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Abstract

Parthenocarpic fruit development is regulated by a plant hormone, i.e. gibberellin. The response of seven lines of
tomato to gibberellin was investigated to distinguish the degree of parthenocarpy and to compare the quality of
seedless and seeded fruits. The flower from stage 12 (size 5 mm) until 4 days after anthesis was sprayed with
GA; 0 mmol/L and 0.06 mmol/L. The treatments were arranged in Randomized Complete Block Design with
three replications. GA; 0.06 mmol/L reduced pollen germination, whose pollen germination (28.98%) was lower
than 0 mmol/L (46.06%). The total numbers of seeds and fertilized seeds of treated fruit were significantly
reduced in comparison with the control. Gibberellin application also increased the number of degenerated seeds.
Within the genotypes studied, four groups were distinguished, which showed a different degree of parthenocarpy
in response to gibberellin application. Kaliurang 206 and A65 are categorized as seedless with a 93.65% and
89.58% reduction in the total number of seeds, respectively. Gamato | is categorized as low-seeded with an
83.83% reduction in the total number of seeds. Gamato 3, Gamato 5, and B78 are categorized as medium-seeded
with a 69.83-80.85% reduction in the total number of seeds, whereas A175 is categorized as normal-seeded with
a 36.94% reduction in the total number of seeds. Gibberellin significantly increased the sugar content by 14.04%
and reduced the ascorbic acid content by 9.68% of parthenocarpic fruits compared with the untreated.
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1. Introduction

The majority of seeds are undesirable features in many crops, particularly edible fruit. Some seeds have a bitter
taste, are hard, and cause a digestive problem. Seeds and their cavities could be replaced by edible fruit tissue
and it is more desirable than seeded fruit. Seedless fruits are developed from unfertilized ovary due to the
absence of pollination and/or fertilization, and they are therefore called parthenocarpy (Varoquaux, Blanvillain,
Delseny, & Gallois, 2000). Parthenocarpy is a useful trait for industrial purposes, especially the tomato sauce
industry because seeds should be removed before processing in order to obtain the best quality of the sauce
(Rotino et al., 2005; Sato, Peet, & Gardner, 2004). In addition, parthenocarpy may improve the quality of the
fruit through the increased sugar content of the fruit (1°Brix higher than normal fruits), high dry matter content,
less acidity, less cellulose, and higher contents of carotene and lycopene than seeded fruit (Lukyanenko, 1991).

Several methods have been proven to produce seedless fruits such as triploid tomato (Kaganzur, Mizrahi, Zamir,
& Navot, 1991). Recently, the parthenocarpic transgenic tomato was obtained either by the regulation of auxin
synthesis (DefH9-RI-iaaM) (Rotino et al., 2005), rolB (Carmi, Salts, Dedicova, Shabtai, & Barg, 2003) or
regulation of GA signaling repressor i.e. DELLA (Marti et al., 2007). However, those methods require more time
and costs than breeding diploid cultivars of tomato. In order to resolve that problem, plant growth regulator can
be used to induce parthenocarpy in tomatoes such as GAj (Serrani, Fos, Atarés, & Garcia-Martinez, 2007) and
auxin (Serrani, Ruiz-Rivero, Fos, & Garcia-Martinez, 2008). GA; had also been widely used in grape (Jung et al.,
2014b) and successfully induced parthenocarpic fruit.
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The Faculty of Agriculture, Gadjah Mada University had developed six new lines of tomatoes, namely Gamato 1,
Gamato 3, Gamato 5, A65, A175, and B78. These tomato lines were derived from different parents. Gamato 1,
Gamato 3, A65, A175 were derived from GM1 x Gondol Hijau, whereas Gamato 5 and B78 were derived from
GM3 x Gondol Putih. These tomato lines had obovoid-shape fruit and round-shape fruit, big fruit size, high yield
and were suitable for industrial purposes. However, the tomato fruit contained a lot of seeds which could become
a problem for the tomato sauce and drink industries. In addition, they will hire more laborers and increase
production cost. The objective of this study was to determine the degree of parthenocarpy of new tomato lines
exposed to the GAj; application before anthesis and to compare the fruit quality between seedless and seeded
tomato fruits.

2. Method
2.1 Plant Material and Experimental Design

Tomato plants (Solanum lycopersicum L.) cv Gamato 1, Gamato 3, Gamato 5, Kaliurang 206 and tomato lines
A65, A175, B78 were used in the experiments. Gamato 1, Gamato 3, A65, A175 are pure lines that derived from
GM1 x Gondol Hijau, while Gamato 5 and B78 are derived from GM3 x Gondol Putih. Kaliurang 206, a
commercial cultivar grown in the wide area, was used as a check cultivar. The experiment had been conducted in
the greenhouse of The Seed Development Center of Horticultural Crop, Special Region of Yogyakarta, Indonesia.
The flowers from stage 12 (size 5 mm) until 4 days after anthesis was sprayed with GA; 0 mmol/L and 0.06
mmol/L. The treatments were arranged in Randomized Complete Block Design with three replications. The
experimental unit was consisted of eight plants. The plants were grown in mulched soil (silver and black plastic
polyethylene film) at the spacing of 50 cm x 60 cm. Standard agronomic techniques were applied during the
growing season from November 2014 to January 2015. Non-emasculated flowers were sprayed with gibberellic
acid (GA;) (Merck) 0.06 mmol/L and 0 mmol/L (control). Spraying GA; started on the first flower (stage 12)
according to Brukhin et al. (2003) until 4 days after anthesis with an interval of 3 days for 6 applications from
cluster 1 to cluster 3.

2.2 Data Collection

Collected data consisted of pollen germination, the total number of seeds per fruit, the reduction in the number of
seeds per fruit (%), the total number of fertilized seeds per fruit, the reduction in the number of fertilized seeds
(%), the degenerated seeds per fruit, the sugar content, the ascorbic acid content, and fruit firmness. Three plants
were chosen as plant sample in all experimental units. Two fruits were sampled from three plant samples in all
experimental units for the total number of seeds per fruit, the reduction in the number of seeds per fruit (%), the
total number of fertilized seeds per fruit, the reduction in the number of fertilized seeds (%), the degenerated
seeds per fruit, the sugar content, the ascorbic acid content, and fruit firmness. Two flowers were collected at
anthesis (stage 20) for pollen germination assessment from one plant sample in all experimental units. Pollens
were germinated on the liquid medium containing 12% (w/v) sucrose, 0.01% boric acid (H;BO3), and pH 6.4
according to Wang et al. (2003). Pollen density was 1500/1 ml medium. Pollens were homogenized 1 min with
vortex and incubated at room temperature of 25 °C. The incubated pollen was observed with a microscope
(Kruss, Germany) at a magnification of 100x. The picture of each sample was captured 5 replications using
Optilab Viewer. The fruit firmness was measured using Penetrometer (Bareiss Pruefgeraetebau GmbH type BS
61 II). The sugar content was determined using refractometer (ATAGO Pocket refractometer, Japan, 0-53% Brix).
The ascorbic acid (vitamin C) content was determined by titration method according to Jacobs (1962). The
degree of parthenocarpy was determined using a modified method of Mazzucato et al. (1998). Seedless (0-15
seeds), low-seeded (16-25 seeds), medium-seeded (26-50 seeds), and normal-seeded (> 51 seeds).

2.3 Statistical Analysis

Data were analyzed with Analysis of Variance (ANOVA) according to randomized complete block design and
Duncan’s Multiple Range Test (P < 0.05). Data processing and statistical analysis were carried out with SAS 9.3.
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Figure 1. The effect of GA; on pollen germination (A) and total seed per fruit (B) in seven tomato genotypes

Note. Shading bars correspond to control and black bars correspond to GAj application (0.06 mmol/L). Gamato
1 (Gaml), Gamato 3 (Gam3), Gamato 5 (Gam5), Kaliurang 206 (K206). Bars followed by the same letter are not
significantly different at P < 0.05. Blue bars are the standard deviation.

3. Results and Discussion
3.1 Pollen Germination

Plants are categorized as seedless fruit if they produced the fruit without seed, followed by seed abortion or have
a much-reduced number of seeds (Varoquaux et al., 2000). It can be induced by using plant hormones,
particularly gibberellin. The Figure 1A showed that gibberellin applied before anthesis to a non-emasculated
flower of tomato reduced pollen germination, inhibited normal seed development and triggered parthenocarpic
fruit development as shown in the Figure 1B. This result was in accordance with a previous study which had
been reported that gibberellin inhibited the pollen tube growth at high concentration (Singh, Jermakow, & Swain,
2002).

The concentration of GA; 0.06 mmol/L significantly reduced pollen germination on Gamato 1, Gamato 3, and
B78 whose pollen germination were lower (20.49-50.28%) than that of the control. Sugiura and Inaba (1966)
reported that Delaware grapes treated with gibberellin at pre-bloom reduced pollen germination due to the
reduction of respiration rate and enzyme activities of pollen, while A65, A175, Gamato 5, and Kaliurang 206 did
not show significant differences on pollen germination between GA; 0.06 mmol/L and 0 mmol/L. However, A65
treated with GA3; 0.06 mmol/L had higher pollen germination (35.26%) than that of the control (29.27%)
although statistically not different. This result suggested that gibberellin acted as pollenicide not only through
reducing pollen germination but also probably via development of the coiled pollen tube during penetration in
pistil despite it was pollinated with the most viable pollen which has been reported by Okamoto and Miura (2005)
and Jung et al. (2014a).

3.2 Gibberellin-Induced Parthenocarpic Fruit in Tomato Genotypes

Total seed per fruit is defined as total seed potential, including fertilized and degenerated seed. Figure 1B
showed that total seed per fruit significantly reduced in all genotypes treated with GA; 0.06 mmol/L. Kaliurang
206 treated with GA; 0.06 mmol/L had the lowest total seed per fruit but not significantly different compared to
other genotypes except A175. Total seed per fruit in control was significantly different compared to the fruit
developed from flower treated by GA; 0.06 mmol/L. This result suggested that applying gibberellin before
anthesis to non-emasculated flowers of tomato reduced the total seeds per fruit and triggered parthenocarpic fruit
development. A similar result was reported on grape treated by gibberellin before full-bloom (Jung et al., 2014b).
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Figure 2. The effect of GA; application on the reduction in the number of seeds (A) and in the number of
fertilized seeds (B)

Note. Gamato 1 (Gaml), Gamato 3 (Gam3), Gamato 5 (Gam5), Kaliurang 206 (K206). Bars followed by the
same letter are not significantly different at P < 0.05. Blue bars are the standard deviation.

The Figure 2A showed that Kaliurang 206 had the highest reduction in the number of seeds (93.65%) and did not
show significant difference compared to other genotypes except A175 which had the lowest reduction in the
number of seeds (36.94%), while A65, Gamato 1, Gamato 3, Gamato 5, and B78 had a reduction in the number
of seeds between 69.83%-89.58%. Table 1 showed that according to the modified method of Mazzucato et al.
(1998), four groups were distinguished based on seed reduction, which showed a different degree of
parthenocarpy in response to gibberellin application. Kaliurang 206 and A65 are categorized as seedless. Gamato
1 is categorized as low-seeded. Gamato 3, Gamato 5, and B78 are categorized as medium-seeded, while A175 is
categorized as normal-seeded. A65, Gamato 1, Gamato 3, and A175 had the same parent (GM1 x Gondol Hijau).
Although genotypes derived from the same ancestry, their responses to form parthenocarpic fruit were quite
different. This result suggested there was variability within genotypes which showed a different degree of
parthenocarpy. The result was similar to Tiwari, Dassen, and Heuvelink (2007) that eleven genotypes of sweet
pepper derived from different parents showed different expression of parthenocarpy in response to normal and
low night temperature.

Table 1. The degree of parthenocarpy and the comparison of degenerated seed per fruit, sugar content (% Brix),
ascorbic acid content (mg/100 g Fresh Weight), and fruit firmness in seven tomato genotypes

Genotypes Degree of The number of . Sugar Content Ascorbic acid Fruit Firmness
Parthenocarpy degenerated seeds per fruit content
A65 Seedless 3.11£2.99° 6.61 +1.28" 43.61£9.86 39.65+2.72°
Gamato 1 Low 15.78 £ 13.58" 4.75+0.85° 41.95 +4.40° 45.17 £ 5.47%
Gamato 3 Medium 10.06 +7.79° 6.05 £ 0.50° 33.74£3.76"  42.02+3.34°
Al175 Normal 10.22 +10.76° 6.53 +1.07° 40.63£4.12% 42,63 +2.84"
Gamato 5 Medium 9.72 + 4.55° 4.97+0.55" 31.73 £5.87¢ 41.80 +2.05
B78 Medium 9.72 £ 17.39* 4.93+0.83° 52.90 + 8.66° 48.02 + 7.80°
Kaliurang 206 Seedless 2.50 £ 1.94° 4.59+0.33° 37.59+5.14% 44,40 +4.13®

Note. Means =+ standard deviation in the column marked with the same lowercase letter are not significantly
different at P < 0.05.

The Figure 3 showed that control produced fruit with a higher number of fertilized seeds than GA3 0.06 mmol/L.
Kaliurang 206 treated with GA3; 0 mmol/L had the highest number of fertilized seeds per fruit, but did not show
significant difference compared to other genotypes except A175. Fertilized seed is formed as a consequence of
successful double fertilization. The Figure 2B supported that Kaliurang 206 had the highest reduction in the
number of fertilized seeds (96.01%) and did not show significant difference compared to other genotypes except
A175 which had the lowest reduction in the number of fertilized seeds (49.35%), while A65, Gamato 1, Gamato
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3, Gamato 5, and B78 had a reduction in the number of seeds between 83.33%-94.50%.
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Figure 3. The effect of GA; on the number of fertilized seeds per fruit in seven tomato genotypes

Note. Shading bars correspond to control and black bars correspond to GA; application (0.06 mmol/L). Gamato
1 (Gaml), Gamato 3 (Gam3), Gamato 5 (Gam5), Kaliurang 206 (K206). Bars followed by the same letter are not
significantly different at P < 0.05. Blue bars are the standard deviation.

Tables 1 and 2 indicated the insignificant differences in seven tomato genotypes and in GA; treatment between
control and treated one on the number of degenerated seeds per fruit, respectively. However, the number of total
degenerated seeds per fruit resulted in higher GA; 0.06 mmol/L than the control. Serrani et al. (2007) reported
that emasculated ovaries of tomato treated with GA; induced degenerated ovules. Those results suggested that
GA; inhibited the formation of fertilized seeds and increased the number of degenerated seeds per fruit because
GA; inhibited the pollen from penetrating into the ovary. Ho and Hewitt (1986) reported that the number of
fertilized ovules is determined by the success of germinated pollen to reach the micropyle.

3.3 Fruit Morphology and Quality of Parthenocarpic and Seeded Fruits

In general, Figure 4A showed that locular cavities of tomato fruit from the responsive genotype treated with
gibberellin had expanded internal mesocarp (radial pericarp) and expanded placenta tissue that replaced the
ovule position in the locular cavity compared to control as shown in Figure 4C. On the other hand, Figure 4B
showed that non-responsive genotype (A175) had a different response whose internal mesocarp was not
expanded as well as occurred in responsive genotypes, but almost similar to the untreated as shown in Figure 4D.
Finally, that could be used as edible fruit tissue and made more desirable features in fruit. Similar results were
reported by Biinger-Kibler and Bangerth (1982) and Serrani et al. (2007) that GA-induced mesocarp cell
expanded in tomato.

Table 2. The effect of GA; Concentration on the number of degenerated seeds per fruit, sugar content (% Brix),
ascorbic acid content (mg/100 g Fresh Weight), and fruit firmness

The number of
degenerated seeds per fruit

0 Control 4.92 + 3.49° 5.13 +£0.54° 42.35+£521° 4375 £3.19"
0.06 10.38 + 11.28° 5.85+0.73 38.25+5.13" 43.01+ 4.13°

GA; Concentration mmol/L Sugar Content  Ascorbic acid content  Fruit Firmness

Note. Means =+ standard deviation in the column marked with the same lowercase letter are not significantly
different at P < 0.05.

In order to determine the fruit quality, seeded fruit and seedless fruit were compared to measure the sugar content,
ascorbic acid content, and fruit firmness. Table 1 showed that genotypes A65, Gamato 3, and A175 had
significantly higher sugar content than Gamato 1, Gamato 5, B78 and Kaliurang 206. This result suggested that
genotypes derived from GM1 x Gondol Hijau had higher sugar content than genotypes derived from GM3 x
Gondol Putih. The application of GA3 0.06 mmol/L increased the significance of sugar content as shown in table
2. The capacity of gibberellin increased the sugar content of seedless fruit has also been reported previously on
tomato by Kataoka, Yashiro, Habu, Sunamoto, and Kitajima (2009) and Garcia-Hurtado et al. (2012). The
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expansion of internal mesocarp (radial pericarp) in the locular cavity as shown in Figure 4A may be led to
increasing the sugar content due to the high activity of invertase and slightly strengthen the sink activity of
developing parthenocarpic fruit (Kataoka et al., 2009; Zhang, Tanabe, Tamura, Itai, & Yoshida, 2007).
Lemaire-Chamley et al. (2005) reported that the expression of sucrose synthase and hexose transporter genes
was high during the development of tomato fruit, particularly in exocarp, mesocarp, endocarp, and columella and
that expressions are regulated by gibberellin.

(A) A65 -GA3

A65+GAs (C),,
Ic

(B) A175 +GA3 (D) A175 -GA3
[ ]

Figure 4. Transverse sections of tomato fruits with the difference of locular cavities between treated and
untreated Genotypes

Note. (A) Responsive Genotype i.e. A65 treated with GA; 0.06 mmol/L (seedless) (B) Non-responsive genotype
i.e. A175 with GA; 0.06 mmol/L (normal-seeded) (C) A65 with GA; 0 mmol/L. (D) A175 with GA; 0 mmol/L. P:
pericarp, lc: locular cavity, pl: placenta tissue, rp: radial pericarp, c: Columella (inner wall of pericarp), s: seed.
Blue bars (1 cm).

Table 1 showed that B78 had the highest ascorbic acid content and was significantly different from other
genotypes. Gamato 3, Gamato 5, and Kaliurang 206 had the lowest ascorbic acid content. GAj; treatments
significantly reduced the ascorbic acid content as shown in table 2. The reduction of the ascorbic acid content in
GA-induced parthenocarpic fruit was due to the highest transcript of SIGA200x1 in tomato fruit treated with
GA; 0.06 mmol/L which showed a negative correlation with the ascorbic acid content (Unpublished data). A
previous study has been reported that SIGA200x3, one of the three GA20 oxidases involved in the
13-hydroxylation gibberellin biosynthesis pathway, had a negative correlation with the vitamin C content
(Lima-Silva et al., 2012). This result suggested that GA20 oxidase family had a negative effect on the vitamin C
content.

B78 had the highest fruit firmness but did not show a significant difference compared to Gamato 1, A175 and
Kaliurang 206. A65, Gamato 3 and Gamato 5 showed no significant difference in comparison with Gamato 1,
A175, and Kaliurang 206. Table 2 showed that gibberellin application did not affect fruit firmness, and a similar
result had also been reported on pepper (Belakbir, Ruiz, & Romero, 1998) and on the parthenocarpic fruit of
tomato compared to the wild type (Andrea Mazzucato, Cellini, Bouzayen, & Zouine, 2015). This result proved
that even parthenocarpic fruit was as firm as seeded fruit.

4. Summary and Conclusion

Gibberellin reduced pollen germination and triggered parthenocarpic fruit development. The reduction in the
pollen germination and in the number of seeds per fruit affected by GA; were the key factor for inducing
parthenocarpic fruit. Four groups of different degrees of parthenocarpy were distinguished in seven tomato
genotypes, high expressivity of parthenocarpy was observed in Kaliurang 206 and A65. However, Kaliurang 206
had a low sugar content, therefore, Gamato 3 can be used together with A65 for inducing parthenocarpy with
GA;. Eventhough Gamato 3 was categorized as a medium seeded cultivar, it still produced few seeds. Seedless
tomato fruit induced by gibberellin contained more soluble solid and lower ascorbic acid content than seeded
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fruit. Parthenocarpic fruits had valuable features for increasing their potential economic values. Tomato
genotypes used in this study are proposed for industrial tomatoes such as the sauce and juice industries. The
enhancement of tomato fruit quality with a high sugar content and less acidity is preferable for the consumer.
This method has a constraint on its application to indeterminate plants because flowering does not occur
simultaneously, so that the spraying of GA; should be done more thoroughly on each cluster. It is, however, easy
to be applied to determinate plants. It is also feasible to adopt this method and apply it to other species, but there
is a need to ensure the right and appropriate GA; concentrations to induce parthenocarpy.
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