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Effect of delayed feeding post-hatch on expression of tight
junction– and gut barrier–related genes in the small intestine of

broiler chickens during neonatal development1
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Theodore H. Elsasser
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ABSTRACT The gut not only plays a key role in
digestion and absorption of nutrients but also forms a
physical barrier and first line of defense between the host
and the luminal environment. A functional gut barrier
(mucus and epithelial cells with tight junctions [TJ]) is
essential for optimal health and efficient production in
poultry. In current broiler system, chicks are deprived of
food and water up to 72 h due to uneven hatching,
hatchery procedures, and transportation. Post-hatch feed
delay results in lower BW, higher FCR andmortality, and
delayed post-hatch gut development. Little is known
about the effects of early neonatal development and
delayed feeding immediately post-hatch on gut barrier
function in chickens. Therefore, the aim of the present
study was to characterize the expression pattern of gut
barrier–related andTJ-related genes in the small intestine
of broiler chickens during early development and delay in
access to feed. Newly hatched chicks received feed and
water immediately after hatch or were subjected to 48 h
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delayed access to feed to mimic commercial hatchery
setting and operations. Birds were sampled (n 5 6) at
248, 0, 4, 24, 48, 72, 96, 144, 192, 240, 288, and 336 h post-
hatch. Jejunum and ileum were collected, cleaned of
digesta, and snap-frozen in liquid nitrogen or fixed in
paraformaldehyde. The relative mRNA levels of gut bar-
rier- and TJ-related protein genes were measured by
quantitative PCR and analyzed by 2-way ANOVA. In
both tissues, changes (P , 0.05) in gene expression
pattern of gut barrier–related and TJ-related genes were
detected due to delayed access to feed post-hatch and/or
development. In general, expression of TJ-related genes
was downregulated while mRNA levels of gut barrier-
related genes were upregulated during development. His-
tological differences and changes in mucin staining due to
age and treatment were observed. These results suggest
that delayed access to feed post-hatch may affect TJ
structure and/or function and therefore gut barrier func-
tion and overall health of the chicken small intestine.
Key words: tight junctions, gut barrier, perm
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INTRODUCTION

In the current commercial broiler production systems,
chicks hatch over a 24 to 36 h period (Careghi et al.,
2005) and are removed from the hatcher at once when
most chickens have hatched (de Gouw et al., 2017). Af-
ter removal from the hatcher, chicks undergo selection,
vaccination, sexing, sorting, and are then transported
to farms. During this period (up to 72 h) chicks have
no access to feed and water (Careghi et al., 2005; van
de Ven et al., 2009; Willemsen et al., 2010). It has been
shown that prolonged lack of access to feed post-hatch
results in lower body weight at placement, lower organ
weight and post-hatch growth, higher feed conversion
ratio (FCR) and mortality, and delay in gastrointestinal
tract (GIT) development (Bigot et al., 2003; Careghi
et al., 2005; van de Ven et al., 2011, 2013; de Jong
et al., 2017). Moreover, delayed feeding affected yolk uti-
lization, slaughter weight, breast meat yield, and
depressed immunological development (Noy et al.,
1996; Dibner et al., 1998; Halevy et al., 2000; Gonzales
et al., 2003; Juul-Madsen et al., 2004; Shira et al.,
2005). In the GIT, delayed feeding for up to 36 h has
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been shown to decrease crypt depth and percentage of
proliferating cells in crypts, depress villi surface, and
alter the morphology of the microvilli (Uni et al., 1998;
Geyra et al., 2001a). We have shown previously, that
delayed feeding post-hatch inhibited the upregulation
of lipogenic genes and lipogenic transcription factor
genes until feeding was initiated (Richards et al., 2010)
and affected expression pattern of some Ca and P trans-
porter genes (Proszkowiec-Weglarz et al., 2019).
The gut barrier is composed of an extrinsicmucus layer,

intestinal epithelial cells, tight junctions (TJ), and lamina
propria. The mucus layer is divided into an outer layer
associated with bacteria and loosely attached to the
epithelium while the inner layer is characterized by high
concentration of IgA and mucin, and is adherent to the
epithelium. The mucosa forms a first protective layer of
the intestinal epithelium that prevents against damages
and pathogens, serves as a substrate for commensal bacte-
ria fixation (Linden et al., 2008), provides an appropriate
environment for brush border enzymes, and facilitates
nutrient absorption (Smirnov et al., 2006). Intestinal
epithelial cells are responsible for digestion, absorption,
andpathogen recognition through expression of innate im-
mune system receptors, as well as antimicrobial peptide
release, and secretion of hormones, neurotransmitters, cy-
tokines and chemokines (Yen and Wright, 2006; Abreu,
2010; Chen et al., 2015). One of the major components
of the intestinal barrier is the formation of TJ between
epithelial cells (Anderson and Van Itallie, 1995; Mitic
et al., 2000). Tight junctions are multi-protein complexes
that seal the paracellular space between adjacent epithe-
lial cells and regulate the permeability of the intestinal
barrier (Chen et al., 2015; Awad et al., 2017). The func-
tional state of TJ is immensely dynamic. They open and
close when exposed to a range of stimuli, including nutri-
ents, absorption processes, hormonal or neuronal signals,
various cellular pathways, and inflammatory mediators
(Barekatain et al., 2019b). A TJ consists of zona
occludens-1 (ZO-1), occludins (OCLN), claudins
(CLDN), and actin-myosin cytoskeletal proteins (Gil-
Cardoso et al., 2016). Occludins and CLDN are the main
transmembrane proteins that contribute to the paracellu-
lar seal while ZO-1 serves as cytoplasmic plaque proteins
that interacts with both transmembrane and cytoskeletal
proteins (Fanning et al., 1998; Yu and Turner, 2008).
Nutritional and health status in poultry is linked with

gut health, understood as correlation between immune
system, gutmicrobial balance, andmacro andmicro struc-
tural integrity of the gut (Yegani and Korver, 2008).
Therefore, the aim of this study was to investigate the ef-
fect of delayed access to feed immediately post-hatch on
gut barrier function and integrity in broiler chicken.
MATERIALS AND METHODS

Animals and Experimental Protocols

All animal care procedures were approved by the
USDA-ARS Institutional Animal Care and Use Com-
mittee. The experimental design was described in detail
by Proszkowiec-Weglarz et al. (2019). In brief, fertile
Ross 708 broiler chicken eggs (250 eggs) were obtained
from a local hatchery (Perdue Hatchery, Hurlock, MD)
and incubated under standard conditions. Birds were
removed from the hatcher in 3 batches (within 180–
240 min after occlusion) and randomly distributed be-
tween treatment groups (14–15 hatchlings per battery
pen total). Hatchlings were divided into 2 treatment
groups randomly (n 5 6 battery pens for each treat-
ment). One group received feed (a commercial type
corn-soybean meal–based starter diet, Proszkowiec-
Weglarz et al. (2019)) and water immediately after
placement (FD) while the second received water immedi-
ately but had delayed access to feed for 48 h (NFD) to
mimic commercial hatchery setting and operation.

Birds were sampled at hatch (0 h, wet chicks, within
30 min from hatch), and 4, 24, 48, 72, 96, 144, 192,
240, 288, and 336 h after start of feeding. In addition,
embryos were sampled at embryonic (e) day 19
(248 h, n 5 6). One chick per pen, selected at random,
was sacrificed by cervical dislocation, and 1 cm of the up-
per jejunum and 1 cm in the middle of the distal part of
the ileum were collected, cleaned of digesta, and snap-
frozen in liquid nitrogen for RNA and protein isolation.
In addition, jejunal and ileal tissues were collected into
4% paraformaldehyde for histological analysis.
RNA Isolation and Reverse
Transcription–Quantitative PCR

Total RNA extraction and 2-step reverse
transcription-quantitative PCR were performed as
described previously (Proszkowiec-Weglarz et al.,
2019). Primer sequences, designed using Primer3 soft-
ware (Untergasser et al., 2007) for OCLN, ZO-1 and
ZO-2, CLDN 1, CLDN 4, and CLDN 5, junctional adhe-
sion molecule (JAM) 2 and JAM3, fatty acid binding
protein 2 (FABP2), mucin 2 (MUC2), immunoglobulin
A (IgA), and its polymeric immunoglobulin receptor
(pIgR), are listed in Table 1. The obtained data were
normalized to the geometric mean (Vandesompele
et al., 2002) of 4 housekeeping genes (b-actin, GAPDH,
ubiquitin, and b2-microglobulin), analyzed, and pre-
sented as described in Proszkowiec-Weglarz et al.
(2019). Primer sequences for housekeeping genes were
published previously (Proszkowiec-Weglarz et al., 2019).
Protein Extraction, Western Blot Analysis,
and ELISA Assay

Tissues were homogenized using ice-cold T-Per lysis
buffer (Thermo Fischer Scientific, Inc., Waltham, MA)
containing 1 mmol/L phenylmethylsulfonyl fluoride
(Thermo Fisher Scientific, Inc.) and Halt protease and
phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Inc.), and the homogenate was centrifuged at 10,000! g
for 10min. Protein concentration in collected supernatant
was quantified using the Coomassie Plus (Bradford) assay
kit (Thermo Fisher Scientific, Inc.). For Western Blot



Table 1.Gene-specific primers used for the analysis of mRNA levels using quantitative real-time RT-PCR (Untergasser et al., 2007).1

Gene2 GenBank accession No.3 Forward primer (5’/30) Reverse primer (5’/30) Amplicon size (bp)

CLDN 1 NM_001013611 GGTGAAGAAGATGCGGATGG TCTGGTGTTAACGGGTGTGA 139
CLDN 4 AY435420 ATCGCCCTGTCCGTCATC ACCACGCAGTTCATCCACAG 137
CLDN5 NM_204201 AGGTGTCAGCCTTCATCGAC CCAGGATGGAATCGTACACC 123
FABP2 NM_001007923 AGGCTCTTGGAACCTGGAAG CTTGGCTTCAACTCCTTCGT 139
IgA S40610 GAAGGTCTCCGTGGAGGATT ACGTTGACGTGAGAGGCTTT 129
JAM 2 XM_015299112 CTGCTCCTCGGGTACTTGG CCCTTTTGAAAATTTGTGCTTGC 135
JAM 3 XM_417876 CCAGAGTGTTGAGCTGTCCT AGAATTTCTGCCCGAGTTGC 147
MUC2 NM_001318434 AAACAACGGCCATGTTTCAT GTGTGACACTGGTGTGCTGA 127
OCLN NM_205128 GATGGACAGCATCAACGACC CTTGCTTTGGTAGTCTGGGC 142
pIgR ENSGALT000000013534 CAAGGGAGTACGGAGCAAAC CTTTGTCTCAGCGGTGCTTT 116
ZO-1 XM_015278975 GCCAACTGATGCTGAACCAA GGGAGAGACAGGACAGGACT 141
ZO-2 NM_204918 TCAGCAACAGCAAGGTGAAG GCACCCATGGCAGTAAGGTA 102

1All primers used for expression analysis were designed using primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/primer3/); (Untergasser et al.,
2007).

2Abbreviations of the gene names are defined in text.
3Reference chicken gene sequences that contain the corresponding PCR products list.
4Transcript from Ensembl genome assembly (http://www.ensembl.org/Gallus_gallus/Info/Index), no prediction of this gene is available in

GenBank.
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analysis, 50 mg of total protein was boiled for 5 min in
Laemmli sample buffer (Bio-Rad, Hercules, CA) and
resolved under reducing conditions by SDS-PAGE on a
10% gel. After transferring to a polyvinylidene fluoride
membrane (GE Healthcare Life Science, Amersham,
Pittsburgh, PA) for 30 min at 25 V with a Trans-Blot
SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad) in
Tris-Glycine buffer containing 15%methanol,membranes
were blocked for 2 h at room temperature (RT) inOdyssey
Blocking buffer (LI-COR Biosciences, Lincoln, NE) and
incubated overnight at 4�C with mouse monoclonal anti-
body for CLDN 1 and CLDN 5 (Santa Cruz Biotech-
nology, Dallas, TX). Membranes were then incubated
with IRDye donkey anti-mouse antibody (1:15,000; LI-
COR) diluted inPBS containing 0.1%Tween-20 (Thermo
Fisher Scientific, Inc.). Immunoreactive bands were
detected usingOdyssey Infrared Imaging System and soft-
ware (version 3.0.30; LI-COR). For housekeeping protein
(alpha-tubulin) detection, membranes were stripped with
NewBlot IR Stripping buffer (LI-COR) according toman-
ufacturer’s recommendation, blocked, and reprobed with
mouse monoclonal alpha-tubulin antibody (Santa Cruz
Biotechnology) and IRDye donkey anti-mouse antibody
(1:15,000; LI-COR) in PBS with 0.1% Tween-20. The
band intensities for CLDN 1 and 5were normalized to cor-
responding alpha-tubulin band intensities before statisti-
cal analysis. Jejunal and ileal samples between 248 h
and 72 h post-hatch were analyzed via Western Blot.

ZO-1 protein expression level in the ileal tissue was
determined using a commercially available chicken
TJP/ZO-1 ELISA kit (LifeSpan BioSciences, Inc., Seat-
tle, WA) according to the manufacturer’s instructions.
The optical density was determined using plate reader
(SpectraMax M2, Molecular Devices, San Jose, CA)
set to 450 nm. Results were calculated from standard
curve using SpectraMax M2 software.
Histological Staining

Jejunal and ileal samples collected into freshly pre-
pared 4% paraformaldehyde were incubated overnight,
followed by 70% ethanol storage until processing.
Paraffin-embedded sections of the samples were pre-
pared for subsequent histological staining by a profes-
sional histology service (Histoserv, Inc., Germantown,
MD). Mucosal staining was performed using Alcian
blue-PAS staining (Histoserv, Inc.). Each section was
photographed at full illumination using 20! or 40! ob-
jectives on an Olympus BX-40 microscope with an
Olympus DP-70 digital camera (Olympus, America,
Inc., Center Valley, PA).

Statistical Analysis

Normal distribution of data was verified by UNIVAR-
IATE analysis (SAS� Institute, Cary, NC). Box Cox
transformation (Box and Cox, 1964) was employed for
non-normal variables using R package (R-Core-Team,
2020). Transformed data were analyzed by 2-way
ANOVA using the general linear models (GLM, SAS
Institute). Age (h post-hatch), treatment (FD vs.
NFD), and their interaction were set as the fixed effects.
Main effects were not analyzed separately if the interac-
tion between them was significant. Significance was set
at P , 0.05.
RESULTS

Gene Expression

Only age ! treatment interactions are depicted in
Figures 1–4, while all fixed effects are presented in
Table 2. Age effect on mRNA expression for genes
with no significant interaction between fixed effects is
presented in Supplementary Figure 1 (jejunum) and
Supplementary Figure 2 (ileum).
Jejunum The expression pattern of TJ-related genes in
the jejunum is presented in Figure 1. All 8 genes were
significantly (P , 0.0001) affected by age with overall
decreasing expression during post-hatch development
(Figure 1). Significantly (P , 0.05) elevated OCLN
mRNA expression was observed in NFD birds at 24 and
48 h post-hatch in comparison to FD chickens
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Figure 1. Effect of delay in feed access for the first 48 h post-hatch on jejunal level of mRNA for tight junction–related genes: (A) occludin (OCLN),
(B) zonula occluden-1 (ZO-1), (C) zonula occluden-2 (ZO-2), (D) claudin 1 (CLDN 1), (E) claudin 4 (CLDN 4), (F) claudin 5 (CLDN 5), (G) junctional
adhesion molecule 2 (JAM2), and (H) junctional adhesion molecule 3 (JAM3). The expression level of e19 (248 h) birds was set to 100% and the other
values are presented as % of the 248 h data. Each value represents mean 6 SE of 6 birds. Different letters (large characters for fed (FD) group and
small characters for not fed (NFD) group) denote statistically significant (P , 0.05) differences between means within treatment. Stars denote sta-
tistically significant (P , 0.05) differences between treatment groups for each time point.
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(Figure 1A). There was no age ! treatment interaction
for ZO-1 expression, but treatment effect was significant
and NFD birds were characterized by a higher level of
expression in comparison to the FD group with a more
prominent effect between 4 and 24 h post-hatch
(Figure 1B, Supplementary Figure 1A). The expression
level of ZO-1 decreased (P , 0.05) over time with the
lowest and constant level from 72 h post-hatch onward
(Supplementary Figure 1A). ZO-2 mRNA expression
was not affected by access to feed post-hatch



Figure 2. Effect of delay in feed access for the first 48 h post-hatch on
jejunal level of mRNA for gut barrier–related genes: (A) mucin 2
(MUC2), (B) immunoglobulin A (IgA), (C) polymeric immunoglobulin
receptor (pIgR), and (D) fatty acid binding protein 2 (FABP2). The
expression level of e19 (248 h) birds was set to 100% and the other
values are presented as % of the 248 h data. Each value represents
mean 6 SE of 6 birds. Different letters (large characters for fed [FD]
group and small characters for not fed [NFD] group) denote statistically
significant (P, 0.05) differences betweenmeans within treatment. Stars
denote statistically significant (P, 0.05) differences between treatment
groups for each time point.
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(Figure 1C). In both groups, its expression was signifi-
cantly downregulated at hatch and from 24 h post-hatch
onward in comparison to 248 h post-hatch. From 72 h
post-hatch until the end of the experiment, no changes in
ZO-2 expression were observed (Supplementary
Figure 1B, Table 2). CLDN1 mRNA expression was
significantly upregulated in NFD birds at 48 and 72 h
post-hatch in comparison to the FD group (Figure 1D).
Overall, CLDN1 mRNA was downregulated during
development, showing the lowest mRNA level during
second week of development in both treatment groups
(Figure 1D). No significant interaction between age and
treatment as well as treatment effect were observed for
CLDN 4 and 5 in the jejunum (Figures 1E, 1F).
Expression of both CLDN genes was significantly
downregulated during development (Supplementary
Figures 1C, 1D, Table 2). In case of JAM2, NFD birds
had higher expression (P5 0.0376) in comparison to FD
birds (Supplementary Figure 1E), while no significant
age ! treatment interaction was observed (Figure 1G).
Similar expression profile was observed for JAM3
(Figure 1H), but neither treatment effect nor interaction
between main effects was significant (Table 2). For both
genes, significant downregulation during development
was observed (Supplementary Figures 1E, 1F). In case of
gut barrier-related genes, MUC2 gene expression was
significantly upregulated during development in both
treatment groups, with higher expression level of MUC2
mRNA in FD birds between 48 and 72 h post-hatch in
comparison to NFD group (Figure 2A, Table 2). IgA
mRNA expression level was significantly upregulated at
the end of the second week post-hatch with lower
expression (P, 0.05) in FD birds at 288 and 336 h post-
hatch in comparison to NFD group (Figure 2B, Table 2).
Regardless of access to feed post-hatch, expression of
pIgR was gradually upregulated during development
starting at 96 h post-hatch and showing the highest
mRNA level at 336 h post-hatch (Figure 2C,
Supplementary Figure 1G, Table 2). Increase in FABP2
mRNA expression was observed from 248 h until 24 h
post-hatch and was followed by gradual decrease during
development in both treatment groups. FD birds had
significantly higher FABP2 mRNA expression at 24 h
post-hatch and lower expression at 48 and 72 h post-
hatch in comparison to NFD birds (Figure 2D, Table 2).
Ileum FD birds were characterized by decreasing
OCLN mRNA expression from 248 h until 48 h post-
hatch that was followed by gradual increase. Similar
expression pattern was detected for NFD birds. The
NFD group had significantly higher OCLN expression at
48 h post-hatch in comparison to the FD group
(Figure 3A, Table 2). Ileal ZO-1 mRNA expression
gradually decreased from248 h post-hatch reaching the
lowest expression between 48 and 144 h post-hatch and
was followed by slight increase between 192 and 288 h
post-hatch in FD birds. ZO-1 mRNA expression in NFD
birds followed the same expression pattern except for
48 h post-hatch when the expression level in NFD was
significantly higher in comparison to FD birds
(Figure 3B, Table 2). In contrast to ZO-1, ZO-2 was not
affected by access to feed post-hatch. Gradual down-
regulation of ZO-2 mRNA expression was observed
during development (Figure 3C and Supplementary
Figure 2A, Table 2). Both treatment groups were



Figure 3. Effect of delay in feed access for the first 48 h post-hatch on ileal level of mRNA for TJ genes: (A) occludin (OCLN), (B) zonula occluden-1
(ZO-1), (C) zonula occluden-2 (ZO-2), (D) claudin 1 (CLDN 1), (E) claudin 4 (CLDN 4), (F) claudin 5 (CLDN 5), (G) junctional adhesion molecule
2 (JAM2), and (H) junctional adhesion molecule 3 (JAM3). The expression level of e19 (248 h) birds was set to 100% and the other values are pre-
sented as % of the248 h data. Each value represents mean6 SE of 6 birds. Different letters (large characters for fed [FD] group and small characters
for not fed [NFD] group) denote statistically significant (P, 0.05) differences between means within treatment. Stars denote statistically significant
(P , 0.05) differences between treatment groups for each time point.
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characterized by decreasing mRNA level of CLDN 1
from248 h post-hatch until 144 h post-hatch with NFD
birds characterized by significantly (P , 0.05) higher
level at 48, 144, and 192 h post-hatch (Figure 3D,
Table 2). In general, CLDN 4 expression level was
downregulated during development in both treatment
groups with NFD birds having significantly lower CLDN
4 mRNA expression 240 h post-hatch in comparison to
FD group (Figure 3E, Table 2). CLDN 5 mRNA
expression was characterized by a gradual decrease



Figure 4. Effect of delay in feed access for the first 48 h post-hatch on
ileal level of mRNA for gut barrier–related genes: (A) mucin 2 (MUC2),
(B) Immunoglobulin A (IgA), (C) polymeric immunoglobulin receptor
(pIgR), and (D) fatty acid binding protein 2 (FABP2). Insert figure B0
represents IgA mRNA expression level from 248 to 240 h post-hatch.
The expression level of e19 (248 h) birds was set to 100% and the other
values are presented as % of the 248 h data. Each value represents
mean 6 SE of 6 birds. Different letters (large characters for fed [FD]
group and small characters for not fed [NFD] group) denote statistically
significant (P, 0.05) differences betweenmeans within treatment. Stars
denote statistically significant (P, 0.05) differences between treatment
groups for each time point.

Table 2. The effect of delay access to feed post-hatch (treatment)
on tight junction and gut barrier–related gene expression during
development (age).

Gene1
Pr . F

Treatment Age Treatment ! age

Jejunum
OCLN 0.0375 ,0.0001 0.0020
ZO-1 0.0079 ,0.0001 0.2744
ZO-2 0.8346 ,0.0001 0.9338
CLDN1 0.0630 ,0.0001 0.0008
CLDN4 0.5392 ,0.0001 0.3583
CLDN5 0.4597 ,0.0001 0.7074
JAM2 0.0376 ,0.0001 0.8968
JAM3 0.3077 ,0.0001 0.2315
MUC2 0.8793 ,0.0001 0.0224
IgA 0.1637 ,0.0001 ,0.0001
pIgR 0.7063 ,0.0001 0.1923
FABP2 0.8968 ,0.0001 0.0507

Ileum
OCLN 0.0175 ,0.0001 0.0022
ZO-1 0.0497 ,0.0001 ,0.0001
ZO-2 0.9476 ,0.0001 0.8658
CLDN1 0.0396 ,0.0001 0.0129
CLDN4 0.3269 ,0.0001 ,0.0001
CLDN5 0.7965 ,0.0001 0.2260
JAM2 0.0016 ,0.0001 ,0.0001
JAM3 0.0159 ,0.0001 0.0022
MUC2 0.5740 ,0.0001 ,0.0001
IgA 0.0049 ,0.0001 0.7042
pIgR 0.2687 ,0.0001 0.0349
FABP2 0.7063 ,0.0001 0.4031

1Gene abbreviations are deciphered in the text of the manuscript.
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post-hatch in both treatment groups with no significant
effect of delayed access to feed or interaction between
age and treatment (Figure 3F and Supplementary
Figure 2B, Table 2). In FD birds, JAM2 mRNA level
was significantly downregulated during first 48 h post-
hatch and stayed at similarly low level until the end of
the experiment (336 h post-hatch), while NFD birds
were characterized by significantly higher JAM 2mRNA
expression from 48 to 96 h and slightly (P , 0.05) lower
expression at 192 h post-hatch in comparison to FD
birds and (Figure 3G, Table 2). Similar expression
pattern was observed for JAM 3 mRNA expression for
both treatment groups with NFD birds being charac-
terized by higher (P , 0.05) mRNA expression of JAM
3 at 48 and 72 h post-hatch as compared to FD birds
(Figure 3H, Table 2). Significant increase in MUC2
mRNA expression during development was observed in
both treatment groups, with lower (P , 0.05) mRNA
level at 48 h and higher (P, 0.05) at 144 h post-hatch in
NFD birds in comparison to the FD group (Figure 4A,
Table 2). IgA mRNA level was significantly upregulated
at the end of second week post-hatch with no significant
difference between FD and NFD groups or interaction
between age and treatment (Figure 4B and
Supplementary Figure 2C, Table 2). Similarly to IgA,
the mRNA expression of its receptor (pIgR) was not
significantly affected by delayed access to feed post-
hatch (Figure 4C, Table 2). pIgR expression level was
gradually upregulated (P , 0.05) in both treatment
groups, FD and NFD, starting at 24 h post-hatch, with
the highest level at 336 h post-hatch (Figure 4D,
Table 2). No significant interaction between age and
treatment as well as lack of effect of access to feed was
observed for FABP2 mRNA expression in the ileum
(Figure 4D, Table 2). However, analysis of expression



Figure 5. Effect of delay in feedaccess for thefirst 48hpost-hatch on jejunal (A) claudin 1 (CLDN1)and (B) claudin 5 (CLDN5), and ileal (C)CLDN1
and (D)CLDN5 protein expression analyses byWestern Blot and quantified byOdyssey Imaging System. A representativeWestern blot depicting detec-
tion of CLDN 1 and 5, and alpha-tubulin (ATUB) are presented above each quantification figure. Each value represents mean6 SE of 4 birds.
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data only between 24 and 96 h post-hatch for both
treatment groups revealed significant (P 5 0.0126)
upregulation of FABP2 expression in NFD birds (data
not shown). FABP2 mRNA expression was also affected
by development (age). Increase in FABP2 mRNA
expression from 248 to 24 h post-hatch was followed by
decrease in both treatment groups (Supplementary
Figure 2E, Table 2). Significantly lower FABP2
mRNA level was observed at 192 h post-hatch in com-
parison to earlier time points (Supplementary Figure 2E,
Table 2).
Protein Expression

Owing to limited availability of commercial antibody
for chicken TJ-related proteins, we were only able to
determine CLDN 1 and 5 protein expression in the
jejunum and ileum using Western blot (Figure 5). In
addition, we determined ZO-1 protein level using ELISA
(Figure 6). The ileum was selected for the ELISA assay
because only in this tissue ZO-1 mRNA expression was
affected by delayed access to feed. Overall, relatively
low expression levels of both proteins, CLDN 1 and 5,
were observed during Western blot analysis, especially
in comparison to loading control alpha-tubulin
(Figure 5).
Jejunum No significant effect of treatment or interac-
tion of main effects was detected for CLDN 1 protein
expression. However, CLDN 1 protein level was upregu-
lated (P 5 0.0055) during first 72 h post-hatch in both
treatment groups (Figure 5A). A similar pattern was
observed for CLDN 5 in jejunum (Figure 5B). However,



Figure 6. (A) Effect of delay in feed access for the first 48 h post-
hatch on ileal protein level for zonula occluden (ZO-1) determined by
ELISA assay. (B) Effect of age on ileal protein level for ZO-1. Each value
represents mean6 SE of 6 birds. Different letters denote statistically sig-
nificant (P , 0.05) differences between means within treatment.
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a trend in delayed access to feed (P 5 0.0637) and
interaction between treatment and age (P 5 0.0702)
effects were observed, with NFD having higher CLDN 5
protein expression in comparison to FD birds
(Figure 5B).
Ileum CLDN 1 and CLDN 5 protein expression in the
ileum was not affected by access to feed early post-
hatch. Levels of both proteins were affected by age
(P5 0.0022 and P, 0.0001, respectively). No significant
interaction between treatment and age was observed in
case of CLDN 1 and 5 (Figures 5C, 5D). ELISA revealed
no changes in ZO-1 protein due to delayed access to feed
post-hatch during first 96 h post-hatch (Figure 6A). ZO-1
protein level was downregulated over time in comparison
to 4 h post-hatch regardless of treatment (Figure 6B,
P 5 0.0022). No interaction between age and treatment
was observed for ZO-1 protein.
Histological Analysis

Figures 7 and 8 depict the histological changes and
patterns of mucin staining during post-hatch develop-
ment (from hatch to 96 h post-hatch and from hatch
to 72 h, respectively) in both treatment groups (FD
and NFD) in jejunum and ileum, respectively. These
time points were selected based on changes in MUC2
mRNA expression and the effect of delayed access to
feed on MUC2 gene expression in both tissues. Summary
of the visual assessment of the proportion of cells stained
pink (neutral mucin), blue (acidic mucin), and purple
(mixed mucin) in the jejunum (Figure 7) and ileum
(Figure 8) is presented in Table 3.
Jejunum At hatch (0 h), jejunum was characterized by
small villi, almost non-distinguishable crypts, and high
level of mixed (neutral and acidic, violet) and neutral
(pink) mucin staining with less visible staining for acidic
mucin (light blue). Four hour post-hatch, jejunal sec-
tions of FD birds were characterized by elongated villi
and defined crypts. Mucin stained predominantly as
mixed mucin with neutral mucin present mostly in
crypts. In comparison to FD birds, NFD jejunal sections
were characterized by shorter villi, smaller crypts and
less mucin staining (Figure 7). Changes in length
(further elongation) of the villi, presence of acidic mucin
in crypts, mixed mucin along the villi, and less neutral
mucin in crypts in comparison to 4 h post-hatch were
characteristic for jejunal section 24 h post-hatch in FD
birds. NFD birds were characterized by smaller and
thicker villi with mixed mucin staining along the villi
and neutral mucin presence in crypts at that post-hatch
time. In comparison to 24 h post-hatch and NFD at 48 h
post-hatch, FD group was characterized by longer villi
48 h post-hatch. Overall, more neutral and mixed mucin
staining, and more neutral mucin in crypts were present
in FD birds 48 h post-hatch while NFD birds were
characterized by more elongated villi in comparison to
24 h post-hatch, more mucin staining in comparison to
FD birds with neutral mucin present in crypts, and
mixed mucin staining along the villi (Figure 7). At 72 h
post-hatch, FD birds had thicker villi with a lot of mucin
along the villi, presence of neutral mucin at the base of
villi, acidic in crypts, and mixed mucin along the villi.
NFD birds were characterized by neutral mucin staining
in crypts and mixed and acidic mucin along the villi
(Figure 7). At 96 h post-hatch, FD birds had much
longer villi than NFD birds and were characterized by
neutral and mixed mucin staining along the villi. NFD
birds were characterized by shorter and thicker villi and
more neutral mucin present along the villi (Figure 7 and
Table 3).
Ileum Similarly to jejunum, ileal sections at hatch (0 h)
were characterized by small villi but had visible crypts.
Crypts at this age were characterized by neutral and
acidic mucin staining while only some staining was
visible along the villi (Figure 8). At 4 h post-hatch, FD
birds had longer villi, bigger crypts, and neutral and
mixed mucin staining in crypts, while NFD had smaller
villi and crypts, lower staining for mucin in crypts, and a
lot of mixed mucin along the villi. At 24 h post-hatch,
both treatment groups seemed to have similar villi
length with a lot of mixed mucin staining along the villi,
and neutral and mixed staining in crypts in FD birds,
and a lot of acidic mucin along the villi and neutral
mucin in crypts in NFD birds. Acidic and neutral mucin
in crypts while neutral andmixed along villi were present
48 h post-hatch in ileum of FD birds. NFD birds were
characterized by acidic and mixed mucin staining along
the villi, and neutral mucin staining in crypts 48 h post-
hatch. At 72 h post-hatch, comparable staining for
mucin was observed in the ileum in FD and NFD birds



Figure 7. Effect of delay in feed access for the first 48 h post-hatch on
jejunal mucin staining. Paraffin sections of jejunum collected from 0 to
96 h post-hatch were stained with Alcian blue-PAS. The black arrow indi-
cates neutral mucin staining; red arrow indicates acidic mucin and arrow
head indicates mixed mucin staining. Abbreviations: C, crypt; L, intestinal
lumen; M, smooth muscle; MM, muscularis mucosa; V, villi.
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with neutral mucin in crypts and neutral and mixed
along villi in FD birds, and acidic and neutral mucin
staining in NFD birds crypts, and mixed and neutral
mucin along the villi in the NFD group (Figure 8 and
Table 3).
DISCUSSION

Intestinal permeability can be regulated by several
factors including diet, intestinal microflora, stress, dis-
eases, infections, toxins, antibiotics, and withholding
feed (Kansagra et al., 2003; Schumann et al., 2005;
Bischoff et al., 2014; Gilani et al., 2018a, b). Increased in-
testinal permeability in chickens is often associated with
compromised health and performance, bacterial translo-
cation, coccidiosis, immune activation, and lameness
(Wideman et al., 2012; Chapman, 2014; Chen et al.,
2015; Gilani et al., 2016). The aim of our study was to
investigate changes in gut barrier function and integrity
by determining mRNA and protein expression of gut
barrier function and TJ-related genes in broiler chickens
that were subjected to delayed access to feed immedi-
ately post-hatch.

Mucin, IgA, and pIgR represent first line of immune
defense in the gastrointestinal tract while TJ proteins
have been found to be fundamentally important in con-
trolling intestinal permeability (Groschwitz and Hogan,
2009). It has been reported that barrier function can be
assessed indirectly in vivo by characterization of TJ pro-
teins through quantification of mRNA expression, deter-
mination of phosphorylation, protein folding, and
through localization of TJ protein (Awad et al., 2017).
In our study, greater number of TJ-related genes in the
ileum were affected by lack of feed for the first 48 h in
comparison to the jejunum. It has been previously shown
that expression of genes associated with gut barrier and
health is primarily modulated in the ileum (Palamidi
and Mountzouris, 2018; Barekatain et al., 2019b). More-
over, in the chicken, mRNA expression patterns of
nearly all TJ-related genes showed downregulation dur-
ing the first 2 wk post-hatch, while during the same
period, mRNA level of gut barrier-related genes was
upregulated. The only exceptions were FABP2 and ileal
OCLN. OCLN shows a trend of relatively stable expres-
sion over time in both treated group, FD and NFD. It is
unknown why this gene did not follow the pattern of
other TJ-related genes, especially in the ileum. Our
data suggest that in the ileum, OCLN gene could be
constitutively expressed. FABP2 is not considered to
be a part of the gut barrier but rather a marker related
to changes in gut permeability. It has been shown that
reduction of FABP2 mRNA expression in germ-free
birds was associated with loss of epithelial cell content
and intestinal barrier failure (Chen et al., 2015). In
broiler chickens, FABP2 has been shown to play a role
in lipogenesis, fatty acid transport, and abdominal fat
content (Hu et al., 2010; Hughes and Piontkivska,
2011; Guo et al., 2014). Therefore, it is possible that
the changes of FABP2 mRNA that we observed are
related more to the other role of FABP2 than as a



Figure 8. Effect of delay in feed access for the first 48 h post-hatch on ileal mucin staining. Paraffin sections of the ileum collected from 0 to 72 h post-
hatch were stained with Alcian blue-PAS. Black arrow indicates neutral mucin staining; red arrow indicates acidic mucin and arrow head indicates
mixed mucin staining. Abbreviations: C, crypt; L, intestinal lumen; M, smooth muscle; MM, muscularis mucosa; V-villi.
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Table 3.Variation in mucin composition in the jejunum and ileum
of birds with full access to feed (FD) post-hatch or subjected to
delay in feeding (NFD) early post-hatch.

Time [h] Site Mucin

Jejunum Ileum

FD NFD FD NFD

01 Villi Neutral
Acidic
Mixed

11
1

111

1
1
11

Crypt2 Neutral
Acidic
Mixed

—————— 11
11
1

4 Villi Neutral
Acidic
Mixed

111
11
111

11
11
11

1
11
11

1
1
111

Crypt Neutral
Acidic
Mixed

1111
2
1

1
11
1

11
2
11

1
1
1

24 Villi Neutral
Acidic
Mixed

1
11
11

1
1
111

11
1
111

1
111
11

Crypt Neutral
Acidic
Mixed

1
111
11

111
1
11

111
1
11

11
1
11

48 Villi Neutral
Acidic
Mixed

1
1
111

1
11
111

11
2
111

1
111
11

Crypt Neutral
Acidic
Mixed

11
1
11

111
1
1

111
11
11

111
1
11

72 Villi Neutral
Acidic
Mixed

111
2
111

11
11
11

11
11
111

1
111
11

Crypt Neutral
Acidic
Mixed

11
11
1

11
1
1

111
2
11

11
111
1

963 Villi Neutral
Acidic
Mixed

11
2
11

11
2/1
111

Crypt Neutral
Acidic
Mixed

11
1
11

11
1
11

2/111 Visual assessment of the proportion of cells stained pink
(neutral mucin), blue (acidic mucin), and purple (mixed mucin) in the
jejunum (Figure 7) and ileum (Figure 8).

1At hatch, there was only one group of birds, the birds were split into FD
and NFD after hatch.

2There were no distinguishable crypts visible at hatch in the jejunum.
3Selection of samples for mucin staining was based on MUC2 mRNA

expression changes during development.
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marker of gut barrier failure. In chickens, the immediate
post-hatch period is characterized by dramatic changes
in lipid metabolism due to changes in feed type. During
embryonic development, chicks rely on lipid-rich yolk,
while after hatch, they are exposed to feed that is rela-
tively high in carbohydrates and low in fat (Richards
et al., 2010).
In contrast to gene expression analysis, protein expres-

sion pattern of TJ-related proteins remains largely un-
known. In this experiment, we were able to determine
protein expression of CLDN 1 and 5 in the jejunum
and ileum of FD and NFD birds during first 72 h post-
hatch usingWestern blot and commercially available an-
tibodies. In contrast to mRNA expression, protein
expression was upregulated during post-hatch time
with a trend (P, 0.1) for NFD birds having higher pro-
tein expression. Moreover, we showed upregulation of
ZO-1 protein using ELISA assay in ileum 4 h post-
hatch that was followed by a decrease. Similarly to
CLDN 1 and 5 protein expression, no significant differ-
ences between FD and NFD groups were detected. Clau-
dins serve as backbones of TJ complexes and their role is
regarded as one of the most relevant immunohistochem-
ical markers for TJ (Barekatain et al., 2019b). Lack of
corresponding changes in CLDNs and ZO-1 expression
profile between mRNA and protein suggests that post-
translational modification could be involved in the regu-
lation of protein activity. In mammals, phosphorylation
of claudins has been shown to affect their localization
and interaction with other proteins, therefore changing
intestinal permeability (Findley and Koval, 2009). Other
TJ-related proteins have also been shown to undergo
posttranslational modifications.

In contrast to our results, study in humans showed
high intestinal permeability in neonates that undergo
downregulation during development (Kerr et al., 2015).
Rouwet et al. (2002) suggested that the intestinal barrier
is not completely developed at birth and its postnatal
maturation occurs coincidentally along with increasing
bacterial colonization (Udall et al., 1981a, b). The over-
expression of mRNA encoding TJ-related genes in birds
not fed immediately after hatch could be a result of a
compensatory mechanism protecting the gastrointes-
tinal tract from pathogenic bacteria and restoring intes-
tinal permeability. A similar mechanismwas observed by
Barekatain et al. (2019a) in chicks fed dexamethasone.
Our results also suggest that mRNA expression of TJ-
related genes comes as a first line of defense and is highly
activated before hatch (at the end of the embryonic
development) and at the hatch, to prepare the sterile
gastrointestinal tract to exposure to feed and bacteria.
Similar expression pattern was observed in birds for
defensin genes, which are highly expressed during embry-
onic development and at hatch and are then downregu-
lated during first weeks post-hatch (Bar-Shira and
Friedman, 2006; Zhang and Sunkara, 2014).

In contrast to TJ-related genes, mRNA expression of
gut barrier function genes such as MUC2 or IgA seems
to require relatively more time for upregulation of
expression to occur. In our experiment, gradual increase
of MUC2 mRNA was observed after hatch in both tis-
sues with significant delay in MUC2 mRNA increase in
NFD birds. After hatch, birds are exposed to a variety
of antigens including commensal and pathogenic bacte-
ria, therefore mucosal development is critically impor-
tant (Zhang et al., 2015) considering that immune
system of birds and their intestinal barrier are not fully
developed at that time (Rouwet et al., 2002; Huang
et al., 2019). It is possible that the maturation of goblet
cells upon exposure to antigens from food or bacteria is
required for upregulation of MUC2 gene expression. It
has been previously shown that mucus secretion from
goblet cells is regulated by the host sensing the presence
of gut microbes or their metabolites (Kim and Ho, 2010).
Similar increase in MUC2 mRNA expression during
development and after hatch in GIT has been previously
observed by others (Zhang et al., 2015; Woodfint et al.,
2017). Delay in MUC2 mRNA expression after hatch in
NFD birds as a result of lack of feed for the first 48 h
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post-hatch could result in deterioration of intestinal bar-
rier, lower protection against pathogens, and overall
decrease in gut health. It has been suggested that a
decrease in MUC2 expression may be associated with
deterioration of intestinal mucosa (Forder et al., 2012)
and can lead to spontaneous inflammation of the small
intestine (Van der Sluis et al., 2006). Therefore, MUC2
has been used as a marker for gut health in poultry
and in other species (Forder et al., 2012; Chen et al.,
2015). Moreover, it has been shown that dietary restric-
tion can lead to regression in mucosal development (Uni
et al., 1998) while MUC2mRNA expression is reduced in
intestine of germ-free birds (Cheled-Shoval et al., 2014)
suggesting a role of the bacterial population in mucus
development. Because of the undeveloped gut barrier
and immune system immediately after hatch, presence
of mucus is important for gut protection during the first
hours post-hatch (Moreira Filho et al., 2019) and it has
been suggested that enhancement of mucin secretion in
young chickens during the development of the gut
mucosal barrier could be beneficial in preventing the in-
vasion of pathogenic bacteria and toxins (Murai et al.,
2018). Lack of feed for the first 48 h seems to have a dete-
riorating effect on the chicks’ ability to protect itself
from pathogenic bacteria and toxins.

In this study, the upregulation of MUC2 between 48
and 72 h post-hatch was corresponded with MUC2 his-
tological staining. Lack of feed immediately after hatch
not only led to visible morphological changes in the
small intestine of chickens but was also shown to affect
mucin dynamics (Uni et al., 2003). It has also been
shown that presence of intestinal microflora in the
GIT influences mucin dynamics and mucin develop-
ment (Cheled-Shoval et al., 2014). In this experiment,
we observed changes in mucin composition (based on
histological staining) during the jejunum and ileum
development post-hatch but also due to lack of feed
immediately post-hatch in both tissues. Mucin itself
can be classified into neutral mucin, sialic acid contain-
ing mucin, and ester sulphate containing mucin
(Deplancke and Gaskins, 2001). It has been shown
that before hatch, an acidic type of mucin prevails,
while after hatch, neutral mucin is coproduced in
goblet cells (Cheled-Shoval et al., 2014). The physio-
logical relevance of distinct mucin types is not well un-
derstood but it has been suggested that it can influence
their protective properties (Deplancke and Gaskins,
2001). It has been also suggested that acidic mucin
protects against bacterial translocation because it ap-
pears to be less prone to degradation by bacterial en-
zymes and proteases (Deplancke and Gaskins, 2001).
Therefore, presence of acidic mucin in early stages of
development could be important due to an immune de-
fense system that is not fully functional (Deplancke
and Gaskins, 2001). In agreement with that data, we
have shown increased staining for acidic and mixed
mucin in NFD birds compared to FD birds between
24 and 72 h post-hatch.

Mucins provide adhesive sites for IgA and make up the
first line of intestinal defense (Everett et al., 2004). IgA is
the most abundant immunoglobulin isotype at mucosal
sites (Brandtzaeg, 2010) and is an important factor in
preventing infection and regulating the composition of
microbiota (Den Hartog et al., 2016). In agreement
with previous report (Zhang et al., 2015), IgA was poorly
expressed during the first week of life and increased dur-
ing second week of life in both the jejunum and ileum.
Lack of IgA expression during the first week post-
hatch in birds has been explained by the presence of
maternal IgA from the egg and their role in passive im-
mune mechanism (Bar-Shira et al., 2014). Similarly to
other gut barrier-related genes, IgA mRNA showed an
opposite expression pattern to TJ-related genes. In the
jejunum, increase in IgA expression was initiated 48 h
earlier when compared to the FD group, while no effect
of lack of feed on IgA mRNA was observed in the ileum.
Increase in IgA mRNA in the jejunum in NFD birds
could be explained by the presence of compensatory
mechanism due to lower MUC2 expression and/or faster
depletion of maternal IgA. The difference in reaction of
jejunum and ileum to lack of feed immediately after
hatch could also be explained by presence of different
bacterial populations occupying these 2 parts of the
gastrointestinal tract (Choi et al., 2014). Besides the dif-
ferences in upregulation of IgA expression in the jejunum
of FD and NFD groups, it is worth to mention the huge
difference in their relative expression. At 288 h and 336 h
post-hatch, the IgAmRNA expression in the NFD chicks
was, respectively, 3 ! 102 and 1.6 times higher than in
FD birds. This could suggest that NFD birds were expe-
riencing possible low level of inflammation (“chronic
type”) due to delay in access to feed post-hatch. Changes
in the proinflammatory and anti-inflammatory interleu-
kins such as Il-1b, Il-6, Il-8, and TGFb as well as in
TLR2, 4 and INFg were observed during the first 2 wk
post-hatch in NFD birds, supporting the hypothesis of
presence of “chronic type” inflammation in the gastroin-
testinal tract of these chickens (authors’ unpublished
data).
Function of IgA depends on its transport from the

lamina propria, where it is secreted, via pIgR located
on the basolateral side of mucosal epithelial cells
(Johansen et al., 1999; Kaetzel, 2005). Expression profile
of pIgR mRNA was very similar to that of IgA in the
jejunum and ileum with the exception of time of
increased expression and reaction to lack of feed immedi-
ately post-hatch. Expression level of pIgR was upregu-
lated in both tissues at the end of first week
post-hatch, and in contrast to IgA, lack of feed had
impact on pIgR mRNA level in the ileum but not in
the jejunum. It seems that pIgR mRNA expression
compensated with a lack of reaction to absence of feed
immediately post-hatch. It is interesting, that pIgR
expression was upregulated during development much
earlier than IgA mRNA level. In contrast to our results,
Zhang et al. (2015) observed similar expression profile of
IgA and pIgR in the chicken ileum (increased during sec-
ond week post-hatch). Moreover, the relative expression
of the gut barrier–related genes such as IgA or pIgR over
time was an order of magnitude higher than those at
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embryonic stage while changes in TJ-related genes over
time were only 5-10 times lower over time in comparison
to embryonic stage.
Small intestine of hatched chicks is immature and

undergoes dramatic changes during the first days post-
hatch (Uni et al., 2000). Immediately after hatch, func-
tional maturation of GIT is triggered by microbiota
and dietary antigens (Den Hartog et al., 2016). Similarly
to our observation, rudimentary crypts have been found
immediately post-hatch in small intestine and only one
crypt per villi has been observed (Uni et al., 2000).
Defined and developed crypts have been observed in
small intestine of chickens within 2 to 3 D post-hatch
(Uni et al., 2000; Geyra et al., 2001b). Development of
crypts was accompanied by elongation and development
of villi in both the jejunum and ileum. It has been previ-
ously shown that narrow villi have greater nutrient ab-
sorption area while widening of villi results in less area
for nutrient absorption (Chen et al., 2015). Moreover,
crypt depth and the ratio of crypt depth to villi height
has been associated with measures of efficiency because
increase of crypt depth or ratio indicates greater need
for cell proliferation to maintain gut barrier integrity
(Uni et al., 1998; Awad et al., 2009, 2011). Although in
this manuscript we do not report measurements associ-
ated with GIT morphology, the presented microscope
pictures clearly indicate changes in morphology of the
small intestine not only during GIT maturation and
development, but also due to delayed access to feed
immediately post-hatch. Most available literature indi-
cates that feeding immediately post-hatch leads to accel-
erated development of gut morphology (Noy and Sklan,
1998), while lack of feed for 24 to 36 h post-hatch leads to
retarded growth in GIT segments of the intestine, alter-
ation in crypt depth and microvilli (Uni et al., 1998), and
morphology of the small intestine (Geyra et al., 2001b).
However, changes in intestinal morphology due to lack
of feed for the first 48 h post-hatch were not observed
by Potturi et al. (2005).
In our previous study (Proszkowiec-Weglarz et al.,

2019), we have shown that NFD birds were character-
ized by significantly lower body weight beginning at
day 6 post-hatch and until the end of the experiment
(day 14). However, at the end of the experiment, the
feed intake was not significantly different between treat-
ment groups. It is possible that the lower body weight
that was observed in NFD birds is a result of changes
in gut barrier function and overcompensation of these
functions due to delay in access to feed early post-
hatch. Increase in these processes may have come at
the expense of growth parameters in NFD birds. On
the other hand, FD birds showed relatively enhanced
TJ integrity and gut barrier function at later stages of
growth without compromised growth.
The impact of changes in gut barrier and gut integrity

genes due to delay in access to feed early post-hatch, on
responses to stress later in life, is largely unknown. More
data are required to determine if changes observed early
in life during gastrointestinal and immune system devel-
opment will affect the response of broilers to challenges
such heat stress, bacterial, or parasites infections. How-
ever, it has been shown that expression of TJ-related and
gut barrier–related genes is modulated by different
stresses encountered later in life (Shao et al., 2013;
Song et al., 2014; Li et al., 2015; Yang et al., 2015;
Chen et al., 2018; Liu et al., 2018; Goo et al., 2019).

In conclusion, we have shown that lack of access to
feed for the first 48 h post-hatch is associated with
changes in mRNA expression of genes related to TJ
and gut barrier function. The data suggest that delayed
access to feed post-hatch may affect TJ structure and/or
function, gut barrier function, and overall health of the
small intestine in the chickens. Moreover, our data sug-
gest the presence of compensatory mechanisms in the
expression of TJ-related genes to possibly counterbal-
ance negative changes in gut barrier-related genes,
mainly MUC2. Finally, our data strongly support the
fact that immediate access to feed post-hatch is impor-
tant not only for GIT development, but also for gastro-
intestinal barrier and overall animal health.
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