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Abstract

Ammonia loading is recognized as a pervasive constraint in intensive aquaculture and
eutrophic waters, yet transcriptional indicators of ammonia stress have been reported
across disparate species, tissues, and exposure regimes. In this review, fish studies linking
ammonia exposure to mRNA responses are synthesized using a tissue-forward framework
that prioritizes first-contact epithelia and downstream metabolic organs. In gills, recur-
ring modulation is described for Rhesus glycoproteins, particularly Rhbg and Rhcg/RhCG
isoforms, and associated acid-base and ionoregulatory machinery (V-type H+-ATPase,
Na+/H+exchangers, carbonic anhydrase, Na+/K+-ATPase), alongside inflammatory
and remodeling signals consistent with epithelial disturbance. In liver and other internal
tissues, coherent shifts are reported in amino-acid and nitrogen metabolism, mitochondrial
energy pathways, redox control, and cell-death programs, with representative candidate
biomarkers including glutamine synthetase, carbamoyl phosphate synthetase I, antioxidant/
redox genes, cytokine-related markers, and apoptosis/ferroptosis-associated transcripts.
Because many oxidative and immune transcripts are shared among stressors, improved
diagnostic value is expected when biomarker panels are derived from co-regulated mod-
ules using network-guided reduction approaches, including weighted gene co-expression
network analysis (WGCNA), and validated against key confounders. Candidate gene sets
are collated and a roadmap is outlined for translating tissue signatures into compact assays
for aquaculture management and field surveillance.
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Introduction

Ammonia has been positioned at the intersection of reactive nitrogen enrichment, eutrophica-
tion, and fish health, and its monitoring has been treated as a core element of aquatic nitro-
gen management across freshwater, estuarine, and marine systems (Edwards et al. 2024; Zhou
et al. 2024). Excess ammonia has been linked to multiple anthropogenic sources, includ-
ing agricultural and wastewater discharge, and has been discussed as an increasingly salient
stressor for aquatic biota as global nitrogen cycling is altered by human activity (Edwards
et al. 2024). Additional attention has been drawn to ammonia because expanding industrial
use, including proposed deployment as a low-carbon energy carrier, has been recognized as a
plausible driver of new environmental release scenarios that would require robust ecological
surveillance (Edwards et al. 2024). Such scenarios include accidental leakage or spills during
expanded ammonia production, storage, transport, and terminal handling, as well as bunker-
ing/refueling and ship-fuel-system releases in marine applications; atmospheric NHs, NOx, or
N,O emissions and subsequent deposition may also provide indirect pathways linking ammo-
nia-energy infrastructure to aquatic nitrogen loading.

In intensive aquaculture, accumulation of total ammonia nitrogen (TAN) has been
repeatedly identified as a dominant water-quality constraint, arising from protein catabo-
lism and excretion, microbial mineralization of wastes, and incomplete nitrification or
water exchange in production systems (Parvathy et al. 2023). As broad management con-
text, well-functioning intensive or recirculating systems commonly aim to keep TAN below
a few mg/L, often below approximately 5 mg/L, whereas sublethal concern is more directly
linked to the unionized NHs fraction, which may become damaging when it approaches or
exceeds approximately 0.05 mg/L (Lindholm-Lehto 2023; Parvathy et al. 2023). Sub-lethal
exposure has been associated with depressed performance and altered physiological state,
while sensitivity has been reported to vary widely across taxa and life stages, thereby com-
plicating universal “safe” thresholds and motivating species-aware diagnostics (Parvathy
et al. 2023). Consequently, ammonia has been framed not only as a toxicant but also as a
management variable with direct implications for welfare, productivity, and disease vulner-
ability in cultured fish (Parvathy et al. 2023).

In aqueous systems, ammonia exists in equilibrium between unionized NHs and ion-
ized NH4". The NHs fraction has been considered as a key determinant of toxicity because
the unionized form exhibits enhanced permeability and higher internal loading (Edwards
et al. 2024; Parvathy et al. 2023). Interpretation of biological responses has therefore been
strengthened when TAN has been reported jointly with pH and temperature (and salinity
where relevant), because these parameters determine NHs availability and the directionality
of diffusion gradients at exchange surfaces (e.g., higher NHs levels at higher pH) (Edwards
et al. 2024; Parvathy et al. 2023). For biomarker development, this chemistry has practical
consequences: ‘“ammonia stress” has not been defined solely by TAN, but by the inter-
action of exposure concentration with water chemistry and exposure time (Edwards et al.
2024; Parvathy et al. 2023; Zimmer 2024).

Most teleosts are ammonotelic, and the gill has been established as the principal site of
nitrogenous waste elimination alongside its roles in gas exchange and ionoregulation (Zim-
mer 2024). Mechanistic models of branchial ammonia excretion have converged on coor-
dinated transport processes in which Rh glycoproteins facilitate NHs transport and bound-
ary-layer acidification promotes diffusion trapping as NHa*, with functional coupling to
ionocyte transporters such as V-type H*-ATPase, Na*/H* exchangers, carbonic anhydrase,
and Na'/K*-ATPase (Nakada et al. 2007; Nawata et al. 2007; Zimmer 2024). The central
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role of Rh-based pathways has been supported by seminal molecular evidence demonstrat-
ing Rh dependence of gill ammonia secretion and by subsequent work in salmonids linking
Rh expression dynamics with ammonia excretion capacity and the acidification machinery
(Nakada et al. 2007; Nawata et al. 2007). Under sustained high environmental ammonia,
compensatory responses have been shown to differ among fish species and can include
transcriptional modulation of Rh genes and associated ion-transport components in gills,
reinforcing the relevance of these pathways as exposure-proximal biomarker candidates
(Chen et al. 2017; Sinha et al. 2013).

Beyond the gill interface, ammonia stress has been associated with systemic metabolic
remodeling, oxidative imbalance, inflammatory signaling, and tissue injury, indicating that
internal organs integrate exposure consequences even when external gradients dominate
initial loading (Parvathy et al. 2023). Omics-level studies in aquaculture-relevant fish have
further indicated that ammonia exposure can produce time-structured transcriptional shifts
in liver and/or gill that map to lipid and sterol metabolism, mitochondrial organization,
amino-acid metabolism, and canonical stress-response signaling (Shang et al. 2021; Zhu
et al. 2019). The applied interpretation of these signals has been complicated by environ-
mental and husbandry factors (e.g., temperature, oxygen availability, handling intensity,
and stocking density), which have been emphasized as modifiers of ammonia outcomes
in aquaculture syntheses and therefore as confounders that must be addressed during bio-
marker validation (Edwards et al. 2024; Parvathy et al. 2023).

Transcriptional endpoints have been increasingly used for ammonia-stress assessment
because pathway perturbations can be detected earlier than overt pathology and because
targeted RT-qPCR panels can be derived from RNA-seq discovery frameworks (Shang
et al. 2021; Zhu et al. 2019). However, many oxidative and immune transcripts respon-
sive to ammonia have been shared with generalized stress programs, so improved diag-
nostic performance has been expected from tissue-aware multi-gene signatures that incor-
porate ammonia-transport and acid—base modules alongside downstream response genes
(Parvathy et al. 2023; Zimmer 2024). Translation to routine surveillance has additionally
been limited by sampling invasiveness, and feasibility of water-based transcript readouts
has been advanced by recent demonstrations that environmental RNA sequencing from
aquarium water can recover stress-responsive mRNA profiles in fish (Miyata et al. 2025).
In this review, evidence for fish transcriptional responses to ammonia is synthesized using
a tissue-forward framework that prioritizes environmentally exposed epithelia and meta-
bolically integrative internal organs, with emphasis placed on candidate gene sets suited
to targeted assays and non-invasive monitoring pathways (Parvathy et al. 2023; Zimmer
2024) (see the graphical summary of this study in Fig. 1).

Evidence identification and extraction with a tissue-forward
prioritization scheme

This article was prepared as a scoping evidence synthesis of experimental fish studies in
which ammonia exposure was explicitly linked to transcriptional outcomes. A scoping
design was selected because the evidence base is methodologically heterogeneous. Studies
differed across fish taxa and life stages, exposure regimes, ammonia forms and reporting
units, water chemistry, and transcript platforms. This heterogeneity limited the defensi-
bility of pooled quantitative meta-analysis for most gene-level endpoints without exten-
sive harmonization and reprocessing of primary data (Arksey and O’Malley 2005; Levac
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Deployable transcriptional
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Fig. 1 Conceptual framework linking water chemistry to deployable transcriptional biomarkers of ammonia
exposure. The left-to-right schematic illustrates the pipeline from environmental chemistry to field-ready
monitoring tools. (Left panel) Ammonia exposure: The proportion of the toxic ammonia fraction (NHs)
of total ammonia nitrogen (TAN) is determined by pH, temperature, and salinity. (Center panel) Tissue
gene modules: The gill represents the first point of contact and diagnostic response, characterized by a core
acid-base and ionoregulatory module (Rhbg/Rhcg, V-ATPase, NHE, carbonic anhydrase, Na*/K*-ATPase)
alongside epithelial inflammation and remodeling signals. Internal organs capture downstream severity and
consequences, but are less specific by themselfs: liver and kidney (glutamine synthetase, carbamoyl phos-
phate synthetase; amino-acid and nitrogen metabolism, mitochondrial energy pathways, redox balance),
immune tissues (cytokines and pattern-recognition receptors, apoptosis/ferroptosis), and brain and gonads
(HPI-axis and neuroactive pathways, steroidogenesis, redox control). (Right panel) Deployable transcrip-
tional biomarker panels/from discovery to monitoring: Transcriptomic evidence (RNA-seq and synthesis
across studies) is distilled into co-regulated gene modules (e.g., WGCNA), validated with compact multi-
gene assay panels (RT-qPCR). Sampling strategies range with gill biopsy, mucus, or water-borne environ-
mental RNA (eRNA) from most to least invasive. Overall, the framework emphasizes a progression from
ammonia exposure, to a gill-specific transport module, to broader systemic stress modules, enabling vali-
dated, nonlethal transcriptional panels for aquaculture management and field surveillance

et al. 2010; Peters et al. 2021, 2020). Contemporary methodological guidance for scop-
ing reviews was followed to support transparent mapping of the available literature and to
keep synthesis boundaries explicit (Levac et al. 2010; Peters et al. 2021, 2020). Report-
ing of identification, screening, eligibility decisions, and synthesis scope was aligned with
PRISMA 2020 principles and the PRISMA extension for scoping reviews (PRISMA-ScR),
so that record flow and inclusion logic could be traced reproducibly (Page et al. 2021;
Tricco et al. 2018). Reporting of the search process (databases, query structure, run dates,
and record-management decisions) was additionally aligned with PRISMA-S items to
strengthen reproducibility of the identification workflow (Rethlefsen et al. 2021).
Terminology and exposure characterization were standardized as a prerequisite for
cross-study interpretability. Total ammonia nitrogen (TAN) was treated as the primary
reported metric when available, while unionized ammonia (NHs, frequently reported
as NHs—N or UIA) was treated as the proximate toxic fraction whose magnitude varies
with pH and temperature (and, in saline waters, ionic strength/salinity) (Batley and Simp-
son 2009; Emerson et al. 1975; Park et al. 2018). Accordingly, for each eligible record,
the ammonia metric reported by authors (TAN, NHs—N, NH4*—N, or UIA) was extracted
alongside the accompanying water chemistry required to interpret speciation (pH and
temperature at minimum; salinity where relevant) (Batley and Simpson 2009; Emerson
et al. 1975; Park et al. 2018). Where reported, the pH scale, total alkalinity, and CO,/
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carbonate-system descriptors were also recorded because similar pH values can correspond
to different CO, conditions and acid—base backgrounds depending on water chemistry.
When sufficient parameters were reported, approximate NHs fractions were derived using
established equilibrium relationships for zero-salinity conditions following Emerson et al.
(1975) and saltwater contexts following the salinity-adjusted approach of Bower and Bid-
well (1978), while conversions were not attempted when pH/temperature (or salinity for
marine systems) were not reported at the exposure time scale (Batley and Simpson 2009;
Bower and Bidwell 1978; Emerson et al. 1975). Because regulatory criteria and toxicity
relationships for ammonia have been explicitly defined as pH- and temperature-dependent
(and, in marine waters, salinity-sensitive), omission of these descriptors was treated as a
major interpretability constraint during biomarker inference rather than as a minor report-
ing detail (Batley and Simpson 2009; Park et al. 2018).

Bibliographic identification was initiated using structured searches in PubMed and
expanded through complementary searches in Web of Science Core Collection, Scopus,
and Google Scholar to capture aquaculture and ecotoxicology journals with variable bio-
medical indexing. Database and repository searches were conducted from November 2025
to January 2026. Query strings were designed to reduce common retrieval gaps by combin-
ing three concept blocks: (i) ammonia terms and reporting variants (ammonia, total ammo-
nia nitrogen, TAN, un-ionized/unionized ammonia, NH3, NH4 +, ammonium; and com-
mon experimental reagents such as ammonium chloride), (ii) fish descriptors (fish, teleost,
and frequent model or aquaculture species terms), and (iii) transcriptional outcomes (gene
expression, mRNA, RT-qPCR/qPCR, transcriptome, RNA-seq, microarray, differential
expression) (Rethlefsen et al. 2021). Backward reference screening and forward citation
chasing were applied from core mechanistic and transcriptome papers to identify additional
studies not retrieved by keyword searches due to inconsistent indexing or inconsistent use
of ammonia descriptors (Rethlefsen et al. 2021). To improve capture of transcriptome
datasets and associated companion papers, targeted repository searches were additionally
conducted in NCBI Gene Expression Omnibus (GEO), NCBI Sequence Read Archive
(SRA), and the European Nucleotide Archive (ENA), where fish transcriptome studies are
commonly deposited, and accession identifiers were recorded when provided (Edgar et al.
2002; Katz et al. 2022; Yuan et al. 2024).

Eligibility was restricted to studies meeting all of the following conditions: (i) fish were
the exposed organism; (ii) ammonia exposure was defined as a distinct treatment condi-
tion (including elevated TAN achieved via ammonium salts), with an interpretable expo-
sure contrast relative to controls; and (iii) a transcriptional endpoint was reported (targeted
mRNA measurements, microarray, bulk RNA-seq, or other transcriptomic profiling). Stud-
ies were excluded when transcriptional outcomes were absent, when ammonia could not be
separated from other nitrogen toxicants or complex mixtures as an identifiable treatment
contrast, when the exposed organism was not fish, or when the design lacked an expo-
sure comparator adequate for causal interpretation. Field surveys were not treated as pri-
mary evidence for biomarker nomination unless an exposure contrast and supporting water
chemistry were reported in a manner sufficient to attribute transcriptional differences to
ammonia with reasonable confidence under the study design (Park et al. 2018; Rethlefsen
et al. 2021; Tricco et al. 2018). Eligibility criteria and extracted variables were designed to
support tissue-resolved synthesis and are summarized in Table 1.

For each eligible record, extraction was performed to support tissue-aware interpreta-
tion and biomarker nomination. Study descriptors were recorded (species, life stage, sex
where reported, acclimation conditions, exposure route and duration, sampling time points,
recovery designs, and control structure), alongside exposure descriptors (ammonia form
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and metric, nominal versus measured concentrations, pH, temperature, salinity, dissolved
oxygen where reported, and water renewal or static/flow-through conditions) (Batley and
Simpson 2009; Emerson et al. 1975; Park et al. 2018). Where authors described analytical
methods for ammonia measurement, the method family was captured (e.g., phenate/colori-
metric, electrode-based, automated methods) because method choice and interference con-
trol can influence comparability across matrices and concentration ranges (Lin et al. 2019).
Transcript platform details were recorded (RT-qPCR, microarray, RNA-seq), including
whether validation of discovery transcriptomics was performed by targeted assays, and
whether sequence data accessions were reported to enable downstream reanalysis (Edgar
et al. 2002; Katz et al. 2022; Wilkinson et al. 2016; Yuan et al. 2024). Principal genes
and pathways emphasized by authors were extracted in a structured manner (transport and
acid-base regulation, nitrogen metabolism, oxidative and inflammatory signaling, energy
metabolism, cell-death programs), while interpretation of “candidate biomarkers” was
intentionally constrained to tissue context to avoid overgeneralization from systemic stress
genes.

A tissue prioritization framework was applied to keep the synthesis anchored to bio-
logical contact zones and ammonia-handling physiology rather than to organ lists alone.
Three operational tissue groups were used. Well-exposed exchange interfaces were defined
as tissues directly contacting water and plausibly representing first-contact sites for ammo-
nia flux and early transcriptional response, with gills treated as the primary exchange and
excretory surface and additional exposed mucosae (e.g., skin/mucus and olfactory epithe-
lium) retained when explicitly sampled (Zimmer 2024). Metabolically integrative internal
tissues were defined as organs expected to integrate downstream consequences of ammo-
nia loading and compensatory nitrogen handling, including liver and kidney (and immune-
relevant hematopoietic tissues such as head kidney when sampled), reflecting their recur-
rent use in ammonia toxicology for interpreting systemic injury and metabolic remodeling
(Park et al. 2018; Zimmer 2024). Fitness and regulatory tissues were defined as brain and
reproductive tissues (gonad, eggs) when assessed, because endocrine regulation and neu-
rophysiology can be affected by ammonia stress and because such tissues are often used to
bridge molecular change to functional outcomes in aquaculture and ecotoxicology designs
(Park et al. 2018). This structure was selected to preserve a tissue-forward logic compara-
ble across studies while allowing nonlethal matrices (e.g., mucus-associated sampling) to
be retained as a biomonitoring-relevant layer when transcript data were available. Finally,
because reproducible biomarker discovery increasingly depends on reusability of primary
sequencing data and metadata, availability of public data accessions and minimum meta-
data elements was recorded whenever reported, and extracted variables were aligned to
support future dataset integration under FAIR data principles (Ahi 2025; Wilkinson et al.
2016).

Transcriptional responses at first-contact exchange epithelia

In most teleosts, ammonia handling has been dominated by exchange epithelia, with the
gill being treated as the primary surface for both nitrogen waste elimination and early sens-
ing of adverse external gradients (Zimmer 2024). Because gill epithelia simultaneously
support gas exchange, ionoregulation, and acid-base control, transcript shifts induced by
ammonia have been expected to integrate transport remodeling with broader stress physiol-
ogy rather than to appear as a single linear pathway (Ip and Chew 2010; Zimmer 2024).
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Consequently, candidate transcriptional biomarkers at exchange surfaces have been most
defensibly nominated when (i) linkage to established ammonia-excretion mechanisms has
been maintained and (ii) tissue specificity and life-stage context have been retained during
interpretation (Ip and Chew 2010; Wright and Wood 2009; Zimmer 2024). Representative
fish studies supporting the synthesis in this section are summarized in Table 2.

Gill exchange epithelium: transport-centered transcriptional responses

Branchial ammonia excretion has been increasingly explained by models in which Rh gly-
coproteins participate in transcellular NHs movement and “acid trapping” is enhanced by
coordinated H* secretion and boundary-layer acidification, with additional support pro-
vided by carbonic anhydrase—dependent acid—base chemistry and classic ion-transport
machinery (Wright and Wood 2009; Zimmer 2024). Because carbonic anhydrase and
V-type H*-ATPase act at different points in this coupled acid-trapping module, current
evidence does not support assigning a single universal rate-limiting role to either com-
ponent. Carbonic anhydrase supports rapid local H/HCOs~ generation from CO, hydra-
tion, whereas V-type H*-ATPase and associated proton-extrusion pathways contribute to
maintaining an acidified boundary layer; the dominant constraint is therefore expected to
vary with species, ionocyte phenotype, external buffering capacity, pH/CO, conditions,
and exposure duration (Nawata et al. 2007; Wright and Wood 2009; Zimmer 2024). The
molecular basis for this framework has been supported by early localization and functional
evidence in pufferfish gill, where multiple Rh glycoproteins were reported to be expressed
in gill tissue and to mediate ammonium analog transport in heterologous systems, thereby
challenging purely passive diffusion views of branchial ammonia elimination (Nakada
et al. 2007). In freshwater rainbow trout, high external ammonia (HEA) exposure was asso-
ciated with time-structured changes in gill Rh transcript abundance and with modulation of
acidification-related machinery, with upregulation of V-type H*-ATPase transcripts being
reported alongside changes in Rhbg and Rhcg isoforms and concurrent evidence for bound-
ary-layer acidification as a facilitating mechanism (Nawata et al. 2007). In follow-up physi-
ology—molecular integration, feeding-driven endogenous ammonia loading was reported
to increase branchial mRNA levels of Rh genes, NHE-2, and H*-ATPase, reinforcing that
candidate “ammonia stress” transcripts at the gill can be induced by internal nitrogen turn-
over as well as by external ammonia challenge (Zimmer et al. 2010).

Life-stage dependence has been repeatedly emphasized in zebrafish, where HEA expo-
sure was associated with elevated Rh mRNA expression in embryos and larvae, whereas
adult gills were described as relying more strongly on increased transcription of V-type
H*-ATPase under the same excretory constraint, indicating that the same stressor can
engage different transcriptional solutions across development (Braun et al. 2009). In
embryos, the chorion may further modify the timing and local microenvironment of ammo-
nia exposure by influencing diffusion conditions around the embryo and the perivitelline
space, although direct ammonia-specific evidence for chorion-controlled transcriptional
responses remains limited; therefore, embryo—larva—adult differences should be interpreted
as the combined outcome of exposure geometry, chorion/perivitelline conditions, and
developmental maturation of ionocytes, gill structures, and acid—base transport capacity
(Kais et al. 2013)(Pelka et al. 2017). A broader interspecific perspective has been provided
by chronic HEA experiments in trout, carp, and goldfish, in which species-specific patterns
were reported for Rh isoforms, H*-ATPase, and Na*-handling genes, together with physi-
ological evidence that compensatory trajectories differ markedly among freshwater teleosts
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under sustained environmental ammonia loading (Sinha et al. 2013). Mechanistic plasticity
has also been highlighted by gene-editing work in zebrafish, in which CRISPR/Cas9 dis-
ruption of rhcgb was not associated with the predicted loss of ammonia excretion capac-
ity across several challenge contexts and compensatory changes (including increased rhbg
transcript abundance) were described, implying that biomarker panels centered on a single
Rh paralog may be unstable across genetic backgrounds or compensatory states (Zimmer
and Perry 2020).

Species- and habitat-linked modifiers at the gill surface

In fishes that routinely encounter extreme ammonia or acid—base constraints (e.g., amphib-
ious or alkali-tolerant taxa), transcriptional regulation of ammonia transporters has been
shown to extend beyond canonical “teleost averages,” thereby providing useful natural
experiments for biomarker nomination. In the mangrove killifish, gill RACG2 and skin
RhCGI mRNA were strongly upregulated under elevated environmental ammonia, and air
exposure was associated with induction of RhCG transcripts in skin, supporting the view
that transcriptional upregulation of Rh genes can be expressed across multiple excretory
epithelia when conventional diffusion gradients are disrupted (Hung et al. 2007). In large-
scale loach, acute ammonia loading was associated with increased gill Rhcg, Rhbg, and
Rhag mRNA abundance, whereas longer exposures were reported to downshift expression
of several Rh-related genes, and the absence of key Rh components in skin was interpreted
as evidence that cutaneous ammonia excretion is not universally required even in air-
breathing fishes (Huang et al. 2022). In Amur ide, which persists in highly alkaline waters
that intensify ammonia toxification risk, gill Rh proteins and H* transporters were investi-
gated as a coordinated excretory module and were proposed to facilitate active ammonia
elimination while supporting acid—base balance under alkali exposure (Zhao et al. 2024).
Collectively, these habitat-linked studies have suggested that “Rh+ acidification” gene
modules are conserved as candidates, but directionality and persistence of transcriptional
change are shaped by exposure duration and by evolved physiological context rather than
by ammonia concentration alone.

Gill remodeling, inflammation, and energetic reprogramming under ammonia

Although transport-centered transcripts provide mechanistic specificity, ammonia exposure
has also been associated with transcriptional programs consistent with epithelial injury,
proliferative remodeling, and immune activation at the gill interface. In yellow catfish sub-
jected to chronic ammonia nitrogen stress, combined transcriptomic and proteomic pro-
filing identified coordinated activation of inflammation-linked signaling pathways in gill
tissue and highlighted IL17 signaling as a putative mediator of hyperplasia and inflamma-
tory remodeling, with parallel evidence of oxidative stress and tissue pathology (Zhong
et al. 2023). Bulk RNA-seq in Scatophagus argus gills under ammonia stress has simi-
larly shown that gill transcription can shift toward immune and cellular-defense pathways
(e.g., NOD-like receptor signaling, lysosome, cytokine—cytokine receptor interactions)
while metabolic pathway genes (glycolysis-related enzymes, TCA-cycle components, and
mTOR-associated regulators) are concurrently modulated, supporting the view that barrier
remodeling and energetic reallocation co-occur at the primary exchange surface (Xu et al.
2025). These patterns have reinforced that transport-module transcripts alone are unlikely
to capture the full gill phenotype under ammonia stress, while also indicating that immune
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and metabolic readouts require careful specificity testing because they can be shared across
diverse stressors.

An additional, emerging modifier has been suggested by gill microbiome synthesis, in
which ammonia-oxidizing bacteria were reported to be present in more than half of pub-
licly available teleost gill microbiome datasets and were proposed to influence host nitro-
gen excretion by altering local ammonia availability at the gill surface (Mes et al. 2024).
While direct connections between gill microbiome composition and host transcriptional
ammonia signatures remain to be tested systematically, this evidence has indicated that
microenvironmental ammonia processing at the gill boundary may represent an underap-
preciated source of cross-study variability in gill transcriptional readouts under comparable
water-column ammonia metrics (Mes et al. 2024). At present, direct evidence that gill-
associated ammonia-oxidizing bacteria independently regulate host immune transcripts
remains limited. However, broader gill-microbiome studies indicate that resident microbial
communities can interact with epithelial immune, Toll/integrin, and permeability-related
pathways; therefore, gill microbiota should be considered a plausible confounder when
interpreting inflammation and remodeling markers under ammonia exposure (Mes et al.
2024)(Frangois—Etienne et al. 2023).

Other exposed mucosae: intestinal barrier transcription as a complementary
readout

Compared with gill tissue, fewer fish studies have quantified transcriptional responses to
ammonia in other exposed mucosae using marker sets explicitly aligned to barrier integ-
rity. In yellow catfish intestine, ammonia nitrogen stress was associated with structural
and ultrastructural barrier disruption and with qRT-PCR evidence for altered tight-junc-
tion gene expression (including reduced ZO-1, occludin, and claudin-1 transcripts and
increased claudin-2), alongside increased expression of inflammatory cytokine genes,
indicating that mucosal barrier gene panels can provide complementary exposure-relevant
signals even when ammonia entry is presumed to be gill-dominated (Liu et al. 2023). The
limited number of such studies has supported inclusion of intestinal barrier markers as a
secondary interface panel rather than as a primary ammonia-diagnosis target, while leaving
clear scope for expanding transcriptomic coverage of additional exposed mucosae (skin/
mucus and olfactory epithelium) under ammonia challenge. Although direct ammonia-
specific transcriptomic evidence from fish olfactory epithelium remains limited, olfactory
profiling is justified as a future direction because contaminant-mediated disruption of fish
olfaction can impair behaviors related to feeding, alarm responses, predator avoidance,
homing, and reproduction (Kermen et al. 2013) (Tierney et al. 2010).

Neuroendocrine, somatotropic, and reproductive transcriptional
responses under ammonia challenge

Ammonia is a potent neuroactive stressor in fish. Acute toxicity has therefore often been
framed around central nervous system disruption, with downstream effects on behav-
ior and fitness-relevant physiology (Randall and Tsui 2002). Endocrine regulation is also
implicated, because ammonia exposure can activate the hypothalamic—pituitary—interrenal
(HPI)/corticotropic stress axis and alter growth- and immune-related endpoints under aqua-
culture-relevant conditions (Randall and Tsui 2002; Xu et al. 2021). For transcriptional
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biomarker development, brain and endocrine-axis markers can provide useful context for
gill or liver signatures. However, HPI/corticotropic stress-axis, somatotropic growth-axis,
and reproductive/gonadotropic-axis responses should be interpreted as related but distinct
regulatory layers. These transcripts also respond to many non-ammonia stressors and there-
fore require context-aware interpretation (Xu et al. 2021). Illustrative studies underpinning
the synthesis in this section are compiled in Table 3.

Central stress-axis activation and neuroendocrine control

In rainbow trout, HPI-axis stimulation by high environmental ammonia has recently been
supported by combined endocrine and transcriptional evidence, with dose-dependent cor-
tisol elevation and brain-region-specific shifts reported in serotonergic pathway genes
(e.g., tryptophan hydroxylase and serotonin receptors) together with altered expression of
corticotropin-releasing factor and nonapeptide signaling components (arginine vasotocin
and isotocin systems) (Chivite-Alcalde et al. 2025). Pharmacological manipulation of sero-
tonergic signaling has further been used to show that the ammonia-linked neuroendocrine
response can be modified by serotonin receptor antagonism, supporting a mechanistic
bridge between monoaminergic signaling and endocrine output under hyperammonemic
conditions (Chivite-Alcalde et al. 2025). Earlier work in rainbow trout has also shown
that appetite suppression during ammonia exposure can be accompanied by temporal and
region-specific activation of brain monoaminergic systems and by altered abundance of
forebrain corticotropin-releasing factor (CRF) and urotensin I (UI) transcripts, linking
transcriptional modulation of neuropeptide systems to feeding phenotypes under ammonia
challenge (Ortega et al. 2005).

Developmental state has been shown to modulate these endocrine responses in
zebrafish. Under high environmental ammonia, life-stage-specific patterns have been
described in which CRF-system transcripts and whole-body cortisol responses were differ-
entially affected across embryonic and larval stages, and persistent programming effects on
cortisol responsiveness to later stressors were reported following larval exposure (Williams
et al. 2017). In juvenile turbot, short-term exposure across a graded TAN series has been
reported to activate the HPI axis while suppressing growth- and immunity-associated end-
points, consistent with stress-axis recruitment as a component of ammonia-induced growth
limitation (Jia et al. 2017). Concordant with this endocrine-growth linkage, acute ammo-
nia exposure in pufferfish has been shown to reduce expression of GH/IGF-axis genes,
including tissue-resolved effects in which hepatic ghr2 and igf-I mRNA were downregu-
lated over time under acute exposure while ghr! showed high baseline abundance in brain
(Cheng et al. 2015). In a marine aquaculture model (gilthead seabream), acute ammonia
challenge has similarly been shown to elevate cortisol and to modulate growth and stress-
marker transcripts (including igf2, mstn, hsp70, and glucocorticoid receptor), indicating
that endocrine and growth-marker gene panels can register ammonia as a time-structured
acute stressor even when exposures are short (Zarantoniello et al. 2021).

Brain-centered molecular correlates of ammonia neurotoxicity

Mechanistic interpretations of ammonia neurotoxicity have frequently converged on exci-
totoxicity-linked pathways, with early synthesis proposing that elevated NH4" can disturb
neuronal excitability and promote NMDA receptor-mediated cascades that culminate in
neuronal injury (Randall and Tsui 2002). At the cellular level, such excitotoxic signaling
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is expected to involve excessive Ca®* influx through NMDA receptors, followed by mito-
chondrial dysfunction, impaired ATP production, reactive oxygen species generation, and
activation of necrotic or mixed cell-death pathways. In goldfish, which exhibit high toler-
ance to both hypoxia and ammonia, protective adjustment has been supported by evidence
that NMDA receptor subunit abundance can be reduced during sustained high ammonia
exposure, while NMDA receptor antagonism has prolonged survival in ammonia-chal-
lenged trout, thereby linking receptor-level modulation to differential sensitivity across
species (Wilkie et al. 2011). Complementary work in an amphibious teleost (swamp eel)
has shown that high brain ammonia tolerance can be accompanied by downregulation of
nkcclb mRNA and protein abundance in brain during ammonia exposure, a response that
has been discussed as potentially reducing susceptibility to swelling-related pathology
under hyperammonemic conditions (Ip et al. 2013).

Zebrafish models have enabled the experimental dissection of these brain-linked mech-
anisms under controlled exposure. A larval zebrafish hyperammonemia model has been
established in which elevated ammonium acetate in water rapidly induced lethality and
brain necrosis, and survival was prolonged by NMDA receptor antagonists and by the
inhibition of glutamine synthetase, reinforcing the utility of zebrafish for screening neu-
roprotective interventions relevant to ammonia toxicity (Feldman et al. 2014). Chronic
hyperammonemia in zebrafish larvae has additionally been associated with locomotor
and feeding abnormalities alongside biochemical and transcriptional features consist-
ent with altered neurotransmission, including increased activity of glutamate decarboxy-
lase isoforms (GAD1/2), elevated GABA, depleted glutamate, and increased expression
of GABA-a receptor subunits (Probst et al. 2020). At sublethal exposure levels in adult
zebrafish, behavioral alterations in social phenotypes have been reported together with
increased brain mRNA expression of glutaminase and glutamate dehydrogenase, support-
ing the interpretation that glutamatergic metabolism is transcriptionally responsive even
during short exposures that do not produce broad cognitive deficits (Lin et al. 2022). Over-
all, brain-focused candidates have been most defensibly framed as modules—glutamate/
GABA handling, NMDA-related signaling, and ion—water balance mediators—rather than
as single genes expected to behave uniformly across species and exposure duration (Y. He
et al. 2024a, b).

Ovarian and gamete transcription: steroidogenesis and redox vulnerability

Although ammonia effects on growth and survival have been more frequently empha-
sized than reproduction in routine monitoring, transcriptomic evidence has begun to
clarify how ammonia can compromise female reproductive tissues and gamete quality.
In goldfish mature ovary, short-term high ammonia nitrogen exposure has been profiled
by RNA sequencing with concurrent histological evidence of ovarian injury, and disrup-
tion of steroidogenesis-linked transcription has been reported in association with oxidative
and atresia-related pathology (Qi et al. 2024). In Siberian sturgeon mature eggs, ammo-
nia stress has recently been shown to generate extensive differential expression accompa-
nied by enrichment of amino-acid metabolism pathways and signatures affecting steroid
biosynthesis and antioxidation; suppression of antioxidation-related genes (e.g., GST and
GCLM) and downregulation of key steroidogenic enzymes (CYP11Al, CYP17, CYPI9AI)
have been reported under high ammonia, and WGCNA has been used to nominate modules
and candidate genes associated with exposure severity (Qi et al. 2025). These ovarian and
egg signatures are biologically relevant because fish egg quality reflects the capacity of
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the egg to be fertilized and develop into a normal embryo, and egg transcriptome profiles
have been linked to embryo viability in aquaculture species (Bobe 2015; Ma et al. 2019).
Ammonia-specific early-life studies further show that elevated unionized ammonia can
impair fertilized eggs and newly hatched larvae, including effects on hatching, deformity,
and larval size/survival endpoints (El-Greisy et al. 2016). However, current ammonia-spe-
cific evidence has not yet directly established whether maternal ovarian or egg transcrip-
tomic shifts generate persistent inherited F1 stress signatures; this remains a key validation
gap for reproductive biomarker development (Qi et al. 2025, 2024). Because reproductive-
axis transcripts are also responsive to nutritional status, temperature, reproductive stage,
and other environmental or physiological stressors, their highest diagnostic value has been
expected when they are interpreted alongside first-contact and metabolic-organ signatures
rather than as standalone indicators.

Transcriptional responses in less exposed/internal tissues

Internal organs have been treated as integrative readouts of ammonia challenge because cir-
culating nitrogen load, compensatory nitrogen handling, and secondary oxidative—inflam-
matory signaling have been expressed more strongly in metabolically active tissues than at
the external interface alone (Parvathy et al. 2023; Xu et al. 2021). In aquaculture-oriented
syntheses, hepatic injury, immunosuppression, and growth depression have been repeat-
edly associated with sustained ammonia exposure, while substantial response variation
has been attributed to exposure duration, unionized ammonia fraction, and interacting hus-
bandry stressors (Parvathy et al. 2023; Xu et al. 2021). Representative studies for this syn-
thesis are compiled in Table 4.

Liver: detoxification programs and exposure-driven metabolic rewiring

Hepatic transcriptional responses to ammonia have been anchored to the diversion of
nitrogen into glutamine via glutamine synthetase and, in some taxa or contexts, to con-
ditional engagement of ureagenic steps when excretion gradients are constrained (Par-
vathy et al. 2023; Xu et al. 2021). Induction of glutamine synthetase expression under
exogenous ammonia exposure has been demonstrated at the tissue level, with increased
transcript abundance reported across liver and other internal tissues in a teleost exposed
to high ammonia, supporting glutamine synthetase—linked transcripts as mechanistically
grounded candidates rather than incidental correlates (Anderson et al. 2002). Yellow cat-
fish experiments provide functional support for glutamine synthetase as an ammonia-toler-
ance marker. Acute ammonia exposure increased glutamine synthetase mRNA abundance,
whereas experimental suppression of glutamine synthetase expression reduced ammonia
tolerance (Li et al. 2022).

Complementary evidence has been reported for the ureagenic branch. Carbamoyl phos-
phate synthetase I (CPS-I) mRNA has been shown to increase in liver and kidney follow-
ing acute ammonia stress in yellow catfish, and compensatory routing toward glutamine
synthesis has been described when CPS-I function was perturbed, consistent with a reg-
ulated balance between nitrogen sequestration and ureagenic processing under ammonia
load (Zhang et al. 2022). This balance also has an energetic dimension. Glutamine syn-
thetase provides a relatively direct ATP-dependent route for incorporating ammonia into
glutamine, which can rapidly lower free ammonia but retains nitrogen within the body
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and may become limited by glutamate availability, osmotic consequences, or downstream
glutamine handling. In contrast, ureagenic routing through CPS-I/CPS-III and the ornith-
ine—urea cycle requires higher ATP investment but converts nitrogen into urea, a less toxic
and more readily excretable end product. Therefore, pathway use during severe or pro-
longed ammonia stress is likely shaped by both energetic state and physiological context:
glutamine synthesis may dominate as an immediate sequestration response, whereas urea-
genic components become more relevant in species or exposure conditions where excretory
gradients are constrained and urea-cycle capacity is inducible (Anderson et al. 2002; Ip
and Chew 2010; Zhang et al. 2022). Transcriptome-scale studies have indicated that these
detoxification responses are embedded within broader metabolic restructuring. In Nile tila-
pia liver, combined RNA-seq and metabolomics have revealed strongly time-structured
differential expression, with enrichment in cholesterol and lipid pathways, mitochondrial
organization, and intermediary metabolism, accompanied by coordinated metabolite shifts
across exposure time points (Zhu et al. 2019). In fat greenling, liver transcriptome pro-
filing under ammonia exposure has likewise highlighted oxidative- and immune-linked
signaling categories (including MAPK- and FOXO-associated enrichment), reinforc-
ing that redox and inflammatory programs can be co-modulated with metabolic remod-
eling in marine fish (Li et al. 2020). In yellow catfish, ammonia challenge has addition-
ally been linked to autophagy-related pathway modulation, and an amino-acid-sensing
axis (SLC38A9-mTOR) has been proposed to shape autophagic dynamics under ammo-
nia stress, with time-dependent regulation of canonical autophagy markers reported by
targeted assays (Li et al. 2024). Mechanistically, this axis should not be interpreted as a
glutamine-specific ammonia sensor. SLC38A9 is better understood as a lysosomal amino-
acid sensor/transporter coupled to Rag—Ragulator—-mTORC] signaling, with particularly
strong evidence for arginine-dependent regulation. Therefore, ammonia-derived glutamine
may affect SLC38A9-mTOR signaling indirectly by contributing to broader changes in
lysosomal and cytosolic amino-acid availability, rather than by being selectively prioritized
over other amino acids. This distinction is important when using SLC38A9-mTOR and
autophagy markers as ammonia-responsive candidates, because their activation may reflect
integrated amino-acid imbalance rather than glutamine accumulation alone (Li et al. 2024;
Wang et al. 2015; Wyant et al. 2017). In Pseudobagrus ussuriensis, acute ammonia expo-
sure has been associated with extensive hepatic differential expression and pronounced
histopathology, with prominent representation of PI3K—Akt-related signaling and cell-fate
pathways, illustrating how internal-organ transcriptomes can register ammonia challenge
through both signaling and injury-linked gene programs (Shi et al. 2025).

Kidney and head kidney: redox, immune signaling, and nitrogen-handling links

Although the gill has remained the dominant excretory surface in most teleosts, kidney-asso-
ciated tissues have been used as secondary targets for ammonia-stress transcription because
acid-base homeostasis, nitrogen metabolism enzymes, and immune—endocrine coupling
converge in renal and hematopoietic compartments (Parvathy et al. 2023; Xu et al. 2021). In
yellow catfish, the CPS I response described above has explicitly included kidney upregula-
tion under acute ammonia challenge, indicating that detoxification-linked transcripts are
not restricted to liver (Zhang et al. 2022). In juvenile yellowfin tuna, acute NHs—N expo-
sure has been associated with altered antioxidant and phosphatase activities in trunk kidney,
while head-kidney transcription of immune-related genes has been reported to shift with
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concentration and time, supporting the use of kidney/head-kidney panels for capturing oxida-
tive balance and immune modulation under ammonia (Sun et al. 2024).

Immune organs and macrophage-centered signatures

Chronic ammonia exposure has been summarized as a driver of impaired innate immune
competence in fish, and transcriptional changes in cytokine and pattern-recognition pathways
have been interpreted as a mechanistic layer linking ammonia stress to disease vulnerability
(Parvathy et al. 2023; Xu et al. 2021). In Wuchang bream exposed for 30 days across a TAN
gradient, pathological changes in spleen and head kidney have been reported together with
downregulation of cytokine and immunoglobulin markers and altered expression of Toll-like
receptor—associated signaling components, with stronger impairment described in spleen than
in head kidney (Guo et al. 2022). Cell-resolved approaches have provided additional detail
that is often obscured in whole-organ homogenates. In primary head-kidney macrophages of
yellow catfish, acute ammonia exposure has been shown to modulate coordinated transcrip-
tional programs spanning inflammation, antioxidation, polarization, and apoptosis, and mit-
igation experiments have indicated that the magnitude of inflammatory and apoptotic gene
responses can be reduced pharmacologically (He et al. 2021). A distinct cell-death module
has also been proposed through ferroptosis-oriented work, where ammonia exposure has been
reported to trigger ferroptosis-like responses in fish macrophages with accompanying shifts
in iron-handling and lipid-peroxidation—related transcripts (Gan et al. 2022). Mechanistically,
ammonia may initiate this module by increasing ROS production and depleting GSH, thereby
weakening GPX4-linked detoxification of lipid hydroperoxides. In parallel, altered expres-
sion of iron-handling genes, including transferrin receptor-, ferritin-, ferroportin-, and ferritin-
ophagy-related targets, may expand or redistribute the labile iron pool. This redox-active iron
can promote Fenton-type reactions and accelerate peroxidation of polyunsaturated membrane
lipids, linking ammonia-induced oxidative imbalance to ferroptotic membrane injury. Because
direct causal ordering among ammonia accumulation, iron redistribution, lipid peroxidation,
and immune-cell death remains incompletely resolved, these markers are best interpreted as
an emerging ferroptosis-associated module rather than as a single validated pathway endpoint
(Gan et al. 2022; K. He et al. 20244, b).

Muscle as a performance-linked transcript matrix under chronic stress

Skeletal muscle has not been treated as a primary site of ammonia interaction, yet chronic
exposure has been reflected in pathways tied to energy allocation and growth (Wu et al.
2024). In Nile tilapia subjected to prolonged husbandry stressors including ammonia, mus-
cle RNA-seq has identified differential expression enriched in pathways associated with
muscle activity, energy mobilization, and immunity, consistent with energetic diversion
away from growth under sustained stress (Mwaura et al. 2023).

From tissue markers to deployable panels: cross-tissue integration
and noninvasive monitoring
Transcriptional responses to ammonia have been repeatedly described as multi-domain

phenotypes in which transport remodeling, acid—base control, energy allocation, redox bal-
ance, and inflammatory signaling are co-modulated, while directionality and persistence
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are strongly conditioned by exposure duration and by the unionized ammonia fraction set
by water chemistry (Parvathy et al. 2023; Zimmer 2024). As a result, high diagnostic confi-
dence has rarely been achieved with single transcripts, even when mechanistically specific
candidates (e.g., Rh glycoproteins or V-type H+-ATPase subunits) have been targeted,
because compensatory substitutions among paralogs and pathway-level redundancy have
been documented across taxa and contexts (Qi et al. 2025; Zimmer 2024). Greater robust-
ness has therefore been expected when candidate biomarkers have been treated as tissue-
aware gene sets rather than isolated genes, with panels being anchored to (i) gill ammonia
handling modules and (ii) liver- and immune-organ integrative stress modules (Parvathy
et al. 2023; Zimmer 2024).

Building signatures that remain interpretable across experiments

For cross-study synthesis and panel nomination, gene-set-level interpretation has been
widely used to reduce overreliance on DEG lists that may not replicate under modest shifts
in dose, timing, or background physiology. Pathway enrichment methods such as Gene Set
Enrichment Analysis have been established for extracting reproducible biological programs
from genome-scale expression data, and these approaches have been well suited to ammo-
nia datasets where coordinated regulation of transport and metabolism is more informative
than any single fold-change value (Subramanian et al. 2005). Candidate panels have been
strengthened when first-contact tissues have been prioritized for exposure diagnosis and
internal tissues have been used to capture systemic consequences, rather than mixing tis-
sues without a physiological rationale (Parvathy et al. 2023; Zimmer 2024).

Network-guided panel reduction and hub-gene nomination

Module inference has provided a practical route for shrinking transcriptome-scale
responses into compact, assay-ready panels. Weighted gene co-expression network analy-
sis (WGCNA) has been widely adopted for resolving co-regulated modules, module—trait
associations, and highly connected “hub” genes that can serve as parsimonious prox-
ies for broader pathway activity (Langfelder and Horvath 2008). In fish toxicogenom-
ics, co-expression network construction has been used to derive chemical-class-respon-
sive modules in zebrafish, providing a proof-of-principle that exposure-relevant modules
can be recovered even when gene-level overlap is modest across experiments (Shankar
et al. 2021). Concentration—response network approaches have also been used to identify
chemical-specific gene modules in zebrafish datasets, supporting the feasibility of net-
work-guided feature selection beyond simple DEG ranking (Wilson et al. 2022). Within
ammonia-focused fish studies, WGCNA has already been applied in reproductive tissues to
prioritize ammonia-associated modules and candidate genes, illustrating that module-level
inference is technically feasible in this stressor context and can be extended to gill and liver
datasets as public RNA-seq resources expand (Qi et al. 2025).

From panels to classifiers: specificity under confounders
Panel performance has been improved when classification has been treated as a validation

problem rather than as an afterthought. In salmonids, nonlethal gill-biopsy gene-expres-
sion panels have been curated and validated to discriminate environmental stressors under
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multi-stressor experimental designs, and classifier development has been used to show
that stressor specificity can be recovered from compact gene sets even when physiological
overlap is expected (Akbarzadeh et al. 2024; Houde et al. 2019). Such frameworks have
been directly relevant to ammonia biomonitoring because pH, temperature, salinity, oxygen
availability, and handling stress can all modulate transcriptional baselines in aquaculture
and field settings, thereby creating realistic confounding structure that must be included
during training and external validation rather than being ignored (Ahi et al. 2025; Akbarza-
deh et al. 2024; Houde et al. 2019; Parvathy et al. 2023; Tang et al. 2024). Model interpret-
ability has also been advanced by feature-attribution approaches such as SHAP, which has
provided a formal method for ranking genes by contribution to predictions and for docu-
menting why a classifier relies on particular transcript features (Lundberg et al. 2017).

Portability across species and assay design

A recurring constraint for ammonia biomarker deployment has been the diversity of sen-
tinel species used across aquaculture sectors and regions. Cross-species portability has
been improved when ortholog-aware mapping has been used to define conserved candi-
date genes and when primer design has explicitly accommodated teleost gene duplication
and sequence divergence (Pashay Ahi 2025). Comparative transcriptomic work has dem-
onstrated that “universal” fish biomarker candidates can be nominated and that degenerate
primer strategies can be implemented to support broader taxonomic coverage, providing a
practical template for extending ammonia panels beyond a single model species (Agrawal
et al. 2024). For ammonia stress specifically, portability has been expected to be greatest
for conserved gill excretion modules (Rh and acid-base transport machinery) and for core
metabolic remodeling programs, while immune and endocrine readouts have been antici-
pated to require stronger species- and context-specific calibration (Parvathy et al. 2023;
Zimmer 2024). To make the candidate marker sets more explicit for translational use,
Fig. 2 summarizes a tissue-stratified panel framework for ammonia-stress biomonitoring.
The gill panel is positioned as the primary exposure-diagnostic module and includes Rh
glycoproteins and associated acid-base/ionoregulatory genes, whereas liver, kidney, and
immune-organ panels are positioned mainly for severity grading and consequence map-
ping. The figure also distinguishes marker modules expected to show relatively higher
cross-species portability, such as Rh-mediated ammonia transport, boundary-layer acidi-
fication, and core nitrogen-metabolism responses, from modules that require stronger spe-
cies-, life-stage-, and water-chemistry-specific calibration, such as epithelial inflammation,
immune activation, neuroendocrine signaling, and reproductive-axis markers. Accordingly,
the proposed panels should be interpreted as candidate modules for ortholog-aware assay
development and validation rather than as fixed universal gene lists with invariant direc-
tionality across all aquaculture species.

Noninvasive and minimally invasive sampling routes

Translation of ammonia transcriptional biomarkers to routine monitoring has been facili-
tated when sampling burden has been reduced. Nonlethal sampling has been positioned
as a preferred approach for transcriptomics in wild fishes and in conservation-sensitive
settings, and practical guidance has been consolidated for repeated sampling designs that
link molecular state to later performance outcomes (Jeffries et al. 2021). Minimally inva-
sive gill biopsy has been used extensively in salmonid biomarker programs, including
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Fig.2 Tissue-stratified translational biomarker panels for ammonia-stress monitoring in fish. The sche-
matic summarizes candidate transcriptional modules that can be prioritized for assay development across
tissues. The gill is positioned as the primary exposure-diagnostic tissue because branchial ammonia trans-
port and acid-base regulation are directly linked to ammonia excretion. The most portable gill candidates
include Rh glycoproteins, V-type H*-ATPase, Na*/H* exchangers, carbonic anhydrase, and Na*/K*-ATPase,
whereas epithelial inflammation and remodeling markers provide complementary but less ammonia-specific
information. Internal organs are positioned mainly for severity grading and consequence mapping. Liver
and kidney panels emphasize glutamine synthetase, carbamoyl phosphate synthetase I, amino-acid/nitro-
gen metabolism, mitochondrial energy pathways, redox balance, and autophagy/metabolic-sensing mod-
ules. Immune tissues capture cytokine, pattern-recognition, apoptosis, and ferroptosis-associated responses.
Brain and reproductive tissues provide additional information on neuroendocrine disruption, neurotransmis-
sion, steroidogenesis, and gamete vulnerability, but these markers are expected to require stronger species-,
sex-, and life-stage-specific calibration. The portability gradient indicates that gill transport/acid—base mod-
ules and core nitrogen-metabolism markers are expected to be more broadly transferable, whereas immune,
neuroendocrine, reproductive, and developmental markers should be validated within the relevant freshwa-
ter/marine, cold-/warm-water, life-stage, and water-chemistry context

high-throughput qPCR implementations that permit multi-gene panel measurement from
small tissue samples, thereby offering an immediately transferable sampling architecture
for ammonia panel deployment in aquaculture (Akbarzadeh et al. 2024; Houde et al. 2019).
Epidermal mucus has also been proposed as a nonlethal transcript matrix, and mucus-
focused transcriptomic approaches have been reviewed as feasible for physiological sur-
veillance, particularly where repeated sampling is required (Jeffries et al. 2021).
Waterborne environmental RNA has recently expanded the noninvasive horizon (Lofeu
and Ahi 2026). Messenger RNA has been demonstrated to be detectable from fish tank
water, and methodological steps and constraints for eRNA mRNA typing have been
described, supporting feasibility of gene-expression readouts without direct tissue collec-
tion (Ahi and Schenekar 2025; Tsuri et al. 2021). Although this review focuses on mRNA
biomarkers, future eRNA applications may also incorporate noncoding, structural, or mod-
ification-associated RNA layers once their stability and biological interpretation are better
resolved (Ahi and Schenekar 2025; Ahi and Singh 2025). Proof-of-concept toxicant stud-
ies have further shown that exposure-linked transcriptional signals can be recovered from
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environmental RNA in controlled fish systems, indicating that physiologically informative
targets can be captured from surrounding water under appropriate sampling and analyti-
cal conditions (Hiki et al. 2023). More recently, aquarium-water eRNA sequencing has
been shown to capture accumulative fish stress responses over short sampling windows,
strengthening the practical case for water-based transcript monitoring as methods mature
(Miyata et al. 2025; Papakostas et al. 2025). Method-focused syntheses have nevertheless
emphasized that RNA decay kinetics, shedding bias among tissues, filtration and extrac-
tion choices, and background microbial RNA remain decisive constraints for quantitative
interpretation and field deployment (Costea et al. 2026; Zou et al. 2025). Current evidence
indicates that tissue-biased fish mRNASs can be recovered from water (Wood et al. 2020),
but it remains unclear whether transcripts derived from different matrices, such as gill
mucus, skin mucus, intestinal shedding, or gametes, follow comparable degradation tra-
jectories once released. For ammonia applications, this means that candidate eRNA tar-
gets should be evaluated not only for tissue specificity and exposure responsiveness but
also for matrix-dependent shedding, particle or mucus association, target-transcript sta-
bility, microbial/RNase degradation, and water-chemistry effects before quantitative field
interpretation is attempted. Accordingly, near-term ammonia applications have been most
defensibly framed as tiered: tissue-derived panels have been used to define the target signa-
ture first, after which detectability and stability in mucus or water eRNA have been tested
empirically for a restricted subset of high-signal transcripts. A translational workflow has
therefore been outlined in which (i) tissue-first ammonia signatures are defined for gill and
liver, (ii) co-expression modules and hub genes are used to reduce signatures to compact
panels, (iii) classifiers are trained and stress-tested under realistic confounders (especially
pH and temperature effects on NHj; fraction), and (iv) deployment is pursued through gill
biopsy, mucus, and finally eRNA where stability and sensitivity are demonstrated. A road-
map consistent with this logic is summarized in Table 5.

Conclusions

Ammonia-stress transcription in fish has been supported by a coherent physiological foun-
dation in which first-contact exchange epithelia and metabolically integrative organs have
been co-implicated, but diagnostic interpretation has remained highly contingent on expo-
sure chemistry and timing. Accordingly, the most defensible biomarker candidates have
been those embedded in ammonia handling itself—particularly Rh-mediated transport and
acid-base coupling at the gill—while downstream immune, oxidative, and cell-death sig-
nals have been treated as informative but less specific unless evaluated as coordinated pan-
els rather than isolated genes. For field- and farm-facing deployment, several priorities have
been indicated. First, ammonia reporting has been required to be biologically interpretable,
meaning that TAN has been paired with pH and temperature (and salinity where relevant)
at the sampling resolution used for transcript collection, so that NH; fraction and gradient
context have been reconstructable across studies. Second, tissue choice has been treated as
part of assay design: gill signatures have been positioned for exposure diagnosis, whereas
liver and immune tissues have been positioned for severity grading and consequence map-
ping. Third, validation has been expected to be performed explicitly against key confound-
ers typical of aquaculture and field conditions (temperature, oxygen, handling density, and
nutritional state), because robustness has not been demonstrated by single-stressor trials
alone. Finally, nonlethal monitoring has been positioned as an attainable near-term goal via
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gill biopsy and mucus sampling, while environmental RNA has been treated as a plausible
medium-term extension once target stability, shedding bias, and decay kinetics have been
quantified for ammonia-relevant transcripts under realistic water chemistry. From an imple-
mentation perspective, standard chemical water testing for TAN and calculated NHs should
remain the fastest and most cost-effective first-line approach for routine aquaculture moni-
toring, whereas targeted RT-qPCR panels are better positioned as scalable complementary
assays that report the biological response of fish, support severity grading, and improve
interpretation under chronic or confounded exposure scenarios.
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