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Delayed access to feed affects broiler small intestinal
morphology and goblet cell ontogeny
K. Liu,1 M. Jia, and E. A. Wong2

Department of Animal and Poultry Sciences, Virginia Tech, Blacksburg, VA 24061, USA
ABSTRACT Broilers are often deprived of feed and
water for up to 48 h after hatch. This delayed access to
feed (DAF) can inhibit small intestine development. The
objective of this study was to determine the effects of
DAF on small intestinal morphology, mRNA abundance
of the goblet cell markerMuc2 and absorptive cell marker
PepT1, and the distribution of goblet cells in young
broilers. Cobb 500 chicks, hatching within a 12-h win-
dow, were randomly allocated into 3 groups: control with
no feed delay (ND), 24-h feed delay (DAF24), and 36-h
feed delay (DAF36). Morphology, gene expression, and
in situ hybridization analyses were conducted on the
duodenum, jejunum, and ileum at 0, 24, 36, 72, 120, and
168 h after hatch. Statistical analysis was performed
using a t test for ND and DAF24 at 24 h. A 2-way
ANOVA and Tukey’s HSD test (P , 0.05) were used
for ND, DAF24, and DAF36 from 36 h. At 24 to 36 h,
DAF decreased the ratio of villus height/crypt depth
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(VH/CD) in the duodenum but increased VH/CD in the
ileum due to changes in CD, whereas at 72 h, DAF
decreased VH/CD due to a decrease in VH. The mRNA
abundance of PepT1 was upregulated, while Muc2
mRNA was downregulated in DAF chicks. Cells
expressing Muc2 mRNA were present along the villi and
in the crypts. The ratio of the number of goblet cells
found in the upper half to the lower half of the villus was
greater in DAF chicks than in ND chicks, suggesting that
DAF affected the appearance of new goblet cells. The
number of Muc2 mRNA-expressing cells in the crypt,
however, was generally not affected by DAF. In conclu-
sion, DAF transiently affected small intestinal
morphology, upregulated PepT1mRNA, downregulated
Muc2 mRNA, and changed the distribution of goblet
cells in the villi. By 168 h, however, these parameters
were not different between ND, DAF24, and DAF36
chicks.
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INTRODUCTION

As a standard practice by a commercial hatchery,
chicks are normally allowed up to a 24-h hatching win-
dow before removal from the hatcher and transportation
to the brooder. The posthatch chicks are deprived of feed
and water during this time, which was found to have
negative effects on broiler performance including
growth, organ development, digestive enzyme stimula-
tion, and changes in immunological function. A meta-
analysis of the effects of posthatch food and water
deprivation on development, performance, and welfare
of chickens was conducted by de Jong et al. (2017).
While posthatch chicks can still obtain nutrients from
the residual yolk, it is not sufficient to meet the nutri-
tional requirements of commercial broilers.

Delayed access to feed (DAF) caused morphological
changes in the small intestine such as decrease in villus
surface area or volume, villus height (VH), crypt depth
(CD), or percentage of proliferating cells in posthatch
chicks (Yamauchi et al., 1996; Uni et al., 1998; Geyra
et al., 2001; Gonzales et al., 2003; Shinde et al., 2015;
Ghanem et al., 2018) and posthatch poults (Noy et al.,
2001; Potturi et al., 2005). There was also greater den-
sity and larger goblet cells in DAF chicks during the first
week after hatch (Uni et al., 2003). In most cases, how-
ever, intestinal morphology in DAF chicks was restored
by market age (Willemsen et al., 2010).

The small intestine of both mammals and birds con-
tains stem cells in the crypt and differentiated cells
that line the villi. Stem cells express olfactomedin 4
(Olfm4) and leucine-rich repeat containing G protein–
coupled receptor 5 (Carulli et al., 2014; Zhang and
Wong, 2018). Epithelial cells that line the villi include
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enterocytes, goblet cells, and enteroendocrine cells that
are involved in absorptive or secretory functions.
Chicken enterocytes express a number of transporters
for nutrients such as amino acids, peptides, monosaccha-
rides, and minerals, such as the peptide transporter
(PepT1) and the sodium glucose transporter (Wong
et al., 2018). Goblet cells secrete mucin 2 (Muc2), which
is a major component of the mucus layer that protects
the epithelial cells from pathogens and mechanical dam-
age (Johansson and Hansson, 2016). In situ hybridiza-
tion (ISH) has been used to identify chicken intestinal
stem cells that express Olfm4 mRNA (Zhang and
Wong, 2018), enterocytes that express PepT1 and so-
dium glucose transporter 1 mRNA (Zhang and Wong,
2017; Zhang et al., 2019), and goblet cells that express
Muc2 mRNA (Reynolds et al., 2020).

While much research has been focused on the effect of
DAF on chicken small intestinal morphology, there is lit-
tle known about the impact of DAF on key genes and cell
types that are critical to broiler intestinal function and
development. Thus, the objectives of this project were
to determine the effect of DAF on intestinal morphology,
Muc2 and PepT1 mRNA abundance, and the ontogeny
of goblet cells in the small intestine of early posthatch
chicks.
MATERIALS AND METHODS

Animals and Tissue Collection

Fertile eggs (Cobb 500) were obtained from a local
hatchery (George’s Hatchery, Harrisonburg, VA) and
incubated at 37.5�C with 50% relative humidity (Peter-
sime Incubator Company, Gettysburg, OH). All animal
procedures were approved by the Virginia Tech Institu-
tional Animal Care and Use Committee. Chicks hatch-
ing within a 12-h window were randomly distributed
into 3 experimental groups: control with no delayed ac-
cess to feed (ND), delay of 24 h before access to feed
(DAF24), and delay of 36 h before access to feed
(DAF36). Chicks were placed in 3 battery cages
(30 cm ! 61 cm ! 38 cm) per group with 20 chicks
per cage. Chicks in all 3 groups received water ad libitum
after placement in the cages. Cardboard barriers were set
up between different groups of cages to prevent acci-
dental spread of feed during the feed restriction period.
A standard corn-soybean meal mash starter diet that
was equal to or exceeded the National Research Council
(NRC, 1994) nutrient requirement for poultry was pro-
vided ad libitum. Body weights of chicks were measured
at the day of hatch (doh), which was labeled as 0 h, and
at 24, 36, 72, 120, 216, 264, and 360 h after hatch. Body
weights were measured to only verify the expected
decrease in BW due to DAF. At 0, 24, 36, 72, 120, and
168 h, chicks were euthanized by cervical dislocation,
and small intestines were collected. A total of 6 chicks
per group were used for tissue sampling at each time
point. At 0 h, samples from ND chicks were collected
before ND chicks received access to feed. At 24 h, sam-
ples from DAF24 chicks were collected before DAF24
chicks received access to feed. At 36 h, samples from
DAF36 chicks were collected before DAF36 chicks
received access to feed and after DAF24 chicks had ac-
cess to feed for 12 h. The small intestines were collected;
separated into duodenum, jejunum, and ileum; and
rinsed with PBS. The middle 1 to 2 cm of each intestinal
segment was collected intact for ISH and morphological
measurements, and 0.5-cm samples from both ends of
the center piece were minced and stored at 280�C for
gene expression analysis.
Identification of Stem Cells and
Morphological Measurements

Samples for ISH were fixed in 10% neutral buffered
formalin at room temperature for 24 h and then stored
in 70% ethanol at 4�C until samples were embedded in
paraffin (Histo-Scientific Research Lab Inc., Mount
Jackson, VA). Paraffin blocks were cut into 5- to 6-mm
sections using a microtome (Microm HM 355S; Thermo
Fisher Scientific, Waltham, MA) and mounted on
Superfrost-Plus glass slides (Electron Microscopy Sci-
ences, Hatfield, PA).
For ISH, the RNAscope method was used following

the manufacturer’s instructions (Advanced Cell Diag-
nostics, Newark, CA). Slides were deparaffinized in
xylene and washed in 100% ethanol. A singleplex probe
for Olfm4 (NM_001040463.1) was detected using the
RNAscope 2.5 HD Assay–BROWN detection kit
(Advanced Cell Diagnostics). Slides were counterstained
with 50% Gill’s hematoxylin no. 2 (Sigma-Aldrich, St.
Louis, MO), rinsed in distilled water, and placed in
0.02% ammonia water to turn the purple stain to blue.
The slides were dehydrated in a graded series of ethanol
(70, 95, 95%) and a final xylene wash. Slides were sealed
with VectaMount (Vector Lab, Burlingame, CA) and a
glass coverslip. Images were captured under bright field
using a Nikon Eclipse 80i microscope and a DS-Ri1 dig-
ital camera (Nikon Instruments, Inc., Melville, NY).
Intestinal VH and CD were measured using ImageJ

Software from the National Institutes of Health. Intesti-
nal stem cells in the crypt were identified by staining for
Olfm4 mRNA using ISH (Zhang and Wong, 2018). This
Olfm4 staining region was defined as the functional
crypt. CD was measured from the top to the bottom of
the region staining for Olfm4 mRNA (Figure 1). VH
was measured from the top of the functional crypt to
the tip of the villus.
Identification of Cells Expressing Muc2
mRNA and Mucin Glycoprotein

Cells expressing mucin glycoprotein were identified
using a combined alcian blue (AB) and periodic acid
Schiff (MiliporeSigma, St. Louis, MO) staining method
as described in the study by Layton and Bancroft
(2019). Cells expressing Muc2 mRNA were identified us-
ing a singleplex probe for Muc2 (NM_001318434.1) and
the ISH method as described for Olfm4. The number of



Figure 1. Method for measuring villus height (VH) and crypt depth
(CD). Formalin-fixed, paraffin embedded tissue sections were processed
by in situ hybridization to identify stem cells in the crypt that expressed
olfactomedin 4 (Olfm4) mRNA (brown staining). ImageJ software was
used to measure the functional CD (red line) and VH (yellow line). Im-
age was taken at 40! magnification. The scale bar represents 0.1 mm.

FEED DELAY AFFECTS BROILER SMALL INTESTINE 5277
Muc2 mRNA–expressing (Muc2 mRNA1) cells in the
villi and crypt was manually counted using ImageJ soft-
ware. Imaged villi were divided into the upper half (VU)
and lower half (VL) for goblet cell counting. Ten to 15
random villi and crypts were counted per sample.
RNA Extraction, cDNA Synthesis, and
Quantitative PCR

Twenty to 35 mg of intestinal sample (n 5 6 per
group) were homogenized in TriReagent (Molecular
Research Center Inc., Cincinnati, OH) using a Tissue-
Lyser II (Qiagen, Hilden, Germany). Total RNAwas iso-
lated following the manufacturer’s instructions for the
Direct-zol RNA MiniPrep kit (Zymo Research, Irvine,
CA). The RNA concentration and purity were deter-
mined using a Nanodrop 1000 spectrophotometer
(Thermo Fisher Scientific, Pittsburgh, PA). A 1.0-mg
sample of total RNA was reverse transcribed using
random primers and the High Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Grand Island,
NY).
The quantitative PCR (qPCR) reaction contained

5 mL of Fast SYBR Green Master Mix (Applied
Table 1. Primers for quantitative PCR.

Gene name Forward/Reverse primers

Mucin 2 (Muc2) CTGATTGTCACTCACGCCTT
GCCGGCCACCTGCAT

Peptide transporter 1 (PepT1) CCCCTGAGGAGGATCACTG
CAAAAGAGCAGCAGCAACG

Ribosomal protein large subunit P1 (RPLP1) TCTCCACGACGACGAAGTC
CCGCCGCCTTGATGAG

Ribosomal protein large subunit 4 (RPL4) TCAAGGCGCCCATTCG/
TGCGCAGGTTGGTGTGAA

Beta actin (b-actin) GTCCACCGCAAATGCTTCTA
TGCGCATTTATGGGTTTTG

Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

GCCGTCCTCTCTGGCAAAG
TGTAAACCATGTAGTTCAG

1Primer efficiency is shown as mean 6 SD.
Biosystems), 1 mL of each forward and reverse primers
(5 mmol/L), 1.5 mL of DEPC water, and 1.5 mL of
cDNA (1:20 dilution). The qPCR reactions were per-
formed in duplicate using an Applied Biosystems
7500 Fast Real-time PCR system (Thermo Fisher Sci-
entific). Cycling conditions for qPCR were 95�C for
20 s, followed by 40 cycles of 90�C for 3 s and 60�C
for 30 s. Primers for PepT1 and Muc2 mRNA were
designed using Primer Express 3.0 (Applied Bio-
systems) and are listed in Table 1. Primer efficiency
(mean 6 SD) was determined using 5 different RNA
samples and the ABI 7500 relative standard curve pro-
gram. Primers for b-actin, glyceraldehyde-3-phosphate
dehydrogenase, and 2 ribosomal proteins (RPLP1 and
RPL4) were tested as reference genes and are listed in
Table 1. GeNorm was used to identify the 2 most sta-
ble genes (Vandesompele et al., 2002). The geometric
mean of RPLP1 and RPL4 was used as the composite
reference gene Ct value to calculate DCt. Average DCt
value of ND for each gene at 0 h was used as the cali-
brator to calculate DDCt. The 22DDCt method
(Schmittgen and Livak, 2008) was used to determine
the relative fold change.
Statistical Analysis

Statistical analysis was conducted using JMP Pro 14
(SAS Institute, Inc., Cary, NC). Chick was considered
as the experimental unit. Body weights were analyzed
by pooled t test at 24 h and one-way ANOVA for 36 h
to 360 h. Morphological, gene expression, and goblet
cell data were analyzed by pooled t test at 24 h and 2-
way ANOVA considering time after hatch and experi-
mental group from 36 h to 168 h (morphology) and
36 h to 120 h (gene expression and goblet cell). When sig-
nificant ANOVA results were found, Tukey’s HSD test
was used for mean separation. In all cases, significance
was considered to be P , 0.05.
RESULTS

Body Weight and Intestinal Morphology

The changes in BW for ND, DAF24, and DAF36
chicks from 0 to 360 h after hatch are shown in
(50–30) Amplicon (bp)
Primer

efficiency1 (%) Accession no.

AATC/ 147 95.9 6 4.5 JX284122.1

TT/
A

66 88.1 6 4.7 KF366603.1

A/ 55 92.6 6 5.6 NM_205322.1

63 87.9 6 5.1 NM_001007479.1

A/
TT

78 94.6 6 6.4 NM_205518.1

/
ATCGATGA

73 90.8 6 5.4 NM_204305.1



Table 2. Effect of delayed access to feed on broiler body weight.

Groups1
BW (g)

0 h 24 h 36 h 72 h 120 h 168 h 216 h 264 h 360 h

ND 46.7 46.7 57.2a 72.6a 115.2a 169.8a 227.1a 328.7 462.9
DAF24 - 42.7 57.2a 68.2a 109.6a,b 164.9a 220.1a,b 332.1 461.8
DAF36 - - 42.8b 58.6b 96.1b 148.9b 208.5b 312.2 435.9
SEM - 1.97 1.16 2.81 3.98 4.09 4.21 7.86 9.77
P value - 0.06 ,0.001 0.005 0.020 0.004 0.007 0.14 0.07

Chicks were weighed at 0 h (n 5 60), 72 h (n 5 47–48/group), 120 h (n 5 40–46/group), 168 h (n 5 35–38/
group), 216 h (n 5 29–31/group), 264 h (n 5 23–27/group), and 360 h (n 5 23–27/group) after hatch. Only
sampled chicks (n 5 6) were weighed at 24 h and 36 h posthatch. Significant differences (P , 0.05) between
groups within a time point are indicated by different letters in the superscript.

1Groups include control with no feed delay (ND), 24 h feed delay (DAF24), and 36 h feed delay (DAF36).
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Table 2. At 24 h, there was no difference between the
BW of DAF24 and ND chicks. At 36 h, 72 h, and
168 h, DAF36 chicks had lower BW than both ND and
DAF24 chicks. At 120 h and 216 h, DAF36 chicks had
lower BW than ND chicks but not DAF24 chicks. There
was a numerical but nonsignificant difference in BW be-
tween groups at 264 h and 360 h.

DAF caused changes in VH/CD, which was a result
of increases or decreases in VH, CD, or both
(Figure 2). At 24 h, VH/CD in the duodenum was
lower in DAF24 chicks than in ND chicks because of
Figure 2. Effect of delayed access to feed on villus height, crypt depth, an
(CD) weremeasured andVH/CDwas calculated for formalin-fixed, paraffin e
4 (Olfm4) mRNA and counterstained with hematoxylin. Ten to 15 random v
included control with no feed delay (ND), 24 h feed delay (DAF24), and 36 h
Significant differences (P , 0.05) are indicated by an asterisk. A 2-way AN
DAF36 from 36 h to 168 h. Significant differences (P , 0.05) are indicated
an increase in CD in DAF24 chicks. In the ileum, there
was an effect opposite to that in the duodenum with
greater VH/CD in DAF24 chicks than in ND chicks
because of a decrease in CD of DAF24 chicks. At
36 h, DAF24 chicks showed a decrease in VH/CD in
the duodenum compared with ND chicks because of
an increase in CD of DAF24 chicks. In the ileum,
VH/CD of DAF36 chicks was greater than that of
ND chicks as a result of a decrease in CD in DAF36
chicks. At 72 h, there was a decrease in VH/CD in
the duodenum of DAF36 chicks compared with ND
d the villus height/crypt depth ratio. Villus height (VH) and crypt depth
mbedded tissue sections stained by in situ hybridization for olfactomedin
illi and crypts were measured for each of the 6 replicate samples. Groups
feed delay (DAF36). A t-test was used to analyze ND and DAF24 at 24 h.
OVA and Tukey’s HSD test were used for analysis of ND, DAF24, and
by different letters.



Figure 3. Effect of delayed access to feed on relative abundance of peptide transporter 1 (PepT1) and mucin 2 (Muc2) mRNA. RNA from duo-
denum, jejunum, and ileum of broilers at 0, 24, 36, 72, and 120 h after hatch were analyzed by relative qPCR (n 5 6). Groups include control with
no feed delay (ND), 24-h feed delay (DAF24), and 36-h feed delay (DAF36). A t-test was used to analyze ND and DAF24 at 24 h. No significant dif-
ferences were observed at 24 h. A 2-way ANOVA and Tukey’s HSD test were used for analysis of ND, DAF24 and DAF36 from 36 h to 120 h. Sig-
nificant differences (P , 0.05) are indicated by different letters.

FEED DELAY AFFECTS BROILER SMALL INTESTINE 5279
chicks because of a decrease in VH of DAF36 chicks.
At 120 h, there was a decrease in VH/CD in the
jejunum of DAF36 chicks compared with DAF24
chicks because of a numerical decrease in VH of
DAF36 chicks. At 168 h, there was no difference in
VH, CD, or VH/CD among the ND, DAF24, and
DAF36 groups.
There were age-specific and intestinal segment–

specific changes in VH, CD, and VH/CD (Figure 2). In
the duodenum, jejunum, and ileum, there was an in-
crease in VH of ND, DAF24, and DAF36 chicks from
36 h to 168 h with an accompanying increase in VH/
CD from 36 h to 168 h in the duodenum and from 72 h
to 168 h in the jejunum and ileum. There was also an in-
crease in CD from 36 h to 72 h in the duodenum,
jejunum, and ileum of DAF36 chicks, in the jejunum
and ileum of DAF24 chicks, and in the ileum of ND
chicks. From 72 h to 168 h, there was no change in CD.
PepT1 and Muc2 mRNA Abundance

The effect of DAF on PepT1 and Muc2 mRNA abun-
dance in the duodenum, jejunum, and ileum for ND,
DAF24, and DAF36 chicks is shown in Figure 3. At
24 h, PepT1 and Muc2 mRNA was the same for ND
and DAF24 chicks for all intestinal segments. At 36 h,



Figure 4. Identification of cells expressingMuc2mRNAandmucin glycoprotein. Formalin-fixed, paraffin embedded tissue sections were stained for
Muc2 mRNA ormucin glycoprotein. (A) Sections from the duodenum, jejunum and ileum of day of hatch chicks were stained for Muc2 mRNA (brown
stain). Images were taken at 40x magnification. Scale bar represents 0.1 mm. (B) Serial sections from the jejunum of a ND chick at day 1 were stained
for mucin glycoprotein using alcian blue-periodic acid Schiff (left panel, blue stain) and Muc2 mRNA by in situ hybridization (right panel, brown
stain). The yellow arrows indicate clusters of cells that stained for Muc2 mRNA and mucin glycoprotein. Images were taken at 200! magnification.
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PepT1 mRNA was upregulated 1.8- and 3.0-fold in the
jejunum of DAF36 chicks compared with that in ND
and DAF24 chicks, respectively, while Muc2 mRNA
showed a numerical decrease in DAF36 chicks compared
with ND and DAF24 chicks. At 72 h, Muc2 mRNA was
downregulated 2.2-fold in both DAF24 and DAF36
chicks compared with ND chicks in the duodenum, while
PepT1 mRNA showed a numerical increase in DAF24
and DAF36 chicks compared with ND chicks. These re-
sults suggested that during DAF, there was upregulation
of PepT1 mRNA and downregulation of Muc2 mRNA.

PepT1 and Muc2 mRNA abundance varied with age
and intestinal segment (Figure 3). Between 36 h and
120 h, there was an increase in PepT1 mRNA in the du-
odenum of DAF36 chicks, whereas there was a decrease
in PepT1 mRNA in the jejunum of ND and DAF36
chicks. There were no temporal changes in PepT1
mRNA in the ileum. For Muc2 mRNA, there was an in-
crease from 36 h to 72 h followed by a decrease at 120 h in
the duodenum of ND chicks. In both the jejunum and
ileum, there was an increase in Muc2 mRNA for ND,
DAF24, and DAF36 chicks from 36 h to 120 h.
Distribution of Cells Expressing Muc2
mRNA in the Villi and Crypts

The effects of DAF on Muc2 mRNA1 cells were exam-
ined by ISH for the duodenum, jejunum, and ileum of
DOH chicks. Cells expressing Muc2 mRNA were found
along the intestinal villi and within the crypts
(Figure 4A). In the duodenum and jejunum, there was
an even distribution of generally uniformly sized goblet
cells along the villi. In contrast, in the ileum, there was
an uneven distribution with a greater number and larger
goblet cells near the tip of the villus than in the bottom
of the villus.
Serial sections were examined for Muc2 mRNA or

mucin glycoprotein using ISH or staining with AB and
periodic acid Schiff, respectively (Figure 4B). There
were more cells that expressed Muc2 mRNA than mucin
glycoprotein along the villi, which indicated that ISH
was a more sensitive method than staining with AB for
detection of goblet cells. In the crypt, Muc2 mRNA1

cells were interspersed with cells that did not express
Muc2 mRNA (Figure 4A). Most Muc2 mRNA1 cells in
the crypt did not also stain for mucin glycoprotein.
Only a subset of crypt cells stained for both Muc2
mRNA and mucin glycoprotein (Figure 4B, yellow
arrows).
DAF appeared to change the distribution of goblet

cells in the villi, with fewer goblet cells present in the
lower half than the upper half of the villus. At 24 h,
the jejunum and ileum, but not the duodenum, of
DAF24 chicks showed an unequal distribution of goblet
cells along the villi, with more goblet cells in the upper
half vs. the lower half of the villi (Figure 5). The jejunum
and ileum of ND chicks showed an even distribution. At
36 h, DAF36 chicks had a similar unequal distribution of
goblet cells in the villi of the jejunum and ileum, but not



Figure 5. Effect of 24 h delayed access to feed on cells expressing Muc2 mRNA in the small intestine. Formalin-fixed, paraffin embedded tissues
from the duodenum (Duo), jejunum (Jej), and ileum (Ile) were sectioned and stained for Muc2 mRNA by in situ hybridization (n 5 3). Images are
from chicks with no feed delay (ND) and chicks with 24 h feed delay (DAF24) sampled at 24 h after hatch. Brown staining represents Muc2
mRNA expression in cells. Tissues were counterstained with hematoxylin. Images were taken at 40! magnification. Scale bar represents 0.1 mm.
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the duodenum, compared to ND chicks (Figure 6). The
DAF24 chicks, which had a 24-h delay followed by feed
for 12 h, appeared similar to ND chicks. At 72 h and
120 h, the distribution of goblet cells was the same for
ND, DAF24, and DAF36 chicks (data not shown).
To quantify this apparent change in cellular distribu-

tion, goblet cells in the upper half of the villus (VU) and
lower half of the villus (VL) were enumerated and
expressed as a ratio of VU/VL (Figure 7). At 24 h,
VU/VL was greater in DAF24 chicks than that in ND
chicks in the jejunum and ileum. At 36 h, VU/VL was
greater in DAF36 chicks than that in ND and DAF24
chicks in the jejunum. By 72 h, there was no difference
in VU/VL in the jejunum and ileum for ND, DAF24,
and DAF36 chicks. The duodenum showed no difference
in VU/VL for ND, DAF24, and DAF36 chicks at any
time point. These results demonstrated that DAF
caused an uneven distribution of goblet cells in the
jejunum and ileum but not the duodenum, which
returned to normal after feeding. In contrast, the num-
ber of Muc2 mRNA1 cells in the crypt was generally
not affected by DAF. The 2 exceptions were a decreased
number of Muc2 mRNA1 cells in DAF24 chicks
compared with ND chicks at 24 h and in DAF36 chicks
compared with DAF24 chicks at 120 h in the duodenum.
There were age-specific changes in the distribution of
goblet cells along the villi and number of Muc2 mRNA1

cells in the crypt that varied by intestinal segment
(Figure 7). In the duodenum of DAF24 chicks, VU/VL
decreased from 72 to 120 h, while in the jejunum and
ileum of DAF36 chicks, VU/VL decreased from 36 to
72 h. In the crypts of the duodenum, jejunum, and ileum,
the number of Muc2 mRNA1 cells increased in ND,
DAF24, and DAF36 chicks from 36 h to 120 h.
DISCUSSION

DAF affected BW and intestinal morphology with a
more pronounced effect as the duration of feed delay
increased. A meta-analysis of the effect of posthatch
food and water deprivation found that deprivation for
24 h, which was defined as (�12–36 h), resulted in signif-
icantly lower body weights (de Jong et al., 2017). There
appeared, however, to be a difference between DAF for
24 h vs. DAF for 36 h. Broilers subjected to DAF for
24 h did not affect long term growth performance, likely
because chicks were still able to derive nutrients from
their residual yolk reserves (Juul-Madsen et al., 2004;
Saki, 2005; Bhanja et al., 2009). Shinde et al. (2015),
however, showed that DAF for 24 h impacted BW at 7



Figure 6. Effect of 36 h delayed access to feed on cells expressing Muc2 mRNA in the small intestine. Formalin-fixed, paraffin embedded tissues
from the duodenum (Duo), jejunum (Jej), and ileum (Ile) were sectioned and stained for Muc2 mRNA by in situ hybridization (n 5 3). Images are
from control chicks with no feed delay (ND), chicks with 24 h feed delay plus 12 h of feeding (DAF24) and chicks with 36 h feed delay (DAF36) sampled
at 36 h after hatch. Brown staining represents Muc2 mRNA expression in cells. Tissues were counterstained with hematoxylin. Images were taken at
40x magnification. Scale bar represents 0.1 mm.
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and 42 d. DAF for 34 to 36 h reduced BW from day 4 to
day 21 (Noy and Sklan, 1999) and from day 7 to day 42
(Shinde et al., 2015). Similarly, DAF for 32 h decreased
BWG from 0 to 7, 0 to 21 and 0 to 35 d (Bhanja et al.,
2009). In contrast, Petek et al. (2007) showed that
DAF for 36 h resulted in a decrease in BW for the first
4 wk but not at 42 d. The difference in results could be
due to the length of the hatching window. A spread of
hatch can cause variability in delayed time within a sin-
gle batch of chicks (Careghi et al., 2005;Willemsen et al.,
2010; Wang et al., 2014). In our study, DAF24 chicks
showed no difference in BW from ND chicks at 24 h.
At 36 h, DAF36 chicks had lower BW compared to
ND and DAF24 chicks, but by 264 h, there was a numer-
ical but not a statistically significant difference in BW
among groups. With a larger sample size, this difference
may have been significant. In addition, in our study the
newly hatched chicks had ad libitum access to water but
not feed and this also may have impacted BW.

The effects of DAF on intestinal morphology have
been examined. Maiorka et al. (2003) showed that either
water or feed deprivation increased the number of villi
per unit area with a corresponding reduction in villus
size in 1 d-old chicks. DAF for 24 h resulted in clumping
of microvilli and damaged crypts with an irregular
morphology (Uni et al., 1998). Geyra et al. (2001)
showed that DAF for 48 h resulted in a decrease in the
number of crypts per villi, cells per crypt, and percentage
of proliferating cells in the crypt and villi, with a greater
effect in the duodenum and jejunum than the ileum. At
hatch, the duodenum is the most developed of the 3
small intestinal segments. Because maturation of the du-
odenum precedes that of the jejunum and ileum, the du-
odenum is impacted the greatest by DAF (Uni et al.,
2000).
VH, CD, and VH/CD are often used as indicators of

intestinal function. Longer villi would provide more
absorptive area for nutrient uptake, while a deeper crypt
would indicate potentially more stem cells. Changes in
the calculated VH/CD may result from an increase or
decrease in VH, CD or both and therefore, changes in
VH/CD need to be evaluated carefully. Villus volume,
which was calculated from VH and villus width, and
CD increased more rapidly in the duodenum and
jejunum than the ileum from DOH to day 7 in chicks
(Uni et al., 1998). In poults, there was a similar rapid in-
crease in VH and CD in the duodenum and jejunum and
a more gradual increase in the ileum from DOH to day 7
after hatch (Uni et al., 1999). Our results showed a
similar increase in VH in the duodenum, jejunum and
ileum of ND chicks from 36 h to 168 h. The CD of ND
chicks in general did not show a significant increase
from 36 h to 168 h with the exception of increases from
36 h to 120 h in the jejunum and 36 h to 72 h in the ileum.



Figure 7. Effect of delayed access to feed on the ratio of goblet cells in the upper half to lower half of the villus and number of Muc2 mRNA express-
ing cells in the crypt. Formalin-fixed, paraffin embedded tissue sections were stained for Muc2 mRNA by in situ hybridization (n5 3). Samples from
the duodenum, jejunum, and ileumwere collected from chicks at 0, 24, 36, 72, and 120 h after hatch (n5 3). Groups include control chicks with no feed
delay (ND), 24-h feed delay (DAF24), and 36-h feed delay (DAF36). The number of goblet cells expressingMuc2mRNAwere counted in the upper half
(VU) and lower half (VL) of the villi and expressed as a ratio, VU/VL (left panels). The number of cells expressingMuc2mRNA in the crypts were also
counted (right panels). A t-test was used to analyze ND and DAF24 at 24 h. Significant differences (P , 0.05) are indicated by an asterisk. A 2-way
ANOVA and Tukey’s HSD test were used for analysis of ND, DAF24 andDAF36 from 36 h to 168 h. Significant differences (P, 0.05) are indicated by
different letters.
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This may be due to how the crypt was measured. Our
study used ISH staining for Olfm4 mRNA for CD, while
Uni et al. (1999) used a morphological measurement of
CD. Consistent with the increase in CD observed by
Uni et al. (1999), our study showed an increase in the
number of Muc2 mRNA1 cells in the crypt of ND chicks
from 36 h to 120 h in all 3 small intestinal segments.
DAF affected VH, CD and VH/CD. In the duodenum,

jejunum, and ileum, DAF for 36 h caused a decrease in
CD (Uni et al., 1998) or a decrease in VH (Yamauchi
et al., 1996; Shinde et al., 2015). In these studies, VH/
CD was not reported. Ghanem et al. (2018) reported
that DAF for 24 h or 48 h reduced both VH and CD in
the duodenum at day 7. Tabedian et al. (2010) showed
that DAF for 48 h did not affect VH, CD or VH/CD
at 48 h, but there was a delayed response with DAF
for 48 h resulting in an increase in duodenal CD at day
7 with no effect on VH and VH/CD. Gonzales et al.
(2003) reported that DAF for as little as 18 h as well
as 36 h resulted in decreased VH in the duodenum,
jejunum and ileum, whereas the decrease in CD was
mainly observed in the duodenum. In our study, there
were both intestinal segment-specific increases and de-
creases in VH/CD. At 24 and 36 h, VH/CD decreased
in the duodenum due to an increase in CD, while VH/
CD increased in the ileum due to a decrease in CD. In
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contrast, VH/CD was decreased in the duodenum at
72 h and in the jejunum and ileum at 120 h, due to a
decrease in VH. These results indicate that DAF initially
affected the crypts and presumably stem cells and then
later affected VH. For DAF24 and DAF36 chicks, there
was a parallel increase in both CD and VH in the
jejunum and ileum from 36 to 168 h. Because the differ-
entiated cells along the villi arise from the stem cells in
the crypt, an effect on the stem cell pool would be ex-
pected to impact the villi at a later point.

DAF caused an upregulation of PepT1 mRNA and
downregulation of Muc2 mRNA. The upregulation of
PepT1 in response to nutrient deprivation, such as
DAF in this study, was similar to the upregulation
observed in fasted or feed-restricted chickens (Gilbert
et al., 2008; Madsen and Wong, 2011). The decrease in
Muc2 mRNA would be expected to lead to a decrease
in the mucus layer. These results suggest that during
times of reduced nutrient availability, the chick priori-
tizes nutrient uptake over host defense. Consistent
with this idea, Ihara et al. (2000) showed that starved
rats showed a 179% increase in PepT1 mRNA and a
41% decrease in the mucosal weight, compared to ad libi-
tum fed control rats. Although mucin mRNA abundance
was not examined by Ihara et al. (2000), the decrease in
mucosal weight, which would include the protective
mucus layer, could be a result of a decrease in mucin
mRNA and mucus production.

The temporal expression patterns for PepT1 and
Muc2 mRNA were altered by DAF. The mRNA abun-
dance of PepT1 (Wong et al., 2018) and Muc2
(Smirnov et al., 2006; Jiang et al., 2013; Zhang et al.,
2015; Reynolds et al., 2020) both increased after hatch
in the duodenum, jejunum and ileum. The DAF36 chicks
showed the expected increase in PepT1mRNA in the du-
odenum, but a decrease in the jejunum from 36 h to 72 h.
For Muc2 mRNA there was the expected increase in the
jejunum and ileum from 36 h to 120 h, but no change in
the duodenum. By 120 h, the abundance of PepT1 and
Muc2 mRNA abundance was the same between ND,
DAF24 and DAF36 chicks.

DAF affected goblet cell density. Chicks fasted for
48 h after hatch showed increased goblet cell density
and goblet cell area (Uni et al., 2003). Smirnov et al.
(2004) reported that DOH chicks fasted for 72 h had
increased Muc-5AC mRNA and mucin glycoprotein in
the duodenum and jejunum, with no effect in the ileum.
Surprisingly, the increase in mucin glycoprotein in fasted
chicks did not result in a thicker mucus adherent layer
but a reduction in this layer. Additionally, providing
early nutrition to chicks from in ovo feeding resulted in
a greater acidic goblet cell density at embryonic day 19
and an upregulation of Muc2 mRNA at 0 h (Smirnov
et al., 2006). In our study we observed an increase in
VU/VL for goblet cells in DAF chicks, which could be
due to reduced number of Muc2 mRNA1 cells exiting
the crypt as existing goblet cells migrated up the villi.
There was no difference in the number of Muc2 mRNA1

cells in the crypt, which suggested that there was no ef-
fect of DAF on the differentiation of Muc2 mRNA1 cells
from stem cells. The reduced number of goblet cells in
the lower half of the villi of DAF chicks indicated a po-
tential decrease in mucus production, which could
decrease the barrier functionality of the mucus layer
and expose the underlying epithelia to harmful
pathogens.
Cells that expressed Muc2 mRNA were present not

only along the villi, but also in the crypt. Most of the
goblet cells along the villi stained for both Muc2
mRNA and mucin glycoprotein, whereas only a few
Muc2 mRNA1 cells in the crypts also stained for mucin
glycoprotein. Uni et al. (2003) had shown that cells
staining with AB were present along the villi, but not
in the crypt. We similarly had reported little staining
for mucin glycoprotein in the crypt even though crypt
cells expressed Muc2 mRNA (Reynolds et al., 2020).
Although not common, cells in the crypt that expressed
Muc2 mRNA but not mucin glycoprotein could repre-
sent pre-goblet cells that have started to differentiate
from stem cells but have not yet migrated out of the
crypt.
In conclusion, the length of DAF can differentially

affect BW of early posthatch chicks. DAF inhibited
small intestinal development, which was revealed as
reduced VH and CD and altered VH/CD. At the molec-
ular level, DAF chicks showed downregulation of Muc2
mRNA and a decrease in goblet cell production, while
PepT1 mRNA was upregulated. This suggests that
nutrient uptake is prioritized over host defense during
DAF and may make a DAF chick more susceptible to
pathogens during the early posthatch period. By 168 h,
however, all measured parameters were the same for
ND, DAF24 and DAF36 chicks.
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