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Abstract Phytoplasmal infections cause loss in yield,
quality and germination of tubers. Hydrogen peroxide and
antioxidants such as ascorbic acid and dehydroascorbate are
implicated in signaling against stress. The effects of these
chemicals on minituber yield, sprouting and starch content
were evaluated in plants testing positive for phytoplasma.
Without chemical treatment, positive plants showed signif-
icant reductions in leaf pigments, tuber weights and starch
contents, compared to uninfected controls, and had more
minitubers though fewer sprouted. Hydrogen peroxide and
antioxidant treatments of positive plants significantly
reduced the number of minitubers, while enhancing their
weights and starch contents, and increased the percentage
of sprouting minitubers, while leaf pigment content also
increased. This research demonstrates potential benefits of
hydrogen peroxide and antioxidants in enhancing the yield
and quality of tubers not destined for seed in phytoplasma
positive plants.

Resumen Las infecciones por fitoplasma causan perdida
en el rendimiento, calidad y germinación de los tubérculos.
El peróxido de hidrógeno y antioxidantes tales como el
ácido ascórbico y dehidroascorbato están implicados en el
señalamiento contra estrés. Los efectos de estos químicos

en el rendimiento del minitubérculo, brotación y contenido
de almidón fueron evaluados en plantas positivas a
fitoplasma. Las plantas positivas sin tratamiento químico
mostraron una significativa reducción en los pigmentos de
las hojas, peso en los minitubérculos y contenido de
almidón, comparados con testigos no infectados; además,
se tuvieron más minitubérculos con menos brotación.Los
tratamientos de peróxido de hidrógeno y antioxidantes en
plantas positivas redujeron significativamente el numero de
minitubérculos, aumentando su peso, contenido de almidón
y porcentaje de brotación en éstos. El contenido de
pigmentos en las hojas fue mayor. Esta investigación
demuestra el potencial benéfico del peróxido de hidrógeno
y antioxidantes en aumentar el rendimiento y calidad de
tubérculos no destinados para semilla en plantas positivas
con fitoplasma.
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Abbreviations
AA ascorbic acid
DHA dehydroascorbate
MS Murashige-Skoog
ROS reactive oxygen species

Introduction

Phytoplasmas are minute (200 to 800 μm) pleiomorphic or
filamentous bacteria, bound by triple-layered membranes
without cell walls, which are parasites of phloem sieve
elements (Doi et al. 1967; Lee et al. 2000). They are
transmitted by specific phloem-sucking leafhoppers or
psyllid species, and have not been cultured in vitro (Lee
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et al. 2000). Phytoplasma genomes are very small (Neimark
and Kirkpatrick 1993; Marcone et al. 1999), and lack genes
for the pentose phosphate cycle and ATP-synthase subunits,
making them dependent on their hosts (Oshima et al. 2004).

Phytoplasmal infections are the primary limiting factors
for production of many important crops all over the world
(Lee and Davis 1992). In Mexico, potato purple top disease
is associated with phytoplasmas and is present in the main
potato-producing areas in the country. The disease causes
loss in yield and quality of the tubers from 30 to 95%
(Cadena 1993, 2000). Symptoms in infected shoots are
upward leaf rolling, chlorosis, purple discoloration of new
leaves, short internodes, proliferation of axillary shoots
with basal swelling, and formation of aerial tubers. Infected
tubers can fail to germinate or produce hair sprouts, so that
viability of tubers used as seed is diminished. Other damage
in the tuber includes internal browning, which affects the
commercial value of the harvest (Cadena and Galindo-
Alonso 1986; Cadena et al. 2003; Leyva-López et al. 2002;
Lee et al. 2004; Secor et al. 2006).

The control of phytoplasmas is very difficult as there are
no curative methods, and resistance or tolerance to these
organisms is rare. Classic control strategies include eradi-
cation of infected plants to decrease the amount of
inoculum, use of healthy plant material, and insecticide
treatments against the vectors (Garnier et al. 2001; Cadena
1996; 2000).

Plant cells have defensive responses to pathogen
attack associated with changes in oxidative metabolism
(Hammerschmidt 2005). One of the consequences of stress
is an increase in the cellular concentration of reactive
oxygen species (ROS), which are subsequently converted
to hydrogen peroxide (H2O2). These ROS, particularly
H2O2, play versatile roles in normal plant physiological
processes and in resistance to stresses. H2O2 produced in
excess is harmful, but lower concentrations are beneficial
(Quan et al. 2008). H2O2 is believed to play two distinct
roles in pathogenesis. One involves the oxidative burst in
the hypersensitive response, which restricts pathogen
growth (Low and Merida 1996; Wojtaszek 1997), and the
other activates plant defense responses, including induction
of phytoalexins (Apostol et al. 1989), second messengers or
signaling intermediates, PR proteins, antioxidant enzymes
(Low and Merida 1996, Desikan et al. 1998; 2000; 2001;
Gechev et al. 2002) and cell wall reinforcement (Dempsey
and Klessig 1995). For example, exogenous application of
H2O2 induced tolerance to high temperature (López-
Delgado et al. 1998) and to chilling (Mora-Herrera et al.
2005) in microplants of Solanum tuberosum. In transgenic
tobacco deficient in the H2O2 removing enzyme catalase,
sublethal levels of H2O2 activated expression of acidic and
basic pathogenesis-related (PR) proteins and led to en-
hanced pathogen tolerance (Chamnongpol et al. 1998).

Desikan et al. (2001), using cDNA microarrays, showed
that in Arabidopsis H2O2 induced transcripts for proteins
with functions in metabolism, energy, transport, cellular
organization and biogenesis, cell rescue, defense and
transcription. Genetic and physiological evidence suggests
that H2O2 acts as a signaling second messenger, mediating
the acquisition of tolerance to both biotic and abiotic
stresses and providing information about changes in the
external environment (Desikan et al. 2001; Bhattacharjee
2005; Quan et al. 2008).

Another molecule that participates in response to both
biotic and abiotic stresses is ascorbic acid (AA), which acts
as an antioxidant, protecting the cell against oxidative stress
caused by environmental factors and pathogens. As a direct
scavenger of ROS, protecting or regenerating carotenoids
or tocopherols, AA is the major redox buffer in plants, and
is present at high concentrations in most plant cell
compartments, including the apoplast (Noctor and Foyer
1998). AA is a cofactor of many enzymes, such as
ascorbate peroxidase, which converts H2O2 to water, and
violaxanthin de-epoxidase, which is required for dissipation
of excess excitation energy during nonphotochemical
quenching of chlorophyll a fluorescence, (Eskling et al.
1997; Smirnoff 2000). AA is oxidized in many of its
functions, producing the monodehydroascorbate radical,
which can be reduced to ascorbate by monodehydroascor-
bate reductase or undergo dismutation to produce dehy-
droascorbate (DHA), which can be reduced back to AA by
DHA reductase with glutathione as the reducing substrate
(Noctor and Foyer 1998; Gillespie and Ainsworth 2007).

Changes in AA content can modulate PR gene expres-
sion and systemic acquired resistance, acting as a signal
transducing molecule (Pastori et al. 2003; Foyer and Noctor
2005). In microarray analysis comparing leaf transcript
abundance in the mutant vtc1 (vitamin C-deficient Arabi-
dopsis) and the corresponding wild type Col-0, a total of
171 transcripts were modified, encoding proteins implicated
in DNA-binding, cell cycle control, signaling and develop-
mental processes, carbon, cell wall and lipid metabolism,
and anthocyanin synthesis. The most striking changes in
transcript abundance were observed for genes involved in
responses to biotic stress, in particular transcripts involved
with PR proteins, translocation and protein synthesis (Pastori
et al. 2003). Moreover, AA is also a regulator of cell
division, cell elongation and growth (Kerk and Feldman
1995).

Considering that H2O2 and AA have been implicated in
signaling gene expression against biotic and abiotic stresses
(Mittler et al. 2004; Scandalios 2005; Foyer and Noctor
2005; Noctor 2006), the objectives of this work were to
evaluate the effects of hydrogen peroxide, AA and DHA on
the tuber yield, sprouting and starch content, and on
photosynthetic pigments in plants positive to phytoplasma.
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Materials and Methods

Plant Material

Solanum tuberosum L. microplants cv Alpha, testing virus-
free, were obtained from the Germplasm Bank of the
National Potato Program of the National Institute for
Forestry Agriculture and Livestock Research (INIFAP) in
Metepec, Mexico. They were previously obtained from the
field selecting plants with symptoms of phytoplasma
naturally infected. Single node cuttings were propagated
in test tubes on Murashige and Skoog (1962) medium, at
20±1°C under a 16 h photoperiod (fluorescent lights,
35 μmol m2 sec−1, 400–700 nm), in sterile conditions
(Espinoza et al. 1986). They were tested for the presence of
phytoplasmas using nested PCRs with the phytoplasma-
universal 16S rDNA-based primers P3/P7 and R16F2n/
R16R2 of Smart et al. (1996a, b). Phytoplasma-tested
microplants were transferred to greenhouse conditions
30 days after the single-node subculture step.

Chemical Treatments

In the greenhouse, microplants were transplanted to pots
containing peat moss substrate. From 20 days later, they
were sprayed twice weekly for the next 2 months with
10 mL per plant of either 1 mM H2O2, 3.4 mM AA, or
3.4 mM DHA at pH 5.7. Controls were sprayed with
distilled water. Eight phytoplasma-positive and –negative
plants were sprayed in randomized arrays for each chemical
or control treatment, and each treatment was performed in
three to five independent experiments. Shoot dry weight,
number and weight of tubers per plant, were recorded 60
and 90 days after transplanting.

Pigment Analysis

Measurements were performed for each experiment on
plants 80 days after transplanting. Five leaf discs (1.5 cm
diameter) per plant were taken from mid-shoot leaves of
three plants per treatment. Samples for each assay com-
prised 15 discs, homogenized in 4 mL of 80% acetone at 4°C.
Insoluble materials were removed by centrifugation at 3 500 g
for 10 min. Chlorophylls a and b, and carotenoids, were
analyzed spectrophotometrically according to the method of
Lichtenthaler and Wellburn (1983).

Starch Analysis

Tuber starch content was determined by two methods.
Spectrophotometric assay by reaction with anthrone (Sigma
Chemical Co.) was performed on 1 g fresh weight of tissue,
by a similar method to Peña-Valdivia and Ortega-Delgado

(1991). For each of the eight treatments, a composite
sample of three minitubers was harvested. The 1 g sample
for each anthrone essay was composed of tissue of these
three minitubers. Measurements were performed for each
independent experiment 3 days after harvesting.

The percentage content of starch in tubers was also
determined using the relationship of specific gravity to dry
matter. Minitubers were weighed at 20°C in air and then in
water. Specific gravity was calculated as (weight in air)/
( [weight in air] -[weight in water]), and correlated with the
dry matter and starch content using the values of Gould and
Plimpton (1985). Specific gravity analysis was conducted
on all minitubers harvested from 8 plants per treatment.

Percentage of Minitubers Sprouted

Sprouting was induced by treatment of minitubers with
gibberellic acid (14.4 μM, pH 5.7) for 30 min, followed
by storage in diffused light. Three months later the
percentage of minitubers sprouted was evaluated for each
treatment.

Statistical Analysis

Data were analyzed in Statistica 6 software (StatSoft, Inc.,
Tulsa, OK) by ANOVA and Duncan’s Multiple Range Test
(Duncan 1955), and scored as significant if P<0.05.

Results

Effects of H2O2, AA and DHA were compared on shoot
growth, pigment contents, and tuber harvest, starch, and
sprouting parameters of both healthy and phytoplasma-
infected cv Alpha plants.

Shoot Growth

Sixty days after transplanting in vitro microplants to
greenhouse pots, dry weights of phytoplasma-positive shoots
were significantly lower (43%) than uninfected ones, in the
absence of chemical treatments (Fig. 1A). Spraying H2O2,
AA or DHA significantly increased shoot dry weight (by
87%, 86% and 127% respectively) of positive plants to
values similar to uninfected plants. The H2O2, AA or DHA
treatments did not produce any significant increments in the
dry weight of uninfected shoots at 60 days (Fig. 1A). By
contrast, 90 days after transplanting, each treatment had
significantly increased the weight of uninfected shoots, by 37
to 46%, relative to uninfected control (Fig. 1B). In positive
plants at 90 days, each treatment again increased shoot
weight, though only the AA effect (42%) was statistically
significant (Fig. 1B).
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Pigment Analysis

Changes in photosynthetic pigment contents were evaluated
80 days after transplanting (Fig. 2A, B, C and D). Without
chemical treatments, phytoplasma-positive leaves showed
significant reductions, compared to uninfected leaves, in
chlorophyll a (by 29%), chlorophyll b (44%), total
chlorophyll (30%), and xanthophylls /carotenoids (57%).
Treatments with H2O2, AA or DHA significantly increased
pigment contents of positive plant leaves to levels similar to
uninfected plants (with the exception of DHA on Chl a and
AA effects on carotenoids). No significant differences were
induced by these treatments in the uninfected plants
(Fig. 2A, B, C and D).

Tuber Harvests

Final harvests were carried out at 60 or 90 days after
transplanting. At 60 days no significant differences were
observed in the number of tubers in phytoplasma-positive
or uninfected control-treatments (Fig. 3A). However, at the
same date, positive plants sprayed with DHA produced
significantly more tubers (by 47%) than the positive
controls. None of the treatments induced significant differ-
ences in the number of tubers in negative plants (Fig. 3A).

At 90 days after transplanting, the number of tubers
produced by positive control plants was significantly higher
than the uninfected control (by 65%) (Fig. 3B). In
uninfected plants no significant differences were obtained

by the treatments relative to their controls (Fig. 3B).
However, all the H2O2, AA and DHA treatments significant-
ly reduced the number of tubers produced per plant (by 29,
22 and 25% respectively) in the positive plants compared to
their control (Fig. 3B). Interestingly, this reduced number of
tubers was similar to that produced by uninfected plants
subjected to any of the treatments (Fig. 3B).

Tuber weights of the uninfected control plants were
significantly higher (by 80 and 64%) than the positive control
by 60 and 90 days respectively (Fig. 4A and B). However,
H2O2 and DHA treatments significantly enhanced the weight
of tubers at 60 days (by 95% and 116% respectively) in the
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Fig. 2 Photosynthetic pigments. A) chlorophyll a, B) chlorophyll b,
C) total chlorophyll, and D) carotenoids of leaves of plants testing
negative (□) or positive (■) to phytoplasma, following spray treat-
ments with H2O2 (1 mM), AA (3.4 mM) or DHA (3.4 mM) or water
(controls), twice weekly for 60 days. Data are means ± SE of three to
five experiments (n=3) 80 days after transplanting. Bars with different
letters differ significantly by ANOVA and Duncan’s test (P<0.05)
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Fig. 1 Dry weight of shoots of potato plants testing negative (□) or
positive (■) to phytoplasma, following spray treatments with H2O2

(1 mM), AA (3.4 mM) or DHA (3.4 mM) or water (controls), twice
weekly for 60 days. Data are means ± SE of three to five experiments
(n=8). A) 60 and B) 90 days after transplanting. Bars with different
letters differ significantly by ANOVA and Duncan’s test (P<0.05)
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positive plants compared to their control (Fig. 4A). Further-
more, this response was maintained at 90 days after trans-
planting (107% and 78% respectively), when the AA
treatment also registered a significant (47%) increase
(Fig. 4B). The chemical treatments of positive plants resulted
in tuber weights that were either not significantly different to,
or greater than (in the H2O2 treatment at 90 days), those of
uninfected controls (Fig. 4A and B).

Significant reduction by the chemical treatments of the
weight of tubers harvested was observed in the uninfected
plants compared with their control at 60 days, this effect
remaining significant at 90 days for the DHA treatment
(Fig. 4).

Starch Content

Starch content, determined by anthrone reaction, signifi-
cantly decreased in positive control tubers (by 21%)
compared to uninfected controls (Fig. 5A). However,
H2O2 and antioxidant treatments of phytoplasma-positive
plants significantly increased their tuber starch contents
(H2O2, 61%; AA, 30%; DHA, 40%) compared with their
control (Fig. 5A). Minitubers of uninfected plants following
DHA treatment had significantly decreased (16%) starch
content relative to uninfected controls, but treatments byH2O2

and AA did not show significant differences (Fig. 5A).
Starch content and dry matter, determined by the

gravimetric method, were significantly decreased in tubers

obtained from positive controls (67 and 56% respectively), in
contrast to the negative controls. In positive plants, H2O2 and
both antioxidants significantly increased the tuber starch
content (H2O2, 179%; AA, 154%; DHA, 133%) (Fig. 5B),
and dry matter (H2O2, 112%; AA, 96%; DHA, 83%)
(Fig. 5C), compared to the positive controls. In negative
plants treated with H2O2, AA or DHA, significant differences
were not observed for these parameters (Fig. 5B and C).

Sprouting

The percentage of sprouted minitubers 128 days after harvest-
ing was significantly lower (26%) for those produced by the
positive control plants compared to the uninfected controls
(Fig. 6). For minitubers produced by positive plants, H2O2,
AA or DHA induced significantly higher percentages of
sprouting (20, 17 and 18% respectively), relative to the
positive controls. Minitubers borne by uninfected plants did
not show significant differences in sprouting after H2O2 or
DHA treatments, while the AA treatment caused significant-
ly lower sprouting percentages than the negative controls.

Discussion

H2O2 is a diffusible signal-transducing molecule and its
accumulation is perceived by the plant as a signal of
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Fig. 4 Weight of tubers produced by plants testing negative (□) or
positive (■) to phytoplasma, following spray treatments with H2O2

(1 mM), AA (3.4 mM) or DHA (3.4 mM) or water (controls), twice
weekly for 60 days. Data are means ± SE of three to five experiments
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environmental change, alerting the cell to both biotic and
biotic threats (Noctor and Foyer 1998). It also alters the
concentrations and redox status of intracellular antioxi-
dants, such as ascorbate (Foyer and Noctor 2005), thereby
stimulating induction of defense genes (Wu et al. 1997).
The role of H2O2 in the induction of tolerance to stresses in
potato plants has been demonstrated. López-Delgado et al.
(1998) and Mora-Herrera et al. (2005) showed that
exogenous H2O2 induced tolerance to high temperature
and freezing in potato plants. Wu et al. (1995) observed that
transgenic potato plants expressing a fungal gene encoding
glucose oxidase, which generates H2O2 when glucose is
oxidized, exhibited strong resistance to Erwinia carotovora
subsp carotovora, and to Phytophthora infestans. This
resistance to soft rot and to potato late blight was
apparently mediated by elevated levels of H2O2. The results
of the present study demonstrated that phytoplasma infected
plants suffered significantly harmful effects on shoot dry
weights and pigment contents, and on the number, weight,

starch content, and sprouting rate of tubers. In general,
these effects were reduced by spraying H2O2, AA or DHA.

Concerning the changes in the leaves pigment contents,
foliar chlorosis is a common symptom of phytoplasmas
(Lee et al. 2000). Pigment alterations may be involved in
pathogenesis (Chang 1998). Our results show that the
presence of phytoplasma in potato plants significantly
reduced the content of chlorophyll a, chlorophyll b, total
chlorophyll, and xanthophylls/carotenoids. Similar effects
have been observed in periwinkles (Catharanthus roseus)
infected by aster yellows phytoplasma or Spiroplasma citri,
where chlorophyll content was reduced (Chang 1998).
Similarly in apple (Malus pumila), grapevine (Vitis vinifera
L.cv Chardonnay) and corn plants infected by phytoplasma,
levels of chlorophylls and carotenoids were reduced
(Bertamini et al. 2002a, b, Junqueira et al. 2004). Our
results confirm that phytoplasmas can interfere with
photosynthetic pigments in potato. Leaf pigments of
phytoplasma-infected plants were reduced without yellow-
ing symptoms, an effect also observed by Chang (1998) in
S. citri-infected periwinkle leaves, where the reduction of
chlorophyll occurred before yellowing symptoms became
visible. H2O2, AA and DHA treatments of phytoplasma-
positive plants significantly increased the levels of chlor-
ophylls compared with positive control plants, while
similarly treated uninfected plants sprayed with did not
show significant differences in these pigments.

Under greenhouse conditions, the phytoplasma-positive
controls did not show characteristic symptoms of potato
purple top, but 90 days after transplanting, they produced a
higher number of tubers than the uninfected controls, with a
decrease in the weight and starch content of tubers relative
to uninfected controls. Increased number and reduced
weight of tubers is a characteristic response to stress in
potato. Phytoplasmas also cause an array of symptoms
suggestive of disturbances in the normal balance of plant
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hormones such as cytokinins and auxins (Chang 1998, Lee
et al. 2000). Increased number of tubers could be due to
disturbance of plant hormones involved in tuber formation
(Fernie and Willmitzer, 2001).

There is no information about how phytoplasmas affect
sucrose and starch metabolism in potato. Negative effects
of phytoplasmas on photosynthesis have been reported, and
differential display studies in periwinkle infected with
stolbur phytoplasma indicated down-regulation of genes
involved in photosynthesis (Jagoueix-Eveillard et al. 2001).
In transgenic potato plants, deficiency in starch biosynthe-
sis might have caused an increased number and reduced
size of tubers, these responses being paralleled by a
decrease in starch content, and positively correlated with
soluble sugar accumulating in tubers (Müller-Röber et al.
1992). In the present work, similar results were observed in
tubers of phytoplasma-positive controls, both starch content
and dry matter being decreased relative to uninfected
controls. H2O2, AA or DHA treatments reversed these
symptoms, along with reduction and enhancement in the
number and weight of tubers respectively. In general, these
treatments did not induce significant differences in tubers
from negative plants.

It has been suggested that a physiological balance of
antioxidant components is necessary in order to obtain
protection to generalized stress; however, antioxidants are
not always accessible to some of the sites where they are
most needed in times of stress (Foyer et al. 1994). Our
results agree with this statement since the AA and DHA
treatments induced significant anti-stress effects only in the
tubers from positive plants. Similar affirmation could apply
for H2O2. Previous reports demonstrated starch accumula-
tion in tubers and stems as effects of H2O2. López-Delgado
et al. (2005) observed under field conditions that H2O2

(5 mM) treatment enhanced tuber starch accumulation.
Image analysis confirmed that stems of H2O2 treated plants
contained more starch and lignin. The present work
demonstrates that at a lower concentration (1 mM) under
glasshouse conditions, H2O2 induced starch accumulation
only in tubers from phytoplasma-positive plants, suggesting
that H2O2-induced changes in gene expression caused the
increased starch content.

The percentage of post-harvest sprouting was lower in
tubers from positive controls than tubers from the uninfect-
ed controls. Experimental evidences suggest that phyto-
plasmas might alter sucrose metabolism (Oshima et al.
2004). The possible regulatory role of sucrose in tuber
sprouting has been investigated. Effects on tuber sprouting
due to altered sucrose metabolism were reported by
Hajirezaei et al. (2003). In transgenic potatoes, where
phloem-specific expression of cytosolic invertase blocked
the phloem transport of sucrose, they observed that tuber
sprouting was strongly impaired with absence of visible

sprout growth. In the present research, the detrimental
effects of phytoplasma on tuber sprouting were reduced by
the H2O2, AA and DHA treatments.

This work presents a novel potential approach for
overcoming the most common damage in tubers of
phytoplasma-infected non-seed potatoes, using natural
compounds that offer the possibility of reduction of biocide
usage. The elucidation of the precise mechanism of H2O2,
AA and DHA on phytoplasmas awaits further investigation.
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