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Abstract 

Background: A prerequisite for long-term survival of populations under multi-stress conditions is their capacity to 
set up efficient adaptive strategies. However, changes in the activity of molecular biomarkers have been for decades 
considered as early signals of the deterioration of the fish health and evidence of stress-related adverse biological 
effects. The aim of this study was to show that such changes actually represent adaptive response of fish to chemical 
stress. Gene expression and enzyme activity level in liver and brain of specimens from two populations of Abramis 
brama from contrasted habitats (nature reserve and urban) were examined. Selected parameters included biomark-
ers of general stress, antioxidative defence, xenobiotic metabolism, endocrine disruption, glucose homeostasis, iron 
homeostasis, and neurotoxicity.

Results: Exposure of A. brama population from urban area to chemical stress was confirmed by assessment of 
chronic toxic pressure at fish habitats using Toxic Unit approach. The most pronounced response to chemical stress 
is observed through the activation of antioxidative defence mechanisms in brain and liver at gene and enzyme 
activity level, high biotransformation capacity of liver, and activation of mechanisms that will meet energy demands 
and compensate for the metabolic costs of the response to toxicants (higher expression of genes related to glucose 
homeostasis in the exposed population). Higher hepatosomatic index in the exposed population implies liver hyper-
trophy due to increased functional load caused by pollution. Body condition factors indicate good overall condition 
of both fish populations and confirm high efficacy of mobilized adaptation mechanisms in the exposed population.

Conclusions: The study provided the first data on basal expression of a number of genes in A. brama, potentially 
valuable for biomonitoring studies in absence of clear pollution gradient and/or reference sites (conditions). The study 
highlights importance of newly identified roles of various genes and proteins, typically considered as biomarkers of 
effects, and shows that changes in these parameters do not necessarily indicate the deterioration of the fish health. 
Such changes should be considered as adaptive response to chemical stress, rather than direct proof of ecological 
impact of pollution in situ.
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Background
In a constantly changing environment, under conditions 
of ever-increasing anthropogenic pressure, one of the 
greatest challenges aquatic wildlife faces is coping with 
chemical pollution. Surface waters contain tens to hun-
dreds of thousands of chemicals including plant protec-
tion products, biocides, pharmaceuticals, surfactants, 
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personal care products and many more together with 
numerous transformation products [1]. What is more, 
chemical pollution is often coupled with hydromor-
phological alterations and/or other stressors such as 
eutrophication, oxygen loss, pH and temperature varia-
tion, resulting in complex environmental change requir-
ing simultaneous activation of multiple biochemical and 
physiological control mechanisms in aquatic animals in 
order to survive.

The main intake routes of chemicals in fish are the 
gills, skin and the gut (via the food ingestion). In case of 
absorption through gills and skin, chemicals go directly 
into the bloodstream and to the most of the organs, 
while ingested chemicals first undergo initial intestinal 
metabolism, absorption and hepatic biotransformation 
[2]. Once they enter the organism, chemicals or their bio-
transformation products induce plethora of responses on 
various levels of organization in almost all organ systems, 
often resulting in mild to severe adverse effects. However, 
selection pressures associated with exposure to chemi-
cals have led to the evolution of tolerance, with the most 
important physiological adaptive mechanisms related 
to the metabolism and excretion of the target chemi-
cal, enhancements in antioxidant responses, and altera-
tions of the life cycle of fish [3]. Depending on the ability 
of species to cope with the chronic chemical stress, the 
overall responses might range from gradual population 
decline (sometimes resulting in species extinction) to 
the development of biochemical and physiological adap-
tations as mechanisms for successful maintenance of 
homeostasis in the polluted environment [3–6].

Phenotypic and physiological changes that develop as 
adaptations to toxic pressure have a confirmed or inferred 
genetic basis [7], but so far the processes are well under-
stood in a handful of species for a few chemicals only [3]. 
Most of the studies on dynamics of gene expression are 
focused on organisms under controlled laboratory condi-
tions, while data on expression variations in organisms 
under natural conditions are scarce [8]. Typically, labora-
tory species are aquarium or farm-reared fish, chosen for 
practical reasons (e.g., short generation time, small size, 
easy maintenance in aquaria), but their lower level of 
genetic diversity in comparison to wild populations can 
alter responses to anthropogenic chemicals [4]. Moreo-
ver, most of the existing studies focus on the effect of one 
specific stress factor in isolation, while aquatic organisms 
are typically exposed to multi-stress [9].

In environmental studies, physiological responses in 
wild fish on the level of gene expression and enzyme 
activity have been traditionally used as biomarkers of 
exposure and effects [10], tools supposed to provide 
information on subtle effects that inevitably precede 
organism/population level changes and announce or 

anticipate the typically adverse outcome of exposure to 
mixtures of toxicants in real-life conditions. In concert 
with a predictive mixture risk modeling, effect-based 
methods and field-derived species inventories, in  situ 
tests, among which biomarkers in wild or caged fish 
have a prominent role, have been recommended as one 
of the four lines of evidence for assessing the ecological 
impact of chemical pollution on aquatic ecosystems, to 
bridge the gap and establish causal links between typi-
cally disconnected chemical and ecological assessments 
[11, 12].

In the aquatic environment, a number of pollutants 
tend to accumulate in sediment and/or biomagnify in 
food chains, making benthivorous and piscivorous spe-
cies among the most exposed to their effects. One of such 
species is a freshwater cyprinid fish Abramis brama (L. 
1758; common bream), a bottom dwelling, typical ben-
thivorous fish, feeding on macrozoobenthos including 
oligochaetes, chironomid larvae, and bivalves [13]. Still, 
A. brama is considered as LC (Least Concern) species 
according to IUCN classification. It is autochthonous and 
widely distributed in Europe and abundantly represented 
in various freshwater fish communities [14, 15]. Stocks in 
a number of water bodies are stable. For example, during 
Joint Danube Survey 2 (JDS2) in 2007, it was the eighth 
[16], while 6 years later, it was the seventh most abundant 
of all identified fish species and also the second most 
abundant rheophilic B species collected during Joint 
Danube Survey 3 (JDS3) in 2013 [17]. Although there 
are a few examples of negative reactions of some popula-
tions to the anthropogenic pressures [5, 15], abundance 
and fitness of common bream in various watercourses 
indicate to their good adaptability and tolerance towards 
changeable temperature and trophic conditions as well as 
hydromorphological alterations [14, 15].

However, data on specific biochemical and physiologi-
cal adaptive strategies of A. brama exposed to various 
anthropogenic stressors including chemical pollution 
are scarce, especially on a level of early responses other 
than antioxidative defence. Therefore, we compared gene 
expression and enzyme activity level in liver and brain 
from two populations of wild fish, exposed to contrasted 
environmental conditions at two sites in the Serbian sec-
tion of the Danube River. We examined responses related 
to general stress, antioxidative defence, xenobiotic 
metabolism, endocrine disruption, glucose homeostasis, 
iron homeostasis, and neurotoxicity. Selected parameters 
were so far typically considered as biomarkers of effect 
in environmental studies, but here we discuss their role 
from a different angle as we hypothesize that the differ-
ences in responses of two populations represent adaptive 
mechanisms of wild fish population exposed to chronic 
toxic stress.
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Methods
Abramis brama populations
Specimens from wild A. brama populations exposed to 
contrasted environmental conditions at two sites in the 
Danube River in Serbia were studied. Reference population, 
living in the conditions of low overall anthropogenic pres-
sure and particularly low chemical stress, is represented by 
fish caught at the Special Nature Reserve “Gornje Podu-
navlje (Upper Danube)”, a wetland area of nearly 20,000 ha 
along the left bank of the River Danube between 1367 and 
1433 river km. Apart from being protected by national reg-
ulations and categorized as IUCN (International Union for 
Nature Conservation) category IV—Habitat and Species 
Management Area, it is also designated as a Ramsar site, 
Important Bird Area (IBA), Important Plant Area (IPA) 
and Emerald site. Exposed population, living in the condi-
tions of high anthropogenic pressure and consequent high 
chemical stress, is represented by fish caught downstream 
of the city of Novi Sad (1250 to 1252 river km). In this, 
urban area, the Danube River receives untreated munici-
pal wastewaters of the entire city of approximately 300,000 
inhabitants, as well as partly treated effluents from oil 
refinery and a number of diverse industrial facilities. Less 
than 10 river km downstream of City of Novi Sad, there is 
a 6000 ha big Special Nature Reserve “Kovilj-Petrovaradin 
Marches”. Similarly to Gornje Podunavlje, it is designated 
as a Ramsar site, IUCN category IV Area, IBA, IPA and 
Emerald site. The reserve is a suitable refuge for a num-
ber of rheophilic B fish species, including phytolithophilic 
A. brama, and provides adequate spawning habitat for the 
exposed population from our study.

Assessment of chronic toxic pressure at sampling sites 
using Toxic Unit (TU) approach
The chronic toxic pressure at sampling sites of interest 
for the study was evaluated using the Toxic Unit (TU) 
approach, assuming that concentration addition is a suit-
able concept for the mixture toxicity assessment [18]. 
Environmental concentrations of the substances used for 
TU calculations were taken over from the official report 
of the Serbian Environmental Protection Agency (SEPA) 
on surface and groundwater official monthly monitoring 
of priority substances in 2017 and 2018 [19, 20]. Also, 
toxic pressure was calculated from the data provided by 
detailed chemical analyses of water samples taken in the 
frame of Joint Danube Survey 3 (JDS3) and published by 
Liška et al. [21], as well as data from large volume sam-
pling (LVSPE) of Danube water in the area of Novi Sad by 
König et al. [22]. Concentrations of measured substances 
are given in Additional file 1: Tables S1–S4.

The Chronic Toxic Units (TUch) were calculated 
for each quantified chemical by dividing its measured 

environmental concentration  (conci) with average 
chronic No Observed Effect Concentration  (NOECi) for 
fish, daphnia and algae (back-calculated from the data-
base of Posthuma et al. [23] and given in Additional file 1: 
Tables S1–S4). The overall chronic toxic pressure is cal-
culated as arithmetic sum of chronic TUs and expressed 
as SUM TUch and also as chronic pressure from organic 
compounds SUM TUch org.

Fish sampling and tissue harvesting
Specimens of A. brama were caught during the spawn-
ing period, in May 2018, by fishing nets (fishing approved 
by Provincial Secretariat for Urban Planning and Envi-
ronmental Protection, Province of Vojvodina, Republic 
of Serbia, license no. 140-501-1316/2017-04). This study 
did not involve any experimental manipulation of fish. 
Fish were killed by a blow to the head and measured for 
standard length (cm), total length (cm) and weight (g). 
Fish were dissected, and their gender and maturity was 
determined by inspection of gonads. For all calculations, 
both sexes were combined.

From each fish, whole liver and brain were removed 
and weighted. One half of the tissue was immediately 
put on dry ice, and upon return to the laboratory trans-
ferred to − 80 °C, where samples were kept until further 
analyses (homogenization, determination of protein lev-
els and enzyme activity). Another half of the tissue was 
put in RNAlater (Sigma-Aldrich), and then transferred to 
− 20  °C until further processing (RNA isolation). Scales 
for age determination of fish were taken from the first 
row above the lateral line and below the insertion of the 
dorsal fin of the left side of the body. They were observed 
under the dissecting microscope and age was determined 
by counting annuli on the scale surface. This examination 
revealed they aged from 3 + to 6 + years.

Determination of somatic indices
Body condition factor (BCF) of fish was calculated 
according to formula:

Hepatosomatic index (HSI) was calculated according to 
formula:

SUM TUch =

i
∑

n

conci

NOECi

BCF =

whole body weight
(

g
)

total length3 (cm)
× 100

HSI =
liver weight

(

g
)

whole body weight
(

g
) × 100
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Enzyme activity assays
Brain and liver tissues were homogenized in ice-cold 
sodium phosphate buffer (0.1  M, pH 7.2) in 1:5 ratio 
(w/v). Homogenization was done on Disruptor Genie 
homogenizer (Scientific industries, USA), 2 min for liver 
samples and 1  min for brain samples, in 1.5  ml Eppen-
dorf tubes with 5 stainless steel bead beaters (1.5  mm 
dia.) and ~ 10 glass bead beaters (0.5  mm dia.), previ-
ously UV sterilized and autoclaved (beads manufac-
tured by Biospec products, USA). Homogenates were 
centrifuged at 9000×g, 20 min, 4  °C. Supernatants were 
collected, divided into aliquots, and used for enzyme 
activity measurements as enzyme source. In all enzyme 
assays, enzyme activity was determined photometri-
cally using Multiskan™ GO microplate spectrophotom-
eter (Thermo Scientific). Protein concentration in each 
sample was determined using Pierce BCA Protein Assay 
Kit (ThermoFisher Scientific), in triplicates, following 
the manufacturer’s instructions, also using Multiskan™ 
GO microplate spectrophotometer (Thermo Scientific). 
Obtained values were used for the expression of enzyme 
activities per mg of proteins.

Catalase (CAT) activity was measured by the method 
described by Claiborne [24], and as modified by Velki et al. 
[25]. In our study, the procedure was adapted for measure-
ment in 96-well plates. In each well, the reaction mixture 
contained: 120  µl (for liver samples) or 100  µl (for brain 
samples) of sodium phosphate buffer (0.1  M, pH 7.2), 
125 µl of 0.04 M hydrogen peroxide (Sigma-Aldrich), and 
the reaction was initiated by adding 5 µl of liver samples or 
25 µl of brain samples. The decrease in absorbance due to 
hydrogen peroxide decomposition was measured in tripli-
cates at 240 nm, for 3 min, in 7 (30 s) steps, at 25 °C. The 
CAT activity was expressed as μmol of hydrogen peroxide 
decomposed per 1  min/mg of proteins. Molar extinction 
coefficient of 43.6 M−1 cm−1 was used for calculation.

Carboxylesterase (CES) activity was measured by the 
method described by Hosokawa and Satoh [26], using 
p-nitrophenyl acetate (pNPA) as a substrate, and as 
modified and adapted for 96-well plates by Velki et  al. 
[25]. In each well, the reaction mixture contained: 15 µl 
of 1 M Tris–HCl buffer (pH 8.0; Sigma-Aldrich), 200 µl 
of 1 mM pNPA (Sigma-Aldrich) dissolved in acetonitrile 
and 15 µl of sample in GET solution (preparation: 15 µl 
of liver sample in 60 µl or 30 µl of brain sample in 45 µl 
of GET solution (1:5 w/v 85% glycerol (Zorka, RS), 0.2 M 
EDTA (Centrohem, RS), 1 M Tris–HCL in distilled water, 
pH 7.4). The increase in absorbance due to formation 
of p-nitrophenol (pNP) was measured in triplicates, at 
405  nm, for 2  min, in 5 (30  s) steps, at 25  °C. The CES 
activity was expressed as µmol of pNP formed per min-
ute per mg of protein. Molar extinction coefficient of 
16,400 m−1 cm−1 was used for calculations.

Glutathione S-transferase (GST) activity was measured 
by the method described by Habig and Jakoby [27], using 
1-chloro-2,4-dinitrobenzene (CDNB) as a ultraviolet chro-
mogenic substrate, and adapted for 96-well plates by Velki 
et  al. [25]. In each well, the reaction mixture contained: 
180 µl of 1 mM CDNB (Sigma-Aldrich), 5 µl of liver or 10 µl 
of brain sample and 50 µl of 25 mM GSH (Sigma-Aldrich). 
The increase in absorbance due to production of conju-
gate (CDNB-SG) in reaction between CDNB and GSH was 
measured in triplicates, at 340 nm, for 3 min, in 10 (20 s) 
steps, at 25 °C. The GST activity was expressed as µmol of 
conjugated GSH in 1 min/mg of proteins. Molar extinction 
coefficient of 9600 M−1 cm−1 was used for calculations.

Acetylcholinesterase (AChE) activity was measured by 
the method described by Ellman et al. [28], using acetylthi-
ocholine iodide as a substrate, and adopted for 96-well 
plates by Velki et al. [25]. In each well, the reaction mixture 
contained: 190  µl (for liver samples) or 200  µl (for brain 
samples) of sodium phosphate buffer (0.1 M, pH 7.2), 10 µl 
of 1.6 mM DTNB (Sigma-Aldrich), 20 µl of liver or 10 µl of 
brain sample, and the reaction was initiated by adding 10 µl 
of 156 mM acetylthiocholine iodide (Sigma-Aldrich). Dur-
ing the reaction, thiocholine (hydrolyzed from acetylthi-
ocholine iodide by AChE) reacts with DTNB resulting in 
yellow colored product (5-thio-2-nitrobenzoic acid anion). 
The increase in absorbance was measured in triplicates, at 
412 nm, for 5 min, in 20 s steps, at 25 °C. The AChE activ-
ity is expressed as µmol of acetylthiocholine iodide hydro-
lyzed in 1 min/mg of proteins. Molar extinction coefficient 
of 16,400 M−1 cm−1 was used for calculations.

Quantitative real‑time PCR analysis (RQ‑PCR)
Total RNAs from the liver and brain tissue was extracted 
using the TRIzol reagent (Invitrogen, CA, USA), accord-
ing to supplier’s instructions. The average RNA yield was 
1.5 µg/µl, while the A260/A280 ratio ranged from 1.9 to 
2.1, as determined spectrophotometrically using Bio-
Spec-nano (Shimadzu Corporation, Japan).

Reverse transcription of total RNA from each sam-
ple to cDNA was conducted using High Capacity 
cDNA Reverse Transcription Kit with RNase inhibitor 
(Applied Biosystems). The reaction mixture was pre-
pared in a 20 µl total volume, containing 2 µg of RNA, 
random primers and MultiScribe reverse transcriptase 
(Applied Biosystems) according to the supplier’s 
instructions. The reverse transcription was conducted 
in the Veriti Thermal Cycler (Applied Biosystems), 
under the following conditions: 25 °C for 10 min, 37 °C 
for 120 min, and 85 °C for 5 min.

The RQ-PCR reaction was prepared in a 12.5 µl total 
volume, containing 1 × Power SYBR Green PCR Mas-
ter Mix reagent (Applied Biosystems, UK), 500  nM of 
each primer, template (2.5 µl of product from reverse 
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transcription reaction, 2.5 × diluted), and DEPC-treated 
nuclease-free water (Sigma). The RQ-PCR was per-
formed on the  Mastercycler® ep realplex (Eppendorf, 
Germany), under the following cycling conditions: 50 °C 
for 2 min, 95  °C for 10 min, 40 cycles of 95  °C for 15 s, 
and 60 °C for 1 min.

The housekeeping gene for 40S ribosomal protein s11 
(40s11) was used as an endogenous control. Expres-
sion of the following genes was tested: heat shock pro-
tein 70—hsp70, cortisol receptor—cr, extracellular 

signal–regulated kinase 2—erk2, cytochrome oxidase 
subunit 1—cox1, extracellular superoxide dismutase—
sod, glutathione peroxidase 1—gpx1, nuclear factor 
erythroid 2-related factor 2-nrf2a—nrf2a, cytochrome 
P450 1a—cyp1a, microsomal glutathione s-transferase 
3a—mgst3a, estrogen receptor α—erα, estrogen recep-
tor β—erβ, pyruvate carboxylase—pc, glycogen phos-
phorylase liver isoform—pygl, transferrin variant d—tfd, 
and myelin basic protein—mbp. Primer sequences for 
tested genes were adopted from the pertinent literature 

Table 1 Primer sequences used for the RQ-PCR analysis

a Cyprinus carpio-, bDanio rerio- and cRutilus rutilus-specific sequences

Gene Primer sequence (5′–3′) Published in Primer 
efficiency

Endogenous control

 40s11 F:CCG TGG GTG ACA TCG TTA CA
R:TCA GGA CAT TGA ACC TCA CTG TCT 

[30]a 2.05

General stress

 hsp70 F:GGC AGA AAG TTT GAT GAC CCA 
R:GCA ATC TCC TTC ATC TTC ACC 

[31]a 2.09

 cox1 F:GGA ACT TAG CCC ACGCA 
R: AAG CAC GGA TCA GACGA 

[31]a 1.92

 erk2 F:GTT GAA GAC GCA GCA CTT GA
R:ACA GGT TTG ATG GCT TCA GG

[32]b 2.00

 cr F:GTG AGA CTG CAA GTG TCC AA
R: TCT CTC TTC ACT ATG GCC T

[31]a 1.97

Antioxidative defence

 sod F:GAG TTC GAC AAC ACA ATC TAT GCC AC
R: CAG CCT TGA CTG AGG TCT CC

[33]c 2.01

 gpx1 F:AGA TGT CAT TCC TGC ACA CG
R:AAG GAG AAG CTT CCT CAG CC

[34]b 2.07

 nrf2a F:GAG CGG GAG AAA TCA CAC AGA ATG 
R:CAG GAG CTG CAT GCA CTC ATCG 

[35]b 1.96

Xenobiotic metabolism

 cyp1a F: TTC GGA GCC GGT TTC GAC AC
R: CCT CGA GGA GCG GCAGG 

[33]c 1.98

 mgst3a F:GAT ATG TGG CGC TAA CCG GA
R:ACT GTA CAT TGT TGG ATA CGG 

[36]b 2.00

Endocrine disruption

 erα F:ACT GCC CAC AAA CTC TCA CC 
R:TGG GAA CTC ATA GGC TCC AT

[30]a 2.05

 erβ F:CCA GGT CCA TTT GTT GGA GT 
R:TGA GGT CTG GGG AGA AAA TG

[30]a 2.04

Glucose homeostasis

 pc F: GTA AAG GTG AAG CCA GGC CAG 
R: TCC CCT TCC AGG CTG CTG TC

[33]c 2.01

 pygl F: TGG CCA ATC ACA GGA TCG TTA 
R: TTC TCA ATT GCC TCC ACG TCA 

[33]c 2.02

Iron homeostasis

 tfd F: GGC ACA CTG GCA AGT TTA CAT 
R: GGC TTT CAG GTG TCT TGC AG

[33]c 2.09

Neurotoxicity

 mbp F: AAT CAG CAG GTT CTT CGG AGG AGA 
R: AAG AAA TGC ACG ACA GGG TTG ACG 

[37]b 1.91
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(Table 1). For each sample, 2 to 4 independent RQ-PCR 
reactions were conducted. In each reaction, samples 
were analyzed in duplicate and endogenous control was 
included in each plate.

Normalized gene expression (NE) was calculated as 
previously described [29] according to formula:

where NE is normalized gene expression; E40s11—PCR 
amplification efficiency of the housekeeping gene; Etar-

get—the PCR amplification efficiency of the target gene; 
 Ct40s11—threshold cycle of the PCR amplification of the 
housekeeping gene;  Cttarget—threshold cycle of the PCR 
amplification of the target gene. The Ct is defined as the 
cycle at which the fluorescence rises appreciably above 
the background fluorescence.

Statistical analyses
Raw data were checked for normality using D’Agostino 
& Pearson omnibus and Shapiro–Wilk normality test. 
Further statistical analyses of the results were performed 
using software GraphPad Prism 6. For comparison of 
the responses in two fish populations, in cases of normal 
distribution of the data, parametric unpaired t-test was 
used, otherwise, non-parametric Mann–Whitney U test 
was used. In all tests, the probability level for statistical 
significance was set to p < 0.05.

NE =

E40s11
Ct40s11

Etarget
Cttarget

,

Results
Chronic toxic pressure at A. brama habitats
According to the results of the official monthly monitor-
ing of priority substances, priority hazardous substances, 
river basin specific pollutants and selected pesticides in 
water ([19, 20], data given in Additional file 1: Tables S1 
and S2) during 2017 and 2018 the chronic toxic pressure 
was higher in protected than in urban area, but the con-
tribution of organic chemicals to the overall toxic pres-
sure is almost negligible (Max SUM TUch org 0.03) along 
the whole river section of interest for this study (Table 2).

According to the more detailed chemical analyses 
(Additional file 1: Tables S1–S4) of water samples taken 
at protected area (Bogojevo) and in the urban area of city 
of Novi Sad in the frame of JDS3 [21], chronic toxic pres-
sure is up to 2.5 higher in urban area (SUM TUch 0.82 
and 1.36 vs. 0.54), while chronic toxic pressure deriv-
ing from organic compounds (metals omitted) is up to 3 
times higher in urban area (SUM TUch org 0.65 and 1.21 
vs. 0.41). High SUM TCch org values were also calcu-
lated based on LVSPE data [22] in Novi Sad metropolitan 
area, at untreated municipal wastewaters discharge point 
(SUM TUch org 0.82) (Table 3).

Somatic indices
The values of somatic indices, BCF and HSI, are pre-
sented in Fig.  1. Individual fish length and weight was 
proportional in both populations, which resulted in 
uniformed BCF with small deviations. Hence, although 
only slightly higher (13%), an average BCF of exposed 

Table 2 Chronic toxic pressure calculated according to official monitoring data [19, 20]

Values present average of calculations based on 12 (2017, 2018) or 3 (spring 2018) measurements, minimum and maximum values measured in respective periods are 
given in brackets

SUM TUch the overall chronic toxic pressure calculated as arithmetic sum of chronic TUs, SUM TUch org chronic toxic pressure from organic compounds, LOQ limit of 
quantitation

Protected area Urban area

Bezdan Bogojevo Novi Sad

SUM TUch

 2017 0.4133 (0.2372–0.7659) 0.502 (0.2882–1.6786) 0.3594 (0.2280–0.6007)

 2018 0.9219 (0.22502–2.6422) 0.7489 (0.0159–2.3934) 0.3646 (0.1163–1.0479)

 Spring 2018 0.9463 (0.5706–1.6044) 0.3178 (0.1933–0.4084) 0.4510 (0.1865–0.7222)

SUM TUch org

 2017 0.0015 (0–0.0089) 0.0009 (0–0.0058) 0.0010 (0–0.0045)

 2018 0.0041 (0.00005–0.0201) 0.0052 (0–0.0363) 0.0022 (0–0.0092)

 Spring 2018 0.0126 (0.0008–0.0201) 0.0027 (0.0012–0.0038) 0.0045 (0.0021–0.0092)

Number of measured organic compounds > LOQ

 2017 4 (0–6) 3 (0–9) 4 (0–10)

 2018 6 (1–13) 6 (0–16) 5 (0–8)

 Spring 2018 10 (5–13) 6 (5–7) 6 (6–6)
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population statistically differs from the average value 
of the reference population. There was no correlation 
between fish age and BCF values (correlation coefficients 
lower than 0.05). Difference in HSI was considerably big-
ger. In exposed population, average HSI was 1.7 times 
higher than in reference population.

Enzyme activity
Results of the enzyme activity assays are presented in 
Fig.  2. Among the investigated enzymes, antioxidant 
enzyme CAT exhibits the highest constitutive activity 
in both examined tissues. The comparison of the aver-
age CAT activity in two fish populations revealed that 
its activity in brain of fish from the exposed population 

is twice as high as the activity in brain of the fish from 
the reference population. Although statistically non-sig-
nificant, considerably higher average CAT activity (31%) 
was also observed in liver of the fish from the exposed 
population. The activities of xenobiotic metabolizing 
enzymes also differ in two fish populations. The average 
activity of CES is significantly higher both in liver (85%) 
and brain (61%), and the activity of GST in brain (58%) of 
fish from the exposed population. The AChE exhibits the 
lowest constitutive activity, with higher values in brain, 
as expected. Slightly, but statistically significant higher 
average activity was determined in liver, while 36% lower 
enzyme activity was measured in brain of fish from the 
exposed in comparison to the reference population.

Gene expression (RQ‑PCR)
The expression of 15 genes determined by RQ-PCR anal-
ysis is presented in Fig.  3. In markers of general stress, 
considerable differences were observed in levels of gene 
expression in two fish populations. The expression of 
hsp70 was 4.2 times higher and of cox1 4.6 times lower 
in the exposed population, distinguishing these genes as 
the most responsive to contrasting environmental con-
ditions. The expression of cr and erk2 in fish from the 
exposed population is twice as high as expression in fish 
from the reference population, although the difference 
between the groups was not statistically significant. In 
fish from the exposed population, significant 4.7 times 
higher expression of gpx1, 2.4 higher expression of sod, 
and 2.7 times lower expression of nrf2 was observed vs. 
the reference population values. In genes encoding xeno-
biotic metabolizing enzymes, the trend of lower expres-
sion was detected in fish from the exposed population. 
Similar response was observed in the expression of erα, 

Table 3 Chronic toxic pressure in the River Danube at sampling sites of interest

SUM TUch the overall chronic toxic pressure calculated as arithmetic sum of chronic TUs, SUM TUch org chronic toxic pressure from organic compounds, LOQ limit of 
quantitation

SUM TUch calculated on JDS3 data from Liška et al. [21] Protected area Urban area

Bogojevo Novi Sad 1 Novi Sad 2

SUM TUch 0.54 1.36 0.82

No. of compounds > LOQ used for SUM TUch calculation 144 145 141

SUM TUch org 0.41 1.21 0.65

No. of organic compounds > LOQ used for SUM TUch org calculation 136 137 131

SUM TUch calculated on data from König et al. [22] Urban area

Upstream Novi Sad City of Novi Sad Downstream 
Novi Sad

SUM TUch org 0.14 0.82 0.15

No. of organic compounds > LOQ 74 119 87

No. of organic compounds > LOQ used for SUM TUch org calculation 68 100 77

Fig. 1 Somatic indices calculated in two populations of A. brama. 
BCF body condition factor, HSI hepatosomatic index. Box and 
whiskers plots present median, interquartile ranges, minimum and 
maximum values. N = 14 (reference population) and N = 11 (exposed 
population). Asterisks annotate statistically significant difference 
between the populations, as determined by Mann–Whitney U test. 
Levels of significance were **p < 0.01 and ***p < 0.001
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related to endocrine disruption, and for tfd, related to 
maintenance of iron homeostasis (significant 2.2 and 2 
times lower expression, respectively).

Expression of genes related to maintenance of glucose 
homeostasis, pc and pygl, is significantly higher (up to 3.6 
times) in fish from the exposed population. The expres-
sion of mbp, a marker of neurotoxicity, was measured in 
brain, and no statistical difference was observed between 
the populations.

Constitutive expression of investigated genes varied, 
and was the highest in mgst3a, tfd, and mbp. Low con-
stitutive expression was determined for cr, cox1, erβ, 
and pc, but still enabled differentiation between the two 
populations.

Discussion
Confirmation of exposure of A. brama population 
from urban area of the city of Novi Sad to chronic chemical 
stress
Official monitoring data [19, 20, 38] indicate that water 
quality in general supported moderate to good ecological 
status and did not substantially differ between the three 
sampling sites. Chemical status of the River Danube at 

sampling site Novi Sad (urban area) was good, while in the 
same period, concentrations of some pollutants occasion-
ally surpassed environmental quality standards (EQS) at 
Bezdan and Bogojevo (protected area). Although sediment 
content of some pollutants at Novi Sad is somewhat higher 
than at Bezdan, concentrations do not surpass the sedi-
ment target values set by national regulations [39]. Accord-
ing to the official data, the overall chronic toxic pressure 
to Danube ecosystem can be mainly attributed to metals. 
Due to a very limited number of potentially toxic organic 
compounds officially monitored and measured above 
LOQ, the overall chronic toxic pressure from organic com-
pounds seems misleadingly low and even along the whole 
river stretch of interest for this study, underestimating the 
potential impact of non-regulated and non-monitored 
chemicals and their mixtures [1, 11, 22].

However, a detailed chemical analysis of water samples 
taken at Bogojevo and Novi Sad in the frame of JDS3 [21], 
reveals profound differences in chronic toxic pressure 
deriving from organic compounds at two sites. Although 
the number of compounds above LOQ was very close, 
considerably higher SUM TUch at two sampling sites 
along the metropolitan area of Novi Sad in comparison to 

Fig. 2 Activity of enzymes determined in liver and brain of two populations of A. brama. Box and whiskers plots present median, interquartile 
ranges, minimum and maximum values. N = 14 (reference population) and N = 11 (exposed population). Asterisks annotate statistically significant 
difference between the populations, as determined by Mann–Whitney U test. Levels of significance were *p < 0.05 and ****p < 0.0001
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the site at the protected area indicate substantial pressure 
from untreated waste waters of city of Novi Sad. This was 
also confirmed by König et al. [22] by LVSPE of the River 
Danube water upstream Novi Sad. Chemical characteri-
zation of the Danube River water in the area of Novi Sad 

has been conducted also in other studies recognizing this 
area as a pollution hot spot [40, 41].

Studies combining chemical analyses and bioassays 
on different experimental models underlined the large 
potential of a high load of chemicals from the group of 

Fig. 3 Gene expression in liver or brain (only neurotoxicity) of the two populations of A. brama. Gene expression was determined by RQ-PCR 
analysis. Columns represent mean values ± SD, with N = 14 (reference population) and N = 11 (exposed population). Asterisks annotate statistically 
significant difference between populations, as determined by parametric t-test (for nrf2a, cyp1a, pc, mbp) or Mann–Whitney U test (for hsp70, cr, 
erk2a, cox1, sod, gpx1, mgst3a, erα, erβ, pygl, tfd), depending on the normality of distribution of data. Levels of significance were *p < 0.05, **p < 0.01, 
and ***p < 0.001. Median values, interquartile ranges, minimum and maximum are given in Additional file 1: Table S5
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pharmaceuticals, industrial chemicals, pesticides, and 
personal care products in the Danube River in this area, 
to activate toxicity pathways and disturb biochemical and 
physiological homeostasis in various cell lines, zebrafish 
embryos and fish [22, 42–45]. Still, the questions whether 
the biological effects observed in vitro can be regarded as 
an indication of probable ecological impact and weather 
the impact could be confirmed by adverse effects in resi-
dent biota, on individual and population/community 
level remain open.

The status and condition of A. brama populations
Biometric indices BCF and HSI are reliable indicators of 
individual fitness and long-term changes of fish health 
and also, parameters of a high value that mirror the 
water quality [46]. Decreasing weight of somatic tissue 
and consequently relatively lower BCF occurs in spring, 
due to differentiation and growth of reproductive tissue 
requiring energy reserves during pre-spawning period 
[47]. BCF values from our study, therefore suggest good 
nutritional state with well-balanced metabolic expendi-
tures of the fish. The HSI in our study was significantly 
higher in fish from the exposed population. Two main 
factors can influence HSI ratio: exposure to the pollut-
ants and fish diet [46]. High HSI in our study probably 
indicate to liver hypertrophy caused by pollutants, as 
cell hypertrophy and an increase in liver size to accom-
modate increased functional load are denoted as adap-
tive responses to xenobiotic exposure [48]. Liver is also 
an important storage of energy reserves in non-fatty 
fish, so low HSI values can be seen in fish on a poor diet 
[46], which was not the case in our study. Overall, high 
HSI in fish from the exposed population confirms expo-
sure to chemical pollution, but together with unaffected 
BCF also indicate good capacity of fish to cope with the 
stress.

Abramis brama is among the top five most abundant 
species, making 8.5% and 6.2% of the total mass catch 
in the Danube section along Gornje Podunavlje Reserve 
and downstream of Novi Sad, respectively [49]. Since it 
has never been re-stocked, all Danube populations are 
natural. Overall, the two populations of A. brama are 
examples of stable populations, living in adequate hydro-
morphological conditions, with sufficient living and 
spawning habitats and no diet restrictions.

Chemical contamination of the Danube River section in 
Novi Sad urban area seems to be a primary stressor that 
might challenge maintenance of homeostasis on many 
levels, and eventually jeopardize survival of affected 
population. Traditionally, biomarkers of effect in resident 
biota, particularly fish, have been perceived as direct evi-
dence of biological effects in  situ [10]. Since our results 

on individual condition as well as the results of the fish 
community studies [16, 17, 49] lead to the conclusion 
that common bream resists the challenge of chronic toxic 
pressure, here we shed a light on mechanisms aimed to 
fight against the chemical stress and consequently chal-
lenge the traditional perception of fish biomarker.

Adaptive responses in A. brama exposed to chemical stress
Heat shock protein70 (HSP70) and cytochrome oxidase 
subunit 1 (COX1) are parameters studied for stress iden-
tification and as sentinels of exposure to contaminants 
[31]. HSP70 is constitutively expressed in most cells, 
upregulated by thermal stress, heat-shock, heavy metals 
and oxidative stress and with appreciable role in stress 
tolerance, protein folding, regulation of signal transduc-
tion pathways that control cell growth and survival, and 
suppression of apoptosis [50, 51]. In fish, HSP70/heat-
shock cognate (HSC)70 may also be used as a source of 
protein degradation and thus effectively functions as an 
energy source under stress conditions [50]. High hsp70 
expression in A. brama (4.2 times vs. reference popula-
tion) from the exposed population in our study highlights 
the importance of adaptive mechanisms related to HSP70 
functions. Significant difference was also observed in 
the expression of cox1, which regulates oxidative phos-
phorylation, proton pumping and ATP production in 
mitochondria. Up-regulation of cox1 was recognized as 
adaptive response in fish attempting to neutralize the oxi-
dative effect of toxicants [31]. Low cox1 expression in fish 
exposed to chemical stress in our study is surprising, and 
might represent a weak point of the adaptive mechanism 
of A. brama, leading to greater production of mitochon-
drial reactive oxygen species (ROS). However, it seems 
that efficient antioxidative defence mechanisms minimize 
oxidative damage.

Cortisol level in plasma is a well-accepted acute stress 
indicator, and has been successfully applied to assess a 
level of stress both in the controlled environments and in 
the wild (reviewed by Sadoul and Geffroy [52]). Expres-
sion of cr in A. brama from the exposed population in 
our study is not significantly different from the refer-
ence population, indicating low level of acute stress in 
the fish. Absence of acute toxicity of Danube River water 
downstream of Novi Sad was shown also by fish embryo 
test (FET) with Danio rerio [53]. Non-significant dif-
ferences between levels of cr expression in two popula-
tions from our study can indicate adaptive response to 
chronic stress, due to the hypothalamo–pituitary–inter-
renal axis desensitization as a consequence of allostatic 
overload [54]. Interesting observation in fish popula-
tions revealed correlation between individual behavio-
ral phenotypes and cortisol levels, distinguishing “bold” 
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proactive individuals as low-cortisol responders, mask-
ing the common cortisol-related responses to stress [55]. 
Therefore, it might also be possible that in A. brama from 
the population facing stress, evolutionary strategy favors 
proactive behavior and low-cortisol levels (and related cr 
expression).

Induction of antioxidant defence system and xenobi-
otic metabolizing enzymes in fish, have been recognized 
as a golden standard in environmental studies based on 
biomarker approach for decades [10]. Activation of com-
ponents of antioxidative defence system observed in A. 
brama from urban area on gene expression (induction 
of sod and gpx1) and enzyme activity level (induction of 
CAT) is a proof of strength of their ROS elimination sys-
tem, and probably one of the most important adaptations 
to avoid oxidative stress in conditions of chemical con-
tamination. Hepatic antioxidant enzymes activities in A. 
brama exhibit seasonal variations, which can be related 
to water temperature, oxygen availability, spawning, feed-
ing activities, and fish metabolic activity in general [13]. 
Up-regulation of Nrf2 is considered as a protective mech-
anism with an important role in the adaptive response to 
oxidative stress, widely seen in environmental and tox-
icity studies. Although expression of nrf2a in A. brama 
from our study was lover in the exposed population in 
comparison to the reference one, it seems that constitu-
tive levels of Nrf2 are still high enough to induce suffi-
cient antioxidative defence response. This result should 
also be considered from the aspect of controversial role of 
Nrf2 in tumor development mainly shown in mammals. 
On the one hand, Nrf2 is required for protecting the body 
against cancer while on the other, its overexpression in 
tumors results in a promotion of tumor growth because 
it confers a survival and growth advantage to cancer cells 
[56, 57]. In our study, balanced expression of nrf2, suffi-
cient to facilitate the induction of antioxidative defence 
mechanisms, yet low enough to prevent a tumor growth 
upon exposure to a number of the proven cancerogenic 
substances detected in the urban area (Additional file 1: 
Tables S1–S4), might therefore be considered as an adap-
tive mechanism against carcinogenesis in fish.

Biotransformation enzymes from the CYP1A subfam-
ily are one of the most studied biomarkers of effect of 
xenobiotics acting through activation of arylhydrocarbon 
receptor (AhR) as ligand-dependent transcription factor 
for cyp1a. In vitro study on concentrated water samples 
of River Danube from Novi Sad site induced significant 
effect in AhR CAFLUX assay, indicating presence of AhR-
agonists in the water samples [22, 53]. However, CYP1A 
enzymes do not seem to play important role in adapta-
tion of A. brama from our study, since the expression of 
corresponding gene was lower in fish from the exposed 
population. The protective role of GST in fish is complex. 

Apart from a prominent role in phase II of biotransfor-
mation of xenobiotics it also serves as an antioxidant by 
scavenging ROS. Our results indicate that the role of this 
enzyme in A. brama overall adaptation to chemical stress 
is not particularly important. Unchanged or decreased 
activity of biotransformation enzymes (such as CYP1A 
and GST) in liver is not surprising, since many evidence 
show that they can also be suppressed or even inhibited 
in liver of fish exposed to chronic pollution [58–60]. 
Moreover, seasonal variations of the enzyme activity in 
liver should also be considered, since it was shown that 
GST and CAT in different fish species are the highest 
after the spawning period, which reflects reorganizations 
in fish metabolism during the reproductive cycle [58]. 
Seasonal variability in hepatic CYP1A activity (measured 
as EROD activity), was also shown in A. brama by Yurch-
enko and Morozov [47], with lower values during the 
spring in comparison to other seasons. Lack of induction 
of mgst3a in our study might also result from low expres-
sion of nrf2a, since GSTs are among Nrf2 target genes 
[61].

Inhibition of CES activity is one of the most widely 
used biomarker of effect. However, more recent studies 
reveal that mammalian carboxylesterases have important 
physiological functions in lipid metabolism and energy 
homeostasis and probably did not evolve for the sole 
purpose of metabolizing xenobiotics [62, 63]. Although 
there is a lack of evidence of such a dual function of 
CES in fish, its role in lipid biochemistry is very likely, 
so high CES activity might be considered as an adaptive 
mechanism to maintain energy homeostasis in A. brama 
exposed to chemical stress. It has been found that CES 
activity varies among fish species, and level of its con-
stitutive activity may play role in lower susceptibility to 
certain classes of xenobiotics (reviewed by Wheelock 
et al. [64]). Therefore, significantly higher activity of CES 
in liver and brain of fish from the exposed population in 
our study is one more example of adaptive strategy of A. 
brama that might aim for the development of lower sen-
sitivity to xenobiotics due to increased potential for their 
biotransformation, and maintenance of lipid and energy 
homeostasis.

Processes of antioxidative defence and biotransforma-
tion occur in all organs with different intensity, with liver 
being distinguished as one of the most active [58]. Apart 
from liver, brain proved to be an organ with strong anti-
oxidative and biotransformation capacity in A. brama, 
since the activity of CAT, CES and GST was signifi-
cantly higher in population exposed to chemical stress. 
This response can be considered as neuroprotective, 
and probably contributes to maintenance of functional-
ity of the brain by preventing oxidative stress and harm-
ful effects of chemicals on neurons. Inhibition of AChE 
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activity is the best known biomarker of neurotoxicity. 
Our results reveal that the activity of this enzyme is not 
jeopardized in brain and liver in the exposed population 
of A. brama, since no significant enzyme inhibition was 
shown in any organ. In addition, in both populations sim-
ilar expression of mbp, gene coding the protein essential 
for formation of myelin in nervous system, was recorded. 
Knowing that neuroactive (and potentially neurotoxic) 
compounds largely contribute to chemical pollution of 
the rivers world-wide [65] including the Danube River in 
the area of Novi Sad (project FP7 SOLUTIONS, unpub-
lished results), our findings imply to the effectiveness of 
protective mechanisms in brain of A. brama, aimed to 
safeguard the transmission of nerve impulses.

Presence of estrogenic contaminants was confirmed 
at the Novi Sad site by instrumental analyses and related 
ER-based in vitro screening assays [22, 42, 53]. Our study 
showed that erα is a higher expressed receptor subtype in 
A. brama, but surprisingly, its expression in the exposed 
population was lower in comparison to the reference 
population. Significant discrepancies that can occur 
between in  vitro screening assays and the induction of 
estrogenic biomarkers in fish were explained by Yost et al. 
[66] by the specific involvement of different ER subtypes 
in the teleost estrogenic response. Moreover, it is possi-
ble that potential xenoestrogens are deactivated through 
biotransformation processes in fish (a process that can’t 
be observed in the in  vitro assays), limiting their estro-
genic effects, which, together with specific ‘cocktail’ 
effects in vivo could provide explanation for such result 
[67]. Lower expression of er might also result from real-
location of energy resources away from reproduction and 
towards tolerance mechanism, highlighted in a study of 
Xie and Klerks [68]. Moreover, the level of er expression 
highly depends on the stage of reproductive cycle of fish 
[66, 67]. Finally, decrease in the expression of genes cod-
ing different ER subtypes in fish liver after exposure to 
synthetic ligands was also reported by other authors [69].

Glucose homeostasis is controlled by liver enzymes 
including, among others, pyruvate carboxylase (PC) 
involved in hepatic gluconeogenesis and glycogen phos-
phorylase which is a key enzyme of glucogenolysis in liver 
[70]. Expression of genes encoding these enzymes (pc 
and pygl, respectively) was higher in fish from A. brama 
population exposed to chemical stress in our study. Such 
response indicates great ability of the exposed population 
to mobilize energy resources and provide sufficient blood 
glucose levels to compensate for the metabolic cost of 
defence, the feature which largely determines the toler-
ance of fish to environmental stressors [9].

Transferrin (TF) is a protein vital to iron metabolism 
and maintains the iron requirement of cells through its 

binding and transport of iron [71]. Through transport 
of iron, TF is responsible for different processes, such as 
DNA synthesis, oxygen and electron transport, cell pro-
liferation and regulation of the immune system [32, 72]. 
The TF is known to be synthesized increasingly if body 
iron stores are low [73], so lower expression of tfd in the 
exposed population of A. brama from our study indi-
cate sufficient levels of iron required for the mentioned 
processes. TF has also been linked to impaired glucose 
metabolism, hyperglycemia and insulin resistance [73], 
so together with pc and pygl might also be involved in 
maintenance of glucose homeostasis and prevention of 
hyperglycemia in the fish exposed to chemical stress.

Implications for water management
The study implies that differences in gene expression 
and enzyme activity level in fish from sites with con-
trasted environmental conditions represent adaptive 
mechanisms of wild fish population exposed to chronic 
toxic stress. A number of studies so far (for review see 
Backhaus et al. [74]) used the differences in responses in 
wild fish from reference (unpolluted) and exposed (pol-
luted) sites as direct proof of ecological impact of chemi-
cal stress. The result of this study proved that adaptive 
responses of sentinel species should be taken only as one 
line of evidence of ecological impact of complex chemi-
cal pollution [12]. To ensure that consensual conclu-
sions are drawn from a given dataset, decision matrix on 
how to combine all available lines of evidence has been 
suggested by Backhaus et  al. [74]. Even in cases of high 
predicted mixture toxicity and clear signal from effect-
based (in vitro) assays, our case study confirmed that the 
responses of sentinel species should be taken as the evi-
dence of chronic toxic pressure which is likely to cause 
chemically induced ecological impact, but that the final 
confirmation must come from (repeated) well designed 
community studies [12, 74]. In spite of high ecological 
relevance of using wild fish for the assessment of in situ 
effects, the choice of species depends on their presence 
and abundance at all sites of interest, including pollution 
hot spots. Additional in situ test with caged fish, ideally 
using the species naturally expected in respective water 
body type, but absent from the site of interest, would help 
to distinguish between the ecological impacts of chemi-
cal and non-chemical stress, to enable focusing resources 
on major management tasks.

Conclusions
The study provides the first data on basal expression of a 
number of genes in common bream, potentially valuable 
for biomonitoring studies in absence of clear pollution 
gradient and/or reference sites (conditions).
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The results of the study reveal that the adaptive strat-
egy of A. brama against chemical stress predominantly 
relies on highly efficient antioxidative defence system in 
brain and liver, high biotransformation capacity of liver, 
and activation of mechanisms that will meet energy 
demands and compensate for the metabolic costs of the 
response to toxicants. So far, changes in gene expres-
sion and enzyme activity in fish have mostly been ana-
lyzed as biomarkers of exposure or effects, with the 
main purpose to indicate the level and type of con-
tamination in the aquatic environment. Moreover, any 
changes in the responses of affected vs. reference pop-
ulations were typically taken as a proof of an undesir-
able and potentially harmful effects, which would most 
likely lead to further changes and damages on higher 
levels of biological organization. However, our study 
showed that changes in the activity of molecular bio-
markers do not necessarily indicate the deterioration of 
the fish state. Biomarkers should primarily be used as 
a tool for predicting the state of biota under stochastic 
environmental conditions [58]. Emerged from contem-
porary studies, newly identified roles of various genes 
and proteins, previously considered only as biomark-
ers of effects, shed new light on a complex network of 
responses that should, in case of the stable fish popu-
lations, be considered as adaptive. We therefore sug-
gest that the observed changes in gene expression and 
enzyme activity in the present study should be consid-
ered as an evidence of exposure to complex mixtures of 
hazardous chemicals and adaptive response of affected 
population to chemical pollution, rather than direct 
proof of ecological impact in situ. Hence, the study sup-
ports the concept of evolutionary toxicology, and issues 
raised by Whitehead et  al. [6] describing how the key 
features of populations, the characteristics of environ-
mental pollution, and the genetic architecture underly-
ing adaptive traits, may interact to shape the likelihood 
of evolutionary rescue from pollution.
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