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Summilt1tary. The survival rates of the cortical parenchymal cells of mulberry tree
were determined as a fuinction of cooling and rewarming rates. When cooling was
carried out slowly at 10 to 15° per mintute, all of the cells still remained viable even
when rewarmed either rapidly or slowly. Survival rates gradually decreased to zero
as the cooling rate increased from about 150 to 20000 per minute. In the intermediate
cooling rates, when the cells were cooled at the rates lower than 140 per mintute, from
-2.2° to about -100, these cells could sturvive subsequent raipid cooling and rewarming.

However, at cooling rates above 10000 per minute and with rapid rewarming, the
effect of cooling rate reversed and survival increased, reaching a maximum at about
200,0000 per minute. As the cooling rate increased above 150 per minute, sturvival
rates became increasingly dependent on ithe rewarming rate, with rapid rewarming
becoming less deleterious than slow rewarming.

The temperature range at which damage occurred duiring rewarming following
removal from liquid nitrogen and in which growth rate of ice crystallization was
grea,test, was -300 to -400. The survival rates even in the prefrozen cells at -30°
decreased considerably by keeping them at -300 for 10 minutes after removal from
liquid nitrogen. This fact indicates that intracellular freezable water remains to
some degree even in the prefrozen cells at -300. After removal from liquid nitrogen,
all cells retained their viability, when they were passed rapidly through a temperature
range between -50° and -2.50 within about 2 seconds, namely at the rates greater
than 10000 per minute.

These observations are explained in terms of the size of the crvstals formed
within the cortical cells.

In order to clarify the mechanism of survival at
super-low temperatures with rapid cooling and re-
warming (4, 5, 6), futrther studies were made by
using the same cortical parenchymal cells of winter
twigs of mtulberry tree.

In this paper, the effects of the cooling and
rewarming rates upon the survival, the temperatulre
range at which the growth rate of intracellular
crystallization is greatest, and the speedl of rehy-
dration in cells rewarmed rapidly at subzero tem-
peratuires, were investigated.

Materials and Methods

Cortical parenchymal cells from winter 'twigs
of mulberry tree (Morits bomitbycis Koidz.) were
used as the experimental materials. Cells from the
same twig were used in each series of experiments.
Tangential tissuie sections (20-30 u thick, 1-2 mm
wide and 2-3 mm long) were cut from the cortical
regions of twigs using razor. Ten tissue sections
were u:sed in each experiment. The osmotic con-

centrations of the parenchymal cells were deter-
mined in a balanced salt solution by the iusuial
plasmolyt c method. This valtue was 1.4 M.
Winter twigs of white birch (Betula tauschii
Koidz.) and willow (Salix sachalinensis Fr. Schm.)
were also used.

Tissuie sections were mounted between cover
glasses (18 X 18 mm) with 0.05 ml water aind
cooled in 1 of several ways. The frozen cells were
rewarme(d, either rapidly in water at 300 (rapid
rewarming: 24,0000 per min) or slowly in air at
00 (slow rewarming: 1600 per min). In orrder to
obtain the greatest cooling rate, an utnmouinted
tisstue section was held with a force,ps and was
immersed directly into an isopen'tane bath at -150'
or into liquid nitrogen.

The temperature was determined with 0.1 mm
copper-constantan thermocouple aind was recordedT
by a oscilloscope. The cooling rate of tissue sec-
tions mounted with water between cover glasses
was determined by putting a thermocouple between
these cover glasses. It is, however, very 'difficult
to determine the exact cooling rate of an tinmouinted

1695



PLANT PHYSIOLOGY

tisstue sectioni held with small forceps. Accordingly,
the cool ng rate was determined by inserting a
thermocouiple between 2 tissue sections stickced with
a binding agent. Therefore, the cooling rate de-
termined by this method may be muich loxwer thani
that obtained in an uinmotunted tissuie sectioni held
with a forceps. The cooling rate xvas represenited
as the time required for the temperature t ) fall
from abouit -50 to within 5° of the final bath
temperatuire, tunless otherwise inoted. Rewarming
rate was also represented as the time re(lliirecl for
the temperatture to rise from the freezin-g batlh
temperatuire to a few degrees belownmelting- point
(abotut -2.20) of the tisstue.

To dehydrate the cells, tissuie sectiolls or tNwigs
were frozen at -50 and theni cooledl slowly to
variotus temperatures (3).

The viability of cells wxas determined lw tlle
vital staining test uising nietutral red anl the plas-
molysis test. Plasmolysis and deplasmolysis were
repeated twice with a 2 fold isotonic balan11ced salt
solutiton and water. As a resuilt of the treatmenet,
normally stainedl andl plasmolysed cells -\ ere re-
garded as normal ones and survival rate was ex-
pressedl as percentage of normal cells in 10 tisstue
sections. Cortical parenchymal cels of mul1berry
tree are very favorable 'to determining the per-
centage of sturvival, becatuse unlike maniy other
trees stuch as willow, poplar, conifers, etc., wher
1 cell layer of the cortical tisstue is sliced, all of the
cells in a tisstue section remain alive.

Results

Effects of Coolintg and Rezwarniung Rates on
Survival. To investigate 'the effect of rewarming
rate tupon sturvival of cells cooledl slowuly, tisstue
sections mounted between cover glasses with water
were frozen at -5° and theli gradlually cooledl
down to -100, -300° -50, and -700, respectively,
in air at the rate of abouit 140 iper minute. Also,
tissue sections cooled down to -300 were immersed
in liquid nitrogen. These 'tissue sectioils frozeni at
various temperatures were then rewarme(l either
slowly in air at 00 or rapidly in water at 300. All
of the cells rewarmed either slowly or rapidlv from
various temperattures survived.

To clarify the effects of coolinig and rewvarmin-g
rates on the suirvival of cells cooled 'in different
rates, 'tissuie sections mouinted or ulinmounilted were
cooled down to -75° at indicated cooling rates andl
rewarmed slowly or rapidly. The strvival rates of
the cortical cells as a functioin of cooling and re-
warming rates are summarized in figure 1. Wheni
cooling is carried otut slowly at 10 t ) 10° per
minuite, all of the cells remaini viable even when
rewarmed either rapidly or slowlY. Then the stur-
vival rates gradtually decrease 'to zero as the cooling
rate increases from about 500 to 20000 per minutte.
However, at cooling rate above 10,0000 per minulte

-0 RAPID

60 REWARMING

> 40
cr SLOW
2 REWARMING

20

0 O
O
'

2
'S

O 3I 10' 102 1 104 lo' l16
COOLING RATE (cC/MIN)

FI(;. 1. Surtilval of cor-tical cells cooled to -750
at indicated rates onl the absc&ssa and rewarmiied either
rapi(lly or slowly. In slowx coolin- rates, tissuie sections
mounted with water betwxecu cover glasses were cooled
with v-arious mletlhods. In the cooling rates higher than
100,0000 per Iminlute, alin uniuimounted tissue section held
wxith small forceps we-cre rap:dly immilersed in liquid
niitrogen or liqui(d isopentane. Rapid rewarmliin: iII
vax terat 300. Sloxv rei- irmiigii-: inl air at 00.

and wvith rapid rewarming, the effects reverse and
stirviv-al rates rise, reaching a maximurm at 200,000
per mintite. When tissuie sections are passed
rapirdly through the temperature range from freezing
point of the tissue to -550 within 0.045 seconds,
all retain their viability wvith stubseqtlent rapid
rewarming (fig 2). As the cooling rate rises
above 150 per minute, survival rates become in-
creasingly dependent on the rewarming rate, with
rapid rewarming becomiing less deleteriouis thani
slowv. In slow rexvarming, the survival still remnain
the minimum even at the highest cooling rate
tuse(l tinlike rapid rewarmin,g.

At intermediate cooling rates, the contiiitied
drop iin survival as cooling Irate rises towardls
20000 per minute is observed. In these cooling
rates, the intracellular water w\ill not be alMe to
dehydrate sufficiently rapidly to maintaini v\apor
presstire equilibriuim w ith the external ice, an(l so
the cell contenits will become increasingly super-
cooled, aind thev xvill eventually freeze intracellui-
arly.

The problem arises that in the ceills cooled to
-70 at those intermiiediate cooling rates and sub-

secluently rewarmed rapidly, (leath occurs at anly
temperature range during the process of cooling.
'Therefore, the cortical cells were mounte5d between
cover glasses xvith water and cooled to -700 at
different cooling rates from 140 to 1000° per
miniute. Cooling wN-as also broken at -10°, -200
and -300 respectively, in the co,urse of cooling to
-700, by rapicd immersioin in water at 400. In this
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FIG. 2. Oscillogram o f a tissue section immersed
rapidly into liquid nitrogen. An unmounted tissue sec-
tion held with small forceps was rapidly immersed into
liquid nitrogen. In this case, the time r,quired for the
temperature to fall from -2.5 to -550 was within
0.045 seconds. The temperature for the tissue section
was determined with 0.1 mm copper-constantan thermo-
couple and recorded with a oscilloscope.

experiment, the process of cooling was followed
with an oscilloscope. In addition, immediately
after cooling to -200 and -300 at variotus rates,
tissue sections were rapidly immersed into liquid
nitrogen and then they were rapidly rewarined in
water a-t 400. In each cturve A, B, C and D in
figure 3, the times necessary to cool from freezing
point (-2.20) to -200 are 1, 2, 7 and 57 'seconds,
respectively. Nulmerals nioted a,longside the indi-
vidual cturves in f gtire 3 represent survival rates
of the cells in tissue sections which were broken
cooling at the indicated temperatures. Nuimerals
noted tinder arrows indicate the sturvival rates of
the cells in t'issue sections immersed .into ;liqtuid
nitrogen from the individual temperatuires. In
cooling cturves A (10000/min) and B (4200/min),
survival rates abrtiptly decrease at the temperature
range from -10° to -30°, especially to -20°.

When tissue sections cooled to -200 at the
rates of 4200 and 10000 per minute were -immersed
into liqu!id nitrogen, almost all of the cells were
killed. However, when cooled at a slow rate
(700/min), only a slight 'decrease in survival was
observed during the procesis of cooling an(d also
half of the cells cooled to -200 at the same rate
were alive after immersion into liquid nitrogen.
In curve D (140/min), all of the cells cooled to
-700 were alive, btut the sturvival rate in the cells
immersed into liquid nitrogen after cooling to -100
was 65. In contrast, tisstue sections cooled to -100
at the same cooling rate were held there for 30
seconds, 1 and 3 minutes respectively, before rapid
immersion in liquid nitrogen and subseqtlent rapid
rewarming (curve E). All of the cells kept for
3 minutes at -100 were alive. Besides, even in
the tissue sections kept at -5° for 5 minutes in
frozen state, most of the cells remained alive after
immersion in liquid nitrogen and subsequent ral)id
rewarmi:
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FIG. 3. Survival of cortical cells cooled to -700
at intermediate cooling rates. Cortical cells were mounted
between cover glasses with water and were cooled to

700 at the rates noted alongside the individual curves.
Numerals noted alongside the individual curves repre-
sent survival rates of the cells in tissue sections which
were broken cooling at the indicated temperatures by
rapid immersion in water at 400. Numerals under
allows indicate survival rates of the cells in tissue
sections immersed into liquid nitrogeni from various
temperatures. In all experiments, rewarming wis
rapid.

For maintaining their viability after cooling to
deep temperatures at the intermediate cooling rates,
it is necessary to cool slowly in the frozen state the
temperattire range between freezing point and
about -10°.

Effect of Rewarming Rate on Surviv(al of Cells
Immersed in Liquid Nitrogen. To investigate the
temperature range at which the damage occurs
during rewarming fo-llowing removal from liquid
nitrogen, tissue sections immersed in liquid nitrogen
following prefreezing at -100 for 5 minuites were
rapidly transferred to isopentane baths at tempera-
tures ranging from -5° to -70° at 50 of tem-
perature intervals and were kept there for 3 seconds,
3, 10, and 60 minutes respectively before rapid
rewarming. The results are summarized in figuire 4.

I
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The main characteristic of survival
a limited temperatture range, the suirvri
decreases with the rising temperattire
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--400 to -30". In this experiment, it
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/ rewarmed immediately after reachiilg to -300, all

were alive, while the survival rates of the cells kept
-60M1N at -350 decreased with the length of time, and

most of the cells were killed in 30 seconds.
IOMIN To clarify the effect of rewarming rate on the

stirvival, the moulnited tisstie sectioins between cover

glasses with water were prefrozen at -100 for
5 minutes, antI were immerse(l iuto liqtiid nitrogen

before being trcansferredl to ain isolpeitanie bath at

-600. These cells were theni rewarmed at various
rewarming rates. Whein these cells were passed

-60 ralpidly throuigh the temperatuire range from -550

(0C ) to -2.50 within about 2.2 seconds (rates greater

for differenit thain 12000 per mim), they couild retaiin viability
emoval from (fig 5).
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FIG. 5. Effect of rewarming rate uipoii the survival
of the cells im11mersed in liquid nitrog,enl. Tissule sec-

tions mounite(i letxxeen cover glasses witlh water were

prefrozen at -10° for 5 minutes before immersion in
liquid nitrogen and then transferre(i to isopentane bath
at 600. The tissue sections kept at --600 were re-

warmed at various rates. Times noted alongside the
curve indicate the time requiired for the temperature
to rise from -55 to -2.50 at various rexwarmiing rates.
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FIG. 6. Temperature rang-c causing daaigle- i the
process of rcwarming followin-g removal from liquid
nitrogen. The cortical cells prefriozien at -100 aind
imm1111ersed into liqUid n1itrogcen were slowly ie waCnirmed
(at rate 1600 per min) in air at 00. In the process

of rewarminig following removal fromii liquid nlitrogen,
tissue sectioiis were rapi(lly re\xxarmied at variotis tem-
peratures by immilersioni into water at 300. Survival
rates of the cells in tissuic sections rewarmed r lpidly
t various temperatures are shoxn on survival ctirve.

In ordler to determinie the temperature range at
which the cells are damaged durinig rexwarming
after removal from liquiidl nitrogen, another experi-
ment was made. Tissule sections prefrozen at -100

were rewarmed in air at raite 1600 per minuite after

immersion in liquiid nitrogen. The tissuie sections
in the process of rewarming were rapidly rewarmed

by immersion into water at 300, immediately after

reaching to variouis temperatulres. As shown in

figtire 6, in this experiment also, almost all of the

cells were killed aibruiptly a,t the temperattire range
between -400 and -300 within 6 seconds.
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Am1ioun11t of Frcezable Water Rema(ininig in Cells
After PrefreeZing at Various Temperatures.
Nearly the same results as depicted in figure 4,
were obtained in the prefrozen cells at -200,
except that the survival rates of the celils kept at
the temperatures above -200 were much higher
than those of the cells prefrozen at -100. Even
in the cells prefrozen at -200, almost all of the
cells were killed after exposure, within 1 minute,
to the temperature range from -300 to -40°
following removal from liquid nitrogen, before
being rewarmed rapidly. These findings may be
interpreted to indicate that freezable water still
remains to some degree in those cells after pre-
freezing at -20° and the intracellular crystalliza-
tion ntuclei formed in the course of a rapid cooling
to the temperature of liquid nitrogen probably grow
and catuse damage duiring a subsequent rewarming.
It may be therefore considered that sufficiently
dehydrated cells by extracelluilar freezing are not
damaged by rapid immersion into liqtuid nitrogen
and by suibsequent exposuire to -300 for 60 minutes
following removal from liquid nitrogen.

To strengthen this notion and to investigate the
effect of rewarming conditions upon the survival
rates of cells prefrozen at various temperatures,
tissue sections mounted between cover glasses with
water were frozen at -5°, and were then slowly
cooled to various temperatures. They were kept
there for 10 minutes and then immersed into liquiid
nitrogen before being rewarmed at different con-
ditions. The results obtained are summarized in
figure 7. When rewarmed rapidly by immersion

-5 -10 -20 -30 -40 -50 -60 -70

PREFREEZING TEMPERATURE (0C)
FIG. 7. Effect of rewarming conditions upon the

survival cells immersed in liquid nitrogen after pre-

freezing at various temperatures. The tissue sections
mounted between cover glasses with 0.05 ml water were

prefrozen at various temperatures for 10 minutes. Then,
these prefrozen cells were rewarmed at various condi-
tions after removal from liquid nitrogen. Rewarming
conditions: in water at 400, in air at Q0 and in water
at 400 after exposure to -300 for 10 or 60 minutes
following removal from liquid nitrogen. Broken lines
indicate the decrease in survival of the cells in the
tissue sections kept at -300 for 10 minutes after removal
from liquid nitrogen.

into water at 400, all of the cells prefrozen at the
temperatures below -100 could survive immersion
in liquiid nitrogen, and also when rewarmed slowly
in air at 00, almost all of the cells prefrozen at the
temperatures below -250 retained their viability.
However, when kept at --300 for 60 mintutes fol-
lowing removal from liqtuid nitrogen, before being
rewarmed rapidly by immersion in water, the stir-
vival rates of cells prefrozen at the temperatuires
above -300, decreased considerably than those of
the cells rewarmed slowly in air at 00. However,
in the prefrozen cells at the temperattures below
-450, almost all of the cells still retained their
viability even after keeping at -300 for 60 minuttes
following removal from liquiid nitrogen. From
these findings, it seems reasonable to consider that
almost all of the freezable water in cells will be
withdrawn by extracelltilar freezing down to abott
-450.

Rapid Coolinig aind Rewarining of Twigs Pre-
frozen (t -io0. Some experiments were made
with rapid cooling and rewarming for maintaining
the viabili!ty of twigs after immersion into liqtlid
nitrogen. It was demonstrated in previous reports
(3) that prefreezing temperature which is effective
in maintaining the viability of twigs of willow
(Salix sachalinensis) following immersion in liquid
nitrogen was -150, provided that they were kept
at -300 for 3 hours after removal from liquid
nitrogen, before being rewarmed slowly in air at
00. It was also confirmed that the twigs frozen
at the temperatures below -15° were killed by
rapid thawing by a direct immersion in water at
300, while these twigs frozen at the temperatures
above -150 were not damaged by the same rapid
thawing. Therefore, in the twigs dehydrated par-
tially at -50 and -100, freezable water still re-
mains to some degree in these cells. Also, these
twigs are not damaged by rapid thawing.

Twig pieces (10 cm in length, 0.4 cm in diam-
eter) of willow were tied with a thread and pre-
frozen at -5° or -100 for 3 hours. These pre-
frozen twigs were immersed in liquid nitrogen and
then rewarmed rapidly in water at 400. To deter-
mine the intactness of these twig pieces, they were
planted in water for 2 months. The prefrozen
twigs at -50 became brown soon after thawing
and the prefrozen twigs at -10° still remained
normal for 2 weeks, but gradtually became abnormal.
In contrast to the findings of Krasavtsev (7, 8),
all of the treated twigs perished. The same result
was also obtained with the winter 'twigs of white
birch (10 cm in length, 0.4 cm in diameter).

Speed of Rehydraltion in Frozen State. To
know rotughly the speed at which frozen cells are
rehydrated as temperature ascends, some experi-
ments were made by uising winter twi,gs o,f white
birch. As mentioned a!bove, the prefreezing tem-
perature which is effective for maintaining the
viability of twigs of white birch after immersion
in liqtuid nitrogen is -150. Therefore, if the cells
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in the twigs have beeni rehydrated fully during
rewarming from -30° to -10, these twigs will
be killetl by immersion in liquid nitrogen.

To check this problem, the frozen twigs at -50
were gra(tually cooled down to -30° and kept there
for 16 hours. These frozen twigs were immersed
inito isopentane bath at -100 and were kept there
for 30 seconds, 1, 3, and 10 minutes respectively.
These tw:gs were then immersed into liquid nitrogen,
before being rewarmed slowly in air at 00. 2 of 4
twigs kept at -100 for 30 seconds developed their
leaves, while all of these twigs kept at -100 for
1, 3, and 10 minutes respectively, showed no sign
of the develo,pment. This fact 'indicates that when
those twigs were rewarmed from -300 to -10°,
the cells in those twigs could be rehydrated within
1 minute even in frozen state.

Discussion

Tissue sections mounted between cover glasses
with water could withstand slow freezing to any
temperatulre above -1960. These cells frozen at
any temperature could also survive subsequent rapid
or slowN rewarm'ing although cells from less hardy
plant are well knowni to be sensitive to a rap.d
thawing. However, as shown in previouis papers
(4,5), when tissue sections mounted in waiter were
rap.dly frozen by dlirect immersion from room
temperature into isopentane baths belowN -20°, all
of the cells were destroyed by intracellular freezing,
irrespective of the rewarming rates. Besides, tin-
like hulman red blood cells, a critical temperatuire
range does not exist in the cortical cells at least
within 24 hours. From these facts it is reasonable
to consider 'that the destrulction of cortical cells
may be caused only by intracellular freezing.

For these reasons, this material is favorable to
consider the mechanism of injury on the basis of
survival rate, and also this simplifies the interpre-
tation of the results.

Mazur (1, 2) calctulate(d percentage of intra-
cellular water remaining in veast cells as a function
of temperature and cooling velocity. The cells
cooled slowly at the rate lower than 100 per m,inute
will nearly remain at equilibrium with the external
ice bv dehydration and will reach eqtuilibriutm when
the temperature reaches -4° in the rate 1° per
minute or -8° in the rate 100 per mintute. On the
other hand, the water content of the cells cooled
at 100 per minulte or more !is markedly greater than
the equliilibrium water content, and is extensively
supercooled.

In the material tused here, survival rates also
decrease as cooling rate rises from about 500 to
20000 per minute, reaching nearly zero at the cool-
ing rate 10000 per minute. The continuied drop in
survival as the cooling rate rises towards 20000
per minute presumably reflects tha't an increasing
proportion of the inltracelltilar w-ater results in aln

increasing l)roportion of the cells frozeii introt-
cel,lularly. The following facts also seem to Sll)port
this consideration.

Even at the injuiriouis cooling raites pointe(l
above, if the cells are cooled suifficienitly slowly to
maintain vapor pressure equilibbriuim with the ex-
ternal ice, or are kept at -5° or -100 in frozen
state for 3 minutes, a stibsequenit rapid cooling to
deep temperatures has nio effect on the stirvival of
the cells, provided that they are rewarme(d rapidly.

At cooling rates aboxe abouit 10,000° per minute
and with rapid rewarmin-, the effect reverses and(l
survival rates rise abruiptly with the increas;illn
cooling rate unitil at the highest cooling ra'te of
200,0000 per minuite. These observations are ex-
plained in terms of crystal size (4, 5). As the
cooling rate rises, the ice crystals that form within
some of the cells begin to be small or imperfect
enouigh to be innoctiotis, hence, when rewarming
is carried ouit rap:dly, they melit before they have
time to grow, and most of the cells still remaill
viable. However, wheni rewarming is carried out
slowly, they grow to (lamiiagiing size an-d kill the
cells. At intermediate cooling rates, suirvival rates
remain low even with rapid rewarming uised.
Presuimably, this meanis that the crystals that form
in most of the cells during cooling are large Cenouigh
to be immedilately (lamagng.

Recently, some (lirect evidences sup)p)orting these
considerations were obtaiined with an electroii
microscope (6). When immersed rapidly into iso-
pentane baths below -G600 or into liquild nitrogen,
the ;intracelltular ice cavities left after freeze-sub-
stituition of the ice particles forme(d d(ring the
initial rap:d coolinig, couild not he fouind in these
cells. Ftirther, the tissuie sections immersed in
liquid nitrogen were rapidly transferred to isopeni-
tane baths at temperatuires ranlgiing from -700 to
-100 before rapi(l rewarming. No damage was
olbserved in the cells kept at temperatures below
-500 for 10 minuites or below -600 for 16 hours.
No ice cavit:es -x ere also found in these cells.
However, above -450, especially above -300, all
of the cells were completely destroyedl eveni whenl
exposed only for 1 minulte, anid many ice cavities
were observed throtighouit the cells. To determine
the damaging size of intracelluilar ice crystals,
ftirther stuldies are being made. The mechanismll
of growth of intracellullar nuclei or crystallite is
not yet clear.

If any freezable water still remains in cells
fo'llowing prefreezing, these cells will be (lamaged
during a stibseqtlent slow rewarming in air. Stir-
vival rates of cells prefrozen at variotus tempera-
ttires are affected remarkably by rewarming rates
after removal from liqtiil nitrogen. It is therefore
impossible to know, oIn the basis of the suirvival
rate alone, the temperatulre at which almost all of
the freezable water in cells has been withdrawil.
However, it may be 'possible to know roughly this
temperatulre on the basis of sturvival cturves, pro-

l1700



SAKAI AND YOSHIDA-SURVIVAL OF PLANT TISSUE AT SUPER-LOW TEMIPERATURE

vided that these cells immersed in liquidl nitrogen
are rewarmed very slowly by keeping at -30' for
60 minutes. This temperature lies around -45'
in the cortical cells used. To check the validy of
th,is method, some trials are being made with
electron microscope and with usual calorimetric
method. However, at deep temperatures, it seems
to be difficult to know the exact temperature with
the later, especially in the cortica,l cells unlike twigs
pieces.

In a previous report (3) it was demonstrated
that plant tissues which can survive freezing at
approximately --700 are not injured, even when
exposed to extremely low temperatures, and that
the prefreezing temperatures necessary for main-
taining viability after immersion into liquid nitrogen
differed considerably in the temperature range from
-15° to -30', according to the degree of frost
hardiness. However, the range was recently re-
vised from -13' to approximately -70' as a result
of further extensive researches. It was also con-
firmed that the greater the frost hardiness, the
higher the effective prefreezing temperature (3).
Therefore, the effective prefreezing temperature
may be tused as a reliable indication of the degree
of frost hardiness in extremely hardy plants which
can withstand freezing below -70'. To determine
the effective prefreezing temperatture, twigs were
prefrozen at temperatures between -10' and -70'
and then immersed in liquid nitrogen. These twigs
were slowly rewarmed in air at -30' for 3 hours
anld then were rewarmed at 0'. Under this re-
warming condition, if freezable water still remains
to some degree in cells before being immersed in
liquid nitrogen, these cells may be destroyed during
slow rewarming. Ilt may be reasonable to consider
that the cells prefrozen at the temperatures which
are effective in maintaining viability after immer-

sion into liquid nitrogen has scarcely any
water in the cells, and that the greater
hardiness, the higher the temperature
drawal of intracellular freezable water.

freezable
the frost
of with-

Literature Cited

1. MAZUR, P. 1966. Theoretical and experimental
effects of cooling and warming velocity on the
survival of frozen and thawed cells. Cryobiology
2: 181-92.

2. MAZUR, P. 1967. Physical-chemical basis of in-
jury from intracellular freezing in yeast. In:
Cellular Injury and Resiistance in Living Organ-
isms. E. Asahina, ed., Inst. Low Temp. Sci-
Sapporo. 171-89.

3. SAKAI, A. 1965. Survival of plant tissue at super--
low temperatures. III. Relation between effective
prefreezing temperatures and degree of frost
hardiness. Plant Physiol. 40: 882-87.

4. SAKAI, A. 1966. Survival of plant tissue at super-
low temperatures. IV. Cell survival with rapi(d
cooling and rewarming. Plant Physiol. 41:
1050-54.

5. SAKAI, A. 1967. Survival of plant tissue at super-
low temperatures by rapid cooling and rewarm-
ing. In: Cellular Injury and Resistance in Freez-
ing Organisms. E. Asahina, ed. Inst. Low Temp.
Sci. Sapporo. 119-30.

6. SAKAI, A. AND K. OTSUKA. 1967. Survival of
plant tissue at super-low temperatures. V. Anl
electron microscope study of ice in cortical cells
cooled rapidly. Plant Physiol. 42: 1680-94.

7. KRASAVTSEV, 0. A. 1967. Frost hardening of
woody plants at temperatures below zero. In:
Cellular Injury and Resistance in Freezing Or-
ganisms. E. Asahina, ed. Inst. Low Temp. Sci.
Sapporo. 13141.

8. TUMANOV, I. I. AND 0. A. KRASAVTSEV. 1966.
Elucidation of the conditions required for vitri-
fication of plant cells. Plant Physiol. USSR 13:
144-54.

170'I


