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Antarctica is the coldest, iciest, windiest and driest continent and defines the limits of temperature at which life forms can
survive and divide. These cold loving microorganisms are known as psychrophiles and are present in all the unique habitats
of Antarctica including permafrost and ice. Their distribution and abundance varies from habitat to habitat and several new
genera and species have been discovered in the icy continent. They have several strategies by which they survive and divide
at low temperature such as the ability to catalyze reactions and continue metabolism with cold-tolerant enzymes; ability
to maintain optimum membrane fluidity at low temperature; occurrence of specific genes required for survival at low
temperatures; presence of antifreeze—activity etc.. Enzymes from psychrophilic bacteria have been found to be useful for
several purposes ranging from recombinant DNA technology to food processing. The ability of cold-tolerant organisms to
degrade petroleum products and other environmental pollutants highlight them as potential candidates for bioremediation
in extreme cold environments. The recently reported genome sequences of a number of novel cold-tolerant isolates are likely
to provide some more insights into the mechanism of bacterial cryotolerance.
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Introduction iciest (with ice covered at an average thickness of
1.9 Km) of all known habitats covering approximately

d belo%C5and th Id 5.4 million square miles in area and is thus considered
exposed to temperatures belo nd these co as one of the most extreme habitats of the world

Efatr)]itats span from LWC“(_: toltheAntarﬁticO,l from Vincent, 1988; Claridge and Campbell, 1977;
igh-mountains such as Himalayas to the deep ocea ampbell and Claridge, 2000: Smith et, d1992).

and ?ISO includes frozen spils (permafrost), gl,aCierSﬁli)espite the harsh climatic conditions, along with other

anl(lce sg%e(;[s?, p')AoIar sea |?e an_d sno¥v (r?_ enlnng ANte forms (such as mites, ticks, seals, penguins, mosses,
Iicken, )'_ major raction of this low lichens, bacteria, yeasts, algae etc) (http://

temperature environment is represented by the deep, ..\ globalclassroom.ay/antarct6.html)

sea Wh'(,:h constltuf[es 71% of the Ezstarea. Other .. psychrophilic bacteria dominate the continent and aid
cold environments include cold water lakes, cold soils ;

_ ) in nutrient recycling (Stokes and Redmond, 1966;
E)e(jfrﬁgﬁléyn?ysgflﬁ Cce)lg\flifzirrtr?é?]rgg Cﬁzfszest?een Herbert and Bell, 1977fanner and Herbert, 1981;

ful lonized b I £ mi . Delille and Legarde, 197Zanner 1985,Voytek and
successfully colonized by a class o mlcroorganlsmsWard, 1995: Chesszt al., 2000; Kelly et al 1978;

k'\r}lovyn aslg%.cr:or)hﬂes (gnr'ywlfror; Z%%Zfro R(EO Cavanaghet al.,, 1996; Dennert al.,, 2001;
( Olr'tZ’oo ; Meim l? 2n em]n b Laug S Cavicchioli and Thomas, 2000). Ekelof (1908 a and
etal, s)Among all the cold habitatsntarctica b) initiated studies on microbiology of the soil and air

is unique in that it is the coldest, driest, windiest and in Antarctica which was confirmed by Pirie (1904)

About 85% of the Eartk’biosphere is permanently
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Gazert (1912)Tsiklinsky (1908) and McLean (1918 in the Victoria Land soilsActinobacteria was
a and b). Later the emphasis was to enumerate andominant. Interestingly members Deinococcus-
identify unigue microorganisms from the continent of Thermusare the third most dominating community
Antarctica (Boyd, 1962; Boyd and Boyd, 1962; (18.0%) inTransantarctic Mountain soils indicating
Friedmann, 1980; Margni and Castrelos, 1963, 1965;that the bacterial communities acrésgarctic soils
Marshall and Ohye, 1966; Meyetal, 1962; Pfiser  vary significantly with geographyclimate, soil
and Burkholderl965:Tsyganoy1970). However with  physicochemical parameters and local biological
the advent of culture independent identification of influences. Furtheunafiliated clones associated with
microorganisms based on 16S rRNA gene rare and unique taxa such \&rucomicobia and
metagenomics a greater diversity of microbes from Gemmatimonadetewere also identified from
various habitats oAntarctica was discovered. Antarctic soils from Schirmacher Oasis (Shivetji
Browsing the NCBI (http://ncbi.nim.nih.gov) database al., 2004).In addition to above phylotypéstarctic
for 16S rRNA gene sequences indicated that aboufpeninsula soils, wesintarctic soils and ea8ntarctic
6000 16S rRNA gene sequences of bacteria fromsoils contain several unkown phylotypes (Shiedji
Antarctica have been deposited in the database. O#&l., 2004;Aislabieet al, 2006 Yermgeauet al, 2007
these close to 210 sequences corresponded to tha, b; Niederbegeret al, 2008 Aislabieet al, 2009
novel species so far described frAmarctica (Shivaji Lee et al, 2012;Tiao et al, 2012 Bajerski and
and Reddy2009; Chattopadhyast al, 2014; Reddy = Wagney 2013;Aislabieet al, 2013).

et al, 2016). _ . . : . .
) Limited diversity studies ofintarctic sediments

Diversity of Antarctica as $udied by Non-  fromBratinaisland (Sjoling and Cowan, 20@8yley
cultivable Methods island (Li et al, 2006), meromictic marine basin,
. o ) ) Vestfold hills (Bowmaret al, 2000) Wright Glacier
Antarctic bacterial diversity has been studied by both (stipa et al,, 2012) revealed the dominance of
rRNA gene sequence and certain other functionalg|ayobacterium-Bacteides, Spirochaetaceage
genes) from various habitats including soil, actinobacteria, AcidobacteriaGemmatimona-
cyanobacterial mats, wateediments, sub-glacial out getes, Firmicutes, Richlococcus, Cyanobac-
flow, crypto-endolithic sand stones, anoxic meromictic teria, Deltapoteobacteria(specially the unique
sediments, sediment core, ephemeral streams, ice Corgyoups of Desulfosacina, Syntophus and

geothermal vents, ornithogenic soil, penguins, spongess eppactetPelobactefDesulphuomonasgroup),

and intestinal microbiota @intarctic fish (for reviews  grder Chlamydiales (Parachlamydiaceae),
see Reddyet al, 2016; Shivaji and ReddP009;  panctomycetesnd members oBpirochaetales
Chattopadhyagt al, 2014; Bottogt al, 2014). The  carret al (2013) identified a total of fifty bacterial
bacterial abundance from the above habitats ofphyia from marine sediments beneath the Ross Ice
Antarctica ranged from 0.2 x 4@ 0.6 x 16%cells/  ghelf and the predominant taxa reported were
gram (Carpentest al, 2000; Priscet al, 1999; Karl  Actinobacteria(6.0%), Bacteidetes(46.0),
etal, 1999; Delille and Gleizon, 2003).2x 1610 Chjoroflexi (25.0%), Firmicutes (14.0%), and the
10" cells/ml (Takii et al, 1986; Franzmaretal, 1990;  sypphyla Beta- (20.0%), Delta- (25.0%) and Gamma-
Lo Giudiceetal, 2019 and 8x 18to 2.4 x 18cells/  proteobacteria(8.0%). The Betaproteobacteria
gram (Lanoilet al, 2009; Stibaét al, 2012) and 10 yere represented by only two gendiaiobacillus

to 10 cells/gm (Ramsay andeinard, 198@islabie  and Teptidiphilumand there was unusually high
et al, 2009) for ice, watersediment and soil,  proportion of Chloroflexi group. Bowmaret al.
respectivelyAntarctic soils are highly heterogeneous (2000) demonstrated that anoxic marine sediments
and the diversity varied with respect to soil type. For contained more than 200 distinct phylotypes with close
instance Antarctic Peninsula soils were dominated g 31.09 belonging to the low G+C Gram-positives.
by Proteobacteria (47.0%), where asWest  |nterestingly while studying the vertical distribution

Antarctic soils andlransantarctic mountain soilS  of pacterial phyla in fresh water sediment in which
Actinobacteria and Bacteriodetes (42.0% and 31%proteobacteria, Bacteidetes,Actinobacteria and

repectively) (Bottoet al, 2014) were dominantand  Eirmicutes wee dominant.Shivaji et al. (2011)
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identified a few clones belonging aldiserica detected only in hydrocarbon contaminated water and
group, athermophilic candidate phylum from the abundance dBulfitobactergroup was high in
Antarctica. sea water and decreased drastically by almost 9 folds
in contaminated seawater (Prabagaetal., 2007).

The variation in marine and fresh water aquatic

239 106 km?) | llv ice frecilki systems was evident istarctica. The fresh water
(12. 1 m2) is seasonally ice freeiliids et ecosystems are dominated by groups such as

al., 2013) Within this ice-free 50,850 Sq. Km area of Elavobacterium. Pseudomonasid Polaromonas
Antarctica, the majority of bacteria belong to the phyla(Michaud ot ai. 2012) while Sulfitobactey
Proteobacteria representing 47.6%dphapioteo- Thalassospira, ’members of Roseobacter
bacteria [71.5%], Betapoteobacteria[18.8%], Gelidibacter Polaribacter Psychoflexus
Deltaproteobacteria[2.0%] andGammapoteo- Psychomonasand Pseudoaltecnmonaswere’

bacteria[7.7%]) with dominating genera being restricted to marine waters (Prabagagtal, 2007;

Aquatic microbial diversity ofAntarctica is
limited as only 0.4% of the total ice aregdotarctica

Rhodobacterand SphingomonagHuanget al, Guibertet al, 2012: LoGiudiceet al, 2012
(2013) Besides, Bactewoidetes (15.1%), ' ' B '
Actinobacteria(14.8%), Chloroflexi (10.2%), Seaice, in general, is a dynamic, porous matrix
Acidobacteria (6.7%), Firmicutes (3.6%), that harbors a network of brine pores and channels

Gemmatimonadetefl.3%) andVerrucomicobia that harbor active (Jung¢al, 2004; Sggaard, 2010)
(0.2%) are minor components, whibeinococcus-  and diverse (Brown and Bowman, 2001; Brinkmeyer
Thermus, Nitospira, Planctomycetesand etal, 2003; Maast al, 2012) bacterial communities.
Fusobacteriawere also present. The most common The ice-associated community contains photosynthetic,
genera are Sphingomonas, Caulobactey chemoautotrophic and heterotrophic bacteria beside
Brevundimonas, Janthinobacterium, Duganella, Archaea and several other eukaryodproximately
Polaromonas, ¥riovorax, Rhodoferax, 36%, 25% and 25% were contributed Bgmma-
Flavobacterium, Pedobacter Prevotella, proteobacteria Alphapmoteobacteria and
HymenobacteandArcicella (Wilkins et al, 2013) CytophagaFlavobacteriumgroup while members

In general, shift in diversity was observed with depth of Actinobacteriawere very rarely preserAmong

of sediment wherein the predominance of the Gammapoteobacteriaspecies of the genera

Bactewidetes, Betaprteobacteria and Colwellia and Glaciecolawere the most abundant
Actinobacteriain the surface are replaced by and Marinobacter spp. were rare. The
Gammapoteobacteriawith depth (Archeret al, Alphapioteobacteriawere dominated by members

2014). This is attributed to the tolerance to oxygen of the Roseobactelineage while CF group was
requirement of various members of the generacentered orPolaribacter group (Bowmaret al,
belonging toGammapoteobacteria.The above  1997; Gosinlet al, 1998; Brown and Bowman, 2001;
observation was further supported by Kehal, Jungeet al, 2002; Brinkmeyeet al, 2003; Kuhret
(2014) wherein deep waters contained a highal., 2014; Lanoikt al, 2009). Besides, the occurrence
proportion of unclassifieBacteria(10—20%) along  of communities such &hewanellaMarinobacter
with Proteobacteria. Interestinglyne surface water Planococcus Alteromonas, Pseudoaltemonas
contained two major clades represenkadpribacter Psychobacter, Halomonas Pseudomonas
(20 to 64%) and uncultivate@ceanospirilaceae  Hyphomonas Sphingomonas Arthrobacter,

(7 to 34%) whilePelagibacterincreased in  PlanococcusandHalobacilluswere also reported
abundancevith depth (7 to 42%) (Kinet al, 2014). (Bowmanet al, 1997). The temporal community
Response of bacterial community to hydrocarbon analyses indicated a shift in community wherein
contamination also revealed a change in phylotypesPaenispoosarcina was reduced by 5 folds while
profile. Alphaproteobacteria, Gammapteo- Bacillus increased by 4 folds. In addition,
bacteria, the Cytophaga-Flavobacterium— AcenetobacteandCohnellareplaced?aenibacillus
Bactepideteswere major communities but genera andJeotgalibacillusin a span of two years (Doyle
Psychobacter Arcobacter Formosa algae, etal, 2013).

Polaribacter Ulvibacter and Tenacibaculumwere
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Diversity of Antarctica as $udied by Using theAdmiralty Bay and King Gege Island of Peninsula
Functional Genes Antarctica. The gene sequences identified the genera
Silicibacter, Gordonia, Prauseella, Nocadioides

Besigjes the routine %68 _rRNlé\ased diversity RhodococcusNocawdia farcinica, Pseudomonas
functional gene based diversity was also explored from Acidisphaerand Alcanivorax (Kuhn et al, 2009)

Antarctic habitats and the genes used were baS'CEfl”)fBesides, differential response of bacterial communities
targeted to look for the sulfate-reducing bacterlatO hydrocarbon contamination was studied by

((jSRB)O’I. phc;)tosyn'thetir?_ bacteria,d hﬁ/drocartr)‘on Prabagaraet al (2007). Studies based on chitinase
egrading actenq,_ ¢ |t|nas_e and ketosynt asegenes (bi67, chi69,chiA, chiB, chiFrevealed the

producing communitiesTargeting the genelsrA occurrence oflanthinobacterium, t&notiopho-

(dissimilatory sulfite reductase), diverse group of Cytophaga t&ptomyces,and Norcar-

flulkf)gte-reducmg t;actena was detected\mﬁaLcUc diopsisas the abundant genera from a 1600 year old
abitats (Karret al, 2005). RecentjjWatanabest sediment obtained frorArdley Island,Antarctica

ala (201.3) g,etcra]cte?] phlylclotypzs, baseld ﬁmAb .S)Xiao et al, 2005).The phylogenetic analysis based
E)a Ienoslne- -ph osp Osuﬁﬁte re uctaseﬁcp.aslllj unity, ketosynthase (KS) identificroteobacteria,
elonging to the generahiocapsa, Sulfuricella, Firmicutes, Planctomycetes, Cyanobacteria,

BeSLJhlcfobacte?L:frrn, A Deguflfo?ba Ia?(d Actinobacteria some uncultured symbiotic bacteria
esulfotomaculurirom Antarctic fresh water lakes. — g f\e independent clades. Most of the identified

While more than 70% of sulfur transformation in KS showed below 80% identities at tha level to

subglaciql lake sediments was (?ontributed by two their closest match revealing the great diversity and
generaSideoxydansand Thiobacillus (Purcell et novelty of ketosynthase genedimtarctic sediments
al., 2014) Further the involvement dflarinobacter (Zhaoet al, 2008). Based on gemaifM (a gene

Roseovariusand Psychoflexusin marine-derived - - g :
: : . _ coding for photosynthetic pigment-binding protein) 33
hypersaline lake in théestfold Hills,Antarctica, that unique phylotypes related tqRubrivivax.

has the highest concentration of dimethylsulfide Acidiphilum, Rhodoferaxand Roseatelesvere
(DMS) in a natural body of watevas reportedyau detected from\ntarctic sediments (Kaat al, 2003;

Sf)riil.r;aigi:Zﬁgicl?/o?vt;?;/gnf;ﬁrzzsg?e%g:éigi;he Stibalet al, 2012). While studying the diversity of
andBetappoteobacteridan sulfate redpuction and also psbAgene from Lake Bor!ney|n|que phylotypes of

_ . T ) genera Nannochloppsis Ochromonas and
aerqblc anoxygenic photosynthe3|sAr_1tarct|c . Isochrysiswere identified (Konget al, 2014). The
habitats. In aqldltlon, based_on P_olycycllc aromatic moapased diversity studies indicated the dominance
hydrocarbon ring-hydroxylating dioxygenas@&kR of only two genera, theNitrosospira and

RHD) gene, diyerse groups belopgin_g to Nitrosomonasas the ammonium oxidizing community
ProteobacteriaActinobacteria,Verrucomicrobia, in Antarctic habitats (Magalh&es al, 2014).

Bacteroidetes, Firmicutes, Chloroflexi,

Gemmatimonadetes, Cyanobacteria, Chlorobium, andDiversity of Antar ctica as $udied by Cultivable
Acidobacteria were reported frolmtarctic soilsand  Methods

sedimentsAmong these the genef@rrabacter

Mycobacterium, Diapharbacter belonging to  The cultivable bacterial diversity was explored
Gram-positives and Sphingomonas and extensively from various habitats such as soil (Miwa,

Burkholderia of Gram-negatives wer 1975; Yi and Chun, 2006; Ruckert, 1985; Shivati
predominan{Muangchindaet al, 2014) While 14 @l 1988; 1989a; 1989b; 19dryet al, 2003; Bozal
distinct phylotypes representing the genera €tal, 2007), water (Lo Giudioet al, 2012; Michaud
RhodococcusMycobacterium Nocadioides et al, 2012; Solleet al, 2000; Labrenet al, 2000;
Terrabacter and Bacillus were identified from  Cristobaletal, 2011), algal mats (Reddst al, 2000;
Antarctic sediments based omHr-dioxygenases ~ 2002; 2003a; 2003b; 2004anTrapperet al, 2002;
(Marcoset al, 2009). Diversity studies based on SPringetal, 2003; Peeterst al, 2011), ice (Shivaji
alkane monooxygenases (Alk) genes from a sedimengt al, 2004;Antibus et al, 2012; Bowmeret al,

sample indicated the predominance of unique genes-998) and sediments (Shivafi al, 2011; Yu et al,
that are differentially distributed between the two sites, 2011) and reviewed by Shivaji and Reddy (2009) and



Bacterial Diversity inAntarctica 331

Chattopadyat al (2014) fromAntarctica. Among Epsilonpoteobacteria, CFB, Firmicutes,
the habitats, watesoil and mats are more diverse Actinobacterand Deinococcus-Thermuslhe
compared to ice and sediments as evident from theelative frequency of the above isolates at the phyla
absence and abundance of various communities. Irlevel is shown in Fig. 1 an@able 1 (Bottoset al,
all the habitats the most dominating communities are2014; Chattopadhyast al, 2014; Reddgt al., 2016).
Proteobacteria Cytophaga-Flavobacterium- The most common feature of the novel species of
Bacteriodetes, Actinobacteriand Firmicutesand Antarctica is their psychrophilic growth wherein they
communities belonging teinococcus-thermwand grow from zero or subzero temperatures tC30ut
Spirochaetesire restricted, interestinglgnly to soil not beyond. Howevera few species like
(Hirschet al, 2004 Antibuset al, 2012; Franzmann  Alicyclobacillus pohliag42-6®C) (Imperioet al,
& Dobson, 1992; Chattopadyayal, 2014) Among 2008), Aneurinibacillus terranovensi@0-5%C),
the Proteobacteria, Gammaproteobacteria leads ir(Allan et al, 2005) Anoxybacillus amylolyticug5-
abundance in soil (3%) and water (0.6%) while 65°C) (Poliet al, 2006) Bacillus fumrioli(25-53C)
members of Epsilonproteobacteria were absent(Loganet al, 2000) Brevibacillus levicki{15-55C)
(Reddyet al,, 2016). (Allan et al, 2005),Paenibacillus cinerig8-50°C)

and Paenibacillus cooki€15-5(°C) (Loganet al,

R'elatlve percentage occurrence of cul_tlvable 2004) are moderately thermophilic and interestingly
bacteria fromAntarctica indicated that the soils are all these species were isolated from soil. The

d205r;|nate(;13 byFlrt;nlcut(_asl(g?/%),Actln_ot_Jar(]:t(ta)nad physiological characteristics with respect to the
(25%) andProteobacteria(18%), water is inhabite extracellular enzymes indicate approximately 79% of

b?’ Ft;roteol_nacteria (42;/0)' (;y';ophaga(; novel species secrete the enzyme phosphatase
ZaYO bacterlgm-B;ctenlo thes( 1%) _arr: . followed by protease (48.7%), lipase (48.5%), amylase
ctinobacteria £3%), algal mats are rich in (42%),3-glactosidase (32%nd urease (20%) (Fig.

Proteobacteria 40%), Firmicutes (28%) and 2). Further 68% of novel species described so far
Cytophaga-Flavobacterium-BacteriodetE4%),

ice is abundant iRroteobacterig48%),Cytophaga-
Flavobacterium-Bacteriodetes (21%) and
Firmicutes (19%) and finally the sediments
communities are composedRribteobacterig50%)
andActinobacteria(29%) (Reddyet al,, 2016). The
above statistics clearly indicate tixbteobacteria

is ubiquitously present in all thentarctic habitats.
Close to 500 cultivable bacteria isolated from
Antarctica represent the above major groups of
Proteobacteria Cytophaga-Flavobacterium-
Bacteriodetes Actinobacteriaand Firmicutes

represented by 172 genera (38 novel genera) and 208ig. 1: Relative percentage of novel species described from
novel species. various habitats of Antarctica

90

® Alphaproteobacteria

N = Betaproteobacteria

b
Y
)

» Gammaproteobacteria
)
‘, = Deltaproteobactena
|
i » Epsilonprotecbacteria
) = Cytophaga-Flavobacterium-
| Bacteroides (CFB)
y Firmicutes

= Actinobacter

Deinococcus-Thermus

80

Novel Species Fom Antar ctica

70

Till date close to 209 bacterial species have been 5
described based on polyphasic taxonomy (except, +
Desulfovibrio of Deltaproteobacteria,
Hymenobacterspecies of CFB group and a few

species ofCarnobacteriumand Clostridium of o
Firmicuteg, from varipus habitats &ntarctica and & & & & R &
these novel species belonged to the phyla € A & &

Alphapmoteobacteria, Betamteobacteria, < %

Gammapoteobacteria, Deltapsteobacteria, Fig. 2: Production of extracelluar enzymes by novel species
from Antar ctica



Table 1: Important characteristics of novel bacterial species ém Antar ctica

S.No. Name of the species A C L P U BG Ph Pi FA MK DA G+C Ca O H Lipids 16S rRNA gene
Acc. No

Alphaproteobacteria

1 1 Antarctobacter - - - + ND ND ND By 181 Q10 ND 623 + + water PGPC Y11552
heliothermus

2 2 Constrictibacter ND ND + ND ND ND + - 18:1 Q10 ND 69.8 + Rock ND AB510913
antarcticug

3 3 Loktanella fryxellensis - ND - - - + + PG 18:w7c ND ND 66 + + Mats ND AJ582225

4 4 Loktanella salsilacus - ND - - - + + Biege 18:1w7c ND ND 60 + + Mats ND AJ440997

5 5 Loktanellavestfoldensis - ND + - + + + Pink 18:1w7c ND ND 63 + + Mats ND AJ582226

6 6 Polymorphobacter ND ND - - - - + Br 17:1u6c Q10 ND 68 + + Rock PG PE, SPL AB649056
multimanifer

7 7 Pseudorhodobacter - ND + - - - + Pink 18:1w7c Q10 ND 571 + + SedimentPG PC FJ196030
antarcticus

8 8 Pseudorhodobacter - + - + + + 4+ Cream 18:1w7c Q10 ND 61 + + Icecap PC, PE, PG KM978076
collinsensis

9 9 Pseudorhodobacter - ND - + - + + Cream 18:1w7c Q10 ND 60.1 + + Soll PC, PGUL KT163920
psychrotolerans

10 10 Puniceibacterium - ND - - - - + PR 18:1,7c ND ND 60.7 + + Water PC, PE, PG KP136797
antarcticur

11 11 Rhodoligotrophos ND ND - - - - - Red 160 Q9 ND 61.1 + + Water PE, PG AB617575
appendicifet

12 12 Robiginitomaculum ND ND + - - + + Rusty 18:1w7c Q10 ND 60.3 + - Water ND EF495229
antarcticunt

13 13 Roseibaca ekhonensis - ND - - ND ND ND Red 18:1w7c Q10 ND 61 + + Water PC, PE, PGDPG AJ605746

14 14 Roseicitreum - ND - - + + ND Pink 18:1w7c Q10 ND 63.3 + + SedimentPC, PE, PG FJ196006
antarcticunt

15 15 Roseisalinus - ND - - ND ND NDRose 18:1w7c Q10 mbDap 67 + + Water ND AJ605747
antarcticug

16 16 Roseovarius antarcticus - ND - - - - + PY 181w7c Q10 ND 61 + + Bone PC, PE, PGDPG KM347966

17 17 Roseovarius toleraris - ND + - ND ND ND Red 181 Q10 ND 64 + + Water PC, PE, PGDPG Y11551

18 18 Sphingomonas aerolata - ND - - ND + + O 18:w7c Q10 ND 654 + + Water PC, PE, PGDPG SPL AJ429240

19 19 Sphingomonas - ND - - ND + + O 18:1w7¢c Q10 ND 65 + + Water PC, PE, PGDPG SPL AJ429236

aurantiaca

CEE

e 19 IfeAlys s



20
21
22
23

24

25

26
27

28
29
30

31
32
33

34
35
36
37
38
39
40
41
42
43
44
45

20
21
22
23

10
11
12
13
14
15
16
17
18

Sphingomonas faeni
Staleya guttiformis
Sulfitobacter brevis
Thalassospira lohafexi
Betaproteobacteria

Actimicrobium

antarcticunt 2/4

Herbaspirillum

psychrotolerans
Polaromonas vacuolata
Rhodoferax antarcticus
Gammaproteobacteria
Alteromonas stellipolaris
Glaciecola Polaris
Granulosicoccus

antarcticug*

ND

+

+

Granulosicoccus marinus -

Hahella Antarctica

Halomonas

alkaliantarctica

Halomonas glaciei

ND

Lysobacter oligotrophicus +

Marinobacter antarcticus
Marinobacter guinea
Marinobacter maritimus
Marinomonas Polaris

Marinomonas ushuaiensis-

Methylosphaera hansoiiND

Neptunomonas Antarctica-

Oleispira lenta

Oleispira antarcticé
Pseudoalteromonas

antarctica

ND
ND
ND
ND

ND

ND

ND
ND

ND
ND
ND

ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND -
ND -
- +
+ -
ND +
+ -
ND ND
+ o+
+ -
+ o+
+ o+
ND -
+ o+
+ -
+ -
+ -
ND ND
+ -
+ -
+ o+

ND
ND
ND

+
ND
ND

ND

ND
ND

ND

ND

+
ND
ND

ND

ND

NDPeach

++

+

Br

Cr

DB
Br

Cr

18:1u7¢
18:1u7c
18:1u7¢
18:1u7c

16:107¢c

16:107c

16:107c
ND

16:0
16:0
16:1u7¢c

18:1u7c
16:1u7¢c
18:1

18:1

i15:0

16:1u7c
16:1u7¢c
18:1u7c
18:1u7c
18:1u7c
16:1u7c
16:1u7c
16:1u7c
16:1u7c
16:1u7c

Q10
Q10
Q10
Q10

Q8

Q8

ND
ND

ND
ND

Q8

Q8
Q9
Q9

Q8
Q8
ND
Q9
Q9
ND
ND
ND
Q8
ND
ND
ND

ND
ND
ND
ND

ND

ND

ND
ND

ND
ND
ND

ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

63
56
58
53

65.9

62.5

52
61.5

45
44
58

61
56.4
55

66
55.8
57.1
58
41.2
43.6
46
46
43
42
42

+ o+ o+ o+ o+ o+ o+ 4+ o+

+

+

+ + o+ 4+

PC, PE, PGDPG SPL AJ429239

Water

Water PC, PE, PG
Water PC, PE,D PG
Water PE, PG
Water PE, PGUL
Sail PE, PGDPG
Water ND

Mat ND

Water ND

Water ND

Water ND

Water ND

Water ND

Water PE, PGDPG
Water ND

Water PE, PGDPG
Water PE, PGDPG
SedimentND

Water ND

Water PE, PG
Water ND
SedimentND
SedimentND

Water ND

Water ND

Mud ND

Y16427
Y16425
GU584152

HQ699437

JN390675

U14585
AF084947

AJ295715
AJ293820
EF495228

KF146345
EF495227
AJ564880

AJ431369
AB694977
FJ196022
AM503093
AJ704395
AJ833000
AJ627909
uU67929
FJ713802
EU980447
AJ426420
X98336
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46

a7
48
49

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72

73

19

20
21
22

23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

Pseudoalteromonas + ND
prydzensis

Pseudomonas antarctica - -
Pseudomonas deceptionensisND

Pseudomonas - ND
extremaustralis

Pseudomonas guinea - ND
Pseudomonas meridiana - -

Pseudomonas prosekii - -
Pseudomonas proteolytica- -
Psychrobacter adeliensis - -
Psychrobacter aquaticus - -

Psychrobacter fozii - ND
Psychrobacter frigidicola - ND
Psychrobacter luti - ND
Psychrobacter nivimaris - ND
Psychrobacteproteolyticus- ND

Psychrobacter salsus - ND
Psychrobacter urativoranss ND
Psychrobacter vallis - -

Psychromonas antarcticis ND
Psychromonas kaikoae - ND
Saccharospirillum impatieriss ND

Shewanella livingstonensis  ND

Shewanella frigidimarina - ND
Shewanella gelidimarina - ND
Shewanella vesiculosa - ND
Zhongshania antarctica - ND
Zhongshania guokunii - ND

Deltaproteobacteria

ND
ND

+ 4+ o+ o+

ND
ND
ND

ND

ND
ND

ND
ND
ND

Desulfovibrio lacusfryxellense  Not well characterized

16:1w7c

18:1
16:1
16:1w7¢

16:0
16:0
ND
18:1
18:1,9¢c
16:1
18:1,9¢c
18:1,9c
18:1,9¢c
18:1,9c
18:1,9¢c
18:1,9c
18:1,9¢c
18:1,9c
16:1w7c
16:1w7c
18:1
16:1w7c
16:1w7c
16:1w7c
16:1w7c
17:1.8c
17:1.8c

ND

ND
ND
ND

ND
ND
ND
ND
ND
Q8
ND
ND
ND
ND
ND
ND
ND
Q8
Q8
Q8
Q8
MK7
ND
ND
Q7
ND
ND

ND

ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
mDap
ND
ND
ND
ND
ND
ND

39

61
53.8
ND

58.5
63
ND
58
45
43.6
44
42
45
42
43.6
44
46
46
43
44
55
41
43
48
42
52.5
51.8

+

+ 4+ 4+ + + + + + + + + + + + + o+ o+ o+ o+ o+ o+ o+

F o+ o+ F o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+ o+

Ice ND

Mat ND
SedimentPE, PG DPG
Water ND

Soil ND

Mat ND

Soil ND

Mat ND

Water ND

Mat PE, PGDPG
SedimentND

Water ND

Soil ND
Org.MateND

Water ND

Water ND

Water ND

Mat PE, PGDPG
Soil ND
SedimentPE, PG DPG
Water PE, PGDPG
Water PE, PGDPG
Ice ND

Ice ND
SedimentND

Ice ND

Water ND

Water

U85855

AJ537601
GU936597
AF405328

AM491810
AJ537602
JN814372
AJ537603
AJ539105
AJ584833
AJ430827
AJ609556
AJ430828
AJ313425
AJ272303
AJ539104
AJ609555
AJ584832
Y14697
AB052160
AJ315983
AJ300834
u85903
u85907
AM980877
FJ889619
FJ889678

DQ767889
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74 1

75
76
I
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99 25
100 26

© 0 N O 0o b~ WDN PP

N NN RNNRER R R R R B B B B
E W NP O O 0o N Ul A W N L O

101 27
102 28

Epsilonproteobacteria

Campylobacter subantarcticus Not well characterized B

CFB

Aequorivita antarctica +

Aequorivita capsosiphonis-

Aequorivita crocea -

Aequorivita lipolyticd -

Aequorivita sublithincola -

Algibacter psychrophilus +

Algoriphagus antarcticus +

Antarcticimonas flava +

Bizionia algoritergicola -

Bizionia argentinensis -

Bizionia gelidisalsuginis -

Bizionia myxarmorum -

Bizionia saleffrena -

Cellulophaga algicola +

Chryseobacterium frigidisoti
Flavobacterium antarcticum
Flavobacterium collinsense

Flavobacterium degerlachei
Flavobacterium faecale +

Flavobacterium frigidarium

Flavobacterium frigidimaris-
Flavobacterium frigoris -

Flavobacterium fryxellicola-

Flavobacterium gelidilacust

Flavobacterium gillisiae  +

Flavobacterium +
gondwanense

Flavobacterium hibernum +
Flavobacterium micromati -

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND

ND

ND

ND

+

+ o+ o+ o+ o+

ND

+

+ 4+ + 4+ + + + o+ o+ o+

ND

ND ND

<
@]

+ o+ o+ o+

I T S ST
<=<=<=<=<=<0<=<0<<x

Z
O

+
< < < < <

+
+
ND
ND Y

ND Flexi
++ OR
++ YO
++ YO
ND O

+ O

ND Y
++ OR

i15:0 ND
115:0 ND
Ai15:0 ND
Ail5:0 ND
Ai15:0 ND
17:0 20HMK6
Ai15:1u10c ND
16:k7c  MK6

Ai15:1w:10c ND

ND
ND
ND
ND
ND
ND
ND
ND
ND

Ai15:0 30H ND ND
Ai15:0 30H ND ND
Ai15:0 30H ND ND
Ai15:0 30H ND ND

16:u7c ND

ND

115:0 20H MK6 ND

115:0 MK6
115:0 ND
115:0 20H ND
15:0 MK6
16:u7c ND
16:0 MK®6
115:0 20H ND
115:0 ND
115:0 ND
16:1s7c ND
A15:0 MK6

115:0 MK®6
115:0 20H ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND

ND
37
34
36
37
33.5
39
37.3
34
45
39
43
40
38
33.7
38
36.2
34.2
37
35
34
35
36
32
32
39

34
33

T S T S e A S S S N T T T T S e S S SR S

+

+

+ o+ o+ o+ o+

+ o+ o+ o+ o+ o+

+

ird
SeawateND
Algae  ND
SeawateND
SeawateND
SeawateND
SedimentPE
Mats ND
Water PE, UL
Ice ND
Ice ND
Ice ND
Ice ND
Ice ND
Ice ND
Sail ND
Sail ND
Sail PE, UL
Mat ND
SedimentND
SedimentND
SedimentND
Mats ND
Water ND
Water ND
Seaice ND
Water ND
Water ND
Mats ND

AM933371

AY027802
EU290153
AY027806
AY027805
AF170749
KJ475138
AJ577141
EF554365
AY694003
EU021217
AY694004
AY694002
AY694005
CP002453
JN390676
AY581113
KM288594
AJ557886
KF214259
AF162266
AB183888
AJ557887
AJ811961
AJ440996
u85889
M92278

L39067
AJ557888

eonarejuyul ANISIaAIq [elsloeyg

GEE



103 29 Flavobacterium
psychrolimnae

104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120

121
122
123
124
125
126
127
128
129
130
131
132

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

47
48
49
50
51
52
53
54
55
56
57
58

Flavobacterium segetis
Flavobacterium salegens

+

+

Flavobacterium tegetincola

Flavobacterium weaverense

Gelidibacter algerts
Gelidibacter gilvus
Gelidibacter salicanalis
Gillisia hiemivivida
Gillisia illustrilutea
Gillisia limnaea*

Gillisia sandarakina

Hymenobacter algoricola Not well characterized

+

+

+

Hymenobacter antarcticus

Hymenobacter elongates
Hymenobacter fastidiosus
Hymenobacter glaciei

Hymenobacter
roseosalivariu$

Kordia Antarctica
Lacinutrix copepodicola

+

Lacinutrix jangbogonensis-

Leeuwenhoekiella aequorea

Leeuwenhoekiella polynyae

Lewinella Antarctica
Maribacter antarcticus
Muricauda Antarctica
Nonlabens antarcticus
Pedobacter ardleyensis
Polaribacter filamentus
Polaribacter franzmannii

+

+

+

+

+

ND
ND
ND
ND
ND
ND
ND

ND
ND

ND

+ o+ o+ o+ o+ o+

+

+

+

++

<

0 < < <=<=<=<=<=<=<20

+ + + + o+ < + o+ + o+
=

ND Soh
ND O

115:0 20H

16:1w7c
16:1w7c
16:1w7c
16:1w7c
A15:0
A15:0

MK6
MKG6
ND
MKG6
ND
ND

al15:1b10cND

A15:0

ND

al5:1b10cND
17:0 20HND

i16:0

16:1w7c
16:1w7c
117:1

16:1w7c
16:1w7c
16:1w7c

16:1,9¢
115:0
115:0
17:1,9c¢
OH
16:1w7c
115:0

117:0 3OHMK6

Ail15:0
115:0

ND
ND
ND
ND
ND
ND
MK7

MKG6
MK6
MKG6
MK6
MKG6
MK7
MKG6

MKG6
MK7

115:0 20H
115:0 30H

ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

ND 345 +

41
41
32
37
38
39
42
34
32
38
36
ND
ND
ND -
ND -
ND -
56 +

+ o+ o+ + o+ o+ o+ o+ o+ o+ o+
.

.
+ o+ o+ o+ o+ o+ o+ o+ o+ o+

35
32
37
36
39
50
37
45
38
40
ND
ND

B+ + + + + + + + +
+ + 4+ + + + 0+ + 4+ o+

w
N

+ Water ND

Soil ND
Water ND
Mud pooND
Soil ND
Seaice ND
Seaice ND
Seaice ND
Icecore ND
Ice core ND
Mats ND
Ice core ND
Gl. waterND
Gl. WaterND
Gl. WaterND
Gl. WaterND
Gl. waterND
Soil PE

Sea watePE, UL

Seaice PE
Seaice PE
Seaice ND
Water
Water ND
Algae PE
Sea watePE
Gl . core PE

Soil PE, Sphingo lipid
-Sea water ND

+ SeaiceND

PE, UL

AJ585428

AY581115
M92279
us85887
AY581114
u62914
AF001369
AY694009
AY694006
AY694008
AJ440991
AY694007
EU155009
EU155012
GQ454797
EU155015
GQ454806
Y18833

JX456458
AY694001
KF977035
AJ278780
KM101107
EF554367
EU512921
JN166984
DQ660393
KJ631640.
u73726
U14586
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133
134
135
136
137
138

139

140
141
142
143
144
145

146

147

148
149

150
151
152
153
154
155
156
157
158
159

59
60
61
62
63
64

65

66
67
68
69
70
71

72

73

N

© 0o N o 0O b~ W

10 Clostridium frigoris
11 Clostridium lacusfryxellense

Polaribacter irgenst
Polaribacter sejongensis
Pricia antarctica
Psychroflexus lacisalsi
Psychroflexus torques
Psychroserpens

burtonensis

Psychroserpens
jangbogonensis

Salegentibacter salegens
Sejongia antarctica

Sejongia jeonii

Sejongia marina
Subsaxibacter broadyi
Subsaximicrobium

saxinquilinus

Subsaximicrobium

wynnwilliamsik

Ulvibacter antarcticus

Firmicutes 30

Alicyclobacillus pohliae ND
Aneurinibacillus

terranovensis

+

+

+

+

+

+

Anoxybacillus amylolyticust+

Bacillus fumarioli
Brevibacillus levickii
Carnobacterium alterfunditum Not well characterized
Carnobacterium funditum

Carnobacterium iners

Clostridium bowmanii

+

12 Clostridium psychrophilum

ND
ND
ND
ND
ND

ND

ND

ND
ND
ND

ND

ND
ND

ND
ND
ND

+ o+ -
- + ND
+ o+ -
+ o+ -
+ + ND
+ o+ -
- + o+
+ o+ -
+ o+ -
+ o+ -
+ o+ 4+
- + -

ND ND ND
- + -
- + -
- + -

+ o+ o+ 4+ o+ o+ 4+
< O 0O < <O

+ o+ o+ o+ o+ o+
0O X X X <x <

NDCream
NDCream

ND -
ND BC
NDCream

115:0 30OH MK6 ND
115:0 30H MK6 ND

115:0G6 MK6
A15:0 MK6
A15:0 MK6
15:1w10c ND

20:406c MKG6
115:0 MK®6
17:1,9c MK6
A15:0 MK6
A15:0 MK6
A15:0 ND

116:0 30H ND
A15:0 ND

ND
ND
ND
ND

ND

ND
ND
ND
ND
ND
ND

ND

117:0 30H MK6 ND

15:0 ND
A15:0 ND
115:0 MK7
115:0 ND
A15:0 ND
16:0 ND
16:0 ND
16:0 ND
16:19c ND
16:X,9¢c ND
16:19c ND
16:X,9c ND

ND
ND

ND
ND
ND
ND
ND
mDap
ND
ND
ND
ND

31
30
44
35
33
29

32.7

38
34
36
35
35
39

40

37

55
44.6

43.5
40.7
50.3
ND
34
34
32
32
32
31.8

+ o+ o+ 4+ o+ o+ 4+

+ o+ o+ o+ o+ o+

+ o+ o+ o+ 4+

Sea watePE
Sail PE
SedimentPE

Lake water ND

Seaice ND

LakeWater ND

SedimentPE
Water ND
Soil ND
Moss ND
Sea wateND
Cyano ND
Cyano ND
Cyano ND
SeawateND
Soil ND
Soil ND
Soil ND
Soil ND
Soil ND

ND

ND
Mats ND

ND

ND

ND

ND

M61002
HQ853596
FJ889677
AB381940
U85881
U62913

KJ475160

M92279

AY553293
AY553294
EF554366
AY693999
AY693998

AY693997

EF554364

AJ564766
AJ715385

AJ618979
AJ250056
AJ715378
L08623

S86170

HE583595
AJ506119
AJ506116
AJ506118
AJ297443
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160 13 Clostridium schirmacherense 15:.0 ND ND 24 ND AM114453
161 14 Clostridium vincentii 16:0 ND ND 33 ND X97432
162 15 Exiguobacterium + - + - + + O 160 MK7 ND 485 + +  Soi PG DPG PS, PI, DQO019164
antarcticum PE, UL
163 16 Exiguobacterium soli + - + - + + Y 150 MK7 ND 47 + Sail PG DPG PS, PI AY864633
164 17 Exiguobacteriumundae + - + - + + O 16:0 MK7 ND 48 + o+ Soll PG DPG PS, PI, DQ019165
PE, UL
165 18 Jeotgalicoccus pinnipediaD ND ND + ND - - - 150 MKY ND 386 + + PG DPG PI AJ251530
166 19 Paenibacillus antarcticus + ND + - + - ND - al5.0 ND ND 40.7 + +  Sediment ND AJ605292
167 20 Paenibacillus. cineris ND ND ND - - + ND - al15:0 ND ND 515 + + Sl ND AJ575658
168 21 Paenibacillus cookie ND ND ND - - + ND Y al50 ND ND 516 + + Sail ND AJ250317
169 22 Paenibacillus darwinianus+ ND - - ND ND ND - al15:.0 MK7 ND 556 + - Soil PG DPG PE KF264455
170 23 Paenibacillus wynni + ND ND - - + ND - al5:0 ND ND 44.6 Soil AJ633647
171 24 Planococcus antarcticus - ND + + - + - O al50 MK7,8 ND 415 + - Mat PG DPG PE AJ314745
172 25 Planococcus maitriensis - ND - + - + - O al50 MK7,8 ND 39 + o+ Mat ND AF500007
173 26 Planococcus mcmeekinii - ND - + ND ND ND O al5.0 MK7,8 ND 35 + - Brine ND AF041791
174 27 Planococcus psychrophilus ND + + - + - O al5k0 MK7,8 ND 445 + Mat PG DPG PE AJ314746
175 28 Psychrosinus fermentans Not well characterized + + W ater ND DQ767881
176 29 Sporosarcina Antarctica - ND - - - + LY al5.0 MK7 ND 39.2 + + Sl ND EF154512
177 30 Sporosarcina + ND - + - - + - al50 MK7 ND 44 + - Mat ND AJ514408
macmurdoensis

178 Actinobacteria 6/31

179 1 Arthrobacter antarcticus + ND - - + - + Y al50 MKS8 Lys-Glu 68 + + Sediment DPG PE AM931709
180 2 Arthrobacter ardleyensis - -+ + ND ND ND Y al50 MKS8 Lys-Ala-Glu 59.5 + -Sediment ND AJ551163
181 3 Arthrobacter cryotolerans - ND ND + - - + - alb0 MK9H, Lys-Glu 645 + -Soll PG GQ406812
182 4 Arthrobacter flavus + ND - - - ND ND Y al50 MK9H, Lys-ThrAla, 65 + - Mat PE, PGDPG AB537168
183 5 Arthrobacter gangotriensis ND - + o+ - + Y alb5:0 MKS8 Lys-Glu 66 + +Sall ND AJ606061
184 6 Arthrobacter kerguelensiss ND - ? 0+ - + Y al5:0 MK8 Lys-Glu 58 + +SeawateND AJ606062
185 7 Arthrobacter livingstonensis ND ND - + ND ND W al50 MK9H, Lys-ThrAla 64.7 + -Soil PG GQ406811
186 8 Arthrobacter psychrochitinie  +  + - - ND ND Y al5.0 MK9H, Lys-Glu 58,5 + -Penguin ND AB588633

philus

187 9 Arthrobacter roseus - ND - + - - + R al50 MK9H, Lys-ThrAla, 69 + -Mat PE, PGDPG AJ278870
188 10 Barrientosiimonas humi - - - + - ND ND PY al7:.0 MK8H, Lys-SerAsp 68.4 +  -Sail PE, PGDPG UL  JF346171
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189 11 Curtobacterium + NDND - ND ND ND - al5:0 MK10 Dab 65 + -Soil PG DPG UL D45058
psychrophilum
190 12 Friedmanniella antarctica + ND + - + ND ND O al5:0 9H4 Lys-Gly 73 + -Sand stone P®PG PI, UL 278206
191 13 Friedmanniellalacustris - ND ND + - ND ND O al50 9H4 mDap 73 + +  Water ND AJ132943
192 14 Kocuria Polaris + ND + - - - - O alk0 7H2 Lys-Ala, 725 + +Mat PG DPG PI AJ278868
193 15 Leifsonia antarctica - ND - + - + + Y als0 MK10 Dab - + + Sediment PG DPG PE AM931710
194 16 Leifsonia aurea - ND - - - + - Y al50 MK11 Dab 64 + - Mat ND AJ438586
195 17 Leifsonia psychrotolerans+ ND - - - ND ND Y al50 MK10 Dab 645 + - Soil PG DPG GQ406810
196 18 Leifsonia rubra - ND - - - + - R al50 MK11 Dab 66 + - Mat ND AJ438585
197 19 Marisediminicola - ND - - - + - Y al50 MK10 Orn 67 + - Sediment PG DPG GQ496083
antarctica
198 20 Micrococcus antarcticus + ND - - - ND ND Y al50 MKS8 Lys 644 + - Soil ND EF154512
199 21 Micromonospora + -+ + ND ND NDOrangdl6:0 MK10 mbDap 70 + - Sand stone PE, PI, DPG AJ560635
endolithica
200 22 Modestobacter + ND - - - ND + Pink 180 MK9H2 mDap 699 + - Soil PE, PGDPG PI Y18646
multiseptatus
201 23 Nesterenkonia - ND - - ND ND ND Y al15:0 MK7 Lys 66.1 + - Water PC, PGDPG AJ290397
lacusekhoensis
202 24 Nocardioides antarcticus - ND + + - - + Creamil6:0 MK8H4 mbDap 66.7 + - Sediment PG DPG UL3 KM347967
203 25 Nocardioidesaquaticus + ND ND + ND ND ND - 116:1 MK8H4 mbDap 69 + - Water ND X94145
204 26 Nocardiopsis fildesensis - ND - - - ND ND - i16:0 MK9H4 mbDap 76.8 + Soll PC, PGPME FJ853144
205 27 Pseudonocardia antarcticas ND - + + + +Brownll6:0 MK8H4 mbDap 71 + + Moraine PC, PE, Pl, PGODPGAJ576010
206 28 Rhodoglobus vestatii ND ND ND - - + + Red al5:0 MK12 Orn 62 + - Water ND AJ459101
207 29 Sanguibacter antarcticus - ND - - - - - Y al5:0 MK9H4 ND 695 + - SeaSand ND EF211071
208 30 Streptomycesfildesensis - ND + ND - ND - YG 116:0 MK9H6 mbDap 70 + - Soll PE, Pl, DPGPME DQ408297
209 31 Streptomyces hypolithicus- - ND + - ND ND - ND ND mDap ND ND ND Quartz ND EU196762
Deinococcus Thermus
210 1 Deinococcus antarcticus + ND + + ND + + Pink 18:1,7c MK8 L-Orn 63.1 + - Sail ND KC494323
211 2 Deinococcus frigens + ND ND + - + ND P-O 16:1.9c MK8 L-Omm 655 + +  Soil ND AJ585981
212 3 Deinococcussaxicola + ND ND + - - ND P-R 16:1b9c MK8 L-Orn 544 + +  Sall ND AJ585984
213 4 Deinococcus marmoris - - ND + - + ND P-R 16:1.9c MK8 L-Orn 628 + +  Soil ND AJ585986

* Genus; **, FamilyA, amylase; C, cellulase; L, lipase;dPotease; U, urease; BBeta-galactosidase; Ph, phosphatase; Ca, catalse; O, oxidase; Pig, pigment (o,, greliaye; Iy
red; cr cream; wwhite); MK, quinine type; &; Fatty acid methyl ester major; DA, diamino acid in peptidoglycan; GC, G+C content of the DNA; H, habitat (S, soil; Sd, s&@iment;
fresh waterWs, sea water; |, ice). ND = not determined;=HPresent, ‘= Absent
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340 S Shivaji et al

are pigmented, indicating that pigmentation is a (22%) and amylase (16.7%) are produced by less
common phenomenonAntarctic bacteria. Pigment than 50% of the novel speciesfle 1). Some of the
is known to be involved in stress adaptation to low novel species were interesting wheregeudomonas
temperatures (Jaganadhatal, 1996; Jaganadham prydzensiproduces chitinase (Bowmahnal, 1998),

et al, 2000; Chattopadyast al, 1997). Oleispira antactica can degrade hydrocarbons
(Yakimov et al, 2003), cells of species
Sacchaospirillum are microaerophilic (Labrenet

., 2003), Methylosphaera hansoniis a
ethanotroph (Bowmaret al, 1997) and
Alteromonasstellipolaris produces buds @h
Trappenet al, 2004).

Alphapmoteobacteriacontributed 10.5% of
total novel species isolated so far and the 23 novel |
species belonged to 16 genera of which 12 were noveﬁ1
genera described froAntarctic habitats (@ble 1).
Six of the novel species contained Bacterial chlorophyll
(Liu etal, 2014; Labrenet al, 1999; Labrenet al,
2000; Labren=zt al, 2005; Labrenet al, 2009;Yu CFB group of bacteria dominated various
et al, 2011) and could exhibit photoautotrophic type habitats ofAntarctica (Bottoset al, 2014) and
of growth. Majority of the species producsitaline constitute 35% of novel species frohmtarctica.
phosphatase and &-galactosidase but none of thermterestingly all the novel species isolated were
secreted amylase while only 3 and 5 species exhibite¢pigmented and yellow pigmented bacteria were the
the activity for protease and lipase, indicatirgg this most common. So far 73 novel species belonging to
group is responsible for the availability of phosphate CFB group were described and they belonged to 27
in Antarctic habitatsThe presence of pigment is a genera out of which 12 were novel genera. In addition,
common phenomenon in all except in case of species belonging to the genexatarcticimonas,
Constrictibacter antasticus (Yamadaet al, 2011). Pricia, Sejongiaand Subsaximicobium were
All the species contained their respective genericendemic tdAntarcticaAmong all the bacterial phyla
characteristics and the major fatty acid wag,G7c from Antarctica, CFB group plays an important role
and the respiratory quinine was Q10. in nutrient recycling as they produce phosphatase

_ _ (91.5%), protease (64.7%, lipase (57.6%), amylase

Unlike Alphapoteobacteria only very few (58.8%), 3-galactosidase (30.3%) and urease

species oBetapoteobagteriaNere iso_lated ano_l the (15.4%). Species of the gerfeslaribacterexhibited
reason could be the inadequate information ONtilamentous morphology while members of

conducive media conditions. So far four novel SPeCieS ajidibacter Psychoflexusand Subsaximiasbium

b(;l_o rrl]gzing o4 diffe]rent g%rtl]era wer; r;eported out of exhibitedgliding motility compared to other members
WRICh = Were novel generane genusiolaromonas ¢ yyq phylum. FurtheFlavobacterium frigidimaris,

vacuolata(lrgenset al, 1996) possessed intracellular F. gillisiae and F. gondwanensevere found to be

gas \{es:chesThg gr(lalnusl?hh?ldf\))l‘e;gx anltazitoiggs rich in chitinase production. The yellow pigment found
contained bacteriochlorophyll (Madiganal, )- in majority of the species of CFB group is a carotenoid

All the SPpecies possesse_d their re_spectlve g.enern'?)igment and pigment involvement in low temperature

chgractenstlcs and the major fatty aC|qI and respirato adaptation was well established (Jaganadéga,

quinone was G w7c and Q8 respectively 2000). The occurrence of pigment could be an
Species belonging Betapoteobacteriavere important characteristic for the dominance of CFB

the second lgest group explored fromntarctic members inAntarctic habitats compared to other
habitats. So far close to 44 novel species belonging tdroup.

18 genera were described of which 6 were novel
genera.The gener®leispira(Yakimovet al,, 2003)
and MethylosphaeragBowmanet al,, 1997) were
endemic toAntarctica. Furthernovel family

Novel species belonging to Firmicutes or Low
G+C Gram-positive group contributed 13.8% (29
species) to the total unique species friantarctica
and 12 genera were the most common. The most

Gr?nulﬁyc?C(l:aggg?/,va,\s;l rgp(itrtec]il from_Antarcgc common habit was soil but cyanobacterial mats also
water (Leest al, )- Majority of species produce contained members of this group. Though most of

phosphatase (70%) and lipase (64%) while enzymeine species were psychrophilic, this group also
protease (37.5%), urease (23.7%palactosidase contained few moderately thermophilic species,
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Alicyclobacillus pohliag(42-60C) (Imperioet al, communities such d3einococcusSo far four novel
2008), Aneurinibacillus terranovensi@0-55C), species of the genu3einococcuswere explored
(Allan et al., 2005) Anoxybacillus amylolyticu@5- and they are radiation resistafill. the species were

65°C) (Poliet al, 2006) Bacillus fumrioli(25-53°C) psychrophilic and are capable of growing from 9 to
(Loganet al, 2000) Brevibacillus levicki{15-5%°C) 18°C while Deinococcus antaticusis a mesophile
(Allan et al, 2005),Paenibacillus cinerig8-50°C) with a growth temperature range of 20 t¢@QAll
and Paenibacillus cooki€15-5(°C) (Loganet al, the novel species are pink to red colored with L-
2004). Some members of this group were uniqueornithine as the cell wall diamino achll the species
wherein Anoxybacillus amylolyticuproduce possessed unique and unidentified lipids belonging to
significant quantities of EPS and amylase (Bbidil, phosphoglycolipids, glycolipids, phospholipids and
2006),Carnobacteriunspecies produces lactic acid lipids. These exceptional lipids can be explored for
(Franzmannet al., 1991) andClostridium the further industrial applications and may also have
schirmacheensesecretes proteases (Alast al, arole in desiccation and radiation tolerance.
2006). Furthemembers oExiguobacteriunpossess
a variety of phospholipids in their cell wall wherein Some Unique Features of Bacteria from
they contained PE, P®I, PS, DPG in addition to ~Extreme Environments
some unknown lipids (Frahlirg al, 2002; Chaturvedi A majority of bacterial isolates froAntarctica shared
etal, 2008). many common features with respect to growth
Close to 31 novel species representing 16 generé(vherein the maximum growth temperature was below
of Actinobacteriavere reported from various habitats 30°C with very few exceptions such as
of Antarctica (BEble 1). Out of the 16 genera, six Alicyclobacillus pohliae, Aneurinibacillus
novel genera were described of which three generd€franovensis, Anoxybacillus amylolyticus,
Barrientosiimonas (Lee et al, 2013), Bacillus thermantasticusandBrevibacillus levickii
Marisediminicola(Li et al, 2010) ancRhodoglobus ~ (Lamaet al, 1996;Allan et al, 2005; Poliet al,
(Sheridaret al, 2003) were endemic fntarctica. 2006; Imperioet al, 2008). Earlier studies also
Some of the novel species are unique whereinrevealed that the G+C content of 16S rRNA gene
Arthrobacter cyotolerans(Ganzertet al, 2011) correlated with the growth temperature in prokaryotes.
produces HS, Arthrobacter psyctochitiniphilus An elongation of helix 17 was observed in five out of
(Wanget al, 2009) secretes cold active extracellular €/ght true psychrophilic species of the genus
chitinase an®anguibacter antaticus(Honget al, RhodoglobugAn et al, 2010) and_eifsonia rubra
2008) makes melanin. Interestinglgxtracellular ~ (Reddyetal, 2003b) whose growth temperature was
restriction endonucleasactivity was detected in  below 20°C. Occurrence of 16S rDNA operons with
Modestobacter multiseptatydevs et al, 2000). psychrotolerant signatures, the transitions from C and
Majority of Actinobacterial species fromntarctica G 10 T andA, higher uracil content and G:U
were pigmented indicating the role of the pigment in mismatches from mesophilic to psychrotolerant, was
their survival at low temperatures. Some of the specied€pPorted in the strains &acillus (Prusst al, 1999;
possess unique lipids in their cell wall wherein PME Lauroet al, 2007). Further swollen sporangia were
(phosphatidyl methylethanolamingnd PMI observed in psychrophilic strains of the geldasillus
(2,6,10,15,19-pentamethylicosane) are synthesized byompared to their nearest mesophilic counterparts
Nocadiopsis fildesensi¢Xu et al, 2014) and  (Reddyet al, 2008;Abd El-Rahmaret al, 2002;
Streptomyces fildesensi¢Li et al., 2011) Larkin and $okes, 1967; Prigx_;tt al, 1988). Recently
respectivelyAmong all the specielseifsonia ubra Reddyet al, (2015) identified occurrence of an
(0 to 18) (Reddyet al, 2003b) andRhodoglobus additional aromatic amino acid, proline, in the CspA
vestalii(-2 to 21) (Sheridaet al, 2003) are unique protein ofkocuria polarisand assisting in adaptation
in having the true psychrophilic growth temperature. t0 low temperature

The coldest and driest environmental conditions Cold Adaptation of Antar ctica Bacteria
persisting irAntarctica also supported the inhabitation

. . L \ . Various survival mechanisms at extreme low
of desiccation and radiation resistant bacterial i )
temperatures have been reportedAmarctica



342 S Shivaji et al

bacteria and reviewed earlier (Finegold, 1986;&ay increased syntheses of polar carotenoids were
al., 1998; Shivajet al, 2007; Shivaji and Prakash, observed in maintaining the homeovisous status of
2010; Singtet al,, 2014; Chattopadhyagt al, 2014). the membranes (Jagannadhamal.,, 1991;
Differential phosphorylation of lipopolysaccharides Jagannadharat al, 1996; Chattopadhyagt al.,

(low phosphorylation at low temperature) occurs in 1997).

Pseudomonas syringaan Antarctic psychrophilic

bacterium,to modulate the permeability of outer . Besides s_everal genes and promoters involved
membrane (Ragt al, 1994a). In addition, a in cold adaptation &ntarctic bacteria were explored.

temperature dependent hosphorylation andg‘g gmino acyl(;_ran?fergse (Sunggresv;/aéegrgé,
dephosphorylation was also demonstrated inh 1U),trmE C3 Ing for 'I('jPase E)ngms ] )3
Pseudomonas syringagherein a 65 kDa protein UtV operon (Janiyani and R&3002), rpoS (Jovcic

was found to be phosphorylated at low temperatureet al, 2008&' RecBCtI)D (Pavanliumgtdal.,_ 20%]0) d
while the 30 kDa protein gets phosphorylated at high 9€"€ Were known to be up regulated during the co
temperatures (Ragt al, 1994b). Furtherseveral growth. Infaddltlon several cpld inducible promoters
cold active enzymes have been studieAntarctic resposnsible for'dreg_:cj_l?jtl%n _IF’f ?625054 at low
bacteria and demonstrated the higher catalytic activity'©MPerature were identified (Duile al, )-

at low temperatures (Ragt al, 1992). Several Our group has recently reported the genome
extracellular enzymes have been characterized frorrgequence of a number of psychrophiles from different
Antarctic bacteria which include a protease (Ry  cold habitats likéAntarctica (Sreenivast al, 2014;

al., 1992), ribonuclease (Redelyal, 1994), alkaline  Reddyet al, 2013; Kumaret al, 2013 a)Arctic
phosphatase (Chattopadhyeyal, 1995; Rin&tal,  (Shivajiet al, 2013a; 2013b; Kumaat al, 2013 b),
2000), subtilisin (Davaiét al, 1994), beta-lactamase Himalayan glaciers (Reddgt al., 2014) and
(Felleret al, 1997), citrate synthase (Russalial,  gtratosphere (Shivajet al, 2012).A comparative
1998), RNA polymerase (Unet al, 1999), DNA  genome analysis of Csps in the psychrophilic
ligase (Georletteet al, 2000),3-galactosidase  gsphingobacterium antaticum Oceanisphaera
(Hoyouxet al, 2001) and lipase (de Pascateal,  arctica andExiguobacterium indicurindicated that
2008;Ali et al, 2013).All above enzyme were  CspA was present in all of them, Csp C, D, E and G
catalytically active at low temperature and were heat-yere present in at least one of the 3 isolates whereas
labile. The flexibility in activity at low temperature Csp B and | were absent (unpublished). The
for enzymes fromntarctic bacteria were due to their jmplications of this observation with respect to cold
unique structural features wherein the enzymesadaptation warrant further studies. Comparative
exhibited fewer residues of proline or arginine, genome analysis of psychrophiles besides providing
decrease in hydrophobic residues and disulfide bondsnformation on the role of specific genes in cold
and increase in polar amino acids (Gerelegl, 2000;  adaptation would promise insight into the adaptive
Metpally and Reddy 2009; D’Amicet al, 2002). response of bacteria to other stressors (viz high salt,

The survival ofAntarctic bacteria was also due high and low pH).

to the homeoviscous adaptation of membrane fluidity gjstechnological Potential ofantar ctica Bacteria

At low temperatures the membrane fluidity was

maintained by changing the fatty acid composition Cold-active and/or thermolabile enzymes obtained
wherein the unsaturated fatty acids, short chained androm cold-tolerant organisms are of immense
branched fatty acids are synthesized in response tdiotechnological importanceA thermolabile
low temperature (Chintalapat al, 2004). Further ~ phosphatase, from antarctic bacterium has been
the cold inducible desaturases that convert saturatedised for restriction enzyme digestion,
fatty acids to unsaturated fatty acids were alsodephosphorylation, enzyme inactivation, and ligation
responsible (Chintalapatt al, 2006; Chintalapaét or end-labelling. In addition cold-active proteases are
al., 2007) for adaptation dkntarctic bacteria. In  suitable for food processing and in leather industries
addition, the role otis-transisomerase was also and are also useful in laundries for removal of stains.
implicated in maintaining the membrane fluidity in Cold-adapted bacteria are capable of degrading
Antarctic bacteria (Kiraret al, 2005). Furtherthe hydrocarbons (Maresin and Schinng2001; Powell
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et al, 2006; Shukoet al, 2009;Timmiset al, 2010)

but some hydrocarbons like asphalt are recalcitrant

in nature and resist microbial degradation (Kirakes
al., 2014). Microorganisms having the capacity to
degrade PCBs have also been isolated from both th
Arctic andAntarctic regions (Master and Maih
1998; De Dominicet al, 2004). Several strains are

also known to produce lipases useful in Iipase-mediateor

biodiesel production (Moreno and Rojo, 2014).
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