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Kiwifruit exhibits a climacteric ripening pattern and has as an extremely perishable 
nature. Considering that high perishability leads to a loss in antioxidants and 
overall nutritional quality. This study aimed to examine the efficacy of enhanced 
freshness formulation (EFF), a hexanal-based formulation containing antioxidants 
such as geraniol, α-tocopherol and ascorbic acid, on maintaining the bioactive 
compounds of gold kiwifruit (cv. ‘Y368’) harvested at two maturity stages. Kiwifruits 
were treated with three treatments, namely, control (untreated fruit), 0.01 and 
0.02% (v/v) EFF. Fruits were treated with 8  weeks of cold storage at 0°C and 90% 
relative humidity, then transferred to 20°C for 8  days. Three bioactive compounds 
(ascorbic acid, total phenolics and flavonoids), antioxidant capacities using DPPH 
and FRAP assays, polyphenol oxidase, ascorbate oxidase, phenylalanine and 
tyrosine ammonia lyase enzyme activities were evaluated. The results showed 
that EFF significantly (p  <  0.05) influenced bioactive compounds, antioxidant 
capacities and the activity of enzymes involved in the synthesis and oxidation of 
bioactive compounds. The maturity stage significantly influenced the content of 
bioactive compounds. Later harvested kiwifruit had greater content of bioactive 
compounds, compared to earlier harvested kiwifruit. The total phenolic content 
was 0.77, 1.09 and 1.22  mg GAE g−1 FW for control, 0.01 and 0.02% EFF, respectively. 
The FRAP antioxidant concentration was 0.76, 0.91 and 0.96  μmol Fe (II) g−1 FW for 
control, 0.01 and 0.02% EFF. The findings illustrate the capacity of EFF to optimize 
bioactive compounds and storability of kiwifruit during postharvest storage.
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Introduction

The action of bioactivities including ascorbic acid, carotenoids and various flavanones and 
polyphenols contribute to the health beneficial properties of kiwifruit (Pérez-Burillo et al., 2018). 
Gold (yellow-fleshed) kiwifruit (Actinidia chinensis) possesses significant nutritional value and 
an array of bioactive compounds which make it a good source of antioxidants. The high 
nutritional value of kiwifruit has resulted in an increasing global demand for kiwifruits 
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(Ma et al., 2017). According to the Post-Harvest Innovation (PHI) 
Programme, it takes approximately 25 days to export South African 
fresh produce to Europe. However, deterioration of logistical 
infrastructure and shortage of refrigerated containers causes 
congestion and shipping delays at South Africa’s ports (Brodie, 2022). 
In addition to this, the delivery of kiwifruit exported by sea is delayed 
by at least three weeks, due to delays that transpire at the European 
port (Eichstaedt, 2022).

Delays experienced along the supply chain result in extended 
storage duration of kiwifruit. These challenges present a problem since 
several kiwifruit cultivars have an extremely perishable nature due to 
their high metabolic activity (Asiche et  al., 2017). This leads to a 
significant loss in bioactive compounds of kiwifruit (Huang et al., 2017; 
Cha et al., 2019; Kumarihami et al., 2020). The kiwifruit industry highly 
relies on cold storage, which facilitates in prolonging the storage of 
kiwifruit (Shin et al., 2018; Cha et al., 2019; Xia et al., 2020). However, 
cold storage alone is not enough to optimize quality if the storage 
duration is prolonged. Findings from previous research have illustrated 
that prolonged storage under cold conditions (0–5°C) results in a 
significant loss of bioactive compounds of kiwifruit (Goffi et al., 2019; 
Jeong et al., 2020; Xia et al., 2020; Choi et al., 2022). The importance of 
incorporating postharvest treatments with cold storage to reduce the 
loss of bioactive compounds is well established in kiwifruit.

High demand from European markets necessitates South African 
growers and exporters to develop strategies for preserving kiwifruit 
during extended storage periods, aiming to meet the increasing demand 
for high-quality kiwifruit with health-promoting characteristics. Fruit 
maturity is an essential factor that influences the concentration of 
bioactive compounds and the postharvest performance of kiwifruit 
(Deepthi and Sekhar, 2015; Lee et al., 2015; Nkonyane et al., 2022). 
Literature has demonstrated that kiwifruit should be harvested when 
the total soluble solid content is at a minimum of 6.2 °Brix, in order to 
optimize fruit quality during storage (Burdon et al., 2016). Mahlaba 
et al. (2021) also determined that a minimum harvest and export value 
should be ≥6.2 °Brix for gold kiwifruit produced in South Africa. Thus, 
harvesting at the optimum maturity stage minimizes the loss of 
bioactive compounds. In spite of this, South African gold kiwifruits 
destined for export, are not harvested at a singular maturity stage but 
harvested at the mid (≥ 6.2 °Brix) and late (≥ 8.5 °Brix) maturity stages 
(Mahlaba et al., 2021; Nkonyane et al., 2022). However, these authors 
demonstrated that late harvested kiwifruit experience a substantial 
decrease in quality during storage. Therefore, it is essential to employ 
postharvest treatments that can maintain bioactive compounds of 
kiwifruit harvested at various maturity stages.

Past research has investigated the impact of various postharvest 
treatments such as 1-methylcyclopropene (Lim et al., 2016; Xu et al., 
2021; Zhang et al., 2021), edible coatings (Allegra et al., 2016; Hu 
et al., 2019; Kumarihami et al., 2022), ozone (Goffi et al., 2019; Wang 
et  al., 2022), UV-C (Hu et  al., 2022) and heat treatment 
(Shahkoomahally and Ramezanian, 2015; Chiabrando et al., 2018) on 
the maintenance of bioactive compounds in kiwifruit. Notably, these 
studies predominantly focused on kiwifruit harvested at only one 
maturity stage. To the best of our ability, we have not found studies 
investigating the efficacy of postharvest treatments on optimizing 
bioactive compounds of gold kiwifruit harvested at different 
maturity stages.

Considering this gap in literature and the growing demand for 
high-quality kiwifruit, it is essential to explore a postharvest treatment 
that can optimize the bioactive compounds of kiwifruit harvested at 

various maturity stages. Hexanal is a naturally occurring volatile 
compound, specifically a six-carbon aldehyde formed from linoleic acid 
via the lipoxygenase pathway during lipid peroxidation in plants 
(Paliyath and Padmanabhan, 2018). Enhanced freshness formulation 
(EFF) is a formulation that comprises of 1% hexanal, 1% geraniol, 1% 
α-tocopherol and 1% ascorbic acid (Cheema et al., 2014). EFF has the 
capacity to optimize phenolics and ascorbic acid of various fruit 
(Cheema et al., 2014; Gill et al., 2016; Jincy et al., 2017). Hexanal’s 
capacity to reduce the loss in bioactive compounds could serve as a 
potential tool of optimizing quality and storability of South African 
grown gold kiwifruit. South African gold kiwifruits are harvested at 
both the mid and late maturity stage. However, literature has illustrated 
that late harvested experience a substantial decrease in quality. 
Considering that the export of South African grown gold kiwifruit is 
expected to rise given the growing demand from international markets, 
this makes it necessary to devise a postharvest strategy that can 
maintain optimum quality of kiwifruit harvested at both maturity stages.

Therefore, the current study was conducted to evaluate the efficacy 
of EFF to optimize bioactive compounds (phenolic and flavonoid 
compounds, ascorbic acid and carotenoids) of gold kiwifruit (cv. 
‘Y368’) harvested at two maturity stages. Furthermore, the activity of 
enzymes, phenylalanine ammonia-lyase, tyrosine ammonia-lyase, 
polyphenol oxidase and ascorbate oxidase, involved in the synthesis 
and oxidation of these bioactive compounds (phenolic and flavonoid 
compounds, ascorbic acid and carotenoids) were investigated.

Materials and methods

Materials

Kiwifruit (Actinidia chinensis) cv. “Y368” were harvested from 
Roselands farm, a commercial kiwifruit farm located in the Richmond 
area (Latitude: 29.9033°S, Longitude: 30.2397°E), KwaZulu-Natal 
Province, South  Africa. Kiwifruits were harvested when the total 
soluble solid content was greater than 6.2 °Brix (Mahlaba et al., 2021), 
at two maturity stages namely, maturity stage one (M1) and maturity 
stage two (M2) with 7 and 9 °Brix, respectively. Harvested fruit were 
immediately transported in a ventilated vehicle to the Postharvest 
Laboratory of the University of KwaZulu-Natal, where kiwifruit 
without blemishes, decay or physical damage were graded and selected 
for uniformity in size, then assigned to the respective postharvest 
treatments. All chemicals used to conduct the experiments in this 
study were purchased from Sigma-Aldrich, South Africa.

Preparation of postharvest treatments and 
storage

The enhanced freshness formulation (EFF) was prepared by 
making a stock formulation comprising of 1% (v/v) hexanal, 1% (v/v) 
geraniol, 1% (w/v) α-tocopherol, 1% (w/v) ascorbic acid, 0.1% (w/v) 
cinnamic acid and 10% (v/v) Tween 20 dissolved in ethanol (10% v/v) 
(Cheema et al., 2014). A 0.01 and 0.02% (v/v) hexanal concentrations 
were prepared by mixing the stock solution in 100 L and 50 L of distilled 
water, respectively. Kiwifruit were immersed in 0.01 and 0.02% (v/v) 
EFF solution for 2.5 min, then air dried at room temperature (Cheema 
et al., 2014). Control fruit were left untreated. Each treatment consisted 
of three replicates (n = 3); each replicate had three fruit per storage 
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interval for each maturity stage. The kiwifruits were stored for 8 weeks 
in a cold room with temperature set at 0°C and relative humidity at 
90%, then transferred to 20°C for one week to stimulate shelf life.

Total phenolic content

The total phenolic content was determined using a method 
described by Singleton et  al. (1999). Kiwifruit pulp (1 g) was 
homogenized with 5 mL of 80% methanol. Thereafter, 2.6 mL of 
distilled water and 200 μL of Folin–Ciocalteu’s phenol reagent was 
added to 200 μL of the methanolic extracts. After 6 min, 2 mL of 7% 
(w/v) sodium carbonate was added to the reaction mixture. The 
absorbance was measured at 750 nm after 90 min using a Shimadzu 
UV spectrophotometer (Model UV-1800 240 V, Kyoto, Japan). The 
total phenolic content was expressed as mg gallic acid equivalents 
GAE g−1 fresh weight (FW) of kiwifruit.

Total flavonoid content

Distilled water (3.2 mL) and 150 μL of 5% (w/v) sodium nitrite 
was added to 500 μL of methanolic extract. After 5 min, 150 μL of 10% 
(w/v) aluminum chloride was added. After 6 min, 1 mL of 1 M sodium 
hydroxide was added and the absorbance recorded at 510 nm. The 
total flavonoid content was expressed as mg catechin equivalents CE 
g−1 fresh FW of kiwifruit.

Ascorbic acid

A method described by Malik and Singh (2005) and modified by 
Goffi et al. (2019), was used to determine the ascorbic acid content of 
kiwifruit. Ascorbic acid was extracted from 1 g of kiwifruit pulp using 
4 mL of 16% (v/v) metaphosphoric acid, containing 0.18% (w/v) 
disodium ethylenediaminetetraacetic acid and centrifuged at 
1100 × g for 10  min at 4°C. The assay mixture contained 200 μL 
supernatant, Folin’s reagent (1: 5 v/v) and 0.3% (v/v) metaphosphoric 
acid in a final volume of 2 mL. The absorbance was measured at 
760 nm, using ascorbic acid as standard and expressed as mg g−1 FW.

Total carotenoids

Total carotenoid content was determined using a method adapted 
from Yan et al. (2015) and modified by Xia et al. (2020). Five milli liter 
of acetone containing 0.1% butylated hydroxytoluene was used to 
extract carotenoids from 1 g of kiwifruit pulp. After centrifugation at 
10,000 × g for 10 min at 4°C, the supernatant was filtered through the 
Whatman filter paper No. 42. The total carotenoid content was 
determined by measuring the absorbance of the extract at 450 nm and 
expressed as μg g−1 FW.

DPPH radical-scavenging activity

DPPH was assessed using a protocol described by Brand-Williams 
et al. (1995). Thus, 6 × 10−5 mol/L DPPH was dissolved in methanol 

(1 L) and 3.9 mL of this solution was added to 100 μL of methanolic 
extracts. After 30 min at room temperature, the absorbance of the 
reaction mixture was measured at 517 nm. The DPPH radical 
scavenging activity was quantified using Eq. (1) and expressed as 
percentage DPPH radical-scavenging activity (DPPH %)

 

%

/

( ) = ( ) − ( ) Absorbance control Absorbance sample
Absorbance coontrol( )( )×100  (1)

Ferric-reducing antioxidant power

The FRAP was assessed using a previously reported protocol 
(Benzie and Strain, 1996). The FRAP working solution was prepared 
daily by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ 
solution in 40 mM HCl, and 20 mM FeCl3 solution at a ratio of 10:1:1. 
The freshly solution was warmed at 30°C before usage. Then, 100 μL 
of each kiwifruit pulp extract was mixed with 3 mL of FRAP solution 
and incubated at 37°C for 4  min. Thereafter, the absorbance was 
recorded at 593 nm. A calibration curve was prepared using ferrous 
sulfate. The findings were expressed as μM g−1 FW.

Extracts for phenylalanine ammonia lyase 
and tyrosine ammonia lyase

The enzymatic activity of PAL (EC 4.3.1.5) and TAL (EC 4.3.1.25) 
was evaluated using a method described by Khan et  al. (2003). 
Extraction was carried out by homogenizing 1 g of kiwifruit pulp with 
10 mL of ice-cool Tris–HCl buffer (50 mM, pH 8.5) comprising 
of 5% (w/v) polyvinylpolypyrrolidone (PVPP) and 14.4 mM 
β-mercaptoethanol. After centrifugation at 10000 g at 4°C for 20 min, 
the enzyme activity of PAL and TAL was quantified using the 
recovered supernatant. Bradford assay Bradford (1976) was used to 
determine the protein concentration.

Phenylalanine ammonia lyase

The activity of PAL was quantified using an assay mixture 
containing 800 μL of Tris–HCl buffer (0.5 mM, pH 8.0), 100 μL 6 μM 
of L-phenylalanine, and 100 μL of enzyme extract. After incubation at 
40°C for an hour, the reaction was stopped by adding 100 μL of 5 N 
HCl to the mixture. The enzyme activity was quantified using the 
absorbance measured at 290 nm. The activity was expressed as U g−1 
of protein, where a unit of enzyme activity was defined as the amount 
of enzyme that produces 1 nmole of cinnamic acid min−1.

Tyrosine ammonia lyase

The activity of TAL was quantified using an assay mixture 
containing 800 μL of Tris–HCl buffer (0.5 mM, pH 8.0), 100 μL of 
5.5 μM of L-tyrosine and 100 μL of enzyme extract. After incubation 
at 40°C for an hour, the reaction was stopped by adding 100 μL of 5 N 
HCl to the mixture. The enzyme activity was quantified using the 
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absorbance measured at 333 nm. The activity was expressed as U g−1 
of protein, where a unit of enzyme activity was defined as the amount 
of enzyme that produces 1 nmole of coumaric acid min−1.

Ascorbate oxidase

The enzyme activity of ascorbate oxidase (EC 1.10.3.3) was 
assayed using a previously described protocol by Jiang et al. (2018). 
AO was extracted by homogenizing 1 g of pulp with 3 mL potassium 
phosphate buffer (50 mM, pH 7.5) comprising of 1 mL of potassium 
phosphate buffer (100 mM, pH 6.8), 0.1 mM ethylenediaminetetraacetic 
acid (EDTA), 0.3% (w/v) Triton X-100, 4% (w/v) polyvinyl-
polypyrrolidone (PVPP), and 0.1 mM ascorbic acid. After 
centrifugation at 16000 g for 15 min, the absorbance was measured. 
The enzyme activity was expressed as U g−1 of protein and defined as 
the amount of enzyme causing an increase of 0.01 in the absorbance 
per min at 265 nm at 25°C. The Bradford assay Bradford (1976) was 
used to determine the protein concentration.

Polyphenol oxidase activity

A protocol by Adiletta et al. (2019) was used to assay PPO (EC 
1.14.18.1) activity. One gram of pulp was homogenized in sodium 
phosphate buffer (100 mM, pH 6.4) comprising of 0.05 g of PVPP. After 
centrifugation at 10,000 g for 30 min at 4°C, 100 μL of the enzyme 
extract was added to a buffered substrate (500 mM catechol in 100 mM 
sodium phosphate buffer, pH 6.4) and the increase in absorbance was 
monitored at 398 nm. PPO activity was expressed as U g−1 of protein. 
The Bradford assay Bradford (1976) was used to determine the 
protein concentration.

Statistical analysis

All experiments were performed using a completely randomized 
factorial design. The experiment comprised of three factors: 
treatments, fruit maturity stage and storage period. Statistical analysis 
was performed in R software version 4.3.1 (R Core Team, 2023). Data 
were expressed as mean values ± SE and were subjected to analysis of 
variance (ANOVA) with a 5% level of significance. A Pearson 
correlation test was used to correlate the measured parameters.

Results and discussion

Total phenolic and flavonoid content

The interaction among treatment, maturity stage, and storage time 
had no significant (p > 0.05) effect on the TPC. The results illustrate 
that treatments significantly influenced (p < 0.001) the TPC 
(Figure 1A), with treated fruit registering substantially greater TPC 
compared to the control. The TPC was 0.88, 1.17 and 1.29 mg GAE g−1 
FW for the control, 0.01 and the 0.02% EFF treatment level, 
respectively. The interaction between treatment and storage time had 
no significant effect (p > 0.05) on TPC. However, the interaction 
between maturity stage and storage time (Figure 1B) had a significant 

(p < 0.001) effect on TPC, with M2 registering significantly higher 
TPC than M1. Kiwifruit at both maturity stages exhibited an increase 
in TPC, reaching maximum values of 1.21, and 1.58 mg GAE g−1 FW 
for M1 and M2, respectively, at six weeks of storage. At the end of 
storage, TPC for M1 and M2 was 1.06 and 1.19 mg GAE g−1 FW, 
respectively.

The interaction among treatment, maturity stage and storage time 
had no significant (p > 0.05) effect on the TFC. The interaction 
between treatment and storage time had no significant effect (p > 0.05) 
on TFC. However, the combined effect of treatment and maturity 
stage (Figure 1C) significantly (p < 0.001) influenced the TFC. Treated 
fruit exhibited significantly higher TFC compared to the control. 
Maturity stage influenced the TFC, with M2 exhibiting significantly 
greater TFC relative to M1. Significant differences among treated fruit 
were only observed at M2, with 0.02% EFF registering higher TFC. At 
M1, no significant differences among treated fruit were observed. In 
addition, the TFC significantly (p < 0.001) increased throughout the 
storage period (Figure 1D).

The findings of this study illustrated that storage duration affects 
phenolic content of Y368 kiwifruit. This is characterized by a 
significant decrease in TPC after six weeks of storage. These findings 
corroborate those of Lim and Eom (2018), Goffi et al. (2019), and 
Jeong et al. (2020), who demonstrated that TPC in kiwifruit decreased 
during cold storage. Furthermore, Gullo et al. (2016) and Nkonyane 
et al. (2022), attained comparable findings to the present study. These 
authors illustrated that kiwifruit exhibited an increase in TPC when 
transferred to ambient conditions. Results obtained from this study 
demonstrated that EFF-treated kiwifruit had substantially higher 
TPC and TFC during storage. The findings attained are in alignment 
to those reported by Gill et al. (2016), Sharma et al. (2023), and Öz 
et  al. (2023), who demonstrated that EFF effectively maintained 
higher phenolic content of guava, jujube and persimmon fruit, 
respectively. Secondary metabolites such as phenolic and flavonoid 
compounds are crucial for the maintenance of fruit quality, as they 
delay senescence induced by oxidative degradation, by functioning 
as antioxidants that scavenge free radicals (Gulcin, 2020). Therefore, 
the efficacy of EFF to enhance TPC and TFC may contribute to 
optimized quality and storability of kiwifruit during storage.

Ascorbic acid

The interaction among treatment, maturity stage and storage 
time had no significant (p > 0.05) effect on AA. The interaction 
between treatment and storage time had no significant effect 
(p > 0.05) on AA. The treatments had a significant effect (p < 0.001) 
on AA content (Figure 1E), with the 0.02% treated fruit registering 
higher AA content, followed by 0.01% treated fruit. AA content for 
the control, 0.01 and 0.02% EFF treatment level was 2.72, 3.12 and 
3.34 mg  g−1 FW. These findings indicate that EFF treatment 
application effectively retained AA content throughout the storage 
period. Our results corroborate those reported by Cheema et  al. 
(2014), Gill et al. (2016), Jincy et al. (2017), Silué et al. (2022) and 
Sharma et al. (2023) who illustrated that EFF retained ascorbic acid 
of tomato, guava, mango and jujube fruit, respectively. The maturity 
stage had a significant effect (p < 0.001) on AA content (Figure 1F), 
with M2 (3.53 mg g−1 FW) exhibiting a greater AA content than M1 
(2.54 mg g−1 FW).
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Findings from the present study are in alignment with those of 
Lim and Eom (2018), who illustrated that AA content increased with 
an advancement in maturity. In plants, AA preserves cell integrity by 
reducing hydrogen peroxide and reacting rapidly with radical species 
(Dumanović et  al., 2021). Thus, it provides DNA and lipids with 
protection from oxidative damage (Meitha et al., 2020). The loss of AA 
in kiwifruit during storage is estimated to be between 50 and 70% 
(Sharma et al., 2015). AA undergoes oxidative loss as it is converted 
to dehydroascorbic acid by the enzymatic action of ascorbate oxidase 
(Chatzopoulou et al., 2020). EFF has been reported to delay the loss 
of AA in guava fruit by reducing the oxidation process (Gill et al., 
2016). Therefore, the findings from the present study show that EFF 
has the potential to preserve the nutritional value of kiwifruit by 
delaying the loss of AA during storage.

Total carotenoids

The interaction among treatment, maturity stage and storage time 
had no significant (p > 0.05) effect on TC. Treated kiwifruit exhibited 
significantly (p < 0.01) lower TC, compared to the control (Figure 2A). 

The TC was registered at 5, 4.78 and 4.71 μg g−1 FW for the control, 
0.01 and 0.02% treatment level, respectively. The interaction between 
treatment and storage time had no significant effect (p > 0.05) on 
TC. The interaction between maturity stage and storage period 
significantly (p < 0.05) influenced the TC content (Figure 2B). The TC 
significantly decreased after four weeks of storage for kiwifruit 
harvested at M1. TC significantly decreased after two weeks for 
kiwifruit harvested at M2. Throughout the storage period, kiwifruit 
harvested at M2 exhibited greater TC relative to M1.

The antioxidant properties of carotenoids provide protection from 
certain kinds of cancer. EFF treated fruit exhibited less carotenoid 
content relative to the untreated kiwifruit. Similarly, Tiwari and 
Paliyath (2011) and Dek et al. (2018) showed that EFF lowered the 
accumulation of carotenoids in tomato fruit. This may be indicative of 
better-quality maintenance due to a slower rate of ripening (Cheema 
et al., 2018). Storage temperature has a strong influence on carotenoid 
metabolism (Matsumoto et  al., 2009). Exposing kiwifruit to low 
temperatures slows down the accumulation of carotenoids, whereas 
high temperatures enhance the accumulation of carotenoids (Xia 
et al., 2020). Low storage temperatures upregulate the expression of 
cleavage dioxygenase and 9-cis-epoxycarotenoid dioxygenase involved 

FIGURE 1

Effect of treatments (A) and the effect of interaction between maturity stage and storage time (B) on the total phenolic content of kiwifruit. Effect of 
interaction between treatment and maturity stage (C) and the effect of storage time (D) on the total flavonoid content of kiwifruit. Effect of treatments 
(E) an maturity stage (F) on ascorbic acid content of kiwi fruit. Values are the means ± SE (n  =  3).
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in the degradation of carotenoids, resulting in a decrease in carotenoid 
content (Xia et al., 2020).

Antioxidant capacity

The interaction between treatment, maturity stage and storage 
time had no significant (p > 0.05) effect on DPPH. The interaction 
between treatment and storage time had no significant effect (p > 0.05) 
on DPPH. Treatments had a significant effect (p < 0.001) on DPPH 
scavenging activity (Figure  2C). Treated fruit had higher DPPH 
scavenging activity relative to the control. The maturity stage had a 
significant (p < 0.01) effect on DPPH scavenging activity (Figure 2D). 
Kiwifruit harvested at M2 exhibited greater DPPH scavenging activity 
compared to kiwifruit harvested at M1. The interaction among 
treatment, maturity stage and storage time had no significant (p > 0.05) 
effect on the Ferric Reducing Antioxidant Power (FRAP). The 
interaction between treatment and storage time had no significant 
effect (p > 0.05) on FRAP. Treatments had a significant effect (p < 0.001) 
on FRAP (Figure 2E). The control, 0.01 and 0.02% EFF treatment level 

had 0.68, 0.87 and 0.95 μmol Fe (II) g−1 FW, respectively. The 
interaction between maturity stage and storage time had a significant 
effect (p < 0.05) on the FRAP (Figure  2F), with M2 registering 
significantly greater FRAP relative to M1. The FRAP significantly 
increased and decreased during cold storage, followed by an increase 
during shelf life. The findings are comparable with those attained by 
Jincy et al. (2017) and Öz et al. (2023), where hexanal treated mango 
and persimmon fruit had higher antioxidant capacity.

Bioactive compounds such as ascorbic acid, polyphenols and 
flavonoids in plants have a significant influence on the antioxidant 
capacity (He et  al., 2019). Thus, DPPH and FRAP assays were 
performed to assess the antioxidant capacity of these bioactive 
compounds. EFF treatment application substantially (p < 0.05) 
increased the antioxidant capacities, which is in accordance with 
results attained by Jincy et al. (2017), for EFF-treated mango fruit. 
Therefore, the enhanced antioxidant capacity exhibited by EFF-treated 
kiwifruit may be owed to a higher content of bioactive compounds in 
treated fruit (Figure 1). Furthermore, the findings of this study show 
that the maturity stage significantly influenced the antioxidant 
capacity of kiwifruit (Figures  2D,F). Kiwifruit harvested at M2 

FIGURE 2

Effect of treatments (A) and the effect of interaction between maturity stage and storage time (B) on the total carotenoid content of kiwifruit. Effect of 
treatments (C) and maturity stage (D) on DPPH scavenging activity of kiwifruit. Effect of treatments (E) and the effect of interaction between maturity 
stage and storage time (F) on FRAP of kiwi fruit. Values are the means ± SE (n  =  3).
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exhibited greater antioxidant capacity than kiwifruit harvested at M1. 
Considering that bioactive compounds influence antioxidant capacity, 
these findings indicate that the higher antioxidant capacities of 
kiwifruit harvested at M2 is attributed to their higher concentration 
of bioactive compounds (Figure 1). These results are in alignment with 
those of Lim and Eom (2018), who demonstrated that kiwifruit 
harvested at later maturity stages exhibited a greater concentration of 
bioactive compounds. The findings obtained in the current study, 
indicate that EFF treatment effectively optimized the bioactive 
compounds and antioxidant capacity in kiwifruit at both 
maturity stages.

Phenylalanine ammonia-lyase and tyrosine 
ammonia-lyase

The interaction among treatment, maturity stage and storage time 
had no significant (p > 0.05) effect on PAL activity. The interaction 
between treatment and storage time had no significant effect (p > 0.05) 
on PAL. Treatments significantly (p < 0.001) influenced the PAL 
enzyme activity (Figure  3A). The control, 0.01 and 0.02% EFF 
treatment level registered 1.11, 1.32 and 1.41 U g−1 FW, respectively. 
The maturity stage had a significant (p < 0.001) effect on PAL activity 
(Figure 3B), with kiwifruit harvested at M2 (1.46 U g−1 FW) exhibiting 
greater PAL activity compared to kiwifruit harvested at M1 (1.08 U g−1 
FW). The interaction among treatment, maturity stage and storage 
time had no significant (p > 0.05) effect on TAL. The interaction 
between treatment and storage time had no significant effect (p > 0.05) 
on TAL. The treatments significantly (p < 0.001) influenced TAL 
activity (Figure 3C), with treated fruit exhibiting higher TAL enzyme 
activity relative to the control. A significant difference was not 
observed among treated fruit. The interaction between maturity stage 
and storage period had a significant effect (p < 0.001) on the TAL 
activity (Figure 3D).

Results obtained from this study are in accordance with those 
reported by Bai et al. (2014) and Dhakshinamoorthy et al. (2020), who 
illustrated that hexanal treatment enhanced the PAL activity of 
oriental sweet melon and banana fruit, respectively. To the best of our 
ability, we have not found research studies reporting on the effect of 
hexanal or EFF on TAL enzyme activity. The phenylpropanoid 
biosynthesis pathway is a metabolic pathway in plants that utilities 
phenylalanine and in some instances tyrosine to synthesize secondary 
metabolites (de Barros Rates and Cesarino, 2023). This pathway is 
governed by the enzymatic action of PAL, which is involved in the 
synthesis of phenolic compounds such as phenolic acids and 
flavonoids (Barros et al., 2015; Bian et al., 2020). Similar to PAL, TAL 
is an enzyme in the phenylpropanoid biosynthesis pathway involved 
in the conversion of tyrosine to p-coumarate, and it also facilitates the 
production of secondary metabolites (Yadav et al., 2020).

The findings in this study suggest that EFF influenced the 
phenylpropanoid biosynthesis pathway by enhancing PAL and TAL 
enzyme activities in treated kiwifruit. Considering that PAL and TAL 
participate in the synthesis of phenolic compounds, the higher TPC 
and TFC (Figures 1A,C) in EFF-treated kiwifruit, may be attributed 
to the ability of EFF to enhance PAL and TAL enzyme activities. 
Previous research studies have shown that hexanal upregulates the 
expression of genes that encode for PAL enzyme activity 
(Padmanabhan et al., 2020; Hyun et al., 2022). Thus, we hypothesize 

that the enhanced enzyme activity of PAL in EFF-treated kiwifruit 
may be due to the upregulation of PAL genes in response to EFF 
treatment. However, further research investigating the response of 
gene expression to EFF-treated kiwifruit is warranted to strengthen 
this argument.

Ascorbate oxidase

The interaction between treatment, maturity stage and storage 
time had a significant (p < 0.001) effect on AO enzyme activity 
(Figures 3E,F). The AO enzyme activity decreased at both maturity 
stages during storage. However, storing the kiwifruit at 20°C after 
cold storage, led to an increase in AO activity. Kiwifruit harvested at 
M1 had higher AO activity (control = 9.93 U g−1 FW, 0.01% 
EFF = 6.11 U g−1 FW, 0.02% EFF = 4.21 U g−1 FW) in comparison to 
kiwifruit harvested at M2 (control = 9.69 U g−1 FW, 0.01% 
EFF = 4.50 U g−1 FW, 0.02% EFF = 3.91 U g−1 FW) at week nine of 
storage. The treatments significantly (p < 0.001) influenced the AO 
activity, with the treated fruit exhibiting significantly lower AO 
enzyme activity compared to the control. Considering that AO is 
involved in the degradation of ascorbic acid (Chatzopoulou et al., 
2020), the efficacy of EFF to optimize retention of ascorbic acid 
(Figure  1E) may be  attributed to its capacity to suppress the 
enzymatic activity of AO. A qRT-PCR analysis conducted by El Kayal 
et  al. (2017) demonstrated that EFF treatment application 
downregulated the gene expression of AO in strawberry fruit. Thus, 
we hypothesize that the mechanism in which EFF suppresses the 
enzymatic activity of AO is due to its ability to downregulate the gene 
expression of AO, which in turn, leads to a reduction in the oxidation 
of ascorbic acid.

Polyphenol oxidase activity

The interaction among treatment, maturity stage and storage time 
had no significant (p > 0.05) effect on PPO enzyme activity. The 
interaction between treatment and storage time had no significant 
effect (p > 0.05) on PPO. The treatments significantly (p < 0.001) 
influenced the PPO activity (Figure 3G). The control had the highest 
PPO activity, followed by the 0.01 and 0.02% treatment level. The 
interaction between maturity stage and storage period had a 
significant effect (p < 0.01) on the PPO enzyme activity (Figure 3H). 
Kiwifruit harvested at M2 exhibited significantly higher PPO activity 
than those harvested at M1. PPO was 0.13 and 0.16 U g−1 FW for M1 
and M2 at week 9 of storage, respectively.

The findings of the present study are in accordance with those 
reported by Kaur et  al. (2019) and Sharma et  al. (2023), who 
demonstrated that EFF suppressed the PPO enzyme activity in 
oriental sweet melons, grape berries and jujube fruit, respectively. PPO 
is a terminal oxidase that utilizes polyphenols as substrates, which 
leads to internal browning of fruit. Furthermore, the enzymatic 
activity of PPO can be inhibited by aliphatic alcohols (Valero et al., 
1990). Past research has demonstrated that hexanal in fruit tissues is 
converted to hexanol which is an aliphatic alcohol (Sharma et al., 
2008). The lower PPO enzyme activity exhibited in treated fruit may 
be attributed to the conversion of hexanal to hexanol in kiwifruit 
tissues after EFF treatment application. To the best of our abilities, 
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we have not found studies investigating the capability of hexanol to 
inhibit PPO enzyme activity. Therefore, further research must 
be conducted to examine if the hexanol volatile compound has an 
inhibitory effect on the enzymatic activity of PPO.

Pearson correlation coefficient

A correlation analysis was done to examine the relationships 
between bioactive compounds on antioxidant capacity and the 
enzymes (Figure  4). The DPPH scavenging activity exhibited a 
significant and positive correlation with TPC (r = 0.67; p < 0.001), TFC 

(r = 0.62; p < 0.001) and AA (r = 0.38; p < 0.001). FRAP showed a 
significant and positive correlation with TPC (r = 0.81; p < 0.001), TFC 
(r = 0.67; p < 0.001) and AA (r = 0.50; p < 0.001). The correlation 
between PAL activity, TPC and TFC was 0.78 (p < 0.001) and 0.76 
(p < 0.001), respectively. This indicates that TPC and TFC is strongly 
correlated with PAL enzyme activity. TAL activity exhibited a strong 
positive correlation with TPC (r = 0.71; p < 0.001) and a weak 
correlation with TFC (r = 0.39; p < 0.001). AA content and AO enzyme 
activity exhibited a significant but moderately negative correlation 
(r = −0.44; p < 0.001).

The results from the correlation analysis show that bioactive 
compounds have a direct influence on the antioxidant capacity of 

FIGURE 3

Effect of treatments (A) and maturity stage (B) on PAL activity of kiwifruit. Effect of treatments (C) and the effect of interaction between maturity stage 
and storage time (D) on TAL activity of kiwifruit. The effect of interaction among treatments, maturity stage and storage time on AO activity of kiwifruit 
harvested at M1 (E) and M2 (F). Effect of treatments (G) and the effect of interaction between maturity stage and storage time (H) on PPO activity of 
kiwi fruit. Values are the means ± SE (n  =  3).
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kiwifruit, which is in alignment with findings reported by He et al. 
(2019). Furthermore, the correlation analysis indicates that the 
accumulation of phenolic compounds is associated with the 
enzymatic activity of PAL and TAL. These findings are 
corroborated by those reported by Khan et al. (2003). Furthermore, 
the inverse relationship between AA and AO suggests that AO has 
an influence in the degradation of AA (Jiang et al., 2018). These 
findings indicate that the bioactive compounds in kiwifruit can 
be optimized by enhancing the activities of enzymes involved in 
the synthesis of phenolic compounds and suppressing the enzyme 
(AO) involved in the degradation of AA. Therefore, the efficacy 
of EFF to optimize the bioactive compounds in kiwifruit, could 
be attributed to its capacity to enhance and suppress the activity 
of enzymes involved in the synthesis and oxidation of these 
bioactive compounds, which in turn improve kiwifruit quality 
and storability.

Conclusion

The findings from the present study showed that EFF effectively 
optimized the antioxidant capacity in kiwifruit by regulating the 
action of enzymes involved in both the synthesis and oxidation of 
bioactive compounds. Therefore, it can be concluded that EFF has 
the potential to optimize the functional quality of South African 
grown gold kiwifruit, harvested at the mid and late maturity stage. 
The present study primarily examined the effect of EFF on the 
activity of enzymes involved in both the synthesis and oxidation of 
bioactive compounds. However, transcriptome analysis is needed in 

order to gain an in-depth understanding of the underlying 
mechanism on how EFF influences these enzymes. Therefore, 
further research using RNA sequencing is warranted to provide a 
comprehensive understanding of the mechanism in which EFF 
optimizes the synthesis of bioactive compounds. Furthermore, 
assessing the inhibitory effects of the hexanol volatile compound 
against PPO activity, may elucidate how hexanal application 
suppresses the action of this enzyme.
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FIGURE 4

Pearson correlation matrix between total phenolic content (TPC), 
total flavonoid content (TFC), ascorbic acid (AA), total carotenoids 
(TC), DPPH, Ferric-Reducing Antioxidant Power (FRAP), 
phenylalanine ammonia lyase (PAL), tyrosine ammonia lyase (TAL), 
ascorbate oxidase (AO), and polyphenol oxidase (PPO). The 
correlation coefficients are proportional to the color intensity. 
Positive correlation is displayed in blue and negative in red color. 
n.s. = not significant.
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