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‘Rainbow Red’ kiwifruit have been reported to gradually ripen during low temperature storage and on the
vine in the absence of detectable ethylene. This study was conducted to compare the expression of ripening-
related genes during storage at different temperatures and on the vine. Fruit at 5°C and 10°C ripened faster to
eating quality within four weeks accompanied with increased expression of ripening-related genes: Ac4CO3,
AcXET2, AcEXP1, AcPG, AcPMEi, AcSUS, AcfAMYI1, AcfAMY2, AcGA20x2, AcNAC3, AcNAC4, and
AcMADS?2. Fruit at 15°C required a longer period of eight weeks to attain eating quality in concurrence with
delayed accumulation of the ripening-related genes. Fruit at 22°C ripened at the slowest rate and did not
attain eating quality even after eight weeks, with very minimal accumulation of ripening-related genes. On-
vine ripening occurred slowly at the early stages when the average field temperature was ~20°C, but the rate
increased as the temperature dropped to <15°C accompanied by increased expression of ripening-related
genes. These results indicate that both ripening on-vine and during low temperature storage are modulated by
low temperature independent of ethylene.
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accelerates fruit ripening characterized by softening, a

Introduction o L . .
decrease in titratable acidity (TA), an increase in solu-

Fruit ripening is a complex, genetically programmed
process that occurs during fruit development. Generally,
fruit are classified as either climacteric or non-
climacteric based on the presence or absence of a
marked rise in respiration and ethylene production
during ripening as well as their response to exogenous
ethylene (McMurchie et al., 1972). Kiwifruit are
considered climacteric fruit since exogenous ethylene
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ble solids content (SSC), and development of aroma
(Antunes et al., 2000; Asiche et al., 2016; Mworia et al.,
2010; Pratt and Reid, 1974).

Commercially, kiwifruit are harvested at the pre-
climacteric stage when the fruit are still firm, and have
a high TA and low SSC content. The major postharvest
problem in kiwifruit handling is the incidence of ripen-
ing rot caused by Botryoshaeria spp., Phomopsis spp.,
and Diaporthe actinidia (Kinugawa, 2000; Koh et al.,
2005; Manning et al., 2016; Yano and Hasegawa,
1993). Infected fruit produce disease-induced ethylene
that triggers a perceived climacteric-type ripening in
healthy adjoining fruit (Asiche et al., 2016). Therefore,
low temperature storage is used to extend kiwifruit stor-
age life since it reduces the incidence of ripening rot
(Arpaia et al.,, 1987; Pranamornkith et al., 2012).
Furthermore, 1-methylcyclopropene (1-MCP) is a well-
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known potent ethylene perception inhibitor that has
been shown to significantly suppress the initiation and
onset of kiwifruit softening during storage (Crisosto
and Garner, 2001; Ilina et al., 2010; Mworia et al.,
2010).

Kiwifruit softening during low temperature storage
has been observed in the absence of autocatalytic ethyl-
ene production (Hewett et al., 1999; Ilina et al., 2010;
Kim et al., 1999; Yin et al., 2012). This softening has
been attributed to basal “System 1” ethylene, as kiwi-
fruit are believed to be extremely sensitive to ethylene
(Jabbar and East, 2016; Pranamornkith et al., 2012). In
other reports, kiwifruit ripening at low temperature is
thought to be the result of a synergy between ethylene
and low temperature (Minas et al., 2016). However,
more recent studies have demonstrated that an alterna-
tive ethylene-independent ripening pathway that is
modulated by low temperature exists in kiwifruit
(Asiche et al., 2018; Mworia et al., 2012).

‘Rainbow Red’ is an important, early-maturing kiwi-
fruit cultivar in Japan. The fruit have a high SSC of
>18% and a TA of ~1% making it a premium cultivar
(Asiche et al., 2016; Murakami et al., 2014). Gradual
softening of ‘Rainbow Red’ fruit during low tempera-
ture storage has been previously reported (Asiche et al.,
2018; Murakami et al., 2014). Although this softening
was attributed to increased ethylene sensitivity of the
fruit at low temperature (Murakami et al., 2014), it is
postulated to be independent of ethylene and only due
to responses to low temperature (Asiche et al., 2018).
However, there is limited information on the expression
of ripening-associated genes at various storage tempera-
tures in the absence of ethylene.

On-vine ripening has been reported in kiwifruit with-
out substantial ethylene production with many studies
attributing it to basal “System 17 ethylene (McAtee
et al., 2015; Richardson et al., 2011). Murakami et al.
(2015) also reported that ‘Rainbow Red’ fruit ripened
on the vine in the absence of detectable ethylene. Our
previous study on various ripening-associated genes has
indicated that on the vine ripening in ‘Sanuki Gold’
fruit is independent of ethylene and is similar to low
temperature-induced ripening during storage (Asiche
et al., 2018). It is therefore important to provide a more
detailed examination into the relationship between on
the vine ripening and expression of ripening-related
genes in ‘Rainbow Red’ kiwifruit in order to deduce the
low temperature-induced mechanisms.

The objectives of this study are (1) to determine the
effect of storage temperature on ripening-related genes
and (2) to establish the role of low temperature in the
regulation of on-vine ripening in ‘Rainbow Red’ kiwi-
fruit.

Materials and Methods

Plant materials and treatments
‘Rainbow Red’ kiwifruit (Actinidia chinensis) were

obtained from a commercial orchard in Takamatsu,
Japan. Ethylene-induced ripening was conducted as
previously reported (Asiche et al., 2018). Commercially
mature fruit were harvested on September 11, 2012 and
treated continuously with 5000 uL-L™" of propylene at
20°C in a container fitted with soda lime to absorb the
carbon dioxide produced by respiration. Untreated fruit
labeled as control were also kept in air at 20°C.

For storage tests, healthy fruit were harvested on
September 19, 2014, divided into four groups, and stor-
ed at 5°C, 10°C, 15°C, or 22°C for eight weeks using
the individual separation technique as previously re-
ported (Asiche et al., 2018; Mworia et al., 2012). Each
storage temperature had a corresponding group of fruit
that was treated with 1-MCP (SmartFresh™; Rohm and
Hass, Philadelphia, PA, USA). 1-MCP treatment was
done twice a week at 5 uL-L™! of 1-MCP for 12h as
previously described by Mworia et al. (2012). To moni-
tor for quiescent infections, ethylene production of all
fruit was measured individually throughout the storage
period. Fruit that started to produce ethylene were set
aside and monitored in a separate room. These fruit de-
veloped ripening rot symptoms within a few days indi-
cating that the ethylene was disease-induced. Healthy
fruit with no ethylene production were sampled at har-
vest, and after four weeks and eight weeks.

On-vine sampling was from eight harvests:
September 19, October 2, 16, 27, November 4, 25, and
December 5, 17. Changes in environmental temperature
were also monitored. Harvested fruit were sorted for
uniform size, absence of defects or blemishes, and lack
of ethylene production.

Measurement of ethylene production

Ethylene measurement was conducted using a gas
chromatograph (model GC-8A; Shimadzu, Kyoto,
Japan), equipped with a flame ionization detector (set at
200°C) and an activated alumina column (set at 80°C),
as previously described by Mworia et al. (2010).

Evaluation of fruit quality parameters

Fruit firmness was measured as previously described
(Asiche et al., 2016; Mworia et al., 2010) using a
penetrometer (model SMT-T-50; Toyo Baldwin, Tokyo,
Japan) fitted with a 5mm plunger at a speed of
30 mm-min'). SSC was measured from juice extracts
using a digital refractometer (Atago Co. Ltd, Tokyo,
Japan) and expressed as brix (%). TA was determined
by titrating the juice extract against 0.1 N NaOH using
phenolphthalein as the indicator and expressed as per-
centage citric acid equivalents. Each sampling point
consisted of five fruit. The outer pericarp of three inde-
pendent biological replicates for each sampling point
was cut into pieces, frozen in liquid nitrogen, and stored
at —80°C for further analysis.
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Table 1. Kiwifruit primers used for Real-Time PCR analysis. Gene sequences were obtained from the Kiwifruit Genome Database and NCBI
Database and primers designed using Primer3 software (version 0.4.0, http://bioinfo.ut.ee/primer3-0.4.0/).
Gene Accession No. Name Forward (5" to 3") Reverse (5" to 3")
1. AcACS1I  Achn364251  ACC synthase GAAAGGCTGCGTGCAATTCTC CCTGAAAATGGACTGCCCATC
2. AcACO2  Achn326461  ACC oxidase 2 TCTCAGAAATCCCCGATCTCG TTGGAGCCACTGAAAGCCTTC
3. AcACO3  Achnl50611  ACC oxidase 3 CAGATGGCAACAGAATGTCG  AACTTGAGGCCAGCATAGAG
4. AcPL2 HQ108112 Pectate lyase 2 AAGACGAGCCACTATGGATC  CTGGCTTGCAATCGTGTATG
5. AcPG AF152756 Polygalacturonase TGGATTTGTTAGGGGTGTGC CAACTTGTGTCGCTGATGAC
6. AcEXP1  AY390358 Expansin 1 CGTGCTTCGAGCTAAAGTGC  CGGCGATCTTGAGGAACATG
7. AcXET1  Achn349851  Xyloglucan endotransglycosylase I CGTTCGATCAACCGATGAAGA TCTTGTAAGCAGCCACGAAGG
8. AcXET2  Achn387971  Xyloglucan endotransglycosylase 2 GCTTCTCACGCTTTCTCTCG GTTGACCCCAACGAAGACAG
9. AcPMEi  FG458520 Pectin methyl esterase inhibitor CTTTGCATCACCTCGCTCTC ACTGGGACAGCTTCACCATC
10. AcBAMY1 FG525163 B-Amylase 1 CCCCACATTGATGGAATGAC GTTTGTGATGCTGCCACTCG
11. AcBAMY2 Achn212571  B-Amylase 2 CAGAGAACGCAAACTGCTCG GTTCCCGGAGTCTGATCTAC
12. AcSUS FG439911 Sucrose synthase TGCCGAATTACAGGGTGTTC CTCCAAGGCATGAGCAATGG
13. AcGA20x2 Achn218871  Gibberellic acid oxidase 2 CCTGCTCATGAACTTCCTCG ATTCGTCGTAGGGTTTGGTG
14. AcMADS2 Achn235371  MADS transcription factor GGACAAGAACAGTCGCCAGG GTATCTGTCGCCGGTGATG
15. AcERF6  GQ869857 Ethylene response factor 6 ACGGCATCGAAAACCGTTC TGCCGGATTCCTCTGTACTTG
16. AcNAC3  Achn289291  NAC transcription factor 3 CGCTTATGTCCCTTCCATGTC  CAAAGCCCTGAGTGAATCCAG
17. AcNAC4  Achnl69421  NAC transcription factor 4 GAATTGCCCGAGAAAGCAGA  TGTCTTGATACCCTTCGGTGG
18. AcACTIN EF063572 Actin TGGAATGGAAGCTGCAGGA CACCACTGAGCACAATGTTGC

RNA extraction, cDNA synthesis, and Real-Time PCR

Total RNA was extracted from three biological repli-
cates using a method for polysaccharide-rich fruit
(Ikoma et al., 1996) with slight modifications. After
RNA extraction, DNase treatment and RNA clean up
were done using FavorPrep After Tri-Reagent RNA
Clean up kit (Favorgen Biotech co., Ping-Tung,
Taiwan) as previously described (Asiche et al., 2018).
First strand cDNA was synthesized from 2.4 pg DNase
treated RNA using RevTra Ace reverse transcriptase
(Toyobo, Osaka, Japan) and random hexamer primer
according to the manufacturer’s instructions. Table 1 in-
dicates the gene accessions and primers used for Real-
Time PCR in this study. Gene expression was
calculated by 272" and normalized using actin as the
housekeeping gene. Mature fruit sampled at harvest
were set as calibrators for calculating relative expres-
sion levels.

Results and Discussion

Ethylene-induced ripening in ‘Rainbow Red’ kiwifruit
The main changes that occur during kiwifruit ripen-
ing include softening, an increase in SSC, and a de-
crease in TA. The ripening changes are hugely
accelerated by ethylene since kiwifruit are classified as
climacteric fruit (McMurchie et al., 1972; Pratt and
Reid, 1974). In the present study, ‘Rainbow Red’ kiwi-
fruit treated with propylene depicted increased ethylene
production, decreased in firmness and TA, and in-
creased in SSC within 5 days, while control fruit re-
mained unchanged even after 7 days (data not shown).
These results were described in our previous study
(Asiche et al., 2018) and are in agreement with other

studies on different kiwifruit cultivars (Antunes et al.,
2000; Asiche et al., 2016; Mworia et al., 2012).

Low temperature-modulated ripening in ‘Rainbow Red’
kiwifruit during storage

Postharvest kiwifruit are largely affected by ripening
rot disease that is caused by Botryoshaeria spp.,
Phomopsis spp., and Diaporthe actinidia (Kinugawa,
2000; Koh et al., 2005; Manning et al., 2016; Yano and
Hasegawa, 1993). In grouped storage, one infected
kiwifruit produced disease-induced ethylene that af-
fected adjoining fruit resulting in a perceived
climacteric-type ripening of the whole batch (Asiche
et al., 2018). The present study stored ‘Rainbow Red’
kiwifruit individually separated from each other cou-
pled by frequent ripening rot screenings to reduce the
effect of disease-induced ethylene. Using this techni-
que, we managed to obtain healthy fruit with undetecta-
ble ethylene during storage for eight weeks.

In healthy ‘Rainbow Red’ kiwifruit with undetectable
ethylene, ripening was observed (at least to some ex-
tent) at all storage temperatures irrespective of 1-MCP
treatment (Fig. 1). This is in agreement with previous
reports on low temperature-modulated ripening in kiwi-
fruit (Asiche et al., 2018; Mworia et al., 2012). How-
ever, softening occurred fastest in fruit at 5°C and 10°C
with fruit attaining eating quality firmness (~10N) with-
in 4 weeks (Fig. 1A and D). Conversely, fruit at 15°C
softened at a moderate rate and required eight weeks to
attain eating quality while the ripening rate at 22°C was
too slow for the fruit to achieve eating quality. This
shows the dose-response effect of temperature on the
ripening rate in kiwifruit with a temperature of 5°C and
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Fig. 1. Effect of storage temperature on ripening characteristics of
control (A, B, C) and 1-MCP treated (D, E, F) ‘Rainbow Red’
kiwifruit. Only fruit with undetectable ethylene production
were sampled. Data points represent means and vertical bars
represent standard deviations (n = 5).

10°C eliciting the strongest response. The changes in
TA corresponded well with firmness changes (Fig. 1C
and F) while the SSC increased at almost similar rates
at all storage temperatures, although fruit at 10°C had
the highest SSC (Fig. 1B and E).

On-vine ripening in ‘Rainbow Red’ kiwifruit

Kiwifruit are commercially harvested when they are
still firm for the ease of postharvest handling. However,
significant ripening of kiwifruit with undetectable eth-
ylene production has been previously reported when
fruit are left on vine after commercial harvest date
(McAtee et al., 2015, Murakami et al., 2015;
Richardson et al., 2011). However, the mechanism of
the on-vine ripening has not been elucidated. It is not
clear whether this ripening on the vine is due to basal
ethylene or other factors. In the present study, ‘Rainbow
Red’ kiwifruit gradually ripened on the vine with un-
detectable ethylene characterized by a decrease in
firmness and TA, and an increase in SSC (Fig. 2A). It
is interesting to note that between September 19 and
October 16 (when the lowest field temperatures were
15-20°C), on-vine fruit ripening occurred slowly simi-
lar to the postharvest fruit at 15°C previously described
(Fig. 2A and B). However, the decrease in firmness be-
tween October 16 and November 25 (when the lowest
field temperatures were <10°C) occurred rapidly similar
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Fig. 2. (A) Fruit ripening characteristics of ‘Rainbow Red’ kiwi-
fruit attached on the vine and (B) changes in environmental
temperature during the experimental period. Only fruit with un-
detectable ethylene production were sampled. Data points rep-
resent means and vertical bars represent standard deviations
(n=75).

to postharvest fruit at 5°C and 10°C. Thus, our results,
taken together with the accelerated ripening during low
temperature storage, suggest that kiwifruit ripening on
the vine is possibly modulated by low temperature. In
order to verify the idea, we compared the expression
pattern of ripening-related genes during -ethylene-
induced ripening, low temperature-modulated ripening
in storage, and on-vine ripening.

Expression of ethylene biosynthesis and perception
genes

Ethylene-induced kiwifruit ripening involves the in-
creased expression of ethylene biosynthesis and percep-
tion genes (Giovannoni, 2004, 2007; Kim et al., 1999;
McAtee et al., 2015; Sfakiotakis et al., 1997). In this
study, transcript levels of 4cACSI and A4cACO? drasti-
cally increased in propylene-treated fruit at day 5 while
no increases were observed during storage and on the
vine (Fig. 3A and C). This accounts for the ethylene
production in propylene-treated fruit and the lack of
ethylene production in fruit during storage and on the
vine. We previously reported that a kiwifruit ethylene
biosynthesis-related gene, 4cACO3, was exclusively re-
sponsive to low temperature during storage while pro-
pylene treatment had little effect on its expression in
‘Sanuki Gold’ and ‘Hayward’ cultivars (Asiche et al.,
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Fig. 3. Relative expression of ethylene biosynthesis and perception genes during propylene treatment, storage at different temperatures, and on-
vine in ‘Rainbow Red’ kiwifruit. Actin was used as the housekeeping gene and Day 0 (harvest) samples were calibrated as 1. Data is the
mean + SD of three fruit (Con—control, WK—week, Prop—propylene).

2018). In the present study, increased expression of
AcACO3 was observed in fruit at 5°C and 10°C within
only four weeks, while it took a longer time of eight
weeks for it to increase in fruit at 15°C without detec-
tion of ethylene (Fig. 3B). This suggests that tempera-
tures of 5°C and 10°C elicit the strongest response,
correlating well with the changes in fruit ripening char-
acteristics. Interestingly, 4cACO3 gradually increased
on-vine from October 16, reaching the highest level on
December 5 in parallel with the decrease in environ-
mental temperature. This indicates that on-vine
‘Rainbow Red’ kiwifruit responded to the decrease in
field temperatures in a similar way to fruit during stor-
age.

Expression of cell wall-modifying genes

Kiwifruit ripening is majorly characterized by a de-
crease in firmness that is due to stimulation of genes
encoding several cell wall-modifying enzymes:
xyloglucan endotransglycosylase (XET), polygalacturo-
nase (PG), pectate lyase (PL), expansins (EXP), and
pectin methyl esterase (PME) among others (Atkinson
et al., 2009; Redgwell and Percy, 1992; Wang et al.,
2000; Yang et al., 2007). Based on studies on ‘Sanuki
Gold’ kiwifruit, cell wall-modifying genes have been
classified as either ethylene-responsive only, low
temperature-responsive only, or responsive to both
stimuli (Asiche et al., 2018). In the present study,
AcXETI and AcPL?2 drastically increased exclusively in
propylene-treated fruit, indicating that they are exclu-

sively regulated by ethylene (Fig. 4A and C). Converse-
ly, AcXET2 transcripts did not respond to propylene
treatment but highly accumulated in fruit at 5°C with
very minimal increases in fruit at other storage tempera-
tures and on vine (Fig. 4B). This indicates that AcXET2
is exclusively regulated by low temperature and this
gene requires lower temperatures to induce its expres-
sion. The transcripts of AcEXPI, AcPG, and AcPMEi
accumulated in response to propylene treatment, stor-
age at 5°C, 10°C, and 15°C and during on-vine ripen-
ing, suggesting that these genes are regulated by both
ethylene and low temperature stimuli (Fig. 4D, E and
F). However during storage, AcPG transcript accumula-
tion was very prominent in fruit stored at 5°C and mod-
erate in fruit at 10°C while it was very limited in fruit at
15°C, further suggesting that it requires lower tempera-
tures to induce its expression. The expression of
AcEXPI and AcPMEi depicted similar patterns as their
transcripts accumulated highly in fruit stored at 5°C and
10°C, with moderate but significant accumulation in
fruit at 15°C. Generally, the moderate expression of cell
wall-modifying genes during storage of fruit at 15°C
accounted for the slow softening rate. Furthermore, sig-
nificant accumulation of these genes was observed in
on-vine fruit, accounting for the softening observed.
Our results therefore indicate that low temperature ex-
posure could be involved in on-vine softening since cell
wall-modifying genes accumulated as the field tempera-
ture decreased.
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Expression of carbohydrate metabolism and gibberel-
lins degradation genes

During ripening, kiwifruit accumulate significant
amounts of glucose, fructose, and sucrose that culmi-
nate in an increase of SSC (Nishiyama et al., 2008).
Sugar accumulation is attributed to hydrolysis of starch
by B-amylase (Nardozza et al., 2013; Richardson et al.,
2011), and metabolism of sucrose by sucrose synthase
(Moscatello et al., 2011). In the present study, the ex-
pression of AcSUS and AcfAMYI increased in
propylene-treated fruit and both during storage and on-
vine ripening, accounting for the increase in SSC ob-
served (Fig. 5A and B). Low expressions of 4cSUS at
15°C and AcfAMY1 at 10°C, 15°C, and 22°C could be
compensated by higher protein accumulation and meta-
bolic rate, accounting for the similar rates in SSC in-
crease at all storage temperatures. The expression of
AcPAMY?2 increased only in fruit during storage and on-
vine, suggesting that this gene is independent of ethyl-
ene (Fig. 5C). It is worth noting that during storage,
fruit at 5°C and 10°C had high expression of these
genes within only four weeks while fruit at 15°C had

increased transcript levels after eight weeks. Similarly,
a gradual increase in expression of these genes was ob-
served in parallel with the progression of on-vine ripen-
ing further denoting the role of low temperature.

The degradation of gibberellins, an ethylene antago-
nist, has been shown to occur during kiwifruit ripening
(Atkinson et al., 2011). Our previous study demon-
strated that the expression of gibberellic acid oxidase
genes (AcGA2ox1 and AcGA20x2) increased during low
temperature storage independent of ethylene in ‘Sanuki
Gold’ and ‘Hayward’ fruit (Asiche et al., 2018). In the
present study, 4cGA2o0x2 transcripts highly accumu-
lated in fruit at 5°C and 10°C within only four weeks
while in fruit at 15°C, a longer exposure time of eight
weeks was required to increase its expression (Fig. 5D).
Furthermore, the transcript levels of 4cGA20x2 accu-
mulated gradually as on-vine ripening progressed.

Expression of ripening-associated transcription factors

Fruit ripening (both for climacteric and non-
climacteric fruit) is under the control of transcription
factors, specific proteins that bind to the promoter sites
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of ripening-related genes repressing or promoting the ing at a low temperature despite undetectable ethylene
transcription process (Giovannoni, 2007; Yin et al., levels (Asiche et al., 2016a). In the present study, the
2012). We have previously demonstrated that several expression of AcERF6 drastically increased in
transcription factors are induced during kiwifruit ripen- propylene-treated fruit with very slight increases during
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storage and on-vine ripening (Fig. 6A). However, the
transcripts of AcNAC3 and AcNAC4 accumulated mark-
edly in fruit at 5°C and on-vine on December 5 suggest-
ing that this gene responds to much lower temperatures
only (Fig. 6B and C). Conversely, AcMADS2 accumu-
lated markedly in fruit at 5°C and 10°C within only
four weeks, while it took eight weeks for the gene to
accumulate in fruit at 15°C (Fig. 6D). Furthermore, the
expression of this gene increased gradually with pro-
gression of on-vine ripening indicating that it responded
to decreases in field temperature.

In conclusion, our results indicate a dose-response
effect of low temperature on ripening in ‘Rainbow Red’
kiwifruit. Fruit stored at 5°C and 10°C required only
four weeks to ripen while fruit at 15°C required a
longer exposure period of eight weeks to ripen. The
expression of ripening-related genes corresponded well
with this dose-response effect as transcripts of most
genes accumulated within four weeks of storage at 5°C
and 10°C, while they were only induced after eight
weeks at 15°C. Furthermore, progression of ‘Rainbow
Red’ ripening on the vine, accompanied with accumula-
tion of several ripening-related genes, is in parallel with
the gradual decrease in field temperature. Therefore, the
present study suggests the possible role of low tempera-
ture in modulating on-vine kiwifruit ripening indepen-
dent of ethylene.
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