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ABSTRACT The objective of the present experiment
was to determine ME concentrations and amino acid
(AA) digestibility in various hatchery byproducts
(HBPs) for broiler chickens. In experiment 1, a total of
forty 60-day-old female broiler chickens were allotted to
1 of 5 dietary treatments with 8 replicates and used to
measure ME concentrations in HBPs. The basal diet
was prepared to contain corn, soybean meal, corn oil,
and other non-energy ingredients. Additional 4 experi-
mental diets were prepared to contain 10% of infertile
eggs (IFE), unhatched eggs (UHE), low-grade or dead
chicks (LDC), and mixture (MIX; 55% IFE, 10%
UHE, 10% LDC, and 25% hatched eggshells). In experi-
ment 2, a total of seven hundred and sixteen 1-day-old
mixed-sex broiler chickens (1:1 ratio of males and
females) were allotted to 1 of 5 dietary treatments with
7 replicates per treatment and used to determine appar-
ent ileal digestibility (AID) and standardized ileal
digestibility (SID) of AA in HBPs. The experimental
diets consisted of a nitrogen-free diet and 4 diets
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containing IFE, UHE, LDC, or MIX as a sole source of
AA. Results indicated that AME and AMEn values were
greater (P < 0.05) for LDC than for IFE, which had
greater (P < 0.05) AME and AMEn values for UHE and
MIX. The AID and SID of most AA in LDC were greater
(P < 0.05) than those in MIX, whereas IFE and UHE
had intermediate AID and SID of those AA as compared
to LDC and MIX. Average SID of essential AA in LDC
was greater (P < 0.05) than in UHE and MIX, but the
average SID of nonessential AA did not differ among 4
HBPs. In conclusion, LDC has the greatest ME concen-
trations and AA digestibility among 3 individual HBPs
(IFE, UHE, and LDC). The mixture of HBPs has the
least ME concentrations and AA digestibility in broiler
chickens. The ME and AA digestibility of HBPs are
likely affected by inclusion amounts of hatched egg-
shells. However, high concentrations of ME and avail-
able AA demonstrate that individual HBPs and their
mixture are potential protein ingredients for broiler
diets.
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INTRODUCTION

The production of poultry byproducts steadily
increases with increasing production of poultry meats or
eggs (Das et al., 2002; Glatz et al., 2011). Various types
of poultry byproducts are currently produced in the
poultry industry. One of the most common poultry
byproducts is hatchery byproducts (HBPs), which orig-
inate from a hatching process in the hatchery. The HBPs
are generally classified as infertile eggs (IFE),
unhatched eggs (UHE), low-grade or dead chicks
(LDC), or hatched eggshells (HE; Rasool et al., 1999;
Shahriar et al., 2008; AAFCO, 2016). In the commercial
hatchery, IFE is collected after examination of fertiliza-
tion, whereas UHE, LDC, and HE are typically collected
together at the end of a hatching system (Choi et al.,
2021). However, IFE, UHE, LDC, and HE are normally
composted together into a mixture (MIX) as a final
product in the hatchery (Choi et al., 2021). Currently,
HBPs are mostly disposed in landfills or utilized as a fer-
tilizer, which increases disposal costs and environmental
pollutions, consequently motivating researchers to find a
solution for the proper use of HBPs (Das et al., 2002;
Sung et al., 2020).
The HBPs contain high amounts of energy, protein,

and calcium (Ca) although variations in nutritional
compositions are relatively high, indicating that HBPs
can be a potential ingredient in animal diets
(Abiola et al., 2012; Sung et al., 2020; Choi et al., 2021).
However, the detailed information regarding nutritional
values for HBPs in animal diets is largely lacking. In
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Table 1. Analyzed energy and nutrient concentrations of hatch-
ery byproducts, as-fed basis.

Hatchery byproducts1

Items2 IFE UHE LDC MIX

Gross energy, kcal/kg 5,133 4,753 5,945 3,764
DM, % 98.3 97.8 96.6 98.0
CP, % 34.2 39.4 60.0 31.2
Crude ash, % 27.6 27.6 6.6 40.6
AEE, % 23.3 23.8 24.6 16.7
Calcium, % 11.7 11.7 1.2 16.8
Phosphorus, % 0.7 0.7 1.0 0.6
Essential AA, %
Arg 2.00 2.80 3.95 1.50
His 0.79 1.01 1.32 0.58
Ile 1.73 1.90 2.34 1.02
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particular, few studies have performed to determine ME
concentrations and apparent ileal digestibility (AID)
and standardized ileal digestibility (SID) of AA in indi-
vidual HBPs and their mixture for broiler chickens,
which currently limits the use of HBPs in broiler diets.
Therefore, in order to increase the use of the HBPs in
animal diets, the accurate estimation of available energy
and amino acid (AA) concentrations in HBPs is
required.

Therefore, the objective of the present experiment was
to determine the values for ME concentrations and AA
digestibility in various HBPs (i.e., IFE, UHE, LDC, and
MIX) for broiler chickens.
Leu 3.15 3.64 4.71 1.91
Lys 2.46 2.65 3.51 1.50
Met 1.29 1.30 2.31 0.73
Phe 1.96 2.24 2.78 1.14
Thr 1.85 2.22 2.84 1.27
Trp 0.47 0.43 0.50 0.28
Val 2.21 2.69 3.25 1.50

Nonessential AA, %
Ala 2.10 2.73 3.98 1.40
Asp 3.78 4.31 5.47 2.38
Cys 0.97 1.35 1.58 0.84
MATERIALS AND METHODS

All experimental procedures were reviewed and
approved by the Institutional Animal Care and the Use
Committee at Chung-Ang University (approval No.
2018-00136).
Glu 4.80 4.17 8.54 3.30
Gly 1.31 2.69 4.97 1.22
Pro 1.38 2.38 3.83 1.29
Ser 2.61 3.02 3.65 1.72
Tyr 1.03 1.22 1.52 0.66
1IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%

IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); UHE, unhatched
egg.

2AA, amino acid; AEE, acid-hydrolyzed ether extract.

Table 2. Ingredients and chemical composition of experimental
diets, as-fed basis (experiment 1).1

Items Basal IFE UHE LDC MIX

Ingredients (%)
Corn 70.0 62.9 62.9 62.9 62.9
Soybean meal (46% CP) 25.0 22.5 22.5 22.5 22.5
Corn oil 4.0 3.6 3.6 3.6 3.6
HBPs 0.0 10.0 10.0 10.0 10.0
NaCl 0.3 0.3 0.3 0.3 0.3
Preparation of HBPs

The collection and preparation of HBP samples were
conducted based on the methodology described in our
previous experiment (Choi et al., 2021). Briefly, the
IFE, UHE, LDC, and HE were individually collected
from a local broiler hatchery (Dongsan Broiler Hatchery,
Cheonan-si, Republic of Korea). The mixture of 4 ingre-
dients (MIX; 55% IFE, 10% UHE, 10% LDC, and 25%
HE) was also prepared according to the typical produc-
tion proportion of each HBP in the commercial broiler
hatchery. Each of collected HBPs (i.e., IFE, UHE, LDC,
or MIX) was ground using a meat chopper (MN-225,
Hankook Fujee, Hwaseong-si, Republic of Korea) and
dried immediately at 50°C for 24 h in a vertical conven-
tion oven (LDO-630F, Daihan Labtech, Namyangju-si,
Republic of Korea) to achieve optimal DM concentra-
tions (i.e., close to 96% DM). All dried HBPs were finely
ground again using a screen grinder (CM 290 Cemotec,
FOSS, Hilleroed, Denmark) and stored in the refrigera-
tor at −20°C before further analysis. The analyzed
energy and nutrient concentrations in the 4 HBPs are
presented in Table 1.
NaCO3 0.3 0.3 0.3 0.3 0.3
Vitamin premix2 0.2 0.2 0.2 0.2 0.2
Mineral premix3 0.2 0.2 0.2 0.2 0.2

Analyzed energy and nutrient concentrations
Gross energy, kcal/kg 4,097 4,139 4,016 4,258 3,976
CP, % 17.7 19.2 21.0 19.9 17.4
DM, % 90.0 90.9 90.6 90.7 90.9
1HBPs, hatchery by-products; IFE, infertile egg; LDC, low-grade or

dead chick; MIX, mixture (55% IFE, 10% UHE, 10% LDC, and 25%
hatched eggshells); UHE, unhatched egg.

2Provided per kilogram of the complete diet: vitamin A (from vitamin
A acetate), 13,000 IU; vitamin D3, 5,000 IU; vitamin E (from DL-a-toco-
pheryl acetate), 80 IU; vitamin K3, 4 mg; vitamin B1, 4 mg; vitamin B2, 10
mg; vitamin B6, 6 mg; vitamin B12, 20 mg; calcium pantothenate, 20 mg;
folic acid, 2 mg; biotin, 200 mg; niacin, 60 mg.

3Provided per kilogram of the complete diet: Zn (as ZnO), 100 mg; Mn
(as MnSO2¢H2O), 120 mg; Fe (as FeSO4¢7H2O), 60 mg; Cu (as
CuSO4¢5H2O), 16 mg; Co (as CoCO3), 1,000 mg; I (as Ca(IO3)2¢H2O),
1.25 mg; Se (as Na2SeO3), 300 mg.
Birds, Diets, and Experimental Design

In experiment 1, a total of forty 60-day-old Ross 308
female broiler chickens were used to determine AME
and AMEn of 4 HBPs. All birds were randomly allotted
to 1 of 5 dietary treatments with 8 replicates per treat-
ment. Each bird was placed in a metabolic cage (35.2
cm £ 45.0 cm £ 55.3 cm, width £ length £ height).
Room temperature was set at 20°C and light was pro-
vided for 24 h throughout the experiment. The basal
diet was prepared to contain corn, soybean meal, corn
oil (99%), and other non-energy ingredients (1%). Diets
were then prepared to include 10% of each of HBP
samples at the expense of energy ingredients in the basal
diet (Table 2).
In experiment 2, a total of seven hundred and sixteen

1-day-old mixed-sex broiler chickens (1:1 ratio of males
and females) were used to determine the AID and SID of
AA in 4 HBPs. All birds were raised in an
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environmentally controlled room. Room temperature
was set at 30°C during the first week and reduced by 2°C
during the subsequent week. Birds were fed a commer-
cial diet for 20 d. Feed and water were supplied ad libi-
tum and birds received the continuous lighting
throughout the experiment. On d 21, all birds were
weighed, and 275 birds with extremely high and low BW
were discarded. The remaining 441 birds were allotted
to 35 battery cages with a similar average BW (initial
BW = 642 § 12.9 g). Battery cages were allocated to 1
of 5 dietary treatments with 7 replicates per treatment
in a completely randomized design. Each battery cage,
except for those assigned to the nitrogen-free diet (NF),
had 12 birds. In the NF treatment, each battery cage
had 15 birds. The birds were fed the experimental diets
for 7 d. The experimental diets consisted of NF, IFE,
UHE, LDC, and MIX (Table 3). Each HBP served as
the sole source of AA in dietary treatments. The NF
diets were formulated to measure the endogenous losses
of AA (Adedokun et al., 2014). All experimental diets
included 0.5% of chromic oxide as an indigestible marker
to calculate ileal AA digestibility.
Sample Collection

In experiment 1, the AME and AMEn values for the
experimental diets were determined as
Bourdillon et al. (1990) described but with a minor mod-
ification (Kim et al., 2021). At the start of the
Table 3. Composition of experimental diets, as-fed basis (experi-
ment 2).1

Items N-free IFE UHE LDC MIX

Cornstarch 17.76 17.76 17.76 17.76 17.76
Dextrose 63.16 12.62 17.72 32.92 3.80
Soybean oil 5.00 3.00 5.00 2.00 8.70
Infertile eggs (IFE) 0.00 55.60 0.00 0.00 0.00
Unhatched eggs (UHE) 0.00 0.00 48.30 0.00 0.00
Low grade chicks (LDC) 0.00 0.00 0.00 34.20 0.00
Mixture (MIX) 0.00 0.00 0.00 0.00 60.60
Cellulose 5.00 5.00 5.00 5.00 3.00
Limestone 1.32 0.00 0.00 1.90 0.00
MDCP 1.94 0.20 0.40 0.40 0.32
Chromic oxide mixture2 2.50 2.50 2.50 2.50 2.50
Celite 1.00 1.00 1.00 1.00 1.00
NaCl 0.20 0.20 0.20 0.20 0.20
Potassium chloride 0.28 0.28 0.28 0.28 0.28
Magnesium oxide 0.20 0.20 0.20 0.20 0.20
NaHCO3 0.80 0.80 0.80 0.80 0.80
Choline chloride 0.24 0.24 0.24 0.24 0.24
Vitamin premix3 0.30 0.30 0.30 0.30 0.30
Mineral premix4 0.30 0.30 0.30 0.30 0.30
Total 100.00 100.00 100.00 100.00 100.00

1IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%
IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); N-free, nitrogen
free diet; UHE, unhatched egg.

2Chromic oxide mixture = 20% of chromic oxide mixed with 80% of
corn starch.

3Provided per kilogram of the complete diet: vitamin A (from vitamin
A acetate), 13,000 IU; vitamin D3, 5,000 IU; vitamin E (from DL-a-toco-
pheryl acetate), 80 IU; vitamin K3, 4 mg; vitamin B1, 4 mg; vitamin B2, 10
mg; vitamin B6, 6 mg; vitamin B12, 20 mg; calcium pantothenate, 20 mg;
folic acid, 2 mg; biotin, 200 mg; niacin, 60 mg.

4Provided per kilogram of the complete diet: Zn (as ZnO), 100 mg; Mn
(as MnSO2¢H2O), 120 mg; Fe (as FeSO4¢7H2O), 60 mg; Cu (as
CuSO4¢5H2O), 16 mg; Co (as CoCO3), 1,000 mg; I (as Ca(IO3)2¢H2O),
1.25 mg; Se (as Na2SeO3), 300 mg.
experiment, average feed intake (FI) were measured for
2 d. Afterward, all birds were adapted to experimental
diets for 72 h with feeding 80% of the average FI to mini-
mize ingredient selection in feeders for 55 h and fasting
for 17 h. The fasting period was required to empty the
gastrointestinal tract before the start of the collection
period. The collection period lasted for 96 h with feeding
180 g of each diet every day for 79 h and fasting 17 h.
The excreta were collected daily and immediately stored
at �20°C. Collected excreta samples were dried in a
forced-air drying oven at 60°C for 48 h and finely ground
using a 1-mm screen grinder (CM 290 Cemotec, FOSS).
In experiment 2, sample collection and digesta proc-

essing were conducted as described by
Ravindran et al. (2017). All birds were euthanized using
CO2 asphyxiation and immediately dissected. Digesta
was collected from the entire ileum. The ileum was
defined as the portion of the small intestine extending
from Meckel’s diverticulum to a point 40 mm proximal
to the ileo-cecal-colonic junction. Ileal digesta were col-
lected by gently flushing with distilled water into a plas-
tic container. Ileal samples from birds within a replicate
cage were pooled, frozen immediately after collection
and subsequently freeze-dried. The HBP samples, exper-
imental diets, and ileal digesta samples were ground
through a 1-mm screen grinder and stored in airtight
containers at �20°C for chemical analyses.
Chemical Analysis

The HBP samples, experimental diets, and excreta
samples were measured for DM (method 930.15;
AOAC, 2005), CP (method 990.03; AOAC, 2005), and
GE using bomb calorimetry (Model 6400, Parr instru-
ments Co., Moline, IL). Benzoic acid was used as the
standard for calibration of GE analysis. Additionally,
the HBP samples were analyzed for crude ash (method
942.05; AOAC, 2005) and acid-hydrolyzed ether extract
(AEE, method 996.01; AOAC, 2005). The HBP samples
were weighed and digested to measure Ca and phospho-
rus (P) concentrations using an inductively coupled
plasma spectrometer (Optima 5300 DV, Perkin Elmer
Inc., Shelton, CT) as demonstrated by
Kim et al. (2016). The concentrations of AA in experi-
mental diets, ileal digesta, and HBP samples were deter-
mined using a high performance liquid chromatography
(Ultimate 3000, Thermo Dionex, Sunnyvale, CA)
according to the method as described by AOAC (2005;
method 982.30).
Calculation

In experiment 1, the AME and AMEn values for the
experimental diets were calculated as followed
(Wolynetz and Sibbald, 1984; Lee et al., 2018):

AME kcal=kgð Þ ¼ GEi�GEoð Þ=FI;

AMEn kcal=kgð Þ ¼ GEi� fGEoþ Ni�Noð Þ � 8:22g½ �=FI;



Table 4. Metabolizable energy of experimental diets (experiment
1).1

Experimental diets2

Items Basal IFE UHE LDC MIX SEM P-value

ME (kcal/kg)
AME 3,317c 3,450b 3,342c 3,519a 3,347c 22.2 <0.01
AMEn 3,168c 3,279b 3,155c 3,368a 3,192c 20.4 <0.01
a-cMeans within a variable with no common superscript differ signifi-

cantly (P < 0.05).
1Data are least squares means of 8 observations per treatment.
2IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%

IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); UHE, unhatched
egg.

Table 5. Metabolizable energy of hatchery byproducts (experi-
ment 1).1

Hatchery byproducts2

Items3 IFE UHE LDC MIX SEM P-value

ME (kcal/kg)
AME 4,680b 3,608c 5,375a 3,654c 230.2 <0.01
AMEn 4,314b 3,074c 5,198a 3,443c 197.8 <0.01
a-cMeans within a variable with no common superscript differ signifi-

cantly (P < 0.05).
1Data are least squares means of 8 observations per treatment.
2IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%

IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); UHE, unhatched
egg.

4 KIM ET AL.
where GEi indicates the GE intake; GEo indicates the GE
output; Ni − No indicates the gram N balance; GEe indi-
cates endogenous loss of energy; 8.22 equals the N
retained value (Hill and Anderson, 1958). The values for
AME and AMEn of 4 HBP samples as an ingredient were
calculated by difference procedure (Barzegar et al., 2019).

In experiment 2, the AID of AA was calculated as fol-
lows using the Cr marker as described by
Ravindran et al. (2005) and Kong and Adeola (2013).

AID; % ¼ AA=Crð Þd �� AA=Crð Þi
� �

= AA=Crð Þd � 100

Where AID is the apparent ileal AA digestibility (%),
(AA/Cr)d = ratio of AA to Cr in diet; and (AA/
Cr)i = ratio of AA to Cr in ileal digesta.

The endogenous losses of AA were calculated using fol-
lowing equation as described by Kong and Adeola (2013).

EAL ¼ Crd=Crið Þ �AAi

Where EAL is the endogenous losses of each AA mea-
sured in ileal digesta after feeding the NF, Crd is the Cr
concentrations in NF, Cri is the Cr concentrations in
ileal digesta, and AAi is the concentration of each AA in
ileal digesta.

The AID data were converted to SID values, using the
endogenous AA losses values as described by Kong and
Adeola (2013).

SID; % ¼ AIDþ EAL=AAdð Þ � 100

Where SID represents the standardized ileal AA digest-
ibility (%), AAd is the dietary concentrations of the AA.
Statistical Analysis

All data were analyzed by ANOVA as a completely
randomized design using the GLM procedure of SAS
(SAS Institute., Cary, NC). The replicate was used as
the experimental unit for all analyses. Outlier data were
checked using the UNIVARIATE procedure of SAS
(Steel et al., 1997). The means of AME and AMEn val-
ues for experimental diets and various HBPs and those
of AID and SID of AA in various HBPs were compared
using the Duncan multiple range test. Significance for
statistical tests was set at P < 0.05.
RESULTS

Energy and Nutrient Concentrations in HBPs

The concentrations of GE, CP, and AA were the
greatest for LDC but the least for MIX among 4 HBPs.
However, the concentrations of ash and Ca were the
greatest for MIX but the least for LDC. The primary
reason for these differences in energy and nutrients is
related to different inclusion amounts of HE in HBPs
because LDC had no additional inclusion of HE, MIX
had the greatest inclusion of HE, and IFE and UHE con-
tained the relatively small inclusion of HE.
ME Concentrations and AA Digestibility

The ME (i.e., AME and AMEn) values for diets con-
taining LDC were greater (P < 0.05) than those of diets
containing IFE, which were greater (P < 0.05) than
those of basal diets and diets containing UHE or MIX
(Table 4). Likewise, the ME (i.e., AME and AMEn) val-
ues for LDC was greater (P < 0.05) than those for IFE,
which were greater (P < 0.05) than for UHE or MIX
(Table 5).
The average AID of essential AA was greater (P <

0.05) in IFE and LDC than in MIX with UHE having
intermediate values for the average AID of essential AA
(Table 6). The IFE, UHE, and LDC had greater (P <
0.05) AID of Met and Thr compare with MIX. The AID
of Arg and Trp was greatest (P < 0.05) for LDC, inter-
mediate for IFE and UHE, and least for MIX. There
were no differences in the AID of Ile, Leu, Lys, and Phe
among 4 HBPs.
The average AID of nonessential AA in IFE, UHE,

and LDC was greater (P < 0.05) than those in MIX.
Similar results were observed for the AID of Pro. As
seen for the AID of essential AA, LDC had the greatest
(P < 0.05) AID of Ala, Asp, Glu, and Gly, MIX had the
least (P < 0.05) AID of those 5 nonessential AA, and
IFE and UHE had intermediate AID values. The AID of
Ser and Tyr did not differ among 4 HBPs.
The results for the SID of AA in HBPs were close to

those for the AID of AA (Table 7). The average SID of
essential AA was greater (P < 0.05) for LDC than for
UHE and MIX with intermediate values being observed
for IFE. The SID of 6 essential AA (Arg, His, Met, Thr,
Trp, and Val) was greater (P < 0.05) for LDC than for
MIX. The SID of His and Trp was greater (P < 0.05) for



Table 6. Apparent ileal amino acid digestibility (AID) of hatch-
ery byproducts (experiment 2).1

Items

Hatchery byproducts2

IFE UHE LDC MIX SEM P-value

AID, %
Essential amino acid

Arg 84.7ab 82.9bc 87.0a 80.7c 1.13 <0.01
His 80.9b 81.5b 85.3a 78.7b 1.09 <0.01
Ile 87.3 84.3 87.9 86.2 0.97 0.07
Leu 88.3 85.7 88.2 86.1 1.04 0.19
Lys 85.7 85.2 88.5 83.1 1.43 0.09
Met 88.1a 89.5a 91.0a 84.5b 0.95 <0.01
Phe 88.9 85.1 86.7 87.1 1.07 0.12
Thr 82.1a 80.5a 83.7a 76.5b 1.34 <0.01
Trp 86.5b 86.2b 97.8a 79.8c 1.24 <0.01
Val 86.8ab 84.1b 87.4a 84.2b 0.91 0.03
Mean 85.9ab 84.5bc 88.4a 82.7c 1.04 <0.01

Nonessential amino acid
Ala 85.5b 85.2b 89.0a 82.6b 1.20 <0.01
Asp 83.3ab 81.5b 86.0a 81.5b 1.21 <0.05
Cys 71.5bc 77.4a 74.7ab 69.9c 1.44 <0.01
Glu 86.2ab 85.5ab 88.7a 83.3b 1.10 0.02
Gly 80.1bc 83.7b 87.5a 77.5c 1.24 <0.01
Pro 86.1a 80.2a 80.1a 66.2b 2.73 <0.01
Ser 79.1 78.7 80.4 78.4 1.21 0.68
Tyr 86.9 82.3 83.8 84.1 1.15 0.07
Mean 82.3a 81.8a 83.8a 77.9b 1.23 0.02
a-cMeans within a variable with no common superscript differ signifi-

cantly (P < 0.05).
1Data are least squares means of 7 observations per treatment.
2IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%

IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); UHE, unhatched
egg.
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LDC than for IFE and UHE. The SID of Thr and Trp
was greater (P < 0.05) for IFE than for MIX. The SID of
Met and Trp was greater (P < 0.05) for UHE than for
MIX.
Table 7. Standardized ileal amino acid digestibility (SID) of
hatchery byproducts (experiment 2).1

Items

Hatchery byproducts2

IFE UHE LDC MIX SEM P-value

SID, %
Essential amino acid

Arg 88.9ab 87.0b 91.3a 85.6b 1.13 <0.01
His 85.7b 85.9b 90.0a 83.7b 1.09 <0.01
Ile 90.7ab 87.8b 91.8a 90.6ab 0.97 <0.05
Leu 92.0 89.4 92.2 90.8 1.04 0.23
Lys 90.0 90.0 93.6 88.8 1.43 0.13
Met 90.6bc 92.1ab 94.5a 87.4c 0.95 <0.01
Phe 92.4 88.6 90.6 91.7 1.07 0.09
Thr 88.8a 87.2ab 90.7a 84.6b 1.34 0.02
Trp 89.1b 89.8b 100.7a 83.7c 1.24 <0.01
Val 90.3ab 87.7b 91.5a 88.6b 0.91 0.03
Mean 89.9ab 88.5b 92.7a 87.5b 1.04 0.01

Nonessential amino acid
Ala 90.4ab 89.7b 93.5a 88.6b 1.20 <0.05
Asp 87.0ab 85.3b 90.1a 86.1b 1.21 <0.05
Cys 79.8ab 83.4a 81.2a 76.4b 1.44 0.02
Glu 89.9 88.8 92.1 87.7 1.10 0.06
Gly 86.5ab 87.4a 90.2a 83.0b 1.24 <0.01
Pro 90.9a 85.4a 84.1a 73.3b 2.73 <0.01
Ser 83.3 83.1 85.2 83.6 1.21 0.59
Tyr 91.0 86.8 89.7 88.9 1.15 0.10
Mean 87.4 86.2 88.3 83.5 1.23 0.06
a-cMeans within a variable with no common superscript differ signifi-

cantly (P < 0.05).
1Data are least squares means of 7 observations per treatment.
2IFE, infertile egg; LDC, low-grade or dead chick; MIX, mixture (55%

IFE, 10% UHE, 10% LDC, and 25% hatched eggshells); UHE, unhatched
egg.
The average SID of nonessential AA did not differ
among 4 HBPs. However, the SID of Pro was greater (P
< 0.05) for IFE, UHE, and LDC than for MIX. The SID
of Ala and Asp was the greatest (P < 0.05) for LDC,
intermediate for IFE, and the least (P < 0.05) for MIX
and UHE. There were no differences in the SID of Glu,
Ser, and Tyr among 4 HBPs.
DISCUSSION

The accurate determination of energy values for HBPs
is mandatory if the HBPs are properly used for broiler
diets. However, there have been scarce data for energy
concentrations of HBPs, especially for individual sources
of HBPs such as IFE, UHE, and LDC, because HBPs
are typically collected and used as a mixed form (i.e.,
MIX) for broiler diets. The GE concentrations of MIX
used in the current experiment were similar or lower
than those reported in previous studies (Rasool et al.,
1999; Mehdipour et al., 2009; Sung et al., 2019). The
variable GE concentrations in MIX result from different
sources and inclusion amounts of individual HBPs,
which are largely dependent of the hatchability in the
commercial hatchery (Rasool et al., 1999; Thaler and
Holden, 2010; Sung and Kim, 2020). The MIX used in
the previous studies contained relatively small amounts
of HE, whereas the MIX used in this experiment con-
tained 25% HE. This difference in the inclusion amount
of HE in the MIX may be the reason why the GE concen-
trations of MIX used in the current experiment were
similar or lower than those reported in previous experi-
ments.
The values for AMEn of 4 HBPs measured in this

experiment ranged from 3,074 to 5,198 kcal/kg, falling
within the range (2,706−5,712 kcal/kg) reported in the
literature (Ilian and Salman, 1986; Sharara et al., 1992;
Abiola and Onunkwor, 2004). The values for AME and
AMEn of LDC were greater than those of IFE. The main
reason for this difference is likely due to the different GE
concentrations but similar energy metabolizability
between LDC and IFE. This reason also explains why
the values for AME and AMEn of IFE were greater than
those of UHE. However, the values for AME and AMEn
of UHE did not differ from those for MIX although the
GE concentrations of MIX (3,764 kcal/kg) was lower
than those of UHE (4,753 kcal/kg). Based on GE intake
and GE excretion, the GE metabolizability was calcu-
lated and the values were less for UHE (64.7%) than for
LDC (87.4%), IFE (84.0%), and MIX (91.5%). It is not
clear why such a trend was identified because UHE is
likely an intermediate form during a hatching process
and no experiments have reported that the specific
chemical and physical components in UHE decreased
energy and nutrient utilization in UHE.
In the current experiment, the CP concentrations in 4

HBPs ranged from 31.2 to 60.0%, which were closed to
the values (32.2−66.3%) reported in previous experi-
ments (Sung et al., 2019; Sung et al., 2020; Sung and
Kim, 2020). These results indicate that HBPs used in
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the current experiment are similar to those used in previ-
ous experiments. Interestingly, the LDC had the great-
est CP concentrations among 3 individual HBPs,
probably due to few eggshells present in LDC. The CP
concentrations in LDC were similar or lower than those
values reported in previous experiment (Sung et al.,
2019; Sung et al., 2020).

Among the essential AA, 4 HBPs contained high con-
centrations of total Arg, Leu, Lys, and Val, but low con-
centrations of total His and Trp. These AA
compositions are likely similar to those in eggs
(Norberg et al., 2004; Donadelli et al., 2019) and other
animal byproducts (Ravindran et al., 2005;
Adedokun et al., 2014; Sung et al., 2020). Among 4
HBPs, LDC had the highest concentrations of essential
AA, followed by IFE and UHE, whereas MIX had the
least concentrations of essential AA, which is likely a
consequence of different amounts of eggshells included
in each HBP.

The HBPs can be used in broiler diets as an alterna-
tive source to conventional animal protein ingredients
such as meat and bone meal and fish meal. Thus, AA
digestibility of HBPs is worthy of comparison with other
protein ingredients. In the previous studies, the average
AID of AA in meat and bone meal ranged from 61 to
80%, and that in fish meal ranged from 77 to 87%
(Angkanaporn et al., 1996; Ravindran et al., 1999, 2005;
Kadim et al., 2002; Huang et al., 2005). In addition, the
average SID of AA in meat and bone meal ranged from
64 to 78%, and that in fish meal ranged from 82 to 91%
(Angkanaporn et al., 1996; Kadim et al., 2002;
Lemme et al., 2004; Adedokun et al., 2014). Our values
for the average AID of AA in HBPs ranged from 81 to
86%, and the SID of AA ranged from 86 to 91%. There-
fore, the values for both AID and SID of AA in HBPs
used in the current experiment were similar or greater
than those values measured in meat and bone meal and
fish meal. This result indicates that the individual HBPs
and their mixture (i.e., IFE, UHE, LDC, and MIX) can
be potential animal protein ingredients for broiler diets.

The LDC had the greatest AID of most of the essen-
tial AA, whereas the MIX had the least AID of those
AA with IFE and UHE showing the intermediate values.
This result appeared to be associated with different
amounts of total AA among 4 HBPs because the AID of
AA increases with increasing AA concentrations in
HBPs due to a concomitant decrease in the relative con-
tribution of endogenous losses of AA in the excreta
(Stein et al., 2007). However, the SID of most of the
essential AA was also greater for LDC than for UHE
and MIX, indicating that essential AA in LDC can be
more digestible than in UHE and MIX. To our knowl-
edge, this is the first experiment reporting the AID and
SID of AA in various HBPs for broiler chickens. Thus,
the direct comparison of our measured values with previ-
ous ones in poultry experiments was difficult. However,
Sung et al. (2020) reported that the AID and SID of
most of the essential AA were greater for IFE than for
LDC when fed to nursery pigs. In addition, there were
no differences in the AID and SID of most of the
essential AA between LDC and MIX. The reason for
this observation is likely related to differences in the dry-
ing process of HBPs. In the present study, the HBPs
were dried at 50°C for 24 h in a vertical convention
oven, whereas the HBPs were dried at 130°C for 20 h in
a dryer in the other experiment (Sung et al., 2020). The
possible reason for the difference in AA digestibility may
be associated with a decrease in AA availability when
ingredients were dried at the high temperature
(Navarro et al., 2018). Another possible explanation for
differences in AA digestibility is the different propor-
tions of individual HBPs in the MIX. The HBPs used in
our experiment contained 55% IFE, 10% UHE, 10%
LDC, and 25% HE, whereas the HBPs used by
Sung et al. (2020) contained 20% IFE, 20% UFE, and
60% LDC. These results may indicate that the AID and
SID of AA in various HBPs may be affected by the dry-
ing process and inclusion proportions of HBPs in the
MIX.
CONCLUSIONS

The LDC has the greatest ME concentrations and AA
digestibility among 3 individual HBPs (IFE, UHE, and
LDC), whereas the MIX has relatively less ME concen-
trations and AA digestibility for broiler chickens. The
ME and AA digestibility of HBPs are likely affected by
inclusion amounts of HE. However, high concentrations
of ME and available AA indicate that individual HBPs
and their mixture are potential protein ingredients for
broiler diets.
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