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Abstract

The cause of the low survival rate of sweet pepper plants after grafting was investigated and compared with findings of eggplant and tomato
plants, and the promotive effect of ascorbic acid (AA) was determined. Sweet pepper plants formed less callus at the cut surfaces of the stem
compared to eggplant and tomato plants. Foliar application with 100 mg L™" AA promoted callus formation at the cut surfaces of the scion stems
and improved the survival rate after grafting. We suggest that the low survival rate of grafted sweet pepper plants is caused by their low rate of callus
formation, and that AA can be used to promote graft-take through the acceleration of callus formation at the cut surfaces of the stems.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Grafting of vegetable crops is popular in Japan and South
Korea (Lee, 1994), however sweet pepper plants are rarely
grafted as they tend to be resistant to soil-borne diseases
compared with eggplant and tomato plants. Recently, however,
new races of the causal pathogen of bacterial wilt have
appeared, causing increased occurrence of the disease. The use
of methyl bromide, a chemical traditionally used in the control
of bacterial wilt, has been prohibited since 2005, and therefore
the demand for grafting in the production of sweet peppers has
increased. Research on the factors related to successful grafting
in sweet pepper plants is extremely scarce; however, it is known
that different stem diameters between the scion and rootstock
lower the survival rate, and that defoliation and a low survival
rate occur as a result of water stress during acclimatization in
old seedlings (Shirai and Hagimori, 2004).

Callus formation, and differentiation and connection of
vascular bundles at the graft interface are essential for successful
grafting (Ogata et al., 2005). Tissue culture of sweet peppers is
difficult (Javier et al., 2001), as cell differentiation is late in these
plants (De Donato et al., 1989). Thus, neither callus formation
nor differentiation and development of vascular bundles are
easily achieved in sweet pepper plants.
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Despite its advantages, grafting cannot avoid injury stress.
Injury stress causes plant cells to generate active oxygen,
resulting in various physiological disorders (Berlett and Stadt-
man, 1997). In tomato plants, the concentration of active oxygen
increases after grafting, and activity of antioxidant enzymes such
as ascorbic acid peroxidase (APX) and catalase increase to
eliminate the active oxygen (Garcia et al., 2004). Ascorbic acid
(AA) concentration also increases after grafting in tomato plants
(Wadano et al., 1999), and in stored fruits and vegetables. AA is
effective in maintaining freshness (Gil et al., 1998).

If active oxygen generated by injury stress could be elimina-
ted using AA as an antioxidant, successful grafting could be
achieved by maintaining high cell activity at the graft interface.
The objective of this study was to clarify the cause of the low
survival rate of sweet pepper plants after grafting in comparison to
grafted eggplant and tomato plants. The effect of AA on the
survival rate of grafted sweet pepper plants was also investigated.

2. Materials and methods
2.1. Plant material and cultivation

Experiments were conducted from 12 May to 11 October,
2004, at a greenhouse in Osaka Prefecture University.
Germinated seeds of sweet pepper (Capsicum annuum L.
‘New ace’), eggplant (Solanum melongena L. ‘Daitaro’) and
tomato (Lycopersicon esculentum Mill. ‘Momotaro’) plants
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Fig. 1. Method of homo-grafting in this study. (s) Scion, (r) rootstock.

were sown in a 200-cell tray (16 mL cell_l) filled with peat-
moss and vermiculite (1:1, v/v). To obtain equal stem diameters
at grafting, seeds of eggplant and sweet pepper plants were
sown 13 days earlier than those of tomato plants.

The seedlings were grown in a greenhouse with a light
transmissivity of 55% and supplied with a nutrient solution
containing 4.6 N, 1.3 P, 2.2 K, 1.1 Ca, 0.4 Mg, in pmol Lt
Plants were grown for 34 and 58 days after sowing to obtain
plants at young and old stages, respectively. Sweet pepper,
eggplant and tomato plants had unfolded the 6th, 3rd, and 5th
true leaves at the old stage and the 4th, 2nd, and 3rd true leaves
at the young stage, respectively. Young and old stages represent
the grafting age for plug seedlings and pot seedlings,
respectively.

Stems of the sweet pepper, eggplant and tomato plants were
cut under the 4th, 2nd, and 3rd leaves from the top, and homo-
grafted at the epicotyl of the rootstock (Fig. 1). The grafted plug
seedlings were sprayed with water, placed into containers
(73 Hcm x 33 Hem x 40 H cm), then covered with a trans-
parent polyethylene film to maintain the relative humidity (RH)
at more than 95%. The containers were placed in a growth
chamber at 25 °C in the dark. From a day after grafting, the
photosynthetic photon flux density (PPFD) was increased from
80 to 400 pmol m 25" by increasing the number of white
fluorescent lamps (Hitachi Sun Rhine 40 type) every 24 h
(Fig. 2). From 5 days after grafting, the plants were hardened by
gradual lowering of humidity for 2 days. The grafted plants
were then transplanted and grown in the greenhouse.

2.2. Graft-take in solanaceous plants

Sweet pepper, eggplant and tomato plants grafted at young
and old stages were used. The numbers of defoliated leaves and
surviving scions were counted in 30 grafted plants 14 days after
grafting.

2.3. Callus thickness of the scion and rootstock in
solanaceous plants

Stems of sweet pepper, eggplant and tomato plants at young
and old stages were cut under the 4th, 2nd, and 3rd leaves from

the top, respectively. The bottoms of scions were then placed in
1% agar in a transparent plastic container (27 Hcm X
21 Hem x 10 H cm) and maintained at more than 95% RH.
Rootstocks were cut at the epicotyl, placed in a container, and
maintained at more than 95% RH. The containers containing
the scions and rootstocks were then placed in a chamber at
25 °C and 22 wmol m 2 s~ ' PPFD. The thickness of the callus
formed on the cut surface was measured in six plants 5 days
after cutting.

2.4. Effect of AA on callus thickness in sweet pepper plants

Ascorbic acid at 0, 10, 100, and 1000 mg L' was foliar-
applied by hand spray to the leaf surface of old-stage scions and
rootstocks. The thickness of the callus formed on the cut
surfaces of the scions and rootstocks was then measured in six
plants 5 days after cutting.

2.5. Effect of AA on the survival rate of grafted sweet
pepper plants

AA at 0 and 100 mg L™" was foliar-applied immediately
after grafting of sweet pepper plants at young and old stages.
The numbers of defoliated leaves and surviving scions were
counted in 30 grafted plants 14 days after grafting.
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Fig. 2. Acclimatizing conditions of grafted plants. Air temperature was main-
tained at 25 + 3 °C.
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Fig. 3. Defoliation of tomato, eggplant and sweet pepper plants homo-grafted
at different ages. Plants at young and old stages were grown for 34 and 58 days
after sowing, respectively. NS, nonsignificant; *significantly different (z-test,
P =0.05).

2.6. Statistical analysis

Mean values were separated by t-test at P < 0.05 and
Tukey’s multiple range test at P < 0.05 using MEPHAS (Osaka
University, Japan).

3. Results
3.1. Graft-take in solanaceous plants

No defoliation was observed in eggplant and tomato plants
grafted at young and old stages. In sweet pepper plants, however,
anaverage value of 0.3 and 1.7 leaves fell at young and old stages,
respectively (Fig. 3). Survival rates of plants grafted at young and
old stages were 100% in both tomato and eggplant plants. In
sweet pepper plants, however, only 89 and 44% of grafted plants
survived at young and old stages, respectively (Fig. 4).

3.2. Callus thickness of the scion and rootstock in
solanaceous plants

The callus formed on the cut surfaces of the scion stems
tended to be thickest in the tomato plants, followed by the
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Fig. 4. Survival rates of tomato, eggplant and sweet pepper plants homo-grafted
at different ages. Plants at young and old stages were grown for 34 and 58 days
after sowing, respectively. NS, nonsignificant; *significantly different (z-test,

P =0.05).
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Fig. 5. Thickness of the calli formed at the cut surface of the scion (A) and
rootstock (B) stems in tomato, eggplant and sweet pepper plants at different
ages. Plants at young and old stages were grown for 34 and 58 days after sowing,
respectively. NS, nonsignificant; *significantly different (s-test, P = 0.05).

eggplant and sweet pepper plants (Fig. 5SA). Moreover, the
callus was thicker on scions from young stage plants than
those from old stage plants. The thickness of the callus formed
on the cut surfaces of the tomato and eggplant rootstock
stems was more than 0.4 mm at young and old stages, but in
sweet pepper plants was less than 0.2 mm at both stages
(Fig. 5B).

3.3. Effect of AA on callus thickness in sweet pepper plants

The thickness of the callus formed at the cut surface
of the scion stems increased proportionally with AA
concentration, reaching 0.36 mm at 100 mgL~" AA and
maintaining a similar thickness at 1000 mgL™' AA. In
rootstocks, however, the thickness of the callus was not
affected by AA (Fig. 6).
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Fig. 6. Effect of foliar-applied ascorbic acid on callus formation at the cut
surface of the scion and rootstock stems in sweet pepper plant grafted at an old
stage (58 days after sowing). Same letters indicate no statistical difference at
P =0.05 (Tukey’s multiple range tests).
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Fig. 7. Effect of 100 mg L™ foliar-applied ascorbic acid on defoliation in
sweet pepper plants homo-grafted at different ages. Plants at young and old
stages were grown for 34 and 58 days after sowing, respectively. NS, non-
significant; *significantly different (s-test, P = 0.05).
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Fig. 8. Effect of 100 mg L™ foliar-applied ascorbic acid on the survival rate of
sweet pepper plants homo-grafted at different ages. Plants at young and old
stages were grown for 34 and 58 days after sowing, respectively. NS, non-
significant; *significantly different (s-test, P = 0.05).

3.4. Effect of AA on the survival rate of grafted sweet
pepper plants

The number of defoliated leaves counted after grafting at the
young stage was very low regardless of AA treatment (Fig. 7).
However, after grafting at the old stage, the number of
defoliated leaves decreased from an average of 1.8 (control) to
0.7 with AA treatment. The survival rate of plants grafted at the
young stage was at 89% in the control, but increased to 100%
with AA treatment (Fig. 8). After grafting at the old stage, the
survival rate was very low in the control (44%), but markedly
increased with AA treatment (89%).

4. Discussion

During acclimatization after grafting, no defoliation was
observed in the grafted eggplant and tomato plants used in the
present study; however, the opposite was true for the sweet
pepper plants. This result was most apparent after grafting at an
old stage. Sweet pepper plants defoliate as a result of water
stress (Nitzsche et al., 1991) and the defoliation was previously
observed in sweet pepper plants grafted at an old stage (Shirai
and Hagimori, 2004). Although the survival rate of the eggplant
and tomato plants was 100% after grafting at both the young
and old stages, the survival rate in sweet pepper plants was low,

44%, at the old stage. These results confirmed the low survival
rate of grafted sweet pepper plants compared with eggplant and
tomato plants.

Callus formation, and the differentiation and connection of
vascular bundles in the callus are essential for successful
grafting. The differentiation of vascular bundles from the callus
influences successful grafting (Moore and Walker, 1981;
Moore, 1984), with active callus formation at the cut surface
leading to the formation of a callus bridge between the scion
and rootstock as well as vascular bundle differentiation
(Andrews and Serrano, 1993). Moreover, insufficient connec-
tion of vascular bundles between the scion and rootstock
decreases the quantity of water flow (Torii et al., 1992).
Therefore, efficient callus formation is important for the
formation of the graft union and survival of the scion, and it has
been suggested that an ability to form callus is positively
correlated with grafting success (Ogata, 1995). In our results,
the callus was thinner in sweet pepper plants compared with
eggplant and tomato plants, and it is therefore thought that the
small amount of callus formation at the old stage is the cause of
the low survival rate of grafted sweet pepper plants. The
number of adventitious buds generated from cotyledons
cultured on liquid MS medium was previously shown to be
less in sweet pepper plants than tomato plants (Javier et al.,
2001). This further supports the hypothesis that low survival
rate of sweet pepper plants is attributed to slow callus formation
and cell differentiation.

Generally, plant tissue at a younger age has a higher cell
division and proliferation ability. In our experiments, the callus
was thicker and the survival rate was better in young stage
sweet pepper plants compared with old plants. Callus obtained
from old tissue of pepper has a low rate of cell differentiation
and division (De Donato et al., 1989). In sweet pepper plants
grafted at the old stage, the low rates of callus formation might
delay the connection of vascular bundles between the scions
and rootstocks, cause water stress, and lower the survival rate of
grafted plants.

AA acts an antioxidant through a catalytic reaction with
APX (Shigeoka et al., 2002). Plants are injured by the cut in the
grafting process, and the active oxygen concentration increases
as a result of this injury stress (Garcia et al., 2004). The
concentration of AA also increases after grafting in tomato
(Wadano et al., 1999). Hyper-production of AA is thought to
counteract injury stress, because AA has been shown to protect
plants from oxidation (Tabata et al., 2001). Therefore, AA
treatment after grafting was considered an effective way to
protect plants from injury stress in grafted plants.

Although in the present study callus formation was
promoted with AA treatments in the scions, there was no
effect in the rootstocks. Since the rootstocks had a smaller leaf
area—only the cotyledon in this experiment—it seems that
little AA would have been absorbed by the plant. Therefore,
improvement in the AA treatment of rootstocks may promote
the survival rate of grafted sweet pepper plants.

Many physiological functions of AA have been reported
besides protection of plants from active oxygen. AA is known
to control cell differentiation (Arrigoni, 1994) and to promote
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callus division and growth (Tabata et al., 2001). Moreover,
ascorbate oxidase, the substrate of which is AA, is also thought
to have roles in cell division and hypertrophy (Kato and Esaka,
2000). These results indicate that AA treatment may result in
callus formation at the cut surface of the scion via AA’s
promotion of cell division. Since AA also promoted shoot
formation from callus in tobacco tissue culture (Joy et al.,
1988), it is thought that AA promotes not only callus formation
but also differentiation of vascular bundles.

This study showed that sweet pepper plants form smaller
amounts of callus at the cut surface of the stem than eggplant
and tomato plants, and that the low survival rate of grafted
sweet pepper plants was caused by the low rate of callus
formation. It was also found that AA promotes callus formation
at the cut surface of the scion and increases the survival rate of
grafted sweet pepper plants.
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