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ABSTRACT

To what extent chemical contamination affects genetic diversity of wild populations remains an open
question in ecotoxicology. Here we used a genome-wide approach (615 nuclear RADseq loci containing
3017 SNPs) and a mtDNA fragment (ATP6) to analyze the effect of long-term exposure to elevated
concentrations of metals (Cd, Pb, Zn) on genetic diversity in rove beetle (Staphylinus erythropterus) po-
pulations living along a pollution gradient in Poland. In total, 96 individuals collected from six sites at
increasing distance from the source of pollution were analyzed. We found weak differentiation between
populations suggesting extensive gene flow. The highest genetic diversity was observed in a population
inhabiting the polluted site with the highest metal availability. This may suggest increased mutation
rates, possibly in relation to elevated oxidative stress levels. The polluted site could also act as an eco-
logical sink receiving numerous migrants from neighboring populations. Despite higher genetic diversity
at the most polluted site, there was no correlation between the genetic diversity and metal pollution or
other soil properties. We did not find a clear genomic signature of local adaptation to metal pollution.
Like in some other cases of metal tolerance in soil invertebrates, high mobility may counteract possible

effects of local selective forces associated with soil pollution.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Anthropogenic activities lead to a range of negative changes in
the environment, including chemical contamination. This con-
stitutes a challenge for populations to survive unfavorable condi-
tions. Large healthy populations with high levels of genetic di-
versity can effectively cope with novel selection pressures
(Frankham et al., 2010). However, chronic exposure to pollution
may decrease genetic diversity of populations diminishing their
evolutionary potential (Van Straalen, 2002; Dallinger and Hockner,
2013).

Population-level effects start, however, in individual organisms
exposed to pollution. Toxic chemicals cause damage to their body
cells and disturb their physiology. It has been suggested that or-
ganisms exposed to toxicants face a trade-off associated with en-
ergy allocation to competing metabolic processes, including de-
toxification (Sibly and Calow, 1989; Posthuma and Van Straalen,
1993). Therefore, life history traits such as growth, reproduction
and survival are often affected due to increased metabolic
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expenditure to detoxification (Jones and Hopkin, 1998; Spurgeon
et al., 2000). This may result in reduced individual fitness and
decreased size of wild populations. In addition, when populations
have become small, genetic drift may remove variation faster
(Gillespie, 1998). Eventually a population may enter the “extinc-
tion-vortex” (Frankham et al., 2010).

The population genetic responses to pollution were recently
grouped into four categories called “the four cornerstones of
Evolutionary Toxicology” (Bickham, 2011). These include: genome-
wide changes of genetic diversity, changes in allele frequency
distribution due to selection, changes in population differentiation
due to altered dispersal patterns, and changes in allele frequency
due to increased mutation rate. Clearly, the key feature in all these
categories is genetic diversity. Pollution impacts population ge-
netic diversity by affecting four major evolutionary processes:
genetic drift, selection, migration, and mutation.

Results of the existing studies aiming at assessing effects of
metal pollution on genetic diversity of populations are incon-
clusive and contradictory. For example, reduction of genetic di-
versity was reported in populations of the marsh frog (Rana ridi-
bunda) from contaminated wetlands of Sumgayit, Azerbaijan
(Matson et al., 2006) and in sandhoppers (Talitrus saltator) living at
the metal-polluted Tyrrhenian coast in central Italy (Ungherese
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et al., 2010). Based on gene flow estimations, Matson et al. (2006)
concluded that the polluted Sumgayit region acted as an ecological
sink characterized by a high frequency of immigrant frogs from
surrounding areas. On the other hand, Eeva et al. (2006), studying
two bird species exposed to metals and nuclear radiation in Fin-
land and Russia, reported decreased genetic diversity in popula-
tions of the pied flycatcher (Ficedula hypoleuca), but increased
genetic diversity in the great tit (Parus major) living at polluted
sites. The difference in species response was explained by different
dispersal patterns and detoxification abilities. The genetic erosion
hypothesis of Van Straalen and Timmermans (2002) was sup-
ported by the study of Andre et al. (2010). They investigated
highly differentiated populations of the earthworm Lumbricus ru-
bellus from a Pb-polluted habitat near Cwmystwyth, Wales, UK,
and hypothesized a reduction of genetic diversity through the loss
of distinct mtDNA genetic lineages. At the same time, a number of
authors reported no influence of metal pollution on population
genetic diversity in different animal species, for example the
wood mouse Apodemus sylvaticus (Berckmoes et al., 2005), the
earthworm Dendrobaena octaedra (Simonsen et al., 2008) or the
ground beetle Pterostichus oblongopunctatus (Lagisz et al., 2010).
Therefore, the question to what extent long-term exposure to
chemical pollutants affects genetic diversity of wild populations
remains open.

Detecting genetic responses to environmental change is not
straightforward in the absence of a priori candidate loci with a
large effect on the phenotype of interest (Hoffmann and Willi,
2008). In the above mentioned studies, researchers usually used
small numbers of molecular markers. These were mainly single
mtDNA genes, microsatellites, RAPD or AFLP. What seems to be
lacking is a genome-wide approach which could allow for better
insight into population genetic processes occurring across a whole
genome. This was highlighted by Bickham et al. (2000) in their
review of genetic effects of pollution in natural populations with
the statement: “The challenge for the future lies in gaining an
integrated perspective of the genomic response to contaminant
exposure and to the forces that promote population divergence”.
Recent developments of next-generation sequencing (NGS) tech-
nologies (Mardis, 2013), applicable also for non-model species
(Baird et al., 2008; Catchen et al., 2011; Peterson et al., 2012;
Zielinski et al., 2014), and their decreasing costs, increase the po-
tential for detailed population genomics research.

Here, we aimed at testing the association between population
genetic diversity and soil contamination. We took advantage of
next-generation sequencing methods to assess the impact of
multigenerational exposure to elevated concentrations of metals
(Cd, Pb, Zn) on rove beetle (Staphylinus erythropterus) populations
living along a metal pollution gradient in Southern Poland. Genetic
diversity, gene flow and population structure were estimated for
both the mitochondrial and the nuclear genome using restriction-
site associated DNA sequencing (RADSeq). Estimated population
genetics parameters were related to metal concentrations in soil.
Our prediction was that S. erythropterus populations would show a
reduction of genetic diversity with increasing pollution due to
toxicity, population size decline (bottleneck), and directional se-
lection. We expected this effect to be dispersal dependent as
higher dispersal potential results in more intensive gene flow
which may overcome the selection and bottleneck impact. Here
we report results concerning just the most dispersive species,
however, in the whole project we test several species with dif-
ferent dispersal capabilities.

2. Materials and methods
2.1. Staphylinus erythropterus

The rove beetle Staphylinus erythropterus Linné, 1758, belongs to
the family Staphylinidae - one of the largest families of beetles (Co-
leoptera) (Herman, 2001). It is a common and widespread species,
distributed in nearly all zoogeographical regions. It can be found
throughout Poland, living mainly on the soil surface and in the litter
layer in forests. As a holometabolous insect, it has a four-stage life
cycle, including egg, larva, pupa and imago. There is only one gen-
eration of S. erythropterus during a year (Szujecki, 1980). Eggs are laid
in May and June, usually on the soil surface. To develop they must
absorb water from the environment. The predatory larva lives in
deeper soil layers. Metamorphosis of pupa takes place in August, in
soil chambers dug by the larva (Szujecki, 1980). Adults, also predators,
feed on soft-bodied invertebrates (e.g. nematodes, mites, springtails,
slugs, earthworms) and other insect larvae or pupae. They are able to
fly actively and dispersal is most intensive in Spring during the re-
production season. As all life stages of S. erythropterus live in the top-
soil litter layer, where most emitted metals end-up, they are exposed
to pollution, especially considering the fact they absorb soil pore-
water and feed on animals recognized as macroconcentrators of
metals. According to the review of Bohac (1999) Staphylinid larvae
are considered more sensitive to pesticide and radionuclide pollution
than imagos. However, Zvereva et al. ( 2003) concluded that beetle
larvae are less sensitive to metal pollution than adults because they
are able to get rid of accumulated metals during molting.

2.2. Sampling

The study was conducted at six sites located in two distinct
areas in Poland, approximately 180 km apart (Fig. 1). Five sites
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Fig.1. Location of the two study areas in Poland (insert): PK - Kozienicka Forest, OL
- Olkusz area, and detailed location of the Olkusz sites (OL1-OL7); gray patches
represent forests. See text and Table 1 for sites characteristics.
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(OL1-0OL7) were located in the mining and smelting area at in-
creasing distances from the zinc-and-lead smelter ‘Bolestaw’ near
Olkusz in Southern Poland (50°16'-50°32'N, 19°29'-19°38E). One
site (PK) was established in a clean area in the Kozienicka Forest,
Central Poland (51°29'34"N, 21°16’16”E). All sites were character-
ized by similar habitat type-mixed pine forest on acidic soils with
well-developed mor organic layer. Major metals contaminating the
studied area were Cd, Pb and Zn, being present in a broad range of
concentrations (Table 1). Detailed description of soil analysis
procedures is available elsewhere (Giska et al., 2014). Other metals
(Co, Cr, Cu, Ni), although present, were usually found at rather low
concentrations (Pasieczna and Lis, 2008; Simonsen et al., 2008,
Giska et al., 2014).

Adult rove beetles were collected alive using pitfall traps. The
traps were installed at ~200 m? plots at each study site. From
each site we collected 16 live individuals, 96 in total. They were
washed with deionized water and starved individually in perfo-
rated plastic containers with moist filter paper for at least 24 h.
Then, they were preserved in 96% ethanol and stored. Taxonomic
identity of the species was confirmed with the identification key of
Szujecki (1980). By inspecting the abdomen and presence of male
reproductive organ (aedeagus) under a magnifying glass, the sex of
each individual was determined. Genomic DNA was extracted from
head and thorax tissues of ethanol-preserved specimens using
Wizard® Genomic DNA Purification Kit (Promega). The purity and
concentration of extracted genomic DNA was determined with
NanoDrop spectrophotometer and Qubit® fluorometer. Sequence
data for mitochondrial marker development were obtained by 454
pyrosequencing (1/16 of the PTP plate; GS FLX+Titanium (Roche))
of one randomly selected individual.

2.3. Mitochondrial ATP6 sequencing

The mitochondrial ATP6 (ATP synthase 6) gene sequence of S.
erythropterus was reconstructed from 454 reads using blast sear-
ches against mitochondrial genomes of several beetle species.
Primers for PCR amplification (F1/R1; Table S1.1) were designed
with Primer3 software (Koressaar and Remm, 2007; Untergrasser
et al., 2012). PCR reactions were performed in 15 pl (~50-150 ng
of DNA template, 0.5 pM of each primer, 1X Taq buffer with
(NH4)2S04, 1.5 mM of MgCl,, 0.2 mM of each dNTP, 0.75 U of Taq
polymerase (Thermoscientific)) under cycling conditions described
in Table S1.1. Products were visualized on an agarose gel. After
Exo-AP cleaning (Exonuclease I and Thermosensitive Alkaline
Phosphatase; Thermoscientific) PCR product was sequenced using
the BigDye®™ Terminator v3.1 Cycle Sequencing Kit. Sequencing
reactions were cleaned with Ethanol/EDTA precipitation method
and run on the ABI 3130xl Genetic Analyzer (Applied Biosystems).

Table 1

Raw sequences were aligned and edited with SeqScape®™ software
(Applied Biosystems).

In the case of some individuals with double peaks observed in
the sequencing electropherogram, multiple additional approaches,
as suggested by e.g. Sorenson and Quinn (1998) or Calvignac et al.
(2011), were used to resolve whether it concerned heteroplasmy
or nuclear mitochondrial pseudogenes (numts). These included i)
digestion of PCR product with restriction enzyme (Tsel;
5-GCWGC-3") with the recognition site falling within one of the
ambiguous sequence fragments, ii) DNA extracted from legs used
for PCR as muscle tissue is enriched in mitochondria, iii) PCR with
Phusion Hot Start II High Fidelity DNA polymerase to lower am-
plification error probability, iv) extreme dilutions of DNA
(0.001 ng) used as PCR template to decrease the number of nuclear
genome copies, and v) PCR with two more primers amplifying
longer fragments (Table S1.1). After applying the above mentioned
steps we still observed all the double peaks, and digestion with
restriction enzyme confirmed the presence of two sequences. To
avoid their effect on estimated population genetics parameters, we
masked double peak positions with ‘N’ in all individuals. Because
double peaks occurred only in a few positions, we argue that the
effect of the possible numts or heteroplasmy on estimates of
mtDNA diversity and differentiation among populations should be
minor.

2.4. RADseq

Libraries for RAD sequencing were prepared according to the
double digest RADseq method described by Peterson et al. (2012).
Briefly, for each individual 250 ng of genomic DNA was digested
with Sphl-HF and PstI-HF restriction enzymes (New England Bio-
labs). Adapters, one with 5 bp barcode, were then ligated using T4
DNA Ligase (NEB) in 40 pl reactions under the following condi-
tions: 23°C - 60 min, 65°C - 10 min, cooling 0.022°C s~ . After
ligation, individual samples from each population were equally
pooled resulting in six libraries. Purified libraries were then size
selected with LabChip XT (LabChip XT DNA 300 Assay Kit; Perki-
nElmer). We aimed at selecting the 346-406 bp fraction, which
according to Bioanalyzer analysis of digested genomic DNA and
trial Illumina MiSeq sequencing, was supposed to result in no
more than ~10,000 RAD tags per individual beetle. After size se-
lection, libraries were amplified in PCR reactions (20 pl) contain-
ing: 1X Phusion buffer, 200 pM of each dNTP, 0.75 puM of PCR1 and
PCR2 primer, 0.5 U of Phusion HF polymerase (Thermoscientific)
and 2.5 pl of size selected library. The PCR profile was as follows:
98°C -30s,12 cycles: 98°C - 10's, 62°C - 30 s, 72°C - 30 s and final
extension 72°C - 5 min. One of PCR primers included 6 bp index
added to distinguish libraries of different populations. Amplified

Characteristics of the sites used for sampling the rove beetle Staphylinus erythropterus. Shown are distances from the ‘Bolestaw’ smelter, soil pH in 0.01 M CaCl,, organic
matter content of the ~10 cm upper soil layer (OM%), soil metal concentrations [mg kg~' dwt.]: total concentrations in normal font and 0.01 M CaCl,-extractable con-
centrations in italics; mean + SD (n=3). Part of the data shown here were taken from Giska et al. (2014).

Site Distance [km] pHcacly OM [%] Cd [mg kg '] Pb [mg kg~ '] Zn [mg kg~ 1]
OL1 33 5.06 +0.06 451+13 63.2+3.0 3041+ 158 7991 4+ 536
0.892 +0.018 0.553 + 0.014 544+ 11
OL2 25 412 +0.03 53.5+04 491+ 11 2 060 + 37 3960 + 54
3.69 + 0.05 1.98 +0.05 21142
OL4 5.3 3.46 +0.02 54.2+2.0 14.8 +0.2 847 + 38 966 + 22
198 +0.02 1.88 +0.02 843+ 15
OL5 77 4.29 +0.01 36.3+0.7 121 +0.7 708 + 12 756 + 11
0.688 + 0.012 0.526 + 0.015 30.8 +0.1
OL7 ~32 4.25 +0.01 6.68 +0.08 136 +£0.10 609 +3.5 88.6 + 13.6
0.393 + 0.006 0.231 + 0.007 16.8+0.7
PK ~180 2.82+0.01 354+13 0.677 +0.102 56.5+39 36.5+3.8
0.198 + 0.069 0.376 + 0.032 6.98 + 1.39
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samples were inspected on Bioanalyzer (HS DNA chips; Agilent
Technologies) to check their size distribution. Then, all six indexed
libraries were pooled based on Qubit®™ measurements, and sent for
[llumina HiSeq 2000 sequencing (single end, 100 bp) at the Center
for Genome Research and Biocomputing, Oregon State University,
USA (see Supporting information S1.2). Prior to sequencing mo-
larity of the sample was estimated with qPCR.

Raw Illumina reads (92,365,800) were matched to the studied
populations based on index read and then analyzed with Stacks
software (Catchen et al., 2011, 2013). First, reads were demulti-
plexed and cleaned with the process_radtags.pl program resulting
in 71,611,749 reads for further analysis (Table S1.2). The Sphl re-
cognition site sequence (CATGC) was removed from all reads, since
including this fragment could cause underestimation of total nu-
cleotide diversity (Hohenlohe et al., 2010). Subsequently, for each
individual, loci were reconstructed with the denovo_map.pl pro-
gram including MySQL graphical visualization. For further analysis
we used loci present in all six populations and genotyped in at
least 75% of the individuals of each population (see Supporting
information S1.2).

2.5. Statistical analyzes and environmental correlations

For all the analyzes rove beetles sampled from different sites
were assumed to represent local populations. Mitochondrial
mtATP6 sequences were analyzed with DnaSP (Rozas, 2009) and
Arlequin 3.5 (Excoffier and Lischer, 2010) aiming at estimation of
basic population genetic statistics such as haplotype diversity,
nucleotide diversity, number of polymorphic sites and measures of
population differentiation. Pairwise genetic differences between
studied populations were calculated based on haplotype frequency
(Fst) with 10,100 permutations. Median-Joining haplotype net-
works were constructed with Network 4.6 (Bandelt et al., 1999;
http://www.fluxus-engineering.com) to illustrate genetic re-
lationships among the haplotypes.

RADseq data were analyzed with the populations program of
Stacks. Population genetic statistics including number of private
alleles, number of haplotypes, haplotype diversity and nucleotide
diversity were estimated. Pairwise differentiation between popu-
lations (Fst) was estimated with Arlequin based on the allele fre-
quency of SNPs (10,100 permutations). Number of effective mi-
grants Nm per generation was estimated from F; = 1/(1 + 4Nm)
after Wright (1931). The extent of population structuring was also
examined using a Bayesian clustering method implemented in
Structure software (Pritchard et al., 2000; Falush et al., 2003, 2007;
Hubisz et al., 2009). Structure does not use predefined assignment
of individuals to populations and may be used to estimate the
most likely number of genetically differentiated clusters and the
fraction of the individual's genotype attributable to each cluster.
Structure analyzes were performed with the use of 100,000 burn-
in steps and 500,000 post-burn-in iterations. All six populations
were analyzed together, with one randomly chosen SNP per RAD
tag (-write_single_snp), in total 615 loci. We tested the K values
range of 1-10 with 10 replicates for each value. Optimal K was
selected with the Evanno method (Evanno et al, 2005) im-
plemented in Structure Harvester Earl and Von Holdt (2012) and
on the basis of the probability of the data given the number of
clusters for various K values.

Significance of differences in haplotype and nucleotide di-
versity between populations was tested with a randomization test
(1000 draws; mtDNA) and t-test (RADseq). Strict Bonferroni cor-
rection for multiple comparisons was applied. As metal con-
centrations in soil, both total and extractable, were highly corre-
lated (Table S3.1), for further analyzes Cd concentration was used
as an index of soil pollution. Correlation of pollution level (total
and 0.01 M CaCl,-extractable concentrations of Cd), soil properties

(pH, OM) and population genetic diversity was assessed with
Pearson correlation analysis performed with SPSS 21 IBM
Statistics.

To test the effect of pollution on the degree of genetic differ-
entiation between populations (Fsy) while accounting for geo-
graphic distance, we performed a partial Mantel test (Smouse
et al., 1986) with the use of IBDWS (Jensen et al., 2005; http://
ibdws.sdsu.edu/). Isolation by distance was tested with a simple
Mantel test. For both Mantel tests 10,000 randomizations were
done. We used the following distance matrices: pairwise Fst va-
lues, log-transformed geographic distance (straight line), differ-
ence in Cd total soil concentration.

To search for candidate loci under local selection we used two
approaches. First, we used FDIST2 method (Beaumont and Nichols,
1996) as implemented in Arlequin to identify SNPs that show ex-
treme allele frequency differences between studied populations.
FDIST generates the expected distribution of Fsy given expected
heterozygosity under the island model and uses this distribution
to identify the outlier loci. We performed 200,000 coalescent si-
mulations. A locus was considered as outlier if its Fsr fell within
the 1% tails of the simulated global Fsr distribution. Second, we
used BAYENV software to search for loci whose allele frequency
was correlated with pollution level (Coop et al., 2010). To describe
the effect of soil contamination on allele frequency of each SNP,
Bayes factors were generated with the use of Markov chain Monte
Carlo algorithms (1,000,000 iterations). Soil contamination level
was described as standardized Cd total and extractable con-
centrations. Standardization was performed by subtracting the
mean and then dividing it through by the standard deviation of Cd
concentration across populations.

3. Results
3.1. mtATP6

We identified 11 mitochondrial haplotypes among 96 se-
quenced S. erythropterus individuals (Table 2). The most common
haplotype, observed in 75 individuals, was shared by all popula-
tions (Fig. 2). It differed from the remaining haplotypes by 1-6
mutations. The number of haplotypes ranged from only one in the
OL7 population to seven in PK. The highest haplotype diversity
was observed in the PK population (Hq=0.850 + 0.054) char-
acterized also by the highest nucleotide diversity
(7=0.00300 + 0.00042). Among the Olkusz populations, OL2 was
the most diverse (Hq=0.450 + 0.151; 7=0.00242 + 0.00137) while
OL7 originating from the unpolluted site showed no mtATP6

Table 2

MtDNA variation in Staphylinus erythropterus populations from metal-con-
taminated and clean sites in southern and central Poland. See Table 1 for further
information on sampling sites and metal concentrations; Site — sampling location,
N - number of analyzed individuals, Npp - number of individuals with at least one
double peak in electropherogram, Sex — number of females and males sampled, S -
number of polymorphic sites, h — number of haplotypes, Hy — haplotype (gene)
diversity (mean + SD), = - nucleotide diversity per site (mean + SD); computed
with DnaSP; means with different letters are significantly different (randomization
test; p < 0.003 after strict Bonferroni correction).

Site N (Npp) Sex S h Hy n

OL1 16 (4) 69 100 1 2 0233+0126°% 0.00051 +0.00027 2
oL2 16 (6) 99 70 8 5 0.450+0151% 0.00242 +0.00137 *
OL4 16(2) 99706 1 2 0233+0126% 0.00051 +0.00027 *
oL5 16 (2) 109 66 1 2 0125+0.106°% 0.00027 +0.00023 ?
oL7 16 (6) 89 8g 0 1 oP ob

PK 16 (1) 119 56 5 7 0.850+0.054° 0.00300 +0.00042 ©
Olkusz 80 (20) 429383 9 6 0212+0.061  0.00075 + 0.00034
all 96 (21) 539435 12 11 0.388+0.064  0.00143 + 0.00034
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diversity at all. None of the pairwise mtDNA Fsy indices among
Olkusz populations were significant (Table 3). However, significant
differentiation was observed between each Olkusz population
compared separately with PK. When the five Olkusz populations
were considered as one panmictic population and compared with
PK, mtDNA Fsr=0.4554 was significant (p <0.001). Genetic di-
versity (Hyg=0.212 + 0.061, 7=0.00075 + 0.00034) in the pooled
Olkusz sample was significantly lower than in the PK population
(randomization test; p < 0.05).

3.2. RADseq

The filtering step was passed by 615 RAD loci containing 3017
SNPs. Although the largest number of haplotypes (h) and highest
haplotype diversity (Hq) were found in the OL2 population
(h=3.26 +0.06, H4=0.324 + 0.009; mean + SE), the values were
not significantly different from the other populations (Table 4).
Population OL2 was also characterized by the highest number of
unique variable positions (Private=239). The level of genome-

O

@ou Qo Sou
Qo2 @os @rx

Fig. 2. Haplotype network of ATP6 sequences of Staphylinus erythropterus from
metal-polluted and control sites, constructed using the Median-Joining method
with Network 4.6. Circles represent distinct haplotypes. The size of each circle is
proportional to the total number of individuals showing that haplotype and hap-
lotype distribution over the populations is indicated with pie charts; the smallest
circle corresponds to N=1. The genetic distance between haplotypes is measured
by substitutions indicated by dashes along the connecting lines.

Table 3

Pairwise genetic differentiation between Staphylinus erythropterus populations
from metal-contaminated and clean sites in southern Poland. See Table 1 for
further information on sampling sites and metal concentrations: mtDNA Fsr based
on haplotype frequency - below diagonal, RADseq Fst — above diagonal. Significant
values are marked with asterisks (10,100 permutations; p < 0.003 after strict
Bonferroni correction).

OL1 OL2 OoL4 OL5 OL7 PK
OL1 0.0187* 0.0209* 0.0199* 0.0220* 0.0279*
OL2 0.0061 0.0109 0.0124 0.0176* 0.0220*
OoL4 0.0044 —0.0170 0.0138 0.0167* 0.0219*
OL5 0.0029 0.0187 0.0029 0.0196* 0.0257*
OL7 0.0667 0.1000 0.0667 0.0000 0.0218*

PK 0.3067* 0.1961* 0.3067* 0.3633* 0.4333*

Table 4

wide nucleotide diversity (7) was the same in all analyzed
populations.

Pairwise Fst ranged from 0.0109 to 0.0279 (Table 3). Global Fst
was equal to 0.0218. Differentiation between OL2, OL4 and OL5
populations was not significant. The estimated number of mi-
grants Nm was equal to 11.2 per population per generation. No
population structure was suggested by the Bayesian clustering.
According to the value of the estimated probability of the data (InP
(D); Fig. S2 A) there was only one genetic group of rove beetles
(K=1). The Evanno method suggested K=3 as the most likely
number of genetic clusters (Fig. S2 B) but this method is not able to
assess validity of K=1. Based on these analyzes we concluded
K=1.

3.3. Environmental correlations

Neither haplotype diversity nor nucleotide diversity based on
mtDNA or RADseq data correlated with cadmium concentrations
in soil (p > 0.05). Also, no correlations of genetic diversity with soil
pH and organic matter content were found (Table S3.2). The
Mantel test (mtDNA Fsy: Z=3.95, r=0.882, p=0.003; RADseq Fsr:
Z=0.434, r=0.750, p=0.041) showed significant isolation by dis-
tance. When PK populations were excluded from the analysis, this
correlation was significant for mtDNA Fsy (r=0.780, p=0.016) but
not for RADseq Fst (r=0.454, p=0.251). As mtDNA Fs within the
Olkusz area was not significantly different from zero, isolation by
distance between Olkusz sites should be interpreted with caution.
Genetic differentiation was not correlated with pollution level
when controlling for geographic distance (partial Mantel test;
mtDNA: r=—-0.394, p=0.973; RADseq: r=0.329, p=0.179; Table
S3.3,

Fig. S3).

In the FDIST scan for outliers, we found 18 loci (0.6%) possibly
under diversifying selection at 0.01 significance level (Fig. S4).
Sparse SNPs with BF > 1 were found by BAYENV (Fig. S5) and they
were not consistent with FDIST outliers.

4. Discussion

According to the genetic erosion hypothesis (Van Straalen and
Timmermans, 2002) a decrease of population size due to exposure
to metal pollution may lead to reduced genetic diversity at more
polluted sites. We assessed genome-wide genetic diversity of S.
erythropterus populations in a gradient of metal pollution but
failed to detect an effect of pollution on the genetic diversity level.
All analyzed populations showed very similar diversity at the
nuclear genome, and observed nucleotide diversity (7~ 0.5%) was
within the range reported for arthropods by Leffler et al. (2012).
Mitochondrial DNA diversity showed significant differences be-
tween some populations. However, none of the measures of ge-
netic diversity in either genome was correlated with

Genetic statistics of Staphylinus erythropterus populations from metal-contaminated and clean sites in southern and central Poland, estimated from RADseq data (final set of
615 RAD tags) for all nucleotide positions; N - genotyped individuals (mean), Bases - total number of analyzed nucleotide positions, Private - private variable positions, h —
number of haplotypes (mean + SE), Hgq — haplotype (gene) diversity (mean + SE), = — nucleotide diversity (mean + SE); means with different letters are significantly different

(t-test; p < 0.003 after strict Bonferroni correction).

Site N Bases Private h Hy n

OL1 15.2 54,072 186 2.99+0.06 * 0.315+0.009 * 0.0047 + 0.0002 *
0oL2 15.4 54,066 239 3.26 +0.06 © 0324 + 0.009 ¢ 0.0048 +0.0002 *
OL4 15.3 54,068 218 315+ 0.06 0.319 + 0.009 * 0.0047 +0.0002 *
OL5 15.2 54,065 200 312 +0.06 0.317 + 0.009 * 0.0047 + 0.0002 *
OL7 153 54,068 205 312 +0.06 0.320 + 0.009 * 0.0048 +0.0002 *
PK 14.7 54,075 232 3.06 + 0.06 ® 0.317 + 0.009 * 0.0047 +0.0002 *
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concentrations of metals in soil or with soil properties, such as pH
and organic matter content. Thus, our data taken at face value do
not support the genetic erosion hypothesis although concentra-
tions of metals in the soil of the Olkusz transect were shown to
have adverse effects on beetles (Stone et al., 2001, Skalski et al.,
2010, Bednarska and Stachowicz, 2013). We are aware that except
for pollution other factors like habitat fragmentation, small po-
pulation size or low migration are necessary to co-occur with
pollution to cause genetic isolation and affect population genetic
diversity. Species ecology and its history together with stochasti-
city determine population reaction to pollution. By studying ad-
ditional species with different migratory potential, including
earthworms and centipedes, we looked for circumstances under
which the genetic erosion hypothesis is valid.

Why did we not find an effect of long-term exposure to ele-
vated metal concentrations on genetic diversity in S. ery-
thropterus? Several methodological difficulties are discussed by
Hoffmann and Willi (2008). The most likely explanation is a high
level of gene flow among local populations as evidenced by little
differentiation of allele frequencies between sites. In the Olkusz
area no significant differentiation was observed in mtDNA while
for nuclear RADseq markers some pairwise Fsr values were sig-
nificant, but they were generally lower than 0.02. This indicates
that although gene flow between S. erythropterus populations does
not completely homogenize the populations, it is sufficient to
prevent substantial differentiation of allele frequencies. At a larger
geographic scale differentiation between populations from the
Olkusz area and the Kozienicka Forest was more pronounced in
mtDNA, although still low for nuclear markers (Fst < 0.03). This
result was corroborated by the Bayesian clustering approaches
which, on the basis of nuclear variation, supports the presence of a
single genetic cluster. The number of migrants (Nm, based on
nuclear data) calculated under the island model assumption was
11.2 per generation. Although Nm estimation from Fsr should be
interpreted with extreme caution (Whitlock and McCauley, 1999),
we provide these values just to illustrate that the migration rate is
certainly much higher than one effective migrant per generation
which is sufficient to prevent substantial differentiation due to the
action of drift (Charlesworth and Charlesworth, 2010). Intensive
gene flow may mask the effect of pollution on genetic diversity in
natural populations even for soil invertebrates of which many
species seem to have low dispersal capacity (Costa et al., 2013).
High dispersal was also suggested by Berckmoes et al. (2005) to
explain the absence of an impact of metal contamination on mi-
crosatellite diversity in the wood mouse which is a relatively
mobile species. Similarly, Lagisz et al. (2010) identified gene flow
as a possible reason for difficulties in detecting effects of metal
pollution on genetic diversity in populations of the ground beetle
P. oblongopunctatus. Theodorakis et al. (2001) studying popula-
tions of the kangaroo rat (Dipodomys merriami) exposed to
radionuclides also concluded that migration masked the genotoxic
effects of radiation. Considering our results and the above men-
tioned research, we believe that careful selection of study species
is necessary to resolve the puzzle of pollution effects on genetic
diversity in natural populations. Thus we decided to study the
effect of pollution on genetic diversity of a range of species dif-
fering in their dispersal capabilities. Such a broad-scale study al-
lows for evaluating the impact of both pollution and migration on
genetic diversity in population chronically exposed to toxic che-
micals. This article is the first one in the row of studies we have
conducted.

A remarkable pattern was found in the population OL2 in-
habiting the site with the highest availability of metals as proved
by their 0.01 M CaCl,-extractable concentrations (Table 1). Within
the Olkusz area, animals from OL2 showed significantly higher
mitochondrial diversity than other populations. At the nuclear

level the number of haplotypes and haplotype diversity of OL2
were the highest, although not significantly different from those
observed in the other populations. Together with the largest
number of private alleles (239 alleles; Table 4) these results may
indicate a relatively larger effective population size at OL2 or the
impact of metal pollution through increased mutation rates
(Bickham et al., 2000). According to the neutral theory of mole-
cular evolution, genetic diversity depends on new mutations that
increase the level of diversity and genetic drift leading to the loss
of genetic diversity. As genetic drift is slower in larger populations,
populations with larger effective population size tend to have
greater genetic diversity. Based on field observations and our
sampling effort we suppose that the OL2 site indeed could be
characterized by the highest number and density of S. ery-
thropterus. Skalski et al. (2010) reported decreased beetle species
abundance with increasing pollution level. However, species
abundant at all sampling sites (Carabus arcensis, C. nemoralis, P.
oblongopunctatus) showed relatively high abundance at site OL2,
comparable with the reference site. Interestingly, density of
earthworms, the main food source of beetles, was found to be the
highest at polluted sites during Spring, but not in other seasons
(Tosza et al., 2010). We could suspect that the high abundance of
predators caused decrease of earthworm density at the OL2 site.
Perhaps this is a pattern typical for the Olkusz transect as Zvereva
and Kozlov (2010) in their meta-analysis reported significant ad-
verse effects of pollution on population density of epigeic pre-
dators, including Staphylinidae and Carabidae beetles.

It is known that toxicity of heavy metals results in oxidative
stress due to intensified generation of reactive oxygen species, ROS
(Belyaeva et al., 2012). This can induce DNA mutations. Thus, one
explanation for higher nucleotide and haplotype diversity at the
OL2 site may be an increased mutation rate due to oxidative stress
resulting from contamination. Migula et al. (2004), studying dif-
ferent beetle species, including Staphylinus sp., along the same
pollution gradient near Olkusz, found correlations between some
antioxidant enzymes activity and body concentrations of metals.
Stone et al. (2002) observed the most elevated levels of enzyme
activity (carboxylesterase, glutathione S-transferase) in the ground
beetle P. oblongopunctatus collected at the polluted site OL2 (note
that in their paper this site is called OLK3). Increase of mutation
rate due to pollution has already been mentioned by, for example,
Eeva et al. (2006) who found the great tit Parus major population
living near a copper smelter to have higher mtDNA nucleotide
diversity than the population from an unpolluted area. Similarly,
Stambuk et al. (2013) mentioned enhanced mutation load as
possible explanation of the higher microsatellite diversity found in
mussels Mytilus galloprovincialis from more polluted locations
along the Adriatic coast. What is more, the whole Olkusz area was
characterized by a high number of individuals with double peaks
in mtDNA sequence. If heteroplasmy was the source of these
peaks, it would also suggest an increased mutation rate. For ex-
ample, Matson et al. (2006) reported an elevated level of hetero-
plasmy among marsh frogs at the polluted Sumgayit region and no
heteroplasmy in the clean area.

On the other hand, dispersal influenced by pollution may lead
to increased levels of genetic diversity at polluted sites due to
immigration (Dallinger and Hockner, 2013). Intensive immigration
into the OL2 population could be another explanation of the
higher genetic diversity observed at this site. It is possible that the
OL2 site acted as an ecological sink. However, this is difficult to
prove and we do not have definitive evidence supporting this
hypothesis. It would be useful to sample more sites surrounding
the smelter and assess direction of gene flow between numerous
differently polluted sites.

What about local adaptation of S. erythropterus to metal pol-
lution? Again, intensive gene flow may prevent populations from
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developing local adaptation (Lenormand, 2002). Roughly, if mi-
gration rate exceeds the selection coefficient, no local adaptation is
expected (Charlesworth and Charlesworth, 2010). On the other
hand, even if at one site there is local adaptation but at other sites
there is no selection against adapted alleles, these alleles will be
spread over large areas by migrating individuals making selection
undetectable from molecular data. Although we found some loci
putatively under selection, their allele frequency was not corre-
lated with contamination level. This suggests that pollution did
not act here as a selection force. According to Rockman (2012), by
performing genome scans we are able to detect polygenes of
small-effect. Selection more often acts through such regions, not
through large-effect single genes. Overall, the hypothesis about
local adaptation of S. erythropterus populations to metal pollution
is not supported by our results. This is in agreement with the study
of Lagisz and Laskowski (2008) who found no evidence of adap-
tation to metal pollution in ground beetle P. oblongopunctatus
collected from the same Olkusz transect and reared at laboratory
conditions till F>-generation.

In conclusion, we analyzed genome-wide polymorphism data
as recommended previously by, for example, Theodorakis et al.
(2001) and Berckmoes et al. (2005). This kind of analysis should
have maximum power to detect an effect of pollution on popula-
tion genetic diversity. However, we did not find any significant
effect in S. erythropterus populations. The very little genetic dif-
ferentiation found among populations suggests that extensive
gene flow among populations may erase potential effects of metal
pollution.

Conflict of interest

The authors declare that there is no conflict of interest.

Acknowledgements

We would like to thank Artur Kowalik and Ewelina Nowak from
the Department of Molecular Diagnostics, Holycross Cancer Center,
Kielce, Poland, for the possibility of using LabChip XT and technical
training. We also thank Michat Stuglik for providing the necessary
Python scripts. This study was supported by the Foundation for
Polish Science International PhD Projects Programme co-financed
by the EU European Regional Development Fund in the frame of
the “Environmental Stress, Population Viability and Adaptation”
project (MPD/2009-3/5) and the Polish National Science Center
Grant no. UMO-2011/03/N/NZ8/00013. Support from Jagiellonian
University in Krakéw, DS 758, is also acknowledged.

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.ecoenv.2015.04.
048.

References

Andre, J., King, R.A., Stiirzenbaum, S.R,, Kille, P., Hodson, M.E., Morgan, AJ., 2010.
Molecular genetic differentiation in earthworms inhabiting a heterogeneous
Pb-polluted landscape. Environ. Pollut. 158, 883-890.

Baird, N.A,, Etter, P.D., Atwood, T.S., 2008. Rapid SNP discovery and genetic mapping
using sequenced RAD markers. PLoS One 7, e40701.

Bandelt, H.J., Forster, P.,, Rohl, A., 1999. Median-joining networks for inferring in-
traspecific phylogenies. Mol. Biol. Evol. 16, 37-48.

Beaumont, M.A., Nichols, R.A., 1996. Evaluating loci for use in the genetic analysis of

population structure. Proc. R. Soc. Lond. B 263, 1619-1626.

Bednarska, AJ., Stachowicz, 1., 2013. Costs of living in metal polluted areas: re-
spiration rate of the ground beetle Pterostichus oblongopunctatus from two
gradients of metal pollution. Ecotoxicology 22, 118-124.

Belyaeva, E.A., Sokolova, T.V., Emelyanova, L.V., Zakharova, 1.0., 2012. Mitochondrial
electron transport chain in heavy metal-induced neurotoxicity: effects of cad-
mium, mercury, and copper. Sci. World J. 2012, 136063.

Berckmoes, V., Scheirs, ]., Jordaens, K., Blust, R., Backeljau, T., Verhagen, R., 2005.
Effects of environmental pollution on microsatellite DNA diversity in wood
mouse (Apodemus sylvaticus) populations. Environ. Toxicol. Chem. 24,
2898-2907.

Bickham, J.W., Sandhu, S., Hebert, P.D., Chikhi, L., Athwal, R., 2000. Effects of che-
mical contaminants on genetic diversity in natural populations: implications
for biomonitoring and ecotoxicology. Mutat. Res. 463, 33-51.

Bickham, J.W., 2011. The four cornerstones of evolutionary toxicology. Ecotoxicol-
ogy 20, 497-502.

Bohac, J., 1999. Staphylinid beetles as bioindicators. Agric. Ecosyst. Environ. 74,
357-372.

Calvignag, S., Konecny, L., Malard, F,, Douady, CJ., 2011. Preventing the pollution of
mitochondrial datasets with nuclear mitochondrial paralogs (numts). Mi-
tochondrion 11, 246-254.

Catchen, J.M., Amores, A., Hohenlohe, P., CreskoW, Postlethwait J.H., 2011. Stacks:
building and genotyping loci de novo from short-read sequences. G3 1, 171-182.

Catchen, .M., Hohenlohe, P., Bassham, S., Amores, A., Cresko, W.A., 2013. Stacks: an
analysis tool set for population genomics. Mol. Ecol. 22, 3124-3140.

Charlesworth, B., Charlesworth, D., 2010. Elements of Evolutionary Genetics. Ro-
berts & Co., Greenwood Village, Colorado.

Coop, G., Witonsky, D., Di Rienzo, A., Pritchard, J.K., 2010. Using environmental
correlations to identify loci underlying local adaptation. Genetics 185,
1411-1423.

Costa, D., MJTN, Timmermans, Sousa, J., Ribeiro, R., Roelofs, D., Van Straalen, N.M.,
2013. Genetic structure of soil invertebrate populations: Collembolans, earth-
worms and isopods. Appl. Soil Ecol. 68, 61-66.

Dallinger, R., Hockner, M., 2013. Evolutionary concepts in ecotoxicology: tracing the
genetic background of differential cadmium sensitivities in invertebrate
lineages. Ecotoxicology 22, 767-778.

Earl, D.A,, Von Holdt, B.M., 2012. STRUCTURE HARVESTER: a website and program
for visualizing STRUCTURE output and implementing the Evanno method.
Conserv. Genet. Resour. 4, 359-361.

Eeva, T., Belskii, E., Kuranov, B., 2006. Environmental pollution affects genetic di-
versity in wild bird populations. Mutat. Res. 608, 8-15.

Evanno, G., Regnaut, S., Goudet, J., 2005. Detecting the number of clusters of in-
dividuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14,
2611-2620.

Excoffier, L., Lischer, H.E.L., 2010. Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and Windows. Mol. Ecol.
Resour. 10, 564-567.

Falush, D., Stephens, M., Pritchard, J.K., 2003. Inference of population structure
using multilocus genotype data: linked loci and correlated allele frequencies.
Genetics 164, 1567-1587.

Falush, D., Stephens, M., Pritchard, J.K., 2007. Inference of population structure
using multilocus genotype data: dominant markers and null alleles. Mol. Ecol.
Notes 7, 574-578.

Frankham, R., Ballou, J.D., Briscoe, D.A., 2010. Introduction to Conservation Genetics.
Cambridge University Press, Cambridge.

Gillespie, ].H., 1998. Population genetics. A concise guide. The Johns Hopkins Uni-
versity Press, Baltimore and London.

Giska, 1., Van Gestel, C.A.M., Skip, B., Laskowski, R., 2014. Toxicokinetics of metals in
the earthworm Lumbricus rubellus exposed to natural polluted soils - relevance
of laboratory tests to the field situation. Environ. Pollut. 190, 123-132.

Herman, L.H., 2001. Catalog of the Staphylinidae (Insecta: Coleoptera): 1758 to the
end of the second millennium. Bull. Am. Mus. Nat. Hist. 265, 4218.

Hoffmann, A., Willi, Y., 2008. Detecting genetic responses to environmental change.
Nat. Rev. Genet. 9, 421-432.

Hohenlohe, P.A., Bassham, S., Etter, P.D., 2010. Population genomics of parallel
adaptation in threespine stickleback using sequenced RAD tags. PLoS Genet. 6
(2), e1000862.

Hubisz, M., Falush, D., Stephens, M., Pritchard, ]J.K., 2009. Inferring weak population
structure with the assistance of sample group information. Mol. Ecol. Resour. 9,
1322-1332.

Jensen, J.L., Bohonak, AJ., Kelley, S.T., 2005. Isolation by distance, web service. BMC
Genet. 6, 13.

Jones, D.T., Hopkin, S.P., 1998. Reduced survival and body size in the terrestrial
isopod Porcellio scaber from a metal-polluted environment. Environ. Pollut. 99,
215-223.

Koressaar, T., Remm, M., 2007. Enhancements and modifications of primer design
program Primer3. Bioinformatics 23, 1289-1291.

Lagisz, M., Laskowski, R., 2008. Evidence for between-generation effects in carabids
exposed to heavy metals pollution. Ecotoxicology 17, 59-66.

Lagisz, M., Wolff, K., Sanderson, R.A., Laskowski, R., 2010. Genetic population
structure of the ground beetle, Pterostichus oblongopunctatus, inhabiting a
fragmented and polluted landscape: evidence for sex-biased dispersal. J. Insect
Sci. 10, 105.

Leffler, E.M., Bullaughey, K., Matute, D.R., Meyer, W.K,, Ségurel, L., Venkat, A., An-
dolfatto, P.,, Przeworski, M., 2012. Revisiting an old riddle: what determines
genetic diversity levels within species? PLoS Biol. 10, e1001388.


http://dx.doi.org/10.1016/j.ecoenv.2015.04.048
http://dx.doi.org/10.1016/j.ecoenv.2015.04.048
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref1
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref1
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref1
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref1
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref2
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref2
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref3
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref3
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref3
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref4
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref4
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref4
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref5
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref5
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref5
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref5
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref6
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref6
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref6
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref7
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref7
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref7
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref7
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref7
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref8
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref8
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref8
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref8
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref9
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref9
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref9
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref10
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref10
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref10
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref11
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref11
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref11
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref11
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref12
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref12
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref12
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref13
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref13
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref13
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref14
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref14
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref14
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref15
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref15
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref15
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref15
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref16
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref16
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref16
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref16
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref17
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref17
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref17
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref17
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref18
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref18
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref18
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref18
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref19
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref19
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref19
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref20
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref20
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref20
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref20
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref21
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref21
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref21
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref21
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref22
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref22
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref22
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref22
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref23
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref23
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref23
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref23
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref24
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref24
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref25
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref25
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref26
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref26
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref26
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref26
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref27
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref27
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref28
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref28
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref28
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref29
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref29
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref29
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref30
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref30
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref30
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref30
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref31
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref31
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref32
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref32
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref32
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref32
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref33
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref33
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref33
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref34
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref34
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref34
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref35
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref35
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref35
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref35
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref36
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref36
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref36

I. Giska et al. / Ecotoxicology and Environmental Safety 119 (2015) 98-105 105

Lenormand, T., 2002. Gene flow and the limits to natural selection. Trends Ecol.
Evol. 17, 183-189.

Mardis, E.R., 2013. Next-generation sequencing platforms. Annu. Rev. Anal. Chem. 6,
287-303.

Matson, C.W., Lambert, M.M., McDonals, T.J., Autenrieth, R.L., Donelly, K.C., Islam-
zadeh, A., Politov, D.I, Bickham, J.W., 2006. Evolutionary toxicology and po-
pulation genetic effects of chronic contaminant exposure on marsh frogs (Rana
ridibunda) in Sumgayit, Azerbaijan. Environ. Health Perspect. 114, 547-552.

Migula, P, Laszczyca, P.,, Augustyniak, M., Wilczek, G., Rozpedek, K., Kafel, A.,
Wotoszyn, M., 2004. Antioxidative defence enzymes in beetles from a metal
pollution gradient. Biologia 59, 645-654.

Pasieczna, A., Lis, J., 2008. Environmental geochemical mapping of the Olkusz
1:25000 scale map sheet, Silesia - Cracow region, southern Poland. Geochem.:
Explor. Environ. Anal. 8, 323-331.

Peterson, B.K., Weber, ].N., Kay, E.H., Fisher, H.S., Hoekstra, H.E., 2012. Double digest
RADseq: an inexpensive method for de novo SNP discovery and genotyping in
model and non-model species. PLoS One 7 (5), e37135.

Posthuma, L., Van Straalen, N.M., 1993. Heavy-metal adaptation in terrestrial in-
vertebrates - a review of occurrence, genetics, physiology and ecological con-
sequences. Comp. Biochem. Physiol. C Pharmacol. Toxicol. Endocrinol. 106,
11-38.

Pritchard, J.K., Stephens, M., Donelly, P., 2000. Inference of population structure
using multilocus genotype data. Genetics 155, 945-959.

Rockman, M.V., 2012. The QTN program and the alleles that matter for evolution:
all that's gold does not glitter. Evolution 66, 1-17.

Rozas, J., 2009. DNA sequence polymorphism analysis using DnaSP. Methods Mol.
Biol. 537, 337-350.

Sibly, R.M., Calow, P., 1989. A life-cycle theory of responses to stress. Biol. J. Linn.
Soc. 37, 101-116.

Simonsen, V., Laskowski, R., Bayley, M., Holmstrup, M., 2008. Low impact of metal
pollution on genetic variation in the earthworm Dendrobaena octaedra mea-
sured by allozymes. Pedobiologia 52, 51-60.

Skalski, T., Stone, D., Kramarz, P., Laskowski, R., 2010. Ground beetle community
responses to heavy metal contamination. Balt. J. Coleopterol. 10, 1-12.

Smouse, P.E., Long, ].C., Sokal, R.R., 1986. Multiple regression and correlation ex-
tensions of the Mantel test of matrix correspondence. Syst. Zool. 35, 627-632.

Sorenson, M.D., Quinn, TW., 1998. Numts: a challenge for avian systematics and
population biology. Auk 115, 214-221.

Spurgeon, D.J., Svendsen, C., Rimmer, V.R., Hopkin, S.P., Weeks, ].M., 2000. Relative
sensitivity of the life-cycle and biomarker responses in four earthworm species
exposed to zinc. Environ. Toxicol. Chem. 19, 1800-1808.

Stambuk, A., Srut, M., Satovié, Z., Tkalec, M., Klobucar, G.I, 2013. Gene flow vs.
pollution pressure: genetic diversity of Mytilus galloprovincialis in eastern
Adriatic. Aquat. Toxicol. 136-137, 22-31.

Stone, D., Jepson, P., Kramarz, P., Laskowski, R., 2001. Time to death response in
carabid beetles exposed to multiple stressors along a gradient of heavy metal
pollution. Environ. Pollut. 113, 239-244.

Stone, D., Jepson, P., Laskowski, R., 2002. Trends in detoxification enzymes and
heavy metal accumulation in ground beetles (Coleoptera: Carabidae) inhabiting
a gradient of pollution. Comp. Biochem. Phys. C 132, 105-112.

Szujecki A., 1980. Chrzaszcze-Coleoptera, Kusakowate-Staphylinidae, Kusaki-Sta-
phylininae. Klucze do oznaczania owadéw Polski. Paistwowe Wydawnictwo
Naukowe, Warszawa-Wroctaw.

Theodorakis, C.W., Bickham, J.W., Lamb, T., Medica, P.A., Lyne, T.B., 2001. Integration
of genotoxicity and population genetic analyses in kangaroo rats (Dipodomys
merriami) exposed to radionuclide contamination at the Nevada Test Site, USA.
Environ. Toxicol. Chem. 20, 317-326.

Tosza, E., Dumnicka, E., Niklinska, M., Rozen, A., 2010. Enchytraeid and earthworm
communities along a pollution gradient near Olkusz (southern Poland). Eur. J.
Soil Biol. 46, 218-224.

Ungherese, G., Mengoni, A., Somigli, S., Baroni, D., Focardi, S., Ugolini, A., 2010.
Relationship between heavy metals pollution and genetic diversity in Medi-
terranean populations of the sandhopper Talitrus saltator (Montagu) (Crustacea,
Amphipoda). Environ. Pollut. 158, 1638-1643.

Untergrasser, A., Cutcutache, 1., Koressaar, T., Ye, ., Faircloth, B.C., Remm, M., Rozen,
S.G., 2012. Primer3-new capabilities and interfaces. Nucleic Acids Res. 40, e115.

Van Straalen, N., MJTN, Timmermans, 2002. Genetic variation in toxicant-stressed
populations: an evaluation of the “genetic erosion” hypothesis. Hum. Ecol. Risk
Assess. 8, 983-1002.

Whitlock, M.C., McCauley, D.E., 1999. Indirect measures of gene flow and migration:
Fst not equal to 1/(4Nm+1). Heredity 82, 117-125.

Wright, S., 1931. Evolution in Mendelian populations. Genetics 16, 97-159.

Zielinski, P., Stuglik, M.T., Dudek, K., Konczal, M., Babik, W., 2014. Development,
validation and high-throughput analysis of sequence markers in nonmodel
species. Mol. Ecol. Resour. 14, 352-360.

Zvereva, E.L., Serebrov, V., Glupov, V., Dubovskiy, 1., 2003. Activity and heavy metal
resistance of non-specific esterases in leaf beetle Chrysomela lapponica from
polluted and unpolluted habitats. Comp. Biochem. Phys. C 135, 383-391.

Zvereva, E.L., Kozlov, M.V., 2010. Responses of terrestrial arthropods to air pollu-
tion: a meta-analysis. Environ. Sci. Pollut. Res 17, 297-311.


http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref37
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref37
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref37
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref38
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref38
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref38
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref39
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref39
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref39
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref39
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref39
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref40
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref40
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref40
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref40
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref41
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref41
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref41
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref41
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref42
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref42
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref42
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref43
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref43
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref43
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref43
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref43
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref44
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref44
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref44
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref45
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref45
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref45
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref46
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref46
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref46
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref47
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref47
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref47
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref48
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref48
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref48
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref48
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref49
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref49
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref49
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref50
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref50
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref50
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref51
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref51
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref51
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref52
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref52
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref52
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref52
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref53
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref54
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref54
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref54
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref54
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref55
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref55
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref55
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref55
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref56
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref56
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref56
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref56
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref56
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref57
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref57
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref57
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref57
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref58
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref58
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref58
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref58
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref58
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref59
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref59
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref60
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref60
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref60
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref60
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref61
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref62
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref62
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref63
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref63
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref63
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref63
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref64
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref64
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref64
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref64
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref65
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref65
http://refhub.elsevier.com/S0147-6513(15)00205-5/sbref65

	Genome-wide genetic diversity of rove beetle populations �along a metal pollution gradient
	Introduction
	Materials and methods
	Staphylinus erythropterus
	Sampling
	Mitochondrial ATP6 sequencing
	RADseq
	Statistical analyzes and environmental correlations

	Results
	mtATP6
	RADseq
	Environmental correlations

	Discussion
	Conflict of interest
	Acknowledgements
	Supplementary material
	References




