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1. Introduction

ABSTRACT

The mucosal surfaces of fish (gill, skin, gastrointestinal tract) are important sites of bacterial exposure
and host defense mechanisms. In mammalian systems, the intestinal epithelium is well characterized as
both a selectively permeable barrier regulated by junctional proteins and as a primary site of infection for
a number of enteric pathogens including viruses, bacteria, and parasites. The causative bacterium of
enteric septicemia of catfish, Edwardsiella ictaluri, is believed to gain entry through the intestinal
epithelium, with previous research using a rat intestinal epithelial cell line (IEC-6) indicating actin
polymerization and receptor-mediated endocytosis as potential mechanisms of uptake. Here, we utilized
high-throughput RNA-seq to characterize the role of the intestinal epithelial barrier following E. ictaluri
challenge. A total of 197.6 million reads were obtained and assembled into 176,481 contigs with an
average length of 893.7 bp and N50 of 1676 bp. The assembled contigs contained 14,457 known unigenes,
including 2719 genes not previously identified in other catfish transcriptome studies. Comparison of
digital gene expression between challenged and control samples revealed 1633 differentially expressed
genes at 3 h, 24 h, and 3 day following exposure. Gene pathway analysis of the differentially expressed
gene set indicated the centrality of actin cytoskeletal polymerization/remodelling and junctional regu-
lation in pathogen entry and subsequent inflammatory responses. The expression patterns of fifteen
differentially expressed genes related to intestinal epithelial barrier dysfunction were validated by
quantitative real-time RT-PCR (average correlation coeff. 0.92, p < 0.001). Our results set a foundation for
future studies comparing mechanisms of pathogen entry and mucosal immunity across several impor-
tant catfish pathogens including E. ictaluri, Edwardsiellatarda, Flavobacterium columnare, and virulent
atypical Aeromonas hydrophila. Understanding of molecular mechanisms of pathogen entry during
infection will provide insight into strategies for selection of resistant catfish brood stocks against various
diseases.

© 2012 Elsevier Ltd. All rights reserved.

mucosal epithelium is well characterized as both a selectively
permeable barrier regulated by junctional proteins and as

Mucosal surfaces form a thin physical barrier between the
external environment and the internal milieu. This epithelial
monolayer not only serves to mediate interactions between path-
ogen sensors and mucosa-associated lymphoid tissue (MALT) but
also carries out other physiological roles such as nutrient absorp-
tion and waste secretion [1]. In mammalian systems, the intestinal
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a primary site of infection for a number of enteric pathogens
including viruses, bacteria, and parasites [2]. Intestinal diseases
often lead to disruption or exploitation of barrier components
either through co-opting them as receptors for attachment and
internalization, through pathogen release of targeted effector
molecules, or through stimulation of host inflammatory responses
which ultimately compromise junctional integrity. Disruption of
the apical junction complex (AJC), consisting of the tight junction,
adherens junction, and desmosome, structurally impacts epithelial
cell integrity via junctionally-linked actin filaments and disrupts
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large cytoplasmic scaffolding proteins leading to dysregulated cell
signaling and regulation [3].

The mucosal surfaces of fish (gills, skin, gastrointestinal tract)
are also known as sites of pathogen exposure and are the focus of
specific host defense mechanisms. Several studies have begun to
examine the cellular and molecular composition of mucosal
surfaces in salmonids [4—10], carp [11], cod [12] and flounder [13].
Farmed fish, like other vertebrates, are susceptible to a large
number of pathogens with primary or secondary routes of entry
through the gastrointestinal (GI) tract and which are capable of
causing widespread mortality. Among these are Aeromonas hydro-
phila, Aeromonas salmonicida, Mycobacterium marinum, Edward-
siella ictaluri, Edwardsiella tarda, Vibrio anguillarum, and
Streptococcus iniae. While our knowledge of cellular actors in
teleost intestinal immunology has grown considerably [14], few
studies have examined the molecular processes and pathways
triggered following bacterial invasion and passage through the
intestinal mucosa. Jima et al. [15] examined the transcriptional
consequences of the lack of adaptive immunity (ragl—/-) in the
zebrafish intestine, while Davey et al. [ 16] recently profiled gilthead
sea bream intestinal responses to myxosporean parasite infection.
Both studies utilized microarrays to examine expression levels of
known transcripts.

Catfish (Ictalurus spp.), the dominant aquaculture species in the
U.S., suffers from widespread disease outbreaks due to a number of
enteric pathogens, including A. hydrophila, E. tarda, and E. ictaluri.
The last of these, the Gram-negative, rod-shaped bacterium
E. ictaluri, and its associated disease enteric septicemia of catfish
(ESC), is commonly associated with widespread mortality through
both acute and chronic infections in ponds. It has long been
hypothesized that observed differences in disease susceptibility
between catfish species and strains are due to the differing ability
of the host to prevent pathogen attachment and entry at mucosal
epithelial sites on the gill, skin, and gastrointestinal tract [17—19].
However, no studies have systematically studied the intestinal
mucosal barrier and associated immune responses in this context.
Hebert et al. [20] evaluated the composition of intestinal tract
immune cells in channel catfish. Most relevant to this study,
Skirpstunas and Baldwin [21] conducted invasion trials using
E. ictaluri and mammalian, fish and harvested channel catfish
enteric epithelial cells. They reported that pre-incubation of
intestinal cell lines with cytochalasin D (microfilament depoly-
merizer) and monodansylcadaverine (blocks receptor-mediated
endocytosis) reduced E. ictaluri invasion, indicating potential
routes of entry. To begin to understand the elements of catfish
mucosal immune responses, here we examined transcriptional
profiles of the catfish intestine at three timepoints following
experimental infection with E. ictaluri. Utilizing RNA-seq tech-
nology we captured 1633 differentially expressed genes with crit-
ical functional roles in cytoskeletal/muscle fiber dynamics,
junctional modification, lysosome/phagosome regulation, immune
activation and inflammation, attachment and pathogen recogni-
tion, and endocrine/growth disruption. Identification of the
molecular actors in catfish mucosal immunity will advance our
knowledge of teleost immunology and speed the development of
targeted detection assays and therapeutants.

2. Methods
2.1. Experimental animals and tissue collection

All procedures involving the handling and treatment of fish
used during this study were approved by the Auburn University

Institutional Animal Care and Use Committee (AU-IACUC) prior to
initiation. Marion channel catfish (average size 35 + 1.3 g) were

reared at the Auburn University Fish Genetics Research Unit prior
to challenge. Challenges followed established detailed protocols
for ESC [22] and [23]. Fish were challenged in 30 L (20 L water)
aquaria with 3 control and 3 treatment groups. Aquaria were
randomly divided into sampling timepoints-3 h treatment, 24 h
treatment, 3 d treatment, 3 h control, 24 h control, and 3 d control
with forty fish in each aquarium. The MS-S97-773 isolate of
E. ictaluri bacteria was obtained from a natural outbreak and
utilized in the experimental challenge. Bacteria were re-isolated
from a single symptomatic fish and biochemically confirmed to
be E. ictaluri using standard procedures. Briefly, isolates were
streaked out on BHI agar and grown at 25 °C for 48 h and
confirmed by appearance (small, punctate white colonies) and
through biochemical assay (oxidase negative, fermentative in O/F
glucose or glucose motility deeps (GMD), triple sugar iron (TSI)
slant reaction K/A with no HjS, and negative for indole production
in tryptone broth). Following confirmation, the bacteria were
inoculated into brain heart infusion (BHI) broth and incubated in
a shaker (180 rpm) incubator at 25 °C overnight. The concentra-
tion of the bacteria was determined using colony forming unit
(CFU) per mL by plating 10 pl of 10-fold serial dilutions onto BHI
agar plates. During challenge, 200 mL bacterial culture with
a concentration of 4 x 108 CFU/ml was added into the aquaria.
Water was turned off in the aquaria for 2 h of immersion exposure,
and then continuous water flow-through resumed for the duration
of the challenge experiment.

At 3 h, 24 h and 3 d after challenge, 30 fish were collected from
each of the appropriate control and treatment aquaria at each
timepoint and euthanized with MS-222 (300 mg/L) buffered with
sodium bicarbonate. The entire intestinal tracts from 10 fish were
dissected, bisected and gently washed with cold, sterile PBS and
pooled together in RNAlater. Samples were stored at 4 °C overnight
following collection and then transferred to —80 °C prior to RNA
extraction. During the challenge, symptomatic treatment fish and
control fish were collected and confirmed to be infected with
E. ictaluri and pathogen-free, respectively, at the Fish Disease
Diagnostic Laboratory, Auburn University.

2.2. RNA extraction, library construction and sequencing

Prior to RNA extraction, samples were removed from the —80 °C
freezer and ground with sterilized mortar and pestle in the pres-
ence of liquid nitrogen to a fine powder. Total RNA was extracted
from tissue powder using the RNeasy Plus Kit (Qiagen) following
manufacturer’s instructions and treated with RNase free DNase |
(Qiagen) to remove genomic DNA. RNA concentration and integrity
of each sample was measured on an Agilent 2100 Bioanalyzer using
a RNA Nano Bioanalysis chip. For each timepoint, equal amounts of
RNA from the three treatment replicates were pooled for RNA-seq
library construction. For the control samples, the replicate pools
spanned each of the three timepoints (0 h, 24 h, and 3 d). A master
pool composed of equal amounts of each replicate control pool was
formed for use in RNA-seq.

RNA-seq library preparation and sequencing was carried out by
HudsonAlpha Genomic Services Lab (Huntsville, AL, USA). cDNA
libraries were prepared with 2.14—3.25 ug of starting total RNA and
using the Illumina TruSeq RNA Sample Preparation Kit (Illumina),
as dictated by the TruSeq protocol. The libraries were amplified
with 15 cycles of PCR and contained TruSeq indexes within the
adapters, specifically indexes 1—4. Finally, amplified library yields
were 30 ul of 19.8—21.4 ng/ul with an average length of ~270 bp,
indicating a concentration of 110—140 nM. After KAPA quantitation
and dilution, the libraries were clustered 4 per lane and sequenced
on an Illumina HiSeq 2000 instrument with 100 bp paired end (PE)
reads.
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2.3. De novo assembly of sequencing reads

Before assembly, raw reads were trimmed by removing adapter
sequences and ambiguous nucleotides. Reads with quality scores
less than 20 and length below 30 bp were all trimmed. The
resulting high-quality sequences were used in subsequent
assembly.

The de novo assembly was performed by various de Brujin graph
assemblers to obtain the best assembly results [24]. Briefly, the
clean reads were first hashed according to a predefined k-mer
length, the ‘k-mers’. After capturing overlaps of length k-1
between these k-mers, the short reads were assembled into con-
tigs. We used publicly available programs ABySS version 1.2.5 [25]
and Trans-ABySS version 1.2.0, Velvet version 1.1.04 [26] and
Assembly Assembler version 1.3, and commercially available CLC
Genomics Workbench version 4.7.2.

The clean reads from all timepoints were used as input in all the
assemblers. ABySS and Velvet assemblies were performed at
various k-mer lengths. In ABySS, the k-mer size was set from 50 to
96, assemblies from all k-mers were merged into one assembly by
Trans-ABySS. In Velvet, the k-mer was equal to 50, 55, 61, 67, 75, 85
and 97 with insert length 268, and AssemblyAssembler version 1.3
was used to merge different assemblies. In CLC Genomics Work-
bench, the assembly was performed using default settings. In order
to reduce redundancy, the assembly results from different assem-
blers were passed to CD-Hit [27] version 4.5.4 and CAP3 [28] for
multiple alignment and consensus building after trimming contigs
less than 200 bp. The threshold was set as identity equal to 1 in CD-
Hit, the minimal overlap length and identity equal to 100 bp and
99% in CAP3.

2.4. Gene annotation and ontology

Following selection of the Trans-ABySS assembly based on
contig number and contig length, assembly contigs were used as
queries against the NCBI zebrafish protein database, the UniProtKB/
SwissProt database and the non-redundant (nr) protein database
using the BLASTX program. The cutoff E-value was set at 1e-5 and
only the top gene id and name were initially assigned to each
contig. Gene ontology (GO) annotation analysis was performed
using the zebrafish BLAST results in Blast2GO version 2.5.0 [29],
which is an automated tool for the assignment of gene ontology
terms. The zebrafish BLAST result or the nr BLAST result (when
a “hypothetical” result was returned in the zebrafish database), was
imported to BLAST2GO. The final annotation file was produced after
gene ID mapping, GO term assignment, annotation augmentation
and generic GO-Slim process. The annotation result was catego-
rized with respect to Biological Process, Molecular Function, and
Cellular Component at level 2.

2.5. Identification of differentially expressed contigs

The high-quality reads from each sample were mapped onto the
Trans-ABySS reference assembly using CLC Genomics Workbench
software. During mapping, at least 95% of the bases were required
to align to the reference and a maximum of two mismatches were
allowed. The total mapped reads number for each transcript was
determined, and then normalized to detect RPKM (Reads Per
Kilobase of exon model per Million mapped reads). The
proportions-based test was used to identify the differently
expressed genes between control and 3 h, 24 h and 3 d with p-value
<0.05. The proportions-based test method, which was originally
developed for SAGE data, allows an estimation of differential
expression based on single measurements of tag/read counts for
two conditions [30]. After quantile normalization of the RPKM

values, fold changes were calculated. Analysis was performed using
the RNA-seq module and the expression analysis module in CLC
Genomics Workbench. Transcripts with absolute fold change values
of larger than 1.5 and total read number larger than 5 were included
in analysis as differently expressed genes.

Contigs with previously identified gene matches were carried
forward for further analysis. Functional groups and pathways
encompassing the differently expressed genes were identified
based on GO analysis, pathway analysis based on the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database, and manual
literature review.

2.6. Gene ontology and enrichment analysis

In order to identify overrepresented GO annotations in the
differentially expressed gene set compared to the broader reference
assembly, GO analysis and enrichment analysis of significantly
expressed GO terms was performed using Ontologizer 2.0 [31]
using the Parent-Child-Intersection method with a Benjammini-
Hochberg multiple testing correction [32]. GO terms for each
gene were obtained by utilizing zebrafish annotations for the
unigene set. The difference of the frequency of assignment of gene
ontology terms in the differentially expressed genes sets were
compared to the overall catfish reference assembly. The threshold
was set as FDR value <0.1.

2.7. Experimental validation — QPCR

Fifteen significantly expressed genes were selected for valida-
tion using real-time QPCR with gene specific primers designed
using Primer3 software. Total RNA was extracted using the RNeasy
Plus kit (Qiagen) following manufacturer’s instructions and treated
with RNase free DNase I (Qiagen) to remove genomic DNA. First
strand cDNA was synthesized by iScript” cDNA Synthesis Kit (Bio-
Rad) according to manufacturer’s protocol. All the cDNA products
were diluted to 250 ng/ul and utilized for the quantitative real-time
PCR reaction using the SsoFast™ EvaGreen® Supermix on a CFX96
real-time PCR Detection System (Bio-Rad Laboratories, Hercules,
CA). The thermal cycling profile consisted of an initial denaturation
at 95 °C (for 30 s), followed by 40 cycles of denaturation at 94 °C
(5 s), an appropriate annealing/extension temperature (58 °C, 5 s).
An additional temperature ramping step was utilized to produce
melting-curves of the reaction from 65 °C to 95 °C. The house-
keeping gene 18S was set as the reference gene, relative fold
changes were calculated in the Relative Expression Software Tool
version 2009 [33] based on the cycle threshold (Ct) values gener-
ated by g-RT-PCR. The triplicate fluorescence intensities of the
control and treatment products for each gene, as measured by
crossing-point values, were compared and converted to fold
differences by the relative quantification method and assuming
100% efficiencies. Expression differences between control and
treatment groups were assessed for statistical significance using
a randomization test in the REST software. The mRNA expression
levels of all samples were normalized to the levels of 18S ribosomal
RNA gene in the same samples. Expression levels of 18S were
constant between all samples (<0.30 change in Ct). A no-template
control was run on all plates.

3. Results
3.1. ESC challenge
The artificial challenge with virulent E. ictaluri resulted in

widespread mortality of infected fish at day 7 after exposure. No
control fish manifested symptoms of ESC, and randomly selected
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control fish were confirmed to be negative for E. ictaluri by standard
diagnosis procedures (see Methods). Dying fish manifested
behavior and external signs associated with ESC infection including
hanging in the water column with head up and tail down and
petechial hemorrhages along their ventral surface. E. ictaluri
bacteria were successfully isolated from randomly selected treat-
ment fish.

3.2. Sequencing of short expressed reads from catfish intestine

[llumina-based RNA-sequencing (RNA-seq) was carried out on
intestine samples from control catfish as well as from those
experimentally-challenged with E. ictaluri (3 h, 24 h and 3 d
groups). Reads from timepoint-specific samples were distinguished
through the use of multiple identifier (MID) tags. A total of 197.6
million 100 bp PE reads were generated on an Illumina HiSeq 2000
instrument in a single lane. Greater than 44 million reads were
sequenced for each of the four libraries. After removing ambiguous
nucleotides, low-quality sequences (quality scores <20) and
sequences less than 30 bp, 99.19% (196 million) of the short reads
were preserved (Supplementary Table 1). Raw read data are
archived at the NCBI Sequence Read Archive (SRA) under Accession
SRP009069.

3.3. De novo assembly of catfish intestinal transcriptome

Several differing sequence contig assembly algorithms and
software programs recently have been developed to address
assembly of RNA-seq reads [34]. Given the importance of assembly
of long, accurate contigs to capture catfish genes and to correctly
identify differential expression, we compared three prominent
options for de novo transcriptome assembly as follows: Trans-
ABySS, Velvet, and CLC Genomics Workbench (CLC). Among the
three, CLC Genomics Workbench differs as commercial software
with the ability to operate through a graphic—user interface (GUI)
versus a Linux-based command—line interface for Velvet and
Trans-ABySS.

3.3.1. Trans-ABySS

Forty-seven multiple k-mer (k-mer sizes 50—96) assemblies
were performed in ABySS, and 15 million contigs were generated in
total. Assemblies ranged from 44,663 contigs to 321,992 contigs
with N50 sizes from 531 bp to 1453 bp. The combined assembly
utilizing Trans-ABySS generated 630,209 contigs with average
length of 725 bp and N50 size of 1676 bp (Table 1). The Trans-ABySS
assembly contained 59.7% contigs longer than 200 bp, and 22.3% of
contigs were longer than 1000 bp. Contigs less than 200 bp were
removed from further analysis. Multiple-k algorithms produce
redundant assemblies which may cause errors in subsequent
analyses. Despite Trans-ABySS having its own built-in redundancy
elimination solutions, we found that additional steps were required
to identify a unique reference. Approximately 0.5 million contigs
were removed during the length and redundancy filtration steps
(CD-Hit and CAP3), resulting in a final average contig size and
contig number of 893.7 bp and 176,481, respectively (Table 1).

3.3.2. Velvet

Seven assemblies (seven k-mers between 50 and 99 bp) were
generated in Velvet totaling 1.2 million contigs. Velvet's Assem-
blyAssembler was utilized to obtain the combined assembly,
resulting in 186,451 contigs with average length of 500.8 bp and
N50 of 1508 bp. Contig length distributions were distinct from the
assembly from Trans-ABySS — 69.2% of contigs were longer than
200 bp but only 11.2% of contigs were longer than 1000 bp. The
average contig size and contig numbers were increased to 743 bp

Table 1
Summary of de novo assembly results of Illumina sequence data from catfish
intestine using various assemblers.

Trans-ABySS Velvet CLC
Contigs(>100 bp) 630,209 186,451 332,383
Large contigs (>1000 bp) 140,357 20,881 20,431
Maximum length (bp) 17,585 16,860 17,653
Average length (bp) 7251 500.8 339.0
N50 (bp) 1676 1508 611
Contigs after length filtering 376,005 129,025 120,534

(>200 bp)

Percentage contigs kept after 59.66% 69.20% 36.26%

length filtering
Average contig length after 1120 653.7 691.2
length filtering (bp)
Contigs (After
CD-HIT-EST+ CAP3)
Average length (bp) (After 893.7 743.0 691.2
CD-HIT-EST+ CAP3)
Reads mapped to final
reference (%)

176,481 67,081 120,534

88.42% 54.26% 38.88%

and reduced to 67,081, respectively, after stand-alone redundancy
filtration (CD-Hit and CAP3) using conservative cutoff parameters
(Table 1).

3.3.3. CLC Genomics Workbench

A fast single k-mer length (k = 24; automatically selected)
assembly was performed by CLC Genomics Workbench resulting in
332,383 contigs with average length 339 bp and N50 size 611 bp
(Table 1). Only 36.3% of contigs were longer than 200 bp and 6.15%
of contigs were longer than 1000 bp. Due to the non-redundant
single-k approach, no changes resulted following CD-Hit/CAP-3
filtering.

3.3.4. Best assembly selection

In a comparison of the assemblies among the three different
approaches (Table 1), Trans-ABySS consistently generated a larger
percentage of large contigs, the longest final contig size, and the
largest number of contigs after filtering. Additionally, a total of
88.42% of the initial reads mapped to the final Trans-ABySS refer-
ence assembly, compared to 54.26% in Velvet and 38.88% in CLC,
illustrating the more comprehensive nature of the Trans-ABySS
assembly. Therefore, the Trans-ABySS assembly was selected for
subsequent gene discovery and differential expression analysis.
Assembled contig sequences are available upon request.

3.4. Gene identification and annotation

BLAST-based gene identification was performed to annotate the
channel catfish transcriptome and inform downstream differential
expression analysis. After gene annotation, 73,330 (41.55%) of the
Trans-ABySS contigs had a significant BLAST hit against 15,640
unique zebrafish genes (unigenes; Table 2). In order to further
evaluate the quality of the assembled genes, 14,457 unigenes were
identified based on hits to the zebrafish database with the more
stringent criteria of a BLAST score >100 and E-value <le-—20
(quality matches). Among these quality unigene matches, 2719
represented genes which had not been previously captured by
previous EST and general RNA-seq transcriptome work in catfish
[35,36]. The same BLAST criteria were used in comparison of the
Trans-ABySS reference contigs with the UniProt and nr databases.
The largest number of matches was to the nr database with 77,577
contigs with putative gene matches to nr and 19,960 quality
unigene matches (Table 2).

Unique gene-coding contigs from the channel catfish reference
assembly were then used as inputs to perform gene ontology (GO)
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Table 2

Summary of gene identification and annotation of assembled catfish contigs based on BLAST homology searches against various protein databases (Zebrafish, UniProt, nr).
Putative gene matches were at E-value <le—-5. Hypothetical gene matches denote those BLAST hits with uninformative annotation. Quality unigene hits denote more

stringent parameters, including score >100, E-value < 1e-20.

Contigs with putative Annotated Annotated Unigene Hypothetical Quality

gene matches contigs >500 bp contigs >1000 bp matches gene matches unigene matches
Zebrafish 73,330 37,500 14,868 15,640 1154 14,457
UniProt 55,551 42,524 31,136 17,476 0 15,786
NR 77,577 51,215 34,742 23,205 2130 19,960

annotation by Blast2GO [29]. A total of 21,877 GO terms including
5448 (29.9%) cellular process terms, 6596 (30.15%) molecular
functions terms and 9833 (44.95%) biological process terms were
assigned to 14,457 unique gene matches. The percentages of
annotated catfish sequences assigned to GO terms are shown in
Supplementary Fig. 1. Analysis of level 2 GO term distribution
showed that metabolic process (GO:0008152), cellular process
(G0O:0009987), binding (GO:0005488) and cell (GO:0005623) were
the most common annotation terms in the three GO categories
(Supplementary Fig. 1).

3.5. Identification and analysis of differentially expressed genes

A total of 4414 of the 176,481 (2.50%) final reference contigs
showed significant differential expression for at least one timepoint
following infection. Differentially expressed contigs had an average
consensus length of 1088.5 bp. The identified contigs represented
1633 unigenes, including 1474 unique genes with more stringent
criteria of a BLAST score >100 and E-value <1e—20, and 159 unique
genes with BLAST E-value from 1e-20 to 1e-5 (Supplementary
Table 2). In detail, there were 693 genes differentially expressed
at 3 h after challenge relative to control, 918 genes differently
expressed at 24 h after challenge relative to control, and 1035 genes
differently expressed at 3 d after challenge relative to control
(Table 3). Similar numbers of genes were up-regulated and down-
regulated at 3 h and 24 h, with the largest number of genes (607)
down-regulated at 3 d. Read coverage (average contig size) within
the differentially expressed contigs ranged from 256 reads/contig
at 3 d to 365 reads/contig at 3 h.

3.6. Enrichment and pathway analysis

The differently expressed unique genes were then used as inputs
to perform gene ontology (GO) annotation by Blast2GO
(Supplementary Fig. 2). Parent-child GO term enrichment analysis
was performed for the 1633 unigenes to detect significantly over-
represented GO terms. A total of 49 terms with p-value (FDR-
corrected) < 0.1 were considered significantly overrepresented. Ten
higher level GO terms were retained as informative for further
pathway analysis (Supplementary Table 3). The GO terms include
functions and processes including response to chemical stimulus,
MHC protein complex, antigen processing and presentation, inter-
mediate filament cytoskeleton, and antioxidant activity.

Table 3

Statistics of differently expressed genes at different timepoints following ESC chal-
lenge. Values indicate contigs/genes passing cutoff values of fold change >1.5
(p < 0.05) and read number per contig >5. Average contig size refers to reads/contig.

3h 24 h 3d
Up-regulated 319 469 428
Down-regulated 374 449 607
Total 693 918 1035
Average contig size 365 285 256
Total unigenes 1633

GO term analysis and downstream pathway analysis were
complicated by the incomplete annotation and unique nomencla-
ture characteristic of zebrafish proteins. Automated pathway
analysis software often could not resolve zebrafish annotations into
large functional categories or pathways. We used a combination of
KEGG pathway analysis, manual re-annotation based on the nr
database, and manual literature searches to identify six broad
functional categories of genes observed to be differentially
expressed in the catfish intestine following infection with an
enteric pathogen, E. ictaluri. These categories are illustrated in the
context of a representative diagram of the intestinal mucosal
barrier (Fig. 1) and include: 1) cytoskeletal and muscle fiber
dynamics; 2) junctional modification and disruption; 3) lysosome/
phagosome-associated responses; 4) immune activation and
inflammation; 5) attachment and pathogen recognition; and 6)
endocrine/growth disruption. Table 4 lists key, non-redundant gene
components of these categories. Putative functional roles and
interactions of the genes in the context of E. ictaluri invasion and
replication are discussed in detail below (Discussion).

3.7. Validation of RNA-seq profiles by QPCR

In order to validate the differentially expressed genes identified
by RNA-Seq, we selected 15 genes for QPCR confirmation, selecting
from those with differing expression patterns and from genes of
interest based on functional enrichment and pathway results.
DNase I-treated, column-purified total RNA samples from control,
and 3 h, 24 h and 3 d following challenge (3 replicate sample pools
(n =10 for each pool)) were used for QPCR. Primers were designed
based on contig sequences (Supplementary Table 4). Melting-curve
analysis revealed a single product for all tested genes. Fold changes
from QPCR were compared with the RNA-seq expression analysis
results. As shown in Fig. 2, QPCR results were significantly corre-
lated with the RNA-seq results at each timepoint (correlation
coefficients 0.86—0.95, p-value <0.001). Values for the QPCR and
RNA-seq results are given in Supplementary Table 5. In general, the
RNA-seq results were confirmed by the QPCR results, indicating the
reliability and accuracy of the Trans-ABySS reference assembly and
RNA-seq expression analysis.

4. Discussion

Invasive pathogenic bacteria use a multitude of different strat-
egies to penetrate host cells and evade killing. While these mech-
anisms have been the intense focus of microbiologists for decades,
only recently have tools been developed to allow the capture of
molecular signatures related to host responses and host-pathogen
interactions during infection. Here we have utilized RNA-seq-
based expression profiling to examine the transcriptional
responses of channel catfish intestinal cells following experimental
challenge with E. ictaluri, a Gram-negative bacterium.

The present work represents, to our best knowledge, the first
RNA-seq-based expression study in catfish and one of a small, but
growing, handful in fish species [e.g [37,38]. It is, therefore, of
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interest to evaluate the suitability of sequence-based transcript
quantification versus established standards such as real-time PCR
and microarrays. In catfish, we previously used both a 19K [39] and
a 28K microarray [22,40] to analyze changes in gene expression
after perturbations of the immune system either from LPS injection
or ESC challenge. These studies captured relatively small gene sets
(e.g. 76 significant genes in blue catfish liver, [22]) in comparison
with the 1633 unique differentially expressed genes reported here.
This could reflect, in part, the ability of RNA-seq to quantify
expression levels of novel transcripts. Trans-ABySS-based assembly
of our Illumina sequence reads resulted in 176,481 contigs with
average length of 893.7 bp. These contigs represented as many as
23,205 unique genes based on BLAST identity (Table 2), including
2719 genes previously missed in EST sequencing. These results
match up well in comparison with previous extensive EST
sequencing in multiple tissues from channel catfish and blue catfish
which resulted in 14,776 unique genes from 111,578 contigs of
average length of 771.3 bp [35].

Additional validation of RNA-seq methods for gene expression
analysis was gained through QPCR analysis of expression of
selected genes in each of the three timepoints. Transcripts with
a variety of expression patterns in the RNA-seq results were tested.
Overall, there was significant correlation between the two methods
with coefficients ranging from 0.86 to 0.95, p-value <0.001 (Fig. 2).

There was no consistent bias in expression level observed for either
method (i.e. degree of fold change was not correlated with
method). Additionally, a single product was amplified with all
tested primer pairs, providing evidence that the contig assembly
was accurate and did not result in chimeric transcripts. The QPCR
validation also was an important indication that the master pooled
samples (3 pools of 10 fish each) used for RNA-seq analysis re-
flected expression levels in the individual pools. While pooling
samples obviously could have masked individual variation, our goal
in the present study was to gain a broad understanding of catfish
intestinal gene responses to infection and to provide early insights
into important pathways and processes. Follow-up studies in our
lab (either planned or underway) will use our results here as
a foundation for more targeted studies comparing mucosal
immune responses between susceptible and resistant lines of
catfish, comparing mucosal immune responses to several enteric
pathogens, and comparing immune responses to pathogens with
those to associated vaccines.

Our study also represents the first characterization of the catfish
intestinal transcriptome following infection and is, arguably,
among the most comprehensive analyses of intestinal gene
expression in teleost fish. The heterogeneous nature of the intes-
tine, with mucosal epithelium, lamina propria, migrating leuko-
cytes, and muscularis (Fig. 1), is additionally complicated by the
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Table 4
Key channel catfish genes differentially expressed following ESC challenge. Bold values indicate timepoints where the gene was significantly changed relative to the control.
Functional classification Gene name Contig ID 3 h fold change 24 h fold change 3d fold change
Cytoskeletal/Muscle 14-3-3 protein epsilon Contig19138 6.92 2.13 233
Fiber Dynamics Actin, cytoplasmic 1 Contig5287 —6.03 -1.49 2.09
AHNAK nucleoprotein Contig22801 7.27 9.02 8.73
Alpha-actin-1 Contig5133 -214 —18.67 —20.74
Annexin A2 k66_684752 -5.99 -1.03 -2.34
Annexin A2-like Contig24251 -1.74 —-2.19 —3.86
Arp2/3 Contig17702 -1.62 —-1.98 -2.17
Basigin Contig3778 3.22 498 29
Calmodulin 1a Contig10653 3.12 2.55 23
CDC42SE2 Contig11032 —-5.54 -1.37 -1.22
Cofilin 2, like Contig25509 -1.17 -15 -1.81
Collagen alpha-1(V) chain k_90380157 3.36 4.81 4.09
EMILIN-1 Contig16606 2.78 491 4.92
Epiplakin-like Contig13325 3.04 5.85 4.46
Ezrin like Contig20491 1.21 —42 —2.76
Filamin A, alpha Contig476 1.98 2.18 231
Gelsolin-like (CAPG) k70_862348 6.93 5.78 73
Keratin, type I cytoskeletal 13 Contig10499 -11.31 —443 —-7.34
LIMA1 Contig38617 3.86 4.76 344
Myosin heavy chain Contig14966 -724 —21.66 —43.6
Myosin light chain kinase b Contig24474 1.51 1.46 147
Myosin regulatory light polypeptide 9 Contig42338 3.01 6.47 7.45
Myosin, light polypeptide 3 Contig10157 —-6.2 —8.78 —4.31
Myosin-VII Contig6265 2.02 2.55 2.11
Paxillin Contig11500 1.61 2.23 2.19
Profilin-2 Contig16251 —-1.06 —-2.37 1.12
Protocadherin 1-like Contig20123 2.01 2.65 2.07
Ras-related protein R-Ras Contig15983 4.2 2.86 3.85
Small GTPase RhoA Contig4251 -1.43 -1.73 -3.23
Supervillin-like, partial Contig12472 4.82 29 4.18
Synaptopodin-2 Contig17899 1.95 2.37 2.96
Tropomyosin alpha-3 chain 2 k76_731419 —4.65 -3.37 -1.15
Type I cytokeratin, enveloping layer Contig38426 249 1.2 5.96
Junctional Modification/ Aquaporin 8 Contig14861 1.35 3.02 6.42
Disruption Cadherin 1, type 1 preproprotein Contig34588 2.01 3.12 4.57
Claudin 15a k65_774609 —3.28 -3.09 -1.26
Claudin-9 Contig16617 —-2.31 -1.24 -1.11
Desmocollin 2 Contig26678 3.39 3.47 3.67
Desmoglein-2 Contig6653 2.18 2.83 1.95
Desmoplakin Contig14264 1.62 2.16 2.36
Epithelial cadherin precursor Contig38947 —-2.75 -1.22 —6.04
MAGI3 Contig3167 2.76 5.13 2.75
Occludin-like Contig1340 1.48 1.86 132
Plakophilin 3 Contig27202 145 1.6 1.38
Zonadhesin-like Contig19706 2.39 13 1.59
Lysosome/Phagosome ADP-ribosylation factor 1 Contig6638 2.7 1.75 1.56
Beta-galactosidase k51958092 2.06 —2.87 -1.46
Cathepsin Z Contig3027 9.78 6.36 15.49
CD63 antigen Contig39977 3.34 2.22 1.51
Cytoplasmic dynein 1 heavy chain 1 Contig5492 228 2.54 4.73
ER aminopeptidase 2 Contig23351 -1.01 1.42 3.94
Glucocerebrosidase-like k_87479012 1.41 2.87 1.83
Hexosaminidase B k_92109136u -1.04 -3.29 -5.5
Immunoglobulin heavy mu-like Contig31220 -1.38 —3.68 —2.89
Legumain Contig15202 171 -1.27 1.58
Lysosomal alpha-mannosidase Contig19918 1.69 -1.43 1.23
Lysosomal membrane glycoprotein 2 Contig18023 2.95 221 1.01
Lysosomal protective protein Contig3023 2.21 1.58 1.53
Lysosomal transmembrane protein 4A Contig996 -1.33 231 1.59
Lysosome glycoprotein 1 isoform 2 Contig16856 -1.24 -1.57 -1.03
Lysozyme G-like 1 Contig26961 -1.33 -1.39 244
Lysozyme-like protein 2 Contig39554 —-2.75 —-2.41 7.36
MHC class I UXA2 Contig29433 -124 —2.52 -1.14
MHC class I ZE like Contig33016 3.79 10.1 5.59
MHC class II alpha chain 1 Contig35822 —8.39 —20.92 —-948
MHC class II beta Contig23428 —4.56 —6.92 —3.88
NADPH oxidase 1 Contig38009 —2.98 —4.55 -3.21
NOXO1 Contig4675 —2.68 -7.35 —6.47
Pip5k1b k51_308390 222 2.86 6.87
Prosaposin Contig10452 1.49 1.08 1.63
Sialidase-1 k50_918038 4.58 2.76 4.33
Sphingosine-phosphate phosphotase 2 k58_866656 -3.39 -1.48 —5.01
Thrombospondin 1 k52945196 2.83 3.82 3.97

Transport protein Sec61 alpha-like 1 k56_745918u —2.98 -1.45 -1.59
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Table 4 (continued )

Functional classification Gene name Contig ID 3 h fold change 24 h fold change 3d fold change
Immune Activation/ Apolipoprotein B Contig5210 3.16 3.36 2.05
Inflammation C1Q subcomponent-binding protein k66_875137 —-9.95 -1.81 -1.45
Clq-like 3 k66_929422 —434 -1.97 -2.79
CC chemokine 25-like Contig43069 —-243 -1.47 1.65
CC chemokine SCYA102 Contig10839 1.37 -3.27 -1.28
CC chemokine SCYA104-like Contig37889 1.02 —-4.19 -38
CC chemokine SCYA113 Contig1891 —1.87 —2.63 1.39
CC chemokine SCYA117-like Contig29792 1.52 4.83 2.05
CC chemokine SCYA124 k64_453703u -1.6 279 239
CD209 antigen (DC-SIGN) Contig3473 -1.64 —2.84 —-243
Chemokine CXCL12 Contig160 255 251 241
Chemokine CXCL2 Contig22481 1.23 1.45 3.53
Chemokine receptor-like 1-like Contig4932 1.98 2.55 3.21
Complement C4-1-like Contig1264 3.46 1.68 —-1.18
Complement C6 Contig11023 1.23 1.23 5.03
Complement C7 Contig17426 -2.62 -1.31 2.99
Glutathione peroxidase 3 Contig16143 —-38 —3.74 —6.59
Hypermethylated in cancer 1 protein k66_275227 4.79 5.76 3.83
IgGFc-binding protein k61_673619 4 241 2.13
Interleukin 11 receptor, alpha Contig853 242 2.81 23
Interleukin 7 receptor Contig26716 1.87 3.79 2.29
Jun D proto-oncogene-like k70_513305 6.6 4.59 23
LEAP-2 Contig14731 —-21 -23 -1.44
Macrophage MIF Contig40086 3.96 9.6 4.4
Metallothionein-2 Contig38077 —1.81 —-1.54 —-3.04
Microfibrillar-associated protein 4-like Contig40286 1.59 1.04 2.79
MMP9 Contig9368 -2.14 —3.98 -2.15
MMP13 k54922997 —3.02 —-591 —839
Neurotoxin/C59/Ly-6-like protein k71_580318 —1.58 —3.86 —5.96
NF-kappa-B p100 subunit Contig2282 2.61 2.2 3.71
Novel immune-type receptor 6a Contig39942 —-2.07 -1.71 —-2.18
Novel immune-type receptor 7 Contig39943 4.17 3.83 4.56
Prostaglandin E synthase 3 k50_966012u 5.18 5.39 4
Serum amyloid P component-like 2 Contig32897 —-3.07 —242 —342
Sialoadhesin Contig10481 3.57 2.03 8.5
Suppressor of cytokine signaling 1 Contig38899 3.08 —-1.95 —-1.85
T-cell receptor beta C beta region k66_937487 117 433 1.22
TNF receptor superfamily, member 1a k78_684621 7.09 4.71 7.89
Tnf receptor-associated factor 2b 1 Contig5463 243 1.05 1.15
Tumor protein p53-inducible protein 1 Contig15021 1.7 —10.06 —5.06
Attachment/Pathogen Fibronectin 1b-like 1 Contig8744 4.22 5.08 8.75
Recognition Integrin, alpha-3a Contig4954 2.19 3.25 2.68
Integrin, beta 1b k50930983 2.19 217 2.32
Integrin, beta 4 Contig1086 1.75 2.19 243
Mucin 2-like Contig16584 4.42 5.67 517
Mucin 5, subtype B Contig43499 1.12 —2.02 -2.19
NLRC like 1 Contig37947 3.85 3.74 1.13
NLRC like-10 Contig39985 1.93 249 3.88
NLRC like 2 Contig42687 334 2.28 2.02
NLRC like 3 Contig31182 1.98 442 2.24
NLRC like-4 Contig36542 -1.47 1.83 2.55
NLRC like 5 Contig31317 1.48 271 2.18
NLRC like-6 Contig35090 1.46 331 1.29
NLRC like-7 Contig14252 4.24 7.2 9.36
NLRC like-8 Contig17611 1.75 1.64 2.68
NLRC like-9 Contig29963 213 231 275
NOD-3 like k_93466446 25 228 232
Podocan-like (ECMP2-like) Contig8588 13.42 6.6 3.53
Toll-like receptor 5 Contig14983 1.06 1.51 2.06
Endocrine/Growth Ghrelin/obestatin preprohormone Contig41751 -319 -1.42 1.06
Disruption Igfbp7 Contig7012 2.24 —1.02 1.45
Insulin receptor a Contig11984 6.15 7.47 6.42
Insulin-induced gene 1 protein Contig25801 1.84 -1.77 —3.08
Peptide Y-like k_83558074 -5.11 —-1.52 —-25
Relaxin-3 Contig20841 -1.26 -1.52 —2.92
Somatostatin 2-like k53_727376 —3.92 1.2 -2.33

expectation of differing cellular contributions and expression
patterns over its length [14]. Clearly, by utilizing pools of the entire
length of the intestine, the potential exists for masking or confusing
gene expression patterns between differing cellular components or
intestinal segments. However, we accepted this compromise in this
initial study to more broadly characterize intestinal gene expres-
sion. The large number of sequenced contigs and differentially

expressed genes captured provided ample numbers of candidates
which are likely confined to a single cell type (e.g. mucins, aqua-
porins), while others such as MHC members and chemokines may
be derived from multiple intestinal components. Depending on
goals of future research, it may be more appropriate to examine
gene expression of these candidates solely in the epithelium (or
lamina propria) via laser-capture microdissection or enzymatic
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Fig. 2. Comparison of relative fold changes between RNA-seq and QPCR results in
catfish intestine gene abbreviations are: Insl5a, Insulin-like 5a; KRT12, Keratin 12;
FRIH, Ferritin heavy chain; globin, alpha globin-like; MLP3, myosin light polypeptide 3;
APOB, Apolipoprotein B; CDH1, Cadherin 1; VINC, Vinculin; RHOAB, small GTPase
RhoA; Integrin, Integrin, ITA3; CATZ, Cathepsin Z; K1C13, Keratin, type I cytoskeletal
13; MMP13, Matrix metalloproteinase 13 preproprotein-like; CDC42, CDC42 small
effector protein 2; MYH11, myosin heavy chain 11. A, B, and C represent 3 h, 24 h and
3 d timepoints, respectively. Fold changes are expressed as the ratio of gene expression
after E. ictaluri challenge to the control group as normalized with 18S rRNA gene.

purification techniques. The time-consuming and expensive nature
of these techniques, however, makes it likely that targeted gene
assays on large numbers of samples will continue to use whole
tissue samples.

Of primary interest in this study was the detection of expression
signatures indicative of novel defense strategies and of pathogen-
driven manipulation of the cellular machinery of the intestinal
epithelium to facilitate entry and replication. We attempted to
categorize differentially expressed genes based on six broad func-
tional categories reflective of likely cellular and physiological
responses (Table 4). When the identified genes had additional roles
outside of or bridging the assigned categories, we attempted to
assign functions most appropriate to the context (intestine during
infection).

4.1. Cytoskeletal/muscle fiber dynamics

Skirpstunas and Baldwin [21] previously highlighted the
potential use of actin polymerization and receptor-mediated
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endocytosis as modes of infection for E. ictaluri in the intestine.
Our expression results support their findings with the enrichment
of many genes known to play key roles in cytoskeletal rearrange-
ments following infection. The ability of Salmonella and Yersinia-
type bacteria to gain entry through the gut also depends on tar-
geting the actin cytoskeleton [41] and [42] and these bacteria may
be excellent models to help inform our understanding of observed
molecular changes following E. ictaluri infection. Indeed, recent
research by Thune et al. [43] indicates that a type III secretion
system (T3SS), with functional similarity to that of Salmonella, is
required for the virulence and replication of E. ictaluri. Actin can
polymerize into fine and dynamic fibrils or filaments which provide
shape and mobility to epithelial cells. Adhesion of bacteria to the
host cell surface triggers the accumulation of actin cytoskeletal
components forming aggregates and promoting the development
of membrane extensions, termed ruffles in the context of Salmo-
nella invasion [44]. This bundling of actin filaments facilitates entry
via a membrane-containing vacuole that protects the bacteria from
lysosomal degradation [3]. Genes associated with bacterially-
induced creation of actin-rich structures and observed to be
differentially expressed in control and infected catfish intestine
included Arp2/3, ezrin, filamin, Rho-GTPase, Cdc42SE2, integrins,
gelsolin-like (CAPG), supervillin, AHNAK, and basigin (CD147)
among others (Table 4). Gelsolin-like (up-regulated greater than 5-
fold at each timepoint) has been observed to be up-regulated in
microarray-based studies of Salmonella infections in mouse intes-
tine [45] and appears to control membrane ruffling [46]. Some
components of actin-rich structures may also serve as receptors or
attachment points for pathogens, as in the case of AHNAK, a binding
partner for Chlamydia trachomatis [47] and up-regulated greater
than 7-fold at all timepoints. AHNAK has also been reported to
interact with annexin A2 (also differentially expressed in catfish
intestine) to regulate cell membrane cytoarchitecture [48]. Another
example is basigin, responsible for cell aggregation through cyto-
skeletal rearrangements, and recently identified as a receptor for
Plasmodium falciparum [49].

Actomyosin-driven contraction and dynamics can be important
in the context of invasion as a central switch controlling both actin
polymerization [42] and regulating permeability of apical junctions
[50] and [51]. Different myosin components have been reported to
be manipulated during pathogen invasion to facilitate entry via
endocytosis [42,52]. In Salmonella infections, actin and myosin
dynamics are manipulated by secreted virulence factors to initially
foster entry and then reversed (actin depolymerization) to lead to
host cell apoptosis and further spread of the intracellular infection
through macrophage uptake [53]. Inflammation, driven by the TNF
pathway, may also function to perturb fiber dynamics [54]. Inter-
estingly, actin and myosin genes featured prominently in our
differentially expressed gene set (Supplementary Table 2; Table 4),
with some patterns likely indicative of up-regulation due to inva-
sion (e.g. Myosin-VII), while others may be indicative of pathogen-
induced depolymerization, apoptosis and inflammation (e.g.
myosin heavy chain — down-regulated as much as 72-fold; and
alpha-actin — down-regulated as much as 21-fold).

4.2. Junctional modification/disruption

Enteric pathogens also often seek to disrupt cellular junctions to
gain additional routes of access into the host [3,55]. We observed
dysregulation of components of the apical junction complex (A]C),
consisting of the tight junction, adherens junction, and desmo-
some. While permeability-regulating claudins were down-
regulated, most other transcripts representing junctional proteins
were up-regulated (albeit modestly), including cadherins,
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desmoplakin, and MAGI3 among others, potentially as a part of
pathogen-induced cytoskeletal rearrangements and binding [56].

4.3. Lysosome/phagosome patterns

A gene signature suggestive of exploitation of the endosomal
machinery of catfish for intracellular infection was also detected
(Table 4). This included up-regulation of a number of lysosomal
surface genes, and differential expression of a number of MHC
subunits [41] and several lysosomal acid hydrolases. This latter
group, which would be expected to contribute to bacterial killing,
was mixed in its expression pattern, with a stronger trend toward
down-regulation. NADPH oxidase, and the related NOXO1,
responsible for production of reactive oxygen species as part of the
intracellular host defense, were both notably down-regulated in
the catfish intestine, consistent with reported Salmonella evasion
strategies [57]. This pattern is particularly notable in the light of the
ability of virulent E. ictaluri (like Salmonella) to survive and replicate
within macrophages [58,59]. NADPH oxidase and related genes
may serve as potential expression markers for assessing ESC-
resistant catfish strains.

4.4. Immune Activation/inflammation

The set of differentially expressed genes encoding innate
immune mediators, while large, differed from our initial expecta-
tion of a robust up-regulation of defensive strategies and pathways.
Indeed, the captured pattern is far more characteristic of immune
evasion driven by E. ictaluri secreted effectors. We observed
dramatic down-regulation (>30-fold at 3 h post infection) of nat-
tectin, a fish C-type lectin, which has been demonstrated to induce
the recruitment of specific subsets of monocytes which possess
dendritic cell (DC) functions [60]. Interestingly, in one of the few
previous studies of intestinal responses to infection in fish, nat-
tectin levels were observed to be higher in disease-resistant gilt-
head sea bream [16]. CD209 (DC-SIGN), another C-type lectin was
also down-regulated, as were MMP13 and MMP9, critical in facili-
tating migration of DC and monocytes to sites of infection [61].
Indicative of shared mucosal immune responses to fish pathogens,
we observed sharp down-regulation of tumor suppressor protein
p53 gene at 24 h and 3 d following infection similar to results re-
ported in gills of amoebic gill disease-affected Atlantic salmon [10].
Some innate immune factors known to be up-regulated in response
to fish pathogens, were also observed to be down-regulated here,
including C1q-like genes [62]; neurotoxin/CD59-like [10,63]; liver-
expressed antimicrobial peptide 2 (LEAP-2) [64]; and serum
amyloid P [65].

A number of chemokines were differentially expressed
following E. ictaluri infection. The CC chemokines, highly divergent
in fish and extensively characterized by our group previously
[23,66,67] were well-represented and showed the largest fold
changes at 24 h following infection. CXCL2 and CXCL12, with closer
conservation with mammalian counterparts [68], were both up-
regulated. Recent research [69,70] indicates that CXCL12 is critical
in healing in damaged intestinal epithelium. The pattern of
immune evasion continued even among up-regulated genes with
macrophage migration inhibitory factor (MIF) and suppressor of
cytokine signaling-1 (SOCS1) both induced following bacterial
exposure. TNF pathway members, often indicative of harmful
inflammation and sepsis, were also up-regulated (Table 4).

4.5. Attachment/pathogen recognition

We separated into a discrete category a number of differentially
expressed genes with putative roles in pathogen attachment or

host recognition. Among these was an abundance of nucleotide-
oligomerization domain (NOD)-like receptor subfamily C (NLRC)
genes [71,72] with putative roles in intracellular pathogen recog-
nition. These genes, also referred to as NLRP genes, have
dramatically expanded in teleost species [72], often assuming non-
canonical domain structures. A subset of the differentially
expressed NLRC genes are included in Table 4 (more in
Supplementary Table 2), and were observed to be largely up-
regulated in contrast to many other immune mediators. Further
work is clearly needed to understand the functions and cellular
distributions of this diverse group of receptors in fish. Also in this
category was TLR5, known to recognize bacterial flagellin, and
well-studied in the context of ESC (e.g. [40,73]). Interestingly, in
contrast to previous reports of strong up-regulation, we observed
only modest up-regulation at 3 d following infection. The lack of
a robust TLR5 response may be due to differing sampled tissues
(intestine vs. head kidney, spleen, or liver), or may be consistent
with a pathogen-suppressed immune response. Russo et al. [74]
reported significantly higher TLR5 expression following infection
with attenuated E. ictaluri relative to expression of TLR5 in fish
infected with virulent E. ictaluri.

4.6. Endocrine/growth disruption

A final category of interest was composed of differentially
expressed genes with putative roles in appetite and growth.
Infections in farmed fish are often accompanied by diminished
appetite or altered feeding patterns. We observed significant down-
regulation of ghrelin, peptide Y-like (PYY), and somatostatin 2-like
at 3 h following infection, suggesting that pathogen attachment
and entry may rapidly impact important endocrine mediators. In
mammals, infection with Gram-negative Helicobacter pylori leads to
reduced ghrelin concentrations and may be associated with
faltering growth [75]. Similarly, decreased concentrations of PYY
have been reported in rabbit intestine in response to Shigella
infections [76]. Future studies should build from these initial
observations to study the impact of catfish enteric pathogens and
potential therapeutants on neuroendocrine regulation of appetite
and growth.

5. Conclusions

Using Illumina RNA-seq technology, we surveyed here for the
first time channel catfish transcriptomic responses in the intestine
following challenge with the Gram-negative bacterium E. ictaluri.
The approach was successful in capturing a broad representation of
catfish genes (including previously un-sequenced transcripts) and
accurately quantifying transcript levels of 1633 differentially
expressed genes. The study revealed novel patterns of teleost
mucosal gene expression and highlighted unexpected roles for
candidate genes and pathways often missed in a priori approaches.
Utilization of these findings will improve strategies for selection of
disease-resistant catfish broodstock and evaluation of prevention
and treatment options.
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