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Editorial on the Research Topic

Women in Avian Physiology: 2022

The Women in Avian Physiology Research Topic is part of an inclusive Frontiers

series across all sections focused on Women in Physiology. The purpose of the series is to

showcase physiological research of women and to highlight their achievements.

Submissions were welcomed covering all areas of Avian Physiology. Submissions were

encouraged from early career researchers and/or where the lead/last author were females.

A total of 12 submissions were accepted for publication in this Research Topic covering

the areas of: 1. Skeletal Muscle Physiology and Meat Quality; 2. Female Reproduction; 3.

Pathobiology; 4. Genetic Selection; and 5. Neurobiology.

Skeletal muscle physiology and meat quality

Three contributions addressed skeletal muscle physiology and/or meat quality by

Swanson et al., Bordini et al., and Xu et al. Swanson et al. reviewed phenotypic plasticity to

environmental variation focusing on metabolic rates and skeletal muscle physiology in

wild birds. The ultrastructural plasticity of skeletal muscle with regard to thermal

variation and increased workload was reviewed and correlated with myostatin,

Insulin-like growth factor-1, and satellite cell proliferation. Xu et al. examined the

effects of temperature and selection for growth on the proliferation, differentiation,

adipogenic potential of turkey myogenic satellite cells through frizzled-7-mediated Wnt

planar cell polarity (Wnt/PCP) pathway. It was found that thermal stress altered frizzled-7

regulation of the Wnt/PCP pathway in a growth-dependent manner affecting the growth

potential of the breast muscle and protein to fat ratio. Bordini et al. contributed an original

Research Topic studying molecular pathways and key genes associated with White

Striping and Wooden Breast in chickens. Using Weighted Gene Co-expression

Network Analysis to identify clusters of co-expressed genes associated with White

Striping and Wooden Breast, they found that endoplasmic reticulum stress may

underly the inflammatory condition in affected breast muscles and Collagen type IV

may have significant role in the events leading to White Striping and Wooden Breast.

OPEN ACCESS

EDITED AND REVIEWED BY

Colin Guy Scanes,
University of Arkansas,
United States

*CORRESPONDENCE

Sandra G. Velleman,
velleman.1@osu.edu

SPECIALTY SECTION

This article was submitted
to Avian Physiology,
a section of the journal
Frontiers in Physiology

RECEIVED 01 November 2022
ACCEPTED 07 November 2022
PUBLISHED 21 November 2022

CITATION

Velleman SG and Soglia F (2022),
Editorial: Women in Avian Physiology:
2022.
Front. Physiol. 13:1086815.
doi: 10.3389/fphys.2022.1086815

COPYRIGHT

© 2022 Velleman and Soglia. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physiology frontiersin.org

TYPE Editorial
PUBLISHED 21 November 2022
DOI 10.3389/fphys.2022.1086815

5

https://www.frontiersin.org/articles/10.3389/fphys.2022.1086815/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.1086815/full
https://www.frontiersin.org/researchtopic/31197
https://www.frontiersin.org/articles/10.3389/fphys.2022.961392/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.936768/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.892887/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.961392/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.892887/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.936768/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.1086815&domain=pdf&date_stamp=2022-11-21
mailto:velleman.1@osu.edu
https://doi.org/10.3389/fphys.2022.1086815
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.1086815


Female reproduction

Hanlon et al. provided a comprehensive review on the roles

of 17β-estradiol in non-gonadal tissues and its impact on

reproduction in both laying and broiler breeder hens.

Estradiol-17β are involved in reproduction, liver metabolism,

and medullary bone formation. Thus, this hormone may regulate

all aspects of egg formation and hence the timing of estradiol-17β
is critical to reproduction which has been altered by genetic

selection for intense growth. Mehlhorn et al. investigated how

hen line, age and housing affect estradiol-17β on egg laying

performance. High performance hen lines had higher estradiol-

17ß concentrations compared to low performing hens.

Regardless of line, maximal estradiol-17ß concentration was

measured at their 49th to their 51st week of age. Furthermore,

cages hens had highest estradiol-17β levels compared to floor

housed hens. We could show that laying performance is strongly

linked with estradiol -17ß concentration. This concentration

changes during laying period and is also influenced by the

housing system.

Pathobiology

Use of an oral-killed chitosan nanoparticle Salmonella vaccine

(as an alternative to conventional Salmonella poultry vaccines) was

shown to decrease Salmonella enterica serovar enteritidis load in

immunized broiler chickens by Acevedo-Villanueva et al.

Shanmugasundaram et al. contributed an original Research Topic

demonstrating that subclinical doses of combined fumonisins and

deoxynivalenol (mycotoxins contaminating poultry diets)

predispose Clostridum perfringens inoculated broilers to necrotic

enteritis, an economically important disease negatively impacting

digestion and absorption of nutrients in broilers.

Genetic selection

Two contributions addressed the effects of genetic selection.

Bernardi et al. reported on chemerin as a possible genetic

selection tool for embryo survivability pending larger scale

testing. Research on how the somatotrophic axis has changed

with commercial growth selection and its relationship to

increased growth was reported by Vaccaro et al. They found

the expression of insulin-like growth factors 1 and 2 was greater

in the modern commercial chicken and maybe linked with

increased breast muscle growth and overall muscle accretion.

In broilers divergently selected for ultimate pH, it was found by

Beauclercq et al. that there is an association between serum lipid

profile, ultimate pH and meat quality. Furthermore, since

ultimate pH can be obtained on live birds, it may be a useful

marker in genetic selection.

Neurobiology

Loveland et al. contributed a perspective paper on how

inversion variants can affect neural circuitry. This review

covered how behavior polymorphisms can evolve from genetic

inversions, especially when inversions are associated with sets of

genes involved with hormonal regulation. Primary focus was on

the three-morph system of the ruff (Calidris pugnax), two

alternative morphs (Satellites and Faeders) each with distinct

behaviors and low circulating testosterone that is genetically

determined by an inverted region on an autosomal

chromosome. Franco et al. examined the bird sense of sight

and found that broilers raised under blue light were more

hyperopic than those raised with white light. The blue light

reared broilers had better spatial vision and higher success in

selecting the right feeder.

Author contributions

The contributions are all original to the Research Topic. All

authors contributed to the article and approved the submitted

version.
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Light Color and the Commercial
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Light is a critical management factor for broiler production, and the wavelength
spectrum, one of its components, can affect bird physiology, behavior and production.
Among all the senses, sight is important to birds, and their visual system possess several
adaptations that allow them to perceive light differently from humans. Therefore, it is
critical to consider whether the exposure to monochromatic light colors influences broiler
visual ability, which could affect behavioral expression. The present study examined
the effects of various light colors on the visual systems of broiler chickens. Ross 708
males were raised from 0 to 35 days under three wavelength programs [blue (dominant
wavelengths near 455 nm), green (dominant wavelengths near 510 nm) or white].
Broilers were given a complete ophthalmic examination, including chromatic pupillary
light reflex testing, rebound tonometry, anterior segment biomicroscopy and indirect
ophthalmoscopy (n = 36, day 21). To assess ocular anatomy, broilers were euthanized,
eyes were weighed, and dimensions were taken (n = 108, day 16 and day 24). An
autorefractor was used to assess the refractive index and the corneal curvature (n = 18,
day 26). To evaluate spatial vision, broilers underwent a grating acuity test at one of
three distances–50, 75, or 100 cm (n = 24, day 29). Data were analyzed as a one-way
ANOVA using the MIXED procedure or Proc Par1way for non-normally distributed data.
Significant differences were observed for refractive index and spatial vision. Birds raised
under blue light were slightly more hyperopic, or far-sighted, than birds raised under
white light (P = 0.01). As for spatial vision, birds raised under blue light took less time
to approach the stimulus at distances of 50 cm (P = 0.03) and 75 cm (P = 0.0006)
and had a higher success rate (choosing the right feeder, P = 0.03) at 100 cm than
birds raised under white light. Improvements in spatial vision for birds exposed to blue
light can partially explain the behavioral differences resulting from rearing broilers under
different wavelengths.

Keywords: broiler, wavelength, light color, spatial vision, visual function
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Remonato Franco et al. Light Color and Broiler Vision

INTRODUCTION

Light is a crucial management factor for broiler production,
and its components, such as photoperiod and light intensity,
affect broiler growth, diurnal rhythms, behavior and welfare
(Deep et al., 2010, 2012; Schwean-Lardner et al., 2012a,b, 2014).
Light spectrum, another aspect of light, appears to affect poultry
growth; however, the results published to date are inconsistent
(Prayitno et al., 1997a; Rozenboim et al., 1999; Mohamed et al.,
2017). It is well documented that behavioral responses are altered
when birds are reared under specific light wavelengths (Prayitno
et al., 1997a,b; Lewis and Morris, 2000; Sultana et al., 2013;
Mohamed et al., 2017). Previous studies have indicated that
raising broilers under long wavelengths, such as red light (630–
780 nm), increased bird activity, with increased walking and wing
and leg stretching (Prayitno et al., 1997b). Broilers were also more
active when raised under yellow light (565–600 nm), which is also
considered a long wavelength (Sultana et al., 2013). In contrast,
birds raised under shorter wavelengths, such as blue light, spent
more time sitting or resting (Prayitno et al., 1997a; Sultana
et al., 2013). In addition to the impacts on behavioral output,
light wavelength also influences fear and stress levels. Broilers
raised under blue light had lower fear levels, assessed through
tonic immobility, than birds raised under white light (Mohamed
et al., 2014, 2017). Likewise, the heterophil: lymphocyte ratio, an
indicator of chronic stress, was lower in broilers reared under
blue light compared to green or white light, indicating a reduction
in stress (Remonato Franco et al., under review a1).

These impacts on bird behavior may suggest that lighting
programs with varying wavelengths may be a usable tool to
improve welfare and production. However, it is important to
understand the origin of the behavioral changes and whether
they are related to visual ability. A bird’s large eyes in relation to
their body weight and brain size suggest that vision is a critical
sense for poultry (Garamszegi et al., 2002; Prescott et al., 2003).
Birds use visual cues for several activities, such as awareness of
other birds’ intentions, status recognition, determining what is
safe to eat and drink, and navigation (Collins et al., 2011). When
comparing the behavior of blind and sighted chickens, Collins
et al. (2011) demonstrated that blind birds exhibited difficulties in
expressing key behaviors, displaying increased frustration, which
is associated with reduced animal welfare.

Birds have developed several adaptations to their visual
system compared to mammals, despite sharing similar gross
features (Bennett and Cuthill, 1994). Birds are tetrachromatic,
which means they possess four types of cone photoreceptor
cells compared to trichromatic animals, such as humans. The
lens and aqueous humor of birds are optically clear in the
ultraviolet (UV) range, giving birds a color vision expanded
to UV light (Lewis and Morris, 2000; Marshall and Arikawa,
2014). They also possess a double-cone photoreceptor, of
which the function is related to the perception of movement
(Kram et al., 2010). The oil droplets in the cones filter light
before it reaches the photopigments, providing birds with
1 Remonato Franco, B., Shynkaruk, T., Crowe, T., Fancher, B., French, N.,
Gillingham, S., et al. (under review a). Light Color and the Commercial Broiler:
Effect on Behavior, Fear and Stress.

increased accuracy in color discrimination (Prescott and Wathes,
1999; Kelber, 2019). Birds also possess a different spectral
sensitivity and therefore perceive color and intensity differently
than humans (Prescott and Wathes, 1999; Prescott et al., 2003).
This is particularly true in the blue color range, and birds see this
light color much brighter than do humans (Lewis and Morris,
2000). This implies that measuring intensity in units of lux, the
traditional unit used to assess illuminance under white light, may
not be the correct methodology when assessing light intensity
of colored lighting in poultry settings, as it is based on human
spectral sensitivity rather than that of a bird. A more accurate
assessment unit has been developed, known as clux (corrected lux
or chicken lux), that considers birds’ spectral sensitivity and how
they perceive their environment (Nuboer et al., 1992; Prescott
and Wathes, 1999; Lewis and Morris, 2000; Prescott et al., 2003;
Kristensen et al., 2006).

Previous research has highlighted the impacts of other light
components, such as long daylengths, in broiler (Schwean-
Lardner et al., 2013) and turkey production (Vermette et al.,
2016). These animals display increased eye weights and
dimensions as daylength increases, likely through disruption of
the diurnal rhythms, which also happens when light intensity is
very low during broiler production (Deep et al., 2013).

Besides affecting eye shape and size, visual function may be
impaired by different light components, influencing refraction,
ocular health, and visual acuity (Flaxman et al., 2017). The
chicken eye has been used as a model for studying human
ocular diseases and conditions (Wisely et al., 2017). Results
demonstrate an immoscopy was performed to assess thpact of
varying wavelengths on emmetropization, with eyes exhibiting
increased axial length and vitreous chamber depth when chicks
were exposed to red or white light (Lin et al., 2020), and on
refractive error, with long wavelengths, such as red light, leading
to progressive myopia (Foulds et al., 2013). To our knowledge,
no study has been conducted to understand the structural ocular
changes or effects in visual function and spatial vision caused
by raising broilers under different wavelengths in a simulated
commercial setting.

To encompass this, in the present study, broilers reared under
one of three wavelengths underwent a series of tests to assess
their visual ability. These data were of a larger experiment, testing
the response to wavelength treatments in production, health
and behavior parameters of broilers (3 manuscripts: Table 1.
see text foot note 12,3). The objective of this study was to
assess ocular health and vision in broilers raised under different
wavelength treatments.

MATERIALS AND METHODS

This experiment was approved by the Animal Care Committee
of the University of Saskatchewan and was conducted following
2 Remonato Franco, B., Shynkaruk, T., Crowe, T., Fancher, B., French, N., Gillingham,
S., et al. (under review b). Does Light Color During Brooding and Rearing Impact
Broiler Productivity?
3 Remonato Franco, B., Shynkaruk, T., Crowe, T., Fancher, B., French, N., Gillingham,
S., et al. (under review c). Light Wavelength and its Impact on Diurnal Rhythms
and Broiler Health.
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TABLE 1 | Summary of experiments/trials and measurements obtained from each.

Current manuscript Other measures taken
within specific
experiment

Experiment 1 Trial 1 Ocular health (chromatic
PLR, anterior segment
biomicroscopy, indirect
ophthalmoscopy, IOP)
Eye measurements (eye
weight, corneal diameter,
mediolateral diameter,
dorsoventral diameter and
anteroposterior size)

Behavioral expression, fear
and stress levels (see text
foot note 1)
Production variables (see
text foot note 2)
Health parameters (see text
foot note 3)

Trial 2 Refraction Index
Eye measurements (eye
weight, corneal diameter,
mediolateral diameter,
dorsoventral diameter and
anteroposterior size)

Experiment 2 Spatial vision

the guidelines of the Canadian Council on Animal Care
(1999) as specified in the Guide to the Care and Use of
Experimental Animals.

The assessments of ocular health and vision were conducted
as a part of a larger experiment that studied the impact of
wavelength treatments on production, physiology, behavior and
welfare of broilers. Tests were conducted within 2 experiments,
one of which involved 2 blocked trials.

Housing
For both experiments, each lasting 35 days, broilers were raised
at the Poultry Research and Teaching Unit located at the
University of Saskatchewan. The facility contains nine individual
environmentally controlled rooms. Each room was subdivided
into 12 individual pens (2.0 m × 2.3 m). In Experiment 1 (2
repeated trials), Ross YPMx708 and Ross EPMx708 males and
females were housed sex-separately within nine rooms (12 pens
per room), with 62 males, or 70 females per pen, resulting in a
final estimated density of 31 kg/m2 (total of 7128 broilers housed
in each of two trials). For Experiment 2, mixed-sex Ross 308
chicks were housed in two rooms, with each pen containing 42
broilers, for a total of 710 broilers.

Water, available ad libitum, was provided using pendulum
nipple drinkers, with six nipples available per pen. Commercially
prepared feed (starter diet–0.5 kg per bird, grower diet–2.0 kg per
bird and the remainder as finisher diet) was provided ad libitum
using aluminum tube feeders. Chicks were housed on the day
of hatch in pens containing approximately 7.5–10 cm of wheat
straw bedding. Room temperatures were set to 32.1◦C at the
time of placement and were reduced gradually until 21◦C was
reached by 25 days of age and maintained until the end of the
trial. Temperature was monitored twice each day in each room
via behavioral observations and computer output.

Lighting
Light was provided via light emitting diode (LED) light
bulbs (11W Alice Non-Directional LED Lamps, Greengage

Agritech Limited, Roslin Innovation Centre, University of
Edinburgh, Easter Bush Campus, Midlothian, EH25 9RG,
United Kingdom) that, for Experiment 1, emitted one of
three lighting treatments: blue (dominant wavelengths near
455 nm), green (dominant wavelengths near 510 nm), and white
(combination of wavelengths). Experiment 2 treatments were
refined (chosen based on behavioral differences noted between
broilers reared under blue light compared to white and green: see
text foot note 1), and included only the blue and white lighting
treatments. These were chosen based on behavioral measures
taken in Experiment 1 (see text foot note 1). Measurements of
light spectra were taken for each light treatment to verify the
spectral distribution (Asensetek Incorporation, New Taipei City,
Taiwan, Figure 1).

On day 0, birds received 23 h of light, which was decreased
(1 h per day) until day 5, when 18 h of light was provided. Dawn
and dusk periods of 15 min were provided daily, prior to lights
turning on or off. Light intensity was measured in clux. For trial
1 of Experiment 1, light intensity was 9.6 ± 0.4 clux. In the
second blocked trial of Experiment 1, and for Experiment 2, the
first week was set at 14.3 ± 0.1 clux and the remaining weeks at
9.6 ± 0.4 clux (Galilux Light Meter, Hato Agricultural Lighting,
Sittard, Netherlands).

Data Collection
Ocular Health
A summary of the data collected during the different experiments
and trials is presented at Table 1. In the first trial of Experiment
1, twelve YPM-708 males per lighting treatment (from 2 pens
per room and 2 birds from each pen) were randomly selected at
21 days (n = 36) to undergo complete ophthalmic examinations
performed by a board-certified veterinary ophthalmologist. The
examinations included chromatic pupillary light reflex (PLR)
testing (Melan-100 unit, BioMed Vision Technologies, Ames, IA,
United States), anterior segment biomicroscopy performed with
a portable slit lamp (SL-17, Kowa, Tokyo Japan), and indirect
ophthalmoscopy [IOP, (Heine Omega 200, Heine Instruments
Canada, Kitchener, Ontario)]. Rebound tonometry (Tonovet,
Tiolat, Helsinki, Finland) was used to estimate intraocular
pressure (Wahl et al., 2016; Leis et al., 2017).

Eye Measurements
In Experiment 1 (trials 1 and 2), 36 birds per light treatment
(YPM-708 males only, 2 pens per room, 1 bird per pen,
n = 108) were euthanized by decapitation, and both eyes
were immediately extracted. Adhering tissues were removed,
and eye weights and dimensions were taken for both eyes
using a digital scale and digital caliper. Dimensions included
corneal diameter, mediolateral diameter, dorsoventral diameter
and anteroposterior size (Schwean-Lardner et al., 2013; Vermette
et al., 2016).

Refraction Index
In the second trial of Experiment 1, a handheld autorefractor
(Nikon Retinomax K-plus 2) was used to assess the corneal
curvature and the refractive index in six birds per lighting
treatment at 26 days (YPM-708 males only, from 2 pens per room
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FIGURE 1 | Measurements of light spectrum, respectively, from blue (A), green (B) and white (C) light treatments.

and 1 bird from each pen, n = 18). Tests were conducted and
results were assessed by an ophthalmologist from Saskatoon City
Hospital, University of Saskatchewan (Saskatoon, SK, Canada).

Spatial Vision Test
Based on behavioral differences noted for birds under blue
compared to white and green light in Experiment 1 (see text foot
note 1), a second experiment was added to determine if visual
acuity could explain these behavioral changes. In Experiment 2,
12 birds per lighting treatment (blue or white, from one pen per
room, males only, n = 24) underwent testing to evaluate spatial
vision at 29 days, using a spatial conditional discrimination
procedure (DeMello et al., 1992). For a period of 4 days before
the test day, a test space was set up in the middle of a pen,
and selected birds were placed individually inside the pen. Birds
remained in the test space for 5 min, for acclimation with
the features related to rewarding and non-rewarding feeders
(Kristensen, 2004). The test pen included two feed stations: one
contained previously weighed feed (rewarding) and the other
without feed (non-rewarding), Figure 2. The feed stations were
located either in front of gray or black and white square-wave
grating boards [vertical stripes–2.5 mm wide, 5 mm per cycle
(Hyvärinen, 2018)].

On the fifth day of spatial vision testing, the chosen birds
were individually tested in the test pens. Each test pen contained
both feed dispensers (rewarding and non-rewarding–the same as
presented in the training period), placed in front of the gray or
grating stimulus boards at the end of the pen (DeMello et al.,
1992). The feed dispensers were separated by a partition, which
varied in length to test birds at different distances from the
stimulus boards. Feed was withdrawn from birds 1 h prior to
testing. Birds were individually placed in the “choice area” at
one of three different distances at a time (50, 75, and 100 cm
from the feeders), where they chose between the two stimuli. The
average time taken to approach a feed dispenser and whether
animals chose the dispenser that contained feed (success rate) was
recorded by an observer, who stayed outside of the vision area of
the birds being tested (Kristensen, 2004).

FIGURE 2 | Schematic representation of the test pens, adapted from
Kristensen (2004).

Statistical Analyses
Data were statistically analyzed using SAS (SAS 9.4, Cary, NC,
United States). Bird was used as the experimental unit for all
tests. All data were tested for normality before analyses using
the UNIVARIATE procedure. Data were analyzed as a one-way
ANOVA using the MIXED procedure or PAR1WAY procedure
for data not normally distributed. Tukey’s range test was used
to separate means when significant differences were found.
Differences were considered significant when P ≤ 0.05.

RESULTS

Ocular Health
Chromatic PLR (cPLR) testing, which indicates retina and optic
nerve functions after light stimulus, did not reveal any significant
differences between birds reared on various light treatments.
Likewise, both anterior segment biomicroscopy and indirect
ophthalmoscopy did not reveal abnormalities in any birds,
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TABLE 2 | The effect of light color treatments on intraocular pressure (mmHg) of
YPMx708 male broilers at 21 days of age (n = 36, Experiment 1, trial 1).

Light treatment

Blue1 Green2 White3 P-value SEM4

Intraocular
Pressure
(mmHg)

8.58 8.83 8.88 0.74 0.122

1Blue light–dominant wavelengths 435–500 nm, peak at 455 nm.
2Green light–dominant wavelengths 500–565 nm, peak at 510 nm.
3White light–range of wavelengths from 380 to 780 nm.
4SEM = Standard error of the mean.

TABLE 3 | Effect of different light color treatments on left and right eye weight and
dimensions of YPMx708 male broilers at 17 days of age (n = 108, Experiment 1).

Light treatment

Blue1 Green2 White3 P-value SEM4

Eye wt. (g) 1.12 1.14 1.16 0.13 0.001

Eye wt./body
wt. (%)

0.03 0.03 0.03 0.51 0.236

Corneal
diameter (mm)

6.40 6.39 6.42 0.95 0.029

DV diameter5

(mm)
13.94 14.06 14.19 0.22 0.073

ML diameter6

(mm)
13.92 13.94 14.16 0.14 0.060

AP depth7

(mm)
11.57 11.66 11.52 0.78 0.067

1Blue light–dominant wavelengths 435–500 nm, peak at 455 nm.
2Green light–dominant wavelengths 500–565 nm, peak at 510 nm.
3White light–range of wavelengths from 380 to 780 nm.
4SEM = Standard error of the mean.
5Dorsoventral (DV) diameter.
6Mediolateral (ML) diameter.
7Anteriorposterior (AP) depth.

indicating no abnormalities in the fundus of the eye. Intraocular
pressure, which, if high, can lead to glaucoma, was within normal
limits in all birds and did not differ with the use of blue, green
or white light during the production period of broilers (P = 0.74,
Table 2).

Eye Measurements
Raising broilers under either blue, green or white lights had no
effect on eye weight (P = 0.13) or dimensions (shape) of the
eye, which, if altered, could impact image forming, including the
corneal diameter (P = 0.95), mediolateral diameter (P = 0.14),
dorsoventral diameter (P = 0.22) or anteroposterior size (P = 0.78,
Table 3).

Refractive Index
Testing refraction, which, if altered, can lead to impacts on visual
accommodation, leading to myopia or hyperopia, revealed that
birds raised under blue light had a higher sphere index (0.625)
than birds raised under white light (−0.020, P = 0.01). No

TABLE 4 | Effect of different light color treatments on the refraction index of
YPMX708 male broilers at 26 days of age (n = 18, Experiment 1, trial 2).

Light treatment

Blue1 Green2 White3 P-value SEM4

Sphere 0.625a 0.083ab
−0.020b 0.01 0.1032

Cylinder 0.604 0.458 0.667 0.62 0.0651

Axis 121.58 114.50 117.83 0.91 6.869

a,bMeans with common letters do not differ significantly (P ≤ 0.05).
1Blue light–dominant wavelengths 435–500 nm, peak at 455 nm.
2Green light–dominant wavelengths 500–565 nm, peak at 510 nm.
3White light–range of wavelengths from 380 to 780 nm.
4SEM = Standard error of the mean.

differences were observed for cylinder (P = 0.62) and axis indices
(P = 0.91, Table 4).

Spatial Vision
Light treatment had an impact on spatial vision. Birds raised
under blue light took less time to approach the stimulus from a
distance of 50 (P = 0.03) and 75 cm (P = 0.006) and had a higher
success rate (choosing the right dispenser) at 100 cm (P = 0.03)
than birds raised under white light (Table 5).

DISCUSSION AND CONCLUSION

As with light intensity and photoperiod, light wavelength can
impact poultry behavior. As vision is important for birds, altering
their ability to perceive their environment could potentially
impact their welfare and affect behavior. Previous research
has suggested that broilers raised under shorter wavelengths,
including blue light, are less fearful and less stressed than broilers
raised under green or white lights (see text foot note 1).

Ocular Health
In response to a light stimulus, the normal pupillary light
reflex results in the sphincter muscle of the iris contracting
or relaxing, resulting in dilation or constriction of the pupil.
Ideal vision is usually correlated to a good pupillary response
to light (Bremner, 2004). A variation of the PLR test is the
cPLR, where the device used for the test emits light of a specific
wavelength. This may provide information about particular
ocular changes and functions of photoreceptors (Rukmini et al.,
2019). Given that each photoreceptor can be stimulated by a
selective wavelength, the cPLR can assess the contribution of
each photoreceptor to PLR (Rukmini et al., 2019). In the current
study, the cPLR, performed on birds raised under white, blue
or green lights, indicates that wavelength did not affect the
function of photoreceptors. In an in vitro study conducted with
mouse-derived cells, blue light led to more severe damage to
photoreceptors than white and green light (Kuse et al., 2014). The
differences found between this study and the current study may
have been related to the particular characteristics of each species’
visual system or the light intensity used.

Anterior segment biomicroscopy was performed to screen for
diseases in the anterior segment of the eye, including cataracts
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TABLE 5 | The effect of light color treatments on spatial vision of YPMx708 male broiler chickens at 29 days of age (n = 24, Experiment 2).

Distance 50 cm 75 cm 100 cm

Light treatment

Blue1 White2 P-value Blue1 White2 P-value Blue1 White2 P-value SEM3

Average time to approach (s) 8.6b 15.8a 0.03 5.9b 27.1a 0.006 11.7 13.2 0.42 2.27

Success rate (%) 91.7 91.7 1.00 91.7 66.7 0.11 91.7a 50b 0.03 4.69

a,bMeans with common letters do not differ significantly (P ≤ 0.05).
1Blue light–dominant wavelengths 435–500 nm, peak at 455 nm.
2White light–range of wavelengths from 380 to 780 nm.
3SEM = Standard error of the mean.

(Brown et al., 1987) and anterior uveitis (Rothova et al., 1987).
Previous research has indicated that continual exposure to
specific wavelengths, such as UV light regularly emitted by
specific light sources such as fluorescent light bulbs, may cause
cataracts (Walls et al., 2011). In humans, the development
of cataracts can be caused by oxidative stress in corneal
epithelial cells and may lead to apoptosis of the cornea (Ouyang
et al., 2020). However, in our study, the anterior segment
biomicroscopy assessment did not reveal any abnormalities in the
birds tested, meaning that the use of wavelengths resulting in the
blue, green or white lights emitted from LED bulbs had no impact
on the anterior segment of the eye.

Indirect ophthalmoscopy was performed to assess the fundus
of the eye, including the retina and pecten. Concerns in this
area of the eye include damage to the photoreceptors present on
the retina and impairment of retinal pigment epithelium (RPE)
cells, as the normal function of both photoreceptors and RPE
cells are necessary for the development of vision (Ouyang et al.,
2020). The authors cited damage to these cells to be caused
by blue light due to proliferation of the inflammatory response
and DNA, lysosomes or mitochondria damage (Ouyang et al.,
2020). Effects of shorter wavelengths, such as blue light, were
cited in the literature studying mice (Nakamura et al., 2017)
or cell cultures (Ozkaya et al., 2019). To our knowledge, no
models using chickens were applied in research to investigate
the effects of wavelength treatments resulting in blue light from
LED bulbs on retinal damage. In the current study, light color
did not have a clinically appreciable effect on the retina. As
birds have a different spectral sensitivity than mammals, this
could explain why no effects of short wavelength were found on
retinal damage, even though the previously cited works reported
microscopic retinal damage.

Normal intraocular pressure for broilers has been reported
to be in the range of 16 mmHg (Prashar et al., 2007). In the
current study, intraocular pressure remained within this range
for all light treatments. In addition, no significant differences in
IOP were found between birds raised under white, blue or green
light. A previous study using cell cultures revealed blue light-
induced necroptosis of the retinal ganglion cells’ mitochondria,
which can lead to glaucoma (del Olmo-Aguado et al., 2016), even
though our study focused on clinical exams vs. ultrastructure.
However, as previously mentioned, chickens have a different
spectral sensitivity, which could result in altered outcomes when
exposed to shorter wavelengths.

Eye Measurements
Normally, eye growth follows light-dark cues, with growth
occurring during the photophase and decreased growth during
the scotophase (Nickla, 2013; Leis et al., 2017). This can be
correlated to hormones such as dopamine and melatonin (Nickla,
2013), which are released in a diurnal fashion (Nickla et al.,
1998). Lack of these diurnal rhythms can directly lead to eye
abnormalities, with the lack of control of eye growth resulting
in adjustments to their shape or size. Turkeys and broilers
exposed to longer daylength or low light intensity were found
to have altered eye weights and dimensions, which could induce
ocular diseases (Deep et al., 2013; Schwean-Lardner et al., 2013;
Vermette et al., 2016). Buphthalmia, which is an enlargement
of the eye globe, is usually related to elevated IOP and could
lead to glaucoma or even blindness (Whitley et al., 1984). In
some studies, eye shape appears to be altered by exposure
to monochromatic light. For example, guinea pigs exposed to
longer wavelengths had increased eye length (Liu et al., 2011).
Depending on the species, eye growth is also related to exposure
to different chromatic lights. In humans, eyes may display
a longitudinal chromatic aberration, which causes wavelength
defocus. In this scenario, eye growth is reduced when humans
are under blue light compared to red light exposure (Rucker,
2019). Chickens, however, appear to be an exception for this
pattern of response as eye growth did not differ when exposed
to either UV, white or red light under low light intensities
(Rohrer et al., 1992). In our study, wavelength treatments had no
impact on eye shape and size when birds were exposed to blue,
green or white light, suggesting that exposing broilers to these
monochromatic colors had no or minor impact on physiology
that could affect ocular growth.

Refractive Index for Determination of
Visual Accommodation
Results obtained from this test indicate the presence of
emmetropia (normal vision), myopia, hyperopia or astigmatism.
Light exposure is related to effects on emmetropization. In
this dynamic process, the eye undergoes adjustments, so the
image falls on the retina, instead of falling in front of the
retina, leading to myopic defocus (nearsightedness) or behind the
retina, leading to hyperopic defocus (farsightedness) (Nickla and
Schroedl, 2012). Chicks raised under high light intensity develop
hyperopia, whereas chicks raised under dim light acquire myopic
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refractive errors (Cohen et al., 2011). Previous work indicates
that, in addition to illuminance, light wavelength appears to
impact refraction. Wavelength defocus occurs due to a process
called longitudinal chromatic aberration, which is a wavelength-
depended refractive error, and the eye may compensate by
altering growth, and therefore, exerting impacts on refraction
(Liu et al., 2011; Smith et al., 2015; Rucker, 2019). As longer
wavelengths (red light) are focused more posteriorly on the retina
as compared to shorter wavelengths (blue light), it is expected
that accommodation responds to chromaticity (Foulds et al.,
2013). Therefore, exposing chicks to longer wavelengths results
in myopic refraction (Foulds et al., 2013; Rucker, 2013), and
in contrast, exposing chicks to shorter wavelengths results in
hyperopic refraction (Foulds et al., 2013). The sphere values
obtained in our study, which denote the eye’s refractive error,
revealed that birds raised under blue light are slightly more
hyperopic, or far-sighted, than birds raised under white light,
which contains a range of wavelengths from short to long in
its spectrum. The farther away from zero the sphere value is,
the more hyperopic/myopic the refractive error. The results
obtained were significantly different but numerically similar
to an emmetropic eye; therefore, it is unclear if this level of
refractive error would be large enough to result in significant
visual impairment.

Spatial Vision
To assess spatial vision, this study used visual acuity as an
indicator via a “Grating Acuity Test”. This visual acuity test is
commonly used for young children when language skills and
letter identification are limited (Teller et al., 1986). Previous
studies have successfully used grating stimulus to determine
chicken visual acuity (DeMello et al., 1992).

To our knowledge, spatial vision has not been assessed in
broilers with respect to varying wavelength treatments. In our
study, birds reared under blue light approached the feeder sooner
(50 or 75 cm) and were more successful at choosing the right
feeder (100 cm), indicating that overall, they had better visual
acuity than birds raised under white light. Chickens have a
peculiar spectral sensitivity curve as compared to humans. These
animals possess a significantly greater spectral sensitivity between
380 and 486 nm, corresponding to the violet and blue colors
(Prescott and Wathes, 1999). This indicates that the common
misconception in the poultry industry that birds would have
impaired visual acuity under shorter wavelengths, such as blue,
is incorrect. Such a misconception could be related to the
comparison made using the pattern of human visual acuity and
not considering the specificity of the avian species.

In conclusion, in our study, no impact of light color was
observed on pupil light reflex, anterior segment biomicroscopy,

indirect ophthalmoscopy, intraocular pressure, eye shape or size.
The exposure to constant blue light resulted in minor differences
in refraction. Birds raised under blue light were slightly more far-
sighted than birds raised under white light. Birds raised under
blue light approached a novel object with less delay when the
object was near (50 and 75 cm) and were more successful when
approaching a preferred object from a farther distance (100 cm),
suggesting a superior visual acuity than birds raised under white
light. The minor differences observed on refraction index and eye
health may indicate that vision was similar for birds reared under
blue and white light, except for spatial acuity. The improved
spatial vision observed may partially explain the behavioral
differences perceived when broilers are raised under blue light.
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Temperature and Growth Selection
Effects on Proliferation,
Differentiation, and Adipogenic
Potential of Turkey Myogenic Satellite
Cells Through Frizzled-7-Mediated
Wnt Planar Cell Polarity Pathway
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Satellite cells (SCs) are a heterogeneous population of multipotential stem cells. During the
first week after hatch, satellite cell function and fate are sensitive to temperature. Wingless-
type mouse mammary tumor virus integration site family/planar cell polarity (Wnt/PCP)
signaling pathway is significantly affected by thermal stress in turkey pectoralis major (p.
major) muscle SCs. This pathway regulates the activity of SCs through a frizzled-7 (Fzd7)
cell surface receptor and two intracellular effectors, rho-associated protein kinase (ROCK)
and c-Jun. The objective of the present study was to determine the effects of thermal
stress, growth selection, and the Fzd7-mediated Wnt/PCP pathway on proliferation,
myogenic differentiation, lipid accumulation, and expression of myogenic and
adipogenic regulatory genes. These effects were evaluated in SCs isolated from the p.
major muscle of 1-week faster-growing modern commercial (NC) line of turkeys as
compared to SCs of a slower-growing historic Randombred Control Line 2 (RBC2)
turkey line. Heat stress (43°C) increased phosphorylation of both ROCK and c-Jun
with greater increases observed in the RBC2 line. Cold stress (33°C) had an inhibitory
effect on both ROCK and c-Jun phosphorylation with the NC line showing greater
reductions. Knockdown of the expression of Fzd7 decreased proliferation,
differentiation, and expression of myogenic regulatory genes: myoblast determination
factor-1 andmyogenin in both lines. Both lipid accumulation and expression of adipogenic
regulatory genes: peroxisome proliferator-activated receptor-γ, CCAAT/enhancer-binding
protein-β, and neuropeptide-Ywere suppressed with the Fzd7 knockdown. The RBC2 line
was more dependent on the Fzd7-mediated Wnt/PCP pathway for proliferation,
differentiation, and lipid accumulation compared to the NC line. Thus, thermal stress
may affect poultry breast muscle growth potential and protein to fat ratio by altering
function and fate of SCs through the Fzd7-mediated Wnt/PCP pathway in a growth-
dependent manner.
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1 INTRODUCTION

Birds are homeotherms, and thus, maintain body temperature
within a limited range (Yahav, 2015). Newly hatched poults have
a poorly developed thermal regulatory system (Dunnington and
Siegel, 1984; Modrey and Nichelmann, 1992), that limits their
ability to cope with external thermal stress. For example, the body
temperature of poults significantly changes with thermal stress
(Shinder et al., 2007; Maman et al., 2019). Post-hatch thermal
stress can affect muscle growth and structure by changing
myofiber diameter (Piestun et al., 2017; Patael et al., 2019),
capillary density (Joiner et al., 2014), and fat deposition
(Zhang et al., 2012; Patael et al., 2019) particularly in the
pectoralis major (p. major; breast) muscle. With intensive
genetic selection for increased growth rate and breast muscle
yield, modern faster-growing poultry lines produce more heat
due to a greater metabolic rate (Konarzewski et al., 2000). In
addition, faster-growing poultry also have a reduced ability to
remove metabolic heat and byproducts like lactic acid due to
decreased capillary supply in the p. major muscle (Hoving-Bolink
et al., 2000; Joiner et al., 2014). Thus, faster-growing poultry lines
have a lower tolerance to external heat stress (Berrong and
Washburn, 1998; Chiang et al., 2008).

The number of myofibers is fixed by the time of hatch (Smith,
1963). Muscle growth after hatch occurs mainly through
hypertrophy of existing myofibers mediated by the activity of
adult myoblasts, satellite cells (SCs). Post-hatch myofiber
hypertrophy proceeds through accretion of satellite cell (SC)
nuclei to existing myofibers (Moss and Leblond, 1971;
Cardasis and Cooper, 1975). During the period of SC peak
mitotic activity, the first week after hatch in poultry
(Mozdziak et al., 1994; Halevy et al., 2000), both proliferation
and myogenic differentiation of SCs in the p. major muscle are
highly responsive to environmental thermal stress (Halevy et al.,
2001; Xu et al., 2021b). Thus, early-age hot and cold thermal
stress has long-lasting effects on p. major muscle growth and
structure (Piestun et al., 2017; Patael et al., 2019), in part, by
altering the proliferation and myogenic activity of SCs.

As multipotential stem cells (Shefer et al., 2004), SCs also
express adipogenic genes and produce lipid with appropriate
extrinsic stimuli, including hot temperature (Harding et al., 2015;
Patael et al., 2019; Xu et al., 2021a). Due to heterogeneity, SCs
from the same myofiber type can contain different cell
populations varying in proliferation and differentiation rate
(McFarland et al., 1995), and adipogenic potential (Rossi et al.,
2010). In in vitro studies, faster-proliferating SCs synthesize more
lipid than slower-proliferating SCs (Rossi et al., 2010; Xu et al.,
2021a). Selection for increased growth in turkeys has facilitated
the conversion of the p. major muscle SCs to a faster-proliferating
population (Velleman et al., 2000; Clark et al., 2016; Xu et al.,
2021b) with increased lipid production (Velleman, 2014; Clark
et al., 2017; Xu et al., 2021a). Heat stress further increases the lipid
content in SCs, while it is suppressed under cold stress (Clark
et al., 2017; Xu et al., 2021a). Increased lipid synthesis by SCs in
vivo will result in increased intramuscular fat deposition
(Velleman et al., 2014; Piestun et al., 2017; Patael et al., 2019),
and alter protein to fat ratio in the poultry p. major muscle.

Changes in cellular function with response to thermal stress
are mediated through signal transduction pathways. Results from
transcriptome analysis showed that the expression of genes
associated with wingless-type mouse mammary tumor virus
integration site family (Wnt) signaling pathway was greatly
altered by both hot and cold thermal stress in turkey p. major
muscle SCs (Reed et al., 2017a). Among the most affected Wnt
genes, Wnt7a expression was upregulated with heat stress,
particularly in a growth-selected turkey line (Reed et al.,
2017a). In mice, protein-ligand Wnt7a activates a non-
canonical planar cell polarity (PCP) pathway in SCs through a
cell surface receptor, frizzled-7 (Fzd7) (Le Grand et al., 2009; Von
Maltzahn et al., 2012). A recent in vitro study by Risha et al.
(2021) showed that both hot and cold thermal stress significantly
altered the expression of Wnt7a and Fzd7 in mouse myoblasts.
Thus, in the turkey p. major muscle SCs, thermal stress may
similarly function through the Wnt/PCP pathway and Fzd7
receptor.

Downstream branches of the Wnt/PCP pathway include but
are not limited to: 1) ras homolog gene family member A (RhoA)
(Strutt et al., 1997; Fanto et al., 2000) through its effector rho-
associated protein kinase (ROCK) (Laumanns et al., 2009); and 2)
ras-related C3 botulinum toxin substrate 1 (Rac1) (Eaton et al.,
1996; Fanto et al., 2000) via its effector c-Jun (Weber et al., 2000).
In mammalian skeletal muscle, the Wnt/PCP pathway promotes
proliferation of SCs through the Fzd7 receptor and increases the
SC pool stimulating myofiber hypertrophy resulting in increased
skeletal muscle mass (Le Grand et al., 2009). The Fzd7-mediated
Wnt-PCP pathway is also involved in the rearrangement of
cytoskeleton protein, actin, during cell migration via the
RhoA/ROCK signaling (Fortier et al., 2008; Kaucká et al.,
2013; Asad et al., 2014; Wang et al., 2018). Migration is
required for SC alignment before fusion to form
multinucleated myotubes (Chazaud et al., 1998). In addition to
migration, RhoA/ROCK signaling is also involved in regulating
myogenic differentiation (Iwasaki et al., 2008) and adipogenic
potential (Sordella et al., 2003; Bryan et al., 2005; Hosoyama et al.,
2009) in mouse myoblasts. Another Wnt/PCP effector, c-Jun, is a
cell proliferation activator that promotes cell cycle progression
through G1 phase (Schreiber et al., 1999; Wisdom et al., 1999). In
myogenic myoblasts (Daury et al., 2001) and SCs (Umansky et al.,
2015; Hindi and Kumar, 2016), the primary function of c-Jun is to
stimulate proliferation and inhibit myogenic differentiation.
Thus, one of the objectives in the present study was to analyze
the role of the Fzd7-mediated Wnt/PCP pathway in thermal
stress-induced changes in the function and fate of SCs.

Although previous evidence showed the Wnt/PCP pathway is
involved in proliferation (Le Grand et al., 2009), migration (Wang
et al., 2018), and adipogenesis (Bryan et al., 2005) through its
downstream effectors in mammalian SCs, the role of the Wnt/
PCP pathway in regulating the function and fate of SCs in poultry
during thermal stress has not been examined. Growth-selected
turkeys display differential expression of Wnt genes in SCs
compared to non-growth-selected turkeys (Reed et al., 2017a).
With peak mitotic activity during the first week after hatch
(Mozdziak et al., 1994; Halevy et al., 2000), the function and
fate of turkey SCs are highly responsive to thermal stress (Xu
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et al., 2021a; Xu et al., 2021b) likely through the Wnt/PCP
pathway. Thus, the objective of the present study was to
determine the effects of thermal stress, growth selection, and
the Fzd7-mediatedWnt/PCP pathway on proliferation, myogenic
differentiation, lipid accumulation, and expression of myogenic
and adipogenic regulatory genes in the p. major muscle SCs
isolated from 1-week turkeys. To determine how the Fzd7-
mediated Wnt/PCP pathway participates in regulating SC
activity, Fzd7 expression was knocked down with small
interfering RNA (siRNA) in SCs isolated from modern
commercial (NC) line turkeys and Randombred Control Line
2 (RBC2) turkeys representing slower-growing turkeys of the
1960s (Nestor et al., 1969). Alterations in SC function and fate will
have long-term effects on the growth, structure, and protein to fat
ratio of the poultry p. major muscle.

2 MATERIALS AND METHODS

2.1 Satellite Cells
Satellite cells were previously isolated from the p. major muscle of
1-week-old RBC2 and NC turkeys following the method of
Velleman et al. (2000). Only male turkeys were selected for
cell isolation to avoid the confounding effect of sex (Velleman
et al., 2000). All the SCs were passaged to a fourth pass and stored
in liquid nitrogen until use.

2.2 Small Interfering RNA
Small interfering RNA targeting Fzd7 (Gene bank ID:
XM_010713460.1) was synthesized as a stealth siRNA duplex
(Thermo Fisher Scientific, Waltham, MA, United States), and was
designed using Invitrogen Block-iT siRNA designer (https://
rnaidesigner.thermofisher.com/rnaiexpress/setOption.do?
designOption=stealth&pid). The Fzd7 siRNA targets the Fzd7
open reading frame from 1522 to 1546 with the following
sequence: sense strand: 5′-CCG GAC UUC ACA GUC UUC
AUG AUC A-3′; anti-sense strand: 5′-UGA UCA UGA AGA
CUG UGA AGU CCG G-3′. A stealth siRNA with 48% guanine
and cytosine content was used as the negative control siRNA
(Thermo Fisher Scientific).

To determine the knockdown efficiency of the Fzd7 siRNA, p.
major muscle SCs from each line were plated (18,000 cells per
well) in 24-well gelatin-coated plates (Greiner Bio-One, Monroe,
NC, United States) in 500 μl of Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich, St. Louis, MO,
United States) transfection medium supplemented with 10%
chicken serum (Gemini Bio-Products, West Sacramento, CA,
United States) and 5% horse serum (Gemini Bio-Products), and
incubated at 38°C in a 95% air/5% CO2 incubator (Thermo Fisher
Scientific) for 24 h allowing for cell attachment. After 24 h, cells in
each well were transfected with 20 pmol/μl of either the Fzd7
siRNA or the negative control siRNA with 1 μl of lipofectamine
2000 (Thermo Fisher Scientific) according to the manufacturer’s
protocol. After 12 h of transfection, the medium was replaced
with McCoy’s 5A growth medium (Sigma Aldrich) containing
10% chicken serum (Gemini Bio-Products), 5% horse serum
(Gemini Bio-Products), 1% antibiotics-antimycotics (Corning,

Corning, NY, United States), and 0.1% gentamicin (Omega
Scientific, Tarzana, CA, United States) for 72 h of proliferation
with the medium changed every 24 h. At 72 h post transfection,
cells were removed from the incubator and total RNA was
extracted for gene expression analysis by Real-Time
Quantitative PCR (RT-qPCR) as described in Section 2.8. The
transfection experiment and RT-qPCR was independently
repeated twice to confirm knockdown efficiency of the Fzd7
siRNA.

2.3 Western Blot Analysis
The RBC2 and NC line SCs were plated in 24-well plates (15,000
cells per well) in a DMEM plating medium containing 10%
chicken serum, 5% horse serum, 1% antibiotics-antimycotics,
and 0.1% gentamicin. The plated cells were allowed to attach for
24 h while incubated at 38°C in a 95% air/5% CO2 incubator.
After 24 h, the plating medium was replaced with the growth
medium. Satellite cells from both lines were then randomly
assigned to proliferate at 33°C, 38°C, or 43°C for 72 h, with the
growth medium changed every 24 h. After 72 h of proliferation,
the growth medium was replaced with a DMEM differentiation
medium containing 3% horse serum, 1% antibiotics-
antimycotics, 0.1% gentamicin, 0.1% gelatin, and 1 mg/ml
bovine serum albumin (BSA, Sigma Aldrich). The
differentiation medium was changed every 24 h. At 24-h
intervals during differentiation, one plate in each group was
removed from incubation and rinsed with phosphate buffered
saline (PBS, 171 mMNaCl, 3.35 mMKCl, 1.84 mMKH2PO4, and
10 mM Na2HPO4, pH7.08) for protein extraction.

For Fzd7 siRNA transfection, cell culture and transfection
procedures were the same as described in Section 2.3 until 72 h of
proliferation. At 72 h of proliferation, the growth medium was
replaced with differentiation medium, and incubation continued
with the differentiation medium changed every 24 h. At 48 h of
differentiation, all plates were removed, rinsed with PBS and total
protein immediately extracted.

For protein extraction, 100 μl per well of ice-cold protein
extraction buffer [50 mM Tris–HCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulphate (SDS),
150 mM NaCl, 1 mM EDTA, 1 mM Na3VO4, and protease
and phosphatase inhibitors (Thermo Fisher Scientific)] was
added to the 24-well plates and incubated for 15 min on ice.
Cells were scraped from each well, and the lysate was incubated
on ice for another 15 min. A syringe with a 26 G needle was used
to aspirate the cell lysate. The cell lysate was centrifuged at
10,000 rpm for 15 min at 4°C, and supernatant was collected.
Protein concentration was measured using the Bradford method
(Bradford, 1976) and samples were adjusted to equal
concentration. A denaturation buffer containing 0.1 M tris-
HCl, 10% glycerol, 1% β-mercaptoethanol, 0.1% bromophenol
blue, and 1% sodium dodecyl sulfate (SDS) was added to each
protein sample before boiling for 10 min. The denatured samples
(30 μg/well) and a pre-stained protein molecular weight standard
(Thermo Fisher Scientific) were separated using 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) with 40 mA of constant current in a running buffer
(25 mM Tris, 200 mM glycine, and 10% SDS, pH 8.3)
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according to the method of Laemmli (1970). Separated proteins
were transferred from the SDS-PAGE to a polyvinylidene
difluoride (PVDF) membrane at 200 mA in a transfer buffer
containing 25 mM tris, 192 mM glycine, and 20% methanol for
2.5 h on ice. The PVDF membrane was blocked with a blocking
buffer (5% non-fat milk, 20% Tween-20, 20 mM Tris-HCl,
500 mM NaCl, pH 7.5) for 60 min at room temperature, then,
incubated overnight with a primary antibody diluted in blocking
buffer at 4°C. Primary antibodies included: rabbit anti-ROCK1 (1:
1000 dilution, Abcam, Waltham, MA, United States), rabbit anti-
phospho-ROCK1 at Thr455/Ser456 (1:700 dilution, Bioss
Antibodies, Woburn, MA, United States), rabbit anti-c-Jun (1:
700 dilution, MyBioSource, San Diego, CA, United States), rabbit
anti-phospho-c-Jun at Ser73 (1:700 dilution, Cell Signaling
Technology, MA, United States), and rabbit anti-β-actin (1:
1,000 dilution, Cell Signaling Technology). After incubation
with primary antibody, the PVDF membrane was gently
agitated for 10 min in a washing buffer (20% Tween-20,
20 mM Tris-HCl, 500 mM NaCl, pH 7.5) for three times. The
PVDF membrane was then incubated for 2 h at room
temperature in a horseradish peroxidase-conjugated goat anti-
rabbit secondary antibody (1:1000 dilution, Cell Signaling
Technology) in the blocking buffer. After gentle agitation the
PVDF membrane in washing buffer three times, a
chemiluminescent substrate (Thermo Fishier Scientific) was
used to visualize target protein bands on a Bio-Rad ChemiDoc
XRS imaging system (Bio-Rad, Hercules, CA, United States). The
membrane was re-stripped using a western blot stripping buffer
(Thermal Fishier Scientific) before incubating with other primary
antibodies as described above. Density of the band β-actin was
used to normalize each target protein. The ratio of
phosphorylated protein to total protein was calculated from
normalized band densities (Zhang et al., 2008). Fold change
was calculated as the ratio of each treatment group divided by
the calculated ratio of the control group. The western blot analysis
was independently repeated in twice per treatment. Due to
reduced cellular growth at 33°C and being able to isolate
sufficient protein, the following number of replicate wells were
used: 12 wells per cell line at 38°C and 43°C, 24 wells per cell line
at 33°C.

2.4 Proliferation Assay
Cell culture and transfection procedures were the same as
described in Section 2.2. During the 72 h of proliferation, one
plate from each treatment group was removed from incubator
every 24 h and stored at −70°C until assayed.

Proliferation assay was conducted according to the method of
McFarland et al. (1995). All plates were removed from −70°C and
thawed at room temperature for 15 min, 200 μl of 0.05% trypsin-
EDTA (Thermo Fisher Scientific) in 10 mM Tris, 2 M NaCl, and
1 mMEDTA (TNE) was added to each culture well and incubated
at room temperature for 7 min. The plates were then returned to
−70°C overnight. After thawing the plates for 15 min at room
temperature, 1.8 ml of TNE buffer containing 0.2% (1 mg/ml)
Hoechst dye (Sigma-Aldrich) was added to each well, and the
plates were gently agitated for 2 h at room temperature. DNA-
incorporated Hoechst dye was measured using a Fluoroskan

Ascent FL plate reader (Thermo Fisher Scientific). A standard
curve constructed using double-stranded calf thymus DNA
(Sigma-Aldrich) to determine sample DNA concentration. The
proliferation assay was repeated in two independent cultures with
four replicate wells per treatment per culture.

2.5 Differentiation Assay
For transfection at the beginning of proliferation, 11, 000 cells
were plated in each well of 48-well gelatin-coated plates in
500 μl of transfection medium and incubated at 38°C in a 95%
air/5% CO2 incubator. After 24 h of attachment, cells in each
well were transfected with 20 pmol/μl of either Fzd7 siRNA or
negative control siRNA with 0.5 μl of Lipofectamine 2000.
After 12 h of transfection at 38°C, the transfection medium was
replaced with growth medium, and cells were randomly
assigned to a 33°C, 38°C, or 43°C incubator for 72 h, with
the growth medium changed daily. After 72 h of proliferation,
the growth medium was replaced with differentiation medium
for 72 h of differentiation with the media changed every day.
One plate from each treatment group was removed at 24 h of
intervals, rinsed with PBS, and stored at −70°C for the
differentiation assay.

For transfection at the beginning of differentiation (at 0 h of
differentiation), 9,000 cells were plated in each well of 48-well
gelatin-coated plates in plating medium at 38°C. After 24 h of
attachment, plating medium was replaced with growth medium,
and cells from both lines were randomly assigned to a 33°C, 38°C,
or 43°C incubator for 72 h of proliferation. The growth medium
was changed every 24 h. At 72 h of proliferation, the cells were
transfected with 20 pmol/μl of either the Fzd7 siRNA or the
negative control siRNA with 0.5 μl Lipofectamine 2000 per well.
After 12 h of transfection, the growth medium was replaced with
differentiation medium for 72 h of differentiation. Differentiation
medium was changed every 24 h. One plate from each treatment
group was removed every 24 h, rinsed with PBS and stored at
−70°C for the differentiation assay.

Satellite cell differentiation was determined by measuring
creatine kinase activity using a modified method of Yun et al.
(1997). All plates were removed from −70°C and thawed at room
temperature for 15 min, and 500 μl of creatine kinase buffer
[20 mM glucose (Thermo Fisher Scientific), 20 mM
phosphocreatine (Calbiochem, San Diego, CA, United States),
10 mMmg acetate (Thermo Fisher Scientific), 10 mM adenosine
monophosphate (Sigma Aldrich), 1 mM adenosine diphosphate
(Sigma Aldrich), 1 Unit (U)/ml glucose-6-phosphate
dehydrogenase (Worthington Biochemical), 0.5 U/ml
hexokinase (Worthington Biochemical, Lakewood, NJ,
United States), 0.4 mM thio-nicotinamide adenine dinucleotide
(Oriental Yeast Co., Tokyo, Japan), 1 mg/ml BSA, to 0.1 M
glycylglycine (PH = 7.5)] was added to each well including the
standard curve wells containing creatine phosphokinase with
concentrations from 0 to 140 milliunits/well (mU/well, Sigma-
Aldrich). The optical density of each well was measured at a
wavelength of 405 nm using a BioTek ELx800 (BioTek,Winooski,
VT, United States) plate reader. The differentiation assay was
repeated in two independent cultures with five wells per
treatment per culture.
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2.6 Myotube Measurement
Cell culture and transfection procedures were as described in
Section 2.5. At 48 h of differentiation, photomicrographs of
SCs and myotubes in each treatment group were taken with an
Olympus IX70 fluorescence microscope equipped with a
QImaging Retiga Exi Fast digital camera (Qimaging, Surrey,
BC, Canada) and CellSens software (Olympus America, Center
Valley, PA, United States). The diameter of the myotubes was
measured using Image Pro Software (Media Cybernectics,
Silver Spring, MD, United States). A total of 100
measurements were taken per treatment with measurements
independently repeated in two cultures with five replicate wells
per treatment per culture.

2.7 Lipid Content Measurement
Cell culture and transfection procedures were the same as
described in Section 2.2 during proliferation. At 72 h of
proliferation, growth medium was replaced with differentiation
medium. Differentiation medium was changed every 24 h for the
72 h of differentiation. One plate from each treatment group was
collected at 24 h intervals during the 72 h of proliferation and
72 h of differentiation for AdipoRed assay.

Lipids were stained with AdipoRed lipid fluorochrome
(Lonza, Walkersville, MD, United States). In brief, after
removing the medium, each well was rinsed twice with PBS.
Another 1 ml of PBS containing 30 μl of AdipoRed was added
to each well with the cultured cells and one blank well without
any cells in. After incubating for 15 min at room temperature,
the AdipoRed optical density (OD) of each well was measured
in the Fluoroskan Ascent FL plate reader at a wavelength of
485 nm. The final OD of each well was the OD of each well
minus the measured OD of the blank well. The AdipoRed assay
was independently repeated in two cultures with four replicate
wells per treatment per culture.

2.8 Gene Expression Analysis
Myogenic regulatory genes measured in this study include
myoblast determination factor 1 (MyoD) and myogenin
(MyoG) with the former a proliferation marker (Yablonka-
Reuveni and Rivera, 1994) and the latter a myogenic
differentiation marker (Brunetti and Goldfine, 1990; Hasty
et al., 1993). Adipogenic regulatory genes examined included
peroxisome proliferator activated receptor-gamma (PPARγ)
(Rosen et al., 1999), neuropeptide-Y (NPY) (Baker et al.,
2009), and CCAAT/enhancer-binding protein-beta (C/EBPβ)
(Clarke et al., 1997).

Total RNA from each sample was extracted using RNAzol
(Molecular Research Center, OH, United States) and the
concentration of each sample was quantified by a
spectrophotometer (NanoDrop™ ND-1000, Thermo Fisher
Scientific). Reverse transcription was performed with Moloney
Murine Leukemia Virus Reverse Transcriptase (M-MLV;
Promega, WI, United States) to produce cDNA from total
RNA. Real-Time Quantitative PCR (RT-qPCR) was conducted
with DyNAmo Hot Start SYBR Green qPCR kit (Thermo
FisherScientific). Information of all the primers is listed in
Table 1. Primers for C/EBPβ, MyoD, MyoG, NPY, PPARγ, and
an internal control gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were previously designed, and the
specificity was confirmed in this lab as reported by Clark et al.
(2017), Clark et al. (2018). Primers for Fzd7 were designed using
primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/), and the specificity of the Fzd7 primers was confirmed by
DNA sequencing the PCR product (Molecular and Cellular
Imaging Center, The Ohio State University, Wooster, OH).
The RT-qPCR reaction was performed in a DNA Engine
Opticon 2 real-time machine (Bio-Rad) and included: 1)
denaturation at 94°C for 15 min; 2) amplification for 35 cycles
with each cycle including denaturation for 30 s at 94°C, annealing

TABLE 1 | Primer sequences for real-time quantitative polymerase chain reaction.

Primer Sequence Product size GenBank accession number

MyoDa 5′-GAC GGC ATG ATG GAG TAC AG-3′ (forward) 201 bph AY641567.1
5′-AGC TTC AGC TGG AGG CAG TA-3′ (reverse)

MyoGb 5′-CCT TTC CCA CTC CTC TCC AAA-3′ (forward) 175 bp AY560111.3
5′-GAC CTT GGT CGA AGA GCA ACT-3′ (reverse)

Fzd7c 5′-CAC CGG CTT CTC CTT TTC TTG-3′ (forward) 207 bp XM_010713460.1
5′-ACA GTA AAG AGG GTG GAC GC-3′ (reverse)

PPARγd 5′-CCA CTG CAG GAA CAG AAC AA-3′ (forward) 249 bp XM_010718432.1
5′-CTC CCG TGT CAT GAA TCC TT-3′ (reverse)

C/EBPβe 5′-GCA CAG CGA CGA GTA CAA G-3′ (forward) 82 bp XM_003212165.2
5′-GTT GCG CAT TTT GGC TTT GTC-3′ (reverse)

NPYf 5′-CCC AGA GAC ACT GAT CTC AGA C-3′ (forward) 76 bp XM_010712774.3
5′-AGG GTC TTC AAA CCG GGA TCT-3′ (reverse)

GAPDHg 5′-GAG GGT AGT GAA GGC TGC TG-3′ (forward) 200 bp U94327.1
5′-CCA CAA CAC GGT TGC TGT AT-3′ (reverse)

aMyoD, myogenic determination factor-1.
bMyoG, myogenin.
cFzd7, frizzled-7.
dPPARγ, peroxisome proliferator-activated receptor gamma.
eC/EBPβ, CCAAT/enhancer-binding protein beta.
fNPY, neuropeptide Y.
gGAPDH, glyceraldehyde-3-phosphate dehydrogenase.
hbp, number of base pairs.
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for 30 s at 55°C (Fzd7,GAPDH,NPY, and PPARγ), at 58°C (MyoD
andMyoG), or at 60°C (C/EBPβ), and elongation for 30 s at 72°C;
and 3) final elongation at 72°C for 5 min. A standard curve of each
gene was generated using serial dilutions of purified PCR
products (Liu et al., 2006). Arbitrary concentrations from 1 to

100,000 were assigned to each serial dilution. An arbitrary molar
concentration of each amplified sample was calculated according
to the threshold cycle and was normalized by GAPDH. The RT-
qPCR for each gene was independently repeated in two cultures
with twelve wells per treatment per culture.

FIGURE 1 | Effect of hot and cold thermal stress on the phosphorylation of rho-associated protein kinase (ROCK) and c-Jun in satellite cells (SCs). (A) Western
blots of unphosphorylated and phosphorylated ROCK and c-Jun, and an internal control β-actin in the Randombred Control Line 2 (RBC2) andmodern commercial (NC)
line SCs cultured at 38°C or 43°C and determined at 72 h of proliferation (also represents 0 h of differentiation) and 24, 48, and 72 h of differentiation. (B)Western blots of
unphosphorylated and phosphorylated ROCK and c-Jun, and an internal control β-actin in the RBC2 and NC line SCs cultured at 38°C or 33°C and determined at
72hP, 24hD, 48hD, and 72hD. Molecular weight is on the left and protein name is on the right side of each figure, respectively. The ratio of phosphorylated to
unphosphorylated ROCK band density was calculated at 72 h of proliferation (C), 24 h (D), 48 h (E), and 72 h (F) of differentiation. The ratio of phosphorylated to
unphosphorylated c-Jun band density was calculated at 72 h of proliferation (G), 24 h (H), 48 h (I), and 72 h (J) of differentiation. Each graph bar represents amean ratio,
and each error bar represents a standard error of the mean. Mean values with different letters are significantly different (p ≤ 0.05).
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2.9 Statistical Analysis
Data from proliferation, differentiation, and AdipoRed assays,
myotube measurement, and gene expression analysis were
analyzed as a mixed model at each sampling time in SAS (SAS
9.4, SAS Institute INC., NC, United States). Two fixed effects of
temperature and cell line, an interaction effect between
temperature and cell line, and a random effect of repeat
experiment were included in the model. The statement of
lsmean in the MIXED procedure was used to determine each
mean value and the standard error of the mean (SEM).
Differences between each mean were separated with the Pdiff
option. Line effect within each treatment group and temperature
effect within each cell line was determined with the SLICE option
at each sampling time. For AdipoRed assay, the REG procedure
was used to evaluate the linear relationship between sampling
times and the OD of AdipoRed for each cell line in each treatment
group. Difference in the linear response was determined with the
contrast statement. p ≤ 0.05 was considered as statistically
significant.

3 RESULTS

3.1 Effects of Thermal Stress and Growth
Selection on Rho-Associated Protein
Kinase and c-Jun Phosphorylation
Phosphorylation of ROCK showed a significant interaction effect
between temperature and cell line (p < 0.001) at all sampling
times (Figures 1A–F). In the RBC2 and NC line SCs, heat stress
(43°C) increased ROCK phosphorylation, while cold stress (33°C)
showed a significant inhibitory effect (p < 0.001). At both 38°C
and 43°C, ROCK phosphorylation was greater in the NC line than
RBC2 line at 72 h of proliferation, and 24 and 72 h of
differentiation (p < 0.001). During the cold stress of 33°C, line
effects were not significant at any sampling times.

Similarly, a significant interaction effect (p < 0.001) between
temperature and cell line was observed for c-Jun
phosphorylation at all sampling times (Figures 1A,B,G–J).
Phosphorylation in both lines increased at 43°C but decreased
at 33°C compared to the control temperature of 38°C (p <
0.001). The NC line showed greater c-Jun phosphorylation at
both 38°C and 43°C from 72 h of proliferation to 48 h of
differentiation (p < 0.001). A significant line effect was not
observed at 33°C at any sampling time.

3.2 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
Rho-Associated Protein Kinase and c-Jun
Phosphorylation
Phosphorylation profiles of both ROCK and c-Jun during 72 h
of differentiation in the absence of Fzd7 knock down are shown
in Supplementary Figure S1. Phosphorylation of both ROCK
and c-Jun peaked at 24 h of differentiation in both lines at 38°C
and 43°C (Supplementary Figures S1A–F). At 33°C, the NC
line showed maximal phosphorylation of c-Jun at 24 h of

differentiation (Supplementary Figures S1G–I). Thus, 24 h
of differentiation was chosen as the sampling time to
determine the combined effects of Fzd7 knockdown,
thermal stress, and growth selection on ROCK and c-Jun
phosphorylation.

Knockdown efficiency of Fzd7 siRNA was determined in both
lines at 38°C with RT-qPCR. At 72 h post transfection, mRNA
expression of Fzd7 decreased 4.08-fold (p < 0.001) and 5.31-fold
(p < 0.001) in the RBC2 and NC Fzd7 knockdown groups
compared to the control groups, respectively (Figure 2A). At
24 h of differentiation, a significant interaction (p < 0.001) among
the effects of Fzd7 knockdown, temperature, and line was
observed in phosphorylation of both ROCK and c-Jun
(Figures 2B–E). Knockdown of Fzd7 decreased
phosphorylation of ROCK (p ≤ 0.013) and c-Jun (p < 0.001)
in both lines at all the temperatures. However, the NC line
showed greater reductions in phosphorylation of both ROCK
and c-Jun compared to the RBC2 line independent of
temperature.

3.3 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
Satellite Cell Proliferation
No significant interaction was observed among Fzd7
knockdown, temperature, and line effects at any sampling
time during SC proliferation (Table 2). A significant
interaction was observed between temperature and cell line
at 24 h (p = 0.003), 48 h (p < 0.001), and 72 h (p < 0.001). The
factors of temperature and Fzd7 knockdown significantly
interacted at 72 h (p < 0.001). In both the RBC2 and NC
control groups, heat stress (43°C) showed a positive effect on
the proliferation of SCs (promote, p < 0.001) while cold stress
(33°C) had a negative effect (suppress, p < 0.001) on
proliferaton at 72 h. Knockdown of Fzd7 decreased (p <
0.001) proliferation of both lines at 38°C (RBC2: 1.82-fold;
NC: 1.70-fold) and 43°C (RBC2: 2.81-fold; NC: 1.58-fold)
when measured at 72 h. At 33°C, no significant reduction in
proliferation was observed in either line at any sampling time.

From 0 to 72 h of the proliferation assay, cell proliferation
linearly increased as a function of sampling time in both the
RBC2 and NC control groups at all the temperatures. The slope
of the linear regression was always greater in the NC line
compared to the RBC2 line (p ≤ 0.001). Knockdown of Fzd7
decreased (p < 0.001) the regression slope in both lines at 38°C
(RBC2: 2.20-fold; NC: 1.73-fold) and 43°C (RBC2: 3.18-fold;
NC: 1.66-fold).

3.4 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
Satellite Cell Differentiation
3.4.1 Knockdown of Frizzled-7 at Zero Hour of
Proliferation
There was a significant interaction (p < 0.001) among the effects
of Fzd7 knockdown, temperature, and line at 0, 24, and 72 h of
differentiation (Table 3). However, at 48 h, a significant
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interaction (p < 0.001) was only observed between line and
temperature and between temperature and Fzd7 knockdown.
Within each temperature, differentiation of the NC control
group was greater (p < 0.001) than that of the RBC2 control
group at 0, 24 and 48 h of differentiation. In the control groups,
differentiation was greater at 43°C (p ≤ 0.002), and less at 33°C
(p ≤ 0.030) at all sampling times compared to 38°C.
Differentiation was linearly increased in both the RBC2 and
NC control groups from 0 to 48 h of differentiation at 38°C
and 43°C. The NC control group had a greater slope as shown by
linear regression compared to the RBC2 line only at 38°C (p =
0.003).

Knockdown of Fzd7 decreased (p < 0.001) differentiation
of SCs of both lines at 38°C and 43°C with a greater reduction
observed in the RBC2 line compared to the NC line at all

sampling times. At 33°C, knockdown of Fzd7 caused no
significant reduction at 24, 48 and 72 h. Differentiation
changed linearly with the knockdown of Fzd7 and the slope
of the regression line decreased (p < 0.001) in both line at 38°C
(RBC2: 6.05-fold; NC: 2.87-fold) and 43°C (RBC2: 3.14-fold;
NC: 1.71-fold). The linear relationship between
differentiation and sampling time was absent in either line
at 33°C.

Knockdown of Fzd7 also had a significant effect on
myotube diameter. A significant interaction (p < 0.001)
was observed among the effects Fzd7 knockdown,
temperature, and line at 48 h of differentiation
(Figure 3). Myotube diameter increased with heat stress
(43°C) and decreased with cold stress (33°C) in both line
control groups. Knockdown of Fzd7 decreased (p < 0.001)

FIGURE 2 | Knockdown of frizzled-7 (Fzd7) with small interfering RNA (siRNA) in satellite cells (SCs). (A) Expression of Fzd7 mRNA was measured at 72 h of
proliferation after Fzd7 knockdown at the beginning of proliferation in Randombred Control Line 2 (RBC2) and modern commercial (NC) line SCs. Asterisk (*) above the
bars represents a significant difference between the two adjacent groups (p ≤ 0.05). (B)Western blots of unphosphorylated and phosphorylated forms of rho-associated
protein kinase (ROCK) and c-Jun, and an internal control β-actin in SCs from the RBC2 and NC lines cultured at 38°C and 43°C was determined at 24 h of
differentiation. (C)Western blots of the unphosphorylated and phosphorylated forms of ROCK and c-Jun, and an internal control β-actin in SCs from the RBC2 and NC
lines cultured at 38°C and 33°C was determined at 24 h of differentiation. (D) The ratio of phosphorylated to unphosphorylated ROCK. (E) The ratio of phosphorylated to
unphosphorylated c-Jun. Treatment group was above of each lane, and molecular weight and protein name is on the left and right side of each figure in (B and C).
Control = SCs transfected with a negative control siRNA, and KD Fzd7 = SCs transfected with a siRNA targeting Fzd7 in (B and C). Each graph bar represents a mean
ratio, and each error bar represents a standard error of the mean value. Mean values with different letters are significantly different (p ≤ 0.05).
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the myotube diameter in both lines at 38°C (RBC2: 1.16-fold;
NC: 1.90-fold) and 43°C (RBC2: 1.56-fold; NC: 1.73-fold).
At 33°C myotube diameter only decreased in the NC group
(p = 0.040).

3.4.2 Knockdown of Frizzled-7 at Zero Hour of
Differentiation
The interaction among Fzd7 knockdown, temperature, and line
effect was significant (p < 0.001) at all sampling times (Table 4).

TABLE 2 | Effect of temperature and knockdown of frizzled-7 (Fzd7) on proliferation of randombred control line 2 (RBC2) and modern commercial line (NC) satellite cells1.

Line Temperature2 Knockdown3 Sampling time

0 h 24 h 48 h 72 h

RBC2 38 Control 0.14a,x ± 0.07 0.20c,x ± 0.08 0.44cd,y ± 0.08 0.94d,z ± 0.07
Fzd7 0.13a,x ± 0.09 0.15cd,x ± 0.07 0.20de,y ± 0.08 0.52e,z ± 0.09

43 Control 0.10a,x ± 0.07 0.19bc,x ± 0.08 0.51c,y ± 0.07 1.55c,z ± 0.06
Fzd7 0.11a,x ± 0.07 0.11cd,x ± 0.07 0.24cde,y ± 0.07 0.55e,z ± 0.07

33 Control 0.13a,w ± 0.08 0.15cd,x ± 0.09 0.17de,y ± 0.07 0.23f,z ± 0.08
Fzd7 0.13a,z ± 0.11 0.10d,z ± 0.08 0.12e,z ± 0.08 0.12f,z ± 0.08

NC 38 Control 0.13a,w ± 0.09 0.32b,x ± 0.08 0.58c,y ± 0.08 1.84b,z ± 0.08
Fzd7 0.13a,x ± 0.08 0.21c,x ± 0.08 0.41cde,y ± 0.08 1.08d,z ± 0.08

43 Control 0.10a,w ± 0.07 0.46a,x ± 0.07 1.41a,y ± 0.06 2.74a,z ± 0.07
Fzd7 0.10a,x ± 0.07 0.27b,x ± 0.07 0.97b,y ± 0.06 1.73bc,z ± 0.09

33 Control 0.13a,x ± 0.08 0.19cd,y ± 0.07 0.23de,y ± 0.07 0.34ef,z ± 0.08
Fzd7 0.11a,x ± 0.07 0.15cd,yx ± 0.09 0.19de,y ± 0.09 0.32ef,z ± 0.11

p-value4 L × T 0.999 0.003 <0.001 <0.001
L × K 0.502 0.242 0.724 0.326
T × K 0.747 0.176 0.125 <0.001
L × T × K 0.664 0.528 0.589 0.099

1Mean DNA concentration (μg/well) ± Standard error of mean (SEM).
2Incubation temperature (°C).
3Control, transfecting cells with a negative control small interfering RNA sequence; Fzd7, knockdown of Fzd7.
4(L × T), interaction effect between line and temperature; (L × K), between line and knockdown; (T × K), between temperature and knockdown; (L × T × K), among line, temperature, and
knockdown.
a-fMean DNA concentration (μg/well ± SEM) within a column (sampling time) without a common letter are significantly different.
w-zMean DNA concentration (μg/well ± SEM) within a row (line, temperature, and knockdown) without a common letter are significantly different.
p ≤ 0.05 was considered as significant different.

TABLE 3 | Effect of temperature and knockdown of frizzled-7 (Fzd7) on differentiation of randombred control line 2 (RBC2) and modern commercial line (NC) satellite cells1.

Line Temperature2 Knockdown3 Sampling time

0 h 24 h 48 h 72 h

RBC2 38 Control 5.40c,w ± 1.34 12.46e,x ± 1.13 49.45c,y ± 1.34 67.62b,z ± 1.34
Fzd7 2.23f,y ± 1.13 1.63f,y ± 1.34 9.58e,z ± 1.22 9.24h,z ± 1.13

43 Control 8.01b,x ± 1.22 45.97b,y ± 1.22 68.50b,z ± 1.49 72.80a,z ± 1.22
Fzd7 4.36cde,x ± 1.06 11.89e,y ± 1.06 24.55d,z ± 1.34 21.81g,z ± 1.13

33 Control 4.00de,z ± 1.13 2.32f,x ± 1.22 2.49f,x ± 1.13 2.7ij,y ± 1.22
Fzd7 1.82f,z ± 1.34 1.13f,y ± 1.34 0.58f,x ± 1.49 0.60j,x ± 1.22

NC 38 Control 7.11b,w ± 1.22 34.08d,x ± 1.22 74.40b,z ± 1.49 58.54d,y ± 1.13
Fzd7 4.86cd,x ± 1.13 10.67e,y ± 1.22 28.19d,z ± 1.22 26.55f,z ± 1.13

43 Control 17.35a,x ± 1.22 62.19a,y ± 1.22 86.68a,z ± 1.49 63.22c,y ± 1.34
Fzd7 7.99b,w ± 1.22 37.19c,x ± 1.49 49.49c,z ± 1.22 44.48e,y ± 1.22

33 Control 4.40cde,z ± 1.34 3.48f,y ± 1.22 3.51f,y ± 1.22 4.68i,z ± 1.22
Fzd7 3.33e,z ± 1.13 1.91f,yx ± 1.34 2.35f,y ± 1.22 1.86ij,x ± 1.49

p-value4 L × T <0.001 <0.001 <0.001 0.008
L × K 0.018 0.237 0.825 <0.001
T × K <0.001 <0.001 <0.001 <0.001
L × T × K <0.001 <0.001 0.121 <0.001

1Mean creatine kinase activity (Unit/well) ± Standard error of mean (SEM).
2Incubation temperature (°C).
3Control, transfecting cells with a negative control small interfering RNA sequence; Fzd7, knockdown of Fzd7.
4(L × T), interaction effect between line and temperature; (L × K), between line and knockdown; (T × K), between temperature and knockdown; (L × T × K), among line, temperature, and
knockdown.
a-fMean creatine kinase activity (Unit/well ± SEM) within a column (sampling time) without a common letter are significantly different.
w-zMean creatine kinase activity (Unit/well ± SEM) within a row (line, temperature, and knockdown) without a common letter are significantly different.
p ≤ 0.05 was considered as significant different.
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At 38°C and 43°C, differentiation was greater in the NC line (p <
0.001) compared to the RBC2. Heat stress increased SC
differentiation in both line at 0 and 72 h (p < 0.001), and cold
stress showed a significant inhibitory effect (p < 0.001) on both
lines at all sampling times. At 38°C, differentiation was lower (p <
0.001) in the RBC2 and NC Fzd7 knockdown groups compared to
the controls at 48 h (RBC2: 1.15-fold; NC: 1.14-fold) and 72 h
(RBC2: 1.15-fold; NC: 1.08-fold). Knockdown of Fzd7 also
decreased (p < 0.001) SC differentiation at 43°C, with 1.21 and
1.46-fold reductions observed at 72 h in the RBC2 and NC
lines, respectively. At 33°C, the knockdown effect was only
significant in the RBC2 line at 72 h (p = 0.045). From 0 to 48 h,
there was a linear increase in SC differentiation in the control
and Fzd7 knockdown groups of both lines at 38°C and 43°C.

Knockdown of Fzd7 at the beginning of differentiation did not
significantly change the slope of the linear regression in either
line at either 38°C or 43°C. A linear increase was absent in
either line at 33°C.

Effects on myotube diameter were also seen when Fzd7 was
knocked down at the beginning of differentiation (Figure 4).
The effects Fzd7 knockdown, temperature, and line showed a
significant (p < 0.001) interaction at 48 h of differentiation.
Heat stress increased myotube diameter (p < 0.001) while cold
stress decreased the diameter (p < 0.001) in both lines.
However, at 38°C myotube diameter decreased only in the
NC line, with the knockdown of Fzd7 (1.18-fold, p < 0.001).
Both lines had reductions (p < 0.001) in myotube diameter
with the knockdown of Fzd7 at 43°C (RBC2: 1.15-fold; NC:
1.16-fold). No significant knockdown effect was observed in
either line at 33°C.

3.5 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
the Expression of Myogenic Regulatory
Genes
3.5.1 Myoblast Determination Factor 1 Expression
Interaction effects were significant (p < 0.001) between
temperature and line, between line and knockdown, and
between temperature and knockdown at 72 h of
proliferation (Figure 5A). Expression of MyoD increased
at 43°C (p < 0.001) and decreased at 33°C (p < 0.001) in
both lines compared to the control (38°C) (Figure 5A).
Knockdown of Fzd7 decreased (p < 0.001) MyoD
expression in both lines, with the RBC2 line showing
greater reductions (fold change) compared to the NC line
at 33°C and 43°C (Figure 5A).

A significant three-way interaction was also observed among
the effects of Fzd7 knockdown, temperature, and line at 48 h of
differentiation (Figure 5B). Heat stress (43°C) increased (p <
0.001)MyoD expression in both lines while cold stress (33°C) had
an inhibitory effect (p < 0.001, Figure 5B). Knockdown of Fzd7
reduced MyoD expression in both lines at all temperatures
(Figure 5B).

3.5.2 Myogenin Expression
A significant interaction was observed among Fzd7 knockdown,
temperature, and line effects at both 72 h of proliferation (p <
0.001, Figure 5C) and 48 h of differentiation (p < 0.001,
Figure 5D). At 72 h of proliferation, heat stress (43°C)
increased MyoG expression in both lines (p ≤ 0.004) while
cold stress (33°C) showed no significant effect in either
line (Figure 5C). Knockdown of Fzd7 decreased
expression of MyoG in the RBC2 and NC groups only at
43°C (Figure 5C).

At 48 h of differentiation, MyoG expression was increased at
43°C (p < 0.001) and decreased at 33°C (p < 0.001) in both lines
(Figure 5D). Knockdown of Fzd7 decreased MyoG expression
(p < 0.001) in both lines at both 38°C and 43°C with the NC line
having a greater reduction than the RBC2 line (Figure 5D). At
33°C, reduced MyoG expression was observed only in the NC

FIGURE 3 | Effect of hot and cold thermal stress and knockdown of
frizzled-7 (Fzd7) at the beginning of proliferation on myotube diameter. (A)
Representative photomicrographs of Randombred Control Line 2 (RBC2) and
modern commercial (NC) line SCs transfected with either a negative
control siRNA (Control) or a siRNA targeting Fzd7 (KD-Fzd7) at the beginning
of proliferation and followed for 72 h of proliferation and 48 h of differentiation
at 38°C, 43°C, or 33°C. (B) Diameter of myotubes in each treatment group.
Each graph bar represents a mean diameter of the myotubes, and each error
bar represents a standard error of the mean. Mean values with different letters
are significantly different (p ≤ 0.05). Black arrows highlight representative
myotubes. Scale bar (White) = 100 μm.
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Fzd7 knockdown group compared to the control (p = 0.009,
Figure 5D).

3.6 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
Satellite Cell Lipid Accumulation
3.6.1 Lipid Accumulation During Proliferation
During proliferation, a significant interaction (p ≤ 0.046) for lipid
accumulation was observed among Fzd7 knockdown,
temperature and line effects at all sampling times (Table 5).
Lipid content increased (p < 0.001) with heat stress (43°C) and
decreased (p < 0.001) with cold stress (33°C) in both line control
groups at 48 and 72 h. At 48 and 72 h, the NC line had higher (p ≤
0.007) lipid levels compared to the RBC2 line regardless of
temperature. With knockdown of Fzd7, lipid content at 24, 48,
and 72 h was significantly reduced (p ≤ 0.002) in both lines at all
temperatures.

From 24 to 72 h of proliferation, lipid content in both lines
linearly increased at all temperatures (Table 5). Within the
control groups, the slope of the linear regression was larger in
the NC line compared to the RBC2 line (p ≤ 0.023). Heat
stress increased the slopes of both lines while cold stress
decreased the slopes (p < 0.001). Knockdown of Fzd7
decreased (p < 0.001) the slope of both lines at all
temperatures [38°C (RBC2: 5.27-fold; NC: 1.92-fold), 43°C
(RBC2: 6.09-fold; NC: 6.20-fold), and 33°C (RBC2: 1.28-fold;
NC: 1.23-fold)].

3.6.2 Lipid Accumulation During Differentiation
During differentiation, an interaction among the effects of
Fzd7 knockdown, temperature and line effects was significant
(p < 0.001) at all sampling times (Table 6). Within the control
groups, lipid content was greater at 43°C (p < 0.001) only in the
NC line at 24 and 48 h. A significant decrease (p < 0.001) in
lipid content was observed in both lines under cold stress
(33°C) but only at 24 h of differentiation. Knocking down Fzd7
significantly decreased (p ≤ 0.007) lipid content at 24 and 48 h
in both lines at all temperatures, except at 33°C for the NC line
(p = 0.247).

From 24 to 72 h of differentiation, lipid content showed a
linear decrease at 43°C in the control groups for both lines
(Table 6). The slope of the linear regression (p < 0.001) was
negative [9.13-fold and 22.75-fold in the RBC2 and NC Fzd7 (p <
0.001) knockdown groups, respectively]. At 38°C and 33°C, lipid
content was lower (p < 0.001) in both line control groups s at 48
and 72 h, compared to the 24 h.

3.7 Effect of Frizzled-7 Knockdown,
Thermal Stress, and Growth Selection on
the Expression of Adipogenic Regulatory
Genes
3.7.1 Peroxisome Proliferator Activated
Receptor-Gamma Expression
A significant interaction was observed among the effects Fzd7
knockdown, temperature, and line at both 72 h of proliferation

TABLE 4 | Effect of temperature and knockdown of frizzled-7 (Fzd7) at the beginning of differentiation on differentiation of randombred control line 2 (RBC2) and modern
commercial line (NC) satellite cells1.

Line Temperature2 Knockdown3 Sampling time

0 h 24 h 48 h 72 h

RBC2 38 Control 7.23e,w ± 0.39 15.79f,x ± 0.45 37.12g,y ± 0.50 54.13f,z ± 0.50
Fzd7 6.39ef,w ± 0.42 16.11f,x ± 0.50 32.29h,y ± 0.50 47.27g,z ± 0.50

43 Control 12.47c,w ± 0.42 51.59d,x ± 0.50 72.03e,z ± 0.55 68.15d,y ± 0.45
Fzd7 10.79d,w ± 0.42 43.66e,x ± 0.45 60.97f,z ± 0.55 56.37e,y ± 0.55

33 Control 5.54fg,z ± 0.64 2.57h,w ± 0.56 3.40i,x ± 0.56 4.38i,y ± 0.64
Fzd7 4.65g,z ± 0.56 2.16h,x ± 0.56 3.45i,y ± 0.79 2.52j,x ± 0.56

NC 38 Control 11.83c,w ± 0.42 68.78a,x ± 0.50 111.20a,z ± 0.55 83.74b,y ± 0.55
Fzd7 11.58cd,w ± 0.50 54.4c,x ± 0.55 97.81b,z ± 0.50 77.33c,y ± 0.50

43 Control 24.75a,w ± 0.45 57.87b,x ± 0.50 85.66c,y ± 0.45 99.01a,z ± 0.55
Fzd7 17.40b,w ± 0.45 56.88b,x ± 0.50 80.07d,z ± 0.55 67.52d,y ± 0.55

33 Control 6.44ef,y ± 0.79 4.70g,x ± 0.64 4.27i,x ± 0.64 8.11h,z ± 0.64
Fzd7 5.83fg,z ± 0.64 4.43g,y ± 0.79 3.75i,y ± 0.79 6.53h,z ± 0.64

p-value4 L × T <0.001 <0.001 <0.001 <0.001
L × K <0.001 <0.001 0.214 <0.001
T × K <0.001 <0.001 <0.001 <0.001
L × T × K <0.001 <0.001 <0.001 <0.001

1Mean creatine kinase activity (Unit/well) ± Standard error of mean (SEM).
2Incubation temperature (°C).
3Control, transfecting cells with a negative control small interfering RNA sequence; Fzd7, knockdown of Fzd7.
4(L × T), interaction effect between line and temperature; (L × K), between line and knockdown; (T × K), between temperature and knockdown; (L × T × K), among line, temperature, and
knockdown.
a-fMean creatine kinase activity (Unit/well ± SEM) within a column (sampling time) without a common letter are significantly different.
w-zMean creatine kinase activity (Unit/well ± SEM) within a row (line, temperature, and knockdown) without a common letter are significantly different.
p ≤ 0.05 was considered as significant different.
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(p < 0.001, Figure 6A) and 48 h of differentiation (p < 0.001,
Figure 6B). With heat stress (43°C), PPARγ expression
decreased (p < 0.001) in both lines with a greater reduction
observed in the NC line compared to the RBC2 line at 72 h of
proliferation (Figure 6A). In contrast, expression of PPARγ
was greatly increased with the cold stress (33°C), with the NC
line showing a greater increase (Figure 6A). At 48 h of
differentiation, PPARγ expression increased (p < 0.001) in
both lines at 43°C but decreased at 33°C in the RBC2 line (p <
0.001) (Figure 6B). Knockdown of Fzd7 downregulated (p ≤
0.002) expression of PPARγ in both lines at both sampling
times, with greater reductions (fold change) in the RBC2 line
compared to the NC line at both 43°C and 33°C
(Figures 6A,B).

3.7.2 Neuropeptide-Y Expression
The effects of Fzd7 knockdown, temperature, and line
significantly interacted with each other at both sampling times
(p < 0.001, Figures 6C,D). At 72 h of proliferation, heat stress
(43°C) inhibited (p < 0.001) NPY expression in the RBC2 control
group while cold stress (33°C) had a positive effect (p < 0.001,
Figure 6C). In the NC control group, NPY expression showed a
significant positive response to the cold stress (p < 0.001,
Figure 6C). With the knockdown of Fzd7, NPY expression
was downregulated (p < 0.001) in both lines at all
temperatures during proliferation with the RBC2 line having
greater reductions compared to the NC line at 38°C and 33°C
(Figure 6C). At 48 h of differentiation, expression of NPY was
upregulated at 43°C (p < 0.001) and downregulated at 33°C (p ≤
0.013) in both the RBC2 and NC compared to 38°C (p < 0.001,
Figure 6D). Knocking down Fzd7 inhibited NPY expression in
both lines at 38°C and 43°C (p < 0.001), with the NC SCs showing
greater reductions than the RBC2 SCs (Figure 6D).

3.7.3 CCAAT/Enhancer-Binding Protein-Beta
Expression
There was a significant interaction among the Fzd7 knockdown,
temperature, and line effects during both proliferation and
differentiation (Figures 6E,F). At 72 h of proliferation, C/EBPβ
expression increased (p < 0.001) in the RBC2 control group at
both 43°C and 33°C (Figure 6E). The NC SCs showed reduced C/
EBPβ expression only at 43°C (p < 0.001) (Figure 6E).
Knockdown of Fzd7 suppressed expression of C/EBPβ at all
temperatures (p < 0.001, Figure 5E). The RBC2 line had a
greater reduction in C/EBPβ expression than the NC line at
43°C and 33°C (Figure 5E). At 48 h of differentiation, heat stress
upregulated the expression of C/EBPβ in both the RBC2 and NC
controls (p < 0.001), while cold stress downregulated the C/EBPβ
only in the NC control group (p = 0.027, Figure 6F). Expression
of C/EBPβ was significant lower (p ≤ 0.019) in both the RBC2 and
NC Fzd7 knockdown groups, compared to the controls at all
temperatures with the NC line having greater reductions than the
RBC2 line (Figure 6F).

4 DISCUSSION

Thermal stress immediately after hatch has been shown to affect
the growth and structure of the poultry p. major muscle (Piestun
et al., 2017; Patael et al., 2019; Halevy, 2020), in part, through
altering proliferation (Halevy et al., 2001; Xu et al., 2021b),
myogenic differentiation (Halevy et al., 2001; Xu et al., 2021b),
and adipogenic potential (Xu et al., 2021a) of SCs. Selection for
growth further affects the function and fate of poultry p. major
muscle SCs (Clark et al., 2016; Clark et al., 2017; Xu et al., 2021a;
Xu et al., 2021b). As shown by transcriptome analysis, the Wnt
pathway is greatly altered by thermal stress in turkey p. major
muscle SCs (Reed et al., 2017a). Among the most affected Wnt
genes, Wnt7a, which regulates the Wnt/PCP pathway through
the Fzd7 receptor (Le Grand et al., 2009; Von Maltzahn et al.,
2012), was significantly upregulated during heat stress,

FIGURE 4 | Effect of hot and cold thermal stress and knockdown of
frizzled-7 (Fzd7) at the beginning of differentiation on myotube diameter. (A)
Randombred Control Line 2 (RBC2) and modern commercial (NC) line SCs
proliferated normally at 38°C, 43°C, or 33°C and transfected with either a
negative control siRNA (Control) or a siRNA targeting Fzd7 (KD-Fzd7) at 72 h
of proliferation, and photomicrographs were captured at 48 h of
differentiation. (B) Diameter of myotubes in each treatment group. Each graph
bar represents a mean diameter of the myotubes, and each error bar
represents a standard error of the mean. Mean values with different letters are
significantly different (p ≤ 0.05). Black arrows highlight representative
myotubes. Scale bar (White) = 100 μm.
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particularly in SCs from a growth-selected turkey line (Reed et al.,
2017a). In mouse myoblasts, expression of Wnt7a and Fzd7
increases with elevated temperatures (Risha et al., 2021). The
Wnt7a-Fzd7-initiated Wnt/PCP pathway has been shown to
stimulate the proliferation of SCs, promote myofiber
hypertrophy, and increase skeletal muscle mass in mammals
(Le Grand et al., 2009). Furthermore, the Wnt/PCP pathway is
also involved in regulating the migration (Wang et al., 2018),
myogenic differentiation (Iwasaki et al., 2008), and adipogenesis
(Sordella et al., 2003; Bryan et al., 2005; Hosoyama et al., 2009) in
mouse myoblasts through downstream RhoA/ROCK signaling
and stimulates myoblast proliferation via Rac1/c-Jun signaling
(Umansky et al., 2015; Hindi and Kumar, 2016). A schematic
illustration of how thermal stress may affect satellite cell function
and fate through the Fzd7-mediated Wnt/PCP pathway is
presented in Figure 7. Taken together, these studies suggest
both thermal stress and growth selection may alter poultry
breast muscle growth, structure, and protein to fat ratio
through a SC-mediated Wnt/PCP-dependent mechanism.

Satellite cells comprise a heterogeneous population
(Schultz, 1974; Kuang et al., 2007; Tierney and Sacco, 2016)
of multipotential stem cells (Asakura et al., 2001; Shefer et al.,
2004). Selection for increased breast muscle yield in the turkey
(Havenstein et al., 2003) has facilitated the conversion of the
SCs in the p. major muscle to a population with higher rates of

proliferation and myogenic differentiation (Velleman et al.,
2000; Clark et al., 2016; Xu et al., 2021b) and elevated
adipogenic potential (Velleman, 2014; Xu et al., 2021a).
Results from the current study support these findings as the
commercial NC line SCs showed significant increases in
proliferation, myogenic differentiation, myotube diameter,
and lipid accumulation compared to the non-selected RBC2
line. Phosphorylation (activation) of both ROCK and c-Jun
was greater in the NC line compared to the RBC2 line. The
activity of ROCK is associated with myoblast migration (Wang
et al., 2018), myogenic differentiation (Iwasaki et al., 2008),
and adipogenesis (Hosoyama et al., 2009) while c-Jun regulates
the proliferation of SCs (Hindi and Kumar, 2016). With
increased Wnt/PCP pathway signal transduction as
supported by increased ROCK and c-Jun activity, the
commercial NC line SCs can create a larger SC pool having
a higher myogenic potential for myofiber hypertrophy
compared to the RBC2 line. As reported by Xu et al.
(2021a), the NC line SCs also synthesize more lipid than
the RBC2 line during late proliferation and early
differentiation, when SCs are not fully committed to a
myogenic pathway. These studies suggest growth selection
may have increased the myofiber hypertrophy and fat
deposition in the turkey p. major muscle through a SC-
mediated Wnt/PCP-dependent mechanism.

FIGURE 5 | Effect of hot and cold thermal stress and frizzled-7 (Fzd7) knockdown on the expression of myogenic determination factor 1 (MyoD) and myogenin
(MyoG) in satellite cells (SCs). After transfection with either a negative control siRNA or a siRNA targeting Fzd7, both Randombred Control Line 2 (RBC2) and modern
commercial (NC) line SCs proliferated at 38°C, 43°C, or 33°C. Expression ofMyoDwas determined at 72 h of proliferation (A) and 48 h of differentiation (B). Expression of
MyoG was determined at 72 h of proliferation (C) and 48 h of differentiation (D). Each graph bar represents a mean arbitrary unit, and each error bar represents a
standard error of the mean. Mean values with different letters are significantly different (p ≤ 0.05).
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TABLE 5 | Effect of temperature and knockdown of frizzled-7 (Fzd7) on lipid content during proliferation of randombred control line 2 (RBC2) and modern commercial line
(NC) satellite cells1.

Line Temperature2 Knockdown3 Sampling time

0 h 24 h 48 h 72 h

RBC2 38 Control 0.06c,w ± 0.03 0.09e,x ± 0.03 0.20g,y ± 0.03 1.14d,z ± 0.03
Fzd7 0.05d,x ± 0.03 0.07f,y ± 0.03 0.04j,w ± 0.03 0.28ghi,z ± 0.03

43 Control 0.06c,x ± 0.03 0.09de,x ± 0.03 0.80c,y ± 0.03 3.42b,z ± 0.03
Fzd7 0.06cd,x ± 0.03 0.04h,x ± 0.03 0.15h,y ± 0.03 0.61f,z ± 0.03

33 Control 0.06cd,x ± 0.03 0.05g,x ± 0.03 0.08i,y ± 0.03 0.16hi,z ± 0.04
Fzd7 0.06cd,y ± 0.03 0.03h,x ± 0.03 0.01j,w ± 0.03 0.12i,z ± 0.03

NC 38 Control 0.11b,w ± 0.03 0.20a,x ± 0.03 0.96b,y ± 0.03 2.32c,z ± 0.03
Fzd7 0.12b,x ± 0.03 0.18b,x ± 0.03 0.35e,y ± 0.03 1.32d,z ± 0.03

43 Control 0.12ab,x ± 0.02 0.14c,x ± 0.03 1.42a,y ± 0.03 4.56a,z ± 0.03
Fzd7 0.12a,x ± 0.03 0.10d,x ± 0.03 0.44d,y ± 0.03 0.82e,z ± 0.03

33 Control 0.12ab,x ± 0.03 0.10d,x ± 0.03 0.28f,y ± 0.03 0.49fg,z ± 0.03
Fzd7 0.12ab,x ± 0.03 0.07f,w ± 0.03 0.16h,y ± 0.03 0.40fgh,z ± 0.04

p-value4 L × T <0.001 <0.001 <0.001 <0.001
L × K <0.001 0.502 <0.001 <0.001
T × K <0.001 <0.001 <0.001 <0.001
L × T × K <0.001 0.046 <0.001 <0.001

1Mean of AdipoRed optical density (OD/well) ± Standard error of mean (SEM).
2Incubation temperature during proliferation, °C.
3Control, transfecting cells with a negative control small interfering RNA sequence; Fzd7, knockdown of Fzd7.
4(L × T), interaction effect between line and temperature; (L × K), between line and knockdown; (T × K), between temperature and knockdown; (L × T × K), among line, temperature, and
knockdown.
a-hMean of AdipoRed OD (mean ± SEM) within a column (sampling time) without a common letter are significantly different.
w-zMean of AdipoRed OD (mean ± SEM) within a row (line, temperature, and knockdown) without a common letter are significantly different.
p ≤ 0.05 was considered as significant different.

TABLE 6 | Effect of temperature and knockdown of frizzled-7 (Fzd7) on lipid content during differentiation of randombred control line 2 (RBC2) and modern commercial line
(NC) satellite cells1.

Line Temperature2 Knockdown3 Sampling time

24 h 48 h 72 h

RBC2 38 Control 1.61c,z ± 0.05 0.62c,x ± 0.05 0.74b,y ± 0.05
Fzd7 0.09e,x ± 0.05 0.25e,z ± 0.05 0.18f,y ± 0.05

43 Control 1.65c,z ± 0.05 0.44d,y ± 0.05 0.25e,x ± 0.05
Fzd7 0.36d,z ± 0.05 0.19ef,z ± 0.05 0.21ef,z ± 0.05

33 Control 0.38d,z ± 0.05 0.26e,y ± 0.04 0.18ef,x ± 0.05
Fzd7 0.12e,z ± 0.05 0.09f,y ± 0.05 0.03g,x ± 0.05

NC 38 Control 2.33b,z ± 0.04 0.84b,x ± 0.05 0.96a,y ± 0.05
Fzd7 1.50c,z ± 0.05 0.38d,x ± 0.06 0.59c,y ± 0.05

43 Control 2.65a,z ± 0.04 1.88a,y ± 0.05 0.90a,x ± 0.04
Fzd7 0.57d,z ± 0.05 0.56c,z ± 0.05 0.49d,z ± 0.05

33 Control 0.54d,y ± 0.05 0.78b,z ± 0.05 0.77b,z ± 0.05
Fzd7 0.41d,z ± 0.05 0.37d,z ± 0.05 0.15f,y ± 0.05

p-value4 L × T <0.001 <0.001 <0.001
L × K 0.921 <0.001 <0.001
T × K <0.001 <0.001 <0.001
L × T × K <0.001 <0.001 <0.001

1Mean of AdipoRed optical density (OD/well) ± Standard error of mean (SEM).
2Incubation temperature during differentiation, °C.
3Control, transfecting cells with a negative control small interfering RNA sequence; Fzd7, knockdown of Fzd7.
4(L × T), interaction effect between line and temperature; (L × K), between line and knockdown; (T × K), between temperature and knockdown; (L × T × K), among line, temperature, and
knockdown.
a-gMean of AdipoRed OD (mean ± SEM) within a column (sampling time) without a common letter are significantly different.
x-zMean of AdipoRed OD (mean ± SEM) within a row (line, temperature, and knockdown) without a common letter are significantly different.
p ≤ 0.05 was considered as significant different.
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Post-hatch thermal stress appears to affect myofiber
hypertrophy and fat deposition in the p. major muscle by
regulating the Wnt/PCP pathway. Previous studies have
reported expression of Wnt7a was greatly upregulated
during heat stress in both mouse myoblasts (Risha et al.,
2021) and turkey SCs (Reed et al., 2017a). The activity of
SCs including proliferation and myogenic differentiation
(Clark et al., 2016; Xu et al., 2021b) as well as the lipid
synthesis (Clark et al., 2017; Xu et al., 2021a) was also
increased during heat stress. In the current study, heat

stress not only stimulated the activity of SCs but also
promoted phosphorylation of both ROCK and c-Jun.
Inhibition of the Wnt/PCP pathway through knockdown of
Fzd7 suppressed proliferation, differentiation, and
adipogenesis of SCs during heat stress. These findings imply
that heat stress-induces the Wnt/PCP pathway and may
change the structure of turkey p. major muscle by altering
the function and fate of SCs. Growth-selected faster-growing
turkeys can display impaired p. major muscle morphology
including decreased connective tissue spacing, reduced

FIGURE 6 | Effect of hot and cold thermal stress and frizzled-7 (Fzd7) knockdown on the expression of proliferator-activated receptor gamma (PPARγ),
neuropeptide-Y (NPY), and CCAAT/Enhancer-Binding Protein-Beta (C/EBPβ) in satellite cells (SCs). After transfection with either a negative control siRNA or a siRNA
targeting Fzd7, both Randombred Control Line 2 (RBC2) and modern commercial (NC) line SCs proliferated at 38°C, 43°C, or 33°C. Expression of PPARγ was
determined at 72 h of proliferation (A) and 48 h of differentiation (B). Expression of NPY was determined at 72 h of proliferation (C) and 48 h of differentiation (D).
Expression of C/EBPβ was determined at 72 h of proliferation (E) and 48 h of differentiation (F). Each graph bar represents a mean arbitrary unit, and each error bar
represents a standard error of the mean. Mean values with different letters are significantly different (p ≤ 0.05).
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capillary density, and myofiber degeneration at normal growth
temperature (Velleman et al., 2003). As homeotherms,
chickens and turkeys have a reduced capacity to maintain
body temperature (Yahav, 2000; Yahav, 2015). Fast-growing
chickens exposed to heat stress also have lower capillary
density (Hadad et al., 2014; Joiner et al., 2014), increased
myofiber degeneration (Joiner et al., 2014), and more fat
depots (Zhang et al., 2012) in the p. major muscle
compared to heat-stressed slowing-growing chickens. Thus,
environmental heat stress can further affect the development
of muscle structure.

Cold stress, in contrast, has inhibitory effects on the
activities of turkey SCs including proliferation and
myogenic differentiation (Clark et al., 2016; Xu et al.,
2021b) and lipid synthesis (Xu et al., 2021a), and the SCs
of growth-selected turkeys exhibit a lower tolerance to cold
stress compared to non-select turkeys. Reed et al. (2017a)
reported that a greater number of genes significantly changed
during cold stress in SCs from a growth-selected turkey line
compared to that of a non-selected line. In the present study,
both the Wnt/PCP pathway, as shown by the phosphorylation
of ROCK and c-Jun, and SC activity as reflected by
proliferation, myogenic differentiation, and lipid
accumulation were suppressed during cold stress. This is

similar to the response of mouse myoblasts where cold
stress downregulated the expression of Wnt7a and Fzd7
(Risha et al., 2021). These findings suggest that cold stress
has an inhibitory effect on turkey breast muscle growth and
structure, in part, by suppressing the Fzd7-mediated Wnt/
PCP pathway, and that fast-growing turkeys are more
sensitive to cold stress.

With regard to SC proliferation, the mitotic activity of poultry
SCs peaks during the first week after hatch (Mozdziak et al., 1994;
Halevy et al., 2000). During this time, SCs are highly responsive to
temperature (Halevy et al., 2001; Halevy, 2020) as evidenced by
increased proliferation and expression of MyoD with heat stress
and suppression under cold stress (Clark et al., 2016; Xu et al.,
2021b). Inhibition of the Wnt/PCP pathway through knockdown
of Fzd7 significantly decreased both the rate of proliferation and
MyoD expression in both lines at both the control (38°C) and
elevated (43°C) temperatures. The effect of the knockdown was
not significant under cold stress since the proliferation of SCs had
already been suppressed. These results imply that the Wnt/PCP
pathway through the Fzd7 receptor acts in the proliferation of
turkey SCs only at higher temperatures. The SCs of the growth-
selected NC line were less dependent on the Fzd7-mediated Wnt/
PCP pathway in maintaining proliferation compared to the RBC2
line. It is possible that other signaling pathways which support the

FIGURE 7 | A schematic illustration of thermal stress regulation of satellite cell function and fate throughWnt planar cell polarity pathway. Heat stress stimulates the
expression of wingless-type mousemammary tumor virus integration site family (Wnt) protein ligands. Interaction betweenWnt ligand and cell surface receptor Frizzled-7
(Fzd7) stimulates the activation of ras homolog gene family member A (RhoA) and ras-related C3 botulinum toxin substrate 1 (Rac1) by binding guanosine-5′-
triphosphate (GTP) to RhoA and Rac1. Activated RhoA and Rac1 will activate its downstream effector rho-associated protein kinase (ROCK) and c-Jun,
respectively, by phosphorylation (P). Activated ROCK not only organizes cytoskeleton protein for cell migration but also regulates the expression of specific genes that
are associated with satellite cell proliferation, myogenesis, and adipogenesis. Activated c-Jun regulates satellite cell proliferation by stimulating the expression of genes
promoting cell cycle progression through the G1 phase.
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proliferation of SCs have also been affected by growth selection.
As reported by Xu et al. (2022a), the mechanistic target of
rapamycin (mTOR) signaling pathway, which also stimulates
avian SC proliferation (Vignale et al., 2015; Xu et al., 2022a), has
increased activity in the NC line compared to the RBC2 line
independent of temperature. With more proliferation-promotive
pathways being activated, SCs from faster-growing turkeys are
more likely to create a larger SC pool, and thus promoting breast
muscle mass accretion through hypertrophic growth.

With the progression of myogenic differentiation, SCs in
cell cultures gradually fuse to form multinucleated myotubes
(McFarland et al., 1988). The activity of both ROCK and c-Jun
in the turkey SCs was higher during the early stages of
differentiation and gradually decreased. This can be
expected as the function of ROCK and c-Jun in myogenic
cells is dependent on cellular developmental stage. Both ROCK
(Castellani et al., 2006) and c-Jun (Umansky et al., 2015; Hindi
and Kumar, 2016) function in maintaining the proliferation of
myogenic cells. During the early stages of myogenic
differentiation, migration is required for the alignment of
SCs before fusion to form multinucleated myotubes
(Chazaud et al., 1998). The activation of ROCK regulates
the migration of myogenic cells (Fortier et al., 2008; Wang
et al., 2018), and therefore, is required during early
differentiation. In the current study, knockdown of Fzd7
decreased the activity of both ROCK and c-Jun. If Fzd7
knockdown occurred at the beginning of proliferation, SC
differentiation as well as myotube diameter was reduced to
a greater extent compared to Fzd7 being knocked down at the
beginning of differentiation. This suggests that the Fzd7-
mediated Wnt/PCP pathway affects myogenic
differentiation of SCs mainly through regulating SC
proliferation and migration prior to subsequent fusion to
existing myofibers.

Satellite cell adipogenic potential depends on the
developmental stage of the p. major muscle SCs (Xu et al.,
2021a). Due to asymmetric division of SCs (Shinin et al., 2006),
some daughter cells self-renew to maintain the SC pool (Kuang
et al., 2007), some commit to a myogenic pathway (Kuang
et al., 2007), while others spontaneously convert to an
adipogenic population (Rossi et al., 2010). The lipid content
in turkey SCs peaks during later proliferation and early
differentiation (Xu et al., 2021a). Thus, the adipogenic
potential of SCs is higher when SC fate is not fully
committed to form a differentiated myotube. Furthermore,
SC adipogenesis is also growth-dependent with the faster-
proliferating population synthesizing more lipids than the
slower-proliferating population (Rossi et al., 2010; Xu et al.,
2021a). After the SCs begin differentiating, adipogenic
potential will gradually decrease as reflected in the linear
reduction in lipid content. Knockdown of Fzd7 significantly
decreased both lipid accumulation and the expression of
PPARγ, C/EBPβ, and NPY during later proliferation and
early differentiation. The commercial NC line SCs were less
dependent on the Fzd7-mediated Wnt-PCP pathway in
maintaining lipid accumulation compared to the RBC2 line.
Together, these findings suggest thermal stress-induced

changes in SC adipogenesis is regulated, in part, by the
Fzd7-mediated Wnt/PCP pathway in a developmental time-
and growth-dependent manner.

Additional pathways associated with adipogenesis may also be
affected by growth selection. For example, activity of the mTOR
pathway is higher in the NC line SCs compared to the RBC2 line
independent of temperature (Xu et al., 2022a). The increased
mTOR activity stimulates the adipogenesis in both mammalian
(Yue et al., 2010) and avian (Xu et al., 2022b) SCs. Changes in SC
adipogenesis in vivo is associated with altered intramuscular fat
deposition (Piestun et al., 2017; Patael et al., 2019). Heat stress
during the period of SC peak mitotic activity, the first week after
hatch, may greatly increase the fat deposition in the p. major
muscle of faster-growing turkeys. Increased intramuscular fat
deposition may be associated with fat-related myopathies like
white striping in the turkey p. major muscle (Soglia et al., 2018;
Zampiga et al., 2019), and result in reduced breast meat quality.

In conclusion, the results from the current study indicate that
thermal stress affects proliferation, differentiation, lipid
accumulation, and expression of myogenic and adipogenic
regulatory genes in turkey p. major muscle SCs through the
Fzd7-mediated Wnt/PCP pathway in a growth-dependent
manner. Specifically, heat stress promotes proliferation,
differentiation, and lipid synthesis by stimulating the
phosphorylation of both ROCK and c-Jun in both the NC and
RBC2 line SCs, while cold stress showed an inhibitory effect.
During cold stress, knockdown of the expression of Fzd7
suppressed the proliferation, differentiation, and lipid
accumulation in both lines of SCs. The reduction in these
processes were greater in the commercial NC line compared to
the non-selected RBC2 line. At normal temperature or during
heat stress, the proliferation, differentiation, and adipogenesis of
the NC line SCs, were overall less responsive to the knockdown of
Fzd7 compared to the non-selected RBC2 line. Furthermore,
knockdown of Fzd7 at the beginning of proliferation decreased
the differentiation and myotube diameter to a greater extent in
both lines compared to the knockdown of Fzd7 at the beginning
of differentiation. These results indicate that Fzd7-mediated SC
myogenesis was initiated during proliferation. Hence, thermal
stress during the period of SC peak mitotic activity may affect the
structure and composition of turkey p. major muscle, in part,
through the Fzd7-mediated Wnt/PCP pathway. During heat
stress, increased SC proliferation and differentiation is
associated with myofiber hypertrophy whereas intracellular
lipid production will result in more intramuscular fat depots.
Muscle fibers resulting from excessive hypertrophic growth will
occupy the available connective tissue spacing and come in
contact with each other (Velleman et al., 2003). This will
result in degeneration of the muscle fibers. Furthermore,
increased intramuscular fat depots may change the protein to
fat ratio and affect turkey breast meat quality. Future studies will
need to assess mechanisms of other signal transduction pathways
in mediating SC function and fate. Target pathways include NPY-
and myocyte enhancer factor 2C (MEF2C)-related signal
transduction as expression of NPY (Reed et al., 2017b; Clark
et al., 2018) andMEF2C (Reed et al., 2017b) are altered by thermal
stress and growth selection in turkey SCs.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 89288717

Xu et al. Wnt/PCP Regulates Satellite Cell Function

32

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

All co-authors have made a substantial and intellectual contribution
to the work and approved the submitted article. SV conceived and
designed the experiments with JX, GS, and KR. JX preformed the
experiments, data collection, statistical analysis, and visualization.
The manuscript was written by JX and revised by SV, GS, and KR.

FUNDING

This project was supported by the Agriculture and Food
Research Initiative Competitive Grant No. 2020-67015-
30827 from the United States Department of Agriculture to
GS, KR, and SV.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphys.2022.892887/
full#supplementary-material

REFERENCES

Asad, M., Wong, M. K., Tan, T. Z., Choolani, M., Low, J., Mori, S., et al. (2014).
FZD7 Drives In Vitro Aggressiveness in Stem-A Subtype of Ovarian Cancer via
Regulation of Non-canonical Wnt/PCP Pathway. Cell Death Dis. 5, e1346.
doi:10.1038/cddis.2014.302

Asakura, A., Rudnicki, M. A., and Komaki, M. (2001). Muscle Satellite Cells Are
Multipotential Stem Cells that Exhibit Myogenic, Osteogenic, and Adipogenic
Differentiation. Differentiation 68, 245–253. doi:10.1046/j.1432-0436.2001.
680412.x

Baker, S. B., Cohen, M., Kuo, L., Johnson, M., Al-Attar, A., and Zukowska, Z.
(2009). The Role of the Neuropeptide Y2 Receptor in Liporemodeling:
Neuropeptide Y-Mediated Adipogenesis and Adipose Graft Maintenance.
Plastic Reconstr. Surg. 123, 486–492. doi:10.1097/PRS.0b013e3181954c80

Berrong, S. L., and Washburn, K. W. (1998). Effects of Genetic Variation on Total
Plasma Protein, BodyWeight Gains, and Body Temperature Responses to Heat
Stress. Poult. Sci. 77, 379–385. doi:10.1093/ps/77.3.379

Bradford, M. M. (1976). A Rapid and Sensitive Method for the Quantitation of
Microgram Quantities of Protein Utilizing the Principle of Protein-Dye
Binding. Anal. Biochem. 72, 248–254. doi:10.1016/0003-2697(76)90527-3

Brunetti, A., and Goldfine, I. D. (1990). Role of Myogenin in Myoblast
Differentiation and its Regulation by Fibroblast Growth Factor. J. Biol.
Chem. 265, 5960–5963. doi:10.1016/S0021-9258(19)39275-0

Bryan, B. A., Mitchell, D. C., Zhao, L., Ma, W., Stafford, L. J., Teng, B.-B., et al.
(2005). Modulation of Muscle Regeneration, Myogenesis, and Adipogenesis by
the Rho Family Guanine Nucleotide Exchange Factor GEFT.Mol. Cell Biol. 25,
11089–11101. doi:10.1128/MCB.25.24.11089-11101.2005

Cardasis, C. A., and Cooper, G. W. (1975). An Analysis of Nuclear Numbers in
Individual Muscle Fibers during Differentiation and Growth: A Satellite Cell-
Muscle Fiber Growth Unit. J. Exp. Zool. 191, 347–357. doi:10.1002/jez.
1401910305

Castellani, L., Salvati, E., Alemà, S., and Falcone, G. (2006). Fine Regulation of
RhoA and Rock is Required for Skeletal Muscle Differentiation. J. Biol. Chem.
281, 15249–15257. doi:10.1074/jbc.M601390200

Chazaud, B., Christov, C., Gherardi, R. K., and Barlovatz-Meimon, G. (1998). In
Vitro evaluation of Human Muscle Satellite Cell Migration Prior to Fusion into
Myotubes. J. Muscle Res. Cell. Motil. 19, 931–936. doi:10.1023/a:1005451725719

Chiang, W., Booren, A., and Strasburg, G. (2008). The Effect of Heat Stress on
Thyroid Hormone Response and Meat Quality in Turkeys of Two Genetic
Lines. Meat Sci. 80, 615–622. doi:10.1016/j.meatsci.2008.02.012

Clark, D. L., Coy, C. S., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2016).
Temperature Effect on Proliferation and Differentiation of Satellite Cells from
Turkeys with Different Growth Rates. Poult. Sci. 95, 934–947. doi:10.3382/ps/
pev437

Clark, D. L., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2017). Influence of
Temperature and Growth Selection on turkey Pectoralis Major Muscle Satellite
Cell Adipogenic Gene Expression and Lipid Accumulation. Poult. Sci. 96,
1015–1027. doi:10.3382/ps/pew374

Clark, D. L., Mccormick, J. L., and Velleman, S. G. (2018). Effect of Incubation
Temperature on Neuropeptide Y and Neuropeptide Y Receptors in turkey and
Chicken Satellite Cells. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol.
219-220, 58–66. doi:10.1016/j.cbpa.2018.02.014

Clarke, S. L., Robinson, C. E., and Gimble, J. M. (1997). CAAT/Enhancer Binding
Proteins Directly Modulate Transcription from the Peroxisome Proliferator-
Activated Receptor γ2 Promoter. Biochem. Biophys. Res. Commun. 240, 99–103.
doi:10.1006/bbrc.1997.7627

Daury, L., Busson, M., Tourkine, N., Casas, F., Cassar-Malek, I., Wrutniak-Cabello,
C., et al. (2001). Opposing Functions of ATF2 and Fos-like Transcription
Factors in C-Jun-Mediated Myogenin Expression and Terminal Differentiation
of Avian Myoblasts. Oncogene 20, 7998–8008. doi:10.1038/sj.onc.1204967

Dunnington, E. A., and Siegel, P. B. (1984). Thermoregulation in Newly Hatched
Chicks. Poult. Sci. 63, 1303–1313. doi:10.3382/ps.0631303

Eaton, S., Wepf, R., and Simons, K. (1996). Roles for Rac1 and Cdc42 in Planar
Polarization and Hair Outgrowth in the Wing of Drosophila. J. Cell Biol. 135,
1277–1289. doi:10.1083/jcb.135.5.1277

Fanto, M., Weber, U., Strutt, D. I., and Mlodzik, M. (2000). Nuclear Signaling by
Rac and Rho GTPases is Required in the Establishment of Epithelial Planar
Polarity in the Drosophila Eye. Curr. Biol. 10, 979–S1. doi:10.1016/s0960-
9822(00)00645-x

Fortier, M., Comunale, F., Kucharczak, J., Blangy, A., Charrasse, S., and Gauthier-
Rouvière, C. (2008). RhoE Controls Myoblast Alignment Prior Fusion through
RhoA and ROCK. Cell Death Differ. 15, 1221–1231. doi:10.1038/cdd.2008.34

Hadad, Y., Cahaner, A., and Halevy, O. (2014). Featherless and Feathered Broilers
under Control versus Hot Conditions. 2. Breast Muscle Development and
Growth in Pre- and Posthatch Periods. Poult. Sci. 93, 1076–1088. doi:10.3382/
ps.2013-03592

Halevy, O., Geyra, A., Barak, M., Uni, Z., and Sklan, D. (2000). Early Posthatch
Starvation Decreases Satellite Cell Proliferation and Skeletal Muscle Growth in
Chicks. J. Nutr. 130, 858–864. doi:10.1093/jn/130.4.858

Halevy, O., Krispin, A., Leshem, Y., Mcmurtry, J. P., and Yahav, S. (2001). Early-age
Heat Exposure Affects Skeletal Muscle Satellite Cell Proliferation and
Differentiation in Chicks. Am. J. Physiol. Regulatory Integr. Comp. Physiol.
281, R302–R309. doi:10.1152/ajpregu.2001.281.1.R302

Halevy, O. (2020). Timing is Everything-The High Sensitivity of Avian Satellite
Cells to Thermal Conditions during Embryonic and Posthatch Periods. Front.
Physiol. 11, 235. doi:10.3389/fphys.2020.00235

Harding, R. L., Clark, D. L., Halevy, O., Coy, C. S., Yahav, S., and Velleman, S. G.
(2015). The Effect of Temperature on Apoptosis and Adipogenesis on Skeletal
Muscle Satellite Cells Derived from Different Muscle Types. Physiol. Rep. 3,
e12539. doi:10.14814/phy2.12539

Hasty, P., Bradley, A., Morris, J. H., Edmondson, D. G., Venuti, J. M., Olson, E.
N., et al. (1993). Muscle Deficiency and Neonatal Death in Mice with a
Targeted Mutation in the Myogenin Gene. Nature 364, 501–506. doi:10.
1038/364501a0

Havenstein, G., Ferket, P., and Qureshi, M. (2003). Carcass Composition and Yield
of 1957 versus 2001 Broilers when Fed Representative 1957 and 2001 Broiler
Diets. Poult. Sci. 82, 1509–1518. doi:10.1093/ps/82.10.1509

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 89288718

Xu et al. Wnt/PCP Regulates Satellite Cell Function

33

https://www.frontiersin.org/articles/10.3389/fphys.2022.892887/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.892887/full#supplementary-material
https://doi.org/10.1038/cddis.2014.302
https://doi.org/10.1046/j.1432-0436.2001.680412.x
https://doi.org/10.1046/j.1432-0436.2001.680412.x
https://doi.org/10.1097/PRS.0b013e3181954c80
https://doi.org/10.1093/ps/77.3.379
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/S0021-9258(19)39275-0
https://doi.org/10.1128/MCB.25.24.11089-11101.2005
https://doi.org/10.1002/jez.1401910305
https://doi.org/10.1002/jez.1401910305
https://doi.org/10.1074/jbc.M601390200
https://doi.org/10.1023/a:1005451725719
https://doi.org/10.1016/j.meatsci.2008.02.012
https://doi.org/10.3382/ps/pev437
https://doi.org/10.3382/ps/pev437
https://doi.org/10.3382/ps/pew374
https://doi.org/10.1016/j.cbpa.2018.02.014
https://doi.org/10.1006/bbrc.1997.7627
https://doi.org/10.1038/sj.onc.1204967
https://doi.org/10.3382/ps.0631303
https://doi.org/10.1083/jcb.135.5.1277
https://doi.org/10.1016/s0960-9822(00)00645-x
https://doi.org/10.1016/s0960-9822(00)00645-x
https://doi.org/10.1038/cdd.2008.34
https://doi.org/10.3382/ps.2013-03592
https://doi.org/10.3382/ps.2013-03592
https://doi.org/10.1093/jn/130.4.858
https://doi.org/10.1152/ajpregu.2001.281.1.R302
https://doi.org/10.3389/fphys.2020.00235
https://doi.org/10.14814/phy2.12539
https://doi.org/10.1038/364501a0
https://doi.org/10.1038/364501a0
https://doi.org/10.1093/ps/82.10.1509
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Hindi, S. M., and Kumar, A. (2016). TRAF6 Regulates Satellite Stem Cell Self-
Renewal and Function during Regenerative Myogenesis. J. Clin. Invest. 126,
151–168. doi:10.1172/JCI81655

Hosoyama, T., Ishiguro, N., Yamanouchi, K., and Nishihara, M. (2009).
Degenerative Muscle Fiber Accelerates Adipogenesis of Intramuscular Cells
via RhoA Signaling Pathway. Differentiation 77, 350–359. doi:10.1016/j.diff.
2008.11.001

Hoving-Bolink, A. H., Kranen, R. W., Klont, R. E., Gerritsen, C. L. M., and De
Greef, K. H. (2000). Fibre Area and Capillary Supply in Broiler Breast Muscle in
Relation to Productivity and Ascites.Meat Sci. 56, 397–402. doi:10.1016/s0309-
1740(00)00071-1

Iwasaki, K., Hayashi, K. i., Fujioka, T., and Sobue, K. (2008). Rho/Rho-associated
Kinase Signal Regulates Myogenic Differentiation via Myocardin-Related
Transcription Factor-A/Smad-dependent Transcription of the Id3 Gene.
J. Biol. Chem. 283, 21230–21241. doi:10.1074/jbc.M710525200

Joiner, K. S., Hamlin, G. A., Lien, R. J., and Bilgili, S. F. (2014). Evaluation of
Capillary and Myofiber Density in the Pectoralis Major Muscles of Rapidly
Growing, High-Yield Broiler Chickens during Increased Heat Stress. Avian Dis.
58, 377–382. doi:10.1637/10733-112513-Reg.1

Kaucká, M., Plevová, K., Pavlová, Š., Janovská, P., Mishra, A., Verner, J., et al.
(2013). The Planar Cell Polarity Pathway Drives Pathogenesis of Chronic
Lymphocytic Leukemia by the Regulation of B-Lymphocyte Migration.
Cancer Res. 73, 1491–1501. doi:10.1158/0008-5472.CAN-12-1752

Konarzewski, M., Gavin, A., Mcdevitt, R., and Wallis, I. R. (2000). Metabolic and
Organ Mass Responses to Selection for High Growth Rates in the Domestic
Chicken (Gallus domesticus). Physiol. Biochem. Zool. 73, 237–248. doi:10.1086/
316729

Kuang, S., Kuroda, K., Le Grand, F., and Rudnicki, M. A. (2007). Asymmetric Self-
Renewal and Commitment of Satellite Stem Cells inMuscle. Cell 129, 999–1010.
doi:10.1016/j.cell.2007.03.044

Laemmli, U. K. (1970). Cleavage of Structural Proteins during the Assembly of the
Head of Bacteriophage T4. Nature 227, 680–685. doi:10.1038/227680a0

Laumanns, I. P., Fink, L., Wilhelm, J., Wolff, J.-C., Mitnacht-Kraus, R., Graef-
Hoechst, S., et al. (2009). The Noncanonical WNT Pathway Is Operative in
Idiopathic Pulmonary Arterial Hypertension. Am. J. Respir. Cell Mol. Biol. 40,
683–691. doi:10.1165/rcmb.2008-0153OC

Le Grand, F., Jones, A. E., Seale, V., Scimè, A., and Rudnicki, M. A. (2009). Wnt7a
Activates the Planar Cell Polarity Pathway to Drive the Symmetric Expansion of
Satellite Stem Cells. Cell Stem Cell 4, 535–547. doi:10.1016/j.stem.2009.03.013

Liu, C., McFarland, D. C., Nestor, K. E., and Velleman, S. G. (2006). Differential
Expression of Membrane-Associated Heparan Sulfate Proteoglycans in the
Skeletal Muscle of Turkeys with Different Growth Rates. Poult. Sci. 85, 422–428.
doi:10.1093/ps/85.3.422

Maman, A. H., Özlü, S., Uçar, A., and Elibol, O. (2019). Effect of Chick Body
Temperature during Post-hatch Handling on Broiler Live Performance. Poult.
Sci. 98, 244–250. doi:10.3382/ps/pey395

McFarland, D. C., Doumit, M. E., and Minshall, R. D. (1988). The turkey Myogenic
Satellite Cell: Optimization of In Vitro Proliferation and Differentiation. Tissue
Cell 20, 899–908. doi:10.1016/0040-8166(88)90031-6

McFarland, D. C., Pesall, J. E., Gilkerson, K. K., and Ferrin, N. H. (1995). The
Response to Growth Factors of Cultured Satellite Cells Derived from Turkeys
Having Different Growth Rates. Cytobios 82, 229–238.

Modrey, P., and Nichelmann, M. (1992). Development of Autonomic and
Behavioural Thermoregulation in Turkeys (Meleagris gallopavo). J. Therm.
Biol. 17, 287–292. doi:10.1016/0306-4565(92)90035-e

Moss, F. P., and Leblond, C. P. (1971). Satellite Cells as the Source of Nuclei in
Muscles of Growing Rats. Anat. Rec. 170, 421–435. doi:10.1002/ar.1091700405

Mozdziak, P. E., Schultz, E., and Cassens, R. G. (1994). Satellite Cell Mitotic
Activity in Posthatch turkey Skeletal Muscle Growth. Poult. Sci. 73, 547–555.
doi:10.3382/ps.0730547

Nestor, K. E., Mccartney, M. G., and Bachev, N. (1969). Relative Contributions of
Genetics and Environment to turkey Improvement. Poult. Sci. 48, 1944–1949.
doi:10.3382/ps.0481944

Patael, T., Piestun, Y., Soffer, A., Mordechay, S., Yahav, S., Velleman, S. G., et al.
(2019). Early Posthatch Thermal Stress Causes Long-Term Adverse Effects on
Pectoralis Muscle Development in Broilers. Poult. Sci. 98, 3268–3277. doi:10.
3382/ps/pez123

Piestun, Y., Patael, T., Yahav, S., Velleman, S. G., and Halevy, O. (2017). Early
Posthatch Thermal Stress Affects Breast Muscle Development and Satellite Cell
Growth and Characteristics in Broilers. Poult. Sci. 96, 2877–2888. doi:10.3382/
ps/pex065

Reed, K. M., Mendoza, K. M., Abrahante, J. E., Barnes, N. E., Velleman, S. G., and
Strasburg, G. M. (2017a). Response of turkey Muscle Satellite Cells to Thermal
Challenge. I. Transcriptome Effects in Proliferating Cells. BMC Genomics 18,
1–15. doi:10.1186/s12864-017-3740-4

Reed, K. M., Mendoza, K. M., Strasburg, G. M., and Velleman, S. G. (2017b).
Response of Turkey Muscle Satellite Cells to Thermal Challenge. II.
Transcriptome Effects in Differentiating Cells. Front. Physiol. 8, 948. doi:10.
3389/fphys.2017.00948

Risha, M. A., Ali, A., Siengdee, P., Trakooljul, N., Haack, F., Dannenberger, D., et al.
(2021). Wnt Signaling Related Transcripts and Their Relationship to Energy
Metabolism in C2C12 Myoblasts under Temperature Stress. PeerJ 9, e11625.
doi:10.7717/peerj.11625

Rosen, E. D., Sarraf, P., Troy, A. E., Bradwin, G., Moore, K., Milstone, D. S., et al.
(1999). PPARγ is Required for the Differentiation of Adipose Tissue In Vivo
and In Vitro. Mol. Cell 4, 611–617. doi:10.1016/s1097-2765(00)80211-7

Rossi, C. A., Pozzobon, M., Ditadi, A., Archacka, K., Gastaldello, A., Sanna, M.,
et al. (2010). Clonal Characterization of Rat Muscle Satellite Cells: Proliferation,
Metabolism and Differentiation Define an Intrinsic Heterogeneity. PLoS One 5,
e8523. doi:10.1371/journal.pone.0008523

Schreiber, M., Kolbus, A., Piu, F., Szabowski, A., Möhle-Steinlein, U., Tian, J., et al.
(1999). Control of Cell Cycle Progression by C-Jun Is P53 Dependent. Genes
Dev. 13, 607–619. doi:10.1101/gad.13.5.607

Schultz, E. (1974). A Quantitative Study of the Satellite Cell Population in Postnatal
Mouse Lumbrical Muscle. Anat. Rec. 180, 589–595. doi:10.1002/ar.1091800405

Shefer, G., Wleklinski-Lee, M., and Yablonka-Reuveni, Z. (2004). Skeletal Muscle
Satellite Cells Can Spontaneously Enter an Alternative Mesenchymal Pathway.
J. Cell Sci. 117, 5393–5404. doi:10.1242/jcs.01419

Shinder, D., Rusal, M., Tanny, J., Druyan, S., and Yahav, S. (2007).
Thermoregulatory Responses of Chicks (Gallus domesticus) to Low Ambient
Temperatures at an Early Age. Poult. Sci. 86, 2200–2209. doi:10.1093/ps/86.10.
2200

Shinin, V., Gayraud-Morel, B., Gomès, D., and Tajbakhsh, S. (2006). Asymmetric
Division and Cosegregation of Template DNA Strands in Adult Muscle Satellite
Cells. Nat. Cell Biol. 8, 677–682. doi:10.1038/ncb1425

Smith, J. H. (1963). Relation of Body Size to Muscle Cell Size and Number in the
Chicken. Poult. Sci. 42, 283–290. doi:10.3382/ps.0420283

Soglia, F., Baldi, G., Laghi, L., Mudalal, S., Cavani, C., and Petracci, M. (2018). Effect
ofWhite Striping on turkey Breast Meat Quality. Animal 12, 2198–2204. doi:10.
1017/S1751731117003469

Sordella, R., Jiang, W., Chen, G.-C., Curto, M., and Settleman, J. (2003).
Modulation of Rho GTPase Signaling Regulates a Switch between
Adipogenesis and Myogenesis. Cell 113, 147–158. doi:10.1016/s0092-
8674(03)00271-x

Strutt, D. I., Weber, U., and Mlodzik, M. (1997). The Role of RhoA in Tissue
Polarity and Frizzled Signalling. Nature 387, 292–295. doi:10.1038/
387292a0

Tierney, M. T., and Sacco, A. (2016). Satellite Cell Heterogeneity in Skeletal Muscle
Homeostasis. Trends Cell Biol. 26, 434–444. doi:10.1016/j.tcb.2016.02.004

Umansky, K. B., Gruenbaum-Cohen, Y., Tsoory, M., Feldmesser, E., Goldenberg,
D., Brenner, O., et al. (2015). Runx1 Transcription Factor Is Required for
Myoblasts Proliferation during Muscle Regeneration. PLoS Genet. 11,
e1005457. doi:10.1371/journal.pgen.1005457

Velleman, S. G., Liu, X., Nestor, K. E., and McFarland, D. C. (2000). Heterogeneity
in Growth and Differentiation Characteristics inMale and Female Satellite Cells
Isolated from turkey Lines with Different Growth Rates. Comp. Biochem.
Physiol. Part A Mol. Integr. Physiol. 125, 503–509. doi:10.1016/s1095-
6433(00)00178-1

Velleman, S., Anderson, J., Coy, C., and Nestor, K. (2003). Effect of Selection for
Growth Rate on Muscle Damage during turkey Breast Muscle Development.
Poult. Sci. 82, 1069–1074. doi:10.1093/ps/82.7.1069

Velleman, S. G., Coy, C. S., and Emmerson, D. A. (2014). Effect of the Timing of
Posthatch Feed Restrictions on the Deposition of Fat during Broiler Breast
Muscle Development. Poult. Sci. 93, 2622–2627. doi:10.3382/ps.2014-04206

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 89288719

Xu et al. Wnt/PCP Regulates Satellite Cell Function

34

https://doi.org/10.1172/JCI81655
https://doi.org/10.1016/j.diff.2008.11.001
https://doi.org/10.1016/j.diff.2008.11.001
https://doi.org/10.1016/s0309-1740(00)00071-1
https://doi.org/10.1016/s0309-1740(00)00071-1
https://doi.org/10.1074/jbc.M710525200
https://doi.org/10.1637/10733-112513-Reg.1
https://doi.org/10.1158/0008-5472.CAN-12-1752
https://doi.org/10.1086/316729
https://doi.org/10.1086/316729
https://doi.org/10.1016/j.cell.2007.03.044
https://doi.org/10.1038/227680a0
https://doi.org/10.1165/rcmb.2008-0153OC
https://doi.org/10.1016/j.stem.2009.03.013
https://doi.org/10.1093/ps/85.3.422
https://doi.org/10.3382/ps/pey395
https://doi.org/10.1016/0040-8166(88)90031-6
https://doi.org/10.1016/0306-4565(92)90035-e
https://doi.org/10.1002/ar.1091700405
https://doi.org/10.3382/ps.0730547
https://doi.org/10.3382/ps.0481944
https://doi.org/10.3382/ps/pez123
https://doi.org/10.3382/ps/pez123
https://doi.org/10.3382/ps/pex065
https://doi.org/10.3382/ps/pex065
https://doi.org/10.1186/s12864-017-3740-4
https://doi.org/10.3389/fphys.2017.00948
https://doi.org/10.3389/fphys.2017.00948
https://doi.org/10.7717/peerj.11625
https://doi.org/10.1016/s1097-2765(00)80211-7
https://doi.org/10.1371/journal.pone.0008523
https://doi.org/10.1101/gad.13.5.607
https://doi.org/10.1002/ar.1091800405
https://doi.org/10.1242/jcs.01419
https://doi.org/10.1093/ps/86.10.2200
https://doi.org/10.1093/ps/86.10.2200
https://doi.org/10.1038/ncb1425
https://doi.org/10.3382/ps.0420283
https://doi.org/10.1017/S1751731117003469
https://doi.org/10.1017/S1751731117003469
https://doi.org/10.1016/s0092-8674(03)00271-x
https://doi.org/10.1016/s0092-8674(03)00271-x
https://doi.org/10.1038/387292a0
https://doi.org/10.1038/387292a0
https://doi.org/10.1016/j.tcb.2016.02.004
https://doi.org/10.1371/journal.pgen.1005457
https://doi.org/10.1016/s1095-6433(00)00178-1
https://doi.org/10.1016/s1095-6433(00)00178-1
https://doi.org/10.1093/ps/82.7.1069
https://doi.org/10.3382/ps.2014-04206
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Velleman, S. G. (2014). Effect of Growth Selection on Adipogenic Gene Expression
during the Development of the turkey Breast Muscle. Int. J. Poult. Sci. 13,
680–684. doi:10.3923/ijps.2014.680.684

Vignale, K., Greene, E. S., Caldas, J. V., England, J. A., Boonsinchai, N., Sodsee, P.,
et al. (2015). 25-hydroxycholecalciferol Enhances Male Broiler Breast Meat
Yield through the mTOR Pathway. J. Nutr. Sci. 145, 855–863. doi:10.3945/jn.
114.207936

Von Maltzahn, J., Bentzinger, C. F., and Rudnicki, M. A. (2012). Wnt7a-Fzd7
Signalling Directly Activates the Akt/mTOR Anabolic Growth Pathway in
Skeletal Muscle. Nat. Cell Biol. 14, 186–191. doi:10.1038/ncb2404

Wang, W., Chen, M., Gao, Y., Song, X., Zheng, H., Zhang, K., et al. (2018).
P2Y6 Regulates Cytoskeleton Reorganization and Cell Migration of
C2C12 Myoblasts via ROCK Pathway. J Cell. Biochem. 119, 1889–1898.
doi:10.1002/jcb.26350

Weber, U., Paricio, N., andMlodzik, M. (2000). JunMediates Frizzled-Induced R3/
R4 Cell Fate Distinction and Planar Polarity Determination in the Drosophila
Eye. Development 127, 3619–3629. doi:10.1242/dev.127.16.3619

Wisdom, R., Johnson, R. S., and Moore, C. (1999). c-Jun Regulates Cell Cycle
Progression and Apoptosis by Distinct Mechanisms. EMBO J. 18, 188–197.
doi:10.1093/emboj/18.1.188

Xu, J., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2021a). Effect of
Temperature and Selection for Growth on Intracellular Lipid Accumulation
and Adipogenic Gene Expression in turkey Pectoralis Major Muscle Satellite
Cells. Front. Physiol. 12, 667814. doi:10.3389/fphys.2021.667814

Xu, J., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2021b). Response of
turkey Pectoralis Major Muscle Satellite Cells to Hot and Cold Thermal Stress:
Effect of Growth Selection on Satellite Cell Proliferation and Differentiation.
Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 252, 110823. doi:10.1016/j.
cbpa.2020.110823

Xu, J., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2022a). Thermal Stress
Affects Proliferation and Differentiation of turkey Satellite Cells through the
mTOR/S6K Pathway in a Growth-dependent Manner. PloS One 17, e0262576.
doi:10.1371/journal.pone.0262576

Xu, J., Strasburg, G. M., Reed, K. M., and Velleman, S. G. (2022b). Thermal Stress
and Selection for Growth Affect Myogenic Satellite Cell Lipid Accumulation
and Adipogenic Gene Expression through Mechanistic Target of Rapamycin
Pathway. J. Anim. Sci. (accepted). doi:10.1093/jas/skac001

Yablonka-Reuveni, Z., and Rivera, A. J. (1994). Temporal Expression of
Regulatory and Structural Muscle Proteins during Myogenesis of
Satellite Cells on Isolated Adult Rat Fibers. Dev. Biol. 164, 588–603.
doi:10.1006/dbio.1994.1226

Yahav, S. (2000). Domestic Fowl-Strategies to Confront Environmental
Conditions. Poult. Avian Biol. Rev. 11, 81–95.

Yahav, S. (2015). “Regulation of Body Temperature,” in Sturkie’s Avian Physiology
(Cambridge, MA, USA: Elsevier), 869–905. doi:10.1016/B978-0-12-407160-5.
00037-3

Yue, T., Yin, J., Li, F., Li, D., and Du, M. (2010). High Glucose Induces
Differentiation and Adipogenesis in Porcine Muscle Satellite Cells via
mTOR. BMB Rep. 43, 140–145. doi:10.5483/bmbrep.2010.43.2.140

Yun, Y., McFarland, D. C., Pesall, J. E., Gilkerson, K. K., Wal, L. S. V., and Ferrin, N.
H. (1997). Variation in Response to Growth Factor Stimuli in Satellite Cell
Populations. Comp. Biochem. Physiol. Part A Physiol. 117, 463–470. doi:10.
1016/s0300-9629(96)00404-5

Zampiga, M., Tavaniello, S., Soglia, F., Petracci, M., Mazzoni, M., Maiorano, G.,
et al. (2019). Comparison of 2 Commercial turkey Hybrids: Productivity,
Occurrence of Breast Myopathies, and Meat Quality Properties. Poult. Sci.
98, 2305–2315. doi:10.3382/ps/pey607

Zhang, X., Nestor, K., McFarland, D., and Velleman, S. (2008). The Role of
Syndecan-4 and Attached Glycosaminoglycan Chains on Myogenic Satellite
Cell Growth. Matrix Biol. 27, 619–630. doi:10.1016/j.matbio.2008.06.002

Zhang, Z. Y., Jia, G. Q., Zuo, J. J., Zhang, Y., Lei, J., Ren, L., et al. (2012). Effects of
Constant and Cyclic Heat Stress on Muscle Metabolism and Meat Quality of
Broiler Breast Fillet and Thigh Meat. Poult. Sci. 91, 2931–2937. doi:10.3382/ps.
2012-02255

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xu, Strasburg, Reed and Velleman. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 89288720

Xu et al. Wnt/PCP Regulates Satellite Cell Function

35

https://doi.org/10.3923/ijps.2014.680.684
https://doi.org/10.3945/jn.114.207936
https://doi.org/10.3945/jn.114.207936
https://doi.org/10.1038/ncb2404
https://doi.org/10.1002/jcb.26350
https://doi.org/10.1242/dev.127.16.3619
https://doi.org/10.1093/emboj/18.1.188
https://doi.org/10.3389/fphys.2021.667814
https://doi.org/10.1016/j.cbpa.2020.110823
https://doi.org/10.1016/j.cbpa.2020.110823
https://doi.org/10.1371/journal.pone.0262576
https://doi.org/10.1093/jas/skac001
https://doi.org/10.1006/dbio.1994.1226
https://doi.org/10.1016/B978-0-12-407160-5.00037-3
https://doi.org/10.1016/B978-0-12-407160-5.00037-3
https://doi.org/10.5483/bmbrep.2010.43.2.140
https://doi.org/10.1016/s0300-9629(96)00404-5
https://doi.org/10.1016/s0300-9629(96)00404-5
https://doi.org/10.3382/ps/pey607
https://doi.org/10.1016/j.matbio.2008.06.002
https://doi.org/10.3382/ps.2012-02255
https://doi.org/10.3382/ps.2012-02255
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


A Divergent Selection on Breast Meat
Ultimate pH, a Key Factor for Chicken
Meat Quality, is Associated With
Different Circulating Lipid Profiles
Stéphane Beauclercq1*, Sandrine Mignon-Grasteau1, Angélique Petit 1, Quentin Berger1,
Antoine Lefèvre2, Sonia Métayer-Coustard1, Sophie Tesseraud1, Patrick Emond2,3,4,
Cécile Berri 1 and Elisabeth Le Bihan-Duval 1

1INRAE, Université de Tours, BOA, Tours, France, 2Université de Tours, PST Analyse des Systèmes Biologiques, Tours, France,
3UMR 1253, iBrain, Université de Tours, Inserm, Tours, France, 4CHRU de Tours, Service de Médecine Nucléaire In Vitro, Tours,
France

Background: Chicken meat has become a major source of protein for human
consumption. However, the quality of the meat is not yet under control, especially
since pH values that are too low or too high are often observed. In an attempt to get
a better understanding of the genetic and biochemical determinants of the ultimate pH, two
genetic lines of broilers were divergently selected for low (pHu−) or high (pHu+) breast meat
pHu. In this study, the serum lipidome of 17-day-old broilers from both lines was screened
for pHu markers using liquid-chromatography coupled with mass spectrometry (LC-
HRMS).

Results: A total of 185 lipids belonging to 4 groups (glycerolipids, glycerophospholipids,
sterols, sphingolipids) were identified in the sera of 268 broilers from the pHu lines by
targeted lipidomics. The glycerolipids, which are involved in energy storage, were in higher
concentration in the blood of pHu− birds. The glycerophospholipids
(phosphatidylcholines, phosphatidylethanolamines) with long and polyunsaturated acyl
chains were more abundant in pHu+ than in pHu− while the lysophosphatidylcholines and
lysophosphatidylethanolamines, known to be associated with starch, were observed in
higher quantity in the serum of the pHu− line. Finally, the concentration of the sterols and
the ceramides, belonging to the sphingolipids class, were higher in the pHu+ and pHu−,
respectively. Furthermore, orthogonal partial least-squares analyses highlighted a set of 68
lipids explaining 77% of the differences between the two broilers lines (R2Y = 0.77, Q2 =
0.67). Among these lipids, a subset of 40 predictors of the pHu value was identified with a
Root Mean Squared Error of Estimation of 0.18 pH unit (R2Y = 0.69 and Q2 = 0.62). The
predictive model of the pHu value was externally validated on 68 birds with a Root Mean
Squared Error of Prediction of 0.25 pH unit.

Conclusion: The sets of molecules identified will be useful for a better understanding of
relationship between serum lipid profile andmeat quality, and will contribute to define easily
accessible pHu biomarkers on live birds that could be useful in genetic selection.

Keywords: meat quality, ultimate pH, broiler chicken, circulating lipids, targeted lipidomics
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INTRODUCTION

Poultry meat is mainly consumed as cuts and processed products
in most developed countries. For this reason, the technological
quality of meat is a major issue for the competitiveness of the
poultry meat industry as it affects the storage ability, the
processing yields and the organoleptic properties of meat and
further processed products (Gigaud et al., 2009; Mir et al., 2017;
Baéza et al., 2021). The breast meat ultimate pH (pHu), which is
closely linked to muscle glycogen stores (Le Bihan-Duval et al.,
2008; Jlali et al., 2012), is one of the most important traits to
describe this technological quality (Berri, 2000). The normal pHu
range for chicken breast meat is between 5.7 and 6.1. Below 5.7,
the meat is referred to as acid, and over 6.1 as DFD (dark, firm,
and dry) (Barbut, 1997; Fletcher et al., 2000; Qiao et al., 2001). In
rapid-growing chickens, the incidence of these metabolic
disorders was estimated about 10 years ago at 18% for acid
meat and 5% for DFD meat (Le Bihan-Duval et al., 2020). If
the variations in meat pHu result from complex interactions
between genetics and rearing factors, a relatively high level of
heritability (0.30–0.50) was found for this meat parameter in
several genetic lines (Le Bihan-Duval and Berri, 2017). It
facilitated the creation of a valuable model of two broiler lines
divergently selected on estimated breeding values for breast meat
pHu (Alnahhas et al., 2014; Alnahhas et al., 2015). After 14
generations of selection, a deviation of 0.6 pH unit was found
between the two lines (Berger et al., 2022). As the level of glycogen
stored in breast muscle is also highly heritable (h2 = 0.43) and has
a −0.97 genetic correlation with pHu (Le Bihan-Duval et al.,
2008), this selection strongly modified the glycogen contents of
muscles in the divergent lines.

The chickens exhibiting low muscle pHu (pHu− line) were
characterized, at 6 weeks of age, by an overexpression of most
glycolysis/gluconeogenesis genes and an overabundance of
carbohydrates in blood and muscle. The chickens with high
meat pHu (pHu+ line) exhibited an overexpression of genes
involved in muscle development and of metabolites linked to
oxidative stress, muscle proteolysis, and lipid β-oxidation. That
was possibly related to an over activation of oxidative energetic
metabolism and protein catabolism in response to the glycogen
deficiency that characterizes the muscles of the pHu+ line
(Beauclercq et al., 2016, 2017). To some extent, the birds of
the pHu+ line have metabolic characteristics similar to those
described in chickens affected by Wooden Breast myopathy,
which also exhibit low muscle glycogen content associated
with downregulation of glycolysis and glycogenesis. Alterations
in carbohydrate and lipid metabolisms have recently been
described as being at the origin of this muscle pathophysiology
(Lake and Abasht, 2020). In the case of the pHu+ genetic line, we
observed a higher frequency of White Striping, another emerging
myopathy, which was associated with an increase in
intramuscular fat content at 6 weeks of age (Alnahhas et al.,
2016). Compared to the pHu- line, an activation of certain genes
involved in lipid metabolism was also reported at this age
(Beauclercq et al., 2017). It seems that the divergent selection
on the breast meat ultimate pH has also led to variations in lipid
metabolism but apart from a lower plasma triglycerides level in

the pHu+ chicks at hatch (Métayer-Coustard et al., 2021) or
7 days post-hatching after a challenging start (Bergeot et al.,
2022), the circulating lipid profiles of these broilers remain
unknown.

High coverage lipidomics has been mostly used in biomedical
sciences to develop diagnostic or therapeutic tools based on
biomarkers (Hinterwirth et al., 2014; Lu et al., 2019; Wang
et al., 2020). However, it has also been used in animal sciences
and food sciences to evaluate food quality, to determinate the
origin or identify adulteration in fish, milks, oils, and plants
(Trivedi et al., 2016; Sun et al., 2020; Kehelpannala et al., 2021).
Very recently, muscle lipidome was investigated as well, notably,
to differentiate pig breeds (Mi et al., 2019; Zhang et al., 2021) or to
study feed efficiency in beef steers (Artegoitia et al., 2019). In
poultry, LC-HRMS lipidomics has been used to access the effect
of oils in the diet on muscle lipidome (Cui et al., 2020), muscle
lipid composition in black-boned silky fowls (Mi et al., 2018;
Dirong et al., 2021), or egg yolk composition (Meng et al., 2021;
Wood et al., 2021). The blood lipidome has been considered only
twice, for one study on heat stress and one on digestive efficiency
markers in broilers (Beauclercq et al., 2019; Guo et al., 2021).

This innovative lipidomics study was the first attempt to
characterize the serum lipid profiles of broilers selected
divergently for high or low breast muscle ultimate pH. The
first aim of this study was to know how far this genetic
selection for pHu, which impacted the carbohydrate
metabolism of birds, also affected lipidic metabolism. The
second aim was to identify new potential criteria of selection
for meat quality, accessible on live animals. Indeed, meat pH
measurement implies sacrificing animals (at 42 days in the
conditions of this selection), which means that only a costly
sib-selection is feasible. Much gain would be brought by the
access to lipidic markers of the pHu available from blood on live
animals.

MATERIALS AND METHODS

All chemicals were bought from Merck—Sigma Aldrich (Saint-
Quentin Fallavier, France) unless otherwise specified.

Birds and Sample Collection
Chickens originating from the 14th generation of two fast-
growing genetic lines divergently selected for high (pHu+) or
low (pHu−) ultimate pH of the Pectoralis major (P. major) muscle
were reared at the PEAT experimental unit (https://doi.org/10.
15454/1.5572326250887292E12), registered by the French
Ministry of Agriculture under license number C-37-175-1 for
animal experimentation. The 339 pHu− and 311 pHu+ broilers
were fed a 3 phases diet containing a high proportion of
sunflower, rapeseed, and faba bean in order to reduce the
soybean meal proportion in the diet and were fed and watered
ad libitum (Berger et al., 2022). Potential interesting feedstuffs,
such as Faba bean, sunflower meal and rapeseed were included in
the diet based on the results of a former project dedicated to the
test of alternative feedstuffs for poultry diets (Pampouille et al.,
2021). At 17 days after 6 h of fasting, blood samples for the
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lipidomics analysis were collected from 134 broilers per line
(males and females selected to represent all the diversity of the
families within each line), i.e., just before the second diet change
and at a time when metabolic differences between the two lines
are already established. Indeed, significant differences were seen
as early as hatching for muscle glycogen content and 5 days after
hatching for ultimate pH (Métayer-Coustard et al., 2021).

After coagulation for 15 min at room temperature and
centrifugation (3,000 g for 10 min), sera were aliquoted and
stored at −80°C until further analysis. Animals were
slaughtered at 42 days and the pHu of the P. major muscle
was measured the next day after 24 h of chilling, using a
portable pH meter (Model 506, Crison Instruments SA,
Barcelona, Spain) by direct insertion of the glass electrode into
the thickest part of the muscle. Samples were randomly split into
a training dataset containing 100 broilers of each line (pHu+: 43
males and 57 females, pHu−: 39 males and 61 females) and an
external validation dataset of 34 birds per line (pHu+: 16 males
and 18 females, pHu−: 15 males and 19 females). Average pHu
values of breast meat were 6.18 ± 0.13 for the pHu+ and 5.57 ±
0.09 for the pHu− in the training data set and 6.20 ± 0.13 for the
pHu+ and 5.57 ± 0.08 for the pHu− in the validation data set.

Lipids Extraction and Mass Spectrometry
LC-HRMS analysis method was adapted from Beauclercq et al.
(2019). Hundred microliters of serum were combined with 750 µl
of a chloroform/methanol mix (1:2), vortexed for 5 s before
addition of 250 µl of chloroform and 250 µl of water and
vortexed for another 30 s. The resulting mixture was chilled
for 20 min at −20°C and centrifuged (15,000 g, 20 min, 4°C).
The lower phase was recovered, and put in glass tubes for further
solvent evaporation in a SpeedVac at 35°C for around 1 hour. The
residues were then reconstituted with 100 µl isopropanol/
acetonitrile/water (35:60:5) for Ultra-High-Performance Liquid
Chromatography (UHPLC) separation and mass spectrometry
analysis. LC-HRMS analysis was performed on a UHPLC
Ultimate 3000 system (Dionex, Sunnyvale, CA), coupled to a
Q-Exactive mass spectrometer (Thermo Fisher Scientific) and
operated in positive (ESI+) and negative (ESI−) ionizationmodes.
Chromatography was carried out with a 1.7 μm XB—C18
(150 mm × 2.10 mm, 100 Å) UHPLC column (Kinetex,
Phenomenex, Torrance, CA) heated at 55°C. The solvent
system comprised mobile phase A [Isopropanol/Acetonitrile
(9:1) + 0.1% (vol/vol) formic acid +10 mM ammonium
formate], and mobile phase B [Acetonitrile/Water (6:4) + 0.1%
(vol/vol) formic acid +10 mM ammonium formate]; the gradient
operated at a flow rate of 0.26 ml/min over a run time of 24 min.
The multistep gradient was programmed as follows: 0–1.5 min,
32%–45% A; 1.5–5 min, 45%–52% A; 5–8 min, 52%–58% A;
8–11 min, 58%–66% A; 11–14 min, 66%–70% A; 14–18 min,
70%–75% A; 18–21 min, 75%–97% A; 21–24 min, 97% A. The
autosampler (Ultimate WPS-3000 UHPLC system, Dionex,
Sunnyvale, CA) temperature was set at 4°C, and the injection
volume for each sample was 5 μl. Heated ESI source parameters
were a spray voltage of 3.5 kV, capillary temperature of 350°C,
heater temperature of 250°C, sheath gas flow of 35 arbitrary units
(AU), auxiliary gas flow of 10 AU, spare gas flow of 1 AU, and

tube lens voltage of 60 V for C18. During the full-scan acquisition,
which ranged from 250 to 1,600 m/z, the instrument operated at
35,000 resolution, with an automatic gain control target of 2 × 105

charges and a maximum injection time of 120 ms. The samples
were distributed in 2 series. Quality control (QC) samples, a pool
of 10 μl of all samples analyzed, were injected at the beginning of
both series of analyses, every 10-sample injections, and at the end
of both runs.

Data Processing and Spectral Assignment
(Targeted Analysis)
The spectral data acquired in positive and negative ionization
modes were processed using XCMS R package implemented in
Workflow4Metabolomics tools to extract detected signals and
eliminate signal redundancies (Smith et al., 2006; Guitton et al.,
2017). The XCMS’ parameters are provided in additional file 1,
Supplementary Table S1. The lipids assignment was targeted to
an in-house database, with a precision of 5 ppm or 10 ppm for
positive or negative ionization modes, respectively. This database
was based on the lipidome of several biological matrices from
different animals (serum, chicken egg yolk, cells, feces) and
contained 542 and 265 lipids in positive and negative
ionization mode, respectively. These lipids were annotated
with SimLipid software (Premier Biosoft, San Francisco, Ca)
according to their retention time, exact mass and MS/MS
spectra. The database contains 23 classes of lipids mainly
phosphatidylcholine (PC; 279), phosphatidylethanolamine (PE;
91), diacylglycerol (DG; 80), and triglyceride (TG; 61) (additional
file 1, Supplementary Figure S1). This annotation reached level 1
on the scale of confidence in lipid identification (Sumner et al.,
2007). Lipids were annotated according the LIPID MAPS Lipid
Classification System (Fahy et al., 2009). Each peak area was
normalized to the total peaks area of each chromatogram. The
LC-HRMS analyses were performed in 2 batches. To overcome
the signal drift between the 2 batches and be able to compare
samples between them, the signal was corrected using the method
“LOcally WEighted Scatter-plot Smoother” (LOWESS) available
in Workflow4metabolomics tool (Guitton et al., 2017). This
method consists in performing a non-linear regression on the
QCs, identical in both batches, for each lipid. This regression has
then been applied to all samples enabling the comparison of
samples from the two batches. Lipids with variability in QC
samples greater than 30% were rejected as unsuitable for further
investigation. If a lipid was detected both in positive and negative
ionization modes, only the data in the positive ionization mode
was kept for the subsequent analyses to avoid over-representation
of some lipids in the chemometric analysis.

Chemometric Analysis
Orthogonal Projection to Latent Structures
Discriminant Analysis and Orthogonal Projection to
Latent Structures
An orthogonal projection to latent structures discriminant
analysis (OPLS-DA) was performed using the SIMCA 16
Software (version 16.0.2, Umetrics, Umea˚, Sweden) on the
training dataset (100 pHu+, 100 pHu−). All data were scaled
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to unit variance. OPLS-DA is a method of supervised classification
that predicts the categorical factor Y (pHu+ or pHu− group) by
explanatory quantitative variables X (185 lipids). The minimum
number of features needed for optimal classification of the OPLS-
DA models was determined by iteratively excluding the variables
with low regression coefficients and wide confidence intervals
derived from jackknifing combined with low variable importance
in the projection (VIP) until maximum improvement of the quality
of the models. The model quality was evaluated after 7-fold cross
validation by cumulative R2Y (goodness of fit) and cumulative Q2

(goodness of prediction). The contribution of each predictor in the
model was evaluated through the variable score contribution (i.e., the
differences, in scaled units, for all the terms in themodel, between the
outlying and the normal observation, multiplied by the absolute
value of the normalized weight) and the importance in the model
(VIP). Furthermore, the relation between acyl chain properties
(i.e., number of carbon atoms, unsaturation) and the pHu lines
was studied in each lipid class by plotting the total number of
carbons and unsaturation level to the VIP and contribution of each
unique lipid as defined by the initial OPLS-DAmodel. Position jitter
was introduced in the lysophosphatidylcholines (LPC),
lysophosphatidylethanolamines (LPE), phosphatidylcholines (PC),
phosphatidylethanolamines (PE), and sphingomyelin (SM) plots to
avoid over plotting. The significance of the differences in number of

carbons or unsaturation level between the acyl chains of the lipids
contributing to the pHu+ and pHu− lines was tested through
Welch’s means equality t-test.

Subsequently, the ability of the lipidome to predict the
numerical value of the breast meat pHu on live animals was
investigated using OPLS modeling, which differs from OPLS-DA
models by the use of a quantitative Y. The pHu values from the
chickens included in the training dataset (100 pHu+, 100 pHu−)
were fitted to the minimum feature of the lipidome with OPLS.
The quality of the model was evaluated by its explicative (R2Y)
and predictive (Q2) abilities, root meaned squared error of
estimation (RMSEE), root meaned squared error by a 7-fold
cross-validation (RMSEcv), and meaned squared error of
prediction (RMSEP) for the external validation.

The OPLS-DA and OPLS models were externally validated on
the validation dataset composed of 34 pHu+ and 34 pHu−
chickens randomly selected.

The biochemical information about the lipids retained in the
OPLS-DA and OPLS models that was used to develop the
discussion was partly extracted from the HMDB database
(Wishart et al., 2018), Reactome (Jassal et al., 2020), and
KEGG (Kanehisa and Goto, 2000).

RESULTS

Comparative Lipidic Profiles of the pHu
Lines
Generation of Lipid Profiles
The targeted lipidomics approach chosen for this study permitted
the identification of 185 unique lipids (Figure 1) from a database
of 731 unique lipids (Supplementary Figure S1). The lipids
identified in the sera belong to 14 classes, themselves classified
into 4 categories (i.e., glycerolipids, glycerophospholipids, sterols,
and sphingolipids). The most represented in our analysis were
phosphatidylcholines (PC, 20.54%), phosphatidylethanolamines
(PE, 18.38%), triglycerides (TG, 12.43%), sphingomyelins (SM,
10.81%), and lysophosphatidylcholines (LPC, 9.73%).

Variation of Lipid Profiles Between the Two pHu Lines
An initial OPLS-DA (M1a) model was fitted to the 185 lipids
identified in the sera of the 100 pHu+ and 100 pHu− that
compose the training dataset to identify which lipids and acyl
chain properties distinguish pHu lines. This model was composed
of 1 predictive and 3 orthogonal components and had
discriminant [R2Y(cum)] and predictive [Q2

(cum)] abilities of 0.74
and 0.56, respectively, to separate pHu+ and pHu− lines
(Supplementary Table S2). The total number of carbons and
unsaturation in the acyl chains of the lipids were plotted and
overlaid with the values of the VIPs and the contributions
extracted from the OPLS-DA model. Lipids belonging to the
LPC, LPE, TG, DG, and Cer classes contributed exclusively or
almost exclusively to the pHu-line, Cer containing 36 or 38
carbons in their acyl chain contributing the most
(Supplementary Figure S2). The CE and PI were the only
two classes of lipids contributing entirely to the pHu+, CE
with at least 4 unsaturation contributing the most

FIGURE 1 | The different classes of lipids identified in the serum of
broilers from the pHu lines. The pie chart represents the proportion of each
class of lipids in the lipidome of the pHu chickens identified by targeted
lipidomics. The names of each lipid class is followed by: the number of
lipids in each class/the number of lipids in the class in the database. PC,
phosphatidylcholines; PE, phosphatidylethanolamines; PG,
phosphatidylglycerols; PI, phosphatidylinositols; PS, phosphatidylserines;
SM, Sphingomyelins; TG, triacylglycerols; CE, cholesterol esters; Cer,
ceramides; DG, diacylglycerols; GlcCer, glucosylceramides; LPC,
lysophosphatidylcholines; LPE, lysophosphatidylethanolamines; MG,
monoradylglycerols.
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(Supplementary Figure S2). GlcCer, PG, and Monoacylglycerols
(MG) had low contributions. PS, PE, PC, and SM lipid classes
differentially contribute to both lines according to their number
of carbon atoms and unsaturation in the acyl chains of the lipids
(Figure 2). Indeed, the PE with high number of carbons (i.e., ≥ 36;

p-value = 0.001) and unsaturation (p-value = 0.009) in their acyl
chains and the PC with high unsaturation number in their acyl
chains (p-value = 0.005) were more abundant in the serum of the
pHu+. Likewise, we observed a tendency (p-value = 0.064) for PC
with long acyl chains to be also more abundant in the pHu+.

FIGURE 2 | Relation between lipids, acyl chain properties, and the pHu lines. The total number of carbons and unsaturation in the acyl chains of the lipids were
plotted with the VIPs and the contributions extracted from the initial OPLS-DAmodel including the 185 lipids (Supplementary Table S2) identified by targeted lipidomics
in the serum of broilers from the pHu lines (training dataset; n = 100 for each line). The importance of the lipids (VIP) in the OPLS-DAmodel (M1a) was represented by the
size of the circle and the contribution to the pHu− or pHu+ lines were visualized by a gradient going from red (pHu−) to blue (pHu+). The characteristics of this OPLS-
DA model (M1a) are 1 predictive and 3 orthogonal components, R2Y(cum) = 0.74 and Q2

(cum) = 0.56. Position jitter was introduced in the plots to avoid overplotting.

FIGURE 3 | Score and contribution plots following OPLS-DA predictive of the phu line. (A) Score plots following OPLS-DA (training dataset) with the chicken lines
as categorial factor Y and the lipids as explanatory quantitative variables X. The pHu+ and pHu− individuals were represented by blue and green circles, respectively. The
model (M1b) contained 68 lipids, 1 predictive and 3 orthogonal components and its descriptive and predictive performance were R2Y(cum) = 0.77 and Q2

(cum) = 0.67. (B)
Contribution plot indicating the contribution of the lipids identified in the OPLS-DA predictive of the pHu lines.
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Fitting Predictive Models of pHu Based on
Circulating Lipids
Classification Into the Two Genetic Lines
Among the 185 lipids identified in the sera of the pHu+ and pHu−
lines fitted to the initial OPLS-DA [M1a; R2Y(cum) = 0.74, Q2

(cum) =
0.56], 68 were kept after iteratively excluding the variables with low
regression coefficients and wide confidence intervals combined with
low VIP until maximum improvement of the quality of the model.
Those 68 lipids were included in a new OPLS-DA model (M1b)
fitted on 1 predictive and 3 orthogonal components, whose
descriptive and predictive performances [R2Y(cum) = 0.77 and
Q2
(cum) = 0.67, respectively] were improved in comparison to the

model M1a without being over-fitted (Supplementary Figure S3).
The score plot (Figure 3A) representing the projection of each
chicken tag on the first predictive (x-axis) and first orthogonal
(y-axis) components showed that 94% of the pHu− and 97% of the
pHu+ were correctly classified by the M1b model. As already
observed in the M1a model, the major contributors to the pHu+
belong to the CE and PE classes while the major contributors to the
pHu− belong to Cer, LPC, PE, SM, and TG classes (Figure 3B). The
performance of theM1bmodel was tested on the 34 birds from each
line, selected randomly to constitute the external validation set. It
allows the right classification of 88% of the pHu− and 91% of the
pHu+ chickens (Supplementary Figure S4).

Prediction of the pHu Phenotype
An OPLS model (M2) was trained to predict breast meat pHu
values from a set of serum lipids of the broilers from the training

dataset composed of 100 pHu+ and 100 pHu−. This model
composed of 1 predictive and 2 orthogonal components was
fitted to 40 lipids with a descriptive and predictive abilities of
R2Y(cum)=0.69 and Q2

(cum) =0.62, respectively. The similarity of
the R2Y(cum) and Q2

(cum) as well as the permutation plot
(Supplementary Figure S5) indicated that the model was not
over-fitted. The loadings and scores on the first predictive and

FIGURE 4 | Loadings, scores and observed vs. predicted plots following OPLS model predictive of the pHu value. (A) Loadings of the OPLS model (M2; training
dataset) with the pHu as quantitative factor Y and the lipids as explanatory quantitative variables X. The model composed of 1 predictive and 2 orthogonal components
was fitted to 40 lipids. The cumulative explanatory and predictive performance of this model (M2) were R2Y(cum) = 0.69 and Q2

(cum) = 0.62. (B) Scores plots following
OPLS. Circles correspond to the chicken tags colored according to their measured pHu value in the Pectoralis major muscle. (C) Observed vs. predicted after 7-
fold cross validation plot. The root mean squared error of the estimation (RMSEE) and the root mean squared error after cross validation (RMSECV) were 0.18 and 0.20
pH unit, respectively.

FIGURE 5 | External validation of the OPLS model predictive of the pHu
value (M2). Observed vs. predicted plots based on the 34 pHu+ and 34 pHu−
broilers selected randomly for external validation. The Root Mean Square Error
of Prediction (RMSEP) was 0.25 pH unit.
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orthogonal components were presented in Figures 4A,B. The
predictive performance of the model was further assessed by 1)
the plotting of the value of the predicted pHu versus the value to
the observed pHu and the fitting of a linear regression model to
the data and 2) the computing of the RMSEE and RMSEcv. The
equation of the regression was Yobs = Ypred + 8.622 × 10−7 and its
coefficient of determination R2 was 0.69, while the RMSEE and
RMSEcv were of 0.18 and 0.20 pH unit, respectively (Figure 4C).
This model M2 was externally validated on 34 randomly chosen
birds from each line. The equation of the linear regression
between the pHu observed and predicted in the external
validation was Yobs = 1.007 × Ypred - 0.05969 and its R2 0.43
while the RMSEP was 0.25 pH unit (Figure 5).

Thirty-seven of the 40 lipids included in this OPLS model M2
were also included in the OPLS-DA model M1b discriminating
the two pHu lines. They were all considered as important in this
OPLS (VIP ≥1). Only PC(16:1/20:4), PE (P-16:0/20:3), and TG
(18:0/18:1/18:2) were specific to the OPLSmodel M2 predictive of
the pHu value (Supplementary Table S3).

DISCUSSION

As extensively illustrated by Brown et al. (2022), metabolomic
studies are extremely valuable in understanding the physiology of
traits of interest for the poultry industry as metabolism is tightly
linked to growth or feed efficiency. Metabolomic analyses also
allow detecting sometimes unexpected metabolic evolutions
linked to genetic selection. In addition, having access to the
metabolic signature of the birds from low-invasive biological
samples, such as serum, is of particular interest for identifying
biomarkers of phenotypes of interest for poultry production or
selection. In this study, we considered lipidomics, a subclass of
metabolomics methods that measure lipid-based metabolites. It
was applied with success in a recent analysis of serum lipidome of
chickens divergently selected for digestive efficiency, a pattern of
10 lipids and lipophile compounds being able to explain 82% of
the differences of efficiency between the two lines (Beauclercq
et al., 2019). Lipidomics also appeared as a relevant approach for
exploring the metabolism of the pHu genetic lines. It helped
finding a proxy of muscle carbohydrate reserves and chicken-
meat quality, knowing that the pHu+ line exhibited a higher lipid
percentage in the egg yolk (Petit et al., 2022) but a lower level of
plasma triglycerides at hatch (Métayer-Coustard et al., 2021) and
one-week of age after a challenging start (Bergeot et al., 2022).
Lipidomic profiles were acquired on 17 days aged birds, at a time
when daily feed intake is similar between the two lines but feed
efficiency is lower in the pHu+ line compared to the pHu− line
(Berger et al., 2022).

Circulating Lipids in Chickens
The circulating lipidome of the broilers analyzed by targeted LC-
HRMS lipidomics was composed of 185 lipids belonging to
mainly the PC, PE, TG, and SM classes. Those lipid classes
were as well the major contributors to the plasma lipidome of
mammals, which shows a conserved composition across species
(Ishikawa et al., 2015; Kaabia et al., 2018). In birds, most of lipid

comparisons were primarily focused on plasma lipoprotein
profiles, major lipid components such as total cholesterol,
triglycerides and fatty acids, and muscular lipids (Baéza et al.,
2015; Mi et al., 2018; Osorio and Flores, 2018). To our knowledge,
the only extensive characterization of the circulating lipidome in a
bird was done on Quaker parrot (Beaufrère et al., 2020). In this
species, the PC and PE were also the major contributors to the
serum lipidome with the addition of the fatty acids and conjugates
class (FA), PA and PS. By comparison to this untargeted
lipidomics study, our lipid database had a similar coverage of
most of the lipid classes except the FA, PA, and PI. However,
further comparison between the lipidome of those two avian
species is limited as their metabolism is most likely very different
as it is, for example, the case between mice and rats (Ishikawa
et al., 2015). In the same way, a comparison with egg yolk lipid
composition, which had been characterized extensively (Meng
et al., 2021; Wood et al., 2021), was not relevant.

Impact of the Divergent Selection on Breast
Meat pHu on Blood Lipidome
The lipids identified in the blood of the pHu broilers were from 14
classes (PC, PE, TG, SM, LPC, LPE, PS, DG, CE, Cer, PI, GlcCer,
PG, MG) belonging to 4 categories: the glycerolipids, the
glycerophospholipids, the sterols, and the sphingolipids.
Among those 14 classes of lipids only 12 were kept in the
OPLS-DA (M1b) model allowing to separate the pHu+ and
pHu-lines.

The pHu-line is characterized by higher concentration of
glycerolipids (especially TG and DG) that are involved in
energy storage. They are provided by diet or are produced
from carbohydrates or glycogen during the lipogenesis which
involves the synthesis in liver or adipose tissues of FA from acetyl-
CoA and an esterification with glycerol 3-phosphate (Everaert
et al., 2021). The higher amounts of glycerolipids observed at
4 weeks of age are consistent with the higher plasma triglyceride
levels previously observed in the pHu− at hatch and one-week of
age (Métayer-Coustard et al., 2021; Bergeot et al., 2022).
Metabolomic characterization of the lines early after hatch and
at 6 weeks of age had also suggested that TGs and DGs were
preferentially used for energy production by β-oxidation in pHu+
animals, whose energy metabolism was found to be more
oxidative than that of pHu−, which themselves have higher
carbohydrate stores in the muscle. It is also likely that the low
availability of carbohydrate in the pHu+ line may limit TG de
novo synthesis because de novo synthesis of FA requires acetyl-
CoA and glycerol 3-phosphate themselves produced through
glycolysis.

The pHu lines are also discriminated on their content of
certain glycerophospholipids (i.e., PC, PE, PS, PI, PG, LPC,
LPE). Glycerophospholipids are the major constituents of the
membranes and play roles in signaling cascades. Among them,
the PC, also known as lecithins, are the most abundant
phospholipids found in cell membranes.

Thirty-eight phosphatidylcholines (PC) were identified in the
serum of the pHu broilers, which contribute differentially to the
two lines. The PC with high number of unsaturations and long
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acyl chains were more abundant in the serum of the pHu+, which
may suggest in this line a higher activity of the desaturase and
elongase during de novo synthesis, a greater ability to digest and
absorb long PUFA (polyunsaturated fatty acid) or a lower
oxidation rate. Indeed, the oxidation rate of medium-chain FA
is known to be faster than that of the long-chain fatty acids. In
addition, the degree of unsaturation increases the oxidation of FA
(Bach et al., 1996; DeLany et al., 2000). The higher concentration
of several molecules with antioxidant properties (i.e., betaine,
taurine, 1-methylhistidine, and 3-methylhistidine) identified in
the pHu+ serum and Pectoralis major muscle (Beauclercq et al.,
2016) may also exert a protective effect on long-chain PUFA
despite a more oxidative energy metabolism in this line
(i.e., energy produced from amino acid catabolism and lipid
oxidation).

Thirty-four Phosphatidylethanolamine (PE) were identified in
the broiler serum, and as for PC, PE with long and
polyunsaturated acyl chains were more abundant in pHu+
than in pHu−. Especially, pHu+ were characterized by higher
amounts of most of the PE with an (1Z)-alkenyl ether linkage,
also referred as neutral plasmalogens. Plasmalogens play a role of
antioxidant in addition to their contribution to the decreases in
fluidity of the cell membranes and suggested anti-inflammatory
properties (Braverman and Moser, 2012; Bozelli et al., 2021). The
hydrogen atoms adjacent to the vinyl ether bond have relatively
low disassociation energies and are preferentially oxidized when
exposed to free radicals. This was proposed to spare the oxidation
of polyunsaturated fatty acids and other vulnerable membrane
lipids, suggesting a role for plasmalogens as sacrificial oxidants
(Braverman and Moser, 2012). The higher serum concentration
of plasmogen lipids observed in the pHu+ can reflect a higher
adaptive response to oxidative stress due to their propensity for a
higher oxidative energy metabolism leading to higher rates of
ROS production (Beauclercq et al., 2016).

Lysophosphatidylcholines (LPC) and Lysophosphatidyleth
anolamine (LPE) also contribute to the definition of the lines.
They are products of the partial hydrolysis (i.e., removes one of the
FA chain) of PC and PE in the circulation, respectively. In humans,
LPC, via G protein-coupled receptor signaling, has harmful effects
on various cells that include enhancing inflammatory responses,
disrupting mitochondrial integrity, and inducing apoptosis (Law
et al., 2019). LPC, and LPE to a lesser extent, are lipids also known
to be associated with starch (Gayral et al., 2019). For example,
lysophospholids represent 84%–94% of the lipids in starch granules
comprised of 70% LPC and 20% LPE in oat or wheat (Autio and
Eliasson, 2009; Maningat et al., 2009). The higher quantity of LPC
and LPE observed in the serum of the pHu− line is therefore
consistent with their better feed efficiency (Berger et al., 2022) and
potentially greater ability to absorb LPC and LPE associated with
starch, even though carbohydrate digestibility has not yet been
specifically evaluated in the two lines.

The sterols represented by the cholesterol esters (CE) are
essential structural components of cell membranes and also
serve as a precursor for the biosynthesis of steroid hormones,
bile acid and vitamin D. They are all over-represented in the
pHu+ line, especially those with polyunsaturated and longer acyl
chain (i.e., > 20), which could be related to very recent

observations (personal communication) that evidenced much
lower steroid content in egg yolk of pHu+ compared to the pHu−.

Finally, the serum of pHu− appeared richer in several
sphingolipids, including Ceramides (Cer), glucosylceramide
(GlcCer), and sphingomyelins. Sphingolipids play important
roles in signal transduction and cell recognition. Plasma
concentrations of sphingolipids have been associated with
increased risk of heart failure in humans (Lemaitre et al.,
2019) and used to reveal dietary exposure of chickens to
fumonisins (Tardieu et al., 2021). Ceramides (Cer) and
glucosylceramides (GlcCer) are sphingolipids with a R group
consisting of only a hydrogen atom or a glucose molecule,
respectively. Sphingomyelins (SM), one of the few membrane
phospholipids not synthesized from glycerol, are the conjugation
of a PC and a Cer. High serum level of ceramides and
sphingomyelins had been associated with the development of
obesity, insulin resistance, and impaired glucose metabolism in
several studies in human and rodents (Hanamatsu et al., 2014;
Turpin et al., 2014; Kayser et al., 2019). Ceramides antagonize
insulin signaling by inhibiting transmission of signals through
phosphatidylinositol-3 kinase (PI3K) and blocking activation of
the kinase Akt/PKB, inhibiting insulin-stimulated glucose uptake
in L6 myotubes, and reducing Glut4 translocation in mammals
(Sokolowska and Blachnio-Zabielska, 2019), which results in
higher glycemia (Kayser et al., 2019). Therefore, the higher
concentration of Cer and GlcCer in the serum of the pHu−
line is consistent with the higher glycemia of this line that was
observed early post-hatch (Métayer-Coustard et al., 2021) and
later during growth (Beauclercq et al., 2016).

In addition to the significant differences in muscle glycogen
caused by selection on the ultimate pH of the meat, it was observed
a higher occurrence and severity of white striping muscle defects,
indicative of more fat deposition along muscle fibers, in the pHu+
line (Alnahhas et al., 2016). Recently, it has been hypothesized that
excessive lipid accumulation in muscle (as it is observed in case of
white striping and wooden breast defects) can cause lipotoxicity
and oxidative stress, which may in turn partly lead to the
downregulation of glycolysis and glycogenesis and redirection of
glucose to alternative utilization pathways (Lake and Abasht,
2020). Indeed, decreased muscle glucose uptake is unlikely to be
involved, as some glucose transporters are overexpressed in birds
developing wooden breast syndrome. In addition, susceptibility to
the wooden breast defect appears to be associated with an
overactivation of lipid metabolism evidenced in muscle as early
as 2 weeks of age, as shown by the overexpression of genes coding
ankyrin repeat domain 1 but also peroxisome proliferator-activated
receptors (gamma and alpha) (Lake et al., 2019). Interestingly, we
have previously shown that ANKRD1, a gene involved the
regulation of lipid metabolism by the peroxisome proliferator-
activated receptor alpha, is overexpressed in 6-week-old pHu+
birds muscles (Beauclercq et al., 2017), and has been identified as a
biomarker of interest for ultimate meat pH in pigs (Damon et al.,
2013). Regarding genes encoding peroxisome proliferator-
activated receptors, they were not differentially expressed in the
pHu lines (Beauclercq et al., 2017) but PPARG and PPARD are
close to SNPs significantly associated with pHu in these lines (Le
Bihan-Duval et al., 2018). Taken together, the transcriptomic and
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metabolomic characterizations of the pHu+ and pHu− lines
indicate profound changes in carbohydrate and lipid
metabolism related to divergent selection. The present study
confirms that these changes are expressed at the muscle and
blood levels with the expression of metabolic and lipidomic
signatures specific to both lines.

Development of Predictive Models of the
pHu From Blood Lipidome
One of the challenges for the poultry industry, in particular in the field
of selection, is to have access to indicators that are available on live
animals. The lipidomic characteristics of each line described here thus
open interesting perspectives to search for blood indicators of meat
pHu, useful to predict this phenotype on reproducers but also to study
the impact of nutritional or farming practices on this trait. The
lipidomics data acquired on pHu lines served to adjust a model
predictive of the pHu value. The predictive ability of the present
model was quite similar to a previous one based on muscle
transcriptomic data issued of the two lines (Beauclercq et al., 2017).
Indeed, the RMSEE, which reports the differences between the values
predicted by a model and the observed values, was 0.16 pH units for
the model based on the expression in the P. major of 20 genes while it
was 0.18 pH units in the present model based on 40 circulating lipids.
Concretely, the model based on the lipidome allowed us correctly
classifying 76% of the muscles exhibiting a normal value of pHu
(between 5.7 and 6.1). The lower performance of the external
validation (RMSEP = 0.25 pH unit) may result from the lower
representation of birds exhibiting a normal value of pHu in the
validation dataset. The main interest of the model developed in the
present study comes from the possibility of collecting lipidomic data
from blood samples taken from live animals, which is especially crucial
for selection, and also to obtain a good quality of prediction quite early
during the life of the animal (17 days).

CONCLUSION

This innovative study is the first attempt at the description of the
lipidome of modern broilers and its early variation in relation to the
pHu. The focus was set on 4 classes of lipids: the glycerolipids, the
glycerophospholipids, the sterols, and the sphingolipids. The
glycerolipids, which are involved in energy storage, were in higher
concentration in the blood of pHu− birds consistently with their higher
glycogen storages. The glycerophospholipids, mainly represented by the
phosphatidylcholines and the phosphatidylethanolamines, with long
and polyunsaturated acyl chains were more abundant in pHu+ than in
pHu− while the lysophosphatidylcholines and
lysophosphatidylethanolamines, known to be associated with starch,
were observed in higher quantity in the serum of the pHu− line. Finally,
the concentration of the sterols and the ceramides, belonging to the
sphingolipids class, were higher in the pHu+ and pHu−, respectively.
The specific lipidomic blood signatures reported here may help to
understand what physiological mechanisms are involved in digestion,
transport and metabolic utilization of nutrients, but also, after further
validation of themodels, to predict the propensity of birds to storemore
or less glycogen in muscles and the associated pHu.
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The Effect of Commercial Genetic
Selection on Somatotropic Gene
Expression in Broilers: A Potential
Role for Insulin-Like Growth Factor
Binding Proteins in Regulating Broiler
Growth and Body Composition
Lauren A. Vaccaro1, Tom E. Porter2 and Laura E. Ellestad1*

1Department of Poultry Science, University of Georgia, Athens, GA, United States, 2Department of Animal and Avian Sciences,
University of Maryland, College Park, MD, United States

The somatotropic axis influences growth andmetabolism, andmany of its effects are a result
of insulin-like growth factor (IGF) signaling modulated by IGF-binding proteins (IGFBPs).
Modern commercial meat-type (broiler) chickens exhibit rapid and efficient growth and
muscle accretion resulting fromdecades of commercial genetic selection, and it is not known
how alterations in the IGF system has contributed to these improvements. To determine the
effect of commercial genetic selection on somatotropic axis activity, two experiments were
conducted comparing legacy Athens Canadian Random Bred and modern Ross 308 male
broiler lines, one between embryonic days 10 and 18 and the second between post-hatch
days 10 and 40. Gene expression was evaluated in liver and breast muscle (pectoralis major)
and circulating hormone concentrationsweremeasured post-hatch. During embryogenesis,
no differences in IGF expression were found that corresponded with difference in body
weight between the lines beginning on embryonic day 14. While hepatic IGF expression and
circulating IGF did not differ between the lines post-hatch, expression of both IGF1 and IGF2
mRNA was greater in breast muscle of modern broilers. Differential expression of select
IGFBPs suggests their action is dependent on developmental stage and site of production.
Hepatic IGFBP1 appears to promote embryonic growth but inhibit post-hatch growth at
select ages. Results suggest that local IGFBP4 may prevent breast muscle growth during
embryogenesis but promote it after hatch. Post-hatch, IGFBP2 produced in liver appears to
inhibit body growth, but IGFBP2 produced locally in breast muscle facilitates development of
this tissue. The opposite appears true for IGFBP3, which seems to promote overall body
growth when produced in liver and restrict breast muscle growth when produced locally.
Results presented here suggest that paracrine IGF signaling in breast muscle may contribute
to overall growth and muscle accretion in chickens, and that this activity is regulated in
developmentally distinct and tissue-specific contexts through combinatorial action of
IGFBPs.

Keywords: somatotropic axis, growth, insulin-like growth factor, insulin-like growth factor binding protein,
endocrine signaling, paracrine signaling, broiler, Athens-Canadian Random Bred

Edited by:
Sandra G. Velleman,

The Ohio State University,
United States

Reviewed by:
Chongxiao Chen,

North Carolina State University,
United States
Paul Siegel,

Virginia Tech, United States

*Correspondence:
Laura E. Ellestad
lellestad@uga.edu

Specialty section:
This article was submitted to

Avian Physiology,
a section of the journal
Frontiers in Physiology

Received: 03 May 2022
Accepted: 06 June 2022
Published: 27 June 2022

Citation:
Vaccaro LA, Porter TE and Ellestad LE

(2022) The Effect of Commercial
Genetic Selection on Somatotropic

Gene Expression in Broilers: A
Potential Role for Insulin-Like Growth
Factor Binding Proteins in Regulating
Broiler Growth and Body Composition.

Front. Physiol. 13:935311.
doi: 10.3389/fphys.2022.935311

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9353111

ORIGINAL RESEARCH
published: 27 June 2022

doi: 10.3389/fphys.2022.935311

47

http://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.935311&domain=pdf&date_stamp=2022-06-27
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.935311/full
http://creativecommons.org/licenses/by/4.0/
mailto:lellestad@uga.edu
https://doi.org/10.3389/fphys.2022.935311
https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.935311


INTRODUCTION

Growth and body composition in vertebrates are controlled by
several highly conserved endocrine axes (Levine, 2012; Vaccaro
et al., 2021). In particular, the somatotropic axis is known to
regulate growth and development of mammals via cellular
proliferation and metabolic effects in muscle, bone, and
adipose tissue (Clark and Robinson, 1996; Gahete et al., 2016).
However, its physiological impact on these processes is not as well
understood in birds. Particularly lacking is information regarding
how local production of insulin-like growth factor (IGF) 1 and
IGF2 in tissues such as muscle impacts growth and body
composition and how IGF-binding proteins (IGFBPs) regulate
both endocrine and paracrine IGF signaling.

The key effector hormones in the somatotropic axis include
IGF1 and IGF2 (Stewart and Rotwein, 1996), which are
synthesized in the liver upon growth hormone receptor (GHR)
activation (Kajimoto and Rotwein, 1989; Dewil et al., 1999;
Herrington and Carter-Su, 2001; Woelfle et al., 2005; Brooks
et al., 2008). A dwarf phenotype is observed in chickens deficient
in GHR signaling (Hutt, 1959; Burnside et al., 1992; Chen et al.,
2009), and this is partially caused by decreased hepatic IGF
production (Burnside and Cogburn, 1992). On the cellular
level, IGFs downregulate apoptosis while increasing cellular
proliferation by binding the type 1 IGF receptor (IGFR1)
(Girbau et al., 1989; Duclos and Goddard, 1990; D’Costa et al.,
1998). This would imply a direct relationship between IGF
signaling and growth in chickens, but studies have been
inconclusive. Direct IGF1 administration did not stimulate
growth in two to three week-old male chickens (McGuinness
and Cogburn, 1991; Czerwinski et al., 1998) or four week-old
females (Huybrechts et al., 1992). Increased hepatic IGF1mRNA
expression has been observed in chickens selected for high body
weight (Beccavin et al., 2001), but not consistently (Giachetto
et al., 2004). Similarly, fast-growing chickens had greater plasma
IGF2 (Scanes et al., 1989), but IGF2 did not induce weight gain
when directly administered (Buyse and Decuypere, 1999). Studies

investigating levels of growth hormone (GH), which is classically
thought to induce IGF secretion from the liver, also yield results
inconsistent with the idea that increased somatotropic activity
always leads to increased growth. Pituitary GH expression was
greater between 3 and 7 weeks of age in male broilers with lower
body weight as compared to those with a higher body weight
(Ellestad et al., 2019), and the percentage of GH-secreting cells in
slow-growing chickens was greater at 5 weeks of age, though fast-
growing embryos secreted more GH per hour (Porter, 1998).
Circulating GH was also found to be higher in chickens selected
for egg production (layers) than those selected for meat
production (broilers), despite layers growing slower and
having lower body weights (Reiprich et al., 1995).

Cellular effects induced by IGF signaling are regulated by
IGFBPs. These proteins are highly conserved across vertebrates
(Armstrong et al., 1989; Allander et al., 1995; Schoen et al., 1995;
Allander et al., 1997; Kelley et al., 2002), although IGFBP6 has not
been retained in birds. Growth modulation occurs when an
IGFBP physically binds an IGF to enhance or reduce receptor
affinity, extend the hormone’s half-life, or alter its tissue
specificity (Baxter, 1991; Kim, 2010). For example, IGFBP1
inhibits protein synthesis in skeletal muscle (Frost and Lang,
1999), while IGFBP2 and IGFBP4 inhibit long bone growth
(Mohan et al., 1995; Fisher et al., 2005). In myoblasts, IGFBP5
has a proliferative effect when bound to IGF1 but an inhibitory
effect upon binding IGF2 (Ewton et al., 1998). Additionally, some
IGFBPs can act independently. For example, IGFBP2 can
upregulate apoptosis (Schutt et al., 2004; Klaus et al., 2006),
while IGFBP5 can enhance bone cell proliferation (Mohan
et al., 1995). As both ligand-dependent and ligand-
independent effects of IGFBPs are important in growth
regulation, their actions may contribute to the enhanced
growth and muscle accretion of commercial modern broiler
chickens.

Commercial modern broilers are raised specifically for meat
production and have an increased growth rate, greater body
weight, reduced feed conversion ratio (FCR; g feed intake/g

TABLE 1 | Primers used for reverse transcription-quantitative PCR.

Gene symbol Forward primer (59-39) Reverse primer (59-39) Transcript ID1 Efficiency

IGFs
IGF1 TGAGCTGGTTGATGCTCTTC AGCCTCCTCAGGTCACAACT 20816 0.99
IGF2 AGTCAGAGCGTGACCTCTCC CTGCGAGCTCTTCTTCTGC 53800 1.05

Hormone receptors
GHR TGCTGATTTTTCCTCCTGTG GGCTGGCTAAGATGGAGTTC 23973 1.08
IGF1R TGGGGACCTCAAAAGTTACC ATCCCATCAGCAATCTCTCC 74990 1.04

Hormone binding proteins
IGFBP1 CAGAGAAGTGGAGGGGACAT CTTCTGGGGATCCAGGAAT 47713
IGFBP2 ATCACAACCACGAGGACTCA GAGGGAGTAGAGGTGCTCCA 18698 0.96
IGFBP3 TTGAGTCCTAGGGGTTTCCA ATATCCAGGAAGCGGTTGTC 82156 1.02
IGFBP4 AACTTCCACCCCAAGCAG AATCCAAGTCCCCCTTCAG 68153 0.96
IGFBP5 CTGAAGAGCAGCCAGAGGAT TTGTCCACACACCAACACAG 38163 0.98
IGFBP7 ATGTGACAGGAGCACAGATCTACCT TCTGGATACCATACTGTCCTCGAAT 61018 0.95

Reference genes
GAPDH AGCCATTCCTCCACCTTTGAT AGTCCACAACACGGTTGCTGTAT 23323 1.00
18s2 AGCCTGCGGCTTAATTTGAC CAACTAAGAACGGCCATGCA 173612 0.96

1Transcript identification from Ensembl chicken genome assembly GRCg6a (http://www.ensembl.org/Gallus_gallus/Info/Index) preceded by ENSGALT000000.
2Sequence for 18S rRNA, is not on the assembled chicken genome, and primers were designed based on the sequence in GenBank (Accession Number AF173612).
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body weight gain), and higher meat yields (Bartov, 1982;
Goddard et al., 1988; Havenstein et al., 1994; Berrong and
Washburn, 1998; Havenstein et al., 2003; Collins et al., 2014),
all of which are the result of decades of artificial genetic
selection by the poultry industry. A useful experimental
model to investigate the impact of the somatotropic axis on
broiler growth and body composition is the comparison of
commercially selected broilers currently used by the poultry
industry with non-selected ones. Athens Canadian Random
Bred (ACRB) legacy broilers are representative of slower-
growing, lower body weight birds prior to the beginning of
intensive commercial broiler selection (Hess, 1962; Collins
et al., 2014; Marks et al., 2016). Administration of a current
commercial-type diet to ACRBs reduced their FCR some but
not to the point of a commercial broiler and did not increase
growth or body weight (Havenstein et al., 1994), which makes
them an ideal genetic control strain. In a recent study where
ACRB were compared with Ross 308 commercial broilers to
identify effects of commercial genetic selection on the
corticotropic and thyrotropic axes, it was reported that Ross
308 body weights were significantly greater than those for
ACRB beginning during the last week of embryogenesis, and
this difference continued throughout juvenile development
(Vaccaro et al., 2021). FCR of ACRB was also significantly
higher than of Ross 308, reflecting the improved efficiency of

FIGURE 1 | Relative mRNA expression of (A) GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in liver on embryonic days e 10, 12, 14, 16, and 18 in legacy ACRB and
modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 4 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
detected for (A) GHR (p = 0.7777) or (B) IGF1 (p = 0.7562), and main effect means for line and age for these genes are shown in Tables 2, 3, respectively.
Significant line-by-age interactions were identified for (C) IGF2 (p = 0.0003) and (D) IGFR1 (p = 0.0235), and the presence of an asterisk (*) indicates a significant
difference in expression between the lines at those ages (p ≤ 0.05).

TABLE 2 | Means1 (±SEM) and ANOVA p-values of the line main effect for
somatotropic gene expression in embryonic male ACRB and Ross 308 broilers.

ACRB Ross 308 p-value

IGFs and Receptors
Liver (%)2

GHR 80.6 ± 7.6 100 ± 8.9 0.0640
IGF1 75.2 ± 14.9 100 ± 34.5 0.7004

Muscle (%)2

GHR 100 ± 7.9 90.5 ± 7.4 0.3378
IGF1 93.1 ± 12.1 100 ± 9.9 0.7055
IGF2 100 ± 12.9 88.2 ± 13.5 0.4571
IGF1R 100 ± 10.9 84.5 ± 7.7 0.2150

IGFBPs
Liver (%)2

IGFBP2 95.5 ± 22.4 100 ± 17.7 0.6238
IGFBP4 87.3 ± 11.4 100 ± 14.7 0.3633
IGFBP5 100 ± 6.1 86.8 ± 5.8 0.0940
IGFBP7 82.1 ± 7.5 100 ± 12.4 0.2619

Muscle (%)2

IGFBP1 99.8 ± 20.1 100 ± 15.8 0.7343
IGFBP2 100 ± 9.4 91.2 ± 5.6 0.6339
IGFBP3 100 ± 7.2 95.9 ± 6.1 0.6978
IGFBP4 100 ± 13.7a 69.7 ± 8.0b 0.0354
IGFBP5 100 ± 10.5 97.2 ± 8.9 0.8773
IGFBP7 100 ± 13.3 96.3 ± 10.0 0.7269

1Means are only presented for data where a significant line-by-age interaction was not
present and were calculated between embryonic day 10 and 18 for each line.
2Data within each gene are expressed relative to the line with the highest mRNA, level
(equal to 100%).
a,bValues within each gene that do not share a common letter are significantly different
(p ≤ 0.05).
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TABLE 3 | Means1 (±SEM) and ANOVA p-values of the age main effect for somatotropic gene expression in embryonic male ACRB and Ross 308 broilers.

e10 e12 e14 e16 e18 p-value

IGFs and Receptors
Liver (%)2

GHR 45.5 ± 6.1c 60.0 ± 7.0bc 85.5 ± 13.6ab 88.68 ± 8.3ab 100 ± 8.8a 0.0023
IGF1 51.3 ± 12.4 48.12 ± 10.2 100 ± 50.7 31.84 ± 8.4 29.59 ± 8.9 0.4101

Muscle (%)2

GHR 56.5 ± 8.0b 82.66 ± 8.3a 100 ± 15.3a 92.8 ± 5.8a 81.3 ± 8.9a 0.0243
IGF1 71.8 ± 12.7ab 100 ± 8.9a 85.9 ± 14.6ab 54.1 ± 4.9bc 34.9 ± 2.3c 0.0006
IGF2 96.9 ± 15.9 86.2 ± 24.8 57.2 ± 13.8 96.2 ± 19.8 100 ± 19.3 0.4383
IGF1R 77.9 ± 8.9abc 81.6 ± 6.9ab 100 ± 15.9a 65.6 ± 12.9bc 54.5 ± 10.8c 0.0446

IGFBPs
Liver (%)2

IGFBP2 15.3 ± 2.1c 24.9 ± 4.7c 67.6 ± 15.5b 100 ± 27.9ab 98.0 ± 15.1a <0.0001
IGFBP4 69.1 ± 11.0 72.3 ± 14.4 100 ± 26.3 51.9 ± 7.0 69.4 ± 13.8 0.5605
IGFBP5 68.2 ± 8.0b 80.2 ± 9.3ab 100 ± 7.5a 75.8 ± 6.5b 70.3 ± 4.9b 0.0271
IGFBP7 37.5 ± 4.7c 56.3 ± 8.2b 86.5 ± 15.5a 84.5 ± 13.7a 100 ± 7.9a <0.0001

Muscle (%)2

IGFBP1 100 ± 11.4a 58.9 ± 11.2ab 44.2 ± 26.0bc 36.7 ± 5.4bc 24.2 ± 4.6c 0.0068
IGFBP2 78.8 ± 5.7 64.5 ± 7.4 64.9 ± 7.20 100 ± 11.2 74.3 ± 10.6 0.0808
IGFBP3 90.2 ± 12.0 100 ± 6.7 85.1 ± 10.7 89.2 ± 10.6 81.9 ± 8.5 0.6923
IGFBP4 100 ± 16.9 76.4 ± 16.4 89.4 ± 26.8 75.2 ± 7.8 48.1 ± 8.6 0.0866
IGFBP5 100 ± 12.1 83.8 ± 9.3 82.9 ± 20.4 71.9 ± 6.9 73.6 ± 13.7 0.4908
IGFBP7 40.6 ± 8.8c 46.1 ± 3.3c 60.7 ± 11.2bc 78.8 ± 7.5ab 100 ± 15.1a 0.0009

1Means are only presented for data where a significant line-by-age interaction was not present and were calculated across both lines at each embryonic day (e).
2Data within each gene are expressed relative to the age with the highest mRNA level (equal to 100%).
a,b,cValues that do not share a common letter are significantly different (p ≤ 0.05).

FIGURE 2 |Relative mRNA expression of (A)GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in breast muscle on embryonic days e 10, 12, 14, 16, and 18 in legacy ACRB
and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 4 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
observed for (A) GHR (p = 0.9321), (B) IGF1 (p = 0.5901), (C) IGF2 (p = 0.6246), or (D) IGF1R (p = 0.4752), and main effect means of line and age all genes are
presented in Tables 2, 3, respectively.
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feed nutrient use in commercial modern broilers. Together,
these results suggest that physiological changes induced by
commercial genetic selection begin to appear mid-
embryogenesis. Given the conservation of the somatotropic
axis across species and its importance in mediating tissue
growth and development in mammals, it is likely that IGFs,
their receptors, and IGFBPs are linked to improvements in
commercial modern broiler growth efficiency. Therefore, the
objective of this study was to determine the effect of
commercial genetic selection on mRNA expression and
circulating hormone concentrations within the somatotropic
axis by comparing these parameters between Ross 308 and
legacy ACRB broiler lines.

MATERIALS AND METHODS

Animals and Tissue Collection
Samples used for this study were collected from male ACRB and
Ross 308 broilers during the same two experiments described in a
previously published study (Vaccaro et al., 2021). The first
experiment was conducted during embryogenesis, and the
second was conducted during post-hatch juvenile
development. All experimental procedures using animals were
conducted in accordance with University of Georgia and

University of Maryland Institutional Animal Care and Use
guidelines.

In the first experiment, skin, liver, and breast muscle (p. major)
were collected from 12 embryos of each line on embryonic days
(e) 10, 12, 14, 16, and 18, with e0 being the day eggs were placed in
the incubator. Eggs from both lines were co-incubated in the
same incubator under identical conditions. The sex of each
embryo was determined by PCR analysis of the sexually
dimorphic chromo-helicase-DNA binding protein (Fridolfsson
and Ellegren, 1999) using genomic DNA extracted from skin
tissue, as previously described (Vaccaro et al., 2021). Liver and
breast muscle from four male embryos of each line at each age
(n = 4) were used for gene expression analysis as described below.

In the second experiment, males of each line were raised in
separate floor pens (n = 8 floor pens per line) within one room, so
that environmental conditions were identical. Both lines had free
access to water and the same three-phase modern commercial-
type diet as previously described (Vaccaro et al., 2021). Liver,
breast muscle (P. major), and plasma were collected from one
bird per pen (n = 8 per line) on post-hatch days (d) 10, 20, 30, and
40 as previously described (Vaccaro et al., 2021). Briefly, liver and
breast muscle were immediately snap-frozen in liquid nitrogen
and stored at −80°C prior to being used for gene expression
analysis. Whole blood was collected into syringes coated with
lithium heparin and stored on ice for no longer than 60 min prior

FIGURE 3 | Relative mRNA expression of (A)GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in liver on post-hatch days d 10, 20, 30, and 40 in legacy ACRB and modern
Ross 308male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 8 replicate birds per line at each age). The data
(mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant line-by-age interaction was detected for (A)
GHR (p = 0.0446), and the presence of an asterisk (*) indicates a significant difference in expression between the lines at the indicated age. No significant line-by-
age interactions were detected for (B) IGF1 (p = 0.6890), (C) IGF2 (p = 0.8688), or (D) IGFR1 (p = 0.7405), and main effect means of line and age for these genes are
presented in Tables 4, 5, respectively.
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to isolation of plasma by centrifugation at 1,500x g and 4°C for
10 min. Plasma was stored at −20°C prior to use for evaluation of
circulating hormone levels, as described below.

Reverse Transcription-Quantitative PCR
(RT-qPCR)
Total RNA was isolated from liver and breast muscle using RNeasy
Mini kits (Qiagen) withmodifications for lipid-rich or fibrous tissues,
respectively, and analyzed by RT-qPCR as previously described
(Vaccaro et al., 2021). Briefly, total RNA (1 µg) was reverse
transcribed with random hexamer primers (ThermoFisher
Scientific, Waltham, MA, United States) and M-MuLV reverse
transcriptase (New England Biolabs, Ipswich, MA, United States).
Resulting cDNA was amplified by qPCR using intron-spanning
primers (Table 1; Integrated DNA Technologies, Coralville, IA,
United States) designed with Primer Express software (Applied
Biosystems, Foster City, CA, United States). Serial dilutions of
pooled liver and muscle cDNA were analyzed by qPCR to
determine amplification efficiency for each primer pair, which was
calculated using the following equation: efficiency = [10 (−1/slope)−1]
(Livak and Schmittgen, 2001; Rutledge and Stewart, 2008).

Transcripts in liver were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and those in muscle were
normalized to 18s ribosomal rRNA (18s rRNA). The equation

(2ΔCt)target/(2
ΔCt)GAPDH or 18s, where ΔCt = Ctno RT−CTsample, was

used to transform and normalize data as previously described
(Ellestad et al., 2009; Ellestad and Porter, 2013; Ellestad et al.,
2015; Payne et al., 2019; Vaccaro et al., 2021). Each transcript’s
line-by-age interactive data are expressed relative to the line and
age with the highest mRNA level, and main effect data are
expressed relative to the line or age with the highest mRNA
level. As a result, the line-by-age, line, or age value with the
highest expression level was 100% in all cases.

Insulin-Like Growth Factor Enzyme-Linked
Immunosorbent Assays
Samples were analyzed in duplicate on a VICTOR3 Multilabel
Plate Reader (Perkin Elmer, Waltham, MA, United States) using
commercially available competitive-binding ELISAs (Cusabio,
Houston, TX, United States) for IGF1 and IGF2, which have
sensitivity limits of 125 and 62.5 pg/ml, respectively. ELISAs
were performed according to manufacturer’s instructions with
the modification that plates were incubated for 18 h at 4°C
instead of 60min at 37°C after adding the standards or samples
and biotinylated IGF. Intra and inter-assay coefficient of variations
(CVs) for IGF1 ELISAs were determined to be 4.023 and 6.479,
respectively. Intra and inter-assay coefficient of variations (CVs)
for IGF2 ELISAs were determined to be 10.0 and 34.6, respectively.

FIGURE 4 | Relative mRNA expression of (A) GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in breast muscle on post-hatch days d 10, 20, 30, and 40 in legacy ACRB
and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 8 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
detected for (A)GHR (p = 0.5112), (B) IGF1 (p = 0.1424), or (D) IGF1R (p = 0.1258), and main effect means of line and age for these genes are presented in Tables
4, 5, respectively. A significant line-by-age interaction was detected for (C) IGF2 (p = 0.0111), and the presence of an asterisk (*) indicates a significant difference in
expression between the lines at the indicated age.

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9353116

Vaccaro et al. Differential IGFBP Expression in Broilers

52

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Statistical Analysis
Data were analyzed with a two-way analysis of variance
(ANOVA) using the Fit Model Procedure of JMP Pro 14 (SAS
Institute, Cary, NC, United States), with relative RT-qPCR data
being log2-transormed prior to analysis. When ANOVA
indicated a significant line-by-age effect, line effect, or age
effect (p ≤ 0.05), post hoc multiple means comparisons were
performed using the test of least significant difference. Main effect
means were only calculated and analyzed when there was not a
significant interaction (p > 0.05).

RESULTS

Insulin-Like Growth Factor and Hormone
Receptor Expression During Embryonic
Development
Levels of mRNA for IGFs and somatotropic hormone receptors in
embryonic ACRB and Ross liver are shown in Figure 1. Expression
of GHR did not exhibit a significant line-by-age effect in embryonic
liver (Figure 1A; p > 0.05), but a near significant main effect of line
was observed in which Ross 308 had elevated expression as
compared to ACRB (Table 2; p = 0.0640). A significant main
effect of age for GHR was also detected in liver, with levels

significantly and steadily increasing between e10 and e18
(Table 3; p ≤ 0.05). No significant differences in expression
between lines or at different ages were detected for liver IGF1
during embryogenesis (Figure 1B; Tables 2, 3; p > 0.05).
Significant line-by-age interactive effects were detected for IGF2
and IGFR1 in liver, however. IGF2 was approximately 2-fold greater
in Ross on e10 and e14, but a transient decrease in expression in Ross
on e12 with a concomitant increase in ACRB expression resulted in
reduced levels of Ross IGF2 at this age (Figure 1C; p ≤ 0.05). A
similar though less prominent expression pattern was observed for
liver IGFR1, with levels in ACRB being approximately two-fold
greater than Ross on e12 (Figure 1D; p ≤ 0.05).

As shown in Figure 2, no significant line-by-age interactions
were detected for any of these genes in embryonic breast muscle
(Figures 2A–D; p > 0.05). However, GHR, IGF1, and IGFR1
exhibited age main effects in this tissue (Table 3; p ≤ 0.05).
Expression of GHR increased in both lines between e10 and e14
and remained elevated thereafter (Table 3; p ≤ 0.05). Expression
of IGF1 began to significantly decrease at e18 (Table 3; p ≤ 0.05).
Expression of IGFR1 dropped between e14 and 16 and remained
low on e18 (Table 3; p ≤ 0.05). No main effect of age for IGF2 was
observed in breast muscle (Table 3; p > 0.05).

Insulin-Like Growth Factor and Hormone
Receptor Expression During Post-Hatch
Development
Expression levels of somatotropic hormones and receptors in
ACRB and Ross post-hatch liver are presented in Figure 3.
Only GHR exhibited a significant line-by-age interaction, in
which expression was two-fold greater in Ross liver at both
d30 and d40 (Figure 3A; p ≤ 0.05). No line-by-age
interactions or main effects of line were observed IGF1,
IGF2, or IGFR1 (Figures 3B–D; p > 0.05), but they
exhibited main age effects (Tables 2, 3; p ≤ 0.05).
Expression of IGF1 in both Ross and ACRB liver increased
steadily between d10 and d30 and remained elevated through
d40 (Table 3; p ≤ 0.05), whereas IGF2 increased between d10
and d20 before decreasing on d30 and returning to
intermediate levels at d40 (Table 3; p ≤ 0.05). Hepatic
expression of IGFR1 exhibited a similar pattern to IGF2
and went up between d10 and d20, was reduced on d30,
and increased again on d40 (Table 3; p ≤ 0.05).

Levels of these genes in post-hatch breast muscle are shown in
Figure 4. No significant interactive effects were detected for GHR
and IGF1 (Figures 4A,B; p > 0.05), but each exhibited main line
effects. Expression was higher overall in ACRB breast muscle for
GHR, whereas IGF1 mRNA levels were greater in Ross breast
muscle (Table 4, p ≤ 0.05). GHR also displayed a main effect of
age, increasing from d10 to d20 and remaining stable through d40
in this tissue (Table 4; p ≤ 0.05). Additionally, IGF1 approached
significance for a main effect of age, where breast muscle
expression increased between d10 and d40 (Table 5; p =
0.0531). IGF2 did demonstrate a significant line-by-age
interactive effect, in which expression was two-fold greater in
Ross breast muscle on d20 and increased to five-fold greater on
d40 (Figure 4C; p ≤ 0.05). A significant interactive effect was not

TABLE 4 | Means1 (±SEM) of the line main effect for gene expression and
circulating hormones in post-hatch male broilers.

ACRB Ross 308 p-value

IGFs and Receptors
Liver (%)2

IGF1 100 ± 11.1 92.0 ± 10.5 0.6546
IGF2 100 ± 10.2 92.3 ± 10.1 0.4426
IGF1R 94.4 ± 7.3 100 ± 9.4 0.826

Muscle (%)2

GHR 100 ± 18.2a 71.4 ± 11.4b 0.0447
IGF1 48.4 ± 9.4b 100 ± 20.2a 0.0009
IGF1R 71.1 ± 11.2 100 ± 17.8 0.242

IGFBPs
Liver (%)2

IGFBP2 100 ± 32.9a 67.9 ± 18.3b 0.0073
IGFBP3 83.4 ± 10.8b 100 ± 13.3a 0.0444
IGFBP4 92.8 ± 11.8 100 ± 15.7 0.9186
IGFBP5 69.0 ± 5.2b 100 ± 12.9a 0.0234
IGFBP7 66.3 ± 8.5b 100 ± 16.5a 0.0027

Muscle (%)2

IGFBP1 100 ± 27.5 97.2 ± 38.7 0.3532
IGFBP3 100 ± 10.1a 70.08 ± 7.4b 0.0041
IGFBP4 54.1 ± 10.19b 100 ± 18.05a 0.0333
IGFBP5 60.6 ± 5.5b 100 ± 14.3a 0.0125
IGFBP7 75.2 ± 8.7b 100 ± 10.6a 0.0308

Hormones
IGF1 (pg/ml)3 776.7 ± 21.5 796.7 ± 24.4 0.5014
IGF2 (pg/ml)3 190.9 ± 15.9 167.7 ± 19.8 0.7571

1Means are only presented for data where a significant line-by-age interaction was not
present and were calculated between post-hatch day 10 through 40 for each line.
2Data within each gene are expressed relative to the line with the highest mRNA,
level (100%).
3Circulating hormone data are expressed as absolute concentration.
a,bValues that do not share a common letter are significantly different (p ≤ 0.05).

Frontiers in Physiology | www.frontiersin.org June 2022 | Volume 13 | Article 9353117

Vaccaro et al. Differential IGFBP Expression in Broilers

53

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


observed for IGFR1 mRNA in breast muscle (Figure 4D; p >
0.05), but it approached significance for a main effect of age.
Expression increased from d10 to d20, decreased at d30, and
returned to d20 levels on d40 (Table 5; p = 0.0683).

Circulating Insulin-Like Growth Factors in
Post-Hatch Plasma
Figure 5 shows circulating concentrations of IGF1 and IGF2 in
post-hatch broilers, which were determined because of their
ability to regulate overall body growth and induce cellular
growth and proliferation in breast muscle. There was no
significant line-by-age effect for IGF1 (Figure 5A; p > 0.05),
although there was a main effect of age. Levels of IGF1 increased
between d10 and d20 and remained elevated through d40
(Table 5; p ≤ 0.05). Circulating IGF2 approached significance
for a line-by-age effect, in which IGF2 was greater in Ross at d10
and d20 but higher in ACRB on d40 (Figure 5B; p = 0.0647).
IGF2 also exhibited a main effect of age, with circulating levels
peaking on d20 in both lines (Table 5; p ≤ 0.05).

Insulin-Like Growth Factor-Binding Protein
Expression During Embryonic Development
The liver is a major producer of IGFBPs (Baxter, 1991), and this
protein family is essential for controlling IGF signaling, thus
regulates IGF effects on myogenic growth (Ewton et al., 1998;
Kamanga-Sollo et al., 2005). Relative IGFBP expression levels

measured in embryonic ACRB and Ross liver are presented in
Figure 6. IGFBP1 exhibited a significant line-by-age interaction,
where ACRB expression at e12 was 4-fold greater than Ross but
the opposite was observed at e16 when Ross expression was 2.5-
fold greater than ACRB (Figure 6A; p ≤ 0.05). IGFBP2 did not
exhibit an interactive effect (Figure 6B; p > 0.05), but expression
in liver was low from e10 to e12 and increased steadily thereafter
through e18, indicating a main age effect (Table 3; p ≤ 0.05).
IGFBP3 exhibited a significant interactive effect and expression
was approximately 2-fold greater in Ross liver than in ACRB liver
on both e14 and e16 (Figure 6C; p ≤ 0.05). No interactive effects
or main effects of line or age were observed for IGFBP4 in this
tissue (Figure 6D;Tables 2, 3; p ≤ 0.05). IGFBP5 also did not have
a significant interactive effect (Figure 6E; p > 0.05), but it
approached significance for a main effect of line where hepatic
ACRB expression was greater than that in Ross (Table 2; p =
0.094). Age was also significant for liver IGFBP5 expression,
increasing between e10 and e14 and decreasing on e16 and
e18 (Table 5; p ≤ 0.05). IGFBP7 displayed a nearly significant
line-by-age interaction in embryonic liver (Figure 6F; p = 0.0697)
and was greater in Ross than ACRB on e14. Additionally, its
expression increased from e10 to e14, denoting a main effect of
age (Table 3; p ≤ 0.05).

The IGFBPs did not display any significant interactive effects
in embryonic breast muscle (Figure 7; p > 0.05). IGFBP1 and
IGFBP7 exhibited a main effect of age, with expression decreasing
or increasing between e10 to e18, respectively (Table 3; p ≤ 0.05).
No significant main effects of line or age were observed for

TABLE 5 | Means1 (±SEM) of the age main effect for gene expression and circulating hormones in post-hatch male broilers.

d10 d20 d30 d40 p-value

IGFs and Receptors
Liver (%)2

IGF1 26.6 ± 3.8c 72.0 ± 11.3b 90.6 ± 9.8ab 100 ± 9.9a <0.0001
IGF2 52.9 ± 9.0c 100 ± 10.7a 53.5 ± 7.3bc 74.5 ± 10.5ab 0.007
IGF1R 65.1 ± 6.6bc 100 ± 6.9a 49.3 ± 4.6c 86.7 ± 11.7ab 0.0002

Muscle (%)2

GHR 56.6 ± 12.4b 100 ± 24.8a 95.2 ± 20.3a 97.1 ± 27.7ab 0.0260
IGF1 33.7 ± 9.3 55.6 ± 15.9 67.6 ± 14.9 100 ± 31.6 0.0531
IGF1R 51.0 ± 10.7 98.6 ± 22.2 74.8 ± 13.1 100 ± 29.2 0.0683

IGFBPs
Liver (%)2

IGFBP2 3.4 ± 1.2c 100 ± 20.6a 10.4 ± 1.5b 14.1 ± 4.1b <0.0001
IGFBP3 56.7 ± 11.6b 100 ± 15.6a 57.9 ± 8.5b 84.2 ± 16.6a <0.0001
IGFBP4 18.1 ± 1.7b 92.1 ± 9.9a 86.9 ± 16.0a 100 ± 17.3a <0.0001
IGFBP5 45.3 ± 6.6c 100 ± 7.4a 66.2 ± 4.24b 72.6 ± 19.9b 0.0006
IGFBP7 50.3 ± 13.3c 100 ± 20.0a 56.9 ± 6.3b 70.5 ± 18.2b 0.0393

Muscle (%)2

IGFBP1 19.4 ± 6.5c 100 ± 41.9a 49.4 ± 22.3ab 42.4 ± 13.4b 0.0011
IGFBP3 68.4 ± 8.9 71.8 ± 9.3 100 ± 11.6 97.4 ± 18.5 0.1052
IGFBP4 19.4 ± 4.4c 30.4 ± 5.1b 75.7 ± 16.1a 100 ± 21.4a <0.0001
IGFBP5 36.5 ± 3.6b 48.6 ± 3.4b 79.1 ± 9.5a 100 ± 21.5a 0.0003
IGFBP7 55.2 ± 6.5b 80.5 ± 12.6a 100 ± 13.8a 92.2 ± 15.9a 0.0029

Hormones
IGF1 (pg/ml)3 698.3 ± 26.1b 798.3 ± 42.7a 811.3 ± 18.7a 839.8 ± 26.3a 0.0096
IGF2 (pg/ml)3 145.5 ± 13.8b 247.9 ± 27.5a 164.8 ± 21.5b 139.2 ± 23.6b 0.0042

1Means are only presented for data where a significant line-by-age interaction was not present and were calculated across both lines at each post-hatch day (d).
2Data within each gene are expressed relative to the age with the highest mRNA, level (100%).
3Circulating hormone data are expressed as absolute concentration.
a,b,cValues that do not share a common letter are significantly different (p ≤ 0.05).
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IGFBP2, IGFBP3, or IGFBP5 (Tables 2, 3; p > 0.05). A line main
effect was detected for breast muscle IGFBP4, in which levels in
Ross were significantly lower (Table 2; p ≤ 0.05).

Insulin-Like Growth Factor-Binding Protein
Expression During Post-Hatch
Development
IGFBP expression in post-hatch liver is shown in Figure 8. Only
IGFBP1 exhibited a significant line-by-age interaction
(Figure 8A; p ≤ 0.05), whereas the remaining IGFBPs did not
(Figures 8B–F; p > 0.05). Levels of ACRB IGFBP1mRNAwere 4-
fold higher than Ross at d20 (Figure 7A; p ≤ 0.05) and
numerically lower than Ross on d10 and d30. Main effects of
line and age were observed for IGFBP2 and IGFBP3, whereas
IGFBP4 only had a main effect of age. Liver expression of IGFBP2
was greater in ACRB, while expression of IGFBP3 was greater in
Ross (Table 4; p ≤ 0.05). IGFBP2was 10- to 30-fold higher on d20
than other age, and IGFBP3 expression on d20 and d40 was
almost twice that of d10 and d30 (Table 5; p ≤ 0.05). After a 5-fold

increase in expression between d10 and d20, IGFBP4 remained
high through d40 (Table 5; p ≤ 0.05). IGFBP5 and IGFBP7 also
exhibited main effects of line and age. Expression of both genes
were significantly greater in Ross liver (Table 4; p ≤ 0.05), and
their expression increased approximately 2-fold between d10 and
d20 and then decreased to intermediate levels of d30 and d40
(Table 5; p ≤ 0.05).

Figure 9 illustrates IGFBP mRNA levels in post-hatch breast
muscle. IGFBP1 did not have a significant interactive effect
(Figure 9A; p > 0.05) or line main effect (Table 4; p > 0.05)
but did exhibit a main effect of age. Expression increased
approximately 5-fold between d10 and d20 and was reduced
about 2-fold at later ages (Table 5; p ≤ 0.05). IGFBP2 displayed a
significant line-by-age interaction in post-hatch breast muscle
and was higher in Ross than ACRB at d40 (Figure 9B; p ≤ 0.05).
No significant interactive effects were determined for IGFBP3,
IGFBP4, IGFBP5, or IGFBP7 (Figures 9C–F; p > 0.05), but each
demonstrated a main effect of line (Table 4; p ≤ 0.05). Apart from
IGFBP3, which was higher in ACRB breast muscle, expression
was greater in Ross (Table 4; p ≤ 0.05). Additionally, IGFBP4,
IGFBP5, and IGFBP7 expression differed significantly across ages.
IGFBP4 expression increased between d10 and d30 and remained
high on d40 (Table 5; p ≤ 0.05). Levels of IGFBP5 mRNA were
lower at d10 and d20 than d30 and d40 (Table 5; p ≤ 0.05).
Expression of IGFBP7 increased significantly after d10 and
remained high thereafter (Table 5; p ≤ 0.05).

DISCUSSION

The highly conserved nature of the somatotropic axis in
vertebrates implies that it plays an important functional role
in the growth and development of birds, though how it
contributes to the improvements in growth rate and meat
production efficiency made through artificial selection of
commercial broilers is still not known. Thus, this study
examined if components of the somatotropic axis, including
hormones, hormone receptors, and hormone binding proteins,
differed between a genetic control line (ACRB) and a modern
commercial broiler line (Ross 308) during embryonic and post-
hatch development. The results suggest that selection has
impacted local IGF signaling in breast muscle more than
endocrine action of circulating IGFs, and that IGFBPs play an
important role in modulating somatotropic axis activity in a
tissue-specific manner to affect growth. Multiple lines of evidence
from this study suggest that classical somatotopic axis activity
might not play a major role in driving chicken embryonic growth,
in large part because embryonic IGF levels are likely not
influenced by circulating GH. Pituitary GH in chickens
increases during the last half of embryonic development
(Porter et al., 1995; Ellestad et al., 2006; Lu et al., 2008;
Parkinson et al., 2010; Ellestad et al., 2011), around the time
that the birds used in this study began diverging in body weight. It
was previously shown that Ross embryos were significantly
heavier by e14, and body weight differences between the lines
continued to increase through d40 (Vaccaro et al., 2021). In liver
and breast muscle, neither GHR nor IGF1 expression differed

FIGURE 5 | Circulating (A) IGF1 and (B) IGF2 in legacy ACRB and
modern Ross 308 male broilers on post-hatch days d 10, 20, 30, and 40 as
determined by ELISA (n = 8 replicate birds per line at each age). No significant
line-by-age interactions were observed for (A) IGF1 (p = 0.7065) or (B)
IGF2 (p = 0.0647), and main effect means of line and age are presented in
Tables 4, 5, respectively.
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between the lines during embryonic development, suggesting that
GH stimulation of IGF1 is not driving the observed differences in
growth. While liver IGF2 mRNA was higher in Ross 308 on e14,
this was not maintained on e16 and 18 despite Ross embryos
growing at a faster rate.GHRwas observed to increase in liver and
breast muscle during this period in both lines. However, this
increase was accompanied by either no change or inconsistent
changes in liver IGF1, IGF2, and IGFR1 or a decrease in IGF1 and
IGFR1 in breast muscle, suggesting that IGF1, IGF2, and IGFR1
production are not dependent on GH during late embryonic

development. It has been suggested that the somatotropic axis is
not fully established until after hatch (Ellestad et al., 2011; Ellestad
et al., 2019), and this study provides further evidence that IGF
production is likely not GH-dependent in the embryonic
somatotropic axis.

Heightened expression of GHR mRNA in liver and muscle
throughout late embryonic development may be used for GH
binding protein (GHBP) synthesis, which is made by cleaving
off GHR’s extracellular domain (Vleurick et al., 1999; Lau
et al., 2007). Human GHBPs form a complex with GH

FIGURE 6 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in liver on embryonic e days 10, 12, 14,
16, and 18 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to GAPDH mRNA (n = 4
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). Significant
line-by-age interactions were detected for (A) IGFBP1 (p = 0.0038) and (C) IGFBP3 (p = 0.0080), and the presence of an asterisk (*) indicates a significant difference
in expression between the lines at the indicated age (p ≤ 0.05). No significant line-by-age interactions were detected for (B) IGFBP2 (p = 0.3060), (D) IGFBP4 (p =
0.2942), (E) IGFBP5 (p = 0.1055), or (F) IGFBP7 (p = 0.0697), and main effect means of line and age for these genes are presented in Tables 2, 3, respectively.
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(Baumann et al., 1986), and this may similarly occur in
chickens. As pituitary GH production increases late in
chicken embryonic development, GHBP might sequester it
until target tissues like liver and muscle are responsive to GH
after the somatotropic axis is fully established.

It has been reported that pituitary and plasma GH levels are
lower in fast-growing birds after hatch (Goddard et al., 1988;
Mao et al., 1998; Ellestad et al., 2019). Hepatic GHR
expression was greater in Ross than ACRB on d30 and d40,
and this may reflect a need for increased GH sensitivity to
compensate for reduced circulating GH relative to the slower-

growing ACRB birds. This could be accomplished by
providing additional plasma membrane binding sites for
GH and/or by increasing its half-life in plasma via GHBP
action. Ultimately, however, higher GHR in Ross liver does
not appear to contribute to increased hepatic IGF1 or IGF2
expression or circulating IGF levels in relation to those
parameters in to ACRB.

Levels of IGF1 and IGF2 mRNA were greater in post-hatch
Ross breast muscle as compared to ACRB, suggesting these
hormones support the rapid muscle growth observed in
commercial modern broilers. Together with the observation

FIGURE 7 |RelativemRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in breast muscle on embryonic days e 10,
12, 14, 16, and 18 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 4
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and agewith the highest expression level (equivalent to 100%). No significant
line-by-age interactions were detected for (A) IGFBP1 (p = 0.8032), (B) IGFBP2 (p = 0.9609), (C) IGFBP3 (p = 0.8806), (D) IGFBP4 (p = 0.8715), (E) IGFBP5 (p =
0.6831), or (F) IGFBP7 (p = 0.9480), and main effect means of line and age for all genes are presented in Tables 2, 3, respectively.
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that hepatic and circulating IGFs did not differ between the lines,
these results indicate that differential paracrine IGF signalingmay
impact growth on a tissue-specific basis and contribute to the
faster growth and increased muscle accretion in modern birds.
Our findings align with the previously proposed theory that IGF
signaling in chicken muscle acts in a paracrine fashion,
contributing to hypertrophy in a manner similar to mice, rats,
and rabbits (Czerwinski et al., 1994; Yang et al., 1997; Duclos
et al., 1999).

The IGFBP family mediates IGF effects by enhancing or
dampening IGF signaling. This occurs by either increasing
IGF-receptor affinity, physically sequestering it to prevent
receptor binding, or extending IGF’s half-life in circulation.
Additionally, many IGFBPs can act independently to induce
cellular activity (Kajimoto and Rotwein, 1989; Dewil et al.,
1999; Herrington and Carter-Su, 2001; Woelfle et al., 2005;
Brooks et al., 2008). Our results suggest that effects of some
IGFBPs on broiler growth may differ between embryonic and

FIGURE 8 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in liver on post-hatch days d 10, 20, 30,
and 40 in legacy ACRB andmodern Ross 308male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 8 replicate
birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant line-by-
age interaction was detected for (A) IGFBP1 (p = 0.0014), and the presence of an asterisk (*) indicates a significant difference in expression between the lines at the
indicated age (p ≤ 0.05). No significant line-by-age interactions were detected for (B) IGFBP2 (p = 0.5051), (C) IGFBP3 (p = 0.5261), (D) IGFBP4 (p = 0.5834), (E)
IGFBP5 (p = 0.8311), or (F) IGFBP7 (p = 0.8716), and main effect means of line and age for these genes are presented in Tables 2, 3, respectively.
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post-hatch development. Expression of IGFBP1 was greater in
ACRB liver at e12 but increased in Ross liver at e16. This
correlates with the difference in embryonic body weight
between the lines previously observed beginning on e14
(Vaccaro et al., 2021). Here, elevated IGFBP1 may serve to
transport IGF in circulation, as liver IGF2 in the embryo was
greater in Ross at e10 and e14 and could facilitate growth during
the last week of embryogenesis. In the liver of post-hatch ACRBs,
however, IGFBP1 was greater at d20, when broilers are growing
most rapidly. Work performed in mice indicates IGFBP1, when
produced in the liver, limits growth (Arany et al., 1994; Gay et al.,

1997; Schneider et al., 2000), and it could act similarly in post-
hatch chickens. Combined, these results indicate that IGFBP1
function may change across developmental stages in broilers, in
turn altering bird physiology by promoting IGF signaling during
embryogenesis and inhibiting it during certain stages of juvenile
post-hatch development.

IGFBPs function in an endocrine fashion when secreted into
plasma from the liver but a paracrine one when produced locally
in peripheral tissues (Allard and Duan, 2018). While levels of
IGFBP4 in liver did not differ between the lines at any stage,
differential expression of IGFBP4 in breast muscle suggests it may

FIGURE 9 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in breast muscle on post-hatch days d
10, 20, 30, and 40 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 8
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant
line-by-age interaction was identified for (B) IGFBP2 (p = 0.0022), and the presence of an asterisk (*) indicates a significant difference in expression between the
lines at those ages (p ≤ 0.05). No significant line-by-age interactions were detected for (A) IGFBP1 (p = 0.3093), (C) IGFBP3 (p = 0.7127), (D) IGFBP4 (p = 0.6558), (E)
IGFBP5 (p = 0.1711), or (F) IGFBP7 (p = 0.4647), and main effect means of line and age for these genes are presented in Tables 4, 5, respectively.
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act locally to regulate growth of this tissue and, like IGFBP1, may
have opposing effects during embryonic and post-hatch
developmental stages. In embryonic development, elevated
IGFBP4 mRNA in ACRB breast muscle suggests in acts in an
inhibitory manner. This would be consistent with previous
reports that IGFBP4 inhibited growth of mouse skeletal muscle
(Jones and Clemmons, 1995; Awede et al., 1999). The effect in
breast muscle is likely to be IGF-dependent, because IGFBP4
inhibits cellular proliferation of myoblasts only in the presence of
IGF1 (Ewton et al., 1998). Since expression of IGF1 and IGF2
mRNA in breast muscle did not differ between the lines, it is
possible that elevated IGFBP4 in ACRB reduces IGF signaling in
this tissue through its sequestration. On the other hand, during
post-hatch development, IGFBP4 appears to act in a paracrine
manner to stimulate breast muscle growth. Levels of IGFBP4
mRNA in Ross breast muscle post-hatch were almost twice that of
ACRB, as were IGF1 and IGF2 mRNA. This indicates that, in
post-hatch breast muscle, IGFBP4 could work to perpetuate IGF
signaling through increasing the hormones’ half-life and/or
facilitating their access to IGFR1.

IGFBP7 may also regulate skeletal muscle generation in
chickens based on results presented here. IGFBP7 has been
shown to limit cell cycle activation in mice, protecting against
satellite cell exhaustion to ensure long-termmuscle growth (Chen
et al., 2020). Increased IGFBP7 mRNA was observed in Ross
broiler breast muscle post-hatch, suggesting it could work in a
similar manner to promote muscle growth after hatch by
maintaining a healthy satellite cell population. This could
contribute to greater breast muscle yield in commercial
modern broilers (Schmidt et al., 2009; Collins et al., 2014;
Marks et al., 2016) by supporting the satellite cell population
and facilitating their differentiation during muscle accretion.

Within the same developmental stage, the effects of a singular
IGFBP can also change depending on whether it acts in an
endocrine or paracrine manner. Hepatic post-hatch IGFBP2
was greater in ACRB, aligning with inhibitory IGFBP2 action
observed in zebrafish where it reduced cell proliferation during
fasting (Duan et al., 1999). However, IGFBP2 was greater in post-
hatch Ross breast muscle later in development. Since IGFBP2 has
been shown to induce chicken primary myoblast proliferation
(Wang et al., 2019), this might mean that endocrine IGFBP2
released from post-hatch liver inhibits overall body growth but
paracrine IGFBP2 activity in breast muscle facilitates its growth.
Data presented here suggest that the inverse may be true for
IGFBP3, which has a promotive effect on IGF signaling in
mammals when acting in an endocrine manner by extending
their half-life in the blood (Yamada and Lee, 2009) but may
inhibit breast muscle growth by acting in paracrine manner.
IGFBP3 mRNA was greater in Ross embryonic liver at e14 and
e16, ages at which they start increasing in size relative to ACRBs.
Thus, when synthesized in the liver, IGFBP3 could extend IGF
signaling by maintaining IGFs in the blood of Ross embryos and
contribute to their larger size that begins around late
embryogenesis. Importantly, elevated hepatic IGFBP3 in Ross
birds continued post-hatch, playing into its established role as a
metabolic regulator (Yamada et al., 2010) and suggesting it may
also impact body composition and feed efficiency in chickens.

Post-hatch IGFBP3 was reduced in Ross muscle compared to
ACRB, suggesting that it may negatively regulate muscle
accretion through direct sequestration of IGFs or in another
manner. Together, these results are indicative that IGFBPs act in a
tissue-specific manner to control IGF signaling through both
endocrine and paracrine mechanisms and can have both
inhibitory and stimulatory effects depending on their mode of
action, as has been observed in mammals.

Like IGFBP3, hepatic IGFBP5 and IGFBP7 mRNA levels were
higher in post-hatch Ross broilers, indicative of an endocrine
effect by these proteins that promotes bird growth and muscle
accretion. In mice, it was shown that single knockouts for
IGFBP3, IGFBP4, or IGFBP5 showed little growth impairment,
while triple knockout mice were significantly smaller with
reduced fat pad accumulation and less skeletal muscle (Ning
et al., 2006). This indicates that some IGFBPs exhibit functional
redundancy in regulating growth and metabolism in mammals,
and a similar phenomenon might exist in birds.

To summarize, we found that expression levels of select
somatotropic genes differed between male legacy and
commercial modern broilers. Although there were no
differences in circulating IGFs, elevated IGF1 and IGF2 in
post-hatch Ross muscle suggests that paracrine IGF signaling
contributes to the increased breast muscle size of commercial
modern broilers. Control of IGF signaling by IGFBPs likely also
differs between commercial modern and legacy broilers and plays
a role in regulating chicken growth. It was observed that select
IGFBPs appear to play distinct, and sometimes opposing. growth-
promoting or growth-inhibiting roles in a developmental and tissue-
specific manner and that functional redundancy among the IGFBPs
may exist. In conclusion, these results suggest that rapid growth and
increased muscle accretion in commercial modern broilers may be
achieved not through increased levels of circulating IGFs but by
changing local IGF expression to affect paracrine IGF activity,
specifically in muscle. This activity could be further regulated
through combinatorial action of IGFBPs, which appear to make
up a robust control system acting to support growth within different
developmental and physiological contexts.
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The Diverse Roles of 17β-Estradiol in
Non-Gonadal Tissues and Its
Consequential Impact on
Reproduction in Laying and Broiler
Breeder Hens
Charlene Hanlon*, Clara J. Ziezold and Grégoy Y. Bédécarrats

Department of Animal Biosciences, University of Guelph, Guelph, ON, Canada

Estradiol-17β (E2) has long been studied as the primary estrogen involved in sexual
maturation of hens. Due to the oviparous nature of avian species, ovarian production of E2
has been indicated as the key steroid responsible for activating the formation of the
eggshell and internal egg components in hens. This involves the integration and
coordination between ovarian follicular development, liver metabolism and bone
physiology to produce the follicle, yolk and albumen, and shell, respectively. However,
the ability of E2 to be synthesized by non-gonadal tissues such as the skin, heart, muscle,
liver, brain, adipose tissue, pancreas, and adrenal glands demonstrates the capability of
this hormone to influence a variety of physiological processes. Thus, in this review, we
intend to re-establish the role of E2 within these tissues and identify direct and indirect
integration between the control of reproduction, metabolism, and bone physiology.
Specifically, the sources of E2 and its activity in these tissues via the estrogen
receptors (ERα, ERβ, GPR30) is described. This is followed by an update on the role
of E2 during sexual differentiation of the embryo and maturation of the hen. We then also
consider the implications of the recent discovery of additional E2 elevations during an
extended laying cycle. Next, the specific roles of E2 in yolk formation and skeletal
development are outlined. Finally, the consequences of altered E2 production in
mature hens and the associated disorders are discussed. While these areas of study
have been previously independently considered, this comprehensive review intends to
highlight the critical roles played by E2 to alter and coordinate physiological processes in
preparation for the laying cycle.

Keywords: estradiol (17ß-estradiol), reproduction, egg formation, sexual maturation, laying persistency, medullary
bone, yolk deposition

INTRODUCTION—ESTROGENS AND THEIR RECEPTORS

Estrogens play a fundamental role in controlling female reproduction, with the ovary acting as the
primary source. Interestingly, in avian species, estrogen biosynthesis has also been reported in non-
gonadal tissues, such as the brain and adrenal glands (Tanabe et al., 1979; Matsunaga et al., 2001). As
the synthesis of estrogens inmammals has additionally been observed in the skin, heart, muscle, liver,
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adipose tissue, and pancreas (Hemsell et al., 1974; Cui et al., 2013;
Barakat et al., 2016), there is a rationale for further investigation
in the avian species. Three primary forms of estrogens can be
found in circulation: estrone (E1), estradiol-17β (E2), and estriol
(E3). In the hen, it has been established that E1 is a readily
reversible estrogen form (MacRae et al., 1959), acting primarily as
a precursor and storage form of the most prominent estrogen, E2
(Raud and Hobkirk, 1968). In avian species, E2 is primarily
produced by small white follicles (SWFs) following their
recruitment during sexual maturation of the ovary (Williams
and Sharp, 1977; Robinson and Etches, 1986). In fact, E2 plays an
instrumental role in the transition between growth and
reproduction in the laying hen. Contrary to mammals, in
which E2 is primarily produced by granulosa cells (Hutz,
1989), E2 synthesis in birds is localized to the theca externa
layer prior to follicular selection into the hierarchy (Porter et al.,
1989). In comparison to the influence of E2, E3 is a weak, minor
form of estrogen (Lague et al., 1975), which is 80-fold less potent
than E2 and acts as a major urinary metabolite rather than playing
an active role in controlling reproduction (Mathur et al., 1966).

Three estrogen receptors (ERs) have been characterized,
including two intracellular receptors, ER-alpha (ERα, also
known as ESR1) and ER-beta (ERβ, also known as ESR2), and
one cell surface ER, referred to as GPR30 (also known as GPER-
1). E1 and E3 have shown a preference for ERα and ERβ,
respectively, while E2 maintains a similar binding capacity for
either intracellular receptor (Kuiper et al., 1998). Conversely,
much less is known about the activity of GPR30, which was first
reported to mediate the response to E2 in breast cancer cells
despite the lack of ERα and ERβ (Filardo et al., 2000; Thomas
et al., 2005). Since then, it has been implicated in numerous
pathways regulated by E2, including germ cell proliferation (Olde
and Leeb-Lundberg, 2009; Ge et al., 2012). In fact, during
embryonic development, GPR30 has been implicated in the
renewal of chicken primordial germ cells (PGCs) induced by
E2 (Ge et al., 2012). More recent investigations in mice models
have indicated that during follicle-stimulating hormone (FSH)-
stimulated aromatase production, E2 binds to GPR30 to trigger
ERK1/2 phosphorylation, resulting in oocyte maturation in vivo
(Zhao et al., 2020). However, since the discovery of this
G-coupled protein ER in chickens is more recent (Acharya
and Veney, 2012; Ge et al., 2012), there is little information
on its role both in reproduction and metabolic processes. In the
case of the intracellular receptors, differences in expression have
been identified between the subtypes. Specifically, ERα was
identified within the embryonic brain of Japanese quail and
chickens (Camacho-Arroyo et al., 2003; Brunström et al.,
2009), as well as the hypothalamus of mature laying hens
(Hansen et al., 2003), the ovary of mature hens (Hrabia et al.,
2004), shell gland (uterus), kidney (Hansen et al., 2003), liver (Li
et al., 2014), and bones (Ohashi et al., 1991; Ohashi and
Kusuhara, 1993; Turner et al., 1993). In the case of avian ERβ,
expression is less widespread, as it was detected in the embryonic
brain (Brunström et al., 2009), ovary (Hrabia et al., 2008), and
liver (Li et al., 2014).

While both intracellular receptors are expressed in the avian
hypothalamus and pituitary, ERα is the predominant subtype

(Griffin et al., 1999), and this receptor is primarily implicated in
activating the hypothalamic-pituitary-gonadal (HPG) axis.
However, expression of ERβ was identified in the embryonic
brain region of quail associated with copulatory behaviour in
mature males, suggesting a role for the β-subtype in brain
differentiation (Brunström et al., 2009). In the ovary, ERα is
the predominant ER (Hrabia et al., 2008). While both
intracellular ERs are upregulated during follicular development
and the ovulatory process (Drummond and Fuller, 2010), the α-
subtype in granulosa cells is predominantly involved in triggering
follicular recruitment and the maturation of the remainder of the
reproductive tract at the time of activation (Kamiyoshi et al.,
1986; Hrabia et al., 2004). ERα is also present within the oviduct
of hens to trigger the final maturation of the reproductive tract
and coordinate the egg formation processes (Hansen et al., 2003;
Imamura et al., 2006). In the case of ERβ, this receptor is
predominantly involved with the maturation of pre-ovulatory
follicles and the ovulatory process (Emmen et al., 2005).

In the bone and liver, ERα once again plays the predominant
role (Imamura et al., 2006; Li et al., 2014). While the expression of
both ERs in hepatocytes elevates during sexual maturation (Tan
et al., 2020), only ERα has been implicated in mediating the
upregulation of yolk proteins (Li et al., 2014). GPR30 has also

FIGURE 1 | Targets of lowercase (E2) in mature hens. In the mature
laying hen, the upper portion of the hypothalamic-pituitary-gonadal (HPG) axis
is activated, resulting in the production of gonadotropins (Luteinizing
Hormone; LH and Follicle-Stimulating Hormone; FSH). FSH and LH then
act on the ovary (dashed line) to stimulate follicular development and ovulation,
respectively. The small white follicle (SWF) pool synthesizes and releases E2
from the ovary (solid line). E2 targets estrogen receptors (ERs) in the liver,
bone, intestine, and oviduct to participate in all levels of the egg formation
process. We hypothesize additional ERs are present in the adipose tissue and
kidney of hens to further integrate the physiological processes during sexual
maturation and the preparation for lay.
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been detected in the liver (Liu et al., 2018), yet little is known
regarding its role. Interestingly, in the presence of growth
hormone (GH), a significant elevation in ERβ was reported
(Hrabia, 2015), suggesting GH may upregulate ERβ in the
liver to participate in nutrient partitioning and utilization
during lay. ERα is the only receptor subtype reported to
support eggshell formation during bone development in the
laying hen. Specifically, since ERα is expressed on the surface
of osteoblasts (Ohashi et al., 1991; Ohashi and Kusuhara, 1993;
Turner et al., 1993), as the hen ages and transitions toward the
end of the production cycle, the receptor density declines,
reducing the osteogenic effect of E2 (Hansen et al., 2003).
However, the recent determination that modern commercial
laying hens can persistently lay up to 100 weeks of age with
no detrimental impact on bone or eggshell quality (Hanlon et al.,
2022) suggests that genetic selection may have impacted the
response to E2. Thus, further studies are required to determine
whether this results from a sustained expression of ERs in these
strains.

Furthermore, we hypothesize that ER activity likely extends
beyond the investigated tissues, as ERs are expressed in adipose
tissue in mammals. In avian species, while the follicle-stimulating
hormone receptor (FSH-R) has been identified in adipose tissue
(Cui et al., 2012), the presence of ERs has yet to be determined.
Therefore, it is possible that E2, via its receptors, alters adipocyte
functions, diverting nutrients and energy toward egg production
through the upregulation of ERs by FSH. Thus, for the remainder
of this review, the focus is placed on the roles of E2 as the primary
estrogen during sexual differentiation of the embryo, maturation
of the hen, and extended laying cycle. Moreover, this review will
emphasize the roles of E2 in yolk formation, skeletal development,
and metabolism, which all impact egg production and quality
(Figure 1). Lastly, the consequences and disorders associated
with varying E2 concentrations are discussed to provide a
comprehensive review and demonstrate that beyond the
reproductive tract, E2 is key to altering metabolic processes
during the life cycle of a laying hen.

ESTRADIOL AND REPRODUCTION

Embryonic Sexual Differentiation
Aside from the gonadal sources of E2, studies have reported the
presence of maternally derived estrogens in the yolk (Schwabl,
1993; Paitz et al., 2020), potentially implicating estrogen in all
stages of embryonic development. A study in quail determined
that the E2 concentration present in yolk is comparable to that of
the maternal circulating concentrations (Adkins-Regan et al.,
1995). In fact, chicken embryos have concentrations as high as
0.2 ng/g of body weight (Elf and Fivizzani, 2002; Hartmann et al.,
2003; Wang et al., 2010), and in other avian species, this
concentration is as high as 12 ng/g (Merrill et al., 2019). Since
ERα expression has been reported as early as embryonic day 3.5
(E3.5; Andrews et al., 1997; Smith et al., 1997), prior to the
production of aromatase (Smith et al., 1997) and E2 by the gonads
(Woods and Erton, 1978), these maternally derived sources of
estrogen may be the primary source acting on the ERs during this

period. Additional sources of E2 are produced in the interstitial
cells, irrespective of sex, between E3.5–5.5 (Woods and Erton,
1978). However, the role of estrogen in this early developmental
period remains to be determined, as it was recently established
that E2 is metabolized to estrone early in ovo, then conjugated to
sulfates and glucuronides by E5 (Paitz et al., 2020). In female quail
treated with estradiol benzoate, female offspring developed right
oviducts, resulting in an atypical symmetrical reproductive tract
morphology (Adkins-Regan et al., 1995). It has been speculated
that the early metabolism of maternally derived E2 observed by
Paitz et al. (2020) suppresses the metabolic capacity for Mullerian
duct development on the right side (Zimmerman et al., 2012).

Estrogens have long been implicated in the feminization of the
reproductive axis during sexual differentiation, with early
exposure to estrogen critical for the normal development of
the ovary (Elbrecht and Smith, 1992). Thus, female embryos
of turkeys, quail, and chickens have higher circulating E2
concentrations compared to their male counterparts (Woods
and Brazzill, 1981; Schumacher et al., 1988; Abdelnabi et al.,
2001; Ottinger et al., 2001; Sechman et al., 2011; Rosati et al.,
2021). Recent evidence demonstrates that JUN is a critical
regulator of sexual differentiation, regulating DMRT1, SOX9,
and FOXL2, the genes previously hypothesized to be the
determinants of differentiation in avian species. In fact,
overexpression of JUN results in feminization of ZZ embryos
and JUN knockout of ZW embryos results in masculinization
(Zhang et al., 2021). Upregulation of JUN results in the inhibition
of Smad2 and the simultaneous production of E2 within the
gonad (Zhang et al., 2021). These gonadal sources of E2 were
detected following the activation of P45017α (CYP17A1) as early
as 5–6 days into embryonic development in both the right and left
ovaries, with the initiation of cytochrome P450aromatase

(CYP19A1) and 3-beta-hydroxysteroid dehydrogenase (3β-
HSD) by E6.5 (Yoshida et al., 1996; Andrews et al., 1997;
Nakabayashi et al., 1998; Nomura et al., 1999; Nishikimi et al.,
2000; Figure 2). In fact, the W chromosome has been linked to
the early aromatase activation in the female embryo, leading to
ovarian development during the first half of the incubation period
(Ottinger, 1989; Kagami and Hanada, 1997). It has even been
suggested that the presence of CYP19A1 is not only necessary but
sufficient to initiate of female sexual differentiation in the embryo
(Jin et al., 2020). This elevation in E2 is key to activating
R-spondin-1 (RSPO1) expression during early embryonic
development, thereby regulating the WNT/β-catenin signalling
pathway responsible for controlling cell fate and stem cell
pluripotency (Smith et al., 2008).

While the elevated synthesis of E2 will suppress anti-Mullerian
hormone receptor II (AMHRII) to protect the Mullerian duct
from apoptosis (Cutting et al., 2014), this protection only occurs
in the left ovarian cortex of avian species. This results in an
asymmetrical reproductive tract development, as the expression
of ERα in the right ovarian cortex is suppressed under the
influence of the pituitary homeobox 2 (PITX2) (Nakabayashi
et al., 1998). E2 cannot exert its effects without its receptor present
in the cortex, causing the right ovarian cortex to begin regressing
as early as E6-6.5 (Ishimaru et al., 2008). Conversely, ERα is
expressed in the medulla and germinal epithelium of the left
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ovary as early as E5.5 (Mizuno et al., 1996; Yoshida et al., 1996;
Nakabayashi et al., 1998; Ishimaru et al., 2008). Interestingly, as
ERα is temporarily expressed in male embryos between E7-10
(Nakabayashi et al., 1998), embryos can undergo sex reversal
following exposure to supraphysiological doses of exogenous E2.
This results in the development of ovotestes at hatch, despite the
presence of ZZ chromosomes (Scheib, 1983). However, regardless
of E2 administration, differentiation into testis was shown to
eventually occur during sexual maturation (Etches and Kagami,
1997). Interestingly, supraphysiological doses of E2 are also
detrimental to the development of the female reproductive
tract, resulting in an intact right ovary and abnormal
formation of the left Mullerian duct (Rissman et al., 1984).
Therefore, an E2 threshold likely exists during embryogenesis
for normal gonadal development. This may include maternal
sources accumulated within the yolk, which may in turn impact
hatch rate and future reproductive capacity of offspring.

Estradiol Production and Ovarian Follicular
Development
In avian species, the reproductive axis is under the control of a
dual stimulatory and inhibitory system, mediated through the
hypothalamic neuropeptides, gonadotropin-releasing hormone-I
(GnRH-I) and gonadotropin-inhibitory hormone (GnIH) (for
review: Bédécarrats, 2015; Bédécarrats et al., 2016; Hanlon et al.,
2020). Briefly, long-day breeders, such as the domestic chicken,
respond to increasing day lengths, also referred to as
photostimulation, by downregulating the expression of GnIH
and activating the release of GnRH-I. As GnIH directly
suppresses GnRH (Bentley et al., 2003, 2008) and
gonadotropins (Tsutsui et al., 2000; Ciccone et al., 2004;
Ikemoto and Park, 2005; Ubuka et al., 2006), the

downregulation of GnIH allows for the full activation of the
reproductive axis (Ikemoto and Park, 2005; Maddineni et al.,
2008). In turn, the anterior pituitary gland releases
gonadotropins, luteinizing hormone (LH) and FSH, which
enter the systemic circulation.

Prior to sexual maturation, LH stimulates a gradual increase in
ovarian E2 production from thousands of SWFs (Williams and
Sharp, 1977; Robinson and Etches, 1986; Sechman et al., 2000;
Figure 2). This E2 stimulates the final developmental stage of the
oviduct by mediating epithelial cell differentiation into tubular
gland cells, goblet cells, and ciliated cells (Kohler et al., 1969), thus
allowing for albumen synthesis and deposition during egg
formation (Palmiter and Wrenn, 1971). Activation of the
reproductive axis is concurrent with follicular development via
cyclic recruitment, resulting in a mature, functional ovary. Cyclic
recruitment in the avian ovary is characterized by a distinct
arrangement of prehierarchal and hierarchical (F1-F6) follicles
(Johnson, 1993), in which the largest follicle (F1) is ovulated daily
(Johnson et al., 1996). FSH supports the maintenance of
prehierarchal follicles via proliferative signals (Johnson, 2003)
that reduce the susceptibility of developing granulosa cells to
apoptosis (Johnson et al., 1996, 1999), thus preventing follicular
atresia. Furthermore, LH and FSH are both capable of initiating
receptor-mediated cAMP production through their respective
receptors, resulting in steroidogenesis (Porter et al., 1989;
Kowalski et al., 1991). However, compared to FSH, LH has a
more potent effect on steroid hormone secretion (Sharp et al.,
1979; Robinson et al., 1988). LH stimulates progesterone (P4),
testosterone (T), and E2 production from theca cells, with higher
steroid concentrations produced by less mature follicles.
However, the primary product of the theca interna layer is T,
which is subsequently converted to E2 by the theca externa cells
(Porter et al., 1989). In the developing granulosa cells, FSH

FIGURE 2 | Established and Proposed Estradiol (E2) Profiles in Modern Commercial Laying Hens (100 weeks) and Broiler Breeder Hens (72 weeks). Maternal
sources of E2 are present in the embryo at day 0 (E0), prior to conjugation during early incubation. At E6.5, the production of aromatase stimulates the ZW left ovarian
cortex to produce E2, driving sexual differentiation. These levels decrease around the time of hatch as the chick ovary remains in a quiescent state. Maturation varies
among layers and broiler breeders, yet both demonstrate an initial peak in E2. In the case of the layer, we propose that up to 5 additional recurrent E2 elevations
occur throughout lay, contributing to the persistency in the cycle that is not observed in broiler breeder hens.
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induces the necessary steroidogenic competence (Tilly et al.,
1991) for P4 synthesis and LH receptor expression in small
yellow follicles and intermediate preovulatory follicles (Calvo
and Bahr, 1983; Tilly et al., 1991; Johnson and Bridgham,
2001). As preovulatory follicles mature, granulosa cells lose
FSH sensitivity and become exclusively LH-responsive. For
instance, in the three largest follicles (F1, F2 and F3), LH
increases granulosa cell cAMP production, whereas FSH has
no effect (Calvo et al., 1981). In the mature preovulatory
follicle (F1), LH stimulates the secretion of high
concentrations of P4 (Yang et al., 1997). This P4 release exerts
positive feedback on GnRH-I, which triggers the preovulatory LH
surge (Johnson and van Tienhoven, 1980), inducing ovulation
4–7 h later (Furr et al., 1973). Interestingly, under the influence of
the anti-estrogen tamoxifen, egg-laying ceased despite an
elevation in E2 production by SWFs. This occurred
concomitantly with declining P4 concentrations, leading to the
inhibition of ovulation (Rzasa et al., 2009).

While E2 exerts negative and positive feedback on GnRH via
kisspeptin neurons in mammals, the absence of kisspeptin in
birds may explain the predominantly inhibitory feedback of E2 on
gonadotropins. Removing the primary source of E2 through
ovariectomy induces a substantial rise in circulating LH
concentrations in pullets (Knight et al., 1981) and increases
pituitary LHβ subunit mRNA levels in mature hens (Terada
et al., 1997). Furthermore, E2 replacement following
ovariectomy reduces plasma LH in adult hens (Wilson and
Sharp, 1976; Terada et al., 1997) and downregulates pituitary
LHβ subunit mRNA levels (Terada et al., 1997). Similarly, E2
injection suppresses circulating levels of LH and FSH in
photostimulated birds; however, this response is age-
dependent (Dunn et al., 2003). E2 may mediate the acquisition
of the neuroendocrine response to photostimulation, as E2
treatment combined with exposure to long daylengths
increases plasma gonadotropin concentrations in pullets
(Dunn et al., 2003). Likewise, treatment with E2 or a
combination of E2 and P4 reduces GnIH-R mRNA abundance
in the pituitary of pullets, likely reducing the response to GnIH
treatment in adult hens (Maddineni et al., 2008). Interestingly,
priming with E2 is also required to develop the LH positive
feedback response to P4 necessary for ovulation (Wilson and
Sharp, 1976), through E2-induced P4 receptor (PR) expression in
the pituitary gland (Gasc and Baulieu, 1988). At the level of the
hypothalamus, continuous E2 treatment was shown to upregulate
PR in immature females, with receptor levels returning to baseline
following E2 withdrawal (Gasc and Baulieu, 1988). This suggests
that E2 plays a stimulatory role in priming the HPG axis for
maturation. However, daily tamoxifen injections in mature layers
also resulted in elevated ovarian E2 production (Mao et al., 2018),
which indicates that E2 feedback mechanisms in birds may be
more comparable to mammals than hypothesized.

Estradiol and Oviduct Formation
During the development of the chick, implants containing
estrogen diethylstilbestrol (DES) triggered cellular proliferation
and prevented apoptosis in the developing oviduct (Monroe et al.,
2000, 2002). Doses of up 12,000 to 25,000 IU of estradiol benzoate

administered to chicks resulted in a 10-fold increase in diameter
(Wolff, 1936), and doses of α-estradiol dipropionate at 4 mg per
100-g of body weight led to an 80-fold increase in oviduct weight
(Munro and Kosin, 1943). Although the magnum remains an
undifferentiated epithelial tube during the immature state, daily
injections of estradiol benzoate beginning at 4 days of age can
result in an 8-fold increase within 3-days (Palmiter and Wrenn,
1971), indicating that the chick oviduct is already prepared to
respond to E2 stimulation in the days following hatch. This
exogenous E2 during chick growth can also trigger an elevated
expression of ovalbumin (Kohler et al., 1969; Palmiter and
Wrenn, 1971). These levels will fall quickly in the absence of
E2 stimulation (Schimke et al., 1975). As the hen enters maturity,
E2 mediates the differentiation of tubular gland cells in the
magnum, which can be inhibited by the simultaneous
administration of P4 (Oka and Schimke, 1969) through the
reduction of cytoplasmic, nuclear, and total ERα (Hsueh et al.,
1976; Kraus and Katzenellenbogen, 1993).

The shell gland segment of the oviduct contains a large
amount of calbindin 28 K (Corradino et al., 1968) and
receptors for cholecalciferol (1,25(OH)2D3) (Coty, 1980;
Haussler, 1986). The binding of cholecalciferol to its receptor
triggers an upregulation of the calbindin gene (Theofan et al.,
1986; Clemens et al., 1988; Mayel-Afshar et al., 1988). In turn,
calbindin protein is responsible for binding calcium and, in the
case of the shell gland, depositing this calcium as eggshell in the
form of calcium carbonate (Bradfield, 1951; Corradino et al.,
1968). Calbindin concentrations are also stimulated by E2
(Navickis et al., 1979; Nys et al., 1986, 1989), as calbindin is
colocalized with ER within the glandular epithelial cells (Jande
et al., 1981; Isola, 1990). Thus, levels of this protein increase at the
time of sexual maturation (Nys et al., 1989). However, during the
formation of the first egg, the expression of calbindin is highly
dependent on the transfer of calcium to the shell gland rather
than E2 concentrations (Nys et al., 1989; Striem and Bar, 1991).

Oviductal prolapse is the cause of up to 20% of mortality in
laying hens (Shemesh et al., 1984). Evidence has shown increased
incidence with declining E2 levels in the blood (Shemesh et al.,
1982). Interestingly, not only has E2 treatment been shown to
support recovery, but spontaneous recovery has also been
associated with sudden elevations in E2 (Shemesh et al., 1984).
Recovered birds had higher E2 in the theca layer of the follicles
compared to healthy or prolapsed counterparts (Shemesh et al.,
1984). Thus, it has been proposed that prolapse results from
systemic E2 deficiency.

ESTRADIOL AND METABOLISM - YOLK
FORMATION

Activation of the Liver
The liver undergoes two metabolic states in hens: pullet growth
and active laying (Gruber et al., 1976). Prior to the elevation of E2
during sexual maturation, the liver primarily contributes to pullet
growth. In fact, the liver is responsible for ~90% of fatty acid
synthesis (Leveille et al., 1968; O’Hea and Leveille, 1968; Wang
et al., 2014), producing a generic VLDL for the transport of
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dietary lipids in the blood (Chapman et al., 1977; Walzem, 1996;
Walzem et al., 1999). These VLDLs are considerably large
(~70 nm diameter) due to their association with 6 identified
apolipoproteins, including apoA-1, apoB, and apoC (Walzem,
1996). Thus, these lipids will only be stored in adipose or utilized
by peripheral tissues (Walzem, 1996), as they are rapidly
processed and energy inefficient, with only ~40% of the
substrate used (Griffin et al., 1982). At this time, lipid
transport is quite similar to that in mammalian species, with
the exception of dietary fat being transported as portomicrons
through the portal vein in immature birds (Bensadoun and
Rothfeld, 1972) rather than through the lymphatic system in
mammals. Upon the initiation of egg-laying, traditional VLDLs
are too large to undergo deposition into the growing follicle
(Walzem et al., 1999), while intermediate-density lipoproteins
(IDLs) and low-density lipoproteins (LDLs) are smaller particles
but provide insufficient energy (Griffin et al., 1982). Thus, a
modified lipoprotein is required to meet the demands of yolk
deposition.

At the time of sexual maturation, ERα present in the liver
binds E2 to elicit the expression of estrogen-dependent genes
driving yolk production and enhancing the stability of genes
associated with egg white proteins (Bergink and Wallace, 1974;
Kirchgessner et al., 1987; Flouriot et al., 1996). Therefore, under
the influence of E2, the liver produces VTG-II (Deeley et al., 1977;
Evans et al., 1987), a glycophospholipoprotein that provides the
oocyte with glucose, phosphorous, and fat while binding metal
ions such as calcium, zinc, and iron (Montorzi et al., 1995). E2 also
stimulates the liver to produce ApoVLDL-II (Chapman et al.,
1977; Deeley et al., 1977; Wiskocil et al., 1980; Codina-Salada
et al., 1983; Evans et al., 1987; Ratnasabapathy, 1995; Flouriot
et al., 1996; Ratnasabapathy et al., 1997; Walzem et al., 1999), an
apolipoprotein that inhibits lipoprotein lipase (LPL) to prevent
susceptibility to the breakdown of the triglycerides (TAGs)
during transport to the oocyte (Griffin et al., 1982; Schneider
et al., 1990). Laying hens also have lower LPL activity in the
adipose and heart and adipose tissue than their immature
counterparts (Husbands, 1972), supporting the redirection of
VLDLs to the ovary (Perry and Gilbert, 1979). This Apo-
VLDL-II is packaged in a 23:1 ratio with ApoB, combining to
form a yolk-targeted TAG-rich VLDL (VLDLy) (Walzem et al.,
1999). Due to its association with only two apolipoproteins, the
size of VLDLy is reduced by ~50% (30 nm) without sacrificing
energy, TAG, or phospholipid content (Griffin et al., 1982; Griffin
and Perry, 1985). This allows for easier transport to the ovary,
where they can be incorporated into the oocyte via receptor-
mediated endocytosis and pass through the granulosa layer (Perry
and Gilbert, 1979; Krumins and Roth, 1981; Griffin et al., 1982).
Therefore, VLDLy is an ideal candidate for yolk deposition due to
the high requirement of energy to be packaged into the follicle for
embryo development (Kudzma et al., 1979; Griffin, 1981; Dashti
et al., 1983; Lin and McCormick, 1986; Chan et al., 1990;
Schneider et al., 1990; Speake et al., 1998; Walzem et al.,
1999). These VLDLy particles make up ~30% of the total
weight of each yolk, with hens producing up to 5 g of lipids
for the daily yolk accumulation (Griffin et al., 1982). Therefore, to
keep up with the demand, VLDLy synthesis is significantly

upregulated by E2 compared to the previous production of
generic VLDL (Walzem et al., 1999). Furthermore, E2 has
been implicated in the upregulation of lipolytic activities and
facilitation of yolk transport during the rapid growth phase of the
preovulatory follicles (Brady et al., 1976; Deeley et al., 1977;
Wiskocil et al., 1980; Cochrane and Deeley, 1988; Speake et al.,
1998; Walzem et al., 1999; Nikolay et al., 2013). Finally, E2 also
stimulates the production of albumen, which is transported to the
oviduct during egg formation (Deeley et al., 1975; Cochrane and
Deeley, 1988; Evans et al., 1988; Li et al., 2014; Ratna et al., 2016),
and is thus critical to the successful formation all internal egg
components (Figure 3).

Studies have also investigated the impact of exogenous E2
sources prior to the activation of the HPG axis, and a similar
response was observed (Balnave, 1971; Muramatsu et al., 1992;
Elnager and Abd-Elhady, 2009), suggesting that ERs are
expressed and responsive during pullet growth in preparation
for maturation. While it has been established that the populations
of both nuclear ER subtypes increase during sexual maturation
(Tan et al., 2020), the precise age at which ERs are expressed has
not been established. Nonetheless, VLDLy production, along with
the associated yolk precursors, apo-VLDL-II and VTG-II, were
found to elevate prior to reproductive maturity in response to
exogenous E2 (Muramatsu et al., 1992). This was further
associated with increased liver weight and plasma lipid
concentrations (Balnave, 1971; Elnager and Abd-Elhady,
2009). In fact, the TAG serum content elevations are
associated with a greater number of lipid droplets in the liver
of E2-treated hens than the control (Ren et al., 2021),
demonstrating the direct impact of E2 on liver physiology.
Interestingly, while E2 is required to activate yolk precursors
and E2 concentrations decline in aging hens, a recent study
showed that ApoVLDL-II and VTG-II mRNA elevate with age
(Cui et al., 2020). A similar result was observed in Li et al. (2020),
in which Apo-VLDL-II and ApoB increased over time. This is in
line with the hypothesis that the production of yolk precursors
may be linked to the recurrent elevations in E2 observed in
commercial strains (Hanlon et al., 2021), suggesting that E2
may play a larger role in maintaining the egg-laying cycle than
previously hypothesized.

Liver Response
More recently, additional estrogen-responsive genes expressed in
the liver have been under investigation (Zhang et al., 2020; Ren
et al., 2021). Upon exogenous E2 administration in mature laying
hens, a 23-fold elevation in peroxisome-proliferative receptor γ
(PPARγ) expression was observed (Lee et al., 2010). This
corresponded to increased fatty acids, TAGs, and hepatic
lipids (Sato et al., 2009; Lee et al., 2010). Higher hepatic
expression of PPARγ has previously been associated with a
higher production rate (Chen et al., 2010) and a decline
occurs with age (Cui et al., 2020). However, since the
expression patterns of ERα increase in aging hens while ERβ
does not change (Cui et al., 2020), circulating levels of estrogens
are likely the most critical factor.

Apela, which is speculated to be involved in the hepatic
lipid metabolism of hens, is activated by E2 in the liver during
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embryogenesis via ERα. This gene can be induced with
exogenous E2, as demonstrated by the elevated expression
at the peak of lay (Tan et al., 2020). Estrogen is also reported
to bind to ERα to downregulate gga-miR-221-5p, increasing
the expression of ELOVL6 and SQLE, responsible for
stimulating lipid synthesis, consistent with the role
outlined above (Zhang et al., 2020). E2 binding to ERα also
directly targets miR-144 (Vivacqua et al., 2015), which is
known to regulate lipid metabolism through the suppression
of PPARγ-coactivator-1β (PGC-1β; Ren et al., 2021).
Furthermore, PGC-1α is also influenced by ERα and ERβ
(Jiang et al., 2021). However, the action of E2 on PGC-1α
remains unclear. Further investigation may reveal a
mechanism through which E2 can directly control
lipogenic genes in the liver to influence adipose
accumulation and deposition. The involvement of ERα is
particularly unique and important to note, as ERβ has
been the primary receptor subtype suggested to play a role
in the metabolic control of E2 (Li et al., 2015, 2018). Instead,
ERα may be an underappreciated potential target for treating
metabolic disorders. However, that does not imply that ERβ is
not involved. In fact, cathepsin E-A like gene, suggested to
play a role in the cleavage and processing of VTGs and ApoB
(Wang et al., 2022), acts through the β-receptor (Zhang et al.,
2018), demonstrating that both receptors will play a critical
role in the yolk formation process.

Activation of the Kidney
Comparable to the liver, the activity of the kidney also depends on
the maturity status of the hen. Initially, it was believed that E2 did
not play any role in the synthesis of ApoB in the kidney or
intestine (Kirchgessner et al., 1987; Lazier et al., 1994), while it
was shown to directly control the production of ApoVLDL-II in
the embryonic kidney (Lazier et al., 1994). However, the hen’s
kidney produces generic VLDL and HDL (Bensadoun and
Rothfeld, 1972; Tarugi et al., 1998), with the generic VLDL
secreted by cells of the proximal tubules. Thus, generic VLDL
from the kidney during the laying cycle was proposed to provide
the necessary energy to tissues evaded by VLDLy (Walzem et al.,
1999). While a direct or an indirect role for E2 in the production
of generic VLDL is inconclusive, low-density lipoprotein
receptor-related protein-2 (LRP2) is primed by E2 in the
kidney during the maturation period (Plieschnig et al., 2012).
This endocytic receptor is proposed to be critical in improving the
uptake of apolipoproteins to generate and supply generic VLDL
to extraoocytic tissues. This is further supported by the elevation
of this receptor in the mature hen compared to a mature rooster
(Plieschnig et al., 2012). Additionally, ApoB content is higher in
the kidney and intestine of laying hens compared to broilers,
while no differences are present between breeds in the liver
(Zhang et al., 2007). Therefore, it is highly likely that E2 is
involved in the activity of the kidney following the
maturation phase.

FIGURE 3 | Alterations in Liver Metabolism between the Immature andMature States of Hens. (A). During the immature state (pullet), the ovary of the bird remains in
a quiescent state. While the liver already expresses estrogen receptors (ERα and ERβ), the absence of E2 results in the production of a generic VLDL. This VLDL is broken
down into triglycerides (TAGs) by lipoprotein lipase (LPL) in the circulation and deposited into tissues such as the adipose. During this time, the kidney produces a small
amount of generic VLDL and minor production of E2 by the immature ovary. (B). Once the ovary begins to produce E2, this hormone binds to its receptors in the
liver. While little is known about the role of ERβ in the liver, binding to ERα results in the production of a smaller, more energy-efficient VLDLy, made up of ApoVLDL-II and
ApoB in a 23:1 ratio. VLDLy is resistant to LPL, aiding in the deposition of this yolk protein in the rapidly growing follicle. While a small portion of generic VLDL can be
produced within the liver, the primary source for peripheral tissues will now be provided by the kidney. However, the role of E2 in the switch of kidney function is still
undetermined.
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Fatty Liver Hemorrhagic Syndrome
Fatty liver hemorrhagic syndrome (FLHS) is a metabolic
condition typically associated with high-producing laying hens
(Trott et al., 2014). This disorder was first described by Couch
(1956), with the terminology coined byWolford and Polin (1972)
to distinguish FLHS from non-hemorrhagic fatty liver syndrome
(FLS). A high rate of lay has long been attributed to FLS or hepatic
steatosis in birds, characterized by the rapid accumulation of
lipoproteins in the liver. During this time, the rate of hepatic
lipogenesis exceeds that of fat mobilization. FLS is typically
observed in modern commercial laying hens since the
production cycle requires an exceedingly high rate of
lipogenesis, thus overwhelming hepatocytes (Polin and
Wolford, 1973; Harms et al., 1982; Hansen and Walzem, 1993;
Hermier, 1997; Scheele, 1997). The progression of this disorder
eventually leads to a decline in egg production rate (Walzem et al.,
1993; Shini and Bryden, 2009; Lee et al., 2010; Jiang et al., 2013;
Trott et al., 2014).

While pullets and low-producing hens also have some
degree of fat infiltration in the liver (Shini et al., 2020),
there are fewer and smaller fenestrae in the sinusoidal
endothelium of the liver compared to the mammalian
species (Fraser et al., 1986; Braet and Wisse, 2002). It has
been hypothesized that the size of fenestrated cells helps
avoid dietary fat from overwhelming hepatocytes and
prevents atherosclerosis (Fraser et al., 1986). Interestingly,
E2 has also been shown to inhibit coronary atherosclerosis
(Hanke et al., 1996; Beaufrère, 2013; Petzinger and Bauer,
2013). Since large particles are blocked from passage, they
remain trapped in sinusoids around the central vein, resulting
in FLS. This can eventually progress to FLHS with the
continued accumulation of fat in the liver, overwhelming
the hepatic system (Shini and Bryden, 2009).

Typically, severe cases of FLHS results in the sudden death
of older laying hens during their post-peak production
(Butler, 1976; Shini et al., 2012), with up to 42% of
mortality observed in commercial flocks and up to 74% of
caged hen mortality, making this the number one cause of
non-infectious laying hen mortality (Shini et al., 2006, 2019;
Shini and Bryden, 2009; Mete et al., 2013; Trott et al., 2014).
While this metabolic disorder was previously believed to be a
result of heat stress (Ringer and Sheppard, 1963; Wolford,
1971; Schexnailder and Griffith, 1973; Pearson and Butler,
1978a; Rozenboim et al., 2016), caged environments (Squires
and Leeson, 1988), and high lipid diets (Couch, 1956; Jaussi
et al., 1962; Bragg et al., 1973; Haghighi-Rad and Polin, 1982),
further evidence has suggested the poorly defined
pathogenesis of this disorder is much more complex.
Excessive consumption of high energy, low protein (HELP)
diets has been clearly established to induce FLHS (Hermier
et al., 1994; Lee et al., 2010). While these diets are incredibly
effective as a model for this condition, it is well-recognized
that the dietary onset of FLHS is also correlated with
elevations in E2 concentrations (Butler, 1976; Polin and
Wolford, 1977; Pearson and Butler, 1978b). Even
increasing the metabolizable energy in the diet of broiler
breeder hens was shown to correspond to higher E2

concentrations (Hadinia et al., 2020). This resulted in
earlier lay, higher GnRH mRNA levels and, as anticipated,
higher relative lipid content in the carcass (Hadinia et al.,
2020). Therefore, the administration of exogenous E2 is also
highly effective at inducing FLHS independently (Butler,
1976; Polin and Wolford, 1977; Pearson and Butler, 1978b).

Hormonal control of FLHS was first proposed by Butler (1976)
since this metabolic disorder was solely accredited to hens
presently in lay. Thus, the role of E2 was investigated, and
studies confirmed that exogenous administration stimulates
lipogenesis in immature birds, resulting in hepatic steatosis
(Lorenz, 1954; Balnave, 1968, 1971; Yu and Marquardt, 1973;
Balnave and Pearce, 1974; Harms et al., 1977; Tarlow et al., 1977;
Pearson and Butler, 1978b; Kudzma et al., 1979; Dashti et al.,
1983; Klimis-Tavantzis et al., 1983). However, this condition was
more consistently induced during exogenous E2 administration
in mature layers (Harms et al., 1977; Polin and Wolford, 1977;
Pearson and Butler, 1978b; Stake et al., 1981).

Hepatic steatosis has been shown to have detrimental
effects on E2 metabolism in both humans and birds
(Adlercreutz, 1970; Haghighi-Rad and Polin, 1981). Despite
elevated E2 levels during sudden FLHS outbreaks, P4 remains
unchanged, and production levels decline as liver fat and FLHS
scores increase (Haghighi-Rad and Polin, 1981). This is
followed by the rapid regression of the ovary and oviduct
(Stake et al., 1981). Reduced LPL activity associated with
sexual maturation and the switch in liver metabolism at this
time results in reduced clearance of fat in the adipose tissue
and increased deposition in the liver (Hasegawa et al., 1980).
Thus, the liver fat content of laying hens, typically ~40% of dry
weight, can reach up to 70% (Squires and Leeson, 1988).
Additionally, E2 will trigger hypercholesterolemia and
hypertriglyceridemia (Shini et al., 2020) as the clearance
rate of E2 falls short of its production by the ovary
(Hawkins et al., 1969; Johnson and van Tienhoven, 1981;
Tsang and Grunder, 1984), resulting in further impaired
liver function (Shini et al., 2020). This suggests E2
concentrations may become detrimental above a threshold
level. Interestingly, white strains are more tolerant to higher
and persistent E2 concentrations (Stake et al., 1981).

While it has been proposed that a combination of E2 and a
positive energy balance via high-energy diets is required to induce
FLHS (Harms et al., 1977; Polin and Wolford, 1977; Pearson and
Butler, 1978b; Stake et al., 1981; Haghighi-Rad and Polin, 1982),
Walzem et al. (1994) hypothesized that providing excessive
energy to these hens results in decreased E2. This reduction
would effectively shut down ApoVLDL-II synthesis and
secretion, returning the VLDL particles to their larger, generic
size (Walzem et al., 1994). However, further investigation
demonstrated that E2-treated hens with low feed intake have
the greatest incidence of FLHS (Stake et al., 1981), concluding
that this disorder is primarily under the control of E2, and the
remainder of the associated factors may be co-morbidities.
Additionally, the administration of tamoxifen, an E2 inhibitor,
reduced the severity of hepatic hemorrhages (Stake et al., 1981).
With the updated E2 profiles of recurrent elevations linked to
persistency, we hypothesize this will impact liver lipogenesis, and
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it is critical to determine if these elevated concentrations result in
the induction of FLHS.

ESTROGENS AND BONE FORMATION

Hormonal Regulation of Calcium
Homeostasis
There are two phases of calcium homeostasis regulation in avian
species. The first corresponds to structural bone growth occurring
throughout the development of the skeletal frame. The second
corresponds to the accumulation of medullary bone, which serves
as an available pool of calcium for successful egg production.
Thus, at the time of sexual maturation, calcium homeostasis shifts
from bone growth to calcium storage (Dacke et al., 1993).
Regardless of the phase, plasma calcium levels are controlled
by the release of parathyroid hormone (PTH), calcitonin (CT),
and 1,25-dihydroxycholicaciferol (1,25(OH)2D3), acting similarly
to most mammalian species. However, in the case of chickens,
once the hen enters sexual maturity, E2 has a major impact on
calcium metabolism (Etches, 1987; Newman and Leeson, 1997;
Deluca, 2004; Bar, 2008, 2009).

In growing pullets, the majority of calcium is stored as
hydroxyapatite (Ca10(PO4)6(OH)2), requiring a tight regulation
between calcium and phosphorus and adequate dietary inclusion
of both minerals for successful bone development (Hurwitz and
Bar, 1965; Whitehead and Fleming, 2000). While phosphorus is
required to form several egg components, including yolk and
albumen (Keshavarz, 1998), requirements remain constant
during the laying cycle. Since calcium destined for the eggshell
is deposited as calcium carbonate (CaCO3), phosphorous is not
necessary during this process. Thus, the breakdown of medullary
bone results in phosphorous being primarily excreted (Kebreab
et al., 2009).

Under natural light, 7-dehydrocholesterol is a precursor
synthesized in the liver and transported to the skin to interact
with UV light and synthesize cholecalciferol, also known as
Vitamin D3 (Klassing, 1998b). This form of Vitamin D is the
most efficiently metabolized in chickens (Valinietse and
Bauman, 1981), thus meeting the demands of the birds
without requiring supplementation. However, artificial
lighting programs in commercial settings lack UV light,
resulting in the inability of birds to synthesize adequate
Vitamin D levels (Sharp, 1996). Thus, dietary
supplementation with exogenous sources is required,
forming 25(OH)D3 in the liver (Lund and Deluca, 1966).
This form undergoes further hydroxylation in the kidney by
the rate-limiting enzyme, 1α-hydroxylase, to produce
1,25(OH)2D3 (Lund and Deluca, 1966; Gray et al., 1972;
DeLuca, 1974, 1976; Haussler, 1974; Knutson and DeLuca,
1974; Rosol et al., 2000). Therefore, 1α-hydroxylase is
upregulated during periods of hypocalcemia (Deluca, 1980).

Hypocalcemia also triggers the synthesis and release of PTH, a
hormone produced by the chief cells of the parathyroid glands in
response to signals by calcium-sensing receptors (Brown, 1991;
Yarden et al., 2000) to regulate calcium within the bone, kidney,
and small intestine (Laverty and Clark, 1989; Nys, 1993; Dacke

et al., 2015). Specifically, PTH binds to its receptor on the cell
surface of osteoblasts to alter their morphology and inactivate
osteogenesis (Hurwitz, 1989). Additionally, PTH stimulation
promotes calcium reabsorption in the kidney (Laverty and
Clark, 1989). Simultaneously, PTH promotes the resorption of
bone by stimulating osteoclasts to develop a ruffled border
secreting enzymes and acid (Miller et al., 1984; Sugiyama and
Kusuhara, 1994). If the hen is instead in a period of
hypercalcemia, calcitonin is produced and secreted by the
ultimobranchial glands (reviewed by: Dacke, 1979), acting in
opposition of PTH. Calcitonin supports the development of bone
by promoting osteoblasts to return to their original state, while
inhibiting osteoclastic activity (Sugiyama and Kusuhara, 1993,
1996). As hens are under intensive calcium demands during a
laying cycle, this hormone will primarily be responsible for
downregulating the activity of PTH to support normokalemia.
Calcium homeostasis is maintained throughout the life of the
bird, from early embryogenesis to the end of a laying cycle.
However, the production of E2 during sexual maturation
promotes adaptive changes to calcium homeostasis to further
support skeletal maintenance while stimulating eggshell
formation.

Development of the Skeletal Frame
Since the development of the skeletal frame begins during
embryogenesis, the fully formed yolk also contains all the
required Vitamin D3 and phosphorous in ovo, along with 1%
of the total calcium required (Klassing, 1998a; 1998b). This is
sufficient for the initial formation of hyaline cartilage, which
occurs during the first 7–10 days of incubation (Richards and
Packard, 1996). Once this source of calcium has been depleted,
the chorioallantoic membrane (CAM) will mobilize calcium
carbonate from the shell membrane. Meanwhile, carbonic
anhydrase dissolves calcium from the shell, which diffuses
through the shell membrane, binding to calcium-binding
proteins on the surface of the ectoderm by E13 (Tuan and
Scott, 1977). Thus, the role of E2 in breeder hens during
eggshell formation directly impacts the success of skeletal
development during embryogenesis, preventing metabolic
disorders that occur later in the laying cycle of the offspring.

Once hatched, bones continue to grow in width and length via
intermembranous and endochondral ossification, respectively
(Pechak et al., 1986a, 1986b; Whitehead, 2004). During this
period of growth, the structural bone develops as two types of
lamellar bone: cortical and trabecular (Whitehead and Fleming,
2000). Intramembranous ossification contributes to bone
thickness, with mesenchymal stem cells differentiating into
bone until the period of sexual maturation (Pechak et al.,
1986a, 1986b; Whitehead, 2004). Longitudinal growth occurs
at the epiphyseal growth plates, with bone formation initiated
in the lower hypertrophic zone. Chondroclasts reabsorb the
cartilage matrix in this region to create space and support
mineralization via the formation of hydroxyapatite crystals
and infiltration of bone-building cells, referred to as
osteoblasts (Whitehead, 2004). Bone development and
remodelling progresses through the coordination of calcium
deposition by osteoblasts and calcium breakdown triggered by
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osteoclasts (Roodman, 1999; Suda et al., 2001; Dacke et al., 2015).
Prior to sexual maturation, the skeletal frame should have
reached its maximum length and optimal thickness. This
emphasizes the importance of managing the pullet prior to the
increase in sex steroids to prevent the development of metabolic
disorders later in the cycle, such as osteoporosis and cage layer
fatigue, resulting in fragile skeletal structures (Whitehead and
Fleming, 2000).

Medullary Bone and the Laying Cycle
Asmentioned above, the increase in circulating E2 associated with
maturation leads to alterations in the control of calcium, Vitamin
D, and PTH levels. The direct impact of E2 extends to the
upregulation of 1,25(OH)2D3 receptors within the gut mucosa
to improve the absorption of dietary sources of calcium. E2 has
also been reported to increase the responsiveness of the kidney to
PTH and promote the production of medullary bone (Pfeiffer and
Gardner, 1938).

Particularly, upon activation of the reproductive axis, the hen
terminates all further calcium deposition for the sole purpose of
structural development. At this time, hens entering lay transition
to the formation of the medullary bone (Bloom et al., 1941; Miller,
1992; Turner et al., 1994). This is a readily mobilizable source of
calcium stored on the inner endosteal surface of the marrow
cavities of long bones to provide calcium for future eggshell
formation (Bloom et al., 1958; Mccoy and Reilly, 1996). This
occurs primarily in the long bones, such as the femur and tibia but
is also present in the pubic bone, ribs, ulna, toes, and scapula
(Jacob and Pescatore, 2013). Studies have suggested medullary
bone forms at the expense of structural bone since it has not been
linked to direct improvements in strength (Whitehead and
Wilson, 1992). However, additional findings have indicated a
decline in fracture rate related to increased total content in the
cavity (Fleming et al., 1998; Whitehead and Fleming, 2000),
implying that medullary bone may play a beneficial role in the
bone health of hens.

Medullary bone has been established to develop as early as
12–14 days preceding the first egg (Bloom et al., 1941; Miller,
1992; Turner et al., 1994), which is concomitant with the rise in E2
produced by the ovary during early follicular development
(Benoit and Clavert, 1945; Common et al., 1948; Simkiss,
1961; Senior, 1974; Tanabe et al., 1981; Johnson et al., 1986;
Miller, 1992). However, a recent study has demonstrated that the
rise in E2 occurs at the time of age of first egg (AFE) in current
commercial laying hens (Hanlon et al., 2021). Interestingly, this is
further altered in broiler breeder hens, with the E2 peak occurring
2 weeks after the AFE (Takeshima, 2018; Takeshima et al., 2019).
Thus, rather than require the peak concentration of E2, we
hypothesize that there may be a threshold E2 concentration
that must be achieved to trigger the initiation of medullary
bone formation.

As ERαmRNA is expressed in osteoblasts, binding to E2 alters
the morphology of these spindle-shaped cells and terminates the
formation of structural bone while stimulating the initiation of
medullary bone (Dacke et al., 1993, 2015). Simultaneously,
osteoclasts are deactivated as they take on a cuboidal shape
(Dacke et al., 2015). While PTH and 1,25(OH)2D3 levels

typically regulate osteoclasts, E2 has been shown to indirectly
influence the formation of this cell type (Oursler et al., 1991;
Dacke et al., 1993). In mice models, E2 regulates the formation of
osteoclasts by inhibiting a protein kinase pathway, resulting in
indirect inhibition of the PTH-stimulated formation (Kanatani
et al., 1998). However, as E2 also prevents apoptosis of osteocytes,
this hormone supports the balance between the formation and
resorption of bone during maturation (Tomkinson et al., 1998).
Male quail treated with anti-estrogen displayed an elevation in
the osteoclast population (Ohashi et al., 1987), suggesting that an
inverse relationship between E2 and osteoclast activity is
conserved in poultry. Unlike osteoblasts, early studies
determining the presence of ERs on the surface of osteoclasts
led to conflicting reports in the literature (Ohashi et al., 1991;
Oursler et al., 1991). However, it is now largely accepted that
osteoclasts will not express either ER subtype (Ohashi et al.,
1991). Presently, most evidence suggests that E2 will play an
indirect inhibitory role in bone resorption and a direct
stimulatory role in bone formation (Oursler et al., 1991, 1993;
Ali, 1992; Price and Russell, 1992; Figure 4).

In commercial laying hens, 2.2-g of calcium, or 10% of total
calcium stores, is required for each eggshell (Nys et al., 1999;
Bouvarel et al., 2011; Bain et al., 2016). While approximately 50%
of this requirement can be covered by dietary calcium absorbed
within the intestine daily (Kerschnitzki et al., 2014), about 33% is
directly provided by the medullary bone (Bouvarel et al., 2011).
Interestingly, this bone source stores ~12% of the total bone
calcium content within the hen’s body (Nys and le Roy, 2018).
Since laying consists of active and inactive eggshell formation
periods (Miller, 1977), medullary bone provides a source of
calcium for the active shell formation, which primarily occurs
during the scotophase (Clunies and Leeson, 1995). Specifically,
the ovum reaches the shell gland ~5 h post-ovulation, with
eggshell formation occurring between 7 and 20 h post-
ovulation (van de Velde et al., 1984).

Osteocalcin (OC) is a major non-collagenous protein
produced by osteoblasts (Ugar and Karaca, 1999) and used to
evaluate bone remodelling (Christenson, 1997; Ugar and Karaca,
1999; Seibel, 2005). Studies have suggested that calcium in the
bone matrix is bound by OC (Christenson, 1997). However,
comparisons of brown and white laying strains unexpectedly
showed that brown strains have higher OC levels while white
strains have higher E2 levels (Habig et al., 2021). This suggests
that brown strains would have improved bone quality, despite the
E2 differences observed. This hypothesis was confirmed by several
studies (Eusemann et al., 2018a; Jansen et al., 2020; Habig et al.,
2021). Thus, elevated OC in brown strains (Habig et al., 2021)
may explain the lower prevalence of keel bone deformities
(Eusemann et al., 2018a). This has led to speculated strain
differences regarding the proportion of calcium mobilized
from each source to form the eggshell. Habig et al. (2021)
suggested that brown laying strains mobilize a more significant
proportion of calcium from the bone compared to white layers. In
contrast, white strains were hypothesized to meet calcium
requirements via intestinal absorption. This may partially
explain the improved feed conversion rate in white versus
brown strains (Jansen et al., 2020). In addition, while the
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cumulative production was not found to differ between strains,
the total proportion of eggshell was higher in white strains
(Jansen et al., 2020), indicating that these hens may require
more calcium for eggshell formation. Interestingly, while E2
did not differ between strains during lay, prior to maturation
at 17 weeks of age (woa), white strains were found to have
significantly higher E2 concentrations than the brown (Habig
et al., 2021), possibly triggering a larger recruitment of calcium.
This suggests that further studies are required to identify if there
are differences in E2 involvement during maturation and active
lay between white and brown strains.

Calcium Homeostasis in the Aging Hen
Throughout the laying cycle, hens have been reported to undergo
a progressive loss of mineralized structural bone (Webster, 2004).
Previously, this was associated with declining E2 as the hen ages,
causing medullary bone accumulation to cease and a breakdown
of the cortical bone to supply calcium for the eggshell (Yamada
et al., 2021). In fact, this decrease in E2 production coincides with
the depletion of SWFs from the follicular pool, the associated
decline in calcium availability for the shell formation, and slower
follicular development, ultimately leading to the termination of
lay. The depletion of medullary and cortical bone during the end

FIGURE 4 | Alterations in Bone Metabolism between Immature and Mature States of Hens. (A). During the immature state (pullet), calcium (Ca2+) is deposited by
osteoblasts as cortical bone (C), serving as a structural source. Continuous bone remodelling occurs due to the resorptive capacity of osteoclasts. While the immature
ovary produces very little E2 during this time, we propose that osteoblasts already express ERα in the immature state. Once the hen reachesmaturation (B,C), in each 24-
h egg formation cycle, there will be inactive and active eggshell formation. (B). Inactive eggshell formation occurs when the egg is present in the early portion of the
oviduct (infundibulum, magnum, isthmus), usually during photophase. During this time, E2 enters the circulation where it binds to its carrier protein; a portion of free E2
then enters the cavity of the bone to bind to ERα expressed in osteoblasts. This triggers a morphological alteration in the shape of the osteoblast, interrupting the
formation of cortical bone, instead opting for the formation of medullary bone (M), a readily mobilizable storage site of calcium for eggshell development. Calcium
homeostasis is regulated by calcitonin (CT) at this time, downregulating the activity of osteoblasts via morphological alterations. (C). Active eggshell formation begins
once the egg enters the shell gland (uterus), typically during scotophase. Therefore, due to the unavailability of dietary calcium, medullary bone undergoes resorption to
provide the shell gland with calcium. The morphological alterations in osteoclasts are triggered by the upregulation of parathyroid hormone (PTH). Simultaneously,
although E2 binds to its receptor, the absence of additional calcium prevents the active formation of medullary bone at this time.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 94279011

Hanlon et al. Impact of Estradiol in Hens

74

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


of lay led to concerns regarding hen health and welfare, along
with diminishing egg quality for the breeder and table egg
industries. However, intensive genetic selection for extended
laying periods resulted in commercial layer breeds adapted to
meet these demands without impacting bone or eggshell quality
(Hanlon et al., 2021, 2022). In fact, our latest studies suggest that
modern strains of layers display recurrent elevations in E2
throughout a laying cycle. We hypothesize that this results in
continuous stimulation of medullary bone formation, providing
the hen with sufficient calcium storage to keep up with the
demands of producing over 500 eggs in 100 weeks of life
(Hanlon et al., 2021, 2022). Furthermore, these recurrent
elevations in E2 were positively correlated with medullary bone
mineral density (BMD) and negatively correlated with cortical
BMD, yet cortical bone thickness did not change between 12 and
100 woa.Meanwhile, eggshell thickness and breaking strength did
decline over time but never below an acceptable grade A quality
(Hanlon et al., 2022). This is partially attributed to the selection
for maintained egg size during extended lay (Bouvarel et al.,
2011), since it has been determined that a constant quantity of
calcium will be supplied to the shell regardless of the weight of the
egg (Roland, 1979; Buss, 1988). Thus, understanding the impact
of these additional E2 elevations will help understand the
physiological needs associated with extended production cycles
and adjust dietary calcium and Vitamin D accordingly to
promote calcium uptake as the hen ages. As a matter of fact,
current knowledge and guidelines, including NRC
recommendations (NRC, 1994), may be outdated as it is based
on reports that 1α-hydroxylase and intestinal calbindin
production will decline with age contributing to the decline in
Vitamin D metabolism (Abe et al., 1982; Joyner et al., 1987).
However, as E2 promotes the uptake of 1,25(OH)2D3 within the
digestive tract (Pfeiffer and Gardner, 1938), we propose that the
unintended selection for recurrent E2 peaks has likely resulted in
better Vitamin D absorption and synthesis.

Calcium Tetany and Estradiol
Calcium tetany is a condition during which muscle weakness or
even paralysis results from hypocalcemia (Turner and Debeer,
2009). While this is a common issue in commercial broiler
breeder production systems, this disorder has been poorly
characterized within the literature. It has been established that
calcium tetany has similar outcomes to the well-described cage
layer fatigue in layers, yet the timing of these conditions is vastly
different. In the case of laying hens, this is an osteoporotic onset
occurring at the end of the reproductive cycle and is typically
associated with aging (Whitehead and Fleming, 2000). However,
in broiler breeders, hens have been reported to exhibit these
symptoms during sexual maturation up until the peak of lay, with
a consequential spike in mortality observed (Turner and Debeer,
2009). Numerous management strategies have been
recommended ranging from maximizing pullet uniformity to
avoiding high calcium diets during the maturation period of
breeders. This opposes the dietary recommendation in the laying
hen industry, as a pre-lay diet is typically provided to these hens
to slowly elevate calcium for the initial formation of themedullary
bone ~10 days prior to the onset of lay. This pre-lay diet includes

~2% calcium, increasing to ~4% once hens reach 5% production
and remaining constant through the active laying phase
(Lohmann-Tierzucht, 2015). Interestingly, breeding companies
like Aviagen have suggested that broiler breeder hens should not
be provided with elevated dietary calcium until they reach ~5%
production (Turner and Debeer, 2009).

The current literature has alluded that calcium regulation
mechanisms initiated during sexual maturation are not
responsive to higher calcium inclusion until the onset of lay
has commenced (Turner and Debeer, 2009). In support of this
hypothesis, studies in our laboratory identified that the initial E2
peak in the laying hen occurs at the time of AFE (Hanlon et al.,
2021). In contrast, this elevation in E2 typically associated with
sexual maturation occurred 2 weeks after the AFE in the broiler
breeder hen (Takeshima, 2018; Takeshima et al., 2019). This
could potentially explain the differing responsiveness to dietary
calcium between laying hens and broiler breeders. As eggshell
formation is initiated, calcium levels are depleted, resulting in a
decline in PTH levels. This significantly reduces calcium
excretion and increases 1,25(OH)2D3 levels to stimulate
calcium absorption (Pfeiffer and Gardner, 1938; Laverty and
Clark, 1989). However, without an early elevation in E2 to
enhance 1,25(OH)2D3 and calbindin receptors in the intestine,
along with the morphological alterations to osteoblast and
osteoclast activity, providing dietary calcium too early in
broiler breeder hens will result in extreme calcium imbalances.
Without the influences of E2, calcium retention will not be able to
compensate for the excretion rate. However, further studies are
required to validate this hypothesis and understand the
integration between E2, AFE, and calcium supplementation to
provide better management recommendations in broiler
breeder hens.

Osteoporosis and Estradiol
Bone fractures and keel bone deviations have long been attributed
to high rates of lay (Gregory and Wilkins, 1989; Rufener and
Makagon, 2020), although the etiology of bone disorders has
recently been an area of discussion (Jansen et al., 2020; Dunn
et al., 2021). However, it is undisputed that keel bone fractures
can occur in up to 97% of commercial laying flocks (Wilkins et al.,
2011; Richards et al., 2012; Petrik et al., 2014; Heerkens et al.,
2016). In laying hens, osteoporosis was previously associated with
caged housing systems, hence its designation as cage layer fatigue
(Grumbles, 1959). However, the onset of osteoporosis and
declining bone quality is much more complex than simply
being under the control of the environment. E2 has been
negatively associated with cortical BMD while positively
correlated with medullary BMD (Hanlon et al., 2022),
indicating that the onset of lay predisposes hens to the onset
of osteoporosis. This is supported by evidence suggesting that
medullary bone adds no structural integrity (Wilson and Thorp,
1998). Regardless, declining E2 in the aging hen results in
decreased calcium absorptive capacity, which leads to an
overall negative association between E2 and osteoporosis (Abe
et al., 1982; Joyner et al., 1987). Altogether, these reports suggest
the relationship between this hormone and metabolic condition
may be much more complex. The sustained release of the GnRH
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agonist, deslorelin acetate, diminishes the prevalence of keel bone
damage at the expense of the laying cycle (Eusemann et al.,
2018b). This supports the hypothesis that lower E2 levels are
critical for maintaining skeletal structure integrity (Beck and
Hansen, 2004). However, this comes at the expense of egg
production and is thus impractical for commercial production.
Although research from the early 1960s suggested that bone
fragility was induced by E2-treatment, resulting in a
thinner cortex (Urist and Deutsch, 1960), recent studies
indicate that this may no longer be a primary concern
(Hanlon et al., 2022).

Interestingly, osteoporosis has also been associated with
obesity (Rosen and Bouxsein, 2006; Zhao et al., 2007).
Specifically, visceral fat has been shown to play a detrimental
role in the structural integrity of bone (Janicka et al., 2007; Gilsanz
et al., 2009). This is consistent with the increased risk of
developing osteoporosis under FLHS (Pardee et al., 2012;
Yilmaz, 2012). Inducing FLHS via HELP diets results in
upregulated bone turnover and detectable damage to skeletal
integrity (Jiang et al., 2013). This suggests an additional link
between the roles of E2 on fat metabolism and bone development.
As a matter of fact, the inclusion of long-term dietary lipids has
been detrimental to bone remodelling (Liu et al., 2003, 2004),
bone formation rate (Watkins et al., 1997), and bone mineral
content (Liu et al., 2004). Specifically, OC alleviated liver damage
caused by this high-lipid diet (Wu et al., 2021). OC levels are
highest in the pullet phase, slowly declining to reach the lowest
levels at the end of a laying cycle (Jiang et al., 2013; Nys and le
Roy, 2018), thus displaying an inverse relationship with E2 during
maturation. Wu et al. (2021) proposed that OC can counteract
the onset of FLHS in older laying hens. Taking that one step
further, we hypothesize that the recurrent elevations in E2 we
reported (Hanlon et al., 2021) are key to sustaining extended
reproduction and balancing the activation of bone and liver
metabolism to support egg formation.

CONCLUSION

In conclusion, the involvement of E2 in activating the
reproductive axis, liver metabolism, and medullary bone
formation demonstrates that this hormone contributes to and
may coordinate all aspects of egg formation. However, while the
success of the breeder and table egg industries is highly dependent
on E2, little research has considered the underlying
endocrinological alterations responsible for improvements in

laying rate. These effects are primarily mediated through
ERα, resulting in the production of yolk proteins in the
liver and the storage of calcium in the medullary bone
while also coordinating their transport to the reproductive
tract. However, by diverting nutrients and energy towards egg
formation, E2 can also contribute to the onset of metabolic
disorders, such as FLHS and calcium tetany. Nonetheless,
decades of genetic selection for egg production have impacted
the patterns of E2 production, which may have helped
accommodate the further demands in modern strains of
commercial laying hens. Interestingly, this may not be the
case in broiler breeder hens undergoing selection for rapid
growth, as a delay in the initial rise in E2 is associated with
calcium tetany during sexual maturation. Thus, it is apparent
that rather than absolute concentrations, the timing of E2

production is key to successful reproduction, which requires
tight coordination with metabolic processes to prevent liver
and skeletal damage. As ERs are present in several additional
metabolic organs, including adipose and kidney in mammals,
future investigations should consider the impact this
hormone may have on the control of energy partitioning
between growth and reproductive process, particularly
during the preparation for lay.
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Molecular Pathways and Key Genes
Associated With Breast Width and
Protein Content in White Striping and
Wooden Breast Chicken Pectoral
Muscle
Martina Bordini 1†, Francesca Soglia2†, Roberta Davoli 1, Martina Zappaterra1*,
Massimiliano Petracci 2 and Adele Meluzzi 1

1Department of Agricultural and Food Sciences (DISTAL), Alma Mater Studiorum—University of Bologna, Bologna, Italy,
2Department of Agricultural and Food Sciences (DISTAL), Alma Mater Studiorum—University of Bologna, Cesena, Italy

Growth-related abnormalities affecting modern chickens, known as White Striping (WS) and
WoodenBreast (WB), havebeendeeply investigated in the last decade.Nevertheless, their precise
etiology remains unclear. The present study aimed at providing new insights into the molecular
mechanisms involved in their onset by identifying clusters of co-expressed genes (i.e., modules)
and key loci associated with phenotypes highly related to the occurrence of these muscular
disorders. The data obtained by a Weighted Gene Co-expression Network Analysis (WGCNA)
were investigated to identify hub genes associated with the parameters breast width (W) and total
crude protein content (PC) of Pectoralis major muscles (PM) previously harvested from 12 fast-
growingbroilers (6 normal vs.6affectedbyWS/WB).WandPCcanbeconsideredmarkers of the
high breast yield of modern broilers and the impaired composition of abnormal fillets, respectively.
Among the identified modules, the turquoise (r = -0.90, p < 0.0001) and yellow2 (r = 0.91, p <
0.0001) were those most significantly related to PC and W, and therefore respectively named
“protein content” and “width”modules. Functional analysis of the width module evidenced genes
involved in the ubiquitin-mediated proteolysis and inflammatory response. GTPase activator
activity, PI3K-Akt signaling pathway, collagen catabolic process, and blood vessel development
have been detected among the most significant functional categories of the protein content
module. The most interconnected hub genes detected for the width module encode for proteins
implicated in the adaptive responses to oxidative stress (i.e., THRAP3 and PRPF40A), and a
member of the inhibitor of apoptosis family (i.e., BIRC2) involved in contrasting apoptotic events
related to the endoplasmic reticulum (ER)-stress. The protein content module showed hub genes
coding for different types of collagens (such as COL6A3 and COL5A2), along with MMP2 and
SPARC, which are implicated inCollagen type IV catabolismandbiosynthesis. Taken together, the
present findings suggested that an ER stress condition may underly the inflammatory responses
and apoptotic events taking place within affected PM muscles. Moreover, these results support
the hypothesis of a role of the Collagen type IV in the cascade of events leading to the occurrence
of WS/WB and identify novel actors probably involved in their onset.
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INTRODUCTION

The intensive breeding programs implemented in the last half-
century to improve broilers’ production traits have been
accompanied by the appearance of severe conditions mainly
affecting the Pectoralis major muscle (PM) of fast-growing and
high breast-yield hybrids (Lake and Abasht, 2020). These
conditions include the White Striping (WS) and Wooden
Breast (WB) defects (Petracci et al., 2019) which are known as
“growth-related abnormalities,” as their occurrence is strongly
connected to the high breast yield reached thanks to the selection
programs carried out to develop the modern chicken hybrids
(Kuttappan et al., 2013; Clark and Velleman, 2016). These
conditions are responsible for detrimental alterations at the
microscopic level. Indeed, the affected pectoral muscles exhibit
extensive muscle degeneration which results in lower crude
protein contents in the forthcoming meat (Wold et al., 2017;
Dalle Zotte et al., 2020; Xing et al., 2020; Oliveira et al., 2021). Due
to their adverse impact on meat quality and consumer
acceptability (Kuttappan et al., 2012; Oliveira et al., 2021),
these defects are responsible for significant economic losses for
the poultry meat industry (Baldi et al., 2018; Zanetti et al., 2018).
Indeed, severe degrees of these myopathies determine negative
effects on the technological and nutritional properties of chicken
meat, as suggested by the occurrence of lipid infiltration, collagen
deposition, and protein degradation characterizing abnormal
fillets (Tasoniero et al., 2016; Baldi et al., 2018; Huang and
Ahn, 2018). Although characterized by distinctive phenotypes
(Kuttappan et al., 2016), these muscular abnormalities share
similar microscopic features (Petracci et al., 2013; Sihvo et al.,
2014), thus suggesting the existence of potentially common
causative mechanisms (Soglia et al., 2021). Briefly, fillets
affected by WS are characterized by the appearance of white
striations parallel to the fiber direction, while the WB-affected
ones show the presence of hard, pale, and out-bulging areas
mainly in the cranial and/or caudal area of breast muscle (Baldi
et al., 2018; Huang and Ahn, 2018).

In this context, notable efforts have been made to discover the
causal factors of these growth-related abnormalities. Several years
of studies led to an extensive description of phenotypic and
molecular perturbations that characterize these abnormalities
and that may underly their occurrence. Some speculations
have been made to try elucidating the mechanisms underlying
these defects (Boerboom et al., 2018; Lake et al., 2020; Velleman,
2020; Ayansola et al., 2021). Among them, recent studies have
highlighted a possible role of the development of oxidative stress
(Hubert and Athrey, 2022), mitochondrial dysfunction (Papah
et al., 2017), and energy metabolism dysregulations (Papah and
Abasht, 2019) in the cascade of events triggering the occurrence
of WS and WB. Several studies focused also on the decreased
vascularization of modern broilers’ PM (Kuttappan et al., 2013;
Lake and Abasht, 2020), which may result in hypoxic conditions
due to the impaired oxygen supply at the muscular level, possibly
triggering or exacerbating the WS and WB myopathic conditions
(Soglia et al., 2019). More recently, it has been suggested that the
endoplasmic reticulum stress caused by an accumulation of
misfolded proteins may be one of the first phenomena leading

to the development of these myopathic conditions (Bordini et al.,
2021; Soglia et al., 2021). However, despite the considerable
increase in the knowledge regarding the complex etiology
associated with the development of these defects, the precise
factors triggering the cascade of events leading to their occurrence
remain to be elucidated. In this regard, there is still a need to
further explore the pathophysiological mechanisms underlying
the progression of these myopathic conditions.

Over the past decades, great strides in new high-throughput
technologies have provided the scientific community with a
remarkable opportunity to investigate the genetic architecture
and the regulatory mechanisms of complex traits and diseases
(Rotival and Petretto, 2014). In particular, co-expression network
analysis has rapidly become a prevalent and powerful approach to
elucidate the specific molecular processes underlying
physiological mechanisms and pathological pathways
(Hocquette et al., 2009; van Dam et al., 2018). Currently,
Weighted Gene Co-expression Network Analyses (WGCNA)
have been successfully employed in the study of various
human diseases, most notably in different cancer research (Bai
et al., 2020; Jia et al., 2020; Chen et al., 2021), to identify patterns
of co-expressed genes (i.e., modules) associated with specific
disease features. Combining the identification of key gene
modules with hub gene analyses has proved to be useful in
detecting molecular mechanisms and candidate genes that may
be at the base of the physiological changes characterizing different
human and animal disorders (van Dam et al., 2018). In our
previous work performed on 52-day-old broilers (Bordini et al.,
2021), WGCNA analysis evidenced pathways involved in the
extracellular matrix organization, collagen metabolism, and
unfolded protein response as some of the most significant
functional categories probably involved in the cascade of
biological reactions that result in onset of the growth-related
myopathies. Moreover, the Collagen type IV (COL4) coding
genes were found as the most significant hubs. Considering
the strong similarities between the histological and molecular
features that characterize COL4-related disorders in humans
(Guerci et al., 2012) and the growth-related myopathies in
broilers, COL4 genes may be interesting candidates possibly
involved in the onset and/or progression of events leading to
WS and WB abnormal conditions. However, the approach used
in our previous work did not allow us to explore gene networks
and hub genes possibly associated with phenotypes not yet
investigated and significantly related to the broiler breast
abnormalities occurrence. Therefore, for the present study, we
decided to consider and investigate two traits that strongly
characterize the WS/WB emergency in fast-growing chickens:
the first one directly related to the breast dimensions of modern
hybrids, the breast width, and the second one related to one of the
major meat quality traits of affected breasts, the crude protein
content.

Within this context, this study aimed at providing new insights
into the molecular basis underlying the onset of WS/WB through
the analysis of key modules and hub genes associated with breast
width and total crude protein content of broiler PM: two traits
chosen as indicative markers of the broiler breast yield and the
impaired composition of the affected breasts, respectively. In
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particular, our study aims to further investigate the gene
expression networks involved in the biochemical and
physiological changes characterizing broiler breast muscles
affected by WS and WB. As far as we know, this is the first
study trying to investigate co-expression patterns and hub genes
associated to the protein content and breast width of fast-growing
chickens’ pectoral muscles.

MATERIALS AND METHODS

Data Collection and Co-Expression
Network Analysis
The present study was carried out by using the set of samples
collected in our previous research (Zambonelli et al., 2016). This
set of samples consisted of 12 Pectoralis major muscles (6
macroscopically normal vs. 6 severe WS/WB) belonging to 52-
day-old fast-growing broilers selected from the same flock of Ross
708 (males, weighing around 3.7 kg), and slaughtered in a
commercial abattoir. A detailed description of samples’
selection and preparation is reported in Zambonelli et al.
(2016). Briefly, 49 meat quality parameters (including
technological and morphological traits as well as those related
to the proximate composition of samples) were analyzed together
with the microarray profiles (18,308 probes) of the 12 broiler
breast fillets. The same phenotypic and gene expression data have
been used in the present research to perform the Weighted Gene
Co-expression Network Analysis, using the “WGCNA” package
(Langfelder andHorvath, 2008) in R environment (R Core Team.,
2020).

The gene expression profile of each sample was used to
construct the co-expression network by creating an adjacency
matrix in which the nodes correspond to the gene expression level
and the edges between genes are represented by their pairwise
correlation (calculated using the Pearson’s correlation
coefficient), as previously described by Zappaterra et al.
(2021). In particular, to establish the adjacency matrix, an
appropriate soft threshold power (β value) of 10 was chosen
applying the approximate scale-free topology criterion (Zhang
and Horvath 2005; Langfelder and Horvath 2008). The
topological overlap matrix (TOM) and the corresponding
dissimilarity (dissTOM = 1-TOM) were used to construct the
adjacency matrix (Langfelder and Horvath, 2008). Finally, the
blockwiseModules R function was used to build the network of
gene co-expression patterns with the dissTOM values used as the
distance measure for the gene hierarchical clustering. In
particular, the latter allowed us to identify groups of co-
expressed genes (i.e., modules) by employing the Dynamic
Tree Cut algorithm (Langfelder and Horvath, 2008).

Module-Trait Association Study
Once the list of gene modules (i.e., groups of highly
interconnected genes) had been identified and named using
different color labels, the module eigengene (ME) of each
module was calculated using the principal component analysis
criterion to assess the relationship between modules and traits
(Langfelder and Horvath, 2008). In fact, the ME represented a

weighted average expression level of the considered module, and
it was used to identify the “module-trait association” by
calculating the Pearson’s correlation between every ME and trait.

Identification of the Most Significant Traits
and Modules
In the current research, two traits measured in Zambonelli et al.
(2016) and not yet considered in our previous study (Bordini
et al., 2021), were investigated to deepen the knowledge on the
molecular mechanisms underlying WS/WB abnormalities in
broiler breast meat. For this purpose, in the present study,
width (expressed in mm; W) and protein content (expressed
in %; PC) of PM were considered in light of their highly
significant association with the onset of WS and WB
myopathies (p < 0.0001) (Zambonelli et al., 2016) and their
relevance as phenotypic markers of the high breast yield and
impaired muscle composition, respectively.

For the next steps of our analysis, we focused on those modules
identified by WGCNA that showed the highest absolute value of
module-trait correlation with the considered traits (i.e., W and PC).
For each selected module, the software calculated the gene
significance (GS; i.e., the gene-trait correlation value) and module
membership (MM; i.e., the intramodular connectivity) of genes
belonging to the selected modules (Langfelder and Horvath, 2008).

Functional Enrichment Analyses of Selected
Modules
Functional enrichment analysis was performed using the
Database for Annotation, Visualization and Integrated
Discovery (DAVID) version 6.8 (Huang et al., 2008) to
understand the biological meaning and functional grouping of
the proteins coded by the genes entering the modules most
significantly related to W and PC. Moreover, this analysis may
be relevant to identify potential pathways involved in molecular
processes associated with the WS/WB occurrence. More in detail,
each gene list belonging to the modules selected for functional
analyses has been individually analyzed using the Functional
Annotation Clustering tool by considering the Biological
processes (BP), Molecular function (MF), and Cellular
components (CC) GO categories included in the DAVID
Knowledgebase for the gene functional characterization.
Besides, KEGG pathways (Kanehisa and Goto, 2000) and
UP_KEYWORDS categories have been considered for the
enrichment analysis. For the present analysis, a Benjamini-
adjusted p-value of 0.05 was chosen as the significance
threshold to identify the most significant functional categories.

The functional characterization of the gene modules most
strongly associated with the traits of interest was also performed
using “ClueGo” (Bindea et al., 2009), a Cytoscape software 3.8.2
plugin (Shannon et al., 2003). First of all, we individually exported
the selected module gene lists to the Cytoscape software by using
the export Network To Cytoscape function (“WGCNA”
package). Secondly, we used the “GeneMANIA” plugin
(Montojo et al., 2010) to create the gene networks in
Cytoscape, and then “ClueGo” plugin to obtain a functional
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characterization of the corresponding modules. Besides, the
plugin displayed an “annotation network” by clustering
functional terms in different groups based on their similarities.
To do this, the plugin calculates the term-term similarity using
the corrected kappa statistic, which determines the association
strength between the terms (Bindea et al., 2009). Also, this plugin
provided an insightful view of functional interrelations by
grouping similar terms by the same color (Bindea et al., 2009).
In the ClueGO analysis, the p-value was adjusted using the
Benjamini–Hochberg method, and a threshold for significance
of p < 0.05 was chosen.

Homo sapiens was used as the reference organism for both
DAVID and Cytoscape enrichment analyses.

Hub Gene Analysis
The hub genes analysis was performed using “cytoHubba” (Chin
et al., 2014), a Cytoscape plug-in that allowed us to identify the
most interconnected genes (i.e., the hub genes) belonging to each
gene network considered in the present study (i.e., the turquoise
and yellow2 modules). In particular, cytoHubba enabled us to
explore important nodes in the considered biological networks
using the Maximal Clique Centrality (MCC) algorithm,
developed by Chin et al. (2014), as a topological analysis
method. In detail, the MCC algorithm identifies hub nodes by
calculating the number of “maximal cliques,” which represents
how many connections the node displays. Then, the software
created the hub gene network, in which nodes are colored from
red to yellow depending on their importance (the most important
in dark red vs. less important in light-yellow).

RESULTS

Co-expression Network Construction and
Modules Detection
In the current research, two new traits not yet investigated in our
previous work (i.e., the breast width and the total crude protein
content of PM muscles) were selected and analyzed using the same
methodological approach already reported in Bordini et al. (2021). In
particular, we decided to focus our investigation on two traits that
can be considered phenotypical markers of high breast yield (i.e., the
breast width; W) and muscle degeneration (i.e., the total crude
reduced protein content of breast muscle; PC) which usually
characterize the WS/WB affected fillets. Then, we analyzed the
modules that were characterized by the highest absolute value of
correlation with the considered traits of W and PC, namely the
yellow2 and turquoise modules. In particular, the yellow2 (named as
“widthmodule” hereafter) was found positively associated withW (r
= +0.92; p < 0.001), while the turquoise module (named as “protein
content module” hereafter) was negatively related to PC (r = −0.90;
p < 0.001). Thus, due to their highest absolute value of correlation
with the considered traits, the width and protein content modules
have been selected for the following analysis. The correlation values
between each module and the two considered traits (W and PC) are
reported in Supplementary Table S1.

Figure 1 reports the WGCNA outputs representing the
absolute Gene Significance (GS) of genes belonging

respectively to the width (Figure 1A) and protein (Figure 1B)
modules, plotted against the corresponding gene module
membership (MM). The graphs show that genes characterized
by a high absolute value of GS also displayed a high gene MM
value. The lists of GS values and the relative p-value between all
genes and the considered traits (W and PC) are reported in
Supplementary Table S2. Also, the complete lists of gene MM
values and the relative p-values of all genes considered for the
present analysis are reported in Supplementary Table S3.

DAVID Functional Annotation
The lists of genes entering in the width and protein content
modules were individually submitted to DAVID online tool to
perform functional enrichment analysis. Functional categories of
both modules identified as significant analysis are reported in
Table 1. With reference to the width module, the “hsa04120:
Ubiquitin mediated proteolysis” KEGG pathway was found as
unique significant functional term (p < 0.01). Considering the
protein content module, instead, several significant function
terms have been identified, as reported in Table 1. Some of
the GO terms correlated with the WS/WB defects were enriched
with the “positive regulation of GTPase activity” and “collagen
catabolic process,” along with the “ECM-receptor interaction”
and “PI3K-Akt signaling pathway” as KEGG pathways. Both for
the width and protein content modules, the detailed results
obtained by the DAVID Annotation Tool are reported in
Supplementary Table S4.

ClueGO Enrichment Analysis
The same modules were subsequently submitted to Cytoscape
with the aim of deepening the enrichment analysis of the width
and protein content modules and showing the functional
categories interconnections. Figure 2 reports the ClueGO
enrichment analysis for the width module. This analysis has
shown several genes enriched in categories linked to the
interleukin-4 receptor activity, negative regulation of electron
transfer activity, and regulation of Ripoptosome assembly
involved in the necroptotic process. Figure 3 shows the results
obtained by analyzing genes belonging to the protein content
module. Among the functional categories identified by ClueGO
for this module, several terms were the same found as significant
by DAVID tools, such as the GTPase activator activity, focal
adhesion assembly, phosphatidylinositol 3-kinase signaling. In
addition, the present analysis showed different GO terms related
to the regulation of actin cytoskeleton organization, blood vessel
development, regulation of fibroblast migration, and regulation of
apoptotic signaling pathway.

All the data obtained by the ClueGO analysis for both
considered modules are reported in Supplementary Table S5.

Detection of Hub Genes
Using the Cytoscape plugin “cytoHubba” we performed a hub
gene analysis of selected modules that allowed us to identify genes
that may play a pivotal role in the biological networks
significantly related to the W and PC traits: the width and
protein content modules, respectively. Indeed, this analysis
allowed us to identify genes characterized by a high degree of
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interconnection with other genes belonging to the network
(i.e., “hub genes”).

Considering the width module, cytoHubba detected 10
genes (Figure 4) that can be considered hub nodes: Pre-
mRNA processing factor 40 homolog A (PRPF40A), Formin
like 2 (FMNL2), Thyroid hormone receptor associated protein 3
(THRAP3), Zinc finger CCHC-type containing 8 (ZCCHC8),
ASXL transcriptional regulator 2 (ASXL2), UTP20 small
subunit processome component (UTP20), Baculoviral IAP
repeat containing 2 (BIRC2), Zinc finger protein 451
(ZNF451), interleukin 1 receptor accessory protein
(IL1RAP), and Programmed cell death 7 (PDCD7).

Regarding the protein content module, the output of the
hub gene analysis is reported in Figure 5. Intriguingly, most of
the genes identified as hub nodes by cytoHubba encode for
proteins related to the connective tissue and extracellular
matrix (ECM) composition and organization, which are:
Collagen type V alpha 2 chain (COL5A2), Collagen type VI
alpha 3 chain (COL6A3), Collagen type XV alpha 1 chain
(COL15A1), Collagen type I alpha 2 chain (COL1A2), Matrix
metallopeptidase 2 (MMP), Fibroblast activation protein alpha
(FAP), Fibrillin 1 (FBN1), Collagen type III alpha 1 chain
(COL3A1), Secreted protein acidic and cysteine rich (SPARC),
and Platelet derived growth factor receptor beta (PDGFRB).

FIGURE 1 | Scatterplot of absolute gene significance (GS, y-axis) plotted against the gene module membership (MM, x-axis) of the modules selected for further
analysis: the width module Figure 1(A), which was themodule most significantly related to breast muscle width (W trait) (evaluated in 52-day-old broilers’Pectoralis major
muscles), and the protein content module (B), which was the most significant module related to breasts protein contents (PC trait) (evaluated in 52-day-old broilers’
Pectoralis major muscles).

TABLE 1 | The significantly enriched GO terms, KEGG pathways and UP_KEYWORDS identified by DAVID tools considering the genes comprised in the width (yellow2) and
protein content (turquoise) modules and whose mRNA level covaried with the crude protein content and breast width in normal and White Striping/Wooden Breast
affected Pectoralis major muscles in 52-day-old broilers. Benjamini-adjusted p value < 0.05 was chosen as the significance threshold.

Width module (yellow2)

Category Term Gene count p value

KEGG hsa04120: Ubiquitin mediated proteolysis 10 0.006

Protein content module (turquoise)

Category Term Gene count p value

KEGG hsa04510: Focal adhesion 54 5.55E-10
hsa04512: ECM-receptor interaction 29 2.33E-07
hsa04151: PI3K-Akt signaling pathway 64 6.37E-0.6

GOTERM_BP GO:0043547~positive regulation of GTPase activity 82 3.42E-0.4
GO:0051056~regulation of small GTPase mediated signal transduction 30 6.41E-04
GO:0030574~collagen catabolic process 17 0.01

GOTERM_MF GO:0005096~GTPase activator activity 51 2.73E-05
GO:0098641~cadherin binding involved in cell-cell adhesion 44 0.01

GOTERM_CC GO:0005913~cell-cell adherens junction 49 5.89E-04
GO:0005581~collagen trimer 20 0.002

UP_KEYWORDS Glycoprotein 427 1.29E-08
GTPase activation 34 1.16E-04
Hydroxylation 20 8.39E-04
Collagen 20 0.001
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FIGURE 2 | Width module functional network. This image shows functional terms identified by ClueGO, considering genes belonging to the width module and
whose mRNA level covaried with the breast width in normal and White Striping/Wooden Breast affected Pectoralis major muscles in 52-day-old broilers. Connections
show how functional categories interact with each other. Terms belonging to the same functional group are colored with the same color. Black bold terms indicate the
leading group term identified by the highest level of significance, using the Benjamini–Hochberg p-value and setting p < 0.05 as the significant threshold.
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FIGURE 3 | Protein content module functional network. This image shows functional terms identified by ClueGO considering genes belonging to the protein
content module and whose mRNA level covaried with the crude protein content in normal and White Striping/Wooden Breast affected Pectoralis major muscles in 52-
day-old broilers. Connections show how functional categories interact with each other. Terms belonging to the same functional group are colored with the same color,
while terms belonging to two different functional groups have both colors of groups they belong to. Black bold terms indicate the leading group term identified by
the highest level of significance, using the Benjamini–Hochberg p-value and setting p < 0.05 as significant threshold.

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9367687

Bordini et al. Hub Genes in Broiler Abnormalities

92

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


DISCUSSION

The present research explored new patterns of co-expressed
genes not yet considered in our previous study (Bordini et al.,
2021) by investigating two PM muscles traits (i.e., breast
width- W, and protein content- PC) that were found in
Zambonelli et al. (2016) to be significantly associated with
the WS/WB onset, and that have not yet been analyzed in
depth. The traits examined in this study can be considered
markers of the modern broiler growth rate and of the meat
quality impairment characterizing the affected fillets. Indeed,
the breast width (W) is indicative of the high breast yield of the
fast-growing broilers, and the reduced total crude protein
content (PC) depicts the impaired composition (as a result
of the extensive necrosis of the fibers) characterizing abnormal
fillets. Hence, we decided to investigate these traits to better
clarify and bring new knowledge on key pathways and
molecular players (i.e., hub genes) potentially associated to
the complexity of mechanisms underlying these abnormalities.
For this purpose, the WGCNA approach allowed us to identify
molecular patterns and their most interconnected genes that
may have a role in the pathophysiological processes underlying
the phenotypic characteristics of PM muscle affected by WS
and WB. In fact, the enrichment analysis carried out
considering the lists of genes belonging to the width and
protein content modules (i.e., the two modules most
significantly correlated to the W and PC traits respectively)
has provided biological insights for each module examined.

Considering the width module, the “ubiquitin-mediated
proteolysis” was the unique functional category identified as
significant by DAVID tools. In accordance with this outcome,
genes involved in ubiquitin-specific proteases have been found
differentially expressed in myopathic affected broilers, thus
suggesting their involvement in the higher level of degradation
of muscular proteins featuring the PM of affected chickens when
compared to the normal counterpart (Kuttappan et al., 2017;
Malila et al., 2020; Ayansola et al., 2021; Maharjan et al., 2021).
The ubiquitin proteolytic system consists of a cascade of
molecular events involved in a broad variety of cellular
processes, with particular reference to the degradation of
aberrant proteins (Glickman & Ciechanover, 2002; Wertz &
Dixit, 2008; Berner et al., 2018). Interestingly, the
ubiquitination of aberrant proteins is in line with the
hypothesis suggested in our previous paper where it was
hypothesized that the endoplasmic reticulum (ER) stress
induced by the accumulation of misfolded/unfolded proteins
may lead to the cascade of cellular events underlying the onset
of these (Bordini et al., 2021). However, it could not be excluded
that the activation of this process may result from the myofiber’s
alterations characterizing the WS/WB progression. Thus, further
studies will be necessary to assess if these conditions could be
considered the cause or the effect of these breast abnormalities
complex picture.

Moreover, the protein ubiquitination mechanism has recently
been reported as a key regulatory process influencing numerous
aspects of pathways involved in the repair of damaged DNA

FIGURE 4 | Top 10 hub genes entering the width module (i.e., group of
co-expressed genes and whose mRNA level covaried with the breast width in
normal and White Striping/Wooden Breast affected Pectoralis major muscles
in 52-day-old broilers. Connections show how functional categories
interact with each other). The cytoHubba output shows hub nodes with the
most significant MCC values (i.e., genes characterized by the highest number
of connections in the considered network). Besides, the plugin classifies the
10 hub genes by ranking them considering their MCC value and using a color-
ranging scale: from the dark red (most important hub gene) to the light-yellow
(less important hub gene), also indicated by a numerical scale from 1 (most
important) to 10 (less important).

FIGURE 5 | Top 10 hub genes entering the protein content module
(i.e., group of co-expressed genes and whose mRNA level covaried with the
crude protein content in normal and White Striping/Wooden Breast affected
Pectoralis majormuscles in 52-day-old broilers. Connections show how
functional categories interact with each other). The cytoHubba output shows
hub nodes with the most significant MCC values (i.e., genes characterized by
the highest number of connections in the considered network). Besides, the
plugin classifies the 10 hub genes by ranking them considering their MCC
value and using a color-ranging scale: from the dark red (most important hub
gene) to the light-yellow (less important hub gene), also indicated by a
numerical scale from 1 (most important) to 10 (less important).
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(Ghosh and Saha, 2012). Thus, ubiquitination mechanisms could
be linked to the functional category “regulation of telomere
maintenance in response to DNA damage” identified by
ClueGO. Oxidative stress has been demonstrated to accelerate
telomere shortening in humans and mice (Barnes et al., 2019).
More in detail, oxidative stress in cultured human fibroblasts
resulted in increased shortening of telomeres, as well as
mitochondrial oxidative stress was shown to induce telomere
erosion in human cardiovascular disease (Gordona et al., 2022).
Similarly, a recent study by Hubert and Athrey (2022) pointed out
the potential relationship between mitochondrial dysfunction,
oxidative stress, and the longevity-assurance processes (a
complex network of processes linked to the cell maintenance
and repair mechanisms including telomere length) (Rattan, 1998)
in fast-growing broilers. In light of the above, it could be
hypothesized that, similarly to what was evidenced in human
and animal models, the accumulation of oxidative damage (for
instance due to mitochondrial dysfunction) may determine
telomere shortening rates, thus leading to faster cellular
senescence. In this scenario, this outcome seems to evidence
that telomeres maintenance, as well as the response to DNA
damage, could be potentially involved in the complexity of WS/
WB underlying mechanisms. As far as we know, this is the first
research evidencing a potential association between the telomere
maintenance in response to DNA damage with the mechanisms
probably involved in the WS/WB occurrence.

With regard to themitochondrial dysfunction, Papah et al. (2017)
evidenced mitochondrial architecture alteration (i.e., disintegration
of mitochondrial cristae) in degeneratingmyofibrils of six-weeks-old
wooden breast chickens. The same Authors suggested that
alterations of mitochondrial morphology and cristae disruption
may lead to an impaired bioenergetics balance of breast muscle
fibers, resulting in increased susceptibility to muscle damage. In
agreement with this hypothesis, since the mitochondrial electron
transport chain is localized in the mitochondrial cristae (Cogliati
et al., 2021), our results evidencing the “negative regulation of
electron transfer activity” as a significant functional category
seem to agree with the findings obtained by Papah et al. (2017).
Thus, this result supports the hypothesis of a potential implication of
mitochondrial dysfunction in the cascade of events involved in the
WS/WBoccurrence and/or progression.However, additional studies
would be necessary to verify if the alterations in mitochondrial
electron transfer activity may be one of the primary causes of
abnormal modern broilers’ PM.

Moreover, the ClueGO enrichment analysis of the genes
comprised in the width module confirmed the relevance of the
muscular inflammation status as one of the main phenomena
taking place in WS/WB fillets (Zambonelli et al., 2016; Papah
et al., 2017; Xing et al., 2021), and supposedly involved in the
activation of signaling pathways leading also to the induction of
regenerative processes that characterize myopathic breasts. In
fact, ClueGO also identified the “interleukin-4 receptor activity”
as a significant functional category. In particular, the muscle-
secreted interleukin 4 (IL4) is a cytokine involved not only in the
inflammatory response as an anti-inflammatory agent (Gadani
et al., 2012) but also in the muscle regeneration process (Guerci
et al., 2012; Yang & Hu, 2018; Costa et al., 2021): injured muscles

release IL4 and other cytokines (e.g., interleukin 6, IL6; tumor
necrosis factor, TNF) as signals in response to muscular damage
in hypertrophic muscles with the aim of facilitating the myoblasts
migration and their fusion into myotubes (Nierobisz et al., 2008;
Świerczek-Lasek et al., 2019). In agreement with these statements,
Pampouille et al. (2019) reported that cytokines released during
inflammatory response could play a relevant role in muscle
regeneration of myopathic chickens by promoting satellite cells
(i.e., muscle stem cells; SC) proliferation and differentiation.

Referring to the multiple aspects of the inflammatory
condition of the affected PM muscles, ClueGO has also
evidenced the “regulation of Ripoptosome assembly involved
in the necroptotic process” functional category, which is
related to a particular type of necrosis, the necroptotic process.
Interestingly, this process is an inflammation-induced form of
necrosis initiated by the TNF cytokine secretion (Feoktistova and
Leverkus, 2015; Liu et al., 2016) well-described in muscular
dystrophies affecting humans, such as the Duchenne Muscular
Dystrophy (Morgan et al., 2018; Sreenivasan et al., 2020).
Accordingly, the involvement of the TNF-induced necroptosis
in the muscle-wasting condition characterizing abnormal
chickens’ breasts can be supported also by our results.

Concerning PC trait, the results obtained from the functional
enrichment analysis of the protein content module evidenced that
genes of this module are functionally related to the reorganization
of the actin cytoskeleton. This process is well represented by two
of the significant functional categories identified in this study: the
“positive regulation of GTPase” and the “actin cytoskeleton
organization”. In this regard, several studies highlighted the
relevant role of the GTPase superfamily in the actin
organization (Matsumoto et al., 1997; Gu et al., 2014) and
Mutryn et al. (2015) found several proteins belonging to the
GTPase family as up-regulated in woody breasts when compared
with fillets exhibiting normal appearance. The same Authors
hypothesized that the altered expression of GTPase genes may
be linked to the phenomena of disruption and subsequent repair
of the actin cytoskeleton manifested in abnormal breasts (Mutryn
et al., 2015). Besides having a role in the re-organization of the
altered sarcomere architecture characterizing muscles affected by
the growth-related myopathies (Velleman et al., 2018), the
rearrangement of the actin cytoskeleton has an important role
in modulating angiogenesis (Bayless et al., 2011). In this regard,
the “blood vessel development” was found among the functional
terms identified by ClueGO. Noteworthy, compromised
angiogenesis is widely considered as one of the potential
causative/major predisposing factors at the basis of the
occurrence of growth-related myopathies, as an inadequate
development of blood vessels in PM could lead to impaired
oxygen and nutrient supply at the muscular level and
impaired waste removal (Sihvo et al., 2018; Brothers et al.,
2019; Petracci et al., 2019). A large body of literature detected
in WS/WB affected muscles consistent changes in the expression
level of genes related to the regulation of angiogenesis (Mutryn
et al., 2015; Abasht et al., 2016; Zambonelli et al., 2016; Sihvo et al.,
2018; Marchesi et al., 2019; Ayansola et al., 2021), suggesting that
impaired angiogenesis is a common feature in WS/WB
affected PM.
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In terms of regulation of the angiogenetic process, genes
belonging to the protein content module were also
functionally annotated with the “PI3K-Akt signaling pathway.”
This pathway plays a critical role in many cellular functions and
biological processes including not only angiogenesis but also a
wider domain of biological actions concerning proliferation,
metabolisms and apoptosis (Bader et al., 2005). In particular,
the PI3K pathway influences the endothelial cells’ growth by
mediating the vascular endothelial growth factor (VEGF) (Karar
and Maity, 2011). These results, considered with the above-
mentioned blood vessel development category, strengthen the
hypothesis of potential involvement of pathways regulating the
angiogenesis process in relation to the reduced vascularization
characterizing modern broilers’ PM. Moreover, it is worth
mentioning that the PI3K/Akt can also inhibit the expression
of genes encoding for the E3 ubiquitin ligases that, as previously
stated, regulate the ubiquitin-mediated protein degradation
(Yoshida and Delafontaine, 2020). Thus, the functional
analysis of the investigated modules allowed us to assume that
the traits considered as markers of the WS and WB disorders
(i.e., breast width and breast protein content) are associated with
groups of co-expressed genes interconnected between each other
(for example considering the PI3K/Akt and the ubiquitin-
mediated proteolysis). Hence, it could be hypothesized that
these groups of genes may contribute together to build the
complex pathological framework characterizing WS/WB defects.

Most importantly, the weighted gene network analysis allowed
us not only to detect gene expression patterns (i.e., modules)
significantly related to the phenotypic variability of the
considered traits in normal and WS/WB affected PM muscles,
but also to identify central players within the considered modules:
the hub genes. Indeed, these genes are characterized by a high
number of interactions with other genes belonging to the same
network, and generally have crucial roles in regulating biological
processes (Yu et al., 2017). Therefore, since hub genes can be
considered key regulators in their biological networks (Langfelder
et al., 2013), which in turn are significantly related to phenotypic
traits considered as indicative markers of WS/WB occurrence,
their involvement in the phenotypic variability that characterizes
breast muscles affected by WS and WB defects might be
hypothesized.

In this context, BIRC2 is one of the top 10 hub genes identified
by CytoHubba for the width module. This gene, also known as
cIAP1 (Cellular Inhibitor of Apoptosis Protein 1), encodes for the
homonymous protein that belongs to a group of anti-apoptosis
proteins: the IAPs (i.e., inhibitors of apoptotic proteins) (Li et al.,
2011). In general, this group of proteins exerts an anti-apoptotic
role by inhibiting the caspases signaling system during the
apoptosis process (Budihardjo et al., 1999; Fan et al., 2005; Li
et al., 2011) and, particularly, it has been demonstrated that Birc2
protein has a relevant role in maintaining endothelial cell survival
and vascular homeostasis during vascular tissue development of
zebrafish embryos (Santoro et al., 2007). The BIRC2 gene
expression is regulated by the activation of the nuclear factor
kappa B (NF-κB) pathway, which is involved in the immune and
inflammatory responses by regulating pro-inflammatory
cytokine production (Lawrence, 2009). However, it has also

been demonstrated an anti-apoptotic function of NF-κB
through the regulation of the expression level of genes
involved in the anti-apoptosis process, such as the IAPs
protein family (Dolcet et al., 2005; Lawrence, 2009). As
regards NF-κB activation, different mechanisms have been
reported in the literature. Among them, the so-called
“canonical NF-κB activation” is directly linked to the
ubiquitination of the NF-κB inhibitors (IkBs) via the
E3 ubiquitin-protein ligases activity (Santoro et al., 2007; Li
et al., 2011; Saleem et al., 2013), which could be probably
associated with the “ubiquitin-mediated proteolysis” functional
category discussed above in this paper.

Based on these considerations, it is important to note that the
ER stress in WB/WS muscle may induce the NF-κB activation in
the early phase of the unfolded protein response (UPR)
(Kitamura, 2011), thus inducing the expression of several anti-
apoptotic genes, including BIRC2 (Brown et al., 2016). These
statements support that ER stress occurring at the endothelial
level could be one of the factors potentially involved in the
cascade of events that result in the onset and/or progression of
the growth-related abnormalities. In these conditions of muscular
and/or endothelial dysfunctions likely triggering apoptotic
events, it could be hypothesized the role of the hub gene
BIRC2 in contrasting the ER-stress apoptosis by acting against
the altered cellular functionality induced by the ER stress.

Moreover, the BIRC2 gene could be in turn regulated by
IL1RAP, another hub gene belonging to the width module.
IL1RAP encodes for the interleukin 1 receptor accessory
protein: a coreceptor essential for the transmission of
interleukin-1 (IL1) signaling (Ågerstam et al., 2015). IL1 is a
pro-inflammatory cytokine implicated in several types of cellular
stress responses (Goshen and Yirmiya, 2009; Chen et al., 2012)
that can also activate the transcription factor NF-κB. As
previously discussed, NF-κB regulates in its turn the
expression of several genes involved both in the inflammatory
and apoptosis processes (Wang et al., 2002). Therefore, IL1RAP
may be one of the regulators of the NF-κB, ultimately triggering
the expression of BIRC2, which contrasts the ER stress-induced
apoptosis. Thus, these results confirm the impressive
inflammatory status and cellular stress response observed in
WS/WB affected muscles by previous studies (Kuttappan
et al., 2013; Zambonelli et al., 2016; Papah et al., 2018).

In terms of cellular stress responses, the Cytohubba analysis
also detected hub genes involved in the molecular response to
hypoxia and oxidative stress conditions: the PRPF40A and
THRAP3 genes. In fact, in the literature, it is reported that an
over-expression of the PRPF40A gene is associated with an
upregulation of biochemical pathways linked to hypoxia and
oxidative stress conditions (Oleksiewicz et al., 2017), and it is
reported that PRPF40A expression level could be considered a
reliable marker of hypoxia-induced stress in human lung cancer
(Huo et al., 2019; Ancel et al., 2021). Similarly, the protein
encoded by THRAP3 has a role in the DNA repair process
during oxidative stress events (Jungmichel et al., 2013;
Vohhodina et al., 2017). Indeed, Jungmichel et al. (2013)
demonstrated that the human THRAP3 gene exerts a critical
role in maintaining DNA genomic stability under oxidative stress
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conditions by regulating alternative splicing events of genes
coding for key proteins of the DNA damage response.
Therefore, the present results suggest that this gene could
participate in the oxidative stress responses characterizing WS/
WB breasts (Abasht et al., 2016; Brothers et al., 2019) and, overall,
these findings are in line with the hypothesis that hypoxic
conditions could be one of the possible causative processes
underlying the occurrence of growth-related muscular
disorders affecting modern chickens.

Considering the protein content module, most of the genes
identified as “hubs” encode for proteins constituting different
types of collagens (i.e., collagen type I, III, V, VI, and XV), and
that are involved in their assembly (i.e., secreted protein acidic
and cysteine-rich; SPARC) and catabolism (i.e., matrix
metallopeptidase 2; MMP2). Collagens are the most abundant
proteins belonging to the ECM of connective tissues, and they
contribute to the proper development and maintenance of
musculoskeletal tissues (Bailey, 1985; Velleman, 2015; Gatseva
et al., 2019; Mienaltowski et al., 2021). Because of its importance
in the ECM structure, alteration in the deposition and assembly of
different types of collagens determine numerous congenital
myopathies widely described in humans and other species
(Ahmad et al., 2020). For instance, mutations in COL1A2,
COL3A1, and COL5A2 human genes (identified as hub genes
in the present research) are at least in part the genetic basis of the
Ehlers-Danlos syndrome: a systemic connective tissue disorder
caused by defects in fibrillar collagen deposition (Nuytinck et al.,
2000; Mao & Bristow, 2001; Malfait et al., 2005). Besides, of
particular interest is COL6A3 gene, encoding for one of the three
alpha chains composing type VI collagen, that in turn is
associated with Bethlem and Ullrich congenital human
myopathies (Bertini and Pepe, 2002). Recent studies
hypothesized that this gene could be considered one of the
candidate genes potentially involved in the onset of the WS
and WB defects (Pampouille et al., 2018). Accordingly, Papah
et al. (2018) and Praud et al. (2020) showed an upregulation of
COL6A3 expression in muscles severely affected by both WS and
WB, in agreement with the great amount of fibrosis
characterizing myopathic muscles. In this respect, numerous
Authors identified genes directly involved in fibrosis
development as overexpressed in abnormal breasts (Papah
et al., 2018; Brothers et al., 2019; Pampouille et al., 2019;
Praud et al., 2020).

With regards to the fibrotic conditions of abnormal breasts,
PDGFRB was found as a further key node in the protein
content module gene network. In general, several Authors
suggested that the activation of this pathway may participate
in the aberrant deposition of ECM components, which in its
turn may lead to the impressive fibrosis which is commonly
observed in WB (Papah et al., 2018; Pampouille et al., 2019;
Malila et al., 2021). Intriguingly, PDGFR-receptors are
implicated in the proliferation, differentiation and
migration of myogenic cells (Contreras et al., 2021), and a
higher expression level of PDGFRB was found in developing
and regenerative mice’ skeletal muscles (Jin et al., 1991), as
well as in WB fillets (Pampouille et al., 2019; Praud et al.,
2020).

In accordance with this statement, recent studies suggested
that increasing PDGF-receptors expression supports the
activation of fibro-adipogenic progenitors (FAPs) that are
involved in the ECM remodeling and, more specifically, in the
regulation of regeneration and repair processes of the injured
muscles (Contreras et al., 2019, 2021). Interestingly, the FAP
gene, which encodes for a fibroblast activation protein, was found
to be one of the hub nodes belonging to the gene expression
network negatively related to the PC trait. Intriguingly, several
studies identified genes involved in fibroblasts proliferation and
function (e.g., FAPs) as differentially expressed in PM exhibiting
myopathic conditions, suggesting their involvement in the
abnormal collagen deposition (Mutryn et al., 2015; Papah
et al., 2018; Praud et al., 2020). In terms of ECM remodeling,
the Matrix Metalloproteinases (MMPs) represent a group of
endopeptidases primarily involved in the degradation of
almost all ECM components, such as the cross-linked collagen
and elastin fibers (Gomes et al., 2012) and therefore involved in
the ECM remodeling process. In the present study, the MMP2
gene was detected as another important hub node belonging to
the protein content module gene network. This result can be
considered particularly interesting in consideration of the
findings obtained in our previous study (Bordini et al., 2021)
in which Collagen type IV alpha 1 chain (COL4A1) was identified
as the most significant hub gene in the considered gene network.
In fact, MMP2 is typically associated with the cleavage of the
collagen type IV (COL4) (Zeng et al., 1999), the most abundant
component of the basement membranes (BMs) of many tissues
(e.g., endothelial cells and muscle fibers). Furthermore, the
MMP2 activity is indirectly associated with blood vessel
development, thus perfectly overlapping with the results
obtained by the functional analysis. Indeed, the degradation of
COL4 determines the production of bioactive collagen fragments
that can inhibit the angiogenesis process, such as the so-called
“Arresten” fragment resulting from the degradation of the
COL4 non-collagenous domain (Monaco et al., 2006; Aikio
et al., 2012). Therefore, it can be hypothesized that alterations
in COL4 degradation that leads to the production of anti-
angiogenic fragments could be considered likely involved in
the compromised vascularization that characterizes breast
muscles of modern chickens (Hoving-Bolink et al., 2000; Sihvo
et al., 2017).

Within this framework, the Cytohubba Cytoscape plugin
identified SPARC as another interesting hub gene that might
play a role in the cascade of molecular and physiological events
characterizing these myopathic conditions. This gene encodes for
the homonymous protein that has a critical role in ensuring the
proper secretion and assembly of COL4-networks at the BM level
in both vertebrates and invertebrate organisms (Chioran et al.,
2017). This COL4-network consists of interactions between
COL4 heterotrimers (i.e., protomers) forming a polygonal
structure that interacts with integrins and serves as a scaffold
for the deposition of other ECM components (e.g., laminins and
perlecans) (Chioran et al., 2017; Gatseva et al., 2019).
Interestingly, SPARC is a transient component of ECM that
works as an extracellular chaperone-like protein necessary for
the correct integration of COL4 at the BM level (Martinek et al.,
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2008; Morrissey et al., 2016). Hence, it is important to note that
this result could be considered in line with the hypothesis that
alteration in the COL4 network assembly and/or in its
intracellular accumulation may results in the occurrence of ER
stress condition in muscular cells, thus leading to an alteration of
the ECM structure and apoptosis process in abnormal breast
muscles. Therefore, these results may suggest that this alteration
in the protein assembly and/or secretion may be at least partially
due to errors in the SPARC chaperone-like activities. Taken
together, these results support the hypothesis that alteration in
COL4 secretion and/or assembly of the COL4 network resulting
from either an abnormal synthesis of the protein (Bordini et al.,
2021) or linked to disorders in collagen-associated chaperone
activities (e.g., SPARC), could represent a potential pathological
mechanism underlying the onset of growth-related abnormalities.

Overall, the present research has allowed us to obtain a more
complete understanding of the complex framework of biological
and physiological events at the basis of the growth-related
myopathies affecting modern chicken hybrids, along with new
insights on genes that may have a role in regulating molecular
pathways underlying WS/WB occurrence. In fact, through the
functional analysis and hub gene identification, the current
research allowed us to identify new candidate genes
characterized by a high degree of interconnections with other
genes belonging to the same expression pattern. Thus, it could be
assumed that these candidate genes could play key roles in the
pathogenesis of these abnormalities, such as the genes involved in
contrasting apoptotic events (e.g., BIRC2) and that may be
implicated in collagen degradation and assembly (e.g., MMP2
and SPARC). Furthermore, the consistency between the present
results and what we have found in our previous study (Bordini
et al., 2021) highlights that the traits most significantly associated
with the manifestation of WS and WB defects are related in
particular to changes in the expression level of genes linked to ER
stress condition and ECM remodeling.

In conclusion, the present findings supported the relevance of
ER stress condition in association with inflammatory responses,
apoptotic events and degenerative processes taking place within
the affected PM, as depicted by both the functional and hub gene
analyses. These results are also in line with the hypothesis
formulated by Lake et al. (2020) suggesting that abnormal
lipid accumulation at the perivascular level may lead to ER
and mitochondrial stress, thus resulting in the cascade of
events involved in the WS/WB occurrence and development.
Moreover, these findings may also support our previous
hypothesis that an altered architecture and/or degradation of
the type IV collagen may be at least in part involved in the WS/
WB onset. Indeed, alteration in the assembly of the COL4
network at the BM level could be the cause of ER stress both
at the endothelial and muscular levels, thus leading to apoptosis

promoted by the UPR activation and that in turn may be
responsible for the activation of pro-inflammatory and anti-
apoptotic events (e.g., NF-κB pathway). In this process, the
involvement of the SPARC gene could be hypothesized as a
key player in COL4-network stability. Furthermore, it might
be speculated that an abnormal degradation of COL4 protein
carried out by MMP2, which can determine the production of
fragments having anti-angiogenetic activities, might be involved
in the vascular damage of PMmuscles exhibiting these myopathic
conditions. Although the present study seems to corroborate the
hypothesis that COL4 may be one of the players involved in the
onset of these myopathies, it could not be excluded that its
alterations may be the result of the aberrant conditions
characterizing abnormal PM muscles at the collagen level. To
summarize, the main findings obtained in the present study, and
that could be considered remarkable points for a more complete
picture of the WS/WB complexity, highlighted molecular
pathways directly related to the blood vessel development and
cellular responses to several types of stress conditions: oxidative,
mitochondrial, and ER stress. Besides, our results identified hub
players potentially involved in the occurrence and/or progression
of WS/WB, due to their important role in counteracting ER
stress-induced apoptosis (BIRC2 and ILRAP1) and ECM
composition (SPARC and MMP2).
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Immunization of Broiler Chickens With
a Killed Chitosan Nanoparticle
Salmonella Vaccine Decreases
Salmonella Enterica Serovar
Enteritidis Load
Keila Acevedo-Villanueva1, Gabriel Akerele1, Walid Al-Hakeem1, Daniel Adams1,
Renukaradhy Gourapura2 and Ramesh Selvaraj 1*

1Department of Poultry Science, College of Agricultural and Environmental Sciences, University of Georgia, Athens, GA,
United States, 2Ohio Agricultural Research and Development Center, College of Food, Agricultural, and Environmental Sciences,
The Ohio State University, Columbus, OH, United States

There is a critical need for an oral-killed Salmonella vaccine for broilers. Chitosan
nanoparticle (CNP) vaccines can be used to deliver Salmonella antigens orally. We
investigated the efficacy of a killed Salmonella CNP vaccine on broilers. CNP vaccine
was synthesized using Salmonella enterica serovar Enteritidis (S. Enteritidis) outer
membrane and flagella proteins. CNP was stable at acidic conditions by releasing 14%
of proteins at pH 5.5. At 17 h post-incubation, the cumulative protein release for CNP was
75% at pH 7.4. Two hundred microliters of PBS with chicken red blood cells incubated
with 20 μg/ml CNP released 0% hemoglobin. Three hundred chicks were allocated into 1)
Control, 2) Challenge, 3) Vaccine + Challenge. At d1 of age, chicks were spray-vaccinated
with PBS or 40mg CNP. At d7 of age, chicks were orally-vaccinated with PBS or 20 μg
CNP/bird. At d14 of age, birds were orally-challenged with PBS or 1 × 107 CFU/bird of S.
Enteritidis. The CNP-vaccinated birds had higher antigen-specific IgY/IgA and
lymphocyte-proliferation against flagellin (p < 0.05). At 14 days post-infection, CNP-
vaccinated birds reversed the loss in gut permeability by 13% (p < 0.05). At 21 days
post-infection, the CNP-vaccinated birds decreased S. Enteritidis in the ceca and spleen
by 2 Log10 CFU/g, and in the small intestine by 0.6 Log10 CFU/g (p < 0.05). We conclude
that the CNP vaccine is a viable alternative to conventional Salmonella poultry vaccines.

Keywords: Salmonella, Enteritidis, vaccines, broilers, nanoparticles

1 INTRODUCTION

Salmonella is a zoonotic pathogen that is currently responsible for approximately four billion dollars
in total costs of foodborne illness in the United States of America (United States) (Economic
Research Service United States Department of Agriculture, 2021). Poultry is a core reservoir of
Salmonella and it is linked to approximately seventy percent of salmonellosis foodborne cases
(Andino and Hanning, 2015). Salmonella control strategies in the poultry industry consist of
combined pre-harvest and post-harvest preventative strategies that aim to decrease Salmonella “on-
farm” and also minimize the introduction of Salmonella at poultry processing plants when broilers
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reach market age. Broilers are considered to be at market age
when they reach slaughter weight typically between 28 and
49 days of age (Setyohadi, Octavia and Puspitasari, 2018;
Lakhmir; Singh & Manjit Kaur, 2021). One of the successful
preventative strategies against Salmonella includes vaccinating at
an early age. This strategy is facilitated by high throughput
methods, like gel-spray vaccination, on the day of hatch.

For chickens, spray vaccination is a standard method for
delivering respiratory vaccines, such as Newcastle Disease or
Infectious Bronchitis (Tizard, 2021). Spray vaccination is
especially convenient when vaccinating birds for the first
time as it can be done in high throughput and an
automated manner in the hatchery while the chicks are still
grouped in chicken crates. Spray vaccination is one of the
delivery methods that can induce mucosal immunity. For
example, one way the respiratory vaccines for broilers
induce mucosal immunity upon being delivered by spray is
by entering the chicks’ mucosal cells in the eyes and upper
respiratory tract (Nochi et al., 2018). For this study, the gel-
spray method was used to deliver the CNP vaccine to newly
hatched chicks. When the vaccine was sprayed on the chicks,
the colored gel droplets attached to the chicks’ feathers were
ingested as a form of oral vaccination when hungry newly-
hatched chicks preened each other or themselves in chicken
crates.

Selecting the most efficient delivery route for vaccines is
vital because pathogens have different natures that allow them
to thrive against the host immune defenses. For example, the
oral vaccination route is key to developing mucosal immune
responses against enteric pathogens, such as Salmonella. The
oral route provides a more tailored and effective defense
against Salmonella because systemic and mucosal immune
responses are highly segregated (Li et al., 2020). However,
the delivery route for conventional Salmonella killed vaccines
for broilers are subcutaneous or intramuscular injections. The
challenge is that injected vaccines induce poor mucosal
immunity because they elicit specific T-cell responses in the
bloodstream, resulting in predominantly IgY responses.
Mucosal vaccines, however, stimulate the production of
secretory immunoglobulin A (sIgA) along the
gastrointestinal tract (GIT) (Lamm, 1997; Levine, 2000;
Neutra and Kozlowski, 2006). The sIgA maintains
homeostasis between the commensal microorganisms in the
GIT and contributes to the late clearance of Salmonella
enterica serovars from the GIT (Berthelot-Hérault et al.,
2003; Forbes, Eschmann and Mantis, 2008). In addition,
currently available Salmonella vaccines for oral delivery in
broilers are live-attenuated vaccines. Live attenuated vaccines
have the probability of the vaccine strain regaining its
virulence (Tak W. Mak, 2006) and compromising the flock.
Thus, killed Salmonella vaccines are preferred. Unfortunately,
there are currently no commercially available oral-killed
Salmonella vaccines for broilers. For this reason, chitosan
nanoparticle (CNP) vaccines against Salmonella are studied
as alternative vaccine candidates.

Chitosan is a natural polymer that is known for being
mucoadhesive, biodegradable, non-toxic, and biologically

compatible. Further, chitosan-based nanoparticles have
been proved to be one of the most effective nanocarriers
for the oral delivery of antigens (Imam et al., 2021). The CNP
vaccine is synthesized with outer membrane proteins (OMPs)
and flagella proteins extracted from Salmonella enterica
serovar Enteritidis (Sankar Renu, Ashley D. Markazi,
Santosh Dhakal, Yashavanth Shaan Lakshmanappa, Revathi
Shanmugasundaram, 2018a). The synthesized CNP has (1)
high cationic charge, (2) average particle size distribution of
approximately 500 nm, (3) 70% encapsulation efficacy for
entrapped antigens, and (4) 40% encapsulation efficacy for
surface-conjugated antigens (Renu Sankar et al., 2018). In
different studies, the CNP vaccine has shown to be
biocompatible with broilers and layers, have no adverse
effects on the production performance of broilers or layers,
to successfully deliver the antigens to the Peyer’s Patches via
oral delivery, to significantly increase the antigen-specific
mucosal immune response against Salmonella, and to
decrease Salmonella enterica serovar Enteritidis (S.
Enteritidis) in the ceca (Renu, D. Markazi, et al., 2018;
Acevedo-Villanueva et al., 2020; Renu, Markazi, et al.,
2020a; Y. Han et al., 2020a).

Previous studies have explored the potential for mass
vaccination delivery of the CNP vaccine through oral
gavage, water, feed, in-ovo, and in a combined live
followed by killed vaccination scheme (Acevedo-Villanueva
et al., 2020; Renu, Han, et al., 2020; Renu, Markazi, et al., 2020;
Y.; Han et al., 2020a; Yi; Han et al., 2020b; Acevedo-
Villanueva et al., 2021; Acevedo-Villanueva, Renu and
Gourapura, Renukaradhya, Selvaraj, 2021). Therefore, the
objective of this study was to examine the efficacy of a
killed Salmonella CNP vaccine delivered through gel-spray
vaccination on broilers at d35 of age. We hypothesize that the
CNP vaccine can elicit significant amounts of antigen-specific
IgA and can significantly decrease the cecal and intestinal
load of S. Enteritidis in broilers. We tested our hypothesis by
(1) quantifying serum, cloacal, and bile anti-Salmonella
OMPs IgY and IgA antibodies, (2) quantifying S.
Enteritidis loads in the gizzard, pancreas, small intestine,
spleen, liver, ceca, heart, and blood, (3) quantifying the
antigen-recall response, (4) quantifying key cytokines and
Toll-like receptors (TLRs) mRNA amounts, (5) quantifying
fluorescein isothiocyanate dextran (FITC-d) levels in the
serum, and (6) monitoring the body-weight-gain (BWG)
and feed-conversion-ratio (FCR) of immunized and
challenged broilers.

2 MATERIALS AND METHODS

2.1 Ethical Considerations
All animal protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) at the
University of Georgia (IACUC # A2021 04-014-Y1-A1).
Experimental procedures were performed following the
pertinent guidelines concerning animal handling, care, and
welfare.
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2.2 Synthesis of Chitosan Nanoparticle
Vaccine
2.2.1 Isolation of S. Enteritidis Outer Membrane
Proteins
A crude protein extract of S. Enteritidis OMPs was used for the
preparation of the CNP vaccine. The isolation of S. Enteritidis
OMPs was done as described previously (Renu, Markazi, et al.,
2020; Acevedo-Villanueva et al., 2021). In brief, a pure culture of
wild-type S. Enteritidis was grown in Tryptic Soy Broth for 48 h at
37°C, with shaking. The grown culture was resuspended with 1 ×
Phosphate-Buffered Saline (PBS; pH 7.4) and centrifuged three
times at 4,800 ×g for 40 min. The cell pellet was collected, washed
three times using 10 mM TRIS Base buffer (pH 7.5), and heat-
killed at 75 C for 20 min. The cell pellet was subsequently treated
with 2% Triton X-100 in 10 mM Tris HCl buffer (pH 7.5) and
disrupted using a homogenizer (OMNI Inc., GA, United States)
for two rounds of 3 min each, with a cooling period on ice of
1 min in between each round. Afterward, the cell suspension was
centrifuged at 4,800 ×g for 30 min and the supernatant was
collected and centrifuged at 100,000 ×g for 3 h. The protein
concentration was estimated using a Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, United States), as per the
manufacturer’s instructions. The final product was freeze-dried
with 5% sucrose and stored until further use.

2.2.2 Isolation of S. Enteritidis Flagellar Proteins
A crude protein extract of S. Enteritidis flagellin was used for the
preparation of the CNP vaccine. The flagellin proteins were
isolated from S. Enteritidis, as described previously (Renu,
Markazi, et al., 2020; Acevedo-Villanueva et al., 2021). A pure
culture of wild-type S. Enteritidis was grown in Brain Heart
Infusion Broth (Sigma-Aldrich, MO, United States) for 48 h at
37°C, without shaking. The grown culture was resuspended with
1 × PBS (pH 7.4) and centrifuged three times at 4,000 ×g for
40 min. The suspension was subsequently treated with 3M
Potassium Thiocyanate in 1 × PBS (pH 7.4) for 2 h at 25°C,
with magnetic stirring. The treated cell suspension was
centrifuged at 35,000 ×g for 30 min. The supernatant was
dialyzed against 1 × PBS (pH 7.4), followed by overnight
dialysis in Milli-Q water. The protein concentration was
estimated using a Pierce™ BCA Protein Assay Kit, as per the
manufacturer’s instructions. The end product was freeze-dried
using 5% sucrose and stored until further use.

2.2.3 Preparation of the LoadedChitosan Nanoparticle
Vaccine
The loaded CNPwas synthesized using the ionic gelationmethod,
as described previously (Renu, Markazi, et al., 2020; Acevedo-
Villanueva et al., 2021). First, a solution of 1.0% (w/v) low
molecular weight chitosan (Sigma-Aldrich, MO, United States)
was made by slowly dissolving the chitosan in an aqueous
solution of 4.0% acetic acid. The chitosan solution was
magnetically stirred overnight, the pH was adjusted to 4.3, and
the overnight stirring was repeated once more. The dissolved
chitosan solution was collected and filtered using a 0.44 µm
syringe filter. Afterward, 5 mL of the 1.0% chitosan solution

were added to 5 ml of deionized water and magnetically
stirred for 15 min. Then, the solution was incubated with
2.5 mg OMPs and flagella proteins for 15 min, with magnetic
stirring. To form the nanoparticles, 2.5 ml of 1% (w/v) Sodium
Tripolyphosphate (TPP) was dissolved in 2.5 ml deionized water
and was subsequently added to the solution that contained the
OMPs and flagella proteins, under magnetic stirring at 25°C.
Finally, 2.5 mg of flagellin protein in 1 × PBS (pH 7.4) were added
to the nanoparticles and the suspension was incubated for 3 h at
25 C, with magnetic stirring. The CNP vaccines were collected by
centrifuging the above suspension at 10,500 ×g for 10 min. The
end-product was freeze-dried using 5% sucrose and stored until
further use.

2.2.4 Preparation of the LoadedChitosan Nanoparticle
Vaccine in Gel-Pac Solution
The Gel-pac solution used for this study was kindly provided by
Animal Science Products, Inc. and was prepared as per the
manufacturer’s instructions (ASP, Inc., LOT 200507). In brief,
one hundred grams of Gel-pac were dissolved into 4 L of cold
water. The solution was thoroughly homogenized using a high-
speed handheld emulsifier until a uniform distribution of the
green coloring in the gel spray solution was obtained. For the
vaccination, a total of 40 mg of loaded CNP vaccine diluted in
PBS (pH 7.4) were added to the Gel-pac solution for a total
volume of 500 ml stock solution. The vaccine solution was
delivered in a concentration/volume of 2 mg CNP/25 ml Gel-
Pac solution per box of 100 hatched chicks, to account for the
delivery of 20 μg/bird. For the mock Gel-pac vaccine solution PBS
(pH 7.4) was added to the Gel-pac stock solution.

2.2.5 The Entrapment Efficiency of Total Proteins for
Synthesized CNP Vaccine
After centrifuging the loaded CNP, the entrapment efficiency for
the synthesized CNP was estimated by quantifying the amount of
proteins that were left in the supernatant, as described previously
(Akerele et al., 2020). In brief, the protein content in 200 μL of the
supernatant was determined by using a Pierce™ BCA Protein
Assay Kit, as per the manufacturer’s instructions. Afterward, the
entrapment efficiency was determined as Entrapment efficiency
(%) = (Total protein for the nanoparticle synthesis–Total protein
left in the supernatant)/Total protein for the nanoparticle
synthesis × 100.

2.2.6 Cumulative Protein Release Assay and pH
Stability Assay of Synthesized CNP Vaccine
The cumulative protein release of the CNP was measured by
using a cumulative protein release assay, as described previously
(Dhakal et al., 2018). In brief, suspensions of 0.2 mg/ml of CNP in
3 ml of 1× PBS (7.4 pH) were incubated at 37 C for 2, 3, 10, and
17 h. For each time point, a total of 350 μL of the supernatant was
collected and subsequently centrifuged at 10,000 ×g at 4 C in
triplicates. Two hundred microliters of the supernatant were
collected, and the protein content was determined using a
Pierce™ BCA Protein Assay Kit, as per the manufacturer’s
instructions. The cumulative protein released for each time
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point was determined as Cumulative protein release (%) =
(cumulative protein released in the supernatant/0.2) × 100.

A pH stability assay was used to measure the stability of the
CNP at different acidic and alkaline pH, as described previously
(Akerele et al., 2020). In brief, the stability of the CNP was
measured by reconstituting 0.5 mg/ml of CNP in 1 × PBS at 3.5,
4.0, 4.5, 5.5, 6.5, and 7.5 pH. All the CNP suspensions were
incubated at 37 °C for 6 h and subsequently centrifuged at 10,000
×g for 5 min at 4 C. Two hundred microliters of the supernatant
were collected, and the protein content was determined using a
Pierce™ BCA Protein Assay Kit, as per the manufacturer’s
instructions. The cumulative protein release at each pH was
determined as Protein release (%) = (protein released in the
supernatant/0.5) × 100.

2.2.7 Hemolysis Assay- Effect of CNP Vaccine on
Chicken Red Blood Cells
A hemolysis assay was done to study the biocompatibility of the
CNP with chicken red blood cells (cRBCs) (Pan et al., 2016). In
brief, 1 ml of blood from 4-week-old broilers was collected and
centrifuged at 750 ×g to obtain the cRBCs. The cRBCs were
washed four times with 1 × PBS (7.4 pH) and reconstituted in
3 ml of 1 × PBS (7.4 pH). Afterward, a total of 10 μL of cRBC
suspension were incubated with 0.5 ml of 1 × PBS at 7.4 pH
(negative control), pure deionized water (positive control), or
20 μg/ml, 50 μg/ml, or 100 μg/ml of CNP. All the suspensions
were incubated for 3 h at 37 °C with agitation at 100 rpm.
Subsequently, the suspensions were centrifuged at 750 ×g for
6 min. Two hundred microliters of the supernatant were
collected, and their absorbance values were determined at
570 nm. The cRBCs hemolysis was determined as: Hemolysis
(%) = (OD 595 nm Absorbance (treatment—negative control))/
(OD 595 nm Absorbance (positive control−negative
control)) × 100.

2.3 Experimental Animals
Broiler birds (Cobb-Vantress hatchery, Inc.) had access to ad
libitum feed and water during the experimental period. Broiler
birds were monitored twice a day for (1) dehydration, (2) refusal
to eat food, (3) loss of body weight, (4) diarrhea, (5) bloody feces,
and (6) lethargy during the experimental period. Broiler birds
were euthanized with CO2, as per the IACUC standards.

2.3.1 Treatment Groups
At d1 of age, three hundred chicks were randomly allocated into
three treatment groups: 1) Control, 2) Challenge, and 3) Vaccine
+ Challenge. At d1 of age, all treatments were delivered using a
spray cabinet (Spraycox® II, K Supply Co. Inc.). Non-vaccine
groups were given PBS as a mock vaccination. The vaccine group
was given the CNP vaccine. At d7 of age, birds in the control and
the challenge groups were given a mock booster vaccination of
0.5 ml 1 × PBS/bird, by oral gavage; while birds in the vaccine +
challenge group were given a booster vaccination of 20 μg CNP/
bird, by oral gavage. After vaccination, each pen was assigned 16
replicates as birds per pen. At d14 of age, birds in the control
group were given a mock challenge of 0.5 ml 1 × PBS/bird by oral
gavage, and birds in the challenge and the vaccine + challenge

groups were orally challenged with 1 × 107 CFU/bird of nalidixic
acid-resistant S. Enteritidis. For this study, the experimental unit
was the pen (n = 6 pen/treatment). A summary of the
experimental treatment groups is provided in Table 1.

2.3.2 Sample Collection and Preparation
In this study, the experimental unit was the pen. Treatments
consisted of n = 6 pens per treatment, with 16 birds per pen as
replicates. On the day of hatch, all chicks were screened for
Salmonella prevalence. In brief, cloacal swab samples were
enriched in Tetrathionate Broth (Neogen, MI) for 6 h.
Subsequently, 10 μL of the enriched supernatant were
inoculated to Modified Semi-Solid Rappaport-Vassiliadis
(MSRV) Agar (Neogen, MI). Samples were subsequently
incubated at 41°C for 24 h. Detection of Salmonella was
negative on the day of hatch.

For the experimental challenge, a pure culture of wild-type S.
Enteritidis was selected for nalidixic acid resistance on Xylose
Lactose Tergitol™ 4 (XLT4) (Neogen, MI) agar at 500 mg/L. The
nalidixic acid-resistant colonies were grown at 37°C for 24 h on
Tryptic Soy Broth (G-Biosciences, MO, United States) containing
500 mg/L nalidixic acid and further used for the experimental
challenge.

At d1 of age, one hundred birds per group were gel-spray
vaccinated with either mock PBS or CNP vaccine. At 12 h post-
vaccination, cecal tonsils were collected to analyze IL-1β, TNF-α,
IFN-γ, IL-6, and TLR 5 mRNA expression by RT-PCR. At d7 of
age, birds were treated as follows: (1) the control group and the
challenge group were boosted with 1 × PBS (7.4 pH), and (2) the
vaccine + challenge group was boosted with CNP vaccine. At d14
of age, birds were treated as follows: (1) the control group was
given a mock challenge of 0.5 ml 1 × PBS/bird by oral gavage, and
(2) the challenge group and the vaccine + challenge group were
orally challenged with 1 × 107 CFU/bird of nalidixic acid-resistant
S. Enteritidis. At 12 h post-challenge, cecal tonsils were collected
to analyze induced nitric oxide synthase (iNOS), IFN-γ, TNF-α,
IL-10, IL-6, IL-17, TGF-β, K 60, and TLR 4 mRNA levels by RT-
PCR. Bodyweight and feed consumption were recorded weekly.
The BWG and FCR were calculated. Blood, bile, and cloacal
swabs were collected before the experimental challenge at d14 and
d35 of age. The serum, bile, and cloacal swab samples were
analyzed by enzyme-linked immunosorbent assay (ELISA) for
anti-OMPs IgY and IgA antibodies, respectively. At d12 of age,
primary splenocytes were isolated and stimulated with either S.
Enteritidis OMPs, S. Enteritidis flagellin, S. Enteritidis heat-killed
antigen (HKA), S. Typhimurium HKA, S. Kentucky HKA, S.
Infantis HKS, S. Heidelberg HKA, S. Hadar HKA, S. Litchfield
HKA, or S. Newport HKA, to determine the recall response. At
14 days post-infection (dpi), one bird per pen was given an oral
gavage of 2.2 mg FITC-d/bird, and serum was collected after 2 h
for a gut permeability assay. At 21 dpi, the birds’ gizzard,
pancreas, small intestine, spleen, liver, ceca, heart, and blood
were collected for S. Enteritidis quantification by plating. At 21
dpi, cecal tonsils were collected to analyze IL-1β, TNF-α, IL-6,
TGF-β, and IL-10 mRNA levels by RT-PCR, and jejunum
samples were collected to analyze Claudin-1 and Zona
Occludens-1 mRNA levels by RT-PCR. Spleen samples for the
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ex-vivo splenocyte recall assay were collected from two birds per
pen, otherwise, samples were collected from one bird per pen (n =
6) at each time point.

2.3.3 Antigen-Specific IgY and IgA Antibodies in
Serum, Cloacal Swabs, and Bile of Vaccinated Birds
Antigen-specific IgY and IgA antibodies in serum, cloacal swab,
and bile samples were assessed by ELISA, as described earlier
(Renu, Markazi, et al., 2020). In brief, OMPs were diluted in
0.05 M sodium-bicarbonate coating buffer (9.6 pH) and used to
coat high-binding 96-well plates (ThermoFisher Scientific, MA)
with either 2 μg/ml of OMP for IgG or 7.5 μg/ml of OMP for IgA
(Renu, Markazi, et al., 2020). The OMP-coated plates were
incubated overnight at 4°C, with no shaking. The incubated
plates were washed three times with 0.05% PBS-Tween 20
(PBS-T; pH 7.4) and were subsequently blocked with 5% non-
fat dry milk powder in PBS-T for 1 h at 37°C. The unbound
antigens were removed by washing the plates three times with
PBS-T. A two-fold serial dilution for a total of 100 μL per well was
carried out for each sample. Serum and bile samples were diluted
with 2.5% non-fat dry milk and cloacal swabs samples were
diluted in 1 × PBS (pH 7.4). Negative serum was used as a
control for serum samples, negative bile was used as a control for
bile samples, and sterile 1 × PBS (pH 7.4) was used as a control for
cloacal swabs samples. The samples were incubated for 2 h at 37°C
and subsequently washed three times with PBS-T. Fifty
microliters of the HRP-conjugated goat anti-chicken IgG
(Southern Biotech, AL) were added at 1: 10,000 in 2.5% non-
fat dry milk powder in PBS-T or 50 μL of the HRP-conjugated
goat anti-chicken IgA (Bethyl Laboratories, TX) were added at 1:
3,000 in 2.5% skim milk powder in PBS-T. The secondary
antibodies were incubated for 2 h at 37°C. Plates were
subsequently washed three times with PBS-T, and 50 μL per
well of TMB peroxidase substrate (KPL, MD) were added.
After 5 min, the reaction was stopped by adding 50 μL per
well of 2M Sulfuric Acid (J.T. Baker Inc., NJ, United States).
The Optical Density (OD) was measured at 450 nm using a
spectrophotometer and the corrected OD was calculated by
subtracting the treatment OD from the blank OD. Results
were reported as geometric mean titers (GMT). The cut-off
values were determined by the mean (x) and standard
deviation (SD) of the negative sera for serum samples,
negative bile for bile samples, and PBS controls for cloacal
swabs samples. The cut-off value was taken as x + 3SD, as
described previously (Lunn et al., 2012). The GMT was

calculated with the use of the log-transformed values and
taken as the antilog of the mean of the transformed values, as
described previously (Perkins, 1958; Belshe et al., 2004). The
percent increase was determined as [(GMT of Vaccine +
Challenge)—(GMT of Control)] ÷ (GMT of Control) × 100.

2.3.4 Recall-Response of Spleenocytes of Vaccinated
Birds
For this study, the spleen samples were collected from two birds
per pen (n = 6) at d12 of age. The recall-response was determined
using an ex-vivo recall assay, as previously described (Acevedo-
Villanueva et al., 2021). Briefly, the whole spleen was passed
through a cell strainer with 3 ml of sterile 1 × PBS (7.4 pH) to
obtain a single-cell suspension of PBMCs. The single-cell
suspension was slowly added onto 3 ml of Ficoll-paque plus
solution (Fisher Scientific, MA, United States). To remove the
red blood cells the suspension was centrifuged at 450 × g for
30 min at 4°C. Subsequently, the splenocytes in the interface were
slowly harvested. The cells were reconstituted using 100 μL of
RPMI-1640 (Sigma Aldrich, MO, United States) supplemented
with 10% fetal bovine serum and 1% Penicillin and Streptomycin.
The cell suspension was plated at 5 × 106 cells per well in
duplicates. For the first recall response assay, the cells were
stimulated with 20 μg/ml of OMPs crude protein extract or
20 μg/ml of flagellin crude protein extract and incubated for
3 days at 37°C in the presence of 5% CO2. For the second
recall response assay, cells were stimulated with 20 μg/ml of
either S. Enteritidis HKA, S. Typhimurium HKA, S. Kentucky
HKA, S. Infantis HKS, S. Heidelberg HKA, S. Hadar HKA, S.
Litchfield HKA, or S. Newport HKA. The HKA was prepared by
boiling the bacterial stock for 15 min, sonicating to make soluble
antigen, and centrifuging at 1,000 ×g for 15 min to obtain the
bacterial suspension. The protein concentration was assessed
using the Pierce™ BCA Protein Assay Kit, as per the
manufacturer’s instructions. Further, a Sodium Dodecyl
Sulphate–Polyacrylamide Gel Electrophoresis (SDS-PAGE)
analysis was done to visualize the S. Enterica serovars heat-
killed whole-antigenic crude extract (Supplementary Figure
S1). Before stimulation, the bacterial suspension was re-
suspended in the enriched RPMI-1640. As a negative control
for both recall response assays, splenocytes were stimulated with
0.0 μg/ml proteins. As a positive control for both recall response
assays, splenocytes were stimulated with 20 μg/ml of
Concanavalin A (Con A). The proliferation of spleenocytes
was measured using an MTT assay, as described previously

TABLE 1 | Summary of experimental treatment groups. For all experimental groups, the experimental unit was the pen, n = 6 pen/treatment, with 16 technical replicates as
birds/pen. For the gel-spray vaccination, 2 mg of CNP vaccine was reconstituted in 25 ml of Gel-Pac solution and sprayed on 100 chicks. For the mock gel-spray
vaccination, PBS (pH 7.4) was added to the Gel-pac stock solution. For the oral gavage booster vaccination, birds in the experimental group were given 20 μg CNP/bird, and
birds in the control groups were given 0.5 ml PBS/bird. At d14 of age birds in the negative control group were given a mock challenge of 0.5 ml PBS/bird and birds in the
positive control and the treatment group were orally challenged with 1 × 107 CFU/bird of S. Enteritidis (nalidixic acid-resistant).

Group 1st Gel-spray vaccination Oral gavage booster
vaccination

Experimental challenge

Control PBS PBS PBS
Challenge PBS PBS 1 × 107 CFU/bird S. Enteritidis
Vaccine + Challenge CNP CNP 1 × 107 CFU/bird S. Enteritidis
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(Zhao et al., 2012). The optical density was measured at 570 nm
using a spectrophotometer.

2.3.5 Salmonella Loads in the Gizzard, Pancreas,
Small Intestine, Spleen, Liver, Ceca, Heart, and Blood
of Vaccinated Birds
Gizzard, pancreas, small intestine, spleen, liver, ceca, heart, and
blood samples were analyzed for S. Enteritidis loads by plating.
All feed was removed from organs by washing with
approximately 3 ml of 1 × PBS (pH 7.4). All samples were
stored in stomacher bags and placed on ice. At the laboratory,
samples were diluted with 1× (wt/vol) 1 × PBS (pH 7.4), mashed
with a rubber mallet, and then stomached for 2 min. A volume of
100 μL of ceca was serially diluted into 900 μL of 1 × PBS (pH 7.4)
and from every dilution, a volume of 10 μL was plated in
duplicates on XLT4 agar plates. Plates were then incubated for
24 h at 41°C for the confirmation of black colonies. When no
growth was observed, to corroborate true negative samples, the
samples were further enriched in Tetrathionate Broth for 6 h
followed by the inoculation of 10 μL of the enriched solution to
XLT4 agar or MSRV Agar. The inoculated media were then
incubated for 24 h at 41°C for the confirmation or the absence of
black colonies on XLT-4 agar plates or the confirmation of
positive or negative samples on MSRV selective motility-
enrichment media. Upon double confirmation of the absence
of growth, the samples were considered to be negative for
Salmonella colonization. Data were recorded as CFU/g of
organ and then transformed to Log 10 CFU/g of organ for
statistical analysis. Further, the prevalence of S. Enteritidis in
colonized organs was also calculated. In addition, the organ
weight was further used to observe the CNP vaccine effect on
the relative weight of different organs by calculating the organ
index as Weight Index (%) = (organ weight (g))/(live weight (g))
× (100).

2.3.6 FITC-d Concentration in the Serum of Vaccinated
Birds
To determine the serum FITC-d levels at 14 dpi, one bird per pen
was given FITC-d (MW 3–5 kDa; Sigma-Aldrich Co., St. Louis,
MO, United States) by oral gavage at a dose of 2.2 mg FITC-d per
bird (Liu et al., 2021). After 2 h the chicks were euthanized by
CO2 inhalation and blood samples were collected. As a control,
serum was taken from one broiler chicken of each treatment
group that was not given FITC-d. The blood samples were
collected and centrifuged at 3,000 rpm for 12 min at 4°C. The
serum was then collected and diluted at 1:5. The OD was
measured at 485 nm using a spectrophotometer.

2.3.7 Gene Expression in the Cecal Tonsils or Jejunum
of Vaccinated Birds
Cecal tonsils were collected to monitor the mRNA expression of
key cytokines of the gut-associated lymphoid tissue. Jejunum
samples were also collected to monitor the expression of key
cytokines of tight-junction proteins in the gut. For this study,
cecal tonsil and jejunum samples were collected from one bird per
pen (n = 6) at 21 dpi. For gene expression analysis samples were
analyzed in duplicates. The TRIzol reagent (Invitrogen, CA,

United States) was used for the total RNA extraction, as per
the manufacturer’s instructions. The extracted RNA was
dissolved in Tris-EDTA buffer (pH 7.5) and the cDNA
synthesis was executed using 2 µg of total RNA template in a
20 µL reaction volume, as described previously (Acevedo-
Villanueva et al., 2021). The cecal tonsils mRNA transcripts
were analyzed for IL-1β, TNF-α, IFN-γ, IL-6, and TLR 5
mRNA levels at 12 h post-vaccination, or analyzed for iNOS,
IFN-γ, TNF-α, IL-10, IL-6, IL-17, TGF-β, K 60, and TLR 4mRNA
levels at 12 h post-challenge, or analyzed for IL-1β, TNF-α, IL-6,
TGF-β, and IL-10 mRNA levels at 21 dpi by RT-PCR (CFX96
Touch Real-Time System, BioRad). The jejunum mRNA
transcripts were analyzed for Claudin-1 and Zona Occludens-1
mRNA levels at 21 dpi by RT-PCR. All reactions were carried out
using iQ™ SYBR® Green Supermix (ThermoFisher Scientific,
MA), as described previously (Acevedo-Villanueva et al., 2021).
The housekeeping gene Ribosomal Protein S13 (RPS13) was used
as a reference gene to normalize the Ct values (de Jonge et al.,
2007). The fold change from the reference was determined using
the delta-delta Ct method, as explained previously (Schmittgen
and Livak, 2008). Results were reported as the fold-change
(2−ΔΔCt method). The primers sequences used for RT-PCR
analysis are described in Table 2.

2.4 Statistical Analysis
The experimental unit was the pen, where n = 6 pens per
treatment, with 16 replicates as birds per pen. At each time
point, samples were taken from one bird per pen, except for the
spleen samples, which were taken from two birds per pen. For this
study, all the samples were analyzed in duplicates. Data for the
antigen-specific recall response of immunized birds against
different Salmonella enterica serovars HKA was analyzed by
parametric Student t-test. For the multiple comparisons of
other data, if data were normally distributed the analysis was
done using a one-way analysis of variance (ANOVA), followed by
a Tukey’s post-hoc test. Otherwise, the statistical differences were
determined using a Kruskal-Wallis test and followed by Dunn’s
post-hoc test. Statistical analysis was performed using JMP Pro 14
(SAS Institute Inc., United States) and results were statistically
significant at p < 0.05.

3 RESULTS

3.1 In-vitro Analysis of Synthesized CNP
Vaccine
3.1.1 The Entrapment Efficiency of Total Proteins for
Synthesized CNP Vaccine
The entrapment efficiency for the total protein content of the
CNP vaccine was 87% (data not shown).

3.1.2 The pH Stability Assay and Cumulative Protein
Release Assay of Synthesized CNP Vaccine
At 6 h post-incubation the CNP released 3, 9, 10, 14, 31 and 26%
of proteins from 3.5 to 7.5 pH, respectively (Table 3).

At 2 h post-incubation the CNP had released 11% of its
protein cargo, at 3 h post-incubation the CNP had released
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14% of its protein cargo, at 10 h post-incubation the CNP had
released 21% of its protein cargo, and at 17 h post-incubation the
CNP had released 75% of its protein cargo (Table 4).

3.1.3 Hemolysis Assay- Effect of CNP Vaccine on
Chicken Red Blood Cells
The cRBC incubated with 20 μg/ml, 50 μg/ml, and 100 μg/ml of
CNP had 0.07, 0.09 and 0.9% hemolysis respectively (Table 5).

3.2 The Effects of Salmonella CNP Vaccine
on the Production Performance of
Vaccinated Birds
The CNP vaccine had no adverse effect on the production
performance of the vaccinated birds. There were no significant
differences (p > 0.05) between treatments in the BWG or FCR of
birds at all the time points, compared to control; hence, results

TABLE 2 | Primers and PCR conditions for RT-PCR.

Target Gene Sequence (5’—39) Ta (°C) Reference

IL-1β (F) TCCTCCAGCCAGAAAGTGA 57.0 Morris et al. (2014)
IL-1β (R) CAGGCGGTAGAAGATGAAGC
IFN-γ (F) GTGAAGAAGGTGAAAGTATCATGGA 57.0 Kaiser, Underwood and Davison, (2003)
IFN-γ (R) GCTTTGCGCTGGATTCTCA
IL-10 (F) CATGCTGCTGGGCCTGAA 57.5 Rothwell et al. (2004)
IL-10 (R) CGTCTCCTTGATCTGCTTGATG
iNOS (F) AGTGGTATGCTCTGCCTGCT 60.0 Selvaraj and Klasing, (2006)
iNOS (R) CCAGTCCCATTCTTCTTCC
TGF-β (F) AGGATCTGCAGTGGAGTGGAT 54.0 Han et al. (2020b)
TGF-β (R) CCCCGGGTTGTGTTGGT
IL-6 (F) CAAGGTGACGGAGGAGGAC 57.5 Hong et al. (2012)
IL-6 (R) TGGCGAGGAGGGATTTCT
TNF-α (F) ATCCTCACCCCTACCCTGTC 56.0 Han et al. (2020b)
TNF-α (R) GGCGGTCATAGAACAGCACT
IL-17 (F) GCAGATGCTGGATGCCTAAC 55.5 Markazi et al. (2018)
IL-17 (R) ATGGAGCCAGTGAGCGTTT
TLR 4 (F) ACCTACCCATCGGACACTTG 60.0 Markazi, et al. (2018)
TLR 4 (R) TGCCTGAGAGAGGTCAGGTT
TLR 5 (F) CCTTGTGCTTTGAGGAACGAGA 52.3 Xu et al. (2015)
TLR 5 (R) CACCCATCTTTGAGAAACTGCC
K60 (F) ATTTCCTCCTGCCTCCTACA 55.0 Hong et al. (2006)
K60 (R) GTGACTGGCAAAAATGACTCC
Claudin-1 (F) TGTAGCCACAGCAAGAGGTG 55.0 Chen et al. (2017)
Claudin-1 (R) GACAGCCATCCGCATCTTCT
Zona Occludens-1 (F) TGTAGCCACAGCAAGAGGTG 55.0 Oxford and Selvaraj, (2019)
Zona Occludens-1 (R) CTGGAATGGCTCCTTGTGGT
RPS13 (F) CAAGAAGGCTGTTGCTGTTCG 55.5 Hutsko. (2017)
RPS13 (R) GGCAGAAGCTGTCGATGATT

TABLE 3 | The pH stability assay and cumulative protein release assay of the
synthesized CNP vaccine. The CNPwas incubated in 1 × PBS at multiple pH’s
for 6 h.

pH stability of the CNP vaccine

pH Protein release (%)

3.5 3
4.0 9
4.5 10
5.5 14
6.5 31
7.5 26

TABLE 4 | The pH stability assay and cumulative protein release assay of the
synthesized CNP vaccine. The CNP were incubated in 1 × PBS at 7.4 pH and
the cumulative antigen release was assessed at different time points. Means +SD.
n = 2.

Cumulative protein release of the CNP vaccine

Hours CPR (%)

2 11
3 14
10 21
17 75

TABLE 5 | Effect of CNP on chicken red blood cells. The CNP was synthesized by
entrapping a crude-enriched extract of OMP and Flagellin proteins from
Salmonella enterica serovar Enteritidis. Mean ± SD. n = 2.

cRBCs hemolysis (%)

20 μg/ml 50 μg/ml 100 μg/ml

0.07 ± 0.030 0.09 ± 0.007 0.94 ± 0.021
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were reported as cumulative BWG (Supplementary Figure S2A)
and FCR from d0 to d35 of age (Supplementary Figure S2B).

3.3 The Effects of Salmonella CNP Vaccine
on Antigen-Specific IgY and IgA Antibodies
of Vaccinated Birds
At d14 of age, the birds that were vaccinated with CNP had
significantly increased anti-S. Enteritidis OMP IgY serum titers

by 218%, when compared to the control group (p < 0.05)
(Table 6). At d35 of age, there were no significant differences
in anti-S. Enteritidis OMP IgY titers from serum samples between
any of the treatment groups when compared to the control group
(p = 0.05) (Table 6). At d14 of age, the birds that were vaccinated
with CNP had significantly increased anti-S. Enteritidis OMP IgA
bile titers by 535%, when compared to the control group (p <
0.05) (Table 6). At d35 of age, the birds that were vaccinated with
CNP had significantly increased anti-S. Enteritidis OMP IgA bile

TABLE 6 | The GMT of anti-S. Enteritidis OMP IgY and IgA antibodies. Blood, bile, and cloacal swabs samples were collected at d14 of age (pre-challenge) and d35 of age
(post-challenge). Samples were analyzed for anti-Salmonella OMP IgY and OMP IgA levels by ELISA (n = 6). Results were reported as geometric mean titers (GMT).
Values with no common superscript differ (p < 0.05). The percent increase was determined as [(GMT of Vaccine + Challenge)–(GMT of Control)] ÷ (GMT of Control) × 100.

OMP

Sample Day of age Treatment group GMT % CV p-value

Serum d14 Control 228b 69 p < 0.05
Challenge 128ab 79
Vaccine + Challenge 724a 49

d35 Control 144 20 p = 0.05
Challenge 1448 42
Vaccine + Challenge 1290 47

Bile d14 Control 645c 82 p < 0.05
Challenge 724b 63
Vaccine + Challenge 4096a 0

d35 Control 512b 59 p < 0.05
Challenge 4096a 0
Vaccine + Challenge 3250a 31

Cloacal swabs d14 Control 23 67 p = 0.05
Challenge 51 20
Vaccine + Challenge 2298 52

d35 Control 161b 89 p < 0.05
Challenge 2580a 49
Vaccine + Challenge 1824a 68

The meaning of the symbol for (a, b) in Table is in indicated in the figure legend as “Values with no common superscript differ (p < 0.05).” It indicates the significance of the data.

TABLE 7 | The GMT of anti-S. Enteritidis Flagellin IgY and IgA antibodies. Blood, bile, and cloacal swabs samples were collected at d14 of age (pre-challenge) and d35 of age
(post-challenge). Samples were analyzed for anti-Salmonella Flagellin IgY and Flagellin IgA levels by ELISA (n = 6). Results were reported as geometric mean titers (GMT).
Values with no common superscript differ (p < 0.05). The percent increase was determined as [(GMT of Vaccine + Challenge)–(GMT of Control)] ÷ (GMT of Control) × 100.

Flagellin

Sample Day of age Treatment group GMT % CV p-value

Serum d14 Control 512 0 p > 0.05
Challenge 181 70
Vaccine + Challenge 1024 56

d35 Control 574 35 p > 0.05
Challenge 1024 59
Vaccine + Challenge 812 75

Bile d14 Control 456b 68 p < 0.05
Challenge 813 ab 72
Vaccine + Challenge 1448a 37

d35 Control 512b 0 p < 0.05
Challenge 2047a 0
Vaccine + Challenge 1824a 22

Cloacal swabs d14 Control 57 34 p > 0.05
Challenge 18 32
Vaccine + Challenge 91 30

d35 Control 80b 82 p < 0.05
Challenge 813a 70
Vaccine + Challenge 1448ab 85

The meaning of the symbol for (a, b) in Table is in indicated in the figure legend as “Values with no common superscript differ (p < 0.05).” It indicates the significance of the data.
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titers by 535%, when compared to the control group (p < 0.05)
(Table 6). At d14 of age, there were no significant differences in
anti-S. Enteritidis OMP IgA titers from cloacal swab samples
between any of the treatment groups when compared to the
control group (p = 0.05) (Table 6). At d35 of age, the birds that
were vaccinated with CNP had significantly increased anti-S.
Enteritidis OMP IgA cloacal titers by 1033%, when compared to
the control group (p < 0.05) (Table 6).

At d14 of age and d35 of age, there were no significant
differences in anti-S. Enteritidis Flagellin IgY titers from serum
samples between any of the treatment groups when compared to
control (p > 0.05) (Table 7). At d14 of age, the birds that were
vaccinated with CNP had significantly increased anti-S.
Enteritidis Flagellin IgA bile titers by 218%, when compared
to the control group (p < 0.05) (Table 7). At d35 of age, the birds
that were vaccinated with CNP had significantly increased anti-S.
Enteritidis Flagellin IgA bile titers by 256%, when compared to
the control group (p < 0.05) (Table 7). At d14 of age, there were
no significant differences in anti-S. Enteritidis Flagellin IgA titers
from cloacal swabs samples between any of the treatment groups
when compared to control (p > 0.05) (Table 7). At d35 of age, the

birds that were vaccinated with CNP had significantly increased
anti-S. Enteritidis Flagellin IgA cloacal titers by 1710%, when
compared to the control group (p < 0.05) (Table 7).

3.4 The Effects of Salmonella CNP Vaccine
on the Antigen Recall Response of
Vaccinated Birds
At d12 of age, the spleenocytes from birds that were
immunized with the CNP vaccine had significant (p < 0.05)
T-lymphocyte proliferation when they were stimulated with
20 μg/ml Flagellin, compared to control (Figure 1A). There
were no significant differences in T-lymphocyte proliferation
when the spleenocytes were stimulated with 20 μg/ml OMP,
compared to control (Figure 1A).

At d12 of age, the spleenocytes from birds that were
immunized with the CNP vaccine had significant (p < 0.05)
T-lymphocyte proliferation when they were stimulated with
20 μg/mL S. Enteritidis HKA, 20 μg/mL S. Typhimurium
HKA, and 20 μg/mL S. Litchfield HKA, compared to control
(Figure 1B).

FIGURE 1 | Ex-vivo recall-response of spleenocytes of vaccinated birds. At d12 of age, splenocytes PBMCs were stimulated with either 20 μg/ml OMP, 20 μg/ml
Flagellin or 20 μg/ml proteins of different S. Enterica serovars HKA for 3 days. As a negative control splenocytes were stimulated with 0.0 μg/ml of antigen. As a positive
control splenocytes were stimulated with 20 μg/ml Con A. (A) OMP and Flagellin. Bars (+SE) with no common superscript differ (p < 0.05); (B) HKA from S. Enterica
serovars. Means + SE Bars. n = 6. “*” signifies p < 0.05.
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3.5 The Effects of Salmonella CNP Vaccine
on Salmonella Loads in Gizzard, Pancreas,
Small Intestine, Spleen, Liver, Ceca, Heart,
and Blood of Vaccinated Birds
At 21 dpi the CNP-vaccinated birds had a 2 Log10 CFU/g, 2 Log10
CFU/g, 0.6 Log10 CFU/g decrease in S. Enteritidis loads in the

ceca (Figure 2A), spleen (Figure 2B), and small intestine
(Figure 2C), respectively, compared to that in the control (p <
0.05). There was no S. Enteritidis detection in gizzard, pancreas,
liver, heart, and blood when compared to control (p > 0.05).

The prevalence of S. Enteritidis in the ceca of the immunized
birds was 33% for Salmonella negative birds and 67% for
Salmonella positive birds (Supplementary Figure S3A). The
prevalence of S. Enteritidis in the spleen of the immunized
birds was 67% for Salmonella negative birds and 33% for
Salmonella positive birds (Supplementary Figure S3B). The
prevalence of S. Enteritidis in the small intestine of the
immunized birds was 17% for Salmonella negative birds and
83% for Salmonella positive birds (Supplementary Figure S3C).

Further, there were no significant differences between any
treatment groups for the organ index when compared to control
(p > 0.05) (Supplementary Figure S4).

3.6 The Effects of Salmonella CNP Vaccine
on FITC-d Concentration in the Serum of
Vaccinated Birds
The gut permeability was assessed by measuring the amounts of
FITC-d in the serum of immunized birds. At 14 dpi the challenge
group had a 27% increase in gut permeability, whereas the vaccine
+ challenge group reversed the increase in gut permeability by
13% (p < 0.05) (Figure 3).

3.7 The Effects of Salmonella CNP Vaccine
on Gene Expression in the Cecal Tonsils or
Jejunum of Vaccinated Birds
At 12 h post-vaccination, the TNF-αmRNA amounts were 2-fold
higher in the cecal tonsils of immunized birds when compared to
control (p < 0.05) (Figure 4A). At 12 h post-vaccination, the TLR

FIGURE 2 | Salmonella loads in the ceca, spleen, and small intestines of
vaccinated birds. Organ samples were collected from 1 bird per pen (n = 6) at
21 dpi. Samples were analyzed for S. Enteritidis loads by plating. Samples that
were double negative for S. Enteritidis presence after selective
enrichment were considered negative for Salmonella colonization. Data were
recorded as CFU/g of organ and transformed to Log 10 CFU/g of organ for
statistical analysis. (A) Ceca; (B) Spleen; (C) Small intestine. Bars (+SE) with
no common superscript differ (p < 0.05).

FIGURE 3 | FITC-d concentration in the serum of vaccinated birds. At d1
of age birds were allocated into treatment groups: 1) Control; 2) Challenge; or
3) Vaccine + Challenge. At d1 and d7 of age birds in the negative and positive
control groups were mock vaccinated with PBS and birds in the
treatment groupwere vaccinated with CNP. At d14 of age birds in the negative
control group were given amock challenge of 0.5 ml PBS/bird and birds in the
positive control and the treatment group were orally challenged with 1 ×
107 CFU/bird of S. Enteritidis. At 14 dpi, one bird per pen was given 2.2 mg
FITC-d by oral gavage. After 2 h blood samples were collected. The Optical
Density (OD) was measured at 485 nm. Bars (+SE) with no common
superscript differ (p < 0.05).
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FIGURE 4 | The Effects of Salmonella CNP Vaccine on Gene Expression
in the Cecal Tonsils of Vaccinated Birds at 12 h post-vaccination. At d1 of age
birds were allocated into treatment groups: 1) Control; 2) Challenge; or 3)
Vaccine + Challenge. At d1 and d7 of age birds in the negative and
positive control groups were mock vaccinated with PBS and birds in the
treatment groupwere vaccinated with CNP. At d14 of age birds in the negative
control group were given amock challenge of 0.5 ml PBS/bird and birds in the
positive control and the treatment group were orally challenged with 1 ×
107 CFU/bird of S. Enteritidis. Cecal tonsils were collected from one bird/pen
(n = 6) at 12 h post-vaccination. Data represented as fold change compared
to control. (A) TNF-α mRNA; (B) TLR 5 mRNA; (C) IL-6 mRNA. Bars (+SE)
with no common superscript differ (p < 0.05).

FIGURE 5 | The Effects of Salmonella CNP Vaccine on Gene Expression
in the Cecal Tonsils of Vaccinated Birds at 12 h post-challenge. At d1 of age
birds were allocated into treatment groups: 1) Control; 2) Challenge; or 3)
Vaccine + Challenge. At d1 and d7 of age birds in the negative and
positive control groups were mock vaccinated with PBS and birds in the
treatment groupwere vaccinated with CNP. At d14 of age birds in the negative
control group were given amock challenge of 0.5 ml PBS/bird and birds in the
positive control and the treatment group were orally challenged with 1 ×
107 CFU/bird of S. Enteritidis. Cecal tonsils were collected from one bird/pen
(n = 6) at 12 h post-challenge. Data represented as fold change compared to
control. (A) TNF-αmRNA; (B) IL-17mRNA; (C) IL-6mRNA. Bars (+SE) with no
common superscript differ (p < 0.05).
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5 mRNA amounts were 2-fold higher in the cecal tonsils of
immunized birds when compared to control (p < 0.05)
(Figure 4B). At 12 h post-vaccination, the IL-6 mRNA
amounts were 2-fold higher in the cecal tonsils of immunized
birds when compared to control (p < 0.05) (Figure 4C). At 12 h
post-vaccination, there were no significant differences between
any of the treatment groups for IFN-γ and IL-1βmRNA amounts
in the cecal tonsils, compared to control (p > 0.05)
(Supplementary Figure S5).

At 12 h post-challenge, the TNF-α mRNA amounts were 0.5-
fold higher in the cecal tonsils of immunized birds when
compared to control (p < 0.05) (Figure 5A). At 12 h post-
challenge, the IL-17 mRNA amounts were 2-fold higher in the
cecal tonsils of immunized birds when compared to control (p <
0.05) (Figure 5B). At 12 h post-challenge, the IL-6 mRNA
amounts were 1.3-fold higher in the cecal tonsils of
immunized birds when compared to control (p < 0.05)
(Figure 5C). At 12 h post-challenge, there were no significant
differences between any of the treatment groups for IFN-γ, TLR
4, IL-10, iNOS, K60, and TGF-β mRNA amounts in the cecal
tonsils when compared to control (p > 0.05) (Supplementary
Figure S6).

At 12 h post-challenge, there were no significant differences
for Claudin-1 and Zona Occludens-1 mRNA amounts in jejunum
samples, compared to control (p > 0.05) (Supplementary
Figure S6).

At d 35 of age, there were no significant differences between
any of the treatment groups for TGF-β, IL-10, IL-6, TNF-α, and
IL-1β mRNA amounts in the cecal tonsils, compared to control
(p > 0.05) (Supplementary Figure S7).

4 DISCUSSION

Currently, polymeric chitosan nanoparticles are studied as
antigen-delivery tools for killed Salmonella vaccine antigens.
Previous studies with broiler and layer birds have investigated
the efficacy of the oral Salmonella CNP vaccine when delivered
by oral gavage, water, feed, in-ovo, and in a combined live
followed by killed vaccination scheme (Acevedo-Villanueva
et al., 2020; Renu, Han, et al., 2020; Renu, Markazi, et al.,
2020; Y.; Han et al., 2020a; Yi; Han et al., 2020b; Acevedo-
Villanueva et al., 2021; Acevedo-Villanueva, Renu and
Gourapura, Renukaradhya, Selvaraj, 2021). Findings have
demonstrated that the oral Salmonella CNP vaccine is a
potential alternative to existing Salmonella vaccines for
broilers and layers. When compared to uncoated CNPs and
soluble OMP and flagellin antigens, previous studies
demonstrated that flagellin-coated CNPs are readily uptaken
by ileal Peyer Patch’s M cells by passing through mucus layer,
elicited Salmonella-specific mucosal IgA and T cell responses
and induced the expression of Th1 and Th2 cytokines mRNA
expression (Renu, Han, et al., 2020). In this study, we assessed
the efficacy of the Salmonella CNP vaccine delivered through
gel-spray on broilers. All birds were vaccinated with PBS or
CNP vaccine by gel-spray delivery at d1 of age and were given a
booster vaccination of PBS or CNP vaccine at d7 of age by oral

gavage. A shorter prime-boost interval was carried out because
(1) unlike commercial breeders, broilers have a shorter life span,
(2) Salmonella vaccines require two doses that are three to
4 weeks apart, and (3) Salmonella vaccines have a withdrawal
period of 21 days before processing (Acevedo-villanueva et al.,
2021). Thus, a shorter prime-boost approach takes into account
the broiler’s short life span while complying with the 21-days
withdrawal restriction. Previous research also explored the
shorter prime-boost interval approach and found that the
CNP can significantly reduce S. Enteritidis when it is orally
delivered as a one-dose vaccination or as a booster vaccination
(Acevedo-Villanueva et al., 2021).

In this study, we found that 87% of the antigens were
successfully entrapped into the nanoparticle. To ensure the
safe delivery of the antigens to the gut, we assessed the
stability of the CNP vaccine at biological pH levels that range
from the crop to the small intestine of broilers (Ravindran, 2013).
According to literature, the vaccine must resist the pH from the
crop to the gizzard at pH 3.5–5.5 to reach the small intestine
intact at pH 6–7.5 (Gauthier, 2002). The delivery of the CNP
vaccine antigens at the pH of the small intestine is essential to
provide a stimulus to the immune system (Fredriksen and Grip,
2012). Results show that at pH 6.5 the CNP releases 31% of the
antigen load, and at pH 7.5 the CNP releases 26% of the antigen
load. The in-vitro results indicate that when the CNP vaccine is at
the pH range of the small intestine, it would be releasing
approximately 57% of its antigen load.

The average transit time of feed particles from the crop to the
small intestine is approximately 70 min (Ravindran, 2013); hence,
we assessed the cumulative protein release of antigens for the
CNP at the initial stages after delivery for up to 17 h. The
cumulative protein release of antigens for the CNP was
determined to be 75% of its total protein after 17 h of
incubation at a pH of 7.4. Previous research has reported that
CNP loaded with Newcastle disease virus F-protein employed a
slow release of 28% of their protein load at 18 h of incubation
(Zhao et al., 2012). Another study reported that CNP loaded with
native or toxoids of extracellular proteins of Clostridium
perfringens and surface-tagged with Salmonella flagellin
proteins had a cumulative release of approximately 10 and
16%, respectively, after 17 h of incubation (Akerele et al.,
2020). Compared to other studies, our results show an
increased cumulative protein release at 17 h of incubation.
This difference could be due to the different TPP ratios
among nanoparticle formulations, as it has been shown that as
the TPP ratio increases in the vaccine formulation the protein
loading efficiency decreases, and protein release from the
nanoparticle increases (Hou et al., 2012).

When incubating the cRBCs with 20 μg/ml CNP and with
100 μg/ml CNP, the cRBCs released less than 1% and
approximately 1% of hemoglobin, respectively, indicating no
adverse effect of CNP on cRBCs. In previous research where
CNP was loaded with native extracellular proteins of
Clostridium perfringens and surface-tagged with Salmonella
flagellin proteins, the CNP released less than 3% from cRBC
(Akerele et al., 2020), further substantiating our results. The
CNP loaded with Newcastle disease virus F-protein has also
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been demonstrated to be safe in chicken embryo kidney cells
(Zhao et al., 2012).

Salmonella enterica serovars infections are not a problem to
poultry health as they are asymptomatic carriers and look healthy
during infection. The main concern with Salmonella and poultry
infections arises when humans interact with infected live poultry
or consume infected poultry meat or poultry-derived products
and develop Salmonellosis (Centers for Disease Control and
Prevention, 2021). However, in this study, all birds were
monitored twice a day for dehydration, refusal to eat food,
diarrhea, bloody feces, and lethargy during the experimental
period. Further, production performance parameters were also
monitored during the experimental period. As expected, the birds
in the challenge and the vaccine + challenge groups showed no
Salmonella symptoms during the experimental period. Moreover,
the S. Enteritidis challenge had no significant effects on the BWG
or FCR of the challenged birds during the experimental period.
Our in-vivo study also found that CNP vaccination did not
significantly affect BWG or FCR, as seen by the BWG and
FCR of the birds that were vaccinated with the CNP vaccine
and challenged with S. Enteritidis. Results are in accord with
existing research where the CNP vaccine had no adverse effects
on the production performance parameters of broilers or layers
(Zhao et al., 2012; Acevedo-Villanueva et al., 2020; Akerele et al.,
2020; Renu, Markazi, et al., 2020; Y.; Han et al., 2020a; Yi; Han
et al., 2020b; Acevedo-Villanueva et al., 2021; Acevedo-
Villanueva, Renu and Gourapura, Renukaradhya, Selvaraj, 2021).

Oral vaccination elicits a greater mucosal response through the
production of substantial amounts of IgA against the pathogen of
interest (Neutra and Kozlowski, 2006). In this study, the OMP
IgY antibody titers in the serum of vaccinated birds significantly
increased after the booster vaccination, when compared to the
unvaccinated control birds. A significant antigen-specific IgY
antibody increase can be seen as an immunological advantage,
as indicated by various studies showing that IgG can also partake
in the host defense against enteric pathogens (Holmgren and
Czerkinsky, 2005; Brandtzaeg, 2009). Previous findings are in
agreement with our results showing that the Salmonella CNP
vaccine can elicit significant IgY antibody levels (Acevedo-
Villanueva et al., 2020; Acevedo-Villanueva et al., 2021; Renu,
Markazi, et al., 2020; Acevedo-Villanueva, Renu and Gourapura,
Renukaradhya, Selvaraj, 2021).

IgA in the serum is actively and selectively transported from
the blood to the bile by the liver (Davis and Sell, 1989). Further,
mucosal IgA functions as the primary defense mechanism against
enteric pathogens, like Salmonella. For this study, the OMP IgA
and Flagellin IgA antibody titers in the bile of vaccinated birds
significantly increased after the booster vaccination, when
compared to the unvaccinated control birds. The CNP vaccine
was able to induce significantly greater levels of antigen-specific
antibodies against S. Enteritidis before the experimental
challenge. Further, the OMP and Flagellin IgA antibody titers
in the bile of vaccinated birds also had a significant increase in
response to the S. Enteritidis challenge, when compared to the
unvaccinated control birds. The significant increase in OMP IgA
and Flagellin IgA antibody titers in the bile of vaccinated birds at
d35 of age were from birds that had already significantly

decreased the S. Enteritidis colonization. Their antigen-specific
antibody titers were similar to that of the antibody titers observed
in the unvaccinated-challenge birds. However, the unvaccinated-
challenged birds were still struggling to clear the S. Enteritidis
infection, as indicated by the significant increase of S. Enteritidis
colonization. These findings indicate that the CNP vaccine can
produce significant antigen-specific IgA titers, similar to that of
infection, and can also aid in the clearance of S. Enteritidis in the
gut. However, the primary mechanism of Salmonella clearance in
the gut of the vaccinated birds seems to be directed towards the
cell-mediated component of the immune response. This is
relevant because killed vaccines elicit weak cell-mediated
responses when compared to live vaccines (Wodi AP and
Morelli V, 2021). However, our findings demonstrate that the
CNP vaccine can elicit a significant cellular immune response, as
seen by its capability to elicit a significant antigen-specific
lymphocyte proliferation against S. Enteritidis flagellin
antigens. For this reason, future research should further
explore the cellular immune mechanisms behind the vaccine.
Further, results are in agreement with previous research
demonstrating that in chickens an infection with Salmonella
enterica serovar Typhimurium induces high levels of antigen-
specific antibodies, but B-cells do not play an essential role in the
clearance of the primary infection (Beal et al., 2006). Currently, it
is not clear what non-B cell mechanism mediates Salmonella
clearance; which could be beneficial to developing a successful
Salmonella vaccine for broilers. For this study, results
demonstrated that the CNP vaccine can induce protective
OMP and Flagellin IgA antibody titers in bile. Also, further
research is needed to better understand the cellular and
humoral advantages that the CNP can convey.

In chickens, cloacal swabs are an easy and reliable way to
evaluate mucosal IgA concentration (Merino-Guzmán et al.,
2017). For this study, the OMP and Flagellin IgA antibody
titers in the cloacal swabs of vaccinated birds also had a
significant increase in response to the S. Enteritidis challenge,
when compared to the unvaccinated control birds. Results are in
agreement with previous studies that have reported that the CNP
vaccine can elicit significant antigen-specific IgA antibody titers
against S. Enteritidis (Acevedo-Villanueva et al., 2020; Renu, Han,
et al., 2020; Renu, Markazi, et al., 2020; Y.; Han et al., 2020a; Yi;
Han et al., 2020b; Acevedo-Villanueva et al., 2021; Acevedo-
Villanueva, Renu and Gourapura, Renukaradhya, Selvaraj, 2021).

An antigen-specific lymphocyte proliferation assay was
carried out to evaluate the cell-mediated response of birds that
are vaccinated with CNP against S. Enteritidis antigens. The CNP
vaccine was surface-coated with a flagellin crude protein extract
as an adjuvant that is capable of being recognized by the host TLR
5 and triggering the immune system. Our results indicate that
20 μg/ml of flagellin crude protein extract can induce a substantial
antigen-specific proliferation response against Salmonella,
making it is a suitable choice as an adjuvant for the CNP
vaccine. This study also found that the TLR 5 mRNA
expression was significantly upregulated at 12 h post-
vaccination in birds that were immunized with the CNP
vaccine. The observed results are in agreement with previous
studies regarding the PBMCs recall response against loaded CNP
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antigen stimulation (Renu, Markazi, et al., 2020; Y.; Han et al.,
2020b; Yi; Han et al., 2020c; Acevedo-Villanueva et al., 2021) and
a previous study that assessed the upregulation of TLR 5 by the
CNP vaccine (Renu, Han, et al., 2020). Further, the numerical
differences (p > 0.05) in cell proliferation of birds in the control
and the challenge groups at d12 of age can be due to individual
variations. Variations among individuals of the same species can
result in differences in the immune responses (Nature Education,
2014; Urban, 2020).

For this study, we also investigated if spleenocytes from birds that
were vaccinated with the CNP, loaded with the S. Enteritidis
antigens, can also recognize antigens from other prominent
Salmonella enterica serovars. The ex-vivo assessment was done to
study the CNP vaccine’s potential to provide cross-protection
against heterologous Salmonella serovars. Cross-protection against
heterologous Salmonella serovars requires vaccine antigens that
share conserved sequences (Vojtek et al., 2019). Conserved
sequences allow the immune system of the vaccinated birds to
recognize multiple Salmonella serovars, which benefits the poultry
industry. The ex-vivo results indicate that the T-lymphocytes from
immunized birds responded in an antigen-specific manner when
stimulated with 20 μg/ml of either S. Enteritidis, S. Typhimurium, or
S. Litchfield HK. Results indicate that the CNP vaccine could
significantly provide cross-protection against other Salmonella
enterica serovars. The CNP vaccine was loaded with a crude-
enriched extract of OMP and flagellin proteins from S.
Enteritidis. It is expected that vaccines that are synthesized with
either the Enteritidis or Typhimurium serovar can provide cross-
protection against both because S. Enteritidis and S. Typhimurium
porin OMP C contains several amino acid sequences that are highly
conserved (Valero-Pacheco et al., 2020), making them suitable
vaccine candidates. Further, S. Enteritidis and S. Litchfield have
been linked to amassivemulti-state outbreak in 2018 that was traced
to live poultry (Robertson et al., 2019). Further research found that S.
Enteritidis and S. Litchfield contain significant homology in their
genetic sequence, making cross-protection possible during an S.
Enteritidis vaccination (Robertson et al., 2019). Future research
should consider the in-vivo study of the Salmonella CNP vaccine
against experimental challenges of S. Typhimurium or S. Litchfield
to fully explore the vaccine’s potential for cross-protection.

Salmonella control and prevention requires a coordinated and
multifaceted approach with several intervention strategies of which
vaccination is only one. Currently, Salmonella vaccines alone cannot
fully eradicate Salmonella in poultry, but they are strongly
recommended to significantly help reduce the Salmonella loads in
poultry production. Early interventions at the live stage of the birds
can significantly contribute to decreasing the Salmonella load at the
market age of 35–49 days of age. A previous study identified that S.
Enteritidis can colonize the spleen, liver, small intestine, cecum
contents, stomach, heart, pancreas, and the blood of broilers during
21 days, from highest to lowest distribution (Zeng et al., 2018). For
this reason, the current study aimed to explore the efficacy of the
CNP vaccine in decreasing the colonization of S. Enteritidis in the
internal organs of broilers at d35 of age. Broilers are asymptomatic
carriers of non-typhoidal Salmonella (Shanmugasundaram et al.,
2015), while healthy individuals require the presence of 1 × 106

bacterial cells to cause infection (Alena Klochko, 2019). Thus, all

birds in the challenge and the vaccine + challenge groups were given
an oral challenge of 1 × 107 CFU/bird of S. Enteritidis. Our findings
demonstrate that the CNP vaccine can aid in significantly reducing
the S. Enteritidis colonization by 2 Log in the ceca and spleen, and by
0.6 Log in the small intestine of immunized and experimentally
challenged birds at d35 of age. A 2 Log reduction in two of the organs
that have been reported to have the highest S. Enteritidis loads places
the CNP as a viable vaccine candidate for Salmonella in poultry.
Further, a significant 2 Log reduction of Salmonella at market age is
of biological importance because combining the CNP vaccine with
active “on-farm” and processing interventions can significantly
reduce the number of contaminated carcasses. Future research
should explore the vaccine’s potential to reduce the Salmonella
load in ready-to-eat carcasses of broilers.

Gut integrity is a crucial indicator of both health and critical
illness, as damage to the intestinal epithelia induces “hyper-
permeability” that can lead to bacterial translocation and
subsequent systemic infection (Otani and Coopersmith, 2019). In
this study, results indicate that the CNP vaccine treatment
significantly reduced the loss in gut permeability, as seen by
decreased levels of FITC-d in the serum of birds that were
vaccinated with CNP. Results were further confirmed by the
significant increase in FITC-d levels in the serum of birds in the
challenge groupwhen compared to control. Additionally, themRNA
expression levels of both Claudin-1 and Zona Occludens-1 at 12 h
post-challenge were decreased (p > 0.05) in the jejunum samples of
the challenge group. Previous findings demonstrate that S.
Typhimurium is known to increase intestinal permeability of the
chicken gut due to its ability to induce tight junction protein damage,
as seen by the decreased expression of a few key markers, such as
Claudin-1 and Zona Occludens-1 (Tafazoli, Magnusson and Zheng,
2003; Wang et al., 2018; Leyva-Diaz et al., 2021). Further, a study
with rats found that S. Enteritidis can increase gut permeability as the
result of environmental stress which can increase the Salmonella
virulence factors (Ten Bruggencate et al., 2005). Future research
should further explore the impact of CNP in the gut permeability of
chickens that are challenged with S. Enteritidis.

For this study, we explored the CNP vaccine effect on key
immune-related gene expressions of biological relevance to
Salmonella infections in broilers. The induction of immune
relevant cytokines and proteins, such as IL-1β, TNF-α, IFN-γ, IL-
6, IL-10, IL-17, TLR 4, TLR 5, iNOS, TGF-β, K 60, Claudin-1, and
Zona Occludens-1, following Salmonella infection of chickens have
been studied previously (Van Immerseel et al., 2002; Withanage
et al., 2004; Berndt et al., 2007; Ivanov et al., 2008; Crhanova et al.,
2011; He, Genovese and Kogut, 2011; Matulova et al., 2012; Renu,
Markazi, et al., 2020; Shanmugasundaram et al., 2021). The ability of
a vaccine to induce significant levels of pro-inflammatory cytokines
upon vaccination mimics the natural inflammatory response seen in
the initial stages of infection, which is key to successfully triggering
an immune response against the desired antigen. In mammals, the
synthesis and release of pro-inflammatory cytokines, such as TNF-α
and IL-6, are increased especially during the early stages of
inflammation (Abbas Abul, 2014). Further, TNF-α and IL-6 are
pleiotropic cytokines, so they can act as both pro-inflammatory and
anti-inflammatory. In this study, birds that were immunized with
the CNP vaccine had significantly highermRNA expression of TNF-
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α and IL-6 at 12 h post-vaccination and 12 h post-challenge. These
results highlight the ability of the CNP vaccine to induce a significant
pro-inflammatory response against the loaded antigens, similar to
that which is observed in a Salmonella infection. Results are in
agreement with in-vitro findings that report that CNP vaccines can
elicit increased secretion of TNF-α and IL-6 in immunized pig cells
(Dhakal et al., 2018). Future studies will also explore the mRNA
levels of key cytokines in serum samples of immunized birds.

IL-17 is predominantly produced by T helper 17 (Th17) cells (Xu
and Cao, 2010). There is a significant gap in research regarding Th17
cells and Salmonella in chickens, and the research to date is
contradicting. Further, there is no research regarding CNP effects
in IL-17 cells or Th17 cytokines in chickens challenged with
Salmonella. According to literature, Th17 cells and Th17 cytokines
play an important role in the resistance to mucosal Salmonella
infections across different species (Raffatellu M, George MD,
Akiyama Y, 2009; Griffin and McSorley, 2011), including chickens
(Crhanova et al., 2011). It has also been reported that chicken IL-
17RA expression remains unchanged in Salmonella infection (Kim
et al., 2014). However, in this study, our findings show that the birds
that were immunized with the CNP vaccine had significantly higher
IL-17 mRNA expression in response to the S. Enteritidis challenge
when compared to the control groups. At 12 h post-challenge, both
the control and the challenge groups had similar and significantly
lower levels of IL-17. Thus, we hypothesize that the increased levels of
Th17 mRNA can be due to a synergistic effect of the vaccine-loaded
antigens and the increased IL-6mRNA amounts induced by the CNP
vaccine. Our hypothesis is based on previous research in mice that
indicates that Salmonella-specific Th17 cells can recognize Salmonella
flagellin (Lee et al., 2012) and that Salmonella Flagellin antigen has
also shown an intrinsic ability to elicit IL-1 and IL-6 production
(Salazar-Gonzalez and McSorley, 2005; Mizel and Bates, 2010).
Moreover, it has been reported that IL-6 is a non-redundant
differentiation factor for Th17 cells (Korn and Hiltensperger,
2021) in which significantly increased levels of IL-6 can promote
the generation of Th17 cells (Hou et al., 2014) and result in IL-6 and
IL-17 cytokines. So, the recognition of the vaccine’s flagellin by TLR 5
and its ability to induce significant IL-6 mRNA may be the force
driving the Th17 response against Salmonella in the cecal tonsils
during S. Enteritidis infection in chickens. These results also support
the hypothesis that the primary mechanism of Salmonella clearance
in the gut is due to the cellular component of the immune response
(Beal et al., 2006). Future research regarding the effect of the CNP
vaccine on Salmonella Th17 cells and IL-17 cytokines is needed to
explore the IL-17 and Salmonella research gap in chickens.

5 CONCLUSION

This study analyzed the efficacy of a CNP vaccine against Salmonella
delivered by gel-spray to broilers. The CNP vaccine (1) can
overcome the hurdles of conventional vaccines; (2) had no
negative effects on production performance of broilers; (3)
elicited antigen-specific systemic and mucosal immune responses;
(4) elicited antigen-specific recall response against S. Enteritidis
Flagellin, S. Enteritidis HKA, S. Typhimurium HKA, and S.
Litchfield HKA; (5) reduced the Salmonella load in the ceca,

spleen and small intestine of broilers at d35 of age; (6) decreased
the loss in gut permeability caused by S. Enteritidis; and (7) increased
IL-6, IL- 17, and TNF-α mRNA in cecal tonsils. Future studies will
examine the CNP vaccine potential to convey cross-protection
against heterologous Salmonella serovars, the efficacy of the CNP
vaccine in reducing S. Enteritidis loads in ready-to-eat carcasses, and
the relationship between the CNP vaccine and the Th17/IL-17
immune response to explore the role of Th17 cells and IL-17
cytokines on Salmonella infections in broilers. We conclude that
the CNP vaccine is a viable alternative to conventional Salmonella
vaccines for poultry.
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Skeletal muscle and metabolic
flexibility in response to changing
energy demands in wild birds

David L. Swanson1, Yufeng Zhang2 and Ana Gabriela Jimenez3*
1Department of Biology, University of South Dakota, Vermillion, SD, United States, 2College of Health
Science, University of Memphis, Memphis, TN, United States, 3Department of Biology, Colgate
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Phenotypically plastic responses of animals to adjust to environmental variation

are pervasive. Reversible plasticity (i.e., phenotypic flexibility), where adult

phenotypes can be reversibly altered according to prevailing environmental

conditions, allow for better matching of phenotypes to the environment and

can generate fitness benefits but may also be associated with costs that trade-

off with capacity for flexibility. Here, we review the literature on avian metabolic

and muscle plasticity in response to season, temperature, migration and

experimental manipulation of flight costs, and employ an integrative

approach to explore the phenotypic flexibility of metabolic rates and skeletal

muscle in wild birds. Basal (minimummaintenance metabolic rate) and summit

(maximum cold-induced metabolic rate) metabolic rates are flexible traits in

birds, typically increasing with increasing energy demands. Because skeletal

muscles are important for energy use at the organismal level, especially to

maximum rates of energy use during exercise or shivering thermogenesis, we

consider flexibility of skeletal muscle at the tissue and ultrastructural levels in

response to variations in the thermal environment and in workloads due to flight

exercise. We also examine two major muscle remodeling regulatory pathways:

myostatin and insulin-like growth factor -1 (IGF-1). Changes in myostatin and

IGF-1 pathways are sometimes, but not always, regulated in a manner

consistent with metabolic rate and muscle mass flexibility in response to

changing energy demands in wild birds, but few studies have examined such

variation so additional study is needed to fully understand roles for these

pathways in regulating metabolic flexibility in birds. Muscle ultrastrutural

variation in terms of muscle fiber diameter and associated myonuclear

domain (MND) in birds is plastic and highly responsive to thermal variation

and increases in workload, however, only a few studies have examined

ultrastructural flexibility in avian muscle. Additionally, the relationship

between myostatin, IGF-1, and satellite cell (SC) proliferation as it relates to

avian muscle flexibility has not been addressed in birds and represents a

promising avenue for future study.

KEYWORDS

muscle, hypertrophy, myostatin, IGF-1, myonuclear domain

OPEN ACCESS

EDITED BY

Sandra G. Velleman,
The Ohio State University, United States

REVIEWED BY

Francesca Soglia,
University of Bologna, Italy
Orna Halevy,
Hebrew University of Jerusalem, Israel

*CORRESPONDENCE

Ana Gabriela Jimenez,
ajimenez@colgate.edu

SPECIALTY SECTION

This article was submitted to Avian
Physiology,
a section of the journal
Frontiers in Physiology

RECEIVED 04 June 2022
ACCEPTED 29 June 2022
PUBLISHED 22 July 2022

CITATION

Swanson DL, Zhang Y and Jimenez AG
(2022), Skeletal muscle and metabolic
flexibility in response to changing
energy demands in wild birds.
Front. Physiol. 13:961392.
doi: 10.3389/fphys.2022.961392

COPYRIGHT

© 2022 Swanson, Zhang and Jimenez.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology frontiersin.org

TYPE Review
PUBLISHED 22 July 2022
DOI 10.3389/fphys.2022.961392

120

https://www.frontiersin.org/articles/10.3389/fphys.2022.961392/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.961392/full
https://www.frontiersin.org/articles/10.3389/fphys.2022.961392/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2022.961392&domain=pdf&date_stamp=2022-07-22
mailto:ajimenez@colgate.edu
https://doi.org/10.3389/fphys.2022.961392
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2022.961392


Introduction

Phenotypically plastic responses of morphology, behavior

and physiology to environmental variation are ubiquitous among

living organisms (Pigliucci 2005; Morel-Journel et al., 2020;

Sommer 2020). Genetic variation for plastic responses to

environmental variation occurs among organisms (Pigliucci

2005), such that individual organisms differ predictably in

plastic responses, including plasticity of metabolic rates

(Norin and Metcalfe 2019). Phenotypic plasticity includes

developmental plasticity, where environmental conditions

experienced during development impact adult phenotypes,

and reversible plasticity (i.e., phenotypic flexibility, Piersma

and Drent 2003), where adult phenotypes can be reversibly

altered according to prevailing environmental conditions. Such

flexible responses allow better matching of adult phenotypes to

the environment and can generate positive fitness benefits

(Piersma and Van Gils 2011; Petit et al., 2017; Latimer et al.,

2018).

The primary functions of skeletal muscle in birds are

locomotion and thermogenesis. Powered flight is supported by

large flight muscles, which comprise 10%–25% of total bodymass

in volant birds (Hartman 1961; DuBay et al., 2020). For more

terrestrial species, leg muscles comprise larger fractions of total

musculature (Hartman 1961; Bennett 1996). Thermogenesis in

birds may be accomplished by both shivering and non-shivering

mechanisms, and, although evidence continues to accumulate for

muscular non-shivering thermogenesis in chicks or growing

birds (for reviews see Rowland et al., 2015), thermogenesis in

adult birds appears to occur primarily through shivering

(Hohtola 1982; Cheviron and Swanson 2017; Stager and

Cheviron 2020). Changing energetic demands for locomotion

or thermoregulation throughout the annual cycle of birds, such

as migration or cold winters, may result in flexible changes to the

volume, ultrastructure, or aerobic capacity of skeletal muscles

(Dawson et al., 1983; Marsh and Dawson 1989; Swanson 2010;

Jimenez 2020).

Organismal metabolic and flight muscle
flexibility in response to temperature

Birds resident in highly seasonal climates typically upregulate

their maximum capacity for thermogenesis, known as summit

metabolic rate (Msum), in winter (Swanson 2010; Swanson and

Vézina 2015). This elevation in Msum is associated with improved

capacities for cold tolerance and endurance under submaximal

levels of cold exposure (Marsh and Dawson 1989; Swanson 2001;

Swanson and Liknes 2006). In addition, Msum is positively related

to overwinter survival for small birds in cold climates (Petit et al.,

2017; Latimer et al., 2018). Basal metabolic rate (BMR,

miniumum maintenance metabolic rate) also often increases

in winter in birds from cold climates or with cold acclimation

in birds, although this trend is far from universal (Marsh and

Dawson 1989; Swanson 2010, Table 1). As a recent example, Li

et al. (2020) documented a 102% increase in BMR in winter

relative to late spring in Eurasian tree sparrows (Passer

montanus) from the relatively mild winter climate of

southeastern China. BMR may also be associated with

overwinter survival in birds, but on a fluctuating basis, with

high BMR favored in cold winters and low BMR favored in warm

winters (Nilsson and Nilsson 2016).

For birds wintering in warmer subtropical or tropical

climates, seasonal patterns of variation in Msum are much

more variable (McKechnie et al., 2015), with winter increases,

winter decreases or no seasonal change evident for various bird

species (Smit and McKechnie 2010; Wells and Schaeffer 2012;

Van de Ven et al., 2013; Thompson et al., 2015; Noakes et al.,

2017; Pollock et al., 2019; Noakes and McKechnie, 2020). This

suggests that thermoregulatory demand is an important

determinant of Msum in birds (Swanson and Garland 2009;

Stager et al., 2016; Stager et al., 2020; Stager et al., 2021). The

migratory condition (especially the more rapid spring migration;

Nilsson et al., 2013; Horton et al., 2016; Schmaljohann et al.,

2017) in birds also appears to generally result in an upregulation

of Msum, perhaps as a by-product of enhancement of flight

capacities (Swanson 1995; Swanson and Dean 1999; Vézina

et al., 2007; Petit and Vézina 2014a; Corder and Schaeffer 2015).

Because Msum is primarily a function of skeletal muscle

metabolism, increases in Msum are likely mediated by changes

in skeletal muscle. Increases in Msum at the organismal level can

be accomplished by changes in either the size of the skeletal

muscles involved in thermogenesis or in the cellular metabolic

intensity of individual muscle fibers (Swanson 2010). For birds,

the prevailing dogma is that changes in muscle mass (especially

the pectoralis, which is the largest muscle in the body of volant

birds and, therefore, the principal thermogenic organ, Marsh and

Dawson 1989) are regular contributors to changes in Msum, but

that variation in cellular metabolic intensity is a less consistent

mediator of flexibility of Msum in response to changing energy

demands associated with seasonal thermogenesis or migration

(Swanson and Vézina 2015).

Recent evidence, however, suggests that, although muscle

hypertrophy is still a common correlate of increases in BMR and

Msum at the organismal level, that tight coupling between muscle

hypertrophy and increases in Msum is not as consistent as

previously believed (Figure 1; Table 1). BMR is positively

correlated with pectoralis mass or flight muscle mass for

many bird species, including house sparrows (Chappell et al.,

1999) and non-breeding European starlings (Vézina and

Williams 2003). Several recent studies also document the

expected positive relationships between pectoralis muscle mass

and BMR or Msum. For example, pectoralis muscle mass was

positively correlated with Msum in summer-acclimatized captive

American goldfinches (Spinus tristis, Swanson et al., 2013). In

addition, even when acclimation- or acclimatization-induced
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changes in pectoralis or skeletal muscle masses are not

concordant with similar changes in Msum or BMR (Table 1),

muscle masses and metabolic rates may still show positive

correlations (Barcelo et al., 2017; Milbergue et al., 2018; Li

et al., 2020). These data suggest that muscle masses, especially

mass of the flight muscles, are important determinants of

organismal metabolic rates. In addition to changes in muscle

masses, changes in muscle ultrastructure in response to winter or

cold may also be evident. For example, black-capped chickadees

acclimated to −5°C had 23% larger pectoralis fiber diameter than

TABLE 1 Results of recent studies (since 2010) of natural seasonal or migratory acclimatization, temperature acclimation, or experimental flight
training effects on pectoralis/flight muscle mass or size and metabolic rates (BMR or Msum) in birds.

Species Acclimatization or acclimation
condition

Trend in pectoralis
muscle mass or
size

Trend
in metabolic Rates

Reference

Black-capped chickadee Seasonal acclimatization to cold winter Dry mass increase by 10% Msum increase by 22% Petit et al. (2014)

Poecile atricapillus

Snow bunting Outdoor captive all year in winter range Ultrasound thickness increase
by 8%

Msum increase by 23% Le Pogam et al. (2020)

Plectrophenax nivalis

Chinese bulbul Seasonal acclimatization to cool winter Dry mass increase by 12% BMR increase by 21% Zheng et al. (2014)

Pycnonotus sinensis

Chinese hwamei Acclimated to 15 and 35°C Dry mass increase by 20% BMR increase by 40% Zhou et al. (2016)

Garrulax canorus

Eurasian tree sparrow Acclimated to 10 and 30°C; varying
photoperiod

No sig. change in dry mass of
skeletal muscle

BMR increase by 45% Li et al. (2020)

Passer montanus

Chinese bulbul Seasonal acclimatization to cool winter No sig. change in dry mass BMR increase by 42% Wang et al. (2019)

Pycnonotus sinensis

Chinese hwamei Acclimated to 10 and 30°C; varying
photoperiod

No sig. change in dry mass BMR increase by 18% Hu et al. (2017)

Garrulax canorus

Dark-eyed junco Acclimated to 3 and 24°C; varying
photoperiod

No significant change in wet mass Msum increase by 18% Swanson et al. (2014a)

Junco hyemalis

White-throated sparrow Acclimated to -8 and 28°C No sig. change in dry mass Msum increase by 19% Barcelo et al. (2017)

Zonotrichia albicollis BMR increase by 15%

Black-capped chickadee Acclimated to -10 and 27°C No sig. change in dry mass Msum increase by 20% Milbergue et al. (2018)

Poecile atricapillus BMR increase by 5%

Snow bunting Seasonal acclimatization cold winter, Arctic
summer

Winter ultrasound thickness
increase by 3.1%

No significant change in Msum Le Pogam et al. (2021)

Plectrophenax nivalis

White-browed sparrow-
weaver

Seasonal acclimatization to mild winter Dry mass increase by 5% Msum decrease by 26% Noakes et al. (2020)

Plocepasser mahali

House sparrow Acute, repeated exposure to severe cold Wet mass increase by 5% Msum increase by 14.6% Zhang et al. (2015)

Passer domesticus BMR increase by 10.3%

Gray catbird Natural migratory acclimatization Wet mass increase by 8.7% in
migrants

Msum increase by 19-29% DeMoranville et al.
(2019)Dumetella carolinensis

Warbling vireo Natural migratory acclimatization Wet mass increase by 10.3% in
spring

Msum increase by 18.3% King et al. (2015)

Vireo gilvus Swanson (1995)

Yellow warbler Natural migratory acclimatization Wet mass increase by 14.7% in
spring

Msum increase by 23.3% King et al. (2015)

Setophaga petechia Swanson and Dean
(1999)

Yellow-rumped warbler Natural migratory acclimatization No significant seasonal change in
wet mass

Msum increase by 19.8% in spring
vs. fall

King et al. (2015)

Setophaga coronata Swanson and Dean
(1999)

Black-capped chickadee Feather clipping to increase flight costs Muscle score increase Msum increase by 17% Petit and Vézina
(2014a)Poecile atricapillus

House sparrow Experimental flight training Wet mass increase by 7% Msum increase by 15.5% Zhang et al. (2015)

Passer domesticus BMR decrease by 37.9%
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birds acclimated to 20°C (Vézina et al., 2020). When birds in

these temperature treatments were exposed to a 3 h temperature

drop of 15°C, cold-acclimated birds increased the number of

capillaries per muscle fiber and the number of nuclei per fiber by

22%, whereas no changes occurred in warm-acclimated birds,

suggesting that cold-acclimated birds had an increased capacity

for response to an acute temperature decrease (Vézina et al.,

2020), but how these changes relate to acute changes in Msum is

not known.

In contrast to these studies, a number of other recent studies

suggest that seasonal or cold-induced changes in muscle size do

not necessarily accompany changes in metabolic capacities in

birds (Table 1). In addition to study results summarized in

Table 1 showing a lack of congruence in seasonal or cold-

induced variation in muscle masses and organismal metabolic

rates, Bai et al. (2016) found no significant correlations between

pectoralis mass residuals and BMR residuals in brambling

(Fringilla montifringilla), little bunting (Emberiza pusilla), and

Eurasian tree sparrow (P. montanus). The overall generalization

from recent work on flexibility in pectoralis mass and metabolic

capacities in birds in response to winter or cold exposure is well-

stated by Milbergue et al. (2018), who noted in the title of their

paper that “large muscles are beneficial but not required for

improving thermogenic capacity in small birds.” Such a result

indicates that cellular and biochemical adjustments, such as

alterations of the number of mitochondria, aerobic enzyme

activities, substrate transport pathways, and, potentially,

mechanisms promoting muscular non-shivering

thermogenesis, can also contribute to changes in organismal

thermogenic capacity in response to temperature (Swanson 2010;

Milbergue et al., 2018).

Organismal metabolic and flight muscle
flexibility in response to migration or flight
training

In addition to winter acclimatization or cold acclimation

influences on muscle masses and metabolic rates in birds,

development of migratory disposition is also typically

associated with increases in flight muscle mass of up to 35%

(Swanson 2010; Piersma and Van Gils 2011). Such increases in

flight muscle mass can occur over periods as short as a few days

and apparently do not require exercise as a cue for hypertrophy

(Dietz et al., 1999; Piersma and Van Gils 2011). Examples of such

rapid hypertrophy associated with migration include an

approximately 19% increase in lean dry pectoralis muscle

mass over the last few days of a 24-days stopover in red knots

(Calidris canutus, Piersma et al., 1999). Similarly, Bar-tailed

godwits (Limosa lapponica) showed increases in lean dry

pectoralis mass of 21 and 27% in males and females,

respectively, between early and late stopover phases (Landys-

Ciannelli et al., 2003). More recent studies also generally support

the trend of muscle hypertrophy during the migratory period for

birds. For example, pectoralis muscle mass and fiber diameter

both increased (by approximately 17 and 35%, respectively) with

development of migratory condition in outdoor captive Snow

buntings (Vézina et al., 2021). Concurrently with this change,

myonuclear domain (MND) also increased during migration

(Vézina et al., 2021; more on this below). Velten et al. (2016)

compared winter flocks of white-crowned sparrows (Zonotrichia

leucophrys) in central California with birds just arriving from

migration in May in Alaska and found that flight muscle mass

was greater upon arrival in Alaska than during winter or just

prior to departure in April in California. Flight training also

typically results in increases in pectoralis muscle mass in birds.

Fight-trained European starlings (Sturnus vulgaris) increased

pectoralis mass by 8% compared to untrained birds

(DeMoranville et al., 2020). Zhang et al. (2018a) forced Zebra

finches (Taeniopygia guttata) to hover while feeding, thus

increasing flight costs, which resulted in a 9% increase in

pectoralis mass for females, but not for males.

Oftentimes, these increases in pectoralis mass with migration

or flight training are correlated with increases in metabolic

capacities in birds (Table 1). For example, Msum was positively

FIGURE 1
Relationship of variation in pectoralis muscle mass
(ΔPectoralis Mass) with variation in summit metabolic rate (ΔMsum)
across a range of natural acclimatization (winter vs. summer in
climate with cold or mild winters, migratory vs. non-
migratory conditions) and experimental acclimation (cold vs.
warm, flight training vs. control) for birds. A linear regression on
these data indicated no significant relationship (F1,17 = 1.918, p =
0.184), including after removal of the “Mild Winters” data point
(F1,16 = 2.775, p = 0.115), suggesting that despite increases in both
Msum and pectoralis muscle mass often occurring under
conditions of increasing energy demand in birds, the two traits are
not tightly coupled. Data from Swanson (1990), Swanson (1991),
Swanson (1995), O’Connor (1995a), O’Connor (1995b), Cooper
(2002), Cooper and Swanson (1994), Petit et al. (2014), Liknes and
Swanson (2011), Sgueo et al. (2012), Swanson et al. (2014a,b),
Milbergue et al. (2018), Noakes et al. (2020), DeMoranville et al.
(2019), King et al. (2015), Zhang et al. (2015), Vézina et al. (2006).
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correlated with breast muscle size measured by ultrasonography

in migratory and cold acclimated red knots (Vézina et al., 2006;

Vézina et al., 2007). In addition, male Ruby-crowned kinglets

(Regulus calendula) elevated Msum by 10.9% between spring and

fall migration, although female kinglets showed statistically stable

Msum between spring and fall, consistent with a more rapid pace

of migration in spring (Swanson and Dean 1999). Results from

recent studies are also generally consistent with elevated

pectoralis mass being positively associated with elevations in

Msum, although this does not occur for all birds studied (Table 1).

The signaling pathways regulating
muscle mass

As noted above, one major factor often supporting increases

in thermogenic and exercise capacity in small birds is pectoralis

muscle hypertrophy (O’Connor 1995a; Swanson, 2010; Swanson

andMerkord, 2013; Swanson et al., 2013). However, the signaling

pathways and cellular and molecular mechanisms regulating

muscle and organ mass changes underlying phenotypic

flexibility in wild, free-living, birds have received relatively

little research attention to date (Swanson, 2010). Two major

candidates for signaling pathways regulating flexibility in muscle

mass are myostatin and insulin-like growth factor -1 (IGF-1)

pathways (Favier et al., 2008; Hennebry et al., 2017). While

myostatin acts by inhibiting muscle growth, IGF-1 signals an

increase in protein synthesis and, therefore, an increase muscle

mass (Figure 2; Hennebry et al., 2017). The interaction of these

signaling pathways with cellular and molecular mechanisms

influencing muscle growth and function are important

determinants of muscle mass and should be tightly regulated

in birds (Lozier et al., 2018; Sartori et al., 2021).

Myostatin signaling pathway

Of these two major pathways, the myostatin signaling

pathway is better studied in avian phenotypic flexibility.

Myostatin (MSTN), also known as growth differentiation

factor 8 (GDF-8), is a TGF-β superfamily growth factor

(McPherron et al., 1997; Lee, 2004; Sharma et al., 2015).

Myostatin is a potent autocrine/paracrine inhibitor of muscle

growth in mammals and birds, and is a highly conserved protein,

with the active peptide being identical in birds and mammals,

such as mice, rats, humans, pigs, dogs, chickens and turkeys (Lee,

2004; McFarland et al., 2006; McFarland et al., 2007). Similar to

other TGF-β superfamily members, myostatin is synthesized in

skeletal muscle in an inactive form (52 kDa) that requires two

proteolytic cleavages for activation (McPherron et al., 1997; Lee

and McPherron, 2001). An initial cleavage of the propeptide

from mature myostatin by furin or other propeptide convertases

produces a latent form with the propeptide non-covalently

bound to the mature myostatin (Lee, 2008; Pirruccello-Straub

et al., 2018). Cleavage of the NH2-terminal propeptide domain

frommature myostatin results in formation of the active COOH-

terminal dimer, which binds to myostatin receptors and is

required for myostatin activity (Thomas et al., 2000; Lee,

2008). Metalloproteinases, including BMP-1/tolloid family

members TLL-1 and TLL-2, can perform this second cleavage

to activate myostatin (Wolfman et al., 2003). Because of these

enzymatic cleavages, a 36/40 kDa Latency Associated Peptide

and a 12.5/26 kDa mature peptide, corresponding to a

C-terminal monomer or dimer respectively, have been

observed (Thomas et al., 2000; Lee and McPherron, 2001;

McFarlane et al., 2005). Both mature and LAP forms of

myostatin are secreted into the circulation (Lee and

McPherron, 2001; Hill et al., 2002), allowing myostatin to

function in an autocrine, paracrine, or endocrine manner.

Active mature myostatin binds to the type II activin receptors

A and B (ActRIIA and ActRIIB) (Lee et al., 2005), which recruit

and activate type I activin receptors four and five (Alk4 and Alk5)

(Rebbapragada et al., 2003). These events stimulate

phosphorylation and activation of the transcriptional factors

Smad2 and Smad3, which join with Smad4 into a Smad2/3/

4 complex that triggers gene transcription (Figure 2; Zhu et al.,

2004). Additionally, myostatin decreases Akt (protein kinase B)

phosphorylation (Trendelenburg et al., 2009), which is

accompanied by the accumulation of dephosphorylated active

Forkhead Box-O1 (FOXO1) and FOXO3 (Allen and Unterman,

2007), followed by upregulation of components of the ubiquitin-

proteasome pathway, such as atrogin-1 and the muscle-specific

E3 ubiquitin ligase muscle RING-finger1 (MURF1) (McFarlane

et al., 2006) (Figure 2). As one of the master regulators of muscle

mass and protein synthesis, regulation of myostatin could also

occur at the post-transcriptional (regulating microRNAs) (Clop

et al., 2006) and post-translational (regulating protein-protein

interaction) levels (Sharma et al., 2015). Moreover, myostatin

FIGURE 2
Signaling diagram illustrating myostatin and insulin-like
growth factor—1 (IGF-1) pathways. ActRII, activin receptor II; ALK,
type I activin receptors; Akt, protein kinase B; PI3K,
phosphatidylinositol 3-kinase; TOR, target of rapamycin; TLL,
Tolloid-like protein; FOXO, Forkhead Box-O; MURF1, muscle-
specific E3 ubiquitin ligase muscle RING-finger 1.
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could also promote quiescence of satellite cells in skeletal muscle

so that they fail to become incorporated into the muscle fiber and

inhibit self-renewal of satellite cells (McCroskery et al., 2003;

McFarland et al., 2007).

Mutations in the myostatin gene and blockage of myostatin

action result in dramatic increases in muscle growth (McPherron

and Lee, 1997; Lee, 2004; Chen and Lee, 2016). In mammals,

treatment of adult mice with an inhibitory antibody to myostatin

resulted in muscle hypertrophy, suggesting that myostatin is an

important mechanism for muscle remodeling in adult animals

(Whittemore et al., 2003). In poultry, myostatin tightly regulates

pectoralis muscle mass and inhibition of myostatin dramatically

increased pectoralis mass in chicken, turkey, domestic pigeon,

duck, and Japanese quail (McFarland et al., 2006; Xu et al., 2013;

Shin et al., 2015; Liu et al., 2019; Zhao et al., 2019; Kim et al.,

2020). Phenotypic flexibility in wild, free-living, birds could be

more complicated since birds can modify flight muscle

independent of workload (Swaddle and Biewener, 2000) and

changes in flight muscle mass can occur without training (Dietz

et al., 1999). Because of the prominent role of myostatin in

muscle remodeling, it is reasonable to hypothesize that myostatin

is involved in phenotypic flexibility of muscle mass in birds

generally, potentially playing roles in muscle size changes

associated with different periods of the annual cycle (e.g.,

winter acclimation, migration, molt) where phenotypic

flexibility of muscle mass occurs.

Myostatin in avian phenotypic flexibility

Investigation of a role for myostatin in avian metabolic

flexibility was first examined in house sparrows during winter

acclimatization where increases in pectoralis muscle mass

occurred in response to winter cold (Swanson et al., 2009). In

this study, myostatin and TLL-1 gene expression were both lower

in pectoralis muscle of house sparrows during winter than during

summer, suggesting reductions in myostatin levels andmyostatin

processing capacity in winter consistent with winter increases in

muscle mass and metabolic capacities. However, in a follow-up

study (Swanson et al., 2014b), results for both American

goldfinches (S. tristis) or black-capped chickadees (Poecile

atricapillus) between summer and winter were not consistent

with house sparrows. Swanson et al. (2014b) found that pectoralis

muscle mass increased in winter for naturally acclimatized

American goldfinches (by 15%) but not for black-capped

chickadees, despite chickadees typically showing winter

increases in pectoralis mass and Msum (Cooper and Swanson,

1994; Liknes and Swanson, 2011; Petit and Vézina, 2014b; Petit

et al., 2014). Myostatin gene or protein expression did not vary

significantly between summer and winter for goldfinches,

although there was a tendency toward lower levels in winter,

but both TLL-1 and TLL-2 were reduced in winter goldfinches,

suggesting a lower capacity for processing and activation of

myostatin in winter consistent with a winter increase in

pectoralis muscle mass (Swanson et al., 2014b). For

chickadees, myostatin gene and protein expression showed

only non-siginificant decreases and TLL-1 also showed no

significant seasonal variation, but TLL-2 exhibited a significant

winter decrease (Swanson et al., 2014b). Thus, although changes

in muscle mass and expression of the myostatin system were

generally consistent with a role for the myostatin pathway in

regulating seasonal changes in muscle mass and thermogenic

capacity in chickadees and goldfinches, these changes were not

uniform for both species.

Swanson et al. (2017) examined within-winter variation

in pectoralis muscle mass and expression of the myostatin

system in dark-eyed juncos and house sparrows and found

that pectoral muscle mass residuals were positively correlated

with Short-term (ST; 0–7 days prior to measurement)

temperature variables for both species, which was opposite

of predictions and suggests that cold temperatures resulted in

catabolism of skeletal muscles over the short term. Pectoralis

gene or protein expression of myostatin and the TLL

proteases were only weakly correlated with ST and

medium-term (MT; 14–30 days prior to measurement)

temperature variables, and myostatin expression was

negatively related with ST and MT temperatures for juncos

but positively related with long-term (30-years average

temperatures) and MT temperatures for house sparrows

(Swanson et al., 2017), so no consistent regulation of the

myostatin system in response to acute temperature variation

within winters was evident, despite within-winter variation in

basal and summit metabolic rates in response to ST and MT

temperature variables in small birds (Swanson and Olmstead,

1999).

For migration-induced muscle mass changes, myostatin gene

expression did not vary significantly during the migratory season

(spring and fall) compared to the non-migratory season (winter)

in white-throated sparrows (Zonotrichia albicollis) (Price et al.,

2011). Moreover, pectoralis and heart mRNA expression of

myostatin, TLL-1 and TLL-2 also did not differ significantly

among seasons for yellow warblers (Setophaga petechia),

warbling vireos (Vireo gilvus), and yellow-rumped warblers

(Setophaga coronata), either between migratory seasons

(spring of fall) or compared to summer (King et al., 2015). In

contrast, myostatin protein levels in pectoralis muscle were

lowest during the spring migratory season, concomitant with

the greatest pectoralis muscle mass for all three species (King

et al., 2015). Similar to winter acclimatization, these data offered

mixed support for a regulatory role for myostatin in supporting

increases in muscle masses during migration and suggest that

patterns of gene and protein expression of the myostatin system

do not vary in lockstep. These results further suggest a potentially

important role for post-transcriptional regulation of the

myostatin pathway in bird responses to seasonally changing

energy demands.
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Other than natural winter and migratory adjustments,

experimental photoperiod, temperature and flight training

treatments have been employed to examine a potential role

for myostatin in avian metabolic flexibility. Photoperiod

(short- vs. long-day) and temperature (3°C or 24°C)

treatments did not significantly alter gene expression of

myostatin or the TLLs nor myostatin protein levels in dark-

eyed juncos (Junco hyemalis) (Zhang et al., 2018a). Photoperiod-

stimulated white-throated sparrows showed higher myostatin

mRNA expression for long-day (migratory) compared to short-

day (winter) treatments, despite long-day sparrows having

greater flight muscle dry mass (Price et al., 2011). In addition

to regulating muscle mass, myostatin is also known to increase fat

accumulation in adipose tissue in mammals (Lin et al., 2002;

McPherron and Lee, 2002; Rebbapragada et al., 2003) by either

directly acting on receptors on adipocytes or indirectly saving

energy from decreased musculature (Guo et al., 2009).

Consequently, elevated myostatin levels might function in

adipogenesis in photo-stimulated birds in migratory

disposition, which must gain fat mass in preparation for

migration.

Compared with seasonal changes, myostatin’s role in muscle

remodeling in birds during experimental manipulation was more

consistent. Experimental increases in foraging costs of zebra

finches (T. guttata), accomplished by forcing birds to forage

while hovering, resulted in female, but not male, finches showing

lower myostatin protein levels than controls (Zhang et al.,

2018b). It is important to note here that female zebra finches

average shorter wings and higher wing loading than males, so

increased flight costs might be expected to disproportionately

affect females. Indeed, only female zebra finches in the high

foraging group in this study showed reduced total fat masses and

increased pectoralis muscle masses, whereas male finches had

similar fat and pectoralis mass between groups (Zhang et al.,

2018b). Gene expression of myostatin and the TLLs, however, did

not vary significantly after high foraging cost treatments for

either sex. Other than experimentally increasing foraging costs,

flight exercise training has been employed to study the role of

myostatin in avian muscle remodeling. Two-week incremental

wind tunnel flight training did not significantly modify myostatin

or TLL-1 gene expression in European starlings (S. vulgaris)

(Price et al., 2011). However, this training protocol also did not

significantly affect flight muscle mass after controlling for body

mass. In another study, Zhang et al. (2015) used experimental

cold exposure and exercise training protocols in house sparrows

and both training protocols increased pectoralis muscle mass and

reduced pectoralis myostatin protein levels. However, gene

expression of pectoralis myostatin did not change significantly

and gene expression of the TLLs increased for both training

protocols. Again, these studies offer partial support for the

hypothesis that the myostatin system plays a regulatory role

in muscle mass changes in response to changing energy demands

in birds and suggest that gene and protein expression of the

myostatin system do not necessarily vary in tandem, highlighting

again the potential importance of post-transcriptional regulation

of this system.

IGF-1 signaling pathway

In addition to myostatin, the growth hormone/Insulin-like

growth factor 1 (IGF-1) axis stimulates growth and accounts for

up to 83% of postnatal growth and skeletal muscle hypertrophy

in young mammals (Hennebry et al., 2017). Locally produced

IGF-1 is now considered to have the predominant influence on

tissue growth and local delivery of IGF-1 to skeletal muscle is

essential for muscle hypertrophy (Shavlakadze et al., 2010). IGF-

1 activates the IGF-1 receptor and phosphorylates PI3 kinase

(PI3K) and Akt (Figure 2; Rommel et al., 2001). This process

stimulates protein synthesis in myocytes and also satellite cell

proliferation, leading to hypertrophy (Snijders et al., 2015). As

mentioned above, the PI3K/Akt pathway is also common to the

myostatin system, so there appears to be cross-regulation

between myostatin and IGF-1 (Figure 2; Morissette et al.,

2009; Yoshida and Delafontaine, 2020). However, the

myostatin knockout mouse model also suggested that IGF-1

could stimulate muscle hypertrophy in the absence of

myostatin, indicating distinct mechanisms for myostatin and

IGF-1 regulation of skeletal muscle mass (Hennebry et al., 2017).

IGF-1 also promotes skeletal muscle growth through the PI3K/

Akt pathway in chickens (Deng et al., 2014; Yu et al., 2015;

Nakashima and Ishida, 2018; Nakashima and Ishida, 2019). Even

though the IGF-1 axis is a prime target for muscle remodeling in

poultry (e.g., Tomas et al., 1998; Saneyasu et al., 2016; Saneyasu

et al., 2017; Chen et al., 2018), the IGF-1 axis has received much

less research attention in wild birds, with reference to muscle

remodeling for phenotypic flexibility, compared with the

myostatin signaling pathway. Adélie penguins chicks

(Pygoscelis adeliae) expressed high IGF-1 mRNA in pectoralis

muscle during a rapid growth period, indicating that it plays an

important role in the development of an enhanced muscle

phenotype (Dégletagne et al., 2013). Gene expression of IGF-1

increased in the pectoralis muscle of migratory Gambel’s white-

crowned sparrows (Zonotrichia leucophrys gambelii), but

decreased in the gastrocnemius muscle at pre-departure stage

(Pradhan et al., 2019). On the other hand, IGF-1 mRNA

expression in pectoralis of white-throated sparrows was stable

during migratory seasons (spring and fall) compared to winter

(Price et al., 2011). Flight-trained European starlings showed

higher IGF-1 mRNA expression than untrained controls, even

though flight muscle mass did not vary significantly between

these two groups (Price et al., 2011). Taken together, these data

suggest that the IGF-1 signaling pathway might play an

important role, independent of myostatin, in modulating

avian phenotypic flexibility, but the results to date remain

tentative and inconclusive due to limited data.
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In addition, transcriptomic analyses on dark-eyed juncos

under different temperature and photoperiod treatments

indicated that very few genes associated with the mammalian

target of rapamycin (mTOR) signaling pathway that governs

protein synthesis, and with which myostatin and IGF-1 interact

(Amirouche et al., 2009; Ma et al., 2018), were changed, and those

genes were counterintuitively upregulated in warm-acclimated

birds (Stager et al., 2015). Cheviron and Swanson (2017),

however, examined seasonal transcriptomic variation in

naturally seasonally acclimatized black-capped chickadees and

American goldfinches and found winter upregulation in mTOR

and genes in the BMP-signaling cascade (TOB1 and BMPR2) in

pectoralis muscle, suggesting possible involvement of these

pathways in seasonal phenotypic flexibility.

Ultrastructural changes associated
with flexibility in muscle mass

Myonuclear domain and its significance to
muscle function

Skeletal muscle is a multinucleated syncitium. As such, nuclei

are each supported by linker of nucleoskeleton and cytoskeleton

(LINC) complexes that preserve nuclear positioning (Azevedo

and Baylies 2020), so as to minimize transport distances (Snijders

et al., 2020). This multinucleation develops through a well-

coordinated and seemingly conserved process in vertebrates

(Azevedo and Baylies 2020). Progenitor myoblasts are first

specified in the embryonic mesoderm to undergo cell-cell

fusion events that increase nuclear and cytoplasmic mass to

form syncytial myotubes (Azevedo and Baylies 2020).

Through myogenesis, these nascent myotubes undergo

changes and movements to develop into mature myofibers

with specifically determined nuclear positioning and

internuclear distances (Azevedo and Baylies 2020). However,

not all myoblasts participate in embryonic myogenesis. Such

“unfused” myoblasts are termed satellite cells (SCs) and

constitute a multipotential mesenchymal stem cell population

with the ability to undergo myogenesis or alternative trans-

differentiation programs (Velleman 2015). Though

undifferentiated, SCs are heterogenous in that distinct sub-

populations express a particular set of cell surface markers,

differ in activation kinetics, and exhibit unique self-renewal

timeframes that make them fiber-type specific and dictate

their ability to proliferate and differentiate during post-

embryonic muscle growth and regeneration (Velleman 2015;

Forcina et al., 2019; Jankowski et al., 2020). In birds, as well

as other vertebrates, a SC population surrounds mature

myofibers and is key to enabling the post-hatch growth and

regeneration of terminally differentiated myofibers in response to

mechanical stimuli, injury, and homeostatic factors, including

environmental changes (Mauro 1961; Kuang et al., 2007; Forcina

et al., 2019). Protected between the basal lamina and sarcolemma

of each muscle fiber that preserves their survival and niche

behavior, SCs remain in a non-growing, quiescent state with

low transcriptional activity until they receive the appropriate

signals that restore their proliferative activity by stimulating their

re-entrance into the cell cycle (Mauro 1961; Forcina et al., 2019).

Then, they can undergo symmetric and asymmetric divisions

that maintain the stem cell pool while simultaneously producing

cells with reactivated transcriptional expression that allow for

differentiation and contribution to muscle plasticity (Kuang

et al., 2007; Forcina et al., 2019). Afterwards, they can fuse

with existing myofibers to add nuclei, enhance diameter and

length, and augment protein synthesis potential through

hypertrophic accretion (Forcina et al., 2019; Jankowski et al.,

2020; Murach et al., 2021), otherwise DNA may become limiting

in larger cells (Cramer et al., 2020). Most muscle growth in adult

organisms happens via hypertrophy, that is, an increase in

muscle fiber diameter (Kinsey et al., 2007). Because muscle is

a post-mitotic, multinucleated tissue, new adult muscle growth

via hypertrophy may necessitate either an upregulation of the

protein synthesis machinery by existing myonuclei or new nuclei

to be drawn into the muscle fiber from a population of SCs. Each

myonucleus in a muscle fiber is responsible for servicing a certain

volume of cytoplasm known as a myonuclear domain (MND)

(Rosser et al., 2003; Qaisar and Larsson, 2014). The cytoplasm of

a muscle fiber must be highly organized to compartmentalize the

necessary metabolic and contractile machinery. One could,

therefore, think of the regulation of muscle fiber diameter

and/or cross-sectional area in terms of the balance between

production and degradation of cytoplasmic components

(Hughes and Schiaffino, 1999; Van der Meer et al., 2011).

Other circulating factors that may activate proliferation of SC

in non-injury states into myofibers include growth hormone,

follistatin (a myostatin antagonist), and IGF-1, among others

(Forcina et al., 2019; Murach et al., 2021). Additionally, increases

in lactate concentrations may act as a signaling molecule for

increased proliferation of SCs (Nalbandian et al., 2020), and

others have suggested that glycolytic enzymes are necessary for

optimal muscle growth, at least in Drosophila models (Graca

et al., 2021). However, it is unclear how regulation to either add

new nuclei or upregulate existing myonuclear activity is

accomplished within muscle fibers (Cramer et al., 2020).

Myonuclear domain and muscle
remodeling in mammals with respect to
energy demand

MND regulation is much more extensively studied in

mammals than in birds, so an exploration of mammalian

regulation of MND can provide the necessary background to

examine similar MND regulation in birds. In mammals,

hypertrophy can be initiated and sustained for a time in the
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absence of SCs in adult mice, but hypertrophy maintained for

8 weeks or more is dampened without additional SCs (Murach

et al., 2021), and large changes to MND during muscle

hypertrophy do not persist (Snijders et al., 2020). In mammals,

myonuclear number is positively correlated with muscle protein

synthesis, and the number of nuclei is also positively correlated

with myofiber size (Snijders et al., 2020; Ato and Ogasawara 2021),

but muscle protein synthesis was negatively correlated with

myofiber size (Ato and Ogasawara 2021). Scaling properties of

adult human and mice muscle fibers are the same for myonuclei

number and cell volume (Hansson et al., 2020). MND may differ

between fiber types in mammals, where slow-oxidative fibers have a

smaller MND compared with glycolytic fibers (Tseng et al., 1994; Liu

et al., 2009; Van der Meer et al., 2011; Omairi et al., 2016). This

difference originates from fewer myogenic nuclei in glycolytic fibers

rather than a smaller fiber volume in slow-oxidative fibers (Van der

Meer et al., 2011). Thus, MND is inversely related to oxidative

capacity of the muscle fiber itself, because slow-oxidative fibers

should need faster protein turnover rates than fast-glycolytic fibers

(Tseng et al., 1994; Liu et al., 2009; Van der Meer et al., 2011; Omairi

et al., 2016). Fast-glycolytic fibers demonstrate high flexibility in

MND (Murach et al., 2018). Furthermore, manipulating Myostatin

or Akt pathways that are associated with hypertrophy also increases

fiber diameter without myonuclear accretion in fast-glycolytic fibers

(Murach et al., 2018). SCs also respond to increases in IGF-1 by

stimulating proliferation (Scicchitano et al., 2016; Forcina et al., 2019).

Exercise in mammals typically promotes SC activation. In mice, after

4 weeks of training, SC activation can happen within 24 h of acute

exercise (Wen et al., 2021).

Myonuclear domain and muscle
remodeling in birds with respect to
temperature changes

Post-natal development of muscle fibers involves an increase

in fiber size and a concomitant increase in the number of nuclei

(derived from SCs) (Hughes and Schiaffino, 1999; Brack et al.,

2005). In adult birds, SCs may proliferate following stretching

(Winchester and Gonyea, 1992). In black-capped chickadees,

when fiber diameter increases in colder seasons via hypertrophy,

MND also increases (Jimenez et al., 2019). This indicates that

each myonucleus must regulate synthesis and degradation for a

greater area of the muscle fiber (Van der Meer et al., 2011).

Additionally, this implies that increases in thermogenic capacity

are coupled with remodeling of muscle tissue protein processing

such that each myonucleus may need to respond to an increased

demand for protein turnover. It is, however, possible that MND

increases prior to SCs being incorporated into the myofiber.

Cold-acclimated chickadees exposed to a sudden 15°C drop in

temperature are able to modify their pectoralis ultrastructure

within 3 h of the temperature decrease (Vézina et al., 2020).

Within 3 h, these birds were able to increase the number of nuclei

per millimeter of fiber by 15%, and decrease MND by the same

amount. This may suggest that the addition of SCs into existing

myofibers can be rapid (Vézina et al., 2020). Others have also

demonstrated that cultured muscle SCs have rapid proliferation

rates (Young et al., 2021a). After muscle injury, 73% of the

myonuclei found at the periphery of the fiber migrated to the site

of injury within 5 h in adult mice, thus, movement of nuclei

within a myofiber seems to be rapid and dynamic (Roman et al.,

2021). These additional nuclei may originate from either

symmetrical or asymmetrical divisions of SCs (Kuang et al.,

2007), as DNA content per myonucleus (or genome size) of

avian muscle does not increase during muscle remodeling

(Jimenez and Lencyk 2021). Thus, winter-phenotype

chickadees facing a sudden cold drop may have activated SCs.

A further implication of these data is that, whereas avian

muscle seems more phenotypically flexible than mammalian

muscle, the biological processes surrounding myonuclear

function may be more closely related to those of mammals

(Jimenez 2020; Jimenez and Lencyk 2021). SCs have capacity

for self-renewal and their ability to retain stem cell properties in

mammals is well documented (Sobolewska et al., 2011; Shimizu-

Motohashi and Asakura, 2014; Forcina et al., 2019; Abreu and

Kowaltowski, 2020). Because ploidy number does not change in

bird muscle tissue, phenotypic flexibility of avian muscle may be

limited by self-renewal capacities of SCs (Jimenez and Lencyk

2021). If avian SCs are capable of self-renewal and act as stem

cells, as they apparently do in mammals (Forcina et al., 2019),

especially during exercise or exercise-induced injury, then

activating new satellite cells into the muscle fiber under

conditions promoting hypertrophy might not be a limiting

factor for birds. Additionally, Pax7 (a marker for adult SCs)

expression in aging chickens was not different from that in young

chickens, highlighting that Pax7 protein expression does not

decrease with age in birds as it does inmammals (Jankowski et al.,

2020). This is consistent with proliferative capacities of SCs being

maintained across the lifespan of birds (Brown et al., 2019).

Jimenez and De Jesus (2021a) found that fast-growing quail

subjected to an acute temperature increase had lower numbers of

nuclei per mm of fiber than control quail. In opposition, in house

sparrow pectoralis muscle, higher numbers of nuclei per mm of

fiber occurred in the control (winter phenotype) group compared

with the heat-shocked and recovery group (De Jesus and Jimenez

2021). Both fast-growing quail and winter phenotype sparrows

likely grow adult muscle fibers via hypertrophy. Thus, the control

group of sparrows should have higher numbers of nuclei,

compared with the heat-shocked and recovery group, as their

winter phenotype pectoralis muscle should have undergone

hypertrophic accretion, similar to fast-growing quail,

suggesting a similar physiological mechanism of control.

Additionally, tropical bird species (exposed to a thermally

stable warm climate) had more nuclei per mm of muscle fiber

compared with their temperate counterparts, but no differences

in MND (Jimenez and De Jesus 2021b).
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Changing environmental temperatures can affect chick muscle

development (Modrey andNichelmann, 1992), which is mediated by

SCs. The neonatal period in chick muscle growth is when SCs are

most active (Halevy et al., 2000). SC proliferation increases with

temperature during late embryogenesis or early life in chicks (Halevy

et al., 2000; Loyau et al., 2013; Piestun et al., 2017), yielding increases

in muscle mass. SCs isolated from turkeys and exposed to differing

environmental temperatures also demonstrated increased

proliferation rates with increased temperatures, but decreased

proliferation and differentiation rates at ambient temperatures

lower than control values of 38°C (Clark et al., 2016).

Furthermore, just 24 h of transitory heat stress in a chick’s first

week of life promoted increased SC proliferation and differentiation

(Halevy et al., 2000).Mild heat stress, even at 3 weeks of age,may also

increase SC proliferation into existingmyotubes, at least in birds with

slower growth rates (Jimenez and De Jesus 2021a). The reason SC

profiferationmay not be the same in faster-growing birds could result

from either the availability of SCs, the environment in which SCs

occur (Murach et al., 2018; Forcina et al., 2019), or dramatic increases

in muscle fiber size without proportional addition of myonuclei

(Velleman et al., 2003).

SC activities including proliferation and differentiation are

highly responsive to environmental temperatures, especially

early in life (Halevy et al., 2006; Xu et al., 2022), suggesting

that muscle fiber diameter and temperature are related (Clark

et al., 2016; Xu et al., 2021). Cultured adult turkey pectoralis

major muscle SCs demonstrated heightened proliferation and

differentiation when temperature was increased from 33 to 43°C.

Thus, temperature increases seem to be a signal for avian SCs to

increase activity, proliferation andMyoD expression (Clark et al.,

2016; Xu et al., 2021). However, this may happen over a series of

days and it is most pronounced within the first week of life. In

contrast, 24 h of heat shock in adult house sparrows reduced the

number of nuclei per millimeter of fiber and increased MND,

both of which were not corrected by 24 h of recovery (De Jesus

and Jimenez 2021). This implies that the timing of thermal

challenges may be important with respect to the response of

SCs within the avian pectoralis muscle. Secondly, the SCs could

have been partially activated by the heat, but instead lacked the

proper environment and vasculature needed for full activation,

termed the muscle stem cell niche (Velleman, 2015).

Additionally, thermal stress can change SC proliferation and

differentiation through the mTOR/S6K pathway with faster-

growing birds showing greater SC activity compared to those

with slower growth rates (Xu et al., 2022).

Myonuclear domain and muscle
remodeling in birds with respect to flight
exercise

Besides thermally induced remodeling in avian muscle, the

number of nuclei per fiber is positively associated with flight

velocity in black-legged kittiwakes, likely because higher power

output needed by faster-flying birds required plasticity for muscle

fiber recruitment (Lalla et al., 2020). The number of nuclei per

muscle fiber increases with muscle training, even preceding

hypertrophic muscle growth (Bruusgaard et al., 2010),

supporting our hypothesis that a higher number of nuclei per

fiber is associated with faster flight speeds. It should be noted,

however, that the hypothesis that muscle has “memory” after

training such that nuclei are maintained after detraining has been

challenged (Dungan et al., 2019; Murach et al., 2020). Research in

this area of study is severely lacking and would be extremely

informative.

Potential mechanisms driving MND
flexibility in birds

Flexibility around MND, including hypertrophic growth

(Murach et al., 2018), appears to be the mechanism employed

by avian muscle in response to decreases in temperature and to

migration (Jimenez 2020). Such hypertrophic and MND

responses appear to be dominated by the number of nuclei

within a fiber. Acquiring new nuclei may benefit muscle

function more than upregulating the output of existing nuclei

whenMND is increased (Cramer et al., 2020). Thus, mechanisms

of avian muscle flexibility, including increases in muscle mass

and muscle fiber diameter, may involve mammalian-like

processes (Jimenez 2020). For example, it is generally assumed

that SC-dependent myonuclear accretion, which is required for

adult skeletal muscle hypertrophy, is the first step for increasing

muscle fiber diameter, though hypertrophy may occur without

SC addition (Murach et al., 2018). SC fusion within a myotube

increases DNA content, but how this relates to muscle fiber

protein output is unclear (Kirby et al., 2016).When DNA content

is held constant, however, myonuclei upregulate

transcriptional activity (Kirby et al., 2016). It is generally

assumed that fiber diameter regulation is related to protein

turnover potential in muscle fibers, such that fiber diameter is

positively correlated with protein turnover rates (Kirby et al.,

2016; Figueiredo 2019). Muscle hypertrophy in response to

exercise results from repeated short-term increases in protein

synthesis (likely of myofibril proteins) following each bout of

exercise (Figueiredo 2019). These increases in RNA content

during hypertrophy are likely due to increases in

transcriptional activity (Kirby et al., 2016). That birds

increase muscle fiber diameter not only for migratory flights

or in response to decreases in temperature, but prior to winter

or migration may suggest that muscle growth may be dictated

by differing mechanisms in birds than in mammals (Driedzic

et al., 1993). Hypertrophic adaptation by mechanical stimuli

(exercise) may fundamentally differ from non-mechanically

mediated hypertrophy (growth) (Murach et al., 2018). It would

be of great interest to develop a framework to tease apart
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mechanistic differences between these two modes of

hypertrophic muscle growth in birds.

Regarding the relationship between SCs and muscle

remodeling pathways, studies addressing the relationship

between myostatin and SCs proliferation in mammals provide

mixed results. For example, some studies suggest that muscle

hypertrophy driven by decreases in myostatin does not result in

more nuclei per fiber and SC proliferation rates do not change in

the absence of myostatin (Amthor et al., 2009). Others have

found that myostatin inhibits SC proliferation and self-renewal

(McCroskery et al., 2003). In contrast, increases in IGF-1 seem to

increase the activation of SCs (Machida and Booth, 2004). How

these two pathways affect SC activation and proliferation in adult

wild birds warrants future study (Duclos et al., 1999; Halevy et al.,

2001).

Conclusion and future directions

In summary, avian muscle remodeling is a common

component of flexible responses to changes in energy demand,

such as cold temperatures or migratory flights. Studies focusing

on the signaling pathways regulating avian muscle remodeling,

however, are still limited, inconclusive and biased towards

myostatin. Strategies and the underlying signaling pathways

employed by birds might be species- or context-specific

(Zhang et al., 2018a). In order to cope with such complexity,

we first encourage researchers to employ an integrative approach

to study these signaling pathways and phenotypes they produce

at a variety of biological levels (Zhang and Wong, 2021).

Moreover, using genetic manipulation of primary avian

muscle cells (Young et al., 2021a; Young et al., 2021b), or

pharmaceutical activators/inhibitors (such as follistatin for

myostatin) might provide alternative and/or more

comprehensive answers. Secondly, intracellular signaling

pathways controlling muscle mass, such as the Akt/TSC2/

mTOR pathway (Saxton and Sabatini, 2017), have also

received limited research attention relating to phenotypic

flexibility in wild birds. Further study targeting genes in these

pathways under conditions of increased energy demand in wild

birds seems warranted. Moreover, studies to date onmyostatin or

IGF-1 and phenotypic flexibility in wild birds are correlative in

nature, so functional roles for myostatin and IGF-1 in flexible

responses of muscle to changes in energy demand have yet to be

demonstrated. Future studies experimentally manipulating

myostatin or IGF-1 levels in wild birds followed by

FIGURE 3
A productive model system to study regulation of muscle fiber size as whole-animal energetics change for birds is that of the pectoralis of
mourning doves. (A) After fixing the pectoralismuscle in 4% paraformaldehyde, we placed fixedmuscle tissue in 25% sucrose for 24 h to cryo-protect
the samples. Tissues were then flash frozen in isopentane cooled in liquid nitrogen, mounted at resting length in Optimal Cutting Temperature
(O.C.T.) compound and allowed to equilibrate to −19°C in a Leica 1800 cryocut microtome before sectioning. Sections were cut at 30 μm,
picked up on slides, air-dried at room temperature, stainedwith a 250 μg/ml solution of wheat germ agglutinin (WGA) labeledwith Alexa Fluor 488 (in
green), and 4′,6-diamidino-2-phenylindole (DAPI; in blue), for 30 min, and rinsed in avian ringer’s for 60 min. WGA is a lectin that binds to
glycoproteins on the basement membrane of the fiber sarcolemma, and effectively outlines the fiber periphery to allow measurements of fiber size,
whereas DAPI irreversibly binds to nuclei. Stained slides were examined with an Olympus Fluoview 1000 laser filter confocal microscope, and
pictures were taken at a magnification of ×20. Mourning dove pectoralis muscle contain a population of small muscle fibers with a myonuclear
domain (MND) surrounded by a population of large muscle fibers. (B,C) Using data from Jimenez and De Jesus (2021b), we isolated the number of
nuclei per fiber and MND of N = 4 mourning doves (N = 135 small fibers and N = 63 large fibers). Using a one-way ANOVA, the small fibers
demonstrated a significantly fewer nuclei per mm of fiber (F = 108.83, p < 0.0001; Panel (B), and a significantly smaller MND (F = 27.48, p < 0.001;
Panel (C).
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examination of changes in SCs, MND, mitochondria, muscle

fiber diameter, muscle mass and organismal metabolic capacities

would be useful in validating roles for myostatin and IGF-1

pathways in regulating muscular and metabolic flexibility in wild

birds. Thirdly, besides regulating protein synthesis, skeletal

muscle mass can also be regulated through transduction

pathways that control protein degradation. Situations altering

the synthesis/degradation balance of myofibrillar proteins may

thus contribute to muscle hypertrophy or atrophy.

Unfortunately, pathways associated with protein degradation

in muscles, such as ubiquitin proteasome system and FOXO-

mediated signals have not been investigated in the context of

avian phenotypic flexibility.

MND-related questions in the avian study model are still in a

primitive state, with only a few studies addressing this concept.

Regulation of MND in birds appears to be dominated by some of

the same mechanisms as mammals, however, its ability to adjust

to thermal or workload changes may be faster, potentially due to

avian SCs ability to proliferate quickly (Young et al., 2021a).

Future studies in this field would benefit from addressing

communication of these exogenous cues across the myotube.

Myonuclei in the syncytium may organize by dividing

transcriptional labor to achieve specific functions (Wen et al.,

2021), but how these functions are shared across the myotube is

unclear. Thus, experiments surrounding the activation of

myonuclei with differing stressors (cell-wide vs. sarcolemmal,

for example), would be valuable in deciphering protein

expression patterns within the myotube. An interesting avian

study model to address this question is mourning dove (Zenaida

macroura), which demonstrated a pectoralis muscle fiber

population including very small and very large muscle fibers

(Figure 3). These size differences within one muscle tissue should

allow studies of the functionality of a syncytium and how MND

labor is dictated. Additionally, determining how regulation to

either add nuclei or upregulate existing nuclear activity and

under what ecological or environmental conditions such

changes occur in birds would be another fruitful topic for

study (Machida and Booth, 2004; Noakes and McKechnie,

2020; Attwaters and Hughes, 2021; Snijders et al., 2021).
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Estradiol-17ß Is Influenced by Age,
Housing System, and Laying
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Laying Hens (Gallus gallus f.d.)
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The estrogen estradiol-17ß is known as one of the major gonadal steroid hormones
with different functions in reproduction. In this study we analyzed estradiol-17ß
concentration in laying hens of four pure bred chicken laying lines at four different
time intervals of the laying period (17th–19th week of age, 33rd–35th week of age,
49th–51st week of age, and 72nd week of age). The high performing white egg (WLA)
and brown egg (BLA) layer lines as well as the low performing white (R11) and brown
(L68) layer lines were kept in both single cages and a floor housing system. We
investigated whether there were differences in estradiol -17ß concentrations between
lines at different ages that could be related to selection for high egg production or
phylogenetic origin of the animals, and whether there was an influence of housing
conditions on estradiol-17ß. Estradiol-17ß concentrations differed between high and
low performing layer lines at all time intervals studied. High performing hens showed
higher estradiol-17ß concentrations compared to low performing hens. In all lines,
highest estradiol-17ß concentration was measured at their 49th to their 51st week of
age, whereas the peak of laying intensity was observed at their 33rd to their 35th week
of age. Additionally, hens with fewer opportunities for activity housed in cages showed
higher estradiol-17ß concentrations than hens kept in a floor housing system with more
movement possibilities. We could show that laying performance is strongly linked with
estradiol -17ß concentration. This concentration changes during laying period and is
also influenced by the housing system.

Keywords: estradiol, laying hen, egg laying performance, laying intensity, housing condition, floor housing, cage
housing, keel bone damage

INTRODUCTION

Commercial laying hens are continuously bred for high laying performance and have an average
laying performance of more than 320 eggs in 13 laying months per hen housed (Preisinger,
2018). At the same time husbandry systems and nutritional requirements of the animal have
changed drastically due to high laying performance. Modern laying hens have been bred to have
no brood drive, and progressive sexual maturity and shortening of the clutch length interval have
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been critical factors in significantly improving egg production
(Hanlon et al., 2021). To date, little attention has been paid to
the underlying physiological changes that made this possible.

The hypothalamic-pituitary-gonadal (HPG) axis plays a
central role in controlling reproduction and sexual maturation
of animals (Dunn and Sharp, 1990; Bédécarrats et al., 2009). In
the HPG axis, Gonadotrophin-releasing hormone (GnRH), a
hypothalamic decapeptide, stimulates the secretion of
luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) in the adenohypophysis. Subsequently, LH regulates the
estradiol-17ß synthesis in the ovaries (Clarke and Pompolo,
2005). Through a feedback mechanism, LH and estradiol-17ß
inhibit increased GnRH secretion in the brain (Kawashima et al.,
1993; Ottinger et al., 2002). As a result, less estradiol-17ß is
released. However, modern laying hens have consistently high
plasma estradiol-17ß levels (Eusemann et al., 2018a) and it is
suggested that this feedback mechanism is disrupted in high
performing laying hens or at least changes have occurred in the
control of the HPG axis (Hanlon et al., 2021). But the detailed
endocrine control mechanism of the laying cycle of the modern
laying hen is still little understood, and the feedback between the
ovarian follicles and the hypothalamo-hypophysial system which
controls follicular development is particularly nebulous.

Estradiol-17ß is the most abundant estrogen and one of the
most important gonadal steroids with various functions in the
regulation of the female reproduction, e.g., yolk precursor
production, oviduct development and reproductive behavior
(Yu et al., 1971; Gahr, 2001; Williams et al., 2004). In
addition, estradiol-17ß is known to be a triggering factor in
calcium and bone metabolism and has a positive effect on
bone turnover and regeneration in adults (Bar et al., 1996;
Väänänen and Härkötnen, 1996; Johnson, 2000; Beck and
Hansen, 2004). Estradiol-17ß is synthesized and permanently
produced mainly in granulosa- and theca cells in growing follicles
(Marrone and Hertelendy, 1983) with the highest concentrations
in small, early-stage follicles and 6–4 h prior the ovulation in
laying hens (Johnson and van Tienhoven, 1980; Bahr et al., 1983).
During the lifetime of a laying hen, estradiol-17ß concentrations
gradually increases until week 20 (onset of laying) and then
remain high for the next several weeks (Whitehead and
Fleming, 2000; Beck and Hansen, 2004). The exact time course
of estradiol-17ß secretion patterns after the peak of production is
not clear; only few studies have systematically monitored plasma
estradiol over the entire production period. Previous studies have
shown that estradiol levels are closely related to the laying
performance with estradiol concentrations being highest
during the peak of egg production, decreasing during the
production year and low during molting (Senior, 1974;
Hoshino et al., 1988; Hansen et al., 2003; Ebeid et al., 2008;
Habig et al., 2021a). Habig et al. (2021b) also showed differences
between different high performing lines during their
reproduction cycle. In the pre-laying period (17th week), the
estradiol-17ß level of high performing white-egg layers (WLA)
was more than twice as high as the level for phylogenetically
divergent high performing brown-egg layers (BLA), but much
lower than after the onset of laying. In the laying period
(25–69 weeks) no significant differences could be observed

between the lines, while the estradiol-17ß level continuously
increased with age (Habig et al., 2021a; Hanlon et al., 2021).

The influence of estradiol-17ß on egg production was also
demonstrated in studies in which egg production was selectively
suppressed by the synthetic GnRH agonist deslorelin acetate
(Eusemann et al., 2018a). Here, treated hens showed not only
lower egg laying performance, but also significantly lower
estradiol-17ß levels compared to untreated hens. In addition,
there is a correlation between laying performance and estradiol-
17ß concentration. Hens of high performing lines achieved higher
estradiol-17ß plasma concentrations than hens of low performing
lines (Eusemann et al., 2020; Eusemann et al., 2022).

One possible consequence of high laying performance could
be the occurrence of keel bone alterations, which are often
manifested in reduced bone stability, deviations and fractures.
In commercial systems, keel bone damage often affects over 90%
of the hens in a flock (Wilkins et al., 2004; Rodenburg et al., 2008;
Wilkins et al., 2011; Heerkens et al., 2016). At the onset of sexual
maturity, osteoblasts start producing so-called medullary bone.
This type of bone is unique to birds (and crocodilians) and serves
as a source of calcium for shell formation. At the onset of sexual
maturity, osteoblasts begin to form the medullary bone
(Whitehead, 2004). Thus, in laying hens, keel bone damage is
thought to be related to high laying performance and substantial
calcium requirements during eggshell formation (Kerschnitzki
et al., 2014). High performing layer lines not only had higher
estradiol-17ß concentrations than low performing layer lines, but
could also have a significantly higher risk of fracture, a lower
degree of mineralization of the cortical bone, and a lower relative
amount of medullary bone (Eusemann et al., 2020; Eusemann
et al., 2022). The formation of the medullary bone is estrogen and
androgen dependent and starts with the onset of ovarian follicle
maturation which is part of the hypothalamic-pituitary-gonadal
axis (Beck and Hansen, 2004). Therefore, it is likely, that there is a
close relationship between laying performance, keel bone
damage, and estradiol-17ß concentration.

The influence of different housing conditions of laying hens on
the behavior and performance of laying hens in different housing
systems has been the subject of numerous studies. Conventional
cage systems restrict behavioral expression and increase the risk
of skeletal degradation, but floor- or free-range systems evoke
difficulties in terms of disease and pest control or higher
incidences of skeletal injuries (Whitehead, 2004; Lay et al.,
2011; Weeks et al., 2016; Eusemann et al., 2018b). It is
obvious that the housing condition have an influence on keel
bone damage. The proportion of deviated keel bones was
significantly higher in laying hens kept in cages than in floor-
housed laying hens whereas fractures occur more often in floor-
housed hens (Eusemann et al., 2018b). Additionally, there is a
presumption that housing conditions have an influence on laying
performance, but the data are inconsistent. At least in enriched
and barren cages, egg production seems to be similar (Ylmaz
Dikmen et al., 2016; Onbasilar et al., 2020; Philippe et al., 2020)
and it is assumed that the differences between the studies are due
to the investigated lines and characteristics of the enrichment
materials. For free-range hens, Ylmaz Dikmen et al. (2016)
described a higher egg production compared to cage housed
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hens, whereas Philippe et al. (2020) and Shimmura et al. (2010)
found lower egg laying rates in hens housed in aviaries or free-
range systems compared to cage housed hens. Lower egg laying
rates were also found in floor-housed hens compared to cage-
housed hens (Voslarova et al., 2006; Ketta et al., 2020). The
authors assumed that this could be related to higher animal
activity and competition for facilities/resources. Wan et al. (2021)
compared two different non-caged systems, namely a plastic-net
housing system and a floor-littered housing system and revealed
that the plastic-net housing system enhanced the production
performance, antioxidant capacity and intestinal health of hens. It
should be kept in mind that different findings in different studies
could be due to differences in chicken breeds and environmental
conditions. Whether the estradiol-17ß concentration is also
influenced by the housing system has not yet been investigated.

We hypothesize that activation and function of the HPG axis
changed in high performing laying hens to support the significant
increase in egg production. Therefore, the aim of the current
study was to characterize and compare the estradiol-17ß
concentration in pure bred genetically divergent lines with a
particular attention to the production cycle and the housing
system. We hypothesized that lines with a high ovulation rate
would have higher estradiol concentrations compared to low
performing lines and that the highest estradiol concentration will
be measured at the laying peak. Additionally, we expect that
housing condition influences estradiol-17ß concentration, which
could explain the lower laying performance in floor-kept hens
compared to cage-housed hens as described in previous studies
(e.g., Voslarova et al., 2006; Ketta et al., 2020).

MATERIALS AND METHODS

Animals and Housing Conditions
All experiments were performed in accordance with the German
Animal Protection Law and were approved by the Lower Saxony
State Office for Consumer Protection and Food Safety (No. 33.9-
42502-05-10A079).

In this study, we compared phylogenetically divergent high
performing white (WLA, n = 20) and brown egg laying (BLA, n =
20) purebred chicken lines with low performing white (R11, n =
20) and brown laying lines (L68, n = 20). WLA and BLA
originated as purebred lines from the breeding program of
Lohmann Breeders and have been kept at the Institute of
Farm Animal Genetics of the Friedrich-Loeffler-Institute since
2012. L68, and R11 are very old laying lines that have been
maintained as conservation lines at the institute for decades. This
four-line animal model was developed as part of a
multidisciplinary collaboration at the Friedrich-Loeffler-
Institute and first presented by Lieboldt et al. (2015), who
described the growth and performance of the four chicken
lines. Since then, a number of studies have been conducted,
including bone traits (Habig et al., 2017; Dudde et al., 2020)
and keel bone damage (Eusemann et al., 2018a; Eusemann et al.,
2020; Habig et al., 2021a).

All animals hatched at the same day and were raised separately
in a floor housing system until 16 weeks of age. Rearing

compartments (6 m × 4 m) were littered with wood-shavings
and straw and were equipped with perches. Food (week 1–7:
12.97 MJ AMEN/kg DM, 189.61 g/kg crude protein, 31.38 g/kg
crude fat, 9.14 g/kg Ca, 6.94 g/kg P; week 8–16: 12.82 MJ
AMEN/kg DM, 151.67 g/kg crude protein, 30.21 g/kg crude
fat, 15.83 g/kg Ca, 8.11 g/kg P) and water was provided ad
libitum. A standard light-programme was applied during
rearing period. At 16 weeks of age 10 hens of each line were
moved to a single cage housing system equipped with a food
trough, two drinking nipples and a perch. Other 10 hens of each
line were kept in floor pens (each 2.0 m × 4.0 m) separated by line.
The animals were distributed between two pens per line. Both
housing conditions were in the same room. Floor pens were
littered with wood-shavings and equipped with perches and nests
mounted on a slatted floor 0.5 m above the litter area. In both
housing systems animals had ad libitum access to food (11.68 MJ
AMEN/kg DM, 168.11 g/kg crude protein, 29.43 g/kg crude fat,
50.05 g/kg Ca, 5.06 g/kg P) and water. The light period increased
from 9 to 14 h from 16th until 20th week of age and was
maintained at 14 h for the remainder of the laying cycle (to
72 weeks of age).

Laying performance was recorded individually of all hens in
the single cages and summarized for every week. However,
recording laying performance in the floor-housed hens at
individual level was not possible, therefore, we determined the
total number of eggs per week and chicken line. For analyses, we
calculated the laying intensity (in %) based on the number of eggs
laid during the experimental weeks of age and the number of hen
days (number of hens x number of days).

We investigated four time periods, the first period from the
17th, 18th, and 19th week of age (before start of laying), the
second period from the 33rd, 34th, and 35th week of age
(maximum of egg production), the third period from the 49th,
50th, and 51st week of age (decrease in egg production in low
producing lines) and the last period in the 72nd week of age (end
of experiment).

Blood Sampling
In each of the four experimental periods blood was collected once
a week between 2.00 and 5.00 p.m. For this, ten hens of each line
and housing condition were selected (resulting in a total of
80 hens). Blood was collected from the wing vein (V. ulnaris)
using needles with a gauge of 21 and 2 ml syringes (both Henry
Schein, Hamburg, Germany). After collection, blood samples
were immediately transferred to K3-EDTA covered tubes
(Greiner, Solingen, Germany) to avoid coagulation, and
centrifuged at 4°C for 10 min at 2750 rcf. Tubes were placed
on ice, and plasma phase was pipetted into 1.5 ml Eppendorf®
cups (Fisher Scientific, Schwerte, Germany) and frozen at −20°C
until analysis.

Hormone Assays
For estradiol-17ß analysis a commercial estradiol-17ß ELISA Kit
(IBL International, Hamburg, Germany) was used. Assays were
conducted following the manufacturer’s instructions and samples
were analyzed in duplicates. The kit used detects the entire E2.
The absorption of the plate was detected with an ELISA
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microplate reader (Tecan, Crailsheim, Germany) at 450 nm with
a reference wavelength at 620 nm.

The concentrations and coefficients of variation of the assays
were calculated using the microplate reader software (Magellan®
Version 7.1, Tecan Austria, Salzburg, Austria). For estradiol the
intraassay coefficient of variation was 6% and the interassay
coefficient of variation was 9%.

Statistical Analysis
Data were statistically analyzed using JMP, version 15.0
(Statistical Analysis System Institute, Cary, NC,
United States). Estradiol-17ß content was examined using a
linear mixed model. Individual hen was included as random
factor in order to account for repeated measurements within
animal. Layer line, housing condition, age and the three two-
way interactions were considered as fixed effects. The 3-fold
interaction between housing condition, line and age did not
show a significant effect on the Estradiol concentration,
therefore it was removed from the model (model 1).

Laying performance of single caged hens was analyzed
using a linear mixed model, too, including individual hen as
random effect. Layer line, age and the interaction of layer line x
age were considered as fixed effects (model 2). The influence of
layer line and age on group laying performance of floor housed
hens (two pens per line) was analyzed using a two-way
ANOVA including layer line and age with interaction
(model 3).

Differences between Least Squares means (LSM) were
tested by means of the Tukey-Kramer Test, adjusting for
multiple comparisons. Differences were regarded as
statistically significant at p < 0.05.

RESULTS

From Table 1 it is evident that estradiol-17ß plasma
concentration was significantly affected by housing
condition, layer line, age and by the interaction of line*age
(p < 0.05). The laying performance, analyzed separately by
housing condition, was significantly influenced by layer line,
age and also by the line*age interaction (p < 0.001).

Estradiol-17ß Concentration in Different
Layer Lines
High performing laying hens (BLA, WLA) started in week
17 with estradiol-17ß plasma concentrations almost twice as
high as low performing laying hens (L68, R11) and showed a
higher increase from week 18 to week 19 compared to the low
performance lines (Figure 1A; Supplementary Table S1). In
the period of maximum laying performance (weeks 33–35) the
high performing lines showed a tendency towards higher
estradiol-17ß concentrations than those of low performing
lines.

In all lines, estradiol-17ß concentration increased until week 50 or
51 (3rd period), reaching more than 500 pg/ml in high performing
hens (WLA: 527.03 ± 22.04 pg/ml, BLA: 550.42 ± 22.01 pg/ml) and
about 400 pg/ml in low performing hens (L68: 429.58 ± 22.54 pg/ml,
R11: 415.21 ± 22.04 pg/ml). After week 51, estradiol-17ß
concentration decreased to 248.58 ± 23.59 pg/ml in WLA,
255.00 ± 22.64 pg/ml in BLA, 199.50 ± 22.54 pg/ml in R11 and
182.00 ± 23.14 pg/ml in L68 in week 72.

Estradiol-17ß Concentration in Different
Housing Systems
There is a significant main effect of the housing system on
estradiol-17ß concentration in laying hens (Figure 1B,
Supplementary Table S1). In all study periods, caged hens
tended to have higher estradiol-17ß concentrations than floor-
housed hens, with the difference being statistically significant
only at 51 weeks of life. (Figure 1B; Supplementary Table S2).
Within both housing systems, estradiol-17ß concentrations
differed significantly between all the 4 periods. In both, floor
pens and cages, estradiol-17ß concentrations increased until
the 3rd period and were highest between week 49 and 51 (floor:
445.16 ± 15.76 ng/ml, cage: 523.81 ± 15.57 ng/ml). In week 72,
estradiol-17ß concentration decreased to 206.24 ± 16.89 ng/ml
in floor-housed hens and 236.29 ± 15.58 ng/ml in cage-housed
hens, respectively.

Laying Intensity
Laying intensity of cage housed hens was significantly affected
by the interaction between week of age and breeding line (p <

TABLE 1 | Significance of fixed effects (p-values).

Source Estradiol-17ß a Laying intensity b Laying intensity c

Cage housing Floor housing

Housing condition (HC) 0.0019 — —

Layer line (LL) <0.0001 <0.0001 <0.0001
Week of age <0.0001 <0.0001 <0.0001
HC * LL 0.8415 — —

HC * week of age 0.1113 — —

LL * week of age <0.0001 0.0001 <0.0001
HC * LL * week of age 0.2422 — —

aModel (1).
bModel (2).
cModel (3).
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0.0001); Supplementary Table S3 and Figure 1C show that
within the first period hens had not yet started laying. In the
second period all lines reached the maximum egg laying rate in
the 34th week of life (BLA: 100.00% ± 3.60, WLA: 98.57% ±
3.60, L68, and R11: 82.86 ± 3.60). In all periods high
performing layers showed a higher laying intensity
compared to low performing layers, with statistically
significances in the 2nd, 3rd, and 4th period. Since the
laying performance of hens kept in floors was not recorded
individually, we only note descriptively that hens kept in cages
had a higher laying intensity than hens kept in floor systems in
time periods 2, 3, and 4 (Figure 1D; Supplementary Table S3),
without this being statistically verifiable.

DISCUSSION

Genetic selection for earlier sexual maturation and extended
production cycles in laying hens has significantly improved
reproductive efficiency (Hanlon et al., 2021). and allowed
modern layers to double their reproductive capacity
compared to their 1960s counterparts. Breeding
improvement in egg production has led to a continuous
improvement in laying performance, with a trend of an
increase of about 2–3 eggs per hen per year in a 13-months

production cycle (Preisinger, 2018) However, the underlying
physiological changes throughout the laying period and the
correlation between these changes and laying performance
have received limited attention. Hence, the effect of housing
conditions, genotype, and laying performance and their
interactions on estradiol concentration is not fully understood.

In this study, we investigated the relationship between
blood estradiol-17ß levels and egg production at four
different time points during the laying period in two high
performing laying lines (WLA and BLA) and two low
performing laying lines (L68 and R11). All lines showed low
estradiol-17ß concentrations in the beginning of the 1st
investigated time period (17th week of age), followed by a
strong increase in the 2nd period (33rd–35th week of age) and
an even higher estradiol-17ß concentration in the 3rd period
(49th–51st week of age). In the 4th period (72nd week of age)
estradiol-17ß concentration decreased to a level between the
first and 2nd period. Low estradiol-17ß concentrations at the
beginning of the first period are not unexpected because at this
time, hens are just starting to lay and are not yet sexually
matured. WLA and BLA not only showed higher estradiol-17ß
concentrations but also a higher increase from week 18 to week
19 compared to the low performance lines.

Our finding that there are differences in estradiol-17ß
concentrations between WLA and BLA in the pre-laying

FIGURE 1 | Estradiol-17ß blood plasma concentration (pg/ml) and laying intensity (%) of four different layer lines kept in different housing systems and investigated
at four time periods (17th, 18th, and 19th week of age (before start of laying); 33rd, 34th, and 35th week of age (maximum of egg production); 49th, 50th, and 51st week
of age (decrease in egg production in low producing lines) and 72nd week of age (end of experiment). The laying intensity is shown after each week of blood sampling (A)
Estradiol-17ß concentration of the two high performing layer lines (WLA, BLA) and the two low performing layer lines (L68, R11) respectively cage-housed and floor-
housed laying hens (B), consisting of WLA, BLA, L68, and R11 hens) during their laying period (C) Laying intensity of all four-layer lines and of cage-housed and floor-
housed laying hens (D) during their laying period.
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period is in line with Habig et al. (2021b). Probably, these
differences are due to the different phylogenetic background of
these lines.

Interestingly, estradiol-17ß concentration in the second
period is high, but it is still exceeded by the concentration of
the third period. Due to its involvement in the regulation of egg
production (Yu et al., 1971; Williams et al., 2004) we expected
highest estradiol concentrations at the maximum of egg laying
rather than in the following period. Next to its function in the
female reproduction cycle, estradiol-17ß is also involved in
calcium and bone metabolism and has an impact on bone
stability (Bar et al., 1996; Väänänen and Härkötnen, 1996;
Johnson, 2000; Beck and Hansen, 2004). Previous studies
have shown that most keel bone fractures occur or were
already present at this week of age, when we measured the
highest estradiol-17ß concentrations (Petrik et al., 2015;
Stratmann et al., 2015; Eusemann et al., 2018b). Estradiol-
17ß can also counteract the reduction of bone strength and
loss of structural bone as a consequence of increased egg
production (Whitehead and Fleming, 2000). The medullary
bone, which presents a calcium reservoir for egg shell
building, is formed at the onset of egg laying (Senior, 1974;
Johnson, 2000; Whitehead and Fleming, 2000; Dojana et al.,
2015). The key role of Estradiol-17ß in the modelling of the
medullary bone is well described (e.g., Hiyama et al., 2012;
Squire et al., 2017; Eusemann et al., 2022) Thus, our results may
support the relationship between estradiol-17ß and bone health.
In the investigation of Eusemann et al. (2020) the authors could
show, that hormonally castrated hens have significantly less
fractures than the non-castrated control group. The increase of
estradiol-17ß after the peak of egg production in our study
might be related with its function in regeneration in adult bone
turnover particularly in the high performing selected lines.
Interestingly, this is different to non-poultry birds like
starlings. Here, estradiol-17ß concentrations decrease after
onset of laying well before the final yolky follicle was
ovulated (Williams et al., 2004). Apparently, ovary and
oviduct size and their function are maintained despite lower
estradiol-17ß concentration. The authors suggest that one
reason for this might be that there are negative, non-
reproductive effects of high estradiol-17ß levels which would
foster rapid down-regulation, e.g., suppression of hematopoiesis
or immunosuppression, or decreased embryo viability.
Alternatively, the observed decrease in estradiol-17ß
concentration in starlings could be a pre-requisite for rapid
oviduct regression at the end of laying, because estrogens also
oppose the induction of apoptosis that is involved in oviduct
regression (Williams and Ames, 2004). It is not surprising, that
such a decrease would be not observed in laying hens, or at least
only at a much later point of reproduction cycle, because of their
extended laying period and extended end of reproduction
period.

Estradiol-17ß concentration in cage-housed hens was higher
compared to floor-housed hens where birds had more
opportunities for activity. Aguado et al. (2015) described a
reduced bone mass and bone quality in hypoactive chickens.
There are two possible explanations for this: either, the

stimulating effect of activity/exercises on bone strength is
related to the degree of biomechanical load experienced by the
bone [following the concept of causal histogenesis (Pauwels,
1960)] or it is caused by a lower estradiol-17ß concentration.
Although we cannot state whether the higher estradiol-17ß
concentration in cage-housed hens is the consequence or the
cause of less activity, it seems likely that there is a correlation
between these two parameters. Besides, the estradiol-17ß
concentration depends on the number of maturing follicles.
Thus, the lower laying intensity may also be an explanation
for the lower estradiol-17ß concentration in floor-housed hens
compared to cage-housed hens. Recent studies showed that, at
least in premenopausal women, high physical activity was
associated with lower levels of estrone and estradiol (Matthews
et al., 2012; Dallal et al., 2016). These findings suggest that
physical activity may induce changes in estrogen metabolism
possibly through more extensive hydroxylation of parent
estrogens, leading to increased excretion. Given the
exploratory nature of these studies, findings should be
interpreted cautiously, but in our opinion, there could be a
negative relationship between activity and estradiol-17ß level
in the blood as floor-housed laying hens are more active/more
mobile than cage housed hens.

The laying performance of the lines used in our study was
significantly affected by the genotype which agrees with
previous studies (e.g., Lieboldt et al., 2015). WLA and BLA
were classified as high performing lines with a laying intensity
of more than 93%–95% at the maximum of egg production and
when housed in cages, whereas cage-housed low performing
L68 and R11 showed a lower egg production of 67%–74%.
Besides, laying maturity, defined as age at the first egg laid, was
reached by the hens of the high performing genotypes four to
5 weeks earlier than in hens of the low performing genotypes,
namely in the 20th week of age (Lieboldt et al., 2015). In our
study we did not investigate the exact age of reaching laying
maturity but observed that laying intensity in week 20 was still
0% in WLA, L68, and R11 and just 1.4% in BLA. Thus,
reaching laying maturity must be a little bit later in our
study. However, laying intensity of all four lines was even a
little bit higher as shown in Lieboldt et al. (2015) and all four
lines reached their maximum egg production in the 34th week
of age.

Determining laying performance in floor-housed hens is
always a challenge. Some eggs might be laid in the litter and
were not easily counted, an assignment to the individual hen is
difficult and it is possible that eggs were completely destroyed and
the remains buried in the litter. Another problem could be that
there might be hens among the floor housed hens, that have not
laid and therefore have low estradiol-17ß levels. In order to
exclude the possibility that these animals decrease the
estradiol-17ß level of the whole group, we checked it and
would have excluded all hens with values with the level of the
1st period. But this was not the case, apparently all floor-housed
hens always have laid regularly.

The observation that high performing lines showed higher
concentrations of estradiol-17ß compared to both low
performing layer lines, independent of the phylogenetic origin,
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supports our hypothesis that selection for egg production resulted
in higher concentrations of estradiol-17ß. It seems that high
estradiol-17ß concentrations are related to production level and
might be a result of human directed selection. Hanlon et al. (2021)
hypothesized that modifications in the control of the
hypothalamic-pituitary gonadal axis have occurred in modern
laying hens. They compared estradiol-17ß concentration and
mRNA levels of key genes involved in the HPG axis of
current commercial hens (Lohmann LSL-lite) with Shaver
White leghorns as 2000s commercial equivalents and Smoky
Joe hens as 1960s commercial equivalents. Their results
showed that the extended laying persistency in Lohmann LSL
lite hens was supported by sustained pituitary sensitivity to
GnRH and recurrent increases in follicle-stimulating hormone
(FSH) and estradiol-17ß. This is in line with our finding about
higher estradiol concentration in high performing layers
compared to low performing layers. In Hanlon et al. (2021)
the highest estradiol-17ß concentrations were found (in all
strains) at the beginning of laying at week 19–21. Up to 100th
week of age, there are recurrent elevations of estradiol
concentration, but they do not reach the level of the first peak.
This does not agree with our results where there was just one peak
of estradiol-17ß concentration and much later at week 50–51.
However, these differences could be caused by the different
genotypes of the used lines or differences in e.g. feeding, light
regime or rearing. Besides, blood sampling in Hanlon et al. (2021)
was taken in the morning and not in the afternoon as in our study
what makes a direct comparison difficult. It is known, that there
are circadian fluctuations in estradiol-17ß concentrations since
the highest concentrations of estradiol-17ß was observed 6–4 h
prior the ovulation in laying hens (Johnson and van Tienhoven,
1980; Bahr et al., 1983). In the course of the daily egg laying cycle
blood concentrations clearly reflected the stage of egg formation
(Habig et al., 2021a). The egg-laying cycle of modern laying hens
lasts about 24 h and oviposition followed 24 h after ovulation
(Bain et al., 2016). As modern layer lines lay their eggs all about
the same time (more likely in the morning), ovulation and peak of
estradiol-17ß concentration should be as well at the same time.
Thus, it cannot be excluded that estradiol-17ß concentrations
measured in the afternoon differ from estradiol-17ß
concentrations measured in the morning. However, Habig
et al. (2021b) also showed that the daily variations of the
estradiol-17ß concentrations were rather small compared to
differences between different ages or the phylogenetic origin of
chicken lines.

Habig et al. (2021b) showed differences between the estradiol-
17ß level ofWLA compared to BLA in the pre-laying period (17th
week) and assumed that this might be indication that brown-egg
layers were further from sexual maturity than white-egg layers
(although start of egg laying was similar). In our study we found
the same results but shifted to the 19th week of age. Here, the
WLA hens were as twice as high as the BLA hens in their
estradiol-17ß concentrations.

As modern laying hens further selected for improved laying
performance, the physiological implications of this intensive
selection must be considered. Here, many factors play a role
but are not fully described for the laying hen. There are
particularly open questions regarding the physiological and
neuronally controlled mechanisms for a high laying
performance and there are still ambiguities about the
influence of the housing system. In addition to pituitary-
derived gonadotropins, which are essential for steroid
production, chicken ovarian steroidogenesis is under
regulatory influence of several endocrine, paracrine and
autocrine factors (Sechman, 2013), thus, further
investigations are necessary to investigate all parameters
which are involved in reproductivity over the whole laying
period.
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Subclinical Doses of Combined
Fumonisins and Deoxynivalenol
Predispose Clostridium
perfringens–Inoculated Broilers to
Necrotic Enteritis
R. Shanmugasundaram1*, D. Adams2, S. Ramirez3, G. R. Murugesan3, T. J. Applegate2,
S. Cunningham1, A. Pokoo-Aikins1 and A. E. Glenn1

1Toxicology and Mycotoxin Research Unit, U.S. National Poultry Research Center, Agricultural Research Service, U.S.
Department of Agriculture, Athens, GA, United States, 2Department of Poultry Science, University of Georgia, Athens, GA,
United States, 3DSM Animal Nutrition and Health, Kaiseraugst, Switzerland

Fumonisins (FB) and deoxynivalenol (DON) are mycotoxins which may predispose broiler
chickens to necrotic enteritis (NE). The objective of this study was to identify the effects of
subclinical doses of combined FB and DON on NE. A total of 480 day-old male broiler
chicks were divided into four treatment groups; 1) control group (basal diet + Clostridium
perfringens); 2) necrotic enteritis group (basal diet + Eimeria maxima + C. perfringens); 3)
FB + DON group (basal diet + 3mg/kg FB + 4mg/kg DON + C. perfringens); and 4) FB +
DON + NE group (basal diet + 3mg/kg FB + 4mg/kg DON + E. maxima + C. perfringens).
Birds in NE and FB + DON + NE groups received 2.5 × 103 E. maxima on day 14. All birds
were inoculated withC. perfringens on days 19, 20, and 21. On day 35, birds in the NE, FB
+ DON, and FB + DON +NE groups had 242, 84, and 339 g lower BWG and a 19-, 2-, and
22-point increase in FCR respectively, than in the control group. Subclinical doses of FB +
DON increased (p < 0.05) the NE lesion scores compared to the control group on day 21.
On day 21, birds in the NE, FB + DON, and FB + DON + NE groups had increased (p <
0.05) serum FITC-D, lower (p < 0.05) jejunal tight junction protein mRNA, and increased
(p < 0.05) cecal tonsil IL-1 mRNA compared to control group. On day 21, birds in the NE
group had decreased (p < 0.05) villi height to crypt depth ratio compared to the control
group and the presence of FB + DON in NE-induced birds further decreased the villi height
to crypt depth ratio. Birds in the NE, FB + DON, and FB + DON + NE groups had increased
(p < 0.05) C. perfringens, lower (p < 0.05) Lactobacillus loads in the cecal content, and a
lower (p < 0.05) CD8+: CD4+ cell ratio in the cecal tonsils compared to the control group. It
can be concluded that subclinical doses of combined FB and DON predispose C.
perfringens-inoculated birds to NE, and the presence of FB + DON in NE-induced
birds exacerbated the severity of NE.

Keywords: fumonisins, deoxynivalenol, necrotic enteritis, tight junction proteins, immune response, broiler chicken
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INTRODUCTION

Corn is one of the major components of poultry feed, and up to
65% of finished poultry feed can be comprised of corn and corn
byproducts (Alqaisi et al., 2017). Poultry diets are often
contaminated with more than one mycotoxin. Fumonisins
(FB) and deoxynivalenol (DON) are secondary mycotoxin
metabolites produced by Fusarium verticillioides and Fusarium
graminearum, respectively (Glenn, 2007). According to the
2021 survey by Biomin, FB and DON are the most prevalent
mycotoxins in poultry feed samples in North America and were
detected in 64% and 47% of poultry diets, respectively (Biomin,
2021). Recent surveys have identified that, on average, the
amount of DON in corn and cereal grain was 808 μg/kg and
1,721 μg/kg, respectively; the amount of FB in corn was
2,405 μg/kg. Furthermore, DON and FB can co-occur in
poultry feed ingredients, and 92% of feed samples analyzed in
2021 had more than one mycotoxin (Biomin, 2021). Though
negative effects of FB have been reported when FB are present at
100 mg/kg in chicken feed, FB has been suggested to cause
negative effects even at a lower dose when co-occurring with
other mycotoxins such as aflatoxins, DON, and zearalenone in
poultry (Ogbuewu, 2011). Co-occurrence of mycotoxins
decreases the tolerance to individual mycotoxins and,
therefore, the existence of multiple mycotoxins in poultry feed
even at subclinical levels can be expected to exacerbate the
pathology of individual mycotoxins in poultry.

European Food Safety Authority (EFSA) and Food and Drug
Administration (FDA) have set guidelines for maximal
permissible levels of major mycotoxins in poultry feed.
However, subclinical doses of FB (20 mg/kg diet) and DON
(5 mg/kg diet), alone (Antonissen et al., 2014; Antonissen
et al., 2015) or in combination (Grenier et al., 2016), cause
metabolic and immunological disturbances that amplify the
severity of necrotic enteritis (NE), coccidiosis, and increase the
susceptibility to bacterial diseases in chickens. Mycotoxin
interactions within the animal system are mainly additive, but
depending on the endpoint assessment these interactions can also
be synergistic or antagonistic (Grenier and Oswald, 2011).

Currently, NE is an economically important disease affecting
the modern broiler industry. Subclinical NE affects broilers
between 2–5-weeks of age and is characterized by intestinal
mucosal damage, with no apparent clinical signs or mortality
(Hofacre et al., 2018). Subclinical NE leads to decreased digestion
and absorption of nutrients, reduced weight gain, and impaired
feed conversion rate in poultry (Immerseel et al., 2004).
Coccidiosis and feed contaminated with mycotoxins,
particularly FB and DON (Antonissen et al., 2015), are
considered to be the predisposing factors for NE. In addition,
mycotoxins reduce the efficacy of coccidiosis vaccines and,
therefore, contribute to NE incidence in chickens (Broom,
2017). Recent restrictions on the use of antibiotics and
ionophores in broiler production led to an increase in the
occurrence of NE by altering the composition and microbial
balance in the gut microbiome (Smith, 2019). The causative
organism for NE is Clostridium perfringens, a commensal
bacterium in the gastrointestinal tract of healthy broilers. C.

perfringens loads range up to 1 × 105 CFU/g of digesta in
healthy chickens, while in chickens with clinical NE
symptoms, C. perfringens loads increase to 1 × 106 to 1 ×
108 CFU/g of digesta, along with associated toxins that include
necrotic toxin enteritis B-like (NetB) (Timbermont et al., 2011;
Mora et al., 2020).

In the past, FB below 50 mg/kg feed and DON at 5 mg/kg
feed were considered not to cause negative effects in poultry
(Dänicke et al., 2001; Filazi et al., 2017). However, recent
studies have identified that a combined dose of 20 mg/kg FB
and 1.5 mg/kg DON decreases the production performances,
causes gut damage, and increases coccidiosis severity
(Antonissen et al., 2014; Antonissen et al., 2015; Grenier
et al., 2016), which can be expected to predispose the
broilers to NE. Information regarding the role of chronic
exposure of subclinical doses, even at doses much lower
than previous studies, of mycotoxins is lacking. Continuous
exposure to mycotoxins is expected to damage the gut wall and
increase gut permeability to negatively affect the FDA
recommendation on NE, gut health, and immune response
in chickens. Therefore, the objective of this study was to
evaluate the combined effects of FB (3 mg/kg diet) and
DON (4 mg/kg diet) on gut health and immune parameters
and evaluate the role of mycotoxins as a predisposing factor in
inducing and increasing the severity of a NE in poultry.

MATERIALS AND METHODS

Diet Formulation
A non-medicated corn–soybean meal-based mash diet was
applied as a basal diet (Table 1). The feeding study was
divided into two experimental phases: 1) d0–18, starter feed,
and 2) d19–35, finisher feed. Two strains of Fusarium, F.
graminearum strain PH-1 and F. verticillioides strain
M3125 were cultured for DON and FB production,
respectively (Altpeter and Posselt, 1994). In brief, Fusarium
strains were cultured separately in carboxymethyl cellulose
liquid media and shaken for 5 days (F. verticillioides) or 7 days

TABLE 1 | Ingredient and nutrient composition of basal diets (as-fed basis).

Ingredients (%) Starter Finisher

Corn 56.29 64.86
Soybean meal, 48% CP 37.87 28.44
Soybean oil 2.18 3.80
Dicalcium phosphate 1.48 0.84
Calcium carbonate 0.91 0.78
Sodium chloride 0.40 0.40
MHA 0.37 0.32
L-lysine 0.21 0.22
Trace mineral premix 0.10 0.10
Choline chloride (60%) 0.07 0.08
L-threonine 0.06 0.07
Vitamin premix 0.05 0.05
Phytase (500 ftu) 0.01 0.01

Nutrients, vitamins, and minerals were provided in the form and amount described in the
NRC, standard reference diet for chickens (Council, 1994).
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(F. graminearum), and spores were collected. Fungal spores were
added separately to rice media and incubated until mycotoxin
content was analyzed. The homogenized rice cultures with FB
and DON were mixed with a small portion of the basal diet and
re-mixed with the appropriate amount of basal feed to create the
experimental diets. The starter diet (d0–18) and the finisher diet
were formulated to contain 3 mg/kg FB and 4 mg/kg DON,
respectively. The final diets were analyzed by LC-MS-MS to
determine the actual content of FB and DON and the content
of other major mycotoxins (Romer Labs, Union, MO,
United States). The mycotoxin content of the formulated
experimental diet is provided in Table 2.

Birds and Housing
This 35-day feeding trial was conducted with 480 day-old male
Ross × Ross 708 strain broiler chicks (Aviagen, Blairsville, GA,
United States). The animal care practices and use procedures were
followed under the Guide for the Care and Use of Agricultural
Animals in Research and Teaching (McGlone, 2010). All animal

protocols were approved by the Institutional Animal Care and Use
Committee at the Southern Poultry Research Group, Athens, GA.
The birds were raised under the supervision of a licensed poultry
veterinarian. All birds were euthanized by methods approved by
the American Veterinary Medical Association (AVMA). Day-old
broiler chicks were raised in 1.5 m × 1.5 m floor pens (stocking
density of 15 birds/m2) on new shavings/litter following standard
industry practice in North America and raised under ambient
humidity. Chickens were weighed individually and randomly
distributed into either one of the four treatment groups. The
experimental treatment groups were 1) control group (basal diet
+ C. perfringens challenge), 2) NE group (basal diet + E. maxima +
C. perfringens), 3) FB + DON group (basal diet + 3 mg/kg FB
+4mg/kg DON + C. perfringens), and 4) FB + DON + NE group
(basal diet + 3 mg/kg FB + 4mg/kg DON + E. maxima + C.
perfringens). Each treatment was replicated in 8 pens with 15 birds/
pen in a completely randomized design. Chicks had ad libitum
access to the feed and water throughout the experimental period.
The mortality of the birds was recorded daily. The birds were

TABLE 2 | Analyzed mycotoxin content of experimental diets.

Aflatoxin (ppm) Fumonisin (ppm) Deoxynivalenol (ppm) Zearalenone (ppm) Nivalenol (ppm)

Starter diet
Control 0.04a 0.4b 0.1 <0.05 <0.1
Treatment 0.03a 2.8b 4.3 0.3 <0.1

Finisher diet
Control 0.003a 1.5b 0.2 0.07 <0.1
Treatment 0.002a 2.9b 4.0 0.4 0.2

aTotal aflatoxins (B1 + B2).
bTotal fumonisins (B1 + B2 + B3).
The final diets were analyzed by LC-MS/MS, at Romer Labs, Union, MO, United States.

TABLE 3 | Primers and PCR conditions for PCR.

Gene Primer
sequence1 (59- 39)

Annealing temperature (°C) Reference

IL1-β F: TCCTCCAGCCAGAAAGTGA 57.5 Shanmugasundaram and Selvaraj. (2012)
R: CAGGCGGTAGAAGATGAAGC

IL10 F: CATGCTGCTGGGCCTGAA 57.5 Shanmugasundaram and Selvaraj. (2012)
R: CGTCTCCTTGATCTGCTTGATG

LITAF F: ATCCTCACCCCTACCCTGTC 55 Markazi et al. (2019)
R: GGCGGTCATAGAACAGCACT

IFN-γ F: GGCGTGAAGAAGGTGAAAGA 57.4 Shanmugasundaram et al. (2021)
R: CCTCTGAGACTGGCTCCTTTT

RPS-13 F: CAAGAAGGCTGTTGCTGTTCG 55 Shanmugasundaram et al. (2019c)
R: GGCAGAAGCTGTCGATGATT

Claudin-1 F: CATACTCCTGGGTCTGGTTGGT 55 Chen et al. (2017)
R: GACAGCCATCCGCATCTTCT

Claudin-2 F: CCTGCTCACCCTCATTGGAG 55 Li et al. (2015)
R: GCTGAACTCACTCTTGGGCT

Zona occluden-1 F: TGTAGCCACAGCAAGAGGTG 56 Zhang et al. (2017)
R: CTGGAATGGCTCCTTGTGGT

C. perfringens F: AAAGGAAGATTAATACCGCATAA 55 Shanmugasundaram et al. (2020)
R: ATCTTGCGACCGTACTCCCC

Lactobacillus F: CATCCAGTGCAAACCTAAGAG 55 Wang et al. (1996)
R: CCACCGTTACACCGGGAA

Bifidobacterium F: GGGTGGTAATGCCGGATG 57 Langendijk et al. (1995)
R: CCACCGTTACACCGGGAA
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housed in floor pens equipped with nipple-type waterers and
thermostatically controlled heaters.

Production Performances and NE Lesion
Score
On day 14, 2.5 × 103 Eimeria maxima sporulated oocysts/bird
were mixed in the feed of NE and FB + DON + NE groups. On
days 19, 20, and 21, birds in all treatment groups were
challenged with 1 × 108 CFU/bird C. perfringens (strain #6)
through the feed to target 3%–5% NE mortality as described
earlier (Hofacre et al., 1998). Before the C. perfringens challenge,
feed and water were withdrawn for 4 h and 2 h, respectively.
Three birds from each pen were randomly sacrificed and
examined for the NE lesion score on day 21. Lesion scoring
was based on a 0 to 3 scale as described earlier (Hofacre et al.,
1998), wherein 0 is normal, 1 is a slight mucus covering the
small intestine, 2 is a necrotic small intestinal mucosa, and 3 is a
sloughed cells and blood in the small intestinal mucosa and
contents. Bodyweight and feed intake were measured at 0, 7, 14,
21, 27, and 35 days of age. Average feed intake and body weight
gain (BWG) were corrected for mortality for calculating the feed
conversion ratio (FCR) for each pen.

Gut Permeability to FITC-Dextran
Gut permeability was measured using the FITC-D assay as
described earlier (Kuttappan et al., 2015). On days 21, 28, and
35, one bird/pen (n = 8) was orally gavaged with 1 ml of
fluorescein isothiocyanate dextran (FITC-D, MW 4000; Sigma-
Aldrich, United States) 2.2 mg/bird. 2 h later, the birds were
euthanized, and blood was collected by cardiac puncture.
Blood samples were centrifuged at 450 × g for 10 min to
separate the serum from red blood cells. The serum was
diluted in PBS with pH 7.4 at a 1:1 ratio. The serum FITC-D
concentration was determined based on a standard curve. A
standard curve with 0, 0.2, 0.4, 0.6, 0.8, 1.0, and 2 μg/ml
FITC-D was drawn using Gen5 software on the same plate as
the samples. The samples and standards were measured at an
excitation wavelength of 485 nm and emission wavelength of
528 nm (Synergy HT, multi-mode microplate reader, BioTek
Instruments, Inc., VT).

Spleen and Cecal Tonsil CD8+: CD4+ Ratio
On days 21, 28, and 35, post-challenge, the effect of FB and DON
on the spleen and cecal tonsil CD4+ and CD8+ cell percentages
were determined by flow cytometry as described previously
(Shanmugasundaram et al., 2015). In brief, single-cell

FIGURE 1 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on production performances. Day-old chicks were distributed into four
treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB + DON + NE groups. Birds in the NE and FB + DON + NE groups
received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. Body weight and
feed consumption was measured on days 0, 7, 14, 21, 28, and 35 of age to calculate body weight gain (Panel 1A) and feed consumption ratio (Panel 1B). Mortality-
corrected bodyweight gain and feed conversion ratio are presented. Bars (+SEM) without a common superscript differ significantly (p < 0.05). n = 8 pens of 15 birds/pen.

TABLE 4 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on necrotic enteritis lesion score at 21 days of age.

Treatment Score 0 Score 1 Score 2 Score 3 Rank scores
mean

Chi sq.
p-value

Control 21 3 0 0 22.4 0.01
NE 1 14 9 0 60.5
FB + DON 18 6 0 0 37.3
FB + DON + NE 0 9 15 0 73.8

Day-old chicks were distributed into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB + DON + NE groups. Birds in the NE and FB +
DON + NE groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. On day 21, three
birds were scored for NE lesion scores on a 0 to 3 scale wherein 0 is normal, 1 shows slight mucus covering the small intestine, 2 has a necrotic small intestinal mucosa, and 3 shows
sloughed cells and blood in the small intestinal mucosa and contents. Lesion scores were analyzed by a non-parametric test, and Wilcoxon/Kruskal–Wallis rank-sum test was used to
separate the means.
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suspensions from the spleen and cecal tonsils were enriched for
mononuclear cells by density centrifugation over Histopaque
(1.077 g/ml, Sigma-Aldrich, St. Louis, MO) for 15 min at
400 g. The cells were incubated with a 1:250 dilution of
fluorescent-isothiocyanate conjugated mouse anti-chicken
CD4+ (Southern Biotech, Birmingham, AL), 1:450 dilution of
phycoerythrin-conjugated mouse anti-chicken CD8+ (Southern
Biotech, Birmingham, AL), and 1:200 dilution of unlabeled
mouse IgG for 15 min. The unbound antibodies were removed
by centrifugation, the percentages of CD4+ and CD8+ cells were
analyzed using a flow cytometer (Guava EasyCyte, Millipore,
MA), and CD8+: CD4+ ratio was calculated.

Jejunal Tight Junction Protein and Cecal
Tonsil Cytokine mRNA Expression
On days 21, 28, and 35, 1 bird per pen (n = 8) was euthanized by
cervical dislocation. A portion of distal-jejunum and proximal
ileum (1 cm proximal and 1 cm distal to the Meckel’s
diverticulum) and cecal tonsils were collected in cryovials
containing RNAlater® (Ambion Inc., Austin, TX,
United States) and stored at −70°C until further analysis. The
jejunum was analyzed for claudin-1, claudin-2, and zona-
occluden-1 tight junction protein mRNAs, and cecal tonsils
were analyzed for pro-and anti-inflammatory cytokines IL-1β,
IL-10, LITAF, and IFN-γ mRNA expression, as described
previously (Shanmugasundaram and Selvaraj, 2012).

Total RNA was extracted from all experimental groups using
the TRI reagent (Molecular Research Center, Cincinnati, OH)
following the manufacturer’s instructions. RNA concentration
and purity were determined using an Epoch spectrophotometer
(BioTek, Winooski, VT, United States), using the 260/280 and

260/230 ratios. 2 mg RNAwas reverse transcribed into cDNA and
analyzed for IL-1β, IL-10, LITAF, IFN-γ, claudin-1, claudin-2,
and zona-occluden-1 by real-time PCR (CFX96 Touch Real-Time
System, BioRad, Hercules, CA) using SYBR Green. Primer
sequences and annealing temperature are provided in Table 3.
Each well contained 10 µl SYBR Green PCR master mix, 7 µl
RNAse-free water using C1000 TouchTM Thermal cycler
(BioRad, Hercules, CA), 2 µl (~600 ng/μl) cDNA, 0.5 µl
forward primer (5 µM), and 0.5 µl reverse primer (5 µM). To
perform real-time PCR, the following settings were used for all
genes: an initial denaturation of 95°C for 10 min (1 cycle);
followed by 95°C for 15 s; and 60°C for 45 s (40 cycles). The
melting profile was determined by heating samples at 65°C for
30 s and then increasing the temperature at a linear rate of 10°C/s
to 95°C while continuously monitoring fluorescence.
Housekeeping genes of β-actin, glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), and ribosomal protein S13 (RPS13)
were selected, and the stability was analyzed using Normfinder
software (Department of Molecular Medicine, Aarhus University
Hospital, Denmark) as described previously
(Shanmugasundaram et al., 2018). The RPS13 gene was
selected for data normalization because it was the most stable
expression among the set of housekeeping genes analyzed for
normalization. The cecal tonsil IL-1β, IL-10, LITAF, and IFN-γ,
the jejunal claudin-1, claudin-4, and zona-occluden-1 mRNAs
were normalized with RPS13. The 2ˉΔΔCt method, as previously
described (Livak and Schmittgen, 2001), where Ct is the threshold
cycle, was used to calculate the mRNA fold change. The fold
change was calculated as 2(Ct Sample – housekeeping)/2 (Ct

Reference – housekeeping). The reference group was the control group.

C. perfringens, Total Lactobacillus, and
Total Bifidobacteria Loads in the Cecal
Content
On days 21, 28, and 35, cecal content from one bird/pen (n = 8) was
collected and stored at −20°C until further use. The DNA from the
cecal microflora DNA was extracted as described earlier (Amit-
Romach et al., 2004; Shanmugasundaram et al., 2019a). The DNA
pellet was resuspended in TE buffer (10mM Tris-HCl, 1 mM
EDTA, pH 8.0) and stored at −20°C until further use. The final
concentration of the isolated DNA was determined using an Epoch
spectrophotometer (BioTek, Winooski, VT, United States). The
DNA samples were diluted to a final concentration of 100 ng/μl. The
primers for Lactobacillus, Bifidobacterium, and C. Perfringens were
adapted from an earlier publication (Amit-Romach et al., 2004).
The Ct values were converted into CFU/g using a standard curve as
described previously (Shanmugasundaram et al., 2019b). The PCR
efficiency and the slope and intercept of the standard curve were
determined by the CFX software (Bio-Rad, Hercules, CA). The PCR
efficiency of the C. perfringens, Lactobacillus, and Bifidobacteria
standard curve analysis was 98%, 99%, and 99%, respectively.

Jejunal and Ileal Histomorphology
On 21, 28, and 35 days, jejunal and ileal samples were collected
from one bird/pen (n = 8) from each replication post-challenge.
Approximately 4 cm of jejunal and ileal samples were cut proximal

FIGURE 2 | Effect of subclinical dose of FB + DON and E. maxima/C.
perfringens challenge on gut permeability to FITC-dextran. Day-old chicks
were distributed into four treatment groups: control, necrotic enteritis (NE),
fumonisin + deoxynivalenol (FB + DON), and FB + DON + NE groups.
Birds in the NE and FB +DON+NE groups received 2.5 × 103 Eimeria maxima
oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium
perfringens on days 19, 20, and 21. One bird/pen was orally gavaged with
2.2 mg/bird of 4,000 MW fluorescein isothiocyanate dextran (FITC-D), and
blood was collected 2 h later. Serum FITC-D concentration was determined in
a microplate reader. Bars (+SEM) without a common superscript differ
significantly (p < 0.05). n = 8 (8 pens of 15 birds/pen).
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and distal to the Meckel’s diverticulum and stored in buffered
formalin. The jejunal and ileal samples were processed at room
temperature in a graded series of alcohols (15 min in 50% ethanol,
15 min in 70% ethanol, 15 min in 96% ethanol, and 30min in 100%
ethanol with one change at 15min), cleared in Pro-par (Anatech,
Battle Creek, MI) for 45 min with 2 changes at 15 and 30min, and
infiltrated with paraffin at 60°C overnight with one change at
15 min using a tissue processor (Sakura Finetek USA, Inc.,
Torrance, CA, United States). Paraffin blocks were cut into 5-
μm cross-sections and mounted on super frost slides (Thermo
Fisher Scientific, Waltham, MA, United States). Slides were then
stained with hematoxylin and eosin. Cross-sections were viewed
using the cellSens Imaging software (Olympus America, Central
Valley, PA) to measure villi length and crypt depth. Ten intact
lamina propria villi and crypts per section and 5 sections per
sample were analyzed as described earlier (Shanmugasundaram
et al., 2020). The tip of the villus to the villus–crypt junction was
measured as villus height. The crypt depth was defined by the
depth of the invagination between adjacent villi. All the samples in
a time point were collected from the same bird, except for the gut
permeability analysis for which a second bird was used.

Statistical Analysis
A one-way ANOVA (JMP Pro 15 software, Cary, NC) was
used to examine the effects of the subclinical dose of FB +
DON on dependent variables, with the pen being considered

as the experimental unit. When the main effects were
significant (p < 0.05), differences between means were
analyzed by Tukey’s least-square means comparison.
Values reported are least-squares means ± SEM. The lesion
scores were analyzed by a non-parametric test, and a
Wilcoxon/Kruskal–Wallis rank-sum test was used to
separate the means. The heatmap was rendered with JMP’s
plotting library (Šefcová et al., 2020).

RESULTS

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on
Production Performances
There were significant (p < 0.05) treatment effects on body weight
gain on days 14, 21, 28, and 35 (Figure 1A). On day 14, birds in
the FB + DON had lower BWG compared to the birds in the
control group. On day 35, birds in the NE and FB + DON + NE
groups had 242 g (p < 0.05) and 339 g (p < 0.05) lower BWG than
the birds in the control group, respectively.

There were significant (p < 0.05) treatment effects on the FCR
on days 21, 28, and 35 (Figure 1B). On day 14, birds in the FB +
DON group had 21 points (p = 0.05) increase in FCR compared to
the birds in the control group. On day 35, birds in the NE and FB

FIGURE 3 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on jejunal tight junction protein mRNA expression. Day-old chicks were
distributed into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB +DON +NE groups. Birds in the NE and FB + DON
+ NE groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. Tight
junction protein mRNA content was analyzed after correcting for the housekeeping gene RPS13mRNA content and normalizing to themRNA content of the control
group at D21 (A), D28 (B) and D35 (C), so all bars represent fold change compared to the control group. Bars (+SEM) without a common superscript differ significantly
(p < 0.05). n = 8 (8 pens of 15 birds/pen).

Frontiers in Physiology | www.frontiersin.org July 2022 | Volume 13 | Article 9346606

Shanmugasundaram et al. Fusarium Mycotoxins in Poultry

151

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


+ DON + NE groups had 19 points and 22 points significant
increase in FCR than those in the control group.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on NE
Lesion Score
There were significant (p < 0.05) treatment effects on the NE
lesion score on day 21 (Table 4). Birds in the control group
had the lowest Wilcoxon/Kruskal–Wallis score means for
lesion scores. In birds with induced NE, 4.2% (1 out of 24)
had a NE lesion score of 0, 58.3% (14 out of 24) had a NE
lesion score of 1, 37.5% (9 out of 24) had a NE lesion score of
2, and 0% had a NE lesion score of 3. In birds exposed to FB +
DON and induced with NE, 0% had a NE lesion score of 0 ,
37.5% (9 out of 24) had a NE lesion score of 1, 62.5% (15 out
of 24) had a NE lesion score of 2, and 0% had a NE lesion
score of 3. Birds in the NE group had higher (p < 0.05)
Wilcoxon/Kruskal–Wallis Score Means for lesion scores than
scores observed in the control group. Subclinical dose of FB +
DON increased (p < 0.05) the Wilcoxon/Kruskal–Wallis
Score Means for lesion scores compared with the control
group on day 21. The presence of FB + DON in NE-
challenged birds increased (p < 0.05) the Wilcoxon/
Kruskal–Wallis Score Means for lesion scores compared to
the NE group.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on Gut
Permeability to FITC-Dextran
There were significant (p < 0.05) treatment effects on the serum
FITC-D concentration on days 21 and 28 (Figure 2). On day 21,
birds in the NE, FB + DON, and FB + DON + NE groups had a
150% (p < 0.05), 51% (p > 0.05), and 293% (p < 0.05) increase in
serum FITC-D compared to the birds in the control group. Similar
trends were observed on day 28. The presence of FB + DON in NE-
challenged birds increased (p < 0.05) the serum FITC-D
concentration further by 57%, compared with NE group on day 21.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on
Jejunal Tight Junction Protein mRNA
Expression
There were significant (p < 0.05) treatment effects on the jejunal
mRNA expression on days 21, 28, and 35 (Figure 3). On day 21,
birds in the NE, FB + DON, and FB + DON +NE groups had lower
claudin-1, claudin-2, and zona occludens-1 mRNA expression
compared to the birds in the control group. On days 28 and 35,
birds in the NE group had similar claudin-1 and zona occludens-1
mRNA expression when compared with the control group, but birds
in the FB + DON and FB + DON + NE groups still had

FIGURE 4 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on cecal tonsil cytokine mRNA expression. Day-old chicks were
distributed into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB +DON +NE groups. Birds in the NE and FB + DON
+ NE groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. IL-1β,
IL-10, LITAF, and IFN-γ mRNA content was analyzed after correcting for the housekeeping gene RPS13 mRNA content and normalizing to the mRNA content of
the control group, so all bars represent fold change compared to the control group. Bars (+SEM) without a common superscript differ significantly (p < 0.05). n = 8 (8 pens
of 15 birds/pen).
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downregulated claudin-1 and zona occludens-1mRNA compared to
the control group. Similar trends were observed on days 28 and 35.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on
Cytokine mRNA Expression
There were significant (p < 0.05) treatment effects on the cecal
tonsil IL-1β, IL-10, LITAF, and IFN-γ jejunal mRNA expression
on day 21 (Figure 4). On day 21, birds in the NE, FB + DON, and
FB + DON + NE groups had an approximately 4-fold increase in
IL-1βmRNA compared to the birds in the control group. Similar
trends were observed on days 28 and 35.

On day 21, birds in the NE and FB +DON +NE groups had an
approximately 3-fold increase in IL-10 mRNA compared to the
birds in the control group.

On day 21, birds in the FB + DON + NE group had higher
LITAFmRNA compared to the birds in the NE group. On day 35,
birds in the FB + DON group had higher LITAF mRNA
compared to the birds in the control group.

On day 21, birds in the FB + DON + NE group had an
approximately 4-fold increase in IFN-γ mRNA compared to the
birds in the control group.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on the
Spleen and Cecal Tonsil CD8+: CD4+ Ratio
On day 21, birds in the FB +DON group had a lower CD8+: CD4+

ratio in the cecal tonsils compared to the birds in the control
group (Figure 5). On day 35, birds in the FB + DON and FB +
DON + NE groups had a lower CD8+: CD4+ ratio in the cecal
tonsils compared to the birds in the control group

On day 21, birds in the FB + DON and FB + DON + NE
groups had a lower CD8+:CD4+ ratio in the spleen compared to

that in the birds in the control group. On day 35, birds in the FB +
DON + NE group had a lower CD8+:CD4+ ratio in the spleen
compared to the birds in the control group.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on
Jejunal and Ileal Histomorphology
On day 21, birds in the NE group had a 24% decrease (p > 0.05) in
villi height to crypt depth ratio compared to the birds in the
control group and the presence of FB + DON in NE-induced
birds further decreased the villi height to crypt depth ratio by
8.4% when compared with NE group (Figure 6). Similar results
were observed in the ileum on day 21.

Effect of Subclinical Dose of FB + DON and
E. maxima/C. perfringens Challenge on C.
perfringens, Lactobacillus spp., and
Bifidobacterium spp. Loads in the Cecal
Content
On days 21, 28, and 35, birds in the NE, FB + DON, and FB +
DON + NE groups had an approximately 1.3 Log increase in C.
perfringens loads in the cecal tonsils compared to the birds in the
control group (Figure 7).

On day 21, birds in the FB + DON group had lower (p < 0.05)
Lactobacillus spp. compared to the birds in the control group.

Heat Map Representing Pearson’s
Correlation Coefficient Matrix Between
Cytokine Amounts and Body Weight Gain
The negative value of Pearson’s coefficient indicated that IL-1β
and IL10- mRNA expression on days 21 and 28 were inversely
related to body weight (Figure 8).

FIGURE 5 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on the spleen and cecal tonsil CD8+: CD4+ ratio. Day-old chicks were
distributed into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB +DON +NE groups. Birds in the NE and FB + DON
+ NE groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. CD4+

and CD8+ cells were identified using fluorescent-linked anti-chicken CD4 and CD8 in a flow cytometer. Bars (+SEM) without a common superscript differ
significantly (p < 0.05). n = 8 (8 pens of 15 birds/pen).
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DISCUSSION

Corn is the major energy source in poultry feed and constitutes
50%–80% of the finished poultry feeds in the United States and
Europe (Guerre, 2016). Mycotoxins are ubiquitous in nature
(Shimshoni et al., 2013), and under practical conditions, it is
difficult to produce clean corn without mycotoxin contamination.
In this study, the starter basal diets in the control group were
naturally contaminated with 40 μg/kg aflatoxin, 400 μg/kg FB,
and 100 μg/kg DON, and the finisher basal diets in the control
group were contaminated with 3 μg/kg aflatoxin, 1,500 μg/kg FB,
and 200 μg/kg DON. Because there is an increase in the
occurrence of mycotoxins contamination of poultry feed under
field conditions, there is a growing concern regarding the negative
effects of combined mycotoxins, even when present at sub-
clinical doses, on gut health. Hence, this study aimed to
identify whether the combined presence of FB and DON at
subclinical concentration predisposed broiler chickens to NE
and acerbated the severity of NE lesions.

In the current study, a combined dose of 3 mg/kg FB and
4 mg/kg DON decreased the chickens’ body weight on day
14 even before the birds were inoculated with E. maxima. In
birds that were induced with NE, FB and DON further decreased
the body weight gain. Our data suggest that a combined dose of
3 mg/kg FB and 4 mg/kg DON in the poultry diet increased gut
permeability and decreased villi height to crypt depth ratio, which
can be expected to decrease body weight and increase the FCR.
An earlier study identified that combination of FB and DON

either at 20 and 1.5 mg/kg or 20 and 5.0 mg/kg feed, respectively,
increases the feed conversion ratio. A similar result was observed
in piglets when feeding 6 mg/kg FB and 3 mg/kg DON in
combination, which decreased the production performance
(Grenier and Oswald, 2011). Broilers exposed to multiple
mycotoxins at subclinical doses in the starter to finisher diets
exhibit decreased production broiler performance and impaired
health (Wang et al., 2005). Earlier reports have identified that
poultry feed contaminated with 5 mg/kg DON alone did not alter
the chicken production performance (Awad et al., 2011).
Similarly, FB alone at 300 mg (Brown et al., 1992) or 50 mg
(Yu et al., 2022) did not cause a decrease in production
performance in broiler birds. Considering that when FB or
DON was individually fed, they did not decrease the
production performance even when present at 300 mg/kg and
5 mg/kg. It should be noted that subclinical doses of FB + DON
had numerical changes, rather than statistical significance, on
production performances. It has been suggested that the
interpretation of p values should not be a dichotomous
conclusion as either significant or nonsignificant, but it should
be interpreted based on the real-world implication of the
observed change in the data points (Andrade, 2019). FB +
DON decreased the body weight gain by 87 g, further
decreased the body weight by 97 g, and worsened the FCR by
3 points in birds induced with NE on day 35. FB + DON at
subclinical dose can thus lead to a loss of up to 184 g per bird,
which accounts for approximately 10.5% of live body weight.
Thus, it can be concluded that in this present study, the combined

FIGURE 6 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on jejunal and ileal histomorphology. Day-old chicks were distributed
into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB + DON + NE groups. Birds in the NE and FB + DON + NE
groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium perfringens on days 19, 20, and 21. Jejunal and
ileal sections were stained with hematoxylin and eosin. Villi height and crypt depth were measured using cellSens Imaging software, and villi height:crypt depth ratio
was calculated. Bars (+SEM) without a common superscript differ significantly (p < 0.05). n = 8 (8 pens of 15 birds/pen).
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dose of DON and FB had a synergistic negative effect on body
weight gain and feed conversion ratio.

The presence of both FB andDON increased the severity of the
NE lesions in birds induced with NE. However, FB and DON did
not increase NE mortality (23.3% and 21.2% mortality in FB +
DON and FB + DON + NE group). In the NE model studied, the
control group was inoculated with C. perfringens and, hence, the
C. perfringens loads were approximately 7 logs/g of cecal content.
In the absence of accompanying intestinal wall damage because of
E. maxima or mycotoxins, the control group had no NE lesions.
These findings suggest that combined subclinical doses of FB and
DON increase the severity of the NE lesion without increasing the
associated mortality. NE lesion scores, but not the associated
mortality, should be used to assess the cost of subclinical doses of
FB and DON under field conditions.

Previous studies have identified that chronic exposure to
FB1 at 100 mg/kg concentration for 28 days or 300 mg/kg for
14 days decreases the jejunum villus height and villus: crypt depth
ratio and causes mild villus atrophy and goblet cell hyperplasia in
broiler chicks (Rauber et al., 2013). This study identified that the
presence of FB and DON combination decreased villi height to
crypt depth ratio similar to that in the NE group. The villi length
to crypt depth ratio is an indicator of the intestinal renovation
rate and a higher villi to crypt ratio indicates a lower intestinal
turnover (Brown et al., 1992; Van Nevel et al., 2005). Thus,
subclinical doses of FB and DON combination increased the

intestinal turnover and contributed to the observed decrease in
FCR and loss in body weight gain during NE.

FB and DON acerbated the loss in the tight junction protein and
increase in gut permeability associated with NE. FB and DON
combination decreased the jejunal claudin-1, claudin-2, and zona-
occluden-1 in the intestine. The decrease in the jejunal tight junction
protein owing to subclinicalmycotoxinwas comparable to the loss in
the tight junction in the birds induced with NE. Earlier studies have
identified that chronic exposure to FB decreases the proliferation of
intestinal epithelial cells and breaks down the gut barrier in pigs
(Bouhet et al., 2004). Tight junction proteins are comprised of
transmembrane proteins such as claudins and occludens, and
cytoplasmic proteins, such as zona occludens (Findley and Koval,
2009). Tight junction proteins act as a barrier to pathogens and
harmful toxins while permitting the entry of nutrients, ions, and
water (Tomaszewska et al., 2021). Caco-2 cells exposed to a
combination of aflatoxin and ochratoxin had significantly
decreased tight junction proteins (Gao et al., 2018). FB inhibits
ceramide synthase, which results in the accumulation of sphingoid
bases and their metabolites, leading to the depletion of complex
sphingolipids (Wang et al., 1991). In addition, FB leads to the
accumulation of sphinganine (Riley et al., 1999) and increases
calmodulin, an apoptotic protein. Alteration in the sphingolipid
metabolic products, sphingosine content, and calmodulin can be
expected to decrease intestinal cell viability and loss in tight junction
proteins (Bouhet et al., 2004). Furthermore, chronic exposure to FB

FIGURE 7 | Effect of subclinical dose of FB + DON and E. maxima/C. perfringens challenge on C. perfringens, total Lactobacillus, and total Bifidobacteria loads in
the cecal content. Day-old chicks were distributed into four treatment groups: control, necrotic enteritis (NE), fumonisin + deoxynivalenol (FB + DON), and FB + DON +
NE groups. Birds in the NE and FB + DON + NE groups received 2.5 × 103 Eimeria maxima oocyst per bird on day 14. All birds received 1 × 108 CFU/bird of Clostridium
perfringens on days 19, 20, and 21. Cecal content was analyzed for C. perfringens, (A) total Lactobacillus, (B) and total Bifidobacteria (C) through PCR. Bars
(+SEM) without a common superscript differ significantly (p < 0.05). n = 8 (8 pens of 15 birds/pen).
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+ DON enhances the claudin-1, claudin-2, and zona-occluden
internalization by endocytosis (Fujita et al., 2000). This results in
the reduction of claudins at a cellular level and a lack of new
molecules to replace the damaged tight junction proteins (Hopkins
et al., 2003).

During NE infection, the integrity of intestinal epithelial cells
is compromised due to either inflammation or toxins or the
associated gut dysbiosis. Quantification of serum FITC-d is
commonly used as an indicator for assessing intestinal
paracellular permeability and magnitude of severity
(Kuttappan et al., 2015). The oral administration of FITC-D
passes through the disrupted intestinal epithelium and enters
systemic circulation, which can be quantified in the blood (Liu
et al., 2021). In this current study, the presence of FB and DON
caused a loss in gut integrity, and this loss in gut integrity was
acerbated in birds challenged with NE. The observed increase in
serum FITC-D level correlated with decreased tight junction
proteins in the ileum. A decrease in the tight junction proteins
of the intestine leads to a loss in gut integrity and an increase in
gut permeability, and it can explain the observed increase in
serum FITC-D concentration. This current study suggests that
chronic exposure to even subclinical doses of mycotoxins could
adversely damage the intestinal gut epithelium.

FB and DON increased the cecal tonsil IL-1β, an inflammatory
cytokine. Upregulation of interleukins is observed normally
during various bacterial and parasitic infections (Mensikova
et al., 2013). Immune system activation includes changes in

cytokines such as tumor necrosis factor (TNF-α, IL-1β, IFN-γ,
and IL-10 (Wallach et al., 2014). Activated macrophages secrete
IL-1β to induce inflammation (Bhat and Fitzgerald, 2014). In
mice, a single dose of in vivoDON exposure increases TNF-α, IL-
1β, IFN-γ, and IL-10 in CD4+ cells isolated from spleen and
Peyer’s patches (Zhou et al., 1997). In vitro treatment of chicken
splenocytes with DON increases the concentrations of IL-1β, IL-
10, and IFN-γ (Azcona-Olivera et al., 1995; Ren et al., 2015). In
this present study, birds exposed to FB and DON had increased
cecal tonsil IFN-γmRNA transcription at levels similar to that in
the birds undergoing a NE challenge. IFN-γ plays an important
role in the host’s defense against intracellular pathogens such as
coccidiosis. This increased IFN-γ mRNA transcription at D21 in
the combined toxin group suggests that FB and DON could have
had a synergistic effect on IFN-γ mRNA transcription. Cecal
tonsils of Eimeria-challenged birds had an increase in IFN-γ
mRNA transcription when chickens were fed Fusarium
mycotoxins contaminated diet (Girgis et al., 2010). Chronic
exposure to combined FB + DON activates the NF-kB
pathway to upregulate pro-inflammatory cytokines (Pinton
and Oswald, 2014; Taranu et al., 2015). Several studies have
identified that the dietary mycotoxins, at doses even below EU
guidance, could upregulate both pro and anti-inflammatory
cytokines in the duodenum and jejunum (Bracarense et al.,
2012; Lucke et al., 2018; Guo et al., 2021). Similarly, in this
present study, 4 mg/kg DON and 3 mg/kg FB increased the pro-
and anti-inflammatory cytokines, suggesting that combined

FIGURE 8 | Heat map representing Pearson’s r correlation coefficient matrix between cytokine amounts and body weight gain. Heat map showing the
transcriptional fold change of LITAF, IL-1β, IL-10, and IFN-γ in the cecal tonsils of birds fed mycotoxin contaminated diet and induced with necrotic enteritis. The color
scale, −1 (blue) to +1 (red), and the negative value of the coefficient indicate that increased IL-1β and IL-10 mRNA expression levels are inversely affected the body
weight.
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toxins could have adverse effects on intestinal epithelial cells to
modify the cecal tonsils cytokines expression in broilers.
Furthermore, Pearson’s correlation analysis identified
significant negative correlations (p < 0.05) between IL-1β, IL-
10, and body weight. The negative coefficient indicated that the
chronic exposure to mycotoxins increased the IL-1β and IL-10
mRNA transcripts, coinciding with an ultimate decrease in body
weight gain. Activation of the immune system and cytokines
production requires energy resources and affects the production
performance, resulting in a trade-off between immune function
and growth (van der Most et al., 2011). NE infection by itself
increased proinflammatory cytokines, and further synergism
between FB, DON, and NE acerbated the loss in body weight
gain in the FB + DON + NE group.

T cell proliferation involves the activation and differentiation of T
cells into effector and memory subsets which is critical for the
adaptive immune system. CD8+: CD4+ ratio is a marker of immune
dysfunction (Roitt, 1992; Martin et al., 2016). The impairment in
CD4+ T cell regeneration and persistent elevation of CD8+ T cells are
indicators of inflammation that involves gut microbial translocation
(Hirakawa et al., 2020; Ruhnau et al., 2020). In this present study, the
presence of FB + DON decreased the CD8+: CD4+ cell ratio in the
cecal tonsils, and this effect was acerbated in the FB + DON + NE
group compared to the control group. Similar results were observed
in chickens’ peripheral mononuclear cells (PBMCs) when they were
fed contaminated diets containing up to 3.8 μg/g deoxynivalenol
(DON), 0.3 μg/g 15-acetyl DON, and 0.2 μg/g zearalenone (Girgis
et al., 2008). Furthermore, broilers fed 20mg/kg FB and 1.5 mg/kg of
DON had an increased percentage of T lymphocytes, and
CD4+CD25+ in the cecal tonsils (Grenier et al., 2016). In bovine
and porcine PBMCs, a similar kind of trend was observed when they
were fedDONcontaminated diet. In porcine PBMCs, in vitro studies
with DON at 0.4 mM or higher concentration have decreased the
proliferation of CD8+ and CD4+ cells (Novak et al., 2018). Similarly,
beef cattle exposed to 1.7 mg DON and 3.5 mg FB for 21 days has
significantly decreased the CD8+: CD4+ ratio (Duringer et al., 2020;
Roberts et al., 2021). Our studies demonstrated that combined
subclinical doses of FB and DON negatively affected the
proliferation of the CD8+ and CD4+ T cells. FB and DON target
the cell with high protein turnover and inhibit protein synthesis.
CD8+ and CD4+ cells are considered highly proliferative cells
(Overgaard et al., 2015) and are likely highly sensitive to FB and
DON (Taranu et al., 2010; Daenicke et al., 2011). Impaired CD8+

and CD4+ cell proliferation can be expected to compromise the
immune response to NE. Changes in T-helper and cytotoxic T cell
profiles, along with changes in inflammatory cytokines, suggest that
the chicken immune system is altered by chronic exposure to
Fusarium mycotoxins even at a subclinical dose in broiler
chickens leading to impaired resistance to NE. Our results
suggest that the CD8+: CD4+ ratio could be a potential
biomarker of early Fusarium mycotoxin exposure.

Lactobacillus spp. and Bifidobacterium spp. are considered to be
beneficial bacteria in the chicken gut. In this present study, the
subclinical dose of FB and DON decreased the Lactobacillus
spp. load in the ceca. Similar results were found when chickens
were exposed to DON 5mg/kg diet (Antonissen et al., 2015; Guo
et al., 2021). Chronic exposure to subclinical doses of FB and DON

increased the C. perfringens load and caused intestinal dysbiosis, and
hence, this current study identified that FB andDONmycotoxins can
be predisposing factors for C. perfringens-induced NE in chickens.
Increased C. perfringens altered the balance between intestinal
microbiota, with major changes observed in Lactobacillus
spp. (Antonissen et al., 2016; Zhang et al., 2018; Hernandez-Patlan
et al., 2019). The chronic exposure to FB+DON increased the cecalC.
perfringens load but had no effect on Bifidobacterium spp. (Lucke
et al., 2018). Therefore, it can be concluded that chronic exposure to
subclinical doses of combined FB + DON affected the relative
abundance of Lactobacillus spp. and exacerbated the NE by
enhancing intestinal inflammation and shifting the gut
microbiome towards pathogenic microorganisms (Yang et al., 2021).

The findings reported here have significant practical
importance and reflect the real-world problem because of the
common occurrence of Fusarium mycotoxins in poultry feeds
and subclinical necrotic enteritis occurrence in the field.
According to the FDA, the recommended level for FB and
DON in the poultry finished diet is 50 mg/kg and 5 mg/kg
(FDA, 2001; FDA, 2010). The level of FB and DON in the
experimental diets of the current study was much lower than the
FDA tolerance levels. The findings of this study represent the
effects of chronic exposure to the subclinical levels of FB and
DON in broiler chickens and their role in inducing subclinical
necrotic enteritis. Our findings identified the mechanism
through which FB and DON exhibited synergistic effects and
predicted the specific thresholds of combined toxins and their
adverse effects in chickens. Our data suggested that Fusarium
mycotoxins not only directly affected the production
performance but also influenced chicken health by inducing
NE and acerbated the severity of NE.

Our data demonstrated that chronic feeding of a combined dose
of 3 mg/kg FB and 4mg/kg DON in the poultry diet downregulates
the tight junction proteins and increased the severity of NE in broiler
chickens. Chicken diets with FB and DON contamination, even at
subclinical levels, induced a negative impact on performance, altered
small intestinal morphology, and significantly increased the
incidence of NE. In conclusion, the presence of FB and DON
decreased the BWG, increased the FCR, increased gut
permeability, decreased jejunal tight junction protein, increased
inflammatory cytokines in the cecal tonsil, decreased CD8+:CD4+

ratio in the cecal tonsil and spleen, increased C. perfringens load in
the cecal content, and decreased Lactobacillus spp. loads in the cecal
content and predisposed broiler birds to NE.
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Embryo mortality rate, which can reach up to 40% in avian species, is a major

issue for breeding. It is therefore important to identify new embryo

development biomarkers for genetic selection to improve reproductive

performances. We have recently shown that chemerin is expressed in the

oviductal hen magnum, accumulates in egg white, is correlated with embryo

survival and could thus be used as a molecular marker of embryo development.

Eggs from seven hen breeds (n = 70) were collected during five successive days

at the end of the laying period. After weighing eggs, yolk and albumen, an egg

white sample from each egg was collected and a blood sample was taken from

each hen. Chemerin concentrations in albumen and blood samples were

measured by a specific home made ELISA assay. Hen’s plasma and egg’s

albumen chemerin levels were found to be correlated with reproductive

parameters such as fecundity, fertility, embryo mortality, hatchability and

laying rates. The inter-hen chemerin level variability in albumen was higher

than intra-hen except for one breed (R+). We observed significantly different

levels of chemerin in egg white between breeds. However, chemerin

concentrations in egg white were not significantly associated to variations of

hen plasma chemerin levels. Interestingly, we observed negative correlations

between albumen chemerin concentrations and egg weight (r = −0.43, p =

0.001), between albumen weight (r = −0.40, p = 0.002), and between yolk

weight (r= −0.28, p= 0.03). We also showed negative correlations between egg

white chemerin concentrations and fecundity (r = −0.32, p = 0.011) and fertility

(r = −0.27, p = 0.04) whereas no significant correlation was observed with the

laying rate. Taken together, these results suggest that egg white chemerin

concentration might be a good biomarker for genetic selection for egg weight

and fertility in hens, provided these data are confirmed on a larger scale.
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Introduction

One of the breeding companies’ goals is the production of

viable and robust one day-old chicks to renew their reproductive

flock. However, embryo and chick mortality rates during the first

week of their life are major issues for profitability and

competitiveness in poultry industry. This early mortality rate

is an important and often used index to assess chick quality and it

is also a welfare indicator (Tona et al., 2005). In addition to

environmental factors, other parameters such as hen and egg

production type, storage of eggs, albumen and egg quality affect

the embryo development, hatchability and chick quality (Peebles

et al., 2001; Schmidt et al., 2009; Nasri et al., 2020; Özlü et al.,

2021). New tools are necessary to improve the quality of embryo

development and the eggs hatchability. Indeed, the identification

of new regulators/biomarkers of embryo development is a

potential way to improve production performances at all steps

of chicken breeding (laying, fertility and hatchability rates and

the robustness of chicks). Nutrition and energy metabolism are

well known to influence reproduction in all vertebrates. In broiler

chicken, the rapid growth and the fattening are often associated

with undesirable reproductive capacities such as a high sexual

precocity, a loss of the follicular hierarchy, multiple ovulations

and a decrease of egg production, fertility and hatchability (Chen

et al., 2006; Briere et al., 2011; Zhang et al., 2018). Some variations

in nutritional status could impact the reproductive system

through changes in plasma metabolic protein secretions

(Briere et al., 2011). Indeed, metabolic tissues synthesize and

release protein and peptides hormones named adipokines that

are involved in the regulation of various physiological functions

including reproduction in mammals but also in birds (Ahima

and Flier, 2000; Zhang et al., 2018; Estienne et al., 2020; Bernardi

et al., 2021).

Chemerin was discovered in 1997 as a novel retinoid-

responsive gene in human skin (Nagpal et al., 1997). Later,

chemerin (18 kDa), also named TIG2 (tazarotene-induced

gene 2) or RARRES2 (retinoic acid receptor responder 2),

was identified as an adipokine mainly secreted by adipose

tissue and liver. In mammals, chemerin is expressed in several

other tissues such as pancreas, placenta, skin, kidneys,

intestines and gonads (Mattern et al., 2014). After several

successive cleavages, the active form of chemerin is able to

bind three G-coupled receptors with seven transmembrane

domains named CMKLR1 (Chemokine like receptor 1), GPR1

(G protein receptor 1) and CCRL2 (C-C chemokine receptor-

like 2) (Yoshimura and Oppenheim, 2011). Chemerin is

involved in many physiological processes such as the

regulation of immune system and adipogenesis,

angiogenesis, reproductive functions and metabolic

disorders (Bernardi et al., 2021). Bozaoglu et al. showed

plasma chemerin levels are positively associated with body

fat, plasma glucose and triglyceride and lipid metabolism in

humans (Bozaoglu et al., 2007). However, in contrary to

mammals, plasma chemerin levels are negatively correlated

with fattening in turkeys (Diot et al., 2015) and chickens

(Mellouk et al., 2018d). Mellouk et al. studied the

expression profiles of various adipokines in metabolic tissue

during the chicken embryo development and they showed that

the chemerin amount was specifically increased at hatching in

various metabolic tissues, and this was associated with an

increase in the weight of the embryo (Mellouk et al., 2018c).

Concerning reproductive functions, many studies

demonstrated the expression of chemerin and its receptors

in ovary including granulosa and theca cells, corpus luteum

and oocytes in different mammals including humans. These

studies showed that chemerin inhibits Insulin-like Growth

Factor 1 (IGF-1)-induced steroidogenesis in primary

granulosa cells (Reverchon et al., 2012, 2014). Chemerin

hormone and receptor are expressed by granulosa and theca

cells in both broiler hens (Mellouk et al., 2018a) and turkeys

(Diot et al., 2015) but at different levels. Moreover, proteomic

analyzes have identified chemerin within the albumen and

perivitelline membranes of chicken eggs (Mann, 2007, 2008).

Our laboratory recently demonstrated that chemerin is highly

present in the albumen compared to the yolk and plasma

(Estienne et al., 2022). Moreover in the oviduct of hens,

chemerin and its receptors are more expressed in the

magnum, where the egg white is formed (Estienne et al.,

2022). Also, a chemerin system is present in

extraembryonic membranes such as allantoic and amniotic

membranes and fluids suggesting a passage of chemerin from

albumen to the extraembryonic membranes (Estienne et al.,

2022). Mellouk et al. showed that plasma chemerin

concentrations were negatively correlated with egg

hatchability in chicken (Mellouk et al., 2018b). In

addition, we also demonstrated an increase of embryo

mortality after in ovo injections of anti-chemerin and anti-

CMKLR1 antibodies in egg white (Estienne et al.,

2022). Thus, our working hypothesis is that chemerin in

egg white is involved in the embryo development in

chicken and could be a new reproductive trait for genetic

selection.

The aims of the present study were 1. To investigate the egg

white and plasma concentrations of chemerin using a new home-

made chicken chemerin ELISA, 2. To compare them in

individual laying hens, and in successive eggs from the same

hen to evaluate the intra and inter hen coefficient of variation and

3. To determine potential relationships between egg white

chemerin concentration and hen egg performance and fertility

parameters.
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Material and methods

Ethical issues

All the zootechnical parameters (total egg laying,

incubated eggs, unfertilized eggs, eggs mortality and

hatched chicks) were routinely collected by the

Experimental Unit “Pôle Expérimental Avicole de Tours”

UEPEAT (INRAE, Nouzilly, France, doi: https://doi.org/10.

15454/1.5572326250887292E12) for the monitoring of the

breeding. Plasma and tissues were collected during meat

processing as abattoir by-products by highly qualified and

experienced laboratory staff. Thus, according to the ethical

issues for the protection of animals, this project does not

require the consent of the competent ethics committee for

animal experiments. The UEPEAT experimental unit is

registered by the Ministry of Agriculture with the license

number D-37-175-1 for animal experimentation. All

experiments were performed in accordance with the

European Communities Council Directive 2010/63/UE.

Human plasma was collected from patients (n = 3)

undergoing bariatric surgery and included in the

prospective monocentric METABOSE cohort (Nutrition

Department, CHU Tours) following patient written consent

and after local ethical committee agreement (CNIL n°

18254562). Mice plasma was collected from three control

adult animals included in a protocol approved by an ethics

committee (Comité d’Ethique en Expérimentation Animale

Val de Loire, CEEA VdL, protocol reference number

2021032516245453.V2-30673).

Animals and samples collection

Seven breeds composed of 6–10 hens (54 weeks-old, end of

laying) were reared at UEPEAT according to the conventional

breeding conditions. The peculiarities of each breed are

summarized in Table 1. The number of animals used for each

breed is indicated in Table 2. During five successive days of

laying, eggs were collected every day in order to weigh the egg,

egg white (albumen) and yolk individually. For each egg, an

albumen sample was collected and stored at −20°C until use. At

the end of the protocol, all overnight fasted hens were euthanized

by electrical stuning and bled out for blood sample collection, as

recommended by the ethical committee. Blood samples were

centrifuged (5000 g for 10 min at 4°C) and plasma samples stored

at −20°C until use. The experimental design is summarized in

Figure 1. Nine hens out of 70 were eliminated from the protocol

because they laid less than three eggs that’s why n = 6 to 10 hens

dependent on the breed.

Reproductive parameters

The reproductive parameters of the animals (6-10 animals in

each breed) were determined at 21 week-old during 20 successive

weeks (Table 3). For each breed, the semen of several roosters was

collected and pooled to form a single sample. The hens were

artificially inseminated with 2 × 108 spermatozoa from the pool

and eggs were collected and counted daily for two weeks following

the artificial insemination and then artificially incubated. The

number of unfertilized eggs, and early (EEM) and late (LEM)

embryonic mortality were evaluated by breaking eggs and

candling on the 7th (EEM) and 14th day of incubation (LEM).

For each hen, the different performances and reproductive

parameters (laying, fecundity, fertility, EEM, LEM and

hatchability percentage) were calculated using the following

formulae:

% laying � number of eggs laid

number of laying days
x 100 (1)

% f ecundity � (number of incubated eggs − unfertilized eggs)

number of incubated eggs
x 100

% f ertility �
(number of incubated eggs−unfertilized eggs

−number of egg mortality)
number of incubated eggs

x 100

TABLE 1 Peculiarities and phenotypes of the breeds used for experimental design.

Breed Pecularities References

R-/R+ (Rhode Island Red) Selected for low and high residual feed consumption and metabolism and reproduction
performances

Tixier-Boichard et al. (1995)

FAYOUMI (Local breed) Origin Egypt and resistance to disease in particular coccidiosis (Hamet et al., 1982; Mérat et al., 1983)

OD (Leghorn) Multiple ovulations Lowry et al. (1979)

GAVORA (Leghorn) Absence of endogenous viral genes Gavora et al. (1989)

High egg production

CHEPTEL1 (Local breed) Origin of variant Pea comb Chang et al. (2007)

DwNa (INRAE breed) DWARF gene for metabolism and laying performances (Chen and Tixier-Boichard, 2003a;
2003b)
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% EEM � number of EEM

(number of incubated eggs − unfertilized eggs)
x 100

% LEM � number of LEM

(number of incubated eggs − unfertilized eggs
+number of EEM)

x 100

% hatchability � number of hatched chicks
number of fertile eggs after

14 days of incubation

x 100

Production of recombinant chicken
chemerin and monoclonal chicken
chemerin antibody

The recombinant chicken chemerin protein (full length,

rRARRES2) was obtained from the Gallus gallus sequence

(NM_001277476.1), produced in Escherichia coli and

purified by a chromatography column-based on His-Tag

under denaturing conditions (Agro-Bio, La Ferté Saint

TABLE 2 Egg performances of different breed. Data are shown as the mean ± SEM; n = 6–10 animals per breed. Groups showing different letters are
significantly different (p < 0.05). The laying rate was determined during 20 successive weeks in 21 weeks-old animals from different breeds.

Breed Laying (%) Egg weight
(g)

Albumen weight
(g)

Yolk weight
(g)

Ratio albumen/yolk Ratio egg/albumen

R- n = 9 85.39 ± 1.18ab 54.65 ± 0.98bc 30.80 ± 0.64b 16.31 ± 0.33ab 1.89 ± 0.05bc 1.78 ± 0.02b

R+ n = 9 90.12 ± 1.11b 52.16 ± 1.21b 28.53 ± 0.91ab 16.48 ± 0.38ab 1.73 ± 0.05ab 1.83 ± 0.02ab

FAYOUMI n = 10 79.97 ± 1.76a 43.89 ± 1.04a 21.75 ± 0.63a 14.80 ± 0.49a 1.48 ± 0.05a 2.02 ± 0.04a

OD n = 7 91.61 ± 4.02b 60.68 ± 1.38c 33.85 ± 0.93b 18.04 ± 0.61b 1.88 ± 0.05bc 1.80 ± 0.02b

GAVORA n = 10 86.80 ± 2.23ab 58.13 ± 0.93bc 32.66 ± 0.52b 16.80 ± 0.33ab 1.95 ± 0.03c 1.78 ± 0.01b

CHEPTEL1 n = 10 83.36 ± 2.30ab 54.55 ± 1.06bc 29.66 ± 0.78b 16.96 ± 0.33b 1.75 ± 0.04 abc 1.84 ± 0.02ab

DwNa n = 6 89.61 ± 2.21ab 55.32 ± 1.33bc 29.69 ± 0.95ab 17.39 ± 0.42b 1.71 ± 0.03abc 1.87 ± 0.02ab

p value 0.004 <0.0001 <0.0001 0.002 <0.0001 <0.0001

FIGURE 1
Experimental design. Seventy fasted hens (54 weeks-old, end
of laying) from seven Rhode Island breeds (n = 10 hen per breed)
were used. During five days of laying, eggs were successively
collected in order to weigh the egg, egg white (albumen) and
yolk individually. For each egg, an albumen sample was stored
at −20°C until use. At the end of the protocol, all hens were
euthanized by electrical stunning and bled out for blood sample
collection.

TABLE 3 Reproductive parameters of the different breed. Data are shown as the mean ± SEM; n = 6–10 animals per breed. Groups showing different
letters are significantly different (p < 0.05).

Breed Number of
animals (n)

Fecundity (%) Fertility (%) EEM (%) LEM (%)

R- 9 77.16 ± 10.63 68.94 ± 9.19 4.90 ± 2.01 3.89 ± 2.30

R+ 9 74.73 ± 8.40 60.37 ± 10.82 16.88 ± 8.39b 3.46 ± 2.40

FAYOUMI 10 87.10 ± 4.90 85.43 ± 5.59 0a 2.22 ± 2.22

OD 7 88.78 ± 7.61 80.12 ± 8.02 5.77 ± 2.27 4.52 ± 3.54

GAVORA 10 92.33 ± 3.17 84.95 ± 4.15 4.81 ± 1.71 3.39 ± 1.95

CHEPTEL1 10 83.06 ± 5.91 78.45 ± 6.19 5.25 ± 2.34 0.77 ± 0.77

DwNa 6 85.48 ± 6.04 79.69 ± 5.20 3.75 ± 2.60 2.67 ± 1.69

p value 0.56 0.28 0.10 0.84
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Aubin, France) (Estienne et al., 2020). Monoclonal chicken

chemerin antibodies were produced by AgroBio (La Ferté

Saint Aubin, France), and their specificity was tested as

previously described (Mellouk et al., 2018a, 2018c; Estienne

et al., 2020, 2021).

Detection and quantification of chemerin
by western blot analysis

Egg whites were lysed using an Ultraturax (Invitrogen™ by

Life Technologies™, Villebon sur Yvette, France) in lysis buffer

50% (vol/vol, Tris 1 M (pH 7.4), NaCl 0.15 M, EDTA 1.3 mM,

EGTA 1 mM, VO43−23 mM, NaF 0.1 M, NH2PO41%, Triton

0.5%). The protein concentration of lysates was measured using

the bicinchoninic acid (BCA) protein assay (Interchim,

Montluçon, France). Egg white (80 µg) were mixed with

Laemmli buffer 5 X and proteins were denatured for 5 min by

heating at 95°C. Proteins were loaded on an electrophoresis

sodium dodecyl sulfate-polyacrylamide gel (12% for high

protein weight (110-20 kDa) or 15% for low protein weight

(<20 kDa)) and then proteins were transferred to a

nitrocellulose membrane. Membranes were blocked with Tris-

Buffered Saline Tween buffer containing 0.05% of Tween 20 and

5% of milk for 30 min at room temperature. Membranes were

incubated overnight at 4°C with the appropriate primary

antibody (anti-chemerin antibody). Then, membranes were

incubated 90 min at room temperature with a Horse Radish

Peroxidase-conjugated anti-mouse IgG. Chemerin protein was

detected by enhanced chemiluminescence (ECL, Western

Lightning Plus-ECL, Perkin Elmer, Villebon-sur-Yvette,

France) with a G-box SynGene (Ozyme, St Quentin en

Yvelines, France) and the GeneSnap software (Ozyme, St

Quentin en Yvelines, France). Then, protein amounts were

quantified with GeneTools software. The results were

expressed as the intensity signal in arbitrary units after

normalization of chemerin protein signals with the total

protein amount as evaluated by Ponceau-red staining.

Albumen of eggs from different avian species such as

Galliforms (chicken Gallus gallus, turkey Meleagris gallopavo,

pheasant Phasianus colchicus, quail Coturnix japonica, guinea

fowl Numida meleagris and red-legged partridge Alectoris rufa),

Anseriforms (ducks Cairina moschata and Anas platyrhynchos

and gooseAnser anser) and Colombiform (pigeonColumba livia)

species were tested. All these eggs were provided by different

breeders from Région Centre Val de Loire (France).

Development of a sandwich ELISA for
chicken chemerin

Microtiter plates (NUNC Maxisorb, ThermoFisher

Scientific, Les Ulis, France) were coated with bovine serum

albumin (100 mM NaHCO3 pH 9.6) at 4°C for 16 h. After

blocking of free binding sites with 200 μL of assay buffer

containing 0.2% BSA and 0.01% Tween 20 in PBS pH 7.3 at

RT for 1 h, the plates were washed 3 times with PBS containing

0.01% Tween 20, filled with 200 μL of assay buffer. Then, serial

2-fold dilutions of the chicken recombinant chemerin

(256–2 ng/ml) were prepared in the assay buffer to generate

the calibration curve. For the assay, plates were decanted, and

100 μL of reference recombinant chicken chemerin or

prediluted white egg in lysis buffer (Tris 1 M (pH 7.4),

NaCl 0.15 M, EDTA 1.3 mM, EGTA 1 mM, VO43−23 mM,

NaF 0.1 M, NH2PO41%, Triton 0.5%) (1/2) or pure plasma

were pipetted in duplicate into the specified wells and then

incubated for 3 h at room temperature. After 3 washings, one

hundred microliters of the monoclonal chicken chemerin

antibody (used at final concentration of 100 ng/ml) was

added and the plate was incubated for 1 h at RT. After

3 washings, 100 μL of peroxidase-conjugated secondary

antibody (1/2000; Sigma; A1949) was added and incubated

for 1 h at RT. After 3 washings, the TMB substrate solution

(100 μL) was added and incubated for 30 min at 25°C in the

dark. The reaction was stopped with 50 μL of 1 M H2SO4, and

optical density was determined at 450 nm with a microtiter

plate reader (Tecan, Magellan, Männedorf, Switzerland). A

standard curve was drawn for the determination of chemerin

levels. The accuracy of the ELISA was determined by showing

parallelism of serial dilutions of chicken serum and egg white

samples and the standard curve. No cross-reactivity was

shown for human, bovine, ovine and goat serum

samples. The mean recovery of 4 different concentrations of

recombinant chicken chemerin spiked into a serum and

egg white sample determined in 4 different dilutions was

118 ± 9.2% and 116% ± 8.5, respectively. The intra-assay

and interassay variation were determined by repeated

measurement (n = 10) of 2 different serum and egg

white samples at 2 different dilutions (n = 4) within one

assay plate and across different assays (n = 8). The mean

intra-assay CV was 6 and 8%, the inter-assay CV was

10 and 11% for blood plasma and egg white samples,

respectively.

Alignment of nucleic and proteic RARRES
2 sequence of various avian species

The gene and protein sequences of RARRES2 of different

avian species were downloaded from the National Centre for

Biotechnology Information (NCBI http://www.ncbi.nlm.nih.

gov) under GenBank accession number. Multiple

RARRES2 sequences of different avian species were aligned

using Clustal Omega to check their percent homology and

identity matrix for RARRES2 gene and protein of avian

species compared to RARRES2 chicken.
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Statistical analysis

The GraphPad Prism® software (version 6) was used for all

analyses. All data are represented as means ± standard error of

mean (SEM) with a level of significance less than 0.05 (p < 0.05).

One-way ANOVA and multiple comparisons were used to

compare reproductive parameters, chemerin concentration in

albumen and blood among the different breeds. A Pearson test

was used to analyse correlations. The correlation was noted “r”

and the p value was considered significant if p value <0.05.
Different letters indicate significant differences (p < 0.05).

Results

Laying performance and reproductive
parameters of chicken breeds

As described in Table 2, we used seven breeds of hen (n = 61)

that have significant difference on laying rate, egg weight and egg

white and yolk weights. Overall, Fayoumi hens lay significantly

fewer eggs than R+ and OD animals (Table 2). The egg weights

were lower in Fayoumi hens compared to the other breeds

(Table 2), whereas the reproductive parameters, i.e. the

percentages of fecundity, fertility, EEM, LEM and hatchability

were similar in the seven breeds under study (Table 3).

Chemerin in hen plasma and egg white

As shown in Figure 2A, hen plasma chemerin concentrations

were similar (p= 0.261), whereas they were very different in egg

whites from the seven breeds. In addition, as shown in Figure 2B,

chemerin concentrations were up to 5 to 10 fold higher in egg

white as compared to their mother’s plasma. Chemerin

concentration in egg white was about two-fold higher in R-,

R+ and Fayoumi breeds than in OD, Gavora, Cheptel1 and

DwNa breeds (p < 0.0001) (Figure 2B). The intra-hen variability

coefficient was determined from chemerin concentrations in

albumen of each egg laid during five successive days, whereas

the inter-hen variability coefficient was calculated from chemerin

concentrations in egg white for all hens of each breed. Data

showed a lower intra-hen variability of chemerin concentration

compared with the inter-hen variability except for R+ breed

(Table 4). Most importantly, in the seven breeds of hen (n =

61 animals), no correlation was observed between chemerin

concentrations in egg white and in their mother’s plasma

(Table 5).

Comparison of chemerin concentration in
hen egg white measured by ELISA and
western-blot analysis

Samples of the hens’s albumen were analyzed by two

methods: Western-blot and ELISA. As shown in Figure 3A,

the amount of egg white chemerin as determined by western-

blot analysis in 4 or 5 successive eggs showed a three-fold

difference between two hens (C254 vs. C261 hen). This

difference was similar between egg white chemerin

concentrations measured by ELISA (Figure 3B). These data

were confirmed for six hens. We also determined correlation

between these two methods (ELISA vs. Western-blot) by using

egg white samples from hens of seven breeds (n = 61 with only

one value for each hen). In this case, the correlation analysis

confirmed the comparability of the results from both methods

(p < 0.0001); r was 0.51 when individual data (egg white from

different hens) were used (Figure 3C).

FIGURE 2
Concentration of chemerin in plasma (A) and egg white (B) in each breed of hen as determined by ELISA assay. Concentration of chemerin in
plasma (A) and in egg white from eggs (B)was determined by ELISA assay in seventy 54-old hens from seven different breeds. Data are shown as the
mean ± SEM; n = 6–10 animals per breed. Groups showing different letters are significantly different (p < 0.05).
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TABLE 4 Concentration of chemerin in biological fluids (plasma and albumen) and their variability inter-hen and intra-hen. Data are shown as the
mean ± SEM; n = 6–10 animals per breed. Groups showing different letters are significantly different (p < 0.05).

Breed Number of
animals (n)

Chemerin
plasma
(ng/ml)

Variability inter-
hen
(%)

Chemerin
albumen
(ng/ml)

Variability inter-
hen
(%)

Variability intra-
hen
(%)

R- 9 5.23 ± 0.46 26.50 59.86 ± 6.15a 30.81 29.06

R+ 9 6.97 ± 1.25 53.79 68.96 ± 4.27a 18.56 29.20

FAYOUMI 10 7.62 ± 1.14 47.41 57.29 ± 6.68a 36.86 26.61

OD 7 5.83 ± 0.96 43.79 19.74 ± 2.92b 39.17 22.51

GAVORA 10 6.76 ± 1.32 61.74 19.63 ± 3.56b 57.30 28.31

CHEPTEL1 10 9.07 ± 1.00 34.90 26.39 ± 5.13b 61.44 27.95

DwNa 6 7.52 ± 0.90 29.31 32.32 ± 4.70b 35.61 27.04

p value 0.26 <0.0001

TABLE 5 Pearson correlation coefficient (r) calculated between chemerin concentration in plasma and egg white with egg performances and
reproductive parameters in 7 breeds of hen (n = 61). The correlation noted « r » and p-value was significant if p < 0.05. NS, indicated no difference
significant.

r Egg
weight

Albumen
weight

Yolk
weight

Laying Fecundity Fertility EEM LEM Hatchability Chemerin
plasma

Chemerin
albumen

p value

Chemerin
plasma

NS NS NS NS NS NS NS NS NS NS

Chemerin
albumen

−0.43 −0.39 −0.28 NS −0.32 −0.27 NS NS NS NS

0.001 0.002 0.03 0.01 0.03

FIGURE 3
Concentration of chemerin in egg white by two methods of analysis. (A) Protein abundance of chemerin detected by western blotting within
3 or 4 or 5 egg whites laid successively in two hens named C254 and C261, respectively (n = 4–5). (B) Chemerin concentration determined by ELISA
assay within the same egg whites samples as (A). Data are shown as the mean ± SEM; n = 4 to 5 samples per animal. Significant differences are
indicated by p < 0.01 ** and ***p < 0.001. (C) Sixty-one egg white samples from eggs laid by different hens were collected and analysed by both
ELISA and Western-blot assays. Correlation between chemerin concentration within albumen obtained by western blotting and ELISA assay (n = 61)
is shown.
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Chemerin concentration in plasma and
egg white associated with performance
parameters

We next analyzed a potential link between chemerin

concentrations in egg white and plasma with egg performance

and reproductive parameters with Pearson correlations by using

data from the seven breeds of hen (n = 61 animals). As shown in

Table 5, chemerin concentration in egg white was negatively

correlated with egg weight (r = −0.43, p = 0.001), albumen weight

(r = - 0.39, p = 0.002) and yolk weight (r = - 0.28, p = 0.029).

Concerning reproductive parameters, we also evidenced negative

correlations between chemerin concentrations in egg white and

hen fecundity (r = - 0.32, p = 0.01) and fertility (r = - 0.27, p =

0.037) (Table 5). However, no correlation was observed between

plasma chemerin levels and egg performances or reproductive

parameters (Table 5).

Chemerin presence in egg white from
other avian species

Egg white samples from different avian species were analyzed

by Western blot to detect chemerin by using our monoclonal

chicken chemerin antibody. As shown in Figure 4, we found the

presence of chemerin in egg white in Galliforms including inter

alia chicken, turkey, quail, guinea fowl, red partridge and

pheasant with a higher amount in chicken. Chemerin in egg

white was also detected in Anseriforms such as muscovy duck,

pekin duck and goose and one species of Colombiforms (pigeon).

The chemerin abundance in egg white was significantly higher

for the two species of duck compared to the other avian species

tested even if the percentage of homology and identity sequence

between duck RARRES2 gene and protein and these species was

lower (Table 6). Probably because of phylogenetic distance, we

were not able to detect the chemerin protein in human and

mouse plasma or tissue (Figure 4) in agreement with the lack of

chicken chemerin detection with anti-mammalian antibodies.

Discussion

In the present study, we investigated for the first time plasma

and egg white chemerin concentrations in seven hen breeds by

using a home-made chicken chemerin monoclonal antibody and

a new ELISA assay. We showed that chemerin egg white

concentration was not correlated with chemerin plasma

concentration and laying rate, whereas it was negatively

correlated with total, egg white, and egg yolk weights, and

fecundity and fertility.

We observed that chemerin concentrations in egg white were

significantly higher than in blood plasma and there was no

correlation between these two parameters. These data are in

good agreement with our previous study (Estienne et al., 2022)

showing that chemerin was 10 times more concentrated in egg

white than in plasma. In the present study, we developed a

FIGURE 4
Abundance of chemerin in egg white of different avian species. (A) Protein amount of chemerin in egg white from egg of different avian species
was detected by western blotting. Data are shown as the mean ± SEM; n = 3 egg white samples from different animals of various avian species.
Groups showing different letters are significantly different (p < 0.05). (B) Chemerin protein expression in human, mouse and chicken blood plasma
samples (n = 3 for each species). All plasma samples contained equal amounts of proteins, as confirmed by staining the nitrocellulose
membrane with Red Ponceau.
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specific chicken chemerin ELISA by using specific monoclonal

chicken chemerin antibodies and recombinant chicken

chemerin. The absence of link between plasma and egg white

chemerin concentrations could originate from a local production

of chemerin within the oviduct, more precisely at the magnum

level, independently of chemerin in the blood circulation. Indeed,

the oviduct’s magnum is the main site of egg white protein

synthesis (Jeong et al., 2012). Furthermore, several studies

demonstrated that chemerin mRNA and protein are found in

the magnum of hen reproductive tract (Bílková et al., 2018;

Estienne et al., 2022). Interestingly, we observed in each breed

studied here, some hens with high or low chemerin protein levels

in their egg white. However, the chemerin concentration in egg

white as determined by both ELISA andWestern-blot assays was

relatively stable for eggs laid successively for 3, 4 or 5 days. These

data suggest that egg white chemerin concentration could be used

as a potential trait for genetic selection if these differences are

conserved by the offsprings. Indeed, it could be interesting to

study descendants of these hens over several generations in order

to determine if these variations of chemerin concentrations in egg

white are heritable. In the present study, we also observed

significant differences of egg white chemerin between the

seven breeds studied. For example, Fayoumi was one of the

breeds with the higher egg white chemerin concentration as

compared to OD and GAVORA breeds. Our results are also in a

good agreement with a study showing that egg white protein

abundance may differ between hens and between breeds (Wang

et al., 2012).

Concerning egg performances, we showed that laying rates

could be significantly different between breeds as well as the total

egg, the albumen and the yolk weights. For example, Fayoumi

hens laid fewer and smaller eggs probably because of their smaller

body size as previously described (Khawaja et al., 2012; Kebede,

E. 2017). In addition, we also established a link between egg white

chemerin concentration and the egg parameters. We showed, for

the first time, that egg white chemerin concentrations were

negatively correlated with total egg, egg white and egg yolk

weights. Studies have shown that egg weight is an important

factor that influences the composition and the proportion of

basic morphological elements, i.e., albumen, yolk, and shell (Bleu

et al., 2019). Ayeni et al., 2018 reported that the eggs with the

highest albumen content and the lowest yolk content showed

worse hatchability results. Hagger et al., 1986 also found that the

embryos that died during the entire incubation process were

found in the heaviest eggs. Farooq et al., 2001 also observed a

negative correlation between egg weight and hatchability rate. In

addition, the body weight of hatched chicks depend on the weight

of the eggs; hence, the larger the eggs, the heavier the chicks

(Ramaphala and Mbajiorgu, 2013). An important indicator of

chick quality is its length, which is highly positively correlated

with the chick weight without the yolk sac. Thus, egg weight

presents different physical and chemical qualities that affect

hatchability and chick quality (Zakaria et al., 2009).

Consequently, it is important to find biomarkers to genetically

select hen laying eggs with optimal sizes. Furthermore, egg white

and yolk are important in the food industry (Mine, Y. 2015). For

example, foaming, emulsifying and gelling are functional

properties of albumen.

In the present study, we showed that chemerin

concentrations in the egg white were negatively correlated

with two of the reproductive parameters of their mothers:

fecundity and fertility. We have already shown a negative

effect of chemerin on egg fertilization three days after artificial

insemination (AI) with sperm pre-incubated with recombinant

chicken chemerin (Estienne et al., 2020). At variance with these

negative effects of chemerin in egg development, we reported in

TABLE 6 Sequence homology and identity (%) for RARRES2 gene and protein between chicken and two mammals (human and mouse) and various
avian species.

RARRES2 Gallus gallus

Chicken

Gene (% homology) Protein (% identity)

Human (Homo Sapiens) 56 37

Mouse (Mus musculus) 54 36

Turkey (Meleagris gallopavo) 94 90

Ring-necked pheasant (Phasianus colchicus) 93 92

Japanese quail (Coturnix japonica) 92 90

Guinea fowl (Numida meleagris) 91 89

Pekin duck (Anas platyrhynchos) 76 70

Swan goose (Anser cygnoides) 76 62

Rock Pigeon (Columba livia) 74 72
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another previous study that in-ovo injections of anti-chemerin or

anti-CMKLR1 antibodies to neutralize the chemerin system in

egg white, increased embryo mortality (Estienne et al., 2022). In

brief, too much chemerin appears deleterious but this hormone is

indispensable for egg development probably because the

chemerin system is involved in chicken embryo angiogenesis

(Estienne et al., 2022). Taken together, data provide more

evidence of a potential role of chemerin in egg performance

and embryo development in chicken. However, in the present

study, the hens’ plasma chemerin levels were not correlated with

their reproductive parameters. In a previous study, we found that

plasma chemerin concentrations were negatively correlated with

egg hatchability in broiler breed hen (Mellouk et al., 2018b). This

discrepancy could be due to the age and/or the breed of

animals.Indeed, Mellouk et al. studied 39 weeks-old broiler

hens whereas in our study we analysed data from laying hens

at the end of the laying period (Mellouk et al., 2018b). Thus,

plasma and egg white chemerin concentrations in broiler and

laying hen during all their egg-laying period must be compared.

It must be pointed out in this respect that chemerin plasma levels

decreased during the laying period in turkeys (Diot et al., 2015).

Conclusion

Taken together, our data show that chemerin concentration

in egg white is negatively associated to egg weight and to hen

fecundity and fertility parameters in chicken. Thus, chemerin

could influence egg quality, chicken embryogenesis and chick

quality. In consequence, determination of its level in egg white

could be a potential trait for genetic selection. The improvement

of reproductive rates and quality of chick would obviously have

huge impacts for breeding companies thanks to the number of

animals generated.Tixier-Boichard et al., 1994.
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Behavior polymorphisms underlying alternative mating tactics can evolve due

to genetic inversions, especially when inversions capture sets of genes involved

in hormonal regulation. In the three-morph system of the ruff (Calidris pugnax),

two alternative morphs (Satellites and Faeders) with distinct behaviors and low

circulating testosterone are genetically determined by an inverted region on an

autosomal chromosome. Here, we discuss recent findings on the ruff and

present novel insights into how an inversion that poses drastic constraints on

testosterone productionmight lead tomorph-specific differences in brain areas

that regulate social behavior. A gene responsible for converting testosterone to

androstenedione (HSD17B2) is located inside the inverted region and is a

promising candidate. We identify a single missense mutation in the HSD17B2

gene of inverted alleles that is responsible for a 350–500% increase in

testosterone to androstenedione conversion, when mutated in the human

HSD17B2 protein. We discuss new evidence of morph differences in neural

HSD17B2 expression in embryos and circulating androgens in sexually-

immature juveniles. We suggest processes that shape morph differences in

behavior likely begin early in ontogeny. We propose that the organization of

behaviorally relevant neuron cell types that are canonically sexually dimorphic,

such as subpopulations of aromatase and vasotocin neurons, should be

particularly affected due to the life-long condition of low circulating

testosterone in inversion morphs. We further emphasize how

HSD17B2 catalytic activity extends beyond androgens, and includes estradiol

oxidation into estrone and progesterone synthesis. Lastly, we underscore

dimerization of HSD17B2 as an additional layer of complexity that merits

consideration.

KEYWORDS

HSD17B2, supergene, chromosome inversion, aromatase, vasotocin, alternative
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Introduction

The ruff: Behavior, hormones, and
genetics

Ruffs (Calidris pugnax) have long fascinated ornithologists

because of their ornamental breeding plumage and lekking

behavior, though the genetic basis for their unique mating

system was discovered only recently (Küpper et al., 2016;

Lamichhaney et al., 2016). Their mating system consists of

three genetically determined morphs called Independents,

Satellites and Faeders, that have striking differences in

behavioral repertoires, hormonal profiles, nuptial plumage and

body size (Hogan-Warburg, 1966; van Rhijn, 1973; Küpper et al.,

2016; Lamichhaney et al., 2016; Loveland et al., 2021a)

(Figure 1A).

Independent males aggressively defend mating courts on

leks, display courtship behaviors and have dark colored ruffs.

The behavior of Independent males is so intense that in some

languages the species name is simply “fighter” or “walking

fighter” (combatiente, Spanish; Kampfläufer, German). In

contrast, Satellite males are not aggressive, co-display

courtship behaviors with Independent males and have mostly

white colored ruffs. Faeder males do not display courtship or

aggressive behaviors, lack ruff feathers and are the smallest of the

three morphs (Figure 1A) (Jukema and Piersma, 2006; Lank

et al., 2013). Given their cryptic appearance, Faeders pass as

female mimics and rely on a strictly sneaker strategy to attain

matings.

The genetic polymorphism underlying the alternative mating

strategies in ruffs is controlled by a 4.5 Mb inversion, also called a

supergene, that contains approximately 125 genes (Küpper et al.,

2016; Lamichhaney et al., 2016). Independents are the ancestral

morph, whereas Satellites and Faeders are both inversion carriers,

however, of distinct inversion haplotypes. Inversion haplotypes

are dominant, homozygous lethal and contain several genes

associated with sex steroid metabolism (Küpper et al., 2016;

Lamichhaney et al., 2016; Loveland et al., 2021b). The Faeder

inversion appeared first, 3.8 million years ago and the Satellite

inversion arose by the recombination of Independent and Faeder

alleles 500,000 years ago (Küpper et al., 2016; Lamichhaney et al.,

2016) (Figure 1A). For simplicity, we will use “inversion morphs”

to collectively refer to Satellites and Faeders, even though their

inversion haplotypes are not identical.

Hormonally, adult Satellite and Faeder males have low levels

of testosterone, but high levels of androstenedione, compared to

Independents (Küpper et al., 2016; Loveland et al., 2021a)

(Figure 1A). While the overt behavioral differences among

male morphs are likely heavily influenced by differences in

their capacity to produce testosterone (Loveland et al., 2021a),

when and how this feature shapes their morph-specific

behavioral repertoires is unknown. Here we will highlight key

findings and ongoing work that informs future research aimed at

mechanistic explanations of how inversion haplotypes facilitate

the display of male morph-specific behaviors in the ruff.

The HSD17B2 gene

Since the discovery of the genetic basis for the alternative ruff

morphs, the HSD17B2 gene, located inside the inverted region,

has been considered a key candidate to explain circulating

androgenic differences between Independent and inversion

morph males. HSD17B2 encodes the hydroxysteroid 17-beta

dehydrogenase two enzyme, which has been well characterized

in humans and rodent models showing it converts with high

affinity testosterone to androstenedione, estradiol to estrone, and

with lower affinity 20-alpha-dihydroprogesterone to

progesterone (Figure 1B) (Wu et al., 1993).

HSD17B2 enzyme function could have become different

between Independents and inversion morphs through

mutations in regulatory and/or coding regions. There are

three major deletions surrounding the HSD17B2 gene that

could potentially lead to widespread or tissue-specific

expression changes (Figure 1C) (Küpper et al., 2016;

Lamichhaney et al., 2016). Both Satellites and Faeders have

these deletions in their respective inversions. Ruff and human

HSD17B2 share 54% and 67% sequence identity across the entire

protein and ‘HSD17beta type 2 classical SDR domain’ sequences,

respectively (Altschul et al., 1997). We confirmed that the ruff

HSD17B2 possesses all functional domains described for the

human HSD17B2 enzyme comprising 37 amino acid sites

identified with the conserved domains search tool (Marchler-

Bauer and Bryant, 2004; Lu et al., 2020) (Figure 2A).

While no crystal structure exists for any HSD17B2 enzyme in

the Protein Database (Berman et al., 2000) recent in silico three-

dimensional modeling, site-directed mutagenesis and in vivo

functional validation experiments show that mutations to

Lys275 in human HSD17B2 confer up to a 5-fold increase in

the testosterone to androstenedione conversion rate, and

approximately a 2-fold increase in the estradiol to estrone

conversion rate (Sager et al., 2021). Based on the pairwise

alignment of human and ruff HSD17B2 proteins, the

corresponding position is mutated from Leu279Phe in both

Satellite and Faeder alleles relative to the non-inverted allele

(Figure 2A). We propose that this mutation could harbor

profound explanatory power for the increased circulating

androstenedione, and low testosterone, in inversion morphs.

As such, it undoubtedly warrants further investigation to

validate its role in modifying catalytic activity. This adds to

our previous note on another missense mutation occurring

near positions that form the ‘NSYK’ catalytic tetrad of this

enzyme (Loveland et al., 2021b).

While we initially reported a lack of testicular HSD17B2

mRNA expression differences among morphs (Loveland et al.,

2021b), in our most recent work we show there are clear morph
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FIGURE 1
Overview of ruff morph genetics, testosterone, behavior and HSD17B2 features. (A) Illustration of morph profiles with corresponding genetics,
circulating testosterone levels, androstenedione to testosterone ratio, and male behavior during the breeding season. In males, Independents and
Satellites are ornamented, while Faeders are not. Satellites and Faeders are carriers of distinct inversion haplotypes on chromosome 11, thus present in
both sexes. The Faeder inversion occurred 3.8 million years ago (MYA) and the Satellite inversion appeared ~0.5 MYA due to a recombination event
between Independent and Faeder alleles. In both sexes, inversion morphs have lower circulating levels of testosterone and higher androstenedione to
testosterone ratio, compared to Independent counterparts. Error bars are ± SEM. The y-axis breaks were introduced to provide informative detail.
Boxplots show only Independent males aggressively defend territories and both Independents and Satellites actively court females, often with co-
displays. Independent, IND; Satellite, SAT; Faeder, FAE. Plotted sample sizes in order Independent, Satellite, Faeder for testosterone in males: 17, 9, 9;
females: 7, 5, 3; for androstenedione to testosterone ratio in males: 10, 7, 7; females: 5, 3, 3 [Data from (Loveland et al., 2021a) and females were
processed in parallel]. (B) The HSD17B2 enzyme catalyzes with high affinity testosterone to androstenedione, estradiol to estrone and also with lower
affinity, 20-alpha-dihydroprogesterone to progesterone. (C) Illustration of deletions (green) surrounding HSD17B2 and SDR42E1 genes inside inversion
haplotypes. Both Faeder and Satellite haplotypes have these deletions. Arrows depict relative locations of SDR42E1 and HSD17B2 genes oriented in their
direction of transcription. Numbers denote deletion sizes in kilobases. Redrawn based on (Lamichhaney et al., 2016). (D) Putative HSD17B2 dimer
conformations by morph. As inversion heterozygotes, Satellites and Faeders are expected to express two HSD17B2 alleles: non-inverted (blue) and
inversion (red, Satellite; yellow, Faeder) alleles. Therefore, if HSD17B2 acts in a dimer conformation, then Satellites and Faeders may have up to three
possible dimer assemblies due to their heterozygosity, whereas Independents have only one possible homodimer. Solely for illustration purposes PDB
ID: 6MNE was used in lieu of a crystal structure for HSD17B2
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FIGURE 2
Missense mutation in ruff HSD17B2 and factors in avian brain differentiation. (A) Pairwise alignment of human and ruff HSD17B2 proteins
(accession numbers NP_002144.1, XP_014797711.1) (BLOSUM45matrix, internal gap penalty = -4)with identical residues in a black background). The
37 residues belonging to the HSD17beta type 2 conserved domain are indicated for NADP binding (gray triangles), steroid binding (red hexagons),
catalytic tetrad (yellow circles). At ruff position 279, Satellite and Faeder alleles have the missense mutation that changes leucine to
phenylalanine, indicated by L → F. Amino acid changes at this same position in the human protein increase catalytic activity for testosterone to
androstenedione up to 5-fold compared to the non-mutated version (Sager et al., 2021). (B) The current knowledge of avian brain differentiation
between and within the sexes relies on a series of complex interactions and here we show a simplified illustration of key factors: the genome,
transcriptome, proteome and hormones. Sex chromosomes express specific genes that help determine gonadal sex, which in turn provides a
hormonal environment from the synthesis of sex steroids from gonadal tissues. Sex hormones have a major effect on sexual differentiation. Once
bound to receptors (i.e. androgen and estrogen receptors) these will then act as transcription factors and regulate the expression of target genes
throughout the entire genome. Autosomes allow the expression of receptor genes to sense hormones and enzymes that can make hormones,
including inside brain cells (neurosteroids). e.g. by aromatizing circulating testosterone into estradiol. All of these processes contribute to variation in

(Continued )

Frontiers in Physiology frontiersin.org

Loveland et al. 10.3389/fphys.2022.1011629

176

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.1011629


differences in HSD17B2 mRNA expression in the brains of

embryos, as early as day 14 of incubation (Giraldo-Deck,

2022). Interestingly, these morph differences, with higher

expression in inversion morphs compared to Independents,

are present in both sexes and occur in areas containing nodes

of the social behavior network (Newman, 1999; Goodson, 2005).

The detection ofHSD17B2 expression differences at such an early

stage strongly suggests that in addition to low circulating

testosterone, the presence of the inversion can also lead to

changes in brain estradiol levels. This is because inversion

morphs must experience atypical levels of estradiol in the

brain due to 1) less aromatizable testosterone and 2) greater

conversion of estradiol into estrone by HSD17B2. As we move

forward, it will be important to maintain an integrative

interpretation of results, keeping in mind that inversion effects

occur in both sexes and that even in females this could have

effects on behaviorally relevant cell types.

A key issue that has yet to be acknowledged is that the ruff

HSD17B2 likely catalyzes in a homodimer conformation adding

an entire new layer of complexity to how we speculate

HSD17B2 function might differ among morphs. The human

HSD17B2 has been shown to function unequivocally as a

homodimer in solution (Lu et al., 2002). As dimerization is a

requirement for function, then that means that HSD17B2 dimers

in Satellites and Faeders should always be composed of three

possible combinations of HSD17B2 enzymes (given expression of

variants from non-inverted and inverted alleles) (Figure 1D).

Thus, the new dimer conformations may confer a different

catalytic activity compared to the homodimer composed of

only HSD17B2 expressed from the non-inverted allele.

Inversion haplotypes likely shape morph-
specific neural organization

Foundational studies by Lank and others provided

valuable insights and direction for inquiries into the

neurobiological basis of behavioral differences in the ruff.

In a key study, the authors reported that adult females

implanted with testosterone displayed male behaviors and

grew nuptial plumage that were typical to their

corresponding male morph counterpart (Lank et al., 1999).

This suggests that in the ruff, as is the case for several other

bird species, broadly speaking, males are likely the “default”

sex and females undergo a de-masculinization step by

exposure to estrogens as embryos (Adkins-Regan, 1987).

Considering the facts of differential HSD17B2 gene

expression in embryo brains and that morph differences in

circulating androgens are detectable as early as the juvenile

stage (Giraldo-Deck, 2022), we believe morph differences in

neural organization may begin to take shape early in

ontogeny. The behavioral effects of the inversion likely

come from its ability to reduce not only circulating levels

of testosterone, but perhaps even more so, from its ability to

affect hormone synthesis in brain areas where the de novo

synthesis of sex steroid hormones, especially estrogen from

circulating testosterone, takes place.

Organizational and activational effects of
testosterone and estradiol

Testosterone and estradiol play important roles in organizing

and activating sex differences in neural circuits in vertebrates and

several detailed studies have been conducted on this topic in

rodent models [e.g. (Wu et al., 2009; Juntti et al., 2010;

Gegenhuber et al., 2022)] and birds [e.g. (Adkins, 1979;

Balthazart et al., 1986; Balthazart, 1991; Gahr, 2004; Court

et al., 2020; Bentz et al., 2021)]. In the ruff we expect that the

distinct morph-specific profiles of circulating androgens—and

the amount of estradiol that can be synthesized from it—affects

the development of neural circuitry that contains cell types that

are otherwise typically sexually dimorphic.

As noted above, adult Satellite and Faeder males have low

levels of testosterone (Figure 1A) but high levels of

androstenedione, compared to Independent males (Küpper

et al., 2016; Loveland et al., 2021a). These patterns in

circulating androgens emerge already in both sexes as early at

10 days old, where variance in testosterone levels in Independents

is three times greater than that of Satellites and Faeders, while the

variance in androstenedione is greater in inversion morphs

compared to Independents (Giraldo-Deck, 2022).

Furthermore, we have also confirmed that it persists into

adulthood for females as well, where even though circulating

levels of testosterone are low, inversion morphs have even lower

levels than Independent females (Figure 1A).

The activation of behavioral repertoires during the

breeding season for many bird species is also testosterone

FIGURE 2 (Continued)
brain phenotypes within and between sexes. We acknowledge that for any sex difference in a brain trait there can be overlap between the sexes,
denoted by the spectrum (*) Even so, this is oversimplified and does not fully take fully into account brain mosaicism [reviewed in (Joel, 2011, 2021)].
In ruffs, inversion haplotypes (orange box) form part of the genome and have a direct impact on genetic architecture. The expression of inversion
allele(s) results in dramatically reduced testosterone levels (and perhaps also reduced estradiol levels). By producing a reduction in the amount
of circulating sex hormones, the inversion modifies the typical influence of sex chromosomes on brain sexual differentiation (orange arrows). We
predict that morph variation will add to variation between the sexes, but this will be constrained by interactions between hormones and gene
expression of each morph + sex combination. Independents (blue), Satellites (red), Faeders (yellow).
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and estrogen dependent (Wingfield et al., 1987; Ball and

Balthazart, 2004; Heimovics et al., 2018). We have

demonstrated that the low levels of testosterone in

inversion morph males remain virtually unperturbed even

after stimulation with gonadotrophin releasing hormone

(GnRH). In contrast, for Independent males who do not

have the inversion, a GnRH injection induces a textbook-

like robust and transient increase in testosterone (Loveland

et al., 2021a). It is unclear still whether inversion morphs are

only able to make limited amounts of testosterone or whether

testosterone is always immediately back converted to

androstenedione, such that we only ever detect the end of

the reaction (i.e. high androstenedione). Regardless, this

suggests potential morph differences in both organizational

and activational effects of steroids on physiology and

behavior.

Although estradiol has not been studied yet in the ruff, it is

well known that many behavioral effects of testosterone can be

abolished if administered along with aromatase inhibitors,

demonstrating that aromatization of testosterone is necessary

for eliciting aggressive and courtship behaviors (Wingfield

et al., 1987; Foidart and Balthazart, 1995; Fusani et al., 2003;

Balthazart et al., 2004). The ring dove is a species in which

roles for testosterone and estradiol in activating specific

behaviors in courtship has been studied extensively. In

their courtship, chasing, bowing and nest-soliciting are

activated by separate hormones. The first two behaviors are

more aggressive and are regulated by testosterone, whereas

nest-soliciting is specifically controlled by estradiol

(Hutchison, 1970, 1971; Cheng and Lehrman, 1975;

Adkins-Regan, 1981). Notably, its source is through the

aromatization of circulating testosterone inside brain cells.

Therefore, we speculate that something similar may occur in

ruffs where the lack of aggression components in Satellite

courtship displays is perhaps also due to low levels of

circulating testosterone, and non-aggressive courtship

behaviors (i.e. squats) are dependent on estradiol (from

aromatized testosterone), rather than testosterone alone.

Future studies could test this directly and see if aromatase

inhibitors decrease the frequency of courtship displays.

At this point, we believe the androgenic differences

documented thus far in ruffs are only a partial explanation

leading to behavioral differences among morphs, and that

estrogenic effects have yet to be explored and fully accounted

for. We propose that the inversion affects not only circulating

testosterone levels among morphs, but also the de novo synthesis

of estradiol in the brain and that these two events combined,

shape both the development and subsequent activation, of

morph-specific behaviors in adulthood. Furthermore,

increased HSD17B2 mRNA expression in the brains of

embryos suggests that estradiol may also be continually

reduced to its less active form, estrone, adding yet another

component that could influence morph-specific behavior.

Beyond typical sex differences in the brain

Elucidating the mechanisms by which chromosomal re-

arrangements allow for the evolution of intrasexual behavioral

diversity will require a close study of brain areas containing

behaviorally relevant neuron types. As examples, we briefly

discuss the value in quantifying sex and morph differences in

the distribution of aromatase and vasotocin (AVT) neurons in

the ruff, as both are organized by, and sensitive to, circulating

testosterone levels (Cornil et al., 2011). Profiling AVT neurons

and how they relate to androgen levels has proven useful in the

study of alternative mating tactics in fishes (reviewed in Mank,

2022). Thus, characterizing both aromatase and AVT systems in

the ruff holds great potential for providing insight into the

development of morph differences as well as behavioral

plasticity in adulthood.

In our testicular expression study, we showed that in

Independents and Satellites aromatase and the inversion gene

SDR42E1 have a positive co-expression relationship, whereas no

such pattern is present in Faeders (Loveland et al., 2021b). If

morph differences in brain aromatase are also present, this could

profoundly affect neural organization. Mapping aromatase

neurons in the ruff will help meet two goals: refining areas to

investigate neuroanatomical differences among male morphs but

also between the sexes. Knowing where aromatase neurons are

located and identifying their projections has been proposed as an

ideal focus for delineating brain areas that integrate sensory

information and control motor output for behavioral differences

between the sexes (Spool et al., 2022). Aromatase densities and

distributions are sexually dimorphic in quail (Foidart et al., 1994;

Foidart and Balthazart, 1995; Carere et al., 2007) and aromatase

positive cells in the preoptic area that project to the

periaqueductal gray are considered responsible for sex

differences in testosterone-sensitivity and its ability to elicit

copulatory behavior (Carere et al., 2007). Further, aromatase

influences an array of behaviors. For example, aromatase neurons

in the ventromedial hypothalamus (VMH) are involved in male-

male agonistic behaviors in song-sparrows (Soma et al., 2003;

Wacker et al., 2010) and estradiol implants in this same brain

area induce copulation solicitation in female quail (Wild and

Balthazart, 2013). Additionally, we envision that aromatase

mapping will be crucial for being able to study hypothalamic

nuclei with greater precision and provide a starting point to study

female mate choice, which is fundamental to the evolution of

sexually selected traits in the ruff.

The nonapeptide AVT is an evolutionarily conserved peptide

that modulates a variety of social behaviors including affiliation,

parental care, anxiety, aggression, courtship, and sexual behavior

(Goodson, 2008). The AVT system consists of several

populations of AVT-producing neurons throughout the basal

forebrain and midbrain (De Vries and Panzica, 2006). AVT

neuron size, cell density, and fiber innervations can be

different between the sexes, though the extent can vary
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depending on the cell group and species (De Vries and Panzica,

2006). Of particular interest is the AVT cell population of the

medial bed nucleus of the stria terminalis (BSTm), which is

sexually dimorphic in most species, with males having more cells

and denser fiber projections than females (De Vries and Panzica,

2006). This cell group is also strongly regulated by sex steroids in

seasonally breeding species (Goodson and Bass, 2001; De Vries

and Panzica, 2006; Kelly et al., 2011). The BSTm AVT cell group

modulates grouping behavior, affiliation, and aggression in a sex-

specific manner in estrildid finches (Kelly et al., 2011), and

courtship in chicken (Xie et al., 2011). Additionally, aromatase

colocalizes with BSTm AVT neurons in zebra finches (Kabelik

et al., 2010a), therefore highlighting the potential not only for sex

steroids to shape the anatomy of this cell group (i.e., neuronal

densities) but to also rapidly modulate behavior in a sex-specific

manner (Kelly and Wilson, 2020). We hypothesize that BSTm

AVT cell numbers will differ not only by sex, but also by morph

in the ruff given the morph differences in sex steroid profiles.

Further, it is feasible that testosterone may regulate BSTm AVT

neural activity as has been observed in zebra finches (Kabelik

et al., 2010b).

Conclusion and future directions

In the ruff, a genetic re-arrangement present in both sexes has

led to the evolution of alternative mating tactics that showcase male

phenotypes with distinct appearance, behavior and hormonal

profiles. We offer novel insights on HSD17B2, a candidate gene

expected to be amajor explanatory variable for hormonal differences

among morphs.We identified a missense mutation in theHSD17B2

sequence of Satellite and Faeder inversions that has evidence in its

human ortholog to be sufficient to produce a dramatic increase in

catalytic activity (Sager et al., 2021). This possible enhancement of

catalytic activity along with variety in dimer conformations could

both contribute to the high androstenedione and low testosterone

hormone profiles of inversion morphs. To add meaningful

validation to the HSD17B2 missense mutation findings,

knowledge of functional differences that are actually conferred by

inversion morph variants of this gene is crucial. For example, site-

directed mutagenesis experiments could directly test the role of the

leucine to phenylalanine mutation, all while accounting for

dimerization combinations.

Neural circuits that underlie behavioral differences between

the sexes and betweenmorphs are influenced by the inversion. The

presence of the inversion has a direct effect on genetic architecture

and consequences proceed onto the transcriptome, proteome and

hormone levels (Figure 2B). Ruff inversions produce a low

testosterone phenotype in juveniles and adults of both sexes,

compared to Independents (Küpper et al., 2016; Loveland et al.,

2021a; Giraldo-Deck, 2022). If this pattern extends to embryos,

then the inversion modifies the typical influence of sex

chromosomes on brain development and organization likely

producing even more complex variation between and within

sexes. Variation in testosterone levels necessarily impacts the

expression of genes that are testosterone-regulated (i.e. through

androgen response elements in promoters). We expect estradiol-

regulated genes to be similarly affected, though the degree is largely

unknown because estradiol levels in circulation and in the brain

have not been studied in detail. Nonetheless, low circulating

testosterone could also lead to less available substrate for

estradiol synthesis inside brain cells. In the white-throated

sparrow, another species with inversion-based morphs, the

expression of the estrogen receptor ESR1 in the nucleus taenia

has been shown to be key in mediating aggression differences

between morphs (Merritt et al., 2020). While in both species

inversions affect sex hormone pathways in the ruff the

variation among morphs in testosterone levels is far greater

than that observed between the white-throated sparrow tan and

white morphs (Maney and Küpper, 2022).

Inversion morph embryos express higher levels of HSD17B2 in

the brain (Giraldo-Deck, 2022) and future transcriptomic studies

shall detail if this persists in adults. We aim to investigate how this

could indirectly affect the neural organization of canonically sexually

dimorphic neuron types such as aromatase- and vasotocin-

producing neurons. We highlight the value of using the ruff to

ask questions about the genetic and neural bases that facilitate the

evolution of behavioral diversity, both within and between the sexes.

We believe that mechanisms for morph-differentiation form an

additional layer to those of sexual differentiation and we look

forward to elucidating further mechanistic details in this

fascinating species.
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