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Abstract

Background: Specific knowledge of the molecular pathways controlling host-pathogen
interactions can increase our understanding of immune response biology as well as provide targets
for drug development and genetic improvement of disease resistance. Toward this end, we have
characterized the porcine transcriptional response to Salmonella enterica serovar Choleraesuis (S.
Choleraesuis), a Salmonella serovar that predominately colonizes swine, yet can cause serious
infections in human patients. Affymetrix technology was used to screen for differentially expressed
genes in pig mesenteric lymph nodes (MLN) responding to infection with S. Choleraesuis at acute
(8 hours (h), 24 h and 48 h post-inoculation (pi)) and chronic stages (21 days (d) pi).

Results: Analysis of variance with false discovery rate control identified 1,853 genes with significant
changes in expression level (p-value < 0.0l, g-value < 0.26, and fold change (FC) > 2) during
infection as compared to un-inoculated control pigs. Down-regulation of translation-related genes
at 8 hpi and 24 hpi implied that S. Choleraesuis repressed host protein translation. Genes involved
in the Thl, innate immune/inflammation response and apoptosis pathways were induced
significantly. However, antigen presentation/dendritic cell (DC) function pathways were not
affected significantly during infection. A strong NFxB-dependent response was observed, as 58
known NFxB target genes were induced at 8, 24 and/or 48 hpi. Quantitative-PCR analyses
confirmed the microarray data for 21 of 22 genes tested. Based on expression patterns, these
target genes can be classified as an "Early" group (induced at either 8 or 24 hpi) and a "Late" group
(induced only at 48 hpi). Cytokine activity or chemokine activity were enriched within the Early
group genes GO annotations, while the Late group was predominantly composed of signal
transduction and cell metabolism annotated genes. Regulatory motif analysis of the human
orthologous promoters for both Early and Late genes revealed that 24| gene promoters were
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predicted to contain NFxB binding sites, and that of these, 5| Early and 145 Late genes were

previously not known to be NFxB targets.

Conclusion: Our study provides novel genome-wide transcriptional profiling data on the porcine
response to S. Choleraesuis and expands the understanding of NF«B signaling in response to
Salmonella infection. Comparison of the magnitude and timing of porcine MLN transcriptional
response to different Salmonella serovars, S. Choleraesuis and S. Typhimurium, clearly showed a
larger but later transcriptional response to S. Choleraesuis. Both microarray and QPCR data
provided evidence of a strong NFxB-dependent host transcriptional response during S.
Choleraesuis infection. Our data indicate that a lack of strong DC-mediated antigen presentation
in the MLN may cause S. Choleraesuis infected pigs to develop a systemic infection, and our analysis
predicts nearly 200 novel NFxB target genes which may be applicable across mammalian species.

Background

Salmonella enterica serovar Choleraesuis (S. Choleraesuis)
is a narrow host range Salmonella serovar that predomi-
nately colonizes swine, although this serovar can also
cause serious infections in human patients [1,2]. With
clinical manifestations of enterocolitis, pneumonia, septi-
cemia and hepatitis, S. Choleraesuis infections result in a
higher mortality rate in pigs than S. Typhimurium, a
broad host range Salmonella serovar that typically causes
only enterocolitis in swine. This highly invasive serovar is
of particular concern to the swine industry since pig sal-
monellosis results in about $100 million in annual pro-
duction losses in the United States [3]. S. Choleraesuis can
result in higher mortality than S. Typhimurium infection
in pigs. Moreover, S. Choleraesuis infected pigs can
develop a carrier state lasting as long as 12 weeks [4];
resulting in shedding of the bacteria by carrier pigs and
Salmonella contamination of the environment. Research-
ers have speculated that human systemic infections
caused by S. Choleraesuis are acquired from pigs, as
affirmed by DNA fingerprints of the S. Choleraesuis iso-
lated from humans and swine [1,2,5]. Although an oral S.
Choleraesuis vaccine (ENTERISOL® SC-54) has been
shown to enhance humoral and cellular immune
responses [6], S. Choleraesuis infections can be particu-
larly difficult to treat due to its resistance to multiple anti-
microbial agents. Thus S. Choleraesuis is both a swine
industry and public health problem.

While several serovars such as S. Typhimurium have been
extensively studied, a relatively limited number of experi-
ments on the S. Choleraesuis serovar have been published
using a swine infection model [1,7-11]. The transcrip-
tional response to Salmonella infection is predominantly a
Th1 immune response as observed in porcine lung during
S. Choleraesuis infection [9] and in porcine mesenteric
lymph nodes (MLN) during S. Typhimurium and S. Chol-
eraesuis infection [8,12]. The antigen processing- and
apoptosis-related pathways were strongly induced at 24
and 48 hpi in porcine lung during S. Choleraesuis infec-
tion based on oligonucleotide microarray data [9]. Two

important early proinflammatory cytokines, IL8 and IL1B,
were rapidly induced in porcine jejunal and distal ileal
Peyer's patches during S. Choleraesuis infection [10,11].
Uthe et al. (2005) used suppression subtractive hybridiza-
tion (SSH) to identify genes which were up- or down-reg-
ulated at 24 hpi in porcine MLN during S. Choleraesuis
infection compared to non-infected animals. Most of
these genes have been annotated as being involved in host
cellular functions including innate immunity and
cytoskeleton regulation [7]. Skjolaas et al. (2006) tested
the effect of S. Choleraesuis infection on gene expression
in pig jejunal epithelial cells; IL8 and CCL20 were signifi-
cantly induced at 1.5 h and 3 h post exposure, whereas
CCL20 reached peak response at 6 h post exposure [13].
Recently, two publications described the use of an ileal
loop model to explore the transcriptional response of pig
intestinal mucosa to S. Typhimurium [14] and to both S.
Typhimurium and S. Choleraesuis [15]. The former study
showed very few gene expression differences in ileal tissue
over 1-8 hpi, and IL8 was found to be induced only at 4
hpi [14]. However, the latter study showed that TNFe, IL8
and IL-18 was induced significantly during S. Typhimu-
rium infection compared to serovar Choleraesuis at 24
hpi [15].

A comparison of the molecular pathways controlling
host-pathogen interactions will not only increase our
understanding of immune response biology, but may pro-
vide targets for drug development and genetic improve-
ment of disease resistance. In this study, a genome-wide
investigation of the porcine response to S. Choleraesuis
infection was conducted using the Affymetrix GeneChip®
Porcine Genome Array containing oligonucleotides repre-
senting approximately 23,256 transcripts from 20,201 S.
scrofa genes. We report the global transcriptional profile
of the MLN, the largest lymph nodes in the human and
animal body and one of the components of gut-associated
lymphoid tissues (GALT), to S. Choleraesuis infection at
the acute and chronic stages. We characterized the host
immune responses with pathway analysis, targeting a bet-
ter understanding of the host's innate immune pathways
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and regulatory targets in the MLN. We also confirmed the
induction of many members of the NF«B pathway during
the infection and detected previously unidentified poten-
tial NF«xB target genes. We extended this broad screen for
transcriptionally responsive genes by defining a set of
gene as novel NFxB targets genes as they are co-expressed
with known NF«B targets and whose orthologous human
promoters contain NFxB binding motifs.

Results

Clinical signs of disease

Clinical disease post-inoculation with S. Choleraesuis was
observed in the animals in this study, and described pre-
viously [8]. Briefly, loss of appetite, lethargy and diarrhea
of infected animals were observed at 48 hpi and contin-
ued until 9 dpi. The rectal temperature of infected animals
peaked at 48 hpi (41.6 + 0.4°C) and gradually declined to
that seen in non-infected animals (around 39.7°C) by 8
dpi. Serovar Choleraesuis was detected in the ileocecal
lymph nodes at 8 hpi (6.4 x 101 cfu/g), reached and
maintained a level of 2-3 x 105 cfu/g from 24 h to 7 dpi.,
and declined to 2.1 x 103 cfu/g by 21 dpi.

Transcriptome

The normal porcine MLN tissue transcriptome was repre-
sented by all probesets (14,348) which showed a Present
call by the Affymetrix Microarray Analysis System 5.0 for
all three non-infected animals. All probesets that showed
a Present call for all three replicates in at least one time
point during infection (15,935) were counted as the tran-
scriptome of infected porcine MLN tissue. Combining
these lists gave 16,046 probesets (70% of the whole chip)
that detected expression in MLN [see Additional file 1].

Differentially expressed gene analysis during S.
Choleraesuis infection

Swine infected with S. Choleraesuis exhibit high bacterial
loads as early as 24 hours post infection and reach maxi-
mal levels at 2-7 dpi [8]. Thus we have targeted our screen
for responsive genes at the early time points of infection
where unique control mechanisms might be revealed.
Genes with a p-value < 0.01 and an estimated FC > 2 in at
least one of the 10 time point pair-wise comparisons were
declared to be differentially expressed. A total of 1,853
genes satisfied these criteria [see Additional file 2|. The
largest g-value associated with this list of genes was 0.26,
which is an estimated upper bound of the False Discovery
Rate (FDR). Of these 1,853 differentially expressed genes,
1,189 genes (64%) have sequence similarity to a human
Refseq based on our BLAST analysis using consensus
sequences based on alignments of all publicly available
porcine expressed sequence data (see Methods).

Also, compared to non-infected pigs, the transcriptional
response to S. Choleraesuis infection identified 85, 160,
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954, and 111 transcripts differentially expressed (p-value
< 0.01 and estimated FC > 2) at 8 hpi, 24 hpi, 48 hpi and
21 dpi, respectively (Fig 1). Clearly, a strong transcrip-
tional response was observed at 48 hpi, with a similar
number of up- and down-regulated genes. Table 1 shows
32 up-regulated and 9 down-regulated genes with a fold
change greater than 10 at 48 hpi in infected MLNS, relative
to non-infected MLNs (p-value < 0.01). Of the 30 anno-
tated up-regulated genes in Table 1, 23 genes (77%) are
involved in immune response, inflammation and apopto-
sis. The other 7 up-regulated genes, STEAP4, TNFAIP6,
PSTPIP2, LIPG, HK3, STXBP1 and ITPR1, have not been
previously associated with bacterial infection. The S100
calcium binding protein A9 (S100A9) exhibited the high-
est fold change (226.8) at 48 hpi, compared to non-
infected pigs. A gene from the same family, SI00A12, also
showed strong up-regulation (38.9 estimated FC). Com-
pared to the 32 up-regulated genes, only 9 transcripts were
down-regulated using the same criteria of p-value < 0.01
and estimated FC > 10. Of these, only 3 genes (CA3,
KRT17 and PLN) have been annotated, and none of these
previously have been shown to be involved in the
response to bacterial infection.

Cluster analysis

To get a broad overview of the changes in gene expression
during infection and identify co-expressed gene clusters, a
heat map was created using Gene cluster 3.0 software for
the 1,853 differentially expressed genes. Two distinct clus-
ters, an induced gene cluster and a repressed gene cluster,
were identified and several interesting gene expression
patterns were exhibited (Fig 2). Group A includes 52 genes
that were repressed at 8 hpi and 24 hpi, after which RNA
levels returned to those seen in the non-infected animals.
Many ribosomal protein genes, as well as eukaryotic trans-
lation elongation factor 1 alpha 1(EEF1A1) were included
in this group. A large number of genes that presented a
comparatively lower expression level at 48 hpi during
infection were found in group B. The annotated genes in
this group had diverse biological functions, without an
obvious overrepresentation of any specific pathway. A
common feature of genes in group C, D and E is that they
had a peak RNA response at 48 hpi during infection. How-
ever, genes in each group had different peak response
times: 47 genes in group C, such as INFG, PSMBY,
PSMB10 and C2, were only up-regulated at 48 hpi, while
141 genes in group D, such as TNF, IL6, IL8, IL1A and
IL1B, increased their expression level at 24 hpi and expres-
sion peaked at 48 hpi. Genes in group E were slightly up-
regulated as early as 8 hpi during infection; some heat
shock proteins, such as HSPB1, HSPAG6, HSPA1B were
found in this group. An additional group F contained
genes that were up-regulated at both the acute and chronic
stages of infection, as compared to non-infected animals.
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Table I: Genes showing differential expression of large magnitude (p-value < 0.01 and estimated FC > 10) at 48 hpi as compared to

uninfected pigs.

affylD Gene Name Human Refseq ID p value 8 h/IC 24 h/C 48 h/C 21 d/IC
Ssc.2381.1.Al _at SI100A9 NM_002965 0.0004 2.25 9.8l 226.80 5.90
Ssc.719.1.S1_a_at CXCL5 NM_002993 0.0015 3.09 6.28 102.29 441
Ssc.16008.1.S1_at FCN2 NM_002003 0.0041 1.36 7.90 52.98 1.40
Ssc.17573.1.S1 _at ILIB NM_000576 0.0000 I.16 3.70 39.31 I.15
Ssc.8162.1.51 _at PTX3 NM_002852 0.0009 -1.40 2.6l 39.10 1.05
Ssc.9117.1.51_at SI00AI12 NM_005621 0.0040 1.46 4.29 38.85 4.89
Ssc.16250.1.52_at ILIRN NM_17384| 0.0002 1.20 6.20 33.79 1.81
Ssc.658.1.S1_at IL8 NM_000584 0.0002 2.13 3.17 31.80 2.33
Ssc.4093.1.Al_at IFNG NM_000619 0.0000 -1.27 1.26 28.83 -1.19
Ssc.13769.1.S1 _at LTF NM_002343 0.0024 2.55 3.47 26.31 1.89
Ssc.9114.1.51_at STEAP4 NM_024636 0.0011 -1.25 2.92 20.85 2.83
Ssc.11009.1.Al_at 0.0033 -1.12 5.59 20.81 2.95
Ssc.4871.1.S1 _at CXCL2 NM_002089 0.0000 .17 9.02 17.40 1.48
Ssc.300.1.S1_at SLCIIAI NM_000578 0.0004 1.32 2.49 16.79 1.82
Ssc.16228.1.S1_at PPBP NM_002704 0.0003 -1.52 -1.38 16.17 -1.06
Ssc.5053.1.S1_at CDl63 NM_203416 0.0002 2.01 1.75 16.02 4.69
Ssc.27433.1.S1 _at TGMI NM_000359 0.0003 1.97 3.38 14.78 1.56
Ssc.30887.1.S1_at TNFAIP6 NM_007115 0.0009 -9.58 242 14.44 1.01
Ssc.30027.1.A1_at 0.0020 1.64 2.26 14.30 1.18
Ssc.18261.1.S1_at PSTPIP2 NM_024430 0.0000 -1.02 1.68 13.30 2.20
Ssc.16151.1.S1_at CSF3 NM_172219 0.0032 1.22 2.78 13.15 -1.15
Ssc.62.2.S1_a_at IL6 NM_000600 0.0005 1.18 3.03 13.12 1.41
Ssc.21663.1.Al_at LIPG NM_006033 0.0001 1.35 2.94 12.95 1.78
Ssc.5743.1.51_a_at HK3 NM_002115 0.0002 1.04 1.94 11.64 1.32
Ssc.24282.1.S1 _at CXCLI NM_00I511 0.0000 -1.34 2.26 11.40 1.26
Ssc.6797.1.51 _at STXBPI NM_003165 0.0000 1.48 2.13 11.35 1.83
Ssc.11784.1.S1_at TIMPI NM_003254 0.0000 1.15 2.44 11.27 1.23
Ssc.7314.1.Al _at PTGS2 NM_000963 0.0001 1.43 2.79 10.93 1.27
Ssc.30833.1.S1 _at CCL3 NM_021006 0.0033 236 3.01 10.67 1.88
Ssc.3706.1.52_at SOD2 NM_000636 0.0000 1.10 2.08 10.52 I.16
Ssc.7864.1.Al _at ILIRAP NM_002182 0.0000 -1.09 1.95 10.42 1.33
Ssc.16182.1.S1_at ITPRI NM_002222 0.0018 6.03 3.97 10.38 9.08
Ssc.18080.1.A1_at C8orf46 NM_152765 0.0093 -1.45 -1.30 -10.34 -1.26
Ssc.10960.1.S1_at CA3 NM_005181 0.0003 -1.17 -3.30 -10.50 -1.39
Ssc.8683.1.51 _at 0.0065 -1 -1.87 -10.61 1.26
Ssc.20230.1.S1_at 0.0036 -2.74 -1.53 -11.60 -1.37
Ssc.l1065.1.A1_at KRT17 NM_000422 0.0006 -2.06 -2.52 -11.93 I.15
Ssc.30225.1.A1_at 0.0007 -1.21 -2.54 -16.30 -1.13
Ssc.5227.1.51 _at PLN NM_002667 0.0034 1.06 -1.70 -18.57 1.80
Ssc.14164.1.Al_at 0.0000 -1.34 1.27 -22.76 1.32
Ssc.18150.1.Al_at 0.0027 -1.54 -4.65 -25.37 -1.25

This group included 38 annotated genes, including two
complement related genes, C1QA and CFH.

Gene Ontology annotation

Additional GO annotation of the 16,046 transcripts
expressed in MLN were performed using our laboratory-
designed GO-slim [12], built with terms in the biological
process and molecular function categories of the GO data-
base relevant for immune biology (Fig. 3A, gray bars).
About 4,730 transcripts were assigned specific GO terms.
Approximately 39% of these transcripts were annotated as
being involved in cellular metabolic processes, and a sig-

nificant number of transcripts were assigned known func-
tions in signal transduction (15.6%), cell differentiation
(7.2%), cell cycle (6.3%), calcium ion binding (5.6%),
apoptosis (5.3%), cell adhesion (3.8%) and cell prolifera-
tion (3.7%). An additional 13% of the transcripts were
assigned GO terms related to protein folding, immune
response, cell migration, inflammatory response, defense
response, antigen processing, and antigen presentation.
The immune-oriented GO-slim annotation of the 1,853
differentially expressed genes was also performed (Figure
3A, white bars) and compared to the global transcriptome
GO term assignment. The proportion of genes assigned
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Differentially expressed genes at each time point during infection with S. Choleraesuis (p < 0.01, FC > 2, q <

0.26), compared to non-infected pigs.

GO terms associated with cell adhesion, apoptosis,
immune response, inflammatory response, cellular meta-
bolic process, calcium ion binding activity and acute-
phase response was significantly enriched in our differen-
tially expressed gene list (p < 0.01), compared to the tran-
scriptome GO assignment.

An over-representation of a specific biological process
does not indicate whether the process in question is being
stimulated or repressed overall. To investigate over- or
under-represented functional activities specifically within
the up-regulated and down-regulated genes, GO annota-
tions were also assigned to transcripts from the induced
and repressed clusters again using the GO-SLIM [12] as
above. Statistical analysis revealed that genes annotated
with GO terms of immune response, innate immune
response, defense response, apoptosis and cellular meta-
bolic process were significantly enriched in the induced
cluster, while the repressed cluster had a significantly
higher percentage of genes related to cell adhesion (p <
0.05) (Figure 3B).

Pathway analysis

During bacterial infection, T cells will migrate into the T-
cell zone of the MLN and scan the surface of the antigen-
presenting cells, primarily macrophages and dendritic
cells, for specific peptide:MHC complexes [16]. The levels

of any RNA transcript present in the MLN can be changed
by cells migrating into or out of the lymph node, and
these RNA changes might be erroneously interpreted as
transcriptional response to infection within an immune
cell type. To verify that the observed differences in gene
expression are true transcriptional differences, Affymetrix
data-based expression levels of specific markers for T cells,
macrophages, dendritic cells and granulocytes were
checked. No evidence of major changes in cell migration
was observed since most RNA levels for these marker
genes did not change significantly (Fig 4A). As we have
further concentrated our analyses and interpretations on
genes with large differences in expression, these data indi-
cate the RNA differences we observed are likely represent-
ative of specific transcriptional responses within cells, and
not due to significant changes in the abundance of specific
cell types in the MLN.

To investigate immune-related pathways stimulated dur-
ing infection, the Affymetrix-based expression patterns of
genes that are known to be involved in specific immune
pathways were collected (Fig 4B). Results showed that 6
out of 11 selected Th1-related genes, such as INFG, IRF1,
SOCS1, STAT1, TNF and WARS, were significantly up-reg-
ulated at 48 hpi, while genes known to be predominately
associated with Th2 response (IL4, IL13, MAPK14 and
STATG6), were down-regulated or unchanged respectively
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Figure 2

Hierarchical clustering analysis of 1,853 genes from Affymetrix array analysis showing differential expression
patterns during S. Choleraesuis infection. Differential expression criteria: p-value < 0.01, estimated FC > 2, g < 0.26. The
heat map was built by using Gene Cluster 3.0 software. Red color represents down-regulation and green shows up-regulation.
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Figure 3 (see previous page)

Functional annotation of genes in the porcine MLN transcriptome and of genes differentially expressed (DE)
between infected and non-infected pigs. A. Gene Ontology (GO) annotation of the porcine MLN transcriptome and dif-
ferentially expressed genes (p < 0.0, FC > 2, g < 0.26). All 16,046 probesets which were expressed in infected and non-
infected porcine MLN (gray bars) and 1,853 differentially expressed genes (white bars) were annotated using our own specific
GO-slim for biological processes and molecular functions relevant to immune response. The percentage of a given GO annota-
tion across all annotations in the differentially expressed gene list, as compared to percentage annotation of the complete tran-
scriptome, is shown. Statistical significance is denoted with an asterisk (*p < 0.05 and ** p < 0.01). B. GO annotations for up-
regulated and down-regulated genes from induced and repressed gene clusters. Analysis details and statistics are denoted as in

A.

at all time points during infection (Fig 4B). These data
suggest that S. Choleraesuis elicited primarily a Th1-asso-
ciated response within the MLN during infection.

Most genes known to be involved in innate/inflammatory
pathways in Fig 4B, such as IL-8, IL6, SLC11A1, TLR4 and
IL1B, increased their RNA expression level significantly at
24 hpi and/or 48 hpi during infection. Strong induction
of apoptosis pathways was also observed in response to S.
Choleraesuis infection. Seven apoptosis related genes
(CASP1, CASP3, CASP4, GZMB, PTDSR, TGM1 and
TGM2) were up-regulated significantly at 24 hpi and/or
48 hpi.

Two antigen-processing related genes, PSMB10 and TAP1,
were induced at 48 hpi, which indicates that the antigen

processing pathway was activated. However, S. Cholerae-
suis infection did not appear to significantly influence the
antigen presentation/DC function pathway, because two
genes known to be involved in dendritic cell activation,
CD80 and CD86, did not show elevated expression level
at either 24 or 48 hpi. In addition, CD209, which is also
named DC-SIGN, showed non-significant changes during
infection (p > 0.05).

We observed a significant induction of genes at 48 hpi
that have GO annotation of calcium binding activity,
including S100A9, S100A12, several ANXA family genes,
and CALU. Therefore, we speculate that calcium pathways
were strongly affected by infection at this time (Fig. 4B).
Further, annotation showed that many of the genes that
were up-regulated at 24 and 48 hpi are known direct NFxB
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Figure 4

Transcriptional profile of selected cell-type marker and immune response pathway genes by Affymetrix DNA
microarray analysis. Expression patterns of specific marker genes for T cell, macrophage, granulocyte and dendritic cell
types (A) or important immune response pathways (B) are shown. The fold change from comparisons of infected pigs and non-
infected controls at each time point were calculated from the Affymetrix array data using Genecluster. Statistical differences (p
< 0.05) between control and infected pigs are represented by an asterisk (*).
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targets ([17]; http://bioinfo.lifl.fr/NF-KB/; http://www.nf-
kb.org/). These 58 known NFxB genes are listed in Addi-

tional file 3. To determine whether NFxB dependent
genes formed a central part of the host transcriptional
response to S. Choleraesuis infection, GO analysis was
performed to compare the functional activities of these
differentially expressed known NFxB target genes from an
"Early" group, defined as genes that were up-regulated sig-
nificantly at 8 or 24 hpi (84 genes; p-value < 0.01 and esti-
mated FC > 2), and a "Late" group, defined as genes that
were only up-regulated at 48 hpi (324 genes; p-value <
0.01 and estimated FC > 2). Figure 5 demonstrates that
cytokine or chemokine activity GO terms found in the

http://www.biomedcentral.com/1471-2164/9/437

known NFxB target genes (such as CXCL1, CXCL2,
CXCL6, IL1A, IL1B, IL1RN and CSF3), were enriched in
the Early group as compared to the Late group (Fisher's
exact test p = 0.053). The Late group NFxB target genes
were predominantly annotated in the signal transduction
and cell metabolism categories.

Q-PCR analysis of differentially expressed porcine genes

To confirm the NF«xB genes that were declared differen-
tially expressed in our microarray analysis, a panel of 22
genes was selected for real-time PCR analysis and valida-
tion of the expression patterns at 8 hpi, 24 hpi and 48 hpi.
The RNA levels of 18 known NFxB target genes (IL1A,

40
p=0.053

w
o

Percentage of annotations
in each category
N
o

—_—
o o
I

@ Early group
O Late group

. o e o o Q p7
% 2 8 % % % -
T, 9 S b % < % %
(07 7 < SR o) o
O® A A Pe 2 (@) )
Q. G@/ . @?p Qoo 2@, /OO O/é ®
(@) .
s T - S R
O C}r. 8! O/ (04
% 5 B © 2
af/o. 2 5. 2 o
®
)
Q.
A/.
73

Figure 5

Gene Ontology analysis of Early and Late Groups of Genes Responding to Salmonella. The GO-slim described in
Figure 3 and Methods was used for this analysis. The percentage of a given GO annotation across all annotations in the Early
gene list, as compared to percentage annotation of the Late gene list, is shown.
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IL15, CCL2, CCL3, CXCL5, PPBP, GBP1, GBP2, PTX3,
IKBA, JUNB, NFKBIZ, CD14, ICAM1, TLR2, GZMB, TAP1
and CCR5) were measured. We also analyzed the expres-
sion for a T cell marker gene (CD4) and a macrophage
marker gene CD163. Although an oligonucleotide set rep-
resenting the TGM3 gene could not be found on the
Affymetrix microarray, Q-PCR was performed for this
gene since our earlier work [9] showed a strong up-regula-
tion of TGM3 in porcine lung during acute infection with
S. Choleraesuis, and the temporal expression pattern is
similar to known NFxB target genes. Finally, TREM1 was
also selected for Q-PCR validation because our microarray
data showed its expression pattern to be similar to known
NFxB target genes, although no reports have shown that
TREM1 is directly regulated by NF«B. Comparison of the
QPCR results with the microarray data demonstrated that
expression differences for 20 of the 21 genes were statisti-
cally significant by QPCR, confirming the Affymetrix-
based results for these genes and RNA samples (Table 2
and Fig. 6). Results showed that, except for CD14, all
known NFxB-regulated genes were significantly up-regu-
lated at 48 hpi during infection, and many of the genes
experienced a strong induction from 24 hpi to 48 hpi. We
also confirmed that TGM3, TREM1 and CD163 exhibited
a similar transcriptional profile with many known NFxB
target genes.

Identification of putative NF«xB target genes within the
differentially expressed gene lists through bioinformatic
analysis of the human orthologous promoter sequences
To further explore the possibility that the response
observed might have identified novel NF-xB target genes,
we collected in silico comparative evidence that NFxB may
bind to flanking sequences of these genes [see Additional
file 4]. We used human genomic sequence data for the dif-
ferentially expressed genes in the Early group (83 human
orthologs found for 84 Early genes; E83), the Late group
(319 orthologs found for 324 Late genes; L319), and all
up-regulated genes to identify those genes containing sta-
tistically significant NF«B binding sequence motifs near
their promoters. The latter group contained 560 genes
total, with 544 orthologs found, of which we used only
500 human orthologs (A500) in the TEM-Explorer analy-
ses [18], as this was the maximum allowed by TFM-
Explorer. However, all 544 were used in Clover [19] as a
single group; A544. We also investigated the effect on
finding putative NFxB targets in these groups when
removing the known NFxB target genes from these groups
(Methods; Additional file 3), to explore the underlying
regulatory "signal" in these promoters. Thus we generated
an early group without 22 known targets (E61), a Late
group with 36 known NFxB targets removed (L283), and
a complete group of all up-regulated differentially
expressed genes with the 69 known NF«B targets removed
(U475).

http://www.biomedcentral.com/1471-2164/9/437

TFM-Explorer analysis of E61, representing all genes up-
regulated in the first 8-24 hpi but with known NF«B tar-
gets removed, found 51 promoters (84%) with at least
one NF«B binding site (data not shown). However, when
the full E83 set, including all known NFxB targets, was
analyzed, 73 sequences (88%) were identified with one or
more NFxB binding sites (Fig 7). The software identified
almost all of the known targets (21 of 22). Similarly, TFM-
Explorer analysis of L283 (Late genes with known NFxB
target genes removed) identified 178 sequences with tar-
get sites, while analysis of L319 identified 202 sequences
with NF«B sites, including 24 out of 37 known NFxB tar-
gets. Similar analysis of U475 identified 300 gene promot-
ers with NFxB motifs, while an average of the results for
testing five A500 groups (iterated sampling of the com-
plete 560 up-regulated and annotated complete gene set)
shows 310 sequences were identified (totaling 427 puta-
tive targets), which on average found 45 of the 70 known
NFxB target genes in this group (totaling 58 when
summed across all five replicates) (Fig 7).

Clover analysis shows similar results using 5,000 permu-
tations and p < 0.01 as a significance level cut-off. In the
E83 group 80 of the 83 input sequences were found to
have a NFxB binding sequence, with 21 of the 22 known
targets being found. For L319, Clover identified 239 puta-
tive targets including 30 out of the 37 known targets.
When all differentially expressed genes are grouped
together, (A544), 528 promoter regions were identified to
contain a putative binding site; finding 70 out of 70
known targets. Taking the intersection of TFM-Explorer
and Clover results, there are 72 promoter sequences with
a potential NFxB binding site in the Early group. Within
these 72 promoters, 21 are known to contain a binding
site, leaving 51 potential novel NF«B targets. Similarly, for
the Late group 169 promoters were found by both pro-
grams, and as 24 of the promoters are known NF«B tar-
gets, this identifies 145 potential new direct targets of
NFxB. Combining the results for only the Early and Late
groups, 241 total promoters were predicted to have NFxB
binding sites. Across the complete set of differentially
expressed genes, 419 promoter sequences were found by
both programs, with 58 being previously known targets of
NFxB, yielding 358 potential new NF«B targets (Fig 7). All
genes in the Early, Late and All categories, as well as
whether or not a motif was found for each gene, are
shown in Additional file 4.

Discussion

Transcriptome, differentially expressed genes and GO
annotation

In this study, the Affymetrix GeneChip® Porcine Genome
Array and Q-PCR were used to monitor the whole-
genome expression profile of porcine MLN in response to
S. Choleraesuis infection. Quite similar to the porcine
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Table 2: Q-PCR results for gene expression (C, values, SD) at each early response stage (8 hpi, 24 hpi and 48 hpi) in S. Choleraesuis

infection.
Gene name SC - Control SC-8h SC-24h SC-48h
Average SD Stat Average SD Stat Average SD Stat Average SD Stat

IL15 26,5 067 A 257 038 B 250 055 B 237 0.14 C
CCL2 21.6 127 A 214 034 AB 200 047 C 188 024 D
CCL3 29.0 1.03 A 282 0.09 AB 274 027 B 255 097 C
CCR5 27.5 .12 A 269 036 AB 262 067 B 25.1 031 C
GBPI 228 097 A 222 033 A 21,6 098 A 199 049 B
GBP2 244 068 A 237 023 AB 233 060 B 218 022 C
ICAMI 290 060 A 296 035 A 29.1 0.19 A 280 0.18 B
TAPI 222 057 A 224 035 A 213 017 B 207 027 C
TLR2 256 083 A 254 0.04 AB 247 052 B 235 021 C
TGM3 31.8  0.67 A 313 048 A 257 264 B 226 011 C
GZMB 235 092 A 233 0.62 AB 22.1 0.64 AB 216 039 B
CDI4 283 082 A 268 277 A 260 417 A 262 054 A
ILI1A 289 085 A 279 0.56 AB 26.5 1.61 BC 247 031 C
PPBP 343 .10 A 350 071 A 39 213 B 239 053 C
JUNB 308 0.8 A 30.1 0.17 AB 303 079 AB 300 026 B
IKBA 256 063 A 256 039 A 263 0.54 A 248 031 B
NFKBIZ 234 069 A 22.7 0.68 AB 223 040 B 218 037 B
CDIl63 265 090 A 257 049 A 255 1.I5 A 214 084 B
CXCL5 294 09 A 288 021 A 278 206 A 232 053 B
PTX3 287 071 A 286 072 A 257 254 B 220 025 C
TREMI 305 091 A 30.5 121 A 27.1 197 B 236 044 C
CD4 238 068 A 233 0.10 A 233  0.64 A 234 062 A
RPL32 169 034 A 169 0.14 A 168 031 A 17.1 037 A

Expression values not sharing the same letters are statistically different across time points.

MLN transcriptome seen in a study on the response to S.
Typhimurium [12], expression of more than 16,000 tran-
scripts were reproducibly detected and of these, 11,020
(68.7%) transcripts had a significant hit to human RefSeq.
Thus, we believe the transcriptional response detected in
our study represents a high proportion of the porcine
genomic response to S. Choleraesuis infection within the
MLN. A technical limitation of this work is that the
Affymetrix chip cannot assay for transcript that are not
represented by probesets. An analytical limitation is that
we primarily analyzed only those genes with a relatively
large fold change, due to the large number of genes show-
ing differential expression. While a significant number of
genes passed our filters, there are additional genes and
possibly pathways yet to be analyzed in these data, and all
data is provided in Additional files and to NCBI-GEO. Sta-
tistical analysis of differential expression revealed 1,853
genes changed their expression level within at least one of
10 possible pair wise comparisons during infection, and
about 63% of these differentially expressed genes were
annotated using BLAST analysis. Limitation of availability
of full-length porcine cDNA and the fact that many
human/mouse genes do not have functional annotation,
the non-annotated genes are currently not very helpful in
furthering our understanding of gene functions and path-
ways responding to infection. However, the discovery of

these non-annotated genes as part of the transcriptional
response to bacterial infection is novel, and, as better
annotation becomes available, will contribute to an
improved understanding of the pathways of host response
to bacteria infection across host species.

Compared to the response in porcine MLN during the S.
Typhimurium infection, where only 97 genes were
induced significantly at 48 hpi [12], a strong host tran-
scriptional response at 48 hpi with S. Choleraesuis was
observed, as 954 genes were differentially expressed at 48
hpi compared to non-infected pigs (Fig 1). This is consist-
ent with the clinical manifestations that the rectal temper-
ature of infected animals peaked at 48 hpi. As expected,
we found many genes with large gene expression changes,
such as cytokines, chemokines and heat shock proteins;
these generally overlap with sets of genes that have been
implicated in host response to infection by others [20,21],
indicating our data can be integrated with similar results
in other species. However, we also identified a number of
genes that had not previously been shown to be involved
in host response to bacterial infection, such as STEAP4,
PSTPIP2, LIPG, HK3, STXBP1, ITPR1, CA3, KRT17 and
PLN. None of these genes responded significantly to S.
Typhimurium during infection [12]. Thus we predict that
these induced genes are specific to the response to the S.
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Computational identification of NFxB binding site motifs at human orthologs of genes from Early, Late, and a
combined All groups predict putative NFxB genes responding to S. Choleraesuis. Each bar graph shows (for Clo-
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contains a NFxB motif (light gray), b) the number of known target genes whose promoter was not identified as having a NFxB
motif (white), c) the number of unknown NFxB target genes whose promoter was identified as having a motif (dark gray), and
d) the number of unknown target genes whose promoter was not identified as having a NFxB motif (black).

Choleraesuis serovar, as compared to S. Typhimurium.
Even though the biological function of these genes during
infection remains unclear, these data more fully describe
the transcriptional response to S. Choleraesuis and sug-
gest additional functional roles for these genes. Further-
more, the differentially expressed genes with known
immune functions and those with unknown functions
add to the list of candidate genes to investigate for associ-
ations between immune related traits and DNA-level var-
iation; polymorphisms at these candidate genes might
result in valuable markers for enhancing disease resist-
ance, pig health, and food safety through molecular
breeding methods. Even though we are focusing on the
early response (8, 24 and 48 hpi) during the infection, the
genes expressed differentially at day 21, include CCLS5,
CCR5, TGFB3 and AIF1, and provide additional gene pro-
filing data during the chronic infection stage.

Cluster analysis

Co-expression of genes of known function with poorly
characterized or novel genes may provide a simple means
to gain leads as to the functions of genes for which infor-
mation is not currently available. In our study, hierarchi-
cal cluster analysis was performed on 1,853 genes that
were differentially expressed during infection, and we find
the heat map was driven by the 954 differentially
expressed genes at 48 hpi. A similar heat map analysis of
the transcriptional response to S. Typhimurium shows
that the major peak of 151 responding genes occurred at
24 hpi during infection [12], thus we propose that porcine
MLN had a different response peak time for S. Typhimu-
rium and S. Choleraesuis infection. This is consistent with
the results from a previous study using SSH technology to
investigate expression at 24 hpi [8]. As we observed in
porcine MLN response to S. Typhimurium [12], some
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ribosome- and/or translation-related genes were repressed
at 8 hpi and 24 hpi. This effect is also similar to the
response to LPS in skeletal muscle of neonatal and adult
pigs [22,23] and to the response to endotoxin in human
blood leukocytes [24], where a large number of genes
involved in translation were repressed. Thus, we speculate
that an early pathogenic effect of multiple serovars of Sal-
monella on the host is suppression of translation.

Three gene groups (Fig. 2, group C, D and E) in the
induced cluster exhibited different expression patterns but
shared a common feature, a peak expression response at
48 hpi. As large numbers of NF«B target genes were found
in groups C and D, we discuss their expression features in
the context of NF«B signaling pathways below.

Pathway analysis

A predominant Th1 immune response was observed dur-
ing infection, as 6 of 11 investigated Th1 associated genes,
including TNF, IFNG, and some IFNG-signaling respon-
sive genes (SOCS1, STAT1, WARS and IRF1), were
strongly up-regulated at 24 hpi and/or 48 hpi (Fig. 4B).
This is consistent with the results in porcine lung during
S. Choleraesuis infection [9] and in porcine MLN in both
S. Typhimurium and S. Choleraesuis infection [8,12].
However, IL12A and IL12B, which are thought to also
favor Th1 cell development, did not change their expres-
sion level during infection. Their low expression level in
response to S. Choleraesuis has also been detected by
QPCR analysis of infected porcine MLN by our group [8].
A low expression level of IL12 has been also observed in
the pig in response to porcine reproductive and respira-
tory syndrome virus [25] and in pig MLN response to S.
Typhimurium infection [12] and Toxoplasma gondii [26]
infection. We speculate that lack of IL12 induction during
S. Choleraesuis infection might stifle IFNG induction and
negatively affect host defense against Salmonella.

Our microarray data shows that apoptosis pathway
related genes displayed a strong induction at 24 hpi and
reached a peak response at 48 hpi in response to S. Chol-
eraesuis infection. Multiple genes within gene families
involved in apoptosis pathways were induced signifi-
cantly, such as genes in the caspase family (CASP1, CASP3
and CASP4) and in the transglutaminase family (TGM1,
TGM2 and TGM3). The caspases are a family of cysteine
proteases important not only in starting and executing
apoptosis, but also in processing and maturation of the
inflammatory cytokines IL-1b and IL-18 [27]. The CASP1
gene is known to be important in inflammation due to its
role in maturation of IL-1b and IL-18. Even though it is
unclear whether CASP1 plays a direct role in apoptosis,
overexpression of CASP1 has been shown to cause apop-
tosis in a variety of cell lines [28]. A recent study revealed
that IPAF is an activator of CASP1 and IL-1b in Salmonella

http://www.biomedcentral.com/1471-2164/9/437

infected macrophages [29]; unfortunately, we did not find
any oligonucleotide set representing the IPAF gene on the
Affymetrix microarray. Like CASP1, CASP4 has been
shown to process pro-IL-18 and IL-1F7b, albeit ineffi-
ciently, and to cleave CASP3 into its active form. One
important characteristic of CASP4 is its robust induction
by INFG and the NFxB complex [30,31].

Genes from the transglutaminase family can be signifi-
cantly induced in porcine lung during S. Choleraesuis
infection [9] and in porcine MLN during S. Typhimurium
infection [12]. In this study, TGM1, TGM2 and TGM3
showed exactly the same expression pattern: activation
was initiated at 24 hpi and peaked at 48 h post S. Choler-
aesuis infection in porcine MLN. The TGM3 gene showed
a very strong induction at 48 hpi, with the fold change
about 600 compared to non-infected animals by Q-PCR.
There is evidence that TGM2 is a NFxB dependent gene
[32], and researchers have shown that increased TGM2
activity can trigger NFxB activation through an unusual
IxB polymerization reaction rather than IxB degradation
through IKK signaling [33]. Although transglutaminase
genes have been demonstrated to elevate their expression
level during inflammation and to play a physiological role
in mediating defense against injury or infection in various
cell types [33], their role in apoptosis is not yet clear.

Another important cellular immune response to infection
that occurs in the MLN is antigen processing and presen-
tation, as phagocytic cells in the MLN communicate with
T cells for further immune activation and initiation of
adaptive immune responses. Three of four antigen
processing related genes (Fig. 4B) exhibited an increased
expression level at 48 hpi, which is consistent with the
gene expression patterns that were observed in porcine
lung during S. Choleraesuis infection by [9]. Interestingly,
two markers involved in the antigen presentation activa-
tion pathway, CD80 and CD86, did not show significant
expression changes at 24 hpi and 48 hpi. These data tempt
us to speculate that the host DC-mediated antigen presen-
tation pathway was altered early after infection. Antigen
presentation by murine DC cells can be inhibited by S.
Typhimurium [34,35], and we observed that both CD80
and CD86 were down-regulated at 8 hpi in S. Typhimu-
rium infected MLN [12]. Thus, we predict that lack of a
strong DC-mediated antigen presentation might be a
mechanism that permits S. Choleraesuis to escape the
porcine GALT and cause a systemic infection.

One characteristic of host MLN transcriptional response
to S. Choleraesuis is that several groups of genes with
annotations for calcium binding activities changed their
RNA expression levels significantly during infection. Cal-
cium binding proteins are important molecules in the
transduction of calcium signaling, which evoke various
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cellular processes, such as cell migration, cell differentia-
tion, cell death and cell growth [36]. The S100 gene family
is the largest group of calcium binding proteins; two
members of this gene family, SI00A9 and S100A12, were
up-regulated significantly with a large fold change at 48
hpi relative to non-infected animals in our study. Induc-
tion of S100A9 has been also observed in porcine Peyer's
patch in response to S. Choleraesuis infection [11]. Over-
expression of SI00A9 and S100A12 at the site of inflam-
mation has been well described in humans, and S100A8/
S100A9 and S100A12 are used as clinical laboratory
markers for inflammation [36]. The exact biological func-
tion of these genes remains to be defined in greater detail,
although there is evidence that they have anti-microbial
properties [37], and are involved in induction of apopto-
sis [38]. Other genes with GO annotation for calcium
binding activity, including annexins (ANXA1, ANXA5 and
ANXA8) and transglutaminases (TGM1, TGM2 and
TGM3), showed differential expression at 24 and/or 48
hpi compared to non-infected animals. Calcium is an
important second messenger in cells and changes in cal-
cium pathways can evoke various cellular processes [36].
Our report is the first to describe the strong induction of
multiple calcium binding protein genes in MLN of S.
Choleraesuis infected pigs and adds new information to
host transcriptional response to gram-negative bacteria
infection in pig and other species.

NFxB signaling pathway

NFxB is a latent transcription factor held in the cytoplasm
through binding by its inhibitors IxB. During stimulation
or infection, 1xB is phosphorylated and degraded, allow-
ing NF«B translocating into the nucleus to induce expres-
sion of many genes [17]. The NFxB target genes control a
variety of cellular processes. Both microarray and QPCR
data analysis revealed that many known NFxB target
genes were significantly up-regulated from 24 hpi to 48
hpi, indicating a strong NFxB response during acute S.
Choleraesuis infection. Both the magnitude and timing of
this response was different from the response to S. Typh-
imurium, where suppression of the NFxB pathway from
24 to 48 hpi was observed [12]. Thus understanding the
transcriptional profiles of NF«B target genes is an impor-
tant step to further understand its regulatory function in
bacterial infection. Different activation times for NFxB
target genes during stimulation has been intensively stud-
ied [39,40]. Analysis of LPS-stimulated mouse macro-
phages demonstrated that NFxB binding occurs in two
distinct waves due to different rates of NFxB recruitment
[39]. Tian et al. (2005) identified "Early", "Middle" and
"Late" expression profiles of NFxB target genes during the
TNF stimulation in epithelial cells, since these genes have
peak response at 1 h, 3 h and 6 h, respectively. Three
mechanisms for these differential expression patterns of
NF«B target genes were suggested; a) Early and Late gene
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promoters are bound by NF«B complexes containing dif-
ferent subunits; b) there are different environments in
which the NFxB binding sites are located between the
Early and Late gene promoters or c) genes in the Late
group undergo an additional rate-limiting step necessary
for promoter activation [40].

In our study, two groups of NF«B target genes were iden-
tified, an "Early" group and a "Late" group. To determine
the biological functions of genes in the Early versus the
Late groups, GO annotations were assigned. GO terms for
cytokine activity or chemokine activity were enriched in
the Early genes (Fisher's exact test p = 0.053), while the
Late group was predominantly composed of genes with
signal transduction and cell metabolism annotations.
This is consistent with the functional categorization of
NFxB dependent genes in "early" and "late" groups of
[40]. The rapid induction of cytokines and chemokines
during infection clearly may be important for recruiting
immune cells to infection sites.

Both microarray and Q-PCR data suggested that NFKBIA
(which encodes IxB¢) increased its RNA level slightly at
48 hpi. There is overwhelming evidence that demon-
strates that expression of this inhibitory gene is activated
by NF«B in a negative feedback loop, which provides an
effective mechanism for controlling NF«B activity [41]. It
has also been shown that NF«B DNA binding activity is at
its peak when NFKBIA is newly synthesized [39]. Thus, as
we observe up-regulation of NFKBIA and strong activation
of other NFxB target genes at 24 hpi, we speculate that
NFxB activity was initiated at 24 hpi and transcriptional
responses to NF«B peaked at 48 hpi. This contrasts to the
response of NFxB target genes to S. Typhimurium infec-
tion, where NFKBIA was not up-regulated significantly at
48 hpi, and many genes were suppressed from 24 hpi to
48 hpi [12].

Identification of potential porcine NFkB targets

Using TFM-Explorer and Clover, it was possible to identify
promoter regions containing NFxB motifs in human
genes orthologous to the porcine genes which had Early
(within 24 hpi) and Late (by 48 hpi) response to Salmo-
nella infection. We have confidence that our analysis has
identified strong candidate NFxB target genes, as the cut-
off for identifying NFxB motifs within promoters was
stringent, given that the non-zero possibility that groups
of randomly selected genes used as the background in the
TFM Explorer analysis will contain some NFxB targets.
Some of the known targets were missed by our TFM-
Explorer analysis, but the input sequence window used
was only 2,000 total bases. Thus for these known targets,
there might be some binding sites outside of the input
sequence range. However, we were able to identify 95%,
65% and 83% of the known targets in the E83, L319 and
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A544 groups, respectively, indicating that our sensitivity
was adequate to find the large majority of known target
genes.

Results for DNA regulatory motif analysis of human
orthologs for the stimulated gene groups provided evi-
dence for 51 putative NF«B targets in the Early group and
145 in the Late group. These putative targets were also
analyzed by GO annotation to further develop our under-
standing of the regulatory response to Salmonella infection
(data not shown), as performed on the known NFxB tar-
get genes (Figure 5), These putative target genes, including
SOCS1, SCARB2, CEBPD, CXCL16, IL1RAP, and CASP7,
are involved in multiple cellular processes, including cell
adhesion, regulation of transcription, immune response,
and receptor activity. While there is no additional experi-
mental evidence that these genes are direct NFxB targets,
many of them have been previously reported to be
involved in the response to bacterial infection [8,42,43].
Further, the motif-finding software TEM-Explorer was able
to predict nearly all of these promoters as containing
NFxB motifs, even when known NF«xB target promoters
were removed from the test set. This indicates that these
putative NF«B target genes have important regulatory
regions in common with bona fide NF«B targets, and that
these common motifs can be found independently in the
known motif data. Thus, although further experimental
work is needed to confirm that these genes are true NFxB
targets, our analysis detecting NF«B regulatory motifs in
these genes further supports the hypothesis that they con-
stitute an important part of the early anti-bacterial infec-
tion response.

To supplement our PubMed literature search that found
none of these genes were known NF«B direct targets, Path-
way Studio (a PubMed text-mining software) analysis was
run on the complete sets of Early and Late genes. Pathway
Studio identified seven Early group genes having literature
evidence of direct binding of NFxB to their promoter
region (CEBPD, IL1B, IL6, IL8, FOS, EGR1, PTGS2), while
in the late group only two were identified as having liter-
ature evidence of direct binding (TNF, IFNG). In addition,
in the Early group, ten other genes were identified as hav-
ing a connection with NFxB in the literature, usually shar-
ing a common expression pattern (CSF3, CYCS, OASI1,
CEBPB, CELP, 1IER3, SOD2, CCL2, HLA-A, CXCL2). For
the Late group, an additional 11 were also found to have
a connection with NFxB (LYZ, SP6, IL10, TLR2, BCL2,
APP, HXB, CCR5, ANXAS5, IL15, CDKN1A). TEM-Explorer
and Clover found motifs at the promoters of: a) all genes
with direct binding evidence; b) all but one of the NFxB-
connected genes (CYCS) identified in the Early group
(94%); and c) all but two (CCR5, ANXAS5) of the 13
(77%) in the Late group. Of the genes that were predicted
to contain an NFxB binding site by both programs and
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had evidence from Pathway Studio as having a direct
binding relationship with NFxB, only CEBPD and EGR1
were not previously on the "known" list of targets at avail-
able websites (see Methods). However, due to more recent
literature evidence provided by the Pathway Studio soft-
ware, they should be considered "known" NFxB targets.
Thus, this literature analysis indicates that the large major-
ity of genes predicted to be NF«B targets (Fig 7), based on
co-expression and motif data, have not yet been recog-
nized as direct NF«B target genes. As this evidence is based
on human promoter sequences, these genes may be regu-
lated by NFxB during cellular responses to Salmonella in
other species as well, including human.

Conclusion

This study investigated the host transcriptional response
to S. Choleraesuis infection in porcine MLN using the
Affymetrix porcine GeneChip® Transcriptome. A large
number of differentially expressed genes (p < 0.01, FC > 2)
were identified and functional analyses of these genes was
performed by GO annotation enrichment calculations.
Gene expression hierarchical cluster analysis and specific
pathway analysis revealed several specific features of por-
cine host response to infection, and expanded the gene
targets for future genomic studies. Comparison of the
magnitude and timing of porcine MLN transcriptional
response to different Salmonella serovars, S. Choleraesuis
and S. Typhimurium, clearly showed a larger but later
transcriptional response to S. Choleraesuis. Both microar-
ray and QPCR data provided evidence of a strong NF«B-
dependent host transcriptional response during S. Choler-
aesuis infection. Motif searches of orthologous human
promoter sequences using TFM-Explorer and Clover soft-
ware identified 51 putative novel NFxB direct targets in
the Early group (8-24 hpi) of genes and 145 in the Late
group (48 hpi). While experimental validation is needed
to confirm these predicted NF«B binding sites and regula-
tory relationships, our study adds new data towards an
understanding of the NF«B signaling pathway response to
Gram-negative bacterial infection which may be applica-
ble across mammalian species.

Methods

Experimental design

Animals which were used in this study and experimental
design were described previously [8]. Briefly, fifteen pig-
lets which were confirmed to be fecal-negative for Salmo-
nella spp. prior to challenge, were randomly allocated to
the non-infected group (3 piglets) or to the infected group
(12 piglets), respectively. The three non-infected control
pigs were necropsied 3 days prior to experimental infec-
tion. On day 0, pigs in the infected groups were intrana-
sally challenged with 1 x 10° CFU of S. Choleraesuis
¥3246. Three randomly chosen infected pigs were necrop-
sied at each time point of 8 hpi, 24 hpi, 48 hpi and 21 dpi,
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respectively. Tissue samples from the MLN were collected
and immediately frozen in liquid nitrogen.

Microarray hybridizations and data analysis

Five ug total RNA was used for first and second strand
cDNA synthesis according to the manufacturer instruc-
tions (Affymetrix, Inc. Santa Clara, CA). The double
stranded cDNA was purified, tested on an Agilent Bioana-
lyser 2100, and served as the template for the subsequent
in vitro transcription (IVT) reaction for cRNA amplifica-
tion. Labeling cRNA with biotin was performed by the
GeneChip® One-Cycle target labeling kit (Affymetrix;
Expression Analysis Technical Manual). Quality of the
labeled cRNA was tested on an Agilent Bioanalyser 2100.
Subsequently, labeled cRNA was fractionated and hybrid-
ized with the GeneChip® Porcine Genome Array according
to the standard procedures provided by the manufacturer.
Chips were washed and stained with a GeneChip Fluidics
Station 450 (Affymetrix, Inc. Santa Clara, CA) using the
standard fluidics protocol. Chips were then scanned with
an Affymetrix GeneChip Scanner 3000 (Affymetrix, Inc.
Santa Clara, CA).

MAS 5.0 (Microarray Analysis System 5.0, Affymetrix, Inc.
Santa Clara, CA) default normalization methods were
used to obtain the expression measure for each probeset.
Base-2 logarithms were then taken on these expression
measures. The median of the log expression measures for
each chip was then subtracted from all log expression
measures on the same chip. Differentially expressed genes
were identified by analyzing these normalized data with a
linear model using SAS Proc GLM (SAS Institute, Cary,
NC) on a gene by gene basis. The statistical model for gene

g was as follows:, y;, = s, + Tjg + &;, where y;, is the log of

Eijg
the normalized signal for gene g on pig j necropsied at
time i, 4, is an intercept term for gene g, T}, is the fixed
effect of the ith time-point on expression of gene g, and the
&j, values are normally distributed random errors with

g2 > 0, assumed to be

mean 0 and gene-specific variances o
independent for each g. An F test for differences in expres-
sion across all time points during infection and t-tests for
all ten pair-wise comparisons among the five treatment
groups (non-infected, 8 hpi, 24 hpi, 48 hpi, and 21 dpi)
were conducted as part of the analysis for each gene. This
yielded eleven sets of p-values for the effect of infection.
Each set of p-values was converted to a set of g-values
using the method of Storey and Tibshirani (2003) [44].
The largest g-value in a list of genes declared to be differ-
entially expressed provides an estimate of the upper
bound of the positive False Discovery Rate (pFDR) associ-
ated with the list. Fold changes (FC) for each of the 10
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pairwise comparisons were estimated as 2‘% ‘ , where d kg
is the estimated difference in means for gene g on the log
scale for comparison k, k=1, 2,U, 10. As the p-values tend
to be stochastically smaller for genes with larger estimated
fold changes in our data, we still use the largest g-value in
a list of genes as a conservative estimate of the upper
bound of pFDR even though we have excluded the genes
with estimated FC < 2 (or estimated FC < 10 in some cases
as noted in the Results section). Our microarray data have
been submitted to the NCBI GEO database and the acces-
sion number is GSE7314.

Transcriptome determination and Sequence-based
annotation of Probesets

The transcriptome of normal and S. Choleraesuis infected
MLN were determined as described previously [12].
Briefly, transcripts which showed a Present call for all
three non-infected animals were counted in the transcrip-
tome of normal porcine MLN tissue, while transcripts
which showed a Present call for all three replicates in at
least one time point during infection were counted as the
transcriptome of infected porcine MLN tissue.

Probesets were annotated using novel consensus
sequences produced from alignments from an assembly
of approximately 1.7 million, publicity available porcine
EST and full-length mRNAs, as follows. First, a blast anal-
ysis of these ISU consensus sequences against a well-
curated sequence database, NCBI's RefSeq, was performed
to obtain homologue and annotation information (Cou-
ture et al., unpublished observations). A relatively con-
servative cutoff of le-10 for an E-value was used for
annotation of each consensus sequence. Second, the
Affymetrix consensus sequences were blasted to the new
ISU consensus sequences to annotate probesets designed
from each Affymetrix consensus sequence. This assembly
increased the length of available consensus sequences,
which in turn produced higher scores to cross-species
homologues than when the Affymetrix consensus
sequences alone were used. Our E value cutoff created a
minimum bit score of 74 which is more stringent that the
minimum bit score of 50 which was used by Tsai and co-
workers [45]. The current annotation of the entire Affyme-
trix Genechip is available upon request.

Hierarchical Cluster analysis

After removing duplicate probe sets, a total of 1,853 genes
showed p-value < 0.01 and estimated FC > 2 (g-value <
0.26) in at least one of the 10 possible time point pair-
wise comparisons (8 h-C, 24 h-C, 48 h-C, 21 d-C, 24 h-8
h, 48 h-8 h, 21 d-8h, 48 h-24 h, 21 d-24 h and 21 d-48
h) during S. Choleraesuis infection and were designated
as the differentially expressed genes. This list was used to
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perform a hierarchical cluster analysis and to construct a
heat map using the Gene Cluster 3.0 and tree view soft-
ware (Stanford University, 2002).

GO-slim creation and GO annotation of Affymetrix
probesets

A set of high level GO terms which represent host
response categories in biological_ process was selected by
using OBO-Edit, which is part of the go-dev software pro-
vided by GO at Sourceforge https://sourceforge.neproject/
show files.php?group_id=36855&package id=33201. An
expanded GO slim was created and GO analysis was per-
formed for transcriptome and differentially expressed
genes as described before [12]. Fisher's exact test was used
for gene enrichment analysis.

Quantitative PCR (QPCR) RNA analysis

Quantitative PCR technology was used to verify the differ-
ential expression of 21 genes at early response stages (8
hpi, 24 hpi and 48 hpi), as identified by the microarray.
The TGM3 gene, which has not yet been annotated on the
microarray, was also analyzed. The RPL32 gene, a refer-
ence gene for high abundance gene transcripts, was used
as a positive control. All probes and primers for real time
TagMan PCR were designed as previously described
[26,46]. The interpolated number (C,) of cycles to reach a
fixed threshold above background noise was used to
quantify amplification. The fold change in expression of
the target gene was estimated as 22¢t, where AC, is the dif-
ference between average C, values for the control and
infected pigs. Resulting Q-PCR data were analyzed by one-
way ANOVA on a gene by gene basis, as done in analyzing
microarray data, but using JMP 5.0 Software (SAS Inc,
Cary, NC). Fisher's LSD post-hoc test was applied to assess
differences between groups of pigs at different time points
post infection. A value of p < 0.05 was considered statisti-
cally significant.

NF«B motif searching

TFM-Explorer identifies windows conserved amongst a
group of sequences sharing a common transcription fac-
tor binding site. To do this, TEM-Explorer compares the
input sequences to a set of previously derived position
specific scoring matrices (PSSM) for the binding sites of
interest to obtain a score for each sequence. It then com-
pares this to the probability of the binding site appearing
at random in the genomic background sequences. It then
sees how many of the sequences have the same matrix
within a window from 300 to 1500 bases long. The closer
the sequence matches the PSSM, and the higher the per-
centage of sequences with the binding site within a win-
dow, the more significant that window becomes. The
default parameters of TFM-Explorer, including the limit of
500 input sequences, were used for all runs.
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The 1,500 bp 5' and 500 3' bp (relative to the annotated
transcription start site) of the human orthologs for all
annotated and upregulated DE porcine genes were
obtained using PERL scripts. These scripts use human
RNA RefSeq accession number, obtained from BLAST
results using the Affymetrix porcine consensus sequence
(Couture et al., unpublished results) that identified
orthologs, to identify and download human chromosome
GenBank and FASTA files from NCBI RefSeq. Information
on transcription start sites from the human chromosomal
GenBank files, strand information, and sub-sequences for
each transcript were extracted from the FASTA files.
Human orthologs of the porcine differentially expressed
genes were then separated into different groups: two early
sets (one of 83 sequences with known and unknown
NF«B targets [E83] and one of 61 sequences without these
known targets [E61]); two late sets (one of 319 sequences
with known NFxB targets [L319] and one of 283
sequences without these known targets [L283]); five dif-
ferent randomly selected sets of 500 (A500) from the 560
up-regulated and annotated genes across all time points
(due to the limitation of TFM-Explorer of allowing a max-
imum of 500 input sequences); and a set of 475 genes
from this 560 gene set with the known targets of NFxB
removed (U475). A list of genes known to be direct targets
of NFxB was obtained at two websites: http://www.nf-
kb.org and http://bioinfo.lifl.fr/NF-KB/. The promoter
sequences in these different groups were then searched for
windows of sequence with over-representation of any of
the available known NF«B motifs defined by position-
specific sequence matrices deposited in public TRANSFAC

tp://www.gene-regulation.com/pub/databases.html

or JASPAR http://jaspar.genereg.net/ using the default
parameters of TFM-Explorer [18].

In addition to TFM-Explorer, Clover [19] was also used to
find putative binding sites in the above promoter
sequences for E83, L319, and for all 560 differentially
expressed genes. Clover can use a permutation test to see
how often a given matrix is found in a group of sequences
when compared to how often it is found in a randomly
generated sequence set selected from background
sequences that maintain the same number of sequences,
the same length, and same G/C content as the input set.
Since human sequences were used as input, sets of human
sequence was used as background sequence as well;
human CpG islands, the entire chromosome 20, and the
2,000 upstream bases from genes. Only the default
number of permutation tests was changed: using 5,000
instead of the default of 1,000. Also, since Clover does not
have an input size limit all 560 sequences were run as a
single group. After running both programs on the same set
of sequences, the intercept of the sequences was defined
to be putative NFxB targets.
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Transcriptome analysis of porcine MLN during S. Choleraesuis infection.
Probesets that showed a present call for all three non-infected animals
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cates in at least one time point during infection. Thus 16, 046 probesets
were counted as the transcriptome (detected expression in at least one con-
dition) in porcine mesenteric lymph nodes.
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Differentially expressed gene list during S. Choleraesuis infection. 1,853
genes that showed differentially expressed with statistical significance in
at least one of all 10 pair-wise comparisons during infection (p < 0.01, fc
>2).
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|http://www.biomedcentral.com/content/supplementary/1471-
2164-9-437-S2 xls|

Additional file 3

Upregulated known NFkB target genes during S. Choleraesuis infection.
58 known NFxB target genes were induced significantly at 8, 24 and/or
48 hpi. These target genes can be classified into two groups based on their
expression pattern; a "Early group" in which genes were induced at either
8 or 24 hpi, and a "Late group" in which genes were only induced at 48
hpi.
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Putative and known NFkB target genes in "early", "late" and "all" groups.
All genes in the defined "early", "late" and "all" groups are shown, along
with a) for which of these genes both Clover and TEM Explorer predicted
an NFkB site was present in the 2,000 bp orthologous human promoter
sequence (-1,500 to +500 bp relative to the transcription start site anno-
tated at NCBI); and b) which genes are known to be NFkB targets genes
using the websites shown in Additional file 3.
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