
  INTRODUCTION 
  Development and growth of poultry embryos and 

hatchlings are dependent upon the nutrient deposits in 
the fertile egg. The low level of carbohydrates (COH) 
found in fresh eggs (2–3%) provides the energy needed 
for the initial phase of chick embryonic development; 
thereafter, and up to midincubation, protein is utilized 
as an energy source for the developing embryo (Ro-
manoff, 1967; Freeman and Vince, 1974). During the 
last wk of incubation, β-oxidation of yolk-derived fatty 
acids provides the embryo with its main source of fuel 
(Speake et al., 1998). However, during the last 2 to 3 
d of incubation, due to the high energy demand of the 

hatching process and the relatively low availability of 
oxygen, fatty acids cannot supply all of the necessary 
energy (Tazawa et al., 1983; Moran, 2007). The embryo 
is then driven toward anaerobic catabolism of glucose 
that is dependent on the amount of glucose held in the 
glycogen reserves of the liver, kidneys, and muscles and 
on the degree of glucose generated by gluconeogenesis 
from amino acids, glycerol, and lactate (Pearce, 1971; 
Christensen et al., 2001; De Oliveira et al., 2008). 

  Many studies (Ballard and Oliver, 1963; Thommes 
and Firling, 1964; Nelson et al., 1966; Freeman, 1969) 
have examined COH metabolism in the liver of the 
chick embryo and revealed that the liver is responsi-
ble for blood glucose homeostasis. It performs essen-
tial processes involved in COH metabolism and glucose 
supply to the tissues during chicken embryonic develop-
ment, such as glucose synthesis from non-COH precur-
sors (gluconeogenesis), glycogen synthesis (glycogen-
esis), and the breakdown of glycogen (glycogenolysis). 
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  ABSTRACT   Glycogen and glucose concentrations 
(mg/g of tissue) and amounts (mg) were determined 
in the yolks of fertile eggs on the day of set and in 
the yolk sac (YS) and liver of broiler chick embryos 
between 11 and 21 embryonic days of age (E). On the 
day of set, the yolk contained 50 mg of glucose (0.31% 
of yolk) but did not contain glycogen. During incuba-
tion, the amount of glucose in the YS increased from 
20 mg on E11 to 60 mg on E19. A parallel increase 
in YS and liver glycogen concentrations (mg/g) during 
the last week of incubation implied a similar capacity 
for glycogen synthesis per gram of tissue. However, due 
to its larger size, the YS capacity for glycogen storage 
far exceeded that of the liver, which stored less than 
12 mg of glycogen up to E19, as compared with more 
than 200 mg in the YS. Between E19 and 21, liver and 
YS glycogen amounts decreased by 10 mg and 100 mg, 
respectively. These results indicated that the YS is a 
glycogenic and perhaps gluconeogenic organ. We there-
fore evaluated the gene expression of glycogen synthase 

and glycogen phosphorylase as well as gluconeogenic 
enzymes (fructose 1,6-bisphosphatase, phosphoenol-
pyruvate carboxykinase, and glucose 6-phosphatase) in 
the YS membrane and liver by real-time reverse-tran-
scription PCR. Although the YS membrane and liver 
displayed different patterns of mRNA abundance, the 
high abundance of fructose 1,6-bisphosphatase mRNA 
in the YS membrane between E11 and 15, and the ex-
pression of phosphoenolpyruvate carboxykinase and 
glucose 6-phosphatase, supported the postulated gluco-
neogenic abilities of the YS membrane and indicated its 
role in providing glucose to the embryo. Thus, glucose 
is probably synthesized in the YS, stored in the form 
of glycogen, and toward hatch, the YS may have the 
potential to transfer 10 times more glycogen-derived 
glucose to the embryo as compared with the liver. As 
such, the YS may play a major role in the synthesis and 
storage of glucose and its supply to the chick embryo 
toward hatch. 

  Key words:   yolk sac ,  chick embryo ,  gluconeogenesis ,  glycogen ,  gene expression 

 2012  Poultry Science  91 :444–453
doi:  10.3382/ps.2011-01669 

 MOLECULAR, CELLULAR, AND DEVELOPMENTAL BIOLOGY     

  

 Received June 9, 2011.
 Accepted September 24, 2011.
   1   Corresponding author:  uni@agri.huji.ac.il 

© 2012  Poultry Science Association Inc.

444



Based on these data, one of the criterions in assessing 
an embryo’s energetic status has been the measurement 
of liver glycogen levels (Christensen et al., 2001; Uni et 
al., 2005). Low liver glycogen levels have been associ-
ated with prolonged hatching time and with decreased 
BW at hatch (Christensen et al., 1999, 2000).

Only a few studies have examined COH metabolism 
in the extra-embryonic tissues. One such organ is the 
yolk sac (YS) that provides the developing chick em-
bryo with the nutrients required for growth and energy 
(Noble and Cocchi, 1990). During incubation, yolk nu-
trients are transported to the embryo via the endothe-
lial cells of the YS membrane (YSM), the supportive 
and absorptive tissue surrounding the nutrient contents 
of the YS. The nutrients pass from the YS content 
(YSC) to the YSM by receptor-mediated endocytosis 
of lipoproteins (Hermann et al., 2000) and by trans-
porters for peptides, glucose, and minerals (Yadgary et 
al., 2011). Nutrients are then delivered into the blood 
vessels that protrude into the YSM and are transported 
to the embryonic tissues.

The processes of glycogenesis and glycogenolysis have 
been documented in the YS (Thommes and Just, 1964; 
Willier, 1968), but the role of the YS in the supply of 
glucose to the chick embryo has not been fully evalu-
ated. Therefore, we investigated and evaluated the role 
of the YS in comparison to the liver in the synthesis 
and storage of glucose and its supply to the embryo 
during the last week of incubation by 1) measuring 
glucose and glycogen concentration and quantity in 
the YS (i.e., YSM + YSC) and in the liver; and 2) 
evaluating gene expression levels in the YSM and liver 
of 3 key gluconeogenic enzymes [fructose 1,6-bisphos-
phatase (FBP1), phosphoenolpyruvate carboxykinase 
(PEPCK), and glucose 6-phosphatase (G6PC2)] as 
well as of glycerol kinase (GK), glycogen synthase 
(GYS2; the key enzyme involved in glycogen synthe-
sis), and the key enzyme involved in glycogen break-
down—glycogen phosphorylase (PYGL).

MATERIALS AND METHODS

Egg, YS, and Liver Sampling
Fertile eggs (n = 120; mean weight = 60.3 g, SD = 

4.3 g) from 30-wk-old broiler breeder Cobb hens were 
obtained from a commercial breeder farm (Brown, 
Hod Hasharon, Israel). Eight eggs, representative of 
the weight distribution of all 120 eggs, were selected 
for fresh yolk analysis: the fresh yolk was weighed, ho-
mogenized, and stored at −20°C. The remaining eggs 
were incubated in a Petersime hatchery at the Faculty 
of Agriculture of the Hebrew University under stan-
dard conditions (37.5°C, 60% RH, and with automatic 
egg turning). Eggs were candled on d 11 of incubation 
(E11), and unfertilized eggs were removed.

Eight eggs, representing the weight distribution of 
the eggs at set, were selected at E11, 13, 15, 17, 19, 20, 
and 21 (day of hatch; no later than 30 min after hatch). 

The egg, embryo, liver, and YS were weighed. The YSC 
was separated from the YSM, weighed, homogenized, 
and stored at −20°C for COH analyses. A small piece 
of the liver and of the YSM were rinsed in a 0.9% au-
toclaved-saline solution and placed in microcentrifuge 
tubes at −80°C for mRNA analysis. The YSM and liver 
were stored at −20°C for COH analyses.

Glucose Analysis
Samples (0.1 g each) of homogenized fresh yolk, 

YSC, YSM, and liver were transferred to separate mi-
crocentrifuge tubes. Beads were added, along with 1 
mL of distilled water, and the mixture was blended us-
ing a mini bead-beater (Biospec Products, Bartlesville, 
OK). To 2-μL aliquots of the fresh yolk, YSC, YSM, 
and liver homogenates, 300 μL of enzymatic glucose 
reagent (TR-15103, Thermo Electron, Louisville, CO), 
based on the glucose oxidase method (Trinder, 1969), 
were added and incubated for 10 min, after which ab-
sorbance was read at 492 nm in a spectrophotometer 
(TECAN, Sunrise, Austria). A standard curve was gen-
erated using dilutions of a glucose standard solution. 
The concentration of glucose (mg/g as weight of glu-
cose per gram tissue) was determined, and the total 
amounts of glucose in the fresh yolk, YSC, YSM, and 
liver were calculated.

Glycogen Analysis
Glycogen contents were determined by a colorimetric 

method based on the reduction of iodine by the method 
of Dreiling et al. (1987): 0.1 g of homogenized fresh 
yolk, YSC, YSM, and liver were transferred into sepa-
rate microcentrifuge tubes. Beads were added, along 
with 0.5 mL of 8% perchloric acid, and the mixture 
was blended using a mini bead-beater, followed by a 
5-min centrifugation at 15,000 × g at 4°C. The super-
natant was transferred and 0.5 mL of pethrol ether was 
added to it. After the pethrol ether fraction was re-
moved from the mixture, 5 μL from the bottom layer 
was transferred to a 96-well ELISA plate, and 250 μL 
of color reagent (Dreiling et al., 1987) was added. Af-
ter incubation for 10 min at room temperature, the 
absorbance was read at 450 nm. A standard curve was 
generated using dilutions of a glycogen standard solu-
tion. The concentration of glycogen (mg/g as weight 
of glycogen per gram tissue) was determined, and the 
total amounts of glycogen in the fresh yolk, YSC, YSM, 
and liver were calculated.

Total RNA Isolation
The total RNA was isolated from the YSM tissue and 

liver using TRI-Reagent RNA/DNA/Protein Isolation 
Reagent 5 (1 mL/50–100 mg of tissue) according to 
the manufacturer’s protocol (Sigma-Aldrich, St. Louis, 
MO): homogenization of 50 to 100 mg of tissue with 1 
mL of TRI-Reagent, phase separation using chloroform, 
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RNA precipitation using isopropanol, RNA wash using 
75% ethanol, and RNA solubilization with nuclease-free 
water. The RNA concentration was determined spec-
trophotometrically in a Nanodrop ND-1000 (Nanodrop 
Technologies, Wilmington, DE).

Real-Time PCR
The total RNA was reverse-transcribed to comple-

mentary DNA in a 20-μL volume containing 1 μg of 
extracted RNA. Reverse-transcription was carried out 
using the EZ-First Strand cDNA Synthesis Kit for 
reverse-transcription PCR according to the manufac-
turer’s protocol (Biological Industries, Beit Haemek, 
Israel). The reaction was performed at 70°C for 10 
min, followed by 60 min at 42°C and 15 min at 70°C. 
Gene-specific primers were designed using Primer Ex-
press software for SYBR Green detection according to 
the published cDNA sequences for each of the studied 
genes (Table 1). Real-time PCR was performed in a 
Stratagene (Amsterdam, the Netherlands) MX 3000P 
instrument. The 20-μL PCR mixture consisted of 10 μL 
of Platinum SYBR Green qPCRSuperMix (Invitrogen, 
Carlsbad, CA), 5 μL of water, and 1 μL of each prim-
er that was added to 3 μL of the cDNA diluted 1:25. 
All PCR were performed in triplicate in ABgene PCR 
plates closed with Absolute QPCR seals (Thermo Fish-
er Scientific Inc., Waltham, MA) under the following 
conditions: 50°C for 2 min, 95°C for 2 min, 40 cycles of 
95°C for 30 s, and 60°C for 1 min. In addition, to ensure 
amplification of a single product, a dissociation curve 
was determined under the following conditions: 95°C 
for 1 min, 55°C for 30 s, and 95°C for 30 s. Specificity 
of the product was also confirmed by running samples 
on a 1.5% agarose gel, excising for purification using 
the Gel/PCR DNA Fragment Extraction Kit (Geneaid 
Biotech, Bade City, Taiwan), and sequencing (Weiz-
mann Institute of Science, Rehovot, Israel).

Calculations of threshold cycles, amplification effi-
ciencies, and R0 values (the starting fluorescence value 
that is proportional to the relative starting template 
concentration) were performed using the data analy-
sis for real-time PCR Excel workbook (Peirson et al., 
2003): the raw fluorescence data for each of the exam-
ined genes were exported to the Excel workbook, which 
then determined the efficiency of each individual reac-

tion using a linear regression analysis of the fluorescence 
data from the exponential phase of each amplification. 
One-way ANOVA detected no significant difference in 
amplification efficiencies among sampling days; there-
fore, the average efficiency value (arithmetical mean of 
efficiency values of all samples) for each of the genes 
was used for the Ro calculation in each sample. The 
mRNA abundance was normalized for RNA-loading to 
the geometric mean of the internal controls β-actin and 
YWHZ [(Ro target gene/Ro geometric mean of refer-
ence genes) × 100].

Statistical Analysis
All data were subjected to one-way ANOVA. Differ-

ences among means were tested by contrasts using the 
Student’s t-test. Values are presented as means ± 95% 
CI. All statistical analyses were carried out using JMP 
8 software (2007 version; SAS Institute, Cary, NC).

RESULTS AND DISCUSSION

Glycogen Synthesis and Breakdown  
in the YS and Liver

Glycogen concentration (mg/g of wet tissue) and 
amount (mg of total tissue) were examined in the yolk 
of the fertile egg on the day of set (E0) and in the YS 
and liver of broiler chick embryos during incubation. 
Although glycogen was not detected in the yolk on E0, 
it was detected on E11 (Figure 1A). Between E11 and 
19, the YS glycogen concentration increased from 1.2 
mg/g to 23.2 mg/g, respectively (Figure 1A), indicat-
ing that glycogen is synthesized in the YS. Glycogen 
concentration also increased in the liver from 2.1 mg/g 
on E15 to 19.6 mg/g on E19 (Figure 2A). The par-
allel increase in YS and liver glycogen concentrations 
implied a similar capacity for glycogen synthesis per 
gram of wet tissue. However, because the YS weighs 
approximately 20- to 50-fold more than the liver (Fig-
ure 3A,B), its capacity for glycogen storage far exceeds 
that of the liver: between E11 and 19, the calculated 
amount of glycogen stored in the YS increased from 
20 to 240 mg (Figure 1B), respectively, whereas the 
liver stored less than 12 mg of glycogen on E19 (Figure 
2B). Although previous studies have demonstrated the 

Table 1. Primers used for quantitative real-time PCR analysis of gene expression in the yolk sac membrane and liver1 

Target Accession no. 5′ primer 3′ primer

GYS2 XM_416432.2 CATCTGTACACTGTGCCCATGTG TTTGGAGTGACAACATCAGGATTT
PYGL AY271349 CCGTCCTCCATGTTTGATGTG TCTTGATGCGGTTGTACATGGT
FBP1 AJ276212 TTCCATTGGGACCATATTTGG ACCCGCTGCCACAAGATTAC
PEPCK-C M14229 TGCGATGGCTCAGAAGAAGA GAGCCAACCAGCAGTTCTCAT
PEPCK-M J05419 CCGAGCACATGCTGATTTTG ATGGCCAGGTTGGTTTTCC
G6PC2 XM_422017.2 CCTTCACAGACTGACATGGTCATTA ATGAGGGAAATGTGTTGCTATGAAT
GK XM_416788.2 TTCGGTGGCTTTTGGATAATG GTCAAACACCATATGAGCCATGA
β-actin X00182 ATGAATCCGGACCCTCCATT AGCCATGCCAATCTCGTCTT
YWHAZ AJ720155 TGATGTGCTGTCTCTGTTGGA TGATACGCCTGTTGTGATTGC

1The expected size of the amplified fragment was 100 bp for all of the examined genes other than β-actin (124 bp) and YWHAZ (107 bp).

446 YADGARY AND UNI



YS capacity to synthesize glycogen per gram of tissue 
(Thommes and Just, 1964; Willier, 1968; García et al., 
1986), here we show that during chick embryonic de-
velopment, the YS, rather than the liver, is the major 
glycogen storage organ.

Glycogen breakdown provides an essential source of 
glucose for anaerobic metabolism during the hatching 
process (Moran, 2007; De Oliveira et al., 2008). Be-
tween E19 and 21, liver glycogen amounts decreased 
by less than 10 mg (Figure 2B), whereas the amount 
of glycogen in the YS decreased by more than 100 mg 
(Figure 1B). This indicates that close to hatch, the YS 
degrades glycogen and may have the potential to trans-
fer 10 times more glycogen-derived glucose to the chick 
embryo relative to the liver.

It should be noted that although the amount of gly-
cogen in the YS decreased between E19 and 21 (Fig-
ure 1B), its concentration changed only slightly (Figure 
1A). This is due to the extensive uptake of YS nutrients 
(i.e., protein, fat, and water; Yadgary et al., 2010) dur-
ing the last days of incubation. On E19, there was 240 

mg of glycogen (Figure 1B), making up 2.4% of the 
total 10 g of the YS (24 mg/g; Figure 1A); if no nutri-
ents had been absorbed between E19 and 21, then the 
remaining 130 mg of glycogen on E21 would have made 
up 1.3% of the 10 g of the YS (15 mg/g). However, 4 
g of the YS nutrients were absorbed by the embryo be-
tween E19 and 21 (Figure 3A), and the remaining 130 
mg of glycogen (Figure 1B) made up 2.1% of the total 
6 g of the YS (21 mg/g; Figure 1A), and thus almost no 
change in glycogen concentration was observed.

The process of glycogen synthesis in the YS in com-
parison to the liver was further examined by evaluating 
gene expression of the key enzyme involved in glycogen 
synthesis—GYS2. The abundance of GYS2 mRNA in 
the YSM was found to increase between E11 and 21 
(Figure 4A), whereas liver GYS2 mRNA abundance in-
creased between E13 and 17 and then decreased from 
E17 to hatch (Figure 5A). A similar pattern of GYS2 
enzymatic activity in the liver during the same period 
was reported by Ballard and Oliver (1963). The in-
crease in abundance of YSM GYS2 mRNA between 

Figure 1. Carbohydrate levels in the yolk sac (YS; membrane + content), YS membrane (YSM), and YS content (YSC) from embryonic d 
11 to 21 (hatch) with a population of n = 8. (A) Glycogen concentration (mg/g), (B) glycogen amount (mg), (C) glucose concentration (mg/g), 
and (D) glucose amount (mg). Data are expressed as means ± 95% CI. Means (within YS, YSM, and YSC) with different lowercase letters differ 
significantly (P < 0.05) between days.
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E11 and 19 coincides with the increased amount of gly-
cogen in these tissues during that same period (Fig-
ures 1B, 2B). However, the continued increase in GYS2 
mRNA abundance in the YSM between E19 and 21 
(Figure 4A), which might indicate continued synthesis 
of GYS2 enzyme close to hatch, did not coincide with 
the substantial breakdown of glycogen in the YS dur-
ing this period (Figure 1B). It might be that GYS2 
gene expression does not represent the activity of the 
enzyme between E19 and 21; however, the possibility of 
glycogen synthesis and breakdown occurring simultane-
ously in the YSM should be further investigated.

The key enzyme involved in glycogen breakdown 
(PYGL) was also examined in the YSM and liver. 
Abundance of PYGL mRNA in the YSM decreased 
between E13 and 15, increased from E15 to 19, and 
decreased from E19 to 21 (Figure 4B), whereas no sig-
nificant change was observed for liver PYGL mRNA 
abundance during this period (Figure 5B). Adesanya et 
al. (1966), who examined the activity of PYGL enzyme 
in the YSM up to E19, recorded a pattern similar to 

that observed here for the expression of the gene in the 
YSM. The high levels of YSM PYGL gene expression 
and activity on E19 may account for the decrease in 
glycogen amount between E19 and 21 (Figure 1B).

Glucose Synthesis in the YS and Liver
During the initial phase of incubation, glucose is an 

essential source of energy for the developing embryo. 
Accordingly, YS glucose levels decreased between E0 
and 11 (Figure 1C, D). At midincubation, glucose levels 
are low in the egg, and glucose is synthesized from non-
COH precursors (Pearce, 1971; Moran, 2007). Figure 
1C and D shows that YS glucose levels (concentration 
and amount, respectively) increased between E11 and 
19. The increased levels of glucose and the synthesis of 
glycogen in the YS (Figure 1B), which far exceeded the 
amount of COH in the yolk on E0, indicate that glucose 
is synthesized in the YS during embryonic development. 
Although glucose could potentially be transported from 
the liver to the YS, the considerably greater amount 

Figure 2. Carbohydrate levels in the liver from embryonic d 15 to 21 (hatch) with a population of n = 8. (A) Glycogen concentration (mg/g), 
(B) glycogen amount (mg), (C) glucose concentration (mg/g), and (D) glucose amount (mg). Data are expressed as means ± 95% CI. Means with 
different lowercase letters differ significantly (P < 0.05) between days.

448 YADGARY AND UNI



of glycogen in the YS relative to the liver (Figures 1B 
and 2B, respectively) suggests otherwise, and it is more 
likely that the YS is a gluconeogenic organ. To eluci-
date whether glucose is synthesized in the YS, gene 
expression of enzymes involved in gluconeogenesis were 
characterized in the YSM. The YSM tissue was clear-
ly seen to express genes coding for enzymes (FBP1, 
PEPCK, G6PC2) that are exclusive to the process of 
glucose synthesis by gluconeogenesis.

Fructose 1,6-bisphosphatase showed the highest rela-
tive mRNA abundance of all of the genes examined in 
the YSM and liver. The enzyme FBP1 converts fruc-
tose 1,6-bisphosphate into fructose 6-phosphate and is 
the key enzyme controlling the overall rate of gluco-
neogenesis, regardless of the precursors utilized (Pilkis 
and Granner, 1992). Its levels in the YSM decreased 
from the highest relative mRNA abundance on E11 to 
lower levels on E13 and 15 and to lower levels between 
E17 and 21 (Figure 4C), indicating the occurrence of 
intensive gluconeogenesis in the YSM between E11 and 

15. Abundance of FBP1 mRNA in the liver increased 
between E11 and 17 and decreased between E17 and 21 
(Figure 5C), in accordance with previous observations 
of an increase in gluconeogenesis on d 16 and 17 of in-
cubation followed by a decrease toward hatch (Nelson 
et al., 1966; Pearce, 1971). Although the YSM and the 
liver exhibited different FBP1 mRNA abundance pat-
terns, they both indicated high gluconeogenic abilities 
in midincubation.

The gene for the cytosolic form of the enzyme PEPCK 
was expressed in the YSM, with no significant change 
between E11 and 21 (Figure 4D). In the gluconeogen-
esis pathway, PEPCK catalyzes the decarboxylation of 
oxaloacetate to produce phosphoenolpyruvate (Berg et 
al., 2002). Two distinct isoforms of PEPCK have been 
characterized in chickens according to their intracel-
lular location (Watford et al., 1981; Watford, 1985)—
the mitochondrial form (PEPCK-M) that is expressed 
primarily in the liver and whose function is limited to 
gluconeogenesis from lactate and the cytosolic form 
(PEPCK-C) that is expressed primarily in the kidneys 
that function as the major organ for gluconeogenesis 
from amino acids and pyruvate. In the present study, 
the YSM did not express the gene for the mitochondrial 
form of PEPCK, but it did express the gene for the cy-
tosolic form (Figure 4D), suggesting that amino acids 
are greater contributors to gluconeogenesis in the YSM 
than lactate.

The liver expressed both isoforms of the PEPCK 
gene (Figure 5D). Liver PEPCK-C mRNA abundance 
was high on E13 and decreased thereafter, whereas 
PEPCK-M abundance was low on E13 and increased 
thereafter (Figure 5D). Similar results for PEPCK gene 
expression in the liver have been observed by Savon 
et al. (1993). It might be that the chick embryo liver 
first produces glucose from amino acids and then from 
lactate produced by the glycolytic muscles at the end 
of incubation.

One of the final products in the gluconeogenesis path-
way is glucose 6-phosphate that can either be converted 
into glycogen or continue in the gluconeogenic pathway 
to synthesize glucose. The enzyme G6PC2 converts glu-
cose 6-phosphate to free glucose, which is subsequently 
released to the blood (Allred and Roehrig, 1970; Nor-
dlie et al., 1999). In the current study, the gene coding 
for catalytic subunit 2 of G6PC2, which is primarily ex-
pressed in tissues that regulate blood glucose levels (i.e., 
liver and kidney), was expressed not only in the liver 
(Figure 5E) but also in the YSM (Figure 4E), indicat-
ing the latter’s role in providing glucose to the chicken 
embryo. The high expression of the G6PC2 gene close 
to hatch is in accordance with the high G6PC2 protein 
levels previously detected in a histochemical analysis of 
the YSM (Kusuhara and Ishida, 1974).

Glucose 6-phosphatase can also convert glucose 
6-phosphate derived from glycogen breakdown into free 
glucose. Tissues that do not express G6PC2, such as 
the muscles, utilize glycogen-derived glucose 6-phos-
phate for self energy use through the glycolysis path-

Figure 3. Weights of (A) yolk sac (YS; membrane + content), YS 
membrane (YSM), and YS content (YSC) and (B) liver during chick 
embryonic development (n = 8). Data are expressed as means ± 95% 
CI. Means (within liver, YS, YSM, and YSC) with different lowercase 
letters differ significantly (P < 0.05) between days.
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way (Berg et al., 2002). Thus, the high expression of 
G6PC2 in the YSM (Figure 5E) might indicate that 
the extensive glycogen degradation in the YS between 
E19 and 21 (Figure 1B) serves primarily to supply glu-
cose to other embryonic tissues rather than to satisfy 
the energetic needs of the YSM. Further support for 

this hypothesis lies in the low levels of lactate, the end 
product of anaerobic metabolism, in the YSM during 
incubation, as compared with its much higher levels in 
the muscles between E20 and 21 (García et al., 1986).

Possible glucose precursors in the gluconeogenesis 
pathway are amino acids, glycerol, and lactate. As al-

Figure 4. Gene-expression profiles of enzymes involved in glycogenesis, glycogenolysis, and gluconeogenesis in the yolk sac membrane (YSM) 
from embryonic d 11 to 21 (hatch) with a population of n = 4. Relative mRNA abundance of (A) GYS2, (B) PYGL, (C) FBP1, (D) PEPCK-C, 
(E) G6PC2, and (F) GK. Data are expressed as means ± 95% CI. Means with different lowercase letters differ significantly (P < 0.05) between 
days.
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ready mentioned, lactate is probably not a major pre-
cursor of glucose in the YSM but amino acids might 
be, through PEPCK-C. However, another possibility is 
that glycerol, the triglyceride backbone, is an important 
precursor of gluconeogenic glucose in the YSM. Glyc-

erol can be assimilated into either the gluconeogenesis 
pathway or the glycolysis pathway, depending on which 
pathway is predominant at the time. In either case, GK 
is one of the enzymes responsible for this assimilation 
(Berg et al., 2002). We found GK to be expressed in the 

Figure 5. Gene-expression profiles of enzymes involved in glycogenesis, glycogenolysis, and gluconeogenesis in the liver from embryonic d 13 
to 21 (hatch) with a population of n = 4. Relative mRNA abundance of (A) GYS2, (B) PYGL, (C) FBP1, (D) PEPCK-C and PEPCK-M, (E) 
G6PC2, and (F) GK. Data are expressed as means ± 95% CI. Means with different lowercase letters differ significantly (P < 0.05) between days.
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YSM (Figure 4F) and in the liver (Figure 5F). Because 
the glucose levels and gene expression observations 
point to gluconeogenesis, it can be hypothesized that 
glycerol is a precursor for glucose synthesis in the YSM 
as well as in the liver. However, the relative contribu-
tion of glycerol and amino acids to gluconeogenesis in 
the YSM could not be estimated in the current study. 
In a previous study (Sunny, 2008), in which a 13C-mass 
isotopomer tracer analysis was performed of the blood, 
liver, and muscle (but not the YSM), it was concluded 
that glycerol is a major contributor to gluconeogenesis 
during chick embryonic development. A similar tracer 
analysis that includes the YSM is needed to validate 
our findings regarding YSM glucose synthesis and to 
quantify the relative contribution of the major precur-
sors to glucose in the YSM.

Several differences in gene expression pattern and in 
the possible precursors of glucose were found between 
the YSM and the liver. It is possible that the YSM 
shares less similarity in terms of gluconeogenesis gene 
expression with the liver than with the kidneys, which 
also contribute gluconeogenic glucose to the chick em-
bryo, but were not examined in the current study. How-
ever, the decrease in YSM mRNA abundance on the 
last day of incubation of all of the examined enzymes 
other than GYS2 indicates that the functionality of the 
YS as a gluconeogenic and glycogenic organ may end 
at hatch. Nevertheless, the remaining COH stores in 
the residual YS at hatch (Figure 1B) may be supplied 
to the chick until the provision of exogenic diet in the 
brooding house.

Glucose and Glycogen Levels  
in the YSM and YSC

The YS is composed of the YSC that contains the 
nutrients (i.e., fat, protein, water, minerals, and COH) 
and its enveloping structure—the YSM. The YSC nu-
trients are transported to the endothelial cells of the 
YSM, where they are digested, reassembled, and trans-
ported to the embryo via the blood (Speake et al., 1998; 
Hermann et al., 2000). Because COH metabolism may 
require elaborate enzymatic pathways, cell compart-
mentalization and cell regulatory mechanisms (Pilkis 
and Granner, 1992), gluconeogenesis, and glycogenesis 
can only take place in the YSM cells. However, trans-
port of COH is possible between the YSM and YSC. 
Therefore, we also examined COH levels separately for 
each of the 2 YS components (i.e., YSM and YSC).

Although glucose levels in the YSM were higher than 
those in the YSC throughout incubation (Figure 1C, 
D), an increase in the amount of glucose in the YSC 
was observed between E17 and 19 (Figure 1D). Thus, 
the products of gluconeogenesis in the YSM are prob-
ably diverted to glycogen synthesis or to the transport 
of glucose to the blood, and might be transported to a 
lesser extent to the YSC. However, the YSC exhibited 
higher levels of glycogen than the YSM (Figure 1A, B), 

indicating transfer of glycogen from the YSM to the 
YSC. It is possible that glycogen, a branched polymer 
that is unable to pass through cell membranes, is se-
creted into the YSC after endothelial cells of the YSM 
go through a process of apoptosis. Thus, the means by 
which glycogen is transferred to the YSC require fur-
ther investigation.

Previous studies (Esteban et al., 1991; Noy et al., 
1996) have shown that after hatch, YSC nutrients are 
transferred to the hatchling’s tissues not only through 
the YSM but also via the yolk stalk through the intes-
tine. Preliminary studies performed by our group (un-
published data) indicate that YSC nutrients are trans-
ported directly to the intestine of the chick embryo on 
as early as E19, and that glycogen and glucose are pres-
ent in the intestinal lumen content between E19 and 
21. Thus, the glycogen found in the YSC might play 
a role in the provision of glucose to the tissues of the 
embryo and hatchling through the intestine; this would 
explain previous findings regarding gene expression of 
the digestive enzyme sucrase-isomaltase in the intestine 
of the chick embryo (Uni et al., 2003; Tako et al., 2005).

In summary, the increasing COH levels in the YS 
during the last week of incubation, as well as the gene 
expression levels of FBP1, G6PC2, PEPCK-C, and GK 
observed in the present study indicate that glucose is 
synthesized in the YSM from amino acids and glycerol 
through the gluconeogenesis pathway. The YS serves as 
the main organ synthesizing glucose and storing it in 
the form of glycogen, with a quantity 20 times greater 
than that in the liver on 19E. Between E19 and 21, YS 
glycogen is intensively broken down to glucose 6-phos-
phate, which is probably further converted by G6PC2 
to free glucose, and might be subsequently released into 
the blood.

It can be postulated that during the last week of 
chick embryonic development, it is the YS, which pro-
vides most of the nutrients to the embryo, rather than 
the liver, that serves as the major gluconeogenic and 
glycogenic organ. The YS synthesizes and likely stores 
COH for provision to the embryo to be used in the days 
before hatch and during the hatching process as an ad-
ditional source of energy (to β-oxidation of fatty acids) 
and as the major source of energy in the form of COH. 
Further investigation into COH metabolism in the YS 
is needed to fully elucidate the mechanisms involved in 
YS glucose synthesis, glycogen synthesis, and glycogen 
breakdown and to validate our hypothesis that the ma-
jor part of glycogen-derived glucose during incubation 
is released from the YS into the blood for delivery to 
the embryonic tissues.
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