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Aquatic systems are the first environment to show signs of vulnerability 
due to the presence of pollutants presenting changes in water quality. These 
changes are a source of stress for aquatic organisms, including fish, which can 
bioaccumulate and biomagnify the substances found in their environment. 
In this sense, fish become the main axis to evaluate the quality of ecosystems 
through increasingly detailed tools such as RNA sequencing (RNA-seq) to 
identify metabolic pathways and genes. The objective of this systematic review 
was to determine the pathways and genes involved in transcriptomics studies 
performed in situ using fish to assess environmental contamination. It was found 
that contaminants can be differentiated into point or diffuse, ranging from 
heavy metals, endocrine disruptors, and organic compounds to those that seek 
to identify biomarkers by assessing the health of fish. We found 38 differentially 
expressed genes in common that are related to lipid and xenobiotic metabolism 
pathways, cell death, immune and inflammatory response, oxidative stress and 
hormonal signalling. In addition, we highlight the need to perform these studies 
in regions with a high number of fish species, such as Africa and South America, 
where studies are scarce or non-existent at the time of this review.
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Los sistemas acuáticos son el primer medio en mostrar signos de vulnerabilidad 
debido a la presencia de contaminantes que presentan cambios en la calidad del 
agua. Estos cambios son una fuente de estrés para los organismos acuáticos, 
entre ellos los peces, que pueden bioacumular y biomagnificar las sustancias que 
se encuentran en su entorno. En este sentido, los peces se convierten en el eje 
principal para evaluar la calidad de los ecosistemas a través de herramientas cada 
vez más detalladas como la secuenciación de ARN (RNA-seq) para identificar 
rutas metabólicas y genes. El objetivo de esta revisión sistemática fue determinar 
las vías y genes implicados en los estudios de transcriptómica realizados in 
situ con peces para evaluar la contaminación ambiental. Se encontró que los 
contaminantes se pueden diferenciar en puntuales o difusos, desde metales 
pesados, disruptores endocrinos y compuestos orgánicos hasta aquellos que 
buscan identificar biomarcadores evaluando la salud de los peces. Encontramos 
38 genes expresados diferencialmente en común que están relacionados con las 
vías del metabolismo de lípidos y xenobióticos, la muerte celular, la respuesta 
inmunitaria e inflamatoria, el estrés oxidativo y la señalización hormonal. 
Además, destacamos la necesidad de realizar estos estudios en regiones con un 
elevado número de especies de peces, como África y Sudamérica, donde los 
estudios son escasos o inexistentes en el momento de realizar esta revisión.

Palavras-chave: Acceso a datos, Especies silvestres, Genes, Vías metabólicas, 
Xenobioticos.

INTRODUCTION

Biological and chemical pollutants from agricultural activities, industrial wastewater 
and other human and animal activities can cause disturbance to aquatic ecosystems, 
affecting water quality and leading to a reduction in freshwater supply (Zulkifli 
et al., 2018). These effects on water quality due to anthropogenic activities can be 
increased by greenhouse gases as atmospheric temperature rises, which leads to an 
increase in precipitation and influences the emission and transformation of pollutants 
in the atmospheric, terrestrial and aquatic environments (Martel et al., 2021; Priya et 
al., 2023), the latter being the most affected as a result of leaching, precipitation or 
infiltration processes, where pollutants reach groundwater and surface water (Ribeiro 
et al., 2022). 

Some of the contaminants that have been mostly found in these systems are pesticides 
and other organic solvents, such as polycyclic aromatic hydrocarbons (PAHs), which 
through melting processes cause the accumulation of heavy metals, which have been 
related to the increase of cancer and metabolic diseases in humans ( Jeffrey et al., 2019; 
McLimans et al., 2022), as well as physiological alterations in animals (Bai et al., 2022; 
Marcelino et al., 2022). Among the effects of these substances on fish is a decrease in 
growth performance, as well as alterations in the integrity of the digestive tract, and 
alterations in genes involved in metabolism and basic cellular functions (Hook et al., 
2010; Ye et al., 2024). Other effects on fish when exposed to contaminants are directed 

https://www.ni.bio.br/
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to the expression of genes related to reproduction, the lipid and protein profile, which 
affects the availability of energy and substrates necessary for the normal development 
of the gonads (Tolussi et al., 2018; Escalante-Rojas et al., 2021).

These alterations depend on factors such as the species and class of compound; 
likewise, the side effects of exposure to these compounds are related to the animals’ 
capacity for absorption, exposure or metabolization of these compounds (Mackay, 
Fraser, 2000; Wang et  al., 2005; Jamil Emon et  al., 2023). However, it has been 
determined that xenobiotics are detrimental to a wide variety of species, primarily those 
inhabiting aquatic ecosystems, which tend to be the first to show signs of instability due 
to the increasing pollutant load to which they are exposed, causing additional pressure 
to that already included by climate change (Priya et al., 2023; Bolan et al., 2024; Selle 
et al., 2024).

Among the aquatic organisms that tend to bioaccumulate these toxic pollutants 
are fish, which can absorb metals such as mercury, polychlorinated biphenyls (PCBs), 
polybrominated biphenyl ethers (PBDEs), dioxins and chlorinated pesticides from the 
surrounding water, sediments and their prey (Tata et al., 2023; Vreedzaam et al., 2023; 
Selle et al., 2024; Srisiri et al., 2024). This is even more likely for fish species that inhabit 
contaminated areas, especially those living on the bottom, where higher levels of these 
chemicals are likely to be present as they settle to the bottom of water bodies (EPA, 
2013). For more than two decades, different multidisciplinary approaches have been 
developed and discussed for the investigation of contaminant exposure scenarios in 
surface waters, including the incorporation of geographic information, hydrobiological 
data, contaminant chemistry, fish biology and the integration of genomic, proteomic 
and transcriptomic data (Andersen et al., 2015; Olsvik et al., 2021; Laurent et al., 
2023), which has allowed the discovery of biomarkers in fish that could be used for 
the monitoring of aquatic contamination (Mitra et al., 2020). Some genes/proteins that 
have shown potential as markers of contamination have been cyp1a, cat, hsp, gst, vtg-a 
and p53 (Tolussi et al., 2018; Piazza et al., 2019; Bertel-Sevilla et al., 2020). 

Aquatic ecosystems are complex and can receive different contaminants, therefore 
studies have moved from the analysis of selected molecules to high throughput analysis 
such as transcriptome analysis, which from next-generation sequencing (NGS) (Lowe 
et al., 2017), is not limited to predefined genes and that added to the development of 
de novo assembly tools by RNA-seq has become an even more powerful platform to 
characterize the transcriptome of a non-model organism. Generally, these organisms 
are the most used in situ studies, since being native species, they are a better option to 
globally understand the behaviour of populations and thus determine the state of health 
of the ecosystem (Martin et al., 2016; Zhou et al., 2018). 

In these natural environments, organisms are exposed to complex mixtures of 
chemical compounds and the fluctuation of other stressors such as temperature, pH, 
dissolved solids, among others (Choi et al., 2021), which activate specific metabolic 
pathways that can reveal both immediate toxic effects and long-term adaptive 
responses, making it possible to identify early markers of environmental damage and 
stress, allowing to understand the adaptation of populations to these environments or to 
determine the alterations in their metabolism and therefore in the regulation of genes 
essential for their survival (Cardenas Perez et al., 2024).

https://www.ni.bio.br/
https://www.scielo.br/ni
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On the other hand, when studies are conducted to determine the effects of pollutants 
on these organisms, they are mostly conducted in the laboratory, which is an important 
starting point with a controlled environment that offers the conditions to isolate the 
effects of individual pollutants (Uren Webster, Santos, 2015; Qiu et al., 2019; Corredor-
Santamaría et al., 2023). However, in situ assessment can more realistically reflect the 
complexity of exposure scenarios in ecosystems (Beale et al., 2017; Velasco-Santamaría 
et al., 2019; Fé-Gonçalves et al., 2020). Transcriptomic analyses performed directly on 
fish populations have the potential to detect interactions between multiple stressors, 
demonstrating responses that may not be perceived in artificial environments (Piazza 
et al., 2019). Therefore, understanding the importance of these tools as an approach to 
evaluate the in situ response, and thus provide a broader and more holistic picture of 
the effects induced by pollution, the objective of this systematic review is to determine 
the approaches carried out in the field of transcriptomics using fish as bioindicators 
and focusing the analysis on 1) The biogeographic areas where the studies have been 
carried out, 2) The species used in these studies, 3) The type of potential pollutant to 
be evaluated, 4) Health in wild species 5) The biological processes detected from the 
transcriptome and 6) Access to the raw data used in these studies. 

MATERIAL AND METHODS

A search was conducted for articles related to transcriptomic studies in the field using 
native fish species as indicators of contamination. In the first instance, the following 
databases were selected: Scopus, ScienceDirect, SpringerLink, Web of Science, Scielo 
and PubMed. The keywords used were fishes, transcriptomic, transcriptome, RNA-
sequencing, expression profile, pollution, contamination, xenobiotic, and toxicology. 
In the first refinement, only articles between 2014–2025 were included and as exclusion 
criteria those documents related to theses, conference abstracts, book chapters, books, 
review articles and reports. Subsequently, the PRISMA 2020 methodology was used to 
screen the papers. The first step was to discard duplicate articles in the databases. We 
excluded articles that were from studies in other taxa, not performed in situ, studies that 
were not performed in biological organisms, that did not include transcriptomic studies 
by RNA-seq and that were not contamination studies (Fig. 1).

https://www.ni.bio.br/
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RESULTS 

From the screening of articles that arose from the search for articles related to 
transcriptomic studies in fish to evaluate in situ contamination, a total of 32 studies 
were found, which will be presented in relation to the issues raised in this review article.

Biogeographic study areas. Fig. 2 shows that most of the studies have been 
implemented in watersheds in Europe, Asia and North America, the latter being the 
subcontinent where the largest number of studies have been carried out concerning 
the species. On the other hand, in South America, studies have been carried out in two 
countries, Colombia and Chile, while in the African continent, there are no studies 
reported at the time of this review.

When relating the type of environment to which these species were exposed, it is 
important to differentiate the aquatic ecosystems in terms of salinity since this can 
modify the bioavailability, toxicity and route of exposure. Among the studies reviewed, 
five classifications were found: freshwater; freshwater and brackish; brackish water; 
marine; marine and brackish water; the brackish water classification is given to the 
interaction of freshwater and marine. The studies were conducted mainly in freshwater 
environments (n = 19), followed by marine (n = 5), freshwater and brackish (n = 4), 
brackish (n = 3) and with only one study in marine and brackish water environments.

FIGURE 1 | Screening workflow for selection of articles for analysis.

https://www.ni.bio.br/
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Fish species and pollutant compounds in situ transcriptomics studies. In this 
impulse to use transcriptomics as a tool for monitoring in situ contamination using fish 
as bioindicators, it was found that most of these species are distributed in Europe, Asia 
and North America as mentioned above (Bánki et al., 2024), presenting greater support 
for research related to wild species to have a better understanding of natural systems (Fig. 
2; Tab. 1). Additionally, and taking into account the objective of this systematic review 
by focusing on the compounds studied by transcriptomic profiling, we found a great 
variety of compounds ranging from metal contamination, wastewater, agricultural 
compounds, industrial compounds, organic compounds and other compounds derived 
from anthropogenic pressure (Tab. 1).

Biological processes from transcriptome. We obtained 38 genes that were divided 
into several groups, but which also participate in several pathways as shown in Fig. 3. 
They were grouped into 11 groups or metabolic pathways, which are: oxidative stress 
response and antioxidant defence with six genes that were detected in eight papers, 
lipid and cholesterol metabolism with nine genes found in 11 papers, hormonal and 
reproductive signalling with six genes in 10 papers, DNA repair and cell cycle with four 
genes in five papers, immunity and inflammatory response with four genes concerning 
nine papers, xenobiotic metabolism and detoxification with five genes observed in eithg 
papers, cell signalling with four genes in six papers, apoptosis and programmed cell 
death with two genes in three papers, energy production and cell metabolism with two 
genes found in five papers, hepatic and liver-related processes with four genes with 
respect to five papers, and circadian factors with one gene in two papers.

FIGURE 2 | Countries where in situ transcriptomics studies have been performed in fish to assess environmental contamination. See Tab. 1 

for species names.

https://www.ni.bio.br/
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TABLE 1 | Fish species used in situ contamination studies.

Species	 Subject Area of 
distribution Environments References

Ameiurus nebulosus (Lesueur, 1819) North America
Brackish and 
freshwater

Contaminants of Emerging Concern (CECs) 
and legacy contaminants

Hahn et al. (2016)

Anabas testudineus (Bloch, 1792) Asia
Brackish and 
freshwater

Heavy metals and e-waste Zhang et al. (2019)

Anguilla anguilla (Linnaeus, 1758) Atlantic Ocean
Brackish, freshwater 
and marine

Metallic and organic compounds Baillon et al. (2015)

Anguilla rostrata (Lesueur, 1817) From northwest to 
west-central Atlantic

Brackish, freshwater 
and marine

Metallic and organic compounds Baillon et al. (2015)

Basilichthys microlepidotus (Jenyns, 1841) South America Freshwater Chronic pollution
Cortés-Miranda et al. 
(2024a,b); Vega-Retter 
et al. (2018)

Brosme brosme (Ascanius, 1772) Northwest and 
northeast Atlantic

Marine Mercury (Hg) Olsvik et al. (2021)

Catostomus commersonii (Lacepède, 1803) North America
Brackish and 
freshwater

Contaminants of Emerging Concern (CECs) 
and legacy contaminants

Hahn et al. (2016)

Gadus morhua Linnaeus, 1758 North Atlantic and 
Arctic

Brackish and marine Wastewater, wastes
Khan et al. (2020); 
Magnuson et al. 
(2024)

Hemiculter leucisculus (Basilewsky, 1855) Asia
Brackish and 
freshwater

Phenolic compounds Guo et al. (2021)

Siniichthys lucidus (Dybowski, 1872) 
(synonym Hemiculter lucidus) Asia Freshwater Phenolic compounds Guo et al. (2020)

Hypophthalmichthys molitrix 
(Valenciennes, 1844) Asia Freshwater Harmful substances Jeffrey et al. (2019)

Lates calcarifer (Bloch, 1790) Indo-West Pacific
Brackish, freshwater 
and marine

Pesticides and compounds in agricultural 
soil

Hook et al. (2018, 
2017a,b)

Limanda limanda (Linnaeus, 1758) Northeast Atlantic Marine Anthropogenic pressure Sepp et al. (2024)

Micropterus dolomieu Lacepède, 1802 North America Freshwater
Mercury (Hg), contaminants of emerging 
concern (CECs) and legacy contaminants

Hahn et al. (2016); 
Blazer et al. (2023)

Micropterus salmoides (Lacepède, 1802) North America Freshwater
Contaminants of Emerging Concern (CECs) 
and legacy contaminants

Hahn et al. (2016)

Mugil incilis Hancock, 1830 West Atlantic Brackish and marine Industrial activity compounds
Bertel-Sevilla et al. 
(2020)

Oreochromis niloticus (Linnaeus, 1758) Africa
Brackish and 
freshwater 

Anthropogenic activity compounds
Kumar Behera et al. 
(2024)

Perca flavescens (Mitchill, 1814) North America
Brackish and 
freshwater

Compounds from municipal fluids and 
agricultural activities

Defo et al. (2018); 
Lacaze et al. (2019)

Perca fluviatilis Linnaeus, 1758 Europe and Asia
Brackish and 
freshwater

Brominated dioxins, dioxin-like compounds, 
and radiation

Förlin et al. (2019); 
Lerebours et al. 
(2020)

Platichthys flesus (Linnaeus, 1758) East Atlantic and Asia
Brackish, freshwater 
and marine

Anthropogenic pressure, nitrite, nitrate, 
organic pollutants

Laurent et al. (2023); 
Sepp et al. (2024)

Pseudopleuronectes americanus (Walbaum, 
1792) West Atlantic Marine

Urbanization compounds and wastewater 
inputs

McElroy et al. (2015)

Pungitius pungitius (Linnaeus, 1758) Circumarctic and 
Eurasia

Brackish and 
freshwater

Organic compounds
Jordan-Ward et al. 
(2024)

Rhinichthys cataractae (Valenciennes, 
1842) North America Freshwater Wastewater treatment plants

Lazaro-Côté et al. 
(2021)

Rita rita (Hamilton, 1822) Asia
Brackish and 
freshwater

Poor water Mitra et al. (2020)

Rutilus rutilus (Linnaeus, 1758) Europe and Asia
Brackish and 
freshwater

Estrogenic substances from sewage 
treatment plants

Hamilton et al. (2020)

Salmo salar Linnaeus, 1758 North Atlantic Ocean
Brackish, freshwater 
and marine

Organohalogen compounds Kanerva et al. (2020)

Salmo trutta fario Linnaeus, 1758 Europe and Asia
Brackish, freshwater 
and marine

Compounds in wastewater and diffuse 
agricultural runoff

Schmitz et al. (2022)

Salvelinus fontinalis (Mitchill, 1814) North America
Brackish, freshwater 
and marine

Compounds from fracking
McLimans et al. 
(2022)

https://www.ni.bio.br/
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Data access. Both studies that covered contamination and those that did not were 
taken into account, determining the percentage of data access for the 32 papers reviewed 
(Fig. 4). We found that only 34.3% of them had some kind of accessibility to the data, 
of which 81.8% were deposited in SRA (Sequence Read Archive), that is, the NCBI 
database where sequencing data are stored, and which allows other researchers to know 
them, evaluate them and use them as a basis for other research (Wang et  al., 2009). 
Another category within this percentage was the contings with 9.1%, which allow 
them to be annotated to identify genes or isoforms present in the sample, and finally, 
there are the scaffolds (9.1%), which are larger formed by joined contings and can have 
a better reconstruction of the transcriptome; however, they may have unresolved areas 
(gaps) due to lack of coverage (Conesa et al., 2016). On the other hand, and with a 
much higher percentage, we have studies that do not provide any information (59.4%) 
and studies from which access to data can be requested with 6.3%.

FIGURE 3 | Common pathways and genes differentially expressed under contamination conditions in situ studies by transcriptional profiling 

in fish.

https://www.ni.bio.br/
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DISCUSSION

Biogeographic study areas. In situ studies with fish whose transcriptional profile has 
been analyzed are mostly native wild species, providing a more complete picture since 
it provides more accurate, relevant and adapted data to local conditions where multiple 
factors may influence the response of a species, unlike laboratory studies that evaluate 
few variables at the same time (Piazza et al., 2019). This complexity allows for a better 
understanding of the ecological processes in the system and the metabolic processes 
of the species that inhabit these environments. However, studies of this nature, i.e., in 
situ transcriptomics in fish to assess the health of a water ecosystem and therefore of 
the organisms, have been developed in specific locations around the world as shown 
in Fig. 2.

Studies focused on in situ transcriptomics to assess contamination focus on fish 
species from the European and Asian continents, while there are few studies in South 
America and especially the lack of information from the African continent, where a 
diversity of fish species can be found about the other continents (Pelayo-Villamil et al., 
2015; GBIF, 2024). This can give us a perspective of the efforts that have been made 
in species that are native, but at the same time in species with aquaculture potential 
(Hahn et al., 2016; Defo et al., 2018; Hook et al., 2017a,b, 2018; Jeffrey et al., 2019; 
Lacaze et al., 2019; Zhang et al., 2019; Kanerva et al., 2020; McLimans et al., 2022; 
Schmitz et al., 2022; Blazer et al., 2023; Kumar Behera et al., 2024), this is reflected in 
the number of species, out of 28 fish species found to have been studied in the world 
with a transcriptomic approach to in situ anthropogenic disturbance conditions.

This limitation of the studies may be due to several challenges; some of these may be 
the complex environmental conditions and sampling in a natural environment where 
multiple stress factors may be present for the individuals, as well as the preservation 
conditions of the RNA samples as they have a high degree of degradation if they are 

FIGURE 4 | Access to data in situ transcriptomic studies in fish.

https://www.ni.bio.br/
https://www.scielo.br/ni


Neotropical Ichthyology, 23(2):e240133, 2025 10/22 ni.bio.br | scielo.br/ni

Trasncriptomics in situ studies review in fish

not kept in the right conditions (Vehniäinen et al., 2019). Cost and resources are also 
limiting factors, because in some developing countries, environmental studies are not 
given the same priority as medical or agricultural research, and the cost of sequencing, 
which has been reduced over the years, remains unaffordable due to advanced 
equipment, computational analysis, and extensive databases (Helmy et al., 2016). There 
is also the limitation in data interpretation, focusing on the lack of reference genomes 
and biological variability, which makes it difficult to interpret transcriptomic data that 
may vary among individuals due to genetic factors, age, sex and physiological status 
(Matheson, McGaughran, 2022; Theissinger et al., 2023; Calcino et al., 2024). Another 
point is the multidisciplinary approach by combining ecotoxicology, bioinformatics, 
molecular biology and ecology, which may not be well developed in studies, and 
above all the tradition of techniques, where more traditional biomarkers (enzymatic 
biomarkers, acute toxicity, histopathological, among others) have been prioritized 
due to their easy implementation and lower cost about advanced genomic tools 
(Corredor-Santamaría et al., 2016, 2019; Velasco-Santamaría et al., 2024). However, 
if these sequencing technologies become more widely available and genetic databases 
are developed for more species, likely, the number of studies aimed at implementing 
transcriptomic technologies for in situ assessment will increase. This opens the door 
to identifying molecular mechanisms underlying environmental stress, allowing the 
development of tools with high degrees of precision for biomonitoring from indicator 
species such as fish.

Fish species and pollutant compounds in situ transcriptomics studies. From this 
systematic review we detected different types of contaminants that have been evaluated 
from transcriptomic analysis in fish, although most of the papers, being conducted in 
situ, address more than one contaminant, our main focuses were heavy metals, organic 
contaminants, endocrine disruptors, agricultural and urban contaminants, radiation, 
other contaminants of interest and finally health in wild species.

Heavy metals. Three studies were found in which trancriptomic analysis was related 
to heavy metals; these studies focused on four fish species. In situ ecotoxicological 
studies have demonstrated the negative effects of mercury (Hg), cadmium (Cd) and 
arsenic (As) on wild fish populations, including alterations at the molecular and genetic 
level in species such as Brosme brosme (Ascanius, 1772), Micropterus dolomieu Lacepède, 
1802, Anguilla rostrata (Lesueur, 1817) and Anguilla anguilla (Linnaeus, 1758); although 
the habitats differ among these species, there are common pathways affected in the liver 
(Baillon et al., 2015; Olsvik et al., 2021; Blazer et al., 2023). For example, in B. brosme and 
M. dolomieu alterations in protein folding pathways were observed, which is presented 
as a response to oxidative stress, and in both species of Anguilla spp., where exposure to 
arsenic and cadmium involved oxidative stress genes and energy metabolism as cellular 
homeostasis was affected. 

Furthermore, other altered pathways are lipid metabolism and immune response 
and apoptosis in B. brosme and Anguilla spp., suggesting that metals may affect 
lipid mobilization and storage, which could have consequences on growth and thus 
reproduction, as well as the ability to respond to infections (Baillon et al., 2015; Olsvik 
et al., 2021). This suggests that transcriptomic signatures may provide specificity for 
characterizing different contaminants by identifying mechanisms of toxicity when fish 
are exposed to multiple stressors.

https://www.ni.bio.br/
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Organic pollutants. These chemicals can come from natural or anthropogenic 
sources and cover a broad spectrum of compounds. With this approach, seven studies 
were grouped in which the transcriptome of seven species was studied in response to 
exposure to pollutants such as electronic residues, phenolic compounds and persistent 
pollutants. Different patterns of transcriptomic response were identified, and in all 
studies alterations in genes involved in oxidative stress and cell damage were observed 
(Förlin et al., 2019; Zhang et al., 2019; Guo et al., 2020, 2021; Mitra et al., 2020; Schmitz 
et al., 2022; Jordan-Ward et al., 2024); for example, in Rita rita (Hamilton, 1822), genes 
such as hsp70, cox7a2 and cox17 showed differential expression to contamination in 
natural rivers, which are genes associated with heat stress response, detoxification and 
energy metabolism (Mitra et al., 2020). Likewise, there is an increase in the endoplasmic 
reticulum response in Anabas testudineus (Bloch, 1792) when exposed to heavy metals 
and electronic waste (Zhang et al., 2019).

Another altered pathway is the one involved in reproductive development, as 
was found in Salmo trutta fario Linnaeus, 1758 with differential regulation of genes 
involved in steroid biosynthesis (e.g., hsd3b and hsd17b1) or the suppression of gonadal 
development upon exposure to persistent organic pollutants (POPs, PCBs) in Pungitius 
pungitius (Linnaeus, 1758) species collected from Arctic areas, which may have effects 
on growth and reproduction by altering genes associated with hormone regulation and 
lipid metabolism (Schmitz et al., 2022; Jordan-Ward et al., 2024). Alterations in hepatic 
metabolism and cellular function were also found, with alterations in the expression of 
lipid and protein metabolism genes, as in the species Siniichthys lucidus (= H. lucidus) 
(Dybowski, 1872) exposed to Bisphenol A (BPA), nonylphenol (NP) (Guo et al., 2020) 
or in the synthesis and transport of cholesterol, and also in the accumulation of lipids 
and hepatic dysfunction in fish exposed to industrial pollutants such as PCBs (Schmitz 
et al., 2022; Jordan-Ward et al., 2024).

Finally, papers report gene regulation gene regulation of the innate immune 
response, such as lyzozyme G and activation of leukocyte migration pathways and 
inflammatory processes when fish species are exposed to phenolic compounds (Mitra 
et al., 2020; Schmitz et al., 2022); for example, differences are reported in the exposure 
of the immune response such as oxidative stress in Perca fluviatilis Linnaeus, 1758 in 
the Baltic Sea, which may be due to exposure to natural brominated compounds and 
anthropogenic pollutants (Förlin et al., 2019).

Endocrine disruptors. In this category there were two papers focused on endocrine 
disruptors, in each study a fish species was analyzed. Exposure to endocrine disruptors 
can alter reproductive capacity in fish, as was found with the alteration of estrogen-
responsive genes such as vitellogenin (vtg) and zona pellucida glycoprotein (zp3a); as 
well as alteration in steroid hormone metabolism (ar), oxidative stress and detoxification 
pathways (hsp70, cyp1a, AhR) (Hamilton et al., 2020; McLimans et al., 2022). However, 
we also found possible genetic adaptations in populations exposed to long-term 
exposure, as in Salvelinus fontinalis (Mitchill, 1814) where the key gene cyp1a involved 
in the response to xenobiotics showed a negative regulation in sites with fracking 
activity (McLimans et al., 2022); which may be due to this adaptation or also to a 
chronic exposure that may lead to a negative feedback by reducing cyp1a expression, 
decrease in liver responsiveness, effects of environmental hypoxia or induction of other 
detoxification pathways. 
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Agricultural and urban pollutants. This group presents a broad spectrum of 
contaminants and therefore of great interest, which is reflected in the number of papers 
that we placed in this category, which were 11 papers, but interestingly has a lower 
number of species with only six. 

Therefore, it was discussed in relation to the species, for example in Lates calcarifer (Bloch, 
1790) which was exposed to contamination by pesticides and other urban pollutants in 
rivers in Australia, presented an interesting pattern such as activation of detoxification 
pathways; alterations in lipid and hepatic metabolism; effects on immune response, with 
inflammatory activation and immunosuppression; cellular stress and apostosis induced by 
exposure to pesticides and urban pollutants (Hook et al., 2017a,b, 2018). 

However, what is interesting is that differences are shown in response to the type 
of contaminant, duration of exposure and environmental variability, as in oxidative 
stress and xenobiotic metabolism, where genes such as CYP1A, GST and AhR are 
overexpressed in response to pesticides (Hook et al., 2018), while in another study 
these genes were repressed by chronic exposure (Hook et al., 2017b). With exposure to 
agricultural pesticides, genes related to lipid metabolism (FABP, SCD, PPARα) were 
found to be overexpressed (Hook et al., 2017b), whereas these same genes in another 
study were found to be downregulated (Hook et al., 2018). It was also found that when 
exposed to agricultural pollutants there is a suppression of immune genes (MHC-I, IL-
1β), while in the other case there was an activation of the immune response (TNF-α). 
A possible explanation for these variations may be that an initial exposure may produce 
the activation of the metabolic pathway, however, a prolonged exposure may induce a 
suppression of these metabolic pathways. 

Different patterns were identified in Basilichthys microlepidotus ( Jenyns, 1841) in 
the Maipo River basin (Chile) when exposed to contamination related to domestic and 
agricultural activities (Vega-Retter et al., 2018; Cortés-Miranda et al., 2024a,b). Their 
approach was based on molecular mechanisms of dense or damage such as detoxification, 
proliferation/apoptosis and immunity, where contamination is considered as a chronic 
selective factor and not only as an acute stress. For example, not all CYP genes are 
convenient bioindicators, considering that most of them are repressed, if their functions 
and location (tissue) are not considered (Cortés-Miranda et al., 2024a), highlighting that 
genes associated with exogenous compounds are differentially expressed in gills, which 
are linked to the immune response, while genes related to endogenous compounds are 
differentially expressed in the liver and are related to cell mitosis, organic compounds 
and carcinogenic processes; as well as genes of the chemical defensome show consistent 
repression in contaminated populations in liver tissue (Cortés-Miranda et al., 2024b). 
Likewise, these populations in their natural environment evidenced a combination of 
gene expression and genetic adaptation when exposed to contaminants, finding key 
genes such as odc (ornithine decarboxylase) that independently of the contamination 
load of two sites were overexpressed (Vega-Retter et al., 2018). 

Among these pollutants of agricultural and urban origin, we have also studied 
Gadus morhua Linnaeus, 1758, associating antioxidant and detoxification genes with 
overexpression upon exposure to urban pollutants, while in agricultural sites, these same 
genes are negatively regulated; this same pattern is repeated with lipid metabolism and 
storage genes (FABP, PPARα), which may occur because urban pollutants can induce 
higher energy metabolism to compensate for oxidative stress, while pesticides can alter 
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lipid homeostasis, causing accumulation in the liver. Disruption in neuroendocrine 
pathways was also found in urban sites, while alteration in reproductive and ovarian 
development genes (esr2 and cyp19a) occurs upon exposure to agricultural pollution 
(Khan et al., 2020; Magnuson et al., 2024). 

In the same way as the previous studies, the response in other species a similar 
pattern was found in terms of alterations in metabolic pathways, with an increase in 
the expression of genes associated with lipid metabolism, suppression of the immune 
response and alteration in the metabolism of xenobiotics and an activation of PPARα 
and AhR receptors, affecting reproductive functions when the type of contamination 
is from urban sources (Lacaze et al., 2019; Lazaro-Côté et al., 2021). While exposure 
to agricultural pollutants causes the activation of antoxidant metabolism, regulation of 
the immune response, activating phagocytosis genes and inflammatory processes and 
altered expression of energy metabolism (McElroy et al., 2015; Lacaze et al., 2019).

Radiation. The transcriptome of female gonads of P. fluviatilis from lakes located 
inside and outside the Chernobyl exclusion zone was evaluated in situ (Lerebours et al., 
2020), this study was the only one found for this category. Common genes involved 
in lipid metabolism, development, reproduction, cytoskeleton, cell proliferation and 
differentiation, DNA damage repair and epigenetic mechanisms were identified. The 
most relevant genes ska1, cp2g1, hus1, gthb1, star reference gene actb were validated 
by q-PCR. When comparing the PCR technique and differential expression results 
by NGS between three categories (category 1: Undeveloped/Irradiated, category 2: 
Developed/Irradiated and category 3: Developed/Reference), the ska1 and cp2g1 genes 
were only significant between category 1 about category 2 and 3 by q-PCR. On the 
other hand, the gthb1 and star genes were underexpressed in all conditions, except for 
category 2 compared to category 3, which showed no significant differences. Finally, 
the hus1 gene was overexpressed in categories 1 and 2 compared to category 3. These 
results demonstrate that the use of omics tools such as transcriptomics is a step towards 
a complete understanding of the complexity of radiation in fish in natural ecosystems.

Other pollutants of interest. Among the pollutants called “diverse” for this review, two 
studies are presented, where the transcriptional profile of three species was analyzed. 
It was found that oncogenic substances in natural habitats can cause negative impacts 
generating environmental changes. As a consequence, the interest in studying the 
defence mechanism against cancer in contaminated habitats through ictic species 
has become more relevant. For example, in the study of the hepatic transcriptome in 
Platichthys flesus (Linnaeus, 1758) and Limanda limanda (Linnaeus, 1758) (Sepp et al., 
2024), contaminated and reference zones were compared, revealing that the species 
P. flesus has a lower prevalence of cancer induced by contamination compared to L. 
limanda, suggesting that P. flesus could possess more robust genomic mechanisms that 
would allow a better adaptation to these contaminated environments. 

Another approach is the study of the origin of Salmo salar Linnaeus, 1758 (wild 
or captive-bred) and the levels of organohalogen contaminants to determine the 
influence on the hepatic transcriptomic profile, showing that captive-bred salmon tend 
to accumulate slightly higher levels of contaminants. However, the transcriptional 
differences were smaller between these groups, which may be due, according to the 
authors, to the fact that the shared marine environment during food migration and 
the levels of contamination have a greater impact than the origins of the individuals 
(Kanerva et al., 2020). 
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Wild species health. One of the key points of molecular studies is to identify how 
the health of wild fish species is being affected by anthropogenic actions, delving into 
the pathways and genes involved. We used this category because some studies seek to 
monitor the species, and not to identify contamination at the site based on the study of 
the species. Six articles were reviewed here in which the transcriptome of nine species 
was analyzed. 

A strong activation of genes related to the response to oxidative stress and 
detoxification was found in the overexpression of the cytochrome P450 system (CYP1A, 
AhR, GST) in species such as P. flesus and Perca flavescens (Mitchill, 1814) (Defo et al., 
2018; Laurent et al., 2023); increase in heat shock proteins (hsp70, hsp90) in fish from 
the contaminated Ganges River or inhibition of antioxidant enzymes (CAT, SOD, 
GST) when exposed to heavy metals and organic pollutants (Defo et al., 2018; Kumar 
Behera et al., 2024). Another essential metabolic pathway affected was that of energy 
and liver metabolism, in this case there is a decrease in lipid and cholesterol metabolism 
genes when exposed to suboptimal water quality as presented in Hypophthalmichthys 
molitrix (Valenciennes, 1844), which suggests impacts on the capacity to store and 
use energy ( Jeffrey et al., 2019); deregulation in urea cycle genes when exposed to 
agricultural pollution, due to increased nitrogen (Laurent et al., 2023) and alteration 
in the metabolism of amino acids and ribosomal proteins in response to hypoxia and 
pollution, as occurred in Oreochromis niloticus (Linnaeus, 1758) species (Kumar Behera 
et al., 2024).

A decrease in genes associated with steroid hormone synthesis was also observed 
in fish populations of the San Lorenzo River in Brazil when exposed to industrial 
waste (Defo et al., 2018); impact on fertility and viability of populations determined by 
differential expression in gonads and alteration of thyroid regulatory pathways, which 
affects growth in Mugil incilis Hancock, 1830 fish in the Colombian Caribbean (Bertel-
Sevilla et al., 2020). Other changes that are presented are in the genetic adaptation in 
chronically exposed fish with changes in SNPs of metabolic genes as presented in the 
species M. dolomieu, Catostomus commersonii (Lacepède, 1803), Micropterus salmoides 
(Lacepède, 1802) and Ameiurus nebulosus (Lesueur, 1819) or in degraded environments 
where the regulation of inflammation and apoptosis genes and the activation of 
response genes to contamination by hydrocarbons and metals are affected (Hahn et al., 
2016; Bertel-Sevilla et al., 2020).

Biological processes from transcriptome. As presented in this review, several fish 
species have been used in transcriptomic studies to evaluate various contaminants in 
situ. From the information reported, it was determined that many of the differentially 
expressed genes were commonly addressed among the articles, obtaining 38 genes that 
were divided into several groups, but that also participated in several pathways as shown 
in Fig. 3. This is interesting because in most cases a single gene is not transcribed for 
the formation of a protein but rather it is a battery of genes that interact to provide an 
effective response to a need required by the cell and therefore in the organism.

In the first group, we have stress response genes and antioxidants such as CAT 
and GP that act to degrade hydrogen peroxide into harmless products avoiding the 
formation and accumulation of hydroxyl radicals. In turn, SOD performs an earlier 
step by eliminating the superoxide bond to turn it into hydrogen peroxide; these genes 
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work together to protect the cell against oxidative damage to lipids, proteins, DNA and 
other components (Hook et al., 2017a, 2018; Bertel-Sevilla et al., 2020). A second group 
is lipid and cholesterol metabolism, which groups a larger number of genes involved 
such as PPARγ, which regulates the expression of genes related to reverse cholesterol 
transport; PPARα, as a nuclear transcription factor that regulates the expression of genes 
that function in fatty acid oxidation and lipid metabolism; soat1, which has as its main 
function the decoding of the enzyme acyl-CoA; cholesterol acyltransferase (ACAT1) 
to form cholesterol esters; and ApoE, which is involved in cholesterol recycling by 
reverse transport to the liver for excretion (Hook et al., 2017a; Guo et al., 2020; Lazaro-
Côté et al., 2021; Jordan-Ward et al., 2024).

Another key pathway was hormonal and reproductive signalling with genes 
such as vtg, which promotes the formation of yolk precursor glycoprotein, which is 
produced in the liver in response to estrogen; 17βhd, which encodes an enzyme that 
regulates the activation or inactivation of sex steroids (estrogens and androgens); Erα, 
nuclear-estrogen-binding receptor that regulates the development, reproduction and 
maintenance of hormone-sensitive tissues (Hahn et al., 2016; Olsvik et al., 2021; Blazer 
et al., 2023).

A fourth group was DNA repair and cell cycle, with GADD45 genes involved in 
encoding DNA repair proteins by interacting with proteins encoded by the PCNA 
gene, which coordinates DNA repair during replication, and ATM, which encodes 
a key protein kinase in DNA damage signalling and, in turn, phosphorylates and 
activates key repair proteins such as p53, BRCA1 and CHK2 (Zhang et al., 2019; Bertel-
Sevilla et al., 2020). The next group was that of immunity and inflammatory response 
with genes that respond to stress and protect the cell, such as WAP65 that is activated 
to reduce iron availability for pathogens, while the C3 gene mediates inflammation 
and opsonization by participating in the elimination of invading pathogens, through 
lectins that recognize microbial patterns and amplify the immune response; and lastly, 
NFIL3 that regulates the expression of genes involved with immune cells and cytokine 
secretion by adjusting the inflammatory response (Hahn et al., 2016; Olsvik et al., 
2021; Blazer et al., 2023).

Among these pathways of importance we find that of xenobiotic metabolism and 
detoxification with the cytochrome P450 family involving CYP1A genes for the 
metabolism of PAHs and dioxins, CYP3A which is involved in the metabolism of 
drugs and other xenobiotics, CYP2K which participates in detoxification in aquatic 
environments, GST which through conjugation neutralizes reactive metabolism and 
ARH which is a regulator of detoxification genes (Hook et al., 2017a; Lacaze et al., 2019; 
Hamilton et al., 2020; Cortés-Miranda et al., 2024a). Some genes that share pathways 
include p53, a key gene in the response to DNA damage and related to oxidative stress, 
which is overexpressed in fish exposed to combined stress and is also related to the 
apoptosis and programmed cell death pathway as well as Casp3 which is activated to 
degrade essential proteins in the cell such as PARP, which is attributed to the functional 
and structural collapse of the cell (Bertel-Sevilla et al., 2020; Khan et al., 2020). 

A ninth group or pathway was that of energy production and cellular metabolism 
with the cox1 gene coding for one of the subunits of cytochrome c oxidase as part 
of the electron transport chain in the mitochondria, while CYP27 codes for the 
enzyme involved mainly in the metabolism of lipids such as bile acids and cholesterol 

https://www.ni.bio.br/
https://www.scielo.br/ni


Neotropical Ichthyology, 23(2):e240133, 2025 16/22 ni.bio.br | scielo.br/ni

Trasncriptomics in situ studies review in fish

(Baillon et al., 2015; Jeffrey et al., 2019). An interesting group to address was that 
of hepatic processes, in which the hmgcs1 and soat1 genes have direct implications in 
the synthesis and storage of cholesterol and lipids, and FABP in the transport of fatty 
acids to understand the need for these processes (Hook et al., 2018; Lazaro-Côté et al., 
2021). Finally, we have the circadian factors with the NFIL3 gene, which participates 
in the regulation of the expression of genes such as PER1/2 and Cry1, being part of the 
transcriptional-receptor loop of the circadian system by interacting with the molecular 
clock (Defo et al., 2018; Jeffrey et al., 2019).

Data access. Additionally, we explored the accessibility of transcriptomic data, i.e., 
the accessibility of raw counts and sequences or scaffolds in a database, as this allows 
other researchers to work with the same data and make comparisons with their studies. 
Of which we found that less than 35% are reported in the studies according to our 
review. These results indicate that although research associated with these areas is 
being conducted, if it is not accessible to all interested researchers, we return to the 
problem of limited data interpretation, which leads to a backlog of research, especially 
in developing countries, with major challenges in environmental risk assessment.

Transcriptional profiling analysis is a valuable tool to identify pathways and genes 
that are involved in some pollutant stress situation and that may have additional pressure 
on fish and their natural environment. From this review we found that although few 
studies have this transcriptomic approach, most of them are related to pollution from 
agriculture and wastewater derived from urban areas. Variations between pathways 
and genes that may be expressed in the organs are also evident, especially when a 
comparison is made between the liver, gills and ovaries, which have been the three 
target organs of study found in this review. On the other hand, we found 38 genes 
that are shared at least between two studies and most of them are involved in the lipid 
metabolism pathway, before oxidative stress and xenobiotic metabolism, which would 
have a greater relevance when analyzing the transcriptome for contamination. Finally, 
something important to highlight is that the species used in these studies are mostly 
from Asia, Europe and North America, which poses an information gap in other places 
such as Africa and South America with only two species studied, despite the diversity 
of species reported in these places. These findings allow us to establish that the analysis 
of transcriptional profiles is a tool that is becoming increasingly relevant, but it is 
important to join efforts in areas where research is scarce and which have the potential 
for new discoveries.
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