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Sea ice diatoms thrive under conditions of low
temperature and high salinity, and as a result are
responsible for a significant fraction of polar pho-
tosynthesis. Their success may be owing in part to
secretion of macromolecules that have previously
been shown to interfere with the growth of ice and to
have the ability to act as cryoprotectants. Here we
show that one of these molecules, produced by the
sea ice diatom Navicula glaciei Vanheurk, is a
� 25 kDa ice-binding protein (IBP). A cDNA ob-
tained from another sea ice diatom, Fragilariopsis
cylindrus Grunow, was found to encode a protein
that closely matched the partially sequenced
N. glaciei IBP, and enabled the amplification and
sequencing of an N. glaciei IBP cDNA. Similar pro-
teins are not present in the genome of the me-
sophilic diatom Thalassiosira pseudonana. Both
proteins closely resemble antifreeze proteins from
psychrophilic snow molds, and as a group repre-
sent a new class of IBPs that is distinct from other
IBPs found in fish, insects and plants, and bacteria.
The diatom IBPs also have striking similarities to
three prokaryotic hypothetical proteins. Relatives of
both snow molds and two of the prokaryotes have
been found in sea ice, raising the possibility of a
fungal or bacterial origin of diatom IBPs.
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Sea ice is a habitat of extremophiles, organisms that
not only survive but thrive under extremes of temper-
ature, salinity, and light (Thomas and Dieckmann
2002). Prominent among these organisms are diatoms,
which during periods of bloom form a dense brown
layer at the bottom of sea ice that is responsible for a
significant fraction of polar photosynthesis (Thomas
and Dieckmann 2002). The diatoms appear to grow
best during periods of ice growth (Garrison et al. 1983,
Smetacek et al. 1992), and grow well even in brine
pockets at temperatures as low as �61 C (Aletsee and
Jahnke 1992). One factor that may contribute to sur-
vival is the release by the diatoms of exopolymeric
substances that can help to preserve a liquid environ-
ment as sea ice freezes (Krembs et al. 2002). We have
been investigating another potential survival mecha-
nism that involves the production of proteins that have
an affinity for ice crystals. Associated with the diatom
community are extracellular proteins (formerly called
ice-active substances) that strongly interact with ice
(Raymond et al. 1994, Raymond 2000). The most con-
spicuous effect of these proteins is to cause pitting and
other deformities on the surface of growing ice crys-
tals, which is a sign of adsorption of an impurity to a
crystal surface (Buckley 1951). Accordingly, we call
these proteins ice-binding proteins (IBPs). Ice-binding
activity has been found in all unialgal populations of
Antarctic and Arctic ice diatoms that have been exam-
ined so far, and it has not been found in mesophilic
diatoms. Thus, it appears that the molecules have a
function related to cold or icy environments.

IBPs have been found in many organisms that are
exposed to cold, including fish, insects, plants, fungi,
and bacteria, in which they act as antifreezes, ice re-
crystallization inhibitors, and ice nucleators (for re-
views of plant antifreezes, see Smallwood and Bowles
2002, Griffith and Yaish 2004). Diatom IBPs resemble
plant antifreezes in that they do not appreciably lower
the freezing point, which suggests that they mainly
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function as cryoprotectants. Many IBPs, including over
a dozen from plants, have been sequenced, and it is
now evident that they have little in common beyond an
ability to bind to ice. Little is known of the nature of
diatom IBPs other than their having the characteristics
of proteins. Here we report the cDNA sequences of
two diatom IBPs and show that they are more closely
related to fungal antifreezes than to any known plant
antifreezes.

MATERIALS AND METHODS

Diatoms. Cells of the sea ice diatom Navicula glaciei (iden-
tified by J. S. K.) were obtained from a dense colony in a
crack in the sea ice at Cape Evans, Antarctica. The cells were
almost exclusively N. glaciei. Additional cells of N. glaciei,
Fragilariopsis pseudonana, Chaetoceros neogracile, and Stellarima
microtrias were obtained near Maxwell Bay, King George Is-
land, Antarctica and were axenically cultured at approxi-
mately 31 C under 25 mmol photons �m�2 � s�1 (24 h light) in
modified f/2 medium (Guillard and Ryther 1962) at the Ko-
rea Polar Research Institute or at UNLV. Cells of the Arctic
sea ice diatoms Synedra sp., Amphora sp. and Attheya sp. were
cultured at approximately 21 C at the Provasoli–Guillard Na-
tional Center for Culture of Marine Phytoplankton, West
Boothbay Harbor, Maine. Cells of F. cylindrus were isolated
from Antarctic sea ice during a ‘‘Polarstern’’ expedition
(ANTXVI/3) in the eastern Weddell Sea. Nonaxenic cultures
were grown at 01 C under 20 mmol photons �m�2 � s�1 (24 h
light) in double f/2 medium at the Alfred Wegener Institute.
Bubbling with air (approximately 150 mL/min) ensured suf-
ficient CO2 supply and continuous mixing.

Sequencing of F. cylindrus IBP. A cDNA library from F.
cylindrus was constructed from nonaxenic cultures subjected to
salt stress conditions. The salinity of double ANT f/2 medium
cells was increased by a concentrated brine solution (Instant
Ocean, Aquarium Systems, Mentor, OH, USA) from approx-
imately 34 to 60 psu in the middle of the exponential growth
phase to induce expression of genes related to osmotic stress.
Samples for RNA isolation were taken at increasing intervals
within 4 days after brine addition. All samples were pooled for
total RNA extraction and mRNA isolation (Ambion Inc., Aus-
tin, TX, USA). A cDNA library was synthesized with the Clone-
Miner cDNA Library Construction Kit (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The 50

ends of over 1000 clones were sequenced (unpublished data).
The IBP sequence from F. cylindrus was obtained by annotation
of this expressed sequence tag (EST) library using the Gen-
pept data bank (translated NCBI) and the tBlastX algorithm
with default options.

Purification of N. glaciei IBP. IBP was purified from the
Cape Evans ice as described previously (Raymond 2000). In
this method, cell-free meltwater was adjusted to an osmolality
of approximately 300 mOsm/kg and frozen in centrifuge bot-
tles at � 151 C overnight. The bottles were centrifuged up-
side down at approximately �41 C to expel brine and
impurity proteins, leaving IBPs relatively enriched in the
ice. The ice fraction was melted and the freeze–thaw cycle
was repeated another six times. The final solution was dialy-
zed, freeze-dried, and subjected to two-dimensional (2-D)
(SDS-PAGE/pI) electrophoresis at Kendrick Laboratories
(Madison, WI, USA) using a 10% acrylamide gel and pI
range of 3.5–10. Other electrophoresis conditions were as
described previously (Raymond and Fritsen 2001). The ice-
binding activity of a solution was qualitatively assayed by ob-
serving the growth of ice single crystals submerged in the
solution at a temperature of approximately 0.11 C below the
freezing point. A rough, pitted surface is an indication of the
presence of IBPs.

De novo sequencing of peptides by tandem mass spectrometry
(MS/MS). Part of a protein spot of interest was cut from the
gel and subjected to mass spectroscopy analysis at the Mo-
lecular Structure Facility, University of California, Davis, CA,
USA. The spot was washed with 100 mM ammonium bicar-
bonate (AB), diced, dried in a SpeedVac (Savant, Instru-
ments, Farmingdale, NY, USA), reduced with 10 mM
dithiothreitol (DTT) in AB, pH 8 for 1 h at 551 C, washed
with AB to removed excess DTT, alkylated with 55 mM iodo-
acetamide in 100 mM AB for 45 min in the dark at room
temperature, separated from excess reagent, washed with
AB, partially dehydrated with acetonitrile, completely dehy-
drated in a SpeedVac, and digested in 50% AB containing
sequence grade, modified trypsin (Promega, Madison, WI,
USA) at a final concentration in the range of 10–25 ng/mL at
371 C for 17 h. Peptides were extracted once each with 0.1%
TFA in water and 5% formic acid in 50% acetonitrile. The
extraction volume was carefully controlled, not exceeding
50 mL, and reduced to 15 mL as the final volume for mass
spectrometry analysis. Aliquots of tryptic peptides were
cleaned and concentrated using POROS R2 resin (Percep-
tive Biosystems, Framingham, MA, USA) in a microcolumn
following the method described in the Protana manual (Pro-
tana, Odense, Denmark). In brief, the peptide mixture (dis-
solved in 5% formic acid) was loaded onto the microcolumn.
The column was then washed with 5% formic acid and a gold-
coated nanospray ES capillary obtained from Protana was
aligned in continuation of the microcolumn. Peptides were
eluted into the nanospray ES capillary using 50% methanol–
5% formic acid. Tryptic peptides were analyzed by a hybrid
nanospray/ESI-Quadrupole-TOF-MS and MS/MS in a
QSTAR mass spectrometer (Applied Biosystems Inc, Foster
City, CA, USA). Peptides in 50% methanol–5% formic acid
were sprayed from the gold-coated capillary. The QSTAR
instrument was calibrated with a standard peptide mixture
that gives mass accuracies of 5 ppm or better. Argon gas was
used as the collision gas. De novo sequencing of peptides was
carried out using the QSTAR software (Analyst QS) and dou-
ble-checked via a manual interpretation of MS/MS spectra.

Initial PCR amplification of N. glaciei IBP cDNA. Total RNA
was isolated from axenically grown cells using TRIZOL rea-
gent (Invitrogen) and reverse transcribed with a SuperScript
first-strand synthesis kit (Invitrogen) using the polydT oligo
included in the kit. PCR was performed using a forward prim-
er 50-CTG CTG TCA ACC TTG GAA CTG C-30, based on se-
quences of the IBPs of F. cylindrus and T. ishikariensis, and a
degenerate reverse primer 50-TAT GCT GCN GAC TAC ACN
GC-30, based on one of the peptide fragments of N. glaciei IBP
and the corresponding nucleotide sequence of F. cylindrus IBP.
First-strand-synthesized cDNA was amplified by Taq polym-
erase (1 u; Promega) in a 50mL reaction volume containing the
following reagents (expressed as final concentration): 5mL of
10� Taq buffer B, 1.5 mM MgCl2, 0.2 mM dNTP mix, 0.2mM
forward primer, and 0.2mM reverse primer. Products were
amplified using a Eppendorf Mastercycler with initial dena-
turing for 3 min at 951 C and then 33 cycles as follows: 30 s at
951 C, 30 s at 531 C, and 40 s at 721 C, followed by a final ex-
tension for 7 min at 721 C. The PCR products were separated
on a 2% TAE agarose gel and a single spot of 210 bp was ex-
cised, gel purified (Wizard gel prep, Promega) and cloned into
a sequencing vector (pCR2.1, Invitrogen) and transformed
into TOP10 competent E. coli (Invitrogen) for sequencing.
Plasmids were isolated using a Wizard Plus Miniprep kit
(Promega) and a subset was subjected to restriction enzyme
digestion (EcoRI) for positive identification of the insert. The
PCR inserts were sequenced with the M13F primer at the Ne-
vada Genomics Center, University of Nevada, Reno, NV, USA.

5 0/3 0 Rapid amplification of cDNA ends (5 0/3 0 RACE).
SMART RACE (Clontech, Mountain View, CA, USA)
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technology was utilized to identify the entire open-reading
frame of the N. glaciei IBP cDNA as well as identify the full 5 0

and 3 0 untranslated regions (UTRs). Total RNA was isolated
from axenically grown N. glaciei cells and was reverse tran-
scribed with Powerscript reverse transcriptase (Clontech) us-
ing either the 5 0 RACE cDNA synthesis primer or 3 0 RACE
cDNA synthesis primer. 5 0 RACE was performed using a
gene-specific reverse primer 5 0-GAC GAT GTT GAG AAT
GTG TTG CTG GAA TCC-3 0 and 3 0 RACE was performed
using a gene-specific forward primer 5 0-CTC ACT ACT GGT
CCT ACT GAA GTG ACC GG-3 0). The PCR was performed
in a 50 mL reaction volume using the 10� universal primer
mix (5 mL), the gene-specific primer (0.2 mM final concentra-
tion), and reagents, and protocols in the AdvanTAge PCR
cloning kit (Clontech). The 5 0 RACE amplification was car-
ried out as follows: 2 min at 951 C followed by 30 cycles of 30 s
at 951 C, 30 s at 641 C, 2 min at 721 C. The 3 0 RACE ampli-
fication was carried out as follows: 2 min at 951 C followed by
30 cycles of 30 s at 951 C, 30 s at 681 C, 2 min at 721 C. All
amplification reactions were allowed to extend at 721 C for
10 min. The PCR products were gel purified and cloned into
the pGEM-T sequencing vector (Promega) and transformed
into TOP10 competent E. coli (Invitrogen) for sequencing.
Plasmids were isolated using a Wizard Plus Miniprep kit
(Promega) and a subset was subjected to restriction enzyme
digestion (EcoRI) for positive identification of the insert.
Twelve plasmids, six containing the 5 0 RACE and six contain-
ing the 3 0 RACE inserts, were sequenced in both directions as
described above. Overlapping 50 and 3 0 RACE products al-
lowed the reconstruction of the N. glaciei IBP cDNA.

To confirm the continuous open-reading frame of N. glaciei
IBP cDNA as predicted by RACE and to investigate possible
polymorphic variations in N. glaciei IBPs, we amplified first
strand N. glaciei cDNA (described above) with primers de-
signed within the 50 UTR and 30 UTR: 50 UTR: 50-CCCAA
CAATTCAATCAACTCAATTTCC-30; 30 UTR: 50-GGAGATC
AACCCGGAACGATGAG-30. First-strand synthesized cDNA
was amplified with Pfx polymerase (1 u, Invitrogen) in a
50mL reaction volume containing the following reagents (ex-
pressed as final concentration): 5mL of 10�Pfx buffer, 1 mM
MgSO4, 0.6 mM dNTP mix, 0.4mM 50 UTR primer, and
0.4mM 30 UTR primer. Products were amplified using a
DNA thermal cycler (9700, Perkin Elmer, Norwalk, CT, USA)
with initial denaturing for 2 min at 951 C and then 30 cycles as
follows: 30 s at 951 C, 30 s at 551 C, and 2 min at 721 C, followed
by a final extension for 10 min at 721 C. The PCR product was
separated on a 1% TAE agarose gel and a single band of ap-
proximately 850 bp was excised, gel purified and cloned into a
Blunt-end sequencing vector (pCR4, Invitrogen) for se-
quencing. Six positive clones were isolated by miniprep and
sent for sequencing in both directions (described above). Se-
quences were aligned with ClustalW.

Other. Predicted molecular mass and predicted pI of the
open reading frame (ORF) were obtained with Protein Cal-

culator (http://www.scripps.edu/cgi-bin/cdputnam/protcalc).
The N-terminal sequences were examined for signal pep-
tides with the neural network algorithm of SignalP (http://
www.cbs.dtu.dk/services/SignalP/) and for mitochondrial and
chloroplast targeting signals with TargetP (http://www.cbs.
dtu.dk/services/TargetP). Full sequences were examined for
N-glycosylation sites using NetNGlyc 1.0 Server (http://www.
cbs.dtu.dk/services/NetNGlyc/). Putative homologs of the
diatom IBPs were found using the BLAST search algorithm
against the protein data base hosted by the National Center
for Biotechnology Information (NCBI).

RESULTS

Origin of ice-binding activity. Sea ice diatoms have
been suspected as being the source of ice-pitting ac-
tivity in diatom-rich sea ice, but other members of the
sea ice community such as bacteria and fungi could
not be ruled out. Axenic cultures of seven sea ice di-
atoms, N. glaciei, C. neogracile, F. pseudonana, and S.
microtrias from the Antarctic and Synedra sp., Amphora
sp. and Attheya sp. from the Arctic, were tested and all
were found to release ice-pitting activity into the cul-
ture medium. These results demonstrate that sea ice
diatoms can produce IBPs and suggest that produc-
tion of such proteins is a common trait of sea ice di-
atoms.

N. glaciei IBP. An example of the ice-pitting activ-
ity of supernatant from melted sea ice in which N.
glaciei accounted for 499% of the cells is shown in
Fig. 1A. The activity was retained through the puri-
fication process. 2-D polyacrylamide gel elect-
rophoresis of nearly pure material yielded a spot of
approximately 25 kDa with a pI of about 5.0 (Fig. 1B).
Tandem mass spectrometry sequencing of the band
yielded four peptide sequences, NTFSTSSLVTGK,
LYAADYTAPTPSK, SDFSTAFTDAAGR, and VGDQ
QFYLTGTAK. These sequences were found to be
similar to several antifreeze isoforms of the snow
mold Typhula ishikariensis (NCBI GenBank Acc. Nos.
AB109742-AB109748) submitted by T. Hoshino et al.
The T. ishikariensis protein was identified as an anti-
freeze because of its ability to depress the freezing
point of water by approximately 0.11 C (Hoshino
et al. 2003a). A second IBP cDNA from the sea ice
diatom F. cylindrus Grunow (Acc. No. DR026070) was
discovered from an F. cylindrus salt stress EST library.
Primers based on the nucleotide sequences of the

FIG. 1. Ice-binding proteins of Navicula gla-
ciei. (A) Surface (basal plane) of an ice crystal
grown in the presence of melted sea ice rich in
N. glaciei cells. Adsorbed proteins inhibit growth
on the pit faces, allowing vertical growth on the
basal plane surrounding the pits. Scale bar,
500mm. (B) Polyacrylamide gel of nearly pure
ice-binding protein (IBP) of N. glaciei. Arrow
indicates IBP. The pI range of the gel is from 3.5
to 10. Black triangle indicates a protein stand-
ard (tropomyosin) with pI of 5.2.
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T. ishikariensis and F. cylindrus antifreeze genes and the
N. glaciei peptide sequences resulted in the amplifi-
cation and cloning of a 210 bp N. glaciei cDNA whose
predicted amino-acid sequence closely matched the
MS-derived N. glaciei peptides. Using gene-specific
primers designed from the N. glaciei 210 bp product
and 50/3 0 RACE, nine 5 0 and seven 3 0 RACE products
were sequenced and found to be similar to both the T.
ishikariensis and F. cylindrus IBP sequences. The RACE
products overlapped for 63 nts between nucleotides
220 and 282 of the reconstructed IBP shown in
Fig. 2. Although 5 0 RACE products were not equal
in length, all sequences at a common position within
the 5 0 UTR did not show any sequence variation and
were considered identical. Similar to the 5 0 UTR, the
30 RACE products did not show sequence variation in
the 3 0 UTR until nucleotide 914, which is just prox-
imal to the polyadenylation site where the se-
quencing results were less reliable. A consensus
polyadenylation site (ATAAA) was found at nucleo-
tides 901–905, which is 14 nucleotides upstream
of a polyadenylated region. Six PCR products ob-
tained with flanking UTR primers were cloned and

sequenced, and none were redundant. They con-
firmed the 5 0/3 0 RACE results and revealed a fairly
wide range of single nucleotide polymorphisms with-
in the open-reading frame. One of the clones was
identical to a corresponding set of 50 and 30 RACE
products and so it and the 50 and 3 0 RACE products
were used to reconstruct a full-length N. glaciei IBP
(Acc. No. DQ062566, Fig. 2) (Accession numbers of
the other five clones are DQ062561–DQ062565).
The confirmed full-length N. glaciei cDNA contains
a 75 nt 50 UTR, a 726 nt ORF encoding 242 amino
acids, and an approximately 121 nt 3 0 UTR. The pre-
dicted molecular mass and predicted pI of the ORF
24,461 Da and 4.45, agree well with the values esti-
mated by 2-D electrophoresis. The closeness of the
two molecular mass estimates suggests that the pro-
tein has little or no carbohydrate moiety. The molec-
ular mass is consistent with a value of 30 kDa
estimated for an IBP associated with the sea ice dia-
tom Nitzschia stellata (Raymond et al. 1994). Together,
these data cast doubt on estimates of larger sizes of
IBPs based on retention by dialysis membranes from
two other species of ice diatom (Raymond 2000).

FIG. 2. ClustalW alignment of ice-binding
proteins from Navicula glaciei (Acc. No.
DQ062566), Fragilariopsis cylindrus (CN212299)
and Typhula ishikariensis (AB109745), and hypo-
thetical proteins from Cytophaga hutchinsonii
(ZP_00309837) and Ferroplasma acidarmanus
(ZP_00608957). Predicted signal peptides are un-
derlined. Gaps have been inserted to improve
alignment. Conserved residues are shaded. The
N-terminal sequence of the Cytophaga protein and
the N-and C-terminal sequences of the Ferroplas-
ma protein are truncated. Residue numbers are
shown at right.
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F. cylindrus IBP. The above-mentioned cDNA
from the F. cylindrus salt stress library was found to
have high similarity (e-value 5e-43) to isoforms of the
T. ishikariensis antifreeze, which identified its putative
function. The full-length F. cylindrus cDNA contains a
63 nt 5 0 UTR, an 831 nt ORF encoding 277 amino-
acids, and an approximately 49 nt 3 0 UTR. The pre-
dicted molecular mass and predicted pI of the ORF
are 27,961 Da and 5.55. A putative polyadenylation
signal is located at nucleotides 921–926 (ATTAAA),
which is approximately 20 nucleotides upstream of
the poly(Aþ ) tail. The predicted amino-acid se-
quence (Fig. 2) shows 48% identity to that of N. glaciei
IBP. Although F. cylindrus was not tested to see wheth-
er it expresses an IBP, axenically grown F. pseudonana
was confirmed to release ice binding activity into the
culture medium and to express an IBP mRNA, whose
partial sequence (�530 bp, unpublished data) is very
similar to the sequence of F. cylindrus IBP.

IBP properties. The N-terminal sequences of the
N. glaciei and F. cylindrus IBPs and each of the
T. ishikariensis antifreeze isoforms have high proba-
bilities of being signal peptides (with lengths of 21,
20, and 21 residues, respectively; Fig. 2) and low
probabilities of being mitochondrial or chloroplast
targeting peptides. F. cylindrus IBP has one potential
N-glycosylation site, whereas N. glaciei IBP has none,
in agreement with its predicted low degree of
glycosylation.

Other IBP-like proteins. Other proteins similar to
the diatom IBPs were found in the NCBI data base.
H. S. Kwan et al. (The Chinese University of Hong
Kong) submitted 18 ESTs from the commercially
grown shiitake mushroom, Lentinula enodes (e.g.
Acc. No. CO501811) that closely resembled (�70%
amino-acid identity) the T. ishikariensis antifreeze se-
quence (43% amino-acid identity to N. glaciei IBP).
Shiitake mushrooms are typically exposed to freezing
temperatures during their growing period. The
supernatant of a cell homogenate of this species was
found to have modest ice-pitting activity (our unpub-
lished data), presumably owing to expression of the
IBP-like genes. However, the function of these genes
remains unclear.

The IBPs also show considerable similarity to
hypothetical proteins from a Gram-negative soil bac-
terium, Cytophaga hutchinsonii, (Acc. no. ZP_00309837;
48% amino-acid identity to the N. glaciei IBP), an
acidophilic archaeon, Ferroplasma acidarmanus (Acc.
no. ZP_00608957; 51% identity), a denitrifying estua-
rine bacteria, Shewanella denitrificans (Acc. no.
ZP_00636736; 43% identity), and a psychrotolerant
sediment bacteria, Rhodoferax ferrireducens (Acc. no.
ZP_00693230; 58% identity) in the regions of overlap.
Portions of the C. hutchinsonii and F. acidarmanus pro-
teins are aligned with the diatom and T. ishikariensis
IBPs in Fig. 2. Several bacterial strains related to Cytop-
haga and several species of Shewanella have been iso-
lated from polar ice. A few other bacterial proteins that
are similar to the Cytophaga and Ferroplasma proteins

show lower sequence identities (�30%) to the IBPs. It
is interesting that the Cytophaga and Ferroplasma pro-
teins are also weakly similar (21%–25% identities) to
some bacterial ice-nucleating proteins (e.g. Acc. Nos.
P09815, P20469, and P06620), although the resem-
blance may be owing to chance. The phylogenetic re-
lationships of these proteins will be described
separately.

Sequence information from the nearly full genome
of Thalassiosira pseudonana (Armbrust et al. 2004) and
from EST data for Phaeodactylum tricornutum (Scala
et al. 2002), both mesophilic diatoms, have recently
become available. No predicted translation products
similar to IBPs were found in either species, in agree-
ment with a previous finding that ice-pitting activity in
diatoms is limited to polar regions (Raymond et al.
1994).

DISCUSSION

Previous studies have described ‘‘ice-active sub-
stances’’ that are ‘‘associated’’ with sea ice diatoms
(Raymond et al. 1994, Raymond 2000) because the
nature of the substances and their origin were not def-
initely known. The present results obtained from axe-
nic cultures of diatoms confirm that diatoms produce
proteins with ice-binding activity. It seems likely that
the activity that we observe in natural communities
largely originates from diatoms, although we cannot
rule out the possibility that some of the natural activity
originates from bacteria. Our results identify the
source of the ice-binding activity in N. glaciei as a
25 kDa protein and strongly suggest that the IBP
gene of F. cylindrus expresses a similar protein. Over
200 species of sea ice diatom are found in both the
Arctic and Antarctic, representing a total of 58 genera
(Horner 1985). Because each of the axenic species of
sea ice diatom that we of examined so far have exhi-
bited ice-pitting activity, we expect that each of these
genera will have one or more IBP homologs.

IBP homologs. Our results show that the diatom
IBPs are likely homologs of ‘‘antifreeze’’ proteins
from the snow mold T. ishikariensis. Other snow molds
appear to have similar proteins (Hoshino et al.
2003a, b). The diatom and snow mold IBPs do not
resemble any of the numerous antifreeze proteins
that have been identified so far in fish, insects, plants,
and bacteria, and thus represent a new class of IBP.

The finding of IBP-like hypothetical proteins in
Cytophaga hutchinsonii and Shewanella denitrificans is in-
teresting because both species are related to well-
known sea ice bacteria. One of the most prominent
groups of sea ice bacteria are the so-called Cytophaga–
Flavibacterium–Bacterioides (CFB) phylum group
(Brown and Bowman 2001). Bacteria from this group
have been isolated from sea ice in the Arctic (Junge
et al. 2002, Groudieva et al. 2004) and Antarctic
(Brown and Bowman 2001), and in ice overlaying
Lake Vostok in Antarctica (Christner et al. 2001). Fur-
thermore, several lines of evidence suggest that CFB
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or CFB-like bacteria contribute strongly to bacterial
populations in well-established sea-ice algal assemblag-
es (Brown and Bowman 2001). Several psychrophilic
species of Shewanella have been isolated from sea ice,
often in association with algal assemblages (Bowman
et al. 1997a, b). It will thus be interesting to see wheth-
er these polar bacteria express IBPs.

Function and mechanism of IBPs. Because the dia-
tom IBPs appear to be limited to icy environments, it
is reasonable to believe that they have a role in cold
hardiness. It seems most likely that their role is to
protect cells in the frozen state because they have
little effect on the freezing point. In fact, IBPs have
been shown to increase the survival of cells subjected
to a freeze–thaw cycle: semi-pure Fragilariopsis ker-
guelensis IBP increased the survival of both polar and
nonpolar diatoms (Raymond and Knight 2003, Ray-
mond and Janech 2003) and semipure N. glaciei IBP
was found to reduce the hemolysis of frozen human
red blood cells (Kang and Raymond 2004). The latter
results indicate that the IBP protected the cell mem-
brane.

A possible mechanism by which IBPs could prevent
freezing injury to membranes is inhibition of the re-
crystallization of ice, a phenomenon that has been im-
plicated in plant freezing tolerance (Knight et al. 1995,
Thomashow 1998, Griffith and Yaish 2004). Recrystal-
lization is a process in which large grains of ice grow at
the expense of small grains, which are thermodynam-
ically unstable. The growth of the larger grains is
thought to be physically disrupting to cell membranes.
Protein recrystallization inhibitors have been found in
several cold-hardy plants, including ryegrass (Pudney
et al. 2003), Antarctic hair grass (John and Spangenb-
erg 2005), carrot (Worrall et al. 1998, Smallwood et al.
1999), lichens and mosses (Doucet et al. 2000), and
winter rye (Griffith et al. 2005). Diatom IBPs are also
strong recrystallization inhibitors (Raymond and Jan-
ech 2003, Raymond and Knight 2003, Kang and Ray-
mond 2004), as are fish antifreezes (Knight et al.
1988). In hair grass (John and Spangenberg 2005)
and winter rye (Griffith et al. 2005), recrystallization
inhibitors have been found to be expressed or to ac-
cumulate in the extracellular region where ice forms,
which supports the idea that they serve to prevent
freezing injury. Because diatoms secrete IBPs, the IBPs
may also act extracellularly, where they may protect
the cells by preventing the recrystallization of external
ice. However, other functions cannot be ruled out. For
example, diatom IBPs may have a role in preserving
brine pockets in sea ice, which appear to be essential
for the survival of diatoms in sea ice at low tempera-
tures (Krembs et al. 2002).

Origin of IBPs. Although the diatom IBPs and
snow mold antifreezes almost certainly have a role
in cold hardiness, their original function may have
been different. In other organisms, antifreezes ap-
pear to have arisen from a variety of proteins with
other functions (Cheng 1998, Griffith and Yaish
2004), although some may retain the original func-

tions (Griffith and Yaish 2004). These proteins for-
tuitously shared an ability to bind to ice that appears
to have been exploited to allow survival in freezing
environments. The function of the IBP-like tran-
scripts of the mushroom Lentinula enodes is unclear.
This species is typically grown over a period greater
than a year, during which time temperatures can fall
below freezing, so they may act as cryoprotectants,
but other roles cannot be ruled out. The route by
which the diatoms acquired IBP genes is unknown.
Horizontal transfer from fungi is a possibility, as bas-
idiomycotic fungi (which include Lentinula and Typ-
hula), are known to inhabit sea ice (Melnikov 1997,
Gunde-Cimerman et al. 2003), and are believed to
have arisen hundreds of millions of years before the
diatoms (Heckman et al. 2001, Falkowski et al. 2004).
Horizontal transfer from a Cytophaga-like bacteria or
a species of Shewanella is another possibility because
of their association with algal assemblages in sea ice
and relation to species with IBP-like genes. However,
it is too early to rule out the possibility of convergent
evolution from different ancestral genes. We are
presently attempting to isolate IBPs from other gen-
era of sea ice diatoms, which we hope will shed light
on the evolution of these proteins in polar diatoms
and possibly on the evolution and radiation of sea ice
diatoms themselves.
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W. Y., Lane, T. W., Larimer, F. W., Lippmeier, J. C., Lucas, S.,
Medina, M., Montsant, A., Obornik, M., Parker, M. S., Palenik,
B., Pazour, G. J., Richardson, P. M., Rynearson, T. A., Saito, M.
A., Schwartz, D. C., Thamatrakoln, K. , Valentin, K., Vardi, A.,
Wilkerson, F. P. & Rokhsar, D. S. 2004. The genome of the
diatom Thalassiosira pseudonana: ecology, evolution, and me-
tabolism. Science 306:79–86.

Bowman, J. P., McCammon, S. A., Brown, M. V., Nichols, D. S. &
McMeekin, T. A. 1997b. Diversity and association of Psych-
rophilic bacteria in Antarctic Sea Ice. Appl. Env. Microbiol.
63:3068–78.

Bowman, J. P., McCammon, S. A., Nichols, D. S., Skerratt, J. H.,
Rea, S. M., Nichols, P. D. & McMeekin, T. A. 1997a. Shewanella
gelidimarina sp. nov. and Shewanella frigidimarina sp. nov., novel
Antarctic species with the ability to produce eicosapentaenoic
acid (20:5 omega 3) and grow anaerobically by dissimilatory
Fe(III) reduction. Intl. J. Syst. Bacteriol. 47:1040–7.

DIATOM ICE-BINDING PROTEINS 415



Brown, M. V. & Bowman, J. P. 2001. A molecular phylogenetic
survey of sea-ice microbial communities (SIMCO). FEMS
Microbiol. Ecol. 35:267–75.

Buckley, H. E. 1951. Crystal Growth. Wiley, New York, 319 pp.
Cheng, C. H. C. 1998. Evolution of the diverse antifreeze proteins.

Curr. Opin. Genet. Dev. 8:715–20.
Christner, B. C., Mosley-Thompson, E., Thompson, L. G. & Reeve,

J. N. 2001. Isolation of bacteria and 16S rDNAs from Lake
Vostok accretion ice. Environ. Microbiol. 3:570–7.

Doucet, C. J., Byass, L., Elias, L., Worrall, D., Smallwood, M. &
Bowles, D. J. 2000. Distribution and characterization of
recrystallization inhibitor activity in plant and lichen species
from the UK and maritime Antarctic. Cryobiology 40:
218–27.

Falkowski, P. G., Katz, M. E., Knoll, A. H., Quigg, A., Raven, J. A.,
Schofield, O. & Taylor, F. J. R. 2004. The evolution of modern
Eukaryotic Phytoplankton. Science 305:354–60.

Garrison, D. L., Ackley, S. F. & Buck, K. R. 1983. A physical mech-
anism for establishing algal populations in frazil ice. Nature
306:363–5.

Griffith, M., Lumb, C., Wiseman, S. B., Wisniewski, M., Johnson,
R. W. & Marangoni, A. G. 2005. Antifreeze proteins modify
the freezing process in planta. Plant Physiol. 138:330–40.

Griffith, M. & Yaish, M. W. F. 2004. Antifreeze proteins in over-
wintering plants: a tale of two activities. Trends Plant Sci. 9:
399–405.

Groudieva, T., Kambourova, M., Yusef, H., Royter, M., Grote, R.,
Trinks, H. & Antranikian, G. 2004. Diversity and cold-active
hydrolytic enzymes of culturable bacteria associated with Arc-
tic sea ice, Spitzbergen. Extremophiles 8:475–88.

Guillard, R. R. & Ryther, J. H. 1962. Studies of marine Planktonic
diatoms. 1. Cyclotella Nana Hustedt, and Detonula Confervacea
(Cleve) Gran. Can. J. Microbiol. 8:229–39.

Gunde-Cimerman, N., Sonjaka, S., Zalara, P., Frisvad, J. C., Di-
derichsenc, B. & Plemenitad, A. 2003. Extremophilic fungi
in arctic ice: a relationship between adaptation to low tem-
perature and water activity. Phys. Chem. Earth 28:1273–8.

Heckman, D. S., Geiser, D. M., Eidell, B. R., Stauffer, R. L., Kardos,
N. L. & Hedges, S. B. 2001. Molecular evidence for the
early colonization of land by fungi and plants. Science 293:
1129–33.

Horner, R. A. 1985. Taxonomy of sea ice microbiota. In Horner, RA
[Ed.] Sea Ice Biota. CRC Press, Boca Raton, FL, pp. 147–58.

Hoshino, T., Kiriaki, M. & Nakajima, T. 2003a. Novel thermal hys-
teresis proteins from low temperature basidiomycete, Coprinus
psychromorbidus. Cryo-Lett. 24:135–42.

Hoshino, T., Kiriaki, M., Ohgiya, S., Fujiwara, M., Kondo, H., Ni-
shimiya, Y., Yumoto, I. & Tsuda, S. 2003b. Antifreeze proteins
from snow mold fungi. Can. J. Bot. 81:1175–81.

John, U. P. & Spangenberg, G. C. 2005. Xenogenomics: genomic
bioprospecting in indigenous and exotic plants through EST
discovery, cDNA microarray-based expression profiling and
functional genomics. Comp. Funct. Genomics 6:230–5.

Junge, K., Imhoff, F., Staley, T. & Deming, J. W. 2002. Phylogenetic
diversity of numerically important Arctic sea-ice bacteria
cultured at subzero temperature. Microbiol. Ecol. 43:
315–28.

Kang, J.-S. & Raymond, J. A. 2004. Reduction of freeze–thaw-in-
duced hemolysis of red blood cells by an algal ice-binding
protein. Cryo-Lett. 25:307–10.

Knight, C. A., Hallett, J. & De Vries, A. L. 1988. Solute effects on
ice recrystallization: an assessment technique. Cryobiology 25:
55–60.

Knight, C. A., Wen, D. & Laursen, R. A. 1995. Nonequilibrium
antifreeze peptides and the recrystallization of ice. Cryobiology
32:23–34.

Krembs, C., Eicken, H., Junge, K. & Deming, J. W. 2002. High con-
centrations of exopolymeric substances in Arctic winter sea ice:
implications for the polar ocean carbon cycle and cryoprotection
of diatoms. Deep-Sea Res. Oceanogr. Res. Papers 49:2163–81.

Melnikov, I. A. 1997. The Arctic Sea Ice Ecosystem. Gordon and
Breach Scientific Publishers, Amsterdam, 204 pp.

Pudney, P. D. A., Buckley, S. L., Sidebottom, C. M., Twigg, S. N.,
Sevilla, M.-P., Holt, C. B., Roper, D., Telford, J. H., McArthur,
A. J. & Lillford, P. J. 2003. The physico-chemical characteri-
zation of a boiling stable antifreeze protein from a perennial
grass (Lolium perenne). Arch. Biochem. Biophys. 410:238–45.

Raymond, J. A. 2000. Distribution and partial characterization of
an ice-active molecule associated with sea ice diatoms. Polar
Biol. 23:721–9.

Raymond, J. A. & Fritsen, C. H. 2001. Semi-purification and ice
recrystallization inhibition activity of ice-active substances as-
sociated with Antarctic photosynthetic organisms. Cryobiology
43:63–70.

Raymond, J. A. & Janech, M. 2003. Cryoprotective property of
diatom ice-active substance. Cryobiology 46:203–4.

Raymond, J. A. & Knight, C. A. 2003. Ice binding, recrystallization
inhibition and cryoprotective properties of ice-active substanc-
es associated with antarctic sea ice diatoms. Cryobiology 46:
174–81.

Raymond, J. A., Sullivan, C. W. & De Vries, A. L. 1994. Release of
an ice-active substance by antarctic sea ice diatoms. Polar Biol.
14:71–5.

Scala, S., Carels, N, Falciatore, A., Chiusano, M. L. & Bowler, C.
2002. Genome properties of the diatom Phaeodactylum tricorn-
utum. Plant Physiol. 129:993–1002.

Smallwood, M. & Bowles, D. J. 2002. Plants in a cold climate. Philos.
Trans.: Biol. Sci. 357:831–47.

Smallwood, M., Worrall, D., Byass, L., Elias, L., Ashford, D., Do-
ucet, C. J., Holt, C., Telford, J., Lillford, P. & Bowles, D. J.
1999. Isolation and characterization of a novel antifreeze pro-
tein from carrot (Daucus carota). Biochem. J. 340:385–91.

Smetacek, V., Scharek, R., Gordon, L. I., Eicken, H., Fahrbach, E.,
Rohardt, G. & Moore, S. 1992. Early spring phytoplankton
blooms in ice platelet layers of the southern Weddell Sea, Ant-
arctica. Deep-Sea Res. 39:153–68.

Thomas, D. N. & Dieckmann, G. S. 2002. Antarctic sea ice—a hab-
itat for extremophiles. Science 295:641–4.

Thomashow, M. F. 1998. Role of cold-responsive genes in plant
freezing tolerance. Plant Physiol. 118:1–7.

Worrall, D., Elias, L., Ashford, D., Smallwood, M., Sidebottom, C.,
Lillford, P., Telford, J., Holt, C. & Bowles, D. 1998. A carrot
leucine-rich-repeat protein that inhibits ice recrystallization.
Science 282:115–7.

MICHAEL JANECH ET AL.416


