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ABSTRACT Significant changes in growth potential
and feed conversion have been bred into the modern
broiler chicken for well over 60 yr. These metabolic
changes have had significant effects on the immune per-
formance as well. To better understand these genetic dif-
ferences in immunometabolism we studied the immune
response of the modern broiler and the Athens Canadian
Random Bred (ACRB) heritage broiler strain. We
injected newly hatched modern broiler and ACRB
chicks intraabdominally with CpG oligonucleotide, an
immunostimulatory synthetic oligonucleotide. We con-
ducted species-specific kinome array analysis and gene
expression analysis on jejunum and cecal tonsil tissue.
We also performed metabolic analysis of blood cells. In
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the modern birds, there is an initial inflammatory
response to the injection at d 3 post-hatch with activa-
tion of PI3K-Akt, JAK-STAT, and NF-kB signaling,
and IL-1b and IL-6 mRNA expression. By d 15 post-
hatch this response changed to deactivation and down-
regulation of these immune responses in modern but not
heritage broilers. Metabolic analysis showed an increase
in glycolysis in peripheral blood mononuclear cells from
modern birds given CpG, but no difference in ACRB.
These results show that the ACRB birds may have a less
inflammatory and more stable immune profile in
response to immune stimulation than the modern
broilers, possibly resulting in a more disease resistant
phenotype overall.
Key words: gut, kinome, broiler, ACRB, CpG

2022 Poultry Science 101:101775
https://doi.org/10.1016/j.psj.2022.101775
INTRODUCTION

Over the last 60 yr, the modern broiler chicken has been
continuously selectively bred for rapid rates of growth and
muscle deposition (Schmidt et al., 2009), with significant
gains made since the 1950s. While the increased growth
rate and improved feed conversion ratio of these birds has
made the poultry industry one of the most efficient animal
production industries, and has provided the world with an
inexpensive source of animal protein, these advances have
not come without complications. Modern broilers often
exhibit skeletal (Julian, 1998) and circulatory/vascular
problems (Olkowski, 2007; Abasht et al., 2021), as well as
metabolic complications (Jackson and Diamond, 1996;
Scheele, 1997) including the metabolic and immune
pathology known as woody breast (Kuttappan et al.,
2016; Zhang et al., 2021). Perhaps most crucially they
often have insufficient or inappropriate immune responses
to immune stimulatory challenges (Cheema et al., 2003;
Qureshi, 2003). In-feed antimicrobials historically have
been used to maintain health and improve growth, but
now market demand and government regulations necessi-
tate a shift to antibiotic-free poultry production. In order
to keep modern chickens disease-free without antibiotics
and to maintain the critical efficiency gains, we have
achieved it is important to understand where the immune
systemmay be falling short.
To understand how 60 yr of selective breeding for

growth and efficiency have impacted immune responses
in modern broilers, it is informative to compare it to the
immune system of a chicken that hasn’t been selectively
bred since the 1950s. The Athens Canadian Random
Bred (ACRB) bird was originally derived from three
broiler strains and one experimental strain of chickens
that were used to generate the Ottawa Meat Control
Strain (Collins et al., 2016). The strain was then sent to
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the University of Georgia, and they have maintained the
population and the breeding program since 1958. The
growth parameters have not been selectively altered
since, and the ACRB strain is the oldest pedigreed
meat-type chicken in existence. As the strain has not
been selectively bred since 1957, it is a good side-by-side
example to measure how the immunometabolism of the
modern broiler has changed and determine the unin-
tended consequences of a breeding focus predominantly
based on growth and performance parameters.

In order to study the immune response of modern and
ACRB broiler, we administered CpG oligonucleotide
(CpG), an immunostimulatory treatment that is known
to induce immune responses in chickens. The CpG oligo-
nucleotides are synthetic DNA molecules that are a
mimic of prokaryotic DNA motifs. Prokaryotic DNA, in
contrast to eukaryotic DNA, has a high concentration of
cytosine (C) and guanine (G) nucleotides. Additionally,
in prokaryotic DNA these bases are unmethylated,
whereas they are mostly methylated in eukaryotic DNA
(Bird, 1986; Krieg, 1996). Due to these distinct biochem-
ical properties and the specific pattern in which the C
and G bases occur, CpG oligonucleotides are bound and
recognized as foreign DNA by pattern recognition recep-
tors (PRRs) of the innate immune system
(Hemmi et al., 2000; Brownlie et al., 2009), specifically
toll-like receptor (TLR) 21 in chickens. These oligonu-
cleotides have been used in avian species as an immunos-
timulatory treatment that leads to increased antibody
response when used as an adjuvant (Vleugels et al.,
2002). The CpG can also lead to increased heterophil
activation, proinflammatory cytokine production, and
nitric oxide (NO) production when administered in
vitro (He et al., 2003). The CpG is protective against
Salmonella enterica serovar Enteritidis (S. Enteritidis)
organ invasion when administered to chicks 24 h prior to
challenge with S. Enteritidis (He et al., 2005). In this
study, we used CpG to induce immune activation in
order to study the immune potential of the modern and
ACRB broilers.

The intestinal tract is a significant immune organ
home to a large population of innate and adaptive
immune cells (Wershil and Furuta, 2008), in addition to
the site of nutrient absorption. Secondary lymphoid
organs in the avian gastrointestinal tract, such as the
cecal tonsils, are important sites of germinal center
development and lymphocyte maturation. Furthermore,
in a production animal optimal gut function is impor-
tant for rapid growth and efficient utilization of
nutrients (Kogut and Arsenault, 2016). In this work, we
studied the cecal tonsil and jejunum to consider both
the immune and absorptive areas of the poultry gut. We
analyzed these tissues by kinomic, gene expression, and
metabolic flux analysis. Phosphorylation is a common
post-translational modification, especially in immune
and metabolic signaling pathways, that can control the
activation status of a protein. Observing changes in
kinase activity provides information about protein sig-
naling and activation at the most phenotypically rele-
vant molecular level. Coupled with selective gene
expression analysis we can determine which signaling
pathways are being activated or suppressed, and if
expression of key cytokines are affected as a result of the
CpG treatment.
In this study, we aim to begin characterizing potential

immune changes in the gut of modern broilers due to its
aggressive breeding for growth parameters. We used
CpG to induce immune activation in order to study the
immune changes in the modern and ACRB broilers.
Observing changes in kinase activity provides informa-
tion about protein signaling and activation at the most
phenotypically relevant molecular level. Coupled with
selective gene expression analysis we determined which
signaling pathways were being activated or suppressed,
and if expression of key cytokines are affected as a result
of the CpG treatment. Our results showed that ACRB
birds have a less inflammatory immune profile in
response to immune stimulation and a more consistent
microbial population and metabolic phenotype than the
modern broilers compared to unstimulated birds. Based
on kinome and cecal tonsil gene expression data, the
modern broilers appear to have a decrease in immune
response at d 15 post-hatch.
MATERIALS AND METHODS

Bird Husbandry

Newly fertilized ACRB eggs were acquired from the
University of Georgia Poultry Science Department and
incubated in Jamesway (Jamesway Incubator Co. Inc.,
Cambridge, ON, Canada) incubators at 37.5°C and 60%
humidity until day of hatch. Embryonic d 16 modern
broiler (Ross 308) eggs were acquired from Pedigree
Chicks (Beaver Creek, PA) and were incubated in
Jamesway incubators at 37.5°C and 60% humidity until
day of hatch. At hatch, chicks were removed from incu-
bators and placed onto clean pine shavings on wooden
floors in individual colony houses on the University of
Delaware farm at approximately 35°C. Each group and
strain were placed in randomly assigned, separate
3.35 £ 3.96 meter colony house within an initial bird
count at hatch of 73 modern birds CpG group, 78 mod-
ern birds GpC oligonucleotide (GpC) control group, 61
ACRB birds CpG group and 60 ACRB birds in GpC
control group. Within 2 wk, once no early mortality was
observed, bird numbers were standardized between
groups. We do not believe given the house size and bird
size at this time the differences in numbers for this
period of time had any significant effect on the relative
results. At each of 10 collection points 5 birds from each
group were removed and sacrificed. Feed and water were
provided ad libitum. Corn-soybean based diets were for-
mulated to meet all nutritional needs of the modern
broiler (Supplementary Table 1), which contain higher
levels of protein, energy. and amino acids than those
typically formulated in 1957 (Havenstein et al., 2003).
Birds were changed from mash starter feed to a pelleted
grower feed on d 12. Birds were changed from grower
feed to pelleted withdrawal/finisher feed on d 25. Birds
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were observed daily to ensure all were eating and had
access to food and water. All animal care and use proto-
cols were approved by the University of Delaware Ani-
mal Care and Use Committee (AUP # 86R-2017-0)
Experimental Design

On the day of hatch, chicks were injected intraabdo-
minally (inside the peritoneum) with 0.2 mL of 0.01 M
phosphate buffered saline (PBS) containing either 25
mg of CpG or 25 mg of the control oligonucleotide GpC,
which has been shown not to illicit immune activation in
broilers (Ahmad-Nejad et al., 2002). The CpG treated
birds were housed separately from the GpC control
birds. On d 3, 6, 9, 12, 15, 18, 21, 25, 29, and 34 post-
hatch 5 birds from each group were weighed and subse-
quently sacrificed via cervical dislocation. Tissue sam-
ples were collected from the jejunum and cecal tonsils on
d 3, 15, and 34. Jejunum was collected from the mid-
point between the duodenal loop and the Meckel’s diver-
ticulum, both cecal tonsils were collected but only one
was used from each bird for kinome or qPCR, sample
collection was consistent for all birds and assays. Tissue
samples for use in kinome array analyses were snap-fro-
zen in liquid nitrogen and stored at �80°C until further
processing. Tissue samples for use in RNA extraction
and quantitative real-time polymerase chain reaction
(qRT-PCR) were placed in 1 mL of RNAlater, stored
overnight at 4°C and then transferred to �20°C until
further processing.
Kinome Array Analysis

Jejunum and cecal tonsil tissue samples from d 3, 15,
and 34 post-hatch were used for kinome array analysis.
Processing of each tissue from the groups (2), strains
(2), time points (3), and replicates (3) were done on sep-
arate, independent peptide arrays to maintain biological
replication. Peptide array protocol using PepStar pep-
tide microarrays from JPT Peptide Technologies GmbH
(Berlin, Germany) was carried out as described previ-
ously (Arsenault et al., 2017) and summarized below
with the following modifications. Approximately 40 mg
pieces of tissue were cut and homogenized by a Bead
Ruptor homogenizer (Omni, Kennesaw, GA) in 100 mL
of lysis buffer (20 mM Tris−HCl pH 7.5, 150 mM NaCl,
1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM
ethylene glycol tetraacetic acid (EGTA), 1% Triton X-
100, 2.5 mM sodium pyrophosphate, 1 mM Na3VO4,
1 mM NaF, 1 mg/mL leupeptin, 1 g/mL aprotinin, and
1 mM phenylmethylsulphonyl fluoride). All chemicals
were purchased from Sigma-Aldrich, Co. (St. Louis,
MO) unless specified otherwise. Arrays were then
imaged using a Tecan PowerScanner microarray scanner
(Tecan Systems, San Jose, CA) at 532 to 560 nm with a
580-nm filter to detect dye fluorescence. The kinome
array images were gridded using the GenePix Pro soft-
ware, and the spot intensity signal was collected as the
mean of pixel intensity using local feature background
intensity calculation with the scanner saturation level
set at 50%.
Peripheral Blood Mononuclear Cell Isolation
and Cryopreservation

After sample chickens were killed via cervical disloca-
tion, blood was collected from the neck. The blood was
collected in 50 mL conical tubes containing 10 mL of
400 units/mL heparin (Sigma Aldrich) and put on ice.
In the lab, the blood samples were poured through sterile
gauze into new 50 mL conical tubes. The blood was then
centrifuged at 1,400 g at 23°C for 20 min with no brake.
Plasma was taken off the top of the centrifuged blood
samples and pooled, and flash frozen for later use. The
buffy coat was then removed from each blood sample
and put into a sterile 15-mL conical tube. All replicates
from each group were pooled, so the buffy coats from all
5 control birds went into one tube, and the buffy coats
from all 5 treatment birds went into another. Enough
0.01M PBS (Sigma Aldrich) was then added to bring
the volume in the 15 mL conical to 6 to 8 mL. The sus-
pension was then layered over 4 mL of a 60% Percoll
solution (Fisher Scientific, Waltham, MA). This gradi-
ent was then centrifuged at 2,000 g at 23°C for 20 min
with the brake off. The cells were then pulled off the Per-
coll gradient and washed once with 10 mL of 0.01 M PBS
and centrifuged at 300 g at 4°C for 10 min. The RBCs
were then lysed using 3 lysis steps, where 9 mL of sterile
ddH2O was added to the pellet, mixed for 20 s, and then
1 mL of 0.1 M PBS was added to the suspension. The
pellet was then centrifuged down, and the lysis step was
repeated twice more. The pellet was then washed 3 times
with 0.01 M PBS and centrifuged at 300 g at 4°C for 10
min. The cells were then counted, and viability was
assessed via a trypan blue exclusion assay. The cells
were then resuspended in 1 mL of IMDM (Fisher Scien-
tific, Waltham, MA) + 20% fetal bovine serum (FBS)
(VWR, Radnor, PA) + 10% dimethyl sulfoxide and
placed into a Nalgene Mr. Frosty slow chill container
(Thermo Scientific) which was then placed into the �80°
C freezer.
Seahorse Metabolic Assay

To prepare peripheral blood mononuclear cell
(PBMCs) that were preserved for use in the Seahorse
metabolic assay, cells were thawed in a water bath and
then cultured overnight in IMDM + L-
glutamine + antibiotic/antimycotic at 37°C in a 95%
humidity, 5% CO2 incubator. After overnight culture,
the cells were trypsinized, washed in fresh media and
then resuspended in 1 mL of 0.01 M PBS. The cells were
then centrifuged down and resuspended in the assay
medium, which had been warmed to 37°C (Seahorse
Base Medium, Agilent, Santa Clara, CA, 1 mM pyru-
vate, 2 mM glutamine, 10 mM glucose). The Seahorse
plates were coated with Cell Tak (Corning, VWR, Rad-
nor, PA) with a concentration of 22.4 mg/mL for 20 min



Table 1. Real-time quantitative qRT-PCR probes and primers.

RNA target Probe/primer sequences Accession mumbera

28S Probe: 5’-(FAM)-AGGACCGCTACGGACCTCCACCA-(TAMRA)-39
F: 5’-GGCGAAGCCAGAGGAAACT-3’
R: 5’-GACGACCGATTGCACGTC-3’

X59733

IL-1b Probe: 5’-(FAM)-CCACACTGCAGCTGGAGGAAGCC-(TAMRA)-3’
F: 5’-GCTCTACATGTCGTGTGTGATGAG-3’
R: 5’-TGTCGATGTCCCGCATGA-3’

AJ245728

IL-6 Probe: 5’-(FAM)-AGGAGAAATGCCTGACGAAGCTCTCCA-(TAMRA)-3’
F: 5’-GCTCGCCGGCTTCGA-3’
R: 5’-GGTAGGTCTGAAAGGCGAACAG-3’

AJ250838

IL-18 Probe: 5’-(FAM)-CCGCGCCTTCAGCAGGGATG-(TAMRA)-3’
F: 5’-AGGTGAAATCTGGCAGTGGAAT-3’
R: 5’-ACCTGGACGCTGAATGCAA-3’

AJ416937

IFNg Probe: 5’-(FAM)-TGGCCAAGCTCCCGATGAACGA-(TAMRA)-3’
F: 5’-GTGAAGAAGGTGAAAGATATATCATGGA-3’
R: 5’-GCTTTGCGCTGGATTCTCA-32019

Y07922

F = forward; R = reverse; Sequences obtained from Kogut et al., 2003 (Kogut et al., 2003).
aBased on genomic DNA sequence.
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at room temperature, then washed with 200 mL ddH2O
twice. Fifty mL aliquots of either cell suspension or
medium alone were placed into the sample wells of a Sea-
horse Fluxpak plate or the control wells, respectively. A
total of 200,000 cells/well from both CpG treated and
GpC control modern birds and 600,000 cells/well from
both CpG treated and GpC control ACRB birds were
used for this assay, as each bird strain yielded different
amounts of PBMCs. The plates were then centrifuged at
200 g at room temperature for 1 min with no brake. The
plate with the cells was then incubated at 37°C for 25 to
30 min in a non-CO2 incubator. After the non-CO2 incu-
bation, an additional 130 mL of media was added to
each well, and the plate was placed in the Seahorse XFp
analyzer (Agilent) and run on a blank template for 28
cycles and oxygen consumption rate and extracellular
acidification data were collected.
RNA Extraction and qRT-PCR

RNA was isolated from the tissue samples (approxi-
mately 20 mg of tissue) using the Qiagen RNeasy Mini-
Kit, following the “Purification of Total RNA from
Animal Tissues” protocol provided in the RNeasy mini
handbook. The tissues were lysed in a 2 mL vial with
1.4-mm ceramic beads with 600 mL of buffer RLT in a
Bead Ruptor 24 run on setting 6 for two cycles of 10 s.
The rest of the steps in the protocol were followed, and
the isolated RNA was eluted into ultrapure water, and
stored at �80°C until further analysis. RNA quality was
verified by quantification on a NanoDrop 1000 Spectro-
photometer (Thermo Scientific) and gel electrophoresis
of the RNA samples on an Invitrogen E-Gel EX 1% Aga-
rose (Invitrogen, Carlsbad, CA). The RNA was used
with the Applied Biosystems TaqMan RNA-to-CT 1-
Step kit following the protocol provided. The primers
and probes for the housekeeping gene and cytokines of
interest were ordered from Integrated DNA Technolo-
gies (Coralville, IA; Table 1). The qRT-PCR was per-
formed on an Applied Biosystems 7900HT Real Time
PCR System with a standard 96-well block. Each sample
was run in triplicate.
Statistical Analyses

The modern broiler weights were measured as a group
between d 3 and 12 post-hatch and then individually
between d 15 and 34 post hatch. When the weights were
taken individually, a two-tailed Student’s ttest was used
to compare the weights between the treatment and con-
trol birds and determine significant difference, and a P-
value of < 0.05 was considered significant. The ACRB
birds were only weighed individually on d 29 and 34
post-hatch, at all other time points they were weighed as
a group. When the ACRB birds were weighed individu-
ally, a two-tailed Student’s ttest was again used to com-
pare weights between treatment and control birds.
The kinome fluorescent signal output data files were

analyzed using the PIIKA2 peptide array analysis soft-
ware (http://saphire.usask.ca/saphire/piika/index.
html) (Trost et al., 2013). The resulting data points
were normalized to eliminate variance due to technical
variation such as random variation in staining intensity
between arrays or between blocks within an array. Vari-
ance stabilization normalization was performed. There
were 3 biological replicates for each sample and sample
was run on its own independent peptide array, and the
normalized fluorescence data for the 3 replicates were
averaged together. Within each array there were 9 tech-
nical replicates of each peptide. PIIKA2 then performed
one-tailed t tests to determine the statistical significance
of the change in phosphorylation at each peptide frag-
ment between the treatment and the control tissues,
generating a fold change and a P-value. Peptides with
fold changes with a P-value < 0.05 were considered sta-
tistically significantly differentially phosphorylated
between treatment birds’ samples and control. In the
rest of the manuscript the word “significant” when used
in reference to kinome data will refer to these statisti-
cally significantly differentially phosphorylated pepti-
des. Significant peptides/protein data was input into the
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protein-protein interaction database STRING
(Szklarczyk et al., 2015) for interaction analysis and
KEGG pathway analysis (Kanehisa et al., 2017).

For the qRT-PCR data analyses the raw CT values
from the qRT-PCR were used in a DDCT calculation to
determine fold change of mRNA expression between
treatment and control tissue samples. Determination of
significant differences in the fold changes for individual
genes between time points determined by ANOVA fol-
lowed by Bonferroni-corrected P-values (* = P < 0.05,
** = P < 0.01).
RESULTS

Growth Rates

The modern broilers given the CpG injection weighed
significantly less than the modern broilers injected with
the control GpC on d 18, 21, and 29 post-hatch. Bird
weights from d 0 to d 12 post-hatch were not collected
separately for each modern bird. Bird weights were not
collected separately from d 0 to d 25 for each ACRB
bird, thus statistical analysis was not possible on these
days. At the end of the experimental period, the average
weight of the modern birds was 2.5 kg. The ACRB birds
had an final average weight of 0.45 kg (Figure 1).
Kinome and Signaling Pathway Analysis

In order to visualize the phosphorylation differences
between the modern and ACRB birds following CpG
Figure 1. The average weights of both ACRB and modern birds at eac
pairs within a strain were compared for statistical significance. * refers to P-
ACRB birds represents n = 5, on d 0−12 modern birds and d 0−25 ACRB
hatch. Abbreviation: ACRB, Athens Canadian Random Bred.
injection we compared the differences in differentially
phosphorylated proteins (CpG treatment vs. GpC con-
trol groups within strains). These time-matched com-
parisons are shown in Venn diagrams in Figure 2. As
seen in Figure 2, in the cecal tonsil the majority of the
proteins differentially phosphorylated postchallenge
overlap between the 2 strains. However, at d 15 there is
less overlap, the phosphorylation changes in response to
CpG injection are similar between the bird strains in
only 51.1% of proteins. A similar trend was observed in
the jejunum but the least overlap occurred at d 34 with
55.6% of proteins overlapping between the strains.
As there were a large number of unique protein phos-

phorylation changes for each bird strain, especially at d
15 in the cecal tonsil and d 34 in the jejunum (Figure 2),
we input these unique proteins from each strain into
STRING (Szklarczyk et al., 2015) and a list of Kyoto
Encylopedia of Genes and Genomes (KEGG) pathways
was generated. The top 20 pathways listed were com-
pared, unique pathways from each list (i.e., were not
present in the other strain’s data) are shown in Tables 2
and 3 for the modern and ACRB broilers, respectively.
In the modern birds, there are several immune related
pathways that are uniquely affected by CpG at d 3 and
d 34 in both the cecal tonsils and jejunum (Table 2).
Note that the pathway tables list a number of specific
diseases, this is an indication that phosphorylation of
signaling proteins related to disease immune responses
were altered, not that the birds are infected with those
diseases. At d 15, only a single pathway was unique for
both cecal tonsil and jejunum in the modern birds
(Table 2). In the ACRB birds, there was a mix of unique
h sampling time point during the trial (n = 5). Only treatment-control
value < 0.05. Each bar from d 15−34 for modern birds and d 29−34 for
birds were weighed as groups. Birds were injected with CpG on day of



Figure 2. Comparison of unique and shared significant proteins between the modern broiler and ACRB broiler tissue samples. Significant pro-
teins displayed a representative P-value of ≤ 0.05, n = 3 tissues per group and timepoint, following variance normalization and t test. Protein Uni-
prot IDs were compared and separated into unique or overlapping groups. CT refers to cecal tonsils, Jej refers to jejunum. Birds were injected with
CpG on day of hatch. Abbreviation: ACRB, Athens Canadian Random Bred.

Table 2. KEGG pathways unique to the modern broiler compared to ACRB.

Cecal tonsil Jejunum

D 3 D 15 D 34 D 3 D 15 D 34

Fc epsilon RI signaling
pathway

Toxoplasmosis Fc gamma R-mediated
phagocytosis

Adipocytokine signaling
pathway

Fc gamma R-mediated
phagocytosis

Adipocytokine signaling
pathway

Fc gamma R-mediated
phagocytosis

Insulin signaling
pathway

AMPK signaling
pathway

Influenza A

MAPK signaling
pathway

Natural killer cell medi-
ated cytotoxicity

HIF-1 signaling
pathway

Measles

TNF signaling pathway MAPK signaling
pathway

Viral carcinogenesis

STRING output KEGG pathways.
Input data were proteins uniquely differentially phosphorylated as compared to the other bird strain.
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immune and metabolic pathways that were altered at at
d 3, 15, and 34 (Table 3).

To better understand why the changes in phosphory-
lation in the cecal tonsil of the modern broiler at d 15
stand out compared to the other 2 time points, we com-
pared the full significant protein lists between ACRB
and modern broiler at d 15. The direction of the change
in phosphorylation (increased or decreased relative to
control) was not considered for this analysis, but only
significance. When the 77 proteins unique to the modern
broiler d 15 cecal tonsil were subjected to pathway
enrichment analysis results included Phosphoinositide
3-kinase - RAC-alpha serine/threonine-protein kinase
(PI3K-Akt) pathway, a major immunometabolic path-
way, as well as the Rap1 and Ras signaling pathway,
which are involved in interferon gamma (IFNg) signal-
ing and cell survival signaling respectively (Table 4).
When the 249 proteins shared between the modern
broilers’ d 15 cecal tonsil and the ACRB d 15 cecal tonsil
were subjected to pathway analyses the significantly
enriched signaling pathways included major
immunometabolic signaling pathways, such as the mito-
gen-activated protein kinase (MAPK) signaling path-
way, PI3K-Akt signaling, and the insulin signaling
pathway (Table 4). In the set of significant proteins that
were unique to the ACRB d 15 cecal tonsil, there were
more immune response related pathways that were
among the top 5 significantly enriched KEGG pathways,
in addition to immunometabolic signaling pathways
(Table 4).
PI3K-Akt signaling pathway was significantly

enriched in the set of proteins unique to the modern
broiler d 15 cecal tonsil, and in the shared set of proteins
between both strains. The reason this pathway appeared
in the list of top pathways despite the protein lists being
unique was that different protein members that make up
the pathway were phosphorylated in each strain. This
result prompted further investigation of the phosphory-
lation status of the peptides involved in this pathway on
d 15 in both the modern broiler and ACRB cecal tonsil
tissue samples. The PI3K-AKT pathway activation sta-
tus associated with the phosphorylation site changes in



Table 3. KEGG pathways unique to the ACRB compared to modern broiler.

Cecal tonsil Jejunum

D 3 D 15 D 34 D 3 D 15 D 34

Bacterial invasion of
epithelial cells

Epstein-Barr virus
infection

Adipocytokine sig-
naling pathway

Bacterial invasion of
epithelial cells

Adipocytokine sig-
naling pathway

Fc epsilon RI signal-
ing pathway

Endocytosis FoxO signaling
pathway

AMPK signaling
pathway

Chemokine signaling
pathway

Epstein-Barr virus
infection

Fc gamma R-medi-
ated phagocytosis

Leukocyte transen-
dothelial migration

Hepatitis C Chemokine signaling
pathway

Endocytosis FoxO signaling
pathway

Hepatitis C

Neurotrophin signal-
ing pathway

Endocytosis Leukocyte transen-
dothelial migration

Glycolysis /
Gluconeogenesis

HIF-1 signaling
pathway

Fatty acid
metabolism

NF-kappa B signal-
ing pathway

Tuberculosis

HTLV-I infection TNF signaling
pathway

PI3K-Akt signaling
pathway

Toll-like receptor
signaling pathway

Viral carcinogenesis

STRING output KEGG pathways.
Input data were proteins uniquely differentially phosphorylated as compared to the other bird strain.
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the CpG challenged versus control animals are shown in
Table 5 for both the modern and ACRB strains. In the
modern broiler d 15 cecal tonsil, there was deactivation
of signaling through the pathway. 50 adenosine mono-
phosphate-activated protein kinase (AMPK) was also
deactivated in the modern broiler d 15 cecal tonsils. In
the ACRB d 15 cecal tonsil, conversely, there was acti-
vation of signaling through the PI3K-Akt pathway,
while mechanistic target of rapamycin (mTOR) was
deactivated. AMPK was phosphorylated significantly in
ACRB d 15 cecal tonsils, but not at an activation site.
Nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) was also active in the ACRB d 15 cecal
tonsil, and not in the modern broiler d 15 cecal tonsils
(Table 5).

As both the TLR signaling pathway (Supplementary
Table 2) and T cell receptor signaling pathway (Supple-
mentary Table 3) were significantly enriched when con-
sidering the unique to ACRB d 15 cecal tonsils
Table 4. KEGG pathways generated from significant protein
lists.

KEGG pathways1

Unique to modern broiler Pathway ID Count FDR

PI3K-Akt signaling pathway hsa04151 6 0.00014
Pathways in cancer hsa05200 7 0.00014
Hepatitis B hsa05161 4 0.00083
Rap1 signaling pathway hsa04015 4 0.0024
Ras signaling pathway hsa04014 4 0.003
Unique to ACRB pathway ID count FDR
MAPK signaling pathway hsa04010 22 7.76E-13
T cell receptor signaling pathway hsa04660 15 1.1E-12
Osteoclast differentiation hsa04380 15 1.46E-11
Toll-like receptor signaling pathway hsa04620 13 2.59E-10
AMPK signaling pathway hsa04152 13 1.34E-09
Shared by modern broiler and ACRB pathway ID count FDR
Pathways in cancer hsa05200 55 1.53E-31
PI3K-Akt signaling pathway hsa04151 46 6.91E-30
MAPK signaling pathway hsa04010 42 1.47E-28
Insulin signaling pathway hsa04910 31 2.25E-26
Central carbon metabolism in cancer hsa05230 24 2.16E-24

1Top five enriched STRING output KEGG pathways in the set of sig-
nificant peptides from cecal tonsil samples at day 15. Pathway ID is
KEGG identifier, count is proteins in dataset in pathway, FDR is false dis-
covery rate.
significant proteins (Table 4), the signaling activity
through both of these pathways was further examined.
The Toll/interleukin-1 receptor domain-containing
adapter protein (TIRAP) was significantly phosphory-
lated and activated in the ACRB d 15 cecal tonsils, and
not in the modern broilers’ d 15 cecal tonsils (Table 5).
Mitogen-activated protein kinase 8 (JNK1) was signifi-
cantly phosphorylated and thus significantly activated
in both the modern broilers’ and ACRB d 15 cecal ton-
sils (Table 5). Phosphatidylinositol-4,5-bisphosphate 3-
kinase catalytic subunit delta isoform (PIK3CD) was
significantly phosphorylated at an inhibitory target site
in the ACRB d 15 cecal tonsils, and not in the modern
broilers’ d 15 cecal tonsils (Table 5). In the ACRB d 15
cecal tonsils the transcription factor Activator protein 1
(AP-1 or Jun) was significantly phosphorylated on the
2 phosphorylation target sites included on the array, but
this transcription factor was significantly dephosphory-
lated on one of the target sites in the modern broilers’ d
15 cecal tonsils (Table 5).
In the T-cell receptor signaling pathway there were

phosphorylation events leading to T cell activation in the
ACRB birds’ d 15 cecal tonsils. Src family tyrosine kinase
(FYN) and Zeta-chain-associated protein kinase 70
(ZAP70) are phosphorylated on residues that would
lead to downstream T cell activation. Interleukin-2-
inducible T-cell kinase (ITK), however, was not phos-
phorylated on its activation site (Table 5). Nuclear factor
of activated T-cells, cytoplasmic 1 (NFAT2) was
dephosphorylated significantly at 2 priming residues, and
not significantly altered at the third in the ACRB birds’
cecal tonsils. In the modern broiler d 15 cecal tonsils,
NFAT2 was also significantly dephosphorylated on the 2
“priming” sites, however it was significantly phosphory-
lated on a third site in between the two priming sites.
The Metabolic Flux Data Support the Bird
Strain Differences in Signaling on D 15

PBMCs isolated from the modern broilers that
received the CpG treatment showed different oxygen



Table 5. Summary table of key signaling differences in the modern broilers’ d 15 cecal tonsil and the ACRB birds’ d 15 cecal tonsil.

Proteins
Modern broiler d 15 cecal tonsils
phosphorylation at each site1 Activation status2

ACRB d 15 cecal tonsils
phosphorylation at each site1 Activation status2

4E-BP1 - - - - # # - Active
AKT1 # - Inactive " - Active
AMPK subunit alpha 1 - # # Mixed effects " - - Inactive
APMK subunit alpha 2 " No activity affiliated - No activity affiliated
ERK2 - - " Active
FYN - - - "# Inactive
GRB2 " Inhibition of signaling - -
GSK3B " " - Active - " # Mixed effects
ITK - - # Inactive
JNK1 " Active " Active
Jun - # Inactive " " Active
mTOR - - - - # # - Inactive
NFAT1 - - " No activity affiliated
NFAT2 # " # Mixed effects # - # Active
NFKB1 - - - " " Active
PIK3CD - - " Inhibited
p70S6K - " " Active # # # Inactive
SOS1 - - - # - Inactive
TIRAP - - " Active
TSC2 " - - Inhibited # # - Active
ZAP70 # - Inactive - " Active

1Most proteins are presented on the peptide array by multiple peptide kinase target sequences. The arrows and dashes represent the statistically signifi-
cant changes in phosphorylation at each target site between the treatment and control birds. An up arrow indicates significantly increased phosphoryla-
tion. A down arrow indicates significantly decreased phosphorylation. A dash indicates no significant difference in phosphorylation between the
treatment and control birds.

2Activation status refers to effect on protein of given phosphorylation event. Function annotation was determined using the PhosphositePlus online
database (Hornbeck et al., 2015). Active indicates a protein function activating phosphorylation event, inactive indicates the protein function is not
active, inhibited indicates the protein activity is being actively suppressed, mixed effects indicates that the phosphorylation events both activate and
inhibit certain functions of the protein, no activity affiliated indicates that the phosphorylation site does not presently have an annotated functional effect.
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consumption rates (OCR) and extracellular acidifica-
tion rates (ECAR) when compared to the PBMCs from
control birds on d 15 post-hatch. Conversely, the
PBMCs isolated from the ACRBs did not show different
rates of ECAR and OCR between the treatment and
control birds on d 15 post-hatch (Figure 3).
The qRT-PCR Data Support the Signaling
Patterns Seen in the Kinome Array Data

To confirm the patterns in immunometabolic signal-
ing seen in the kinome data, qRT-PCR was performed.
Figure 3. The metabolic activities of peripheral blood mononuclear cel
broilers and treatment and control ACRB birds and were assessed using a S
separated based on both ECAR and OCR values (x and y axes). (Right) For
OCR. Abbreviations: ACRB, Athens Canadian Random Bred; ECAR, extra
The 28s gene was used as the housekeeping gene, and
the expression of interleukin (IL)-1b, IL-6, IFNg, and
IL-18 was examined in each of the treatment birds com-
pared to the control birds (Figure 4). All fold changes
described below showed significant change compared to
control unless indicated. In the modern broiler d 3 cecal
tonsils, IL-1b and IL-6 showed an 8.3- and 5.4-fold
increase respectively in the treatment birds compared to
the control birds. IL-18 and IFNg also showed fold
increases in the modern broiler d 3 treatment birds’ cecal
tonsils compared to control, though these fold increases
were more modest (2.3 and 1.7 respectively). Interest-
ingly, on d 15 in the modern CpG treatment birds’ cecal
ls (PBMCs). PBMCs were isolated from treatment and control modern
eahorse XFp Analyzer. (Left) For modern broilers, the two treatments
ACRB broilers, the two treatments did not separate based on ECAR or
cellular acidification rates; OCR, oxygen consumption rates.



Figure 4. qRT-PCR mRNA expression of key cytokines. For fold-change calculations raw CT values were used for a 2�deltadeltaC
T calculation to

determine the fold change in expression of each cytokine in the treatment birds’ tissue samples compared to control. To show the trends in gene
expression the average expression fold change for all four genes on each day were averaged together and a polynomial trend line was generated based
on these average values. Differences between days was determined by ANOVA with Bonferroni-corrected P-values (* = P < 0.05, ** = P < 0.01).
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tonsils IL-6 and IFNg actually showed a fold-decrease in
comparison to the control birds (1.43- and 1.25-fold
decrease respectively). IL-1b and IL-18 still had higher
expression in the treatment birds’ cecal tonsils than the
control birds, although the fold increase of IL-1b expres-
sion was much lower than the increase seen on d 3. On d
34 in the modern broiler treatment birds’ cecal tonsils
control the IL-18 expression was approximately equal
compared to the control birds (1.3-fold increase) but the
expression of all the other cytokines was decreased in
the treatment birds compared to control.

In the modern broiler’s jejunum samples, there was
increased IL-1b and IL-18 expression in the treatment
birds compared to the control birds on d 3, but the fold
increases were modest compared to those seen in the
cecal tonsils (2.2 and 2.0, respectively, not signficant).
On d 3 the IFNg expression showed the largest fold
increase between the treatment birds and control birds
(4.3). Interestingly, IL-6 expression was actually
decreased in the jejunum of the modern broiler treat-
ment birds on d 3 compared to the control birds (3.33-
fold decrease). On d 15 in the modern broiler jejunum
there was increased expression of IL-18 and IFNg. The
IL-6 expression was still lower in the jejunum of the
treated birds than in the control birds’ jejunum. On d 34
in the modern broiler’s jejunum the expression of IL-18
and IFNg were lower in the treatment birds’ tissues
than the control birds.

In the ACRB birds’ cecal tonsils all of the cytokines
showed elevated expression in the treatment birds com-
pared to the control birds, with the exception of IL-1b
on d 3 (not significant) and 34. The fold-increase for all
other cytokines was between 1 and 2.3. In the ACRB
birds’ jejunum there was a fold-increase in expression of
IL-1b and IFNg on d 3, while the other 2 cytokines actu-
ally showed lower expression in the treatment birds than
in the control birds’ jejunum. The expression of IFNg
remained elevated in the treatment birds’ jejunum com-
pared to the control birds on d 15. By d 34, expression of
all four cytokines was lower in the treatment birds than
in the control birds.
DISCUSSION

In this study, we injected newly hatched modern
broiler and ACRB chicks intra-abdominally with either
the immunostimulatory synthetic oligonucleotide CpG
or a control nonstimulatory nucleotide GpC. The CpG
injection affected the growth of the modern broiler but
did not have a significant impact on the ACRB birds’
growth. Generating an immune response to a pathogen
is an energetically costly enterprise, and this could con-
tribute to the apparent decrease in growth seen in the
modern broiler when the immune system was stimulated
(Klasing et al., 1987; Klasing, 2007). The qRT-PCR
data support this observation, as seen in the fold-
increase of expression of key inflammatory cytokines in
both the modern broiler’s jejunum and cecal tonsils on d
3. However, the significant differences in weight are not
apparent until d 18, once weight measurements were
taken on individual birds and differences were statisti-
cally discernable. The ACRB birds’ growth, conversely,
was not significantly impacted by the CpG injection at
these later time points. As the ACRB birds have not
been intensively selectively bred, they may maintain
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more metabolic “flexibility” in terms of even resource
allocation between growth and immunity, switching to
response upon stimulation and then returning to homeo-
stasis and growth. Though here we only used a single
immune stimulate which targets a specific part of the
innate immune system, these results suggests a bird that
is better able to cope with stressors, as was seen when
the effects of heat stress on ACRB birds and modern
broilers are observed (Berrong and Washburn, 1998).

The CpG treatment exerted a more divergent effect
on the birds’ cecal tonsil between strains than the jeju-
num at d 15 (Figure 2). Pathway analysis of the kinome
data at d 15 in the cecal tonsil showed a limited immune
response unique to the modern birds (Table 2). Day 15
post hatch is a vulnerable time point for modern broiler,
as this is when disease challenges such as necrotic enteri-
tis begin to manifest (Helmboldt and Bryant, 1971;
Cooper et al., 2013). This is also the time point when the
rate of breast muscle deposition in modern birds contin-
ues to increase relative to other organs, whereas this
deposition plateaus at this point in a heritage bird
(Schmidt et al., 2009).

Possibly the cecal tonsil was more directly impacted
than the jejunum because the cecal tonsil is home to a
concentrated population of lymphocytes (Moral et al.,
1998). By d 15 post-hatch, germinal centers appear in
the cecal tonsil and the B-cell population increases from
there with age (Ol�ah et al., 2014). It is likely that lym-
phocyte populations in the cecal tonsil are responsible
for more of the divergent immune-related signaling
changes seen in the cecal tonsil tissue samples. In the
ACRB birds’ cecal tonsil on d 15, there was increased
signaling activity through the PI3K-Akt pathway and
the T cell receptor signaling pathway (Table 4). The
PI3K-Akt pathway is a key immunometabolic pathway,
and the interactions between this pathway and the
mTOR signaling pathway can determine the fate of an
immune cell, such as a T lymphocyte. Simultaneous acti-
vation through the PI3K-Akt pathway, deactivation of
mTOR, and activation of AMPK together leads to the
development of regulatory T cells (Michalek et al., 2011;
Gerriets and Rathmell, 2012), which was an activation
pattern observed in response to CpG stimulation in the
ACRB d 15 cecal tonsil. Akt was phosphorylated on one
of its activation sites (Table 5) while, mTOR was signifi-
cantly dephosphorylated on its activation sites. Addi-
tionally, the downstream phosphorylation targets of
mTOR, Ribosomal protein S6 kinase beta-1 (p70S6K)
and eukaryotic translation initiation factor 4E-binding
protein 1 (4E-BP1) were also significantly dephos-
phorylated in the ACRB d 15 cecal tonsil. Finally,
AMPK was significantly phosphorylated, as was its
downstream target Acetyl-CoA carboxylase in these
birds, although these phosphorylation sites do not have
a functional annotation at this time. The data suggests
a mixed immunological response in the ACRB birds
cecal tonsil at d 15; the T cell receptor signaling pathway
activation is suggestive of a T lymphocyte response, but
the metabolic data (mTOR deactivation) suggest a reg-
ulatory T lymphocyte. This may suggest the tissue is
primed for response but not actively producing immune
effector proteins. These results also suggest the bird is
developing mechanisms to mediate inflammation and
maintain homeostasis.
There was also activation through the TLR signaling

pathway in the ACRB birds’ d 15 cecal tonsil. The tran-
scription factor AP-1, which is a dimeric protein com-
posed of Jun and Fos, has been shown to work in concert
with NFAT to influence gene transcription in cells
(Maci�an et al., 2001). AP-1 was activated downstream
of Ras and extracellular signal−regulated kinases
(ERK) / c-Jun N-terminal kinases (JNK) signaling,
which are components of the TLR signaling pathway
(Kawai and Akira, 2006; Turpaev, 2006). The activity
of the transcription factor NFAT is controlled by a gra-
dient of phosphorylation at different target sites, and its
phosphorylation at these different sites is controlled by
kinases such as JNK and glycogen synthase kinase
(GSK3) (Hogan et al., 2003). In the ACRB birds’ day
15 cecal tonsil there was activation of signaling through
this pathway, and this culminates in activation of Jun
at key phosphorylation target sites (Table 5). It is,
therefore, possible that the transcription factors NFAT
and AP-1 are working together in the treated ACRB d
15 cecal tonsil to modulate immune cell responses. AP-1
controls a number of cellular processes including differ-
entiation, proliferation, and apoptosis while NFAT
induces expression of several immune genes.
In the modern broiler d 15 cecal tonsil, growth factor

receptor-bound protein 2 (GRB2) was phosphorylated
at an inhibitory site (Table 5). This blocks the associa-
tion of GRB2 with son of sevenless (SOS1) to which
subsequently blocks Ras and MAPK signaling (Li et al.,
2001). This signaling pathway has a role in insulin sig-
naling, growth factor receptor signaling, and PI3K-Akt
signaling and can also be activated by cytokine signal-
ing, as well as downstream of B and T cell receptor sig-
naling. This shows a functional immune response in the
ACRB birds, while this pathway doesn’t appear to be
active in the modern broiler’s d 15 cecal tonsil. The tran-
scription factors that are activated in the ACRB d 15
cecal tonsil (NF-kB, Jun) are not active in the modern
broiler’s cecal tonsil, further highlighting a signaling
shut down in this tissue.
Interestingly, mTOR signaling was active in the mod-

ern birds as indicated by the phosphorylation of a down-
stream target of mTOR activity p70S6K. The tuberin
sclerosis 2 (TSC2) protein was also phosphorylated sig-
nificantly in the modern broiler cecal tonsil from d 15,
inactivating it’s functionality as an inhibitor of mTOR
signaling (Inoki et al., 2002, p. 2). However, despite
some activation along the mTOR pathway, 4E-BP1 was
not significantly phosphorylated, and its phosphoryla-
tion and subsequent disassociation from eukaryotic
Translation Initiation Factor 4E (eIF4E) is necessary
for the initiation of translation. Activation of mTOR sig-
naling has also been shown to be inhibitory of the PI3K-
Akt signaling pathway, so this may explain decreased
signaling along PI3K-Akt in the modern broiler d 15
cecal tonsil (Tremblay and Marette, 2001;
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Harrington et al., 2005). PI3K-Akt signaling is deacti-
vated in “growth factor withdrawal”, which is in agree-
ment with the inhibition of signaling seen through
GRB2 and is suggestive that there was a lack of growth
factor signaling to these cells (Zhang et al., 2006, p. 1).
It could be that the metabolic demands of muscle growth
in these birds at this time point mean that the energetic
demands of the immune system are neglected or are not
receiving growth/differentiation signals at all.

The direction of metabolic activities of an immune cell
can determine its fate and inflammatory status (Rodrí-
guez-Prados et al., 2010; Chang et al., 2013; O’Neill and
Hardie, 2013). Increased OCR is indicative of oxidative
phosphorylation, and increased ECAR is indicative of
glycolysis. Immune cell fate is partially determined by
cell metabolism; effector T cells exhibit higher rates of
glycolysis and depend on glucose uptake. Regulatory T
cells instead rely primarily on fatty acid oxidation for
energy and inhibit glycolytic processes (Michalek et al.,
2011). The PBMCs isolated from modern broilers that
were given the CpG treatment demonstrated higher
rates of both OCR and ECAR, which suggests that the
cells were more metabolically active compared to
PBMCs from the control birds. Conversely, in the
ACRB birds one cannot distinguish between the treat-
ment and control birds’ PBMCs based on OCR and
ECAR. The Seahorse data may indicate that the ACRB
birds’ PBMCs are not impacted by the immunostimula-
tory injection, and the response to the injection was
localized to the gut tissues and not systemic in these
birds, or the CpG did not result in additional “priming”
of PBMCs as they were already strongly metabolically
active in these birds. What the impact of these metabolic
changes on PBMC fate and function is remains to be
determined.

The qRT-PCR data also support the idea that the
immune system is not optimally functional during peri-
ods of high growth in the modern birds. Initially on d 3
after the CpG injection there was a large fold-increase in
mRNA expression of potent inflammatory cytokines in
the modern broiler’s cecal tonsil as well as the jejunum
to a lesser extent. There was also activation of cell sig-
naling seen in the kinome data, such as Janus kinase-sig-
nal transducer and activator of transcription (JAK-
STAT), tumor necrosis factor (TNF)-receptor associ-
ated factor 2 activation, mTOR signaling, and phos-
phorylation of Caspase-1. There was also some
indication of NF-kB activity, although the proteolytic
cascade leading to its activation does not appear to be
completely activated. All these signaling events would
either contribute to or be downstream of the synthesis of
proinflammatory cytokines such as IFNg and IL-1b.
CpG drives Th1-type immune responses, and this may
be demonstrated by the increase in IFNg expression
seen in the cecal tonsil and jejunum
(Zimmermann et al., 1998). By d 15, however, the sig-
naling activity in the modern broilers’ cecal tonsil has
dropped off as seen in the kinome data, and there was
decreased mRNA expression of proinflammatory cyto-
kines. In the ACRB birds, there was activation of Nf-kB
on d 3 post-hatch as well as signaling activation through
the PI3K-Akt pathway, and this continued through to d
15.
It is interesting that the increase in IL-6 expression in

both the modern broiler and ACRB treatment birds was
limited to the cecal tonsil. It has been shown that IL-6
can negatively influence barrier function in the intestinal
epithelial cells, so expression of this interleukin may be
limited in the jejunum to preserve the barrier integrity
(Suzuki et al., 2011). It is also interesting to note that
the depression of cytokine expression on d 15 in the mod-
ern broiler was limited to the cecal tonsil, and this
depression was not seen to the same extent in the jeju-
num. This decrease in expression of proinflammatory
cytokine mRNA occurs in tandem with the decrease in
signaling through key activation pathways in the mod-
ern birds’ d 15 cecal tonsil such as the JAK-STAT path-
way and PI3K-Akt pathway. This larger negative
impact on cecal tonsil tissues could also be due to priori-
tization of energy and nutrients for function of the intes-
tinal tissues as a result of breeding for efficient feed
conversion, rather than growth and development of
immune cells.
In conclusion, these data indicate that the heritage

birds exhibit a more constant immune response to early
injection with CpG, whereas in the modern birds this
response was dynamic as the birds' age. Initially, in the
modern broilers there was robust activation through
immunometabolic signaling pathways and increases in
the mRNA expression of key inflammatory cytokines in
both the jejunum and the cecal tonsil. However, at d 15
post-hatch this response seemingly drops off and there
was deactivation through immunometabolic signaling
pathways. In the ACRB birds, conversely, the level and
direction of signaling activity in both the jejunum and
the cecal tonsil remains fairly constant, as does the
increase in proinflammatory cytokine mRNA. The
immune status of modern broilers at approximately 2
wk post-hatch bears further investigation, as this is a
critical age for the birds. While the direct response of the
birds to the CpG stimulation would have been well past
at d 34, or even 15, immunometabolic consequences of
early life events can perpetuate. It is possible that this
early and direct stimulation of the immune system
altered the immunometabolic programing of these birds
over the course of their growout.
With the critical need to increase worldwide food pro-

duction and enhance global food security, while at the
same time improving animal health and welfare
(Henchion et al., 2017), a simple return to heritage
genetics and slow growing chicken is inappropriate. We
may be reaching the limit of genetic growth potential
and future work with diet formulations and immune
modulating therapies, as well as further clarification of
microbiome’s role in immune response development,
could potentially modulate the immune response of the
modern broiler to effectively prime the immune system
for response and allow modern broilers to resist a variety
of environmental stressors and pathogens. Intervention
programs as specific times of grow out, such as the 15 d
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described here, may also help improve resistance to dis-
ease, at the same time, maintaining the significant effi-
ciency gains achieved in the past 60 yr.
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