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Abstract. Fruit size is one of the most important traits that affect the economic value
of fruit. In persimmon (Diospyros kaki Thunb.), somatic and bud-sport mutations that
affect the fruit traits are frequently observed. Recently, a small-fruit mutant, ‘Totsuta-
nenashi’ (TTN), was discovered in Japan as a bud-sport mutant of the leading cultivar
Hiratanenashi (HTN). In this study, we investigated the morphological and physiological
characteristics of TTN and HTN focusing on the tree architecture, fruit size, and the fruit
flesh chemical composition. The objectives of the study were to evaluate the potential
horticultural use of TTN and to characterize the differences between HTN and TTN.
Both TTN and HTN are nonaploid plants, indicating that a difference in ploidy is not the
cause of the small-fruit mutation. The vegetative growth of trees and tissue-cultured
shoots of TTN was more compact than that of HTN. The floral organs of TTN appeared
similar to those of HTN before flowering, but the TTN flowers opened earlier, resulting in
smaller ovaries than in HTN flowers. The fruit size of TTN was consistently lower than
that of HTN at all fruit developmental stages. TTN fruit had a higher sugar content and a
higher proportion of sucrose to total sugars than HTN fruit. TTN fruits contained lower
levels of secondary metabolites such as soluble tannins and ascorbate than HTN fruits.
These results suggest that the fruit size mutation also affects the fruit biochemistry,
leading to alterations in the fruit flesh composition. TTN may be a valuable genetic
resource because compact trees require less labor and maintenance, and small, sweeter
fruits may meet the various needs of consumers. The use of TTN in studies of the genetic
control of fruit size is also discussed.

Fruit size is one of the most important
traits that affect the economic value of fruit.
Although fruit size is controlled by both
environmental and genetic factors, the latter
have the greatest impact, because small
genetic changes can dramatically affect the
fruit size. Thus, improvements in fruit size
are usually achieved by the introduction of
new traits. However, little is known about the
key genetic factors that regulate fruit size in
most fruit tree species. Our goal is to isolate
these factors that control fruit size and to
elucidate the physiological changes caused
by changes in the fruit size.

The weight of persimmon (Diospyros kaki
Thunb.) fruit ranges from less than 60 g to
more than 300 g depending on the cultivar.
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Somatic or bud-sport mutations that affect
fruit size are common (Yonemori et al.,
2000). Recently, a small-fruit mutant, Totsu-
tanenashi (TTN), which originated from the
leading cultivar in Japan, Hiratanenashi
(HTN), was discovered in Masaharu Kondo’s
orchard in Sado, Niigata Prefecture, Japan.
We have obtained the scions of TTN and
propagated by grafting for several years. Our
preliminary simple sequence repeat (SSR)
data using the published SSR primer sets for
Japanese persimmon (Soriano et al., 2006)
suggested the genetic identity between TTN
and HTN. In this report, we determined the
ploidy level of the two cultivars. Then, to
investigate the growth characteristics of
TTN, we compared the morphological char-
acteristics of vegetative and reproductive
organs of TTN and HTN plants and the
physiological properties of their fruit.

Materials and Methods

Plant materials and characterization of
vegetative growth. Six trees of each of the

two Japanese persimmon cultivars, HTN and
its bud-sport mutant, TTN, both of which
were grafted onto seedling rootstocks, were
used. All trees were grafted at the same time
and grown in 60-L containers for 3 years at
the Kyoto University experimental farm,
Kyoto, Japan (34°N, 135°E). In July 2005,
the shoot and internode lengths were mea-
sured. Three of six pot-grown trees were then
planted in an orchard at the Kyoto University
experimental farm in Mar. 2006 and culti-
vated using commercial management meth-
ods, including a normal pruning system. In
Oct. 2007, the shoot and internode lengths of
the five uppermost shoots from the longest
shoots on each plant were investigated.

Axillary buds were collected in 2005 from
the annual shoots of pot-grown trees ~20 d
after bud burst and sterilized as described
(Sugiura et al., 1986). The explants were
placed in the initial shoot culture medium
and subcultured at ~3-week intervals. Mur-
ashige and Skoog medium (MS) containing
5 uMm zeatin was used as the basal medium.
After 2 years of repeated subculturing, the
shoots were transferred to MS containing 5 or
10 um zeatin. After 3 weeks of culture, the
average number of shoots per explant and the
average shoot length were investigated using
10 explant replicates from the two cultivars.

In 2005 and 2006 growing season, equal
fruit load (two fruits per current shoot) was
achieved in three pot-grown trees of two
cultivars by hand thinning after June drop.
Fruits were harvested periodically during
their development and maturation stages
from these trees and used for the analysis of
tannin contents. Three fruits were used for
this analysis. A fruit skin-color index that
indicates similar developmental stages of the
fruits has been developed for HTN (National
Agricultural Research Station, Tsukuba, Japan).
Mature fruits with values of 6.5 and 8.0
according to the HTN color chart index were
harvested in 2006 and analyzed for their
sugar content, and fruits with values of 5.5
and 7.5 were used for analysis of ascorbate
content. Triplicates of three fruits were ana-
lyzed for each measurement.

Determination of ploidy levels. Calli were
induced from leaf primordia of TTN, HTN,
and the reference cultivar, Jiro (6x) in callus-
induction medium (half nitrogen source of
MS with 10 uwm zeatin and 1 uwm indoleacetic
acid) (Tao et al., 1988). The ploidy levels of
TTN and HTN calli were determined using
a flow cytometer (FACSCalibur; Becton-
Dickinson, Franklin Lakes, NJ) as described
by Sugiura et al. (2000). To prepare samples
for flow cytometry, small tissue samples (=5
mg) were immersed in nuclei extraction
buffer (Partec, Munster, Germany) and mac-
erated with a razor blade to release nuclei.
The suspension was incubated for 5 min and
then passed through 20-um nylon mesh to
remove debris. The nuclei in the filtrate were
stained with propidium iodide and subjected
to flow cytometric analysis.

Characterization of reproductive devel-
opment. Flower buds were collected on
25 Apr. and 2 May 2006 from pot-grown
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Fig. 1. Relative fluorescence intensity of TTN and
HTN obtained by flow cytometry. As reference,
relative fluorescence intensity of ‘Jiro’ (6X)
was also measured. (A) ‘Jiro’ callus (6x); (B)
TTN callus (9%); (C) HTN callus (9%). Arrows
indicate the peak of the relative nuclear DNA
content. TTN = ‘Totsutanenashi’; HTN =
‘Hiratanenashi’.

trees and fixed in formaldehyde:acetic acid:
alcohol:tapwater (1:1:13:5) (FAA) solution.
Three flower buds from the largest one in
each branch were collected. After dehydra-
tion through a butanol series, the buds were
embedded in paraffin wax and sliced to ~10-
um thickness on a rotary microtome. The
sliced tissues were stained with toluidine blue
and observed under an optical microscope
(BX50; Olympus, Tokyo, Japan). Flowering
dates of pot-grown trees were recorded in
2006. Fruit diameters of triplicates of three
pot-grown trees of each strain were measured
periodically during fruit growth and devel-
opment in 2005.

Determination of sugar, soluble tannin,
and ascorbate contents of fruits. Sugar con-
tents were measured as described by Hirano
et al. (1995) and Gao et al. (2001). In brief,
10 g of fruit flesh was excised and immedi-
ately heated for a short time in a microwave
oven to inactivate the invertase in the flesh.
The tissues were then homogenized in 30 mL
of 100% methanol and centrifuged. The
supernatant was collected, and the remaining
pellet was homogenized again in 30 mL of
80% methanol and centrifuged. The super-
natants were pooled and made up to 100 mL
with 80% methanol. Aliquots of 100 uL of
the supernatant were combined with 50 uL of
2% xylitol as an internal control and dried at
60 °C. The resulting residue was resuspended
in 100 uL of TMS-HT (Tokyo Kasei Kogyo,
Tokyo, Japan) and incubated for 30 min at
room temperature. An aliquot of 1 uL was
injected into a gas chromatograph (GC-2014;
Shimadzu, Kyoto, Japan) fitted with a DB-
1701 capillary column (J&W Scientific, Folsom,
CA) with helium as the carrier gas. The
peaks corresponding to glucose, fructose,
and sucrose were plotted and measured.

Tannin contents were measured as
described by Oshida et al. (1996). In brief,
mesocarp samples were homogenized in 80%

Table 1. Growth properties of vegetative organs of pot-grown (3-year-old) and field-grown (5-year-old)

HTN and TTN trees.

Pot-grown trees

Field-grown trees

Percentage  Internode length Shoot Node no. Node no.  Internode
of long stem of long stem length (per (per lem length
(%)* (cm) (cm) shoot) of shoot) (cm)
TTN 20.9 2.5+0.2Y 111.5+20.6 47.7+14.0 042+0.06 2.0+0.3
HTN 38 32+0.2 77.14+358 194+69 025+0.08 3.8+0.8
Statistical
significance * * * HE o HE

“Branches longer than the average length of HTN branches (14.3 cm) were categorized as long stem.

YMean + sD.

“ "Significant at P < 0.05 and 0.01 by 7 test, respectively.

HTN = ‘Hiratanenashi’; TTN = ‘Totsutanenashi’.

Table 2. Growth properties of vegetative organs of micropropagated HTN and TTN shoots in flask”.

Zeatin 5 um Zeatin 10 um
Number Shoot length Number of Shoot length
of shoots (mm) shoots (mm)
TTN 3.08 +0.95Y 9.65 +5.88 3.55+0.88 9.52 +3.84
HTN 200+0.92 16.20 £ 9.90 1.75 £ 0.46 17.55 £ 9.56
* * 3k 3

Statistical significance

“Murashige and Skoog medium containing either 5 or 10 uM zeatin was used for shoot culture.

YMean =+ sp.

* "Significant at P < 0.05 and 0.01 by 7 test, respectively.

HTN = ‘Hiratanenashi’; TTN = ‘Totsutanenashi’.
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methanol and centrifuged. Folin-Ciocalteau
reagent (Wako, Tokyo, Japan) was added
to the supernatant, and the soluble tannin
concentration was analyzed with an ultravi-
olet/visible spectrophotometer (725 nm)
(Shimadzu; ultraviolet-1600). The tannin
concentration was expressed as (+)-catechin
equivalents.

For ascorbate (vitamin C) analysis, samples
were homogenized with 5% meta-phosphoric
acid and centrifuged. Ascorbate and dehy-
droascorbate concentrations in the superna-
tant were measured using a reverse-phase
high-performance liquid chromatography—
ultraviolet/visible system fitted with an
ODS-3 column (Nihon Bunko, Tokyo, Japan)
as described by Niikawa et al. (2007). Meas-
urements were made in triplicate on three
replicate fruits.

Results and Discussion

Ploidy level of the small-fruit bud-sport
mutant ‘Totsutanenashi’. HTN was reported
to be nonaploid (Zhuang et al., 1990), al-
though most commercial persimmon cultivars
grown in Japan are hexaploid (2n = 6x, x = 15)
(Namikawa and Higashi, 1928). HTN has
characteristics commonly observed in trip-
loids such as vigorous growth, lack of seeds,
and enlarged cell size, which may account for
its high yield and fruit quality. These charac-
teristics make HTN a leading cultivar account-
ing for nearly 35% of persimmon production
in Japan. Its small-fruited bud-sport mutant,
TTN, was recently discovered in Sado, Niigata
Prefecture. The ploidy levels of both cultivars
were compared by flow cytometric analysis.
The peaks indicating relative nuclear DNA
content were identical in calli of TTN and
HTN (Fig. 1), indicating that TTN is also
nonaploid. This suggests that a ploidy muta-
tion is not responsible for the morphological
differences between TTN and HTN.

Dwarf  growth
‘Totsutanenashi’. TTN had a larger number
of flowers and fruits per shoot than HTN
(data not shown), suggesting that it has more
branches. The vegetative growth character-
istics of TTN and HTN were investigated to
evaluate the tree architecture of each by
comparing the branch and internode lengths
of trees grown in containers or in an orchard.
Branches longer or shorter than the average
length of HTN branches (14.3 cm) were
categorized as long or short stems, respec-
tively. In pot-grown trees, the proportion of
long stems was significantly lower in TTN
than HTN (Table 1). The mean internode
length of TTN was less than that of HTN, and
the number of nodes was significantly higher
in TTN shoots in field-grown trees (Table 1).
The tree architecture of TTN is therefore
more compact and dwarf than that of HTN.
This result was further supported by data
from micropropagated plants, which con-
firmed the dwarf growth habit of TTN. The
number of shoots was significantly higher in
TTN and shoot length was significantly lower
in TTN than HTN in MS containing either
5 or 10 um zeatin (Table 2). Therefore, TTN
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showed dwarf growth characteristics in all
growth environments examined in this study.
A dwarf phenotype in fruit trees is favored
by farmers because of their ease of manage-
ment (Faust and Zagaja, 1984). Indeed,
dwarfing rootstocks have been bred and
introduced into many fruit tree species
such as apple (Koike and Tsukahara, 1993),
Citrus (Phillips and Castle, 1977), and sweet
cherry (Giorgio and Standardi, 1993). At
present, no practical dwarfing rootstock or
dwarfing culture is available for Japanese
persimmon, and there are efforts to create
dwarfing rootstocks (Koshita et al., 2007).
The dwarf trait in TTN could be used as a
valuable material for breeding dwarf Japanese
persimmon cultivars.

Growth characteristics of ‘Totsutanenashi’
reproductive organs. Floral organ develop-
ment in flower buds of TTN and HTN was
examined on 25 Apr. and 2 May 2006. The
average flowering date was 10 May 2006 in
TTN and 20 May 2006 in HTN. On 25 Apr.,
initiation of stamens (later aborted because
both TTN and HTN only bear female flow-
ers) and carpels were observed in both TTN
and HTN followed by ovule formation and
the completion of floral organ development
on 2 May, suggesting that floral organs
develop similarly in TTN and HTN (Fig.
2B). Considering that TTN flowers opened
~10 d earlier than HTN flowers, it appears
that TTN flowers open before their floral
organs are fully expanded (Fig. 2B-C).

In Japanese persimmon, fruit growth and
development is typically divided into three
phases: 1) maximal growth corresponding to
the first sigmoidal growth phase; 2) cessation
of growth corresponding to a lag between the
first and second sigmoidal phases; and 3)
maximal growth corresponding to the second
sigmoidal phase. Although changes in the
diameters of HTN fruit followed a double-
sigmoidal curve during the fruit growth and
development period, no similar rapid growth
was observed in TTN fruits (Fig. 3). At the
time of commercial harvesting, the average
diameter of TTN fruit was less than one-third
that of HTN fruit (Figs. 2A, D).

Flesh composition in ‘Totsutanenashi’
and ‘Hiratanenashi’ fruits. The major solu-
ble sugars in persimmon (glucose, fructose,
and sucrose) were examined. The sum of
these three sugars is referred to as the total
sugar content. During both developmental
stages examined, the sucrose content was
higher in TTN than HTN, resulting in a
higher total sugar content in TTN fruit (Table
3). Zheng and Sugiura (1990) found that the
amount of sucrose as a percentage of the total
sugars was lower in HTN fruit (41% when the
fruit reached 8.0 on the color chart) than in
other persimmon varieties. TTN fruit, how-
ever, contained more sucrose (49% when the
fruit reached 8.0 on the color chart) and had a
higher total sugar content (more than 20% of
fresh weight) than HTN fruit. Hence, the
higher amount of sugar in TTN fruit is an
advantageous agronomic characteristic. It is
thought that the lower level of sucrose in
HTN fruit than TTN is caused by the higher
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invertase activity in HTN fruits, because the
leaf photosynthate is translocated to the sink
organs (fruits) as sucrose, which is stored in
fruit or converted to monosaccharides such
as glucose and fructose by mainly invertase
and other metabolic enzymes in persimmon.
Thus, the higher percentage of sucrose in
TTN may be related to the lower invertase
activity in the fruits. However, because lower
invertase activity often causes lower amounts
of fructose and glucose but appeared not
occur in TTN fruits, further studies are
required to examine this idea.

We also determined the soluble tannin
and ascorbate contents, because relatively

B
el i
TTN (April 25, 2006)
(2 weeks before flowering)
TTN (May 2, 2006)
(1 week before flowering)
C
D

L e

high amounts of these compounds are unique
to persimmon fruits. Pollination-variant
astringent-type persimmon cultivars, includ-
ing HTN, have high levels of soluble tannins
in the tannin cells of fruits during their
development and maturation (Yonemori
et al., 1983). An increase in the soluble
tannins at the beginning of fruit development
and a subsequent decrease resulting from
tannin polymerization was observed in TTN
fruits (Fig. 4), similar to the pattern of
HTN and other non-pollination-constant non-
astringent cultivars (Ikegami et al., 2004;
Oshida et al., 1996). The soluble tannin
content per gram fresh weight in TTN fruits

HTN (April 25, 20086)
(3 weeks before flowering)

HTN (May 2, 2006)
(2 weeks before flowering)

Fig. 2. Photographs of reproductive organs of TTN and HTN. (A) Fruits on the pot-grown trees. (B) Flower
bud and floral organ development observed by microscope. In each section, the left photograph shows
the whole flower buds, whereas right photograph shows toluidine blue-stained flower primordia in
flower buds. (C) Flowers and ovaries at flowering. Left photograph shows flowers, whereas center and
right photographs show top and side of ovaries, respectively, dissected from flowers at flowering. (D)
Fruits at commercial harvest period. Left and right photographs show cross and longitudinal section of
fruits, respectively. TTN = ‘Totsutanenashi’; HTN = ‘Hiratanenashi’.
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Fig. 3. Fruit diameter of ‘Totsutanenashi’ (TTN) and ‘Hiratanenashi’ (HTN) during fruit growth and

development.

was lower than that in HTN fruits throughout
fruit development (Fig. 4), suggesting that
tannin biosynthesis is lower in TTN fruits
than in HTN fruits. In both developmental
stages, the ascorbate and dehydroascorbate
contents in TTN fruits were lower than in
HTN fruits (Table 3). The lower amounts of
soluble tannins and ascorbate suggest that the
secondary metabolic activity of TTN is lower
than that of HTN. The higher sucrose content
as a percentage of total sugars, probably
caused by the lower invertase activity in
TTN, also supports this suggestion. Similar
results were also found in a grape mutant.
Fernandez et al. (2006) reported that the
fleshless berry mutant of grape, which has a
low pericarp weight, contains fewer phenolic
compounds and a higher proportion of
sucrose in relation to total sugars during berry
development. This finding suggested that a
mutation in the fruit size affects the bio-

chemical properties of the fruit. On the other
hand, however, Klann et al. (1996) reported
that the changes in sugar composition in
tomato fruit contribute to alterations in fruit
size. This finding suggested that smaller fruit
size could be caused by alterations of bio-
chemical properties of the fruits. In this
study, dwarf growth character, reduced fruit
size, and alterations of fruit composition were
observed in TTN. Although we could not rule
out the possibility that its reduced fruit size is
caused by the alterations of fruit biochemical
compounds, the changes in both vegetative
and reproductive organs of TTN suggested
that the mutation affecting the whole plant
growth could contribute to the alterations in
fruit biochemical properties. Further bio-
chemical studies would be required for char-
acterization of the mutation in TTN.

Many bud-sport mutants have been iden-
tified in HTN (Yonemori et al., 2000). For

Table 3. Soluble sugar and ascorbates contents in mature fruits of HTN and TTN~.

example, ‘Otanenashi’ is a bud-sport mutant
bearing bigger fruits (Hamada et al., 2004).
‘Tonewase’, an early-maturing mutant
derived from HTN, is widely cultivated in
Wakayama Prefecture, one of the main per-
simmon-producing areas in Japan. The in-
creased frequency of transpositions and other
chromosomal rearrangements is thought to be
associated with recent polyploidy (Zhao et al.,
1998). Thus, polyploidy in Japanese persim-
mons, in which hexaploid or nonaploid plants
are common, would enhance the occurrence of
mutations, resulting in the emergence of many
valuable bud sports such as TTN. Little is
known about the genetic control of fruit size in
Japanese persimmons, despite the diverse fruit
sizes of the cultivars. Hence, TTN may prove
useful for studying genes that control fruit size
in Japanese persimmon as recently elucidated
for the fleshless berry grape mutant (Fernandez
et al., 2007). To date, because relatively small
genetic changes might be associated with
arising bud-sport mutation from original plant,
bud-sport mutants were successfully used for
the discovery of the genes related to important
agronomic traits in fruit tree species such as
skin color in grape (Kobayashi et al., 2004) and
self-incompatibility in Rosaceae (Sassa et al.,
1997; Tao et al., 1997). In addition, bud-sport
deletion mutant was successfully used for
complementation experiment by introducing
intact functional genes, resulting in the alter-
ation of phenotype (Kobayashi et al., 2004).
Further genomic studies by searching for the
genomic differences despite the nearly same
genetic background between TTN and HTN
would lead to finding the factors causing the
morphological and physiological differences
between TTN and HTN.

This study has clearly demonstrated that a
ploidy mutation is not associated with the mor-
phology of TTN. The growth characteristics
of TTN, which forms compact trees with
small fruits, may provide a valuable genetic
resource that requires a less labor-intensive
cultural system while providing small fruit to
meet the various needs of consumers. In addi-
tion, the higher sugar content of TTN fruits is
an attractive commercial characteristic. We are
currently undertaking an analysis of the basis
of the fruit size differences between TTN and

Soluble sugar contents (6.5%)

Soluble sugar contents (8.0%)

Fructose Glucose Sucrose Total sugar Fructose Glucose Sucrose Total sugar
(%) (%) (%) (%) (%) (%) (%) (%)
TTN 2.93 +£0.90 4.57+0.21 9.33 £1.01 16.83 +£0.51 4.90 £ 0.71 5.78 £0.32 9.54 +0.68 20.21 =£0.95
HTN 2.60 +0.70 4.77 £ 0.60 8.02+0.92 15.39 £ 0.64 3.42+£0.92 5.77+0.75 6.14 +1.00 15.33 £2.57
Statistical significance NS NS NS * NS NS wE *
Ascorbates contents (5.5%) Ascorbates contents (7.5Y)
Ascorbate Dehydroascorbate Ascorbate Dehydroascorbate
(mg/g FW) (mg/g FW) (mg/g FW) (mg/g FW)
TTN 0.24 £0.03 0.068 £+ 0.004 0.20 = 0.04 0.109 £ 0.021
HTN 0.35+£0.06 0.100 £ 0.014 0.33+£0.07 0.073 £ 0.007
Statistical significance * * * *
“Fruit maturation stages were designated by color chart index.
YColor chart index values developed for HTN (National Agricultural Research Station, Japan).
*Mean + sp.
s ™ "Nonsignificant or significant at P < 0.05 and 0.01 by ¢ test, respectively.
HTN = ‘Hiratanenashi’; TTN = ‘Totsutanenashi’; FW = fresh weight.
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Fig. 4. Soluble tannin contents in ‘Totsutanenashi’ (TTN) and ‘Hiratanenashi’ (HTN) fruits during fruit

growth and development.

HTN with an ultimate goal of identifying the
genetic factors that regulate fruit size.
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