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Abstract. Even though studies of Arctic ice forming parti- 1 Introduction

cles suggest that a bacterial or viral source derived from open

leads could be important for ice formation in Arctic clouds Psychrophilic (including both steno- and europsychrophilic,
(Bigg and Leck, 2001), the ice nucleation potential of most Caviccioli, 2006) bacteria are capable of growing at tempera-
polar marine psychrophiles or viruses has not been examinetiires at least as low as2@ and are important constituents of
under conditions more closely resembling those in the atmopolar ecosystems. These bacteria have successfully evolved
sphere. In this paper, we examined the ice nucleation activitygenotypic and phenotypic features to surmount the negative
(INA) of several representative Arctic and Antarctic sea-ice effects of low temperatures on cell functions thereby en-
bacterial isolates and a pol@olwellia phage virus. High-  abling them to remain active in extreme low temperature en-
resolution ice nucleation spectra were obtained for dropletsvironments (Deming, 2002; Caviccioli, 2006; D’Amiko et
containing bacterial cells or virus particles using a free-fall al., 2006; Junge et al., 2006). In this paper, we investigate
freezing tube technique. The fraction of frozen droplets atthe ice initiation potential of several representative sea-ice
a particular droplet temperature was determined by meabacteria isolates to assess the role that marine psychro-active
suring the depolarized light scattering intensity from solu- bacteria could play in the formation of sea ice and ice in po-
tion droplets in free-fall. Our experiments revealed that all lar clouds. These results may also provide a basis for explor-
sea-ice isolates and the virus nucleated ice at temperaturdsg possible mechanisms for psychrophilic adaptation to ice
very close to the homogeneous nucleation temperature foerystal formation.

the nucleation medium — which for artificial seawater was — The climate of the earth is very sensitive to the microphys-
42.2+0.3°C. Our results suggest that immersion freezing ofical, radiative and chemical properties of glaciated clouds
these marine psychro-active bacteria and viruses would nofHoughton et al., 2001; Vogelmann and Ackerman, 1995).
be important for heterogeneous ice nucleation processes iAccurate climate modeling requires that the entire process
polar clouds or to the formation of sea ice. These results alsérom particle formation to cloud drop- and ice nucleation be
suggested that avoidance of ice formation in close proximityknown (Bigg and Leck, 2001). Studies of Arctic clouds have
to cell surfaces might be one of the cold-adaptation and sursuggested that marine bacteria and other particles of biolog-
vival strategies for sea-ice bacteria. The fact that INA occursical origin derived from open leads within the sea-ice cover
at such low temperature could constitute one factor that excould be important for ice formation in these clouds (Bigg
plains the persistence of metabolic activities at temperatureand Leck, 2001), but few experiments have measured the
far below the freezing point of seawater. ice nucleation activity of polar marine bacteria (Parker et al.,
1985).

Bacteria found trapped within sea-ice have been suggested
to be involved in its nucleation (summarized by Sullivan,
1985). Sea ice is known to be of great importance to po-
lar and oceanic climate (Eicken and Lemke, 2001) but the
origin, composition, and number of ice nuclei that may initi-
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2 Experimental method
2.1 Ice nucleation activity assay

droplet generator

We used a freezing-tube technique (described more fully in
Wood et al., 2002; Larson and Swanson, 2006; Swanson,
2008) to assay the freezing spectra of 17 isolates of ma-
rine psychro-active bacteria and virus particles. The freezing

- i droplet tube consisted of a vertical hollow brass cylinder with long

Y camera #2 vertical multi-pane windows on opposing sides for illumina-

) o optics stage tion and observation of the drops as they fell. A droplet-on-
adjustable

demand droplet generator was mounted co-axially on top of
the tube with a vertical temperature gradient along the tube
axis maintained by circulating low-temperature methanol

through copper coils attached to the tube base. Droplets
were ejected from the droplet-on-demand droplet generator

mirror

wall-embedded thermistors
[ ]

| %
thermistor

[s]
polariod
° filter =

light path : _— and the droplets cooled as they fell down the tube axis (see
four-iane SSﬁtTer stage translation Flg 1) L .
o | windon coolant lines The phase of the droplets (whether they are liquid or solid)
-\ at various heights (temperatures) in the tube was determined
insulated freezing tube -\gt‘f'd using a depolarized laser light scattering technique consist-
~. ing of two video cameras with telemicroscopic lenses, a po-

larizing filter, and a beam-splitter mounted on a metal stage
Fig. 1. Schematic representation of freezing tube apparatuswhich, after alignment, may be translated up and down along
(adapted from Larson and Swanson, 2006). the freezing tube’s vertical axis (see Fig. 1). To determine
the fraction of frozen droplets at a particular temperature,
we positioned the phase detection system such that a po-
nucleation active) bacteria could provide such a source whetfarized HeNe laser beam intersected the droplet stream at
lifted into the cold air in regions of active ocean-air transfer the height of interest. Using the two cameras (one with-
(Leck and Bigg, 1999) where they could cause ice formationout and one with a polarizer) viewing the droplet stream
within their lofted water droplet (through immersion freezing through the beam-splitter, we obtained streak-images of both
processes; Pruppacher and Klett, 1997). Then, when these total, TLS, and depolarized, DLS, light scattered from
crystals fall back down into the water they would initiate each falling droplet. We used the fact that light scattered
the formation of sea ice (opposed to causing growth of newfrom liquid droplets remains polarized in the laser’s original
ice crystals from within the water column). To date, there is plane of polarization, whereas some backscattered light from
some evidence for such an involvement of sea-ice bacteria ifrozen droplets will be depolarized due to droplet aspheric-
its formation (Sullivan et al., 1985), including one report of ity, cracks, bumps, surface roughness and birefringence. At
an unidentified sea-ice bacterial strain being ice nucleatiora particular height in the freezing tube it was usually evi-
active at temperatures between —2.0 and 2*@.@arker et  dent when the majority of droplets are liquid or frozen by
al., 1985). Pseudomonas antarcticésolated from Antarc-  simply looking at the video screen to see whether streaks
tic soil, has also been found to possess INA,(defined as  could be seen only in the TSL image (liquid) or in both
the freezing temperature where 50% of droplets are frozenthe TSL and DSL images (solid). Frozen fraction curves,
was~—4°C under some incubation conditions, Obota et al., F(T), (the fraction of droplets frozen at temperatifijewere
1999). However, none of these studies were performed usingneasured by translating the phase detection system (initially
a substrate-free methodology thereby more closely resemdown to where 100% of the droplets are frozen) and then
bling conditions in the atmosphere nor were multiple strainsmaking measurements at intervals between 100% and 0%
of representative groups of sea-ice bacteria commonly foundrozen fraction. At each temperature (height) about 100 to
in these regions tested. 400 images of droplet streaks were captured on video tape.
We later analyzed each streak image by first subtracting the
background intensity and then calculating the ratio DLS/TLS
for each droplet. Those particles with DLS/TLS above some
threshold value (typically about 7% of full-scale intensity)
were defined to be frozen and those below that threshold,
liquid. We set this threshold signal by comparing the various
data sets and selecting a value that required the droplets to be
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all liquid at high temperature and all solid at temperatures far 1 -
below the nucleation temperature (essentially at the lowest g g | n OASW  CASW
temperatures at the bottom of the freezing tube). On average , 4 | u A34H  MWeB1
DLS/TLS measurements were made for about 1000 droplets
for a single F(T). Droplets (typically of 6@m in diameter) |
were emitted from the droplet generator at a rate of about 9
5 Hz (to avoid droplet-droplet interactions). 0.5 1 oa W
For each data run, the appropriate concentration of bac- 0.4 - o
terial solution was injected into a new (and flushed with .3 |
HPLC-grade water) droplet generator cartridge and imme- , | o m
diately placed atop the freezing tube inside a sealed airtight 01 4 o
enclosure. The enclosure and freezing tube were then purge: ®4 "
of aerosol-laden room air using dry nitrogen gas thus reduc- ‘ ‘
ing to near-zero the potential problem of an occasional influx -0 45 40 3
of aerosol particles inducing droplet freezing through con-
tact nucleation, especially at lower temperatures. Freezing
tube temperatures were regularly recorded via computer us-. _ . -
ing thermistors embedded in the cylinder walls and a ther_Flg. 2. 'Representatlve freezing speptra for polar _bacterlz_:ll islates
mistor attached to the bottom of a movable glass rod WhichColwellla psychrerythrgeatr. 34 H (triangles), sea-ice strain 6B1
. ) : . ... (squares) and ASW (circles).
could be positioned at any level vertically in the air within
a few mm of the droplet stream. Typically, the wall temper-

ature changed no more than a few hundredths of a degregmperature for 3 days on Nutrient Agar plates. Cells were
every hour. The droplet temperature at varying heights in th&nen harvested from plates, suspended in sterile distilled wa-
droplet stream (where 0 to 100% of the droplets froze) waseer, centrifuged at 1500g for 5 min, washed twice in sterile
determined with the glass-rod thermistor. Further discussionyjstilled water and after the final centrifugation step were re-

of the analysis and experimental details can be found in pregyspended into distilled water or ASW to yield a final optical
vious publications (Wood et al. 2002; Larson and Swansongensity at 600 nm of 2.0.

Temperature (L/C

2005; Swanson, 2008). Generally, ice nucleation tests were performed by adjust-
ing the optical density of polar bacterial suspensions in ster-
ile artificial seawater at 600nm to 0.5. The temperature-
. . . ) dependent freezing rates were then determined from each
All bacterial strains tested for INA are listed in Table 1. jsqjate the virus preparation and artificial seawater (ASW).
The Arctic sea-ice bacterial strains were isolated from ice1\ve used droplets of 0.10nl volume. To ensure that each

core samples collected during the Arctic West Summer 1996;,|et contained at least one bacterium at the optical density
(AWS96) crglse of the USCGC icebreaker “Polar Sea” into used, we determined the concentration of bacterial cells in
the Chukchi Sea (Table 1; Junge et al., 200%). psy- o+ ASW suspensions for one of the isolat€sivellia psy-
chrerythraeastr. 34 H was isolated from Arctic shelf sed- . rerythraeastr. 34 H) by counting the number of bacteria in
iments (Huston et al., 2000)Planococcus memeekersir. — actions of frozen droplets emitted from the droplet gener-
S23F1 was isolated from Antarctic sea ice (Junge et al.pio (see below) using standard epifluorescence microscopy
1998). Polar bacterial cultures were grown atG¥or 14 4 e DNA-specific stain 4',6'-diamidino-2-phenylindole

days (to late exponential growth) in half-strength Marine 51 (paP)), essentially as described by Junge et al. (2002).
2216 broth (DIFCO laboratories, Detroit, MI). Bacterial cells paterminations of bacterial concentration in collections of

were then centrifuged at 158@ for 5 min, washed twice

in artificial seawater (ASW; for 1 | of solution: 24 g NacCl,
0.7 gKCl, 5.3gMgC} 6 H,O, 7.0gMgSQ7H,0, and 1.3g
TAPSO buffer), and after the final centrifugation step were
re-suspended into artificial seawater to yield a final optical
density at 600 nm (OD) of 0.5. The cold-acti@olwellia 3 Results and discussion

phage V-9 virus was kindly provided by Llyd Wells (Wells

and Deming, 2006) at a concentration of approximatefyy 10 High-resolution ice nucleation spectra (INA) of selected sea-
virus particlesxml~ in phage lysis buffer (0.1M NaCl, ice bacterial isolates that were representatives for most of the
50 mM Tris-HCI pH 8.0, 8mM MgS®, 2mM CaChand 5%  major known groups of sea-ice bacteria (both of Antarctic
glycerol). Cultures oPseudomonas syringastr. R31 were  and Arctic origin) that we tested are shown in Figs. 2 and
kindly provided by Steve Lindow’s laboratory. Fresh cul- 3 in comparison to the artificial seawater (ASW) nucleation
tures ofPseudomonas syringae S&.31 were grown atroom  medium. The freezing temperatu®;,, was defined to be the

2.2 Sample preparation

ejected droplets revealed that 3 to 5 bacteria were present
in each droplet thus confirming that enough potential nuclei
were present to facilitate ice nucleation.
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Table 1. List of sea-ice and other bacterial isolates tested for INA, their closest relatives, habitt asefined as the temperature at which
50% of the droplets are frozen.

Isolate  Species or closest relative Phylum Habitat T¢*

34H Colwellia psychrerethraea str. 34H y —Proteobacteria Arctic sediment and sea ice, Antarctic seaice +8%0
6M3 Colwelliasp. IC169 y —Proteobacteria Arctic and Antarctic sea ice —400%
4U2 Gas-vacuolate strain 214 y —Proteobacteria Arctic seaice —-480.5
6M4 Gas-vacuolate strain 224 y —Proteobacteria Arctic sea ice —-46:@.2
6B1 Gas-vacuolate strain 224 y —Proteobacteria Arctic sea ice -410.9
™1 Pseudoalteromonas antarctica stiC 013 y —Proteobacteria Arctic and Antarctic sea ice —41046
4M2 Pseudoalteromonas antarctica stiC 013 y —Proteobacteria Arctic and Antarctic sea ice -40.6
11B5  Shewanella frigidimarina y —Proteobacteria Arctic and Antarctic sea ice —41018
37P Psychromonas ingrahamii str. 37P y —Proteobacteria Arctic sea ice -42.7
4U1 Cytophagasp. JTB 244 CFB* Arctic sea ice, Japan Trench -41.7
4M6 marine psychrophile SW #7 CFB Arctic sea ice, Antarctic seawater —4%(R9
am7 Flavobacterium xanthum CFB Arctic and Antarctic sea ice -410.4
6B2 Polaribacter franzmannii CFB Arctic and Antarctic sea ice —44B.6
4B3 Octadecabacter antarcticus «a—Proteobacteria Arctic and Antarctic sea ice -4106
S23F1 Planomicrobium mcmeekenii Low-GC Gram-positives  Antarctic sea ice -41.4
Virus  Colwelliainfecting phage V 9 Arctic sediment, Antarctic sea ice -81.9
R31 Pseudomonas syringae y —Proteobacteria terrestrial, plant leaves d5.3
ASW  Artificial seawater —-42.2+0.3
H,O pure HPLC water -37

PHB Phage Buffer -42.5

* Average +/— standard deviation<2, for ASWn=4).

** CFB is Cytophaga-Flavobacteria-Bacteroides.

@ Closest genus waslteromonas

b Closest genus waSelidibacter

€ Virus in buffer at approx 1?)partic|e§‘mlfl.

d Bacteria in pure HPLC water at optical density of 2.0 at 600 nm.

ture for the nucleation mediunT’¢ for ASW: —42.2:0.3°C,

1
0.9 0% oo see Table 1). Thus, the avera@g (+ standard deviation)
08 . o' g - e for the psychro-active bacterial isolates was found to be —
07 Re ©1185 o . 41.3+0.6°C (range —40.4 to —422T, n=15). ForP. sy-
06 O;A% oo ringaestr. R31 suspended in distilled water at OD of 2.0, we
05 N} o a2 N fo_und ice _nucleatlon temperatures that are in good agreement
o A%.; o6M3 with published _values](f:—6.3"C, Lindow, 1985). How-

A4 o © ever, wherP.syringaestr. R31 cells were suspended in ASW

03 2 % 0682 ¢ . at the same OD, ice nucleation temperatures dropped signif-
02 O S icantly with a7, of =11.7C indicating a profound effect of
01 2. oyingae in dit water ¢~ the freezing medium on ice nucleation temperatures.

0 Aﬁ—% ; ; ; ; ; ?%4 J P

-50 -45 -40 -35 -30 -25 -20 -15 -10 -5
Temperature (C/C

These results suggest that the sea-ice bacteria and viruses
tested here have a very limited ice nucleation activity. Our
finding stands in contrast to earlier suggestions that such bac-
‘teria and/or viruses are involved in polar cloud precipitation
processes (Bigg and Leck, 2001). We tested these organisms
since they were found to be the numerically dominant mem-
bers of the Arctic sea-ice bacterial community (see Junge et
al., 2001 for a detailed explanation on how this was deter-
mined). More recent studies have also confirmed the pre-
temperature where F(T)=50%. Our tests revealed that sea-icdominance of the same groups and genera both in Arctic
isolates and phage virus particles nucleated ice at tempeand Antarctic sea-ice samples (see Brinkmeyer et al., 2003).
atures very close to the homogeneous nucleation temperaNevertheless, it is entirely possible that other strains (even of

Fig. 3. Freezing spectra for ASW (triangles), representative sea
ice bacteria (circles, different colours indicate different strains) in
comparison withP.syringae(diamonds: red, cells in HPLC-grade
water; white, cells in ASW).
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the same genera, such is the case \Eittherbicola where  this method and the lower temperature limit (about &5
some strains show high INA and others not, Steve Lindow,is set by the cooling capacity of the cryogenic bath unit. To
personal communication) could be ice nucleation active. Incheck this method, the homogeneous freezing temperature of
case of the bacteriophage V9, there is no information avail-pure water was measured to be 2B7 which is consistent
able on the prevalence of this (or other cold-active) viruses inwith previous experiments (see Wood et al., 2002). We con-
the Arctic (see Wells, 2007 for an in-depth review on cold- sidered marine psychrophiles to be good candidates for high-
active viruses). V9 is of particular interest though since it temperature INA, since they are abundant in polar waters and
represents one of the few cold-active viruses that have beegea-ice but seawater samples also contain other potential IN
characterized in detail. Furthermore, to our knowledge, thesuch as phytoplankton, fungi, dust, salts etc. Thus the low-
ice nucleation behavior of viruses (temperate, warm or coldtemperature INA observed for our sea-ice bacterial isolates
active) has only rarely been tested in general. Other speciesyould be masked by the presence of higher-temperature IN
however, derived from other sources, such as vegetation den, for instance, seawater samples. Perhaps other IN referred
rived P. syringa, or other INAPseudomanspecies, as de- to as ocean-derived nuclei (ODN) are responsible for the nu-
scribed to occur in the Arctic atmosphere (Jayaweera andleation observed by Schnell and Vali (1976). The transfer
Flanagan, 1982) and/& antarctica derived from Antarctic  of materials from the oceans to the atmosphere is well doc-
soil (Obota et al., 1999) or Antarctic lake bacteria (Gilbert umented (Schnell and Vali, 1976). These materials, when
et al., 2004) could provide alternative sources for ice form-lifted into the air in regions of an active sea-to-air transfer
ing nuclei in the atmosphere, bdtrect (in situ) evidence  mechanism (demonstrated to occur through the bursting of
for this activity and bacterial activity in the atmosphere in bubbles (Schnell and Vali, 1976; Szyrmer and Zawadzki,
general remains to be demonstrated (for review see Szyrmet997), could cause ice nucleation and thus affect polar cloud
and Zawadski, 1997; Bhler et al., 2007). Obtaining such precipitation processes. It should be noted though that, ex-
knowledge is especially important as metabolic activity andcept for the ODN described by Schnell and Vali (1976), the
intact proteins of the outer membrane appear to be requiredvorld oceans have not been found to be a source of IN with
for effective ice nucleating property (Hazra et al., 2004). many studies demonstrating that maritime air masses are
So what role do bacteria play in the polar atmosphereZonsistently deficient in IN (Pruppacher and Klett, 1997).
Knowledge of bacterial diversity and activity in the atmo- Future experiments will explore other materials and addi-
sphere is scarce, especially for the Polar region (Carpenter d¢ional sea-ice bacterial isolates to identify the species respon-
al., 2000; Posfai et al., 2003; Amato et al., 2007; Elster et al. sible for the observed higher-temperature INA. Furthermore,
2007) and has recently become of greater research intereaithough we've found that the sea-ice bacteria studied do
(see references in Sattler et al., 2001; Bauer et al., 2002, Ahnot induce ice nucleation via immersion freezing at higher
ern et al., 2006; Nhler et al., 2007; Christner et al., 2008). temperatures, there are two other modes of ice nucleation in
In Antarctica, devoid of a terrestrial source for ice nuclei which they still could be tropospherically active. They could
(IN), studies suggest that biological nuclei play a role in thebe good contact mode nuclei or condensation mode nuclei
formation of coastal clouds and that the ocean surface migh(Pruppacher and Klett, 1997). Additional experiments are
be their source (Saxena, 1983). Schnell (1975) proposed thatarranted to explore these possibilities further.
marine organisms may be responsible for the bands of air- The limited polar bacterial ice nucleation activity doc-
borne ice nucleation activity found along latitudes of 40d umented here adds to evidence of undetectable bacterial
55° South by Bigg (1973). Schnell and Vali (1976) found that ice nucleation activity found by others in cloud and rain
seawater collected in Bedford Basin, Nova Scotia were goodgamples collected from Scottish mountains tops (Ahern et
sources of IN when they contained phytoplankton with someal., 2006). Using culture-independent molecular methods,
IN active at —4C. Our findings are in stark contrast to these Ahern et al. (2006) determined that cloud bacteria were
results and this could be due to two causes: Substrate-basetbsely related to bacteria from other cold environments and
methods for measuring low-temperature INA can be prob-were dominated by a mixture of fluorescdtdeudomonas
lematic if substrates are not sufficiently well passivated (typ-spp. (thought to be efficient ice nucleators), though with no
ically by the application of a surface coating like organosi- detectable ice nucleation genes. Instead the majority of iso-
lane) to reduce the possibility of heterogeneous nucleationates displayed significant biosurfactant activity. Though itis
initiated by the surface. too early to draw general conclusions based on only two stud-
The freezing tube method has been tested by measuies, these findings cause us to formulate the hypothesis that
ing the homogeneous ice nucleation temperature of aqueouse majority of airborne bacteria are not ice nucleation active
sulfuric acid and ammonium sulfate solutions (Larson andbut rather attract available liquid water sources (by produc-
Swanson, 2006 and Swanson, 2008). Considerable effolihg exopolymeric substances (EPS) as many sea-ice bacteria
has been made to reduce to near zero (by sample filtratiofKrembs et al., 2002) or biosurfactants and thus becoming
and flushing sample dispensers and the freezing tube etcdloud condensation nuclei (CCN) active (as demonstrated by
the probability of the occurrence of other heterogeneous proBauer et al., 2002 and Ahern et al., 2006). This would al-
cesses. Sample droplets are not in contact with substrates low for water scavenging, countering desiccation, and assist
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in their widespread dispersal (Ahern et al., 2006). In otherenzyme and membrane adaptations (reviewed by Nichols et
non-polar regions, bacterial ice nucleation activity has beeral., 1999; Deming, 2002) and field observations of sea-ice
so far extensively investigated only in terrestrial plant bacte-microbial communities (e.g. Helmke and Weyland, 1995;
ria such as®’seudomonas syringagsee for review Lee etal.,, Junge et al., 2004). During the freezing processes itself the
1995). There is no clear evidence however that they play anajority of bacteria apparently remain within liquid brine
role in the formation of ice in clouds (for review seehler pockets within the ice matrix (Junge et al., 2001) possibly
et al., 2007). Plant-derived bacteria have been observed iby reducing the close proximity of ice to the outer cell wall
the atmosphere above plant canopies at heights up to 6 krduring the passing of a freezing front. Survival during ice
(Lindemann et al., 1982; Lindemann and Upper, 1985) andcrystal formation or once encased in sea ice certainly also
in raindrops, hailstones both in North America, Europe, Asiainvolves the avoidance of ice crystal formation within their
and the Arctic (Lindow et al., 1978; Yankofsky et al., 1981; cells (Deming, 2002; D’Amico et al., 2006). Having lim-
Jayaweera and Flanagan, 1982), however, attempts to obtaited ice nucleation activity could be a bacterial strategy for
typical marine microorganisms with INA have not been met avoiding direct attachment to ice and thus also reducing the
with success, with the exception of one INA bacterial strainlikelihood of ice crystal formation within their cells.

phenotypically very similar t&®seudomonas fluorescess- To determine if our interpretations are correct and the
lated from a marine dinoflagellate culture (Fall and Schnell,freeze-avoidance found for sea-ice bacteria is indeed a form
1985). of special adaptation to an icy environment, it is cru-

Our results indicate that the IN in this population have ancial to study the freezing behavior of additional non-INA
INA too low to be involved with sea-ice formation. An earlier mesophilic bacteria. We are not aware of studies of non ice-
study that showed one sea-ice strain (to date still unidentinucleation active bacteria under similar experimental condi-
fied) to have INA at higher temperatures that suggested suchions (i.e. ultra-pure and substrate free) and so additional bac-
a possible role of sea-ice bacteria (Parker et al., 1985) coulderia need to be tested to evaluate the significance of our re-
not be substantiated using our novel technique and analyzsults with respect to sea-ice bacterial adaptation and also at-
ing representatives of most major groups of sea-ice bacterianospheric ice formation processes. As such, this study repre-
Our results though expand and corroborate earlier findingsents the starting point for further investigations of the range
of others who failed to find significant INA in the majority of polar bacterial ice nucleation temperatures under condi-
of marine (but not polar) bacteria that were studied (Fall andtions resembling more closely those that are present in the
Schnell, 1985). The present study thus substantiates thesgmosphere. For instance, initial single-run low resolution
earlier observations that were limited because (1) they invesfreezing spectrum dPseudomonas antarctichowed freez-
tigated only a small number of droplets100 droplets as op- ing temperatures ranging from about —20 to 2@0n arti-
posed to an average of 1000 droplets as in the present studfirial seawater (unpublished results). These initial findings
and (2) they used substrate-based freezing methodologies. need to be verified, but if proven correct, it indicates that

Ice is ubiquitous, not only on Earth, but also in our so- this bacterium contains compounds referring INA over a very
lar system. Our examination of the freezing behavior of po-broad range of temperatures previously not found for bacteria
lar ice bacteria revealed how these bacteria might cope witl{and which were possibly undetectable with substrate-based
freezing temperatures and the ice itself — by largely avoid-methods, see Obata et al., 1999). Currently, we are explor-
ing ice nucleation and thereby remaining within liquid wa- ing this further (in addition to testing other mesophilic iso-
ter, essential prerequisite to maintain active growth. Sedates, such as INA-plus and INA-minus strainsErfwinia
ice is the coldest marine habitat on Earth and the mechaherbicola). The freeze tube results froPseudomonas sy-
nism for survival of polar marine bacteria during cold and ringae indicated a significant change in nucleation activity
salty conditions are of considerable interest. Sea-ice liquidas a result of a change in freezing medium (from distilled to
brine temperatures can reach as low as°E3@ith corre-  artificial seawater). Though the explanation for this remains
sponding in situ salinities of 240 ppt (Cox and Weeks, 1983;speculative at the moment (i.e. perhaps the exposure to the
Maykut, 1986). These conditions are known to select for psy-salt in ASW preferentially affects the higher temperature nu-
chrophiles (Helmke and Weyland, 1995 and 2004; Bowmancleating membrane INA proteins and is related to the process
et al., 1997; Nichols et al., 1999; Bowman et al., 2005) andby which salt acts as a biocide for this bacteria), we plan to
sea-ice bacteria are model organisms to study polar marinstudy the freezing behavior of sea-ice bacteria also in pure
psychrophily. Such bacteria have been shown to be active invater, since one can imagine an atmospheric scenario where
their environment down to —2C and 209 ppt (Junge et al., marine polar bacteria as part of the aerosol would act as CCN
2004 and possibly even much lower [to —1@$see Junge et  and form freshwater liquid water droplets that then could nu-
al., 2006) and have developed strategies to overcome detrleate to ice.
mental effects of very cold temperatures well-known for a
wide range of bacterial processes (for a review see Deming,

2002). Much published research on sea-ice organisms has fo-
cused on their diversity (reviewed by Bowman et al., 2005),
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The apparent avoidance of INA raised the following ques-References
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