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Bacterial pathogens are well-equipped to detect, adhere to, and initiate infection in their ﬁnﬁsh hosts.
The mucosal surfaces of ﬁsh, such as the skin, function as the front line of defense against such bacterial
insults that are routinely encountered in the aquatic environment. While recent progress has been made,
and despite the obvious importance of mucosal surfaces, the precise molecular events that occur soon
after encountering bacterial pathogens remain unclear. Indeed, these early events are critical in
mounting appropriate responses that ultimately determine host survival or death. In the present study,
we investigated the transcriptional consequences of a virulent Aeromonas hydrophila challenge in the
skin of blue catﬁsh, Ictalurus furcatus. We utilized an 860K Agilent microarray to examine gene
expression proﬁles at key early timepoints following challenge (2 h, 12 h, and 24 h). A total of 1155
unique genes were signiﬁcantly altered during at least one timepoint. We observed dysregulation in
a number of genes involved in diverse pathways including those involved in antioxidant responses,
apoptosis, cytoskeletal rearrangement, immunity, and extracellular matrix protein diversity and regulation. Taken together, A. hydrophila coordinately modulates mucosal factors across numerous cellular
pathways in a manner predicted to enhance its ability to adhere to and infect the blue catﬁsh host.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Fish skin is a critical regulatory organ, serving not only as
a physical barrier to pathogen entry, but also as a sophisticated
integrator of environmental, social and nutritional cues through
roles in immunity, osmoregulation, and endocrine signaling. Integral to the complexity of teleost skin is the mucus layer secreted by
epidermal goblet cells [1]. Epidermal mucus in ﬁsh is a primary
biological barrier, known to change composition following infection [2], seasonal temperature changes [3], and dietary manipulations [4]. Key components of mucus have been well characterized
including the high molecular mass mucin glycoproteins, immunoglobulins, lysozymes, proteases, lectins, complement factors and
antimicrobial peptides [5e9]. Transcriptomic approaches to
examining ﬁsh skin/mucosal samples have the beneﬁt of capturing
a more comprehensive picture of physiological responses to
changes in stress or disease states compared to protein assays
measuring known mucosal components. Recently, several studies
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in Atlantic salmon have utilized microarray technology and/or
quantitative PCR (qPCR) to examine gene expression changes in
skin after parasitic infection [10e12], while a broader characterization of the salmon skin transcriptome was carried out using
454-sequencing [7]. Smaller-scale studies of the channel catﬁsh
skin transcriptome have also been conducted [13]. However, our
knowledge of the skin transcriptome of other cultured ﬁsh species
is still lacking.
Catﬁsh (Ictalurus sp.) are an important aquaculture organism
and a long-standing research model for teleost immunology [14].
From an industry long dominated by the culture of channel catﬁsh
(Ictalurus punctatus), producers are rapidly adopting the use of
a hybrid catﬁsh (Ictalurus punctatus  blue catﬁsh Ictalurus furcatus) with improved disease resistance to several common bacterial
pathogens. There is a need, therefore, to understand the immune
response of both parental species to guide selection of improved
hybrid catﬁsh. Disease research in catﬁsh has traditionally centered
on other bacterial pathogens including Edwardsiella ictaluri and
Flavobacterium columnare [15e17]. However, severe outbreaks of
a motile aeromonad septicemia (MAS), whose etiological agent is
Aeromonas hydrophila, have in recent years devastated sectors of
the US catﬁsh industry. A. hydrophila, a Gram-negative bacterium, is
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usually considered a secondary pathogen in disease outbreaks
among cultured ﬁsh species. However, in these cases, A. hydrophila
appears to have emerged as a primary pathogen, causing the loss of
more than 3 million pounds of channel catﬁsh (Ictalurus punctatus)
in 2009 alone [18]. Under experimental conditions, blue catﬁsh
were recently observed to have signiﬁcantly higher resistance to
virulent A. hydrophila than either channel catﬁsh or hybrid catﬁsh
(Jeffery Terhune, pers. communication). To move toward the goal of
identiﬁcation of the molecular determinants of this increased
resistance in blue catﬁsh, we utilized a new 860K Agilent
microarray for Ictalurid catﬁsh to examine global mucosal immune
responses in the blue catﬁsh skin following experimental challenge
with virulent A. hydrophila.
2. Methods
2.1. Experimental animals, tissue collection, and bacteriology
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. Blue catﬁsh (23  0.4 g) were reared at the Auburn
University Fish Genetics Research Unit prior to challenge.
Fish were maintained in 30 L tanks (20 L water) and acclimatized for 5 days before immersion bath prior to experiment.
Experimental ﬁsh were conﬁrmed to be culture negative for bacterial infection by culturing posterior kidney tissues from representative groups of ﬁsh on tryptic soy agar (TSA) plates. A 12:12 h
light:dark period was maintained and supplemental aeration was
supplied by an air stone. The water temperature during the challenge was controlled at 28  C.
Fish were challenged in 3 control and 3 treatment groups per
timepoint. Aquaria were randomly divided into sampling timepoints e 2 h treatment, 12 h treatment, 24 h treatment, 2 h control,
12 h control, and 24 h control with thirty ﬁsh in each aquarium.
A. hydrophila bacteria were cultured from a single isolate (AL09-71),
used in a trial challenge, re-isolated from a single symptomatic ﬁsh
and biochemically conﬁrmed to be A. hydrophila, before being
inoculated into tryptic soy broth (TSB) and incubated in a shaker
incubator at 28  C overnight. Isolate AL09-71 was ﬁrst isolated from
a farmed catﬁsh epizootic and has been previously demonstrated to
be highly virulent; at least 200-fold more virulent than other isolates of A. hydrophila [18]. The concentration of the bacteria was
determined using colony forming unit (CFU) per mL by plating 10 ml
of 10-fold serial dilutions onto TSA agar plates.
To aid in infection, skin mucus was removed by gentle scraping
with a dull spatula from an approximately 4 cm2 area below the
dorsal ﬁn immediately prior to immersion challenge. Immersion
experiments were performed in a 25 L bucket with aeration. Brieﬂy,
50 ml of bacterial cells (1.5  109) were added to water to give
a ﬁnal volume of 5 L (1.5  107 ﬁnal exposure concentration). Thirty
blue catﬁsh were immersed in each bucket for 2 h in 28  C water
with aeration provided by air stone (w4 mg/L DO). After the 2 h
immersion, the catﬁsh were distributed to 30 L glass aquaria.
Control ﬁsh were treated in the same manner as the infected ﬁsh
with mucus scraped and were held in buckets with the addition of
sterilized TSB prior to transfer to aquaria. The experiment was run
in duplicate, with one set of ﬁsh used for sample collection and one
set used for observation of mortality rates.
At 2 h, 12 h and 24 h 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). The skin from
8 ﬁsh/replicate pool (24 ﬁsh/treatment/timepoint) were pooled
together in equal amounts and ﬂash frozen in liquid nitrogen
during collection and stored at 80  C until RNA extraction. During
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the challenge, symptomatic treatment ﬁsh and control ﬁsh were
collected and conﬁrmed to be infected with A. hydrophila and
pathogen-free, respectively, at the Fish Disease Diagnostic Laboratory, Auburn University.
2.2. RNA extraction and probe labeling
Samples were homogenized with mortar and pestle in the
presence of liquid nitrogen prior to RNA extraction by the RNeasy
Plus Universal Mini Kit (Qiagen) following manufacturer’s instructions. RNA concentration and integrity of each sample was
measured using a NanoDrop ND-1000 UVeVIS Spectrophotometer
version 3.2.1. Fluorescently labeled complementary RNA (cRNA)
probes were generated using the Two Color Microarray Quick
Labeling kit (Agilent Technologies, Palo Alto, CA, USA) and following the manufacturer’s instructions. Brieﬂy, cDNA was generated
from 500 ng of each isolated RNA sample; cRNA was then made
using Cy3-CTP or Cy5-CTP incorporation for labeling purposes. The
ﬂuorescently labeled cRNA probes were puriﬁed using the Qiagen
RNeasy Mini Kit (Qiagen Inc., Valencia, CA, USA), and the concentration, ﬂuorescent intensities, and quality of labeled cRNA probes
were determined using a Nano-drop spectrophotometer. At each
timepoint, 3 Cy3 labeled cRNA and 3 Cy5 labeled cRNA were generated with randomized dye assignments between treatment and
control samples.
2.3. Microarray design and probe hybridization
Microarray interrogations were performed using a customdesigned, Agilent-based microarray platform with 860K probes
per slide layout. Catﬁsh cDNA contigs were collected from previous catﬁsh EST and RNA-seq studies [19e21]. Annotation was
conducted based on the NCBI zebraﬁsh database using the BLASTX
program, a cutoff E-value of e10, and selection of the top informative hit. In total, 29,732 contigs from channel catﬁsh and 21,208
contigs from blue catﬁsh were selected, and 38 genes were
selected as controls and repeated 10 times across the array
(Supplementary Table 1). The rest of the array was populated with
Agilent positive and negative controls. Speciﬁc probes were
designed using Agilent’s eArray online probe design tool with
X-hyb potential less than 2 and a Base Composition (BC) content
score below BC3. Hybridization, washing and scanning were performed according to the Agilent two-color microarray-based gene
expression analysis protocol (version 5.5, February 2007) by
University of Florida.
2.4. Microarray data analysis
Following hybridization, the slides were scanned using a GenePix personal 4100A Scanner (Axon Instruments) and initial analysis
was performed with Feature Extraction software v9.5.3 (Agilent).
Background correction of feature intensities was performed within
this software. After lowess normalization of background-corrected
data, normalized data was imported to ArrayStar software 5
(DNASTAR Inc., Madison, WI), and then the Moderated t-test was
performed to detect the differently expressed genes [22]. At each
timepoint, the expression values of the three replicates of
A. hydrophila infected ﬁsh (8 pooled samples/replicate) were
compared to that of the three replicates of the control ﬁsh and used
to calculate fold changes and p-values. The genes with fold change
greater than 2.0 and p  0.05 were considered as differently
expressed. Only blue catﬁsh features (known and unknown) were
used for expression analysis in this experiment. Functional groups
of the differently expressed genes were identiﬁed based on GO
analysis and manual literature review.
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2.5. Gene ontology analysis
Gene ontology (GO) annotation analysis was performed using
the zebraﬁsh BLAST results in Blast2GO version 2.5.0 (http://www.
blast2go.org/), which is an automated tool for the assignment of
gene ontology terms. The ﬁnal annotation ﬁle was produced after
gene-ID mapping, GO term assignment, annotation augmentation
and generic GO-Slim process. The annotation result was categorized with respect to Biological Process, Molecular Function, and
Cellular Component at level 2.
In order to identify overrepresented GO annotations in the differentially expressed gene set compared to the whole blue microarray gene set, GO analysis and enrichment analysis of signiﬁcantly
expressed GO terms was performed using Ontologizer 2.0 [23] using
the ParenteChild-Intersection method with a BenjaminieHochberg
multiple testing correction [24]. GO terms for each gene were
obtained by utilizing zebraﬁsh annotations for the unigene set. The
frequency of assignment of gene ontology terms in the differentially
expressed genes sets were compared to frequency within the overall
blue catﬁsh reference transcriptome. The threshold was set as FDR
value <0.1.
2.6. Experimental validationdQPCR
Ten signiﬁcantly expressed genes with different expression
patterns were selected for validation using real time QPCR with
gene speciﬁc primers designed using Primer3 software. Total RNA
was extracted using the RNeasy Plus Universal Mini Kit (Qiagen)
following manufacturer’s instructions. First strand cDNA was synthesized by iScriptÔ cDNA Synthesis Kit (Bio-Rad) according to
manufacturer’s protocol. The iScript chemistry uses a blend of
oligo-dT and random hexamer primers. All the cDNA products were
diluted to 250 ng/ml and utilized for the quantitative real-time PCR
reaction using the SsoFastÔ EvaGreenÒ Supermix on a CFX96 realtime PCR Detection System (Bio-Rad Laboratories, Hercules, CA).
Real-time PCR was performed in a total volume of 20 ml with cycling
conditions: 94  C for 5 s, followed by 40 cycles of 94  C for 5 s, 60  C
for 5 s (ﬂuorescence measured), and a disassociation curve proﬁle
of 65  Ce95  C for 5 s/0.5  C increment. Results were expressed
relative to the expression levels of 18S rRNA in each sample using
the Relative Expression Software Tool (REST) version 2009 [25].
The biological replicate ﬂuorescence intensities of the control and
treatment products for each gene, as measured by crossing-point
(Ct) values, were compared and converted to fold differences by
the relative quantiﬁcation method. Expression differences between
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. Test ampliﬁcations were conducted with
ensure that 18S and target genes were within an acceptable range.
A no-template control was run on all plates. QPCR analysis was
repeated in triplicate runs (technical replicates) to conﬁrm
expression patterns.
3. Results
3.1. A. hydrophila challenge
Pre-challenge experiments examined the ability of virulent
A. hydrophila to infect catﬁsh following bath challenge to allow
natural routes of infection vs. i.p. injection [26]. Bath challenges
alone, regardless of exposure concentration or conditions, were
unsuccessful in initiating A. hydrophila infection. However, disrupting the mucus covering of the skin by gentle scraping (see
Methods), followed by immediate challenge produced an effective,

reproducible challenge model. We, therefore, adopted this model
here to study infection-based changes in skin following infection.
The artiﬁcial challenge with virulent A. hydrophila showed initial
mortality of infected ﬁsh beginning at 24 h after exposure and
resulting in a ﬁnal cumulative mortality of 32% at 48 h in a simultaneous trial run alongside the sampled ﬁsh. No control ﬁsh manifested symptoms of A. hydrophila, and randomly selected control
ﬁsh were conﬁrmed to be negative for A. hydrophila by standard
diagnosis procedures. Dying ﬁsh manifested external signs associated with A. hydrophila infection including redness in the eyes,
petechial hemorrhaging and exophthalmia. A. hydrophila bacteria
were successfully isolated from randomly selected challenge ﬁsh.
3.2. Identiﬁcation and analysis of differentially expressed genes
A total of 1155 unigenes showed signiﬁcant differential
expression in blue catﬁsh skin during at least one timepoint following infection. In detail, there were 607 differentially expressed
genes at 2 h after challenge relative to control, 306 genes differently
expressed at 8 h after challenge relative to control, and 486 genes
differently expressed at 24 h after challenge relative to control. At
2 h and 8 h, there were greater numbers of up-regulated genes than
down-regulated genes, whereas by 24 h similar numbers of genes
were up- and downregulated (Table 1). Details of the 1155 differentially expressed genes are given in Supplementary Table 2. Feature values and metadata of the experiment are archived at the
NCBI Gene Expression Omnibus (GEO) under Accession GSE42491.
3.3. Gene ontology and enrichment analysis
Differently expressed genes were then used as inputs to perform
gene ontology (GO) annotation by Blast2GO. A total of 2713 GO
terms including 624 (23.00%) cellular component terms, 620
(22.85%) molecular functions terms and 1469 (54.15%) biological
process terms were assigned to 1155 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 (GO:0009987), binding (GO:0005488) and cell
(GO:0005623) were the most common annotation terms in the
three GO categories.
The differently expressed unique genes were then used as inputs
to perform enrichment analysis using Ontologizer. Parentechild GO
term enrichment analysis was performed for the 1155 unigenes to
detect signiﬁcantly overrepresented GO terms. A total of 33 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 (Table 2). The GO terms
include functions and processes including response to chemical
stimulus, regulation of cell death, regulation of response to stimulus and hemoglobin biosynthetic process. Based on enrichment
analysis and manual annotation and literature searches, representative key genes were arranged into 5 broad categories,
including oxidative stress/apoptosis, cytoskeletal rearrangement,

Table 1
Statistics of differently expressed genes at different timepoints following Aeromonas
hydrophila challenge. Values indicate cutoff values of fold change 2 (p < 0.05) at
a least one timepoint following challenge.

Up-regulated
Down-regulated
Total
Total unigenes

2h

12 h

24 h

356
251
607
1155

224
82
306

247
239
486
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Table 2
Summary of GO term enrichment result of signiﬁcantly expressed genes in blue
catﬁsh following A. hydrophila challenge. The 1155 differentially expressed genes
were analyzed as the study set in comparison to all the catﬁsh unigenes. p-value
0.1 was considered signiﬁcant. Population count is the number of genes associated
with the term in the population set. Study count is the number of genes associated
with the term in the study set. GO names were retained only from GO terms of
levels >2.
GO ID

GO name

p-value
(FDR)

Population
count

Study
count

GO:0016265
GO:0042221
GO:0008219
GO:0007229

Death
Response to chemical stimulus
Cell death
Integrin-mediated signaling
pathway
Regulation of signaling
Regulation of cell death
Regulation of response to
stimulus
Hemoglobin biosynthetic
process
NADP binding
Cellular ketone metabolic
process

0.0056
0.0280
0.0434
0.0434

234
399
234
37

29
40
30
7

0.0842
0.0932
0.0970

474
155
499

42
19
45

0.0970

8

4

0.0985
0.0985

25
253

7
31

GO:0023051
GO:0010941
GO:0048583
GO:0042541
GO:0050661
GO:0042180

protease-related, extracellular matrix, and immune response
(Table 3).
3.4. Validation of microarray proﬁles by QPCR
In order to validate the differentially expressed genes identiﬁed
by microarray, 10 genes were selected for QPCR conﬁrmation,
selecting from those with differing expression patterns and from
genes of interest based on functional enrichment and pathway
results. Samples from 2 h control, 12 h control, 24 h control, and 2 h,
12 h and 24 h following challenge (with three replicate sample
pools per timepoint) were used for QPCR. Primers were designed
based on blue catﬁsh contig sequences (Supplementary Table 3).
Melting-curve analysis revealed a single product for all tested
genes. Fold changes from QPCR were compared with the microarray expression analysis results. As shown in Table 4, QPCR results
were signiﬁcantly correlated with the microarray results at each
timepoint (correlation coefﬁcient R ¼ 0.74, p-value <0.001). With
the exception of TLR5b at the 2 h timepoint and noelin at the 12 h
timepoint, all examined genes had the same direction of differential expression by both methods. No consistent bias toward higher
expression levels was observed by either method. We observed that
concordance between QPCR values and microarray expression
levels decreased at higher fold changes. For example, in the cases of
galactoside-binding soluble lectin 9 and syncollin-like expression
changes were much higher in the microarray rather than QPCR.
These differences likely represented differential hybridization kinetics and/or the presence of paralogues contributing to expression
levels which we were unable to predict without a fully annotated
genome. In spite of these discordant results in regards to some fold
change levels, the microarray platform consistently indicated differentially expressed genes for further analysis.
4. Discussion
The availability of transcriptomic tools including microarrays
and RNA-Seq has recently opened a window through which we can
observe the complexity of ﬁsh hostepathogen interactions during
infection. Transcriptomic studies of catﬁsh responses to E. ictaluri
infection [16,17,21] and F. columnare [27] have identiﬁed shared
molecular signatures of inﬂammation and apoptosis, but have also
highlighted non-classical immune candidates which may be critical
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in pathogen entry and replication within the host. Follow-up
studies have served to further characterize roles of these candidates and examine their utility as potential biomarkers in genetic
selection programs [28e30]. In this vein, here, we utilized a new
860K Agilent microarray platform to examine gene expression in
blue catﬁsh skin at early timepoints following A. hydrophila
infection.
We chose here to use pooled biological replicates to study
broader transcriptional patterns. While this approach does not
capture the full extent of individual biological variability, we
believe it was the best approach given the observed dynamics of
the A. hydrophila infection. The virulent isolate we utilized, while
generating an acute infection, typically lead to 40e60% mortality
within 24 h. Thereafter, mortality rates dropped precipitously,
leaving a group of surviving ﬁsh which rarely manifested clinical
signs of A. hydrophila. Collection of tissues from challenged ﬁsh at
early timepoints, therefore, of necessity included individuals which
would have ultimately evaded acute infection and death. We utilized pooled samples for biological replicates to increase the likelihood of capturing expression signatures tied to pathogen
attachment and entry. Candidate genes identiﬁed here may be
valuable as markers for future identiﬁcation of individuals
belonging to these phenotypic groups prior to pathogen exposure.
A total of 13,377 unique, annotated blue catﬁsh features were
present in the utilized 860K Agilent microarray. Of these,
expression of 1155 was signiﬁcantly perturbed during at least one
early timepoint following infection. We categorized differentially
expressed genes into ﬁve broad categories based on GO analysis
and manual literature and pathway analyses. These included oxidative stress/apoptosis, cytoskeletal rearrangement, proteaserelated, extracellular matrix, and immune responses (Table 3).
Below we highlight key constituents of these categories and their
potential functions in the context of host responses to virulent
A. hydrophila.
4.1. Oxidative stress/apoptosis
A study of several Aeromonas species has highlighted that their
infection pattern is characterized by a robust stimulation and/or
intracellular accumulation of host reactive oxygen species (ROS)
and nitric oxide radical (NO), leading to loss of mitochondrial
membrane potential and induction of apoptosis [31]. The most
potent virulence factor of A. hydrophila strains infecting mammalian species, cytotoxic enterotoxin Act, has been shown, upon
binding, to stimulate monocyte/macrophage inﬁltration and to
induce release of ROS [32,33]. A similar process was evident in the
gene responses to A. hydrophila in blue catﬁsh skin. Pro-apoptotic
genes such as anamorsin and programmed cell death protein
2-like were upregulated (Table 3). Moreover, several selenoproteins
involved in cell-protective antioxidant responses (Sel T1b, T2, and
W2b) were downregulated, along with other genes involved in free
radical scavenging pathways (peroxiredoxins and HSC70-like).
4.2. Cytoskeletal rearrangement
The host actin cytoskeleton is an early target of a myriad of
pathogens. Manipulation of the cytoskeleton can aid attachment,
cell entry, motility, and host evasion [34]. These disruptions
themselves can often lead to host cell death at sites of infection,
illustrating the overlapping nature of gene functional classiﬁcations
[35]. 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. This bundling of actin
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Table 3
Representative key functional categories and gene members differentially expressed in skin following A. hydrophila challenge. Bold values indicate signiﬁcant fold change
(p  0.05).
Gene name
Oxidative stress/apoptosis
Anamorsin
Fas (TNF receptor superfamily, member 6)
Fep15 selenoprotein
Glutathione S-transferase theta 1b
Heat shock cognate 70-like
Inhibitor of DNA binding 3
Peroxiredoxin-1
Peroxiredoxin-2
Programmed cell death protein 2-like
Programmed cell death protein 4
Programmed cell death protein 6
Selenoprotein T1b precursor
Selenoprotein T2 precursor
Selenoprotein W, 2b
Cytoskeletal rearrangement
Abl interactor 2
AHNAK nucleoprotein
Catenin beta-1
Coronin-1A
Cytoplasmic dynein 2 heavy chain 1-like
Ezrin like
Fgd3
Integrin, beta 1a
Integrin, beta 1b
Rap guanine nucleotide exchange factor (GEF) 1
Twinﬁlin, actin-binding protein, homolog 1b
Villin 1-like
Protease-related
ADAM8a
ADAM8b
ADAM9
Carboxyl ester lipase, like
Carboxypeptidase B
Cationic trypsin-3
Chymotrypsin B1
Chymotrypsin-like
Granzyme-like
Matrix metalloproteinase 9-like
Matrix metalloproteinase 13 preproprotein-like
Pancreatic secretory GP2-like
Protease, serine, 35-like
Serine protease inhibitor, Kunitz type 1 b
Syncollin-like
Transmembrane protease serine 2
Ubiquitin speciﬁc protease 18-like
Extracellular matrix
Collagen alpha-1(I) chain
Collagen alpha-2(I) chain
Collagen, type VI, alpha 2
Dermatopontin
Focal adhesion kinase 1
Periostin isoform 1
Plakophilin 1-like
Thrombospondin 2-like
Immune response
CD74 molecule, MHC II invariant chain
CD9 antigen
Chemokine (CeC motif)-like, member A3-like
Complement C4-1-like
Complement component 1, q subcomponent 4
Complement component 6-like
CXC chemokine-like
FinTRIM family, member 19
Fish virus induced TRIM protein-like
Galectin-9
H2A histone family, member Y
Histone cluster 1, H2bc-like
Interferon regulatory factor 3
Interferon regulatory factor 9
Interleukin 1, beta
Interleukin 17d
Interleukin 2 receptor, gamma b

Probe_ID

2h

12 h

24 h

UN11453
UN05087
UN09717
UN07156
UN04723
UN02479
UN03477
UN07748
UN22376
UN32399
UN00116
UN05919
UN18711
UN23273

1.88
L2.13
3.56
1.60
L2.75
5.24
1.16
L2.43
1.34
2.54
L3.21
L2.43
L2.41
1.79

1.39
L1.48
1.13
1.05
3.02
1.06
1.11
2.00
1.16
1.77
L1.56
L1.32
L1.43
1.22

5.16
1.85
2.86
4.40
2.34
2.77
L11.51
L3.30
3.69
1.43
L5.65
1.19
1.36
L7.99

UN16097
UN06664
Contig_540925
UN06809
Contig_538634
UN07684
UN02569
UN31730
UN07913
Contig_524842
UN20587
UN50356

4.85
3.25
2.32
1.02
2.94
1.27
4.93
2.14
1.56
8.94
1.19
2.43

1.87
2.08
L2.47
1.05
1.31
1.08
1.94
2.27
1.14
1.84
2.20
1.44

2.80
3.22
1.30
L5.57
2.11
3.93
4.63
1.38
3.37
1.43
3.82
1.65

UN02972
UN07164
Contig_523987
UN07012
UN06900
UN05715
UN06108
UN06897
UN03917
UN18543
UN06623
UN04138
UN10486
UN07517
UN59514
UN04563
Contig_522281

1.35
L3.81
1.62
L14.01
L25.93
L29.28
L17.26
L7.48
2.53
1.80
1.08
7.70
1.94
L3.04
L38.88
4.89
L5.7

1.99
1.65
1.11
1.68
2.47
3.59
1.85
1.49
1.08
1.34
1.38
1.19
2.68
1.33
3.00
1.09
1.12

L19.38
L7.53
L24
2.51
1.42
3.37
7.45
1.54
1.40
L23.24
L6.78
L2.39
1.09
3.67
2.80
L2.92
1.54

UN06845
UN11295
UN22719
UN00581
Contig_423967
UN07163
UN08649
UN08307

2.182
1.362
1.09
L1.74
1.18
1.13
1.10
2.03

L1.616
1.618
1.18
1.05
1.01
1.21
1.23
1.15

UN06241
UN07656
UN45058
UN07060
UN14752
UN02544
UN01082
UN36859
Contig_415668
UN00303
UN35011
UN39764
UN16976
UN46763
UN05665
Contig_552591
UN28913

1.09
L2.11
3.35
3.20
2.22
L8.39
1.59
L4.92
L5.06
1.80
1.23
2.63
L5.54
L2.83
2.50
1.95
1.81

1.24
1.10
1.40
1.30
1.51
3.87
2.55
1.01
1.15
1.18
2.96
1.34
1.19
1.12
1.60
1.12
1.10

10.618
5.306
17.72
13.79
3.29
18.33
2.49
24.04
4.00
1.32
1.35
14.94
3.17
1.28
L15.71
1.42
1.13
L63.43
L4.70
6.50
2.14
1.90
L39.00
12.04
L6.99
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Table 3 (continued )
Gene name

Probe_ID

Interleukin-6 receptor subunit beta
Lectin, mannose-binding, 1
Lysozyme-like protein 2 (LysC)
Microﬁbrillar-associated protein 4-like
Microﬁbrillar-associated protein 4-like isoform 1
Myxovirus (inﬂuenza virus) resistance G
NRAMP2
Neurotoxin/C59/Ly-6-like protein-like
Neutrophil cytosol factor 4
NLR family, pyrin domain containing 1-like
Nucleotide-binding oligomerization domain 2
Peroxisome proliferator-activated receptor alpha
Prostaglandin E synthase 2
Rhamnose binding lectin-like
TNF receptor-associated factor 6
Toll-like receptor 5a
Toll-like receptor 5b

UN11193
UN03883
UN03806
UN60825
UN60035
UN06471
UN51887
UN07110
UN06986
Contig_389093
UN08194
UN05846
Contig_532755
UN04653
Contig_554384
UN24516
UN23482

ﬁlaments facilitates entry via a membrane-containing vacuole that
protects the bacteria from lysosomal degradation [36]. Several
genes associated with bacterially-induced creation of actin-rich
structures were among the most strongly upregulated in blue
catﬁsh at the initial sampling timepoint, 2 h. These included RAPGEF1 (8.94-fold), a guanine nucleotide exchange factor, which interacts with c-Abl in the cytoskeleton to facilitate cell death [37].
Abl-interactor 2, a target of Abl tyrosine kinases is implicated in
Rac-dependent cytoskeletal reorganization and localized to the tips
of lamellipodia and ﬁlopodia [38], was also upregulated (4.85-fold).
Other cytoskeletal regulators, including AHNAK, twinﬁlin, villin1,
and ezrin-like were upregulated both here, and observed previously following infection in other catﬁsh mucosal tissues [21,27]
indicating shared mechanisms/targets of pathogenesis. An overall
pattern of induction of gene expression, primarily at 2 h and 24 h,
was observed in this category.
4.3. Proteases and extracellular matrix
Microarray analyses also highlighted two groups of genes with
potentially contrasting functional roles in wound repair as well as
infection and inﬂammation, speciﬁcally extracellular proteases and
components of the extracellular matrix (ECM; Table 3). Perturbance
of these genes indicates changes in the blue catﬁsh response to skin
damage caused by A. hydrophila infection and resulting inﬂammation. A recent study by Krasnov et al. [11] studied this process in
detail in Atlantic salmon skin following parasite infection and/or
cortisol implantation. There, parasitic copepod infection alone led
to relatively modest changes in protease and ECM expression. By
contrast, A. hydrophila infection appeared to lead to systematic

2h
1.84
L2.49
1.24
1.00
2.30
4.44
L2.36
L8.88
L1.88
1.20
1.84
1.50
L2.28
4.54
2.42
1.23
1.16

12 h

24 h

1.27
1.06
1.81
1.12
L1.80
1.23
1.28
L1.34
1.08
1.60
3.28
1.42
2.37
3.72
1.20
3.11
1.69

2.94
1.87
L98.49
L9.72
L13.30
L36.06
1.39
1.02
L13.23
4.50
1.60
4.32
1.11
1.32
1.65
L12.86
L16.22

downregulation of protease expression, particularly at 2 h postinfection. This pattern could be interpreted as a protective mechanism of the host to minimize release of toxic enzymes capable of
damaging the extracellular matrix, or as a temporary depletion of
stored proteases following release upon bacterial contact [39]. For
example, levels of trypsins, downregulated w7e30 fold relative to
control at 2 h, rose to basal levels or higher by 12 h. Alternatively,
host blue catﬁsh serine proteases may be targeted by inhibitors
secreted by the pathogen to facilitate infection [40]. Secreted proteases have long been reported to have strong bactericidal activity,
making them a high priority target for pathogen evasion strategies
[3,41].
Two additional putative protease-related genes warrant comment here. A GP2-like gene was one of the highest upregulated
genes at 2 h post infection (7.70-fold). GP2 is the major zymogen
granule membrane protein, with roles in storage of inactive protease forms [42]. GP2 exists in secreted and membrane bound
forms and interacts across the granule membrane with syncollin
(downregulated here 38.88-fold at 2 h [43];). New roles for GP2
have been described in recent research. Yu and Lowe [44] described
the mannose-mediated binding of GP2 to Escherichia coli Type I
ﬁmbria, followed by a report that GP2 takes up bacteria through M
cells within the Peyer’s patches and lymphoid follicles to initiate
the mucosal immune response [45]. Most recently, GP2 has been
shown to be ubiquitously expressed on mammalian mucosal cell
types, with roles in immunomodulation of T cell activation and
proliferation [46]. Further research is needed to determine the blue
catﬁsh skin cells contributing to the observed GP2 upregulation and
whether they may be involved in antigen sampling. More broadly,
the role of GP2 in teleost mucosal immune responses warrants

Table 4
QPCR validation details. Fold changes of selected genes are given either according to microarray or QPCR results.
Gene

Galactoside-binding soluble lectin 9
Leptin-like
Lysozyme-like protein 2
Matrix metalloproteinase 9-like
MyD88
Noelin-like
Programmed cell death protein 6
Syncollin-like
TLR5a
TLR5b

2 h fold change after infection

12 h fold change after infection

24 h fold change after infection

QPCR

Microarray

QPCR

Microarray

QPCR

Microarray

2.07
4.27
1.57
1.69
2.00
6.12
1.85
12.66
1.68
2.00

1.80
2.35
1.24
1.80
1.36
3.55
3.21
38.88
1.23
1.16

2.69
2.57
4.46
1.97
1.18
3.51
1.04
2.61
2.87
3.36

1.18
1.40
1.81
1.34
2.05
1.08
1.56
3.00
3.11
1.69

10.39
4.22
83.67
5.11
5.82
13.93
5.49
2.70
7.96
5.39

63.43
6.10
98.49
23.24
1.80
19.22
5.65
2.80
12.86
16.22
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investigation, especially in light of our limited understanding of
antigen collection mechanisms [1].
Changes in extracellular matrix genes are also subject to alternative interpretations, depending on whether the captured
expression proﬁles signal early tissue repair or further pathogen
manipulation and infection. In blue catﬁsh skin following
A. hydrophila infection, we observed a consistent pattern of nonsigniﬁcant or minor fold-changes in ECM genes at 2 h and 12 h,
followed by strong, concerted upregulation of these genes at 24 h.
Successful infection of many bacterial pathogens requires deeper
penetration and adherence beyond the mucosal surface to avoid
removal by physical forces. Indeed, pathogenic bacteria (including
A. hydrophila) encode ECM binding proteins [47] to bind collagen
and other matrix components [48,49]. Infection by the human
parasite Trypanosoma cruzi depends in part on binding to ECM
component thrombospondin, upregulated here 24.04-fold [50].
Given the early post-infection timepoints under study, we speculate that expression of host ECM may be manipulated by
A. hydrophila to enhance adherence into deeper subendothelial
layers. Further study is needed to connect ECM gene expression
with disease outcome in catﬁsh.

another potential skin mucus component [6,10], was also downregulated over 60-fold. Interleukin 1 beta (IL1b), a primary inﬂammatory mediator [60], was downregulated 39-fold at 24 h, differing
from a report of strong induction at earlier timepoints in the head
kidney of channel catﬁsh injected with A. hydrophila [26]. A smaller
set of immune-related genes were upregulated at 24 h. These
included cytokine interleukin 17d (þ12.04-fold), important in defense mechanisms against extracellular pathogens at mucosal surfaces and recently described in Atlantic salmon skin [11,61]. Also
induced were two components of the complement system, C1q and
C4, which have been demonstrated to part of the complement
classical pathway response to A. hydrophila in mammalian hosts
[62]. However, while the conventional view of the complement
cascade is principally antimicrobial, some Aeromonads are resistant
to complement mediated lysis as evidenced by in vitro killing assays
employing either human or ﬁsh sera [63,64]. Taken together, the
broad suppression of key innate immune factors at 24 h is likely part
of pathogen-directed immune-sculpting to facilitate successful
infection [65].

4.4. Immune response

Utilizing a high density Agilent microarray, here we examined
gene expression proﬁles at key early timepoints following
A. hydrophila challenge. A total of 1155 unique genes were signiﬁcantly altered during at least one timepoint. We observed dysregulation in a number of genes involved in diverse pathways
including those involved in antioxidant responses, apoptosis,
cytoskeletal rearrangement, immunity, and extracellular matrix
protein diversity and regulation. A growing understanding of catﬁsh mucosal responses to primary bacterial pathogens should lead
to the identiﬁcation of shared and pathogen/tissue speciﬁc signatures with utility as disease biomarkers and/or targets for improved
vaccination strategies.

An array of classical and ﬁsh-speciﬁc immune-related genes
were perturbed by infection with A. hydrophila in blue catﬁsh skin.
While the overall pattern was suggestive of suppression of the host
response, there were notable exceptions. Few immune genes
showed signiﬁcant changes at the 12 h timepoint, with smaller
changes at 2 h, followed by larger responses at 24 h. Interestingly,
genes showing differential expression at 2 h seldom manifested
large signiﬁcant changes in expression at 24 h, and vice versa,
suggesting two early waves of the host innate immune response. At
2 h, a number of immune factors were downregulated signiﬁcantly,
including ﬁnTRIM family members [51], a mannose binding lectin
[52], and NRAMP2 [53]. Complement component 6-like (responsible in part for assembly of the membrane attack complex) was
downregulated 8.39-fold at 2 h, matching a similar report of
downregulation in grass carp skin following A. hydrophila infection
[54]. Neurotoxin/C59/Ly6 (or differentially regulated trout protein
1) is a ﬁsh-speciﬁc immune regulator often perturbed soon after
infection [21,27,55,56], but whose function is still poorly understood. Here it was downregulated 8.88-fold at 2 h.
Among a smaller set of immune genes induced to higher
expression at 2 h was a rhamnose-binding lectin (RBL; þ4.54-fold).
Previously, we observed strong upregulation of catﬁsh RBL in gill at
4 h following F. columnare infection [27] and demonstrated that the
lectin had a potential role in pathogen binding that was modulated
by feeding status [30]. Interestingly, a recent microarray study of
early Atlantic salmon skin responses to salmon louse, also found
higher RBL levels at 1 d post-infection [10]. These studies suggest
that rhamnose binding lectins may be important ﬁsh mucosal
pathogen recognition receptors which are exploited by a variety of
aquatic pathogens [57].
At 24 h post-infection, we observed the downregulation of several genes often reported to be induced by infection in other contexts. Toll-like receptor 5a (TLR5a) and TLR5b, known to recognize
bacterial ﬂagellin, were signiﬁcantly downregulated at this timepoint (Table 3). This was in contrast to other reports of upregulation
following bacterial infection in catﬁsh [16,21,58,59]. Also suppressed
were myxovirus resistance G (36.06 fold), and two MFAP4-like
genes [29]. C-type lysozyme (lysozyme-like protein 2), an important secreted mucus component (along with serine proteases), was
downregulated close to 100-fold (Table 3) at 24 h, potentially
opening up the catﬁsh host to continued infection. Galectin-9,

5. Conclusions
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