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Abstract

:

Nopal is a plant from Mexico. This plant can grow under extreme conditions, and it is also an ancestral crop that helped to establish the Mexican civilization. Prickly pear (cactus fruit) shows a great variability in its morphology; however, there are two disadvantages: the number and size of the seeds and thorns. It will be interesting to identify the molecular processes associated with these characteristics. The main objective of this work is to identify the molecular mechanisms that regulate the development of prickly pear. Tissues from four stages were collected: flowers, fertilized button, green and ripe fruit from an intermediate ripening morphospecie. miRNA expression at these stages was analyzed with a microarray and a transcriptome expression assays, and computational analysis helped to identify and select unique miRNAs from each developmental stage.
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1. Introduction


Most of the prickly pear’s genetic materials originate from Mexico. This fruit shows great variability in its anatomy (different colors and sizes), which makes it attractive for commercialization. The most important physiological characteristic of these fruits is that their varieties can present different ripening behaviors; they can be classified into early ripening, intermediate-ripening and late-ripening varieties [1]. Prickly pears have two disadvantages for their commercialization: the number and size of their seeds and the presence of thorns. It would be of great interest to identify those factors that generate these characteristics. To date, the reports related to these characteristics are scarce or null, in addition to considering that there is no genomic sequence reported for the nopal, which will help a possible improvement scheme [2].



MicroRNAs (miRNAs) are a class of small, non-coding RNAs that regulate gene expression in eukaryotes. They are involved in different processes of plant development, including fruit development, and very recently, they have been reported as part of the response mechanisms to diseases and other types of stress [3]. miRNAs play an essential role in the post-transcriptional regulation of genes and target a large number of transcription factors and other regulatory proteins, suggesting a role in the control of regulatory pathways and development [3]. In order to identify the function of microRNAs, it is necessary to analyze their expression and that of the targets, with which they interact negatively. A better proof of the function of microRNAs is their expression in transformed plants, where their effect on the processes of interest can be evaluated [4].



With the scope of the objectives of this work, important information would be generated to understand the development of the fruit and its different characteristics in this interesting model, which could be applicable to other models and for possible genetic improvement systems.




2. Materials and Methods


2.1. Plant Material


For the different molecular analyzes, fruits of the nopal morphospecie with an intermediate ripening behavior “Reina” (Opuntia robusta) were collected. Four stages of development were collected: flower bud, fertilized bud, green fruit and mature fruit. The fruits were processed as previously described [4]. Total RNA was extracted and used for miRNA in microarrays and transcriptome analysis.




2.2. Transcriptomic Analysis of miRNAs during Fruit Development


In order to have a more complete picture of the behavior of the miRNAs, the expression of the miRNAs in prickly pear fruit was analyzed with a hybridization of microarrays and by analysis of the transcriptome of the miRNAs of the different stages (flower bud, fertilized bud, green and ripe). For the conserved miRNAs, the GeneChip® miRNA 4.0 Array (Affymetrix) was used. Total RNA of prickly pear in different stages were used and hybridized in the Genotyping and Expression Analysis Unit (National Institute of Genomic Medicine-INMEGEN, Mexico). For the specific miRNAs, the transcriptomes were sequenced in the Sequencing Unit of the Institute of Biotechnology of UNAM (National University of Mexico). The data were analyzed with the R software of the Bioconductor Project (http://www.bioconductor.org (accessed on 20 January 2020)) for normalization of the data before comparing and evaluating the differential expression. The differential expression was selected with at least twofold change using the oligo packages [5] lime [6].




2.3. Amplification of miRNA Precursors


In order to validate the differential expression of the identified miRNAs, total RNA was extracted from 100 mg of tissue. The precursors of the identified miRNAs were amplified according to the stem loop amplification method described by Li et al. (2009) [7].




2.4. Establishment of Expression Networks during Fruit Development


From the data of the transcriptomes and the arrangement, the possible expression networks generated by the expression of the miRNAs related to the development of the fruit were constructed. Different packages were used for massive data analysis (Blast to go, KEGG). The results were related to the phenotypic analysis to find the association of the different molecules.





3. Results


3.1. RNA Isolation


The extractions were made with three biological replicates. After extraction, the quantity and quality (based on absorbance at 260 and 280 nm) of the RNA was determined with the nanodrop 2000 equipment (Thermo Scientific, Waltham, MA, USA). The main concentration was 12.41 ng/µL, and the A260/A280 ratio was 1.85.




3.2. Microarray Hybridization


To establish a point of comparison within fruit development as part of sexual development, it was necessary to establish a reference point in the array hybridization, the FF (Flower) transcripts, and the contrasting conditions, FV (green fruit) and FM (ripe fruit) (Table 1). To obtain a complete picture within the fruit’s development history, a third confirmatory hybridization was performed, using FV transcripts as reference and FM as contrasting condition (FF-FM) (Table 1). The expression level ×2 (greater than or equal to 2 and less than or equal to -2, 2× foldchange) was used to determine if the expression was differential. From the total miRNAs analyzed, 20.8% are differentially expressed in FF-FV, 60.7% in FF-FM and 55% in FV-FM. This result suggests a possible role in the expression of miRNAs, especially in the most advanced stages of fruit development (FV and FM).




3.3. RNA Seq Analysis


For the RNA-seq analysis, the same tissues were used (FF, FV and FM), and the homology search was performed only against Arabidopsis thaliana with blastn-short under an identity criterion greater than 90%, a maximum 1 mismatch and an alignment length of 19–24 nt.



With a probability greater than 80%, 67 differential miRNAs were detected between FF and FV, 89 between FV and FM and 99 between FF and FM. The participation of the families miR156, miR162, miR164, miR165 and miR169 from Arabidopsis thaliana was found. The criteria for the establishment of candidates of miRNAs with participation in the development and ripening of prickly pear were as follows: (a) families of miRNAs with the highest prevalence among the different expression groups according to the dendrogram and categorization and (b) miRNAs with a higher level of expression or repression in fruit development transitions. With these criteria, 30 families of candidate miRNAs were found, a strong conservation was observed within the plant kingdom, as well as a total of 14 miRNAs conserved in both the plant and animal kingdoms, and 7 are reported only in animals. From the list of species with homologous miRNAs, there are three non-climacteric fruits, such as prickly pear: Citrus clementina, Citrus sinensis and Vitis vinifera (Figure 1). Sixteen families of candidate miRNAs are expressed in at least one of these three species. A search for the expression of miRNAs was carried out in other non-climacteric fruits, and the expression of seven families of miRNAs was found: miR156, 157, 159, 162, 164, 165 and 168 [7]. miR156 and 159 were are also expressed in Vitis vinifera and miR162 in Citrus clementina and Vitis vinifera. A total of 43 miRNAs were identified with 26 different targets in relation to the fruit development from flower induction. It highlights the importance of miR172 and miR395 as key candidates in the fruit-ripening time. miR397 is also established as an opportunity for the generation of varieties for seed production (Table 1).





4. Discussion


In the present work, the expression of miRNAs in different stages of fruit ripening was analyzed, from bud flower to ripe fruit, with greater emphasis on the transition from VF to FM, using massive data management methodologies. In total, 1047 miRNAs were differentially expressed, and 30 miRNA families were selected based on prevalence in the expression of miRNA families among the different expression groups, as well as intensity of expression. A search was carried out in databases and other sources, as well as tools for the prediction of miRNA–mRNA interactions, and we found 43 miRNAs and 26 targets with a role within the ripening process. The importance of miR172 and miR395 is highlighted, as key candidates in the time of fruit ripening, as well as that of miR397as an opportunity for the generation of varieties for seed production.




5. Conclusions


A total of 43 miRNAs with 26 different targets were identified in relation to fruit development from flower induction. It highlights the importance of miR172 and miR395, as key candidates in the fruit ripening time. miR397 is also established, as an opportunity for the generation of varieties for control of seed production.
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Figure 1. miRNA expression in non-climacteric fruits. Expression of seven families of miRNAs was found: miR156, 157, 159, 162, 164, 165 and 168. They are included in the scheme. 
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Table 1. miRNA identification during fruit development, possible function and target.
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	miRNA
	Function
	Target





	miR156
	Flower induction
	SPL10, SPL11, SPL13A, SPL13B, SPL2, SPL9



	miR160
	Flower induction
	ARF17, ARF10, ARF16



	miR172
	Organ determination
	TOE2, AP2, FLO2, FL1



	miR171
	SAM regulator
	mIR171C



	miR395
	Ripening control
	ATPS1, ATPS3, ATPS4, SULTR2



	miR397
	Seed production
	LAC17, LAC2, LAC4



	miR157
	Anthocyanins synthesis
	SPL10, SPL11, SPL15, SPL2, SPL9







miRNA analysis was performed as described, selected and tested in fruit development.
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