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ABSTRACT Necrotic enteritis (NE) is a devastating
disease that has seen a resurgence of cases following the
removal of antibiotics from feed resulting in financial loss
and significant animal health concerns across the poultry
industry. The objective was to evaluate the efficacy of a
microencapsulated blend of organic (25% citric and
16.7% sorbic) acids and botanicals (1.7% thymol and 1%
vanillin [AviPlusP]) to reduce clinical NE and determine
the signaling pathways associated with any changes. Day-
of-hatch by-product broiler breeder chicks were randomly
assigned to a control (0) or supplemented (500 g/MT)
diet (n = 23−26) and evaluated in a NE challenge model
(n = 3). Birds were administered 2X cocci vaccine on d
14 and challenged with a cocktail of Clostridium perfrin-
gens strains (107) on d 17 to 19. On d 20 to 21 birds were
weighed, euthanized, and scored for NE lesions. Jejunal
tissue was collected for kinome analysis using an immuno-
metabolism peptide array (n = 5; 15/treatment) to com-
pare tissue from supplement-fed birds to controls. Mortal-
ity and weight were analyzed using Student’s t test and
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lesion scores analyzed using F-test two-sample for varian-
ces (P < 0.05). The kinome data was analyzed using
PIIKA2 peptide array analysis software and fold-change
between control and treated groups determined. Mortal-
ity in the supplemented group was 47.4% and 70.7% in
controls (P = 0.004). Lesions scores were lower
(P = 0.006) in supplemented birds (2.47) compared to
controls (3.3). Supplement-fed birds tended (P = 0.19) to
be heavier (848.6 g) than controls (796.2 g). Kinome anal-
ysis showed T cell receptor, TNF and NF-kB signaling
pathways contributed to the improvements seen in the
supplement-fed birds. The following peptides were signifi-
cant (P < 0.05) in all 3 pathways: CHUK, MAP3K14,
MAP3K7, and NFKB1 indicating their importance. Addi-
tionally, there were changes to IL6, IL10, and IFN- g
mRNA expression in tissue between control- and supple-
ment-fed chickens. In conclusion, the addition of a micro-
encapsulated blend of organic acids and botanicals to a
broiler diet reduced the clinical signs of NE that was
mediated by specific immune-related pathways.
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INTRODUCTION

The poultry industry has moved away from using
antibiotic growth promoters (AGP) in poultry produc-
tion (Castanon, 2007), and this transition has created a
burgeoning feed additive industry focused on providing
natural alternatives that enhance performance and
improve animal health. There are numerous products
proven to be viable AGP alternatives for the poultry
industry including, but not limited to, organic acids,
essential oils, plant metabolites, medicinal herbs, amino
acids, oligosaccharides, minerals, yeast cell wall compo-
nents, and various by-products (Zeng et al., 2015;
Gessner et al., 2017; Hashim et al., 2018; Micciche et al.,
2018; Suresh et al., 2018; Yadav and Jha, 2019). For a
feed additive to have an impact on performance and ani-
mal health, it must reach the gastrointestinal tract, par-
ticularly the small intestine, where most digestion and
virtually all nutrient absorption occurs (Svihus, 2014a,
b). The additive must be durable enough to tolerate the
conditions of the gastrointestinal tract or it should be
protected from those harsh conditions. One approach to
protect the feed additive is to encapsulate the
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components with a lipid (or similar) matrix which will
increase stability and will allow for a slow and targeted
release (Grilli et al., 2007; Piva et al., 2007; Yang et al.,
2016).

Clostridium perfringens (C. perfringens) is a
spore forming, Gram-positive rod-shaped bacterium
that is ubiquitous in nature, is an economically
important poultry pathogen, and one of the known
etiological agents associated with necrotic enteritis
(NE) (Timbermont et al., 2011). Removal of AGP
from the feed has contributed to a substantial
increase of NE outbreaks across the poultry industry
(Broom and Kogut, 2019; Adhikari et al., 2020).
Globally, NE costs the poultry industry $2B USD
due to reduced performance, disease treatment, and
carcass condemnations (Van der Sluis, 2000; Paiva
and McElroy, 2014); however, more recent estimates
indicate the impact is closer to $5 to 6B USD (Wade
and Keyburn, 2015). In addition to the economic
impact, NE creates significant animal welfare con-
cerns because of decreased appetite, depression, diar-
rhea, and severe necrosis of the intestinal tract
(Ficken and Wages, 1997; Van Immerseel et al.,
2004). A number of studies show the effectiveness of
natural products including organic acids, essential
oils, postbiotics, prebiotics, or probiotics to improve
growth and performance, reduce mortality, lessen
intestinal pathology, and alter gut microbial popula-
tions under experimental NE challenge (Keerqin
et al., 2017; Yin et al., 2017; Calik et al., 2019;
Johnson et al., 2019, 2020; Abdelli et al., 2020).

Necrotic enteritis is a complex and multifaceted dis-
ease and, as such, disease progression can be influenced
by dietary composition, the immune status of the bird,
or if there has been a sudden change to the gut micro-
bial populations (Smith, 1965; Ficken and Wages, 1997;
Timbermont et al., 2011; Paiva and McElroy, 2014).
Understanding a complex disease such as NE will
require a powerful tool to delineate the mechanism(s)
employed by the host that either confers protection or
susceptibility to disease. Evaluating the host kinome
with peptide arrays provide site-specific protein infor-
mation and a detailed picture of phosphorylation-medi-
ated events making it a powerful instrument to define
mechanism(s) (Manning et al., 2002; Ouyang et al.,
2003; Wang, 2014). Our laboratory developed a
chicken-specific kinome array (Arsenault and
Kogut, 2012; Arsenault et al., 2013) enabling us to
identify specific signaling pathways that are altered fol-
lowing administration of various feed additives; there-
fore, making it possible to better define their
mechanism(s) of action (Arsenault et al., 2017;
Hashim et al., 2018; Johnson et al., 2019, 2020;
Swaggerty et al., 2020a; Bortoluzzi et al., 2021).

The objectives of this study were to determine if
dietary supplementation with a microencapsulated
blend of organic acids and botanicals reduced clini-
cal signs of NE and altered jejunal kinome activity
and signaling pathways compared to birds on the
control diet.
MATERIALS AND METHODS

Experimental Chickens

Day-of-hatch by-product male broiler breeder chicks
were obtained from a commercial hatchery and placed in
floor pens containing wood shavings and provided sup-
plemental heat and ad libitum access to water for the
duration of the study. To ensure reproducibility, the
experiments were conducted on 3 separate occasions
with chicks from different flocks. Chicks were randomly
assigned to either a control- or supplement-fed pen
(n = 23−26 each). Those assigned to the control pen
were allowed ad libitum access to a balanced, unmedi-
cated corn and soybean meal-based starter diet that met
or exceeded the established nutrient requirements
(National Research Council, 1994). Chicks assigned to
the supplement-fed pen were given free access to the
same starter diet mixed with 500 g/metric ton (MT) of
a microencapsulated blend of citric (25%) and sorbic
(16.7%) acids, thymol (1.7%), and vanillin (1.0%) (Avi-
Plus P, Vetagro S.p.A., Reggio Emilia, Italy). No medi-
cation or other therapeutic interventions were
administered over the duration of the study. The experi-
ments were conducted in accordance with the recom-
mended code of practice for the care and handling of
poultry and followed the ethical principles according to
the Guide for the Care and Use of Agricultural Animals
in Research and Training (AgGuide, 2020) and were
overseen by the on-site veterinarian. All bird studies
were under the approved experimental procedures out-
lined in protocol number 2019-002 and were approved
by the USDA/ARS Institutional Animal Care and Use
Committee operating under the Animal and Plant
Health Inspection Service establishment number
334299.
Clostridium Perfringens Preparation

Four field isolates of wild-type C. perfringens (type A)
were obtained from active and confirmed outbreaks of
NE in Georgia (two isolates), Texas (one isolate), and
Virginia (one isolate). The isolates were cultured sepa-
rately in thioglycollate medium (Becton Dickinson Co.,
Sparks, MD) for 12 h then combined to yield the chal-
lenge stock as previously described (McReynolds et al.,
2007).
Necrotic Enteritis Model

Birds were orally administered a 2X dose of a commer-
cially available coccidiosis vaccine (1 mL, Coccivac-B52;
Merck Animal Health, Kenilworth, NJ) on d14 and chal-
lenged orally (3 mL) with a stock culture containing the
cocktail of four C. perfringens strains (107 cfu/mL) on d
17 to 19. For all three experimental replicates, chickens
were euthanized by cervical dislocation and necropsied
at 20- or 21-d-of-age.
At necropsy, birds were scored for intestinal lesions

(see next section for additional details). A piece of
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jejunum (100 mg) was collected and rinsed with PBS to
remove intestinal content, immediately flash frozen in
liquid nitrogen to preserve kinase activity, and then
transferred to �80°C until further analysis using the
array. Additionally, a piece of jejunum (100 mg) was col-
lected, rinsed with PBS to remove content, placed in
RNAprotect tissue reagent (Qiagen; Germantown,
MD), and stored at -20°C until quantitative real-time
RT-PCR (qRT-PCR) performed. In relation to Meck-
el’s diverticulum, the samples were collected approxi-
mately 10 cm proximal. All birds were scored for lesions
while the first 5 necropsied from each line for each exper-
iment were used for the kinome array.
Lesion Scores

To evaluate gross lesions associated with NE, the jeju-
num and ileum of the small intestine were examined and
scored as previously described (Prescott, 1979). To elim-
inate bias, one person blindly scored all tissues for
lesions. Lesions were scored on a scale of 0 to 4. A score
of 0 indicated normal healthy tissue with no gross
lesions; a score of 1 was characterized by thin-walled or
friable tissue with a grey appearance; a score of 2 was
thin-walled, had focal necrosis, and gray in appearance
with small amounts of gas production; a score of 3 had
thin walls with sizable patches of necrosis, gas-filled
intestine, and small flecks of blood; and a score of 4 was
defined by severe extensive necrosis, marked hemor-
rhage, and large amounts of gas in the intestine.
Table 1. Quantitative real-time RT-PCR primer and probe
sequences.

Target Primer and probe sequence Accession no.2

28s Forward
Reverse
Probe

GGCGAAGCCAGAG-
GAAACT
GACGACCGATTTG-
CACGTC
15�-(FAM)-AGGACCGC-
TACGGACCTCCACCA-
(TAMRA)-3�

X59733

IL6 Forward
Reverse
Probe

GCTCGCCGGCTTCGA
GGTAGGTCTGAAAGGC-
GAACAG
5�-(FAM)-AGGA-
GAAATGCCTGAC-
GAAGCTCTCCA-
(TAMRA)-3�

AJ250838

IL10 Forward
Reverse
Probe

CATGCTGCTGGGCCTGAA
CGTCTCCTTGATCTG
CTTGATG
5�-(FAM)-CGAC-

AJ621614
Kinome Array

Peptide array protocol was carried out as previously
described (Arsenault et al., 2017) and summarized below
using PepStar peptide microarrays from JPT Peptide
Technologies GmbH (Berlin, Germany). A 40 mg sam-
ple of jejunum was 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 ethyl-
ene 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.
GATTCGGCGCTGT-
CACC-(TAMRA)-3�

IFN- g Forward
Reverse
Probe

GTGAAGAAGGTGAAAGA-
TATCATGGA
GCTTTGCGCT
GGATTCTCA
5�-(FAM)-
TGGCCAAGCTCCCGAT-
GAACGA-(TAMRA)-3�

Y07922

1FAM Fluorescent reporter dye 5-carboxyfluorescein; TAMRA
quencher N, N, N, N�-tetramethyl-6-carboxyrhodamine

2Genomic DNA sequence.
Isolation of Total RNA for Quantitative Real-
Time RT-PCR

Tissue samples were homogenized with a BeadBug
homogenizer (Benchmark Scientific, Edison, NJ).
Briefly, a piece jejunum (30−40 mg) was removed from
RNAprotect, transferred to prefilled microtubes con-
taining zirconium beads (1.5 mm; TriplePure M-Bio
Grade; Benchmark Scientific), lysis buffer (350 mL;
RNeasy Mini Kit; Qiagen) was added, and the tissue
was homogenized for 2 min at maximum speed. Total
RNA was isolated from the homogenized tissue accord-
ing to the manufacturer’s instructions, eluted with 50
mL RNase-free water, and stored at �80°C.
Quantitative Real-Time RT-PCR

Cytokine mRNA expression of jejunum tissue from
control- and supplement-fed chickens (n = 12/treat-
ment) was determined using qRT-PCR as described pre-
viously (Kaiser et al., 2000) using published probes and
primer sets shown in Table 1 (Kaiser et al., 2004, 2005);
Rothwell et al., 2004. Amplification and detection were
carried out on the StepOnePlus Real-Time PCR System
using Taqman RNA-to-CT 1 Step Kit (Applied Biosys-
tems, Foster City, CA). Sample standardization was
done using 28S RNA. Results were calculated as 40-cycle
threshold (CT) for each tissue sample from control- and
supplement-fed chickens and the data presented as fold-
change from controls. Fold change was calculated as 2^
(supplement-fed corrected mean − control-fed corrected
mean).
Data and Statistical Analysis

Three separate challenges were conducted using chick-
ens from a different flock for each trial and 23 to 26 birds
were used for each group per experiment. A total of 72
birds were on the control diet and 74 birds were on the



Table 2. Final weight and mortality of chickens on a control diet
compared to those on a diet supplemented with a microencapsu-
lated blend of organic acids and botanicals in a necrotic enteritis
challenge model.

Treatment No. of trials Weight (g) Mortality (%)

Control diet 3 796.2 § 3.8 52/72 (72.2)
Supplemented diet1 3 848.6 § 26.6 35/74 (47.3a)

1Birds fed the control diet supplemented with 500 g/MT of a microen-
capsulated blend of organic acids and botanicals (AviPlus P).

aColumns with different subscripts are significantly different
(P = 0.004).
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diet supplemented with the microencapsulated blend of
organic acids and botanicals. The data from the three
challenge trials were combined for statistical analysis
and presentation. With the exception of the kinome
data, all analyses were performed using Microsoft Excel
for Mac version 16.50. Weight, mortality, and cytokine
mRNA expression were analyzed using a Student t test
while lesion scores were analyzed using the F-test 2-sam-
ple for variances. Significance was considered at P ≤
0.05.

Kinome array images were gridded using GenePix Pro
software (Molecular Devices, San Jose, CA), and the
spot intensity signal was collected as the mean of pixel
intensity using local feature background intensity calcu-
lation with scanner 50% gain level. The data was then
analyzed using the Platform for Intelligent Integrated
Kinome Analysis (PIIKA2) peptide array analysis soft-
ware as previously described (Trost et al., 2013). Using
the normalized data set, comparisons between treatment
and control groups were performed, calculating fold-
change and a significance P-value. The P value is calcu-
lated by conducting a one-sided paired t test between
treatment and control values for a given peptide which
allows for a statistically robust analysis. The resulting
data was imported in Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) data-
bases to pinpoint changes in protein−protein interac-
tions and signal transduction pathways as previously
described (Hashim et al., 2018).
RESULTS

Necrotic Enteritis Challenge Model

Day-old chicks were assigned to one of 2 groups (23
−26 chicks/group): control diet without supplementa-
tion or a diet supplemented with 500 g/MT of a
microencapsulated blend of organic acids and botani-
cals. Both groups were evaluated in a laboratory
model for NE (n = 3 separate trials [n = 72 total
chicks on the control diet; n = 74 total chicks on the
supplemented diet]). At the conclusion of each experi-
mental trial, birds were weighed and each chick was
scored for intestinal lesions representative of NE.
Additionally, mortality was recorded in both groups
over the duration of the study.

Weights: There were no differences in chick weights at
placement (control = 44.0 g; supplement = 43.7 g;
data not shown). At termination, group weights were
measured, and the supplement-fed chicks tended to
be numerically heavier than the chicks on the control
diet (848.6 § 26.6 g and 796.2 § 3.8 g, respectively),
but the difference was not statistically significant
(Table 2; P = 0.19).

Mortality: Mortality was monitored over the duration of
the study and the results are presented in Table 2.
Any bird that died within the first 3 d after placement
was not included in the mortality data. The mortality
for birds on the control diet (72.2% or 52/72) was sig-
nificantly higher (P = 0.004) than birds on the diet
supplemented with the microencapsulated blend of
organic acids and botanicals (47.3% or 35/74).

Lesion scores: The jejunum and ileum were scored for
NE-associated lesions on a scale of 0 to 4, and the
data are shown in Table 3. There were 2 birds on the
control diet that had a score of 0 whereas 11 birds on
the diet supplemented with the microencapsulated
blend of organic acids and botanicals had a score of 0.
There were 16 birds on the control diet that had a
lesion score of 1 or 2 while 26 birds on the supple-
mented diet had similar lesion scores. The number of
birds with a lesion score of 3 or 4 was 54 in the control
group and 37 in the supplement treated group. The
overall average lesion score for birds on the control
diet was 3.3 § 0.14 while birds on the diet supple-
mented with the microencapsulated blend of organic
acids and botanicals had a significantly lower average
lesion score of 2.47 § 0.18 (P = 0.006).
KEGG Signaling Pathways

KEGG pathways for jejunal samples collected from
control- and supplement-fed chickens subjected to a lab-
oratory model to induce NE were generated using the
STRING database. In total, 163 distinct signaling path-
ways were significantly (P < 0.05) different between the
tissue collected from birds on the control diet compared
to those on the diet supplemented with a microencapsu-
lated blend of organic acids and botanicals. Signaling
pathways with 5 or fewer significant peptides and those
associated with cancer and viral infections were
excluded, and the remaining 73 signaling pathways that
were significant between the two treatments are detailed
in Table 4.
Specific KEGG Signaling Pathways and
Common Peptides

Further evaluation of three highly significant path-
ways (P < 2.7 £ 10�13) showed that the T cell receptor
pathway, TNF signaling pathway, and NF-B signaling
pathways shared common peptides that were signifi-
cantly different between jejunal samples from chickens
on the control diet compared to those on the



Table 3. Distribution of lesion scores of chickens on a control diet compared to those on a diet supplemented with a microencapsulated
blend of organic acids and botanicals in a necrotic enteritis challenge model.

Lesion score3

Treatment n 0 1 2 3 4
Mean lesion
score § SEM P-value

Control diet 72 22 8 8 2 52 3.30 § 0.14 0.006
Supplemented diet1 74 11 17 9 0 37 2.47 § 0.18

1Birds fed the control diet supplemented with 500 g/MT of a microencapsulated blend of organic acids and botanicals (AviPlus P).
2Actual number of chickens in the experiment with a specific lesion score.
3Lesions were scored on a scale of 0 to 4. A score of 0 indicated normal healthy tissue with no gross lesions; a score of 1 was characterized by thin-walled

or friable tissue with a grey appearance; a score of 2 was thin-walled, had focal necrosis, and grey in appearance with small amounts of gas production; a
score of 3 had thin walls with sizable patches of necrosis, gas-filled intestine, and small flecks of blood; and a score of 4 was defined by severe extensive
necrosis, marked hemorrhage, and large amounts of gas in the intestine (Prescott, 1979).
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supplemented diet Table 5. shows the significant pepti-
des within the T cell receptor pathway, TNF signaling
pathway, and NF-kB signaling pathways. The common
peptides across these pathways are listed in bold and
include CHUK (IKK-⍺), MAP3K14, MAP3K7, and
NFKB1.
Cytokine mRNA Expression

The mRNA expression levels of relevant cytokines in
the T cell receptor pathway, TNF signaling pathway, or
NF-B signaling pathways were measured to validate the
kinome array. Jejunum samples were compared between
control- and supplement-fed chickens and IL6, IL10,
and IFN-g mRNA expression was determined. The cor-
rected 40-Ct for each cytokine was determined and in
each instance was significantly (P < 0.002) higher in the
tissue from chickens on the dietary supplement (data
not shown). Additionally, the fold-change was deter-
mined and is shown in Figure 1. The mRNA expression
of IL6 was 10.9-fold higher in jejunum collected from
chickens on a diet supplemented with the microencapsu-
lated blend of organic acids and botanicals while IL10
and IFN-g were 5.0- and 5.7-fold greater, respectively,
than the tissue sampled from chickens on the control
diet.
DISCUSSION

The microencapsulated blend of organic acids and
botanicals used in the current study (AviPlus P; identifi-
cation number 4d3) is approved by the European Union
Commission and European Food Safety Authority
(EFSA) to enhance growth and feed efficiency in
healthy chickens (EFSA, 2012). Previous studies evalu-
ating this microencapsulated blend of organic acids and
botanicals has shown that in addition to enhancing per-
formance, it is also immunomodulatory and primes
peripheral blood leukocyte functional activities in young
chicks (Swaggerty et al., 2020b), alters key intestinal
immune and metabolic signaling pathways
(Swaggerty et al., 2020a) and microbial populations
(Feye et al., 2020), and reduces colonization of impor-
tant foodborne pathogens including Campylobacter
(Grilli et al., 2013) and Salmonella (Grilli et al., 2011) in
chickens.
With the re-emergence of NE outbreaks across the

poultry sector, we sought to determine if the microen-
capsulated blend of organic acids and botanicals was
also efficacious at reducing clinical signs of this devastat-
ing poultry disease, and if so, to determine the mode-of-
action at the site of infection. Body weight at necropsy
was measured, and despite the lack of significance (P >
0.05), the supplement-fed birds were still over 50 g
heavier than their control counterparts (Table 2). The
lack of significance may be due to the fact that weights
were determined by pen as the birds were not individu-
ally weighed. A study using probiotics and phytobiotics
to mitigate Clostridium-induced NE observed similar
trends in final body weight that lacked significance
(Hussein et al., 2020). To ensure the most accurate
measurements, future studies will weigh birds individu-
ally and not whole pens.
The mortality (Table 2) and lesion scores (Table 3)

observed in these studies indicate the NE model
employed produced clinical NE rather than the milder
sub-clinical disease often reported in other laboratorty
studies (Swaggerty et al., 2016; Johnson et al., 2019;
Kan et al., 2021). Despite the severity of disease
observed across the 3 experimental trials, dietary supple-
mentation with the microencapsulated blend signifi-
cantly decreased both mortality and lesion scores
compared to what was observed in the birds on the con-
trol diet. These findings are in agreement with other
studies showing feed additives including organic acids
and essential oils (Abdelli et al., 2020; Hofacre et al.,
2020), citral (Yang et al., 2016), postbiotics
(Johnson et al., 2019), or a combination of several addi-
tives (Calik et al., 2019; Du and Guo, 2021) have the
potential to lessen the impact of NE in the absence of
antibiotics or other medications. Most of the abovemen-
tioned studies improved gut health by reducing lesion
scores and altering the microbial ecology, but not all
were able to reduce mortality as we observed. This dif-
ference could be due, in part, to the specific organic acids
and botanicals we used or the targeted delivery of the
products. We and others have shown encapsulating the
components with a lipid (or similar) matrix increases
stability and allows for a slow and targeted release



Table 4. Kyoto Encyclopedia of Genes and Genomes (KEGG)
signaling pathways altered in the jejunum of chickens on a control
diet compared to those on a diet supplemented with a microen-
capsulated blend of organic acids and botanicals in a necrotic
enteritis challenge model.

Term ID Pathway description1 Peptide count FDR2

hsa04152 AMPK signaling pathway 24 3.07E-21
hsa04010 MAPK signaling pathway 31 1.07E-20
hsa04910 Insulin signaling pathway 24 1.07E-20
hsa04660 T cell receptor signaling pathway 21 1.65E-19
hsa04722 Neurotrophin signaling pathway 22 1.65E-19
hsa04931 Insulin resistance 21 4.91E-19
hsa04920 Adipocytokine signaling pathway 17 6.92E-17
hsa04150 mTOR signaling pathway 21 1.26E-16
hsa04068 FoxO signaling pathway 20 1.61E-16
hsa04140 Autophagy - animal 19 1.13E-15
hsa04218 Cellular senescence 20 2.89E-15
hsa04066 HIF-1 signaling pathway 17 6.03E-15
hsa04922 Glucagon signaling pathway 17 7.65E-15
hsa04211 Longevity regulating pathway 16 1.99E-14
hsa04064 NF-kappa B signaling pathway 16 4.09E-14
hsa04151 PI3K-Akt signaling pathway 25 8.39E-14
hsa04510 Focal adhesion 20 1.17E-13
hsa04012 ErbB signaling pathway 15 1.40E-13
hsa04668 TNF signaling pathway 16 2.76E-13
hsa04919 Thyroid hormone signaling pathway 16 6.39E-13
hsa04370 VEGF signaling pathway 13 7.77E-13
hsa01521 EGFR tyrosine kinase inhibitor

resistance
14 8.81E-13

hsa04932 Non-alcoholic fatty liver disease 17 1.49E-12
hsa04371 Apelin signaling pathway 16 3.60E-12
hsa04662 B cell receptor signaling pathway 13 4.81E-12
hsa04213 Longevity regulating pathway 12 1.74E-11
hsa04659 Th17 cell differentiation 14 1.96E-11
hsa04664 Fc epsilon RI signaling pathway 12 4.15E-11
hsa04714 Thermogenesis 18 7.24E-11
hsa04072 Phospholipase D signaling pathway 15 1.15E-10
hsa05418 Fluid shear stress and atherosclerosis 14 4.24E-10
hsa04210 Apoptosis 14 4.77E-10
hsa04071 Sphingolipid signaling pathway 13 8.69E-10
hsa04921 Oxytocin signaling pathway 14 1.43E-09
hsa04062 Chemokine signaling pathway 15 1.63E-09
hsa04014 Ras signaling pathway 16 3.84E-09
hsa04666 Fc gamma R-mediated phagocytosis 11 7.73E-09
hsa04657 IL-17 signaling pathway 11 1.04E-08
hsa04520 Adherens junction 10 1.28E-08
hsa01522 Endocrine resistance 11 1.33E-08
hsa04620 Toll-like receptor signaling pathway 11 2.48E-08
hsa05145 Toxoplasmosis 11 4.48E-08
hsa04926 Relaxin signaling pathway 11 2.37E-07
hsa04144 Endocytosis 14 3.39E-07
hsa04360 Axon guidance 12 4.47E-07
hsa04658 Th1 and Th2 cell differentiation 9 8.20E-07
hsa04912 GnRH signaling pathway 9 8.20E-07
hsa04650 Natural killer cell mediated cytotoxicity 10 1.33E-06
hsa04622 RIG-I-like receptor signaling pathway 8 1.71E-06
hsa04015 Rap1 signaling pathway 12 2.11E-06
hsa04621 NOD-like receptor signaling pathway 11 2.12E-06
hsa04530 Tight junction 11 2.22E-06
hsa04810 Regulation of actin cytoskeleton 12 2.22E-06
hsa04310 Wnt signaling pathway 10 3.99E-06
hsa04670 Leukocyte transendothelial migration 9 4.52E-06
hsa04110 Cell cycle 9 9.10E-06
hsa04611 Platelet activation 9 9.10E-06
hsa04750 Inflammatory mediator/regulation TRP

channel
8 9.55E-06

hsa04915 Estrogen signaling pathway 9 1.55E-05
hsa04270 Vascular smooth muscle contraction 8 5.18E-05
hsa04540 Gap junction 7 5.75E-05
hsa04022 cGMP-PKG signaling pathway 9 5.97E-05
hsa04630 Jak-STAT signaling pathway 9 5.97E-05
hsa04720 Long-term potentiation 6 9.60E-05
hsa04024 cAMP signaling pathway 9 0.00024
hsa04141 Protein processing in ER 8 0.00035
hsa04728 Dopaminergic synapse 7 0.0005
hsa04390 Hippo signaling pathway 7 0.0012
hsa01200 Carbon metabolism 6 0.0016
hsa04145 Phagosome 6 0.0046
hsa01100 Metabolic pathways 22 0.0051
hsa04217 Necroptosis 6 0.0061
hsa04020 Calcium signaling pathway 6 0.0113

1Pathways with five or fewer significant peptides or those related to
cancer and viral infections were removed.

2False discovery rate.
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(Grilli et al., 2007; Piva et al., 2007; Yang et al., 2016)
thereby increasing effectiveness.
To begin to understand the mechanism(s) of the

microencapsulated blend of organic acids and botanicals
used herein, our laboratory recently performed a kinome
analysis of jejunal tissues collected from supplement-fed
birds compared to tissues from control-fed birds in the
absence of a microbial challenge (Swaggerty et al.,
2020a). The kinome arrays can also be used to dissect
signaling pathways and identify biomarkers associated
with animal diseases such as bovine viral diarrhea virus
(Van Wyk et al., 2016) and Johne’s disease in cattle
(Arsenault et al., 2012) and Salmonella in chickens
(Arsenault et al., 2013; Kogut et al., 2016;
Swaggerty et al., 2017) demonstrating the usefulness of
the technology to provide detailed mechanistic insight
into the host:pathogen interaction. Several studies have
begun to identify specific host signaling pathways
impacted by NE including MAPK signaling
(Pham et al., 2020), JAK-STAT signaling
(Truong et al., 2017a,b), and peroxisome proliferator-1
activated receptors (PPAR) signaling (Gharib-
Naseri et al., 2021) pathways. Despite experimental
model variations and the diversity of the tools used to
determine the mode-of-action, all of these signaling
pathways were also significantly different in the current
study (Table 4) suggesting their overall importance in
the underlying disease and the host:pathogen interac-
tion(s) associated with NE in broilers.
To determine the seminal signaling pathways asso-

ciated with increased livability and decreased intesti-
nal pathology associated with NE, a section of the
jejunum was analyzed using the kinome peptide
array. Of the top 15 KEGG signaling pathways
observed in our previous nonchallenge study
(Swaggerty et al., 2020a), all those pathways were
also significantly different in the NE model evaluated
herein (Table 4). However, only 6 of the pathways
remained in the top 15 under a NE challenge model
indicating clinical NE dramatically altered the host
response to combat the disease. The top KEGG sig-
naling pathways observed in nonchallenged conditions
(Swaggerty et al., 2020a) and the NE challenge were
MAPK signaling, insulin signaling, neurotrophin sig-
naling, mTOR signaling, FoxO signaling, and HIF-1
signaling pathways suggesting the feed additive is the
main factor contributing to these changes and to a
lesser extent NE; however, a deeper evaluation of the
specific peptides would be required to fully under-
stand changes within each pathway. To the best of
our knowledge, there are limited publications using
kinome array technology to delineate mechanistic
pathways associated with NE and Clostridium chal-
lenges in chickens (Hashim et al., 2018;
Johnson et al., 2019, 2020). Comparison of the most
important KEGG pathways showed little overlap
between those observed in the study by Johnson and
colleagues (Johnson et al., 2019) compared to what
was observed in the present study. The disparities



Table 5. Select Kyoto Encyclopedia of Genes and Genomes
(KEGG) signaling pathways and the specific peptides that are dif-
ferent between jejunum tissue from chickens on a control diet
compared to those on a diet supplemented with a microencapsu-
lated blend of organic acids and botanicals in a necrotic enteritis
challenge model.

T cell receptor
pathway

TNF signaling
pathway

NF-kB signaling
pathway

AKT1 AKT1 BIRC3
AKT3 AKT3 BTK
CARD11 BIRC3 CARD11
CHUK1 CASP8 CHUK
FYN CEBPB CSNK2A1
GSK3B CHUK LCK
ITK MAP2K1 MAP3K14
LCK MAP3K14 MAP3K7
MAP2K1 MAP3K5 NFKB1
MAP2K2 MAP3K7 PLCG1
MAP3K14 MAPK14 PLCG2
MAP3K7 NFKB1 PRKCQ
MAPK14 RPS6KA5 TAB3
NFATC1 SOCS3 TRAF2
NFATC3 TAB3 TRAF6
NFKB1 TRAF2 ZAP70
PDPK1
PLCG1
PRKCQ
SOS1
ZAP70

1Peptides in bold are significantly different in each of these signaling
pathways.
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are likely due to the different feed additive used
(postbiotic compared to the blend of organic acids
and botanicals), but other contributing factors could
be the slight modifications to the approach to induce
NE, or the genetic line of chickens used. Additionally,
as previously suggested, NE could be “a syndrome,
rather than a cause-effect linear infectious disease”
(Johnson et al., 2020), but additional studies are
required to support that hypothesis. Regardless of
the differences between the studies, both show the
Figure 1. Fold-change of cytokine mRNA expression of jejunum sample
of organic acids and botanicals compared to tissue from chickens on a contro
uated by quantitative real-time RT-PCR (n = 3 replicate experiments for a
lated as 40-cycle threshold (CT) for each tissue sample from control- and
controls. Fold change was calculated as 2^(supplement-fed corrected mean −
effectiveness of antibiotic alternative feed additives to
mitigate the adverse effects of NE and that the
kinome array is an important tool that provides
mechanistic insight into the pathways and peptides
that are influencing the beneficial outcome(s).
Further examination of the T cell receptor, TNF, and

NF-kB signaling pathways showed a small number of
peptides that were significant in each pathway including
CHUK (inhibitory-kB kinase [IKK] a), MAP3K14
(NFKB-inducing kinase [NIK]), MAP3K7 (transform-
ing growth factor-b-activated kinase 1 [TAK1], and
NFKB1 (Table 5). KEGG diagrams for these signaling
pathways indicate phosphorylation changes in each of
the aforementioned proteins (peptides) can result in
cytokine production (KEGG, 2021a,b,c). NIK plays a
pivotal role in immunity and inflammation across spe-
cies (Pflug and Sitcheran, 2020) and TAK1 is involved
in cell survival in chickens subjected to viral and bacte-
rial challenge (Hashemi et al., 2021). Similarly, a study
evaluating jejunal tissues from probiotic-fed birds under
subclinical NE conditions shows activation of NF-kB
highlighting the importance of this pathway in the intes-
tinal immunological response to NE disease (Kan et al.,
2021). To validate the kinome array, IL6, IL10, and
IFN-g cytokine mRNA expression was measured
(Figure 1). In each instance, the observed mRNA expres-
sion level of each cytokine was higher in jejunal samples
from chickens on the diet supplemented with the micro-
encapsulated blend of organic acids and botanicals com-
pared to tissue from those on the control diet confirming
activation of the T cell receptor, TNF, and NF-kB sig-
naling pathways. A change in cytokine expression is not
surprising as NE is often accompanied by alterations in
diverse cytokines including, but not limited to, IL2, IL4,
IL5 (Truong et al., 2017b), IL17 (Kan et al., 2021), IL6,
IL10, IL1-b (Emami et al., 2019; Zhang et al., 2019),
and IFN-g (Pham et al., 2020; Gharib-Naseri et al.,
s from chickens on a diet supplemented with a microencapsulated blend
l diet. Four tissues from control- and supplement-fed chickens were eval-
total of n = 12 chickens for each dietary treatment). Results were calcu-
supplement-fed chickens and the data presented as fold-change from
control-fed corrected mean).
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2021), several of which were upregulated in the present
study. Ultimately, the challenge model, disease state
(subclinical vs. clinical NE) and any therapeutic inter-
ventions or feed additives such as probiotics or essential
oils will likely be the driving forces that influence the
specific cytokine expression profile.

In conclusion, addition of the microencapsulated
blend of organic (citric and sorbic) acids and botanicals
(thymol and vanillin) to a broiler diet significantly
reduced mortality and intestinal lesion scores associated
with clinical NE. Mechanistically, the improvements
were mediated, in part, by changes within the T cell
receptor, TNF, and NF-kB signaling pathways and the
accompanying cytokine responses.
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