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ABSTRACT

Opuntia ficus-indica, a Crassulacean acid metabolism plant
cultivated for its fruits and cladodes, was used to examine chem-
ical and physiological events accompanying low-temperature ac-
climation. Changes in osmotic pressure, water content, low mo-
lecular weight solutes, and extracellular mucilage were monitored
in the photosynthetic chlorenchyma and the water-storage paren-
chyma when plants maintained at day/night air temperatures of
30/20°C were shifted to 10/0°C. An increase in osmotic pressure
of 0.13 megapascal occurred after 13 days at 10/0°C. Synthesis
of glucose, fructose, and glycerol accounted for most of the
observed increase in osmotic pressure during the low-tempera-
ture acclimation. Extracellular mucilage and the relative apoplas-
tic water content increased by 24 and 10%, respectively, during
exposure to low temperatures. These increases apparently favor
the extracellular nucleation of ice closer to the equilibrium freez-
ing temperature for plants at 10/0°C, which could make the
cellular dehydration more gradual and less damaging. Nuclear
magnetic resonance studies helped elucidate the cellular pro-
cesses during ice formation, such as those revealed by changes
in the relaxation times of two water fractions in the chlorenchyma.
The latter results suggested a restricted mobility of intracellular
water and an increased mobility of extracellular water for plants
at 10/0°C compared with those at 30/20°C. Increased mobility of
extracellular water could facilitate extracellular ice growth and
thus delay the potentially lethal intracellular freezing during low-
temperature acclimation.

Cacti, succulent plants utilizing CAM, generally are native
to hot, arid regions where severe freezing seldom occurs (5,
22). Indeed, most cacti will not survive an exposure to —10°C
for even a few hours (22). Many species, however, grow at
high elevations and latitudes and are therefore exposed to
appreciable freezing. Oroya peruviana and Tephrocactus floc-
cosus occur at 4700 m in tropical alpine habitats in Peru,
where summer nighttime temperatures can be —8°C (14), and
Opuntia fragilis occurs up to 58°N in Canada, where winter
temperatures can be —40°C (5, 22). Certain species, such as
Coryphantha vivipara and Pediocactus simpsonii, can tolerate
—20°C for 1 h (21) and Opuntia polyacantha can tolerate
—24°C for 1 h (26).

The tolerance of freezing temperatures by cacti occurring
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in cold environments significantly increases upon exposure
to low temperatures (22, 25). For instance, the low-tempera-
ture tolerance of C. vivipara, which occurs in the southern
prairie provinces of Canada (50°N), decreases from —15 to
~22°C as the ambient air temperature is lowered from 30 to
—10°C in 10°C steps at weekly intervals (20). These cacti lack
the capacity for substantial supercooling (cooling below the
equilibrium freezing temperature without freezing) and sur-
vive by tolerating extracellular ice formation. Such ice for-
mation in the extracellular spaces leads to a progressive dis-
tillation of cellular water, with intracellular dehydration even-
tually causing irreversible damage (20). Low-temperature
tolerance and acclimation have since been examined for 22
other species of cacti (22, 23, 25). These studies have dem-
onstrated that species with the greatest low-temperature tol-
erance, such as C. vivipara and Opuntia humifusa, exhibit
substantial acclimation. The cellular events that underlie low-
temperature acclimation, however, are not well understood.

Cellular events accompanying low-temperature acclimation
have been extensively studied for C; plants (16, 28). For
instance, restructuring of cell membranes can occur (31),
including the incorporation of newly synthesized phospho-
lipids (30). Also, increases in osmotic pressure as a conse-
quence of a gradual water stress tend to enhance low-temper-
ature tolerance (16). The synthesis of various low mol wt
solutes, such as glucose, fructose, and sorbitol, is also a
common feature of low-temperature acclimation (28). High
cellular water content in CAM plants, such as cacti, may lead
to different events accompanying the low-temperature accli-
mation compared with C; and C, plants. For example, tran-
spiration rates of cacti may be too low to permit a substantial
increase in osmotic pressure of the cells by dehydration during
low-temperature acclimation.

The present study examined chemical and physiological
changes during acclimation to low temperatures for Opuntia
ficus-indica, a cactus extensively cultivated for its fruits and
cladodes (22, 27). The tolerance to freezing temperatures for
this species, whose range of cultivation is limited by low
temperatures, increases 3°C in response to decreasing day/
night temperatures, such that acclimated plants can tolerate
about —10°C (23). Because mucilage, a highly branched
polysaccharide produced by specialized cells and associated
with cell walls, is prevalent extracellularly in the cladodes of
O. ficus-indica (9, 33), its role in the freezing process was
analyzed. Special attention was given to water relations pa-
rameters such as osmotic pressure, which substantially in-
creases during the winter for cacti that tolerate low tempera-
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tures (15, 17). Also investigated were possible increases in
concentration of low mol wt solutes that may act as cryopro-
tectants as well as help retain liquid water inside the cells.
NMR studies were performed during the process of ice for-
mation to help elucidate cellular changes during low-temper-
ature acclimation.

MATERIALS AND METHODS
Plant Material

Cladodes of Opuntia ficus-indica (L.) Miller (Cactaceae)
were obtained from a commercial plantation in Gilroy, CA,
and were planted in 4-L pots containing 6 kg of sandy soil.
The plants were maintained in a glasshouse at the University
of California, Los Angeles, with day/night air temperatures
averaging 26/16°C, day/night relative humidities averaging
40/60%, and a daily PPFD on a horizontal surface averaging
30 mol photons m~2 day™' from February to December 1990.
The air inside the glasshouse was charcoal filtered and the
CO, levels were about 360 umol mol™'. The plants were
irrigated twice per week with distilled water and once every 2
weeks with a 0.25-strength Hoagland solution No. 1 supple-
mented with micronutrients (22). Soil water potential in the
root zone was maintained above —0.3 MPa, as determined
with Wescor PCT 55-05 soil thermocouple psychrometers.

Between September and December 1990, intact plants were
transferred to a growth chamber with 30/20°C day/night air
temperatures. The PPFD on a horizontal surface at the top
of the plants was 800 umol m~2 s™!, provided daily for 12 h
by high-pressure sodium-vapor lamps, leading to a similar
total daily PPFD on the cladode surfaces as in the glasshouse.
The plants were maintained under the new growth conditions
for at least 2 weeks before measurements. To induce low-
temperature acclimation, the day/night air temperatures were
reduced to 10/0°C.

Water Relations Parameters

The #? and water content were measured for tissue samples
obtained from mature cladodes of O. ficus-indica. Cylindrical
cores through the cladodes were removed with a cork borer
13 mm in diameter. The cores were immediately wrapped
with Parafilm and sealed in plastic bags to prevent changes in
water content before measurements. The chlorenchyma was
defined as the outermost 4 to 6 mm of stem tissue inside the
epidermis and contained nearly all of the Chl; the remaining
tissue was designated the water-storage parenchyma (10-14
mm in thickness). After removing the epidermis, the two
tissues were separated from each core with a razor blade and
were blotted lightly (to remove sap from cut cells). Mucilage
canals and vascular bundles occurred primarily between the
chlorenchyma and the water-storage parenchyma and were
not included in the samples examined.

The = was determined for cell sap extruded from each tissue
using a vise, with the samples squeezed between plastic plates.
The osmolality of the extruded sap was determined with a

2 Abbreviations: 7, osmotic pressure; RWC, relative water content;
T,, spin-lattice relaxation time; T, spin-spin relaxation time; ¥, water
potential; FID, free induction decay; P-V, pressure-volume.

Precision Instrument uOsmette 5004 freezing-point-depres-
sion osmometer and converted to = at 20°C using the Van’t
Hoff relation (24). The water content was determined for 0.3
to 0.4 g tissue samples. Dry weight was determined after
drying the samples in a forced-draft oven for 24 h at 60°C.
The water:dry matter ratio was expressed as g of liquid water
(tissue fresh weight — tissue dry weight) per g of dry sample.
¥ isotherms, conventionally called P-V curves, were obtained
for excised tissue samples using psychrometric determinations
of ¥ and RWC calculations; to determine y parameters, 1/y
was plotted versus 1 — RWC, i.e. a type II transformation
(24, 34, 35). For instance, the apoplastic water fraction was
calculated from the intersection of the linear part of the P-V
curve with the abscissa (35, 36). y was measured with a Wescor
5500 vapor pressure osmometer calibrated daily, and RWC
([fresh weight — dry weight]/[turgid weight — dry weight])
was estimated using the fresh and turgid weight for a subset
of samples undamaged by dehydration (10). To minimize the
effect of diel changes in CAM on y components (22), all tissue
samples were obtained in mid-afternoon.

Mucilage and Other Substances

Mucilage was extracted from the chlorenchyma and the
water-storage parenchyma (10, 19). Four grams of tissue were
removed with a cork borer (13 mm in diameter), cooled to
—80°C, ground in a mortar, and then transferred to boiling
ethanol for 5 min to arrest enzymatic activity. After vacuum
filtering through Whatman No. 1 paper, the residue was dried
at 50°C for 24 h, solubilized for 1 h in 30 mL of distilled
water at 50°C, and then vacuum filtered to remove cell wall
material and other large debris using a metal sieve (pore size
of 70 um). Mucilage was precipitated with 250 mL of isopro-
panol, and the precipitate was washed three times in isopro-
panol followed by air drying. Analysis of sugars characteristic
of mucilage (10) and measurement of polypeptides via a micro
Kjeldahl technique indicated that at least 93% of the washed
precipitate was mucilage. The osmolality of the mucilage
dissolved in distilled water was determined with the Wescor
5500 vapor pressure osmometer.

Certain small mol wt substances (sugars and polyhydroxy
alcohols) were also analyzed. One gram of the chlorenchyma
or the water-storage parenchyma (obtained with the cork
borer) was frozen at —80°C, homogenized in a mortar, filtered
through a 130-um nylon mesh, and then centrifuged at
70,000¢ for 1 h. The supernatant fluid was filtered through a
0.4-um Millipore filter and separated by HPLC using a Waters
Chromatography Sugarpak II column and 0.13 mM Ca EDTA
buffer. Compounds were quantified using specific standards.

Freezing Point Determinations

To investigate the pattern of subzero temperatures during
freezing, 0.1 to 0.2 g of tissue was placed in sealed glass tubes
(50 mm long and 5 mm in diameter). The tubes were placed
in a Styrofoam box between heat exchangers through which
was circulated 45% water/55% ethylene-glycol (v/v), whose
temperature was adjusted with a Haake A-82 refrigerated
bath. The temperature of the tissue sample in the tubes was
monitored at 20-s intervals with copper-constantan thermo-
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couples (0.26 mm in diameter), which were placed in contact
with the tissue. The temperature of the tissue samples was
lowered from 20 to —28°C at about 10°C h™', similar to the
rate in other studies (16, 20, 22). Termination of supercool-
ing was indicated by a rapid increase in temperature repre-
senting the release of the heat of fusion of water following ice
nucleation.

The possible presence of ice nucleation active bacteria in
the samples was checked using serial dilutions of homogenized
tissue grown on Pseudomonas Difco F agar (1). After resus-
pension in a sterile solution, colonies were detected using the
plate-harvesting technique. Very few bacterial colonies oc-
curred, none were identified as P. syringae, and no ice nu-
cleation was observed until the temperature of the suspensions
was reduced below —9°C.

Freezing patterns were also examined for extracted muci-
lage. Mucilage was dissolved in different amounts of distilled
water; approximately 20 mm?® of this mucilage solution was
drawn into the center of a 100 mm® microcapillary, and one
of the ends was sealed in a flame (37). Sample temperature
was monitored with thermocouples placed in contact with the
microcapillaries and was lowered at about 10°C h™".

NMR Studies

Approximately 0.2 g samples of tissue was lightly blotted
and then placed at the bottom of a glass tube (5 mm in
diameter). The tube was inserted into a Bruker AM 360 pulsed
NMR spectrometer with an 89-mm bore and a supercon-
ducting magnet producing a magnetic flux density of 8.5 tesla
(hence the radio frequency oscillator was at 360 MHz). Tem-
perature was measured with a copper-constantan thermocou-
ple 5 mm below the sample tube (which was not mechanically
rotated). Relaxation times, reflecting interactions between
water and various cellular components, were measured to
determine the water content in various compartments as well
as the water mobility.

The longitudinal T, was measured using a 180-7-90 pulse
sequence (7 is the time between the radio-frequency pulses in
the sequence and the indicated angle is between the average
direction of the original proton spins and that induced by the
radio frequency pulse; 6, 7). Values of T, were determined
from the slope of In(A.—-A,) versus 7, where A, is the magnet-
ization amplitude of the FID of the water proton signal
following the 90° pulse at 7, and A is the limiting value of
A., analysis being performed using Fourier transforms (to a
frequency domain). The transverse T, was measured by the
Carr-Purcell-Meiboom-Gill technique from the slope of In
Accho versus t, where Ao is the magnetization amplitude of
the water proton signal occurring at time ¢ (¢ = 2 nr, where n
is the number of refocusing pulses and 7 was 2 ms) after the
initial 90° pulse in the 90-7-180-27-180-27 ... pulse
sequence (7). To reach the experimental temperature of 0°C,
the tissue samples were cooled in approximately 3°C steps
until thermal equilibrium was achieved for each step (up to
30 min). Using the same cooling protocol (3°C steps), the
liquid water content of the tissue samples from 20 to —20°C
was obtained from the Fourier transform of the FID produced
after applying a short (9-11 us) 90° pulse at different tissue
temperatures (2); after applying a Boltzman factor correction
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(7, 24), the integral of the transformed signal was assumed to
be proportional to the liquid water content (the FID for ice is
so rapid that it does not interfere with the signal from liquid
water).

RESULTS
Water Relations

Tissue 7 increased for both the chlorenchyma and the
water-storage parenchyma of O. ficus-indica during acclima-
tion to low temperatures (Fig. 1A). Specifically, = asymptoti-
cally increased from 0.59 to 0.72 MPa in the chlorenchyma
and from 0.48 to 0.60 MPa in the water-storage parenchyma
when plants previously maintained at 30/20°C were exposed
to 10/0°C for 13 d. Most of the changes occurred during the
first 7 d, and the increase was faster in the chlorenchyma than
in the water-storage parenchyma (Fig. 1A). The water content,
measured as the water:dry weight ratio, remained virtually
constant during acclimation to low temperatures for the chlo-
renchyma but decreased by 13% for the water-storage paren-
chyma (Fig. 1B), despite a high and constant soil water
potential. Extracellular mucilage, which initially constituted
24 and 17% of tissue dry weight in the chlorenchyma and the
water-storage parenchyma, respectively (Fig. 1C), increased
by approximately 25% in both tissues after 13 d at 10/0°C.

To examine the causes of = changes during low-temperature
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Figure 1. Time courses for the changes in (A) osmotic pressure, (B)
the water:dry matter ratio, and (C) mucilage content on a dry weight
basis for the chlorenchyma (chl; O) and the water-storage paren-
chyma (wsp; A) of O. ficus-indica during low-temperature acclimation.
The plants were shifted from day/night air temperatures of 30/20°C
to 10/0°C at 0 d. Data are means + 1 st for two or three measure-
ments on each of two plants (n = 4-6; absence of bar indicates se
smaller than symbol).
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acclimation, P-V curves were obtained for the chlorenchyma
and the water-storage parenchyma (Fig. 2). 7 at full hydration
(the reciprocal of the intercept of the linear part of the P-V
curve with the ordinate) was 0.58 MPa in the chlorenchyma
and 0.39 MPa in the water-storage parenchyma for plants at
30/20°C. The apoplastic water fraction based on the P-V
curve was very small in both the chlorenchyma and the water-
storage parenchyma (about 0.01-0.03) for plants at 30/20°C.
After 2 weeks at 10/0°C, = at full hydration in both tissues
increased by about 0.10 MPa, and the apoplastic water frac-
tion increased by about 10%.

Consistent with the above changes in the water relations of
plants shifted from 30/20°C to 10/0°C, the amounts of glu-
cose, fructose, and glycerol also increased during low-temper-
ature acclimation (Fig. 3). The observed changes were more
rapid in the chlorenchyma but larger in the water-storage
parenchyma. For example, on a fresh weight basis, fructose
increased from 2 to 23 mmol kg™! in the water-storage paren-
chyma and from 2 to 11 mmol kg™' in the chlorenchyma; the
increase was nearly complete in 4 d for the chlorenchyma but
was still continuing at 13 d for the water-storage parenchyma
(Fig. 3B). The total increase over 13 d for the three organic
solutes was 19 mmol kg™' in the chlorenchyma and 47 mmol
kg™' in the water-storage parenchyma (Fig. 3).

Freezing Patterns

As air temperatures were lowered, the temperatures of the
chlorenchyma and the water-storage parenchyma decreased
below the equilibrium freezing temperature, which was about
0.5°C based on = and the Van’t Hoff relation (24). For plants
at 30/20°C, exothermic events resulting from ice nucleation
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Figure 2. Representative P-V curves for (A) the chlorenchyma (chl;
O, @) and (B) the water-storage parenchyma (wsp; A, A) of O. ficus-
indica maintained for at least 2 weeks at day/night air temperatures
of 30/20°C (O, A) or 10/0°C (@, A). ¢ and RWC represent the tissue
water potential and its relative water content, respectively. The
dashed and solid straight lines represent linear regressions, and the
dotted lines represent extrapolations of such lines.
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Figure 3. Time courses for the changes in (A) glucose, (B) fructose,
and (C) glycerol for the chlorenchyma (chl; O) and the water-storage
parenchyma (wsp; A) of O. ficus-indica during low-temperature ac-
climation. The plants were shifted from day/night air temperatures of
30/20°C to 10/0°C at 0 d. Data are means for single measurements
on each of two plants.

caused a sudden increase in temperature at —5.1 £ 1.1°C and
—5.5 + 0.3°C (mean + 1 sE for n = 4) for the chlorenchyma
and the water-storage parenchyma, respectively (Fig. 4A, B).
In contrast, for plants at 10/0°C, ice nucleation occurred at
—2.8 + 0.5°C (mean = 1 SE for n = 4) for both tissues (Fig.
4C, D). No other major exotherm was subsequently observed
as the samples were lowered to —28°C, and all freezing pat-
terns displayed two exothermic phases.

Extracted mucilage in distilled water froze at different tem-
peratures, depending on its 7= (Fig. 5). The ice-nucleation
temperatures increased from —12.5 to —7.3°C when = of the
mucilage solution increased from 0.0 to 0.5 MPa, most of the
changes occurring between 0.0 and 0.3 MPa (0.3 MPa corre-
sponded to 40 mg mucilage/mL). Mucilage from the chloren-
chyma and the water-storage parenchyma exhibited similar
nucleation temperatures (Fig. 5).

NMR Studies

The relative amount of liquid water in the chlorenchyma
and the water-storage parenchyma, as determined by NMR,
decreased rapidly below —2.5°C (Fig. 6). The amount of water
that remained unfrozen at and below —5°C was less for tissues
from plants at 30/20°C than at 10/0°C, especially for the
chlorenchyma. At —5°C, the liquid-water content in the chlo-
renchyma from plants at 30/20°C was 6% compared with
15% after 2 weeks at 10/0°C (Fig. 6A). A similar pattern was
observed for the water-storage parenchyma, as the water
unfrozen at —5°C was 5% at 30/20°C and 9% at 10/0°C
(Fig. 6B).
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Figure 4. Temperatures during cooling for (A) chiorenchyma (chl)
from plants at 30/20°C, (B) water-storage parenchyma (wsp) from
plants at 30/20°C, (C) chl at 10/0°C, and (D) wsp at 10/0°C for O.
ficus-indica. Dotted lines indicate air temperatures. Data are repre-
sentative of three to four measurements on each of two plants.

The magnetization amplitude of the water proton signal for
a 180-7-90 sequence increased as + was increased (Fig. 7).
Although responses for the water-storage parenchyma were
fairly linear, indicating a single T, (the slope is proportional
to —1/T,) so that two water fractions were not distinguishable,
a curvilinear relationship occurred for the chlorenchyma. The
slope at lower 7 was steeper, representing a water fraction with
a shorter relaxation time than for longer 7 (Fig. 7). The shorter
T, was lower for the chlorenchyma from plants at 30/20°C
than at 10/0°C, whereas T, for the water-storage parenchyma
was similar for the two day/night air temperatures (Fig. 7).

The T, measurements using the echo amplitude also indi-
cated differences between the chlorenchyma and the water-
storage parenchyma (Fig. 8). The chlorenchyma again exhib-
ited a curved (biphasic) relationship, indicating the occurrence
of at least two water fractions with different relaxation times.
The slope (proportional to —1/T>) at lower times was steeper,
indicating a shorter T, than at longer times; the two values of

Ice nucleation temperature(°C)
1
w
T
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00 ol 0.2 03 04 05
Osmotic pressure (MPa)

Figure 5. Ice nucleation temperatures for mucilage from the chloren-
chyma (O) and the water-storage parenchyma (A) of O. ficus-indica.
Data are means + 1 sk for three or four measurements on each of
two plants; absence of bar indicates se smaller than symbol.
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Figure 6. Relative amount of liquid water (percent of maximum) in
(A) the chlorenchyma (chl; O, @) and (B) the water-storage paren-
chyma (wsp; A, A) of O. ficus-indica at various temperatures for
plants maintained for at least 2 weeks at day/night air temperatures
of 30/20°C, (O, A; —) or 10/0°C (@, A; - — -). Data are means + 1
st for two measurements on each of three plants; absence of bar
indicates se smaller than symbol.

T, tended to be slightly higher for the chlorenchyma from
plants at 30/20°C than at 10/0°C. The relationships for the
water-storage parenchyma were essentially linear, so two
water fractions were not distinguishable, and the slopes were
not substantially different for plants at 30/20°C compared
with those at 10/0°C (Fig. 8).

Relaxation times were determined for the chlorenchyma
from plants at 30/20°C and 10/0°C (Figs. 7, 8) and then
corrected for exchanges between the two observed water frac-
tions (Table I). When plants were shifted from 30/20°C to
10/0°C, the corrected T, (the spin-lattice relaxation time for
the slower changing fraction, corrected for water exchange
with the other fraction) decreased and the spin-lattice relaxa-
tion time for the faster changing fraction (T),) increased. For
the 30/20°C to 10/0°C shift, both T, (the corrected spin-spin
relaxation time for the slower changing fraction) and Ta
apparently decreased (Table I). The percentage of water in
the two fractions was unchanged by the day/night air temper-
atures, remaining at 27% for the fraction with the faster
relaxation times (P,). Based on residence times, the time that
water spent in the two fractions was 1 to 3 s (Table I).

DISCUSSION

The = and water content of the photosynthetic chloren-
chyma and the water-storage parenchyma of O. ficus-indica
changed when plants were shifted from day/night air temper-
atures of 30/20°C to 10/0°C. Thirteen days of acclimation to
such low temperatures caused = to increase about 0.13 MPa
in both the chlorenchyma and the water-storage parenchyma.
Most of this increase resulted from an increase in osmotically
active solutes, as evidenced by = at full saturation. Although
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Figure 7. Representative relationships between the magnetization
amplitude of the NMR free-induction decay (A.) and the time between
pulses (r) for the chlorenchyma (O, @) and the water-storage paren-
chyma (A, A) of O. ficus-indica maintained for at least 2 weeks at
day/night air temperatures of 30/20°C (O, A; —) or 10/0°C (@, A; -
- -). Results were obtained at 0°C.

the water content in the chlorenchyma remained relatively
constant during the exposure to 10/0°C, the water-storage
parenchyma lost 13% of its water despite wet soil conditions,
probably due to the decreased root hydraulic conductivity at
low temperatures (18).

According to the Van’t Hoff relation (24), increases in
fructose, glucose, and glycerol together account for nearly all
of the observed = increase during low-temperature acclima-
tion. Specifically, after 13 d at 10/0°C, they represented an
increase of 0.13 MPa in the chlorenchyma and 0.10 MPa in
the water-storage parenchyma. The increase of such small
solutes may enhance tolerance to subfreezing temperatures
by osmotically helping retain liquid water inside the cells once
freezing is initiated extracellularly. In addition, these solutes
may act as cryoprotectants. Polyhydroxy alcohols, such as
glycerol and sorbitol, as well as glucose and fructose, increase
in C; plants during exposure to low temperatures (28). These
substances may stabilize the structure of membranes and
proteins at subzero temperatures (29), although the mecha-
nism of noncolligative cryoprotection has not yet been fully
elucidated.

The amount of liquid, apparently intracellular, water de-
clined rapidly below —2.5°C in both the chlorenchyma and
the water-storage parenchyma, but was about twice as high at
—5°C for plants at 10/0°C compared with 30/20°C. A small
increase in liquid intracellular water during low-temperature
acclimation also occurs in several winter cereals (12) but not
in Cornus stolonifera (6). When water exchange between
compartments is rapid, cellular dehydration caused by extra-
cellular ice formation proceeds until the y of the protoplast
equals that of the extracellular ice. During such equilibrium
freezing, the fraction of liquid intracellular water is propor-
tional to 1/T, where T is the temperature in °C and the
intercept with the ordinate represents the fraction of bound
water (12, 13). This equilibrium behavior has been observed
for Hedera helix but not for Hordeum vulgare (13). For certain
citrus species, deviations from ideal freezing behavior were
attributed to negative turgor pressures in cells experiencing
extracellular ice formation (2). For both the chlorenchyma

and the water-storage parenchyma of O. ficus-indica at 30/
20°C and 10/0°C, the behavior of liquid water during pro-
gressive freezing was also apparently nonideal. Further re-
search is necessary to determine whether such nonequilibrium
freezing is a general phenomenon for cacti.

Nucleation of ice at temperatures close to the equilibrium
freezing temperatures commonly occurs for tissues from spe-
cies that tolerate substantial intracellular freeze dehydration
compared with species that avoid freezing damage by super-
cooling (8, 11). Although use of small samples may over-
estimate the extent of supercooling compared with that in
intact plants (3), initial nucleation of ice occurred at about
—6°C for O. ficus-indica at 30/20°C and at about —3°C at 10/
0°C. An increase of 3 to 4°C in the ice nucleation temperature
during low-temperature acclimation also occurs for O. hum-
ifusa, a species characterized by appreciable tolerance to
subzero temperatures (25). Supercooling ability is often lower
for tissues with larger extracellular spaces and, therefore, more
apoplastic water (11, 16). A 10% increase in apoplastic water
occurred for O. ficus-indica during 13 d at 10/0°C, which
could reduce supercooling and cause ice nucleation closer to
the equilibrium freezing temperature. The exothermic events
resulting from ice nucleation exhibited two sequential phases,
the first possibly representing freezing of extracellular water
and the second the freezing of water distilled from intracellular
compartments onto the extracellular ice crystals. The enlarge-
ment of the first phase during low-temperature acclimation
may correspond to the increase in apoplastic water for O.
ficus-indica at 10/0°C.

The amount of mucilage in O. ficus-indica increased during
acclimation to low temperatures, as also occurs for it in
response to drought (10). The ice nucleation temperature of
mucilage extracted from both the chlorenchyma and the
water-storage parenchyma was approximately 5°C higher than
for pure water, suggesting that mucilage in the extracellular
spaces may act as an ice-nucleating agent. If freezing were
induced closer to the equilibrium freezing temperature by a
higher extracellular mucilage content (or a higher relative
apoplastic water content), the resulting dehydration caused
by the net water flux from the cells to the extracellular ice
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Figure 8. Representative relationships between the magnetization
echo amplitude of the NMR free-induction decay (Aecno) and the echo
time (t) for the chlorenchyma (O, @) and the water-storage paren-
chyma (A, A) of O. ficus-indica maintained for at least 2 weeks at
30/20°C (O, A; —) or 10/0°C (@, A; - - -). Results were obtained
at 0°C.
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Table I. Spin-lattice (T,) and Spin-Spin (T2) Relaxation Times of Chlorenchyma from Plants at Air Temperatures of 30/20°C and 10/0°C

For O. ficus-indica maintained for at least 2 weeks at day/night air temperatures of 30/20°C or 10/0°C, T, was calculated from relationships
such as in Figure 7 and T from relationships such as in Figure 8. Data are means + 1 sk for two measurements on each of two plants. The
water fraction with the longer relaxation time was denoted by a and the other by b. The relaxation times were corrected to account for water
exchange between the two fractions using the principle of detailed balancing (4). The theoretical fraction in state b is designated by Py (P. + P,
= 1). The mean residence times (time that water occurs in a particular state) in the two states were also determined (4). NMR measurements

were performed at 0°C.

Day/Night Air Observed Relaxation Times(s) Corrected NMR Parameters(s) Rﬁ:‘;‘:‘:)e
Temperatures —_—
Tia T T2 Tz Tia T Taa Tz a b
30/20°C  0.759 + 0.007 0.122 +0.009 0.081 +0.002 0.028 +0.001 1.078 0.146 0.051 0.022 027 21 0.79

10/0°C

0.620 + 0.030 0.169 +0.003 0.076 = 0.002 0.026 + 0.001 0.731

0.199 0.040 0.019 027 33 0.77

crystals would be more gradual as temperature decreases and,
hence, should be less damaging. Moreover, the extracellular
location of mucilage and its ability to lose substantial amounts
of water without experiencing a large decline in water poten-
tial (10, 19) could favor water release from the mucilage to
the growing extracellular ice crystals and delay cellular water
loss.

Two water fractions characterized by short and long relax-
ation times have also been described in other plant NMR
studies (4, 12, 32). The fraction with short relaxation times
(low T, and T) consists of water whose motion is restricted,
such as by interactions with macromolecules including cellu-
lose and mucilage, and is generally assumed to be predomi-
nantly extracellular. The other fraction has longer relaxation
times, hence is more similar to free water, and is predomi-
nantly intracellular, presumably vacuolar. Two such fractions
of water were detected for the chlorenchyma of O. ficus-
indica, in which the fraction with the shorter relaxation times
accounted for 27% of the tissue water. This is greater than
the 5 to 10% of apoplastic water estimated by water potential
isotherms, which does not include extracellular (or intracel-
lular) water of hydration. The mean residence times, which
represent the average times for the proton spins to leave their
water fraction, were of the order of seconds for the chloren-
chyma. An even more rapid exchange between the two water
fractions apparently occurred for the water-storage paren-
chyma, because its biphasic behavior was not as readily ap-
parent as for the chlorenchyma.

Both relaxation times of the intracellular water in the
chlorenchyma became shorter for plants at 10/0°C day/night
temperatures, suggesting greater restriction in the motion of
this water during low-temperature acclimation. The restricted
mobility is consistent with the decrease in intracellular water
and the increase in the osmotic pressure for O. ficus-indica
acclimated to low temperatures. The T, relaxation time of
the presumably extracellular water, on the other hand, became
longer during acclimation to low temperatures, consistent
with the increase in apoplastic water of the chlorenchyma for
plants maintained at 10/0°C and with the hypothesized role
of extracellular mucilage as a source of water for the growing
ice crystals. However, the T, relaxation time for the presum-
ably extracellular water did not increase at 10/0°C. Similar
responses for T, and T of C. stolonifera occur during accli-
mation to low temperatures (6). The increase in T, for the
extracellular water of O. ficus-indica during low-temperature

acclimation may represent an increased mobility favoring
extracellular growth of ice, which could delay the potentially
lethal intracellular freezing. The concomitant decrease in
relaxation times for the intracellular water (indicating re-
stricted water mobility) may decrease the rate of water loss
through the plasmalemma.

The increase in the ability to tolerate substantial cellular
freeze dehydration as ambient temperatures decrease is wide-
spread among cacti native to relatively northern latitudes or
high elevations (22). O. ficus-indica exhibits an increase in
tolerance of 3°C when properly acclimated to low tempera-
tures (23), which could be related to the increases of low mol
wt cryoprotectants, an increase in mucilage, and/or increases
in the apoplastic water fraction in both the chlorenchyma and
the water-storage parenchyma. The large extracellular muci-
lage content and the large fraction of apoplastic water appar-
ently favor the nucleation of ice close to the equilibrium
freezing temperature, which should make the cellular dehy-
dration process more gradual and less damaging. NMR studies
indicated that the mobilities of extracellular and intracellular
water in the chlorenchyma were affected by acclimation,
which may help in understanding the mechanism for avoiding
freezing damage. Questions that are unresolved include the
apparent nonequilibrium freezing behavior of water in the
chlorenchyma and the water-storage parenchyma as well as
the relative contributions of the apoplastic water versus mu-
cilage for extracellular nucleation of ice in O. ficus-indica
acclimated to low temperatures.
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