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1 Introduction
The world population has increased enormously during the last few decades and reached
7.7 billion in 2019. According to predictions, global population is expected to increase further
to 10.9 billion in 2100 (United Nations, 2019). The rising population leads to an increased
demand for food including meat. In the years from 1961 to 2018, total world meat production
has increased by 271 million tonnes with poultry meat showing the highest growth rate
compared to meat originating from other animals (Alexandratos and Bruinsma, 2012;
FAOSTAT, 2020). This made the proportion of poultry meat to total meat production highest
in 2018 (FAO, 2020) and increased poultry stocks by 83% from 1961 to 2018 (FAOSTAT,
2020).
The raised number of animals required for meat production in turn increases the need for
protein-rich feedstuffs, such as soybean meal, to meet the nutrient requirements of the animals.
Concurrently, the arable land per capita is decreasing (Bruinsma, 2011) which can result in
increased prices for crops used for feed purposes because agricultural land for feed production
is limited. Furthermore, an increased number of animals is accompanied by an increased
amount of animal excreta that can have various negative effects. Nitrogen (N) contained in
excreta can be used as fertilizer for agricultural land, but too high amounts of N brought to
fields are disadvantageous. This is because N originating from excreta can be converted to
nitrate in soil, thereby increasing the risk of nitrate leakage into the groundwater (Nahm, 2003).
In addition, N in manure can be emitted as the greenhouse gas nitrous oxide (Mosier et al.,
1998) as well as NH3 that has negative impacts on the environment such as soil acidification
(Ritz et al., 2004) or eutrophication (Galloway and Cowling, 2002). Further, high
concentrations of NH3 in the stable originating from animal excreta can negatively affect health
of both humans and animals (Ritz et al., 2004).
Lowering the crude protein (CP) concentration in diets for broiler chickens is an effective tool
to reduce N excretion of birds (Bregendahl et al., 2002; Hernández et al., 2012; Lemme et al.,
2019), thereby decreasing the negative effects of animal husbandry on the environment.
Moreover, decreasing the dietary CP concentration reduces the proportion of protein-rich
feedstuffs in feed that can result in decreased feed costs. It has often been reported that the
reduction of dietary CP concentration results in decreased growth even though essential amino
acids (AA) were sufficiently supplied. The growth-decreasing effect of dietary CP reduction
has been shown to be overcome by sufficient supply of dietary glycine (Gly) and serine (Ser),
usually considered together as glycine equivalents (Glyequi) (Dean et al., 2006) when
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investigating the effect of Gly and Ser in broiler chickens. However, the response of broiler
chickens to dietary Glyequi has been reported to be not constant (Siegert and Rodehutscord,
2019) and it has not been investigated by how much dietary CP concentrations can be reduced
when dietary Glyequi is adequately supplied.
The overall aim of the present thesis was to investigate effects of reduced dietary CP
concentrations on growth of broiler chickens. Further, it was the aim to determine influencing
factors that have to be considered in diets with low CP concentrations in order to enable dietary
CP reduction without decreasing growth. The lowest level to which dietary CP can be reduced
when Glyequi is sufficiently supplied was investigated. Furthermore, it was determined whether
nonessential AA other than Glyequi can affect growth when feeding very low CP diets.
Moreover, varying dietary cysteine (Cys), choline (Cho) and CP concentrations were
investigated as possible influencing factors on the response of broiler chickens to dietary
Glyequi.
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2 Literature Overview
2.1 Effects of dietary crude protein reduction in broiler chickens
2.1.1 Consideration of essential and nonessential amino acids
A lot of research has been conducted in the last few years to decrease CP concentrations in diets
for broiler chickens in order to reduce the negative impacts of broiler production on the
environment and to reduce feed costs by lowering the usage of feed components with high CP
concentration. Dietary CP predominantly consists of AA and hence reducing dietary CP
concentrations is accompanied by a decrease in dietary AA concentrations. Animals require
AA for growth. Therefore, reducing dietary CP concentrations without considering dietary AA
supply can reduce growth because AA can become growth-limiting when offered in too low
amounts. The growth-decreasing effect of low CP diets can be overcome when growth-limiting
AA are adequately supplied with the diet and this requires the knowledge of the effect of
specific AA in feed.
In contrast to nonessential AA, essential AA cannot be synthesized endogenously and have to
be provided with feed. Therefore, it was the aim during the last decades to investigate the
requirement of broiler chickens for essential AA to reduce dietary CP concentrations. This
knowledge enabled a marked reduction of dietary CP concentrations because the amount of
dietary AA fed in excess was reduced while broiler chickens were abundantly supplied with
growth-limiting essential AA. The development of CP reduction in diets for broiler chickens
can be obtained from the recommendations of the National Research Council which decreased
from 28% in the first 8 weeks of age in 1960 (National Research Council, 1960) to 21% in the
first three weeks of age in 1994 (National Research Council, 1994). Actual practical
recommendations range between 20 and 23% for broiler chickens up to three weeks of age
(Deutsche Landwirtschaftsgesellschaft, 2017; Aviagen, 2019b).
Dean et al. (2006) summarized that the lowest level to which CP in diets for broiler chickens in
the first three weeks of age can be reduced without decreasing growth is in the range of
19 to 20% when all essential AA are sufficiently supplied. A further reduction of dietary CP
below 19 to 20% resulted in decreased growth even though the requirement for essential AA
was met. Several factors have been discussed as possible reasons for growth-limiting effects of
low CP diets and are reviewed elsewhere (Aftab et al., 2006; Siegert, 2016; Siegert and
Rodehutscord, 2019). These factors include deficient supply of essential AA, nonspecific
amino-N from nonessential AA, and specific nonessential AA, an altered acid-base balance, as
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well as different utilization of peptide-bound and free AA. The only approach to overcome the
growth-reducing effect of diets with CP concentrations below 19 to 20% was the consideration
of the nonessential AA Gly and Ser (Dean et al., 2006). The sufficient supply of these two
nonessential AA enabled the reduction of dietary CP to 17 to 18% with growth performance
that was similar to a diet with 21 to 22% CP (Corzo et al., 2005; Dean et al., 2006; Awad et al.,
2015).
2.1.2

Effects on nitrogen-utilization efficiency

One objective of feeding reduced CP diets is to increase the efficiency of N-utilization in order
to decrease N-emissions from animals (Powers and Angel, 2008). The N-utilization efficiency
(NUE) varied between approximately 50 and 65% when feeding diets with CP of
approximately 17 to 24% (Bregendahl et al., 2002; Gomide et al., 2011; Kriseldi et al., 2018).
In that range of dietary CP, it has been reported for broiler chickens up to 3 weeks of age that
the N excretion decreases and the NUE increases linearly with decreasing dietary CP
concentrations (Bregendahl et al., 2002; Hernández et al., 2012; Hilliar et al., 2020). Variations
in NUE among and within studies are most likely a result of different AA requirements of the
animals and varying dietary concentrations of single AA (Siegert and Rodehutscord, 2019).
Higher NUE levels of 72 (Corzo et al., 2005) and 75% (Siegert et al., 2016) along with high
growth performance were found when diets with approximately 19 and 17% CP, respectively,
and sufficient amounts of Glyequi were fed. This shows that broiler chickens have a high
potential to utilize N for accretion when the requirement for growth-limiting AA is met and
excess AA supply is avoided. The NUE cannot be increased to 100% because of inevitable N
losses and incomplete digestion of nitrogenous nutrients in feed (Baker, 2009). However, it is
not known to which level NUE can be increased together with high growth performance. Likely,
NUE levels higher than 75% can be achieved when dietary CP is reduced below 17% and all
growth-limiting AA are sufficiently supplied.

2.2 Glycine and serine
This chapter deals with the endogenous synthesis of Gly and Ser, their physiological functions,
and the effects on growth of varying concentrations of Gly and Ser in feed. These aspects have
been described in detail previously (Siegert, 2016; Siegert and Rodehutscord, 2019). Therefore,
the descriptions in this chapter focus on the items that are relevant for this thesis. Other aspects
are also addressed briefly.

LITERATURE OVERVIEW

5

2.2.1 Endogenous synthesis of glycine and serine
Glycine and Ser can interconvert in a reversible reaction by the enzyme serine hydroxymethyl
transferase (EC 2.1.2.1) (Velíšek and Cejpek, 2006). This reaction was suggested to be
unlimited in poultry because similar growth effects were found in broiler chickens (Akrabawi
and Kratzer, 1968; Baker et al., 1968; Featherston, 1975; Hilliar et al., 2019) and roosters
(Sugahara and Kandatsu, 1976) regardless of whether Gly or Ser was fed singly. In these
studies, Gly and Ser only had the same effects on growth when considered on an equimolar
basis. Therefore, Baker et al. (1968) and Dean et al. (2006) proposed to calculate Glyequi as the
sum of the Gly concentration and the molar equivalent of Ser, which is 0.7143, to investigate
the effect of dietary Gly and Ser in broiler chickens. The term Glyequi will be used in this thesis
to describe the response of broiler chickens to dietary Gly and Ser.
A further way to form Gly endogenously is from Cho and occurs in the presence of
homocysteine (Soloway and Stetten Jr., 1953; Mackenzie and Frisell, 1958). Initially, Cho is
converted to betaine aldehyde by choline dehydrogenase (EC 1.1.99.1) and then to betaine by
betaine-aldehyde dehydrogenase (EC 1.2.1.8). Betaine-homocysteine methyltransferase
(BHMT, EC 2.1.1.5) transfers one of the three methyl groups of betaine to homocysteine,
thereby forming methionine (Met) and dimethylglycine. Dimethylglycine contains two methyl
groups and is converted to sarcosine by splitting off one methyl group via dimethylglycine
dehydrogenase (EC 1.5.8.4). Finally, Gly is formed when the remaining methyl group of
sarcosine is separated by sarcosine oxidase (EC 1.5.3.1) or sarcosine dehydrogenase (EC
1.5.8.3) (Frontiera et al., 1994).
Other pathways of Gly and Ser metabolism exist. They include the formation of Gly from
threonine (Thr) by threonine dehydrogenase (EC 1.1.1.103) (Davis and Austic, 1994) or
threonine aldolase (EC 4.1.2.5) (Malkin and Greenberg, 1964), and the formation of Gly as a
by-product when trimethyllysine is converted to carnitine (Meléndez-Hevia et al., 2009).
Another way to form Gly is the metabolism of alanine (Ala) and glyoxylate to Gly (Thompson
and Richardson, 1967). Glyoxylate can be synthesized from hydroxyproline and, therefore,
hydroxyproline was suggested to be an additional endogenous precursor of Gly (Lowry et al.,
1985; Wu et al., 2011a; Li and Wu, 2018). Serine can be formed from phosphoserine that is
metabolized during the degradation of 3-phosphoglycerate, and from hydroxypyruvate (Wang
et al., 2013).
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Physiological functions of glycine and serine

Glycine is involved in N excretion. Birds are uricotelic species that excrete excess metabolic N
via the urine mainly in the form of uric acid (UA). One molecule of Gly is required for the
formation of the purine ring of each molecule of UA when phosphoribosylamine is converted
to glycinamide ribotide (Bloomfield et al., 1969; Seegmiller, 1975). This caused the UA
excretion of broiler chickens to increase when Gly was supplemented (Siegert et al., 2016).
Additionally, Gly is needed to form the purine ring for DNA and RNA synthesis (Wang et al.,
2013).
Cysteine can be synthesized from Met endogenously with homocysteine and cystathionine
being intermediates in this metabolic conversion. One molecule of Ser is required to form
cystathionine from homocysteine (Velíšek and Cejpek, 2006). The metabolism of cystathionine
to Cys produces ammonia (in this thesis, ammonia includes both NH3 and NH4+ unless
otherwise stated) (Stipanuk, 2004) that can be excreted via UA or can be used to synthesize
nonessential AA de novo. Therefore, every molecule of Met not synthesized to Cys spares one
or two Glyequi molecules that can be used for other metabolic processes (Siegert and
Rodehutscord, 2019).
As proteinogenic AA, Gly and Ser, are incorporated into body proteins. These include collagen
and elastin, both consisting of about one-third of Gly (Meléndez-Hevia et al., 2009). Dietary
supplementation of Gly and Ser was shown to increase collagen abundance in nursery pigs
(Silva et al., 2020).
Further, keratin that is present in feathers and claws in avian species contains high amounts of
both Gly and Ser (Harrap and Woods, 1964), making Gly and Ser the most abundant AA in
feathers of 35-day old male broiler chickens (Greenhalgh et al., 2020). This was likely the
reason for the decreased feather development of birds when dietary Gly was not sufficiently
supplied (Robel, 1977).
Mucins are body proteins with high inclusion levels of Gly and Ser (Moran Jr., 2017). Mucins
have various functions in gut physiology such as covering gut epithelium to protect it against
acidic conditions in stomach and duodenum, and against digestive enzymes that are produced
endogenously or from bacteria. Moreover, mucins play a role in maintaining gut health by
binding harmful bacteria, viruses, or parasites, and by fixing commensal bacteria (Montagne et
al., 2004). It has been reported that Gly and Ser supplementation in diets for broiler chickens
increased mucin secretion (Ospina-Rojas et al., 2013b) and this might indicate that Gly and Ser
have beneficial effects on gut physiology and health.
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Bile salts that are needed for lipid digestion and absorption are conjugated with Gly or taurine
(Hofmann et al., 2010; Wu, 2013). Conjugation with Gly or taurine increases water solubility
of bile salts, thereby reducing the probability that bile salts precipitate in a watery medium such
as bile (Engelking, 2011). Moreover, conjugation with Gly or taurine makes bile salts
membrane impermeable at physiological pH values so that high bile salt concentrations in small
intestine and biliary tract can be maintained (Hofmann, 1999). An increase in dietary apparent
metabolizable energy concentration and fat digestibility in broiler chickens (Alzawqari et al.,
2010; Ospina-Rojas et al., 2013b) and laying hens (Han and Thacker, 2011) upon Gly
supplementation was suggested to be a consequence of increased Gly-conjugated bile acid
secretion. However, in most avian species, bile salts were described to be mostly conjugated
with taurine rather than Gly (Hofmann et al., 2010). Taurine is synthesized from Cys and one
molecule of Ser is required to form Cys from Met (as mentioned before). Therefore, it is
possible that Gly supplementation increases taurine formation, thereby increasing the secretion
of taurine conjugated bile acids. This could be an explanation for the previously found increase
in dietary apparent metabolizable energy concentration and fat digestibility when Gly was
supplemented.

2.3 Growth responses of broiler chickens to dietary Glyequi supplementation
Several studies have been conducted to investigate the effects of dietary Glyequi concentrations
on growth of broiler chickens. It has been shown that the response of broiler chickens to dietary
Glyequi is not constant and differs between 10 and 16 g/kg among most studies to achieve 95%
of maximum G:F (Siegert and Rodehutscord, 2019). These variations can be explained by
varying dietary concentrations of endogenous precursors of Gly and Ser and by different
amounts of Glyequi dissipated for metabolic processes.
2.3.1 Endogenous precursors of glycine and serine
Choline and Thr were described to have the highest potential to be converted to Gly (MeléndezHevia et al., 2009) by pathways that were mentioned before. Therefore, the interactive effects
among Glyequi, Cho, and Thr are described in the following section.
Interactive effects between dietary Thr and Glyequi have been described (Corzo et al., 2009;
Ospina-Rojas et al., 2013a,b). It was found by Siegert et al. (2015a) and Lambert et al. (2015)
that dietary Thr and Glyequi can be replaced by each other without affecting growth. However,
the replacement value of Thr for Glyequi was not constant and could not be explained by
endogenous conversion of Thr to Gly alone. Siegert and Rodehutscord (2019) suggested that
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AA that are degraded when Thr supply is deficient increase the Glyequi requirement in
consequence of increased UA formation. Conversely, supplementation of Thr may decrease the
amount of AA degradation, thereby decreasing the Glyequi requirement for UA synthesis.
Hence, Siegert and Rodehutscord (2019) concluded that the amount of Glyequi and Thr that can
be replaced against each other is not constant and is probably influenced by varying UA
formation.
In addition, dietary Cho influenced the extent of interactive effects between dietary Thr and
Glyequi on growth (Siegert et al., 2015a). The Glyequi-sparing effect upon dietary Cho
supplementation was not unidirectional and dependent on dietary Thr concentrations. As
already reported for the conversion of Thr and Gly, the extent of interactive effects between
Glyequi and Cho could not be explained by endogenous conversion of these two nutrients alone.
Therefore, Siegert et al. (2015a) concluded that further factors not yet known were responsible
for the extent of interactive effects between Glyequi and Cho on growth.
2.3.2

Metabolic processes dissipating Glyequi

Cysteine formation from methionine
Powell et al. (2011) found that G:F increased upon Glyequi supplementation when dietary Cys
was not adequately supplied and that the G:F response to dietary Glyequi addition was less
pronounced when dietary Cys was added. The authors suggested that these effects on G:F were
caused by different proportions of Met being converted to Cys because Ser is required during
that metabolic process (see chapter 2.2.2). In a meta-analysis, Siegert et al. (2015b) quantified
the interactive effects between Cys and Glyequi on growth. The authors found that the dietary
Glyequi concentrations necessary to achieve 95% of maximum G:F ranged between
15 and 20 g/kg when dietary Cys concentrations varied between 2 and 5 g/kg. As described in
chapter 2.2.2, every molecule of Met not metabolized to Cys spares one or two Glyequi
molecules. This makes Glyequi more available for other metabolic processes such as N accretion
or UA formation, and can explain the interactive effects between Cys and Glyequi on growth.
The extent of these interactive effects cannot be explained by the formation of Cys from Met
alone. Further factors must have been responsible for the extent of interactive effects between
dietary Glyequi and Cys on growth found in the meta-analysis by Siegert et al. (2015b).
Nitrogen and uric acid excretion
It has been suggested that the amount of urinary N excreted as UA is a considerable factor
influencing the response of broiler chickens to dietary Glyequi because Gly is required for UA
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formation (Siegert and Rodehutscord, 2019). Urinary N mainly consists of UA-N and the
proportion of UA-N in total urinary N decreases with increasing NUE (Goldstein and
Skadhauge, 2000). The NUE increases when dietary AA supply is close to the requirement of
the animals because a lower amount of AA that cannot be used by the animals has to be
excreted. Consequently, increasing NUE reduces the requirement for Glyequi because less
Glyequi is needed to form UA (Siegert and Rodehutscord, 2019). Therefore, varying NUE and
dietary CP concentrations could be additional factors to explain the different Glyequi
requirements reported in literature and the interactions addressed before.

2.4 Metabolism of nonessential amino acids other than glycine and serine
Nonessential AA can be metabolized endogenously via different pathways. An overview of
pathways is shown in Figure 1.
2.4.1 Endogenous synthesis of nonessential amino acids from essential amino acids
Arginine (Arg) is an endogenous precursor of proline (Pro) and glutamic acid (Glu) when
converted to ornithine by arginase (EC 3.5.3.1) and then to 1-pyrroline-5-carboxylic acid by
ornithine aminotransferase (EC 2.6.1.13) (Morris Jr., 2004). 1-pyrroline-5-carboxylic acid can
be further metabolized via two pathways. One is the conversion to Glu by 1-pyrroline-5carboxylate dehydrogenase (EC 1.2.1.88). The other is the formation of Pro by 1-pyrroline-5carboxylate reductase (EC 1.5.1.2) (Phang et al., 2010).
Alanine can be synthesized during the conversion of tryptophan (Trp) to niacin. This occurs
when kynureninase (EC 3.7.1.3) catalyzes the formation of 3-hydroxyl-L-kynurenin, an
intermediate in niacin formation, to 3-hydroxyanthranilate (Phillips, 2015). Supplementation of
Trp to diets deficient in niacin did not increase growth of chickens to the level that was achieved
with diets sufficiently supplied with niacin (Childs et al., 1952). Therefore, the amount of niacin
synthesized from Trp was suggested to be low (D'Mello, 2003). This would mean that the
proportion of Ala synthesized from Trp is low in poultry.
2.4.2 Endogenous interconversion of nonessential amino acids
Nonessential AA can be converted into each other via various pathways. Glutamic acid acts as
a precursor for the synthesis of most other nonessential AA (Bequette, 2003). Glutamic acid
can reversibly be converted to Ala and aspartic acid (Asp) by Ala-aminotransferase (EC 2.6.1.2)
and Asp-aminotransferase (EC 2.6.1.1.), respectively (Wu, 2010). Glutamine (Gln) can be
synthesized from Glu by Gln-synthase (EC 6.3.1.2) and this reaction can be reversed by
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glutaminase (EC 3.5.1.2) (Watford, 2015) or Gln-fructose-6-phosphate transaminase (EC
2.6.1.16) (Wu, 2009; Hou and Wu, 2018). Further, Glu is involved in the formation of
asparagine (Asn) to Asp that is catalyzed by asparaginase (EC 3.5.1.1) (Prusiner and Milner,
1970). In this reaction, one amino group of Asn is transferred to Glu, thereby forming Asp and
Gln (Arfin, 1967). This reaction is reversed by attaching one amino group of Gln to Asp to
synthesize Asn and Glu by Asn-synthase (EC 6.3.5.4) (Prusiner and Milner, 1970).
Proline can be converted to Glu by Pro-dehydrogenase (EC 1.5.5.2) and 1-pyrroline-5carboxylate dehydrogenase (EC 1.2.1.88) with 1-pyrroline-5-carboxylic acid as an intermediate
(Phang et al., 2010). There are contrary reports in the literature as to whether this reaction can
be reversed in chickens. In mammals, Glu can be converted to 1-pyrroline-5-carboxylic acid by
1-pyrroline-5-carboxylate synthase (EC 2.7.2.11/1.2.1.41) that further reacts to Pro by
1-pyrroline-5-carboxylate reductase (EC 1.5.1.2) (Li and Wu, 2018). The enzyme
1-pyrroline-5-carboxylate synthase predominantly occurs in the enterocytes in mammalian
species (Watford, 2008). In contrast, Wu et al. (1995) determined no 1-pyrroline-5-carboxylate
synthase activity in mitochondria of incubated enterocytes of chicken small intestine. Further,
no synthesis of Pro from Gln was found in enterocytes of the small intestine of chickens when
incubated with and without Gln in an in vitro assay (Watford et al., 1979; Wu et al., 1995).
Therefore, Wu et al. (1995) suggested that Pro cannot be synthesized endogenously from Glu
in chickens. This conclusion by Wu et al. (1995) is contradicted by findings of Bhargava et al.
(1971) who concluded that Pro was synthesized from Glu endogenously because plasma Pro
concentrations increased when dietary Glu was supplemented. Wu et al. (1995) used an in vitro
assay whereas Bhargava et al. (1971) carried out an in vivo study. It is possible that the
contradicting findings are a result of different experimental approaches and it remains unclear
whether Pro can be synthesized endogenously from Glu in poultry.
2.4.3

De novo synthesis of nonessential amino acids

De novo synthesis of Glu occurs when free ammonia is transferred to α-ketoglutarate. Ammonia
is especially produced during AA degradation when AA are deaminated and high
concentrations of free ammonia are toxic in systemic circulation (Stern and Mozdziak, 2019).
Therefore, free ammonia can be transferred to α-ketoglutarate by Glu-dehydrogenase (EC
1.4.1.3), thereby forming Glu (Watford, 2015). Subsequently, Glu can be used to form other
nonessential AA as described before.
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Figure 1. Overview of pathways of nonessential amino acid metabolism in broiler chickens.
(Modified from Hilliar and Swick, 2019).

2.5 Physiological functions of nonessential amino acids other than glycine
and serine
2.5.1 Effects on energy metabolism
Besides glucose, Glu, Gln, and Asp are the predominant substrates in the enterocytes of animals
to generate energy (Porteous, 1978, 1979). Glutamic acid and Gln were found to be metabolized
in high amounts in the enterocytes of chickens (Watford et al., 1979; Porteous, 1980). In this
process, Gln is converted to Glu and further to α-ketoglutarate and Asp. Alternatively, the
amino group of Glu can be transferred to pyruvate yielding Ala and α-ketoglutarate.
Subsequently, α-ketoglutarate can be used in the citric acid cycle to synthesize NADH and
FADH2 (Blachier et al., 2009). In addition to Glu and Gln, a high amount of Asp was found to
be catabolized in the enterocytes of pigs (Reeds et al., 1996; Stoll et al., 1998, 1999; Stoll and
Burrin, 2006; Wu et al., 2011b) and rats (Windmueller and Spaeth, 1975, 1976, 1980). Aspartic
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acid was described to be converted to Glu, thereby producing oxaloacetate that can be utilized
in the citric acid cycle to synthesize intermediates for ATP synthesis (Windmueller and Spaeth,
1976; Madej et al., 2002). It has not been described yet whether Asp is also used as a substrate
to generate energy in chicken enterocytes.
Asparagine and Gln may be involved in energy metabolism by other pathways. It has been
reported that Asn and Gln increase the activity of ornithine decarboxylase (EC 4.1.1.17) that is
needed for the formation of polyamines from ornithine (Kandil et al., 1995; Ray et al., 1999).
Madsen et al. (1996) have shown that inhibition of ornithine decarboxylase decreases pyruvate
oxidation via the tricarboxylic acid cycle and, therefore, Asn and Gln may be involved in energy
metabolism via the stimulation of ornithine decarboxylase.
2.5.2

Functions in nitrogen excretion

In addition to Gly, Gln and Asp are required for UA synthesis. Glutamine synthase is one
enzyme involved in ammonia detoxification (Vorhaben and Campbell, 1972; Scanes, 2014;
Stern and Mozdziak, 2019) and transfers one amino group to Glu to form Gln. This makes Gln
an N carrier between tissues (Vorhaben and Campbell, 1972). During UA formation, two
molecules of Gln are required to transfer one of their amino groups to α-phosphoribosyl-1pyrophosphate and α-N-formylglycinamide ribotide, thereby forming β-phosphoribosly-1amine and formylglycinamidine ribotide, respectively (Seegmiller, 1975). The utilization of
Gln in UA formation explains the increased UA excretion that was found when Gln was infused
into chickens (Karasawa et al., 1973). A further nonessential AA necessary for UA formation
is Asp when the amino group of one molecule of Asp is transferred to 5-amino-4-imidazolecarboxyclic acid ribotide to yield 5-amino-4-imidazole-N-succino carboxamide ribotide
(Seegmiller, 1975).
Glutamine and Asn are involved in ammonia-N excretion that increases when acid has to be
excreted (Wolbach, 1955; Craan et al., 1982). Craan et al. (1982) found that ammonia excretion
increased in chickens suffering from metabolic acidosis when Gln was supplemented and the
authors suggested that Gln provided ammonia for excretion. Additionally, Coon and Balling
(1984) determined that the activity of asparaginase was higher than that of glutaminase in birds
that had to excrete acid as a consequence of metabolic acidosis. It was supposed that Asn was
degraded by asparaginase to release ammonia for excretion. These results indicate that Gln and
Asn promote ammonia excretion and it is not clear under which conditions Gln or Asn are used
as substrates for ammonia excretion.
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2.5.3 Other physiological functions
As described in chapter 2.2.2, mucins, collagen, and elastin are body proteins containing high
concentrations of Gly and Ser. In addition, mucins have high concentrations of other
nonessential AA such as Pro, Glu, and Asp (Moran Jr., 2017). Mucins are also rich in
oligosaccharides. Glutamine is involved in formation of mucin oligosaccharides when
converted to glucosamine which is the precursor of all other hexosamines of mucin
oligosaccharides (Moran Jr., 2016). This shows that nonessential AA have a predominant role
in mucin synthesis that is related to digestive functions and gut health (Montagne et al., 2004).
Proline and Ala are the most abundant AA in collagen and elastin after Gly. The proportions of
Asp/Asn and Glu/Gln in collagen and elastin are smaller than those of Gly, Pro, and Ala but
higher than essential AA (Li and Wu, 2018). Hence, nonessential AA are necessary for adequate
collagen and elastin formation. Decreased skin strength caused by too low collagen content has
been reported to result in economic losses during slaughtering (Christensen et al., 1994).
Nonessential AA have functions in the immune system via numerous pathways, which were
reviewed in detail by Li et al. (2007). These include inhibition of apoptosis (Ala), lymphocyte
proliferation (1-pyrroline-5-carboxylic acid that is synthesized from Pro), T-lymphocyte
proliferation (Gln) and being neurotransmitters (Glu and Asp). Jejunum and ileum lesion scores
of birds challenged with necrotic enteritis decreased but were not different from the lesion score
of birds not challenged with necrotic enteritis when Gln was supplemented (Xue et al., 2018).
Apart from this, growth of broiler chickens increased upon Gln supplementation during heat
stress (Dai et al., 2009; Bai et al., 2019). Murakami et al. (2007) suggested that increased gut
development upon Gln addition might be beneficial especially when the immune system is
challenged.
Glutamine and Asp are required to form purines and pyrimidines and, therefore, are involved
in DNA and RNA synthesis. Two molecules of Gln and one molecule of Asp are needed to
build the purine ring in the form of inosine monophosphate (D'Mello, 2003). Inosine
monophosphate can further be metabolized to adenine or to guanine via two pathways that
require one molecule of Asp and one molecule of Gln, respectively (Engelking, 2011).
Furthermore, one molecule each of Gln and Asp are required for the formation of the pyrimidine
ring to form uridine monophosphate (D'Mello, 2003). Cytosine is synthesized from uridine
monophosphate and one molecule of Gln is needed for this conversion (Engelking, 2011).

14

LITERATURE OVERVIEW

2.6 Growth responses of broiler chickens to dietary nonessential amino acid
supplementation
Several studies have investigated the effects of nonessential AA other than Gly and Ser on
growth of broiler chickens when supplemented to diets with reduced CP concentration.
Individual supplementation of Ala, Pro, Asp (Corzo et al., 2005; Dean et al., 2006; Awad et al.,
2015), Gln (Bregendahl et al., 2002; Kriseldi et al., 2018), and Asn (Bregendahl et al., 2002)
did not overcome the growth-reducing effects caused by diets with low CP concentrations.
Furthermore, feeding combinations of Asp and Glu (Leclercq et al., 1994; Bregendahl et al.,
2002), and Asp, Glu, and Ala (Nieß et al., 2003) did not increase the reduced growth due to low
dietary CP concentrations to the level that was achieved with higher dietary CP concentrations.
Dean et al. (2006) showed that individual supplementation of Glu, Asp, Ala, and Pro slightly
increased the gain:feed ratio (G:F), and that individual supplementation of Glu and Asp slightly
increased average daily gain (ADG) when supplemented to a diet with 16.2% CP. However,
growth performance of a diet with 22.2% CP was not achieved. Supplementation of
nonessential AA most likely did not overcome the growth-reducing effect of CP reduction,
because Gly and Ser were growth-limiting in those studies.
Another approach to overcome the growth-reducing effect of diets with decreased CP
concentration is to supplement nonspecific nonessential AA-N. It has been hypothesized that N
derived from nonspecific nonessential AA can be used to synthesize other nonessential AA that
are not sufficiently supplied with the diet. The effects of nonspecific nonessential AA-N,
supplemented to a diet with reduced CP concentration, on growth were not consistent in
literature. Increasing nonessential AA-N by adding Glu to a reduced CP diet in higher
concentration than in a diet with higher CP concentration did not overcome the growth-reducing
effect of low CP diets (Pinchasov et al., 1990; Kerr and Kidd, 1999; Hussein et al., 2001). In
contrast, results by Bezerra et al. (2016) have indicated that supplementation of Glu in excess
restored the reduced growth caused by a low CP diet. The differences among studies possibly
originated from varying extents of nonessential AA to interconvert and this may indicate that
the formation of some nonessential AA from other nonessential AA is not unlimited.

2.7 Effects of dietary non-protein nitrogen supplementation
Chickens (Karasawa, 1989, 1999) and pigs (Mansilla et al., 2015) have the potential to use nonprotein nitrogen (NPN) for growth, especially when dietary nonessential AA are not adequately
supplied. Supplementation of NPN in the form of urea, triammonium phosphate, and di- and
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triammonium citrate to diets deficient in nonessential AA has been shown to increase growth
of broiler chickens (Featherston et al., 1962; Lee and Blair, 1972). Furthermore, dietary
supplementation of diammonium citrate and a diammonium citrate/diammonium phosphate
mix (Mansilla et al., 2017), or the infusion of urea into the cecum (Mansilla et al., 2015)
increased growth of pigs fed diets not sufficiently supplied with nonessential AA. It was
suggested that broiler chickens (Lee et al., 1972) and pigs (Mansilla et al., 2015) can use
ammonia originating from NPN to synthesize nonessential AA in the liver. This suggestion was
supported by increased Ala, Glu, and Gln concentrations found in the liver of pigs upon dietary
diammonium citrate supplementation (Mansilla et al., 2018).
Urinary N is another source of NPN that can be used by birds. The urine of birds can be
transported from the cloaca through the colon to the ceca by retrograde peristalsis (Akester et
al., 1967). It was shown that the proportion of urine in the ceca of laying hens increased when
the dietary CP concentration was reduced (Björnhag, 1989). Therefore, utilization of urinary N
was suggested to be a way to conserve N, especially when nonessential AA are growth-limiting
in diets with reduced CP concentration (Karasawa, 1989; Svihus et al., 2013). It was found that
urinary N compounds are rapidly converted to ammonia in the ceca and subsequently absorbed
for synthesizing nonessential AA in the liver (Karasawa, 1989). Another possibility is that
microorganisms in the ceca use ammonia to synthesize AA and proteins that can then be used
by the chicken (Karasawa and Maeda, 1995; Karasawa, 1999). It is not clear where these
compounds are absorbed. It was found that AA can be absorbed in the proximal region of ceca
of 5 to 7 weeks old chickens but it was suggested that the quantity of AA absorption is limited
as a consequence of the low retention time of digesta in ceca (Moretó and Planas, 1989).
Expression of mRNA that encode for AA transporters has been found in the ceca of broiler
chickens (Miska et al., 2015). However, the level of mRNA expression was lower than in the
small intestine. Miska et al. (2015) concluded that AA transporters in ceca epithelia of broiler
chickens might be present but the capacity for AA absorption in ceca is likely lower than in the
small intestine. Therefore, microbial protein produced in the ceca is possibly transferred to the
small intestine by reverse peristalsis (Sacranie et al., 2012) and hydrolyzed there before being
digested.
It can be concluded from what is available in the literature that Glyequi needs to be considered
in diets with low CP concentrations for broiler chickens and that the effects of dietary Glyequi
concentrations on growth of broiler chickens are not constant. Variations in the response of
broiler chickens to dietary Glyequi have been found to be affected by endogenous precursors of
Gly and Ser, and by metabolic processes dissipating Glyequi. However, factors influencing the
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effects of dietary Glyequi that were previously investigated cannot explain the different effects
of dietary Glyequi alone. Moreover, it has been observed that dietary CP concentrations can be
reduced without decreasing growth but the lowest level to which dietary CP can be reduced
when Glyequi is sufficiently supplied is unknown. Further, the effects of dietary nonessential AA
on growth are not known when supplemented to low CP diets that contain sufficient
concentrations of Glyequi. Hence, further knowledge of the effect of Glyequi, its influencing
factors, and of effects of nonessential AA other than Glyequi in low CP diets is required to enable
further reduction of CP concentrations in diets for broiler chickens.
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3 Overview and research questions of the included studies
At the beginning of the work on this doctoral project, it had been known that dietary Glyequi can
limit growth of broiler chickens fed diets with reduced CP concentrations. However, the lowest
level to which dietary CP can be reduced without decreasing growth when dietary Glyequi is
adequately supplied had not been identified. Furthermore, it had not been known whether
nutrients other than Glyequi can become growth-limiting when Glyequi supply is adequate.
Therefore, the studies described in Manuscript 1 and Manuscript 2 were conducted to
investigate the effect of very low CP diets with consideration of dietary Glyequi and other
possible growth-limiting factors. The Glyequi concentration required by broiler chickens to
achieve a certain growth response is not constant. Several factors influencing the response to
dietary Glyequi have been investigated but not all have been identified so far. Hence, the studies
described in Manuscript 1 and Manuscript 3 were conducted to determine additional factors
influencing the response of broiler chickens to dietary Glyequi.
One objective of the first study (Manuscript 1) was to investigate the minimum level to which
dietary CP can be reduced without affecting growth when Glyequi is not limiting. The Glyequi
requirement of broiler chickens at different CP levels had not been known and we hypothesized
that varying dietary CP concentrations influence the response of broiler chickens to dietary
Glyequi. Therefore, the other objective of the first study was to determine the unknown response
of broiler chickens to dietary Glyequi at different CP levels.
The second study (Manuscript 2) was based on the outcomes of the first study where it was
found that a nutrient other than Glyequi must have limited growth when the dietary CP
concentration was reduced below a certain threshold. Therefore, the objective of the second
study was to investigate whether supplementing single nonessential AA other than Glyequi can
remove or diminish the growth-reducing effect of dietary CP reduction when the supply of
Glyequi in the diet is adequate. Furthermore, it was investigated whether ammonia as a source
of NPN influences the growth of broiler chickens fed a diet with reduced CP concentration
because it was hypothesized that ammonia can be used by birds to synthesize growth-limiting
nonessential AA.
The third study (Manuscript 3) was carried out to investigate growth responses of broiler
chickens to varying dietary Glyequi, Cys, and Cho concentrations simultaneously. Interactive
effects between Glyequi and Cys, and between Glyequi and Cho have been found previously but
the extent of these interactive effects could not be explained by the investigated nutrients alone.
Therefore, the objective of the third study was to investigate the interactive effects among
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dietary Glyequi, Cys, and Cho together on growth of broiler chickens hypothesizing that this can
explain the extent of interactive effects found earlier.
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4 General discussion
The aim of the present thesis was to investigate effects of dietary CP reduction and influencing
factors that have to be considered in low CP diets for broiler chickens to enable the reduction
of dietary CP concentrations without decreasing growth. The growth-limiting effect of dietary
Glyequi supply in low CP diets has been shown before in several studies (see chapter 2.3). As
the effect of dietary Glyequi concentrations on growth of broiler chickens was not consistent
across studies, previous work at the University of Hohenheim investigated several factors
influencing the response of broiler chickens to dietary Glyequi (Siegert, 2016). Based on the
findings of these experiments, the question arose as to which level dietary CP can be reduced
in diets for broiler chickens when dietary Glyequi is considered. Further, it was investigated
whether nutrients other than Glyequi have an effect on growth when reducing dietary CP below
a certain threshold. In this general discussion, the limit of dietary CP reduction in diets for
broiler chickens up to three weeks of age and potential growth-limiting factors other than Glyequi
are discussed. In the doctoral thesis of Siegert (2016), the investigated influencing factors on
the response to dietary Glyequi could not explain the extent of interactive effects between Glyequi
and other nutrients alone. Therefore, additional factors influencing the response of broiler
chickens to dietary Glyequi are discussed. As not all factors that have to be considered in low CP
diets could be investigated in the studies for the present thesis, further areas of investigation
will be suggested. The general discussion will end with overall perspectives emerging from the
results.

4.1 Possible experimental errors and methodological considerations
The outcome of an experiment may be affected by unforeseeable errors that may inevitably
occur during data collection. The studies presented in chapter 5 were carried out conscientiously
to avoid errors. Nevertheless, errors may have occurred during the experiments. Further, the
results of an experiment may be influenced by the methods used. Hence, possible sources of
errors and methodological considerations are discussed in the following section.
Feed intake and bird weight
Feed intake and bird weight were determined in all studies presented in chapter 5. Weight of
dead birds was taken into account for calculation of ADG and G:F. It is possible that birds lost
weight in form of moisture between point of death and observation that would have led to an
underestimation of bird weight. Time between death and weighing of a bird was low because
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animals were examined at least twice daily. Hence, this possible error only had minor, if any,
effects on the results.
Feed weight was taken at the beginning and the end of a distinct time period to calculate feed
intake. Feed pellets fell through the grid floor of the metabolism units in the studies presented
herein which would result in an overestimation of the feed intake of the birds. This error was
minimized by collecting the feed residues at least every second day from the trays that were
located under each metabolism unit to correct feed intake for these residues. Furthermore, the
dry matter concentration of the feed of each treatment was measured at the beginning and at the
end of an observed time period to determine the dry matter intake of the birds. Collecting feed
residues and determining the dry matter concentration therein makes the measured feed intake
relatively accurate and the effect of possible errors on feed intake determination probably very
low.
Excreta collection
In all studies presented in this thesis, excreta were collected quantitatively to measure the
amount of excreted N, UA, and NH3. Further, the quantity of urea excretion was determined in
the study described in Manuscript 2. Incomplete collection of excreta could have led to an
underestimation of the amount of excreted N, UA, NH3, and urea. This would have resulted in
an overestimation of NUE because NUE is calculated as the difference between N intake and
N excretion. Excreta and especially UA can stick to the trays that were located under each
metabolism unit. Therefore, excreta were soaked with bidistilled water before collection to
loosen their stickiness and to avoid that a large amount of excreta could not be collected.
Nevertheless, it cannot be ruled out that a low proportion of excreta was not collected in
consequence of UA that could not be dissolved with bidistilled water and excreta residues that
were sticking to the edge of the metabolism unit or on the floor grid. This proportion was very
low compared to the total amount of excreta. Therefore, the error that could have appeared due
to incomplete excreta collection probably was small.
The N concentration of excreta can decrease after voiding. This occurs because N compounds
in excreta such as UA can be degraded to volatile NH3 (Nahm, 2003). This would lead to an
underestimation of N concentrations in excreta, thereby resulting in an increase in calculated
NUE values. Conversion of chemical compounds in poultry excreta begins directly after
voiding (Mowrer et al., 2014). The amount of N in excreta lost as NH3 is predominantly
influenced by pH value, temperature, and dry matter concentration of excreta (Elliott and
Collins, 1982). In addition, NH3 emissions from poultry excreta increase with duration time
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(Chepete et al., 2011). Among the mentioned factors, the interval between periods of excreta
collection is an influencing factor that can be easily adjusted when planning excreta collection.
However, it cannot be derived from the literature what sampling intervals are optimal in order
to minimize gaseous N losses when excreta are not collected continuously immediately after
voiding. Collection of excreta three times (Namroud et al., 2008; Siegert et al., 2016), twice
(Kong and Adeola, 2011), and once (Donsbough et al., 2010) a day has been described. In the
present studies, a collection period of two times daily at 12-h intervals was chosen as a
compromise between the workload of persons concerned and an unknown error of collection
interval.
The NUE of broiler chickens may be calculated without excreta collection (Belloir et al., 2017;
Hilliar et al., 2020). However, not determining the amount of N excreted when investigating
the NUE requires the knowledge of N accreted by the animals. The N accretion of broiler
chickens without collecting excreta and without analyzing the whole body composition was
calculated by multiplying ADG with a constant N concentration in weight gain (Belloir et al.,
2017; Hilliar et al., 2020). Assuming a constant N concentration in weight gain allows only for
an approximation of N accretion and NUE (Hilliar et al., 2020) because N concentration in
weight gain was shown to be altered by dietary CP reduction (Bregendahl et al., 2002). Hence,
excreta were collected quantitatively in the studies described in this thesis to account for varying
N accretion in gain and to determine NUE as precisely as possible.
Excreta were cleaned from feathers, skin scales, and feed residues before each collection.
However, not all feathers and skin scales could be removed because especially feather fluff and
skin scales are hard to detect in wet excreta. Further, feed residues dissolved in wet excreta
could not be collected. The N from feathers, skin scales, and feed residues could have been
wrongly determined as excreted N, thereby influencing the results of N balance. However, the
amount of feathers, skin scales, and feed residues in excreta was probably low leading to no
substantial error when measuring N excretion. In addition, the amount of N compounds in
excreta not derived from droppings was most likely similar among treatments, thereby not
affecting the comparison of N excretion characteristic among treatments.
Age of the birds at the beginning of the experimental period
It was necessary to keep the animals in metabolism units to conduct the quantitative excreta
collection at the end of the experimental periods. The mesh size of the metabolism units is too
high for broiler chickens in the first week of life to stand on the grid floor without problems,
making it impossible to allocate the broiler chickens to metabolism units directly after hatch.
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Therefore, the experimental phase in the studies presented herein started on day 7 when the feet
of the animals were big enough to stand on the grid floor.
Blood sampling
Plasma samples were obtained from 1 (Manuscript 3) or 2 (Manuscript 1) birds in each
metabolism unit to measure metabolites in plasma. Plasma metabolites can vary depending on
the time between last feed intake and blood sampling (Hewitt and Lewis, 1972; Donsbough et
al., 2010). Therefore, a feeding regime was applied before blood collection to minimize the
effect of varying feed intake on plasma metabolite concentrations. As suggested by Donsbough
et al. (2010), 160 min before intended bleeding, feed troughs were removed for 20 min, made
available for 20 min afterwards, and then removed again. However, it could not be controlled
whether the individuals selected for bleeding were affected by the regimen. Hence, determined
variation in plasma metabolite concentrations among and within treatments might have been
influenced by the time between last feed intake and blood sampling. Birds of each metabolism
unit were weighed individually and 1 (Manuscript 3) or 2 (Manuscript 1) bird(s) closest to the
average mean bird weight of the metabolism unit were chosen for bleeding. This reduced the
possible effect of different bird weights on the variation in plasma metabolite concentrations
among and within treatments. These methods applied before bleeding contributed to minimize
the influence of factors other than dietary treatments on blood metabolite concentrations within
and among treatments.

4.2 Effects of reduced dietary crude protein concentrations
Dietary CP concentrations for broiler chickens in the first three weeks of age can be reduced to
approximately 19 to 20% when all essential AA are adequately supplied (summarized by Dean
et al., 2006). Several studies have shown that reduced growth of broiler chickens fed with
dietary CP below 19 to 20% can be increased by supplementation of Glyequi but the response of
broiler chickens to dietary Glyequi at varying CP levels was not constant. An overview of studies
investigating the effects of low CP diets with adequate concentrations of essential AA and with
varying Glyequi concentrations on growth in the first three weeks of age is shown in Table 1.
The effects of different CP levels on growth of broiler chickens upon Glyequi supplementation
is difficult to compare among studies. Some studies did not report the dietary
CP concentration after supplementation of Glyequi although this leads to an increase of the
dietary CP concentration. Therefore, when not analyzed separately in the respective study,
dietary CP concentrations displayed in Table 1 were recalculated depending on the amount of
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supplemented dietary Glyequi. It can be derived from the studies outlined in Table 1 that the
response of broiler chickens to dietary Glyequi at different CP levels is not constant. This could
be an effect of varying Glyequi requirements in consequence of different endogenous Glyequi
synthesis or varying amounts of Glyequi dissipated for metabolic processes. Further, reduced
growth could not be restored at all CP levels upon Glyequi supplementation. This likely occurred
because other nutrients limited growth when dietary CP was reduced below a certain threshold.
Table 1. Effects of Glyequi in diets with reduced CP concentrations on ADG and G:F of broiler
chickens in different studies in the first three weeks of age.1
Study
Heger and Pack (1996), days 5 to 20
18.1% CP including 15.9 g Glyequi/kg2
17.8% CP including 13.4 g Glyequi/kg2
17.5% CP including 10.9 g Glyequi/kg2
17.3% CP including 8.4 g Glyequi/kg

ADG (g/bird)

G:F (g/g)

26.3a
26.5a
23.8b
20.9d

0.75a
0.75a
0.70c
0.63d

Corzo et al. (2004), days 7 to 20
18.5% CP including 16.7 g Glyequi/kg2
18.4% CP including 15.5 g Glyequi/kg2
18.3% CP including 15.0 g Glyequi/kg2
18.2% CP including 13.8 g Glyequi/kg2
18.1% CP including 13.3 g Glyequi/kg2
18.0% CP including 12.3 g Glyequi/kg

41.5abc
43.4a
42.5ab
42.0ab
40.3bc
39.5c

0.67c
0.68bc
0.68ab
0.69ab
0.70a
0.69ab

Ospina-Rojas et al. (2012), days 1 to 213
21.9% CP including 16.7 g Glyequi/kg
19.4% CP including 14.5 g Glyequi/kg
19.3% CP including 16.5 g Glyequi/kg
19.6% CP including 18.2 g Glyequi/kg

39.5
35.8
36.9
36.7

0.69a
0.62b
0.65ab
0.66a

Awad et al. (2015), days 1 to 213
22.3% CP including 15.4 g Glyequi/kg
16.1% CP including 9.8 g Glyequi/kg
16.8% CP including 16.5 g Glyequi/kg

41.8a
32.6c
38.0b

0.74a
0.65b
0.71a

Siegert et al. (2016), days 7 to 21
16.4% CP including 10.7 g Glyequi/kg
16.7% CP including 17.7 g Glyequi/kg

42.9a
46.7b

0.78
0.80

Awad et al. (2017), days 1 to 213
22.3% CP including 16.2 g Glyequi/kg
16.2% CP including 10.6 g Glyequi/kg
16.8% CP including 18.5 g Glyequi/kg
17.0% CP including 19.6 g Glyequi/kg
17.3% CP including 21.6 g Glyequi/kg

40.3a
0.73a
32.5c
0.66c
b
35.3
0.70b
35.9b
0.70b
b
35.4
0.71b
Table continued on next page
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Table 1. Continuation
Study
Hilliar et al. (2020), days 10 to 21
22.5% CP including 16.4 g Glyequi/kg
20.6% CP including 14.1 g Glyequi/kg
20.6% CP including 15.0 g Glyequi/kg
18.3% CP including 11.9 g Glyequi/kg
19.9% CP including 14.6 g Glyequi/kg
17.7% CP including 9.7 g Glyequi/kg
17.3% CP including 11.7 g Glyequi/kg
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ADG (g/bird)

G:F (g/g)

71.27a
65.73ab
70.55a
61.55bc
68.64a
54.73d
56.45cd

0.79a
0.74ab
0.78a
0.72bc
0.77a
0.70c
0.71c

Wang et al. (2020), days 8 to 213
22.2% CP including 17.4 g Glyequi/kg
49.6a
0.68a
a
20.8% CP including 16.0 g Glyequi/kg
49.7
0.67ab
19.1% CP including 14.4 g Glyequi/kg
47.6ab
0.64bc
cd
17.5% CP including 12.6 g Glyequi/kg
43.8
0.63c
16.3% CP including 10.6 g Glyequi/kg
38.3e
0.58d
ab
19.2% CP including 21.4 g Glyequi/kg
47.6
0.66ab
bc
17.5% CP including 21.6 g Glyequi/kg
45.5
0.66ab
16.3% CP including 22.2 g Glyequi/kg
42.7d
0.64bc
a-e
Means in a column and within one study without a common letter differed significantly
(P < 0.05).
1
ADG, average daily gain; CP, crude protein; Glyequi, glycine equivalents; G:F, gain:feed ratio.
2
Dietary CP concentration calculated by own recalculations depending on the amount of Gly
supplemented to the respective diet.
3
Glyequi was calculated by own recalculations from reported dietary glycine and serine
concentrations, assuming proportions of glycine and serine in feed ingredients used in the
respective study according to Evonik (2016).
The results of the studies displayed in Table 1 indicate that the growth-decreasing effect of
dietary CP reduction can be diminished or overcome by Glyequi supplementation, enabling
reduction in dietary CP below 19 to 20%. However, it cannot be derived from these studies to
which threshold the dietary CP concentration can be reduced when Glyequi is adequately
supplied. Other studies have shown that growth of broiler chickens did not decrease in the first
three weeks of age when feeding approximately 17 to 18% CP and adequate concentrations of
dietary Glyequi, but these studies did not investigate CP levels below 17 to 18% (Table 2).
Therefore, the lowest level of dietary CP that can be fed to broiler chickens up to three weeks
of age without compromising growth is not known when concentrations of essential AA and
Glyequi are sufficiently supplied. The following section describes the lowest level to which
dietary CP can be reduced for broiler chickens up to three weeks of age when dietary Glyequi is
adequately supplied. Furthermore, potential growth-limiting factors other than Glyequi of diets
with dietary CP concentrations reduced below a certain threshold are discussed.
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Table 2. Lowest levels of dietary CP that did not decrease ADG and G:F of broiler chickens in
the first three weeks of age when dietary CP concentrations were reduced and Glyequi supplied.1
Study
Corzo et al. (2005), days 5 to 212
21.2% CP including 16.2 g Glyequi/kg
17.3% CP including 12.0 g Glyequi/kg
17.6% CP including 13.9 g Glyequi/kg
Dean et al. (2006), Exp. 3, days 1 to 18
22.2% CP including 15.6 g Glyequi/kg
16.2% CP including 9.7 g Glyequi/kg
16.6% CP including 13.3 g Glyequi/kg3

ADG (g/bird)

G:F (g/g)

42.3a
38.6bc
40.8ab

0.74a
0.67b
0.70a

28.7a
24.9b
28.5a

0.77b
0.71c
0.80a

Awad et al. (2018), days 1 to 21
21.9% CP including 17.3 g Glyequi/kg
38.3
0.72
17.0% CP including 18.8 g Glyequi/kg
37.8
0.71
a-c
Means in a column and within one study without a common letter differed significantly
(P < 0.05).
1
ADG, average daily gain; CP, crude protein; Glyequi, glycine equivalents; G:F, gain:feed ratio.
2
Glyequi was calculated by own recalculations from reported dietary glycine and serine
concentrations, assuming proportions of glycine and serine in feed ingredients used in the
respective study according to Evonik (2016).
3
Dietary CP concentration calculated by own recalculations depending on the amount of free
glycine supplemented to the respective diet.
4.2.1 Limit of dietary crude protein reduction
Three CP levels with 16.3 (CP16.3), 14.7 (CP14.7), and 13.2 (CP13.2) % were used from days
7 to 21 in the study described in Manuscript 1. Each CP level contained four Glyequi
concentrations of 12, 15, 18, and 21 g Glyequi/kg, respectively, and adequate concentrations of
essential AA. It was found that CP16.3 with at least 15 g Glyequi/kg resulted in high growth
performance that was similar to the performance objectives of a breeding company (Aviagen,
2019b). As mentioned above, previous studies have shown that growth of broiler chickens did
not decrease when diets with 17 to 18% CP and adequate Glyequi concentrations were fed.
Further, Siegert et al. (2016) found high growth performance of broiler chickens when feeding
a diet with 16.7% CP and sufficient amounts of Glyequi. The results of Manuscript 1 indicate
that overall, a CP level of 16.5% can be considered adequate in corn-soybean meal-based diets
for broiler chickens up to three weeks of age when at least 15 g Glyequi/kg are supplied.
The reduction of dietary CP from CP16.3 to CP14.7 decreased growth although Glyequi was not
growth-limiting. Growth at CP14.7 increased up to 15 g Glyequi/kg and higher concentrations
of Glyequi did not further increase growth. Hence, Glyequi was not growth-limiting at CP14.7 and
at least one factor other than Glyequi must have limited growth. This finding shows that the
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minimum concentration to which dietary CP can be decreased is between 16.3 and 14.7% for
broiler chickens from days 7 to 21 provided that Glyequi is adequately supplied.
One or more nutrients other than Glyequi are probably the factors that limited growth below
CP16.3. This is indicated by increased plasma concentrations of most essential AA at CP14.7
and CP13.2. The proportion of free AA in diets increased with decreasing dietary CP levels
because the concentrations of essential AA were maintained constant among CP levels by using
free AA. The plasma concentrations of most essential AA may have increased because free AA
are completely digestible (Chung and Baker, 1992). Concurrently, it is possible that lower
proportions of absorbed essential AA were used for protein synthesis because protein synthesis
was limited. This probably contributed to increased plasma concentrations of essential AA in
the diets with lower CP levels. Concentrations of α-aminoadipic acid and serotonine
metabolized from lysine (Lys) and Trp, respectively (D'Mello, 2003), increased upon dietary
CP reduction. This shows that a higher rate of AA was degraded at lower CP levels.
Reduced growth at CP14.7 and CP13.2 may have been caused by an altered acid-base balance
that was shown to decrease growth of broiler chickens (Coon and Balling, 1984). Increased
ammonia excretion can indicate an adaptation to acid excretion (Hamm and Simon, 1987), and
a change in AA metabolism has been reported to influence the acid-base balance (Patience,
1990). The UA-N/(UA-N+NH3-N) ratio in excreta was lower at CP14.7 and CP13.2 than at
CP16.3 showing that a higher proportion of urinary N was excreted as ammonia. A positive
correlation of ammonia concentrations in excreta with plasma ammonia concentrations of
broiler chickens has been reported by Namroud et al. (2008). Hence, increased
UA-N/(UA-N+NH3-N) ratio in excreta might be an indicator for increasing ammonia
concentrations in plasma in the study of Manuscript 1. Increased plasma ammonia
concentrations have been reported to decrease feed intake of rats (Noda, 1975). Thus, increased
plasma ammonia concentrations at CP14.7 and CP13.2 may have caused the average daily feed
intake (ADFI) and ADG to decrease. However, ADFI was not affected at CP14.7 when the
UA-N/(UA-N+NH3-N) ratio increased upon Glyequi supplementation. This suggests that
decreased growth at CP14.7 was most likely not a result of increased plasma ammonia
concentrations caused by an altered acid-base balance. In contrast to CP14.7, ADFI increased
with increasing UA-N/(UA-N+NH3-N) ratio upon Glyequi supplementation at CP13.2. Whether
this is an indication that growth at CP13.2 was influenced by an altered acid-base balance
remains unclear. In future studies, traits that can indicate an altered acid-base balance such as
pH, hydrogen carbonate, partial pressure of carbon dioxide, and partial pressure of oxygen in
blood (Olanrewaju et al., 2015) should be determined for understanding causalities better.
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4.2.2 Growth-limiting nonessential amino acids in diets with low crude protein
concentrations
It was concluded from the results described in Manuscript 1 that at least one nonessential AA
other than Glyequi most likely limited growth at CP14.7 and CP13.2. Dietary CP was reduced
by lowering the concentrations of nitrogenous nutrients, mainly nonessential AA, while
meeting the recommendations for essential AA. The reduced concentrations of nonessential AA
most likely led to reduced plasma concentrations of Ala, Asn, Glu, and Pro at CP14.7 and
CP13.2. This supports the interpretation that one or more nonessential AA limited growth.
Specific nonessential AA that might have limited growth below CP16.3 are Gln and Asp.
Besides Gly, two molecules of Gln and one molecule of Asp are needed to synthesize UA
(Seegmiller, 1975). The UA-N/(UA-N+NH3-N) ratio increased with supplementation of Glyequi
indicating that Gly was used in part to produce UA. However, the UA-N/(UA-N+NH3-N) ratio
decreased with decreasing CP level. This indicates that a lower proportion of UA was excreted
with reduced dietary CP levels although Glyequi was supplemented. This might explain that Gln,
Asp, or both limited UA formation at CP14.7 and CP13.2 and could be an indication that these
nonessential AA are the growth-limiting nutrients at the lower CP levels.
It could not be derived from the results in the study of Manuscript 1 which specific nonessential
AA limited growth when dietary CP was reduced from CP16.3 to CP14.7. Observations from
the literature give no indication for growth-limiting nonessential AA when Glyequi is adequately
supplied. Studies are available that have investigated the effects of specific nonessential AA
other than Glyequi supplemented to diets with reduced dietary CP concentrations on growth of
broiler chickens. None of the supplemented nonessential AA did overcome the growth-reducing
effect of a diet with reduced CP concentration most likely because dietary Glyequi was limiting
in those studies (Table 3). Therefore, the study of Manuscript 2 was conducted to determine
whether single nonessential AA added to diets adequate in Glyequi can remove or diminish the
growth-reducing effect of CP reduction.
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Table 3. Effects of dietary CP reduction and nonessential AA supplementation other than
Glyequi to diets with reduced CP concentration on ADG and G:F of broiler chickens.1

ADG (g/bird)
G:F (g/g)

High
CP
42.3a
0.74a

Low
CP
38.6bc
0.67c

Low CP
+Glu
39.1bc
0.68bc

Low CP
+Asp
39.6ab
0.68bc

Low CP
+Pro
36.7c
0.67c

ADG (g/bird)
G:F (g/g)

28.7a
0.77a

24.9c
0.71c

26.2b
0.75a

25.6b
0.74b

25.2c
0.74b

24.2c
0.75a

ADG (g/bird)
G:F (g/g)

41.8a
0.74a

32.6c
0.65c

34.6c
0.65c

34.7c
0.66c

34.0c
0.66c

33.9c
0.66c

Response trait

Low CP
Study
+Ala
38.7bc Corzo et al.
0.66c
(2005),
days 5 to 21
Dean et al.
(2006),
days 1 to 18
Awad et al.
(2015),
days 1 to 21

a-c

Means in a row without a common letter differed significantly (P < 0.05).
AA, amino acid; ADG, average daily gain; CP, crude protein; Ala, alanine; Asp, aspartic acid;
Glu, glutamic acid; G:F, gain:feed ratio; Pro, proline.
1

In order to investigate the effects of specific nonessential AA in the study described in
Manuscript 2, diets were mixed to contain the same essential and nonessential AA
concentrations as the diets CP16.3 and CP14.7 that were used in the study of Manuscript 1. The
Glyequi concentration was set to 15 g/kg because this concentration was shown to be sufficient
in the study of Manuscript 1. The CP levels of the diets fed in the study of Manuscript 2 were
17.8 (CP17.8) and 15.6 (CP15.6) % and were slightly higher than those used in the study of
Manuscript 1. This can be explained by higher concentrations of nitrogenous compounds other
than proteinogenic AA in the corn and soybean meal batches used for the diets in the study of
Manuscript 2. However, the essential and nonessential AA concentrations of CP16.3 and
CP17.8, and CP14.7 and CP15.6, respectively, were almost identical. Diet CP15.6 was
supplemented with L-Ala (CP15.6+Ala), L-Pro (CP15.6+Pro), L-Asp (CP15.6+Asp), a mix of
L-Asp

and L-Asn·H2O that contained equal proportions of Asp and Asn (CP15.6+Asp+Asn),

L-Glu

(CP15.6+Glu), or a mix of L-Glu and L-Gln (CP15.6+Glu+Gln) that contained equal

proportions of Glu and Gln. The nonessential AA were added to achieve the respective
nonessential AA of CP17.8 to investigate the effects of specific nonessential AA on growth.
The nonessential AA were not supplemented to CP15.6 to achieve the CP concentration of
CP17.8, although we were aware of the possibility that nonspecific nonessential AA-N was
growth-limiting. After weighing up the possibilities that specific nonessential AA, nonspecific
nonessential AA-N, or both were growth-limiting, it was decided that it is more likely that
specific nonessential AA limited growth. Hence, specific nonessential AA were supplemented
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to achieve the respective concentrations of CP17.8 rather than supplementing nonessential AA
to achieve a distinct CP concentration.
The ADG and G:F decreased upon dietary CP and nonessential AA reduction from CP17.8 to
CP15.6. This is consistent with the results of Manuscript 1. Supplementation of Asp, Asp+Asn,
Glu, and Glu+Gln increased ADG and G:F compared to CP15.6 but not to the level achieved
at CP17.8. Therefore, limited concentrations of nonessential AA other than Glyequi in the feed
probably accounted for the reduced growth at CP15.6. This supports the interpretation that
nonessential AA were most likely the growth-limiting nutrients in the study of Manuscript 1.
Growth-limitation due to insufficient supply of specific nonessential amino acids or
nonspecific nonessential amino acid-nitrogen?
It cannot be derived from the results of Manuscript 2 whether specific nonessential AA or
nonspecific nonessential AA-N limited growth. A regression analysis showed that ADG
increased with increasing CP intake in the study described in Manuscript 2 (Figure 2) and this
may suggest that nonspecific nonessential AA-N was growth-limiting. However, dietary
treatments were related to dietary CP intake because the CP concentrations among treatments
differed as a consequence of nonessential AA supply. Therefore, it cannot be differentiated
from the present results whether the growth-limiting effect at lower CP levels is a result of
insufficient supply of specific nonessential AA, nonspecific nonessential AA-N, or both.
Possible growth-limiting effects of specific nonessential AA and nonspecific nonessential
AA-N are discussed in the following sections.

ADG (g/bird)

65

y = 9.02 + 3.98x
(R2 = 0.89, RMSE = 0.095 g/bird)

CP15.6
CP15.6+Alanine
CP15.6+Proline
CP15.6+Aspartic acid
CP15.6+Aspartic acid
+Asparagine
CP15.6+Glutamic acid
CP15.6+Glutamic acid
+Glutamine

60
55
50
45
10

11

12

13

14

Average daily CP intake (g/bird)

Figure 2. Effect of average daily crude protein (CP) intake on average daily gain (ADG) from
days 7 to 21 in the study described in Manuscript 2. Different colors indicate the dietary
treatments.
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Growth-limitation due to deficiency of more than one specific nonessential amino acid
Individual nonessential AA may have failed to increase growth to the level of a diet adequate
in nonessential AA because more than one specific nonessential AA limited growth at CP15.6.
The ADG and G:F responses upon supplementation of Asp+Asn, Glu, and Glu+Gln were
similar. This indicates that these nonessential AA limited growth. As mentioned above, Gly,
Asp, and Gln are required to synthesize UA. The UA-N/(UA-N+NH3-N) ratio decreased when
dietary CP was reduced from CP17.8 to CP15.6. This confirms the results found in the study of
Manuscript 1 and indicates that UA formation was limited by nonessential AA.
Supplementation of Asp+Asn, Glu, and Glu+Gln increased the UA-N/(UA-N+NH3-N) ratio
but not to the level of CP17.8, possibly because UA synthesis was limited by components other
than the supplemented nonessential AA. This may indicate that growth was limited by more
than one nonessential AA. Considering only the UA-N/(UA-N+NH3-N) ratio, it might be
concluded that synthesis of UA was limited by Gln at CP15.6+Asp+Asn, and by Asp at
CP15.6+Glu and CP15.6+Glu+Gln. The assumption that Asp was growth-limiting at
CP15.6+Glu and CP15.6+Glu+Gln is contradicted by the observed UA excretion. The higher
UA excretion at CP15.6+Glu+Gln compared to CP15.6+Glu indicates that a higher proportion
of dietary Asp was used to form the purine ring of UA. In contrast, less Asp was dissipated for
UA synthesis at CP15.6+Glu, leading to a higher proportion of dietary Asp that was probably
available for metabolic processes such as N accretion at CP15.6+Glu compared to
CP15.6+Glu+Gln. However, N accretion did not differ between these two treatments.
Therefore, Asp may not have limited UA formation and growth at CP15.6+Glu and
CP15.6+Glu+Gln whereas UA synthesis and growth may have been limited by Gln at
CP160+Asp+Asn. The UA-N/(UA-N+NH3-N) ratio increased upon supplementation of Glu
although Glu is not required for UA formation. This probably indicates that part of Glu was
converted to Gln or Asp to synthesize UA, which will be discussed in detail later.
It is possible that Ala, Pro, and/or Asp limited growth at CP15.6 but an increasing effect of
these nonessential AA on both ADG and G:F was not detected because other nonessential AA
were limiting. Supplementation of Asp increased G:F but had no effect on ADG. Increased
water or fat accretion could explain the increased G:F to some extent because the accretion of
N was not influenced by Asp supplementation. This may have occurred when Asp was
catabolized to fumarate and/or oxaloacetate (D'Mello, 2003) which were then used in the citric
acid cycle to generate energy. Therefore, increased G:F upon supplementation of Asp may not
indicate that Asp was growth-limiting at CP15.6. It is possible that individual or combined
supplementation of Ala and Pro to CP15.6+Asp+Asn, CP15.6+Glu and CP15.6+Glu+Gln, or
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combined supplementation of Asp, Ala, and Pro to CP15.6+Glu and CP15.6+Glu+Gln would
overcome the decreased growth at CP15.6.
Growth-limitation due to nonspecific nonessential amino acid-nitrogen
The results of the study described in Manuscript 2 indicate that nonessential AA were
interconverted. Therefore, alternative to a possible limitation of specific nonessential AA at
CP15.6, another possible explanation for reduced growth might be that the birds need
nonspecific nonessential AA-N rather than specific nonessential AA. If so, supplementation of
specific nonessential AA did not increase growth to the level that was found at CP17.8 because
supplementation of these nonessential AA may have been too low to synthesize other
nonessential AA in a sufficient amount.
As described in chapter 2.4, nonessential AA can interconvert directly or via intermediates
through numerous pathways where Glu has a central role. The similar growth responses at
CP15.6+Asp+Asn, CP15.6+Glu, and CP15.6+Glu+Gln indicate that parts of these nonessential
AA were interconverted. Supplementation of an AA can only increase growth when this AA is
growth-limiting while all other AA are adequately supplied, provided that AA do not
interconvert. Even if Asp+Asn, Glu, and Glu+Gln had the same rank of limitation at CP15.6,
supplementation of Asp+Asn, Glu, and Glu+Gln could not have increased growth without
interconversion because at least one other nonessential AA was growth-limiting. This indicates
that feeding individual nonessential AA above the specific requirement of the birds can be used
to synthesize other nonessential AA that are not sufficiently supplied with the diet. This could
overcome the growth-reducing effect of diets not adequate in nonessential AA provided that
nonessential AA can interconvert without limitation. The interconversion of nonessential AA
could explain the results of Bezerra et al. (2016) who observed that decreased growth with a
diet containing reduced nonessential AA concentrations could be restored when Glu
concentrations higher than in a positive control were fed. Therefore, it might be possible that
Glu as a source of nonspecific nonessential AA-N could be used to meet the requirement of
other nonessential AA.
Supplemented Ala and Pro were possibly catabolized in part to Glu and additional Glu available
upon supplementation of Ala, Pro, and Glu was metabolized to Asp or Gln to form UA.
The UA-N/(UA-N+NH3-N) ratio increased at CP15.6+Ala, CP15.6+Pro, and CP15.6+Glu
indicating that a higher proportion of urinary N was excreted as UA although Glu, Ala, and Pro
are not required to synthesize UA. In addition to that, the UA-N/(UA-N+NH3-N) ratio did not
increase to the level of CP17.8 following supplementation of individual nonessential AA. This
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may indicate that the concentration of supplemented nonessential AA was too low to synthesize
adequate amounts of nonessential AA required for UA synthesis or that nonessential AA needed
to form UA were metabolized to other nonessential AA making them not available for UA
synthesis.
Interconversion of aspartic acid and asparagine, and glutamic acid and glutamine
No studies are available that describe whether Asp and Asn, and Glu and Gln, respectively, can
interconvert without limitation in broiler chickens. Dietary Asn and Gln can only be analyzed
together with dietary Asp and Glu, respectively. The consequence is that measured dietary Asp
and Glu concentrations contain unknown proportions of Asn and Gln, respectively. In addition
to the supplementation of Asp and Glu, a mixture of Asp+Asn and Glu+Gln was added to
CP15.6 to investigate whether the requirement for Asn and Gln in broiler chickens can be met
by supplementation of Asp and Glu, respectively.
The requirement for Asn was not met when only Asp was supplemented because ADG and G:F
were higher when Asp+Asn were added. This suggests that the conversion of Asp to Asn was
limited. The NUE at CP15.6+Asp was lower than at CP15.6+Asp+Asn showing that
supplemented Asp that could not be converted to Asn had to be excreted, thereby lowering the
NUE. The higher UA-N/(UA-N+NH3-N) ratio at CP15.6+Asp+Asn compared to CP15.6+Asp
indicates that UA excretion increased although Asn is not needed to synthesize UA. This might
show that Gln was not sufficient at CP15.6+Asp to synthesize adequate amounts of Asn from
Asp because one molecule of Gln is needed when Asp is converted to Asn by asparagine
synthase (Arfin, 1967). Hence, smaller amounts of Asn synthesized from Asp at
CP15.6+Asp+Asn make more Gln available for other metabolic processes, thus increasing the
UA-N/(UA-N+NH3-N) ratio.
In contrast to the supplementation of Asp and Asp+Asn, ADG and G:F did not differ between
the treatments that were supplemented with only Glu or Glu+Gln, indicating that the
interconversion of Glu and Gln was not limited. Glutamic acid can be formed from Gln during
UA synthesis when the amide residue in the side group of Gln is transferred to the purine ring
of UA. The higher UA excretion at CP15.6+Glu+Gln compared to CP15.6+Glu suggests that
additional ingested Gln was used to form UA, thereby decreasing NUE and forming Glu. This
indicates that Gln was predominantly converted to Glu at CP15.6+Glu+Gln and not vice versa
because dietary Gln was adequate.
The outcomes of the study described in Manuscript 2 suggest that the conversion of Asp to Asn
was limited whereas the interconversion of Glu and Gln was not. This may indicate that not all
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nonessential AA can be metabolized to other nonessential AA without limitation. Thus, it seems
likely that not every nonessential AA can be used by broiler chickens as a source of nonspecific
nonessential AA-N for synthesizing growth-limiting nonessential AA in sufficient amounts.
4.2.3 Effects of dietary non-protein nitrogen supplementation
Poultry (Karasawa, 1989, 1999) and pigs (Mansilla et al., 2015) can use NPN sources for N
accretion especially when dietary nonessential AA are not sufficiently supplied. Therefore, one
objective of the study of Manuscript 2 was to determine the effect of ammonia supplementation
as a source of NPN for broiler chickens fed a diet not sufficiently supplied with nonessential
AA. For this, ammonium chloride (NH4Cl) was added to CP15.6 to achieve the CP
concentration of CP17.8.
In previous studies, triammonium citrate was used in broiler chickens (Lee and Blair, 1972;
Bregendahl et al., 2002). However, we experienced that a diet supplemented with triammonium
citrate could not be pelleted. Therefore, NH4Cl was used as a readily available source of
ammonia. However, the supplementation of NH4Cl decreased growth of broiler chickens and
was, therefore, unsuitable to increase reduced growth caused by diets deficient in nonessential
AA concentrations.
The diets supplemented with NH4Cl decreased growth possibly in consequence of metabolic
acidosis. Chloride supplied by feeding NH4Cl represents an acid load (Patience, 1990). Previous
studies have shown that NH4Cl supplementation can induce metabolic acidosis in poultry
(Craan et al., 1982; Coon and Balling, 1984; Toyomizu et al., 1999) and metabolic acidosis can
decrease growth (Coon and Balling, 1984; Borges et al., 2003a,b). Therefore, supplementation
of NH4Cl may have induced metabolic acidosis that contributed to lowest growth among
treatments in the study of Manuscript 2. This was consistent with the lowest
UA-N/(UA-N/NH3-N) ratio and highest NH3 excretion among treatments. Increased ammonia
excretion is an adaptation to an altered acid-base balance and an indicator of metabolic acidosis
(Patience, 1990). It is also possible that decreased UA-N/(UA-N/NH3-N) ratio and increased
NH3 excretion were caused by ammonia supplemented with NH4Cl and not absorbed
completely, thus increasing the amount of ammonia in excreta. However, Karasawa and Nakata
(1986) found that ammonia introduced into the intestinal lumen of chickens was almost
completely absorbed up to the ileum within 30 minutes making this cause unlikely to be relevant
for the present work.
These results show that NH4Cl as a source of NPN is unsuitable to increase growth of broiler
chickens fed diets with deficient nonessential AA concentrations but do not indicate that NPN,
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and particularly ammonia, per se cannot be used by broiler chickens for growth. It has been
shown that urea, triammonium phosphate, and di- and triammonium citrate increased growth
of chickens when dietary nonessential AA were not adequately supplied (Featherston et al.,
1962;

Lee

and

Blair,

1972).

Additionally,

supplementation

of

a

diammonium

citrate/diammonium phosphate mix increased growth of pigs fed diets deficient in nonessential
AA concentrations (Mansilla et al., 2017). As outlined in chapter 2.7, ammonia can be used by
poultry and pigs to synthesize nonessential AA in the liver, or by microorganisms in the ceca.
It can be derived from the present results that parts of ingested ammonia from NH4Cl were used
for N accretion. Daily N accretion per ADFI was similar between CP17.8 and CP15.6+NH4Cl.
As suggested by Siegert et al. (2016), equal N accretion per ADFI is an indication that growth
differences are caused by different ADFI. Hence, decreased ADFI as a result of metabolic
acidosis might have been the reason for decreased growth upon NH4Cl supplementation. This
interpretation should be considered with caution because the physiological status of birds fed
CP17.8 and CP15.6+NH4Cl was different. Sources of NPN other than NH4Cl supplemented to
diets deficient in nonessential AA concentrations might be suitable to increase growth of broiler
chickens and they need to be further investigated.
4.2.4

Conflict of interest regarding growth and nitrogen-utilization efficiency

One objective of feeding diets with reduced CP concentrations is to decrease N emissions
caused by animal husbandry. The results of Manuscript 1 and Manuscript 2 show that there
may arise a conflict of interest because highest growth performance is not always accompanied
by highest NUE.
Contrasting development of nitrogen-utilization efficiency and growth performance
The NUE observed in the studies of Manuscript 1 and Manuscript 2 was very high and varied
between 69 and 77% in Manuscript 1 and between 72 and 79% in Manuscript 2. Lowering
dietary CP concentrations in the studies described in Manuscript 1 and Manuscript 2 led to
increased NUE along with decreased growth (Figure 3). The NUE increased at lower CP levels
although most AA were fed in excess relative to what could be used for protein accretion. A
high amount of AA that cannot be used by the animals is excreted, thereby decreasing the NUE.
One explanation for the increased NUE at lower CP levels is that higher proportions of
nitrogenous compounds originating from urine were used for nonessential AA synthesis. As
described in chapter 2.7, urinary N compounds can be used by poultry when urine is transported
from the cloaca to the ceca by reverse peristalsis. This predominantly occurs when nonessential
AA are not adequately supplied (Karasawa, 1989; Svihus et al., 2013). It is possible that higher
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proportions of urinary N were used for protein synthesis by birds that received the diets with
lower CP levels in the present studies as it was concluded that the nonessential AA are the
nutrients that, most likely, limited growth when CP was reduced. In consequence, increased
usage of urinary N as a result of insufficient nonessential AA supply would result in decreased
N excretion relative to N accretion and thus increased NUE although AA were fed in excess.
Concurrently, it is possible that the NUE increased at the lower CP levels because body protein
degradation decreased. A decrease in absolute breakdown rate of proteins was found in
pectoralis major muscle and in the liver of broiler chickens when diets deficient in Lys were
fed (Tesseraud et al., 1996). Further, decreased dietary CP concentrations decreased absolute
breakdown rate of proteins in pectoralis major muscle (Urdaneta-Rincon and Leeson, 2004).
Moreover, half-life and turnover time of proteins in the liver was higher when diets not
adequately supplied with Lys were fed to chickens (Akinwande and Bragg, 1985). These
findings show that varying AA supply can affect protein turnover of broiler chickens. Different
amounts of absorbed AA that could be used for protein synthesis upon CP reduction in the
studies presented herein might have decreased muscle protein degradation. Hence, this might
have contributed to the increase in NUE at the lower CP levels.
Supplementation of growth-limiting nutrients above the specific requirement of the animals can
be disadvantageous when the aim is to increase NUE. A decrease in NUE was found at CP16.3
and CP14.7 in the study of Manuscript 1 when more than 12 and 15 g Glyequi/kg, respectively,
were fed. Further, the growth-increasing effect upon supplementation of Asp+Asn, and
Glu+Gln in the study of Manuscript 2 was accompanied by decreased NUE. In contrast to the
supplementation of Asp+Asn, and Glu+Gln, growth increased when Glu was supplemented
without affecting NUE, showing that most of the supplemented Glu could be used by the
animals and, therefore, had not to be excreted. These results indicate that supplementation of
nonessential AA above the levels required by the animals have to be excreted, thereby lowering
the NUE.
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Figure 3. Average daily gain (ADG) (blue columns) from days 7 to 21, and nitrogen-utilization
efficiency (NUE) (orange columns) from days 18 to 21 at varying dietary crude protein (CP)
levels and different dietary nonessential amino acid supply in the studies of Manuscript 1 (panel
a) and Manuscript 2 (panel b). Error bars represent the standard error of the mean.
Maximum NUE and growth in low CP diets could theoretically be achieved by maximizing
reutilization of urinary N compounds, minimizing protein degradation, and supplementing diets
with growth-limiting nutrients exactly in the amount that is required by the animals. Increasing
the amount of urinary N reutilized for N accretion and decreasing the rate of protein degradation
would reduce the AA requirement of the birds because a lower amount of ingested AA would
be excreted, thereby contributing to high NUE. This would probably reduce the requirement for
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the growth-limiting nutrient(s) that have to be supplemented to low CP diets. However, it is not
known under which conditions reutilization of urinary N compounds is maximized and rate of
protein degradation is minimized. Further, the requirement of broiler chickens for each
nonessential AA is not known yet. Therefore, another approach might be to accept slightly
lower growth when feeding reduced CP diets compared to common CP diets, thereby achieving
much higher NUE. In the current situation, it seems to be economically unreasonable to accept
reduced growth of broiler chickens. However, it may be desirable in the future to achieve much
higher NUE with slightly decreased growth depending on costs for protein-rich feedstuffs and
changes in legislations on the use of animal excreta as fertilizer (Siegert and Rodehutscord,
2019).
High nitrogen-utilization efficiency together with high growth performance
The NUE measured in the treatments with highest growth performance varied between
69 and 70% at CP16.3 in the study of Manuscript 1 and was 73% at CP17.8 in the study of
Manuscript 2. Levels of NUE of 50 to 65% can be achieved with diets containing CP
concentrations of 24 and 17% (Bregendahl et al., 2002; Gomide et al., 2011; Kriseldi et al.,
2018). A higher NUE of 76% accompanied by high growth performance was found by Siegert
et al. (2016) when feeding a diet with 16.7% CP and sufficient Glyequi concentration. The high
variation among studies may be explained by varying concentrations of single AA, different
digestibility of nitrogenous compounds, and different AA requirements of the animals (Siegert
and Rodehutscord, 2019). The high NUE found in the studies of Manuscript 1 and Manuscript
2 was likely caused by a high proportion of ingested AA that was close to the requirement of
the birds, thereby reducing the catabolism of AA that had to be excreted. A low catabolism of
AA was indicated by low Arg degradation in the study of Manuscript 2. Arginine catabolism
in poultry can be indicated by urea excretion because urea is synthesized when Arg is degraded
by arginase (Austic and Nesheim, 1970; Müller Fernandes and Murakami, 2010). In the study
of Manuscript 2, measured excretion of urea was below the detection limit. The low quantity
of urea excretion indicates that digestible Arg was close to the amount that could be used for
metabolic processes, which contributed to the high NUE. In addition, the low Arg degradation
might be an indicator for low catabolism of other essential AA leading to the high level of NUE.
4.2.5 Changes in nitrogen-utilization efficiency at low dietary crude protein
concentrations
It has been reported that the NUE of broiler chickens increases linearly with decreasing dietary
CP concentrations in the range of approximately 17 to 24% in the first three weeks of age
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(Bregendahl et al., 2002; Hernández et al., 2012; Hilliar et al., 2020). This can only occur when
N excretion also decreases linearly because NUE is dependent on N excretion. The results of
the studies of Manuscript 1 and Manuscript 2 indicate that the decrease in N excretion follows
an exponential rather than a linear function when feeding very low CP diets (Figure 4). The
exponential functions for N excretion were as follows:
Daily N excretion (g/bird) = 0.15 × e0.62 × daily N intake (g/bird) in the study of Manuscript 1
(R2 = 0.97), and

(1)

Daily N excretion (g/bird) = 0.11 × e0.63 × daily N intake (g/bird) in the study of Manuscript 2
(R2 = 0.79)

(2)

The exponential decrease in N excretion with decreasing N intake was most likely found
because metabolic N losses of broiler chickens such as endogenous N losses, protein
degradation and incomplete digestibility of nitrogenous nutrients are inevitable. Hence, N
excretion cannot decrease to zero. The N excretion in previous studies most likely decreased
linearly with decreasing dietary CP concentrations because investigated dietary CP
concentrations were too high to find an exponential course of N excretion. This shows that N
excretion only decreases linearly in a certain range of dietary CP concentration making the NUE

Daily N excretion (g/bird)

impossible to increase linearly with decreasing dietary CP and to reach a level of 100%.

Dashed line: Daily N excretion (g/bird) = 0.15  e 0.62 × daily N intake (g/bird)
(R2 = 0.97)
Solid line: Daily N excretion (g/bird) = 0.11  e 0.63 × daily N intake (g/bird)
(R2 = 0.79)
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Figure 4. Effect of daily nitrogen (N) intake on daily N excretion from days 18 to 21 in the
studies described in Manuscript 1 (round symbols, dashed line) and Manuscript 2 (squared
symbols, solid line).
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4.3 Factors affecting the growth responses of broiler chickens to dietary
Glyequi concentrations
The response of broiler chickens to dietary Glyequi is not constant and influenced by endogenous
precursors of Gly and Ser and metabolic processes dissipating and forming Glyequi. Some
factors influencing the response of broiler chickens to dietary Glyequi such as different Thr, Cho
(see chapter 2.3.1), and Cys (see chapter 2.3.2) concentrations have already been identified in
previous studies. However, these factors cannot explain the varying responses of broiler
chickens to dietary Glyequi completely (Siegert and Rodehutscord, 2019). Therefore, another
objective of the present doctoral thesis was to determine further factors affecting the growth
response of broiler chickens to dietary Glyequi.
4.3.1 Effects of nitrogen excretion
The studies described in Manuscript 1 and Manuscript 3 showed that NUE and the amount of
UA excretion can be influenced by the dietary CP level and are considerable factors influencing
the response of broiler chickens to dietary Glyequi. Decreasing dietary CP concentrations
together with increasing NUE and decreasing UA excretion result in lower Glyequi requirement,
reducing the necessity of considering dietary Glyequi in practical diet formulations. In
consequence, this would decrease the proportion of free Gly required in diets with reduced
dietary CP levels which will be described in detail in chapter 4.8.
Different amounts of Glyequi required for UA formation probably affected the Glyequi
requirement in the study of Manuscript 1. This can explain the varying responses to dietary
Glyequi at different dietary CP levels. The increasing UA excretion with increasing Glyequi
concentration at all CP levels indicates that additional dietary Glyequi was used in part for UA
formation, thereby increasing the requirement for Glyequi. These results indicate that varying
dietary CP concentrations that cause the UA excretion to differ can contribute to the varying
responses of broiler chickens to dietary Glyequi, as previously reported in the literature.
Some of the absorbed Gly may have been promptly used for UA synthesis in the liver in the
study described in Manuscript 1. Absorbed AA are transported via the hepatic portal system to
the liver, where UA synthesis predominantly occurs (Scanes, 2014). Supplementation of Glyequi
had no effect on the concentrations of free Gly in blood plasma which may indicate that Gly
was directly used for UA formation in the liver.
Varying NUE caused by different dietary CP and AA concentrations is a considerable factor
that influences the response of broiler chickens to dietary Glyequi. The Glyequi requirement of
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broiler chickens decreases when NUE increases because a lower proportion of ingested N has
to be excreted via the urine as UA, for which Gly is dissipated (Siegert and Rodehutscord,
2019). Hence the very high NUE of 77 to 80%, that is much higher than NUE levels reported
in the literature (see chapter 2.1.2), contributed to a low Glyequi requirement in the study of
Manuscript 3. 95% of maximum response, often defined as the recommended concentration of
a nutrient (Rodehutscord and Pack, 1999; Siegert et al., 2015a), was 0.792 g/g for G:F in the
study of Manuscript 3 and was obtained at 10 g Glyequi/kg. This is in the lower range of Glyequi
concentrations required for broiler chickens in the first three weeks of age to achieve 95% of
maximum G:F that has been reported to vary between 10 and 16 g Glyequi/kg in most studies
(Siegert and Rodehutscord, 2019). These findings indicate that the Glyequi requirement was
probably low in the study of Manuscript 3 in consequence of high NUE.
The low Glyequi requirement probably contributed to the low extent of interactive effects among
dietary Glyequi, Cys, and Cho in the study of Manuscript 3. In addition to different Glyequi
concentrations, dietary treatments contained varying Cys and Cho concentrations in the study
described in Manuscript 3. Additional Glyequi was possibly available when digestible Cys and
total Cho intake increased. This is suggested because higher digestible Cys intake probably
decreased the amount of Ser needed for the conversion of Met to Cys, and higher Cho intake
possibly lead to increased Gly formation because Cho is an endogenous precursor of Gly (see
chapter 2.2.1). However, likely some of the additional Glyequi obtained by these processes could
not be used by the animals because they were abundantly supplied with Glyequi in the
investigated range of dietary Glyequi where interactions with dietary Cys and Cho occurred.
According to the experimental design, this range of dietary Glyequi was between 12 and
18 g Glyequi /kg. It is likely that more pronounced interactive effects could have been observed
at dietary Glyequi concentrations below 12 g/kg. In addition to the overall low Glyequi
requirement in the study of Manuscript 3, the low variation in NUE probably contributed to a
similar Glyequi requirement for UA excretion among treatments. These results showed that the
high level of and low variation in NUE resulted in low Glyequi requirement that was similar
among treatments in the study described in Manuscript 3. This explains the small effects of
dietary Cys and Cho concentrations on the response to dietary Glyequi in the study described in
Manuscript 3.
The results of the study of Manuscript 3 apparently contradict the findings of a meta-analysis
by Siegert et al. (2015b), who found that growth responses to dietary Glyequi were higher the
higher dietary Cys concentrations were. The dietary CP concentrations varied between 16 and
24% in the studies used in the meta-analysis and were positively correlated with dietary Cys
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concentrations because Met+Cys concentrations in the diets were maintained by supplementing
DL-Met.

The NUE was not measured in the studies used in the meta-analysis but most likely

differed among studies as a result of varying dietary CP concentrations. In contrast to the metaanalysis of Siegert et al. (2015b), dietary Cys and CP concentrations were not related in the
study of Manuscript 3 and the variation of dietary CP and NUE was low. Therefore, the effects
of different dietary Cys concentrations in the study described in Manuscript 3 were almost
unaffected by the effects of different dietary CP concentrations on NUE and resulting
implications on interactive effects of Glyequi and Cys on G:F.
It is possible that the Cys effect found in the meta-analysis of Siegert et al. (2015b) was an
artifact caused by concurrently variable CP supply. Similar interactive effects between Glyequi
and Cys, and Glyequi and CP on G:F have been observed in the meta-analysis but the differences
in G:F between higher and lower dietary CP concentrations were smaller compared to the
variations between higher and lower dietary Cys concentrations. The smaller extent of
interactive effects between dietary CP and Glyequi compared to dietary Cys and Glyequi
concentrations could be explained by an increased NUE at lower dietary CP supply. The
increase in NUE probably decreased the Glyequi requirement, thereby decreasing the differences
in growth response to dietary Glyequi among different CP levels. If so, this probably
counteracted an increased Glyequi requirement caused by lower dietary Cys concentrations when
dietary CP was reduced.
4.3.2 Effects of dietary cysteine and choline concentrations
Varying dietary Cys and Cho concentrations have been described to influence the response of
broiler chickens to Glyequi (see chapter 2.3). The extent of the interactive effects between dietary
Glyequi and Cys, and Glyequi and Cho cannot be explained by the formation of Cys from Met (a
Ser dissipating process), and Gly from Cho alone. The formation of Gly from Cho is connected
to Cys formation from Met and can only occur when one methyl group of betaine is transferred
to homocysteine by BHMT to form Met (Frontiera et al., 1994). Hence, the interactive effects
among dietary Glyequi, Cys, and Cho together were investigated in a growth study described in
Manuscript 3 and are discussed in the following section. Further, a possible effect of Cho intake
on the response of broiler chickens to Glyequi in the study of Manuscript 1 is discussed.
Cysteine formation from methionine
Different digestible Cys intake influenced Met conversion to Cys in the study described in
Manuscript 3. This affected the proportion of Ser required for Cys formation from Met at
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different digestible Glyequi and Cys intake which influenced G:F. The observed interactive
effects between digestible Glyequi and Cys intake on G:F were barely pronounced as shown by
the maximum observed difference in G:F which was only 0.011 g/g between high and low
digestible Cys intake. This probably occurred as a consequence of the above-mentioned high
NUE and its low variation and supports the conclusion that NUE considerably influenced the
interactive effects between Glyequi and Cys on G:F. Nevertheless, interactive effects between
dietary Glyequi and Cys were found in the study described in Manuscript 3 and factors that
caused these interactive effects are discussed in the following section.
The lower amount of Ser needed for the conversion of Met to Cys likely caused the overall
highest G:F at high digestible Cys intake because a higher amount of Glyequi was available for
other metabolic processes or N accretion. Further, higher proportions of Cys synthesized from
Met probably resulted in the more pronounced effects of digestible Glyequi intake at low
compared to high digestible Cys intake because a higher proportion of Glyequi was needed for
conversion of Met to Cys. These findings are consistent with the results of Siegert et al. (2015b)
who determined higher G:F with higher dietary Cys concentrations and with results of Powell
et al. (2011) who found less pronounced growth-increasing effects upon Glyequi
supplementation when dietary Cys concentrations increased. An effect of varying digestible
Glyequi and digestible Cys intake on the formation of Cys from Met was indicated by varying
plasma homocystine and cystathionine concentrations because homocysteine and cystathionine
are intermediates in the conversion of Met to Cys (Velíšek and Cejpek, 2006). Plasma
homocystine and cystathionine concentrations decreased with higher digestible Cys intake and
show that lower proportions of Met have been converted to Cys. Concurrently, the proportion
of Met metabolized to Cys increased at low digestible Cys intake which is pointed out by
increased plasma homocystine and cystathionine concentrations. Every molecule of Met that is
not metabolized to Cys spares one or two Glyequi molecules (Siegert and Rodehutscord, 2019).
Thus, Glyequi is more available for other metabolic processes such as N accretion or UA
formation and could explain the slightly higher G:F and UA excretion at higher digestible Cys
intake. Conversely, a higher amount of Glyequi was dissipated for the formation of Cys from
Met to meet the Cys requirement of the birds when digestible Cys intake was low. This would
explain the higher G:F response to Glyequi supplementation at the lower compared to higher
digestible Cys intake because Glyequi requirements differed.
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Conversion of choline to glycine
Different plasma sarcosine concentrations indicated that endogenous Gly synthesis from Cho
was influenced in the study described in Manuscript 1 because sarcosine is an intermediate
when Cho is metabolized to Gly (see chapter 2.2.1). Varying Cho intake might have contributed
to the shift in endogenous Gly formation from Cho because Cho intake differed in consequence
of varying ADFI although concentrations of Cho were maintained constant among treatments.
This might have influenced the response of broiler chickens to the added Glyequi at different CP
levels. Sarcosine concentrations in blood plasma increased when dietary CP levels were
reduced and this might indicate that a higher amount of Cho was metabolized to sarcosine and
further to Gly because the birds were in need for Gly. Concurrently, blood plasma sarcosine
concentrations were higher at 18 g Glyequi/kg compared to 12 g Glyequi/kg in the study described
in Manuscript 1 although Glyequi supply was adequate. This might indicate that Cho was
converted to sarcosine and not further to Gly and this might occur when Gly is not needed, but
methyl groups are required (Stipanuk, 2004; Pillai et al., 2006a). It is also possible that methyl
groups were not needed. Sarcosine can be formed from Gly when methyl groups are transferred
to Gly (Stipanuk, 2004). Thus, in the study described in Manuscript 1, it is possible that
sarcosine was synthesized from Gly at 18 g Glyequi/kg. Hence, endogenous Gly formation from
Cho was likely influenced by CP levels and Glyequi concentrations, but the contribution of Gly
formation from Cho to meet the Glyequi requirement in the study of Manuscript 1 could not be
quantified.
In the study described in Manuscript 3, the extent of interactive effects between Glyequi and Cho
was smaller compared to those between Glyequi and Cys on G:F and might be explained by a
low conversion of Cho to Gly. Increasing plasma concentrations of Met together with
decreasing plasma concentrations of homocystine and cystathionine with increasing Cho intake
indicated that a higher proportion of homocysteine was remethylated to Met. Methionine can
be formed from homocysteine via the BHMT and Met-synthase (MS) pathways (Stipanuk,
2004). Choline can only be metabolized to Gly when homocysteine is remethylated via BHMT
(see chapter 2.2.1). This occurs when Cho is metabolized to betaine and then to dimethylglycine
when one methyl group of betaine is delivered to homocysteine. Subsequently, dimethylglycine
is converted to Gly. Several studies have investigated the remethylation of homocysteine to Met
and the conclusions whether homocysteine is remethylated via BHMT or MS upon Cho
supplementation are not uniform. It was found that Cho supplementation reduced the proportion
of homocysteine remethylated via BHMT, thereby increasing the amount of MS-dependent
homocysteine remethylation (Pillai et al., 2006a,b), and downregulated BHMT activity (Dilger

44

GENERAL DISCUSSION

et al., 2007) in broiler chickens. Pillai et al. (2006a,b) suggested that dimethylglycine
synthesized upon Cho supplementation inhibited BHMT because dimethylglycine is a feedback
inhibitor of BHMT (Stipanuk, 2004). In this case, Cho would deliver methyl groups for the
remethylation of homocysteine via MS because dimethylglycine can deliver methyl groups for
this pathway via the folate pool without Gly being produced (Pillai et al., 2006a,b). It is possible
that a lower proportion of homocysteine was remethylated via BHMT when Cho intake
increased in the study of Manuscript 3. This would decrease the formation of Gly and would
contribute to the small interactive effects between Glyequi and Cho on G:F. In contrast to the
studies that found a decrease in remethylation via BHMT when Cho was supplemented, other
studies found that Cho supplementation increased BHMT activity in poultry (Emmert et al.,
1996), pigs (Emmert et al., 1998), and rats (Finkelstein et al., 1983). A higher activity of BHMT
led to an increased formation of Gly. Reasons for inconsistent effects of Cho supplementation
on BHMT and MS activities are unclear. Possibly, the effects of Cho supplementation on
BHMT and MS activities diverged among studies and, therefore, contributed to a different
extent of interactive effects between dietary Cho and Glyequi on growth between the results by
Siegert et al. (2015a) and the study of Manuscript 3.

4.4 Nitrogenous compounds as indicator for nitrogen metabolism
The composition of urinary N can be used to interpret physiological processes of N metabolism.
However, urine in avian species is excreted together with feces, making a separate collection
of urine and feces impossible without surgical intervention. Urinary N in domestic fowl has
been described to mainly consist of 72 to 91% of UA-N and NH3-N (Goldstein and Skadhauge,
2000). Therefore, determining the UA-N/(UA-N+NH3-N) ratio in excreta can be used to deduce
urinary N composition and is a useful trait to interpret physiological processes in broiler
chickens.
Urea is also a relevant compound in avian urine accounting for 3 to 10% of total urinary N
(Goldstein and Skadhauge, 2000). Hence, considering only UA-N and NH3-N as indicators of
the composition of urinary N might lead to substantial errors in the interpretation of
physiological processes of N metabolism. Urea concentrations were measured in excreta
collected in the study described in Manuscript 2 but could not be detected because
concentrations were below the limit of quantification. Given the limit of quantification, the
proportion of urea N in urinary N must have been lower than 1 to 2%, assuming that urinary N
only consists of UA-N, NH3-N, and urea N. These results showed that not considering urea N
and using the UA-N/(UA-N+NH3-N) ratio in excreta to deduce urinary N composition did not
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lead to substantial errors when interpreting physiological processes of N metabolism in the
study of Manuscript 2. Low urea excretion could be specific for diets with reduced CP
concentrations because urea excretion may be an indicator of excess AA supply (see chapter
4.2.4). Urea excretion may have also occurred in the studies of Manuscript 1 and Manuscript 3.
However, urea was not measured in excreta of those studies. Hence, urea excretion should be
measured in future studies to investigate whether low urea excretion is specific to low CP diets.
This would provide further knowledge whether it is sufficient to calculate the
UA-N/(UA-N+NH3-N) ratio to describe urinary N composition of broiler chickens.
It was found in the present studies that the composition of urinary N in broiler chickens is not
constant and can be adjusted depending on nutrient intake. The UA-N/(UA-N+NH3-N) ratio
ranged between 0.90 and 0.58 (Manuscript 1), 0.90 and 0.48 (Manuscript 2), and 0.85 and 0.77
(Manuscript 3). These findings are consistent with those of previous studies. Goldstein and
Skadhauge (2000) described that urinary N in domestic fowl is not constant and consists of
55 to 84% of UA-N, and 7 to 23% of NH3-N. Further, Siegert et al. (2016) determined the
UA-N/(UA-N+NH3-N) ratio to vary between 0.73 and 0.59.
In addition to excreta, UA was measured in blood plasma of broiler chickens in the study of
Manuscript 1 to determine whether plasma UA could be an additional indicator of N
metabolism of broiler chickens fed with varying concentrations of CP and Glyequi. Plasma UA
concentration decreased with decreasing CP level but was, unlike UA excretion, not influenced
by dietary Glyequi concentration, although plasma UA concentration was positively correlated
with UA excretion. Plasma UA was measured in blood samples obtained at a point in time,
whereas UA excretion was determined quantitatively over a period of 3 days. Changes in
plasma UA concentration might have occurred during the experiment, but not in the short time
span of blood sample collection. Therefore, UA excretion might provide more useful
information on the role of dietary Glyequi than the plasma UA concentration.

4.5 Effects of dietary crude protein and Glyequi concentrations on energy
metabolism
4.5.1 Effect of dietary crude protein concentration on dietary MEN concentration
The decreased N accretion per weight gain at lower CP levels indicates that dietary CP
reduction increased fat accretion in the study of Manuscript 1. This would be consistent with
previous studies that have reported an increase in abdominal fat mass (Fancher and Jensen,
1989; Chrystal et al., 2020b; Hilliar et al., 2020) and whole body fat content (Aletor et al., 2000,
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2002; Namroud et al., 2008) of broiler chickens upon dietary CP reduction. An increased fat
accretion in the study of Manuscript 1 is most likely explained with the increased nitrogen
corrected metabolizable energy (MEN) concentrations of the diets when dietary CP levels were
reduced. The dietary MEN concentrations were not calculated to be constant among treatments
in the study of Manuscript 1 and calculated values averaged 12.6, 12.9, and 13.3 MJ/kg at
CP16.3, CP14.7, and CP13.2, respectively. The increase in MEN upon CP reduction can be
explained by the substitution of soybean meal with corn because the MEN concentration of corn
(13.9 MJ/kg) is higher than that of soybean meal (9.8 MJ/kg) (Evonik, 2016).
An additional explanation for the increased dietary MEN concentrations with decreasing dietary
CP levels could be a decrease in energy excretion as a result of decreased UA excretion.
Formation of UA requires energy and every g of UA-N not excreted decreases the energy
concentration of excreta by 34.5 kJ (Heldmaier et al., 2013), thereby making more energy
available to the animals. The UA excretion decreased with lower dietary CP levels in the study
of Manuscript 1. Likely, the varying UA excretion contributed to the differing dietary MEN
concentrations at different CP levels and might have contributed to increased body fat content
upon CP reduction. This would be consistent with Aletor et al. (2000, 2002) who suggested
decreased UA excretion as one explanation for the increased fat content of broiler chickens fed
with reduced CP diets.
4.5.2

Effect of dietary Glyequi concentration on dietary MEN concentration

It has been reported that Gly supplementation increased apparent fat digestibility in broiler
chickens and it was suggested that this caused the apparent metabolizable energy concentration
of diets to increase (see chapter 2.2.2). In contrast to these findings, the MEN concentrations of
the diets in the study of Manuscript 1 decreased when the concentration of Glyequi increased.
Free Gly was added at the expense of cornstarch to increase the dietary Glyequi concentrations.
The energy concentration of cornstarch is higher than that of free Gly which most likely
contributed to the decreased dietary MEN concentration when dietary Glyequi was supplemented.
A further explanation for decreased dietary MEN concentrations upon supplementation of
Glyequi could be increased UA excretion. As described in chapter 4.5.1, a higher amount of
energy is excreted when UA excretion increases, thereby decreasing dietary MEN
concentrations.
Despite the decreased dietary MEN concentrations, it is possible that the fat digestibility was
influenced upon Gly supplementation in the study described in Manuscript 1. However, an
effect on dietary MEN concentrations was not determined because it was probably counteracted
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by the effect of reduced cornstarch concentration and/or the increased UA excretion when Gly
was added. In future studies, components without MEN concentration, such as sand may be used
instead of cornstarch to compensate for mass differences when investigating the effect of Gly
supplementation on dietary MEN concentrations.
4.5.3 Dietary MEN concentrations calculated with different correction factors to zero
nitrogen retention
The extent of the influence of varying urinary N composition on dietary MEN concentrations
was probably low in the study described in Manuscript 1. In poultry, the metabolizable energy
is corrected to zero N retention to account for the high energy concentration of nitrogenous
compounds in excreta (WPSA, 1984). This correction factor is 36.5 kJ for each gram of N
retained and represents an estimate for the energy concentration of N excreted via the urine as
UA, NH3, or urea (Titus et al., 1959). The composition of urinary N compounds is not constant
as described by varying UA-N/(UA-N+NH3-N) ratios in all studies presented herein. Therefore,
the energy concentration of urinary N differs and using a constant factor to correct to zero N
retention might lead to errors when determining MEN. Assuming that urinary N only consisted
of UA-N and NH3-N, measured UA-N and NH3-N excretion was used to calculate individual
energy concentrations of urinary N for each observation in the study of Manuscript 1. These
individual energy concentrations of urinary N were used as individual factors to correct to zero
N retention for determining dietary MEN concentrations of the study described in Manuscript 1
in a model calculation (Table 4). The estimated energy concentrations of urinary N according
to varying UA-N and NH3-N excretion differed between 30.2 and 33.5 kJ/g and are slightly
lower than the energy concentration of urinary N of 36.5 kJ/g reported by Titus et al. (1959).
Using individual factors to correct to zero N accretion caused the dietary MEN concentrations
to increase by 0.06 to 0.09 MJ/kg in the study of Manuscript 1 compared to dietary MEN
concentrations determined with the constant correction factor of 36.5 kJ/g. The differences in
dietary MEN concentrations determined with constant and adjusted correction factors were
statistically not different among treatments. These results indicate that variations in urinary N
composition only had small effects when determining dietary MEN concentrations.
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Table 4. Effects of different dietary CP levels and Glyequi concentrations on dietary MEN
concentrations from days 18 to 21 in the study described in Manuscript 1 determined with
constant and individual factors to correct to zero nitrogen accretion.1
MEN (MJ/kg) determined with
MEN (MJ/kg) determined with
constant factor to correct N
individual factors to correct N
2
accretion to zero
accretion to zero3
CP level4
13.2
13.4A
13.5A
B
14.7
13.3
13.4B
16.3
12.9C
13.0C
Pooled SEM
0.019
0.022
A
Glyequi
12
13.3
13.4A
5
BC
concentration
15
13.2
13.3BC
18
13.3AB
13.3AB
C
21
13.2
13.2C
Pooled SEM
0.022
0.025
A-C
Labeled means in a column without a common letter differ significantly within the main
effects CP level or Glyequi concentration, P ≤ 0.05. Interactions between the main effects were
not significant (P > 0.05).
1
CP, crude protein; Glyequi, glycine equivalents; MEN, nitrogen corrected metabolizable energy.
2
Dietary MEN concentrations calculated according to the estimation equation of the WPSA
(1984) with 36.5 kJ/g as the estimated energy concentration of urinary nitrogen (N) and the
factor to correct to zero N accretion according to Titus et al. (1959).
3
Dietary MEN concentrations calculated according to the estimation equation of the WPSA
(1984) with values between 30.2 and 33.5 kJ/g as the estimated energy concentrations of urinary
N and the factors to correct to zero N accretion assuming that urinary N only consisted of uric
acid N (UA-N) and ammonia N (NH3-N) in the study of Manuscript 1. The proportions of
measured UA-N and NH3-N excretion on total UA-N+NH3-N excretion were multiplied by
their respective energy concentrations and then summed up to estimate the energy concentration
of urinary N and to determine the individual factor to correct to zero N retention for each
observation. The energy concentrations used were 34.4 kJ/g for UA-N and 24.8 kJ/g for NH3-N
(Heldmaier et al., 2013).
4
Dietary CP concentrations were 13.2, 14.7, and 16.3%, respectively.
5
Dietary Glyequi concentrations were 12, 15, 18, and 21 g/kg, respectively.

4.6 Suggestions for future investigations
Growth-limiting nonessential amino acids in diets with low crude protein concentrations
The results of the study of Manuscript 2 showed that supplementing specific nonessential AA
to a very low CP diet partly increased growth but not to the level of a diet sufficiently supplied
with nonessential AA. It could not be derived from those results whether specific nonessential
AA, nonspecific nonessential AA-N, or both are required to overcome the growth-decreasing
effect of very low CP diets. A follow-up study could investigate the effects of specific
nonessential AA and nonspecific nonessential AA-N supplemented to diets with reduced
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nonessential AA concentrations on growth of broiler chickens. Two diets with similar essential
and nonessential AA concentrations as the diets CP17.8 and CP15.6 should be used as positive
and negative control, respectively. In order to investigate the effects of specific nonessential
AA on growth, another diet similar to CP15.6 should be supplemented with Glu (the
nonessential AA that caused the highest growth response in the study of Manuscript 2 without
affecting NUE). Other diets should be prepared by supplementing CP15.6+Glu with Ala, Pro,
Asp or Asn to determine the growth response of more than two specific nonessential AA.
Further, all specific nonessential AA (Ala, Pro, Asp, Asn, Glu, or Gln) should be supplemented
singly to CP15.6 in higher concentrations than at CP17.8 so that the CP concentration of CP17.8
is reached. With such an approach, it could be investigated whether nonspecific nonessential
AA-N can overcome the growth-reducing effect of CP reduction. If broiler chickens can use
nonspecific nonessential AA-N for growth, using all nonessential AA might indicate whether
all nonessential AA can be used as source of nonspecific nonessential AA-N or whether specific
nonessential AA are required. The response traits that should be investigated in such an
experiment should be at least ADG, ADFI, G:F, and excretion of UA, NH3, and N.
Concentrations of AA and related metabolites in blood should be determined to gain deeper
insight into AA metabolism.
Effects of supplemented non-protein nitrogen source in diets with insufficient nonessential
amino acid concentrations
It has been shown that NPN can be used in diets deficient in nonessential AA to increase growth
of broiler chickens, but it is not known to what extent NPN can increase growth when
nonessential AA other than Glyequi are growth-limiting. As discussed in Chapter 4.2.3, the
reduced growth upon NH4Cl supplementation most likely was not an effect of NPN per se but
of the supplemented chloride. Therefore, other NPN sources such as di- or triammonium citrate,
di-or triammonium phosphate, or urea should be supplemented to a diet not sufficiently supplied
with nonessential AA in order to investigate the effects of NPN sources other than NH4Cl. It
could be derived from the results of such an approach whether supplementation of NPN instead
of specific nonessential AA can overcome the growth-reducing effect of low CP diets that are
sufficiently supplied with Glyequi. It should be taken in mind that a diet supplemented with
triammonium citrate could not be pelleted in the study described in Manuscript 2. Therefore,
ways must be found that enable pelleting diets containing triammonium citrate or unpelleted
diets need to be used.
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Effects of varying dietary crude protein and Glyequi concentrations in older broiler chickens
The concentrations of dietary CP and AA, including Glyequi, required in feed of broiler chickens
decreases with age. Therefore, a similar approach to the study of Manuscript 1 could be used to
determine the lowest level to which dietary CP can be reduced in broiler chickens older than 21
days and to determine the required Glyequi concentrations in older broiler chickens.
Effects of nitrogen excretion on Glyequi requirement
It has been suggested from the results of the studies described in Manuscript 1 and Manuscript
3 that varying N and UA excretion caused by different concentrations of dietary CP and AA
are considerable factors influencing the Glyequi requirement of broiler chickens. This suggestion
should be quantified by feeding diets with different dietary Glyequi and CP concentrations and
with adequate concentrations of essential and nonessential AA. With such an approach, it could
be determined whether responses of broiler chickens to dietary Glyequi are different when N and
UA excretion varies and growth is not affected.
Fat accretion and energy metabolism
It has been shown that lowering dietary CP concentrations increases the fat content of broiler
chickens (Aletor et al., 2000, 2002). Further, increasing dietary Glyequi supply was shown to
increase apparent fat digestibility and apparent metabolizable energy concentration in diets for
broiler chickens (Ospina-Rojas et al., 2013b). An increase in fat content reduces consumer
acceptance (Fouad and El-Senousey, 2014) and, therefore, should be avoided. If the MEN
concentration of diets is increased by dietary CP reduction and dietary Glyequi supplementation,
MEN concentrations of diets should be reduced to avoid increasing fat deposition. Causal
relationships between CP reduction, Glyequi supplementation and dietary energy concentration
on fat accretion should be quantified. The effects of varying dietary Glyequi and CP
concentrations as well as different dietary MEN concentrations on growth performance, fat
digestibility, and abdominal fat deposition could be investigated in a three-factorial
arrangement of treatments.

4.7 Perspectives to enable further dietary crude protein reduction
The highest level of NUE that can be achieved by broiler chickens without decreasing growth
defines the lowest level to which dietary CP can be reduced. The upper limit of NUE of broiler
chickens is reached when nitrogenous nutrients are supplied exactly in the amount that is
required by the animal along with high digestibility of nitrogenous compounds. Nitrogen
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excretion cannot decrease to zero in consequence of inevitable metabolic N losses and
incomplete digestion of nitrogenous compounds (see chapter 4.2.5). Therefore, the highest level
of NUE that can be achieved by broiler chickens must be lower than 100%.
In the studies presented in this thesis, the NUE ranged between 70 and 80% from days 18 to 21
accompanied by high growth performance from days 7 to 21. Assuming, that broiler chickens
have the potential to achieve NUE levels higher than 80%, identification of growth-limiting
factor(s) other than Glyequi would enable a further reduction of dietary CP concentration. The
NUE cannot be higher than the digestibility of dietary CP that was found to range between 78
and 84% in broiler chickens on day 21 (Selle et al., 2009; Siegert et al., 2019; Hilliar et al.,
2020). Reduction of dietary CP is accompanied by an increase in the inclusion of free AA
leading to an increase in prececal CP digestibility (Chrystal et al., 2020a,b). Therefore,
increasing dietary CP digestibility by using highly digestible feed ingredients and identifying
the growth-limiting nutrient(s) in diets with reduced CP concentration can increase the NUE to
values higher than 80%. This would enable a further reduction of dietary CP concentration.
To a personal estimate, the NUE of broiler chickens from days 18 to 21 can be increased to a
maximum of 85% in low CP diets when the growth-limiting nutrient(s) are adequately supplied
and digestibility of dietary CP increases to a value higher than 85%. However, this is just a
personal estimate and the highest NUE value that can be achieved with low CP diets must be
investigated in future experiments. According to a model calculation in Figure 5, a NUE value
of 85% from days 18 to 21 can be achieved with dietary CP of 14.2 to 15.0% when no nutrient
is growth-limiting and CP concentration of weight gain varies between 17 (Fatufe and
Rodehutscord, 2005) and 17.9% (Gesellschaft für Ernährungsphysiologie, 1999). Hence, the
lowest level to which dietary CP can be reduced would be between approximately 14 and 15%
in diets for broiler chickens up to three weeks of age, assuming that the NUE value cannot
increase to a level higher than 85% from days 18 to 21.
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Figure 5. Model calculation for the increase in nitrogen-utilization efficiency (NUE) in 18 to
21-old broiler chickens when the concentration of dietary crude protein (CP) is reduced and no
nutrient is growth-limiting. This model calculation assumes 76.7 g daily weight gain and 108 g
daily feed intake (performance objectives of a breeding company for 18 to 21-day old broiler
chickens (Aviagen, 2019a)). The grey area indicates the range of NUE considering variation in
CP concentration in weight gain of 17 (Fatufe and Rodehutscord, 2005) and 17.9%
(Gesellschaft für Ernährungsphysiologie, 1999). The course of NUE is increased up to a
theoretical value of 100% because the upper limit of NUE is not known.

4.8 Recommendations for Glyequi concentrations in feed
Dietary Glyequi can become growth-limiting when feeding diets with reduced CP concentration
to broiler chickens and, therefore, has to be considered when formulating low CP diets.
However, the effect of dietary Glyequi concentrations on growth of broiler chickens is not
constant as shown in the present studies and as reviewed by Siegert and Rodehutscord (2019).
Siegert and Rodehutscord (2019) showed in a model calculation that dietary Glyequi
concentrations needed for UA formation decreases with increasing NUE. An extension of this
model calculation in Figure 6 shows the decrease in total dietary Glyequi concentrations needed
for maximum growth from days 18 to 21 when NUE increases upon dietary CP reduction. This
model calculations assumes that 15 g Glyequi/kg are required at dietary CP of 16.3% when ADG
is 76.7 g, ADFI is 108 g (performance objectives of a breeding company for 18 to 21-day old
broiler chickens (Aviagen, 2019a)), CP concentration in weight gain is 17.9% (Gesellschaft für
Ernährungsphysiologie, 1999), and UA-N in total urinary N is 85%. From this value, the
required Glyequi concentration of approximately 12.1 g Glyequi/kg at dietary CP of 16.3% and
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55% UA-N in total urinary N was calculated, assuming that urinary N in total N excretion
accounted for 70% (Krogdahl and Dalsgard, 1981). Higher or lower Glyequi concentrations
required for UA excretion at 55 and 85% UA-N in total urinary N and dietary CP levels higher
or lower than 16.3% were calculated assuming that more or less N at varying levels of dietary
CP and NUE was excreted only via the urine. The model calculation indicates that dietary
Glyequi required for maximum growth decreases from ~ 24 to 18 g Glyequi/kg to ~ 13 to 11 g
Glyequi/kg when the NUE increases from 60 to 85%. As shown in Figure 5, such NUE can
theoretically be achieved when dietary CP is decreased from 21 to 15%. These values are
derived from a model calculation and the exact Glyequi concentrations required in diets for
broiler chickens remains unknown. However, it shows that the dietary Glyequi concentration

Dietary Glyequi (g/kg)

required for maximum growth decreases markedly with increasing NUE.
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Figure 6. Estimation of total dietary glycine equivalents (Glyequi) concentrations needed for
maximum growth from days 18 to 21 depending on varying levels of nitrogen-utilization
efficiency (NUE) and dietary crude protein (CP) concentrations. This model calculation
assumes that 15 and 12.1 g Glyequi/kg are required at 85 and 55%, respectively, uric acid
nitrogen (UA-N) in total urinary nitrogen (N), and dietary CP of 16.3% when weight gain, feed
intake, and CP concentration in weight gain are constant. This model calculation assumes that
no Glyequi is synthesized endogenously, and that amounts of glutamine and aspartic acid for UA
synthesis are sufficient. The grey area shows the different dietary Glyequi concentrations
required for maximum growth assuming a range of 85 and 55% UA-N in total urinary N
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(Goldstein and Skadhauge, 2000). The CP concentrations shown in brackets are derived from
the model calculation in Figure 5.
Recommendations for nutrient concentrations are usually formulated in tables. This makes the
consideration of influencing factors on the response of broiler chickens to dietary Glyequi
impractical. Hence, it was proposed to expand the tabular recommendations system with
flexible compounds, thereby adjusting the Glyequi requirement depending on, for example, the
dietary Cys concentration or the concentration of endogenous Gly precursors (Siegert, 2016).
According to the decreased Glyequi requirement upon increased NUE and decreased UA
excretion, further variables that should be considered in extended tabular recommendations are
the NUE and the amounts of N and UA excretion. However, the N and UA excretion depending
on nutrient composition of diets is hard to model because of the many metabolic processes
involved (Siegert and Rodehutscord, 2019). Hence, safety margins must be considered when
adjusting Glyequi requirements with regard to UA synthesis and level of NUE.
It has been shown that dietary Glyequi becomes growth-limiting when reducing CP
concentrations in diets for broiler chickens. The results of this thesis indicate that dietary Glyequi
concentrations may not need to be considered when dietary CP is reduced to its minimum
concentration. Reducing dietary CP typically is accompanied by a decrease of dietary Glyequi
concentrations because of low variation in the proportions of Glyequi in CP between vegetable
feedstuffs (Siegert and Rodehutscord, 2019). The Glyequi concentrations of diets with decreased
CP concentrations can be increased by dietary inclusion of meat and bone meals that contain
higher proportions of Glyequi in CP compared to vegetable feedstuffs or by supplementation of
free Gly. However, animal byproducts are not allowed to be used as feed ingredients for farm
animals in the EU (Siegert, 2016). Further, free Gly is approved by the EU only as a flavoring
compound and not more than 25 mg/kg of free Gly are allowed to be supplemented to diets
(European Commission, 2020). Minimizing the proportions of metabolic processes that
dissipate Glyequi, such as the formation of Cys from Met or the amount of UA excretion, and
maximizing endogenous synthesis of Glyequi by supplementing endogenous Gly precursors
would decrease the required Glyequi concentrations in diets to its minimum. This would decrease
the amount of free Gly in diets that is needed to meet the Glyequi requirement of the birds as
described in a model calculation in Table 5. More research is needed to investigate whether
diets with CP concentrations reduced below a certain threshold can be fed without consideration
of dietary Glyequi concentrations.
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Table 5. Model calculation for the effect of varying Glyequi requirements at different CP and
NUE levels, and varying proportions of UA-N in total urinary N on required concentrations of
free Gly.1
55% UA-N in total
urinary N2
15
16
85
80
10.5
11.7

85% UA-N in total
urinary N2
17
18
75
71
16.3
18.1

CP in feed (%)3
NUE (%)4
Glyequi in feed (g/kg)5
Feed ingredients (g/kg)
Free Glycine
1.3
1.4
5.2
5.8
Sum of free essential AA6
30.3
23.1
18.1
12.7
Corn7
709
698
658
616
7
Soybean meal
150
183
214
255
1
AA; amino acid, CP, crude protein; Glyequi, glycine equivalents; N, nitrogen; NUE, nitrogenutilization efficiency; UA-N, uric acid nitrogen.
2
Assuming variations in the amount of UA-N in total urinary N between 55 and 85% (Goldstein
and Skadhauge, 2000).
3
It was assumed that lower CP levels have a lower proportion of UA-N in total urinary N
because the proportion of UA-N in total urinary N decreases with increasing NUE (Goldstein
and Skadhauge, 2000).
4
NUE to corresponding CP level obtained by a model calculation shown in Figure 5, assuming
17.9% CP in weight gain (Gesellschaft für Ernährungsphysiologie, 1999).
5
Obtained by a model calculation shown in Figure 6 to meet the Glyequi requirement at different
CP and NUE levels depending on varying proportions of UA-N in total urinary N.
6
Concentrations of essential AA calculated to meet the arithmetic mean of the recommendations
for essential AA from days 7 to 21 of the Gesellschaft für Ernährungsphysiologie (1999).
7
Concentrations of Glyequi in corn and soybean meal are taken from Evonik (2016).

4.9 Relevance of the outcomes
4.9.1 Reduction of dietary crude protein concentrations to comply with the fertilizer
ordinance
The results of the present thesis indicate that feeding diets with very low CP concentrations
markedly decrease the amount of excreted N. For practical applications, reduction of N
excretion originating from the animals is of great interest to cope with legislative constraints.
Herein, the effect of dietary CP reduction on N excretion was described from days 18 to 21.
The following section shows how the reduction of CP concentrations in diets for broiler
chickens can affect the amount of excreted N in a whole life cycle of a broiler chicken.
The German fertilizer ordinance states that fields are not allowed to be fertilized with more than
170 kg N/ha originating from organic fertilizer (German Federal Ministry of Food and
Agriculture, 2017). When this value is exceeded the number of animals on a farm has to be
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reduced, more land is needed for spreading organic fertilizer, or the amount of N excreted by
animals has to be decreased. A model calculation was carried out to estimate the annual N
excretion that arises on a farm, assuming three feeding phases and dietary CP concentrations
according to actual recommendations or dietary CP concentrations with 3 and 6 percentage
points lower than the recommended values (Table 6). Assuming a life cycle up to 35 days of
age, this model calculation shows that diets with 3 and 6 percentage points lower dietary CP
concentrations compared to diets with higher dietary CP concentrations reduces annual N
excretion per stable place by 38 and 75%, respectively. This leads to an increase in the number
of possible stable places/ha and reduces the amount of land required for a distinct number of
animals to fertilize it with animal manure. Further, decreased amounts of excreted N would
decrease NH3 emissions from animal excreta. This indicates that feeding very low CP diets is
a very effective tool to decrease N excretion to comply with the German fertilizer ordinance
and to reduce the negative impacts of broiler production on the environment. These values are
derived from model calculations and show the potential effect of dietary CP reduction on N
excretion. However, the lowest level to which dietary CP can be reduced in a distinct growth
period is not known yet. Hence, it is rewarding to conduct additional experiments to investigate
the possibilities of further dietary CP reduction in different life spans to exploit the
advantageous effects of dietary CP reduction.

Dietary CP levels 3 percentage points
lower than recommended levels
Starter3
Grower3
Finisher3
20
18.5
16.5
32.0
29.6
26.4
278
904
1010
292
1237
1749
9.3
36.6
46.2
7.2
26.8
32.1
2.1
9.8
14.0
77.2
73.1
69.6

Dietary CP levels 6 percentage points
lower than recommended levels
Starter3
Grower3
Finisher3
17
15.5
13.5
27.2
24.8
21.6
278
904
1010
292
1237
1749
7.9
30.7
37.8
7.2
26.8
32.1
0.7
3.9
5.6
90.8
87.3
85.1

Dietary CP (%)
Dietary N (g/kg)
Weight gain (g/bird)4
Feed intake (g/bird)4
N intake (g/bird)5
N accretion (g/bird)6
N excretion (g/bird)7
NUE (%)8
Annual N excretion
292
182
72
(g/stable place)9
Stable places/ha10
582
934
2364
Required land for
86
54
21
spreading fertilizer (ha)11
1
CP, crude protein; N, nitrogen; NUE, nitrogen-utilization efficiency.
2
According to the recommendations of a breeding company (Aviagen, 2019b).
3
Growth periods were days 0 to 10 (starter), 11 to 24 (grower), and 25 to 35 (finisher) according to Aviagen (2019b).
4
According to the performance objectives of a breeding company in the distinct growth period (Aviagen, 2019a).
5
Calculated by multiplying dietary N concentration with feed intake.
6
Calculated by multiplying weight gain with an assumed CP concentration in weight gain of 15.6% (days 0 to 7), 17.1% (days 8 to 14), 18.7%
(days 15 to 21), 19.3% (days 22 to 28), and 20.2% (days 29 to 35) according to the Gesellschaft für Ernährungsphysiologie (1999).
7
Difference between N intake and N accretion.
8
Nitrogen-utilization efficiency calculated as follows: N accretion/N intake × 100.
9
Calculated by multiplying the sum of N excretion of the distinct growth periods with assumed 7 cycles per year (Deutsche
Landwirtschaftsgesellschaft, 2017).
10
Calculated by dividing an assumed upper limit of 170 kg N/ha with annual N excretion. The value of 170 kg N/ha originates from the German
fertilizer ordinance (German Federal Ministry of Food and Agriculture, 2017).
11
Calculated by multiplying annual N excretion with an assumed animal number of 50,000 broiler chickens and then divided by the upper limit of
170 kg N/ha.

Recommended dietary CP
levels2
3
Starter Grower3 Finisher3
23
21.5
19.5
36.8
34.4
31.2
278
904
1010
292
1237
1749
10.7
42.6
54.6
7.2
26.8
32.1
3.5
15.8
22.4
67.1
62.9
58.9

resulting effect on possible stable places per ha and required land for a particular number of animals to comply with the German fertilizer ordinance.1

Table 6. Model calculation for the effect of varying dietary CP concentrations on N excretion of broiler chickens up to 35 days of age, and the
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4.9.2

GENERAL DISCUSSION
Extension of feeding time to overcome the reduced growth caused by diets with
low crude protein concentration

It is mostly the aim to achieve similar growth responses of broiler chickens when feeding diets
with different CP concentrations. Supplementation of Asp+Asn, Glu, and Glu+Gln to CP15.6
increased growth in the study described in Manuscript 2 but not to the level that was achieved
at CP17.8. Body weight averaged 950 and 984 g/bird on day 21 when feeding CP15.6+Glu and
CP17.8, respectively. This shows that the differences in body weight were low between these
two treatments. A model calculation was carried out to describe how much longer broiler
chickens of CP15.6+Glu must been fed to achieve similar body weights compared to the
animals fed with CP17.8. Diet CP15.6+Glu was chosen for this model calculation because
supplementation of Glu to CP15.6 increased growth without decreasing NUE. Figure 7 shows
the course of body weight for CP17.8 and CP15.6+Glu. Body weight for CP15.6+Glu followed
the function
Body weight (g/bird) = 0.07 × (day)3 - 0.74 × (day)2 + 32.4 × (day) - 57.9

(3)

and was used to calculate on which day broiler chickens of CP15.6+Glu would have achieved
the body weight of 984 g that was obtained at CP17.8. The calculation showed that broiler
chickens at CP15.6+Glu could have achieved the same body weight as the birds fed with
CP17.8 when feeding them approximately 0.4 days longer (equivalent to 9.6 hours). It seems
reasonable to extrapolate the abovementioned function because the range of extrapolation was
low. According to the model calculation in Table 7, exceeding the feeding time would have
increased feed and N intake as well as N excretion compared to values that were determined
for CP15.6+Glu from days 18 to 21. However, N excretion would still have been lower and
NUE would still have been higher compared to CP17.8. This model calculation indicates that
slightly exceeding the feeding time of broiler chickens fed a low CP diet supplemented with
Glu results in equal body weight and much higher NUE compared to a diet with higher CP
concentration. However, G:F at CP15.6+Glu – independent of feeding time – is lower than at
CP17.8 and indicates that more feed is needed per weight gain. It must be analyzed from an
economic perspective whether it is worthy to exceed the feeding time of a reduced CP diet,
thereby achieving a much higher NUE but dissipating more feed per weight gain than a diet
with higher dietary CP concentration. Thus, exceeding the feeding time of broiler chickens
could overcome the growth-reducing effect of a diet with low CP concentration, enabling
dietary CP reduction without knowing the next limiting nonessential AA after Glyequi.

Body weight (g/bird)
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Solid line: Body weight (g/bird) = 0.07 (day) 3 - 0.45 (day) 2
+ 29.6  (day) - 51.3
Dashed line: Body weight (g/bird) = 0.07  (day) 3 - 0.74  (day) 2
1050 a + 32.4  (day) - 57.9
900
750
600
450
300
150

Cumulative feed intake (g/bird)
beginning with day 14

7

1100

14

21

Solid line: Feed intake (g/bird) = 3.99  (day) 2
- 39.9  (day) + 139
Dashed line: Feed intake (g/bird) = 4.24  (day) 2
b - 51.2  (day) + 244

900
700
500
300
7

14

21

Day

Figure 7. Course of body weights from days 7 to 21 with measured values obtained at days 7,
14, 18, and 21 (panel a) and cumulative feed intake on days 14, 18, and 21 with measured
cumulative feed intake from days 7 to 14, 7 to 18, and 7 to 21 (panel b) at CP17.8 (solid lines)
and CP15.6+Glu (dashed lines) based on data obtained from the study described in
Manuscript 2.
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Table 7. Characteristics of N balance for CP17.8 and CP15.6+Glu measured in the study of
Manuscript 2 from days 18 to 21, and a model calculation of characteristics of N balance of
CP15.6+Glu when exceeding the feeding time until day 21.4.1
Measured values
Calculated values
CP15.6
CP15.6
CP17.82
3
+Glu
+Glu4
Fed until day
21
21
21.45
Feed intake days 18 to end of feeding (g/bird)
347
342
3886
Body weight day 18 (g/bird)
721
697
697
Body weight end of feeding (g/bird)
984
950
9847
Weight gain days 18 to end of feeding (g/bird)
263
252
287
Gain:feed ratio (g/g)
0.76
0.74
0.74
N intake days 18 to end of feeding (g/bird)
9.87
8.83
10.08
N accretion days 18 to end of feeding (g/bird)
7.20
6.92
7.859
N excretion days 18 to end of feeding (g/bird)
2.67
1.91
2.1510
NUE (%)
73.0
78.4
78.511
1
CP, crude protein; Glu, glutamic acid; N, nitrogen; NUE, nitrogen-utilization efficiency.
2
Measured values of treatment CP17.8 described in Manuscript 2.
3
Measured values of treatment CP15.6+Glu described in Manuscript 2.
4
Values obtained from a model calculation.
5
Calculated according to the following equation shown in Figure 7a to achieve a body weight
of 984 g/bird at CP15.6+Glu that was obtained at CP17.8: Body weight (g/bird) = 0.07 × (day)3
- 0.74 × (day)2 + 32.4 × (day) - 57.9.
6
Calculated feed intake at CP15.6+Glu on day 21.4 according to the following equation shown
in Figure 7b: Feed intake (g/bird) = 4.24 × (day)2 – 51.2 × (day) +244.
7
Calculated body weight at CP15.6+Glu on day 21.4 according to the following equation shown
in Figure 7a: Body weight (g/bird) = 0.07 × (day)3 - 0.74 × (day)2 + 32.4 × (day) - 57.9.
8
Calculated by multiplying measured dietary N concentration of CP15.6+Glu (25.8 g/kg) with
feed intake.
9
Assuming N accretion of 27.4 g/kg weight gain (measured for CP17.8 and CP15.6+Glu in the
study of Manuscript 2).
10
Difference between N intake and N accretion.
11
Calculated as follows: N accretion/N intake × 100.

4.10 Conclusions
It can be concluded that the lowest level to which CP in diets for broiler chickens up to three
weeks of age can be reduced is between 14.7 and 16.3% when Glyequi is sufficiently supplied.
Most likely, nonessential AA other than Glyequi limited growth when dietary CP was reduced
below 16.3%. Individual supplementation of Asp+Asn, Glu, and Glu+Gln to a diet with very
low CP concentration slightly increased growth but not to the level achieved by a diet with
sufficient nonessential AA concentrations. Further studies are required to investigate whether
the reduced growth caused by a diet with insufficient nonessential AA supply can be overcome
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by supplementation of specific nonessential AA, nonspecific nonessential AA-N, or both. In
addition, dietary CP concentrations and the related levels of NUE, and amounts of excreted N
and UA were found to influence the response of broiler chickens to dietary Glyequi. This makes
it possible that dietary Glyequi may not need to be considered when dietary CP is reduced to its
minimum concentration. These results can contribute to enable further dietary CP reduction,
thereby reducing the negative effects of N excretion on the environment.
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Abstract
Background: The minimum to which dietary crude protein (CP) level for broiler chickens can
be reduced without decreasing growth and the glycine equivalent (Glyequi) concentration
required are not known. The plasma metabolome might reflect dietary influences on
physiological processes.
Objective: The aim of this study was to investigate the effect of 3 low CP levels with 4 Glyequi
concentrations on growth and characteristics of nitrogen excretion, and to identify plasma
metabolome variations.
Methods: Male Ross308 broiler chickens were provided 1 of 12 dietary treatments in 84
metabolism cages (10/cage) from days 7 to 21. Three diets with 163 (CP163), 147 (CP147),
and 132 (CP132) g CP/kg were formulated, each containing 12, 15, 18, and 21 g Glyequi/kg.
Essential amino acid concentrations were the same in all diets. Animals and feed were weighed
on days 7 and 21 to determine average daily gain (ADG) and gain:feed ratio (G:F). Excreta
were collected from days 18 to 21 to analyze nitrogenous components, and blood was obtained
on day 21 to conduct a metabolome analysis.
Results: Two-factor ANOVA showed significant interaction effects for ADG, G:F, and
nitrogen efficiency (P < 0.001). Reduction of CP decreased ADG and G:F, and increased
nitrogen efficiency. Glyequi supplementation increased ADG (by 7.9 g/d) and G:F (by 0.07 g/g)
at CP132. The ADG (by 2.4 g/d) at CP147 and G:F (by 0.02 g/g) at CP147 and CP163 increased
up to 15 g Glyequi/kg. Multivariate statistical analysis showed an influence of Glyequi on plasma
acylcarnitine and lysophosphatidylcholine concentrations, and a decrease of plasma
phosphatidylcholine and sphingomyelin concentrations with reduced CP.
Conclusions: These results suggest that a nutrient other than Glyequi limited growth when CP
was reduced from CP163 to CP147, and that the response of broiler chickens to Glyequi is
dependent on the dietary CP level. Plasma metabolites indicate dietary influences on the
physiological state of the animals.
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6 Summary
The world population will continue to rise in the next years which will lead to increased demand
for food including meat. Growth rate of poultry meat production was highest in the last decades
compared to meat originating from other animal species which caused the number of poultry
stocks to increase. The raising number of animals is accompanied by an increased demand for
protein-rich feedstuffs. Concurrently, arable land for feed production is limited which can result
in decreased availability and increased costs of protein-rich feedstuffs. Further, the increasing
number of animals increases the amount of excreted nitrogen (N) that can have negative effects
on the environment. Decreasing dietary crude protein (CP) concentrations can decrease N
excretion and reduce the amount of protein-rich feedstuffs required in animal feed. However,
reduction of dietary CP concentrations for broiler chickens may be accompanied by reduced
growth.
This thesis focused on the effects of dietary CP reduction on growth of broiler chickens and
influencing factors that need to be considered in low CP diets. The lowest level to which dietary
CP can be reduced without decreasing growth was investigated. Moreover, factors influencing
the effect of glycine equivalents (Glyequi) in diets for broiler chickens as well as the effect of
nonessential amino acids (AA) other than Glyequi were investigated.
The first study was carried out to investigate to what extent CP concentrations in diets for broiler
chickens up to three weeks of age can be reduced when dietary Glyequi and essential AA
concentrations are adequately supplied. Further, it was the aim of the first study to determine
the response of broiler chickens to dietary Glyequi concentrations at varying CP levels. Ten male
broiler chickens each housed in 1 of 84 metabolism units were provided 1 of 12 diets from days
7 to 21. Diets with three CP levels of 16.3% (CP16.3), 14.7% (CP14.7), and 13.2% (CP13.2)
each containing four Glyequi concentrations of 12, 15, 18, and 21 g/kg and adequate essential
AA concentrations were used. Quantitative excreta collection was carried out from days 18 to
21 in 12-h intervals. The reduction of dietary CP concentrations decreased average daily gain
(ADG) and gain:feed ratio (G:F) from days 7 to 21 and increased the nitrogen-utilization
efficiency (NUE). Supplementation of Glyequi increased ADG and G:F at CP13.2. The ADG at
CP14.7 and G:F at CP14.7 and CP16.3 increased up to 15 g Glyequi/kg. The uric acid (UA)
excretion increased upon Glyequi supplementation at all CP levels. These results indicated that
the minimum to which dietary CP concentrations can be reduced in broiler chickens up to three
weeks of age is between 16.3 and 14.7% when dietary Glyequi and essential AA are adequately
supplied. It was suggested that at least one nonessential AA other than Glyequi limited growth
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at CP14.7. Further, these findings showed that the growth-response of broiler chickens to
dietary Glyequi is influenced by dietary CP concentrations. This was likely caused by different
proportions of dietary Glyequi needed for UA excretion at different CP levels.
Based on the outcomes of the first study, the second study was conducted to determine whether
supplementation of single nonessential AA can diminish or overcome the growth-decreasing
effect of a diet with reduced dietary CP and nonessential AA concentrations. Further, this study
investigated the effect of non-protein nitrogen supplementation in a diet with insufficient
nonessential AA concentrations. Nine male broiler chickens received 1 of 9 diets in each of 81
metabolism units. Two diets with different nonessential AA concentrations, except Glyequi, and
adequate essential AA concentrations were mixed resulting in CP levels of 17.8% (CP17.8),
and 15.6% (CP15.6). The dietary Glyequi concentration was set to 15 g/kg in each diet. Other
diets were mixed by supplementing either L-Alanine, L-Proline, L-Aspartic acid, a mix of LAspartic acid and L-Asparagine·H2O, L-Glutamic acid, or a mix of L-Glutamic acid and LGlutamine to CP15.6 to achieve the respective nonessential AA concentration of CP17.8.
Ammonium chloride (NH4Cl) was added to CP15.6 to achieve the CP concentration of CP17.8.
Quantitative excreta collection was carried out from days 18 to 21 in 12-h intervals. Highest
ADG and G:F from days 7 to 21 were found at CP17.8 and decreased with nonessential AA
reduction at CP15.6. Supplementation of aspartic acid and asparagine (Asp+Asn), glutamic
acid (Glu), and glutamic acid and glutamine (Glu+Gln) increased ADG and G:F to a similar
extent, but not to the level of CP17.8. The NUE was highest at CP15.6, and CP15.6
supplemented with alanine, proline, and Glu. Lower NUE was observed at CP17.8 than at
CP15.6 without and with nonessential AA supplementation. Overall lowest ADG, G:F, and
NUE were found upon NH4Cl supplementation. These findings showed that individual
supplementation of Asp+Asn, Glu, and Glu+Gln could partly overcome the growth-reducing
effect of very low CP diets. It could not be determined whether one or more further specific
nonessential AA, nonspecific nonessential AA-N, or both were growth-limiting.
Supplementation of Glu was more efficient than Glu+Gln and Asp+Asn to increase NUE.
Ammonium chloride was found unsuitable to increase growth.
The aim of the third study was to investigate interactive effects among dietary Glyequi, cysteine
(Cys), and choline (Cho) on the growth of broiler chickens. Ten male broiler chickens each
were housed in 105 metabolism units from days 7 to 22. Excretion of N was determined from
days 18 to 21. Blood was obtained from one animal per metabolism unit on day 22 and analyzed
for AA and biogenic amines. Five levels each of dietary Glyequi, Cys, and Cho were tested in
15 dietary treatments. Another diet was provided to 15 birds each in another 5 metabolism units
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to measure prececal AA digestibility. The G:F increased with digestible Glyequi intake from
days 7 to 21. Differences between low- and high-digestible Cys intake were low. Hardly any
effect of Cho intake on G:F was found compared to digestible Glyequi and digestible Cys intake.
The NUE was very high with low variation among treatments. Plasma metabolites varied
among treatments and indicated that the metabolism of Glyequi, Cys, and Cho was influenced.
These results showed that the interactive effects among dietary Glyequi, Cys, and Cho on growth
were slightly pronounced. This was likely an effect of high NUE and its low variation that
caused the Glyequi requirement to be low.
In conclusion, the lowest level to which dietary CP for broiler chickens up to three weeks of
age can be reduced is between 14.7 and 16.3%. The growth-decreasing effect of a diet with
reduced nonessential AA concentrations can be slightly overcome upon supplementation of
Asp+Asn, Glu, and Glu+Gln. Further studies are required to investigate whether reduced
growth caused by a diet with low CP concentration can be overcome by supplementing specific
nonessential AA or nonspecific nonessential AA-N. Moreover, dietary CP concentrations and
the related amounts of excreted N and UA influenced the response of broiler chickens to dietary
Glyequi. This suggests that dietary Glyequi may not need to be considered when dietary CP is
reduced to its minimum concentration. The findings of this thesis can contribute to enable
further dietary CP reduction, thereby diminishing the negative effects of N excretion arising
from broiler production.
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7 Zusammenfassung
Der Bedarf an Nahrungsmitteln – einschließlich Fleisch – wird in den kommenden Jahren
aufgrund der steigenden Weltbevölkerung weiter ansteigen. Die Geflügelfleischproduktion
erreichte im Vergleich zur Fleischproduktion von anderen Tierarten in den vergangenen Jahren
die höchste Wachstumsrate, was zu einer gesteigerten Zahl an Geflügelbeständen führte. Die
gesteigerten Tierzahlen führen zu einer erhöhten Nachfrage an proteinreichen Futtermitteln.
Gleichzeitig sind Ackerflächen für die Futtermittelproduktion begrenzt, was sich auf die
Verfügbarkeit und die Kosten von proteinreichen Futtermitteln auswirken kann. Darüber hinaus
gehen erhöhte Tierzahlen mit einer zunehmenden Menge an ausgeschiedenem Stickstoff (N)
einher, was negative Auswirkungen auf die Umwelt haben kann. Die N-Ausscheidungen sowie
die Mengen an benötigten proteinreichen Futtermitteln können vermindert werden, indem die
Rohprotein-(XP)-Konzentration im Futter reduziert wird. Allerdings kann eine verringerte
XP-Konzentration im Futter dazu führen, dass das Wachstum von Masthühnern reduziert wird.
Der Fokus der vorliegenden Arbeit lag auf den Auswirkungen von XP-reduzierten Rationen auf
das Wachstum von Masthühnern und auf Einflussfaktoren, die in Rationen mit reduzierter
XP-Konzentration berücksichtigt werden müssen. Es wurde untersucht, bis zu welcher Stufe
XP in Rationen für Masthühnern abgesenkt werden kann, ohne das Wachstum zu beeinflussen.
Darüber hinaus wurden Faktoren untersucht, die die Wirkung von Glycin-Äquivalenten
(Glyequi) in Rationen für Masthühner beeinflussen. Zudem wurde die Wirkung von anderen
nichtessentiellen Aminosäuren (AS) in Rationen mit niedrigen XP-Konzentrationen untersucht.
In der ersten Studie wurde bestimmt, wie weit die XP-Konzentration in Rationen für
Masthühner in den ersten drei Lebenswochen abgesenkt werden kann, wenn die
Konzentrationen an Glyequi und essentiellen AS im Futter nicht limitierend sind. Außerdem
wurde der Effekt unterschiedlicher XP-Stufen auf die Auswirkung von Glyequi-Konzentrationen
auf das Wachstum von Masthühnern untersucht. Jeweils zehn männliche Masthühner wurden
in 84 Stoffwechseleinheiten gehalten und erhielten eine von zwölf Rationen von Tag 7 bis 21.
Rationen mit den drei XP-Stufen 16,3 (XP16,3), 14,7 (XP14,7) und 13,2 (XP13,2) % wurden
verwendet, die jeweils 12, 15, 18 und 21 g Glyequi/kg sowie ausreichende Konzentrationen an
essentiellen AS enthielten. Die Exkremente wurden von Tag 18 bis 21 im Intervall von 12 h
quantitativ gesammelt. Die Reduzierung der XP-Konzentrationen verringerte die täglichen
Zunahmen (TZ) und die Futtereffizienz (FE) und erhöhte die Stickstoffnutzungseffizienz
(NNE). Die Zulage von Glyequi steigerte die TZ und FE bei XP13,2. Die TZ bei XP14,7 und die
TZ und FE bei XP14,7 und XP16,3 wurden bis 15 g Glyequi/kg erhöht. Die
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Harnsäure-(HS)-Ausscheidungen wurden durch die Zulage von Glyequi bei allen XP-Stufen
erhöht. Diese Ergebnisse haben gezeigt, dass die geringste Konzentration, auf die XP in
Rationen für Masthühner in den ersten drei Lebenswochen abgesenkt werden kann, zwischen
16,3 und 14,7% liegt, wenn die Konzentrationen an Glyequi und essentiellen AS ausreichend
sind. Es wurde vermutet, dass mindestens eine weitere nichtessentielle AS außer Glyequi das
Wachstum bei XP14,7 limitiert hat. Außerdem haben die Ergebnisse gezeigt, dass
unterschiedliche XP-Konzentrationen im Futter die Wirkung von Glyequi auf das Wachstum der
Masthühner beeinflussen. Dies wurde wahrscheinlich dadurch hervorgerufen, dass
unterschiedliche Mengen an Glyequi im Futter für die Bildung von HS benötigt wurden.
Basierend auf den Ergebnissen der ersten Studie, war es das Ziel der zweiten Studie zu
untersuchen, ob die Zulage einzelner nichtessentieller AS den wachstumsmindernden Effekt
einer Ration mit reduzierter Konzentration an nichtessentiellen AS verringern oder überwinden
kann. Außerdem wurde der Einfluss von Nicht-Protein-Stickstoff in einer Ration mit
reduzierter nichtessentieller AS-Konzentration untersucht. Jeweils neun Masthühner erhielten
eine von neun Futtermischungen in 81 Stoffwechseleinheiten. Zwei Rationen mit
unterschiedlichen nichtessentiellen AS-Konzentrationen, außer Glyequi, und ausreichenden
essentielle AS-Konzentrationen wurden gemischt, was zu Rationen mit 17,8 (XP17,8) und 15,6
(XP15,6) % XP führte. Jede Ration enthielt 15 g Glyequi/kg. Andere Rationen wurden gemischt
indem

L-Alanin, L-Prolin, L-Asparaginsäure,

L-Asparagin·H2O, L-Glutaminsäure

eine Mischung aus

L-Asparaginsäure

und

oder eine Mischung aus L-Glutaminsäure und L-Glutamin

zu XP15,6 gegeben wurden, um die jeweilige nichtessentielle AS-Konzentration von XP17,8
zu

erreichen.

Ammoniumchlorid

(NH4Cl)

wurde

zu

XP15,6

gegeben,

um

die

XP-Konzentration von XP17,8 zu erreichen. Eine quantitative Sammlung der Exkremente
erfolgte von Tag 18 bis 21 im Intervall von 12 h. Die höchsten TZ und FE von Tag 7 bis 21
wurden

bei

XP17,8

festgestellt.

Diese

nahmen

mit

reduzierter

nichtessentieller

AS-Konzentration bei XP15,6 ab. Die Zugabe von Asparaginsäure+Asparagin (Asp+Asn),
Glutaminsäure (Glu) und Glutaminsäure+Glutamin (Glu+Gln) erhöhten die TZ und FE
gleichermaßen, jedoch nicht auf das Niveau, das bei XP17,8 erreicht wurde. Die NNE war bei
XP15,6 und bei XP15,6 mit Zugabe von Alanin, Prolin und Glu am höchsten. Eine geringere
NNE wurde bei XP17,8 im Vergleich zu XP15,6 und XP15,6 mit Zulage nichtessentieller AS
festgestellt. Die insgesamt geringsten TZ, FE und NNE wurden bei Zugabe von NH4Cl
festgestellt. Diese Ergebnisse haben gezeigt, dass die Zulage von Asp+Asn, Glu und Glu+Gln
den wachstumsreduzierenden Effekt einer Ration mit sehr niedriger XP-Konzentration zum
Teil aufheben kann. Anhand dieser Ergebnisse konnte nicht abgeleitet werden, ob eine oder
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mehrere spezifische nichtessentielle AS, unspezifischer nichtessentieller AS-N oder beides
limitierend gewesen sind. Die Zulage von Glu war effizienter als Glu+Gln und Asp+Asn, um
die NNE zu erhöhen. Ammoniumchlorid war ungeeignet, um das Wachstum zu steigern.
Das Ziel der dritten Studie war es die Wechselwirkungen zwischen Glyequi, Cystein (Cys) und
Cholin (Cho) auf das Wachstum von Masthühnern zu untersuchen. Jeweils zehn männliche
Masthühner wurden von Tag 7 bis 22 in 105 Stoffwechseleinheiten gehalten. Die
N-Ausscheidungen wurden von Tag 18 bis 21 im Intervall von 12 h bestimmt. Von je einem
Tier pro Stoffwechseleinheit wurde an Tag 22 Blut gewonnen und auf AS und biogene Amine
analysiert. Jeweils fünf Konzentrationen von Glyequi, Cys und Cho wurden in 15 Behandlungen
getestet. Eine andere Ration wurde in anderen fünf Stoffwechseleinheiten verfüttert, die jeweils
15 Tiere enthielten, um die prececale AS-Verdaulichkeit zu messen. Eine gesteigerte Aufnahme
von verdaulichem Glyequi erhöhte die FE von Tag 7 bis 21. Die Unterschiede der FE zwischen
niedriger und hoher verdaulicher Cys-Aufnahme waren gering. Die Cho-Aufnahme hatte im
Vergleich zur Wirkung von verdaulicher Glyequi- und Cys-Aufnahme kaum einen Effekt auf die
FE. Die NNE war sehr hoch und die Variation der NNE zwischen den Behandlungen war
gering. Die Stoffwechselprodukte im Plasma variierten zwischen den Behandlungen, was
darauf hinwies, dass der Stoffwechsel zwischen Glyequi, Cys und Cho beeinflusst war. Diese
Ergebnisse haben gezeigt, dass sich die Wechselwirkungen zwischen Glyequi, Cys und Cho
kaum auf das Wachstum ausgewirkt haben. Dies war wahrscheinlich ein Effekt der hohen NNE
und deren geringen Variation, was dazu führte, dass der Glyequi-Bedarf gering war.
Es kann gefolgert werden, dass die geringste Stufe, bis zu welcher XP in Rationen für
Masthühner in den ersten drei Lebenswochen abgesenkt werden kann, zwischen 14,7 und
16,3% liegt. Die wachstumsmindernde Wirkung einer Ration mit reduzierter nichtessentieller
AS-Konzentration kann durch Zulage von Asp+Asn, Glu und Glu+Gln zum Teil kompensiert
werden. Weitere Untersuchungen sind nötig, um zu untersuchen, ob das verringerte Wachstum
bei einer Ration mit sehr niedriger XP-Konzentration durch die Zulage von spezifischen
nichtessentiellen AS oder unspezifischen nichtessentiellen AS-N überwunden werden kann.
Außerdem beeinflusste die XP-Konzentration der Ration und die damit einhergehenden
ausgeschiedenen N- und HS-Mengen die Wirkung von Glyequi auf das Wachstum von
Masthühnern. Es ist deshalb möglich, dass Glyequi in Rationen für Masthühner nicht
berücksichtigt werden muss, wenn die XP-Konzentration auf das Minimum reduziert wird. Die
Ergebnisse dieser Arbeit können dazu beitragen die XP-Konzentration in Rationen für
Masthühner weiter zu reduzieren, um dadurch die negativen Auswirkungen der durch die
Masthähnchenproduktion hervorgerufenen N-Ausscheidungen zu vermindern.

ACKNOWLEDGEMENTS

131

ACKNOWLEDGEMENTS
To begin with, I would like to express my gratitude to my supervisor Prof. Dr. Markus
Rodehutscord for enabling me to work on this interesting research topic. Our first meeting
happened during my bachelor studies where you aroused my interest in animal nutrition with
your enthusiasm. You encouraged me to work independently and allowed me to bring in my
own ideas during all stages of this doctoral project. Further, I want to thank you for the
opportunity to gain experience in several areas outside of everyday scientific life and to develop
my personal skills during my activities for the Landesarbeitskreis Fütterung.
Second, I would like to thank Dr. Wolfgang Siegert for guiding me throughout this doctoral
project. From the very beginning of my master’s thesis we worked together, and you infected
me with your enthusiasm for scientific work that encouraged me to start this doctoral project.
You always had an ear for all kind of questions, taught me the principles of scientific writing,
and encouraged me to develop and represent my own point of view.
Further, I would like to express my gratitude to Dr. Victor D. Naranjo from Evonik Nutrition
& Care GmbH. In particular, I thank you for sharing your expertise and for your thoughtful
comments during the planning of the experiments and the preparation of the manuscripts.
Moreover, I would like to thank all other co-authors of the manuscripts for the excellent and
uncomplicated cooperation.
The animal experiment could not be done without enormous help from other people. I would
like to thank all my actual and former doctoral colleagues and post-docs from the Department
of Animal Nutrition for your support during the experiments. I know excreta collection is not
the most popular part of work that can be done during an experiment, but I could always count
on you and I am very grateful for that. I would also like to thank you for the “discussions”
during countless of coffee breaks, although I mostly did not know which trash movies you were
talking about.
A big thank you also goes to the laboratory staff, secretaries, and all other members of the
Department of Animal Nutrition for your great support during different steps of the doctoral
project. I always enjoyed going to work not least because of the pleasant working atmosphere.
I owe special thanks to Heiko Stegmann, Jan Abegg, Andreas Buck, Artur Freudigmann, and
Sandor Rozsas of Unterer Lindenhof for your persistent help during all steps of the animal
experiments.

132

ACKNOWLEDGEMENTS

Thanks to all my friends – whether I have known them since kindergarten or the beginning of
my studies. Thank you for all the different things we have experienced together during the
doctoral project such as the mutual visits, the awesome evenings, the “successful” fishing trips,
getting to know new cultures, and plenty of other things which I cannot mention here.
Thanks to family Kemper for your continuous interest in my work throughout the last years.
Of course, a very big thank you goes to my family, especially my parents and my brother. Thank
you for your strong support during all steps of my life. I know you put your trust blindly in my
decisions and I can always count on you.
Lastly, thank you Anissa. You were “mostly” patient with me and calmed me down when
problems seemed insurmountable. Thank you for your empathy and for instilling a positive
attitude in me. Whether you like it or not, you became an expert in the field of animal nutrition,
especially in the fascinating characteristics of chicken excreta.

CURRICULUM VITAE

133

CURRICULUM VITAE
Personal data
Name
Date of birth
Place of birth

Philipp Hofmann
01.03.1991
Bad Mergentheim, Germany

Education
Since 09/2016

Doctoral Student at the Institute of Animal Science, Department
of Animal Nutrition, University of Hohenheim, Germany

10/2013 – 08/2016

Master’s Program in Agricultural Biology, Major Farm Animal
Biology
University of Hohenheim, Stuttgart, Germany
Qualification gained: Master of Science

10/2010 – 09/2013

Bachelor’s Program in Agricultural Biology
University of Hohenheim, Stuttgart, Germany
Qualification gained: Bachelor of Science

09/2001 – 06/2010

Matthias-Grünewald-Gymnasium, Tauberbischofsheim,
Germany
Qualification gained: Abitur

Practical experiences
Since 09/2016

Managing director of the Landesarbeitskreis
Baden-Württemberg e.V., Stuttgart, Germany

07/2015 – 09/2015

Agricultural internship at the farm of Martin Baran, Leiblfing,
Germany

03/2015 – 06/2015

Agricultural internship at the farm of family Jennings,
Cahermore/Rosscarbery, Ireland

08/2014 – 09/2014

Internship at Product Management Department, Deutsche
Tiernahrung Cremer, GmbH & Co. KG, Düsseldorf, Germany

12/2013 – 06/2014

Student Assistant, Institute of Animal Science, Department of
Animal Nutrition, University of Hohenheim, Germany

08/2012 – 09/2012

Agricultural internship at Lehr-, Versuchs-, und Fachzentrum
Geflügel- und Kleintierhaltung, Kitzingen, Germany

09/2011 – 09/2011

Agricultural internship at Bildungs- und Wissenszentrum
Schweinehaltung, Schweinezucht, Boxberg, Germany

Stuttgart-Hohenheim, July 13th, 2020

Fütterung

______________________
Philipp Hofmann

