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Effect of Storage Temperature on Fruit Ripening in Three Kiwifruit Cultivars
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The responses of three kiwifruit cultivars, Actinidia chinensis ‘Sanuki Gold’, A. chinensis ‘Rainbow Red’, and
A. deliciosa ‘Hayward’ to various storage temperatures (0, 5, 10, 15 and 20°C) for 8 weeks were investigated.
The rate of fruit which initiated ethylene production due to rot development increased with increases in
storage temperature. Early-maturing cultivars, ‘Rainbow Red’ and ‘Sanuki Gold’ fruit stored at 5, 10, and
15°C showed drastic softening and a decrease in titratable acidity (TA) to an edible level within 4 weeks
without detectable ethylene production, whereas fruit stored at 0 and 20°C maintained high firmness and TA
even after 8 weeks unless they were infected with rot. A late-maturing cultivar, ‘Hayward’ fruit stored at 5 and
10°C softened more rapidly than when stored at 0, 15, or 20°C. Treatment with 1-Methylcyclopropene (1-
MCP) did not suppress the low temperature modulated fruit ripening in any cultivars, indicating its
independence from ethylene. These results suggest that ‘Sanuki Gold’ and ‘Rainbow Red’ are more sensitive
to low temperatures compared to ‘Hayward’ and the sensitivity is involved in the determination of storage life

and how early the fruit matures on the vine.
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Introduction

The plant hormone ethylene initiates ripening-
associated events in kiwifruit, such as increased respira-
tion, softening, reduction in acidity, conversion of
starch to sugar, and aroma development as it is a cli-
macteric fruit (Antunes et al., 2000; Mworia et al.,
2010). Kiwifruit has been believed to be extremely sen-
sitive to ethylene, which accelerates ripening (Ritenour
et al., 1999; Yin et al., 2010). The presence of ethylene
in the storage room shortens kiwifruit storage life and
hence, it is a major challenge during long-term storage
(Pranamornkith et al., 2012). Thus, the main areas of
investigation into how to extend kiwifruit storage life
are ethylene elimination and low temperature control
(Koukounaras and Sfakiotakis, 2007).

In kiwifruit, major postharvest diseases are soft rot
caused by Botryoshaeria spp. and Phomopsis spp. and
stem-end rot by Diaporthe actinidia, which are epiphyt-
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ic at harvest, and penetrate inside the fruit during stor-
age (Kinugawa, 2000). Once the pathogenic fungus
invades a single fruit, it induces ethylene biosynthesis
that affects other surrounding fruit (Yano and
Hasegawa, 1993). Therefore, in order to understand the
ripening physiology and evaluate the storage potential
of kiwifruit, especially at room temperature, we have to
eliminate the effects of disease-induced ethylene.

1-Methylcyclopropene (1-MCP), a synthetic cyclic
olefin that is used to extend storage life in many climac-
teric fruit, inhibits ethylene action through interaction
with ethylene receptors (Sisler and Serek, 1997). Pre-
storage treatment with 1-MCP significantly delays the
increase in ethylene production and softening of
‘Hayward’ fruit during their shelf life at room tempera-
ture, after short- and medium-term cold storage
(Koukounaras and Sfakiotakis, 2007). In kiwifruit,
‘Bartlett’ pears and ‘Charantais’ melons, fruit treated
with 1-MCP exhibited significant extension of storage
and shelf life (Asiche et al., 2016; Nishiyama et al.,
2007; Villalobos-acufia et al., 2011). In this study, we
used 1-MCP treatment and spatial isolation to eliminate
the effects of ethylene produced by adjoining diseased
fruit.

Storage temperature plays a pivotal role in fruit me-
tabolism during long-term storage, causing changes in
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physical and chemical attributes and in the aroma com-
position of various fruits (Antunes and Sfakiotakis,
2002; Antunes et al., 2000; Ritenour et al., 1999). The
kiwifruit industry utilizes a cold storage temperature of
0—4°C to slow down the ripening process and extend
fruit life (Arpaia et al., 1987; Pranamornkith et al.,
2012). Low temperatures generally inhibit microbial
growth and suppress metabolic changes, thus maintain-
ing fruit quality during storage (Wang and Wang,
2009).

The genus Actinidia consists of 55 species and 76
taxa native to Asia, including a wide array of cultivars
(Kim et al., 2009; Thompson et al., 2000; Wang and
Gleave, 2012). Actinidia deliciosa ‘Hayward’ and
A. chinensis  ‘Hort16A’ are widely commercialized
kiwifruit cultivars, and many other novel cultivars have
been introduced and grown commercially worldwide
(Kim et al., 2009). In Japan, 4. chinensis ‘Sanuki Gold’
and 4. chinensis ‘Rainbow Red’ are new cultivars gain-
ing commercial prominence with the most notable fruit
attributes being smooth skin and a high soluble solids
content (SSC). However, these cultivars have a relative-
ly short storage life compared to A.deliciosa
‘Hayward’. ‘Sanuki Gold’, bred in Kagawa, Japan, is a
tetraploid (4n) with large fruit size (200 g), brown skin,
golden yellow flesh, and high SSC (16%), whereas
‘Rainbow Red’ (2n) has green, smooth skin with red
concentric rings, weighs 100 g, and has an extremely
high SSC (18%) (Mworia et al., 2010; Nishiyama et al.,
2008). ‘Hayward’ is medium-sized (120g) and has
hairy skin and a lower SSC (14%) than the other two
cultivars. ‘Sanuki Gold’ and ‘Rainbow Red’ are early-
maturing types harvested in early October and late
September, respectively, in contrast to ‘Hayward’,
which is a late-maturing type harvested in early
November. The most important postharvest disparity
between the cultivars is storage life; ‘Hayward’ can be
stored for up to 6 months (Arpaia et al., 1987), whereas
‘Sanuki Gold’ and ‘Rainbow Red’ can be stored for
only 1 or 2 months even at low temperature. Thus, it
will be useful to study ‘Sanuki Gold’ and ‘Rainbow
Red’ in order to determine the physiological differences
among cultivars and to develop appropriate methods for
long-term storage.

Our previous research on the kiwifruit A. chinensis
‘Sanuki Gold” showed that fruit stored at 5°C ripened
faster than fruit stored at room temperature, accompa-
nied by elevated expression of specific ripening-
associated genes, encoding cell wall-modifying
enzymes, carbohydrate metabolism, and transcription
factors in an ethylene-independent manner when effects
of disease-induced ethylene was eliminated (Mworia
et al., 2012). Furthermore, during low-temperature stor-
age, repeated application of 1-MCP failed to suppress
changes in firmness and titratable acidity. It was con-
cluded that exposure to low temperature accelerated
ripening of ‘Sanuki Gold” kiwifruit. There is little infor-

mation on the impact of prolonged storage under vari-
ous storage temperature regimes in different kiwifruit
cultivars. The objectives of our study were to assess the
effect of different storage temperatures (0, 5, 10, 15,
and 20°C) on development of ripening rot and ripening
characteristics in ethylene-free conditions using three
kiwifruit cultivars ‘Sanuki Gold’, ‘Rainbow Red’, and
‘Hayward’.

Materials and Methods

Plant materials

A. chinensis ~ ‘Sanuki  Gold> and A. chinensis
‘Rainbow Red’ fruit were obtained from a commercial
orchard in Kagawa, Japan. ‘Sanuki Gold’ fruit were
harvested on October 5, 2011 while ‘Rainbow Red’
fruit were harvested on September 27, 2011.
A. deliciosa ‘Hayward’ fruit were harvested from the
experimental orchard at Okayama University, Japan on
November 7, 2011. Kiwifruit were immediately trans-
ported to a postharvest laboratory at Okayama Univer-
sity, Japan where they were sorted to obtain fruit of
uniform size and without defects or blemishes.

Ethylene and fruit rot screening

To monitor for disease infections, ethylene produc-
tion of all fruit was measured individually at harvest
and a few fruit were found to be producing ethylene.
These fruit were set aside and monitored at room tem-
perature for a few days. Shortly thereafter, rot symp-
toms developed, indicating that the initiation of
ethylene production was due to fruit rot. Therefore, we
decided to conduct strict ethylene and fruit rot screen-
ing (twice a week) to remove the effects of disease-
induced ethylene during the entire experimental period.
Once ethylene production >0.02nL-g"-h™' was de-
tected, the fruit were transferred to a separate room and
monitored at room temperature. Ethylene measurements
were conducted by incubating individual fruitina 0.4 L
container. After 1 h, 1 mL of headspace gas was with-
drawn and injected into a gas chromatograph (Model-
GC8 CMPF; Shimadzu, Kyoto, Japan) equipped with a
flame ionization detector (set at 200°C) and an acti-
vated alumina column (¢ 4mm x 1 m) set at 80°C
(Mworia et al., 2010).

Treatments and storage conditions

Fruit at the commercial harvesting stage were stored
spatially separated (5 cm apart) in order to avoid effects
of disease-induced ethylene. The experimental design
consisted of control fruit (CON), 1-MCP, and five tem-
perature regimes (0, 5, 10, 15, and 20°C). Treatment
with 1-MCP was conducted twice a week throughout
the duration of storage by exposing fruit to 5 uL-L™! of
1-MCP (SmartFresh™, Rohm and Hass, Philadelphia,
PA, USA) for 12 h, according to Mworia et al. (2010,
2012).
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Evaluation of fruit quality indices

Fruit firmness (outer pericarp and core), SSC, and
TA were determined at week 0, 2, 4, 6, and 8 using 5
biological replications. Fruit were exposed to room
temperature for 2 h before assessment. Fruit skin was
sliced off from two opposite cheeks along the equatorial
region and outer pericarp firmness was subsequently
measured using a penetrometer (model SMT-T-50;
Toyo Baldwin, Tokyo, Japan) fitted with a S5-mm
plunger (Asiche et al., 2016). The SSC of the fruit juice
was determined using a digital Atago PR-1 refrac-
tometer (Atago Co. Ltd, Tokyo, Japan) and expressed
as Brix (%). TA was determined by titrating the extract
against 0.1N NaOH and then expressed as percentage
citric acid equivalents.

Results

Fruit rot incidence at different storage temperatures

For all three cultivars and storage temperatures, fruit
that initiated ethylene production were isolated and
monitored in a separate room as described in the previ-
ous section. These fruit increased ethylene production
and developed visible rot symptoms within a few days.
As shown in Figure 1, the highest percentage of
ethylene-producing fruit was observed during storage at
20°C. In fact, ‘Rainbow Red’ CON fruit and ‘Sanuki
Gold” 1-MCP fruit at 20°C could only be stored for 4
and 6 weeks respectively since most of the fruit pro-
duced ethylene (Fig. 1A, B). Notably, storage of fruit at
lower temperatures (0 and 5°C) significantly reduced
fruit rot incidence in all the three cultivars with rot inci-
dence being virtually absent at 0 and 5°C. Nevertheless,
fruit without ethylene production did not develop rot
symptoms throughout the experimental period and were
considered healthy fruit. These fruit were used for fur-
ther analysis of ripening characteristics.

Changes in fruit firmness

Figure 2 shows the outer pericarp firmness of the
three kiwifruit cultivars for the CON and 1-MCP fruit.
The outer pericarp firmness of ‘Rainbow Red” CON
and 1-MCP fruit stored at 5, 10, and 15°C drastically
decreased from 37 N at harvest to 2-6 N at 4 weeks
(Fig. 2A, B). However, fruit stored at 0 and 20°C main-
tained high firmness of approximately 35 N and 20 N,
respectively for both the CON and 1-MCP groups after
4 weeks. ‘Sanuki Gold’ CON and 1-MCP fruit at 5, 10,
and 15°C also showed a sharp decrease in outer peri-
carp firmness from ~30 N at harvest to ~4 N at 4 weeks
(Fig. 2C, D). At this time point, however, both ‘Sanuki
Gold’ CON and 1-MCP fruit at 0 and 20°C still had a
higher firmness of approximately 25 N. Conversely,
‘Hayward’ fruit exhibited slower softening of the outer
pericarp compared to the other cultivars. As shown in
Figure 2E and F, both ‘Hayward” CON and 1-MCP
fruit at 5 and 10°C decreased in terms of outer pericarp
firmness at a faster rate (after 4 weeks) than fruit at 0,
15, and 20°C. However, the firmness of ‘Hayward’ fruit
at 5 and 10°C even after 8 weeks was higher than that
of ‘Rainbow Red’ and ‘Sanuki Gold’ at 4 weeks.

Changes in SSC and TA

Figure 3 shows the changes in SSC in the three kiwi-
fruit cultivars during storage. ‘Rainbow Red’ fruit stor-
ed at 5, 10, 15, and 20°C in both the CON and 1-MCP
groups showed a more rapid increase in SSC, achieving
>15% by 4 weeks (Fig. 3A, B). However, the SSC of
both CON and 1-MCP fruit at 0°C showed a slower in-
crease in SSC, achieving <15% by 8 weeks. Converse-
ly, “‘Sanuki Gold” CON and 1-MCP fruit at 0 and 20°C
showed the least increase in SSC, to 13% after 4 weeks,
whereas fruit at 5, 10, and 15°C showed a consistent in-
crease in SSC reaching a maximum of approximately
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Fig. 1. Effect of storage temperature and 1-MCP treatment on percentage of ethylene-producing fruit (rot incidence) in ‘Rainbow Red’, ‘Sanuki

Gold’, and ‘Hayward’. All fruit that initiated ethylene production developed rot symptoms within a few days after transfer to a separate
room. Therefore, the percentage of ethylene-producing fruit is identical to fruit rot incidence. Treatment with 1-MCP was performed twice a

week during the experimental period.
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performed twice a week during the entire experimental period. Each data point is composed of 5 fruit with SE bars.
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Fig. 4. Effect of storage temperature and 1-MCP on TA of ‘Rainbow Red’, ‘Sanuki Gold’, and ‘Hayward’ fruit. Treatment with 1-MCP was

performed twice a week during the experimental period. Each data point is composed of 5 fruit with SE bars.

15% after 6 weeks (Fig. 3C, D). For ‘Hayward” CON
and 1-MCP fruit, the SSC increased gradually in all
temperature regimes, attaining a maximum of approxi-
mately 14% within 8 weeks, although the rate was
slower in fruit at 0°C (Fig. 3E, F).

The TA of ‘Rainbow Red” CON and 1-MCP fruit at
5, 10, and 15°C decreased more rapidly than that of
fruit at 0 and 20°C to below 1% within 4 weeks
(Fig. 4A, B). A similar trend was observed in the TA of
both ‘Sanuki Gold> CON and 1-MCP fruit, with TA
rates decreasing more rapidly in fruit at 5 and 10°C
than in fruit at 0 and 20°C (Fig. 4C, D). ‘Hayward’ fruit
showed a higher TA level than the other two cultivars
both at harvest and after 8 weeks, as well as a slower
rate of decrease in TA during storage (Fig. 4E, F). After
8 weeks of storage, the TA level of ‘Hayward’ 1-MCP
fruit was lower at 5 and 10°C than at 15 and 20°C.

Discussion

Ethylene-dependent and -independent fruit ripening in
kiwifruit

The plant hormone ethylene is responsible for ripen-
ing in climacteric fruit, causing changes in fruit attri-
butes such as softening, increases in SSC, and reduction
in TA (Mworia et al., 2010; Tacken et al., 2010). Exog-
enous application of ethylene or propylene, an ethylene
analogue, accelerated kiwifruit ripening to within 5
days at room temperature, accompanied by endogenous

ethylene production (Antunes et al., 2000; Mworia
et al.,, 2010). Conversely, application of 1-MCP, an
ethylene perception inhibitor, suppressed ethylene-
controlled ripening in kiwifruit even after initiation of
ripening, as also observed in melons, pears, apples, and
tomatoes (Boquete et al., 2004; Ergun et al., 2005;
Nakatsuka et al., 1997; Nishiyama et al., 2007; Pre-
Aymard et al., 2003). It is believed that kiwifruit are
highly sensitive to exogenous ethylene (Arpaia et al.,
1987; Michell, 1990). Thus, in the present study, we
conducted frequent screening to remove ethylene-
producing fruit. These fruit developed rot symptoms
within a few days, so ethylene was attributed to disease
stress (Fig. 1). Fruit rot in kiwifruit is mainly caused by
Botryoshaeria sp. and Phomopsis sp. (Kinugawa,
2000), which infect fruit on the vine and are manifested
during storage especially at high temperatures and
under moist conditions. According to Sfakiotakis et al.
(1997), kiwifruit do not start autocatalytic ethylene pro-
duction at harvest unless the fruit sustain mechanical
damage or pathogen attack. The present results agree
with this finding since healthy ‘Rainbow Red’, ‘Sanuki
Gold’, and ‘Hayward’ kiwifruit did not produce ethyl-
ene throughout the storage period at the various temper-
atures. As previously reported by Yano and Hasegawa
(1993), ethylene evolution in healthy kiwifruit is stimu-
lated by ethylene stemming from diseased fruit packed
in the same container or by exogenous ethylene gas.
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Based on this, fruit producing ethylene as a result of
disease infection were isolated through strict and fre-
quent screening to avoid contamination and ensure that
fruit sampled at various temperatures were completely
ethylene-free. This procedure resulted in a storage life
of more than 4 weeks for fruit stored at 20°C, which is
much longer than that previously observed in other
studies (Kim et al., 1999; Schotsmans et al., 2008;
Taglienti et al., 2009).

According to our previous study, ‘Sanuki Gold’ kiwi-
fruit with undetectable ethylene production exhibited
low temperature-modulated ripening whereby fruit stor-
ed at 5°C ripened faster than fruit at 25°C (Mworia
et al., 2012). Treatment of fruit stored at 5°C with 1-
MCP did not inhibit the ripening process indicating that
‘Sanuki Gold’ fruit ripened in response to low tempera-
ture independent of ethylene. In the present study,
healthy ‘Rainbow Red’ and ‘Sanuki Gold’ fruit with
undetectable ethylene production ripened faster during
storage at 5, 10, and 15°C compared to fruit at 0 and
20°C (Figs. 2 and 4). Similarly, ‘Hayward’ fruit with
undetectable ethylene production ripened faster at 5 and
10°C than fruit at 0, 15, and 20°C. Repeated 1-MCP
treatment did not suppress ripening since both CON and
1-MCP groups depicted a similar ripening pattern at the
respective storage temperatures. Therefore, the present
results suggest that kiwifruit ripening is modulated by
temperature independent of ethylene and the effect of
temperature on kiwifruit ripening is manifested in all
cultivars. In the absence of ethylene, the rate of ripen-
ing in healthy kiwifruit is mainly dependent on the stor-
age temperature. Low-temperature-induced ripening
has also been reported in other fruit species such as
pears, apples, and plums, but this is assumed to be fa-
cilitated by ethylene biosynthesis due to cold stress,
contrary to what we observed in kiwifruit (Candan
et al., 2008; El-Sharkawy et al., 2003; Kim et al., 1999;
Tacken et al., 2010). Furthermore, some fruit attributes
are still manifested even when ethylene biosynthesis is
suppressed. Experiments on transgenic apple fruit with
suppressed  1-aminocyclopropane-1-carboxylic  acid
synthase (ACS) and 1-aminocyclopropane-1-carboxylic
acid oxidase (ACO) genes showed that sugar and acid
composition/accumulation are not exclusively under the
control of ethylene (Dandekar et al., 2004). In banana
fruit, accumulation of sugar after propylene treatment
was not inhibited by 1-MCP once the ripening process
had been initiated (Golding et al., 1998), and in the can-
taloupe melon, suppression of the ACO gene did not in-
hibit sugar accumulation and loss of acidity, indicating
that both ethylene-dependent and -independent regula-
tion coexist during climacteric fruit ripening (Pech
et al., 2008).

Sensitivity to low temperature reflects cultivar differ-
ences in kiwifruit
In previous studies, it has been demonstrated that

different kiwifruit cultivars exhibit varying storability
during low temperature storage. ‘Sanuki Gold” and
‘Rainbow Red’ kiwifruit are known to be highly perish-
able with a storage potential of only 1-2 months even at
low temperature (Mworia et al., 2012; Nishiyama,
2007). Conversely, ‘Hayward’ kiwifruit are renowned
for their longer storage potential of about 4—6 months
(Pranamornkith et al., 2012). In the present study,
‘Rainbow Red’, ‘Sanuki Gold’, and ‘Hayward’ kiwi-
fruit exhibited cultivar differences in ripening pattern
during storage at 0, 5, 10, 15, and 20°C. ‘Rainbow Red’
and ‘Sanuki Gold’ fruit exhibited a faster reduction in
firmness without any ethylene production during stor-
age at 5, 10, and 15°C reaching the lowest firmness
within 4 weeks compared to fruit at 0 and 20°C (Fig. 2).
On the other hand, ‘Hayward’ fruit softening was faster
at 5 and 10°C compared to fruit at 0, 15, and 20°C.
Thus, our results suggest that the major difference be-
tween the highly perishable cultivars (‘Rainbow Red’
and ‘Sanuki Gold’) and the more hardy cultivar
(‘Hayward’) is the response to a 15°C storage tempera-
ture. ‘Rainbow Red’ and ‘Sanuki Gold’ fruit stored at
15°C ripened faster than fruit stored at 20°C, whereas
‘Hayward’ fruit stored at 15°C showed a delayed ripen-
ing pattern similar to that of fruit stored at 20°C.
Furthermore, the softening of ‘Hayward’ fruit at 5 and
10°C took a longer time of 8 weeks compared to only 4
weeks exhibited by ‘Rainbow Red’ and ‘Sanuki Gold’
at 5, 10, and 15°C (Figs. 2 and 3). In commercial pro-
duction, kiwifruit is harvested at the pre-climacteric
stage when fruit softening has not commenced. In
Japan, ‘Sanuki Gold’ and ‘Rainbow Red’ fruit are har-
vested in early October and late September, respective-
ly, when the minimum field temperature is
approximately 15°C. ‘Hayward’ fruit are harvested in
early November when the minimum field temperature
is approximately 10°C. Thus, the present study suggests
that the differences in maturity dates between ‘Rainbow
Red’/*Sanuki Gold’ fruit and ‘Hayward’ fruit can be at-
tributed to different sensitivities to temperature.

Implications of storage temperature in kiwifruit culti-
vars

Commercially, harvested kiwifruit are usually stored
at low temperatures of about 0-4°C to prolong their
storage life (Arpaia et al., 1987). However, our present
study shows that kiwifruit ripening occurred faster at
lower storage temperatures (5, 10, and 15°C for
‘Rainbow Red’ and Sanuki Gold” kiwifruit, and 5 and
10°C for ‘Hayward’ kiwifruit) compared to higher stor-
age temperatures. However, it was peculiar that for all
cultivars, fruit ripening was suppressed at 0°C in a sim-
ilar manner to 20°C. The delayed fruit ripening at 0°C
can be attributed to a slowness of response, indicating
that in as much as 0°C provides physiological stimuli to
induce ripening, it also strongly suppresses the metabol-
ic processes of ripening. Arpaia et al. (1986) showed
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that in ‘Hayward’, temperature ranging from 0°C to
10°C is a crucial factor that leads to softening in
ethylene-free conditions. Similar conclusions were
echoed by Marsh et al. (2004), who showed that
‘Hayward’ fruit stored at 4 and 10°C softened faster
than fruit stored at 0°C. Our present study shows that
for long-term storage, a temperature of either 0°C or
20°C is most effective in extending storage life with a
reduced ripening rate. However, the high prevalence of
fruit rot at 20°C makes it unsuitable for long-term stor-
age of kiwifruit. Therefore, storage at 0°C seems to be
most effective in delaying ripening and fruit rot, provid-
ing a marked extension of storage life.

Storage at 5 and 10°C provided ripe, edible fruit
within 4 and 8 weeks in ‘Rainbow Red’ and ‘Sanuki
Gold” respectively without ethylene production.
‘Hayward’ fruit can be stored for more than 8 weeks at
low temperature since the fruit were firmer with high
acidity even after 8 weeks at 5 and 10°C. Since con-
sumer preference for kiwifruit is based on fruit firm-
ness, SSC, and acidity, ethylene treatment is usually
performed after storage to ensure fruit show uniform
ripening characteristics before being brought to market
(Boquete et al., 2004; MacRae et al., 1990). The present
study shows that for ‘Rainbow Red’ and ‘Sanuki Gold’
fruit, 5 or 10°C can be recommended for storage peri-
ods of 4 or 8 weeks without ethylene treatment before
shipping.

In conclusion, our results show that the ripening rates
of kiwifruit cultivars are modulated by storage tempera-
ture. Furthermore, kiwifruit sensitivity/response to low
temperature is closely related to differences in the stor-
age potential of the cultivars at low temperature and
how early or late the fruit matures on the vine.

Literature Cited

Antunes, M. D. C. and E. M. Sfakiotakis. 2002. Chilling induced
ethylene biosynthesis in ‘Hayward’ kiwifruit following stor-
age. Sci. Hortic. 92: 29-39.

Antunes, M. D. C., I. Pateraki, A. K. Kanellis and E. M.
Sfakiotakis. 2000. Differential effects of low-temperature in-
hibition on the propylene induced autocatalysis of ethylene
production, respiration and ripening of ‘Hayward’ kiwifruit.
J. Hort. Sci. Biotech. 75: 575-580.

Arpaia, M. L., J. M. Labavitch, C. Greve and A. A. Kader. 1987.
Changes in cell wall components of kiwifruit during storage
in air or controlled atmospheres. J. Amer. Soc. Hort. Sci.
112: 474-481.

Arpaia, M. L., F. G. Mitchell, A. A. Kader and G. Mayer. 1986.
Ethylene and temperature effects on softening and white
core inclusions of kiwifruit stored in air or controlled atmo-
spheres. J. Amer. Soc. Hort. Sci. 111: 149-153.

Asiche, W. O., E. G. Mworia, C. Oda, O. W. Mitalo, W. O.
Owino, K. Ushijima, R. Nakano and Y. Kubo. 2016. Exten-
sion of shelf-life by limited duration of propylene and 1-
MCP in three kiwifruit cultivars. Hort. J. 85: 76-85.

Boquete, J. E., D. G. Trinchero, A. A. Fraschina, F. Vilella and
O. G. Sozzi. 2004. Ripening of ‘Hayward’ kiwifruit treated
with 1-methylcyclopropene after cold storage. Postharvest
Biol. Technol. 32: 57-65.

Candan, A. P, J. Graell and C. Larrigaudicre. 2008. Roles of cli-
macteric ethylene in the development of chilling injury in
plums. Postharvest Biol. Technol. 47: 107-112.

Dandekar, A. M., G. Teo, B. G. Defilippi, S. L. Uratsu, A. J.
Passey, A. A. Kader, J. R. Stow, R. J. Colgan and D. J.
James. 2004. Effect of down-regulation of ethylene biosyn-
thesis on fruit flavor complex in apple fruit. Transgenic Res.
13:373-384.

El-Sharkawy, 1., B. Jones, Z. G. Li, J. M. Lelievre, J. C. Pech and
A. Latché. 2003. Isolation and characterization of four ethyl-
ene perception elements and their expression during ripening
in pears (Pyrus communis L.) with/without cold requirement.
J. Exp. Bot. 54: 1615-1625.

Ergun, M., J. Jeong, D. J. Huber and D. J. Cantliffe. 2005. Sup-
pression of ripening and softening of ‘Galia’ melons by 1-
methylcyclopropene applied at preripe or ripe stages of
development. HortScience 40: 170-175.

Golding, J. B., D. Shearer, S. G. Wyllie and W. B. McGlasson.
1998. Application of 1-MCP and propylene to identify
ethylene-dependent ripening processes in mature banana
fruit. Postharvest Biol. Technol. 14: 87-98.

Kim, J. G., K. Beppu, T. Fukuda and I. Kataoka. 2009. Evaluation
of fruit characteristics of Shima sarunashi (Actinidia rufa)
indigenous to warm regions in Japan. J. Japan. Soc. Hort.
Sci. 78: 394-401.

Kim, H. O., E. W. Hewett and N. Lallu. 1999. The role of ethyl-
ene in kiwifruit softening. Acta Hortic. 498: 255-261.

Kinugawa, M. 2000. Studies on infection source and control of
kiwifruit ripe rot. 2. The role of old bark as infection source.
Bulletin of Kagawa Prefecture Agricultural Experiment
Station 52: 41-54 (In Japanese with English abstract).

Koukounaras, A. and E. Sfakiotakis. 2007. Effect of 1-MCP pre-
storage treatment on ethylene and CO, production and
quality of ‘Hayward’ kiwifruit during shelf-life after short,
medium and long term cold storage. Postharvest Biol.
Technol. 46: 174-180.

MacRae, E., M. G. H. Stec and C. C. Triggs. 1990. Effects of
postharvest treatment on the sensory qualities of kiwifruit
harvested at different maturities. J. Sci. Food Agric. 50:
533-546.

Marsh, K., S. Attanayake, S. Walker, A. Gunson, H. Boldingh
and E. MacRae. 2004. Acidity and taste in kiwifruit.
Postharvest Biol. Technol. 32: 159-168.

Michell, F. G. 1990. Postharvest physiology and technology of
kiwifruit. Acta Hortic. 28: 291-307.

Mworia, E. G., T. Yoshikawa, N. Salikon, C. Oda, W. O. Asiche,
N. Yokotani, D. Abe, K. Ushijima, R. Nakano and Y. Kubo.
2012. Low-temperature-modulated fruit ripening is inde-
pendent of ethylene in ‘Sanuki Gold” kiwifruit. J. Exp. Bot.
63:963-971.

Mworia, E. G., T. Yoshikawa, N. Yokotani, T. Fukuda, K.
Suezawa, K. Ushijima, R. Nakano and Y. Kubo. 2010. Char-
acterization of ethylene biosynthesis and its regulation dur-
ing fruit ripening in kiwifruit, Actinidia chinensis ‘Sanuki
Gold’. Postharvest Biol. Technol. 55: 108—113.

Nakatsuka, A., S. Shiomi, Y. Kubo and A. Inaba. 1997. Expres-
sion and internal feedback regulation of ACC synthase and
ACC oxidase genes in ripening tomato fruit. Plant Cell
Physiol. 38: 1103-1110.

Nishiyama, 1. 2007. Fruits of the Actinidia genus. Adv. Food
Nutr. Res. 52: 293-324.

Nishiyama, 1., T. Fukuda, A. Shimohashi and T. Oota. 2008.
Sugar and organic acid composition in the fruit juice of dif-
ferent Actinidia varieties. Food Sci. Technol. Res. 14: 67-73.

Nishiyama, K., M. Guis, J. K. C. Rose, Y. Kubo, K. A. Bennett,



8 W. O. Asiche, O. W. Mitalo, Y. Kasahara, Y. Tosa, E. G. Mworia, K. Ushijima, R. Nakano and Y. Kubo

L. Wangjin, K. Kato, K. Ushijima, R. Nakano, A. Inaba, M.
Bouzayen, A. Latche, J. Pech and A. B. Bennett. 2007. Eth-
ylene regulation of fruit softening and cell wall disassembly
in Charentais melon. J. Exp. Bot. 58: 1281-1290.

Pech, J. C., M. Bouzayen and A. Latché. 2008. Climacteric fruit
ripening: Ethylene-dependent and independent regulation of
ripening pathways in melon fruit. Plant Sci. 175: 114-120.

Pranamornkith, T., A. East and J. Heyes. 2012. Influence of exog-
enous ethylene during refrigerated storage on storability and
quality of Actinidia chinensis (cv. Hortl6A). Postharvest
Biol. Technol. 64: 1-8.

Pre-Aymard, C., A. Weksler and S. Lurie. 2003. Responses of
‘Anna’, a rapidly ripening summer apple, to 1-
methylcyclopropene. Postharvest Biol. Technol. 27: 163—
170.

Ritenour, M. A., C. H. Crisosto, D. T. Garner, G. W. Cheng and
J. P. Zoffoli. 1999. Temperature, length of cold storage
and maturity influence the ripening rate of ethylene-
preconditioned kiwifruit. Postharvest Biol. Technol. 15:
107-115.

Schotsmans, W. C., B. Mackay and A. J. Mawson. 2008. Temper-
ature kinetics of texture changes in Actinidia chinensis
‘Hort16A’ during storage. J. Hort. Sci. Biotechnol. 83: 760—
764.

Sfakiotakis, E. M., M. D. Antunes, G. Stavroulakis, N. Niklis, P.
Ververidis and D. Gerasopoulos. 1997. Ethylene biosynthe-
sis and its regulation in ripening ‘Hayward’ kiwifruit. p. 44—
56. In: A. K. Kanellis, C. Chang, H. Kende, D. Grierson
(eds.). Biology and biotechnology of the plant hormone eth-
ylene. Kluwer Academic Publishers, Boston, Dordrecht.

Sisler, E. C. and M. Serek. 1997. Inhibitors of ethylene responses
in plants at the receptor level: recent developments. Physiol.

Plant. 100: 577-582.

Tacken, E., H. Ireland, K. Gunaseelan, S. Karunairetnam, D.
Wang, K. Schultz, J. Bowen, R. G. Atkinson, J. W. Johnston,
J. Putterill, R. P. Hellens and R. J. Schaffer. 2010. The role
of ethylene and cold temperature in the regulation of the
apple POLYGALACTURONASE 1 gene and fruit soften-
ing. Plant Physiol. 153: 294-305.

Taglienti, A., R. Massantini, R. Botondi, F. Mencarelli and M.
Valentini. 2009. Postharvest structural changes of ‘Hayward’
kiwifruit by means of magnetic resonance imaging spectro-
scopy. Food Chemistry 114: 1583—1589.

Thompson, J. F., P. E. Brecht, T. Hinschand and A. A. Kader.
2000. Marine container transport of chilled perishable pro-
duce. Agri. Nat. Res. 32: 21595.

Villalobos-acuna, M. G., W. V. Biasi, E. J. Mitcham and D.
Holcroft. 2011. Fruit temperature and ethylene modulate 1-
MCP response in ‘Bartlett’ pears. Postharvest Biol. Technol.
60: 17-23.

Wang, T. and A. P. Gleave. 2012. Applications of Biotechnology
in Kiwifruit (Actinidia). In: E. C. Agbo (eds.). Innovations in
Biotechnology, Shanghai.

Wang, C. Y. and S. Y. Wang. 2009. Effect of storage temperature
on fruit quality of various cranberry cultivars. Acta Hortic.
810: 853-861.

Yano, M. and Y. Hasegawa. 1993. Ethylene production in
harvested kiwifruit with special reference to ripe rot. J.
Japan. Soc. Hort. Sci. 62: 443449 (In Japanese with English
abstract).

Yin, X., A. C. Allan, K. S. Chen and I. B. Ferguson. 2010. Kiwi-
fruit EIL and ERF genes involved in regulating fruit ripen-
ing. Plant Physiol. 153: 1280-1292.



