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ABSTRACT Targeted green light photostimulation
during the last stage of broiler incubation increases
expression of the somatotropic axis. The purpose of this
study was to further shorten the in ovo green light pho-
tostimulation and determine the critical age for photo-
stimulation in broilers embryos, as a future strategy for
broiler incubation. Fertile broilers eggs (n 5 420) were
divided into 5 treatment groups. The first group was
incubated under standard conditions (in the dark) as the
negative control group. The second was incubated under
intermittent monochromatic green light using light-
emitting diode lamps with an intensity of 0.1 W/m2 at
shell level from embryonic day (ED) 0 of incubation until
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hatch, as a positive control. The third, fourth, and fifth
groups were incubated under intermittent mono-
chromatic green light from ED 15, 16, and 18 of incu-
bation, respectively, until hatch. All treatment groups
showed elevated somatotropic axis expression compared
with the negative control, with the group incubated
under monochromatic green light fromED 18 until hatch
showing results closest to the positive control. This
suggests that broiler embryos can be exposed to in ovo
green light photostimulation from a late stage of incu-
bation (when transferring the eggs to the hatchery) and
exhibit essentially the same outcome as obtained by
photostimulation during the entire incubation period.
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INTRODUCTION

Targeted photostimulation with monochromatic light
is a well-known management tool for increasing poultry
production (both reproduction and growth) (Rozenboim
et al., 1999a,b, 2004; Olanrewaju et al., 2006; Zhang
et al., 2012; Borille et al., 2013). Photostimulation using
monochromatic green light (GL, 560 nm) increases the
body weight (BW) and muscle weight of broilers
(Wabeck and Skoglund, 1974; Rozenboim et al., 2013),
turkeys (Rozenboim et al., 2003), and quail (Phogat
et al., 1985). Studies conducted in our laboratory have
shown that in ovo GL photostimulation during the
entire incubation period (from embryonic day [ED]
0 until hatch [ED21]) increases the embryo’s BW and
breast muscle weight (as percentage of egg weight and
as percentage of BW, respectively) (Rozenboim et al.,
2004), whereas other studies showed no increase in
body weight during the incubation period, because of
GL photostimulation (Dishon et al., 2018; Tong et al.,
2018). In other studies, in ovo GL photostimulation dur-
ing incubation has been found to affect breast muscle
weight posthatch (Zhang et al., 2012), as well as increase
the expression of several muscle proteins, including myo-
genin, MyoD, and myostatin (Zhang et al., 2014).
Furthermore, in ovo GL photostimulation has been
shown to increase proliferation and differentiation of sat-
ellite cells in the muscle during the posthatch period,
compared with a control group that was incubated in
the dark (Halevy et al., 2006a,b).

The somatotropic axis, which affects growth and
development, has been much studied. This axis starts
with hypothalamic growth hormone-releasing hormone
(GHRH), which affects the release of the pituitary’s
growth hormone (GH) together with thyroid-releasing
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hormone—which also increases GH release, and somato-
statin—which inhibits GH release (Bossis and Porter,
2001; Porter et al., 2006; Wang et al., 2006; Lu et al.,
2008). Furthermore, GH can regulate its own secretion
via negative feedback (Buonomo and Baile, 1990). Secre-
tion of GH from the pituitary is pulsatile, with an in-
crease in plasma levels during embryogenesis to a peak
in the early stages of the posthatch period, followed by
a decline in plasma levels (Buyse and Decuypere, 1999;
Kim, 2010). This hormone affects several physiological
systems in broilers, such as feed efficiency and fat accu-
mulation and development and growth in chicks
(Cogburn et al., 1989; Kocamis et al., 1999). Several
studies have attempted to manipulate broiler growth
and development by administering exogenous GH,
with conflicting results; most described no positive effect
of the GH injection on the broiler (Vasilatos-Younken
and Scanes, 1991; Moellers and Cogburn, 1995).

The activity of GH is mediated through growth hor-
mone receptors (GHR), which are located throughout
the broiler’s body, in the liver, muscles, and fat tissue
(Mao et al., 1998). The hormone affects embryonic
development through several mechanisms, such as
growth, proliferation, and differentiation of muscle cells
(Halevy et al., 2006b; Dishon et al., 2017, 2018). These
effects can result from a direct connection between GH
and its receptors or from its effect on the liver and muscle
via the synthesis and secretion of insulin-like growth fac-
tor 1 (IGF-1) (Halevy et al., 2006b; Kana�cki et al., 2012;
Bai et al., 2016; Dishon et al., 2017, 2018). However,
McMurtry et al. (1997) found that IGF-1 synthesis and
secretion are not completely dependent on GH and
found plasma IGF-1 levels even before finding measur-
able levels of plasma GH. This finding suggests that
there is some GH-independent synthesis and secretion
of IGF-1 during the incubation period. On the other
hand, in the broiler posthatch period, GH was shown
to greatly affect IGF-1 levels, and plasma IGF-1 levels
were closely related to those of GH and its receptors
(McMurtry et al., 1997).

Several studies conducted in our laboratory, as well as
by other groups, have shown that in ovo GL photostimu-
lation during the entire period of embryogenesis has a
positive effect on somatotropic axis activity. This in-
cludes hypothalamic GHRH mRNA expression, plasma
GH levels, and liver GHR and IGF-1 mRNA expression
(Halevy et al., 2006b; Dishon et al., 2017, 2018). In our
previous study, we determined the critical period for in
ovo GL photostimulation to be from ED15 until hatch,
giving results that were similar to those in the positive
control group (photostimulated from ED0 until hatch)
(Dishon et al., 2017, 2018).

During incubation, the chicken embryo undergoes
several critical periods of development. One such period
is the last days of incubation before hatch (Romanoff,
1949; De Oliveira et al., 2008). This stage is character-
ized by accumulation of glycogen in the muscle and liver,
gluconeogenesis, and more. A problem during this stage
may result in chick death or poor performance (De
Oliveira et al., 2008). The objective of the present study
was to determine the critical period for in ovo GL photo-
stimulation by examining its effect during the last stage
of incubation. The results could help design a strategy
for targeted in ovo photostimulation of broilers.
MATERIALS AND METHODS

Animals

All of the procedures in this experiment were
approved by the Animal Care Committee of the Hebrew
University of Jerusalem. A total 1,260 fertile Cobb 500
broiler eggs (62 6 3 g) were obtained from a 34-week-
old broiler breeder flock (Brown Hatchery, Hod
Hasharon, Israel). All of the eggs were placed in a Peter-
sime 9600 incubator (Petersime, Zulte, Belgium) and
incubated under standard conditions (37.8�C and 56%
RH). On ED 7, all eggs were candled, and the infertile
eggs were removed. On ED 18, the eggs were transferred
to hatching trays and returned to the incubator until the
last day of the experiment (E20, day of hatch) under pri-
mary breeder recommendations conditions (36.8�C and
62% RH).
Light Management

Fertile eggs were divided into 5 light treatment groups
(252 fertile eggs per light treatment group, each fertile
egg/embryo was considered an experimental unit).
Each treatment group was divided into 3 trays (84 fertile
broilers eggs per tray), which in turn were placed at
different placement levels of the incubator (High, Mid-
dle, or Low; Table 1). The first group was incubated in
the dark (negative control [dark]). The second group
was incubated under GL photostimulation (560 nm, in-
tensity of 0.1 W/m2 at eggshell level, with intervals of
15 min light/15 min dark to avoid overheating the egg;
Rozenboim et al., 2004), from ED0 to ED20 (positive
control [GD0–20]). The third, fourth, and fifth groups
were incubated under GL photostimulation (560 nm, in-
tensity of 0.1 W/m2 at eggshell level, with intervals of
15 min light/15 min dark to avoid overheating the egg;
Rozenboim et al., 2004) from ED15 to ED20 (GD15–
20), ED16 to ED20 (GD16–20), and from ED18 to
ED20 (GD18–20), respectively.
Light-emitting diode strips provided all of the GL

photostimulation, as described in our previous experi-
ment (Dishon et al., 2017). Cardboard were used (after
measuring that there is no ventilation interference for
each tray, using AnemometeryAir flow meter) to sepa-
rate the different light-treatment groups, thus elimi-
nating light transfer between groups.
Blood Sampling

Every other day, from ED 10 to ED 18 and on ED 20
(hatch), 12 eggs from each interaction of light treatment
and tray placement (total of 36 embryos from each light
treatment group) were opened and their contents placed
in a petri dish. Heparinized blood samples were drawn



Table 1. Treatment groups.

Treatment group
Embryonic days (ED) of in ovo GL

photostimulation Number of embryos

Dark No photostimulation 252 embryos (divided onto 3 incubation
trays)

GD0–20 In ovo GL photostimulation from ED0 to
ED20 (day of hatch)

252 embryos (divided onto 3 incubation
trays)

GD15–20 In ovo GL photostimulation from ED15 to
ED20

252 embryos (divided onto 3 incubation
trays)

GD16–20 In ovo GL photostimulation from ED16 to
ED20

252 embryos (divided onto 3 incubation
trays)

GD18–20 In ovo GL photostimulation from ED18 to
ED20

252 embryos (divided onto 3 incubation
trays)

Abbreviation: GL, monochromatic green light.
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from the chorioallantoic vein and at hatch, from the ju-
gular vein. Plasma samples were stored at 220�C until
assay.
Tissue Sampling

After the blood sampling, each embryo’s BW was
recorded, and samples from the hypothalamus, liver,
and breast muscle were taken as previously described
(Dishon et al., 2017). The samples were placed in liquid
nitrogen and stored at 280�C until analysis of mRNA
expression.
Hormone Analysis

Plasma GH was assayed by competitive ELISA, using
the corresponding biotinylated tracer, as described pre-
viously (Dishon et al., 2017).
RNA Extraction and Real-Time Polymerase
Chain Reaction

Frozen tissue samples from each treatment were ho-
mogenized by HG-300 homogenizer, and total RNA
was extracted using RNAzol RT reagent according to
the manufacturer’s protocol (GeneCopoeia, Rockville,
MD). The RNA extraction and real-time PCR protocols
were as described previously (Dishon et al., 2017). Each
real-time PCR reaction (18 mL) was composed of 10 mL
Platinum SYBR Green qPCR SuperMix-UDG, 5 mL of
DEPC treated water, 1 mL of prepared cDNA, as well
Table 2. Primers used in the real-time PCR react

Gene Primers

GAPDH F: GGCACGCCATCACTATC
R: CCTGCATCTGCCCATTT

b-Actin F: CCGCAAATGCTTCTAAACCG
R: AAAGCCATGCCAATCTCGTC

GHRH F: GGCAAACGGCTCAGAAACAG
R: AGCATGGCTCCCAAGAAGTC

GHR F: GCGTGTTCAGGAGCAAAGCT
R: TGGGACAGGCATTTCCATACTT

IGF F: GCTTTTGTGATTTCTTGAAGGTG
R: CATACCCTGTAGGCTTACTGAAG

Abbreviations: GHR, growth hormone receptors; G
insulin-like growth factor 1.
as 1 mL of both upstream and downstream primers
(4 mmol) were added to each well (list of primers is found
in Table 2). The relative expressions of the examined
genes (Table 2) were calculated using the DDct method.
The cycle threshold (ct) from the Roche Lightcycler 96
program were corrected using the geometrical average
of the house keeping genes (b-actin and GAPDH) and
subtracted from the mean of the dark (negative control)
treatment (Livak and Schmittgen, 2001; Dayan et al.,
2020).
Statistical Analysis

The statistical analysis was conducted per each day of
incubation separately, because on each experiment day
different embryos were sampled. Comparison of incuba-
tion data between embryonic days of development
within each treatment (dark, GD0-20, GD15-20,
GD16-20, or GD18-20) revealed significantly differing
variances. The data were subjected to 2 ways ANOVA
within each development day according to the following
model: treatment (dark and all light treatments) and
tray placement level (High, Middle, or Low) as the
main fixed effects, including the interactions between
treatment and placement level. No significant interac-
tion between treatment and placement levels was found
during the experiment. Furthermore, no significant ef-
fect was found to the placement levels of the egg’s incu-
bation trays. Therefore, the figures exhibit least square
means (6SEM) for each light treatment on a particular
embryonic day. Tukey-Kramer HSD test for post-hoc
ions.

Product length GenBank accession no.

61 bp NM_204305.1

101 bp NM_205518.1

140 bp NM_001040464.1

121 bp NM_001001293.1

AA 195 bp NM_001004384.2
TA

HRH, growth hormone-releasing hormone; IGF,
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testing of the differences between treatments’ least
square means was used. All statistical analyses were con-
ducted with JMP software Ver. 14 (SAS Institute).
RESULTS

During the experiment, no effect of GL photostimula-
tion was found on embryonic BW, breast muscle weight,
or liver weight for any of the groups.
Plasma GH Levels

In general, plasma GH levels increased from ED12 un-
til hatch (Figure 1). All GL treatments caused an eleva-
tion in plasma GH levels from ED14. On day of hatch,
the GD18–20 group, as well as GD15–20, GD16–20,
and the positive control (GD0–20) showed similar
results.
Hypothalamic GHRH, Liver GHR, and IGF-1
Gene Expression

Hypothalamic GHRH mRNA expression increased
from ED14 until hatch in all treatment groups
(Figure 2). On ED12 and from ED16 until hatch, all
treatment groups showed an increase in GHRH mRNA
gene expression compared to the negative control group.
On day of hatch, the GD18–20 group, as well as the
GD15–20 and GD16–20, showed a similar elevation of
GHRH mRNA expression as the positive control group
(GD0–20).

Liver GHRmRNA expression increased from ED12 to
a peak on ED18, then decreased to ED20 (Figure 3). The
different treatment groups all showed an increase in
GHR mRNA expression compared with the negative
control group. On day of hatch, the GD18–20 treatment
Figure 1. Plasma growth hormone levels, between ED12 and ED20, of bro
monochromatic green light from different days of incubation to day of hatch
mean 6 SEM. Means of the groups on a specific day with different lowerca
day; GH, growth hormone.
group, as well as GD16–20 group, showed similar eleva-
tion of GHR mRNA expression as the positive control
group (GD0–20).
Liver IGF-1 mRNA expression was low during the in-

cubation period but was elevated on ED20 (day of
hatch). On day of hatch, all treatment groups showed
significantly higher IGF-1 mRNA expression compared
with the negative control, with no significant difference
between the light treatments (Figure 4).
DISCUSSION

In ovo GL photostimulation between ED18 and ED20
significantly elevated somatotropic axis activity of
broiler embryos, similar to the increase observed in the
positive control (in ovo GL photostimulation from
ED0 until hatch). The enhanced activity was manifested
by increases in hypothalamic GHRH, liver GHR, and
IGF-1 gene expression, as well as elevated plasma GH
levels.
Similar to our previous studies (Dishon et al., 2017,

2018), in ovo GL photostimulation increased the expres-
sion and secretion of the somatotropic axis components,
starting with hypothalamic GHRH which was elevated
from ED12. This, in turn, increased the secretion of
GH to the plasma (with increased plasma GH concentra-
tion from ED14). The elevation in GH, together with the
increase in GHR gene expression, enabled a greater effect
of GH on the liver, which in turn showed increased
expression of IGF-1 gene.
We found that GL photostimulation during the late

stage of the incubation (in ovo GL photostimulation be-
tween ED18 and ED20), which is considered a critical
stage in embryonic development (De Oliveira et al.,
2008), enhances somatotropic axis activity to the level
of that in the positive control; thus, it can be considered
iler embryos incubated in the dark as a negative control (dark) or under
(GD0–20, GD15–20, GD16–20, and GD18–20). Data are presented as

se letters differ significantly (P , 0.05). Abbreviations: ED, embryonic



Figure 2. Hypothalamic GHRHmRNA expression, between ED10 and ED20, of broiler embryos incubated in the dark as a negative control (dark)
or under monochromatic green light from different days of incubation to day of hatch (GD0–20, GD15–20, GD16–20, and GD18–20). Data are pre-
sented as mean 6 SEM. Means of the groups on a specific day with different lowercase letters differ significantly (P , 0.05). Abbreviations: ED, em-
bryonic day; GHRH, growth hormone-releasing hormone.
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a critical period for photostimulation of broiler embryos.
There are several critical stages, that is, periods of
distinct physiological changes, in embryonic develop-
ment (De Oliveira et al., 2008; Tong et al., 2013): the
early critical period or establishment of germ, the second
is the period of embryo completion, and the last critical
period, which occurs during the last few days of broiler
incubation (from ED17 to ED18), also known as the
perinatal or emergence period (Romanoff, 1949; De
Oliveira et al., 2008). Each of these periods is defined
by different changes in the chicken embryo. The last crit-
ical period is defined by several physiological mecha-
nisms, including transition to pulmonary respiration,
and an increase in liver gluconeogenesis to increase
glucose levels and provide sufficient energy for the
Figure 3. Liver GHR mRNA expression, between ED10 and ED20, of bro
monochromatic green light from different days of incubation to day of hatc
mean 6 SEM. Means of the groups on a specific day with different lowerca
day; GHR, growth hormone receptors.
embryo to hatch (De Oliveira et al., 2008). Another sig-
nificant change during the last days of incubation is an
increase in small intestinal brush border membrane en-
zymes (Uni et al., 2003).

The finding of a possible critical period for in ovo GL
photostimulation is important because it enables obtain-
ing this manipulation’s positive effects when transferring
the eggs to hatching trays. Furthermore, this finding of a
critical photostimulation stage may enable shortening
the in ovo GL photostimulation period, while maintain-
ing its positive effect on the growth and BW of the post-
hatch broiler.

These findings raise the question what is the connec-
tion between in ovo GL photostimulation and the so-
matotropic axis? One possible connection might be the
iler embryos incubated in the dark as a negative control (dark) or under
h (GD0–20, GD15–20, GD16–20, and GD18–20). Data are presented as
se letters differ significantly (P , 0.05). Abbreviations: ED, embryonic



Figure 4. Liver IGF-1 mRNA expression, between ED10 and ED20, of broilers incubated in the dark as a negative control (dark) or under mono-
chromatic green light from different days of incubation to day of hatch (GD0–20, GD15–20, GD16–20, and GD18–20). Data are presented as
mean 6 SEM. Means of the groups on a specific day with different lowercase letters differ significantly (P , 0.05). Abbreviations: ED, embryonic
day; IGF-1, insulin-like growth factor 1.
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activity of a neurotransmitter or neuroendocrine agent
associated with photostimulation, which affects the so-
matotropic axis. One such component is melatonin,
derived from serotonin and secreted from the pineal
gland, where the extraretinal photoreceptors are found
(Foster and Soni, 1998; Csernus et al., 2007; Zhang
et al., 2016). Photoreceptors were found in the pineal
gland as early as day 13 of the embryonic incubation,
and pineal glands explanted on embryonic day 13 were
shown to release melatonin (Csernus et al., 2007). More-
over, melatonin can be found as early as embryonic day
10 (Csernus et al., 2007). These findings may suggest
that melatonin does play a role in the increase of
GHRH, and as a result, an increase in GH, seeing as
melatonin can be found just before the development
and functioning of the somatotropic axis. Moreover,
John et al. (1990) found that supplementing pigeon
with melatonin increases its GH levels. In another study,
it was found that adding exogenous selective antagonists
for the melatonin receptors (mel1b and mel1c) to in vitro
pituitary cells, caused a significant decrease in GH secre-
tion (through the decrease expression of Pit-1 mRNA),
even when exposed to GL photostimulation (Yue
et al., 2019). Furthermore, Li et al. (2016) found that
GL photostimulation, which elevates IGF-1, also in-
creases melatonin levels, and that there is a positive cor-
relation between the 2. In addition, a positive correlation
has been found between the increase in chicken GHRH
and GH because of GL photostimulation and an increase
in melatonin levels (Zhang et al., 2016; Bai et al., 2019).

Studies are currently being conducted to determine
the effect of in ovo GL photostimulation during different
stages of incubation on posthatch broiler growth.
Further studies are also required to examine the effect
of in ovo GL photostimulation on melatonin level and
its correlation with the different components of the so-
matotropic axis.
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