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Abstract
Indole-3-acetic acid (IAA) endogenous levels were determined by liquid chromatography-mass spectrometry, diffusible levels were determined by fluorometric detection and polar transport activity was
determined by radioactive IAA in tomato plants. IAA concentration in the apoplast (AP) solution was
higher than those in the symplast (SP) solution in both upper and lower parts of stems. It is suggested
that the amount of polar IAA transport might be only 19% of the amount of endogenous IAA in stems.
In fruits, concentrations of abscisic acid (ABA) were high in the pericarp, axis and the locule tissue in
the early growth stages. In seedless fruits of parthenocarpic tomato, the levels of IAA, gibberellic
acid1 (GA1), trans-zeatin (Z) and trans-zeatin riboside (ZR) were analyzed. IAA concentrations of the
pericarps and partitions were higher in fruits of 8 cm in diameter (8-cm-fruit) than in 6-cm-fruit. In the
partitions, IAA concentrations of SP were higher than those of AP solution. The SP of the partitions in
6-cm-fruit had the highest concentration of Z and was 2.7 times greater than the AP. The ZR concentration in locule tissues in 6-cm-fruit was the highest. These results suggest that the sites of synthesis
may be the SP of partitions for IAA and Z, and locules for ZR.
Discipline: Crop production / Horticulture
Additional key words: abscisic acid, cytokinin, gibberellin, indole-3-acetic acid

Introduction
Tomato plants have been cultivated and investigated as a major commercial crop all over the world.
Additionally, tomato plants have been used as a model
system to research fruit growth1,15,24. Thus, a series of
investigations using tomato plants have been carried out
because tomato plants are suitable for basic physiological
researches and the ripple effect is large.
Indole-3-acetic acid (IAA) might exert its physiological effect on a cell from outside the plasma
membrane32. In etiolated seedlings, hypocotyl growth
might be related to the higher concentration of IAA in the
apoplast (AP) solution (sap outside a cell) rather than the
lower one in the symplast (SP) solution29.
The polar transport of IAA from a shoot apex to a
root serves as a correlative signal involved in physiological phenomena. IAA transport has been studied extensively using seedlings10,11, while there are few
investigations of IAA balance at the whole plant level

using adult plants.
Fruit growth is controlled by various phytohormones such as IAA, gibberellins (GAs) and cytokinins
(CKs)8. The growth of pollinated fruits is promoted by
hormones synthesized mainly in seeds26,31, while in seedless fruits the fruit growth may be the result of elevated
hormone levels in the ovary/fruit5,8, but the origins of hormones are not clear.
The present review shows endogenous levels in the
AP and SP solutions, the diffusible levels and polar transport activity of IAA for whole tomato plants, and the
endogenous levels of IAA, GA1 and CKs in seedless
fruits of parthenocarpic tomatoes.

Levels and transport of IAA in vegetative
organs20
1. Endogenous levels in stems and roots
AP solution was collected by the centrifugation
method28 with some modifications. There was almost no
difference between upper and lower plant parts for the
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Fig. 1. Endogenous IAA levels, diffusible IAA levels, and transport activity of IAA in vegetative organs of tomato
Plants 3 month after seeding were sampled. Mean height of main stem was 137 ± 6 cm (n = 8).
a): The sections (36.5 cm long on the average) of upper and lower parts of tomato stems were sampled.
b): The AP and SP solutions were collected by the centrifugation method. Endogenous IAA levels were determined by LC-MS using 13C6-IAA19.
c): Diffusible IAA levels in leaves of each part of the plant were estimated on the basis of fresh weight of total
leaves. The water including diffusible IAA was collected after incubation for 3 h (stem) and 24 h (leaf). Diffusible IAA levels were analyzed by an HPLC system with a fluorometric detector using IPA. Data are
means ± SE (n = 8).
d): Amount of radioactive IAA transported to basipetal end (1 cm long) of stem segments (2.5 cm long) was
measured after incubation at 25ºC for 24 h. Data are means ± SE (n = 8). The data are expressed in pmol by
changing dpm using the value of specific activity. Data from published report20.

calculated IAA concentrations in the SP solution (Fig. 1
(5)). On the other hand, IAA concentration in the AP
solution of upper plant parts was half of that of lower
parts. In adult plants, the presence of endogenous IAA in
the AP solution was demonstrated for the first time in the
report of Kojima et al.20. In seedlings, IAA concentration
in the AP solution was higher than that in the SP
solution29. In the tomato stem, IAA concentrations in the
AP solution were also higher than those in the SP solution of both upper and lower plant parts (Fig. 1 (5)).
In main roots, the endogenous IAA concentration
was twice of that in lateral roots (Fig. 1). Citrus seedlings
of three cultivars ranged from 6 to 21 pmol/g fresh
weight18 in the IAA level of roots. IAA levels of tomato
roots are higher than those of citrus roots.
2. The relationship between transport and
endogenous IAA levels in shoots
The level of polar IAA transport might join IAA
from the apex part (2.6 pmol/h, Fig. 1 (6)), the leaves in
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the upper part (1.82 pmol/h) and the leaves in most of the
middle part (0.23 pmol/h), which might correspond to the
level of diffusible IAA from the middle plant parts (7.7
pmol/h). The difference in the level may be transported
from the flower trusses.
The actual diffusible level (corresponds to
intensity14) of IAA from the middle part of the stem was
7.7 pmol/h (Fig. 1 (6)). On the other hand, the amount of
endogenous IAA per stem (36.5 cm long) was 1,500
pmol in both upper and lower parts (Fig. 1 (5)). If all
IAA is mobile and transport velocity is 1 cm/h in the
tomato stem, the intensity of IAA transport is calculated
to be 41 pmol/h (1,500 pmol/36.5 cm), suggesting that
the amount of mobile IAA might be only 19% (7.7/41 ×
100) of the amount of endogenous IAA present in the
stem.
3. Polar transport capacity in stems
A sufficient amount of radioactive IAA was supplied to the samples and then IAA transport activity was
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Fig. 2. Changes in IAA concentration (left) and ABA concentration (right) by fresh weight of tomato fruit parts
Fruit-set was induced by pollination + 4-CPA treatment. Locule tissue includes the seeds. Means of three
determinations and their SE are shown. The population of fruits used in this study reached full size ca. 60
DAF. Data from published reports15,16.

assayed. We had anticipated that apex parts of stems
might not produce enough IAA in early winter season
and therefore the amount of endogenous IAA in stems
might be lower than the capacity of IAA transport.
IAA transport activity was assayed according to the
method of Okada et al.27 with some modifications. IAA
transport activity was calculated to be 4.4 pmol/h (110
pmol/24 h, Fig. 1 (7)). IAA transport activity was
assayed during a 24 h period in this study. In sections
from carnation stems, the amount of IAA transported
from 8 to 24 h was less than 10% of that transported during the first 8 h period9. Our estimated value by radioactive IAA may be lower than the true value. Thus, the
level of IAA transport activity may be almost the same
level as that of diffusible IAA (7.7 pmol/h, Fig. 1 (6)).
IAA may be transported at full transport capacity at the
time of sampling. This is probably the limiting factor for
IAA transport of tomato stems rather than the synthesis in
tops of plants.
Normal tomato plants showing weak apical dominance were used in this study. The concentration of
auxin-like substances in the apical region of tomato
mutants showing strong apical dominance was much
higher than that of normal tomatoes30. IAA transport
capacity might be involved in determining the degree of
apical dominance based on the application of radioactive
IAA in tomato plants2.

Distribution of IAA and ABA in flowers
1. Endogenous IAA levels in flowers
IAA concentration of a stamen was lowest in the
bud 5 days before flowering (DBF), but highest in the
flower 0 days after flowering (DAF)16. Within a pollen
grain, a macrospore made the first nuclear division
between 6 and 3 DBF12. The rapid increase of IAA in the
stamen may be related to maturation of the pollen.
2. Endogenous ABA levels in flowers
Abscisic acid (ABA) was determined by a GC system equipped with an electron capture detector15,17. Pistils and calyxes maintained their ABA concentrations
from 5 DBF to the day of flowering15. The ABA concentrations of stamens and petals at 5 DBF were higher, but
had decreased to about one-sixth on the day of flowering.

Distribution of phytohormones in fruits
1. Changes of endogenous IAA and ABA levels within
fruits
(1) Changes of endogenous IAA levels within fruits16
Marked high concentrations of IAA in the axis and
loculus of 3.4 g fruit (Fig. 2), which almost corresponds
to the stage of highest relative growth rate25, may be
related to the onset of fruit growth13. The IAA concentrations in the pericarp were low throughout development.
These results suggest that the expansion of the pericarp
tissue is not directly caused by IAA, but indirectly caused
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Table 1. Phytohormone concentrations (pmol / gFW) of apoplast (AP) and symplast (SP) solutions from fruit parts
Pericarp

Partition

AP

IAA
GA1
Z
ZR

SP

Locule

AP

SP

6-cm

8-cm

6-cm

8-cm

6-cm

8-cm

6-cm

8-cm

6-cm

8-cm

23
2.8
1.3
14

49
0.6
1.1
18

21
8.3
1.4
14

43
2.2
0.77
17

16
11
1.7
20

31
8.2
0.5
9.2

38
12
4.6
20

45
3.9
0.72
12

13
13
2.5
55

12
8.5
0.28
10

* AP and SP solutions were collected by the centrifugation method. Phytohormone levels were determined by LC-MS using
internal standards. Data from published report21.

by sink activity produced by developing seeds31.
(2) Changes of endogenous ABA levels within fruits15
The axis region of tomato is rich in vascular bundles
with phloem, from which assimilate may be unloaded for
the young developing fruit. ABA concentrations of the
pericarp, axis and locule tissue were very high in the
early stage (ca. 19 DAF) (Fig. 2). If the theory of
Brenner3 is applied, ABA may stimulate phloem unloading in the axis and promote sink activity in pericarp and
locule tissue during the high growth rate phase.
2. Endogenous IAA, GA and CKs in AP of
parthenocarpic fruits
The early growth of most fruits is divided into three
phases8; ovary development, cell division, and cell expansion. In this study 6-cm-fruit corresponds to the middle
of the cell expansion phase and 8-cm-fruit corresponds to
the end of the cell expansion phase.
(1) Synthesis sites and roles for IAA
IAA may be mainly synthesized within cells of partitions during the expansion stage in parthenocarpic
tomato fruits. In pollinated tomato fruits, IAA might be
synthesized in the developing seeds, because those
(including surrounding tissues) had the highest IAA
concentration16,31. On the other hand, in parthenocarpic
fruits the nucellar tissue of seed-like structures might produce the auxin necessary for growth7. However, in our
study, in locules (including the seedlike structures), the
IAA concentrations were lower than in pericarps and partitions (Table 1). In partitions, the SP solutions had
higher IAA concentrations than the AP solutions. Moreover, in pericarps the AP solution in 8-cm-fruit had the
highest concentration of IAA. Thus it is suggested that
the SP of partitions might be the sites of IAA synthesis
during the expansion stage and later the AP of pericarps
might also participate.
(2) Roles and catabolization for GA1
Gibberellic acid1 (GA1) was identified, but GA4
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could not be detected in either pollinated or parthenocarpic fruitlets of tomato, suggesting that the early-nonhydroxylation pathway might not function in tomato
fruits22. Thus only GA1 levels as active GA were analyzed.
The major role of GAs in fruit growth might be the
promotion of cell expansion6. The results in which the
GA1 concentrations detected in all parts of 6-cm-fruit
(cell expansion phase) were higher than in 8-cm-fruit
may support a major role for GAs in cell expansion
(Table 1).
In the AP of pericarps, there might be a mechanism
for decreasing GA1. GA1 could be transported considerably from SP to AP through the cell membrane because
of the lipophilic property of GA14. However, in pericarps, the GA1 concentrations in the AP solution were
one-third those in the SP solution in both 6- and 8-cmfruit (Table 1).
(3) Synthesis sites and roles for CKs
The synthesis of trans-zeatin (Z) may occur mainly
in the SP of partitions in parthenocarpic tomato fruits,
because in 6-cm-fruit, its Z concentration was the highest of all the plant parts analyzed (Table 1). Additionally,
the high permeability of benzyladenine from SP to AP
through the cell membrane23 also suggests a high rate of
Z synthesis within cells.

Conclusion
The series of investigations using tomato plants
have presented various knowledge of phytohormones. In
shoots, it is shown that the IAA concentration in the AP
solution is higher than that in the SP solution. In parthenocarpic fruits, it is suggested that synthesis sites may
partition cells for IAA and trans-zeatin. This knowledge
may lead to progress in cultivation methods and breeding
of tomato plants.
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