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Introduction

Based upon the pattern of respiration and the productivity 
of ethylene, fruits are generally categorized into climacteric 
and non-climacteric varieties [1]. Climacteric fruits or ethylene 
dependent fruits have the capability to ripen after the harvest 
with the help of ethylene production. Non-climacteric fruits 
are not capable of ripening after it has been taken off from 
the parent plant whereas the climacteric fruits can ripen [2]. 
The issue left behind is that after the removal of climacteric 
fruits from the tree it takes generally around 8 days and it 
needs a condition of about 15 °C to ripen. But for the export 
of certain companies and various issues, if the climacteric 
fruits begin to over ripe then it will start to decay and will be 
of no use [3]. These climacteric fruits which are harvested at 
full maturity can be ripened off from the parent plant. The 
respiration rate and ethylene formation though being minimal 
at maturity stage, they raise dramatically to a climacteric peak  
at the onset of ripening after which it begins to decline [4]. It  
 

 
clearly shows that the life expectancy of the climacteric fruit is 
very low. As it is considered to be one of the most abundantly 
consumed fruit varieties, it is imperative to increase the shelf 
life of climacteric fruits (Table 1). The only way to implement 
is by delaying the ripening period of the climacteric fruits. The 
significant reason for ripening is the production of ethylene 
hormone in the fruits. Since the climacteric fruits are highly 
consumed all over the world, the commercial value seems to be 
high and the export rate has also been drastically increasing 
due to the demand of the people day by day [5-7]. It is necessary 
to delay the ripening of climacteric fruits until it reaches the 
destination. Currently, delaying of the ripening process has 
become indispensable in the commercial aspects. Though, 
there are several studies on delaying the ripening process, still 
there is a need for intense research. In this review, we majorly 
focus on the existing methodologies that have been utilized 
and new approach to delay the ripening process by inhibiting 
the ethylene biosynthetic pathway.
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Abstract 

Ripening of climacteric fruits is found to be a major hitch to enhance the commercial value of several countries. As it is considered to be one of 
the most abundantly consumed fruit varieties, it is imperative to increase the shelf life of the climacteric fruits. The significant reason for ripening 
is the production of ethylene hormone in the fruits. The commercial value of these fruits seems to be high and the export rate has also been 
drastically increasing due to the demand. Currently, CRISPRi is the emerging technology to show the prospect to silence the Aminocyclopropane-
1-carboxylic acid synthase gene which is mainly responsible for the ethylene biosynthesis, thus this process will retain the freshness of the fruits 
and thereby the ripening will also be delayed. This review majorly discusses about the existing methods and also focuses on new approach to 
increase the shelf life of climacteric fruits.
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Table 1: List of abundantly consumed climacteric fruits.

S.No Latin Name Common Name
1 Actinidia deliciosa Kiwi
2 Malus domestica Apple
3 Prunus sp. Apricot

4 Persea americana 
Persea sp. Avocado

5 Musa sp. Banana
6 Artocarpus altilis Breadfruit
7 Psidium guajava Guava

8 Artocarpus 
heterophyllus JakFruit, Jackfruit

9 Mangifera indica Mango
10 Carica papaya Papaya
11 Prunus sp. Peach
12 Pyrus sp. Pear
13 Annona squamosal Sugar apple

14 Lycopersicon 
esculentum Tomato

15 Prunus sp. Plum

Process of ripening

Ripening is considered to be a biological activity that 
generally occurs in each climacteric fruit and even in few non-
climacteric fruits which helps the fruit to attain its desirable 
changes such as color, texture, flavor, aroma, quality and 
palatable nature which also includes conversion of starch 
to sugar [8]. It is an irreversible occurrence. There are two 
ethylene biosynthetic systems where one in climacteric and 

another one in non-climacteric fruits [9,10]. In non-climacteric 
fruits, biosynthesis begins through a normal vegetative growth 
and it causes the base level of ethylene synthesis whereas in 
climacteric fruit varieties the ripening is characterized by the 
autocatalytic ethylene responses [11-13].

Figure 1: Structure of Ethylene.

Ethylene, a phytohormone and simple olefin is the one which 
regulates the ripening process and affects its rate [14,15]. It is 
usually present in gaseous form in the physiological conditions 
and it also involves in the senescence process. Cousins HH [16] 
suggested that the plants usually produce ethylene gas which 
is the key factor for its growth and development for the first 
time and they also proved that during the mixed commercial 
fruit export, ethylene which is originally produced from other 
fruits can also affect the rate of ripening of the climacteric 
fruits. Yang et al. [17] has shown the detailed explanation for 
the production of ethylene and its regulation mainly in the 
higher plants. Studies show that the ethylene biosynthesis 
has a number of precursors such as linolenic acid, propanal, 
I3-alanine, acrylic acid, I3-hydroxypropionic acid, ethionine, 
ethanol, ethane, acetic acid, fumaric acid and methionine 
[9,18,19] (Figure 1).

Figure 2: Steps involved in the ethylene production.

Lieberman et al. [20] discovered chemical system utilizing 
methionine, which was developed and evidence has been 
submitted to prove that methionine is the effective precursor 
for ethylene production. The biosynthesis of ethylene begins 
due to the activation of multiple 1-aminocyclo-propane 
1-carboxlyic (ACC) synthase [21,22] genes due to which there is 

an increased production of ACC synthase [23]. The first step is 
the conversion of methionine to S-AdenosylMethionine (SAM) 
and second step is the conversion of s-adenosylmethionine to 
ACC in the presence of ACC synthase. The ACC synthase is a 
pyridoxal-5’-dependent enzyme and it is the main regulating 
enzyme of the ethylene biosynthesis [19,24]. ACC is then 
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converted by oxidation to ethylene by ACC oxidase enzyme. 
It has been evident that a metallic compound is involved in 
the ethylene activation. When the ethylene is produced by 
ACC oxidase enzyme it is said to be bind to the silver metal 
ion of the same order so that the ethylene is instigated in the 
plants [25]. Normally, ethylene diffuses at a t half rate of 2 to 
10 minutes from the site of production. The steps involved in 
ethylene production shown in Figure 2. After the production 
of ethylene, the ethylene receptor helps in the activation of the 
ripening process [5] (Figure 2).

General existing methods to arrest the ripening 
process 

Chemical methods: Post-harvest treatment of the Gibberellic 
Acid (GA) hold up the ripening of the climacteric fruits and 
its effect has been indicated by the lowered respiratory rate 
and procrastinated color change. Gibberellic acid probably 
increases the peroxidase and catalase activities.

Aminoethoxy Vinyl Glycine (AVG), an ethylene inhibitor 
which also has the ability to reduce fruit abscission, generally 
slathered on the surface of the climacteric fruits before 
lucrative harvest to lessen ethylene production that showed 
comparatively delayed ripening [26]. 1-methylcyclopropene (1-
MCP) has proven to inhibit ethylene production by obstructing 
the escalation of two major predominant enzymes such as 
ACC Synthase (ACS) and ACC oxidase (ACO) that take part in 
ethylene biosynthesis [27]. Nitric oxide (NO) treatment found 
to have similar mechanism of 1-MCP and although 1-MCP delay 
the ripening by hindering the ethylene perception, whereas NO 
suppresses ethylene production by targeting the mechanism 
of senescence delay. Recent studies have recognized that NO 
absorption is faster than its oxidation in the air so that the rate 
of NO absorption by each horticultural goods will be higher 
and effective when compared to other techniques [28].

Ethylene oxide, an endogenous metabolic antagonist of CH4 
(methane) has shown a novel delay in the ripening of mangoes 
after treatment. Vitamin K and vitamin K3 has demonstrated 
to inhibit the ripening of banana at a temperature as high 
as 140 °F. When the climacteric fruits were treated with 
cycloheximide, they begin to ripe as usual but the ripening 
proceeds at a reduced rate. Similar effects were also detected 
on the pre-climacteric fruits treated with Actinomycin-D. 
Ethylene has not reversed the complete inhibition of ripening 
imposed by Actinomycin-D.

Physical methods and gaseous treatments

Waxing, low O2, High CO2, and ripening inhibitors are 
mixed to prolong the storage life. Biggs et al. [29] studied the 
effect of temperature in the climacteric fruits during ripening 
and found that high temperature stress has an obvious 
effect on ACC synthase but it varies distinctly. Although 
the temperature stress altered the amount of production of 

ethylene by the tomato, the maximum ethylene production 
was observed constantly in harvested fruits and constant heat 
stress treatment resulted in decreased production of ripening-
associated ethylene. This delayed the ripening process by 
altering the metabolism behind the ethylene production. 
Irradiation using radiation such as γ-irradiation has the major 
impact on the retardation of the ripening process [30].

Banana is normally packed in the film bag containing 
potassium permanganate to absorb ethylene. Commercial 
absorbents like Purafil are commonly used to control the 
ripening during the export. Alkaline potassium permanganate 
on a silicate barrier proved to be effective in the complete 
absorption of ethylene from bananas detained in sealed 
polythene bags.

Genetic engineering approach

Ethylene biosynthesis can be retarded by either insertion or 
suppression of particular gene responsible for the production 
of ethylene. The four different ways which are generally 
implemented so far are as follows: 

Concealment of ACC synthase gene expression

 ACC synthase is the key enzyme involved in the process of 
conversion of SAM to ACC in the ethylene biosynthetic pathway 
by suppressing the gene, which encodes the enzyme ACC 
synthase. This conversion will be controlled and so that the 
ethylene production can be retarded. Gene expression of ACC 
synthase enzyme can be mired when an antisense (“mirror-
image”) or a condensed copy of the synthase gene is inserted 
into the climacteric fruit plant’s genome.

Enclosure of ACC deaminase gene 

Enzyme ACC deaminase is responsible for the conversion 
of ACC into Ammonia and α-ketobutyrate. The gene coding 
for the ACC deaminase enzyme is attained from Pseudomonas 
chlororaphis, a common non-pathogenic soil bacterium that 
alters the ACC to a different compound, thereby insertion of 
ACC deaminase coding enzyme leads to dropping the amount 
of ACC accessible for ethylene production. 

Enclosure of SAM hydrolase gene

The gene coding for the enzyme is obtained from Escherichia 
coli T3 bacteriophage. In this, the approach is similar to ACC 
deaminase wherein the ethylene production is mired when the 
amount of its precursor metabolite is condensed. In this event, 
SAM has been altered to homoserine. Thus, there would not be 
much SAM available for the ethylene production.

Concealment of ACC oxidase gene expression

ACC oxidase is the enzyme which catalyzes the oxidation 
of ACC to ethylene, the last step in the ethylene biosynthetic 
pathway. Through anti-sense technology, down regulation of 
the ACC oxidase gene results in the suppression of ethylene 
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production, thereby delaying the fruit ripening [31]. The 
gene coding for the ACC oxidase enzyme is acquired from 
Pseudomonas chlororaphis, a common non-pathogenic soil 
bacterium that converts ACC to a different compound thereby 
dropping the amount of ACC available for ethylene production.

Role of mutation in ripening

Recent studies have found that in tomato, LeACS1A 
and LeACS4 are the two prominent genes responsible for 
the initiation of ripening ethylene but they are still under 
progressive control. These genes found to be induced during 
the onset of the ripening process, and usually weakened by 
mutation at the ripening-inhibitor (rin) locus [32]. Rin fruits 
are reactive towards exogenous ethylene when it is induced by 
expression of an ethylene-regulated gene, thus it will not ripen 
[33].

LeMADS-RIN, a MADS box transcription factor encoded 
by the rin locus, which also has been inferred to conduct 
control over ripening of climacteric ethylene synthesis with 
the combination of the above mentioned-phenotypes viz., 
LeACS1A and LeACS4 [34]. LeACS6, an ACS gene which is 
mainly responsible for pre-ripening ethylene synthesis can 
be blocked to prevent ripening by ethylene synthesis [35]. 
Apart from ACS gene activity, in most plant tissues excess of 
ACO gene activity been observed, and are induced during 
ripening process in accordance to ethylene which eventually 
leads to autocatalytic ethylene synthesis [36]. Studies found 
that the Colorless Non-Ripening (Cnr) mutation also results in 
comprehensive ripening inhibition.

Although the above mentioned genetic approaches are 
widely used for delaying the ripening of climacteric fruits 
by retarding the ethylene biosynthesis at gene level, both 

approaches has pros and cons equally. To overcome the 
shortcoming of already available methods, in this study we 
focused on highly efficient technology, CRISPRi which is a 
feasible technique when compared to available techniques in 
the market.

CRISPRi gene technology: an alternative technique

The CRISPRi (Clustered Regularly Interspaced palindromic 
Repeats) system comes from the Streptococcus pyrogene 
CRISPR system pathway. It is an RNA based repression system 
orthogonal system. The CRISPRi system is a complex of 
catalytically inactive Cas9 (Caspase9) gene and single guide 
RNA derived from Streptococcus pyrogene. The Cas9 and 
sgRNA (single guide RNA) are responsible for the repression 
of the targeted gene sequence. The Cas9 is catalytically 
inactive and it does not have endonucleolytic activity whereas 
the single guide RNA has 102nt (nucleotides) non-coding 
RNA. This whole RNA consists of 20nt of target specific 
complementary region, 42nt of Cas9 binding RNA structure 
and 40nt transcription terminator. This takes place by the way 
that the Cas9 and sg RNA binds to the DNA complementary 
to the sgRNA which blocks the transcription elongation, RNA 
polymerase binding and transcriptase factor binding. The 
sgRNA and the dCas9 complex have a complementary region to 
any gene of interest so that it helps in the binding of the specific 
gene. Thus, CRISPRi system can be useful in the gene silencing 
of the ACC synthase gene which is responsible for the ethylene 
production. Mutation to the single guide RNA by single or more 
mutations will be helpful in tuning the repression of the gene. 
The efficiency of the gene repression can also be enhanced by 
the activity of multiple single guide RNA to target the same 
DNA gene sequence [37].

Repressing gene

Figure 3: Steps involved in the ethylene production.
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Recombinant DNA technology (r-DNA) is used to repress 
the activity of ACC synthase gene is where the plasmid vector 
system has been utilized. The dCas9 and sgRNA gene from the 
Streptococcus pyrogene can be restricted using the restriction 
polymerase enzyme and joined into the plasmid vector gene 
using DNA ligase enzyme. In the plasmid vector gene, the 
circular gene has been cut so that there will be sticky ends at the 
spliced region, as the sticky ends will be useful in the binding 
of the dCas9 and sgRNA gene using the complementary regions. 
The plasmid DNA with dCas9 and sg RNA can be incorporated 
into Agro bacterium species so that it can be multiplied into 
several clones. As it was discussed above, multiple single guide 
RNA can help in the better repression of the gene activity. From 
the Agro bacterium species, it can be incorporated into the 
plant (Figure 3).

Activity of CRISPRi gene using rDNA technology

Using the plasmid vector DNA, the dCAs9 and sg RNA 
gene called the CRISPRi (Clustered Regularly Interspaced 
Palindromic Sequences interference) system is multiplied 
by inserting them into the Agrobacterium species. After the 
insertion, the repressor gene can be cloned into multiple copies. 
DNA containing the repressor gene is injected into the banana 
plant. After injection, dCas9 and sgRNA complex in the DNA 
will act on the 1-aminocyclopropane 1-carboxylic synthase 
gene and the 1-aminocyclopropane 1-carboxylic oxidase gene. 

As discussed, these two genes are responsible for the 
production of ethylene and the activation of the ethylene 
receptor. The dCas9 and sgRNA complex binds to the non-
template strand of the double stranded DNA of the ACC 
synthase gene where the sgRNA has a series of complementary 
strand to that of the ACC synthase gene. It will bind at the 
promoter sequence of the ACC synthase so that the RNA 
polymerase could not bind at the promoter sequence. After 
the binding of the dCas9 and sgRNA gene, the transcription 
elongation will not take place. If the transcription doesn’t take 
place, there will be no gene expression. After the repression 
of ACC synthase, S-adenosyl methionine cannot be converted 
to 1-aminocyclopropane 1- carboxylic acid so that the ethylene 
cannot be produced. The ethylene biosynthesis will be halted. If 
the ethylene productivity is halted, then the ethylene receptor 
will not be activated. Thus, ripening process will be inhibited. 
The CRISPR interference system will repress the ACC synthase 
so that the fruit can be unripening for few days by increasing 
the t half period. It does by the way that it does not knockout the 
whole gene instead of that it will silence it. It does not disrupt 
the ACC synthase so that there will not be any mutation due to 
gene silencing or repression. This is the main advantage of the 
CRISPR interference system. The activity of multiple Cas9 and 
single guide RNA complex can lead to better repression of the 
gene activity, thereby reducing the ripening period of the fruit.

After the repression of the ripening, it must be activated 
so that it must be given artificially. The ethylene treatment is 

done by giving 0.1 parts per million ethylene so that it induces 
the activity of ripening whereas in the commercial aspects it 
should be given at the rate of 100 to 1000 parts per million. 
After the induction of artificial ethylene the ripening starts 
and within 2 to 5 days it will get ripens. This technique can be 
easily done when compared to the other conventional methods 
of using RNA interference and 1-methyl cyclopropane (1-MCP) 
compound as it is not that viable and there are many flaws in 
it. In the future work, this technique can be used to repress the 
activity of ethylene induced ripening in any fruits as ethylene 
is the only compound responsible for natural ripening.

Conclusion

Even though there are various methods to delay the 
ripening of climacteric fruits, it doesn’t show effective results 
that would last for longer time and mostly all the processes are 
seem to be reversible. Researchers are working with effective 
techniques towards inhibiting the ethylene biosynthesis at the 
gene level, since it is the major step involved in fruit ripening. 
CRISPRi is currently the emerging technology which has showed 
the prospect to silence genes responsible for the ripening 
process, and several studies found that prominently the gene 
ACC synthase is responsible for the ethylene biosynthesis and 
ripening process. Thus, focusing on silencing the ACC synthase 
gene using CRISPRi technique, the freshness of the fruits will 
be retained for longer period. This technique does not interfere 
with the mechanism behind the maintenance of health benefits 
of climacteric fruits. In near future, this technique can be used 
to enhance the shelf life of climacteric fruits.
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