
Vol:.(1234567890)

Bulletin of Environmental Contamination and Toxicology (2022) 108:78–84
https://doi.org/10.1007/s00128-021-03176-w

1 3

Red Blood Cell Cytotoxicity Associated to Heavy Metals 
and Hydrocarbons Exposure in Flounder Fish from Two Regions 
of the Gulf of Mexico

Juan Pablo Ek‑Huchim1   · Flor Árcega‑Cabrera2   · Ana Luisa May‑Tec1   · Monica Améndola‑Pimenta1   · 
Víctor Ceja‑Moreno1 · Rossanna Rodríguez‑Canul1 

Received: 30 August 2020 / Accepted: 8 March 2021 / Published online: 23 March 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
In this study, the genotoxic effect of contaminants was assessed through detection of DNA damage using the micronucleus 
(MNs) test in erythrocytes from 149 flounder fish collected in two regions of the Gulf of Mexico (GoM). The frequency of 
microcytes (MCs) was also evaluated in the same group of fish collected from the Perdido Foldbelt (PF) and the Yucatan 
Platform (YP). The MCs frequency was different among locations of the YP (p = 0.011), while MNs frequency varied among 
locations of PF (p = 0.024). MCs and MNs values correlated with heavy metals from fish muscle, fish species and localities. 
Mean number, prevalence, and intensity of MCs and MNs correlated with Al, PAHs, depth, and locality. MNs frequency 
showed a species-specific association (p = 0.004). MNs and MCs were associated with heavy metals and PAHs from fish 
muscle and sediments, and the MNs frequency was species dependent.
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Crude oil is one of the most widespread pollutant released 
into the marine environment causing a wide range of bio-
logical effects in native species (Bejarano 2018). In the 
Gulf of Mexico (GoM) there is always a constant menace of 
oil spill events because crude oil production activities are 
very important in the region (Allan et al. 2012; Ward and 
Tunnell 2017). In 2010, around 4.4 × 106 oil barrels were 
released into the sea for 87 days in the Deepwater Horizon 
oil spill blowout (Perez et al. 2017). Offshore fish was used 
to detect the accumulation of polycyclic aromatic hydrocar-
bons (PAHs) after the DWH disaster (Murawski et al. 2020).

Flounder fish have been used as bioindicators of habi-
tat disturbance because they are in direct contact with 
the marine sediments (Bolognesi et al. 2006; Conti and 

Iacobucci 2008; Holt and Miller 2010). And some compo-
nents of oil are highly persistent (Gregson et al. 2021). Sedi-
ments act as sinkholes for hydrocarbons, heavy metals, and 
other contaminants. These substances become bioavailable 
to flatfish and are accumulated in their tissues, altering their 
physiology and reproduction (Kirby et al. 2000; van der Oost 
et al. 2003; Holt and Miller 2010; Rahmanpour et al. 2016; 
Yu et al. 2019).

The effect of oil pollutants can be assessed by in vivo 
and in vitro assays where cellular and molecular biomarker 
responses are implemented as indicators of environmental 
disturbances (Gold-Bouchot et al. 2017; Praveen Kumar 
et al. 2017). The presence of abnormal cells in blood smears 
of fish are useful to detect chromosomic damage produced 
by a wide range of toxic compounds, specifically by detect-
ing binucleated or polynucleated cells containing micronu-
cleus (MNs) (Ayanda et al. 2018). The MNs are extranu-
clear bodies that contain damaged chromosome fragments 
and/or whole chromosomes that were not incorporated into 
the nucleus after cell division. While microcytes (MCs) 
are small mature erythrocytes characterized by having a 
smaller diameter when compared to normal erythrocytes 
and their presence has been associated to a deficiency of 
hemoglobin formation linked to anemia and malnourishment 
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(Alkaladi et al. 2015). The MNs assay are biomarkers used 
to detect chromosomic damage induced by a variety of gen-
otoxic agents (Sommer et al. 2020). Fish challenged with 
Cd showed a time-dependent increase in the frequency of 
MNs and nuclear abnormalities that had high correlation 
with cytoplasmic cell alterations including MCs (Jindal and 
Verma 2015).

The objectives of this study were to report the presence 
of MNs and MCs in seven species of fish flounder from two 
areas of the GoM as well as to associate these values with 
oil pollutants from sediments and fish muscle.

Methods and Materials

A permit for collection (PPF/DGOPA-070/16) was issued 
by Comisión Nacional de Acuacultura y Pesca. Flounder 
fish were collected from two areas of the GoM; 41 fish from 
eight locations (4 to 6 fish per location) from the Perdido 
Foldbelt (PF). Sampling was done aboard the oceanographic 
cruise “Justo Sierra”-UNAM using benthic sled trawlers 
with 2.40 m of width, 0.90 m of height, 5 m of coded large 
and mesh size of 0.0254 m. Trawling of approximately one 
mile was performed at depths of 44 to 107 m between the 
12th to 19th in May 2016. In the Yucatan Platform (YP), 
108 fishes were collected using a boat from the commercial 
shrimp fleet implemented with net shrimp trawls of 18.3 m 
and 0.034 m of mesh size. Sampling was done on two occa-
sions: In 2015 (November 17th to 18th) five locations were 
surveyed and in 2016 (April 13th to 16th), 13 locations were 
surveyed. In both cases four to 10 organisms per location 
were collected in trawlers of approximately one mile done 
at depths of 40 to 200 m (Fig. 1) (Supplementary Table 1).

After capture, ≈ 20 µL of blood was collected from the 
caudal vein of each fish using a hypodermic syringe and 
dropped on glass-slides to perform two blood smears from 
each fish. Smears were air dried and fixed in absolute metha-
nol (Hycel®) for 10 min (Al-Sabti and Metcalfe 1995). Sub-
sequently, fishes were euthanized using a sharp scalpel on 
the fish head. After that, they were dissected, and their sex 
was identified by visual inspection. Muscle tissue was col-
lected above the lateral line from both sides of the fish avoid-
ing the abdominal cavity. Muscle samples were stored at 
− 20°C for pollutants analyses: PAHs (polycyclic aromatic 
hydrocarbons) and heavy metals (V, Ni, Cd and Pb). Also, 
approximately 200 g of sediments from nine locations (G34, 
H39, I43, J48, L59, O73, P78, P79 and P80) from the YP 
and from each location of the PF (B1, B2, C1, C2, D1, D2, 
F1 and F2) were collected for contaminant (PAHs, Al, V, 
Ni, Cd and Pb) analyses. For heavy metals quantifications, 
sediments samples were placed in plastic bags previously 
washed with a 1 M HNO3 (Sigma-Aldrich pure grade) solu-
tion and deionized water, while for PAHs quantification, 
they were placed in glass containers previously washed with 
hexane and acetone (both Sigma-Aldrich chromatographic 
grade). Both samples were kept at 4ºC until further analysis.

For the MNs and MCs assay, glass slides were stained 
with 10% Giemsa solution for 8 min, air dried, and then 
analysed under bright-field microscopes Olympus BX51 at 
100× (Baršiene et al. 2004). The MNs and MCs were scored 
from 3000 mature erythrocytes analysed in each sample. 
MNs were identified as small nuclei separated from the main 
nucleus. MCs were identified from normal erythrocytes by 
having sizes less than one-third of the normal erythrocyte. 
Results were expressed as frequency (MNs/3000 mature 
erythrocytes and MCs/3000 mature erythrocytes), mean 
value (an average of n numbers computed by adding some 

Fig. 1   Sampling locations at the 
Perdido Foldbelt (PF) and the 
Yucatan Platform (YP)
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function of the numbers and dividing by some function of 
n), prevalence (%) (the number of organisms with MNs or 
MCs, divided by the total number of organisms in the sam-
ple), and mean intensity (the mean number of MNs or MCs 
found in infected hosts in a particular population (see Jindal 
and Verma 2015).

PAHs concentration in muscle was measured in the 
dry-freeze tissue following the procedures described by 
MacLeod et al. (1985) and Wade et al. (1988), and in the 
dry-freeze sediments following Wade et al. (1988). Previ-
ous to column chromatographic extraction, samples were 
fortified using a surrogate solution of deuterated PAHs (1–3 
dimethyl-2 nitrobenzene; acenaphthene δ10, phenanthrene 
δ10, pyrene δ10, triphenyl phosphate, chrysene δ10 and 
perylene δ10 from UltraScientific). Detection limits for 
PAHs ranged from 0.0152 (benzo[a]anthracene) to 0.4039 
(benzo[a]pyrene) and all recovery percentages were above 
60%. Compounds were identified and quantified using a 
Clarus 500 Perkin Elmer gas chromatographer coupled to 
a mass spectrometer detector by the full scan and the ion 
selected methods (Wang et al. 1994).

For heavy metals analysis, samples were acid-digested 
(MARS 6-CEM, EPA method 3052) with nitric acid trace 
metal grade. Cd, Ni, V and Pb quantification was done using 
an ICP-MS iCAP Q Thermo Scientific using the ions 51V, 
60Ni, 112Cd and 208Pb. Multielement solutions in several 
concentrations were prepared from a multistandard solution 
according to manufacturer instructions. PACS3 and MESS4 
(National Research Council Canada) certified reference 
material was used to determine precision and accuracy of 
the analysis. Recovery percentages (RP) were 89.5% for 51V, 
86% for 60Ni, 111% for 112Cd, and 118% for 208Pb; the coef-
ficient of variation (CV) for V = 20.4%, for Ni = 21.1%, for 
Cd = 23.7% and for Pb = 24.5% in PACS3. In CRM MESS4, 
RP were 83% for 51 V, 81% for 60Ni, 95% for 112Cd, and 
112% for 208Pb with a CV of 15.2% for V, for Ni = 22.1%, 
8.9% for Cd and for Pb = 22.5%. Detection limits (DL) were 
0.0043 µg g−1 for V, 0.0049 µg g−1 for Ni, 0.0039 µg g−1 
for Cd, and 0.0053 µg g−1 for Pb, calculated as three times 
the standard deviation of the measured concentrations of 
12 blanks.

The data mapping of all locations was geopositioned with 
Ocean Data View software version 4.7.9. The variability 
of MNs and MCs frequencies between localities and fish 
species were compared with Fisher´s exact test using the 
Statistica 8.0 software. The association of variables like 
frequency, mean number, prevalence and intensity of MNs 
and MCs with sex, fish species, depth and pollutants (PAHs, 
heavy metals) from fish tissues and sediments were estab-
lished using the generalised additive models for location 
of scale and shape (GAMLSS) (Rigby and Stasinopoulos 
2005). Previously, the multicollinearity of variables was 
evaluated through a variance inflation factor index (VIF) 

and Spearman’s correlation, for which the usdm package of 
R was used (Naimi et al. 2014). To decide which variables 
were discarded, a threshold of VIF < 4 was established and 
considered in the GAMLSS analysis (Zuur et al. 2010). The 
Akaike information criterion (AIC) value in the model set-
ting GAMLSS package in R was used to fit the models. The 
best statistical model was selected by performing a forward 
procedure using the stepGAIC (generalised Akaike infor-
mation criterion) function in the GAMLSS package, as this 
assessed the contribution of each variable and their combi-
nations in the final model through an iterative process. This 
function chooses the best model based on the lowest AIC 
value. In addition, the goodness of fit of each model was 
evaluated through the explained deviance (ED), expressed 
as a percentage (Rigby and Stasinopoulos 2005). Finally, 
similitude of mean MNs for the species was tested with 
MVSP 3.1 software.

Results and Discussion

This study represents the first approach of using MNs and 
MCs from flounder fish collected from the YP and PF of 
the GoM. The values of MNs and MCs were associated 
with data of pollutants obtained from fish muscle and sedi-
ments. Fish collected from location C1 of PF were the most 
affected. Three to nine MNs/fish were observed, 100% of 
prevalence and mean intensity of 5. Also 60% of sampled 
fish harbored MCs. The location M63 from YP was the least 
affected because MNs were not detected there (Table 1). 
Likewise, we found significant differences in MCs frequen-
cies between locations in the YP (F17;108 = 32.952; p = 0.011) 
but not in locations from the PF (F7;41 = 0.976; p = 0.995). 
No significant differences of MNs frequencies were found 
among locations from the YP (F17;108 = 24.939; p = 0.096), 
but significant differences were found in locations from the 
PF (F7;41 = 16.17; p = 0.024). MNs are useful biomarkers 
associated to genotoxicity (Jindal and Verma 2015; Shah 
et al. 2020), and the MCs are more related to health status of 
fish, but in controlled studies the frequency of MCs showed 
a high time-dependent correlation to the frequency of MNs 
(Jindal and Verma 2015). Based in the results of this study, 
we could speculate that MCs can be also useful biomark-
ers, but this topic needs further considerations in laboratory 
and field studies. For instance, MNs are used in monitoring 
studies and the variation on their frequencies is associated 
with anthropogenic pressure and pollution like the presence 
of heavy metals in each location (Rebok et al. 2017). Our 
statistical analysis suggested that MNs and MCs frequencies 
could be subjected to the environmental condition of locali-
ties sampled, in special, because the PF areas are used for 
petroleum exploration and exploitation.
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Table 1   MNs and MCs values 
from flounder fish collected in 
the YP and PF

*,**p < 0.001

Cruise Location N Mean ± S.D Range Prevalence (%) Mean inten-
sity

MNs MCs MNs MCs MNs MCs MNs MCs

YP A3 5 2.4 ± 2.7 0.6 ± 0.55* 0–7 0–1 80 60 3 1
YP A4 5 0.4 ± 0.55 0 0–1 0 40 0 1 0
YP A5 4 2.25 ± 1.71 0 0–4 0 75 0 3 0
YP B8 5 1.8 ± 1.79 0 0–4 0 60 0 3 0
YP F29 5 1.8 ± 2.05 0.2 ± 0.45* 0–4 0–1 60 20 3 1
YP G34 10 0.3 ± 0.67 2.8 ± 5.27* 0–2 0–15 20 50 1.5 5.6
YP G35 10 0.3 ± 0.48 2 ± 3.27* 0–1 0–9 30 50 1 4
YP H39 5 0.8 ± 1.79 0.4 ± 0.89* 0–4 0–2 20 20 4 2
YP H40 2 1 ± 0 2 ± 1.41* 1 1–3 100 100 1 2
YP I43 5 0.6 ± 1.34 3 ± 3* 0–3 0–8 20 80 3 3.75
YP J48 5 1 ± 1.73 0.6 ± 0.55* 0–4 0–1 40 60 2.5 1
YP L59 5 0.4 ± 0.55 0 0–1 0 40 0 1 0
YP M63 5 0 0.6 ± 1.34* 0 0–3 0 20 0 3
YP O73 10 0.1 ± 0.32 0.7 ± 1.34* 0–1 0–4 10 30 1 2.33
YP O75 7 0.14 ± 0.38 0.71 ± 1.11* 0–1 0–3 14.29 42.86 1 1.67
YP P78 10 0.7 ± 0.82 0.2 ± 0.63* 0–2 0–2 50 10 1.4 2
YP P79 5 0.4 ± 0.89 1.8 ± 1.92* 0–2 0–5 20 80 2 2.25
YP P80 5 0.6 ± 1.34 0.8 ± 0.84* 0–3 0–2 20 60 3 1.33
PF B1 5 0.4 ± 0.89** 2.8 ± 3.11 0–2 0–7 20 60 2 4.67
PF B2 5 0.8 ± 0.84** 1.2 ± 1.79 0–2 0–4 60 40 1.33 3
PF C1 5 5 ± 2.35** 1.6 ± 1.82 3–9 0–4 100 60 5 2.67
PF C2 5 1.4 ± 1.14** 0.6 ± 0.89 0–3 0–2 80 40 1.75 1.5
PF D1 6 0.83 ± 1.17** 0.83 ± 0.98 0–3 0–2 50 50 1.67 1.67
PF D2 4 0.75 ± 1.5** 0.75 ± 0.96 0–3 0–2 25 50 3 1.5
PF F1 6 0.33 ± 0.52** 2.17 ± 3.49 0–1 0–9 33.33 50 1 4.33
PF F2 5 2.2 ± 1.3** 0.8 ± 1.3 1–4 0–3 100 40 2.2 2

Table 2   Metals and PAHs concentration (µg kg−1) detected in flounder fish tissue (FT) and in the sediment (Sed) from locations of the YP and 
the PF

Sample Pollutants YP PF

Mean ± S.D Range Mean ± S.D Range

FT V 30.11 ± 30.55 0–192.9 173.41 ± 144.16 19.34–591.32
FT Ni 327.81 ± 435.58 0–2354.63 799.97 ± 1143.64 70.39–7399.06
FT Cd 8.44 ± 18.04 0–96.82 4.97 ± 13.83 0–89.2
FT Pb 21.62 ± 70.99 0–496.32 2070 ± 3044.53 0–15,253.52
FT PAHs 2248.14 ± 2153.39 2.11–14,324.99 124.5 ± 124.23 2.87–486.97
Sed V 530.59 ± 419.62 0–1279.67 114,732.79 ± 37,732.37 72,631.88–164,299.22
Sed Ni 1124.04 ± 808.16 289.22–2699.98 23,657.21 ± 6750.1 15,442.04–31,847.44
Sed Cd 217.32 ± 36.5 173.55–273.79 99.53 ± 65.74 34.43–211.65
Sed Pb 530.93 ± 332.98 14.86–950.43 20,383.63 ± 4163.1 16,447.21–27,855.68
Sed Al 259,182.5 ± 247,080 779,752.6–43,388.47 11,828,539.21 ± 9,245,092.95 27,342,167.63–2,751,901.14
Sed PAHs 18.59 ± 15.72 0.41–42.53 82.16 ± 60.38 2.02–195.61
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Heavy metal values detected herein in fish muscle (except 
for Cd) were higher in the PF than in the YP, however PAHs 
values were higher in the YP than in PF (Table 2). Our 
data values differ with previous reports in the GoM. Dur-
ing 2012–2014 the muscle tissues of flounder fish Syacium 
gunteri presented lower values of heavy metals and PAHs 
in YP than in PF (Quintanilla-Mena et al. 2019). Whereas 
in 2016, higher PAHs concentrations were detected in tis-
sues of the fish Lopholatilus chamaeleonticeps from the YP 
than the ones from the PF (Snyder et al. 2020). Probably the 
higher values of PAHs and heavy metals found in PF were 
related to remains of the Macondo oil spill occurred in 2010. 
Fish have a high capacity to metabolize PAHs through a 
well-developed enzymatic system (Baali et al. 2016), thus, 
the PAHs values decrease in fish muscle. Nevertheless, the 
higher values observed in this study in the YP, could be 
related to bioaccumulation of contaminants from different 
sources.

In sediments the heavy metals (except for Cd) and PAHs 
concentration were higher in PF than in YP (Table 2). PAHs 
concentration for the YP (18.59 ± 15.72 µg kg−1) and the 
PF (82.16 ± 60.38 µg kg−1) are considered low according 
to the classification suggested by Recabarren-Villalón et al. 
(2019) (PAHs low values from 10 to 100 µg kg−1). The vari-
ations of contaminants levels in sediments between YP and 
PF could be reflecting remains of contaminants from the oil 
spill occurred in 2010 in the northern GoM (McNutt et al. 
2012) although, local inputs such as extraction, production, 
and transport of petroleum, among others (Murawski and 
Hogarth 2013), and contaminant transport related with the 
hydrology and the hydrodynamics, could also be contribut-
ing to the contaminant load (Botello et al. 2015).

The GAMLSS models of MCs and MNs frequency cor-
related with heavy metals from fish muscle, fish species 
and the locality, with a 20.37% and 25.15% contribution 

to the explained deviance, respectively (Table 3). Heavy 
metals are bioaccumulated in the muscle of fish and it is 
widely known that Cd, V, Pb and Ni induce the formation 
of MNs and MCs and that the values are different between 
species (Singh et al. 2019; Shah et al. 2020).

The variability of metals levels found in fish tissue can 
be subjected to feeding habits, habitats (location) and 
behaviour of species (Ergene et al. 2007). In this sense, 
our results indicate that the MNs and MCs have a multifac-
torial induction and can be closely related to the biology 
of the species. The MNs and MCs prevalence, intensity 
and mean values correlated with Al, PAHs, depth, and 
locality (31.08%, 59.13% and 33.19% explained deviance 
to MNs, and 43.22%, 60.45% and 76.37% to MCs respec-
tively) (Table 3). The contaminants detected in sediments 
from this study could persist for decades in the subsurface 
layers and organisms could bioaccumulate and incorpo-
rate them into their food chains, increasing the risk for 
humans through fish and seafood consumption (Bianchini 
and Morrissey 2018). Likewise, the PAHs and heavy met-
als mutagenicity affect directly on DNA damage, and 
also induce MCs formation through cytoplasmic altera-
tions (Shah et al. 2020). PAHs are considered the most 
toxic components of crude oil and have genotoxic effects 
including DNA damage and DNA mutation (Santana et al. 
2018). The exposure of fish to PAHs of oil-contaminated 
sediment can cause severe adverse effects like metabolic 
changes, energy imbalance, alterations in organs structure, 
altered intestinal microbiome structures and increased 
mortality (Brown-Peterson et al. 2015). Our results sug-
gest that the variation of PAHs and heavy metals in the 
location samples at different depths are important factors 
in the variation of the prevalence, mean and intensity of 
the MNs and MCs because they are associated with the 
habitat and fish behaviour (Ergene et al. 2007).

Table 3   GAMLSS model

AIC Akaike information criterion, cs cubic spline smooth function, df degrees of freedom, GD global devi-
ance, FD family distribution, P p value, %ED percent of explained deviance, FMNs frequency of MNs, 
PMNs prevalence of MNs, IMN intensity of MNs, MMN mean of MNs, FMCs frequency of MCs, PMCs 
prevalence of MCs, IMC intensity of MCs, MMC mean of MCs, Species fish species, Loc localities, 
PO  Poisson distribution, NO Normal distribution, GU Gumbel distribution
*p < 0.001

Model Df GD ED (%) AIC FD

FMNs ~ cs(Ni) + cs(Pb) + cs(Species) + cs(Loc)* 17 337.89 25.15 371.90 PO
FMCs ~ cs(Ni) + cs(Pb) + cs(V) + cs(Cd) + cs(Species

) + cs(Loc)*
25 516.71 20.37 568.71 NO

PMNs ~ cs(Al) + cs(PAHs) + cs(Depth) + cs(Loc)* 17 110.95 31.08 146.95 NO
IMN ~ cs(Al) + cs(PAHs) + cs(Depth)* 14 23.64 59.13 51.64 GU
MMN ~ cs(PAHs) + cs(Depth)* 10 52.26 33.19 72.26 NO
PMCs ~ cs(PAHs) + cs(Depth) + cs(Loc)* 13 175.41 43.22 201.41 PO
IMC ~ cs(PAHs) + cs(Depth) + cs(Loc)* 13 23.51 60.45 51.50 NO
MMC ~ cs(Depth) + cs(Loc)* 10 11.83 76.37 31.83 GU
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From the 149 flounders collected we detected 7 spe-
cies: Syacium papillosum (n = 81), Cyclopsetta chittendeni 
(n = 18), Cyclopsetta fimbriata (n = 11), Syacium micru-
rum (n = 4), Ancyclopsetta dilecta (n = 8), Syacium gunteri 
(n = 22), and Trichopsetta ventralis (n = 5). In all species 
MNs were detected (range = 0–9 MNs per fish), as well as 
MCs (range = 0–15 MCs per fish), but the highest number of 
MNs was found in C. chittendeni (F6;149 = 18.99; p = 0.004). 
In this sense, fish response to xenobiotics as the PAHs dif-
fers among the species and stages (Recabarren-Villalón et al. 
2019). In contrast, the MCs frequency variation was not sig-
nificant for the different species (F6;149 = 5.23; p = 0.515). 
The MVPS analysis showed 45.68% of similitude of the 
mean MNs among S. papillosum and C. chittendeni. These 
results might indicate different susceptibility among spe-
cies. Therefore, the selection of sentinel species to assess 
xenobiotics impact in aquatic environments is a key factor 
that needs to be evaluated deeply to obtain more accurate 
information. The presence of environmental contaminants 
has different accumulation rates that depend on their type, 
lifetime, and toxicity.

In conclusion, this study represents the first effort to 
evaluate the presence of MNs and MC in flounders from 
two important areas of the GoM. Their values were related 
to PAHs and heavy metals exposition and showed a negative 
association to health or fitness of fish. MNs and MCs fre-
quencies were more evident in the PF than in the YP. PAHs 
found in fish muscle were higher than the values found in 
sediments. MNs frequency showed a species-specific associ-
ation being C. chittendeni the most affected organism. Also, 
we consider that MNs and MCs inductions are multifacto-
rial with a probable relevant influence of the fish biology. 
Our results support the potential use of MNs and MCs as 
biomarkers in environmental pollution studies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00128-​021-​03176-w.
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