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ABSTRACT Probiotics are currently used to improve
health and reduce enteric pathogens in poultry. How-
ever, the mechanisms by which they reduce or prevent
disease are not known. Salmonella are intracellular
pathogens that cause acute gastroenteritis in humans,
and infections by nontyphoid species of Salmonella also
can result in diarrhea, dehydration, and depression in
poultry. Frequently, however, no clinical signs of infec-
tion are apparent in poultry flocks. In this study, day-
of-hatch chicks were challenged with Salmonella enter-
ica serovar Enteritidis (SE) and treated 1 h later with
a poultry-derived, Lactobacillus-based probiotic culture
(FloraMax-B11, Pacific Vet Group USA Inc., Fayette-
ville, AR). Cecae were collected 12 and 24 h posttreat-
ment for Salmonella detection and RNA isolation for
microarray analysis of gene expression. At both 12 and
24 h, SE was significantly reduced in chicks treated with
the probiotic as compared with the birds challenged

with only SE (P < 0.05). Microarray analysis revealed
gene expression differences among all treatment groups.
At 12 h, 170 genes were expressed at significantly dif-
ferent levels (P < 0.05), with a minimum difference in
expression of 1.2-fold. At 24 h, the number of differen-
tially regulated genes with a minimum 1.2-fold change
was 201. Pathway analysis revealed that at both time
points, genes associated with the nuclear factor kappa
B complex, as well as genes involved in apoptosis, were
significantly regulated. Based on this analysis, probiot-
ic-induced differential regulation of the genes growth
arrest-specific 2 (GAS2) and cysteine-rich, angiogenic
inducer, 61 (CYR61) may result in increased apoptosis
in the cecae of chicks. Because Salmonella is an intra-
cellular pathogen, we suggest that increased apoptosis
may be a mechanism by which the probiotic culture
reduces Salmonella infection.
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INTRODUCTION

In the United States, it is estimated that 1.4 million
humans contract salmonellosis and that the cost of this
illness, including lost productivity, is $3 billion annu-
ally (World Health Organization, 2006). Another esti-
mate places the cost of salmonellosis from only poultry-
related serovars at $966 million in the United States
alone (Callaway et al., 2008). In the year 2006, surveil-
lance data indicated that Salmonella caused the great-
est number of food-borne illnesses, comprising 38.6% of
all laboratory diagnoses (Centers for Disease Control
and Prevention, 2009). These surveillance data also in-
dicate that Salmonella infections in humans have not
decreased significantly since 1996 to 1998, when food-
borne illness data began to be collected in the United
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States. Because poultry and poultry products often
serve as the vehicle for human salmonellosis (Kimura
et al., 2004; Marcus et al., 2007), the poultry industry
and governmental agencies are focused on reducing Sal-
monella both in live birds and at the processing plant
(Hargis et al., 2001; Callaway et al., 2008).

Because chicks are most susceptible to Salmonella
infection at hatch, and specific isolates of Salmonella
found in the hatchery have likewise been isolated at
processing (Bailey et al., 2002; McCrea et al., 2006),
it is widely accepted that reduction of Salmonella pre-
slaughter will result in reductions during processing and
in the resulting poultry products. Corrier et al. (1998)
showed that administration of a competitive exclusion
culture at hatch significantly reduced Salmonella en-
terica serovar Typhimurium (ST) in chickens just be-
fore processing, and Bailey et al. (2000) demonstrated
in a field trial that competitive exclusion treatment at
hatch resulted in fewer Salmonella-positive carcasses in
treated flocks at processing. Yet our understanding of
how probiotics mediate these health benefits, specifi-
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Table 1. Description of treatment groups administered to neo-
natal chicks

Treatment

group Challenge! Treatment?

Control Sterile saline Skim milk

B11 Sterile saline 1.1 x 107 cfu of B11
SE 4.5 x 103 cfu of SE Skim milk

SE + B11 4.5 x 103 cfu of SE 1.1 x 107 cfu of B11

LSalmonella enterica serovar Enteritidis bacteriophage type 13A (SE;
USDA National Veterinary Services Laboratory, Ames, IA) diluted in
sterile saline was administered by oral gavage at the indicated concentra-
tion in a 0.25-mL volume using an animal feeding needle.

2FloraMax-B11 (B11; Pacific Vet Group USA Inc., Fayetteville, AR)
was diluted in nonfat milk and administered by oral gavage 1 h postch-
allenge at the indicated concentration in a 0.25-mL volume using an
animal feeding needle.

cally the reduction of Salmonella infection, is very lim-
ited.

Previously, it was thought that administration of
bacteria such as probiotics to neonates directly re-
duced infection by pathogens because of “competitive
exclusion” between the bacteria. Competitive exclusion
was first described by Rantala and Nurmi (1973), who
suggested that bacteria compete with each other for
space and nutrients. Their data indicated that early
administration of “good” bacteria prevented infection
by pathogens. Currently, it is also understood that the
commensal bacteria can prevent infection by pathogens
through maintenance of the integrity of the gastrointes-
tinal tract and regulation of the immune system, and
that administration of probiotic bacteria may also fa-
cilitate these benefits (Patterson and Burkholder, 2003;
Higgins et al., 2005; Revolledo et al., 2006; Brisbin et
al., 2008b). Using a well-established SE challenge mod-
el, we previously observed an increase in SE incidence
in cecal tonsils over the initial 12 h posttreatment (Hig-
gins et al., 2007), which indicates that the SE were con-
tinuing to cause infection despite theoretically coming
into contact with the probiotic organisms within ap-
proximately 2 h (neonatal chick gastrointestinal transit
time). In the present study, we hypothesized that the
probiotic treatment would influence the host chick to
reduce or prevent infection. Therefore, the present ex-
periment was designed to characterize global changes in
gene expression at early time points within the cecae,
a primary site of gastrointestinal colonization in chick-
ens, following challenge with SE and treatment with
a poultry-derived Lactobacillus-based probiotic culture
(B11; FloraMax-B11, Pacific Vet Group USA Inc.,
Fayetteville, AR).

MATERIALS AND METHODS
Birds

Day-of-hatch chicks were obtained from a local broil-
er breeder hatchery and transported to the laboratory.
Chicks were randomized and assigned to 1 of 4 treat-
ment groups (n = 40; Table 1). The chicks were housed

in battery brooders and maintained at age-appropriate
temperatures. They were provided a standard chick
starter ration, containing no antimicrobial additives,
and water ad libitum. These experiments were reviewed
and approved by both the University of Maryland and
University of Arkansas institutional animal care and
use committees.

Salmonella enterica Serovar Enteritidis
Bacteriophage Type 13A

The challenge organism for this experiment was a
primary poultry isolate of Salmonella enterica serovar
Enteritidis, bacteriophage type 13A (SE), which was
obtained from the USDA National Veterinary Services
Laboratory (Ames, TA). This isolate is resistant to no-
vobiocin (NO; 25 pg/mL) and was selected for resis-
tance to naladixic acid (INA; 20 pg/mL) within the
Hargis laboratory. The SE was grown by passaging in
tryptic soy broth every 8 h for 24 h, washing by cen-
trifugation in sterile saline, and estimating concentra-
tion by using a spectrophotometer. Challenge with SE
was administered to 2 groups of chicks on arrival at the
laboratory by oral gavage (4.5 X 103 cfu in 0.25 mL)
using an animal feeding needle.

Probiotic Culture

The B11 (Pacific Vet Group USA Inc.) was a lactic
acid bacteria-based probiotic culture (including Lacto-
bacillus spp. and Pediococcus spp.) derived from poul-
try. At 1 h postchallenge, the probiotic culture was di-
luted in skim milk and administered (1.1 x 107 cfu in
0.25 mL) to 1 challenged and 1 unchallenged group of
chicks by oral gavage. Administration of the live B11
probiotic culture at this concentration has consistently
resulted in significant reductions in SE infection by 24
h in previous experiments (Higgins et al., 2008, 2010).
The other 2 treatment groups simultaneously received
the skim milk alone (Table 1).

Previous work has established that selected probi-
otic cultures, and specifically B11, are effective for the
reduction of SE in poultry (Higgins et al., 2005, 2007,
2008; Vicente et al., 2007, 2008). The present model us-
ing an SE challenge on the day of hatch was developed
previously to simulate a natural infection of neonatal
chicks obtained from the hatchery, which is generally
accepted as the most frequent source of Salmonella con-
tamination in poultry. The selected dose of this isolate
of Salmonella is effective for obtaining both intestinal
and systemic infection in approximately 80% of chal-
lenged chicks, and is reasonably consistent with a chal-
lenge dose that the chicks might see from consumption
of fecal material from infected chicks. The probiotic
treatment administered 1 h postchallenge was designed
to simulate the treatment of chicks at the time of ar-
rival and placement on a farm. Recently, Higgins et al.
(2007) designed time-course experiments to determine
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SE infection using this probiotic, and it was revealed
that reduction of SE occurs consistently between 12
and 24 h.

Sample Collection

Twelve hours and 24 h posttreatment, 20 chicks per
treatment were killed, and both ceca were aseptically
removed from each chick. Two ceca (1 ceca each from 2
chicks) were pooled in a sterile sample bag for recovery
of SE. The other cecum from each chick was incised
longitudinally and rinsed thoroughly with sterile saline.
Two rinsed ceca samples were pooled (8 pools collected
per treatment group) and immediately snap frozen in
liquid nitrogen. Frozen samples were stored at —80C
until RNA extraction.

Salmonella Recovery

Cecal samples from SE-challenged groups were ho-
mogenized manually, diluted 1:10 in sterile saline, and
then serially diluted. Appropriate dilutions were spread-
plated onto xylose lysine deoxycholate agar plates con-
taining NO (25 pg/mL) and NA (20 pg/mL) for enu-
meration of SE. Plates were incubated for 18 to 24 h
at 37°C, and colonies were counted. The first diluted
cecal sample was also enriched by the addition of an
equal volume of 2x tetrathionate broth, and incubated
overnight at 37°C. Twenty cecal samples from nonchal-
lenged chicks (groups 1 and 2) were also enriched with
tetrathionate broth to confirm that no SE was present
in the unchallenged groups. Following incubation, these
samples were streaked for isolation onto xylose lysine
deoxycholate agar plates containing NO (25 pg/mL)
and NA (20 pg/mL) and incubated for 18 to 24 h at
37°C. Plates were evaluated for the presence or absence
of SE, which grow as black colonies on this selective
medium.

Microarray Analysis

Microarrays consisting of 21,120 oligonucleotide fea-
tures were obtained for these studies from the Genomics
Research Laboratory at the Steele Children’s Research
Center at the University of Arizona in Tucson (http://
www.grl.steelecenter.arizona.edu/products.asp).  This
array was developed by ARK-Genomics (http://www.
ark-genomics.org/microarrays/bySpecies/chicken/) us-
ing chicken ENSEMBL transcripts and covers much of
the chicken genome. Annotation of this array is available
at Gene Expression Omnibus (http://www.ncbi.nlm.
nih.gov /projects/geo/query/acc.cgi?acc=GPL6049).
Four slides, each consisting of an individual pooled
sample (4 biological replicates), were hybridized per
treatment group and time point; 32 slides were hybrid-
ized in all. Total cellular RNA was isolated from the
pooled cecae using an RNeasy Midi Kit (Qiagen, Va-
lencia, CA) according to the manufacturer’s protocol.
Quantification was accomplished using the Ribogreen

assay (Invitrogen, Carlsbad, CA), and quality was eval-
uated by visualizing samples in a formaldehyde gel.

Two micrograms of pooled total RNA from 2 cecal
samples were then used for amplification of the mRNA
using a modification of the Eberwine procedure (Phil-
lips and Eberwine, 1996) using an Amino Allyl Mes-
sageAmp IT aRNA Amplification Kit (Ambion, Aus-
tin, TX). Briefly, reverse transcription was performed
using an oligo dT primer containing a T7 promoter.
The purified ¢cDNA provided a template for in vitro
transcription, which resulted in antisense amplified
copies of mRNA containing the modified nucleotide
5-(3-aminoallyl)-uridine triphosphate. Samples consist-
ing of 20 pg of antisense RNA (aRINA) were labeled
with Alexa Fluor dyes (Invitrogen) and purified. Fol-
lowing analysis with a NanoDrop spectrophotometer to
determine concentration, 8 pg of purified labeled aRNA
was hybridized to the microarrays using a reference de-
sign (Simon et al., 2002).

An internal reference standard, created by pooling
aRNA from all samples within the experiment, was la-
beled with Alexa Fluor 647. Experimental samples la-
beled with Alexa Fluor 555 were hybridized to individ-
ual microarrays along with the Alexa Fluor 647-labeled
reference pool. Labeled aRNA samples, plus 25 pg of
yeast transfer RNA and 25 pg of salmon testes DNA
(Sigma, St. Louis, MO), were hybridized to microar-
ray slides overnight at 42°C in microarray hybridization
buffer (Roche Diagnostics Corporation, Indianapolis,
IN). Following hybridization, slides were washed care-
fully with increasing stringency using sodium citrate
and scanned with a 418 confocal laser scanner (Affyme-
trix, Santa Clara, CA) at 555 nm for Alexa Fluor 555
and at 647 nm for Alexa Fluor 647. Two TIFF images
were obtained for each slide.

The data were analyzed according to established pro-
tocols in the Porter laboratory as described previously
(Ellestad et al., 2006). Images were initially analyzed
using GenePix Pro 6.0 software (Molecular Devices,
Sunnyvale, CA). The numeric data were then exported
for data normalization using a Microarray Data Analy-
sis System (MIDAS, version 2.18; Saeed et al., 2003).
Data from the Alexa Fluor 555 channel (the experimen-
tal sample) were Lowess normalized by block without
background correction, followed by SD regularization
first by block and then by slide, by using the Alexa
Fluor 647-labeled pool as a reference. The logs ratio
(normalized Alexa Fluor 555/Alexa Fluor 647; sample/
reference pool) for each spot was calculated.

Before statistical analysis, Lowess-normalized data
were trimmed as follows. First, all results for individual
genes on each array returning greater than 90% satu-
rated pixel intensities and pixel intensities less than
3 times the background were eliminated. Second, all
genes missing more than 8 data points (25% of total)
were discounted from further analysis. The result-
ing trimmed data were analyzed statistically using a
one-way ANOVA (SAS Institute, Cary, NC) to com-
pare gene expression between treatment groups. Spots
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Table 2. Primer sequences used for quantitative real-time reverse-transcription PCR

RIGG Gene ENSEMBL ID

no. name! (ENSGALGO0000_) Forward sequence Reverse sequence

12610 PLAU 05086 AACATGGTCTGTGCTGGAGA AATCCCATAAAGCGTCATCC
16089 IFIH1 11089 ACAGGACGTTGCAAGACAAG GGTCAAGACCTCGATAAACCA
11896 ATP2A2 03835 GGGAGAATATCTGGCTGGTG TAAAGGCGTGATCTGGAAGA
06327 GAS2 03655 CTCCTTGCAAATGCCCTAAT ATGCTTGTTGTGAAGCATCC
00598 RNF130 05820 AGCCACAGCTAGCTTGAATG GTGCTGCACGATCGATAAAT
09550 GCLC 16313 AGGTGGATGTGGACACAAGA CGATGAATTCCCTCATCCAT
17383 HTRA1 09546 GTTGTCTCTGGGGCCTATGT TCGACTGTCCATTGATGCTT
00005 HES1 02055 GGACATCCTGGAGATGACG TCATGCACTCATTGAAACCA
14634 CYR61 08661 CCCAGCTACGCCTCCCTGAAG GGGGCGGTACTTCTTCACACTGG
07243 FAS 06351 ACACAGCTGCAGCAGACACT CTCACAATGTCAGGGACGTG
17920 SCL34A2 14372 GAGCGTTCTTATCCCCTCAC AAAAAGTGGCACAAGGCAAT
19267 GLL2 16669 CTCTCCTCTTCCTGGCACTC TTGATTAGATGGCTGGGACA
11677 AKR1B1 19283 CAGCTTCAACAGGAATTGGA TGAAGGCCAGGTTACAAACA
06784 14774 23757 CAGCCAGTATGTCTTTGTGGA GTTTCCCAAGGTCTCCTTCA
10457 CYP1A4 01325 CATGCTGCCCTACACAGAAG TCCTTGGGGATGTAATAGCC

1PLAU = urokinase-type plasminogen activator; IFIHI = interferon induced with helicase-1; ATP2A42 = sarcoplasmic/endoplasmic reticulum cal-
cium adenosine triphosphatase 2; GAS2 = growth arrest-specific 2; RNF130 = ring finger protein 130; GCLC = glutamate-cysteine ligase catalytic
subunit; HTRA1 = serotonin 5-HT1a; HES1 = hairy and enhancer of split-1; CYR61 = cysteine-rich, angiogenic inducer, 61; FAS = tumor necrosis
factor receptor superfamily, member 6; SCL3/A2 = type IIb sodium phosphate cotransporter; GLL2 = gallinacin 2; AKR1B1 = aldo-keto reductase
family 1, member B1; 14774 = uncharacterized (ortholog of transmembrane protein 199); CYPIA/ = cytochrome P450, family 1, subfamily A, poly-

peptide 4.

determined to be statistically significant (P < 0.05)
among treatment groups were analyzed further. The
data from this experiment have been deposited in the
Gene Expression Omnibus as Accession no. GSE19887
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
= GSE19887).

Pathway Analysis

The genes considered to be differentially regulated
because of treatment within a time point (missing no
more than 25% data points, P < 0.05, and a fold dif-
ference minimum of 1.2) were further analyzed using
Ingenuity Pathway Analysis software (http://www.in-
genuity.com). Putative gene networks were generated
to predict interactions between differentially regulated
genes.

Quantitative Real-Time Reverse-
Transcription PCR

Quantitative real-time reverse-transcription PCR
(qRT-PCR) was performed on 12 genes to confirm
gene expression patterns observed in the microar-
ray analysis. All 8 individual samples were used for
the qRT-PCR analysis. Two-step qRT-PCR was per-
formed on all 64 samples. Each reaction included 0.5
pg of total RNA, an oligo dT primer (5-CGGAAT-
TCTTTTTTTTTTTTTTTTTTTTV-3": Sigma Geno-
sys, St. Louis, MO), and Superscript III reverse tran-
scriptase and RNase Out RNase inhibitor (Invitrogen).
A negative control for genomic DNA contamination
was prepared by pooling RNA from each sample and
using 0.5 pg in a reaction without addition of Super-
script II1. All first-strand cDNA reactions were diluted
5-fold before use in PCR reactions.

Polymerase chain reaction primers were designed
with the Primer 3 program (Rozen and Skaletsky,
2000), available for use online (http://fokker.wi.mit.
edu/primer3/input.htm), using the full-length mRNA
sequence predicted from the chicken genome available
through ENSEMBL (http://www.ensembl.org/Gallus_
gallus/index.html) as template. The primer sequences
used in these experiments are detailed in Table 2. Mes-
senger RNA levels were quantified using a MyiQ Sin-
gle-Color Real-Time PCR Detection System (Bio-Rad)
and a 2x Quantitect SYBR Green PCR Master Mix
(Bio-Rad). Polymerase chain reaction was performed
as follows: denaturation at 95°C for 3 min, followed by
40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for
30 s. Dissociation curve analysis and gel electrophoresis
were used to ensure that a single PCR product was
amplified in each reaction. Data were normalized to
the housekeeping gene 3-actin (ACTB), and data were
transformed using the equation 2~ where Ct repre-
sents the fractional cycle number when the amount of
amplified product reached a threshold for fluorescence.
Data were divided by the mean of the expression levels
of the control treatment at each time point for statisti-
cal analysis and comparison with microarray results.
Results were then analyzed statistically (ANOVA) to
confirm statistically significant effects of treatments, as
described previously (Ellestad et al., 2006).

RESULTS

We recovered significantly less SE from chicks treat-
ed with SE 4 B11 at both 12 and 24 h posttreatment,
relative to SE treatment alone (Table 3). At 12 h, there
was a 40% reduction in SE-infected chicks and a 4-logyg
reduction in numbers of detectable SE. At 24 h, we
observed a 50% reduction in numbers of SE-infected
chicks and a 3-logy reduction in the numbers of detect-
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able SE in the cecae. No SE was detected after enrich-
ment in the control or B11 treatment groups, indicating
no incidental contamination of SE between treatment
groups.

Microarrays were performed using RNA obtained
from the rinsed cecae from 8 chicks (4 pools of 2) at
each time point. When data were compared across all
4 groups at a single time point, 309 genes were ex-
pressed at significantly different levels at 12 h, and 352
genes were significantly different in expression at 24 h.
Among those, 170 genes had a minimum of a 1.2-fold
difference among treatment groups at 12 h (Supplemen-
tal Table 1; http://ps.fass.org/content/vol90/issued),
and 201 genes had a minimum of a 1.2-fold difference
among treatment groups at 24 h (Supplemental Table
2; http://ps.fass.org/content/vol90/issued). When the
SE and SE + B11 treatment groups were compared, 6
genes were upregulated in the SE + B11 group at 12
h, and 11 genes were downregulated in the SE + B11
treatment group. At 24 h, 32 genes were upregulated
by SE + B11 and 25 genes were downregulated by SE
+ B11 compared with SE.

Quantitative real-time PCR was performed on genes
selected based on the gene function and the fold differ-
ence between treatment groups (Figure 1). Genes regu-
lated by SE included solute carrier family 34 member 2
(SLC84A2) and gallinacin 2 (GLL2), which were both
increased in the cecae of SE-challenged chicks at 12 h,
but not at 24 h, as compared with the control. Aldo-
keto reductase family 1, member Bl (AKRI1B1) was
increased by SE at 24 h only. Interestingly, expression
of cytochrome P450, family 1, subfamily A, polypep-
tide 4 (CYP1A4) was reduced by SE in both challenged
groups at both time points. One gene, 14774, is cur-
rently uncharacterized but is an ortholog of transmem-
brane protein 199 in other species. Expression of this
gene was increased by B11 only at 24 h.

Genes that were significant and with at least a 1.2-
fold difference in expression levels among groups were
analyzed using Ingenuity Pathway Analysis software
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(Ingenuity Systems; http://www.ingenuity.com) for
network analysis. These genes were overlaid onto the
global molecular network developed from information
contained in the Ingenuity Pathways Knowledge Base.
Networks of these genes were then algorithmically gen-
erated based on their connectivity for each time point.
Network 1 for each time point contained the largest
number of genes submitted; a network for each time
point is presented in Figure 2. These networks are
graphical representations of the molecular relation-
ships between genes or gene products. Genes or gene
products are represented as nodes, and the biological
relationship between 2 nodes is represented by a line.
Dashed lines represent indirect relationships, and solid
lines represent direct relationships. Both networks rep-
resented in Figure 2 consist primarily of indirect re-
lationships. Intensity of the node color indicates the
degree of up- or downregulation in comparison with
another group. In Figure 2, the red color indicates in-
creased expression in the SE group compared with the
SE + B11 group. Green indicates increased expression
in the SE 4+ B11 group compared with the SE group.
Pathway figures colored to represent differences among
all treatment groups are available in Supplemental Fig-
ure 1 (http://ps.fass.org/content/vol90/issue4).
Quantitative real-time reverse-transcription PCR
was performed on selected genes in the networks gen-
erated by Ingenuity Pathway Analysis at each time
point. Graphs comparing the microarray analysis and
the qRT-PCR analysis of gene expression are presented
in Figure 3. Genes evaluated at 12 h include urokinase-
type plasminogen activator (PLAU), interferon induced
with helicase-1 (IFIHI), sarcoplasmic/endoplasmic re-
ticulum calcium adenosine triphosphatase 2 (ATP2A2),
growth arrest-specific 2 (GAS2), and ring finger protein
130 (RNF'130). Among these, PLAU was increased in
the B11 treatment group only, and IFIH1 was increased
in the SE treatment group only. The RNF130 was in-
creased in the SE group, but this was not confirmed
by qRT-PCR. The ATP2A2 was moderately but sig-

Table 3. Recovery of Salmonella from the cecae of chicks following S. enterica serovar Enteritidis (SE) challenge and FloraMax-B11

(B11) treatment!

12 h

24h

No. positive/total

Colony-forming units/

No. positive/total Colony-forming units/

Treatment no. of samples? (%) g of cecal content? no. of samples (%) g of cecal content
Control 0/10 (0) ND* 0/10 (0) ND

B11 0/10 (0) ND 0/10 (0) ND

SE 6/10* (60) 4.04 + 0,612 10/10* (100) 3.31 + 0.47
SE + B11 2/10" (20) 0+0° 5/10P (50) 0.26 + 0.26"

ab)eans within a time point with differing letters are significantly (P < 0.05) different.
IThe SE was obtained from the USDA National Veterinary Services Laboratory (Ames, TA), and the B11 was from Pacific Vet Group USA Inc.

(Fayetteville, AR).

2Samples were enriched with tetrathionate broth before plating on xylose lysine deoxycholate (XLD) agar plates containing novobiocin (NO) and
naladixic acid (NA) and incubated. The plates were then examined for determination of the presence or absence of SE.

3Samples were diluted in sterile saline and appropriate dilutions were spread plated on XLD agar plates containing NO and NA. Following incuba-
tion, the colonies were enumerated to determine the colony-forming units per gram of cecal contents.

AND = not determined.
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Figure 1. Relative levels of mRNA expression by microarray and
quantitative real-time reverse-transcription PCR (qRT-PCR) for se-
lected genes. Data were normalized to the housekeeping gene (3-actin
(ACTB) and are expressed relative to mRNA levels in the control
group at each time point (12 and 24 h posttreatment). Treatment
groups were designated as follows: control, B11 [not challenged, treated
with FloraMax-B11 (Pacific Vet Group USA Inc., Fayetteville, AR)],
SE [challenged with Salmonella enterica serovar Enteritidis (USDA
National Veterinary Services Laboratory, Ames, IA), not treated with
B11], and SE + BI11 (challenged with SE and treated with B11 one
hour postchallenge). The genes evaluated were solute carrier family
34 (sodium phosphate), member 2 (SLC34A2), gallinacin-2 (GLL2),
aldo-keto reductase family 1, member Bl (AKRI1BI), Gallus gallus
hypothetical LOC417566 (RIGG06784), and cytochrome P450, family
1, subfamily A, polypeptide 4 (CYP1A44). Black bars are microarray
expression data, and white bars are qRT-PCR expression data. Values
within a single time with differing letters (a, b) are significantly dif-
ferent (P < 0.05).

nificantly increased in the SE + B11 group only, and
(GAS2 was increased by B11 in both the B11 and SE +
B11 groups.

At 24 h, the genes evaluated included glutamate-
cysteine ligase catalytic subunit (GCLC), serotonin
5-HT1a (HTRA1), hairy and enhancer of split-1
(HES1T), cysteine-rich, angiogenic inducer, 61 (CYR61),
and tumor necrosis factor (TNF') receptor superfamily,
member 6 (FAS). The GCLC, HES1, and CYRG61 all
were decreased by SE alone. Little change was observed
in HTRA1 and FAS.

DISCUSSION

The infection model used in these studies was de-
signed to reflect what occurs when commercial chicks
become infected with Salmonella in the hatchery and
are treated with a probiotic culture on arrival at a
farm. The results of the challenge with SE were as ex-
pected, with significant reductions of SE recovery in
probiotic-treated chicks (Table 3). It should be noted
that the colony-forming units recovered from the cecae,
as well as the numbers of positive samples, were signifi-
cantly reduced, indicating that even treated chicks that
were positive, or that remained SE infected, harbored
lower numbers of SE after treatment compared with
untreated chicks.

Microarray analysis of cecal tissues from these chicks
revealed that genes were differentially regulated among
all treatment groups. Although differences in expres-
sion were apparent, the magnitude of differences be-
tween treatment groups was not large. However, this
is not uncommon. Two other studies evaluating the ef-
fects of probiotics likewise observed small differences
in levels of gene expression. Shima et al. (2008), who
compared gene expression differences in the gastroin-
testinal tract of mice after administration of different
bacterial suspensions, observed 2- to 3-fold differences
between significantly different genes, and Brisbin et
al. (2008b), who used primary mononuclear cells from
chickens incubated with cellular components of Lacto-
bacillus acidophilus, observed a maximum of 1.2-fold
differences in significantly different genes. Haghighi et
al. (2008) evaluated gene expression of selected genes
in chicks treated with the probiotic on the day of hatch
and challenged with ST at 24 h posttreatment. Gene
expression, which was evaluated in the cecal tonsils, a
lymphoid tissue at the ileocecal junction, exhibited an
increase in interleukin (IL) 12 in response to ST that
was maintained at control levels by probiotic treatment
at 1 and 5 d postchallenge. Haghighi et al. (2008) also
observed that on d 5, ST increased interferon ~ (IFN=~)
but that probiotic-treated chicks showed reduced levels
of TFN~.

Genes exhibiting the largest differences among groups
were confirmed with qRT-PCR (Figure 1). Expression of
the chicken Type IIB sodium phosphate cotransporter
(SLC34A2) gene was increased in chicks after challenge
with SE. The SLC34A2, as described previously in the
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Figure 2. Gene networks proposed by Ingenuity Pathway Analysis software (http://www.ingenuity.com) for genes differentially expressed (P
< 0.05, fold difference >1.2) at 12 h (A) and 24 h (B) posttreatment. The intensity of red and green shaded genes indicates differences in expres-
sion levels between the SE treatment [challenged with Salmonella enterica serovar Enteritidis (USDA National Veterinary Services Laboratory,
Ames, TA), not treated with B11 (FloraMax-B11, Pacific Vet Group USA Inc., Fayetteville, AR), and the SE + B11 treatment (challenged with
SE and treated with B11 one hour postchallenge). Red indicates increased expression in the SE treatment group as compared with the SE + B11
treatment group. Green indicates increased expression in the SE + B11 treatment group as compared with the SE treatment group. White genes
were inferred by the software, and expression levels were not determined or were not significant in this experiment. CAPNS = calpain 8; GJB1 =
gap junction protein, 31; CYP3A7 = cytochrome P450, family 3, subfamily A, polypeptide 7; CYP51A1 = cytochrome P450, family 51, subfamily
A, polypeptide 1; GAS2 = growth arrest-specific 2; Creb = cAMP response element-binding; NR1H/ = nuclear receptor subfamily 1, group H,
member 4; ATP2A42 = sarcoplasmic/endoplasmic reticulum calcium adenosine triphosphatase 2; CYP3A44 = cytochrome P450, family 3, subfamily
A, polypeptide 4; ERK12 = extracellular-signal-regulated kinases 1/2; LDL = low-density lipoprotein complex; LDHA = lactate dehydrogenase
A; IL1 = interleukin 1; DLL1 = delta-like 1; IMMP2L = inner mitochondrial membrane peptidase-like; ALP = alkaline phosphatase; PLAU =
urokinase-type plasminogen activator; CASPS8 = caspase 8, apoptosis-related cysteine peptidase; P36MAPK = p36 mitogen-activated protein
kinase; IFN3 = interferon 3; SHH = sonic hedgehog; NFr B = nuclear factor kappa B; IL12 = interleukin 12; RNF130 = ring finger protein 130;
Ifn = interferon; CD69 = p60, early T-cell activation antigen; SAPS30 = Sin3A-associated protein; IFN Type 1 = interferon type 1; SLC5A1 =
solute carrier family 5 (sodium/glucose cotransporter), member 1; IFIHI = interferon induced with helicase-1; SLC3A1 = solute carrier family 3
(cystine, dibasic and neutral amino acid transporters), member 1; PROCR = protein C receptor, endothelial; NPC2 = Niemann-Pick disease, type
C2; NFE2L1 = nuclear factor (erythroid-derived 2)-like 1; NOV = nephroblastoma overexpressed gene; PROC = protein C; CCDC6 = coiled-coil
domain containing 6; GCLC = glutamate-cysteine ligase catalytic subunit; CYR61 = cysteine-rich, angiogenic inducer, 61; HESI = hairy and
enhancer of split-1; ApI = activator protein 1; GLRXS3 = glutaredoxin; GAS6 = growth arrest-specific 6; Nfat = nuclear factor of activated T-cells;
SGPP1 = sphingosine-1-phosphate phosphatase 1; Pkc(s) = protein kinase ¢; MLF1 = myeloid leukemia factor 1; COPS8 = COP9 constitutive
photomorphogenic homolog subunit 8; FABP6 = fatty acid binding protein 6, ileal; FAS = tumor necrosis factor receptor superfamily, member
6; IL1 = interleukin 1; HTR1A = serotonin 5-HT1a; BARD1 = BRCA1 associated RING domain 1; GCH1 = GTP cyclohydrolase 1; HERC3
= hect domain and RLD 3; MTTP = microsomal triglyceride transfer protein; PCNT = pericentrin; NEDD9 = neural precursor cell expressed,
developmentally down-regulated 9; KT'N1 = kinectin 1.
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Figure 3. Relative levels of mRNA expression by microarray and quantitative real-time reverse-transcription PCR (qRT-PCR) for selected
genes included in the predicted gene network at 12 and 24 h. Data were normalized to the housekeeping gene B-actin (ACTB) and are expressed
relative to mRNA levels in the control group at each time point (12 and 24 h posttreatment). Treatment groups are designated as follows: con-
trol, B11 [not challenged, treated with FloraMax-B11 (Pacific Vet Group USA Inc., Fayetteville, AR)|, SE [challenged with Salmonella enterica
serovar Enteritidis (USDA National Veterinary Services Laboratory, Ames, IA), not treated with B11], and SE + B11 (challenged with SE and
treated with B11 one hour postchallenge). Genes evaluated at 12 h were urokinase-type plasminogen activator (PLAU), interferon induced with
helicase-1 (IFIHI), sarcoplasmic/endoplasmic reticulum calcium adenosine triphosphatase 2 (ATP2A42), growth arrest-specific 2 (GAS2), and ring
finger protein 130 (RNF130). Genes evaluated at 24 h were glutamate-cysteine ligase catalytic subunit (GCLC), serotonin 5-HT1la (HTRAI),
hairy and enhancer of split-1 (HES1), cysteine-rich, angiogenic inducer, 61 (CYR61), and tumor necrosis factor receptor superfamily, member 6
(FAS). Black bars are microarray expression data, and white bars are qRT-PCR expression data. Values within a single time with differing letters
(a, b) are significantly different (P < 0.05).
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small intestine, was increased in response to reduced
phosphorus in the diet of chicks (Yan et al., 2007). The
significance of the transient upregulation in response to
SE is not clear at present. We likewise observed a simi-
lar response of the 3-defensin gene gallinacin 2 (GLL2),
which increased at 12 h in the presence of SE, but
not SE + B11. The (3 -defensins are antimicrobial pep-
tides expressed by heterophils and intestinal epithelial
cells in chickens (Derache et al., 2009). Derache et al.
(2009) also observed an increase in GLLZ2 expression
in embryonic primary cecal cell cultures in response to
killed SE, and Akbari et al. (2008) observed similar ex-
pression data for GLLZ2 in the cecal tonsils of chickens
treated with probiotics and challenged with ST. Taken
together, it appears that Salmonella spp. increase ex-
pression of GLL2 and that Lactobacillus generally do
not increase GLL2. The reason for the upregulation
of GLL2 in the presence of SE is not known, but may
be postulated as a protective response to that specific
pathogen. Despite the increase in expression of GLL2
by SE at 12 h, the SE infection was still increasing at
24 h, when GLL2 expression was not different from
that of the controls, suggesting that the ability of GLL2
to inhibit SE in vivo is limited.

We also observed an increase in AKR1B1 at 24 h in
response to SE. This gene is responsible for mediating
cytotoxic signals by binding to nuclear factor kappa
B (NFkB) and activator protein 1. The AKRIBI is
induced by many things, including lipopolysaccha-
ride (LPS), which is present on the surface of Salmo-
nella and other gram-negative bacteria. Ramana and
Srivastava (2006) examined the function of AKRI1BI
by incubating mouse macrophages with inhibitors of
AKR1B1 followed by stimulation of the macrophages
with LPS. Treatment with AKR1B1 inhibitors resulted
in inhibition of binding to NFkB and activator protein
1, reduced cytokine production, prostaglandin Eo pro-
duction, cyclooxygenase-2 stimulation, and nitric oxide
production. Potentially, B11 is inhibiting AKR1BI1 ex-
pression, resulting in less inflammation and fewer po-
tential cells to harbor SE. Alternatively, the lower levels
of SE in the SE 4+ B11 group may be not be sufficient
to induce greater gene expression of AKR1B1.

One gene was significantly increased only by B11 at
the 24-h time point. This gene, RIGG 06784, is not char-
acterized, but has some homology with transmembrane
protein 199, indicating that it is possibly expressed on
the surface of the epithelial cells and induced by B11
treatment. We also observed significantly decreased ex-
pression of CYPI1A/ at 12 and 24 h in the SE and SE
+ B11 treatment groups. This is interesting because
CYP1A/ expression was decreased despite the fact that
the SE 4+ B11 treatment groups had significantly less
SE infection, with most chicks completely uncolonized.
Cytochrome P450, family 1, subfamily A, polypeptide
4 has not been previously associated with responses
to SE, and it is primarily associated with responses
to environmental toxins such as dioxin-like compounds
(Head and Kennedy, 2007).

We chose to further evaluate genes that were sig-
nificantly different (P < 0.05) and with a minimum
of 1.2-fold differences in expression levels across treat-
ment groups within a single time point (12 or 24 h) by
using Ingenuity Pathway Analysis software. The gene
network that included the largest subset of candidate
genes from the microarray analysis at both 12 and 24
h included NFkB as a major node, although the sur-
rounding genes in each network were different at each
time. Nuclear factor kappa B is a transcription factor
that, when activated in the cytosol, translocates to the
nucleus, where it initiates transcription of genes nec-
essary for inflammation and immune responsiveness.
Nuclear factor kappa B comprises up to 5 subunits,
which form homodimers and heterodimers; the compo-
nents of the dimers determine specificity regarding the
genes transcribed. Nuclear factor kappa B is bound in
the cytosol by inhibitor of kB (IkB), and on activation,
IkB is phosphorylated and then ubiquitinated, freeing
NFkB to translocate to the nucleus. (Eaves-Pyles et
al., 1999, Spehlmann and Eckmann, 2009). Ablation of
subunits of the IkB kinase complex responsible for acti-
vation of NFkB in the intestinal epithelial cells of mice
resulted in spontaneous colitis, intestinal inflammation,
and invasion of commensal bacteria into the mucosal
layer of cells, indicating that NFkB is also necessary for
maintenance of an intact barrier in the intestinal tract
(Pasparakis, 2008).

Bacteria are known to activate NFkB in numerous
ways. It has been observed that Salmonella activates
NFkB and proinflammatory gene transcription by ad-
hesion, but invasion is not necessary (Faves-Pyles et al.,
1999). Both secretion of the effector protein Salmonella
outer protein E and activation of Toll-like receptor 5 by
flagellin are mechanisms that can activate NFkB with-
out internalization of the SE by the host cell. These ob-
servations explain the phenomenon that intestinal Sal-
monella infections generally result in invasion of only
approximately 30% of cells, yet NFkB activation is ob-
served in many more cells (Tallant et al., 2004). On the
other hand, ST effector proteins secreted by ST in the
cell culture are capable of inhibiting gene expression
induced by NFxkB and possibly delaying macrophage
toxicity (Haraga and Miller, 2003; LeNegrate et al.,
2008). Remarkably, Neish et al. (2000) showed that
nonvirulent Salmonella strains were capable of inhibit-
ing proinflammatory gene expression by blocking deg-
radation, which prevents the nuclear translocation of
NFkB, suggesting that activation or inhibition of NFrkB
is a condition of pathogenicity. Therefore, Salmonella
spp. are capable of both activating and inhibiting this
critical transcription factor. Importantly, regulation
of NFkB has also been reported after treatment with
probiotics. Miettinen et al. (2000) previously observed
activation of NFkB by both Lactobacillus and Strepto-
coccus, which induced both IL-6 and TNFa, indicating
that NFkB responds to both commensal and pathogen-
ic gram-positive bacterial species. Additionally, expres-
sion of NFkB subunits was upregulated in the duodenal
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mucosa of human patients 6 h after consumption of
dead Lactobacillus plantarum cultures (vanBaarlen et
al.; 2009). Mice receiving Bacillus infantis as a pro-
biotic in the drinking water for 3 wk before challenge
with ST had reduced NFkB activation in response to
challenge compared with mice that did not receive the
probiotic treatment (O’Mahony et al., 2008).

At 12 h, genes that were differentially regulated in
the network and that interacted with NFkB included
IFIH1, PLAU, and ATP2A2. Interferon induced with
helicase-1, also known as melanoma differentiation as-
sociated gene-5 (MDAJ), is a gene whose product is
a cytoplasmic viral RNA sensor. The [FIHI contains
2 N-terminal caspase recruitment domains, which will
activate downstream signaling caspases, resulting in ac-
tivation of NFkB and other transcriptional factors (Un-
terholzner and Bowie, 2008). Although IFIH1 and the
similar helicase retinoic acid inducible gene-1 (RIG-I)
are thought to recognize double-stranded RNA, there
are differing specificities between the 2, indicating that
unknown factors may also play a role in the recognition
of pathogens (Unterholzner and Bowie, 2008). Expres-
sion of this gene was increased in SE-challenged chicks
at 12 h. There are no known reports of this gene be-
ing associated with Salmonella infection. Potentially,
the activation of IFIH1 allows for initiation of proin-
flammatory genes through NFkB activation. Although
IFIH1 is previously understood to recognize viral RNA,
the ability of Salmonella to increase the expression of
this gene may provide further understanding of the
function of IFIHI. The PLAU encodes a serine pro-
tease that is involved in degradation of the extracellular
matrix. Studies in a breast cancer cell line revealed that
inhibition of PLAU resulted in apoptosis (Ma et al.,
2001). Therefore, increased expression of PLAU in the
presence of B11 (Figure 3) compared with the control
may indicate that B11 promotes cell growth and sur-
vival in the cecae. The ATP2A2 primarily functions as
a calcium pump in muscle cells, and its expression was
moderately but significantly increased in chicks treated
with SE + B1l. In experiments using rat myocytes,
ATP2A2 was shown to increase the transcription of
NFkB (Shah et al., 2005).

Another differentially regulated gene at 12 h was
GAS2, which was elevated in expression in both the
B11 and SE + B11 treatment groups at 12 h. The
GAS2 binds milli-calpain, increasing the stability of
p53, and ultimately increasing the susceptibility of cells
to apoptosis (Benetti et al., 2001). Tt is possible that
apoptosis of SE-infected cells is required to curtail SE
infection, and increased expression of GAS2 in Bll-
treated chicks allowed increased apoptosis.

The CYRG61 was significantly downregulated in the
cecae of chicks after SE infection. However, in both
treatment groups receiving B11 (B11 and SE + B11),
CYRG61 was not expressed at significantly lower lev-
els than in the control. The CYR61 is one member of
the CCN family [i.e., connective tissue growth factor,
CYR61, and nephroblastoma overexpressed gene] of ex-

tracellular matrix-associated proteins, each containing
4 cysteine-rich conserved domains. The CCN proteins
bind heparin sulfate proteoglycans and specific integrins
that determine the specificity of the effector functions
(Chen and Lau, 2009). Importantly, CYR61 is associ-
ated with induction of 2 distinct apoptotic pathways.
The first is through synergism with Fas ligand (FasL).
The Fasl. produced by lymphocytes binds the FAS re-
ceptor, which is produced by many cell types, to medi-
ate apoptosis. The CYR61 binds the integrin agB1 and
heparan sulfate proteoglycans, in the presence of FasL,
leading to accumulation of reactive oxygen species and
eventually apoptosis (Juric et al., 2009). The FAS was
shown previously to be downregulated in response to SE
in cecae (Berndt et al., 2007); however, in the present
study, FAS was not consistently regulated in response
to treatment. Alternatively, CYR61 is also capable of
unmasking the apoptotic potential of TNFa. Tumor
necrosis factor « is responsible for promoting cell pro-
liferation through NFkB signaling, and is generally ca-
pable of inducing apoptosis only when NFkB signaling
or protein synthesis is blocked. However, CCN1 bound
to integrin agPB1 in the presence of TNFa likewise leads
to increased intracellular reactive oxygen species, which
allows TNFa-induced apoptosis without the blocking
of NFkB activation or protein synthesis (Chen et al.,
2007). Importantly, CYR61 was downregulated in the
cecae of SE-challenged chicks at 24 h postchallenge,
which may be a survival mechanism of the SE to avoid
elimination through apoptosis of the SE-infected cell.
Differential expression of C'YR61 in response to SE in-
fection has not been reported previously and may prove
to be a mechanism by which SE promotes intracellular
survival by avoiding apoptosis.

In this experiment, we did not observe the regulation
of genes involved in an innate immune response as we
expected. Previous studies reporting expression of genes
measured in the cecal tonsils (Haghighi et al., 2008),
spleen (Zhou and Lamont, 2007), heterophils (Chiang
et al., 2008), or macrophages (Zhang et al., 2008) have
revealed robust increases in inflammatory cytokines
and other innate immune genes following Salmonella
challenge. We postulate that the much lower density of
immune cells in the whole cecal tissue, compared with
the previously studied tissues or cells, may dilute out
the observable changes in immune gene expression at
these time points. One study performed by Berndt et
al. (2007) in specific-pathogen-free Leghorn chicks did
report an increase in IL-8, IL-12, IL-7TRa, and LPS-
induced TNF in the cecal tissue at 1 d after challenge
with SE. However, the present data were collected from
broiler chicks, which, in previous infection studies us-
ing a virulent strain of phage type 4 SE, demonstrated
less morbidity and mortality as compared with those of
Leghorn chicks (Gast and Benson, 1995). This perhaps
explains the lack of increased expression of immune sys-
tem genes in the present experiment.

Previous microarray studies have also been per-
formed following application of probiotics to cultured
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cells. Cultured colonocytes (Caco-2 cell line) incubated
in the presence of a commensal Escherichia coli or L.
plantarum resulted in different gene expression profiles
(Panigrahi et al., 2007). Shima et al. (2008) compared
with gene expression from the intestinal epithelial cells
of mice from different regions of the gastrointestinal
tract after administration of Lactobacillus casei, Bifido-
bacterium breve, segmented filamentous bacteria, or a
fecal suspension. They likewise observed that differential
gene expression was bacterial strain dependent. Brisbin
et al. (2008a) evaluated the effects of L. acidophilus
cellular components on mononuclear cells isolated from
the spleen or cecal tonsils of mature Leghorn chickens
using a low-density microarray, and observed that the
mononuclear cells responded primarily to DNA rather
than to cell wall components. Haghighi et al. (2008)
evaluated the gene expression of selected genes in chicks
treated with a probiotic on the day of hatch and chal-
lenged with ST 24 h posttreatment. Gene expression
was evaluated in the cecal tonsils, a lymphoid tissue
at the ileocecal junction, which showed an increase in
IL-12 in response to ST that was maintained at control
levels by probiotic treatment at 1 and 5 d postchal-
lenge. On d 5, it was also observed that ST increased
IFN~, but chicks treated with probiotic showed reduced
levels of IFN~. We did not observe similar responses in
this study; however, our samples were obtained at ear-
lier time points and in a different tissue (whole cecae).
To our knowledge, the present data are the first report
of global gene expression changes in chicks in response
to both SE and probiotic treatment.

Importantly, probiotics have previously been report-
ed to regulate apoptosis in vitro and in vivo. Lin et
al. (2008) and Mennigen et al. (2009) both reported
increased resistance to apoptosis when using murine
models after administration of the probiotics Lactoba-
cillus GG or the VSL#3 mixed culture, respectively.
However, Iyer et al. (2008) observed an increase in
apoptosis in myeloid leukemia-derived cells, mediated
through NFkB activation after treatment with Lactoba-
cillus reuteri. These data indicate that probiotic bacte-
ria are indeed capable of regulating apoptosis, and that
the manner in which they do so is apparently different
depending on the strain or strains of probiotic bacteria
or cultures administered.

In this experiment, we evaluated the gene expres-
sion profiles in cecal tissue of chicks challenged with
SE and treated or not treated with B11 at 12 and 24
h posttreatment. We observed changes in global gene
expression in all groups, which were potentially related
to activation, but not expression, of NFkB. Based on
the gene expression profiles of genes present in the pos-
tulated networks, we propose that differences in expres-
sion of some genes, such as GAS2 at 12 h, and CYR61
at 24 h, facilitate an increase in apoptosis of SE-infect-
ed cells in the presence of the B11l probiotic culture,
which results in a decrease in the numbers of colonized
bacteria in the cecae of chicks.
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