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ABSTRACT

Plasma membrane ATPase has been proposed to be function-
ally altered during early stages of injury caused by a freeze-thaw
stress. Complete recovery from freezing injury in onion cells
during the postthaw period provided evidence in support of this
proposal. During recovery, a simultaneous decrease in ion leak-
age and disappearance of water soaking (symptoms of freeze-
thaw injury) has been noted. Since reabsorption of ions during
recovery must be an active process, recovery of plasma mem-
brane ATPase (active transport system) functions has been im-
plicated. In the present study, onion (Allium cepa L. cv Downing
Yellow Globe) bulbs were subjected to a freeze-thaw stress which
resulted in a reversible (recoverable) injury. Plasma membrane
ATPase activity in the microsomes (isolated from the bulb scales)
and ion leakage rate (efflux/hour) from the same scale tissue
were measured immediately following thawing and after complete
recovery. In injured tissue (30-40% water soaking), plasma mem-
brane ATPase activity was reduced by about 30% and this was
paralleled by about 25% higher ion leakage rate. As water soak-
ing disappeared during recovery, the plasma membrane ATPase
activity and the ion leakage rate returned to about the same level
as the respective controls. Treatment of freeze-thaw injured
tissue with vanadate, a specific inhibitor of plasma membrane
ATPase, during postthaw prevented the recovery process. These
results indicate that recovery of freeze-injured tissue depends
on the functional activity of plasma membrane ATPase.

In nature, herbaceous plants experience slow cooling rates
(1-2°C/h) during freezing event (9, 24). This results in extra-
cellular freezing when ice first forms in the dilute apoplastic
solution. Such freezing, depending on the degree and duration
of low temperature and subsequent thawing, result in in-
creased efflux of ions and organic solutes. The tissue also
takes on a water-soaked appearance. The major cation that
leaks out ofthe cell is known to be K+ (17, 22). This enhanced
efflux of ions results from a higher efflux than the influx rates.
One aspect of the physiology of a freeze-thaw stress is the
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ability of the injured tissue to recover following moderate
stress (18). During the course of recovery, water soaking
completely disappears and tissue returns to prefrozen appear-
ance (19). From these results Palta et al. (17-19) proposed
that an injured cell has the ability to recover and that en-
hanced ion leakage does not necessarily mean cell death. They
further reasoned that the recovery process (i.e. uptake of
leaked ions against the concentration gradient followed by
water and disappearance of water-soaked appearance) should
conceivably be an active process, presumably involving mem-
brane located ion pumps (15, 17, 18). Palta and Li (16) later
demonstrated a specific alteration in the K+ transport prop-
erties of freeze-injured cells. Based on these and earlier studies
Palta et al. (20) hypothesized that incipient freeze-thaw stress
resulted in alteration in the functions of plasma membrane
ATPase. Several studies since then have implicated alteration
ofproperties ofplasma membrane ATPase after freezing and/
or icing injury (7, 8, 21, 26). In addition, evidence is accu-
mulating in favor of plasma membrane ATPase as a primary
site of alteration following several other stresses, e.g. chilling
(29), ozone (4), salinity (6), etc.

Active uptake ofK+ across a cell membrane has been found
to result from either a direct or indirect coupling of H+/K+
exchange, i.e. H+ efflux/K' influx (2, 10). The plasma mem-
brane of higher plants contains an electrogenic proton pump-
ing ATPase, which uses the chemical energy of ATP to drive
the extrusion of protons into the external medium (23). This
produces a pH gradient and also an electrical potential which
is more positive outside than inside. These gradients constitute
a proton-motive force, which is believed to drive 'carrier-
mediated' active influx ofvarious ions (e.g. K+), across plasma
membranes.
The present study was undertaken to investigate whether

the changes in plasma membrane ATPase activity following
reversible freeze-thaw stress coincide with extent of injury
(enhanced net ion efflux) and recovery. For this purpose,
onion scale tissue was used because the visual symptoms of
injury and recovery can be followed very clearly (1, 16-19).
Using vanadate as a specific inhibitor of plasma membrane
ATPase (5, 11), we show that recovery of ATPase functions
coincides with the recovery of the injured tissue.

MATERIALS AND METHODS

Plant Material

Onion (Allium cepa L. cv Downing Yellow Globe) bulb
scale tissue was used in the present study. This tissue exhibited
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complete recovery (reversible injury) from freeze-thaw injury
when frozen to about -6.0°C or warmer temperatures whereas
the tissue was irreversibly injured when frozen to temperatures
lower than -9.0°C. Freezing tolerance of onion bulb varies
slightly depending on the length of storage. In all of our
experiments, the temperature range for reversible and irre-
versible injury was first determined from the measurement of
ion leakage and the observations on visual water soaking.

Freeze-Thaw Treatment and Recovery

Onion bulbs were slowly frozen (cooling rate of 1-2°C/h)
to -5.0°C according to the procedure of Arora and Palta (1).
Following a complete thaw the onion was divided into two
halves. One-half was used immediately (right after thaw stud-
ies) and the other half was kept at 5 ± 1°C to recover. Third
and fourth scales from the middle portion of one-half of
thawed onion bulbs were used immediately for visual obser-
vation of water soaking, ion leakage rate (efflux/h), and
microsomal preparations for plasma membrane ATPase assay
and protein determination. These experiments were repeated
on the other half of the bulb after complete recovery had
taken place (assessed by disappearance of visual symptoms of
water soaking). Unfrozen control onion bulbs were treated in
the same manner. Fresh weight, percent water content, and
dry weight/fresh weight ratio remained unchanged during the
recovery period (data not shown).

Ion Efflux Rate

Ion efflux rates for all the treatments were measured at
room temperature. Two pieces (1 x 1 cm) of scale tissue were
vacuum infiltrated in 20 mL distilled deionized H20 con-
tained in 75 mL test tubes and shaken for 1 h on a gyratory
shaker. The conductivity of effusate was measured (CI) using
a conductivity meter (YSI model 32). The pieces were then
quickly rinsed with distilled deionized H20 and transferred to
20 mL of fresh distilled deionized H20 and the above men-
tioned steps were repeated twice and conductivity of the
leachate was recorded for the second (C2) and the third (C3)
h. The conductivity was finally recorded (Ck) for the same
tissue after it was heat killed in fresh 20 mL distilled deionized
water. All four conductivity readings were added (C, + C2 +
C3 + CA) to give total ions present (1) in the tissue at the
beginning. From this, the amount of ions present in the tissue
at the end of the first hour of shaking (T,) was calculated
from the expression T, = T - C,. Similarly, the amount of
ions present in the tissue at the end of the second (T2) and
the third (7T3) hour were calculated by expressions: T2 = T,-
C2 and T3 = T2- C3, respectively. Ion efflux rate/h (expressed
as percentage of total internal ions during that hour) for
second (R2) and third (R3) hour was calculated by the follow-
ing expressions:

C2=2 x 100
(T, + T2)/2

and

R = C x 100C(T2 + T3)/2xlO

Final ion leakage rate/h (R) was calculated as R = (R, + R3)/
2. All the measurements were replicated three times.

Preparation of Microsomal Membrane

Microsomal membranes were prepared according to the
method of Iswari and Palta (8) with slight modification. All
operations were carried out between 0 and 4°C. For this
purpose, 50 g of scale tissue was ground in a blender with 70
mL homogenizing buffer (0.5 M sucrose, 75 mm Mops-NaOH,
5 mM EGTA, 1 mm PMSF, 2 mM salicylhydroxamic acid, 2.5
mm sodium bisulphite, 1.5% (w/v) PVP (mol wt 24,000),
0.5% (w/v) BSA, 10 ,ug/mL BHT3 [pH 7.6]) and filtered twice
through four layers of cheesecloth (prewetted and squeezed in
the same buffer). The filtrate was centrifuged at 8,000g for 30
min. The supernatant was pelleted at 48,000g for 2 h. This
pellet (microsomal membrane) was suspended in a minimal
amount of buffer (0.53 M sucrose, 5 mM Mops-NaOH, 1 mm
EGTA, 10 mm KCI, 0.2 mM PMSF, 10 ,ug/mL BHT, and 1
mM DTT [pH 7.3]) and stored at -80°C.

Plasma Membrane ATPase Assay

The plasma membrane ATPase activity was assayed by the
colorimetric determination of Pi released from ATP hydrol-
ysis (8, 25). ATPase assays were carried out at 37°C in total
volume of 0.5 mL for 35 min. The reaction was started by
the addition of the membrane fraction to a mixture (pH 6.7)
containing 5 mM ATP, 5 mM MgCl2, 5 mm PEP, 10 ,L
pyruvate kinase (for regeneration of ATP), 10 mm Pipes, 0.1
mg/mL lysolecithin, 100 mM KNO3 (to inhibit vacuolar
ATPase), 5 mm NaN3 (to inhibit mitochondrial ATPase), 1
mM ammonium molybdate (to inhibit nonspecific phospha-
tases). These assay conditions were optimized for assaying the
ATPase activity associated with plasma membrane (5, 8, 25).
To measure the vanadate sensitive ATPase activity, assays
were carried out in the presence and absence of vanadate. For
this purpose 100 lM vanadate was used, at which concentra-
tion ATPase was maximally inhibited (data not shown). So-
dium orthovanadate was used to prepare a stock solution of
vanadate according to the method of Surowy and Sussman
(25). Phosphate standards in these experiments also included
100 jM vanadate to correct for the decrease in absorbance at
710 nm caused by vanadate interference. The reaction was
stopped by the addition of 0.1 mL of 50% (w/v) TCA.

Protein was determined according to Markwell et al. (12).

Vanadate Treatment and Recovery

Sodium orthovanadate was used to prepare a stock solution
of vanadate according to the method of Surowy and Sussman
(25). Following freeze-thaw stress, a portion (approximately 3
x 3 cm) of the scale tissue was bathed in 50 gM vanadate

3Abbreviations: BHT, butylated hydroxytoluene; PEP, phos-
phoenolpyruvate; CCO, Cyt c oxidase; NADH-CCR, NADH-depend-
ent Cyt c reductase.
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Table I. Ion Leakage Rate (ion efflux/h) and Visual Observations on
Water Soaking following Reversible Freeze-Thaw Injury and
Recovery of Onion Bulb Scale Tissue

One-half of freeze-injured and respective unfrozen control tissue
was analyzed immediately after a complete thaw, and the other half
was analyzed after complete recovery (see "Materials and Methods").
All the values are mean of four separate experiments ± SE. Each
experiment included three separate measurements.

Extent of Visual Relative Ion Leakage Rateb
Water Soakinga (Efflux/h)

Treatment
After After After After
thaw recovery thaw recovery

Control (unfrozen) 0 0 100 100
Freeze-thaw 30-40 0-5 126 ± 2.5 101.9 ± 5.4
a Values for freeze-injured scale tissue are within ±5%. b Ion

leakage rate (efflux/h) was expressed as percentage of ions leaked
in 1 h with respect to total internal ions during that hour. Ion leakage
rate for control and freeze-injured tissue, right after thawing, were
26% ± 0.9 and 33.1% ± 1.6, respectively.

solution containing 0.2 mM CaC12 for 1 h. The other portion,
about same size scale tissue, bathed in 0.2 mM CaCl2 alone
served as control. The remainder of the injured tissue was left
untreated to observe the recovery (disappearance of water
soaking). Unfrozen control scale tissue was treated in the
same manner with and without vanadate. After 1 h of vana-

date treatment, tissues were quickly rinsed with 0.2 mm CaC12
to wash off the residual extracellular vanadate and were kept
at 5 ± 1°C (about 100% RH). Tissues (unfrozen control and
freeze-thaw injured) were quickly rinsed every other day to
provide aeration and to prevent a possible secondary injury
to cell membrane by leaked ions (1, 15, 18). Ion leakage rate
on these tissues was measured after a 5 d recovery period.

RESULTS

Ion Leakage Rate and Visual Water Soaking following
Reversible Freeze-Thaw Injury and Recovery

Following thawing, about 30 to 40% of bulb scale tissue
was water soaked, when onions were frozen to -5.0°C (Table
I). This was paralleled by about 26% increase in ion leakage
rate as compared to control (Table I). When kept at 5.0°C to
recover, water soaking completely disappeared from freeze-
thaw stressed tissue in 7 d (Table I). Thus, visual appearance

of the recovered tissue was the same as parallel, nonfrozen
control. This recovery was paralleled by a reduction in ion
leakage rate for freeze-thaw stressed tissue (Table I). Further-
more, the ion leakage rate in recovered tissue was similar to
the parallel control.

Plasma Membrane ATPase Activity following Reversible
Freeze-Thaw Injury and Recovery

Relative changes in the ATPase activity for four separate
experiments are summarized in Table II. A reduction ofabout
30% in both the specific activity and the units of plasma
membrane ATPase was noted for freeze-thaw stressed tissue,
right after thaw, when compared with unfrozen control (Table
II). The recovery of total protein from freeze-thaw stressed
tissue was not significantly different from that in unfrozen
control tissue (Table II). After complete recovery, the ATPase
activity of freeze-thaw injured tissue recovered to within 10%
of the respective control (Table II). In agreement with these
data, the total ATPase activity (expressed as ,imol Pi 50 g-'
tissue 35 min-') was reduced by about 31%, right after thaw
in the injured tissue and this activity recovered to within 10%
of respective control after complete recovery of the tissue.

Table II. Relative Changes in Plasma Membrane ATPase Activity in Microsomal Fraction of Onion Bulb
Scale Tissue after Reversible Freeze-Thaw Injury and Recovery

Standard assays described under "Materials and Methods" were used to measure the activity of
plasma membrane ATPase in the microsomes isolated from the same tissue, part of which was used
for ion leakage rate (Table I) measurements. Other details are same as in Table I. All the values are
mean of four separate experiments ± SE and each experiment included duplicate measurements.

ATPase Activity

Treatment SAa Unitsb Total activityc

After thaw After recovery After thaw After recovery After thaw After recovery

Control (unfrozen) 100 100 100 100 100 100
Freeze-Thaw 73.7 ± 5.2 89.5 ± 5.0 67.0 ± 2.3 89.5 ± 3.5 69.0 ± 3.5 90.1 ± 2.6
a Specific activity (SA) is expressed as umol Pi mg-1 min-'. SA of plasma membrane ATPase of

unfrozen control and freeze-thaw injured tissue, right after thaw was 0.20 ± 0.02 and 0.14 ± 0.01, and
after recovery was 0.21 ± 0.03 and 0.19 ± 0.02, respectively. b Units are the product of SA and
mg of protein. The recovery of total protein (mg) from unfrozen control and freeze-thaw injured tissue,
right after thaw was 9.8 ± 1.0 and 8.6 ± 0.3, and after recovery was 10.9 ± 1.2 and 10.8 ± 0.8,
respectively. c Total ATPase activity was expressed as umol Pi 50 g-1 35 min-'. Total ATPase
activity (expressed as jAmol Pi 50 g-' 35 min-1) of unfrozen control and of freeze-thaw injured tissue,
right after thawing was 63.9 ± 2.9 and 44.1 ± 3.2, and after recovery was 73.6 ± 4.3 and 66.3 ± 2.3,
respectively.
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Vanadate Sensitive ATPase Activity and Ion Leakage
Rate following Freeze-Thaw Stress and Recovery

Following freeze-thaw stress there was a notable increase in
ion leakage rate, and a concomitant decrease in vanadate-
sensitive ATPase activity when compared to control (Table
III). However, in fully recovered tissue, little or no difference
was detected for both the ion leakage rate and for the vana-

date-sensitive ATPase activity between the injured and con-

trol tissue (Table III). Thus, the recovery in terms ofreduction
in ion leakage rate (in injured tissue) coincided with a marked
recovery in the activity of vanadate-sensitive ATPase.

Vanadate Treatment and Recovery

There was a marked increase in ion leakage rate of freeze-
thaw injured tissue, right after thaw, compared to unfrozen
control (Table IV). The portion of injured tissue which was

left untreated and used to follow recovery (see "Materials and
Methods"), showed a complete recovery after 5 days. At this
time a marked reduction (i.e. recovery) in the ion leakage rate
was noted for the portion of tissue which was treated with 0.2
mM CaCl2, when compared with nonrecovered tissue (right
after thaw). The portion of the same tissue which was pre-
treated with 50 Mm vanadate containing 0.2 mM CaCl2, showed
essentially no change (i.e. no recovery) in ion leakage rate
after 5 d of recovery period.

Parallel experiments were conducted to assess the effect of
vanadate treatment on unfrozen control tissue. Vanadate
treatment was found to result in an increase in ion leakage of
about 14% in the unfrozen control tissue (Table IV). How-
ever, no visual damage to this tissue was apparent.

DISCUSSION

Our results suggest that plasma membrane ATPase is one
of the early sites of alteration following freeze-thaw stress.
Furthermore, these results suggest that recovery of the func-
tions of plasma membrane ATPase may be associated with
recovery from nonlethal freeze-thaw stress.

Table IV. Prevention of Recovery from Reversible Freeze-Thaw
Injury by Vanadate

All ion leakage rate measurements on freeze-thaw injured tissue
were made on portions of the same scale. The portion of freeze-thaw
injured tissue which was not bathed in treatment solutions right after
thaw (0 d), showed complete recovery when kept for 5 d at 5 ± 1 OC
(see "Materials and Methods"). Parallel experiments were conducted
to assess the effect of vanadate treatment on unfrozen control tissue.
When measured 5 d later, 50 Mm vanadate + 0.2 mm CaCI2 treated
control tissue had ion leakage rate of 25.0 ± 1.4, whereas 0.2 mm
CaCI2 treated control tissue had ion leakage rate of 21.0 ± 1.3.

Ion Leakage Ratea

Freeze-thaw injured

Expt. Cot Measured 5 d after thaw when

(uCnfroze) Rghl fe treated right after thaw for 1 h with(unfrozen) Right after 9
thaw 0.2 mM 50 AM vanadate

CaCI2 + 0.2 mm CaCl2
% efflux h-'

1 25.6 ± 0.4b 31.9 ± 1.7 21.9 ± 1.4 31.0 ± 1.8
2 25.2 ± 1.5 30.4 ± 2.0 16.0 ± 0.9 32.0 ± 2.7
3 23.4 ± 0.6 33.4 ± 2.0 25.8 ± 1.5 32.7 ± 2.2
4 22.3 ± 1.2 23.7 ± 1.9 18.2 ± 3.7 24.1 ± 1.5

a Ion leakage rate (efflux/h) was expressed as percentage of total
internal ions. b Mean of triplicates ± SD.

Ion Leakage Rate and Visual Water Soaking following
Reversible Freeze-Thaw Injury and Recovery

Recent studies have established that freezing injury is a

subtle and progressive rather than a cataclysmic event (1, 16-
20). In the past little attention has been paid to possible
recovery from freeze-thaw stress during postthaw period. Re-
covery is potentially an important component of freezing
tolerance because true frost-hardiness of a plant species is
ultimately its ability to survive a frost episode and maintain
or recover its metabolic functions (productive capacity). Palta
et al. (18) demonstrated that, depending upon the degree of

Table Ill. Vanadate Sensitive ATPase Activity in Microsomal Membrane Fraction and Ion Leakage Rate
of Onion Scale Tissue following Reversible Freeze-Thaw Injury and Recovery

Standard assays described under "Materials and Methods" were used to measure the activity of
vanadate sensitive ATPase (in the presence of 100 Mm vanadate) in the microsomes isolated from the
same tissue which was used for ion leakage rate measurements (Table I).

Expt. Ion Leakage Rate Measureda Vanadate Sensitive ATPase Activity
No TreatmentNo. After thaw After recovery After thaw After recovery

% h-' pmrnol Pi 50 9g 35 min-'
1 Control (unfrozen) 25.5 ± 0.4 22.4 ± 1.4 49.2 (65.2)b 44.2 (78.3)

Freeze-thaw 31.3 ± 2.1 21.3 ± 4.0 25.0 (41.1) 35.5 (61.1)

2 Control (unfrozen) 24.1 ± 1.1 20.0 ± 1.5 50.2 (73.1) 51.3 (86.0)
Freeze-thaw 30.7 ± 1.7 22.3 ± 0.3 38.9 (53.5) 56.2 (84.8)

a ion leakage rate (efflux/h) was expressed as percentage of total internal ions. bValues in
parentheses are total activity in the absence of vanadate. The values for ion leakage rate and ATPase
activity are from two representative experiments and are average of triplicates and duplicates, respec-
tively.
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initial injury, a complete recovery during postthaw period
was possible.

In the present study we measured ion leakage rate as a more
defined indicator of alteration in membrane transport func-
tions. Our results show that enhanced ion leakage rate follow-
ing injury returned back to the original rate (unfrozen control)
during recovery (Table I). This was accompanied by a com-
plete disappearance of water soaking of tissue. A similar
disappearance of water soaking has been reported in freeze-
injured cabbage (9) and potato (20) leaves. This is probably
due to the repair in functions of membrane transport prop-
erties and reabsorption of ions, followed by water uptake and
disappearance of water soaking.

Plasma Membrane ATPase Activity following Reversible
Freeze-Thaw Injury and Recovery

Injury

The present study clearly shows a marked reduction in
plasma membrane ATPase activity right after incipient (to-
tally recoverable) freeze-thaw stress (Table II). This reduction
in the plasma membrane ATPase activity was shown to
parallel enhanced ion leakage rate and a water soaked ap-
pearance of the freeze-injured tissue (Tables I and II). Several
studies have implicated alteration of properties of plasma
membrane ATPase after freezing injury (7, 8, 21, 26). In
addition, evidence is accumulating in favor of plasma mem-
brane ATPase as a site of alteration following several stresses,
e.g. chilling (29), salt (6), ozone (4). Sensitivity of plasma
membrane ATPase to reversible freeze-thaw stress, shown in
the present study, is in accordance with a recent report by
Iswari and Palta (8), where plasma membrane ATPase activity
of potato leaves was dramatically altered following a freeze-
thaw stress without any concomitant change in the activity of
CCO and NADH-CCR. This suggests a higher sensitivity of
plasma membrane functions relative to those ofmitochondria
and endoplasmic reticulum. Similarly, another study on po-
tato leaves (24) shows that tissue respiration and photosyn-
thesis were virtually unaffected after an incipient freeze-thaw
stress, whereas ion leakage was doubled compared to unfrozen
control.
Our results, however, are in contrast with the conclusions

of Uemura and Yoshida (26) and Uemura and Steponkus
(27). These researchers concluded that their results do not
show a decrease in plasma membrane ATPase activity follow-
ing a freeze-thaw injury. Detailed examination of the data
reported by these authors does not support their conclusions.
Differences between some of the procedures utilized by these
authors and by us can help explain this discrepancy. Uemura
and Yoshida (26) measured plasma membrane ATPase activ-
ity in membrane preparations isolated from a frozen (without
thaw) tissue (-5°C and -10°C). We isolated membranes
following a freeze-thaw cycle. Thawing is known to be an
important component of freeze-thaw induced injury in nature
(9). Uemura and Steponkus (27), on the other hand, froze rye
leaves in isotonic sorbitol and thawed in hypertonic sorbitol
solutions. This procedure results in so called 'icing stress'
along with external osmotic stress unlike natural extracellular
freezing. Our freeze-thaw protocol was designed to simulate a

natural frost episode (24). It is interesting to note that Uemura
and Yoshida (26) found a dramatic decrease in total plasma
membrane ATPase activity following either a freeze or freeze-
thaw stress. This loss was about 25% even at a nonlethal
freezing temperature. At -15C (lethal freezing temperature)
the total plasma membrane ATPase activity decreased by
50%, whereas there was no loss in the total activity of CCO
and NADH-CCR. Furthermore, the protein loss at this stress
level was 38%. Similarly, Uemura and Steponkus (27) found
a 20% loss of total plasma membrane ATPase activity at
nonlethal freezing stress without a concomitant loss in the
activities of other organellar enzymes. Thus, these results,
contrary to their conclusions, suggest a specific reduction in
plasma membrane ATPase activity following freezing stress
and are in agreement with the findings of Iswari and Palta
(8). Uemura and Yoshida (26) also reported an increased
DCCD sensitivity of plasma membrane ATPase after freezing
stress suggesting a conformational alteration.
The results in the present study show that increase in ion

leakage rate and water soaking of tissue is indeed paralleled
by a reduction in the specific activity as well as total activity
of the plasma membrane ATPase after freeze-thaw stress (see
Tables I and II). Plasma membrane ATPase is an electrogenic
pump which uses electrochemical gradient generated due to
H+ extrusion in the external medium to drive the uptake of
ions and nutrients across cell membrane (23). Therefore,
conceivably, a reduction in the activity of ATPase activity
would result in net passive ion leakage along the electrochem-
ical gradient (rate of efflux > rate of influx). This would then
result in exosmosis and thus water soaking.
The reduction in ATPase activity can be due to the com-

bination of different events such as: (a) Loss of ATPase
molecules from the membrane; (b) ATPase molecules ren-
dered nonfunctional (reversible denaturation) which can be
due to conformational change or an altered microenviron-
ment (e.g. perturbation of annular lipid). Alternatively, a
reduction in plasma membrane ATPase activity following
freeze-thaw stress could also result from direct or indirect
influence of the perturbation of membrane/cytosolic Ca2".
Evidence in support of this comes from our observations on
a specific loss of membrane-associated Ca2" following a re-
versible and irreversible freeze-thaw-induced injury (1). A
dramatic loss in K+ uptake and plasma membrane ATPase
activity has been shown to parallel the loss of membrane-
associated calcium in cucumber roots (13, 28). Further studies
are in progress to understand mechanisms by which alteration
in the functional activity of ATPase is brought about, by
freeze-thaw stress.

Recovery

Our results show that the recovery in plasma membrane
ATPase activity coincided with the recovery from freeze-thaw
injury. The recovery was manifested by a reduction in ion
leakage rate and disappearance of water soaking of tissue
(Table I). This recovery was paralleled in the same tissue by
a recovery in the activity of plasma membrane ATPase
(Table II).

Although alteration in the functions of plasma membrane
ATPase due to freeze-thaw injury has been a subject of
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investigation in recent years, the present study, to our knowl-
edge, is the first attempt to address the role of plasma mem-
brane ATPase during postthaw recovery. Enhanced ion leak-
age rate due to freeze-thaw (Table I) results in a decrease in
the concentration gradient between vacuole and extracellular
water, resulting in flaccid appearance of tissue. During recov-
ery, an opposite process must take place, i.e. ions have to be
pumped back into the cell which would then lead to uptake
of extracellular water and regain of turgor (18, 20). Since ion
influx during recovery is against the concentration gradient,
it must be an active process. The recovery from injury thus
requires recovery of the functions of active transport system,
presumably, plasma membrane ATPase. Our results support
this notion. No such recovery of plasma membrane ATPase
activity was noticed when tissue was irreversibly injured (fro-
zen to -9°C; data not shown). Irreversibly injured tissue
remained water soaked even after 7 to 9 d of storage. The
recovery of plasma membrane ATPase activity could be
brought about by renaturation of partially denatured protein
or restoration of normal lipoprotein interactions, the latter,
perhaps brought about by a possible recovery of membrane
Ca'2. Further work at the membrane level, both in vivo and
in vitro, is warranted to elucidate the molecular basis of
recovery.

Vanadate Treatment and Postthaw Recovery

The results of the present study indicate that the activity of
plasma membrane ATPase is required for the recovery from
freeze-thaw-induced injury. Freeze-thaw stressed tissue re-
covered completely in 5 d (Table IV). This recovery was not
evident when the tissue was treated with 50 gM vanadate for
1 h right after thaw (0 d). It is important to note that all these
treatments were made on the same scale tissue. As discussed
earlier, enhanced ion leakage is probably a manifestation of
alteration in function of membrane transport properties, pre-
sumably, plasma membrane ATPase. Therefore, restoration
of normal ion leakage rate (same as respective control), which
is a manifestation of recovery from the freeze-thaw stress, is
possible only in the presence of functionally normal active
transport system. Hence, inhibition of plasma membrane
ATPase should result in prevention of recovery. Our results
support this view (Table IV).
No visual injurious effect on the scale tissue was noticed

due to the treatment of vanadate either in freeze-thaw or
control tissue. However, in control (unfrozen) tissue, vanadate
treatment resulted in an increase in ion leakage rate (Table
IV). These results indicate that vanadate treatment had an
effect on the functions of plasma membrane ATPase in this
tissue and that this effect lasted 5 d. Vanadate has been widely
used as a selective inhibitor of plasma membrane ATPase
(both in vivo and in vitro) in various plant species. A recent
report by Oren-Shamir et al. ( 14) showed that a reversible and
nonlethal inhibition of plasma membrane ATPase by vana-
date resulted in inhibition of recovery from hypertonic shock
in Dunaliella, without any adverse effect on respiration. In
another report, 50 to 500 AM vanadate strongly inhibited K+
reabsorption by germinating radish seeds (3). This treatment,
however, had no effect on 02 uptake or on ATP and ADP
concentration after 30 to 240 min of treatment. A big varia-

tion in the effective concentration of vanadate for inhibition
ofplasma membrane ATPase is noted in the literature. In our
experiments, 50 AM vanadate proved to be a useful concen-
tration which was able to prevent the recovery without any
other adverse (visual) effects on the tissue.

CONCLUSION

Mechanism ofinjury due to freeze-thaw stress and postthaw
recovery is not clearly understood. Our results provide evi-
dence that freeze-thaw induced enhanced ion leakage rate (a
criterion for altered membrane transport properties) probably
results from alteration of plasma membrane ATPase proper-
ties. This alteration is repairable and recovery from the injury,
which is manifested by reduced ion leakage rate and disap-
pearance of water soaking of tissue, coincides with recovery
in plasma membrane ATPase activity. To our knowledge this
is the first attempt to understand the molecular mechanism
of recovery. Our results provide evidence that plasma mem-
brane ATPase activity may be required for the recovery
process.
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