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Abstract: Potato tubers {Solanum tuberosum L. cv Bintje and Dé-
sirée) were stored for 12 months under three different storage
conditions: 4°C, 20°C with sprout inhibitor and 20°C without
sprout inhibitor. Independent of the storage conditions, our re-
sults show that the increase of membrane permeability, as
revealed by electrolyte leakage, is not correlated with the lipid
saturation status. Moreover, there is no simple correlation be-
tween cold sweetening and membrane permeability or lipid
saturation status. During storage at 20 °C without sprout inhibi-
tor, the increase in membrane permeability is inversely corre-
lated to sucrose accumulation, but this is not the case when
tubers were stored with sprout inhibitors. Lipoxygenase (LOX}
is often proposed as responsible for peroxidative damage to
membrane fipids. The gradual peroxidation resulting in double
band index decrease is regarded as a cause of senescence sweet-
ening. Our results revealed that the role of LOX in aging and
senescence of potato tubers is far from dlear. LOX activity and
gene expression are not correlated with the fatty acids composi-
tion of the membrane. Moreover, LOX activity and fatty acid hy-
droperoxide content are low in older tubers, whatever the stor-
age conditions or the varieties. On the basis of our resulis, the
correlation between sugar accumulation {low temperature and
senescence sweetening) and peroxidative damage occurring
during storage of potato tubers is discussed.
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Introduction

LaX (E.C. 1.13.11.12) is an intramolecular dicxygenase which
catalyses the hydroperoxidation of polyunsaturated fatty acids
containing 1(Z), 4(Z)-pentadiene structure. Depending on the
origin of the LOX and on the reaction conditions, variable
amounts of 13- and/or 9-hydroperoxides are formed (Siedow,
199101}, Fatty acid hvdroperoxides (ROOH) can be further de-
graded in a variety of products involved in major plant func-
tions by different enzymatic systems: hydroperoxide lyase
pathway (Delcarte et al., 2000021}, allene oxide synthase path-
way, peroxygenase pathway (Blée, 19981}, In some plants, in-
cluding potato (Solanum tuberosum L.), a divinyl ether syn-
thase pathway has also been described (Galliard and Phillips,
197214 Hoyaux et al,, 2001151}, Expression of LOX genes is in-
duced by different stress conditions: pathogen infection (Fi-
dantsef and Bostock, 199818 Kolomiets et al., 20007)), insect
attack (Hildebrand et al., 198918)), water deficit (Bel! and Mul-
let, 199101) and wounding (Geerts et al., 1994119 Royo et al.,
1996MM). The enzyme is also involved in aging and senescence
in various plant organs. A particular LOX working at acidic pH
is expressed during senescence in rose petals (Fukuchi-Mizu-
tani et al., 2000'2)), LOX activity increases during senescence
of day liiy petals (Panavas and Rubinstein, 1998"3)), carnation
petals (Rouet-Mayer et al., 199204} and pea foliage (Grossman
and Leshem, 1978}, LOX is often proposed as responsible for
peroxidative damage to membrane lipids during aging and se-
nescence, however, its role is unclear. In soybean, LOX (I and II)
activity decreases during aging of seeds (Sung and Chiu,
1995161} or senescence of cotyledons (Peterman and Siedow,
198517}, The same behaviour was observed in detached wheat
and rye leaves (Kar and Felerabend, 19841%81), Although potato
tubers provide a model system for studies of metabolic proces-
ses associated with aging and senescence, the information
concerning LOX evolution during these processes is limited.
As in many other plants, reducing sugars (glucose, fructose) re-
sulting from starch breakdown accumulate in tubers under
cold conditions. The amount of reducing sugars determines
the processing potential of potatoes because they may react
with amino acids during frying leading to an unacceptable
dark colour {Van Kempen et al., 19961}, Sweetening observed
at higher temperatures after long-term storage is called senes-
cence sweetening (Hertog et al., 199712°", Sweetening has been
expiained by the peroxidative breakdown of amyloplast mem-
branes leading to increased starch hydrolysis (Kumar and
Knowles, 19931211}, A relationship between sugar accumulation
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and membrane permeability has been demonstrated during
cold storage of potato tubers (Spychalia and Desborough,
1990(221). Moreover, a negative correlation has been found with
the double bond index (DBI) of fatty acids and electrolyte leak-
age (Knowles and Knowles, 198912%1). Peroxidative degradation
of membranes is thought to be responsible for sweetening be-
cause a correlation was found between malondialdehyde
(MDA), ethane and lipofuscin-like fluorescent compound con-
tent and reducing sugar accurnulation (Kumar and Knowles,
1993121h), MDA, ethane and lipofucin-like compounds are often
presented as signs of lipid peroxidation but they are indirect
markers of the oxidation process. In fact, a variable part of
ROOH can undergo a cyclisation leading, after a non-enzymat-
ic cleavage, tothe formation of MDA. In addition, MDA can only
be formed from fatty acids containing three or more double
bonds (Frankel, 19911241} and potato tubers contain high level
of linoleic acid (C18:2) (Gravoueille, 1996/25]). Determination
of MDA by the thiobarbituric acid assay is non-specific and
subject to interference from many substances: pigments, alde-
hydes and particularly sucrose {Gray, 1985/26]). Moreover, the
thiobarbituric test is not correlated with fluorescence forma-
tion (Frankel, 1991241},

In order to clarify the relationship between the phenomenon
of cold and senescence sweetening with membrane metab-
olism, Hpidic peroxidation was studied during storage of pota-
fo tubers by direct measurement of ROOH content and by de-
termination of double bond index. The role of LOX was investi-
gated by determining enzyme activity and gene expression
during the storage process. Low temperature and senescent
sweetening were followed by the determination of soluble
sugar content (glucose, fructose, sucrose).

Materiais and Methods
Plant material

Potato tubers (Selanuim tuberosum L. cv Bintje and Désirée)
were obtained at harvest from a local market. The tubers were
measured and those between 60 and 65 mm were used for the
study. The selected tubers were washed and stored for two
weeks at room temperature to allow wound healing. The ages
were all calculated from the end of the wound healing period
when tubers were transferred to two distinct storage condi-
tions. The storage conditions used were: 20°C, relative humid-
ity 90% in the dark; 4°C, relative humidity 80 % in the dark. The
tubers stored at 20°C were separated in two batches: the first
was treated with CIPC {20 g of a powder containing 1% [wfw]
of CIPC per kg of tubers) to avoid sprouting while the second
received no treatment and was allowed to sprout. The 4°C con-
ditions and the 20°C conditions with CIPC treatment inhibited
sprouting throughout the storage period. The tubers were
stored for 12 months and samples were taken after 0, 15, 30,
45, 60,120, 180, 240, 300 and 360 days. For the tubers stored
at 20°C without sprout inhibitor, the sampling was stopped
after 240 days because of the physical state of the tubers. For
each variety and for each storage condition, 10 {ubers were
randomly sampled and cut transversely into two parts. in each
tuber half, a core was taken with a punch (18 mm in diameter)
perpendicular to the cutting axis. The cylinders obtained were
recut from the opposite side of the skin to obtain 10¢g. The
samples were frozen in liquid nitrogen, powdered in a mill
and stored at - 80°C.

Sprout number

Potato tubers stored at 20°C without sprout inhibitor were ob-
served visually to follow sprouting. When 80% of the tubers
exhibited one or more sprouts, the potato stock was consid-
ered as sprouted. The results are the average of data from 30
tubers. For the tubers stored at 4 °C, 10 tubers were transferred
to 20°C to observe sprouting capacities at regular intervals.
The results are averages of data from 10 tubers for each storage
period at 4°C. Day zero corresponds to the transfer of the sam-
ples into the different storage conditions after the wound heal-
ing period.

Electrolyte leakage

The measurement of ion Jeakage from tuber tissue was based
on the method of De Weerd et al. (1995127)), Values are the
average of two determinations. The membrane integrity per-
centage was calculated as: ¥ membrane integrity = [1 - (elec-
trolyte leakage after 100 min of submersion/total electrolyt

pool}l = 100, =

Lipoxygenase activity measurement

Enzyme extraction: 10 ml of ice-celd sodium phosphate buffer
(0.1 M, pH 7.5) containing sodium metabisulfite (2 mM) were
added to 2 g of potato tuber powder. The extraction was con-
ducted on ice under continuous stirring for 20 min. The mix-
ture was centrifuged {4°C, 30000 g, 30min) and the super-
natant was used directly as crude extract. Three independent
extractions were performed on each sample.

Lipoxygenase assay: LOX activity was determined spectropho-
tometrically on the basis of absorbance increase at 234 nm
due to appearance of conjugated diene in the ROOH formed.
The measurements were performed on a UV-Vis spectropho-
tometer, Ultrospec 4000 from Pharmacia (Uppsala, Sweden),
using lincleic acid as substrate. The LOX activity was expressed
in Katal/kg protein. The data are the average of three repeti-
tions.

i
Protein content in the crude extracts was determined spectre—
photometrically according to Lowe and Thomas (19961281,

Ratio between 13- and 9-finofeic hydroperoxides

Linoleic acid was added to a crude potato tuber enzymatic ex-
tract. Linoleic hydroperoxides formed were further analysed
by HPLC according te Fauconnier et al, (19971291,

Northern blot analysis

Lipoxygenase probe: cDNA fragments corresponding to lox-1
were cloned by PCR from a AZAP swelling stolon cDNA library.
Lox-1 forward primer (5-AGCACAGCAATCCAGCCTAC-3") and
{fox] reverse primer (5-GGTTCAGGCATGAATCITCG-3'), de-
signed according to a lox! sequence available in EMBL/Gen-
Bank (x95513), were used to clone a 2011 kpb fragment using
the Topoe TA cloning kit {Invitrogen). The authenticity of the
sequence was verified by sequencing the PCR fragment using
the Sequencing Kit {Amersham Pharmacia Biotech, Uppsala,
Sweden).
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RNA extraction and Northern blotting: Total RNA was purified
from potato tissues using the method described by Kawakami
et al. (19991%°)), Twenty micrograms of total RNA were electro-
phoresed ina 1.2% agarose-formaldehyde gel and transferred
onto a nylon membrane (Hybond-N, Amersham), as described
by Sambrook et al. (1989*'}) . The membranes were prehybri-
dized and hybridized in 0.5% SDS, 5 x Denhardt's solution, 6 x
S5C, 200 ug/ml sonicated herring sperm DNA. Probes were 32p-
labelled DNA using a random primed DNA labelling kit (Amer-
sham Pharmacia Biotech, Uppsala, Sweden). After hybridiza-
tion, membranes were washed sequentially 2 x 10 min in 2 »
S5C at room temperature, 2 x 30 min in 2 x 5SC and 0.5% SDS
at 65°C, and 2 x 30 min in 0.1 x SSC at room temperature. The
blot was exposed to X-ray films (X-Omat AR, Kodak) at — 70°C.

Sugar extraction and analysis

1 g of potato tuber powder was extracted in 10 ml of acetoni-
trile/water (70/30) for 1h under continuous agitation. The
mixture was centrifuged (10000 g, 1h, 4°C) and the superna-
tant was used directly for HPLC analysis. 5pl of extract were
injected onto a 25cmx=3mm hypersyl 5 APS-255 column
(Chrompack, Middelburg, The Netherlands) with a flow rate
of 0.7 ml/min. An Evaporative Light Scattering Detector {All-
tech, Deerfield, IL, USA) with a tube temperature of 84°C and
a gas flow rate of 2.15 standard liters per min was used for the
detection. Determnination of the glucose, fructose and sucrose
content was performed with calibration curves realized with
different dilutions in acetonitrilejwater (70/30) of glucose,
fructose and sucrose (all 99% pure, Merck, Darmstadt, Ger
many). Two independent extractions were obtained for each
sample and the sugar content was expressed in mg/g of fresh
weight,

DB

DBI was calculated after extraction and gas chromatography
(GC) analysis of fatty acids, according to Lognay et al
(1988!%21). GC analyses were realized on two independent ex-
tracts. For DBI calculation, the average of the two repetitions
was considered and the formula of Wismer et al. (1998/33)
was used: DBI=|[(2x%C18:2)+(3 x%CI8:3)] [[(%C16:0)+
(%C18:0)+(%C18:1)).

Fatty acid hydroperoxide content determination

Fatty acid hydroperoxides were determined spectrophotome-
trically based on their reaction with an excess of Fe?* at low
PH in the presence of xylenol orange, according to Griffiths et
al. (20001*4)). Data are averages of three repetitions performed
on two independent extractions.

Statistical onalysis of data

When the number of repetitions is above or equal to three,
standard deviations were calculated and presented on the fig-
ures. When two repetitions were performed, residual standard
deviations (average of standard deviations) were calculated
and presented in the figure legends. Details on the sampling
procedure are presented directly in each paragraph of the ma-
terials and methods section.
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Fig.1 (A) Sprout number per potato tuber during storage at 20°C

without sprout inhibitor, (O) Bintje, (A) Désirée. The results are the
average of data from 30 tubers, standard deviatians are shown on
the figure. (B} Sprout number per tuber of samples stored at 4°C
after transfer to 20°C for 30 days, (O) Bintje, () Désirée. The results
are the average of data from 10 tubers, standard deviations are
shown on the figure.

Results
Sprout number

During the storage of potato tubers, four stages of physiologi-
cal deveiopment can be described (Ellisséche, 1996%): (1)
dormancy during which there is no sprouting even under
favorable conditions, (2) apical dominance where only one
sprout develops, (3) multiple sprouts stage where apical dom-
inance is released and more than one bud sprouts at the same
time, (4) daughter tuber stage where sprouts are replaced by
daughter tubers appearing directly on the mother tuber.

The evolution of sprout number per tuber during storage at
20°C is presented in Fig,1A. On the basis of visua! observa-
tions, the potato tubers stored at 20°C without sprout inhibi-
tor were considered sprouted after 15 and 45 days for cultivars
Bintje and Désirée, respectively, The strong apical dominance
Jasts until around 60 days of storage. Between 60 and 240 days
of storage, sprout number per tuber increases regularly. At the
end of the storage period (240 days), the development of
daughter tubers was observed. The latter observations are very
similar for the two varieties.

Sprouting capacities of tubers stored at 4°C were evaluated by
regularly transferring samples to 20°C and by observing the
number of sprouts per tuber after 30 days [Fig.1B). The
sprouting phenotype can be considered as a marker of aging
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Fig.2 Evolution of membrane integrity (electrolyte leakage meas- c
ured after 100 min of submersion) during storage of potato tubers,
(A) Bintje, (B) Désirée. () Storage at 20°C with sprout inhibitor,
(O) storage at 20°C without sprout inhibitor, (%) storage at 4°C. " —
The results are the average of two independent determinations. Re- wOOW O R R w20 A0 me 80
sidual standard deviations are 0.294 (Bintje) and 0.311 (Désirée). ?&I}M e

Fig.3 Evolution OLDﬂ'during storage of potato tubers, {A) Bintje,
(B} Désirée. () Storage at 20°C with sprout inhibitor, (O} storage
at 20°C without sprout inhibitar, {x) storage at 4°C. The results are
and senescence. Our results show that the four stages of phys-  the average of two independent determinations. Residual standard
iological development described above are encountered in the  deviations are 0,351 (Bintje) and 0.322 (Désirée).

samples stored at 4°C when they are transferred at 20°C, re-
vealing that the aging and senescence phenomenon occurs
during the 4 °C storage. The number of sprouts per tuber after  ence between samples stored at 20°C with or without sprout
30 days at 20°C increases as a function of storage time at 4°C  inhibitor. The role of desprouting to prevent electrolyre leat-
due ic a gradual ioss in apical dominance. After 240 days of  age has previousiy been reported by De Weerd et al. {]’98513‘_{/
storage at 4°C, tubers transferred to 20°C begin to exhibit '
daughter tubers; after 360 days there were almost only daugh-  pouble bond index
ter tubers and no more sprouts {not shown in Fig, 1B). .
DBI has a general tendency to decrease for both cultivars dur-
Electrolyte leakage ing the storage period but the three first months of storage are
marked by important fluctuations (Figs. 3A,B). After one year
In our study, electrolyte leakage increases during potato tuber  of storage, DBI decrease is more important for tubers stored at
storage: at the beginning of the storage period, the reduction  20°C with sprout inhibitor than at 4°C. Tubers stored at 20°C
in membrane integrity percentage at 4°C is more important  without sprout inhibitor show a DBI drop after 15 and 60 days
than that at 20°C. The evolution of membrane integrity per-  of storage, respectively, for cultivar Désirée and Bintje, but
centage of tubers without sprout inhibitor (20°C} is similar to  after 240 days of storage, the DBI decrease is limited. DBI var-
the tubers treated with sprout inhibitor (20°C) until 120 days  iations during storage may seem limited but as the total facty
of storage, then the membrane integrity percentage decreases  acid compeosition of potato tubers reflects the composition of
dramatically for the sprouted samples (Figs. 2A,B). The evolu-  cell membranes (Spychalla and Desborough, 19901221}, slight
tion of membrane integrity percentage during storage of pota-  modifications can result in important effects.
to tubers revealed similar behaviour in the two varieties,
Nevertheless, cultivar Désirée conserves a higher membrane
integrity percentage than Bintje during the first six months of
4°C storage and throughout the 20°C storage with sprout  LOX activity determination was performed on three indepen-
inhibitor. The sprouting phenomenon is clearly not responsi-  dent extracts and three measurements were performed on
ble by itself for the eiectrolyte leakage increase, but the role  each sample. LOX activity patterns during storage of potato
of sprout growth is a determinant as there is a marked differ-  tubers are similar for both varieties (Figs. 4A,B). LOX activity

Lipoxygenase activity
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Fig.4 Evolution of LOX activity during storage of potato tubers, (A}
Bintje, (B} Désirée. (@) Storage at 20°C with sprout inhibitor, (o)}
storage at 20°C without sprout inhibitor, {x) storage at 4°C. The re-
sults are the average of three independent determinations, standard
deviations are shown on the figure.

increases substantially during the first 15 days of storage and
then decreases te nearly zero after one year of storage, For
samples stored at 20°C without sprout inhibitor and at 4°C, a
peak of activity is observed around 180 days of storage, LOX ac-
tivity is somewhat higher in Désirée than in Bintje and gener-
ally lower in samples stored at 20°C with sprout inhibitor, De-
creasing LOX activity during aging has been described pre-
viously (Kar and Feierabend, 198418 Peterman and Siedow,
1985!7}; Sung and Chiu, 1995!8!) in different plant organs. Dur-
ing storage of potato tubers, different results have been TepOort-
ed: Lojkowska and Holubowska (19891381) have observed im-
portant variations in LOX activity according to the varieties
tested (6 varieties, 30 weeks of storage at §+2 °C) but showed
2 general tendency to increasing activities. Kumar and
Knowles (1993711) stored tubers from cultivar Russet Burbank
at 4°C and transferred them after, respectively, 8 and 20
months into a greenhouse. LOX activity was determined polar-
ographically in samples taken during the 30 days following
planting. Lower LOX activity was systemiatically recorded in
20-month-old tubers than in 8-month-old tubers.

Northern blot analysis

Preliminary Northern blot experiments using fox-1, lox-2 and
lox-3 probes showed that only lox-1 can be detected in tubers
stored at 4°C (data nmot shown). Further investigations were

.
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Fig. 5 Northern blot anajyses of LOX (lox-1) gene expression during
starage of potato tubers {cv. Désirée and Bintje). (A) Bintje, {B) Désirée.
a: initial conditions, b: storage at 20°C without sprout inhibitor, ¢ stor-
age at 4°C, d: storage at 20°C with sprout inhibitor. 0, 15, 30, 120,
180, 240, 360 days of storage.

performed with lox-1 on a selected number of samples: RNAs
of the two cultivars stored for 0, 15, 30, 120, 180, 240 and 360
days were extracted (Fig. 5). Lox-1 gene expression was high in
initial samples, decreased until 120 days of storage, increased
again until 240 days of storage, and was almost undetectable
after 360 days of storage, except for Désirée stored at 4°C. For
cultivars Bintje and Désirée, lox-1 gene expression was mark-
edly higher in samples stored at 20°C, particularly for samples
allowed to sprout, than at 4°C. Overall, lox-1 gene expression
foliows the same tendency as LOX activity.

Ratio between 13- and S-linoleic hydroperoxides

The ratio between 9- and 13-linoleic acid hydroperoxides
formed by LOX extracts in the presence of linoleic acid was de-
termined for samples of the two cultivars stored for 0, 30,120,
240 and 360 days. The data are the average of two repetitions.
The 9 isomer is almost exclusively formed by the extracts,
whatever the cultivar or storage conditions: the ratio is be-
tween 98.9 and 99.6 for Bintje samples and between 98.9 and
99.9 for Désirée samples. In potato, three main isoforms of LOX
have been described: LOX-1, found in tubers and roots, mainty
forms fatty acid 9-hydroperoxides, while LOX-2 (leaves) and
LOX-3 (leaves and roots) synthesize mainly fatry acid 13-hy-
droperaxides (Royo et al,, 1996!1)). According to our results,
LOX-1 is almost exclusively present in tubers during the entire
storage procedure for the two varieties, whatever the storage
conditions,

fatty acid hydroperoxide content determination

ROOH were determined spectrophotometrically by the Fox-2
method (Griffiths et al., 2000841). The method yields very re-
productible results but requires drastic precautions: all the ex-
periments must be carried out in dim light, at 4 °C with chilled
solvents, ROOH concentrations found in our potato samples
are lower than the values found by Griffith et al. (2000134 ydur-
ing the senescence of potato leaves, in which ROOH content in-
creases from 334 to 611 nmol/g FW. On the other hand, our
concentrations are above to those in Phaseolus hypocotyls and
Alstromeria sepals or petals (Griffith et al., 200034]). The gener-
al pattern of ROOH content is characterized by an increase at
the beginning of the storage period and a clear decrease after-
wards (Figs. 6A,B). [n Désirée samples, the increase is impor-
tant and occurs after 15 days of storage, whatever the storage
conditions, while the increase is less obvious in Bintje and
occurs around 60 days of storage. High ROOH contents are ex-
pected in older samples but a similar decrease was observed

81
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Fig.6 Evolution of ROBH content during storage of potato tubers,
{A) Bintje, (B) Désirée” { &} Storage at 20°C with sprout inhibitor, {©)
storage at 20°C without sprout inhibitor, (x) storage at 4°C. The re-
sults are the average of three independent determinations, standard
deviations are shown on the figure.

by Ye et al. (2000171} in Arabidopsis thaliana leaf using the
same Fox-2 method.

Sugar analysis

Potato tubers stored at 4°C accumnulate soluble sugars, mainly
the reducing sugars glucose and fructose. The ratio between
fructose and glucose remains constant during the storage peri-
od, as described by Hertog et ai. (199712%). As expected, on the
basis of their susceptibility to cold sweetening, sugar content
is higher in cultivar Désirée than in cultivar Bintje at the end
of a storage period at 4°C. In contrast, samples stored at 20°C
with or without sprout inhibiter contain very low sugar corn-
centrations until 120 days of storage; afterwards, the sucrose
content increases almost linearly. In the latter samples, the ac-
cumulation of reducing sugars is low (Figs. 7A-F),

Discussion
Relation between electrolyte leakage, DBI and 10X

A high correlation (r=-0.97) was found between electrolyte
leakage and DB] by Knowles and Knowles {1989123]) (cultivar
Russet Burbank stored at 4°C during 32 months). Spychalla
and Desberough (1990122) found a less obvious correlation
(r=-047) between electrolyte leakage and degree of fatty
acid unsaturation for samples stored at 3°C; the correlation
was not significant for sampies stored at 9°C (4 different vari-
eties stored 40 weeks without sprout inhibitor at 3°C, with
sprout inhibitor at 9°C). Wismer et al. (19980331 studied the
early stage of storage (55 days at 4°C and 12°C, cuitivars

Norchip and North Dakota} and observed fluctuations in DBI
but no clear decrease and almost no evoiution in electrolyte
leakage. Our results reveal that no clear relationship can be
established between electrolyte leakage and DB, even if a gen-
eral tendency to DBl decrease is observed for both varieties
during the overall storage period. The most remariable result
is observed after day 120 for samples stored at 20°C without
sprout inhibitor, when an increasing rate of rnembrane dam-
age occurs, whereas no significant change in DB is noticed. As
LOX acts on C-18:2 and C-18: 3 fatty acids, which are the main
fatty acids in potato tubers, DBI is expected to be controlled by
the LOX activity. Qur results reveal that LOX activity is general-
ly high during the first 180 days of storage, while DBI is almost
unchanged and the ROOH content remains low. This fast as-
sumption suggests that potato tubers contain an efficient pro-
tection against ROOH accumulation that may cause membrane
permeabilization when reinserted into the membrane and act
as a calcium ionophore (Leshem, 1987133}, Enzymes that de-
grade ROOH may considerably infiuence the ROOH content, as
shown by Griffiths et al. (2000834)) with potato leaves lackin
hydroperoxide lyase that accumulate 38% more ROOH than
the wild type. In potate tubers, hydroperoxide lyase is not a
major enzyme but other ROOH degradarion activities have
been described. Divinyl ether synthase, that forms colnaleic
and colnelenic acid, two divinyl ether fatty acids, may be in-
volved. However, our results (data not shown) reveal that only
a part of the ROOH is transformed in colneleic acid and that no
accumulation of this compound is observed during the storage
period. Other enzymatic systems, such as glutathicne transfer
ase, may protect against ROOH accumulation. Kumar and
Knowles (199612%1) have demonstrated a clear increase in glu-
tathione transferase activity in tubers aged from 6 to 30
months (cultivar Russet Burbank stored at 4°C),

Overall, our data point out an erratic variation of DBI, LOX and
ROOH content during the first two months of storage, A post-
harvest stress may be implicated in the phenomenecn but it
does not result in a loss of membrane integrity, The role of
LOX during germination and the early stages of sprout devel-
opment requires additional investigations as the enzymatic
activity and gene expression are high during these perio ]
We can postuiate that the high ROOH content during this pert™
od can contribute to membrane remodelling. However, the
relatienship between LOX and germination is not obvious, as
similar LOX activity profiles are observed for both varieties
although sprouting kinetics are different. In the light of our
results, it is necessary to identify the metabolic pathway
responsible for membrane degradation, as LOX does not seem
to be directly implicated; the main origin of electrolyte leakage
is not the oxidation of unsaturated fatty acids. As the degra-
dation of membrane lipids does not necessarily involve selec-
tive loss of unsaturated fatty acids {Mc Kersie and Leshem,
19941400}, oxygen free radicals or other mechanisms (e.g., hy-
drolytic pathways) may be responsibie for electroiyte leakage
without affecting DBl. Membrane proteins may also be de-
graded during the storage, decreasing membrane integrity.

Relation between electrolyte leakage and sugar accumulation

Low temperature sweetening and senescence sweetening re-
sult from different mechanisms and must be treated separate-
ly. Cold sweetening is a reversible mechanism since sugar con-
tent can be lowered by transferring tubers to higher tempera-
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tures {(Van Kempen et al., 1996!9]), Cold sweetening is a com-
plex phenomenon, certainly not controlled by a single factor
{Sowokinos, 1990141, Moreover, it must be considered in a dy-
namic way, as exernplified by Hill et al. (198642]) using C glu-
cose labelling, sugars being simultaneously synthesized and
remobilized. Membrane damage resulting in electrolyte leak-
age is often presented as the cause of cold sweetening. Spy-
challa and Desborough (1990/22]) have shown a correlation
(r=0.83) between electrolyte leakage and reducing sugar ac-
curnulation {four different varieties stored for 40 weeks with-
out sprout inhibitor at 3 °C, with sprout inhibitor at 9°C).

Peroxidative degradation of membranes is particularly pointed
out in the cold sweetening process, as a correlation was found
between MDA, ethane and lipofuscin-like fluorescent com-
pounds content and reducing sugar accumulation (Kumar and
Knowles, 19931211}, The methods used to determine membrane
peroxidation are indirect methods that can be criticized. As
stated above, only fatty acids containing three or more double
bonds can be transformed in MDA, while linoleic acid is much
more abundant than linolenic acid in tubers (Frankel, 19911241,
Moreover, only a part of linolenic acid hydroperoxide will be
transformed in MDA. Finally, as there is an interference from
sucrose, which accumulates during storage, in the MDA deter-
mination method, the correlation between the two parameters
seems somehow guestionable. Our results reveal that the ac-
cumulation of reducing sugars is observed from the beginning
of the storage period at 4 °C, but not at 20°C (with or without
sprout inhibitor). As no clear difference in LOX activity was
noted when comparing the treatments, this enzyme should
not be a major contributor to the cold sweetening process.
However, loss of membrane integrity was slightly more rapid

at 4°C than at 20°C at the beginning of storage, which could
be relevant for sugar metabolism.

The reversibility of ccld sweetening is not in agreement with
the hypothesis of lipidic peroxidation of membranes. It can be
added that transgenic potatoes, presenting increased recycling
activity of sugar into starch (ADP glucose pyrophosphorylase),
tend to show lower cold sweetening suscepiibility and re-
spond more effectively to a subsequent increase in tempe-
rature by lowering their sugar content, which demonstrates
that membranes are not irrevocably degraded {Davies et al.,
19980431y,

Senescence sweetening is a non-reversible mechanism that
occurs after long-term storage (Van Kempen et al,, 1996/19)),
The relationship between senescence sweetening and mem-
brane damage is clearly invalidated by our results: at 20°C, su-
crose accumnulates in the same way in samples showing a high
degree of membrane degradation (sprouted tubers character-
ized by a decrease in membrane integrity percentage and by
a loss of apical dominance, or by the presence of daughter
tuber), or limited damage (tubers treated with anti-sprouting
agent).

Sprouting, a major event in tuber physiology, is neither cor-
related with sugar accumulation nor with membrane integrity
decrease, but sprout development clearly infiluences mem-
brane integrity. The accumulation of sucrose is caused by a
phenomenon not correlated with sprouting or membrane
damage and requires further investigations to shed light on
the mechanism.
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