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Introduction

Ethylene is a natural gaseous hormone and is primarily 
responsible for the postharvest quality deterioration and 
shortening of fresh fruit storage life (Burg and Burg 1962; 
Hu et al. 2019). During the fruit ripening process, in the case 
of the climacteric fruit, a steep rise of ethylene production 
called a ‘climacteric peak’ occurs, which usually appears 
along with an upsurge in respiration (Yang 1985). Climac-
teric ethylene production is linked with the acceleration of 
the ripening associated changes and senescence processes, 
which include fruit softening, conversion of starch to sug-
ars, accumulation of sugars and organic acid synthesis and 
the development of flavour and aroma compounds (Burg 
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Abstract
Ethylene is a key trigger that governs the rate of fruit ripening, storability, and postharvest quality of fresh fruit. Efficient 
inhibition of ethylene action is essential to slow down the postharvest ripening processes, extend storage life and maintain 
optimum fruit quality during storage. Ethylene antagonist compounds with the likelihood of application as liquid formula-
tion would facilitate managing ethylene broadly as both preharvest and/or postharvest treatments. This study examined 
the effects of different aqueous formulations of 1 H-cyclopropa[b]naphthalene (NC) as an ethylene antagonist in the cold 
stored (1 °C) Japanese plums ‘Angeleno’ (suppressed-climacteric) and ‘Tegan Blue’, which exhibit climacteric peaks, 
respectively. NC was applied as a 2 µM spray solution prepared using only distilled water (NCA), 5% ethanol (NCE), 
0.02% Tween® 20 (NCT), 5% β-cyclodextrin (NCD) or a 1 µM fumigant for 18 h at ambient conditions (20 ± 1 °C). 
Regardless of formulation, NC retarded ethylene production in both the suppressed-climacteric and climactic cultivars. 
The capacity of NC to suppress ethylene production was relatively higher in ‘Angeleno’ than in ‘Tegan Blue’. Levels of 
bioactive compounds such as total phenols, total anthocyanins and total antioxidant capacity in fruit treated with NC were 
at par with the control. NC fumigation was the most effective treatment in suppressing ethylene production and maintain-
ing fruit quality followed by NCE, NCT, NCD and NCA in both plum cultivars. Amongst the NC spray solutions, the 
ones with ethanol or Tween® 20 as adjuvants outperformed other solutions. Ethylene production positively correlated with 
weight loss, SSC, SSC: TA and concentrations of individual sugars, but was negatively correlated with firmness, titratable 
acidity (TA) and individual organic acids in both cultivars. The results also support the notion that ethylene has a role in 
the synthesis of phenolic compounds and anthocyanin depending on the sugar substrates present in the phenylpropanoid 
and flavonoid pathways.
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and Burg 1962; Singh and Khan 2010; Hu et al. 2019). The 
undesirable consequences of ethylene in the fruit can be 
avoided by inhibiting ethylene biosynthesis in the fruit (e.g. 
using aminoethoxyvinylglycine (AVG), blocking ethylene 
action at the receptor level (e.g. using the 1-MCP), eliminat-
ing the external ethylene existing in the storage environment 
(e.g. using ozone or potassium permanganate (KMnO4) or 
by gene editing for low ethylene production or sensitivity 
(e.g. down-regulation of ACC synthase (ACS) and ACC 
oxidase (ACO) (Hu et al. 2019; Tokala et al. 2021).

Plums are primarily categorized as climacteric fruit, 
though there are also diverse cultivars of non-climacteric 
and suppressed-climacteric plums (Singh and Khan 2010; 
Minas et al. 2015). Except for non-climacteric plum cul-
tivars, other climacteric cultivars such as ‘Jonna Red’, as 
well as suppressed-climacteric cultivars such as ‘Ange-
leno’, exhibit accelerated ripening and associated changes 
with a significant climacteric rise in ethylene production 
(Minas et al. 2015). ‘Angeleno’, a suppressed-climacteric 
Japanese plum, is a transport- and storage-friendly cultivar 
due to its high flesh firmness. ‘Tegan Blue’, a climacteric 
Japanese plum, has a relatively large fruit size compared to 
other plum cultivars and possesses a dark purple-red skin 
which attracts consumers (Kyaw et al. 2021). Both climac-
teric and suppressed-climacteric plums are highly sensitive 
to ethylene resulting in a reduction of the storage life and 
marketability of the fruit, even at concentrations as low as 
0.01 to 0.1 µL C2H4 (Khan et al. 2018).

The application of 1-methylcyclopropene (1-MCP), an 
ethylene antagonist, hinders ethylene action by irrevers-
ibly blocking the ethylene receptors in the endoplasmic 
reticulum (Sisler 2006). 1-MCP is one of the most effec-
tive postharvest management tools for delaying ripening 
processes and conserving the quality of plum fruit (Khan 
et al. 2018). Although 1-MCP is considered to be most 
efficient as a fumigant (Sisler 2006), a wide range of prod-
ucts with diverse delivery methods as such sachets, tablets, 
powder and even as a liquid is currently available in the 
market under different trade names like Harvista™ as a pre-
harvest spray, Smartfresh™ as postharvest fumigation and 
Logfresh® as postharvest powder. However, the application 
of liquid 1-MCP is still limited to only certain fruit such as 
plums, apples, pears, cherries and berries (AgroFresh 2021). 
Lippert et al. (2004) made a formulation of 1-MCP for use 
as a pre-harvest spray on plums to facilitate mechanical 
harvesting and prolong storage and shelf-life. The develop-
ment of new ethylene antagonist compounds with the likeli-
hood of application as a liquid formulation would facilitate 
managing ethylene in both preharvest and/or postharvest 
situations (Seglie et al. 2010; Escribano et al. 2017). The 
ethylene antagonist, 1 H-cyclopropa[b]naphthalene (NC), 
has been identified by Singh et al. (2018). NC is a derivative 

of benzocyclopropene where a benzene ring is attached to 
a cyclopropene (Halton 1973). Having cyclopropene as a 
functional group, NC blocks the ethylene receptors through 
a mechanism similar to that of 1-MCP (Tokala et al. 2020). 
In contrast to 1-MCP, which is a volatile compound at room 
temperature (Sisler 2006), NC is a solid compound at room 
temperature and is partially water soluble with a high poten-
tial for liquid formulations (Halton 1973; Singh et al. 2018; 
Tokala et al. 2020). NC has been reported to be non-toxic 
for human consumption based on the initial toxicity studies, 
especially to VERO and KB cancer cell lines (> 100 µM) 
(Tokala 2019).

In formulating liquid agrochemicals, adjuvants play an 
important role as preconditioning compounds by enhanc-
ing the performance, solubility and permeability of active 
ingredients (Somervaille et al. 2012). Co-solvents such as 
ethanol (Otero-Diaz et al. 2017), non-ionic surfactants such 
as Tween® 20 (Singh et al. 2000) as well as cyclodextrins 
(Del Valle 2004) are documented as some of the effective 
adjuvants for the preparation of aqueous treatments. Ethanol 
also acts as a solubility promoter for hydrophobic organic 
compounds in polar solvents like water (Otero-Diaz et al. 
2017) and as a penetration enhancer into the target sites of 
plants (Costa et al. 2012). Tween® 20 possesses both hydro-
philic and lipophilic properties because of hydroxyl groups 
and hydrocarbon chains attached to its molecular structure 
(Kerwin 2008). This nature of Tween® 20 enhances the 
uptake of active ingredients by the fruit (Singh et al. 2000). 
Similarly, the cyclic molecular structure of cyclodextrins 
enables them to encapsulate guest molecules and regulate 
the slow release of the molecule while ensuring higher sta-
bility as well as water solubility (Del Valle 2004).

Previously, the effectiveness of NC as a fumigant to 
antagonize ethylene perception and hinder ethylene-depen-
dent postharvest physiological changes has been reported 
in apple and pear fruit (Tokala et al. 2020, 2021, 2022). 
However, the antagonistic efficacy of liquid formulations 
of NC is yet to be studied. In addition, liquid formulations 
of 1 H-cyclopropabenzene (BC), which is the parent com-
pound of NC (Halton 1973), suppressed ethylene produc-
tion by plums by antagonizing ethylene perception (Kyaw 
et al. 2021). Being a derivative of BC, liquid formulations 
of NC should block ethylene perception to the same degree 
as, or more affirmatively than, its parent compound. Our 
preliminary research findings suggest that NC fumigation 
suppresses climacteric ethylene production and maintains 
the fruit quality of different plum cultivars (Kyaw et al. 
2019). To the best of our knowledge, there is no detailed 
research work published on the effects of NC formulations 
on the ethylene production and fruit quality of ‘Tegan Blue’ 
and ‘Angeleno’ plums. A successful liquid NC formulation 
would facilitate pre-harvest application onto the tree as well 
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as a postharvest fruit dip or spray along the packing line. It 
was hypothesized that the NC aqueous solutions would be as 
effective as the fumigation treatment in blocking the recep-
tors perceiving ethylene and in preserving the fruit quality 
attributes of plums. It is also hypothesized that the presence 
of adjuvants would improve the performance of NC aque-
ous formulations. The present study aims to investigate the 
effectiveness of different NC aqueous formulations as well 
as NC fumigation treatments in antagonizing the ethylene 
perception and preserving the fruit quality of plums follow-
ing cold storage.

Materials and methods

Chemicals

NC was synthesized at the Chemistry Laboratory, School 
of Molecular and Life Sciences, Curtin University, West-
ern Australia following the procedure described by Billups 
and Chow (1973). The concentrations to formulate aqueous 
solutions of NC and the treatment application time were 
based on the preliminary experiments conducted on plum 
fruit (Khan 2014).

For quality analysis, HPLC analytical grade standards of 
glucose, sucrose, fructose, sorbitol, malic acid, citric acid, 
fumaric acid, succinic acid, L-ascorbic acid, ethylenediami-
netetraacetate acid (EDTA), 2,2-diphenyl-1-picrylhydrazyl 
(DPPH), sodium fluoride (NaF) and 6-hydroxy-2,5,7,8-
tetramethylchoman-2-carboxylic acid (Trolox) were pur-
chased from Sigma-Aldrich, Sydney, Australia.

Treatment preparation and application

Just before the application of each treatment, four aque-
ous solutions of 2 µM NC were prepared using 100% dis-
tilled water (NCD), 5% ethanol (NCE), 0.02% Tween® 20 
(NCT) or 5% β-cyclodextrin (NCB) following the proce-
dure detailed in Kyaw et al. (2021). The 1 µM NC was also 
prepared and the fumigation treatment application was done 
according to the method described by Kyaw et al. (2021).

Japanese plum (Prunus salicina L. cvs. ‘Angeleno’ and 
‘Tegan Blue’) fruit were harvested from the Eastwind Farm, 
Balingup (33°47’02.4” S 115°57’47.2” E), Western Aus-
tralia. The plum fruit were harvested at the commercially 
mature stage (52.1 ± 3 N firmness, 10.5 ± 0.3% SSC and 
2.2 ± 0.01% TA) from 20 and 25-year-old trees, respectively. 
The harvested fruit were immediately transported in an air-
conditioned vehicle to Curtin Horticulture Research Labo-
ratory, Perth, Western Australia. The fruit firmness, total 
soluble solids content and total titratable acidity of ‘Ange-
leno’ and ‘Tegan Blue’ plums on the day of the harvest were 

38.4 ± 8 N and 37.1 ± 4 N, 15.6 ± 0.5% and 10.2 ± 0.5% and 
2.8 ± 0.2% and 1.81 ± 0.2%, respectively. Two individual 
experiments were conducted following a completely ran-
domized design with three replicates each.

Experimental details

Experiment 1: evaluating the influence of NC formulations 
on ethylene production rate and postharvest fruit quality 
attributes of ‘Angeleno’ plums

A total of 648 ‘Angeleno’ plum fruit of relatively uniform 
size, free from defects were selected and divided into 6 
groups of 108 fruit each. Following the treatment prepa-
ration, 4 groups of sample fruit were sprayed thoroughly 
with one of the aqueous NC formulations (NCD, NCE, 
NCT and NCB) at room temperature (20 ± 1 °C), making 
sure a thorough spread of the treatment chemical on the 
fruit surface. After spraying, the fruit were air-dried until 
no water droplets were observed on the fruit surface and 
then sealed in 60 L plastic containers for 18 h. One group 
of fruit was fumigated with NC in a 60 L plastic container 
for 18 h at ambient conditions (20 ± 1 °C) and the remaining 
untreated group was regarded as the control. A Petri dish 
filled with soda lime was kept in each plastic container to 
adsorb any carbon dioxide accumulated. A portable fan was 
also placed inside the containers to ensure uniform distri-
bution of the NC fumes. Following the 18 h of treatment, 
the plastic containers were unsealed in an open space. Each 
group was then divided into two sub-lots and allocated to 
cardboard boxes, labelled with respect to treatments and 
storage period. The boxes were then stored for 25 and 40 
d at 0 ± 1 °C and 90 ± 5% RH. At the end of the respective 
cold storage periods, the fruit were taken out of storage to 
assess fruit quality parameters and to determine the ethylene 
production rate at room temperature until the fruit exhibited 
a conspicuous climacteric ethylene peak. The weight loss, 
fruit firmness, soluble solid contents (SSC) and titratable 
acidity (TA), individual sugars, individual organic acids, 
total phenolic contents, ascorbic acid and total antioxidant 
capacity were estimated to investigate the effects of the NC 
formulations on fruit quality.

Experiment 2: evaluating the influence of NC formulations 
on ethylene production rate and postharvest fruit quality 
attributes of ‘Tegan Blue’ plums

A similar experimental procedure as in the first experiment 
was followed, except for the storage period. After treatment, 
the ‘Tegan Blue’ plum fruit was divided into two groups. 
The first group was stored for 10 d at 20 ± 1 °C and 85 ± 5% 
RH and the second group was stored for 40 d at 0 ± 1 °C and 
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Individual sugars and organic acids

Aliquots (5 g) of pooled pulp sample prepared from 10 fruit 
of each replication were homogenized using an electronic 
homogenizer (Heidolph Homogeniser, DIAX 900, Sigma 
Aldrich, Australia). The samples were then diluted with 
degassed Milli-Q water and the volume was made to 50 
mL. The diluted samples were centrifuged at 13,416 × g for 
15 min and 0.22 μm nylon syringe filters (Thermo Fisher 
Scientific Pty Ltd., Australia) were used to filter the cen-
trifuged aliquot. The filtered aliquots were then transferred 
into 1 mL clear glass HPLC vial shells with a polyethene 
plug (ThermoFisher Scientific Pty Ltd., Australia). To deter-
mine individual sugars and organic acids, a reversed-phase 
high-performance liquid chromatography (RP-HPLC) 
(Binary HPLC Pump, Waters 1525, Milford Corp., USA) 
was used (Kyaw et al. 2021). During the HPLC analysis, 
the flow rate was set at 0.6 mL min− 1. A refractive index 
detector (Waters 2414, Milford Corp., MA, USA) and a Fast 
Carbohydrate Analysis column (100 × 7.8 mm) were used to 
analyze individual sugars. A dual λ UV absorbance detector 
(Water 2487, Milford Corporation, USA) at 214 nm and an 
Organic Acid Analysis column (300 × 7.8 mm) was used for 
organic acids.

Total phenolic contents

Total phenolic compounds from the plum pulp samples were 
determined following the Folin-Ciocalteu reagent method 
explained by Robles-Sánchez et al. (2009) with some modi-
fications as described by Kyaw et al. (2021).

Extraction of phenolic compounds Aliquots (20 g) of 
pooled pulp prepared from 10 fruit of each replication were 
homogenized with 15 mL of methanol (80%). The homog-
enized samples were sonicated for 15 min and centrifuged 
at 13,416 × g for 15 min. This protocol was repeated twice, 
and the volume of the final aliquot collected was made into 
60 mL with distilled water. The extracted aliquot (50 µL), 
250 µL of diluted Folin Reagent (1:2 ratio of FR and dis-
tilled water) and 3 mL of distilled water were mixed and 
the solution was kept in the dark for 5 min. Then, 250 µL 
of 7% sodium carbonate solution (Na2CO3) and 1450 µL of 
distilled water were added to the aliquot mixture and kept 
again in the dark for 90 min.

Estimation of phenolic contents After 90 min, the optical 
density (OD) of the aliquot mixture was recorded using a 
spectrophotometer (6405 UV/visible (190–1100 nm), Jen-
way, Dunmow, Essex, UK) at the wavelength of 750 nm. 
Total phenolic content was calculated using a standard 

90 ± 5% RH. The ethylene production rate was analysed for 
both storage periods; however, the fruit quality parameters 
were analysed only at the end of 40 d cold storage.

Analysis of ethylene production and fruit quality 
attributes

Rate of ethylene production

The ethylene production was estimated daily for 10 d at 
the end of the respective storage periods using an ethyl-
ene detector (ETD-300, Sensor sense B.V, Nijmegen, The 
Netherlands). To detect ethylene production, three fruit per 
replication were kept in air-tight containers of 1 L in vol-
ume which were set at a flow rate of 4 L h− 1 following the 
continuous flow method for 20 min as described by Kyaw et 
al. (2021) and expressed as nmol kg− 1 h− 1.

Weight loss

The initial weight before transferring to the storage and the 
final weight after completion of the storage period were 
recorded and the physiological weight loss was calculated 
using the formula below.

Weight loss (%) =
(Initial weight − Final weight)

Initial weight
× 100

Fruit firmness

At the end of each storage period, ten fruit per replication 
were used to determine the fruit firmness using a textural 
analyzer (TPA Plus, AMETEK Lloyd Instruments, UK) 
attached to an 8 mm probe. The fruit were peeled on two 
opposite sides of the cheeks and the firmness was deter-
mined on each side with 100 mm s− 1 speed at 1 N trigger 
force (Kyaw et al. 2021).

Soluble solid concentration (SSC), titratable acidity (TA) and 
their ratio

Longitudinal slices were peeled and cut from ten fruit 
samples. The pulp of fruit samples were blended to obtain 
homogenous juice samples to determine SSC, TA and SSC: 
TA. The SSC was estimated from the pooled juice samples 
using a portable refractometer. To determine TA, 10 mL 
of the pooled juice was first mixed with 20 mL of distilled 
water. Then, 5 mL of diluted juice was titrated against 0.1 N 
NaOH until a pale pink endpoint in the presence of phenol-
phthalein indicator. The TA was calculated as a malic acid 
equivalent.
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assessed following the procedure previously described by 
Tokala et al. (2021).

Extraction of antioxidant compounds DPPH (24 g) and 
pure methanol (100%) were mixed to prepare 100 mL of 
DPPH stock solution. A working solution of DPPH was then 
prepared by diluting the stock solution to 1: 4 with 100% 
methanol just before the assessment of antioxidant capac-
ity. The OD of the working solution was adjusted to 1.1 at 
515 nm in a spectrophotometer (by adding methanol when 
the OD was > 1.1 or adding DPPH stock when the OD was 
< 1.1). A sodium fluoride (NaF) solution (1 L) was prepared 
by mixing 84 mg of NaF and 80% methanol. Aliquot (1 g) 
of pulp sample was homogenized in 10 mL of NaF solution 
and centrifuged at 13,416 × g for 20 min.

Estimation of total antioxidant capacity The supernatant 
was mixed with 1900 µL of DPPH working solution and 
kept in the dark for 15 min. The amount of supernatant was 
adjusted until the OD of 0.6–0.7 at 515 nm was obtained. 
The calculated total antioxidant capacity was described as 
Trolox equivalent antioxidant activity (mmol kg− 1).

Statistical analysis

The statistical analysis was done using GenStat software 
version 14 (VSN International Ltd., UK) at (P ≤ 0.05) LSD. 
The ethylene production data were subjected to a two-way 
analysis of variance (NC formulation treatments and ripen-
ing period (d) were the two variables) while the other fruit 
quality parameters were analyzed with one-way ANOVA 
(NC formulation treatments only). Treatment means were 
compared using Duncan’s multiple-range tests. In addition, 
the principal component analysis (PCA) and the correlation 
matrices for each plum cultivar at the respective storage 
period were performed using R statistical software.

Results

Ethylene production

The rate of ethylene production varied depending on the 
cultivar. ‘Tegan Blue’ had significantly higher ethylene 
production (≈ 23 to 32-fold) and an earlier onset of the cli-
macteric ethylene peak (≈ 5 d) as compared to ‘Angeleno’ 
(Fig. 1). It was observed that the effect of NC treatments 
in suppressing the ethylene production was much stronger 
in ‘Angeleno’ (suppressed climacteric) than ‘Tegan Blue’ 
(climacteric). In the ‘Tegan Blue’ plum, the NC fumiga-
tion treatment, followed by NCE and NCT, was the most 

curve of gallic acid and expressed as g gallic acid equiva-
lents (GAE) kg− 1 fresh pulp weight.

Ascorbic acid content

Extraction of ascorbic acid Metaphosphoric acid (MPA, 
6%) solution was prepared in distilled water along with 
ethylenediaminetetraacetate acid (EDTA) (1.8 g L− 1). The 
Folin reagent was diluted with distilled water to obtain a 1:5 
concentration. Pooled pulp samples (5 g) prepared from 10 
fruit of each replication were homogenised along with 20 
mL of % MPA and centrifuged for 20 min at 3354 × g. To 
extract ascorbic acid, 400 µL of supernatant was mixed with 
200 µL of % MPA solution, 200 µL of diluted Folin reagent 
and 1400 µL of distilled water and then, kept in the dark for 
10 min.

Determination of ascorbic acid content Following 10 min 
incubation in the dark, the OD of the mixture was observed 
at 760 nm. To prepare a standard curve for calibration of 
the ascorbic acid content in the sample, analytical grade 
L-ascorbic acid was used, and the ascorbic acid content was 
expressed as g kg− 1 (Tokala et al. 2021).

Total anthocyanin content

The total anthocyanin content in the fruit peel was estimated 
following the procedure of Whale and Singh (2007).

Extraction of total anthocyanin Thin slices of peel were 
collected from 10 fruit of each replication and mixed to get 
a homogenous sample. Aliquot (1 g) of peel samples were 
homogenized with 10 mL of extraction solution. The extrac-
tion solution was prepared by mixing 95% methanol with 
concentrated HCl in a ratio of 97: 3 (v/v). The homogenized 
samples were kept in the dark overnight at 2–4 °C. The 
decanted solution was centrifuged at 3354 × g for 20 min.

Determination of total anthocyanins The OD of the cen-
trifuged supernatant sample was estimated at 530 nm using 
the spectrophotometer. To calculate the total anthocyanin 
content, cyanidin-3-glucoside was used as standard and 
expressed as g kg− 1 (Siegelman and Hendricks 1958).

Total antioxidant capacity

Total antioxidant capacity was estimated using DPPH where 
the free radical scavenging capacity of the pulp sample was 

1 3

431



Plant Growth Regulation (2023) 101:427–441

after 25 d and 40 d storage (Fig. 1C and D). The ethylene 
production of ‘Angeleno’ plums treated with NC fumiga-
tion, NCE and NCT were not different from each other and 
were almost 5.1 and 2.7-fold reduced, respectively, as com-
pared to control after 25 d and 40 d cold storage (Fig. 1C 
and D). After 40 d cold storage, the ethylene production of 
‘Angeleno’ plum treated with NCB and NCD was consider-
ably lower (1.2-fold and 1.6-fold, respectively) as compared 
to the control, although slightly higher than that of NC fumi-
gation, NCE and NCT.

As visualized by the PCA biplots in Fig. 4A, B and C, 
ethylene production was on the negative side of PC2 and 
NC fumigation, NCE and NCT were on the positive sides 
of PC1, indicating that NC fumigation, NCE and NCT sup-
pressed ethylene production effectively. In contrast, NCA 
and NCD were on the same side as ethylene production 
(negative sides of PC1) showing failure to suppress ethyl-
ene production in tested plum cultivars.

effective in suppressing ethylene production and in delaying 
the onset of the climacteric peak, irrespective of the stor-
age period. NC fumigation delayed the onset of the climac-
teric ethylene peak of the ‘Tegan Blue’ plum by 3 d and 
2 d compared to the control following 0 d and 40 d cold 
storage, respectively. Similarly, the ethylene production rate 
was also suppressed by 3.9-fold and 1.5-fold compared to 
control following 0 d and 40 d cold storage, respectively 
(Fig. 1A and B). The climacteric ethylene concentration of 
‘Tegan Blue’ plum treated with NCE and NCT were sig-
nificantly lower (2.8 and 1.3-fold, 1.7 and 1.5-fold, respec-
tively) when compared to the controls following 0 d and 40 
d cold storage, respectively (Fig. 1A, B). NCD-treated fruit 
also expressed relatively reduced (1.3-fold each) ethylene 
production compared to that of the controls in both the stor-
age periods studied.

In the ‘Angeleno’ plum, when compared to the control 
fruit, NC treatments significantly suppressed the production 
of ethylene, regardless of formulation and the storage period. 
The climacteric ethylene peak onsets were suppressed by 
NC formulations, except in NCD and NCB-treated fruit 

Fig. 1 Ethylene production of 
‘Tegan Blue’ (stored for 0 and 
40 d at 1 °C) and ‘Angeleno’ 
(stored for 25 and 40 d at 1 °C) 
plums treated with NC spray 
solutions (NC + distilled water 
(NCA), NC + Tween-20 (NCT), 
NC + β-cyclodextrin (NCD) and 
NC + ethanol (NCE)) and NC 
fumigation at room temperature. 
Vertical bars represent the SE of 
means of three replicates and are 
not visible when the values are 
smaller than the symbol
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The firmness of ‘Tegan Blue’ plum stored for 40 d was 
higher after the NC fumigation (1.6-fold) treatment, fol-
lowed by NCT (1.5-fold) and NCE (1.4-fold), as compared 
to the rest of the NC formulations and the control (Fig. 2B). 
A similar trend was observed in the ‘Angeleno’ plum 
stored for 40 d where the firmness of the fruit fumigated 
with NC and NCE, followed by NCT, were comparatively 
higher than for the other NC formulations and the control 
(Fig. 2F). After 25 d storage, ‘Angeleno’ plums treated with 
NC, regardless of formulation, retained notably higher firm-
ness as compared to control (Fig. 2D). NC fumigated fruit 
exhibited the highest firmness retention followed by NCE 
and NCT which showed 1.3, 1.2 and 1.1-fold, respectively 
higher firmness than the control.

Weight loss and fruit firmness

Irrespective of formulation, NC treatments caused signifi-
cantly lower weight loss as compared to control in ‘Tegan 
Blue’ fruit stored for 40 d (Fig. 2A), whilst there was no 
significant difference among the NC formulations. Follow-
ing 25 d storage, the weight loss of the ‘Angeleno’ plum 
treated with NC, regardless of formulation, was consider-
ably lower than the control (Fig. 2C). The weight loss of the 
fruit treated with NC fumigation, NCE and NCT were not 
significantly different from each other, and 2.3-fold lower 
compared to the control. Following 40 d storage, ‘Ange-
leno’ plums treated with NC fumigation and NCE, followed 
by NCT, had considerably lower weight loss (2.0, 1.6 and 
1.3-fold, respectively) as compared to the rest of the treat-
ments (Fig. 2D).

Fig. 2 Weight loss and firmness 
of ‘Tegan Blue’ plum stored for 
40 d (A and B) and of ‘Ange-
leno’ plum stored for 25 d (C 
and D) and 40 d (E and F) at 
1 °C as affected by NC spray 
solutions (NC + distilled water 
(NCA), NC + Tween-20 (NCT), 
NC + β-cyclodextrin (NCD) and 
NC + ethanol (NCE)) and NC 
fumigation. Vertical bars rep-
resent the SE of means of three 
replicates and are not visible 
when the values are small
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cultivar and storage period (Fig. 3). The SSC and SSC: TA of 
‘Tegan Blue’ fruit treated with all NC formulations, except 
NCA, were reduced up to 1.3 and 1.7-fold, respectively, as 
compared to control after 40 d cold storage (Fig. 3A and B). 
‘Tegan Blue’ plum treated with NC fumigation, and NCT 

SSC, TA and SSC: TA

NC fumigation and the NCE and NCT treatments main-
tained considerably lower SSC and SSC: TA and higher 
TA values in the fruit, as compared to control, regardless of 

Fig. 3 SSC %, TA (%) and SSC: TA (%) of ‘Tegan Blue’ plum stored 
for 40 d (A, B, C) and of ‘Angeleno’ plum stored for 25 d (D, E, F) and 
40 d (G, H, I) at 1 °C as affected by NC spray solutions (NC + distilled 
water (NCA), NC + Tween-20 (NCT), NC + β-cyclodextrin (NCD) 

and NC + ethanol (NCE)) and NC fumigation. Vertical bars represent 
the SE of means of three replicates and are not visible when the values 
are small
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maintained higher TA (1.2 and 1.3-fold, respectively) than 
control after 40 d storage (Fig. 3C). The SSC of ‘Angeleno’ 
fruit treated with NC fumigation, NCE, and NCT were 
lower after both 25 d (1.3, 1.3, and 1.2-fold respectively) as 
well as after 40 d (1.2-fold each) cold storage periods when 
compared to the control (Fig. 3D and G). A similar trend 
of reduction was also observed in SSC: TA of ‘Angeleno’ 
after 25 d and 40 d cold storage (Fig. 3E and H). The TA 
of ‘Angeleno’ fruit treated with NC fumigation, NCE, and 
NCT were ≈ 1.2 and 1.3-fold higher as compared to the con-
trol after 25 d and 40 d cold storage, respectively (Fig. 3F 
and I). The SSC, TA and SSC: TA of the fruit sprayed with 
NCA and NCD, irrespective of cultivar and storage period, 
were not statistically different from the control.

Sugars and organic acids

Glucose, fructose, sucrose, and sorbitol were found in 
‘Angeleno’ and ‘Tegan Blue’ fruit. Fructose was predomi-
nant among the individual sugars in both cultivars (Table 1). 
Individual sugars showed positive correlations with ethyl-
ene production while individual organic acids expressed 
negative correlations (Fig. 4D, E and F). NC formulations, 
except NCA, retained up to 21% lower levels of glucose, 
fructose and sorbitol as compared to the control for ‘Ange-
leno’ fruit stored for 25 d and 40 d. ‘Angeleno’ fruit fumi-
gated with NC exhibited the lowest level of glucose, fructose 
and sorbitol, regardless of storage period. Similarly, the glu-
cose (1.3-fold) and fructose (1.5-fold) levels in ‘Tegan Blue’ 
plum fruit sprayed with NCT and the sorbitol (1.5-fold) lev-
els of ‘Tegan Blue’ fumigated with NC were significantly 
lower than control and the rest of NC formulations after 
40 d storage. In contrast, ‘Tegan Blue’ plums sprayed with 
NCE had the highest level of sorbitol (32.5 g kg− 1) after 
40 d storage. The sucrose content of ‘Angeleno’ plum fruit 
fumigated with NC after 25 d storage and sprayed with NCE 
after 40 d was higher (1.1-fold each) when compared to the 
untreated fruit and the fruit treated with other NC formula-
tions. However, the level of sucrose in the ‘Tegan Blue’ fruit 
was not influenced by different NC formulation treatments.

Malic, citric, fumaric and succinic acids were quantified 
by RP-HPLC in fruits of both cultivars stored for 25 d and 
40 d (Table 2). Malic acid was found to be the dominant in 
both ‘Angeleno’ and ‘Tegan Blue’, while fumaric acid was 
not detected in ‘Tegan Blue’ after 40 d storage. The levels 
of malic acid in ‘Angeleno’ fumigated with NC, sprayed 
with NCE and NCT were lower (up to 1.3-fold) than the 
untreated fruit and the fruit treated with the rest of the NC 
formulations after 25 d and 40 d storage. NC treatments, 
regardless of formulation, maintained higher succinic acid 
levels (up to 1.3-fold) in ‘Angeleno’ plum fruit stored for 25 
d, whilst only NC fumigation and NCE maintained a higher 

Ta
bl

e 
1 

Eff
ec

t o
f d

iff
er

en
t f

or
m

ul
at

io
ns

 o
f t

he
 e

th
yl

en
e 

an
ta

go
ni

st
 (N

C
) o

n 
th

e 
su

ga
rs

 in
 ‘A

ng
el

en
o’

 a
nd

 ‘T
eg

an
 B

lu
e’

 p
lu

m
 fr

ui
t s

to
re

d 
fo

r 2
5 

d 
an

d 
40

 d
 a

t 1
 °C

Tr
ea

tm
en

t
G

lu
co

se
 (g

 k
g−

 1 )
Fr

uc
to

se
 (g

 k
g−

 1 )
Su

cr
os

e 
(g

 k
g−

 1 )
So

rb
ito

l (
g 

kg
−

 1 )
25

 d
40

 d
25

 d
40

 d
25

 d
40

 d
25

 d
40

 d
C

on
tro

l
17

4.
1 ±

 1.
6c

19
5.

9 ±
 2.

3c
25

2.
4 ±

 1.
8e

27
8.

9 ±
 3.

2c
23

.5
9 ±

 1.
1a

33
.7

3 ±
 0.

4a
71

.2
4 ±

 3.
7c

77
.2

0 ±
 1.

9d
N

C
 +

 D
is

til
le

d 
w

at
er

16
1.

9 ±
 3.

9b
c

19
0.

1 ±
 2.

2b
c

23
2.

4 ±
 5.

8b
d

27
3.

5 ±
 3.

2b
c

26
.2

0 ±
 2.

1a
33

.4
1 ±

 0.
3a

63
.3

8 ±
 2.

3b
c

67
.0

0 ±
 3.

7b
cd

A
ng

el
en

o
N

C
 +

 Tw
ee

n-
20

14
9.

2 ±
 5.

4a
b

18
0.

5 ±
 1.

6a
21

1.
5 ±

 6.
9b

c
25

7.
1 ±

 1.
9a

25
.0

1 ±
 1.

2a
32

.1
2 ±

 0.
1a

59
.9

8 ±
 4.

6b
c

56
.2

0 ±
 1.

9a
bc

N
C

 +
 β-

cy
cl

od
ex

tri
n

15
5.

5 ±
 2.

8a
b

18
3.

0 ±
 1.

9a
b

21
9.

1 ±
 5.

7b
cd

26
0.

3 ±
 3.

5a
b

28
.0

3 ±
 2.

5a
b

33
.6

3 ±
 0.

3a
52

.4
4 ±

 2.
9a

b
50

.1
6 ±

 4.
3a

b
N

C
 +

 E
th

an
ol

14
7.

0 ±
 2.

7a
18

6.
7 ±

 1.
8a

b
21

1.
5 ±

 4.
7b

25
9.

5 ±
 3.

3a
b

24
.0

0 ±
 1.

2a
36

.0
6 ±

 0.
8b

42
.7

6 ±
 2.

1a
73

.8
8 ±

 8.
0 

cd
N

C
-F

um
ig

at
io

n
14

3.
5 ±

 1.
1a

18
0.

7 ±
 3.

1a
18

9.
1 ±

 1.
2a

25
6.

6 ±
 4.

7a
34

.9
5 ±

 2.
8b

33
.6

5 ±
 0.

7a
52

.9
1 ±

 2.
5a

b
47

.0
0 ±

 3.
8a

LS
D

 (P
 ≤

 0.
05

)
13

.4
2*

7.
61

*
19

.8
8*

*
13

.6
9*

ns
1.

81
*

12
.9

5*
17

.7
*

C
on

tro
l

52
.2

3 ±
 1.

1b
61

.9
6 ±

 1.
1b

25
.9

5 ±
 1.

9
27

.8
0 ±

 1.
9b

c
Te

ga
n 

B
lu

e
N

C
 +

 D
is

til
le

d 
w

at
er

48
.8

9 ±
 1.

1a
b

53
.5

4 ±
 0.

6b
28

.3
5 ±

 2.
3

28
.7

7 ±
 2.

0b
c

N
C

 +
 Tw

ee
n-

20
40

.6
7 ±

 0.
6a

40
.6

3 ±
 3.

2a
28

.5
2 ±

 2.
9

21
.2

5 ±
 1.

1a
b

N
C

 +
 β-

cy
cl

od
ex

tri
n

51
.8

9 ±
 2.

7b
53

.9
9 ±

 1.
5b

36
.7

3 ±
 4.

4
29

.6
7 ±

 2.
0b

c
N

C
 +

 E
th

an
ol

52
.6

4 ±
 1.

4b
62

.1
7 ±

 4.
2b

27
.3

2 ±
 2.

6
32

.5
0 ±

 0.
6c

N
C

-F
um

ig
at

io
n

47
.0

9 ±
 3.

2a
b

57
.2

3 ±
 3.

6b
23

.7
5 ±

 3.
3

18
.1

7 ±
 3.

5a
LS

D
 (P

 ≤
 0.

05
)

7.
89

*
11

.1
9*

ns
7.

89
*

M
ea

n 
va

lu
es

 fo
llo

w
ed

 b
y 

th
e 

si
m

ila
r l

et
te

r a
re

 n
ot

 d
iff

er
en

t w
ith

in
 th

e 
co

lu
m

ns
. T

he
 d

at
a 

fo
r e

ac
h 

pl
um

 c
ul

tiv
ar

 a
nd

 st
or

ag
e 

pe
rio

d 
w

er
e 

an
al

ys
ed

 se
pa

ra
te

ly
. *

*,
 *

 =
 si

gn
ifi

ca
nt

 a
t 1

%
 a

nd
 5

%
 

le
ve

ls
 o

f L
SD

, n
s =

 no
n-

sig
ni

fic
an

ce

1 3

435



Plant Growth Regulation (2023) 101:427–441

Fig. 4 PCA biplots and correlation matrices of ‘Tegan Blue’ plum cold-
stored for 40 d (A and D) and of ‘Angeleno’ plum cold-stored for 25 
d (B and E) and 40 d (C and F) at 1 °C. The PCA biplots were ana-
lyzed for the physicochemical attributes of respective plum cultivars 
and the different formulations of ethylene antagonist NC. Physico-
chemical attributes: Eth = ethylene production, WL = weight loss, 
TSS = total soluble solids, TSS/TA = ratio of TSS and TA, Fr = fruc-
tose, Gl = glucose, So = sorbitol, Su = sucrose, T.P = total phenolics, 

AA = ascorbic acid, TA = total titratable acidity, CA = citric acid, 
MA = malic acid, SA = succinic acid, FN = firmness, T.Antho = total 
anthocyanin, T.AO = total antioxidants. Groups (NC formulations): 
NCA = NC + Distilled water, NCC = control, NCT = NC + Tween-20, 
NCD = NC + β-cyclodextrin, NCE = NC + Ethanol, NCF = NC fumi-
gation. The correlation matrices were analyzed for the physicochemi-
cal attributes of each plum cultivar at the respective storage period 
mentioned. **, * = significant at 1% and 5% levels of LSD.
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level of succinic acid (1.2-fold each) as compared to con-
trol in ‘Angeleno’ fruit stored for 40 d. Similarly, the malic 
acid and succinic acid levels in the ‘Tegan Blue’ fruit treated 
with NC, regardless of formulation, were also reduced up 
to 1.3 and 1.2-fold, respectively, as compared to the control 
after 40 d storage. The citric acid and fumaric acid levels 
in the fruit of both cultivars tested were not affected by NC 
treatments, except the citric acid level in ‘Angeleno’ fruit 
sprayed with NCE which were 1.2-fold higher as compared 
to control after 40 d storage.

Total phenols, ascorbic acid content, total 
anthocyanin and total antioxidant capacity

The concentrations of total phenols and ascorbic acid posi-
tively correlated, though not significantly, with ethylene 
production in ‘Angeleno’ and ‘Tegan Blue’ plums stored 
for 40 d at 1 °C, while total antioxidant capacity and total 
anthocyanin were negatively correlated with ethylene pro-
duction (Fig. 4E and F). The levels of total phenols, ascorbic 
acid and total antioxidant capacity in ‘Angeleno’ and ‘Tegan 
Blue’ fruit were not affected by the application of NC for-
mulations (Supplementary materials, Appendix 1, Table 1). 
However, total anthocyanin contents in ‘Angeleno’ plums 
treated with NC formulations, except NCA, were signifi-
cantly lower by ≈ 1.2-fold as compared to control after 40 
d storage.

Discussion

Japanese plums are a unique group of fruit cultivars with 
three different patterns of ripening behaviour: climacteric, 
suppressed-climacteric and non-climacteric (Abdi et al. 1998; 
Minas et al. 2015). Unlike normal climacteric plums, the 
suppressed-climacteric plums, e.g., Late Santa Rosa, produce 
negligible amounts of ethylene, and non-climacteric plums 
e.g. Sweet Miriam, are completely insensitive to external eth-
ylene exposure (Minas et al. 2015). In the present study, the 
efficacy of NC in retarding ethylene production varied between 
cultivars. The fruit treated with different NC formulations sup-
pressed ethylene production in the ‘Angeleno’ plum compared 
to ‘Tegan Blue’. The rate of ethylene production in the ‘Tegan 
Blue’ fruit was ≈ 23-32-fold higher and the climacteric peak 
onset was ≈ 5 d earlier as compared to ‘Angeleno’. Therefore, 
‘Angeleno’ and ‘Tegan Blue’ express suppressed-climacteric 
and climacteric ethylene production natures, respectively. 
The application of greater concentrations of NC might have 
increased its ability to suppress ethylene production in plum 
cultivars with high ethylene production like ‘Tegan Blue’. Mea-
suring targeted gene expression of ethylene metabolism-related 
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calcium solution (Singh et al. 2000). In the case of NCB, NC 
was likely to be encapsulated within the cyclic molecular struc-
ture of β-cyclodextrin, resulting in NC being more soluble in 
an aqueous solution and allowing the slow release of NC (Del 
Valle 2004). The lack of adjuvants in the NC solution with only 
distilled water resulted in a comparatively lower antagonistic 
effect on ethylene production in both plum cultivars studied.

The retention of fruit weight and firmness were higher in 
the plums treated with NC. Weight loss is primarily related 
to cumulative water loss which depends on the vapour pres-
sure deficit during storage (Khan et al. 2018). However, a 
delay in the ripening mechanism by inhibiting the production 
of ethylene, a key triggering factor to fruit ripening, can slow 
down the physiological and biochemical changes in the fruit. 
In agreement with our findings, weight retention due to the 
application of an ethylene antagonist was also documented in 
different cultivars of plum such as ‘Harrow Sun’ plum (Man-
ganaris et al. 2007), ‘Santa Rosa’ and ‘Golden Japan’ (Marti-
nez-Romero et al. 2003) treated with 1-MCP, n ‘Cripps Pink’ 
apple (Tokala et al. 2020) and in ‘Gold Rush’ pear (Tokala et 
al. 2021) fumigated with NC. The reduction in fruit firmness is 
the result of increasing activities of softening enzymes (Khan 
and Singh 2007; Razzaq et al. 2016). The authors confirmed in 
‘Tegan Blue’ plum that fumigation with 1-MCP suppresses the 
activities of enzymes related to fruit softening as such pectin 
esterase, endo-1,4-b-d-glucanase, exo-polygalacturonase and 
endo-polygalacturonase, and consequently resulted in higher 
fruit firmness.

The SSC, TA and the ratio of SSC: TA are the important sen-
sory quality indices for consumer acceptance of plums (Khan et 
al. 2018). The plum fruit treated with NC formulations exhib-
ited lower SSC and SSC: TA, and higher TA. The results were 
more pronounced with NC fumigation and the NCE and NCT 
treatments. In addition, malic acid and fructose were predomi-
nant among the individual organic acids and sugars identified 
in the plum fruit of both cultivars. Similar observations were 
previously reported in ‘Formosa’ (Bae et al. 2014), ‘Angeleno’ 
(Wang et al. 2014), ‘Amber Jewel’ and ‘Black Amber’ plums 
(Singh et al. 2009).

In our study, ethylene production relates positively corre-
lated with SSC, glucose, fructose, and sorbitol, but negatively 
with TA, citric acid, malic acid and succinic acid, although the 
significance level of relations varied depending on the stor-
age period and plum cultivar (Fig. 4D, E and F). Farcuh et 
al. (2018) found the relation between ethylene and the genes 
related to sugar metabolism of ‘Santa Rosa’ (climacteric) and 
‘Sweet Mariam’ (non-climacteric) Japanese plums stored at 
20 °C for 0, 1, 3, 5, 7, 10 and 14 d. The authors suggested that 
sucrose biosynthesis was induced by ethylene action and the 
breakdown of sucrose resulted in glucose and fructose forma-
tion. In our study, sucrose would have been broken down into 
glucose and fructose at the end of long cold storage at 1 °C, 

genes with the NC treatments are warranted for future research 
to provide more technical evidence for its effectiveness.

1-MCP, the well-known commercial ethylene antagonist, 
inhibits the production and action of ethylene by binding the 
copper cofactor in the ethylene receptor ligand through the 
ring-opening reaction (Pirrung et al. 2008). Thus, it inactivates 
the receptors, blocks the action of ethylene and inhibits the cel-
lular response (Sisler 2006; Pirrung et al. 2008). Similarly, NC 
suppresses ethylene production following a mechanism similar 
to that of 1-MCP (Singh et al. 2018). NC binds to the metal 
cofactor in the ethylene receptor of the targeted fruit tissues, 
triggers the ring-opening reaction, and reacts with a protein 
matrix of the receptor, leading to the inactivation of the eth-
ylene receptor thereby blocking ethylene signal transduction.

Among the treatments, NC fumigation was most effective 
in retarding the ethylene production in the fruit of both plum 
cultivars. The longer exposure time (18 h) of NC to the fruit 
sample in the fumigation treatment and diffusion of the gas-
eous form of NC as compared to the spray application of dif-
ferent formulations may have contributed to the variation in the 
effectiveness of NC. There might also be some loss of active 
compounds during the process of spraying and drying in the 
NC spray solution treatments. In a study to delay banana fruit 
ripening with ethylene antagonists, Sisler et al. (2009) also 
concluded a higher amount of cyclopropene salt solutions and 
longer exposure time were required to inhibit the action of eth-
ylene when compared to gaseous cyclopropenes. Escribano et 
al. (2017) also obtained a similar finding with liquid 1-MCP 
dip treatments, with the treatment concentration and the dip-
ping time influencing the effectiveness of 1-MCP in delaying 
the ripening of ‘Bartlett’ pears.

The presence of adjuvants enhanced the performance of NC 
spray solutions in antagonising ethylene production. The com-
paratively higher ethylene suppression in the NCE and NCT 
treatments could be ascribed to the amphiphilic structures of 
ethanol and Tween® 20. The hydrophilic heads, the hydroxyl 
(-OH) groups, helped NC to be more soluble in aqueous solu-
tions while the lipophilic tails assisted in disorganizing the 
structure of the cuticle giving NC more permeability across the 
fruit skin. Our previous research work (Kyaw et al. 2021) also 
confirmed that the adjuvants, ethanol and Tween® 20, play a 
significant role in improving the delivery of 1 H-cyclopropa-
benzene (BC), which is the parent compound of NC. Being a 
derivative of BC and having the same cyclopropene functional 
group as BC (Halton 1973), NC might have interacted with 
the adjuvants, ethanol and Tween® 20, in the same mecha-
nism as that of BC. Ethanol enhances the surface binding and 
the infiltration of ethephon through the fruit cuticle, which 
increases the effectiveness of ethephon in promoting antho-
cyanin synthesis of blueberries (Costa et al. 2012). Similarly, 
increased calcium uptake was observed in the mangoes pre-
treated with 0.02% Tween® 20 before the dip treatment with a 
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which resulted in a negative correlation between ethylene and 
sucrose, not in agreement with Farcuh et al. (2018). The pos-
sibility of sugar synthesis is regulated by ethylene, which could 
be through the sorbitol catabolic pathway, as proposed by Kim 
et al. (2015) in the ‘Sweet Miriam’ plum. A similar influence 
of ethylene antagonism on SSC, SSC: TA and TA have also 
been reported previously in ‘Songold’ plum treated with 0.6 
µL L− 1 of 1-MCP for 24 h and stored at 0 and 8 °C (Velardo-
Micharet et al. 2017). Fan et al. (2018) also reported that a post-
cold-storage treatment with 1-MCP (0.5 µL L− 1) for 12 h to 
‘Shushanggan’ apricot reduced the level of malic acid.

As visualised in the correlation matrices in Fig. 4D, E 
and F, total phenolic contents showed a positive correlation, 
though not significant, with ethylene production in both plum 
cultivars studied. The levels of total anthocyanins, total anti-
oxidant capacity and ascorbic acid are affected by ethylene. 
According to Farcuh et al. (2022), in plums, ethylene regulates 
anthocyanin synthesis and phenolic contents depending on the 
sugar substrates that are present in the phenylpropanoid and 
flavonoid pathways. Sucrose may promote anthocyanin syn-
thesis with the presence of ethylene; however, high concen-
trations of glucose or fructose or sorbitol with low levels of 
ethylene may suppress anthocyanin synthesis and lead to the 
phenylpropanoid pathway. In our study, as discussed earlier, 
sucrose might have already been broken down into glucose and 
fructose due to the exposure to long cold storage, resulting in 
higher concentrations of glucose and fructose in both plums. 
These higher concentrations of glucose and fructose may have 
suppressed anthocyanin synthesis and promoted the synthesis 
of more phenolic compounds.

Conclusions

The ethylene antagonist NC, irrespective of formulation, sup-
pressed ethylene production in the fruit of both plum cultivars 
studied. The degree of effectiveness varied depending on the 
plum cultivar and NC formulation. Besides ethylene retarda-
tion, NC, either as a fumigant or as an aqueous formulation, 
also preserved the fruit quality of ‘Angeleno’ and ‘Tegan Blue’ 
plums during storage. The presence of ethanol or Tween® 20 
as an adjuvant enhanced the performance of NC solutions in 
both ethylene retardation and fruit quality maintenance of plum 
fruit. Ethylene production expressed positive correlations with 
weight loss, SSC, SSC: TA and individual sugars of ‘Ange-
leno’ and ‘Tegan Blue’ plums while it negatively correlated 
with firmness, TA and individual organic acids. In addition, our 
results support the previous claim that ethylene regulates the 
synthesis of phenolic compounds and anthocyanin depending 
on the availability of sugar substrates in the phenylpropanoid 
and flavonoid pathways.

1 3

439

http://dx.doi.org/10.1007/s10725-023-01030-z
http://dx.doi.org/10.1007/s10725-023-01030-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Plant Growth Regulation (2023) 101:427–441

plum fruits. Plant Sci 231:30–39. https://doi.org/10.1016/j.
plantsci.2014.11.002

Kyaw PN, Singh Z, Payne AD, Tokala VY (2019) Efficacy of differ-
ent formulations of novel ethylene antagonist 1H-cyclopropa[b]
naphthalene (NC) on storage life and fruit quality of Japanese 
plum cultivars. 2019 American Society of Horticultural Sciences 
Conference (Las Vegas, USA) – July 21–25, 2019. https://ashs.
confex.com/ashs/2019/meetingapp.cgi/Paper/30272

Kyaw PN, Singh Z, Tokala VY (2021) Aqueous formulations of 
1H-cyclopropabenzene modulate ethylene production and fruit 
quality in japanese plums. Postharvest Biol Technol 180:111625. 
https://doi.org/10.1016/j.postharvbio.2021.111625

Lippert F, Blanke MM (2004) Effect of mechanical harvest and timing 
of 1-MCP application on respiration and fruit quality of european 
plums Prunus domestica L. Postharvest Biol Technol 34(3):305–
311. https://doi.org/10.1016/j.postharvbio.2004.05.019

Manganaris GA, Vicente AR, Crisosto CH, Labavitch JM (2007) 
Effect of dips in a 1-methylcyclopropene generating solution on 
‘Harrow Sun’ plums stored under different temperature regimes. 
J Agric Food Chem 55(17):7015–7020. https://doi.org/10.1021/
jf071065p

Martinez-Romero D, Dupille E, Guillen F, Valverde JM, Serrano M, 
Valero D (2003) 1-Methylcyclopropene increases storability and 
shelf life in climacteric and non-climacteric plums. J Agric Food 
Chem 51(16):4680–4686. https://doi.org/10.1021/jf034338z

Minas IS, Font I, Forcada C, Dangl GS, Gradziel TM, Dandekar AM, 
Crisosto CH (2015) Discovery of non-climacteric and suppressed 
climacteric bud sport mutations originating from a climacteric 
japanese plum cultivar (Prunus salicina Lindl). Front Plant Sci 
6:316. https://doi.org/10.3389/fpls.2015.00316

Otero-Diaz M, Woo B, Bhattacharyya N, Demond AH (2017) Enhance-
ment of aqueous solubility of organochlorine pesticides by etha-
nol. Int J Environ Eng 143(9):04017048. https://doi.org/10.1061/
(ASCE)EE.1943-7870.0001241

Pirrung MC, Bleecker AB, Inoue Y, Rodriguez FI, Sugawara N, Wada 
T, Zou Y, Binder BM (2008) Ethylene receptor antagonists: 
strained alkenes are necessary but not sufficient. Chem Biol 
15(4):313–321. https://doi.org/10.1016/j.chembiol.2008.02.018

Razzaq K, Singh Z, Khan AS, Khan SAKU, Ullah S (2016) Role 
of 1-MCP in regulating ‘Kensington Pride’ mango fruit soften-
ing and ripening. Plant Growth Regul 78:401–441. https://doi.
org/10.1007/s10725-015-0101-7

Robles-Sánchez RM, Islas‐Osuna MA, Astiazarán‐García H, 
Vazquez‐Ortiz FA, Martín‐Belloso O, Gorinstein S, González‐
Aguilar GA (2009) Quality index, consumer acceptability, 
bioactive compounds, and antioxidant activity of fresh‐cut 
“Ataulfo” mangoes (Mangifera indica L.) as affected by low‐
temperature storage. J Food Sci 74(3):S126–S134. https://doi.
org/10.1111/j.1750-3841.2009.01104.x

Seglie L, Sisler EC, Mibus H, Serek M (2010) Use of a non-volatile 
1-MCP formulation, N, N-dipropyl (1-cyclopropenylmethyl) 
amine, for improvement of postharvest quality of ornamen-
tal crops. Postharvest Biol Technol 56(2):117–122. https://doi.
org/10.1016/j.postharvbio.2009.12.009

Siegelman HW, Hendricks SB (1958) Photocontrol of anthocyanin 
synthesis in apple skin. Plant Physiol 33(3):185. https://doi.
org/10.1104/pp.33.3.185

Singh Z, Khan AS (2010) Physiology of plum fruit ripening. Stewart 
Postharvest Rev 2:3. https://doi.org/10.2212/spr.2010.2.3

Singh Z, Janes J, Tan SC (2000) Effects of different surfactants on 
calcium uptake and its effects on fruit ripening, quality and 
postharvest storage of mango under modified atmosphere 
packaging. Acta Horti 509:413–418. https://doi.org/10.17660/
ActaHortic.2000.509.48

Singh SP, Singh Z, Swinny EE (2009) Sugars and organic acids in 
japanese plums (Prunus salicina Lindl.) As influenced by 

References

Abdi N, McGlasson WB, Holford P, Williams M, Mizrahi Y (1998) 
Responses of climacteric and suppressed-climacteric plums 
to treatment with propylene and 1-methylcyclopropene. Post-
harvest Biol Technol 14:29–39. https://doi.org/10.1016/
S0925-5214(98)00031-3

AgroFresh (2021) AgroFresh – We Grow Confidence. Retrieved from 
https://www.agrofresh.com/technologies. Accessed November 
2021

Bae H, Yun SK, Yoon IK, Nam EY, Kwon JH, Jun JH (2014) Assess-
ment of organic acid and sugar composition in apricot, plumcot, 
plum, and peach during fruit development. J Appl Bot Food Qual 
87. https://doi.org/10.5073/JABFQ.2014.087.004

Billups WE, Chow WY (1973) Naphtho [b] cyclopropene. J Am Chem 
Soc 95(12):4099–3604100. https://doi.org/10.1021/ja00793a073

Burg SP, Burg EA (1962) Role of ethylene in fruit ripening. Plant 
Physiol 37(2):179. https://doi.org/10.1104/pp.37.2.179

Costa DVTA, Pintado M, Almeida DPF (2012) Postharvest ethylene 
application affects anthocyanin content and antioxidant activity 
of blueberry cultivars. In: X International Symposium on Vaccin-
ium and other superfruits 1017:525–530. https://www.actahort.
org/books/1017/1017_65.htm

Del Valle EM (2004) Cyclodextrins and their uses: a review. Process 
Biochem 39(9):1033–1046

Escribano S, Sugimoto N, Macnish AJ, Biasi WV, Mitcham EJ (2017) 
Efficacy of liquid 1-methylcyclopropene to delay ripening of 
‘Bartlett’ pears. Postharvest Biol Technol 126:57–66. https://doi.
org/10.1016/J.POSTHARVBIO.2016.11.007

Fan X, Shu C, Zhao K, Wang X, Cao J, Jiang W (2018) Regulation 
of apricot ripening and softening process during shelf life by 
post-storage treatments of exogenous ethylene and 1-methyl-
cyclopropene. Sci Hortic 232:63–70. https://doi.org/10.1016/j.
scienta.2017.12.061

Farcuh M, Rivero RM, Sadka A, Blumwald E (2018) Ethylene 
regulation of sugar metabolism in climacteric and non-climac-
teric plums. Postharvest Biol Technol 139:20–30. https://doi.
org/10.1016/j.postharvbio.2018.01.012

Farcuh M, Tajima H, Lerno LA, Blumwald E (2022) Changes in 
ethylene and sugar metabolism regulate flavonoid composition 
in climacteric and non-climacteric plums during postharvest 
storage. Food Chem: Molecular Science 4:100075. https://doi.
org/10.1016/j.fochms.2022.100075

Halton B (1973) Benzocyclopropenes Chem Rev 73(2):113–126. 
https://doi.org/10.1021/cr60282a002

Hu B, Sun DW, Pu H, Wei Q (2019) Recent advances in detecting 
and regulating ethylene concentrations for shelf-life extension 
and maturity control of fruit: a review. Trends Food Sci Technol 
91:66–82. https://doi.org/10.1016/j.tifs.2019.06.010

Kerwin BA (2008) Polysorbates 20 and 80 used in the formulation 
of protein biotherapeutics: structure and degradation pathways. 
J Pharm Sci 97(8):2924–2935. https://doi.org/10.1002/jps.21190

Khan SAKU (2014) Regulation of Postharvest Life and Quality in 
Horticultural Commodities at Ambient Conditions with New Eth-
ylene Antagonists. Doctoral Dissertation. Curtin University, WA

Khan AS, Singh Z (2007) 1-MCP regulates ethylene biosynthesis 
and fruit softening during ripening of ‘Tegan Blue’ plum. Post-
harvest Biol Technol 43(3):298–306. https://doi.org/10.1016/j.
postharvbio.2006.10.005

Khan AS, Singh Z, Ali S (2018) Postharvest biology and technology of 
plum. In: Mir SA, Shah MA, Mir MM (eds) Postharvest biology 
and technology of temperate fruits. Springer, pp 101–145. https://
doi.org/10.1007/978-3-319-76843-4_5Cham

Kim HY, Farcuh M, Cohen Y, Crisosto C, Sadka A, Blumwald E 
(2015) Non-climacteric ripening and sorbitol homeostasis in 

1 3

440

http://dx.doi.org/10.1016/j.plantsci.2014.11.002
http://dx.doi.org/10.1016/j.plantsci.2014.11.002
https://ashs.confex.com/ashs/2019/meetingapp.cgi/Paper/30272
https://ashs.confex.com/ashs/2019/meetingapp.cgi/Paper/30272
http://dx.doi.org/10.1016/j.postharvbio.2021.111625
http://dx.doi.org/10.1016/j.postharvbio.2004.05.019
http://dx.doi.org/10.1021/jf071065p
http://dx.doi.org/10.1021/jf071065p
http://dx.doi.org/10.1021/jf034338z
http://dx.doi.org/10.3389/fpls.2015.00316
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001241
http://dx.doi.org/10.1061/(ASCE)EE.1943-7870.0001241
http://dx.doi.org/10.1016/j.chembiol.2008.02.018
http://dx.doi.org/10.1007/s10725-015-0101-7
http://dx.doi.org/10.1007/s10725-015-0101-7
http://dx.doi.org/10.1111/j.1750-3841.2009.01104.x
http://dx.doi.org/10.1111/j.1750-3841.2009.01104.x
http://dx.doi.org/10.1016/j.postharvbio.2009.12.009
http://dx.doi.org/10.1016/j.postharvbio.2009.12.009
http://dx.doi.org/10.1104/pp.33.3.185
http://dx.doi.org/10.1104/pp.33.3.185
http://dx.doi.org/10.2212/spr.2010.2.3
http://dx.doi.org/10.17660/ActaHortic.2000.509.48
http://dx.doi.org/10.17660/ActaHortic.2000.509.48
http://dx.doi.org/10.1016/S0925-5214(98)00031-3
http://dx.doi.org/10.1016/S0925-5214(98)00031-3
https://www.agrofresh.com/technologies
http://dx.doi.org/10.5073/JABFQ.2014.087.004
http://dx.doi.org/10.1021/ja00793a073
http://dx.doi.org/10.1104/pp.37.2.179
https://www.actahort.org/books/1017/1017_65.htm
https://www.actahort.org/books/1017/1017_65.htm
http://dx.doi.org/10.1016/J.POSTHARVBIO.2016.11.007
http://dx.doi.org/10.1016/J.POSTHARVBIO.2016.11.007
http://dx.doi.org/10.1016/j.scienta.2017.12.061
http://dx.doi.org/10.1016/j.scienta.2017.12.061
http://dx.doi.org/10.1016/j.postharvbio.2018.01.012
http://dx.doi.org/10.1016/j.postharvbio.2018.01.012
http://dx.doi.org/10.1016/j.fochms.2022.100075
http://dx.doi.org/10.1016/j.fochms.2022.100075
http://dx.doi.org/10.1021/cr60282a002
http://dx.doi.org/10.1016/j.tifs.2019.06.010
http://dx.doi.org/10.1002/jps.21190
http://dx.doi.org/10.1016/j.postharvbio.2006.10.005
http://dx.doi.org/10.1016/j.postharvbio.2006.10.005
http://dx.doi.org/10.1007/978-3-319-76843-4_5
http://dx.doi.org/10.1007/978-3-319-76843-4_5


Plant Growth Regulation (2023) 101:427–441

in long-term controlled atmosphere-stored ‘Gold rush’ pear fruit. 
J Plant Growth Regul 40:2276–2285. https://doi.org/10.1007/
s00344-021-10387-2

Tokala VY, Singh Z, Kyaw PN (2022) Postharvest quality of ‘Cripps 
Pink’ apple fruit influenced by ethylene antagonists during con-
trolled atmosphere storage with photocatalytic oxidation. J Sci 
Food Agric. https://doi.org/10.1002/jsfa.11803

Velardo-Micharet B, Pintado CM, Dupille E, Ayuso-Yuste MC, Lozano 
M, Bernalte-Garcia MJ (2017) Effect of ripening stage, 1-MCP 
treatment and different temperature regimes on long term storage 
of ‘Songold’ japanese plum. Sci Hortic 214:233–241. https://doi.
org/10.1016/j.scienta.2016.11.043

Wang Y, Wang J, Cheng W, Zhao Z, Cao J (2014) HPLC method for 
the simultaneous quantification of the major organic acids in 
Angeleno plum fruit. In: IOP conference series: Materials sci-
ence and engineering, 62(1):012035. IOP Publishing. https://doi.
org/10.1088/1757-899X/62/1/012035

Whale SK, Singh Z (2007) Endogenous ethylene and colour devel-
opment in the skin of ‘Pink Lady’ apple. J Am Soc Horti Sci 
132(1):20–28. https://doi.org/10.21273/JASHS.132.1.20

Yang SF (1985) Biosynthesis and action of ethylene. Hort Sci 
20(1):41–45. https://doi.org/10.21273/HORTSCI.20.1.41

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

maturation, harvest date, storage temperature and period. 
Int J Food Sci Technol 44(10):1973–1982. https://doi.
org/10.1111/j.1365-2621.2009.02015.x

Singh Z, Payne AD, Khan SAKU, Musa MM (2018) Patent no. PCT/
AU20 17/000 197. World Intellectual Property Organization, 
International Bureau

Sisler EC (2006) The discovery and development of compounds 
counteracting ethylene at the receptor level. Biotechnol Adv 
24(4):357–367. https://doi.org/10.1016/j.biotechadv.2006.01.002

Sisler EC, Goren R, Apelbaum A, Serek M (2009) The effect of dial-
kylamine compounds and related derivatives of 1-methylcyclo-
propene in counteracting ethylene responses in banana fruit. 
Postharvest Biol Technol 51(1):43–48. https://doi.org/10.1016/j.
postharvbio.2008.06.009

Somervaille A, Betts G, Gordon B, Green V, Burgis M, Henderson 
R (2012) Adjuvants—Oils, surfactants and other additives for 
farm chemicals, revised 2012 edition. Grains Research & Devel-
opment Corp., Canberra, ACT, Australia. https://grdc.com.au/
resources-and-publications/all-publications/publications/2018/
adjuvants-booklet

Tokala VY (2019) Postharvest interventions involving novel ethylene 
antagonists, ozone and Airofresh® in regulating ethylene and 
maintaining quality of apple and pear fruits. Doctoral Dissertation, 
Curtin University, WA. http://hdl.handle.net/20.500.11937/77988

Tokala VY, Singh Z, Kyaw PN (2020) Fumigation and dip treatments 
with 1H-cyclopropabenzene and 1H-cyclopropa [b] naphthalene 
suppress ethylene production and maintain fruit quality of cold-
stored ‘Cripps Pink’ apple. Sci Hortic 272:109597. https://doi.
org/10.1016/j.scienta.2020.109597

Tokala VY, Singh Z, Kyaw PN (2021) 1 H-Cyclopropabenzene and 
1 H-Cyclopropa [b] naphthalene fumigation suppresses climac-
teric ethylene and respiration rates and modulates fruit quality 

1 3

441

http://dx.doi.org/10.1007/s00344-021-10387-2
http://dx.doi.org/10.1007/s00344-021-10387-2
http://dx.doi.org/10.1002/jsfa.11803
http://dx.doi.org/10.1016/j.scienta.2016.11.043
http://dx.doi.org/10.1016/j.scienta.2016.11.043
http://dx.doi.org/10.1088/1757-899X/62/1/012035
http://dx.doi.org/10.1088/1757-899X/62/1/012035
http://dx.doi.org/10.21273/JASHS.132.1.20
http://dx.doi.org/10.21273/HORTSCI.20.1.41
http://dx.doi.org/10.1111/j.1365-2621.2009.02015.x
http://dx.doi.org/10.1111/j.1365-2621.2009.02015.x
http://dx.doi.org/10.1016/j.biotechadv.2006.01.002
http://dx.doi.org/10.1016/j.postharvbio.2008.06.009
http://dx.doi.org/10.1016/j.postharvbio.2008.06.009
https://grdc.com.au/resources-and-publications/all-publications/publications/2018/adjuvants-booklet
https://grdc.com.au/resources-and-publications/all-publications/publications/2018/adjuvants-booklet
https://grdc.com.au/resources-and-publications/all-publications/publications/2018/adjuvants-booklet
http://hdl.handle.net/20.500.11937/77988
http://dx.doi.org/10.1016/j.scienta.2020.109597
http://dx.doi.org/10.1016/j.scienta.2020.109597

	1 H-cyclopropa[b]naphthalene: a novel ethylene antagonist for extending storage life and maintaining quality of climacteric and suppressed climacteric plums
	Abstract
	Introduction
	Materials and methods
	Chemicals
	Treatment preparation and application
	Experimental details
	Experiment 1: evaluating the influence of NC formulations on ethylene production rate and postharvest fruit quality attributes of ‘Angeleno’ plums
	Experiment 2: evaluating the influence of NC formulations on ethylene production rate and postharvest fruit quality attributes of ‘Tegan Blue’ plums


	Analysis of ethylene production and fruit quality attributes
	Rate of ethylene production
	Weight loss
	Fruit firmness
	Soluble solid concentration (SSC), titratable acidity (TA) and their ratio
	Individual sugars and organic acids
	Total phenolic contents
	Ascorbic acid content
	Total anthocyanin content
	Total antioxidant capacity

	Statistical analysis
	Results
	Ethylene production
	Weight loss and fruit firmness
	SSC, TA and SSC: TA
	Sugars and organic acids
	Total phenols, ascorbic acid content, total anthocyanin and total antioxidant capacity

	Discussion
	Conclusions
	References


