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Arthrobacter spp. are coryneform Gram-positive aerobic bacteria, beloging to the

class Actinobacteria Representatives of this genus have mainly been isolatedoim saill,

mud, sludge or sewage, and are usually mesophiles. In recentears, the presence of
Arthrobacter spp. was also con rmed in various extreme, including permaently cold,

environments. In this study, 36 psychrotolerant and metalolerant Arthrobacter strains

isolated from petroleum-contaminated soil from the King Gerge Island (Antarctica),
were screened for the presence of plasmids. The identi ed relicons were thoroughly
characterized in order to assess their diversity and role ithe adaptation of Arthrobacter

spp. to harsh Antarctic conditions. The screening processdenti ed 11 different plasmids,

ranging in size from 8.4 to 90.6kb. A thorough genomic analyis of these replicons
detected the presence of numerous genes encoding proteinstat potentially perform
roles in adaptive processes such as (i) protection againstlwaviolet (UV) radiation,
(i) resistance to heavy metals, (i) transport and metaldem of organic compounds,

(iv) sulfur metabolism, and (v) protection against exogens DNA. Moreover, 10 of
the plasmids carry genetic modules enabling conjugal trarfer, which may facilitate
their spread among bacteria in Antarctic soil. In additiontransposable elements were
identi ed within the analyzed plasmids. Some of these elemats carry passenger genes,
which suggests that these replicons may be actively changm and novel genetic
modules of adaptive value could be acquired by transpositio events. A comparative
genomic analysis of plasmids identi ed in this study and othr available Arthrobacter

plasmids was performed. This showed only limited similarés between plasmids of
Antarctic Arthrobacter strains and replicons of other, mostly mesophilic, isolate This

indicates that the plasmids identi ed in this study are noveand unique replicons. In
addition, a thorough meta-analysis of 247 plasmids of psyctotolerant bacteria was
performed, revealing the important role of these repliconms the adaptation of their hosts
to extreme environments.
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INTRODUCTION derivatives, polycyclic aromatic hydrocarbons, haloatteh
haloalkanes, N-heterocyclic compounds, insecticides and
Almost 80% of the Earth's biosphere is permanently cold, i.eherbicides Bharpee et al., 1973; Cripps, 1975; Pipke et al., 1987;
the temperature in these regions stays belo® throughoutthe  \/an Den Wijngaard et al., 1991; Jain et al., 1994; Caselkls et
whole year. The ocean depths constitute the majority of such997: Datta et al., 2000: Strong et al., 2002; Seo et al.; 2006
environments, but there are also vast constantly cold i@ Kallimanis et al., 2007; Rong et al., 2009; Husserl et al0; Zn
areas, such as the polar and alpine regions (aayer et al., et al., 2016, 20)8In some cases, these abilities are conferred
2019. Antarctica is known to be one of the coldest I'egiOﬂSby plasmids, e.g., carbaryl (1-naphthi-methylcarbamate)
on Earth, with an average annual temperature ranging betwegsesticide utilization byArthrobacter sp. RC1000 was linked
48 C at the South Pole and 2 C on island areas. It is an wijth its plasmids pRC1 and pRC2yatsu et al., 1999and
extreme habitat for indigenous organisms, not only becausg nicotine-utilization gene cluster was identied in plasmid
of the low temperatures, but also due to the occurrence 0HAO1 of Arthrobacter nicotinovoran@aitsch et al., 2001The
other harsh environmental conditions, including increddgV  wide distribution ofArthrobacterspp. and their ability to thrive
radiation, strong and drying winds, and the low amount ofin extreme environments indicates their great potential for
easily accessible nutrientﬁl@rtianov and Rakusa-SUSZCZeWSki,environmental biotechno]ogieg?,(erketorp et a|_’ 2018’ Wang
1990; D'amico et al., 2006; Kejna et al., 2013; Cowan et &g, 2018
2014; Grzesiak et aI., 2015; Kosek et aI.,)’Z@]!'ganisms I|V|ng Current]y (NOV. 11, 2018), 20 Comp]ete genomic and 33
in Antarctica also have to face the emerging Contaminatiorp|asmid sequences oirthrobacterspp_ are available in the
of this I'egion. Despite the fact that most of Antarctica iSGenBank database. The p|asmids range in size from 3.7 to
considered a pristine area with levels of contaminants thays4.2 kb, and they di er signi cantly in their gene contenbrBe
are lower than elsewhere in the world (these are mainly thearry genetic modules of adaptive and biotechnological value
consequence of natural bioweathering of heavy metal-ocks), e g., the 113-kb linear plasmid pAL1 @éf nitroguajacolicus
there are areas where human inuence is becoming mor@ue6la, which confers the ability to utilize tNeheteroaromatic
and more visible. Anthropogenic pollution by sulfur, heavycompound 2-methylquinoline@verhage et al., 2005 number
metals, polycyclic aromatic hydrocarbons and persistendaoig  of plasmids of mesophili&rthrobacterspp. have been described
pollutants (i.e., toxic organic compounds that are resistanfn detail (Baitsch et al., 2001; Eaton, 2001; Igloi and Brandsch,
to environmental degradation through chemical, biological2003: Sandu et al., 2003; Overhage et al., 2005; Parschat
or photolytic processes, e.g., pesticides and pharmacelticalg al., 2007; Jerke et al., 2008; Kolkenbrock and Fetzne; 201
has been observed in Antarctic&dutron and Wol, 1989; Kolkenbrock et al., 2010; Wagenknecht and Meinhardt, 2011;
Graf et al., 2010; Kukucka et al., 2Dl0nterestingly, the Mihasan and Brandsch, 2013, 2016; Mihasan et al., 2013;
anthropogenic contaminants in this region mainly comepjihasan, 2015 However, little is known about the genetic
from indigenous sources (e.g., ships and research stationgyganization, biology and adaptive role of plasmids of Arctid a
Intercontinental atmospheric long-range transport of poflats  Antarctic, cold-activeArthrobacterspp. To our best knowledge,
to Antarctica seems to be highly limited, mostly due to thepnly one cryptic plasmid from a psychrotoleraAtrthrobacter
strong westerlies at mid-latitudes (40-68), which isolate the strain isolated from a Greenland ice core has been thoroughly
continent in winter (Kukucka et al., 2010; Stohl and Sodemanngdescribed liteva et al., 2008
2010. Here, we report the detailed genomic analysis of 11 novel
The extreme Antarctic environment leads to the selection opjasmids (named the ANT plasmids) identi ed within a pool
well-adapted organisms. These are poly-extremophiles that caf psychrotolerant and metalotolerant Antarctigrthrobacter
withstand a variety of harsh physical and chemical condgion strains. Our analysis have revealed a putative role of the
In this study, we have focused on psychrotolerant, and at thgjentied replicons in the adaptation of Arthrobacter
same time metalotolerant, bacteria of the gerushrobacter spp. to the extreme Antarctic environment and gives an
isolated from contaminated soil collected in the area of thgnsight into the overall Arthrobacter plasmidome. What is
Henryk Arctowski Polish Antarctic Station on King George more, this analysis complements previous works describing
Island Romaniuk et al., 2098 Antarctic plasmidomes, as in the majority they describe
Arthrobacter spp. are Gram-positive, coryneform aerobicthe ecological role of plasmids of Gram-negative bacteria
bacteria, belonging to the clasActinobacteria They are (it was revealed that these replicons constitute more than
frequently found in various extreme environments, inclidi  80% of all already analyzed plasmids of cold-active bacteria)
Arctic and Antarctic ice and SOiuSOUZa et al., 2015; Slngh et al.,(Dziewit and Bartosik’ 2014; Ciok et a|', 2@_1’$herefore, the
2017, and also various contaminated siteSu(i et al., 2015; knowledge on biology, evolution and diversity of plasmids
Ren et al., 2016; Chauhan et al., 20This wide distribution  of psychrotolerant Gram-positive bacteria is rather scarce.
of Arthrobacter spp. could be a consequence of their highTherefore, thorough analyses of novel replicongé\ahrobacter
tolerance to various stress factors, such as permanent cokhp. representing high GC content, Gram-positive genus
long-term nutrient starvation, oxidative stress, osmqiiessure, give a broader view on the overall role of plasmids in
and toxic compoundsYao et al., 201)5 Arthrobacterspp. can  bacteria inhabiting extreme polar environments and tend

utilize a wide range of organic compounds that are recognizeghward reducing the abovementioned bias in analyses of polar
as environmental pollutants, including nitroglycerin, bene  plasmidomes.
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MATERIALS AND METHODS 2009. Comparative genomic analyses were performed using
) _ ) N Circoletto (Darzentas, 20)Cand BLASTp. The BLASTp search
Bacterial Strains, Plasmids, and Culture Conditions using a manually curated database of proteins encoded within

Thirty six Arthrobacter strains isolated from petroleum- the phenotypic modules of the ANT plasmids, was performed
contaminated soil collected in Antarctica were analyzedhis t  for investigation of the distribution of particular geneticodules
study Romaniuk et al., 20)8 Additionally, Escherichia coli in Arthrobactergenomes. For this analysis, the following cuto
DH5a was used Hfanahan, 1983 The strains were grown in values were applied (e-valsele-05 and amino acid sequence
LB or minimal salts medium M9%ambrook and Russell, 2001 identity of at least 40%). Phylogenetic analyses were pertbrme
(liquid or solidied with 1.5% agar) at 2@ (Arthrobacter using the MEGA6 tool Tamura et al., 20)3and trees were
spp.) and 37C (E. col). The media were supplemented with constructed using the Maximum Likelihood method based on the
kanamycin (50ng/ml), sodium pyruvate (0.4%) and laminarin Tamura-Nei model (for the 16S rDNA tree) and Le and Gascuel
(1%). Plasmids used and constructed in this study are listed imodel (for the ParA tree).
Table S1

All Arthrobacterstrains analyzed in this study are depositedGrowth Kinetics
at the microbiological repository of Institute of Microbialy, Growth curves were determined for bacteria cultivated inl2m
Faculty of Biology, University of Warsaw and are availabte folots of appropriate media in the glass tubes atQQArthrobacter

further analyses upon request. spp.) or 37C (E. col) with shaking (150 rpm). The OEyo
of the culture was measured every 24 h using SunriseTM plate
Standard Molecular Biology Techniques reader (Tecan, Mannedorf, Switzerland) with Magellan safev

Plasmid DNA was isolated using a standard alkaline lysidwotet (Tecan).

(Birnboim and Doly, 197p Routine DNA manipulations were

carried out using standard methodsgmbrook and Russell, Tellurium Resistance Testing

200). PCRs were performed using a KAPA HiFi PCR KitAnalytical grade salt (NdeQ3) was used in a resistance assay
and appropriate primer pairs in a Mastercycler (Eppendorfperformed in 96-well plates, as described previouslyigwit
Hamburg, Germany). The following program was used: a 3-mirgt al., 2013 Triplicate cultures of each strain were challenged
initial denaturation at 95C, then 35 cycles of denaturation at With arange of concentrations of those heavy metal saltsatiss!
98 C for 20's, annealing at 46-56 (depending on the primer that grew in the presence of 1mM Te(IV) were considered
pair) for 15's, and extension at 72 for 30's per kb, followed by resistant (ewis et al., 2098

a nal extension at 72C for 1 min per kb. Primers used in this

study are listed iTable S1 Direct-Plate UV Irradiation Assay
Responses to UV irradiation of various strains were compared
DNA Sequencing by applying the modi ed direct-plate irradiation protocoln

DNA sequencing was performed using an lllumina MiSeqa”d Wang, 200l Bacterial cultures were grown overnight to
instrument in paired-end mode using a v3 chemistry kit. Theabout 1 x 16 cells per ml. These cultures were plated on the LB
obtained sequence reads were Itered for quality and assednbl Plates and irradiated with the UVC lamp (Philips TU\B0-W-

using Newbler v3.0 software (Roche, Basel, Switzerland45nm Lamp, type No. 57413-P/40) at a distance of 45cm at
Final gap closure was performed by capillary sequencing &*Posure times (5, 10, 15, 18, 21, 24 s). Before each exposition,
PCR products using an ABI3730xI DNA Analyser (Applied”ds of the treatment plates were removed to avoid shielding.
Biosystems, Waltham, USA). The summary of the sequencing ép‘ter ir_radiation, thg lids were replaced and the plates were
particular plasmids was presentedTiable S2 immediately placed in the incubator at 32 for 48 h.

Nucleotide Sequence Accession Numbers
ucleotide sequences of thérthrobacter plasmids were
eposited in the GenBank (NCBI) database under the accession

Bioinformatics

Plasmid sequences were manually annotated using Artem
software Carver et al., 20)2Similarity searches were performed - .
using the BLAST programé&\(tschul et al., 1997and Conserved numbers MHO_67967'MH067977' . Ad_dltlon_ally, nucleotide
Domains Databasefarchler-Bauer et al., 20}, provided by the sequences and mformatl_on concerning m_sertlon sequeaads
NCBI (http://blast.ncbi.nim.nih.gov/Blast.cgi) and Pfafinn ~ '@nsposons were deposited in IS ndesiguier et al., 200@nd

et al., 2015 The detection of RNA sequences was performe&ranSpo_Son registry (https://transposon.Istmed.ac.uk/pbases,
using the ARAGORN v1.2.38 éslett and Canback, 200dnd respectively.

tRNAscan-SE programsL¢we and Chan, 20)6 Helix-turn-

helix motifs were identi ed using the helix-turn-helix DNA- RESULTS AND DISCUSSION

binding motif prediction tool Oodd and Egan, 1990 EC

numbers were assigned using the KEGG databésaehisa General Features of the ANT Plasmids

et al., 201y and UniProt Knowledgebase (UniProtKBP(ndir  In a previous study, we isolated and characterized 90
et al., 201). Restriction-modi cation systems were analyzed andpsychrotolerant bacterial strains from petroleum-contanath
classi ed using the REBASE databas®lferts et al., 20)5 soil collected near the Henryk Arctowski Polish Antarctiat®n
Insertion sequences were analyzed using IS nd&gier et al., on King George Island, Antarctica (629.609 S, 5828.464W)
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(Romaniuk et al., 20)8 PCR ampli cation and sequencing of
the 16S rRNA genes of these isolates followed by comparati
sequence analysis allowed taxonomic assignment of alhstra
The results showed that the main group of bacteria (36 isslat
named the ANT strains in this work) belong to thethrobacter
genus Romaniuk et al., 2098 This observation corroborates
previous reports thatArthrobacterspp. are among the most
frequently isolated cultivable soil bacteria, even in potgyions,
e.g., they comprised 14.7% of cultivable bacteria isolated f
soil samples collected at the Browning Peninsula, Easte
Antarctica and 22% of isolates originating from postglasiils

of Ecology Glacier, King George Island, Antarcti@al@nowski

et al., 2013; Pudasaini et al., 2R1AIso the results of various
metagenomic analyses suggest thatthrobacter spp. are
amongst most frequent bacterial genera in soil from polar
regions as they were identi ed in 3 clone-library-based or 454-
based studies (as it was revealed from the summarizedtlitera
data) Pearce et al., 20).”Moreover, metagenomic analyses of
other soils worldwide also indicate thArthrobacterspp. often
constitute a dominant or subdominant group, e.g., in rhizosgh
microbiome of burned holm-oak in the Sierra Nevada Natural
and National Park (SE Spain) they comprised more than 21%
the total bacterial community, while in the permafrost fromet
Qinghai-Tibet Plateaérthrobacterspp. comprised up to 15% of
all bacterialdu et al., 2016; Fernandez-Gonzalez et al., 2017

Phylogenetic analysis using partial 16S rDNA sequences

(1,206 nt) of 36 ANT strains and 54 type strains representin
variousArthrobacterspecies retrieved from the NCBI database
was performed. The tree topology revealed that the ANT strain
form three separate clusters, which strongly suggests the
divergence, although they were all isolated from the sanile so
sample Figure 1). The levels of identity of 16S rDNA sequences
within each cluster are high. Cluster | groups 23 strains,
including 15 ANT strains. Within this cluster two subcluste
were distinguished: 1A grouping 12 ANT strains together with
a reference straiArthrobacter russicusl-3, isolated from an air
sample from the Russian space station Mir (exhibiting reciproca
identity of 16S rDNA sequences between 97.8 and 100%6)
et al., 200% and IB clustering three ANT strains showing the
highest identity level (99.8%) with the sequencédhrobacter
psychrochitiniphilussP3, isolated from Adélie penguin guano
from Antarctica (Vang et al., 2009Cluster Il groups seven ANT
isolates and two reference strains, i&rthrobacter oryza&V-
651 andArthrobacter humicol&V-653, isolated from a paddy
soil sample collected in Japaiggeyama et al., 2008These
strains exhibit very high reciprocal identity (between 9ar&i

g

100%) of their 16S rDNA sequences. The remaining 14 ANT

strains form cluster Il gathering strains with 16S rRNA gsne
identical in 98 to 100%. An outlier for this clusterAsthrobacter
arilaitensisRel117, sharing between 97.2 and 97.6% 16S rDN
identity with the ANT strains grouped within cluster Illi{inger
etal., 200p(Figure 1).

Plasmids, as mobile extrachromosomal elements,
potentially contribute to bacterial adaptation to various
environmental conditions occurring in diverse geographica
locations, including Antarctica{ziewit and Bartosik, 2034
The Arthrobacterstrains analyzed in this study were isolated

ol

A

MAaYrhe tree was constructed by applying the Maximum Likelihoodhethod based

FIGURE 1 | Phylogenetic tree for 16S rDNA sequences oArthrobacter spp.

on the Tamura-Nei model. Statistical support for the intera nodes was

determined by 1,000 bootstrap replicates and values of 50% are shown. The

tree is drawn to scale, with branch lengths measured in the nmber of
(Continued)
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replication, stabilization and conjugal transfer functiomgiich

FIGURE 1 | substitutions per site. The analysis involved 91 nucleoté are necessary for p|asmid maintenance and spr@amqsaint
sequences. All positions contalr‘n-ng g‘aps and missing data ere eliminated. and Merlin, 200?_ Comprehensive analyses of thethrobacter
There were a total of 1,121 positions in the nal dataset. The &S rDNA . i . .
sequence of Micrococcus antarcticus T2 was used as an outgroup. GenBank plasmld sequences allowed us to dISthUISh and characterize

accession numbers of the 16S rDNA sequences used for the phgtenetic the genetic modules comprising their functional backbones
analysis are given in brackets. The strains analyzed in thésudy are in bold (Figure 2)
text. Clusters I-lll, distinguished by colored backgrounds, attain the ANT

strains. The IA and IB subclusters are within the cluster I. Stirgs containing . . i .
plasmids were indicated by black dots. Number of dots correponds to the Repllcatlon and Stabilization Modules

number of plasmids found within the particular strain. Detailed genomic analyses of the ANT plasmids led to the
identi cation of a recognizable replication system only inet
replicon pA2H1. This module is similar to a previously described
from a multi-extreme environment that is not only permanently replication system of the plasmid pPRH oArthrobacter
cold, but is also highly contaminated with heavy metals andhombi PRH1 Gtanislauskiene et al., 2011 is composed of
toxic organic compoundsRomaniuk et al., 2098 Therefore, two overlapping genepA2H1_0land pA2H1_02(Figure 2,
it is possible that plasmids of bacteria originating from thisTable S3. Analysis of the putative polypeptide encoded by
environment carry various genetic modules of adaptive valud®A2H1_0lusing BLASTp identied the closest homolog as
To identify and characterize the plasmidome of Antarctica hypothetical protein ofGlutamicibactersp. BW77 (acc. no.
Arthrobacter spp., all of the aforementioned ANT strains WP_096254262) (91% amino acid sequence identity), cantgin
were screened for extrachromosomal replicons. This analysigplicase (pfam03090) and primase C-terminal 1 (PriCT_1)
revealed the presence of 13 plasmids (named the ANT plasmiddpmains characteristic for replication proteins. Analysis fod t
within nine strains (six carry a single plasmid, two haveprotein encoded bpA2H1_OZevealed the presence of two helix-
two plasmids, and one strain has three plasmids). Basdtin-helix motifs (RTARELAQKTGLSERTIRAWTA, residues
on analysis of NCBI database resources, we noticed thal—32 and LSMRAISKEVGIAVSAVHYALQ, residues 57-78),
plasmid-containingArthrobacterspp. usually carry one to three Which suggests that this protein can interact with DNA.
extrachromosomal replicons, although a recent report dessri  Attempts to identify replication systems within the sequesice
Arthrobactersp. ZXY-2, a strain hosting ve plasmidifao Of the other ANT plasmids were unsuccessful. A previous study
etal., 201y, of Arthrobactemplasmids also concluded that the identi cation of
The complete nucleotide sequences of the 13 ANT plasmidé€plication systems bin silicoanalysis is probably not possible
were determined and thoroughly analyzed. All of these pldsmi based on our current knowledg®i(hasan, 201p
are circular replicons ranging in size from 8.4 to 90.6kbhwit ~ Plasmids, as extrachromosomal elements that are usually not
a high GC content of between 57.4 and 63.7%. Our analysgsucial for cell viability, have to carry their own survivéi,
revealed the presence of 11 unique plasmid sequences, sim€e a stabilization system that helps to maintain the replic
the smallest of the plasmids, pA2H1 (8,447 bp), was found ifft @ bacterial cell. This could be especially important in the
three dierent strains: ANT_H2, ANT_H55, and ANT_H60. meaning of bacteria inhabiting extreme environments, wheere
Interestingly, the second plasmid in the ANT_H2 strain, pA2H2 general tendency to lose extrachromosomal elements may be
was not present in either ANT_H55 or ANT_H60Tgble 7).  even stronger comparing with more favorable environmental
The presence of the same plasmid in three strains sugge$@nditions. Therefore, analyzing the role of plasmids in
that horizontal gene transfer occurs in Antarctic soil. stalso adaptation, it is important to understand the mechanisms
noteworthy that two nearly identical plasmids, pA44BH1 andenabling their stable maintenance in bacterial cell. Thee a
pA48BH1, di ering by only 10 bp, were found in two di erent two main groups of plasmid-stabilizing modules: (i) partitiogi
ANT strains (Table 1). systems (PAR) that promote the active segregation of plasmids
After manual annotation, 582 predicted genes werdnto daughter cells during cell division, and (i) toxin-atdkin
distinguished in the sequenced plasmid genomes and putati@/stems (TA) that cause post-segregational elimination of
biological functions were assigned to 56% of thefiggre 2,  Plasmid-less cellShomas, 2000; Salje, 2010; Harms et al., 2018
Table S3. The smallest (pA2H1) and largest (pA40H2) ANT  Analyses of the ANT plasmids revealed that 10 of them
plasmids, carry 9 and 89 predicted genes, respectively. f@rry partitioning systems composed of two genes encoding
comparison, the smallesirthrobactemplasmid known untilnow, ParA (ATPase) and ParB (DNA-binding protein), that may
pAGO01 (3.7 kb) ofArthrobactersp. IHBB 11108, contains 6 Potentially interact with a predictedislocated partitioning site,
genesKiran et al., 201} while the largest, unnamed2 (754.2 kb),parS (Table S4. The only exception is the smallest identi ed
isolated from strain ERGS1:01, carries 675 geliesn@r et al., Plasmid pA2H1, which lacks a recognizable stabilizationesygst

2015. Based on a comparative analysis of ParA protein sequences,
Mihadan proposed thafrthrobactemplasmids should be divided

Genetic Modules Comprising the ANT Plasmid into 4 clades lihasan, 201f In the present study, we have

Backbones extended this classi cation by adding all currently avaiéa

Bacterial plasmids have a modular structure and it is possiblarthrobactemplasmid-encoded ParA sequences.
to dissect them into several functional genetic modules. The Phylogenetic analysis was performed using 62 plasmid-
backbone is comprised of a set of gene clusters, coding fencoded ParA protein sequences (122 amino acid positions),
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TABLE 1 | General features of the ANT plasmids.

Plasmid GenBank Strain Plasmid size GC Number % of coding Genetic modules 2
name accession (bp) content of genes regions
number (%)
pA2H1 MHO067968 ANT_H2 8,447 57.4 9 74.8 MOB, REP, TNP
ANT_H55
ANT_H60

pA2H2 MHO067969 ANT_H2 64,347 61.8 60 82.6 EFX, LIP, PAR, TER,NP, TRA, UMU,
XER

pA8H1 MHO067977 ANT_H8 43,280 60.8 46 80.3 LAM, PAR, RM, SLP, 8L, TER,
UMU, XER

pA19BH1 MHO067967 ANT_H19B 69,439 63.7 54 86.1 ARM, EFX, PARTNP, TRA

pA40H1 MHO067970 ANT_H40 78,287 59.0 71 84.7 COP, PAR, RM, TATNP, TRA

pA40H2 MHO067971 ANT_H40 90,618 59.1 89 83.0 CYT, PAR, RM, SLRSUL, TER, TNP,
TRA, UMU, XER

pA44BH1 MHO067972 ANT_H44B 40,676 59.3 36 86.9 PAR, RE, TNP, RA

pA48BH1 MHO067973 ANT_H48B 40,674 59.3 37 86.9 PAR, RE, TNP, RA

pA58H1 MHO067974 ANT_H58 33,641 57.7 31 84.9 PAR, RM, TRA

pA58H2 MHO067975 ANT_H58 73,138 60.4 73 87.0 CYT, PAR, RM, SULTNP, TRA

pA58H3 MHO067976 ANT_H58 84,207 59.8 78 83.1 ARM, MFS, PAR, RMTAU, TCT, TNP,
TRA, UMU

aARM, aromatic compound utilization; COP, copper resistance; CYT, cytdwome biogenesis; EFX, drug-speci ¢ ef ux system; LAM, laminarinase; IB, lipoprotein export; MFS, major
facilitator transporter; MOB, mobilization for conjugal transfer;AR, partitioning; RE, type IV restriction enzyme; REP, replication; RM, restion-modi cation; TA, toxin-antitoxin; TNP,
transposition; SLP, sulfate transport; SUL, sulfur metabolism; TAUaurine transport; TCT, tricarboxylate transport; TER, tellurium resistanc€RA, conjugal transfer; UMU, UV-damage
protection/repair; XER, recombination.

including 9 ParAs originating from the ANT plasmids and 53 In silicoanalyses showed that it isad-atalike, type Il TA system
sequences used previoushilasan, 201} or identied by us  (Dziewit et al., 200)/ The predicted toxin displays homology
in searches of the NCBI database. The resulting phylogemeéct to proteins of the RelE/ParE superfamily, while the putative
topology revealed that the ParA proteins encoded by the ANRntitoxin belongs to the HTH_XRE family of transcriptional
plasmids group within three separate clustefsgre 3. The regulators Dziewit et al., 200)/ This observation suggests that
seven ParAs of plasmids pA2H2, pA41H1, pA40H2, pA44BHITA systems are rare withiArthrobacterplasmids compared to
pA48BH1, pA58H2, and pA58H3 were grouped togethelPAR systems, and they probably play a minor role as stabilizing
with nine other Arthrobacter spp. plasmid ParAs previously modules.
classi ed within cluster Il (Mihasan, 201p (Figure 3). The
ParA proteins of pA19BH1 and pA58H1 were classi ed withinConjugal Transfer Modules
cluster Il (Mihasan, 201p(Figure 3). However, it was possible to Plasmids can be transferred between bacterial cells via
distinguish two subclusters within this grouping. The rdtd)  conjugation, a complex process involving pilus synthesis,
includes the ParA of pA19BH1 and sequences fthrobacter  aggregate stabilization, surface exclusion and DNA metsioli
spp. and closely relate@aenarthrobacter nicotinovoraA3CC  (Llosa et al., 2002 Some plasmids carry only a minimal set
49919 (gloi and Brandsch, 2003 while the second (IIB) of genetic elements (i.e., usually ariT sequence and a gene
contains the ParA of pA58H1 and proteins originating from theencoding a relaxase that initiates the conjugal transfer by
plasmids RK2 oE. coli(Easter et al., 1998R751 ofKlebsiella nicking the DNA atoriT) enabling their conjugal transfer. Such
aerogene§ horsted et al., 1998pWWO of Pseudomonas putida replicons are called mobilizable plasmids, and their transfer
(Greated et al., 2002and pSB102 dsinorhizobium melilot=P2  depends on the presence of other self-transmissible elements
(Schneiker et al., 20D{Figure 3. The ParA protein of pA8HL1 in the bacterial cell $millie et al., 2010 The presence of the
was grouped within cluster IV. Interestingly, this ParA fatha conjugal transfer systems within plasmids is important from
separate subcluster together with three plasmids of diveig®p  the evolutionary and ecological point of view as it enables
i.e., pPRA2 oPseudomonas alcaligeMsIB 9867 Kwong et al., dissemination of adaptive features between bacteria iningji
2000, pCLP ofMycobacterium celatuifie Dantec et al., 2001 particular environment. Therefore, because of a centra inl
and plasmid TP228 ddalmonella entericaubsp. enterica serovar prokaryote adaptation and evolution, studying genetic dbitgr
Newport (Hayes, 200(Figure 3). biology, and biochemistry of plasmid transfer systems inauasi

A stabilizing module of the second type, i.e., a toxin-antito  groups of bacteria (including extremophilic ones) is curkgnt
system, was found only within plasmid pA40HTaple S3.  under active investigatior/(storio et al., 2008
This is composed of two small non-overlapping genes with the Genomic analysis of the ANT plasmids revealed that all
putative antitoxin gene downstream of that encoding the moxi but one (pA8H1), carry between 2 and 13 genes encoding
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FIGURE 2 | Linear maps showing the genetic structure and organizatioof the circular plasmids of AntarcticArthrobacter spp. Arrows indicate genes and their
transcriptional orientation. Predicted genetic modules @ indicated by colored boxes: ARM, aromatic compound utitiation; COP, copper resistance; CYT, cytochrome
biogenesis; EFX, drug-speci ¢ ef ux; LAM, laminarinase; LIRjpoprotein export system; MFS, major facilitator transpaer; MOB, mobilization for conjugal transfer;
PAR, partitioning; RE, type IV restriction enzyme; REP, réphtion; RM, restriction-modi cation; TA, toxin-antitoxn; TNP, transposition; SLP, sulfate transport; SUL,
sulfur metabolism; TAU, taurine transport; TCT, tricarbgaate transport; TER, tellurium resistance; TRA, conjugaiansfer; UMU, UV-damage protection/repair; XER,
recombination. Potentially active transposable elementwere distinguished and the location of their IR sequences is arked by black dots. A red triangle indicates the
gene that was disrupted in the plasmid pA44BH1, but is intactvithin pA48BH1.

proteins potentially involved in conjugal transfeFigure 2, acid sequence identity with the TraAs of pA2H2 and pA58H3.
Table S3. Based on comparative analyses we predict thdnterestingly, the conjugal transfer module of this rephiceems
nine ANT plasmids (pA2H2, pA19BH1, pA40H1, pA40H2,to be divided (and possibly inactivated) by the insertion cirgé
pA44BH1, pA48BH1, pA58H1, pA58H2, and pA58H3) are(24-kb) DNA fragment.
self-transmissible, i.e., conjugative replicons, while pA2s a The relaxases of plasmids pA40H1, pA40H2, pA44BH1,
mobilizable plasmid. Genes encoding putative relaxases wegrd48BH1, pA58H1, and pA58H2 were classi ed into the MOB
identi ed and the subsequent analysis of conserved segquenéamily. BLASTn searches revealed that gene clusters found
motifs in these enzymes allowed their classi cation intootw within these plasmids that encode components of a type IV
families: MOB: and MOBs (Garcillan-Barcia et al., 2009 secretion system involved in bacterial conjugation aretssl
Relaxases (TraAs) encoded within plasmids pA2H2, pA58H3¢ several other conjugal transfer systems found withinows
and pA19BH1 belong to the MQBfamily. The TraAs of pA2H2  Arthrobacter plasmids {lihasan and Brandsch, 200L6The
and pA58H3 share 94% amino acid sequence identity, and thgresence of conserved genes encoding proteins involved in
conjugal transfer modules of these two plasmids are highlplasmid conjugation, gene synteny and the occurrence ofaimi
similar. However, this gene cluster is disrupted by the itiserof ~ DNA repeats (previously identied within conjugal transfer
two transposable elements in pA58HBidure 2), and this may modules ofArthrobacterspp. by MiRdan and Brandsch) suggests
in uence the e ciency of the plasmid conjugation process. A that many Arthrobacter plasmids may be related and could
homologous conjugal transfer module was previously idewti e have evolved from a common ancestofijasan and Brandsch,
in plasmid pZXY24 (acc. no. CP017425) Afthrobactersp. 2019. Interestingly, the predicted relaxase of the mobilizable
ZXY-2, originating from a pesticide plant in China. The lastplasmid pA2H1 also belongs to the M@Bfamily. This
plasmid, pA19BH1, encodes a relaxase sharing only 39% amiptasmid carries two non-overlapping genes encoding a predicted
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FIGURE 3 | Phylogenetic tree of partitioning proteins (ParAs) encodewithin the Arthrobacter plasmids. The analysis was based on 39 sequences of the ParA
proteins (122 amino acid positions) encoded within thérthrobacter plasmids. Additionally, 23 reference ParA sequences of o#r bacteria, previously used by
Mihasan (2015) were included in this analysis. The unrooted tree was conaicted using the Maximum Likelihood method based on the Le ath Gascuel model (e
and Gascuel, 2009. The tree is drawn to scale, with branch lengths measured ithe number of substitutions per site. Statistical supportdr the internal nodes was
determined by 1,000 bootstrap replicates and values of 50% are shown. Accession numbers of the protein sequences usd for the analysis are given in brackets.
Clusters I-1V group ParA proteins oArthrobacter plasmids, with reference to previously proposed clusterip (Mihasan, 2015). The names of plasmids analyzed in this

work are in bold text.
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relaxase (MobA) and a mobilization protein (MobC). BLASTpidentity. The element found in pA8H1 is larger (16.6 kb) and

analysis revealed the presence of a homologous mobilizati@ontains a DNA region present within two other XER modules

module within plasmid KLBMP5180 (acc. no. CP012751) oplus an additional DNA fragment.

Glutamicibacter halophytocokd. BMP 5180, isolated from the For testing the predicted biological function of the UMU

inner tissues of the halophyte plabimonium sinensa China. module carried by the pA58H3 plasmid, it was PCR ampli ed
and cloned within the pBBR1 MCS-2 vector. Comparing the UV

Phenotypic Modules of the ANT Plasmids tolerance ofE. coilcarrying obtained pBBR-UMU and “empty”

Besides the genes comprising replicon backbones, many plasmicctor revealed lack of di erences. Based on the obtainadtees

also carry auxiliary genes that determine phenotypes that maye think that the tested genetic module is inactivesircoli

be bene cial under particular environmental conditionsge.

antibiotic and heavy metal resistance, and the utilizatwn Resistance to Heavy Metals

complex organic compoundsTfussaint and Merlin, 2002 In a previous study, we performed a chemical analysis of

Analysis of the auxiliary genetic load of the ANT plasmidssoil samples collected near the Arctowski Polar Station, fivhic

revealed that seven of these replicons carry gene clustnsity  revealed high concentrations of chromium, copper, mercury,

have adaptive value, i.e., they might contribute to the sialvi nickel, and zinc. Moreover, we showed that bacteria isolated

of their hosts in the extreme polar environment. Phenotypicfrom these samples were multi-resistant and carried various

modules recognized in these plasmids are possibly involved meavy metal resistance genes. In particular, the ANT strains

(i) protection against ultraviolet (UV) radiation, (ii) resiance were resistant to the following heavy metals: As(8% strains

to heavy metals, (iii) transport and metabolism of organic(MIC values between 25 and 700 mM), Cu(li34 (2-8 mM),

compounds, (iv) sulfur metabolism, and (v) protection againsAs(lll) 32 (3—-18 mM), Ni(ll) 20 (2-4mM), zZn(ll) 7 (2—

exogenous DNATable S5. 3mM), Cr(Vl) 4 (2mM), and Co(ll) 2 (2mM) (Romaniuk
et al., 2013 In the present study, we tested for the presence of
Protection Against UV Radiation heavy metal resistance genes within #hthrobacterplasmids.

Due to stratospheric ozone depletion, Antarctica is a regiofrour heavy metal resistance modules were detected bifico
where the level of UV radiation is higher than in other areasanalysis of these replicorigable S5.
(Madronich, 199). UV-B exposure may cause DNA damage Three putative tellurium resistance modules (TER) were
and increase production of reactive oxygen species (ROS), thimind in plasmids pA2H2, pA8H1, and pA40HZ igure 2,
inducing mutagenesis and leading to genomic instabiliiyirftos  Table S5. Tellurium is toxic to most living organisms and its
et al., 201 The umuCD DNA repair system is a component toxicity is related to the generation of ROS and disturbance
of the global SOS system and its expression is regulated by tbethe thiol:redox bu ering system. Previously, it was shown
transcriptional repressor LexA(itala et al., 2009In response that tellurium-resistant bacteria are common in Antarcgoils
to DNA damage (e.g., caused by UV radiatiammpuCD-encoded (Arenas et al., 2014; Rodriguez-Rojas et al., 2016a,b; Munoz-
DNA polymerase of the Y family, enables DNA synthesis pastillagran etal., 2018; Valdivia-Gonzalez et al., J00O8r analysis
lesions in the template strand. Therefore, trmuCDgenes play revealed that the tellurium resistance modules of the ANT
an important role in maintaining genome stability in baciri plasmids are composed of two overlapping genes encoding
(Goodman et al., 2016; Murison et al., 2D1Genomic analysis tellurium resistance protein TerC and a hypothetical protein
revealed that these DNA repair systems are often found withithat probably operates as a cation-transporting ATPase. This
plasmids of cold-active bacteria, especially those origigétom  module is present in the three aforementioned plasmids and also
polar regions Dziewit and Bartosik, 2034 within the genome oPaeniglutamicibacter gangotriensidyT, a
UMU modules (comprised ocimuCD) were identi ed within ~ bacterium isolated from a penguin rookery soil sample codléct
four of the analyzed ANT plasmids: pA2H2, pA8H1, pA40H2,in Antarctica (Shivaji et al., 2013
and pA58H3 Table S5. However, in the rst three replicons We tested whether the TER modules carried by the
these modules were disrupted by the insertion of DNA fragreentArthrobacter plasmids confer resistance to Te(IV). The MIC
between theumuC and umuD genes. These insertions (XERvalues were determined to establish the level of tellurium
modules) may in fact represent integrative elements of a Inoveesistance of theArthrobacter plasmid-bearing strains. All
type. They contain (i) conserved core regions, composed @halyzed strains were recognized as sensitive and the MIC value
three genes encoding a predicted tyrosine recombinase Xerfr all them was 1 mM. All identied TER modules are nearly
a transcriptional regulator of the XRE family, and site-speci identical, thus only one of them was used for further analyses
recombinase XerC, as well as (i) variable regions, composed The TER module of the pA40H2 plasmid was ampli ed by PCR
4 or 14 genes. Interestingly, the variable regions contairetic  and cloned within the pBBR1 MCS-2 vector for testing its ativi
modules of potential adaptive value, e.g., a tellurium ras=t  in the heterological hostE: coli Unfortunately, it was found to
module and a gene encoding a putative laminarin&sgure 2).  be inactive in this host.
We hypothesize that the conserved core regions of these Bteme  The fourth heavy metal resistance module (COP) was found in
are responsible for DNA rearrangements, while the variablplasmid pA40H1, as a passenger gene cluster of the transposon
regions constitute an auxiliary genetic load. The element$n6516 COP is predicted to be involved in copper resistance.
inserted within theumuCD modules of plasmids pA2H2 and Cu is an essential trace element for all bacteria, funatigni
pA40H2 are 7.5kb in size and exhibit 99% nucleotide sequenes a cofactor of various enzymes. However, an excess of Cu
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is toxic. Under aerobic conditions, Cu is thought to catalyzealso speculate that this enzyme is responsible for utilinatib
the production of hydroxyl radicals, via the Fenton and Haber a glucose polimer, other than laminarin.
Weiss reactions, that may cause oxidative damage to various Analysis of the plasmid pA58H3 revealed the presence of a
cellular macromolecules. Under anaerobic conditions aressc large gene cluster containing four genetic modules poténtia
of copper leads to the formation of adventitious Cu(l)-thida involved in the transport and metabolism of organic compounds.
bonds, which inactivates enzymes whose activity depends drhe modules encode (i) a tricarboxylate transport systen, (ii
free cysteines or disul de bonds. In addition, copper in escesan ABC-type nitrate/sulfonate/bicarbonate transport syste
can lead to incorrect disul de bond formation in the periplasm (iii) major facilitator transporters, and (iv) enzymes poteily
(Ladomersky and Petris, 20)l5The analyses performed in involved in aromatic compound utilizatiorHigure 2, Table S9.
our previous study revealed that the concentration (elermkent  The putative tricarboxylate transport system (TCT module) of
composition) of copper in soil collected near the ArctowskipA58H3 is composed of 4 genes encoding homologs of the TctA,
station was 126ng g 1, i.e., up to 7 times higher than at other TctB, and TctC proteins, as well as a LysR family transcriptional
sites on King George Islandrpmaniuk et al., 20)8 These regulator. This gene cluster is homologous to a genetic medil
concentration is above the acceptable norms for Cu conterirthrobactersp. Leaf337Kai et al., 2016 It was proposed that
in various soils and sediments, including agriculturallsan  this type of module may be involved in citrate transpofiweet
European Union Kabata-Pendias and Pendias, 2001; Hoodet al., 197R Also present within pA58H3 are genes encoding an
et al., 2010; Toth et al., 20)L@Vioreover, we found that 94% of ABC-type nitrate/sulfonate/bicarbonate transport systerhich
Arthrobacterstrains isolated from this region were resistant tomay be involved in taurine transport (TAU module). Taurine is
Cu(ll) (Romaniuk et al., 20)8 However, the identi cation of widely distributed in animal tissues. Excess taurine prediioy
only one copper resistance module within the ANT plasmidsanimals is excreted either directly in urine, or as taurdelt®in
suggests that there are other chromosomal Cu-resistanmeesge  bile (Sekowska et al., 2000; Schuller-Levis and Park) 20 ile

The COP module of the pA40H1 plasmid is composed of thre@lants and animals cannot degrade taurine, various bacteria
genes encoding (i) copper chaperone CopZ (COG2608) whiclungi are capable of doing this. They can use taurine as the sole
functions as a heavy metal transporter, (ii) a protein contagn  source of carbon, nitrogen, sulfur and energ@h{mamoto and
a heavy metal-binding domain, and (iii) a copper-transloegti Berk, 197} In Arthrobacterspp. taurine most probably supports
P-type ATPase (COG2217) et al., 2003; Singleton et al., 209 growth when utilized as the sole sulfur source, since sul te
(Figure 2 Table S5. These proteins exhibit between 97 and 100%ormation by the action of taurine dioxygenase was con rmed
amino acid sequence identity with homologous proteins (acdor Arthrobactersp. Rue6laNiewerth et al., 2002 It is also
nos. WP_047117894-WP_047117894)Adthrobactersp. YC- noteworthy that taurine can protect bacteria from osmotiess,
RL1, an aromatic compound-degrading bacterium isolated fronand thus it could be an important protective agent under exteem

polluted agricultural soil in ChinaRen et al., 2016 environmental conditionsNlosier et al., 201)3
A gene encoding a predicted major facilitator transporter
Transport and Metabolism of Organic Compounds (MFS module) was also found in plasmid pA58H3. The

Lichens and bryophytes are abundantin AntarctiCalesie etal., pA58H3_pl8 transporter shares50% amino acid sequence
2019. These organisms accumulate a storage glucan in theidentity with several aromatic acid, vanillate and bengoat
cells called moss starch, which is composed of glucose unitsnsporters of Rhodococcuspp. In addition, it contains a
linked byb-1,3 andb-1,4 glycosidic bonds. One of the enzymesconserved TIGR00895 domain that is shared by members of
that enables bacteria to use moss starch as a carbon sourcdhis cl26865 superfamily, grouping transporters of benzoate,
laminarinase. Interestingly, the same enzyme may be used bgirbohydrates, organic alcohols or acids. Therefore, waugie
marine bacteria for the utilization of the algal storagecgln that the activity of this transporter may be linked with the
laminarin (Davis, 1992; Alderkamp et al., 200In silicoanalyses function of the fourth genetic module within the aforemerried

of the plasmid pA8H1 identi ed a predicted genpA8H1_pl? gene cluster of pA58H3, that contains genes potentially
encoding a glycoside hydrolase family protein. Detailedysis involved in the utilization of aromatic compounds such as
of this pA8H1-encoded protein led to the identi cation of a phenoxybenzoates (ARM module). This module contains genes
LamG domain, that is characteristic of laminarinases, rasfide  encoding enzymes involved in the transformation of aromati
for the hydrolysis of 1,3-beta-D-glucosidic bonds in glnsa compounds: (i) aldehyde dehydrogenase (pA58H3_p20),
such as laminarins or curdlans. The presence of a predictauelonging to a large family of NAD(F)ydependent enzymes
laminarinase (LAM) module in pA8H1, suggested that the strairenabling the oxidation of endogenous and exogenous aliphati
ANT_H8 may be able to utilize moss starch as an alternativand aromatic aldehydes to their corresponding carboxylidssc
carbon and/or energy source. This was tested in a seriegoflgr and playing an important role in detoxi cation §ophos and
experiments. It was shown that none of analyZethrobacter Vasiliou, 200} (ii) 3-ketoacyl-(acyl-carrier-protein) reductase
strains is able to use laminarin as a sole carbon source éovtr ~ (pA58H3_p21), belonging to the SDR superfamily of enzymes
Additionally, the LAM module was tested in a heterologicash  catalyzing the metabolism of steroids, cofactors, cartoites,
This analysis revealed th&t colicarrying pBBR-LAM plasmid lipids, aromatic compounds, amino acids, and acting in redox
was not able to utilize laminarin. This may suggest that thesensing Qppermann et al., 2003 (iii) phthalate dioxygenase
module is not functional or needs some speci c (yet not known)reductase (pA58H3_p24), an FMN-dependent reductase
environmental factors for its activation. Alternativelye may mediating electron transfer from the two-electron donor
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reduced nicotinamide adenine nucleotide (NADH), to the ene clusters are nearly identical 7% nucleotide sequence identity)
electron acceptor, [2Fe-2ST¢rrell et al., 1992; Gassner et al.,and each of them contains a gene encoding a putative sulfur
1999; (iv) Zn-dependent alcohol dehydrogenase (pA58H3_p26)Ylioxygenase. Seven other proteins are encoded by these SUL
that may catalyze the NAD(P)(H)-dependent interconversadn modules: (i) a CsoR family transcriptional regulator, (ii)raa!l
alcohols to aldehydes or ketone2efsson et al., 20B8&nd (v) hypothetical protein of unknown function, (iii and iv) two
phthalate 4,5-dioxygenase (pA58H3_p27), belonging to a larghodanese-related sulfurtransferases (COG0607), (WB/BafE
class of aromatic ring-hydroxylating dioxygenases thaibdée sul te exporter (Weinitschke et al., 200,/(vi) a transporter of
microorganisms to tolerate and utilize aromatic compounds f the major facilitator superfamily, and (vii) a DUF302 domain-
growth (Tarasev and Ballou, 2005 containing hypothetical proteinKigure 2, Table S5. Plasmids
Genes encoding proteins potentially involved in the utiliaat pA8H1 and pA40H2 also contain an additional genetic module
of aromatic compounds were also found in plasmid pA19BH1(named SLP) composed of two genes encoding a MerR family
(i) pA19BH1_p2Encoding a predicted 3-ketoacyl-(acyl-carrier-transcriptional regulator and sulfate permease (SulP) iraein
protein) reductase belonging to the SDR superfamily; and (iisulfate uptake.
pA19BH1_p22ncoding a putative class Il extradiol dioxygenase Furthermore, plasmids pA40H2 and pA58H2, in close
which uses a non-heme Fe(ll) to cleave aromatic rings betwee proximity to the aforementioned SUL modules, contain nearly
hydroxylated carbon and an adjacent non-hydroxylated oarb identical (97% nucleotide sequence identity) ve-gene teliss
(Broderick, 1999 (named CYT) encoding proteins required for cytochrome
The presence of genes encoding enzymes potentially involvéibgenesis or related to sulfur metabolism: (i) a transcripilo
in aromatic compound utilization within plasmids pA53H3 and regulator (COG3682), (ii and ii)) two cytochrome c-type
pA19BH1 may be strictly linked to the presence of pollutantdiogenesis proteins CcdA (DsbD analogs, COGO0785), (iv) a
in the petroleum-contaminated soil sample from which thethiol-disul de oxireductase (DsbA family protein, COG1651
Arthrobacterstrains were isolated. This soil sample was collectednd (v) intracellular sulfur oxidation protein (DsrE/DsrFrfaly,
near the petroleum pumping and storage warehouse at th€OG1416) Figure 2 Table S§. It is hypothesized that the
Henryk Arctowski Polish Antarctic StationRomaniuk et al., combined activities of the CYT, SUL and SLP modules may
20189. be responsible for energy gain from the oxidation of sulfur
It is also important to mention that within the transposable compounds.
element 1@rspl4 carried by plasmid pA2H2, two predicted
e ux systems (LIP and EFX) were found. The putative ABC-Protection Against Exogenous DNA
type lipoprotein export system, namely LIP, is composed oBacteria have developed several mechanisms to protect gisir
three genes encoding (i) an ATPase (COG1136) homologous &mainst invading exogenous DNA (mostly bacteriophages). The
LolD, (ii) a permease of the FtsX-like family (COG0577)—thanost common of these are restriction-modi cation (RM) system
LolC homolog, and (iii) a transcriptional regulator of thefRe that allow discrimination between foreign (non-methylajed
family. This e ux system is similar to LoICDE, found in gram- DNA invading the bacterial cell and endogenous (methylated)
negative bacteriaZ{uckert, 2013 The second module EFX is genetic material. As a consequence, the restriction endease
composed of four genes encoding (i) a predicted transporter adestroys exogenous DNA. RM systems have been classi ed into
the MMPL family, most probably involved in lipid transport, four major types according to subunit composition, recogmiti
(ii) a putative drug e ux protein of EmrB/QacA subfamily, and site, cofactor requirements and cleavage positidonck and
(i) two TetR family transcriptional regulators. Interésgly, Dryden, 2005; Vasu and Nagaraja, 20013
a homologous genetic module was also found within plasmid The biological role of the RM systems is to protect the
pA19BH1 Figure 2). Itis possible that the EFX module is a drug- host against (i) infecting bacteriophages, which would ottise
speci ¢ e ux system (Lomovskaya and Lewis, 1992; Saier et alconvert the cell into a factory to replicate phage particles and

1999. either Kill it or compromise its health, or (ii) other sel shBA
(including plasmids), which may consume cellular energy and
Sulfur Metabolism substrates for their own maintenance, thus a ecting cell glow

Sulfur oxidation is an important and well-characterized pges (Tock and Dryden, 2005The prevention of energy and substrate
of chemolithotrophic bacteria. It may also be used byoss is especially important for bacteria inhabiting nuttigmor
heterotrophic bacteria for detoxication and probably energyand extreme environments like Antarctic®¢ Maayer et al.,
generation (iu et al., 201} Glutathione spontaneously reacts 2019. Moreover, plasmid-borne RM systems may function as
with elemental sulfur to generate glutathione persul deddhis a mechanism of post-segregational cell killing that increases
compound may be oxidized by the enzyme sulfur dioxygenasie stability of the plasmid in the bacterial populationzZjewit
(EC 1.13.11.18) to form sulte and glutathione. It has beeret al., 2011; Mruk and Kobayashi, 2014; Werbowy et al., 2015;
proposed that this reaction is not only a detoxi cation process Sitaraman, 2016
but it may also generate ATP via oxidative phosphorylatioi Within the analyzed ANT plasmids we found seven putative
etal., 2014 RM modules Figure 2, Table 2. Four systems, identied in
Analysis of the ANT plasmids revealed that three of thenplasmids pA8H1, pA40H1, pA58H1, and pA58H3, were classi ed
(PABH1, pA40H2, and pA58H2) contain gene clusters that aras type | RM modules. They are composed of three genes
probably linked to sulfur metabolism (SUL module). Theseencoding arestriction endonuclease, DNA methyltransiessd
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TABLE 2 | Restriction-modi cation systems and genes encoding type IVestriction enzymes identi ed within the ANT plasmids.

Plasmid Genes for restriction or restriction-modi cation Type®  Best BLASTp hit for the restriction endonuclease

name systems (coordinates) (GenBank acc. no.)

pA8H1 pA8H1_p28-p30 | Restriction endonuclease ofPaenibacillus sabinag WP_025334610)
(26,211-29,034)

pA40H1 pA40H1_p13-p14 and pA40H1_pl7 | Restriction endonuclease ofArthrobacter crystallopoietes(WP_005269194)
(8,581-15,359)

pA58H1 pA58H1_p07-p08 | Restriction endonuclease ofGordonia sp. 852002-10350_SCH5691597
(3,622-6,419) (WP_064861386)

pA58H3 pA58H3_p35-p40 | Restriction endonuclease subunit R oArthrobacter sp. Leaf69 (KQN86732)
(37,630-44,790)

pA40H2 pA40H2_p24 G Hypothetical protein ofArthrobacter sp. RIT-Pl-e (WP_082177329)
(19,320-22,664)

pA40H2 (PA40H2_p46-p47) P Nuclease ofArthrobacter sp. AK-YN10 (ERI35594)
(43,092-45,084)

pA58H2 (PA58H2_p06-p07 and pA58H2_p09) 1] Type Ill restriction-modi cation system endonuclease oActinotignum timonense
(4,195-10,824) (WP_087070271)

pA44BH1 (PA44BH1_p16-p17) \% Hypothetical protein ofMicrobacterium sp. Cr-K29 [WP_029260290]
(19,883-22,958)

pA48BH2 (PA48BH1_p17-p18) v Hypothetical protein ofMicrobacterium sp. Cr-K29 [WP_029260290]

(19,871-22,946)

aClassi cation based on comparison with the REBASE database.

the S subunit determining the speci city of both restrictiamd 20117, isolated from the soil sample collected in USA, coatas
methylation (Table 2 (Vasu and Nagaraja, 20L3Two other many as four modules (ARM, CYT, SUL, and TER), while other
systems, carried by pA40H2, represent type Il RNlable 2.  plasmids contain only one or two such modul&gble S§.
One belongs to the 11G subtype, and encodes a single polypeptide Further analysis revealed that the LAM and TAU gene clusters
with both cleavage (endonuclease) and modi cation domainsre specic for the ANT plasmids, as they were found in
(Pingoud et al., 2005 The second represents the IIP subtypeany of the analyzed\rthrobactergenomes. Interestingly both
and encodes two proteins: a DNAX@ methyltransferase and a modules are involved in metabolism of alternative carbon sesirc
restriction endonuclease with the probable recognitionssge (putatively, laminarin, and taurine), which may be extremely
50GGCGCC-8 (predicted on the basis of detailed comparativebene cial for the host under nutrient limitation. In contst,
sequence analysis performed at the REBASE databiaskyiis COP, SLP, TER, and UMU modules were found in majority
et al., 201) The last RM system represents an example of typef Arthrobacterchromosomes, and additionally TER and UMU
Il and is present within pA58H2. This module is most probably modules were also recognized within analyz&dhrobacter
inactive due to the insertion of the transposable elemeAt$g8 plasmids (including: unnamed plasmid &f alpinusA3, pAL1
(Figure 2). plasmid ofArthrobactersp. Rue6la, and unnamed plasmid 2 of
In addition, within plasmids pA44BH1 and pA48BH1, Arthrobactersp. U41) Table S§.
we detected identical pairs of genesic{Blike and mcrG
like) encoding a type IV McrBC-like methylation-dependent Transposable Elements Found Within the
restriction enzyme. McrB and McrC are both necessary foaANT Plasmids

methyl-directed restriction activityaleigh, 1992 Transposable elements (TEs) are common in prokaryotic
genomes and play an important role in the evolution of bacteria

Distribution of the Phenotypic Modules of the ANT They are responsible for various DNA rearrangements, iriclgd

Plasmids in Arthrobacter Genomes duplications, insertions, inversions, and deletioh&illon and

To evaluate the distribution of 14 phenotypic modules carriedChandler, 1998 A thorough analysis of the ANT plasmids
by the ANT plasmids in variousArthrobacter genomes a enabled the identi cation of 14 TEs, including two transposon
BLAST search using 20 chromosomes and 33 plasmids gf the Tr3 family and 12 insertion sequences (IS) of th&38Q

Arthrobacter spp. retrieved from the NCBI database was|S3, 1S30, 15487, ISAs], ISNCY,and IS.3families (Table 3.
performed {Table S§. It revealed that within the chromosomes

of analyzedArthrobacterspp. there are between 2 and 10 genetidransposons of the Tn3 Family

modules, homologous to the gene clusters of the ANT plasmid§he characteristic feature of Bnfamily transposons is their
described above. It was also shown that such modules are noiodular structure. Three types of functional genetic module ¢
common within the plasmids ofArthrobacter spp., as they be distinguished within these elements: (i) a transposase,ge
were found only in nine replicons. Amongst these plasmids(ii) a cointegrate resolution module, and (iii) passengenege
the pLDW-10 replicon originating fronA. crystallopoietd3SM  (Toussaint and Merlin, 2002; Nicolas et al., 2D1Analysis of
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TABLE 3 | Transposable elements found within the ANT plasmids.

Transposable  Family/Group Plasmid Number of Size (bp) IR sequence & DR sequence 2
element passenger
genes
ISArsp7 ISL3 pA44BH1 pA48BH1 0 1,451 IRL: GGCTCTTCGCGGTTGGTGGTGAAT CCTG®CC
IRR: GGCTCTTCGCGTTTCGTGGTGAAT
ISArsp8 1$481 PA58H2 0 1,718 IRL:TGTGATCTCTCAGAACATCGTTTACA TGCTGCAAATGCCGA

ACATCACTCAGGACATCGCTTACA

IRR:TGTGAACACTCGCTTCTTTGTTTACAGTC
GCACTCACTACATCGTTTACA

ISArsp9 ISNCY pA58H2 11 12,978  IRL:.TGTGAGCAACAACGATAAGTGGCCTGTT AAGGATGCTC
TTTCAC

IRR:-TGTGAATCGCAACGGTAAGTGGCG
TGTTTTTCGC

ISArsp10 1S1380 pA58H3 0 1,667  IRL: CCTTGATCCACCGAT CTTAG
IRR: CCTTGATCCACCGAT

ISArsp1l ISAs1 pA58H3 0 1,306  IRL: CAGGGCTGATGCAAAGTCG GGAACAGCAC
IRR: CAGGGCTAATGCAAAGTCG

|SArsp12 1S481 pA2H1 2 2,615 IRL: TGTACTGACCGGACACGTTG CCTAGA
IRR: TGTACTGACCGGACACGTTG

ISArsp13 1S3/ pA2H2 0 1,442  IRL: TGAACTGCTCCCCGAAAGTTGGACT TCC

IS150 IRR: TGAACTGGTCCCCGAAAGTTGGACT

ISArsp14 ISNCY pA2H2 12 17,535 IRL: CTGTGAATCGCAGCGGTAAATGGCGT GCTTCTT
GTTTTTTGCAGCG

IRR: CTGTGAATCGCAACGGTAAATGGCGTG
TTTTTCGCAGCG

ISArsp15 IS30 pA19BH1 0 1,862 IRL: GGATTCTATTGATCGAAGCAACG GACCCACGCG
IRR: GGATTTCAGTGGTCGACGCAACG

ISArsp16 ISNCY pA19BH1 2 4,338 IRL: TGAGAATGCTCATTGGTATGTCAGTAA GTT
IRR: TGAGAATGCTCATCGAGATGTCAGTAA

ISPst2a ISL3 pA58H2 2 2,985 IRL: GGGTATCCGGAATTTCTGGTTGAT TTTTTAAA
IRR: GGGTATACGGATTTAATGGTTGAT

ISPst2b ISL3 pA40H1 2 2,985 IRL: GGGTATCCGGAATTTCTGGTTGAT CAAAAAAG
IRR: GGGTATACGGATTTAATGGTTGAT

Tn6516 ™3 pA40H1 12 14,887 IRL: GGGGTGGCTTGTGAAAAAGTGAAATA TCTAT
TCCGACGCTAAG
IRR: GGGGTGGCTTGTGAAAAAGTGAAAT
ATCCGACGCTAAG

Tn6517 Tn3 pA40H2 6 7,080 IRL: GGGGTCTGAGCTGCAGCGGAACA TGGTA
GTGGTTGGCGCTAAG
IRR: GGGGTCTGAACTGCAGCGGAAC
AGTGGTTGGCGCTAAG

alnverted and direct repeats are shown in the 8to 3% orientation.

the ANT plasmids identi ed two novel T&family transposons, The second T8 family transposon, T@517 is of the size
Tn6516and Tn6517 within the plasmids pA40H1 and pA40H2, 7,080 bp. It carries transposase and serine resolvase gades, a
respectivelyKigure 2, Table 3. ve passenger genes encoding hypothetical protefigure 2,

The Tn6516 transposon (14,887 bp) contains 15 genesTable 3.
including the core genetic module encoding transposase and
resolvase, as well as passenger gefRigeire 2, Table 3. The Insertion Sequences
auxiliary genes of Teb16include the copper resistance module In silico analysis of the ANT plasmids revealed the presence of
(COP) described above. Interestingly, an additional TEst® 12 insertion sequences. Six of them are typical ISs carryihg o
of the 19.3 family, was detected downstream of the COPtransposase genesAiSp7(ISL3family), ISArsp8(1S481family),
module. The I®std element is composed of 3 genes encoding #SArspl10(1S1380family), ISArsp11(ISAs1family), ISArsp13(1S3
transposase, putative permease (COG0701) and an ArsR famfigmily/IS150group), and I3\rsp151S30family). Other ISs found
transcriptional regulator. The remaining passenger genes ofithinthe ANT plasmids carry between 2 and 12 passenger genes
Tn6516 encode four hypothetical proteins, an FrmR family (Figure 2 Table 3.
transcriptional regulator and a putative alkylhydroperoxdda ISArsp12(2,615 bp) belonging to the 481 family, identi ed
family enzyme (COG2128). within the smallest ANT plasmid pA2H1, carries 2 passenger
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genes, encoding an ArsR family transcriptional regulatall an  between pA8H1 and the unnamed plasmid (acc. no. CP013298)
predicted permease of unknown speci citfFigure 2 Table 3.  of Arthrobacter sp. YC-RL1, which possess nearly identical
This is highly similar (86% nucleotide sequence identity) t modules predicted to participate in sulfur metabolism (97%
ISPfr21of Propionibacterium freudenreicfiialentin etal., 2000  nucleotide sequence identityfyigure SJ.

The two 2,985-bp long elements,AS2 (of pA58H2) and The proteomes ofrthrobacterplasmids were then examined
ISPstd (of pA40H1) of the 183 family, also carry 2 passenger by an all against all comparative protein analysis. This cored
genes encoding an ArsR family transcriptional regulator andhe results of the nucleotide sequence comparisons showatg th
putative permeasé-{gure 2 Table 3. Itis important to mention  the ANT plasmids share many more homologous proteins with
that these auxiliary genes share no similarity with those oéach other, than with the plasmids of mesophiicthrobacter
ISArspl2 These two ISs di er in only 2 bp and are isoforms of spp. The only exceptions were the nearly identical plasmids
ISPst2that is present in several copies in the genomes of thregA44BH1 and pA48BH1, that encode as many as 319000)
Pseudomonas stutzstrains Bolognese et al., 1909 proteins with homology to those of p3132-53Axfthrobactersp.

In addition, three ISICY family ISs were found within the 31-32 (acc. no. JQ418520), isolated from aromatic hydracarb
ANT plasmids: 18rsp9 (of pA58H2), IRrspls (of pA2H2), contaminated soil from Indiana, USA. A more detailed analysi
and IArsp16(of pA19BH1). These elements all carry passengesf the possible functions of putative proteins common to
genes. 18rsp9(12,978 bp) contains 11 passenger genes, whickarious Arthrobacter plasmids revealed that they are mostly
comprise the CYT and SUL modules described abov&rsi®l4 involved in conjugal transfer or replicon stabilization. driefore,
(17,535 bp) encodes a transposase, resolvase, and ATPindihey are products of the conserved genetic backbones of the
protein showing a high level of similarity to the equivalentplasmids, whereas proteins encoded by auxiliary genes aitymos
proteins of IR\rsp9and IBIi29 of Brevibacterium linenBS258 unique. This nding seems to support the hypothesis that many
(acc. no. CP014869). Seven of the 12 passenger gen@sspfl&  Arthrobacter plasmids may be related and have a common
comprise the predicted transport system modules LIP and EFXancestor lihasan and Brandsch, 20)l6and in the course of
described above. The third identi ed element of theNISY evolution they have gained various auxiliary genes that may
family, 1SArspl16 is much smaller (4,338 bp). It encodes aconfer an adaptive advantage to their hosts in their specic
transposase showing 69% amino acid sequence identity to thabitats.
transposase of Fau5found within plasmid TC1 ofArthrobacter The auxiliary genetic information stored in all sequenced s
aurescengC1 (Mongodin et al., 2006 ISArspl6carries two far Arthrobacterplasmids was carefully inspecte@able 4. It
passenger genes encoding hypothetical proteins of unknowwmas shown that seven (43.75%) out of 16 plasmids carry genetic
function (Figure 2 Table 3. modules encoding proteins involved in metabolism and transport

of organic compounds. Interestingly, four plasmids (all ngjimg

. . to the group of ANT replicons) carry genes enabling protection
Comparative AnalySlS of Arthrobacter against UV radiation and resistance to heavy metals. It was

Plasmids and Meta'AnalySiS of Plasmids of also shown thatArthrobacterplasmids are rich of restriction-

Psychrotolerant Bacteria modi cation systems, as they were found within nine (56.25%)
Looking for tracks of possible horizontal gene transfer anglasmids Table 4).
common or distinct origin of the ANT replicons their For a broader view of the possible role of the ANT
comparative genomic analysis was performed. It was based phasmids in the adaptation of extremophilrthrobacterspp.,
all against all BLASTn comparison. Similar approach was applieal meta-analysis of 247 plasmids of psychrotolerant bacteria
previously in several other analyses of bacterial plasmids, e representing 36 genera was performed. This analysis revealed
extrachromosomal replicons @treptococcus macedoniensl  that the most common feature found within plasmids of
Lactococcus lacti&Sorecki et al.,, 2011; Papadimitriou et al., bacteria from cold regions is the presence of genes conggrrin
2015. Performed analysis of the ANT plasmids revealed thatesistance to heavy metalBigure S2 Table S7. It was shown
there are several DNA regions shared by these replicons. Fhisthat 11.74% of the analyzed plasmids carry such genes. In
particularly apparent for plasmids pA40H2, pA8H1, and pA2H2the ANT plasmids, heavy metal resistance genes were found
that possess nearly identical XER modules (96% nucleotide four replicons EFigure S2 Table S7. The abundance of
sequence identity), and plasmids pA40H2 and pA58H2, whicheavy metal resistance genes and their presence within enobil
carry almost identical CYT and SUL modules (97% identity)genetic elements (i.e., plasmids) is understandable bed¢hase
(Figure S). This may re ect possible horizontal transfer of toxic elements are the most commonly occurring bactericidal
genetic modules between these replicons. On the other hackl, | factors in nature [lies, 199% It is important to mention
of conservation of plasmids' backbones may suggest thathfle A that heavy metals are not only anthropogenic contaminants,
replicons originate from various ancestors. they also occur naturally in minerals and are released during
Comparison of the nucleotide sequences of the ANT plasmidgio)weathering processess#dd, 2007; Matlakowska et al.,
and other Arthrobacter plasmids (mostly from mesophilic 2012.
strains) revealed their divergence, since only limitedilsirity Our meta-analysis also revealed that within the plasmids
(usually con ned to the conjugal transfer modules) was foundof psychrotolerant bacteria, and especially those isolateah fr
This indicates that the ANT plasmids are novel and uniqueArctic and Antarctic regions, genes conferring protectigagst
replicons. Interestingly, the highest level of similarigtected is low temperature, oxidative stress and UV radiation are very
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TABLE 4 | Functions of auxiliary genetic modules identi ed withifArthrobacter plasmids.

Function Plasmid name/GenBank accession number ~ &/Strain name
Protection against: Low temperature Plasmid unnamed1/CP04733/Arthrobacter sp. U41
Oxidative stress Plasmid unnamed3/CP015735Arthrobacter sp. U41
UV radiation pA2H2/MH067969/ Arthrobacter sp. ANT_H2

pA40H2/MH067971/ Arthrobacter sp. ANT_H40
pA58H3/MH067976/ Arthrobacter sp. ANT_H58
pA8H1/MH067977/ Arthrobacter sp. ANT_H8

Resistance to heavy metals pA2H2/MH067969/ Arthrobacter sp. ANT_H2
pA40H1/MH067970/ Arthrobacter sp. ANT_H40
pA40H2/MH067971/ Arthrobacter sp. ANT_H40
pA8H1/MHO067977/ Arthrobacter sp. ANT_H8

Protection against exogenous DNA—restriction-modi catio system Plasmid unnamed1/CP015733Arthrobacter sp. U41
pA19BH1/MH067967/Arthrobacter sp. ANT_H19B
pA40H1/MHO067970/Arthrobacter sp. ANT_H40
pA40H2/MHO067971/Arthrobacter sp. ANT_H40
pA44BH1/MHO067972/Arthrobacter sp. ANT_H44B
pA48BH1/MH067973/Arthrobacter sp. ANT_H48B
pA58H1/MHO067974/Arthrobacter sp. ANT_H58
pA58H3/MHO067976/Arthrobacter sp. ANT_H58
pA8H1/MH067977/Arthrobacter sp. ANT_H8

Metabolism and transport of: Carbohydrates pA19BH1/MH067967/Arthrobacter sp. ANT_H19B
pA2H2/MH067969/ Arthrobacter sp. ANT_H2
pA40H1/MHO067970/Arthrobacter sp. ANT_H40
pA40H2/MHO067971/Arthrobacter sp. ANT_H40
pA58H2/MHO067975/Arthrobacter sp. ANT_H58
pA58H3/MH067976/Arthrobacter sp. ANT_H58
pA8H1/MH067977/Arthrobacter sp. ANT_H8

Amino acids pA40H1/MHO067970/Arthrobacter sp. ANT_H40
pA58H2/MH067975/Arthrobacter sp. ANT_H58
pA58H3/MH067976/Arthrobacter sp. ANT_H58

Nucleotides pA58H2/MHO067975/Arthrobacter sp. ANT_H58

Lipids pA19BH1/MH067967/Arthrobacter sp. ANT_H19B
pPA2H2/MHO067969/ Arthrobacter sp. ANT_H2

Inorganic ions Plasmid unnamed1/CP015733Arthrobacter sp. U41

pA40H2/MHO067971/Arthrobacter sp. ANT_H40
pA58H2/MH067975/Arthrobacter sp. ANT_H58
pA58H3/MHO067976/Arthrobacter sp. ANT_H58
pA8H1/MH067977/Arthrobacter sp. ANT_H8

Toxic organic compounds pA19BH1MHO067967/Arthrobacter sp. ANT_H19B
pA58H3/MHO067976/Arthrobacter sp. ANT_H58

Energy production and conversion pA19BH1/MHO067967/Arthrobacter sp. ANT_H19B
pA40H2/MHO067971/Arthrobacter sp. ANT_H40
pA58H2/MH067975/Arthrobacter sp. ANT_H58
pA58H3/MHO067976/Arthrobacter sp. ANT_H58

aGenBank accession numbers of plasmids identi ed and analyzed in th study are in bold text.

common. Amongst the analyzed plasmids 18.22% carry su@nd conversion Kigure S3 Table S7. This revealed that
genes FFigure S2 Table S7. In polar regions, low temperature 17% of the analyzed plasmids carry such gerfggute S3
is the predominant life-limiting factor@'amico et al., 2006In  Table S. The abundance of metabolic genes within plasmids
addition, the increased UV radiation and oxygen solubilaydr of psychrotolerant bacteria may represent a specic form
the formation of ROS, which may cause damage to DNA, RNAgf adaptation, since cold-active microorganisms usually
proteins, and lipidsCabiscol et al., 2000; Casanueva et al.,2010nhabit nutrient-poor environments, where genes enabling th
Therefore, the acquisition (on a plasmid) of genes conferrin utilization of poorly-degradable compounds are highly berialc
protection against these stressors could be highly benlefara
the bacterial host.

We also performed a meta-analysis of the distributionCONCLUSIONS
(within the plasmids of psychrotolerant bacteria) of genes
whose products are involved in the transport and metabolism ofn  this study, we explored the plasmidome of Antarctic
carbohydrates, amino acids, nucleotides, lipids, inorgamins, Arthrobacterstrains isolated from soil samples collected at the
and toxic organic compounds, as well as energy productiohienryk Arctowski Polish Antarctic Station on King George
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Island. In total, 11 various plasmids were identi ed, sequeh various posttranslational modi cations. Such approach was

and analyzed. These replicons exhibit great diversity irhbotpresented in this study and we hypothesize that inability of

size and nucleotide sequence. The plasmids carry from 9 to &owing the functionality of selectedrthrobacter modules

predicted genes, some forming genetic modules that potentialin the heterological host may be in fact a consequence of

bene t their bacterial hosts. A comparative analysis of natitle  abovementioned reasons.

sequences allowed us to de ne the ANT plasmids as novel and As a limitation of this study we can also recognize lack of

unique replicons in thé\rthrobactergenus. full genomic sequences of all analyZathrobacterstrain, which
The analysis of the ANT plasmid backbones revealed thdbrecloses testing if the plasmid modules confer novel anduen

most of them contain partitioning systems. This allowed RarAbiological functions or genes responsible for the particular

based phylogenetic classi cation of Alithrobacterplasmids. In  process are already present within the host's chromosome.

addition, despite previously reported di culties in identifiyg ~ Other limitation of this work is that although 36 strains veer

(with the use of bioinformatic tools) replication modules in analyzed this is still a relatively small pool of bacteria. frore

Arthrobacterplasmids, we were able to distinguish one sucltomplex analyses of a larger pool of bacteria, a joint-collatmra

system in the plasmid pA2H1. Moreover, based ionsilico approach involving various scientic centers working with

analysis, the majority of the ANT plasmids were recognized a&ntarctic prokaryotes could be proposed. An alternative is

self-transmissible replicons. also a shotgun metagenomic approach for discovering a total
The bioinformatic analyses that we performed indicatedmetaplasmidome of Antarctic soil samples, and this is an aim of

the presence of genetic modules that may be responsible four current works.

adaptation of the bacteria to the extreme Antarctic enviram In summary, our analysis of the ANT plasmids, supported by

The following genetic modules of predicted adaptive valu@ meta-analysis of 247 plasmids of various psychrotolerant

were distinguished: (imuCDgenes (UMU module) conferring bacteria, shows that extrachromosomal replicons may

protection against UV radiation, (ii) tellurium and copper play an important role in the adaptation ofrthrobacter

resistance determinants (TER and COP), (iii) genes engpdirstrains (and bacteria in general) to the extreme Antarctic

laminarinase (LAM), several enzymes involved in aromati@nvironment.

compound utilization (ARM) and various transporters (EFX, LIP,

MFS, TAU, and TCT), that may be involved in the transport AUTHOR CONTRIBUTIONS

and utilization of alternative carbon sources, and (iv)fsul

metabolism genes (CYT, SLP, and SUL). LD and KR conceived and designed experiments. KR sequenced
It was also revealed that the ANT plasmids contain @nd annotated plasmids. KR, PG, and LD analyzed the data.

number of restriction or restriction-modi cation systemshose LD contributed reagents, materials, and analysis tools. KR,

function could be protection against exogenous DNAs, suclnd LD wrote manuscript. All authors read and approved the
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stabilization modules. Moreover, 14 novel transposable etes)

including two transposons of the Bhfamily and 12 insertion FUNDING

sequences of the188Q 1S3, IS30, ISA81, ISAs] ISNCY,and 13.3

families, were identi ed within the ANT plasmids. Interesgly, ~This work was nanced by the National Science Centre,

our analysis also revealed the presence of putative noveépland (grants no. 2013/09/D/NZ8/03046 and partially

integrative elements (XER modules) that contain a conskrve2016/23/B/NZ9/02909).

core region composed of three genes encoding a predicted

tyrosine recombinase XerD, transcriptional regulator & X\RE ~ ACKNOWLEDGMENTS

family and site-speci ¢ recombinase XerC, accompanied by 4 or
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