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A study was conducted with Hy-Line Brown laying hens to examine the effects of reduced protein diet,
deficiency of arginine (Arg), and addition of crystalline Arg, citrulline (Cit) and guanidinoacetic acid
(GAA) as substitutes for Arg. Hen performance, egg quality, serum uric acid, liver and reproductive organ
weights, and energy and protein digestibility were measured using a completely randomized design with
5 treatments. Treatments were a standard diet (17% protein diet; SP), a reduced diet (13% protein diet
deficient in Arg; RP) and RP with added Arg (0.35%, RP-Arg), GAA (0.46% equivalent to 0.35% Arg, RP-
GAA) or Cit (0.35%, RP-Cit) to the level of SP. It was hypothesized that performance would decrease
with Arg deficient RP diet and the addition of GAA or Cit in RP would allow birds to perform similar or
greater than Arg-added RP treatment. The experiment was conducted from 20 to 39 wk of age but the
treatment effect was seen only after 29 wk of age. The birds offered RP had reduced egg and albumin
weights (P < 0.01), lower yolk color score (P < 0.01), lower protein intake and excretion (P < 0.01) than
those offered SP. When Arg or Cit were added to RP to make them equivalent to SP, feed intake (FI) and
egg production were not different than those of RP (P > 0.05). The birds offered RP-GAA decreased FI and
egg production (P < 0.01) compared to those offered RP. The addition of Arg, Cit or GAA to the RP had no
effect on egg quality parameters, protein and energy digestibilities (P > 0.05). However, birds offered the
RP-Cit diet tended to have higher Haugh unit (P ¼ 0.095) and lower shell breaking strength (P ¼ 0.088)
compared to all other treatments while those offered RP-GAA had higher energy digestibility (P < 0.05)
than all other groups but RP. The limited performance response of hens fed RP with added Arg, GAA, or
Cit may be due to deficiency of some other nutrients in RP such as phenylalanine, potassium or non-
essential amino acids and other components of soybean meal in the diet.

© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dietary crude protein (CP) reduction in laying hens may provide
economic, environmental and welfare benefits to the poultry
iation of Animal Science and
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nce and Veterinary Medicine. Publ
ttp://creativecommons.org/license
industry worldwide. Reduction of dietary CP with supplementation
of crystalline amino acids (AA) brings the laying hen feed formu-
lation closer to nutritional requirements and may allow for greater
protein utilization and reduced N excretion while maintaining bird
performance (de Carvalho et al., 2012; Laudadio et al., 2012).

Chickens have a high dietary requirement for arginine (Arg)
because they have limited activity of key enzymes for de novo Arg
synthesis (Sung et al., 1991) and therefore do not produce much, if
any, endogenous Arg. Arginine plays an important role in various
metabolic pathways including protein synthesis and immunity.
Arginine is converted to nitric oxide (NO) at the macrophage level
where it acts against invading pathogens (Jahanian, 2009) and is
known to have a vasodilatory effect that may increase heat
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s/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:rswick@une.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aninu.2020.09.004&domain=pdf
www.sciencedirect.com/science/journal/24056545
http://www.keaipublishing.com/en/journals/aninu/
https://doi.org/10.1016/j.aninu.2020.09.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.aninu.2020.09.004
https://doi.org/10.1016/j.aninu.2020.09.004


H.T. Dao, N.K. Sharma, E.J. Bradbury et al. Animal Nutrition 7 (2021) 460e471
dissipation (Liu et al., 2019). Arginine supplementation has been
extensively studied in broilers but reports are limited for laying
hens. A recent study by Xia et al. (2017) showed that graded levels
of Arg supplementation (from 0 to 0.88%) to a basal diet containing
0.66% Arg for laying ducks increased egg weight, yolk color score,
yolk percentage and shell thickness. Guanidinoacetic acid (GAA)
and citrulline (Cit) can spare Arg in chicken diets and they are all
commercially available (Tamir and Ratner, 1963; DeGroot et al.,
2018).

Guanidinoacetic acid is a precursor of creatine, which is formed
from Arg and glycine in kidney via the activity of enzyme
arginineeglycine amidinotransferase (Wu and Morris, 1998). The
Arg-sparing effect of GAA has been demonstrated in broilers (Dilger
et al., 2013; DeGroot et al., 2018). Furthermore, GAA supplemen-
tation has been found to increase the rates of fertilized eggs and
sperm penetration in the perivitelline layer of broiler breeder hens
(Sharideh et al., 2016), improve semen concentration, total sperm
production, sperm forward motility and the fertility rate of broiler
breeder roosters (Tapeh et al., 2017), reproductive parameters and
performance of postnatal progeny in quails (Murakami et al., 2014).
Similarly, Cit, a metabolite of Arg, has been found to have Arg-
sparing effects in broilers although it is not incorporated into pro-
tein (Klose and Almquist, 1940; Tamir and Ratner, 1963). Arginine
can be converted to Cit via enzyme nitric oxide synthase at
macrophage level with nitric oxide is a co-product. Again, chickens
can convert Cit to Arg under the successive actions of arginino-
succinate synthetase and argininosuccinate lyase enzymes which is
taken place in the kidney and other extrahepatic tissues (Jahanian,
2009; Fernandes and Murakami, 2010; Morris, 2016). Su and Austic
(1999) showed that Cit can be converted to Arg at macrophage level
when chickens are fed Arg-deficient diets. This study was under-
taken to investigate the impact of Arg deficiency on laying perfor-
mance, egg quality, serum uric acid (SUA) profile, theweight of liver
and reproductive organs and nutrient digestibility in reduced
protein diets for laying hens and the efficacy of adding it to the diet
as either Arg, GAA or Cit.

2. Materials and methods

2.1. Experimental design and diets

The study was conducted at the University of New England
Animal House facility, Armidale, NSW, Australia. All experimental
procedures were approved by the UNE Animal Ethics Committee
and met the requirements of the Australian Code of Practice for
Care and Use of Animals for Scientific Purposes (NHMRC, 2013). A
total of 125 Hy-line Brown pullets were obtained from Glendon
Farm, Tamworth, NSW at 16 wk of age. The birds were fed a com-
mon commercial feed from 16 to 20 wk of age (Barastoc - Premium
Top Layer Mash, CP: 16.5%, crude fat: 2.5%, crude fibre: 6%, salt:
0.3%, copper: 8.0 mg/kg, selenium: 0.3 mg/kg, calcium: 3.6%, Mel-
bourne, VIC, Australia). Feed intake (FI) during this period was
recorded and used to formulate the diets for the laying period ac-
cording to Hy-Line Brown specifications (Hy-Line International,
2016). At 20 wk of age, birds were weighed and randomly allo-
cated to 5 dietary treatments. Each treatment was replicated
25 times, with one bird per replicate. Birds were housed in indi-
vidual cages (30 cm wide � 50 cm deep � 45 cm high) with one
nipple drinker and one feed trough per bird. The average starting
hen weights were similar between treatments (P > 0.05). Birds
were housed in a curtain-sided house and feed and water were
provided ad libitum throughout the study. The experimental period
lasted for 21 wk until the hens were 40 wk of age. The lighting
program of 16 h light:8 h dark was maintained throughout the
study. An automatic timer was used to operate the lighting program
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in the layer house. Temperature and relative humidity inside the
shed were measured at bird height and recorded automatically
every 5 min by a recording thermometer/hygrometer alert (Temp
Alert, FCC RoHS, 2011/65/EU, FCC: R17HE910, S4GEM35XB, US).

Diets were offered as mash and consisted of a standard protein
diet (SP), a reduced protein diet deficient in Arg (RP) and RP sup-
plemented with either Arg (0.35%, RP-Arg), GAA (0.46%, RP-GAA) or
Cit (0.35%, RP-Cit) (Tables 1 and 2). Arginine, GAA and Cit were
added on top of RP at the expense of wheat. Dry matter (DM), CP,
crude fat, and an ash content of major ingredients including wheat,
sorghum, soybean meal, canola meal, barley, and wheat millrun
were analyzed before formulating the diet. Metabolizable energy
and total and digestible AA used in the diet formulation were ob-
tained from near-infra red reflectance spectroscopy (Foss NIR 6500,
Denmark) standardized with Evonik AMINONIR Advanced cali-
bration. The difference in CP levels between SP and RP diets was 4
percentage points. Levels of essential AA selected were based on
Hy-Line Brown nutritional recommendation for the laying period
based on average daily feed intake of 108 g/d (Hy-Line
International, 2016). Levels of supplemental Cit were equivalent
to Arg on a molar basis meanwhile GAA level was chosen based on
finding that GAA has 77% Arg equivalence for feed conversion
(Ringel et al., 2013). Dry matter, CP, crude fat, crude fiber, ash
contents, and AA profiles of mixed SP and RP diets were analyzed by
standard methods (AOAC, 1994). Guanidinoacetic acid level in the
final mix was determined by validated procedures (Dobenecker
and Braun, 2015). Supplemental Arg and Cit levels were quanti-
fied using a Waters AccQTag amino acid analysis methodology
(Cohen, 2001) but adapted to run on an ultra-performance liquid
chromatography system as described by Wheat et al. (2008). Spe-
cifically, samples (100 to 130 mg) were weighed in duplicate into
hydrolysis vials and 5 mL of 20% HCl was added. The samples were
then incubated at 110 �C for 24 h. After hydrolysis, the samples
were derivatized using AccQTag reagents (Waters Corporation,
Milford, MA, US). Samples were analyzed using a high-resolution
reversed-phase column (BEH C18, 2.1 � 100 mm; 1.7 mm) on an
ultra-performance liquid chromatography systemwith 12-min run
time and an ultraviolet/visible light detector. The column temper-
ature, detection wavelength, and flow rate employed were 57 �C,
260 nm and 0.55 mL/min, respectively.

2.2. Data collection

Eggs were collected, weighed, and counted daily. Feed con-
sumptionwas measured weekly. Hen day egg production, egg mass,
FI (g/d per hen), and feed conversion ratio (FCR) were calculated
accordingly. Egg mass (g/d per hen) was calculated as hen day egg
production multiplied by average egg weight of the hen. Besides,
actual AA intake was calculated as by multiplying average FI (g/d per
hen) by analyzed total AA of the diet. The FCR was calculated as the
ratio of feed to egg mass. Individual hen weight was recorded at the
beginning (wk 20), in themiddle (wk 30), and at the end of the study
(wk 40). At 24, 28, 32, 35, and 39wk of age, fresh, clean, and normal-
shape eggs were collected from all the hens for egg quality mea-
surements. The measurement was performed within 3 h after
collection. At wk 40, ten hens per treatment were randomly chosen
and euthanized by electrical stunning and decapitated for sample
collection. Blood samples were collected from the jugular vein after
decapitation for uric acid assays. Then, birds were dissected to
determine weights of liver, ovary (without yolky follicles) and
oviduct, and oviduct length. Also, at wk 40, six hens per treatment
(30 hens in total) with bodyweights (BW) close to average BWof the
treatmentswere selected formeasurements of gross energy (GE) and
CP digestibility using total collection of excreta method. Birds were
fed dietary treatments and excreta samples were collected from



Table 1
Diet composition for experimental treatments (%, as-is basis).

Item SP1 RP2 RP-Arg3 RP-GAA3 RP-Cit3

Ingredients
Wheat 19.71 34.41 34.06 34.06 34.06
Sorghum 30.00 30.00 30.00 30.00 30.00
Soybean meal 13.28 e e e e

Canola meal 8.00 8.00 8.00 8.00 8.00
Barley 5.00 8.00 8.00 8.00 8.00
Wheat millrun 8.57 5.00 5.00 5.00 5.00
Canola oil 2.99 0.69 0.69 0.69 0.69
Limestone 9.50 9.84 9.84 9.84 9.84
Dicalcium phosphate 1.78 1.86 1.86 1.86 1.86
Salt 0.28 0.28 0.28 0.28 0.28
Sodium bicarbonate 0.10 0.10 0.10 0.10 0.10
Xylanase4 0.01 0.01 0.01 0.01 0.01
Vitamin-mineral premix5 0.10 0.10 0.10 0.10 0.10
Choline Cl 60% 0.22 0.27 0.27 0.27 0.27
L-Lys 0.14 0.53 0.53 0.53 0.53
DL-Met 0.21 0.28 0.28 0.28 0.28
L-Thr 0.09 0.25 0.25 0.25 0.25
L-Trp e 0.02 0.02 0.02 0.02
L-Ile e 0.20 0.20 0.20 0.20
L-Arg e e 0.35 e e

GAA e e e 0.46 e

L-Cit e e e e 0.35
L-Val e 0.16 0.16 0.16 0.16
Pigment red 0.004 0.004 0.004 0.004 0.004
Pigment yellow 0.003 0.003 0.003 0.003 0.003

Calculated composition
Dry matter 91.04 91.34 91.34 91.34 91.34
AMEn, kcal/kg 2750 2750 2750 2750 2750
CP 17.00 13.00 13.50 14.00 13.50
Crude fat 6.20 3.96 3.96 3.96 3.96
Crude fiber 3.30 2.97 2.97 2.97 2.97
Ash 4.81 4.12 4.12 4.12 4.12
GAA 0.00 0.00 0.00 0.46 0.00
L-Cit 0.00 0.00 0.00 0.00 0.35
Dig.6 Arg 0.90 0.54 0.89 0.54 0.54
Dig.6 Lys 0.76 0.76 0.76 0.76 0.76
Dig.6 Met 0.44 0.46 0.46 0.46 0.46
Dig.6 Cys 0.25 0.22 0.22 0.22 0.22
Dig.6 Met þ Cys 0.67 0.67 0.67 0.67 0.67
Dig.6 Trp 0.19 0.15 0.15 0.15 0.15
Dig.6 Ile 0.59 0.57 0.57 0.57 0.57
Dig.6 Thr 0.55 0.55 0.55 0.55 0.55
Dig.6 Val 0.67 0.67 0.67 0.67 0.67
Dig.6 Gly 0.50 0.34 0.34 0.34 0.34
Calcium 4.10 4.22 4.22 4.22 4.22
Available Phosphorus 0.46 0.46 0.46 0.46 0.46
Sodium 0.18 0.18 0.18 0.18 0.18
Potassium 0.64 0.42 0.42 0.42 0.42
Chloride 0.28 0.36 0.36 0.36 0.36
Choline, mg/kg 2,000 2,000 2,000 2,000 2,000
Linoleic acid 2.10 1.57 1.57 1.57 1.57
DEB7, mEq/kg 166 118 118 118 118

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline; CP ¼ crude protein; AMEn ¼ nitrogen
corrected apparent metabolizable energy.

1 SP: standard protein diet with 17% CP.
2 RP: reduced protein diet with 13% CP.
3

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35%
in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.

4 Econase XT, 25, AB Vista.
5 Vitamin-mineral premix provided the following per kilogram diet: vitamin A, 10

MIU; vitamin D, 3 MIU; vitamin E, 20 g; vitamin K, 3 g; nicotinic acid, 35 g; pan-
tothenic acid, 12 g; folic acid, 1 g; riboflavin, 6 g; cyanocobalamin, 0.02 g; biotin, 0.1
g; pyridoxine, 5 g; thiamine, 2 g; copper, 8 g as copper sulphate pentahydrate;
cobalt, 0.2 g as cobalt sulphate 21%; molybdenum, 0.5 g as sodium molybdate;
iodine, 1 g as potassium iodide 68%; selenium, 0.3 g as selenium 2%; iron, 60 g as iron
sulphate 30%; zinc, 60 g as zinc sulphate 35%; manganese, 90 g as manganous oxide
60%; antioxidant, 20 g.

6 Digestible amino acid coefficients for raw ingredients were determined by Near-
Infra Red spectroscopy (Foss NIR 6500, Denmark) standardized with Evonik AMI-
NONIR Advanced calibration.

7 Dietary electrolyte balance (DEB) was calculated as 10,000 � (Naþ þ Kþ � Cl�).
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individual cages over 5 consecutive days (120 h). Excreta was
collected twice daily starting from 8:00 and 16:00 after removing
feathers and feed residues and stored at 4 �C. Collected excreta was
then mixed thoroughly and sub-sampled. An aliquot was removed
for DM determination using a forced air oven at 105 �C for around
48 h (to constant weight) and the remaining was stored at �20 �C
until further analysis. Total feed consumption of individual hens in
each treatment during the 5 d excreta collection was recorded for
the determination of GE and CP intake.

2.3. Egg quality measurement

Eggshell and internal egg quality parameters were determined
using TSS equipment (Technical Services and Supplies, Dunnington,
York, UK). After egg weight was recorded, eggs were subjected to
shell deformation and shell breaking strength measurement by TSS
QC-SPA equipment (50 N load cell). Eggs were then broken and
albumen height, Haugh unit, and yolk color score were determined
by the TSS QCE-QCM equipment. Scoring of yolk color by the TSS
QCE-QCM equipment was based on the yolk color fan scoring sys-
tem of DSM (DSM Nutritional Products Europe Ltd., Basel,
Switzerland). The egg yolk was collected by using filter round pa-
pers (diameter 90 mm, CAT No. 1541-090, Whatman, Buck-
inghamshire HP7 9NA, UK) and weighed. Eggshell residue was
washed, dried thoroughly with weight measured using a
Quintix513-1S balance (Sartorius Lab Instruments GmbH & Co. KG
Goettingen, Germany). Shell thickness was determined on 3 pieces
of each eggshell collected from the shell equator with intact shell
membranes included. The value of shell thickness presentedwas an
average of 3 measurements using a custom-built gauge based on a
Mitutoyo Dial Comparator Gauge Model 2109-10 (Kawasaki, Japan).
The weight of egg albumen was calculated by subtracting weights
of egg yolk and shell from the intact egg weight. Percentages of
eggshell, yolk, and albumen were obtained by dividing weights of
these egg components for the total egg weight.

2.4. Analysis of serum uric acid

Blood was collected in Vacutainers (Becton, Dickinson U.K.
Limited, Plymouth, UK) coated with silica and a polymer gel to
separate serum, cooled to 4 �C, and centrifuged within 5 h after
collecting. Blood samples were centrifuged at 3,000 � g at 4 �C for
10 min to separate serum that was then stored at �20 �C until
further analysis. Serum uric acid level (SUA) was quantified in
duplicate using an integrated chemistry analyzer (Reference
number: DF77 [URCA Uric Acid], Siemens Dimension Xpand Plus,
Siemens Healthcare, Newark, NJ, US) following the manufacturer's
instruction.

2.5. Energy and protein digestibility

Excreta samples were freeze-dried (Christ Alpha 1-4 LDplus,
Osterode am Harz, Germany) and ground to pass through a 0.5-
mm screen. The protein content of feed and excreta were
measured using the Dumas combustion method (Dumas, 1831) in
a nitrogen analyzer (LECO Corporation, St Joseph, MI, US) with
EDTA as a calibration standard. Gross energy was determined
using a Parr adiabatic oxygen bomb calorimeter (Parr Instrument
Co., Moline, IL, US), calibrated using benzoic acid as standard. Feed
and freeze-dried excreta were oven-dried to constant weight (105
�C for approximately 24 h) for expression of GE and CP di-
gestibility on a DM basis. Apparent protein and energy di-
gestibility were calculated following equations described by Kong
and Adeola (2014). In more detail, apparent protein digestibility



Table 2
Analyzed nutrient values of experimental diets (%, as-is basis)1.

Nutrient composition SP2 RP3 RP-Arg4 RP-GAA4 RP-Cit4

Dry matter 92.64 e 92.94 e 92.60 e 92.55 e 92.64 e

Gross energy, kcal/kg 3,734 e 3,446 e 3,559 e 3,495 e 3,523 e

CP 17.24 e 13.08 e 13.50 e 14.16 e 13.69 e

Crude fat 5.21 e 2.97 e 2.97 e 2.97 e 2.97 e

Crude fiber 5.32 e 9.70 e 9.70 e 9.70 e 9.70 e

Ash 17.08 e 16.15 e 14.67 e 16.46 e 15.36 e

Calcium 5.33 e 6.35 e 5.51 e 6.05 e 5.78 e

Total phosphorus 0.82 e 0.77 e 0.77 e 0.79 e 0.77 e

GAA 0.00 e 0.00 e 0.00 e 0.55 e 0.00 e

Cit 0.00 e 0.00 e 0.00 e 0.00 e 0.35 e

Arg 1.00 (1.06) 0.59 (0.64) 0.93 (0.99) 0.59 (0.64) 0.59 (0.64)
Lys 0.99 (0.88) 1.02 (0.84) 1.02 (0.84) 1.02 (0.84) 1.02 (0.84)
Met 0.46 (0.48) 0.52 (0.49) 0.52 (0.49) 0.52 (0.49) 0.52 (0.49)
Cys 0.32 (0.31) 0.26 (0.26) 0.26 (0.26) 0.26 (0.26) 0.26 (0.26)
Met þ Cys 0.78 (0.75) 0.78 (0.73) 0.78 (0.73) 0.78 (0.73) 0.78 (0.73)
Trp 0.24 (0.22) 0.19 (0.17) 0.19 (0.17) 0.19 (0.17) 0.19 (0.17)
His 0.42 (0.37) 0.29 (0.25) 0.29 (0.25) 0.29 (0.25) 0.29 (0.25)
Phe 0.79 (0.71) 0.53 (0.50) 0.53 (0.50) 0.53 (0.50) 0.53 (0.50)
Leu 1.37 (1.32) 0.95 (1.05) 0.95 (1.05) 0.95 (1.05) 0.95 (1.05)
Ile 0.72 (0.68) 0.67 (0.63) 0.67 (0.63) 0.67 (0.63) 0.67 (0.63)
Thr 0.69 (0.70) 0.69 (0.64) 0.69 (0.64) 0.69 (0.64) 0.69 (0.64)
Val 0.84 (0.84) 0.79 (0.78) 0.79 (0.78) 0.79 (0.78) 0.79 (0.78)
Gly 0.72 (0.63) 0.51 (0.44) 0.51 (0.44) 0.51 (0.44) 0.51 (0.44)
Tau 0.14 e 0.15 e 0.15 e 0.15 e 0.15 e

Ser 0.67 e 0.44 e 0.44 e 0.44 e 0.44 e

Glu 3.43 e 2.66 e 2.66 e 2.66 e 2.66 e

Pro 1.09 e 0.90 e 0.90 e 0.90 e 0.90 e

Ala 0.85 e 0.60 e 0.60 e 0.60 e 0.60 e

Tyr 0.52 e 0.33 e 0.33 e 0.33 e 0.33 e

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline; CP ¼ crude protein.
1 Values of all the amino acids presented were total amino acids. Values in parentheses were calculated.
2 SP: standard protein diet with 17% CP.
3 RP: reduced protein diet with 13% CP.
4

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
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was calculated by dividing average protein retained by average
protein intake during 5-d excreta collection and multiply by 100.
Similarly, apparent energy digestibility was calculated by dividing
average energy retained by average energy intake during 5-
d excreta collection and multiply by 100. Of which, protein and
energy intake were calculated by multiplying average FI during 5-
d excreta collection by CP and GE level of the feed, respectively.
Protein retained was calculated by subtracting protein intake by
average protein excreted through the excreta during 5-d excreta
collection. Energy retained was calculated by subtracting energy
intake by average energy excreted through the excreta during 5-
d excreta collection. Amount of protein and energy excreted
through the excreta were calculated by multiplying average
excreta volume during 5-d excreta collection by CP and GE level of
the excreta, respectively.

Apparent protein digestibility (%) ¼ (CPretained/CPintake) � 100

Apparent energy digestibility (%) ¼ (GEretained/GEintake) � 100

CPintake (g/d) ¼ CPfeed (%) � FI (g/d per hen)

GEintake (kcal/d) ¼ GEfeed (kcal/g) � FI (g/d per hen)

CPretained (g/d)¼ CPintakee CPexcreta (%)� excreta volume (g/d per hen)

GEretained (kcal/d) ¼ GEintake e GEexcreta (kcal/g) � excreta volume
(g/d per hen)

All data were calculated as per DM basis. Also, CP and GE
intake, excretion, retained and digestibility were computed as per
463
unit of BW to exclude the possible effect of growth rate on those
variables.

2.6. Data analysis

The datawas evaluated as a fixed effectmodel using the statistical
model, Yij ¼ m þ Ti þ Ɛij, where Yij is the response expected inde-
pendent variables, m is overall mean, Ti is the effect of dietary
treatment (i¼ 1,…, 5) and Ɛij is the random residual error ~N(0, s2

e).
All data analyses were performed using R Commander (version

3.3.1, R Foundation for Statistical Computing, Vienna, Austria). Data
were tested for normal distribution and equal variances between
the dietary treatments. A quantile comparison plot was employed
to check the data distribution, then a Levene's test was used to test
the homogeneity of variances between the treatments. Depending
on the results produced from the above 2 tests, either one-way
ANOVA or the non-parametric ANOVA (KruskaleWallis test) was
used to test statistical differences between the treatments. Then,
Tukey's post hoc test was used to identify pairwise differences
between the treatments. P-values were considered significant at �
0.05.

3. Results

3.1. Air temperature, analyzed nutrient composition of the diets,
actual amino acid intake and mortality rate

The temperature and relative humidity in the hen house
recorded during the experiment are shown in Fig. 1. The average
indoor temperature and relative humidity during the experimental
period were 21.7 �C (ranging from 17.8 to 26.4 �C) and 60.7%



Fig. 1. Temperature and relative humidity of the hen house during the study.
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(ranging from 52.4% to 72.4%), respectively. Maximum temperature
ranged from 30.3 to 42.0 �C (average 36.4 �C) while minimum
temperature ranged from 6.5 to 16.1 �C (average 11.4 �C). Thus, the
minimum and maximum temperature observed in this study
ranged from 19.8 to 31.2 �C (average 25.1 �C).

The analyzed nutritional compositions of final diets were close to
the calculated values indicating formulation objectives were ach-
ieved. Also, a RP diet deficient in Argwith approximately 4% lower CP
than the SP diet was obtained as expected. Levels of Arg and Cit
added in the final mixes were similar while the GAA level was
slightly higher as compared to the calculated ones (Tables 1 and 2).
The results on actual AA intake showed that intakes of Arg, Lys, Met,
Met þ Cys, Thr, Trp, Ile, and Val in all RP diets were sufficient ac-
cording to Hy-Line Brown nutritional recommendations (Hy-Line
International, 2016), except for Arg in Arg-deficient RP treatment
(Table 3). Intakes of other essential AA including Phe, His, Leu, and
non-essential AA, otherwise, were lower in all RP diets compared to
the SP, except for taurine. Birds in all treatments were visibly in good
health with no mortality recorded throughout the study.
3.2. Laying performance

The laying performance including eggweight, eggmass, hen day
egg production, FI and FCR from wk 20 to 39 are shown in Table 4
and Fig. 2. Fromwk 30 to 39 and throughout the entire study period
(wk 20 to 39) birds offered SP had higher egg mass and egg weight
compared to those offered RP and RP supplemented with either
Arg, GAA or Cit (P < 0.05). The differences between egg mass and
egg weight of SP and RP groups from wk 30 to 39 were 6.04 g
(10.6%) and 4.20 g (7.1%) per d per hen, respectively. Birds offered SP
also had the highest hen day egg production observed at all phases
of the study (Table 4). Supplementation of either Arg or Cit to RP
had no effect on egg mass, egg weight, hen day egg production, and
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FI while GAA in RP dramatically decreased egg mass, hen day egg
production, and FI (P < 0.05, Table 4). Birds receiving the SP had
higher FI and lower FCR than those offered the RP-GAA diet (P <
0.05) observed at both wk 20 to 29 and wk 20 to 39 whereas FI and
FCR in RP, RP-Arg, and RP-Cit groups were similar to birds offered
the SP (P > 0.05; Table 4). Also, GAA supplementation tended to
decrease egg mass compared to other treatments in the first 10 wk
of the study (P ¼ 0.078, Table 4).
3.3. Egg quality

The total number of eggs collected from all the treatments for
egg quality measurements at wk 24, 28, 32, 35, and 39 were 110,
111, 113, 98, and 106, respectively. Data on the effect of dietary
treatments on egg quality and egg components are presented in
Tables 5 and 6. Hens receiving SP had higher yolk color score,
weights of albumen, shell, and yolk compared to those fed other
diets (P < 0.05, Tables 5 and 6). Supplementation of either Arg, GAA,
or Cit to RP tended to increase albumenweight fromwk 20 to 29 (P
¼ 0.076) but had no effect thereafter (P > 0.05, Table 6). Also, yolk
color, shell weight, and yolk weight were unaffected by supple-
mental Arg, GAA, and Cit (P > 0.05, Tables 5 and 6). Birds offered the
RP-Cit tended to have higher Haugh unit (P¼ 0.095) but lower shell
breaking strength (P ¼ 0.088) compared to the other treatment
groups from wk 30 to 39. The shell thickness of the RP-Cit group
was lower than those of the other groups (P < 0.05, Table 5)
observed at different periods of the study (wk 20 to 29, wk 30 to 39,
and wk 20 to 39). Birds fed the RP-GAA diet tended to have higher
shell reflectivity (lighter color) than the other groups observed
from wk 20 to 29 (P ¼ 0.076, Table 5). There was no difference in
albumen height, shell deformation, and percentages of egg com-
ponents between the treatments in the entire study (P > 0.05,
Tables 5 and 6).



Table 3
Actual amino acid intake of experimental treatments1.

Nutrient, g/d Week 20 to 29 Week 20 to 39 Hy-Line5

SP2 RP3 RP-Arg4 RP-GAA4 RP-Cit4 SP RP RP-Arg RP-GAA RP-Cit

GAA 0.00 0.00 0.00 0.63 0.00 0.00 0.00 0.00 0.54 0.00 e

Cit 0.00 0.00 0.00 0.00 0.41 0.00 0.00 0.00 0.00 0.38 e

Arg 1.17 0.69 1.09 0.67 0.69 1.18 0.67 1.04 0.58 0.64 0.92
Lys 1.16 1.20 1.20 1.16 1.19 1.17 1.15 1.14 1.00 1.11 0.90
Met 0.54 0.61 0.61 0.59 0.61 0.54 0.59 0.58 0.51 0.57 0.45
Cys 0.37 0.30 0.31 0.30 0.30 0.38 0.29 0.29 0.26 0.28 e

Met þ Cys 0.91 0.91 0.92 0.89 0.91 0.92 0.88 0.87 0.77 0.85 0.81
Trp 0.28 0.22 0.22 0.22 0.22 0.28 0.21 0.21 0.19 0.21 0.19
Ile 0.84 0.79 0.79 0.76 0.78 0.85 0.76 0.75 0.66 0.73 0.66
Thr 0.81 0.81 0.81 0.79 0.80 0.81 0.78 0.77 0.68 0.75 0.69
Val 0.98 0.93 0.93 0.90 0.92 0.99 0.89 0.88 0.78 0.86 0.80
His 0.49 0.34 0.34 0.33 0.34 0.50 0.33 0.32 0.28 0.32 e

Phe 0.93 0.62 0.62 0.60 0.62 0.93 0.60 0.59 0.52 0.58 e

Leu 1.60 1.11 1.12 1.08 1.11 1.62 1.07 1.06 0.93 1.04 e

Gly 0.84 0.60 0.60 0.58 0.59 0.85 0.58 0.57 0.50 0.56 e

Tau 0.16 0.18 0.18 0.17 0.17 0.17 0.17 0.17 0.15 0.16 e

Ser 0.78 0.52 0.52 0.50 0.51 0.79 0.50 0.49 0.43 0.48 e

Glu 4.02 3.12 3.13 3.03 3.10 4.05 3.01 2.97 2.61 2.90 e

Pro 1.28 1.05 1.06 1.02 1.05 1.29 1.02 1.00 0.88 0.98 e

Ala 1.00 0.70 0.71 0.68 0.70 1.00 0.68 0.67 0.59 0.65 e

Tyr 0.61 0.39 0.39 0.38 0.38 0.61 0.37 0.37 0.32 0.36 e

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline.
1 Values of all amino acids presented were total amino acids.
2 SP: standard protein diet with 17% CP.
3 RP: reduced protein diet with 13% CP.
4

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
5 Total amino acid recommendation for commercial Hy-Line Brown layers (g/d) from 17 to 37 wk of age based on feed intake of 108 g/d (Hy-Line International, 2016).

Table 4
Laying performance of hens fed reduced protein diet from wk 20 to 39.

Hen age, wk Variable SP1 RP2 RP-Arg3 RP-GAA3 RP-Cit3 SEM P-value

20 to 29 Egg mass, g/d per hen 53.00 51.03 50.30 49.40 50.80 0.41 0.078
Egg weight, g/egg 55.41 53.83 54.55 53.25 53.8 0.28 0.133
Feed intake, g/d 117.1 117.2 117.7 113.8 116.5 0.98 0.762
FCR, kg feed/kg egg 2.202 2.300 2.330 2.308 2.302 0.02 0.333
Hen day egg production, % 95.83 94.86 91.85 92.74 94.4 0.58 0.150

30 to 39 Egg mass, g/d per hen 56.82c 50.78b 49.72b 40.81a 48.80b 0.71 <0.001
Egg weight, g/egg 59.00b 54.80a 55.10a 53.54a 54.65a 0.35 <0.001
Feed intake, g/d 118.1b 113.0b 111.6b 98.13a 109.1b 1.33 <0.001
FCR, kg feed/kg egg 2.089a 2.237ab 2.266ab 2.472b 2.261ab 0.033 0.023
Hen day egg production, % 96.29b 92.74b 90.17b 76.19a 89.20b 1.02 <0.001

20 to 39 Egg mass, g/d per hen 53.85c 50.90bc 49.00ab 45.10a 49.80bc 0.52 <0.001
Egg weight, g/egg 57.50b 54.31a 54.82a 53.40a 54.23a 0.31 <0.001
Feed intake, g/d 117.6b 115.1b 114.3ab 106.0a 112.8ab 1.06 0.008
FCR, kg feed/kg egg 2.145a 2.269ab 2.300ab 2.390b 2.282ab 0.024 0.029
Hen day egg production, % 96.06c 93.80bc 91.03b 84.46a 91.80bc 0.65 <0.001

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline; FCR ¼ feed to gain ratio.
a, b Differing superscripts indicate significant differences between means.

1 SP: standard protein diet with 17% CP.
2 RP: reduced protein diet with 13% CP.
3

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
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3.4. Hen body weight, internal organ weight and serum uric acid
level

Hens offered SP had significantly higher BW than those offered
the other treatment diets at wk 40 (P < 0.001). The BW at wk 40
were similar for RP, RP-Arg, and RP-Cit groups while those fed RP-
GAA had lower BW than the other groups (P < 0.05, Table 7). Similar
tendency on hen BW were found on wk 30 (P ¼ 0.076, Table 7).

Absolute and relative ovary weights of birds fed the RP-GAA
diet were lower than those fed the other diets at wk 40 (P <
0.05, Table 7). Ovary weight of birds fed the SP diet was not
different from those fed RP, RP-Arg, and RP-Cit diets. The shortest
and longest relative oviduct length (per unit of BW) were
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observed in birds fed the SP and RP-Cit diet, respectively (P ¼
0.071). The shortest absolute oviduct length was found in hens fed
the RP-GAA diet. Weights of liver and oviduct were unaffected by
dietary treatments at wk 40 (Table 7). The reduction of dietary CP
resulted in decreased SUA levels between RP and SP on wk 40 (P <
0.05) with the lowest value observed in RP-GAA group (Table 7).

3.5. Apparent protein and energy digestibility

Reduction in CP level tended to decrease excreta moisture at wk
40 (P ¼ 0.062, Table 8). Birds fed the SP diet had higher CP and GE
intake and higher CP and GE in excreta than those fed the other
diets (P < 0.05). Absolute CP and GE retentions were not different



Fig. 2. Egg weight, egg mass, hen day egg production and feed to gain ratio (FCR) from 20 to 39 wk of age. The dot points represent means and error bars present standard errors of
the means. SP: standard protein diet with 17% CP; RP: reduced protein diet with 13% CP. RP-Arg, RP-GAA and RP-Cit were RP diet with L-Arg (0.35%), guanidinoacetic acid (0.46%
equivalent to 0.35% Arg) and L-citrulline (0.35%) supplemented, respectively, to the level of Arg in SP.

Table 5
Egg quality of hens fed reduced protein diets from wk 20 to 39.

Hen age, wk Variable SP1 RP2 RP-Arg3 RP-GAA3 RP-Cit3 SEM P-value

20 to 29 Albumen height, mm 8.34 8.35 8.50 7.74 8.37 0.08 0.167
Haugh unit 91.55 92.79 93.20 89.29 93.26 0.46 0.140
Yolk score 11.30a 10.84b 10.81b 10.52b 10.75b 0.05 <0.001
Breaking strength, N 47.83 45.66 45.50 46.70 46.16 0.46 0.547
Reflectivity, % 24.30 24.48 24.04 26.19 23.56 0.31 0.076
Shell deformation, mm 0.286a 0.274a 0.273a 0.287a 0.285a 0.001 0.030
Shell thickness, mm 0.410a 0.403ab 0.398ab 0.398ab 0.393b 0.002 0.033

30 to 39 Albumen height, mm 7.50 7.65 7.75 7.49 7.77 0.08 0.675
Haugh unit 86.58 88.32 89.15 87.84 89.39 0.44 0.095
Yolk score 10.24a 9.13b 9.13b 8.62b 9.11b 0.09 <0.001
Breaking strength, N 44.29 44.45 44.23 44.84 40.88 0.51 0.088
Reflectivity, % 26.19 27.38 27.14 28.54 26.42 0.34 0.208
Shell deformation, mm 0.265 0.265 0.265 0.267 0.258 0.002 0.690
Shell thickness, mm 0.414a 0.414a 0.407ab 0.405ab 0.397b 0.002 0.024

20 to 39 Albumen height, mm 7.86 7.93 8.07 7.68 8.02 0.07 0.395
Haugh unit 88.71 90.10 90.86 88.89 91.01 0.38 0.105
Yolk score 10.69a 9.83b 9.84b 9.59b 9.79b 0.06 <0.001
Breaking strength, N 45.76 44.98 44.84 45.35 43.14 0.42 0.345
Reflectivity, % 25.36 26.16 25.87 27.27 25.25 0.30 0.319
Shell deformation, mm 0.274 0.268 0.268 0.276 0.270 0.002 0.334
Shell thickness, mm 0.413a 0.409ab 0.403ab 0.401ab 0.396b 0.002 0.010

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline.
a, b Differing superscripts indicate significant differences between means.

1 SP: standard protein diet with 17% CP.
2 RP: reduced protein diet with 13% CP.
3

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
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between the dietary treatments (P > 0.05). Birds receiving SP diet
tended to have reduced relative apparent CP digestibility compared
to those fed the RP diet at wk 40 (P ¼ 0.070). The consumed,
excreted, and retained levels of CP and GE in birds fed the RP diet
were similar to those fed RP-Arg, RP-Cit or RP-GAA. Gross energy
intake and excretion in birds fed the RP-GAA diet at wk 40 were
lowest but their relative apparent GE (P < 0.01) and CP digestibility
(P ¼ 0.070) were highest compared to the other groups (Table 8).
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4. Discussion

The indoor temperature within 14 to 28 �C has been reported to
increase feed efficiency, BW and BWG (Abbas et al., 2011) while
those above 30 �C might associated with heat stress in laying hens
(Kilic and Simsek, 2013). The average inside temperature in the
current study (21.7 �C) was within the above range although
average maximum temperature (36.4 �C) was outside the thermal



Table 6
Egg components of hens fed reduced protein diets from wk 20 to 39.

Hen age, wk Variable SP1 RP2 RP-Arg3 RP-GAA3 RP-Cit3 SEM P-value

20 to 29 Albumen weight, g 38.15 35.93 37.10 36.63 36.63 0.26 0.076
Yolk weight, g 13.13 13.03 13.17 12.83 13.01 0.08 0.684
Shell weight, g 5.54a 5.22b 5.26ab 5.24b 5.19b 0.03 0.008
Albumen weight, % 67.09 66.26 66.73 66.92 66.81 0.15 0.470
Yolk weight, % 23.16 24.07 23.74 23.46 23.74 0.13 0.228
Shell weight, % 9.70 9.66 9.51 9.62 9.46 0.05 0.573

30 to 39 Albumen weight, g 38.99a 36.15b 36.23b 35.51b 35.85b 0.28 <0.001
Yolk weight, g 14.82a 13.92b 13.81b 13.16b 13.60b 0.10 <0.001
Shell weight, g 5.72a 5.44ab 5.35b 5.23b 5.17b 0.04 <0.001
Albumen weight, % 65.45 65.08 65.37 65.87 65.63 0.14 0.476
Yolk weight, % 24.92 25.09 24.92 24.44 24.91 0.13 0.597
Shell weight, % 9.63 9.83 9.74 9.70 9.46 0.05 0.260

20 to 39 Albumen weight, g 38.64a 36.06b 36.50b 36.26b 36.18b 0.25 0.004
Yolk weight, g 14.13a 13.55ab 13.54ab 12.99b 13.34b 0.08 <0.001
Shell weight, g 5.64a 5.35b 5.32b 5.22b 5.18b 0.03 <0.001
Albumen weight, % 66.11 65.56 65.89 66.52 66.12 0.13 0.245
Yolk weight, % 24.21 24.67 24.47 23.88 24.41 0.12 0.289
Shell weight, % 9.66 9.77 9.65 9.62 9.47 0.05 0.374

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline.
a, b Differing superscripts indicate significant differences between means.

1 SP: standard protein diet with 17% CP.
2 RP: reduced protein diet with 13% CP.
3

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.

Table 7
Hen weight, internal organ weight and serum uric acid level.

Hen age, wk Variable SP 1 RP2 RP-Arg3 RP-GAA3 RP-Cit3 SEM P-value

20 Hen BW, g 1,924 1,941 1,941 1,939 1,932 13.24 0.994
30 Hen BW, g 2,015 1,988 1,936 1,875 1,947 16.54 0.076
40 Hen BW, g 2,078c 1,974bc 1,893b 1,699a 1,908b 20.88 <0.001
40 Liver weight, g 41.75 42.08 38.84 35.06 38.42 1.30 0.432
40 Liver weight per BW, g/kg 19.55 20.79 21.15 19.59 21.15 0.56 0.806
40 Ovary weight, g 42.53b 41.49b 36.54ab 27.98a 35.14ab 1.38 0.003
40 Ovary weight per BW, g/kg 19.91ab 20.53b 19.82ab 15.61a 19.32ab 0.57 0.041
40 Oviduct weight, g 70.00 54.48 64.38 56.61 64.55 2.39 0.228
40 Oviduct weight per BW, g/kg 32.55 27.17 35.12 32.65 35.90 1.26 0.208
40 Oviduct length, cm 67.50 66.60 67.10 58.75 66.20 1.11 0.062
40 Oviduct length per BW, cm/kg 31.75 33.06 36.67 33.47 37.61 0.77 0.071
40 Serum uric acid, mg/dL 3.744b 2.698ab 2.849ab 2.547a 2.665ab 0.114 0.043

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline; BW ¼ body weight.
a, b Differing superscripts indicate significant differences between means.

1 SP: standard protein diet with 17% CP.
2 RP: reduced protein diet with 13% CP.
3

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
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comfort range. It has been suggested that diurnal fluctuating
temperatures have minor effects on laying hen performance
compared to constant high temperatures. Hens are able to tolerate
to short term increases daily temperatures with little impact on
production (Al-Saffar and Rose, 2002; Uyanga et al., 2020). The
overall laying performance in the current study fromwk 20 to 39 in
hens fed the SP treatment, were similar to Hy-Line standards (Hy-
Line International, 2016). The current vs. Hy-Line values were as
follows: FI,118 vs.109 g/d; FCR, 2.15 vs. 2.06 kg feed/kg egg; hen day
egg production, 96.1% vs. 95.5%, respectively. Thus, housing tem-
perature did not affect laying performance in the current study.

Feeding reduced protein diets did not affect laying performance
during the first 10 wk of the study; however, lower egg production
and egg weight were observed during the subsequent 10 wk. Hens
receiving RP diets also had lower yolk color score, shell thickness,
and absoluteweight of albumen, shell, and yolk than those of SP fed
birds in the current study. Eggs laid by RP hens weighed less
compared to those of SP hens in the current study thus lower
weights of different egg components were understandable. The
findings of this study were in agreement with those previously
467
reported showing that reduced protein results in low egg weight
(Novak et al., 2006; Khajali et al., 2007; Shim et al., 2013; Lieboldt et
al., 2015; Dong et al., 2017). Egg production can be maintained for
short periods with reduced protein but can lead to reduced per-
formance in the long-term (Blair et al., 1999; Keshavarz and Austic,
2004; Novak et al., 2006; Khajali et al., 2008). Khajali et al. (2008)
suggested that the tendency for reduced egg production in hens
fed reduced CP diets might be attributed to a reduction in BW as a
result of a gradual decrease in body protein reserves. The current
findings were in agreement with those found by Khajali et al.
(2008) and other research groups (Shim et al., 2013; Lieboldt et
al., 2015). Noticeably, Sohail et al. (2002) illustrated that egg
weight was significantly influenced by essential AA thus removal of
these AA may result in decreased egg weight within 2 wk. The RP
diet used in the current study was deficient in Arg. Arginine is
necessary for protein synthesis to maintain hens body protein and
their egg production; therefore, the reduction in egg weight of RP
fed birds compared to those of the SP group in this study was un-
derstandable. Besides, the deficiency of Arg in the RP diet used in
this study might cause an Arg: Lys imbalance and further reduce



Table 8
Protein and energy digestibility by total collection method at wk 401.

Item SP2 RP3 RP-Arg4 RP-GAA4 RP-Cit4 SEM P-value

Excreta moisture, % 67.53 60.11 67.90 59.52 60.74 1.29 0.062
Protein digestibility
CP intake, g/d 26.93b 17.76a 19.08ab 18.66ab 19.21ab 1.12 0.043
CP intake per unit of BW, g/d 13.45 8.84 9.38 11.31 9.32 0.64 0.105
CP excreted, g/d 9.22b 5.68a 6.38a 5.76a 6.39a 0.31 0.043
CP excreted per unit of BW, g/d 4.59b 2.83a 3.19a 3.48a 3.06a 0.15 <0.001
CP retained, g/d 17.71 12.07 12.73 12.89 12.83 1.01 0.386
CP retained per unit of BW, g/d 8.86 6.01 6.29 7.83 6.26 0.57 0.511
CP apparent digestibility, % 63.53 67.08 66.06 66.95 66.09 1.39 0.980
CP apparent digestibility per unit of BW, % 31.71 33.38 32.42 40.91 32.03 1.22 0.070

Energy digestibility
GE intake, kcal/d 583.3b 467.8ab 503.3ab 386.9a 494.5ab 21.75 0.049
GE intake per unit of BW, kcal/d 291.3 232.9 247.4 233.3 239.8 11.44 0.452
GE excreted, kcal/d 89.54b 68.31ab 74.16ab 60.14a 73.36ab 3.01 0.028
GE excreted per unit of BW, kcal/d 44.60 33.93 37.02 35.89 35.10 1.41 0.105
GE retained, kcal/d 493.8 399.5 428.3 326.8 421.1 20.84 0.121
GE retained per unit of BW, kcal/d 246.7 198.9 210.9 197.4 204.7 11.03 0.616
GE apparent digestibility, % 83.64 84.98 84.85 84.58 84.82 0.63 0.971
GE apparent digestibility per unit of BW, % 41.68a 42.30ab 41.49a 51.60b 40.99a 1.19 0.019

GAA ¼ guanidinoacetic acid; Cit ¼ citrulline; CP ¼ crude protein; BW ¼ body weight; GE ¼ gross energy.
a, b Differing superscripts indicate significant differences between means.

1 Statistical analysis of GE intake and GE retained were performed on log transformed data whereas values were actual data.
2 SP: standard protein diet with 17% CP.
3 RP: reduced protein diet with 13% CP.
4

L-Arg, GAA and L-Cit were added on top of the RP diets at 0.35%, 0.46% and 0.35% in diets, RP-Arg, RP-GAA and RP-Cit, respectively, to the level of Arg in SP.
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hens laying performance (Knight et al., 1994; Balnave and Brake,
2002).

No effects on FI, egg weight, egg mass, hen day egg production
were observed when Arg and Cit were added to the Arg-deficient RP
diet however the addition of GAA reduced FI, egg mass, and hen day
egg production from wk 30 onwards. Albumen height, Haugh unit,
yolk color score, shell weight, yolk weight and shell quality were
unaffected by supplemental Arg, GAA, and Cit in the current study.
The results of the current study were supported by Novak et al.
(2006), who reported that egg weight was decreased significantly
in hens receiving low protein diets even when crystalline AA (Met,
Lys, Trp, and Thr) were added in the diet. This may be due to the
marginal deficiencies of other AA (Penz and Jensen, 1991). Re-
ductions of dietary CP level decreased the intake of nonessential AA
including Glu, Cys, and Gly in the current study. When an essential
AA is deficient, other essential AA may be degraded or converted for
nonessential purposes, resulting in depressed protein synthesis, and
therefore egg production (Kadowaki and Kanazawa, 2003; Novak et
al., 2006). In the current study, diets were formulated to meet the
Hy-Line Brown nutritional recommendations (Hy-Line International,
2016) for digestible Lys,Met, Metþ Cys, Thr, Trp, Arg, Ile, and Val. The
intakes of these AA on a daily basis were sufficient according to Hy-
Line Brown recommendations except for Arg in RP treatment. Daily
AA consumption in the current study showed lower intakes of Phe,
His, Gly and Leu in the RP, RP-Arg, RP-GAA and RP-Cit treatments
compared to the SP. It is possible that the lack of response to Arg, GAA
and Cit in RP diet in the present study could have been caused by a
deficiency of Phe, His, Leu, Gly or other non-essential AA as a result of
the exclusion of soybean meal from the RP formulation. When CP is
lowered by 4 percentage points and supplemented with crystalline
AA as in the current study, the least cost formulation has excluded
soybeanmeal. The exclusion of soybeanmeal also reduces potassium
and dietary electrolyte balance (DEB) that may further decrease
laying performance in the RP fed birds as compared to those fed the
SP diet (Gezen et al., 2005; Abdallah et al., 2010; Hilliar et al., 2019).

The FI level used to determine AA requirements in the formu-
lation was 108 g/d being lower than the actual FI of 115 g/d in the
hens fed the RP diet. However, the daily intake of Arg in hens fed
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the RP treatment was still deficient compared to recommendations
(Hy-Line International, 2016). When Arg was supplemented to the
RP diet, consumption levels of essential AA including Arg, Met, Lys,
Thr, Met þ Cys, Val, Ile and Trp met the daily consumption
requirement but FI, egg weight, egg mass, and hen day egg pro-
duction between RP and RP-Arg treatment were still not different.
Thus, it is possible that daily consumption of Arg from the RP diet
was less important than consumption of other AA such as Leu, His,
Phe or Gly. It has been reported that the limiting AA order in corn-
soybean meal based 14% protein diet for laying hens was Met, Lys,
Thr, Trp, Ile and Val (Da Silva, 2012). To our knowledge, order of
importance for other essential AA such as Arg, Leu, His and Phe in
layer hens diet especially reduced protein wheat-based diets has
not been reported in the literature.

Guanidinoacetic acid supplementation to the RP Arg-deficient
diet reduced FI, egg mass, hen day egg production and increased
FCR fromwk 30 while it did not affect egg quality during the study.
This is similar to results reported by Khakran et al. (2018) showing
that graded levels of GAA supplementation (0, 0.057%, 0.114%, and
0.171%) did not affect FI, egg mass, and hen day egg production
while egg weight was reduced in hens fed 0.171% GAA diet fromwk
31 to 42. Hens fed RP-GAA diet in the current study had lower BW,
lower absolute and relative ovary weight, and lower absolute
oviduct length than those of other groups. This might explain the
decrease in laying performance and suggest possible toxicity in RP-
GAA treatment at the levels fed. The recommended inclusion level
of GAA in feed range from 0.06 to 0.12%; however, the safety level of
GAA has not been tested (EFSA, 2009). In the current study, GAA
level was selected based on finding that GAA has 77% Arg equiva-
lence for feed conversion (Ringel et al., 2013). Recently, based on
results from various publications, Khajali et al., (2020) concluded in
their review that an Arg-sparing capacity of GAA in chickens can
range from 75 to 149%. It is possible that the selected level of GAA in
the current study was overestimated and might further increase
the toxicity of GAA in RP-GAA group. The formation of creatine from
GAA produces S-adenosylhomocysteine as a co-product, which is
then hydrolyzed to form homocysteine (Selhub, 1999; Fowler,
2005). Elevated homocysteine levels as a result of GAA
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supplementation have been reported in humans (Ostojic et al.,
2013) and rat (Stead et al., 2001) and may lead to neurotoxicity
and depression (Bhatia and Singh, 2015). In a similar manner, the
high dose of GAA used in the current study might cause excessive
homocysteine production thus decrease growth and performance
in RP-GAA fed birds. In addition, it has been reported that the long-
term supplementation of GAA might cause a deficiency in methyl
donors for protein synthesis as they are required for converting
GAA to creatine (Walker, 1979; Ibrahim et al., 2019).

In the current study, supplementation of either Arg, GAA, or Cit
to the RP diet slightly increased albumen weight from wk 20 to 29
with no change thereafter. Higher albumen proportion in hens fed
Arg-sufficient low CP diet (11.9% CP, 100% Arg of National Research
Council (NRC) 1994 recommended level) compared to birds offered
Arg-deficient low CP diet was reported by Lieboldt et al., (2015).
Physiologically, egg yolk contains higher levels of Arg than that of
the albumen (Bergquist,1987); however, variation in percentages of
yolk and/or albumen following dietary Arg or CP supply were not
observed in the present study. This indicates that the synthesis of
yolk protein was not selectively limited by an inadequate provision
of Arg or CP in the hen diets. Regarding internal egg quality, birds
fed RP-Cit tended to have higher Haugh unit but lower shell
breaking strength and lower shell thickness compared to other
treatment groups in the current study. Carvalho et al. (2018)
pointed out that dietary AA requirement for egg production,
eggshell, and egg internal quality could vary considerably. This fact
might explain the contradictory effects of Cit supplementation on
egg quality parameters in the current study. Consideration of those
facts may be important for egg producers to maximize the farm
profit.

Absolute and relative weights of liver, ovary, and oviduct, as well
as oviduct length, were generally unaffected by dietary CP levels or
Arg supplementation in the present study. The results on organ
weight in the current study were closely associated with laying
performance and egg quality data, and were in agreement with
those previously reported (Basiouni et al., 2006; Khalaji et al., 2013;
Yang et al., 2016).

The SUA level is considered to be inversely correlated to the net
protein utilization and reflects the relative equivalence between
protein intake, utilization, and degradation (Robin et al., 1987). In
the present study, the reduction of CP level resulted in a decrease of
wk 40 SUA levels in experimental hens with the lowest value
observed in RP-GAA group. Feeding high CP diets have been re-
ported to increase SUA levels in broiler chickens (Namroud et al.,
2008; Hilliar et al., 2019). The higher SUA levels observed in high
CP fed birds are associated with excessive intake of AA in the form
of intact protein (Hilliar et al., 2019). Also, de Carvalho et al. (2015)
suggested that an appropriate level of dietary Arg can boost protein
anabolism; meanwhile, an overdose may cause Arg:Lys imbalance
that may increase arginase activity in the kidneywith increased Arg
oxidization into uric acid. Yuan et al. (2015) examined the effects of
supplementing the graded level of Arg on SUA level in laying hens
fed 17% CP diet. The SUA level of hens fed 1.27% Arg was lowest;
however, when supplemental Arg increased from 1.27% to 1.66%,
the SUA level was increased (Yuan et al., 2015). In the current study,
Arg was supplemented as per nutrient requirements for the Hy-
Line Brown laying hens (Hy-Line International, 2016) thus SUA
levels were maintained at low levels in RP diets with different
sources of Arg added.

The results of the current study showed that hens fed RP diets
had increased protein digestibility with reduced excreta moisture
and protein excretion to the environment compared to SP. This
result was consistent with the results on SUA level in this study, and
were supported by previous reports (Keshavarz and Austic, 2004;
Roberts et al., 2007; Alagawany et al., 2011, 2014; Huang et al., 2011;
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Zeweil et al., 2011). The higher relative apparent GE and CP di-
gestibility in RP-GAA fed birds may suggest the capacity of birds to
use nutrients more efficiently under stress/toxicity conditions.

5. Conclusions

The present findings confirm the beneficial effects of reduced
protein diets to increase protein digestibility and reduce protein
excretion; however, it suggests that reduction of 4 percentage
points CP from 17% to 13% is excessive in practical diets based on
wheat and sorghum for laying hens. The lack of effects of Arg, GAA,
and Cit supplementation on laying performance in RP diets was
possibly due to excessive reduction of dietary CP resulting in the
deficiency of some essential and non-essential AA and other com-
ponents of soybean meal in the diets. Citrulline showed more
positive effects than the other sources of Arg on internal egg quality
in laying hens while GAA was ineffective. Further investigation is
warranted to study the effects of different Arg sources in diets with
a more moderate CP reduction.
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