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ABSTRACT The yolk sac (YS) consists of the yolk,
which supplies nutrients, and the YS tissue, which sur-
rounds the yolk and provides essential metabolic func-
tions for the developing embryo. The YS tissue is derived
from the midgut of the embryo and consists of a layer of
endodermal epithelial cells (EEC) in contact with the
yolk contents, a mesodermal layer that contains the
vascular system and an outer ectodermal layer. The YS
tissue is a multifunctional organ that provides essential
functions such as host immunity, nutrient uptake, car-
bohydrate and lipid metabolism, and erythropoiesis. The
YS tissue plays a role in immunity by the transport of
maternal antibodies in the yolk to the embryonic circu-
lation that feeds the developing embryo. In addition, the
YS tissue expresses high mRNA levels of the host defense
peptide, avian b-defensin 10 during mid embryogenesis.
Owing to its origin, the YS EEC share some functional
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properties with intestinal epithelial cells such as expres-
sion of transporters for amino acids, peptides, mono-
saccharides, fatty acids, and minerals. The YS tissue
stores glycogen and expresses enzymes for glycogen
synthesis and breakdown and glucogenesis. This carbo-
hydrate metabolism may play an important role in the
hatching process. The mesodermal layer of the YS tissue
is the site for erythropoiesis and provides erythrocytes
before the maturation of the bone marrow. Other func-
tions of the YS tissue involve synthesis of plasma pro-
teins, lipid transport and cholesterol metabolism, and
synthesis of thyroxine. Thus, the YS is an essential organ
for the growth, development, and health of the devel-
oping embryo. This review will provide an overview of
the studies that have investigated the functionalities of
the YS tissue at the cellular and molecular levels with a
focus on chickens.
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INTRODUCTION

The avian embryo relies solely on nutrients derived
from the yolk, albumen, and shell to support its growth
and development. For this review, we will use the term
yolk sac (YS) as the yolk contents plus the YS tissue,
which surrounds the yolk. The YS tissue is often called
the YS membrane but it is not just a membrane but is
a multifunctional tissue that plays an important role in
nutrient uptake, performs multiple metabolic function-
alities, and is the first line of defense against pathogens
in the yolk and thus it is essential to the health of the
embryo. Because many organs of the developing embryo
have not yet matured, the YS tissue serves as a vital or-
gan for these diverse functions. For example, maturation
of the intestine and liver starts around 15 d -, of the thy-
roid around 10 d and of the bone marrow for erythropoi-
esis around 14 d of incubation (Freeman and Vince,
1974). The YS tissue acts as the bone marrow for synthe-
sis of blood cells, as the intestine for digestion and trans-
port of nutrients and lipids, as the liver for production of
plasma carrier proteins and carbohydrate metabolism,
as the thyroid for regulating metabolism and as the im-
mune system for the transfer of antibodies from the hen
and production of antimicrobial peptides.

Understanding the functional development of the YS
tissue is key to understanding uptake of nutrients from
the yolk for growth of the chicken embryo. The functional
properties of the YS tissue develop from early to late
embryogenesis. Starting around embryonic (E) day 19,
the YS is withdrawn into the abdominal cavity and the
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process is completed around 14 h before hatch (Freeman
and Vince, 1974). During these last days of incubation,
the YS tissue undergoes a process of degradation before
internalization into the body cavity of the chick. Although
the chick derives nutrientsmainly as protein and carbohy-
drates from feed after hatch, the chick can still utilize the
lipids stored in the residual yolk even as the YS tissue is
degrading. In addition to this natural degradation of the
YS tissue, any disruption in absorption of the YS content
may lead to deficiency of necessary nutrients andmaternal
antibodies that can result in early chick mortality and
poor chick quality. For a comprehensive analysis of the ef-
fects of broiler breeder, egg size, egg storage, and incuba-
tion temperature on yolk utilization, see the recent
review by van der Wagt et al. (2020).

Enhancing our understanding of the cellular and mo-
lecular mechanisms that regulate YS function is impor-
tant for the growth, development, and health of the
embryonic chick and overall gut health of the hatched
chick. This review will focus on the development and
the multifunctional properties of the chicken YS tissue.
Although the focus will be on the chicken YS tissue, ex-
amples from quail, pigeon, and turkey will be included
for comparison when available.
FORMATION OF THE YOLK AND YOLK SAC

Yolk Formation and Composition and
Uptake by the Embryo

During follicular development, there is rapid growth of
a single oocyte to form the primary follicle in the ovary
(Johnson, 2015). During this time, lipids, mainly in the
form of lipoproteins, are synthesized by the liver and
secreted into the plasma of the hen. The lipoproteins
are transported from the plasma to the follicles to form
the yolk by a receptor-mediated, endocytotic mechanism
(Schneider, 2016). Later during formation of the egg as it
moves down the oviduct, egg white, and the shell are
deposited around the yolk.

Breeder age and egg size affect egg composition (see
review by van der Wagt et al., 2020). Larger eggs from
hens of the same age flock have a greater percentage of
albumen than yolk compared with smaller eggs (Vieira
and Moran, 1998). As breeder hens age, egg weight in-
creases due to a larger increment of yolk compared
with albumen (O’Sullivan et al., 1991; Peebles et al.,
2000; Nangsuay et al., 2011; Traldi et al., 2011). Eggs
from 30-wk old breeder hens contained 71% albumen
and 29% yolk, whereas eggs from 50-wk old breeder
hens had 66% albumen and 34% yolk. The yolk from
30-wk old breeder hens consisted of 55% water, 24%
fat, and 18% protein, whereas yolk from 50-wk old
breeder hens contained 53% water, 27% fat, and 16%
protein (Yadgary et al., 2010). Thus, eggs from older
flocks contain more nutrients because they have a
greater percentage of nutrient-rich yolk.

The yolk is themain source of lipids and themain source
of energy (via fatty acid oxidation) during chick embryonic
development.The fourmajor fatty acidspresent in theyolk
before incubation are palmitic (16:0), stearic (18:0), oleic
(18:1n-9), and linoleic (18:2n-6) acid. The percentage of
these fatty acids change with age of the breeder flock
(Sahan et al., 2014). Less than 10% of the yolk fat is
absorbed by the chick embryo by E13, whereas from E15
to E21, there was rapid uptake of yolk fat (Yadgary
et al., 2010).The long-chainpolyunsaturated fatty aciddo-
cosahexaenoic acid (22:6) was rapidly utilized from the YS
as compared with all other fatty acids between E15 and
E19 (Maldjian et al., 1995; Yadgary et al., 2014). Docosa-
hexaenoic acid plays a crucial role in the development of
the brain and retina (Anderson et al., 1990), which may
explain its rapid uptake to support an almost doubling of
brain weight from E15 to E19 (Romanoff, 1960).
The most abundant lipoprotein in yolk is very-low-

density lipoprotein (VLDL), which makes up approxi-
mately 66% of the yolk dry matter, whereas cholesterol
makes up approximately 5.2% of total yolk lipids. Acyl-
coenzyme A: cholesterol acyltransferase (ACAT) catalyzes
the esterification of cholesterol with a long-chain fatty acid
to facilitate lipid utilization. The concentration of esterified
cholesterol increased in the YS tissue from E13 to E21,
which allowed packaging in VLDL and transport to the
fetal liver (Noble, 1986).Acyl-coenzymeA: cholesterol acyl-
transferase activity increased 3-fold from E9 to E16 in the
YS tissue of chick embryos (Shand et al., 1993) and 3-fold
from E13 to E22 in the YS of turkey embryos (Ding and
Lilburn, 2000). The observed increase in esterified choles-
terol corresponds with an in increase in ACAT activity.
Proteomic analyses of the chicken egg yolk plasma have

been conducted. Zhu et al. (2020) compared the egg yolk
protein composition of fertilized eggs incubated at 0, 10,
and 18 d. There was high abundance of vitellogenins at
day 10, whichmay play a role in lipid localization and lipid
transportation. Other differentially expressed proteins at
day 10 and 18 were also mainly involved in lipid transport
and lipid localization. Rehault-Godbert et al. (2014) con-
ducted a proteomic analysis of the chicken egg yolk plasma
in fertilized compared with unfertilized eggs after 12 d of
incubation. A number of proteins (e.g., retinol binding
protein 4 and transthyretin) decreased in the yolk of fertil-
ized eggs due to utilization by the developing embryo,
whereas other proteins increased in fertilized eggs (e.g.,
a-fetoprotein), whichmay be from synthesis and secretion
by the YS tissue (Slade and Milne, 1977).
The age of the breeder flock influences egg size, the ra-

tio of yolk to albumen, and the percentage of fatty acids
in the yolk. During the last 7 d of incubation, there is
rapid utilization of the yolk fatty acids, especially doco-
sahexaenoic acid. Recent proteomic analyses have
provided insight into the effects of time of incubation
and fertilization on protein content of the yolk.
Structure and Development of the Yolk Sac
Tissue

The YS tissue is the first extraembryonic membrane
that advances from the embryonic gut starting around
E2 and gradually forms a membrane that encloses the
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yolk content (Romanoff, 1960; Patten, 1971). The YS
tissue consists of 3 cell layers that are laid down in an
orderly progression over the next 3 to 4 d. First, ecto-
dermal cells from the embryo rapidly spread over the
surface of the yolk. Next, endodermal cells spread be-
tween the yolk and the ectodermal cells and form an
epithelial cell layer in contact with the yolk, which plays
an important role in nutrient uptake. Finally, meso-
dermal cells migrate between the ectodermal and endo-
dermal layers, which is the site for erythropoiesis
(Mobbs and McMillan, 1979; Sheng, 2010; Bauer et al.,
2013; Clement et al., 2017). The YS tissue can be
morphologically separated into the area vitellina, which
does not contain the mesodermal layer and thus no blood
vessels, and the area vasculosa, which contains the meso-
dermal layer, blood cells, and blood vessels. From E2 to
E6, there is rapid expansion of the surface area of the
area vasculosa and area vitellina. After E6, the surface
area of the area vasculosa continues to increase until
E12, whereas the surface area of the area vitellina de-
clines (Romanoff, 1960). The area and weight of the
YS tissue reached a peak around E15 and E17 and
then decreased toward hatch (Yadgary et al., 2013).
Because the YS tissue develops from the midgut of the

intestine (Figure 1), it is not surprising that the YS tissue
and intestine share some morphological features (Patten,
1971). The YS tissue contains villus-like structures con-
sisting of a layer of endodermal epithelial cells (EEC)
with blood vessels in the center. A scanning electron
micrograph of the YS at E15 shows villus-like structures
lined with EEC projecting into the yolk (Figure 2). A
cross section of a YS villus shows the EEC surrounding
a central blood vessel (Figure 3). The YS EEC are multi-
functional cells that play roles in both absorption of nutri-
ents and secretion of enzymes and hormones, in contrast
to the different specialized cells lining the intestinal villi
that play a role in absorption (enterocytes) or secretion
(enteroendocrine and goblet cells). On the surface of the
YS EEC are microvilli that increase the surface area for
maximal interaction with the yolk (Mobbs and
McMillan, 1979). This is similar morphologically and
functionally to the microvilli on the epithelial cells of
the intestinal villi. A scanning electron micrograph shows
that at E15, the surface area of EEC is large and micro-
villi structures have begun to form (Figure 4). At E19,
EEC begin to decrease in size while microvilli can be
observed mainly on the edges of the cell surface, whereas
at E21 EEC are smaller in size and the microvilli cover the
entire cell surface. Measurements of 30 EEC per age show
that the average apical surface perimeter decreased by
18.2% from E15 to E21 (Dayan, 2019). This decrease in
YS surface area likely results in a reduction in nutrient
absorption and prepares the YS for internalization into
the abdominal cavity of the chick.
Like the small intestine, the YS tissue forms a barrier

that prevents intercellular transport of large molecules.
Mobbs and McMillan (1981) showed that the apical
junctions between YS EEC prevented the intercellular
passage of tracers such as horseradish peroxidase,
ferritin, and latex spheres. The YS expressed mRNA
for the tight junction proteins occludin, claudin-1, zona
occluden-1, and junctional adhesion molecule-2 (Jia
and Wong, unpublished). These results suggest that
like the small intestine (Awad et al., 2017) there is a
complex of tight junction proteins between YS EEC
that regulates the flow of macromolecules and serves as
a physical barrier to any pathogens.

At the end of the incubation period fromE15 andE17 to
E21, YS weight and YS absorptive area declined and the
YS tissue began to degrade as the EEC senesced
(Yadgary et al., 2013). The EEC changed from a distinct
columnar shape to a less-ordered structure, with degraded
apical membranes resulting in spillage of the cellular con-
tents into the yolk and reduction in nutrient absorption.
During this time, there was downregulation of genes asso-
ciated with cytoskeleton cell structure and intermediate
keratinfilaments (Yadgary et al., 2014). The authors spec-
ulated that this may be the result of apoptosis, although
this has not been experimentally tested.

Preincubation and early embryonic incubation tem-
perature affected development of the YS tissue and up-
take of yolk. Lin et al. (2017) examined the effect of
preincubation at 23.9�C or 29.4�C in combination with
incubation at 37.5�C or 38.1�C from E0 to E5. The
29.4�C preincubation temperature decreased YS weight
at E15 and decreased YS vasculature at E6. It is un-
known why a higher preincubation temperature had a
negative effect on YS weight and YS vasculature. Incu-
bation at 38.1�C from E0 to E5 increased YS vasculature
at E7 compared with 37.5�C.

Suboptimal incubation temperature can affect yolk uti-
lization. Nangsuay et al. (2016) showed that incubation at
38.9�C reduced yolk utilization compared with 37.8�C.
Dayan et al. (2020) showed that at 37.8�Cbroiler embryos
had a 71.7% decrease in their residual yolk percentage
from E15 to E21, whereas embryos incubated at 36.6�C
and 39.3�C showed a lower decrease of 63.8 and 37.2%,
respectively. This reduced yolk absorption and utilization
of egg nutrients by the embryo likely led to lower quality
embryos, hatchlings, and growing chickens (Joseph
et al., 2006; Sahan et al., 2014; Hamidu et al., 2018).

The YS tissue is derived from the midgut of the devel-
oping embryo and consists of 3 cell layers: endoderm,
mesoderm, and ectoderm. The endodermal layer is in
close contact with the yolk and contains villus-like struc-
tures that increase surface area. Endodermal epithelial
cells are connected by a barrier that is likely similar to
the tight junctions between intestinal epithelial cells.
Suboptimal preincubation and incubation temperatures
can affect development of the YS tissue and the utiliza-
tion of yolk. At the end of incubation, the YS tissue be-
gins to degrade as it is internalized into the abdominal
cavity of the chick. Owing to its multicellular and multi-
functional properties, the YS tissue can also serve as a
valuable model for studying cell differentiation.
FUNCTIONAL ROLES OF THE YOLK SAC

Although oviparous and viviparous species are very
different, the YS tissue provides similar multiple



Figure 1. Schematic diagram of a chick embryo at approximately 6 d
of incubation showing the yolk sac connected to the midgut through the
yolk stalk.
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functional roles while the organs of the embryo are devel-
oping and maturing. A recent review about source and
function of the YS during embryogenesis of primates
highlights the pivotal role of the YS as a multifunctional
hub for hematopoiesis, germ cell development and nutri-
tional supply (Ross and Boroviak, 2020). Cindrova-
Davies et al. (2017) used RNA-seq to compare the YS
of human, mouse, and chicken and found that despite
the differences in mammalian and avian development
there is a conservation of function of the YS. Sheng
and Foley (2012) similarly identified conservation of
function in the YS endoderm of chickens and mammals.
In chickens, individual gene and transcriptome analyses
of the YS tissue have been performed to examine tempo-
ral changes. Nakazawa et al. (2011) used DNA microar-
rays to profile developmental changes in the chicken YS
tissue from E2 to E4, whereas Yadgary et al. (2014) used
serial analysis of gene expression to examine gene expres-
sion at later times (E13–E21).
Role of the Yolk Sac in Host Immunity

The egg is naturally protected against pathogens by
structural barriers and innate immune components
(reviewed in Hincke et al., 2019). The albumen contains
Figure 2. Scanning electron micrographs of the chicken yolk sac at embry
into the yolk, X40 magnification. (B) Magnified image of YS villus endoderm
2 major antimicrobial proteins, ovotransferrin, and lyso-
zyme. Ovotransferrin is an iron-binding glycoprotein
that acts as an antimicrobial by sequestering iron neces-
sary for growth of microorganisms and transfers iron to
the embryo (Wu and Acero-Lopez, 2012). Lysozyme
makes up 3.5% of total egg white protein and lyses the
cell wall of some gram-negative bacteria. In addition to
its direct action on the bacterial cell wall, enzymatic hy-
drolysis of lysozyme generates antimicrobial peptides
active against both gram-negative and gram-positive
bacteria (Carrillo and Ramos, 2018). The yolk also con-
tains its own defense against pathogens. During egg for-
mation, antibodies are transferred from the hen to the
egg yolk and provide passive immunity for the devel-
oping embryo (Kovacs-Nolan and Mine, 2012). Little is
known about the role that the YS tissue may play in
providing immune protection for the developing embryo;
however, Zhang and Wong (2019) have shown that the
YS tissue expressed high mRNA levels of avian b-defen-
sin 10 during mid embryogenesis. The avian b-defensins
(AvBD) are short cationic peptides (,100 amino acids)
that possess antimicrobial activity (Cuperus et al., 2013;
Zhang and Sunkara, 2014). The combination of antimi-
crobial peptides in the egg white, maternal antibodies in
the yolk, and synthesis of AvBD by the YS tissue may
constitute a multifaceted defense strategy to counter
any pathogens present in the egg.
The developing chick is dependent on maternally

transmitted antibodies that are deposited into the yolk
for protection against pathogens until it can synthesize
its own antibodies (Kaspers et al., 1996; Kovacs-Nolan
and Mine, 2012). The YS tissue plays an important
role in passive immunity by taking up maternal yolk
immunoglobulin Y antibodies starting around E7 with
a dramatic increase in uptake from E19 to hatch and
by transporting the antibodies intact into the embryonic
circulation through a receptor-mediated transcytotic
process (e.g., Brierley and Hemmings, 1956; Kowalczyk
et al., 1985; West et al., 2004; Tesar et al., 2008).
The YS tissue also forms a biological barrier between

the embryo and any bacteria present in the yolk. Ding
onic day 15. (A) Yolk sac (YS) villus-like structures are seen projecting
al epithelial cells (EEC), X750 magnification (Dayan, 2019).
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Figure 3. Cross section of chicken yolk sac villus observed by light and fluorescent microscopy. (A, B) Sections of the yolk sac (YS) at embryonic
day 10 stained with hematoxylin and eosin at X20 and X40 magnification, respectively. (C, D) Sections stained with 40,6-diamidino-2-phenylindole
(DAPI). The YS villus comprises endodermal epithelial cells (EEC) (B, yellow frames) that surround a central blood vessel (B and D, red frames). The
nuclei of EEC (green arrows) are located at the basolateral part of the cell (Dayan, 2019).
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et al. (2017) have hypothesized that the microbiota
of the embryo is derived from the maternal hen during
the process of egg formation in the oviduct and thus
the yolk would be exposed to these bacteria. Expression
of the 14 AvBD mRNA (AvBD1 to AvBD14) was exam-
ined in the YS tissue from E7 to E19. AvBD1, AvBD2,
AvBD7, and AvBD10 mRNA showed high mRNA
levels, with AvBD10 the greatest. There was a
development-specific expression pattern with low
expression at E7, increased expression between E9 and
E15, and decreased expression at E19 (Zhang and
Wong, 2019). Using in situ hybridization (ISH),
AvBD10 mRNA was found to be highly expressed in
the YS EEC (Figure 5), whereas AvBD1, AvBD2, and
AvBD7 mRNA were expressed in heterophils.
Lactotransferrin binds and transports iron, but also

possesses antimicrobial activity and is considered as
part of the host immune system. Expression of lacto-
transferrin mRNA in the YS tissue was constant from
E13 to E17 and then declined to E21 (Yadgary et al.,
2014).
The YS tissue plays an important role in immunity
while the immune organs of the embryo are developing.
The YS tissue transports maternal antibodies from the
yolk to the embryonic blood to provide passive immu-
nity for the embryo. In addition, the YS tissue plays a
more direct role by producing antimicrobials such as lac-
totransferrin and AvBD10. It is possible that AvBD10
synthesized by the YS tissue is secreted into the embry-
onic circulation to protect the developing embryo.
Role of the Yolk Sac in Nutrient Absorption

Epithelial cells of the YS tissue secrete digestive en-
zymes and mediate the transport of various nutrients,
such as amino acids, carbohydrates, lipids, and minerals
using membrane bound transporter proteins. In many
cases, the mRNA abundance for these transporters has
been assayed by qPCR, which allows quantification
but does not allow for the identification of cells express-
ing these transporters. Because the number of antibodies
to these chicken proteins is limited, there are few studies

mailto:Image of Figure 3|tif
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Figure 4. Scanning electron micrographs of the morphology of chicken yolk sac endodermal epithelial cells (EEC). (A, D) At E15, the surface areas
of endodermal epithelial cells (EEC) are large, with microvilli structures beginning to form. (B, E) At E19, EEC begin to decrease in size while
microvilli appear at the periphery of the cell surface. (C, F) At E21, EEC are smaller and microvilli cover the entire cell surface (Dayan, 2019).
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that have examined protein expression. In a few cases,
cells expressing the mRNA for these transporters have
been identified by ISH.

The expression of selected enzymes and transporters
shows development-specific patterns. The abundance
of the digestive enzyme aminopeptidase N, the neutral
amino acid transporter B0AT, the cationic amino acid
transporter CAT1, the peptide transporter PepT1, and
the monosaccharide transporter GLUT5 showed greater
mRNA abundance during early embryogenesis, which
declined toward hatch (Yadgary et al., 2011; Speier
et al., 2012). By contrast, the anionic amino acid trans-
porter EAAT3 and the sodium glucose transporter
SGLT1 increased toward hatch. Sucrase-isomaltase
mRNA did not change from E11 to day of hatch (doh).
Using transcriptome analysis, Yadgary et al. (2014)
also profiled the expression of many other members of
the SLC gene family. There was increased expression of
EAAT3 and SGLT1 mRNA and decreased expression
of GLUT5, B0AT, and PepT1 mRNA toward hatch.
Sucrase-isomaltase activity was detected in the YS of
chickens (Matsushita, 1986) and proteases have been pu-
rified from the YS tissue of quail (Gerhartz et al., 1997).
Using ISH, expression of PepT1 and SGLT1 mRNA

was localized to the EEC of the YS (Figure 6). PepT1
mRNA was barely detectable in cells at E11, expressed
strongly at E13, E15, and E17, and declined at doh
(Zhang and Wong, 2017). Expression of SGLT1
mRNA in YS EEC was low from E11 to E17, peaked
at E19 and then declined at doh (Zhang et al., 2019).
For both PepT1 and SGLT1, the ISH results paralleled
the gene expression profiles determined by qPCR.
The differential expression of SGLT1, EAAT3, and

PepT1 mRNA may play important roles in the develop-
ment of the embryo. The increased expression of SGLT1
mRNA during late incubation is likely related to an



Figure 5. Developmental expression of the avian b-defensin 10 mRNA in the chicken yolk sac tissue. Avian b-defensin 10 (AvBD10) mRNA was
detected in formalin-fixed, paraffin embedded yolk sac tissue at embryonic day 7 (E7), 11 (E11), 15 (E15), and 19 (E19) by RNAscope in situ
hybridization and revealed as brown dots (Wang et al., 2012). Tissues were counterstained with hematoxylin. The scale bar represents 0.1 mm
(Zhang and Wong, 2019).
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increased need for glucose for the hatching process and is
described further in the section on the role of the YS in
carbohydrate metabolism. The similar rise in EAAT3
mRNA at the end of incubation may be important for
maintaining YS EEC functionality because EAAT3
transports the anionic amino acid glutamate, which is
a major energy source for intestinal EEC (Brosnan and
Brosnan, 2013). Because YS and intestinal EEC share
functionalities, glutamate may also be a key energy
source for YS EEC. For bulk amino acid transport, upre-
gulation of a single peptide transporter such as PepT1,
which can transport most of the 400 dipeptides and
8,000 tripeptides (Wong et al., 2017) would be more effi-
cient than upregulation of multiple amino acid trans-
porters that have individual specificities for anionic,
Figure 6. Expression of peptide transporter PepT1 and sodium glucose
SGLT1 (B) mRNA were detected in formalin-fixed, paraffin embedded yolk
in situ hybridization and revealed as red dots (Wang et al., 2012). Tissues
Zhang et al. (2019)).
neutral, and cationic amino acids. The peak expression
of PepT1 mRNA between E13 and E17 would supply
the high concentration of amino acids necessary for the
rapid growth of the embryo from E12 to hatch
(Freeman and Vince, 1974).

The developmental changes in mRNA expression of
digestive enzymes and transporters in the YS tissue of pi-
geons (Columba livia) has also been reported (Dong
et al., 2012). The abundance of PepT1 mRNA decreased
from E12 to hatch, whereas aminopeptidase N mRNA
increased from E12 to E14 and then declined toward
hatch. By contrast, SGLT1, GLUT2, and SI mRNA
increased from E12 to E16 and then declined at hatch.
Egg weight influenced amino acid transporter gene
expression in the YS tissue of pigeons. Chen et al.
transporter SGLT1 mRNA in chicken yolk sac tissue. PepT1 (A) and
sac (YS) tissue at embryonic days 15 and 19, respectively by RNAscope
were counterstained with hematoxylin (Zhang and Wong (2017) and
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Figure 7. Developmental expression of zinc transporter ZnT1
(SLC22A18) mRNA in chicken yolk sac tissue. (A) Real-time qPCR
relative expression of SLC22A18 in the yolk sac (YS) tissue at embryonic
day 7 (E7), 11 (E11), 15 (E15), and 19 (E19). Letters indicate significant
differences by nonparametric Wilcoxon each5 pair test (P, 0.05). (B)
SLC22A18 mRNA was detected in formalin-fixed, paraffin embedded
YS tissue at E7, E11, E15, and E19 by RNAscope in situ hybridization
and revealed as brown dots (Wang et al., 2012). Tissues were counter-
stained with hematoxylin. Images are magnified 400x. Scale bars
indicate 25 mm (Reicher and Zhang, unpublished).

Figure 8. A schematic diagram showing the multifunctional proper-
ties of the chicken yolk sac tissue. The chicken yolk sac tissue provides
the functions of the intestine, liver, bone marrow, and thyroid, while
the organs of the embryo are developing and maturing.
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(2016) showed that the abundance of CAT2 and PepT1
mRNA in the YS tissue was greater in heavy compared
with light pigeon eggs at E13.

The yolk is a major mineral source for the developing
embryo. The yolk mineral composition can be affected
by maternal environmental temperatures and maternal
diet. Zhu et al. (2017) reported that maternal dietary
Zn supplementation with either inorganic or organic Zn
increased the Zn content in the yolk and high maternal
environmental temperature (32�C) reduced yolk Zn con-
tent compared with the control temperature (21�C). Min-
eral transfer from the yolk to the embryo is mediated by
transporters present in the YS tissue. As an example, the
transfer of calcium and phosphorus from the yolk to the
embryo is essential for embryonic bone development
(Li et al., 2014; Torres and Korver, 2018). Analysis of
the P, Ca, Fe, Zn, Cu, and Mn levels in yolk and albumen
of broiler breeder eggs from 50-week-old breeder hens
showed that the yolk is the major origin of Mn (96.5%)
and P (94.5%) with only 3.5% of Mn and 5.5% of P orig-
inating from the albumen (Yair and Uni, 2011). The
percentage of Fe, Ca, Cu, and Zn in the yolk ranged
from 87.8 to 62.6%. There was rapid uptake of P, Fe,
Zn, Cu, and Mn from the yolk from E11 to E17, after
which there was little uptake from the yolk because
most of the yolk mineral content had been depleted by
E17. By contrast, the uptake of Ca was constant from
E11 to hatch, which may reflect the continuous need for
Ca for bone growth of the embryo. Consistent with these
observed changes in yolk mineral content, Yadgary et al.
(2011) showed that the major sodium phosphate trans-
porter NPT2b mRNA increased from E11 to E20 and
E21. The calcium transporter TRPV6 mRNA initially
decreased from E11 to E13, but then increased from
E13 to E19. Expression of the zinc transporter ZnT-1
(SLC22A18), which is also responsible for the efflux of
Zn out of enterocytes (Tako et al., 2005), declined from
E7 to E19 in YS epithelial cells (Figure 7). This decline
may be due to the almost zero level of Zn in the yolk as
most of the Zn was absorbed from the yolk before E17
(Yair and Uni, 2011).
The YS tissue acts like the intestine for the uptake of

nutrients, which are essential for the growth and devel-
opment of the embryo. The expression profiles of a num-
ber of digestive enzymes and transporters for amino
acids, peptides, monosaccharides, lipids, minerals, and
other molecules have been reported. Expression of
many of these enzymes and transporters in the YS tissue
declines at hatch, when the intestine takes over the role
of nutrient uptake from feed.
Role of the Yolk Sac in Carbohydrate
Metabolism

The observed increase in glucose content in the yolk
near the end of embryogenesis is partially attributed to
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expression of genes involved in glycogenolysis or gluco-
genesis in the EEC. At the time of set, the yolk contained
50 mg of glucose but no glycogen (Yadgary and Uni,
2012). The concentration of glucose in the YS increased
from 2 mg/g on E11 to 6 mg/g on E19, whereas the
glucose concentration in the YS tissue increased slightly
from 8 mg/g on E11 to 9 mg/g on E19. During this same
time (E11–E19), the concentration of glycogen in the YS
increased from 2 mg/g to 25 mg/g, whereas the glycogen
concentration in the YS tissue increased from 10 mg/g to
25 mg/g. At E19, liver glucose concentration was 12 mg/
g and liver glycogen concentration was 20 mg/g. Because
at E19, the weight of the YS tissue was 10-fold that of
the liver, the YS tissue stored greater than 12-fold as
much glycogen as the liver. Between E19 and E21,
glycogen concentration decreased in the YS tissue. The
expression of mRNA encoding glycogen synthase, which
is involved in glycogen synthesis, and glycogen phos-
phorylase, which is involved in glycogen breakdown,
were examined in the YS tissue. Glycogen synthase
mRNA increased from E11 to E21, whereas glycogen
phosphorylase mRNA increased from E11 to E19 and
then declined to E21. This combination would be ex-
pected to lead to an increase in glycogen levels in the
YS tissue. The mRNA encoding the glucogenic enzymes
fructose 1,6-bisphosphatase, phosphoenol pyruvate
carboxykinase, and glucose 6-phosphatase were also
examined in the YS tissue in this study. Although fruc-
tose 1,6-bisphosphatase mRNA showed a decrease and
phosphoenol pyruvate carboxykinase and glucose
6-phosphatase mRNA were relatively unchanged from
E11 to E15, the expression of these genes supported
the role of the YS tissue in glucogenesis.
The YS tissue provides essential carbohydrates during

the late incubation phase. Because the weight of the YS
tissue is more than 10 times that of the embryonic liver,
the YS tissue plays the major role in glycogen storage,
synthesis, and breakdown. Glucose is also synthesized
in the YS tissue by glucogenic enzymes and stored as
glycogen. As hatch approaches, the glycogen-derived
glucose is released, which may be important for the em-
bryo during the hatching process.
Role of the Yolk Sac in Lipid Metabolism

Because the yolk contains a high concentration of
lipids, the YS tissue plays an important role in lipid ab-
sorption and metabolism. Lipids are absorbed by a re-
ceptor mediated endocytotic process (Schneider, 2016).
Approximately half of the lipid content of the yolk was
absorbed between E13 and E17 by both endocytotic
and receptor-mediated uptake mechanisms, which
resulted in lipid accumulation in the YS tissue (Noble
and Cocchi, 1990; Speake et al., 1998). Yoshizaki et al.
(2004) have similarly investigated the uptake of lipids
into the YS tissue during development of quail embryos.
The cellular and molecular mechanism that regulates

the development of nutrient transport competence of
EEC has been described by Bauer et al. (2020). This
competence is mediated by a paracrine interaction of
the EEC with the mesodermal cell layer. Bone morpho-
genetic proteins 4 and 7 produced by ectodermal and
mesodermal cell layers likely initiate a differentiation
program of EEC. The bone morphogenetic proteins pro-
mote the upregulation of endocytic receptor expression
and thereby provide the EEC with the molecular ma-
chinery to produce triglyceride-rich lipoprotein particles.
During this time, there is enhanced expression of LRP2,
amnionless and cubilin, which make up an endocytic
complex and genes involved in lipoprotein synthesis
and transport (Bauer et al., 2013; Yadgary et al., 2014).

Lipase activity and bile acids were detected in the YS
tissue and YS content. Lipase activity in the YS tissue
increased 2-fold from E17 to E21. The level of bile acids
in the YS tissue were constant from E11 to E21, but the
levels increased 5-fold in the YS content from E17 to E21
(Yadgary et al., 2013). These findings suggest that YS
lipids are hydrolyzed in the lipolysosomes into free fatty
acids and glycerol, which are then reesterified to form tri-
glycerides and phospholipids and assembled into VLDL
particles. Powell et al. (2004) had previously shown that
yolk lipid is hydrolyzed and re-esterified during transfer
across the YS tissue. The presence of bile acids in the YS
tissue could serve as an emulsifier of YS lipids to enhance
the action of lipases.

Cholesterol in the yolk is rapidly esterified during the
uptake of lipids. Shand et al. (1993) demonstrated that
increased activity of ACAT, which is also called sterol
O-acyltransferase (SOAT) and decreased activity of cho-
lesteryl hydrolase in the YS tissue promoted the conver-
sion of cholesterol to cholesteryl ester. Wang et al. (2017)
found that SOAT1 mRNA and protein were regulated
by nutrients and hormones through a cAMP-
dependent pathway in the YS tissue of quail.

The YS tissue plays an important role in the intercon-
version of fatty acids by the expression of various lipid
modifying enzymes. For example, expression of D6-desa-
turase and D9-desaturase activities in the YS tissue
resulted in the conversion of linoleic acid to arachidonic
acid and stearic acid to oleic acid, respectively (Noble
and Shand, 1985; Noble and Cocchi, 1990; Peebles
et al., 1999). These desaturases were also used for the
biosynthesis of fatty acids 18:1n-9, 20:4n-6, and 22:6n-
3 during the transfer of yolk lipids across the YS tissue
(Speake and Deans, 2004). Incubation temperature
altered the uptake of fatty acids from the yolk. Yalcin
et al. (2008) reported that eggs treated at 38.5�C for
6 h per day between E10 and E18 resulted in reduced
levels of 18:1n-9 and 18:2n-6, but increased levels of
16:0 in the residual yolk of chicks at hatch. This indi-
cated that there was enhanced uptake of 18:1n-9 and
18:2n-6 and reduced uptake of 16:0 from the yolk in
response to higher incubation temperature.

Fatty acid–binding proteins (FABP) play a role in the
uptake of long-chain fatty acids. In the YS tissue of
chicks, FABP2 mRNA was constant from E13 to E21,
whereas FABP5 mRNA was upregulated from E15 to
E21. In turkeys, the activity of FABP in the YS tissue
was detected as early as E13, with high activity from
E19 to E28 (Ding and Lilburn, 2002).
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The development of primary epithelial cell cultures
will further enhance our understanding of the function
of the YS tissue. Donaldson et al. (1990) cultured chick
YS EEC that formed a polarized confluent epithelium,
made tight junctions, formed apical microvilli, and
showed IgG surface binding. Lin et al. (2016) established
a YS cell culture from Japanese quail and showed that
the EEC accumulated lipid droplets and expressed lipo-
protein lipase and SOAT1 mRNA. These cell lines are
useful models to study embryonic lipid transport.

The YS tissue not only transports lipids but also plays
a role in the metabolism of lipids. The transport of lipids
is regulated by endocytotic and receptor mediated mech-
anisms. The development of lipid transport is mediated
by paracrine cross-talk between EEC and the meso-
dermal layer. The YS tissue expresses lipases and bile
acids, which hydrolyze lipids into free fatty acids for syn-
thesis of triglycerides and phospholipids. In addition, the
YS tissue expresses mRNAs for the esterification of
cholesterol and interconversion of fatty acids by desa-
turases. Thus, extensive modification of lipids occurs in
the YS tissue.
Role of the Yolk Sac in Erythropoiesis

The development of erythropoiesis and the formation
of the vascular network in the YS tissue has been covered
in a number of reviews (Sheng, 2010; Nagai et al., 2018).
The first wave of erythropoiesis produces primitive eryth-
rocytes, whereas the second wave produces definitive
erythrocytes. From E1 to E5, the YS is the sole site for
primitive erythropoiesis. Starting at E4 to E4.5, the YS
generates definitive erythrocytes until about E15,
whereas the bone marrow begins erythropoiesis around
E12 to E13. Guedes et al. (2014) used histological analysis
to demonstrate that the YS tissue was a unique hemato-
poietic site from E4 to E12, whereas both the YS tissue
and liver were sites for hematopoiesis from E13 to E20.
By contrast, Yvernogeau and Robin (2017) demonstrated
using an in vivo transplantation assay that the YS tissue
was not a site for hematopoietic stem cells. In this study,
they transplanted aorta-gonad-mesonephros, YS tissue,
and allantois from an E3 GFP-expressing embryo into
the chorioallantoic membrane of E4 recipients and found
that only aorta-gonad-mesonephros and not YS tissue or
allantois resulted in the presence of GFP-expressing cells
in the blood, spleen, thymus, bursa of Fabricius, and bone
marrow 5 months after transplantation. Definitive eryth-
rocytes proliferate in the YS tissue between E13 and E15
and then migrate to the blood circulation from E15 to
E19 (Yadgary et al., 2014). Using ISH, Zhang and
Wong (2018) identified cells expressing the stem cell
marker Lgr5 (leucine-rich repeat containing G protein-
coupled receptor 5) that was localized to the vascular
endothelial cells lining the blood vessels. These cells
may represent a hematopoietic stem cell population.

The YS tissue plays an essential role in both primitive
and definitive erythropoiesis before the development of
the bone marrow. For the first 5 d of incubation, the
YS is the site of primitive erythropoiesis, with a
transition to definitive erythropoiesis around E4. Near
the end of incubation, there is a shift of the major site
of erythropoiesis from the YS tissue to the bone marrow.

Role of the Yolk Sac in Hepatic Function

During embryogenesis, the YS tissue synthesizes
plasma proteins. The YS tissue is the major site of a-feto-
protein (AFP) synthesis with smaller, but significant
quantities being produced by the liver (Slade and
Milne, 1977). Using transcriptome analysis, Yadgary
et al. (2014) demonstrated that a number of mRNA typi-
cally associated with the liver were expressed in the YS
tissue, such as AFP and albumin. AlbuminmRNA abun-
dance was stable between E13 and E21, whereas AFP
mRNA abundance declined from E15 to E21.
Expression of transthyretin and retinol-binding pro-

tein (RBP) mRNA has been detected in the YS tissue
(Yadgary et al., 2014). Transthyretin (TTR) is a prin-
cipal distributor of thyroid hormone (TH) T4, which is
also known as thyroxine, whereas RBP binds to retinol.
Both TTR and RBP are normally expressed in the liver
and secreted into the blood. In the YS tissue, TTR
mRNA showed decreased expression from E17 to E21,
whereas RBP4 mRNA was stable between E13 and
E21. Thus, the YS tissue plays a key role in mediating
the transport of thyroxine and retinol, which are neces-
sary for normal embryo development.
In addition to its role in glycogen storage and meta-

bolism, the YS tissue provides many of the functions of
the liver. The YS tissue produces the plasma proteins
AFP and albumin, TTR for T4 distribution, and RBP.
There are likely many other proteins to be identified
that are produced by the YS tissue that are normally
associated with the liver.

Role of the Yolk Sac in Regulating
Metabolism

The thyroid gland plays an important role in regu-
lating body metabolism by synthesizing and secreting
various hormones. Expression of key enzymes that
modulate activity of TH was examined in the YS tissue
of Hy-Line embryos (layer strain), from E4 to E21 (Too
et al., 2017). Yolk TH content decreased linearly with
development. Expression of mRNA encoding TTR and
TH-inactivating iodothyronine deiodinase 3 was
detected until the second week of incubation. The
TH-activating deiodinase 2 (DIO2) and transporter of
thyroxine, SLCO1C1, were expressed during the last
week of incubation. This coincided with the marked in-
crease in circulating thyroxine and reduction in YS
weight. The iodothyronine deiodinase 1 (DIO1), which
can remove iodine from inactive TH, was expressed
throughout incubation. Dayan et al. (2020) examined
the effect of incubation temperature on temporal expres-
sion of TTR, DIO1 and DIO2 mRNA in the YS tissue of
Cobb 500 embryos (broiler strain). Transthyretin
mRNA abundance in the YS tissue at the control
(37.8�C), cold (36.3�C), and hot (39.3�C) incubation
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temperatures showed the same pattern which was high
from E5 to E11 with a gradual decrease toward hatch.
The DIO1 mRNA at the control and cold incubation
temperatures showed a similar pattern of a slight in-
crease from E5 to E12 followed by a slight decrease to-
ward hatch, whereas at the hot incubation
temperature, there was an almost constant level. DIO2
mRNA expression from E5 to E21 at the control temper-
ature showed a quadratic decrease, whereas at the cold
and hot temperatures, there was a linear decrease. The
results of Dayan et al. (2020) are not the same as those
reported by Too et al. (2017) and may represent the dif-
ference between broilers and layers, respectively. In
addition, Forrest et al. (1990) showed that the mRNA
encoding both a and b TH receptors were detected in
the YS tissue from E4 to E19. Together, these results
demonstrate that the YS tissue plays a role in mediating
TH transfer from the yolk to the embryo via the extra-
embryonic bloodstream.
Thyroid hormones also play essential roles in regu-

lating the hatching process, such as the time of hatch,
retraction of the YS, and development of the hatching
muscle, intestine, and lungs (de Groef et al., 2013).
The rise in circulating thyroxine levels before hatch coin-
cides with increases in the abundance of the sodium/
iodine symporter, thyroid peroxidase, and thyroglobulin
mRNA from the thyroid gland (Grommen et al., 2011).
It is not clear what percentage of the rise in circulating
T4 is from the YS and from the developing thyroid.
The enzyme 20-hydroxysteroid dehydrogenase modu-

lates the potency of glucocorticoids, such as corticoste-
rone. Rao et al. (2009) showed that a low protein diet
fed to hens resulted in downregulation of 20-
hydroxysteroid dehydrogenase mRNA in the YS tissue
of embryos at E14. Thus, the maternal diet can influence
gene expression in the YS tissue.
The YS tissue acts like the thyroid in the production of

the active TH hormone thyroxine by expressing mRNA
for TH-activating and TH-inactivating enzymes. Incu-
bation temperature can modulate expression of these
deiodinases and thus levels of thyroxine. Because the em-
bryonic chick is poikilothermic or unable to regulate its
own body temperature during incubation, the YS tissue
plays an important role by providing thyroxine for regu-
lating metabolism of the chick.
SUMMARY AND CONCLUSION

Before the development of fully functional organs, the
embryonic chick must rely on the YS tissue to provide
all essential metabolic functions for the growth, develop-
ment, and health of the developing embryo. Because the
YS tissue consists of 3 different cell layers and provides
these functions, it is not just a membrane but amultifunc-
tional organ. The YS tissue acts as 1) an immune organ
by transporting maternal antibodies from the yolk and
expressing the host defense peptide AvBD10, 2) the intes-
tine for digestion of proteins and polysaccharides and
absorption of amino acids, monosaccharides, lipids, and
minerals, 3) the liver for storage of glycogen and
expression of enzymes involved in glycogen synthesis
and breakdown and glucogenesis, as well as the synthesis
of plasma proteins, 4) the bone marrow for both primitive
and definitive erythropoiesis, and 5) the thyroid for syn-
thesis of thyroid hormones that regulate metabolism.
The multiple functions of the YS tissue are illustrated
in Figure 8. The transition of functionality from the YS
tissue to the maturing organs of the embryo occurs in a
coordinated fashion during incubation.
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