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Stimulation of Potato Tuber Respiration by Cold Stress
is Associated With an Increased Capacity of Both
Plant Uncoupling Mitochondrial Protein (PUMP)

and Alternative Oxidase
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The CQ evolution of intact potato tuberSélanum tuberosunh., var. “Bintje”) was analyzed during

a 10-day period of their warm (25 2°C) or cold (5+ 1°C) storage, to evaluate cold-stress effects on
expression and activities of plant uncoupling mitochondrial protein (PUMP) and alternative oxidase
(AOX). CO; evolution rates were analyzed at 20 to reflect their possible capacities. TheQET O,
production declined from 13 to 8 mg kgh~! after 2 days of warm storage and then (after 3 to 7 days)
decreased from 8 to 6.5 mg kgh2. In contrast, 20C CO, evolution did not change after the first

day of cold storage, increased up to 14.5 mgkig?* after 2 days, and decreased to about 12 mg
kg~! h~! after 3 to 7 days of cold storage. Cold storage increased PUMP expression as detected by
Western blots and led to elevated capacities of both PUMP (44%) and CN-resistant AOX (10 times),
but not the cytochrome pathway. Since we found that cold storage led to about the same mitochondrial
respiration of 40 nmol @min—! mg™?! attributable to each of the respective proteins, we conclude
that both AOX and PUMP equally contribute to adaptation of potato tubers to cold.

KEY WORDS: Whole potato tuber respiration; potato tuber mitochondria; plant uncoupling mitochondrial
protein; alternative oxidase; cold stress.

INTRODUCTION ing system, the alternative oxidase (AOX), that branches
from the main respiratory chain at the level of ubiquinone

Energy dissipation in plant mitochondria can be me- (Affourtit et al, 2001a; Vanlerberghe and Mcintosh,
diated by two processes, via a redox potential dissipat- 1997); and by a proton electrochemical potential dissi-
pating system, the plant uncoupling mitochondrial pro-

Key to abbreviations: AOX, alternative oxidase; BHAM, benzohydrox- tein (PUMP) (Jeék et al, 2001; Vercesi, 2001; Vercesi
amate; BSA, bovine serum albumine; CN, cyanide; DTT, dithiothre- et al., 1995)_ Both systems lead to the same final effect,
itol; EGTA, ethylene glycol-bis £-aminoethyl etherN, N, N', N'- i.e., to a decrease in the yield of ATP synthesis, which

tetraacetic acid; FCCP, carbonyl cyanidp-(trifluoromethoxy) - . . . . .
phenylhydrazone; HEPESN-[2-hydroxyethyl] piperazineN’-[2- is inevitably linked to an increase in heat production. It

ethanesulfonic acid]; LA, linoleic acid; PUMP, plant uncoupling mito-
chondrial protein; ROS, reactive oxygen species; SDS, sodium dodecyl
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has been proposed that the activity of these proteins, ingenic role of UCP1 has been demonstrated only in brown
addition of being involved in metabolic regulation (Sluse adipose tissue of newborn, cold-acclimated, and hibernat-
etal, 1998a), may alsoresultin a decrease in reactive oxy- ing mammals (Nicholls, 1979), but thermogenic roles of
gen species (ROS) production (Kowaltowskial., 1998; UCP2 (hypothetically in fever) or UCP3 have not yet been
Moller, 2001; Popowt al, 1997; Wagner and Moore, established (I#k, 2002; Ricquier and Bouillaud, 2000).
1997). A thermogenic role of PUMP has been suggested to pro-

AOX catalyzes quinol-oxygen oxidation/reduction vide a logical adaptation to cold. However, no direct evi-
that is not linked to proton pumping and consequently dence was provided. The speculations come from obser-
does not generate a proton electrochemical gradient.vations of cold-stress-stimulated transcription of PUMP
The enzyme is not sensitive to cytochrome pathway genes in potato root, flowers, and pla®t{cP gene, Laloi
inhibitors such as cyanide, antimycin A, or myxothiazol, etal, 1997) and iArabidopsis thaliangAtPUMP1 gene,
but is inhibited by primary hydroxamic acids such as Maiaet al, 1998). Cold stress is also well known to acti-
benzohydroxamate (BHAM), and in some tissues it can vate AOX in potatoes (Zhou and Solomos, 1998) and other
be stimulated byx-keto acids such as pyruvate (Day plants (McIntostet al, 1998; Vanlerberghe and Mcintosh,
etal, 1994; Millaret al, 1993). In addition, AOX activity 1997).
can be regulated by the reduction state of the enzyme, the Since relatively little information is available on
oxidized dimer being less active than the reduced form the PUMP function in intact tissues, we have analyzed,
(Umbach and Siedow, 1993; Umbaehal,, 1994). On whether the increased expression of PUMP resulting from
the other hand, Vercesit al. (1995) have demonstrated cold-storage (Nantest al, 1999) is paralleled by the in-
for the first time the existence of an uncoupling protein creased respiration rate of the intact tubers. Our exper-
(PUMP) in potato tuber mitochondria. Subsequently, the iments hence attempted to indicate uncoupling in intact
biochemical and physiological properties of PUMP from potato tubers and its possible increase when a plausible
different plant tissues have been characterized (Almeida transcriptional upregulation of PUMP is induced by cold.
et al, 1999; Costeet al, 1999; Jarmuszkiewicet al,, Indeed, we have found that cold stress stimulates the respi-
1998, 2000; Jecket al,, 1996, 1997, 2000; Kowaltowski  ration of intact potato tubers as well as the capacity of both
et al, 1998; Nante®t al, 1999; Sluseet al, 1998a,b). PUMP and AOX but not of the cytochrome pathway. Since
The genes encoding PUMP1 (Ito, 1999; Lakti al., cold storage led to about the same mitochondrial respira-
1997; Maiaet al, 1998) or PUMP2 isoform (Watanabe tion of 40 nmol @ min—! mg™? attributable to each of the
et al, 1999) have been also described. Recently, we respective protein, we conclude that both AOX and PUMP
have expressed the PUMP1 gendddbidopsis thaliana may equally contribute to adaptation of potato tubers to
in Escherichia colj isolated this recombinant protein, cold.
and characterized its phenotype after its reconstitution
into liposomes (Boregket al, 2001). These functional MATERIALS AND METHODS
and genetic approaches together provided a strong
support that this protein is a true uncoupling protein and Vegetable Material
represents a plant counterpart of animal UCP2 or UCP3.

Despite the thermodynamic necessity of AOX and Potato tubers§olanum tuberosunh.. var. “Bintje”)
PUMP function resulting always in heat generation, the were obtained from a commercial source 3 days after har-
thermogenic role of AOX has been characterized only vest (referred here as fresh potatoes). Between the harvest
in specialized plant tissues, such as spadiAcdceae and the use they were stored at@5Tubers without vis-
(Affourtit et al, 2001a). For PUMP, a thermogenic role ible defects and similar volume were selected. One group
awaits investigations. In general, a thermogenic role can was dark-stored at & 1°C and another one at room tem-
be manifested only at high-speed energy dissipation. How- perature (25: 2°C). Groups of 16 potatoes were removed
ever, plants are usually considered not to respire fastfrom storage to perform the measurement of intact potato
enough to generate heat (Breindenbeichl,, 1997). Nev- tuber respiration and another group of 1.2 kg was removed
ertheless, a slow heat release must be concomitant to othefrom storage to extract mitochondria.
relevant PUMP and AOX functions such as metabolic
regulation (Affourtit et al, 2001a; Je€k et al, 2001; Isolation of Potato Tuber Mitochondria and Potential
Sluseet al, 1998a; Vanlerberghe and Mcintosh, 1997) (A®¥) Monitoring
and prevention of excessive ROS formation (Kowaltowski
et al, 1998; Mdller, 2001; Popowt al, 1997; Wagner Mitochondria were isolated by conventional differ-
and Moore, 1997). Among mammalian UCPs, the thermo- ential centrifugation, as previously described (Beavis and
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Vercesi, 1992). Mitochondrial electrical transmembrane time was significant, the Tukey’s method was used to com-
potential AW¥) was estimated as a function of safra- pare Q consumption of potato tubers according to the
nine O fluorescence decrease (Moore and Bonner, 1982) storage temperature at each time of storage and the time
recorded on a model F-4500 Hitachi spectrofluorometer of storage for each storage temperature during the experi-
(Hitachi Ltd., Tokyo, Japan) operating at excitation and ment. Significant differences were established at 1 or 5%
emission wavelengths of 495 and 586 nm, respectively, level of significance | < 0.01 or 0.05, respectively).

with slit widths of 5 nm. The mitochondria were incu-

bated in a reaction medium (3D) containing 125 mM

sucrose, 65 mM KCI, 10 mM HEPES buffer, pH 7.2, Measurement of Respiration of Intact Potato Tubers

0.33 mM EGTA, 1 mM MgC}, 2.5 mM potassium phos-

phate, 5 mM potassium-succinatg,@mL~* oligomycin, Four groups (four repetitions) of four potato tubers
300uM propranolol (to inhibit the plant inner membrane were used in each treatment (storage temperature and stor-
anion channel (PIMAC), Beavis and Vercesi, 1992)M age time). Therefore, 16 tubers were used for the evalu-

atractyloside, 1M linoleic acid (LA) and 0.1 mM ATP. ation of the respiration rate after harvest and during the
Additions of 5mM ATP, 0.1% BSA, and 1 mM potassium postharvest storage under refrigeration or at room tem-
cyanide (KCN) were done. The results are representativesperature. A group of four potato tubers was hermetically

of at least three experiments. enclosed inside a 3.4-L respiration vessel attached to a
CO, detector. The atmosphere inside the respiration ves-

Measurement of Respiration of Isolated sel was homogenized by an electric fan and pulled by a

Mitochondria peristaltic pump, and the Geleased by the respiration of

potato tubers was detected conductometrically (Calegario

Oxygen consumption was measured using a Clark- et al, 2001). By calculating the difference between final
type electrode (Yellow Springs Instruments, Yellow and initial CQ concentration it was possible to deter-
Springs, OH). PUMP capacity was measured using 1.3 mL mine CQ production per kilogram of potato tubers per
of a standard incubation medium (Z3 containing hour.

125 mM sucrose, 65 mM KCI, 10 mM HEPES buffer, pH Experiments were made in a completely randomized
7.2, 10uM linoleic acid, 0.33 mM EGTA, 1 mM MgG), factorial design (storage temperatwestorage time) and
2.5 mM potassium phosphate, 5 mM potassium succinate ANOVA was performed with the General Linear Model
(plus 5M rotenone), 2.5:g oligomycin (mg proteir)?, procedure of the Statistical Analysis System (SAS Insti-
300 uM propranolol, 2uM atractyloside, 2 mM BHAM tute, 1990). Duncan’s method was used to compare the
with 0.5 mg of mitochondrial protein. BSA 0.5% plus respiration rate of potato tubers according to the storage
5 mM ATP were added to inhibit PUMP activity. To en- temperature during the experiment. Tukey’s method was
sure complete activation of succinate dehydrogenase, weused to compare the respiration rate of potatoes stored
added 0.1 mM ATP. The results presented are mean val-under refrigeration and potatoes stored at room tempera-
ues of at least two experiments using the mitochondrial ture. Significant differences were established at 5% level
preparations isolated from the potato tubers stored during of significance p < 0.05).

4 days at 5t 1 or 25+ 2°C.

The capacity of AOX was measured using the in-
cubation medium described above without BHAM, plus SDS-PAGE and Immunoblotting of PUMP
1 mM dithiothreitol (DTT) and 0.15 mM pyruvate to ac-
tivate the alternative pathway and 0.5% BSA to inhibit Up to 60 ug of mitochondrial protein per lane
PUMP activity. Additions of 2 mM KCN served for inhi-  (concentration determined according to Greenberg and
bition of the cytochrome (Cyt) pathway and 2 mM BHAM  Craddock, 1982) was solubilized in the sample buffer
for inhibition of AOX. (5% [w/v] SDS, 60 mM Tris-HCI, pH 6.8, 10% glyc-

In order to compare ©consumption (total respira-  erol, 0.004% [w/v] bromophenol blue, and 0.5% [v/v]
tion, CN-resistant respiration, and CN-sensitive respira- S-mercaptoethanol) and boiled for 5 min. After a SDS-
tion) by mitochondria isolated from potatoes stored at two PAGE (12% resolving gel), the gel was soaked for 5 min
temperatures (& 1 or 25+ 2°C) during 1-10 days, exper-  in 10 mM Tris-base containing 100 mM glycine and 10%
iments were made in a completely randomized factorial methanol. The proteins were electrotransferred to nylon
design (storage temperaturestorage time) and simple  membranes (Hybond N, Amersham) in a semidry blotting
analysis of variance (ANOVA) was performed. As the in- apparatus (Pharmacia) and the membranes were blocked
teraction effect between storage temperature and storagevernight at 5C in TBS (20 mM Tris, pH 7.4, 137 mM
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NaCl) plus 0.1% Tween 20, and 10% nonfat dry milk.
The antibodies developed against the PUMRm@ibidop-
sis thaliana(Borecly et al,, 2001) were diluted (1:1000)
in TBS and incubated for 12 h at®. The blocked mem-

branes were washed three times in the same buffer without

milk, followed by incubation with an antirabbit IgG alka-
line phosphatase conjugate 1:5000 for 1 h. Finally, the
membranes were incubated for 5 min in the dark in a de-
veloping mixture containing 100 mM Tris-HCI, pH 9.5,
100 mM NacCl and a solution CSPD 1:1000, and the bands
were detected by chemiluminescence.

Measurements of Internal Temperature
of Potato Tubers

In order to monitor the internal temperature of potato

tubers during cold storage, a group of fresh potatoes was

dark-stored at 5+ 1°C, for 10 days. A thermometer
(Taylor, Bi-Thernt ) was inserted into two potatoes per
day. After 10 min of stabilization, the temperatures of both

potatoes were read and the average taken. After this pro-

cedure, both potatoes were discarded.

Chemicals

Most of the chemicals, including atractyloside,
oligomycin, safranine, linoleic acid, ATP, succinate, pro-
pranolol, and HEPES were purchased from Sigma. The
materials for immunoblots (Hybond N membranes and
Hyperfilms MP) were purchased from Amersham, and the
chemiluminescent substrate for autoradiography (CSPD)
was from Tropix (USA). All other reagents were of the
highest purity available.

RESULTS

Standard 20°C CO, Production by Intact Potatoes
Stored at Different Temperatures

The aim of the first experiments was to analyze
whether expression of PUMP promoted by cold temper-
ature is translated into the increased respiratory activity
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Fig. 1. (A) Respiration rate, measured at’2) of intact potato tubers
during ten days of storage at-b 1°C (m) or 25 £ 2°C (O). Values

of respiration rate are expressed in milligrams per kilogram per hour
evolved CQ. Each point represents the mean value and SD of four
determinations, each one using a group of four intact potato tubers.
Significant differencesy < 0.05) between cold- and warm-treatments
are indicated by. (B) Ratio between C@evolution rates of intact potato
tubers stored at & 1°C and those stored at 252°C. Different letters
indicate statistically differentd < 0.01) mean values.

25 + 2°C, or cold-stress treatment, representing a cold
storage at 5+ 1°C during a period of up to 10 days.
Figure 1(A) shows that the rate of 2D CO, production
sharply declined from 13 to 8 mg Gkg~! h~! after

3 days of warm (control) storage at 252°C. The control
rates then decreased more slowly, from 8 to 6.5 mg CO
kg~! h™! after warm storage lasting 4 to 7 days. On the
contrary, 20C CGO, evolution from cold-stressed potato
tubers did not significantly change after a cold storage
at 5+ 1°C lasting for 1 to 3 days. Moreover, the 4-day
cold storage led to an increased®20CO, evolution up

of the whole intact potato tubers. This was assessed byto 14.5 mg CQ@ kg~ h~1. The 20C CO; evolution rates

measurements of CQevolution by the whole tuber at
standard 20C. Note that the aim was not to study temper-

were slightly declining from this maximum to about 12 mg
CO, kg~! h™! after the cold storage lasting between 5 and

ature dependence of tuber respiration, but just to comparel0 days.

respiration of tubers with presumably two different lev-
els of PUMP protein. Prior treatment of tubers involved
either control treatment, identical to a warm storage at

The ratio between 2@ respiratory rates of potato
tubers stored at low and room temperature increased from
0.9 up to 1.5-1.9 during the first 4 days of storage and
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within an experimental error maintained this level af- PUMP Functional Capacity in Mitochondria
ter storage lasting for 5 to 10 days (Fig. 1(B)). We can From Cold-Stressed Potato Tubers
conclude that cold stress applied to tubers most prob-
ably induced increased expression of PUMP or led to In order to ascertain whether PUMP could be in-
other adaptations manifested by the increased respirationvolved in the increased respiratory rate of the whole in-
after the recovery from the stress (after the transfer to tact potato tubers subjected to cold stress, we analyzed
2000). the functional capacity of PUMP in mitochondria iso-
The tubers stored at& were monitored and we ob-  lated from the tubers after the cold storage at3°C
served that the temperature inside the potatoes was equaand from control tubers stored at 252°C. The PUMP
to the temperature of the cold room and constant during functional capacity has been taken as the sum of extent
all the period of storage. This shows that no heat evolution of BSA and ATP responses—the sum of their recoupling
if existed could be detected most probably because of aeffects on mitochondria which were preincubated with
high thermostatic capacity of the cold room. 10 M linoleic acid. Hence, the sum of the BSA-induced
and ATP-induced increase in membrane potential}
of isolated mitochondria was followed. Note that also ATP
PUMP Expression Upon Cold Stress of Potato Tubers ~ atalow (0.1 mM) concentration was present from the be-
ginning to activate succinate dehydrogenase from its cy-
The expression of PUMP was estimated by Western toplasmic side (Affourtiet al., 2001b) and atractylate was
blot analysis of mitochondria isolated from warm- or cold- present to inhibit the FA-induced uncoupling mediated by
treated potato tubers, as indicated by Fig. 2. Its upper the ADP/ATP carrier.
panel shows the presence of PUMP antigen visualized The cold storage lasting 4 days (Fig. 3(A)) yielded
using antiAttUMP-antibodies. PUMP did not vary in  mitochondria responding well by recoupling because of
the case of control (warm) storage at 252°C lasting the ATP addition as well as due to the subsequent addition
for 1 to 10 days. The cold storage, however, led to pro- of BSA. On the contrary, ATP had no recoupling effect
gressively increasing amount of PUMP antigen (lower on control mitochondria from warm-stored potato tubers.
panel of Fig. 2). Already after the 3 days of cold stor- In these mitochondria the BSA-induced recoupling was
age, PUMP expression was higher than in control potato much lower than after the cold stress. Even more differ-
tubers kept at room temperature. The maximum levels of ence between control and cold-stressed tuber mitochon-
PUMP antigen were found after 10 days of cold storage dria were accounted for 10-day cold storage (Fig. 3(A)).
(Fig. 2). Whereas control mitochondria exhibited almost similar
response to 4-day warm storage, the cold stress lasting
for 10 days led to significantly increased extent of BSA-
induced recoupling (Fig. 3(B)). ATP recoupled by a slight
less extent than after the 4-day cold storage. One can
consider these results as reflecting the higher amount of

DayS PUMP in mitochondria of cold-stressed potatoes.
kD Respiration monitoring under the conditions similar
1.2 3 4 7 10 to those of Fig. 3(A) also indicated the possible PUMP
43 increase upon the cold stress (Fig. 4). Additionally, the
25+2°C AOX inhibitor BHAM was present, in order to exclude
29 == the AOX contribution. The uncoupling induced by A#
LA, reflecting a possible PUMP activity, was monitored at
— state-4 respiration supported by succinate (plus rotenone,
43 R e oC oligomycin, and BHAM). The extent of PUMP stimu-
29 = o ' ; lation was related to the state with depleted fatty acids

(depleted by BSA) and with ATP present (slope 2 minus
slope 3 in Fig. 4). It is justified by the fact that after the
Fig. 2. Immunodetection of PUMP among total mitochondrial proteins | A addition (slope 2), the H leak is negligible, since
from potato tubers stored at5 1 or 25+ 2°C during 1-10 days. Pro- it was observed that LA-induced & decrease equals to
teins were electrophoresed, transferred to nylon membranes, and reacte . .
with polyclonal antibodies againArabidopsisPUMP1, as described in qhe AW drop d_ue to ph(_)sphorylauon of ADP (Almeida
Materials and Methods section. The molecular mass markers appear on€t @l, 1999). Mitochondria from 4-day cold-stressed pota-

the left. All the steps for both temperatures were made simultaneously. toes exhibited LA-uncoupled rate of 114.5 nmel®in—?!
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Fig. 3. Electrical transmembrane potentid {) of mitochondria isolated from potato tubers stored for four (panel A) and 10 days (panel B) at
25+ 2 or 5+ 1°C. Potato mitochondria (0.5 mg k) were incubated in a standard mediumi@$containing 2.g oligomycin (mL proteiny?,

7 1M atractyloside, 30:M propranolol, 0.1 mM ATP, and 1QM LA, as described in Materials and Methods section. Additions of 5 mM ATP,
0.1% BSA and 1 mM KCN were done where indicatadl was estimated as a function of changes in safranin O fluorescence (arbitrary units, here
referred to as a.u.).

(mg proteiny®, which is by 18% higher than in controls lustrated in Fig. 5, while the complete summary of the data
showing 97.1 nmol @ min~! (mg protein)!. Respira- is presented in Fig. 6. This assay reflects the AOX activity
tory rate sustained only by antHeak (0.5% BSA plus monitored as the CN-resistant respiratory rate at 2 mM
5 mM ATP, slope 3) was the same within the experimen- KCN in state 4 (succinate plus rotenone and oligomycin)
tal error (66.2 and 63.3 nmol@nin—* (mg protein)* for in the presence of the AOX activators pyruvate and DTT
cold stress and controls, respectively). Hence the resulting (Fig. 5). CN-resistant respiration was corrected for the
PUMP-sustained ©consumption (slope 2 minus slope 3  residual low rates (1-2 nmol mif (mg protein)?) of
in Fig. 4) is 48.3 and 33.5 nmolQnin~! (mg proteiny* O, consumption after the addition of 2 mM BHAM. The
for mitochondria from cold-stressed and control potato tu- obtained pattern for the time course of cold storage and
bers, respectively. In conclusion, it reflects a 44% increase control warm storage is shown in Fig. 6. Figure 6, panel
in PUMP capacity induced by the cold stress, aresultthatis A, shows the total respiratory rate, the panel B indicates
in agreement with the degree of PUMP expression (Fig. 2) the CN-resistant respiration, hence the AOX capacity,
and PUMP-induced decreaseAn (Fig. 3). whereas the panel C indicates the CN-sensitive respira-
Note also, that the maximum uncoupled rates in the tion. Total respiratory rates were higher upon the cold
presence of FCCP were similar for cold stress and controlsstress and maintained levels above 80 nmgln@n—*
(155 and 153 nmol mint (mg~* protein) !, respectively). (Mg protein)?, with exception of the 3-day cold storage

This indicates that the cytochrome pathway is not affected (Fig. 6(A)). These results roughly match those obtained
by the cold stress. with the whole intact tubers (Fig. 1(A)), since the higher

O, consumption was reached after 4 days of cold storage.
The AOX capacity was about 10 times higher for

Capacities of AOX in Isolated Mitochondria cold storage lasting from four to ten days, when com-

of Cold-Stressed Potato Tubers pared to the warm-stored controls (Fig. 6(B)). It reached
magnitudes about 40 nmol,Qmin~! (mg protein)?.

We also measured the capacities of AOX pathway These results are in agreement with report of Zhou and

in mitochondria isolated from cold-stressed potato tubers Solomos (1998), who found that low temperatures sharply

and the warm-stored controls. The typical experimentisil- increased the AOX capacity in potato tuber mitochondria.
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10 pM LA 10 uM LA

0.5% BSA

0.5% BSA

5 mM ATP

—

100 nmol O,

1 min

25%2°C

Fig. 4. Determination of PUMP-sustained respiration under standard conditions: Mitochondria protein (0.5 mg
mL~1) were incubated in a standard reaction mediuni(38n the presence of 2,5g oligomycin (mg protein?,

300uM propranolol, 2uM atractyloside, 0.1 mM ATP and 2 mM BHAM, as described in Materials and Methods
sections. Additions of 1M linoleic acid (LA), 0.5% BSA, 5 mM ATP, and LM FCCP were done where
indicated. The numbers in parenthesis refer to th&@nhsumption rates in nmol min (mg proteiny, as mean
values of two determinations. Slope designation (in bold) refer§, tstate-4 respiratiorg, state-4 respiration

with 10 uM LA; 3, coupled respiration with 0.5% BSA and 5 mM ATP.

The CN-sensitive respiration for mitochondria of cold- odetection we have confirmed an increasing amount of ex-
stressed potatoes was similar to controls kept at room pressed PUMP upon the cold storage lasting up to 10 days.
temperature, except of 1-day storage (Fig. 6(C)). This is Similar data were previously obtained for AOX (Zhou and
in agreement with the observed similar rates of FCCP- Solomos, 1998), who also observed a similar respiration
stimulated respiration (Fig. (4)) and again confirms that increase when potato tubers were transferred from 10 to
the cytochrome pathway is not responsible for the changes1°C. They found that the rate of G@utput initially de-
in respiratory rate that occurred after the cold stress. clined and was followed by a rapid increase reaching a

peak of respiration rate approximately threefold higher

than that observed at 10 within 12 days. Kannerworff
DISCUSSION and van der Plas (1994) also observed highgr@bsump-

tion in tulip bulbs stored at®® than in the bulbs stored at

Itis well known that during cold acclimation periods, 20°C.

new proteins form to help the plant adapt to the altered In our measurements, the potato tuber respiration at
environment (Guy, 1990; Kannerworff and van der Plas, 20°C has increased 1.5 to 1.9-fold after the cold stor-
1994; Kolesnichenket al., 2000a,b). In this regard, we age lasting for at least 4 days at& In parallel, a high
have previously observed that expression of PUMP was increase in PUMP antigen (Fig. 2) as well as a 44%
stimulated in potato tubers stored &CAwhen compared  increase in PUMP functional capacity occurred. AOX,
to those kept at 2& (Nantest al, 1999). Inthisworkwe  which is known to have also the elevated expression
have extended these observations to monitoring of respi-under these conditions (Zhou and Solomos, 1998), in-
ration of whole intact potato tubers, when simultaneously creased its functional capacity about 10 times. Neverthe-
assaying for capacities of PUMP and AOX. By immun- less, since we found that cold storage led to about the same
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mito

25%2°C

60 nmol O,

5t1°C

Fig. 5. Determination of AOX capacity in mitochondria isolated from potato tubers stored
for 4 days at 5t 1 or 25+ 2°C. Mitochondria (0.5 mg mt!) were incubated in a standard
reaction medium (2&) in the presence of 2,89 oligomycin (mg protein?, 300 M
propranolol, 2uM atractyloside, 0.1 mM ATP, 0.5% BSA, 1 mM DTT, and 0.15 mM
pyruvate, as described in Materials and Methods section. Additions of 2 mM KCN and
2 mM BHAM were done where indicated. Slofierefers to the total respiration rate, a
difference between slopk and slope2 refers to CN-sensitive respiration and between
slope2 and slopes refers to AOX capacity.

mitochondrial respiration of 40 nmolQnin~! mg~! at- hydroperoxides and ROS, notably also PUFA radicals
tributable to each of the respective proteins, we conclude (Kumar and Knowles, 1993, 1996). In this regard, unpub-
that both AOX and PUMP may equally contribute to adap- lished results from our group (M. Brandalise, I. G. Maia,
tation of potato tubers to cold. Their increase in capacity J. Borecly, A. E. Vercesi and P. Arruda) demonstrate that
upon cold stress contrasts to the unchanged function ofoverexpression of PUMP in transgenic tobacco plants led
the cytochrome pathway upon cold stress (Figs. 4 and 6).to a significant increase in tolerance to oxidative stress
However, what we measured were the capacities of promoted by exogenous hydrogen peroxide as compared
the respective proteins at standard conditions, but not theirto nontransgenic control plants. Hence, we might consider
contributions to the increased respiration of intact potato that the purpose of the cold-stress-induced PUMP expres-
tubers. We demonstrated quite well a correlation between sion and activity is to balance the potentially increasing
the whole tuber respiration and capacities of PUMP and ROS production.
AOX, since they were reaching saturation after the 4 days Our potato tubers were evaluated shortly after har-
of cold storage. Our conclusion that both AOX and PUMP vest. They were not yet stabilized in the postharvest pe-
may contribute equally was derived from their tested stan- riod, since we observed a decrease in the rate of &0O-
dard capacities. In vivo, however, various situations may lution in the potato tubers stored at 252°C. This may
occur which will modulate contribution of each of the two reflect a decrease in metabolic activity, which follows this
proteins. For example, for PUMP activation, aging will postharvest period. If one assumes that such stabilization
be more relevant (Nante al, 1999), due to the aging- of metabolic activity (possibly a decrease in a substrate
induced cleavage of polyunsaturated fatty acids (PUFAS), release, etc.) proceeds by equal or slower rate also in tu-
which on the contrary inhibit AOX (Sluse, 1998a). Dur- bers stored at®&, it emphasizes even more the observed
ing aging PUFAs are likely to be cleaved by phospholi- up to 1.9-fold increase in whole tuber respiration upon
pase c and subsequent cyclooxygenase reaction producethe cold stress. The tuber respiration is elevated, even if



Cold Stress-Induced PUMP and Alternative Oxidase in Potato 219

140 - A capacity of the cold room we were not ab!e to detect a
120 | x5 temperature increase during the wholle period of storage.
100 4 = ok It also reflects the fact that any existing nonphosphory-
80 4 lating respiration had to be slow and unable to elevate
60 | “ temperature of bulk tissue (potato tubers) under practical
40 storage conditions. In this regard, Moynihetral. (1995)
20 - and Breindenbackt al. (1997) suggested that although
0 - most plants, with the notable exception of thermogenic
= 0 01 2 3 4 5 6 7 8 8 10 plgnts, clearly do not producg enough metabolic heat to
° raise the temperature of bulk tissue. However, respiratory
° heat may have a pronounced local effect at the subcellular
g Y 1;8 i B level and a localized increase in temperature around the
'g_ ‘rm 100 | individual mitochondrion may be of physiological impor-
E £ 80 . tance (Moyniharet al,, 1995).
= -=-5°C —-25°C
2 ‘T= 60 A I o o wodk
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