Organic trace minerals improve eggshell quality by improving
the eggshell ultrastructure of laying hens during the late
laying period
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ABSTRACT The objective of this study was to
investigate the effects of low inclusion levels of organic
trace minerals (iron, copper, manganese, and zinc) on
performance, eggshell quality, serum hormone levels, and
enzyme activities of laying hens during the late laying
period. A total of 405 healthy hens (HY-Line White,
50-week-old) were randomly divided into 3 treatments,
with 9 replications per treatment and 15 birds per
replication. The dietary treatments included a basal diet
supplemented with inorganic trace minerals at
commercial levels (CON), a basal diet supplemented
with inorganic trace minerals at 1/3 commercial levels
(ITM), and a basal diet supplemented with proteinated
trace minerals at 1/3 commercial levels (TRT). The trial
lasted 56 D (8 wk). Compared with the CON group, the
ITM group showed decrease in (P < 0.05) egg

production, eggshell strength, eggshell palisade layer,
palisade layer ratio, serum estrogen, luteinizing
hormone, glycosaminoglycan concentration, and car-
bonic anhydrase activity and increase in (P < 0.05) egg
loss and mammillary layer ratio. However, the TRT
group almost kept all the indices close to the CON group
(P > 0.05). Furthermore, hens fed with low inclusion
levels of organic trace minerals had smaller mammillary
knobs (P < 0.05) than those in the CON and ITM
groups. In conclusion, hens fed with low inclusion levels
of proteinated trace minerals had better performance
and eggshell strength than those fed with identical
levels of inorganic compounds; organic trace minerals
improved eggshell quality by improving the eggshell
ultrastructure of laying hens during the late laying
period.
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INTRODUCTION

About 10 to 15% of eggs are lost owing to eggshell
quality problems before or during egg collection, causing
great economic losses (Stefanello et al., 2014). Hence,
eggshell quality is a major concern for production of
the highest quality eggs, and it has a significant impact
on the commercial egg industry. Commercial processing
and marketing of eggs often results in a higher propor-
tion of eggshells rupturing or breaking (Xiao et al.,
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2014). Furthermore, as laying age increases, the size of
the eggshell increases, but the weight of the eggshell
does not concomitantly increase, resulting in the reduc-
tion of eggshell strength (Washburn, 1982). Endome-
trium morphology will change as the hen ages, causing
abnormal eggshell formation and thus degradation of
eggshell quality (Park and Sohn, 2018). Previous studies
have explored many nutritional strategies to improve
the quality of eggshells. A large amount of research has
focused on the effects of calcium, phosphorus, and
vitamin D3 on eggshell quality (Bar and Hurwitz,
1984; Goodsonwilliams et al., 1987; Neijat et al., 2011).
However, how trace minerals affect eggshell quality
remains to be further studied.

The eggshell is formed as a highly ordered and miner-
alized structure through the stages of mammillary layer
formation, linear calcification, and termination (Zhang
et al., 2017b). The composition of the eggshell includes
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organic and inorganic components. Among them, the
organic components include the matrix, eggshell mem-
brane, mammillary knob, and cuticle (Solomon, 2010).
The inorganic component is mainly calcium carbonate
crystals, which accounts for 94 to 97% of the weight of
the whole eggshell (Stefanello et al., 2014; Xiao et al.,
2014). Factors influencing the strength of eggshells are
very complex and may reflect the interaction between
the organic and inorganic components. Therefore, the
evaluation of the ultrastructure of eggshells provides us
a better understanding of the eggshell structure and
further recognizes that the simple measurement of
eggshell thickness does not do enough to evaluate the
mechanical properties of eggshells when exploring trace
minerals (Nys et al., 2004; Stefanello et al., 2014). The
eggshell is divided into eggshell membrane,
mammillary layer, palisade layer, crystal layer, and
cuticle from the inside to the outside (Nys et al., 1999;
Hincke et al., 2012). Relevant studies show that the
total thickness of the eggshell, the palisade layer and
mammillary layer ratio, and the density and width of
mammillary knobs affect the strength of the eggshell.
(Ahmed et al., 2005; Dunn et al., 2012). Eggshell
membrane, a kind of fibrous membrane, is composed of
the inner membrane and outer membrane, which is
important for embryonic development (Berwanger
et al., 2018; Park and Sohn, 2018). The mammillary
layer is calcified from the nucleation sites on the
outside of the outer membrane and finally forms basal
parts of calcified columns and knobs (Parsons, 1982;
Zhan g et al., 2017b; Athanasiadou et al., 2018). Low-
quality eggshells tend to have larger mammillary knobs
and have higher porosity or irregular arrangement
(Li et al., 2018a; Park and Sohn, 2018). The palisade
layer consists of calcium carbonate calcite crystals, ac-
counting for two-thirds of the total thickness of the
eggshell (Ruiz and Lunam, 2000; Fathi et al., 2007).
Previous studies have reported that the reduction in
the average size of calcite crystals contributes to high
strength against breakage to the eggshell and shell
thickness (Ahmed et al., 2005; Fathi et al., 2016). The
eggshell calcification ends with cuticle secretion. The
cuticle is the outermost biological barrier that protects
the eggs.

Trace minerals, which participate in growth and
development of animals, including the formation of the
eggshell and bone, are essential for laying hens
(Richards et al., 2010). Trace minerals may act as acti-
vators or components of enzymes involved in eggshell
synthesis or directly interact with calcium crystals dur-
ing eggshell formation, which affects the quality of the
eggshell (Fernandes et al., 2008; Xiao et al., 2014).
Most mineral additives currently used in livestock
production come from inorganic compounds such as
oxides, sulfates, carbonates, and phosphates (Stefanello
et al., 2014). Antagonisms of dietary inorganic minerals
can result in decreased absorption, leading to inorganic
mineral salts being excessively supplied in commercial
feeds to prevent deficiencies, which causes concern for
environmental pollution (Aksu et al., 2011). Organic
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trace minerals have been shown to be more bioavailable
than inorganic mineral salts and could be used at a lower
inclusion level (Mabe et al., 2003; Liu et al., 2014). Some
previous studies have reported that organic trace
minerals have better effect than inorganic trace
minerals at the same or higher level in improving
eggshell quality and ultrastructure (Stefanello et al.,
2014; Xiao et al., 2015; Bai et al., 2017). However,
most of them only focused on the effects of a single
trace mineral or at a single aspect. The use of multiple
organic trace minerals, including iron (Fe), copper
(Cu), manganese (Mn), and zinc (Zn), replacing
inorganic trace minerals synchronously, and what kind
of influence they will have on the egg quality of
commercial laying hens during the late laying period
need further systematic research.

The objective of the present study was, therefore, to
evaluate the effects of organic trace minerals, at low in-
clusion levels completely replacing inorganic trace min-
erals, on performance, eggshell quality, serum hormone
levels, and enzyme activities of laying hens during the
late laying period.

MATERIALS AND METHODS

Birds and Management

A total of 405 healthy hens (HY-Line White, 50-week-
old) with similar body weight and egg-laying rates were
used in the 8-week feeding trial. There were 3 dietary
treatments, and each treatment had 9 replications with
15 birds per replication. The dietary treatments included
a basal diet supplemented with inorganic trace minerals
at commercial levels (CON; Fe, Cu, Mn, and Zn at 36,
12, 90, and 90 mg/kg, respectively, which were designed
on the basis of the average survey data from major feed
enterprises in China), a basal diet supplemented with
inorganic trace minerals at 1/3 commercial levels
(ITM; Fe, Cu, Mn, and Zn at 12, 4, 30, and 30 mg/kg,
respectively), and a basal diet supplemented with protei-
nated trace minerals at 1/3 commercial levels (TRT; Fe,
Cu, Mn, and Zn at 12, 4, 30, and 30 mg/kg, respectively).
The experimental diets were formulated according to
NRC (1994) recommendation to meet daily nutrient
requirement of the hens for the late laying period and
modified as per Chinese standards (NY/T 33-2004;
The Ministry of Agriculture of the People’s Republic of
China, 2004.). The composition and nutrient levels of
the basal diet are presented in Table 1. The contents
of Fe, Cu, Mn, and Zn in the experimental diets were
analyzed by inductively coupled plasma mass spectrom-
etry (model ELAN DRC-e, PerkinElmer Scientific Inc.,
Billerica, Massachusetts) and are listed in Table 2.
Hens were raised in the Key Laboratory of Animal Nutri-
tion and Feed in East China of Ministry of Agriculture.
In the same chicken house, the experimental hens were
raised in a three-tiered three-dimensional cage (each
replicate unit consisting of 5 cages of 3 birds each, with
each cage measuring 45 cm X 30 cm X 30 cm) with
feed and water provided ad libitum. The birds were
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Table 1. Ingredient and nutrient composition of the basal diet.

Ingredients Content (%)  Nutrient levels”  Content (%)

Corn 57.00 ME/(Mcal/kg) 2.63
Soybean meal 24.00 CP 16.45
Calcium carbonate 8.50 Lys 0.89
Wheat middling 5.00 Met 0.45
Emulsified fat powder 1.50 Cys + Met 0.73
Calcium hydrogen 1.00 Ca 3.66
phosphate

Sodium chloride 0.30 P 0.56
DL-Methionine 0.12 AP 0.35
Lysine-HCl 0.08

Premix’ 2.50

Total 100.00

Abbreviation: AP, available phosphorus.

'The premix without trace minerals provided the following per kg of the
diet: vitamin A, 12,500 IU; vitamin D3, 4,125 IU; vitamin E, 15 IU; vitamin
K, 2 mg; thiamine, 1 mg; riboflavin, 8.5 mg; calcium pantothenate, 50 mg;
niacin acid, 32.5 mg; pyridoxine, 8 mg; folic acid, 5 mg; vitamin By, 5 mg;
choline chloride, 500 mg; selenium, 0.25 mg; iodine, 3 mg.

*The analyzed Fe, Cu, Mn, and Zn contents in basal diet were 71.9, 7.2,
32.7, and 26.8 mg/kg, respectively. Except for crude protein and calcium
levels, all other values were calculated.

standardized by weight and egg production, and sub-
jected to 14-D adjustment to the experimental diets
before starting the experiment. Lighting, temperature,
and humidity were set according to the conventional
standards of commercial egg farms.

Performance and Eggshell Quality

During the experiment, eggs were collected at 16:00
p-m. every day. The number of eggs produced per day
on a repeating basis (including eggs with a soft shell,
broken shell, and different shape, which were being
treated as unqualified eggs) were recorded to calculate
egg loss (the number of unqualified eggs per replication
divided by the total number of eggs per replication)
and egg production (the total number of eggs per replica-
tion divided by the number of experimental days [56]
and divided by the number of hens per replication [15]).

Per replication, 2 eggs were collected randomly at the
end of the 8th wk. The eggshell strength was assessed by
using a digital egg tester (DET-6000, Nabel Co., Ltd.,
Kyoto, Japan), and eggshell thickness was measured us-
ing an eggshell thickness gauge (ESTG-1, Orka Food

Table 2. Assayed iron, copper, manganese, and zinc content in the
experimental diets (mg/kg).

Ingredients CON ™' TRT?
Iron 109.2 = 7.8 (36) 82.8 + 6.6 (12) 80.6 + 3.3 (12)
Copper 18.6 = 2.0 (12) 11.2 = 1.4 (4) 11.1 = 1.4 (4)
Manganese 123.3 = 5.5 (90) 64.7 = 5.9 (30) 66.4 = 3.4 (30)
Zinc 113.2 = 5.4 (90) 58.7 + 2.9 (30) 57.8 + 3.5 (30)

The values in brackets indicate the supplementation of trace minerals
added to each group.

Abbreviations: CON, basal diet + inorganic trace minerals at commercial
levels; ITM, a basal diet + inorganic trace minerals at 1/3 commercial levels;
TRT, a basal diet + proteinated trace minerals at 1/3 commercial levels.

"Inorganic trace minerals provided by Zhejiang Weimeng Feed Tech-
nology Co., Ltd.

2Organic source, proteinated trace minerals (Bioplex Poultry Pack,
Alltech Inc., Nicholasville, KY).
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Technology Ltd., Ramat Hasharon, Israel) at 3 points
(sharp end, blunt end, and the equator) after removing
the eggshell membrane and estimated by the average
of 3 points from each egg (Li et al., 2018a).

Eggshell Ultrastructure

Per replication, one egg was collected randomly at the
end of the 8th wk. The eggs were broken, and the
eggshell was washed with distilled water and then dried
at room temperature for 48 h (Stefanello et al., 2()142.
Two samples of the eggshell of each egg (0.5-1.0 cm”)
were prepared for scanning electron microscope analysis
(model TM 1000, HITACHI Corp., Chiyoda, Tokyo,
Japan). One sample was used for analysis of the cross
section of the eggshell, and the other sample was used
for assessment of the external surface. Before scanning,
the eggshell samples were immobilized to the aluminum
support and sprayed with gold powder (Li et al., 2018a).
For the cross-sectional analysis, scanned images were ob-
tained for each sample using 300X magnification. The
palisade layer thickness (um), mammillary button thick-
ness, and total thickness (palisade + mammillary) were
measured according to the method of Stefanello et al.
(2014), and the percentage of palisade layer thickness
and mammillary button thickness were obtained by
calculating the ratio of the thickness of each layer to
the total thickness measured (Stefanello et al., 2014).
The width of the mammillary cones in the cross section
of the eggshell was measured using the scanning electron
microscope ruler according to the model of Dunn et al.,
2012. The scanned images of the eggshell external sur-
face were obtained for each sample using
200X magnification.

Hormone Levels and Enzyme Activities in
Serum

At the end of the 8th wk, 2 birds from each replication
were randomly selected for collecting blood samples.
Blood samples (approximately 5 mL) were collected
from the wing vein of the bird in individual vacuum
blood collection tubes. Serum was obtained by centri-
fuging the clotted blood at 2500X ¢ at 4°C for 20 min,
and the supernatant was collected and stored at
—80°C for later determination of metabolites and
enzyme activities. Serum samples were analyzed using
enzyme-linked immunosorbent antibody assay kits
(Jiangsu Mei Biao in Technology Co., Ltd., Yancheng,
Jiangsu, China).

Statistical Analyses

The replication unit served as the experimental unit
for performance variables, the individual hens (2 hens
per replication) served as the experimental unit for hor-
mone levels and enzyme activities in serum, and the in-
dividual eggs (2 eggs per replication) served as the
experimental unit for eggshell quality. The data ob-
tained on performance, eggshell quality, hormone levels,



1486

and enzyme activities in serum were analyzed using
IBM-SPSS 20.0 software (SPSS. Inc., Chicago). Nor-
mally, distributed data were analyzed by one-way
ANOVA, and nonnormally distributed data were
analyzed using the Kruskal-Wallis test. The level of sig-
nificance was defined as P < 0.05.

RESULTS AND DISCUSSION

Compared with the CON group, the low inclusion
levels of trace minerals, regardless of inorganic or organic
sources, did not alter eggshell thickness (P > 0.05).
Compared with the CON group, the TRT group did
not compromise egg production and eggshell strength
(P > 0.05) and even reduce egg loss (P < 0.05). On
the contrary, hens fed with ITM showed lower
(P < 0.05) egg production and eggshell strength and
increased (P < 0.05) egg loss compared with those fed
with CON (Table 3). The results of eggshell thickness
are supported by several studies (Swiatkiewicz and
Koreleski, 2008; Stefanello et al., 2014; Li et al.,
2018a), which did not observe an effect of different sour-
ces of dietary trace mineral supplementation on eggshell
thickness. Swiatkiewicz and Koreleski (2008) also re-
ported that substitution of organic amino acid com-
plexes of Zn and Mn for inorganic oxides increased
eggshell breaking strength in the late phase of the laying
cycle. In another study, the eggshell strength of
laying hens aged 68 wk also improved when chelated
Zn-Cu-Mn was used to replace inorganic sulfates
completely(Manangi et al., 2015).

Organic trace minerals are stable and not ionized
before absorption; after entering the digestive tract,
they can avoid the precipitation or adsorption by precip-
itants (such as phytic acid, phosphoric acid, and oxalic
acid) in the intestinal tract (Bagley et al., 1971; Liu
et al., 2014). What is more, proteinated minerals are
transported and absorbed as amino acids; therefore,
the main benefit of using organic minerals is attributed
to higher absorption as they use the same absorption
pathways of the amino acids to which they are bound,
decreasing the competition for inorganic trace mineral—
binding sites and thus reducing the excretion of the

Table 3. Effect of experimental diets on productive performance
and eggshell quality of laying hens during the late laying period
(52- to 60-week-old).

Treatments’
Items CON IT™™ TRT SEM  P-value
Egg production (%)* 78.91°  76.08" 78.68* 0.01 <0.05
Eggloss (%)° 2.07° 251" 1.91° 001 <0.05
Shell strength (N)” 35.89°  24.87° 35.34* 1.50 <0.05

Eggshell thickness (mm)® 0.35 0.34 0.35 0.01 0.532

QIUET AL.

same minerals through bile and feces (Bagley et al.,
1971; Stefanello et al., 2014; Singh et al., 2015). In this
study, the increased absorption of low inclusion levels
of organic trace minerals had a positive effect on
performance and eggshell quality. On the contrary, a
decrease in eggshell strength was observed when using
low inclusion levels of inorganic trace minerals, which
may also be related to the increase in egg loss.
Interestingly, in this study, hens fed with organic trace
minerals showed remarkable increase in eggshell
strength but not eggshell thickness when compared
with those fed with the same level of inorganic
minerals. Traditionally, the evaluation of eggshell
strength has focused on the measurement of eggshell
thickness. As thickness did not correlate to strength in
this study, it was important to examine the mineral
source effects on the eggshell ultrastructure.
Measurements of the eggshell ultrastructure of laying
hens at 60 wk of age by scanning electron microscopy are
depicted in Table 4, Figure 1, and Figure 2. Supplemen-
tation of Fe, Cu, Mn, and Zn in commercial diets of
laying hens, regardless of the inorganic or organic source
or different levels of addition, did not affect (P > 0.05)
the thickness of the mammillary layer of the eggshell,
which is consistent with the study of Stefanello et al
(2014). Compared with the CON group, the TRT group
showed no adverse effects on the eggshell ultrastructure
(P > 0.05), but the ITM group showed remarkable
decrease in (P < 0.05) palisade layer thickness, total
thickness, and the percentage of palisade layer thickness
and increase in (P < 0.05) the percentage of mammillary
layer thickness. What is more, the TRT group showed
smaller mammillary knobs (P < 0.05) than the CON
and I'TM groups. The results were consistent with previ-
ous research results (Stefanello et al., 2014; Li et al.,
2018a), which have observed that the ultrastructure of
eggshells can be improved by supplementation with
organic trace minerals below commercial levels. The
thickness of the palisade layer and the organization of
the calcite crystals in the layer are the main factors
affecting eggshell breaking strength (Stefanello et al.,
2014). Thus, the increased palisade layer, decreased
mammillary buttons, and the regular arrangement of

Table 4. Effect of experimental diets on the eggshell ultrastructure
of laying hens during the late laying period (52- to 60-week-old).

Treatments'
Items’ CON ITM  TRT SEM P-value
Palisade layer (pum) 241.42* 217.58" 241.10* 4.75 <0.05
Mammillary layer (um) 52.66 5825 52.73 230  0.108

Total thickness (pm) 294.08" 275.83" 293.83* 4.80 <0.05

Palisade layer (%) 82.02°  78.97° 82.22" 0.80 <0.05
Mammillary layer (%) 17.98> 21.03* 17.78" 0.80 <0.05
Mammillary knob width (um)  89.89* 88.91* 61.53" 4.57 <0.05

*PValues with different superscripts in the same row are different
(P <0.05).

'CON (control), basal diet + inorganic trace minerals at commercial
level; ITM, basal diet + inorganic trace minerals at 1/3 commercial level;
TRT, basal diet + proteinated trace minerals at 1/3 commercial level.

Results are the mean and SEM of 9 replications per treatment.

*Results are the mean and SEM of 18 eggs per treatment.

*PValues with different superscripts in the same row are different
(P <0.05).

'CON (control), basal diet + inorganic trace minerals at commercial
level; ITM, basal diet + inorganic trace minerals at 1/3 commercial level;
TRT, basal diet + proteinated trace minerals at 1/3 commercial level.

*Data are mean and SEM, calculated for 18 scanning electron micro-
scope photographs of 9 eggs per treatment.
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TM-1000 D46 x300 300um

TM-1000 D47 x300 300um

TM-1000 D4.6 x300 300 um

Figure 1. Scanning electron microscopy of the eggshell cross section
of laying hens at 60 wk of age. ade layer (P), mammillary layer
(M), and vertical view of the mammillary knobs (MK). (A) The cross
section with dietary inorganic trace mineral supplementation at com-
mercial levels. (B) The cross section with dietary inorganic trace mineral
supplementation at 1/3 commercial levels. (C) The ¢ ection with di-
etary organic trace mineral supplementation at 1/3 commercial levels.
Scale bar: 300 pm.

calcified columns are important for eggshell strength. In
addition, the ITM group showed obvious cracks on the
outer surface of the eggshell, as illustrated in

TM-1000 D53 x150

B

500 um

D53 x150 500 um

TM-1000 D53 x150 500um

Figure 2. Scanning electron microscopy of the eggshell external sur-
face of laying hens at 60 wk of age. (A) The external surface with dietary
inorganic trace mineral supplementation at commercial levels. (B) The
external surface with dietary inorganic trace mineral supplementation

/3 commercial levels. (C) The external surface with dietary organic
trace mineral supplementation at 1/3 commercial levels. Scale bar:
500 pm.

Figure 2B. The adequate supplementation of Fe, Cu,
Mn, and Zn can improve eggshell quality by improving
the ultrastructure of the eggshell, especially when
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protein chelates are supplied. Improving the eggshell
quality can reduce egg loss and improve economic effi-
ciency, which is very important in the commercial egg in-
dustry. The use of low inclusion levels of organic trace
minerals can achieve better results in this respect.

Trace minerals are essential for the growth of bone
and reproduction within the animal (Park et al., 2004;
Aschner, J. L. and Aschner, M., 2005; Kim et al., 2008;
Han, 2011). Estrogen (E) is a steroid hormone that is
mainly produced by the ovaries, exerts its biological
effects by binding to receptors (estrogen receptor-o.
and estrogen receptor-B), and affects the body’s
metabolism (Yang, et al., 2016). Maintaining normal E
levels is essential for laying hens because it is involved
in maintaining normal function of the reproductive or-
gans and is essential for bone and egg formation
(Yang, et al., 2016; Li et al., 2018b). Estrogen levels
are associated with Fe homeostasis, and too much or
too little Fe in animals can have adverse effects (Yang
et al., 2016). Diets supplemented with ITM reduced
(P < 0.05) the E level and the luteinizing hormone level
of laying hens, possibly due to the low trace mineral con-
tent deposited in the body (Table 5). The reduction in
these 2 levels of hormones may be the main reason for
the decline in egg production of laying hens in the ITM
group. However, more detailed mechanism remains to
be explored. The TRT group did not show change in
levels of (P > 0.05) E, luteinizing hormone, follicle-
stimulating hormone, or progesterone in serum,
compared with the CON group.

During the entire process after ovulation, eggs are
immersed in uterine fluid and pass through various parts
of the fallopian tube. The uterine fluid is a cell-free envi-
ronment containing all the organic and inorganic precur-
sors needed to form the eggshell. Among them, organic
components are secreted at specific times and locations
of the fallopian tubes and are incorporated into specific
substructure regions of the eggshell. The inorganic
component of eggshell mineralization requires the

Table 5. Effect of experimental diets on hormone levels and
enzyme activities in serum of laying hens during the late laying
period (52- to 60-week-old).

Treatments'
Items” CON 1™ TRT SEM  P-value
E (pmol/L) 16.68" 12.31° 15.8" 0.67  <0.05
LH (ng/L) 53.86"  41.29° 5057  2.07  <0.05
FSH (U/L) 8.83 8.98 8.64 0.31 0.587
PROG (nmol/L) 2.76 2.69 2.82 0.11 0.685
LOX (IU/L) 45.59 49.32 45.94 1.97 0.342
GAG (ng/L) 330.31° 30891 32855 519  <0.05
CA (U/L) 402.98*  380.13"  404.15*  6.95  <0.05

*bValues with different superscripts in the same row are different
(P <0.05).

Abbreviations: CA, carbonic anhydrase; E, estrogen; FSH, follicle-
stimulating hormone; GAG, glycosaminoglycan; LH, luteinizing hor-
mone; LOX, lysyl oxidase; PROG, progesterone.

'CON (control), basal diet + inorganic trace minerals at commercial
level; ITM, basal diet + inorganic trace minerals at 1/3 commercial level,
TRT, basal diet + proteinated trace minerals at 1/3 commercial level.

*Data are mean and SEM, calculated for 18 replications per treatment.
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continuous supply of high amounts of calcium and car-
bonate ions in uterine fluid, which are obtained from
the bloodstream by transepithelial transport of uterine
gland cells (Jonchere et al., 2012; Stefanello et al.,
2014). Cu, Mn, and Zn act as promoters and
components of important enzymes in the formation of
eggshells such as lysyl oxidase, glycosyltransferase, and
carbonic anhydrase (CA) and participate in the
formation of eggshells (Akagawa et al., 1999; Nys
et al., 2004; Xiao et al., 2014). Lysyl oxidase is a
Cu-containing amine oxidase, which is crucial in the for-
mation of the eggshell membrane as it is involved in con-
version of lysine to 2 components of the eggshell
membrane, cross-linked desmosine and isodesmosine
(Akagawa et al., 1999; Bai et al., 2017). Its activity
decreases with the deficiency of Cu, which can lead to
abnormal eggshell membrane formation (Baumgartner
et al., 1978; Akagawa et al., 1999). In our study, low
inclusion of trace minerals, regardless of the inorganic
or organic source, did not alter (P > 0.05) the activity
of lysyl oxidase; it may be due to the fact that the
addition of Cu has already met the needs of laying
hens, and the microreduction is not enough to cause a
deficiency of Cu in the laying hens during the late
laying period. Glycosyltransferase contributes to
formation of nucleation sites and regulates the growth
and orientation of the calcite crystal during eggshell
formation, which is activated by Mn (Xiao et al., 2014;
Zhang et al., 2017b). Glycosyltransferase plays an
important role in the synthesis of glycosaminoglycan
(GAG) (Venkatesan et al., 2004), and higher GAG con-
centration contributes to improving eggshell breaking
strength (Xiao et al., 2014). The result of GAG in the
TRT group was similar to that in the CON group
(P > 0.05), whereas the ITM group showed reduced
(P < 0.05) GAG concentration in serum compared
with the CON group. Carbonic anhydrase is a
Zn-containing enzyme that catalyzes the hydrolysis of
COs to form the precursor substance HCOj3 of eggshell
calcium carbonate during the formation of eggshell crys-
tals and causes calcium carbonate to deposit on the outer
membrane (Brionne et al., 2014; Rodriguez-navarro
et al., 2015; Zhang et al., 2017a). Previous studies have
reported that the inhibition of CA activity results in a
severe decrease in shell quality, resulting in thin-shell
or shell-less eggs (Lundholm, 1990; Zhang et al.,
2017a). Our study found that there was no obvious
difference (P > 0.05) in CA activity in serum between
the TRT and CON groups, but the ITM group showed
decrease (P < 0.05) in CA activity in serum when
compared with the CON and TRT groups. It was
consistent with the study of Zhang et al (2017a), which
showed the organic Zn was more effective than the inor-
ganic source in enhancing the CA activity in plasma.
Furthermore, almost all the hormone levels and enzyme
activities in serum in the TRT group were similar to
those in the CON group, whereas the I'TM group showed
decrease in most of them. This may be the main reason
for the decrease of egg production rate and the deteriora-
tion of eggshell quality in the ITM group.
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In conclusion, hens fed with low inclusion levels of
organic trace minerals had higher hormone levels,
enzyme activities, and a better eggshell ultrastructure,
which likely allowed better performance and eggshell
strength than those fed with identical levels of inorganic
minerals, probably due to higher bioavailability of
organic trace minerals.
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