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Identification of a Novel Ice-Nucleating Bacterium of Antarctic Origin
and its Ice Nucleation Properties
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A novel ice-nucleating bacterium (INB) was isolated from Ross Island, Antarctica. INBs could be isolate
more frequently than was generally thought. INB strain IN-74 was found in the white colony group. Strain IN-7
was identified from its taxonomic characteristics as a novel INB,Pseudomonas antarcticaIN-74. When strain
IN-74 was cultured aerobically in a medium consisting of the ice-nucleating broth (pH 7.0) for 6 days at 4°
the ice-nucleating activity of strain IN-74 cells was obtained. Strain IN-74 cells produced ice nuclei only
extremely low growth temperatures. The nuclei appeared to be less thermolabile than those of INBPseudomonas
fluorescensKUIN-1. The freezing difference spectra in D2O and H2O at ice-nucleating temperature for strain
IN-74 cells and conventional INBs (Pseudomonas fluorescensKUIN-1, Pseudomonas viridiflavaKUIN-2, and
Pseudomonas syringaeC-9) exhibited different curves.© 1999 Academic Press

Key Words: ice-nucleating activity; ice-nucleating bacterium; ice-nucleating temperature;Pseudomonas
antarctica IN-74.
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Ice-nucleating bacteria (INBs) are defined
those bacteria that can initiate ice nucleatio
water at temperatures above210°C (17). At
east six species of INBs have been fou
seudomonas syringae(16), Pseudomona
uorescens(16), Pseudomonas viridiflava(20),
rwinia herbicola (13), Erwinia ananas(5),
ndXanthomonas campestris(5). Some strain
f Fusarium(22) and related genera of fungi a
lso active in ice nucleation.
Bacterial nucleation is attributed to the pr

nce of a protein, consisting of highly repetit
equences of amino acids, in the bacterial o
embrane that serves as a template for

rystallization (7). Although the broad distrib
ion of INBs in soils, in leaf mulch, and o
lants as well as their significance in promot

rost damage in crops is well documented,
umber of known INB species is relative
mall (6, 14, 18).
A new process for freeze texturing of fo
aterials using INB (Erwinia ananasIN-10)
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as proposed by Arai and Watanabe (2,
ecently, the study of INBs has developed r

dly and achievements within the field ha
enerated attention.
In a previous paper (21), we identified

NB, KUIN-3, isolated from strawberry leave
s a strain ofErwinia uredovora.The presenc
f a novel INB of Antarctic origin has not be
reviously reported. This paper describes

dentification of a new INB, strain IN-74, and
ce-nucleating properties. A detailed study
his strain should contribute to a better und
tanding of the physiology of ice-nucleat
acteria in general.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

Strain IN-74 was isolated from Ross Isla
Antarctica. The ice-nucleating medium w
composed ofDL-Serine (2.0g), DL-Alanine
(2.0g), K2SO4 (8.6g), KCl (1.4g), MgSO4 z
7H2O (1.4g), sucrose (10g), and yeast extra
(30g) in 1 liter of distilled water. The mediu
was adjusted to pH 7.0 with 0.1 N NaOH bef
autoclaving. One loopful of cells grown on9.
0011-2240/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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132 OBATA ET AL.
trypticase soy agar-slant for 24 h was inocula
into 50 ml of the above medium. Cells we
grown in shaking flasks (50 ml) at 4°C. Grow
was monitored by measuring the optical den
(OD) at 660 nm. Cells were harvested from
culture broth and washed with 50 mM ph
phate buffer (pH 7.0). All samples were tra
ferred to 50 mM phosphate buffer (pH 7.0)
testing ice-nucleating activity.

Identification of Strain IN-74
of Antarctic Origin

Identification of the microorganism was c
ried out using previously described methods
12). The physiological and biochemical char
teristics of the microorganism were studied
the methods of Stanieret al. (23). DNA was
isolated by Marmur’s method (19). The DN
base composition was calculated from the t
mal denaturation temperature (Tm) by following
the procedure of Marmur and Doty (18).

Measurement of Ice-Nucleating Activity

For precise measurement of ice-nuclea
activity, each cell suspension was initially
luted with 50 mM phosphate buffer (pH 7.0)
1.03 107 cell/ml (OD660 5 0.1) and was furthe
diluted by serial 10-fold dilutions. The ice-n
cleating temperature was measured usin
freezing nucleus spectrometer (thermoele
plate Mitsuwa Model K-1), as described by V
(26). That is, 30 drops, 10-ml each, were place
on a controlled-temperature surface and
temperature was slowly lowered from the a
bient temperature to220°C at a rate of 1°C

in. The temperatures required to freeze 1
T10), 50% (T50), and 90% (T90) of the drops

were used in the analyses. The ice nuclea
spectra of bacterial suspensions were obta
by the droplet-freezing method similar to tha
Vali (26), as modified by Lindowet al. (15).
Namely, the concentration of ice nuclei w
calculated from the formula of Lindowet al.
(15):

N~T! 5 ~2ln f !/V
d

y

,
-

-

g

a
c

e
-

n
d

hereN(T) is the nucleation frequency at te
eratureT, f is the proportion of droplets unfr

zen, andV is the volume of individual droplet
The number of nuclei per cell was calculated
dividing the concentration of nuclei/ml by t
density of the cell suspension.

Freezing Difference Spectra in D2O and H2O
at Ice-Nucleating Temperature

Cells were centrifuged at 10,000g for 15 min
at 4°C, and the cell pellets were suspende
the same volume of either ordinary 50 m
phosphate buffer (pH 7.0) in H2O or 50 mM
phosphate buffer (pH 7.0) in 90% (v/v) D2O.
The 90% (v/v) D2O-phosphate was used inste
of 100% D2O because the cell pellets alrea
contained water which could not be remov
The freezing difference spectra in D2O versus
H2O were measured on a cold plate by
method described by Turneret al. (24).

Transmission Electron Microscopy

Specimens for electron microscopy were p
pared by placing a drop of the bacterial cult
(liquid) on a Formvar-coated grid. Cells we
fixed for 10 min in 10% glutaraldehyde. Aft
fixation, cells were stained with 2% phosp
tungstate for 10 min. The stained specimen
observed using a JEM-1210 electron mic
scope at 80 kV.

RESULTS AND DISCUSSION

Isolation and Identification of a Novel Strain
IN-74 of Antarctic Origin

Bacteria previously isolated from Antar
tica were used throughout this study. T
samples were collected by Dr. G. Matum
(Ohtsuma Women’s University, Tokyo).
new ice-nucleating bacterium, IN-74, w
isolated from sand of Ross Island in the M
Murdo Dry Valleys region. We were able
find ice-nucleating bacteria of 11 strains fr
135 strains by the droplet-freezing meth
(26). Ice-nucleating bacteria were isola
more frequently than is generally thoug
Strain IN-74 grew at 0 –30°C with an op
mum temperature of about 10°C.
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133ANTARCTIC ICE-NUCLEATING BACTERIUM
Comparison of conventional ice-nucleat
bacteria and strain IN-74 of Antarctic origin
shown in Table 1. Cells were grown on ic
nucleating broth for 15 days at 0°C, for 15 d
at 4°C, or for 2 days at 18°C. The vario
ice-nucleating bacteria, other than strain IN-
were found to be active in ice nucleation fr
22.5°C (T50) to 25.9°C (T50) for 2 days a
18°C. However, when strain IN-74 was cultu
aerobically in a medium consisting of ice-n
cleating broth for 15 days at 0°C or for 6 da
at 4°C, the ice-nucleating activity of stra
IN-74 cells was obtained. But, the ice-nucle
ing activity of strain IN-74 cells was not o
tained for 2 days at 18°C. Ice-nucleating te
perature (T50) was detected at23.7°C for cel
suspensions (1.03 107 cells/ml) of strain IN-74
incubated at24°C and at217.4°C (T50) for
cells incubated at 18°C. Ice-nucleating bact
(P. fluorescensKUIN-1, P. viridiflavaKUIN-2,
andP. syringaeIFO-3310) were not grown o
ice-nucleating broth for 15 days at 0°C (data
shown).

Figure 1 shows a transmission electron
crograph of cells of strain IN-74 of Antarct
origin. The bacterium was a Gram-negat
rod (0.6 to 0.7 by 1.1 to 2.2mm), motile by
polar flagella, strictly aerobic, catalas
positive, oxidase-positive, and fluoresc

TAB
Comparison of Conventional Ice-Nuclea

Straina

Incubation

Temperature (°C) Time (d

P. antarcticaIN-74 18 2
P. antarcticaIN-74 4 6
P. antarcticaIN-74c 0 15
P. fluorescensKUIN-1 18 2
P. viridiflava KUIN-2 18 2
P. syringaeIFO-3310d 18 2
Distilled water — —

a Cells were grown for 2 days at 18°C with shaking
b Temperatures required to freeze 10% (T10), 50% (T50) a
c Cells were grown for 15 days at 0°C with shaking
d IFO, Institute for Fermentation, Osaka.
,

-

-

a

t

-

t

pigments-positive. The temperature range
growth was from 0 to 30°C. The mol % G1
C of the DNA was 58.6 in strain IN-7
Morphological, physiological, and biochem
cal characteristics of strain IN-74 are summ
rized in Table 2. These characteristics in
cate that strain IN-74 belongs to the ge
Pseudomonas.Use of carbon source by stra
IN-74 is shown in Table 3. The key propert
of strain IN-74 were fluorescence pigmen
positive, levan formation from sucrose
positive, Arginine dihydrolase—positiv
Lipase (Tween 80 hydrolysis)—positiv
denitrification—negative, Voges–Proska
test—negative, trehalose— use, andL-va-
line— use. From these results, strain IN
was identified asP. antarcticaIN-74 (12, 18
19, 23).

Ice Nucleation Spectra for Strain IN-74 Cel
Grown at Different Temperatures

The ice nucleation spectra for strain IN-
cells grown at different temperatures is sho
in Fig. 2. The ice-nucleating activity of stra
IN-74 was greatly inhibited by the growth te
peratures. High ice nucleation activity was
served in the range of 0 to 4°C, but the
nucleation activities of strain IN-74 grown
10, 18, and 30°C were much lower. Betwe

1
Bacteria and Strain IN-74 of Antarctic Origin

Growth (OD660) pH

Ice-nucleating
temperature (°C)b

T10 T50 T90

18.9 8.3 215.7 217.4 222.7
4.6 8.2 24.4 24.4 24.6
7.5 8.0 23.7 23.7 23.8

17.0 8.3 22.5 22.5 22.6
10.7 8.8 24.6 25.9 28.4
11.7 8.0 22.6 22.7 22.8
— — 218.7 221.6 224.1

he ice nucleation medium.
90% (T90) of cells.

he ice nucleation medium.
LE
ting

ay)

in t
nd

in t
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134 OBATA ET AL.
24.0 and28.5°C, the nucleation frequency
he intact cells (1.03 107 cells/ml) grown a
0°C increased from about 1.03 1027 to abou
5.0 3 1023. On the other hand, in strain IN-
cells grown at 10°C, between28.5 and210°C
he nucleation frequency of the cells increa
rom 1.03 1027 to 1.03 1025.

Growth Characteristics of Strain IN-74

The relationship between the growth cu
and the ice-nucleating temperature of st
IN-74 is shown in Fig. 3. Experiments we
conducted over 20 days with the incubat
period at 0°C. Strain IN-74 has a genera
time of 14.4 h at 0°C in aerated culture. Af

FIG. 1. Transmission electron micrograph of c
denotes 1mm.
d

incubating for 15 days, the organism reache
stationary growth phase. The ice-nucleating
tivity of the organism remained unchanged
gardless of its growth phase.

Cell suspensions were incubated with
mM phosphate buffer (pH 7.0) at vario
temperatures for 30 min, and the ic
nucleating temperature was measured (
not shown). The ice-nucleating temperatu
T50 (°C), of cells were23.7°C at 0°C,28.6°C
at 20°C, and213.5°C at 90°C. This stabilit
was not equal to that of the cells in other IN
(P. fluorescensKUIN-1, P. viridiflava
KUIN-2, andE. herbicolaIFO-12686). Strai
IN-74 cells were sensitive to temperature

of a novel ice-nucleating bacterium, strain IN-74. Ba
ells
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135ANTARCTIC ICE-NUCLEATING BACTERIUM
25°C or above). Furthermore, the pH stabi
held between pH 4.0 and pH 9.0. This res
was nearly equal to the stability in other pro
erties of the extracellular ice-nucleating s
stance and resembled those of ice nuclei f
other INBs (P. fluorescensKUIN-1 and Er-
winia uredovoraKUIN-3) (8).

Ice Nucleation Spectra of Strain IN-74
Treated with D2O

The ice-nucleation spectra of strain IN-
treated with D2O are shown in Fig. 4. The ic
nucleation spectra of strain IN-74 and conv

TAB
Morphological, Physiological, and B

Size (mm) 0.6 to 0.7 by 1.1 to 2
Shape Rods
Gram stain Negative
Motility Positive
Growth in air Positive
Growth anaerobically Positive
Catalase Positive
Oxidase Positive
Glucose (acid) Positive
Carbohydrates [F/O/2] Oxidation
Fluorescens pigments Positive

rginine dihydrolase Positive
ysine decarboxylase Negative
rnithine decarboxylase Negative

TAB
Use of Carbon S

Carbon sources Use Carbon so

Glucose 1 Geraniol
rehalose 1 Gluconate
-Ketogluconate 1 Glycerol
eso-Inositol 1 Itaconate
eraniol 2 Lactose

L-Valine 1 Maltose
b-Alanine 1 Mannitol
DL-Arginine 1 D-Mannose

donitol 2 Methanol
L-Arabinose 1 Salicin
-Butanol 1 D-Sorbitol
utyrate 2 Starch

Note.Symbols:1, use;2, no use.
t

-

-

tional INBs exhibited different curves. The ce
exhibited typical spectra in which nucleat
began at about23.7°C for H2O and 0.2°C fo
D2O. It can be seen in Fig. 4, however, that
ice nucleation spectra in H2O and D2O for cells
do not show curves with fixed differences.

After examining ice nucleation spectra, s
eral laboratories (25) have proposed that,
convenience, three types (classes A, B, an
of ice-nucleating activity could be inferred
occur on the bacterial surfaces.

Since these structures cannot be readily
lated and analyzed, their components have

2
hemical Characteristics of Strain IN-74

Levan formation from sucrose Posi
Nitrate reduction Negat
Denitrification Negati

Gelatin hydrolysis Negativ
Lipase (Tween 80 hydrolysis) Positi
Voges–Proskauer test Neg
Methyl red test Negat
Lecithinase (egg yolk) Positi
Indole production Nega

Starch hydrolysis Positive
H2S production Positive

Urease Negat
Protocatechuate, ortho cleavage Po
Mol% G1 C of DNA 63.2

3
ce by Strain IN-74

es Use Carbon sources

1 Citrate 1
1 Erythritol 2
1 Ethanol 1
2 D-Fructose 1
2 D-Galactose 1
2 D(2)-Tartrate 2
1 L(1)-Tartrate 2
1 L-Rhammose 1
2 D-Xylose 1
2 Caproate 2
1 Sucrose 1
2

LE
ioc

.2
LE
our

urc
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136 OBATA ET AL.
identified by the use of specific enzymes
chemical probes and by stimulation of the f
mation of specific classes of freezing structu
(28). From these preliminary studies, it appe
that the most active ice-nucleation struct
(class A) contains the ice-nucleation prot
linked to phosphatidylinositol and manno
and possibly glucosamine. The class B struc
has been found to contain protein presum

FIG. 2. Ice nucleation spectra for strain IN-74 ce
rown at different temperatures. Ice nucleation spectr
train IN-74 cells grown on ice nucleation medium at
E), 4°C (F), 10°C (Œ), 18°C (‚), and 30°C (h). Cells

were harvested for 2 days at 18°C and then shifte
various temperatures.

FIG. 3. Growth curve of strain IN-74. Cells were grow
n ice nucleation medium (pH 7.0) at 0°C with shakin
r

s
s

,
e
y

linked to the mannan and glucosamine moie
but definitely not to the phosphatidylinosit
The class C structure, which has a very weak
nucleation activity, appears to be the i
nucleation protein linked to a few mannose
idues and to be partially embedded in the o
cell membrane (11, 25). It is suggested
strain IN-74 cells have the nucleation structu
of the three classes (A, B, and C). However,
ice nucleation spectra of strain IN-74 cells a
conventional INBs exhibited different curv
(class B) (19).

The freezing spectra ofP. fluorescen
KUIN-1 cells (19) andP. syringaeC-9 cells
24) exhibited similar curves. Since D2O is

known to react more strongly than does H2O
with the hydrophobic domains of proteins (1)
seemed possible that class A and C struct
were much more hydrophobic than were clas
structures.

Freezing Difference Spectra
in D2O versus H2O

Figure 5 shows the freezing difference sp
tra in D2O and H2O at ice-nucleating temper
ture for strain IN-74. A freezing differenc
spectrum (24) was calculated by subtracting

r

o

FIG. 4. Ice nucleation spectra of cells of strain IN-
treated with D2O. Cells (OD660 5 0.1) were treated wit
H2O and D2O in 50 mM phosphate buffer (pH 7.0). C
uspensions were left for 24 h at 4°C.F, 90% (v/v) D2O;E,

H2O.
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137ANTARCTIC ICE-NUCLEATING BACTERIUM
freezing temperature for cells in H2O from the
freezing temperature of cells in D2O at the sam
number of freezing nucleus units per cell. T
freezing difference spectra in D2O versus H2O
at the same number of ice nuclei/ml for th
different bacteria (strain IN-74,P. fluorescen
KUIN-1, andP. viridiflava KUIN-2) are shown
n Fig. 5. The freezing difference spectrum
train IN-74 and convenient INBs (P. fluore-
cens KUIN-1, and P. viridiflava KUIN-2)

showed different curves. Cell activities at23.7
to 24.6,25.1 to26.5, or27.5 to29.2°C were

rbitrarily assigned as class A, class B, or c
, respectively. Since these structures cann

eadily isolated and analyzed, their compon
ave been identified by the use of specific
ymes or chemical probes and by stimulatio
he formation of specific classes of freez
tructures (28). The freezing difference sp
rum of strain IN-74 is distinct from the cur
btained for the ice nucleation-activeE. herbi-
olaandP. syringaeC-9 (28). We postulate th
he difference spectra indicate that there

FIG. 5. Freezing difference spectra in D2O and H2O at
ice-nucleating temperature. The freezing difference sp
was calculated from ice nucleation spectra shown in Fi
s
e
s
-
f

-

e

hree classes (A, B, and C) of nucleating st
ures on strain IN-74 or conventional INB
owever, it is suggested that the class B st

ure of strain IN-74 is distinct from the class
f conventional INBs. The freezing differen
pectra in D2O and H2O at ice-nucleating tem

perature for strain IN-74 is analogous to
freezing difference spectra in D2O and H2O at
the ice-nucleating temperature for the spe
dine added extracellular ice-nucleating ma
from Erwinia uredovoraKUIN-3 (9).

Effects of Denaturants and Protein-Modifyin
Reagents on the Ice-Nucleating Activity
of Strain IN-74

Effects of denaturants and protein-modify
reagents on the ice-nucleating temperatur
strain IN-74 are shown in Table 4. The ic
a
.

TABLE 4
Effects of Denaturants and Protein-Modifying Reage

on the Ice-Nucleating Temperature of Strain IN-74

Reagenta

Ice-nucleating
temperature (°C)b

T10 T50 T90

Cells 23.7 23.8 23.9
110% (v/v) Ethanol 26.2 26.5 26.7
13 mM Urea 214.7 214.9 215.0
13 mM N-Bromosuccinimide 217.2 220.0 222.3
19 mM Succinic anhydride

(pH 4.0)
26.4 26.7 27.0

19 mM Iodo acetic acid (pH 4.0) 26.7 27.5 27.8
19 mM 2-Hydroxy-5-nitrobenzyl

bromide (pH 4.0)
24.8 25.4 25.8

19 mM 4-(Hydroxymercuri)
benzoic acid, sodium salt

25.4 25.7 26.0

13 mM N-Acetylimidazole
(pH 4.0)

24.9 25.9 26.5

a Cells (1.03 107 cells/ml) were treated with denatura
or protein-modifying reagents (pH 7.0) for 30 min at 0
with shaking.

b After physical removal of reagent, for precise meas
ment of the ice-nucleating temperature, the cell suspe
was diluted with a 50 mM phosphate buffer (pH 7.0) s
tion to 1.0 3 107 cells/ml (OD660 5 0.1). Temperatur
equired to freeze 10% (T10), 50% (T50) and 90% (T90) of test

samples.
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138 OBATA ET AL.
nucleating activity of strain IN-74 was strong
inhibited by the addition of urea orN-bromo-
succinimide. Further, ethanol, succinic an
dride, iodo acetic acid,N-acetylimidazole, 2-hy
droxy-5-nitrobenzyl bromide, 4-(hydroxymercu
benzoic acid, and sodium salt had an effec
the ice-nucleating activity of strain IN-74. K
zoloff (10) and Obata (19) have shown that
ice-nucleating activity in intactP. syringae, P
fluorescens,andE. herbicolastrains is sensitiv
to protein-modifying reagents, suggestive o
role for protein in the ice-nucleating activ
site. Therefore, the sensitivity of the ice-nuc
ating activity to protein sulfhydryl reagents a
denaturants suggests the presence of a prot
the ice-nucleating site. Ice-nucleatingP. syrin-
gae S 203 promotes the formation of ice
supercooled water by ice nucleators that con
a unique protein associated with the cell m
brane (27). Green and Warren (7) sequence
ice-nucleation gene fromP. syringaeS 203. We
are attempting to characterize the molec
components of these bacterial ice nuclei. De
of an ice-nucleating substance from strain IN
will be reported at a date.
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