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ABSTRACT During chicken embryonic development,
skeleton calcification mainly relies on the eggshell, whose
minerals are progressively solubilized and transported to
the embryo via the chorioallantoic membrane (CAM).
However, the molecular components involved in this
process remain undefined. We assessed eggshell deminer-
alization and calcification of the embryo skeleton after
12 and 16 d of incubation, and analyzed the expression
of several candidate genes in the CAM: carbonic anhy-
drases that are likely involved in secretion of protons for
eggshell dissolution (CA2, CA4, CA9), ions transporters
and regulators (CALB1, SLC4A1, ATP6V1B2, SGK1,
SCGN, PKD2) and vitamin-D binding protein (GC).
Our results confirmed that eggshell weight, thickness,

and strength decreased during incubation, with a con-
comitant increase in calcification of embryonic skeletal
system. In the CAM, the expression of CA2 increased
during incubation while CA4 and CA9 were expressed
at similar levels at both stages. SCL4A1 and SCGN
were expressed, but not differentially, between the two
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stages, while the expression of ATP6V1B2 and PKD2
genes decreased. The expression of SGK1 and TRPV6
increased over time, although the expression of the latter
gene was barely detectable. In parallel, we analyzed the
expression of these candidate genes in the yolk sac (YS),
which mediates the transfer of yolk minerals to the
embryo during the first half of incubation. In YS, CA2
expression increases during incubation, similar to the
CAM, while the expression of the other candidate genes
decreases. Moreover, CALB1 and GC genes were found
to be expressed during incubation in the YS, in contrast
to the CAM where no expression of either was detected.
This study demonstrates that the regulation of genes

involved in the mobilization of egg minerals during
embryonic development is different between the YS and
CAM extraembryonic structures. Identification of the
full suite of molecular components involved in the trans-
fer of eggshell calcium to the embryo via the CAM
should help to better understand the role of this struc-
ture in bone mineralization.
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INTRODUCTION

The nutrient reserve of the fertile egg consists of three
distinct compartments that are progressively mobilized
to support embryonic development: the yolk, the albu-
men, and the shell (Romanoff, 1960; Romanoff and
Romanoff, 1967; Bellairs and Osmond, 2014). During
incubation, these nutrient reservoirs operate dynamically
and serve at different stages of growth to meet embryo
requirements for lipids, amino acids, carbohydrates, and
minerals. When focusing on mineral ions, the shell is the
main source of Ca, Mg, and Sr; the albumen is the major
source of K and Na; and the yolk provides Cu, Fe, Mn,
P, and Zn (Richards, 1997; Schaafsma et al., 2000;
Yair and Uni, 2011; Hopcroft et al., 2019). Many studies
indicate the importance of egg mineral ions for the devel-
opment of the embryo but also for the skeletal health of
chick and adult birds. In fact, a mineral deficiency has
adverse repercussions on skeletal, immune and cardiovas-
cular systems, reduces hatchability and increases mortal-
ity (Richards, 1997; Kidd, 2003; Angel, 2007;
Dibner et al., 2007). The transfer of minerals from the
yolk during the first half of incubation, and from the egg-
shell during the second half of incubation to the embryos
(Romanoff, 1960), intrinsically depends on the function-
ality of extra-embryonic structures, namely the yolk sac
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(YS) for the yolk and the chorioallantoic membrane
(CAM) for the eggshell.

During embryonic development, nutrients are trans-
ferred from the yolk contents to the embryo through the
yolk sac membrane (YSM) and its surrounding vascular
system (Uni et al., 2012). From embryonic day (ED) 19,
the YS begins to be internalized into the abdominal cav-
ity of the embryo and residual yolk provides critical
nutrients until hatched chicks have access to food
(Romanoff, 1960). It has been shown that the YSM
expresses digestive enzymes and nutrient transporters
similarly to the intestine (Speake et al., 1998;
Yadgary et al., 2011; Yair and Uni, 2011; Speier et al.,
2012; Bauer et al., 2013; Yadgary et al., 2014). Yair and
Uni (2011) observed that the total calcium content of
the yolk (30 mg at D 0) decreases during the first half of
incubation to reach a plateau from ED11 (20 mg) until
hatch. During the second half of incubation, the eggshell
becomes a major contributor of calcium for supporting
skeletal mineralization of the embryo (Yair and
Uni, 2011). The solubilization of eggshell minerals and
the transfer of eggshell calcium to the embryo is ensured
by the CAM, which is a highly vascularized structure
that lines the inner eggshell and develops from ED5
onward (Romanoff, 1960). The CAM is complete by
ED10−11, grows rapidly from ED11 to ED15−16, and
starts to degrade from d 19 onward (Romanoff, 1960;
Leeson and Leeson, 1963; Narbaitz and Tellier, 1974;
Makanya et al., 2016). The CAM is fully differentiated
at ED15−16 and is composed of three distinct cellular
structures, namely the chorionic epithelium, the meso-
derm, and the allantoic epithelium (Makanya et al.,
2016), all of which are assumed to play different but
complementary roles. The chorionic epithelium partici-
pates in acid-base balance of the embryo and mineral
solubilization and transport from the eggshell
(Gabrielli and Accili, 2010). The mesoderm is the site of
early development of the extraembryonic vascular sys-
tem, which serves the CAM epithelia and forms the cho-
rionic capillary plexus to facilitate gaseous exchange
(Melkonian et al., 2002). The allantoic epithelium is
involved in ion and H2O reabsorption from the allantoic
fluid and maintains the acid-base balance of this fluid
(proton secretion and bicarbonate reabsorption) (Stew-
art and Terepka, 1969; Narbaitz et al., 1995). Hence, the
CAM is involved in the dissolution and transport of cal-
cium from the eggshell to the embryo, gaseous exchange,
maintenance of acid-base balance, water and electrolyte
reabsorption from the allantoic cavity and innate immu-
nity (Romanoff, 1960; Coleman and Terepka, 1972a,b;
Gabrielli and Accili, 2010; Hincke et al., 2019). Only a
few candidate proteins in the CAM have been proposed
to participate in eggshell solubilization and mineral ion
transport to date: a calbindin-like protein, an anion
exchanger (AE1), a H+-ATPase, and soluble and mem-
brane-bound isoforms of carbonic anhydrase (Tuan and
Zrike, 1978; Rieder et al., 1980; Anderson et al., 1981;
Narbaitz et al., 1981; Tuan, 1984; Tuan et al., 1986;
Narbaitz et al., 1995; Gabrielli et al., 2001;
Gabrielli, 2004; Gabrielli and Accili, 2010). Moreover,
the identity of the associated genes remains ambiguous
and depends on the annotated chicken genome assem-
blies used as a reference [Galgal4 (GCA_000002315.2)
in 2013, Gallus_gallus-5.0 (GCA_000002315.3) in
2016, GRCg6a (GCA_000002315.5) in 2018)
(Peona et al., 2018)].
In this work, we studied the expression of 10 candi-

date genes in the CAM and YS at ED12 (CAM is devel-
oped but not fully mature), and at ED16 (corresponding
to a fully differentiated stage). The demineralization of
the eggshell as well as the calcification of the embryo
skeleton has been assessed in parallel to further appreci-
ate the interrelationship between these 2 physiological
processes. The data obtained in this article revisit some
of the statements from the literature and show for the
first time that the molecular components involved in
mineral mobilization from the yolk and the eggshell are
different.
MATERIALS AND METHODS

Incubation Procedures and Sample
Collection

Sixty fertilized eggs were obtained from 29-wk-old lay-
ing hens (Rhode Island Red, Novogen, France) and han-
dled in the Poultry Experimental Facility (PEAT)
UE1295 (INRAE, F-37380 Nouzilly, France, DOI:
10.15454/1.5572326250887292E12). Eggs were incu-
bated under standard conditions (45% RH, 37.8°C,
automatic turning every hour; Bekoto B64-S, Pont-
Saint-Martin, France), after a 3-d storage at 16°C, 85%
RH to favor synchronization of developmental stages.
For each embryonic day studied (ED12 and ED16), 30
eggs (64.1§1.8g) containing viable embryos were
selected. At each stage, egg weight and eggshell strength
were measured prior to tissue sampling (Digital Egg Tes-
ter 6000, Nabel, Kyoto, Japan). Eggs were opened at the
air chamber end and the egg contents were poured into
a Petri dish. Embryos were sacrificed by decapitation,
and placed in a sterile flask containing 75 mL of 90% eth-
anol prior to staining (see below). The yolk sac and the
chorioallantoic membrane were removed, washed several
times with sterile saline solution (NaCl 0.9%), immersed
in liquid nitrogen and stored at �80°C. Eggshell thick-
ness was measured using a small piece of eggshell (Digi-
tal Egg Tester 6000, Nabel, Kyoto, Japan) and eggshell
weight was obtained after drying for 2 h at 110°C.
Resulting eggshells were further stored at 4°C prior to
analysis of mineral content. These experiments per-
formed on embryos at d 12 and d 16 of development
were conducted in compliance with the European legisla-
tion on the “Protection of Animals Used for Experimen-
tal and Other Scientific Purposes” (2010/63/UE) and
under the supervision of an authorized scientist (S.
R�ehault-Godbert, Authorization no. 37-144). These
experiments meet the guidelines approved by the insti-
tutional animal care and use committee (IACUC).



EGGSHELL DEMINERALIZATION DURING INCUBATION 3
Alizarin Red S (Bone) and Alcian Blue
(Cartilage) Staining of Chicken Embryos

Chicken embryo bone and cartilage staining was per-
formed as described for mouse embryos (Alizarin Red S
Bone and Alcian Blue Cartilage staining of cleared skele-
ton) with some small adjustments. After sampling,
embryo bodies were fixed in 90% ethanol for 11 d at 4°C
with renewal of the solution every 4 d. Skin, viscera,
liver, kidney, and gut were removed. Embryos were
placed in an Alcian blue solution (0.1 g/L) (Sigma, St.
Louis, MO, ref. A5268) for 3 d, followed by rehydration
with several baths of decreasing percentages of ethanol
(from 70 to 0% in demineralized water; 70% during 2 h/
40% during one night/ 15% during 2 h and finally, dem-
ineralized water for 4 h). The clearing of embryos was
achieved with 1% KOH solution for 2 d and the staining
of mineralized structures was performed during 3 d in
Alizarin red / KOH solution at 0.01 g/L (Sigma, ref.
A5533). Stained embryos were rinsed in 1% KOH, fol-
lowed by increasing solutions of glycerol (20−80%, over
5 d) / 1% KOH, before storage at 4°C in 100% glycerol.
Stained ED12 and ED16 embryos were analyzed visually
and photographed (Nikon apparatus D5100, Itteville,
France). Identification of bones was based on the Atlas
of Chick Development (plates 230 and 231, Bellairs and
Osmond, 2014).
Eggshell Mineral Content

Eggshell mineral quantification was performed
according to Park and Sohn (2018), with small adjust-
ments. Eggshell fragments were washed, dried, weighed,
and then grinded using a Cryomill ball mill (Retsch,
Haan, Germany). Eggshell powder (300 mg) was dis-
solved in 10 mL of 65% nitric acid, and then heated /
digested in a microwave for 15 min at 200°C, 1,800 W
(Ethos Up, Milestone, Sorisole, Italy). Total P, Mg, K,
Na, and Ca were determined using an inductive coupled
plasma atomic emission spectrometer (ICP OES Ther-
moscientificTM iCAPTM 7200; method 990.08; AOAC
International, 2006). Standard solutions (P, Mg, K, Nal,
and Ca) were prepared from a 1,000 mg/mL stock solu-
tion (Certipur Merck, Darmstadt, Allemagne). All
assays were performed in duplicates.
mRNA Extraction and Real-Time Quantitative
PCR

All tissue samples (n = 18 per stage, ED12 and Ed16)
were homogenized in liquid nitrogen with a mechanical
crusher A11 Basic (IKA, Staufen im Breisgau, Ger-
many). For CAM samples, total RNA was extracted
using the Nucleospin RNA kit according to the manufac-
turer’s recommendations (Macherey-Nagel, D€uren, Ger-
many). For yolk sac samples, total RNA was extracted
using RNeasy Lipid Tissue Mini Kit, according to the
manufacturer’s recommendations (Qiagen, Hilden, Ger-
many).
To remove traces of genomic DNA, a second treatment

with DNAse was performed on all samples (kit Turbo
DNA-freeTM, Life Technologies, Carlsbad, CA). Con-
centration and quality of the extracted RNA were
assessed by spectrophotometry (Nanodrop ND-1000 spec-
trophotometer, Nanodrop Technologies LlC, Wilming-
ton, NC) and by migration of total RNA on a 1% agarose
gel. Total RNA samples (1 mg) were reverse transcribed
using RNase H-MMLV reverse transcriptase (Superscript
II RT, Invitrogen, Cergy Pontoise, France). Gene quanti-
fication was achieved by SYBR Green incorporation,
using LightCycler 480 (Roche, Mannheim, Germany).
Candidate genes to be analyzed were selected accord-

ing to the literature (Gabrielli, 2004; Gabrielli and
Accili, 2010). Other studies related to eggshell calcifica-
tion or intestinal calcium transporters in chickens pro-
vided additional candidates (Jonch�ere et al., 2012;
Gloux et al., 2019; Gautron et al., 2021). The list of can-
didate genes is presented in Table 1.
Calculation of Relative Gene Expression

The relative normalized expression (R) of a candidate
gene was calculated, based on the Efficiency (E) and the
cycle threshold (Ct) deviation of cDNA samples (CAM
or YS at ED12 and ED16 from individual embryos) vs. a
calibrator. The calibrator corresponds to the pool of
cDNA from all CAM samples (CAM analysis) or a pool
of cDNA from all YS samples (YS analysis). Data were
expressed relative to the normalization factor of house-
keeping genes calculated by GeNorm (version 3.5)
(Vandesompele et al., 2002). Briefly, normalized quanti-
ties were calculated using the following formula: gene
efficiency^(Ctcalibrator � Ctsample) / normalization
factor of each sample (calculated based on geometric
mean of housekeeping genes).
Five stable housekeeping genes could be utilized for

CAM samples, while for the yolk sac, only one gene
(ACTB) was shown to be invariant between stages and
thus was selected for calculation of relative expression.
The selected housekeeping genes were:
ACTB (Gene ID: 396526, Actin, Beta; Forward

CTGGCACCTAGCACAATGA; Reverse CTGCTTGC
TGATCCACATCT); PPIA (Gene ID: 776282, Pepti-
dylpropyl isomerase A; Forward: CGCTGACAAGGT
GCCCATAA; Reverse: GTCACCACCCTGACACAT
GA); STAG2 (Gene ID: 422360, Stromal antigen 2; For-
ward: GCACACACCAGTCATGATGC; Reverse: TGG
TGTTCAGGCTGCATAGG); TBP (Gene ID: 395995,
TATA-box binding protein; Forward: GCGTTTTGC
TGCTGTTATTATGAG; Reverse: TCCTTGCTGCC
AGTCTGGAC); YWHAZ (Gene ID: 425619, Tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activa-
tion protein zeta; Forward: TGCTGCTGGAGATGA-
CAAGA, Reverse: AGGCCTTCTCTGGGGAATTG).
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Statistical Analyses

All statistical analyses were performed using R Soft-
ware, version 4.0.2 (R Core Team, 2017, Vienna, Aus-
tria). Because the samples were not normally
distributed (Shapiro test), statistical analyses were per-
formed using a Wilcoxon test (P < 5%).
RESULTS

Eggshell Physical Characteristics and
Mineral Content

The effect of incubation on the eggshell quality
parameters and mineral ion content (phosphorus [P],
magnesium [Mg], potassium [K], sodium [Na], and cal-
cium [Ca]) are shown in Table 2. The following parame-
ters decreased the egg and eggshell weights, breaking
strength and thickness all decrease significantly from
ED12 to ED16 (P = 0.034, P = 0.0133, P < 0.0001, P <
0.0001, respectively). Concomitant to the decrease in
eggshell weight, we observed a significant decrease in
the total content of Mg, Na and Ca between ED12 and
ED16 (P = 0.0112, P = 0.0307, and P < 0.01, respec-
tively).
Kinetic of Skeleton Mineralization

The typical staining pattern of embryo skeletons with
Alcian blue (a cationic dye that binds glycosaminogly-
cans and sulfated glycoproteins in cartilage) and Aliza-
rin red (an anionic dye that binds cationic calcium and
calcium deposits) at ED12 (A) and ED16 (B) is pre-
sented in Figure 1. The wing and leg bones are already
partially mineralized at ED12 (humerus, radius, ulna,
and femur, tibiotarsus, respectively), while calcification
of the ribs is initiated at ED12 and complete around
ED16. Some skeletal regions corresponding to the cervi-
cal vertebra, the ribs, the pelvic bones (ilium, ischium,
pubis, caudal vertebra), and the digits of the legs exhibit
a visually apparent increase in mineralization between
these stages (Figure 1).
Relative Expression of Candidate Genes in
the Yolk Sac and the CAM

The mRNA expression of 8 candidate genes in both
the CAM and the yolk sac is presented in Figures 2A
and 3A. Three genes that are specifically expressed in
the CAM but not the YS (TRPV6), and in the yolk sac
but not in the CAM (CALB1 and GC) are presented in
Figures 2B and 3B, respectively.
In the CAM, the expression of CA2, SGK1 and

TRPV6 are higher at ED16 (about 2-fold, P < 0.001)
while the expression of PKD2 and ATP6V1B2 decreases
(about 1.4-fold) between ED12 and ED16 (P < 0.01 and
P < 0.05, respectively). The incubation stage has no
effect on the mRNA expression of carbonic anhydrase 9
and 4 (CA9 andCA4), SLC4A1 or SCGN.



Table 2. Eggshell physical characteristics and mineral content for two stages of embryo development (ED12 vs. ED16) (n = 30 per
stage).

ED12 ED12 ED16 P-value

Eggshell physical characteristics
Initial egg weight (g) 64.46§ 1.85 63.95 § 1.99 0.3669
Egg weight at sampling (g) 60.4 § 1.81 58.82 § 2.09 0.0034 #
Strength (N) 39.79§ 4.69 34.01 § 4.92 <0.0001 #
Eggshell weight (g) 6.31 § 0.47 6.01 § 0.44 0.0133 #
Thickness (mm) 0.47 § 00.3 0.43 § 0.03 <0.0001 #

Eggshell mineral content (mg)*
P 6.78 § 0.93 6.49 § 0.88 0.1872
Mg 19.59§ 3.39 17.86 § 2.90 0.0112 #
K 2.65 § 0.35 2.54 § 0.29 0.1124
Na 6.43 § 0.70 6.03 § 0.65 0.0307 #
Ca 2298.49 § 191.01 2171.66 § 182.39 <0.01 #
P-values lesser than 0.05 were considered as significant (in bold type) with arrows to describe the evolution between both stages.
*For the eggshell mineral content, values correspond to those of the total shell.
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In the yolk sac, stage of development does not affect
PKD2 expression (Figure 3A) while the expression of
CA2 and CALB1 increases when comparing ED16 to
ED12 (15−20-fold, P < 0.001) (Figures 3A and 3B,
respectively). The relative expression of other candidate
genes (CA9, CA4, SLC4A1, ATP6V1B2, SGK1, SCGN,
and GC) decreases during incubation (up to a 20-fold
decrease depending on the gene, P < 0.001).
DISCUSSION

The Alteration in Eggshell Integrity Reflects
Mineral Release

In birds, the egg contains all the protective and nutri-
tive elements to ensure the development of the embryo
until hatching. The eggshell is a physical barrier that
Figure 1. Staining of embryo skeletons with Alcian blue and Alizarin re
Blue color reveals the cartilaginous parts; in red/purple, the mineralized b
between the two stages of development.1, cervical vertebra; 2, ribs; 3, ilium;
protects the embryo from environmental changes and
microbes. It also regulates gaseous exchange through its
pores while limiting water loss, and provides most of the
calcium that is necessary for mineralization of the embry-
onic skeleton (Nys et al., 2010). The yolk contains about
30 mg of calcium while up to 800 mg of eggshell calcium
are resorbed from the day of lay to the day of hatch
(Yair and Uni, 2011). Such amounts may slightly differ
depending on initial egg weight. The decrease in eggshell
weight is essentially observed during the second half of
incubation when the embryo skeleton needs to be rein-
forced to support a 5-fold increase of the embryo body
weight (from 5 g at ED11 to 25 g at ED18)
(Makanya et al., 2016). In our experiment, between
ED12 and ED16, eggshell loss is about 300 mg, corre-
sponding to 120 mg of calcium (Table 2). The eggshell
ultrastructure is complex, and is characterized (from
d at ED12 (A) and ED16 (B) (representative results, n = 30 per stage).
ones. Arrows indicate regions undergoing an increase in mineralization
4, caudal vertebra; 5, ischium; 6, digits of the legs.



Figure 2. RT-qPCR (n = 18 per stage) of candidate genes in the CAM. (A) Carbonic anhydrases (CA2, CA4, CA9), ion transporters and regu-
lators (SLC4A1, ATP6V1B2, SGK1, SCGN, PKD2). (B) TRPV6 (gene that is not expressed in the yolk sac). Experiments were conducted accord-
ing to Materials and Methods. Normalized quantity was determined using five housekeeping genes as described in Materials and Methods.
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inside to outside) by the mammillary layer (where bio-
mineralization is initiated), the palisade layer (responsi-
ble for most of the eggshell thickness and resistance to
fracture), the vertical crystal layer and the cuticle. It has
been reported that eggshell resorption mainly occurs
from the calcium reserve body in the shell mammillary
region (Tyler and Simkiss, 1959; Simons, 1971;
Bond et al., 1988), and progressively induces the detach-
ment of eggshell membranes together with erosion of the
mammillary knobs (Simons, 1971; Bond et al., 1988;



Figure 3. RT-qPCR (n = 18 per stage) of candidate genes in the YS. (A) Carbonic anhydrases (CA2, CA4, CA9), ion transporters and regula-
tors (SLC4A1, ATP6V1B2, SGK1, SCGN, PKD2). (B) CALB1 and vitamin-D binding protein (GC). Experiments were conducted according to
Materials and Methods. Normalized quantity was determined using only one housekeeping gene (ACTB) as described above due to the extreme vari-
ability of the other housekeeping gene candidates in the yolk sac at ED12 and ED16.
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Chien et al., 2009). The loss of eggshell mineral and the
weakening of the underlying support for the thick pali-
sade layer likely explain the decrease in eggshell thickness
and associated strength, as observed in Table 2. Such
eggshell thinning may result in an increased
susceptibility to penetration by environmental microbes,
but concomitantly facilitates chick emergence
(Hincke et al., 2019). Previous publications have
reported that although the eggshell is 96% calcium car-
bonate, the distribution of minor mineral ions is
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heterogeneous: the Mg concentration is higher in the
mammillary layer and at the outer palisade layer, while
phosphorus (as inorganic phosphate or associated with
phosphoproteins) is mainly incorporated during the egg-
shell termination process and is found in the outer pali-
sade layer and cuticle (Cusack et al., 2003; Shen and
Chen, 2003; Hincke et al., 2012). Calcium carbonate is
deposited constantly throughout the process of eggshell
formation (Waddell et al., 1989, 1991; Shen and
Chen, 2003; Gautron et al., 2021). Regulation of this pro-
cess by the organic matrix results in the distinctive ultra-
structure and microstructure of the eggshell
(Dennis et al., 1996; Hincke et al., 2012; Rodríguez-
Navarro et al., 2015; Gautron et al., 2021). The inner-
most layer that is in contact with the eggshell mem-
branes is named the mammillary layer; each mammillary
cone consists of a base plate that is the calcified founda-
tion of the eggshell, a calcium reserve body, a cover and a
crown. The calcium reserve body is described as the main
source of calcium which is mobilized for skeletal minerali-
zation during embryonic development (Dennis et al.,
1996; Chien et al., 2008). A positive correlation is
observed between the number of mammillary tips and
calcium removal from the eggshell (Karlsson and
Lilja, 2008). In line with previously published data
(Schaafsma et al., 2000), our results show that eggshell
mineral (approximately 96% calcium carbonate) is com-
posed of calcium (364 mg/g of eggshell) and magnesium
(3.11 mg/g of eggshell) as its main cations, but also phos-
phate (1.08 mg/g of eggshell) (Table 2). In our experi-
ment, the decrease in eggshell weight is associated with
the decrease in calcium, magnesium and sodium but not
in potassium and phosphorus (Table 2). These data sug-
gest that potassium and phosphorus are concentrated in
the outermost and intermediate layers of the eggshell
that are not resorbed during incubation. Indeed, phos-
phate was described previously to regulate the termina-
tion of eggshell formation, which is consistent with its
outer localization (Gautron et al., 1997; Cusack et al.,
2003). These findings underline that eggshell phosphate
is not required for bone mineralization, which supports
the general statement that the phosphate reservoir for
the embryo is the yolk, with about 180 mg at ED0
(Romanoff and Romanoff, 1967), and not the eggshell
(Tuan and Ono, 1986; Chien et al., 2009).

The staining of the embryos collected at ED12 and
ED16 with Alcian blue and Alizarin red (Figure 1)
showed that long bones are already partially mineralized
at ED12, which corroborates previous studies: the tibial
calcium content begins to increase from 12 d of incuba-
tion to reach maximum values around ED19
(Kubota et al., 1981; Torres and Korver, 2018). This
increase in bone calcification occurs in parallel with bone
citrate decarboxylation and alkaline phosphatase activi-
ties, both reflecting osteoblast activity. These activities
start to increase around ED10−12, reach a peak at
ED19, and then decrease, and are strongly correlated
with calcium-binding activity in the chorioallantoic
membrane (Kubota et al., 1981). From embryonic stages
ED14 to ED19, chicken long bones roughly double their
length, thickness and total amount of bone mineral
(Yair et al., 2012; Bellairs and Osmond, 2014), in order
to support the rapid growth of the embryo. These struc-
tural modifications require massive transport of calcium
from the eggshell and phosphorous from the yolk
(Yair and Uni, 2011), through the substantial vascula-
ture of the CAM and of the YS. Kerschnitzki et al.
(2016) reported the presence of membrane-bound min-
eral particles (calcium and phosphorus) in blood vessels
during long bone development of chicken embryos, and
it is generally observed that osteogenesis is coupled with
angiogenesis during this process (Kusumbe et al., 2014).
Between ED12 and ED16, a constant decrease in blood
Ca2+ (measured via the allantoic vein) is accompanied
by an increase in tibial mineral calcium, which collec-
tively corroborates the rapid assimilation of circulating
Ca2+ for bone mineralization (Everaert et al., 2008).
The transfer of calcium from the eggshell to the

embryo in mediated by a 3-layer structure, namely the
chorioallantoic membrane. The chorionic epithelium of
the CAM lines the eggshell membranes and is involved
both in the solubilization of calcium from the inner egg-
shell, and in the transfer of solubilized ions to the
embryo via its capillary network.
The CAM Expresses Carbonic Anhydrases
and Ion-Binding Proteins but not Calbindin
(CALB1) nor Vitamin-D Binding Protein (GC)

Distinct and specialized cell types characterize the
mature chorionic epithelium: the villus cavity (VC) cells
and the capillary covering (CC) cells (Figure 4A). Previ-
ous publications have shown that the major molecular
components for extracellular acidification adjacent to
the eggshell are localized within the VC cells
(Figure 4A). These are the AE1 anion exchanger (AE1,
possibly corresponding to SLC4A1), a cytoplasmic car-
bonic anhydrase 2 (CA2), a membrane-bound carbonic
anhydrase, and H+ ATPase (Gabrielli and Accili, 2010);
however, except for CA2, the identity (i.e., gene ID) of
most these major proteins remains undetermined. In this
context and based on information available in the litera-
ture, we investigated the expression of 10 candidate
genes in the CAM. Our results showed that the expres-
sion of CA2 increases over time as previously published
(Tuan and Zrike, 1978), but we also showed for the first
time that CA4 and CA9 are constantly expressed
between ED12 and ED16 (Figure 2). Indeed, carbonic
anhydrases have been reported to play a major role in
proton secretion for solubilization of the eggshell mineral
calcite via VC cells (Tuan and Zrike, 1978; Rieder et al.,
1980; Anderson et al., 1981; Narbaitz et al., 1981;
Tuan, 1984; Tuan et al., 1986; Narbaitz et al., 1995;
Gabrielli et al., 2001; Gabrielli and Accili, 2010). Notice-
ably, CA2 was also previously identified in mitochon-
dria-rich cells (MRC) that are highly concentrated in
the allantoic epithelium (Narbaitz et al., 1995;
Gabrielli et al., 2001). This protein is assumed to partici-
pate in maintaining acid-base homeostasis in the



Figure 4. Hypothetical representation of the role of candidate genes in the chorionic epithelium of the CAM (A) and in the YS (B) during the
second half of incubation, in mineral mobilization from the eggshell and the yolk, respectively. This model integrates the literature (detailed in the
discussion section) and the expression data obtained in the present study. (A) The CAM is composed of three distinct layers (A) where the chorionic
epithelium is assumed to be involved in the transepithelial ion transport (Gabrielli and Accili, 2010) from the blood (red rectangle) and the eggshell
(grey rectangle). In this scheme inspired by Gabrielli and Accili, 2010, VC cells are specialized chorionic cells, which, via a vacuolar-type H+-ATPase
present at the apical pole (ATP6V1V2), pump protons generated by cytoplasmic carbonic anhydrases (CA2, CA4, and CA9) toward the eggshell
(step ❶). Proton secretion results in a local acidification (step ❷), thereby causing solubilization of the calcite mineral (step ❸). HCO3�is proposed
to be reabsorbed through VC cells via the anion exchanger SLC4A1, to maintain acid-base-balance within the CAM. Ca2+ and other ions including
HCO3�, Mg2+, and Na+ become available to be reabsorbed via by CC cells, for transport via the vasculature to the embryo. Our results suggest that
ions transporters such as SCGN and PKD2 participate in Ca2+ binding and transport; however, CALB1expression was not detected at ED12 or
ED16. The very low expression of TRPV6 in the CAM brings into question the role of this candidate gene in calcium uptake. SGK1 may be involved
in Na+ transport while the transporter for Mg2+ is not yet known. As expected, since the eggshell does not contain vitamin D, the GC gene is not
expressed in the CAM. (B) In the yolk sac, carbonic anhydrases (CA2, CA4, CA9) and a proton-pumping ATPase (ATP6V1V2) contribute to the
acid-base balance of YS cells and the yolk (step ❶). Minerals and vitamin D are absorbed from the yolk (yellow rectangle) to the blood (red arrows),
via the transporters expressed by the YS (CALB1, SCGN, PKD2, SGK1, GC - step ❷). TRPV6 in not expressed in YS at ED12 or ED16. In these
proposed mechanisms (A and B), erythrocytes may also express CA2, SLC4A1 and SGK1. Schematic representation of the CAM and the YS (left
part) is inspired by Hincke et al. (2019) and Bauer et al. (2013). Some elements were obtained from Servier Medical Art (https://smart.servier.
com), licensed under a Creative Commons Attribution 3.0 Unported License. Grey arrows illustrate the transport from the blood to the eggshell via
the CAM or the yolk via the yolk sac, and red arrows illustrate transport into the blood vessels. It must be emphasized that the intact yolk sac and
CAM tissues were analyzed: endoderm, mesoderm, and ectoderm for the yolk sac, and allantoic epithelium, mesoderm, and chorionic epithelium for
the CAM. Each candidate gene in this study may be differentially expressed in the various layers or cell types (Discussion section). Hence, the spe-
cific localization of all candidate genes and proteins in YS and CAM will require further experimental study. Abbreviations: CC, capillary covering
cells; VC, villous cavity cells.
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allantoic fluid during embryonic development. Carbonic
anhydrases catalyze the reversible hydration of carbon
dioxide to produce protons and bicarbonate ions and, in
parallel, are thought to regulate several bicarbonate
transporter activities. SLC4A1 (AE1) is continuously
expressed between the two stages and may transport
bicarbonate ions into cells, to maintain an extracellular
acidic environment, but also into erythrocytes, where
bicarbonate ions accumulate between ED10 and ED16 of
incubation (Everaert et al., 2008). Besides VC cells, both
CA2 and SLC4A1 were reported to be expressed in
erythrocytes to contribute to blood homeostasis. A vacu-
olar H+ ATPase was also previously described as partici-
pating in the extracellular proton flux. In our
experiment, the subunit ATP6V1B2 was shown to be
expressed in the CAM but its expression decreased mod-
estly over time, which is not in accordance with the
increased concentration of intracellular protons. How-
ever, the profile of expression of ATP6V1B2 between
ED12 and ED16 resembles the activity profile of a proton

https://smart.servier.com
https://smart.servier.com
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pump that was described to be calcium-dependent
(Tuan and Knowles, 1984). The activity of this protein
followed a bimodal pattern with a decrease from day
ED12 to ED16 followed by an increase essentially after
ED16 of incubation to reach a maximum value around
hatch (Tuan and Knowles, 1984).

We have shown above that ED16 is characterized by
the loss of calcium, sodium, and magnesium from the egg-
shell (Table 1). Ion transfers and exchanges are believed
to be mediated by the so-called capillary covering cells
(CC cells, Figure 4A). Although we did not explore mag-
nesium-binding proteins and transporters, we identified
SCGN whose expression remains stable overtime, and
TRPV6 that is slightly overexpressed at ED16, as poten-
tial calcium-binding proteins. Surprisingly, when looking
at calcium-binding proteins, we found that SCGN expres-
sion level remains stable between ED12 and ED16, while
TRPV6 expression is low and no expression of CALB1
could be detected. Altogether, these data suggest that
other not yet identified calcium-binding proteins are
responsible for ion movements in the CAM. An alterna-
tive hypothesis is that the calcium flux in the cells and
subsequently in the blood, does not involve calcium-bind-
ing proteins at this stage but maybe later during the time
course of development. Indeed, calcium-binding activity
has been shown to be maximal at d 18 (6-fold increase
between ED15 and ED18) (Torres and Korver, 2018).
The resulting high intracellular calcium concentration is
likely to downregulate PKD2 expression. Our hypothesis
is that the lower expression of PKD2 (a regulator of intra-
cellular calcium signaling) may reflect the necessity of CC
cells to concentrate high intracellular calcium without
triggering cellular pathological signaling through an
undesired PKD2 activation. The regulation of sodium
flux may involve SGK1, which is localized in the nucleus,
but also in mitochondria and the plasma membrane, and
that is an important regulator of ion channels, including
sodium channels (Lang and Shumilina, 2013). This gene
was shown to be overexpressed in the CAM during incu-
bation and may potentially be localized in CC cells but
also in erythrocytes, as previously reported (Maizels, 1954;
Clarkson and Maizels, 1955). A schematic representation
of the expression pattern of candidate genes in the chori-
onic epithelium of the CAM is illustrated in Figure 4A.
Noticeably, the allantoic epithelium is also likely to be
involved in the assimilation of calcium and phosphate
that accumulate in the allantoic fluid owing to the large
increase in embryo metabolism during the second half of
incubation (Everaert et al., 2008). The absence of GC
(vitamin D transport protein) expression in the CAM at
these two stages is consistent with the fact that calcium
transport and uptake by the CAM were not regulated by
vitamin D (Packard et al., 1998).
The YS Expresses CA2, Calbindin (CALB1)
and Vitamin-D Binding Protein (GC)

In the YS, a variety of expression patterns were
observed for the genes under study. Most of the candidate
genes demonstrated a decrease in expression between
ED12 and ED16; however, CA2 expression increased
similarly to the CAM during incubation, PKD2 did not
exhibit any difference in expression between the two
stages, and TRPV6 was not expressed at either stage
(Figure 4B). Carbonic anhydrases were demonstrated to
be important in the formation of subembryonic fluid in
early Japanese quail and turkey embryos and are local-
ized in the endoderm of yolk sac during the early stages
of incubation (Babiker and Baggott, 1995; Bakst and
Holm, 2003). To our knowledge, the present study is the
first to demonstrate the expression of carbonic anhy-
drase isoforms in the yolk sac. Calcium binding protein
(CALB1) was reported to be essentially upregulated
during the later stages of incubation, which we have cor-
roborated, as seen in Figure 3 (Sechman et al., 1994;
Yadgary et al., 2014). In addition, we observed a
decrease in expression of GC between ED12 and ED16.
These findings suggest that vitamin D uptake and cal-
cium transport are mechanistically uncoupled. The vita-
min D status of embryonic blood remains low up to
hatching but may be concentrated in the bones
(Nys et al., 1986). Indeed, vitamin D and a calcium-
binding protein were shown to co-localize in dividing
chondrocytes around hatch (Zhou et al., 1986). The
uptake of vitamin D from the yolk during the first half of
incubation and of eggshell calcium during the second
half of incubation may correspond to highly orches-
trated mechanisms that ultimately assist bone minerali-
zation. In the yolk sac, we failed to detect TRPV6, a
calcium selective channel that mediates Ca2+ uptake in
various tissues, including intestine and uterus of laying
hens (Yang et al., 2011, 2013). TRPV6 was reported to
decrease from ED11 to ED13 followed by an increase up
to ED19 in the yolk sac (Yadgary et al., 2011; Wong and
Uni, 2021), but remarkably, its expression remains low
between 10 and 15 d of incubation, and variability in
later stages is surprisingly high (Yadgary et al., 2011).
In view of these results, the physiological role of this cal-
cium channel in calcium uptake from the eggshell and
the yolk requires further study.
To conclude, the role of the yolk sac and the chorioal-

lantoic membrane in transferring and transporting ions
from yolk (phosphorus) and eggshell (calcium, magne-
sium and sodium), respectively, are complementary and
involve distinct molecular components. These processes
are associated with specialized cell types and their expres-
sion is temporally regulated in a coordinated manner.
Both previous work and the novel results presented here
highlight the need to consider the entire period of embry-
onic development, in order to have a more comprehensive
picture of the relative functional roles of the CAM and
the YS. None of the candidate genes encoding calcium
binding proteins were shown to be significantly regulated
during incubation: SCGN expression remains stable
between the two developmental stages, CALB1 is not
expressed in the CAM and TRPV6 expression is barely
detectable. Thus, to date, the CAM proteins involved in
the binding and transport of calcium from the eggshell to
the embryo are not known. This example demonstrates
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the limitations of a candidate-gene approach. We are cur-
rently conducting a more systematic approach (RNA-Seq
transcriptomics), which, combined with the localization
of highly expressed genes within the CAM, will help to
decipher the exact role of this multifunctional structure.
We believe that the physiological and functional charac-
terization of the CAM needs to be revisited using modern
high-throughput techniques, similar to the strategy that
has been used to explore the physiology of the yolk sac
(Yadgary et al., 2014).

In addition to its interest in understanding the physi-
ology of the extraembryonic structures which support
embryonic development, this field of research may also
have positive outputs for the poultry industry. There is
increasing evidence that intensive genetic selection of
broiler breeders for meat production and layer hens for
egg quality has precipitated the development of meta-
bolic disorders including skeletal abnormalities
(Thorp, 1994; Buza»a et al., 2015; Eusemann et al.,
2020). It is well known that skeletal integrity in chickens
is affected by many factors including rapid growth rate,
nutrition and genetics (Thorp, 1994). Fast growing
broiler chicks exhibit impaired bone mechanical proper-
ties compared with slow-growing broiler chicks
(Williams et al., 2000; Shim et al., 2012; Yair et al.,
2017), while there is a very high prevalence of keel bone
fractures in layer hens, regardless of the production sys-
tem (Eusemann et al., 2020; Thøfner et al., 2021). Such
bone pathologies compromise bird welfare and result in
substantial economic losses for the poultry industry.
The genetic determinants of bone and mineral metabo-
lism are complex and involve multiple genetic loci
(Mignon-Grasteau et al., 2016). The characterization of
CAM and YS functions in skeletal mineralization of the
embryo might help to identify in ovo markers as predic-
tors of adult chicken bone health in modern poultry lines
and lead to new selection tools.
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