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ABSTRACT

Correlating measurements from differential scanning calorimetry,
freeze-fracture freeze-etch electron microscopy, and survival of twigs
after two-step cooling experiments, we provide strong evidence that
winter-hardened Populus balsamifera v. virginiana (Sarg.) resists the
stresses of freezing below —28°C by amorphous solidification (glass
formation) of most of its intracellular contents during slow cooling (<5°C
per hour). It is shown that other components of the intracellular medium
go through glass transitions during slow cooling at about —45°C and
below =70°C. This ‘three glass’ model was then used to predict the
results of differential scanning calorimetry, freeze-fracture freeze-etch
electron microscopy, and biological experiments. This model is the first
definitive explanation for the resistance of a woody plant to liquid N,
temperatures even if quench cooling (1200°C per minute) begins at
temperatures as high as —20°C and warming is very slow (<5°C per
hour). It is also the first time high temperature natural intracellular glass
formation has been demonstrated.

A small group of woody plants native to the subarctic regions
of the northern hemisphere has been shown to possess resistance
to temperatures near absolute zero (4, 16). Gradations of this
complete cold hardiness can be characterized by the term
‘quench-hardiness’. This concept of quench-hardiness is derived
from work by Sakai and Otsuka (9-12) in the 1960’s. They
showed that even after woody tissue became resistant to exposure
to LN,? (—196°C) during fall hardening, further hardening was
demonstrable. They noted a continued increase in the maximum
temperature from which quench cooling of the tissue in LN,
(cooling rates >1200°C/min) could commence after initial slow
cooling (<5°C/h) and still yield viable tissue upon thawing. This
maximum temperature is designated here as T,. They warmed
the tissue at 1 or 2°C/min or faster and used ability to plasmolyze
and deplasmolyze immediately after thawing as a viability assay.
Unfortunately, these fast warming rates can allow a tissue to
escape damage from nonequilibrium freezing events in the intra-
cellular fluids, and the viability assays must be carried out for
several weeks to give reliable results (4). Thus, Sakai’s results
suggest that a completely hardy plant’s osmotically concentrated
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intracellular fluids can increase their ability to resist ice formation
beyond that necessary to avoid ice formation at ambient rates of
cooling to extreme subzero temperatures, but these results were
not definitive.

Sakai went on to postulate that completely hardy cells died
when the quenching temperature was too high because very
small, noninjurious ice crystals which were formed during fast
cooling recrystallized to larger, injurious crystals upon warming.
As proof of this assertion, he offered photographs of fixed and
sectioned specimens examined in the electron microscope (11),
which showed gaps interpreted as the result of intracellular ice
formation. We have re-examined the nature of complete hardi-
ness using more careful criteria of viability and the physical
measurement methods of DSC and freeze-etch EM using the
local poplar species, Populus balsamifera var. virginiana (Sar-
gent). We had three alternative models in mind. Completely
hardy cells: (a) are capable of withstanding considerable intracel-
lular freezing; (b) withstand massive dehydration during deep
freezing such that at low temperatures all remaining water is
water of hydration (bound water); or (c) form aqueous glasses
intracellularly during freezing to low temperatures, glasses which
remain amorphous solids at relatively high subzero temperatures.
We will demonstrate here that, in P. balsamifera, model (c) is
the most appropriate.

MATERIALS AND METHODS

Biological. Hardy twigs were harvested and used either fresh,
stored at +4°C on moist perlite, or stored at —20°C with ice in a
mechanical freezer until ready for use. Experiments were always
accompanied by a control. Experiments usually involved two
groups of twigs in large-capped polyethylene centrifuge tubes (6/
tube) placed into a cold alcohol bath (LT-50 or ULT-80, Neslab
Company, Needham, MA) and cooled to the appropriate tem-
perature (T*) at 3°C/h (subsequently referred to as slow freezing).
The experimental group was then plunged into LN, with the
caps removed from the tubes so that the liquid was in direct
contact with the twigs, or, if it was plunged into dry ice, the twigs
were buried in dry ice. In LN,, boiling ceased in less than 10 s
so that the cooling rate was in excess of 1,200°C/min. This rate
was verified by inserting thermocouples into the cortex of the
twigs and measuring the cooling rate with a digital thermometer
(BAT-12, Bailey Instruments, Saddlebrook, NJ; 0.5-s response
time). It was found to be 1200°C/min from —20°C to —144°C.
The twigs so quenched were then either: (a) immediately rein-
serted into the cold alcohol bath at T* for fast rewarming to the
bath temperature (about 10°C/min as measured by thermocou-
ples in the twigs); (b) stored in dry ice or LN,, then reinserted
after the bath had been warmed to a higher temperature at 3°C/
h; or (c) stored in dry ice or LN, then reinserted after the bath
had been cooled at 3°C/h to some lower temperature. The control
samples remained in the bath throughout. Thus, most compari-
sons were between slowly frozen and quickly frozen samples.
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For maximally quench-hardy Populus, slow freezing to —70°C
and subsequent slow warming (3°C/h) results in almost zero
mortality and it appeared unnecessary to have an additional
unfrozen control. After reinsertion in the bath, both the control
and experimental groups of twigs were slowly warmed until
thawed (or occasionally warmed as fast as the bath would go; at
0.5 to 1°C/min) and thereupon placed in wet Perlite (Schundler
Co., Metuchen, NJ) in beakers covered with Parafilm (Dixie-
Marathon, Greenwich, CT) and stored for no less than 2 d at
+4°C before being moved to a well-lit shelf at room temperature.
Mortality and growth were monitored for 3 to 5 weeks by
observation under a dissection microscope and by plasmolysis-
deplasmolysis in CaCl, solutions under a light microscope. The
latter was often recorded on videotape. Twigs were considered
alive if after 3 weeks they remained essentially free of disease,
showed healthy green cambium, had the cellular characteristics
of spring twigs (dispersed chloroplasts, low osmolality) and could
successfully plasmolyze and deplasmolyze twice in 5% CaCl,
(1.25 osm). Also, the maturation of buds and/or callosing
(growth of undifferentiated tissue) was monitored during this
period. The callose could be easily distinguished at X 50 in the
dissection microscope by the gradual appearance over a period
of several days of large amorphous cell masses protruding from
the cut end or sides of the twigs. Statistical tests were performed
on these callusing/bud break data as well as on the total mortality
data.

Since pairwise statistical comparisons were used, an exact
probability test based on the Polya Urn model was devised. The
latter refers to the probability of picking 7 live (or callosing/bud
breaking) twigs and m dead (or nongrowing) twigs out of a
container containing A>n live (or callosing/bud breaking) twigs
and B>m dead (or nongrowing) twigs if the picking is done
without replacement. The null hypothesis was that both experi-
mental and control observations came from the same group with
total mortality (or regrowth potential) equal to that of experi-
mental plus control. A computer program was written calculating
the probability of choosing the observed experimental group
from such a larger group plus the probability of choosing all less
likely groups. The test is thus two-tailed.

The equation for the probability (P) of choosing a particular
set of n,m is:

_(n+ m) 4! B! (4 + B) - (n + m))!
" n'm! (B—-m)! (A - n)!(4+ B)

Differential Scanning Calorimetry. Theory. Differential scanning
calorimetry is a technique, developed originally at the Perkin
Elmer Corporation of Norwalk, CT, for measuring the power
necessary to keep an experimental sample isothermal with a
reference sample when both samples are being heated or cooled
at a constant rate. Figure 1 is a schematic (from Perkin Elmer)
of the measuring apparatus. The heavily outlined figure is the
sample pan holder, labeled (A), a platinum cup. The rectangular
regions, labeled (B), containing the symbols R, and T; on the
left, and T, on the right represent the sample pans. These are
aluminum sample holders, one type of which can be sealed
against up to 3 atmospheres of pressure by simply crimping an
aluminum top over it. Thus, accurate measurements can be
made on volatile materials. The region labeled R, is the region
of contact between the sample pan and the sample pan holder.
Usually, this is largely a thin air space (the area of actual metal
to metal contact is small because the bottoms of the sample pans
are not perfectly flat). Immediately below this region, in the area
labeled Ty, are highly accurate platinum resistance thermometers
(C), and the resistance heaters, (D). Both of these are located just
beneath the floor of the platinum sample pan holder. The large
rectangle enclosing the two cups represents a large aluminum
heat sink. This is held at LN, temperature during studies con-
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FiG. 1. Schematic of differential scanning calorimeter. (A), Platinum
sample holding cup; (B), Aluminum sample pan; (C), Pt resistance
thermometer (sensor); (D), ohmic heating element; (R), thermal resist-
ance of holding cup to surround; (R,), internal thermal resistance of
sample; (R,), thermal resistance of sample pan-holding cup contact; (Tj),
temperature of sensor; (T,), temperature of reference sample; (T;), tem-
perature of experimental sample. Figure reproduced with permission of
Perkin Elmer Corp., Norwalk, CT.

ducted at temperatures below 0°C. The Rs represent various
thermal resistances (unit = degrees/unit power). Thus, R is the
resistance of the heat conduction path from the platinum cup to
the heat sink, R, the source resistance of the electronic circuits,
R, the resistance from the sample pan to the temperature sensor,
and R; the internal resistance of the sample.

The system maintains isothermality between sample and ref-
erence by reading the average voltage of the two sensors 60
times/s and comparing each reading to a reference voltage deter-
mined by a clock in the microprocessor unit of the DSC. The
clock varies the reference voltage between the starting and final
voltages of each scan so as to provide a linear ramp of tempera-
ture at a rate set by the experimenter. Alternating with these
adjustments of the average voltage of both samples to the refer-
ence voltage of the temperature ramp, the difference in voltage
between the sensors is fed into an amplifier and current is
supplied to both heater circuits so as to minimize the difference
in voltage between the sensors. Since the resistance of the heater
is known to great accuracy, by Ohm’s law the differential power
between sample and reference necessary to maintain isothermal-
ity can be determined directly from the differential current.

The differential current readings, which are proportional to
the differential heat flow between sample and control, are fed
through an electronic signal processing unit that averages ap-
proximately 30 readings at a time, and this average is in turn fed
to a microcomputer. These averages are then displayed on a
power versus temperature graph on a video screen. After the scan
has ended, these data can be stored permanently on a magnetic
disc and manipulated by means of Perkin Elmer software (TADS
Standard Software Kit, Perkin Elmer Corp., written in Basic).
Further details of DSC operation may be found elsewhere (7).

Preparation of Samples. Aliquots of experimental material or
of substances with known thermal behavior such as aqueous
CaCl, or aqueous PVP were placed in sealable aluminum sample
pans and sealed with a crimper press. The sealed sample pan was
then weighed to 10 ug on a Cahn Electrobalance (Model G,
Cahn Instrument Co., Paramount, CA). After weighing, the
sample pans were transferred to the platinum sample holders of
the DSC-4 at a temperature controlled by the DSC microproces-
sor and microcomputer. Despite the fact that water poses theo-
retical problems as a temperature and enthalpy standard, the fact
that all of our samples were aqueous solutions convinced us to
use double-distilled H,O as our standard. If the samples used



INTRACELLULAR GLASS FORMATION IN POPULUS 43

were dilute polymer solutions and it was desired to measure
highly concentrated solutions, an aliquot of dilute solution was
loaded in an open sample pan and allowed to evaporate water
until the weight of remaining sample indicated that the proper
concentration had been attained. The samples were then rapidly
sealed and reweighed. If the samples were unfrozen wood, ad-
hering water was blotted dry before sealing and weighing.

Samples of frozen (stored) wood were treated in two different
ways. If it was desired to measure in a sealed sample pan, the
wood was fractured in dry ice environment and loaded in a
sealable pan in the dry ice environment taking care to exclude
dry ice from the pan. Then the top of the pan was put in place
and the pan transferred to the precooled base of the crimper.
Dry ice was then piled over the covered pan and crimper base so
that the sealing plunger would contact the sample lid by passing
through dry ice. Thus, warming of the sample was minimized. If
it was desired to measure large samples of wood, larger, unseal-
able aluminum pans were used. These were loaded in a dry ice
environment and unsealed aluminum covers were placed over
the wood samples. The samples were subsequently held in the
DSC at —50°C for at least 10 min to drive off traces of dry ice.
All sample pans containing frozen wood were transferred to the
DSC-4 sample pan holders in blocks of dry ice. If samples were
initially frozen, they were generally weighed quickly after thawing
at the end of an experimental sequence.

Freeze-Fracture Freeze-Etch Electron Microscopy. Samples
were prepared in several different ways for freeze-fracture freeze-
etch studies. Ordinarily, vascular plant tissue is cut into small
parallelopipeds approximately 1 X 0.5 X 0.5 mm and inserted
into gold holders such that the plane of fracturing is perpendic-
ular to the long axis of the fibers. We used the holders many
times but there was a severe problem associated with them when
wood was used as the tissue. The deeply frozen wood often did
not crack but simply carried the ice that it was imbedded in with
it so that the whole sample remained in one or the other tooth
of the holder. Even if the wood did crack, as much as 90% of
the time the cracked surface produced immensely distorted rep-
licas which subsequently disintegrated during acid cleaning,

In the most successful runs, material was cracked in the open
air at dry ice temperature. Large fractured surfaces of many
square mm were produced in this way. Samples several mm
square were then placed bark face up in a melted pool of 57%
glycerol-water solution (glass transition at —110°C) and im-
mersed in LN,. The glycerol-water was allowed to solidify, the
sample was refractured under LN,, and etched at temperatures
between —98° and —80°C. This relatively high etching tempera-
ture produced clean replicas uncontaminated by condensed vol-
atiles of unknown composition. Samples were transferred to the
freeze etch unit and held at —110°C until a good vacuum was
achieved. This high holding temperature during evacuation of
the replicating chamber also proved crucial in preventing con-
densation of contaminants.

Etching was accomplished by raising the temperature of the
sample from —110°C to between —80° and —98°C and allowing
any ice to sublime; the rate of sublimation increases exponen-
tially with temperature, following the Clapeyron equation. After
a period of time varying from 1 to 15 min, the temperature was
dropped to —196°C and the platinum-carbon shadowing was
begun. Generally, the ferocity of the usual tissue removal method
using acid hydrolysis broke the replicas into such small pieces
that almost all replica surface was lost.

Recently Steere and Erbe (13) have perfected a new technique
that has allowed us to obtain large sheets of replica of wood
routinely. Basically, the technique consists of coating the newly
made replica with a 2% Lexan solution, a polycarbonate plastic
dissolved in ethylene dichloride, immediately after each replica
is made and allowing the ethylene dichloride to evaporate in a

small freezer at about —10°C. The replica, now held together by
acid-resistant plastic, is then run through the acid digestion
process to remove the subtending wood.

Once replicas were cleaned in acid and washed in distilled
H,0, they were placed on small copper grids with electron-clear
plastic collodion stretched over them. These were then placed in
a clearing solution of ethylene dichloride to remove the Lexan
(collodion is resistant to this solvent).

Replicas were examined in a JEOL JEM-100 transmission
electron microscope. Photographs were made in stereo pairs,
with one photograph rocked 10°C with respect to the other by
use of a goniometer stage in the microscope. Photographs were
imprinted on Kodak glass electron image plates and are here
reproduced such that all shadows are black, as in nature. Shadows
face downward to give a proper stereoscopic image.

The primary goal of the electron microscope study was to
ascertain whether evidence of ice could be seen as a result of a
particular freezing stress of the tissue. The criteria for claiming
that ice was or was not present in the sample are the presence of
clustered holes (etching) in the replicas which indicate that ice
crystals have sublimed away leaving ridges of solidified glassy
solution in between them. It is well established that glassy solu-
tions show no evidence of etching in vacuo at temperatures below
the glass transition of the solutions (2, 6, 15).

Identification of Nonequilibrium Phase Changes. Figure 2
shows the calorimetric behavior of a 77% PEG:H,O solution. Its
thermal behavior is well characterized, and illustrates the major
events which allow us to assert that the intracellular solutions of
the hardy Populus are aqueous glasses. When this PEG solution
is cooled at 100°C/min to —160°C then warmed at 80°C/min to
the thawed state (solid line), several prominent thermal events
are recorded. The glass transition, labeled a,, is identifiable as a
glass transition by its classic S shape (1). Additionally, by repeat-
ing the 100°C/min cooling but warming more slowly (not
shown), one notes that the change in specific heat capacity
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FiG. 2. A 1.0:3.3 H,O-polyethylene glycol (PEG mol wt 8000) solu-
tion, w/w, was cooled at 100°C/min to —160°C then warmed at 5°C/
min to —15°C, recooled at 100°C/min to —160°C, and finally warmed at
80°C/min to thaw as shown by the dashed line. On the dashed line, a,
represents the glass transition, b, a slight devitrification, and c, the
equilibrium melting of the ice in the system. The solid line is the 80°C/
min warming of the same sample after cooling 100°C/min to —160°C
from the thawed state. The a, transition is the glass transition. Note that
it is at a lower temperature and involves a larger change of heat capacity
than the recooled material. This indicates a more dilute aqueous glass.
Note also the large devitrification (b, bs) = by, also an expected result of
increased water content. The melt ¢, is virtually the same as in the first
run; the slight shift in the onset of melting is unexplained.



44

(vertical displacement of the trace) remains the same. Also, there
is no initial endothermic overshoot characteristic of the tempo-
rarily infinite heat capacity of a first order phrase transition such
as a eutectic melt. Additional evidence that the solution is a
melted glass above about —70°C is provided by the exothermic
events b,, b,. These represent the continued growth (devitrifica-
tion) of ice from previously condensed submicroscopic ice nuclei,
formed during cooling at temperatures below that which will
support ice growth at an observable rate (homogeneous nuclea-
tion). Thus, it is not until the solution is warmed above the point
at which ice nuclei formed during cooling that ice formation will
occur at rates sufficient to produce a signal recordable on the
calorimeter. The dual peak implies at least two different crystal
growth domains, each with a different dependency of growth rate
on temperature. The actual equilibrium melt of the ice so formed
begins at ¢;, about —15°C. The heating rate, 80°C/min, is much
too fast for the machine to yield accurate melting temperatures
for first order phrase transitions; they will appear to be at a
significantly higher temperature than known values. Neverthe-
less, a further confirmation of the interpretation of these events
is provided by integrating the area of the devitrification exo-
therms and comparing it to the area of the melting exotherm.
That area represents the total AH of the transitions. The two
integrations agree quite well if the change in heat of fusion of ice
with temperature is taken into account. Thus, almost all the ice
forms from devitrification during warming.

Based on the fact that the magnitude of the glass transition in
most aqueous glasses is linearly dependent on the number of
water molecules per colligative unit of solute (1), one would
predict that if the water content of the glass falls then the
magnitude of the change in heat capacity at the glass transition
would drop. Furthermore, it is also generally observed that the
lower the water content of a glass-forming solution, the higher
the glass transition temperature. Thus, allowing ice to grow
during devitrification of a water-polymer melt which is incapable
of forming a eutectic should decrease the size of the glass transi-
tion and elevate its temperature. This is what we see in the
dashed curve of Figure 2. Here, the solution was first cooled at
100°C/min to —160°C, warmed at 5°C/min to —15°C, recooled
at 100°C/min to —160°C, and finally warmed as shown here at
80°C/min. The 5°C/min warming to —15°C allowed nearly com-
plete devitrification to occur, but recooling from —15°C pre-
vented any significant remelting to occur. The results are as
predicted: the glass transition is smaller in magnitude, at a higher
temperature, and followed by almost no devitrification. Thus, in
examining the living wood and using the cells as osmometers by
holding them at various high subzero temperatures in the pres-
ence of extracellular ice before quick cooling, we have looked for
endotherms displaying the same behavior as these artificial pol-
ymer-H,O systems.

RESULTS

Biological. Figures 3 and 4 illustrate key results of quenching
experiments on hardy Populus with T, >—20°C and Populus
with T, <—20°C; i.e. maximally and submaximally quench-
hardy, respectively. In these experiments, twigs were cooled at
3°C/h to the desired quenching temperature (shown as the begin-
ning of each curve on the T axis). Quick cooling (1200°C/min)
was effected by immersion in LN,. Controls either were held at
the quenching temperature or were slowly frozen to temperatures
at or below —50°C. All quenched samples were warmed by
insertion into centrifuge tubes in a temperature bath. As can be
seen, fast warming (10°C/min) was much slower than fast cool-
ing. The mortality was complete in a sample of submaximally
quench-hardy twigs (solid line Fig. 3) if quenching commenced
at —20°C. It was a high 75% but not complete (and marginally
distinguishable from control ¢’s 45% mortality, P = 0.045) when
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FiG. 3. Cooling regimen for submaximally quench-hardy Populus.
The point of origin on the abscissa indicates temperature to which the
tissue was frozen at 3°C/h. The lines then descend, the slope indicating
qualitatively the rate of cooling in LN,. The first section of ascending
lines indicates the rate of uncontrolled warming in an alcohol bath. The
break in slope in the ascending lines indicates a temperature at which
controlled 3°C/h warming recommended. The material analyzed here is
submaximally quench-hardy. When it was quenched from —60°C and
reinserted at —80°C and then warmed slowly to thaw (long dash line), it
showed no increase in mortality above control (p = 0.6, control @ survival
= 87%, experimental = 80%, null hypothesis = no significant difference
in mortality between control and experimental samples). When the twigs
were quenched from —25°C and reinserted at —50°C for slow warming
(short dashed line), the difference between the experimental survival and
control was barely significant (p = 0.045, control ¢ survival = 54%,
experimental = 24%), despite the fact that the time allowed for possible
devitrification between —50°C and —25°C was 8 h. When the material
was quenched from —20°C, then warmed so that the total elapsed time
allowed for devitrification for the entire range —135° to —20°C was only
11 min (solid line), a highly significant difference in mortality was
nevertheless observed (p < 0.001, control b survival = 77%, experimental
= 0%), indicating that the intracellular solution became significantly less
stable when quenching commenced after equilibration with ice at —20°C.

quenching was from —25°C (short dash line). Mortality in max-
imally quench-hardy twigs (dashed and dot-dashed lines Fig. 4)
with quenching from —20°C was 23% versus 7% for controls
(control b plunged into dry ice) with a P of 0.35 (not distinguish-
able). When the quenching temperature of fully quench-hardy
twigs was —15°C (solid line), the difference was dramatic with
mortality at 100% and P = 107'S, This implies a very large
change in the ice forming characteristics of the quench cooled,
maximally quench-hardy intracellular medium when the equilib-
rium temperature of the intracellular solutions is shifted from
—15° to —20°C. The probabilities reported here (in both Figs. 3
and 4) are for live twigs versus dead twigs.

The results clearly support a T slightly above —20°C for the
maximally quench-hardy twigs. If differences in callosing and/
or bud break after quenching in LN, from —20°C are compared
with differences in total mortality after quenching from —20°C
they are both found indistinguishable from controls and thus by
both criteria the T, is the same. Thus, no evidence was seen for
a differential increase in damage after extreme freezing stress
between the two criteria: cell reproduction as opposed to cell
survival.

The maximally quench-hardy material displayed no difference
in mortality when 10°C/min warming continued from —196°C
to the original quenching temperature as opposed to slow warm-
ing (3°C/h) after reinsertion at a much lower temperature such
as —70°C. This is illustrated by the P = 0.81 and P = 0.35 curves
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MAXIMUM SURVIVABLE QUENCHING TEMPERATURE >-20°C

-10 P=81-
.'/.'
-20 .- Rl i
-30 \-Cormol a: Cooling and - 7 -
g \\ ‘~. Warming acm\ - Vs
-40 S ‘~. o -
2 ~ ~. ‘~, o - -
5 -50 |- ~ N —
g -60 - ‘q—Comrolb ‘;;1%5"6 —
Q _ | ST arming 3C/hr
€ 70 Cooling 10C/min —1
2 Warming 30/l\r J

Time

FiG. 4. Cooling regimen for maximally quench-hardy Populus. The
point from which descending curves begin on the abscissa indicates the
quenching temperature, the temperature at which quick cooling began
after cooling at 3°C/h. In this case, the dash and double dot-dash curves
show material quenched in LN, from —20°C while the solid curve shows
material quenched from —15°C. The material quenched from —15°C was
warmed at 10°C/min to —70°C, stored at that temperature 1 week, then
thawed at 3°C/h. Mortality was complete and highly significant (p =
107", control a survival = 95%, experimental = 0%). Material quenched
from —20°C but otherwise treated identically (dashed curve) showed no
significant increase in mortality over control (p = 0.35, control b survival
= 92%, experimental = 76%). Material quenched from —20°C and
warmed relatively rapidly back to —20°C also showed no significant
damage (p = 0.81, control a survival = 69%, experimental = 65%).
Thus, the instability to devitrification of the intracellular glassy melt
begins when the melt composition is in equilibrium with ice at between
—15°and -20°C.
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FiG. 5. Slow warming of a maximally quench-hardy sample of about
10 mg (the exact weight was not recorded; default weight of 1.00 mg).
The dashed line represents 10°C/min warming after 3°C/h cooling to
—70°C. Note the sudden jump into melting behavior at a,, indicative of
an equilibrium glass transition. The solid line represents 10°C/min
warming after 10 min annealing at —20°C and 100°C/min recooling to
—160°C. Note the great increase in magnitude and drop in the tempera-
ture of onset of event (a;). Note also that the glass transition is not
followed by a devitrification exotherm, indicating all microdomains were
stabilized against homogeneous nucleation by the time the solution had
equilibrated with ice at —20°C.

(quench from —20°C) of Figure 4. Thus, there was no evidence
that warming rate effects recovery after quench cooling from T,.

In an experiment not illustrated, 24 maximally quench-hardy
twigs were cooled at 3°C/h to —20°C, quench cooled at 1200°C/
min in LN,, reinserted in a —27°C temperature bath (10°C/min
warming), held at —27°C for 12 h, recooled at 1°C/min to —70°C,
then warmed to that at 3°C/h. Survival was 70% versus 85% (P
= 0.49) for controls just frozen to —20°C and thawed at 3°C/h.
Thus, though given 12 h to produce intracellular ice at —27°C,
maximally quench-hardy cells quenched from —20°C showed no
increase in mortality over controls. Cells in active summer
growth were not examined as they exhibit 100% mortality after
freezing to —2°C.

Differential Scanning Calorimetry. Figure 5 shows a 10°C/min
warm (dashed curve) of a maximally quench-hardy Populus
sample which had been cooled to —70°C at 3°C/h, then stored
at that temperature for several months. Note the sudden endo-
thermic jump into equilibrium melting at a, (about —28°C). This
is characteristic of aqueous solutions whose glass transition is the
same as the equilibrium melting point of ice in those solutions.
We term these, ‘equilibrium glasses.’” The solid curve is the
warming of the same sample after it had been annealed 10 min
at —20°C followed by cooling at 100°C/min to —160°C. The
biological results demonstrate that fast cooling from —20°C is
not lethal even if followed by very slow warming. The solid curve
shows why this is so. The composition of the intracellular solu-
tion in equilibrium at —20°C has a higher water content than it
would have if it had been in equilibrium at —28°C. As a result,
the glass transition would be expected to occur at a lower
temperature and have a larger amplitude. Thus, event a;, on the
solid curve is a glass melt and its change of position and ampli-
tude are as predicted. There is no evidence of devitrification at
temperatures above the glass melt on the solid curve. Thus, this
solution forms a stable glass at this heating rate. Most probably
it had no ice nuclei in it from homogeneous nucleation or, a less
likely possibility, resisted the growth of the few intracellular ice
nuclei that may have been present. The lack of devitrification is
consistent with the high survival upon quenching from —20°C
because it shows that, despite a significant lowering of the glass
transition temperature to <—40°C from the apparent equilibrium
value of —28°C, the intracellular solution in equilibrium at —20°C
remains resistant to ice formation on warming from temperatures
as low as —160°C.

Figure 6 shows the warming of the same sample as Figure 5
after annealing for 10 min at —10°C followed by cooling at
100°C/min to —160°C (SOlld curve). The dashed curve is the
same as the dashed curve in Figure 5 (warming immediately after
removal from storage at —70°C). Note that the glass transition a,
has moved from the region between —70° and —40°C seen in the
—20°C annealed material (solid curve, Fig. 5) to between —90°
and —55°C on this solid curve. These results are an expected
consequence of the increased water content of the material in
equilibrium at —10°C. Longer annealing times produced no
change in curve configuration so 10 min was enough time to
achieve virtual intracellular equilibration with extracellular ice.
In this run, annealed at —10°C, there is also a devitrification
event, b,. This is an expected consequence of the formation of
observable intracellular ice on warming, as illustrated directly by
the electron microscope results and the 100% mortality shown
by twigs quenched from temperatures >—15°C (see biological
and electron microscope results).

Figure 7 shows the warming of the same sample as in Figures
5 and 6 after it was re-equilibrated at —5°C, cooled at 100°C/
min to —20°C, annealed 10 min at —20°C, then cooled at 100°C/
min to —160°C (solid curve). Light microscope examination of
plasmolysis-deplasmolysis cycles of thawed maximally quench-
hardy cells previously quenched into LN, from lethally high
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FiG. 6. Same sample as Figure 5. Again, the dashed line is 10°C
warming after cooling at 3°C/h to —70°C. The solid line is 10°C/min
warming after annealing 10 min at —10°C then 100°C/min cooling to
—160°C. Note that a, on the solid line is even larger than a, on the solid
line representing warming of the sample after annealing at —20°C (Fig.
5). The event a, on this solid line has also shifted to an even lower
temperature than after —20°C annealing. Here, however, the glassy melt
devitrifies as shown by event b, at about —60°C. Thus, the intracellular
solution, fast cooled from equilibrium at —10°C, is unstable to ice growth
upon warming.
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FiG. 7. If the cellular system is acting as a nearly perfect osmometer
at temperatures greater than —28°C, then reannealing the sample initially
equilibrated at a high temperature at a lower temperature but still above
—28°C, should restore the thermal characteristics of equilibrium at the
lower temperature. Shown is the 10°C/min warming of the sample after
100°C/min cooling from —5°C to —20°C then 10-min annealing at that
temperature followed by 100°C/min cooling to —160°C. Note that once
again only stable glass transitions a, are seen, no devitrifications are seen.
Not only does this fit the three glass model, but also shows that, despite
lethal intracellular freezing (Fig. 6), there is no immediate loss of: (a) the
ability of the cells to act as osmometers; (b) the ability of the plasma-
lemma to resist penetration by extracellular ice; and (c) the ability of the
cells to avoid heterogenously nucleating intracellular ice during deep
supercooling. Since all of the cells were lethally injured, this degree of
intactness is remarkable.

subzero temperatures shows that up to 10 d must pass before
significant loss of membrane semipermeability in CaCl, solutions
is evident. Thus, despite lethal injury, one would expect that
reannealing of the sample at —20°C would return the system to
the same behavior as displayed in Figure 5. This is indeed seen.

Plant Physiol. Vol. 79, 1985

The glass transition a, has returned to the —70°C to —40°C
interval and all evidence of devitrification is absent. Thus, the
amount of intracellular freezing caused by quenching from
—10°C followed by slow rewarming appears insufficient to im-
mediately destroy the osmometric behavior of the cells or induce
a significant increase in intracellular heterogeneous nucleation
sites.

The 10°C/min warming curves illustrate the behavior of the
primary intracellular glass forming constituent(s). More subtle
transitions cannot be distinguished from noise. Since the signal
size for glass transitions increases roughly linearly as a function
of increased warming rate, warming studies were conducted at
50°C/min as well as 10°C/min. At the higher scan rates, the
temperature at which a transition occurs is less accurately meas-
ured.

Figure 8 shows the warming curves of a submaximally quench-
hardy sample (maximum survivable quenching temperature
about —30°C). The twigs from which this sample was taken had
originally been cooled at 3°C/h to —20°C then at 1°C/min to
storage at —70°C. Comparison with the DSC records of the
warming of maximally quench-hardy material equilibrated at
—20°C (Fig. 6) indicates that in the submaximally quench-hardy
samples, some further loss of intracellular H,O to extracellular
ice must have occurred during cooling and storage, i.e. at tem-
peratures below —20°C, until all of the intracellular contents had
a glass transition at or above —70°C. In other words, the com-
parison indicates that the initial intracellular equilibrium value
in the stored material was probably below —20°C. The solid
curve shows the sample immediately after removal from storage
at —70°C. Event a, is the glass transition and b, appears to be a
small devitrification. Since this tissue survived slow warming
from —70°C, event b, on the solid curve does not represent a
lethal amount of intracellular freezing at the whole tissue level,
though some cells may have been killed. The dashed curve
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FiG. 8. First of a series of figures showing a submaximally quench-
hardy sample that was initially cooled slowly to —20°C, plunged into dry
ice, and stored at that temperature for several months. The solid curve
in this graph shows the first 50°C/min warm of the sample (after 10 min
annealing at —30°C to sublime dry ice). Note a complex glass transition
at a; and a slight devitrification at b,. Since the twigs from which this
sample was derived subsequently survived slow warming from —70°C, b,
on the solid curve could not be a lethal event in a significant number of
cells. This curve contrasts with the dashed curve which shows the
warming of the same sample after 10-min annealing at —5°C followed
by 100°C/min cooling to —160°C. Events equivalent to those on the solid
curve are so labeled. Note that a, is much larger as is the devitrification
b and both occur at a much lower temperature. Note that another glass
transition-devitrification a,, b, is now evident at about —80°C.
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FiG. 9. Same submaximally quench-hardy sample as in Figure 8. The
solid curve represents the 50°C/min warming of the sample after 10-min
annealing at —5°C followed by 100°C/min cooling to —160°C. The dashed
curve shows the 50°C/min warming of the sample after 3 min annealing
at —10°C followed by 100°C/min cooling to —160°C. This is an insuffi-
cient time for the cells to equilibrate with extracellular ice. As a conse-
quence, the intracellular contents were in equilibrium with ice at a
temperature between —10° and —20°C. The major high-temperature glass
transition-devitrifications are at a,, b, on both curves. Note that it is at
lower temperature and larger on the solid curve, as expected, but is
considerably larger on the dashed curve than the transitions of the —70°C
stored wood, in equilibrium at between —20° and —28°C shown on the
solid curve of Figure 8. The intermediate glass transition-devitrifications
that are invisible on the solid curve of Figure 8 are here small but
discernible at a,, b, on the curve of —10°C annealed wood (dashed curve)
and they too have become larger and shifted to lower temperature after
—5°C annealing, a,, b, (as shown on the solid curve). A third very low
temperature set of transitions as, b; appears in the —10°C annealed wood,
but is invisible on the record of —5°C annealed wood. This is presumed
to be the normal background components of the cytosol (glycolytic
enzymes, salts, organic acids, etc.) which may play a role in limiting the
upper temperature limits of intracellular stability to quench cooling by
seeding the solution when the quenching temperature is too high. The
a3, bs transitions are presumed absent in the —5°C annealed material
because significant homogeneous nucleation occurs during cooling at
100°C/min from —5°C and thus the dilute glass a; is assumed to be
concentrated by that event.

represents the warming of the same tissue after annealing at —5°C
followed by 100°C/min cooling to —160°C. The events a,, b,
have become much larger and occur approximately 40°C lower.
They can be identified by their systematic shift in position and
size as measured after exposure to intermediate annealing tem-
peratures as shown on subsequent figures. Events a,, b, represent
the glass transition-devitrification of an intracellular component
having a lower equilibrium glass transition than the constituents
responsible for the large high temperature transition.

Figure 9 shows the warming of the same partially superhardy
sample after annealing for 3 min at —10°C (dashed curve) fol-
lowed by 100°C/min cooling to —160°C. This is compared to the
warming of the tissue after annealing for 10 min at —5°C followed
by 100°C/min cooling to —160°C (solid curve). Note that the
events a;, b; on the dashed curve, the same as the very small
events a;, b, of the —70°C stored material (solid curve, Fig. 8),
became larger and dropped about 10°C in temperature compared
to the sample immediately after storage. Since just before an-
nealing for 3 min at —10°C, this material had been equilibrated
at near —20°C, and since 3 min is not enough time to achieve
«..equilibration, the sample was in equilibrium at between —20°

and —10°C. Events a,, b, on the dashed curve are identifiable as
a,, b, because the temperature relative to the a,, b, events on the
dashed curve is shifted the same number of degrees as a,, b, on
the solid curve are shifted relative to a,, b, on the solid curve.
The glass transition and devitrification events a;, b; are barely
visible on this record on the dashed curve. They are absent from
the solid curve, probably due to intracellular nucleation during
cooling from —5°C.

Figure 10 compares the same sample after annealing at —10°C
for 10 min followed by cooling at 100°C/min to —160°C (dashed
curve) to the same —5°C annealed run of Figures 8 and 9. Under
these conditions, intracellular fluids and extracellular ice were
essentially equilibrated befoe cooling in both runs. Events a,, b,,
as expected, became larger and moved again to a lower temper-
ature as compared to their positions when the intracellular
solutions were in equilibrium with ice at <10°C (Figs. 8 and 9).
Note also that events a;, b; became prominent, indicating the
presence of an intracellular domain whose stability is low at high
intracellular water content.

Figure 11 represents a more complicated experiment. The
sample is the same submaximally quench-hardy sample as used
for Figures 8 to 10. The dashed curve represents warming from
—160°C after annealing 10 min at —5°C, followed by cooling at
100°C/min to —30°C, annealing 17 min at —30°C, then finally
cooling at 100°C/min to —160°C. The solid curve is warming
after 10-min annealing at —5°C followed by cooling at 100°C/
min to —160°C. Thus, the difference between the two treatments
is that in the case of the dashed curve, fast cooling from —5°C
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FiG. 10. Fast warming of the submaximally quench-hardy sample is
shown after 10-min annealing at —5°C followed by cooling at 100°C/
min (solid curve) versus the 50°C/min warming of the sample after 10-
min annealing at —10°C followed by cooling at 100°C/min (dashed
curve). This figure differs from Figure 9 in that the annealing at —10°C
is more than 3 times as long; as a result, the intracellular solution that is
represented by the dashed curve is much closer to equlibrium with ice at
—10°C. The results are fully consistent with the patterns in Figure 9. The
highest glass transition-devitrification a,, b, have again moved to lower
temperatures and become larger in magnitude. This is the result of
increased water content due to the higher equilibrium temperature of
the intracellular contents. Likewise, the intermediate glass transition-
devitrification a,, b, are also larger and at a lower temperature. The same
holds for the lowest temperature glass transition-devitrification as, bs.
Note the contribution a;, b; appear to make to the seeding of the
intracellular medium. The glass transitions a, and a, are at or above the
temperature of any events seen on cooling at 50°C/min in records of
wood annealed at —10°C (Fig. 14). Thus, if this a; component had not
been present it would be hard to rationalize either homogeneous nuclea-
tion during fast cooling or devitrification during fast warming.
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FiG. 11. This comparison of fast warming curves in the same sub-
maximally quench-hardy samples as in Figure 8 to 10 shows the results
of attempting to reestablish equilibrium in the neighborhood of the
equilibrium glass transition of the major high-temperature glass-forming
component. The solid curve is the 50°C/min warming of the sample
after 100°C/min cooling to —160°C from 10-min annealing at —5°C. The
dashed curve is the 50°C/min warming of the sample after it had been
annealed 10 min at —5°C, cooled at 100°C/min to —30°C, held at that
temperature for 17 min, and then cooled at the 100°C/min to —160°C.
The three glass model (see “Discussion”) predicts that if a solution is in
equilibrium with ice at a temperature above the equilibrium glass tran-
sition point, and if it is then cooled to a point below that temperature
quickly so that its composition remains essentially unchanged during
cooling, it will lose water to ice until it approaches a composition whose
glass transition is at that lower temperature. It will then have a compo-
sition more dilute than the equilibrium glass transition composition.

One would expect that a step cooling experiment such as the experi-
ment shown here would yield a composition of less stability than a slow
cooling to the high temperature glass transition. We would expect that
the dynamics of re-equilibrating this tissue at temperatures such as —30°C
would be much slower than at temperatures greater than —20°C because
of the high viscosity associated with formation of an aqueous glass. These
expectations are borne out by the dashed curve. Notice that some cells
have apparently hardly changed their composition during the 17-min
annealing. Thus, the lower temperature a,, b, and a,, b, match those on
the —5°C curve well. Other cells have moved towards equilibrium at
—30°C and thus the high temperature events at a,, b, are seen as well.

was interrupted by 17 min of annealing at —30°C. These curves
illustrate the complexity of the state of water in the living wood.
Note that there are two sets of events labeled a,, b, on the dashed
curve. Also note that the low temperature events a,, b, and a,,
b, on the dashed curve coincide on the temperature scale with
a;, by and a, b, on the solid curve. This implies that some part
of the intracellular medium maintained the same water content
for 17 min at —30°C as it had at —5°C. Thus, the coincident
peaks represent intracellular compartments that have hardly
changed their composition during the annealing at —30°C. In
contrast, the higher temperature events labeled a,, b, on the
dashed curve represent compartments that have moved toward
equilibrium at —30°C. That they have not attained it is more
fully illustrated by Figure 12. The dashed curve is the same as
Figure 11. The solid curve is the original warming of material
immediately after removal from dry ice temperature in storage
(solid curve, Fig. 8). Despite the 17 min at —30°C, it is clear
that even those compartments able to lose a significant amount
of water have not reached as low an intracellular water content
as the sample had immediately after removal from storage at
—70°C.

Plant Physiol. Vol. 79, 1985
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FiG. 12. Further examination of the double step cooling experiment
of Figure 11. Here, the fast warming curve of Figure 8 is shown (solid
curve). This material was slowly cooled to —20°C then plunged into dry
ice storage for several months, warmed to —30°C for 10-min annealing
to remove dry ice, then recooled at 100°C/min to —70°C before the
50°C/min warming shown by the solid curve. The dashed curve is the
50°C/min warming of the sample after annealing 10 min at —5°C, cooling
at 100°C/min to —30°C, annealing there for 17 min, then cooling at
100°C/min to —160°C. As explained in DSC “Results” and Figure 11,
the highest glass transition temperature that can be attained after fast
cooling to a temperature below the equilibrium glass transition is the
new, low annealing temperature. Since —30°C is actually about equal to
the equilibrium glass transition, the fact that the glass transition-devitri-
fication a,, b;, shown in the dashed curve are at a lower temperature and
greater in amplitude than the corresponding transitions on the solid
curve, is probably due mostly to the kinetics of cell water loss in such
viscous intracellular solutions. Nevertheless, the movement of a,, b, back
towards the original positions and amplitudes as shown on the solid
curve, but the failure to attain it during the double step cooling further
strengthens the glass transition model.

Figure 13 shows two cooling curves of a maximally quench-
hardy sample of about 10 mg. The solid curve is 50°C/min
cooling of the sample after 10 min equilibration with extracellular
ice at —15°C. The point a, corresponds to the temperature at
which homogeneous nucleation events begin to appear when the
material is annealed at or above —6°C. The point a, indicates the
location of a homogeneous nucleation event that becomes prom-
inent when the annealing temperature is at or above —8°C.

Figure 14 shows the same sample as Figure 13 but here the
annealing temperature before fast cooling was —10°C (dashed
curve). Integration of events a, and a, yield a total enthalpy of
about 0.05 J/g.

Electron Microscopy. The electron microscope results comple-
ment the DSC results. Figure 15, a and b shows a maximally
quench-hardy cell from twigs cooled at 3°C/h to —15°C, quench
cooled in LN, at about 1,200°C/min, and then held several days
at dry ice temperature before being fractured in air, also at dry
ice temperature. Thus, the cell contents replicated here were in
direct contact with contaminating ice for the approximately 30
min between fracturing and the time etching of the cytoplasm
began. The areas labeled C are replicas of cytoplasm and show
no evidence of ice formation (etching) even though the sample
was held 10 min at —80°C and 10~° bar. This failure to observe
ice formation in the cytoplasm is in spite of the fact that, upon
slow warming, the twigs from which this sample was taken
displayed 100% mortality. This result is concordant with the
DSC data of Figures 6 and 9 indicating that cellular contents
which were in equilibrium with ice at —15°C and subsequently
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Fi1G. 13. Cooling record (50°C/min) of an approximately 10-mg sam-
ple of maximally quench-hardy wood annealed at —15°C for 10 min
then cooled (solid curve) or annealed at —12°C for 10 min then cooled
(dashed curve). ‘Event’ a, on the solid curve indicates the temperature at
which freezing event is first encountered during cooling from higher
annealing temperatures. This point is also labeled on the dashed curve,
as is ay, a lower temperature event also evident when cooling from higher
temperatures. The most significant difference here is a generally exo-
thermic record when comparing cooling from —12°C to cooling from
—15°C. This we attribute to a larger efflux of water to extracellular ice
during cooling.
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FiG. 14. Same sample as Figure 13. The solid curve is 50°C/min
cooling after 10-min annealing at —15°C; the dashed curve is 50°C/min
cooling after 10-min annealing at —10°C. Note that a, is now recognizably
a deep freezing event while a, is questionable. If a, is homogeneous
nucleation of a solution in equilibrium with ice at —10°C, one would
predict a homogeneous nucleation temperature at or below —60°C.

quench cooled in LN, form unstable glasses which will devitrify
during slow warming only at temperatures above —40°C.

. Figure 16, a and b shows the cytoplasm and plasma membrane
of a maximally quench-hardy cell from twigs cooled at 3°C/h to
—15°C, cooled at approximately 1,200°C/min to —196°C, re-
warmed at about 10°C/min to —27°C, held at that temperature
for 12 h, and then recooled at 1°C/min to —70°C and stored.
The sample was prepared by fracturing under LN, and etching
2 min at —90°C and 10~° bar. Note the clusters of holes (arrows)
indicative of ice crystal formation in the cytoplasm. This is
concordant with the prediction from the DSC results (Figs. 6 and
9) that there would be formation of ice at —27°C after the

quenched cells were rewarmed to and held at that temperature.

Figure 17, a and b, shows part of the contents of a maximally
quench-hardy cell from twigs cooled at 3°C/h to —20°C, quench
cooled in LN, at about 1,200°C/min, rewarmed at about 10°C/
min to —27°C for 12 h, then cooled at 1°C/min to —70°C and
stored. The material was prepared by fracturing under LN, and
etched for 2 min at —90°C and 10~° bar. No etching is observable
either in the cytoplasm or in the interior of the chloroplast. The
twigs from which this sample was taken showed 70% survival
and 40% bud break/callosing upon thawing at 3°C/h. These
results also agree with the DSC results in Figure 6 which indicated
that when the cellular contents are quenched from an equilib-
rium temperature of —20°C they form stable glasses.

Figure 18 shows a submaximally quench-hardy cell (T, =
—30°C) cooled at 3°C/h to —20°C, quenched at about 1,200°C/
min in LN,, warmed to —27°C at about 10°C/min, held at that
temperature for 12 h, cooled at about 1°C/min to —70°C, and
stored. Samples were fractured under LN, and etched 2 min at
—90°C and 10~° bar. Note that the cytoplasm shows little evi-
dence of etching (except perhaps in one organelle) but that the
vacuole is apparently completely frozen. This implies that vac-
uolar contents are less stable glass formers and that their massive
devitrification upon warming may be sufficient to cause cell
death.

DISCUSSION

This study has led to a model of what happens to intracellular
solutions in P. balsamifera var. virginiana during deep freezing
in midwinter. The model asserts that there are at least three
identifiable glass transitions. These are second-order phase tran-
sitions characterized by discontinuities in the second derivative
of the free energy, equivalent to the heat capacity of the solution:

%G aS
(ﬁ),, = ‘(a—r),, =

each at a different, compositionally dependent temperature, T,
(1, 5). The direct evidence for these transitions is their appearance
on Figures 5 to 12 during warming. Additional strong indirect
evidence for their existence is given by freeze-etch electron
microscopy and by data on mortality after quench cooling of the
wood in LN,, followed by slow warming. We shall examine the
DSC evidence below and show how it leads to predictions of
certain electron microscopic and mortality behavior which were
also observed. Then, the calorimetric behavior of frozen aqueous
PVP solutions will be compared to that of the frozen Populus
wood. Finally, we will examine some implications of the exist-
ence of natural intracellular high temperature glass formation as
a cryoprotective strategy.

Evidence for Intracellular Glass Formation. During warming
through the glass transition temperature, there is a finite jump
in the heat capacity of a frozen glass forming solution. The size
of the power excursion recorded by a DSC scanning such a
solution will be approximately linearly proportional to the rate
of heating. As a result, at sufficiently slow heating rates only the
largest of the glass transitions will be distinguishable from noise.
This is the case in Figures 5 to 7 which show a maximally
quench-hardy sample warmed at the relatively slow rate of 10°C/
min. As noted in DSC “Results,” the larger size and the lower
temperature of occurrence of the glass transition in the run
equilibrated at —20°C (a, on solid curve of Fig. 5) as compared
to the material after cooling at 3°C/h to —70°C (a, on dashed
curve of Fig. 5) is as expected. This is because a glass forming
solution has a higher water content after equilibration at —20°C
followed by rapid cooling than after slow cooling to —70°C. Also,
there is no evidence of ice formation during warming, i.e. there
is no exotherm in the material equilibrated at —20°C. These
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FiG. 15. a, Maximally quench-hardy Popu-
lus cooled at 3°C/h to —15°C, and then plunged
into LN, (cooling 1200°C/min). The twig was
subsequently fractured in air at —70°C, placed
in an evacuation chamber at —110°, then
etched at —80°C and 10~ bar for 10 min. Note
the cytoplasmic surface (C) shows no evidence
of etching at this magnification. Particles on
the plasma membrane (PM) are 10 to 20 nm
in radius. Ice crystals, if present in significant
quantity, must be considerably smaller than 10
nm. The fibrous structure in the lower right is
cell wall (CW). Black bar equals 0.5 um. X
29,000. b, An enlargement of the cell contents
of the cell of (a). The E face (EF) and P-face
(PF) of organelles are indicated as well as
plasma membrane (PM). The cytoplasmic re-
gions (C) show no evidence of etching even at
this high magnification. Nevertheless, this cell
would have died on slow warming and both
DSC (Fig. 9) and electron microscope evidence
(Fig. 16, a and b) show that some ice nuclei
were present in the cytoplasm of this cell. Black
bar equals 0.25 um. X 88,000.

results lead to a prediction of what one might observe in the while the cell’s contents are fluid at between —20° and —40°C
electron microscope when material is quickly cooled from (because this temperature range is above the glass transition
—20°C, warmed rapidly to between —20° and —40°C, recooled to  when the intracellular fluid is in equilibrium with the ice at
below —70°C, fractured, and replicated. We would predict no —20°C), no ice formed upon warming according to the thermal
sign of ice formation inside the cells (Fig. 17, a and b) because, data. This is shown by the lack of a warming exotherm in material



INTRACELLULAR GLASS FORMATION IN POPULUS 51

first equilibrated at —20°C then quickly cooled. In this case, the
electron microscope observations are even more definitive than
the calorimeter measurements because the samples used in the
microscope study were held at —27°C after quench cooling in
LN, from —20°C for 12 h. Thus, ice nuclei had a much longer
time to grow between —40° and —20°C than in the DSC experi-

FiG. 16. a, Maximally quench-hardy Popu-
lus cooled at 3°C/h to —15°C, plunged into
LN; (1200°C/min cooling), reinserted in a
cooling bath at ~27°C (10°C/min warming),
and held for 12 h and then put in dry ice for
storage (1°C/min cooling). This sample was
fractured under LN,, held at —110°C during
evacuation, then etched at —90°C for 2 min.
The P-face of the plasma membrane is shown
(PF) as well as associated plasmadesmata (Pd).
The large-headed arrows point to clearly de-
fined clusters of holes, the remains of ice crys-
tals of several hundred nm mean radius. Black
bar equals 1.0 um. X 13,600. b, An enlarge-
ment of Figure 16a showing P-face (PF) of
plasma membrane, plasmadesmata (Pd), and
clusters of holes representing intracellular ice
crystals (large arrows). Black bar equals 0.5
pm. X 40,900.

ment. Nevertheless, no evidence for intracellular ice formation
was observed.

If intracellular ice is the lethal consequence of quench cooling,
the results of Figure 5 lead to the prediction that quench cooling
of maximally quench-hardy wood from —20°C and subsequent
storage of the wood at —27°C for 12 h, before a second recooling
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FIG. 17. a, A cross-fractured chloroplast and
surrounding organelles and cytoplasm (black
arrows) are shown in this maximally quench-
hardy sample treated like that of Figure 16, a
and b, except that initial 3°C/h cooling contin-
ued to —20°C before plunging into LN,. Note
that both the chloroplast and the surrounding
cytoplasm appear completely free of evidence
of etching. A sample from this tissue lived
after 3°C/h warming from —70°C storage.
Black bar equals 1.0 um. X 24,000. b, Enlarge-
ment of sample illustrated in Figure 17a. The
thylakoid stacks are clearly seen in an undis-
torted state (T) and the large headed arrows
point to the smooth cytoplasm. Despite the 12
h, at —27°C and fast recooling, no observable
devitrification has taken place. This corre-
sponds well with the lack of a DSC warming
exotherm in quench cooled —20°C equili-
brated material (Fig. 5) and the survival of the
tissue upon slow thawing. Black bar equals
0.25um. % 72,000.

2 Al ‘,(' i "r,'v
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to —70°C followed by 3°C/h warming to thaw would be nonle- at the potentially hazardous temperature of —27°C, allowing
thal. Since P = 0.49 in a sample of 24 twigs so treated (overall much more opportunity than in the 10°C/min DSC warming
survival 70% versus control survival of 85%), this prediction was  run for enough ice to form to kill the cells.

also borne out. As in the case of the material used for electron In Figure 6, the solid line represents the same sample as that
microscopic observations, the biological test ran for many hours  in Figure 5 but in this scan the sample had been held 10 min at
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—10°C and then cooled at 100°C/min to —160°C before warming
at 10°C/min. Note that the glass transition has fallen from a
position in the range of —70°C to —45°C (a,, solid curve Fig. 5)
to a position in the range —100° to —60°C (a,, solid curve Fig.
6). The broadness of these transitions is most likely due both to
the poor heat transfer from and the chemical heterogeneity of
the tissue. Even though the transitions are broad, the clear
shifting of the glass transition to lower temperatures as well as
the increase in their magnitude are what one would expect from
the higher water content of the intracellular solutions in equilib-
rium with ice at —10°C, as opposed to those same intracellular
solutions in equilibrium with ice at —20°C (¢f. Fig. 5). The
exotherm labeled b, on the solid curve of Figure 6 would lead to
the prediction that the electron micrographs of material quench
cooled from —10°C and warmed to between —50° and —25°C,
and then recooled would show significant intracellular ice. It
would also lead to the prediction of severe damage. Since we
have not microscopically measured ice formation after quench
cooling from —10°C, that prediction cannot be directly tested,
but mortality is 100% for all quenching temperatures at or above
—15°C. We do not display electron microscope data directly
confirming the prediction from Figure 6, but present an analo-
gous, and more powerful, measure of correlation between
the calorimetry and the electron microscopy in Figure 9 and

FIG. 18. A sample from a submaximally
quench-hardy twig (estimated T, = —30°C)
cooled to —20°C at 3°C/h, plunged in LN,,
reinserted in a cooling bath at —27°C (10°C/
min warming), held there 12 h, cooled at 1°C/
min to —70°C, then stored in dry ice. The
sample was fractured under LN,, held at
—110°C during chamber evacuation, then
etched 2 min at —90°C and 107 torr. Note that
the cytoplasmic areas labeled (C) are generally
free of indications of ice whereas the vacuolar
compartment (V) seems to have massively fro-
zen. These twigs all died during a 1- to 2-week
period after 3°C/h thawing from storage at
—70°C. Black bar = 0.5 um. X 50,000.

Figure 16, a and b. In Figure 9, the thermal behavior of the
intracellular contents of the Populus is shown when a sample has
been in equilibrium with ice at a temperature between —20° and
—10°C then quench cooled. During subsequent warming, a small
exotherm can be seen at b, near —~30°C on the dashed curve.
Assuming this to be a lethal intracellular freeze, one would
predict that maximally quench-hardy Populus quenched from
—15°C returned to —27°C, and then recooled would display
evidence of ice in the intracellular medium. This is indeed seen
in Figure 16, a and b. Also, the freezing is not massive but is
scattered through the cytoplasm, implying that there was only a
small amount of freezable water left, supporting the model
further.

Figure 7 tests the prediction that the cells are able to continue
to act as osmometers, excluding extracellular ice during slow
cooling, even after lethal intracellular freezing had occurred. It
shows the warming of the same sample from —160°C at 10°C/
min after it had been annealed at —5°C to melt all pre-existing
intracellular ice, cooled at 100°C/min to —20°C, annealed 10
min at that temperature, and finally cooled at 100°C/min to
—160°C. In this instance, the intracellular ice formed by the
devitrification event seen in Figure 6 was first melted by warming
to and annealing at —5°C. The cells were allowed to reequilibrate
at —20°C before quick cooling to —160°C. If the plasma mem-
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branes were injured by the intracellular freeze shown in Figure
6 such that they no longer presented a barrier to ice growth into
the cell, one would anticipate a warming exotherm during the
10°C/min warming after 100°C/min cooling of Figure 7. This
would occur because the glassy intracellular melt in equilibrium
with ice at —20°C is capable of losing water to ice at lower
temperatures; otherwise there would be no difference between a
warming curve of the material annealed at —20°C and quickly
cooled and a warming curve of cooling at the same material after
3°C/h to —70°C (Fig. 5). The intracellular melt of the material
characterized by the slow warming curve of Figure 7 (solid curve)
is still in equilibrium with ice at about —20°C because during the
quick cooling from —20°C no exotherm is seen (solid curve, Fig.
13). As a consequence of this reasoning, we assert that if a small
amount of ice had grown through the plasma membrane during
quick cooling, seeding the intracellular solution, it would have
been able to grow during slow warming, causing an exotherm on
the solid curve of Figure 7. This supports Levitt’s (4) contention
that plasma membranes of very hardy cells appear to retain
semipermeability for days after thawing even following lethal
freeze damage. In our own experience, hardy cells quenched in
LN, after cooling at 3°C/h to —15°C and thawed slowly often
retained semipermeability in CaCl, solutions after 10 d storage
in perlite at room temperature.

Figures 8 through 12 establish that there are at least three
observable glass transition-devitrification phenomena in the
quench-hardy Populus. These figures were made during warming
at 50°C/min, so, at the expense of accuracy on the temperature
axis, we gained information about low energy events comparable
to that obtained for the more energetic events in the 10°C/min
warming records.

Note that events a,, b, on the solid curve of Figure 8, repre-
senting the glass transition-devitrification in submaximally
quench-hardy wood cooled at 3°C/h to —70°C, is many times
smaller and at a much higher temperature than the same transi-
tions a,, b, on the dashed curve of Figure 8 seen during 50°C/
min warming of wood annealed 10 min at —5°C before 100°C/
min cooling. It is clear that the transitions a,, b, are the same
because, as the temperature at which the intracellular contents
are initially in equilibrium with ice rises (solid curve Fig. 8
through the dashed curves of Figs. 9 and 10) the transitions a,,
b, systematically get larger and shift to lower temperatures. Thus,
this glass transition occurring at the highest temperature displays
behavior that is fairly typical of glass forming aqueous solutions
(1, 5).

In Figures 8 to 12, the evidence for lower temperature glass
transitions is also displayed. It should not be assumed that these
transitions are necessarily located in anatomically separate sub-
divisions of the tissue. In fact, it will be argued below that the
differences in behavior between the glass forming intracellular
solutions and simpler binary aqueous polymer solutions are
explainable because the different glass transitions are occurring
within the same solutions. This multiple glass transition behavior
can also be demonstrated experimentally in vitro in polymer-
DMSO-H,0 solutions (14).

The identification of a,, b, and a;, b; as being equivalent
between these figures is based on the constant difference in
temperature between those transitions and a,, b, even as the
water content of the tissue decreases or increases and the position
of a,, b, consequently shifts. The fact that the smaller transitions
move in a systematic way relative to a,, b, and become larger
with increased water content just as a,, b, do shows that they are
not noise, but represent glass transition-devitrification events.
We suspect that the intermediate set a,, b, may be associated
with sucrose because limited HPLC data (A. G. Hirsh, R. J.
Williams, unpublished data) indicates a high sucrose content in
the tissue and because aqueous sucrose has an equilibrium glass
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transition at about —40°C (8).

Experiments involving warming of completely tender Populus
slowly cooled to —70°C, then rapidly cooled to —160°C show a
small glass transition near —70°C upon warming (data not shown
here). Thus, it is reasonable to surmise that the domain which
forms glass at the lowest temperature represented in Figures 8
through 12 is composed of the background of normal cytoplas-
mic or vacuolar soluble proteins, sugars, organic acids, salts, or
all of them. In the case of tender Populus annealed at —22°C,
cooled at 100°C/min to —160°C, and warmed at rates up to
80°C/min, there is a clear exotherm above about —40°C. Thus,
the very low temperature glass forming intracellular moieties in
tender Populus are not stable to ice growth on warming even
when the intracellular solutions are in equilibrium with ice at
—22°C. As a result, it is not surprising that the moieties which
form glasses at the lowest temperatures in the fully quench-hardy
Populus would nucleate the intracellular solution with ice during
slow warming after quench cooling from —15°C.

Figures 8 to 12 represent results from submaximally quench-
hardy Populus having an estimated T, of about —30°C. This
tissue was killed when cooled quickly from —20°C and slowly
rewarmed. Since a small but apparently nonlethal amount of
devitrification occurs during slow warming even after cooling at
3°C/h to —70°C (Fig. 8, solid curve, event b,), it is safe to assume
that a larger, lethal devitrification would have occurred in that
tissue during slow warming after fast cooling from an annealing
temperature of —20°C. Because the tissue was killed, one would
predict that quenching of such submaximally quench-hardy ma-
terial from —20°C, annealing for 12 h at —27°C and subsequent
recooling would yield microscopic evidence of large intracellular
ice crystals. Such ice formation is shown in Figure 18. Interest-
ingly, most or all of the freezing seems confined to the vacuolar
compartment. This implies that massive freezing of the vacuolar
compartment alone is sufficient to kill the cells, and that after
quench cooling from a high subzero temperature the vacuolar
compartment contains vitreous solutions less resistant to devitri-
fication during slow warming than the cytoplasmic compart-
ment.

Comparison with Aqueous PVP. The behavior of the intracel-
lular solutions of quench-hardy Populus at low temperatures
seems to be explainable by the multiple glass transition model
mentioned previously. It is instructive to compare this behavior
to that of a well-characterized binary system of PVP-H,O. The
supplemented phase diagram for such a system is displayed in
Figure 19, slightly modified from the data of MacKenzie (5).

Certain aspects of the artificial system are immediately evident.
It is clear that homogeneous nucleation (the T, curve) is only
observed in solutions in which AT,, <—2°C (as read off the T,
curve). It is also obvious that no devitrification occurs in that
composition range in which homogeneous nucleation events are
observed. The reason for this latter observation is straightforward.
The dashed horizontal lines show the limiting concentrations
achievable during homogeneous nucleation at the respective
temperatures. Note that the limiting concentrations are all in a
range that is stable against devitrification upon warming. These
results are in sharp contrast to the DSC results for quench-hardy
wood. In the wood, quick cooling from any equilibrium temper-
ature >—10°C yields both homogeneous nucleation and, upon
warming, devitrification events. In part, this is due to the fact
that MacKenzie cooled and warmed at about 2°C/min, whereas
the biological material was cooled at >50°C/min. Thus, the
implication is that there was not enough time at such high cooling
rates for both homogeneous nucleation and subsequent crystal
growth to proceed to completion. It is also reasonable to postulate
that the reason why homogeneous nucleation is observed in the
intracellular solutions at equilibrium temperatures considerably
below —2°C is that such solutions are a complex mixture of
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FiG. 19. Supplemented phase diagram of aqueous, 30,000 mol wt
PVP according to the data of MacKenzie (5). Ordinate is percentage of
PVP w/w. Ty, is the equilibrium melting curve, Tj is the glass transition
curve, Ty, is the homogeneous nucleation curve, T, is the ice recrystalli-
zation curve (upon warming), Ty is the devitrification curve, (T.), hy-
pothesized collapse temperature curve (where the glassy melt begins to
flow noticeably). (Ty,), an extrapolated section of the melting curve. The
dotted arrows have been added to show to what composition the homo-
geneous nucleation of the solution will approach asymptotically at several
temperatures. Note that the arrows correspond to compositions that are
almost completely stable in the presence of ice on warming: thus, the
lack of detectable devitrification events after homogeneous nucleation.
In the composition region between 45 and 55%, where devitrification is
observed, it is presumed that some homogeneous nuclei form in the
temperature range between the Ty and T, curves on both cooling and
warming, but that the volume of ice formed is microscopic and unde-
tectable with presently available instrumentation. The crossing of the T,
and To, curves is the equilibrium glass transition. Note that there is a
fairly large composition region (55-65%) between the most dilute stable
glass former and the actual equilibrium glass-forming composition.
Glass-forming solutions in this composition range can be cooled or
warmed at any rate and no ice will form as long as heterogeneous
nucleators are not present. This corresponds well with the observation
that the glass forming moieties in the Populus are stable at compositions
somewhat more dilute than the —28°C equlibrium glass forming solution.
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unknown cryoprotectants and other, more usual, intracellular
solutes, all of which contribute to the freezing point depression.
Thus, it is not until a low enough quenching temperature is
reached that the lowest temperature glass forming moiety (a; in
Figs. 9-12) becomes stable against homogeneous nucleation and
devitrification upon slow warming, conditions necessary for the
tissue to survive quenching and slow warming,. If we are correct,
and if that moiety is composed of normal cytoplasmic compo-
nents, then the upper limit of resistance to quench cooling and
slow warming in any natural system forming intracellular glasses
by diffusion of water to extracellular ice may be about —20°C.
The curve labeled T, in Figure 19 traces the recrystallization
of solutions frozen initially by homogeneous nucleation. Note
that the temperature at which this occurred was quite high and
nearly constant over a large range of initial starting concentra-
tions. This implies that the large decrease in the temperature of
occurrence of the exotherms in the quenched superhardy wood
with increasing intracellular water content (higher quenching
temperature) is more consistent with devitrification (de novo
growth of ice from the melt; T4 curve in Fig. 19) than with
recrystallization. Also, if the exotherms were devitrifications, one
would expect that, as the glassy melt became more dilute, the
amount of ice formed upon warming would increase yielding a
larger exotherm. This is observed throughout the records. Nev-
ertheless, it is important to stress that some recrystallization

probably occurs as well. The enthalpy of recrystallization as a
function of ice-solution interfacial free energy and the change of
mean ice crystal radius in a recrystallization transition is an
unsolved question in the nonequilibrium physical chemistry of
water and ice (D. Rasmussen, unpublished data).

Implications of Natural Intracellular Glass Formation. Since
the bulk of the intracellular solutions in maximally quench-
hardy Populus appears to become solid below —28°C, significant
additional osmotic stress would not be expected below that
temperature, even at cooling rates of only a few °C/h. This is
important because it is thought that many tissues of very hardy
northern plants are killed by dehydration stress when intracel-
lular solutions equilibrate with extracellular ice at below —30°C
(4, 16). Intracellular glass formation might protect such tissues.
That such low temperature stress in plant tissues killed below
—30°C is in fact dehydration stress is suggested by experiments
we conducted in which quench-hardy Populus was dried at —6°C
in CaCl,. When whole tissue water content dropped from 1.0 g/
g dry weight (normal winter minimum) to 0.6 g/g dry weight no
increase in mortality was seen upon subsequent reimbibition of
water by the tissue. Below 0.6 g H,O/g dry weight mortality
increased rapidly with further drying and was 100% by 0.4 g
H,O/g. This is consistent with unpublished results of Siminovitch
on the drought resistance of completely hardy black locust (Ro-
binia pseudoacacia) bark. What it implies is that the formation
of the solid intracellular glass at about —28°C prevents further
water loss to extracellular ice at lower temperatures and that this
is a necessary component of the cryoprotection because the
Populus cells are not especially drought resistant. Such an inter-
pretation contradicts the widely held idea that extreme cold
hardiness is always more or less equivalent to extreme drought
hardiness (4, 16).

CONCLUSIONS

In this study, we have demonstrated a novel method of natural
cryoprotection: intracellular glass formation at high subzero tem-
peratures in winter acclimated P. balsamifera v. virginiana. We
have shown that the bulk of the intracellular solutions in
hardened poplar trees form glasses at about —28°C during slow
(less than 5°C/h) cooling. We have also demonstrated at least
two additional glass forming moieties in the intracellular solu-
tions, moieties which solidify at about —45° and —70°C during
slow cooling. The proof of this three-glass model rests primarily
on DSC data showing the three glass transitions. Additional
proof has been supplied through a correlation between devitrifi-
cation events observed in the DSC during warming scans of
hardened wood after fast cooling from' lethally high subzero
temperatures, the minimum temperature at which very fast
(1200°C/min) cooling and subsequent slow (<10°C/min) warm-
ing is lethal, and the appearance of intracellular ice in electron
micrographs of quench-hardy Populus frozen rapidly from above
—20°C at 1200°C/min.
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