Polar Biology (2025) 48:98
https://doi.org/10.1007/500300-025-03412-7

RESEARCH q

Check for
updates

PCB-oxidizing bacteria in Arctic and Antarctic lakes: insights
into bioremediation potential in polar ecosystems

Alessandro Ciro Rappazzo'? - Carmen Rizzo'3 - Stefania Giannarelli** - Marco Vecchiato® - Angelina Lo Giudice'” -
Maurizio Azzaro' - Maria Papale’

Received: 4 February 2025 / Revised: 18 July 2025 / Accepted: 22 July 2025 / Published online: 11 September 2025
© The Author(s) 2025

Abstract

Polychlorinated biphenyls (PCBs) are long-lasting organic pollutants commonly found in polar regions due to their ability to
be transported and deposited over long distances in the atmosphere. This study examined the levels of PCB contamination
in water and sediment samples taken from Arctic lakes (Ny—Alesund, Svalbard) and Antarctic lakes (Livingston Island and
Deception Island) and evaluated the biodegradation capabilities of local cold-adapted bacteria. Our analyses highlighted
that Antarctic lakes had higher PCB concentrations than Arctic lakes, and the sediments acted as sinks for these pollutants.
Variability between lakes was also observed, with Deception Island exhibiting higher PCB levels, which may be attributed
to local environmental and volcanic influences. Several bacterial strains able to grow with PCBs as the sole carbon and
energy source were isolated and identified from sediment samples, primarily belonging to the genus Pseudomonas. Arctic
isolates exhibited higher biodegradation efficiency, particularly those possessing the bphA gene, which plays a key role in
the initial steps of PCB degradation. These preliminary results underscore the essential role of polar lakes as both reservoirs
and key areas for PCB degradation, while also highlighting the potential of cold-adapted bacteria for bioremediation in
extreme environments.

Keywords Cold-adapted bacteria - Polychlorobiphenyls - Contamination level - Arctic lakes - Antarctic lakes -
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Introduction

A vast network of lakes and ponds extends considerably in
the Arctic and Antarctic regions, especially in coastal areas.
These play a fundamental role in both overall biodiversity
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«Fig.1 Maps showing the sampling areas. a Lakes lying in the Ny-
Alesund area (Svalbard Islands, High Arctic Norway); b Lakes lying
in Deception Island and Livingston Island (Antarctica)

phaseout or restriction of these chemicals, they persist in
the environment at levels that can negatively impact human
and animal health because of their bioaccumulation and bio-
magnification properties (Cecinato et al. 2000; Jiao et al.
2009; Wang et al. 2009; Lehtinen et al., 2013). The issue
of the transport and fate of PCBs in remote areas, such as
the Arctic and Antarctica, has received increasing attention
during the past decades (Carlsson et al. 2018; Aslam et al.
2019; Kovshov 2019; Giannarelli et al. 2019). Lakes are
mainly subjected to the accumulation of organic pollutants
due to atmospheric deposition, becoming sinks for com-
pounds transported from other regions (Carlsson et al. 2018;
Giannarelli et al. 2019). Organic pollutants can be trans-
ported to glaciers and high-altitude environments by vola-
tilization and condensation processes, known as the"cold
condensation"(Oehme 1991; Carlsson et al. 2018; Vecchiato
et al. 2015a). It means that they can be deposited during the
winter with the snow deposition and then released into the
environment during the melting season (Grigoryeva et al.
2019; Vecchiato et al. 2015b). Considering the prevalence
of PCBs in polar lacustrine environments (Bettinetti et al.
2008; Carlsson et al. 2018), understanding the bioremedia-
tion potential of PCB-oxidizing bacteria is very important
in interpreting their role in mitigating the environmental
impact of these POPs. Once deposited in the environment,
the fate of PCBs is closely related to bacteria, which play a
crucial role in transferring these toxic compounds to higher
trophic levels (Gillan et al. 2005; Lo Giudice et al. 2013).
Although physical and chemical degradation processes, such
as photodegradation and chemical oxidation, can contribute
to PCB breakdown, they are generally less efficient and less
environmentally sustainable than biological mechanisms.
The biodegradation of specific, typically less-chlorinated
PCB congeners has been documented for microorganisms
in the Arctic and Antarctic regions (Mohn et al., 1997; Mas-
ter and Mohn, 1998; Yakimov et al. 1999; Michaud et al.
2007a, b; Lo Giudice et al. 2010; 2013). However, cold-
adapted PCB-oxidizers have been rarely isolated from lake
ecosystems, particularly in the Arctic and Antarctica (Li
et al. 2009a, b; Rappazzo et al. 2019; Papale et al.; 2022).
Among the genetic determinants of PCB degradation, the
bph gene cluster, especially bphA, which encodes the large
subunit of biphenyl dioxygenase (Michaud et al. 2007a, b),
is central to initiating the aerobic breakdown of biphenyl
and structurally related PCB congeners. The presence of
this gene is often correlated with enhanced degradation
capabilities in bacterial strains (Ohtsubo et al. 2000; Yang
et al. 2007). In this context, the present study was aimed at
quantifying PCBs in polar lacustrine systems and assessing

the potential of autochthonous bacteria for PCB degrada-
tion. We focused on 1) isolating bacterial strains capable of
utilizing PCBs as their sole carbon and energy source, ii)
identifying these strains through molecular techniques, iii)
and evaluating their degradation efficiency at 4° C under
controlled conditions.

Materials and methods
Sample collection

Arctic samples were collected in the area of Ny-Alesund
(78°55'N, 11°56'E), Svalbard, High Arctic Norway, between
5 and 18 August 2021 from five different lakes, including
Solvannet (L1), Glacier (L2), Knudsenheia (L.3), Storvatnet
(L4) and Tvillingvatnet (L5) (Fig. 1a). Antarctic samples
were collected on two islands in the Antarctic Peninsula,
namely Livingston Island (62°34'35" S—60°54'14" W) and
Deception Island (62°57'S, 60°38'W), between 25 January
and 1 February 2022 from 7 lakes, namely Argentina (LA)
and Sofia (LS) (both in Livingston Island), Ballaneros (LB),
Crater (LC), Extremadura (LE), Telefon (LT) and Zapatilla
(LZ) (all in Deception Island) (Fig. 1b). Geographical coor-
dinates and physical-chemical data of water for each sam-
pling point are shown in Table 1. For each lake, water and
sediment samples were collected from three almost equi-
distant points, except for the Antarctic lakes Crater (LC),
Extremadura (LE) and Zapatilla (LZ) from which one or two
sampling points were considered due to difficult sampling
conditions (Table 1). The samples were collected in asep-
tic containers and pre-treated (after approximately 2 h from
sampling) in the laboratory of the Italian Station Dirigible
Italia in Ny-;\lesund (Arctic campaign) and in the laborato-
ries of Spanish stations Gabriel de Castilla and Juan Carols I
(Antarctic campaign), as described in the following sections.

PCB concentration in natural samples

Water samples were collected in triplicate using 100-mL
glass vials. Pre-cleaned stainless steel was used to collect
sediment samples, and pre-cleaned glass jars were used to
store samples until analysis. PCB concentration in water and
sediments was determined using GC-MS/MS. The analyti-
cal procedure for determining PCBs in water samples has
been described by Papale et al. 2024. Briefly, the method
consisted of a high-efficiency microextraction by MEPS
(Micro Extraction by Packed Sorbent) followed by gas chro-
matographic analysis with mass spectrometric confirmation.

Approximately 15 mL of each water sample was imme-
diately subjected to extraction, which allowed for approxi-
mately a 1000-fold concentration enrichment. MEPS con-
sists, in our case, of a microcolumn packed with a C18
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Table 1 Geographical and physio-chemical data for each sampling point

Area Lake Sample ID Coordinates Physical-chemical parameters
Water tem- pH 02% Cond (uS/cm)
perature
§©)
Ny—/&lesund Solvannet L1-1 N 78°55.552' E 11°56.327' 6.2 8.17 98.0 395
L1-2 N 78°55.555' E 11°56.574' 6.7 8.16 102.2 422
L1-3 N 78°55.508' E 11°56.326' 6.7 8.25 102.1 379
Glacier L2-1 N 78°55.044' E 11°47.442' 8.7 7.66 98.2 151
L2-2 N 78°55.036' E 11°47.671' 9.1 7.90 98.8 153
L2-3 N 78.55.060' E 11°47.508' 8.7 8.00 99.0 147
Knudsenheia L3-1 N 78°56.680' E 11°51.579' 8.8 8.36 105.3 2620
L3-2 N 78°56.650' E 11°52.083' 8.8 8.39 106.7 2680
L3-3 N 78°56.735' E 11°51.235' 9.4 8.46 107.5 2680
Storvatnet L4-1 N 78°55.453' E 11°52.728' 7.9 8.07 103.2 243
L4-2 N 78°55.476' E 11°52.263' 7.9 8.06 101.3 246
L4-3 N 78°55.392' E 11°52.824' 7.9 8.13 103.5 234
Tvillingvatnet L5-1 N 78°55.058' E 11°51.922' 7.9 7.71 102.3 227
L5-2 N 78°54.988' E 11°52.164' 8.2 7.83 102.7 220
L5-3 N 78°54.954 E 11°52.739' 8.3 791 102.4 220
Livingston Island Sofia LS-1 S 62°40'12.19" W 60°23'17.90" 0.3 52 69.4 26.5
LS-2 S 62°40'13.61" W 60°2321.36" 0.9 5.6 87.8 26.1
LS-3 S 62°40'11.84" W 60°23'09.85" -0.2 5.6 96.24 8.8
Argentina LA-1 S 62°40"22.39" W 60°24'18.12" 1.4 5.7 68.1 64.6
LA-2 S 62°4023.76" W 60°24'17.08" 0.6 5.64 66.2 67.5
LA-3 S 62°40'11.84" W 60°23'09.85" -1.4 5.35 63.7 63.7
Deception Island Crater LC-1 S 62°59'00.68" W 60°4020.41" 3.7 5.5 86.0 6.64
Zapatilla LZ-1 S 62°59'00.24" W 60°4029.07" 6.8 5.6 76.5 55.6
LZ-2 S 62°59'00.99" W 60°40'32.24" 6.8 5 92.8 106.7
Extremadura LE-1 S 62°55'12.2" W 60°39'47.0" 4.1 72 94.8 448
LE-2 S 62°55'05.8" W 60°39'40.6" 39 6.3 84.4 510
Telefon LT-1 S 62°55'39.9" W 60°4121.3" 54 6 - 507
LT-2 S 62°55'42.1" W 60°41'29.0" 6.8 5.8 - 471
LT-3 S 62°55'44.4" W 60°4121.4" 9.9 6.3 - 419
Ballaneros LB-1 S 62°58'51.1" W 60°3427.1" 4.1 4.7 67.9 480
LB-2 S 62°58'49.6" W 60°34'46.1" 4.7 33 95.6 509
LB-3 S 62°58'44.92" W 60°34'36.30" 9.32 2.8 87.9 280

sorbent phase, inserted into a needle of a syringe referred to
as a B.ILN. (Barrel Insert and Needle). The sorbent phase is
highly non-polar and capable of retaining non-polar organic
analytes and removing them from the aqueous matrix. The
procedure allows for working with smaller volumes of
sample and solvents compared to SPE, concentrating the
target analytes more effectively, and removing interfering
molecules.

A 500 pl MEPS syringe was conditioned with solvents
progressively more similar to the matrix being analyzed.
In the case of lake water, a polar matrix, the conditioning
sequence was as follows: 500 ul of a hexane:ethyl acetate
1:1 solution, 500 ul of methanol (CHsOH), and 500 pl of
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water. After conditioning the cartridge, cycles of aspiration
and ejection are performed on a 15 ml sample aliquot. After
ejection, the sample volume was discarded. Once the water
sample was exhausted, the 500 pl syringe was replaced with
a 50 ul syringe, and elution was performed with 25 pl of
isooctane into a vial analysis. At the end of the procedure,
the BIN was washed with isooctane.

Ultrasonication was the technique used for the removal
of analytes from the sediments and their transfer into the
organic solvent.

Hexane:Acetone 1:1 was used as the solvent, as hexane
is non-polar and allows the analytes to be retained once
removed from the solid matrix, while acetone helps to
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transport hexane (to which it is compatible) through any
residual water, preventing the formation of a biphasic system
due to the immiscibility of hexane in water.

A Solid Phase Extraction (SPE) technique was used for
the purification of the analytes extracted from the sediments.

Sediment samples were powdered using mortar grind-
ing, with a 3 g aliquot placed into a 50 mL vial fitted with
an aluminum crimp cap. Then, 10 mL of hexane:acetone
1:1 solution and 10 pL of method standard were added. The
mixture was sonicated for 15 min at room temperature. Than
the samples were centrifuged, and Pasteur pipette were used
to collect the supernatant. The ultrasound and centrifugation
cycle were repeated two more times, each time adding 5 mL
of solvent per cycle. Once the supernatant was collected, it
was reduced to 2 mL using a centrifugal evaporator. The
solvent was then changed by adding 2 mL of isooctane and
reducing the volume to 1 mL. To each sample 10 pl of an
injection standard (MBP-CP solution/mixture of PCB77,
PCB81, PCB126 and PCB169, conc. 10 pg ml — 1; Welling-
ton Laboratories) was added before being injected into the
gas chromatograph. The instrument used was an Agilent GC
7890B — MS 7010 (QQQ), the installed column was a HP-
5MS UI capillary column (5% phenyl-methyl-polysiloxane),
with a diameter of 0.25 mm, stationary phase thickness of
0.25 um, and a total length of 30 m. Before the sample injec-
tion, the instrument was calibrated with solutions of varying
concentrations. The analysis results were processed using
Mass Hunter QQQ Quantitative Analysis® software. The
automatic integration of the quantitative analysis curves was
verified, with possible manual revision based on comparison
with the corresponding qualitative analysis.

The analysis was performed using helium 99.995% purity
(Rivoira, Italy) as a carrier gas with a constant flow of
1,2 ml min~" and 90 kPa at initial temperature. The sample
volume injected was 1 pl, unless otherwise specified.

For the instrumental analyses the limits of detection
(LOD) and quantification (LOQ) were calculated. For the
LOD, a value three times the standard deviation of the low-
est concentration standard solution used for instrument cali-
bration was considered, while for the LOQ, a value ten times
the standard deviation was used. These limits were expressed
as concentrations and converted according to the calibration
curves for each individual analyte.

LOD, = (3 % D.Std, — Intercept, ) / Slope,

LOQ,

(10 * D.Std, — Interceptx) / Slope,

where x represents the analyte for which the instrumental
limit is being calculated and for which calibration was pre-
viously performed, D.Std. is the standard deviation of the
result detected by the instrument for the lower concentra-
tion calibration solution, and the intercept and slope are

parameters of the calibration curve for analyte x (Shrivastava
and Gupta 2011).

Set-up of bacterial cultures

Based on chemical results (Fig. 2), only sediment samples
were used for the set-up of enrichment cultures. Cultures
were added with biphenyl (BP), used as the sole source of
carbon and energy to support microbial growth. Bacterial
cultures were set up with aliquots (1 ml) of a stock solution
(75 mg ml™") of BP dissolved in chloroform were added to
empty pre-sterilized Erlenmeyer flasks, and the solvent was
allowed to evaporate. Then 1 g of sediment samples were
used to inoculate 75 ml of filter-sterilized lake water (from
the same lake where sediment was collected) in biphenyl-
containing flasks. An additional culture flask was set up for
each sample with no added carbon source to serve as a nega-
tive control. Enrichments were then incubated for 30 days
at4 °C.

Bacterial isolation

100 pl aliquots of the enrichments were plated on solidi-
fied Bushnell Haas (BH; Difco) (containing agar; 1.5%, wt/
vol). Crystals of biphenyl BP were added to the lid of the
Petri dish after inoculation. The BP crystals were not mixed
directly into the medium to avoid local toxicity and promote
vapor-phase exposure, allowing BP to volatilize and act as
the sole carbon source over time (Papale et al. 2017). Plates
were incubated at 4 °C for 30 days in duplicate. The experi-
mental control was performed with BH plates without BP.
Colonies were randomly selected from agar plates, picked,
and subcultured three times under the same conditions for
bacterial isolation.

Bacterial growth in the presence of the PCB mixture
Aroclor 1242

To test bacterial growth in the presence of PCBs was fol-
lowed the protocol reported by Michaud et al. (2007a, b).
Briefly, cultures were set up in a liquid BH medium. The
Aroclor 1242 mixture (Sigma-Aldrich; 100 ppm in dichlo-
romethane) was added as the sole carbon and energy source
(final concentration 0.1%, wt/vol). Duplicate cultures were
incubated at 4 °C in continuous shaking (400 rpm) for one
month. The ability of the bacteria to utilize PCBs as growth
substrates was assessed based on the degree of turbidity or
the formation of cellular aggregates (flocs) in the test tubes.
Uninoculated medium was concurrently incubated as a nega-
tive control.
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Ny-Alesund (Arctic)
a) Water Sediment
Solvannet Glacier Knudsenheia Storvatnet Tvillingvatnet Solvannet Glacier Knudsenheia Storvatnet Tvillingvatnet
LIW L2W L3W L4W L5W L1S L2S L3S L4S L35S
> PCB31 +28 [ ] 008l | [ 009l | 007 | 0.07[ | ol ] 0.09 [ | o000l | o000l | 10
PCB52 0.00 0.00 0.00 0.00 0.00|F o1sf ] 0.06 | o0l | onl 0.10
PCB74 [ 0.06 0.00 0.00 0.00 0.00|F | 014 0000 0030 003/ 0.02
> PCB84 + 90 + 101 0.00 0.00 0.00 0.00 0.00| [ORE] 0000 | 004 ] 004 ] 0.04
PCB99 | lo.16 0.00 0.00 0.00 000 | 0.09 0.00 0.00 0.00 0.00
PCBSI1 0.00 0.00 000 | 005 0.00) 0.00 0.00 0.00 0.00 0.00
PCBI110 0.00 0.00 0.00 0.00 0.00(1 020 000 003 ] 0.06 [ | on
PCB77 0.00 0.00 0.00 0.00 000/ | 0.06 0.00 0.00 0.00 0.00
PCBI51 0.00 0.00 0.00 0.00 [ | ool ] 007 0.00 0.00 0000 ] 0.03
PCB149 0.00 0.00 0.00 0.00 0.00] 0.17 0000 0.03 000 | 0.06
PCBI23 0.00 0.00 0.00 0.00 000/ | 005 0.00 0.00 0.00 0.00
PCBI118 0.00 0.00 0.00 0.00[ ] 0.04(10 022 000 | 0070 | 0030 | 0.07
Y PCBI153 +168 0.00 0.00 0.00 0.00 0.00[" lo.17 000 | 005 0030 | 0.05
PCB105 0.00 0.00 0.00 0.00 0.00|f 0.10 0.00 0.00 0.00 0.00
> PCBI38 +158 0.00 0.00 0.00 0.00 0.00) 0.15 000 0.02 0000 0.03
Livingston Island (Antarctica
b) Water Sediment
Sofia Argentina Argentina
LSW LAW LAS
¥ PCB31+28 B 000l 0o
PCB52 | o.03 ] o.00] I o 1o I 010
PCB74 ] sl 005 T o
3 PCB84 +90 + 101 0.00 o.oo/ o o I 09
PCB99 000 ] 000 ] 0.04
PCBS1 B sl 0.00 0.00
PCBI110 0.00 0.00| [T o010 I o.io
PCB77 000 0.00 0.00
PCBI51 000 | 003 ] 003
PCB149 000 ] o0zl Joos T Jo08
PCBI23 000 ] 003 dool | o006
PCBI18 0.00 .00/ IERNTo.1) I 0.9
Y PCBI153 +168 0.00 000l Joos T o007
PCB105 000 I dooli ] 003 0.00
> PCB138 +158 [ | 0.03 0.00[ I 0.07 0.00
Deception Island (Antarctica)
c) Water Sediment
Crater Zapatilla Extremadura  Telefon Ballaneros Crater Zapatilla Extremadura  Telefon Ballaneros
LCW LZW LEW LTW LBW LCS LZS LES LTS LBS
Y PCB31 +28 B onl ] ool 1 ool ] ounl ] ool | 007l | oosh | ool | ool | 009
PCB52 B ol ] 005 | oos I 1 ool oooi ] 008 | ool 1 oool ] ol ] o0
PCB74 [ Y | 004l ] o000l ] 0.06 ] oosl 1 oosB | o000l ] ooa | o0l ] 0.06
> PCB84 + 90 + 101 0.00 0.00 0.00 0.00 000l | 00s I | oosBET ] ool o001 009
PCB99 R o+l oo’ o | o2l ] on ool | o] 005 004 0.03
PCBSI1 [ 008 | 0061 ol ool ] o] 007 ] 004 ] 0.04 0001 0
PCBI110 000 ] o0s I 1 o0sf] o2l O | 00sI | ool oool 1 ol ] o0
PCB77 [ | 0.06 0.00 ] oo0s | 007 0.05 0.00 0.00 0.00 0.00 0.00
PCBISI B o 0.00 I 0.19 I8 0.2 [0 0.14)00 ] 0.06 0.00 000 ] 003 7] 005
PCBI149 0.00 000 ] onl] 002l | 0.08 000 ] 0o0s | 006 | 008l 0.05
PCB123 0001 ool ool ] ol onn 0.00 ] 004 ] 005 | 0061 | 0.03
PCBI118 0.00[] 021 ool ] 0.06[] ool ] o0sB | ool | ol ol ] o0
Y PCBI153 +168 0.00 0.00 0.00 0.00 0.00(F | 006 ] 00s ] 006 ] 007l | 0.07
PCBI105 B onll ] onl ] oun T s 0.06 0.00 0.00 0.00 ] 0.03 0.00
Y PCB138 +158 0.00 000 | 0.05 000 ] 009 0.00 0.00 000 | 007 | 0.06

Fig.2 PCB distribution retrieved across all selected lakes; reported
concentrations (ppt) are mediated among the three replicate col-
lected samples. a Lakes lying in the Ny-Alesund area, Arctic region.

16S rRNA gene amplification

The 16S rRNA gene sequencing was used to identify bac-
terial isolates able to grow in the presence of PCBs as
the sole carbon source, following the protocol reported
by Papale et al. (2017) with some modifications. Shortly,
each strain was lysed by heating at 95 °C for 10 min. A
thermocycler (Mastercycler GeneAmp PCR-System 9700,

@ Springer

b Lakes lying in Livingston Island, Antarctic region. ¢ Lakes lying in
Deception Island, Antarctic Region

Applied Biosystem, USA) was used to amplify the 16S
rRNA gene with Bacteria-specific primers 27 F (5'-AGA
GTTTGATC(AC)TGGCTCAG-3") and 1492R (5'-TAC
GGYTACCTTGTTACGAC-3"). The reaction mixtures were
composed by 1 pl DNA, 0.4 pl of each of the two primers
(10 pM), 2 pl of reaction buffer 10X (specific Taq’s buffer
added with dNTP), 0.2 pl of Tag polymerase MyTaq (5 U
pl—1), and sterile Milli-Q water to a final volume of 20 pl
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all assembled at 0 °C. Negative control without a DNA tem-
plate was used in every PCR run. The thermocycler set up
is specified in Papale et al. (2017). An agarose gel electro-
phoresis (1%, wt/vol) in TAE buffer containing Sybr Safe
(1 pl/25 ml final concentration) (Invitrogen), was used to
analyze results.

Sequencing and analysis of 16S rRNA genes

The amplified 16S rRNA gene products were purified using
the QIAquick PCR purification kit, according to the manu-
facturer's protocol. The sequencing was performed at the
Eurofins Laboratory (Milan, Italy) using Sanger sequenc-
ing (Valencia et al. 2013). The sequences were manually
reviewed and corrected using FinchTV version 1.4. Sub-
sequent analysis involved comparing the sequences against
the NCBI GenBank and EMBL databases using BLAST
and utilizing the"Seqmatch"and"Classifier"programs from
the Ribosomal Database Project II (http://rdp.cme.msu.edu/)
to determine the relatedness of the isolates. The sequences
were further aligned using the ClustalW program to the
most similar orthologous sequences obtained from the data-
base (Thompson et al. 1994). Each alignment was manu-
ally inspected, corrected, and then analyzed employing the
Neighbour-Joining method based on the Jukes-Cantor dis-
tance model (Saitou and Nei 1987). A phylogenetic tree was
constructed utilizing the MEGA 11 software. The robustness
of the inferred trees was evaluated through 1000 bootstrap
resampling iterations (Tamura et al., 2021).

Screening for the presence of the bphA gene

Strains capable of growing with Aroclor 1242 as the unique
carbon and energy sources were screened for the presence
of the catabolic gene bphA. The detection of this gene was
conducted using a modified protocol from Papale et al.
(2017) through PCR, employing specific primers based on
previous analyses: bphAf668-3 (5 GTTCCGTGTAACTGG
AARTWYGC 3') and bphAr1153-2 (5' CCAGTTCTCGCC
RTCRTCYTGHTC 3') (Witzig et al. 2006; Lehtinen, 2014).
PCR reactions were set up on ice and consisted of 1 ul of
DNA template, 0.5 pl of each primer (10 uM), 2.5 pl of
10 X reaction buffer, 0.025 ul of BSA (2.5%), 0.2 pl of Taq
polymerase (Bioline, 5 U/ul), and sterile Milli-Q water to a
final volume of 10 pl. Negative controls, including reactions
without DNA template and extraction blanks, were included
in each PCR run to monitor for contamination. The thermal
cycling conditions were as follows: an initial denaturation
at 95 °C for 5 min; 35 cycles of denaturation at 95 °C for
45 s, annealing at 58 °C for 1 min, and extension at 72 °C
for 2 min; followed by a final elongation step at 72 °C for
10 min. Amplification products were resolved by electro-
phoresis on 2% (w/v) agarose gels prepared in TAE buffer

(0.04 M Tris—acetate, 0.02 M acetic acid, 0.001 M EDTA),
with 1 pl of SYBR Safe DNA stain (Fermentas) added per
25 ml of gel.

Biodegradation efficiency

PCB-oxidizing isolates harboring the bphA gene were
tested for their ability to degrade Aroclor 1242. Accord-
ing to Papale et al. (2017), isolates were grown in 50 ml
of Aroclor 1242-supplemented (1 wt/v) BH incubated at
4 °C for 1 month. The abiotic losses of the substrates were
monitored by uninoculated controls incubated in parallel.
Following the incubation period, the biodegradation activ-
ity was terminated by acidifying the cultures with 10 M
hydrochloric acid to reach a pH of 2. Before PCB extraction,
the cultures underwent centrifugation at 4 °C for 20 min
at 8000 rpm to remove excess cellular matter. To monitor
the substrate losses during the extraction procedure 5 pl of
octachloronaphthalene (OCN) solution (5 mg/ml in CH,Cl,)
was added. The enrichment cultures underwent a three-
step extraction process, where they were combined with
10 mL of dichloromethane (CH2CI2) in a separatory fun-
nel to isolate the organochlorine compounds. Each extrac-
tion involved vigorously shaking the funnel for 15 min. The
resulting organic phases were then pooled, and the solvent
was allowed to evaporate, leaving the extracted compounds
in a dry state. A high-resolution gas chromatography-mass
spectrometry (GC-MS) was used to determine composition
and concentrations of PCBs using an 7890A-5975C (Agi-
lent Technologies) equipped with a 60-m HP-5MS column
(0.25 mm L.D., 0.25 pm; Agilent Technologies, Avondale,
USA). Helium was used as carrier gas (1.2 ml min~!). Two
microlitres portion of each sample were injected in split-
less mode. The injector was kept at 290 °C and the Transfer
Line at 300 °C; the column oven was initially kept at a tem-
perature of 90 °C for 1 min, and then heated up to 150 °C
at a rate of 20 °C min~!, and then to 300 °C at 4 °C min~’,
with post run at 315 °C (15 min). Analyses were performed
in SIM mode using octachloronaphtalene (OCN) as proce-
dural internal standard. Crude concentrations were corrected
using instrumental response factors. This assay was intended
as a preliminary screening of the degradation potential of
selected isolates. The results should be interpreted as indica-
tive rather than conclusive.

Statistical analyses

Principal component analysis was performed using the fac-
toextra R package (Kassambara et al., 2020) to visualize the
relationships between the chemical parameters measured in
the natural sediment and water samples. The PCA was con-
ducted on all PCBs identified in the samples to determine the
key factors underlying the observed variation in the dataset.
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Redundancy analysis, as implemented in the vegan package
of R, assessed the relationship between the PCB congener
profiles, sampling sites, and matrix (water and sediments).

Results
PCB concentrations in natural samples

In the Arctic lakes, PCB concentrations in water were gen-
erally low, with limited accumulation observed for conge-
ners such as PCB31+28 and PCB99, primarily detected
in Solvannet (L1), while other lakes, such as Knudsenheia
(L3) and Storvatnet (L4) (Fig. 2). showed negligible val-
ues. Instead, sediments showed higher levels of PCB110,
PCB118, and PCB138 + 158, particularly prominent in Sol-
vannet (L1). In Antarctic lakes, particularly on Livingston
Island, PCB concentrations in water were slightly higher
than those in the Arctic, with PCB31 + 28, PCB74, and
PCB52 being the predominant congeners, evenly distrib-
uted across lakes Sofia (LS) and Argentina (LA). In sedi-
ments, significant accumulation of PCB110 and PCB74 was
observed, with similar concentrations between the two lakes.
At Deception Island, both water and sediments exhibited
the highest PCB levels among Antarctic lakes, with peaks
of PCB99, PCB151, and PCB31 + 28 in water, and notable
accumulation of PCB118, PCB138 + 158, and PCB110 in
sediments. In water, Extremadura (LE) Lake showed the
highest concentrations of PCB99 and PCB151. Crater (LC)
Lake also displayed relatively high concentrations, particu-
larly for PCB31 + 28 and PCBS81. In sediments, Zapatilla
(LZ) Lake and Telefon (LT) Lake demonstrated elevated
levels of PCB110 and PCB138 + 158, while Ballaneros
(LB) Lake showed consistent but lower concentrations
across most congeners. Comparing the Arctic and Antarc-
tic regions, sediments, in both areas, acted as key sinks for
PCBs, but Antarctic lakes evidenced greater diversity and
higher concentrations in both water and sediments, particu-
larly at Deception Island.

The PCA of PCBs retrieved in the Arctic showed a sharp
separation between water and sediments (Fig. 3a). Specifi-
cally, water samples from Solvannet (L1), Storvatnet (L4),
and Tvillingvatnet (L5) lakes correlated with PCB 81,
whereas sediment samples from Solvannet (L.1) Lake cor-
related with PCB 99, PCB 151, PCB 77, PCB 123, PCB 74,
PCB 149, and Y} PCB 84 +PCB 90+PCB 101. Sediment
samples from Knudsenheia (L3) and Tvillingvatnet (L5)
lakes correlated with PCB 52, }PCB 31+28, PCB 110,
Y'PCB 84+PCB 90+PCB 101, YPCB 153+ PCB 168,
and PCB 118. With respect to Antarctic samples, water
from Extremadura (LE), Ballaneros (LB), and Telefon (LT)
lakes correlated with PCB 123, PCB 151, PCB 99, PCB
77, Y PCB 31+PCB 28, PCB 105, and PCB 81, while no
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correlations were found for the water from Crater (LC),
Zapatilla (LZ), Argentina, and Sofia (LS) lakes (Fig. 3b).
The sediments from Sofia (LS), Argentina (LA), Telefon
(LT), and Ballaneros (LB) lakes correlated with ) PCB
138+PCB 158, PCB 149, PCB 74, PCB 52, PCB 110, PCB
118, };PCB 155+PCB 168, and Y PCB 84+ PCB 90 +PCB
101.

Comparing the results of both the Arctic and Antarctica
(Fig. 3c), the PCA highlighted that the sediment of Solvan-
net (L1) Lake was completely separated from the others and
that there was no clear separation between the two poles or
between the matrices. In the first quadrant, we find water
samples from Arctic lakes Knudsenheia (L3), Storvatnet
(L4), and Tvillingvatnet (L5), as well as Glacier (L2) Lake
water and sediment. In the fourth quadrant, we find water
from Sofia (LS) and Solvannet (L1) Lakes. Additionally,
Arctic sediments from Storvatnet (L4) and Knudsenheia
(L3), plus Crater (LC) Lake sediment, are in the first quad-
rant. Nearby, the second quadrant contains sediment from
Tvillingvatnet (L5) and other Antarctic lakes. The third
quadrant includes water from Antarctic lakes Ballaneros
(LB), Extremadura (LE), Telefon (LT), and Crater (LC).
Lastly, the fourth quadrant also has water from Antarctic
lakes Zapatilla (LZ) and Argentina (LA) together.

Isolation, screening of bphA gene, and phylogenetic
identification of PCB-oxidizing bacterial strains

A total of 46 Arctic strains were isolated from the biphenyl
enrichments, specifically 16 from Solvannet Lake (L1), 14
from Glacier Lake (L2), 7 from Knudsenheia Lake (L3),
and 9 from Storvatnet Lake (L4). Among these, 24 strains
grew in the presence of Aroclor 1242, with 18 harbour-
ing the bphA gene. These 18 strains were identified by the
16S rRNA gene sequencing (Table 2). The majority of the
isolates (15) belonged to the Gammaproteobacteria within
the genus Pseudomonas. A unique isolate belonged to the
Betaproteobacteria, within the genus Janthinobacterium.
The affiliation could not be determined for two strains
(S3D-1 and S3D-2). These strains are currently undergoing
further molecular characterization, as preliminary 16S rRNA
gene sequencing did not yield conclusive results, likely due
to low-quality or ambiguous sequence data.

A total of 58 Antarctic strains were isolated from the
enrichments, distributed as follows: 14 from Sofia Lake
(LS), 16 from Argentina Lake (LA), 8 from Crater Lake
(LC), 8 from Telefon Lake (LT), and 12 from Ballaneros
Lake (LB). No strains were isolated from Extremadura
Lake. Among the isolated strains, 22 bacterial isolates
were able to grow in the presence of Aroclor 1242. The
bphA gene was detected in seven of them, which were all
identified as affiliates to the genus Pseudomonas (phylum
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Gammaproteobacteria) (Table 2). The affiliation could not
be determined for four strains (ATD-2, ATD-3, ATD-5 and
ATD-9).

Antarctic isolates are part of the Italian Collection of Ant-
arctic Bacteria of the National Antarctic Museum (CIBAN-
MNA), kept at the University of Messina (voucher codes
MNA-CIBAN-2276 to MNA-CIBAN-2282; Supplementary
Table S1).

Biodegradation efficiency

Based on the tests described above, seven Pseudomonas
isolates from Arctic lakes were selected to assess their PCB
degradation capability on Aroclor 1242. Two strains, namely
S3D-2 (not identified) and Pseudomonas sp. S3D-5, both
from Lake Knudsenheia, were particularly efficient (Fig. 4a).

When examining specific PCB groups, a slight increase
in monochlorinated PCBs, particularly PCB-1, was
observed in comparison to the control (Fig. 5a). PCB-11

levels increased in all cultures except for Pseudomonas sp.
3D-5, in which its amount was as in the control (Fig. 5b).
For trichlorinated PCBs, the formation of PCB-16, absent
in the control, was detected in cultures of Pseudomonas
spp- S1D-8 and S2D-11, and S3D-1 (not identified)
(Fig. 5¢). However, Pseudomonas sp. S2D-14 culture
showed no traces of PCB-16 but was unique in forming
PCB-18. Tetrachlorinated PCBs was the most degraded,
with complete removal by Pseudomonas spp. (strains S1D-
9, S2D-14), and S3D-2 (not identified) (Fig. 5d). The other
bacterial cultures evidenced only small residual amounts
compared to the control. In contrast, pentachlorinated
PCBs increased in all cultures except for that of Pseu-
domonas sp. S3D-5, where levels remained unchanged
from the control, despite partial transformation (Fig. Se).
However, the overall levels of pentachlorinated PCBs
across all bacterial cultures were minimal with respect to
the total. Finally, small amounts of hexachlorinated PCBs
were detected in cultures of Pseudomonas spp. S1D-8
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Table2 16S rRNA gene sequence affiliation to their closest phylogenetic neighbors of PCB-oxidizing isolates

Lekes Strain Phylum Genus Species Affilated organisms Affiliation %
Arctic Lakes Glacier (L2) S2D-8 Betaproteobacteria Janthinobacterium lividum MG930775, Janthino- 99.67

bacterium lividum

S2D-10 Gammaproteobacteria Pseudomonas baetica FN678353, Pseu- 98.82
domonas baetica

S2D-14 gessardii OP164734, Pseu- 9991

S2D-5 domonas gessardii 100

S2D-11 Jessenii KRO085772, Pseu- 100
domonas jessenii

S2D-6 libanensis  KT382242, Pseu- 100

domonas libanensis
Knudsenheia (L3) S3D-1 Not identified

S3-D2
S3D-4 Gammaproteobacteria Pseudomonas gessardii OP164734, Pseu- 99.91
domonas gessardii
S3D-5 Jessenii KRO085772, Pseu- 100
domonas jessenii
Solvannet (L1) S1D-9 Gammaproteobacteria Pseudomonas fluorescens KT223378, Pseu- 99.81
domonas fluorescens
S1D-8 paraversuta NR_178975, Pseu- 9991
S1D-11 domonas paraver- 100
suta
S1D-1 Stenotrophomonas  pictorum MG576051, Pseu- 99.91
domonas pictorum
Storvatnet (L4) S4D-8 Gammaproteobacteria Pseudomonas baetica FN678353, Pseu- 99.91
domonas baetica
S4D-7 fluorescens KT223378, Pseu- 100
S4D-6 domonas fluorescens 99 91
S4D-5 Jessenii KRO085772, Pseu- 100
domonas jessenii
Antarctic Lakes Sofia (LS) ASD-3  Gammaproteobacteria Pseudomonas fragi KT767664, Pseu- 100
domonas fragi
ASD-8 HQ824990, Pseu- 100
domonas fragi
ASD-5 helleri PP905183, Pseu- 99.53
domonas helleri
Argentina (LA) YAAD-4 Gammaproteobacteria Pseudomonas antarctica  FM213380, Pseu- 100
domonas antarctica
YAAD-5 lurida KT767977, Pseu- 100
domonas lurida
YAAD-6 migulae AY972286, Pseu- 99.7
domonas migulae
Telefon (LT) ATD-2  Not identified
ATD-3
ATD-5
ATD-8  Gammaproteobacteria Pseudomonas gessardii OP164734, Pseu- 100

domonas gessardii
ATD-9  Not identified

and S1D-9 (Fig. 5f), while nonachlorinated PCBs were All bphA-harboring Antarctic isolates (7) were tested for
detected in Pseudomonas sp. S3D-5 culture (Fig. 5g).  PCB degradation tests on Aroclor 1242. In general, many
Strain S3D-2 (not identified) emerged as the most efficient  strains showed high degradation efficiency, with Pseu-
when considering degradation across all PCB categories. domonas sp. YAAD-5 and ATD-2 (not identified) that were

@ Springer



Polar Biology (2025) 48:98 Page 110f 18 98

a)

400

350

300
250
150
100
s 1]
N E =

Control S1D-8 S1D-9 S2D-11 S2D-14 S3D-1 S3D-2 S3D-5

ng/sample
o
(=3
(=}

o

(=}

® monochlorinated ® dichlorinated ~ ® trichlorinated = tetrachlorinated
m pentachlorinated m hexachlorinated m heptachlorinated m nonachlorinated

b)

400
350
300

250

50
, 1 =a I == N

ATD-2 ATD-3 ATD-5 ATD-9 ASD-5 YAAD-5 YAAD-6

ng/sample
o
(=1
(=]

—
4
o

m monochlorinated ®m dichlorinated ~ ™ trichlorinated = tetrachlorinated
m pentachlorinated ® hexachlorinated mheptachlorinated ® nonachlorinated

Fig. 4 a PCB degradation rate (expressed in ng/sample) of selected Arctic bacterial strains. b PCB degradation rate of Antarctic bacterial strains

@ Springer



98 Page120f18

Polar Biology (2025) 48:98

a)

Q

e)

16.0
14.0
120
10.0

ng/sample

&
o

= PCB-126

@ Springer

\

o

% o

NS

S > N S
& &P %“’ &
uPCB-1 =PCB-2 =PCB-3
% 9 N X o
9 & O N K
F gy P S
w PCB-18 u PCB-27
= PCB-34 u PCB-28
I I | I l -
s‘o e\ g, & s“’ s" 93
#PCB-100 # PCB-102 PCB-93
#PCB-90+101+113 WPCB-87 #PCB-117
#PCB-124 #PCB-118 BPCB-114+122
25
g)
2.0
_JI.S
5
3
=
10
0.5
0.0
(.°°§\ %\o’"

b)

d)

90.0
80.0
70.0

o 60.0
50.0
40.0
300
200
10.0
0.0

E)

ng/sampl

uPCB-4 mPCB-9 u PCB-6

250.0

200.0

150.0

100.0

ng/sample

50.0

0.0
&
ou
®wPCB-53
u PCB-65+47
uPCB-42
PCB-61

0.0
>
&
= PCB-136
» PCB-137
u PCB-156

%\

&

wPCB-75

o

—
o,% Q

A
c_;\? & & &
PCB-8 #PCB-14 # PCB-11 mPCB-13

“

L p

Q N
¥ F
PCB-51 #PCB.73
uPCB-35
u PCB-40

" PCB-66

PCB-52
wPCB-44
» PCB-57
uPCB-81

= PCB-49
wPCB-59
» PCB-67
uPCB-77

PCB-71
PCB-63+74

> N

N o

5
& O

> <

&
= PCB-139
# PCB-138+163+129
u PCB-169

&

= PCB-153
= PCB-158

O



Polar Biology (2025) 48:98

Page130f 18 98

«Fig.5 PCB degradation rate (expressed in ng/samples) of Arctic
strains, separated by analyzed compounds. a monobiphenyls, b dibi-
phenyls, ¢ tribiphenyls, d tetrabiphenyls, e pentabiphenyls, f hexabi-
phenyls, and g nonabiphenyls

the most efficient (Fig. 4b). Specifically, when analysing
by polychlorinated biphenyl category, a slight increase in
monochlorinated compounds compared to the control was
observed in all bacterial cultures except for ATD-2, which
showed values like the control; PCB-1 was the most preva-
lent compound in this category, present in all bacterial
cultures (Fig. 6a). Among dichlorinated compounds, some
cultures, such as those of Pseudomonas spp. ATD-5 and
ASD-5, exhibited higher quantities than the control, while
others showed values comparable to it, with PCB-11 being
the most abundant molecule (Fig. 6b). For trichlorinated
compounds, Pseudomonas spp. ATD-9 and ASD-5 cultures
displayed significantly higher values than the control, while
other cultures, including those of Pseudomonas sp. YAAD-5
and ATD-2 (not identified), had values only slightly higher
or comparable (Fig. 6¢). In contrast, tetrachlorinated PCB
were found below control levels in all bacterial cultures,
and in two cases (i.e. ATD-2 and YAAD-6) they were not
detected at all (Fig. 6d). For pentachlorinated PCBs, the
strains ATD-2 and Pseudomonas sp. YAAD-5 showed
values like the control, while the other cultures had higher
levels (Fig. 6e). Finaly, small amounts of hexachlorinated
compounds were detected in Pseudomonas sp. ASD-5,
and heptachlorinated compounds were identified in Pseu-
domonas sp. YAAD-6 cultures. ATD-2 and Pseudomonas
sp. YAAD-5 emerged as the most efficient strains across all
PCB categories.

Discussions

The results of PCB concentrations retrieved across all ana-
lyzed samples, both in Arctic and Antarctic regions, showed
higher concentrations in Antarctic lakes compared to Arctic
lakes and in sediments compared to water. Previous studies
have reported that PCBs tend to accumulate in sediments
due to their low solubility in water and high lipophilicity,
making sediments long-term reservoirs for these contami-
nants (Cabrerizo et al. 2018; Blais et al. 2001; Malmquist
et al. 2003). The predominance of heavier chlorinated conge-
ners, such as tetrachlorobenzene and hexachlorobenzene, in
sediments reflects their lower volatility and more remarkable
environmental persistence (Jonsson et al. 2002). Conversely,
lighter congeners like monochlorobenzene and dichloroben-
zene were more prevalent in water samples (Dewulf and
Langenhove 1997). These findings align with the global
fractionation model, which predicts preferential atmospheric
transport and deposition of less-chlorinated PCB congeners

at higher latitudes (Muir et al. 1996; Malmquist et al. 2003).
Interestingly, water samples collected at Deception Island,
especially for congeners like PCB99 and PCB151, presented
slightly elevated concentrations compared to those reported
by Vecchiato et al. (2015a, b) in other Antarctic regions,
suggesting possible localized inputs or increased deposi-
tion in volcanic environments. It was possible to highlight
that local factors such as sediment composition and hydrol-
ogy played a significant role in the variability of PCB dis-
tribution observed among Deception Island lakes. This is
consistent with Borghini et al. (2005), who emphasized the
importance of site-specific dynamics in contaminant behav-
ior. In contrast, Arctic lakes displayed lower PCB concen-
trations in water, while sediment levels were comparable
to those recorded in Arctic glacial marine and freshwater
settings. (Pavlova et al. 2023; Pizzini et al. 2023; Bizzotto
et al. 2008).

Evaluation of polychlorinated biphenyl degradation capa-
bilities in bacterial isolates from Arctic and Antarctic lakes
revealed notable outcomes. Of the 46 strains tested from
Arctic lakes, 24 exhibited positive PCB degradation results,
with 18 of them harboring the bphA gene. Similarly, 22 out
of 66 Antarctic strains tested positive, with the bphA gene
detected in 15 isolates. Interestingly, some strains that were
able to grow in the presence of Aroclor 1242 did not show
amplification of the bphA gene. This could be due to several
factors. First, these strains may possess alternative degra-
dation pathways or genes not targeted by the primers used
in this study. Second, genetic variations in the bphA gene
sequence may have prevented its amplification, suggesting
the presence of divergent or poorly conserved homologs.
Third, growth in the presence of PCBs does not necessarily
imply active degradation; some strains may tolerate or co-
metabolize PCBs without initiating full degradation path-
ways. These results highlight the metabolic diversity among
PCB-tolerant bacteria and suggest that broader genetic
analyses should complement functional screening to char-
acterize their biodegradation potential (KaStanek et al. 1999;
Michaud et al. 2007a, b; Su et al. 2015; Eroposa et al. 2020;
Bako et al. 2020).

Our results showed a higher proportion of PCB-degrading
bacteria in Arctic environments compared to Antarctic sam-
ples, potentially linked to regional differences in environ-
mental conditions, in the presence of pollutants that could
drive a specific selection in the microbial community. The
observed results exceeded the proportions (approximately
10% higher) previously reported in the same environments,
though not specifically for lake samples (Master and Mohn,
1998; Michaud et al. 2007a, b). While the findings align
with the work of Papale et al. (2022) on Antarctic lakes,
indicating that lakes could serve as ideal environments for
the proliferation of PCB-degrading. The analysis of bacte-
rial strains showed that among the Arctic isolates, common
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«Fig.6 PCB degradation rate (expressed in ng/sample) of Antarctic
strains, separated by analyzed compounds. a monobiphenyls, b dibi-
phenyls, ¢ tribiphenyls, d tetrabiphenyls, e pentabiphenyls, f hexabi-
phenyls and g eptabiphenyls

species included P. fluorescens, P. gessardii, and P. jessenii.
Similarly, Antarctic strains comprised P. antarctica, P. fragi,
and P. migulae. The prevalence of these cold-adapted taxa
has been previously documented (Master & Mohn, 1998;
Bopp 1986; Shuai et al. 2016), underscoring their poten-
tial for PCB biodegradation applications. PCB degradation
assays revealed that Arctic strains generally demonstrated
higher degradation efficiency across various PCB categories
compared to Antarctic strains. Notably, Arctic strain S3D-2
(affiliated with the genus Pseudomonas) and Antarctic strain
ATD-2 (not identified) emerged as the most effective degrad-
ers across all analyzed PCB congeners. Analyzing specific
PCB categories, dichlorinated and trichlorinated compounds
exhibited varying degradation patterns. For instance, Arctic
strains like S3D-2 showed efficient degradation of PCB-16,
while Antarctic strain ATD-9 demonstrated partial degra-
dation with notable byproduct formation. Tetrachlorinated
compounds were universally well degraded, with Arctic
strains such as S1D-9 and Antarctic strains like YAAD-5
showing near-complete removal. These findings align with
the known capabilities of Pseudomonas to utilize biphenyl
as a carbon source through the biphenyl dioxygenase path-
way, encoded by the bphA gene, which initiates PCB break-
down (Bopp 1986; Furukawa and Fujihara 2008; Michaud
et al. 2007a, b). Obtained results demonstrate the significant
potential of cold-adapted bacteria, particularly those from
the genus Pseudomonas, in degrading PCBs in polar envi-
ronments. The bphA gene, and the degradation efficiency
findings suggest that the analyzed strains have adapted well
to PCB degradation even under extreme conditions. Future
studies could focus on characterizing the metabolic path-
ways involved in the degradation of PCBs. Given the"global
distillation"phenomenon, which concentrates PCBs in polar
regions due to their volatility and persistence (Furukawa
& Fujihara 2008), the application of cold-adapted bacte-
ria, such as Pseudomonas, offers a promising approach for
bioremediation.

Conclusions

This study highlights the importance of Arctic and Antarctic
lakes in global PCB dynamics. The lakes serve as reservoirs
and potential sites for bioremediation. Differences in chemi-
cal profiles observed between the two polar regions highlight
the influence of worldwide distillation and selective deposi-
tion of PCB congeners. Notably, Arctic lakes exhibited a
higher proportion of PCB-degrading bacterial strains, with a

notable prevalence of species from the genus Pseudomonas,
which harbored the bphA gene and demonstrated substan-
tial degradation capabilities across various PCB categories.
In contrast, Antarctic lakes, although the overall PCB con-
centrations detected were lower, still hosted efficient PCB-
degrading strains, such as ATD-2, again highlighting the
resilience and adaptability of cold-adapted microbial com-
munities. The results also highlight a potential correlation
between chemical persistence and biological degradation
pathways in polar environments. Preliminary results indi-
cate that microbial degradation efficiency, particularly for
tetrachlorinated PCBs, demonstrates the significant poten-
tial of these cold-adapted bacterial strains for exploitation
bioremediation. Strains such as S3D-2 and ATD-2 repre-
sent promising candidates for future applications to mitigate
PCB pollution in these fragile ecosystems. Ultimately, this
study makes a significant contribution to understanding the
intricate relationships between PCB dispersion, environmen-
tal accumulation, and the adaptive potential of indigenous
microbial communities in the Arctic and Antarctic regions.
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