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ABSTRACT

Pollution and its effects have been of major concern in recent decades. Many
strategies and markers have been developed to assess their effects on biota.
Cytochrome P450 (CYP) genes have received significant attention in this context
because of their relationship with detoxification and activation of exogenous
compounds. While their expression has been identified as a pollution exposure
biomarker, in most cases, it has been tested only after acute exposures and for CYP
genes associated with exogenous compounds. To elucidate CYP gene expression
patterns under chronic pollution exposure, we have used the silverside Basilichthys
microlepidotus as a model, which inhabits the Maipo River Basin, a freshwater system
with different pollution levels. We performed next-generation RNA sequencing of
liver and gill tissues from polluted and non-polluted populations. We found most
CYP genes were not dysregulated by pollution, and the seven genes that were present
and differentially expressed in liver and gill were mainly downregulated. Three CYP
genes associated with exogenous compounds showed differential expression in the
gill, while four CYP genes associated with endogenous compounds showed
differential expression in the liver. The findings presented here highlight the
importance of CYP genes, his family, tissues and his interaction in the context of
pollution biomarkers use.

Subjects Genomics, Ecotoxicology, Freshwater Biology
Keywords CYP, Gene expression, Compound targets, Freshwater, Gill, Liver

INTRODUCTION

In the context of global change, pollution is one of the more relevant factors affecting biota

(Sage, 2020). Pollution is widely distributed in ecosystems worldwide, with freshwater
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ecosystems being one of the most affected by human activities (Jackson et al., 2016).
Researchers have invested significant effort in quantifying pollution levels in freshwater
ecosystems, from water quality monitoring to biological assessments, to understand their
ecological impacts on flora and fauna inhabiting these systems (Zorita et al., 2007).

Recent biological analyses have used different approaches to quantify the effects of
pollutants on biota. These approaches range from individual to ecosystem levels. At the
individual and population levels, biochemical and genetic responses have been extensively
studied to characterize molecular-level strategies to cope with pollution from an
evolutionary perspective (Fisher ¢ Oleksiak, 2007; Bélanger-Deschénes et al., 2013; Ben-
Khedher et al., 2013). These approaches include exploratory omics methods, such as
transcriptomics, genomics, and metabolomics, to identify pollution-related genotypes and
biochemical responses. In this context, transcriptomics has been applied in multiple
species to identify differential expression of pollution-associated genes (Baillon et al., 2015;
Vega-Retter et al., 2018). Differentially expressed genes have been reported to be
dysregulated between organs of organisms exposed to pollution (Rhee et al., 2009; Ragusa
et al., 2017).

Goldstone et al. (2006) developed the concept of the chemical defensome. It was defined
as a group of genes from different families that act as a network to cope with chemical
stress and maintain chemical homeostasis in organisms. Among them, genes related to
oxidative biotransformation, such as aldehyde dehydrogenases, flavoprotein
monooxygenases, and cytochrome P450s (CYPs), have been described (Goldstone et al.,
2006; Eide et al., 2021). The CYP superfamily comprises genes encoding enzymes that
detoxify or activate organic pollutants or that act on endogenous molecules (Nebert et al.,
2004; Uno, Ishizuka & Itakura, 2012). These genes have been found in diverse organisms,
including fish species (Eide et al., 2021), and have been classified into families catalyzing
exogenous or endogenous molecules for fish (Uno, Ishizuka ¢ Itakura, 2012). Those acting
on exogenous compounds have received particular attention in pollution research. Indeed,
the CYP family 1 subfamily A (CYP1A) gene and its encoded enzyme have been proposed
as a pollution biomarker (Goksayr, 1995; Lee & Yang, 2008). Therefore, CYP1A’s
expression patterns have been extensively explored. Wong et al. (2001) reported CYP1A1
expression levels in different tissues of tilapia (Oreochromis mossambicus) exposed to
coastal sediments, showing increased expression levels in the liver and intestines compared
to other tissues. Yuan et al. (2013) reported that basal CYP gene expression levels differed
among tissues in the rare Chinese minnow fish Gobiocypris rarus after benzo[a]pyrene
(BAP) exposure, with CYP1A, CYP family 1 subfamily B member 1 (CYP1B1), and CYP
family 1 subfamily C member 1 (CYP1C1) showing strong upregulation in the liver, gills,
and intestine. However, to our knowledge, the expression patterns of CYP family
categories (endogenous and exogenous) in different tissues have not been explored.
However, they could be important for understanding an organism’s adaptation to
pollution in a biomonitoring program.

One example of freshwater pollution is the Mediterranean-type Maipo River Basin in
Central Chile. This catchment has been mainly affected by pollution related to domestic
and agricultural activities (Direccion General de aguas, 2004) associated with the large
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population inhabiting this basin, which represents almost 40% of the Chilean population
(Instituto Nacional de Estadistica (INE), 2017). Different fishes inhabit this catchment,
including the endemic silverside Basilichthys microlepidotus, which currently has a
vulnerable conservation state (Ministerio del Medio Ambiente, 2022). This species inhabits
lakes and rivers from 28 °S to 39 °S (Veliz et al., 2012) and is macrophagic, feeding on small
invertebrates, insect larvae, detritus, and filamentous algae (Bahamondes, Soto & Vila,
1979; Duarte et al., 1971). Its reproductive period is from August to January (Comte ¢
Vila, 1992), and it shows different populations within and between river basins in central
Chile (Quezada-Romegialli, Fuentes & Veliz, 2010), recently colonizing new areas in the
Maipo River Basin (Cortés-Miranda et al., 2022).

Vega-Retter et al. (2014) reported five genetically different populations inhabiting areas
with different contamination levels, identifying three populations inhabiting sites
categorized as non-polluted (Isla de Maipo-Pefaflor, San Francisco de Mostazal-Maipo,
and Puangue) and two populations inhabiting sites categorized as polluted (Melipilla and
Pelvin). Individuals from polluted sites showed evidence of pollution-related selection in
an amplified fragment length polymorphism analysis (Vega-Retter, Vila & Véliz, 2015).
Following transcriptome characterization (Vega-Retter ¢» Véliz, 2014), genes related to
apoptotic processes and carcinogenesis were found to be differentially expressed in the
livers of individuals inhabiting polluted sites compared to non-polluted sites (Vega-Retter
et al., 2018; Veliz et al., 2020). Overall, these findings suggest that B. microlepidotus is a
suitable species for studying the effects of pollution in the Maipo River Basin.

In this study, we performed next-generation RNA sequencing (RNA-seq) on the gills
and liver of B. microlepidotus individuals inhabiting polluted and non-polluted sites to gain
insight into gene expression patterns in these natural populations exposed to chronic
pollution. These organs were chosen for their relationship with pollution; the gills are
directly exposed to pollutants, and the liver is related to all the physiological and
biochemical pathways that pollutants could alter (Zeitoun ¢ Mehana, 2014). Due to their
use as biomarkers of pollution exposure, we focused our analysis on the expression of the
CYP genes with endogenous and exogenous compound targets in both tissues.

MATERIALS AND METHODS

Sampling sites and sample collection

This research was conducted in the spring of 2016 and sampled four sites in the Maipo
River Basin, Chile. Two sites were characterized in previous studies (Vega-Retter et al.,
2014; Vega-Retter et al., 2018) as historically non-polluted (San Francisco de Mostazal
(SFM) (33°58'19.97"S, 70°42'56.49"W) and Isla de Maipo (IM) (33°44'58"S, 70°53'26"
W)) and two as polluted (Melipilla (MEL) (33°42'49,988"S, 71°12'39,13"W) and Pelvin
(PEL) (33°36'21"S, 70°54'33"W); Fig. 1). In the previous studies, the non-polluted sites
have shown good water quality related to a low-density population and low industrial
development nearby. In recent years, increasing urbanization and industrial development
close to the IM site has decreased the water quality. In contrast, the polluted sites are
downstream of wastewater plants and historical industrial water discharges (Gomez, De La
Maza & Melo, 2014).
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Figure 1 Map of the study sites in the Maipo River Basin. Melipilla (MEL), Pelvin (PEL), Isla de Maipo
(IM) (orange) and San Francisco de Mostazal (SFM) (blue). Modified from Veliz et al. (2020).
Full-size K&l DOT: 10.7717/peerj.16925/fig-1

Twenty-four B. microlepidotus individuals were collected by electrofishing, six per
sampling site. Sampling was performed post-reproductive period; thus, individual sex
cannot be determined using gonads. The mean fish weight was 5.04 + 0.90 g for the IM site,
1.90 £ 0.61 g for the MEL site, 5.41 + 2.52 g for the PEL site, and 16.03 + 7.97 g for the SFM
site. The mean total length was 10.03 + 0.50 cm for the IM site, 7.16 + 0.69 cm for the MEL
site, 10.27 + 1.57 cm for the PEL site, and 14.27 + 2.16 cm for the SFM site. The fish were
sacrificed immediately by neck-breaking, and the liver and gills were removed in the field
and stored in liquid nitrogen for subsequent RNA extraction.

All the protocols used in this study were approved by the Ethics Committee of the
Universidad de Chile and complied with existing laws in Chile (Resolucion Exenta No.
3078 Subsecretaria de Pesca).

Physical and chemical characterization of the sampling sites

The surface water and sediment were physically and chemically characterized to determine
the current pollution level at each sampling site, focusing on micronutrients,
macronutrients, and metals as an approximation to the complex mixture of contaminants
in the river. Three samples of surface water (1 L) and sediment (1 kg) were taken at each
site. The water samples were collected in the water column using Nalgene vials and stored
at 4 °C for at most 48 h before analysis. In addition, physical and chemical parameters such
as electrical conductivity (EC), temperature, dissolved solids (DS), and pH were measured
three times in situ using a multiparameter device (Hanna Instruments, Woonsocket, RI,
USA).
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Superficial water characterization

For water samples, nitrite (NO;) is determined by the formation of a reddish-purple azo
dye by diazotization-coupling reaction of sulfanilamide with N-(1-naphthyl)-
ethylenediamine dihydrochloride (NED dihydrochloride) at pH between 2.0 and 2.5 and
was quantified by spectrophotometry at 543 nm (UV-1700; Shimadzu; Kyoto, Japan)
(Sadzawka et al., 2006).

In the case of ammonium (NH}), it was quantified by Indophenol blue method, which
is a colorimetric method (Solérzano, 1969).

Boron (B) was quantified by the technique proposed by Berger and Truog (Sadzawka
et al., 2006), measuring the absorbance at a length of 420 nm (UV-1700; Shimadzu; Kyoto,
Japan).

Phosphate (PO;~) was quantified by a colorimetric method that is based on the
formation of a hetero-polyacid with the vanado-molybdic reagent, and a subsequent
measure of absorbance at a length of 880 nm (UV-1700; Shimadzu; Kyoto, Japan).

Carbonate (CO3"), bicarbonate (HCO3), chloride (Cl"), nitrate (NO3) and sulfate
(SO%") were determined by Ion Exchange High Performance Liquid Chromatography
(IE-HPLC) Isocratic HPLC Pump with a conductivity detector, using anionic (IC-Pak
HJC) columns. Isocratic conditions were used with injection volume 50 pL and mobile
phase flow 1.2 mL/min. The mobile phase was composed of concentrated borate/gluconate
prepared with 34 g boric acid (Merck, Lebanon, NJ, USA), 23.5 mL gluconic acid (Merck,
Lebanon, NJ, USA), 8.6 g lithium hydroxide (Merck p. a., Lebanon, NJ, USA) and 250 mL
glycerin (Merck, Lebanon, NJ, USA), diluted to 500 mL with MilliQ deionized water.
To 20 mL of this solution, we added 120 mL acetonitrile (Merck HPLC grade, Lebanon, NJ,
USA) and diluted to 1 L with MilliQ deionized water. Analytes identification was
determined by retention time compared with standards (Merck titrisol, Lebanon, NJ,
USA). Anion concentrations were estimated using calibration curves generated with
standards. Data quality was monitored by measuring element concentration in procedural
blanks and synthetic preparations of deionized water (MilliQ) with analytes (Copaja,
Nuiiez & Veliz, 2014).

For, sodium (Na*), potassium (K"), calcium (Ca®"), magnesium (Mg>") were quantified
by atomic absorption spectroscopy (AA-6880; Shimadzu, Kyoto, Japan) after filtering the
samples using a cellulose nitrate filter with a 0.45 um pore diameter (Sartorius, Gottingen,
Germany) according to Clesceri, Greenberg ¢ Eaton, 2005. Total solids (TSs) were
quantified by taking a 100 mL aliquot of water, evaporating the water until dry, and
weighing the resulting solid. DSs were quantified by taking a 100 mL aliquot, filtering it
through a membrane with a pore diameter of 0.45 um, evaporating the water until dry, and
weighing the resulting solid. Finally, suspended solids (SSs) were calculated as TS minus DS.

Water samples were fixed with 2% HNO; (Suprapur Merck, Darmstadt Germany) to
quantify iron (Fe), copper (Cu), zinc (Zn), cadmium (Cd), manganese (Mn), nickel (Ni),
aluminum (Al), molybdenum (Mo), lead (Pb), mercury (Hg), arsenic (As), and chromium
(Cr) concentrations using an atomic absorption spectrophotometer (AA-6880; Shimadzu,
Kyoto, Japan), given the reported effects of these metals on biota.
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The dissolved oxygen (DO) concentration was estimated by taking three water samples
from each sampling site in 200 mL polycarbonate bottles (Nalgene, Rochester, NY, USA),
fixing them with MnSO, and alkaline iodide, and analyzing them using the Winkler
method according to Strickland (1968).

The oxygen used by microorganisms to decompose organic waste was measured as the
biochemical oxygen demand (BODj5). Briefly, three 300 mL flasks of water from each site
were incubated at 20 °C for 5 days before oxygen quantification, as described by Clesceri,
Greenberg & Eaton, 2005.

Sediment characterization

At each sampling site, three 1 kg sediment samples were collected from the top 10 cm of
the surface using a plastic scoop and polyethylene bag (Copaja ¢ Musioz, 2018). Samples
were stored at 4 °C, subsequently dried at room temperature in polyethylene trays, and
then sieved into two fractions: a coarse fraction with a particle size of <2 mm for physical
and chemical characterization and a fine fraction with a particle size of <0.063 mm for
metal quantification.

The physicochemical variables measured in sediment samples were EC, pH, B, PO3", N,
Ca®*, Mg®*, and Na". EC and pH were determined by potentiometric methods (sediment:
water = 1:2.5). The Berger ¢ Truog (1939) method was used to quantify B with a
spectrophotometer (Pharmaspec 1700; Shimadzu, Kyoto, Japan) at 420 nm. The Kjedhal
digestion method (Bremmner, 1960) was used to quantify total N. Ca>*, Mg**, and Na* were
quantified by preparing a saturation extract using 50 g of each sample, adding water to
saturate the sample in a 1:1 ratio. The extract was left overnight and then centrifuged to
collect the supernatant. Quantification used 10 mL of the supernatant using the same
procedure as for superficial water. The same metals quantified in the water were analyzed
in the sediment: Cu, Fe, Zn, Cd, Mn, Ni, Al, Mo, Pb, Hg, As, and Cr. The total fraction of
each metal was obtained by digesting 0.25 g of sediment with 10 mL of nitric acid
(Suprapur; Merck, Darmstadt, Germany) in a high-resolution microwave oven
(MarsXpress) using the following conditions: power, 800 W; tower, 100%; time, 11 min;
temperature, 175 °C; hold, 15 min; cooling, 15 min. This protocol was based on the US
Environmental Protection Agency’s method 3051,Washington, D.C., US (Blakemore,
Searle & Daly, 1987). Metal concentrations were determined by flame atomic absorption
spectrometry using an atomic absorption spectrometer (AA-6800; Shimadzu, Kyoto,
Japan) with an air-acetylene flame.

The sampled sites were categorized and compared with the Vega-Retter et al. (2014)
categorization using a principal component analysis (PCA) performed with the
tviz_pca_biplot function of the facto-extra package (Langmead ¢ Salzberg, 2017) of the R
statistical software (v.4.1.0; R Core Team, 2023). The PCA was performed with all physical
and chemical data from the four sampling sites (36 environmental variables) to detect
relationships among sites. The PCA results showed that the water quality of the IM site had
considerably deteriorated in recent years. Therefore, this site was considered polluted for
this study. A second PCA was performed using ten physicochemical parameters (EC, pH,
DS, DO, NO;, NHy, Na*, K*, Ca**, and Mg**) also included in historical physicochemical
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surface water data for 2007, 2011, and 2016 for the sampling sites. The second PCA aimed
to evaluate the physicochemical stability of the sampling sites.

RNA isolation and RNA-seq

RNA-seq was performed to quantify transcript numbers and determine differential
expression between non-polluted (SFM) and polluted (MEL, PEL, and IM) sites. Total
RNA was extracted using the PureLink RNA Mini Kit (Ambion; Life Technologies, CA,
USA) according to the manufacturer’s instructions and sent to Genoma Mayor Sequencing
Services (Santiago, Chile), where it was purified to retain only mRNA. RNA quality and
quantity were determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). Samples with an RNA integrity number >7 (Schroeder et al., 2006) were
subjected to 2 x 100 bp sequencing on an Illumina HiSeq 4000 system (San Diego, CA,
USA). Four PEL samples were discarded due to RNA integrity: three liver and one gill
sample. Twenty-one liver and twenty-three gill samples were sequenced. The raw
sequencing data deposited in SRA database of NCBI with the data accessions BioProject
ID: PRJNA1033453 and the BioSample accessions: SAMN38033975-SAMN38034018.

Adapters were removed, and raw reads were filtered using Trim Galore (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/), prinseq-lite.pl (http://prinseq.
sourceforge.net/manual.html), and Cutadapt (Martin, 2011). We removed reads with (i)
low base quality (qbase < 5), (ii) 210% ambiguous bases, (iii) mean Phred score < Q30, and
(iv) length < 50 bp.

The de novo assembly of gill and liver transcriptomes was performed with the Bridger
software (Chang et al., 2015) with the following parameters: k-mer length = 25, minimum
k-mer seed coverage = 2, and minimum k-mer seed entropy = 1.5. Isoforms were not
considered, and contigs with lengths > 200 bp were retained. Clustering was performed
with the CD-HIT software (http://weizhongli-lab.org/cd-hit/) to generate a set of
non-redundant contigs. An identity cut-off threshold of 80% was used. Non-redundant
contigs from both assemblies were annotated using the Blast2GO software (Conesa et al.,
2005). First, a BLAST search was performed using Blast2GO’s blastx function and a subset
of vertebrate sequences in the US National Center for Biotechnology Information’s
non-redundant database with a threshold e-value of 1 x 107°. In addition, the InterPro
database was used for annotation. Second, contigs were mapped to identify the gene
ontology (GO) terms associated with them, including biological processes, cellular
components, and molecular function. Finally, GO terms with an e-value threshold of <1 x

-6 . .
10" were retained for annotation.

Differential expression

Differentially expressed CYP genes were detected by mapping transcripts from each
individual against the de novo assembly of each tissue using the Bowtie2 software
(Langmead & Salzberg, 2017) with the following command line flags: -q —phred33
—sensitive ~dpad 0 —gbar 99999999 -mp 1,1 -np 1 -score-min L,0, —0.1 =I 1 —x 1000 -no-
mixed —no-discordant -p 6 -k 200. BAM files were used to estimate expression levels using
the RSEM software (v.1.3.3; Li ¢» Dewey, 2011) with the following command line flags: -p 6
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—paired-end —calc-pme —calc-ci —ci-memory 30000 -sort-bam-by-coordinate. Finally,
differential expression between polluted (MEL, PEL, and IM) and non-polluted (SFM)
sites was quantified using the DESeq2 software (Love, Huber ¢» Anders, 2014) implemented
as a package in the R statistical software (v.4.1.0; R Core Team, 2023). Three independent
runs were performed for each tissue, comparing all possible pairs of polluted and
non-polluted sites (MEL-SFM, PEL-SFM, and IM-SFM) and retaining contigs with a [log
fold change (Log,FC)| = 1 and false discovery rate < 0.05. The statistical power of this
experimental design was estimated for each organ using the RNASeqPower package
(Therneau, Hart e Kocher, 2023) in the R statistical software (v.4.1.0; R Core Team, 2023).

CYP gene identification and classification

Differentially expressed CYP genes were identified based on Blast2GO’s BLAST results.
First, all differentially expressed CYP genes in at least one polluted site and one tissue were
considered, and their expression pattern was plotted as Log,FC with the SFM site as the
reference. Next, only CYP genes present in de novo liver and gill assemblies whose general
function was known were retained. The retained CYP genes were classified according to
their action on endogenous or exogenous compounds (Uno, Ishizuka ¢ Itakura, 2012).
To test for differential expression of CYP genes, we used a generalized linear model (GLM)
analysis considering differential expression as the dependent variable, sites as the
independent variable, and binomial negative as the data distribution. The analysis was run
on normalized gene counts using the MASS (v.7.3-60) package (Venables ¢ Ripley, 2002)
of the R statistical software (v.4.1.0; R Core Team, 2023). Additionally, Tukey’s test was
used to identify significant differences between pairs of sites.

RESULTS

Physical and chemical characterization of the sampling sites

Four sampling sites were chosen for this study based on previous studies (Vega-Retter ¢
Véliz, 2014; Vega-Retter, Vila ¢ Véliz, 2015). Two sites had historically been considered
polluted (MEL and PEL), and two non-polluted (SFM and IM; Fig. 1). These sites are
inhabited by genetically independent B. microlepidotus populations. Thirty-six parameters
were used to assess pollution levels at the sampling sites since the concentrations of certain
metals in the superficial water (Cu, Zn, Cd, Mn, Ni, Al, Mo, Pb, Hg, and As) and sediment
(Cd, Al, Mo, Pb, Hg, and As) were below the detection limit. The parameters used were
pH, EC, DO, BODs, TS, DS, S, NO*~, NO”", B, PO:~, Na*, K*, Ca**, Mg*", NH;, HCO3,
CO3~, ClI7, SO%, Fe, and Cr in superficial water, and EC, pH, B, PO;", N, Ca**, Mg**, Na*,
Cu, Fe, Zn, Mn, Ni, and Cr in sediments. These data were analyzed using a PCA to
compare sampling sites.

PCAs of surface water physical and chemical characteristics for 2007, 2011, and 2016
and surface water and sediment physical and chemical characteristics for 2016 at the
studied sites are shown in Fig. 2. For the historical physical and chemical data (Fig. 2A), the
first two principal components (PCs) explained 62.09% of the total variance. PC1 (41.54%
of total variance; eigenvalue = 4.15) segregated the SFM site from the other sampling sites.
Three variables had their highest loading (L) in PC1: Ca®* (L = 0.426), K* (L = 0.408), and
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Figure 2 PCA of the 10 and 36 physical and chemical variables measured in surface water for historical data (A), and water and sediments for
2016 data, including metals (B) for the sampling sites in the Maipo River Basin. Melipilla (MEL), Pelvin (PEL), Isla de Maipo (IM) and San
Francisco de Mostazal (SFM). Detail of physical and chemical parameter abbreviations are in Material and Methods. (A) Historical physical and
chemical data PCA. (B) physical and chemical data PCA from 2016. Also, metals present in surface water are represented with asf_string and
chemical parameters of sediment are represented with sed_string. Full-size K] DOI: 10.7717/peerj.16925/fig-2

Na® (L = 0.405). Three variables had their highest L in PC2 (20.55% of total variance;
eigenvalue = 2.55): DS (L = 0.644), pH (L = 0.448), and DO (L = 0.369).

For 2016 data (Fig.2B), the first two PCs explained 55.96% of the total variance. PC1
(35.53% of total variance; eigenvalue = 12.79) clearly segregated the SFM site from the
other sampling sites (IM, MEL, and PEL). Three variables had their highest L in PC1: DS
(L =0.26), Ca®* (L = 0.249), and TS (L = 0.242). Three variables had their highest L in PC2
(20.44% of the total variance; eigenvalue = 7.35): CI” (L = 0.29), Mg2+ (L =0.277), and
sed_Ca®" (L = 0.251). Values of the main physical and chemical parameters for the
historical and 2016 data are shown in Table 1.

Five parameters had values higher than the standards of Decree 53 (Decreto 53, 2014;
Ministerio del Medio Ambiente (MMA)) at the IM, MEL, and PEL sites in the 2016 data,
and two parameters had higher values than the standards at the SFM site. In both the
historical and current data, SFM was segregated from the other sampling sites, showing the
temporal stability of the physical and chemical patterns found in the 2016 data.
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Table 1 Concentration of the most relevant physical and chemical parameters, related to PCA.

2007-2016

Site Ca®* (mg/L) K" (mg/L) Na* (mg/L) TDS (mg/L) DO (mg/L) EC (uS/cm)

IM 136 + 40.8 3.64 £ 0.783 56.6 + 33.4 851.38 + 361.09 8.20 £ 1.26 1,058.63 + 219.79

MEL 138 + 344 4.65 + 1.26 73.9 £ 40.1 775.5 = 209.16 7.82 £ 245 1,235.6 £ 192.34

PEL 146 + 39.2 331 +£1.99 312 £27.7 919.5 + 409.39 10.87 £ 1.22 1,198.63 + 112.18

SEM 38.6 £ 14.2 1.44 + 0.866 18.8 + 16 286.11 + 117.89 8.58 £ 2.40 408.33 + 83.43

2016

Site DS (mg/L) Ca®* (mg/L) TS (mg/L) Cl' (mg/L) Mg** (mg/L) sed_Ca®" (mg/L)

IM 1,099 £ 11.9 107 £ 2.18 1,282 £ 92.1 10.77 £ 0.78 1.66 + 0.001 1.29 £ 1.01

MEL 918 + 47 92.6 £ 7.68 1,044 + 106 152.59 + 43.92 0.99 £ 0.02 0.12 £ 0.14

PEL 1,131 + 46.2 118 + 3.46 1,388 + 245 62.77 £ 2.22 1.01 £ 0.001 0.10 £ 0.01

SEM 261 + 90.5 369 £ 7.55 422 + 111 10.77 £ 0.78 1.06 + 0.12 0.014 + 0.004
Note:

Mean values were obtained from 8 to 10 replicates per site for historical data (2007-2016) and 3 replicates per site for 2016 data.

Table 2 Summary statistics of the assembles for both liver and gill of the silverside B. microlepidotus.

Statistic Liver Gill

Raw reads 344,531,301 369,391,488
Clean reads 328,822,670 368,882,159
Assembled contigs 74,773 125,864

NR contigs 63,424 105,131
Mean length NR contigs 1,208.2 1,219.39
Mean %GC NR contigs 45.58 44.77

N50 NR contigs 2,518 2,745
Largest NR contig 27,527 29,984
Mean % Mapped 90.68 86.22
Annotated NR contigs 20,338 28,499

Gene expression estimation in the liver and gills of the silverside

B. microlepidotus

The livers of 21 individuals (3-6 per site) and gills of 23 individuals (5-6 per site) were
subjected to RNA-seq after an RNA integrity test, resulting in 713,922,789 total raw reads,
of which 368,882,159 and 328,822,670 were retained for the gill and liver, respectively, after
filtering and trimming. After clustering, 63,424 and 105,131 non-redundant contigs >200
bp were obtained for the liver and gills, respectively. Functional annotation of these
non-redundant contigs resulted in 20,338 and 28,499 annotated contigs for the liver and
gills, respectively (Table 2).

Differential expression
RNASeqPower was used to assess the statistical power of this experimental design.
The power was estimated to be 0.99 for the liver samples, with an average coverage
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DEGs in liver DEGs in gill
MEL MEL

Figure 3 Venn plot of DEGs in each population and each organ studied. Number and percentage of
DEGs in each population in liver (A) and gill (B). Full-size K] DOLI: 10.7717/peerj.16925/fig-3

of 59x and a variation coefficient of 0.20, and 0.90 for the gill samples, with an average
coverage of 30x and a variation coefficient of 0.32.

Based on the PCA analysis, three comparisons were performed to identify differentially
expressed genes (DEGs): MEL vs. SEM, PEL vs. SEM, and IM vs. SFM. The MEL vs. SEM
comparison identified 2,245 and 1,166 DEGs for the liver and gill, respectively. The PEL vs.
SEM comparison identified 1,315 and 2,089 DEGs for the liver and gill, respectively.
Finally, the IM vs. SFM comparison identified 299 and 140 DEGs for the liver and gill,
respectively. The comparisons with the highest DEGs numbers were MEL vs. SEM (2,245
DEGs) and PEL vs. SFM (2,089 DEGs; Fig. 3). A total of 48 and 37 contigs were identified
as CYP genes in liver and gill, respectively. In the case of IM site, three and one contigs
identified as CYP genes were differentially expressed in liver and gill, respectively. In the
case of MEL site, ten and five contigs identified as CYP genes were differentially expressed
in liver and gill, respectively. In the case of PEL site, four and five contigs identified as CYP
genes were differentially expressed in liver and gill, respectively. Most contigs identified as
differentially expressed CYP genes showed decreased expression in the three polluted sites
compared to the SFM non-polluted site, except in the gills at the PEL polluted site where
three of five CYP genes were upregulated (Fig. 4). The IM site had the fewest differentially
expressed CYP genes, three in liver and one in gill, which could be related to it being a
historical reference site, while the MEL site had the most with ten in liver and five in gill
(Table 3).

Among the DEGs, seven CYP genes met the criteria of being present in both assembly
sets and having a known function. Two (CYP family 4 subfamily B member 1 (CYP4B1)
and CYP1A) were differentially expressed in all three polluted sites. Three were classified
as endogenous, and four as exogenous based on their function (Table 4). In this group of
seven CYP genes, those classified as endogenous showed differential expression in the liver
but not in the gills, except for CYP family 26 subfamily B member 1 (CYP26B1).
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Figure 4 Bar plot of differentially expressed CYP genes. Differentially expressed genes (Log, fold change > = 1 and FDR < 0.05) in liver (A) and
gills (B) expressed as Log, fold change compared to gene expression in the SFM population. Full-size K&l DOT: 10.7717/peerj.16925/fig-4

In contrast, those classified as exogenous CYP genes showed differential expression in the
gills but not in the liver, except for CYP family 2 subfamily F member 2 (CYP2E2).

The seven differentially expressed CYP genes, endogenous or exogenous, showed
downregulation in all sites and both organs, except for CYP family 27 subfamily C member
1 (CYP27C1; Fig. 5). Additionally, the GLM confirmed the general downregulation of
CYP4B1 in the liver (Fig. S1) and CYP1A in the gill (Fig. S2) at all polluted sites. The trend
was unclear for the other CYP genes, except CYP2F2 in the liver, which showed a similar
pattern to CYP4B1 but was not detected as differentially expressed in IM site.

DISCUSSION

Our results showed that most CYP genes were not dysregulated, but a small subset was
differentially expressed in the studied tissues and within gene family categories.
As expected, the gill and liver exhibited distinct CYP gene expression patterns.
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Table 3 Summary statistics of cytochrome P450 genes with differential expression in liver and gill of B. microlepidotus.

Liver

Comparison Contig CYP gene Log2FoldChange IfcSE p value FDR
SFM-IM comp4372_seq0 cytochrome P450 27C1 1.689140386 0.40334787 2.8167E-05 0.00501397
SFM-IM comp8176_seql cytochrome P450 3A27-like -3.161733365 0.77290781 4.3007E-05 0.00656939
SFM-IM comp904_seq0 cytochrome P450 4B1-like —-1.802593941 0.48467022 0.00019984 0.01955759
SFM-MEL comp4372_seq0 cytochrome P450 27C1 2.926656062 0.35617173 2.0869E-16 1.4927E-13
SFM-MEL comp904_seq0 cytochrome P450 4B1-like —2.76255704 0.47266937 5.0783E-09 5.2835E-07
SFM-MEL compl968_seq0 cytochrome P450 3A30-like-1 —-1.544924014 0.27106814 1.2023E-08 1.1052E-06
SEM-MEL comp1968_seq2 cytochrome P450 3A30-like-3 -1.548997777 0.27520118 1.8168E-08 1.5345E-06
SFM-MEL comp2540_seq0 cytochrome P450 4V2 —1.440749922 0.2927588 8.5977E-07 3.6853E-05
SFM-MEL compl968_seql cytochrome P450 3A30-like-2 —-1.204941277 0.27437655 1.1254E-05 0.00030868
SFM-MEL comp312_seq3 cytochrome P450 2F2-like —-3.275510741 0.75196237 1.3249E-05 0.00035222
SFM-PEL comp465_seq0 cytochrome P450 2F2-like 1.07619613 0.22363485 1.4921E-06 0.00022598
SEM-PEL comp18298_seq0 cytochrome P450 26B1 -2.819234886 0.64728693 1.3279E-05 0.0011892
SFM-PEL comp904_seq0 cytochrome P450 4B1-like —2.103256843 0.64399858 0.00109104 0.02230835
Gill

SEM-IM comp1450_seq0 cytochrome P450 1A —2.49134759 0.4810685 2.2334E-07 0.00024298
SFM-MEL compl450_seq0 cytochrome P450 1A —2.59374622 0.44172136 4.3081E-09 1.5424E-06
SFM-MEL comp2182_seq3 cytochrome P450 3A56 —1.43411588 0.3216203 8.233E-06 0.00060507
SFM-MEL comp9471_seq0 cytochrome P450 1B1-like —-1.79642649 0.43044651 3.0008E-05 0.00158174
SFM-MEL comp4170_seq2 cytochrome P450 3A30-like -1.07539446 0.26904136 6.4114E-05 0.00275898
SFM-MEL comp35310_seql cytochrome P450 2K1-like —5.85419913 1.6098108 0.00027629 0.00819199
SFM-PEL comp20750_seq0 cytochrome P450 4V2 3.8691694 0.80935864 1.7483E-06 0.0004172
SFM-PEL comp18949_seq0 cytochrome P450 26B1 —-1.79835157 0.39075461 4.1795E-06 0.00063625
SFM-PEL comp1450_seq0 cytochrome P450 1A —2.42904691 0.55468891 1.1916E-05 0.00119991
SFM-PEL comp30438_seq0 cytochrome P450 2F2-like 3.61346511 0.92393065 9.1926E-05 0.00500254
SFM-PEL comp27756_seq0 cytochrome P450 2G1-like 3.5519292 0.91943001 0.00011192 0.00564673

Table 4 Selected CYP genes (see Materials and Methods section), type of target compound and function reported in the literature.

Gene id Compound Function

CYP26B1 Endogenous Inactivation of retinoic acid through oxidation (Zhao, Dobbs-McAuliffe ¢ Linney, 2005).

CYP27C1 Endogenous Catalyzes the transformation of vitamin Al to vitamin A2 (Enright et al., 2015).

CYP4B1-like Endogenous An endogenous function has been documented, acting over lipids (Baer ¢ Rettie, 2006).

CYP1A Exogenous Metabolization of a wide variety of xenobiotics (Uno, Ishizuka & Itakura, 2012).

CYPI1B1 Exogenous Metabolization of resorufin-based compounds and Benzo[a]pyrene (BaP) (Scornaienchi et al., 2010).
CYP2F2 Exogenous Metabolization of naphthalene. Involved in production of potentially toxic intermediate (Li ef al., 2011).
CYP2K1 Exogenous Metabolization of lauric acid. Involved in production of carcinogenic form of AFB1(Yang et al., 2000).
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Figure 5 Bar plot of gene expression of CYP genes that pass the filter in liver (A) and gills (B). Y-axis shows gene names and study site, X-axis
shows Log2 fold change compared to SEM population gene expression. CYP genes encoding enzymes acting on exogenous compound are in dark
green bars while those acting on endogenous compounds are in light green, in liver (A) and gills (B). CYP genes marked with “*” showed differential
expression (Log, fold change > = 1 and FDR < 0.05). Only CYP genes that meet the criteria of (i) being present in both assemblies and (ii) have
known function were considered. Full-size &) DOT: 10.7717/peerj.16925/fig-5

Additionally, the analysis of differential expression conducted on B. microlepidotus
populations across three polluted sites and one non-polluted site revealed two additional
patterns: (i) most CYP genes were not dysregulated, but those differentially expressed were
mainly downregulated at polluted sites; and (ii) for the seven CYP genes present in both,
liver and gill, those associated with exogenous compounds were differentially expressed in
gills, while those associated with endogenous compounds were differentially expressed in
the liver.

Organ-related differential gene expression has been well documented. Yuan et al. (2013)
characterized and measured the expression of five CYP genes in different tissues of the rare
minnow (Gobiocypris rarus) after BAP exposure. CYP1A, CYP1B, and CYP1C were
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strongly upregulated in the liver, gills, and intestine, while CYP2Y3 was only upregulated
in the liver (Yuan et al., 2013). Populations of the mussel Mytilus galloprovincialis exposed
to different pollutant levels at six coastal sites around Portugal showed different
glutathione S-transferase (GST) gene expression patterns in the gills and digestive gland.
This gene is well-known to be related to oxidative stress and is more highly expressed in
the digestive gland than in the gills (Hoarau et al., 2006). Therefore, the organ chosen for
biomonitoring with CYP genes is relevant to interpreting the gene expression pattern
accurately.

CYP gene downregulation has been previously reported in the brain of the Fundulus
heteroclitus fish naturally exposed to persistent toxic chemicals (Fisher ¢ Oleksiak, 2007).
That study found that two different CYP genes (CYP1B1 and CYP family 2 subfamily N
member 2 (CYP2N2)) associated with exogenous compounds were downregulated at all
polluted sites, suggesting a possible convergent adaptation to chronic pollution related to
reduced procarcinogenic compound activation. In our study, two CYP genes (CYP1A and
CYP4B1) were differentially expressed (downregulated) at all polluted sites, suggesting that
an adaptive mechanism to chronic pollution (due to wastewater discharge and agriculture
activities) could be ongoing in this species at these sites. Another study by Leaver et al.
(2010) found a similar pattern in the European flounder (Platichthys flesus) chronically
exposed to coastal sediments with multiple contaminants. They described that hepatocytes
from exposed fish had decreased CYP1A expression, a gene typically upregulated by
short-term chemical exposure. They attributed this evidence to low pollutant
bioaccumulation or poor responsive behavior associated with long-term exposure to
polycyclic aromatic hydrocarbons (PAHs; Leaver et al., 2010). The decreased CYP gene
expression could be associated with global desensitization of the aryl hydrocarbon receptor
(AHR) signaling pathway, which is activated by organic xenobiotics such as PAHs and is
known to promote CYP1A gene expression in fish (Zhou et al., 2010).

This desensitization response has been shown in natural Fundulus grandis populations
inhabiting polluted environments (Oziolor et al., 2019). AHR gene knockdown in zebrafish
protected embryos against PAHs (Billiard et al., 2006). Studies in killifish (Fundulus
heteroclitus) exposed to chronic pollution have also shown this AHR desensitization
pattern (Whitehead et al., 2017). In our study, we find downregulation of CYP1A gene, an
AHR regulated gene, in the gills of Basilichthys microlepidotus at all polluted sites,
suggesting this could be an adaptation to chronic pollution to reduce toxic effects and
chemical stress.

The second pattern found in this study was the relationship in response to pollution
between tissue and the compound type on which the CYP gene family acts. To our
knowledge, this pattern has not been reported before, and we hypothesize that it is related
to two fundamental aspects: organ function and adaptation to polluted environments.
For our study, we selected two of the most studied organs, the liver and gills, to test
pollution’s effect on fish, which have shown different responses to chemical pollution,
including biochemical, histological, and differential gene expression (Abdel-Moneim,
Al-Kahtani & Elmenshawy, 2012; Oliva et al., 2014). The liver is associated with different
metabolic pathways associated with endogenous and exogenous compounds. It has been
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shown that CYP26B1 and CYP27Cl1 are associated with vitamin A metabolism (Zhao,
Dobbs-McAuliffe ¢ Linney, 2005; Enright et al., 2015). Vitamin A is an important
micronutrient stored as retinol in the liver, participating in different biological processes
such as vision and cell differentiation and proliferation throughout the life of organisms
(Hernandez ¢ Hardy, 2020). It is well documented that organic pollutants affect the retinol
status in the liver of exposed fishes, where a high concentration of these pollutants depletes
the retinol content (Rolland, 2000).

Conversely, fatty acid metabolism is also affected by pollution (Yousafzai ¢ Shakoori,
2011), potentially related to CYP4B1 activity, whose gene was downregulated in our study.
The gills are an important organ since they are the closest contact between a fish and its
environment. Here, we found that from the seven CYP genes that show differential
expression those related to exogenous compounds were downregulated in the gills,
potentially related to AHR pathway desensitization, as mentioned above for the liver.
The gills play an important role in exchanging some molecules with the environment and
facilitating the interaction with pollutants, affecting both gill morphology and physiology
(Evans, Piermarini & Choe, 2005). After seven days of exposure to Cd, Danio rerio gills
showed upregulation of genes associated with the oxidative stress response and
mitochondrial metabolism. However, the expression of most of these genes decreased to
their basal level after 21 days of exposure (Gonzalez et al., 2006). Similarly, Mustafayev ¢
Mekhtiev (2014) found that CYP genes were downregulated in the gills of Alburnoides
bipunctatus inhabiting polluted rivers. In addition, Whitehead et al. (2012) found CYP1A
upregulation in the gills of Fundulus heteroclitus exposed to the Deep-Water Horizon
event, a major oil spill.

An important point in this second pattern is the classification of CYP genes related to
their function (endogenous vs. exogenous compounds). According to Uno, Ishizuka ¢
Itakura (2012), some gene families act on exogenous compounds (e.g., CYP1), and others
act on endogenous compounds (e.g., CYP27) in fish. This pattern is also argued by Burkina
et al. (2021). However, recent studies show that some families that act on exogenous
compounds also have endogenous targets (Larigot et al., 2022) and vice versa (Roder et al.,
2023) in other vertebrates. Therefore, it is important to consider more studies in fish to
confirm the target compounds of the different CYP families.

Our results showed that CYP1A was downregulated at polluted sites. We hypothesize
that this results from chronic exposure to pollutants rather than an acute effect, as
described for species exposed to pollutants for short durations (Yuan et al., 2013).

The gene expression pattern observed in our study is similar to that observed in natural
Fundulus heteroclitus populations exposed to chronic pollution (Fisher ¢» Oleksiak, 2007).
However, this pattern could be related to the pattern observed for Danio rerio after several
days of exposure described above (Gonzalez et al., 2006), leading to basal gene expression,
which is far from the upregulation observed in acute exposure (Yuan et al., 2013). Our
results suggest an association between tissue sorting and the function of CYP family genes
in response to pollution. This association reveals a distinction between CYP genes related
to endogenous and exogenous compounds. Therefore, the observed expression pattern
could impact the interpretation of CYP gene expression as a biomarker of pollution.
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The CYP genes have received significant attention as pollution biomarkers, particularly
CYP1A. However, this discussion has been around elements such as expression threshold
or biomarker classification, in most cases associated with upregulation, regardless of the
chronic responses in this gene family (Oris ¢ Roberts, 2013). Overall, our results in
chronically polluted natural populations suggest that environmental impact studies should
focus on the organ and CYP gene studied and their interactions.

CONCLUSIONS

Most of the CYP genes detected in this study did not present differential expression.
However, in the seven CYP genes that did show variation, downregulation was detected in
the polluted sites, three of them are differentially expressed in the gills and act on
exogenous compounds, while the four differentially expressed in the liver act on
endogenous compounds.

The downregulation detected suggested adaptation to chronic pollution environments,
as has been suggested before for other species with similar CYP response pattern, while the
differential expression of genes acting on endogenous or exogenous compounds could be
related to the organ function, with gill being a more exposed organ interacting closely with
exogenous compounds and liver as an organ responsible of many metabolic pathways and
related to many endogenous compounds. Overall, our study suggests the existence of an
interaction between gene family and tissue in the gene expression response to pollution,
then, it is necessary to take this into account for biomonitoring in chronically polluted
environments with CYP genes.

ACKNOWLEDGEMENTS
Thanks to R Gauci and Matias Briones for help during field work.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the Fondo Nacional de Desarrollo Cientifico y Tecnoldgico
(11150213). David Veliz was supported by the Chilean Millennium Initiative grant
ESMOIL. Jorge Cortés-Miranda was supported by Agencia Nacional de Investigacion for
Doctoral Fellowship (21200769) and doctoral thesis fellowship (242220080). The APC was
funded by the UTAMayor 9737-23 and Nucleo Milenio INVASAL NCN2021-056. The
funders had no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:
Fondo Nacional de Desarrollo Cientifico y Tecnoldgico: 11150213.
Chilean Millennium Initiative grant ESMOI.

Agencia Nacional de Investigacion: 21200769 and 242220080.

Cortés-Miranda et al. (2024), PeerdJ, DOI 10.7717/peerj.16925 17/24


http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

UTAMayor: 9737-23.
Nucleo Milenio: INVASAL NCN2021-056.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions

e Jorge Cortés-Miranda conceived and designed the experiments, performed the
experiments, analyzed the data, prepared figures and/or tables, authored or reviewed
drafts of the article, and approved the final draft.

e Noemi Rojas-Hernandez performed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

e Gigliola Munoz performed the experiments, analyzed the data, authored or reviewed
drafts of the article, and approved the final draft.

e Sylvia Copaja conceived and designed the experiments, authored or reviewed drafts of
the article, and approved the final draft.

e Claudio Quezada-Romegialli conceived and designed the experiments, authored or
reviewed drafts of the article, and approved the final draft.

e David Veliz conceived and designed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.

e Caren Vega-Retter conceived and designed the experiments, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body
and any reference numbers):

Ethics committee of the Universidad de Chile and complied with existing laws in Chile
(Resolucion Exenta No. 3078 Subsecretaria de Pesca).

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Sampling at Maipo River was approved by Subsecretaria de Pesca y Acuicultura de Chile
(Resolucion Exenta No. 3078 Subsecretaria de Pesca).

Data Availability
The following information was supplied regarding data availability:

The data for RSEM counts of differentially expressed CYP genes in liver and gill tissue,
and physical and chemical data are available at the repository of Universidad de Chile:
Cortés-Miranda, Jorge; Rojas-Hernandez, Noemi; Mufoz, Gigliola; Copaja, Sylvia;
Quezada-Romegialli, Claudio; Veliz, David; Vega-Retter, Caren, 2022, “La seleccién de
biomarcadores depende de la funcién genética y del 6rgano: el caso de los genes de la
familia del citocromo P450 en peces de agua dulce expuestos a contaminacién croénica”,

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 18/24


http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

https://doi.org/10.34691/UCHILE/QL5IDX, Repositorio de datos de investigacion de la
Universidad de Chile, V1, UNF:6:pZ4dfwlgy8yenZowsrtHKw== [fileUNF].

The raw sequencing data is available in GenBank and BioSample: PRJNA1033453:
SAMN38033975-SAMN38034018.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16925#supplemental-information.

REFERENCES

Abdel-Moneim AM, Al-Kahtani MA, Elmenshawy OM. 2012. Histopathological biomarkers in
gills and liver of Oreochromis niloticus from polluted wetland environments, Saudi Arabia.
Chemosphere 88(8):1028-1035 DOI 10.1016/j.chemosphere.2012.04.001.

Baer BR, Rettie AE. 2006. CYP4B1: an enigmatic P450 at the interface between xenobiotic and
endobiotic metabolism. Drug Metabolism Reviews 38(3):451-476
DOI 10.1080/03602530600688503.

Bahamondes I, Soto D, Vila 1. 1979. Hébitos alimentarios de las especies de Atherinidae del
Embalse Rapel [Feeding habits of Atherinidae species in Rapel Reservoir]. Medio Ambiente
4:3-18 (in Spanish).

Baillon L, Pierron F, Vega-Ceja R, Normendeau E, Caron A, Peluhet L, Labadie P, Budzinski H,
Durrieu G, Sarraco J, Elie P, Couture P, Baudrimont M, Bernatchez L. 2015. Transcriptome
profile analysis reveals specific signatures of pollutants in Atlantic eels. Ecotoxicology
24(1):71-84 DOI 10.1007/s10646-014-1356-x.

Bélanger-Deschénes S, Couture P, Campbell PG, Bernatchez L. 2013. Evolutionary change
driven by metal exposure as revealed by coding SNP genome scan in wild yellow perch (Perca
flavescens). Ecotoxicology 22(5):938-957 DOI 10.1007/s10646-013-1083-8.

Ben-Khedher S, Chérif S, El Menif NT, Aissa P. 2013. Biochemical effects in crabs (Carcinus
maenas) and contamination levels in the Bizerta Lagoon: an integrated approach in
biomonitoring of marine complex pollution. Environmental Science and Pollution Research
20(4):2616-2631 DOI 10.1007/s11356-012-1156-x.

Berger KC, Truog E. 1939. Boron determination in soils and plants. Industrial & Engineering
Chemistry Analytical Edition 11(10):540-545 DOI 10.1021/ac50138a007.

Billiard SM, Timme-Laragy AR, Wassenberg DM, Cockman C, Di Giulio RT. 2006. The role of
the aryl hydrocarbon receptor pathway in mediating synergistic developmental toxicity of
polycyclic aromatic hydrocarbons to zebrafish. Toxicological Sciences 92(2):526-536
DOI 10.1093/toxsci/kfl011.

Blakemore LC, Searle PL, Daly BK. 1987. Methods for chemical analysis of soils. In: New Zealand
Soil Bureau Scientific Report. Vol. 80. Lower Hurt, New Zealand: NZ Soil Bureau
DOI 10.7931/DL1-SBSR-10A.

Bremner JM. 1960. Determination of nitrogen in soil by the Kjeldahl method. The Journal of
Agricultural Science 55(1):11-33 DOI 10.1017/50021859600021572.

Burkina V, Zamaratskaia G, Sakalli S, Giang PT, Zlabek V, Rasmussen MK. 2021. Tissue-
specific expression and activity of cytochrome P450 1A and 3A in rainbow trout (Oncorhynchus
mykiss). Toxicology Letters 341:1-10 DOI 10.1016/j.toxlet.2021.01.011.

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 19/24


https://doi.org/10.34691/UCHILE/QL5IDX
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA1033453
https://www.ncbi.nlm.nih.gov/biosample/SAMN38033975/
https://www.ncbi.nlm.nih.gov/biosample/SAMN38034018/
http://dx.doi.org/10.7717/peerj.16925#supplemental-information
http://dx.doi.org/10.7717/peerj.16925#supplemental-information
http://dx.doi.org/10.1016/j.chemosphere.2012.04.001
http://dx.doi.org/10.1080/03602530600688503
http://dx.doi.org/10.1007/s10646-014-1356-x
http://dx.doi.org/10.1007/s10646-013-1083-8
http://dx.doi.org/10.1007/s11356-012-1156-x
http://dx.doi.org/10.1021/ac50138a007
http://dx.doi.org/10.1093/toxsci/kfl011
http://dx.doi.org/10.7931/DL1-SBSR-10A
http://dx.doi.org/10.1017/S0021859600021572
http://dx.doi.org/10.1016/j.toxlet.2021.01.011
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

Chang Z, Li G, Liu J, Zhang Y, Ashby C, Liu D, Cramer CL, Huang X. 2015. Bridger: a new
framework for de novo transcriptome assembly using RNA-seq data. Genome Biology
16(1):1-10 DOI 10.1186/s13059-014-0572-2.

Clesceri L, Greenberg A, Eaton A. 2005. Standard Methods for the Examination of Water and
Wastewater. Twenty First Edition. Washington: American Public Health Association; American
Water Works Association; Water Environment Federation.

Comte S, Vila I. 1992. Spawning of Basilichthys microlepidotus (Jenyns). Journal of Fish Biology
41(6):971-981 DOI 10.1111/j.1095-8649.1992.tb02724 x.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, Robles M. 2005. Blast2GO: a universal
tool for annotation, visualization and analysis in functional genomics research. Bioinformatics
21(18):3674-3676 DOI 10.1093/bioinformatics/bti610.

Copaja SV, Muiioz FJ. 2018. Heavy metals concentration in sediment of Lluta river basin. Journal
of the Chilean Chemical Society 63(1):3878-3883 DOI 10.4067/s0717-97072018000103878.

Copaja SV, Niiiez S, Veliz D. 2014. Determination of soluble salts in interstitial water of fluvial
sediments by IE-HPLC. Journal of the Chilean Chemical Society 59(1):2366-2372
DOI 10.4067/S0717-97072014000100026.

Cortés-Miranda J, Véliz D, Flores-Prado L, Sallaberry M, Vega-Retter C. 2022. Genetic diversity
and origin of a fish population recently colonizing a reservoir: the case of Basilichthys
microlepidotus, central Chile. Population Ecology 64(3):227-237
DOI 10.1002/1438-390X.12118.

Decreto 53. 2014. Ministry of Environment. Available at https://ben.cl/2l1dc [In Spanish].

Direccion General de aguas. 2004. Diagnosis and classification of courses and bodies of water
according to quality objectives, Maipo River basin. Ministerio de Obras Publicas, Gobierno de
Chile [In Spanish].

Duarte W, Feito R, Jara C, Moreno C, Orellana AE. 1971. Ictiofauna del sistema hidrografico del
Rio Maipo [Ichthyofauna of the hydrographic system of the Maipo River]. Boletin del Museo
Nacional de Historia Natural de Santiago 32:227-268 [In Spanish]

DOI 10.54830/bmnhn.v32.1971.561.

Eide M, Zhang X, Karlsen OA, Goldstone JV, Stegeman J, Jonassen I, Goksoyr A. 2021. The
chemical defensome of five model teleost fish. Scientific Reports 11(1):1-13
DOI 10.1038/s41598-021-89948-0.

Enright JM, Toomey MB, Sato S, Temple SE, Allen JR, Fujiwara R, Kramlinger VR, Nagy LD,
Johnson KM, Xiao Y, How M], Jhonson SL, Roberts NW, Kefalov VJ, Guengerich FP,
Corbo JC. 2015. Cyp27cl red-shifts the spectral sensitivity of photoreceptors by converting
vitamin Al into A2. Current Biology 25(23):3048-3057 DOI 10.1016/j.cub.2015.10.018.

Evans DH, Piermarini PM, Choe KP. 2005. The multifunctional fish gill: dominant site of gas
exchange, osmoregulation, acid-base regulation, and excretion of nitrogenous waste.
Physiological Reviews 85(1):97-177 DOI 10.1152/physrev.00050.2003.

Fisher MA, Oleksiak MF. 2007. Convergence and divergence in gene expression among natural
populations exposed to pollution. BMC Genomics 8(1):108 DOI 10.1186/1471-2164-8-108.
Gokseyr A. 1995. Use of cytochrome P450 1A (CYP1A) in fish as a biomarker of aquatic pollution.
In: Degen GH, Seiler JP, Bentley P, eds. Toxicology in Transition Arch Toxicol. Vol. 17. Berlin,

Heidelberg: Springer, 80-95.

Goldstone JV, Hamdoun A, Cole B], Howard-Ashby M, Nebert DW, Scally M, Dean M, Epel D,

Hahn ME, Stegeman J. 2006. The chemical defensome: environmental sensing and response

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 20/24


http://dx.doi.org/10.1186/s13059-014-0572-2
http://dx.doi.org/10.1111/j.1095-8649.1992.tb02724.x
http://dx.doi.org/10.1093/bioinformatics/bti610
http://dx.doi.org/10.4067/s0717-97072018000103878
http://dx.doi.org/10.4067/S0717-97072014000100026
http://dx.doi.org/10.1002/1438-390X.12118
https://bcn.cl/2l1dc
http://dx.doi.org/10.54830/bmnhn.v32.1971.561
http://dx.doi.org/10.1038/s41598-021-89948-0
http://dx.doi.org/10.1016/j.cub.2015.10.018
http://dx.doi.org/10.1152/physrev.00050.2003
http://dx.doi.org/10.1186/1471-2164-8-108
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

genes in the Strongylocentrotus purpuratus genome. Developmental Biology 300(1):366-384
DOI 10.1016/j.ydbio.2006.08.066.

Gomez J, De La Maza C, Melo O. 2014. Restoring environmental flow: buy-back costs and
pollution-dilution as a compliance with water quality standards. Water policy 16(5):864-879
DOI 10.2166/wp.2014.091.

Gonzalez P, Baudrimont M, Boudou A, Bourdineaud JP. 2006. Comparative effects of direct
cadmium contamination on gene expression in gills, liver, skeletal muscles and brain of the
zebrafish (Danio rerio). Biometals 19(3):225-235 DOI 10.1007/s10534-005-5670-x.

Hernandez LH, Hardy RW. 2020. Vitamin A functions and requirements in fish. Aquaculture
Research 51(8):3061-3071 DOI 10.1111/are.14667.

Hoarau P, Damiens G, Roméo M, Gnassia-Barelli M, Bebianno M]J. 2006. Cloning and
expression of a GST-pi gene in Mytilus galloprovincialis. Attempt to use the GST-pi transcript as
a biomarker of pollution. Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 143(2):196-203 DOI 10.1016/j.cbpc.2006.02.007.

Instituto Nacional de Estadistica (INE). 2017. Population and Housing Census 2017. Chile:
Instituto Nacional de Estadistica [In Spanish].

Jackson MC, Loewen CJ, Vinebrooke RD, Chimimba CT. 2016. Net effects of multiple stressors
in freshwater ecosystems: a meta-analysis. Global Change Biology 22(1):180-189
DOI 10.1111/gcb.13028.

Langmead B, Salzberg SL. 2017. Fast gapped-read alignment with Bowtie 2. Nature Methods
9(4):357-359 2012 DOI 10.1038/nmeth.1923.

Larigot L, Benoit L, Koual M, Tomkiewicz C, Barouki R, Coumoul X. 2022. Aryl hydrocarbon
receptor and its diverse ligands and functions: an exposome receptor. Annual Review of
Pharmacology and Toxicology 62(1):383-404 DOI 10.1146/annurev-pharmtox-052220-115707.

Leaver MJ, Diab A, Boukouvala E, Williams TD, Chipman JK, Moffat CF, Robinson CD,
George SG. 2010. Hepatic gene expression in flounder chronically exposed to multiply polluted
estuarine sediment: absence of classical exposure biomarker signals and induction of
inflammatory, innate immune and apoptotic pathways. Aquatic Toxicology 96(3):234-245
DOI 10.1016/j.aquatox.2009.10.025.

Lee HS, Yang M. 2008. Applications of CYP-450 expression for biomonitoring in environmental
health. Environmental Health and Preventive Medicine 13(2):84-93
DOI 10.1007/s12199-007-0009-6.

Li B, Dewey CN. 2011. RSEM: accurate transcript quantification from RNA-Seq data with or
without a reference genome. BMC Bioinformatics 12(1):1-16 DOI 10.1186/1471-2105-12-323.

Li L, Wei Y, Van Winkle L, Zhang Q, Zhou X, Hu J, Xie F, Kluetzman K, Ding X. 2011.
Generation and characterization of a Cyp2f2-null mouse and studies on the role of CYP2F2 in
naphthalene-induced toxicity in the lung and nasal olfactory mucosa. Journal of Pharmacology
and Experimental Therapeutics 339(1):62-71 DOI 10.1124/jpet.111.184671.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biology 15(12):550 DOI 10.1186/s13059-014-0550-8.
Martin M. 2011. Cutadapt removes adapter sequences from high-throughput sequencing reads.

EMBnet.Journal 17(1):10-12 DOI 10.14806/¢j.17.1.200.

Ministerio del Medio Ambiente. 2022. Regulations for the classification of wild species (In
Spanish). Available at https://clasificacionespecies.mma.gob.cl/.

Mustafayev NJ, Mekhtiev AA. 2014. Character of changes in serotonin-modulating
anticonsolidation protein and cytochrome P-450 in tissues of Alburnoides bipunctatus eichwaldi

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 21/24


http://dx.doi.org/10.1016/j.ydbio.2006.08.066
http://dx.doi.org/10.2166/wp.2014.091
http://dx.doi.org/10.1007/s10534-005-5670-x
http://dx.doi.org/10.1111/are.14667
http://dx.doi.org/10.1016/j.cbpc.2006.02.007
http://dx.doi.org/10.1111/gcb.13028
http://dx.doi.org/10.1038/nmeth.1923
http://dx.doi.org/10.1146/annurev-pharmtox-052220-115707
http://dx.doi.org/10.1016/j.aquatox.2009.10.025
http://dx.doi.org/10.1007/s12199-007-0009-6
http://dx.doi.org/10.1186/1471-2105-12-323
http://dx.doi.org/10.1124/jpet.111.184671
http://dx.doi.org/10.1186/s13059-014-0550-8
http://dx.doi.org/10.14806/ej.17.1.200
https://clasificacionespecies.mma.gob.cl/
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

caught in the rivers of Azerbaijan Republic. Journal of Evolutionary Biochemistry and Physiology
50(3):215-220 DOIT 10.1134/5002209301403003X.

Nebert DW, Dalton TP, Okey AB, Gonzalez FJ. 2004. Role of aryl hydrocarbon
receptor-mediated induction of the CYP1 enzymes in environmental toxicity and cancer.
Journal of Biological Chemistry 279(23):23847-23850 DOI 10.1074/jbc.R400004200.

Oliva M, Gravato C, Guilhermino L, Galindo-Riafio MD, Perales JA. 2014. EROD activity and
cytochrome P4501A induction in liver and gills of Senegal sole Solea senegalensis from a polluted
Huelva Estuary (SW Spain). Comparative Biochemistry and Physiology Part C: Toxicology &
Pharmacology 166(3):134-144 DOI 10.1016/j.cbpc.2014.07.010.

Oris JT, Roberts AP. 2013. Cytochrome P450 1A (CYP1A) as a biomarker in oil spill assessments.
Cambridge, England: Cambridge University Press, 201-219.

Oziolor EM, Reid NM, Yair S, Lee KM, Guberman VerPloeg S, Bruns PC, Shaw JR,
Whitehead A, Matson C. 2019. Adaptive introgression enables evolutionary rescue from
extreme environmental pollution. Science 364(6439):455-457 DOI 10.1126/science.aav4155.

Quezada-Romegialli C, Fuentes M, Veliz D. 2010. Comparative population genetics of
Basilichthys microlepidotus (Atheriniformes: Atherinopsidae) and Trichomycterus areolatus
(Siluriformes: Trichomycteridae) in north central Chile. Environmental Biology of Fishes
89(2):173-186 DOI 10.1007/s10641-010-9710-1.

R Core Team. 2023. R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. Available at https://www.r-project.org/.

Ragusa MA, Nicosia A, Costa S, Cuttitta A, Gianguzza F. 2017. Metallothionein gene family in
the sea urchin Paracentrotus lividus: gene structure, differential expression and phylogenetic
analysis. International Journal of Molecular Sciences 18(4):812 DOI 10.3390/ijms18040812.

Rhee JS, Raisuddin S, Hwang DS, Lee KW, Kim IC, Lee JS. 2009. Differential expression of
metallothionein (MT) gene by trace metals and endocrine-disrupting chemicals in the
hermaphroditic mangrove killifish, Kryptolebias marmoratus. Ecotoxicology and Environmental
Safety 72(1):206-212 DOI 10.1016/j.ecoenv.2008.06.001.

Rolland RM. 2000. A review of chemically-induced alterations in thyroid and vitamin A status
from field studies of wildlife and fish. Journal of Wildlife Diseases 36(4):615-635
DOI 10.7589/0090-3558-36.4.615.

Roder A, Hiisken S, Hutter MC, Rettie AE, Hanenberg H, Wiek C, Girhard M. 2023. Spotlight
on CYP4B1. International Journal of Molecular Sciences 24(3):2038 DOI 10.3390/ijms24032038.

Sadzawka R, Carrasco R, Grez Z, Mora G, Flores P, Alexander. 2006. Métodos de andlisis
recomendados para los suelos de Chile. Vol. 34. Santiago, Chile: Serie Actas-Instituto de
Investigaciones Agropecuarias. In Spanish. Available at https://hdl.handle.net/20.500.14001/
8541.

Sage RF. 2020. Global change biology: a primer. Global Change Biology 26(1):3-30
DOI 10.1111/gcb.14893.

Schroeder A, Mueller O, Stocker S, Salowsky R, Leiber M, Gassmann M, Lightfood S, Menzel W,
Granzow M, Ragg T. 2006. The RIN: an RNA integrity number for assigning integrity values to
RNA measurements. BMC Molecular Biology 7(1):3-14 DOI 10.1186/1471-2199-7-3.

Scornaienchi ML, Thornton C, Willett KL, Wilson JY. 2010. Cytochrome P450-mediated 17f-
estradiol metabolism in zebrafish (Danio rerio). Journal of Endocrinology 206(3):317-327
DOI 10.1677/JOE-10-0075.

Soldérzano L. 1969. Determination of ammonia in natural water by the phenolhypoclorite method.
Limnology and Oceanography 14(5):799-801 DOI 10.4319/10.1969.14.5.0799.

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 22/24


http://dx.doi.org/10.1134/S002209301403003X
http://dx.doi.org/10.1074/jbc.R400004200
http://dx.doi.org/10.1016/j.cbpc.2014.07.010
http://dx.doi.org/10.1126/science.aav4155
http://dx.doi.org/10.1007/s10641-010-9710-1
https://www.r-project.org/
http://dx.doi.org/10.3390/ijms18040812
http://dx.doi.org/10.1016/j.ecoenv.2008.06.001
http://dx.doi.org/10.7589/0090-3558-36.4.615
http://dx.doi.org/10.3390/ijms24032038
https://hdl.handle.net/20.500.14001/8541
https://hdl.handle.net/20.500.14001/8541
http://dx.doi.org/10.1111/gcb.14893
http://dx.doi.org/10.1186/1471-2199-7-3
http://dx.doi.org/10.1677/JOE-10-0075
http://dx.doi.org/10.4319/lo.1969.14.5.0799
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

Strickland JDH. 1968. A practical handbook of seawater analysis; Pigment analysis. Journal of the
Fisheries Research Board of Canada 167:185-194.

Therneau T, Hart S, Kocher J. 2023. Calculating samples size estimates for RNA Seq studies. R
package version 1.40.0 DOI 10.18129/B9.bioc. RNASeqPower.

Uno T, Ishizuka M, Itakura T. 2012. Cytochrome P450 (CYP) in fish. Environmental Toxicology
and Pharmacology 34(1):1-13 DOI 10.1016/j.etap.2012.02.004.

Vega-Retter C, Muiioz-Rojas P, Vila I, Copaja S, Véliz D. 2014. Genetic effects of living in a
highly polluted environment: the case of the silverside Basilichthys microlepidotus (Jenyns)
(Teleostei: atherinopsidae) in the Maipo River basin, central Chile. Population Ecology
56(4):569-579 DOI 10.1007/s10144-014-0444-3.

Vega-Retter C, Rojas-Hernandez N, Vila I, Espejo R, Loyola DE, Copaja S, Briones M,

Nolte AW, Véliz D. 2018. Differential gene expression revealed with RNA-Seq and parallel
genotype selection of the ornithine decarboxylase gene in fish inhabiting polluted areas. Scientific
Reports 8(1):16097 DOI 10.1038/541598-018-23182-z.

Vega-Retter C, Vila I, Véliz D. 2015. Signatures of directional and balancing selection in the
silverside Basilichthys microlepidotus (Teleostei: Atherinopsidae) inhabiting a polluted river.
Evolutionary Biology 42(2):156-168 DOI 10.1007/s11692-015-9307-x.

Vega-Retter C, Véliz D. 2014. Liver transcriptome characterization of the endangered freshwater
silverside Basilichthys microlepidotus (Teleostei: Atherinopsidae) using next generation
sequencing. Marine Genomics 18:147-150 DOI 10.1016/j.margen.2014.10.004.

Veliz D, Catalan L, Pardo R, Acuna P, Diaz Lorca A, Poulin E, Vila Pinto I. 2012. The genus
Basilichthys (Teleostei: Atherinopsidae) revisited along its Chilean distribution range (210 to 400
S) using variation in morphology and mtDNA. Revista Chilena De Historia Natural 85(1):49-59
DOI 10.4067/50716-078X2012000100004.

Veliz D, Rojas-Hernandez N, Copaja S, Vega-Retter C. 2020. Temporal changes in gene
expression and genotype frequency of the ornithine decarboxylase gene in native silverside
Basilichthys microlepidotus: impact of wastewater reduction due to implementation of public
policies. Evolutionary Applications 13(6):1183-1194 DOI 10.1111/eva.13000.

Venables WN, Ripley BD. 2002. Modern Applied Statistics with S. Fourth Edition. New York:
Springer.

Whitehead A, Clark BW, Reid NM, Hahn ME, Nacci D. 2017. When evolution is the solution to
pollution: key principles, and lessons from rapid repeated adaptation of killifish (Fundulus
heteroclitus) populations. Evolutionary Applications 10(8):762-783 DOI 10.1111/eva.12470.

Whitehead A, Dubansky B, Bodinier C, Garcia TI, Miles S, Pilley C, Raghunathan V, Roach JL,
Walker N, Walter RB, Rice CD, Galvez F. 2012. Genomic and physiological footprint of the
Deepwater Horizon oil spill on resident marsh fishes. Proceedings of the National Academy of
Sciences of the United States of America 109(50):20298-20302 DOI 10.1073/pnas.1109545108.

Wong CK, Yeung HY, Woo PS, Wong MH. 2001. Specific expression of cytochrome P4501A1
gene in gill, intestine and liver of tilapia exposed to coastal sediments. Aquatic Toxicology
54(1-2):69-80 DOI 10.1016/S0166-445X(00)00173-9.

Yang YH, Miranda CL, Henderson MC, Wang-Bubhler JL, Buhler DR. 2000. Heterologous
expression of Cyp2kl and identification of the expressed protein (bv-Cyp2k1) as lauric acid (w-

1)-hydroxylase and aflatoxin blexo-epoxidase. Drug Metabolism and Disposition
28(11):1279-1283.

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 23/24


http://dx.doi.org/10.18129/B9.bioc.RNASeqPower
http://dx.doi.org/10.1016/j.etap.2012.02.004
http://dx.doi.org/10.1007/s10144-014-0444-3
http://dx.doi.org/10.1038/s41598-018-23182-z
http://dx.doi.org/10.1007/s11692-015-9307-x
http://dx.doi.org/10.1016/j.margen.2014.10.004
http://dx.doi.org/10.4067/S0716-078X2012000100004
http://dx.doi.org/10.1111/eva.13000
http://dx.doi.org/10.1111/eva.12470
http://dx.doi.org/10.1073/pnas.1109545108
http://dx.doi.org/10.1016/S0166-445X(00)00173-9
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

Peer/

Yousafzai AM, Shakoori AR. 2011. Hepatic responses of a freshwater fish against aquatic
pollution. Pakistan Journal of Zoology 43(2):209-221.

Yuan L, Lv B, Zha J, Wang Z, Wang W, Li W, Zhu L. 2013. New cytochrome P450 1B1, 1Cl1, 2Aa,
2Y3, and 2K genes from Chinese rare minnow (Gobiocypris rarus): molecular characterization,
basal expression and response of rare minnow CYP1s and CYP2s mRNA exposed to the AHR
agonist benzo [a] pyrene. Chemosphere 93(2):209-216 DOI 10.1016/j.chemosphere.2013.04.064.

Zeitoun M, Mehana E. 2014. Impact of water pollution with heavy metals on fish health: overview
and updates. Global Veterinaria 12(2):219-231.

Zhao Q, Dobbs-McAuliffe B, Linney E. 2005. Expression of cyp26bl during zebrafish early
development. Gene Expression Patterns 5(3):363-369 DOI 10.1016/j.modgep.2004.09.011.

Zhou H, Wu H, Liao C, Diao X, Zhen J, Chen L, Xue Q. 2010. Toxicology mechanism of the
persistent organic pollutants (POPs) in fish through AhR pathway. Toxicology Mechanisms and
Methods 20(6):279-286 DOI 10.3109/15376516.2010.485227.

Zorita I, Apraiz I, Ortiz-Zarragoitia M, Orbea A, Cancio I, Soto M, Cajaraville MP. 2007.
Assessment of biological effects of environmental pollution along the NW Mediterranean Sea
using mussels as sentinel organisms. Environmental Pollution 148(1):236-250
DOI 10.1016/j.envpol.2006.10.022.

Cortés-Miranda et al. (2024), PeerJ, DOI 10.7717/peerj.16925 24/24


http://dx.doi.org/10.1016/j.chemosphere.2013.04.064
http://dx.doi.org/10.1016/j.modgep.2004.09.011
http://dx.doi.org/10.3109/15376516.2010.485227
http://dx.doi.org/10.1016/j.envpol.2006.10.022
http://dx.doi.org/10.7717/peerj.16925
https://peerj.com/

	Biomarker selection depends on gene function and organ: the case of the cytochrome P450 family genes in freshwater fish exposed to chronic pollution ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


