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ABSTRACT

Cell suspensions of two isolates of Pseudomonas syringae, PS8401 from sweet persimon and PS8402 from
tea plant, were active in ice nucleation at -2.5 and -3.8°C, respectively. Ice nucleation at those temperature was,
using micropipette method, detected in suspensions (10% colony forming urit/ml of distilled water) of cells
that had been grown on nutrient agar supplemented with 2.5% glycerol. Using the same method, on the other
hand, the freezing temperature of distilled water only was approx. -21.8°C, and those of various plant saps
including corn were lower than -} 1.6°C. Corn seedlings sprayed with cell suspensions (10% cfu/ml of nutrient
broth) of PS8401 began to be damaged at -2°C and were almost completely damaged at -4°C, whereas seedlings
sprayed with nutrient broth only were not injured until the temperature down to -9°C. Amounts of frost damage
measured 48 hr after application of PS8401 suspensions increased as applied bacterial cell densities were in-
creased. lce-nucleation activity of the cell suspensions in vitro increased with increasing the number of cells in
suspension. The activity also affected by growth-medium composition or growth-temperature. Ice nucleation
thus occured at -4.0, -4.4 and -7.2°C in suspensions (10? cfu/ml) of PS8401 that had been grown at 25°Con
nutrient agar with 2.5% glycerol, nutrient agar with 2.5% glucose and nutrient agar only, respectively, and
occured at -4.0 and -7.6°C in suspensions (10? cfu/ml) of PS8401 that had been grown on nutrient agar with
2.5% glycerol at 15-25°C and 30°C, respectively,
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INTRODUCTION

Frost injury has been described as one of the
main limiting factors fo1 crop production in many
locations in temperate zone. But, until recently,
little attention has been paid to the mechanism of
frost injury in frost-sensitive plants. Frost damage
to frost-sensitive plants usually occurs between -2
and -5°C under natural conditions (2). At these
temperature, ice formed in or on frost-sensitive
plants spreads rapidly both intercellularly and intra-
cellularly, causing mechanical disruption of cell
memnbranes. In the absence of sites capable of ice
nucleation, however, the water in plant tissues can
supercool; freezing will not occur unul the tempera-
ture becomes lower than -8°C to -10°C since plant
materials are inefficient ice nuclei themselves (4).
Because ice formation and subsequent frost damage
occur at temperatures warmer than the determined
temperature limits of plant supercooling, efficient
heterogenous ice nuclei must limit supercooling
under natural conditions. Ice nuclei have been pre-
sumed to be deposited on plant leaves from the
atmosphere (8).

Recent research has focused on the search for
biological sources of ice nuclei. Schnelland Vali (12)
found a correlation between the content of ice
nuclei and the content of organic matter in soils.
Autoclaved soil lost all of its ice-nucleation activity

at temperatures warmer than -10°C (13). Decaying

leaf debris also contained many ice nuclei active
at temperatures as warm as -5°C (12, 14). However,
the most active ice nuclei that have been identified
from terrestrial sources was the bacterium, Pseu-
domonas syringae van Hall (9). Certain strains of
both Erwinia herbicola (Lénnis) Dye (6) and
Pseudomonas fluorescens Migula (3) are also active
in ice nucleation. The strains of P. syringae and
E. herbi&ola catalyze ice formation at temperatures
as warm as -1°C, and live in a commensal rela-
tionship with potential host and non host plants,
and produce large epiphytic populations on the

plant surface (5).

This study was conducted to identify the ice
nucleation active bacteria isolated from some of the
frost-sensitive plants distributed in Jeonnam pro-
vince in Korea, and to demonstrate that they are
active in ice nucleation in vitro and in promoting

frost damage of corn plants.
MATERIALS AND METHODS

In 1984, the isolates of ice nucleation active
(INA) becteria were obtained from the winter buds
or sprouts of sweet persimon, tea tree and onion
distributed in Jeonnam province in Korea.

Isolation of INA bacteria. Two grams (Fresh
wt.}) of winter buds or sprouts in S0ml of sterilized
water were shaken at 24°C for lhr, and the super-
natants were diluted, and streaked on yeast-extract

peptone agar (pll 6.8). INA bacteria were isolated,



182 alal Bl g shsl 2] 2] 3¢ | 3%, 1987

using the method described below, on the basis
of their ice nucleation activity. Unless otherwise
specified, cultures were grown and maintained on
nutrient agar (pH 7.2).

Identification of INA bacteria. Physiological and
chemical characteristics of each isolate were deter-
mined to identify the isolates using Api 20-E
kit (France Api Intemational S. A.) in the help
of Schaad’s method (11), and the reactions referred
to Bergey's manual, 1984,

Measurement of freezing temperature. Bacterial
cells were removed from discrete colonies, sus-
pended in sterile distilled water, and diluted to
the desired cell densities (subsequently determined
by dilution plating). The ice nucleation temperature
of each suspension was determined by micropipette
method (10). A micropipette (Type 10 LAMBDA
Drummond Scientific Co. U. S. A.) was filled with
1041 of cell suspension and then the bottom of the
pipette was sealed using gas burner. When being
sealed, the surface of suspension was at a distance
(20mm) from the sealing point for protection from
being heated. A part of micropipette containing
suspension was dipped in ethanol bath so that the
upper surface of suspension in micropipette would
be on the same line with the surface of ethanol.
With circulation, ethanol in bath was cooled down
at the rate of 0.3°C per minute by refrigeration.
Freezing of the supension in the micropipette was

easily detected with naked eyes since freezing for-

ced to raise the surface of cell suspension {(approx.

8.3% increase in volume). Plant saps were extracted
in mortor, strained through 0.25um milipore filter,
and their freezing temperature were measured using
the same method described above.

Measurement of frost damage to corn seedlings.
Frost damage to three-leaf-stage corn seedlings at
.4.5°C was measured by the similar method re-
ported by Arny et al. (1). Plants were sprayed with
suspensions of P. syringae in nutrient broth at
various times before freezing. Plants were incubated
in a mist chamber for 24hr and then incubated for
another 24 hr in ambient air (wet treatment), or

left in ambient air for the entire 48hr (dry treat-

ment) at about 24°C in the dark. After incubation,
plants were chilled for 5 min in a refrigerator pre-
viously adjusted at -4.5°C, and finally allowed to
warm in ambient air until symptoms appeared.
Frost injury was estimated by measuring the percent
leaves damaged. Each of the three leaves of every
corn seedling was rated for frost injury. Ten plants
were included in each treatment. The leaf damaged
was scored as one regardless of that the extent of
injury in the leaf was severe or not. Frost injury was
also estimated by measuring electrolyte leakage
of the damaged leaves. Ten grams (fresh wt.) of
frozen leaves were cut into segments (about 3mm
in length) and immersed in 200ml of distilled water,
and then shaken at 24°C for 1hr. The electrolyte
of the supernatant was measured using a conduc-
tivity meter (Beckman Model RC-16C). The total
conductivity of the leaves that had been boiled for

5 min in distilled water was about 1.7 m mhos.
RESULTS AND DISCUSSION

To isolate the bacteria active in ice nucleation
(INA-—-bacteria) that were commonly present as
epiphytes on frost sensitive plants in Korea, win-
ter buds or sprouts of various plants were sampled
and numbers of discrete colonies were isolated from
them. Although most of the isolates had not shown
ice nucleation activity, two isolates of Pseudomonas
syringae were active in ice nucleation at -2.5 and
-3.8°C, respectively (Table 1). The isolate PS8401
which was more active in ice nucleation has 1-2
polar flagella, and was selected for further study.

The presence of P. syringae on corn leaves
resulted in badly damaged plants at -4°C but com-
parable leaves without P, syringae were not injured
until the temperature down to 9°C (Fig. 1). More-
over, the freezing temperatures of various plant saps
including com plant were lower than -11.6°C
(Table 2). It appears, therefore, that if the isolate
of P syringae is representative of the bacteria in
ice nucleation on leaves of field-grown plants in
Korea, there will be a iarge population of the isolate

on plants under the natural conditions that frost-
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Table 1. Freezing temperature of suspensions of the bacteria isolated from the surface of frost sensitive plants

in Korea®
Bacterial suspension Origin Freezing temperature (*C)
Distilled water only - -21.8 +0.89°

Pseudomonas syringae 8401 Sweet persimon -2.5+044
Pseudomonas syringae 8402 Tea plant -3.810.98
Pseudomonas fluorescens 8401 Onion -8.1 £ 0.46
Erwinia herbicola Onion -13.3+0.52
Others Sweet persimon, Tea 2147~ 2217

plant and Onijon

B Bacterial concentration in a micropipette (10u1) was approx. 10% cfu/ml of distilled water. Cultures grown on

nutrient agar with 2.5% glycerol for 48hr were used.
byalues are means of 15 replicates with standard error.
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Fig. 1. Effect of Pseudomonas syringae 8401 on frost damage in corn. Corn seedlings were sprayed with nutri-
ent broth only (A) or with bacterial suspension of PS8401 in nutrient broth (108 cfu/ml) (B), and held
in a mist chamber of 48 hr before exposure at the temperatures shown on the abscissa. Vertical bars

represent the standard deviations.

Table 2. Freezing temperature of different plant leaf saps held in micropieptte (10 ul)

Plant Freezing temperature o Plant Freezing temperature (" C)
Corn 21240728 Tomato -15.2£0.39
Apricot -11,9+£0.85 Jujube -12.5 £ 0.45
Persimmon -13.5+£0.64 Apple tree -12.7+£0.73
Tea plant -11.6 £ 0.56 Walnut -14.4 £ 0.62

8yalues are means of 15 replicates with standard error.

sensitive plants are apt to be chilled. We are, now,
trying to examine relationships between PS8401
population and frost damage in field condition as
to know whether they play a major role on frost
damage of crops in Korea. The result that ice nu-
cleation activity of the INA bacterial suspensions

increased with increasing the number of cells in

suspension (Table 3) and that frost damage in-
creased as cell densities of PS8401 applied to the
plants were increased (Fig. 2), indirectly ensure that
the isolate may be a causal agent on frost damage
of crops and also indicate that frost sensitivity may
be determined by the size of the population of INA

bacteria. But because the INA bacteria had been
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Table 3. Increase in the ice nucleation temperature of bacterial suspensions with increasing bacterial concentra-

tion held in micropipette (10 ul)®

Freezing temperature o)

" Isolates

10'® 102 104 10 10®
Pseudomonas syringae 8401 4.8 +0.56° -4010.69 -3.8£0.86 -3.6£0.39 -2.5%0.73
Pseudomonas syringae 8402 -7.2+0.85 -6.8%0.64 -5.8%£0.62 452073 -3.8+0.45
Pseudomonas fluorescens 8401  -21.6 £0.72 -21.4 £ 0.85 -21.4£0.76 -15.9+0.76 -8.1%0.35

8 Cultures grown on nutrient agar with 2,5% glycerol for 48hr were used.

b pacterial concentration (cfu/ml of distilled water).

¢ values are means of 15 replicates with standard error.
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. Increase of frost damage of corn leaves with
increasing cell density of Pseudomonas
syringae 8401. Frost damage was rated by
measuring the percent leaves damaged
(A) or by measuring electrolyte leakage of
the leaves damaged (B). Suspensions (in
nutrient broth) of cell densities of P. syrin-
gae given on the abscissa were sprayed on
corn seedlings 48 hr prior to freezing at
-4.5°C. Plants represented by the curve
() were placed in a mist chamber,for 24hr
and then in ambient air until freezing (wet
treatment) Plants represented by the curve
(-0-) were left in ambient air for the entire
48 hr (dry treatment). Vertical bars re-
present the standard deviations.

applied 48hr prior to freezing on the leaves of
corn plants, they might have enough time to be mul-
tiplicated before freezing so that the treatment of
INA bacteria as dilute concentration as 10% cells/ml
made the corn plants significantly damaged compare
to the contro! plants (Fig. 2). Frost damage of corn
leaves was increased with increasing the incubation

time between aypplication of PS840!1 and exposure

at -4.5°C (unpublished data). P. syringae sprayed on

corn plants had an exponential increase from 6 to

36 hr (unpublished data).

Ice nucleation activity of PS8401 was affected
by growth-medium composition (Table 4). This
was shown by the comparison of ice nucleation
activities of suspensions of PS8401 grown on
nutrient agar of nutrient agar supplemented with
2.5% glycerol or glucose. Cultures supplemented
with glycerol were more active in ice nucleation
than those supplemented with glucose; but both
were highly active in the case that the cell concen-
tration in suspensions was 10% cfu/ml Even though
the bacterium grew well on nutrient agar without
an additional carbon source, its ice nucleation
activity decreased more than those grown on en-
riched media with additional carbon sources. Thus,
supplement of a suitable carbon source can affect
the ice nucleation activity of bacterial suspensions.
Growth-temperature also affected the the ice
nucleation activity of bacterial suspensions. Growth-
temperature also affected the the ice nucleation
activity of the bacterium grown on nutrient agar
supplemented with glycerol (Table 5). When the
bacterium was grown at 15 to 25°C, no difference
could be found in the ice nucleation activities of
the cell suspensions. However, the activity decreased
clearly in the case that the bacterium had been
grown at a relatively high temperature (30°C) on
the same medium. /n vitro cultural conditions
including medium composition, solid versus liquid
growth medium, aeration, and growth temperature

affected profoundly the ice nucleation efficiency
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Table 4, Effect of growth-medium composition on the ice nucleation activity of Pseudomonas syringae 8401 at

the various bacterial concentrations?

Freezing temperature (°C)

Growth medium

Aqueous medium® 10'¢ 10? 104 108 108
Nutrient agar (NA) 14,2+ 0.379 392096 -7.2+0.65 -6.7t046 -59t0.58 -29+0.53
NA + 2,5% glycerol -13.2+0.58 -48%037 -4.0+0.34 -3.7%0.89 -3.6+0.89 -2.5+0.77
NA + 2.5% glucose -13.6 £ 0.65 -53+048 -44+039 -4.0%0.71 -3.7%0.36 -2.5t092

2 Bacterial suspension (in distilled water) was held in a micropipette (10 ul). The cultures were grown for 48hr,

b The same consituents without agar.
¢ Bacterial concentration (cfu/ml of distilled water).
9 Values are means of 15 replictaes with standard error.

Table 5. Effect of growth temperature on the ice nucleation activity of Pseudomonas syringae 8401 at the

various bacterial concentrations®

Freezing temperature (°C)

Growth temperature (°C)

10!b 10? 10* 108 108
15 47t0.58 -40+087 -3.8%0.54 -3.6%035 -2.5+0.65
20 47+032 402060 -3.8%0.50 -3.6%0.59 -2.5%0.99
S25 4,8+0,76 4.0*0.65 -3.8%0.87 -3.6+090 -2.5%0.20
30 11.4+0.78 -7.6%045 -52%045 -40%0.34 -3.2+0.65

# Bacterial suspension (in distilled water) was held in a micropipette (10ul). Cultures grown on nutrient agar

with 2.5% glycerol for 48hr were used.
b Bacterial concentration (cfu/ml of distilled water).
¢ Values are means of 15 replicates with standard error.

of cells of many ice nucleation active strains of P,
syringae and E. herbicola, as well as the temperature
at which ice nucleation is expressed in these cells
(6, 7, 15, 16). However, Maki et al (9) reported that
the cell to ice nucleus ratio of their P. syringae
isolate was constant under different growth condi-

tions.
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