < 0.05) (Figure 4).
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Figure 1. Relative expression of IL-4 gene in the jejunum of chickens treated with inorganic ZnSO4

and infected by A. galli. Results at each time point are the median of 2−ΔCq. Means with different
superscripts are significantly different. ab p < 0.05.

Figure 2. Relative expression of IL-17 gene in the jejunum of chickens treated with inorganic ZnSO4

and infected by A. galli. Results at each time point are the median of 2−ΔCq. Means with different
superscripts are significantly different. ac p < 0.01; ad p < 0.001.
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Figure 3. Relative expression of IFN-γ gene in the jejunum of chickens treated with inorganic ZnSO4

and infected by A. galli. Results at each time point are the median of 2−ΔCq. Means with different
superscripts are significantly different. ab p <0.05; ad p < 0.001.

Figure 4. Relative expression of TNF-α gene in the jejunum of chickens treated with inorganic ZnSO4

and infected by A. galli. Results at each time point are the median of 2−ΔCq. Means with different
superscripts are significantly different. ab p < 0.05; ac p < 0.01; ad p < 0.001.

3.2. White Blood Cell Count (WBC)

Absolute number of eosinophils in blood of chickens was the highest in the infected
group compared to the control group (p < 0.01), zinc group (p < 0.001), and AG + Z group
(p < 0.05) on study day 7. Similar significant differences persist on day 14 in comparison
with the control group and zinc groups (p < 0.001) and the same trend was noticed for the
Ag + Z group compared to the zinc group and control (p < 0.001) (Figure 5a).
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Figure 5. Effect of the administration of inorganic ZnSO4 and infection by A. galli on the absolute
number (G.l−1) of (a) eosinophils and (b) heterophils in peripheral blood. Means with different
superscripts are significantly different in Ag group. ab p < 0.05; ac p < 0.01; ad p < 0.001.

On the contrary, the number of heterophils was the highest in the zinc group compared
to the control and Ag group (p < 0.01) on day 7. In the combined group the number
of heterophils was higher compared to the Ag group and control, but not significantly
(p < 0.0085). During second sampling, the highest number of heterophils was recorded in
the Ag group compared to the control and zinc group (p < 0.01). Moreover, an increased the
number of heterophils was recorded in the Ag + Z group compared to the control (p < 0.01)
(Figure 5b).

3.3. Immunophenotyping of Lymphocytes

The effect of zinc on the relative percentage of CD4+ LPL was manifested in the zinc
supplementation group compared to the other groups (p < 0.001) and control (p < 0.01) on
study day 7. On the contrary, on day 14 the relative percentage of CD4+ was significantly
improved in the infected group (Ag) compared to the zinc and control group (p < 0.001)
as well as the combined group (p < 0.01) (Figure 6a). The proportion of CD8+ LPL was
not significantly influenced by the administration of zinc or A. galli infection during both
samplings (Figure 6b). The relative percentage of IgM+ cells was markedly stimulated by
the combination of zinc and A. galli in comparison with the Ag (p < 0.01), the Z (p < 0.001)
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group alone, and the control (p < 0.01) on study day 7. On the other hand, the opposite
trend for IgM+ cells was noted during second sampling in the Ag group, where it was the
highest compared to the control, Zn (p < 0.001), and Ag + Zn (p < 0.01) groups (Figure 6c).
The same tendency was recorded for the relative percentage of IgA+ cells in jejunum in the
combination group during the early stages of parasite infection compared to the control
and Ag group (p < 0.001). On the second sampling, the proportion of IgA+ cells was almost
equally highest in the zinc and Ag groups compared to the combination and control groups
(p < 0.01; p < 0.001) (Figure 6d).

Figure 6. Cont.
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Figure 6. Effect of the administration of inorganic ZnSO4 and infection by A. galli on the relative
percentage of (a) CD4+, (b) CD8+ (c) IgM+, and (d) IgA+ LPL in the jejunum. Means with different
superscripts are significantly different. ab p < 0.05; ac p < 0.01; ad p < 0.001.

4. Discussion

Generally, A. galli infections in chickens are accompanied by various clinical manifes-
tations including retarded muscular and osteological development, anorexia, depression,
altered hormone levels, and increased mortality [12]. Essentially, the infected chickens
are more susceptible to secondary bacterial infections, which may be responsible for the
fatal consequences associated with A. galli infections [4,27–29]. Therefore, it is necessary to
support and modulate the immune response in infected chickens.

In our study, we observed increased IL-4 gene expression in both infected groups on
study day 14. This indicates that Th2 cytokines indeed play crucial roles in the intestinal
immune reactions during A. galli infection in broilers, especially in the later stages of infec-
tion [4]. In addition, Finkelman et al. [30] found that IL-4 deficient mice were more sensitive
to nematode infections. The anti-inflammatory properties of IL-4 are well-documented
along with their ability to suppress classical inflammation, which is necessary for wound
repair functions [31].

During the supposed time of larval invasion into the intestinal mucosa (on study
day 7), an increased expression of IL-17, IFN-γ, and TNF-α was observed in the infected
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groups. This may also indicate the involvement of Th1 component in immune responses
during the early phase of infection. On the other hand, during the later stage of infection
(day 14), gene expression of pro-inflammatory cytokines (IFN-γ and TNF-α), except for
IL-17, was down-regulated in the infected groups and showed the onset of type 2 immunity.
Remarkably, IL-17 gene expression was significantly upregulated in the infected groups
in both samplings, mainly in the Ag group alone, which suggests close a relationship
between the presence of nematode parasites and the activation of Th17 pathway. Further-
more, it could contribute to the pathology of this infection [32]. In the particular case of
zinc, its supplementation suppressed IL-17 expression in both samplings. Similar results
were presented by Cardenas et al. [33] when zinc supplementation diminished the pro-
duction of IL-17 by Th17 cells in neonate mice, thereby contributing to the initiation of
repair processes.

At the same time, zinc did not have a marked impact on the gene expression of
other pro-inflammatory cytokine in the jejunum that may confirm its anti-inflammatory
properties. Therefore, zinc supplementation in various forms may be one of the therapeutic
options to restore normal mineral balance and simultaneously has a better effect due to its
lower utilization and damage to the host’s intestinal villi caused by A. galli infection [34].
Likewise, Sun et al. [35] observed that zinc deficiency caused shrinkage and flattening of
jejunal villi in rats.

Eosinophilia is a characteristic feature of parasitic infections because the larval stages
of nematodes can be killed by eosinophils that possess high phagocytic activity [36]. In
fact, the onset of the immune response was also confirmed by elevated blood eosinophil
levels in both infected groups and this indicates the presence of the parasite in the host.
This result is consistent with the study by Tanwar and Mishra [37] and Kumar et al. [38];
they observed an increase in the number of eosinophils in the blood during intestinal
helminthiasis, including A. galli in poultry. On the other hand, the number of eosinophils
was decreased by zinc supplementation in both stages of infection, which confirmed that
zinc inhibits the release of the preformed mediators from the basophils and eosinophils [39].

Mainly heterophils are involved in phagocytosis not only in microbial but also during
parasitic infections. The phagocytic effect of heterophils, according to the study by Deka
and Borah [40], may correlate with their increased amount in the host organism. In our
study, infection by A. galli revealed the activation of heterophils in the later phase of
infection, which could correlate with the destructive activity of the larval stage of A. galli
in the mucosa of jejunum and the rupture of blood vessels. Similarly, in another study
increased heterophils counts were observed on the third day after the infection with
A. galli [41]. We assume that it also depends on the dose of infection or the immune status
of the chickens. As we expected, the effect of zinc in peripheral blood was manifested
by an elevation of heterophils during early stage of infection. In contrast, zinc deficiency
impaired the oxidative burst of heterophils. It is likely that due to zinc having a central
role in the activity of the enzyme superoxide dismutase during oxidative burst, it protects
cells from radical oxygen molecules [42]. However, the stimulatory effect of zinc on the
total number of heterophils was only temporary. We suppose that the decreased absolute
number of heterophils in the Ag+Zn group during the later infection could be caused
by a persistent infection, which is when the zinc reserve is depleted due to impaired
intestinal absorption.

The most abundant immune cells localised in the subepithelial lamina propria of
intestine are lamina propria lymphocytes, which represent the main executive component
of the intestinal mucosal immune response. LPL are mostly helper Th-lymphocytes and
plasma cells that produce most of the polymeric IgA [43]. In A. galli-infected birds we
observed increased infiltrations of lamina propria with CD4+ lymphocytes on day 14 of the
study. A recent study by Ruhnke et al. [36] reported an increase in intraepithelial CD4+ but
a decrease in the number of CD8+ cytotoxic T cell populations after experimental infections
with A. galli in broiler chickens. In our study, on day 7 we noted only a moderate increase
in CD8+ LPL population in the combined group (without statistical significance); however,
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it is not clear whether this was due to the influence of A. galli infection or inorganic zinc
supplementation. In the later phase of infection (day 14), the highest percentage of CD8+
LPL was observed solely in the Ag group, which demonstrates the host’s response to
intestinal mucosal damage. This is in agreement with the study by Schwarz et al. [4] who
showed that, in broiler chickens, a CD8 + T cell response can be expected about 14 days
after A. galli infection.

On the flip side, an increase in CD4+ LPL recorded during first sampling in the zinc
group alone indicates the potential of zinc to induce an immune response. Our results also
confirmed the stimulation of the CD8+, IgM+, and IgA+ LPL in the combined group at
the first sampling. It has been shown that zinc controls follicular B cell maintenance in
the spleen as well as the regulation of the BCR signaling pathway [44–46]. Therefore, the
effect of zinc on the humoral immune response is unequivocal. Collectively, the obtained
results also point to the activation and cooperation of cellular and humoral immunity in
the processes of control of A. galli parasites. In addition, zinc supplementation accelerates
mucosal regeneration [35].

The highest relative percentage of IgM+ cells was noted in A. galli infected group
(second sampling) together with the combined group (first sampling). It is correlated with
the fact that, at the beginning of the disease process, the level of IgM usually increases,
which is stimulated mainly during the first contact of the host with the parasitic antigen.

5. Conclusions

Based on our results, it can be stated that the enrichment of the diet with inorganic
zinc has a positive effect on humoral and cell-mediated immunity in chickens infected
with A. galli. In addition, supplementation of inorganic zinc successfully suppressed IL-17
gene expression and, thus, makes a significant contribution to the regulation of potential
autoimmune reaction development. Despite the fact that the role of zinc as an important
nutritional supplement is well-known, it is still necessary to investigate certain aspects of
its use, especially in its application for therapeutic purposes.
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Abstract: Due to the intensification of the poultry sector, poultry manure is being produced in
increasing quantities, and its on-site management is becoming a critical problem. Animal health
problems can be solved by stricter the veterinary and environmental standards. The off-site coupled
industrial chicken manure recycling technology (Hosoya compost tea) fundamentally affects the
agricultural value of new organic-based products. Due to the limited information available on
manure recycling technology-related microbiological changes, this was examined in this study. A pot
experiment with a pepper test plant was set up, using two different soils (Arenosol, slightly humous
Arenosol) and two different doses (irrigation once a week with 40 mL of compost tea: dose 1, D1;
irrigation twice a week with 40 mL of compost tea: dose 2, D2) of compost tea. Compost tea raw
materials, compost tea, and compost tea treated soils were tested. The products (granulated manure,
compost tea) and their effects were characterized by the following parameters: aerobic bacterial count
(log CFU/g), fluorescein diacetate activity (3′,6′-diacetylfluorescein, FDA, μg Fl/g soil), glucosidase
enzyme activity (GlA; PNP/μmol/g), and identification of microorganisms in compost tea with
matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS).
Furthermore, we aimed to investigate how the microbiological indicators tested, and the effect of
compost tea on the tested plant, could be interpreted. Based on our results, the microbiological
characteristics of the treated soils showed an increase in enzyme activity, in the case of FDA an
increase +0.26 μg Fl/g soil at D1, while the GlA increased +1.28 PNP/μmol/g with slightly humous
Arenosol soil and increased +2.44 PNP/μmol/g at D1; and the aerobic bacterial count increased
+0.15 log CFU/g at D2, +0.35 log CFU/g with slightly humous Arenosol and +0.85 log CFU/g at
W8. MALDI-TOF MS results showed that the dominant bacterial genera analyzed were Bacillus
sp., Lysinibacillus sp., and Pseudomonas sp. Overall, the microbial inducers we investigated could
be a good alternative for evaluating the effects of compost solutions in soil–plant systems. In both
soil types, the total chlorophyll content of compost tea-treated pepper (Capsicum annuum L.) had
increased as a result of compost tea. D1 is recommended for Arenosol and, D2 for slightly humous
Arenosol soil.

Keywords: microbiology; poultry farming waste; organic waste

1. Introduction

The quick spread of intensive agricultural systems, the use of fertilizers, and rapid
human population growth have had negative effects on soil fertility, mainly decreasing the
soil organic carbon and the total soil nitrogen, and changing the composition of carbon and
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nitrogen, owing to the loss of soil organic matter through erosion and leaching [1,2], and
thus resulting in unsustainable soil degradation [3,4]. Soil is a finite natural resource that
is under pressure of increasing consumption, rapid population growth, and agricultural
intensification [5]. Increasing consumption and population growth are driving up yields per
unit area in crop production, while poultry production is on the rise to provide an intensive
source of protein [6]. Over the last few decades there have been rapid changes in livestock
production, with 61% of pork, 81% of poultry, and 86% of eggs now produced on intensive,
industrial farms [7]. Generally, there has been a rapid change in how animal products are
produced, processed, consumed, and marketed. Growth in livestock production, in both
developed and developing countries, has been led by poultry [8]; while eggs and poultry
meat have become the main source of animal protein [9]. Recently, African swine fever
led to an increase in demand for poultry meat. This market is further complicated by the
increase in EU internal production, the UK’s exit from the EU, and the increased quota
for Ukrainian poultry meat. Broiler production is the dominant sector in poultry meat
production, being the second most produced and consumed meat in the EU after pork [10].
In Europe, broiler farms with more than 100,000 places are very common. In 2013, 891.4
million broiler chickens were bred on more than two million farms in the EU. Farms with
more than 100,000 birds account for 38% of the total poultry population. It is estimated
that 90% of broilers in the EU are reared in intensive indoor systems [11,12]. These closed,
intensive farming systems, with high animal density, indoor housing, and the use of fast-
growing breeds obtained by genetic selection can facilitate the spread of epidemics and
certain zoonotic diseases (H1N1, H5N1 influenza, brucellosis, salmonellosis, leptospirosis,
avian influenza, etc.) [13]. Animal health problems can cause serious social, economic, and
environmental damage, and in some cases can also pose a threat to human health [14].
The epidemics did not end with African swine fever, with the emergence of H5N1 avian
influenza in early February 2020. The outbreak of avian influenza in Central Europe in
December 2019 limited the production in 2020 in terms of volume and has posed a major
challenge for the animal health system and the poultry sector. In the current situation (due
to ever stricter animal health regulations) manure is an “environmental pollutant” that
livestock farmers are trying to dispose of. At the same time, the concept of the circular
economy highlights the inescapable role of animal manure in soil management; there has
always been a fundamental link between livestock and crop production in agriculture. It is
necessary to establish a system of biodegradable organic matter management that focuses
on the cycling of organic matter to maintain soil fertility in the long term and that creates a
shared interest between crop and livestock farmers in the use of animal manure [15].

There are various different types of poultry manure, such as deep litter manure, broiler
manure, and hen manure. The ratio of litter to manure and the moisture content causes
variation among manures from different poultry houses. The quality of manure can vary
depending upon many factors, including the age and diet of the flock, the moisture content,
and the age of the manure [16]. Secondary pollution is making landfills less and less
suitable for organic waste [17], and tightening environmental regulations mean that the
landfilling of organic waste and by-products is not an option [18]. The use of energy
(biogas production) or material (composting) recovery methods to manage organic wastes
and by-products is widespread around the world [19,20]. Composting is considered a
favorable option in many developing countries due to the lower investment and operating
costs, need for scientific expertise, and technical complexity [21,22]. One way to treat
litter manure is composting, which increases the quality of raw manure and reduces the
environmental risks [23,24]. During the composting process, the volume and weight of
manure are reduced, pathogens and weed seeds are destroyed [25], unpleasant odors are
reduced [26], and nutrients and organic matter are stabilized [27].

The use of compost in agriculture is very important because it contributes to the
increase of soil fertility [28,29] and can also be crucial in the treatment of plant diseases [30].
There is a growing demand for compost to be further utilized as a raw material to produce
compost tea. Compost tea is a concentrated microbial solution, which is made by extracting
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nutrients and microorganisms from the compost using an extractant. Compost tea is made
by mixing the compost with a distillated water (as a weak agent) and by incubating for a
specified period of time, with or without active aeration (aerated compost tea, (ACT), or
non-aerated compost tea, (NCT)), and produced with or without additives [31]. Compost
teas made from matured compost contain high levels of bacteria (108–109/mL). Aerated
compost teas contain even higher amounts of bacteria (up to 1010–1011/mL). However,
if oxygen-deficient conditions exist during the production of a compost tea, the aerobic
bacteria are no longer able to multiply and grow and die or enter to a dormant state [32].
The use of compost tea is widespread worldwide due to its wide applicability as a bios-
timulator [33,34]. The advantage of using compost tea instead of compost is that compost
cannot be applied to the foliage by spraying or irrigation, and the availability of nutrients
is better [35]. Several researchers have pointed to the effectiveness of organic manure,
compost, and composting in horticultural technologies, and the positive effects of compost
teas have been demonstrated on cumin [36], fennel [37], basil [38], pepper [34], lettuce [39],
and tomatoes [40] with test plants. Compost tea reduces plant diseases [34,35], protects
plant roots, provides nutrients to the plants, and improves plant health [41]; thus compost
tea is a possible alternative to synthetic agents [38,39]. Following the application of these
organic-based substances, the improvement in yield and quality can be attributed to the
enhancement of the beneficial microbial communities in the soil, the improvement of plant
mineral absorption, and the stimulation of phytohormones [42]. Various liquid fertilizers
or their extracts are known to serve primarily as a source of soluble plant nutrients, growth
promoters, and disease suppressants [43,44].

Based on the above, in this study we investigated the specific products produced by a
novel approach to organic waste utilization technology. A pot experiment with a pepper
test plant was set up, using two different soils (Arenosol, slightly humous Arenosol) and
two different doses (irrigation once a week with 40 mL of compost tea: dose 1, D1; irrigation
twice a week with 40 mL of compost tea: dose 2, D2) of compost tea. Compost tea raw
materials, compost tea, and compost tea treated soils were tested. The products (granulated
manure, compost tea) and their effects were characterized by the following parameters:
aerobic bacterial count (log CFU/g), fluorescein diacetate activity (FDA, μg Fl/g soil),
glucosidase enzyme activity (GlA; PNP/μmol/g), and the identification of microorganisms
in compost tea with MALDI-TOF MS. Furthermore, we aimed to investigate how the
microbiological indicators tested and the effects of compost tea on the tested plants could
be interpreted.

2. Materials and Methods

The examined product from which compost tea was produced, consisted of a mixture
of broiler manure, hen manure, and straw pellets, which were treated by intensive compost-
ing with meat meal as an additive. The process was carried out under standard, controlled
conditions from hatching, through feed production and mixing, to manure processing. A
schematic of the process is shown in Figure 1.

The composting plant uses deep litter broiler manure and hen manure from a down-
stream hatchery as feedstock, and 60,000 tons of manure are produced annually at the
company’s various sites. The parent breeding is carried out with colored breeding pairs
and the broiler is kept with a white meat hybrid Ross 308, and straw bedding is used for
both breeds. The breeding is carried out with colored breeding pairs and the broiler is
kept with a white meat Ross 308 hybrid. Both on the breeding farms and on the broiler
farms, litter is produced with heat-treated straw pellets, whose high absorption capacity
results not only in excellent litter quality but also in a low moisture, dry, and deep ma-
nure. In the manure processing plant, where the product under study originated, three
continuous mode manure fermenters of the HOSOYA [45] (Hosoya Ltd., Kanagawa, Japan)
type are operated, with controlled and regulated fermentation [46,47]. The fermenters
with a stirring machine are used to store 30 tons of raw material every day of the year
(1.5 tons of raw material (a mixture of broiler, hen manure, and straw pellets) is stored,
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which represents 953.84 kg of broiler manure, 476.93 kg of hen manure, and 69.23 kg of
straw pellets (Table S1). The 2/3:1/3 mixing ratio of the raw materials (deep layer broiler
manure and hen manure) is necessary because our preliminary studies showed that (at
least) 1/3 of chicken manure is needed for composting of broiler manure, whose microbial
composition helps to start the fermentation process.

Figure 1. The schematic of the poultry manure utilization process.

Fermentation is carried out by air injection, mixing the raw material, and turning it
over every 4 h, for 10 to 14 days. The incoming raw material has a moisture content of
20–40 w/w%, depending on the type of raw material. In order for fermentation to start
and be intensive, the raw material must be adjusted to a moisture content of 40–45 w/w%
by adding water. The raw material is moistened once with 150 L of water when it is fed
into the fermenters. At the end of fermentation (after 10 to 14 days) the moisture content
of the fermented fermentate is reduced to 22–28 w/w%. The next technological process is
the intensive fluid bed drying (Tema Process, Wapenveld, The Netherlands) (125–130 ◦C,
25–30 min) of the fermentum from 22–28 w/w% to 10–11 w/w% moisture. The prolonged
exposure to heat above 125 ◦C kills all pathogenic bacteria. The dried fermentum is ground
into a powder fraction and becomes the raw material for further finished products. The final
product is packaged in granulated form, but before the granulation process is carried out,
the natural fermentum is supplemented with complex organic nutrients as a raw material.

2.1. Compost Tea Preparation

The characteristics of the product used to prepare compost tea are detailed in Table 1.
The equipment used in the production of compost tea was sterilized in an AE-75 DRY

autoclave (Raypa Ltd., Barcelona, Spain) with wet steam sterilization. After sterilization,
the composted granulated manure mixture was weighed in a 0.7 l volume glass container.
For the preparation of compost tea, distillated water was used as a weak agent. Compost
tea was prepared in a 1/10 (w/v) compost to water ratio (CWR) based on Islam et al. [48]
and Zhang et al. [49], and using an Unimax 1010 shaker (Heidolph Instruments GmbH
& Co, Schwabach, Germany) at 130 rpm for 48 h; the compost tea temperature was set
at 35 ◦C (Table S2), after the extraction time the compost tea was filtered through a filter
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paper (12–15 μm, VWR International, Debrecen, Hungary), and the filtered tea was used
for further processing.

Due to the concentration of the compost tea and the nutrient requirements of the test
plant, the suspension was applied to the peppers at a five-fold dilution.

Table 1. Characteristics of evaluated product.

Parameters Value

Dry matter content (w/w%) 87.60

Moisture content (w/w%) 12.40

pH 6.99

Organic matter content (w/w%) 73.03

Nitrogen-content (w/w%) 4.86

Phosphorus pentoxide content (w/w%) 6.88

Potassium oxide content (w/w%) 4.04

2.2. Compost Tea Treatments and Design of Pot Experiments

The selected test plant for testing the effect of compost tea was white sweet pepper
(Capsicum annuum L.). During the experiments, 1 kg of slightly humous Arenosol (SHA)
and Arenosol (A) soil was weighed into pots and the pepper seedlings were planted.

The selected soils are classified as “Arenosols” according to the World Base Reference
of Soil Resources (WRB). Soils in this category are characterized by low water holding
capacity, high water permeability, and low nutrient content, all of which lead to rapid
water stress [50]. Soils that are poorly vegetated and susceptible to wind erosion belong to
this major group [51]. The main characteristics of the sub-categorized soils are presented in
Table 2.

Table 2. Characteristics of the soils used for the experiments.

Measured Parameters
Slightly Humous

Arenosol
Arenosol

pH (KCl-extract) 5.76 6.13

Total water soluble salts (w/w)% 0.02 0.05

Carbonate content (w/w)% <0.100 <0.100

Organic carbon content (humus content) (w/w)% 1.57 0.67

Phosphorus-pentoxide (mg/kg) (AL-extract) 176 131.2

Potassium-oxide (mg/kg) (AL-extract) 351 177.96

Nitrate (mg/kg) (KCl-extract) 12.3 7.42

The Arenosol soils are characterized by a partially developed topsoil layer with low
humus content and no subsurface clay accumulation. In addition, the aggregate thickness
of the finer textured layers is less than 15 cm, “the proportion of coarse debris within
≤100 cm of the mineral soil surface is <40 v/v% in all layers” [50]. Arenosol and slightly
humous Arenosol soils are also characterized by rapid mineralization of organic matter, lack
of organic colloid, poor water management, poor nutrient supply, and drought sensitivity.
The conditions necessary for biological soil formation processes in the formation of these
main soil types are only present for a short period of time and their impact is therefore
limited. Of the soils selected, Arenosol soil had inferior properties compared to the humic
sandy soil, as reflected in the parameters tested. There was a minimal difference in pH, as
well as a higher total water-soluble salinity in the Arenosol soil.

Each treatment was set up in three replicates. In the pot experiments, 40-40 mL of a
five-fold diluted compost tea was applied by seeding once (Dose 1, D1) and twice (Dose
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2, D2) a week. On the other days of the week, the seedlings were irrigated with distilled
water to a level of 70 w/w% of field water capacity. The experiment was terminated at the
fourth (Week 4, W4) and eighth weeks (Week 8, W8).

2.3. Microbiological Analysis

The following microbiological parameters were used to examine the granulated prod-
uct, compost tea produced, and compost tea treated soils (Table 3).

Table 3. Evaluated microbiological indicators.

Measured Microbiological Indicators Tested Samples References

Fluorescein diacetate hydrolysis activity (FDA)

Granulated product

[52,53]Compost tea

Soils treated with compost tea

Most probable number of microorganisms (aerobic bacteria:
nutrient medium)

Granulated product

[54]Compost tea

Soils treated with compost tea

β-Glucosidase enzyme activity (GlA)

Granulated product

[55]Compost tea

Soils treated with compost tea

MALDI-TOF MS Compost tea [56]

Monitoring of the total microbial activity is a suitable method for measuring organic
matter cycling, as more than 90% of the energy passes through microbial degraders. The
FDA enzyme assay is one that shows how many microorganisms in the soil are engaged
in life activity, i.e., degradative (catabolic) activity. The FDA test can be used to show
the livingness of the soil and its actual functionality [51]. The β-glucosidase enzyme
activity assay was chosen because it is generally positively correlated with soil organic
matter content.

2.4. Identification of Microorganisms in Compost Tea

To identify the microorganisms in compost tea, a sterilized pelleted sample of a mixture
of deep litter broiler manure, deep litter hen manure, and straw pellets (953.84 kg broiler
manure, 476.92 kg chicken manure and 69.23 kg straw pellets) was used, which had been
subjected to a 14-day composting process; 1:10 CWR, 48 h extraction time, 35 ◦C extraction
temperature; the compost tea was prepared and filtered on filter paper (12–15 μm, VWR
International, Debrecen, Hungary) prior to the tests and refrigerated at +4 ◦C until the tests.
The identification procedure was performed once.

Single colonies from freshly grown isolates from given solid medium were picked in
duplicate on a ground-steel target plate. Afterwards, 1μL formic acid solution was added
to each spot, then 1 μL of matrix solution was pipetted onto each spot, and the plate was
air dried at room temperature. Mass spectra were generated with a Microflex Biotyper
(Bruker Daltonics, Billerica, MA, USA) using the standard settings. In case of each sample,
mass fingerprints were acquired using flexControl version 3.0 software (Brucker Daltonics,
Billerica, MA, USA), analyzed over a mass range from 2000 to 20,000 Dalton, and compared
with the Bruker Daltonics database. This software generates a result list with score values
suggesting the reliability of identification. The received score values are interpreted as
unreliable identification when a score is lower than 1.7, as a probable genus identification
when a score is between 1.7 and 1.99, and as a secure genus identification when a score is
>2.0. The results were probable and highly probable species identification for 2.0–2.29 and
≥2.3, respectively [56].
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2.5. Examination on the Pepper Test Plant

The pot experiments were terminated after 4 and 8 weeks, and the height of the plants
(cm) was measured according to Slezák [57], while the total chlorophyll content (μg/g)
was determined and calculated according to Szabó et al. [58].

2.6. Statistical Analysis

Statistical analyzes were performed using R software in an R Studio user environment
(version 3.6.2.) [59]. The Shapiro–Wilk normality test was used to examine the distribution
of the data, and then the type of test to be used for further analyzes was selected as a
function of the distribution. To verify statistical differences between the different treatments,
one-way analysis (Duncan-test) of variance was used at a p < 0.05 level of significance.

3. Results

3.1. Microbiological and Chemical Characteristics of Broiler and Hen Manure

The dry matter content (w/w%) of broiler manure (65–70 w/w%) and hen manure
(63–67 w/w%) was high due to the breeding technology, as the dry matter content of
the manure decreases at the end of the 6-week rotation for broiler manure. The pH
of the manures was slightly alkaline to neutral (in the case of broiler manure the pH
was 6.91–7.40, and in the case of hen manure the pH was 6.59–6.82), while the specific
conductivity (11.10–12.78 mS/cm) and total nitrogen content (2.14–2.75 w/w%) were almost
the same. The organic matter content, was higher in hen manure (66.18 w/w%) compared to
broiler manure (58.81 w/w%). The difference in breeding technology also showed a higher
biological activity for chicken manure.

In addition to the physical and chemical characteristics of the broiler and chicken
manure, the microbiological characteristics were also investigated. The number of microor-
ganisms in poultry manure is very high, up to 1010 CFU/g (Colony Forming Unit/g), and
Gram-positive bacteria (Actinomycetes sp., Bacillus sp.) account for 90%. The presence of
Actinomycetes sp. and Lactobacillus sp. is beneficial because they prevent the development
of pathogens in the manure [60]. The aerobic bacteria in poultry manure were of the order
of 109 CFU/g [61]. In the poultry manure, aerobic bacteria of the genus Enterococcus were
predominant. The bacterial plate count of digestible aerobic bacteria in chicken manure
was of the order of 108 CFU/g, while in broiler manure the aerobic bacteria count was
three orders of magnitude, or a thousand times, less (105 CFU/g). In contrast, the most
probable numbers of microorganisms in both the broiler manure and hen manure were of
the same order of magnitude (103 CFU/g).

3.2. Microbiological Characteristics of the Evaluated Product and Compost Tea

Compost tea produced from granulated manure had a slightly acidic-neutral pH
(pH 6.59 ± 0.06), which was similar to that of a mixture of broiler manure and hen manure.
The electrical conductivity of the compost tea was high (14.82 ± 0.05 mS/cm), which can be
explained by the high electrical conductivity of the two types of manure and the high con-
tent of water soluble salt in the manure. The nitrate concentration (1002.22 ± 40.55 mg/L)
and the ammonium concentration (1426.67 ± 46.90 mg/L) in compost tea were high, indi-
cating that the non-aerated system was not anaerobic, but oxidative. The high potassium
concentration (1000.00 ± 223.61 mg/L) can be explained by the fact that potassium is highly
soluble in aqueous media, yet the phosphate concentration is the lowest of the ions tested,
which can be explained by the low phosphorus concentration in the initial compost and
the low water-soluble phosphorus concentration (Table S1).

In general, the biological activity of the starting products in a solid form was higher
than that of the extracted compost tea made from them (Table 4).
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Table 4. Microbiological characteristics of evaluated product and compost tea.

Indicators Evaluated Product Compost Tea

FDA (μg Fl/g soil) * 16.74 12.41

GlA (PNP/μmol/g) 174.98 6.67

Culturable aerobic bacteria
(log10CFU/g) 5.97 6.36

* μg Fl/g soil: μg Fluorescein/g soil.

The detectable values of the aerobic bacteria count were very high in the evaluated
product, within which only one order of magnitude difference could be detected. Due to the
magnitude of the variance, an order of magnitude (10-fold) difference also occurred within
the treatment. However, the germ count values of aerobic bacteria were not proportional
to the activities of any of the enzymes tested. The added bacteria did not correlate with
β-glucosidase activity (G1A) or FDA, which indicates sugar metabolism, so they did not
indicate active metabolism. However, their presence was confirmed by this method, which
may suggest that they may be activated during subsequent use.

The biological activity of the starting products in solid form was higher than that
of the extracted compost tea made from this. Non-aerated compost teas usually have no
added nutrients other than the starting material. In these compost teas, there is a high
probability that the solution will be low in oxygen or anoxic, anaerobic.

However, it was observed, that after 10-fold dilution, the difference in the FDA
measurement did not become ten times smaller, as would be expected from the degree of
dilution, but much higher values were obtained. FDA activity, which indicates degradable
metabolism, is a good indication of the role of microbes in the breakdown of organic matter.
However, the low values of GlA indicated that the sugar utilization capacity was not high
or may have already been incorporated into the body weight of microorganisms engaged in
catabolic activity. The numbers are expressed in logarithms based on 10, so the differences
between the individual numbers in the germ count show 10–100× differences between the
samples according to the logarithm.

The preparation of compost tea was thus primarily conducive to the growth of bacteria,
although the growth did not reach an order of magnitude of 0.5 compared to the original
starting products. The aerobic bacterial count of the products and the solutions did not
follow the previous trends, as in the present case compost tea soluble and relatively easy-to-
absorb nutrients were revealed and ideal conditions created primarily for bacterial growth
However, high aerobic bacterial germ counts do not correlation with enzyme activities.

On the other hand, the enzymes are specific and selectively show the activity of the
participating microbes, so only a certain part of the microorganisms can be functional,
depending on the enzyme measured. In addition, soils and compost are not only inhabited
by bacteria, but also by so-called whole soil food web organisms. The soil–food web
includes not only bacteria and fungi, but also nematodes, plant roots, algae, and some
macroscopic animals. Microorganisms in the compost tea were identified using MALDI-
TOF MS. This method provides efficient, rapid, and accurate results for the determination
of protein mass spectra, and is thus useful for the identification of microorganism strains
and the evaluation of their relatedness [56]. Nevertheless, this technology has not yet been
used for the identification of microorganisms in compost tea. Based on this, our aim was
to investigate how the agglomeration process affects the microbial composition and thus
the microbiological properties of compost tea. The microbial communities of the compost
tea were predominantly bacteria. The dominant bacterial genera were analyzed as Bacillus
sp., Lysinibacillus sp., and Pseudomonas sp. These identified bacterial genera were found
in the range of 103–104 CFU/mL in the compost solution. The results show that the heat
treatment in the production process significantly reduced the number of bacteria, which in
result reduced the environmental risk of the manure.
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3.3. Microbiological Characteristics of Soils Treated with Compost Tea

Among the enzymes, the activity of the fluorescein diacetate (FDA) enzyme was
examined. In general, the slightly humous Arenosol showed (Figure 2.) higher values, as
did the compost tea with which the treatments were performed. Outliers may also have
been influenced by the water content of the soil. This is because the values of FDA activity
can also be strongly influenced by abiotic environmental factors, such as the water and
organic matter content of a given soil and other soil physical properties. Higher values
were observed in the 8-week-old, older samples, indicating an increase in FDA enzyme
activity with the age of the plants; in accordance with previous experience and literature
data [59].

Figure 2. FDA enzyme activity of Arenosol and slightly humous Arenosol. The codes means the
following treatments: Control (A): Control Arenosol. D1W4 (A): Dose 1 week 4 (Arenosol). D2W4
(A): Dose 2 week 4 (Arenosol). D1W8 (A): Dose 1 week 8 (Arenosol). D2W8 (A): Dose 2 week 8
(Arenosol). Control (SHA): Control slightly humous Arenosol. D1W4 (SHA): Dose 1 week 4 (slightly
humous Arenosol). D2W4 (SHA): Dose 2 week 4 (slightly humous Arenosol). D1W8 (SHA): Dose
1 week 8 (slightly humous Arenosol). D2W8 (SHA): Dose 2 week 8 (slightly humous Arenosol).
* Indicates significant difference at p < 0.05 (calculated by Duncan-test) between control and compost
tea treated soils.

Lower enzyme activity values could be detected in the treated soil without plants,
as plants increase enzyme activities. When mixing compost tea into the soil, it was also
observed that dilution of compost products with high enzyme activity occurred. A sig-
nificantly lower microbial activity could be detected in the Arenosol than in the slightly
humous Arenosol soil. However, when the values of the two soils were averaged from a
plant point of view, the peppers increased the FDA enzyme activity values. There was less
activity in compost tea treated soils.

The level of FDA activity was found to be uniform in the soils at weeks 4 and 8 of the
growing season, although after week 8 the activity tended to be lower. In the control, the
value tended to be higher, but due to the large standard deviation, we could not detect an
appreciable difference between the control and treated soils. However, the activity of the
original granulated product was significantly higher than these.

It can be stated that the activity of the two soils was similar, although significantly
larger standard deviations were obtained in the Arenosol compared to the slightly humous
Arenosol soil (Figure 3). With the treatment of the product, it was necessary to increase the
intake of organic matter in the Arenosol, and thus increase the activity. However, increasing
the product dose did not result in a proportionally higher FDA activity. The values of
the samples taken after 8 weeks tended to be higher, which is proportional to the age and
growth of the plant, but this could also be detected only as a tendency, it did not prove to
be significant, due to the large standard deviations. FDA activity is a good indicator of
the microbiological and degradative activity of soils. Studies have demonstrated the high
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activity value found in original compost. This became lower immediately after mixing into
the soil, as a result of the obvious dilution. This was not significantly increased by doubling
the dose. However, it can also be stated that the activity could be increased to sand-like
values in Arenosol, which were significantly poorer in organic matter than before. The
pepper test plants also increased the FDA values of the soils at the same level, which tended
to improve with the physiological condition of the plants with age. A similar conclusion
can be drawn for the enzyme glucosidase as for the examination of FDA enzyme activity.

Figure 3. Summary of FDA enzyme activity results by treatments (doses), soil types, sampling weeks.
The codes are as follows: D1: Dose 1. D2: Dose 2. A: Arenosol. SHA: slightly humous Arenosol. W4:
Week 4. W8: Week 8. # indicates significant difference at p < 0.05 (calculated by Duncan-test) between
Arenosol and slightly humous Arenosol soils.

In the study of glucosidase enzyme, the sand soil values improved the most between
the two soils, as organic matter supplementation had a greater effect on increasing the
initial activity in Arenosol (Figures 4 and 5).

The untreated activity was markedly increased by the pepper, but the measured
enzyme activity was balanced. β-glucosidase activity values also increased with the age of
the plants, this dose-effect of the product was only proven in D2.

The number of aerobic bacteria also supports the above mentioned observations
(Figure 6). Even in the case of the control soil, it can be seen that the values of the Arenosol
are 0.5–1 orders of magnitude lower compared to the slightly humous Arenosol, which
is not surprising in the case of Arenosol. Here it is more noticeable than the number of
aerobic bacteria increased after the application of compost tea, and this was also confirmed
by previous enzyme studies.
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Figure 4. Glucosidase enzyme activity (GlA) of Arenosol. The codes mean the following treatments:
Control (A): Control Arenosol. D1W4 (A): Dose 1 week 4 (Arenosol). D2W4 (A): Dose 2 week 4 (Arenosol).
D1W8 (A): Dose 1 week 8 (Arenosol). D2W8 (A): Dose 2 week 8 (Arenosol). * indicates significant
difference at p < 0.05 (calculated by Duncan-test) between control and compost tea treated soils.

Figure 5. Glucosidase enzyme activity (GlA) of slightly humous Arenosol control (SHA): Control
slightly humous Arenosol. D1W4 (SHA): Dose 1 week 4 (slightly humous Arenosol). D2W4 (SHA):
Dose 2 week 4 (slightly humous Arenosol). D1W8 (SHA): Dose 1 week 8 (slightly humous Arenosol).
D2W8 (SHA): Dose 2 week 8 (slightly humous Arenosol). * indicates significant difference at p < 0.05
(calculated by Duncan-test) between control and compost tea treated soils.
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Figure 6. Summary of GlA enzyme activity results by treatments (doses), soil types, and sampling
weeks. The codes are as follows: D1: Dose 1. D2: Dose 2. A: Arenosol. SHA: slightly humous
Arenosol. W4: Week 4. W8: Week 8. # indicates significant difference at p < 0.05 (calculated by
Duncan-test) between W4 and W8.

It can be stated that the values of the aerobic bacterial count became higher as a result
of the treatment (Figure 7). In the treated soil, the effect of the treatment also showed
improvements (Figure 8). However, peppers were also able to raise germ count values.
Similarly, no single or double dose of compost tea caused an increase in germ count,
although the detectable values could rise to the same level as the compost tea.

Figure 7. Number of aerobic bacteria, number (log CFU/g) of Arenosol and slightly humous Arenosol.
The codes means the following treatments: Control (A): Control Arenosol. D1W4 (A): Dose 1 week
4 (Arenosol). D2W4 (A): Dose 2 week 4 (Arenosol). D1W8 (A): Dose 1 week 8 (Arenosol). D2W8
(A): Dose 2 week 8 (Arenosol). Control (SHA): Control slightly humous Arenosol. D1W4 (SHA):
Dose 1 week 4 (slightly humous Arenosol). D2W4 (SHA): Dose 2 week 4 (slightly humous Arenosol).
D1W8 (SHA): Dose 1 week 8 (slightly humous Arenosol). D2W8 (SHA): Dose 2 week 8 (slightly
humous Arenosol).
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Figure 8. Summary of aerobic bacteria number (log CFU/g) results by treatments (Doses), soil types,
and sampling weeks. The codes are as follows: D1: Dose 1. D2: Dose 2. A: Arenosol. SHA: slightly
humous Arenosol. W4: Week 4. W8: Week 8.

The germ counts that could be cultured can be compared in a manner proportionate to
the results of the enzyme assay, especially with FDA activity. Examination of germ counts
showed that the number of aerobic microorganisms increased with compost tea treatment.
The peppers were able to utilize the product and the values also improved with the age of
the plant. At the application dose, even the first dose caused an increase, the double dose
did not give a better result.

3.4. Effect of Compost Tea on the Pepper Test Plant

In addition to the microbiological measurements, the effect of compost tea on the
pepper was determined by measuring plant shoot length (cm) and total chlorophyll content
(μg/g).

At the fourth week for D2 of Arenosol soil, the longest average plant shoot length
(41.00 ± 2.65 cm) was measured (Figure 9). This treatment was significantly different from
the control when the fourth week of treatment is considered. At W8, the pepper shoot
length varied between 37.67 ± 2.89 cm and 40.33 ± 2.08 cm. D2W4, D1W8, and D2W8
were statistically in the same group, indicating that the eighth week of treatment did not
result in significantly longer shoot length. There was no significant difference in plant
shoot length between treatments (Table S2).

In Arenosol soil (Figure 10), the total chlorophyll content of plants increased as a result
of the treatments compared to the control.

For the fourth week of treatments, the D2W4 had the highest total chlorophyll content
(4135.49 ± 344.17 μg/g). This was the only treatment that was significantly different from
the control and the other treatments in both the fourth and eighth week. The lowest total
chlorophyll content was measured for D1W8 (3028.96 ± 356.25 μg/g). All treatments except
D2W4 were in the same statistic group as the control (Table S3). In W8 of measurements,
the total chlorophyll content of the treated plants was lower than in the W4.
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Figure 9. Changes in total chlorophyll content and plant shoot length of Arenosol soil. The codes
are as follows: D1W4: Dose 1 Week 4. D2W4: Dose 2 Week 4. D1W8: Dose 1 Week 8. D2W8: Dose 2
Week 8.

Figure 10. Changes in total chlorophyll content and plant shoot length of slightly humous Arenosol
soil. The codes are as follows: D1W4: Dose 1 Week 4. D2W4: Dose 2 Week 4. D1W8: Dose 1 Week 8.
D2W8: Dose 2 Week 8.

On in the slightly humous Arenosol did the length of the pepper shoots also increase
with increasing dose in the fourth week (Figure 10). The fourth week treatments were
significantly different from the control, but the treatments were statistically in the same
group, with no significant difference between D1 and D2 (Table S3). Similar results were
obtained for the eighth week treatment, as the treatments were statistically in the same
group, but there was a significant difference between the fourth and eighth week treatments.
The longest shoot length was measured for D2W8 (40.66 ± 1.61 cm), and the lowest shoot
length was measured for the control (36.58 ± 0.58 cm). These results demonstrate the
positive effect of compost tea on the pepper.

In the slightly humous Arenosol (Figure 10), there was no increase in total chlorophyll
content compared to the control as a result of the treatments (Table S3). The fourth week
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treatments formed a statistical group with the control, no significant increase in total
chlorophyll content was detected between these treatments. The eighth week treatments
were significantly different from each other and from the fourth week treatments. The
highest total chlorophyll content was measured for D2W8 (4249.62 ± 458.76 μg/g), and
the lowest total chlorophyll content was measured for the control (3379.17 ± 310.64 μg/g).
These results demonstrate that the compost solution applied on slightly humous Arenosol
soil had a positive effect on the total chlorophyll content of the pepper.

In the Arenosol soil, there was no significant difference compared to the control
(Figure S1), but in the slightly humous Arenosol, the effect of the treatments was statistically
proven by W8 (Figure S2).

4. Discussion

In the case of industrial organic matter management technologies, less attention is
paid to microbiology, and the physical, chemical, and engineering approach predominates.
However, when using organic materials and fertilizers, the whole process must be consid-
ered, so it is important to examine the microbiology of the raw materials and the products
made from them. The starting point for our investigations was that compost tea made
from materials from conventional technology had been investigated before [62–65], but
compost tea made from industrial compost had previoulsy not been prepared, investigated,
and tested

The bacterial plate counts of cultivable aerobic bacteria in hen manure were of the
order of 108 g, while in broiler manure the aerobic bacteria count was three orders of
magnitude, or a thousand times, less (105 CFU/g). In contrast, the most probable number
of microorganisms in both broiler manure and hen manure were of the same order of
magnitude (103 CFU/g). Chen-Jiang [58], investigated the microbiological composition
of organic nutrient supplements in poultry manure and poultry manure-based organic
nutrient supplements. Their results showed that the concentration of microorganisms
was 1010 CFU/g, and 90% of the microbial community was composed of Gram-positive
bacteria, e.g., Clostridia, Bacilli, Lactobacilli.

Based on our results, the biological activity of the starting products was found to be
higher (FDA: +4.33 μg/g, GlA: +168.31 PNP/μmol/g) than that of the compost tea made
from them. The aerobic bacterial counts of the products and compost tea did not follow
these trends, since in this case the solution had a higher value compared to the product. The
most probable reason for this is that with compost tea, relatively easily absorbed nutrients
were revealed and ideal conditions were created for bacterial growth in particular. The low
oxygen levels in non-aerated compost tea, which results in anaerobic conditions, can lead
to aerobic microorganisms becoming inactive and anaerobic microbes multiplying. Short
anaerobic periods can increase the diversity if aerobic organisms do not die or become
inactive [36]. Long anaerobic conditions mean that many organisms become inactive or
die, and nutrients are lost. However, microbial nutrients added to solutions should be
used with caution, as studies [43] have shown that the addition of molasses or other simple
sugars to compost tea can lead to the growth of Escherichia coli, Salmonella, and Listeria.
Compost solutions are dominated by bacteria: aerated compost solutions are dominated
by aerobic bacteria, while non-aerated compost tea are dominated by facultative anaerobic
bacteria. The compost used should be stable and pathogen-free [31,32]. A previous
study [66] showed that nitrogen-rich feedstocks, such as composts containing manure,
result in compost tea with a higher bacterial content. Kim et al. [39] also reported that the
microbial communities in different compost teas were predominantly bacteria [67]. Aerated
compost tea was characterized by a predominance of aerobic bacteria, yet non-aerated
compost teas were dominated by facultative anaerobic organisms [31]. The dominant
bacterial phylums detected in the non-aerated compost tea were Actinobacteria, Bacteroidetes,
Firmicutes, Proteobacteria, Verrucomicrobia, Chloroflexi, Planctomycetes, and Acidobacteria [68].
In studies by González-Hernández et al. [68], the most abundant group of microorganisms
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in compost tea was total aerobic bacteria (2.0 × 107 CFU/mL), followed by N-fixing bacteria
(1.4 × 105 CFU/mL) and Actinobacteria (7.4 × 104 CFU/mL).

For products containing living microorganisms, it is important to preserve the survival
of microbes for as long as possible, at least until the actual use. It is necessary to start
from the highest possible cell counts in order to maintain an adequate and efficient cell
count in the compost tea despite the destruction caused by environmental stress factors.
The product under test was formulated in a dry state or with a very low water content,
and therefore requires micro-organisms that can survive in a ‘dormant’, inactive state and
that will revive after application when the environmental conditions (temperature, water
content) are ideal for their functionality.

Several studies have been conducted on the microbial characterization of compost
tea [48,69], using 16S rDNA sequencing [70], plate count, or MPN [71] methods to deter-
mine the density of cultivable bacteria found in compost tea. The MALDI-TOF method
used to identify microorganisms in compost tea is considered a new technology. Based on
our results, the MALDI-TOF method may be a good alternative for species-level identifi-
cation of microorganisms in compost teas. The results obtained were in agreement with
the literature, as previous studies showed that the following groups of microorganisms
were found in compost tea: Bacillus, Pseudomonas, Micrococcus, Staphylococcus, Clavibacter,
Lactobacillus, and other bacterial species [71], as well as Actinomycetes, yeasts, and Tricho-
derma sp., Aspergillus sp., Penicillium sp., and other filamentous fungi species [71]. With the
MALDI-TOF MS method we can identify not only beneficial, but also pathogenic, micro-
organisms at the species level; but in our case this was not a problem, because the heat
treatment (125–130 ◦C) applied during composting and granulation significantly reduced
the potential risk.

FDA activity is a good indicator of the microbiological and degradative activity of soils.
The FDA activity values can also be strongly influenced by abiotic environmental factors,
such as the water and organic matter content of the soil and other soil physical properties.
Measurements demonstrated a high activity value (16.74 μg/g) in the granulated product.
This was lowered immediately after mixing into the soil as a result of apparent dilution.
This value was not significantly increased by doubling the dose. Although it was possible
to increase the activity in Arenosol, which was originally much poorer in organic matter, to
values similar to those in slightly humous Arenosol. Furthermore, the pepper test plant
increased the FDA values of the soils to the same level, which also tended to improve
with the age of the plant physiologically. Similar results were obtained by Elbl et al. [72],
who found that compost applied at higher doses had a positive effect on FDA growth
(+95% increase compared to the control). Furthermore, according to Komilis et al. [73], the
hydrolysis of FDA can be used as an indicator of microbial activityin relation to the state of
the soil environment. Based on their results, they concluded that the application of organic
fertilizers has positive effects on soil enzyme activity. Tian et al. [74] reported that FDA
is widely accepted as an accurate and simple method for determining total soil microbial
activity, and observed a direct effect of organic matter application in the form of compost
on the increase of soil microbial activity.

The decreasing trend of the FDA is probably explained by the fact that only a single
snapshot was available during the tests, and it is possible that the enzyme peak in the
compost tea had already occurred long before and was already low at the time of mea-
surement, while in the untreated soil it occurred later. This faster peak may have occurred
because the compost tea has a rapid mineralization process and the microbes multiply
rapidly and then undergo a rapid death; hence the low FDA enzyme activity at that time.
Alidadi et al. [75] obtained similar results in their study of dehydrogenase enzyme activity,
as the enzyme activity decreased from day 75 of composting (maturation phase). Lazcano
et al. [76] found that a high activity level of microorganisms is due to the high amount
of water-soluble carbon in their starting substrates. The stabilization of dehydrogenase
activity is attributed to the complete degradation of available organic matter [77]. This
point therefore represents the maturation time of the compost. Based on these results, in
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our case, the readily available nutrients in the compost tea were taken up by the plant,
leaving no available nutrients for the microorganisms in the soil.

For the β-glucosidase enzyme, sandy soil showed the greatest improvement of the
two soil types, as organic matter supplementation had a greater effect on increasing the
initial activity in sand. The glucosidase activity without treatment was greatly increased
by pepper (+4.35 PNP/μmol/g), but the enzyme activity was balanced by treatment. The
glucosidase activity values also increased with plant age, but the dose effect remains
unproven. Results from Vinhal-Freitas et al. [78] showed that the decrease in β-glucosidase
enzyme activity was significantly influenced by mixing compost into the soil and that
the enzyme activity was higher (+10–15 PNP/μmol/g) with higher (20 g/kg) compost
dosages. An increase in β-glucosidase activity after application of compost consisting
of municipal solid residues was reported by several authors [79,80]. The detection of
the enzyme β-glucosidase is related to the breakdown of cellulose synthesized by fungi,
bacteria, and other soil organisms. Compost, however, is a stable organic waste (compared
to, for example, uncomposted residues) that provides more resistant C compounds [81]
and which is hydrolyzed more slowly by the enzymes.

Aerobic bacterial counts are comparable to enzyme assay results, especially FDA
activity. Our results showed that the number of aerobic microorganisms increased with the
effect of compost tea treatment. The peppers were able to utilize the applied compost tea
in a sonic manner and the values improved with the age of the plant. At the application
dose, the first dose already caused an increase (+0.15 log CFU/g), the double dose did
not give better results, as was expected. It can be concluded that the activity of the two
soils was similar, however, the results showed that it was the sandy soil that needed to be
treated with the product to increase the organic matter input, and thus the activity. Bacteria
such as Enterobacteria sp., Nitrobacter sp., Pseudomonads sp., Bacillus sp., Staphylococcus sp.
and various Actinomycetes sp., as well as fungi such as Trichoderma sp. have been isolated
from properly matured composts [82]. Subgroups of these species, known as “facultative
anaerobes”, live in low oxygen environments but can also grow under aerobic conditions.

The results of Sifatullah et al. [83] showed that anaerobic tea had a higher bacterial
count (4 × 1010, 4.2 × 1010, 4.3 × 1010 logCFU/g) than aerated compost tea. The observed
high microbial counts were due to the closed container anaerobic compost tea, which may
be useful for disease control.

Considering the fertilizing effect of compost tea, Wang et al. [84] reported there was
no effect on the yield of zucchini using a chicken manure based vermicompost tea (1:10,
w/v, continuously aerated for 12 h) as fertilizer. Moreover, Hewidy et al. [85] showed no
effect on broccoli yield of a compost tea obtained from the organic fraction of municipal
solid wastes and pruning residues (1:5, w/v, continuously aerated for 24 h).

The electrical conductivity of the compost tea applied to the peppers was high
(14.82 mS/cm), which resulted in a concentrated soil solution, and which may also cause
yellowing of leaf edges. This may be the reason for the increase in total chlorophyll con-
tent at the four-week eradication period, whereas the eight-week eradication period was
characterized by a decrease in chlorophyll content. Nitrogen deficiencies may also have
developed during treatments, which may have resulted in chlorotic yellowing [86]. In
the Arenosol soil, there was no significant differences compared to the control, but in the
slightly humous Arenosol, the effect of the treatments was statistically proved by W8.
Similar results for total chlorophyll content were reported by Pérez-López et al. [87], who
observed that the use of composted manure increased the total chlorophyll content of sweet
peppers (Capsicum annuum L.).

In this case study we evaluated a new technological approach for poultry farming
organic waste. We investigated the effect of a compost tea made from a mixture of poultry
manure and hen manure on a test pepper (Capsicum annuum L.) plant grown in a pot
experiment. We investigated the potential microbiological indicators of the new utilization
process and how the microbiological indicators and the mechanism of action of compost
tea can be interpreted in the case of the indicator plant.
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Overall, compost solutions can be used to keep organic fertilizers in circulation, and
thus products suitable for organic nutrient replenishment can be used instead of fertilizers.
One of the main objectives of the European Union’s Green Deal [88] is to promote the
efficient use of resources through the transition to a clean, circular economy, and one
of the ways of achieving this in agricultural practice is to develop products based on
organic fertilizers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agriculture11070683/s1, Table S1: Characteristics of evaluated product base materials (Broiler
and hen manure), Table S2: Changes of plant shoot length (cm) and total chlorophyll content (μg/g)
in Arenosol soil, week 4 and week 8 of the treatments (p < 0.05)*, Table S3: Changes of plant shoot
length (cm) and total chlorophyll content (μg/g) in slightly humous Arenosol soil, week 4 and week
8 of the treatments (p < 0.05)*, Figure S1: Summary of total shoot length (cm) results by treatments
(Doses), soil types, sampling weeks. The codes are as follows: D1: Dose 1. D2: Dose 2. A: Arenosol.
SHA: slightly humous Arenosol. W4: Week 4. W8: Week 8, Figure S2. Summary of total chlorophyll
content (μg/g) results by treatments (Doses), soil types, sampling weeks. The codes are as follows:
D1: Dose 1. D2: Dose 2. A: Arenosol. SHA: Slightly humous Arenosol. W4: Week 4. W8: Week 8.
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Abstract: The main goal of the current study was to investigate the effects of feeding low protein (LP)
diets on the performance parameters and excreta composition of broiler chickens. In total, 288 male
Ross 308 day-old chickens were divided into two dietary treatment groups using six replicate pens
with 24 chickens each. No LP diet was fed in the starter phase. The protein reduction in the grower
and finisher phases were 1.8% and 2% respectively. Beside the measurements of production traits, on
day 24 and 40 representative fresh excreta samples were collected, their dry matter, total N, NH4

+-
N and uric acid-N contents determined, and the ratio of urinary and fecal N calculated. Dietary
treatments failed to cause significant differences in the feed intake, growth rate, and feed conversion
ratio of animals. LP diets decreased the total nitrogen and uric acid contents of excreta significantly.
The age of birds had also significant effect, resulting more reduction in the grower phase compared
with the finisher. The ratio of urinary N was higher at day 40 compared with the age of day 24. The
urinary N content of broiler chicken’s excreta is lower than can be found in the literature, which
should be considered in the ammonia inventory calculations.

Keywords: low protein diet; broiler chickens; N excretion

1. Introduction

Air quality is receiving more attention worldwide. Among air pollutants ammonia is
one of the most dangerous gases, contributing to biodiversity loss, general acidification of
the environment and new type of deforestation [1]. Ammonia released into the atmosphere
is linked to the formation of small particles with a diameter less than 10 micrometers (par-
ticular matter, PM10) [2], which can cause serious human respiratory damage (WHO, 2013).
Agriculture is the main source of ammonia emission. According to the latest Hungarian air
pollutant inventory report, agriculture is responsible to 92% for the total national emissions,
of which about 66% takes the animal production and the ammonia emitting from the
manure [3]. According to the National Emission Ceiling Directive 2016/2284, all member
countries of the European Union must reduce their national emissions of air pollutants [4].
Hungary must decrease the ammonia emission by 32% until 2030, compared with 2005-year
baseline. This obligation force urgent actions both on national and farm level.

Intensive poultry production using genotypes with high growth rate and egg pro-
duction, resulting improved N-retention and less excretion. Dietary protein quality is a
critical regulator of poultry growth, reproductive performance, and plays important role
in the development of the gastrointestinal tract [5]. Protein-rich components are the most
expensive ingredients in broiler diets and the member states of the European Union are
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dependent on the overseas soybean import [6]. A major concern for the modern poultry
industry is to reduce feed cost and to optimize the protein supply of animals. Feeding low
protein (LP) diets with increased crystalline amino acids could be a solution. Numerous
experiments have been performed on the effect of feeding reduced protein diets on poultry
growth, but the results are often contradictory [7]. Experiments in which the control and
reduced protein diets had the same digestible lysine content and the diets complied with
the recommendations of the “ideal protein principle” were able to achieve a 2% protein
reduction without compromising the production traits [8]. Feeding LP diets has also been
reported to decrease the N in excreta, thus reducing the N loss to the environment [9–11].
This is an important result, because intensive animal production systems, in particular
pig and poultry farming are responsible for the emission of several air pollutants [12].
The main emitted gases are carbon monoxide, carbon dioxide and ammonia [13]. During
the metabolism, the animal is utilizing only the 30–50% of the consumed nitrogen. The
excreted part, mainly the urinary N is the potential source of NH3 emission.

Several factors can influence this process, for example the species, age, live weight
of animals or the protein content and amino acid composition of the diet, the housing
conditions or manure management [14]. The largest proportion of nitrogen content of the
chicken urine consists of uric acid and ammonia [15]. These two compounds take the total
ammoniacal nitrogen (TAN), which is used in the so-called TAN-based flow models in the
ammonia emission calculations [16].

The decomposition process of uric acid is carried out by urease enzyme which cat-
alyzes the hydrolysis of urea into ammonia and carbon dioxide in aqueous medium,
allowing ammonia volatilization to the atmosphere [17]. Several previous studies have
shown a reduction in nitrogen excretion by about 10% with a percentage point decrease in
the dietary crude protein content of broiler diets [18].

There are lots of scientific data on the ratio of excreted urinary and fecal nitrogen in
mammals. However, since birds excrete feces and urine as a mixture, only few data exist
on the urinary N content of poultry excreta and how this ratio change with the intensity
of production, the age of birds, the dietary protein content and protein quality. The aim
of this study was therefore to evaluate the effect of feeding LP diets on the performance
parameters and proportion of the different nitrogenous compounds of chickens’ excreta
at two different age categories. The novelty of the trial is that the protein reduction of LP
diets was in a range that can be applied in the practice. Furthermore, low protein diet effect
on the excreta composition was studied not only at the end of the production, but also at
day 24.

2. Materials and Methods

2.1. Birds and Experimental Design

The animal experiment was approved by the Institutional Ethics Committee (Animal
Welfare Committee, Georgikon Campus, Hungarian University of Agriculture and Life
Sciences, Deák Ferenc Street 16, 8360 Keszthely, Hungary). A total of 288 one-day-old
male broilers (Ross 308) were allocated randomly to one of the 12 pens at a stocking rate
of 24 birds per pen (10 bird/m2). Each treatment was replicated 6 times. Chopped wheat
straw was used as litter material.

2.2. Feed

Three phases fattening was used. The starter diet (0–10 days) was fed in mash, the
grower (11–24 days) and finisher diets (25–40 days) in pelleted form. In the starter phase no
LP diets were fed. The protein content of the control and LP diets in the grower phase were
21.31% and 19.49%; in the finisher phase 20.43% and 18.38%. Ad libitum feed and water
were offered throughout the experiment. The composition and the measured nutrient
contents of the experimental diets are shown in Tables 1 and 2. LP diets in the grower
and finisher phase contained less soybean meal, but more sunflower meal and DDGS,
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compared with the control diets. Beside methionine, lysine, threonine, and valin, LP diets
contained also crystalline isoleucine and arginine.

Table 1. Composition of experimental diets (g/kg as fed).

Ingredient
Starter Grower Finisher

Control LP Control LP Control

Corn 370 436 409 473 436
Wheat 100 100 100 100 100

Extracted soybean meal 356 113.5 243 77.2 217
Sunflower meal 50 150 100 150 100

DDGS corn 30 100 50 100 50
Sunflower oil 49.0 56.1 58.8 56.7 61.4

MCP 9.95 5.52 6.80 4.48 5.70
Limestone 18.6 17.3 16.4 16.8 15.8

L-lysine 3.71 8.48 4.06 8.27 3.42
DL-methionine 2.94 2.36 2.12 2.13 1.82

L-threonine 0.87 1.62 0.72 1.54 0.53
L-valine 0.47 1.07 0.12 0.90 -

L-isoleucine - 1.17 - 1.32 -
L-arginine - 0.42 - 0.59 -

Premix 5.00 4.00 4.00 5.00 5.00
Salt 2.85 2.36 2.67 2.35 2.67

Sodium bicarbonate 0.71 0.18 0.64 0.21 0.66
Phytase (Quantum blue) 0.10 0.10 0.10 0.10 0.10
Xylanase (Econase XT25) 0.10 0.10 0.10 0.10 0.10

Total 1000 1000 1000 1000 1000
Premix was supplied by UBM Ltd. (Pilisvörösvár, Pest megye, Hungary). The active ingredients contained in the
premix were as follows (per kg of diet): Composition of the starter—grower premix—retinyl acetate—5.0 mg,
cholecalciferol—130 μg, dl-alpha-tocopherol-acetate—91 mg, menadione—2.2 mg, thiamine—4.5 mg, riboflavin—
10.5 mg, pyridoxin HCL—7.5 mg, cyanocobalamin—80 μg, niacin—41.5 mg, pantothenic acid—15 mg, folic
acid—1.3 mg, biotin—150 μg, betaine—670 mg, Ronozyme® NP—150 mg, monensin-Na—110 mg (only grower),
narasin—50 mg (only starter), nicarbazin—50 mg (only starter), antioxidant—25 mg, Zn (as ZnSO4·H2O)—
125 mg, Cu (as CuSO4·5H2O)—20 mg, Fe (as FeSO4·H2O)—75 mg, Mn (as MnO)—125 mg, I (as KI)—1.35 mg,
Se (as Na2SeO3)—270 μg. Composition of the finisher premix—retinyl acetate—3.4 mg, cholecalciferol—97 μg,
dl-alpha- tocopherol-acetate—45.5 mg, menadione—2.7 mg, thiamine—1.9 mg, riboflavin—5.0 mg, pyridoxin
HCl—3.2 mg, cyanocobalamin—19 μg, niacin—28.5 mg, pantothenic acid—10 mg, folic acid—1.3 mg, biotin—
140 μg, l-ascorbic acid—40 mg, betaine—193 mg, antioxidant—25 mg, Zn (as ZnSO4·H2O)—96 mg, Cu—9.6 mg,
Fe (as FeSO4·H2O)—29 mg, Mn (as MnO)—29 mg, I (as KI)—1.2 mg, Se (as Na2SeO3)—350 μg.

Table 2. Measured nutrient contents of the experimental diets (%).

Ingredient Starter Grower Finisher

Control Control LP Control LP

AMEn (MJ/kg) 12.65 13.00 13.00 13.20 13.20
Crude protein 23.95 21.31 19.49 20.43 18.38

Crude fat 7.03 8.68 8.81 8.01 8.05
Crude fiber 4.7 5.84 6.79 5.99 6.44

Ca 1.05 0.94 0,97 0.9 0.87
P 0.75 0.77 0,74 0.71 0.67

Lys 1.47 1.19 1.22 1.11 1.17
Met 0.60 0.53 0.56 0.51 0.51
Cys 0.36 0.33 0.31 0.32 0.30

Control—commercial maize-based diet; LP—Low protein diet.

2.3. Measurements

During the 40 day long fattening period, the weight gain, feed intake, and feed
conversion were measured at pen basis at the end of each period (10th, 24th, and 40th day)
and for the whole fattening.
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On day 24 and 40 about 200 g fresh excreta samples were collected from each pen on
nylon foils. Samples were mixed thoroughly, frozen, and stored at −20 ◦C until further
processing. From these samples their dry matter, total N, NH4

+-N, and uric acid-N contents
were measured. The dry matter content of excreta samples was measured in exicator (100
◦C for 24 h). The urinary N was calculated as the sum of uric acid-N and NH4

+-N as
described by O’Dell et al. (1960). Total N was determined according to the Kjeldahl method
with a Foss-Kjeltec 8400 Analyzer Unit (Nils Foss Allé 1, DK-3400 Hilleroed, Denmark). The
determination of NH4

+-N content of the excreta was carried out according to the method
of Peters [19]. The uric acid measurement based on the method of Marquardt et al. [20].
All N parameters were adjusted to dry matter basis.

2.4. Statistical Analyses

All data were analyzed using the Statistical Package for Social Science (SPSS) software
version 22.0 (IBM Corp., Armonk, NY, USA). The performance parameters were analyzed
by t-test, while the N contents of excreta by multivariate test of the general linear model, us-
ing the main factors of age and dietary treatments. Differences were considered significant
at a level of p ≤ 0.05.

3. Results

The effects of dietary treatments on growth performance of broiler chickens are
presented in Table 3. Evaluating the dietary treatments in the grower and finisher phase,
feeding LP diets slightly decreased the daily gain, feed intake, and increased the feed
conversion ratio of chickens, but the differences were not significant.

Table 3. Effects of dietary treatments on the performance parameters of broiler chickens.

Control LP Pooled SEM p-Values

Daily gain

Starter 237.6 227.3 3.696 0.112
Grower 901.8 842.3 10.386 0.500
Finisher 1593.9 1538.3 17.206 0.983

Cumulative 2495.8 2380.7 24.168 0.756

Feed intake

Starter 314.5 301.4 3.455 0.346
Grower 1370.2 1332.0 17.079 0.753
Finisher 2770.0 2786.0 28.394 0.815

Cumulative 4140.3 4118.9 42.244 0.963

Feed conversion ratio

Starter 1.32 1.33 0.030 0.757
Grower 1.52 1.58 0.023 0.405
Finisher 1.74 1.81 0.022 1.240

Cumulative 1.66 1.73 0.020 1.264
Control—commercial maize-based diet; LP—low protein diet; SEM—standard error of the mean.

Similarly, to the production parameters, dry matter content of the excreta was not
influenced by the treatments either (Table 4). As expected, feeding LP diets decreased the
total N, NH4

+-N and uric acid N contents of excreta. However, the decrease was significant
only at day 24. Comparing with the control, the main effects of LP diets were significant
decrease in all investigated N compounds. The decrease in total, uric acid, NH4

+, fecal
and urinary N were 32%, 28%, 31%, 35%, and 30% respectively. The excreta of the 40-day
old birds contained significantly lower amounts of total, uric acid, fecal, and urinary N,
compared with the 24-day old chickens. The decreases were in this case 23%, 18%, 29%,
and 15%. The age effect on the NH4

+-N was not significant (Table 4). In the case of the
total, uric acid, fecal and urinary N significant age x dietary treatment interactions were
found. Its reason was the significant age effect on these parameters in the control group,
which was not the case in the LP diet treatment.
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Table 4. The amount of the total-N, NH4
+-N, uric acid-N, and dry matter content of the excreta.

Treatments
Dry Matter Total-N NH4

+-N Uric Acid N Fecal-N Urinary-N

% mg/g DM

day 24 C 16.18 46.70 a 3.86 a 15.34 a 27.50 a 19.20 a

LP 17.00 28.24 b 2.59 b 9.53 b 16.13 b 12.11 b

day 40 C 16.81 32.25 b 3.47 ab 11.44 b 17.35 b 14.90 b

LP 18.10 25.50 b 2.68 b 8.99 b 13.83 b 11.67 b

Diet effect

Diet
C 16.49 39.48 a 3.65 a 13.39 a 22.43 a 17.05 a

LP 17.54 26.87 b 2.63 b 9.26 b 14.49 b 11.89 b

Age effect

Age day 24 16.58 37.47 a 3.23 12.43 a 21.81 a 15.66 a

day 40 17.45 28.87 b 3.07 10.21 b 15.58 b 13.29 b

Pooled SEM 0.378 2.129 0.164 0.639 6.940 3.779

Diet 0.179 * 0.000 * 0.001 * 0.000 * 0.001 * 0.000
Age 0.262 * 0.005 0.561 * 0.012 * 0.004 * 0.000

Age x Diet 0.760 * 0.045 0.359 * 0.048 * 0.056 * 0.061

Control—commercial maize-based diet; LP—Low protein diet; SEM—standard error of the mean; a, b means with different superscripts are
significantly different (p < 0.05). *: significant at the p < 0.05 level

As it can be seen in Figure 1, the protein content of the diets did not modify the ratio
of urinary and fecal N in the excreta. On the other hand, the excreta of the 24-day old
animals contained less urinary N. This difference was significant (p = 0.027).

Figure 1. Effects of dietary protein content (A) and age of chickens (B) on the ratio of fecal and urinary nitrogen content of
excreta. Control—commercial maize-based diet; LP—Low protein diet; SEM—standard error of the mean; a, b means with
different superscripts are significantly different (p < 0.05).
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One percent dietary protein reduction decreased the N excretion of chickens more at
day 24, compared with the values at day 40 (Figure 2). The reason for this is the better
feed conversion, higher N-retention of the younger animals. This means no constant
factors can be used when the effects of LP diets are used for correcting the N-excretion
and TAN-excretion of the animals. It should be also considered that the applied protein
decrease means different relative protein reduction in the different phases—in the grower
phase the relative protein reduction was 8.5%, while in the finisher period 10.0%.

Figure 2. Effect of 1% dietary protein reduction on the decrease of excreted N of broiler chickens.

4. Discussion

Ammonia emission of poultry production is a real concern for all EU member countries
and introduction of the best available practices are crucial its reduction. Nutrition has
a big potential and feeding LP diets is one of the most effective options to reduce the
emission. The main goal in this aspect is to find out the rate of protein reduction, which
does not negatively affect the production traits and can even decrease the feeding costs [8].
Research on this often ends in unexpected results. Some experiments showed that the too
high reduction cause depressive effect on performance parameters even with amino acid
supplementation [21,22]. The discrepancies in responses often observed in the literature in
chicks fed with low-protein amino acid-supplemented diets are related to the degree of
CP reduction, the number of crystalline amino acid supplemented, the modified amino
acid, the energy: protein and energy: amino acid ratios, the age of birds and the feedstuffs
used [23]. Due to the changing amino acid ratios in reduced protein diets, certain amino acid
deficiencies are to be expected [24]. In the case of avian species usually sulfur-containing
amino acids are the first limiting, due to feather formation, but in LP diets lysine, threonine,
valine, isoleucine, and arginine should also be supplemented [7]. In this experiment, the
daily gain, feed intake, and feed conversion ratio of animals were the same with reduced
CP diets. It means that the amino acid content of LP diets covered the requirements of the
animals. These findings agree with other previous results [24], that in the case of broilers,
2% protein reduction can be achieved without impacts on the production results.

There are many factors that affect water intake of broilers, such as ambient temper-
ature, feed intake, dietary composition, form of the feed, crude protein content, mineral
metabolism, genetic factors, and the cation electrolyte balance of the feed [25–28]. Accord-
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ing to the literature data LP diets can increase the dry matter content of the excreta and
manure because of the lower water intake and urine excretion [28]. In this experiment
dry matter content of excreta was not affected by the treatments, probably because of the
limited, only 2% protein decrease. Similarly, in the study of van Emous et al. [29], when the
protein content of the diet was 1.5% less, LP diet did not affect water intake and dry matter
content of the manure, but the litter and manure samples of broilers had 8% lower total-N
and 13% lower ammonia-N content.

If LP diets are used, 1% protein decrease can result about 10% decrease in the N-
excretion [9]. In the study of Kerr [30], using amino acid supplemented LP diets with
poultry and swine, 1% protein decrease of the diet reduced the N excretion of both species
by 8.5% regardless of breed and body weight. Similar results have been published with
laying hens and broilers [11,31–33]. In this study the age of chicken had significant impact
on the N-excretion and on the ratio of the urinary and fecal N. In the case of 24-day old
birds 1% protein decrease resulted 17.6% decrease in the total N excretion with 19.2%
decrease in fecal and 16.5% in urinary N excretion. In the 40-day old chickens the decreases
of the previously mentioned parameters were 11.5%, 14.5%, and 7.5% respectively. This
means no constant values can be used in the N excretion calculations of LP diets. According
to the knowledge of the authors, it is the first result that proves this age effect. It is also
novel finding, that if LP diets are used, the decrease of fecal N is higher than the urinary N
decrease. In the calculation of potential ammonia emission, it should also be considered.

Nitrogen-containing compounds from animal production are converted to gaseous
ammonia by microbial activity [34]. Much of the ammonia released from manure comes
from the hydrolysis of urea [35], or in the case of birds from the breakdown of uric acid [36].

Based on the available research results, uric acid represents 50–60% of the total N
content of poultry excreta [37]. O’Dell et al. [15] found that the sum of uric acid and
NH4

+-N of the excreta gives approximately the total amount of urinary nitrogen in birds.
In poultry, feces and urine are excreted together in a mixture, resulting fecal and urinary
nitrogen separation difficulties. Our results prove, that the urinary N ratio of poultry
excreta is less than that can be found in the literature. Using the default value of 70%
TAN [16] of broiler chicken’s excreta overestimates the real TAN excretion and thus the
ammonia emission of poultry species. Interestingly dietary protein does not modify the
fecal and urinary N ratio (55–56% vs. 43–44%). The reason for this can be, that in the case
of LP diets the protein digestibility and protein utilization improves in the same manner.

Our results prove that not only the dietary factors, but also the age of birds influence
the composition of the broiler’s excreta. The urinary N ratio of excreta reflecting the
differences in the N utilization of broiler chickens between the different age categories. The
higher urinary-N content in the finisher phase means lower N-retention in this phase.

5. Conclusions

According to the results of this study 2% protein decrease of grower and finisher
broiler diets did not affect the production traits but can decrease the N excretion of birds
significantly. Feeding LP diets resulted into higher N-excretion reduction in younger
birds. One percent protein reduction can decrease the N-excretion of 24-day old birds
even by 17.6% and in the case of 40-day old animals by 11.5%. The protein content of diet
does not modify the fecal: urinary N ratio of excreta, but the urinary N content of the
40-day old birds exceeds that of the 24-day old group. Due to the intensive growth rate
and N-retention of broiler chickens, the urinary N ratio of excreta is lower, compared to
the literature.
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Abstract: Citrullus colocynthis (CC) has been known as a natural medicinal plant with wide biological
activities, including antioxidant, anti-inflammatory, and antilipidemic effects. The aim of this study
was to investigate the effect of inclusion of the ethanolic extract of CC seeds (ECCs) into layer diets
on the lipid profile, stress indicators, and physiological and productive performance of laying hens.
A total of 216 forty-week-old commercial Hy-Line brown laying hens were randomly assigned into
four equal groups (3 birds × 18 replicates per group) that received a basal diet supplemented with
0, 0.5, 1.0, and 2.0 g/kg of ECCs for 12 consecutive weeks. The first group served as a control.
The results showed that ECCs at 1.0 and 2.0 g/kg significantly (p < 0.05) improved the produc-
tive and physiological performance compared to the other groups. In addition, stress indicators
examined in the laying hens, including lipid peroxidation (malondialdehyde (MDA)), corticosterone
hormone (CORT), tumor necrosis factor alpha (TNFα), and heat shock protein 70 (HSP70), were
significantly alleviated after inclusion of ECCs into layer diets at the three levels compared to the
control group. Furthermore, all ECC levels induced a significant reduction in plasma triglyceride
(TG) and cholesterol (CH) levels in the plasma, liver, and egg yolk, whereas the highest levels were
obtained with 2.0 g/kg of ECCs. Particularly important, a high linear correlation (R2 = 0.60–0.79) was
observed between increasing doses of ECCs and MDA, liver CH, and egg yolk CH concentrations
and egg weight, feed intake, and feed conversion ratio; moreover, the correlation was extremely high
(R2 = 0.80–0.100) with the level of TG, CH, low-density lipoprotein CH, high-density lipoprotein
CH, and CORT. These results indicated that dietary supplementation with 2.0 g/kg of ECCs could
be considered a successful nutritional approach to producing healthier, lower-cholesterol eggs for
consumers, in addition to enhancing the physiological and productive performance of laying hens by
alleviating the stress of intensive commercial production.

Keywords: Citrullus colocynthis; lipid profile; stress indicators; physiological status; productive
performance; laying hens

1. Introduction

Commercial egg production has become a substantial trend in the poultry industry
because chicken eggs provide a valuable source of high-quality nutrients for human food
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and health, including proteins, fatty acids, vitamins, and minerals [1]. However, the
consumption of foods rich in dietary cholesterol may increase the cholesterol (CH) levels
in the individual blood and low-density lipoprotein particles [2]. These events can be
associated with a high incidence of atherosclerotic cardiovascular disease (CVD), especially
in old-aged individuals [3,4]. Chicken egg yolks are a major source of dietary CH in the
human diet (200 mg of CH per one large egg yolk) and contribute approximately 25% of
the daily CH consumption in both children and adults in Western countries [5,6]. Egg
consumption in old-aged or diabetic individuals shows a significant increase in serum
CH in low-density lipoprotein cholesterol (LDL-CH) than in high-density lipoprotein
cholesterol (HDL-CH), resulting in an increase in the LDL-CH/HDL-CH ratio, which is
an event highly associated with the risk of coronary heart disease in some populations [7].
In this context, some dietary guidelines report that dietary cholesterol intake of more
than 300 mg/day or consumption of more than four egg yolks per week could cause
harm to human health [8]. In addition, intensive farming practices for commercial egg
production lead to increasing stress and sensitivity of laying hens to any unfavorable
conditions [9]. The physiological status, inflammation, antioxidant defense, and adrenal
hormones of laying hens are factors that are influenced by stress [10]. In commercial
poultry, stressors such as heat, fasting, dehydration, transportation, and caging cause an
increase in corticosterone secretion, which is known in birds as a stress hormone [11,12].
Lipid peroxidation is another indicator for the oxidative stress status, and many studies
have evidenced its correlation with atherosclerotic CVD [13,14]. Such stress markers and
other markers such as plasma protein and T3 hormone could be used, at the same time, as
indicators reflecting the physiological performance of laying hens [15–17].

In recent years, a variety of natural products and medicinal plants have been widely
accepted as alternative nutritional strategies for lowering egg cholesterol, maintaining the
performance, and improving the productivity of laying hens [18–20]. Citrullus colocynthis
(CC) belongs to the cucurbitaceous plant family and commonly grows in desert areas,
including Egypt and Saudi Arabia [21]. This plant is well known in many countries as a
traditional medicine for the treatment of some chronic diseases [22]. Previous research re-
ported that CC has a wide range of biological activities that protect tissues and cells against
oxidation [23–25], diabetes [23,26], hyperlipidemia [27,28], microbial infection [29,30], and
inflammation [31,32]. It was also shown that CC possesses a high nutritional value due to
its high contents of proteins, essential minerals, and beneficial fatty acids [33].

Most pharmacological and nutritional properties of CC have been studied in human
or mammalian animals, such as rabbits and rats. For example, a significant decrease in
total cholesterol, triglycerides, phospholipids, and lipid peroxidation was found in the
serum and liver of diabetic rats treated with the ethanol extract of CC fruits at a dosage of
300 mg/kg [23]. Additionally, administration of CC seeds to hyperlipidemic patients [27]
or rabbits [28] induced a significant reduction in serum cholesterol and triglycerides. An
anti-inflammatory effect was also observed in rats intraperitoneally injected with 4 mg/kg
of a water extract of fresh CC [32]. In contrast, there is no updated research available on
the possible effect of CC administration to poultry species. Therefore, the current study
was carried out to evaluate, for the first time, the impact of inclusion of extracted CC seeds
into layer diets on the lipid profile, stress indicators, physiological status, and productive
performance of laying hens.

2. Materials and Methods

2.1. Ethical Statement

All experimental protocols in the present study were compliant with the relevant
research ethics guidelines of King Faisal University and the National Committee of Medical
and Bioethics. Ethical approval for the study was obtained from the Research Ethics
Committee (REC) at King Faisal University (KFU-REC/2021-02-17).
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2.2. CC Seed Extraction and Analysis

CC fruits were obtained from different herbalists in Al-Ahsa, Saudi Arabia. Seeds
were isolated manually from the pulp of the fruits, and then the collected seeds were dried
and ground into a powder using a grinder (Moulinex Type LM201, Mayenne, France). The
powder was then extracted three times using a mixture of 30% ethanol in distilled water.
After that, the hydro-ethanol extracts were pooled and concentrated after removing ethanol
residues by a vacuum evaporator at a maximum temperature of 50 ◦C [28]. The extracted
CC seeds (ECCs) were kept as a powder in a clean, dark bottle at 4 ◦C until use in the
experiment.

The chemical analysis of ECCs was performed following the methods of AOAC
International [34] for caloric content (method 971.10), dry matter (method 930.15), crude
fiber (method 920.169), total fat (method 950.54), crude protein (method 954.01), total ash
(method 942.05), and calcium, potassium, magnesium, phosphorus, iron, and sodium
minerals (method 985.35), and the results are presented in Table 1. In addition, ECCs
were subjected to a qualitative phytochemical screening for the detection of various active
chemical constituents according to methods described by Karumi et al. [35]. The presence
of saponins was tested by foam appearance and persistence for at least 15 min after
vigorous shaking of ECCs with distilled water. The presence of tannins was tested by
the appearance of a green precipitate after adding ferric chloride reagent to a filtrated
mixture of ECCs in distilled water. The presence of flavonoids was examined by Shinoda’s
test (cyanidin reaction) based on red/orange coloration after treating ECCs with metallic
magnesium and concentrated hydrochloric acid. The reducing compounds were tested
by observing brick-red precipitation resulting from boiling ECCs in Fehling’s solution.
The presence of alkaloids was tested by the appearance of turbidity or precipitation after
treating the ECCs with Dragendorff’s and Mayer’s reagents. The presence of terpenoids
was examined by the Liebermann–Burchard test based on the observation of a dark-green
color when ECCs were treated with chloroform, acetic anhydride, and a few drops of
sulfuric acid. The test for quinones was performed by treating a small amount of ECCs with
concentrated hydrochloric acid and observing the formation of a yellow-colored precipitate.
Finally, coumarins were examined by using the Erlich test based on the development of an
orange color when ECCs were treated with a solution of dimethylamino-benzaldehyde (5%
ethanol) and then acidified by hydrochloric acid. The results of phytochemical analysis
revealed the presence of saponins, catechic tannins, flavonoids, and coumarins in the ECCs
(Table 1).

Table 1. The chemical analysis and phytochemical screening of extracted Citrullus colocynthis
seeds (ECCs).

Chemical Analysis Result 1 Phytochemical Screening Result 2

Dry matter (DM) 94.09% Saponins +
Caloric content 41.33 MJ Tannins +

Crude fiber 453.7 g Flavonoids +
Total fat 172.9 g Reducing compounds −

Crude protein 129.5 g Alkaloids −
Total ash 25.8 g Terpenoids −
Calcium 7.6 g Quinones −

Potassium 6.9 g Coumarins +
Magnesium 2.6 g
Phosphorus 0.3 g

Iron 0.2 g
Sodium 0.1 g

1 Results of chemical analyses calculated per kg DM. 2 Positive test (+); negative test (−).

2.3. Birds and Experimental Protocol

Two hundred sixteen commercial Hy-Line brown laying hens (40-weeks-old) were
settled in cages (3 layers/cage) in an open housing system. The hens were kept in standard
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environmental and hygienic conditions, with a photoperiod of 16 h light and 8 h darkness,
and were provided with ad libitum water and feed throughout the experimental period.
The hens were randomly allocated into four equal groups (18 replicates × 3 hens each per
group), including the control group, which received a basal diet without supplementation,
and the experimental groups 1, 2, and 3, which received a basal diet supplemented with
0.5, 1.0, and 2.0 g of ECCs per kg diet, respectively. The basal diet was formulated in
grist form (Table 2) to meet the nutritional recommendations for brown commercial layers
under the management guide of Hy-Line International (available at https://www.hyline.
com/varieties/brown. Accessed on 23 August 2021). ECCs powder was mixed daily
with the basal diet before introducing it to the laying hens. The trials were continued for
12 consecutive weeks (from 40 to 52 weeks of age).

Table 2. The nutrient ingredients and calculated and determined chemical analyses of the basal diet.

Ingredients 1 Content (g/kg)

Yellow corn 565.5
Soybean meal (44%) 276.0

Wheat bran 10.0
Soybean oil 30.0
Bone meal 30.0
Limestone 80.0
Salt (NaCl) 4.0

Premix * 3.0
DL-methionine 1.5

Calculated chemical analysis 2

Metabolizable energy (MJ/kg) 1.26
Crude protein (g/kg) 174.7

Calcium (g/kg) 40.2
Available phosphorus (g/kg) 5.2

Lysine (g/kg) 9.5
Methionine (g/kg) 4.2

Linoleic acid (g/kg) 28.8

Determined chemical analysis 2

Dry matter (g/kg) 890.0
Crude protein (g/kg) 167.5

Crude fat (g/kg) 66.0
Crude fiber (g/kg) 47.0

Total ash (g/kg) 129.0
Calcium (g/kg) 42.2

Available phosphorus (g/kg) 4.2
1 Ingredients were formulated as g per kg of the basal diet. 2 Calculated and determined chemical analyses were
expressed per kg of the basal diet. * Premix provided the following vitamins and minerals per kg of the basal diet:
8000 IU of vitamin A, 1500 IU of vitamin D, 4 mg of riboflavin, 10 μg of cobalamin, 15 mg of vitamin E, 2 mg of
vitamin K, 500 mg of choline, 25 mg of niacin, 60 mg of manganese, and 50 mg of zinc.

2.4. Productive Performance

The total egg number (EN), egg weight (EW), and feed intake (FI) per cage were
recorded daily during the whole experimental period. The average hen–day egg production
(%), average EW (g), and average FI (g) were then calculated for the entire experimental
period per treatment group. The feed conversion ratio was calculated per cage on the
basis of the total feed consumption per total egg mass (EM = EN × EW) during the whole
experimental period.

2.5. Blood Samples

At the end of the experimental period (52 weeks of age), blood samples were col-
lected from the brachial vein of 18 hens per treatment group (6 replicates per group) and
transferred into heparinized tubes. To avoid handling stress, the birds were quickly bled
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within 3 min during the night [36]. Blood samples were centrifuged at 2000× g for 10 min
at 4 ◦C, and then the plasma was separated and stored at −20 ◦C until further assay of
physiological parameters and stress indicators.

2.5.1. Physiological Parameters

Plasma total protein (TP), alanine amino transferase (ALT), and aspartate amino
transferase (AST) concentrations were determined for each treatment group using available
colorimetric kits (ab102535, ab241035, and ab105135, respectively; Abcam, Waltham, MA,
USA). The concentration of triiodothyronine (T3) was measured using ELISA diagnostic
kits specific for chickens (MBS269454; MyBioSource, San Diego, CA, USA). The intra-assay
and inter-assay coefficients of variability (CVs) for T3 analysis were less than 8% and 12%,
respectively, with a detection range of 0.3–20 μM/mL.

2.5.2. Stress Indicators

Malondialdehyde (MDA) levels in the plasma were determined using quantitative
colorimetric assay kits (ab118970; Abcam). Plasma corticosterone (CORT), tumor necrosis
factor alpha (TNFα), and heat shock protein 70 (HSP70) levels were quantified using
ELISA kits specific for chickens (MBS701668, MBS2509660, and MBS2702636, respectively;
MyBioSource). The intra-assay and inter-assay CVs were less than 8% and 10% for CORT,
5.57% and 5.89% for TNFα, and 10% and 12% for HSP70, respectively. The detection
ranges were 0.5–20 ng/mL, 31.25–2000 pg/mL, and 1.56–100 ng/mL for CORT, TNFα, and
HSP70, respectively.

2.6. Lipid Profile

At the end of the experiment (52 weeks of age), 18 hens per treatment group (3 hens
per replicate × 6 replicates per group) were fasted for 12 h, then blood samples were
obtained from the brachial vein into heparinized tubes, and plasma was separated, as
mentioned above. Plasma triglycerides (TGs) were analyzed using colorimetric techniques
of enzymatic diagnostic kits (ab65336, Abcam), while total plasma cholesterol (CH), high-
density lipoprotein cholesterol (HDL-CH), and low-density lipoprotein cholesterol (LDL-
CH) were separated and quantified according to the kits’ protocols (ab65390, Abcam).

Livers were also removed from 18 hens per treatment group (3 hens per replicate ×
6 replicates per group) after slaughtering at the end of the experiment (52 weeks of age)
and were immediately stored at −20 ◦C until further processing. In addition, 18 eggs per
group were gathered randomly in the last week of the experiment (3 eggs per replicate ×
6 replicates per group) and broken to separate yolks for further analysis. Cholesterol
was measured in the liver and egg yolk samples using cholesterol/cholesteryl ester
detection kits (ab102515, Abcam) following the manufacturer’s protocol with a minor
modification. Briefly, 1 g of the liver/yolk sample was homogenized with 20 mL of
chloroform:isopropanol:NP-40 lysis buffer (7:11:0.1) and then centrifuged for 5 min at
15,000× g. The liquid phase was transferred to a new tube and dried under vacuum at
50 ◦C for 30 min. The samples were then dissolved in 200 μL of cholesterol assay buffer
and vigorously shaken using a vortex until homogeneous. The cholesterol content in 50 μL
of reaction mixtures was determined at 450 nm against a standard curve generated using
0.25 mg/mL of cholesterol standard solution.

2.7. Statistical Analysis

The experimental unit for statistical analysis was the replicate (cage). Six replicates per
group were statistically analyzed for the lipid profile, stress indicators, and physiological
parameters, considering the promediate value of 3 samples per cage as a value of the
replicate (n = 6), while the productive performance data of 3 hens per cage was averaged
for the entire experimental period and used as a replicate for the statistical analysis (n = 18
replicates per group). All data were statistically analyzed with the one-way analysis
of variance (ANOVA) procedure with respect to the ECCs supplementation levels as
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independent variables. Orthogonal polynomial contrast and regression analyses were also
performed to test the linear and quadratic trends in the increasing ECCs doses applied in
the present study. Results were expressed as means ± standard deviation (SD), and the
differences between treatment groups were determined using Duncan’s post hoc test. The
level of statistical significance was set at p < 0.05. All statistical analyses were performed
using the SPSS software package (version 22.0; IBM Corp., Armonk, NY, USA, 2013).

3. Results

3.1. Lipid Profile

The effect of ECCs treatment on the lipid profile of laying hens is shown in Table 3.
Plasma TG, CH, and LDL-CH were significantly (p < 0.05) reduced, while plasma HDL-CH
was significantly increased by ECCs inclusion in the diets of laying hens. Results showed
that there was a significant linear effect of increasing doses of ECCs on the plasma lipid
profile (R2 = 97.3, 97.0, 96.4, and 80.4% for TG, CH, LDL-CH, and HDL-CH, respectively;
p < 0.05). It was found that ECCs at 0.5 g/kg feed significantly (p < 0.05) decreased the liver
and egg yolk CH compared to the control group. The higher doses of ECCs (1.0–2.0 g/kg)
significantly decreased the liver and egg yolk CH when compared to the lower doses
(0–0.5 g/kg), showing a linear trend (R2 = 75.3 and 69.2%, respectively) and a quadratic
trend (R2 = 22.6 and 21.6%, respectively).

Table 3. Effect of dietary extracted Citrullus colocynthis seeds (ECCs) supplementation on the lipid profile of laying hens.

Dietary ECCs
Groups

Plasma TG Plasma CH
Plasma

HDL-CH
Plasma

LDL-CH
Liver CH Egg Yolk CH

(mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/g) (mg/g)

Control 207.4 ± 1.59 a 152.3 ± 1.54 a 40.8 ± 2.27 c 113.2 ± 2.11 a 5.4 ± 0.18 a 12.3 ± 0.43 a

Group 1 200.0 ± 1.83 b 146.8 ± 1.62 b 42.3 ± 2.18 c 106.0 ± 2.82 b 4.2 ± 0.11 b 11.1 ± 0.29 b

Group 2 188.6 ± 2.53 c 135.5 ± 2.69 c 47.3 ± 1.06 b 89.8 ± 3.05 c 3.3 ± 0.03 c 10.4 ± 0.07 c

Group 3 173.1 ± 2.32 d 120.3 ± 1.68 d 54.1 ± 4.17 a 67.6 ± 4.08 d 3.2 ± 0.09 c 10.2 ± 0.27 c

Polynomial contrast test; sum of squares (p-value)

Combined 4008.929
(<0.001)

3581.897
(<0.001) 647.676 (<0.001) 7356.190

(<0.001) 18.601 (<0.001) 17.142 (<0.001)

Linear term 3985.304
(<0.001)

3549.191
(<0.001) 635.222 (<0.001) 7273.272

(<0.001) 14.206 (<0.001) 13.065 (<0.001)

Quadratic term 2.613 (0.451) 0.454 (0.732) 3.101 (0.516) 5.839 (0.444) 4.263 (<0.001) 4.065 (<0.001)

Regression analysis; R2 (p-value)

Linear effect 0.973 (<0.001) 0.970 (<0.001) 0.804 (<0.001) 0.964 (<0.001) 0.753 (<0.001) 0.692 (<0.001)
Quadratic effect 0.000 (0.486) 0.001 (0.769) 0.004 (0.519) 0.000 (0.507) 0.226 (<0.001) 0.216 (<0.001)

Data are presented as means ± SD for six replicates per group (n = 6). Means within the same column with different superscripts are
significantly different (p < 0.05). R-squared (R2) represents the linear and quadratic regression effects of increasing ECCs doses in diets
on the lipid profile parameters of laying hens. Dietary ECCs groups: the control group received a basal diet without supplementation,
while experimental groups 1, 2, and 3 received a basal diet supplemented with 0.5, 1.0, and 2.0 g of ECCs per kg feed, respectively. TG,
triglyceride; CH, cholesterol; HDL-CH, high-density lipoprotein cholesterol; LDL-CH, low-density lipoprotein cholesterol.

3.2. Stress Indicators

The effect of ECCs treatment on the plasma stress indicators of laying hens is presented
in Table 4. A significant (p < 0.05) decrease was observed in the plasma MDA of laying
hens supplemented with 1–2 g/kg of ECCs compared to those hens supplemented with
0–0.5 g/kg of ECCs. The plasma CORT, TNFα, and HSP70 were significantly lowered
(p < 0.05) by 0.5–2 g/kg of ECCs compared to the control group. Moreover, there was a
significant (p < 0.05) linear effect of increasing doses of ECCs on the plasma stress indicators,
whereas the quadratic effect was found to be statistically insignificant (p > 0.05). Results
also showed that increasing doses of ECCs were highly correlated with plasma CORT and
MDA (R2 = 88.1 and 73.8%, respectively) than with TNFα and HSP70 (R2 = 52.3 and 52.9%,
respectively) of laying hens.
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Table 4. Effect of dietary extracted Citrullus colocynthis seeds (ECCs) supplementation on some stress
indicators of laying hens.

Dietary ECCs
Groups

MDA CORT TNFα HSP70

(μM/mL) (ng/mL) (pg/mL) (ng/mL)

Control 2.84 ± 0.174 a 4.88 ± 0.129 a 94.62 ± 0.515 a 24.13 ± 0.897 a

Group 1 2.64 ± 0.386 a 4.35 ± 0.288 b 93.37 ± 0.683 b 23.39 ± 1.188 b

Group 2 2.14 ± 0.190 b 3.72 ± 0.338 c 93.25 ± 0.649 b 22.07 ± 1.069 b

Group 3 1.79 ± 0.167 c 3.01 ± 0.243 d 92.34 ± 1.038 c 21.34 ± 1.006 c

Polynomial contrast test; sum of squares (p-value)

Combined 4.112 (<0.001) 11.726 (<0.001) 15.812 (<0.001) 28.484 (<0.001)
Linear term 3.931 (<0.001) 11.529 (<0.001) 14.095 (<0.001) 26.611 (<0.001)

Quadratic term 0.052 (0.367) 0.158 (0.143) 0.813 (0.242) 1.156 (0.316)

Regression analysis; R2 (p-value)

Linear effect 0.738 (<0.001) 0.881 (<0.001) 0.523 (<0.001) 0.529 (<0.001)
Quadratic effect 0.010 (0.379) 0.012 (0.139) 0.030 (0.248) 0.023 (0.311)

Data are presented as means ± SD for six replicates per group (n = 6). Means within the same column with
different superscripts are significantly different (p < 0.05). R-squared (R2) represents the linear and quadratic
regression effects of increasing ECCs doses in diets on the stress indicators of laying hens. Dietary ECCs groups:
the control group received a basal diet without supplementation, while experimental groups 1, 2, and 3 received a
basal diet supplemented with 0.5, 1.0, and 2.0 g of ECCs per kg feed, respectively. MDA, plasma malondialdehyde;
CORT, plasma corticosterone; TNFα, plasma tumor necrosis factor alpha; HSP70, plasma heat shock protein 70.

3.3. Physiological Parameters

The effect of ECCs treatment on the physiological parameters of laying hens is shown
in Table 5. Supplementing the diet with ECCs at 1.0 g/kg significantly (p < 0.05) increased
the plasma TP and T3 by 17.5% and 46.2%, respectively, compared to the control group.
Increasing the level of ECCs in the diet to 2.0 g/kg induced a linear increase in the plasma
TP and T3 of laying hens (R2 = 69.3% and 85%, respectively; p < 0.05). In contrast, supple-
menting the diets with 1.0–2.0 g/kg of ECCs significantly (p < 0.05) decreased the plasma
ALT and AST of laying hens compared to the hens supplemented with 0–0.5 g/kg of ECCs.
Moreover, increasing the ECCs doses had significant (p < 0.05) linear and quadratic effects
that explained 57.5% and 10.5% of the total variance for ALT and 67.2% and 15.4% of the
total variance for AST, respectively.

3.4. Productive Performance

Results of the productive performance of laying hens that fed on diets with or without
ECCs supplementation are represented in Table 6. The ECCs treatment at 1.0–2.0 g/kg
significantly (p < 0.05) increased the hen–day egg production by at least 2.5 p.p. compared
to the ECCs treatment at 0–0.5 g/kg. The average egg weight was significantly (p < 0.05)
increased in all experimental groups by approximately 0.6, 1.3, and 2.2 g in the groups
treated with 0.5, 1.0, and 2.0 g/kg of ECCs, respectively, compared to the control group. In
contrast, the feed intake of laying hens was significantly (p < 0.05) reduced by 3.1% and
4.2% in the groups treated with 0.1 and 2.0 g/kg of ECCs, respectively, compared to the
control group. The feed conversion ratio of hens treated with 1.0 and 2.0 g/kg of ECCs was
significantly (P < 0.05) improved by approximately 7.9% and 10.8%, respectively, compared
to the control group. Furthermore, it was found that the egg production and egg weight of
laying hens were significantly increased in a linear trend with increasing doses of ECCs in
the diets (R2 = 39.5% and 70.2%, respectively; p < 0.05). In contrast, feed intake and feed
conversion ratio were significantly decreased in a linear trend with increasing doses of
ECCs in the diets (R2 = 72.9% and 75.9%, respectively; p < 0.05), while the quadratic effect
of ECCs doses on the productive performance was not significant (p > 0.05).
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Table 5. Effect of dietary extracted Citrullus colocynthis seeds (ECCs) supplementation on some
physiological parameters of laying hens.

Dietary ECCs Groups
TP T3 ALT AST

(g/dL) (μM/mL) (U/mL) (U/mL)

Control 4.63 ± 0.579 c 5.69 ± 0.859 c 13.71 ± 1.344 a 30.88 ± 2.635 a

Group 1 4.99 ± 0.122 bc 6.15 ± 0.544 c 12.41 ± 1.421 a 25.46 ± 1.551 b

Group 2 5.44 ± 0.298 b 8.32 ± 0.619 b 10.10 ± 0.894 b 21.99 ± 1.337 c

Group 3 6.05 ± 0.379 a 10.05 ± 0.627 a 9.92 ± 0.459 b 20.73 ± 2.133 c

Polynomial contrast test; sum of squares (p-value)

Combined 6.713 (<0.001) 73.422 (<0.001) 61.039 (<0.001) 371.368
(<0.001)

Linear term 6.671 (<0.001) 70.065 (<0.001) 48.976 (<0.001) 302.328
(<0.001)

Quadratic term 0.026 (0.680) 0.046 (0.754) 8.970 (0.013) 69.039 (<0.001)

Regression analysis; R2 (p-value)

Linear effect 0.693 (<0.001) 0.850 (<0.001) 0.575 (<0.001) 0.672 (<0.001)
Quadratic effect 0.003 (0.673) 0.000 (0.784) 0.105 (0.016) 0.154 (<0.001)

Data are presented as means ± SD for six replicates per group (n = 6). Means within the same column with
different superscripts are significantly different (p < 0.05). R-squared (R2) represents the linear and quadratic
regression effects of increasing ECCs doses in diets on the physiological parameters of laying hens. Dietary
ECCs groups: the control group received a basal diet without supplementation, while experimental groups
1, 2, and 3 received a basal diet supplemented with 0.5, 1.0, and 2.0 g of ECCs per kg feed, respectively. TP,
plasma total protein; T3, plasma triiodothyronine; ALT, plasma alanine amino transferase; AST, plasma aspartate
amino transferase.

Table 6. Effect of dietary extracted Citrullus colocynthis seeds (ECCs) supplementation on the produc-
tive performance of laying hens.

Dietary ECCs
Groups

Egg
Production

Egg Weight Feed Intake Feed Conversion

(%) (g) (g/d) (kg FI/kg EM)

Control 91.0 ± 1.51 b 62.1 ± 0.48 d 114.3 ± 0.88 a 2.03 ± 0.044 a

Group 1 91.5 ± 2.36 b 62.7 ± 0.67 c 114.7 ± 0.90 a 2.00 ± 0.061 a

Group 2 93.3 ± 1.08 a 63.4 ± 0.57 b 110.8 ± 1.07 b 1.87 ± 0.032 b

Group 3 94.3 ± 1.09 a 64.3 ± 0.47 a 109.5 ± 0.53 c 1.81 ± 0.028 c

Polynomial contrast test; sum of squares (p-value)

Combined 126.775
(<0.001) 51.092 (<0.001) 359.014

(<0.001) 0.596 (<0.001)

Linear term 118.734
(<0.001) 50.518 (<0.001) 298.909

(<0.001) 0.549 (<0.001)

Quadratic term 1.819 (0.402) 0.386 (0.266) 0.721 (0.331) 0.006 (0.077)

Regression analysis; R2 (p-value)

Linear effect 0.395 (<0.001) 0.702 (<0.001) 0.729 (<0.001) 0.759 (<0.001)
Quadratic effect 0.006 (0.407) 0.006 (0.264) 0.001 (0.505) 0.008 (<0.120)

Data are presented as means ± SD for 18 replicates per group (n = 18). Means within the same column with
different superscripts are significantly different (p < 0.05). R-squared (R2) represents the linear and quadratic
regression effects of increasing ECCs doses in diets on the productive performance of laying hens. Dietary ECCs
groups: the control group received a basal diet without supplementation, while experimental groups 1, 2, and
3 received a basal diet supplemented with 0.5, 1.0, and 2.0 g of ECCs per kg feed, respectively. FI, feed intake; EM,
egg mass. All productive parameters were calculated as an average of the entire experimental period (12 weeks).

4. Discussion

The doses of ECCs used in the current study were determined based on a preliminary
study on a group of laying hens. It was found that notable effects of ECCs on the egg
productivity of laying hens are obtained at levels of 0.5–2.0 g per kg of diet, while adverse
effects are observed at higher levels. These levels were used in the present study, and
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they were safe and did not display any signs of toxicity on the laying hens during the
experimental period.

Results demonstrated that basal diets supplemented with ECCs lower the lipid profile
by decreasing plasma TG, CH, and LDL-CH, as well as decreasing liver and egg yolk
CH, while increasing plasma HDL-CH. These results may present the most important
advantage of ECCs inclusion into layer diets in view of producing healthier eggs that
contain lower yolk CH for humans [3], especially the elderly, who are more susceptible
to the chronic inflammatory disease of the arteries, atherosclerosis [2]. Such antilipidemic
activity of CC seeds has been widely demonstrated in previous studies on both animals
and humans [33]. It was found that the ethanolic extract of CC plants lowers the TG
and CH levels in hyperlipidemic rabbits [28] and that administration of CC seed powder
to hyperlipidemic non-diabetic patients also lowers the TG and CH levels [27]. Further-
more, a significant reduction in hyperlipidemia was induced by the administration of CC
extracts to diabetic rats [23]. The hypotriglyceridemic and hypocholesterolemic effects
of ECCs may be due to the catabolism or removal of lipoproteins in the liver [37] and
the inhibition of specific hepatic enzymes responsible for lysosomal lipid hydrolysis [38].
Dallak et al. [39] also reported that CC pulp extracts depress the hepatic gluconeogenesis
and lipogenesis in diabetic rats through downregulation of gluconeogenetic enzymes and
increasing of insulin secretion. The phytochemical screening of ECCs in the present study
revealed the presence of saponins and catechic tannins, which are bioactive components
that contribute to hypolipidemic activity [25]. It is known that both components can par-
ticipate in the suppression of lipid and cholesterol absorption in the gut via dietary fat
β-oxidation, enzymatic CH biosynthesis inhibition, and/or interference with CH–micellar
affinity [40,41]. Due to the intensive system of modern egg production and the continuous
selection for high egg yield, commercial laying hens commonly are stressed and sensitive
to any unfavorable conditions [12]. Plasma MDA levels are the principal measurement
for oxidative stress status in animal plasma and tissues [13]. The lower MDA levels in the
hens treated with ECCs may be attributed to the direct free-radical-scavenging activity of
polyphenols and flavonoids in the ECCs [25,42]. In birds, CORT is the main end product of
the hypothalamic–pituitary–adrenal (HPA) axis response to stress [11]. So, lower plasma
CORT levels in laying hens treated with ECCs suggests that ECC treatment can alleviate
the stress induced by intensive production management in laying hens [43]. However,
lower blood CORT in the ECC-treated groups can also be associated more with the lower
blood cholesterol levels shown in the same groups [44]. Moreover, the TNFα and HSP70
in laying hens were significantly decreased by ECC treatment, whereas TNFα, as a pro-
inflammatory cytokine, plays a critical role in inflammation and immune responses during
stress [45] and HSP70 is mainly synthesized to protect stressed cells [46]. The reduction
in plasma TNFα in ECC-treated groups may be explained by the decrease in CORT in the
ECC-treated groups, as this correlation between CORT secretion and TNFα expression has
been previously reported in stressed mice [47,48]. In contrast, HSP70 expression can be
promoted more as a consequence of the elevated levels of MDA in order to protect cells
against peroxidation damage [49], and this may explain the lower levels of both HSP70
and MDA in the ECC-treated groups in the present study.

The reduction in plasma ALT and AST levels could indicate that ECCs can maintain
the liver functions of layers. Similar effects of CC extracts were obtained in rats [50];
moreover, CC treatment can ameliorate the deleterious effects of heat stress on liver tissues
of broilers [51]. The increased plasma TP in ECC-treated groups may be also due to
such hepatoprotective properties of CC extracts. It was reported that a healthy liver
orchestrates the metabolism of proteins and amino acids [52]. It was further reported that
the hepatoprotective activity of medicinal fungus in rats increases plasma albumin, which is
the major plasma protein produced by the liver and then circulated in the bloodstream [16].
Moreover, ECC treatment increased plasma T3 in the present study, thereby increasing
metabolism [17] and, consequently, improving the performance of laying hens [53].
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In general, layer productive performance was enhanced in a linear trend by increasing
the doses of ECCs. The positive effects of ECCs on layer egg production and egg weight
could be correlated to the availability of protein, essential amino acids, and fatty acids
in CC extracts [54]. As mentioned earlier, the bioactive components of ECCs alleviated
stress; therefore, birds treated with ECCs suppressed the HPA axis pathway and displayed
low levels of CORT. Consequent to the opposite effect of CORT on FI [55], it was expected
that FI would increase in these groups; instead, it significantly decreased (Table 6). The
decreased FI in the ECC-treated groups may be due to the bitter taste of CC seeds, which
may affect the palatability of the diet [56]. In contrast, the gastrointestinal tract in the
ECC-treated groups seems to be more efficient in the digestibility and bioavailability of
nutrients due to the possible antimicrobial effect of tannins and flavonoids presented in the
CC extracts [57]. However, neither the cecal microbiota nor the antimicrobial effect were
analyzed in the present study. Furthermore, while activation of the HPA-CORT pathway
increases the energy expenditure to maintain the immunity and survival of laying hens, the
extremely inhibitory effect of ECC treatment on CORT may trigger energy investment from
maintenance toward productivity [58]. Taking together, the positive events displayed as a
result of ECC treatment in the present study, such as alleviating stress and improving the
physiological status, could be considered a great suppressor for intestinal and reproductive
pathologies, thus enhancing the performance of laying hens [59].

5. Conclusions

The dietary supplementation of ECCs at the level of 0.5 g/kg had limited effects
on layer performance. However, higher levels of ECCs at 1.0 and 2.0 g/kg showed a
significant improvement in the productive and physiological performance of laying hens.
In addition, there was a significant hypolipidemic effect and stress alleviation in laying
hens after inclusion of ECCs into diets at the three levels, compared to the control group,
whereas the highest levels were observed with 2.0 g/kg of ECCs. Furthermore, a high linear
correlation was noticed between increasing doses of ECCs and MDA, liver CH, and egg
yolk CH concentrations and egg weight, feed intake, and feed conversion ratio; moreover,
the correlation was extremely high with the levels of TG, CH, LDL-CH, HDL-CH, and
CORT. These results indicate that dietary supplementation with 2.0 g/kg of ECCs could
be a promising nutritional approach to producing healthier, lower-cholesterol eggs for
consumers, in addition to enhancing the physiological and productive performance of
laying hens by alleviating the stress of intensive commercial production.
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Abstract: The study aimed to evaluate the slaughter value and meat characteristics of ten ostrich
females reared and slaughtered at the age of 18 months in Hungary. The ratio of selected body parts,
the main organs and the lean meat parts were examined. The nutritive composition, the colour,
the technological and organoleptic characteristics of five valuable meat parts (outside strip—M.
flexor cruris lateralis, oyster—M. iliofemoralis externus, tip—M. femorotibialis medius, outside
leg—M. gastrocnemius pars externa, medal—M. ambiens) and the amino acid, fatty acid and mineral
composition of outside strip (M. flexor cruris lateralis) were also evaluated. The ratio of body parts
and the main organs as the percentage of live weight, and the lean meat part as the percentage of
carcass weight showed 16.74 ± 0.01%, 6.16 ± 0.01% and 57.29 ± 0.59%, respectively. The dry matter
content of the examined valuable meat parts ranged between 24.89 ± 0.08 and 26.23 ± 0.13%, the
protein ratio took on values between 18.40 ± 0.09 and 20.62 ± 0.16%, the fat content showed values
between 2.36 ± 0.07 and 4.50 ± 1.09% and the hydroxyproline content ranged between 0.01 ± 0.001
and 0.08 ± 0.001%. The amino acid content of the outside strip showed a range between 0.15 and
3.33%. The ratio of SFA, MUFA and PUFA was 35.10 ± 0.53, 37.37 ± 1.52 and 27.54 ± 1.01. The
n-6/n-3 ratio showed 3.91 ± 0.43 and the SFA/UFA ratio was 0.54 ± 0.02. Among the examined
minerals, the content of Ca, K, Mg, Na and P was the highest in the meat. In the case of the colour,
regarding L* value, we could reveal no significant difference between the examined meat parts.
For a* and b* values, the outside leg had the lowest data of all. We could not reveal a significant
difference between the pH values of the meat parts. Regarding technological parameters, meat
differed only in thawing loss. The significantly lowest thawing loss could be detected in the outside
leg (2.72 ± 0.01%) and in the medal (2.32 ± 0.01%). The results of the organoleptic evaluation showed
that the outside strip and the tip had the best flavour and tenderness. In comparison with the younger
birds (10–14 months of age) in the literature, the 18-month-old ostriches in our study showed similar
or slightly lower slaughter weight, skin weight and head ratio, greater liver weight, lighter meat,
lower protein and higher fat content, higher essential amino acid and lower non-essential amino acid
content and higher SFA content in some cases. However, data on nutrition and population size were
not always available. In comparison with other ratites (emu and rhea), ostrich meat has lower dry
matter and protein, but higher fat, SFA, MUFA and PUFA content and lower n-6/n-3 ratio.

Keywords: ostrich; meat production; meat nutritive composition; amino acids; fatty acids; minerals;
technological and organoleptic characteristics

1. Introduction

Alternative food sources that support healthy human nutrition are in heavy demand.
Ostrich meat, as lean meat with low intramuscular fat (0.5%) and cholesterol content [1], is
suitable for this purpose. Due to its status as a gourmet product and its high price, ostrich
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meat is usually purchased by the wealthy. Compared to beef and poultry, ostrich meat has
a favourable fatty acid profile and low fat content [2], and it is characterised by a beef-like
taste and tenderness [3]. According to Balog and Almeida [4], consumers prefer ostrich
to beef because of its low intramuscular fat content. Although the prime product of the
ostrich industry is meat, skin, oil and feathers are also processed. Ostrich meat production
ranges from 12 to 15 thousand tonnes, 60% of which comes from South Africa. The major
producers are South Africa, the USA, Australia, Spain, Poland and the Middle East. The
ostrich meat industry produces mostly fresh meat, including steak and hamburger meat,
as well as dry goods. [5].

Hungary exports live ostriches and ostrich meat (approximately three thousand
slaughtered birds a year) to France. Ostrich meat is also purchased by local consumers and
restaurants in the capital. The outside strip, the oyster, the tip, the outside leg, the medal
and the fan are considered to be the most valuable cuts of the lean meat parts. In Hungary,
the outside strip and the fan are sold vacuum packed as raw or smoked meat or sliced
prosciutto crudo. The oyster is used for preparing pate, while the tip and the outside leg
are used for sausages and salami.

As with all ratites, the largest amount of meat can be found on the thigh, while the
smallest is on the breast, wings and back. Ostriches reach the optimal slaughter age at
12–14 months [6], although birds of the Zimbabwean blue neck genotype provide a sat-
isfying amount of meat at the age of 10–12 months [7]. The Struthio camelus species can
be characterized with a 57–58% slaughter yield and 62.5% lean meat [8,9]. For slaughter
animals, maintainer feed is usually provided from 10 months of age until slaughter with
8–10 MJ/kg energy, 12–14% protein, 2.5% fat, 0.9–1.4% Ca and 0.6 g/kg lysine content [10].
Due to its high iron content, ostrich meat has dark red pigmentation but the iron con-
centration may vary among meat parts [11]. There has been no scientific result on raw
meat smell, but packaging technology and storage time influence this parameter [12]. The
smell is determined by water-soluble molecules, whereas flavour is mainly influenced by
fat-soluble compounds [13]. For consumers, the other significant meat characteristic is
tenderness. This parameter is affected by the cooking technology employed and also by the
cooking temperature [14]. When compared to beef, ostrich meat is stiffer and drier because
it has lower connective tissue and collagen content. Juiciness and tenderness are closely
linked and consumers consider juicier meat to be more tender, too [13]. Taylor et al. [14]
also report a relation between low fat content, juiciness and texture. Under 15 months
of age, ostrich meat is more tender [15]. Technological characteristics of meat, such as
thawing, dripping and cooking loss are also relevant from the market point of view. These
characteristics, including texture and tenderness, are influenced by the water-holding
capacity of the meat [16]. Cooking loss increases with longer storage time [17]. Higher pH
value improves water-holding capacity, thus it decreases drip loss [18]. The mean pH value
of ostrich meat is 7.2, but it increases after 24 h and facilitates meat processing [19]. Ostrich
meat has a regular (<5.8) to high (>6.2) 24 h postmortem pH [1].

In this preliminary study, we aimed to assess the slaughter value and meat charac-
teristics of ostriches reared in Hungary. The slaughtered animals were six months older
than the optimal slaughter age (12 months) since the COVID-19 pandemic substantially
decreased the capacity of the HORECA (hotel/restaurant/catering) sector. Zimbabwean
ostriches are known to have constant weight over the age of one year [20]. As regards
the age of the birds, we wanted to assess the slaughter value and meat characteristics of
older animals and to compare them with those of the ostriches that were slaughtered at the
optimal age (10–14 months). Although extensive literature is available on this topic, none
of the studies included a wide range of parameters examined similar to ours. In Hungary,
no research findings have been published on this species so far. The present article is the
first one to evaluate the whole spectrum of meat production characteristics of ostriches. In
this respect, our findings can be considered to be gap filling. However, regarding the small
number of the evaluated birds, the present research can offer only preliminary results.
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2. Materials and Methods

2.1. The Animals and the Slaughter Process

The ten female ostriches used in our examination came from a farm in Jászberény in the
Central Hungary region with a continental climate. Polipor-98 Ltd. is the largest company
producing slaughter birds for export. Semi-intensive, grain-based fattening technology
was applied with coarse feed supplementation (alfalfa). The birds received starter feed
(0.02–0.12 kg/day/bird) from week 0 to 8, then starter + grower (0.55–0.65 kg/day/bird)
from week 9 to 11. After that, grower (0.75–1.4 kg/day/bird) feed was provided for them
from week 12 to 24, then maintainer (1.5 kg/day/bird) from week 25 until slaughter.
The starter feed was composed of maize, wheat, non-GMO soybean meal, alfalfa pellets,
full-fat soy, sunflower meal, sugar beet pellets and vegetable oil. The starter feed had
12 MJ/kg energy, 21.00% raw protein, 4.00% fat, 6.70% fibre, 7.5% ash and 1.15% lysine
content. The grower feed included maize, wheat, alfalfa meal, sunflower meal, soybean
meal, FF soybean, dried beet pulp and non-GMO soybean meal. The grower feed contained
10 MJ/kg energy, 18.00% protein, 3.70% fat, 8.20% fibre, 7.52% ash and 0.95% lysine.
The maintainer feed comprised maize, alfalfa pellets, wheat, sunflower meal, full-fat
soybean, beet pellets and vegetable oil. The maintainer had 8 MJ/kg energy, 16.20%
protein, 3.80% fat, 9.40% fibre, 6.92% ash and 0.80% lysine content. The feed was purchased
from Agrofeed Ltd.

Chicks were nursed on a 2 m × 0.8 m × 1 m sized battery until the age of two weeks
with a total of twenty birds of mixed gender. After that, they were moved to deep litter
until three months of age with 5 m2/bird stocking density and mixed gender. From the
age of three months until slaughter, the animals were kept in a 300 m2 pen with a stocking
density of 10 m2/bird and mixed gender. The fattening process was accomplished on the
same farm; the pens were placed next to each other, so the environmental conditions were
considered equal for each animal. The keeping conditions met the requirements of the
Model Code of Practice for the Welfare of Animals [21].

After the birds were stunned and bled on the farm, they were processed three hours
later in a slaughterhouse in Tokaj. The birds were 18 months of age with a 100.9 ± 4.48 kg
live and 51.75 ± 2.18 kg carcass weight. In the slaughterhouse, we measured the weight of
skin with feathers, the head, the feet, the diaphragm and the internal organs (heart, lung,
liver and gizzard) with a two-decimal digital balance. The carcass was cooled to 4 ◦C and
divided into meat parts 24 h after slaughter. The weight of all meat parts located on the left
leg and the back was measured.

2.2. pH and Colour Determinations

We recorded the colour and the pH value of five valuable meat parts (outside strip,
oyster, tip, outside leg and medal) all used in further evaluations. The pH value was
measured 24 h after slaughter by Testo AG Germany 205 pH value gauge. The pH value
gauge was immersed in buffer solution before measurement. For meat colour (L*, a*, b*)
examination, the Konica Minolta CR-410 Chroma Meter was applied 24 h after slaughter
with a 21 min blooming time. The Chroma Meter was calibrated with the use of a white
calibration plate before the analysis, setting the Y, x and y illuminant coordinates (Y = 93.7,
x = 0.3144, y = 0.3204). Regarding meat colour, L*, a* and b* values represent a colour space
defined by CIE. L* value expresses lightness, a* and b* refer to the greenness and redness,
blueness and yellowness of meat [22].

2.3. Kjeldahl-Method for N Analysis

From the prepared (ground) samples, 1 g was measured on nitrogen-free paper and
folded into it. The digestion of these samples was initiated with two 3.5 g Se-Kjeldahl
tablets (VWR International) and 14 mL conc. H2SO4. The digestion was performed at
420 ◦C. After cooling, the samples were distilled in UDK 149 distiller (VELP Scientifica Srl,
Usmate, Italy) and ammonium was released by 33 (m/m)% NaOH addition and loaded
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into 4% (w/w)% boric acid solution. The N was determined by titrimetric analysis with
0.2 N H2SO4 in TITROLINE 5000 automatic titrator (VELP Scientifica Srl, Usmate, Italy).

2.4. Total Fat Content Assessment

The measurement was performed according to the MSZ ISO 1443:2002 standard. The
ground samples (3–5 g) were measured and treated with 50 mL conc. HCl for 1 h; then
150 mL hot water was added to it. The solution was filtered through a filter paper and
washed with hot water until the pH was neutral. The filtrate was dried at 103 ± 2 ◦C for
1 h. The filter paper with the filtrate was inserted into TECATOR Soxtec fat extractor and
extracted with petrol ether (40–60 ◦C). The extracted fat was dried and measured. The fat
was further analysed for fatty acid composition.

2.5. The Examination of Fatty Acid Composition

The fatty acid composition was determined as methylated fatty acid composition
based on the ISO 12966-2:217 standard sample preparation method. The fat (Section 2.4)
was dissolved in 6 mL hexane and 12 mL NaOH:MeOH and was treated at 80 ◦C for 10
min for saponification. Afterwards, the solution was diluted with water and the non-
saponified compound was extracted with hexane. The remaining solution was acidified
with 0.5 mL 6 M H2SO4 and with hexane again; then the fatty acids were extracted and
separated. After the addition of 2 mL BF3:MeOH, it was heated at 80 ◦C for 30 min. Then,
the solution was treated with conc. NaCl solution and the supernatant was applied into
GC-FID FAME (Varian GC 3800, San Diego, CA, USA) detection with CP-Select for FAME
column (100 m × 0.25 mm). FAME standard (Sigma-Aldrich) was applied as a reference.
The total SFA content was calculated as the sum of C4:0, C6:0, C8:0, C10:0, C12:0, C14:0,
C15:0, C16:0, C18:0, C20:0, C21:0, C22:0, C23:0 and C24:0. The total MUFA content was
given as the sum of C15:1, C16:1, C17:1, C18:1, C20:1, C20:3, C22:1, C23:1 and C24:1. For
calculating the total PUFA content, the sum of 18:2n6, 18:3n6, 18:3n3, C20:3n6, C20:3n3 and
C22:6n3 was used.

2.6. The Preparation of Meat Samples for Elemental Analysis (HNO3-H2O2 Digestion)

From the prepared (ground) meat samples, 1 g was loaded into digester tubes. Ten ml
of distilled conc. HNO3 was added and heated at 60 ◦C for 30 min, then 3 mL 30% (v/v)
H2O2 (Scharlab) was added and the samples were digested further at 120 ◦C for 90 min.
After the digestion, all samples were washed into 50 mL volumetric flasks with distilled
water, homogenised and filtered (MN 640 W paper; Macherey-Nagel). The ICP-OES
technique was applied on iCAP 7000 spectrophotometer (Thermo Scientific, Cambridge,
UK). For the calibration, a multielement standard solution was applied.

2.7. Amino Acid Analysis

For total amino acid analysis, 5 mg homogenised samples were hydrolysed with 6 M
HCl at 110 ◦C for 23 h. After filtration and dilution to even protein content, the samples
were loaded to ion-exchange chromatography on AAA500 (INGOS Ltd., Prague, Czech
Republic) semi-automated amino acid analysing system in five buffer systems (citrate
-sodium citrate, pH 2.2; 2.7; 3; 4.25; 8) with ninhydrin detection on two wavelengths (440
and 570 nm). Cya, Asp, MetS, Thr, Ser and Glu at pH 2.7; Pro, Gly, Ala, Cys and Val at pH
3; Ile and Leu at pH 4.25; and Tyr, Phe, His, Lys and Arg at pH 8 were eluted. Reference
amino acid mixture was applied (INGOS Ltd., Prague, Czech Republic).

2.8. Hydroxyproline Measurement

The measurement was performed according to the MSZ ISO 3496:2000 standard.
Frozen meat was sliced into cubes and wrapped in plastic. It was taken to 70 ◦C for
30 min. It was cooled and homogenised. Then, 4 g of the sample was added to a flask
and 30 mL conc. H2SO4 was added for hydrolysis. The sample was left for 16 h at 105 ◦C.
The hydrolysed sample was filtered into a 250 mL measuring flask with 3 × 10 mL hot
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conc. H2SO4 and diluted up to the 250 mL mark with distilled water. Four millilitres of
the solution was mixed with 2 mL chloramine T reagent (1.41 (m/v)% sodium-N-chlor-p-
toluol-sulphonamide-trihydrate in citrate-sodium acetate buffer, pH 6.8) and left for 20 min
at RT. Twenty millilitres of the 10 (m/v)% p-dimethyl-amino-benzaldehyde in 60 (m/m)%
perchlorate was added to the solution, mixed thoroughly, closed with a loosened cap and
put into a water bath at 60 ◦C for 20 min. After heating, the solution was cooled and left
at RT for 30 min. The absorbance was determined at 560 nm in glass cuvettes with water
as a reference. The hydroxyproline concentration was determined with a hydroxyproline
reference curve (0.5 μg/mL–2 μg/mL).

2.9. Examination of Selected Technological Parameters and Shear Force of Meat

The measured technological characteristics included drip loss (%), thawing loss (%),
cooking loss (%) and shear force (N/mm). For drip loss, meat pieces of 50 ± 5 g and
1 cm thick were cut from each meat part. Pieces were packed in an inflated nylon bag,
then hung up in the fridge at 4 ◦C for 24 h and weighed again [23]. The meat samples for
cooking loss measurement were cut into 100 ± 5 g and 1 cm thick pieces and weighed. For
the evaluation of cooking loss, pieces were packed in nylon bags and cooked for half an
hour until core temperature reached 75 ◦C. The samples were cooled under running water,
wiped with a paper towel, and then weighed. After cooking, meat pieces were chilled at
4 ◦C overnight. The temperature of the samples was 4 ◦C during the measurement. Pieces
were cut across the muscle fibres, two times each. XT + Texture Analyser (Warner-Blatzer)
was used to measure the shear force (N/mm) on cooked samples, with shear blade set
using 25 kg load cell, with 1.5 mm/s test speed from 40 mm distance. Once the trigger force
is attained, the blade proceeds to shear through the sample. The maximum force denotes
the point at which the sample completely fills the triangular cavity of the blade and cuts
through the sample surface. After this point, shearing continues through the whole sample
until the blade passes through the base plate slot. The blade then returns to its starting
position. Curves were evaluated to obtain shear force data.

2.10. Organoleptic Evaluation of the Different Meat Parts

After freezing at –20 ◦C for three months, the five samples from the ten birds were
cooked for organoleptic evaluation. The cooking procedure was carried out in a pot at
90 ◦C until reaching core temperature at 75 ◦C [24]. The samples were cut into four pieces
of 2 cm × 2 cm × 2 cm cubes and kept at 45–55 ◦C until analysis, which took place
immediately after. An experienced panel of eight men and thirteen women aged between
24 and 70 were included in the examination. Four pieces of the five meat parts were
placed on each plate but the different meat parts were separated. Each meat part was
tasted by four people, so we had two hundred pieces of meat in total. Fresh water and
bread were also served to the panellists, who also received a questionnaire with questions
about their personal demographical specificities and habits of meat consumption. Having
filled in the questionnaire, the panellists commenced the organoleptic evaluation using
a 5-point hedonic scale (1—unfavourable, 5—excellent). For organoleptic characteristics,
smell, flavour, juiciness, tenderness, texture and the presence of an aftertaste were scored.

2.11. Statistical Analysis

The results are presented as mean values and the standard error of the mean. The
statistical analysis was carried out with the IBM SPSS Statistics 23.0 and Microsoft Office
Excel 2016 programs. Mean values were compared using univariate analysis of variance
and a Tukey test with a significance level of p < 0.05.

3. Results

3.1. The Ratio of Body Parts, Meat Parts and the Main Organs

The ratio of the main body parts is shown in Table 1. The skin with feathers made up
the greatest part of live weight among the examined body parts (Table 1). The weight of the
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diaphragm and the feet contributed equally to the live weight. The neck was significantly
heavier than the head, but lighter than the other body parts. The head made the lowest
percentage of all the measured body parts. The total ratio of the evaluated body parts was
16.74 ± 0.01% of live weight.

Table 1. The ratio of body parts expressed in the percentage of live weight (n = 10).

Body Parts Ratio (%)

Skin with feathers 8.06 d ± 0.01
Neck 2.12 b ± 0.01

Diaphragm 2.86 c ± 0.01
Head 0.71 a ± 0.01
Feet 2.99 c ± 0.01
Total 16.74 ± 0.01

a–d: Different letters represent significant differences (p < 0.05).

The ratio of meat parts located on the thigh and back expressed as the percentage of
carcass weight is presented in Table 2. The weights in descending order were the following:
tip, outside thigh, fan, outside leg, leg, drumstick, other meat cuts, inside leg, oyster,
outside strip, back tender, inside strip and medal. The total ratio of all examined lean meat
parts was 57.29 ± 0.59% and we found significant differences among the muscles. The
medal showed the lowest percentage of all, followed by the inside strip, the back tender
and the outside strip making the second weight category. The oyster had a significantly
higher percentage than the previous cuts. The ratio of the inside leg showed the next
weight category, followed by the drumstick and the other meat cuts. The ratio of the fan,
outside leg, leg and outside thigh was similar. The tip had the highest percentage of all.
The ratio of the outside strip, oyster, tip, outside leg and medal made 19.16 ± 0.01% of all
the examined meat parts. The owner did not allow us to evaluate the fan as it is the most
valuable meat part and is sold whole and only a few birds are slaughtered annually.

Table 2. Percentage of individual valuable meat parts (n = 10).

Meat Part Ratio (%)

Outside strip 2.32 b ± 0.23
Oyster 2.72 c ± 0.09

Fan 6.49 fg ± 0.21
Tip 6.83 g ± 0.26

Outside leg 6.34 f ± 0.13
Medal 0.94 a ± 0.03

Inside leg 3.28 d ± 0.14
Inside strip 2.05 b ± 0.13

Outside thigh 6.57 fg ± 0.21
Back tender 2.23 b ± 0.13

Leg 6.28 f ± 0.17
Drumstick 5.70 e ± 0.21

Other meat cuts 5.54 e ± 0.15
Total 57.29 ± 0.59

a–g: Different letters represent significant differences (p < 0.05).

The ratio of the main organs expressed in the percentage of live weight is shown in
Table 3. The ratio of heart and lung was similar; neither the liver, nor the empty gizzard
differed in the percentage of live weight. The total ratio of the main metabolic organs was
6.16 ± 0.01%.
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Table 3. Ratio of the main organs expressed in the percentage of live weight (n = 10).

Organs Ratio (%)

Heart 0.88 a ± 0.01
Lung 0.98 a ± 0.01
Liver 2.02 b ± 0.01

Empty gizzard 2.28 b ± 0.01
Total 6.16 ± 0.01

a,b: Different letters represent significant differences (p < 0.05).

3.2. Chemical Composition of the Examined Meat Parts

The nutritive composition of the examined meat parts is given in Table 4. The dry
matter content showed values between 23.84 ± 0.31 and 26.23 ± 0.13%. The oyster and
the tip showed the lowest dry matter content, with the outside strip showing the highest.
The protein content of meat parts took on values between 18.40 ± 0.09 and 20.62 ± 0.16%.
The tip showed the lowest protein content, while the outside strip and the medal revealed
the highest protein content. The fat content revealed values between 2.36 ± 0.07 and
4.50 ± 1.09%. The oyster had the lowest fat content, while the tip and the outside strip
showed the highest fat content. The hydroxyproline content ranged between 0.01 ± 0.001
and 0.08 ± 0.001%. The lowest hydroxyproline content was found for the outside strip and
the outside leg; conversely, the tip was the richest in this compound.

Table 4. Nutritive composition of the five examined valuable meat parts (n = 10).

Meat Parts/Nutrients Dry Matter% (w/w) Protein% (w/w) Fat% (w/w) Hydroxyproline% (w/w)

Outside strip 26.23 d ± 0.13 20.49 cd ± 0.08 4.41 c ± 0.12 0.01 a ± 0.001
Oyster 23.84 a ± 0.31 20.10 c ± 0.32 2.36 a ± 0.07 0.03 c ± 0.001

Tip 24.35 ab ± 0.15 18.40 a ± 0.09 4.50 c ± 1.09 0.08 d ± 0.001
Outside leg 24.51 b ± 0.15 19.49 b ± 0.11 3.64 b ± 0.14 0.01 a ± 0.001

Medal 25.54 c ± 0.13 20.62 d ± 0.16 3.57 b ± 0.11 0.02 b ± 0.001
a–d: Different letters represent significant differences (p < 0.05).

The amino acid content of the outside strip is presented in Table 5. The amino acid
content ranged between 0.15 ± 0.01and 3.33 ± 0.04 g/100 g meat. Regarding the amino
acid and fatty acid composition, we had the opportunity to assess only one meat part, so
we chose the outside strip, which is the second most valuable one after the fan. Among
the evaluated amino acids, the essential amino acids showed 8.68 ± 0.15 g/100 g meat, the
non-essential amino acids made 4.69 ± 0.27 g/100 g meat and the quantity of conditional
amino acids was 6.18 ± 0.02 g/100 g meat. The outside strip was the richest in glutamine
and the poorest in cysteine. The quantity of isoleucine, valine and threonine was equal.
The examined meat part contained similar concentrations of leucine and lysine. On amino
acid content, only Sales’s results [8] could be found expressed in g/100 g meat of unknown
meat parts. The author evaluated 10- to 12-month-old ostriches and found lower values for
the content of asparagine, threonine, serine, glutamine, alanine, valine, isoleucine, tyrosine,
histidine and lysine, while he had no data on proline and cysteine.

In Table 6, we present the main fatty acids which were published in the literature to
enable comparison. The total values were calculated using all examined fatty acids. The
total saturated fatty acid content of the outside strip was 35.10 ± 0.53%. The concentration
of palmitic acid (C16:0) was the highest of the whole fatty acid composition of all exam-
ined saturated fatty acids. Stearic acid (C18:0) was the second fatty acid present in large
quantity. The content of monounsaturated fatty acids showed 37.37 ± 1.52%, of which the
concentration of vaccenic acid (C18:1) should be highlighted. The total polyunsaturated
fatty acid ratio was 27.54 ± 1.01%, among which the ratio of linoleic acid (C18:2n6) was the
most significant. The total unsaturated fatty acid content was 64.90 ± 1.68%. Our results,
compared to the literature demonstrated in Table 6, agree with the 27 to 39% range of
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fatty acid ratio published by other authors. The SFA/UFA ratio was below the results of
Horbańczuk et al. (1998) [25] and Hoffman et al. (2005) [26], but above that of Horbańczuk
et al. (2019) [27]. The n-6/n-3 ratio in our examination was almost half of the one found
by Horbańczuk et al. [27]. Information on the diet is not available for drawing further
conclusions from the difference.

Table 5. Amino acid composition of outside strip (n = 10) compared to the literature.

Amino Acids
Present Results
(g/100 g Meat)

Sales [8]
(g/100 g Meat)

ASP 1.94 m ± 0.02 1.90
THR 1.00 i ± 0.01 0.76
SER 0.83 e ± 0.01 0.59
GLU 3.33 n ± 0.04 2.51
PRO 0.88 h ± 0.04 -
GLY 0.82 d ± 0.01 0.82
ALA 1.18 k ± 0.01 1.06
CYS 0.15 a ± 0.01 -
VAL 1.00 i ± 0.01 0.97
MET 0.54 b ± 0.02 0.55
ILE 0.98 i ± 0.01 0.92
LEU 1.62 l ± 0.02 1.70
TYR 0.74 c ± 0.01 0.61
PHE 0.85 f ± 0.01 0.94
HIS 0.86 g ± 0.01 0.39
LYS 1.84 l ± 0.08 1.65
ARG 1.00 j ± 0.01 1.36

a–n: Different letters represent significant differences (p < 0.05).

Table 6. Fatty acid composition (%) in the estimated total sum of fatty acid of ostrich outside strip
and that of several authors.

Fatty Acids
Present Results

(n = 10)

Horbańczuk
et al. (1998) [25]

(n = 6)

Hoffman et al.
(2005) [26]

Horbańczuk
et al. (2019) [27]

(n = 8)

Saturated fatty acids (SFAs)
C8:0 0.02 a ± 0.01 0.03 ± 0.00 - -
C10:0 0.05 a ± 0.02 0.09 ± 0.01 1.67 ± 0.45 -
C12:0 1.03 a ± 0.39 0.14 ± 0.01 0.00 ± 0.03 -
C14:0 0.75 a ± 0.08 1.53 ± 0.18 0.75 ± 0.20 0.57 ± 0.12
C15:0 0.24 a ± 0.03 - x 0.11 ± 0.08 0.02 ± 0.00
C16:0 22.25 c ± 1.31 24.06 ± 0.29 21.95 ± 0.56 21.37 ± 0.21
C18:0 10.38 b ± 1.06 11.84 ± 0.32 14.08 ± 0.66 9.81 ± 0.08

Total (SFA) 35.10 ± 0.53 37.71 ± 0.39 39.73 ± 0.77 31.33 ± 0.21

Monounsaturated fatty acids (MUFAs)
C14:1 <0.01 * - - 0.08 ± 0.00
C15:1 <0.01 * - 0.12 ± 0.07 0.17 ± 0.01
C16:1 5.33 b ± 0.52 3.79 ± 0.11 3.51 ± 0.42 7.90 ± 0.09
C18:1 31.85 c ± 1.20 33.25 ± 0.52 21.15 ± 0.78 29.96 ± 0.15
C20:1 <0.01 * 0.29 ± 0.01 1.96 ± 0.57 0.21 ± 0.02

Total (MUFA) 37.37 ± 1.52 33.49 ± 0.40 27.27 ± 1.13 38.46 ± 0.16
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Table 6. Cont.

Fatty Acids
Present Results

(n = 10)

Horbańczuk
et al. (1998) [25]

(n = 6)

Hoffman et al.
(2005) [26]

Horbańczuk
et al. (2019) [27]

(n = 8)

Polyunsaturated fatty acids (PUFAs)
C18:2n6 21.19 d ± 0.61 15.01 ± 0.55 18.06 ± 0.84 18.70 ± 0.10
C18:3n3 1.49 b ± 0.11 6.50 ± 0.52 5.76 ± 0.36 1.98 ± 0.04
C18:3n6 <0.01 * - 0.59 ± 0.16 -
C20:3n6 <0.01 * - - 0.57 ± 0.01
C20:3n3 4.85 c ± 1.10 5.30 ± 0.13 6.15 ± 0.77 5.44 ± 0.05
C22:6n3 <0.01 * 0.73 ± 0.05 1.22 ± 0.55 0.67 ± 0.02

Total (PUFA) 27.54 ± 1.01 28.79 ± 0.61 32.99 ± 1.22 28.48 ± 0.10
n-6/n-3 ratio 3.91 ± 0.43 - - 7.55 ± 0.21

SFA/UFA ratio 0.54 ± 0.02 0.61 0.66 0.47
a–d: Different letters represent significant differences (p < 0.05); * values below the level of detection; x not
presented in the study.

The mineral composition of the outside strip is shown in Table 7. The content of Ca, K,
Mg, Na and P was significantly the greatest among all examined minerals. Our results for
all the examined minerals except for Mn surpassed the literature data presented in Table 7.
In comparison with the studies, differences in the content of Ca and K were the greatest.
The authors also revealed remarkably different results in some cases.

Table 7. Mineral composition of ostrich outside strip (n = 10) compared to the literature.

Minerals
Present Results

(g/100 g)
Majewska [28]

(g/100 g)
Sales and Oliver-Lyons

[29] (g/100 g)

Ca 0.33 b ± 0.007 0.05 ± 0.008 0.08
Cu 0.002 a ± 0.0001 0.001 ± 0.0003 0.001
Fe 0.04 a ± 0.0006 0.04 ± 0.005 0.02
K 3.45 b ± 0.05 2.38 ± 0.14 2.69

Mg 0.26 b ± 0.003 0.25 ± 0.01 0.22
Mn 0.0004 a ± 0.00001 0.0002 ± 0.00003 0.0006
Na 0.51 b ± 0.01 0.33 ± 0.03 0.43
P 2.48 b ± 0.01 2.28 ± 0.12 2.13

Zn 0.03 a ± 0.0008 0.02 ± 0.006 0.02
a,b: Different letters represent significant differences (p < 0.05).

3.3. Colour and pH Value of the Examined Valuable Meat Parts

Table 8 presents the colour and pH value of the five examined meat parts. No signif-
icant difference was found between the meat parts in L* value. However, the a* and b*
planes were more sensitive (p < 0.05) to the colour determinations. Only the a* value of
outside leg differed from a* value of the other meat parts and proved to be the smallest.
The outside leg showed the smallest, the oyster the greatest b* value. The pH value of
the examined meat parts ranged between 5.95 ± 0.02 and 6.01 ± 0.03 and we found no
significant difference among the muscles.

Table 8. The colour and the pH 24h value of the five examined valuable meat parts (n = 10).

Meat
Parts/Parameters

L* a* b* pH 24h

Outside strip 36.76 ± 0.92 25.61 b ± 0.32 6.15 bcd ± 0.38 5.95 ± 0.02
Oyster 35.47 ± 0.93 24.85 b ± 0.47 6.59 d ± 0.32 6.00 ± 0.04

Tip 36.66 ± 0.73 25.38 b ± 0.46 5.75 bcd ± 0.38 6.01 ± 0.03
Outside leg 35.81 ± 0.82 22.60 a ± 0.58 3.36 a ± 0.51 5.97 ± 0.01

Medal 37.04 ± 0.67 24.75 b ± 0.35 5.29 bc ± 0.30 6.00 ± 0.02

Different letters represent significant differences (p < 0.05).

95



Agriculture 2021, 11, 885

3.4. Selected Technological Parameters and Shear Force of the Five Examined Valuable Meat Parts

The values of the technological parameters and shear force are shown in Table 9. We
found no significant difference between the results of drip loss; however, differences in
thawing loss were significant. The outside leg and medal showed the smallest thawing loss,
while the outside strip and the oyster showed the biggest. It can be stated that the outside
leg and the medal were less negatively affected by thawing, and these meat parts could
hold water more efficiently after the process. The cooking loss showed values between
36.63 ± 1.38 and 41.23 ± 1.47% and we could not detect significant differences among meat
parts. The shear force took on values between 2.90 ± 0.24 and 3.42 ± 0.37 N/mm. There
was no significant difference among the meat parts.

Table 9. Technological characteristics and shear force of the five valuable meat parts (n = 10).

Meat Parts Drip Loss (%)
Thawing Loss

(%)
Cooking Loss

(%)
Shear Force

(N/mm)

Outside strip 5.88 ± 0.02 4.22 b ± 0.01 41.23 ± 1.47 2.99 ± 0.25
Oyster 4.02 ± 0.01 4.48 b ± 0.01 37.32 ± 1.30 3.01 ± 0.24

Tip 4.00 ± 0.01 3.50 ab ± 0.01 40.05 ± 1.23 3.28 ± 0.23
Outside leg 4.17 ± 0.01 2.72 a ± 0.01 36.63 ± 1.38 3.42 ± 0.37

Medal 4.08 ± 0.01 2.32 a ± 0.01 36.68 ± 1.30 2.90 ± 0.24

Different letters represent significant differences (p < 0.05).

3.5. Organoleptic Characteristics of the Examined Meat Parts

The results of the organoleptic evaluation are given in Table 10. Only the flavour and
the tenderness revealed significant differences between the meat parts. The oyster and
the medal were less favourable, while the outside strip and the tip had the best flavour
and tenderness. Although we could not find significant differences in shear force among
the meat parts, panellists found significant deviations in meat tenderness. Aftertaste
(metallic, unfavourable, uncharacteristic of meat) was not detected. In summary, ostrich
meat received an average score for every organoleptic parameter.

Table 10. Organoleptic characteristics of the examined valuable meat parts (n = 10).

Meat Parts Smell Flavour Juiciness Tenderness Texture Aftertaste

Outside strip 3.22 ± 0.14 3.42 b ± 0.14 3.37 ± 0.13 3.05 b ± 0.14 2.93 ± 0.14 1.90 ± 0.05
Oyster 2.85 ± 0.14 2.88 a ± 0.14 3.37 ± 0.13 2.85 ab ± 0.14 2.63 ± 0.14 1.88 ± 0.05

Tip 3.21 ± 0.14 3.36 b ± 0.14 3.57 ± 0.12 3.05 b ± 0.14 2.67 ± 0.14 1.93 ± 0.05
Outside leg 3.19 ± 0.14 3.07 ab ± 0.14 3.41 ± 0.12 2.52 a ± 0.14 2.45 ± 0.14 1.95 ± 0.05

Medal 3.00 ± 0.14 2.98 a ± 0.14 3.33 ± 0.12 2.71 ab ± 0.14 2.76 ± 0.14 1.91 ± 0.05

Different letters represent significant differences (p < 0.05).

4. Discussion

4.1. The Ratio of Body Parts, Meat Parts and the Main Organs

Although the feed given in our study contained the recommended quantity of en-
ergy, it was richer in protein, fat and lysine in comparison with the literature data [10].
The birds slaughtered at 18 months of age had similar live weight to that of the younger
(10–14 months) animals. However, after 12 months of age, fattening becomes less eco-
nomic [6,7]. The skin and feather represented a significant proportion of slaughter weight.
These body parts are considered valuable products on the western market [30]. The head,
the feet and the diaphragm are regarded as inedible body parts since they contain mostly
bones. The neck is worthless from the consumers’ point of view. It is usually purchased by
zoos. The live weight of 12–14-month-old Zimbabwean blue neck ostriches was 103.72 kg in
the study of Dijana et al. [31]. The ratios of the skin, neck and head of the slaughtered birds
were similar to those of the 18-month-old birds in our study. Morris et al. [11] examined
fourteen ostriches between 10 to 14 months of age with 95.54 kg live weight and drew
similar conclusions. The authors presented a moderately higher proportion of head (1.78%)
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and lower feet (2.51%). Data on genotype and nutrition were not available. Regarding
meat parts, the weight of the outside strip, the oyster, the tip and the outside leg was
0.10–0.53, 0.08–0.29, 0.31–1.17 and 0.19–1.16 kg, respectively [32]. The lower values of the
range stemmed from 7-month-old ostriches, the higher values represented 18-month-old
birds. Results from the same age were far below what we experienced for the same meat
parts. Data on genotype and nutrition were not published.

The weight of the empty gizzard, heart, liver and lung or lung with trachea of
12–14 months old ostriches ranged between 2.11–4.39%, 0.90–0.97, 0.54–0.56 and
0.42–1.29% [11,31]. When the organ weight of the 10-month-old and 14-month-old birds
was compared, the biggest differences were observed in those of the lung and gizzard.
In the present study, the weight of the same organs showed 2.28 ± 0.01, 0.88 ± 0.01,
2.02 ± 0.01 and 0.98 ± 0.01%, respectively. Differences due to the age of the birds (12, 14
and 18 months) could be found in the weight of the liver since 18-month-old ostriches
in our examination had four times heavier liver than the 12- to 14-month-old ones in the
literature. The large size of the liver enables the sufficient metabolism of nutrients, vitamin
and glycogen storage and the detoxification of the organism. The extensive ratio of the
empty gizzard can be interpreted by its high capacity because ostriches swallow small
pebbles to facilitate digestion.

4.2. Chemical Composition of the Examined Meat Parts

For the colour, L* defines black at 0 and white at 100. In the a* value, green is closer
to −120 and red is closer to +120, in b*, blue takes the value of −120 and yellow shows
+120 [22,31]. Species, breed, age, sex, nutrition, rearing, total haem and myoglobin content,
storage time, pH and processing parameters also influence meat colour [33]. Meat with
high pigmentation and after oxidation offers lower L*, a* and b* values [33]. The L*, a* and
b* for the tip of ten 10- to 12-month-old Zimbabwean blue neck ostriches were 32.6 ± 2.46,
16.9 ± 1.84 and 11.4 ± 1.22 [28], compared to our results of 36.66 ± 0.73, 25.38 ± 0.46 and
5.75 ± 0.38 for the same meat part. The cited authors determined lower values for L* and a*
and higher for b*, indicating a darker meat part. The birds in their research were younger;
however, data on nutrition and rearing conditions were not available.

The final postmortem pH values of meat and drip loss are significantly and negatively
correlated parameters. Higher pH (over 5.7) results in stronger water-holding capacity,
but shorter shelf life. Higher pH value improves water-holding capacity and so decreases
drip loss [18]. The mean pH value of ostrich meat is 7.2, but it decreases after 24 h and
facilitates meat processing [19]. Generally speaking, ostrich meat has a regular (<5.8) to
high (>6.2) 24 h postmortem pH [1]. Our results were slightly below the pH24 6.12 for the
inside leg and 6.11 ± 0.03 for an unknown meat part [1,34], but above the value of 5.81
for the fan [35]. In summary, ostrich meat has a naturally higher postmortem pH than
the 5.7–5.9 generally detected in meat, which results in better water-holding capacity, but
shorter shelf life. With chicken, pH24 significantly increases by bird age [36] but there are
no data published on ostrich.

In comparison with our results on chemical composition, Sharaf et al. [37] demon-
strated a 1.01% lower dry matter, a 1.33% higher protein and a 2.05% lower fat content and
claimed that the dry matter, protein and fat content of ostrich fan from three 12-month-
old ostriches were 23.88, 21.15 and 1.65%, respectively. The higher protein and lower
fat content of the meat can be interpreted by the fact that they used six-month-younger
birds in their study. However, no data are available on nutrition. The protein content
of the inside leg, tip and fan deriving from seven 12- to 14-month-old ostriches showed
21.6 ± 0.49, 20.81 ± 0.72 and 21.0 ± 0.58% [38]. Our result for the tip was 2.41% lower
than that observed by the authors. Their findings for all the examined meat parts show
higher values than any meat part in our research. This fact can be interpreted by the age of
the birds as younger ostriches were examined in their study. Data on nutrition were not
available. The meat of rhea contains 25.9% dry matter, 22.5% protein and 1.6% fat [39–41],
which indicates a higher dry matter and protein and a lower fat content when compared
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to our results. The same parameters in emu were 25.2, 22.3 and 1.8% [33]. Regarding the
literature and our findings, it can be concluded that emu and rhea meat contain more dry
matter and protein, but less fat than ostrich meat. The hydroxyproline content of meat
determines meat tenderness. The lower the hydroxyproline content in meat, the more
tender it is. The hydroxyproline content of ostrich meat is 0.09% [34], which is higher than
the value we determined, providing more tender meat. Data on sample size, age of the
bird and the examined meat parts were not available.

In respect of amino acid content, values in the research of Sales [8] were lower for
threonine, serine, glutamine, isoleucine, alanine, valine, isoleucine, tyrosine, histidine and
lysine for ostrich unknown meat parts as compared to our results on the outside strip.
Sales and Hayes [38] examined the tip with 21.0% protein content and found essential and
non-essential amino acid content to be 8.47 g/100 g meat and 10.09 g/100 g meat. We
presented higher essential amino acid content (8.68 ± 0.15 g/100 g meat), but lower non-
essential amino acid content (4.69 ± 0.27 g/100 g meat) when compared to the literature.
Data on the amino acid composition of the outside strip were not available in the literature.
Differences could be attributed to the different diets and ages of the animals. However,
the description of the feed was not available in the literature. In addition, there was no
information on the influence of ostrich age for this parameter.

Horbańczuk et al. [25] examined the fan and leg deriving from six Zimbabwean blue
neck 12-month-old ostriches and reported SFA content being 37.71 ± 0.39% for the fan,
and 39.37 ± 0.45% for the leg. The PUFA content of the fan and leg was 28.79 ± 0.61
and 23.78 ± 0.33% of total fatty acids. The authors did not find a significant difference
between the meat parts. The SFA content was higher for both examined meat parts as
compared to our results for the outside strip (35.10 ± 0.53%). The PUFA content of the
fan was higher, while that of the leg was lower than it was found in our study for the
outside strip (27.54 ± 1.01%). It can be argued that the meat from older birds shows lower
SFA content than that of the younger ones. Conversely, differences between PUFA values
are not obvious enough to draw further conclusions from the effect of the age of the bird
on PUFA content. Data on nutrition were not available. The SFA content of the fan from
ostriches of unknown ages was 39.73 ± 0.77 [26], which is 4% more than the value we
established for the outside strip (35.10 ± 0.53%). The PUFA content was reported to be
5% higher (32.99 ± 1.22%) than our results for the outside strip (27.54 ± 1.01%), although
in the study [26] unrefined fish oil diet supplementation was provided for the birds. Our
research presented the n-6/n-3 ratio to be 3.91 ± 0.43, which is higher than the 3.02 for
ostrich in general [42], but lower than the 7.55 ± 0.12 [27] in the fan. The saturated and
unsaturated fatty acid composition of the ostrich fan is 48.0 ± 1.9 and 50.8 ± 1.9% [43]. The
authors found higher saturated but lower unsaturated fatty acid content and SFA/UFA
ratio in comparison with our results (35.10 ± 0.53%, 64.90 ± 1.68% and 0.54 ± 0.017). In
their findings, the SFA/UFA ratio was 0.9 ± 0.4 for the ostrich fan. The meat was the richest
in palmitic acid, oleic acid and linoleic acid. The SFA/UFA ratio was higher (0.9 ± 0.4) in
their study for the fan than what we found in the ostrich outside strip (0.54 ± 0.02). The
ostrich meat was the richest in palmitic acid, oleic acid and linoleic acid. The SFA/UFA
ratio was higher in their study than our findings for the ostrich outside strip (0.54 ± 0.02).
In another examination on 12-month-old rheas, the SFA, MUFA and PUFA content of the
inside leg was 27.93 ± 0.7%, 42.36 ± 2.5 and 29.71 ± 1.9%, respectively [44]. The authors
found lower SFA, MUFA and PUFA content; in addition, the n-6/n-3 ratio was also higher
(31.30 ± 9.0) in comparison with our result on ostrich outside strip (3.91 ± 0.43). Nutrition
data were not published. The PUFA content of ostrich meat is 8% higher than emu meat
but 5% lower than rhea meat [45].

The Ca, P and Zn content of raw ostrich meat is 0.90 ± 0.003, 6.30 ± 0.07 and
0.10 ± 0.002 g/100 g [34]. Horbańczuk and Wierczbicka [42] claimed that the Ca content
of emu and ostrich meat varies between 0.05 and 0.07 g/100 g, respectively. We found the
same elements to be present in 0.33 ± 0.007, 2.48 ± 0.01 and 0.03 ± 0.0008 g/100 g in the
outside strip. Neither the age nor the nutrition of the birds was mentioned in the study.
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The Fe content of ratite meat is 0.04 g/100 g [42]. We experienced a higher value for this
parameter in the outside strip (0.04 ± 0.0006 g/100 g). The Mg and Na content of ostrich
meat was as considered 0.22 g/100 g and 0.43 g/100 g [29], respectively. Selenium showed
a value of 0.0004 ± 0.00001 g/100 g. The content of Mg content of the outside strip was
lower (0.26 ± 0.003 g/100 g) and the content of Na was higher (0.51 ± 0.01 g/100 g) in our
research in comparison to the relevant literature.

4.3. Selected Technological Parameters, Shear Force and Organoleptic Characteristics of the Five
Examined Valuable Meat Parts

The cooking loss and drip loss of ostrich meat of unknown origin were 21.18 and 2.85%,
respectively [33]. In the study, there was no significant difference between the meat parts.
The thawing loss (3.88 ± 0.42%) of tip was the greatest in every examined meat part [31].
Their examination revealed greater loss for the tip than our study. Cooking loss and shear
force of the inside leg from ostriches of 12 months of age were 37.4% and 3.35 N/mm [46].
The cooking loss showed values closest to the oyster in our study (37.32 ± 1.30%), but
higher than the inside leg and medal, and lower than the outside strip and tip. Even though
birds in their study were half a year younger than in our research, the meat was firmer
as compared to every meat part in our examination except for the outside leg (3.42 ± 0.3).
For emus, the shear force is 2.95 N/mm, providing more tender meat as compared to
ostriches [33]. The cooking loss of rhea meat is 41.9%, which is more than in ostrich [34].

Different meat parts from ostriches of unknown age were scored on a 9-point hedonic
scale. The leg (outside leg, mid-leg and inside leg) was considered to have the most intense
flavour [47]. In another experiment on a 9-point hedonic scale, meat flavour, tenderness
and juiciness scored 6.80 ± 0.05, 7.17 ± 0.06 and 7.38 ± 0.12 [34], which meant that the
judges liked ostrich meat moderately. The flavour of the meat was not significantly affected
by the age of the birds [17]. Regarding our results, we found statistical differences in
flavour and tenderness between the meat parts. The outside strip and tip had the best
flavour (with scores 3.42 ± 0.14 and 3.36 ± 0.14) and tenderness (with scores 3.05 ± 0.14
and 3.05 ± 0.14).

In our analyses in respect to the organoleptic evaluation, the oyster and the medal
were less favourable, while the outside strip and the tip had the best flavour and tenderness.

5. Conclusions

Ostrich meat can play a role as an alternative food resource in human nutrition. We
aimed to conduct a study including meat parts that are considered valuable in Hungary.
Concerning the amino acid composition, glutamine should be highlighted. Our results
show that ostrich meat generally has low saturated fatty acid content, a low SFA/UFA
and n-6/n-3 ratio and high polyunsaturated fatty acid content. Ostrich meat is dark red
and we could prove that it is rich in minerals. Comparing the examined valuable meat
parts, the protein content of the medal was the highest. Regarding L*a*b* meat colour,
the meat parts significantly differed in a* and b* values. The outside leg had the lowest
a* and b* values. As for technological characteristics, the outside strip and the oyster
significantly had the greatest thawing loss. According to the panellists, cooked ostrich meat
did not have an aftertaste and it received an average score for all the evaluated organoleptic
parameters. In comparison with the younger birds (10–14 months of age) in the literature,
the 18-month-old ostriches in our study showed similar or slightly lower slaughter yield,
lighter meat, greater liver weight, lower protein and higher fat content, higher essential
amino acid and lower non-essential amino acid content and higher SFA content in some
cases.
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Abstract: Footpad dermatitis and hepatic lipidosis are health problems in fattening turkeys where a
positive influence of higher methionine content in feed is discussed. The effects of the methionine
supplements DL-methionine (DLM) and liquid methionine hydroxyl analogue free acid (MHA-
FA) under the aspect of low protein diets were investigated in this study based on performance
parameters, footpad health, liver health and oxidative stress. In this study, 80 female turkeys (B.U.T.
Big 6) of 63 day-old, were randomly assigned to four groups characterising a 2 × 2 factorial design
with five replicates each over five weeks. The groups were fed with diets differing in methionine
source (DLM vs. MHA-FA, assuming a biological activity of MHA-FA of 65%) and crude protein
content (15% vs. 18%) for 35 days. The results showed no significant interactions between the protein
content and methionine source. Strong protein reduction significantly impaired water intake, feed
intake, weight gain and feed conversation ratio, but improved footpad health. DLM and MHA-FA
addition had no significant effect on weight gain, crude fat and protein contents in the liver, but DLM
resulted in a significant increase in livers antioxidative capacity compared to MHA-FA. Although the
protein reduction resulted in reduced performance, the study showed that MHA-FA can be replaced
by DLM in a 100:65 weight ratio without compromising performance but with certain advantages in
the antioxidative capacity of the liver.

Keywords: fattening turkey; protein; methionine; growth; hepatic lipidosis; oxidative stress

1. Introduction

In recent years, maintaining the competitiveness of agricultural enterprises has led to a
further increase in the efficiency of animal production [1]. As a result of breeding advances,
fattening turkeys with modern genetics have a high performance potential, which results
in high expectations for nutrients and therefore requires better understanding of the feed
composition [2]. The use of additives such as non-bound amino acids allows to adapt the
diets to different feeding requirements [3]. Feed management practices, including those
that substantially reduce dietary crude protein, are possibly the most important measure
to reduce nitrogen excretion and the emission of nitrogen into the environment which is
attained with the supplementation of non-bound amino acids [4,5].
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In this context, methionine (Met) plays a central role, as it is the first limiting amino
acid for poultry and serves as a building block for protein synthesis, being also a precursor
for cysteine and a functional amino acid involved in methyl donation for glutathione to
counter oxidative stress [4]. Basically, two products for balancing dietary methionine are
commercially available: DL-methionine (DLM) and liquid methionine hydroxyl analogue-
free acid (MHA-FA). Research suggests that they differ in their biological activity, which
is confirmed in the assessment performed by EFSA in numerous publications as 75%
on an equimolar basis [6,7]. Among other causes, a lack of methionine is discussed
as a predisposing factor for footpad dermatitis (FPD), hepatic lipidosis and oxidative
stress [8–11].

Various studies have shown a positive influence of Met on the footpad health of
fattening turkeys [10,12,13]. Abd El-Wahab et al. [10] concluded that at almost identical
litter dry matter (DM) contents, the FPD scores for young turkeys fed high level of Met in
diet were lower than those fed dietary low Met level. It means that level of dietary Met
plays an important role for health of skin rather than moisture content in the litter. Thus,
it seems that Met has a specific function regards foot pad health (as known for skin and
feathers) as mentioned by Abd El-Wahab et al. [14] via protein synthesis and continuous
production of keratin. Furthermore, reduced protein intake also has a positive effect on
footpad health by reducing excess excretion of uric acid [15]. A reduction in the protein
content in feed is currently required in order to decrease the eutrophication potential
of excremental ammonia as well as minimise fine dust and the nitrate intake in ground
water [5,16,17]. Additionally, hepatic lipidosis is a metabolic disease of the liver whose
pathogenesis has not been fully clarified yet, but low dietary protein and Met content as
well as high starch content are discussed as predisposing factors [9,18,19].

A feed composition containing minimum protein requires a higher addition of synthetic
amino acids such as Met [20]. While the biological availability of MHA-FA relative to DLM has
been extensively studied in broilers, less information is available for turkeys [6,21–23]. Based
on their literature surveys and experiments, Hoehler and Hooge [24] and Hoehler et al. [25]
recommended a bioavailability of 65% for MHA-FA relative to DLM [25,26]. Indeed,
other research studies came to different conclusions, but this concept has successfully
been applied and validated [24,27,28]. Therefore, in the present study, the effects of
supplementation of DLM and MHA-FA in protein reduced diets were examined on growth
performance, footpad health liver health and parameters of oxidative stress in late fattening
female turkeys.

2. Materials and Methods

The experiment was carried out in accordance with German regulations. The Ethics
Committee of Lower Saxony for Care and Use of Laboratory Animals (LAVES) approved
the experiment in accordance with § 4, paragraph 3 of the Animal Protection Act (reference
number: 33.8-42502-05-18A313).

2.1. Birds and Housing

For the experiment, 80 female turkeys of a common fattening line were used (B.U.T.
Big 6, Aviagen Turkeys Ltd., Tattenhall, UK). The birds had been grown on a commercial
farm and received the Newcastle vaccine on the farm of origin. The 63 day-old turkeys
were divided into four groups (n = 20) with five replicates. For individual identification, the
turkeys were marked with coloured plastic rings on their legs. The birds were randomly
allocated to 20 pens (1.10 × 2.25 m2) at the beginning of the experiment (day 63) in such a
manner that average body weight (BW) was similar between treatments (BW 4.03 kg/bird).
All feeding groups were consistently distributed in the experimental rearing unit so that
the pen location had no influence on the experimental results. In each pen, 5 kg of wood
shavings (GOLDSPAN®, Goldspan GmbH & Co. KG, Goldenstedt, Germany) served as
litter. The pens were equipped with drinking lines (Easy Line, LUBING Maschinenfabrik
Ludwig Bening GmbH und Co. KG, Barnstorf, Germany) with two pendulum drinking
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nipples and a hanging feeder (automatic feeder, Siepmann GmbH, Herdecke, Germany).
Feed and water were made available to the birds ad libitum during the trial period. The
lighting programme consisted of 16 h light and 8 h darkness. The environmental tempera-
ture was controlled daily and kept at an adequate range (20.0 ◦C and 23.5 ◦C) throughout
the experimental period. At the end of the study, the turkeys were slaughtered to analyse
the livers and to take footpad samples for histology.

2.2. Feed Composition and Analysis

In order to study the response of turkeys to the reduction in the dietary crude protein
supplied with different Met sources, the diets of the four experimental groups were formu-
lated considering these two protein contents (standard as in practice high protein = HP vs.
low protein = LP) and two Met sources (DLM vs. MHA-FA) as the main factors.

Initially, the HP diets were formulated to meet or exceed the amino acid recommenda-
tion provided for female turkeys in the breeder’s guidelines [29]. Therefore Lysine sulfate
and L-Threonine were added to the HP diets. To achieve a significant reduction in protein
in LP diets, crystalline amino acids (L-Arginine, L-Isoleucine, L-Valine, L-Tryptophan, Ly-
sine sulfate, L-Threonine) were supplied in order of limitation as the protein was reduced.
In the formulation of the diets, it was considered either DLM (Evonik Industries AG, Essen,
Germany) or MHA-FA (NOVUS Int., St. Charles, MO, USA) as the Met source and a
bioavailability of MHA-FA of 65% relative to DLM was assumed considering previous
results [25]. The nutritional composition of the experimental diets is shown in Table 1.

Table 1. Composition of the experimental diets.

Ingredients (%) LP + DLM LP + MHA-FA HP + DLM
HP +

MHA-FA

Wheat 36.0 36.0 36.0 36.0
Corn 43.4 43.4 32.3 32.3
Soybean meal 12.5 12.5 23.3 23.3
Soybean oil 1.50 1.50 3.33 3.33
Monocalcium
phosphate 1.68 1.68 1.65 1.65

Calcium carbonate 1.18 1.18 1.11 1.11
Vitamin/mineral
premix 1 1.00 1.00 1.00 1.00

Sodium bicarbonate 0.26 0.26 0.26 0.26
Sodium chloride 0.21 0.21 0.21 0.21
Lysine sulfate (54.6%) 0.89 0.89 0.42 0.42
MHA-FA - 0.46 - 0.32
DL-Methionine 0.30 - 0.21 -
L-Threonine 0.23 0.23 0.08 0.08
L-Arginine 0.31 0.31 - -
L-Isoleucine 0.18 0.18 - -
L-Valine 0.17 0.17 - -
L-Tryptophan 0.05 0.05 - -

LP + DLM = diet with 15% crude protein and DLM; LP + MHA-FA = diet with 15% crude protein and MHA-FA;
HP + DLM = diet with 18% crude protein and DLM; HP + MHA-FA = diet with 18% crude protein and MHA-FA.
1 Content per kg of feed: Vitamin A: 10,000 IU; Vitamin D3: 3000 IU; Vitamin E: 60 mg; Vitamin K3: 4 mg; Vitamin
B1: 3 mg; Vitamin B2: 6 mg; Vitamin B6: 5 mg; Vitamin B12: 30 μg; Folic acid: 1.5 mg; Biotin: 150 μg; calcium
pantothenate: 11 mg; Niacin: 55 mg; Mn: 70 mg; Zn: 80 mg; I: 0.8 mg; Fe: 25 mg; Cu: 15 mg; Se: 0.25 mg; choline
chloride 346.00 mg.

The chemical composition of the diets and Met sources (DLM) and (MHA-FA) were
analysed by EVONIK Operations GmbH, Hanau, Germany and is presented in Table 2.
Dietary amino acids concentrations were determined by an Ion exchange chromatography
analyzer (Biochrom 30+, Biochrom Ltd., Cambridge, UK) with post column derivatisation
with ninhydrin. Amino acids were oxidised with performic acid which was neutralised
with sodium metabisulfite [30,31]. Amino acids were liberated from the protein by hydrol-
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ysis with 6 N HCl for 24 h at 110 ◦C and quantified with the internal standard method by
measuring the absorption of reaction products with ninhydrin at 570 nm. Supplemented
amino acids were determined after extraction with 0.1 N HCl [31]. Supplemented MHA-FA
was analysed using the method described by VDLUFA [32]. Contents of ash, protein, fat,
fibre, starch and sugar were analysed using near-infrared spectroscopy (Foss NIR 6500,
Foss A/S, Hilleroed, Denmark).

Table 2. Calculated and analysed nutrient contents of the experimental diets.

Nutrient Composition
(g/kg, as is Basis)

LP + DLM LP + MHA-FA HP + DLM
HP +

MHA-FA

Crude ash 44.0 43.0 50.0 51.0
Crude protein 155.5 151.5 185.4 186.5
Crude fat 37.0 39.0 55.0 52.0
Crude fibre 23.0 22.0 25.0 26.0
Nitrogen free extract 1 651.0 650.9 598.2 597.3
Starch 491.0 485.0 430.0 420.0
Sugar 26.0 27.0 38.0 38.0
SID Lysine 10.1 10.1 10.1 10.1
SID Methionine 4.4 4.4 4.4 4.4
SID Methionine +
Cystine 7.0 7.0 7.0 7.0

SID Threonine 6.2 6.2 6.2 6.2
SID Valine 7.4 7.4 7.4 7.4
SID Arginine 10.3 10.3 10.3 10.3
Lysine 10.8 (10.7) 10.8 (10.8) 11.1 (11.3) 11.1 (11.0)
Methionine 2 5.1 (4.8) 5.1 (5.1) 4.7 (4.6) 4.7 (4.7)
Methionine + Cysteine 2 7.6 (7.3) 7.6 (7.5) 7.7 (7.6) 7.7 (7.8)
Cysteine 2.5 (2.5) 2.5 (2.5) 3.0 (3.0) 3.0 (3.0)
Threonine 6.9 (6.9) 6.9 (6.6) 7.2 (7.3) 7.2 (7.2)
Valine 7.9 (7.9) 7.9 (7.8) 8.3 (8.4) 8.3 (8.3)
Arginine 10.0 (10.9) 10.0 (10.7) 11.3 (11.5) 11.3 (11.3)
Tryptophan 2.1 (2. 1) 2.1 (2.1) 2.2 (2.3) 2.2 (2.3)
Isoleucine 7.1 (7.1) 7.1 (6.9) 7.4 (7.6) 7.4 (7.5)
Leucine (11.3) (11.2) (14.3) (14.3)
Histidine (3.40) (3.40) (4.50) (4.50)
Phenylalanine (6.70) (6.60) (9.00) (9.00)
Glycine (5.60) (5.50) (7.40) (7.40)
Serine (6.60) (6.50) (8.80) (8.90)
Metabolizable energy 3

(MJ/kg)
12.2 12.1 12.4 12.2

LP + DLM = diet with 15% crude protein and DLM; LP + MHA-FA = diet with 15% crude protein and MHA-FA;
HP + DLM = diet with 18% crude protein and DLM; HP + MHA-FA = diet with 18% crude protein and MHA-FA.
1 Nitrogen-free extract = DM − (crude ash + crude protein + crude fat + crud fibre). 2 Total methionine and methio-
nine + cysteine in the MHA-FA treatments assume 65% Met efficiency. 3 Metabolisable energy (per kg) = 0.01551
× crude protein + 0.03431 × ether extracts + 0.01669 × starch + 0.01301 × sugar (as sucrose); SID: standardised
ileal digestible for total amino acids; amino acids: calculated levels (in brackets: analysed values).

2.3. Parameters and Sampling Time Plan

Individual BW, feed intake, water intake, litter DM and gross footpad scoring were
measured weekly. Individual BW and weighing in and weighing out of water and feed was
carried out with a calibrated scale (Sytemwaage PCE-TB30, PCE Instruments, Meschede,
Germany). At the end of the trial, the birds in each group were necropsied and samples
of the liver were taken to analyse crude fat, crude protein contents and total antioxidant
capacity. During slaughtering, the blood samples were taken for malondialdehyde analysis
and footpads were sampled for histological analysis.

2.4. Litter Sampling

Litter samples were taken weekly at three defined spots along a diagonal line through
each box to measure the DM content. For this purpose, a cup with a diameter of 5 cm was
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used to punch out a sample from the full depth of the bedding as described by Ullrich et al.
(2019) [33]. The three samples from each box were pooled into one pool sample and the
DM content was determined on the same day.

2.5. Gross Footpad Scoring

The footpads of the birds were scored weekly by the same person on a scale from 0
to 7 in accordance with Mayne et al. [34]; score 0 = healthy skin, score 7 = more than 50%
of footpad area is necrotic (Figure 1). The average scoring of both legs was performed for
each bird.

 

Figure 1. Scoring of foot pad: (a) Score 3 = small necrotic areas; (b) Score 5 = 25% of footpad
is necrotic; (c) Score 7 = > 50% of footpad is necrotic (photo: ©Abd El-Wahab, A./University of
Veterinary Medicine, Hannover, Germany).

2.6. Histological Footpad Scoring

In order to determine the histological footpad scoring in accordance with MAYNE
et al. [34], approximately 2-cm tissue samples from footpads (middle part) were taken
at dissection. The samples were first washed in phosphate-buffer saline, then fixed in
4% formaldehyde for 48 h. After fixation, the samples were embedded in paraffin and
4-μm sections of all samples were stained with haematoxylin and eosin using standard
techniques. The sections were examined under a light microscope and categorised using
the histopathological scoring system on a 7-point scale (0 = normal epidermis; 1 = hyperk-
eratosis; 2 = epidermal acanthosis; 3 = vacuoles in dermis and epidermis; 4 = presence of
heterophils, macrophages and lymphocytes in dermis; 5 = increased density of heterophils,
macrophages and lymphocytes; 6 = ulcer of the epidermis, only one lesion; 7 = more than
one rupture or “ulcer” of the epidermis) in accordance with Mayne et al. [34].

2.7. Analysis of Liver Samples

The livers were first processed in accordance with the method described by Midden-
dorf et al. (2019) for further chemical analysis [35]. The livers were first homogenised in a
mixer (Grindomix GM 200, Retsch GmbH, Haan, Germany) and then freeze-dried (freeze
dryer Gamma 1–20, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz,
Germany). The freeze-dried material was grinded in a mill (M20 universal mixer, IKA
Werke GmbH und Co. KG, Staufen, Germany). The levels of DM and alpha-tocopherol
determination were performed with the homogenised livers, whereas the crude fat and
crude protein analyses were performed with the freeze-dried and grinded materials. The
levels of liver DM, alpha-tocopherol, crude protein and crude fat were determined using
the VDLUFA methods in accordance with Naumann and Bassler [36].

2.8. Oxidative Stress

Total antioxidant capacity (TAC) of liver parenchyma was determined in accordance
with SHEN et al. [11]. Briefly, the TAC was determined by ELISA (ELISA Kit OxiSelect™
Total Antioxidant Capacity Assay Kit, Fa. Cell Biolabs, Inc., San Diego, CA, USA). Using the
ELISA Kit, the TAC was calculated in relation to the liver protein. Malondialdehyde was
determined in blood plasma of ten animals per group after dissection. This was performed

107



Agriculture 2021, 11, 901

by SYNLAB (Medizinisches Versorgungszentrum Labor München Zentrum GbR München,
Germany) in accordance with the method by Chromsystems Instruments and Chemicals
GmbH, Gräfelfing, Germany using the HPLC test kit “Malondialdehyde in Serum/Plasma
HPLC” (Chromsystems Instruments and Chemicals GmbH, Gräfelfing, Germany).

2.9. Statistical Analysis

The statistical evaluation was carried out with the program SAS (Statistical Analysis
System) Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA) in cooperation with
the Institute for Biometry, Epidemiology and Information Processing of the University of
Veterinary Medicine Hannover, Foundation, Germany. The sample size was calculated
assuming an effect size of 0.25 for the main effect (footpad health), the alpha was set to
0.05 and the power to 0.60. With a numerator of the degrees of freedom (df) of 1 and
4 groups 81 animals were necessary. A Shapiro-Wilk test for normal distribution was
performed and normally distributed data were checked for significant differences with the
Ryan-Einot-Gabriel-Welsch-test (one-way ANOVA). For not normally distributed data, a
Kruskal Wallis test was performed, followed by a Wilcoxon two-sample test. Histological
and macroscopical foot pad scoring were performed using a Kruskal Wallis test. The
significance level was set at p < 0.05.

3. Results

All birds were healthy and there were no mortalities during the experimental period.
Additionally, there were no complications and no animals had to be medically treated
during the experiment.

3.1. Performance

The results of the weekly BW recording are presented in Table 3. The BW was in
accordance with the performance goals for B.U.T. Big 6 heavy lines [37].

Table 3. Average body weight (BW) of female turkeys fed experimental diets with different dietary protein content and
using different methionine sources (DL-Methionine-DLM; liquid methionine hydroxyl analogue-free acid-MHA-FA) from
day 63 to 98 (kg/bird, mean +/−SD).

Protein
Content

Methionine
Source

Experimental Period

Day 63 Day 70 Day 77 Day 84 Day 91 Day 98

Low 1 DLM 4.05 ± 0.37 4.87 ± 0.50 5.73 ± 0.58 6.69 ab ± 0.63 7.69 ab ± 0.72 8.56 bc ± 0.74
Low 1 MHA-FA 4.01 ± 0.32 4.76 ± 0.38 5.66 ± 0.42 6.50 b ± 0.47 7.43 b ± 0.57 8.27 c ± 0.64
High 2 DLM 4.07 ± 0.30 5.08 ± 0.35 6.04 ± 0.40 7.06 a ± 0.48 8.15 a ± 0.49 9.06 a ± 0.57
High 2 MHA-FA 3.99 ± 0.43 4.91 ± 0.45 5.88 ± 0.57 6.89 ab ± 0.60 7.95 a ± 0.64 8.85 ab ± 0.63

Factor p-value
Protein content (A) 0.9652 0.0628 0.0193 0.003 0.0006 0.0004

Methionine source (B) 0.4672 0.1461 0.2994 0.1419 0.1033 0.0889
A × B 0.8034 0.7658 0.7074 0.9563 0.8039 0.7956

Main effects
Low protein content 4.03 ± 0.34 4.81 ± 0.45 5.69 b ± 0.50 6.60 b ± 0.56 7.56 b ± 0.65 8.41 b ± 0.70
High protein content 4.03 ± 0.37 4.99 ± 0.41 5.96 a ± 0.49 6.97 a ± 0.54 8.05 a ± 0.57 8.95 a ± 0.60

DLM source 4.06 ± 0.33 4.97 ± 0.44 5.88 ± 0.51 6.88 ± 0.58 7.92 ± 0.65 8.81 ± 0.70
MHA-FA source 4.00 ± 0.37 4.83 ± 0.42 5.77 ± 0.51 6.70 ± 0.57 7.69 ± 0.66 8.56 ± 0.69

a,b,c Means in a column within each main effects with different superscripts differ significantly (p < 0.05); 1 diet with 15% crude protein;
2 diet with 18% crude protein.

No interactions were observed between the crude protein level and methionine source
(p > 0.05). Therefore, the responses of methionine sources and protein levels were indepen-
dent and the main factors were analysed. There was no significant difference between the
methionine sources (p > 0.05), but the groups fed DLM showed a tendency (p = 0.0889) for a
higher final BW compared to MHA-FA. From the second week of the experiment onwards,
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protein reduction led to a significantly lower BW (p < 0.05). The performance data obtained
in the 35-day period for feed intake, water intake, water to feed intake ratio (W:F), BW gain,
protein efficiency ratio (PER) and feed conversation ratio (FCR) are presented in Table 4.

Table 4. Feed intake (FI), water intake (WI), water to feed ratio (W:F), body weight gain (BW), protein efficiency ratio (PER)
and feed conversion ratio (FCR) of female turkeys fed experimental diets with different dietary protein content and using
different methionine sources (DL-Methionine-DLM; liquid methionine hydroxyl analogue-free acid-MHA-FA) from day 63
to 98 (mean ± SD).

Protein
Content

Methionine
Source

Performance Parameters

FI (g) WI (g)
W:F Intake

(g/g)
BW Gain (g) PER (g/g) FCR (kg/kg)

Low 1 DLM 12,532 ab ± 388 23,862 bc ±
1278 1.90 b ± 0.07 4505 b ± 460 2.30 a ± 0.05 2.78 a ± 0.05

Low 1 MHA-FA 11,868 b ± 485 22,623 c ± 1025 1.91 b ± 0.06 4255 b ± 543 2.31 a ± 0.05 2.79 a ± 0.06
High 2 DLM 13,006 a ± 411 26,464 a ± 735 2.04 a ± 0.03 4991 a ± 445 2.08 b ± 0.04 2.61 b ± 0.05
High 2 MHA-FA 12,589 a ± 453 25,428 ab ± 999 2.02 a ± 0.05 4857 a ± 450 2.06 b ± 0.06 2.60 b ± 0.07

Factor p-value
Protein content (A) 0.0075 <0.0001 0.0001 <0.0001 <0.0001 <0.0001

Methionine source (B) 0.0137 0.0248 0.8061 0.0759 0.9002 0.966
A × B 0.5339 0.828 0.7063 0.5894 0.4755 0.7177

Main effects
Low protein content 12,200 b ± 543 23,243 b ± 1272 1.91 b ± 0.06 4380 b ± 513 2.30 a ± 0.05 2.79 a ± 0.06
High protein content 12,797 a ± 463 25,946 a ± 991 2.03 a ± 0.04 4924 a ± 447 2.07 b ± 0.05 2.60 b ± 0.06

DLM source 12,769 a ± 452 25,163 a ± 1687 1.97 ± 0.08 4748 ± 510 2.19 ± 0.12 2.69 ± 0.11
MHA-FA source 12,229 b ± 583 24,026 b ± 1759 1.96 ± 0.08 4556 ± 579 2.18 ± 0.14 2.69 ± 0.12

a,b,c Means in a column within each main effects with different superscripts differ significantly (p < 0.05); 1 diet with 15% crude protein;
2 diet with 18% crude protein.

No interactions were observed between the dietary protein level and Met source
(p > 0.05) for the performance parameters in the entire period. The analysis of the main
factors showed that birds fed diets with MHA-FA had a significantly lower feed intake and
water intake compared to the birds fed DLM. The groups fed DLM showed a tendency
(p = 0.0759) for a higher BW gain compared to MHA-FA. Independent of the evaluated Met
source, the protein reduction led to a significantly lower feed intake, water intake, W:F
intake ratio, BW gain and a higher PER and FCR (p < 0.05).

3.2. Litter Quality and Footpad Dermatitis

The results of the DM content of the litter material measured weekly are presented in
Table 5.

As shown in Table 5, there were no interactions between the crude protein level and
methionine source (p > 0.05) for dry matter content of the litter material during the trial,
neither for the crude protein level effect (p > 0.05) nor methionine source effect (p > 0.05)
when the main factors were taken into consideration for the statistical analysis. The results
for FPD scores are presented in Table 6.
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Table 5. Dry matter content (%) of the litter of female turkeys fed experimental diets with differ-
ent dietary protein content and using different methionine sources (DL-Methionine-DLM; liquid
methionine hydroxyl analogue-free acid-MHA-FA) from day 70 to 98 (mean ± SD).

Protein
Content

Methionine
Source

Experimental Period

Day 70 Day 77 Day 84 Day 91 Day 98

Low 1 DLM 49.6 ± 8.46 58.1 ± 4.47 65.3 ± 6.60 65.5 ± 7.81 64.6 ± 7.16
Low 1 MHA-FA 48.3 ± 6.48 52.3 ± 7.05 62.4 ± 5.05 62.3 ± 7.16 62.0 ± 3.98
High 2 DLM 48.8 ± 6.20 57.1 ± 4.90 58.5 ± 4.71 58.6 ± 5.07 59.7 ± 5.10
High 2 MHA-FA 54.1 ± 6.37 59.3 ± 9.23 66.0 ± 6.60 59.5 ± 5.58 66.5 ± 3.82

Factor p-value
Protein content (A) 0.4503 0.3899 0.5865 0.1519 0.9371

Methionine source (B) 0.5494 0.5956 0.4395 0.7312 0.4303
A × B 0.3207 0.2488 0.0911 0.5293 0.0903

Main effects
Low protein content 48.9 ± 7.97 55.2 ± 6.93 63.8 ± 6.38 63.9 ± 8.08 63.3 ± 6.26
High protein content 51.4 ± 5.99 58.2 ± 7.87 62.2 ± 7.23 59.0 ± 5.64 63.1 ± 5.94

DLM source 49.2 ± 6.76 57.6 ± 4.97 61.9 ± 7.03 62.0 ± 7.85 62.2 ± 7.04
MHA-FA source 51.2 ± 7.42 55.8 ± 9.40 64.2 ± 6.48 60.9 ± 6.92 64.3 ± 4.74

1 diet with 15% crude protein; 2 diet with 18% crude protein.

Table 6. Gross lesions of FPD of female turkeys fed experimental diets with different dietary protein content and using
different methionine sources (DL-Methionine-DLM; liquid methionine hydroxyl analogue-free acid-MHA-FA) from day 63
to 98 (mean ± SD).

Protein
Content

Methionine
Source

Experimental Period

Day 63 Day 70 Day 77 Day 84 Day 91 Day 98

Low 1 DLM 3.90 ± 0.55 3.98 ± 0.60 2.90 ± 0.55 2.35 ± 0.67 1.98 ± 0.44 1.38 c ± 0.65
Low 1 MHA-FA 4.00 ± 0.51 4.03 ± 0.62 2.83 ± 0.67 2.28 ± 0.55 1.83 ± 0.47 1.80 bc ± 0.71
High 2 DLM 3.90 ± 0.58 3.88 ± 0.56 2.63 ± 0.46 2.33 ± 0.80 2.25 ± 0.79 2.18 ab ± 0.65
High 2 MHA-FA 4.10 ± 0.55 3.95 ± 0.48 2.70 ± 0.57 2.43 ± 0.57 2.28 ± 0.55 2.38 a ± 0.51

Factor p-value
Protein content (A) 0.8767 0.5453 0.0885 0.8039 0.0099 0.0001

Methionine source (B) 0.3071 0.3306 0.9920 0.6195 0.7590 0.0580
Main effects

Low protein content 3.95 ± 0.53 4.00 ± 0.60 2.86 a ± 0.61 2.31 b ± 0.61 1.90 b ± 0.46 1.59 b ± 0.71
High protein content 4.00 ± 0.57 3.91 ± 0.52 2.66 b ± 0.51 2.38 a ± 0.69 2.26 a ± 0.67 2.28 a ± 0.59

DLM source 3.90 ± 0.56 3.93 ± 0.57 2.76 ± 0.52 2.34 ± 0.73 2.11 ± 0.65 1.78 ± 0.76
MHA-FA source 4.05 ± 0.53 3.99 ± 0.55 2.76 ± 0.62 2.35 ± 0.56 2.05 ± 0.55 2.09 ± 0.68

a,b,c Means in a column within each main effects with different superscripts differ significantly (p < 0.05). 1 diet with 15% crude protein;
2 diet with 18% crude protein.

As shown in Table 6, footpad health scores reduced during the course of the exper-
iment from about 4.0 at day 63 to about 1.9 at day 98. An evaluation according to the
factor protein level showed a significant effect on footpad health. While, there were no
significant protein effects from day 63 to day 84, protein reduction resulted in a significant
impairment of the footpad score at day 91 and day 98 (p < 0.05). The evaluation according
to the factor Met source showed a tendency (p < 0.10) to lower footpad scores for the DLM
diets compared to MHA-FA on the last day of the experiment.

As shown in Table 7, an evaluation according to the factor protein level showed a
significant improvement in the histological footpad score for low protein diets, while the
evaluation according to the factor Met source showed no effect of the Met source on the
histological footpad score.
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Table 7. Histological FPD scores of female turkeys fed experimental diets with different dietary
protein content and using different methionine sources (DL-Methionine-DLM; liquid methionine
hydroxyl analogue-free acid-MHA-FA) (mean ± SD).

Protein Content Methionine Source Day 98 of Life

Low 1 DLM 2.25 b ± 1.02
Low 1 MHA-FA 2.75 ab ± 1.07
High 2 DLM 3.20 a ± 0.89
High 2 MHA-FA 3.25 a ± 0.72

Factor p-value
Protein content (A) 0.0016

Methionine source (B) 0.1733
Main effects

Low protein content 2.50 b ± 1.06
High protein content 3.23 a ± 0.80

DLM source 2.73 ± 1.06
MHA-FA source 3.00 ± 0.93

a,b Means in a column within each main effects with different superscripts differ significantly (p < 0.05). 1 diet
with 15% crude protein; 2 diet with 18% crude protein.

3.3. Liver Parameters

The absolute liver weight and relative liver weight, DM content, fat and protein
contents of liver (mean ± SD) are presented in Table 8. With the exception of relative liver
weight, there was no significant impact by the dietary protein level or Met source nor
were there any interactions. The experiment showed a significantly increased relative liver
weight due to the protein reduced diets (p < 0.05). DLM and MHA-FA nutrition had no
significant effect on liver weight gain or fat and protein contents in livers.

Table 8. Absolute and relative liver weights as well as the contents of DM, fat and protein in the liver
of female turkeys fed experimental diets with different dietary protein content and using different
methionine sources (DL-Methionine-DLM; liquid methionine hydroxyl analogue-free acidMHA-FA)
at day 98 (mean ± SD).

Protein
Content

Methionine
Source

Item

Absolute
Weight (g)

Relative
Weight (%)

DM (g/kg)
Fibre

(g/kg DM)
Protein

(g/kg DM)

Low 1 DLM 147 ± 23.6 1.71 ± 0.23 304 ± 16.3 157 ± 49.7 620 ± 62.5
Low 1 MHA-FA 140 ± 28.5 1.68 ± 0.29 300 ± 18.6 144 ± 49.9 621 ± 71.0
High 2 DLM 142 ± 20.7 1.57 ± 0.18 303 ± 13.4 143 ± 40.2 633 ± 48.8
High 2 MHA-FA 136 ± 22.9 1.54 ± 0.21 301 ± 12.2 132 ± 33.2 639 ± 44.4

Factor p-value
Protein content (A) 0.4793 0.0064 0.9074 0.1785 0.2239

Methionine source (B) 0.2461 0.5821 0.3611 0.2064 0.7842
A × B 0.9195 0.9952 0.7713 0.907 0.8309

Main effects
Low protein content 143 ± 26.1 1.70 a ± 0.26 302 ± 17.4 151 ± 49.7 620 ± 66.0
High protein content 139 ± 21.7 1.55 b ± 0.19 302 ± 12.7 137 ± 36.8 636 ± 46.2

DLM source 144 ± 22.0 1.64 ± 0.22 303 ± 14.7 150 ± 45.2 626 ± 55.7
MHA-FA source 138 ± 25.6 1.61 ± 0.26 300 ± 15.5 138 ± 42.3 630 ± 59.2

a,b Means in a column within each main effects with different superscripts differ significantly (p < 0.05). 1 diet
with 15% crude protein; 2 diet with 18% crude protein.

3.4. Parameter of Oxidative Stress

The content of vitamin E and total antioxidant capacity (TAC) of the liver, as well as the
malondialdehyde in blood plasma values are presented in Table 9. No interactions of main
factors were found. Also, the dietary protein level did not affect either listed parameter.
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The two-factorial ANOVA showed a significant increase in TAC of the liver parenchyma
for DLM compared to MHA-FA (p < 0.05; 1.05 vs. 0.96 μmol UAE/g liver protein).

Table 9. Content of Vitamin E and total antioxidant capacity (TAC) of the liver, malondialdehyde
in blood plasma used as an indicator of oxidative stress of female turkeys fed experimental diets
with different dietary protein content and using different methionine sources (DL-Methionine-DLM;
liquid methionine hydroxyl analogue-free acid-MHA-FA) at day 98 (mean ± SD).

Protein
Content

Methionine
Source

Oxidative Stress Parameter

Viamin E
(mg/kg DM)

TAC (μmol
UAE/g

Protein)

Malondialdehyde
(μmol/Liter)

Low 1 DLM 16.2 ± 6.56 1.02 ab ± 0.20 0.38 ± 0.11
Low 1 MHA-FA 15.8 ± 5.52 0.93 b ± 0.11 0.34 ± 0.10
High 2 DLM 14.0 ± 4.57 1.08 a ± 0.17 0.36 ± 0.09
High 2 MHA-FA 15.5 ± 4.65 1.00 ab ± 0.17 0.38 ± 0.10

Factor p-value
Protein content (A) 0.2950 0.1086 0.8367

Methionine source (B) 0.6471 0.0260 0.7633
A × B 0.4238 0.8563 0.3856

Main effects
Low protein content 16.0 ± 5.99 0.98 ± 0.17 0.36 ± 0.10
High protein content 14.8 ± 4.62 1.04 ± 0.17 0.37 ± 0.09

DLM source 15.1 ± 5.70 1.05 a ± 0.19 0.37 ± 0.10
MHA-FA source 15.7 ± 5.04 0.96 b ± 0.14 0.36 ± 0.10

a,b Means in a column within each main effects with different superscripts differ significantly (p < 0.05). 1 diet
with 15% crude protein; 2 diet with 18% crude protein.

4. Discussion

In this study the effects of DLM and MHA-FA supplementation in protein reduced di-
ets on the performance, footpad health and liver health of fattening turkeys were evaluated
and the results obtained for the several parameters will be discussed in separate sections.

4.1. Performance

There were no complications or mortality observed during the experimental period.
On arrival at the experimental facility, female turkeys had an average BW of 4.03 kg
± 0.355 and were therefore 15% below breeder recommendations of 4.73 kg for B.U.T.
6 females at day 63 [37]. However, the BW achieved at day 98 particularly regarding with
standard protein levels exceeded 4640 g/bird which was suggested by the breeder as an
efficient amount of feed. However, the average BW of turkeys at day 98 was 8.69 kg/bird
and thus still 8% below 9.45 kg as suggested by the breeder. It should be noted that the
FCR observed in the present trial ranged between 2.60 and 2.79 kg/kg and substantially
exceeded the performance goals of the breeding company [37]. Therefore, the experimental
feeds were basically well utilised. This is remarkable because specifications for the amino
acid levels and applied profile are for heavy female turkeys 98 to 111 days-old, whereas
recommendations for 70 to 97 days-old females would be somewhat higher [38].

To reduce nitrogen emissions, a protein reduction in the diets is necessary [16]. This
is only possible by balancing in particular the essential amino acids in the feed using free
amino acid supplements. In the diets of all experimental groups, the essential amino acids
lysine, Met, threonine, tryptophan, arginine, valine and isoleucine were optimised on a
digestible amino acid basis to achieve similar levels. This was achieved by individually
adding crystalline amino acids (with the exception of MHA-FA which is liquid). Basically,
analyses of diets confirmed successful feed production as targeted levels were recovered.
However, protein reduction in diets containing 15% protein was strong (3% points) and
showed lower contents of some amino acids than the diets containing 18% protein. In this
context, the lower content of the essential amino acids leucine, histidine and phenylalanine
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and of the semi-essential amino acids serine and glycine in the protein reduced diets has
to be noted. This is in line with observations by Lemme et al. [39] who reduced crude
protein more moderately by only 1% point and who achieved a significant reduction in
Gly-equivalents (Gly + 0.714 * Ser) in the protein-reduced feeds. Moreover, the researchers
reported a significantly lower intake of Gly-equivalents at protein reduction.

Despite balancing for six essential amino acids using commercially available products
in the experiment, all performance parameters (Tables 4 and 5) were negatively affected by
the protein-reduced diets. In contrast to Lemme et al. [39,40], we formulated the experimen-
tal feed on a standardised ileal digestible amino acid basis using digestibility coefficient
as proposed by Lemme et al. [39–41]. However, these digestibility coefficients were de-
termined with broilers. It has been reported that digestibility coefficients differ between
turkeys and broilers which might have interfered with protein reduction, as proportions of
ingredients substantially changed [42–44]. Nonetheless, Kluth and Rodehutscord [44] did
not report any substantial differences for amino acid digestibility with respect to soybean
meal, but Kozslowski et al. [43] suggested differences. Probably more of importance are
the amino acids which were not considered for balancing. As mentioned above, the degree
of protein reduction was high in this trial, this having tremendous impact on levels of
not considered essential amino acids as well as conditionally essential and non-essential
amino acids. According to feed analysis, the total levels of lysine, methionine + cysteine,
threonine, tryptophane, arginine, valine and isoleucine were 3–7% lower in low protein
diets compared to standard protein, while on a digestible level, they were very similar.
However, leucine, histidine and phenylalanine as well as glycine and serine were 20–25%
lower in low protein feeds. While there is no information about requirements for turkeys
for these amino acids, it is assumed that one or more of them were below the requirements
limiting protein synthesis and, therefore, resulted in lower BW gain and higher PER and
FCR. Lemme et al. [40] were not successful in protein reduction as performance dropped in
any case. Nevertheless, their research indicated that balancing amino acids beyond lysine,
methionine + cysteine, threonine and tryptophan were needed to achieve the same FCR
and breast meat deposition as with protein reduction including the entire range of essential
amino acids. Indeed, Lemme et al. [6] were able to at least maintain BW gain and FCR
when reducing the protein level of commercial type diets by 1% point and balancing for
lysine, methionine + cysteine, threonine, arginine, valine and isoleucine. However, meat
deposition was slightly affected. They calculated the intake of essential amino acids as well
as glycine-equivalents and concluded that a significantly lower glycine-equivalent intake
was responsible for reduced meat deposition. The content of the semi-essential amino acids
serine and glycine must be noted. The synthesis of glycine and serine can be limited at a
high BW gain intensity, in this case either glycine or serine have to be supplemented to the
diet [45]. Dean et al. [45] reported that glycine and serine first had a limiting effect on BW
gain and FCR of broilers when protein content of diets was reduced from 22% to 19% and
all essential amino acids were supplemented. Thus, there is a likelihood that the intake
of certain amino acids in this trial was insufficient for maintaining the performance at the
level of the standard protein treatments.

With special regard to methionine:cysteine ratio, literature data reporting the optimal
methionine:cysteine ratio in poultry diets differ markedly [46]. One important influenc-
ing factor is that the metabolic degradation of the indispensable methionine may yield
cysteine [47–49]. Consequently, an appropriate amount of cysteine leads to increases the
availability of methionine [50]. However, the close metabolic link between methionine and
cysteine makes it more difficult to assess both the animals’ requirement for total sulfur con-
taining amino acids and the optimal dietary methionine:cysteine [46]. However, Wheeler
and Latshaw [51] also found an age-dependent effect on the optimal methionine:cysteine.

Dietary protein reduction significantly reduced water intake. This is an often de-
scribed effect in the context of protein reduction and is assigned to decreased soybean meal
use [4,16,52,53]. Soybean meal contributes relatively high levels of potassium to the feed,
stimulating water intake [54]. In our trial, inclusion of soybean meal was reduced by 46%.
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In addition, less nitrogen has to be excreted which reduces the water requirement [54].
Assuming 33 g nitrogen/kg weight gain and analysed protein levels of the experimental
feeds, average nitrogen depositions of 149, 140, 165, and 160 g/bird and nitrogen intakes
of 314, 295, 390 and 372 g/bird can be estimated for birds of treatments LP + DLM, LP +
MHA-FA, HP + DLM and HP + MHA-FA, respectively, for the experimental period [6].
Accordingly, dietary protein reduction lowered nitrogen excretion by 27% and thus in-
creased nitrogen utilisation from about 42.6% to 47.5%. Protein reduction by 1% point
over the entire production cycle reduced N-excretion by 8%, which is a similar magnitude
of response when related to 1% point protein reduction. It is remarkable that reduced
water intake due to protein reduction was not reflected in dry matter content of litter in the
current trial [6]. Also, Lemme et al. [6] were unable to observe a clear relationship between
dietary protein level and litter DM content although they reported markedly improved foot
pad health. In the current trial, water intake was not necessarily only influenced by dietary
protein per se but also by feed intake. There was a high correlation between water intake
and feed intake (r = 0.94) and, accordingly, also feed intake was reduced by protein reduc-
tion (p < 0.05). Still, W:F intake ratio would confirm the relationship with soybean meal
and related potassium intake as well as with reduced N-excretion. However, the above
discussed strong impact on the dietary amino acid profile and respective match with amino
acid requirements negatively affected the feed intake. D’Mello [55] described in his review
that amino acid imbalances result in reduced or even depressed feed intake in monogastrics
including poultry, and the 20–25% lower levels of those amino acid not considered in feed
optimisation may indicate an imbalance. Moreover, Schutte and Pack [56] reported that
the increase in methionine levels (i.e., increase in availability and absorption) increased
feed intake in broilers. It is well known that The DLM are actively absorbed (transported
against a concentration gradient), while MHA-FA is absorbed by the H+ dependent system
which is slower than the Na+ system in DLM [57]. According to the literature, the average
relative bioavailability of MHA-FA products compared to DLM is approximately 75–80%
on an equimolar basis [23,58]. Thus, MHA-FA may be less efficiently absorbed and utilised
by birds than DLM and may consequently led to reduce feed intake.

Supplementation of MHA-FA followed the recommendation of Hoehler and Hooge [24]
and Hoehler et al. [25]. Accordingly, a relative bioavailability of 65% is assigned to MHA-FA
compared to DLM. This suggests that by replacing MHA-FA with DLM in a weight-to-
weight ratio of 100:65 in feed, animal performance is not affected. Indeed, the results of the
current study basically confirm no detrimental effect of the relatively low inclusion levels
of DLM on any performance parameter. Rather the contrary is the case as the BW at the
end of the experiments tended to be higher with DLM reflected in the BW gain. Moreover,
the apparently lower weight gain can be explained by significantly lower feed intake of
MHA-FA fed turkeys, which due to the strong correlation between feed and water intake,
was also mirrored in a significantly lower water intake. It is emphasised that neither W:F
intake ratio nor PER and FCR were affected by Met sources. Höhler et al. [25] also tested
DLM and MHA-FA in a 65:100 ratio at three different supplementation levels in one of
the reported trials and described the same growth performance and FCR. Hoehler and
Hooge [24] confirmed this observation, as four commercial type trials with >5000 turkeys
per treatment replacement of MHA-FA with DLM in a 100:65 ratio resulted in the same
performance. Agostini et al. [59] fed turkeys over an entire production cycle and while
final BW and FCR were not affected by the Met sources supplemented in a 65:100 ratio,
they reported a significantly lower breast meat yield in the case of MHA-FA feeding.
Lemme and Meyer [38] applying the same experimental design as Agostini et al. [59], also
found significantly lower breast meat yield in MHA-FA fed turkeys compared to DLM fed
turkeys. When correcting for mortality, FCR tended to be higher with MHA-FA (p = 0.54)
in the latter study. When summarising literature findings and the current study, it can be
concluded that replacing MHA-FA with DLM in turkey feed at a weight-to-weight ratio
of 100:65 results in the same performance. Few results even indicated a slight advantage
for DLM. There is quite a lot research on these Met sources with respect to physiology

114



Agriculture 2021, 11, 901

and metabolism providing evidence for the lower bioavailability of MHA-FA compared
to DLM. Research performed by Maenz and Engele-Schaan [57], Drew et al. [60] and
Malik et al. [61] suggested that a substantial portion of ingested MHA-FA is degraded
by intestinal microbes and thus, not available to the host. DLM is absorbed by sodium-
driven transport with high affinity of the transporters to DLM and a relatively high velocity,
whereas MHA-FA is absorbed like short chain fatty acids with proton-driven transporters
with relatively low affinity to MHA-FA and relatively low velocity [57]. Moreover, the latter
study suggests that diffusion through tight junctions of the intestinal wall does not play a
role. Finally, absorption studies by Mitchell and Lemme [62] suggest that especially the
short chains of liquid MHA-FA are poorly absorbed. This finding is confirmed by Rhone
Poulenc [63] and Van Weerden et al. [64] who conducted simultaneous dose-response
studies with DLM, MHA-FA and only short MHA-FA chains, consistently reporting a
lower relative bioavailability of MHA-FA oligomers compared to the commercial MHA-FA
product which contains about 65% monomers, 23% monomers and 12% water.

4.2. Footpad Health

Impaired footpad health is often related to increased water intake, increased water
excretion and, as a consequence, increased litter moisture. Indeed, we could not find a clear
effect of protein reduction on litter moisture nor could Lemme et al. [6], but Lemme et al. [6]
found a clear improvement in footpad health, as the average lesion score could be reduced
especially by increased proportions of grade 0 and grade 1 scores. The same was observed
in the current study, as footpad scoring numbers were significantly reduced with protein
reduction. This effect was measurable after four weeks of feeding the diets. In their review
on low protein nutrition of broilers, Greenhalgh et al. [54] clearly indicated the relationship
with improved footpad health. At day 98, the evaluation of the influence of the Met source
showed tendentiously lower FPD scores for DLM compared to MHA-FA (p < 0.10). This is
in line with the positive effect of Met supplementation on footpad health which has been
described many times [10,12,13,65,66]. Deficiency in Met intake has a significant negative
impact on animals such as growth inhibition via interruption in protein synthesis (i.e.,
affect skin structure), the induction of metabolic disorder, and the reduction of disease
defensive potential [67]. Abd El-Wahab et al. [10] found that at almost identical litter DM
contents (measured weekly), the young turkeys fed high level of Met in diet had lower
FPD scores than those fed diet with low Met content. It means that level of dietary Met
plays an important role for health of skin rather than moisture content in the litter. Thus,
it seems that Met has a specific function regards foot pad health (as known for skin and
feathers) as mentioned by Abd El-Wahab et al. [14] via protein synthesis and continuous
production of keratin. Consequently, low availability of Met could affect protein synthesis
negatively and affect skin of foot pad.

Chavez and Kratzer [13] compared the influence of DLM and MHA-FA on the footpad
health of white fattening turkeys. They found that supplementing a basal diet with 4.00 g
DLM/kg diet resulted in an improvement in footpad health that was not achieved to the
same extent by supplementing 4.03 g of MHA-FA/kg diet. When interpreting the studies
of Chavez and Kratzer [13], it must be noted that the comparing 4 g DLM with 4.03 g
MHA-FA, an equivalence of both substances was assumed regarding the biological activity,
whereas the authors of other studies assumed a lower biological activity of MHA-FA [10].
The tendentiously lower FPD scores of the animals whose diets contained DLM compared
to those with equivalent supplementation of MHA-FA (based on 65% biological activity)
corresponds to the observations of Chavez and Kratzer [13] and Abd El Wahab et al. [68].

4.3. Liver

The significantly higher relative liver weight of the protein-reduced groups has to
be seen in context to the lower BW of the animals which were fed low protein diets.
Nonetheless, the livers of the animals in low protein groups still had numerically higher
crude fat content of the livers than those in groups with 18% protein in the diet. Here the
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7% higher starch content of protein-reduced diets must be noted, since a high carbohydrate
content of a diet increases the de novo lipogenesis in the liver [69]. As a consequence
of enhanced de novo lipo-genesis in the liver of birds fed the low protein diets [70,71],
birds are expected to have increased liver weights and deposit more abdominal fat due to
increased energy:protein ratio. Hidalgo et al. [72] also reported no differences in carcass
yield, breast meat yield, and abdominal fat pad in broilers fed low-protein diets with a
constant energy:protein ratio. Chrystal et al. [5] summarised 19 broiler feeding studies
and reported that body fat deposition was increased by 36% on average with an average
protein reduction of 5.5% points. They as well as Liu et al. [53] related this effect to
the shift towards a higher starch content with protein reduction and further suggested
related changing digestion dynamics of starch and protein in broilers. An increase in the
fat content of the liver when “protein compounds” are replaced by high-starch “energy
compounds” also corresponds to the observations of Zhang et al. [73]. They compared the
use of soybeans, corn starch and lard in isoenergetic and isoproteic diets in laying hens
and found a significant increase in fat content of livers when corn starch (fat content liver:
11.8%) and lard (fat content liver: 10.2%) were used compared to soybeans (fat content
liver: 8.2%).

4.4. Oxidative Stress

Liver is a major organ attacked by reactive oxygen species and parenchymal cells are
primary cells subjected to oxidative stress-induced injury in the liver. DLM may be more
effectively used in glutathione synthesis compared to MHA-FA, which can potentially
explain the higher TAC observed in the present study. The influence of various Met sources
on parameters of oxidative capacity has previously been discussed in literature. Zeitz
et al. [74] and Zhang et al. [75] studied the effects of the two Met sources on various
parameters related to oxidative stress in broilers. Compared to deficient methionine +
cysteine supply, supplementation of either Met source improved antioxidant status but
no differences between products were observed. Liu et al. [76] tested DLM and MHA-FA
under heat stress conditions and reported some effects and interactions of Met sources.
Accordingly, DLM fed broilers in the grower phase had greater muscle GSH and hepatic
unsaturated fatty acid concentrations than MHA-FA fed birds. Nonetheless, across all
measured tissues, parameters and ages, only few data sets were affected by Met sources.
Wang et al. [77] concluded from their research on broilers that DLM could be effectively
used in glutathione synthesis to exert antioxidant functions, whereas MHA-FA favoured
S-adenosylmethionine synthesis. The reduced availability of glutathione in the MHA-FA
fed broilers may have led to an increased sense of oxidative stress, which is supported by
the observation that antioxidant-related gene expression was increased in this treatment.

5. Conclusions

In light of the conducted experiment, it is possible to conclude that supplementing six
essential amino acids proved insufficient to compensate the strong protein reduction in the
diet, which led to a significantly lower performance despite the increase in footpad health.
Additionally, the response observed regarding the crude protein reduction is independent
of the Met sources. Regarding the Met sources, it was concluded that replacing MHA-FA
with 65 parts of DLM in feed does not compromise performance and additionally has
advantages for the antioxidant capacity of the liver parenchyma.
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Abstract: To adjust breeding programs for local, commercial, and fancy breeds, and to implement
molecular (marker-assisted) breeding, a proper comprehension of phenotypic and genotypic variation
is a sine qua non for breeding progress in animal production. Here, we investigated an evolutionary
subdivision of domestic chickens based on their phenotypic and genotypic variability using a wide
sample of 49 different breeds/populations. These represent a significant proportion of the global
chicken gene pool and all major purposes of breed use (according to their traditional classification
model), with many of them being characterized by a synthetic genetic structure and notable admixture.
We assessed their phenotypic variability in terms of body weight, body measurements, and egg
production. From this, we proposed a phenotypic clustering model (PCM) including six evolutionary
lineages of breed formation: egg-type, meat-type, dual purpose (egg-meat and meat-egg), game,
fancy, and Bantam. Estimation of genotypic variability was carried out using the analysis of five
SNPs, i.e., at the level of genomic variation at the NCAPG-LCORL locus. Based on these data,
two generally similar genotypic clustering models (GCM1 and GCM2) were inferred that also had
several overlaps with PCM. Further research for SNPs associated with economically important traits
can be instrumental in marker-assisted breeding programs.

Keywords: chicken breeds; evolutionary lineages; phenotypic traits; NCAPG-LCORL; synthetic
genetic structure; admixture

1. Introduction

The poultry industry is currently the most highly efficient livestock production sector,
and the domestic chicken, Gallus gallus (Linnaeus, 1758), is the most common farm animal
and a notable model organism (e.g., [1,2]). During long-term domestication of poultry,
various breeds have been formed that differ significantly, both at the phenotypic and genetic
levels, in terms of body weight, plumage color, and many other traits [3–6]. According to
Bennett et al. [7], breeding efforts in the period from the late Middle Ages to the present
day resulted in a doubling of the body size and a change in the skeleton morphology in
chickens. Significant changes in overall appearance, arising from the synthesis of breeds
through crossbreeding and selection, reflect the acquired biological characteristics of these
birds and can be closely related to the purpose of use (i.e., utility types), and admixture of
breeds formed from the moment of domestication and during further breeding. Therefore,
information on the phenotypic diversity of poultry and its genetic background, including
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candidate genes and quantitative trait loci (QTLs) associated with conformation, body
weight and egg production, is very important and relevant [8,9]. This information may be
of particular importance for local breeds and populations of chickens (e.g., [10–14]), since
it can be used for significant acceleration of breeding progress in these populations [15].

One of the areas in the chicken genome presumably associated with growth traits
is a region on chromosome 4 (GGA4) that embraces the candidate genes LCORL (lig-
and dependent nuclear receptor corepressor-like) and NCAPG (non-SMC condensin I
complex, subunit G). At the NCAPG-LCORL locus and in the area close to this region,
SNPs were found that are associated with the weight of internal organs in chickens [16],
egg weight [17], and oviduct size [18]. The NCAPG-LCORL region has also been studied in
mammals and has been identified as a locus associated with growth and developmental
traits. Furthermore, significant associations of this region with height in humans were
shown among the European [19], Japanese [20], and African American populations [21],
as well as in relation to body weight, growth, and skeletal size in cattle, horses, pigs, and
sheep [22–27]. According to Lyu et al. [28], LCORL is one of the key genes that determine
the characteristics of body weight in vertebrates and can be considered as potentially
affecting the growth of chickens.

A unique bioresource collection farm at the Russian Research Institute of Farm Animal
Genetics and Breeding (RRIFAGB) involves almost 50 chicken breeds and populations
of various purposes, some of which are synthetic (Table S1). As an extensive sample of
the world gene pool of chicken breeds [29,30], the bioresource collection is a good model
for studying the phenotypic and genetic diversity of chickens [31]. It encompasses many
commercial, local, and fancy breeds that conform to the traditional classification model
(TCM) in terms of productivity and purpose of use, i.e., egg-type breeds (ETBs), meat-type
breeds (MTBs), dual purpose breeds (DPBs), game breeds (GBs), and fancy breeds (FBs;
also, ornamental or ‘decorative’ breeds) [32]. In particular, ETBs available in the collection
are distinguished by high egg production, lower body weight, and light bones. MTBs
are characterized by the development of pectoral and pelvic girdle muscles, and coarse
skeleton, being also selected to reduce bone weight without reducing muscle weight. DPBs,
which are often synthetic, include egg-meat breeds (EMBs) and meat-egg breeds (MEBs),
and are intermediate between ETBs and MTBs. Depending on the preferred targets of
selection, they belong either to MEBs (if meat productivity traits are more targeted), or to
EMBs (if egg performance traits are predominantly selected for), while there is basically no
essential difference between them in body weight and exterior. GB breeds are distinguished
by unusually strong bones, have an often high and vertical body posture, are not very
developed, but have very dense muscles. FB breeds are distinguished by the presence and
strong development of one or several unusual (ornamental) traits, for example, dwarfism
in Bantams. This has become the main selection factor in these breeds; therefore, the traits
of meat and egg productivity fade into the background [32].

As a result of the assessment of chicken breeds and populations by phenotype and
genotype (i.e., at certain genetic loci), it is possible to clarify their belonging to the main
evolutionary branches of domestic chickens and types of their breed formation. As pos-
tulated by Moiseyeva et al. [3], there are four main evolutionary types of chicken breeds:
egg, meat, game, and Bantam. The first of these, egg type, is suggested to be inherent in
the birds of Mediterranean roots, and the other three have Asian roots. At the same time,
there is a significant number of breeds that are difficult to relate with complete certainty
to one of these four evolutionary lineages and which are mainly created synthetically, i.e.,
due to the crossing of different breeds and random or deliberate introgression during
further breeding. As a rule, these breeds have a wide variety of geographic origins and
pronounced genetic admixture and belong to DPB and FB breeds.

With this in mind, we contend that it is essential to conduct a broad survey of a wide
range of various chicken breeds and populations to perform an advanced analysis of their
phenotypic and genotypic diversity, admixture, and phylogeny. Along with examining
evolutionary aspects of the subdivision of domestic chickens and their breed formation,
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it would be interesting to identify the respective variants at the NCAPG-LCORL locus,
which may be selection markers associated with egg production, growth, and development
in chickens. A better understanding of genomic variation at this locus can help to adjust
breeding programs for commercial, local, and fancy breeds and include marker-assisted
selection (MAS) using NCAPG-LCORL SNPs. In this regard, the main goal of this study was
to study the phenotypic and genomic variability at the NCAPG-LCORL region on GGA4 to
characterize genetic differences between 49 purebred and crossbred chicken populations of
various purposes of use (i.e., utility types) that belong to different evolutionary branches
and TCM categories of domestic chicken. Our extensive survey of various chicken breeds
and populations enabled to reveal variation at the NCAPG-LCORL locus in connection with
the evolutionary lineage affiliation and purpose of use of these breeds. We also discussed
use of this locus as a possible candidate for MAS for egg and meat productivity traits.

2. Materials and Methods

2.1. Experimental Design

All chicken experiments were conducted with an ethical approval of the RRIFAGB—
Branch of the L. K. Ernst Federal Research Center for Animal Husbandry (Protocol No. 2020-4
dated 3 March 2020).

The objects of the present experiments were chickens from the RRIFAGB bioresource
collection farm, officially referred to as the “Genetic Collection of Rare and Endangered
Chicken Breeds” (Pushkin, St. Petersburg, Russia), based on which this investigation was
carried out.

In total, the study included 954 individuals from the following 49 purebred and
crossbred populations that, according to TCM, are characterized by different purpose of
use, with the alphabetic codes of each population being given in the parentheses: ETB,
Leghorn Light Brown (LLB), Minorca Black (MB), Russian White (RW, of the most recent
RRIFAGB collection strain sampled in 2016; RWG), RW (of a historical RRIFAGB collection
strain sampled in 2001; RWS), RW (of an All-Russian Poultry Research and Technological
Institute collection strain sampled in 2001; RWP); MTB, White Cornish (of commercial cross
Smena-6, Line 1; WC1), White Cornish (of commercial cross Smena-6, Line 2; WC2), inter se
crossbreds White Cornish × (Brahma Light × Sussex Light) (WC × (BL × SL)) and White
Cornish × (Sussex Light × Amrock) (WC × (SL × Ar)), Red White-tailed Dwarf (RWD);
DPB/EMB, Zagorsk Salmon (ZS), Pushkin (Pu), Rhode Island Red (RIR), Leningrad Mille
Fleur (LMF), New Hampshire (NH), Leningrad Golden-and-gray (LGG), Pantsirevka Black
(PB); DPB/MEB, Australorp Black Speckled (ABS), Aurora Blue (AB), Australorp Black
(AoB), Amrock (Ar), Naked Neck (NN), Pervomai (Pm), Plymouth Rock Barred (PRB),
Poltava Clay (PC), Sussex Light (SL), Faverolles Salmon (FS), Tsarskoye Selo (Ts), Yurlov
Crower (YC), inter se crossbreds Sussex Light × Amrock (SL × Ar), Tsarskoye Selo × Sussex
Light (Ts × SL), Tsarskoye Selo × (Sussex Light × Amrock) (Ts × (SL × Ar)), Brahma Light
× Sussex Light (BL × SL); GB, Orloff Mahogany (OM), Moscow Game (MG), Uzbek Game
(UG), inter se crossbreds Uzbek Game × Amrock (UG × Ar); FB, Russian Crested (RC),
Ukrainian Muffed (UM), Bantam Mille Fleur (BMF), Brahma Buff (BB), Brahma Light (BL),
Hamburg Silver Spangled Dwarf (HSSD), Poland White-crested Black (PWB), Silkie White
(SW), Cochin Bantam (CB), Frizzle (F), Pavlov Spangled (PS), Pavlov White (PW) (see also
Table S1 for further details). The basic diet and maintenance conditions were similar for all
the experimental birds and comply with zootechnic/zoohygienic standards.

2.2. Phenotypic Characteristics of the Studied Chicken Populations

To assess the phenotypic diversity, a core of the RRIFAGB bioresource collection was
examined including the 39 breeds and populations of chickens that represent, according to
TCM, various purposes of breed use (Tables S2 and S3). We collected a series of phenotypic
traits including body weight of sexually mature birds at the age of 52 weeks and 13 main
body measurements at the age of 330 days were obtained. The body measurements were
produced using a compass and a tape measure and included: body length (cm), body
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slanting length (cm), body and neck length (cm), keel length (cm), chest girth (cm), chest
depth (cm), pectoral angle (◦), distance between shoulder joints (cm), distance between
hip joints (cm), femur length (cm), tibia length (cm), shank length (cm), and shank girth
(cm). Morphometric parameters for hens and cocks specific to each breed/population are
presented in Tables S2 and S3, respectively. Egg production was assessed over a 52-week
life period and egg weight at 35 weeks of age (Table S2).

A variety of chicken exterior parameters was further examined relative to TCM
and other clustering models (evolutionary affiliation), and genotypes at the NCAPG-
LCORL locus.

2.3. Genotyping of Chickens and SNP Data Processing

DNA used in this study was isolated from whole blood cells by the conventional
phenol-chloroform method. SNP scanning was performed using an Illumina Chicken
60K SNP iSelect BeadChip (Illumina, San Diego, CA, USA). Ten SNPs were selected in the
NCAPG-LCORL region on GGA4 using the PLINK 1.9 program [33] and the extract function.
Quality control of genotyped SNP loci was proceeded using PLINK 1.9. Additionally, DNA
samples with a SNP genotyping quality of more than 90% were included in the further
analysis as assessed using the GenomeStudio 2.0 software (Illumina Inc., San Diego, CA,
USA). A threshold was set for Hardy–Weinberg equilibrium (HWE) errors (at p < 0.0001),
and only SNPs with a minor allele frequency (MAF) of more than 5% were taken into
account. After all filtering steps, five SNPs were selected for subsequent computations.

2.4. Mathematical and Statistical Analyzes

To assess variability of phenotypic traits, a heatmap for the distribution of the 39 phe-
notyped chicken breeds and populations was built using the heatmap function in the stats
package (R v. 4.2; [34]). Fuzzy analysis clustering (FAC), principal component analysis
(PCA), and average linkage clustering (ALC) were implemented using R and libraries for
the R environment, along with Euclidean distance metric. For the FAC method, we applied
the fanny function from the cluster package [35,36]. In the case of ALC, the unweighted pair
group method with arithmetic mean (UPGMA) method was employed using the Euclidean
distance matrix between objects with a bootstrapping validation using 1000 bootstrap
samples. The pvclust software package for R [37] was used to calculate approximately
unbiased (AU) p-values and bootstrap probability (BP) values. Clusters with AU values
over 95% were considered significant. The optimal number of clusters was selected for
interpretation using the Elbow method [38] and the factoextra package for R [39].

To estimate genotypic variation, biometric data processing was performed using
PLINK 1.9 and Microsoft Excel programs. Generation of admixture models for distin-
guishing clusters based on genotype data for the five selected SNPs at the NCAPG-LCORL
locus, including cross-validation (CV) error plots for determining the number of ancestral
populations (K), was carried out using the ADMIXTURE program [40].

Degree of genetic diversity of the analyzed populations was evaluated by the indi-
cators of observed (Ho) and expected (He) heterozygosity as calculated based on data for
the genotype and allele occurrence frequencies at each polymorphic locus. Assessment of
genetic diversity between populations was also carried out using the Hudson FST statistics
implemented in the EIGENSOFT 6.1.4 software package [41].

The correspondence of the allele and genotype frequency distribution to HWE in
each population was verified using the χ2 test. In particular, we analyzed the Ho − He
deviations for each locus in accordance with the HWE principle that also states that geno-
type frequencies are related to allele frequencies by simple (quadratic) relationships [42].
Estimation of the reliability of the data obtained was carried out using the Pearson χ2

test. If the obtained value of the χ2 statistic is greater than the critical one (i.e., 3.84, the
number of degrees of freedom being 1), it was concluded that there was a shift in the
genetic equilibrium in an analyzed population. For the studied populations, the inbreeding
coefficient Fis was also calculated [43].
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Using the STATISTICA 10.0 package (Statsoft, Inc./TIBCO, Palo Alto, CA, USA),
a comparison of differences in allele frequencies between population groups (clusters)
according to TCM and other clustering models was conducted by employing the non-
parametric Kruskal–Wallis test for one-way analysis of variance (ANOVA) by ranks because
the data did not pass the normality test. Boxplots were generated using STATISTICA 10.0,
as well.

Pairwise values of the FST statistic and the average within-group and between-group
divergence D were calculated using the SMARTPCA package (part of EIGENSOFT, [41]),
as described elsewhere [44]. Unrooted neighbor-joining dendrograms were constructed
based on pairwise FST statistics and average between-group divergence D using the online
T-REX tool with the tree inference, also known as the NJ option [45].

The Chicken QTLdb database [46] was explored to test if any of the five significant
SNPs identified in the present study would overlap with the previously established QTLs
at the NCAPG-LCORL locus.

Linkage disequilibrium (LD) between pairs of SNPs in the 49 chicken populations
was assessed using the PLINK 1.9 software, the D′ coefficient proposed by Lewontin (see
for review [47]), and the squared Pearson correlation coefficient r2 [48]. LD block structure
was determined according to the solid spine algorithm as implemented in the Haploview
4.2 software [48] wherein the specified parameters corresponded to the values D′ ≥ 0.75.

3. Results

3.1. Analysis of Phenotypic Traits and Breed Clustering by Phenotype

As a result of the survey across the 39 breeds and populations of chickens, values of
phenotypic traits were obtained for adult birds of both sexes (Tables S2 and S3). Variation
was observed in terms of body weight, 13 main body measurements, egg number over
a 52-week period of life, and egg weight. Herewith, the average body weight of females
was 2.23 ± 0.80 kg, and that of males 2.49 ± 0.90 kg. The average egg production was
149.55 ± 27.67 eggs, and the average egg weight was 57.14 ± 4.60.

The clustering patterns by phenotypic traits in the breeds and populations observed
were produced using more sophisticated mathematical approaches and are discussed in
detail below.

Before the onset of the experiments, all breeds and populations in the RRIFAGB
bioresource collection were a priori divided into groups in accordance with TCM, i.e., with
five generally accepted categories (purposes of breed use, or utility types), namely ETBs,
DPBs (with two subcategories, EMBs and MEBs), MTBs, GBs, and FBs (Table S1).

For all phenotypic traits (Tables S2 and S3) measured in hens and cocks, FAC and
PCA clustering of breeds and populations (Figure 1a,b) revealed configurations (patterns)
of breed grouping that differed from that in TCM. In these analyses, the first component
corresponded to 75.5% of genetic variability, and the second one was responsible for
9.1% of genetic variability. In general, using both FAC (Figure 1a) and PCA (Figure 1b),
six clusters were identified that we attributed, with a certain degree of conventionality, to
ETBs (cluster I), DPBs (II) (including subclusters EMB/IIa, and MEB/IIb), MTBs (III), GBs
(IV), FBs (V), and BTBs (VI; i.e., carriers of the dwarf mutation). We designated this breed
grouping pattern as the phenotypic clustering model (PCM).
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(a) 

 
(b) 

Figure 1. Clustering patterns for the 39 chicken breeds/populations based on their phenotypic traits and using fuzzy
analysis clustering (a) and PCA (b). The observed clustering pattern of six clusters formed the basis of PCM. Population
codes are given according to Supplementary Table S1.
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Within clusters I, IIa and IIb, there was a core of breeds that more or less adequately
matched the basic characteristics of each breed category, as well as several other breeds
that joined the core due to the similarity of the main phenotypic traits, regardless of their
affiliation according to TCM and often in contrast to TCM. For example, the RWD breed
was assigned to BTBs instead of MTBs by its phenotypic characteristics (Tables S2–S4).

A clear differentiation and a significantly isolated position on the FAC and PCA
plots (Figure 1a,b) were observed for the only representative of the MTB category, i.e., the
WC × (BL × SL) population (single cluster III). A separate position was also occupied,
on the one hand, by clusters of two true GBs (IV), i.e., MGs and UGs, and, on the other
hand, by BTBs and similar dwarf chickens (VI). Interestingly, a separate FB cluster (V)
included the following three closely spaced and similar breeds with the most pronounced
ornamental characters: PWB, and two varieties of the Pavlov breed (PS and PW). The
suggested PCM and the respective subdivision of breeds into six phenotypic clusters were
further used for comparison with other clustering patterns (models) obtained on the basis
of both phenotypic traits and SNP genotypes at the NCAPG-LCORL locus.

Similarly to PCM (as in Figure 1a,b), the populations were located on the FAC and PCA
plots that were produced for morphometric characters only (Figures S1a and S2a). At the
same time, a different pattern can be seen in the FAC and PCA plots for egg production
characteristics (Figures S1b and S2b).

A similar (as in Figure 1a,b) distribution of breeds and populations by phenotypic
traits was discovered when using other mathematical methods of comparative analysis,
i.e., building a heatmap based on indicators of body weight, egg weight, and egg number
(Figure 2), and phylogenetic UPGMA trees using Euclidean distances for different groups
of characters (all, Figure S3a; morphometric, Figure S3b; and egg characters, Figure S3c).
Some incongruent clustering patterns observed in comparison with the FAC and PCA
plots (Figure 1a,b) were explained in each case by peculiarities of the applied mathematical
algorithms and a sample (set) of the phenotypic indicators used.

3.2. Analysis of Genetic Variation at the Locus NCAPG-LCORL
3.2.1. Population Genetic Parameters

As a result of SNP scanning, five significant SNPs were identified in all the 49 breeds
and crossbreds in a region on GGA4 that harbors NCAPG-LCORL, as well as in the flank-
ing regions as follows: GGaluGA265966, GGaluGA265969, rs15619223, rs14491017, and
rs14491028 (Table 1). Genotype frequency distributions for the five SNP markers in the
49 chicken populations are presented in Table S4.

Table 1. Summary for the five SNPs at the NCAPG-LCORL locus on GGA4.

SNP
Position in

GRCg6a Build [49]
Nearest Gene

Nucleotide
Change

Location

GGaluGA265966 75,796,627 NCAPG A/G Intergenic
region

GGaluGA265969 75,827,200 NCAPG
LCORL T/C Intron

rs15619223 75,850,294 NCAPG
LCORL A/C Intron

rs14491017 75,885,777 NCAPG C/T Intron
rs14491028 75,903,919 NCAPG C/T Intron

Analysis of the actual and theoretical distribution of genotypes (data not shown) re-
vealed a significant shift (p < 0.05) of the genetic equilibrium for the rs14491017 substitution
in the Ts × SL crossbred chickens (χ2 = 4.25), that for the rs14491028 substitution in the
chicken breeds Ts (χ2 = 5.71), NH (χ2 = 5.00), and Pu (χ2 = 3.95), and for GGaluGA265969
substitution in the chicken populations F (χ2 = 4.36) and PRB (χ2 = 5.14).
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Figure 2. A heatmap showing distribution of the 39 phenotyped chicken breeds/populations and built using the heatmap
function in stats package (R v. 4.2) on the base of the following phenotypic traits: female body weight (F_b_w), a sum of
male and female body weights (M_F), egg weight (Egg_w), and 52-week egg number (Egg_N). The rows (populations) and
columns (traits) are ordered in accordance with hierarchical clustering as displayed through the respective dendrograms.
Lighter colors correspond to lower correlation, and darker ones to higher correlation. Population codes are given according
to Supplementary Table S1.

For the substitutions GGaluGA265966 and rs15619223 in all analyzed populations of
the bioresource collection, regardless of breed, the χ2 values did not significantly exceed the
critical value, that is, there was no significant difference between the observed and expected
heterozygosity. Lower occurrence frequency of individual genotypes did not correlate
with a shift in the genetic equilibrium since it was a consequence of lower frequency of
individual alleles. In general, it can be noted that the populations were in the genetic
equilibrium.

Inbreeding coefficient, Fis, in the studied populations of the bioresource collection
varied in the range –1 ≤ Fis ≤ 1 (data not shown). The maximum negative value was found
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in the RWP chicken population, and the maximum positive one in the CB population. With
increasing positive value of the coefficient, a rise in inbreeding occurred in the studied
populations. At the GGaluGA265969 locus, two breeds, Pu (Fis = 0.44) and F (Fis = 0.46),
had higher positive values. FB chickens of the BMF, SW, PS, and PW breeds differed from
all other analyzed groups in that the C allele was found in all their individuals, which
could indicate a strong selection pressure on this locus. As for GGaluGA265966, the UM
population had Fis = 0, with Hobs = Hexp, that suggested a panmixia in this population at
this marker locus.

In almost each category of chicken breeds, except GBs, some separate populations were
monomorphic and had only one certain genotype for the rs15619223 marker. For instance,
in three MTB populations (WC1, WC2, and WC × (BL × SL)), only the AA genotype was
found. Interestingly, for this same SNP, associations with body weight and egg weight
were previously found in RWG [50,51]. Thus, this locus can be considered as a potentially
effective candidate for selection, since it could be selected in the process of targeted selection
based on the desired trait of body weight. It can also be noted that, in the ETB populations
of RWS and RWP, only the CC genotype was found at rs14491017 in all individuals.

3.2.2. Clustering of the Analyzed Chicken Breeds by Genotypes

Using the results of the genotype frequency distributions for the five SNPs in the 49
genotyped breeds and chicken populations (Table S4), we performed the appropriate clus-
tering procedures that showed population grouping patterns that was somewhat different
from those for TCM and PCM. On the respective FAC and PCA plots (Figure S4a,b), a quite
clearly distinguishable, isolated localization of ETB and MTB clouds was observed, with
a cloud of DPB populations between them. In this case, the first component contributed
to ~30% of the total genetic variability, i.e., significantly less than the analogous first com-
ponent when using the phenotypic traits, and the second component accounted for 17%
of genetic variability. Hereby, the observed clouds (clusters) were more diffuse along the
contours. Besides the true representatives of each cluster (ETBs, MTBs, or DPBs), breeds
and populations classified in other TCM and PCM categories were joining them. The ETB
cluster was subdivided into two distinct subclusters (Ia and Ib), and the DPB cluster could
also be subdivided into two subclusters (IIa and IIb). In addition, each cluster (subcluster)
had outliers, e.g., LLB and HSSD in the ETB subcluster Ia, AoB in the DPB subcluster IIb,
and CB and Pu in the MTB cluster, which also did not always correspond to the definition
of either cluster. We designated the resulting distribution pattern of populations relative to
each other (Figure S4a,b) as the genotypic clustering model 1 (GCM1).

Construction of the UPGMA tree using Euclidean metrics led to a slightly different
clustering of the analyzed groups of chickens (Figure S4c). We conditionally designated
this pattern as genotypic clustering model 2 (GCM2), which consists, as it were, of four
population groups (clusters). In the first GCM2 group, we conditionally combined two
ETB and two BTB populations from the GCM1 subcluster Ia. The second GCM2 cluster
involved one DPB/MEB and one BTB population from the GCM1 cluster III; and the third
GCM2 cluster involved three FB populations (those that formed a separate FB cluster in
PCM), one ETB, and one DPB/EMB population from the GCM1 subcluster Ia. The largest
was the fourth GCM2 cluster that consisted of the following two large subclusters: IVa
(mainly MTBs with adjoining purebred populations and crossbreds from the GCM1 cluster
III) and IVb (breeds and crossbreds from the GCM1 subclusters Ib, IIa, and IIb).

3.2.3. Assessment of Breed Admixture by Genotypes

In general, there was a significant admixture of the 49 chicken genotyped breeds and
populations, which made it somewhat difficult to identify clearly pronounced admixture
models. Comparative analysis of admixture was carried out between groups of breeds
subdivided both in relation to their purpose of use (TCM) and according to other clustering
models (PCM, GCM1, and GCM2). The plots for determining the number of K groups in
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the admixture models that could best fit the obtained data showed that the optimal number
of ancestral populations was close to the values of K = 6 (Figure S5).

Analysis of admixture by genotype frequencies revealed some genetic characteristics
of individual populations and their groups at the NCAPG-LCORL locus using TCM, PCM,
GCM1, and GCM2 (Figure S6). Particularly, clustering analysis of admixture models
revealed to a certain extent the subdivision of individuals according to their origin. At the
same time, ETB and MTB chickens, as a rule, tended to form two separate patterns (clusters),
which is consistent with the results of genotype frequencies and variants of the compared
clustering (classification) models.

3.2.4. Genetic Differentiation of Populations by Alleles

At the first stage of determining the genetic differentiation of the 49 breeds and popu-
lations by allele frequencies in the five SNPs (as presented in Supporting Information (SI)
S1), they were combined into classes and subclasses according to TCM. When comparing
allele frequencies for the GGaluGA265969 substitution using the Kruskal–Wallis test (SI S2),
we found out that ETB chickens significantly differed from MTBs and FBs, MTBs from
DPBs, DPBs from FBs (at p < 0.05; SI S2a and SI S3a), and the MEB subgroup from FBs
(at p < 0.05; SI S2f and SI S3a). For the GGaluGA265966 substitution, differences were
found for the ETB group in comparison with the MTB and DPB groups (p < 0.05; SI S2b
and SI S3b), as well as with MEB (p < 0.05; SI S2g and SI S3b). For the SNPs rs15619223
and rs14491028, ETB chickens differed from all other groups and subgroups at p < 0.05
(SI S2c,h and SI S3c; and SI S2e,j and SI S3e, respectively). MTB chickens differed in fre-
quency from the DPB group in the SNPs rs15619223 and rs14491017 (p < 0.05; SI S2c and
SI S3c; and SI S2d and SI S3d, respectively). In addition, the MTB group had significant
differences with the MEB subgroup in allele frequencies at the rs15619223 locus (p < 0.05;
SI S2h and SI S3c), as well as with the EMB and MEB subgroups at the rs14491017 locus
(p < 0.05; SI S2i and SI S3d). FB chickens significantly differed from the ETB, DPB, and
MEB subgroups at GGaluGA265969 (p < 0.05; SI S2a and SI S3a), and also from ETB, MTB,
and DPB at rs15619223 (p < 0.05; SI S2c,h and SI S3c).

Next, we compared clusters and subclusters if combined according to PCM for the
significance of differences in allele frequencies in the five SNPs (SI S3f–j). All PCM clus-
ters/subclusters differed in pairs at all five marker loci, except for FBs which had significant
pairwise differences at four loci. At the same time, FBs had the greatest number of signifi-
cant pairwise differences, i.e., 17. For other clusters/subclusters, the following number of
significant pairwise differences was found: ETBs and MTBs, 12 each; MEBs, 11; EMBs, 8;
and GBs, 6.

Finally, when comparing GCM1 clusters/subclusters, numbers of their significant
pairwise differences were revealed in the following descending order: ETB/Ia, 11 (in four
SNPs); ETB Ib, 10 (in five SNPs); DPB/IIa, 11 (in five SNPs); DPB/IIb, 8 (in four SNPs);
and MTB/III, 14 (in five SNPs) (SI S3k–o).

If we estimate the number of significant pairwise differences for individual SNP loci
for a total of all three models (TCM, PCM, and GCM1), the following data were obtained:
GGaluGA265966, 14; GGaluGA265969, 16; rs15619223, 28; rs14491017, 23; and rs14491028,
14 differences (SI S3).

Genetic differentiation between the analyzed groups of chickens by allele frequencies
was also compared based on paired FST. The differences for the calculated pairwise FST
values were significant at p < 0.05. In the case of TCM (data not shown), the maximum FST
distances relative to other groups were obtained for ETBs when paired with MTBs (0.330),
EMBs (0.237), GBs (0.225), and MEBs (0.178), as well as for the pair MTB–FB (0.153). If PCM
was applied (Table 2), FBs demonstrated the greatest FST distances when comparing to
MTBs (0.393), GBs (0.321), DPBs (0.219), BTBs (0.142), and ETBs (0.100).
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Table 2. Pairwise D and FST values 1 based on allele frequencies in the five SNPs at the NCAPG-LCORL locus among
the studied chicken breeds/populations grouped by differences in phenotypic traits (according to PCM that involves six
clusters as in Figure 1a,b).

No. of
Animals

Chicken Groups
Egg-Type and

Related
Dual Purpose
and Related

Meat-Type
and Related

Game Fancy
Bantam and

Related

132 Egg-type
and related (1.20) 1.22 1.30 1.21 1.21 1.27

470 Dual purpose
and related 0.0290 ± 0040 (1.11) 1.08 1.01 1.46 1.27

65 Meat-type
and related 0.1490 ± 0.0522 0.0690 ± 0.0322 (0.79) 0.86 1.68 1.26

48 Game 0.0970 ± 0.0328 0.0290 ± 0.0130 0.0420 ± 0.0242 (0.79) 1.56 1.27
53 Fancy 0.1000 ± 0.0125 0.2190 ± 0.0258 0.3930 ± 0.0548 0.3210 ± 0.0325 (0.84) 1.30
92 Bantam and related 0.0160 ± 0.0124 0.0310 ± 0.0279 0.1200 ± 0.0526 0.1020 ± 0.0457 0.1420 ± 0.0493 (1.27)
1 Genetic differentiation values as calculated in EIGENSOFT. Above the diagonal: D (average divergence) values between population
groups; on the diagonal: D (average divergence) values within population groups (in parentheses); below the diagonal: pairwise FST values
between population groups ± standard deviations (in italics). All the pair-wise differences as assessed by FST were significant (shown by
analysis of variance, p < 0.05).

An unrooted neighbor-joining dendrogram built on the basis of pairwise FST values
for six PCM groups (Figure 3) seemed to adequately reflect both TCM and PCM, and the
contemporary concept of the main evolutionary branches of domestic chickens [3]. Here-
with, FBs and BTBs were closer to ETBs (on the right side of the tree), GBs to MTBs (on the
left side of the tree), and DPBs occupied an intermediate position between these two major
parts of the dendrogram.

Figure 3. An unrooted phylogenetic tree constructed using the neighbor-joining method and
based on the FST values (Table 2) inferred from allele frequencies in the five SNPs for six chicken
breed/population groups as clustered according to PCM (Figure 1a,b).

Similar relationships between the six PCM groups were also found for paired average
between-group divergence values D based on allele frequencies (Table 2). Using the D
metrics, a phylogenetic neighbor-joining tree was built (data not shown), which completely
coincides in its topology with the FST tree (Figure 3). Additionally, an UPGMA tree was
generated based on the analysis of genotype frequencies (Figure S7). Although its topology
had a slightly different spatial configuration, mutual positions of individual branches
relative to each other generally coincided with the topology of the FST tree.

In addition, we note that, judging from values of the average within-group divergence
D, a clear interrelation was also observed within each of the six PCM groups (Table 2).
BTBs and ETBs had the highest D values (1.20 and 1.27, respectively); MTBs, GBs, and FBs
had the lowest D values (0.79–0.84); and DPBs showed a more intermediate value (1.11).

In general, the results of examining the populations and their groups by allele frequen-
cies in the five SNPs showed that the compared groups of chickens differ genetically from
each other, which has also been confirmed by the data on genotype frequencies.
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3.2.5. Overlapping of SNPs with QTLs

Using the Chicken QTLdb database [46], we found that the NCAPG-LCORL locus
(75,897,761 . . . 75,920,718; GRCg6a build [49]) harbors 15 known SNPs linked to the
previously established QTLs (SI S4).

Out of the five significant SNPs discovered in the present study (Table 1), two,
rs15619223 and rs14491017, were directly listed in the Chicken QTLdb database. For one
more, rs14491028, there was a very close interval flanked by two known SNPs. Anyway, all
the five SNPs were located near and within the NCAPG-LCORL region and overlapped
with known QTLs for egg weight, egg production and growth traits (SI S4).

3.2.6. LD Structure of Gene Pool Breeds Based on Haplotypes

LD analysis in the 49 chicken populations resulted in identifying the following 11 pop-
ulations with similar haploblocks at the NCAPG-LCORL locus: PW, BMF, PS, two historical
populations of the RW breed (RWS, RWP), FS, CB, BB, NH, PC, and ZS (Figure 4). Further,
a comparative assessment of these populations was carried out. As a result, a population
specificity of the LD structure at the NCAPG-LCORL locus was found in these 11 chicken
populations. In Figure 4, SNPs GGaluGA265966 in PW, BMF, and PS, and rs14491017
in RWS were removed from the LD analysis due to their complete heterozygosity. Two
populations of the RW breed (RWP and RWS), FS, and CB showed a strong linkage between
all the five SNPs, making up a common 102-kb block.

Figure 4. Cont.
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Figure 4. Structure of linkage disequilibrium at the LCORL gene in the 11 studied chicken populations
using Haploview 4.2. The color scheme represents a linkage rate between the SNPs: white, no linkage
(r2 = 0); light gray, slight linkage (0 < r2 ≤ 0.5); dark gray, strong linkage (0.5 < r2 <1); black, full
linkage (r2 = 1).

There were an analogous block structure and almost complete LD between the sub-
stitutions GGaluGA265969 and rs15619223 observed in the FS and CB breeds (r2 = 1 and
r2 = 0.89, respectively), as well as a similar LD between the substitutions GGaluGA265969
and rs15619223 in BB and FS (r2 = 1 and r2 = 0.73, respectively).

In the breeds ZS, PC, and NH, a 49-kb block of similar structure can be distinguished,
which included the following three polymorphisms: GGaluGA265969, GGaluGA265966,
and rs15619223. In the same three breeds, linkage was revealed between the SNPs
GGaluGA265966 and rs14491017: at r2 = 1 for NH and PC, and at r2 = 0.84 for ZS.

The PC and BMF breeds had the same 63-kb block structure between the substitu-
tions GGaluGA265969, rs15619223, rs14491017, and rs14491028. Moreover, high r2 values
(0.90 and 0.80) were found in these two breeds between the rs15619223 and rs14491028
nucleotide substitutions.

Figure 5 illustrates the distribution of haplotypes in the 11 studied populations. In the
populations studied, a different degree of haplotype diversity was found, while only three
breeds contained the same haplotypes. Of the hypothetically possible 45 haplotypes (when
a single diploid individual has nine possible haplotypes) and based on the five SNPs at
the NCAPG-LCORL locus, we identified 36 haplotypes. The same haplotypes (CAA, CGA,
TGA, and TAA) were found in the breeds NH, PC, and ZS, with haplotype CGC being
found in NH and PC. It should also be noted that there were the formation of a common
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SNP haploblock and the presence of complete LD between nucleotide substitutions in the
above breeds.

 

Figure 5. Distribution of haplotype frequencies in the 11 gene pool chicken populations.

4. Discussion

4.1. Analysis of Phenotypic Traits and a Model for Clustering Breeds by Phenotypes (PCM)

To preserve and use the available poultry genetic resources effectively, priority should
be given to phenotypic characterization [52,53]. Phenotypic traits, primarily body weight
and linear body measurements, are not only of economic importance, but also significant,
alongside genetic parameters, in the classification of domestic animals, their assessment,
and the search for ways to improve their productivity (e.g., [3,54–56]). Phenotypic and
morphometric evaluation is often used in chicken breeding because it is simple, quick, and
cost-effective (e.g., [3,53,57–59]). Body measurements are not uncommon in assessing the
diversity of indigenous chicken breeds (e.g., [53,56,59,60]).

Based on the phenotypic diversity analysis of a wide range of global chicken gene
pool breeds, we constructed PCM and compared it with TCM. For this purpose, we took
phenotypic characteristics reflecting the morphometric parameters of the breeds including
body weight and 13 body measurements of hens and cocks, as well as two main traits of
egg productivity: egg number for 52 weeks of life and egg weight (Figure 1). We have
shown that morphometric characters provided the greatest contribution to the formation
of the breed clustering pattern in accordance with the PCM. This was clearly seen on the
FAC and PCA plots (Figures S1a and S2a), in which the morphometric characters were
used alone (i.e., without egg production traits), while fully resembling the PCM pattern.
If clustering was achieved only based on egg production traits, the PCM pattern was
disrupted (Figures S1b and S2b). At the same time, if we compare the characteristics of egg
number and body weight, we can see that the contribution of the former to the clustering
of breeds significantly exceeds the contribution of the latter ((Figures 2 and S1a,b). Thus,
we can assume that among the morphometric and all phenotypic traits in general, the main
contribution to PCM seems to be made by the traits of body measurements in females
and males. Moiseyeva et al. [3] stated that body measurements, being quantitative traits,
have a high heritability coefficient (h2 ≈ 0.5) and a lower intrapopulation variability. These
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features determine their high correlation with the genetic structure of breeds that was
created over a relatively long evolutionary process of their development.

To the best of our knowledge, the proposed assessment of phenotypic diversity using
phenotypic clustering of chicken breeds that we designated PCM, as well as the assessment
of the contributions of certain phenotypic traits to this PCM, have not been specifically
and purposefully examined in other previous studies. It is noteworthy that we carried
out such assessments using quite a vast part of the world gene pool of chicken breeds
that have different origins (often mixed), purpose of use, and the degree of admixture.
Moiseyeva et al. [3] were also able to demonstrate good distinguishability of phenotypic
(morphometric) traits to reproduce plausible breed differentiations and topologies of
appropriate phylogenetic trees, even using smaller samples of 8–10 different breeds.

Our research not only has confirmed the main insights of the work by Moiseyeva et al. [3],
but also significantly expanded them. Due to a larger sample of the global gene pool,
including a great number of synthetic breeds and populations, and in the light of the
clustering data obtained, we were able to revise the concept of four main evolutionary
lineages of breed formation in domestic chickens as postulated by Moiseyeva et al. [3],
which embraced ETBs, MTBs, GBs, and BTBs. According to our updated concept based on
PCM, it is also necessary to distinguish two more evolutionary branches of chicken breeds,
namely DPBs and FBs (Figure 1a,b). The PCM postulated by us and the appropriate concept
of six major evolutionary lineages of chicken breed formation would, in our opinion, most
fully reflect the entire spectrum of phenotypic diversity of the world gene pool of domestic
chickens.

It should also be noted that our concept of evolutionary subdivision of domestic
chickens and breed formation based on PCM also has certain discrepancies with TCM
adopted in conventional and specialized literature on poultry (e.g., [32]). TCM is grounded
on a rather simplified, speculative, and, to a certain extent, very artificial scheme for
dividing chicken breeds into conditional utility types, i.e., purposes of use, when only
one criterion for selecting poultry for egg or meat productivity can determine if a breed
belongs to a certain TCM class. This traditional approach does not consider history of the
origin (often mixed) and development of this breed, the degree of its synthetic nature and
introgression, as well as the whole complex of its phenotypic features. This also results
in significant artificiality, fuzziness, and uncertainty in terms of a defined phenotypic
characterization and classification among numerous synthetic breeds from the EMB and
MEB subcategories, which are commonly referred to as DPBs. The FB class looks no less
artificial and speculative in TCM because it involves any breeds (including BTB) kept by
fanciers for their phenotypic diversity and not related to explicit ETBs, MTBs, and GBs. Our
proposed concept and PCM produced through an appropriate analysis of the phenotypic
diversity of chicken breeds would highlight and correct the said shortcomings of TCM.

4.2. Genotypic Models of Clustering and Admixture

Concerning the development of two genotypic clustering models (GCM1 and GCM2),
in a number of instances we noted both their congruence with each other and some
similarities with PCM. For example, breeds and populations from the GCM2 cluster I were
fully included in the GCM1 subcluster Ia (ETB), and members of the GCM2 subcluster IVa
in the GCM1 cluster III (MTBs). Breeds of the PCM cluster V (FB) were stably clustered
together in the GCM1 subcluster Ia and in the GCM2 cluster III, etc. The existing differences
between the models can be attributed to the various algorithms used to construct them, and
to the differences in the nature of the compared traits. It should also be noted that, for PCM,
we used a fairly wide set of phenotypic traits describing both morphology and performance
characteristics of poultry, while for genotypic models, one region of the chicken genome
corresponding to the NCAPG-LCORL locus was employed, which apparently narrowed
the resolving power of analyzing the breeds and populations by genotypes. Many other
investigations including Moiseyeva et al. [3] also observed an unequal contribution of
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certain sets of phenotypic/genetic factors to the resulting patterns of phylogeny/clustering
among examined breeds.

Nevertheless, combining data on genotyping (i.e., allele frequencies in the five SNPs)
and on their grouping according to PCM showed significant differences between groups
(clusters) of breeds and an expected topology of the breed phylogenetic tree (Figure 3) in full
accordance with our proposed updated concept of the evolutionary subdivision of domestic
chickens into six evolutionary lineages of breed formation. In addition, the observed
differences at the NCAPG-LCORL locus between the identified groups (clusters) of breeds
did not contradict the previous information on the relationship of variability at this locus
with certain phenotypic traits (e.g., [50,51,61,62]). Considering the above, we would suggest
the importance of our findings at the NCAPG-LCORL locus that demonstrated a genetic
variability among a wide sample of commercial, local, and fancy chicken breeds, including
synthetic ones, which largely overlaps with the patterns of their phenotypic variability
and does not contradict the general ideas about history of formation and development of a
particular breed.

An important aspect of our study was the detection of significant admixture among
the 49 genotyped chicken breeds and populations. This was expressed in complex patterns
of admixture models (Figure S6), which, as a rule, did not allow us to clearly distinguish
among themselves the classes (clusters) that we proposed for four models (TCM, PCM,
GCM1, and GCM2). This significant admixture can be explained by the history of mixed
origin of the studied breeds, i.e., a synthetic nature of their formation, when genetic makeup
of many breeds was composed by mixing the genomes of several original, distinctive breeds
and/or due to individual crossbreeding events with other breeds and introgression during
their breeding (e.g., [63]). Nevertheless, by exploring the obtained patterns of admixture
models, one could generally notice certain differences between ETB and MTB chickens,
which is consistent with the results of the genotype frequency analysis. We would also
suggest that the admixture models themselves can be considered as an auxiliary tool in
clarifying evolutionary signatures of subdivision and inference of demographic history
among chicken breeds and populations.

4.3. Analysis of Genetic Variation at the Locus NCAPG-LCORL

Characterization of genetic variation and population genetic structure based on SNPs
at key chicken performance-related genes not only helps to determine the characteristics of
various commercial, fancy, and local breeds and populations, including synthetic and highly
admixed ones, but also to assess whether this information can be useful in MAS [50,64].
We genotyped chickens of various purposes of use (TCM) and phenotypes (PCM) using
the Illumina Chicken 60K SNP iSelect BeadChip, which revealed the presence of the five
significant SNPs on GGA4 in the area of the NCAPG-LCORL locus and flanking regions.

The differences found at the genetic level, i.e., in the SNPs within the locus covering
the NCAPG-LCORL genes may be of great interest, since these genes are one of the key
regulators of RNA polymerase II transcription and have pleiotropic effects in terms of
body weight/size and egg weight/size [65,66]. Guo et al. [67] identified genomic variants
associated with the size and mass of chicken bones at the NCAPG-LCORL locus. SNPs at
the NCAPG gene (rs14491030) and the LCORL gene (rs14699480) were associated with egg
weight [68]. According to Yi et al. [17], rs14491030 at the NCAPG gene can simultaneously
affect both egg weight and body weight. In an investigation by Barkova and Smarag-
dov [69], significant associations of rs14491030 at the NCAPG gene with egg weight and
shell elastic deformation were found. Sun et al. [70] showed that NCAPG had a definite
effect on the eggshell quality in pullets. The pleiotropic effect of the NCAPG-LCORL locus
may be related to the fact that egg weight affects the body weight of chickens at birth, their
physical shape and further performance [71]. Eggshell, providing gas exchange between an
embryo and environment and supplying calcium to embryo bones, is of biological impor-
tance for the development of avian embryos [72]. In a study by Liu et al. [61], the LCORL
locus was significantly associated with the body weight of chickens. It was also shown
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that the LCORL gene has different levels of expression in slow-growing and fast-growing
broiler chickens.

In the present investigation, we found that following even TCM, ETB chickens in
general were significantly different from chickens of other purposes of use (utility types).
So, for the GGaluGA265969 substitution, significant differences were shown when compar-
ing the ETB–MTB and ETB–FB group pairs. Presumably, such differences could be due to
the fact that this SNP might be associated with the body weight of hens.

SNP rs15619223 showed the largest number (28) of significant pairwise differences be-
tween chicken groups of various use/productivity types (TCM) or various clusters/subclusters
(PCM and GCM1) (SI S3). According to our previous studies [50,51], this SNP is prob-
ably associated with body weight and egg weight in RW chickens. Although for SNPs
GGaluGA265966 (14 significant pairwise differences), rs14491028 (14 differences), and
rs14491017 (23 differences) we did not find any other reports on their relationship with
productive traits in chickens, the presence of polymorphism and a significant difference
in allele frequencies between groups of contrasting chicken breeds (SI S3) would suggest
considering these SNPs as potentially momentous.

In general, for three models, TCM, PCM, and GCM1, we demonstrated a reliable
resolution of the obtained data on allele frequencies in the SNPs of the NCAPG-LCORL
locus to discriminate chicken breeds and populations related to ETBs, MTBs, DPBs (EMBs,
MEBs), GBs, or FBs (SI S3). Thus, based on our own data available for the region on GGA4
that involves NCAPG-LCORL, we can confirm that there is a definite relationship between
genetic variation at this locus and phenotypic diversity in chicken breeds, and this is an
important QTL for body weight and egg weight [61].

The maximum heterozygosity for a particular locus is achieved when the frequencies
of its alleles are equal and depends on the number of alleles. This is relevant for populations
under selection for a desired trait. In the conditions of artificial breeding of populations,
parental pairs are assorted, while relationship of individuals participating in mating in-
creases. As a result of mating closely related individuals (i.e., inbreeding), proportion of
homozygous genotypes is growing in a population. An important feature of inbreeding is
the constancy of allele frequencies in all inbred generations observed while the number of
heterozygous genotypes declines [73]. In our study, we used closed gene pool populations
with a small population size and identified isolated cases of inbreeding (see Section 3.2.1).
However, due to paucity of the studied populations, assessment of the inbreeding level in
them would be possible with full confidence in further detailed genome-wide studies.

Among the identified SNPs, a shift in genetic equilibrium was found in crossbred
chickens Ts × SL and in purebred populations Ts, NH, Pu, F and PRB (χ2 > 3.84), which may
be indicative of strong selection pressure and a consequence of the selection of offspring
from the best sire.

In the SNP-assisted analysis of genetic differentiation between chicken groups using
TCM and paired FST, significant differences were detected for ETB chickens in comparison
with MTBs, EMBs, GBs, and MEBs, as well as MTBs and FBs. With applying PCM (Table 2),
greatest FST distances were shown for FBs relative to other clusters. These results of the
FST-based analysis suggest a certain “predictive power” of the five SNPs for discriminating
chickens of different other groups (clusters) when employing TCM and PCM.

The five significant SNPs identified in this study overlapped with the previously
established QTLs for egg weight, egg production and growth traits at the NCAPG-LCORL
locus (SI S4), confirming that these SNPs are relevant to and important for evaluating
genomic variation among the studied local, commercial and fancy chicken breeds.

In the present study, we also investigated LD structure at the LCORL gene among
various chicken breeds. Close LD was observed in the FS, CB, and BB breeds, suggesting
their common origin as the Cochin, Brama, Dorking, and Houdan were FS ancestors.
Chickens of the ZS breed were developed by crossing the RW, RIR, NH, and YC breeds.
PC, such as NH, was created using the RIR breed [31]. The common origin of the listed
breeds could explain their almost complete identity in LD. A similar conformation and
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diminutive sizes of the BMF and PS chicken breeds probably determined the same structure
of their LD patterns. This may be due to the fact that polymorphism in the LCORL gene
in animals can have a significant effect on the height, skeletal size, bone formation, and
muscle development during embryogenesis [62].

When examining LD haploblocks between the SNPs in the studied chicken popu-
lations, important information was obtained regarding a population specificity of the
haploblock structure at the NCAPG-LCORL locus for the 11 breeds/populations. These
included two ETB populations (RWS and RWP), two EMB populations (FS and BB), three
MEB populations (NH, PC and ZS), two FB populations (PS and PW), and two BTB
populations (BMF and CB).

LD analysis revealed 36 haplotypes for these breeds. Common haplotypes are con-
firmed by the origin of breeds and similar phenotypes, suggesting a common mechanism
for the formation of these LD patterns. Four similar haplotypes in the three MEB (NH, PC,
and ZS) breeds, as well as one more common haplotype in NH and PC, can be associated
with their common descent from the same ancestral breeds.

Due to the intensive selection in the breeding program and a significant reduction in
the population size, changes in LD were observed in the chicken gene pool populations
over several generations. Characterization of LD is of fundamental importance in carrying
out genome-wide association analysis and genomic selection, as well as in identifying
recent genomic rearrangements. LD can make a certain positive contribution when used
in MAS in the future poultry farming [74]. At the same time, the costs of genotyping
SNPs can be significantly reduced since markers are usually linked with each other in the
area of influence on a trait [75]. Comparative assessment of populations with different
demographic histories is an important source of information on changes in the genome
when breeding small groups and assessing the results of crossing [64,76].

5. Conclusions

According to the FAO recommendations [52], to characterize the genetic resources
of agricultural animals, it is necessary to rely on three types of information: phenotypic,
genetic, and historical, which we attempted to do in the framework of this study. Herein,
we proposed and studied four models of clustering (classification), i.e., TCM, PCM, GCM1,
and GCM2, using a large spectrum of the global gene pool of chicken breeds that often
have a synthetic genetic structure, significant admixture, and possible introgression. Based
on these models, we expanded the earlier concept of four evolutionary lineages in domestic
chicken breeding postulated by Moiseyeva et al. [3]. Our updated concept of evolutionary
subdivision and breed formation includes six evolutionary branches of domestic chickens:
ETBs, FBs, BTBs, DPBs, MTBs, and GBs as represented on the appropriate phylogenetic
tree (Figure 3). We also found a complex and indistinct character of admixture models for
many phenotypically and genotypically diverse breeds, many of which have a specific
demographic history and a synthetic genetic blueprint.

Additionally, we discovered significant differences in allele frequencies for the an-
alyzed SNPs at the NCAPG-LCORL locus in the small chicken populations of different
phenotypes and purposes of use. This may point out that the importance of this locus in
understanding the genetic basis for the formation of productive traits in poultry. Chickens
of ETB and MTB are genetically far apart and formed two distinct clusters. Analysis of LD
patterns revealed a close linkage between the SNPs in some DPB populations, which may
prove a history of their origin from common ancestral breeds. Based on the data obtained,
it can be assumed that the presence of LD can be an auxiliary tool in carrying out MAS for
a small number of markers associated with each other in the area of influence on a trait,
which can significantly reduce the costs of genotyping SNPs in general.

In addition, the current authentic allele composition in FB chickens at the NCAPG-
LCORL locus was characterized, suggesting their gene pool as unique “inexhaustible”
genetic resources. Since the NCAPG-LCORL locus is one of the key regulators of RNA
polymerase II transcription and has a noticeable pleiotropic effect in relation to body weight
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and size, as well as egg size in chickens, we characterized genetic variants at this locus in
various commercial, fancy, and local breeds and populations. Our research findings seem
to be relevant for the purpose of identifying individuals that are carriers of SNP variants
potentially associated with economically important QTLs. This information can also be in
demand in MAS for meat and egg performance in chickens.

Genome-wide association studies can identify SNPs related to formation of phenotypic
traits. This provides a unique opportunity to improve the methods for choosing markers of
choice for MAS using information about many SNP markers across the entire genome, and
thus increasing the selection accuracy. The data obtained can also be used in determining
parental pairs and correcting selection targets in local chicken populations. The tested
approaches in analyzing SNPs show their high efficiency and will be put into practical
use in breeding and preservation programs for small chicken breeds and populations.
Importantly, the current thorough phenotypic and genotypic survey involved several
remarkable native breeds of Russia and the former USSR including OM [77], YC [78,79],
RW [50,51,64], PC [80–83], PS/PW, RC, MG, UM, and UG. The obtained information will
be helpful in their future conservation and commercial use.

Overall, our investigation has further contributed to solving the problem of evo-
lutionary subdivision of domestic chickens including implications for synthetic breeds
and admixture through a comprehensive assessment of phenotypic variation and geno-
typic structure at the NCAPG-LCORL locus, an important QTL for body meat and egg
production traits.
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Citation: Farkas, T.P.; Orbán, A.;

Szász, S.; Rapai, A.; Garamvölgyi, E.;
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Abstract: The aim of the experiment was to investigate the use and effect of a new beak-abrasive
material not yet examined on mortality of non-beak trimmed laying hens of different genotypes
housed in an alternative pen. The study was performed on 636 females belonging to three geno-
types of Bábolna TETRA Ltd. (a1 = commercial brown layer hybrid (C); a2 = purebred male line
offspring group (maternal); a3 = purebfigure ed female line offspring group (paternal)). A total of
318 hens, i.e., 106 hens/genotype distributed in six pens (53 hens/pen), were evaluated. Cylindrical
beak-abrasive blocks of 5.3–5.6 kg were suspended (0.1–0.4 mm diameter gravel, limestone grit,
lime hydrate, and cement mixture) in six alternative pens. In six control pens without abrasive
material, 318 hens, i.e., 106 hens/genotype (2 pens control group/genotype, i.e., C1 = commercial
brown layer hybrid, C2 = purebred male line offspring group, C3 = purebred female line offspring
group; 53 hens/pen;) were placed where there were no beak-abrasive materials. The rate of change
in the weight of the beak-abrasive materials and the mortality rate were recorded daily. In the six
pens equipped with beak-abrasive materials, infrared cameras were installed, and 24 h recordings
were made. The number of individuals pecking the beak-abrasive material, the time and duration
of dealing with the material were recorded. Data coming from one observation day are given.
During the 13 experimental weeks of observation, the weight loss of beak-abrasives differed sig-
nificantly in the different genotypes (a1 = 27.4%; a2 = 29.6%; a3 = 56.6%). During the only day
analyzed, the hens from all the genotypes mostly stayed between 17:00 and 21:00 h in the littered
scratching area where the beak-abrasive material was placed (a1 = 48.4%; a2 = 49.2%; a3 = 54.4%).
In the case of each genotype, the rate of the hens dealing with beak-abrasives in the first two periods
of the day was relatively low (0.2%–0.7%). Peaks of the activity were between 17:00 and 21:00
(a1 = 0.8%; a2 = 1.3%; a3 = 1.8%). The a3 dealt with the beak-abrasive materials to a significantly
greater extent in the period from 13:00 to 17:00 (0.8%) and from 17:00 to 21:00 (1.8%) than the a1
(0.2% and 0.8%, respectively). Due to the use of the beak-abrasive materials, the mortality rate
decreased the most in the genotypes that used them (a1 with beak-abrasive material 0.0% vs. C1 9.4%;
a2 with beak-abrasive material 2.9% vs. C2 12.4%; a3 with beak-abrasive material) 15.4% vs. C3 5.7%).
It can be concluded that the insertion of beak-abrasive materials increased the behavioral repertoire of
hens, which is particularly beneficial from an animal welfare point of view. Further and longer-term
research is needed to determine whether the insertion of the beak-abrasive material has a beneficial
effect on the mortality data of the experimental groups through enrichment, either through physical
abrasion of the beak or both.

Keywords: laying hen; non-caged; non-trimmed; beak abrasion; behavior; aggressiveness; mortality

1. Introduction

The examination of the abrasive material is actual nowadays; that is why the alter-
native husbandry technologies are increasingly gaining prominence in European laying
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hen farming, in which the abandonment of beak trimming is encouraged [1]. In addition,
a significant proportion of consumers want to eat eggs from a husbandry technology where
the hens live in a larger area, in more stimulus-rich conditions, without beak trimming.

In general, those who advocate the preamble of alternative housing systems and the
abandonment of beak trimming are referred to the behavior of wild hen species (junglefowl)
in their natural environment. In its natural environment, one of the ancestors of domestic
hens (Gallus gallus domesticus) is the red junglefowl (Gallus gallus or Gallus ferrugineus)
searching for food, which is also assisted by the beak [2]. Their beaks constantly make
contact with materials of different hardness in the environment while they search for food.
This activity is carried out almost throughout the whole day, from which it follows that
their beaks are subject to constant friction and wear.

This natural process does not apply in this form to layer hybrids kept in cages. They do
not have to search for food, as it is at their disposal within a few meters, and they do not
have the same substances in the cages as in nature for the wear of their beaks [3].

Laying hens in alternative housing systems usually live in large groups but in limited
places and environments, and their lack of stimuli can lead to abnormal behaviors and
cannibalism due to abandonment of the beak trimming.

Unfortunately, aggression and cannibalism may be higher in non-beak trimmed flocks,
which may result in higher mortality rates, as well as higher rates of egg breakage and feed
waste [4,5]. For this reason, beak trimming of hens is widely used [6,7], which solved these
problems somewhat [8], both in alternative systems [9] and cage housing [10]. However,
it should be mentioned that there are several negative effects of beak trimming. Beak short-
ening can cause tissue and nerve damage [11], which may result in abnormalities that may
inhibit the hen from feathering [12–15] and feeding [16], furthermore may have a negative
effect on body weight [17] and egg production. Moreover, the shortened beak is not fully
capable of performing its function against ectoparasites [18–20]. These changes not only
jeopardize the welfare of the hens but can also be a serious economic loss for the produc-
ers [21]. Partly because of these, beak trimming is now banned in Norway (1974), in Finland
(1986), in Sweden (1988), and Denmark (2013) due to the pressure of animal welfare organi-
zations, commercial interest groups, and certain sections of the consumers. Other countries,
such as Germany (from 2017) and England (scheduled for 2025), have initiated voluntary
agreements to phase out the practice of beak trimming. Belgium, Luxembourg, Switzerland
have urged for stricter animal welfare laws. This practice was banned in Austria as early
as 2013 and has been banned in The Netherlands since 1 September 2018 [1].

Based on these facts, it would be desirable to try other alternative solutions that
facilitate beak wear and enrich the environment for laying hens, which can reduce the
adverse effects of long sharp beaks on production. In addition, adequate environmental
enrichment would also be important for laying hens, which can diversify the environment
of the animals, thus broadening the behavioral repertoire and reducing the incidence of
abnormal behaviors.

Without beak trimming, an excellent way to promote natural beak wear is inserting
various beak-abrasive materials into the place where the animals are kept, which can
simultaneously be an enriching element, an opportunity to reduce aggression and wear
the beak.

Therefore, in our research, we aimed to investigate the use and effect of a new, hitherto
unexamined beak-abrasive material on mortality and aimed to investigate the behavior
and location during the different parts of the day for non-beak trimmed laying hens of
different genotypes housed in an alternative pen.

2. Materials and Methods

The study was conducted at the Poultry Testing Station (Kaposvár, HU, Somogy) of
the Kaposvár Campus Training and Experimental Plant of Hungarian University of Agri-
culture and Life Sciences, with a herd of three different genotypes of laying hens provided
by Bábolna TETRA Ltd (Bábolna, Hungary). (a1 = commercial brown layer hybrid (K);
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a2 = purebred male line offspring group (maternal); a3 = purebred female line offspring
group (paternal)) (Figure 1). The set numbers are: N = 636; n = 212 hen/genotype;
53 hen/pen. The laying hens were not beak trimmed. The barn typically had a tem-
perature of 15–18 ◦C and humidity between 65% and 70%. Lighting of 16 h (continuously
between 5:00 and 21:00; 30 LUX, warm white) per day was used during the experimental
period. Laying hens were allowed to consume ad libitum commercially available hen feed
(175.1 g/kg of CP, 39.8 g/kg of CF, 11.50 MJ of ME, 34.2 g/kg of Ca, 5.4 g/kg of P, 8 mg/kg
of Cu, 80 mg/kg of Zn, 50 mg/kg of Fe, 100 mg/kg of Mn, 1 mg/kg of I, 0.3 mg/kg of Se)
from 2 suspended hand-filled feeders (trough length: 120 cm) and drinking water from a
suspended open water drinker (trough length: 120 cm) in each pen (Figure 2).

Figure 1. Experimental stocks with three different genetic backgrounds (commercial hybrid (left),
purebred offspring of maternal (in the middle) and paternal lines (right)).

   

Figure 2. Infrared camera installed in the pen; HD-quality recording; pen interior layout with
suspended beak wear material.

A total of 53 nineteen-week-old pullets (1041 cm2/hen) were housed in the 12 alterna-
tive pens, each with a floor area of 5.52 m2. In each pen, 1/3 of the floor space consisted of
a scratching area littered with wood shavings, while the remaining 2/3 of the floor space
consisted of an elevated plastic grid floor (Figure 2).

There were provided 14 laying nests with artificial grass placed on two levels per pen
for the hens (3.8 hens/nest). In front of the laying nest row, 2 perches per level helped
approach the nests. Cylindrical beak-abrasive blocks of 5.3–5.6 kg (0.1–0.4 mm diameter
gravel, a mixture of limestone grit, lime hydrate, and cement) were hung above the scratch-
ing area (Figure 1) in six pens (2 pens/genotype) identified as a1, a2 and a3 for genotype.
The beak-abrasive blocks were provided to us by Bábolna TETRA Ltd(Bábolna, Hungary).
and were manufactured by the company itself. We adjusted the height of the beak-abrasive
blocks so that their center fell into the back height of the laying hens. For each observed
pen, we recorded daily the rate of block weight change (loss) and hens mortality rate of
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the abrasive. As a control group, no beak-abrasives were placed in 6 pens (2 pens control
group/genotype, i.e., C1, C2, C3).

Infrared cameras (GeoVision Target(Budapest, Hungary) H.265 4.0 Mpixel outdoor IP
Eyeball dome camera) were installed over the 6 pens equipped with abrasive materials, and 24 h
recordings were made on the test week using special software (GeoVision GV-NVR System)
(Budapest, Hungary).

Flock monitoring and data collection began at week 24 of life after 5 weeks of adap-
tation and production. To date, a total of 13 study weeks have been evaluated. On each
study day, the location and activity of the hens within the pen were recorded and observed
every quarter hours (96 times per day). In our research presenting the preliminary results,
we have so far evaluated one day in two repeats per genotype, which meant the analysis of
a total of (1 × 3 × 2 × 96 =) 576 recordings.

Analyzing the camera footage, we calculated the time proportion of hens spent in the
laying nests, perch, plastic grid floor, and scratching area. In addition, we also recorded
the activity of the birds in the different compartments, i.e., differentiated between eating,
drinking, scratching, resting-feathering behavior, and the use of abrasive material.

The weight change of all beak-abrasive blocks was measured daily. For the pen pater-
nal), which produced the greatest weight loss, a complete lighting period, i.e., 16 h were
observed without interruption. The number of individuals ‘dealing’ with the beak-abrasive
materials, the date and duration of dealing with the substance were recorded. Dealing with
the beak-abrasive material means: The hens touch only the blocks with their beak to feed
or any other reason.

Based on this, three categories were distinguished:

1. The individual’s attention is only drawn to one or two pecks, after which they continue
to search for another activity;

2. The individual pecks more than two times, using the abrasive for 5–10 s;
3. The birds peck it several times and use it for at least 15 s.

The degree of abrasion of the beak-abrasive blocks, the location of the hens, and the
distribution of different behaviors, as well as the mortality rate, were evaluated by the
likelihood ratio test using the SPSS 10.0 software package.

3. Results and Discussion

3.1. The Degree of Weight Change of the Abrasive Materials

A statistically verifiable difference was observed in the extent of weight loss of the
measured beak-abrasive materials between the examined genotypes (Table 1). The slightest
weight loss was observed in the commercial hybrid; little more was measured in the
maternal genotype. In contrast, for the paternal genotype, more than 56% of the abrasive
material was depleted during the study period. In this period, the paternal genotype
dealt the most with the beak-abrasive material and wore the largest proportion of it.
This observation is strongly correlated with the results in Table 4, which show that this
group had the lowest mortality.

Table 1. Extent of weight loss of beak-abrasive materials in the case of different genotypes over a
13-week study period (%).

Commercial Hybrid a1 Maternal a2 Paternal a3 Prob.

Extent of weight loss 27.42 a 29.60 b 56.61 c <0.001
a, b, c indicate significant differences among the different genotypes (p < 0.05).

3.2. Location and Behavior of Laying Hens, Dealing with Abrasive Material

In order to explore in more detail the background of the laying hen’s handling of
beak-abrasive materials, we need to know the location of the animals in the pen at a given
time of day because a higher degree of expression of the specific behavioral repertoires,
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characteristic for a given part of the pen, is expected when there is a greater presence of
animals in it.

Table 2 shows the percentual distribution of laying hens between different parts of the
laying hen house depending on genotype and time of day. For all the genotypes examined,
it is clear that only in the last light period of the day, i.e., between 17:00 and 21:00, the laying
hens were staying the most in the littered scratching area, where the beak abrasion material
was also suspended. In the case of the paternal genotype, there were significantly more
laying hens in the litter scratching area than on the grid floor, which is consistent with the
data in Table 3 and Figures 3 and 4. The only interesting difference in terms of location
data is that the maternal genotype was much more in the scratching area during the dark
period than the other two genotypes.

Table 2. Percentual distribution of laying hens among different parts of the pen depending on
genotype and time of day (%).

Periods of the
Day

Distribution of Location Choice of Laying Hens, %

In the Nest On the Perches
On the Plastic

Grid Floor
Littered

Scratching Area
Prob.

Commercial hybrid a1

5:00–9:00 5.4 aD 6.5 aC2 48.6 cA 39.5 bB1 <0.001
9:00–13:00 2.7 aC2 7.4 bC3 52.5 dB1 37.4 cB <0.001

13:00–17:00 0.0 aA1 6.7 bC3 54.2 dB2 39.0 cB1 <0.001
17:00–21:00 0.7 aB2 3.9 bB2 47.0 cA 48.4 cC1 <0.001
21:00–5:00 1.9 aC2 2.8 bA3 87.7 dC2 7.5 cA1 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 -

Paternal a2

5:00–9:00 4.0 bD 2.4 aC1 47.8 cB 45.8 cC2 <0.001
9:00–13:00 1.5 aC1 1.9 aBC1 56.8 cC2 39.7 bB <0.001

13:00–17:00 0.2 aB2 1.7 bBC1 50.4 cB1 47.7 cC3 <0.001
17:00–21:00 0.1 aB1 1.3 bB1 44.2 cA 54.4 dD2 <0.001
21:00–5:00 0.0 aA1 0.0 aA1 87.4 cD2 12.6 bA2 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 -

Maternal a3

5:00–9:00 5.1 aC 5.9 aC2 47.9 cAB 41.1 bAB1 <0.001
9:00–13:00 4.1 aC3 5.2 aC2 50.1 cB1 40.5 bAB <0.001

13:00–17:00 1.6 aAB3 4.8 bBC2 50.2 dB1 43.4 cB2 <0.001
17:00–21:00 1.0 aA2 3.6 bB2 46.3 cA 49.2 cC1 <0.001
21:00–5:00 1.9 aB2 1.9 aA2 56.3 cC1 39.8 bA3 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 -
a, b, c, d indicate significant differences among the different parts of the pen (p < 0.05);
A, B, C, D indicate significant differences among the different periods of the day (p < 0.05);
1, 2, 3 indicate significant differences among the different genotypes (p < 0.05).

Overall, the laying hens frequently used the littered scratching area and also scratched
there because the hen’s natural behavior and instinct include searching and scratching
for food [22].

To determine the extent of dealing with beak-abrasive material, we gathered important
information about the animals’ total daily behavioral repertoire, and this way, we assessed
the extent to which this activity occurs relative to other behaviors. Moreover, the daily
change and rhythm of each form of behavior also have an effect on the development of the
handling of the beak-abrasive materials, as this activity satisfies a “secondary” need for
poultry, as eating, drinking, and laying eggs are basic needs and behavior.

For all the studied genotypes, a statistically verifiable difference was obtained between
the different behaviors for all periods, and daily fluctuations were also observed between
the periods (Table 3). Interestingly, compared to other behaviors, dealing with the beak-
abrasive material represents a significantly lower rate at most times of the day. For all
genotypes, the usage of beak-abrasives in the first two periods of the day showed relatively
low levels.
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Table 3. Distribution of different behaviors (%) in several parts of the pen depending on genotype and period of the day.

Distribution of Different Behavioral Forms of Laying Hens, %

Periods of
the Day

Staying
at Nests

Staying
on

Perches

On the Plastic Grid Floor On the Littered Scratching Area

Eating Drinking
Resting,

Feathering
Total Eating Scratching

Resting,
Feathering

Usage of
Beak-

Abrasive
Material

Total Prob.

Commercial hybrid a1

5:00–9:00 5.4 cdD 6.5 dC2 4.3 bcC1 1.5 bB 42.7 gB2 48.6 A 3.5 bB1 15.4 eBC2 20.3 fD1 0.2 aB 39.5 B1 <0.001

9:00–13:00 2.7 bC2 7.4 dC3 10.6 eD1 4.0 cC2 37.9 hA2 52.5 B1 6.8 dD2 17.1 gC2 13.4 fB1 0.2 aB 37.4 B <0.001

13:00–17:00 0.0 aA1 6.7 dC2 4.1 cC2 3.0 cBC2 47.1 hC2 54.2 B1 9.6 eE2 13.4 fB 15.9 gC1 0.2 bB1 39.0 B1 <0.001

17:00–21:00 0.7 aB2 3.9 dB3 1.4 bcB1 2.2 cB 43.3 fBD 47.0 A 5.0 dC 20.9 eD2 21.6 eD1 0.8 abC1 48.4 C1 <0.001

21:00–5:00 1.9 bC2 2.8 cA3 0.0 aA 0.0 aA 87.7 eE2 87.7 C1 0.0 aA 0.0 aA 7.5 dA1 0.0 aA 7.5 A1 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

Paternal a2

5:00–9:00 4.0 cD 2.4 bC1 8.0 dC2 1.0 aB 38.7 gB1 47.8 B 3.4 bcB1 18.3 eC3 23.2 fC2 0.7 aC 45.8 C2 <0.001

9:00–13:00 1.5 bC1 1.9 bC1 18.8 eD2 3.2 cD2 34.8 fA1 56.8 C2 12.0 dD3 13.7 dB1 13.8 dA1 0.2 aB 39.7 B <0.001

13:00–17:00 0.2 aB2 1.7 cC1 2.3 cB1 1.8 cBC1 46.4 fC2 50.4 B1 15.0 dE3 13.9 dB 18.0 eB1 0.8 bC2 47.7 C3 <0.001

17:00–21:00 0.1 aB1 1.3 bB1 2.3 cB2 1.9 bcC 40.0 fB 44.2 A 5.2 dC 23.4 eD2 24.0 eC12 1.8 bcD2 54.4 D2 <0.001

21:00–5:00 0.0 aA1 0.0 aA1 0.0 aA 0.0 aA 87.4 cD 87.4 D2 0.0 aA 0.0 aA 12.6 bA2 0.0 aA 12.6 A2 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

Maternal a3

5:00–9:00 5.1 bC 5.9 cC2 3.9 bC1 0.7 aB 43.3 eB2 47.9 AB 6.0 bC2 9.8 cB1 24.9 dB2 0.4 aB 41.1 AB1 <0.001

9:00–13:00 4.1 cC3 5.2 cdC2 10.7 eE1 1.5 bC1 37.9 hA2 50.1 B1 3.5 cB1 14.9 fD12 21.9 gA2 0.2 aB 40.5 AB <0.001

13:00–17:00 1.6 bAB3 4.8 cC2 5.5 cD2 1.9 bC1 42.8 fB1 50.2 B1 6.1 cC1 12.3 dC 24.6 eAB2 0.4 aB12 43.4 B2 <0.001

17:00–21:00 1.0 aA2 3.6 cB2 2.7 bcB2 2.1 abC 41.5 gB2 46.3 A 5.9 dC 16.8 eD1 25.1 fB2 1.3 aC12 49.2 C1 <0.001

21:00–5:00 1.9 bB2 1.9 bA2 0.0 aA 0.0 aA 56.3 dC1 56.3 C1 0.0 aA 0.0 aA 39.8 cC3 0.0 aA 39.8 A3 <0.001

Prob. <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

a, b, c, d, e, f, g indicate significant differences among the different behavioral forms (p < 0.05); A, B, C, D, E indicate significant differences
among the different periods of the day (p < 0.05); 1, 2, 3 indicate significant differences among the different genotypes (p < 0.05).

At that time, only 0.2–0.7% of the flock dealt with the beak-abrasive material on
average. The peak of dealing with this fell on the time of the day from 17:00 to 21:00.
From the data, it can be clearly seen that compared to the morning hours, the rate of usage
of beak-abrasives increased four times in the case of the commercial hybrid, two and a half
times in the case of the paternal genotype, and more than three times in the case of the
maternal genotype. In the case of the paternal offspring group, the extent of dealing with
the beak abrasion material had already exceeded the extent of staying in the laying nest
during the last light hours of the day.

The paternal genotype dealt with the beak-abrasive material to a significantly greater
extent during the days from 13:00 to 17:00 and from 17:00 to 21:00 than the commercial
genotype, which also coincided with the data of the weight loss of the beak-abrasive
materials. It can also be seen from Table 3 that the proportion of eating behavior was the
lowest in the period from 17:00 to 21:00, so that the proportion of laying hens engaged in
scratching and using beak-abrasive materials was increased during this period.

The use of beak-abrasive material showed daily fluctuations for all genotypes.
Researching the background of the phenomenon, we examined in more depth the de-
velopment of the use of the abrasive in the pen where the greatest weight loss (Paternal)
was experienced since in this pen we had the opportunity to observe this activity the
most (Figure 3).

The deal with the beak-abrasive material was observed first in the morning. It can
be said that the abrasive block aroused the interest of mainly one individual at a time,
less often two, and even less often three or four hens.
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Figure 3. Changes in the number of laying hens using beak-abrasives at different times of the day for
the paternal genotype.

The duration of beak-abrasive material showed daily fluctuations also (Figure 4).
In the morning, before 8:00 a.m., the feeders are usually empty, in which case the laying
hens are hungry and, in addition to scratching, the beak-abrasive materials are also pecked.
According to the work schedule, feeding takes place around 8:00 a.m.; when the animals
concentrate on feed intake with rather high intensity, their activity is mainly determined by
this. In this case, the number of individuals dealing with the abrasive material decreases
significantly, and next time their number increased only after 17:00.

 

Figure 4. Changes in the duration of dealing with abrasive material at different times of the day in
the case of paternal genotype.

Mainly in the early morning hours before feeding, categories 1, 2 were typical,
i.e., the hens showed a lower level of interest in the abrasive, which means that they
pecked up to one or two and used them for about 10 s. Similar to Figure 3, not only did
the number of individuals dealing with abrasive material increase after 16:00, but also
the duration of treatment with abrasive material. At that time, the hens used abrasive
materials more frequently and longer. In the evening hours, i.e., after 19:00, category 3 was
predominantly observed.
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3.3. Mortality of Laying Hens Depending on the Use of the Beak Abrasion

In terms of mortality, a significant difference was observed between the genotypes,
both in pens with and without beak abrasion material (Table 4). In the case of the com-
mercial hybrid and the paternal genotype, mortality was significantly lower in pens using
beak-abrasives, presumably because this enriching element was used by the animals,
which could reduce aggression toward each other and cannibalism, and thus, the resulting
mortality was also reduced. This enrichment had a positive effect on laying hens, as noted
by some researchers [23,24]. We came to similar results as another study [25], where, as an
environmental enrichment, brightly colored bottles, balls, and rattles were placed among
the laying hens, the hens began pecking them with their beaks, an activity that reduced
the stress accumulated in the animals and helped to reduce their excess energy, aggression
toward each other.

Table 4. The change in the mortality rate in pens with or without abrasive materials in the case of
different genotypes during the 13-week study period (%).

Commercial
Hybrid a1

Maternal a2 Paternal a3 Prob. Total

Pen with abrasive material 0.00 a 15.38 b 2.91 a <0.001 6.07
Pen without abrasive

material 9.43 5.71 12.38 0.246 9.18

Prob. 0.001 0.023 0.011 - 0.142
Total 4.72 10.53 7.69 0.081 7.63

a, b indicate significant differences among the different genotypes (p < 0.05).

In contrast, the maternal genotype had three times the mortality rate in pens equipped
with abrasive material than in the control groups (C2). The commercial hybrid had no
mortality in pens with beak-abrasive material, and the paternal genotype had only a quarter
of what was experienced in the control flock (C3).

4. Conclusions

Based on the results of the study, it can be concluded that the insertion of beak-abrasive
materials increased the behavioral repertoire of hens, which is particularly beneficial from
an animal welfare point of view. This enriching element has been used extensively by
animals, probably because the beak-abrasive material has aroused the interest of the birds,
occupied them while consuming its ingredients. During the study period, the weight
loss of the abrasive material was the highest in the paternal genotype (56.6%), which was
significantly higher than in the maternal line (29.6%) and the commercial hybrid (27.4%).
Presumably, the reason for this is to be found in the different genetic backgrounds of the
studied herd, in their different blood temperatures. The scratching area, where the beak-
abrasive material was suspended, was most used by laying hens in the time interval from
17:00 to 21:00. In the period from 17:00 to 21:00, the hens used the beak-abrasive materials
the most, because the proportion of other behaviors has already decreased by this period,
as the laying of eggs were mainly in the morning, the feed runs out of feeders, that is why
the eating and drinking are greatly reduced. The duration of the dealing with the abrasive
material showed fluctuations during the day. In the morning, there was less interest in
the abrasive before feeding, while after 16:00, the animals were more and more often used
the abrasive material, even for periods longer than 15 s. Based on the phenomenon, it can
be stated that within a day, over time, the length of use of the beak wearer increased.
Insertion of the beak-abrasive material reduced mortality in genotypes that used them to
a higher extent (commercial hybrid, paternal offspring group) of beak-abrasives because
they produced significantly fewer mortality than their counterparts in the control group.
Based on the preliminary results, it is clear that a full evaluation of several study days is
needed to gain further and deeper conclusions. Consideration should be given to the use
of an object of a different composition or enrichment that provides a better understanding
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of the background of poultry behavior during alternative housing of hens, as full open-air
housing solutions are not available due to the risk of avian influenza and the cost of free-
range. Further and longer-term research is needed to determine whether the insertion of
the beak-abrasive block into the scratching area has a beneficial effect on the mortality data
of the experimental groups through enrichment, either through physical abrasion of the
beak or both.
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Abstract: Recently, a P-deficient diet caused rickets in commercial chicks within three days. This
study aimed to investigate the duration of onset of rickets in chicks. Data were collected from
3–11 day old chicks raised on 88 commercial farms. Male day-old Arbor Acres Plus broilers (n = 450)
were studied in three trials, with three to four treatments each. Each treatment used one of the
following crumbled feeds: control feed (calcium (Ca): phosphorus (P)-1.41), slightly high Ca:P feed
(SHCa:P, Ca:P-2.69), high Ca:P ratio, P deficient feed (HCa:P, Ca:P-3.08), and HCa:P feed plus 1.5%
dicalcium phosphate (HCa:P + DP). Each treatment had three replicates with 15 birds each. Rickets
was induced by HCa:P, and cured by HCa:P + DP, confirmed by gross anatomy, gait score, serum
P concentration and growth performance. Lameness was not found in control groups, whereas,
observed in the HCa:P groups as early as day 2.7 on commercial farms and day 3 in experimental
farm. Serum P was reduced in HCa:P (p < 0.01). Bodyweight and feed intake started decreasing at
day 3 on commercial farms and in all trials (p < 0.01). The duration of onset of hypophosphatemic
rickets in broiler chicks fed HCa:P crumbled feed is approximately three days.

Keywords: lameness; broiler chicken; poultry; hypophosphatemic rickets; Ca:P ratio; phosphorus
deficiency; phosphorus requirement; duration of onset; animal nutrition; animal husbandry

1. Introduction

The word “rickets”, derived from the old English “wrikken”, to twist or bend, refers to
a condition of impaired mineralization of growing bones which ultimately results in their
bowing and twisting [1]. In humans, rickets is most commonly attributed to vitamin D de-
ficiency [2]. In growing poultry, rickets most often results from feed mixing errors resulting
in changes in dietary vitamin D, calcium, or phosphorus (P) concentrations [3]. Calcium
(Ca) and P deficiency are well-known factors affecting bone strength, bone mineralization,
and growth performance [4–11]. Vitamin D plays a role in maintaining the homeostatic
balance between calcium and phosphorus in birds [12], affecting bone growth and mineral
deposition [13]. In addition to absolute deficiencies of Ca or P, an improper Ca:P ratio can
affect growth performance [14,15], the incidence of leg abnormalities [14], gait scores, and
prevalence of hock burn and footpad lesions in birds [14–17]. When feed lacks inorganic
P, rickets could occur two weeks earlier in birds fed a high Ca:P diet compared to those
fed a low Ca:P diet [7]. The reason may be that a high dietary Ca:P ratio decreases the
bioavailability of Ca and P to sub-optimal levels [18], thereby causing a deficiency of one
or both of these elements.

Hypophosphatemic rickets was reported in 33 northern China poultry farms in broiler
chicks ranging from three to 11 day-olds (n ≈ 410,400). Lameness (an inability to stand,
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walk or run freely due to physical problems, poor gait score) is a typical characteristic of
rickets. In our investigation on this case, farmers reported that the prevalence of lameness
started between two to four days after accidental commencement of feeding of nutritionally
deficient rations. Through our survey, we observed that the incidence of lameness rose
rapidly to 70% within six days but was ameliorated within two days in birds switched to
a complete ration provided by another company (data for 70,800 chicks on 6 farms). The
duration of onset of rickets observed was much sooner than in previous reports which
mentioned onsets at seven [7,8], seven to ten [9], and 18 days [8]. Few reports concerning
an early duration of onset of rickets caused by P deficiency in poultry in recent years could
be found. Thus, the conception of a slow onset of hypophosphatemic rickets in poultry may
hinder the timely diagnosis of this syndrome by veterinarians and nutritionists. As early
identification of a nutrient deficiency offers an opportunity to ameliorate the ill effects of a
feed processing error, the early diagnosis and immediate treatment of hypophosphatemic
rickets is of utmost importance [19], with irreparable economic losses resulting if this is
not possible. We hypothesized that the duration of onset of hypophosphatemic rickets
might be around three days after commencement of feeding the chicks a high Ca:P ratio,
P deficient (HCa:P) crumbled feed.

We aimed to evaluate rickets’ duration of onset in broiler chicks that fed HCa:P
crumbled feed via a field survey and three trials, based on our observations concerning
gross anatomy, serum P concentration, the incidence of lameness and growth performance.
The purpose of this study is to provide information enabling more efficient diagnosis and
management of early-onset hypophosphatemic rickets in chicks by nutritionists, quality
supervisors, flock supervisors, and veterinarians.

2. Materials and Methods

2.1. Ethical Statement

The procedures followed for the field research and all trials were approved by the
Institutional Animal Care and Use Committee of Yangzhou University (ethical protocol
code: YZUDWSY 2017-05-09.03) and conducted according to the relevant animal welfare
regulations.

2.2. Field Research

We surveyed 88 farms whose chicks had been fed feed from the same mill. Thirty-three
farms (problem farms) bought feed produced on the same day and had lameness issues
in their bird flocks, whereas 55 farms which bought feed produced on other dates did not
have such problems. The scale of these farms varied from 3000 to 12,000 birds per flock,
in total including approximately 410,400 fast-growing white feather broilers (Arbor Acres
Plus (AA+) or Cobb 500 broilers), male and female sourced from seven hatcheries. All birds
had been raised on plastic mesh flooring, 50–80 cm over the ground, at an approximate
density of 30–35 birds/m2 during the first week, and 20–30 birds/m2 during the second
week. Air temperature outside of the chicken houses varied between 22–35 ◦C, with diurnal
temperature ranges of 6–11 ◦C during our survey in summer. Internal temperatures ranged
between 30.2–34.5 ◦C for chicks aged between 11 and three days old, and humidity ranged
between 70–84% in various chicken houses on the days on which we collected field data.
Birds had free access to feed and water. We assessed gait scores, lameness incidence, body
weights, feed intakes (FI) record, and gross anatomy at these commercial farms. The history
of drug use was reported by farmers.

2.3. Trials
2.3.1. Feeds and Treatments

Three farms were selected from the surveyed farms, as representative of healthy,
slightly sick, and severely sick chicks, respectively. Thirty bags (40.0 kg each) of crumbled
feed were collected from each of these farms. The feeds were classified into the following
three categories, according to their nutrient levels and impact on chick’s gait score: control
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feed, which did not cause any lameness in chicks; HCa:P feed, which caused serious
lameness in chicks and exhibited a high Ca:P ratio and P deficiency; slightly high Ca:P
(SHCa:P) feed, which caused slight lameness in chicks and exhibited a slightly high Ca:P
ratio and P deficiency. All the feeds were composed according to the formula and nutrient
levels of Table 1. In addition, 1.5% of dicalcium phosphate (DP, CaHPO4·2H2O) was added
to 100 kg of HCa:P feed to comprise the fourth (HCa:P + DP) feed. Due to a processing
error, the Ca:P ratios, Ca and P concentrations were different among treatments. These
values were shown in Table 2.

Table 1. Ingredients and nutrient levels of the commercial feed and the control feed for all trials.

Ingredients and Specifications 1 Composition Nutrient Composition Percent

Corn 55.00 Metabolic energy (MJ/kg) 12.28
Soybean meal(CP, 47%) 25.30 CP 21.00

Wheat flour 6.00 Lysine 1.27
Peanut meal (CP, 46%) 2.00 Methionine 0.52

Dried distilled grain with solubles
(DDGS) 5.00 Available total sulfur-containing

amino acids (ATSAA) 0.80

Dicalcium phosphate (DP) 1.40 Available lysine 1.15
Lime stone (coarse) 1.06 Available methionine 0.47

Feather powder (CP, 80%) 1.00 Available threonine 0.77
Duck oil 0.68 Available tryptophan 0.19

Lysine (65%) 0.60 Calcium (Ca) 0.85
Threonine (50%) 0.30 Total phosphourus 0.62

Methionine (88%) 0.26 Available phosphourus (AP) 0.38
Salt 0.20 Ca/AP 2.24

Sodium bicarbonate 0.10 Salt 0.23
Choline chloride (75%) 0.10 Sodium 0.14

Premix 2 1.00 Sodium + potassium-chloride
(mEq/kg) 219.5

1 CP, crude protein. 2 Premix supplied the following nutrients for each kg of feed: vitamin A, 1, 300 IU; vitamin D,4500 IU; vitamin E, 80 IU;
vitamin K, 4 mg; vitamin B1, 4 mg; vitamin B2, 9 mg; vitamin B6, 6 mg; vitamin B12, 0.02 mg; niacin,60 mg; pantothenic acid, 19 mg; folic
acid, 2.5 mg; biotin 0.30 mg; Fe, 20 mg; Cu, 16 mg; Mn, 120 mg; Zn, 110 mg; I, 1.25 mg; Se, 0.30 mg. Minerals were supplied in the forms of
ferrous sulfate, copper sulfate, manganese sulfate, zinc sulfate, potassium iodide, and sodium selenite, respectively, for Fe, Cu, Mn, Zn, I,
and Se. Values were calculated values.

Table 2. Calcium (Ca) and phosphorus (P) levels for each treatment in trials one, two and three.

Diets 1
Nutrients Values (Air-Dry Basis) Nutrients Values (Dry Matter) Ca:P

Moisture,
%

Ca, % TP 2, %
Phytate
P,%

Available
P, %

Ca, % TP, %
Phytate
P,%

NPP 2 Ca: TP Ca: NPP

Control 11.05 0.87 0.62 0.18 0.44 0.98 0.69 0.20 0.49 1.41 2.00
SHCa:P 10.05 1.13 0.42 0.18 0.24 1.26 0.47 0.20 0.27 2.69 4.71
HCa:P 9.96 1.11 0.36 0.18 0.18 1.23 0.40 0.20 0.20 3.08 6.17
HCa:P +
DP 10.27 1.29 0.61 0.18 0.43 1.44 0.68 0.20 0.48 2.11 3.00

1 Control, Ca and P-balanced feed which did not cause any lameness in chicks. SHCa:P, slightly high Ca:P ratio and P-deficient crumbled
feed from farms with slight chick lameness issues; HCa:P, high Ca:P ratio and P-deficient crumbled feed collected from farms with severe
chick lameness issues. HCa:P + DP, feed made by adding 1.5% dicalcium phosphate (DP) powder to HCa:P crumbled feed. All the feeds
were composed with reference to the same formula, with phytase at 500 FTU/kg feed (air-dry basis). 2 TP: total P; NPP: non-phytate P. The
NPP and Ca:P ratios were calculated values, other values were the means of three measurements (n = 3).

As AA+ broiler was more popular in this area, we selected AA+ broiler as the experi-
mental object. Healthy male AA+ broilers from the day of hatch (135 in trials one and two,
180 in trial three) with similar body weight (BW, 41.88 ± 1.37 g) were randomly divided
into three treatments, with three replicates per treatment and 15 chicks per replicate. The
birds in trial one were fed a control diet, HCa:P diet or HCa:P + DP diet. One week later,
birds in trial two were fed with a control diet, SHCa:P diet, or HCa:P diet. After another
one week, the treatments used in both earlier trials were repeated in trial three, which
included groups of birds fed control diet, HCa:P diet, SHCa:P diet, and HCa:P + DP diet.
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As lameness incidence had reached over 80% by day 7 of trial one, the birds were kept only
until day 7 in trials two and three.

2.3.2. Animals and Management

Chickens in all three trials were raised under the same room, with the same equipment
and environmental controls, and following the AA+ broiler management guide [20]. Broiler
chicks were raised in cages of dimensions 0.8 × 0.6 × 0.6 m (31 birds per m2). Water and
feed were provided ad libitum unless otherwise stated. The temperature inside the house
was 33 ◦C on the first day and was reduced by 2 ◦C per week, with humidity ranging from
60–70%.

2.3.3. Measurements

• Determination of Ca, P, and non-phytate P (NPP) in feeds

Control (n = 19), SHCa:P (n = 10), and HCa:P (n = 11) feed samples were randomly
collected from 19 out of 55 normal farms and 21 out of 33 trouble farms. Limestone and
DP samples were collected from the feed mill. A total of 2.00 kg samples were taken
using a multipoint method, further reduced to 0.25 kg via quartering, before being ground
to a fineness that permitted sample particles to pass through a 0.42 mm sieve. Calcium
was measured via the potassium permanganate method (GB/T 6436-2018) [21]. Phytate
P was measured according to Haugh and Lantzsch [22]. Total P was determined via
spectrophotometry [23]. The NPP content was calculated by subtracting phytate P from
total P (TP) in each feed [24]. Each sample was measured with three replicates, and their
mean was taken as the final value.

• Growth performance

The bodyweight (BW) and FI were recorded on days 0, 3, and 9 in trial one, and on
days 0, 3, and 7 in trials two and three. Birds and feed were weighed at 8:00 am on those
days, with each cage treated as a replicate. Bodyweight gain (BWG), average daily gain
(ADG), and average daily feed intake (ADFI) were calculated. The feed:gain (F:G) ratio
was corrected according to mortality and calculated as FI/BWG. The growth performance
of commercial farms was measured on the day of our visit. Historical growth performance
was reported by farmers.

• Gait score and lameness incidence observations

Broiler’s walking ability was evaluated using a three-point gait scoring scale based on
that of Farhadi et al. [25]. Briefly, broilers were classified to one of three gait scores, based
on the following criteria: easy, well-balanced gait without any irregularity (scored: one,
normal gait); irregular, uneven strides and unbalanced gait (scored: two, slight lameness);
reluctance to move, takes only a few strides before sitting (scored: three, severe lameness).
These observations were made every day between 8:00 to 9:00 am in all trials, after creating
a noisy environment by striking the cage with two iron bars (1 × 1 × 100 cm) at a rate
of four times per second. After striking, the birds’ gait was observed and scored over a
five-second period. The striking and observations were repeated three times for each cage
of birds, and counts of lame (score two or three) birds were recorded. Lameness incidence
was calculated as the average count of lame birds/total count of observed birds × 100%. In
field research, we took observations of chicken gait scores at the commercial farms based
on three randomly selected pens at each farm during our visit. Lameness incidence was
estimated on these farms.

• Gross anatomy

Gross anatomy was done on chicks in the field survey and all trials. Ten healthy
chicks and lame chicks were randomly selected from commercial farms on the day of the
survey (at 3–11 days old). Two healthy chicks from control cages and lame chickens from
treatment cages were randomly selected on day 4 and the last day in all trials. A panel of
veterinarians (n = 5) from three independent companies inspected the gross anatomy of the
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lame chickens. Chickens were necropsied after sacrificing by cervical dislocation. The beak,
femur, and metatarsus were forcefully pushed (or bent) aside using finger pressure to test
for bone hardness. Diagnosis of hypophosphatemic rickets was performed according to
Dinev [8] via a longitudinal tibial cut at the proximal tibiotarsus. However, inspection for
lesions was performed immediately after necropsy instead of histochemical analysis due to
a time pressure to judge who should compensate for the economic loss of farmers. Lesions
were checked in visceral organs (heart, liver, spleen, kidney, bursal, gizzard, gut, thymus,
and abdominal fat) were also performed.

• Determination of serum P

On day 9 in trial one, six severely lame birds and six healthy birds were randomly
selected from the cages from control group and HCa:P group, respectively. Blood samples
were collected via cardiac puncture by sterile syringe after CO2 (30% in air) aspiration
for one minute. Then birds were sacrificed by cervical dislocation. The blood samples
were transferred into tubes containing a coagulation promoting agent and maintained
at room temperature for two hours, before centrifuging at 1000× g at 4 ◦C for 10 min
for serum collection. Serum P was determined in duplicate via phosphomolybdic acid
methodology using commercial kits (Zhongsheng Beikong Bio-technology and Science Inc.,
Beijing, China) [26] analyzed using a Beckman Coulter AU5800 unit (Beckman Coulter Inc.;
Brea, CA, USA).

2.4. Statistical Analysis

Figures were edited via OriginPro 8 SR1 (OriginLab Corporation, Northampton, MA,
USA) and the mspaint program of accessories for Windows 10.0 (Microsoft corp., Beijing,
China). Other data were summarized with Microsoft Excel 2016 (Microsoft corp., Beijing,
China). Lameness incidence was a relative value, and it was taken as the mean data
of three trials. The growth performance and nutrient levels were analyzed using SPSS
statistical software, version 17.0 (SPSS Inc., Chicago, IL, USA). Homogeneity of variance and
Kolmogorov-Smirnov (K-S) tests were performed to confirm the assumption of normally
distributed data. Data were statistically analyzed via one-way ANOVA. The significance of
differences between treatments was determined at p < 0.05 based on Duncan’s multiple
range tests. Welch’s ANOVA was conducted where the data did not pass homogeneity
testing.

3. Results and Discussion

3.1. Verification of Hypophosphatemic Rickets in Lame Chicks

Birds fed normal rations were clean and could walk and run freely (Figure 1A). Chicks
on farms with problematic HCa:P feeds appeared lame, displaying characteristics of rickets
including dirty feathers, reluctance to walk, shaking or falling during walking, or walking
on their shanks/hocks, unable to reach feed and water, etc. (Figure 1A’). These gait
characteristics of lame chicks were consistent with previous reports of hypophosphatemic
rickets [8]. Low P diets are known to be capable of reducing tibia ash and tibia P [10,11],
likely one of the main reasons for the birds’ poor gait scores.

Hypophosphatemic rickets was further identified in the gross anatomy of chicks
(Figure 1B–F,B’–F’). The bone structure of chicks on commercial farms was affected by prob-
lematic feed as early as the 4th day. Healthy chicks’ bones were strong, well calcified, and
well formed (Figure 1B–F); Bones in lame chicks fed the HCa:P feeds were pliable, elastic,
and tended to be bent (Figure 1B’–F’). Lame chicks had “S”-shape soft ribs (Figure 1B’),
swollen and cylinder-like costochondral junctions (Figure 1C’), elastic bones in metatarsus
(Figure 1D’) and beak; poorly calcified tibia proximal tibiotarsus with visible hollows
(dark red parts) (Figure 1E’), and malleable femur (no fractures after pushing outwards
(Figure 1F). Consistent with the P-deficient chicks in the case reports of Gröne et al. and
Dinev [3,8] and the experiment of Shao et al. [7], these chicks had rickets lesions in the
form of pliable bones, bent ribs, swollen costochondral junctions, and non-calcified tibia
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proximal tibiotarsus growth plates. The visible hollows at the tibia proximal tibiotarsus
were consistent with the lesions observed in P-deficient chicks in Shao et al. [7].

Figure 1. Rickets characteristics apparent in gait features and gross anatomy of 4–11 day-old broiler chicks caused by high-
calcium (Ca): phosphorus (P) ratio, P-deficient (HCa:P) crumbled feed. Pictures show changes in walking characteristics
(A/A’), ribs (B/B’), costochondral junctions (C/C’), metatarsus (D/D’), tibia proximal tibiotarsus (E/E’), and femur (F/F’).

The commercial feeds which caused the severe lameness in chicks (HCa:P feeds)
contained higher (all p < 0.01) levels of Ca, Ca:P and Ca:NPP ratios, and lower (p < 0.01)
levels of TP and NPP compared to the normal feeds that did not cause lameness issues
(Table 3). We discovered that during the production of the defective feed, limestone was
erroneously substituted for a proportion of the DP in the DP bin. Consistent with the
feed processing error and low dietary P level, the concentration of serum P in severely
lame chicks (gait score = 3) was only 38% of that of healthy chicks (gait score = 1) on
day 9 (p < 0.01, Figure 2) in trial one. Low blood P concentration is an indication of
hypophosphatemic rickets [8]. Consistent with our study, Li et al. [26] and Zhang et al. [10]
reported that the serum P was decreased by dietary P deficiency. The primary reason for
low serum P may be due to the high Ca:NPP ratio, as serum P levels were not affected
when a balanced Ca:NPP ratio was maintained in a low-P diet [26].

Table 3. Calcium (Ca), phosphorus (P) levels and Ca:P ratios in commercial feeds from field research (air-dry basis).

Variables 1
Defective Feeds from Commercial Farms 2

Pooled SEM p Values
Normal Feeds SHCa:P HCa:P

Ca, % 0.89 a 1.03 b 1.07 b 0.02 <0.01
TP, % 0.59 a 0.54 b 0.39 c 0.02 <0.01

Ca: TP 1.52 a 1.94 b 2.72 c 0.09 <0.01
NPP, % 0.41a 0.36 b 0.21 c 0.02 <0.01

Ca: NPP 2.19 a 2.99 b 5.03 c 0.21 <0.01
1 TP: total P; NPP: non-phytate P. 2 Feed samples from commercial farms were classified into normal feeds (n = 19), high-Ca:P ratio,
P-deficient (HCa:P, n = 10) feeds, and slightly high Ca:P (SHCa:P, n = 11) feeds, based on chicks fed these feeds being healthy, severely
lame or slightly lame. The average moisture content of the feeds was 10.33%. Each sample value given is the mean of three measurements.
a–c Means within a row without common superscripts differ significantly (p < 0.01).

Based on our studies in both commercial and the experimental farm, we confirmed
that a high Ca:P ratio, P deficient crumbled feed was the cause of hypophosphatemic rickets
identified in the broilers in this case, as attested by feed processing records, extremely
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low dietary P levels in feeds and serum, high Ca:P ratios in feeds, and the poor gait
characteristics (lameness) and bone development observed.

Figure 2. Effect of high-calcium (Ca): phosphorus (P) ratio and P-deficient crumble (HCa:P) feed
on serum P of broiler chicks in trial one. Control, Ca and P-balanced feed which did not cause
chick lameness. HCa:P, high Ca:P ratio, P-deficient crumbled feed from farms with severe chick
lameness issues. a–b Means on the different columns without common superscript, differ significantly
(p ≤ 0.01). Data were showed in the form of means + SD.

3.2. Determination of the Duration of Onset of Hypophosphatemic Rickets

The changes in bone structure began to be affected by the feed as early as the 4th day
in all trials, similar to the observations on the commercial farms. Low dietary NPP levels is
a cause of bone abnormalities, leading to significantly decreased tibia ash, mineral, Ca and
P content [5,24], and reduced bone density and bone strength in broilers [24]. Dietary P
levels and the ratio of available P (AP) are important factors affecting bone mineralization,
bone strength, gait score, and rickets in broiler chickens [14–18]. The rapidity of impact
reflected the greater impact of a Ca:P imbalanced diet on tibia bone mineral density and ash
content, and therefore, bone-breaking strength, compared with a Ca:P balanced, P-deficient
diet [26]. This may be because a high dietary Ca:AP ratio causes the formation of insoluble
Ca-P complexes in the intestines [27], reducing the true digestibility of Ca [17], increasing
Ca excretion, and decreasing plasma P concentration [16], thus leading to poor tibial
mineralization [10,11]. In our study, no consistent difference was observed in lesions of
visceral organs (heart, liver, spleen, kidney, bursal, gizzard, gut, thymus, and abdominal fat)
between healthy chicks and lame chicks. Data collected from our survey also showed that
various drugs (antibiotics, antiviral drugs, Chinese herbal medicines, mycotoxin adsorbent,
etc.) were used to treat this problem. However, no curative effect was observed. Thus,
infectious disease was excluded from the factors that affect P digestion and absorption. As
we did not make anatomical observations on day 3, whether significant differences would
be observable at that point remains to be seen.

There was a strong correlation between lameness (gait score) and rickets based on
our anatomical observations at commercial and experimental farms. From our survey on
farmers, the duration of onset of rickets was 2.70 ± 0.69 day in chicks based on lameness
(gait scores, 2 and 3) surveyed at ages of 6.93 ± 2.73 d. On commercial farms feeding
HCa:P feeds, the average incidence of lameness was 74.11% after the 6th day. Lameness
was not found in the control groups, whereas, it was observed in the HCa:P groups as
early as day 4, day 3, and day 4 in trials one, two and three, respectively. The average
lameness incidence in the HCa:P group rose to be about 71% and 79% on the 6th and 7th
day in three trials; and reached 93% and 100% on the 8th and 9th day in trial one (Figure 3).
Adding DP in HCa:P feed resulted in a lameness incidence between 0 to 11% in trials one
and three. However, as we visually identified lameness, the possibility that some birds had
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developed pathological changes but were nonetheless continuing to move normally cannot
be excluded. We recommend that more sensitive methods, such as PCR, histochemical
methods or immunohistochemical methods, be adopted in future for further study of the
early course of rickets in chicks. Compared with commercial farms, the onset was later (4 or
3 days vs. 2.7 days) in all three trials. The higher stocking density of intensive commercial
farms might represent another factor aggravating leg problems [28]. In addition, on the
commercial farms, the temperatures were between 30 and 34 ◦C, and the humidity was
70–84%; these are high for 6- to 11-day-old birds and may have aggravated problems
stemming from P deficiency syndrome. Based on gait score and lameness incidence in all
trials, the duration of onset of hypophosphatemic rickets was as early as three days after
commencement of feeding HCa:P diets.

Figure 3. Lameness incidence in broiler chicks caused by high-calcium (Ca): phosphorus (P) ratio and
P-deficient crumbled feeds in trials one to three (C). Control, Ca and P-balanced feed which did not
cause chick lameness (n = 9 at days 0 to 7; n = 3 at days 8 and 9); HCa:P, high Ca:P ratio, P-deficient
crumbled feed from farms with severe chick lameness issues (n = 9). SHCa:P, slightly high Ca:P ratio,
P-deficient crumbled feed from farms with slight chick lameness issues (n = 6); HCa:P + DP, feed
made by mixing 1.5% dicalcium phosphate (DP) powder into HCa:P crumbled feed (n = 6 at days 0
to 7; n = 3 at days 8 and 9). Lameness incidence is calculated from mixed data in trials one to three
and given as mean ± SD.

Growth performance is one of the variables most sensitive to P deficiency, by com-
parison with Ca deficiency alone or simultaneous Ca and P deficiency [7,10]. Farmers
responded that feed intake was lower than broiler performance objectives [29,30] at two
days after feeding the P deficient commercial feed, and the growth rate was obviously
lower since the third day. The BW, BWG, ADG, FI, and ADFI were decreased by HCa:P feed
as early as day 3 in trial one (p ≤ 0.05, Table 4), trial two (p < 0.01, Table 5) and trial three
(p < 0.01, Table 6). This result is consistent with a previous study which demonstrated that
both BW and BWG were sensitive to dietary Ca and P deficiency [4]. However, effects on
the F:G ratio were not apparent until day 9 in trial one (p = 0.05), day 7 (p = 0.03) in trial two,
and day 3 (p ≤ 0.01) in trial three. Similarly, the onset time of lameness had a difference of
one day among trials. The inconsistency may be due to different batches of chicks and the
change of environmental conditions caused by different experiment times. Consistent with
our result, F:G is not very sensitive to low dietary phosphorous by comparison with FI and
ADG [11]. The BW and FI at day 3 worsened increasingly as the Ca:TP ratio increased from
1.41 to 2.69 and 3.08 in our trials. Consistent with our study, FI and BW or ADG reduced in
broilers fed with low P [7,15] diets or both low P and high Ca:P ratio diet [7]. Adding DP
improved the growth performance harmed by HCa:P feed in both trial one (e.g., ADGday 0–9
and ADFIday 3–9, all p ≤ 0.05) and trial three (e.g., ADGday 0–3, ADFIday 0–3, F: G day0–7,
all p ≤ 0.01). Data of growth performance suggested that the day of onset of P deficiency
was three days, earlier than noted in the previous reports [4,11,15]. The earlier changes
in FI and growth rates in our study may reflect the more severe lack of NPP (0.18–0.24%),
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high Ca (about 1.23%) and high Ca:TP ratio (>2.69) resulted from a replacement of DP
by limestone. Hu et al. suggested that a dietary Ca:TP ratio of 1.00–1.25 is optimal in
terms of maximizing digestion of Ca and P while maintaining tibia strength and growth
performance characteristics [18]. Based on growth performance in all trials, the duration
of onset of hypophosphatemic rickets was as early as three days after commencement of
feeding HCa:P diets.

Table 4. Effect of high-calcium (Ca): phosphorus (P) ratio, P-deficient (HCa:P) crumbled feed on growth performance in
0–9 day-old broiler chicks during trial one.

Variables 1 Items 1
Treatments 2 Pooled

SEM
p Value

Control HCa:P HCa:P + DP

BW, g/bird
BWday 0 40.33 40.60 40.57 0.65 0.99
BWday 3 81.93 a 73.07 b 77.93 ab 1.52 0.03
BWday 9 181.37 b 164.23 b 182.90 a 3.29 <0.01

BWG, g/bird
BWGday 0–3 41.60 a 32.47 b 37.37 ab 1.51 0.01
BWGday 3–9 99.43 ab 91.17 b 104.97 a 2.39 0.03
BWGday 0–9 141.03 b 123.63 b 142.33 a 3.13 <0.01

ADG, g/bird/d
ADGday 0–3 13.87 a 10.82 b 12.46 ab 0.50 0.02
ADGd 3–9 16.57 ab 15.20 b 17.50 a 0.40 0.03

ADGday 0–9 15.67 a 13.74 b 15.81 a 0.35 <0.01

FI, g/bird
FIday 0–3 45.57 a 39.30 b 44.43 ab 1.23 0.05
FId 3–9 164.40 a 139.50 b 169.53 a 5.06 <0.01
FId 0–9 209.83 a 178.73 b 213.40 a 6.11 <0.01

ADFI, g/bird/d
ADFIday 0–3 15.19 a 13.10 b 14.81 ab 0.41 0.05
ADFIday 3–9 27.40 a 23.25 b 28.27 a 0.84 <0.01
ADFIday 0–9 23.32 a 19.86 b 23.71 a 0.68 <0.01

F:G
F:Gday 0–3 1.10 1.21 1.20 0.04 0.48
F:Gday 3–9 1.65 a 1.53 b 1.61 ab 0.02 0.05
F:Gday 0–9 1.49 1.45 1.50 0.02 0.47

1 BW, body weight, BWG, body weight gain; ADG, average daily gain, FI, feed intake; ADFI, average daily feed intake. F:G, feed:gain ratio.
2 Control, Ca and P-balanced feed which did not cause chick lameness. HCa:P, high Ca:P ratio, P-deficient crumbled feed collected from
farms whose chicks had severe lameness issues. SHCa:P, slightly high Ca:P ratio, P-deficient crumbled feed from farms whose chicks had
slight lameness issues; HCa:P + DP, feed made by mixing 1.5% dicalcium phosphate (DP) powder into HCa:P crumbled feed. a–b Values
within a row without common superscripts differ significantly (p ≤ 0.05).

Table 5. Effect of high-calcium (Ca): phosphorus (P) ratio, P-deficient (HCa:P) crumbled feed on
growth performance in 0- to 7- day-old broiler chicks during trial two.

Variables Items 1
Treatments Pooled

SEM
p Value

Control SHCa:P HCa:P

BW, g/bird
BWday 0 42.33 42.67 42.7 0.09 0.19
BWday 3 91.13 a 84.20 bc 80.67 c 1.71 <0.01
BWday 7 194.60 a 171.27 b 142.37 c 7.65 <0.01

BWG,
g/bird

BWGday 0–3 48.80 a 41.53 b 37.97 b 1.75 <0.01
BWGday 3–7 102.87 a 87.07 b 61.70 c 6.29 <0.01
BWGday 0–7 102.87 a 87.07 b 61.7 c 6.30 <0.01

ADG,
g/bird/d

ADGday 0–3 16.27 a 13.84 b 12.66 b 0.58 <0.01
ADGday 3–7 14.70 a 12.44 b 8.81 c 0.90 <0.01
ADGday 0–7 11.43 a 9.67 b 6.86 c 0.70 <0.01

FI, g/bird
FIday 0–3 45.70 a 41.03b 38.17 c 1.12 <0.01
FId 4–7 136.270a 123.97 b 99.00 c 5.56 <0.01
FId 0–7 181.63 a 165.00 b 137.13 c 6.58 <0.01

ADFI,
g/bird/d

ADFIday 0–3 15.23 a 13.68 b 12.72 c 0.37 <0.01
ADFIday 3–7 34.07 a 31.00 b 24.75 c 1.39 <0.01
ADFIday 0–7 25.95 a 23.57 b 19.59 c 0.94 <0.01
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Table 5. Cont.

Variables Items 1
Treatments Pooled

SEM
p Value

Control SHCa:P HCa:P

F:G
F:Gday 0–3 0.94 0.99 1.01 0.02 0.32
F:Gday 3–7 1.32 1.43 1.62 0.06 0.07
F:Gday 0– 7 1.20 a 1.29 ab 1.38 b 0.03 0.03

1 Control, Ca and P-balanced feed which did not cause chick lameness. HCa:P, high Ca:P ratio, P-deficient
crumbled feed collected from farms whose chicks had severe lameness issues. SHCa:P, slightly high Ca:P ratio,
P-deficient crumbled feed from farms whose chicks had slight lameness issues; HCa:P + DP, feed made by mixing
1.5% dicalcium phosphate (DP) powder into HCa:P crumbled feed. a–c Values within a row without common
superscripts differ significantly (p ≤ 0.05).

Table 6. Effect of high-calcium (Ca): phosphorus (P) ratio, P-deficient (HCa:P) crumbled feed on growth performance in 0-
to 7-day-old broiler chicks during trial three.

Variables 1 Items
Treatments Pooled p Value

Control SHCa:P HCa:P HCa:P + DP SEM

BW, g/bird
BWday 0 42.13 42.3 42.7 42.47 0.09 0.16
BWday 3 89.67 a 89.63 a 81.33 b 89.47 a 1.14 <0.01
BWday 7 191.3 a 181.77 b 155.27 c 187.4 a 4.31 <0.01

BWG, g/bird
BWGday 0–3 47.53 a 47.33 a 38.63 b 47.00 a 1.18 <0.01
BWGday 3–7 101.63 a 92.13 c 73.93 d 97.93 b 3.29 <0.01
BWGday 0–7 149.17 a 139.47 b 112.57 c 144.93 ab 4.36 <0.01

ADG,
g/bird/d

ADGday 0–3 15.84 a 15.78 a 12.88 b 15.67 a 0.39 <0.01
ADGday 3–7 25.41 a 23.03 b 18.48 c 24.48 a 0.49 <0.01
ADGday 0–7 21.31 a 19.92 b 16.08 c 20.71 ab 0.62 <0.01

FI, g/bird
FIday 0–3 45.07 a 45.8 a 39.93 b 44.23 a 0.74 <0.01
FIday 3–7 138.4 a 125 b 105.1 c 130.53 b 5.06 <0.01
FIday 0–7 183.47 a 170.8 b 145.03 c 174.77 b 6.11 <0.01

ADFI,
g/bird/d

ADFIday 0–3 15.02 a 15.27 a 13.31 b 14.74 a 0.25 <0.01
ADFIday 3–7 34.6 a 31.25 b 26.28 c 32.63 b 0.95 <0.01
ADFIday 0–7 26.21 a 24.40 b 20.72 c 24.97 b 0.63 <0.01

F:G
F:Gday 0–3 0.97 a 0.97 a 1.03 b 0.94 a 0.01 0.01
F:Gday 3–7 1.37 1.36 1.42 1.33 0.01 0.13
F:Gday 0– 7 1.23 a 1.22 a 1.29 b 1.21 a 0.01 <0.01

1 Control, Ca and P-balanced feed which did not cause chick lameness. HCa:P, high Ca:P ratio, P-deficient crumbled feed collected from
farms whose chicks had severe lameness issues. SHCa:P, slightly high Ca:P ratio, P-deficient crumbled feed from farms whose chicks had
slight lameness issues; HCa:P + DP, feed made by mixing 1.5% dicalcium phosphate (DP) powder into HCa:P crumbled feed. a–c Values
within a row without common superscripts differ significantly (p ≤ 0.05).

This duration of onset of rickets was earlier than in the previous reports, which
identified onset durations such as 7 [7,8], 7–10 [9], and 18 days [8]. One reason for this may
be a difference in diagnosis methods: the authors of those reports based their judgements
on the incidence of rickets on observations of anatomy and serum P rather than gait score
changes or growth performance. In recent years, developments in poultry breeding have
produced broilers with faster growth rates and higher nutrient requirements, which may
contribute to more rapid symptom onset under conditions of P deficiency [26].

The dietary level of AP was 0.28–0.34% in feed (assuming a 0.1% improvement due to
phytase). The minimal AP recommendation for broilers chicks is 0.45% [29] and 0.48% [30]
of feed, respectively, by breeding companies. The level of dietary NPP (0.21% in feed)
was much lower than the recommendation of 0.45 by NRC standard [31] or 0.39% by Liu
et al. [24]. A Ca:AP ratio at 2.0 or Ca:NPP ratio at 2.22 is recommended for broiler chicks
by breeding companies [29,30] or NRC [31]. In the present case, Ca:NPP ratios were over
2.22, at 4.71 and 6.17, respectively, in the SHCa:P and HCa:P feeds. Consistent with our
observations, high Ca:TP ratios caused rickets in growing rheas in a case reported by
Gröne et al. [3]. Conversely, when P concentration is low, a feed with a balanced Ca:P
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ratio resulted in better growth performance and bone structure than feed with high Ca:TP
ratios [7,15]. In future, the use of more accurate methods to determine phytic acid and other
inositol phosphate contents will be necessary to provide more exact recommendations for
safe dietary doses of NPP in broiler feeds [32]. The P is largely mobilized by the yolk sac
membrane during 12–17 days of incubation, and its content is very low as the chicken’s
embryo prepares to hatch [33]. The P leftover in ducks’ yolk sac at 3 days before the hatch
is only about 13.1% of the first incubation day [34]. During fasting, newly hatched broilers
had normal activities during the first 58 h, absorbing about 70% of the nutrients in the yolk
sac, but the birds appear dull and lack vitality from the third day [35]. We observed that
severe lame birds could not reach feed and water freely. The thirsty and starvation further
aggravated rickets. Therefore, a shortage of P in the yolk sac, a dietary P deficiency and an
imbalanced Ca:P ratio might be the main reasons for the early onset of hypophosphatemic
rickets in chicks in our study.

Physiological reasons for the early onset of rickets may involve the following factors.
An unbalanced Ca:P and P deficiency in feed led to a low P concentration in blood circula-
tion (Figure 2), which in turn caused a poor development of bone structures (Figure 1B’–F’).
The leg bones were too soft (Figure 1B’–F’) to support the standing and walking of birds,
leading to early onset of rickets and high lameness incidence (Figure 3). The poorly de-
veloped bones, e.g., sternum (Figure 1C’) was soft and small, and not enough to support
the attachment of heavy muscles, leading to poor growth performance (Tables 4–6). The
P is a component of creatine phosphate and adenosine triphosphate (ATP). Depletion of
high-energy phosphate may be one reason for the hypotonia of rickets [36]. Dietary P
deficiency slows down the ATP synthesis in muscles, leading to myopathy at the early
stage [37]. So, a lack of energy (e.g., ATP) may obstacle movement and muscle deposit in
chicks. Phosphorus is also a critical component of nucleotides (DNA and RNA), phospho-
lipids in membranes, and phosphorylated intermediates in cellular signaling [38]. Thus,
P deficiency may lead to early rickets in broilers partly via impairing these molecules.

4. Conclusions

In conclusion, crumbled feed with a high Ca:P ratio and deficient in P can cause
hypophosphatemic rickets in broiler chicks as early as 3 days. Lameness incidence rose
to over 70% after chicks feed a high Ca:P ratio and P deficient feed for six days. Several
variables, including the dietary P level and Ca:P ratio, and chicks’ growth performance,
the incidence of lameness, and bone development are helpful in the early diagnosis of
hypophosphatemic rickets in broilers. The current multifactorial nature of diagnosis
complicates this task, and in future, the development of more specific and sensitive single
methods allowing early, rapid, and accurate diagnosis of hypophosphatemic rickets caused
by high Ca:P ratios and P deficiency of various degrees, would be of great practical value
to poultry breeders.
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Szőllősi, N.; Gorliczay, E.; Nagy, A.

Assessment of Composted Pelletized

Poultry Litter as an Alternative to

Chemical Fertilizers Based on the

Environmental Impact of Their

Production. Agriculture 2021, 11, 1130.

https://doi.org/10.3390/

agriculture11111130

Academic Editor:

Vasileios Antoniadis

Received: 7 October 2021

Accepted: 8 November 2021

Published: 11 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Institute of Water and Environmental Management, University of Debrecen, 4032 Debrecen, Hungary;
tamas@agr.unideb.hu (J.T.); nszollosi@agr.unideb.hu (N.S.); edit.gorliczay@agr.unideb.hu (E.G.);
attilanagy@agr.unideb.hu (A.N.)
* Correspondence: kiss.nikoletteva@agr.unideb.hu

Abstract: Reducing the use of chemical fertilizers in agriculture is one of the EU Green Deal’s priori-
ties. Since poultry production is increasing worldwide, stabilized poultry litter such as composted
pelletized poultry litter (CPPL) is an alternative fertilizer option. On the contrary, compared to
chemical fertilizers, the environmental impacts of composted products have not been adequately
studied, and no data are currently available for CPPL produced by a closed composting system,
such as the Hosoya system. The aim of this research was to assess the role of CPPL as a potential
alternative for chemical fertilizer by evaluating the environmental impact of CPPL production via
the Hosoya system using common chemical fertilizers. Based on life cycle assessment (LCA), the
environmental impact (11 impact categories) was determined for the production of 1 kg of fertilizer,
as well as for the production of 1 kg of active substances (nitrogen (N), phosphorus pentoxide (P2O5),
and potassium chloride (K2O)) and the theoretical nutrient (NPK) supply of a 100 ha field with CPPL
and several chemical fertilizer options. The production of CPPL per kilogram was smaller than
that of the chemical fertilizers; however, the environmental impact of chemical fertilizer production
per kilogram of active substance (N, P2O5, or K2O) was lower for most impact categories, because
the active substance was available at higher concentrations in said chemical fertilizers. In contrast,
the NPK supply of a 100 ha field by CPPL was found to possess a smaller environmental impact
compared to several combinations of chemical fertilizers. In conclusion, CPPL demonstrated its
suitability as an alternative to chemical fertilizers.

Keywords: composted pelletized poultry litter; life cycle assessment; Hosoya composting; chemical
fertilizers; EU Green Deal

1. Introduction

Chemical fertilizers provide nutrients to plants quickly and easily. Since relatively low
amounts of chemical fertilizers with an increased active substance content are sufficient
for productivity [1–3], the introduction of chemical fertilizers has decreased the usage of
manure to a low level in intensive farming systems. Chemical fertilizers, on the other
hand, can hasten the decomposition of soil organic matter, resulting in the degradation
of soil structure. Excess fertilization also has the potential to pollute waterbodies by
causing leaching and acidity [4–7]. Furthermore, several studies have shown that the
production and use of chemical fertilizers produce high levels of NOx and N2O; moreover,
the use of fertilizers also increases soil CO2 emissions [8–20]. With the overarching aim of
making Europe climate neutral and sustainable by 2050, the EU introduced the European
Green Deal. One of its key targets is to reduce the overall use of chemical fertilizers. The
positive effects of the use of manure as a fertilizer for soil–plant systems, particularly on the
environment, highlight the importance of organic matter-based fertilizer applications. The
European Commission presented the “Farm to Fork Strategy” in the spring of 2020. This
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strategy is one of the major elements of the European Union’s Green Deal aiming at the
use of sustainable practices, including carbon management and storage in soil, improved
nutrient management, and reductions in chemical fertilizer use in precision and organic
farming, in order to improve water and soil quality and to reduce emissions [21].

Manure and other organic matters can be a viable alternative to chemical fertilizers
since they play an important role in soil resource replenishment [22–27]. In recent years,
one of the rapidly growing livestock sectors is broiler farming [28,29], which is expected to
become even more important in the future [30–33] to meet the food demand of a growing
population. Due to the growing broiler production, the issue of manure utilization is
becoming more important not only from an environmental standpoint, but also from a
circular economy aspect in accordance with the Green Deal.

In comparison to other organic matter-containing fertilizers, broiler manure includes a
high percentage of readily available micro- and macro-elements for plants and enhances the
soil physical characteristics, soil organic matter content, water-holding capacity, nutrient
uptake, and, ultimately, plant productivity [34–39]. Raw poultry manure is highly recom-
mended to be treated before use directly as a fertilizer due to its pathogen microorganism
content. Composting produces a valuable and environmentally favorable end product [40];
however, the production process is not necessarily environmentally friendly, and therefore,
the environmental impact of production must be evaluated. The degree of emissions is
influenced by the quantity, quality, and composition, storage, and processing of manure,
which includes several types of composting. According to Finstein [41], the main issue is
with open composting technology, which pollutes the atmosphere by directly releasing
gases, water vapor, and odors. CO2 loss is the most important and contributes greatly to
the greenhouse effect, although there are studies that indicate that the effect of ammonia
emissions contributes more to GHG emissions than CO2 [42]. When organic wastes and
byproducts with a high nitrogen content are composted, one of the main compounds
that causes pollution is ammonia. Ammonia emissions are an issue, not only because
ammonia is hazardous to the environment [43–47], but because it also reduces the nitrogen
content of the end product [43,44]. Therefore, potential emerging treatment options involve
closed and intensive composting technologies, resulting in a lower ammonia loss and GHG
emissions [48–50] compared to open composting systems. One such closed and inten-
sive composting technology is the Hosoya system, which produces composted pelletized
granules with heat treatment, thus eliminating toxic ammonia emissions, weed seeds, and
pathogenic microorganisms [51,52]. Although the technological process of the Hosoya
system is well studied [52], there are no studies related to the environmental impact of
production based on life cycle assessment (LCA).

The aim of this research was to assess the role of composted and pelletized poultry
litter (CPPL) as a potential alternative to chemical fertilizers by evaluating the environ-
mental impacts of CPPL (53% broiler manure and litter, 27% manure layer and litter, 20%
chicken meal (meat and bone meal)) production via the Hosoya system using common
chemical fertilizers (ammonium nitrate (AN), calcium ammonium nitrate (CAN), urea,
triple superphosphate (TSP), monoammonium phosphate (MAP), and potassium chloride
(KCl)). Since CPPL includes all macro-elements, based on a life cycle assessment, the
environmental impact of CPPL and chemical fertilizer production was not only determined
for 1 kg of the product and 1 kg of the active substance (NPK), but also for the nutrient
supply of a field with CPPL and combinations of chemical fertilizers at the same NPK level.

2. Materials and Methods

Environmental impact analysis is a complex issue in agriculture. Therefore, the
principles, the framework for life cycle assessment (LCA), and the four main phases of an
LCA were based on the ISO14040:2006 standard [53] in this research (Figure 1). Though,
the life cycle assessment standard is primarily developed for industry, with less frequent
application in agricultural systems and byproducts.
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Figure 1. Steps of life cycle assessment (adopted from ISO14040:2006 [53]).

2.1. Definition of the Goal and Scope of LCA

The main objective of this analysis was to assess the role of CPPL as a potential alter-
native to chemical fertilizers by evaluating the environmental impact of CPPL production
via the Hosoya system using common chemical fertilizers. Based on a life cycle assessment,
the environmental impact (11 impact categories) was determined for:

• The production of 1 kg of fertilizers: 1 kg of composted pelletized poultry litter (CPPL)
and 1 kg of the following chemical fertilizers: ammonium nitrate (AN), calcium ammo-
nium nitrate (CAN), urea, triple superphosphate (TSP), monoammonium phosphate
(MAP), and potassium chloride (KCl);

• The production of 1 kg of active substances separately for the N, P2O5, and K2O
content of fertilizers to provide comparable inputs to assess fertilizer production per
unit of nutrient;

• The nutrient (NPK) supply of a 100 ha field with 1.5 Mg/ha of CPPL (based on
Szabó et al.’s [54] method), and with chemical fertilizer combinations with an equiva-
lent NPK supply to analyze the environmental impacts of CPPL as a multi-element
fertilizer.

2.2. Life Cycle Inventory Analysis

In the framework of inventory analysis, the input and output materials and energy
flows were quantified for the Hosoya composting system using the data of a regionally
important poultry producer company in Hungary. In the Hosoya composting plant, deep
litter from broiler and layer poultry stock farms and filtered sewage sludge generated by
slaughterhouses and hatcheries were collected and treated. The capacity of the plant is
10 mg/day. Poultry houses were littered with heat-treated and grinded straw pellets. Due
to the high absorbance capacity of these straw pellets, the deep litter manure also had a
low moisture content. The parameters of the broiler and layer manure and litter are shown
in Table 1.

Table 1. Parameters of broiler and layer manure and litter.

Parameters
Broiler Manure and

Litter (53%)
Layer Manure and Litter

(27%)

N content (w/w%) 2.75 ± 0.092 2.14 ± 0.151
P2O5 content (mg/kg) 9344 ± 63.692 20,146 ± 109.672
K2O content (mg/kg) 26,007 ± 125.812 27,306 ± 244.178

Moisture content (w/w%) 27.5 ± 2.750 25 ± 1.944
Organic matter content (w/w%) 64 ± 1.541 56 ± 1.581

Calorific value (J/g) 12,894 ± 73.986 10,532 ± 51.088
C/N ratio 25/1 25/1

The progress of Hosoya composting followed several steps:
Receipt of raw materials—storage, pre-treatment, and mixing: The raw materials were

delivered by closed and covered manure transport vehicles. Dehydrated broiler and layer
manure and litter were mixed (53% broiler manure and litter, 27% manure layer and litter,
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and 20% chicken meal). This mixture was stored until use in a closed manure storage
building.

Storage of manure to oval tanks: Stored manure was transported to a loading hopper
by front loaders. From the loading hopper, manure was transported to the entry points of
the Japanese Hosoya-type manure oval tank system by belt feeders with rubber belts. The
yearly capacity per a tank is 5000 mg/year.

Moisture content optimization: For optimal composting, the moisture of the raw
material must be adjusted to 40–45 w/w% by adding sewage sludge (50 L/intake) and
water (100 L/intake).

Composting: Controlled and monitored composting took place in the tanks. Proper
ventilation was provided by a perforated pipe system at the bottom of said tanks, where
the air was blown by a compressor. Depending on the technological need, it was possible
to change the air temperature from 15 to 70 ◦C. The moisture content of the raw materials
decreased to 22–28 w/w% by the end of the procedure. Due to the intensive mixing and
aeration, very intensive microbiological processes took place in the raw material during
the decomposing process. The temperature varied between 60 and 70 ◦C for several days.
At this temperature, weed seeds, which may have come from the litter, already lost their
ability to germinate, and the number of colonies of several pathogenic bacteria decreased.
The stirring machine with double rotors resulted in continuous mixing of the manure and
litter in the tanks. The system completed a full run along the oval tank in approximately 4 h,
and the speed of the run was 0.8 m/min. On a daily basis, a maximum of six full runs were
able to be completed. One complete run resulted in the displacement of 1.5 m of manure
and litter along the tank or a maximum of 9.0 m after six runs completed in 24 h. Otherwise,
the raw materials would have cooled down too quickly and this would have hindered
the process. The design of the tanks and the applied operational technology ensured a
14-day time period traveling time for fresh manure and litter to reach the exit point as
compost (Figure 2). Continuous operation ensured that the same amount of manure and
litter entered the tank as the amount of compost leaving it. In the technology, 5 cm thick
compost remained at the bottom of the tank as a microbial starter. This layer was mixed
with the added amount of fresh manure and litter.

Figure 2. Poultry litter in the Hosoya oval composting tank from storage to the exit point.

Drying: Due to drying progress, it was further decreased from 22–28 to 10–11 w/w%.
Grinding: The dried, heat-treated, and sterile compost raw material was ground into

a powder fraction, which became the raw material of the end products.
Pre-storage—nutrient supplementation: The ground compost was supplemented with

meat and bone meal as additional nutrients with an 8.6% N content before granulation.
Granulation: Granulation occurred after nutrient supplement.
Cooling: The pellets could reach 80–95 ◦C temperature after granulation, so it was

required to cool down to 20–25 ◦C.
Aroma coating—packaging: The shaped and cooled pellets were coated with micro-

components, fragrances, and biostimulators. Finally, the CPPL was packaged. As a result
of the above process, the content of the end product was as follows (Table 2).
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Table 2. Parameters of the end product.

Parameters Parameters

Moisture content (w/w%) 12 ± 1.189 B content (mg/kg) 31.4 ± 1.155
Organic matter content (w/w%) 69 ± 4.785 Fe content (mg/kg) 545 ± 13.976

Humus content (w/w%) 51.84 ± 1.378 Mn content (mg/kg) 374 ± 14.230
N content (w/w%) 5.5 ± 0.606 Mo content (mg/kg) 3.66 ± 0.482

P2O5 content (w/w%) 3 ± 0.707 Zn content (mg/kg) 367 ± 39.438
K2O content (w/w%) 2.5 ± 0.408 Cu content (mg/kg) 53.3 ± 1.811
Ca content (w/w%) 6 ± 0.770 pH 7.2 ± 0.532
Mg content (w/w%) 0.5 ± 0.264 Calorific value (J/g) 15,092 ± 151.391
S content (w/w%) 1 ± 0.236 C/N ratio 13/1

The input flows for the production of 1 kg of CPPL are listed in Table 3. The inputs
represent the energy and material flows required for LCA.

Table 3. The flow inputs per kilogram of composted pelletized poultry litter end product.

Flow of Inputs Amount Unit

Poultry manure, fresh 1.305 kg
Sludge, 4–6%DM 0.033 kg

Tap water 0.067 kg
Diesel, burned in building machine 0.087 MJ

Electricity, medium voltage 180.12 Wh
Packaging, solid fertilizers or pesticides 1.000 kg

A part of the data was provided by poultry manure treatment plant (manure, sludge,
water, and fuel). However, data administration was based on our own calculations (elec-
tricity and emissions).

The inputs for the chemical fertilizers (AN, CAN, urea, TSP, MAP, and KCl) were
provided by the Agribalyse database [55]. All parameters (e.g., raw materials, such as
ammonia for AN, CAN, urea, and MAP, dolomite and nitric acid for CAN, phosphate rock
for TSP and MAP, phosphoric acid for TSP, and potash salt for KCl; electricity; heat; steam in
the chemical industry; tap water; and packaging) were included in the calculations, except
for the transport processes to the application site, since transport is a highly changing
variable in terms of distance, type of transport, and vehicle.

2.3. The Life Cycle Impact Assessment

In practice, LCA software is used to carry out life cycle impact assessments. The
openLCA software was chosen for this life cycle assessment. Greendelta, a German
software development company, created the software in 2006. The software is available
for free download and use, and it allows for quick, accurate, and flexible modeling. The
openLCA development team ensures that the software is updated on a regular basis.

There are several methods for assessing the impact of a project. The TRACI method,
for example, is used in the United States. In Europe, the EcoIndicator, ReCiPe, ILCD,
and CML methods are more widely used [56–59]. In this research, the CML 2001 impact
assessment method was used. This method was created at the University of Leiden in the
Netherlands in 1992, and its name is derived from the acronym Centrum voor Milieukunde
(CML) [57]. The most significant influence of CML’s methodology is in the field of “impact
assessment”. The aim of the CML method is to quantitatively explore all direct material and
energy exchange relationships between the natural environment and the product system.
On the one hand, the method is based on the assumption that emissions with the same
effect can be summarized across media and, on the other hand, on the impact-oriented
classification of material and energy flows for impact assessment. The method is in line
with international standardization efforts, as it covers target definition (goal and scope), life
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cycle inventory (inventory analysis), impact analysis (impact assessment), and evaluation
(interpretation of the results) [57].

Within the openLCA software, the Agribalyse database was used because it provides
a large number of LCIs of agricultural products [60–62].

The impact of emissions and consumption on the environment is illustrated with the
following impact categories based on other authors [63,64]:

1. Abiotic depletion potential for elements (kg Sb-eq) (ADPe): The ‘abiotic depletion
potential for elements’ refers to the extent of the use of non-renewable sources and
minerals. It shows the per capita use of antimony (Sb) and equivalent substances per
year.

2. Abiotic depletion potential for fossil fuels (MJ) (ADPf): The ‘abiotic depletion potential
for fossil fuels’ is shown in megajoules, instead of unit antimony equivalents (kg
Sb-eq) of the resource.

3. Acidification potential (kg SO2-eq) (AP): The acidification potential refers to com-
pounds that cause acid rain (SO2, NOx, NO, and N2O), usually denoted by the SO2
equivalent.

4. Eutrophication potential (kg PO4-eq) (EP): The eutrophication potential refers to the
effects of over-fertilization or an excess supply of nutrients on terrestrial and aquatic
environments, with a focus on the two most important nutrients, nitrogen (N) and
phosphorus (P). Eutrophication is indicated as the PO4 equivalent.

5. Global warming potential (kg CO2-eq) (GWP): The global warming potential is an
index improved by the impact of the comparison of different gases on the atmosphere.
A higher value of the GWP means a more negative impact on the environment.
The basis of the GWP is usually a period of 100 years as the CO2 equivalent by its
measurement.

6. Ozone layer depletion potential (kg CFC-11-eq) (ODP): To determine the ozone
depleting potential, the CFC-11 equivalent is used to describe the emissions of all
ozone-depleting substances.

7. Photochemical oxidation potential (kg C2H4-eq) (POP): The photochemical oxidation
potential describes the ethylene equivalent emissions from photochemical oxidation
due to a high NOx concentration.

8. Fresh water aquatic ecotoxicity potential (kg 1.4-DB-eq) (FAETP): This indicates the
amount of contaminants in freshwater that have an impact on aquatic life pollution.

9. Human toxicity potential (kg 1.4-DB-eq) (HTP): The maximum concentration of
compounds that are hazardous to humans.

10. Marine aquatic ecotoxicity potential (kg 1.4-DB-eq) (MAETP): The marine aquatic eco-
toxicity potential shows the effects of different chlorine compounds in the atmosphere
on marine life and aquatic environments.

11. Terrestrial ecotoxicity potential (kg 1.4-DB-eq) (TETP): This shows the impact of
various chlorine compounds on the environment and on humans.

2.4. Methods for the Interpretation of LCA Results

During the interpretation of the LCA results, comparative analyses were carried out
to assess the environmental impacts of CPPL. At first, the environmental impact of 1 kg of
CPPL was assessed compared to chemical fertilizers.

Then, the environmental impacts were determined separately for the production of
1 kg of active substances (N, P2O5, and K2O) (Table 4).
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Table 4. Active substance content of fertilizers (N%), (P2O5%), and K2O%) and the amount of
fertilizer needed to apply 1 kg of the active substance.

Active Substance Content (%)

Fertilizers Nitrogen content
(N%)

Fertilizer (kg) for
1 kg of N

Composted pelletized poultry litter (CPPL) 5.5 18
Ammonium nitrate (AN) 33.5 2.99

Calcium ammonium nitrate (CAN) 27 3.7
Urea 46 2.17

Monoammonium phosphate (MAP) 12 8.33

Phosphorus pentoxide
content (P2O5%)

Fertilizer (kg) for
1 kg of P2O5

Composted pelletized poultry litter (CPPL) 3 33.33
Triple superphosphate (TSP) 46 2.17

Monoammonium phosphate (MAP) 52 1.92

Potassium chloride
content (K2O%)

Fertilizer (kg) for
1 kg of K2O

Composted pelletized poultry litter (CPPL) 2.5 40
Potassium chloride (KCl) 60 1.66

Finally, the environmental impact of producing the nutrient supply of a 100 ha field
was assessed and evaluated. The production of 1.5 Mg/ha of CPPL was compared to
the production of the CPPL equivalent macro-element content of N, P, and K fertilizers
combined. The application of 1.5 Mg/ha (as an optimum based on Szabó et al. [54]) of CPPL
was 82.5 kg/ha of active N content, which is in line with Kátai’s [65] recommendation of
80 kg/ha as the minimum N requirement for soils with low and medium nitrogen supplies.
First, the active substances of 1.5. Mg/ha of CPPL were calculated, and then the CPPL
equivalent quantity of the chemical fertilizers was determined for 100 ha (Table 5).

Table 5. NPK treatments of 100 ha of arable land based on the parameters of composted
poultry granules.

Quantity of Fertilizers (Mg/ha)
Quantity of Fertilizers Per 100 ha

(Mg/100 ha)

CPPL 1.5 150
AN 0.246 24.6/21.5 *

CAN 0.305 30.5/26.7 *
Urea 0.18 18/15.7 *
TSP 0.096 9.6

MAP 0.086 8.6
KCl 0.063 6.25

* Quantity of N fertilizers when the P fertilizer was MAP (considering the N content of MAP).

In order to supply the CPPL equivalent N, P, and K dosages on a 100 ha field, six
combinations of chemical fertilizers were set, and the overall quantity of the combinations
was determined (Table 6).

Table 6. Different treatments of the N, P, and K fertilizers.

Name of Combination NPK Combination Mg/100 ha

NPK1 AN + TSP + KCl 40.45
NPK2 AN + MAP + KCl 36.35
NPK3 CAN + TSP + KCl 46.15
NPK4 CAN + MAP + KCl 41.51
NPK5 Urea + TSP + KCl 33.85
NPK6 Urea + MAP + KCl 30.59
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The environmental impact of CPPL and the six combinations of chemical fertilizers for
fertilization of 100 ha was calculated using the quantity required for NPK fertilization of
100 ha and the previously calculated environmental impacts of 1 kg of CPPL and chemical
fertilizers.

The CPPL and NPK combinations were identified to have low, medium, and high
environmental impact. Three categories were defined based on dividing the difference
between the maximum and minimum environmental impact category values into three
equal intervals.

3. Results

3.1. Environmental Impact by Producing 1 kg of CPPL and Chemical Fertilizers

The environmental impact of CPPL production and different chemical fertilizers was
evaluated per kilogram of the end product (Table 7). Out of the 11 impact categories, 9 cases
(ADPe, ADPf, GWP, ODP, POP, FAETP, HTP, MAETP, and TETP) of CPPL production had
the smallest environmental impact.

Table 7. Impact assessment of the production of 1 kg of CPPL and fertilizers.

Impact Categories CPPL AN CAN Urea TSP MAP KCl

ADPe (kg Sb-eq) 7.57 × 10−8 6.47 × 10−6 6.37 × 10−6 7.43 × 10−6 4.10 × 10−7 6.70 × 10−6 4.76 × 10−6

ADPf (MJ) 0.269 18.338 14.941 27.107 13.987 8.898 4.121
AP (kg SO2-eq) 0.024 0.006 0.005 0.005 0.010 0.003 0.002
EP (kg PO4-eq) 0.005 0.002 0.002 0.002 0.004 0.002 0.001

GWP (kg CO2-eq) 0.273 1.382 1.137 1.127 0.657 0.826 0.399
ODP (kg CFC-11-eq) 3.48 × 10−8 1.50 × 10−7 1.23 × 10−7 2.25 × 10−7 1.01 × 10−7 8.54 × 10−8 3.73 × 10−8

POP (kg C2H4-eq) 2.87 × 10−5 1.35 × 10−4 1.17 × 10−4 1.95 × 10−4 4.29 × 10−4 1.32 × 10−4 7.97 × 10−5

FAETP (kg 1.4-DB-eq) 0.028 0.274 0.256 0.314 0.198 0.362 0.188
HTP (kg 1.4-DB-eq) 0.032 0.449 0.429 0.534 0.172 0.502 0.334

MAETP (kg 1.4-DB-eq) 47.419 663.080 616.340 790.531 523.135 833.587 504.535
TETP (kg 1.4-DB-eq) 3.14 × 10−4 1.51 × 10−3 1.46 × 10−3 1.82 × 10−3 5.08 × 10−3 6.48 × 10−3 8.61 × 10−4

In the case of the abiotic depletion potential for elements, the best performing chemical
fertilizer was TSP, but it was still five times higher than that of CPPL. For the abiotic
depletion potential for fossil fuels, the environmental impact of producing 1 kg of CPPL
was 93–99% smaller than the chemical fertilizer production.

Only the acidification and eutrophication potentials were the highest in the production
of CPPL. The environmental impact of 1 kg of any chemical fertilizer production was
58–93% smaller in the case of the acidification potential and 24–88% smaller in the case of
the eutrophication potential compared to CPPL production.

Among the chemical fertilizers, the GWP was the smallest in the production of KCl
fertilizer. The highest emissions were found in the N fertilizers, especially in AN. The
production of AN produced a five times higher GWP than CPPL.

The ozone depletion potential was the lowest in CPPL production and in KCl (7%
higher than CPPL), while urea had the highest (85% higher than CPPL).

In comparison, the environmental impact of CPPL production was 64–93% smaller in
the case of the photochemical oxidation potential. The smallest emission value was calcu-
lated for KCl production, while the highest was for TSP amongst the chemical fertilizers.

In addition, of the chemical fertilizers, KCl fertilizer production generated the smallest
emissions in the fresh water aquatic ecotoxicity potential (seven times higher than CPPL),
the marine aquatic ecotoxicity potential (11 times higher than CPPL), and the terrestrial
ecotoxicity potential (three times higher than CPPL). The highest emissions were produced
by MAP production. The emission values of CPPL production were 92–95% smaller than
the MAP production in the case of these impact categories.

The human toxicity potential was the smallest for TSP, while urea had the highest. The
emissions from CPPL production were 81–94% smaller than that of the chemical fertilizers.
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In summary, for the production of 1 kg of product, CPPL had the lowest environmental
impact in 9 out of the 11 impact categories (ADPe, ADPf, GWP, ODP, POP, FAETP, HTP,
MAETP, and TETP), while only 2 impact categories (AP and EP) had a higher environmental
impact than the chemical fertilizer production.

3.2. Environmental Impact by Producing of 1 kg of Active Substance

The environmental impact was determined for 1 kg of active substance (N, P2O5, and
K2O) in addition to 1 kg of end product. Accordingly, the AN, CAN, and urea fertilizers
were included for 1 kg of the N active substance, while the TSP and MAP fertilizers were
included for 1 kg of the P2O5 active substance and the KCl fertilizer was included for 1 kg
of the K2O active substance content of CPPL.

3.2.1. Environmental Impact by Producing of 1 kg of the Nitrogen Active Substance

Based on the emissions during production, a comparison of the CPPL product and
the most major N fertilizers (AN, CAN, and urea) was carried out (Table 8). First, 1 kg of
the N active substance was the functional unit. In 6 out of the 11 impact categories (AP, EP,
GWP, ODP, POP, and TETP), the environmental impact was higher for CPPL production
than for the N fertilizers.

Table 8. Impact assessment of the production of 1 kg of nitrogen content.

Impact Categories
CPPL

(5.5% N)
AN

(33.5% N)
CAN

(27% N)
Urea

(46% N)

ADPe (kg Sb-eq) 1.38 × 10−6 9.06 × 10−6 2.36 × 10−5 1.61 × 10−5

ADPf (MJ) 4.883 54.831 55.283 58.822
AP (kg SO2-eq) 0.439 0.019 0.019 0.010
EP (kg PO4-eq) 0.099 0.007 0.007 0.004

GWP (kg CO2-eq) 4.955 4.133 4.208 2.445
ODP (kg CFC-11-eq) 6.33 × 10−7 4.48 × 10−7 4.57 × 10−7 4.88 × 10−7

POP (kg C2H4-eq) 5.23 × 10−4 4.04 × 10−4 4.32 × 10−4 4.23 × 10−4

FAETP (kg 1.4-DB-eq) 0.518 0.819 0.947 0.681
HTP (kg 1.4-DB-eq) 0.586 1.341 1.588 1.158

MAETP (kg 1.4-DB-eq) 862.070 1982.609 2280.459 1715.452
TETP (kg 1.4-DB-eq) 0.006 0.005 0.005 0.004

In the instance of CAN, the highest abiotic depletion potential for elements was
estimated (17 times higher than CPPL). The values of AN and urea were 6.5 and 11 times
higher than those of CPPL.

Chemical fertilizers demonstrated abiotic depletion potential for fossil fuels values
ranging from 54.8 (AN) to 58.8 MJ/kg N (urea), while CPPL had a value of less than a 10th
of these.

The acidification potential of the AN and CAN fertilizers was approximately equal,
and the emissions from urea production were the smallest. The acidification potential of
CPPL was 96–98% higher than that of the N fertilizers.

CPPL’s eutrophication potential was considerably higher than that of the nitrogen
fertilizers. The estimated emission values of AN and CAN were equal, while urea had
the smallest EP. The emissions show a 15–26 times difference between CPPL and the N
fertilizers.

CPPL had the highest global warming potential (nearly 5 kg CO2/kg of the N active
substance). CAN and AN were close to 4 kg (on average, 16% less emissions than CPPL).
Urea had the lowest global warming potential value, which was nearly half that of CPPL.

In comparison to the nitrogen fertilizers, the ozone depletion, photochemical oxidation,
and terrestrial toxicity potential values were all higher for CPPL. During the production of
CPPL, the values of the above-mentioned impact categories were, on average, 30% higher
than in the case of AN, CAN, and urea production.
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During the production of CPPL, the values for the impact categories such as the
freshwater aquatic ecotoxicity and marine aquatic ecotoxicity potentials, as well as the
human toxicity potential, were the smallest. The emissions from the production of CAN
were the highest of the impact categories: the freshwater aquatic ecotoxicity potential
was 45% higher, while the human toxicity and marine aquatic ecotoxicity potentials were
62–63% higher than CPPL production. The emissions from the production of urea were
the lowest of the three N fertilizers in these three impact categories. The freshwater
aquatic ecotoxicity potential was 24% higher, while the human toxicity and marine aquatic
ecotoxicity potentials were 49–50% higher than CPPL production.

Although only five impact categories (ADPe, ADPf, FAETP, HTP, and MAETP) had
lower environmental impacts for CPPL, it should be taken into account that N fertilizers
have a much higher N content and were much more concentrated.

3.2.2. Environmental Impact by Producing of 1 kg of the Phosphate Active Substance

The impact assessment of emissions was carried out during the production of phos-
phate fertilizers in the same way as it was for the N fertilizers. The functional unit used in
the comparison of CPPL, TSP, and MAP was 1 kg of the P2O5 active substance (Table 9).
The environmental impact of CPPL was highest for 6 out of the 11 impact categories (AP, EP,
GWP, POP, FAETP, and HTP), while for ADPe and MAETP, CPPL was the second largest
emitter.

Table 9. Impact assessment of the production of 1 kg of phosphate content.

Impact Category
CPPL

(3% P2O5)
TSP

(46% P2O5)
MAP

(52% P2O5)

ADPe (kg Sb-eq) 2.52 × 10−6 8.90 × 10−7 1.29 × 10−5

ADPf (MJ) 8.952 30.352 17.085
AP (kg SO2-eq) 0.804 0.022 0.007
EP (kg PO4-eq) 0.181 0.009 0.003

GWP (kg CO2-eq) 9.084 1.426 1.587
ODP (kg CFC-11-eq) 1.16 × 10−6 2.20 × 10−7 1.64 × 10−7

POP (kg C2H4-eq) 0.0010 0.0009 0.0003
FAETP (kg 1.4-DB-eq) 0.949 0.429 0.694

HTP (kg 1.4-DB-eq) 1.074 0.372 0.965
MAETP (kg 1.4-DB-eq) 1580.462 1135.203 1600.487

TETP (kg 1.4-DB-eq) 0.010 0.011 0.012

The value of the abiotic depletion potential for elements was the highest in the pro-
duction of MAP, being 5 times higher than CPPL and 14 times higher than TSP.

The abiotic depletion potential for fossil fuels was smallest for CPPL, being roughly
half that of the value of MAP and one-third that of TSP.

In terms of the acidification potential, the emissions during the production of CPPL
were, on average, 98% higher than the acidification potential of TSP and MAP.

The highest emissions based on the eutrophication potential were calculated for the
production of CPPL. In comparison to the emissions of TSP and MAP production, P2O5
emissions per kilogram were 20 and 56 times higher, respectively.

In the case of the P fertilizers, the values of GWP were similar. The production of
CPPL, on the other hand, emitted 83–84% greater CO2 than the P fertilizers.

Similarly to GWP, the ozone-depleting potential value for CPPL was the highest. CPPL
produced emissions that were more than 80% higher than that of the P fertilizers.

The value of the photochemical oxidation potential was the lowest for MAP produc-
tion. The emission rates for CPPL and TSP were nearly similar. These results were 73–74%
higher than the emissions produced by the MAP production process.

The freshwater aquatic ecotoxicity and human toxicity potential values were the high-
est in the production of CPPL. In comparison to CPPL, the freshwater aquatic ecotoxicity
potential was 55% smaller during TSP production and 27% smaller during the production
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of MAP. In the case of the human toxicity potential, the TSP emissions were the lowest,
whereas the MAP production emissions were only 10% lower than in the case of CPPL.

The greatest emissions in the production of MAP were observed in both the marine
aquatic and terrestrial ecotoxicity potentials. In terms of the marine aquatic ecotoxicity
potential, the MAP and CPPL emissions were nearly similar. TSP production had a 28%
lower emission rate than CPPL production. For the terrestrial ecotoxicity potential, the
emission value of CPPL production was the lowest. TSP production was 5% higher than
the emissions of CPPL, while MAP production was 19% higher.

It can be concluded that the emissions were clearly lower in just three cases—for
ADPf, ODP, and TETP—during the production of CPPL. However, it must be taken into
account that the phosphate content of CPPL (approximately 3%) was lower than that of the
fertilizers.

3.2.3. Environmental Impact by Producing 1 kg of Potassium Content

A comparison was made based on the emissions of CPPL and KCl fertilizer production.
For this, 1 kg of the K2O active substance served as a functional unit (Table 10). Only ADPe
had a lower environmental impact than CPPL (two and a half times lower), while KCl had
a lower emission value for the other 10 impact categories.

Table 10. Impact assessment of the production of 1 kg of the potassium substance.

Impact Category
CPPL

(2.5% K2O)
KCl

(60% K2O)

ADPe (kg Sb-eq) 3.03 × 10−6 7.90 × 10−6

ADPf (MJ) 10.744 6.840
AP (kg SO2-eq) 0.965 0.003
EP (kg PO4-eq) 0.218 0.001

GWP (kg CO2-eq) 10.901 0.663
ODP (kg CFC-11-eq) 1.39 × 10−6 6.19 × 10−8

POP (kg C2H4-eq) 0.0011 0.0001
FAETP (kg 1.4-DB-eq) 1.139 0.313

HTP (kg 1.4-DB-eq) 1.289 0.554
MAETP (kg 1.4-DB-eq) 1896.744 837.528

TETP (kg 1.4-DB-eq) 0.013 0.001

In terms of the abiotic depletion potential for fossil fuels, the production of KCl
fertilizer emitted 36% less than CPPL.

The amount of acidification and eutrophication potentials during the production of
CPPL was 99% higher than that of the production of KCl.

In comparison to KCl fertilizer production, the global warming and ozone depleting
potential values were 94% and 96% higher during the production of CPPL, respectively.

The emission rates were similar according to the results of the photochemical oxidation
and terrestrial ecotoxicity potentials. In both impact categories, CPPL production had an
89% higher environmental impact.

In the case of the human toxicity and marine aquatic ecotoxicity potential impact
categories, similar rates were obtained. The emission rate of CPPL production was 56–57%
higher per 1 kg of the K2O active substance. The freshwater aquatic ecotoxicity potential
values for the two products were different: the KCl fertilizer production emitted 73% lower
emissions than CPPL production.

However, it should be noted that (as with the N and P2O5 substances) CPPL contained
much less K2O (2.5% K2O) than the more concentrated KCl fertilizer (60% K2O).

3.3. Environmental Impact of a Medium-Sized Farm’s Nutrient Replenishment

The environmental impact of producing the nutrient supply of a 100 ha field was
assessed and evaluated. The production of 1.5 Mg/ha of CPPL (150 Mg/100 ha) was
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compared to the production of the equivalent macro-element contents of the N, P, and K
fertilizers combined (Table 11).

Table 11. Environmental emissions generated by the production of the applied CPPL and NPK treatments on 100 ha of
arable land.

Impact Category CPPL NPK1 NPK2 NPK3 NPK4 NPK5 NPK6

ADPe (kg Sb-eq) 0.011 0.193 0.227 0.228 0.257 0.167 0.205
ADPf (MJ) 40,290 614,640 496,928 618,834 500,097 648,453 529,320

AP (kg SO2-eq) 3620 262.9 173.3 265.3 175.3 196.0 115.6
EP (kg PO4-eq) 816.1 98.7 65.8 101.0 67.7 75.8 46.1

GWP (kg CO2-eq) 40,880 43,005 39,357 43,654 39,886 29,113 27,372
ODP (kg

CFC-11-eq) 0.0052 0.0049 0.0042 0.0050 0.0043 0.0053 0.0045

POP (kg C2H4-eq) 4.31 8.02 4.54 8.25 4.74 8.18 4.71
FAETP (kg
1.4-DB-eq) 4,270 9862 10,192 10,923 11,109 8731 9241

HTP (kg 1.4-DB-eq) 4833 14818 16,069 16,868 17,841 13,323 14,823
MAETP (kg
1.4-DB-eq) 7112,789 24607,329 24610,646 27084,044 26749,074 22428,863 22797,379

TETP (kg
1.4-DB-eq) 47.06 92.30 93.98 99.47 100.18 87.60 90.08

Green color = low environmental impact; yellow color = medium environmental impact; red color = high environmental impact.

With the production of 150 Mg of CPPL, the abiotic depletion potential for elements
and abiotic depletion potential for fossil fuels indicators were the smallest. Meanwhile,
the production of various fertilizer combinations produced 93–95% higher emissions than
CPPL on average.

However, compared to the chemical fertilizer treatments, the environmental impact
of 150 Mg of CPPL production was higher in terms of the acidification potential (94% on
average) and the eutrophication potential (90% on average). The possible reason for this,
based on de Vries et al.’s [66] research, is that the main contributor to the high acidification
potential of CPPL is ammonia, while the high eutrophication potential is due to nitrate
emissions.

In comparison to the NPK1 and NPK3 combinations, CPPL produced a smaller global
warming potential by 5.5% on average. CPPL’s GWP values were similar to those of the
NPK2 and NPK4 combinations. The GWP of those combinations where the N fertilizer was
urea (NPK5 and NPK6) was 29–33% lower than CPPL due to low environmental impact
of urea production, because urea is the most concentrated nitrogen fertilizer (46% N) and
smaller amounts of it cover the desired quantity.

There was no substantial difference between the NPK combinations and CPPL in
terms of the ozone depletion potential (the values varied between 0.0042 and 0.0053 kg
CFC-11-eq).

In those combinations where TSP was used for the P fertilizer (NPK1, NPK3, and
NPK5), the photochemical oxidation potential value was, on average, 47% higher than the
during the production of CPPL. Meanwhile, the value of this category was 7.5% higher
when MAP was used.

The emissions were similar for the impact categories of the freshwater aquatic eco-
toxicity potential, the marine aquatic ecotoxicity potential, the human toxicity potential,
and the terrestrial ecotoxicity potential. When comparing the production of NPK to the
production of CPPL, the freshwater ecotoxicity potential values were around 57% higher,
on average, for the NPK fertilizer combinations. The emission value during the production
of the chemical fertilizer combinations was, on average, 69–71% higher than the production
of CPPL in terms of the human toxicity and marine aquatic ecotoxicity potentials. The
terrestrial ecotoxicity potential was also higher in the production of chemical fertilizers,
with an average of 50%.

180



Agriculture 2021, 11, 1130

Overall, Table 11 shows that the production of CPPL has a lower environmental
impact than the production of equivalent macro-nutrient chemical fertilizers (7 out of the
11 impact categories were of “low environmental impact”). Out of all the chemical fertilizer
combinations, NPK5 had the most favorable environmental impact. The NPK1, NPK2,
NPK3, and NPK4 fertilizer combinations had the highest environmental impact, since AN
or CAN fertilizers were the N source.

Additional calculations were carried out to determine the transportation-related envi-
ronmental emissions associated with the CPPL and NPK fertilizer combinations mentioned
above. To estimate distances of 10, 20, 50, and 100 km, a vehicle with a carrying capacity of
15 t was used. The results of CPPL and NPK fertilizer production were added to the emis-
sion data. As a result, transportation had no significant effect on the production-induced
changes in emission rates.

4. Discussion

Although this study evaluated 11 environmental impact categories, the most exten-
sively used and calculated impact category, the global warming potential, was used in
order to understand the relevance of the calculated environmental impacts of CPPL and
chemical fertilizers.

Since there is a lack of scientific knowledge in the field of environmental impact
assessment that includes Hosoya technology’s composted and pelletized poultry litter
products, the CPPL product was compared with other organic matter treated with semi-
closed and closed composting methods (Table 12).

Fresh laying hen manure and carcasses were composted by Zhu et al. [67]. When
compared to CPPL based on Hosoya technology, the investigated composting technology
emitted 3–6 times less CO2. Although, during the 11-week experiment, these compost piles
were only remixed and reconstructed once compared to the continuously mixed Hosoya
compost. Fresh air was introduced into each compost bin via an air distribution plate to
provide ventilation.

Table 12. Global warming potential (kg CO2-eq) values based on a comparison between different
composting technologies by scientific publications.

kg CO2-eq/
kg of Product

Country/Region Reference

Hen carcasses and manure 0.045–0.082 China [67]
Sludge 0.089–0.298 Europe [68]

Chicken and cow manure 0.147 Egypt [69]
Poultry manure 0.27 Europe This study
Livestock waste 0.475–2.307 Europe [68]

The emissions were studied during the sewage sludge composting process in the
frame of the scientific research program by ADAME [68]. According to their results, the
observed emissions ranged between 0.089 and 0.298 kg CO2-eq. In the framework of the
ADAME program, the emissions from composting livestock waste were also evaluated.
The measured emission rate in this investigation was five times higher than the emission
value from the Hosoya composting technology.

Luske [69] examined the composting of chicken and cattle manure. The emissions
generated from this composting plant were approximately 50% less (0.147 kg CO2-eq/kg
of the product) compared to the emissions of Hosoya composting technology. The study
also demonstrated that the composition and proportion of the input components have a
major impact on emissions. Furthermore, composting technology (mixing, aeration, etc.)
plays an important role in GWP production. The continuously mixed Hosoya composting
technology investigated in this study was moderate compared to the results of other
studies.
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The environmental effects of chemical fertilizer production have been widely studied.
The CO2-equivalent gas emissions calculated for 1 kg of active substances were summarized
to evaluate the results of the present study with other research works (Table 13).

The emissions from the production of AN varied between 3.5 and 7.2 kg CO2 eq/kg
of N at the European level. The highest emission value was measured in China, where
10 kg of CO2-equivalent emissions per 1 kg of N-substance were detected [70].

The emission factor of CAN production was also smaller in Europe. The rate of the N
substance was 3.7 kg CO2-eq [70], while it was 4.2 kg CO2-eq for 1 kg of the N substance
in this study. The emission factors in Russia, the USA, and China varied between 7.7 and
10.6 kg CO2-eq.

In the case of urea production-related emissions, the European emission factors were
as follows: 1.6 [71], 1.9 [69], and 3.5 kg CO2-eq/kg of N [72]. The value observed in this
study was approximately the average of these three factors (2.4 kg CO2-eq/kg of N). Higher
emission values were calculated in China [70].

Among the P fertilizers, the global warming potential values generated by the pro-
duction of TSP range from 0.4 to 1.6 kg CO2-eq/kg of P2O5 in Europe and throughout the
world (1.42 kg CO2-eq/kg of P2O5 in this study) [70–72].

The emissions from the production of MAP are already much more variable. Ac-
cording to Brentrup et al. [70], the average emission factor is 1.4 in Europe, 1.7 in Russia
and the USA, and 2.89 kg CO2-eq/kg of P2O5 in China. The factor calculated in present
study is between the former two values (1.6 kg CO2-eq/kg of P2O5). Albaugh et al. [73]
recorded a much higher factor in the USA, which was 6.4 kg CO2-eq/kg of P2O5. Based on
Zhang et al.’s work [74], it varies between 7.8 and 8.9 kg CO2-eq/kg of P2O5 in China.

Table 13. Global warming potential (kg CO2-eq) values generated by the production of different chemical fertilizers.

Chemical Fertilizers
kg CO2-eq/

kg of Active Substance
Country/Region Reference

Ammonium nitrate
(kg CO2-eq/kg of N)

4.1 Europe This study
6.2 Europe [71]
7.2 United Kingdom [72]

3.5/8/10.3 Europe/Russia, USA/China [70]

Calcium ammonium nitrate
(kg CO2-eq/kg of N)

3.7/7.7/8.7/10.6 Europe/Russia/USA/China [70]
4.2 Europe This study

Urea
(kg CO2-eq/kg of N)

1.6 Europe [71]
1.9/2.7/5.5 Europe/Russia, USA/China [70]

2.4 Europe This study
3.1 Southeastern USA [73]
3.5 United Kingdom [72]

Triple superphosphate
(kg CO2-eq/kg of P2O5)

0.4–0.54 Russia, USA, China [70]
1.2 United Kingdom [72]

1.43 Europe This study
1.6 Europe [71]

Monoammonium phosphate
(kg CO2-eq/kg of P2O5)

1.4/1.7/2.89 Europe/Russia, USA/China [70]
1.6 Europe This study
6.4 Southeastern USA [73]

7.8–8.9 China [74]

Potassium chloride
(kg CO2-eq/kg of K2O)

0.14–0.25 China [75]
0.23 Europe [73]
0.36 New Zealand [76]
0.55 China [74]
0.66 Europe this study
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The global warming potential of the N and P fertilizer production in this study is
similar to that of other studies in Europe. In general, it was also found that China has the
highest values.

The emission factor (0.66 kg CO2-eq/kg of K2O) in the present study for the production
of the KCl fertilizer was close to the highest calculated value in China (0.55 kg CO2
equivalent) [74]. Based on other studies, the rate of this emission factor is between 0.14 and
0.36 kg CO2-eq/kg of K2O [73,75,76].

Since Hungary is in the region of Central Eastern Europe, the global warming potential
of CPPL production for utilization of 100 ha was also assessed in Europe, including
references for Russia. NPK combinations were calculated based on the relevant GWP
references for Europe and Russia (listed in Table 13) using the method applied in this study
to calculate NPK fertilizer combinations, which is described in Tables 5 and 6. The GWPs
were calculated from the average of the European and Russian global warming potential
values (Table 14).

Table 14. Global warming potential values from other scientific publications compared to this study.

Impact Category CPPL NPK1 NPK2 NPK3 NPK4 NPK5 NPK6

GWP (kg CO2-eq) 40,880 55,693 50,449 50,717 46,106 27,933 26,197

The global warming potential for producing 150 Mg of CPPL was 40,880 kg CO2-eq.
In comparison, the average CO2 equivalent emissions of NPK1 were 27% higher than those
of CPPL. The GWP of NPK2 and NPK3 was 19% higher than that of CPPL, while NPK4
had an 11% higher environmental impact. However, for the combinations of NPK5 and
NPK6, where the N fertilizer was urea, the environmental impact was 32–36% smaller.

5. Conclusions

As a final statement, considering the environmental impact by producing 1 kg of active
substances, CPPL has a higher environmental impact compared to individual chemical
fertilizers. On the contrary, considering that CPPL provides nutrients as a complex fertilizer,
the CPPL equivalent combinations of chemical fertilizers have a higher impact in the case
of the abiotic depletion potential for elements and abiotic depletion potential for fossil
fuels, the photochemical oxidation potential, the human toxicity potential, the freshwater
and marine aquatic ecotoxicity potentials, and the terrestrial ecotoxicity potential.

Considering the results, the nutrient (NPK) supply of a 100 ha field with 1.5 Mg/ha of
CPPL, as well as combinations of chemical fertilizers with an equivalent NPK supply, CPPL
is a potential alternative for the complex fertilization of arable lands. The only exemption
is in those cases when urea was used in the NPK combinations (NPK5 and NPK6), due
to its low environmental impact. Thus, CPPL can be used as a substitute for chemical
fertilizer combinations where N replenishment is not provided by urea. Nevertheless, CPPL
provides organic components; a high micro-element content; a number of other beneficial
effects on soil fertility, structure, and organic matter content; and water management
properties. Therefore, in further research, not only NPK but the micro-element content of
CPPL too shall be included in further investigation to assess CPPL as a potential macro-
and micro-element complex fertilizer alternative for sets of chemical fertilizers.
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