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Persimmon (Diospyros kaki Thunb.) fruit are usually classified as climacteric fruit; however, unlike typical climacteric fruits,
persimmon fruit exhibit a unique characteristic in that the younger the stage of fruit detached, the greater the level of
ethylene produced. To investigate ethylene induction mechanisms in detached young persimmon fruit, we cloned three
cDNAs encoding 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (DK-ACS1, 2, and -3) and two encoding ACC
oxidase (DK-ACO1 and -2) genes involved in ethylene biosynthesis, and we analyzed their expression in various fruit tissues.
Ethylene production was induced within a few days of detachment in all fruit tissues tested, accompanied by temporally and
spatially coordinated expression of all the DK-ACS and DK-ACO genes. In all tissues except the calyx, treatment with
1-methylcyclopropene, an inhibitor of ethylene action, suppressed ethylene production and ethylene biosynthesis-related
gene expression. In the calyx, one ACC synthase gene (DK-ACS2) exhibited increased mRNA accumulation accompanied by
a large quantity of ethylene production, and treatment of the fruit with 1-methylcyclopropene did not prevent either the
accumulation of DK-ACS2 transcripts or ethylene induction. Furthermore, the alleviation of water loss from the fruit
significantly delayed the onset of ethylene production and the expression of DK-ACS2 in the calyx. These results indicate that
ethylene biosynthesis in detached young persimmon fruit is initially induced in calyx and is modulated by water loss
through transcriptional activation of DK-ACS2. The ethylene produced in the calyx subsequently diffuses to other fruit
tissues and acts as a secondary signal that stimulates autocatalytic ethylene biosynthesis in these tissues, leading to a burst
of ethylene production.

The gaseous plant hormone ethylene plays an im-
portant role in the regulation of fruit ripening and
senescence (Lelièvre et al., 1997a; Jiang and Fu, 2000).
Fruits have been classified as climacteric and non-
climacteric based on their patterns of respiration and
ethylene production during maturation and ripening
(Biale and Young, 1981). Persimmon (Diospyros kaki
Thunb.) fruit are classified as climacteric because
they produce a small but significant amount of eth-
ylene during ripening and are induced to ripen with
autocatalytic ethylene production by exogenously
applied ethylene (Abeles et al., 1992; Wills et al., 1998;
Kubo et al., 2003). However, unlike other climacteric
fruit species, ethylene production in persimmon is
substantially greater in fruit harvested at younger
stages (Takata, 1983) and is induced only when fruit

are detached from the parent tree (Nakano, 2002). For
example in persimmon cv Hiratanenashi, detached
young fruit produce more than 10 nL g�1 h�1 of
ethylene within a few days after detachment accom-
panied with rapid softening and calyx abscission.
Whereas fruit harvested at the mature stage do not
always produce ethylene soon after harvest. They
produce as little as 0.5 nL g�1 h�1 of ethylene when
they are held in ambient condition for more than
25 d. Similar ethylene production in detached young
fruit has been observed in citrus, typical non-
climacteric fruit (Aharoni, 1968; Eaks, 1970) and con-
sidered to be related to fruit abscission (Hyodo and
Murata, 1972). However, mechanisms or factors that
induce ethylene production in detached young fruit
have not been determined.

Apart from internal factors that regulate ethylene
biosynthesis developmentally in plant tissues such as
ripening fruit, senescing flower, and germinating
seed, a variety of biotic and abiotic external factors
induce ethylene production (Yang and Hoffman,
1984; Abeles et al., 1992; Morgan and Drew, 1997).
These external factors include mechanical wounding,
plant hormones, heavy metals, water logging, water
deficit, chilling, hypoxia, and elevated carbon diox-
ide levels. Attached fruit maintain vascular continu-
ity with the parent tree, from which they receive
water; however, once detached, the fruit have no
renewable source of water to compensate for that lost
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through transpiration. Detached fruit therefore expe-
rience water stress, which might be involved in eth-
ylene induction. Induction of ethylene production by
water stress was reported in detached leaves of
wheat (Triticum aestivum; Apelbaum and Yang, 1981).

In recent years, genes encoding two key enzymes
in ethylene biosynthesis, 1-aminocyclopropane-1-
carboxylic acid (ACC) synthase and ACC oxidase,
have been cloned and characterized from a number
of species (Zarembinski and Theologis, 1994). These
studies have revealed that ethylene biosynthesis is
typically regulated at the transcriptional level of both
ACC synthase and ACC oxidase genes (Kende, 1993),
although there is some evidence for posttranscrip-
tional regulation (Spanu et al., 1994; Vogel et al.,
1998; Woeste et al., 1999). It has also been demon-
strated that both ACC synthase and ACC oxidase are
encoded by multigene families, members of which
are differentially expressed during specific develop-
mental stages and in response to various environ-
mental stresses known to induce ethylene (Kende,
1993; Zarembinski and Theologis, 1994; Fluhr and
Mattoo, 1996). Some of the ACC synthase (Lincoln et
al., 1993; Peck and Kende, 1998; Mathooko et al.,
2001) and ACC oxidase (Barry et al., 1996; Bouquin et
al., 1997) genes can be induced by more than one
stimuli. Moreover, it is well known that expression of
these genes is often subjected to either positive or
negative regulation (Kende, 1993). For example, the
expression of a subset of ACC synthase and ACC
oxidase genes has been shown to increase with the
onset of ripening in climacteric fruit (Lelièvre et al.,
1997a; Nakatsuka et al., 1998; Liu et al., 1999; Barry et
al., 2000; Jiang and Fu, 2000) and in wounded or
auxin-treated zucchini (Cucurbita pepo; Huang et al.,
1991) and winter squash (Cucurbita maxima) fruits
(Nakajima et al., 1990; Kato et al., 2000), wounded or
touched tomato (Lycopersicon esculentum) fruit (Yip et
al., 1992; Lincoln et al., 1993; Tatsuki and Mori, 1999),
chilling-treated citrus (Wong et al., 1999) and pear
(Pyrus communis) fruit (Lelièvre et al., 1997b) and
cucumber (Cucumis sativus) fruit exposed to high
concentrations of carbon dioxide (Mathooko et al.,
1999). Despite these many reports dealing with ex-
pression of ACC synthase and ACC oxidase genes in
fruit, little information is available concerning differ-
ential expression of these genes in individual fruit
tissues and/or inter-tissue regulation of ethylene bio-
synthesis within fruit.

In this present study, we describe the isolation,
expression, and regulation of cDNAs encoding three
ACC synthases and two ACC oxidases from young
persimmon fruit and that the initiation and propaga-
tion of ethylene biosynthesis in detached young per-
simmon fruit are regulated by the temporally and
spatially coordinated expression of these genes.
Moreover, we reveal that initial ethylene induction
occurred in the calyx of persimmon fruit in correla-
tion to water loss from the fruit and that this ethylene

in turn acts as a secondary signal to stimulate auto-
catalytic ethylene in the other tissues of fruit, leading
to burst of ethylene production.

RESULTS

Isolation and Identification of cDNAs Encoding ACC
Synthase and ACC Oxidase

Three cDNA fragments encoding ACC synthase
(DK-ACS1, DK-ACS2, and DK-ACS3) and two encod-
ing ACC oxidase (DK-ACO1 and DK-ACO2) were
isolated from pulp and calyx tissues of young per-
simmon fruit harvested at 62 d after full bloom (AFB)
and held for 4 d at 20°C. These cDNA fragments were
used to screen a persimmon pulp cDNA library, and
the full-length cDNAs for DK-ACS1 (accession no.
AB073005), DK-ACS2 (accession no. AB073006), DK-
ACO1 (accession no. AB073008), and DK-ACO2 (ac-
cession no. AB073009) were cloned. The DK-ACS3
fragments identified no positive clone from the li-
brary screen, and the full-length cDNA sequence for
DK-ACS3 (accession no. AB073007) was therefore ob-
tained by RACE-PCR.

DK-ACS1 (1,660 bp), DK-ACS2 (1,839 bp) and DK-
ACS3 (1,829 bp) encode predicted open reading
frames of 471, 488, and 486 amino acids, respectively,
and alignment of the three deduced amino acid se-
quences, together with that of a tomato ACC syn-
thase gene Le-ACS2 (Rottmann et al., 1991), showed a
high degree of sequence identity over seven previ-
ously described conserved regions (Kende, 1993), in-
cluding the dodecapeptide reported to be a constitu-
ent of the active site (Yip et al., 1992). Eleven
invariant amino acid residues that are conserved in
the subgroup I aminotransferases and ACC syn-
thases (Tarun and Theologis, 1998) are also well con-
served and located at corresponding positions in all
three persimmon ACC synthases, including the five
amino acid residues verified to be enzymatically im-
portant by site-directed mutagenesis (White et al.,
1994; Tarun and Theologis, 1998; Zhou et al., 1999).
This indicates that the cloned cDNAs represent genes
encoding active ACC synthase isozymes.

Alignment of the open reading frames of the to-
mato ACC oxidase gene LE-ACO1 (Barry et al., 1996)
with the two persimmon ACC oxidases, DK-ACO1
(1,239 bp) and DK-ACO2 (1,316 bp), which encode
predicted open reading frames of 319 and 321 amino
acids, respectively, revealed that the DK-ACO1 and
DK-ACO2 polypeptides share a high degree of se-
quence homology with LE-ACO1 (83% and 78%, re-
spectively). Moreover, both DK-ACO1 and DK-ACO2
polypeptides contain conserved amino acids that are
shared with all members of the Fe(II) ascorbate fam-
ily of dioxygenases (Lasserre et al., 1996), including
three amino acid residues reported to form a Fe(II)
binding site (Shaw et al., 1996).
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Genomic DNA gel-blot hybridization analysis with
the probes containing the 3�-untranslated region of
the cDNAs showed that each probe hybridized to
distinct and unique restriction fragments, indicating
that each probe hybridized to unique sequences un-
der the hybridization conditions used in this study
(data not shown).

RNA gel-blot analysis with the same specific
probes showed that, in fruit harvested at mature
stage and held in ambient condition for 30 d until
ripening-associated ethylene was produced, accumu-
lation of DK-ACS1 mRNA but not DK-ACS2 and
DK-ACS3 mRNA was detected with faint constitutive
expression of DK-ACO1 (Fig. 1). In addition, when
harvested mature fruit were treated with exogenous
ethylene, the expression of DK-ACS1 was induced
with the slight increase in the level of the abundance
of the two ACC oxidase mRNAs. These results sug-
gest that, within the three ACC synthase genes
tested, DK-ACS1 was predominantly expressed in
ripening fruit and was thus responsible for the eth-
ylene production associated with fruit ripening.

Effect of the Ethylene Action Inhibitor 1-
Methylcyclopropene (1-MCP) on Ethylene Production
in Different Tissues of Detached Young
Persimmon Fruit

To characterize ethylene biosynthesis induced in
detached young persimmon, fruit detached at 65 d
AFB were treated with or without 1-MCP, an effec-
tive inhibitor of ethylene action, and then ethylene

production and related gene expression were deter-
mined in the individual fruit tissues shown in Fig-
ure 2.

Ethylene production from whole control fruit was
detectable at 1 d after detachment and increased to a
peak at 3 d (Fig. 3A), followed by rapid fruit soften-
ing at 3 d (Fig. 3B) and calyx abscission at 4 d. The
application of 1-MCP substantially suppressed ethyl-
ene production and virtually eliminated fruit soften-
ing and calyx abscission, indicating the involvement
of ethylene action in these characteristic aspects of
fruit senescence.

Figure 4 shows the rate of ethylene production
from different fruit tissues. In control fruit, ethylene
production by the pulp was detectable at 2 d after
detachment and peaked at 3 d (Fig. 4A) and was
markedly suppressed by 1-MCP. Ethylene produc-
tion in abscission zones and core and peel tissues
showed similar patterns (Fig. 4, B–D, respectively). In
contrast, in the calyx of control fruit, ethylene pro-
duction started to increase and peaked 1 d earlier
than in the other tissues, and 1-MCP did not suppress
ethylene production, but rather prolonged elevated
ethylene levels (Fig. 4E). The calyx tissue was further
divided into two parts, calyx lobes and calyx discs,

Figure 2. Schematic diagrams showing a perspective view and a
longitudinal section of persimmon fruit.

Figure 1. Expression of DK-ACS and DK-ACO gene families during
ripening in persimmon fruit. Fruit harvested at mature stage (156 d
AFB) were held at 20°C in ambient laboratory humidity for 30 d or
treated with 50 �L L�1 of exogenous ethylene for 2 d. Lane 1, Fruit
at harvest; lane 2, fruit held for 30 d; lane 3, ethylene-treated fruit.
Each lane contained 5 �g of total RNA, and the transcript levels of
17S rRNA are shown as an internal loading control.
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and ethylene production by each was measured (data
not shown). Both parts of the calyx showed a similar
pattern of ethylene production with regard to timing
at the peak and response to 1-MCP; however, the
calyx discs produced a much larger amount of eth-
ylene than the calyx lobes.

Expression of the ACC Synthase and ACC Oxidase
Genes in Individual Tissue of Fruit and the Effect of
1-MCP Treatment

RNA gel-blot analysis with the specific probes con-
taining the 3�-untranslated region of the cDNAs
showed that in the pulp of control fruit, low levels of
DK-ACS3 mRNA accumulated transiently at 2 d after
detachment, whereas DK-ACS1 and DK-ACS2 mRNA
levels were more abundant and peaked at 3 and 4 d
after detachment, respectively (Fig. 5). Accumulation
of DK-ACO1 and DK-ACO2 mRNAs was detectable
at harvest, and their levels increased dramatically at
2 d after detachment. 1-MCP suppressed the mRNA
levels of all three ACC synthase genes to undetect-

able levels and the ACC oxidase genes to lower lev-
els. These observations indicate that the induction of
ACC synthase genes and the elevated levels of ACC
oxidase mRNA in the pulp are mediated by the ac-
tion of ethylene, although accumulation of DK-ACO2
mRNA increased slightly even in the 1-MCP-treated
pulp.

Figure 6 shows expression of ACC synthase and
ACC oxidase genes in various fruit tissues at 3 d after

Figure 4. Effect of 1-MCP treatment on the rate of ethylene produc-
tion in various tissues of young persimmon fruit during storage at
20°C. Each point represents the mean of three replications and
vertical bars represent �SE.

Figure 5. Northern-blot analysis of the expression of DK-ACS and
DK-ACO genes in the pulp of young persimmon fruit treated with or
without 1-MCP during storage at 20°C. Each lane contained 5 �g of
total RNA, and the transcript levels of 17S rRNA are shown as an
internal loading control.

Figure 3. Effects of 1-MCP treatment on the rate of whole-fruit
ethylene production (A) and flesh firmness (B) in detached young
persimmon fruit during storage at 20°C. Fruit were detached at young
stage (65 d AFB) and held at 20°C in ambient laboratory humidity
(40%–60% RH). Immediately after detachment, fruit were treated
with 200 nL L�1 1-MCP for 3 h. Each point represents the mean value
for three fruits and vertical bars represent �SE.
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detachment. Accumulation of DK-ACS2, DK-ACO1,
and DK-ACO2 mRNAs was detected in each control
fruit tissue, whereas accumulation of DK-ACS1
mRNA was detected only in the core and pulp. Other
than in calyx, the accumulation of these mRNAs was
substantially suppressed by 1-MCP.

In the total calyx of control fruit, elevated levels of
DK-ACS2, but not DK-ACS1 and DK-ACS3, were de-
tected at 2 and 3 d, and in the calyx of 1-MCP-treated
fruit, higher levels of DK-ACS2 mRNA were main-
tained until 4 d after detachment (Fig. 7). Abundant
levels of DK-ACO1 mRNA and low levels of DK-
ACO2 mRNA were somewhat constitutive irrespec-
tive of 1-MCP treatment. Thus, expression patterns of
the genes related to ethylene biosynthesis in the calyx
were completely different from those in the other
fruit tissues. RNA gel-blot analysis with subdivided
parts of calyx showed that the accumulation levels of
DK-ACS2 mRNA were much higher in calyx discs
than calyx lobes (data not shown), correlating to the
rates of ethylene production. On the other hand, the
levels of DK-ACO1 and DK-ACO2 mRNAs were al-
most equal between the two parts.

Effect on Ethylene Production of Alleviation of Water
Loss by Packaging in a Perforated Polyethylene Bag

To investigate the potential involvement of water
loss from fruit in ethylene induction in detached
young persimmon fruit, we investigated the response
of fruit to various rates of water loss by packaging
the fruit detached at a young stage (70 d AFB) in
polyethylene bags with different numbers of holes,

representing from 0.03% to 0.3% of the total film
surface area (TFSA).

Packaging the fruit effectively alleviated the weight
loss, and average daily weight loss values of 0.76%,
0.61%, and 0.33% were observed in the fruit pack-
aged in 0.3%, 0.1%, and 0.03% TFSA polyethylene
bag, respectively, compared with 1.1% in non-
packaged control fruit (Fig. 8A). Ethylene production
in control fruit began at 2 or 3 d after detachment
when the weight loss reached 2.5% to 3.0%, whereas
packaging significantly delayed the onset of ethylene
production (Fig. 8B). This delay was correlated with
the reduced rate of weight loss, and irrespective of
hole number, most fruit started to produce ethylene
when the weight loss reached 2.5% to 3.0%. Thus, the
packaging retarded ethylene induction in the fruit.
Because the gas compositions inside the bags were
virtually identical to ambient atmosphere (data not
shown), this was apparently independent of the so-
called controlled atmosphere effect.

Expression of the ACC Synthase and ACC
Oxidase Genes in Fruit Kept in Low- or High-
Humidity Conditions

To determine whether enhancement of ethylene
induction by water loss is regulated at transcriptional
level of DK-ACS2 in the calyx, young fruit (65 d AFB)
were detached and held in high- or low-humidity
conditions, and the expression of the ACC synthase
and the ACC oxidase genes in the pulp and calyx
were compared.

By keeping the fruit in high-humidity conditions,
weight loss from the fruit was substantially reduced,
and initiation of ethylene production was delayed by

Figure 7. Changes in the accumulation of mRNAs corresponding to
DK-ACS and DK-ACO genes in the calyx of young persimmon fruit
treated with or without 1-MCP during storage at 20°C. Each lane
contained 5 �g of total, and the transcript levels of 17S rRNA are
shown as an internal loading control.

Figure 6. Expression of DK-ACS and DK-ACO gene families in var-
ious tissues of young persimmon fruit at 3 d after detachment with or
without 1-MCP treatment. Each lane contained 5 �g of total RNA,
and the transcript levels of 17S rRNA are shown as an internal
loading control. AZ, Abscission zone.
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approximately 5 d (data not shown). Fruit held in
low or high humidity initiated ethylene production
at 1 or 6 d after detachment, respectively.

The induction of ethylene production and accumu-
lation of DK-ACS2 mRNA in the calyx of fruit held in
high humidity were also delayed for more than 4 d
compared with those in low humidity (Fig. 9). DK-
ACS2 expression in calyx was detected at 2 or 6 d in
low- or high-humidity conditions, respectively. In
parallel with the delay in ethylene biosynthesis and
ethylene-related gene expression in the calyx, the in-
duction of ethylene production and the accumulation
of three DK-ACS and two DK-ACO mRNAs in the
pulp were delayed in fruit held in high humidity (Fig.
10). In the pulp of fruit held in low humidity, substan-
tial levels of DK-ACS1 and DK-ACS2 mRNAs accumu-
lated at 3 d after detachment and transient accumula-
tion of DK-ACS3 mRNA and elevated levels of
DK-ACO1 and DK-ACO2 mRNAs were detected from
2 d onward, whereas in the pulp under high humidity,
similar changes in the accumulation of these mRNAs
were not detected until 6 d after detachment.

DISCUSSION

Tissue-Specific Regulation of Ethylene Biosynthesis in
Detached Young Persimmon Fruit and the Effect of the
Ethylene Action Inhibitor 1-MCP

It has been reported that ethylene production in
persimmon fruit is greater in fruit detached at
younger stages (Takata, 1983). In this study, we con-
firmed that young persimmon fruit generate large
quantities of ethylene immediately after detachment,
accompanied with rapid fruit softening and calyx
abscission (Fig. 3). This ethylene was produced from
a variety of fruit tissues (Fig. 4); however, ethylene
production in the calyx initiated and reached a peak
1-d earlier than in other fruit tissues (Fig. 4). RNA
gel-blot analysis of three ACC synthase gene (DK-
ACS1, DK-ACS2, and DK-ACS3) and two ACC oxi-

Figure 9. Changes in the rate of ethylene production (A) and the
accumulation of mRNAs corresponding to members of the DK-ACS
and DK-ACO gene families (B) in the calyx of young persimmon fruit
held in low- or high-humidity conditions. Low humidity was equiv-
alent to ambient laboratory conditions (40%–60% RH), and high-
humidity conditions (95% RH) were maintained in a container
through which humidified air was passed at 250 mL min�1. Each
point in A represents the mean of three replications and vertical bars
represent �SE. Each lane in B contained 5 �g of total RNA, and the
transcript levels of 17S rRNA are shown as an internal loading
control.

Figure 8. Effects of packaging fruit in perforated polyethylene bags
with different numbers of holes on weight loss (A) and the rate of
ethylene production (B) in persimmon fruit detached at a young
stage (70 d AFB). Ten fruit per treatment were packaged individu-
ally in perforated polyethylene bags (150 � 130 mm) with two,
eight, or 18 holes (4-mm diameter) equivalent to 0.03%, 0.15%, or
0.3% of the TFSA, respectively. Non-packaged fruit were used as
control. Each column represents the mean of 10 fruits and vertical
bars represent �SE.
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dase gene (DK-ACO1 and DK-ACO2) revealed that
different members of these gene families exhibit dis-
tinct spatial patterns of expression. For example, in
pulp, marked accumulation of three ACC synthase
and two ACC oxidase mRNAs was detected with
increase in ethylene production (Fig. 5), while in the
calyx, only DK-ACS2 mRNA accumulated with eth-
ylene production but two ACC oxidase genes were
expressed constitutively (Fig. 7).

Because 1-MCP effectively blocks ethylene recep-
tors and represses ethylene-mediated effects in plant
tissues (Sisler and Serek, 1997), it provides a useful
tool to study ethylene-regulated processes, such as
feedback mechanisms that control ethylene biosyn-
thesis (Bouquin et al., 1997; Nakatsuka et al., 1998). In
pulp, abscission zones, core, and peel, 1-MCP treat-
ment markedly inhibited ethylene production and
the expression of all ACC synthase gene tested (Figs.
4–6), suggesting that ethylene biosynthesis in these

tissues is modulated by ethylene action and that the
expression of these genes is regulated by a positive
feedback system. In contrast, ethylene production in
the calyx was not inhibited but rather was main-
tained at elevated levels by the 1-MCP treatment (Fig.
4), and expression of DK-ACS2 in the calyx of 1-MCP-
treated fruit was enhanced compared with control
fruit (Fig. 7). These results indicate that induction of
ethylene biosynthesis in the calyx is regulated in an
ethylene-independent manner.

Interestingly, the expression of DK-ACS2 was reg-
ulated both in an ethylene-dependent and indepen-
dent manner, as observed in the pulp and calyx,
respectively (Figs. 5–7), suggesting that both regula-
tory systems coordinately regulate this single ethyl-
ene biosynthesis-related gene in persimmon fruit. A
similar observation has been reported for LE-ACS2, a
tomato ACC synthase gene, which is inducible by
both ripening and wound stress (Rottmann et al.,
1991). The ripening-related expression of this gene is
suppressed by an inhibitor of ethylene action, sug-
gesting positive feedback regulation (Nakatsuka et
al., 1998), whereas the wound-induced expression is
ethylene independent (Tatsuki and Mori, 1999). In
detached young persimmon fruit, however, the reg-
ulatory system is much more complicated because
both ethylene-dependent and -independent regula-
tions operate at the same time in different tissues of
the same fruit.

In general, ripening-related ethylene biosynthesis
in climacteric fruit is considered to be under positive
feedback regulation, and the suppression of ethylene
production by 1-MCP has been reported in various
ripening fruit, including apple (Malus domestica; Fan
et al., 1999), pear (Lelièvre et al., 1997b), tomato
(Nakatsuka et al., 1998), and avocado (Persea ameri-
cana; Feng et al., 2000). Ethylene biosynthesis and the
expression of ACC synthase genes, which is stimu-
lated by external factors such as wounding in fruit
(Nakajima et al., 1990; Mullins et al., 1999; Tatsuki
and Mori, 1999), application of exogenous auxin to
vegetative tissues (Yoon et al., 1997; Peck and Kende,
1998) and pollination of orchid flowers (Bui and
O’Neill, 1998), is conversely under negative feedback
regulation or independent of ethylene action.

Therefore, the factor that stimulates DK-ACS2 ex-
pression in the calyx might not be an internal
ripening-related factor but be an external stress-
related factor. In the harvested mature fruit, only the
expression of DK-ACS1 was detected during fruit
ripening or in response to exogenous ethylene treat-
ment, suggesting that DK-ACS1 but not DK-ACS2 is a
ripening-regulated gene (Fig. 1). Because ethylene
induction in the calyx preceded that in other fruit
tissues (Fig. 4), ethylene biosynthesis in detached
young persimmon is suggested to be initiated by a
stimulus that induces DK-ACS2 expression in the
calyx in an ethylene-independent manner.

Figure 10. Changes in the rate of ethylene production (A) and the
accumulation of mRNAs corresponding to DK-ACS and DK-ACO
genes (B) in the pulp of young persimmon fruit held in low- (40%–
60% RH) or high- ( 95% RH) humidity conditions. Each point in A
represents the mean of three replications and vertical bars represent
�SE. Each lane in B contained 5 �g of total RNA, and the transcript
levels of 17S rRNA are shown as an internal loading control.
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Involvement of Water Loss from Fruit in Ethylene
Induction in Detached Young Persimmon Fruit

After detachment from the parent tree, harvested
fruit experience water loss (Wills et al., 1998), and we
accordingly hypothesized that water stress may act
as an external stress-related factor that modulates
ethylene biosynthesis in persimmon calyx tissue. The
alleviation of water loss from the fruit by packaging
in perforated polyethylene bags or exposure to hu-
midified airflow markedly delayed the initiation of
ethylene production and expression of DK-ACS2 in
the calyx (Figs. 8 and 9). Interestingly, the initiation
of ethylene production was delayed, together with a
reduced rate of water loss, and irrespective of the
reduced rate, the fruit started to produce ethylene
when a specific amount of water was lost (Fig. 8).
These results demonstrate the involvement of water
loss in the initiation of ethylene biosynthesis in de-
tached young persimmon.

On the basis of the results presented in this study,
a model can be proposed in which initiation and
propagation of ethylene biosynthesis in detached
young persimmon fruit is regulated by temporally
and spatially coordinated expression of the ACC syn-
thase and ACC oxidase genes. As the harvested fruit
lose water through transpiration, water stress occurs
in the fruit when water loss reaches a critical point.
The water stress signal stimulates the expression of
DK-ACS2 in the calyx, particularly in the calyx disc,
and the newly formed ACC is oxidized to ethylene
by basal levels of constitutive pre-existing ACC oxi-
dase, resulting in initial ethylene induction in the
calyx. This ethylene diffuses into the other fruit tis-
sues and acts as a secondary signal to stimulate the
expression of the three ACC synthase and the two
ACC oxidase genes, leading to autocatalytic ethylene
production within these tissues.

Similar models of sequential expression of ACC
synthase and ACC oxidase genes and inter-tissue
regulation of ethylene biosynthesis have been re-
ported in auxin-treated etiolated pea (Pisum sativum)
seedlings (Peck and Kende, 1995) and pollinated or-
chid flowers (O’Neill et al., 1993; Bui and O’Neill,
1998). In orchid flowers, it has been demonstrated
that a primary pollination signal induces the expres-
sion of two ACC synthase genes in the stigma and
ovary, respectively, and the resultant ACC and eth-
ylene are translocated to perianth and labelum. In the
perianth, translocated ACC is oxidized to ethylene by
ACC oxidase, whereas in the labelum, translocated
ethylene stimulates the expression of an ACC syn-
thase and an ACC oxidase gene, leading to further
ethylene biosynthesis.

Persimmon possesses a relatively large calyx com-
pared with other fruits. The calyx contains chloro-
phyll and shows high photosynthetic ability equiva-
lent to leaves (Nakano et al., 1997). Moreover, unlike
the fruit skin, the calyx has many stomata and is
considered to be the “gas exchange organ” of the

persimmon (Kitagawa and Glucina, 1984). Removal
of calyx lobes and sealing the scar with Vaseline
actually reduced the fruit carbon dioxide exchange
rate markedly, which resulted in a remarkable inhi-
bition of fruit development (Yonemori et al., 1996;
Nakano et al., 1998). In addition to these functions,
the calyx may have a role as stress sensor for the fruit
as shown in this study. Because weight loss was
observed in every tissue of the fruit (data not shown),
it seems that calyx has a higher sensitivity to the
water stress than the other parts of persimmon fruit
and thus acts as a water stress sensor for the fruit. In
the case of exposure of fruit to elevated levels of
carbon dioxide, initial ethylene production is also
detected in the calyx (R. Nakano, P. Kubo, and A.
Inaba, unpublished data), suggesting that the calyx is
responsible for sensing not only water stress, but also
for other environmental stresses. However, further
experiments will be required to investigate whether
the enhanced expression of DK-ACS2 by water loss is
a unique phenomenon in the calyx or a general phe-
nomenon shown in other tissues such as leaf and
seedling.

In conclusion, we propose a model in which ethyl-
ene production by detached young persimmon fruit
is triggered by water loss through the induction of
DK-ACS2 expression in the calyx. This ethylene dif-
fuses into other parts of the fruit where it induces
autocatalytic ethylene biosynthesis, resulting in a
burst of ethylene production. In some cultivars of
Japanese persimmon such as cvs Tonewase and Saijo,
even the fruit harvested at optimal maturity retain
the characteristics of young fruit and thus produce
ethylene in correlation with water loss, which in turn
causes the rapid fruit softening, a major problem in
marketing of these cultivars in Japan (Nakano et al.,
2001, 2002). We are now establishing the method to
prolong the post-harvest life of these persimmon cul-
tivars by using perforated polyethylene film or a
corrugated cardboard container coated with the
water-impervious material.

MATERIALS AND METHODS

Plant Material and Treatments

Persimmon (Diospyros kaki Thunb. cv Hiratanenashi) fruit were har-
vested at young stage (65 d AFB) and held at 20°C in ambient laboratory
humidity (40%–60% relative humidity [RH]). Immediately after harvest,
some fruit were treated with 200 nL L�1 of 1-MCP for 3 h according to the
method described by Nakatsuka et al. (1997). The rates of ethylene produc-
tion and flesh firmness in whole fruit were measured daily. Fruit were then
cut and divided into pulp, peel, abscission zone, core, and calyx tissues (Fig.
2), and in another experiment, the calyx was subdivided into lobe and disc
tissues (Fig. 2). Individual tissues were measured for ethylene production
and subsequently frozen in liquid nitrogen and stored at �80°C before RNA
extraction.

To investigate the involvement of water loss in ethylene production by
young persimmon, fruit harvested at a young stage (70 d AFB) were
packaged individually in perforated polyethylene bags (150 � 130 mm) with
two, eight, or 18 holes (4 mm in diameter), representing 0.03%, 0.15%, or
0.3% of the TFSA, respectively. The packaged fruit and non-packaged
control fruit were held at 20°C in ambient laboratory humidity (40%–60%
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RH), and weight loss and rate of ethylene production were monitored daily.
In another experiment, fruit harvested at a young stage (65 d AFB) were
held at 20°C in low humidity, which was equivalent to ambient laboratory
conditions (40%–60% RH), or high humidity (greater than 95% RH),
achieved by placing the fruit in a container through which humidified air
was passed at the rate of 250 mL min�1. The rates of ethylene production
and flesh firmness values by whole fruit were measured at one or 2-d
intervals and then ethylene production by individual fruit tissues was
determined before freezing and storing the tissue as described above.

To analyze expression of the ACC synthase and ACC oxidase genes
during fruit ripening, fruit harvested at mature stage (156 d AFB) were held
at 20°C in ambient laboratory humidity for 30 d until ripening-associated
ethylene was produced. Furthermore, after harvest, some fruit were treated
with 50 �L L�1 of exogenous ethylene for 2 d to induce autocatalytic
ethylene production. Pulp tissues were frozen in liquid nitrogen and stored
at �80°C before RNA extraction.

Determination of Ethylene Production, Flesh
Firmness, and Weight Loss

The rate of ethylene production by whole fruit was measured by enclos-
ing samples in 1.5-L airtight containers for 1 h at 20°C, withdrawing 1 mL
of the headspace gas, and injecting it into a gas chromatograph (model
GC-4CMPF, Shimadzu, Kyoto) fitted with a flame ionization detector and an
activated alumina column. To determine ethylene production in individual
fruit tissues, immediately after dividing the fruit into individual tissue, each
tissue was enclosed in a 30- or 150-mL airtight chamber and incubated for
10 min at 20°C to avoid contamination with wound-induced ethylene. Flesh
firmness was measured using a penetrometer (model SMT-T-50, Toyo Bald-
win, Tokyo) fitted with a cylindrical plunger (8 mm in diameter) and
corresponded to the force required to puncture the peeled flesh at equatorial
regions of the fruit on two opposite sides. Weight loss was expressed as a
percentage of initial fruit weight.

RNA Extraction and Reverse Transcriptase (RT)-PCR

RNA was extracted by the hot borate method (Wan and Wilkins, 1994),
and poly(A�) RNA was isolated using Oligotex-dT30 (Takara, Kyoto) ac-
cording to the manufacturer’s protocol. The first-strand cDNAs, synthesized
by RT from 2 �g of the poly(A�) RNA isolated from pulp or calyx tissues of
ethylene-producing young persimmon fruits, were used as templates for the
RT-PCR using degenerate oligonucleotide primers for ACC synthase and
ACC oxidase. These primers were designed based on conserved amino acid
sequences of ACC synthases (MGF/LAENQ and WFRVT/CFA) and ACC
oxidases (Nakatsuka et al., 1998). Reactions for the RT-PCR were subjected
to 30 cycles of 94°C for 1 min, 55°C for 2 min, and 72°C for 3 min. The
amplified cDNAs were cloned into the pGEM-T Easy vector (Promega,
Madison, WI) and sequenced using a model DSQ-1000 DNA sequencer
(Shimadzu) with either the �21M13 or M13 sequencing primers, according
to the manufacturer’s protocol (Amersham Biosciences UK, Ltd., Little
Chalfont, UK).

cDNA Library Construction and Screening

A persimmon fruit cDNA library was constructed by using 5 �g of
poly(A�) RNA from pulp tissue of detached young fruit and a ZAP-cDNA
synthesis kit (Stratagene, La Jolla, CA). cDNAs were cloned into a Uni-ZAP
XR vector (Stratagene) and packaged in Gigapack III gold packaging extract
(Stratagene), and the unamplified library was used directly for screening.
For the library screening of each cDNA, 1.5 � 104 plaques were plated, and
the corresponding filters were hybridized overnight at 68°C in standard
buffer with DIG-labeled probes of the cDNA fragments obtained from the
RT-PCR described below (Roche Diagnostics, Mannheim, Germany). After
low-stringency washes (twice at 37°C in 5� SSC and 0.1% [w/v] SDS for 15
min and twice at 68°C in 2� SSC and 0.1% [w/v] SDS for 30 min), the
membranes were subjected to immunological assay according to manufac-
turer’s instructions (Roche Diagnostics). Positive plaques were carried
through a second screening and then in vivo-excised and sequenced as
described above. Both strands of the clones of interest were sequenced after
subcloning.

Amplification of Full-Length cDNA by RACE-PCR

To determine the full-length nucleotide sequences for DK-ACS3, RACE-
PCR was performed using a cDNA amplification kit (Marathon, CLON-
TECH, Palo Alto, CA) according to the manufacturer’s protocol. To amplify
5�-end and 3�-end fragments, specific primers were designed based on the
nucleotide sequences of the cDNA fragments for DK-ACS3.

Probe Preparation

DIG-labeled probes were synthesized using a PCR DIG probe synthesis
Kit (Roche Diagnostics). For the screening of the cDNA library, DIG-labeled
probes were amplified using pGEM-T Easy plasmids containing the cDNA
fragments obtained from the RT-PCR as templates and T7 and SP6 primers
corresponding to vector sequences adjoining the multiple cloning site. For
northern and Southern analysis, gene-specific probes containing the 3�-
untranslated region of the cDNAs were amplified using plasmids obtained
from the cDNA library screening and the RACE-PCR as templates together
with the gene-specific primers. These primers were designed to amplify the
regions corresponding to bp 1,174 to 1,612 of DK-ACS1, bp 1,365 to 1,821 of
DK-ACS2, bp 1,367 to 1,802 of DK-ACS3, bp 819 to 1,154 of DK-ACO1, and
bp 800 to 1,298 of DK-ACO2.

DNA Gel-Blot Hybridization

Genomic DNA was isolated from immature persimmon leaves according
to Kanzaki et al. (2001) and a 5-�g sample of DNA digested with the
restriction enzymes NcoI, EcoRI and HindIII was separated on 0.8% (w/v)
agarose gels, and then blotted onto nylon membranes (Hybond N�, Amer-
sham Biosciences UK). The filters were hybridized with the DIG-labeled
gene-specific probes containing the 3�-untranslated region of the cDNAs
described above in high SDS buffer (7% [w/v] SDS, 5� SSC, 50 mm sodium-
phosphate, pH 7.0, 2% [w/v] blocking reagent, and 0.1% [w/v]
N-lauroylsarcosine) containing 50% (v/v) formamide (Roche Diagnostics)
overnight at 42°C. After hybridization, filters were washed twice at 37°C in
2� SSC and 0.1% (w/v) SDS for 15 min and twice at 55°C in 0.1� SSC and
0.1% (w/v) SDS for 30 min. The membranes were then subjected to immu-
nological detection according to the manufacturer’s instructions using CDP-
star as a chemiluminescent substrate for alkaline phosphatase (Roche
Diagnostics).

RNA Gel-Blot Hybridization

Aliquots of total RNA (5 �g) were separated by electrophoresis on 1%
(w/v) agarose gels containing 2.2 m formaldehyde and blotted onto nylon
membranes (Hybond N�, Amersham Biosciences UK). The filters were then
hybridized, washed, and subjected to immunological detection as described
above. The hybridization and final washes were at 42°C and 58°C,
respectively.
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