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ABSTRACT This experiment was conducted to de-
termine the relative bioavailability (RBV) of Cu in trib-
asic copper chloride (TBCC) to Cu in copper sulfate
(monohydrate form; CuSO4-H,0) for layer diets based
on egg yolk and feather Cu concentrations. A total of
252, 72-wk-old Hy-Line Brown laying hens were allot-
ted to 1 of 7 treatments with 6 replicates consisting
of 6 hens per replicate in a completely randomized de-
sign. Hens were fed corn-soybean meal-based basal diets
supplemented with 0 (basal), 100, 200, or 300 mg/kg
Cu from CuSO,4 or TBCC for 4 wk. Results indicated
that egg production, egg weight, and egg mass were
not affected by dietary treatments. However, increasing
inclusion levels of Cu in diets from CuSO, decreased
(P < 0.05) feed conversion ratio (FCR), whereas in-
creasing inclusion levels of Cu in diets from TBCC
did not affect FCR, indicating significant interaction
(P < 0.05). Increasing inclusion levels of Cu from

TBCC or CuSO, increased (P < 0.05) Cu concentra-
tions of egg yolk and feathers. Feather Cu concentra-
tions were greater (P < 0.01) for hens fed diets contain-
ing CuSOy4 than for hens fed diets containing TBCC.
The values for the RBV of Cu in TBCC to Cu in CuSOy4
based on log;, transformed egg yolk and feather Cu con-
centrations were 107.4% and 69.5%, respectively. These
values for the RBV of Cu in TBCC did not differ from
Cu in CuSOy4 (100%). The RBV measured in egg yolk
did not differ from the RBV measured in feather. In
conclusion, the RBV of Cu in TBCC to Cu in CuSOy,
can be determined using Cu concentrations of egg yolk
and feathers although the values depend largely on tar-
get tissues of laying hens. For a practical application,
however, the RBV value of Cuin TBCC to Cu in CuSOy
could be 88.5% when the RBV values determined
using egg yolk and feather Cu concentrations were
averaged.
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INTRODUCTION

Copper (Cu) is an essential trace element required
for maintaining proper body functions and health for
animals because the Cu plays a critical role as a co-
factor in cytochrome oxidase, lysyl oxidase, superoxide
dismutase, and ceruloplasmin (Davis and Mertz, 1987).
In addition to the essentiality of Cu, inclusion of high
amounts of Cu in diets has been practiced to improve
productive performance of pigs and poultry, possibly
due to its antimicrobial actions and improved nutri-
ent digestibility in diets (Pettigrew, 2006; Leeson, 2009;
Zhao et al., 2014). Currently, the NRC (1994) has rec-
ommended 4 to 5 ppm Cu for immature laying hens,
but no such value has been specified for adult laying
hens. It has been reported that Cu deficiency in lay-
ing hens resulted in anemia along with abnormal size
and shape of eggs (Baumgartner et al., 1978). Thus,
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a sufficient amount of Cu should be included in diets
fed to laying hens. However, the concentrations of Cu
in feed ingredients and their bioavailability vary largely
because of the differences in agronomic conditions and
processing (NRC, 1994). Thus, various sources of sup-
plemental Cu such as Cu oxide, Cu citrate, Cu sulfate
(CuS0,), and tribasic copper chloride (TBCC) have
been additionally included in diets fed to laying hens
(Leeson, 2009).

CuSO, is the most widely used Cu source in the
poultry industry. However, CuSQy is reported to have
some physiochemical problems owing to high hygro-
scopicity and chemical reactivity (Miles et al., 1998;
Luo et al., 2005). Therefore, it is necessary to investi-
gate alternative Cu sources to CuSO, and to determine
their bioavailability. As compared to other Cu sources,
TBCC has been considered a potential alternative to
CuSO, because it is a less reactive and destructive
form in animal diets compared with CuSO,4 (Cromwell
et al., 1998; Liu et al., 2005; Kim and Kil, 2015). Sev-
eral researchers have estimated the relative bioavailabil-
ity (RBV) of Cu in TBCC to Cu in CuSOy (ie., a
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reference Cu source) for broiler chickens and have re-
ported no difference in the bioavailability between these
sources (Miles et al.; 1998; Luo et al., 2005; Kim and
Kil, 2015). For laying hens, however, there have been
limited data regarding the RBV of Cu in TBCC to Cu
in CuSO,4. Moreover, because Cu is particularly accu-
mulated in the liver, the concentrations of Cu in the
liver have been widely used to determine the RBV of
Cu among various Cu sources in animal diets (Ammer-
man, 1995; Leeson, 2009). However, other tissues such
as the egg and feathers of poultry have also shown high
responsiveness to different Cu sources and concentra-
tions in diets (Vohra et al., 1968; Pekel and Alp, 2011;
Kim and Kil, 2015). Moreover, as compared to the liver
tissue, egg yolks and feathers can be collected using eas-
ier and less invasive techniques. Nevertheless, there has
been a lack of data regarding the bioavailability of Cu
among different Cu sources in diets as determined using
egg yolk and feather of laying hens. Therefore, the cur-
rent experiment was conducted to determine the RBV
of Cu in TBCC to Cu in CuSOy4 based on egg yolk and
feather Cu concentrations of laying hens.

MATERIALS AND METHODS

Birds, Diets, and Experimental Design

The protocol for this experiment was reviewed and
approved by the Institutional Animal Care and Use
Committee at Chung-Ang University.

A total of 252, 72-wk-old Hy-Line Brown laying hens
were used in this experiment. Prior to the experiment,
all hens were fed a commercial corn-soybean meal-based
diet for 4 wk. At the start of the experiment, hens
were randomly allocated to 126 cages (30 cm x 37
cm x 40 cm, width X length Xx height, respectively)
with 2 birds per cage in an environment-controlled
layer house. Three adjoining cages were considered 1
replicate group, and the resulting 42 groups were al-
lotted to 1 of 7 dietary treatments with 6 replicates
per treatment in a completely randomized design. A
commercial-type basal diet was formulated to contain
adequate amounts of nutrients and energy for laying
hens (NRC, 1994). The concentration of Cu in the
basal diet was calculated to be 8.5 mg/kg, but the
analyzed concentration of Cu in the basal diet was
15.0 mg/kg (as-is basis; Table 1). For 6 additional di-
ets, Cu sources of either TBCC (Cuy[OH]3Cl; 59.5%
Cu; DaOne Chemical Co., Ltd, Seoul, South Korea) or
CuSO,4 monohydrate (CuSO4-H20; 35.8% Cu; DaOne
Chemical Co., Ltd, Seoul, South Korea) were added to
the basal diet at the levels of 100, 200, or 300 mg/kg Cu
at the expense of cornstarch. Although most previous
experiments have used the pentahydrate form of CuSO,
(CuSO4-5H50) as a reference Cu source (Miles et al.,
1998; Liu et al., 2005; Luo et al., 2005), the monohy-
drate form of CuSO, (CuSO4-Hy0) was chosen in this
experiment as used in our previous experiment using
broiler chickens (Kim and Kil, 2015). The reason is that
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Table 1. Composition and nutrient content of basal diets (as-fed
basis).

Ttem Inclusion (%)

Ingredients
Corn 53.42
Soybean meal, 46% CP 19.36
Wheat 5.00
DDGS! 5.00
Tallow 2.58
Dicalcium phosphate 1.05
Limestone 11.56
DL-Methionine 0.13
Salt 0.20
Vitamin premix? 0.20
Mineral premix® 0.10
Sodium bicarbonate 0.10
Cornstarch 0.20
Celite 1.00
Ethoxyquin 0.10
Total 100.00

Nutrient and energy content?

AME,, MJ /kg 11.72
Crude protein, % 15.20
Total lysine, % 0.76
Total methionine + cysteine, % 0.67
Calcium, % 4.50
Nonphytate phosphorus, % 0.34
Copper, mg/kg 8.5

Analyzed copper, mg/kg 15.0

!Corn distillers dried grains with solubles.

’Provided per kilogram of the complete diet: vitamin A, 15,000
IU (retinly acetate); vitamin Ds, 3,000 IU; vitamin E, 15 IU (DL-a-
tocopheryl acetate); vitamin Kj, 2 mg (menadione dimethpyrimidinol);
vitamin Bj, 3 mg; vitamin By, 9 mg; vitamin Bg, 5 mg; vitamin Bjs, 40
ng; folic acid, 2.9 mg; biotin, 260 pg; niacin, 40 mg.

3Provided per kilogram of the complete diet: zinc, 48 mg; manganese,
71 mg; iron, 80 mg; iodine, 1.5 mg; selenium, 180 ug.

*Calculated values from NRC (1994).

the use of CuSO4-H50O has recently received increasing
attention due to several possible benefits such as a re-
duced caking problem and better mixability in the min-
eral premix (Kim and Kil, 2015). In addition, there is
currently a lack of information regarding the utiliza-
tion of Cu in CuSO4-Hy,0 for poultry diets. The ana-
lyzed concentrations of Cu in diets containing CuSOy
were 104, 198, and 308 mg/kg (as-is basis), whereas
those of Cu in diets containing TBCC were 107, 192,
and 316 mg/kg (as-is basis). All diets were fed to hens
in a mash form for 4 wk. During the experiment, hens
were provided with feed and water ad libitum and were
exposed to a lighting schedule of 16L:8D. The average
room temperature in the layer house was 20°C during
the experiment.

Sample Collection and Chemical Analysis

Laying performance factors including hen-day egg
production rate, egg weight, and egg mass were
recorded daily, whereas feed intake and feed conver-
sion ratio (FCR) were calculated weekly over the 4-
wk feeding period. The data for laying performance
were then summarized for the entire experimental pe-
riod. At the conclusion of the experiment, 3 eggs from
each replicate were randomly collected. The egg yolk
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samples were separated from whole eggs, pooled, and
freeze-dried for the later analysis of Cu concentrations.
The clean feather samples were obtained from the back
and belly area of hens (2 hens per replicate). The col-
lected feather samples were rinsed with distilled water,
oven-dried, and stored in the refrigerator at —20°C until
further analysis.

The concentrations of Cu in diets, egg yolk, feath-
ers, and Cu sources (i.e., TBCC and CuSO4-H;0) were
determined using an inductively coupled plasma spec-
trometer (Optima 5300 DV, Perkin Elmer Inc., Shelton,
CT) as described by Luo et al. (2005) with minor mod-
ifications (Kim and Kil, 2015). Briefly, 1 g of diet and
egg yolk samples or 0.1 g of feather samples without
the rachis or hollow portion was used for the analysis.
The samples were weighed in duplicate and digested
with 10 mL HNO3 and 5 mL HClIOy4 in a 500-mL Kjel-
dahl flask until the solutions were cleared. Afterwards,
the solutions were carefully filtered through Whatman
Grade 42 filtered paper (Whatman International Ltd.,
Maidstone, England) and transferred to 100 mL volume
flasks after rinsing 5 times. The resulting filtrates were
used to analyze Cu concentrations.

Statistical Analysis

Statistical analysis was conducted using the MIXED
procedure (SAS Institute Inc., Cary, NC). All data were
analyzed using a completely randomized design. The
model included the main effects of Cu sources and con-
centrations in diets, and their interaction. The replicate
was used as the experimental unit for all measurements.
Means of response variables were separated using the
PDIFF option of the LSMEANS procedure.

The RBV values were determined using CuSO, as
the standard source (100%) by slope ratio comparisons
using multiple linear regression analysis in the GLM
procedure of SAS (Littell et al., 1997). However, hens
fed diets containing 300 mg/kg added Cu from CuSOy
showed the mild anorexic effects compared with hens
fed the control diet, and therefore the data were ex-
cluded for the multiple regression analysis (Ammerman,
1995; Baker et al., 1991). In addition, egg yolk and
feather Cu concentrations exhibited heterogeneous vari-
ance, and therefore, were subjected to logy transfor-
mation before data analysis (Littell et al., 1997). Three
assumptions of the linear responses, common intercept,
and equality of the common intercept to the mean for
the control group were tested as described by Littell et
al. (1997). The responses for both sources were linear
and the 2 regression lines shared a common intercept.
In addition, the mean response of the control group did
not differ from the common intercept, which indicates
that Cu retention in egg yolks and feathers could be
assumed to be linear down to the zero level of supple-
mental Cu in diets. Therefore, a multiple linear regres-
sion analysis was performed including the data from the
zero level of supplemental Cu in diets (i.e., the control
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diet; Littell et al., 1997). Feed intake differed among
dietary treatments, and therefore, daily added Cu in-
take rather than dietary Cu concentrations was used
as the independent variable for the regression analysis
(Ammerman, 1995; Kim and Kil, 2015). Logj, trans-
formed egg yolk and feather Cu concentrations were
regressed on added Cu intake calculated from average
daily feed intake and added dietary Cu concentrations
(Ammerman, 1995; Kim and Kil, 2015). Significance
was considered at P < 0.05 for all analyses.

RESULTS

The analyzed concentrations of Cu in CuSO,4 and
TBCC were 37.0 and 62.9%, respectively. These val-
ues were close to those presented by the CuSO,4-H,O or
TBCC providers.

Laying Performance

During the overall experimental period, egg produc-
tion, egg weight, and egg mass were not influenced by
dietary treatments (Table 2). However, hens fed diets
containing CuSOy had less (P < 0.01) feed intake than
those fed diets containing TBCC. Hens fed diets con-
taining 300 mg/kg added Cu tended (P = 0.05) to have
less feed intake than hens fed diets containing 100 or
200 mg/kg added Cu. No interaction for feed intake
between Cu sources and Cu concentrations in diets was
observed. Hens fed diets containing 300 mg/kg added
Cu from CuSOy showed the least feed intake (P < 0.05)
among the 7 dietary treatments. Likewise, hens fed diets
containing 300 mg/kg added Cu from CuSO, showed
the least FCR (P < 0.05) among the 7 dietary treat-
ments. Main effects of Cu sources and Cu concentra-
tions for FCR were not significant. However, the inter-
action for FCR between Cu sources and Cu concentra-
tions in diets was identified (P < 0.05) because increas-
ing inclusion levels of Cu in diets from TBCC had no
effects on FCR, whereas increasing inclusion levels of
Cu in diets from CuSO, decreased (P < 0.05) FCR.

Copper Concentrations of Egg Yolk and
Feather

The different Cu sources had no effect on egg yolk
Cu concentrations (Table 3). However, the concentra-
tions of Cu in egg yolk for hens fed diets containing 300
mg/kg added Cu were greater (P < 0.05) than those
for hens fed diets containing 100 or 200 mg/kg added
Cu. No interaction was found between Cu source and
concentration in the diets for egg yolk Cu concentra-
tions. Hens fed diets containing 300 mg/kg added Cu
from TBCC showed the greatest (P < 0.05) egg yolk
Cu concentrations among the 7 dietary treatments.

For feather Cu concentrations, hens fed diets con-
taining CuSO4 had greater (P < 0.01) feather Cu con-
centrations than those fed diets containing TBCC. The
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Table 2. Effects of different Cu sources and concentrations in diets on laying performance during a 4-wk feeding trial.!

Cu Added Cu  Dietary Cu  Egg production Egg weight Egg mass Feed intake Feed conversion
source (mg/kg) (mg/kg)* (%) (2) (g/d) (g/d) ratio (g of feed/g of egg)
Control 0 15 85.0 66.1 56.3 117 2.10*
CuSO4-H,0 100 104 81.6 67.1 54.8 114* 2.11#
200 198 83.3 66.6 55.5 110*P 1.99*P
300 308 83.6 65.8 55.0 102° 1.87°
TBCC? 100 107 87.5 66.7 58.3 117 2.02b
200 192 87.4 66.8 58.3 118 2.02%
300 316 81.6 67.6 55.2 114* 2.07*
Pooled SEM (n = 6) 2.83 0.79 2.00 3.0 0.051
Added Cu source CuS0O,4-H,O 82.9 66.5 55.1 109 1.99
TBCC 85.2 67.0 57.3 116 2.04
Pooled SEM (n = 18) 1.66 0.45 1.15 1.8 0.028
Added Cu level 100 84.6 66.9 56.6 116 2.06
200 85.4 66.7 56.9 114 2.01
300 82.6 66.7 55.1 108 1.97
Pooled SEM (n = 12) 2.03 0.55 1.41 2.2 0.035
P-value for main effects
Cu source (S) 0.27 0.43 0.20 <0.01 0.28
Cu level (L) 0.62 0.95 0.63 0.05 0.17
Sx L 0.37 0.35 0.68 0.39 0.02

*bMeans with different superscripts within a column differ (P < 0.05).
'Each value represents the mean of 6 replicates per each treatment.

2 Analyzed Cu concentrations in diets (as-is basis).

3TBCC = tribasic copper chloride (Cuy[OH]3Cl; 59.5% Cu).

Table 3. Effects of different Cu sources and concentrations in diets on egg yolk and feather Cu concentra-
tions of laying hens during a 4-wk feeding trial.!

Cu Added Cu Dietary Cu Egg yolk Cu Feather Cu
source (mg/kg) (mg/kg) (mg/kg)” (mg/kg)®
Control 0 15 3.8¢ 25.3¢
CuS0,-H,0 100 104 4.4 40.8"¢
200 198 4.5 53.6P
300 308 4.9%0 94.5
TBCC? 100 107 4.4bc 34.0P¢
200 192 4.5P 43.9P¢
300 316 5.2% 47.9"
Pooled SEM (n = 6) 0.22 6.83
Added Cu source CuSO4-H,O 4.6 62.9
TBCC 4.7 41.9
Pooled SEM (n = 18) 0.14 4.24
Added Cu level 100 4.4b 37.4>
200 4.5P 48.8P
300 5.0* 71.2%
Pooled SEM (n = 12) 0.17 5.20
P-value for main effects
Cu source (S) 0.47 <0.01
Cu level (L) 0.02 <0.01
SxL 0.66 0.02

@ “Means with different superscripts within a column differ (P < 0.05).

!Bach value represents the mean of 6 replicates per each treatment.

>The analyzed concentrations of Cu in diets were expressed as-is basis, whereas those of Cu in egg yolk and feather
were expressed as DM basis.

3TBCC = tribasic copper chloride (Cus[OH]3C1; 59.5% Cu).

feather Cu concentrations for hens fed diets containing (P < 0.05) between Cu sources and Cu concentrations
300 mg/kg added Cu were greater (P < 0.01) than those  in diets.

for hens fed diets containing 100 or 200 mg/kg added

Cu. The hens fed diets containing 300 mg/kg added

Cu from CuSO; had greater (P < 0.05) feather Cu  ReJative Bioavailability of Cu in TBCC
concentrations than those fed diets containing 100

or 200 mg/kg added Cu from CuSO,. In contrast, The multiple linear regression analysis was performed
feather Cu concentrations did not differ among hens  excluding the data from hens fed diets containing 300
fed diets containing 100, 200, or 300 mg/kg added Cu  mg/kg added Cu from CuSO, because of its mild
from TBCC, which lead to a significant interaction  anorexic effects. The values for the RBV of Cu in
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Table 4. Multiple linear regression analyses of logyy transformed Cu concentrations of egg yolk and feather of laying hens on
added Cu intake from Cu sulfate (CuSO,-H50) and TBCC (tribasic copper chloride; Cuy[OH]3Cl).!

Slope + SE Root RBV* £ SE, Confidence

Independent variables Intercept (x107%) R? MSE? P-value? (%) intervals, (%)
Logy transformed egg yolk Cu concentration
Added Cu intake (ug/d) 0.590 3.11 £ 1.09 CuSO,  0.41  0.046 0.809 100

3.34 +£ 0.70 TBCC 107.4 £ 30.9  45.1 to 169.7
Logyo transformed feather Cu concentration
Added Cu intake (ug/d) 1.433 10.62 £ 2.30 CuSO4  0.50  0.092 0.101 100

7.38 £ 1.40 TBCC 69.5 £ 13.3 42.7 to 96.3

"Multiple linear regression analysis was performed excluding the data from hens fed diets containing 300 mg/kg added Cu from CuSOy-H,0

due to its mild anorexic effects.
2Root MSE = root mean square error of the model.

3 Pvalue for interaction (i.e., regression slopes) between Cu sources as a fixed variable and added Cu intake as a covariate.

1RBV = relative bioavailability; it is the slope ratio.

TBCC to Cu in CuSO, based on log;( transformed egg
yolk and feather Cu concentrations are presented in
Table 4. When added Cu intake was used as the in-
dependent variable, the values for the RBV of Cu in
TBCC based on log; transformed egg yolk and feather
Cu concentrations were 107.4 + 30.9% and 69.5 +
13.3%, respectively. These RBV values did not differ
from 100% of Cu in CuSO4 as the standard source,
indicating no difference in the bioavailability of Cu in
TBCC relative to CuSO4 as determined in both egg
yolks and feathers. Based on the confidence intervals of
each RBV value, the RBV value determined using egg
yolk Cu concentrations did not differ from the RBV
value determined using feather Cu concentrations. Rel-
atively low R? values for the regression equation using
egg yolk (0.41) and feather Cu concentrations (0.50)
were observed, which is likely due to inherently large
variation in Cu dynamics of these tissues.

DISCUSSION

In the current experiment, hens fed diets containing
increasing Cu concentrations from CuSO, had less feed
intake than those fed diets containing increasing Cu
concentrations from TBCC. None of these variables af-
fected egg production and egg weight. In addition, the
feed intake was the least for hens fed diets containing
300 mg/kg added Cu from CuSO, than for those fed
other diets. This observation may suggest that supple-
mentation of 300 mg/kg Cu from CuSO, to the diets
may have a mild anorexic effect on laying hens. This
result is likely the reason for the lower FCR observed
in hens fed diets containing 300 mg/kg added Cu from
CuSOy, and this also led to the significant interaction
for FCR between Cu sources and Cu concentrations in
diets. This observation was contradictory to the find-
ings of Liu et al. (2005) who reported that dietary sup-
plementation of Cu from TBCC or CuSOy at the levels
of 0 to 390 mg/kg had no effects on feed intake of lay-
ing hens. However, our results were in agreement with
previous observations, indicating that CuSO, may have
an anorexic effect on broiler chickens as compared to
TBCC if it was included at high levels (Miles et al.,
1998; Luo et al., 2005; Kim and Kil, 2015). The rea-

son for the conflicting results among previous exper-
iments may be associated with variations in animals
(e.g., age and genotype), experimental design, and en-
vironmental conditions among experiments. However, it
has been suggested that CuSO, has finer particle size
and greater water solubility than TBCC, and therefore,
Cu in CuSO,4 may promote greater oxidative stress than
Cu in TBCC, especially when diets containing high
amounts of Cu were provided (Miles et al., 1998). In
addition, Liu et al. (2005) used CuSO, pentahydrate
(CuS0O,4-5H,0), however we used CuSO4 monohydrate
(CuS0O4-H,0), which may also be the reason for the dif-
ferent responses observed between experiments. How-
ever, to our knowledge, no experiments using poultry
have been performed to compare the bioavailability of
CuSOy sources with different extents of hydration. A
similar reduction in feed intake was observed in our
previous experiment, where we fed broiler chickens di-
ets containing 300 mg/kg Cu from CuSO, monohydrate
(Kim and Kil, 2015). As a result, the data from hens
fed diets containing 300 mg/kg added Cu from CuSOy
were excluded for the multiple linear regression analysis
(Ammerman, 1995; Baker et al., 1991).

Feather Cu concentrations were greater than egg yolk
Cu concentrations across all dietary treatments. As ex-
pected from previous experiments (Pesti and Bakalli,
1998; Pekel and Alp, 2011), increasing concentrations of
Cu in diets increased egg yolk Cu concentrations. Like-
wise, increasing concentrations of Cu in diets increased
feather Cu concentrations in this experiment. A similar
dose-dependent increase in feather Cu concentrations
was observed in our previous broiler experiment (Kim
and Kil, 2015). Interestingly, increasing concentrations
of Cu in diets resulted in a greater increase in feather
Cu concentrations than in egg yolk Cu concentrations.
In addition, the Cu source had no effect on egg yolk Cu
concentrations, but diets containing increasing concen-
trations of Cu from CuSQO, increased feather Cu con-
centrations to a greater extent than those containing
increasing concentrations of Cu from TBCC, resulting
in a significant interaction. These observations may sug-
gest that the determination of the RBV of Cu among
various Cu sources depends largely on the target body
tissues of hens.
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To date, very limited information is available re-
garding the bioavailability (i.e., RBV) of different Cu
sources in diets fed to laying hens although a relatively
large number of experiments have been conducted with
broiler chickens. In previous experiments using broiler
chickens, the bioavailability of Cu in TBCC ranged from
92.6 to 112.0% relative to 100% for Cu in CuSQOy as a
standard when liver Cu concentrations were used as a
dependent variable (Miles et al., 1998; Luo et al., 2005;
Kim and Kil, 2015). The suggested RBV values for Cu
in TBCC to Cu in CuSOy for poultry were 105% (Baker
and Ammerman, 1995) and 103% (Sauvant et al., 2004)
when the RBV values from previous literature were
summarized. Those values were close to the RBV value
determined using egg yolk Cu concentrations of lay-
ing hens in this experiment. For the layer experiment,
however, Liu et al. (2005) determined the RBV of Cu
in TBCC to Cu in CuSO4 based on various egg pro-
duction parameters, and reported that the RBV of Cu
in TBCC to Cu in CuSO, was 134.0% based specif-
ically on egg weight. This difference was significant.
A greater bioavailability of Cu in TBCC than Cu in
CuSOy4 was also observed in the present experiment us-
ing logy, transformed egg yolk Cu concentrations as the
dependent variable; however, the RBV of Cu in TBCC
to Cu in CuSO, was not significantly different. In addi-
tion, the difference in the bioavailability of Cu in TBCC
to Cu in CuSO4 was smaller than the reported differ-
ence of 34.0% (Liu et al., 2005).

Based on logyy transformed feather Cu concentra-
tions, the RBV of Cu in TBCC to Cu in CuSO, was
69.5% in this experiment. This RBV value did not differ
from 100% for Cu in CuSQOy, which was also observed
when it was determined using egg yolk Cu concentra-
tions. This result indicates that feather Cu concentra-
tions of laying hens can be used to determine the RBV
of Cu among various Cu sources, which is also sup-
ported by our previous broiler experiment (Kim and
Kil, 2015). To our knowledge, however, there are no
data pertaining to the RBV of Cu in TBCC to Cu in
CuSO, based on feather Cu concentrations in laying
hens. Therefore, it was difficult to compare the values
from this experiment with previous data.

A numerical difference in the RBV values determined
between egg yolks and feathers was observed. This re-
sult was expected because differences in the sensitiv-
ity or responsiveness of different body tissues to dif-
ferent Cu sources and concentrations in diets exist
(Fairweather-Tait, 1987). Similar difference in the RBV
values of Cu in TBCC to Cu in CuSO, was also ob-
served in our previous experiment using broiler chick-
ens based on the liver and feather Cu concentrations
(Kim and Kil, 2015). This is also supported by Aoy-
agi and Baker (1993) who reported that the RBV val-
ues of Cu in Cu-methionine complex to Cu in CuSOy4
were 96% and 88% based on bile and liver Cu reten-
tion, respectively. For other trace mineral, Henry et al.
(1986) also reported that the RBV values of manganese
(Mn) in MnO to Mn in MnSO, differed among tar-
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get tissues (81%, 46%, and 70% for bones, kidney, and
liver Cu retention, respectively). Therefore, researchers
should avoid a belief in one constant value for the RBV
of a mineral because the bioavailability of a mineral
is highly dependent on a target tissue (Henry et al.,
1986; Fairweather-Tait, 1987; Kim and Kil, 2015). De-
spite a large tissue-specific variation in the RBV of a
mineral, from a practical aspect, the presentation of one
representative RBV value is preferable if RBV values
measured in different tissues are not significantly dif-
ferent. In this sense, many researchers have proposed
the representative RBV value of a mineral by averag-
ing the values obtained from different tissues (Henry
et al., 1986; Kim and Kil, 2015) or from different ex-
periments (Baker and Ammerman, 1995; Sauvant et al.,
2004). Based on the result for no difference in the RBV
values measured between egg yolks and feathers in this
experiment, we suggest that the RBV of Cu in TBCC
to Cu in CuSOy for laying hens is approximately 88.5%
by averaging the RBV values determined using egg yolk
or feather Cu concentrations. Surprisingly, this average
value was identical to the average RBV value of Cu in
TBCC to Cu in CuSO4 when the values obtained from
liver Cu concentrations (92.6%) and feather Cu concen-
trations (84.3%) were averaged in our previous exper-
iments using broiler chickens in the same experiment
design (Kim and Kil, 2015).

There were, however, possible limitations in the cur-
rent experiment. As the goodness of fit for the regres-
sion model, the R? values for the regression equation us-
ing egg yolk (0.41) and feather Cu concentrations (0.50)
were relatively low, possibly due to inherent character-
istics (i.e., high variability) of Cu dynamics in those tis-
sues of laying hens. The reason for the high variability
in egg yolk and feather Cu concentrations is not clear;
however, it is likely associated with variations in daily
egg production and feather turnover rate among hens,
and relatively low Cu transfer from diets into egg yolks
and feathers. In addition, relatively aged laying hens
(72-wk-old) were used in this experiment, which may
also be the reason for high variability in egg yolk and
feather Cu concentrations. However, the lack of infor-
mation regarding RBV determination of minerals for
laying hens leads to a difficulty in comparing our R?
values with previous ones. It has also been reported
that R? values for RBV determination with various Cu
sources varied from 0.62 to 0.99 for different body tis-
sues in broiler chickens (Baker and Ammerman, 1995).
Thus, R? values in this kind of regression analysis are
not always an unbiased measure of a goodness of fit for
the model, but the types of response variables and dif-
ferent experimental conditions can induce a large range
of R? values (Littell et al., 1995).

In conclusion, the RBV of Cu in TBCC to Cu in
CuSO, for laying hens can be determined based on
the concentrations of Cu in egg yolks and feathers that
are collected using an easier and more animal-friendly
procedure. However, the RBV values measured between
these tissues were highly variable, which indicates that
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the bioavailability of Cu in various Cu sources depends
largely on the target tissue. For a practical standpoint,
however, an average value of 88.5% bioavailability for
Cu in TBCC to Cu in CuSO, could be reasonably used
for a practical layer diet.
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