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It has been reported (5, 6, 7 ) that twigs of woody
plants from which almost all of the freezable water
in the cells has previously been withdrawn by suf-
ficient extracellular freezing can survive immersion
in liquid nitrogen or in liquid helium (8), and that
if the living materials can withstand freezing at
temperatures below -300, they are able to survive
freezing at extremely low temperatures with the pre-
freezing method. In addition, if the materials are
previously prefrozen at -30°, the percentage of sur-
vival is very little affected by the rates of cooling to
and rewarming from super-low temperatures with
this prefreezing method.

These findings suggest that there is a definite
temperature at which almost all of the easily freez-
able water in a cell may be withdrawn from the cell
by extracellular freezing, and that cells and tissues
in this state are not injured, even when exposed to
extremely low temperatures. In the case of planits
and animals, this temperature may be around -30°.

Prelimi-nary experiments demonistrated, however,
that in winter prefreezing temperatures below -150
were sufficient to enable willow twigs to withstand
liquid nitrogen, while in early spring and in early
winter prefreezing temperatures below -30° were
required.- This suggests that the effective prefreez-
ing temperature may vary with the degree of frost-
hardiness in plants examined.

As most twigs which can survive freezing at -700
or lower are not injured even wheni exposed to ex-
tremely low temperatures, it is impossible to deter-
mine the degree of their frost-hardiness by the usual
freezing methods. To clarify the mechanism of
frost-hardening in these hardy plants, it is essential
to find a suitable method of determining of degree
of frost-hardiness. If it is confirmed that the greater
the frost-hardiniess, the higher the effective pre-
freezing temperatures, the effective prefreezing
temperature may be used as a reliable index of the
degree of frost-hardiness in hardy plants.

To determine the mechanism of survival in woody
plants at super-low temperatures and to find a suit-
able method for determining the degree of frost-
hardiness in hardy plants, the relation between the
effective prefreezing temperature and the degree of
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frost-hardiness was studlied for 2 years using various
woody plants.

Materials and Methods

Various hardy woody plants growing on the
campus of Hokkaido University were used as ex-
perimental materials. The complete list is as follows:
willow (Salix sachalinensis Fr. Schm., Salix koriya-
)iagi Kimura, Salix ezoensis Kimura, Salix Siebol-
diana Blume), poplar (Popthlus niigra L. var. italica
Muenchh., Popuilus niaximtowiczii Henry, Poputluts
siiiolnii Carr., Populuis glaubka). birch (Betula Tan-
schii Koidz., Betula Ermani Cham. var. Commu7tis
Koidz.), Alpine rose (Rosa penidulina L.), black
alder tree (Aln/is hirsutta Trucz.), larch tree (Larix
dahurica Turcz. var. Japoniica Maxim.), apple tree
(Malus pumntira Mill.), creeping pine (Piuts pumira
Regel.). Todo fir (Abies sachalinieuisis Masters),
Ezo spruce (Picea gichthi Masters).

In the same series of experimenits, only 1-year-old
twigs from the same tree in every species were used,
an(l in every experiment, 5 pieces (0.6-0.7 cm in a
diameter, 10 cm in length) from these twigs were
used. In almost all of the experiments, there was no
applicable difference in degree of frost-hardiness or
effectiveness of frost-hardening in the 5 pieces.

The pieces of twig were put in a small polyethyl-
ene bag and cooled in chambers at -50. After 1
hour, they were inoculated with ice and then were
gradually transferred at 1-hour intervals to chambers
maintained at temperatures graded at 50 intervals
from -5° to - 300. After the twig pieces were
cooled to the desired temperature, they were kept in
temperatures for a length of time, and then slowly
thawed in air at 00.

To determine the effective prefreezing tempera-
ture, 5 of the pieces of twig were tied with a thread
and prefrozen at temperatures between - 10° and
- 30° for 6 hours. A sinker was then attached to
the prefrozen twig pieces and they were immersed
directly in liquid nitrogen (-1960). The cooling
rate of a twig piece immersed in liquid niitrogen fol-
lowing prefreezing at -300 was almost 200 per sec-
ond. After 30 minutes, the twigs were transferred
to - 100 for 1 hour and then to approximatelv 0°
for 16 hours.

The viability of an entire twig piece cannot be
judged on the basis of a plasmolysis test or a tetra-
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zolium test in parenchymal cells of the cortex just
subsequent to or even after many days of thawing.
These tests only indicate the relative viabilitv of cer-

tain tissues in the twig, and that the inner cortex, pith
and xylem tissues are less resistant to freezing than
the parenchymal cells of the cortex. In order to
determine the viability of the entire twig piece, it
was planted in water or in sand in a green house and
its capacity to continue normal development for 2
months was tested. In coniferous trees, browning
of the leaves, buds and xylem tissues were taken as

a sign of injury. Judging the viability of twigs of
willow and poplar is very easy and sure, because
these twigs frozen at the temperatures below - 100
are able to put forth buds and send out roots in any

season, provided that they are not damaged. The
degree of frost-hardiness in a twig piece was repre-

sented by the lowest temperatures at which it could
withstand freezing without injury.

Results

To investigate effective prefreezing temperatures.
the twigs of willow in midwinter were prefrozen for
16 hours at temperatures ranging from -100 to
-30° and were then immersed directly in liquid
nitrogen. After 15 minutes, these twigs were trans-
fered to -100 for 1 hour and then to approximately
00 for 16 hours. The twigs which were prefrozen
at temperatures below -15° all budded, while the
twigs prefrozen at -100 showed no sign of develop-
ment (fig 1).

In midwinter, prefreezinig temperatures below
- 150 xvere sufficient to enable willow twigs to with-
stand immersion in liquid nitrogen, while in the mid-
dle of November, prefreezing temperatures below
-20° were required. This suggests that the effective
prefreezing temperature may vary with the degree
of frost-hardiness in the twigs used.

FIG. 1 Development of willow twigs immersed in

liquid nitrogen following prefreezing at various temper-
atures. Material: Salix sachalinensis (January 15). A,
twigs prefrozen at -10°; B, -15°; C, -20°; and D,
-300. Period of growth: 2 mnonths after thawing.

The prefreezing temperatures which are effective
in maintaining the viability of willow twigs follow-
ing immersion in liquid nitrogen or liquid helium were

examined. The experiments showed that in both
nitrogen and helium, the effective prefreezing tem-
perature was below --200 (table I). After 2 years,
willow twigs immersed in liquid nitrogen or heliuili
following prefreezing at -300 have growni to about
2 m in height.

When twigs of white birch were immersed in
liquid nitrogen following prefreezing at tempera-
tures of -10°, -15°, -20°, -30°, -40°, -500
and -70°, the twigs prefrozen at temperatures below
-150 lnormally put forth their buds and showed no

browning in the xylem or the cortical tissues, while
those prefrozen at -10° were all destroyed.

Identical experiments were conducted with twigs
of the Alpine rose. Alpine rose buds can survive
freezing at -300 and -700, but the xylem and pith
are damaged by freezing at temperatures below about
-400. As is shown in figure 2, buds oln twigs pre-

FIG. 2. Development of twigs of Alpine rose im-
mersed in liquid nitrogen following prefreezing at vari-
ous temperatures. Date of experiment: Jan. 20. Period
of growth: 1 month after thawing. A, twigs of Alpine
rose immersed in liquid nitrogen following prefreezing
at -700; B, -300; C, -250; and D, -200. E and F,
twigs frozen at -70' (E) and -300 (F) for 16 hours
without subsequent immersion in liquid nitrogen.

frozen at temperatures below -300 sprouted norm-
ally, although browning was observed in the xylem
tissues, while those prefrozen at the temperatures
higher -250 showed no sign of development.

The effective prefreezing temperatures for twigs
of various woody plants in midwinter are summarized
in table II. In every species, all of the twigs pre-
frozen at -5 were destroyed by immersion in liquid
nitrogen. The effective prefreezing temperature dif-
fered considerably in each species; in the willows,
Salix sachalinenisis and Salix ezoenisis, and in the

Table I. Effective Prefreezinig Tenperatuire for Willow
Twigs Imnmersed in Liquiid Nitrogent or Helium
These experiments were done on February 12.

Prefreezing temp
-100 -15° -200 -300 - 700

Liquid nitrogen ** * Q Q Q

Liquid helium * 0 0 0

*O, normal; 0, killed.
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poplars, Popit/us itaximaowichi, Popa/lius n1igra, andl
Popa/us situ onlii , and in the white birches, it was be-
low l15°, but in the poplar, Poptl/us glauibka, in the
willow, Salix kooriyaniage, it was below -20°. In
the less hardy willow-, Salix Sieboldiania, and club ap-
ple, black alder, and Sachaliti larch trees, only twigs
prefrozen at temperatures below 30° put forth
nornmal buds, although in the other species, wsith ex-
ception of the Salix Sieboldiania and the creeping
pine, the xylem tissues were damiiaged. In the creep-
ing pine, needle leaves prefrozen at temperatures
higher --250 turned brown within a few days after
thawing from liquid nitrogeln, while those prefrozen

at temperatures beloxv )300 remiiainled green for at
least onle month.

The results reporte(d above suggest that the ef-
fective prefreezing temperature miiay vary with the
degree of frost-hardiness of the plalnts examined.
To further clarify this, the seasonal fluctuation in
the effective prefreezing temperature of willow twigs
was ilvestigated during the period ralnging from the
middle of November to the end of March. The ex-
periments showed that the effective prefreezing tem-
peratture varied w-ith the seasonial fluctuation in frost-
hardiness, being higher from the miiiddle of November
to miiidwinter, as natural frost-hardening proceeded.

Tahle II. Prefrccc_inl 7'euiiperaturcs zcli'ici(icia Effeeitvc iI Mai1ntain m(1 tllc F ialbi/itf of
Variouis Woody Planits Follozu4g Iimmersion ini Liqluid NVitrogelln

All experiments were made in the middle of January.

Species

,S'alix sacha/inensis
Salix yezoensis
Popa/luts mniaximtowichi
Popitlus simonii
Popa/luts niigra
Bctula fautshii
Bmeitla Erniani
.Salix koriyantagi
Poapu/us glaitbka
Sali.x Siebo/diana(
Pilitls paitn1ira
Rosa pendit/1ina
.q/luns hii-sta
Larix dahurica
Club apple tree

, normal; A, injured; *, killed.

Prefreezing temp

- 5 100 - 15 200 250 3Q0 400 50 - 700
0*
0
0
0
0
0
0
0
0
0
0
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0
0
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0
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0
0
0
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A
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O, 0
0 0
7 0
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0 0
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A

Table III. Rel/ationt of the Effectizc Prcfreezilg T7empcipature-
of Frost-hardiness in Salix sachalinensis

to ftl/c D)((Jcc

Prefreezing temp Frost-hardiness
- of twigs

-50 -100 -150 -200 -250 -300 -400 -500 -700 (0OC)
Nov. 15 N** **** o

H * * *
Dec. 5 N * * *

H 0 * O O O
Jan. 5 N * * O O O

H /\
Feb. 28 N 0*0**

H * O
MIar. l N *

H A O O
Mar. 20 N 0 *

H A
Mar. 25N *N *

H * * 0A

Thl degree of frost-hardiness of a twig is represented by the minimu
freezing for 16 hours without inj ury.

** N, norm-al control; H, following frost-hardening for 5 dlay s at -5°.
* K, normal; A, injured; 0, killed.
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im temperature at whichi the twvig survive(d

Date of expt
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Table IV. Frost Damnage iit Twigs Frozent at the Temtperatutres below -30'
Date of experiment; January 20. The symbols 0, 1, 2, and 3 represent the degree of frost damage.

Freezing temp
Species Tissues tested -30°(1 day) -30°(2days) -40'(6hr) -50° (6 hr) -700 (6 hr)

Bud 0
Cortex 0

Club apple tree Xylem 0
Pith 1
Bud 0
Cortex 0

Alpine rose Xylem 0
Pith 1
Bud 0
Cortex 0

Black alder tree Xylem 0
Pith 1

Table V. Frost Damage in Willow TzAgs at the
Tcmperatffres below -30'

The sym.bols 0, 1, 2, and 3 represent the degree of
frost damage.

Date of Tissues Freezing temp
expt tested 300 - 50' -700 -300 L.N.*

Nov. 10 Bud 0 0 0 0
Xylem 0 2 3 3

Nov. 15 Bud 0 0 0 0
Xylem 0 1 2 2

Nov. 20 Bud 0 0 0 0
Xylem 0 0 0 0

* Twigs treated in liquid nitrogen following prefreezing
at -30'

and lower fromii the middle of February to May
(table III). In addition, in the twigs artificially
hardened for 5 days at -5', the effective prefreezing
temperature ranged from -15' to -30', according
to the degree of frost-hardiness (table III). To
eliminate the possibility of hardening in the process
of cooling and prefreezing in this experiment, twigs
frozen at -50 were cooled to the desired temperature
within 2 hours, and were then prefrozen at that tem-
perature for only 4 hours.

The author has previously reported that at the
temperatures below -30', the intensity of cold seems
not to exert any important effect upon woody plants
(5, 7). A preliminary experiment demonstrated,
however, that the Todo fir can survive freezing at

300 without any damage, for at least 2 davs, but
cannot do so at temperatures below -40'. To in-
vestigate this more fully twigs of club apple, alpine
rose and black alder were frozen at temperatures
ranging from -30' to -700. The experiments
showed that the xylem and pith can survive freez-
ing at -30' without any damage for at least 2 days,
but cannot survive at temperatures below -40; the
frost damage in the xylem and pith increased with de-

creasing temperature to -70'. However, the buds
survived and grew following thawing from -700 as

well as from -300 (table IV).
In addition, in the middle of November, willow

twigs with varying frost-hardiness were frozen for
one day at temperatures below -30'. As is shown
in table V, results similar to those in table IV were

obtained. From these results, it seems apparent that
from -30' to -70', frost damage increases with de-
creasing temperatures.

Twigs immersed in liquid nitrogen following pre-

freezing for 16 hours at -20' or -30' were allowed
to stand for one day in cold chambers maintained at

-70', -30', -20', -10' and 0. and then trans-

fered to about 0' for 1 day. This experiment re-

vealed that the twigs prefrozen at -20' or -30'
budded and rooted normally, irrespective of the tem-

peratures at which they had been maintained follow-
ing immersion in liquid nitrogen.

Discussion

It has been well known that various organisms
can be cooled to super-low temperatures in liquid
gases without injury, provided that they have previ-
ously sufficiently desiccated (1). Extracellular
freezing is also considered to be an effective method
for dehydrating living cells. In previous papers
(5, 7), it was demonstrated that, following sufficient
dehydration by extracellular freezing at the temper-
atures below -30', twigs from woody plants can

even survive rapid cooling to super-low temperatures.
Also twig pieces prefrozen at -30' were immersed
in liquid nitrogen for 10 minutes, and then kept at
-30' for 1 hour. The procedure was repeated 5
times with no effect upon the survival rate (5, 7).

The results published previously (5, 7) indicate
that if twigs have been previously dehydrated by ex-

tracellular freezing at -30', fatal intracellular freez-

ing barely occurs even at extremely low temperatures,
and that the survival rate is barely affected by the
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rate of coolilng to aiid( reNwarmmiiig fromii a super-low
temiiperatutre, if the miiaterial can withstand freezinlg
at -30° without any (lamage.

It has been denmonstrated in maniv in-sects and(l
plants, tlhat the amounit of wvater crystallizing at -30c
is more than ninie-tenitlhs of total water conltelt, or
nearly all of the freezable water in these illsects andCI
p)lants (Q, 10, 11). On the basis of these facts, the
atuthor conicltu(le(d tha! the effective prefreezing tenm-
perature in both animals andl plallts is arotnnid -30'
(5, 6. 7). The effective prefreezing temperature re-
porte(l here raniged fromii 1- to (30' accordlilg-
to the (legree of frost-har(diniess. Besides, in every
exlerinment, it was observed that the greater the
frost-lhardliniess, the higher the effective prefree7ing
temllperatture. From these facts. it seemiis ulnlikely
that the effective prefreezilng teml)erature is arouind
-300 irrespective of species alnd the dlegree of frost-

hlirdiniess.
With the p)refreezing method, if any freezable

water remains in a cell following prefreezing, the
intracellular crystallization nuticlei originally formiied
in the coutrse of very rapid cooling in liquiid nitroren
(20/sec) w-ill probably recrystallize durilng the snb-
sequent slow rewarnming alid will damage the cell.
3). Hoxvever. in sufficientlylprefrozen twig. nlo

harmlftul effects were observed, irrespective of the re-
warming, velocity wlhiclh followed remoxval fronii the
li(qui(I nitrogeni. It may be. therefore, that hardlv
any, water cry,stallizes in the tissue cells of thtese
t\wis if thev have been sufficiently p)refrozen. even
if they are stnbsequelitly coole(d very ral)illy to ex-
tremiielv low temperatures. However, i1o (lirect evi-
(lenlce has heenl presented to colnfirm this.

Twvigs which can survive freezinlg at approxi-
miatelv -700 are not iiljure(l. even when expose(d to
extremiely low temperatures. In Sapporo, t\\wigs
taken from xvillows l)oplars, white birches, etc. in
the miii(ddle of November, can survive freezing at

-7Q0. Tlherefore, dur-ing the perio(d from the niiid-
(lle of 'November to early -March, seasonal fluctu-
ations in frost-hardilness and(I the effectiveness of the
hardeniing temiiperature w-hen the twigs are artifici-
ally exposed to various tenl)eratures. cannot be de-
termined( in these twvigs by the ustual freezing tests.

In midlwinter, it is also imipossible to compare the
(legree of frost-har(lilless in twigs of different species
in these highly hardy plants. It is therefore esseni-
tial to find a suitable method of (leterminimigi the
(legree of frost-hardiniess in plants which can with-
stand freezing below-70°. As has been previously
observed, the greater the frost-harditness, the higher
the effective prefreezing temiiperattLire an(l therefore,
the effective prefreezing tenmperature may be usedl as
a reliable inidicationi of the (legree of frost-hardiness
in highly hardy plants. This miiethod maay also be
applicable to hardy animi1als.

Tumanov et al. (2, 12) have reportedl that frost
damage increased with decreasing temperatures to

-70 in all of the trees that they examinied, and(
that the freezable water in the cells tlecreased with
decreasing temperatures to -70°. They assumed
therefore that fatal initracelluilar freezing may occur
in cells cooled rapidly at temlperatuires below -30°,
even if the cells hadl been cooled slowly to -30°.
Therefore, thev uised slow rates of cooling to bring
the txwigs to 7W before imminiersinig them in liquid
nitrogeni or hydrogeni. Parker (4) has also re-
porte(l that frost resistanice in several coniifers imay
range from a few degrees below zero to more than
_180() aiid that stch lplanlts are uilnable to suirvive

iimimersiuon in liquiid nitrogen tilless thex are first
coole(d slowly to -70W. Tumanov anid Parker have
not, however, reportedI any- attenmpts to immiiiierse
twigs in liquid niitrogell which had bleen l)refrozen
at any- temperatures higlher thani 70.

In the present experimiients, the degree of frost-
har(diniess in wvillow twigs was determiinied in detail
(lurinig the lprocess of natural frost-hardening. The
ex)erimiienits showed that frost (lamage increased with
decreasing temperatures to 770°, in twigs which had
jtist become resistant to -300, although about 1
week later, these twigs coul(d resist freezing at -70.
Therefore, in the har(liest plants, such as \xillo\.
birch, pol)lar etc.. there appears to le far less dif-
fereciie in the dlegree of frost-hardiness between

-30 anld( -70 thani betweel -20 all(n -30 Thlie
sanm.e trenld has been observed ill har(ld tissnes suich
as the cortiecal lparenchynlal cells and inlter buids of
less hardy \woodd pilants.

In p)reviollis )al)ers (5, 6), the auithor hia(l suggeste(d
that p)lants wh-hich withstand freezilig at -300 are niot.
inljured 1b temlerattures far low-er tllan this. The
restults of the lpresent exl)eriments in(licate that this
hypothesis is in error. It is reasonable, however.
to assumae fromii these restults, that at temperatures
below approximately -70,. the intensity of the cold
hias n1o further effect, it is not of lonig (Itirationi, and(I
that if liv,ing miiaterials w-ithstand(I freezing at temiiper-
attires of ap)proxin1ately -700, they! can w\ithstand
immlersioni in liqtlid nitrogeni, or even liquiid helitumii,
following l)prefreezing at temiiperatures ranging fromii

150 to -300 accordinig to the (legree of frost-
hardiniess in miiaterials examiniedl. The mechaniismii of
frost injury in plants at teml)eratures below -40°
is not vet clear.

Summary

Effective prefreezinlg temlnerattlres differed conI-
siderablv in differenlt species in the temperature
ranige from -15° to -300. In the same species, it
variedl with seasonial fluctuation in frost-hardliness.
Also, in twigs artificially- hardened or dehardene(l.
the effectixve prefreeziing temperature raniged fromii
-5l to -30°, accordling to the (legree of frost-
hardiniess. Tn every experiment, it wvas observed that
the greater the frost-hardiness, the higlher the effec-
ti-e prefreezinig temperature. Therefore, the effec-
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tive prefreezing temiiperature may be used as a reliable
indication of the degree of frost-hardiness in hardy
plants which can withstand freezing below -700.

The xylem and pith of twigs of some trees can
survive freezing for 2 days at -30° without any
damage, but at temperatures below -400, the xylem
and pith are damaged, although the buds survive and
put forth bud after thawing from -70°. More-
over, the frost damage in xylem and pith increases
with decreasing temperatures to -700. It is there-
fore reasonable to assume that hardy plants ate not
damaged, even when exposed to extremely low tem-
peratures, provided that they can withstand freezing
at approximately -700. The mechanism of frost
(lamage below -40° is not vet clear.
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