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Normal-speed (32 frames/sec) and high-speed (up to 4,000 frames/sec) video cameras attached with a
cryomicroscope were utilized to analyze the freezing process of protoplasts isolated from Arabidopsis leaves and
Jerusalem artichoke tubers. With protoplasts isolated from leaves of non-acclimated Arabidopsis seedlings,
intracellular freezing was observed even when protoplasts were frozen to —10°C at rates of 0.5 to 1.0°C/min, and

; the frequency increased significantly at 2.5 to 10°C/min. After cold acclimation for 1 day at 2 C, the intracellular
;freezing did not occur at cooling rates of 1.0°C or slower. Cold acclimation for 2 to 7 days further resulted in a
shift of the temperature range over which intracellular freezing occurred to lower temperatures. High-speed video
microscopy revealed that intracellular freezing was initiated, with no exceptions, at places near the plasma
membrane. However, it was not possible with techniques used in the present study to determine whether ice
formation initially occurs inside or outside the cell. Nevertheless, these studies demonstrate that videomicroscopy
combined with cryostage provides an insight to understand the effect of cold acclimation on the freezing process of

plant protoplasts.
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Fig. 1. Representative photomicrographs of Arabidopsis
protoplasts showing different freezing patterns.
Extracellular freezing (A) and intracellular freezing
(B). A suspension of Arabidopsis protoplasts was
cooled at 5C/min. Under these conditions,
intracellular freezing did not occur at — 5 C (all ice
crystals were present only outside the protoplasts);
however, after cooling to — 8 C, the majority of
protoplasts turned into black, meaning that ice
crystals were formed and spread out inside the
protoplasts (referred to as flashing). Bars indicate

50 zm.
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Fig. 2. Intracellular freezing initiating from a single point at

the vicinity of the plasma membrane. A sequence of
freezing was shown in panel A to D. A suspension of
protoplast isolated from Jerusalem artichoke tubers
was cooled at 5C/min. With no exceptions,
intracellular freezing was initiated at the vicinity of
the plasma membrane. In many cases, freezing
appeared to be initiated at a single point (arrow) just
inside of the plasma membrane and ice crystals were

then spread out in the protoplast. Bars indicate 50 zcm.

Fig. 3. Intracellular freezing initiating from multiple points at

the vicinity of the plasma membrane. A sequence of
freezing was shown in panel A to D. A suspension of
protoplast isolated from Jerusalem artichoke tubers
was cooled at 5C/min. With no exceptions, intracellular
freezing was initiated at the vicinity of the plasma
membrane. In a few cases, freezing appeared to be
initiated at multiple points (arrows) just inside of the
plasma membrane and ice crystals were then spread

out in the protoplast. Bars indicate 50 pem.
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