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Abstract
Anthropogenic impact over the Pasvik River (Arctic Norway) is mainly caused by emissions from runoff from smelter and 
mine wastes, as well as by domestic sewage from the Russian, Norwegian, and Finnish settlements situated on its catchment 
area. In this study, sediment samples from sites within the Pasvik River area with different histories of metal input were 
analyzed for metal contamination and occurrence of metal-resistant bacteria in late spring and summer of 2014. The major 
differences in microbial and chemical parameters were mostly dependent on local inputs than seasonality. Higher concen-
trations of metals were generally detected in July rather than May, with inner stations that became particularly enriched in 
Cr, Ni, Cu, and Zn, but without significant differences. Bacterial resistance to metals, which resulted from viable counts on 
amended agar plates, was in the order Ni2+>Pb2+>Co2+>Zn2+>Cu2+>Cd2+>Hg2+, with higher values that were generally 
determined at inner stations. Among a total of 286 bacterial isolates (mainly achieved from Ni- and Pb-amended plates), the 
7.2% showed multiresistance at increasing metal concentration (up to 10,000 ppm). Selected multiresistant isolates belonged 
to the genera Stenotrophomonas, Arthrobacter, and Serratia. Results highlighted that bacteria, rapidly responding to chang-
ing conditions, could be considered as true indicators of the harmful effect caused by contaminants on human health and 
environment and suggested their potential application in bioremediation processes of metal-polluted cold sites.

Environmental metal pollution is an emerging phenom-
enon, caused by the increased use of metals and chemicals 
in industrial processes and the consequent production of 
contaminated effluents (Ahluwalia and Goyal 2007; Raja 
and Selvam 2006). Some metals (e.g. zinc, copper, nickel, 
chrome, iron, magnesium, potassium, and sodium) are con-
sidered and defined as essential micronutrients for microbial 
growth (Nies 1999). Also, they participate in biological pro-
cesses inside the cells, such as redox reactions, coenzymes, 
and osmotic regulation (Bruins et al. 2000). Differently, 
other metals, such as cadmium, mercury, and lead, are toxic, 
nonessential, and do not play biological roles. Indeed, they 
are harmful for physiological functions (Bruins et al. 2000; 
Olaniran et al. 2013). Generally, the toxic effect is exercised 
by the interaction between the ionic forms of metals and 
other ligands, such as sulfhydryl groups of enzymes, thus 
inhibiting their enzymatic activity involved in a number bio-
logical and physiological functions (Olaniran et al. 2013).

It is nonetheless true that microorganisms if exposed for 
a long time to high concentrations of contaminants (e.g. 
metals and antibiotics) can develop resistance by evolving 
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different strategies to counteract the stress induced by toxic 
compounds (Habi and Daba 2009; Laganà et al. 2018). A 
positive relationship between the number of colonies on 
metal-amended plates and metals found generally exists, 
and plate counts thus become a useful approach to ascertain 
the impact deriving from anthropogenic stress in a natural 
environment. Microbial adaptive strategies make metal-
resistant bacteria potential bioindicators of pollution events 
and represent a useful tool to improve the knowledge of sub-
lethal toxicity. Furthermore, bacterial metal tolerance was 
proposed as a possible indicator of potential toxicity to all 
other forms of life in a number of environments (AMAP 
2011; Das et al. 2009; Ellis et al. 2001; Papale et al. 2018; 
Sumampouw and Risjani 2014; Zakaria et al. 2004).

Currently, several studies on metal resistance of bacte-
ria isolated from wastewater, sewage, and polluted soils are 
available, but scarce is the literature about resistant bacte-
ria isolated from cold environments, such as the Arctic and 
Antarctica (González-Aravena et al. 2016; Lo Giudice et al. 
2013; Neethu et al. 2015; Tomova et al. 2014). The Pasvik 
River is the largest river system in the northern Fennoscan-
dia and represents a border area between Finland, Russia, 
and Norway. The human activity developed in recent years 
has filled the river with numerous pollutants, including met-
als, which remain minimally as ions dissolved in the water 
and are partially absorbed by particulate matter, and then by 
sediments after settling, resulting in harm to waterbirds, fish, 
and benthic fauna. The human impact over the Pasvik area 
seems to be linked to several causes, also at a local scale, 
such as the direct discharges of Russian, Norwegian, and 
Finnish wastewater, and emissions by the Company Pech-
enganikel, a foundry located in the Russian town of Nikel 
that was classified as one of the world’s top polluted places. 
Moreover, iron mines in the Kirkenes area were abundantly 
exploited during the world wars and until 1966, when the 
last mine was closed. A new mining program was initiated 
in 2007, when the Sydvaranger Gruve AS started production 
of high-grade iron ore concentrate. Furthermore, the envi-
ronmental metal concentration may seasonally vary. This 
is particularly true in spring and summer, during which the 
effect of increasing temperatures and the decomposition of 
organic matter stimulates the release of metals from sedi-
ments (Ali and Abdel-Satar 2005).

In this context, this study was designed to answer two 
main questions: (1) Are metal contamination levels and 
bacterial metal resistance driven by local inputs and/or 
seasonality in sediments from the Pasvik area? (2) Does 
a relationship exist between the development of bacterial 
resistance to metals and metal contamination level in the 
area? To reach the main goals, sediment samples from sites 
with different histories of metal input within the Pasvik area 
were chemically and microbiologically analysed. Inter- and 
intra-site variability of pollution and its impact on bacterial 

community also was examined during two seasons: late 
Spring (May 2014) and summer (July 2014). Furthermore, 
bacterial colonies growing on high concentrations of metals 
were isolated, tested for multiresistance, and phylogeneti-
cally identified.

Materials and Methods

Sampling Area

The Pasvik flows from Lake Inari (Finland) into the Arctic 
Ocean. It is 166.6-km long, with an area of 20,890 km2, of 
which 69.8% belongs to Finland, 25.2% to Russia, and 5% to 
Norway. Many smaller river systems also flow into the river 
and end in Kirkenes, a port city within an inlet of Varanger-
fjord, which is then enriched with pollutants (Dauvalter and 
Rognerud 2001). The Pasvik River is regulated by seven 
hydropower plants and has no remaining natural rapids or 
waterfalls. Fluctuations in the water level is low, less than 
80 cm, with periods of absence of ice between May/June and 
October/November. The average temperature is 12 °C, and 
maximum temperatures are registered during the summer 
(17–18 °C) (Amundsen et al. 1997).

Collection and Preliminary Treatment of Samples

In the framework of the SpongePOP project, sediment 
samples (3 replicates) were collected during two sampling 
campaigns, namely SpongePop 1.0 (SP1; 17 May-1 June 
2014) and SpongePop 2.0 (SP2; 15-31 July 2014), from nine 
stations covering different sites along the Pasvik River and 
the adjacent fjords. Two additional stations (i.e. 10 and 11) 
were sampled only in July. The location of sampling stations 
is depicted in Fig. 1. Based on their location, stations were 
subdivided in three groups: outer (station 10), middle (sta-
tions 4, 11, 6, 7, and 3), and inner (stations 8, 2, 1, 5, and 9) 
stations. Thereinafter, each station will be indicated by the 
sampling campaign (i.e. SP1 or SP2) followed by the station 
number (e.g. SP2-8 refers to the station 8 sampled during 
the SpongePop 2.0 campaign). Sediment samples for chemi-
cal analyses were collected using a pre-cleaned stainless-
steel bailer and stored at −20 °C in pre-cleaned glass jars 
until analysis. Samples for microbiological analyses were 
aseptically collected by using pre-sterilized polycarbonate 
containers.

All samples were preliminary processed after sam-
pling (approximately 2 h) in the laboratory of the NIBIO 
Svanhovd Research Station (Svanvik, Pasvik Valley), as 
described in the following sections. Physicochemical param-
eters of water and sediment were recorded at each sampling 
point (Table 1). Sediment were mainly composed by sand 
(fraction between approximately 0.062 and 2 mm) and mud 
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(fraction < 62 µm). The analyses described below were per-
formed on sediment fraction smaller than 62 µm.

Metal Concentration in Sediment Samples

Reagents and Material

All solutions were prepared using LC–MS Ultra Chroma-
solv water (Sigma Aldrich) in a class 100 laboratory dotted 
with a workbench with vertical airflow. Nitric acid (67–69% 
Suprapur®, Romil) and H2O2 (30% Suprapur®, Romil) were 
applied. All the material was soaked in HNO3 10% for at 
least 16 h and then rinsed with double deionised water.

Microwave‑Assisted Digestion

Each sample aliquot (approximately 0.2 g) was weighed 
using an analytical balance (AE 200 Mettler) in a Teflon 
container and then placed in an HPR 1000/6 rotor. Before 

their use, the inner liners were soaked in 10% HNO3 over-
night. The following microwave cleaning procedure was 
performed: 5 mL of 67–69% HNO3 was added to each 
liner, the digestion vessels were sealed, and the tempera-
ture was raised to 180 °C within 10 min and held at 180 °C 
for 10 min. After cooling, the contents of the vessels were 
discarded, and the liners were thoroughly rinsed with dou-
ble-distilled water. Ten milliliters of 67–69% nitric acid and 
3 mL of 30% hydrogen peroxide were added to the samples, 
submitted to microwave-assisted mineralization in a high-
performance microwave digestion unit, MLS 1200 mega 
(Milestone, Brøndby, Denmark) with an MLS Mega 240 
terminal and EM 45 A exhaust module.

The following optimized microwave program was imple-
mented: 250 W: 5 min; 400 W: 6 min; 0 W: 5 min; 500 W: 
2 min; 300 W: 3 min; ventilation: 8 min. The program used 
was based on the manufacturer’s recommendations for use 
(Milestone Cookbook of Microwave Application Notes 
for MDR technology, January 1995). The rotor was then 

Fig. 1   Location of the sampling stations in the Pasvik river area. Filled triangle, Inner stations; filled circle, Middle stations; filled square, Outer 
stations
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cooled down for a period of 1 h. Mineralized solutions were 
quantitatively transferred into 50-mL volumetric flasks and 
diluted to volume with ultrapure water. Quartz containers 
were rinsed at least three times with ultrapure water to dilute 
any possible rest of colloids attached in the vessels’ walls. 
Triplicate digested reagent blank solutions for each digestion 
run were analyzed for determination of the method detection 
limit (MDL).

Analysis

A quadrupole ICP-MS Agilent model 7700 (Agilent Tech-
nologies, Tokyo, Japan) equipped with a collision cell sys-
tem for elimination of isobaric interferences was used for 
water and sediment sample analysis (Table S1). Samples 
were introduced into the plasma by an autosampler Agilent 
model ASX-520 (Agilent Technologies, Tokyo, Japan). The 
instrument was fitted with a MicroMist nebulizer (Agilent 
nebulizer standard for 7700) with a Scott-type double-pass 
glass spray chamber cooled down to 2 °C.

The external calibration solutions must include known 
concentrations of each target analyte. They were prepared 

from standard certified elemental solutions (ICUS-1239; Sb, 
As, Ba, Be, Cd, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, Se, 
Tl, Sn, Zn, V; 100 µg/mL) and LC–MS Ultra Chromasolv 
water containing 2% HNO3 to get a range of concentrations: 
1.0, 2.0, 5.0, 10.0, 20.0, 50.0, 100.0, 200.0, and 500.0 μg/L. 
A blank solution consisting in LC–MS Ultra Chromasolv 
water containing 2% HNO3 completed the calibration curve 
(counts versus μg/L) for each analyte.

The nonspectral matrix effects associated to the ICP-MS 
measurements were resolved by the addition of internal 
standards. The standard solution was prepared by diluting 
a single elemental stock solution with LC–MS Ultra Chro-
masolv water containing 2% HNO3 up to get 10 μg/L of 
iridium (193Ir).

Method Validation

Each individual sample was measured with three main acqui-
sition runs during the experiment, providing mean values 
and standard deviation. The average recovery of the inter-
nal standard (iridium) was 100 ± 5%, indicating the absence 
of a significative matrix effect in the adopted procedure. 

Table 1   Physicochemical parameters measured in situ at sampling time

Station Coordinates Depth
(m)

Sediment Water

Grain size OC
(%)

T
(°C)

Mud
(%)

Sand
(%)

Salinity pH TDS (ppt) O2
(%)

Redox (mV) T
(°C)

Inner
SP1-8 N 69° 24′ 29.3′′ E 30° 4′ 16.9′′ 0.35 6.4 93.6 0.2 15.7 4 6.03 255 88.3 252 5.5
SP2-8 N 69° 24′ 29.3′′ E 30° 4′ 16.9′′ 0.35 12.8 87.2 0.8 16.5 1 5.92 2.64 82.2 110 14.7
SP1-2 N 69° 32′ 25.4′′ E 30° 06′ 31.3′′ 0.60 5.6 94.4 0.1 15.3 4 6.98 12.5 74.9 134 2.7
SP2-2 N 69° 32′ 25.4′′ E 30° 06′ 31.3′′ 0.60 49.0 51.0 0.6 13.4 0 6.26 19.4 94 207 15.0
SP1-1 N 69° 26′ 87.5′′ E 30° 02′ 45.2′′ 0.45 5.3 94.7 0.5 12.4 6 6.36 35.8 68 178 3.6
SP2-1 N 69° 26′ 87.5′′ E 30° 02′ 45.2′′ 0.45 16.6 83.4 0.2 nd 0 7.22 228 93.9 198 17.2
SP1-5 N 69° 41′ 67.7′′ E 29° 98′ 54.9′′ 0.40 39.0 61.0 0.5 13.1 3 6.43 28.3 70.5 175 3.7
SP2-5 N 69° 41′ 67.7′′ E 29° 98′ 54.9′′ 0.40 60.2 39.8 1.2 nd 0 7.60 5.6 107.9 246 20.6
SP1-9 N 69° 24′ 19.5′′ E 29° 47′ 43.4′′ 0.30 13.4 86.6 0.7 12.3 2 5.91 23.4 87.5 442 5.5
SP2-9 N 69° 24′ 19.5′′ E 29° 47′ 43.4′′ 0.30 0.9 99.1 0.1 nd 0 6.29 19.2 83.2 252 19.1
Middle
SP1-4 N 69° 79′ 54.5′′ E 30° 17′ 19.4′′ 0.65 10.3 89.7 0.1 11.6 16 7.21 13 102 82 4.0
SP2-4 N 69° 79′ 54.5′′ E 30° 17′ 19.4′′ 0.65 2.5 97.5 nd nd 17 8.26 12.9 88.2 81 15.4
SP2-11 N 69° 46′ 53.7′′ E 30° 7′ 8.004′′ 17.0 95.8 34.1 0.4 12.1 20 8.09 15.9 86.4 163 16.0
SP1-6 N 69° 44′ 40.4′′E 29° 54′ 6.5′′ 24.0 20.7 79.6 1.0 13.6 15 7.7 7.46 101.6 144 4.4
SP2-6 N 69° 44′ 40.4′′ E 29° 54′ 6.5′′ 24.0 51.3 48.7 1.3 nd 30 8.12 19.7 95 86 10.4
SP1-7 N 69° 43′ 12.3′′ E 30° 4′ 27.4′′ 0.70 6.2 93.8 0.5 14 5 6.77 1.55 88.5 224 3.2
SP2-7 N 69° 43′ 12.3″ E 30° 4′ 27.4′′ 0.70 1.4 98.6 0.8 nd 6 7.13 4.49 93.8 93 14.0
SP1-3 N 69° 42′ 12.6′′E 29° 55′ 80.4′′ 0.25 44.5 55.5 1.9 11.7 15 7.59 8.58 93.1 125 3.6
SP2-3 N 69° 42′ 12.6′′ E 29° 55′ 80.4′′ 0.25 45.4 54.6 nd nd 15 7.82 13.5 96.7 37 13.0
Outer
SP2-10 N 69° 51′ 18.6′′ E 30° 3′ 57.45′′ 17.0 4.2 95.8 0.2 10.5 12 7.58 8.46 86.6 170 15.4
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Because some metal concentrations are near the detection 
limits of ICP-MS, a validation of the analytical technique 
was mandatory. To evaluate the accuracy of the instrument 
itself, marine sediment sample certified for metals MURST-
ISS-A1 (Antarctic Marine Sediment, Programma Nazion-
ale Ricerche in Antartide, Istituto Superiore Sanità) was 
analyzed (Table S2). The limit of detection (LOD) for this 
study, based on the mean of the blank samples from all runs 
plus three times its standard deviation, were obtained within 
the range of 0.002 μg/g (Cd) to 0.1 μg/g (Mn) for sediment 
samples. Sample blanks and standard solutions were run 
with each batch of samples as quality control. Digestion and 
ICP-MS analysis were repeated three times for six samples, 
to estimate the reproducibility of the entire procedure. The 
maximum relative standard deviation obtained was 11%.

Estimation of Bacterial Viable Counts

Bacterial cells were first detached from sediment particles 
through a treatment in a detachment solution (0.1% sodium 
pyrophosphate in phosphate buffer saline, PBS), followed by 
sonication for 10 cycles in ice. Serial dilutions were prepared 
(1:10 and 1:100, using 0.9% sodium chloride solution), and 
100 µL of each dilution was spread-plated in duplicate on 
Plate Count Agar (PCA, Difco; composition per liter: tryp-
tone, 5.0 g; yeast extract, 2.5 g; glucose, 1.0 g; bacterio-
logical agar, 12.0 g) and PCA amended with metals under 
aerobic conditions. PCA plates were amended with seven 
different metal salts, i.e. ZnCl2 (Zn), CuCl2· 2H2O (Cu), 
HgCl2 (Hg), CdCl2·2H2O (Cd), NiCl2· 6H2O (Ni), CoCl2 
· 6H2O (Co) and Pb(CH3COO)2 (Pb). Metal salt solutions 
were prepared in filter-sterilized 1X PBS and stored at 4 °C 
until use (Selvin et al. 2009). Individual metal salts were 
added at two different concentrations: 50 and 100 ppm. Inoc-
ulated plates were incubated in the dark at 4 °C for 1 month. 
Results were expressed as CFU/g of wet sediment.

Isolation of Metal‑Resistant Bacteria and Screening 
for Multiresistance

Metal-resistant bacterial colonies were randomly isolated 
from metal-amended agar plates used for CFU counts, 
picked and subcultured almost three times under the same 
conditions. All isolates were tested for growth at increasing 
concentrations (up to 10,000 ppm) of the seven metals used 
in this study. The following concentrations (ppm) were used: 
50, 100, 500, 1000, 5,000, 7500, and 10,000 ppm. Metal 
salt solutions were prepared and added to the medium as 
described above for viable counts. Isolates were streaked on 
metal-amended media and plates were incubated at 4 °C for 
1 month under aerobic conditions.

Phylogenetic Affiliation of Bacterial Isolates

16S rRNA Gene Amplification

Phylogenetic affiliation of metal-resistant bacterial isolates 
was determined by PCR amplification, sequencing, and 
analysis of 16S rRNA gene. DNA was extracted through 
thermal shocking of individual colonies, and the 16S rRNA 
gene was amplified using Bacteria-specific primers 27F (5′-
AGA​GTT​TGATC(AC)TGG​CTC​AG–3′) and 1492R (5′-TAC​
GGY​TAC​CTT​GTT​ACG​AC-3′) (Mastercycler GeneAmp 
PCR-System 9700, Applied Biosystem, USA). The reaction 
mixtures and the PCR program were performed as reported 
by Michaud et al. (2004).

Sequencing and Analysis of 16S rRNA Genes

After the purification of PCR templates (QIAquick PCR 
purification kit, Qiagen), sequencing was performed at 
the Macrogen Laboratory (The Netherland). The NCBI 
GenBank and the EMBL databases were used to compare 
and determine next relative isolates (Altschul et al. 1997). 
Sequence alignment was performed by using the program 
Clustal W (Thompson et  al. 1994. Each alignment was 
checked manually and corrected.

Nucleotide Sequence Accession Numbers

The nucleotide sequences of the metal-resistant bacteria 
have been deposited in the GenBank database under the 
accession numbers MH232035-MH232046.

Statistical Analysis

Correlation coefficients between microbial counts and metal 
concentrations were calculated to establish possible signifi-
cant relationships. One-way ANOVA test and post hoc anal-
ysis (Tukey test) were used to perform statistical analysis, 
by comparing the metal concentrations and microbial abun-
dance values between stations of SP1 and SP2 campaigns, 
thus measuring significant differences between seasons. 
Results were considered significant when p < 0.05.

All data were opportunely transformed to compute the 
statistical analysis. Two-way ANOVA was performed to 
establish if influence of season or geographical position of 
stations on metal concentrations occurred. Additionally, 
the same analysis was performed to verify the influence 
of station and metal concentration on the bacterial counts 
obtained (MiniTab software, version 16.0). Nonmetric mul-
tidimensional analysis (nMDS) analysis was performed to 
observe the grouping of the stations in dependence of metals 
concentrations and in dependence of microbial abundance. 
Principal Component Analysis (PCA) and Cluster Analysis 
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were used to provide the visual grouping of the microbio-
logical and chemical data both in May and July campaign 
(Primer 6 Plymouth Marine Laboratory, Roborough, United 
Kingdom). The metal concentration values determined in the 
present study were further compared with those recorded 
during a previous sampling campaign (within the SedMicro 
project) performed in the same area in July 2013.

Results

Metal Concentration in Sediment Samples

Results on metal concentration in sediment samples are 
reported in Table 2. Higher levels of metals were gener-
ally recorded in May (SP1) than in July (SP2), except for 
the middle station 7. The inner stations 1 and 5 resulted 
particularly polluted by metals both in May and July and 
mainly were enriched in Zn, Cu, Ni, and Cr. Remarkable 
amounts of Zn and Ba were detected in samples from the 
inner station SP2-2, as well as for sediments from the mid-
dle station 7, which also showed high values for Zn, Ba, and 
Cr, mostly in July. The middle station SP1-3 showed the 
occurrence of metals that were absent in SP2-3, despite this 
latter presented two higher peaks for Cr and Ni. Conversely, 
a constant trend was observed in samples derived from the 
middle station 6, which resulted more pollution in May than 
July, with considerable concentrations of Cr, Zn, Pb, Ni, and 
Cu. Sediments from the middle station 4 showed a decrease 
in Zn, Cu, and Ni concentrations from May to July. Sediment 
samples from the inner station 9 showed a high amount of 
Cr, Ni, Ba, and Zn in May, with values that decreased in 
July. A similar trend was observed for the inner station 8. 
Manganese occurred in all stations at high concentrations, 
even if a dilution effect was observed in July.

Sediment from the outer station SP2-10, sampled in July, 
were particularly enriched in Zn, Ba, V, Cr, Cu, Ni, Co, and 
Pb. The middle station SP2-11, sample only in July too, was 
characterized by high amounts of Zn and Ba.

No significative differences were shown by one-way 
ANOVA between stations in relation to metal concentra-
tion (p > 0.05), nor between campaigns. Otherwise, signifi-
cantly higher concentrations were detected for Fe and Mg 
in all stations and both campaigns, as shown by the sta-
tistical analysis (p < 0.05). The metal concentrations were 
divided for area (inner, middle, and outer areas) and studied 
to detect potential significant differences among areas by 
one-way ANOVA and post hoc analysis. All metal amounts 
determined at inner, middle, and outer stations resulted 
comparable.

All data of metal concentrations were square root trans-
formed and a cluster analysis was performed. The non-
metric multi-dimensional scaling (nMDS) analysis that was 

computed on data of metal concentrations during the cam-
paigns SP1 and SP2, by imposing as factor the station loca-
tion (outer, middle, inner), is shown in Fig. 2. The cluster-
ing of stations seemed not to be influenced by the sampling 
period, and the separation of the stations did not reflect the 
station localization. Three main clusters were highlighted for 
SP1 (Fig. 2a), whereas two clusters were observed for SP2 
(Fig. 2b). All groups were constituted by stations of different 
localization (inner, middle, and outer areas). Furthermore, 
some stations grouping together in July separated in different 
clusters in May. Differently, stations 1 and 7 were cluster-
ized in the same group during both campaigns. A significant 
difference was highlighted by the ANOSIM test computed 
by imposing main clusters obtained from previous analysis 
as factors (Global R = 0.9, p = 0.004 for SP1; Global R = 1, 
p = 0.006 for SP2), and the SIMPER analysis attributes this 
difference mainly to Mg and Fe concentrations both in May 
and July.

The two-way ANOVA analysis revealed that there were 
not significant influence of season or geographical position 
of stations on metal concentrations at all stations. The one-
way ANOVA between metal concentration values deter-
mined in this study with those obtained in 2013 within the 
SedMicro project revealed that no significant differences 
occurred between metal concentration at each station after 
a 1-year interval.

Estimation of Metal‑Resistant Bacterial Abundances 
in Sediment Samples

Viable counts in absence of metals were two orders of 
magnitude higher than in metal-amended agar plates, 
being in the range 0.1–10.0 and 0.8–1515.0 × 105 CFU/g 
in May (SP1) and July (SP2), respectively (Table 3). Over-
all, bacterial growth was generally observed at both 50 
and 100 ppm of metals. Viable counts on metal-amended 
plates were in the range 0.0–41.0 and 0.0–35.0 × 103 
CFU/g during SP1 and SP2, respectively (both values 
were obtained on Ni-amended plates). Overall, the metal 
resistance of the bacterial communities was in the order 
Ni2+>Pb2+>Co2+>Zn2+>Cu2+>Cd2+>Hg2+ for both SP1 
and SP2 campaigns.

Bacterial growth was rarely observed in the presence of 
Hg and Cd, whereas resistance to all other tested metals 
was generally recorded at all. Bacterial growth in samples 
from SP2-1, SP2-10, and SP2-11 was negligible. Viable 
counts in presence of different metals were higher in SP1-
4, SP1-5, SP1-6, SP2-2, SP2-5, and SP2-8 (between 19.0 
and 41.0 × 103 CFU/g). Higher bacterial abundances were 
generally recorded on Ni2+- and Co2+-amended plates for 
both SP1 and SP2.

Data on viable counts on 50-ppm, metal-amended plates 
from each campaign were used to perform a one-way 
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ANOVA, from which resulted that during SP1 bacterial 
abundances were significantly higher at stations SP1-3, SP1-
4, and SP1-5 (p < 0.05). Differently, viable counts obtained 
on 100-ppm, metal-amended plates resulted significantly 
lower at stations SP1-2 and SP1-4. The same analysis per-
formed on data from SP2 campaign revealed significantly 
higher values at station SP2-5 on both 50-ppm and 100-ppm, 
metal-amended plates (p < 0.05).

Viable counts on metal-amended plates also were com-
pared between SP1 and SP2, and no significant differences 
were detected nor on 50-ppm neither 100-ppm, metal-
amended agar plates. In relation to metal concentrations, 
bacterial abundances on Ni-amended plates were signifi-
cantly higher, whereas bacterial abundances on Cd2+- and 
Hg2+-amended plates were significantly lower for both SP1 
and SP2 (p < 0.05).

Figure 3 shows the nMDS analysis performed on data 
from viable counts obtained on 50-ppm (Fig. 3a, b) and 
100-ppm (Fig. 3c, d), metal-amended plates during both 
campaigns. Overall, stations sampled during SP1 formed 
similar clusters at both metal concentration (Fig. 3a, c), 
with a big cluster composed of stations SP1-1, SP1-2, SP1-
3, SP1-5, SP1-8, and SP1-9. This also was true for viable 
counts obtained during SP2 (Fig. 3b, d), with the separation 
of SP2-4 and SP2-11 from the other stations.

Viable Counts versus Metal Concentrations 
in Sediments

No significant positive or negative correlations were gener-
ally detected between viable counts and metal concentrations 
measured in the same sediment samples. However, viable 
counts on both 50- and 100-ppm Cd2+-amended plates, 
although not significant, showed the highest positive corre-
lation with Cd concentrations during SP2 (data not shown).

Two-way ANOVA analysis showed that both station and 
metal affected significantly the bacterial counts obtained. 
In particular, the type of metal appeared to have a strongest 
effect than station on metal-resistant bacterial community.

The Principal Component Analysis (PCA) was performed 
elaborating chemical data (metal concentrations) and micro-
biological data (microbial abundance on all metal-amended 
plates) at each station (Fig. 4). In the case of SP1 (Fig. 4a), 
the first component represented the 39.7% of the total vari-
ability and was mainly constituted by a mix of chemical 
and microbiological parameters, with particular regard to 
microbial abundance on 50-ppm amended plates. The sec-
ond component represented the 22.3% of the total variability 
and was represented by metal concentrations. The identifi-
cation of clusters was obtained by superimposing cluster 
analysis based on Euclidean distance: stations SP1-5 and 
SP1-9 formed two distinct clusters, whereas a bigger group 
was represented by all the other stations. The obtained Ta
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clusters were used to perform the ANOSIM Pairwise test, 
which showed significant difference (R = 0.9; p < 0.05), and 
the subsequent SIMPER analysis explained the PCA plot by 
highlighting that the higher average dissimilarity occurred 
between stations SP1-5 and SP1-9 and was mainly due to 
microbial abundance on Ni-amended plates, with cumulative 
values of 89.8% and 92.3% on 50- and 100-ppm, amended 
plates, respectively. The average dissimilarity with the big-
ger cluster was due to a mix of microbiological and chemical 
data.

With regard to SP2, the first component represented the 
35 of the total variability and was mainly represented by a 
mix of chemical and microbiological parameters (Fig. 4b). 
The second component represented the 27.5% of the total 
variability and was dependent on metal concentrations. The 
identification of clusters was obtained by superimposing 
the cluster analysis based on Euclidean distance: stations 

SP2-5, SP2-7, and SP1-10 formed three distinct clusters, 
whereas a bigger group was represented by the other sta-
tions. The obtained clusters were used to perform the ANO-
SIM Pairwise test, which showed significant difference 
(R = 0.9; p < 0.05). The SIMPER analysis explained that the 
average dissimilarity occurred between stations SP2-5 and 
the stations of the bigger cluster, and it was mainly due to 
microbial abundance metal-amended plates, whereas a mix 
of microbiological and chemical data explained the aver-
age dissimilarity between the bigger cluster and the stations 
SP2-7 and SP2-10.

Isolation of Metal‑Resistant Bacteria and Screening 
for Multiresistance

A total of 286 strains (142 and 144 from SP1 and SP2, 
respectively) were isolated from plates used for viable 

Fig. 2   nMDS computed on metal concentration determined in sediment samples during SP1 (a) and SP2 (b). Filled triangle, Inner stations; filled 
circle, Middle stations; filled square, Outer stations
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counts and amended with 100 ppm of metals (Table 4). 
They mainly derived from Ni2+- and Pb2+-amended plates 
(76 and 70 isolates, respectively), followed by Co2+-, Cu2+, 
and Zn2+-amended plates (51, 44, and 32 isolates, respec-
tively) and, at a lesser extent, from Cd2+- and Hg2+-amended 
media (10 and 3 isolates, respectively). With regard to the 
sampling station, the number of obtained isolates ranged 
between 2 and 55, with lower numbers (between 2 and 14 
isolates) from SP2-10 and SP2-11 in July and SP1-4 and 
SP1-6 in May.

Multiresistance to Metals

All isolates were screened for growth at increasing concen-
trations of the metals used in this study. The concentration of 
500 ppm was considered as a threshold in order to individu-
ate more resistant strains. Among them, 12 isolates (Table 5) 
were selected as multiresistant and identified by the 16S 
rRNA gene sequencing. They belonged to the Gammapro-
teobacteria (9; genera Stenotrophomonas and Serratia) and 
Actinobacteria (3; all within the genus Arthrobacter).

All isolates tolerated Pb2+ and Zn2+, whereas Hg2+ and 
Co2+ were tolerated only by few isolates (1 and 5, respec-
tively). Metals were generally tolerated up to 1000 ppm. 
However, Pb2+ was the sole metal among those tested to 
be seldom tolerated up to the maximum concentration 
used (10,000 ppm; Stenotrophomonas spp. 2.3SPb8 and 
2.4SPb2). The other metals were tolerated up to 5000 ppm.

In particular, no isolate tolerated all tested metals. Two 
isolates showed multiresistance to six metals (i.e. Steno-
trophomonas spp. 2.4SPb1 and 2.4SPb2), whereas three 
isolates grew in the presence of five metals (i.e. Stenotropho-
monas sp.2.5SCu5, 2.7SCu8, and 2.7SCd10). All remaining 
isolates generally tolerated three to four metals amending 
the agar plates.

Discussion

The massive use of metals in industrial processes represents 
a serious menace for the environment and its biological 
components (Ahluwalia and Goyal 2007; Raja and Selvam 
2006). Polar regions are more sensible to the consequent 

Table 3   Viable counts (CFU/g) in sediment samples on metal-amended agar plates and in the absence of metal salts in May (SP1) and July 
(SP2)

Station Without metals
(CFU/g × 105)

Metal-amended (ppm) the agar plates (CFU/g × 103)

Zn Cu Hg Cd Ni Co Pb

50 100 50 100 50 100 50 100 50 100 50 100 50 100

Inner
SP1-8 0.8 5.7 2.1 7.2 6.1 – – – – 7.4 8.1 11.0 0.4 3.9 1.9
SP2-8 2.7 1.5 – 7.5 2.3 – – – – 25.0 27.0 27.0 1.0 1.7 5.6
SP1-2 10.0 2.9 1.2 2.3 0.5 – 0.2 0.2 0.3 4.1 6.1 7.1 1.2 3.5 1.2
SP2-2 1515.0 4.6 0.9 3.9 – – – – – 16.0 17.0 26.0 3.2 8.5 2.8
SP1-1 4.4 3.9 4.5 1.3 – 0.2 0.1 – 0.1 13.0 6.8 11.0 1.3 4.3 3.9
SP2-1 26.0 – – – – – – – – 0.2 0.1 0.3 – 0.1 0.3
SP1-5 0.3 27.0 29.0 14.0 1.7 – – – – 41.0 27.0 27.0 2.4 18.0 31.0
SP2-5 3.9 21.0 29.0 19.0 1.4 – 0.1 0.7 – 23.0 35.0 19.0 13.0 14.0 7.8
SP1-9 6.8 1.2 0.6 1.0 – – – – – 13.0 5.8 10.0 1.2 7.1 5.3
SP2-9 30.0 0.3 – 0.3 0.2 – – – – 1.9 0.8 3.1 0.3 0.5 0.2
Middle
SP1-4 0.1 0.3 0.4 – – – – – – 27.0 0.5 27.0 0.1 0.3 0.3
SP2-4 7.4 0.2 – – – – – – – 0.5 0.4 1.0 0.1 0.2 –
SP2-11 16.0 – – – – – – – – 0.3 0.2 0.6 – 0.1 –
SP1-6 1.3 0.4 0.1 0.2 – – – – – 1.6 27.0 2.4 0.2 0.8 0.3
SP2-6 0.8 0.5 0.4 0.2 0.1 – – – – 2.4 0.9 4.4 0.4 0.6 0.8
SP1-7 0.1 0.5 – 0.8 1.5 – – – – 6.6 1.5 2.8 0.1 2.4 1.0
SP2-7 1.3 7.0 5.0 1.9 1.4 – 0.2 3.2 2.6 15.0 9.4 14.0 2.7 18.0 17.0
SP1-3 0.2 7.1 2.5 1.0 0.2 0.1 – 4.1 1.6 11.0 7.8 11.0 5.1 11.0 7.4
SP2-3 1.9 4.4 3.2 2.3 1.9 – – – – 17.0 6.9 15.0 2.7 4.4 2.9
Outer
SP2-10 1.5 0.4 – – – – – – – 1.0 0.5 1.1 0.1 0.2 0.4
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damages due to the aggravating effect of low temperature, 
which prevents the mobilization of metals from sediments 
and rocks, and the correct expulsion by the organisms. Sev-
eral complexing agents could chelate metals in the environ-
ment, but their bioavailable fraction is the most dangerous 
for the biota, including bacteria. Bacterial population den-
sity, distribution, and metabolic activity may be strongly 
affected by the occurrence of metals in the bulk environ-
ment. In turn, bacteria have developed several tolerance 
mechanisms (e.g. formation of metal-complexes, reduction 
of certain metals to less-toxic species, metal efflux from 
cells) to combat stress caused by metals (Nies 2000; Rath-
nayake et al. 2009), thus being potentially exploited in the 
bioremediation of contaminated areas. This becomes par-
ticularly useful under extreme environments as bacteria 
active at in situ conditions could be applied. Metals, as well 
as other kinds of pollutants, accumulate in sediments due 
to their adsorption and storage capacities. This makes sedi-
ments useful indicators of both acute and chronic pollution 
events, whereas the occurrence of metal-resistant bacteria 

represents an important tool to detect or highlight the metal 
bioavailable fraction. In this study, we attempted to establish 
whether metal-resistant bacteria abundance and distribution 
were influenced, seasonally and/or locally, by the occurrence 
of metals in sediment samples from sites differently affected 
by metal inputs, depending on the surrounding anthropo-
genic activities, within the Pasvik River area.

On the base of the chemical survey metal distribution 
among stations seemed to be independent from the geo-
graphical position, with a slightly different distribution 
among stations between SP1 and SP2. This finding could be 
linked to a seasonal factor as well as meteorology and hydro-
logical dynamisms. Seasonality was probably a determinant 
factor in those stations where a decrease in metal concen-
trations was observed between May and July, probably as a 
consequence of a mixing process deriving from the water 
flow along the river and dispersion effect on sediments. 
Similarly, a lower dynamism in the fjords than in the river 
system was probably the cause of the widespread rate of 
pollution at station 3, located in the Langfjorden. The higher 

Fig. 3   nMDS computed on viable counts on 50 ppm (a, b) and 100 ppm (c, d) metal-amended plates determined in sediment samples during 
SP1 (a, c) and SP2 (b, d). Filled triangle, Inner stations; filled circle, Middle stations; filled square, Outer stations
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contamination levels determined in July could be due to the 
wind coming from Nikel and causing the precipitation of 
pollutants into areas far from the emission source. Due to the 
prevailing wind direction, the area to the north of the com-
plex receives the greatest deposition load. Despite this, the 
seasonal factor seems to be inconsistent to explain the differ-
ences occurred in sediment samples among stations in both 
campaigns. Indeed, each station showed a singular pattern 

in metal concentrations, and if some of them reported an 
increase of pollutants in July, others showed a value decrease 
or the disappearance of some metals. Moreover, the pat-
tern of metal concentration was not constant or uniform 
for all metals at all stations. For example, even if station 
2 showed a general decrease of metal amounts from May 
to July, an increase in Zn and Ba concentrations occurred. 
Similarly, station 3 was characterized by a general reduction 
of metal concentrations during the second campaign, with 
the exception of Ni, Cr, and Co, for which a strong increase 
in amounts was recorded. The high contamination level at 
station 11 was probably due to its location, as the water com-
ing from the Kirkenes area finds an obstacle at this station, 
so becoming unable to move freely in the open sea with dis-
solved contaminants that tend to accumulate in its sediment.

Differences in metal contamination appeared to have an 
effect in shaping the bacterial resistance profile in the con-
sidered area. Metal contamination generally results in an 
increase in the resistance level among the inhabiting bac-
terial community and reduces the bacterial diversity as a 
consequence of bottleneck events (Del Busso et al. 2016). 
Therefore, a higher occurrence of metal-resistant bacteria 
could be the reflection of a higher metal concentration. This 
finding was confirmed by the statistical analysis, especially 
for Pb and Ni, in addition to Zn, Co, and Cu, during both 
seasons. Station 7, located in the Kirkenes harbour, pre-
sented a strong increase in concentration of metals used for 
the isolation of the metal-resistant bacterial fraction, espe-
cially of Zn and Ni. At this station, the metal contamination 
may be mainly considered chronic and attributable to vessel 
traffic, in addition to Norwegian wastewaters.

As previously reported by other authors, in this study an 
increase in metal concentration was generally reflected by 
an increase in bacterial resistance level (Malik et al. 2002; 
Papale et al. 2018). The only exception of this trend was 
represented by station 1, in which an important increase of 
metals from May to July corresponded to a drastic reduction 
of metal-resistant bacteria by suggesting a possible acute 
effect of metal pollution on the microbial community. Such 
findings confirm that bacteria could develop adaptive strat-
egies in response to environmental stressors (Lo Giudice 
et al. 2013).

On the base of obtained viable counts, the higher resist-
ance towards Ni2+ and Pb2+ than Zn2+ is in line with the tox-
icity trend reported by Neethu et al. (2015) for bacterial iso-
lates from Arctic Kongsfjord. Even if Hg and Cd are being 
monitored as the major pollutants in the Arctic environment 
and a worrisome trend in their concentrations is observed 
in marine ecosystems (AMAP 2002; Neethu et al. 2015); 
they occurred at low concentrations in the Pasvik area. As a 
consequence, they were found to be the most toxic for bacte-
rial communities among tested metals, as indicated by both 
the low bacterial abundances on agar plates amended with 

Fig. 4   PCA computed on chemical (metal concentrations) and micro-
biological (viable counts on metal-amended plates) data in sediment 
samples during SP1 (a) and SP2 (b). Filled triangle, Inner stations; 
filled circle, Middle stations; filled square, Outer stations
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these metals and the very low bacterial tolerance showed by 
individual isolates towards them.

In this study, the occurrence and distribution of metal-
resistant bacterial communities at local and seasonal scale 
was assayed on a rich medium, which did not contain ionic 
forms able to chelate metals. This allowed us ensuring bac-
terial isolation, but also limiting the possible metal ionic 
complexation, with consequent reduced metal bioavailability 
and overestimation of metal bacterial resistance. Similarly, 
both the presence of organic matter (which could complex 
metals) and the long incubation period (which could allow, 
for example, the volatilization of mercury) may have affected 
the metal bioavailability. For this reason, further analyses 
will be performed to test metal bacterial resistance in poor 
media and with a shorter incubation time.

Previous data on metal-tolerant, cold-adapted bacterial 
isolates are scant. Selected isolates were assayed to evaluate 
their multiresistance profile and phylogenetically identified. 

Among multiresistant strains, the frequency of Stenotropho-
monas spp. was substantially higher than the other genera 
found, and they may be the dominant genus in the inves-
tigated metal-contaminated area. Stenotrophomonas spp. 
have been previously reported as copper resistant bacteria 
(Altimira et al. 2012), and a strong tolerance towards lead, 
nickel, and chrome was highlighted for Stenotrophomonas 
isolates from Antarctic soils (Tomova et al. 2014). Also, 
Arthrobacter representatives from Antarctic soils were 
reported as multitolerant bacteria (towards Pb, Cu, and Ni) 
(Tomova et al. 2015), suggesting their potential application 
in bioremediation processes of metal-polluted cold sites.

The comparison of the metal resistance profile at genus 
and species level revealed some distinctive features, which 
can derive from the development and/or acquisition of dif-
ferent resistance mechanisms, as previously observed (Vaz-
Moreira et al. 2011). Interestingly, growth profile and metal-
amended agar plates often highly differed among isolates 

Table 4   Number of isolates obtained per sample, metal and sampling campaign

May Metal amending agar plates Total

Zn Cu Hg Cd Ni Co Pb

Inner
SP1-8 6 11 4 3 6 30
SP1-2 5 1 2 5 3 16
SP1-1 13 6 19
SP1-5 4 4 4 4 4 20
SP1-9 4 0 4 4 6 18
Middle
SP1-4 2 4 1 3 10
SP1-6 2 1 2 5
SP1-7 2 2 1 2 7
SP1-3 1 1 3 5 7 17
Total 16 23 1 3 41 28 30 142

July Zn Cu Hg Cd Ni Co Pb Total

Inner
SP2-8 3 2 1 6 12
SP2-2 4 6 6 6 22
SP2-1 1 3 4
SP2-5 4 8 2 9 4 8 35
SP2-9 2 3 2 2 9
Middle
SP2-4 1 1 2
SP2-11 2 2
SP2-6 1 3 2 3 9
SP2-7 5 4 2 5 6 6 5 33
SP2-3 2 4 2 4 12
Outer
SP2-10 1 3 4
Total 16 21 2 7 35 23 40 144
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in the same species (e.g. Stenotrophomonas isolates), thus 
suggesting that resistance could be more likely strain- rather 
than species-specific (Lo Giudice et al. 2013; Mangano et al. 
2014).

Multitolerant isolates were generally more resistant 
to those metals occurring at higher concentrations in the 
study area, e.g. Zn and Ni. The exception was Pb that was 
well tolerated, despite its lower concentration than the 
other metal. In addition, they mainly derived from sta-
tions characterized by the highest amounts of Zn. The 
order of resistance showed by multitolerant strains was 
Pb2+>Zn2+>Co2+>Ni2+>Cu2+>Cd2+>Hg2+. Pb2+ was the 
most tolerated metal (up to 10,000 ppm) by members within 
the genera Stenotrophomonas and Sporosarcina. Ni2+, Zn2+, 
Cu2+, and Co2+ also were well tolerated, with no toxic 
effects towards bacterial growth up to 5000 ppm. The high 
resistance towards copper, cobalt, nickel, and zinc could be 
reasonably correlated to their natural essential character for 
the cell survival, as well as because they serve as micronu-
trients involved in many metabolic processes, i.e. osmotic 
regulation, molecular interaction, and biological reactions 
(Bruins et al. 2000). For example, zinc is an important meta-
bolic cofactor (Nies 2000), whereas nickel, tolerated up to 
5000 ppm, is considered essential for microorganisms when 
in trace but can cause oxidative stress at high concentra-
tions (Alboghobeish et al. 2014). Contrastingly, metals as 
cadmium, mercury, and lead are considered very danger-
ous and toxic towards microorganisms, because their ionic 
forms tend to form intracellular complexes (Bruins et al. 
2000; Nies 1999) and are recognized as cause of biological 
damages in the Arctic (AMAP 2011). Even if Cd is consid-
ered as the second most important metal contaminating the 
Arctic (AMAP 2002), its amounts in analyzed sediments 
were very low, and it was tolerated rarely at high concentra-
tions (between 3500 and 5000 ppm). The same was true for 
Hg, which was tolerated by few isolates, in line with previ-
ous reports (Neethu et al. 2015). Lead toxicity occurs in its 
chemical form Pb(II), because it causes damage to molecules 
of biological importance, such as nucleic acids, protein, and 
enzymes, and strongly affects membrane functions and cel-
lular osmotic balance (Bruins et al. 2000). Bacteria multitol-
erance has been reported by several authors, which observed 
concomitant resistance towards zinc, copper, and lead (Cey-
lan and Ugur 2012; Tada and Inoue 2000). Such results sug-
gest that the bacterial community in the Pasvik area have 
developed moderate resistance mechanisms towards such 
toxic metals whose amounts were negligible in the area.

Conclusions

Bacterial tolerance towards metals in polar environments 
is still poorly treated and limited to few contributions 
(González-Aravena et al. 2016; Lo Giudice et al. 2013; Man-
gano et al. 2014; Neethu et al. 2015). Indeed, whereas our 
findings strongly support the biotechnological importance of 
metal-resistant bacteria, our results also represent an impor-
tant ecological afford to previous monitoring observations 
in a such sensitive area.

We highlighted the importance of bacteria as useful indi-
cators of metal pollution in areas, such as the Pasvik one, 
that are subjected to contamination events due to domestic 
sewage and waste from harbour and mine activities, as just 
recently assessed also for metal-resistant microorganisms 
from nonpolar environments (Papale et al. 2018; Zakaria 
et al. 2004). In fact, despite eventual discrepancies between 
metal concentrations and resistant bacteria counts in relation 
to the bioavailable/not bioavailable metal form, resistance to 
metals appeared to be linked to the amounts of metals tested, 
with an increase/decrease of metal concentrations that influ-
enced bacterial distribution. Microorganisms could develop 
different mechanisms of tolerance/resistance to metals, thus 
resulting in several possible scenarios of their application 
(Filali et al. 2000). Strains that showed high metal resistance 
or multiresistance ability have to be considered optimal can-
didate exploitable for bioremediation application. Indeed, as 
suggested by Pagès et al. (2008), high metal resistance could 
be correlated to the overproduction of multidrug resistance 
efflux pumps, hydrolytic enzymes, or other bioactive mol-
ecules. Whereas generally the most studied metals correlated 
to bacterial tolerance in polar areas have been zinc, copper, 
or cadmium and mercury, we added information about nickel 
and lead.

This work, which provides new data on the yet scarce 
knowledge on Arctic metal-resistant bacterial communities, 
was designed to clarify whether the bacterial resistance in 
sediments from the Pasvik area was driven by local inputs 
and/or by a seasonal factor. This study underlines the strong 
influence of local metal inputs into the sediment of the Pas-
vik area and clarifies that the seasonal influence is really 
weak and not determinant. A relationship between the devel-
opment of bacterial metal resistance and metal contamina-
tion in the area was confirmed.
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