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Abstract

Sepsis caused by Aeromonas hydrophila in Piaractus mesopotamicus triggers a complex
transcriptomic reprogramming in circulating leukocytes. This study employed RNA-Seq to
profile temporal changes in gene expression during the early stages of sepsis (1, 3, 6, and
9 h post-infection, HPI). A total of 17,698 differentially expressed genes (DEGs) were iden-
tified, with transcriptional peaks at 3 and 9 HPI. Functional classification (KOG) revealed
enrichment in genes related to energy metabolism, amino acid metabolism, and protein
synthesis. Gene Ontology (GO) and KEGG pathway analyses showed that leukocytes pref-
erentially activated pathways involved in anaerobic glycolysis, the Krebs cycle, and lipid
metabolism—particularly steroid hormone biosynthesis. Key immunometabolic pathways,
including PI3K-AKT, mTOR, and TLR signaling, were dynamically modulated, indicating
their role in maintaining ionic balance and promoting leukocyte survival during systemic
inflammation. In addition, substantial reprogramming of iron and calcium metabolism was
observed, suggesting a host strategy to limit bacterial growth by restricting access to essen-
tial micronutrients. These metabolic shifts correlated with disease severity, as evidenced
by the high mortality rate (71.4% at 120 HPI) and pronounced histopathological damage
in vital organs. Altogether, these findings demonstrate that leukocytes initiate a robust but
potentially deleterious immunometabolic response to A. hydrophila, contributing both to
host defense and to tissue injury. This work provides valuable molecular insights into the
pathogenesis of septicemia in fish and offers a foundation for developing targeted strategies
to mitigate Aeromonosis in aquaculture.
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Introduction

Sepsis, a life-threatening systemic inflammatory response to infection, represents a sig-
nificant challenge in both human and veterinary medicine, with Aeromonas hydroph-
ila being a prominent causative agent in aquatic species (Ahmed et al. 2018; Marinho-
Neto et al. 2019). This pathogen is particularly detrimental in aquaculture, where it
causes high morbidity and mortality, leading to substantial economic losses. Despite
advancements in understanding the pathophysiology of sepsis and the development
of therapeutic strategies, critical challenges remain, including the need for early diag-
nostic markers, a deeper understanding of molecular mechanisms, and more effective
treatment options (Goris 1996; Lévy et al. 2012). The progression of sepsis is charac-
terized by a dysregulated immune response, marked by an imbalance between pro- and
anti-inflammatory processes, which can result in severe tissue damage, immunosup-
pression, and multi-organ failure (Levy et al. 2003; Hotchkiss et al. 2013).

Blood leukocytes, including lymphocytes, granulocytes, monocytes, and thrombo-
cytes, undergo significant transcriptional and functional changes during sepsis. These
cells play a pivotal role in orchestrating the immune response through mechanisms
such as cytokine release, phagocytosis, and direct pathogen interaction (Claudiano
et al. 2019, 2020). In teleost fish, leukocytes are particularly crucial for managing sys-
temic infections, as they mediate both the initial containment and the sustained inflam-
matory response against pathogens like A. hydrophila (Yunis-Aguinaga et al. 2016;
Claudiano et al. 2019; Marinho-Neto et al. 2019). Thrombocytes, often overlooked in
other species, have been shown to contribute significantly to immune defense in fish,
participating in phagocytosis, pathogen interaction, and modulation of inflammatory
and hemostatic responses (Tavares-Dias 2006, Tavares-Dias and Moraes 2007, Claudi-
ano et al. 2019).

The complexity of sepsis necessitates advanced molecular tools to dissect the intri-
cate cellular and molecular changes occurring during infection. RNA sequencing
(RNA-Seq) has emerged as a powerful technique for profiling gene expression, offer-
ing insights into the transcriptional landscape of immune cells under pathological
conditions. However, the high abundance of globin transcripts from erythrocytes can
obscure leukocyte-specific signals, necessitating strategies such as globin RNA deple-
tion to enhance the sensitivity and accuracy of transcriptomic analyses (Debey et al.
2004; Fan and Hegde 2005; Talwar et al. 2006; Ronza et al. 2021).

RNA-Seq enables a comprehensive exploration of the transcriptional, metabolic,
and immunological alterations that occur during sepsis, facilitating the identification
of key molecular pathways and genes involved in disease pathogenesis. Such insights
are invaluable for developing targeted therapeutic and prophylactic strategies (Yang
et al. 2016; Mastrochirico-Filho et al. 2020; Xiong et al. 2022).

In this study, we aimed to characterize the global transcriptomic response of blood
leukocytes in Piaractus mesopotamicus during A. hydrophila—induced sepsis. By ana-
lyzing gene expression profiles at multiple time points post-infection, we sought to
elucidate the molecular mechanisms underlying the immune, metabolic, and energetic
adaptations of leukocytes during sepsis. Furthermore, this study establishes a foun-
dational transcriptomic resource for P. mesopotamicus, offering critical insights for
improving diagnostic, prophylactic, and therapeutic approaches in aquaculture.
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Materials and methods
Fish and bacterial strain

Fifty-five pacu (Piaractus mesopotamicus; 180.7+38.1 g, 21.3+6.7 cm) were initially
acclimated together for 7 days in three 5000-L outdoor tanks. Subsequently, they were
randomly distributed into eleven 250-L fiber boxes (5 fish per box), all receiving artesian
well water (1 L/min) under continuous aeration via a shared recirculation system to ensure
a uniform microenvironment. The fish were fed a commercial diet (3% biomass, 28%
crude protein, and 4000 kcal of gross energy per kg). The study was conducted in compli-
ance with Brazilian animal welfare guidelines and ISO standards (International Organi-
zation for Standardization 2006) and was approved by the Ethics Committee (Approval
No. 008577/12). Water quality parameters were maintained within optimal ranges for pacu
throughout the experiment: dissolved oxygen=5.3 mg/L, temperature=8.87 °C, pH=7.53,
and electrical conductivity =118.26 uS/cm (Boyd 1990).

Aeromonas hydrophila strain was isolated from naturally infected fish that presented
lesions compatible with Aeromonosis (Marinho-Neto et al. 2019). After euthanasia by
deep anesthesia in 1:10.000 aqueous solution of benzocaine. Fish were necropsied and
fragments of the brain, kidney, and blood were aseptically sampled for bacteriological
culture. The initial identification of colonies was performed according to Abeyta et al.
(1990) supplemented by biochemical proofs made by means of the commercial kit (Bac-
tray 3 Laborclin®), according to the manufacturer recommendations. For genetic charac-
terization, the bacterial mass derived from pure colonies culture was submitted to a DNA
extraction process, according to the manufacturer’s suggested methodology (Genomic
DNA Purification Kit Wizard®). DNA concentration was 1690.9 ng/uL, with ratio 260/280
and 260/230, 2.02, and 2.04, respectively. After obtaining the DNA, ribosomal gene 16
S RNA (forward primer AACCTGGTTCCGCTCAAGCCGTTG and reverse primer TTG
CCTCGCCTCGGCCCAGCAGCT) was amplified according to Sarkar et al. (2012) and
followed sequencing (Marinho-Neto et al. 2019).

The pathogenicity of strain of A. hydrophila was verified by three serial passages and
re-isolation was performed in pacus, which were in oculated with 1.0 mL of bacterial sus-
pension (2.4x 10 CFU/mL) by coelom via. After the third passage, the bacteria re-iso-
lated from fish tissue underwent the same tests of microbial and molecular confirmation
described above (Claudiano et al. 2019).

Induction of sepsis and collection of blood

Sepsis was induced by intraperitoneal injection of 0.5 mL of a bacterial inoculum at a
concentration of 1.8x 108 CFU/mL, corresponding to the 50% lethal dose (LDs) (Claudi-
ano et al. 2019). Prior to injection, the fish were anesthetized using a benzocaine solution
(1:20,000) diluted in 98% ethanol (0.1 g/mL) until reaching a surgical anesthesia according
to Ross and Ross (2008). The fish were randomly distributed into two groups: a control
group injected with 0.5 mL of sterile 0.65% sodium chloride solution and a challenged
group injected with the same volume of sodium chloride solution containing the bacterial
inoculum (Marinho-Neto et al. 2019).

For the experiment, fish (n=28 per time point) were euthanized by deep anesthesia at 1,
3, 6, and 9 h post-infection (HPI), along with the control group. Peripheral blood samples
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were collected by caudal venipuncture using a sterilized hypodermic syringe, obtaining a
final volume of 1.0 mL of blood per sample (Claudiano et al. 2020).

Total RNA extraction and data analyses
Optimization of total RNA extraction

Blood samples were collected in pre-chilled microtubes, flash-frozen in liquid nitrogen,
and maintained on ice until processing. Total RNA extraction was optimized using nine
fish distributed into three groups (n=3 per group) in 250-L tanks in duplicate. The groups
were randomized as follows: G1: Illustra RNAspin Mini Kit™ (GE Healthcare®), G2:
RNeasy Mini Kit (Qiagen®), and G3: Trizol reagent (Invitrogen®) followed by purifica-
tion using the RNeasy Mini Kit (Qiagen®). The processing was carried out according to
the manufacturer’s recommendations.

To eliminate genomic DNA contamination, all samples were treated with DNase I (Qia-
gen®) for 1 h during purification. RNA concentration and purity were quantified using
a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific Inc.). Samples with
RNA concentrations > 100 ng/uL were further analyzed for integrity using an Agilent 2100
Bioanalyzer (Agilent RNA 6000 Nano Kit).

Total RNA extraction from blood leukocytes

Total RNA was extracted from blood collected at the designated time points using the opti-
mized protocol (G3). Blood samples were collected in 15-mL Falcon tubes (Corning®)
containing Trizol reagent (Invitrogen®) and maintained on crushed ice. RNA extraction
was performed using the Trizol method, with 0.75 mL of reagent per 0.25 mL of blood,
followed by purification with the RNeasy Mini Kit (Qiagen®). Samples were treated with
RNase-Free DNase Set (Qiagen®) for 1 h at room temperature. RNA concentration and
purity were quantified using a NanoDrop ND-1000 spectrophotometer, while DNA con-
tamination was assessed using the Qubit® RNA HS Assay Kit (Invitrogen®) and Qubit
dsDNA HS Assay Kit (Life Technologies®). RNA integrity was evaluated using the Agi-
lent 2100 Bioanalyzer (Agilent RNA 6000 Nano Kit).

cDNA library construction and sequencing

Twenty RNA samples (five per timepoint: 0, 1, 3, 6, and 9 HPI) with RIN > 8 were selected
for library construction using the TruSeq Stranded Total RNA with Ribo-Zero Globin Set
B kit (Illumina). This kit employs biotinylated probes and magnetic beads to deplete cyto-
plasmic and mitochondrial rRNA plus globin mRNA in a single step, while preserving
strand specificity and capturing both coding and noncoding transcripts. Libraries were pre-
pared from 0.1 to 1 pg input RNA following the manufacturer’s protocol (fragmentation,
first- and second-strand cDNA synthesis, end repair, A-tailing, adapter ligation, and PCR
enrichment) and sequenced on an [llumina HiSeq 2500 with 100 bp paired-end reads.

Raw sequencing data were processed using CASAVA v1.8.2 (Illumina®). Low-qual-
ity reads, primer sequences, and vector contaminants were removed using Seqyclean
v1.9.10 with a quality cutoff of Q24 and reference to the UniVec database. Reads shorter
than 65 bp were discarded. Filtered reads were normalized using the Trinity v2.0.6 pack-
age, which was also used to assemble the reference transcriptome. Assembly quality was
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evaluated based on average contig length (2695 bp), N50, and functional annotation cov-
erage. Coding sequences were identified using BLASTX (e-value cutoff of le-5) against
the Swiss-Prot database. Read mapping was performed with Bowtie2 v2.2.6, and differ-
ential gene expression analysis was conducted using edgeR (v3.X). DEGs were identified
using a negative binomial model with Benjamini—-Hochberg correction for multiple test-
ing. Genes with FDR <0.05 and llog, fold changel>1 were considered significantly dif-
ferentially expressed. Immune-related DEGs were selected based on their annotation and
cross-referencing with the InnateDB database (www.innatedb.com), which compiles genes
empirically linked to innate immune responses.

GO and KEGG enrichment analyses were performed using Fisher’s exact test with
the Benjamini—-Hochberg correction for multiple testing. Enriched terms were considered
significant at FDR <0.05. Additionally, the Functional Classification of Leukocyte Tran-
scripts was performed using KOG (Tatusov 2000).

All processed RNA-Seq data used in the analyses, including DEGs and enrichment
results, are provided as supplementary material (Tables S1-S4). GO and KEGG analyses
were conducted to annotate DEGs and identify enriched pathways (Tatusov et al. 2003).

Bacterial quantification and mortality assay

Bacterial load in blood was quantified by culturing 20 puL of whole blood from challenged
and control groups on tryptic soy agar (TSA) supplemented with ampicillin (10 mg/L).
Plates were incubated at 30 °C for 24 h, and A. hydrophila colonies were enumerated and
characterized.

A mortality assay was conducted using 56 pacu divided into two groups: one injected
with 0.5 mL of A. hydrophila suspension (1.8 X 108 CFU/mL) and the other with 0.5 mL of
sterile saline (0.65%). Mortality was monitored at 1, 3, 6, 9, 12, 18, 24, 36, 48, 72, 96, and
120 HPI. The lethality index (%) was calculated as follows:

Lethality Index(%) = (Cumulative deaths/otal individuals challenged) x 100

Results
Optimization of total RNA extraction

In the optimization of total RNA extraction, the combined Trizol + RNeasy Mini Kit proto-
col (TM3) achieved a mean yield of 144 ng/uL and high integrity (RIN 8.0-9.1), whereas
TML1 yielded only ~ 3 ng/uL with undetectable RIN and TM2 yielded ~2.3 ng/uL (Qiagen)
or~98 ng/uL (GE) with low integrity (RIN 2.5). Based on these results, TM3 was adopted
for all subsequent RNA-Seq extractions.

Transcriptome features

Sequencing of the blood leukocyte transcriptome during Aeromonas hydrophila—induced
sepsis in Piaractus mesopotamicus generated 266,272 high-quality reads after filter-
ing, with most contigs exceeding 999 bp (mean length: 25,695 bp; Table 1). Com-
parative analysis revealed significant temporal regulation, with the highest number of
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Table 1 Description of

the transcriptome of P. N of contigs

mesopotamicus Total number of contigs 266,272
Total contigs analized 252,535
299-499 pb 81,038
500-999 pb 51,893
>999 pb 119,604
N50 2786
Minimum contig length (pb) 299
Maximum contig length (pb) 120,230
Total transcripts 19,595
Control 7160
1 HPI 1775
3 HPI 4999
6 HPI 2179
9 HPI 3482
Total contigs (CxT)
cx1 hpi 44,453
cx3 hpi 41,543
¢x6 hpi 46,187
¢x9 hpi 44,154
Enrichment analysis
Gene Ontology (seqs)
Molecular function 45,726
Cellular component 26,126
Biological process 54,379
KEGG (pathway) 120
COG (seqs) 15,000

N50 — statistically weighted average such that 50% of the entire
assembly is formed by contigs of equal size or larger than this value.
Minimum and Maximum, respectively, size of the shortest and largest
contigs obtained in the respective assembly. Segs, genetic sequence;
KEGG, Kyoto Encyclopedia of Genes and Genomes; KOG, EuKary-
otic Orthologous Groups; HPI, hours after infection; N, number

differentially expressed genes (DEGs) at 3 and 9 h post-infection (HPI) (Fig. 1A). Venn
diagrams demonstrated 7097 genes exclusively expressed in controls, while infection
induced time-specific responses: 442 (1 HPI), 2417 (3 HPI), 369 (6 HPI), and 1088
DEGs (9 HPI) (Fig. 1B). Upregulation peaked at 3 HPI (4999 genes), while downregu-
lation dominated at 9 HPI (3860 genes) (Fig. 1C, D), with 27.2% upregulated and 21.2%
downregulated genes shared between these timepoints (Supplementary Table S1 (Excel
file) and Supplementary Table S2).

Enrichment analysis of the septic pacu leukocyte transcriptome (Table 1) revealed
that the majority of sequences were associated with biological processes (45,726), fol-
lowed by molecular functions (45,726) and cellular components (26,126) (Supplemen-
tary Table S3). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis identified
896 enzymes participating in 120 distinct metabolic pathways in septic leukocytes (Sup-
plementary Table S4). Additionally, Clusters of Orthologous Groups (COG) database
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Fig. 1 A Number of differentially expressed UniGene clusters over the experimental time. B Venn diagram
showing the overlap of upregulated genes among the time points. C Overlap of downregulated genes across
the different time points. D Comparison among the experimental time points highlighting the upregulated
genes

analysis annotated 15,000 unigenes, classifying them into 26 functional categories
(Table 1).

Profile of genes expressed by leukocytes after bacterial challenge: immunity

Genes included in the heatmap were selected based on their known immunological rel-
evance and consistent expression patterns across biological replicates (Fig. 2, Supplemen-
tary Table S2). Early infection (1 HPI) was marked by downregulation of inflammatory
genes (e.g., interleukins, interferons, TNF receptors) but upregulation of oxidative stress
markers (e.g., ROS, lysozyme). The low expression of coagulation-related genes (von
Willebrand factor) and cell adhesion molecules (integrins, selectins).

As infection progressed, by 3 HPI, a transitional phase began characterized by moderate
upregulation of genes involved in cell migration (leukotriene receptors) and inflammatory
metabolism (thromboxane and prostaglandin pathways), along with persistence of genes
upregulated at 1 HPI (Fig. 2, Supplementary Table S2).

At 6 HPI, a dramatic shift in gene regulation occurred, marked by upregulation of
inflammatory response genes, neutrophil recruitment markers, and oxidative stress
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Fig.2 Heatmap representing the differential expression of immune-related genes in leukocytes of Piaractus
mesopotamicus during sepsis progression at different post-infection times (1, 3, 6, and 9 hpi). Each row rep-
resents a specific gene, while each column corresponds to a time point. Colors indicate the log fold change
(FC) in gene expression, with red representing upregulation and blue representing downregulation

pathways (Fig. 2). Elevated expression of heat shock proteins (HSPs), reactive oxygen
species (ROS), and transferrin receptors indicated robust ROS production and innate
immune activation, characteristic of an exacerbated inflammatory response, concur-
rently, activation of glucocorticoid and thyroid hormone receptors (Fig. 2).

The peak response (9 HPI) featured cytokine/chemokine induction (TNF-a,
IL-1pB) and antioxidant activation (catalase, glutathione), alongside recovery of coagu-
lation-related genes (e.g., von Willebrand factor; Supplementary Table S1 (Excel file)
and Supplementary Table S2).
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Functional classification of transcripts—GO

Gene Ontology (GO) analysis revealed temporal shifts in leukocyte activity (Fig. 3; Sup-
plementary Table S3). During the initial phase (1-h post-sepsis induction), gene expres-
sion was predominantly associated with membrane structure (cellular components; Fig. 3).
Biological process analysis revealed modulation of serine/threonine kinase activity, accom-
panied by increased sodium (Na+) and neuropeptide membrane transport, along with
activation of Toll-interleukin receptors (TIR) and oxidation—reduction (redox) reactions
(molecular functions, MF; Fig. 3). Also, activated leukocytes showed significant altera-
tions in reactive oxygen species (ROS) production, with downregulation of serine/threo-
nine kinase activity and enhanced phagocytosis coupled with hematopoietic stimulation.

By 3 HPI, membrane-associated gene expression became prominent, particularly involv-
ing transport complexes (AKTIP/FTS, FAM160A2-Hook proteins) and nuclear structures
like the DNA polymerase complex (Fig. 3). Biological processes showed coordinated
activation: active membrane transport, mRNA synthesis, and stress response pathways
(Fig. 3). Concurrently, programmed cell death (apoptosis/necrosis) increased in leukocytes.
Molecular function analysis revealed enhanced directed transport of organic/inorganic cati-
ons, neurotransmitters, vitamins, and iron (MF, Fig. 3).

At 6 HPI, leukocytes exhibited continued vesicle trafficking and fusion mediated by
Hook protein complexes, along with spliceosomal RNA processing (CC, Fig. 3). Biological
processes showed marked alterations in leukocyte activity due to disrupted cellular home-
ostasis, including oxidative stress responses (redox reactions), pigment-related pathways
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Reactive Oxygen Species Production (BP) ““ 10 | s ]
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o mMRNA Processing (BP) SRR 13 9 g;
5 Apoptosis/Necrosis (BP) (NN 1 9 13 o
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Fig.3 Gene ontology enrichment analysis of leukocyte transcripts in P. mesopotamicus during A.

hydrophyla—induced sepsis. Cellular component (CC), biological process (BP), and molecular function
(MF) identified in pacus
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(e.g., melanin synthesis), and enhanced apoptotic regulation (BP, Fig. 3). Molecular func-
tions featured ATP-driven subcellular movement, DNA cleavage activity, and activation of
heat shock proteins/chaperones (MF, Fig. 3).

At the final observation timepoint (9 HPI), biological processes dominated the leuko-
cyte transcriptome profile (Fig. 3). Cellular component analysis revealed persistent Hook
protein complex-mediated vesicle trafficking and RNA splicing, along with activation of
the inhibitory kappaB protein complex (I-kB/IKB; CC, Fig. 3). Biological processes were
characterized by metabolic regulation of RNA, macromolecule, and nitrogen biosynthesis,
and cell death pathways (BP, Fig. 3). Notably, immune-related processes were prominently
upregulated, including cytokine responses (TNF, prostaglandins), hormone/neurotransmit-
ter signaling, and Toll-like receptor/NF-kB activation. Molecular function analysis showed
significant cellular activity changes, particularly in hormonal receptor activation and DNA
catalytic processes (MF, Fig. 3).

Metabolic pathways in leukocytes during sepsis—KEGG

KEGG analysis revealed that blood leukocytes during Aeromonas-induced sepsis undergo
significant metabolic reprogramming, with the majority of differentially expressed genes
(DEGs) associated with core metabolic functions rather than immune responses (Fig. 4;
Supplementary Table S4). Carbohydrate metabolism (24.2%) dominated the transcrip-
tional profile, followed by amino acid (15.07%) and lipid metabolism (10.49%), while

KEGGs

Immune system
Translation 0.22%
1.79% g

Signal transduction

Metabolism of other
amino acids
1.00%

0,
2.57% \ Energy metabolism
) ' 7 5.25%
ucleotide
metabolism
7.25%

Metabolism of
terpenoids and

p°'23"é%tj;)es Amino acid
: metabolism
Biosynthesis of _— 15.07%

other secondary
metabolites
3.35%
Glycan biosynthesis
and metabolism
0,

Xenobiotics 6.03%

biodegradation and Metabolism of
metabolism cofactors and

4.24% vitamins
6.47%

Fig.4 KEGG pathways obtained from transcripts of leukocytes of Piaractus mesopotamicus during A.
hydrophyla—induced sepsis
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immune-related genes represented only 0.22% of DEGs. Early infection triggered anaero-
bic glycolysis (upregulated LDHA) coupled with oxidative pathways (Krebs cycle, oxida-
tive phosphorylation). Iron homeostasis emerged as a key feature, with transferrin recep-
tor (TFRC) upregulation indicating leukocyte iron sequestration, linked to amino acid
(15.07%) and energy metabolism (5.25%) pathways. Lipid metabolism showed dual regula-
tion of steroid hormone biosynthesis (including cortisol) and arachidonic acid cascades,
while xenobiotic degradation pathways (4%) implicated coagulation-related processes.

Parallel signaling analyses (Fig. 5) revealed TLR/NF-kB-driven inflammation, mTOR-
mediated cytoskeletal reorganization, phosphatidylinositol-calcium crosstalk maintaining
ion homeostasis, and T-cell receptor signaling modulating cytokines (IL-2/4/5/10, IFN-y,
TNF-a).

Functional classification of leukocyte transcripts—KOG

KOG analysis of Piaractus mesopotamicus leukocytes during Aeromonas hydrophila sep-
sis demonstrated a functional partitioning dominated by core metabolic processes (energy
production [C], amino acid [E], and carbohydrate metabolism [G]), genetic information
processing (translation/ribosomal biogenesis [J], DNA replication/repair [L]), and cellu-
lar homeostasis (ion transport [P], protein turnover [O, T], transmembrane trafficking [N])
(Fig. 6). While immune regulation genes (V) were identified, their underrepresentation
relative to metabolic categories aligns with the metabolic reprogramming observed in path-
way analyses. The coordinated upregulation of energy-yielding pathways alongside DNA
repair mechanisms.

Lethality index for Aeromonosis

The inoculation of the bacteria in the coelomic cavity allowed its dissemination in the
bloodstream of the fish, confirming sepsis by positive blood culture in all challenged
groups and negative for fish in the control group. No mortality was observed in the con-
trol group. In the challenged group, the first mortality event occurred at 9 HPI, followed

TR+ D3 O———@—— ITK O-oevvrereeremeemds Cat* Calcium signaling D
pathway
A TRO—@——s 710 O O—— @ O Niad
AKT

Glycolysis
o CaN L2
L4
R SEE

- Q- Differentiation -

B ins/igF O——@—— IRs1 O-erererrrnenen O———@——> () mTOR ONA Oeo- Q-+ Immuno response 110
PI3K 1FN-y
GM-CSF

) Cytoskeletal ALl

Cell survival O (e] orgenization
CDKa

C Phosphatidyl- O——@——— Pk O——@——>PIC O—@— Ok

1D-myo-inositol PI3K Calcium signaling
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Fig.5 Signal transduction and immune system pathways from KEGG involved in leukocyte functional
reprogramming during sepsis. A TLR signaling pathway; B mTOR pathway; C Phosphatidylinositol e cal-
cium signaling pathways; D T-cell receptor signaling pathway
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Fig.6 KOG functional classification of differentially expressed leukocyte transcripts in Piaractus mesopo-
tamicus during sepsis induced by Aeromonas hydrophila

by a peak at 24 HPI (53.6%), stabilizing at 71.4% by the end of the experiment (120 HPT)
(Fig. 7). This high mortality rate and the debilitated state of fish after 9 HPI limited the fea-
sibility of obtaining consistent transcriptomic data beyond this timepoint.

Discussion

Transcriptome analysis of blood leukocytes from Piaractus mesopotamicus during sep-
sis progression revealed extensive differentiation in gene expression over time. To ensure
that the transcriptome analysis accurately reflected the immune response of the leukocytes,
erythrocytes were removed prior to RNA-Seq, since in fish as in other vertebrates eryth-
rocytes represent the most abundant fraction of blood cells, accounting for approximately
94% of the total (Ronza et al. 2021). Removing these cells prevented the predominance of
genes related to hemoglobin as carriers of oxygen and carbon dioxide (Meitern et al. 2014;
Désert et al. 2016), allowing for a more precise assessment of leukocyte gene regulation
during sepsis.

The RNA-Seq data demonstrated a highly dynamic immune response, with peak dif-
ferential gene expression at 3 and 9 HPI, indicating critical immune activation phases. The
substantial overlap of upregulated and downregulated genes during these periods suggests
intense inflammatory modulation (Chan et al. 2022). Comparative studies show DEG vari-
ability depends on tissue type and infection models (Meng et al. 2015; Corral-Lopez et al.
2023). In A. hydrophila infections, studies of the spleen (2121 DEGs) (Yang et al. 2016)
and liver (4413 DEGs) (Mastrochirico-Filho et al. 2020), the leukocyte analysis detected
17,698 DEGs in the current study, demonstrating broader differential responses than tissue-
focused studies.
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Fig.7 The lethality index (%), in the challenged group (blue line, circles) and the control group (black line,
squares) in pacus during Aeromonosis

Blood leukocytes proved optimal for capturing systemic immune responses, over-
coming tissue-specific limitations. Furthermore, the total number of reads after filter-
ing, amounting to 266,272 reads, and the quality of the assembly, with the majority of
contigs exceeding 999 bp and an average contig length of 25,695 bp, underscore the
reliability of the RNA-Seq technique and the robustness of the adopted approach. This
performance contrasts with that reported in studies on Mandarin fish infected by Fla-
vobacterium columnare, which yielded an average contig length of only 430 bp (Zhou
et al. 2015), and grass carp infected by Aeromonas hydrophila, where unigenes averaged
2270 bp (Yang et al. 2016). This enhanced assembly enabled comprehensive transcript
coverage, precise isoform identification, and robust functional analysis of the immune
response to A. hydrophila, establishing leukocytes as a sensitive model for studying
host—pathogen interactions.

The leukocyte response to A. hydrophila infection was characterized by a highly
dynamic process, marked by significant alterations in the transcriptome over time. Dur-
ing the initial phase (1 hpi), there was a predominant downregulation of inflammatory and
immune-related genes, including interleukins, interferons, major histocompatibility com-
plex (MHC) molecules, and TNF receptors. Concurrently, an early upregulation of key
inflammatory mediators, such as MyD88, tumor necrosis factor (TNF) receptor, and com-
plement system components, was observed, indicative of the prompt activation of inflam-
matory pathways. Additionally, the elevated expression of heat shock proteins (HSPs) sug-
gests an early cellular stress response, potentially linked to increased vascular permeability,
which is critical for facilitating leukocyte migration to peripheral tissues. Notably, the
increased vascular permeability in Piaractus mesopotamicus has previously been associ-
ated with the rapid production of inflammatory mediators, including prostaglandins, leu-
kotrienes (eicosanoids), and pro-inflammatory cytokines such as IL-1p and TNF-a, all of
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which play pivotal roles in the early phase of acute inflammation induced by A. hydrophila
(Claudiano et al. 2019).

The early upregulation of von Willebrand factor expression suggests a significant
involvement of hemostasis and cell adhesion in the initial inflammatory response. However,
although this factor is expressed early, the associated morphological manifestations such as
platelet aggregation, hemorrhagic ascites, thrombosis, and petechial hemorrhages become
evident only at later stages of Aeromonosis (6 and 9 hpi) (Marinho-Neto et al. 2019), dem-
onstrating that the initial molecular changes precede observable structural damage.

Peak activation (3 HPI) showed marked upregulation of pro-inflammatory mark-
ers, coagulation factors, and lymphocyte activation genes, coinciding with hematological
changes—Ileukocytosis, enhance cell migration, and increased neutrophil, macrophage,
and lymphocyte populations at infection sites, corroborating transcriptomic analysis results
(Claudiano et al. 2013, 2019) and sustained NF-kB activation. Furthermore, the increased
expression of ERO1-like protein suggests enhanced oxidative stress as a key component
of the initial pathogen containment mechanism, while the sustained NF-kB pathway acti-
vation observed in this study underscores the heightened mediation of pro-inflammatory
mediators during A. hydrophila sepsis in pacu.

At 6 HPI, emerging regulatory mechanisms (TGF-f) appeared alongside tissue damage
markers and iron sequestration strategies (transferrin receptor induction). Morphological
and ultrastructural analyses revealed progressively severe tissue damage during this phase,
with marked vascular congestion, extensive hemorrhaging, and widespread necrosis par-
ticularly affecting liver, spleen, and kidney tissues (Marinho-Neto et al. 2019). Concur-
rently, upregulated transferrin receptors and iron metabolism genes indicated leukocyte-
mediated iron sequestration strategies—a nutritional immunity response that aligned with
observed serum biochemical alterations in Aeromonosis (Claudiano et al. 2019).

By the experimental endpoint (9 hpi), the inflammatory response peaked alongside
emerging resolution mechanisms, marked by upregulated TGF-§ and glucocorticoid recep-
tors. This critical phase coincided with severe tissue damage—including hemorrhagic
necrosis, hepatosplenomegaly with vascular congestion, and hemorrhagic enteritis—cor-
relating with initial mortality (Claudiano et al. 2019; Marinho-Neto et al. 2019). Systemic
bacteremia (with A. hydrophila re-isolation from all tissues) confirmed failed immune con-
tainment, while persistent complement system, immunoglobulin, NF-kB, and HSP gene
activation indicated sustained inflammatory engagement. Despite metabolic leukocyte pre-
paredness, this ultimately caused catastrophic tissue compromise (Claudiano et al. 2020).

Transcriptomic enrichment analyses revealed that most genes expressed during sepsis
were associated with metabolic functions, highlighting the crucial role of biochemical
reprogramming in sustaining leukocyte activation during Aeromonas hydrophila infection.
Specifically, we observed significant upregulation of energy metabolism genes involved in
both anaerobic glycolysis and the Krebs cycle, indicating that leukocytes mobilize multiple
energy pathways to maintain functionality during sepsis. This metabolic adaptation aligns
with previous findings in Ctenopharyngodon idellus (Yang et al. 2016; Xiong et al. 2022),
and other teleost models of bacterial infection (Yang et al. 2016; Song et al. 2017; Ronza
et al. 2021), a conserved host response to systemic bacterial challenge.

Functional analyses (KEGG and GO) revealed that sepsis progression involves com-
plex crosstalk between energy metabolism, ion homeostasis, and inflammatory regula-
tion. The activation of PI3K-AKT, mTOR, and Toll-like receptor (TLR) pathways demon-
strates how leukocytes employ adaptive mechanisms not only for direct pathogen combat
but also to maintain cellular viability under inflammatory stress (Song et al. 2017; Ronza
et al. 2021; Xiong et al. 2022). Notably, previous studies in A. hydrophila—infected pacu
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specifically implicated the PI3K-AKT pathway in modulating both hepatic and hematopoi-
etic responses, suggesting its dual role in inflammation control and tissue protection (Clau-
diano et al. 2020; Mastrochirico-Filho et al. 2020).

The sustained activation of steroid hormone pathways indicates a critical endocrine
adaptation to systemic inflammatory stress in P. mesopotamicus, reflecting significant
neuroendocrine and biochemical changes during sepsis. Notably, elevated glucocorticoid
production—previously shown to mitigate inflammatory damage and partially restore
homeostasis in late-stage A. hydrophila sepsis (Claudiano et al. 2019, 2020)—represents a
conserved response across teleost species, as confirmed by transcriptomic studies in other
pathogenic bacterial infections (Yang et al. 2016; Song et al. 2017; Ronza et al. 2021).

A noticeable finding was the profound reprogramming of iron and calcium metabo-
lism—crucial biochemical mechanisms that limit nutrient availability to pathogens during
bacteremia, thereby restricting microbial proliferation (Zhang et al. 2025). The upregula-
tion of transferrin receptors and iron/calcium regulatory genes in advanced sepsis stages
aligned with serum biochemical alterations in P. mesopotamicus (Claudiano et al. 2019;
Mastrochirico-Filho et al. 2020). This nutritional immunity strategy appears evolutionar-
ily conserved among teleosts, as demonstrated by similar transcriptomic responses in A.
hydrophila—infected grass carp (Ctenopharyngodon idellus) and mandarin fish (Siniperca
chuatsi) (Yang et al. 2016; Song et al. 2017; Ronza et al. 2021; Xiong et al. 2022).

Integrated RNA-Seq, KEGG, and GO analyses reveal that metabolic and neuroendo-
crine reprogramming lie at the heart of sustaining leukocyte responses during A. hydroph-
ila—induced sepsis in Piaractus mesopotamicus. Supported by comparative studies, these
data uncover a critical interplay among immune activation, energy metabolism, and endo-
crine regulation, offering new insights into piscine sepsis pathophysiology. This integrated
metabolic-immunological response demonstrates how pacu leukocytes prioritize bioener-
getic adaptation during acute sepsis without compromising essential immune functions,
and underscores how a multi-omics framework provides a robust foundation for developing
targeted prophylactic and therapeutic strategies in aquaculture.

KOG analysis revealed a predominance of energy metabolism genes, particularly those
involved in amino acid/carbohydrate metabolism and ribosomal biogenesis, highlight-
ing the critical role of metabolic adaptation in sustaining leukocyte function during A.
hydrophila sepsis. This reprogramming meets the heightened energetic and biosynthetic
demands of prolonged inflammation (Yang et al. 2016; Xiong et al. 2022). Concurrent
modulation of ion homeostasis (calcium/iron) and transmembrane transport genes further
demonstrate leukocyte strategies to maintain intracellular balance while limiting bacterial
proliferation. This transcriptional profile conserved across teleost species during systemic
bacterial infections (Song et al. 2017; Mastrochirico-Filho et al. 2020; Ronza et al. 2021)
underscores the essential role of metabolic flexibility in sepsis progression and immune
defense This profile reflects a strategic reallocation of cellular resources during sepsis,
where leukocytes prioritize metabolic adaptation and proteostatic maintenance over immu-
nological functions to sustain viability under inflammatory stress and repair DNA suggests
a concurrent response to both energetic demands and genotoxic stress during infection.

The inoculation of A. hydrophila into the coelomic cavity led to rapid bacterial dis-
semination through the bloodstream, confirming the development of sepsis in P. meso-
potamicus, as evidenced by the exclusively positive blood cultures in the challenged
groups. Initial mortality was observed at 9 h post-infection (HPI), peaking at 24 HPI
(53.6%) and stabilizing at 71.4% by the end of the experiment (120 HPI). This pro-
gression confirms the advancement of sepsis and reflects the failure to fully contain the
infection, despite the intense metabolic, molecular, and immune adaptations reported
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throughout this study. These integrated findings highlight the complex pathophysiology
of A. hydrophila—induced sepsis in pacus and provide essential insights for future dis-
ease control and prevention strategies in aquaculture settings (Claudiano et al. 2019;
Marinho-Neto et al. 2019; Mastrochirico-Filho et al. 2020).

The temporal dynamics of transcriptional, metabolic, and structural changes
observed in this study reveal that, although leukocytes exhibit an intense mobilization
of immune and metabolic pathways to counteract bacterial dissemination, the exacer-
bated response ultimately leads to significant tissue damage. This is reflected in severe
structural lesions, widespread necrosis, and high mortality rates observed at the end of
the experimental period (Marinho-Neto et al. 2019). The integration of these findings,
from molecular alterations to clinical manifestations, reinforces the value of the leuko-
cyte transcriptome as a sensitive and reliable tool for understanding the pathogenesis of
Aeromonas hydrophila—induced sepsis. This knowledge contributes to the development
of effective therapeutic interventions and prophylactic strategies for the aquaculture of
Piaractus mesopotamicus.

Conclusion

The integrated analysis of the leukocyte transcriptome revealed that the immune
response during Aeromonas hydrophila—induced sepsis in Piaractus mesopotamicus
is highly dynamic and complex. It involves intense metabolic, inflammatory, and neu-
roendocrine adaptations directly associated with severe clinical manifestations and high
mortality rates. These findings enhance our understanding of the pathophysiology of
Aeromonosis, highlighting key molecular targets for the development of effective pro-
phylactic and therapeutic strategies in aquaculture.
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