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Abstract

Todine-saturated atmosphere was found to inhibit the sprouting of potato (Solanum tuberosum L.) tubers. The iodine concentra-
tion in tuber tissues increased as a function of exposure length, and the onset of inhibition of sprouting was found to depend on
tubers genotype. During the time-course of the treatment, the transcription of polyphenol oxidases (EC 1.10.3.1 and EC
1.14.18.1) was undetectable in tuber peel, whereas in bud tissues featured an increase, followed by a decrease occurring simultane-
ously with the suppression of sprouting. The treatment of tubers with iodine strongly affected the expression of polyphenol oxidases
at the transcriptional level. Polyphenol oxidase activity in buds poorly reflected the corresponding level of transcription; similarly,
little differences were found among the enzyme isoforms expressed in buds as a function of length of exposure to iodine. These find-
ings suggest that the induction of polyphenol oxidases mRNAs transcription could probe the inhibition of sprouting by iodine.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Sprouting is responsible for remarkable economic
losses during potato storage: sprouted potatoes are sub-
jected to high water evaporation and quality deteriora-
tion, which reduce both their weight and marketability.
Accordingly, the inhibition of sprouting is crucial in po-
tato industry, as it provides flexibility in storage or trans-
port and extension of the marketing period. Since the
storage at low temperatures causes starch degradation
and sweetening of tubers (Ross and Davies, 1992; van
Es and Hartmans, 1987a), chemical inhibitors are widely
used to control sprouting. Recently, due to environmen-
tal and health safety concerns, the use of 1-methylethyl-
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3-chlorophenylcarbamate (CIPC), the most widely used
sprout inhibitor, and of other chemicals (van Es and
Hartmans, 1987b) have called under question, and alter-
native methods to inhibit sprouting are under study. In
particular, the exposure of tubers of potato to iodine-
saturated atmospheres was found to be effective in the
suppression of sprouting. This outcome led recently to
file an international patent application (Pifferi, 2001).
Sprouting occurs in potato tubers at the end of the
rest period (also known as endodormancy), when exo-
genous conditions like temperature or photoperiod are
favorable (Hemberg, 1985). The duration of the rest per-
iod and its termination are primarily regulated by plant
hormones (Wiltshire and Cobb, 1996; Hemberg, 1985),
but little is known about physiological pathways or met-
abolic factors involved in this transition. Moreover, the
metabolic alterations connected to the inhibition of
sprouting are scarcely understood. Knowledge of the
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processes occurring in potato tubers in which this phys-
iological event is restrained could be useful in order to
reveal the stages critical for commitment to sprouting.

Polyphenol oxidases (PPOs; EC 1.10.3.1 and EC
1.14.18.1) are metalloenzymes, which catalyze the oxy-
gen-dependent oxidation of phenols to quinones. Qui-
nones can polymerize and cross-link many cellular
nucleophilic compounds through 1,4 addition mecha-
nism: these secondary reactions lead to the formation
of brown or black pigments, which are responsible for
tissues alteration of different fruits and vegetables
(Mayer, 1987). Since these reactions decrease the vulner-
ability of plants or plant organs, different authors have
suggested a close connection between the expression of
polyphenol oxidases and plant defense against wound
and pathogens (Mayer, 1987; Li and Steffens, 2002;
Stout et al., 1999; Thipyapong and Steffens, 1997; Ba-
shan et al., 1987; Mayer and Harel, 1979). In particular,
the induction of polyphenol oxidases in response to
wounding was studied at the physiological level (Con-
stabel et al., 1995), showing that the expression of these
enzymes triggered by wounding is regulated via the oct-
adecanoid signal trasduction pathway. This observation
suggests that the physiological regulation of polyphenol
oxidases expression is part of the plant defense system
and is related to other metabolic pathways; moreover,
it suggests that these enzymes are involved in the re-
sponse of plants to different stressing conditions.

In the present work, the suppression of sprouting by
means of exposure of potato tubers to iodine-saturated
atmosphere was challenged. Contextually, a role for tu-
ber polyphenol oxidases as a metabolic marker for
sprouting inhibition was investigated, considering a
potential unspecific damaging effect of iodine. In partic-
ular, the relationship between the transcription in potato
buds of polyphenol oxidases genes and the damage of
tissues upon treatment with iodine was investigated.

2. Results and discussion

2.1. Sprouting inhibition in tubers exposed to iodine
atmosphere

The exposure of potatoes to iodine-saturated atmos-
phere induced inhibition of sprouting; nevertheless, mul-
tifaceted results were obtained. Effective treatment
conditions were strongly affected by the particular geno-
type considered; furthermore, the iodine-treated tubers
were stored at 5 °C (usual storage temperature) and at
18 °C to evaluate the persistence of sprouting inhibition
independently of the conservation temperature.

Interestingly, three months after the treatment and
upon storage at 5 °C, tubers featuring inhibited sprout-
ing ability could be clearly identified (Fig. 1, cf. column
a and column b, see arrows). These tubers can be main-

tained in vegetative stasis up to five months of storage at
5 °C (Fig. 1, column b).

Persistent sprouting inhibition was induced by iodine
in tubers cv. Agata stored at both 5 and 18 °C after an 8
days-exposure to iodine-saturated atmosphere (Fig. 1).
A different response to the treatment was found both
in cv. Monalisa and in ¢v. Primura: sprouting was inhib-
ited in tubers stored at 5 °C and exposed to iodine for 8
and 2 days, respectively (Table 1). Moreover, for these
two cultivars sprouting was inhibited permanently at
18 °C in tubers exposed to iodine for 16 days (Table
1). Tubers cv. Innovator featured the capability to
sprout if stored at 18 °C, although the exposure for 7
days was inhibitory when tubers were stored at 5 °C
(Table 1). As expected, the inhibition of sprouting was
found to be dependent on the length of tubers exposure
to iodine atmosphere, but the wide differentiation in re-
sults obtained for different cultivars pointed out the
importance of the genotypes under study. Nevertheless,
all the tubers responsive to iodine treatment featured
necrosis in buds but not in peel tissues.

2.2. lodine concentration in potato tissues

Fig. 2 reports the concentration of iodine determined
in whole tubers and in peel of potatoes cvs. Agata,
Monalisa, Innovator and Primura ((a)—(d), respectively)
exposed to iodine atmosphere for different time inter-
vals. Some observations were common to all cultivars
under study. In particular, the concentration of iodine

Fig. 1. Tubers of cv. Agata exposed to iodine atmosphere for different
time intervals (as indicated, cnt represents the untreated control) stored
for three months at 5 °C (a), for five months at 5 °C (b) or for five
months at 18 °C (c).
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Table 1
Sprouting in potato tubers exposed to iodine-saturated atmosphere after storage for five months at different temperatures
Exposure time Control
2h 18 h 1d 2d 4d 7d 8d 16d
Innovator 5°C + + + + — - — +
18 °C + + + + + + + +
Monalisa 5°C + + + + + - - +
18 °C + + + + + + - +
Primura 5°C + + + - - - - +
18 °C + + + + + + - +

+ Tubers sprouted.
— Tubers not sprouted.

was always higher in peel than in the entire tuber; more-
over, as expected, the concentration of iodine in both
peel and tuber increased as a function of the exposure
time in potatoes of each cultivar. Similarly, buds from
tubers cvs. Monalisa and Primura (Fig. 2(b) and (d),
respectively) featured a consistent increase of iodine
concentration over the entire time-length of the treat-
ment with iodine. However, variable trends were ob-
served in different cultivars.

In cv. Agata (Fig. 2(a)) the sharpest increase in iodine
concentration was observed after 4 days of exposure in
peel, but only after an exposure of 8 days in the entire
tuber. Similarly, in cv. Monalisa (Fig. 2(b)) a marked in-
crease in iodine concentration was observed after 1-2
days of exposure in both peel and buds, but only after
7 days in tubers. These observations suggest that, in

these genotypes, iodine absorbed by peel diffuses
through tissues with a certain delay, but constantly. In
cv. Innovator (Fig. 2(c)) iodine concentration increased
consistently as a function of time in peel, but not in the
entire tuber. Similarly, in cultivar Primura (Fig. 2(d)) a
low increment of iodine in tuber tissues was observed,
even when high iodine concentrations were determined
in both peel and buds. In these genotypes, iodine diffu-
sion could be hampered by specific structural character-
istics of tuber tissues.

In general, no correlation was found between the
inhibition of the sprouting and the increase, as a func-
tion of time, of iodine concentration in potato tissues,
suggesting complex interactions between tuber metabo-
lism and the iodine concentration in tissues. lodine
reached high concentrations in tubers in which the
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Fig. 2. Todine concentrations in the entire tuber (empty bars) and in peel (filled bars) of potatoes cvs. Agata (a), Monalisa (b), Innovator (c), and
Primura (d) as a function of exposure length to iodine atmosphere. Iodine concentrations in buds (light grey area) are reported for potatoes cvs.
Monalisa (b) and Primura (d). Error bars represent standard deviation (n = 3).
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sprouting was inhibited. Presumably, the iodine treat-
ment could be modified in order to reduce the level of
the iodine absorbed by tubers (e.g., the exposure could
be performed in atmosphere saturated at different tem-
peratures), until leveling off at values consistent with
nutritional requirements.

2.3. Transcription of polyphenol oxidases in potato tissues

The transcription of PPOs coding genes in tissues of
both buds and peel tissues was studied during the expo-
sure of potato tubers to iodine-saturated atmospheres.
The probe used was directed to a well-conserved portion
of the gene coding for POT32, an isoform of polyphenol
oxidase especially expressed in potato tubers, as de-
scribed by Thygesen et al. (1995). Importantly, this
probe features sufficient aspecificity to hybridize differ-
ent transcripts of potato PPO, all characterized by sim-
ilar molecular mass (Thygesen et al., 1995). In
particular, 2 kb transcripts were observed in Northern
blots performed with RNA extracts of buds tissues after
hybridization with the biotinylated probe (Fig. 3(a)).

During the treatment with iodine, the polyphenol
oxidases mRNAs were undetectable in tuber peel (Fig.
3(b)), whereas in buds a corresponding increase followed
by a decrease was observed in every cultivar under
study. Interestingly, no significant differences in PPOs
mRNA levels were observed in buds subjected for 8 days
to the same experimental conditions but not exposed to
iodine (data not shown). Fig. 3(a) reports the levels of
polyphenol oxidases mRNAs in buds from potato cv.
Primura exposed for different time intervals to iodine
atmosphere; the intensity of the bands corresponding
to polyphenol oxidases transcripts features a transient
increase (when no difference is observed among the cor-
responding levels of 18S ribosomal RNA). This trend is
quantitatively reported in Fig. 4, which reports the levels
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Fig. 3. Polyphenol oxidases mRNAs in extracts of buds and peel
(upper panels (a) and (b), respectively) of tubers cv. Primura exposed
to iodine-saturated atmosphere for different time intervals. The levels
of the corresponding 18S rRNA are reported in the lower parts of each
panel.

of PPOs transcripts observed for all the cultivars under
study.

An increase in the transcription of polyphenol oxid-
ases in tissues subjected to wound and injuries was ob-
served by Thipyapong and Steffens (1997). In a more
recent study, Li and Steffens (2002) substantiated a role
of PPOs in plant self-defense, demonstrating that their
overexpression in tomato reduces the development of
bacterial diseases. The observation that iodine triggers
the transcription of PPOs coding genes suggests that,
in plants, the expression of polyphenol oxidases can be
induced in response to a wide range of stressing condi-
tions. In particular, confirming what reported by Con-
stabel et al. (1995) for wound-inducible tomato leaf
PPO, the findings of the present work suggest that the
control of the expression of polyphenol oxidases in
potatoes exposed to iodine atmospheres is exerted at
the transcriptional level.

The maximum level of polyphenol oxidases mRNAs
was observed in different cultivars after different time
intervals of exposure to iodine. Interestingly, in each cul-
tivar the peak of transcript(s) was reached immediately
before the onset of inhibition of sprouting in tubers,
during storage at 5 °C (see arrows in Fig. 4). This means
that the commitment of iodine-treated tubers to incapa-
bility to sprout was characterized by a decrease of the
transcription of PPOs coding genes and/or by an in-
crease of mRNA degradation. The increase and subse-
quent decrease of PPOs transcripts in buds, induced
directly by the treatment, could be an interesting marker
of the inhibition of the sprouting in tubers of potato ex-
posed to iodine. In particular, the characterization of a
specific level of polyphenol oxidases expression corre-
lated with sprouting inhibition could be used in order
to identify effective treatments conditions. Moreover, it
is interesting to note that the concentration of iodine
in buds neither correlates with PPOs mRNA levels nor
is diagnostic for inhibition of sprouting.

2.4. PPO activity and isoforms in potato buds

PPO activities determined in extracts of buds from
different cultivars exposed to iodine-saturated atmos-
phere are reported in Fig. 4. In each cultivar, the trend
observed for enzymatic activity seemed to reflect par-
tially the corresponding fluctuations in polyphenol oxid-
ases mRNAs. In particular, in cultivars Innovator (Fig.
4(c)) and Primura (Fig. 4(d)) the highest activity value
was reached, during the treatment, few days after the
maximum level in polyphenol oxidases mRNAs was at-
tained. This observation suggests that transcription of
gene(s) coding for PPO(s) is rapidly coupled to transla-
tional and post-translational processes. In cv. Agata
(Fig. 4(a)) and in cv. Monalisa (Fig. 4(b)) a light corre-
lation, if at all, could be observed between the level of
polyphenol oxidases mRNAs and enzyme activity.
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Fig. 4. Polyphenol oxidases mRNAs level (closed circles) and specific PPO activity (open circles) in bud extracts of tubers cvs. Agata (a), Monalisa
(b), Innovator (c) and Primura (d), exposed to iodine-saturated atmosphere for different time intervals. The arrows indicate the minimal length of
treatment effective in sprouting inhibition. Error bars represent standard deviation (n = 3).

Native electrophoresis stained for PPO activity and
performed with extracts of buds from cultivar Agata
and Monalisa are shown in Figs. 5(a) and (b), respec-
tively. Similarly to the results obtained for cvs. Innova-
tor and Primura (data not shown), the importance of the
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Fig. 5. Native electrophoresis, stained for PPO activity, of bud
extracts, obtained from tubers cvs. Agata (a) and Monalisa (b)
exposed to iodine-saturated atmosphere for different time intervals.

anodic forms of PPO decreased with the increase of the
time exposure of tubers to iodine. However, this obser-
vation was not directly related to the reduction of the
ability of tubers to sprout.

In conclusion our observations demonstrate that the
transcription of PPOs coding genes is responsive to the
treatment of potato tubers with iodine, and that the in-
duced suppression of sprouting is concomitant with a
transient increase of the level of polyphenol oxidases
mRNAs. Unfortunately, this relationship does not gen-
erate a genotype-independent pattern of expression of
polyphenol oxidases which can be simply related to
the suppression of sprouting or, in other words, which
can be easily used to probe the onset of sprouting inhi-
bition. Nevertheless, the level of polyphenol oxidases
mRNAs could be associated with other metabolic
parameters which are, at present, under study to identify
a biochemical pattern useful as a marker of sprouting
inhibition.

3. Experimental
3.1. Materials

Potato (Solanum tuberosum L., cultivars Monalisa,
Agata, Primura and Innovator) tubers were obtained
from field cultivations and stored at 6-8 °C. Tubers
from each cultivar (cv.), featuring buds inferior than 3
mm, were exposed to iodine-saturated atmosphere at 5
°Cfor 2,18 h,or 1,2,4, 7, 8, 16 days. Tubers cv. Agata
were subjected for up to 8 days to the same conditions
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(wash, air-drying, storage in boxes), but avoiding expo-
sure to iodine. Tissues from both buds and peel were
immediately frozen in liquid nitrogen after sampling,
and then preserved at —80 °C.

3.2. Protein extraction and determination

Buds were kept frozen in liquid nitrogen and pow-
dered in mortar. Proteins were extracted anaerobically
in 1:10 (w/v) 0.1 M sodium phosphate buffer, pH 6.8,
containing 50 mgml~' polyvinylpyrrolidone, 5 mM
EDTA, and 1 mM phenylmethylsulfonyl fluoride. The
mixture was shaken for 2 h at 4 °C and the suspension
was centrifuged at 14,000g for 10 min. All operations
were conducted at 4 °C. Protein concentration was
determined according to Bradford (Bradford, 1976),
using bovine serum albumin as standard.

3.3. Enzyme assay

PPO activity was determined spectrophotometrically
at 20 °C in triplicate. The reaction mixture consisted
of 0.1 M sodium phosphate buffer, pH 6.8, 20 mM
3,4-dihydroxy r-phenylalanine (L-DOPA, Merck) and
50 ul of the sample. The increase in absorbance was
measured in a 1 cm light path cuvette at 475 nm, in a fi-
nal volume of 1 ml. PPO activity was calculated consid-
ering a molar extinction coefficient for dopaquinone of
3600 M~ ecm ™! (Boyer, 1977).

3.4. Native polyacrylamide gel electrophoresis (native
PAGE)

Native electrophoresis was performed with PPO
crude extracts (4 pg of protein was loaded for each sam-
ple) according to Laemmli (1970), using a Miniprotean
IT dual slab cell unit (Bio-Rad) and 10% polyacrylamide
gels. Gels were stained for PPO activity in 0.1 M potas-
sium phosphate buffer (pH 5.7) containing catechol and
p-phenylenediamine (Yu et al., 1992) at the concentra-
tions of 10 mM and 0.05% (w/v), respectively.

3.5. Northern blotting

Genomic DNA was extracted and purified from pota-
toes using the Nucleospin Plant kit (Macherey Nagel,
Diiren, Germany). A 1495 bp fragment of the gene
pot32 described by Thygesen et al. (1995) was amplified
through PCR, using genomic DNA as template and the
primers 5CGCCTAAGCCTGCAGATATGGAG (for)
and 5'CAGAGCAGGATCCATCAAAGTG (rev).
After digestion with Pstl and BamHI, the fragment
was cloned into pUCI19. A 562 nucleotides fragment of
the pea 18S ribosomal RNA gene, cloned in pBluescript
IT KS (Mittler and Zilinskas, 1994), was gently provided

by Pierre Golubinoff (Alexander Silberman Institute,
Jerusalem, Israel).

Probes were prepared by PCR amplification of the
described inserts in the presence of 0.15 mM biotin-
N4-dCPT (Detector PCR DNA Biotinylation Kit,
KPL, Gaithersburg, MD, USA) and using universal
primers.

Total RNA from frozen plant tissues was extracted
and isolated using the Nucleospin RNA kit (Mache-
rey-Nagel) and RAP (Macherey-Nagel) as extraction
buffer. RNA was electrophoresed, transferred to Hy-
bond N+ (Amersham Pharmacia Biotech, Sweden)
and detected after hybridization of the biotinylated
probes with a conjugate streptavidin-alkaline phospha-
tase, by using a DNA detector Northern Blotting Kit
(KPL) and CDP-Star (KPL) as substrate.

3.6. Determination of iodine concentration in potato
tissues

Either peel or the whole potato tuber was homoge-
nized with Ultra-Turrax (IKA Werke GmbH & Co,
Germany) in ultrapure water (Millipore); the same pro-
cedure was followed for buds from tubers cvs. Monalisa
and Primura. The suspension was incubated in the dark
at 40 °C for 30 min and filtered through a Millipore 0.45
pm membrane; the supernatant was then analyzed by
ion chromatography using an amperometric detector
(Dionex EDS50, GS50 column ASI11). Determination
was carried out after calibration with standards at
increasing KI concentration.
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