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Antarctica. These results imply that Antarctica contains an 
unusual subset of prokaryotes that are poorly represented at 
lower latitudes. However, Franzmann et al. (1997) note the 
incompleteness of the database, and that the branching patterns 
may change substantially as more microorganisms are 
discovered and sequenced within and outside Antarctica. For 
example, the 4.5% dissimilarity value might reflect the 
possibility that more closely related strains from temperate 
regions have yet to be sequenced. 

Analytical techniques such as pigment analysis and 
ribosomal-RNA gene sequencing (rDNA) are also beginning 
to provide new insights into the genetic diversity and 
evolutionary relationships of Antarctic phototrophs. For 
example, an analysis ofhigh latitudepicocyanobacteriashowed 
that there were considerable differences between Arctic and 
Antarctic strains (Vincent et al. 2000b). ThreeSynechococcus 
isolates fromsaline lakes in the Vestfold Hills, East Antarctica, 

Fig. 3. 16s rDNA 
phylogenetic tree for 
cyanobacteria showing 
the position of 
Synechococcus-like 
isolates from lakes and 
ponds in the Arctic (P21 I ,  
P212, P213 and P214) 
and Antarctica (ACE, 
PENDANT A/B and 
ABRAXAS). Further 
details are given in 
Vincent et al. (2000b). 

were closely related (96% similar) to Prochlorococcus 
marinus, but formed a distinct cluster relative to all other 
known picocyanobacteria (Fig. 3 ) .  Sequences of isolates 
from a much broader range of habitats are required to assess 
the evolutionary divergence of Arctic and Antarctic 
cyanobacteria, and this approach would be usefully applied to 
other groups of microphototrophs such as diatoms and 
phytoflagellates. 

Many new species of bacteria, micro-algae, fungi and 
protozoa have been described from Antarctica and have not 
been recorded elsewhere in the world (examples in Table I 
and Figs 4 & 5) ,  suggesting that the level of endemism could 
be considerable. Similarly, the application of 16s rDNA 
analysis to Antarctic bacteria implies the presence of not only 
unusual species, but also novel taxa at the genus, family, and 
even higher levels (Bowman et al. 2000). However, several 
caveats need to be kept in mind in interpreting these results. 

Fig. 4. The a. cyst and 
h. vegetative cell of Polarella 
glacialis, a sea-ice 
dinoflagellate genus and 
species that to date has only 
been recorded in Antarctica. 
The cysts are 12-17 pm long 
while the vegetative cells are 
10-15 pm long. Reproduced 
from Montresor et ul. (1999) 
by permission of the authors 
and the Journal of Phycology. 
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Table I. Candidates for microbial endemism: examples of species that have been described and only recorded from Antarctica. 

Taxon 

Bacteria 

Habitat Taxonomic reference 

Anturctobucter* heliotheimus solar-heated lake, Vestfold Hills Labrenz et (11. 1998 
Clostridium vincentii 
Colwellia spp. 
Flavobacterium gondwunense saline lake, Vestfold Hills Dobson ef  ul. 1993 
Gelidibacfer* ulgens 
Halomonus subgluciescolu 
Methylosphuera* hunsonii 
Modestobacter* multiseptutus soils, TransAntarctic Mountains Mevs et (11. 2000 
Nocurdiopsis unturcticus East Antarctic Ice Sfheet Abyzov 1993 
Octudecobucter unturcticus Antarctic sea ice Gosink ef  ul. 1997 

Mountfort et ul. 1997 
Bowman et ul. 199% 

Bowman et ul. 1997a 
Franzmann et ul. 1987 
Bowman et ul. 1997b 

anoxic sediments, McMurdo Ice Shelf 
Antarctic sea ice 

East Antarctic sea ice 
saline lake, Vestfold Hills 
saline lake, Vestfold Hills 

Polaribucter spp. 
Polaromonus * vucuolutu 
Pseudomonus unturcticu 
Psychrojlexus * gondwanense 
Psychro$exus* torquis 
Psychromonus* untarcricus 
Psychroserpens * burtonensis 
Shewunellu frigidimarina 
Shewunellu gelidimarina 
Sphingobucterium unturcticus 

Cryptococcus anturcticus 
Crytococcus vishniacii 
Friedmanniomyces * endolithicus 

Eucumpia untarctica 
Hemichloris* unturctica 
Polarella* glacialis 
Pseudopleurochloris * unturcticu 
Koliella unturcticu 
Pyrumimonus gelidicolu 
Thalassiosiru unturcticu 
Thulussiothrix unturcticu 

Commation spp. 
Euplotes unturcticus 
Kii foksiu kuloistu 
Notodendrr,des * anlurctikos 
Spiruprorodon glueidis 

Fungi 

Microalgae 

Protozoa 

Antarctic sea ice 
Antarctic sea ice 
Ross Island 
East Antarctic sea ice 
East Antarctic sea ice 
anoxic sediments, McMurdo Ice Shelf 
Antarctic saline lakes 
sea ice, Prydz Bay 
sea ice, Prydz Bay 
soils, Schirmacher Oasis 

McMurdo Dry Valley soils 
McMurdo Dry Valley soils 
Antarctic rocks 

Southern Ocean 
McMurdo Dry Valley rocks 
McMurdo Sound 
Ross Sea pack ice 
Ross Sea 
East Antarctic sea ice and lakes 
marginal ice edge zone 
Southern Ocean 

Southern Ocean 
sea ice, Weddell Sea 
freshwater lake 
inshore Ross Sea sediments 
sea ice, Weddell Sea 

Gosink et ul. 1998 
Irgens et uI. 1996 
Obata et ul. 1999 
Bowman et ul. 1998b 
Bowman e f  u1. 1998a 
Mountfort et ul. 1998 
Bowman et al. 1997a 
Bowman et ul. 1997c 
Bowman et uI. 1997 
Shivaji et ul. 1992 

Vishniac & Baharaeen 1982 
Vishniac & Baharaeen 1982 
Onofri et ul. 1999 

Hasle & Syvertsen 1996 
Tschermak-Woess & Friedmann 1984 
Montresor et ul. 1999 
Andreoli et ul. 1999 
Andreoli et ul. 1998 
McFadden et u1. 1982 
Hasle & Syvertsen I996 
Hasle & Syvertsen 1996 

Thomasen & Larsen 1993 
Fenchel & Lee 1972 
Tong el ul. 1997 
De Laca et ul. 1980 
Fenchel & Lee 1972 

*The asterisk indicates that the genus has not been recorded to date outside Antarctica 

Firstly, the molecular analysis of microbes is still in its infancy 
throughout the world and the database is expanding rapidly. 
Secondly, the Arctic lacks the large national and multinational 
research programs that operate in Antarctica, and any 
differences between the two regions may in part reflect under- 
sampling in the North Polar Region, or the present lack of 
appropriate comparisons. For example, it will be interesting 
to determine the molecular affinities of closely related micro- 
algae in the Southern Ocean and Arctic Ocean such as the 
diatoms Thalassiosira antarctica Comber and T. antarctica 
var. borealis Fryxell, Doucethe & Hubbard. 

A third reason for caution in interpreting current species 
data is that the approaches adopted to date may be insufficient 
to resolve taxonomic similarities and differences of 
evolutionary significance. Staley & Gosink (1999) compared 
several bipolar pairs of sea ice bacterial species within the 

same genus by 1 6 s  rDNA and also by DNA-DNA 
hybridisation. They found that while the former approach 
confirmed the original diagnosis as separate species, the 
DNA-DNA re-association tests indicated a high percentage 
relatedness that would not justify this separation. They 
conclude that 16s rDNA sequences are too highly conserved 
to allow the identification of taxa that are endemic to one or 
both Polar Regions. These authors also observe that while all 
sea ice bacterial species examined to date are restricted to one 
or the other Polar Regions (i.e. no bipolar strains have been 
identified as yet), there is no evidence of geographic clustering. 
This absence of clades of species in the Arctic or Antarctic 
suggests a lack of adaptive radiation and endemism of the 
type found in other polar biota, for example Antarctic 
nothothenioid fish (Kock 1992). Staley & Gosink (1999) 
note, however, that additional work is required on a much 
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larger number of polar strains before this aspect can be fully 
evaluated. 

Conclusions 

Despite the pre-eminent importance of microbial communities 
in the Polar Regions, our understanding of their evolutionary 
characteristics is still at arudimentary stage. The need for this 
information has been heightened by the increased level of 
human activities and impacts in Antarctica, and by the 
observation that the polar regions are currently subject to 
unprecedented rates of change caused by ozone depletion, 
rapid climate shifts and the long range transport of 
contaminants. Although the latter processes are operating at 
aglobal scale, many of the environmental impacts are amplified 
in the Polar Regions (Vincent & Hobbie 2000). Antarctic 
microbial communities are likely to be changing, but we still 
lack the fundamental knowledge to assess their current 
biodiversity and uniqueness, and the magnitude and 
implications of any change. 

The study of Antarctic microbiota will continue to help 
develop general models in evolutionary ecology by offering 
isolated populations that have been subject to severe 
environmental pressures. Ancient microbial ecosystems such 
as Lake Vostok, cryptoendolithic communities and living 
stromatolites may be especially interesting in this regard given 
that they have been sequestered from the rest of the world for 
> lo3 yr, potentially sufficient time for microbial evolution to 
operate. 

Research on Antarctic microbiota may also provide insights 
into how microorganisms survived, adapted and diversified 
during critical periods in the evolution of life on Earth. A 
recent theory based on geological evidence indicates that the 
entire world ocean was frozen by runaway ice-albedo events 
during the Paleoproterozoic and Neoproterozoic, near the 
time of origin of the eukaryotic cell type and the adaptive 
radiation of metazoa (the Snowball Earth hypothesis). The 

Fig. 5. Scanning electron micrograph of 
Pseudopleurochloris antarctic, a new algal genus 
and species from Antarctic pack ice. 
Reproduced by permission of Dr C. Andreoli. 
Details are given in Andreoli et al. (1999). 

extensive microbial mat communities on ice in Antarctica as 
well as the Arctic are dominated by similar organisms to those 
in the Proterozoic fossil record, and studies on these present- 
day analogues arc showing how the mat-forming species can 
provide protected microhabitats for the survival, growth and 
evolution of less tolerant biota, including multicellular 
eukaryotes, during periods of extensive glaciation (Vincent 
et al. 2000a). These cryo-environments and a variety of other 
habitats such as cryoconite holes (Vincent 2000), ice-dammed 
fjords (“epishelf lakes”, Bayly & Burton 1993), thick-ice 
covered lakes and nunataks may have played a role as refugia 
for microorganisms and other biota during periods of glacial 
advance in Antarctica, and thereby favoured the development 
of endemic species. 

Polar microbial ecology is currently in an exciting phase of 
rapid development. New microbial habitats are being 
discovered and explored: e.g. lake ice, Priscu etal.  1998; 
shelf ice, Vincent et al. 2000a; remote mountains, Broady & 
Weinstein 1998; subglacial lake ice, Karl et al. 1999, Priscu 
et al. 1999; and symbiotic associations in krill, Kawaguchi & 
Toda 1997. Adaptive strategies of evolutionary significance 
are being newly identified: e.g. winter survival mechanisms in 
Antarctic protists, Laybourn-Parry et al. in press; shade 
adaptation in Antarctic phytoflagellates, Morgan et al. 1998; 
and UV survival strategies in Antarctic cyanobacteria, Quesada 
&Vincent 1997. There has been an explosive increase in the 
number of taxonomic descriptions of new microbial species 
(Table I). New molecular techniques are becoming available 
to address phylogenetic questions that in the past were simply 
intractable (e.g. Staley & Gosink 1999, Bowman et al. 2000). 
In the past, the focus has necessarily been on those species that 
can be brought into culture, perhaps biasing the sample 
collections towards culturable generalists rather than specialist 
Type 1 genotypes. The application of DNA techniques is now 
allowing a more complete census of the presence and absence 
of microbial taxa (e.g. Murray etal. 1999, Voytek etal.  
1999). This accelerating pace of research on polar microbial 



383 EVOLUTION OF ANTARCTIC MICROBES 

communities is likely to result in important new insights, not 
only about the genetic affinities of Arctic and Antarctic 
microbiota, but also about the evolutionary ecology of 
microorganisms throughout the biosphere. 

Acknowledgements 

I thank the Natural Sciences and Engneering Research Council 
of Canada and the Polar Continental Shelf Project (Canada) 
for their support (ths is PCSP publication no. 01400). I also 
thank John Bowman, Connie Lovejoy, Nick Russell and 
Patrick Van Hove for their review comments on thus manuscript. 

References 

ABYZOV, S . S .  1993. Microorganisms inthe Antarctic ice. In  FRIEDMANN, 
E.l., ed. Antarctic microbiology. New York: Wiley-Liss, 265-295. 

ROCCA, N. & TOGNETTO, L. 1998. Koliella antarctica sp. nov. 
(Klebsormidiales) a new marine green microalga from the Ross Sea. 
Archiv fiir Hydrobiologie, Supplement, 125, Algological Studies, 
90, 1-8. 

BARGELLONI, L. 1999. Pseiidopleirrochloris antarctica gen. et sp. 
nov., a new coccoid xanthophycean from pack-ice of Wood Bay 
(Ross Sea, Antarctica): ultrastructure, pigments and 18s  rRNA gene 
sequence. European Journal of Phycology, 34, 149-1 59. 

BAYLY, I.A.E. & BURTON, H.R. 1993. Beaver Lake, greater Antarctica, 
and its population of Boeckella popper (Mrazek) (Copepoda: 
Calanoida). Verhandliingen. Internationale Vereinigiing f i ir  
Theoretische und Angewandte Limnologie, 25, 975-978. 

BOWMAN, J.P., MCCAMMON, S.A., BROWN, J.L., NICHOLS, D.S. & 
MCMEEKIN, T.A. 1997a. Psychroserpens burtonensis gen. nov., sp. 
nov., and Gelidibacter algens gen. nov., sp. nov., psychrophilic 
bacteria isolated from Antarctic lacustrine and sea ice habitats. 
International Journal of Systematic Bacteriology, 47, 670-677. 

BOWMAN, J.P. ,  MCCAMMON, S .A.  & SKERRATT, J.H. 1997b. 
Methylosphaera hansonii gen. nov., sp. nov., a psychrophilic, group 
I methanotroph from Antarctic marine-salinity, meromictic lakes. 
Micro biology, 143, 1 45 1 - 1 459. 

BOWMAN, J.P., MCCAMMON, S.A., NSCHOLS, D.S., SKERRATT, J.H., REA, 
S.M., NICHOLS, P.D. & MCMEEKIN, T.A. 1997c. Shewanella 
gelidimarina sp. nov. and Shewanella frigidimarina sp. nov., novel 
Antarctic species with the ability to produce eicosapentaenoic acid 
(20:5w3) and grow anaerobically by dissimilatory Fe(II1) reduction. 
International Journal of Systematic Bacteriology, 47, 1040-1047. 

D.S., NICHOLS, P.D., SKERRATT, J.H., STALEY, J.T. & MCMEEKIN, T.A. 
1998a. Colwellia demingiae sp. nov., Colwellia hornerae sp. nov., 
Colwellia rossensis sp. nov. and Colwellia psychrotropica sp. nov.; 
psychrophilic Antarctic species with the ability to synthesize 
docosahexaenoic acid (22:6w3). International Joiirnal of Systematic 
Bacteriology, 48, 11 7 1-1 180. 

BOWMAN, J.P., MCCAMMON, S.A., LEWIS, T., SKERRATT, J.H., BROWN, 
J.L., NICHOLS, D.S. & MCMEEKIN, T.A. 1998b. Psychroflexiis torqiiis 
gen. nov., sp. nov., a psychrophilic species from Antarctic sea ice, 
and reclassification of Flavobacteriiim gondwanense (Dobson et al. 
1993) as Psychroflexiis gondwanense gen. nov., comb. nov. 
Microbiology, 144, 160 1 - 1609 

BOWMAN, J.P., REA,S.M.,BROWN,M.V., MCCAMMON, S.A.,SMITH,M.C. 
& MCMEEKIN, T.A. 2000. Community structure and psychrophily in 
Antarctic microbial ecosystems. In BRYLINSKY, M., BELL, C. & 

ANDREOLI, c., LOKHORST, G.M., MANI, A.M., SCARABEL, L., MORO, I . ,  LA 

ANDREOLI, c . ,  MORO, I., LA ROCCA, N., RIGONI, F., DALLA VALLE, L. & 

BOWMAN, J.P., GOSINK, J.J., MCCAMMON, S.A., LEWIS, T.E., NICHOLS, 

JOHNSON-GREEN, P., eds. Microbial biosystems: new frontiers 
Proceedings of the 8th international symposium on microbial 
ecology. Atlantic Canada Society forMicrobia1 Ecology, 187-292. 

BROADY, P.A. 1996. Diversity, distribution and dispersal of Antarctic 
terrestrial algae. Biodiversity and Conservation, 5,  1307-1335. 

BROADY, P.A. & SMITH, R.A. 1994. A preliminary investigation ofthe 
diversity, survivability and dispersal of algae introduced into 
Antarctica by human activity. Proceedings ofthe NIPR Sympositim 
on Polar Biology, 7, 185-197. 

BROADY, P.A. & WEINSTEIN, R.N. 1998. Algae, lichens and fungi in La 
Gorce Mountains, Antarctica. Antarctic Science, 10, 376-385. 

CAMERON, R.E. 1972. Pollution and conservation of the Antarctic 
terrestrial ecosystem. In PARKER, B.C., ed. Proceedings of the 
colloqiiiiim on conservation problems in Antarctica. Lawrence, 
Kansas: Allen Press, 267-306. 

CASTENHOLZ, R.C. 1992. Species usage, concept, and evolution in the 
Cyanobacteria (blue-green algae). Journal of Phycology, 28, 
737-745. 

DE LACA, T.E., LIPPS, J.H. & HESSLER, R.R. 1980. Themorphology and 
ecology of a new large agglutinated foraminifer (Tertulariina: 
Notodendrodidae nov. ). ZoologicalJotirnalof the Linnaean Society, 
69, 205-244. 

DOBSON, S.J., COLWELL, R.R., MCMEEKIN, T.A. & FRANZMANN, P.D. 
1993. Direct sequencing ofthe polymerase chain reaction-amplified 
16s  rRNA gene of Flavobacteritim gondwanense sp. nov. and 
Flavobacteritim salegens sp. nov., two new species from a hypersaline 
Antarctic lake. International Journal of Systematic Bacteriology, 
43, 77-83. 

DOOLITTLE, W.F. 1999. Phylogenetic classification and the universal 
tree. Science, 284, 2124-2128. 

ELLIS-EVANS, J.C., LAYBOURN-PARRY, J., BAYLIss, P.R. & PERRISS, S.T .  
1997. Human impact on an oligotrophic lake in the Larsemann Hills. 
In  BATTAGLIA, B., VALENCIA, J. & WALTON, D.W.H., eds. Antarctic 
commtinities: species, striiciiire andsiirvival. Cambridge: Cambridge 
University Press, 396-404. 

FENCHEL, T. & LEE, C.C. 1972. Studies on ciliates associated with sea 
ice from Antarctica 1. The nature of the fauna. Archiv fiir 
Protistenkiinde, 114, 523 1-5236. 

FINDLAY, B. J. 1998. Freshwater protozoa: biodiversity and ecological 
function. Biodiversity and Conservation, 7, 1163-1 186. 

FRANZMANN, P.D. 1996. Examination of Antarctic prokaryotic diversity 
through molecular comparisons. Biodiversity and Conservation, 5,  
1295-1305. 

FRANZMANN, P.D., BURTON, H.R. & MCMEEKIN, T.A. 1987. Halomonas 
stibglaciescola, a new species of halotolerant bacteria isolated from 
Antarctica. International Joiirnal of Systematic Bacteriology, 37, 
27-34. 

FRANZMANN, P.D., DOBSON, S.J., NICHOLS, P.D. & MCMEEKIN, T.A. 
1997. Prokaryotic microbial diversity. In  BATTAGLIA, B., VALENCIA, 
J. & WALTON, D. W.H., eds. Antarctic communities: species. striicttire 
and survival. Cambridge: Cambridge University Press, 5 1-56. 

FRASER, W.R. & PATTERSON, D.L. 1997. Human disturbance and long- 
term changes in Adelie penguin populations: a natural experiment at 
Palmer Station, Antarctic Peninsula. In  BATTAGLIA, B , VALENCIA, J. 
& WALTON, D.W.H., eds. Antarctic commtinities: species, striictirre 
and siirvival. Cambridge: Cambridge University Press, 445-452. 

FUKUNAGA, N. & RUSSELL, N.J. 1990. Membrane lipid composition and 
glucose uptake in two psychrotolerant bacteria from Antarctica. 
Joiirnal of General Microbiology, 136, 1669-1673. 

GOSINK, J., HERWIG, R.P. & STALEY, J.T. 1997. Octadecobacter 
arctictis, gen. nov., sp. nov., and Octadecobacter antarcticus, sp. 
nov., non-pimented, psychrophilic gas vacuolate bacteria from polar 
sea ice and water. Systematic and Applied Microbiology, 20, 
356-365. 



384 WARWICK F. VINCENT 

GOSINK, J., WOESE, C.R. & STALEY, J.T. 1998. Polaribacter gen. nov., 
with three new species, P. irgensis sp. nov., P. franzmannii sp. nov., 
andP.filamentus sp. nov., gas vacuolate polar marine bacteria ofthe 
Cytophaga/Flavobacterium/Bacteroides Group and reclassification 
of “Flectobacillus glomeratus” as  Polaribacter glomeratus. 
International Journal of Systematic Bacteriology, 48, 223-235. 

HASLE, G.R. & SYVERTSEN, E.I. 1996. Marine diatoms. In TOMAS, C.R., 
ed. Identifiing marine diatoms and dinoflagellates. San Diego, CA: 
Academic Press, 387-584. 

HAWES, I., HOWARD-WILLIAMS, C. & VINCENT, W.F. 1992. Desiccation 
and recovery of Antarctic cyanobacterial mats. Polar Biology, 12, 
587-594. 

IRGENS, R.L., GOSINK, J.J. & STALEY, J.T. 1996. Polaromonas vaciiolata 
gen. nov., sp. nov., a psychrophilic, marine, gas vacuolate bacterium 
from Antarctica. International Journal of Systematic Bacteriology, 
46, 822-826. 

JOUZEL, J., PETIT, J.R., SOUCHEZ, R., BARKOV, N.I., LIPENKOV, V.YA., 
RAYNAUD, D., STIEVENARD, M., VASSILIEV, N.I., VERBEKE, V. & VIMEUX, 
F. 1999. More than 200 m oflake ice above subglacial Lake Vostok, 
Antarctica. Science, 286, 2138-2141. 

KARL, D.M. , BIRD, D.F., BJORKMAN, K., HOULIHAN, T., SHACKELFORD, R. 
& TUPAS, L. 1999. Microorganisms in the accreted ice of Lake 
Vostok, Antarctica. Science, 286, 2 144-2147. 

KAWAGUCHI, S .  & TODA, T. 1997. Discovery of ciliates reproducing in 
the gut of Antarctic krill. Polar Biology, 18, 158-160. 

KOCK, K-H. 1992. Antarcticfish andfisheries. Cambridge: Cambridge 
University Press, 359 pp. 

LABRENZ, M., COLLINS, M.D., LAWSON, P.A., TINDALL, B.J., BRAKER, G. 
& HIRSCH, P. 1998. Antarctobacter heliothermiis gen. nov., sp. nov., 
a budding bacterium from hypersaline and heliothermal Ekho Lake. 
International Journal of Systematic Bacteriology. 48,1363-1372. 

LAYBOURN-PARRY, J., ROBERTS, E.C. & BELL, E.M. Inpress. Mixotrophy 
as a survival strategy in Antarctic lakes. In DAVISON, W., ed. 
Antarctic ecosystems: models for wider ecological understanding. 
Christchurch: Caxton Press. 

MARSHALL, W.A. 1996a. Biological particles over Antarctica. Nature, 
383, 680. 

MARSHALL, W.A. 1996b. Aerial dispersal of lichen soredia in the 
maritime Antarctic. New Phytologist, 134. 523-530. 

MARSHALL, W.A. 1997. Seasonality in Antarctic airborne fungal 
spores. Applied and Environmental Microbiology, 63, 2240-2245. 

MARSHALL, W.A. & CHALMERS, M.O. 1997. Airborne dispersal of 
Antarctic terrestrial algae and cyanobacteria. Ecography, 20, 
585-594. 

MCFADDEN, G.I., MOESTRUP, 0. & WETHERBEE, R. 1982. Pyramimonas 
gelidicola sp. nov. (Prasinophyceaae), a new species isolated from 
Antarctic sea ice. Phycologia, 21, 103-1 11. 

MEDLIN, L.K. & PRIDDLE, J 1990. Polar marine diatoms. Cambridge: 
British Antarctic Survey, 2 14 pp. 

MEVS, U., STACKEBRANDT, E., SCHUMANN, P., GALLIKOWSKI, C.A. & 
HIRSCH, P. 2000. Modestobacter mtiltiseptatiis gen. nov., sp nov.. a 
budding actinomycete from soils ofthe Asgard Range (Transantarctic 
Mountains). International Joitrnal of Systematic and Evolutionary 
Micro biology, SO, 3 3 7-3 46. 

MONTRESOR, M., PROCACCINI, G. & STOECKER, D.K. 1999. Polarella 
glacialis, gen. nov., sp. nov. (Dinophyceae): Suessiaceae are still 
alive! Journal of Phycology, 35, 186-197. 

MORGAN, R.M., IVANOV, A.G., PRISCU, J.C., MAXWELL, D.P. & HUNER, 
N.P.A. 1998. Structure and composition of the photochemical 
apparatus of the Antarctic green alga, Chlamydomonas stibcaudata. 
Photosynthesis Research, 56, 303-314. 

MOUNTFORT, D.O., RAINEY, F.A., BURGHARDT, J., KASPAR, H.F. & 
STACKEBRANDT, W. 1997. Clostridium vincentii sp. nov., a new 
obligately anaerobic, saccharolytic, psychrophilic bacterium isolated 
from low-salinity pond sediment of the McMurdo Ice Shelf, 
Antarctica. Archives of Microbiology, 167, 54-60. 

MOUNTFORT, D.O., RAINEY, F.A., BURGHARDT, J., KASPAR, H.F. & 
STACKEBRANDT, W. 1998. Psychromonas antarcticus gen. now, sp. 
nov., a new aerotolerant anaerobic, halophilic psychrophile isolated 
from pond sediment of the McMurdo Ice Shelf, Antarctica. Archives 
of Microbiology,169, 231-238 

MURRAY, A.E., Wu, K.Y., MOYER, C.L., KARL, D.M. & DELONG, E.F. 
1999. Evidence for circumpolar distribution of planktonic Archaea 
in the Southern Ocean. Aquatic Microbial Ecology, 18, 263-273. 

NEDWELL, D.B. & RUTTER, M. 1994. Influence of temperature on 
growth rate and competition between two psychrotolerant Antarctic 
bacteria: low temperature diminishes affinity for substrate uptake. 
Applied and Environmental Microbiology, 60, 1984-1992. 

OBATA, H., MURYOI, N., KAWAHARA, H., YAMADE, K. & NISHIKAWA, J. 
1999. Identification of a novel ice-nucleating bacterium of Antarctic 
origin and its ice nucleation properties. Cryobrology, 38,131-139. 

ONOFRI, S. ,  PAGANO, S. ,  ZUCCONI, L. & Tosi, S .  1999. Friedmanniomyces 
endolithiciis (Fungi, Hyphomycetes), anam.-gen. and sp. nov., from 
continental Antarctica. Nova Hedwigia, 68, 175-181. 

PRISCU, J.C., FRITSEN, C.H., ADAMS, E.E., GIOVANNONI, S.  J., PAERL, 
H.W., MCKAY, C.P., DORAN, P T., GORDON, D.A., LANOIL, B.D. & 
PINCKNEY, J.L. 1998. Perennial Antarctic lake ice - an oasis for life 
in a polar desert. Science, 280, 2095-2098. 

PRISCU, J.C., ADAMS,. E.E., LYONS, W.B., VOYTEK, M.A., MOGK, D.W., 
BROWN, R.L., MCKAY, C.P., TAKACS, C.D., WELCH, K.A., WOLF, C.F., 
KIRSHTEIN, J.D. & Avci, R. 1999. Geomicrobiologyofdeep subglacial 
ice above Lake Vostok, Antarctica. Science, 286, 2141-2 144. 

1997. Strategies of adaptation by 
Antarctic cyanobacteria to ultraviolet radiation. Eiiropean Journal 
of Phycology, 32, 335-342. 

RUSSELL, N.J. 1998. Molecular adaptations in psychrophilic bacteria: 
potential for biotechnological applications. Advances in Biochemical 
EngineeringIBiotechnology, 61, 1-21. 

RUTTER, M. & NEDWELL, D.B. 1994. Influence of changing temperature 
on growth rate and competition between two psychrotolerant Antarctic 
bacteria: competition and survival in non-steady state temperature 
environments. Applied and Environmental Microbiology, 60, 
1993-2002. 

SAXENA, V.K. 1982. Biogenic nuclei involvement in clouds over the 
Ross Ice Shelf. Antarctic Joiirnal of the United States, 17(5), 
212-214. 

SCHLICTING, H.E., SPEZIALE, B.J. & ZINK, R.M. 1978. Dispersal ofalgae 
and Protozoa by Antarctic flying birds. Antarctic Journal of the 
United States, 13(4), 147-149. 

SHIVAJI, S . ,  RAY, M.K., RAO, N.S., SAISTREE, L., JAGANNADHAM, M.V., 
K U M A R . ,  G . S . ,  REDDY, G . S . N .  & BHARGAVA, M.P.  1992. 
Sphingobacteriiim antarcticzu sp. nov., a psychrotrophic bacterium 
from the soils of Schirmacher oasis, Antarctica. International 
Joitrnal of Systematic Bacteriology, 42, 102-106. 

STALEY, J.T. & GOSINK, J.J. 1999. Poles apart: biodiversity and 
biogeography of sea ice bacteria. Annual Reviews ofMicrobiolo,gy, 
53, 189-215. 

TANG, E.P.Y ., VINCENT, W.F., DE LA NOUE, J., LESSARD, P. & PROULX, D. 
1997a. Polar cyanobacteria versus green algae for the tertiary 
treatment of waste-waters in cool climates. Joiirnal of Applied 
Phycology, 9, 371-381 

TANG, E.Y., TREMBLAY, R. & VINCENT, W.F. 1997b. Cyanobacterial 
dominance of polar freshwater ecosystems: are high latitude mat- 
formers adapted to the low temperature environment? Jonrnai of 
Phycology, 33, 171-181. 

THOMASEN, H.A. & LARSEN, J. 1993. The ultrastructure ofComnration 
gen. nov. (stramenopiles incertae sedis), a genus of heterotrophic 
nanoplanktonic flagellates from Antarctic waters. European Joiirnal 
of Protistology, 29, 462-477. 

TONG, S . ,  V0RS,  N. & PATTERSON, D.J. 1997. Heterotrophic flagellates, 
centrohelid heliozoa and filose amoebae from marine and freshwater 
sites in the Antarctic. Polar. Biology, 18, 91-106. 

QUESADA, A. & VINCENT, W F. 



EVOLUTION OF ANTARCTIC MICROBES 385 

TSCHERMAK-WOESS, E. & FRIEDMANN, E.I. 1984. Hemichloris antarctica 
gen. et sp. nov. (Chlorococcales, Chlorophyta), a cryptoendolithic 
alga from Antarctica. Phycologia, 23, 443-454. 

VINCENT, W.F. 1988. Microbial ecosystems ofAntarctica. Cambridge: 
Cambridge University Press, 303 pp. 

VINCENT, W.F., ed. 1996. Environmental management o fa  cold desert 
ecosystem: the McMurdo Dry Valleys, Antarctica. Reno, NV: 
Desert Research Institute, University of Nevada Special Publication, 

VINCENT, W.F. 1999. Antarctic biogeochemistry: icy life on a hidden 
lake. Science, 286, 2094-2095. 

VINCENT, W.F. 2000. Cyanobacterial dominance in the polar regions. 
In WHITTON, B. & POTTS, M. Ecology of the Cyanobacteria: their 
diversity in space and time. Dordrecht: Kluwer Academic Press, 
32 1-340. 

VINCENT, W.F. & QUESADA, A. 1997. Microbial niches in the polar 
environment and the escape from UV radiation in non-marine habitats. 
In BATTAGLIA, B., VALENCIA, J. & WALTON, D.W.H., eds. Antarctic 
communities: species, structure and survival. Cambridge: Cambridge 
University Press, 388-395. 

VINCENT, W.F. & HOBBIE, J.A. 2000. Ecology of Arctic lakes and rivers. 
In NUTTALL, M. & CALLAGHAN, T.V., eds. The Arctic: environment, 
people, policies. Hanvood Academic Publishers, 197-23 1 .  

5 5  PP. 

VINCENT, W.F., GIBSON, J.A.E., PIENITZ, R., VILLENEUVE, V., BROADY, 
P.A., HAMILTON, P.B. & HOWARD-WILLIAMS, C. 2000a. Ice shelf 
microbial ecosystems in the High Arctic and implications for life on 
Snowball Earth. Naturwissenschaften, 87, 137-141. 

VINCENT, W.F., BOWMAN, J . ,  POWELL, L. & MCMEEKIN, T. 2000b. 
Phylogenetic diversity of picocyanobacteria in Arctic and Antarctic 
ecosystems. In BRYLINSKY, M., BELL, C. & JOHNSON-GREEN, P., eds. 
Microbial biosystems: new frontiers. Proceedings of the Eighth 
International Sympositim on Microbial Ecology. Halifax: Atlantic 
Canada Society for Microbial Ecology, in press. 

VISHNIAC, H.S. & BAHARAEEN, S .  1982. Five new basioblastomycetous 
yeast species segregated from Cryptococctis vishniacii emend. Auct., 
an antarctic yeast species comprising four new varieties. International 
Joiirnal of Systematic Bacteriology, 32, 437-445. 

VOYTEK, M.A., PRISCU, J.C. &WARD, B.B. 1999. The distribution and 
relative abundance of ammonia-oxidizing bacteria in lakes of the 
McMurdo Dry Valley, Antarctica. Hydrobrologia, 401, 1 13-130. 

WHARTON JNR, R.A. & DORAN, P.T., eds. 1999. McMurdo Dry Valley 
lakes: impacts of research activities. Reno, NV: Desert Research 
Institute, University of Nevada Special Publication, 54 pp. 

WYNN-WILLIAMS, D.D. 1996. Antarctic microbial diversity: the basis 
of polar ecosystem processes. Biodiversity and Conservation, 5,  
1271-1293. 




