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Role of miRNAs in fruit ripening, shelf life, biofortification and allergenicity: an update

ABSTRACT
The postharvest loss of perishable fruits occurs mainly because excess ripening causes considerable losses to farmers. Nutrient- and allergenicity-related miRNAs and their gene regulation machinery constitute novel platforms for improving the fruit nutritional status and reducing allergenicity, respectively. The development of advanced and modern technologies, such as high-throughput sequencing and degradome sequencing of small RNAs, has enabled the identification of several conserved and non-conserved miRNAs in different fruits. Several novel miRNAs and their targets identified through different studies have revealed that these miRNAs play key roles in the regulation of genes involved in different metabolic pathways. These observations and findings help in understanding the target genes of different miRNAs that are known to regulate not only fruit development and ripening and shelf-life but also the enhancement of mineral nutrients and vitamins, and the suppression of allergen effects in major edible fruit crops. The biofortification of different fruits provides a sustainable solution for providing nutrient-rich fruit in the human diet. The application of a recent genome editing tool could be a better option for producing low allergenic fruit through the downregulation of specific genes. In this review, we discuss the identification and validation of different classes of miRNAs involved in the regulation of fruit development and ripening, shelf-life, biofortification and allergenicity.	Comment by Dr. Jafar: specify	Comment by Dr. Jafar: avoid personalizing
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1. INTRODUCTION
[bookmark: _Hlk196232988]Fruits play an important role in our healthy diet, as they contain essential vitamins, minerals, carbohydrates and probiotics. The consumption of different fruits not only reduces the risk of heart disease but also minimizes the risk of certain cancers (Seymour et al., 2013). The process of fruit ripening is an irreversible phenomenon that takes place in a highly coordinated manner. During the process of ripening, several biochemical changes, such as softening of tissues, pigmentation, production of flavor and aroma, breakdown of starch into simple sugars, astringency reduction and many other processes, take place in fruit (Maduwanthi et al., 2019; Mohanty et al., 2025). At the time of fruit ripening, several ripening-related genes encoded by different enzymes are involved in various physiological and biochemical changes (Mohanty et al., 2025). These genes function in a well-organized manner to regulate physiological and biochemical processes. On the basis of regulatory mechanisms involved in the ripening process, fruits are broadly classified into two categories: climacteric fruits such as apple, pear, tomato, melon, etc. These fruits are generally characterized by the production of ethylene and a significant increase in respiration. In the case of non-climacteric fruits such as pepper, citrus, orange, cucumber, grape, cherry and strawberry, the ripening process is ethylene independent. Once the process of ripening begins, the level of ethylene synthesis and respiration in climacteric fruit considerably increases (Tripathi et al., 2016).

In developing countries, approximately 50% of the fruits and vegetables produced are waste every year because of overripening. Globally, India ranks second in terms of the production of fruits and vegetables, where the loss accounts for approximately 35-40% due to excessive ripening (Ghosh et al., 2011). Excessive ripening generally leads to the postharvest loss of perishable fruits and is one of the major threats to farmers. After being harvested, fruits undergo rapid ripening and senescence processes. However, due to a lack of knowledge concerning the control of these pathways, not only do they cause severe losses in terms of nutritional and qualitative value, but the fruit is also affected by a number of pathogens. This leads to financial loss for both farmers and consumers (Brasil et al., 2018).
To overcome postharvest losses, a number of nonbiological strategies, such as cold storage or waxing the fruit surface, have been implemented (Benichou et al., 2018; Gupta et al., 2019). However, because of high maintenance costs and toxicity in some cases, these techniques are not convenient (Ahmed et al., 2016). Biological processes such as breeding and genetic engineering provide alternative and more reliable ways to increase fruit shelf-life. 

In recent years, small RNAs (sRNAs) have attracted increasing attention because of their key roles in post-transcriptional or translational gene regulation (Brodersen et al., 2008; Lanet et al., 2009). The sRNAs are classified into two major groups: small interfering RNAs (siRNAs) and microRNAs (miRNAs) (Xu et al., 2013). miRNAs can be defined as a new class of small noncoding RNAs with lengths of 19-24 nucleotides (nts), which are generally found in eukaryotes. In eukaryotic organisms, these miRNAs regulate various metabolic pathways by mediating the cleavage of target messenger RNA (mRNA) or through repressing the translation of target mRNAs (Cui et al., 2018).

[bookmark: _Hlk107241308][bookmark: _Hlk196228551]miRNAs have a profound effect on gene expression during the fruit ripening process. The first plant miRNA was identified in 2002, (Llave et al., 2002) in Arabidopsis thaliana, after which many miRNAs have been identified from various plant species (Wu et al., 2016). To date, miRNAs have been discovered in more than fifty plant species, and their roles in plant growth and development and response to different kinds of biotic and abiotic stresses and pathogens have been revealed (Dan et al., 2018). Many studies have revealed the role of miRNAs and their regulatory mechanism in different fruits, such as capsicum, banana, peach, grape berry, apple, melon, strawberry and papaya, during fruit development and ripening (Lopez-Ortiz et al., 2021; Lakhwani et al., 2020; Zhang et al., 2016; Cui et al.,201; Wang et al., 2021; Bai et al., 2020; Wang et al., 2020; Cai et al., 2020).	Comment by Dr. Jafar: start with the earliest to most recent.

Various sequencing technologies have been used to uncover miRNAs involved in fruit ripening, including deep sequencing in banana (Bi et al., 2015; Gao et al., 2015), high-throughput sequencing in berries and bananas (Zeng et al., 2015; Dan et al., 2018), and degradome sequencing in blueberries and melons (Hou et al., 2017; Bai et al., 2020). The application of high-throughput sequencing has significantly expanded our understanding of gene expression profiles and genomic data (Yue et al., 2017). Research consistently shows that miRNAs are key regulators of fruit development and ripening (Šurbanovski et al., 2016), mainly because they are highly or preferentially expressed in fruits (Liu et al., 2014), show distinct patterns at different developmental stages (Wu et al., 2014), and can delay fruit growth when manipulated through transgenes (Xian et al., 2014). Moreover, miRNAs act as a bridge between hormonal responses and transcriptional regulation during ripening, with some miRNAs promoting and others delaying fruit ripening and senescence (Tang et al., 2021). Recent molecular studies have increasingly focused on the interaction between miRNAs and gene networks during ripening (Lakhwani et al., 2020; Lopez-Ortiz et al., 2021), offering clear evidence of miRNAs crucial regulatory roles across various fruits (Yue et al., 2017).
miR172 plays a critical role in regulating fruit development and ripening across various species, including tomato (Karlova et al., 2013), pear (Jones-Rhoades et al., 2004), and banana (Bi et al., 2015), primarily by targeting the transcriptional repressor APETALA2 (AP2). Its expression in different fruits depends on the coordinated action of MADS-domain proteins and auxin-responsive factor (ARF) proteins (Tang et al., 2021). Similarly, miR156, miR159, and miR173 have been found to accelerate ripening in fruits like capsicum (Ortiz et al., 2021), banana (Bi et al., 2015), melon (Zhang et al., 2017), strawberry (Tang et al., 2021), and tomato (Bai et al., 2020). Interestingly, miR390 and miR172 are highly expressed during the flowering stage but their levels decline as fruit development progresses. On the other hand, during the early stages of fruit growth, miR159 is most prevalent, and miR156 and miR396 are also markedly elevated (Kong et al., 2021; Ortiz et al.,2021).

Previous studies have shown that sly miR156a-c is actively expressed in both the placenta and ovules of tomato flowers before and after anthesis, with its expression negatively correlated with that of several SQUAMOSA promoter binding protein-like (slySBP2, 3, 6a, 10, 13, and 15) proteins (Silva et al., 2014). Overexpression of miR156a-c (OE-156) in tomato plants led to enhanced vegetative growth, delayed flowering, and the production of fewer fruits, often displaying abnormal leaf-like structures. Additionally, OE-156 plants showed altered expression of miR164: GOB, organ identity genes like LeT6/TKn2, and genes involved in carotenoid biosynthesis (Silva et al., 2014; Fu et al., 2017).

[bookmark: _Hlk196233484]With the application of high-throughput sequencing, miR162a, miR164a, miR166a, miR166g-3p, miR166m, miR167a, miR168a, miR482c, miR2911, and miR5301 were discovered in berry fruit (Lycium barbarum).  These miRNAs display a strong expression pattern when the fruit ripens (Zeng et al., 2015). On average, 90 differentially expressed miRNAs that regulate the fruit development process were detected in pear fruit (Wu et al., 2014).

Micronutrient deficiencies continue to pose a major public health challenge in many developing countries. This problem is especially severe among the poorest populations, who often rely heavily on a limited number of staple crops that provide calories but lack essential nutrients (Muthayya et al., 2013). Today, the focus has shifted from simply producing more food to growing crops that are richer in vital nutrients. Biofortification has emerged as a promising, cost-effective strategy to combat malnutrition globally. By using crop breeding, genetic engineering, and mineral fertilizers, scientists aim to enhance the nutritional value of food and address widespread mineral deficiencies. Research has already shown that biofortified bananas, tomatoes, and apples can significantly boost levels of important nutrients like iron, zinc, vitamin A, selenium, and iodine (Kumar et al., 2011; Paul et al., 2015; Amah et al., 2019; Hanson et al., 2004; Groth et al., 2020).

In addition to nutritional deficiency, some crop and wild edible fruits contain unwanted toxic compounds. This may lead to differences in allergenicity when these products are consumed as raw foods. For this reason, RNAi and genetic engineering methods have been adopted to suppress these allergens. Some major edible fruits, such as strawberry (Muñoz et al., 2010), apple (Gilissen et al., 2005; Botton et al., 2008), tomato (Yin et al., 2008) and kiwi fruits (Wang et al., 2019), have been shown to suppress major allergens. However, miRNA-based studies addressing allergenicity are still far from complete. Although few studies have focused on sequencing, identification and classification of different classes of miRNAs from different fruit crops, the functional role of these miRNAs has not been explored fully. For example, it is involved in the regulation of fruit development and ripening, shelf-life, biofortification and major allergenicity.

Traditional methods have greatly improved the process of miRNA identification (Pilcher et al., 2007; Mao et al., 2012). By using these conventional sequencing approaches, a majority of the plant miRNAs have been identified in Arabidopsis (Rajagopalan et al., 2006), rice (Axtell et al., 2005) and poplar (Lu et al., 2005). Comparative analysis of plant miRNA sequences among various plant families revealed that most of them are conserved miRNAs (Moxon et al., 2003). However, in addition to highly conserved miRNAs, some novel miRNAs are expressed at relatively low levels in certain plant species, tissues and developmental stages. These limitations make it difficult to identify new classes of miRNAs via conventional sequencing techniques.

In recent years, advanced technologies like next-generation high-throughput sequencing have made it faster and easier to explore the vast diversity of small RNA (sRNA) populations and to detect even low-abundance microRNAs (miRNAs) involved in specific biological processes (Mao et al., 2012). Since miRNAs play key roles in regulating many aspects of plant development (Kidner et al., 2005), discovering new or less-conserved miRNAs can help uncover how different plant species, especially those with unique ripening or developmental patterns, use distinct miRNAs to control gene expression (Moxon et al., 2003). This article offers a concise update on the role of miRNAs in addressing global food security challenges, highlighting their impact on fruit growth and ripening, shelf-life, nutritional biofortification, and allergenicity across various fruit cultivars.

2. IDENTIFICATION OF DIFFERENT CLASSES OF miRNA IN DIFFERENT FRUIT IN RELEVANCE TO RIPENING

Climacteric fruits like tomatoes, bananas, grapes, blueberries, and pears are highly sensitive to ethylene production, making their molecular study essential for understanding ripening mechanisms (Giovannoni et al., 2004). Key genes involved in ethylene biosynthesis include 1-aminocyclopropane-1-carboxylic acid (ACC) synthase, ACC oxidase, ethylene receptors, and the CTR1 homolog (Liu et al., 1999). These climacteric fruits generate ethylene and pigments such as carotene and lycopene, which drive key metabolic changes, including the development of aroma, flavor, tissue softening, and increased vulnerability to pathogens (Giovannoni et al., 2004; Liu et al., 1999). Additionally, several regulatory genes associated with ripening have been identified, including MADS-box genes, ethylene-insensitive 3-like (EIL3), NAC transcription factors, ethylene response factors (ERFs), lateral organ boundary domain (LBD) genes, and BTF2-like transcription factors (BSD) (Shan et al., 2012; Ba et al., 2014). 	Comment by Dr. Jafar: Genes are writing in italics

2.1 miRNAs targeting TFs

Fruit development and ripening involve intricate gene regulatory networks operating at both transcriptional and posttranscriptional levels, with miRNAs playing a pivotal role in controlling these networks at the posttranscriptional stage (Gao et al., 2015). Research has shown that miRNAs play a key role in controlling fruit ripening in tomatoes. Karlova et al. (2013) and Csukasi et al. (2012) reported that miR156/157 and miR172 regulate ripening by targeting major ripening regulators such as COLORLESS NON-RIPENING (CNR) and APETALA2a (AP2a). CNR, which encodes a SQUAMOSA promoter-binding protein (SBP), acts as a positive regulator of ripening (Manning et al., 2006), while AP2a serves as a negative regulator (Chung et al., 2010; Karlova et al., 2011; 2013). Meanwhile, Gao et al. (2015) showed that upregulation of miR172 in a tomato RIN mutant impaired ripening and suppressed ethylene production. Through deep sequencing, about 33 known miRNAs were identified, with 14 showing different expression patterns during ripening. Importantly, whole-genome chromatin immunoprecipitation sequencing (ChIP-Seq) confirmed that the key ripening regulator RIN binds directly to the promoter region of miR172a, further linking miRNA regulation to the fruit ripening process.
To sequence tomato sRNAs from young leaves and young green fruit, a 454-pyrosequencing platform with a microtome was first used. According to the study of Maxon et al. (2008), miRNAs are involved in fruit ripening, which was confirmed by the tomato miR156 gene identified from sequence data, which was also reported by Zuo et al. (2012). Interestingly, miR156 was also found to play a key role in fruit ripening by altering the transcription factors identified in different fruits, such as banana (Trivedi et al., 2016), grape berry (Cui et al., 2018) and pear (Wu et al., 2014).
In another study, NAC and MADS-box transcription factors were found to be targeted by novel miRNAs (mac-novmiR 28.1, mac-novmiR28.2, and mac-novmiR5), whereas mac-miR482 was found to be involved in cell wall hydrolysis, including expansins, chitinases and polygalacturonases. Similarly, another class of novel miRNAs (mac-novmiR10 and mac-novmiR33) are involved in sugar metabolism. These studies indicate that miRNAs are involved in the regulation of different metabolic pathways during banana fruit ripening (Lakhwani et al., 2020).
Ortiz et al. (2014) used high-throughput sequencing methods to analyze different miRNAs and their regulation of flower and fruit development in pepper. Different miRNA target genes have been shown to regulate flowering time and fruit development via different transcription factors, such as miR156/157 with SPL, miR159 with GaMYB, miR160 with ARF and miR172 with AP2. Furthermore, miR17, 22, 23 and 24 are highly expressed and act to suppress the gene silencing of 3-like proteins.
The miR160 family was found to regulate ARFs, key transcription factors involved in fruit maturation, with miR160a specifically targeting ARF16, ARF17, and ARF18 during pear development (Niu et al., 2013; Hou et al., 2017). Similarly, miR167 was predicted to target hypothetical proteins, and both miR160 and miR167 have been experimentally validated in plants like Arabidopsis thaliana (Xie et al., 2005) and soybean (Subramanian et al., 2008) by binding to complementary regions in the ARF gene UTRs. Among the six miRNA libraries studied in pear, miR156a had the highest number of sequencing reads (Wu et al., 2014). Furthermore, Jones-Rhoades et al. (2004) highlighted that miR156/157, miR172, and miR170/171 are highly conserved across more than ten plant families, while miR163 and miR158 are moderately conserved and likely contribute to the regulation of pear fruit ripening (Table-1).
miR396 regulates ethylene signaling and the transcription factors SPL, ZIP, MYB, AP2, and NAC (Hou et al., 2017; Yue et al., 2017). The blueberry hue is facilitated by the upregulation of miR396 during fruit ripening and its miRNA‒target modules, which disrupt chloroplast division and maintenance. Some miR160, miR393, miR172, and miR396 may suppress auxin-responsive genes to promote fruit growth and color (Hou et al., 2017). The miR166 family was also predicted to target class III homeodomain leucine zipper (ZIP) family members, ethylene response factors (ERFs), squamosa promoter binding-like protein (SPB/SPL) transcripts, auxin responsive factors (ARFs), and MYBs in blueberry. Importantly, miR156 accelerates the accumulation of anthocyanin during blueberry ripening (Yue et al., 2017).
Liu et al. (2017) used high-throughput sequencing to study conserved and new miRNAs in ripening blueberry fruits for the first time. In blueberry fruits, 99,92,446 short RNA tags ranging from 18 to 30 nt were found, indicating a large and diverse population. Bioinformatic research revealed 412 conserved miRNAs from 29 families and 35 projected new miRNAs that are likely specific to blueberries.
In strawberry (Fragaria ananassa), FaGAMYB (gibberellic acid-regulated myeloblastosis) plays a key role in the transition of the receptacle from development to ripening, and miR159 regulates the ripening process by targeting FaGAMYB (Csukasi et al., 2012). 
Tang et al. (2021) have identified a novel long non-coding RNA (lncRNA) called FRILAIR (FRUIT RIPENING-RELATED LONG INTERGENIC RNA) in octoploid strawberry (Fragaria × ananassa Duch.), which contains a binding site for miR397. Their study showed that overexpressing FRILAIR accelerated fruit ripening, while knocking down miR397 - which normally helps cleave FRILAIR and the LAC11a transcript - had a similar effect, further confirming miR397’s role in regulating fruit maturation. In litchi, several important miRNA-target pathways have also been linked to fruit senescence and browning, including miR2118 targeting PGK and Ca2+-ATPase, miR397 targeting LACCASE (LAC), miR396 targeting ETHYLENE RESPONSE FACTOR (ERF) and CALLOSE SYNTHASE, and miR858 regulating MYB genes (Yao et al., 2015).
Research by Damodharan et al. (2016) showed that sly-miR160a plays a key role in regulating fruit elongation in tomatoes by targeting 22 transcription factors (TFs) from the AUXIN RESPONSE FACTOR (ARF) family, which are mainly active in developing ovaries. Reducing miR160a expression using short tandem target mimic (STTM) technology led to noticeable changes in flower structure, including alterations in floral abscission, sepal and petal width, and ovary elongation. Interestingly, loss of ARF10A function helped restore normal floral organ patterns, while its overexpression caused fruits to stay greener before the breaker (BR) stage and boosted photosynthesis and sugar accumulation—likely by regulating SlGLK2 and LeT6/TKn2 genes (Yual et al., 2018). In addition to miR160a, other microRNAs also influence fruit development and ripening. For instance, overexpression of miR156 impacts fruit formation and yield in tomatoes (Zhang et al., 2011), with miR156 targeting CNR and miR172 targeting AP2a—both key regulators of fruit ripening whose expression peaks during the breaker stage (Karlova et al., 2013). Moreover, in strawberries, miRNAs such as miR160, miR164, miR167, miR171, miR172, and miR858 are closely linked to processes like fruit ripening and senescence (Wang et al., 2019; 2020) (Table-1).

2.2 miRNAs targeting signaling genes

Trivedi et al. (2020) found that miR156 in banana fruit includes 25 unique mature sequences matching nine known members. By comparing miRNA expression across different stages of banana fruit development, they discovered that several miRNAs - including miR156b.4, miR156e.4, miR159.6, miR162a.3, miR166d.2, miR319a.1, miR319a.2, miR535.4, and miR529b - are significantly abundant in ripe fruits than in unripe ones. They also identified a set of novel and conserved miRNAs that target genes involved in cell wall breakdown, such as expansin, chitinase, and polygalacturonase (PG), which are key players in fruit softening. In addition, deep sequencing efforts have uncovered even more miRNAs linked to fruit ripening and senescence. Comparative studies on bananas treated with ethylene or 1-MCP revealed several important miRNAs‒target pairs, such as miR156a-SPL7/9, miR395d-EIN3, miR166e-endo-1,3-β-glucosidase14 (EG14), miR172a-HOX9, and miR535a-NHE6, all of which are likely involved in regulating the ripening process (Gao et al., 2005; Dan et al., 2018).
Pear (Pyrus spp.), an important fruit crop grown in 76 countries, is valued for its high content of vitamin C, dietary fiber, proteins, and other nutrients. Using Illumina HiSeq 2000 sequencing combined with bioinformatics, Wu et al. (2014) profiled miRNAs during different stages of pear fruit development and identified around 90 miRNAs with differential expression patterns. KEGG pathway analysis showed that 188 known miRNAs targeted 2216 genes, while 184 newly discovered miRNAs regulated 1127 genes.  Among these, eleven miRNAs were linked to lignin biosynthesis, nine to sugar and acid metabolism, and miR160 was involved in regulating auxin response factors (ARFs) (Wu et al., 2014). MiRNAs control gene expression mainly by promoting mRNA degradation or inhibiting translation at specific sites (Bartel et al., 2009). In particular, miR3711, miR419, and miR5260 were found to target the HCT gene, a key player in lignin biosynthesis in pears, contributing to the conservation of P-coumaroyl-CoA (FC) (Wu et al., 2013; 2014). Li et al. (2016) have reported that miR173 regulates the ripening of strawberry fruit by targeting the AB15 transcript to affect the ABA signaling pathway.
In addition, comparisons of pear fruit miRNA libraries with other plant miRNAs from miRBase 20.0 generated over one million reads, matching 362 known miRNAs across six libraries. From this analysis, 60 miRNAs were classified into 55 previously known miRNA families. Among these, miR156, miR167, miR211, and miR4414 each had two members, while the rest of the families contained only one. Notably, miR156 emerged as the largest miRNA family in pear, a pattern also seen in Japanese apricot (Millar et al., 2005) and peanut (Zhao et al., 2010), suggesting its significant role in pear fruit ripening. 

2.3 miRNAs targeting metabolic genes

Studies have demonstrated that Vv-miRNAs regulate members of the SPL (SQUAMOSA promoter-binding protein-like) transcription factor family, using techniques like PPM-RACE, modified RLM-RACE, and qRT-PCR. Specifically, Vv-miR156 appears to influence grape fruit development and ripening. In the ‘Giant Rose’ grape variety, Cui et al. (2018) identified nine Vv-miR156 sequences, categorized into five distinct mature forms: Vv-miR156a, Vv-miR156b/c/d, Vv-miR156e, Vv-miR156f/g/i, and Vv-miR156h. Most of these Vv-miR156 variants target eight Vv-SPL genes (Vv-SPL2, SPL6, SPL7, SPL9, SPL10, SPL13, SPL16, and SPL18), with the exception of Vv-miR156h. Notably, the promoter of Vv-SPL17, one of the targets, contains several hormone-responsive elements, including six linked to ABA signaling and two associated with methyl jasmonate (MeJA) responses. Further validation by Schwab et al. (2005) through ABA and NAA treatments confirmed the role of Vv-miRNAs and their SPL targets in regulating grape berry development. miR156 is recognized for its critical role in controlling plant growth and development by modulating its target gene expression. Supporting this, a mutation in the promoter of the tomato SPL gene Cnr results in colorless fruit, highlighting SPL’s importance in ripening and extending fruit shelf-life (Manning et al., 2006). These findings suggest stronger interactions between Vv-miR156 members and most Vv-SPLs compared to their interaction with Vv-SPL18.
Further insights came from Zuo et al. (2012), who used Illumina high-throughput sequencing to analyse miRNAs across different tomato ripening stages under ethylene treatment. They identified 103 conserved miRNAs from 24 families and 10 non-conserved miRNAs from 9 families. Their findings highlighted that miR828 and miR1917 likely regulate ethylene signaling by targeting EIN and CTR1, while miR394, miR414, and miR482 are linked to genes involved in fruit softening. New miRNAs were also found to regulate cell wall-modifying enzymes such as pectate lyase, endo-1,4-β-glucanase, and β-galactosidase. Genes associated with grape fruit softening and membrane lipid degradation, such as LOX, β-galactosidase (β-gal), and pectinesterase (PE), have been identified as targets of miR479, miR397a, miR3627, and novel_miR22, suggesting their involvement in fruit aging and senescence (Xue et al., 2018).The identification of small RNAs involved in ripening via different sequencing platforms has been conducted to date. However, the validation of miRNAs involved in different metabolic pathways during ripening has not been performed. To this end, more attention is needed to identify candidate miRNAs that can be used in controlling the ripening process and reducing the postharvest loss of different fruit crops.



Table 1. Different classes of miRNAs and its regulatory role in different fruit crops.

	Class of miRNA
	Source fruit crop
	Target gene
	Effect of the target gene on physiological and biochemical processes 
	References

	Conserved miRNA	Comment by Dr. Jafar: ??

	miR156  miR157
	Banana (Musa acuminata), 

Blue berry (Vaccinium sect. Cyanococcus), 

Grape berry (Vitis vinifera)

Tomato (Solanum lycopersicum L.), 

	Squamosa
promoter-binding-like protein genes (SPLs)
	Regulate the fruit ripening process. 

	Banana-Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).
 
Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016). 

Grape berry- Cui et al. (2018), Han et al. (2004) 

Tomato- Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008). 

	miR168
miR403
	Tomato (Solanum lycopersicum L.),

 Blueberry (Vaccinium sect. Cyanococcus)
	ARGONAUATE(AGO1&AGO2)
	Regulates different biosynthesis pathways.
	Tomato-Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008).  

Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016).


	miR172
	Tomato (Solanum lycopersicum L.), 

Banana (Musa acuminata), 

Blueberry (Vaccinium sect. Cyanococcus) 
	Floral homeotic protein APETALA2 gene (AP2)
	Regulates the transition between fruit development and ripening.
	Tomato-Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008).  
 
Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).
Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016).

	miR159, miR319, miR858
	Tomato (Solanum lycopersicum L.), 

Blueberry (Vaccinium sect. Cyanococcus), 

Banana (Musa acuminata)
	1.MYB family of transcription factors

2.TIR1(TRANSPORTINHIBITOR RESPONSE 1)
	1.Affect the flower development and anther.

2.Target RER4 and MOT2 during the fruit ripening process 
	Tomato- Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008).  
Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016).
Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).

	miR162
	Tomato (Solanum lycopersicum L.), 

Banana (Musa acuminata), Pear (Pyrus pyrifolia), 

Blueberry (Vaccinium sect. Cyanococcus)
	Dicer-like (DCL) RNase gene 
	Regulator of small RNA production.
	Tomato- Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008). 
Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).
 Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016).

	miR390
	Tomato (Solanum lycopersicum L.)
	Constitutive triple response
(CTR) family
	Regulates fruit ripening 
	Tomato- Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008).

	miR395
	Banana (Musa acuminata)
	EIN3(Ethylene insensitive-3 gene)
	Regulate ripening process by activating a variety of ethylene-response genes that involved
in ripening. 
	Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).

	miR396
	Tomato (Solanum lycopersicum L.) 
	1.GRF (Growth regulating factor)
2.TF (Transcription factor)
3.MADS box gene 4.DNA (Cytosine-5)-methyl transferase, gene a cathepsin B-like cysteine proteinase gene, and a tyrosyl-DNA phosphodiesterase gene
	1.Domain rearranged methyl transferase (DRMs).
2.SIDRM5, putatively involved in DNA methyl transferase. 
	Tomato- Karlova et al.  (2013), Chung et al. (2010), Gao et al. (2015), Zho et al. (2012), Moxon et al. (2008).  

	miR160
miR167
	Banana (Musa acuminata), 

Pear (Pyrus pyrifolia), 

Blueberry (Vaccinium sect. Cyanococcus)
	1.E2 enzyme a component of 26S proteasome.
2.ARF (Auxin response factor)
	Affects the timing of ripening by controlling the degradation of ethylene receptors. 
	Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).
Pear- Wu et al. (2014), Niu et al. (2010).
Blue berry- Hou et al.  (2017), Csukasi   et al. (2012), Li et al. (2016).

	Novel miRNA

	mac-miR166, 171
	Banana (Musa acuminata)
	β-galactosidase gene
	Regulates fruit softening.
	Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).


	miR397a,
miR1132
miR5077
miR396
	Pear (Pyrus pyrifolia)
	Pectin esterase gene, Hydroxymethyl transferase gene, Ethylene signaling
	Regulate lignin, sugar and acid pathways.
	Pear- Wu et al. (2014), Niu et al. (2010).

	miR3711, miR419 and miR5260 
	Pear (Pyrus pyrifolia)
	Hydroxymethyl transferase gene (HCT)
	Promote lignin synthesis.
	Pear- Wu et al. (2014), Niu et al. (2010).

	mac-miR166u, macmiR166e
and mac-miR171b
	Banana (Musa acuminata) and 

Grape berry (Vitis vinifera)
	1,3-beta-glucosidase
	Regulates ripening process.
	Banana- Dan et al. (2018), Giovannoni (2004), Bi et al. (2015).
Grape berry- Cui et al. (2018), Han et al. (2004) 

	ath-miR399d
	Arabidopsis thaliana
	Ubiquitin-conjugating conserved domain (UBC24)
	Increases uptake of phosphorus in the roots and shoots of tomato
	Arabidopsis- Millar et al. (2005)

	miR5261
	Orange (Citrus sinensis)
	RNA binding (RRM/RBD/RNP motifs) family protein
	Increases Mg-deficiency tolerance in citrus fruit
	Orange – Liu et al. (2014)



3. miRNAs IN ENHANCING FRUIT SHELF-LIFE
3.1 miRNA in hormone regulation 
This section explores how miRNAs influence important processes like carbohydrate and starch metabolism, hormone production, cell wall breakdown, developmental regulation, and signaling — all of which are crucial for controlling fruit shelf life. Ethylene, often called the ripening hormone, plays a key role by triggering and coordinating the activity of genes involved in the ripening of climacteric fruits. Its production begins with S-adenosyl methionine (SAM), which is converted to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase (ACS), and then to ethylene by ACC oxidase (ACO) (Adams et al., 1979). Different ACS genes have distinct roles: ACS1A and ACS6 maintain baseline ethylene levels in green tissues (system-1), while ACS4 drives the sharp rise in ethylene at the start of ripening (system-2) (Rottmann et al., 1991; Lincoln et al., 1993). Managing ethylene production is key to delaying ripening, maintaining fruit firmness, and extending shelf-life, with polyamines (Pas) helping by lowering the fruit's respiration rate (Bregoli et al., 2002; Nambeesan et al., 2010). Building on this, scientists have used RNA interference (RNAi) technology to silence ripening-related genes, particularly those involved in ethylene signaling and cell wall degradation, successfully delaying ripening and extending the shelf -life of fruits like tomatoes and capsicum (Meli et al., 2010; Gupta et al., 2013; Ghosh et al., 2011).
Gupta et al. (2013) showed that silencing three 1-ACC synthase gene homologs using RNAi technology could significantly delay tomato fruit ripening, extending shelf-life by up to 45-days compared to control fruits. These RNAi-ACS tomatoes also produced less ethylene, had increased polyamine (PA) levels, and showed reduced activity of cell wall-degrading enzymes. Ethylene signaling, crucial for ripening, involves receptor molecules and the downstream protein CONSTITUTIVE TRIPLE RESPONSE1 (CTR1), a key suppressor. In this context, Wang et al. (2018) found that overexpressing Sly-miR1917 enhanced ethylene responses, accelerating fruit ripening and pedicel abscission, partly by repressing ETHYLENE INSENSITIVE2 (EIN2), a vital positive regulator of ethylene signaling. Similarly, miR157 was found to modulate fruit ripening and softening, where its overexpression delayed ripening by targeting CNR, a major SPL gene involved in the process (Chen et al., 2015). In melon, Bai et al. (2020) identified 61 conserved and 36 novel miRNAs differentially expressed during fruit development, and overexpressing miR393 in transgenic lines also delayed fruit ripening. In kiwifruit, miR164 plays a crucial role by negatively regulating its targets NAC6/7, important transcription factors for ripening, and the miR164-NAC module has been similarly observed in other fruits like citrus, grape, and rosaceous species, where it is notably upregulated by ethylene during ripening (Wang et al., 2020).
Figure 1. Model explaining different classes of miRNAs and their target genes in different fruits. Some of the miRNAs target different genes, those are involved in ripening, shelf-life and biofortification in different fruits.	Comment by Dr. Jafar: The title should come after the figure
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3.2 miRNA in fruit senescence
In strawberries, miR164 and miR167 play key roles in promoting fruit senescence (Xu et al., 2015). Li et al. (2016) identified three miR164 targets—mdm-miR164d_Iss 21AC, mdm-miR164e, and mdm-miR164f_21TA—that help delay senescence by negatively regulating NAC transcription factors, especially at low temperatures. Meanwhile, a novel strawberry miRNA, fan-miR73, was found to slow down fruit ripening by targeting and repressing the ABSCISIC ACID INSENSITIVE5 (ABI5) gene, a crucial player in ABA signaling. Xu et al. (2015) also showed that miR167 delays senescence by suppressing jasmonic acid (JA) biosynthesis through the regulation of auxin response factors (ARFs). Alongside, miR164 and miR172 were shown to control the expression of NAC and APETALA2 transcription factors, as well as key cell wall-modifying enzymes like alpha/beta-hydrolases and glycosyl hydrolases, contributing to extended fruit shelf-life at low temperatures. Further advancing this approach, Hoffman et al. (2006) delayed strawberry ripening by silencing the chalcone synthase (CHS) gene through RNAi-based transient silencing using intron-containing hpRNA, keeping the fruit attached to the plant for about 14-days after pollination. Additionally, preharvest UVC treatments were found to delay senescence by enhancing the antioxidant system, with miR159 and miR398 targeting lipoxygenase (LOX) and Cu/Zn-superoxide dismutases (CSDs), respectively (Xu et al., 2008).
3.3 miRNAs in Cell wall modification 
Priem et al. (1993) found that blocking N-glycosylation activity could delay fruit ripening in tomatoes. Two key enzymes, α-mannosidase (α-Man) and β-hexosaminidase (β-Hex), which are processed from N-glycans and involved in carbohydrate metabolism, are highly active during the ripening of climacteric fruits like tomatoes, contributing to fruit softening and regulated by ethylene through the NEVERRIPE (NR) receptor (Tieman et al., 1992). Targeting these two N-glycoprotein-modifying enzymes through RNAi in tomatoes and capsicum led to a noticeable delay in ripening and extended shelf-life—by 30 days in tomato and 7 days in capsicum (Meli et al., 2010; Ghosh et al., 2011). Antisense lines showed reduced ethylene production and slower cell wall breakdown, with tomatoes displaying 55–80% suppression and 30-fold higher transcript levels compared to controls (Meli et al., 2010). Similarly, capsicum fruits exhibited 3- to 4-fold increases in α-Man and β-Hex transcripts during ripening (Ghosh et al., 2011). High activities of these enzymes have also been reported in other climacteric fruits like papaya, banana, and mango, suggesting a broader role in fruit softening across species (Jagadeesh et al., 2002).
Treatment with 1-MCP has been shown to delay the ripening process in papaya. In a study by Cai et al. (2021), degradome and transcriptome sequencing identified 213 miRNAs and 1,741 target genes involved in this delayed ripening. Among them, eleven miRNAs were linked specifically to ethylene and auxin biosynthesis pathways, both crucial for fruit ripening. Notably, cpa-miR390 and cpa-miR396 were found to target CpARF19-like and CpERF RAP2-12-like genes, respectively, influencing the auxin and ethylene signaling pathways that regulate papaya ripening. da Costa et al. (2018) carried out whole gene expression in tomato genotypes and revealed that several polypeptides and genomic regions were associated with fruit trait segregation derived from interspecific crosses. The transcriptome analysis helped in the comparison of genotypes, mutants or wild-type tomato in connection with the genes involved in fruit shelf-life. They elucidated the expression profiles obtained via cDNA-AFLP for analyzing genome-wide expression and genotyping for the characterization of different fruit ripening stages.
Karlova et al. (2013) showed that GAMYB-like-2 is more actively degraded at the early 5-DAP fruit stage, while GAMYB-like-1 is cleaved more at the mature green (MG) stage, with both being targets of miR159, which remains consistently expressed throughout tomato fruit development (Buxdorf et al., 2010). Key transcription factors like CNR and AP2a, crucial for tomato fruit ripening, are regulated by miR156/157 and miR172, respectively, with SIAP2a confirmed as a direct target of miR172 (Karlova et al., 2013). Additionally, the E2 enzyme component 26S, targeted by miR160 family members, plays a role in ripening by influencing ethylene receptor degradation through the 26S proteasome pathway (Wang et al., 2014; Kevany et al., 2007). Interestingly, two tomato-specific miRNAs, miR6022 and miR6024, were found to regulate ethylene signaling and cell wall modification; their downregulation through 1 kHz sound vibration treatment led to delayed ripening (Kim et al., 2018).
Bi et al. (2015) verified that ripening-related target genes were annotated as transcription factors in banana fruit, and the miR156/157 family members were identified to target the SQUAMOSA promoter binding-like protein genes (SPLs), which were previously identified (Wang et al., 2009). The AP2 gene has been identified as a target of miR172 (Aukerman et al., 2003); likewise, miR858 family members have been identified as target sequences of MYB family transcription factors, which affect flower development in anthers of banana fruits (Bi et al., 2015). The miR395 family members target ethylene insensitive 3 (EIN3), a well-known transcription factor involved in ripening pathways (Cuperus et al., 2011).
However, it should be noted that majority of these studies were based on RNAi-mediated gene silencing of fruit ripening. However, studies on the role of miRNAs in enhancing fruit shelf-life are rather rare. More studies on the basis of miRNA profiling, identification and functional validation of key ripening miRNAs are needed, as many miRNAs play vital roles in the regulation of different metabolic pathways during fruit ripening. In this respect, manipulation of different miRNAs that are involved in the fruit ripening process may lead to delays in ripening and increased shelf-life by preventing postharvest losses of fruit.
4. ROLE OF miRNAs IN CONTROLLING ALLERGENICITY IN DIFFERENT FRUIT
Plants naturally produce various unwanted compounds and toxins, many of which pose challenges for food safety and are costly to remove. Food allergies, triggered by proteins found in common foods like peanuts, apples, mangos, wild edible fruits involve an exaggerated immune response through the IgE mechanism to otherwise harmless proteins (Johansson et al., 2004). Additionally, many plants contain natural toxins that can cause food poisoning. To improve food quality and safety, there is a pressing need to reduce or eliminate allergens and toxins, and this can be achieved using miRNA, RNAi, and genome editing technologies that alter the biosynthetic pathways of these harmful compounds. Using RNA-silencing, Gilissen et al. (2005) successfully downregulated the expression of Mal-d1, the major apple allergen belonging to the PR10 protein family, without affecting normal plant growth. Their transgenic apple plantlets, containing an intron-spliced hp-RNA construct targeting Mal-d1, showed a tenfold reduction in Mal-d1 expression (Gilissen et al., 2005), demonstrating the potential for producing hypoallergenic apples (Botton et al., 2008).
In another study, hypoallergenic tomatoes were developed through RNAi. Lyc-e-3 is an IgE-binding 9-kDa polypeptide, a nonspecific lipid transfer protein of tomato peel, whose expression is downregulated through the RNAi technique by Le et al. (2006). They demonstrated for the first time that two cDNAs, LTPG1 and LTPG2, lead to a strong decrease in Lyc-e-3 accumulation via the double-stranded RNAi technique. The transgenic lines presented up to a 10-fold reduction in targeted protein accumulation and highly reduced allergenicity, as revealed by skin prick tests.
Ebner et al. (1995) found that many fruits and vegetables contain proteins highly similar to the birch pollen allergens Bet v1 and Bet v2, making them potentially harmful for individuals with specific IgE sensitivities to these allergens. In the case of kiwifruit, allergic reactions can range from mild oral symptoms to severe, life-threatening anaphylaxis, with thirteen allergens identified so far. Among them, Act d1, Act d2, Act d8, Act d11, and Act d12 are considered major allergens, with Act d1 and Act d2 being particularly associated with fruit ripening (Wang et al., 2019). Wang et al. (2019) reviewed the pathogenesis, clinical manifestations, and diagnosis of kiwifruit allergies and highlighted that while thermal, nonthermal, and chemical food processing methods have been explored to reduce allergenicity, these approaches still require further research and refinement for broader acceptance and effectiveness.
Hypersensitivity to plant allergens is known as a common food allergy. Fruit crops are the major source of allergens affected by IgE (Nikolić et al., 2018). In this context, proteomics has proven to be a valuable tool for the identification of allergens in various fruits, such as strawberry (Guarino et al., 2018), banana (Nikolić et al., 2018), raspberry (Marzban et al., 2008) and kiwi (Tamburrini et al., 2005). Among all proteomic techniques, 2-DE coupled with mass spectrometry and western blotting have been widely used for the detection and characterization of known and novel fruit allergens (Ocampo et al., 2020).
Nikolic et al. (2018) identified novel allergens in the form of catalase from banana by using the combinatorial peptide ligand library (CPLL) method with 2-D PAGE, mass spectrometry and 2-D immunoblot analysis. Their investigation revealed that catalase displayed IgE reactivity in 7 out of 13 tested patients with suspected allergies to bananas by immunoblotting (Nikolić et al., 2018). In another study, Guarino et al. (2018) identified allergen proteins in strawberry fruit via 2-DE and western blotting in the form of Fra a-1-C, Fra a-1-B, and the pruning and pruning of a 1-precursor.
Red oak pollen has been identified as a major cause of allergic respiratory diseases, with Ocampo et al. (2020) using 2-DE and immunoblotting techniques to detect eight IgE-binding proteins, including enolase-1, chloroplastic enolase-1, xylose isomerase, mitochondrial aldehyde dehydrogenase, UTP-glucose-1-phosphate uridylyltransferase, β-xylosidase, α-L-arabinofuranosidase, and ATP synthase subunits, ranging from 50–55 kDa. Genetically modified (GM) crops have been part of the global food supply for over two decades, with 185.1 million hectares planted across 26 countries by 2016 (James et al., 2009). Extensive research has identified multiple soybean allergens, with ten clinically relevant allergens recognized. Analytical methods like 2-DE, western blotting, human IgE binding assays, ELISA, and LC-MS have been developed to compare allergen levels among GM and conventional soybean varieties (Geng et al., 2019). However, despite these advancements, no miRNA-based techniques have yet been established to identify or control allergen levels in various crops and fruits.
Airborne macrofloral spores are an important part of fungal inoculation and are responsible for various infections, decays and allergies in the environment (Njokuocha et al., 2019). To date, most studies related to fruit allergens have been restricted to the application of proteome and RNAi technology. However, the role of miRNAs and their regulation of different fruit allergens remain unexplored. More studies need to be conducted in different fruits, where the role of miRNAs in allergenicity and miRNA target genes could be functionally validated.
5. ROLE OF miRNAs IN BIO-FORTIFICATION OF FRUIT
Biofortification is emerging as an efficient approach for combating micronutrient malnutrition (Jamla et al.,2022). The addition of nutritional value increases the bioavailable micronutrient content of food crops through agronomic, plant breeding and biotechnological approaches. miRNAs play a key role in maintaining nutrient homeostasis in plants, and some of the identified miRNA classes are responsible for increasing the levels of vitamins and other micronutrients, such as magnesium (Mg), ferrous iron (Fe), phosphorous (P) and zinc (Zn), in various crop species.
While some fruits and vegetables have been successfully biofortified (Prasad et al., 2015), most biofortification efforts focus on enhancing staple crops that are consumed in large quantities. This approach helps deliver essential micronutrients to malnourished populations who often lack access to varied diets, food supplements, or fortified foods (Saltzman et al., 2013). According to the United Nations Food and Agriculture Organization, around 792.5 million people worldwide suffer from malnutrition, with about 780 million of them living in developing countries (McGuire et al., 2015).
Wang et al. (2017) revealed that the overexpression of miR399 in strawberry plants via Agrobacterium transformation resulted in increased phosphorous content, i.e., 1.1- to 2.1-fold greater phosphorous content in the leaves and fruit. Similarly, the overexpression of miR399 also resulted in increased vitamin C and soluble sugar contents in strawberry. These studies suggest that miR399 can be used to improve nutrient and fruit quality. According to recent research, ferritin serves as an iron storage form for both plants and animals, and oral administration can supply an iron source for the treatment of anemia (O’Dell et al., 1997). These findings suggested that increasing the ferritin content in plants by overexpressing the ferritin gene could solve the problem of dietary iron deficiency. Iron deficiency anemia has harmful effects on human health, as it reduces hemoglobin circulation and mental development in infants (Kumar et al., 2011). 
In this context, Kumar et al. (2011) developed a transgenic banana using Agrobacterium-mediated transformation. By introducing soybean ferritin genes into the Rasthali banana variety, they achieved a 6.32-fold increase in iron content and a 4.58-fold increase in zinc content in the banana leaves (Kumar et al., 2011). However, while iron levels were significantly higher in the leaves, further studies are needed to confirm whether similar increases occur in the fruits. Their research also noted that the transgenic plants were being grown to maturity in a greenhouse to assess iron and zinc accumulation in the fruits (Kumar et al., 2011). Similarly, efforts to boost carotenoid levels through conventional breeding and genetic engineering have made notable progress across various crops (Giuliano et al., 2017).
Similarly, Paul et al. (2017) developed transgenic biofortified banana plants by overexpressing the phytoene synthase-2a (PSY2a) gene, which was found to be rich in high β-carotene (vitamin A) accumulation. In apple, transcriptome data revealed that the expression levels of three genes, i.e., MdGGP1, MdDHAR3-3 and MdNAT7-2, are involved in the regulation of ascorbic acid (vitamin C) accumulation in apple.
The recent draft genome sequencing of Musa species (Martin et al., 2016) has opened new opportunities for functional genomics research, helping scientists identify key genes that could improve important agronomic and quality traits in bananas. In crop plants, efforts to boost pro-vitamin A (PVA) levels through metabolic engineering have mainly focused on increasing β-carotene, the most effective form of PVA. A landmark achievement in this field was the development of Golden Rice, where scientists introduced genes targeting the rate-limiting step in β-carotene production (Ye et al., 2000). Naturally, bananas already contain PVA, and in some varieties from Micronesia and Papua New Guinea, even high levels of iron (Englberger et al., 2003). For example, some bananas have been reported to contain up to 340 µg/g dry weight (dw) of β-carotene equivalent (β-CE), compared to just 1–4 µg/g dw in the popular Cavendish cultivar and about 10 µg/g dw in the East African Highland Banana (EAHB) clone ‘Nakitembe’ (Mbabazi et al., 2015; Englberger et al., 2006). The phytoene synthase (PSY) gene plays a key role in regulating β-carotene production, acting as a precursor to vitamin A (Mlalazi et al., 2012; Sun et al., 2012; Mbabazi et al., 2015). In this context, Mlalazi et al. (2010) showed that enhancing PSY gene expression in bananas led to higher pro-vitamin A content. Further, transgenic banana plants with increased levels of both pro-vitamin A and iron have been successfully developed using Agrobacterium-mediated transformation (Mlalazi et al., 2012). In related research, suppressing the SlNCED-1 gene in tomatoes through RNA interference (RNAi) technology boosted β-carotene and lycopene levels (Neysanian et al., 2020). Building on these advances, Amah et al. (2019) demonstrated the proof-of-concept for developing PVA-biofortified EAHB varieties in Uganda.
The popular ‘Cavendish’ dessert banana was genetically edited to significantly boost pro-vitamin A (PVA) levels, with increased PVA observed in the fruits of field-grown plants in Australia (Mlalazi et al., 2012). Selenium, an essential nutrient for human health, plays a critical role as a component of key proteins and enzymes such as glutathione peroxidase, thyroxine 5-deiodinase, and selenoprotein-P (Kieliszek et al., 2019). It supports the production of active thyroid hormones, strengthens the immune system, and is vital for reproduction. Selenium also provides important antiviral, anti-inflammatory, and antioxidant benefits (Kieliszek et al., 2016). In a related effort, Groth et al. (2020) investigated the biofortification of apples with selenium, focusing on its effects on selenium levels, phenolic compounds, and related health properties. Their study showed that biofortification significantly increased the selenium content in the apples.
Neysanian et al. (2020) reported the transcription rates of miR172 in selenium/selenium nanoparticle-treated tomato fruits. An investigation revealed that the miR172 and bZIP transcription factors were involved in increasing the contents of mineral nutrients such as Mg, Fe and Zn. In another study, heterologous overexpression of Arabidopsis miR399d in tomato resulted in an increase in the Pi content in both shoots and roots, with increased expression of Pi transporter genes and improved proton exudation from roots (Gao et al., 2010).
The biofortification of staple fruit crops is considered a long-term and sustainable approach to increase vitamin accumulation and combat micronutrient malnutrition. The application of advanced sequencing platforms combined with bioinformatic tools could play a key role in elucidating the role of miRNA regulation in enhancing micronutrients and other bioactive compounds, including vitamins, in different fruit crops. However, the role of miRNAs in the fruit biofortification process remains unclear, as numerous studies have been performed in different cereal crop species. Understanding the regulatory mechanism of miRNAs in different fruits could provide new insights for developing nutrient-efficient biofortified fruit crops. In addition, emerging trends in advanced biotechnological tools through transgenic approaches and genome editing tools, i.e., CRISPR/Cas9, ZFN and transcription activator-like effector nuclease (TALEN), have proven to be more efficient methods for developing biofortified fruit crops.
6. CONCLUSION
In this review, we discuss different classes of miRNAs that play key roles in fruit ripening, shelf-life, biofortification and allergenicity. Climacteric fruits, such as banana, tomato, pear, and mango, are highly susceptible to ethylene production. miRNAs are responsible for the synthesis of ethylene in climacteric fruit. miRNAs such as miR156/157, miR172 and miR170/171 are highly conserved in tomato and pear; by targeting these miRNAs, one can increase fruit shelf-life. In tomato, miR156/157 and miR172 control the fruit ripening process by regulating auxin response factors and ripening regulators. In banana, mac-miR172d, mac-miR172e1 and mac-miR171k-3p were upregulated when treated with ethylene, but these miRNAs were downregulated when treated with 1-methylcyclopropane (1-MCP), an inhibitor of ethylene synthesis.	Comment by Dr. Jafar: Avoid personalizing
Through biofortification, vitamins and minerals can be added to different fruits to overcome nutrient deficiency. Iron, zinc, folate and vitamins are major nutrient sources of edible fruit, and additional doses of these nutrients can be supplemented directly through biofortified fruit. Moreover, the consumption of some edible fruits in the daily diet of a person may cause some allergenicity. Hence, reducing the toxic effects by targeting the biosynthesis pathways of allergens is necessary. In this context, RNAi and genome editing techniques can be applied to achieve this objective. We conclude that miRNAs play crucial roles in the fruit ripening process, shelf-life, allergenicity and biofortification. Biofortified fruit may reduce the dietary deficiency of a specific target vitamin or mineral content in certain geographical regions of the world by enhancing different nutrients through the application of RNAi, genome editing and biotechnological approaches.
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