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Feed status and skin injury 
modulate immunopathology, 
global gene expression, and 
survival in channel cat�sh 
during virulent Aeromonas 
hydrophila infection 
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Nithin M. Sankappa2,3, Craig A. Shoemaker2, Karl Hayden1, 
Linnea K. Andersen2, Ida Phillips1,4, Tou�c Nashar1, 
Temesgen Samuel1 and Abdelrahman Mohamed1* 

1Department of Pathobiology, College of Veterinary Medicine, Tuskegee University, Tuskegee, 
AL, United States, 2United States Department of Agriculture, Agricultural Research Service, Aquatic 
Animal Health Research Unit, Auburn, AL, United States, 3Oak Ridge Institute for Science and 
Education (ORISE), Agricultural Research Services (ARS) Research Participation Program, Oak Ridge, 
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Introduction: Virulent Aeromonas hydrophila is a major pathogen in channel 
cat�sh (Ictalurus punctatus), that causes motile Aeromonas septicemia and 
signi�cant economic losses. We investigated the effect of feeding status and 
skin integrity on the host immune response, disease survival, and gastrointestinal 
pathology following a vAh challenge. 

Methods: Using a bath immersion model, channel cat�sh were divided into four 
treatment groups: �n clipped and fed (FCF), �n clipped but not fed (FCN), not �n 
clipped but fed (NCF), and not �n clipped  nor  fed (NCN)  alongside non�
challenged control groups The FCF and NCF groups were fed 2 h prior to the 
challenge, but the FCN and NCN groups were not. Survival analysis, 
histopathological assessment, and RNA sequencing were conducted across 
groups at different time intervals throughout the vAh challenge. 

Results: Survival rates were lowest in the FCF and FCN groups (30% and 23% 
survival, respectively), suggesting that both feeding and skin damage contributed 
to disease severity. Histopathological analyses revealed more severe intestinal 
and gastric lesions in fed groups, characterized by epithelial necrosis, 
hemorrhage, and edema. Transcriptomic analysis among the groups identi�ed 
signi�cant differentially expressed genes associated with in�ammation, 
apoptosis, and metabolic stress, with notable upregulation of interleukin 1-beta 
(il-1b), and complement C3 (c3). Gene ontology enrichment highlighted distinct 
immune activation patterns between fed and unfed groups, with enhanced 
pathogen recognition and pro-in�ammatory responses in unfed �sh. 
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Discussion: These �ndings suggest feeding prior to infection may exacerbate 
disease pathology, potentially by creating a physiological state conducive to 
facilitate pathogen proliferation and dampened early immune responses, 
whereas short-term fasting appears to promote early immune activation. This 
study provides novel insights into the complex interplay between feed status, 
physical injury, and immune response to vAh infection. 
KEYWORDS 
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1 Introduction 

Aeromonas hydrophila is a Gram-negative, motile, rod-shaped 
bacterium widely found in aquatic environments that causes motile 
Aeromonas septicemia (MAS) in �sh (1–3). Clinical signs can be 
acute, chronic, and latent, and infection manifests in various forms 
depending on the pathogen’s virulence factors, defense strategy, and 
stress level of the host (4). Over the last two decades, an A. 
hydrophila clonal strain emerged in the U.S., principally as 
isolated farm cases in 2004 (5). No other incidence was recorded 
until 2009, and since then, outbreaks from virulent A. hydrophila 
(vAh) strains typically affect market-size channel cat�sh (Ictalurus 
punctatus), with mortality ranging from 50-60% (6, 7). This 
pathogen accounts for $3.4 million annually in loss due to deaths 
and increased production costs, including the use of expensive 
antimicrobial feeds (8). 

Previous work has investigated the portal of entry of vAh using 
bath immersion, intraperitoneal injection, and adipose �n (Af) 
clipping-immersion models (9–12). Quanti�cation of vAh among 
internal organs demonstrates bacterial recovery in the gills, 
intestine, kidney, spleen, and adipose tissue 24 hours post-
challenge (HPC) (13). Histological �ndings have been reported 
from natural and experimental vAh infections in channel cat�sh 
(7, 14), and histological changes were detected in the gills, intestine, 
stomach, kidney, and liver at 24 HPC (14), with lesions in the 
stomach and spleen signi�cantly marked in natural infections (7). 
Af-clipping immersion models simulate a natural route of infection 
in channel cat�sh (13, 15); however, the characterization of 
pathological �ndings to assess the impact of nutritional status and 
�n clipping has not been reported. 

Recent studies have also elucidated innate and adaptive immunity 
in channel cat�sh after intraperitoneal injection with vAh strain ML09­
119 (16). Moreover, other studies have also investigated the cat�sh 
immune response to other bacterial, viral, and  parasitic infections (17). 
These studies reveal that cat�sh combat bacterial infections utilizing 
their innate immune system,  including pro-in�ammatory cytokines 
and chemokines (16, 18). The transcriptomic analysis of the stomach 
and intestinal tissues of vAh-infected channel cat�sh following feeding 
or injury has not been evaluated. 
02 
Exploring the pathophysiology and immunobiology of motile 
Aeromonas septicemia caused by vAh in channel cat�sh following 
nutritional modulation and physical injury from �n clipping is 
critical to understanding how the �sh responds to infection. This is 
particularly important in developing therapies, including vaccines 
and feed additives designed to confer protection against vAh. Based 
on the notable histological �ndings of degranulate eosinophilic 
granular cells and dendritic cells in the necrotic intestinal 
epithelium (14) and marked hemorrhage and edema in the 
submucosa and muscular of the stomach (7), we hypothesized 
that the gastrointestinal system plays a crucial role in the 
pathogenesis of vAh. We therefore aimed to investigate the 
pathology and global gene expression in vAh-infected channel 
cat�sh internal organs (intestine and stomach) following 
nutritional modulation and wounding. 
2 Materials and methods 

2.1 Ethics statement 

All �sh experiments were conducted at the USDA-ARS Aquatic 
Animal Health Research Unit (AAHRU) under an approved 
AAHRU Institutional Animal Care and Use Committee protocol 
and conformed to USDA-ARS Policies and Procedures 130.4.v5. 
2.2 Fish source and housing conditions 

Channel cat�sh weighing 35 ± 2 g were kept in a recirculating 
aquaculture system (RAS) at the AAHRU. These channel cat�sh 
were acclimated in dechlorinated water at 28 ± 2°C, pH at 7.5 ± 0.5, 
and dissolved oxygen at 7.0 ± 2.0 ppm for 14 days with daily 
monitoring of these water quality parameters. Fish in all treatment 
groups were fed the same pre-challenge commercial 32% protein 4.8 
mm cat�sh pellets at 3% of their average body weight during 
acclimation and the day prior to the experiment. A photoperiod 
of 12:12 h light/darkness schedule was maintained. Aeration was 
supplied through air stones that were placed in each tank. 
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2.3 Bacteriology 

An archived isolate of vAh ALG-15–097 was used for the study 
(9). The isolate was plated on tryptic soy agar supplemented with 5% 
sheep blood (Remel, Lenexa, KS) and incubated at 28 ± 2°C for 24 h. 
A single colony was then inoculated in tryptic soy broth (TSB) 
(Becton, Dickinson and Co., Sparks, MD) with 0.4 mM deferoxamine 
mesylate (DFO) (Sigma-Aldrich, St. Louis, MO) and incubated at 
28 ± 2°C with 115 rpm constant shaking for 24 h. The overnight 
culture’s optical density (OD) at 540 nm was measured using an 
Ultrospec 2100 pro-UV/Visible Spectrophotometer (Pharmacia). 
Following this, triplicate plate count determined the concentration 
of ALG-15–097 colony-forming units (CFU) to be 1.5×109 CFU/mL. 
2.4 Experimental design 

Channel cat�sh were transferred using nets into a 20 L 
container with RAS water mixed with 100 mg/L of Syncaine (MS­
222) (Syndel, Ferndale, WA) buffered with sodium bicarbonate for 
sedation. To assess the effects of fed status, two groups of �sh were 
fed 2 h before the challenge, whilst two groups were not. Similarly, 
to assess the effects of physical injury from tissue damage, the Af 
was clipped using scissors in two groups and left unclipped in two 
others. Brie�y, upon full sedation, indicated by the absence of 
opercular movement after 5 minutes, the Af was clipped at its 
base using scissors, following the method outlined previously (12). 
No procedure other than anesthesia was conducted on the 
unclipped groups. 
2.5 Treatment groups 
Fron
1. FCF: These �sh had their Af-clipped and fed 2 h before 
the challenge. 

2. FCN: These �sh had their Af-clipped and not fed 2 h before 
the challenge. 

3. NCF:� These �sh had intact Af and fed 2 h before 
the challenge. 

4. NCN: These� �sh had intact Af and not fed 2 h before 
the challenge. 

5. Control1: These �sh had their Af-clipped and exposed to 
sterile TSB. 

6. Control2:� These �sh had intact Af and exposed to 
sterile TSB. 
2.6 Bacterial challenge and survival curve 
analyses 

Each treatment group included four replicate tanks. Following 
anesthesia, �sh in each treatment group were split into four 
replicate tanks in a randomized, blinded manner (n = 25 �sh per 
replicate tank). Each tank was 57 L equipped with air stones, �lled 
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with 10 L water and 100 mL of ALG-15–097 cell suspension 
(1.5×109 CFU/mL) for a �nal concentration of 1.5×107 CFU/mL 
(based on a pilot study that demonstrated this was an effective 
challenge dose). The controls were treated the same way, except 
they were exposed to 100 mL of sterile TSB (with 0.4 mM DFO). 
The �sh remained in the 10 L bath for 1 h at which time the water 
�ow was resumed at a rate of 0.5 L/min. The �sh were monitored, 
and observations were recorded at 1 and 2 h intervals until 12 HPC. 
After that, observations were made twice daily. The experiment was 
concluded at 72 h. Dead �sh were promptly removed from the 
tanks. About 20% of daily mortalities were sampled (liver) to 
con�rm vAh as the cause of death. After the �rst day of the 
challenge, all �sh groups were fed a commercial diet ad libitum. 
Survival data was analyzed using Kaplan-Meier log-rank survival 
analysis. Probabilities of P < 0.05 were considered statistically 
signi�cant. All statistical tests were performed using GraphPad 
Prism version 10.3.1 (San Jose, CA). 
2.7 Fish sampling for pathological analysis 

Brie�y, six randomly sampled �sh from each treatment group 
were euthanized using an overdose of buffered Syncaine (>300 mg/ 
L). A ventral midline incision was made from the vent to the pelvic 
girdle to expose the visceral organs. The dissected cat�sh were then 
placed in 10% neutral buffered formalin for 48 h to ensure proper 
tissue �xation, after which they were transferred to 70% ethanol for 
long-term preservation. This process was performed on �sh 
sampled at 2, 4, and 8 HPC from each treatment group. A total 
of 72 �sh were processed for analysis (n = 6/group/time). 
Additionally, 12 �sh were randomly sampled from the two 
control treatment groups (n = 6/group) at 2 HPC to serve as 
controls for pathological investigation. 

2.7.1 Histopathology 
After �xation, intestinal samples (fore- and hindgut) were 

collected and placed in cassettes for histological processing. This 
included tissue dehydration using alcohol, clearing in xylene, and 
embedding in paraf�n wax. Thin sections, 5 µm thick, were then cut 
from the embedded tissues and stained with hematoxylin and eosin 
(H&E) and Gram stain. The stained sections were examined under 
a light microscope (Olympus BX41, Olympus America, Bartlett, 
TN) at total magni�cation of between 40-400x. 

A semiquantitative grading system was developed to assess the 
pathological changes in the intestines of cat�sh sampled post-
challenge. Severity scores were assigned based on the observed 
pathological changes, with mild, moderate or severe changes 
receiving 1, 2 and 3 points, respectively. Pathological features 
assessed included edema, hemorrhage, in�ammation, and 
erosion/ulceration. The scores for changes within each individual 
tissue (stomach or intestine) were averaged, and a �nal score was 
assigned to each sample (Table 1). Statistical signi�cance of the 
histopathology changes was assessed using nonparametric Kruskal-
Wallis test and variables within scores assessed by Dunn’s post-hoc 
test (19). 
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2.8 Fish sampling for RNA extraction and 
sequencing 

The dissection and tissue sampling are the same as described 
above. After tissue sampling, each tissue (20–30 mg) was placed into 1 
mL of RNA stabilization solution (RNAlater, ThermoFisher 
Scienti�c, Waltham, MA) and stored at -80°C freezer until needed. 
The same process was performed on challenged �sh sampled at 2, 4, 
and 8 HPC from each treatment group. A total of 72 �sh were 
processed for analysis (n = 6/group/time). Similarly, a total of 12 �sh 
were randomly sampled from the two control treatment groups (n = 
6/group) at 2 HPC for controls for RNA sequencing analysis. 

2.9 RNA extraction and sequencing 

Total RNA samples were assessed for quality and quantity using 
the 4200 TapeStation System with the RNA ScreenTape assay 
(Agilent Technologies, Santa Clara, CA) and a BioTek Cytation 1 
Plate Reader with the BioTek Take3 Microvolume Plate (Agilent 
Technologies, Santa Clara, CA). Total RNA samples were then sent 
to a service provider (SeqMatic, Fremont, CA) for RNA sequencing 
on an Illumina NovaSeq X Instrument (San Diego, CA) in a 2 x 150 
bp paired-end con�guration with a target sequencing depth of > 25 
M paired-end reads/sample. Sequencing libraries were made with 
the Illumina Stranded mRNA Ligation Prep Kit (Illumina, San 
Diego, CA) according to the manufacturer’s protocol. 
2.10 Transcriptome analysis and 
bioinformatics 

Raw, demultiplexed reads, with a minimum of 25 M paired-end 
reads/sample, were generated for analysis. Bioinformatics 
Frontiers in Immunology 04
processing was carried out using OmicsBox software (20) and R-
Bioconductor packages. The initial preprocessing of the raw FASTQ 
�les involved quality control using FASTQC (21) and Trimmomatic 
(22) with default settings to remove low-quality bases, short reads, 
and Illumina adapter sequences. The channel cat�sh genome 
(Coco_2.0 assembly; GenBank accession GCA_001660625.3) was 
used for alignment. Quality-controlled (QC) reads were aligned 
using the STAR aligner (23) with 2-pass mapping and an overhang 
length of 149. The resulting BAM �les were evaluated for alignment 
quality using RSeQC (24–26), generating metrics such as transcript 
integrity numbers (TINs). Gene-level counts were obtained from 
the QC-checked BAM �les using HTSeq (27), with settings for 
strand-speci�c orientation, exon-based quanti�cation, and union 
mode for overlapping reads. Differential expression analysis was 
conducted with edgeR (28), �rst, genes with low counts were �ltered 
via the ‘�lterByExpr’ function. Samples were then normalized using 
the Trimmed Mean of M values (TMM) method. The Quasi 
Likelihood F-test with the additional parameter of robust=true 
was used for pairwise comparisons, focusing on all four treatment 
groups and the control. Genes were classi�ed as differentially 
expressed (DEGs) if they had an adjusted p-value below 0.05 and 
exhibited more than a 2-fold up- or downregulation compared to 
the control (P-adj < 0.05, FC > ± 2). 
2.11 RT-qPCR validation 

Select genes were independently assessed via reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) to validate the 
RNA sequencing analyses. An aliquot of each total RNA sample 
used for RNAseq were also used for validation. cDNA synthesis was 
performed using the LunaScript® RT SuperMix Kit (New England 
TABLE 1 Semiquantitative grading system to assess the histological changes in the channel cat�sh intestine and stomach during the vAh challenge. 

Treatments Edema a Hemorrhage a In�ammation a Ulceration a Gastrointestinal Score Average a 

Control 0/0 0/0 0/0 0/0 0/0 

FCF-2h 1.5/1.5 0/0 0.5/0.5 0/0 2/2 

FCF-4h 2/2 0/0 2/2 0/0 4/4 

FCF-8h 2.5/2.5 0/0 2/2 0/0 4.5/4.5 

NCF-2h 1.5/1.5 0/0 0.5/0.5 0/0 2/2 

NCF-4h 2/2 0/0 2/2 0/0 4/4 

NCF-8h* 3/3 2/2 2/2 2/2 9/9 

FCN-2h 1/1 0/0 0/0 0/0 1/1 

FCN-4h 1/1 0/0 1/1 0/0 2/2 

FCN-8h 1/1 0/0 1/1 0/0 2/2 

NCN-2h 1/1 0/0 0/0 0/0 1/1 

NCN-4h 1/1 0/0 0/0 0/0 1/1 

NCN-8h 1/1 0/0 0/0 0/0 1/1 
 

aThe �rst value for each is the average in the stomach, and the second value is the average in the intestine. 
*Only NCF-8h showed statistical signi�cance with Dunn’s post-hoc test (p = 0.0088). 
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Biolabs, Ipswich, MA, United States). Reactions contained 4 mL of
LunaScript RT SuperMix (5X) and 200 ng of template RNA, and the 
volume was adjusted to 20 mL with nuclease-free  water.  As  a  control, to  
rule out the presence of DNA in the samples, no-RT reactions were 
prepared for each of the samples, along with no-template controls 
(negative control). Reaction conditions for cDNA synthesis included 
primer annealing at 25°C for 2 min, cDNA synthesis at 55°C for 10 min 
and heat inactivation at 95°C for 1 min. RT-qPCR assays were 
performed using the Roche LightCycler 96 (Roche Diagnostics, 
Indianapolis, IN). Reactions were carried out in triplicate under the 
following conditions: 95°C for 15 s, followed by 45 cycles at 95°C for 15 
s, 60°C for 30 s, followed by melting curve analysis. Cycle threshold 
(Ct) values were collected, and fold-change between each comparison 
was determined using the 2-DDCT method (29). P-values were calculated 
using a student’s t-test.  
3 Results 

3.1 vAh survival analysis 

In this study, we investigated the effects of fed status and 
physical injury on channel cat�sh during a vAh challenge. The �n 
clipped mock control incurred no mortality during the 72-h 
challenge. The FCN group experienced the highest mortality 
(77%), followed by FCF (70%), NCF (62%) and NCN (45%). 
Kaplan-Meier survival analysis showed a signi�cantly higher 
survival rate in NCN compared to NCF (P < 0.01), FCF and FCN 
Frontiers in Immunology 05 
(P < 0.001) (Figure 1). NCF showed a signi�cantly higher survival 
rate compared to FCF and FCN (P < 0.05). FCF and FCN survival 
rates were not signi�cantly different from one another. 
3.2 Gross and histopathological �ndings 
during vAh challenge 

External lesions were observed on the surface of cat�sh by 2 
HPC and included exophthalmia, iridial hemorrhage, reddened 
�ns, and congestion, which are consistent with other �ndings 
(Figures 2A–D) (7, 30). Internally, the gastric blood vessels on the 
distended stomachs and intestines of the fed treatment groups were 
dilated, while the gastric vessels were not dilated in the unfed 
treatment groups (Figures 2E, F). 

The control group presented a well-organized gastric structure 
in the stomach, maintaining the integrity of the mucosa and lamina 
propria (LP) with intact gastric glands and muscular and serosal 
layers (Figure 3A, Table 1). Similarly, the intestine displayed a 
preserved histoarchitecture with clearly delineated mucosal, 
submucosal, muscular, and serosal layers (Figure 3B). 

Minimal to moderate edema was detected in the LP and 
submucosa of the stomach at 2 HPC (Supplementary Figure S1, 
Table 1). These lesions became more acute with the LP, and 
submucosa  showing  mild  to  moderate  edema,  with  
lymphoplasmacytic and granulocytic in�ltration at 4 HPC 
(Figure 4A) and at 8 HPC, the stomach depicted multifocal 
hemorrhage and erosions to the super�cial epithelium with diffuse 
FIGURE 1 

Kaplan-Meier survival curve of the treatment groups. FCF, Fin clip fed; NCF, No �n clip fed; FCN, Fin clip not fed; NCN, No �n clip not fed. The p-
values for NCN vs. FCF, NCN vs. FCN, NCN vs. NCF, and, and NCF vs. FCN, and FCF vs. NCF were < 0.0001, < 0.0001, 0.0037,0.0244, and 0.0225 
respectively. The p-value for FCF vs FCN was 0.6185. ns: Not signi�cant (p > 0.05). *: Signi�cant at p < 0.05. **: Signi�cant at p < 0.01. ****: 
Signi�cant at p < 0.0001. 
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moderate to severe transmural edema (Figure 4B). In the intestine, 
histopathological lesions were observed by 2 HPC and continued 
intervals through 8 HPC. Minimal to moderate edema within the LP 
was observed in the intestine at 2 HPC (Supplementary Figure S2, 
Table 1). At 4 HPC, the edema within the LP was mild to moderate, 
with the presence of lymphocytes and plasma cells (Supplementary 
Figure S2). At 8 HPC, degenerative changes to the super�cial 
epithelium and hemorrhage were observed (Figures 4C, D). 

Kruskal-Wallis test on the histology lesions revealed no 
statistically signi�cant differences among the treatment groups. 
Additionally, post-hoc Dunn’s multiple comparisons test further 
con�rmed that the majority of pairwise comparisons, including all 
comparisons between the control group and the treatment groups, 
were not signi�cant, except for NCF-t8, (p = 0.0088). 
3.3 Gastrointestinal gene expression 
analysis during vAh challenge 

3.3.1 Temporal changes and co-expression 
analysis of DEGs across treatments in the 
gastrointestinal tissues during vAh challenge 

Within the fed group stomach, FCF expressed 3121 DEGs at 2 
HPC, peaked with 3332 DEGs at 4 HPC, and then decreased to 3207 
Frontiers in Immunology 06
DEGs at 8 HPC, whereas NCF expressed 200 DEGs at 2 HPC, 
rapidly increased to 1252 at 4 HPC and reduced to 1195 at 8 HPC. 
In the unfed groups, FCN peaked at 2 HPC with 4413 DEGs, 
decreasing to 3938 DEGs at 4 HPC, and 3709 at 8 HPC, while NCN 
showed 2618 DEGs at 2 HPC, peaked with 2792 DEGs at 4 HPC 
and reduced to 2443 DEGs at 8 HPC (Supplementary Table S1). 

Venn diagram analysis revealed that FCF had 1997 DEGs co­
expressed across all three-time intervals, 402 co-expressions 
between 2 and 4 HPC, 409 between 4 and 8 HPC, and in the 
NCF group, 80 co-expressions at all three-time intervals, 59 
between 2 and 4 HPC and 441 between 4 and 8 HPC 
(Figures 5A, B). Likewise, in FCN, 2687 DEGs were co-shared at 
all three intervals, 674 between 2 and 4 HPC and 334 between 4 and 
8 HPC. In the NCN group, 1605 DEGs were co-shared at all three-
time intervals, 430 between 2 and 4 HPC and 328 between 4 and 8 
HPC intervals (Figures 5C, D, Supplementary Table S1). 

Within the fed group intestine, DEGs peaked at 4 HPC. At 2 
HPC, 410 DEGs were identi�ed in the FCF group, while 916 DEGs 
were found in the NCF group. A similar trend was observed at 4 and 
8 HPC, with fewer FCF DEGs than NCF. In contrast, the unfed 
groups exhibited more DEGs, with 1803 DEGs in the FCN group at 
2 HPC, increasing to 2013 DEGs at 4 HPC and 2007 DEGs at 8 
HPC. A similar trend of peak expression at 4 HPC was observed in 
the NCN group (Supplementary Table S2). 
FIGURE 2 

Lesions in MAS-infected channel cat�sh. (A) No marked external lesions were observed in �sh from the control group. (B) Bilateral exophthalmia 
(arrow) with slight cellulitis on the skull region resembling the characteristic onset of skull lesions. (C) Reddening around the gills (arrow), mouth, and 
head region. (D) Erythema of the �ns (dorsal and pelvic �ns arrowed). (E) Dilated and engorged gastric blood vessels (arrow) 2 HPC in the fed 
treatment groups. (F) Gross appearance of unfed stomach 2 HPC in the unfed treatment group. 
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Venn diagram analysis identi�ed overlapping DEGs across time 
intervals. In the FCF group, 92 DEGs were co-expressed between 2 
and 4 HPC, 75 DEGs between 4 and 8 HPC, and 43 DEGs were 
common across all time intervals (Figure 6A). In the NCF group, 
221 DEGs were shared between 2 and 4 HPC, 277 between 4 and 8 
HPC, and 235 DEGs persisted across all time intervals (Figure 6B). 
Similarly, in the unfed groups, FCN exhibited 307 co-expressed 
DEGs between 2 and 4 HPC, 505 between 4 and 8 HPC, and 780 
DEGs across all time intervals, and in NCN, 531 DEGs were shared 
between 2 and 4 HPC, 552 between 4 and 8 HPC, and 1292 were 
consistently expressed across time intervals (Figures 6C, D, 
Supplementary Table S2). 

3.3.2 Gene ontology of gastrointestinal tissues 
during vAh challenge 

In the FCF, the top GO terms that were over-represented in the 
stomach included processes associated with mitochondrion 
function (GO:0005739), oxidoreductase activity (GO:0016491) 
and  organic  acid  metabol ism  (GO:004331)  (Table  2, 
Supplementary Table S3). In the intestine, peptidyl-proline 
modi�cation (GO:0018208), ferrous iron binding (GO:0008198) 
and oxidoreductase activity (GO:0016491) were over-represented. 

In the FCN, the top GO terms that were over-represented in the 
stomach included processes associated with mitochondrion 
function (GO:0005739), metabolic process (GO:0008152) and 
mitochondrial matrix (GO:0005759) (Table 2, Supplementary 
Table  S3) .  In  the  intest ine ,  mitochondrion  funct ion  
(GO:0005739), oxidoreductase activity (GO:0016491) and small 
molecule metabolic process (GO:0044281) were over-represented. 

In NCF, the stomach over-represented processes associated 
with oxidoreductase activity (GO:0016491), catalytic activity (GO: 
0003824) and detoxi�cation (GO:0098754) were identi�ed (Table 3, 
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Supplementary Table S3). In the intestine, cell cycle (GO:0007049), 
regulation of cell cycle (GO:0051726) and response to stress 
(GO:0006950) were over-represented. In the NCN, the top GO 
terms that were over-represented in the stomach included processes 
associated with metabolic process (GO:008152), oxidoreductase 
activity (GO:0016491) and aerobic respiration (GO:0009060) 
(Table  3, Supplementary  Table  S3).  In  the  intestine,  
mitochondrion function (GO:0005739), aerobic respiration 
(GO:0009060) and oxidoreductase activity (GO:0016491) were 
over-represented. 

To further assess potential associations between DEGs among 
the different time intervals and their relationship to disease 
progression, we selected enrichment terms dealing with immune 
function (Table 4, Supplementary Table S3). Several GO terms 
identi�ed for antigen processing and presentation (GO:0019884, 
GO:0042590, GO:0002479 and GO:0002474) were present in the 
stomach of FCF, FCN and NCN were over-represented. Apoptotic 
pathways (GO:0006915, GO:2000107 and GO:2000425 were 
identi�ed in the stomach of FCF and the stomach and intestine 
of FCN. Different cell signaling and receptor activity terms such as 
cell surface receptor signaling, cytokine production involved in 
immune response, receptor tyrosine kinase binding, signaling and 
transmembrane signaling activity (GO:0007166, GO:0002367, 
GO:0030971, GO:0038023 and GO:0004888) were identi�ed in 
the stomach of FCF, FCN and NCN. In�ammatory keywords and 
pathways (GO:0006954, GO:0032615 and GO:0032655) were 
identi�ed in the stomach of FCF and FCN. Neutrophil activation, 
chemotaxis, and killing activity (GO:042119, GO:0030593, 
GO:0070945 were found in the stomach of FCF, FCN. The 
presence of reactive oxygen species processes (GO:0072593, 
GO:2000377 and GO:0000302) was prevalent in the stomach of 
FCF and FCN and in the NCN stomach and intestine. 
FIGURE 3 

Photomicrographs from control group channel cat�sh. (A) Normal histology of the stomach showing all its structure, including the presence of 
gastric glands, 100x, H&E, FCF. (B) The intestines show normal structural arrangements, including the presence of goblet cells, 100x, H&E, NCF. 
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3.3.3 Immune surveillance in the gastrointestinal 
tissues during vAh challenge 

Many pro-in�ammatory cytokines, interleukins, chemokines, 
and TNF receptors were identi�ed in the stomach and intestine 
(Supplementary Table S4). Visualization of the top 50 up- or 
-down-regulated DEGs by the absolute value of logFC is shown 
in Figure 7. The upregulated gene expression of the FCF stomach 
included chemokine ligand 18B (cxcl18b) at 4 and  8  HPC,
interleukin 1-beta (il-1b) and TNF alpha-induced protein 6 
(tnfaip6) at 2, 4 and 8 HPC along with several other chemokine 
genes (Figure 7A, Supplementary Table S4). The downregulated 
gene expression included TNF receptor superfamily member 11a 
NFKB activator (tnfrsf11a) and TNF receptor superfamily member 
14 (tnfrsf14 LOC108265273) at 2, 4 and 8 HPC along with other 
TNF receptors. The upregulated gene expression of the FCN 
stomach identi�ed il-1b LOC100304697 at 4- and 8-HPC and 
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chemokine receptor 4b (cxcr4b) at 2, 4 and 8 HPC (Figure 7A, 
Supplementary Table S4). The downregulated gene expression 
included both the TNF receptor superfamily member 11a NFKB 
activator (tnfrsf11a) and tnfrsf14 LOC108265273 at 2, 4 and 8 HPC. 

The expression of the pro-in�ammatory cytokines was much 
more limited in the NCF and NCN. The upregulated genes in the 
NCF stomach were il-1b LOC100304697 and chemokine ligand 14 
(cxcl14) at 8 HPC. The downregulated genes were tnfrsf14 
LOC124626015 and TNF receptor superfamily member 6B 
(tnfrsf6b LOC108274553) at 2 and 8 HPC, respectively 
(Figure 7A, Supplementary Table S4). 

A list of the DEGs in the intestine was also examined in a similar 
manner (Figure 7B, Supplementary Table S4). The upregulated gene 
expression in the FCF intestine included two different interleukin 1­
beta genes (LOC100304696 and LOC100304697), followed by the 
chemokine ligand 18B (cxcl18b) all  at  8 HPC. The  most
FIGURE 4 

Photomicrographs of the lesions identi�ed within the gastrointestinal system. (A) Moderate lymphoplasmacytic and granulocytic in�ltration (arrow) in 
the stomach with mild and moderate edema in the FCF group at 4 HPC, 100x, H&E. (B) Multifocal erosions (arrow) to the super�cial epithelium of 
the stomach with diffuse moderate to severe transmural edema in the NCF group at 8 HPC, 400x, H&E. (C) Moderate edema within the intestinal 
lamina propria (arrow) with a few lymphocytes and plasma cells (arrow) at 8 HPC, 200x, H&E, FCF. (D) Degenerative changes to the super�cial 
epithelium of the intestine with diffuse severe transmural edema at 8 HPC, 200x, H&E, NCF. 
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