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Original

Effects of ethanol and acetaldehyde treatment on the
expression of genes encoding alcohol dehydrogenase and
pyruvate decarboxylase in harvested tomato fruit

Kenichiro Higashi® and Yasuo Suzuki®

Abstract Postharvest ethanol treatment suppresses the ripening of some climacteric fruits, including tomatoes.
In order to better understand the metabolism of ethanol in exogenously treated tomato fruit, the effects of ethanol
and acetaldehyde treatment on the expression of genes encoding alcohol dehydrogenase (ADH) and pyruvate
decarboxylase (PDC) were investigated with real-time PCR. In the whole fruit harvested at the mature green stage,
the transcript level of LeADHZ increased during ripening. The transcript level of LePDCI1 was high at the breaker
and turning stages and almost constant at other stages, and that of LePDCZ decreased during ripening. Ethanol
treatment of the mature green fruit stimulated the transcript levels of LeADHZ2, LePDCI, and LePDCZ2 compared
to that of the control. Acetaldehyde treatment of disks of fruit harvested at the mature green stage also stimulated
their transcript levels, and the stimulation was greater in ripening-inhibited fruit than ripening-promoted fruit. It is
thought that increases in LeADHZ by ethanol and acetaldehyde treatment are reasonable, but further studies on the
function of LePDCI and LePDCZ induction by ethanol and acetaldehyde are needed.

Key words: ethanol, gene expression, postharvest treatment, ripening, tomato fruit
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Introduction

Postharvest ethanol treatment suppresses the
senescence of some vegetables, including broccoli
(Suzuki et al, 2004; Han et al, 2006) and asparagus
(Herppich et al, 2014)
climacteric fruits, including tomato (Saltveit and
Sharaf, 1992)
muskmelon (Ritenour et al., 1997) . It is shown

, and the ripening of some

, avocado, honeydew melon, and

that the suppression mechanism of senescence and
ripening by ethanol is primarily due to inhibition
of not only ethylene production but also ethylene
response by ethanol (Asoda et al, 2009) .

It is not clear whether the causal agent responsible
for ethanol-induced senescence and ripening
suppression is ethanol or acetaldehyde, because
ethanol, which is exogenously applied to fruits and
vegetables, is metabolized to acetaldehyde by alcohol
dehydrogenase (ADH) (EC 1.1.1.1) . Beaulieu et
al. (1997) have shown that, in a tomato fruit disk,
ripening was inhibited only when acetaldehyde
was formed from ethanol and that when ethanol
conversion to acetaldehyde was inhibited by
treatment with 4-methylpyrazole, an ADH inhibitor,
the ripening process was not affected. Thus, they
concluded that acetaldehyde, not ethanol, is the active
compound inhibiting tomato fruit ripening. On the
other hand, acetaldehyde treatment of a cut carnation
to prolong its vase life is not effective, unlike ethanol
treatment (Pun et al, 2001) , and there are some
genes induced by ethanol that might be related to
ethanol effects (Vreugdenhil et al, 2006; Camargo et
al., 2007) .

In this study, in order to better understand the
metabolism of ethanol in exogenously treated tomato
fruit, using Micro-Tom, a model cultivar, the effects
of ethanol and acetaldehyde treatment on the
expression of genes encoding ADH and pyruvate
decarboxylase (PDC) (EC 4.1.1.1) with relation to
their metabolism were investigated.

Materials and Methods

1. Plant materials and growth conditions

Tomato (Solanum lycopersicum cv. ‘Micro-Tom' )
seeds were sown in 10.5 cm diameter pots filled with
Jiffy mix (Sakata Seed Corp. Japan) . Plants were
grown in a culture room under 16 h (100-140 ux mol
m*Zs?) at 23° C. They were watered every other day,
and nutrients were provided weekly as 0.2% Hyponex
solution (Hyponex Japan Corp. Ltd., Japan) . The
color score was determined on the basis of Kader and
Cantwell (2007) : IMG, immature green; MG, mature
green; B, breaker; T, turning; P, pink; LR, light red; R,
red.

2. Ethanol treatment

Mature green fruit were placed in a glass jar
(830 ml) with a filter paper onto which ethanol was
pipetted, immediately sealed, and incubated for 6
h at 20 °C in the dark. The ethanol concentration in
the atmosphere was 3.41 mmol/L. In the case of
the control, the same volume of distilled water was
treated. After treatment, the pericarp was frozen in
liquid nitrogen and stored at -80° C.

3. Acetaldehyde treatment

Fruit disks were prepared as follows: fruit was
harvested at the mature green stage and cut in half
lengthwise, and the calyx was removed. Fruit disks
were placed in a glass jar (830 ml) with a paper filter
onto which acetaldehyde was pipetted, immediately
sealed, and incubated for 72 h at 20° C in the dark.
The disks were treated with various concentrations
of acetaldehyde in the atmosphere. The control was
treated with the same volume of distilled water.
Every 24 h, the jars were ventilated and the fruit
treated with acetaldehyde. After treatment, the
pericarp was frozen in liquid nitrogen and stored at
-80°C.

In order to know the ripening progress of each
fruit, another portion of acetaldehyde-treated fruit
disks was treated with distilled water and stored as
a fruit-disk control. After treatment, the disks (disk
control and acetaldehyde-treated disks) were placed
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in a polystyrene pack (105 mm X 105 mm X 42 mm,
OP-151, Shimojima Co., Ltd., Japan) with four holes (8
mm diameter) and stored at 20° C, >85% RH, in the
dark. The cut surface of the disk was covered with
plastic wrap and placed downward. The color score
was determined as described above.

4. RNA preparation

Total RNA from pericarps frozen with liquid
nitrogen and stored at -80° C was isolated using the
hot borate method (Wan and Wilkins, 1994) with
slight modifications and purified using an RNeasy
Mini Kit (Qiagen, Germany) . The genomic DNA
was digested using RNase—free DNase I (Qiagen) .

5. Real-time PCR

The relative abundance of the transcripts was
analyzed via real-time polymerase chain reaction
(PCR) . Total RNA was reverse-transcribed with
the PrimeScript RT reagent kit (Takara, Japan) .
Quantitative real-time reverse—transcription PCR
was performed using SYBR Premix Ex Taq II
(Takara) with the Thermal Cycler Dice Real Time
System (Takara) according to the manufacturer s
instructions. Actin was used as an internal control.
Gene-specific primers for LeADH2, LePDCI, and
LePCD2 were designed using Primer3 (http://www.
genome.wimit.edu/cgibin/primer/primer3.cgi) , and
their specificity was confirmed. The LeActin—specific
primer was described in Besser et al. (2009) . The
primers are shown in Table 1.

Table 1. The primers for real-time PCR.

Gene names Accession No. Sequence (5'—3')

LeADH2 AK326446 Forward TCTGGGAAGCTAAGGGTCAA
Reverse CTCCTGGTGCAAGGTCTGTT
LePDC1 AK327017.1 Forward ATCGGCTGCTGTAACGAACT
Reverse GTATGCCCCAGCAATAGCAT
LePDC2 BP885130.1 Forward AACCCGACTGCTTACGAGAA
Reverse CGTGTCACCAGACAACATCC
LeActin BT012695 Forward AAATTGTCAGGGACGTGAAAG

Reverse TCTCAACAGAAGAGCTGGTCT

Results

1. Changes in the expression of LeADH2,
LePDC1, and LePDC2 during ripening

In tomato plants, the ADHI1 enzyme is found only
in pollen, seeds, and seedlings (Tanksley, 1979) , and
the ADH 2 enzyme has been shown to accumulate
in the fruit during ripening (Longhurst et al, 1990;
Chen and Chase, 1993) . Thus, in this study, we
investigated the expression of LeADHZ2 (accession no.
AK326446.1) . We investigated two isogenes encoding
PDC found on the NCBI database (http://www.nchi.
nlm.nih.gov/) : LePDCI (accession no. AK327017)
and LePDC2 (accession no. BP885130) .

The transcript level of LeADHZ2 at the immature
green stage was almost the same as that at the
mature green stage and then increased (Fig. 1A) .
The level was high beginning at the turning to red
stage. The transcript level of PDCI was high at the
breaker and turning stages and almost constant at
other stages (Fig. 1B) . The transcript level of PDC2
decreased during the fruit ripening (Fig. 1C) .
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Fig. 1. Changes in the expression of LeADH2 (A) ,
LePDCI1 (B) , and LePDC2 (C) in Micro-Tom
during ripening. Expression of the gene was
quantified by real-time PCR. Measurement
involved four replicates. The results presented are
the means += SD.

2. Effects of ethanol treatment on the
expression of LeADH2, LePDC1, and
LePDC2

Ethanol treatment of whole fruit was conducted,
and it was found that a treatment of 3.41 mmol/L
for 6 h was effective to suppress ripening without
negative impacts in this system. We investigated
the effects of ethanol treatment on the expression
of LeADH2, LePDCI, and LePDCZ2. There were no
differences between the control and MG (zero time
control) in the transcript level of any genes (Fig.
2) . Ethanol treatment stimulated a 4.7-fold increase
in the transcript level of LeADH2 compared to that
of the control (Fig. 2A) . Similarly, it increased the
transcript levels of LePDCI and LePDCZ2 16.0- and
17.8-fold, respectively (Figs. 2B and 2C) .
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Fig.2. Relative expression of LeADH2 (A) , LePDCI
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Expression of the gene was quantified by real-time
PCR. Measurement involved four replicates. The
results presented are the means * S.D.
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3. Effects of acetaldehyde on fruit ripening

At first, we treated whole fruit with acetaldehyde
in the same manner as with ethanol, but we could
not find the effective condition to suppress ripening
without negative impacts; we observed injuries on
the fruit, including caving and browning of the stem
end, when treatment at a high concentration for a
short period was conducted and did not observe
effects of acetaldehyde on suppression of ripening
when treatment at a low concentration for long
period was conducted. We thought that, when
fruit is treated exogenously with acetaldehyde, the
proper concentration of acetaldehyde needs to reach
the pericarp to suppress ripening; however, this
seemed to be impossible because the peel could be
a barrier to penetration. In other words, exogenous
acetaldehyde treatment to suppress ripening could
be excessive and could injure the fruit peel. Thus,
we tried to treat fruit disks with acetaldehyde;
acetaldehyde could reach pericarp in disks more
easily than in whole fruit. Acetaldehyde treatment of
0.103 mmol/L for 72 h suppressed ripening without
negative impacts, while 0.206 mmol/L treatment for
72 h suppressed ripening but caused injury, including
discoloration, in many disks (Fig. 3) . Thus, we
utilized the former treatment using disks.

In the next experiment, we treated five disks
with 0.103 mmol/L acetaldehyde for 72 h and stored
them to compare the color score progress of the disk
control. In three disks (A2, A4, and A5) , the ripening
was suppressed; the day to start to ripen of A2, A4,
and A5 was later that that of the disk controls (C2,
C4, and C5) (Table 2) . On the other hand, in other
disks (Al and A3) , the ripening was promoted; the
day to start to ripen of Al and A3 was earlier than
that of the disk controls (C1 and C3) . We thought
that the different effects could be dependent on fruit
maturity, because in the case where ripening was
suppressed in disks A2, A4, and A5, the disk controls
(C2, C4, and CbH) started to ripen by 2 days in storage
(DIS) , while in the case where disk ripening was
promoted (Al and A3) , the disk controls (C1 and
C3) started to ripen after 6 DIS. To confirm that,

we conducted the same experiments using seven

replicates (data not shown) and concluded that disk
ripening was suppressed (ripening-inhibited fruit)
when the disk controls started to ripen by 3 DIS,
and disk ripening was promoted (ripening-promoted
fruit) when the disk controls started to ripen after 6
DIS.

Table 2. Changes in the color score of tomato fruit disks treated with or without
acetaldehyde vapor for 72 h at 0.103 mmol/L. C and A mean control and acetaldehyde-
treated fruits, respectively. The same number indicates an identical fruit; for example, C1
and Al are originally identical fruit. Scale ranges 1-6 : [=Mature green, 2=Breaker,
3=Turning, 4=Pink, 5=Light red, and 6=Red.

Samples Days in storage
o 1 2 3 4 5 6 7
(@] 1 1 1 1 1 1 2 2
C2 11 2 2 3 3 3 3
C3 11 1 1 1 1 1 1
C4 2 3 3 4 4 4 4 5
C5 2 2 3 4 4 4 4 5
Al 1 1 1 1 2 2 3 3
A2 1 1 1 2 3 3 4 5
A3 1 1 1 1 1 2 3 3
A4 11 1 1 1 2 3 3
A5 1 1 1 1 2 3 4 5
A 6
72h 0.103 mmol/L  -e-Control
5 | Acetaldehyde ——Acetaldehyde
£
(@]
o
(%]
—
o
o
]
0 1 2 3 4 5 6 7
B
6
72h 0.206 mmol/L Acetaldehyde
o 5 F
B -~ Control
8 a —~~ Acetaldehyde
_
o 3
S
2

Days after treatment

Fig.3. Changes in the color score of tomato fruit disks
treated with or without acetaldehyde vapor for 72
h at 0.103 (A) or 0.206 (B) mmol/L. Measurement
involved four (A) or five (B) replicates. Results
presented are the means = S.D. Scale ranges 1-6 :
1=Mature green, 2=Breaker, 3=Turning, 4=Pink,
5=Light red, and 6=Red.
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4. Effects of acetaldehyde treatment on the
expression of LeADHZ2, LePDC1, and
LePDC2

We investigated effects of acetaldehyde treatment
on the expression of LeADHZ2, LePDCI1, and
LePDCZ2. Acetaldehyde treatment stimulated the
transcript levels of LeADHZ2 28.6- and 8.8-fold in
ripening-inhibited fruit and ripening-promoted fruit,
respectively, compared to those of the control (Fig.
4A) . Similarly, it stimulated the transcript levels of
LePDCI 16.9- and 11.0-fold in ripening-inhibited fruit
and ripening-promoted fruit, respectively (Fig. 4B) ,
and it stimulated the transcript levels of LePDC2
77.9- and 65.1-fold in ripening-inhibited fruit and
ripening-promoted fruit, respectively (Fig. 4C) .
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Fig. 4. Relative expression of LeADH2(A), LePDCI(B),
and LePDC2(C) treated with acetaldehyde vapor
for 72 h at 0.103 mmol/L. MG, Inhibition, and
Promotion mean zero time control, ripening-
inhibited fruit, and ripening-promoted fruit,
respectively. Expression of the gene was quantified
by real-time PCR. The ripening stage of all tomato
fruit for measurement was MG. Measurement
involved four replicates. The results presented are
the means = SD.

Discussion

1. Changes in the expression of LeADH?2,
LePDC1, and LePDCZ2 during ripening

In fruits of some cultivars, including Momotaro,
Sunny, and Rutger, ADH activity and mRNA for ADHZ
increase through ripening (Longhurst et al, 1990, 1994;
Van Der Straeten et al, 1991; Chen and Chase, 1993) .
In Micro-Tom, utilized in this study, the expression
pattern of the transcript level of ADHZ was similar
(Fig. 1) . PDC, which catalyzes the preceding step
in ethanolic fermentation, is induced under anaerobic
conditions (Laszlo and Lawrence, 1983) . PDC activity
does not increase during ripening, being highest in the
breaker stage in tomato fruit (Chen and Chase, 1993) .
In the grape berry, the PDC expression pattern is
well correlated with the PDC activity pattern, which
is shown to be fairly constant throughout berry
development except for a short period of increased
activity after the onset of ripening (Or et al, 2000) .
These trends in other cultivars of tomato and
grape berry support the similarity of changes in the
transcript levels of LePDCI and LePDCZ in this study.

Chen and Chase (1993) concluded that the induction
of ADHZ during ripening does not result from any
cue of anaerobiosis, because PDC activity, which was
used as an internal control for an anaerobic induction,
did not increase during ripening. However, even
small decreases in oxygen concentration in the fruit
have been shown to induce transcription of the Adh2
gene (Longhurst et al, 1994) , and it is not clear that
PDC activity is suitable for an internal control for an
anaerobic induction in this case. In the study using
fruit from six tomato cultivars, the rate of increase
in ADH activity in the ripening fruit is strongly
correlated with the rate of softening of the fruit,
suggesting that induction of ADH activity in the fruit
may be a function of the softening of the fruit rather
than a direct function of ripening (Speirs et al, 2002) .
The changes in ADH and PDC in Micro-Tom in this
study are similar to those in commercial cultivars, and
there could be no differences among cultivars. Micro—
Tom, a model plant, could contribute to further studies

as needed.
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2. Ethanol and acetaldehyde treatments induce
the expression of LeADH2, LePDC1, and
LePDC2

In tomato fruit at the pink stage, ethanol
treatment of fruit disks stimulates ADH activity,
and in kiwifruit, ADH activity is detected only after
ethanol treatment of the disks (Massantini et al.,
1995)
mature green stage (Fig. 2A) . It is reasonable that

, consistent with this study using fruit at the

LeADH? increases when fruit is treated exogenously
with ethanol, because ADH catalyzes bidirectional
reactions and, when ethanol is exogenously applied,
ADH catalyzes ethanol as a substrate to reduce
ethanol. Ethanol treatment also stimulated the
transcript levels of LePDCI and LePDC2 (Fig. 2B
and C) . However, because PDC catalyzes a one-
way reaction from pyruvate to acetaldehyde, even if
the amount of PDC increases, the acetaldehyde dose
not decrease. Thus, further studies on the function of
PDC induction by ethanol are needed.

It has been reported that, in the Castlemart tomato
pericarp disk, depending on the maturity of the
fruit, exposure to ethanol vapors either promotes or
inhibits ripening (Beaulieu and Saltveit, 1997) . In
this study, acetaldehyde promoted or inhibited the
ripening of fruit disks at the mature green stage,
designated ripening-promoted fruit or ripening-
inhibited fruit, respectively. Acetaldehyde treatment
stimulated the expression of LeADHZ2, LePDCI, and
LePDCZ2 and did so more prominently in ripening-
inhibited fruit (Fig. 4) . On the basis of the ripening
, 1t 1s thought
that the level of maturity was different even when

progress of each fruit disk (Table 2)

they were at the mature green stage and that a little
difference in fruit maturity affects the sensitivity to
acetaldehyde. As in ethanol treatment, stimulation of
ADH by acetaldehyde is reasonable, but the function
of PDC stimulation by acetaldehyde remains unclear.
This study shows that in tomato fruit, ethanol
and acetaldehyde stimulate the expression of genes
encoding ADH and PDC, suggesting that they
activate ADH and PDC. In the future, in order to
clarify roles in ethanol by which fruit ripening is
suppressed in tomato fruit, research to produce a

transgenic tomato silenced for ADHZ and analyze
it is necessary. At that time, the suitable condition
which this study reveal will be useful and available.
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*—TJ— R auf PR HERERERDE, MRS oy s MNEE Bt toE—
Consideration of contact densities of particles near a substrate by Asakura-Oosawa theory incorporating non-additivity
(Ken-ichi Amano®*, Satoshi Furukawa® , Rina Ishii?, Kota Hashimoto® , Naoya Nishi® , Tetsuo Sakka")

Abstract Understanding mechanisms of colloidal-particle assembly near a substrate is important for the
development of higher performance batteries, heterogeneous catalysts, paints and cosmetics. The knowledge is
important also for crystallizations of colloidal particles and proteins. In the present study, the physical adsorption of
colloidal particles near the substrate in a multicomponent colloidal system was studied by combining “the Asakura-
Oosawa theory” and “non-additive parameters for particle size and contact distance between the substrate and
the particle”. We found a universal equation that holds regardless of the existence of non-additive parameters.
It was also found that in a multi-component colloidal dispersion system, if the amount of one type of colloidal
particles adsorbed on the substrate increases (decreases), that of the other colloidal particles decreases (increases) .
Furthermore, in a two—component colloidal dispersion system (a mixture of large and small colloidal particles),
the presence of a non-additive parameter causes the small colloidal particles to be more easily adsorbed on the
substrate. This is an interesting property, because it does not hold in the usual additive system.

Key words: Colloidal dispersion system, Excluded volume effect, Contact distance, Contact density, Translational entropy.
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