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ABSTRACT Pioneer colonization of the gastrointes-
tinal tract (GIT) by bacteria is thought to have major
influence on neonatal tissue development. Previous
studies have shown in ovo inoculation of embryos with
saline (S), species of Citrobacter (C, C2), or lactic acid
bacteria (L) resulted in an altered microbiome on day of
the hatch (DOH). The present study investigated GIT
proteomic changes at DOH in relation to different in-
oculations. Embryos were inoculated in ovo with S or
~10? cfu of C, C2, or L at 18 embryonic days. On DOH,
the GIT was collected, and tissue proteins were extracted
for analysis via tandem mass spectrometry. A total of 493
proteins were identified for differential comparison with
S at P < 0.10. Different levels were noted in 107, 39, and
78 proteins in C, C2, and L groups, respectively, which
were uploaded to Ingenuity Pathway Analysis to deter-
mine canonical pathways and biological functions
related to these changes. Three members of the cytokine
family (interleukin [IL]-1P, IL6, and Oncostatin M) were

predicted to be activated in C2, indicated with Z-
score > 1.50, which suggested an overall proin-
flammatory GIT condition. This was consistent with the
activation of the acute-phase response signaling pathway
seen exclusively in C2 (Z-score = 2.00, P < 0.01). How-
ever, activation (Z-score = 2.00) of IL-13, upregulation
of peroxiredoxin-1 and superoxide dismutase 1, in addi-
tion to activation of nitric oxide signaling in the cardio-
vascular system of the L treatment may predict a state of
increased antioxidant capacity and decreased inflam-
matory status. The nuclear factor erythroid 2-related
factor 2 (NRF2)-mediated oxidative stress response
(Z-score = 2.00, P < 0.01) was predicted to be upregu-
lated in C which suggested that chicks were in an in-
flammatory state and associated oxidative stress, but the
impact of these pathways differed from that of C2. These
changes in the proteome suggest that pioneer colonizing
microbiota may have a strong impact on pathways
associated with GIT immune and cellular development.
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INTRODUCTION

The gastrointestinal tract (GIT) acts as a barrier for
pathogens (physical and immune) and is where nutrients
are absorbed (Klasing, 1998; Furness et al., 1999; Yan
and Polk, 2010; Zhang et al., 2015). A recent focus, to
optimize growth performance and health in poultry
production, has been the modulation of GIT
microbiota (Seifert et al., 2011; Kohl, 2012; Ballou
et al., 2016; Choi et al., 2018). Establishment of a
healthy and diverse GIT microbiota in poultry has
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been recognized for critical growth performance and
flock health (Tellez et al., 2006; Higgins et al., 2010;
Latorre et al., 2015). Manipulation of the microflora
may, therefore, be an ideal route for optimizing growth
performance, and more importantly, exposure to early
colonizing bacteria, known as pioneer colonizers, could
have beneficial lasting effects on poultry development.
Pioneer colonizers may play a critical role in GIT
development even before chicks reach the grow-out
house, with impacts beginning in hatcher cabinets as
they are exposed to bacteria within hatchers and on
eggshells.

When chicks hatch, they are first exposed to maternal
microbes deposited on the exterior of their eggs’ shells, as
well as a plethora of endogenous bacteria in commercial
hatcheries (Stanley et al., 2013; Smith and Rehberger,
2018). Without intervention, the pioneer colonizers of
a chick may be unwanted pathogens (Cox et al., 1990;
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Byrd et al., 2007; Oliveira et al., 2014). Chicks are
especially susceptible to pathogen infections in the GIT
because their immune system is nave, which can lead
to a less robust immune response and little clearance
(Beal et al., 2004). It has been shown that in ovo appli-
cation of bacterial candidates as pioneer colonizers
may allow colonization of beneficial bacteria before the
chick is ever exposed to pathogens within the hatcher
cabinet (Teague et al., 2017; Graham et al., 2018).
More importantly, appropriate pioneer colonizers can
affect important phenotypic attributes in an animal
such as body weight. The inclusion of lactic acid
bacteria (LAB) probiotic, composed of Lactobacillus
salivarius and Pediococcus sp. (Higgins et al., 2007), in
ovo can increase the body weight of a chick by 7 D of
age (Teague et al, 2017). Wilson (1991) found that
every gram increase in body weight at hatch could result
in bodyweight increases up to 13 g at market weight.
However, bodyweight changes may not be measurable
at day of hatch (DOH) and may present instead as devel-
opmental changes in the GIT, in relation to immune
activation, which may affect the developmental charac-
teristics in the chick.

There are several proteins in the small intestine that
are involved in a number of physiological functions,
and traditional methods used for detecting differential
proteins such as Western blotting, immunohistochem-
ical staining, or ELISA can only identify targeted pro-
teins with a known antibody (Mahmood and Yang,
2012; Bass et al., 2017). On the other hand, analyzing
mRNA levels may mnot coincide with proteins
synthesized or identify coexpression of proteins based
on their gene functions (Wang et al., 2017). The prote-
ome plays a key role in connecting the genome and the
transcriptome to relay potential biological functions.
Thus, the advancements of shotgun proteomics enable
the identification and quantification of hundreds to
thousands of proteins at a given time (Altelaar et al.,
2013; Tubaon et al., 2017). Beyond finding the fold
changes and expression differences between samples,
programs such as Ingenuity Pathway Analysis (IPA)
can predict activation or inhibition of upstream
regulators along with the relationships of important
molecules and pathways associated with the researched
data set (KKong et al., 2016). Therefore, the objective of
this study was to evaluate the developmental changes
of chick GIT at DOH in relation to different pioneer col-
onizers. By understanding these changes, especially in
the context of nondesirable microbiota, potential targets
for selection of functional probiotics could be identified.

MATERIALS AND METHODS

Embryo Inoculation, Incubation, and
Hatching

A total of 360 Ross 708 fertile broiler eggs were ob-
tained from a local hatchery and placed in a single-
stage incubator (Natureform Inc. Jacksonville, FL) until
18 embryonic days (E). Before inoculation, all eggs were
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confirmed fertile at 18 E by candling. Once confirmed,
the air cell end of each egg was sterilized with iodine
(Povidone-Todine 10% topical solution, Drug Mart,
Medina, OH). The egg inoculations were performed
following the methods previously published by Teague
et al., 2017. A small hole was punched into the shell to
inoculate each embryo with their treatment in the
amnion (Higgins et al., 2007; Prado-Rebolledo et al.,
2017). Treatments included 200 uL of 0.9% sterile
saline (S) or approximately 10 cells of Citrobacter
freundii 97A11 (C), Citrobacter spp. 97A4 (C2), or a
mixed inoculum of L. salivarius and Pediococcus ssp.
(L). Once all embryos were inoculated, up to 30 eggs
were immediately allocated by treatments to separate
benchtop hatchers (Hova-Bator model 1602N,
Savannah, GA), which had been disinfected with 10%
bleach before use. Each treatment was separated into 3
independent hatchers, for a total of 12 across the entire
experiment. Incubators were set to standard
commercial temperatures and relative humidity (Ven
et al., 2013).

Bacterial Inoculum Preparation

The enteric bacteria chosen for this study were of
healthy adult poultry cecal origin, formerly identified
as C. freundii (C) and Klebsiella oxytoca (C2) using
the analytical profile index test strips and 16S
sequencing (Bielke et al., 2003). Next-generation
sequencing on Miseq I[llumina platform from a previous
study confirmed that both strains belonged to the genus
Citrobacter (Wilson et al., 2019).

Preliminary experimental observations concluded
that the inclusion of isolates at approximately 10% cfu
did not affect hatchability compared with the S control
treatment (data not published). An aliquot of each bac-
terial isolate was thawed and inoculated in tryptic soy
broth (Sigma-Aldrich, St. Louis, MO) at 1% volume
and incubated at 37°C for up to 24 h. After incubation,
each isolate was washed 3 times in S by centrifugation at
1,800 X g¢. The approximate concentration was quanti-
fied spectrophotometrically (Spectronic 20D+, Spec-
tronic Instruments Thermo Scientific, Madison, WI) at
625 nm. Each isolate was serially diluted in saline, and
each egg was inoculated with 200 uL. (approximately
2 X 10* cfu). The actual concentration was also deter-
mined retrospectively by serial dilution and plating on
tryptic soy agar (Sigma-Aldrich, St. Louis, MO). Deter-
mined inoculum concentrations were as follows: C,
2.3 X 10% cfu/embryo; C2, 8.0 X 10" cfu/embryo; and
L, 6.7 X 10" cfu/embryo.

Sample Collections

Once all chicks were hatched, 9 chicks were randomly
chosen from the hatchers within each treatment and
immediately euthanized via cervical dislocation. The
GIT, spanning from the duodenum to ceca, was
removed, and tissues were placed immediately in indi-
vidual 2-mL tubes and frozen in liquid nitrogen, before
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being stored at —80°C. All work occurred on stainless
steel trays, cleaned with sterile Milli-Q water and Kim-
wipes (KimTech Low-Lint Wipers, Kimberly-Clark, Trv-
ing, TX) between samples, over ice to maintain protein
integrity. Equal tissue amounts from every section
were cut, and a cumulative total of 0.1 g was placed
into 5 mL of buffer (8 mol urea/2 mol thiourea,
2 mmol dithiothreitol, 50 mmol Tris, 5% SDS). The
extraction protocol used was a modified version
described previously (Igbal et al., 2004; Kong et al.,
2016). In brief, samples were homogenized for 5 s
(PRO250 Homogenizer, Pro Scientific, Oxford, CT)
and then additionally homogenized using a bead beater
(MiniBeadbeater-16, Model 607, BioSpec Products,
Bartlesville, OK) using 0.1 g of 0.9- to 2.0-mm diameter
stainless steel beads (SSB14 B Next Advance, Averill
Park, NY) combined with 1 mL of sample. Samples
were homogenized in 30-s intervals for a total of 3 min,
with samples placed on ice for 30 s between intervals
to prevent overheating. The bead beater was kept in a
4°C cooler to further ensure samples were kept cool.
Then, samples were centrifuged at 4°C at 14,000 rpm
for 20 min, after which the supernatant was collected,
aliquoted, and stored at —80°C for future use.

The concentration of total protein was quantified us-
ing the Bradford assay (Bradford reagent, VWR, Suwa-
nee, GA) and a standard bovine serum albumin curve
(VWR, Suwanee, GA) on a Synergy HTX Multi-Mode
Microplate Reader (BioTek U.S., Winooski, VT). Total
protein range for extracted samples was 1.56-1.86 pg/
pL. Samples were pooled at equal concentrations into 3
composite samples from each treatment (chicks 1-3; 4—
6; 7-9), resulting in 12 total samples of 3 samples per
treatment. Pooling of samples was a strategy used to
reduce the influence of individual variation which is com-
mon in proteomic studies (Zhang et al., 2015; Buzata
et al., 2015). To ensure proper extraction,
bromophenol blue was added to the sample buffer at
0.0004%, and an SDS-PAGE of each sample was con-
ducted with a 10% acrylamide gel with a 4% stacking
gel (RunBlue SDS Gel 10%, Expedeon, San Diego,
CA). Gels were run in a vertical electrophoresis box
(Vertical Gel Electrophoresis Systems Mini PAGE,
VWR, Suwanee, GA) at 100 V for approximately 1.5—
2.5 h. Composite samples were sent to the Ohio State
University Proteomics Core laboratory for in-solution
digestion and mass spectrometry via established
methods described in the following section.

In-Solution Digestion

Samples were precipitated with trichloroacetic acid
and then resuspended in 50 mmol ammonium bicarbon-
ate. A total of 5 mL of DTT (5 pg/uL in 50 mmol ammo-
nium bicarbonate) was added, and samples were
incubated at 56°C for 15 min. After incubation, 5 plL
of iodoacetamide (15 mg/mL in 50 mmol ammonium bi-
carbonate) was added, and the samples were kept in
dark at room temperature for 30 min. Sequencing
grade—modified trypsin (Promega; Madison, WI)
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prepared in 50 mmol ammonium bicarbonate was added
to each sample with an estimation of 1:20/1:100
enzyme-substrate ratio set at 37°C overnight. The reac-
tion was quenched the following day by adding acetic
acid for acidification. Once samples were quenched, the
peptide concentration was measured by Nanodrop
(Thermo Scientific Nanodrop 2000; Waltham, MA).

Mass Spectrometry

Capillary-liquid chromatography-—nanospray tandem
mass spectrometry (Capillary-LC/MS/MS) of global
protein identification was performed on a Thermo Fisher
Fusion mass spectrometer (Thermo Scientific, Waltham,
MA). Samples were separated on a Thermo Nano C18
column (UltiMate 3000 HPLC system, Thermo Scienti-
fic, Waltham, MA). The MS/MS data sequences were
scanned and, based on the preview mode, data-
dependent TopSpeed method with collision-induced
dissociation and electron-transfer dissociation as frag-
mentation methods. The raw data were searched on
Sequest via Proteome Discoverer (Proteome Discoverer
software, Thermo Scientific, Waltham, MA) against
the most recent Gallus gallus database for identification
of proteins. Only proteins with less than 0.05 false dis-
covery rate were reported. Proteins with a Mascot score
of 50 or higher with a minimum of 2 unique peptides
from one protein having a —b or —y ion sequence tag of
5 residues or better were accepted. Any modifications
or low-score peptide or protein identifications were
manually checked for validation.

Quantitation and Statistical Analysis

Label-free quantitation was performed using the spec-
tral count approach, in which the relative protein quan-
titation was measured by comparing the number of MS/
MS spectra identified from the same protein in each of
the multiple LC/MS-MS data sets. Scaffold (Scaffold
4.8.4, Proteome Software, Portland, OR) was used for
data analysis (Searle, 2010). The Student ¢ test was per-
formed in Scaffold software to evaluate if the fold change
for certain proteins were significant (P < 0.05). Volcano
plots were also generated to identify the differences be-
tween S and C, C2, or L with respect to magnitude of
fold difference and a P-value < 0.10 or —logiy (P-
value) > 1.0 (Perseus 1.2.0.16; Max Planck Institute of
Biochemistry). Fold change of proteins that had a P-
value between 0.05 and 0.10 was presented to depict
trends in the data (Pearce et al., 2013). The annotations
of proteins, relevant upstream regulators, and canonical
pathway analysis were analyzed using IPA (Qiagen,
Valencia, CA; http://www.ingeunity.com) software,
comparing S control with C, C2, or L. To identify
changes among microbial challenge treatments,
including their predicted upstream regulator changes,
fold changes (P < 0.10) among C vs. C2, C vs. L, and
C2 vs. L were also analyzed using IPA. If there was a
change observed consistent with activation or inhibition
of transcriptional regulator in the data, IPA presented a
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predicted Z-score, a statistical measure of the correlation
between relationship direction and gene expression, that
predicts activation (Z-score > 2.00) or inhibition (Z-
score < -2.00). Qualified predictions were also made for
high (Z-score > [1.90] or more) medium (Z-
score = [1.70-1.90|), or low (Z-score = [1.50-1.70])
(Kong et al., 2016). The P-value of overlap, which mea-
sures any significant statistical overlap between the sam-
ples in the data set and the genes that are regulated by
the corresponding transcriptional regulator, was also
determined and recorded. Fisher exact tests calculated
the value at a significance of P < 0.05.

RESULTS

Proteins Isolated

Inoculation of different bacterial isolates in owo
resulted in treatment-distinct microbial communities in
accordance with microbiome analysis conducted at the
time of collection (Wilson et al., 2019); thus, differences
in protein detection here were presumed to be influenced
by the altered microbiome. The resulting hierarchical,
agglomerative cluster heat map (Figure 1) of the protein
profiles for each bioreplicate among each treatment was
created to display how similar the samples were from one
another. There was an apparent clustering between C, S,
and L vs. C2, except for one sample within the C treat-
ment. The volcano plot analysis, presented in
Figure 2A to C, showed the distribution of differentially
expressed proteins among treatments concerning the
magnitude of P-value to fold difference. There were
107, 39, and 78 upregulated or downregulated proteins
compared with S control treatment at the level of P-
value < 0.10, in C, C2, and L, respectively. Details of
selected proteins that were involved in cytoskeletal
motility, immune system, and antioxidant systems are
listed in Table 1 and are discussed in detail in the
following.

Ingenuity Pathway Analysis

Proteins listed in Table 1 are associated with several
canonical pathways, and IPA indicated that proteins
that were differentially expressed (P < 0.10) based on
pioneer colonization were mainly associated with immu-
nity and cytoskeletal arrangement /structure (Table 2).
Each of the three in ovo treatments elicited different ef-
fects on canonical pathways. In the C treatment, path-
ways included the activation of the nuclear factor
erythroid 2-related factor 2 (NRF2)-mediated oxidative
stress response (P-value <0.01, activation Z-
score = 2.00), while in C2, acute-phase response
signaling was exclusively activated (P-value <0.01, Z-
score = 2.00). In the LAB-probiotic treatment, activa-
tion pathways included gluconeogenesis 1 (Z-
score = 2.00, P-value = <0.01) and nitric oxide
signaling in the cardiovascular system (Z-score = 2.00,
P-value <0.01).
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Figure 1. Hierarchical clustering analysis based on the differences in
protein profile from day of hatch chick intestinal samples treated with
either saline control (S), Citrobacter freundii (C), Citrobacter spp.
(C2), or lactic acid bacteria (L) into the amnion as pioneer colonizers.
Each sample is a composite of 3 chick intestines and 3 bioreplicates for
each treatment. Tree connections show the distance from each sample;
the shorter distance or closer the 2 samples are together, the more similar
their profiles.

The predicted upstream regulators, which may
explain the observed canonical pathway changes in
relation to the expression of proteins, resulted in dysre-
gulation of immune-related molecules in C and C2 in
relation to S control (Table 3). For the C treatment,
this included a strong qualified activation of proinflam-
matory complexes nuclear factor kappa B (NF-kB)
(Z-score = 1.98, P-value overlap = 0.01) in relation to
the S control group. In C2, dysregulation was also
predicted owing to the upregulation of a variety of
anti-inflammatory and proinflammatory cytokines
IL-1B (Z-score 1.96, P-value overlap <0.01), Oncostatin
M (Z-score = 1.880, P-value overlap <0.01), IL-6
(Z-score = 2.57, P-value overlap <0.01), and protein
group vascular endothelial growth factor
(Z-score = 2.00, P-value overlap = 0.03) (Table 3).
The C2 and L treatments were generally contradictory
with respect to proinflammatory cytokines, such as tu-
mor necrosis factor (LPS induced TNF-alpha factor:
LITAF in avian species) and NF-kB. Besides, Oncosta-
tin M had opposing qualified predicted activations in
C2 relative to L. Compared with C, L showed a predicted
upregulation on IL-6 (Z-score = 2.28).

Canonical pathways and predicted upstream regula-
tors helped to identify the downstream effects and pre-
dict biological functions that are likely to be affected
by the upregulated or downregulated proteins
(Table 4). In all microbial inoculated treatments, there
was an increased activity of up to 34 molecules associ-
ated with cellular movement, and migration of cells (P-
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Figure 2. Volcano plot distribution of proteins identified in (A) Citrobacter freundii (C) (B) Citrobacter spp. (C2) and (C) lactic acid bacteria (L)
treatment in comparison to saline control (S). The Y-axis shows the-log10 transformation of the P-values for each of the respective proteins. The X-
axis represents the log2 transformation of the fold difference between C, C2, or L treatments and S. The red squares indicate proteins that were iden-
tified by the volcano plot analysis (shown by the 2 solid black lines separating the points) concerning the magnitude of P-value to fold difference. The
blue squares indicate the rest of the proteins which were significantly different (P < 0.05 or [~logl0 (P-value)| > 1.3).
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Table 1. Proteins in select biological functional groups that were differentially expressed in the intestinal
tract of day of hatch chicks that were administered Citrobacter freundii (C), Citrobacter spp. (C2), or lactic
acid bacteria (L) in ovo at 18 embryonic days compared with the saline (S) control treatment. Proteins were
identified by LC-MS/MS and quantified with a label-free spectral count approach. The relative protein
quantitation was measured by comparing the number of MS/MS spectra identified from the same protein in

each of the multiple LC/MS-MS data sets.

Fold change relative to S* P-value®
Biological function Symbol ID' C C2 L C C2 L
Immune system ALCAM 2 — 2.88 — — 0.07
CAV1 — — —-2.41 — — <0.01
H2B-1 —-1.99 — — 0.02 — —
H4-1 2.45 — 1.94 0.02 — 0.01
HMGB2 — —2.06 0.05
HMGB3 — — —4.26 — — <0.01
HSP7C —1.56 — 0.06 — —
HSP90AB1 — -1.35 — — 0.09 —
HSPB1 1.89 — 1.52 0.01 — 0.09
HSPD1 —1.46 — — 0.06 — —
LAC 2.23 — — 0.04 — —
PSMAT — 2.21 — — 0.01
STAT3 — 2.85 — 0.08 —
Antioxidant system CYC —2.14 — 0.02 — —
CYB5A —3.63 — 2.17 0.01 — 0.07
PRDX1 3.41 1.49 2.58 <0.01 0.01 <0.01
SOD1 — — 2.04 — — 0.08
Cytoskeletal assembly, ACT5 —-1.72 — — 0.05 — —
cell motility, recognition ACTN1 1.45 0.06
ACTN2 2.14 — — <0.01 — —
ACTN4 1.38 — 1.34 0.08 — 0.02
ATP2A2 —5.74 — — 0.03 — —
COL1A1 1.87 — 1.41 0.01 — 0.02
COL6A2 — —-1.35 — — 0.08
COL6A3 — 4.42 — — 0.08 —
CTTN1 — 1.42 — — <0.01
DES -1.89 — —1.89 0.06 — <0.01
DMD —1.84 — —-1.78 0.04 — 0.02
DPYSL2 1.79 — — 0.08 — —
DSTN —9.00 1.66 <0.01 0.02
DYNCILI1 — 141 1.61 — 0.00 0.05
GSN —1.88 — — — 0.03 —
M7BG31 —1.92 -1.73 0.05 0.08
MAPRE1 —-1.92 —1.52 -1.73 0.05 0.50 0.08
MARCKS 1.58 — — 0.08 —
MLEX —1.53 — — — 0.01 —
MYH9 1.59 — — — 0.02 —
MYLK —2.04 —1.82 —2.61 0.08 0.04 0.08
MYOI1A 1.45 — — — — 0.06
PDLIM7 1.79 -1.73 — 0.01 0.02 —
PLS1 — 3.88 — — <0.01 —
RDX —1.65 — — 0.08 — —
SLC9A3R1 2.81 1.87 — 0.03 0.04
TAGLN —7.80 0.06
TUBAIA 1.86 — — <0.01 —
TBA1 —2.69 0.03
TBAS 1.50 — — 0.08 — —
TPM1 1.86 — — 0.01 — —
TBB2 —1.69 — — 0.06 — —
TNS — 2.61 -3.10 — 0.05 0.09
TPM1 2.55 — — 0.01 — —
TPT1 — — -2.07 — — 0.05
VCL — — —1.53 — — 0.04

1Symbol ID, protein identification and function were found on the UniProtKB database in the Gallus gallus reference.

2

— = No difference fold change relative to the S control treatment, therefore values were not reported.

3 P-values were derived with a Student’s t-test in relation to the S control treatment. Values recorded were at P < 0.10.

“Fold changes with P-values at < 0.05 were bolded.

value overlap <0.01). The C treatment had 19 molecules
exclusively involved in the activation of protein synthe-
sis, 14 molecules related to activation of cell signaling,
and 21 molecules related to inflammation (Z-
score > 1.45, P-value overlap <0.01). However, the C2

treatment showed predicted activation of cellular move-
ment and migration of cells, while LAB-probiotic—
treated chicks had synthesis and production of reactive
oxygen species (Z-score < —1.46, P-value overlap
<0.01).
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Table 2. Top canonical pathways generated in IPA affected by proteins that were
differentially expressed in the gut intestinal tract of day of hatch chicks when compared to
the saline (S) control treatment. At 18 embryonic days, embryos were administered
200 pL of S, Clitrobacter freundii (C), Citrobacter spp. (C2), or lactic acid bacteria (L) into

the amnion.

Z-score’ P-value
Ingenuity canonical pathways' C2 L C C2 L
Acute-phase response signaling - 2.00 - 0.31 <0.01 0.10
Gluconeogenesis 1 - 2.00 0.10 <0.01 <0.01
Nitric oxide signaling in the cardiovascular - 2.00 0.09 <0.01 <0.01
system
NRF2*mediated oxidative stress response 2.00 - - <0.01 0.01 <0.01

'Significane generated in IPA at P < 0.05 from right-tailed Fisher exact test.

— = Z-score was not provided, so no prediction could not be obtained.

3All canonical pathways predicted to be activated (Z-score > 2.00) or inhibited (Z-score < —2.00).
“Nuclear factor erythroid 2-related factor 2.

DISCUSSION

This study aimed to explore the effects of introducing
pioneer colonizers in ovo on the intestinal (mucosal and
serosal layers) proteome of DOH chicks. The microbiota

plays a pivotal role in animal health and mucosal barrier
integrity of the GIT because the initial bacterial expo-
sure of perinatal animals sets a foundation for the
mucosal and systemic immune system (Jiang et al.,
2013). This study demonstrated that exposure to 2

Table 3. Predicted upstream regulators in select molecule types generated in IPA based on observed proteins that were
differentially expressed and their corresponding genes in the data set in relation to the saline (S) control treatment. Proteins
were derived from the intestinal tract of day of hatch chicks that were inoculated at 18 embryonic days with either Cit-

robacter freundii (C) Citrobacter spp. (C2), or lactic acid bacteria (L) in ovo.
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'The top Z-score value represents the up-regulator prediction in relation to S. The scores that were activated (Z-score > 2.00) or inhibited (Z-
score < —2.00). Qualified predictions were ranked as (Z-score > |1.90| or more) medium (Z-score = |1.70—1.90|) or low (Z-score = |1.50 —1.70]).
>The Z-score in () represents the prediction of the corresponding up-regulator among the C, C2 and L treatments, all P-value of

overlap < 0.05.

3 P-value of overlap generated in IPA observed the significant statistical overlap between the samples in the data set and the genes that are
regulated by the corresponding transcriptional regulator. The values represent treatment difference in relation to S. All values presented had

a Fisher’s exact test significant value of P < 0.05.
— = Z-score or P-value of overlap was not provided so no prediction could not be obtained.
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Table 4. Predicted activation state in the gut intestinal tract of day of hatch chicks. The table depicts top biological and disease
functions with a predicted activation or inhibition relative to the saline (S) control group.

P-value' Z-score”
Categories Diseases or functions annotation C C2 L C C2 L
Carbohydrate metabolism Synthesis of carbohydrate - - <0.01 - -2 1.91
Cellular movement, Hematological Migration of cells <0.01 <0.01 <0.01 2.10 2.24 1.57
system development and function, Cell movement of endothelial cells <0.01 - <0.01 2.00 - -
immune cell trafficking Cell movement <0.01 <0.01 - 2.24 2.31 -
Invasion of cells <0.01 <0.01 2.30
Protein synthesis Metabolism of protein <0.01 — <0.01 1.71 - -
Synthesis of protein <0.01 - <0.01 1.45 - -
Translation of protein <0.01 - <0.01 1.12 - -
Free radical scavenging Synthesis of reactive oxygen species - — <0.01 - - —1.88
Production of reactive oxygen species - - <0.01 - - —1.46
Inflammatory response Inflammation of organ <0.01 - - 2.21 - -
Cell-to-cell signaling Aggregation of cells <0.01 - - 1.74 - -
Cell-cell contact <0.01 - - 2.59 - -

!Significane generated in IPA was set at P < 0.05 from Fisher’s exact test.

— = Z-score or P-value of overlap was not provided so no prediction could not be obtained.

3 All biological and disease functions that were predicted to be activated (Z-score > 2.00) or inhibited (Z-score < —2.00). Qualified predictions
were categorized as high (Z-score > |1.90| or more) medium (Z-score = [1.70 — 1.90]) or low (Z-score = |1.50 — 1.70|).

different strains of Citrobacter or LAB-probiotic isolates
induced different developmental and immunological
effects in the GIT at DOH. The perinatal and neonatal
GIT is more sensitive to bacteria, as these intestinal cells
have increased plasticity to reprogram the transcrip-
tional and proteomic profile, which may predispose the
host to disease or improved performance into adult life
(Cortese et al., 2016). Knowledge about the role of
commensal Enterobacteriaceae found in chicks is gener-
ally limited, beyond their role as pathogens (Crhanova
et al., 2011; Awad et al., 2016; Zeng et al., 2018). The
in ovo technique applied here may allow for the control
of pioneer colonization and to influence the GIT
development based on the pioneering microbiota in the
host. There were clear proteomic profile differences
between C, S, and L vs. C2 (Figure 1). The minor differ-
ences in clustering (Figure 1) may allude to the
complexity of the intestinal protein network and pioneer
colonization impact on the host. Investigating the
magnitude of differential changes seen in volcano plots
(Figure 2), and the differential expression changes are
important, even though only biological relevance was
confirmed using spectral count ¢ tests.

A major function of the intestine is to maintain a bar-
rier between the lumen and internal tissues with a single
layer of epithelial cells (Marchiando et al., 2011). Actin
cytoskeletal proteins are involved in maturation, migra-
tion, adhesion, and renewal of epithelial cells along the
crypt and villus (Roffers-Agarwal et al., 2005; Di
Garbo et al., 2010; Li and Schroeder, 2012; Zhang
et al., 2015). Although it has been suggested that
cytoskeletal remodeling may be an important event
during early infections in the intestine (Li and
Schroeder, 2012), this may also be essential for bacteria
introduced as pioneer colonizers. Bacteria-induced actin
cytoskeletal remodeling is crucial for bacterial attach-
ment and entry into the host cells, which inadvertently
results in host immune response (Carabeo et al., 2002).
Typically colonization of bacteria, including commensal

bacteria, usually leads to mild inflammation as part of
the development of innate immunity (Crhanova et al.,
2011). However, administering bacteria in ovo may stim-
ulate the early onset of the immune system. During the
late embryonic stage, cell-mediated immunity compo-
nents may be developing, altering predicted upregula-
tors, resulting in the manipulated phenotype of the
chick GIT (Tables 1-4).

Oxidative and Lipopolysaccharide
Responses

Lipopolysaccharides are a significant component of
any gram-negative bacteria’s outer membrane and can
alter cytoskeletal assembly, such as changing intestinal
actin filaments to appear to have irregular spikes vs.
straight fibers in cells (Chakravortty and Nanda
Kumar, 2000). This disassembly may induce potent
proinflammatory cytokines, including IL-6, and affect
the intestinal barrier function (Goldblum et al., 1993;
Chakravortty and Nanda Kumar, 2000). These may be
due to the activation of acute-phase response signaling,
which is a rapid inflammatory response typically trig-
gered by tissue injury or immunological dysregulation
associated with tissue macrophages (Kushner, 1993;
Baumann and Gauldie, 1994). In the C treatment,

however, NRF-2-mediated oxidative response was
upregulated, likely involved in the enhancing
antioxidant capacity during oxidative stress to

maintain cellular homeostasis (Nguyen et al., 2009;
Schneider and Chan, 2013; Bryan et al., 2013).
Oxidative stress is associated with an imbalance
between the production of reactive oxygen and the
detoxification of reactive intermediates, which can help
trigger apoptosis (Liu et al., 2010). The predicted activa-
tion of protein synthesis seen exclusively in C (Table 4,
P-value overlap <0.01, Z-score > 1.12) may further
elude to the continual growth of the GIT as well as
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previous damage and repair. However, bacterial den-
sities in the GIT are dramatically changing both in terms
of density and species diversity in the community
(Rinttila and Apajalahti, 2013; Awad et al., 2016;
Ballou et al., 2016). This coevolution of C introduction
produced specific host—microbe interactions that
affected intestinal growth and development), although
protein synthesis in L was the opposite (Table 4). The
predicted biological function was influenced by differ-
ences among proteins involved in the initiation, rate,
and efficiency of translational processes, regulation of as-
sembly/disassembly of actin filaments (GSN) and
epithelial-matrix interaction (FN1) (Anderson et al.,
2007; Kolachala et al., 2007). The alterations may go
beyond the structural component of the intestine and
involve immunological tissue proliferation as with
ribosomal  protein  L22  (upregulated in L,
downregulated in C). Ribosomal protein L22 is directly
associated with T-cell lymphocyte proliferation
(Kolachala et al., 2007; Rao et al., 2012), which
correlates with the predicted T-cell receptor activation
as an upstream regulator (Table 3, TCR P-value overlap
<0.01, Z-score = 1.91). This study demonstrated micro-
biota manipulation during late embryonic development
after in ovo inoculation. Along with the ability of probi-
otics to increase T-regulatory cells, this method could
provide the means to reduce or prevent intestinal stress
(Vinderola et al., 2005; Zhao et al., 2013).

The mediation of oxidative stress can be modulated by
antioxidants, and the results showed that the inclusion
of bacteria in ovo did promote the upregulation of
different antioxidants (Table 1). A highly influenced
protein seen in the C, C2, and L treatments was
peroxiredoxin-1 ~ was  peroxiredoxin-1 ~ (PRDX1)
(Table 1). Peroxiredoxins metabolize to reduce their
oxidative capability and protect proteins from oxidative
damage induced by reactive oxygen species (ROS)
(Rhee, 2016). Increased PRDX1 may act as an antistress
response protein that protects cells from damage by ROS
and hydrogen peroxide. Probiotic candidates, including
Enterococcus faecium, have been reported to upregulate
PRDX1 in the adult chicken intestine (Luo et al., 2013).
In addition to PRDX1, superoxide dismutase 1 (SOD1)
was upregulated exclusively in the L treatment (Table 1;
fold change = 2.048, P-value = 0.084). Superoxide dis-
mutase serves as an enzymatic scavenger to convert su-
peroxide into hydrogen peroxide and participates in
numerous catalases that convert hydrogen peroxide
into water (Jones et al., 2012; Rhee, 2016). During
embryonic development, the prenatal chick has an
elevated portion of polyunsaturated fatty acids.
Therefore, chicks must have an antioxidant defense
including SOD1 to maintain embryonic health during
the late stages of development (Speake et al., 1998;
Surai et al, 2016). Other Lactobacillus-based
probiotics have been shown to increase SOD1 (Wang
et al., 2012; Hou et al., 2014), helping to ameliorate
intestinal oxidative stress. This mechanism possibly
occurs because Lactobacillus cells have high viability in
hydrogen peroxide, the precursor to water-mediated by
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SOD, as it is an antimicrobial compound produced by
Lactobacillus (Reis et al., 2012). Therefore, antioxidant
and immune activation may be modulated during
embryogenesis, and SOD1 proliferation may be elevated
in the intestines, particularly the L treatment by DOH.
If intestinal oxidative stress continues, tight and adheren
junctions can be disrupted by the production of ROS.

Adheren and Tight Junctions

Several proteins are involved in the formation and
function of tight junctions beyond zona occludins and
claudins (Ulluwishewa et al., 2011; Su et al., 2013;
Takeichi, 2014; Hatte et al., 2018). Proteins involved
in cell-to-cell contact, a foundation for the cytoskeleton
and their transcription factors, are necessary to have
the formation of tight and adheren junctions complexes
(Anderson et al., 2010). Together, adherens and tight
junctions regulate the intestinal permeability, which is
crucial for the integrity of the intestinal epithelial barrier
(Farquhar and Palade, 1963; Ulluwishewa et al., 2011).
As adheren junctions are located below the tight
junction, they are closely connected to actin
cytoskeletal proteins. Although all microbial-treated
groups showed had fold change differences relative to
the S control treatment in proteins related to the struc-
tural constitutes of cytoskeletons (Table 1), the C treat-
ment had the most differentially expressed proteins
related to cytoskeleton assembly, cell motility, and
recognition (25 vs. 8 in C2 and 13 in L). The top 6 canon-
ical pathways modulated included adheren junction
signaling and remodeling, actin cytoskeletal signaling,
integrin-linked kinase signaling, calcium signaling, and
tight junction signaling (P-values = <0.01). A Z-score
for predicted activity was not provided and was, there-
fore, not included in Table 2 (see Supplementary mate-
rial). The proteins involved in the modulation of these
pathways included actins, myosins, tubulins, and micro-
tubules (Table 1), which are involved in intestinal regu-
lation development, angiogenesis, and T-cell migration
(Assi et al., 2011).

The C treatment alone had decreased levels of destrin
(DSTN, Table 1, fold change -9.00, P-value <0.01), an
actin-depolymerizing factor that typically enhances
actin filament turnover (Hotulainen et al., 2005).
When downregulated, DSTN has previously shown to
attenuate adheren and tight junction turnover if cells
were disrupted (Wang et al., 2016). While the embryo-
genesis remains to be elucidated, the data suggest that
C-treated chicks at DOH were in a state of attenuated
cytoskeletal development. The C. freundii isolate, used
in the C treatment, may be able to reorganize the endo-
thelial cell junctions including fPDZ-LIM domain 7
(PDZLIMY?Y) which is known to function as an anchor
to cytoskeletal proteins actinin alpha 1 (ACTN1) and
alpha 4 (ACTN4) along with and tight junction proteins
such as zona occludins (Youssoufian et al., 1990; Honda
et al., 1998; Vallenius et al., 2000; Groschwitz and
Hogan, 2009; Suzuki, 2013). This also coincides with
the predicted increase in cellular movement observed
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across multiple tissue types in C (Table 4). Although all
microbial challenged groups had cellular movement,
different proteins were involved and differentially
expressed (Table 4). With the upregulation of ACTNT,
ACTN4, and PDZLIM7 (Table 1; 1.45, 1.38, and 1.79,
respectively P < 0.05) in C and downregulation of
PDZLIM7 (Table 1; -1.73, P-value <0.01) in C2 and
upregulation of ACTN4 (Table 1; 1.34, P-
value = 0.026) in L, these proteins may be perturbed
before the chick is hatched. This suggests that these bac-
teria may play a role in the disruption and/or matura-
tion of the intestinal barrier integrity. It is important
to note that maturation of intestinal flora is positively
correlated with epithelial cell turnover, which may sug-
gest here that in ovo inoculation may enhance GIT
maturation by upregulating proteins involved in the syn-
thesis. Furthermore, key proteins involved in structural
components may need to be further researched.

Gluconeogenesis

The increase of gluconeogenesis through the upregula-
tion of aldolase, fructose-bisphosphate B, enolase 1, glyc-
eraldehyde-3-phosphate, malate dehydrogenase 1 (see
Supplementary material) could be hypothesized to sup-
port the high energy demand of intestinal epithelial cells
(Berger et al., 2017). Importantly, glycogen concentra-
tions are most concentrated within the yolk of an em-
bryo just before hatch to provide immediate energy
(Yadgary and Uni, 2012). The results showed that the
canonical pathway associated with gluconeogenesis was
enhanced only in L treatment. Further research is neces-
sary to investigate whether exposure of LAB-based pro-
biotics might affect the energy availability at DOH.

The TPA software system contains hundreds of thou-
sands of published literature citations of expected effects
between transcriptional regulators and their target
genes (Kong et al., 2016). Therefore, the upstream regu-
lator analysis results by IPA facilitate the discovery of
new aspects of biological systems under study, while
the confirmation of previously reported results
strengthens the validity and relevance of the overall
data set. Although different canonical responses may
be due to bacterial cell wall differences among gram-
positive and gram-negative bacteria (Derrien et al.,
2011), the clear differences between C and C2 indicate
that early intestinal modifications can occur among
different gram-negative bacteria. However, we must
note that less than 25% proteins were differentially
expressed, which may lead in difficulty to identify pre-
dictive activation or inhibition of pathways, upstream
regulators thus downstream biological functions (Li
et al., 2011). Although not directly tested in this study,
it is clear that species and strain selection may need to be
taken into consideration as choosing the appropriate
candidates for in ovo inoculation, is similar to identifying
role on probiotics on intestinal integrity and mainte-
nance dependent on experimental conditions (Mujagic
et al., 2017). A majority of the intestinal proteomic
research has been conducted in mice, humans, and
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porcine (Arce et al., 2014), while avian GIT proteomic
studies are limited.

In summary, this study demonstrated that exposure
to 2 different strains of Citrobacter or LAB-probiotic iso-
lates induced different developmental and immunolog-
ical effects in the GIT at DOH. In L treatment, the
early GIT microbiota—mediated proteomic changes asso-
ciated with a state of increased antioxidant capacity and
gluconeogenesis, while the neonatal colonization by Cit-
robacter spp may have triggered a cellular oxidative
stress status and an inflammatory stimulus in the GIT
of newly hatched chicks. These findings may reflect
some to-be-determined physiological behaviors during
and soon after the initial settlement of the GIT. Explora-
tion of the intestinal proteome from a model relatable to
the commercial chick may provide a better understand-
ing of the functional relationship, identifying proteins
that can act as key downstream molecular regulators
that mediate the effects of initial external stressors or
benefactors of intestinal development.
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