Prolonged scotophase within a 24 hour light regime improves eggshell quality
by enhancing calcium deposition in laying hens
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ABSTRACT Calcium (Ca) and phosphorus (P)
transporters are responsible for their absorption and
transport in small intestine and kidney, contributing to
eggshell formation. The light-dark cycle is a primary cue
in the reproduction of laying hen. In this study, we
investigated the effect of different light-dark programs
on eggshell quality and the expression of genes related to
Ca and P transportation in laying hens. Seventy-two 56-
week-old laying hens were randomly divided into two
groups and reared at 16-h light and 8-h dark (control) or
9-h light and 15-h dark regime (long dark phase, LDP).
The expressions of calcium transporter calbindin-
D28k (CaBP-D28k), plasma membrane Ca ATPase
1b (PMCA1b), and phosphorus transporter NaPi-IIb
(NPt2b) and NaPi-Ila (NPt2a) were measured in the
small intestine, kidney, and eggshell gland. The results
showed that feed intake (P < 0.001) and egg weight
(P=0.05) were decreased by LDP treatment. Com-
pared with control, the eggshell hardness was increased

(P=0.011) by LDP treatment, but the eggshell thick-
ness and the percentage of eggshell were not changed.
The Ca and P contents in eggshell were increased by
LDP treatment. During the scotophase, LDP-hens
showed higher serum Ca (P=0.0056) and P levels
(P=0.079) but lower alkaline phosphatase (ALP)
activity than that of control hens. In the duodenum, the
relative higher expression of CaBP-D28k and PMCA1b
in scotophase compared to photophase was masked by
LDP treatment. The expression of CaBP-D28k and
osteopontin (OPN) in the eggshell gland were increased
by LDP treatment, compared to control hens. In the
jejunum, the protein expression levels of CaBP-D28k
and PMCA1b decreased during photophase in LDP-
hens. The result indicates that the increased blood Ca
and P concentration during scotophase by LPD treat-
ment is beneficial to the deposition of Ca and P in the
eggshell. The result offers an alternative strategy for
managing laying hens with poor eggshell quality.
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INTRODUCTION

In commercial egg industry, poor eggshell quality
causes tremendous economic losses. Eggshell quality is
essential for the laying hen in persistent laying cycle and a
good layer can produce 500 eggs within 100 wk of age
(Bain et al., 2016). When laying hen ages, the eggs laid by
the hens before 39 wk of age are markedly different from
the eggs laid afterward according to the physical and
quality characteristics of the eggs (Sirri et al., 2018). Dur-
ing the process of eggshell formation, insufficient calcium
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(Ca) deposition is one of the root causes of poor eggshell
quality. The challenges in providing an adequate Ca sup-
ply are the limited feeding during scotophase
(Stonerock et al., 1975) and bone loss in older laying hens
(Bustany and Elwinger, 1987; Fleming et al., 1998;
Bolukbasi et al., 2005; Jiang et al., 2014).

The light perception and photoperiod are the primary
cues in the reproduction of laying hens (Bédécarrats,
2015). Light source (Baxter and Bédécarrats, 2019),
light spectrum (Rozenboim et al., 1998; Archer, 2019),
light intensity (Renema et al., 2001), and the uniformity
of light distribution (Barros et al., 2020) all have an
influence on laying performance of hens. When the illu-
mination time increases to 24 h, eggshell quality is
improved (Makled and Charles, 1987). Light supple-
ment at night improves the eggshell quality during the
late laying stage without significantly reducing egg pro-
duction (grizzle et al., 1992). In contrast, with a 27-h of
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light cycle (14 h of light and 13 h of dark), the eggshell
weight is elevated by 10%, due to the increased time the
egg spent in the eggshell gland during egg formation
(Melek et al., 1973).

In avian species, calcium binding protein (CaBP-
D28k) has a high affinity for Ca. It plays a key role in the
transmission of the calcium signaling system, regulating
physiological metabolism and gene expression, controlling
the normal growth and development of cells, and playing
an important role in calcium transport in the small intes-
tine, kidney and eggshell gland (Wasserman and Tay-
lor, 1966; Corradino et al., 1976; Bar and Hurwitz, 1979;
Bar and Hurwitz, 1984; Pasteels et al., 1987). Plasma
membrane calcium ATPase (PMCA) is involved in the
transport of Ca and transfer Ca through the membrane
to the extracellular space. PMCA is mainly expressed in
the form of plasma membrane ca-atpase-1b (PMCA1b)
in the small intestine, kidney, and eggshell gland of poul-
try (Melancon and De, 1970; Davis et al., 1987; Qin and
Klandorf, 1993; Quinn et al., 2007; Parker et al., 2008).
The NaPi-IIb (NPt2b) cotransporter is the main phos-
phorus transporter in the small intestine of poultry while
NaPi-Ila (NPt2a) cotransporter is mainly expressed in
the apical membrane of proximal tubular epithelial cells
(Murer et al., 2004; Biber et al., 2009). NPt2b is highly
expressed in the duodenum of chicken and altered by die-
tary P levels (Li et al., 2018). Hence, we hypothesized
that light regime has an influence on eggshell formation
via altering the expression of genes relevant to Ca and P
transportation.

In this study, 56-wk-old ISA hens with similar body
weights were randomly selected to study the effects of a
prolonged dark time on production performance, egg
quality and the expression of the Ca and P transporters
in the small intestine, kidney, and eggshell gland under a
24 h photo-schedule.

MATERIALS AND METHODS
Animals

Seventy-two 56-week-old ISA hens with similar body
weights (2.18 £ 0.15 kg) and laying rates (88.84+1.0%)

were selected. The laying hens were randomly divided into
two groups and each group had 6 replicates of 6 hens. The
two groups of hens were reared in two separate environ-
ment-controlled rooms, in which all the rearing facilities
were kept the same. The hens were reared in cages with 2
hens per cage (45 x 35 x 35 cm, length x width x height).
In each cage, there was a nipple drinker and a feeder (45
cm). The room temperature was controlled at 20 £+ 1°C.
The basal diet was formulated according to the recom-
mendations of the National Research Council standard
(NRC, 1994; Sun et al., 2020). Before the experiment
began, all the hens were given a light-dark cycle of 16 h
light and 8 h dark and the incandescent lights were used
to produce a light intensity of 20 Ix at feeder level. When
the experiment began, the two groups of laying hens were
subjected to one of the two light-dark cycles: a 16 h light
and 8 h dark (16 L: 8 D, control group) or a 9 h light and
15 h dark (9 L: 15 D, long dark phase, LDP). The
experiment lasted for 8 wks. Throughout the trial, the
hens had free access to feed and water. During the
experiment, the feed intake, egg number, and egg
weight were recorded daily. The laying rate and egg
production was calculated.

At Week 8, 16 hens were randomly selected from each
treatment. One half of the hens were sampled at the mid-
point of photophase (control, 13:00; LDP, 09:30) and the
other half of hens were sampled at the midpoint of scoto-
phase (Control, 01:00; LDP, 21:30; Fig 1). After a blood
sample was obtained from a wing vein, the hens were sac-
rificed by cervical dislocation (Close et al., 1997,
Huang et al., 2015). The tissue samples of eggshell gland,
kidney, and mucosa of duodenum, jejunum, and ileum
were obtained. The tissue samples were immediately
snap-frozen in liquid nitrogen and stored at -80°C for
RNA or protein extraction. The serum was separated and
stored at -20°C for further measurement. All experimental
protocols used in this study were approved by the Animal
Care Committee of Shandong Agricultural University.

Egg Quality

At Week 2, 4, 6, and 8, eggs were collected for three
consecutive days in the two treatments. KEggshell
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Figure 1. The schematic graph of the light regime. 16 L:8 D, control (A), 9 L:15 D, experimental group (B).
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thickness was measured with an eggshell Thickness
Meter (EFG-0503, ROBOTMATION, Japan) in three
regions of the egg: the equator, the sharp pole, and
blunted pole, and the mean value was taken as the egg-
shell thickness. The egg shape index was calculated by
long diameter/short diameter. The eggshell strength
was measured with an eggshell strength tester (EFG-
0503, ROBOTMATION, Japan). The yolk color, albu-
men height, and Haugh unit were detected by a multi-
functional egg detector (EMT-5200, ROBOTMATION,
Japan). The percentage of yolk and eggshell was respec-
tively calculated as the yolk weight and eggshell weight /
egg weight. The eggs collected at Week 8 were further
used for the measurement of Ca and P contents in egg-
shell. Eggshell Ca and P outputs were calculated as egg
mass times eggshell percentage times eggshell Ca and
P contents.

Determination of Ca and P in the Diet and
Eggshell

Ca content in the feed and eggshells was measured by
potassium  permanganate titration (Rhee, 1972;
Song et al., 2020). The P content in the feed and eggshell
was measured by a spectrophotometer at 420 nm (UV-
2450; Shimadzu Corp., Kyoto, Japan).

Serum Ca, P, and ALP Analysis

The serum contents of Ca and P and activity of ALP
were detected by commercial kits (Sichuan Mike Bio-
technology Co., Ltd., China, Wang et al., 2018) with an
automatic biochemical analyzer (7020 Clinical Analyzer:
Hitachi High-Tech GLOBAL, Japan).

Total RNA Extraction and Real-Time PCR
Analyses

The expression of NPt2a, NPt2b, CaBP-D28k,
PMCA1b, and OPN were measured with a reverse -tran-
scription PCR (real-time RT-PCR). The total RNA was
extracted from the eggshell gland, kidney, duodenum,
jejunum and ileum with the TRIzol reagent (TransGen
Biotech, China), and then reverse transcription PCR
and real-time quantitative PCR were performed

Table 1. Gene-specific primer of related genes.

(Wang et al., 2020; Song et al., 2020). The mRNA values
were normalized to the expression of chicken B-actin
mRNA. The relative expression level of the mRNA was
calculated by the 272" method (Chen et al., 2018;
Uerlings et al., 2018; Tang et al., 2019). The primer
sequences for the real-time PCR were designed using
Primer 5.0 software and are synthesized by Sangon Bio-
teach (Shanghai, China) and shown in Table 1.

Western Blot Analysis

The tissue samples of eggshell gland, kidney, duode-
num, jejunum, and ileum were put into 1 mL of RIPA
buffer (Beyotime, China), and homogenized in ice bath.
Then, it was centrifuged at 4°C, 12000 ¢ for 10 min. The
protein concentration was detected by a BCA protein
assay kit (Beyotime, China). The protein samples were
separated by 10% SDS—PAGE (Bio-Rad, Richmond,
246 CA) and then transferred to PVDF membranes
(Millipore, Boston, MA), at 200 mA and 2 h at 4°C.
After blocking with western blocking buffer (Beyotime,
China) for 1 h at room temperature, the membranes
were incubated with anti-Calbindin-d28k (Sigma, Bos-
ton, MA), anti-PMCA (Thermo, Waltham, MA), anti-
B-actin and anti-B-tubulin (Beyotime, Jiangsu, China)
overnight at 4°C. The membranes were then washed in
1 x TBST buffer and probed with the secondary anti-
body (HRP-conjugated anti-rabbit or anti-mouse IgG,
Beyotime) diluted at 1:1000, at 4°C for 4 h. The bands
were then visualized with Hyperfilm ECL reagent (Beyo-
time, Jiangsu, China) using BioSpectrum 810 (UVP
LLC, Jena, Germany) (Uerlings et al., 2018;
Wang et al., 2020).

Statistical Analyses

Prior to the analysis, all data were examined for their
homogeneity and normal distribution plots of variances
among the treatments by using the UNIVARIATE pro-
cedure. As lack of normality, the percentage data were
first subjected to square root arcsine transformation
before analysis. The main effect of lighting treatment
was estimated with one-way ANOVA by using SAS
software (Version 8e, SAS Institute, Cary, NC). P <
0.05 was considered statistically significant. Trends were
reported where 0.05 < P <0.10.

Gene Sequences (5'—3’) Accession NO. Product size (bp)
CaBP-D28 F: TGTTATGGAGTGCAGGATGG NM 205513 131
R: TAGAGCGAACAAGCAGGTGA
PMCA1b F: TTCAGGTACTCATGTGATGGAAGG XM _ 015277056 98
R: CAGCCCCAAGCAAGGTAAAG
NPt2a F: CCAAACTGCACGGCTTCT XM _ 015293846 249
R: TGGGAGGTCAGT GTTGATGA
NPt2b F: ACTGGCTTGCTGTGTTTGC NM 204474 113
R: AGGGGCATCTTCACCACTTT
B-actin F: CTGGCACCTAGCACAATGAA NM_ 205518 123

R: CTGCTTGCTGATCCACATCT
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RESULTS
Laying Performance

Compared with the control group, feed intake was sig-
nificant decreased (P < 0.001), while egg weight
(P=0.05) and egg production showed a trend to be
decreased by LDP treatment (Table 2). Within the 8-
wks period, however, the reduced feed intake was
observed at Week 1 (P=0.0139), 3 (P=0.0267), 4
(P=0.0258), 6 (P=0.0469), and 7 (P=0.0039), the
decreased egg weight was detected at week 2
(P=0.0164), 3 (P=0.0185), and 7 (P = 0.0341), while
the decreased hen-day egg production was observed
at week 3 (P=0.0269), 4 (P=0.0426), and 5
(P=10.0209; Figure 2B, C, E). In contrast, the laying
rate and feed efficiency was not changed by LDP treat-
ment (Table 2).
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Table 2. Effects of different light regime on laying perfor-
mance of hens.

16 L:8 D 9L:15D Pvalue
Laying rate, % 87.9 £2.44 80.1+£4.2 0.142
Egg weight, g 67.6 + 1.02" 64.9 £ 0.67" 0.050
Feed intake, g/hen perd  140.9 +1.25" 126.7 £2.32" < 0.001
Hen-day egg 59.4 +£1.98 52.1+29 0.063

production, g/d

Feed efficiency, g/g 2.38 £ 0.07 2.5+£0.13 0.466
Egg broken rate, % 2.60 £0.78 1.65 £ 0.81 0.395

Data were presented as mean + SE (n= 6).
"Means with different superscripts differ significantly (P < 0.05).

Egg Quality

Compared to control, eggshell hardness was signifi-
cantly increased by LDP treatment (Table 3) and the
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Figure 2. Effect of different light regimes on the performance of laying hens. Egg production (A), egg weight (B), feed intake (C), feed efficiency
(D), and hen-day egg production (E). Data represent the mean + SE (n=6); "P < 0.05.
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Table 3. Effects of different light regime on egg quality of lay-
ing hens.

Table 4. Effect of lighting regime on calcium (Ca) and phospho-
rus (P) intake and contents in eggshell (Week 8).

16 L:8 D 9L:15D Pvalue 16 L:8 D 9L:15D Pvalue
Eggshell thickness, mm 0.346 £0.003  0.352 £ 0.004 0.277 Dietary Ca intake, g/d 6.11 £ 0.08" 5.79 £0.08" 0.016
Egg shape index 1.294+0.01 1.3+£0.01 0.508 Dietary P intake, g/d 0.72+0.01" 0.68 +0.01" 0.016
Eggshell hardness, kg. f 3.81 4+ 0.05" 4.14+0.1° 0.011 Ca content in the eggshell,  32.89 +1.13" 39.69 +1.79" 0.027
Albumen height, mm 4.4+0.13 4.57+0.14 0.377 %
Yolk color 7.67+0.06 7.61+0.1 0.617 P content in the eggshell, % 0.08 & 0.005" 0.14 +0.02° 0.010
Haugh units 60.0+0.8 62.3+1.5 0.214 Ca output in eggshell, g/d 1.99 £+ 0.08" 2.29 +0.10" 0.036
Percentage of yolk, % 28.5+0.5 28.8+0.6 0.698 P output in eggshell, g/d 0.005 £ 0.0002" 0.008 & 0.0003"  <0.001
Percentage of eggshell, % 10.9+0.1 11.2+0.2 0.141

Data were presented as mean + SE (n=6).
"Means with different superscripts differ significantly (P < 0.05).

elevated eggshell hardness by LDP (P=0.011) was
detected at all the measuring times (Figure 3A). LDP
treatment, however, did not results in any significant
difference in eggshell thickness, egg shape index, albu-
men height, yolk color, Haugh units, and the propor-
tions of yolk and shell (Table 3). In contrast, eggshell
percentage and eggshell thickness were increased by
LDP at week 4 (P=0.0011) and 8 (P =0.0066,
Figure 3B, C).

Ca and P Contents in the Eggshells and
Dietary

Compared to control, the eggshell contents of Ca
(P=0.0270) and P (P=0.0099) were increased by LDP
treatment (Table 4). The LDP-hens had less Ca
(P=0.0164) and P (P=0.0164) intake compare with
control hens (Table 4). The eggshell output of Ca
(P=0.0361) and P (P < 0.0001) were higher in LDP
treatment than that in control (Table 4).
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Data were presented as mean + SE (n=6).
“Means with different superscripts differ significantly (P < 0.05).

Serum Parameters

In the control group, the serum Ca (P = 0.0056) and P
(P=0.0346) concentrations of hens in the photophase
were higher than that in the scotophase. In LDP treat-
ment, however, the serum Ca and P concentrations had
no significant difference between photoperiod and scoto-
phase (Figure 4A, B). In addition, the serum Ca level of
LDP-hens was higher in the scotophase than that in con-
trol group (P = 0.0056, Figure 4A). In photophase, there
was no significant difference in ALP activity between
the control group and LDP treatment, whereas LDP-
hen had lower ALP activity in scotophase (P = 0.0259)
compared to control (Figure 4C).

The Expression of Calcium Transporters

In eggshell gland, the expressions of CaBP-D28k
(P=0.0038, Figure 5A) and OPN (P=0.0122,
Figure 5C) were significantly higher in scotophase than
that in photophase. In contrast, there was no difference
in CaBP-D28k protein levels between the photophase
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Figure 3. Effect of different light regimes on egg quality. Eggshell hardness (A), percentage of eggshell (B) and eggshell thickness (C). Data rep-

resent the mean + SE (n=6); "P < 0.05.
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and scotophase (Figure 5E). LDP treatment significantly
decreased the protein level of CaBP-D28k (P=0.0245,
Figure 5E), LDP had no influence on the mRNA and
protein levels of PMCA1b (Figure 5B, D, F).

In the duodenum and jejunum of control group, the
relative mRNA expression of CaBP-D28k was higher
in the scotophase (P=0.0382) but not in the ileum
(Figures 6—8). LDP treatment did not change the

mRNA expression level of CaBP-D28k. In the control
group, the mRNA level of PMCA1b in the duodenum
increased in the scotophase (P =0.0045), but there was
no significant change in the jejunum and ileum. Simi-
larly, LDP treatment did not change the expression of
PMCA1b in the photophase and scotophase. However,
in the jejunum, the protein expression of PMCA1b was
lowered in LDP treatment (P < 0.0001) compared to
control group (Figure 7). In the kidney, LDP treatment
did not change the mRNA and protein levels of the
CaBP-D28k and PMCA1b (Figure 9).

The Expression of Phosphorus Transporters

In the control group, there was no difference in the
mRNA level of NPt2a in the kidney between photo- and
scotophase (Figure 10A). In LDP group, however, the
expression level of NPt2a was higher in the photophase
than that in the scotophase (P =0.0174, Figure 10A).
Photoperiod treatment had no effect on the mRNA
expression level of NPt2b in the duodenum and jejunum
(Figure 10B, C). In ileum of LDP treatment, however,
the mRNA expression level of NPt2b was higher
(P=0.0247) in photophase compared with scotophase
(Figure 10D). Compared to control, LDP treatment sig-
nificantly decreased the mRNA expression level of
NPt2b in the scotophase (P = 0.0133).

DISCUSSION

In general, the present result showed a trend that
prolonged scotophase in the 24 h light-schedule
reduces the daily feed intake, hen-day egg production,
and egg weight, but had no adverse effect on feed effi-
ciency. The contents of Ca and P in the eggshell were
increased, and the eggshell hardness was improved by
prolonged scotophase. The result suggests that the
increased serum Ca and P concentration during the
scotophase is beneficial for the improvement of egg-
shell quality. This study provides an effective method
to ameliorate eggshell quality in the latter stages of
the laying period.

The laying performance of hens are influenced by illu-
mination time, light source, and light intensity (Petersen
and Mennicken, 1999; Wang et al., 2015). In this study,
under a 24 h photo-schedule, prolonging scotophase
reduced feed intake and egg production, but not the feed
to egg ratio. In the light-schedule of 16 L:8 D, broilers
did not eat during the scotophase (Rodrigues and
Choct, 2019). Under a 0.25 L: 0.75 D illumination sys-
tem, laying hens consume less feed as a result of
decreased activity time (Morris and Butler, 1995).
Therefore, the reduced feed intake in LDP-hens is sug-
gested to be a result of shortened photophase or pro-
longed scotophase. This speculation, however, should be
explained with a caution as the influence of short-photo-
phase induced reproductive regression cannot be
excluded.
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Compared to control, the increased eggshell strength
in the LDP group was consistent with the decreased bro-
ken egg rate (Control, 2.60% vs. LDP, 1.65%). Eggshell
strength and thickness can be improved by providing a
diet with high Ca content (Kang et al., 2008). The
increased eggshell hardness, however, was not in line
with the elevated eggshell thickness. This result was in
accordance with the previous works by Cufadar
et al. (2011) and Xiao et al. (2019), who reported that
there is no necessary linkage between eggshell thickness
and eggshell hardness. In the present study, the
increase eggshell hardness in LDP-hens in accompanied
with the elevated Ca content in the eggshell, implying
the possible that LDP improves eggshell quality by

enhanced Ca deposition. Recently, it is proved that the
nanostructure of mineralization of eggshell contributes
to the eggshell hardness (Athanasiadou et al., 2018).
Hence, the underlying mechanism needs to be investi-
gated further.

The content of serum Ca in laying hens varies with the
photophase and scotophase, showing a circadian rhythm
(Pablos et al., 1995). In control hens, the higher contents
of serum Ca and P in photophase compared to scoto-
phase indicated that there is a circadian rhythm.
Ren et al. (2019) reported that blood P and Ca levels
gradually increased after the first oviposition, peaked in
6 h, and then gradually decreased until the second ovipo-
sition. In layer pullets, serum Ca content was higher in
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Figure 6. Effect of different light regimes on the mRNA and protein expression level of CaBP-D28k and PMCA1b in the duodenum. The mRNA
and protein levels of CaBP-D28k (A, C, D); the mRNA and protein expression levels of PMCA1b (B, C, E). The values are presented as the means +

SD (n=8); *P < 0.05.

the scotophase and lower in the photophase (Parsons
and Combs, 1981). It is interesting to note that the
rhythm of serum Ca and P in LDP-hens was not as
evident as that in the control, suggesting prolonged sco-
tophase masks the rhythm of circulating Ca and P. The
elevated blood Ca is a result of an extra release of bone
Ca during night (Frost et al., 1991). In this study, serum
ALP activity maintained relatively low level in LDP-
hens during scotophase, indicating that Ca mobilization
in bone was lower in scotophase. As the hen-day egg pro-
duction tended to be decreased by LDP treatment, the
relative higher blood Ca and lower ALP activity during
scotophase in LDP-hens may be a result of reduced Ca
requirement for eggshell formation. The possible influ-
ence of sampling time, however, cannot be ruled out as

the blood was sampled at 8 h after light off in LDP-hens,
which was 4-h later compared to control. Moreover, in
the laying hen, blood Ca level is affected by the ovula-
tory cycle (Parsons and Combs, 1981; Ren et al.,
2019). Hence, the effect of changed timing of oviposi-
tion cannot be excluded. Collectively, the result sug-
gests that prolonged scotophase is beneficial for Ca
deposition and eggshell formation via extended eggshell
formation time and elevated blood Ca content in scoto-
phase.

In laying hens, the expression of CaBP-D28k is high-
est in the duodenum, followed by the jejunum and ileum
(Taylor and Wasserman, 1967; Ebeid et al., 2012;
Li et al., 2018). Ca intake from the diet is mainly
absorbed by the vascular system of the duodenum and
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Figure 7. Effect of different light regimes on the mRNA and protein expression level of CaBP-D28k and PMCA1b in the jejunum. The mRNA
and protein levels of CaBP-D28k (A, C, D); the mRNA and protein expression levels of PMCA1b (B, C, E). The values are presented as the

means + SD (n=28); *P < 0.05.

upper jejunum with the participation of CaBP-D28k
(Craviso et al., 1987). In duodenum and jejunum of con-
trol hens, the protein expression level of CaBP-D28k
was contrary to the trend of mRNA expression level,
higher in photophase and lower in scotophase. This
result was in line with the feeding activity in photo-
phase. This phenomenon, however, was changed in jeju-
num of LDP treatment but not in duodenum and ileum,
suggesting that prolonged scotophase has a little influ-
ence on the expression of CaBP-D28k. PMCA mediates
Ca extrusion from cells (Carafoli, 1991; Zyliriska et al.,
2002; Fleet and Schoch, 2010). The different trends in
the expression PMCA1lb between LDP and control
groups were also observed in jejunum, where PMCA1b
was highly expressed in control hens during photophase.

The changed expression of Ca transporters may be a
result of reduced Ca intake of the LDP hens (89.9% of
the control group).

OPN is a glycosylated protein secreted by the epithe-
lial cells in eggshell glandular cavity (Fernandez et al.,
2003; Chien et al., 2008). As a component of the organic
matrix of eggshell, OPN plays an important role in egg-
shell calcification. The present result indicated that
OPN was highly expressed in scotophase and lowly
expressed in photophase, in line with the previous work
by Pines et al. (1995), who reported that the gene
expression of OPN in the eggshell gland shows a circa-
dian rhythm, lower expressed in the light compared to
that in the dark. Generally, the key period of eggshell
formation is at night. When the egg enters the uterus,
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Figure 8. Effect of different light regimes on the mRNA and protein expression level of CaBP-D28k and PMCA1b in the ileum. The mRNA and
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(n=28); "P<0.05.

uterine wall pressure is exerted, which is involved in the
expression of OPN (Lavelin et al., 1998). Hence, the
result implies that the upregulated OPN in scotophase is
associated with eggshell formation. Moreover, in vitro
study indicates that the hardness of calcite containing
OPN is higher than that of calcite without OPN
(Athanasiadou et al., 2018). Compared with control,
LDP increased the expression of OPN in either the pho-
tophase (4.87 fold) or the scotophase (1.28 fold), sug-
gesting that the upregulation of OPN expression is
involved in the improved eggshell strength by LDP
treatment.

In the eggshell gland, the mRNA level of CaBP-D28k
was higher in scotophase in both treatments, which is
overlapping with the eggshell formation period. As the
protein levels of CaBP-28k and PMCAlb were not

altered by LDP treatment during the scotophase, indi-
cating that prolonging the scotophase had no effect on
the Ca secretion of eggshell gland. The protein expres-
sion level of CaBP-D28k and PMCA1b in the kidney
was not changed by photoperiod treatment, indicating
that the reabsorption of Ca by the kidney is not changed
by treatment.

There are two families of Na/Pi cotransporters, Na/
Pi-II and NaPi-III. NPt2b mainly regulates the absorp-
tion of P by the small intestine (Werner and Kinne,
2001; Marks et al., 2006; Yan et al, 2007;
Sabbagh et al., 2009; Tkuta et al., 2018). In poultry, the
main expression site of the NPt2b gene is the duode-
num (Yan et al., 2007; Li et al., 2018). The mRNA
expression level of NPt2b in the duodenum and jejunum
was not affected by light regime or light-dark cycle,
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Figure 9. Effect of different light regimes on the mRNA and protein expression levels of CaBP-D28k and PMCA1bD in the kidney. Relative
mRNA expression level of CaBP-D28k (A) and PMCA1b (B) were evaluated by RT-PCR. Western blot analysis for the detection of CaBP-D28k

and PMCA1b (C, D, E). Data represent the mean £+ SD (n=8); “P < 0.05.

indicating that the absorption of P by the small intes-
tine was not affected by the light regimen. In the kid-
ney, the main type of phosphorus transporter is NPt2a.
P homeostasis in laying hens depends on phosphorus
transporters in the kidney (Huber et al., 2006). In the
scotophase, the mRNA expression level of NPT2a in
LDP laying hens was relatively low, which is consistent
with their high P level in the serum. Li et al. (2018)
found that dietary high available P decreased the
mRNA expression level of NPT2a in the kidney of lay-
ing hens, which is consistent with our results.

In conclusion, prolonged scotophase from 8 h to 15 h
reduced the laying performance of laying hens. The egg-
shell strength and the contents of Ca and P in the eggshell
were increased by the prolonged scotophase. The result
suggests that the increased circulating Ca and P

concentrations during the scotophase are beneficial for
the deposition of Ca and P in the eggshell and in turn the
eggshell quality. This result offers an alternative strategy
for managing laying hens with poor eggshell quality.
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