
  INTRODUCTION 
  As feed efficiency and meat yield have increased dra-

matically over the past several decades, the 21-d incu-
bation period of the embryonic chick currently makes 
up approximately one-third of the growing period of the 
market weight broiler chicken. Consequently, factors af-
fecting embryonic nutrition, growth, and development 
are of increasing importance to optimally reach market 
weight. The embryonic chick derives its nutrients from 
the yolk, and after hatch nutrient absorption occurs 
primarily through the small intestine. 

  In the small intestine, proteins are broken down by 
peptidases to yield oligopeptides and free amino acids, 
and carbohydrates are broken down by saccharidases 
to produce monosaccharides (Van Beers et al., 1995; 
Leeson and Summers, 2001; Gilbert et al., 2007). Prod-
ucts of digestion are then passed through the epithelial 
lining of the small intestine and into the blood stream 
via oligopeptide, amino acid, and monosaccharide 
transporters. Amino acids are transported into intesti-
nal epithelial cells either as free amino acids by a vari-
ety of amino acid transporters that have specificity for 
anionic, cationic, or neutral amino acids (Hyde et al., 
2003) or as di- and tripeptides by the H+-dependent 
peptide transporter PepT1 (Daniel and Kottra, 2004; 
Gilbert et al., 2008). Similarly, dietary carbohydrates 
are broken down into monosaccharides by the action 
of saccharidases. The resulting monosaccharides are 
then absorbed by mature enterocytes by the action of 
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  ABSTRACT   Chick embryos derive nutrients from the 
yolk during incubation and transition to intestinal 
absorption of nutrients posthatch. The uptake of nu-
trients is mediated by a variety of membrane-bound 
transporter proteins. The objective of this study was to 
determine the expression profiles of nutrient transport-
ers and digestive enzymes during incubation in the yolk 
sac membrane (YSM) and embryonic intestine of egg-
laying (Leghorn) and meat-producing (Cobb) chickens 
derived from 22 to 30 wk (young) and 45 to 50 wk (old) 
breeder flocks. Transporters examined included the 
peptide transporter PepT1, the glutamate/aspartate 
(EAAT3), cationic (CAT-1) and neutral (B0AT) amino 
acid transporters, and the fructose (GLUT5) and glu-
cose (SGLT1) transporters. Digestive enzymes included 
aminopeptidase N (APN) and sucrase-isomaltase (SI). 
Expression of these genes was assessed by real-time 
PCR using the absolute quantification method in YSM 
at embryonic day (E) 11, 13, 15, 17, 19, 20, and 21 and 
intestine at E15, 17, 19, 20, and 21. The PepT1 and 
APN gene expression in the YSM increased until E15 

and then decreased until E21, whereas expression in the 
intestine increased from E15 to E21. The B0AT showed 
a similar pattern, with greatest expression in the YSM 
occurring at E17/E19. The CAT1 and GLUT5 genes 
showed decreased expression in the YSM and increased 
expression in the intestine until E17/E19 and then a 
decrease until E21. Expression of SGLT1 and EAAT3
showed increased gene expression over time in both the 
intestine and YSM. Expression of SI showed little to 
no gene expression in the YSM, whereas the intestine 
exhibited consistently high levels of gene expression. 
In YSM and intestine, SI expression was greater in 
Leghorn than Cobb, whereas CAT1 and GLUT5 ex-
pression was greater in Cobb than Leghorn. Expres-
sion of the APN, CAT1, and SI genes was greater in 
embryos from young flocks than old flocks in YSM 
and intestine. These results demonstrate that the YSM 
expresses many of the digestive enzymes and nutrient 
transporters typically associated with the intestine and 
that these genes show tissue- and development-specific 
patterns of expression. 
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monosaccharide transporters such as the Na+-glucose 
cotransporter 1 (SGLT1; Hediger and Rhoads, 1994) 
and GLUT5 (Le Gall et al., 2007).

During the first 3 d of development after incubation, 
the gut endoderm arises as the body folds and initially 
consists of the foregut, midgut, and hindgut and the 
yolk sac membrane (YSM) spreads over the yolk. At 
this time and throughout the remainder of develop-
ment, the YSM is continuous with the neonatal small 
intestine (Patten, 1971). The YSM consists of a vascu-
lar system to transport nutrients within the yolk to the 
developing chick (Bellairs and Osmond, 2005). Because 
the YSM has been linked to nutrient transport during 
embryonic growth and many potential substrates for 
nutrient transporters and enzymes reside in the yolk, 
we hypothesized that the YSM would express digestive 
enzymes and nutrient transporters similar to the small 
intestine during embryonic development. Expression of 
the digestive enzymes aminopeptidase N (APN) and 
sucrase isomaltase (SI) and the nutrient transporters 
oligopeptide transporter 1 (PepT1), cationic amino 
acid transporter 1 (CAT1), and the SGLT1 have been 
examined in the YSM and embryonic intestine (Bar-
full et al., 2002; Sklan, 2003; Gilbert et al., 2007; Yad-
gary et al., 2011). In the intestine, expression of APN, 
PepT1, and SGLT1 increased from embryonic day (E) 
18 to day of hatch, whereas CAT1 decreased with age 
(Gilbert et al., 2007). In contrast, in the YSM, expres-
sion of APN, PepT1, and SGLT1 peaked between E15 
and E20 and declined at day of hatch, whereas CAT1 
showed variable expression (Yadgary et al., 2011).

Although gene expression of nutrient transporter 
and digestive enzymes has been evaluated in the in-
testine of growing and adult birds in many studies and 
in the YSM of growing embryonic chicks in prelimi-
nary studies, a coordinate analysis of gene expression 
in the YSM and small intestine is lacking. The objec-
tive of this study was to determine the developmen-
tal expression profiles of the digestive enzymes APN 
and SI, the peptide transporter PepT1, the amino acid 
transporters EAAT3, CAT1, and B0AT, and the mono-
saccharide transporters SGLT1 and GLUT5 in YSM 
and small intestine of embryos from both Leghorn and 
Cobb birds from different-aged flocks. An analysis of 
expression levels of these genes in neonatal intestine 
compared with YSM may help elucidate their role in 
embryonic chick nutrient assimilation and growth and 
show potential differences in growth rate and nutrient 
utilization of embryos from different genetic lines and 
laying flock ages.

MATERIALS AND METHODS

Birds and Tissue Collection
From commercial broilers (Cobb) and layers (Leg-

horn), 224 fertile eggs were incubated simultaneously at 
the hatchery located in the Faculty of Agriculture, He-
brew University, Israel. Eggs were from 22 wk (young) 

and 45 wk (old) Leghorn flocks or 30 wk (young) and 
50 wk (old) Cobb flocks. These ages were chosen to 
adjust for differences in the onset of lay between the 
Leghorn and Cobb breeds. Embryos were killed by cer-
vical dislocation and were treated under approved in-
stitutional animal care and use committee procedures 
at Hebrew University, Israel. Yolk sac membrane was 
collected from 5 to 8 Cobb and Leghorn embryos at 
E11, 13, 15, 17, 19, 20, and 21. Small intestinal tissue 
was sampled from these embryos at E15, 17, 19, 20, 
and 21. For E15 and E17, the entire small intestine 
was sampled, whereas only the duodenum of the small 
intestine was sampled from E19, 20, and 21. At E15 
and 17, the small intestine is too soft to separate into 
individual segments. The tissues were rinsed in PBS, 
flash frozen within cryogenic tubes in liquid nitrogen, 
and stored at −80°C.

Total RNA Extraction
The RNA was extracted from tissue samples using 

the RNeasy kit according to the animal tissue protocol 
(Qiagen, Valencia, CA). The tissues were ground with 
a mortar and pestle with liquid nitrogen. All of the 
samples were ground to a fine powder, placed in new 
cryogenic tubes, and placed back in the −80°C freezer 
for later RNA extraction. The RNA quantity was de-
termined with a Nanodrop 1000 (Thermo Scientific, 
Wilmington, DE) and quality was assessed by a Bio-
analyzer 2100 (Agilent Technologies, Santa Clara, CA).

Real-Time PCR
The absolute quantification real-time PCR assay 

was used to measure digestive enzyme and nutrient 
transporter gene expression. The genes analyzed in-
cluded APN, B0AT, CAT1, EAAT3, GLUT5, PepT1, 
SGLT1, and SI. The methods for generating standard 
curves, reverse transcription, and real-time PCR have 
been described in Gilbert et al. (2007). Briefly, plas-
mids containing amplified chicken cDNA for each gene 
were linearized and then used for in vitro transcription 
(MEGAscript T7 or SP6 in vitro transcription kit, Am-
bion, Austin, TX). The DNA template was removed 
with DNaseI and the cRNA was quantified using the 
RiboGreen assay (Molecular Probes, Eugene, OR). 
The number of cRNA molecules per microliter was cal-
culated and a dilution series of 1010 to 104 molecules 
per microliter was made. The dilution series for each 
standard curve was reverse-transcribed in parallel with 
chick intestinal or yolk sac membrane RNA using the 
high-capacity cDNA archive kit (Applied Biosystems, 
Foster City, CA). All cDNA samples and standards 
were diluted 1:30 using DEPC water before real-time 
PCR analysis. While the plate was set on ice, 2 μL of 
diluted sample or standard RNA were added to each 
well, and 23 μL of real-time PCR master mix [per re-
action: 12.5 μL 2× SYBR Green Master Mix (Applied 
Biosystems); 0.5 μL of forward primer (5 μM) and 0.5 
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μL of reverse primer (5 μM); 9.5 μL DEPC water] were 
added on top and gently mixed. The plate containing 
samples and master mix was loaded into an Applied 
Biosystems 7300 real-time PCR instrument and run 
under the following settings: 95°C hold for 10 min, fol-
lowed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. 
The primers used for real-time PCR were those report-
ed in Gilbert et al. (2007), with the addition of SI for-
ward primer (5′-CGCAAAAGCACAGGGACAGT-3′) 
and SI reverse primer (5′-TCGATACGTGGTGTGT-
GCTCAGTT-3′). Two housekeeping genes, β-actin and 
GAPDH, were also quantified but not included in the 
data analysis because they were not found to be con-
stantly expressed over time.

Statistical Analysis
All data were analyzed by ANOVA using JMP Sta-

tistical Discovery Software from SAS (SAS Institute 
Inc., Cary, NC). The model included all main effects 
of flock age, breed, and embryonic age and all 2- and 
3-way interactions for embryo weight, % embryo weight, 
yolk sac weight, % yolk sac weight, YSM, and small in-
testine. Significant effects and interactions (P < 0.05) 
were further evaluated with Tukey’s test for pairwise 
comparisons.

RESULTS
Expression of nutrient transporters and digestive 

enzymes was quantified in the YSM and intestine of 
Leghorn and Cobb embryos from old and young lay-
ing flocks. The mean egg weights ± SD at set were 
50.92 ± 3.50 g (Leghorn, young flock), 64.50 ± 4.48 g 
(Leghorn old flock), 59.09 ± 4.27g (Cobb, young flock), 
and 70.66 ± 4.38 g (Cobb old flock). Cobb eggs were 
heavier than Leghorn eggs, and eggs from old flocks 
were heavier than eggs from young flocks (P < 0.001). 
The weight of the yolk free embryos is shown in Figure 
1A. Cobb embryos were heavier than Leghorn embryos, 
and for both Cobb and Leghorn, embryos from older 
flocks were heavier than embryos from younger flocks 
(P < 0.001). The percent embryo weight to set egg 
weight is shown in Figure 1B. Overall, for Cobb, there 
was no difference between % embryo weight between 
young and old flocks, but in Leghorn, the % embryo 
weight was greater in embryos from young flocks than 
old flocks (P < 0.05). The yolk sac weight is shown in 
Figure 1C. For both Cobb and Leghorn, the yolk sac 
weight in eggs from old flocks was greater than that in 
young flocks (P < 0.0001). The yolk sac weight relative 
to set egg weight is shown in Figure 1D. The % yolk sac 
weight was greater in Cobb than Leghorn and greater 
in eggs from old flocks compared with young flocks (P 
< 0.0001).

Absolute quantification of nutrient transporter and 
digestive enzyme mRNA per nanogram of total RNA 
was measured. The mRNA abundance in YSM and 
intestine was analyzed separately for interactions be-

tween breed, flock age, and embryonic age. A summary 
of data including main effects and interaction effects 
are shown in Tables 1 and 2 for the small intestine 
and YSM, respectively, with separate rows for breed, 
flock age, and embryonic age. There was a main effect 
of breed in the small intestine and YSM of embryonic 
chicks, with greater B0AT, CAT1, GLUT5, and SGLT1 
expression in Cobb than in Leghorn and greater SI ex-
pression in Leghorn than in Cobb in the small intes-
tine. In YSM, there was greater CAT1 and GLUT5 
expression in Cobb than in Leghorn and greater APN, 
EAAT3, SI, and SGLT1 in Leghorn than in Cobb. Flock 
age had a main effect on gene expression. Embryos 
from young flocks (22–30 wk) had greater expression of 
APN, EAAT3, CAT1, and SI compared with embryos 
from old flocks (45–50 wk) in the small intestine. In 
YSM, embryos from young flocks had greater expres-
sion of APN, PepT1, CAT1, and SI than embryos from 
old flocks and greater expression of B0AT and SGLT1 
in embryos from old flocks than young flocks.

Aminopeptidase N is a digestive enzyme that cleaves 
N-terminal amino acids from proteins and provides 
substrate for amino acid transporters such as B0AT. 
The APN gene expression in the embryonic YSM and 
small intestine ranged from 60,000 to 500,000 mRNA 
molecules per nanogram of total RNA (Figure 2A,B). 
For both the Cobb and Leghorn breeds, APN gene ex-
pression in the YSM increased initially, peaked between 
E13 and 15, and then decreased to low levels toward 
the end of incubation, whereas in the small intestine, 
expression increased from E15 to 21. There was a 3-way 
interaction of embryonic age by breed by flock age (P 
< 0.001) in the YSM for APN gene expression. In this 
interaction, on E15, YSM tissue of embryos from young 
flocks of Cobb birds had greater APN gene expres-

Figure 1. Mean embryo yolk-free BW (g) ± SEM (A); percent 
embryo weight to set egg weight ± SEM (B); yolk sac weight (g) ± 
SEM (C); and percent yolk sac to set egg weight ± SEM (D) was de-
termined for Leghorn embryos from a young (LY) and old (LO) flock 
and Cobb embryos from a young (CY) and old (CO) flock. Embryos 
were collected at embryonic d 11, 13, 15, 17, 19, 20, and 21 (n = 5–8).
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sion than YSM tissue of embryos from old flocks of 
Cobb birds, whereas Leghorn embryos from either flock 
age did not have significantly different APN expres-
sion levels. On E19, YSM tissue of embryos from young 

flocks of Leghorn birds had significantly higher APN 
expression than YSM from Leghorn embryos from old 
flocks and YSM from Cobb embryos from young and 
old flocks.

Table 1. Main effects (molecules of mRNA/ng of total RNA) and interactions of variables within chick nutrient transporter and 
digestive enzyme gene expression in the small intestine 

Item

Gene

APN B0AT PepT1 EAAT3 CAT1 SI SGLT1 GLUT5

Breed         
 Cobb 313,587 805 773 320 628 3,337 1,889 154
 Leghorn 300,291 489 681 337 371 4,703 1,597 89
 SEM 11,573 61 58 12 31 137 156 5
 P-value 0.203 <0.001 0.263 0.792 <0.001 <0.001 0.044 <0.001
Flock age         
 Old 288,585 628 706 306 449 3,674 1,661 121
 Young 325,380 668 748 350 558 4,357 1,822 124
 SEM 11,463 65 59 12 34 146 158 6
 P-value 0.013 0.687 0.305 0.005 <0.001 0.001 0.352 0.333
Embryonic age1         
 E15 146,548 78 110 233 491 2,983 473 88
 E17 306,032 268 243 387 762 4,689 833 117
 E19 336,875 399 839 315 656 4,018 1,136 194
 E20 400,115 747 803 374 355 4,269 1,539 106
 E21 359,400 1,729 1,640 345 222 4,235 4,727 102
 SEM 13,390 47 45 17 45 216 98 7
 P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2-way interaction P-value2

 B × F 0.162 0.370 0.473 0.811 <0.001 0.179 0.044 0.531
 B × E 0.295 <0.001 0.057 0.574 0.005 0.151 0.090 <0.001
 F × E 0.478 0.141 0.610 0.493 0.318 0.357 0.820 0.177
3-way interaction P-value2

 B × F × E 0.348 0.473 0.373 0.001 0.477 0.524 0.088 0.022
1E = embryonic day.
2For the interactions, B, F, and E represent the main effect of breed, flock age, and embryonic age, respectively.

Table 2. Main effects (molecules of mRNA/ng of total RNA)and interactions of variables within chick nutrient transporter and diges-
tive enzyme gene expression in the yolk sac membrane 

Item

Gene

APN B0AT PepT1 EAAT3 CAT1 SI SGLT1 GLUT5

Breed         
 Cobb 225,267 320 919 350 140 23 499 266
 Leghorn 245,857 316 945 449 128 144 753 148
 SEM 13,534 27 59 17 11 51 32 11
 P-value 0.008 0.117 0.062 <0.001 0.016 0.008 <0.001 <0.001
Flock age         
 Old 223,260 292 890 396 123 21 700 214
 Young 247,630 206 974 403 145 247 551 200
 SEM 13,520 27 59 18 11 44 33 12
 P-value 0.002 <0.001 0.011 0.906 0.010 0.016 <0.001 0.653
Embryonic age1         
 E11 300,815 115 531 189 279 10 464 368
 E13 411,103 162 1,791 241 304 22 405 315
 E15 461,344 363 1,790 342 150 8 520 274
 E17 166,366 579 697 385 49 4 439 201
 E19 95,487 643 394 428 43 269 549 163
 E20 99,056 318 386 586 53 23 982 79
 E21 83,642 56 711 618 51 573 1,005 42
 SEM 13,347 34 64 26 13 59 48 15
 P-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
2-way interaction P-value2

 B × F 0.946 0.004 0.670 0.665 0.003 <0.001 0.495 <0.001
 B × E <0.001 0.004 <0.001 0.006 0.019 0.003 <0.001 0.023
 F × E 0.001 <0.001 0.001 0.029 0.446 0.686 <0.001 <0.001
3-way interaction P-value2

 B × F × E <0.001 <0.001 0.001 <0.001 0.104 0.025 <0.001 <0.001
1E = embryonic day.
2For the interactions, B, F, and E represent the main effect of breed, flock age, and embryonic age, respectively.
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The amino acid and oligopeptide transporters B0AT, 
PepT1, EAAT3, and CAT1 are membrane-bound pro-
teins that transport neutral amino acids, oligopeptides, 
anionic and cationic amino acids, respectively, into the 
intestinal enterocyte. The nutrient transporter B0AT 
is a brush-border membrane protein that transports 
neutral amino acids into the intestinal enterocyte. The 
B0AT gene expression in the embryonic YSM and small 
intestine ranged from 35 to 2,575 mRNA molecules per 
nanogram of total RNA (Figure 2C,D). For both the 
Cobb and Leghorn breeds, B0AT gene expression in the 
YSM was initially low and increased gradually, peaked 
in expression between E17 and 19, and then decreased 
to low levels at E21, whereas gene expression in the 
small intestine increased from E15 to 21. There was a 
3-way interaction of breed by flock age by embryonic 
age (P < 0.001) in the YSM for B0AT gene expression. 
In this interaction, on E15 and 20, YSM of embryos 
from young flocks of Leghorn birds had greater B0AT 
gene expression than YSM tissue of Leghorn embryos 
from old flocks, whereas Cobb embryos from young 

flocks did not differ significantly in B0AT expression 
levels from Leghorn or Cobb embryos from old flocks. 
On E19, YSM tissue of embryos from old flocks of Cobb 
birds had greater B0AT expression than YSM tissue 
of embryos from old flocks of Leghorn birds, whereas 
B0AT expression in YSM tissue from Cobb embryos did 
not differ significantly within flock ages or from YSM 
tissue of embryos from young flocks of Leghorn birds.

The peptide transporter PepT1 is a brush-border 
membrane protein that transports luminal di- and tri-
peptides into the intestinal enterocyte. The PepT1 gene 
expression in the embryonic YSM and small intestine 
ranged from 50 to 2,500 mRNA molecules per nano-
gram of total RNA (Figure 2E,F). For both the Cobb 
and Leghorn breeds, PepT1 gene expression in the 
YSM increased initially, peaked between E13 and 15, 
and then decreased to low levels toward the end of in-
cubation, whereas in the small intestine, expression in-
creased from E15 to 21. There was a 3-way interaction 
of breed by flock age by embryonic age (P < 0.001) in 
the YSM for PepT1 gene expression. In this interaction, 
on E11, YSM of embryos derived from young flocks had 
higher PepT1 gene expression in Cobb embryos than 
Leghorn embryos. On E15, YSM from Cobb embryos 
derived from old flocks had lower expression than all 
other embryonic YSM. Also, on E21, YSM of embryos 
derived from young flocks of Leghorn birds had higher 
PepT1 expression than Leghorn embryos derived from 
old flocks.

The amino acid transporter EAAT3 is a brush-border 
membrane protein with a high affinity for glutamate 
and aspartate. The EAAT3 expression in the embry-
onic YSM and small intestine ranged from 175 to 700 
mRNA molecules per nanogram of total RNA (Figure 
3A,B). For both the Cobb and Leghorn breeds, EAAT3 
gene expression in the YSM increased from E11 to 21 
with a more rapid increase near the end of incubation, 
whereas gene expression in the small intestine increased 
gradually from E15 to 21. There was a 3-way interac-
tion of breed by flock age by embryonic age (P < 0.001) 
in the YSM for EAAT3 gene expression. On E15, YSM 
tissue of embryos from old flocks had greater EAAT3 
gene expression in Leghorn embryos than Cobb embry-
os. On E19, YSM tissue of embryos from young flocks 
of Leghorn birds had greater EAAT3 expression than 
YSM of embryos from old flocks of Leghorn birds and 
Cobb embryos from young and old flocks. There was 
also a 3-way interaction (P = 0.001) in the small intes-
tine for EAAT3 gene expression. On E20, small intes-
tinal tissue from embryos derived from young flocks of 
Leghorn birds had greater gene expression than small 
intestinal tissue from embryos derived from old flocks 
of Leghorn birds.

The basolateral protein CAT1 transports cationic 
amino acids out of the intestinal enterocyte. The CAT1 
gene expression in the embryonic YSM and small in-
testine ranged from 30 to 1,275 mRNA molecules per 
nanogram of total RNA (Figure 3C,D). For both the 
Cobb and Leghorn breeds, CAT1 gene expression in 

Figure 2. The number of molecules per nanogram of mRNA in 
the small intestine and yolk sac membrane (YSM) of Leghorn and 
Cobb chicks was quantified by real-time PCR for amino peptidase N 
(APN), neutral amino amino acid transporter (B0AT), and peptide 
transporter 1 (PepT1). Tissues were from embryos derived from young 
and old laying flocks of each bird breed at embryonic d 11, 13, 15, 17, 
19, 20, and 21 (n = 5–8). There were 3-way embryonic age × flock age 
× breed interactions for APN (P < 0.001), B0AT (P < 0.001), and 
PepT1 (P = 0.001) for the YSM. There was a breed by embryonic age 
interaction (P < 0.001) for intestine. IY = small intestine/young flock, 
YY = YSM/young flock, IO = small intestine/old flock, YO = YSM/
old flock (embryonic tissue/embryo from laying flock age).
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the YSM decreased gradually to E17 and had very low 
expression levels thereafter, whereas gene expression in 
the small intestine was much greater than in the YSM 
and increased initially after E15, peaked between E17 
and 19, and then decreased toward the end of incuba-
tion. An embryonic age by breed interaction was ob-
served for the YSM (P = 0.019) and small intestine (P 
= 0.005). In the small intestine, CAT1 gene expression 
was greater in Cobb embryos than Leghorn embryos 
on E17. There was a breed by flock age interaction for 
CAT1 gene expression for the YSM (P = 0.003) and 
small intestine (P < 0.001). In both tissues, gene ex-
pression in embryos derived from young flocks of Cobb 
birds was greater than gene expression in all other em-
bryos.

Like proteins, carbohydrates must be broken down by 
digestive enzymes, such as sucrase-isomaltase, to yield 
monosaccharides that can be transported through the 
enterocyte via sugar transporters, such as SGLT1 and 
GLUT5. Sucrase-isomaltase is a digestive enzyme that 
cleaves sucrose and isomaltose to yield glucose. The SI 
gene expression in the embryonic YSM and small in-
testine ranged from undetectable to 6,000 mRNA mol-
ecules per nanogram of total RNA (Figure 4A,B). For 
both the Cobb and Leghorn breeds, SI gene expression 
in the YSM was very low throughout incubation with 
some increased expression right before hatch. The SI 
expression in the small intestine was on average 20-

fold higher than YSM expression and increased from 
E15 to 17 and then remained constant from E17 to 21. 
There was a 3-way interaction of breed by flock age by 
embryonic age (P = 0.025) in the YSM for SI gene ex-
pression. On E21 of development, YSM from embryos 
of young flocks of Leghorn birds had greater SI expres-
sion than YSM from all other embryos and YSM from 
Cobb embryos had greater gene expression in embryos 
derived from young flocks than embryos derived from 
old flocks.

The sugar transporter SGLT1 is a brush-border mem-
brane protein that transports glucose into the intestinal 
enterocyte. The SGLT1 gene expression in the embry-
onic YSM and small intestine ranged from 270 to 6,000 
mRNA molecules per nanogram of total RNA (Figure 
4C,D). For both the Cobb and Leghorn breeds, SGLT1 
gene expression in the YSM was low with a slight in-
crease at the end of incubation, whereas SGLT1 expres-
sion in the small intestine showed a gradual increase 
from E15 to 20 and a rapid rise from E20 to 21. There 

Figure 3. The number of molecules per nanogram of mRNA in 
the small intestine and yolk sac membrane (YSM) of Leghorn and 
Cobb chicks was quantified by real-time PCR for excitatory amino 
acid transporter 3 (EAAT3) and cationic amino acid transporter 1 
(CAT1). Tissues were from embryos derived from young and old laying 
flocks of each bird breed at embryonic d 11, 13, 15, 17, 19, 20, and 21 
(n = 5–8). There were 3-way embryonic age × flock age × breed inter-
actions for EAAT3 in both the YSM (P < 0.001) and intestine (P = 
0.001). For CAT1, there were breed by flock age interactions for YSM 
(P = 0.003) and intestine (P < 0.001), as well as breed by embryonic 
age interactions for YSM (P = 0.019) and intestine (P = 0.005). IY 
= small intestine/young flock, YY = YSM/young flock, IO = small 
intestine/old flock, YO = YSM/old flock (embryonic tissue/embryo 
from laying flock age).

Figure 4. The number of molecules per nanogram of mRNA in the 
small intestine and yolk sac membrane (YSM) of Leghorn and Cobb 
chicks was detected by real-time PCR for sucrase isomaltase (SI), 
sodium-glucose cotransporter 1 (SGLT1), and glucose transporter 5 
(GLUT5). Tissues were derived from embryos from young and old lay-
ing flocks of each bird breed at embryonic d 11, 13, 15, 17, 19, 20, and 
21 (n = 5–8). There were 3-way breed by embryonic age by flock age 
interactions in the YSM for SI, SGLT1, and GLUT5. In the intestine, 
there was a 3-way breed by flock age by embryonic age interaction for 
GLUT5. IY = small intestine/young flock, YY = YSM/young flock, 
IO = small intestine/old flock, YO = YSM/old flock (embryonic tis-
sue/embryo from laying flock age).
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was a 3-way interaction of breed by flock age by em-
bryonic age (P < 0.001) in the YSM for SGLT1 gene 
expression. On E19, YSM from embryos derived from 
young flocks of Cobb birds had lower gene expression 
than YSM from embryos derived from young flocks of 
Leghorn birds and old flocks of Cobb birds. There was 
a breed by flock age interaction for SGLT1 gene expres-
sion for the small intestine (P = 0.044). In this interac-
tion, small intestinal tissue from embryos derived from 
old flocks had greater gene expression in Cobb embryos 
than in Leghorn embryos.

The monosaccharide transporter GLUT5 is a brush-
border membrane protein that transports fructose into 
the intestinal enterocyte. Gene expression of GLUT5 in 
the embryonic YSM and small intestine ranged from 25 
to 500 mRNA molecules per nanogram of total RNA 
(Figure 4E,F). For both the Cobb and Leghorn breeds, 
GLUT5 gene expression in the YSM decreased to low 
levels from E11 to 21, whereas expression in the small 
intestine peaked around E19 and then decreased at the 
end of incubation. There was a 3-way interaction of 
breed by flock age by embryonic age in the YSM (P < 
0.001) and small intestine (P = 0.022) for GLUT5 gene 
expression. On E13, YSM from embryos derived from 
old flocks of Cobb birds had greater GLUT5 gene ex-
pression than YSM derived from Leghorn embryos. On 
E15, both YSM and small intestinal tissue from Leg-
horn embryos had lower gene expression than tissues 
from embryos derived from young flocks of Cobb em-
bryos. On E17, 19, and 21, YSM tissue from embryos 
derived from old flocks of Cobb embryos had greater 
gene expression than YSM from other embryos and 
small intestinal tissue from Cobb embryos had greater 
gene expression than small intestine from Leghorn em-
bryos. On E20, YSM tissue from embryos derived from 
old flocks of Leghorn birds had lower gene expression 
than YSM from other embryos.

DISCUSSION
The transport of nutrients into and out of intestinal 

enterocytes is necessary for nutrient assimilation and 
growth of the animal. At the brush-border membrane, 
several proteases act to break down proteins and pep-
tides into free amino acids and small peptides, which are 
then transported into cells by amino acid and peptide 
transporters. Similarly carbohydrates are broken down 
by carbohydrases to yield monosaccharides, which are 
then transported into cells by monosaccharide trans-
porters. We hypothesized that the YSM would serve a 
similar function during embryogenesis and thus would 
express many of the digestive enzymes and nutrient 
transporters typically associated with the intestine. 
In this study, the digestive enzymes (APN, SI), amino 
acid and peptide transporters (B0AT, EAAT3, CAT1, 
PepT1), and monosaccharide transporters (SGLT1, 
GLUT5) showed a diverse array of developmental gene 
expression profiles in the YSM and neonatal small in-
testine. All genes had a tissue by embryonic day interac-

tion. Although the YSM and embryonic small intestine 
are a continuous entity throughout development, their 
roles in nutritional assimilation differ significantly, and 
thus it is not unexpected that their expression profiles 
differed.

Aminopeptidase N, B0AT, and PepT1 showed similar 
expression profiles in the neonatal small intestine and 
YSM, with a gradual increase in the intestine from E15 
to 21 and an expression peak during late embryogenesis 
in the YSM. Coordinate expression of these genes would 
provide both free amino acids and di- and tripeptides 
to the developing embryo either from the yolk or the 
intestine. The digestive enzyme APN cleaves neutral 
amino acids from the N-terminus of proteins and thus 
provides substrate for neutral amino acid transporters, 
such as B0AT (Kania et al., 1977; Drag et al., 2010). 
Gilbert et al. (2007) observed developmental regula-
tion of nutrient transporters and APN in broiler small 
intestine and found APN mRNA abundance to be the 
greatest of all studied genes, comparable to housekeep-
ing genes such as GAPDH and β-actin. In the current 
study, APN exhibited the greatest expression level of 
the genes studied in both the developing small intes-
tine and YSM, which would provide a constant supply 
of amino acids available for transport. Overall, APN 
expression in the small intestine increased 2-fold from 
E15 to 21, which could be in response to amnion con-
sumption or a genetically, hard-wired event to prepare 
the chick for feed. In the YSM, highest levels of APN 
occurred at E13 or 15 and decreased thereafter, indicat-
ing that gene activity diminishes as yolk contents are 
used up. Yadgary et al. (2011) also found peak YSM 
expression levels of APN to occur at E17. Expression 
of B0AT, the Na+-dependent neutral amino acid trans-
porter, was found to increase with age in the chicken 
small intestine, with greatest mRNA expression in the 
ileum (Gilbert et al., 2007). Similarly, the current study 
showed that B0AT expression increased from E15 to 
21 in the small intestine, whereas in the YSM, B0AT 
gene expression peaked at E17/E19. Similar to what 
was found in the current study, PepT1 gene expres-
sion in studies performed by Gilbert et al. (2007) and 
Chen et al. (2005) showed a linear increase from E16/
E18 to day of hatch. In the YSM, expression of PepT1 
followed a similar pattern to APN and B0AT. Yadgary 
et al. (2011) also found this pattern in chick YSM, 
with PepT1 expression levels increasing about 3-fold in 
the middle of incubation, and then decreasing toward 
hatch.

The EAAT3 transporter provides intestinal entero-
cytes with glutamate, the amino acid that fuels cellular 
processes and is the main form of energy for enterocytes 
(Iwanaga et al., 2005). The increase in expression levels 
of EAAT3 from E15 to 21 is consistent with the increase 
in the small intestine reported by Gilbert et al. (2007) 
from E18 to day of hatch. The EAAT3 gene expression 
in the YSM increased from E11 to 21. Because EAAT3 
activity is essential to transport glutamate, upregula-
tion may help ensure that the glutamate made avail-
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able by digestive enzymes is transported out of the yolk 
and that, like intestinal entrocytes, the YSM may also 
use glutamate as an energy source. Expression levels of 
the basolaterally expressed cationic amino acid trans-
porter CAT1 in the YSM were significantly lower than 
the small intestine and diminished late in incubation. 
The CAT1 gene peaked in expression levels at E17 and 
19 for the Cobb and Leghorn breeds, respectively. Gil-
bert et al. (2007) reported similar findings, with CAT1 
expression levels peaking at E18 and decreasing there-
after. Yadgary et al. (2011) found a similar decrease for 
CAT1 starting in the middle of incubation. Vasculariza-
tion of the yolk sac increases throughout development 
until the yolk stores are mostly absorbed around E19 
(Bellairs and Osmond, 2005). Once the yolk stores are 
depleted, the need for basolateral nutrient transporters 
may diminish, leading to downregulation of associated 
genes. Because CAT1 is a basolateral transporter in 
the intestine, it may be more active earlier than brush-
border membrane transporters, such as EAAT3 and 
B0AT, as it is essential to transport amino acids from 
the blood into the developing small intestine.

The enzyme sucrase-isomaltase was expressed at 
much greater levels in the small intestine than the YSM 
throughout development. In the current study and in 
the YSM study performed by Yadgary et al. (2011), SI 
expression in the YSM was minimal early in incubation 
and showed some increase toward the end of incubation. 
Yadgary et al. (2010) determined that carbohydrate 
levels are low in the yolk but increase 4-fold between 
E13 and 19. As carbohydrate levels increase, activation 
of the SI gene may be necessary to initiate digestion of 
the molecules to generate substrates for the monosac-
charide transporters. In the small intestine, there was 
a 50% increase in expression level from E15 to 17 and 
high levels of expression were maintained thereafter. 
Sklan (2003) reported a similar increase in SI in em-
bryonic chicks at E19 of development. To prepare for 
a high-starch diet posthatch, chicks need to induce SI 
early in development. Expression at the apical mem-
brane allows for the degradation of carbohydrates into 
sugars, which can then be transported into the cell and 
blood stream via sugar transporters such as SGLT1 and 
GLUT5 (Van Beers et al., 1995). In the current study, 
the sodium-dependent glucose cotransporter, SGLT1, 
showed a 10-fold increase in mRNA from E15 to 21 in 
the small intestine. Gilbert et al. (2007) found a similar 
9-fold increase from E18 to 21. As Na+-glucose cotrans-
port is already detectable toward the end of incubation 
(Barfull et al., 2002), increases in expression of SGLT1 
and similar transporters must occur earlier to prepare 
for the absorption process. Accompanying the increase 
in carbohydrate abundance in the yolk toward the end 
of incubation, SGLT1 gene expression in the YSM in-
creased at the end of incubation but declined just be-
fore hatch (Yadgary et al., 2011). The GLUT5 fructose 
transporter was expressed at much lower abundance 
than SGLT1 in the intestine, ranging from 4-fold lower 
at E15 to 40-fold lower at E21. Although Gilbert et al. 

(2007) found that GLUT5 began to rise posthatch, the 
low levels during incubation indicate that GLUT5 is 
likely less active as a sugar transporter in the intestine 
during neonatal development than other sugar trans-
porters, such as SGLT1. In the YSM, GLUT5 expres-
sion levels were at their highest at E11 and decreased 
throughout incubation. Although carbohydrate levels 
increase in the yolk until E19 (Yadgary et al., 2010), 
the current study demonstrates that glucose produc-
tion and transport is of primary importance. Quantify-
ing expression of the basolateral glucose transporter, 
GLUT2, could further elucidate the process of sugar 
transport during embryonic development.

Flock age affected the expression of some genes dur-
ing development. Expression of APN, EAAT3, CAT1, 
and SI was greater in the intestine of embryos from 
young flocks than old flocks. In the YSM, APN, PepT1, 
CAT1, and SI were expressed greater in embryos from 
young flocks, whereas B0AT and SGLT1 were expressed 
greater in embryos from old flocks. Embryos from 
young flocks are smaller than those from old flocks and 
thus may need to upregulate digestive and transporter 
genes to ensure adequate nutrient assimilation. Yassin 
et al. (2008) found that the hatchability of chicks from 
25-wk-old flocks was 22% lower than birds at prime 
egg-laying age (between 31 and 35 wk). Because the 
young flocks in this study were 22 to 30 wk of age, 
it is possible that the embryonic chick is less efficient 
at digesting yolk carbohydrates and proteins, causing 
upregulation of certain genes and overall lower hatch-
ability.

Breed also had a varying effect on gene expression in 
the YSM and intestine. In the YSM, CAT1 and GLUT5 
expression was significantly higher in Cobb than Leg-
horn, whereas APN, EAAT3, SI, and SGLT1 were 
higher in Leghorn than Cobb. In the intestine, expres-
sion of B0AT, CAT1, SGLT1, and GLUT5 was greater 
in Cobb than Leghorn, and SI expression was greater 
in Leghorn than Cobb. Leghorn embryos have been 
shown to have both lower weights before hatch and 
slower growth rates before E16 (Sato and Furuse, 2006; 
Everaert et al., 2008). Higher expression of enzymes 
such as SI in Leghorn embryos could be an attempt to 
compensate for a less efficient metabolism.

These results reveal differences in expression of diges-
tive enzymes and nutrient transporters in embryonic 
YSM and small intestine derived from old and young 
flocks of Cobb and Leghorn chickens. Although the 
YSM and neonatal small intestine are a contiguous en-
tity during development, they have different roles in nu-
trient assimilation throughout embryonic development. 
Bird breed and age of the breeder flock may affect ex-
pression patterns at varying developmental stages. It 
is important to note, however, that only mRNA levels 
were examined in this study and not protein levels. Fur-
ther research of the proteins derived from these genes 
along with their functionality would be valuable to un-
derstand their full role in digestion and nutrient assimi-
lation in the developing chicken. Additionally, the sizes 
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of the YSM and small intestine in proportion to one 
another change dramatically throughout development. 
Comparing tissue sizes (ng) to mRNA expression per 
nanogram could show the whole tissue capacity relative 
to one another.

In conclusion, the observed nutrient transporters and 
digestive enzymes showed tissue- and development-
specific patterns of expression. These results further 
support that the YSM expresses many of the digestive 
enzymes and nutrient transporters typically associated 
with the intestine and functions to assimilate nutrients 
similar to the intestine.
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