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ABSTRACT Intestinal epithelial cells are major
producers of antimicrobial proteins, which play an
important role in innate immunity. In addition to
defensins, the Ribonuclease A superfamily includes
important antimicrobial proteins involved in host-
defense mechanisms in vertebrates. Angiogenin-4
(Ang4), a member of this RNase superfamily, has been
demonstrated to be secreted by Paneth cells in mice. We
have successfully cloned and characterized a new chicken
gene (chAng4), found for the first time in a
nonmammalian species, from intestinal epithelial and
lymphoid cells. Characterization of chAng4 revealed 99%
nucleotide and 97% amino acid sequence homology to
mouse Ang4. Similar functional regions were identified,
suggesting a role in innate immunity and regulation of
gut microbiota. Furthermore, the mRNA expression
pattern of chAng4 was studied in broilers in the presence
or absence of beneficial bacteria (probiotics) and organic
acids. The results showed that one-day-old chickens
expressed low levels of Ang4 in almost all the evaluated
ublished by Elsevier Inc. on behalf of Poultry Science
nc. This is an open access article under the CC BY-NC-
ttp://creativecommons.org/licenses/by-nc-nd/4.0/).
ecember 9, 2019.

March 9, 2020.
otide sequence data reported in this paper have been sub-
Bank database (National Center for Biotechnology Infor-
esda, MD, USA) and have been assigned the accession
18941.1. The predicted amino acid sequence has been
accession number NP_001157124.1.
nding author: jrodriguez@upei.ca

2992
tissues (crop, proventriculus, duodenum, jejunum,
ileum, and cecal tonsils), except in the bursa of Fabricius
that presented the highest expression level. The addition
of probiotics and organic acids for either 7 or 14 consec-
utive days demonstrated a direct effect of probiotics and
organic acids on chAng4 expression; moreover, broilers
receiving probiotics and organic acids for only 7 D
showed higher levels of chAng4 expression compared
with those treated for 14 D. Broilers without treatment
had a constant high level of expression in cecal tonsils
and bursa. In conclusion, we were able to identify and
characterize a new antimicrobial gene in chickens
(chAng4) throughout the gastrointestinal tract. chAng4
mRNA gene expression was associated with the presence
of naturally occurring and supplemented (probiotic)
bacteria. The encoded protein might have a potential
bactericidal effect against intestinal nonpathogenic and
pathogenic microbes, modulating the intestinal
microbiota and the innate immunity, and thereby may
help minimize the use of antibiotics in poultry feed.
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INTRODUCTION

Early bacterial colonization of the intestine can alter
its morphology, physiology, and susceptibility to
infectious diseases (Diaz-Carrasco et al., 2019). The
intestinal microbiota plays a critical role in the
development and maturation of the gut and its lymphoid
structures, and in the function of immune system cells
(Hooper et al., 2012; Maki et al., 2019). Initial
interactions between commensal bacteria and the host
immune system can shape microbiota composition,
maintain intestinal homeostasis, and exert immune-
modulatory activities (Hooper et al., 2012; Diaz-
Carrasco et al., 2019; Maki et al., 2019). For example,
the functions of Bacteroides thetaiotamicron seem to
be associated with modulation of gene expression; in
addition to inducing the expression of the bactericidal
gut protein Angiogenin (Ang) 4 in mice, this
microorganism has been shown to upregulate different
genes related to mucosal barrier integrity (Hooper et
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al., 2001; Zocco et al., 2007). Probiotics enhance the
expression of antimicrobial peptides in the gut, such as
defensins, and organic acids modulate the gut microbial
community through the inhibition of pathogenic bacte-
ria (Akbari et al., 2008; Malik et al., 2016). Therefore,
these nutraceutical compounds are tools being explored
to improve intestinal health in poultry without the
need for antibiotics (Sugiharto, 2016; Maki et al., 2019).
The Ribonuclease (RNase) A Superfamily is a

vertebrate-specific gene family that encodes cationic
peptides secreted by immune cells and epithelial tissues,
with cytotoxic, anthelmintic, antibacterial, antiviral and
antifungal activity (Schwartz et al., 2018). Mouse Ang4
is a member of this superfamily, localized in Paneth cell
granules, which is secreted into the intestinal lumen
together with other secretory granule contents, such as
lysozyme, in response to bacterial signals (Hooper
et al., 2003). In the absence of Paneth cells, goblet cells
have been identified as the cellular source of Ang4 in
mouse colon during Trichuris muris infection (Forman
et al., 2012). Paneth cells have been detected in chicken
small intestinal crypts through lysozyme c expression
(Wang et al., 2016). However, other lysozyme-positive
cells have also been observed along the villus in the duo-
denum, such as goblet cells and rod-shaped cells, and in
cecum and colon (Bar-Shira and Friedman, 2018).
The gene encoding angiogenin is present in nearly all

vertebrates (Sheng and Xu, 2016). Moreover, whereas
humans, nonhuman primates, gray short-tailed opos-
sums, and rabbits harbour a single gene, rats, pigs, and
painted turtles have 2, cattle 3, zebrafish 5, and mice 6
(Zhang and Rosenberg, 2002; Sheng and Xu, 2016;
Schwartz et al., 2018). It has been shown that mouse
Ang 1 is primarily expressed in the liver and exhibits
antimicrobial activity against Candida albicans and
Streptococcus pneumoniae. By contrast, murine Ang4
expression is almost restricted to the intestine and is
enhanced by commensal bacteria such as B.
thetaiotamicron; this protein also presents bactericidal
activity against Enterococcus faecalis and Listeria
monocytogenes (Hooper et al., 2003). In addition, mouse
Ang4 is angiogenic, like mouse Ang1, as determined by a
thoracic aorta assay (Crabtree et al., 2007).
In chickens, expression of a RNase A/angiogenin

related-protein was found in normal and avian
myeloblastosis virus (AMV)-transformed myelomono-
cytic cells, and overexpression of the chicken RNase
superfamily related (RSFR) gene was reported in normal
bone marrow cells and bone marrow–derived AMV-
transformed monoblasts (Klenova et al., 1992; Nakano
and Graf, 1992). These were later renamed chicken
leukocyte RNase A-1 (RNase A/angiogenin related-
protein) and A-2 (RSFR), mapped to chromosome 6
and documented to share 81% amino acid sequence
identity. Besides, both RNases were detected in the
cytoplasm of cells in bone marrow and in w80% of
peripheral blood granulocytes and are structurally
related to the mammalian angiogenin lineage, although
only leukocyte RNase A-2 has angiogenic activity
ex vivo. This RNase also demonstrated antibacterial
activity against Escherichia coli and Staphylococcus
aureus, being implicated in the angiogenic and
bactericidal activities of chicken peripheral blood
granulocytes (Nitto et al., 2006). However, the biological
activity of this type of proteins within the gastrointes-
tinal tract (GIT) remains unexplored in chickens.

The objectives of this study were to identify and
characterize the expression of a new chicken gene,
Angiogenin-4 (chAng4), possibly involved in the innate
immune response in the gut as has been observed in
mammals, and to determine the effect of probiotic and
organic acid supplementation on chAng4 expression
pattern across the GIT. The investigation of the antimi-
crobial potential of chAng4 might provide insight into a
nonpharmacological alternative to antibiotic growth
promoters in poultry production.
MATERIALS AND METHODS

All animal procedures were approved by the
University of Manitoba Animal Care Protocol Manage-
ment and Review Committee, and chickens were
handled in accordance with the guidelines described by
the Canadian Council on Animal Care (CCAC, 1993).

Probiotic and Organic Acid Blend

A probiotic and organic acid blend (Acid-Pak 4-way,
Alltech Inc., Nicholasville, KY) was added to drinking
water at a dosage of 1 g/L. The species used included
Lactobacillus acidophilus, Lactobacillus casei,
Enterococcus faecium, and Saccharomyces cerevisiae
at a concentration of 108 CFU/g for each strain. The
organic acids were sorbic (1%) and citric acid (0.2%).
All birds were provided with access to a standard corn-
wheat soybean meal diet and water ad libitum.
Chlorinated drinking water was used in this trial and
the basal diet was previously reported by Rodríguez-
Lecompte et al. (2012).

Animal Trial

A total of 300 1-day-old Ross-308 chicks, obtained
from a commercial hatchery (Carleton Hatchery, Grun-
thal, MB, Canada), were randomly assigned to 3 treat-
ments: no treatment (control, T1) or the blend of
probiotics and organic acids for either 7 (T2) or 14 D
(T3). There were 5 replications (pens) per treatment
and 20 birds per pen. Chicks were vaccinated at the
hatchery against infectious bronchitis (Massachusetts-
type H120) and Marek’s disease (HVT strain FC-126),
and on day 12 post-hatch against infectious bursal
disease (intermediate strain D-78).

On day 1, five birds were randomly selected from the 3
treatment groups (n 5 300), sacrificed by cervical dislo-
cation, and tissue sections of crop, proventriculus, duo-
denum, jejunum, ileum, cecal tonsils, and bursa of
Fabricius were collected for chAng4 gene expression
analysis. Then, on day 11 and 22, five broilers were
randomly selected from each treatment (1 bird/pen)
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and tissue samples were collected as described previ-
ously. The first and second sampling dates were chosen
to observe the response of a developing immune system,
and the third sampling date was selected to observe the
response of a developed immune system (Bar-Shira
et al., 2003).
RNA Isolation, Reverse Transcriptase PCR,
and Cloning

The tissue samples collected from crop, proventricu-
lus, duodenum, jejunum, ileum, cecal tonsils, and bursa
of Fabricius were placed in liquid nitrogen for 1 min
and then frozen at 280�C until RNA extraction. RNA
extraction and cDNA synthesis were performed as
described by Rodríguez-Lecompte et al. (2012). The
obtained cDNA containing the full coding region of
chAng4 was amplified by PCR using primer pairs
previously reported by Hooper et al. (2003) and Jing
et al. (2009), corresponding to mouse Ang4 and chicken
b-actin sequences, respectively(Table 1). The resulting
products were stained with ethidium bromide, loaded
to a 1.5% agarose gel and separated using agarose gel
electrophoresis. PCR-amplified cDNA was cloned into
the pGEM-T Easy vector (Promega, Fisher Scientific,
WI) as described by Jing et al. (2009). Ten randomly
selected clones were sent to McMaster University (Ham-
ilton, ON, Canada) for sequencing. Sequences of the
amplified products and the respective reference mRNA
were aligned for comparative analysis with the NCBI
Local Alignment Search Tool (BLAST).
Quantitative Reverse Transcriptase PCR

Total RNA isolation and cDNA synthesis were
performed from sections of all tissue samples as
previously mentioned. SYBR Green-based qRT-PCR
was conducted for chAng4 and b-actin as housekeeping
gene, using a thermocycler (CFX Connect Real-Time
PCR, Bio-Rad, Mississauga, ON, Canada) on a 96-well
plate using a total reaction volume of 25 mL as described
by Pfaffl and Hageleit (2001). chAng4 primers were
designed according to the obtained amplicon sequence
(Table 1), and thermal cycling conditions were previ-
ously reported by Rodríguez-Lecompte et al. (2012).
All samples were amplified in triplicate and the mean
was used for further analysis.
Table 1. Pairs of primers used for RT-PCR and q

Genes Primer sequence

chAng4 F: TGTTGGAAGAGATGACAATGAG
R: GGGCCTGCTGTCTACGGACTGA

mAng-41 F: GGGAATTCCATATGCAGAATGA
GAAAAATTCCTAC
R: CCTTGGATCCCTACGGACTGAT
TCATCG

b-actin2 F: CAACACAGTGCTGTCTGGTGGT
R: ATCGTACTCCTGCTTGCTGATC

Pair of primers for this gene previously reported by
Statistical Analysis

This trial is a completely randomized design with the
chicken as experimental unit. Quantification of gene
expression and calculation of the amplification efficiency
of target and reference genes were done as described by
Rodríguez-Lecompte et al. (2012). Relative expression
was calculated using Pfaffi equation, based on the
expression of the housekeeping gene b-actin (Pfaffiand
Hageleit, 2001). Data were analyzed with the
MIXED procedure of SAS (SAS Inst. Inc., Cary, NC).
Scheffe’s test was used for multiple comparisons
between means and the significance level was defined
at P-value ,0.05.
RESULTS

Chicken Ang4 Identification

Considering the previous finding and characterization
of Ang4 in the mouse, primers reported by Hooper et al.
(2003) for this species were used and the same expression
pattern was considered to identify and characterize
Ang4 in chicken gastrointestinal tissue.
In this research, chAng4 gene was amplified and

cloned successfully. Additional sequence analysis was
performed indicating a 435-bp length (coding sequence)
with 99% nucleotide and 97% amino acid sequence
identity to mouse Ang4 (GenBank accession numbers:
NM_177544.4 and AAH42938.2, respectively), being
expressed in the GIT of chickens (Figure 1). The cloned
gene was further characterized and our results reveal the
presence of essential catalytic areas associated with their
predicted bactericidal activity (Figure 2).
Tissue Distribution

Because Ang4 mRNA represented a previously
uncharacterized transcript, we initially established the
molecular base of commensal host-bacterial interaction
in the chicken gut. The first step was to characterize
this gene on intestinal epithelial and lymphocytic cells
(bursa of Fabricius) under nonpathological conditions
and secondly in the presence or absence of commensal
bacteria (probiotics) and organic acids, at different
time periods. Time-course changes in mRNA levels of
chAng4 during the all production cycle in broilers were
investigated.
RT-PCR.

Accession no.
Annealing
temp. (�C)

CCC EU818941.1 60.0
TA
AAGGTAC- AY219870.1 60.0

AAAAGAC-

A X00182 61.0
C

Hooper et al. (2003)1 and Jing et al. (2009)2.



1 ATG ACA ATG AGC CCA TGT CCT TTG TTG TTG GTC TTC GTG CTG GGT CTG GTT GTG ATT CCT

61 CCA ACT CTG GCT CAG AAT GAA GGG TAC GAA AAA TTC CTA CGT CAG CAC TAT GAT GCC AAG

121 CCA AAG GGC CGG GAC GAC AGA TAC TGT GAA AGT ATG ATG AAG GAA AGA AAG CTA ACC TCG

181 CCT TGC AAA GAT GTC AAC ACC TTT ATC CAT GGC ACC AAG AAA AAC ATC AGG GCC ATC TGC

241 GGA AAG AAA GGA AGC CCT TAT GGA GAA AAC TTC AGA ATA AGC AAT TCT CCC TTC CAG ATC

301 ACC ACT TGT ACG CAC TCA GGA GCG TCT CCC AGG CCT CCA TGT GGG TAC CGA GCC TTT AAA

361 GAT TTC AGA TAT ATT GTT ATT GCC TGT GAA GAT GGC TGG CCT GTC CAC TTC GAT GAG TCT

421 TTT ATC AGT CCG TAG

Figure 1. Full-length nucleotide sequence (50–30) of chicken Angiogenin-4. Start and stop codons are shown in bold. Numbers indicate the coding-
sequence length (bp). Total length of 435 bp.
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The qRT-PCR analysis showed that the highest
expression of chAng4 was in the bursa of Fabricius for
birds on day 1 post-hatch (Figure 3), and it was also
the tissue with highest expression on day 11 in all treat-
ment (Figure 4) groups. chAng4 expression in bursa of
Fabricius was higher in nontreated birds (T1) than in
those treated with probiotics and organic acids on day
11 and 22 (Figures 4 and 5), and on day 22 in the case
of the cecal tonsils (Figure 5). However, the gene expres-
sion level in cecal tonsils was similar on day 11 for T1 and
T3 (Figure 4). chAng4 mRNA expression in crop,
proventriculus, ileum, and jejunum was higher in birds
treated for 7 D (T2) than in those treated for 14 D
(T3) and the nontreated (T1) ones on day 11
(Figure 4). The highest expression of chAng4 in
duodenum was in nontreated birds on day 11, decreasing
in those broilers treated for a longer period of time (T2
and T3) (Figure 4). chAng4 expression in crop and pro-
ventriculus was higher in birds treated for 7 D (T2) than
in those treated for 14 D (T3) and the nontreated ones
on day 11 and 22 (Figures 4 and 5). The highest chAng4
expression level in crop and proventriculus was observed
in birds treated for 7 D on day 22 (Figure 5).
DISCUSSION

Innate intestinal defenses are important for protection
against ingested and commensal microbes. Intestinal
Q N - E G Y E K F L R Q H Y D A K P K G R D D R

Q N - E R Y E K F L R Q H Y D A K P K G R D D R

chAng4

T K K N I R A I C G K K G S P Y G E N F R I S N S

T K K N I R A I C G K K G S P Y G E N F R I S N S

mAng4

Y I V I A C E D G W P V H F D E S F I S P *

Y I V I A C E D G W P V H F D E S F I S P *

CT

CT

CBS

chAng4
mAng4

chAng4
mAng4

M T M S P C P L L L V F V L G L V V I P P T L A Q

S M M K E R K L T S P C K D V N T F I H G T K K N

C T H S G A S P R P P C G Y R A F K D F R Y I V I A

Amino acid sequence

chAng4

Amino acid sequence alignment of murine and chi

CT

CT

CBS

Figure 2. Predicted amino acid sequences and amino acid alignment of m
corresponding sequence. GenBank accession number for mouse Ang4 5 AA
epithelial cells are the major producers of substances
with antimicrobial activity in the intestine; the most
abundant and diverse of these are the defensins. The
RNase A superfamily also includes important antimicro-
bial proteins involved in host-defense mechanisms in
vertebrates; however, they have not been reported in
avian species (Schwartz et al., 2018). Here we show the
successful amplification, cloning, and molecular
characterization of a new chicken RNase A Ang4 gene
found for the first time, to the best of our knowledge,
in a nonmammalian species, from intestinal epithelial
and lymphoid cells under nonpathological and
commensal associated conditions.

According to Klenova et al. (1992), significantly lower
RSFR mRNA expression was observed in spleen,
thymus, bursa of Fabricius, and liver cells, in comparison
to bone marrow (Klenova et al., 1992; Nakano and Graf,
1992). Although chAng4 expression in blood marrow
and peripheral blood cells was not evaluated in the
present study, lymphoid tissue, especially present in
the bursa and cecal tonsils, and secretory epithelium of
the GIT seem to be important for chAng4 expression
and production in chickens.

In comparison to mice, chAng4 expression does not
appear to be exclusively crypt-dependent as it was
observed in all sampled intestinal luminal tissues on
day 1, and mainly in the bursa of Fabricius. B cell
progenitors derived from extrabursal tissue that are
Y C E S M M K E R K L T S P C K D V N T F I H G

Y C E S M M K E R K L T S P C K D V N T F I H G

P F Q I T T C T H S G A S P R P P C G Y R A F K D F R

P F Q I T T C T H S R G S P W P P C G Y R A F K D F R

CT, catalytic triad

NLS, nuclear localization sequence

CBS, cell-binding segment

CTNLS

N E G Y E K F L R Q H Y D A K P K G R D D R Y C E

I R A I C G K K G S P Y G E N F R I S N S P F Q I T T

C E D G W P V H F D E S F I S P *

cken angiogenins (functional regions)

CTNLS

urine and chicken angiogenins 4 (functional regions). * 5 30 end of the
H42938.2; GenBank accession number for chAng4 5 NP_001157124.1.
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Figure 3. Relative expression of chAng4 in the gastrointestinal tract of day-old broiler chickens. chAng4 gene expression was normalized to that of the
housekeeping gene. Bars represent means 6 SEM (n 5 5). Abbreviations: Prov, proventriculus; Duod, duodenum; Ile, ileum; Jej, jejunum; Cec, cecum.
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committed to the B cell lineage and have undergone Ig
gene rearrangement colonize the bursal mesenchyme
from about day 8 to 14 of incubation (Le Douarin
et al., 1975; Houssaint et al., 1976; Ratcliffe et al.,
1986; Reynaud et al., 1992). Only B cell precursors
expressing functional BCR complexes migrate into
bursal follicles, where they rapidly proliferate during
the final week of embryonic development (Lydyard
et al., 1976; Reynolds, 1987; Thompson and Neiman,
1987; McCormack et al., 1989). At hatch, more than
90% of bursal cells are IgM1 B cells and the growth
rate of this organ slows thereafter, with a high
proportion of cells dying by apoptosis (Reynaud et al.,
1987; Lassila, 1989; Motyka and Reynolds, 1991). Only
IgM-expressing bursal B cells migrate to the secondary
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Figure 4. Relative expression of chAng4 in the gastrointestinal tract of bro
acids, on day 11.T15 birds that did not receive the blend of probiotics and orga
for 7D; andT35 birds that received the blend of probiotics and organic acids fo
gene. Bars represent means 6 SEM (n 5 15). Abbreviations: Prov, proventric
lymphoid organs, including the gut-associated lymphoid
tissue (GALT), in the absence of intrabursal antigen
from day 18 of embryogenesis until sexual maturity
(Davani et al., 2014; Ko et al., 2018). This may explain
the increased chAng4 expression level in bursa on day
1, rather than in the GIT, when compared to day 11
and 22. The few lymphocytes that populate the
intestinal tract at this time can also contribute to low
expression levels of chAng4 in the small intestine,
which could explain the expression level observed in
duodenum and jejunum on day 1 (Jeurissen et al.,
1999; Friedman et al., 2003).
It has been reported that the level of B cells at hatch

and shortly afterward is greatest in the cecal tonsils.
However, some functional immaturity of GALT
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Figure 5. Relative expression of chAng4 in the gastrointestinal tract of broiler chickens supplemented with a combination of probiotics and organic
acids, onday 22.T15 birds that did not receive the blend of probiotics and organic acids; T25 birds that received the blend of probiotics and organic acids
for 7D; andT35 birds that received the blend of probiotics and organic acids for 14D. chAng4 gene expressionwas normalized to that of the housekeeping
gene. Bars represent means 6 SEM (n 5 15). Abbreviations: Prov, proventriculus; Duod, duodenum; Ile, ileum; Jej, jejunum; Cec, cecum.
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lymphocytes at hatch has also been suggested (Bar-Shira
et al., 2003). The first stage of B cell functional maturity
occurs during the first week after hatching and it is
related to intestinal bacterial colonization, potentially
explaining the increased chAng4 expression in
duodenum of nontreated birds, and ileum and jejunum
after 7 D of supplementation on day 11 in our results
(Honjo et al., 1993; Bar-Shira et al., 2003). In addition,
maturation and complete development of GALT
require gut microbial colonization, which can explain
the predominant expression of chAng4 in the bursa,
connected to the hindgut lumen by the bursal duct,
and higher expression levels in cecal tonsils in
comparison to day 1 (Hegde et al., 1982; Honjo et al.,
1993; Arakawa et al., 2002).
The lymphoid component appears to have more

relevance than the secretory component of epithelial
cells; nevertheless, possible Paneth and goblet cell
production of chAng4 cannot be excluded. In chickens,
goblet cells containing predominantly acid mucin appear
before hatch and their numbers increase with
development in duodenum, jejunum, and ileum. This
pattern alters with acid and neutral mucin-containing
goblet cells at hatch, whose proportions remain constant
during the first-week post-hatch (Uni et al., 2003). The
presence of neutral mucins in ileal and jejunal goblet cells
of day-old chicks has been associated with increased
intestinal maturity, and changes in acidic mucin
composition on day 4 post-hatch in response to intestinal
bacterial colonization have been suggested as a
protective mechanism during early development
(Forder et al., 2007). Furthermore, lysozyme
positive cells, in addition to Paneth cells in chicken
small intestinal crypts, have been observed early post-
hatch along the villus in the duodenum, cecum, and
colon (Wang et al., 2016; Bar-Shira and Friedman,
2018). These observations may explain the chAng4
expression found in all tissues on day 1, together with
the GALT development as previously discussed.
Bacterial products such as lipopolysaccharide
promote the release of Ang4 in mice (Hooper et al.,
2003). In chickens, intestinal retroperistalsis has been
suggested as an important mechanism for exogenous
antigen sampling in the bursa and cecal tonsils
(Sorvari et al., 1977; Ol�ah and Glick, 1978). The
constant B-cell encounter with antigens may be related
to the continuous chAng4 expression localized mainly
in these tissues on day 11 and 22. Similarly, the
esophageal tonsil, at the junction of the esophagus and
proventriculus, and the lymphoid tissue in the crop
and proventriculus are constantly exposed to
undigested antigens that stimulate the immune
system, thereby possibly explaining the increased
expression of chAng4 in crop and proventriculus in
birds treated for 7 D (Ol�ah et al., 2003; Vaughn et al.,
2008; Casteleyn et al., 2010). Moreover, the proportion
of lymphoid tissue in the crop seems to be inducible, as
observed in specific-pathogen-free white leghorn
chickens infected with Salmonella enteritidis (Vaughn
et al., 2008). Spheniscins, ß-defensins with broad activity
spectrum that have been found in preserved stomach
contents of king penguins (Aptenodytes patagonicus)
are another example of evolutionarily inducible host
immune mechanisms, possibly secreted in response to
the presence of and exposition time to exogenous
microorganisms (Thouzeau et al., 2003).

Chicken’s GIT is a diverse microbiological
environment associated with an active relationship
between microbial groups and their host. The presence
and persistence of those diverse bacterial groups are
age, environment, food, and pH dependent (Xi et al.,
2019). pH conditions along the GIT have an effect on
specific physiological functions such as digestion and
absorption, control and prevention of pathogen
attachment, and intestinal health status (Oakley et al.,
2014); therefore, it is possible to infer that some bacterial
species are more prevalent than others in each section of
the tract. Regarding the GIT pH conditions, it has been
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demonstrated that acidic pH enhances the activity of
many antimicrobial peptides (Malik et al., 2016). In
our research, this is consistent with higher chAng4
expression levels in crop and proventriculus of treated
birds on day 22, with lower pH values, compared with
those in the small intestine (Farner, 1942; Mabelebele
et al., 2014; Nkukwana et al., 2015). Besides, the
present study showed that the administration of a
probiotic and organic acid blend during the first 7-day
post-hatching increased chAng4 expression mainly in
crop and proventriculus.

The microbiota of the chicken GIT influences gut
health, productivity, and disease. The most abundant
bacterial species vary in the different chicken GIT
sections (crop, gizzard, duodenum, ileum, cecum, and
feces), and their dominance and abundance depend on
the feed, batch age, sex, and other microbiota
influencing variables (Stanley et al., 2014). It has been
observed that germ-free mice colonization with B.
thetaiotamicron and unfractionated microbiota, har-
vested from conventionally raised mice, increases Ang4
expression throughout the small bowel. B. thetaiotami-
cron is an important component of the mouse distal
intestinal microbiota, therefore indicating that the
expression of Ang4 is enhanced by at least one normal
member of the microbiota (Hooper et al., 2001, 2003).
Firmicutes, bacteroidetes, proteobacteria, and
actinobacteria have been found to be the most
common phyla in chicken cecum, which is consistent
with their possible role in the regulation of Ang4
production in intestinal epithelial cells (Gallo and
Hooper, 2012; Oakley et al., 2014). In this study,
chAng4 expression was observed in all tissues of
nontreated birds and the levels in crop, proventriculus,
ileum, and jejunum in T2 birds were higher than in T1
and T3 birds on day 11, which suggests that the
expression of this protein in the GIT is modulated by
microbial exposure. Similar to murine Ang4,
ß-defensins are produced in response to bacterial
products, and a reduction in microbial exposure results
in lower intestinal expression of these antimicrobial
peptides at early growing period of birds (Diaz-
Carrasco et al., 2019).

During the development of the gut microbial
ecosystem, antigen-specific B cells learn to regulate their
responses to resident microorganisms, and the gut
microflora is also able to induce tolerance to certain
microbial epitopes and to potentiate the immune
response against others (Zocco et al., 2007). This may
help to explain the lower expression levels of chAng4 in
the small intestine on day 22, in comparison to day 11,
implying that chAng4 could participate in intestinal
innate immunity. Our results can also be explained by
the probiotic (L. acidophilus, L. casei, S. faecium, and
S. cerevisiae) and organic acid (sorbic and citric acid)
supplementation. In the intestine, Lactobacilli produce
a wide variety of short-chain fatty acids such as butyric,
propionic, and acetic acids, which are bacteriostatic
either directly or by reducing the pH of the intestinal
environment, enhance epithelial integrity, and act on
the mucosal immune system (Sugiharto, 2016). Short-
chain fatty acids have an effect on tolerogenic dendritic
cells, regulating the production of the anti-inflammatory
cytokine IL-10 by T-regulatory cells, and enhancing
group 3 innate lymphoid cell-derived IL-22 production,
that stimulate Paneth cells to secrete Ang4 and some
acute-phase proteins (Walker et al., 2013). In addition,
Lactobacilli produce lactic acid that can lower the GIT
pH further, and bacteriocins with microbicidal or micro-
biostatic properties (Sugiharto, 2016; Dittoe et al.,
2018). Organic acids are commonly produced by
beneficial bacteria, that along with organic acid
supplements can decrease intestinal pH, depress
intestinal bacterial populations, and consequently
reduce the trigger factor for immune stimulation (van
der Wielen et al., 2000; Dittoe et al., 2018).
In conclusion, the newly characterized chAng4 gene

was 97% and 99% identical to mouse Ang4 in the amino
acid and nucleotide sequences, respectively, suggesting it
as a mediator of innate defense in the GIT, and was
predominantly expressed in the GALT, particularly in
the bursa of Fabricius and cecal tonsils. Intestinal bacte-
rial colonization seems to modulate the expression of this
gene, and the administration of the probiotic and
organic acid blend for 7 D maintained higher chAng4
expression levels over time, compared to the 14-D course
of supplementation. In chickens, studies concerning the
biological function of this protein and the induction of
its expression by specific members of the microbiota
are lacking and are necessary to determine the potential
of chAng4 as an antimicrobial peptide alternative to
antibiotics in the poultry industry.
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