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ABSTRACT 
 

Micro-RNAs (miRNAs) are non-coding RNA molecules (18-25 nucleotides in length) 

encoded by genome that escort the associated proteins towards hybridization sites located in 

mRNAs, resulting in repression of gene expression. miRNAs function as key players in the 

regulations of genes involved in various biological processes through post-transcriptional 

regulation of target genes. miRNAs are generated from RNA precursors that have a stem-loop 

structure with imperfect complementarity. Agave species exhibit exceptional tolerance to 

environmental stresses due to CAM photosynthesis, wax deposition, and protective leaf 

morphology. Such characteristics makes this species an excellent candidate for the exploration of 

genomic information governing mechanisms underlying such extra-ordinary features. Research in 

the area of miRNAome and gene silencing in Agave sisalana is needed for getting insights into the 

stress tolerance mechanisms. 

The current study was ambitioned to explore the array of miRNAs that could be identified 

with the use of computational tools from RNA-seq (transcriptome assembly) of A. sisalana and to 

explore miRNA targeting of A. sisalana Universal Stress Protein (AsUSP) family genes under 

biotic stress. Using a total of 6,880 non-redundant plant miRNAs (fetched from miRbase 

repository) including pathogen responsive miRNAs, a total of 74 potential candidate miRNAs 

were predicted from 67,328 unigenes in transcriptome assembly of A. sisalana using miRNA 

prediction pipeline based on comparative genomics approach and secondary structure analysis of 

miRNA precursors. Small and large RNA fractions were extracted from the leaf tissues of A. 

sisalana under bole rot disease and cDNAs were generated. All the 74 predicted miRNAs were 

tested for experimental validation and 48 were validated using poly(A)RT PCR for miRNA 



 

   xxi 

 

amplification, from the small RNA fraction extracted from A. sisalana under infection with 

Aspergillus niger, and found to be targeting 5,680 genes in TAIR v.10 including 23 USP family 

genes (PF00582). 

A. sisalana USP family genes were identified among 67,328 unigenes using TransDecoder 

and HMM3 search that predicted of 9 (nine) full length open reading frames (ORFs) belonging to 

the USP family. These nine genes were amplified to full length, cloned in E. coli TOP 10 using 

pCR®II vector, confirmed through restriction analysis with EcoRI and sequenced. Target 

prediction analysis of asi-miRNAs against AsUSP genes using three miRNA target prediction 

algorithms i.e. RNAhybrid, psRNATarget and psRobot, revealed a total of 406 unique miRNA 

target sites in AsUSP genes. From the consensus (intersection) of the three algorithms, 18 common 

miRNA target sites were found with minimum free energy (mfe) ratios ranging from 0.55-0.74. 

3D structures of asi-miRNAs and AsUSP genes were modelled and the intermolecular interactions 

between miRNAs and target genes were explored through Molecular Docking analysis using 

Haddock server. The complexes asi-miR2118l-AsUSP Gene 1, asi-miR165a-5p-AsUSP Gene 2, 

asi-miR166b-AsUSP Gene 2, and asi-miR482a-3p-AsUSP Gene 7 showed stronger interactions 

and with a greater reliability based on docking scores and RMSD values, respectively. Considering 

both hybridization potential (i.e. mfe ratio) and docking scores, it was concluded that asi-

miR2118l-AsUSP Gene 1 (mfe ratio 0.72, Haddock score -24.5 +/- 10.2), asi-miR166b-AsUSP 

Gene 2 (mfe ratio 0.63, Haddock score -37.2 +/- 11.6) and asi-miR482a-3p-AsUSP Gene 7 (mfe 

ratio 0.61, Haddock score -31.8 +/- 7.4) are more likely to lead to the predicted effect i.e. target 

mRNA cleavage or translational inhibition. 

Biotic stress was induced in A. sisalana plants through inoculation of Aspergillus niger (a 

pathogen that causes bole rot disease in A. sisalana) suspension into the bole region. Mean total 
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Chlorophyll content was reduced to 0.77 mg/g FW upon infection development as compared to 

control, in which the Chlorophyll content was measured to be 1.75 mg/g FW (P<0.01). 

Microscopic examination of transverse sections of leaves indicated differences between leaf 

tissues of infected and uninfected plants. 

Through this study, the possible interactions between As-miRNAs and the USP genes of A. 

sisalana have been predicted, further confirmation of these miRNA-USP gene interactions and 

functional investigations of these miRNAs can be performed through in-vitro, wet-lab 

experimentation to further uncover their roles and function in biotic stress in A. sisalana. Results 

of this study will pave way towards understanding the mechanism of miRNA-mediated gene 

regulations under biotic stresses in A. sisalana. Moreover, small RNA-seq analysis of A. sisalana 

under control and biotic stress can be performed which can reveal novel miRNA sequences in A. 

sisalana and their differential expression under control and biotic stress can unveil miRNAs which 

are differentially expressed and play role in gene regulation of A. sisalana under biotic stress. 

Differential expression profiling of As-USP genes identified in this study, under control and biotic 

stress, can be conducted to further investigate their role in defense to infection by A. niger. Results 

of this study will also pave the way towards development of molecular based strategies to improve 

tolerance to A. sisalana to the bole rot disease caused by A. niger through over-expression of USP 

genes after confirmation of their role in pathogen defense. 
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1. INTRODUCTION 

The foundation of molecular biology lies in the genetic code located within the DNA of an 

organism which is transcribed to RNA for protein synthesis. The discovery of double helical 

structure of DNA in 1953 was a breakthrough after which many advancements were made in the 

field of Genomics and Molecular Biology. RNA, collectively referred to as transcriptome, has 

complex genomic structures with coding and non-coding regions and intermediate molecules 

between genes and proteins. Analysis of RNA is important for understanding the processes 

occurring in genome and, origin and development of diseases in an organism (Ergin et al., 2022). 

 Among the non-coding repertoire of genome, micro-RNAs (miRNAs) act as key players 

in the regulations of genes as observed initially in Caenorhabditis elegans, where they were 

identified to be functioning in determination of various timings of the development events (Sun et 

al., 2020). Developments in DNA and RNA sequencing generates vast amounts of sequencing 

information that can be utilized for the purpose of discovery of miRNAs and their targets (Pritchard 

et al., 2012). High throughput Next Generation Sequencing (NGS) and comparative genomics 

based computational methods have been shown to be fruitful in discovery of miRNAs. With the 

data source accessible from NCBI (National Center for Biotechnology Information), bioinformatic 

approaches can be applied on the NGS data for prediction of miRNAs. Homology based approach 

on transcriptomic database using conserved miRNA from other species as query sequences, based 

on the principle of searching for conserved sequences that fold into extended hairpin structure, can 

help in identification of orthologs and paralogs of miRNAs (Gomes et al., 2013; Zhang et al., 

2006). 

As per Food and Agriculture Organization of the United Nations (FAO), plants make up 

about 80% of the human diet. Productivity of plants with efficiency is rudimental for ensuring 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/paralogy
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nutritious, safe, affordable, and sufficient food supply to ever-expanding human population (FAO, 

2017). Crops are exposed to various biotic and abiotic stresses (such as extreme temperatures, 

salinity, draught and pathogens) that compromise the yield by reducing production (Pandey et al., 

2017). Stress factors coupled with fluctuating climatic conditions around the world act as a major 

challenge that influences crop production (Kar & Raichaudhuri, 2021). On exposure to stress, post-

regulation of gene expression comes into play and try to restore the cellular homeostasis and 

alleviate the stress (Kawaguchi et al., 2004). 

Agave sisalana is an herbaceous monocotyledonous plant. Originally from Central 

America and Mexico, A. sisalana is naturalized in many other countries of the tropics, subtropics, 

and warm and temperate areas (El Mokni & Verloove, 2021). The plants have a large rosette of 

thick fleshy leaves, each ending generally in a sharp point, and are indigenous to both arid and 

semi-arid regions (Escamilla-Treviño, 2012). It has many uses owing to properties of its fiber and 

also due to medicinal properties of its extracts (such as antimicrobial, anti-inflammatory and 

anthelmintic activities) (Domingues et al., 2010). A. sisalana exhibits exceptional tolerance to their 

xeric environments, and employ various strategies to cope with environmental constraints (Sarwar 

et al., 2019). 

Habitats of Agave sp. vary from a range of dry to humid environments and they have 

developed biological mechanisms to endure and survive under changing climatic conditions 

(Batcho et al., 2022). Many species of Agave have been used in producing spirits (e.g., tequila), 

food, forage, drinks, drugs, weaving, paper and construction materials. Agave are known to 

accumulate sugars and other commercially important substances in large quantities and therefore 

have proved to hold immense potential for biofuel production.  (Mousumi et al., 2010). 
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Aspergillus niger belongs to the genus Aspergillus which includes a set of filamentous 

fungi that generally reproduce asexually; however, perfect forms reproducing sexually have also 

been seen (Pöggeler, 2002). A. niger has the ability of growth in the temperature range of 6–47°C 

with a relatively high temperature optimum at 35–37°C, and over a wide pH range i.e., 1.4–9.8. 

The water activity limit for A. niger (0.88) growth is relatively high compared with other 

Aspergillus species (water activity is the ratio of vapor pressure of water over a sample to the vapor 

pressure of pure water at the same temperature and is ranged from 0.0-1.0; as most of the foods 

have water activity >0.95, greater is the likelihood of fungal spoilage). Such abilities favor plentiful 

production of conidiospores, which are spread through the air and tend to inhabit warm and humid 

areas (Schuster et al., 2002). Aspergilli, being ubiquitous in nature, have a wide geographical 

distribution and exist in an array of habitats due to their ability to grow on a broad range of 

substrates (Gautam et al., 2011). Usually, A. niger is a common fungus growing as saprophyte on 

dead matter (e.g. leaves), compost piles, stored grain and other vegetation under decay process 

(Sharma, 2012). Diseases caused in plant species include but not limited to black rot of onions, 

crown rot of peanuts, tuber rot of yam, black mold rot of cherry, fruit rot of grapes and banana, rot 

of tomatoes, stem rot of Dracaena (Gautam et al., 2011). A. niger falls in the category of black 

aspergilli and is one of the pathogenic agent causing bole rot disease of Agave sisalana (Coutinho 

et al., 2006). 

Microscopic observation of Aspergillus niger has indicated its morphological features. 

Conidiophores- (a conidia-bearing hyphae or filaments) are smooth walled, translucent, and 

turning dark towards the vesicle.  Head of conidia (asexual reproductive spores) are biseriate 

(arranged in two rows) with the phialides (dilated part of the top of conidiophore) existing on often 

septate metullae (brown appearance). Conidia show globose (spherical) to subglobose (imperfectly 
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spherical) appearance and dark brown to black color with diameter of 3.5-5.0 µm, and rough walls 

(Andge et al., 2017). 

Universal Stress Proteins (USPs) are 15-30 kDa (molecular weight) which accumulate in 

organisms under unfavorable conditions. USP domain (PF00582) contains a conserved motif G-

(2X)-G-(9X)-G-(S/T) in the structure and nucleotide-binding/hydrolyzing activity is a key feature 

of USPs. Under stressed circumstances, USP genes are upregulated and are expressed in 

substantial amounts by cells. Over-expression of these proteins allows organism to withstand stress 

conditions; however, the underlying mechanisms remain elusive. A great structural diversity has 

been observed in USPs (Tkaczuk et al., 2013). USP family genes in A. sisalana have not been 

identified/explored hitherto. 

 A. sisalana has developed a series of biological mechanisms to cope with and thrive in a 

range of conditions. To date, very little of the research related to non-coding RNA based gene 

regulation has been carried out in A. sisalana despite it being exceptionally tolerant to various 

environmental stresses- one of the reasons being a lack of reference genome. Studies on disease 

response genes in relation to miRNAs in Agave sp. is an area yet to be explored to understand 

defense mechanisms in A. sisalana. Recently the transcriptome of A. sisalana has been sequenced 

through NGS (RNA-Seq) (Sarwar et al., 2019) which can be utilized for prediction of miRNAs 

which act as key regulators of various biological processes including adaptation under extreme 

conditions. Moreover, there is a lack of research related to pathogen responsive genes/ genes of 

the defense system such USP genes and their expression regulation under biotic stress (a usual 

form of which is the bole rot disease of A. sisalana caused by black aspergilli including A. niger). 

The aims and objectives of the current study were prediction of miRNAs in A. sisalana 

from the transcriptome (RNA-seq data), based on comparative genomics approach and analyzing 
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various characteristics of miRNA precursor sequences. Moreover, the study was directed towards 

experimentally validating the expression of predicted miRNAs under biotic stress (infection with 

A. niger) and analyzing target genes in The Arabidopsis Information Resource (TAIR) v.10 as 

reference and further, to identify the potential pathogen responsive genes specifically USP genes 

in A. sisalana from the transcriptome and confirmation of genes through amplification and 

sequencing analysis. Further, the research was aimed at exploring the targeting and interactions 

between the experimentally verified miRNAs and USP genes, which potentially play a role in 

pathogen response in A. sisalana. 
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2. REVIEW OF LITERATURE 

2.1 Micro-RNAs 

Micro-RNAs (miRNAs) are non-coding RNA molecules (18-25 nucleotides in length) 

encoded by genome that escort the associated proteins towards hybridization sites of mRNAs 

resulting in interference in transcription, translation, or epigenetic processes in eukaryotes and 

viruses (Eldem et al., 2013; Han et al., 2013). The importance of miRNAs was not acknowledged 

due to technological and methodological limitations until the discovery of two miRNAs, lin-4 and 

let-7 in Caenorhabditis elegans (nematode) in 1993 and a kairotic moment in the field of miRNAs 

and 3`UTRs was the identification of homologs of let-7 in other species (such as Homo sapiens). 

In the year 2002, a few researchers discovered numerous miRNAs in Arabidopsis by Northern blot 

which was the first evidence of miRNA existence in plants and further research on Arabidopsis 

miRNAs laid down a framework of comprehending miRNA biogenesis and function (Llave et al., 

2002; Mette et al., 2002; Reinhart et al., 2002). 

Key advancements in sequencing technologies occurred parallel and galvanized a 

collaborative effort of sequencing that resulted in generation of a plenty of data for prediction of 

miRNAs; this lead to discovery of thousands of new miRNA sequences (Lau et al., 2001; Nobuta 

et al., 2010). As the cross-species conservation of miRNAs has been found, miRNAs were 

indicated to be involved in a multitude of functional processes in metazoans including 

development, metabolism, signaling and immune system (Ameres & Zamore, 2013). 

Advancements in bioinformatics and development of tools for miRNA research have 

speeded up the discovery, prediction and analysis of miRNAs including their structures and 

potential targets (L. Chen et al., 2019; Eldem et al., 2013). miRNA regulation of gene expression 

is not only restricted to controlling developmental timing, cell differentiation, proliferation and 
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apoptosis, but they are also involved in interactions of host with pathogen (Kulshrestha et al., 2020; 

Liu, 2008; Šečić et al., 2021). 

2.2 miRNA Biogenesis 

miRNAs are generated from RNA precursors that have a stem-loop structure with 

imperfect complementarity (Meng et al., 2013). miRNAs are encoded by MIRNA genes and the 

length of such genes is uncertain (Zhang et al., 2007). While the plant MIRNA genes mainly harbor 

at intergenic regions, genes encoding animal MIRNA can be located at any position in the genome 

including the coding repertoire (Millar & Waterhouse, 2005; Zhang et al., 2007). 

 Similar to protein coding genes, RNA polymerase II is involved in transcribing MIRNA 

genes, albeit certain miRNAs are transcribed by another type of RNA Polymerase i.e. RNA 

Polymerase III (Faller & Guo, 2008). The resulting miRNA transcripts produced initially as a 

result of transcription are referred to as pri-miRNAs (primary miRNAs). These pri-miRNAs 

undergo the process of capping and polyadenylation in both plants and animals (Z. Gao et al., 

2021). 

The process involved in converting pri-miRNAs to functionally mature miRNAs is 

complicated involving multiple steps and many enzymes are associated with biogenesis of 

miRNAs (Sun, 2012). As of now, the major genes coding for miRNA biogenesis enzymes are 

homologous in animals and plants with the exception of Drosha (which is RNase III endonuclease 

and its homologue has not been found in plants) (Sun, 2012). 

pri-miRNAs have one or more long hairpin structures in addition to capping and 

polyadenylation features (Xie et al., 2005), and are able to undergo cleavage by multiple protein 

complexes e.g. DCL1 (dicer-like1), double-stranded RNA-binding protein Hyponastic Leaves 

(HYL1), C2H2-zinc finger structural protein Serrate (SE), and G-patch structural protein TGH 
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from either “base-to-loop” or “loop-to-base” direction to produce pre-miRNA (precursor miRNA) 

(Wang et al., 2019). This process is occurring in the D-body or SmD3/SmB-body which is a 

nuclear processing center (Z. Gao et al., 2021; Sun, 2012). 

Pre-miRNAs are processed into miRNA:miRNA* duplexes, which have 2 nucleotides 

overhang at 3’ end of both strands, and these duplexes can undergo convenient degradation by 

Small RNA Degrading Nuclease (SDN) -a category of exonucleases (Ramachandran & Chen, 

2008). Hua Enhancer 1 (HEN1), a small RNA methyl transferase, causes immediate methylation 

of the 3’ end nucleotides of both strands in the miRNA:miRNA* duplexes and enhances their 

stability, and thus uridylation and degradation of the duplexes is prevented (Yu et al., 2005). 

 miRNA/miRNA* duplex is then transported to cytoplasm and the process is aided by 

methylation as well as by a plant homologue of expotin-5 i.e. HASTY (exportin-5 in animals is 

involved in shipment of pre-miRNA from nucleus to cytoplasm) (Axtell et al., 2011). 

In the cytoplasm, miRNA/miRNA* duplex is dis-united and the miRNA strand is loaded 

in the RNA-induced silencing complex (RISC) which leads to synthesis of a miR-RISC complex 

(Calviño et al., 2011; Chen, 2005). ARGONAUTE 1 (AGO1) which is an intrinsic component of 

RISC causes cleavage of the target mRNA at the center if miRNA-mRNA duplex. Discordant with 

animal miRNAs, most of the plant miRNAs bring about cleavage of target mRNAs instead of 
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inhibiting translation (Zhang et al., 2007). An overview of various major processes involved in 

biogenesis and action of miRNAs in plants are presented in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: An overview of various major processes involved in biogenesis and action of 
miRNAs in plants (Zhang et al., 2022) 
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2.3 Next-Generation Sequencing (NGS) 

Next-generation sequencing (NGS) involves high-throughput, deep, and in-parallel DNA 

sequencing techniques that were established a few decades after Sanger DNA sequencing 

technique was first launched in 1977 (Mardis, 2008). Unlike the Sanger method, NGS has the 

possibility to perform enormously parallel analysis as it proved to be exceptionally high throughput 

using a large number of samples at a reduced cost comparatively (Mardis, 2011). 

NGS has the capability to sequence billions of DNA nucleotides in parallel analysis, 

thereby resulting in substantial output and minimizing the requirement of other fragment-cloning 

techniques which were needed with the Sanger sequencing method (Metzker, 2010). Establishment 

of NGS platform has brought a revolution in the field of genomics and modernization of the whole 

field of molecular biology. Nowadays, the major suppliers of high throughput instruments for NGS 

include the Illumina/HiSeq Genome Analyzer, Life Technologies, Helicos Biosciences, ABI 

SOLID system (Applied Biosystems), and Roche 454 Genome Sequencer. 

i) On an NGS platform, input DNA fragmentation occurs, and the DNA library is 

produced either by the amplification or the ligation with other custom adapter 

sequences. The adapters let the hybridization of library to sequencing chips and play 

its role as a general priming site for the (other) sequencing primers (Meera Krishna et 

al., 2019). 

 

ii) Afterwards, each library fragment is amplified on some solid surface (beads or any flat 

silicon derivative surface) which covalently linked DNA linkers that bind with the 

library adapters. The amplification leads to the creation of DNA clusters (each 

produced from a single library fragment). Each cluster then sequenced as a unique 

sequencing reaction (Üner, 2020). 
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iii) Sequence of each cluster is then optically read through light or fluorescent signals by 

repeated nucleotide incorporation cycles (McCombie et al., 2019). Cycling condition 

is dependent on the instrument being used. Reversibly fluorescent and terminated 

nucleotides are incorporated with repeated cycles followed by signal accession and 

removal of the terminator groups and fluorescent groups (Olliff et al., 2022). 

 

iv) At the conclusion of the sequencing reaction, raw data is generated which is a collection 

of the DNA sequences generated at each cluster. To generate useful results, this data is 

further analyzed. An NGS platform may differ from another mainly with regards to the 

technical details accompanied with sequencing reactions (Meera Krishna et al., 2019; 

Üner, 2020). 

2.4 RNA Sequencing (RNA-Seq): A Method for Transcriptome Analysis 

RNA sequencing (RNA-seq) emerged in 2008 for a comprehensive study of transcriptome 

and it is also a high-throughput technology (Wang et al., 2009). RNA-seq makes use of a set of 

experimental techniques to synthesize cDNA sequences from a repertoire of all RNA molecules. 

This is followed by library creation and enormously parallel deep sequencing (Han et al., 2015). 

RNA is separated from the biological material of interest at the beginning of the method. 

Then, specific protocols are used to isolate certain subsets of RNA molecules, such as the poly-A 

selection technique to enrich for polyadenylated transcripts or the ribo-depletion protocol to 

remove ribosomal RNAs. Reverse transcription is used to create cDNA from RNA, and sequencing 

connecters (adaptors) are attached to the ends of the cDNA fragments, followed by amplification 

and sequencing of RNA-Seq library on an NGS platform (Kukurba & Montgomery, 2015).  
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2.5 Applications of RNA-Seq 

RNA-Seq has application in food and agriculture as well as in health sciences, ranging 

from differential gene expression, alternative splicing, allele-specific expression, variants calling, 

alternative polyadenylation site usage and detection, precisely locating regulatory elements, 

circular RNAs, microRNA profiling, meta-transcriptomics and systems biology (Arnold et al., 

2013; Conde et al., 2013; Sripathi et al., 2021). In stem cell biology and neuroscience, single-cell 

RNA-seq analysis has been extensively employed to examine cellular heterogeneity and diversity 

(Wilson et al., 2015). 

Utilizing RNA-seq, it is possible to quantify the relative changes in each transcript 

abundance level over the course of development or in response to various treatments. With a single 

base pair resolution, an enormous dynamic detection range, and little background signals, RNA-

seq enables unbiased investigation of the transcriptome. Unlike the techniques based on 

hybridization,  it is not confined to probing of particular probes on an array, and it is applicable to 

the species for which complete reference genome has not been known yet (Han et al., 2015) 

The use of RNA-seq has been notable for discovering various novel transcript types such 

as long non-coding RNA, miRNA, siRNA, and other classes of small RNAs (such as snRNA and 

piRNA) that are involved in the regulation of RNA stability, protein translation, or the transition 

between chromatin states (Robertson et al., 2010). The use of alternative promoters and premature 

transcription termination at the 3' end, which is important for mRNA stability, can also be revealed 

by RNA-seq (Wilhelm et al., 2011). 
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2.6 Approaches for miRNA Identification 

 For identification of plant miRNAs, both experimental methods and computational 

(bioinformatic) approaches have been implemented by researchers. Initial approaches towards 

miRNA identification were focused on direct cloning techniques and it has been utilized for 

identification of  miRNAs in various species of plants (Reinhart et al., 2002). Howbeit, direct 

cloning approach being more time requiring, needing extensive lab methods and a high cost has 

been superseded by other approaches for miRNA identification (Sun, 2012). 

Computational approaches have emerged as the understanding about plant miRNAs 

improved specifically about the properties of conservation and secondary structure of miRNAs, 

and this resulted in identification of additional miRNAs from a diversity of plants (Jones-Rhoades 

& Bartel, 2004; Zhang et al., 2005). Lately, as deep sequencing technologies have come to be the 

point of focus and have become easily accessible, even more miRNAs have been discovered and 

functionally characterized in plants (Creighton et al., 2009; Fahlgren et al., 2007). 

Ranging from moss to land plants, evidence has been gathered regarding evolutionary 

conservation of miRNAs in plants (Arazi et al., 2005). Thus, a BLAST-N search using confirmed 

miRNAs from other plants has been a powerful approach towards discovering miRNA 

homologues miRNAs in other plants species. However, relying merely on homology analysis 

remains speculative as miRNAs, being only about 20-22 nucleotide in length, getting a high 

percentage of identity in result of pairwise alignment may not be a powerful evidence of miRNA 

existence (Zhang et al., 2006). 

In order to have a better identification and reducing the chances of false positives, 

homology searches are coupled with the various major characteristics/properties of miRNAs, 

specifically the stem-loop hairpin structures (Zhang et al., 2006). On the basis of the sequence 
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conservation and characteristics of miRNAs, Zhang et al. (2005) established an EST analysis 

method for identification of miRNAs in a large diversity of plant species. Through implementation 

of this approach, 481 miRNAs in total, related to 37 families of miRNAs in 71 disparate plants 

species using greater than 6M EST sequences have been identified. 

EST analysis was also extended to other genomic sequences, with the inclusion of the 

genome survey sequence (GSS) database (Pan et al., 2007). This strategy is being currently used 

by numerous scientists across the world and miRNAs have been identified in important crops such 

as wheat, cotton, switchgrass, soybean, corn, oilseed, apple and tobacco (Dezulian et al., 2006; 

Frazier et al., 2010; Matts et al., 2010). 

2.7 miRNA Prediction from RNA-seq Data 

Analysis of transcriptome (RNA-seq) data to computationally predict miRNAs in different 

plants has been reported by many scientists. Bano et al. (2022) used the leaf transcriptome (RNA-

Seq) data from Cestrum nocturnum L. (147,707 contigs) and Cestrum diurnum L. (145,483 

contigs) and identified miRNAs and their targets in corresponding species in stress responses 

through homology-based approaches and secondary structure evaluation. A total of 32 miRNA 

candidates (harbored in 26 miRNA families and regulating 1024 target genes) were discovered in 

C. nocturnum while a total of 12 miRNA candidates (harbored in 10 miRNA families and 

regulating 1007 target genes) were found in C. diurnum. 

 Jabbar et al. (2021) applied a comparative genomics approach on RNA-seq data of Agave 

deserti consisting of 128,869 Agave contigs. On the basis of nucleotide homology analysis 6,028 

non-redundant plant miRNAs and secondary structure analysis of potential pre-miRNAs, 30 

unique miRNAs belonging to 14 different categories of precursors. Target genes of miRNAs were 

predicted subsequently, and possible functions were defined by functional annotation analysis. 
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 Gadhavi et al. (2020) performed transcriptome-wide identification of miRNAs from 

Bacopa monnieri (a well-known medicinal plant for its nootropic properties) to identify a total of 

12 miRNAs relating to 11 miRNA families and found 68 target genes (human) associated with 

signaling pathways such as NF-kB and MAPK (give full forms). 

 Kalariya et al. (2019) performed screening of 6028 unique plant miRNAs against 272,161 

unigene sequences belonging to Gymnema sylvestre for identification of 16 candidate miRNAs 

that belonged to 12 miRNA families. 

Najafabadi and Naghavi (2018) used RNA-seq data of Ferula gummosa (from root and 

flower samples) to predict 220 miRNAs belonging to 94 families and their targets using 

computational approaches. Regulatory effects of miRNAs (direct or indirect) on target genes 

associated with terpene biosynthesis were predicted through biological network analysis. 

miR5658, miR1533, miR5021, miR414, and miR1436 were among the highly abundant miRNAs 

and were found to be associated with terpene biosynthesis pathway. Differential gene expression 

analysis showed that these miRNAs had a negative correlation with expression of TFs and their 

co-expressed terpene biosynthesis genes. 

Singh and Sharma (2017) identified miRNAs, using ESTs, nucleotide and Sequence Read 

Archive (SRA) data of Curcuma longa. 18 miRNA families were identified, and 16 families were 

found to be associated with regulation of 238 target transcripts. Annotation of target genes and 

analysis of pathway showed the involvement of miR156 and miR5015 in rhizome development. 

miR5021 indicated regulation for biosynthesis of terpenoid backbone and pathways of 

isoquinoline alkaloid biosynthesis, while miR2919 was found to be regulating flavonoid 

biosynthesis pathway. miR1168.2, miR156b and miR1858 were likely involved in biosynthesis of 

curcumin. 
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Prakash et al. (2016) used 7201 sequences of mature miRNAs from 53 species of plants 

for BLAST-N analysis against 99,763 nucleotides entries including TSA dataset (contigs) of 

Rauvolfia serpentina. They identified 15 conserved miRNAs harbored in 13 families. Predicted 

targets of miRNAs included transcription factors as well as targets involved in various processes 

including metabolism, stress response, growth and development. 

Naganeeswaran et al. (2015) used RNA-seq (cotton leaf transcriptome data) of the cultivar 

Chowghat Green Dwarf (SRX436961) .e. 130942 coconut transcriptome unigenes generated using 

an Illumina HiSeq 2000 platform and predicted 16 miRNAs (using homology and structural 

features based approach), which belonged to 11 miRNA families. Targets were identified for 7 

miRNAs and most of the target genes seemed to code for transcription factors. 

2.8 Biotic Stress 

Environmental stress, such as biotic and abiotic stress, limit crop yield and quality by 

limiting plant growth and development. Results of different investigations on model species have 

indicated that thousands of protein coding genes are differentially expressed and such differential 

expression is induced by various environmental stresses (Kar & Raichaudhuri, 2021; Khraiwesh 

et al., 2012). Among the stress-induced genes, some of them have been identified and harnessed 

for improving enhancing tolerance of crops to stress through implementation of transgenic 

technology. Nonetheless, the mechanism involved in regulation of such protein coding genes 

remains largely obscure (Sun, 2012). 

Biotic stress is a state in plant which is induced by biotic agents such as bacteria, fungi, 

insects, viruses, nematodes. To withstand such stressed circumstances, gene expression in plant is 

either up-regulated or down-regulated. Role of miRNAs in regulatory pathways has been 

ascertained through sequencing of small RNAs under stress condition. Zuo et al. (2011) performed 
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sequencing in tomato under biotic stress to reveal several conserved and novel miRNAs (Zuo et 

al., 2011). 

Pathogenic viruses contain DNA/RNA as genetic material which cause infection in plants 

cells by making use of the cytoplasmic machinery or by integration into the host genome. Upon 

viral infection, expression of viral genes is made possible due to the presence of reverse 

transcriptase and RNA-dependent RNA polymerase. miRNAs expression can be changed during 

viral infection that influences the gene expression (Bazzini et al., 2009; Pradhan et al., 2015). 

2.9 Pathogen Responsive miRNAs under Biotic Stress 

In the recent past, miRNAs playing key role in plant response to environmental stress have 

been identified. These miRNAs control the expression of genes coding for proteins under the 

conditions of biotic and abiotic stress (Kulcheski et al., 2011). While understanding regarding the 

function of miRNAs in regulating uptake of nutrients, circadian rhythms and responsiveness to 

abiotic stresses is well-established, a thorough comprehension in immune-regulatory roles of 

miRNAs in biotic stress response still remain insufficient (Šečić et al., 2021). 

Both miRNAs and siRNAs can bring about induction of post-transcriptional gene silencing 

(PTGS) by the way of cleaving/degrading mRNA or inhibition of translation. On the other hand, 

transcriptional gene silencing (TGS) resulting in DNA methylation, modification of histone or 

chromatin is normally regulated by siRNAs and some particular miRNAs (Baulcombe, 2004; 

Chellappan et al., 2004; Cui & Cao, 2014; Vaucheret, 2006; Wu et al., 2015). 

Many small RNAs (sRNAs) and miRNAs have been associated with responses to biotic 

stress. RNA silencing machinery in plants enables pathogen-associated molecular pattern-

triggered immunity and effector-triggered immunity that is helpful in defense against pathogen 

attack or insect herbivores. On the other hand, pathogens also produce effectors and sRNA 
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molecules that assist them in countering the host immune response. Numerous studies have shown 

the roles of sRNAs in plant defense and application of sRNAs for defense against pathogenic attack 

(Iqbal et al., 2017; Jabbar et al., 2019). As a solution for pathogen or insect herbivore attack, 

transgenic plants have been produced with enhanced ability of pathogen resistance (Huang et al., 

2016; Murtaza et al., 2022). 

It is important to have improved food production to confront the challenges of ever-rising 

population of the world and loss of fertile lands. Biotic threats (such as bacteria, oomycetes, 

viruses, fungi and insect pests) limiting food production altogether account for up to 30% drop in 

crop content (both pre- and post-harvest) (Bebber & Gurr, 2015; Flood, 2010). Therefore, it is 

crucial to reveal responses to biotic stress in plants for developing innovative tools of crop 

protection from various pathogens and pests. Activation or suppression of an array of genes in 

plants helps in countering the pathogen infection (Jones & Dangl, 2006). 

Xu et al. (2021) identified miRNA-target gene pairs responsive to fusarium wilt of 

cucumber (Cucumis sativus L.) that is caused by Fusarium oxysporum f. sp. cucumerinum, and 

discovered that miR319a-JRL3, miR6300-BEE1, miR6300-DAHP1 and miR6300-PERK2 were 

involved in regulation of cucumber defense response against fusarium wilt. 

Wu et al. (2020) studied positive regulation of tomato (Solanum lycopersicum) resistance 

against infection caused by Botrytis cinerea (a necrotrophic fungus) by miR319c targeting of 

TCP29, which acts in negative regulation to B. cinerea infection. Transgenic plants over-

expressing miR319c indicated improvement in their resistance to B. cinerea. 

Upregulation of several miRNAs, including miR156, miR167 and miR168, was shown in 

tomato (Solanum lycopersicum) roots colonized by the fungus Pochonia chlamydosporia. The 

predicted targets were associated with pathways controlling defense and regulation of apoptosis 
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(Pentimone et al., 2018). Expression of two miRNAs (miR2911 and miR1030) have been observed 

upon infection of Xenthomonas axonopodis in Populas species. Resistance of Malus hupehensis 

against Botryosphaeria dothidea (a fungal pathogen) is achieved through targeting of AGO1 by 

miR168 (Yu et al., 2017). 

An elevated expression of miR811 and miR845 has been observed in intolerant maize plant 

infected with Exserohilum turcicum (Wu et al., 2014). In cotton infected with Verticillium dahliae, 

an upregulation of miR159 was noted, as well as in Arabidopsis and, like miR166, thereby bringing 

about silencing of the virulence gene- VdHiC-15 in the fungus (Zhang et al., 2016). 

Up-regulated expression of miR168 has been shown during infection of Soybean mosaic 

virus G7 and elevated level of miR168 targeted the AGO1 gene (H. Chen et al., 2015; Pacheco et 

al., 2012; Várallyay et al., 2010). It was observed that infection with Tomato leaf curl virus in 

tomato resistant cultivars showed enhanced content of miR156 and did not show any signs of 

disease (Tousi et al., 2017). Repression of plant effective genes occurs under infection with 

bacterial pathogen resulting in increased disease progression. Under such unfavorable conditions, 

plant responds by expressing certain genes involved with miRNAs (Jin, 2008; Sunkar et al., 2012). 

Two miRNAs m0001 & m0002 have been indicated to be important in imparting resistance 

to resistant eggplant against V. dahliae infection. Many conserved miRNAs including miR156, 

miR159, miR166, miR167, miR169, miR172, miR319 and miR396 are under-expressed after 

attack with fungal pathogen. These miRNAs are involved in regulating the expression of genes 

coding for various transcription factor families (such as ARFs, GRFs, MYBs, NACs, HD-ZIPs, 

SPLs, SCLs and AP2-like factors) (Yang et al., 2013). 

 Zhu et al. (2013) observed a down-regulation of miRNAs ghr-miR482b.2, ghr-miR482c 

and ghr-miR482d.2 in susceptible cultivar Sicot71 (Gossypium hirsutum) under infection with V. 
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dahliae (fungal pathogen), while an up-regulation in expression of several NBS-LRR targets 

(genes involved in pathogen sensing and host defense) of ghr-miR482c and ghr-miR482d was 

observed. 

 Gupta et al. (2012) investigated 8 miRNAs (miR159, miR164, miR167, miR171, miR444, 

miR408, miR1129 and miR1138), in wheat (Triticum aestivum) during stem rust infection (caused 

by Puccinia graminis f. sp. tritici), linked to three varied and independent defense responses at 

cellular level against pathogen attack. 

 In some studies, it is reported that miR159 (having similarity to miR156) showed a down-

regulation in expression in wheat infected with B. graminis and pine infected with C. quercuum 

(Lu et al., 2007; Xin et al., 2010). 

 

2.10 Universal Stress Proteins 

Universal stress proteins (USP) belonging to PF00582 superfamily (COG0589) as per 

Pfam classification are widespread in nature and exist in a wide array of organisms such as archaea, 

bacteria, fungi as well as plants (Tkaczuk et al., 2013). The first USP was identified in Escherichia 

coli (and named as USP-A) and afterwards, five other members (paralogs) of the USP superfamily 

were discovered in E. coli, including USP-C, USP-D, USP-E, USP-F, and USP-G (Gustavsson et 

al., 2002). 

USPs play a role in protein scaffolding, holding and preventing the denaturation of molten 

globular macromolecules, ion scavenging, response to hypoxia, modulating growth and 

development of cells, and cellular protein transport (Chi et al., 2019; Vollmer & Bark, 2018). In 

addition to this, many USPs have exhibited activities of DNA binding, repairing, and refolding 
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which help organisms in protection of nucleic acids (DNA/RNA) from extrinsic stresses (Drumm 

et al., 2009; Kvint et al., 2003). 

 Various kinds of stresses such as drought, high salinity, biotic stress, extreme temperatures, 

nutrient starvation as well as existence of uncouplers, metals and antibiotics can act as signal for 

induction of USP domain containing proteins (Chi et al., 2019; Tkaczuk et al., 2013). In such 

stressed conditions, cell growth may be arrested and USPs establish a natural biological defense 

mechanism (Tkaczuk et al., 2013). 

A broad range of structural diversity has been observed in USPs, conforming to their 

functions in resistance to multiple stresses, owing to the presence of a variety of functional motifs 

joined to the USP domain. These catalytic motifs, in addition to rendering structural diversity to 

USPs, enable a range of biochemical functions already mentioned above. Even so, the molecular 

mechanisms, governing the function of USPs in protecting cells and resistance to stress, remain 

predominantly unexplained (Chi et al., 2019). 

Earliest structure of a USP in Protein Data Bank is that of the hypothetical USP-A type 

protein (MJ0577), crystallized with a bound ATP molecule, from Methanocaldococcus jannaschii 

(PDB ID: 1MJH) (Zarembinski et al., 1998). Sousa and McKay (2001) reported that structure for 

a USP-A from Haemophilus influenzae (PDB ID: 1JMV). In the crystal structure of this protein, 

an asymmetric dimer was revealed having a tertiary α/β fold exhibiting similarity with the MJ0577 

protein. However, the two structures differed significantly such as the triphosphate binding loop 

of the ATP binding motif and H. influenzae USP lacked the ability of binding with nucleotides 

(Kvint et al., 2003; Sousa & McKay, 2001). A consensus sequence G-(2X)-G-(9X)- G(S/T) for 

nucleotide binding was found, but ability of binding with nucleotides differs from protein to 
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protein. Some of the PDB structures of USPs have also been identified to have bound to AMP and 

dAMP (Vollmer & Bark, 2018). 

Structural insights into the USP family proteins, have revealed that USP-A, USP-C, and 

USP-D are single-domain structures composed of 150 amino acids that represent dimerization in 

the crystal lattice. USP-F and G proteins structures also are made from single domains of 

approximately 150 residues and the domain has similarity with one of the domains in USP-E 

structural repertoire. USP-E structure is double-domain and composed of about 300 residues. USPs 

have modular structural motifs and can exist in fusion with other protein domains such as U-box 

domains, KdpD, kinase domains, HATPase domains and domains with unknown functions). The 

additional domain can also be another USP domain (Kvint et al., 2003; Tkaczuk et al., 2013). 

USP classification can directly linked to E.coli USPs: Class I of USPs includes USP-A, 

USP-C and USP-D, Class II includes USP-E and USP-F while Classes III and IV contain USP-E 

domains 1 and 2. The difference classes of USPs have some common interface features and can 

undergo interaction to generate heterodimers and homodimers (Nachin et al., 2008). 

USPs exist both as single-domain proteins and fusions with additional domains. The extra 

domain can be an additional USP domain (as in PA1789 from Pseudomonas aeruginosa POA1), a 

protein kinase domain (as in some plants) or an amino acid permease in combination with two 

USP domains (as in some archaea) (Kvint et al., 2003). Superfamily members of USP can be split 

into two major classes i.e. ATP binding USPs and non-ATP-binding USPs (Vollmer & Bark, 

2018). 
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2.11 Universal Stress Proteins (USPs) in Biotic and Abiotic Stresses 

Stress responsive genes among various gene families have been studied in the model 

species, Arabidopsis thaliana; however, only a few investigations have been conducted regarding 

the role of Universal Stress Proteins. Members of the USP Family have a conserved domain with 

130-160 residues (Bhuria et al., 2019). 

External stress response is initiated in plant by specific receptors that sense external stress 

and pass on the signal into the internal components of plant resulting in activation or expression 

of defense/ protective molecules that act as a shield to plant against the environmental stress (Chi 

et al., 2019). The domain of USP family (Pfam code: PF00582) folds into an α/β subdomain 

structure which is required for a number of signaling processes in cells that are associated with 

cellular defense (Kerk et al., 2003; Tkaczuk et al., 2013) and many stress-resistant metabolic 

pathways (Persson et al., 2007; Sen et al., 2019). All USP proteins belonging to USP family have 

one or more USP domains and in addition can have other catalytic motifs, which have differential 

expression under different parts of plant, under various stages of development or under various 

stress conditions (Li et al., 2010; Wang et al., 2017). 

Expression of a nodule-enhanced gene, AsD243, was observed from roots of Astragalus 

sinicus (Chinese Milk Vetch) infected with leguminous bacterium, Mesorhizobium huakuii 

(having nodule inducing properties). AsD243 gene was noted to have an enhanced expression 

which indicated the role of AsD243 in nodule development. A significant enhancement in 

expression was noticed after 7 days of inoculation i.e. 2 days after the onset of leghemoglobin 

expression in nodules of A. sinicus. The gene for AsD243 encodes a protein with molecular weight 

of 20kD and is related to bacterial USP family and has a high similarity to ATP-binding USPs (the 

MJ0577-type) of bacteria (Chou et al., 2007). 
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Phosphorylation of USPs has been shown to render protection to plant against pathogenic 

attach through activation of defense signaling. Phosphorylation of  AtPHOS32 and AtPHOS34 

(two USPs) by mitogen-activated protein kinases (MAPKs) has been observed after Arabidopsis 

cells were elicited by treatment with Phytophthora infestans zoospores or flagellin-22 (bacterial 

eliciting peptide) (Lenman et al., 2008; Merkouropoulos et al., 2008). 

Observations of such studies strongly suggests the role of plant USPs and their upregulation 

in response to environmental stresses. Functions and molecular characteristics of USPs are 

predominantly unknown, and future studies to gain insights into the function of USPs in defense 

against specific biotic as well as abiotic stresses and the accompanying molecular mechanisms. 

While the physiological roles and diversity of structures of USPs in microorganisms have been 

broadly investigated, only a few studies have in plants (though having numerous USPs) have been 

conducted so far (Chi et al., 2019). 

Arabia et al. (2021) comprehensively characterized USPs in Oryza sativa L. through in-

silico analysis. Profiling of gene expression under various conditions of abiotic stress revealed 

multiple OsUSP genes with differential expression suggesting their involvement in stress-specific 

modules. OsUSP12 had significant upregulation under conditions of salinity, heat, drought, 

dehydration and treatment with GA3. 

 Gou et al. (2020) spotted a novel USP (MfUSP1) from Medicago falcata which was 

induced under multiple abiotic stresses. MfUSP1 over-expression led to an enhanced tolerance to 

various stresses such as osmotic stress, freezing, salinity and oxidative stress induced by methyl 

viologen (MV). It was inferred that MfUSP1 enabled multi-stress tolerance to the plant through 

regulation of antioxidant defense and accumulation of proline under conditions of abiotic stress. 
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 Bhuria et al. (2019) performed a study in which 53 proteins having USP domain were 

identified in the genome of Arabidopsis thaliana. AtUSP9 and AtUSP12 genes showed response 

to multiple stresses in both roots as well as shoot tissues. AtUSP9 was induced under infection 

with various pathogens (biotic stress) and elicitor treatments. Both proteins, AtUSP9 and AtUSP12 

have the potential of being engineered into plants to improve tolerance against different stresses. 

 Melencion et al. (2017) reported the function of an Arabidopsis thaliana USP- AtUSP 

(At3g53990) in cold stress. Over-expression of this gene lead to an enhanced tolerance to cold 

stress due to its function as RNA chaperone. AtUSP localization was noticed in the nucleus and 

cytoplasm and had ability of binding with DNA (both single and double stranded) and luciferase 

mRNA and also had a strong nucleic acid melting activity. Expression of AtUSP in cold-sensitive 

E. coli mutant (BX04) conferred cold and freezing tolerance to the mutants.  

 Udawat et al. (2016) overexpressed a cytosolic abiotic stress responsive USP from 

Salicornia brachiata in tobacco plant and compared transgenic and wild-type tobacco plants 

exposed to salt and osmotic stress. Overexpression of USP gene enhanced growth, reduced 

accumulation of ROS (reactive oxygen species), maintained ion homeostasis and improved the 

physiological condition of tobacco plant under the stresses. 

Elhosseiny et al. (2015) investigated the involvement of USP-A (from Acinetobacter 

baumannii) in combating the oxidative stress response induced by H2O2, and low pH and also 

involvement in the development of pneumonia and sepsis, through cloning and expression in E. 

coli. A. baumannii, pathogen causing infection in blood, urinary tract, and lungs, is becoming 

increasingly resistant to many antimicrobials. USP-A of A. baumannii was found as an important 

therapeutic target for designing novel anti-microbial therapeutics. 
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Attia et al. (2013) determined host response to staphylococcal infection and studied 

Staphylococcus aureus virulence factors through proteome analysis of Staphylococcus aureus 

abscess from wild-type and neutropenic mice. USP2 was found to be abundant in lesions of kidney 

in neutropenic mice was needed for response of S. aureus to stringent stress induced by antibiotic 

Mupirocin. 

 Seifart Gomes et al. (2011) studied three homologous proteins having USP-A domain in 

Listeria monocytogenes under various stress conditions and discovered that these USPs were 

involved in stress response and were associated with survival as tested for growth in vitro and in 

vivo. Three USP-A deletion mutants were exposed to sublethal concentration of hydrogen peroxide 

(oxidative stress) or acidic conditions. Two mutants showed a reduced tolerance to acidic stress, 

while all the mutants had a substantially reduced growth under acidic conditions. 

2.12 Agave sisalana and its Applications 

Agave sisalana is a monocarpic herbaceous plant with a rosette of sword-shaped leaves 

that can grow up to 1.5–2 meters length and a short, stout stem. The plant typically yields 200–

250 leaves that are suitable for commercial use, with each leaf having about 1000 fibres on average. 

Only 4% of the plant's weight is made up of fibres (Kavin & Janagan, 2019). Roots can extend up 

to 35 cm deep. It is a short-lived perennial plant with an annual growth cycle of 150–270 days. 

Depending on the temperature, it can be harvested after 2-4 years of planting and can continue to 

survive for up to 7–12 or even 20 years (EcoPort, http://www.EcoPort.org). A. sisalana mostly 

reproduces via asexual reproduction through suckers that grow from the rhizomes and bulbils 

(Monja-Mio et al., 2019). It is one of the monocarpic plants that forms an inflorescence after 6 to 

9 years before dying (Asfaw, 2011). 

http://www.ecoport.org/
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There are around 200 species of Agave, most of which are found in desert, dry, and semiarid 

conditions in tropical and subtropical regions of the world (Davis et al., 2011). In Central America, 

Agave exists in many varieties, and is widely used and cultivated (Gross et al., 2013). A. sisalana 

is predominantly grown on an extensive scale in Mexico (where it is native), Central America, 

Brazil, Asia, and Africa (Shahzad et al., 2022). 

The genus Agave has significance in terms of social as well as economic factors. A. 

sisalana, sometimes referred to as sisal, is an important source of hard, biodegradable fiber for a 

number of industrial uses (i.e. providing raw materials for the cellulose, automotive, and 

pharmaceutical industries). The manufacturing of composite materials for autos, furniture, 

construction, plastics, and paper products makes use of the robust and coarse fiber of A. sisalana 

(Botura et al., 2011; Magalhães et al., 2017). It is the sixth-most significant fiber crop in the world, 

and A. sisalana is the only source of nearly 75% of the world's hard natural fiber production 

(Shahzad et al., 2022). Fibers from processed sisal are used to production of hats, bags, carpets, 

twine, and rope (Coutinho et al., 2006). Extract from A. sisalana has applications in the 

pharmaceutical industry owing to its constituents having anti-inflammatory, antimicrobial, and 

anthelmintic activities (Botura et al., 2011; Magalhães et al., 2017). 

Agave sisalana and other Agave plants have garnered a lot of interest recently for their 

potential as a feedstock for biofuels on a worldwide scale. Leftover from A. sisalana fiber industry 

is typically dumped in open ponds and utilized as fertilizers. Agave may thrive in marginal soils 

that are unsuitable for food production due to its high productivity in dry and semi-arid climates, 

drought resistance features, and high water usage efficiency (Vuorinne et al., 2021). 

All the plants in the genus Agave are obligatory CAM plants. Beyond nutrient and water 

use efficiency, CAM physiology has advantages in the context of biofuels. CAM plants' highly 
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soluble nonstructural carbohydrate reserves and low lignin content would consume less energy for 

production of fuels, potentially producing feedstock of higher quality (Davis et al., 2011). 

2.13 Bole Rot Disease Caused by Aspergillus sp. 

Agave sisalana has tolerance to multiple stresses including drought and is resistant to many 

pathogens; however, it can be attacked by fungal disease known as bole rot which can cause 

damaging effect on sisal and limit its production (Coutinho et al., 2006). Sisal bole rot disease is 

caused by black aspergilli, including Aspergillus welwitschiae, Aspergillus niger, A. brasiliensis 

and A. tubingensis and may lead to plant death (Coutinho et al., 2006; De Souza et al., 2021; 

Magalhães et al., 2017). 

Bole rot disease causes the aerial parts to appear yellowish and red-colored appearance of 

the bole rot (Santos et al., 2014)- the internal tissues turn brown, bordered by a reddish periphery. 

After a period of 2-3 months of infection, the rot can penetreate into the whole area below the 

meristem. Leaves appear yellow, crumple and eventually disintegrate when the bole is entirely 

rotten. In the production areas, incidence of bole rot disease varies from 5-40% (Coutinho et al., 

2006). 

 In the recent years, bole rot has gained significant attention as it is among the factors that 

cause a downturn in the production of sisal around the world (Santos et al., 2014). Cultivation of 

sisal is significantly important from the socio-economic perspective; thus, strategies for countering 

the disease are being prompted (Magalhães et al., 2017). 

De Souza et al. (2021) screened a total of 497 isolates (from endophytic bacteria from 

various areas of normal and diseased A. sisalana plants) and tested them as potential biocontrol 

agents using A. sisalana discs; among those tested, nine were chosen on the basis of direct 

antagonistic activity. Nine isolates harboring in the genera Bacillus, Brevibacterium, Burkholderia 
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(2 isolates), Paenibacillus, Pseudomonas and Serratia (3 isolates) lead to a significant reduction 

in incidence of bole rot in two field experiments. 

Damasceno et al. (2019) explored Penicillium citrinum as a potential biocontrol agent for 

sisal bole rot. P. citrinum was inoculated into the dual culture medium 72 hours prior to pathogen 

(A. welwitschiae) and led to inhibtion of mycleium growth of pathogen by 65.8%. Moreover, upon 

inoculation in A. sisalana 48 hours prior to pathogen inoculation, it was able to diminish bole rot 

disease up to 90%. 

Barbosa et al. (2018) tested five selected bacterial isolates for their ability of controlling 

bole rot in vitro and in field experiments. Bacterial isolates, individually and in combinations, lead 

to significant inhibition of mycelial growth and germination of A. niger spores. Though no 

synergistic effect was observed in combination, these bacteria could be potentially implemented 

in controlling sisal bole rot in the field. 

Magalhães et al. (2017) reported biocontrol activity of Burkholderia isolates (gram-

negative, obligately aerobic bacteria) from a sand dune leaf litter against bole rot of sisal. Isolates 

were run through various tests and various enzymes, diffusible compounds and VOCs (volatile 

organic compounds) and siderophores were detected in dual culture experiments; isolates had 

ability of solubilizing phosphate and reduce myceial growth as well as spore germination of A. 

niger in vitro. The isolates lessend severity of bole rot by 54 to 77% as determined through two 

independent experiments in field. 
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3. MATERIALS AND METHODS 
 

3.1 Retrieval of mature miRNA Dataset 

 miRNA prediction from RNA-seq data of A. sisalana (Section 3.1-3.6) was performed as 

per previously described by Jabbar et al. (2021) with some modifications. A total of 10,414 mature 

miRNAs belonging to Viridiplantae were downloaded from the miRNA repository miRBase 

(release 22), accessible from  https://www.mirbase.org/cgi-bin/browse.pl and sequence 

redundancy was removed to obtain 6,880 non-redundant miRNAs sub-set, including 850 miRNA 

sequences of plant pathogen responsive miRNA families reported in literature (Table 3.1), which 

were proceeded for miRNA prediction from A. sisalana transcriptome. 

Table 3.1: Summary of pathogen responsive miRNAs, fetched from literature, belonging to 
various miRNA families 

Sr. No. miRNA 
Family 

Type of Pathogen Reported by Number of Non-Redundant 
miRNAs Fetched from miRbase 

1 miR156 Fungus (Xin et al., 2010) 108 
2 miR159 Bacteria/ Fungus/Virus (Zhang et al., 2011) (Wagaba 

et al., 2016; Xin et al., 2010) 
71 

3 miR160 Fungus (Sun, 2012; Zhao et al., 
2012) 

41 

4 miR164 Fungus (Hu et al., 2020; Wang et al., 
2018) 

43 

5 miR167 Fungus (Salamon et al., 2021; Zhao 
et al., 2020) 

66 

6 miR171 Virus, Fungus (Ai et al., 2011; Gupta et al., 
2012; Simón-Mateo & 

García, 2006) 

92 

7 miR172 Fungus (Li et al., 2014) 56 
8 miR319 Virus, Fungus (Jelly et al., 2012; Van Vu et 

al., 2013; Wu et al., 2020) 
50 

9 miR393 Fungus (Pinweha et al., 2015) 26 
10 miR396 Fungus (L. Chen et al., 2015; Soto-

Suárez et al., 2017) 
58 

11 miR398 Fungus (Li et al., 2014) 42 
12 miR408 Fungus (Feng et al., 2013) 33 
13 miR444 Fungus (Gupta et al., 2012) 8 
14 miR472  Bacteria, Fungus (Boccara et al., 2014; Chen 

& Cao, 2015) 
6 

https://www.mirbase.org/cgi-bin/browse.pl
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3.2 RNA-Seq Data Resource 

 Agave sisalana transcriptome (RNA-seq) assembly was accessed from A. sisalana RNA-

seq data reported by Sarwar et al. (2019) (raw data i.e. paired-end reads sequenced on Illumina 

HiSeq 2500 platform, accessible from NCBI SRA database (https://www.ncbi.nlm.nih.gov/sra) 

with SRA accession IDs: SRR5137659, SRR5137661, SRR5137662, SRR5137658, SRR5137663, 

and SRR5137660). The transcriptome assembly included 67,328 non-redundant unigenes (Sarwar 

et al., 2019). A local database was generated with 67,328 unigenes for onward standalone-

BLASTN analysis. 

3.3 Standalone BLAST-N Analysis 

Homology based identification of miRNAs was performed by BLASTN (standalone 

BLAST v2.8.1) by using 6,880 unique (non-redundant) miRNA sequences as query against the 

local database created from sequenced transcripts of A. sisalana, while keeping E value at 10, word 

size as 7, scoring (match: 2, mismatch: -3), gap cost (open: 5, extend: 2) and selecting low 

complexity filter. From the BLAST results, those with full (100%) query coverage were selected, 

having not more than 2 (i.e. less than 3) nucleotides mismatch were filtered for further processing. 

15 miR482 Fungus (Lu et al., 2008; Yin et al., 
2012) 

113 

16 miR1138 Fungus (Gupta et al., 2012) 1 
17 miR1444 Fungus (Chen & Cao, 2015) 3 
18 miR1447 Fungus (Chen et al., 2012) 1 
19 miR1448 Fungus (Chen et al., 2012; Yin et al., 

2012) 
1 

20 miR1450 Fungus (Zhao et al., 2012) 1 
21 miR1917 Fungus (Yin et al., 2012) 1 
22 miR2118 Fungus (Yin et al., 2012) 30 
23 miR5300 Fungus (Ouyang et al., 2014) 1 

Total 852 

https://www.ncbi.nlm.nih.gov/sra
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3.4 Removal of Protein Coding Transcripts 

From the transcripts giving positive hits, sequences 100 bp upstream and downstream of 

target sites were retrieved and exported in FASTA format. These sequences were used as a query 

in standalone BLASTx (v2.8.1) against non-redundant protein database while keeping e-value at 

10, word size 6, scoring (match: 2, mismatch: -3), gap cost (open: 11, extend: 1), BLOSUM62 

matrix and standard genetic code. From the output, sequences with no hits (i.e. non-coding 

sequences) were collected in FASTA format as potential pre-miRNA (miRNA precursor) 

sequences. 

3.5 Prediction of pre-miRNA Stem-Loop (Secondary) Structures 

Mfold accessible from http://www.unafold.org/mfold/applications/rna-folding-form-

v2.php (RNA folding form v2.3) was implemented for the prediction of pre-miRNA secondary 

structures to rule out pseudo pre-miRNAs. As input parameters, linear RNA sequence was 

selected, folding temperature was set at 37 °C, ionic conditions of 1M NaCl without divalent ions 

was used, 5 percent as sub-optimality number, maximum interior/bulge loop size of 30, and energy 

dot plot was turned on while any other parameters were set to default. 

3.6 Selection of Stable Pre-miRNA Secondary Structure 

For each pre-miRNA, %G+C and A+U content, ΔG values (Minimum free energy, unit: -

kcal/mol) of stem-loop structures, Adjusted Minimum Folding Energy (MFE of a 100-nucleotide 

length) and Minimum Free Energy Index (MFEI) were evaluated as mentioned below. 

AMFE= MFE/LP x 100 

 MFEI = AMFE / (G + C) % 

(Where: AMFE: Adjusted Minimum Folding Energy, MFE: Minimum Folding Energy and LP: Length of 

Precursor Sequence) 

 

http://www.unafold.org/mfold/applications/rna-folding-form-v2.php
http://www.unafold.org/mfold/applications/rna-folding-form-v2.php
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Each predicted structure was evaluated as per criteria specified by Jabbar et al. (2021) to 

find stable pre-miRNA secondary structures. miRNA sequences with stable pre-miRNA secondary 

structures were predicted as miRNA candidates to be further confirmed through wet-lab 

experimental validation analysis. Overview of miRNA prediction methods from A. sisalana RNA-

seq data is presented in Figure 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Overview of pipeline for prediction of A. sisalana miRNAs from RNA-seq assembly 
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3.7 Growth of Agave sisalana in Greenhouse 

Agave sisalana grown in greenhouse at Centre of Excellence in Molecular Biology, 

Lahore, Pakistan. The plants were kept under conditions of 25±2°C and 65.5± 5% relative 

humidity and watered regularly. Biotic stress was induced in A. sisalana by infecting with A. niger 

and the effect of biotic stress on various plant parameters was assessed as per methods outlined in 

Section 3.37-3.41. 

3.8 Tissue Sampling for RNA Extraction 

The leaf area targeted for excision was sprayed with 70% ethanol and wiped off the dust 

with clean blotting paper. The central leaf region (about 2g) was excised with sterile surgical blade 

and wrapped with Aluminium foil immediately and placed in liquid Nitrogen flask, for at least 10 

minutes for proper sample freezing. Mortar and pestle was pre-sterilized by autoclaving (121°C, 

15psi for 15 min), dried and cooled at -20°C. Sample was ground thoroughly using mortar and 

pestle to produce a fine powder to be used for RNA extraction. 

3.9 Isolation of Total RNA from A. sisalana 

β-mercaptoethanol (1ml/50ml of extraction buffer i.e., 2% v/v) was added to extraction 

buffer (Appendix-I) (pre-heated at 65°C for 5-10 min in water bath) and the resultant solution was 

placed in water bath at 65°C for 5-10 min. Then, buffer with β-mercaptoethanol added (10 ml 

buffer/ g of sample) was mixed with finely ground sample powder. After 4-5 minute incubation at 

room temperature, the mixture was vortexed for cell lysis (until the mixture became homogenized). 

To the sample-buffer mixture, an equal volume of pre-chilled chloroform: isoamylalcohol was 

added and vortexed for proper mixing, followed by centrifugation at 6000 rpm for 25 minutes at 

4°C. 
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Supernatant was carefully separated and an equal volume of chloroform: isoamylalcohol 

was added to it and vortexed for proper mixing following by centrifugation at 6500 rpm for 30 

minutes at 4°C. Again, supernatant was separated and iso-propyl alcohol equal to the volume of 

supernatant was added to it, inverted the tube a few times for mixing and placed at 4°C for 

overnight, followed by centrifugation at 12,000 rpm at 4°C for 20 min. RNA pellets obtained were 

processed further as mentioned in the following section. 

3.10 Separation of Small and Large RNA Pool 

 Small RNAs (<200 bp) were isolated from Total RNA pellets with the method defined in 

mirVana™ miRNA Isolation Kit (Ambion, Life Technologies). Total RNA (80-100 μg) isolated 

from A. sisalana i.e. the pellets obtained in previous section were pooled and dissolved in a small 

volume of Lysis/Binding Buffer and made up to final volume of 750 μL with Lysis/Binding 

Buffer). Afterwards, 75 μL (1/10 volume) of miRNA Homogenate Additive was added to the 

mixture and mixed well by vortexing/ inverting the tube several times. The mixture was left on ice 

for 10 min. Afterwards, 1/3 volume of 100% ethanol (i.e. 1/3 of the total volume of RNA + 

Binding/Lysis Buffer) was added to the RNA mixture and mixed thoroughly by vortexing/ 

inverting the tube several times. The lysate/ethanol mixture (up to 700 μL) was pipetted onto the 

Filter Cartridge and centrifuged at 5000 rpm for 1 min to collect the filtrate. Centrifugation step 

was repeated until all the lysate/ethanol mixture has passed through the filter (at this point, filter 

will retain large RNA while small RNAs will pass with the filtrate through the filter; these filters 

were stored temporarily at 4°C till the washing step). Collected filtrates were pooled together. To 

the collected filtrate, 2/3 volume of 100% ethanol was added and mixed thoroughly. The 

filtrate/ethanol mixture (up to 700 μL) was applied onto a new Filter Cartridge and centrifuged at 

5000 rpm for 1 min and discarded the flow-through. Centrifugation was repeated until all the 
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filtrate/ethanol mixture has passed through the filter. Filters containing large RNA and small RNA 

were processed further to the washing step i.e. 700 μL miRNA Wash Solution 1 was added to the 

Filter Cartridge and centrifuged for 1 min at 5000 rpm, and discarded the flow-through from the 

collection tube. Wash Solution 2/3 (500 μL) was added to the Filter Cartridge and centrifuged for 

1 min at 5000 rpm and removed the flow-through. Washing step with Wash Solution 2/3 was 

repeated and Filter Cartridge was placed in the same collection tube and the assembly was spun 1 

min at 10,000 rpm to remove residual fluid from the filter. Filter Cartridge was placed into a fresh 

Collection Tube and 50 μL of pre-heated (95°C) Elution Solution was applied to the center of the 

filter and incubated at room temperature for ~2 min, followed by centrifugation for 1 min at 10,000 

rpm to recover the RNA. Collected eluates of large RNA and small RNA were stored at –80°C . 

RNA quantification was performed using Nanodrop Spectrophotometer, and absorbance values at 

230 nm, 260 nm and 280 nm were used for assessment of RNA quality. 

3.11 Polyadenylation of Small RNA Pool 

 A poly(A) tail was added to the small RNA fraction in poly(A) tailing reaction (50 µL) 

using E. coli Poly A Polymerase (AM2030, Invitrogen). Reaction mixture was prepared as given 

in Table 3.2 and incubated at 37°C for 1 hour, and held at 4°C. 

Table 3.2: Reaction mixture for generation of poly(A)tailed RNA from miRNAs 

 

 

 

Component Volume (µL) 

small RNA (~33.3 ng/µL) 15 µL (0.5 µg) 
25 mM MnCl2 5 µL 
10 mM ATP 5 µL 

5X E-PAP Buffer 10 µL 
2U/µL Poly(A) Polymerase 1 µL 

Ultra-PureTM (RNase free) water 14 µL 
Total 50 µL 
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3.12 Precipitation of Poly(A) RNA 

Afterwards, the poly(A) tailed RNA was precipitated by adding double volume of ice-cold 

100% ethanol and mixing several times by inversion and placed at -20°C for 30 min-1 hour. 

Poly(A)RNA precipitate was centrifuged at 12,000 rpm for 10 min and supernatant was discarded 

supernatant. Pellet was washed with 70% ethanol and centrifuged again at 12,000 rpm for 10 min 

and air-dried at 37°C for 5 min. Poly(A)RNA pellet was re-dissolved in 20 µL of de-ionzed Ultra-

PureTM (RNase free) water. 

3.13 cDNA Preparation with Reverse Adaptor 

 From the Poly(A) RNA transcripts, cDNA was prepared using the SuperScript® III First-

Strand Synthesis System for RT-PCR (Invitrogen). Approx. 1 µg of Poly(A)RNA was used in 

cDNA Synthesis Reaction. The following adaptor sequence was used in the cDNA synthesis 

reaction: 

5’-CGAACATGTACAGTCCATGGATAGTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’ 
(where V= G/A/C, and N: G,A,T,C) 

For cDNA preparation, a mixture (10 µl) was prepared on ice by mixing the components 

as specified in Table 3.3. 

Table 3.3: Reaction mixture for cDNA preparation from poly(A)tailed RNA 

Component Volume 

Poly(A)RNA 7.5 µl (1 µg) 
50µM Reverse Adaptor 1 µl 
10 mM dNTP mix 1 µl 
Ultra-PureTM (RNase free) water 0.5 µl 
Total 10 µl 
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The mixture was incubated at 65°C for 5 min for denaturation and placed on ice for at least 

1 minute. cDNA synthesis mixture was then prepared by mixing the components on ice as 

mentioned in Table 3.4. 

Table 3.4: Composition of the cDNA synthesis mixture 

Component Volume 

10x RT Buffer 2 µl 
25mM MgCl2 4 µl 
0.1 M DTT 2 µl 
RNaseOUT™ (40 U/µl) 1 µl 
SuperScript™ III RT (200 
U/µl) 

1 µl 

Total 10 µl 
 

cDNA synthesis mixture was then added to the mixture containing poly(A)RNA and 

pipetted a few times for proper mixing, followed by cDNA synthesis reaction at 50°C for 50 min 

and termination at 85°C for 5 min. After a brief centrifugation, 1 µl of RNase H was added and 

incubated at 37°C for 20 min for removal of remaining RNA. cDNA mixture was chilled on ice 

and store at -20°C. A positive control reaction was also run parallel with HeLA RNA and reverse 

primer of β-actin gene (5'-CAAACATGATCTGGGTCATCTTCTC-3’ available in SuperScript® 

III First-Strand Synthesis System for RT-PCR (Invitrogen)). A negative control was also run with 

the use of no RNA. 

3.14 Primers Designing for Poly(A)RT PCR 

 Primers were designed for amplification of cDNA transcripts by using the miRNA 

sequence as forward primer (miRNA specific primer) and a reverse (adaptor) primer (common 

primer having complementarity to the adaptor used in cDNA synthesis from Poly(A)RNA).  

Universal (reverse) adaptor sequence: 5’-CGAACATGTACAGTCCATGGATAG-3’ 
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Table 3.5: Details of forward (miRNA specific) primers used in Poly(A)RT PCR 

Sr. No. miRNA miRNA Specific Forward Primer Sequence Length Tm 

1 asi-miR159b-3p TTTGGATTGAAGGGAAGGCTCTT 23 61 

2 asi-miR161 TGAAAGTGACTACATTGAGGT 21 56.7 

3 asi-miR165a-5p GACTGTTGTCTGGCTCGAGG 20 64.5 

4 asi-miR166b GGACTGTTGTCTGGCTCGAGG 21 66.5 

5 asi-miR166c-5p GGGACTGTTGTCTGGCTCGAG 21 66.5 

6 asi-miR168-3p TCTCGCCTTGCATCAAGTGAAT 22 60.8 

7 asi-miR168a TCGCTTGGTGCAGGTCGGGAA 21 66.5 

8 asi-miR168a-3p CCCGCCTTGCGCCAAGTGAA 20 66.6 

9 asi-miR168b-3p CCCGCCTTGCGCCAAGTGAAT 21 66.5 

10 asi-miR168b TCGCTTGGTGCAGGTCGGG 19 66.6 

11 asi-miR168 TCGCTTGGTGCAGGTCGGGA 20 66.6 

12 asi-miR168-5p TCGCTTGGTGCAGGTCGGGAAC 22 68.3 

13 asi-miR169d TAGCCAAGGAGACTGCCTATG 21 62.6 

14 asi-miR169a-3p GGCAAGTCATCCTTGGCTAC 20 62.4 

15 asi-miR169b-3p GCAGTCTCCTTGGCTACT 18 59.9 

16 asi-miR393b-3p TCATGCGTTCCCTTTGGAATT 21 58.7 

17 asi-miR395 CTGAAGTGTTTGGGGGAACTC 21 62.6 

18 asi-miR395e TGAAGTGTTTGGGGGAACTC 20 60.4 

19 asi-miR395b-3p AAGTGTTTGGGGGAACTC 18 57.6 

20 asi-miR395a TGAAGTGTTTGGGGGAACTCT 21 60.6 

21 asi-miR399f GGGAGCTCTGCTTTGGCAGG 20 66.6 

22 asi-miR444b TTGCTGCCTCAACCCTGCTGC 21 66.5 

23 asi-miR528 TGGAAGGGGCATGCAGAGGAG 21 66.5 

24 asi-miR535b TGACAATGAGAGAGAGCACGC 21 62.6 

25 asi-miR535-3p GTGCTCTTTCTCGTTGTCCCC 21 64.5 

26 asi-miR535d TTGACAATGAGAGAGAGCACG 21 60.6 

27 asi-miR5655 AAGAAGACACTTAAGAAGGAG 21 56.7 

28 asi-miR6156 TTGAAAATTGTTCTATTTCTGT 22 51.5 

29 asi-miR8005c TTTAGAGTTTAGGGTTTAGGGTTT 24 57.7 

30 asi-miR396 TCCACAGGCTTTCTTGAAC 19 58 

31 asi-miR396e TTCCACAGGCTTTCTTGAAC 20 58.4 

32 asi-miR396a TTCCACAGGCTTTCTTGAACG 21 60.6 

33 asi-miR408b-5p AGGTACGAGGCAGAGCCTG 19 64.5 

34 asi-miR482e TTACCGATTCCTCCCATGCC 20 62.4 

35 asi-miR482c TTGCCCACTCCGCCCATTCC 20 66.6 

36 asi-miR482b-3p TTCCCGAAACCTCCCATACCTA 22 62.7 

37 asi-miR482a-3p TTCCCGAAACCTCCCATACC 20 62.4 

38 asi-miR156c-3p TGCTTGCTCTCTATCTGTC 19 55 

39 asi-miR156f-3p TCTCTCTTCTCCTGTCAT 18 51.4 
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40 asi-miR156a-3p TGCTTGCGCCTCTTCTGTCAGC 22 65.8 

41 asi-miR159b TTGGATTGAAGAGAGCTCC 19 55 

42 asi-miR159c TTGGATTGAAGAGAGCTCCA 20 56.4 

43 asi-miR167d-3p GATAATGTGGTTGCTTCA 18 49.3 

44 asi-miR164 GGGGAAGAGGAGCACATGAA 20 60.5 

45 asi-miR164a-3p CGTGTTCTCCTTCTCCCTC 19 59.5 

46 asi-miR167c-5p TAAGCTGCCAGCATGGATCT 20 58.4 

47 asi-miR167b-3p GTCATGCTGGAGTTGTCAT 19 55 

48 asi-miR172f AGAATCCTGATGATGCTGCA 20 56.4 

49 asi-miR172b GCAGCATTATCTAGATTCA 19 50.9 

50 asi-miR172b-5p GCAGCATCATCAGGATTCTCA 21 59.5 

51 asi-miR172d-5p AACTTCTTCAAGATTCAGA 19 48.9 

52 asi-miR172c-5p AGGATCTTCATGATTCACA 19 50.9 

53 asi-miR319 TGAGTGATGGGGGAGATA 18 53.8 

54 asi-miR319n GGACCGAAGGGAGGCCCT 18 62.9 

55 asi-miR319-5p GCTGCAGATTCATTCATT 18 49.3 

56 asi-miR319c-5p GAGCTTGCTTCAGCCCAC 18 58.4 

57 asi-miR319d AAACTGTTTAGTTCCACC 18 49.3 

58 asi-miR398a-5p GGGTTGGTTTGATAACATAT 20 52.3 

59 asi-miR3981-3p ATTAGGATGCATCTCATC 18 49.3 

60 asi-miR398a TGTGTTTCTCAGGCCACCCCTT 22 64.2 

61 asi-miR398e TGTGTTTCTCAGGCCACCCCT 21 63.2 

62 asi-miR393-5p TCCAAAGGGATCGCATTGAT 20 56.4 

63 asi-miR393c TCCAAAGGGATCGCATTGATCT 22 60.1 

64 asi-miR398-5p AGAGAGCTTAAGAACACAA 19 50.9 

65 asi-miR444d.1 TGCTCCTTCAAGCTTGCTGC 20 60.5 

66 asi-miR444b.1 TGCTGTCTCAAGCTCGCTGCC 21 65.3 

67 asi-miR472b TTTCTCAACTTCACCCATC 19 53 

68 asi-miR1444d AACGTTAAGCGAATGTGA 18 49.3 

69 asi-miR1444c TCACATTCGCTTAACGTT 18 49.3 

70 asi-miR2118l CCTAAGGCTTCCCCTTCCT 19 59.5 

71 asi-miR2118r TTTCCAATGCCTCACATGC 19 55 

72 asi-miR5300 CAGTCTAGGCCTTCCAAC 18 56.3 

73 asi-miR2118k CTTATGCGTCTCATTCCT 18 51.4 

74 asi-miR2118b-5p GGAGATGGGAGGTTTGGTA 19 57.5 
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3.15 Poly(A) RT-PCR for Validation of Predicted miRNAs 

cDNA generated from HeLA RNA, was used as positive control with the following sense 

and anti-sense primers available in SuperScript® III First-Strand Synthesis System for RT-PCR 

(Invitrogen) for amplification of human β-actin gene: 

β-actin gene sense primer: 5'-GCTCGTCGTCGACAACGGCT C-3' 

β-actin gene antisense primer: 5'-CAAACATGATCTGGGTCATCTTCTC-3 

PCR reaction mixture is given in Table 3.6. A negative control reaction for PCR was also 

run parallel without Agave sisalana cDNA. RT-PCR was run with the steps as mentioned in Table 

3.7. 

Table 3.6: Poly(A)RT PCR reaction mixture for miRNA validation 

Component Volume 

cDNA Template 3 µl 
dNTPs (2mM) 2.5 µl 
Forward Primer (10 µM) 1 µl 
Reverse Primer (10 µM) 1 µl 
Taq DNA Polymerase (5U/µl) 0.5 µl 
10x Taq Buffer (with KCl) 2.5 µl 
25 mM MgCl2 2 µl 
De-ionzed Ultra-PureTM water 12.5 µl 
 Total = 25 µl 

 

Table 3.7: PCR profile for poly(A)RT PCR for miRNA validation 

Step Temperature Time Cycle 

Initial Denaturation 94°C 3 min 1x 
Denaturation 94°C 30 sec  

40x Annealing set at 3-5°C lower than 
average Tm of primers 

pair 

30 sec 

Extension 72°C 30 sec 
Final Extension 72°C 5 min 1x 

Hold 4°C ∞ 1x 
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3.16 Target Prediction of miRNAs Against TAIR 

The targets of the identified miRNAs of A. sisalana were searched in the database- 

Arabidopsis thaliana, transcript, removed MIRNA gene, TAIR (The Arabidopsis Information 

Resource) v.10 under default parameters using psRNATarget webserver 

(https://www.zhaolab.org/psRNATarget/analysis). miRNAs were also checked for targeting of the 

USP genes of A. thaliana contained in the TAIR database. 

3.17 Gene Ontology Analysis of Predicted Target Genes 

miRNA target genes of A. thaliana were further analyzed for Gene Ontology using ‘GO 

Term Enrichment for Plants’ server available on TAIR online database and accessible from 

https://www.arabidopsis.org/tools/go_term_enrichment.jsp. The list of gene identifiers was input 

to the server in tab-delimited format and the data was sent to the PANTHER classification system 

(http://pantherdb.org/) to investigate biological processes, molecular functions, and cellular 

components.  

3.18 Prediction of Candidate Coding Regions from A. sisalana RNA-seq 

Assembly 

To find coding regions in RNA-seq (NGS) data of transcriptome of A. sisalana 

(https://www.ncbi.nlm.nih.gov/sra/SRX2457055[accn]), 67,328 unigene sequences in the 

transcriptome assembly were loaded in TransDecoder Module (available in Galaxy 

https://usegalaxy.org/). Parameters were selected as pre-set while minimum protein length was set 

at 100.  

3.19 Hidden Markov Models (HMM) Search for USP Family Genes  

Multiple Sequence Alignment of 62,462 protein sequences belonging to USP family 

(PF00582) were fetched from Pfam server (EMBL) and along with predicted complete 13,102 

https://www.zhaolab.org/psRNATarget/analysis
https://www.arabidopsis.org/tools/go_term_enrichment.jsp
http://pantherdb.org/
https://www.ncbi.nlm.nih.gov/sra/SRX2457055%5baccn
https://usegalaxy.org/
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ORF protein sequences were loaded in Ugene (v41.0) and established Ugene workflow with 

HMM3 under default settings to search for proteins corresponding to USP family (Pfam code: 

PF00582).  

3.20 cDNA Preparation from Large RNA Pool 

Same method was used for cDNA preparation from large RNA pool as given in Section 

3.13 with the use of large RNA fraction instead of Poly(A)RNA and oligo(dT) in place of reverse 

adaptor. 

3.21 Primer Design for Amplification of USP Genes 

Primers for amplification of full-length AsUSP genes were designed using Snap Gene 

software. Primer sequences for amplification of nine AsUSP genes are mentioned in Table 3.8. 

Table 3.8: Primer Sequences designed for PCR amplification of AsUSP genes 

Sr. 

No. 
Primer Name Primer Sequence Length 

Tm 

(°C) 

Expected Product 

Size (bp) 

1 ORF1-F ATGCAAGACTCCGATCGC 18 56 
738 2 ORF1-R TCAAGCATCTTTATGCTCCTCATC 24 56 

3 ORF2-F ATGCCCGATGACGTGACAC 19 58 
489 4 ORF2-R TCACAAAGCTTCTCTCTTGCATCG 24 59 

5 ORF3-F ATGGGAGGAGATAGGAAG 18 50 492 
 6 ORF3-R TCAATGCTTGACGTTTGG 18 52 

7 ORF4-F ATGGAGCCAGTGAACGAAGACG 22 60 
438 

 8 ORF4-R CTACCTTTGGAAGAGGCTCCTCC 23 59 

9 ORF5-F ATGGCAGGCGATCGCACG 18 62 498 
  10 ORF5-R CTACGCACCGTGCACTTCAGAGC 23 63 

11 ORF6-F ATGGCAGCGGCAGTGGAG 18 61 480 
  12 ORF6-R TCACCCAGAGTTCTTCACAACAAGG 25 60 

13 ORF7-F ATGGCGGAGGCGGAGGCG 18 66 
528 

 14 ORF7-R TTAGTGCTTGTGCATGGGCTTGGG 24 63 

15 ORF8-F ATGGAAATTGAAGAGATGAAGG 22 51 
2421 

 16 ORF8-R TCATGGATTCCTGGCTC 17 51 

17 ORF9-F ATGGGATCGGAACCGACT 18 56 528 
  18 ORF9-R TCAATCATCAACTGGATCCTGTG 23 56 

19 β-actin-F GCCAGTGCGGTAACCAGAT 19 60 138 
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20 β-actin-R CGCTCGCCTCGTTGTAGTA 19 60 

3.22 Amplification of Universal Stress Protein Family Genes- PF00582 

For amplification/ PCR reaction, reaction mixture was prepared on ice for each of the 

gene to be amplified as specified in Table 3.9. 

Table 3.9: Reaction mixture for PCR amplification of AsUSP genes 

Component Volume 

cDNA Template 3.5 µl 
PCR 2x Master Mix (Thermo Scientific) 12.5 µl 
Forward Primer (10 µM) 1 µl 
Reverse Primer (10 µM) 1 µl 
Nuclease free (Ultra-PureTM) water 7 µl 
Total 25 µl 

 

PCR reaction was carried out according to the following profile with optimized annealing 

temperature for each of the primer pairs and extension time set according to the base pair size of 

expected PCR product (i.e. 60 sec/kb). Primers for β-actin (reference gene) of A. sisalana were 

used for the positive control reaction. PCR profile for amplification of AsUSP genes is given in 

Table 3.10. 

Table 3.10: PCR profile for amplification of AsUSP genes 

 

Step Temperature Time Cycle 

Initial Denaturation 94°C 3 min 1x 
Denaturation 94°C 40 sec  

 
 

35x 

Annealing set at 3-5 °C lower than 
average Tm of primers 

pair 

 
35 sec 

Extension  
72°C 

set according to 
expected length of 

PCR product 
(1min/kb) 

Final Extension 72°C 10 min 1x 
Hold 4°C ∞ 1x 
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3.23 Agarose Gel Electrophoresis 

Agarose gel electrophoresis (in range of 1%-2% w/v) with 1x TBE buffer, prepared from 

5x TBE buffer (Appendix-II) was used for assessment of RNA integrity as well as for checking 

the PCR products after amplification and for checking the products size of restriction digestion. 

Ethidium bromide (10 mg/ml) was used for staining the gel. After running gels at 90 V for 1 hour, 

results were visualized under UVP Benchtop UV Transilluminator. Thermo Scientific™ 

GeneRuler® 1kb DNA Ladder (Cat. No. SM0312), Thermo Scientific™ GeneRuler®  100 bp 

DNA Ladder (Cat. No. SM0241) and Thermo Scientific™ GeneRuler® 50 bp DNA Ladder (Cat. 

No. SM0371) were used as markers depending on the expected band sizes for product size 

estimation. 

3.24 Purification of PCR Product 

Bands from Agarose Gel were excised and weighed. Gel extraction was performed using 

protocol of Thermoscientific GeneJet Gel extraction kit (K0692). Binding buffer (1:1 volume: 

weight) was added to each of the gel slice and incubated at 50-60°C for 10 min or until the gel 

slice was completely dissolved (tubes mixed by inversion). For DNA fragments ≤500 bp, 1 gel 

volume of 100% isopropanol was added to the solubilized gel solution. About 800 µL Gel 

solubilized solution was transferred to GeneJET purification column and centrifuged at 12,000 

rpm for 1 min. Flow-through discarded and column as placed back into the same collection tube. 

Repeated centrifugation until all of the Gel solubilized solution has passed through the column. 

Binding buffer (100 µL) was then added to the GeneJET purification column and centrifuged at 

12,000 rpm for 1 min. Flow-through discarded and column as placed back into the same collection 

tube. Wash Buffer (700 µL) was then to the GeneJET purification column and centrifuged at 

12,000 rpm for 1 min. Flow-through discarded and column as placed back into the same collection 
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tube. Then centrifugation was repeated for an additional 1 min to completely remove residual wash 

buffer. Then GeneJET purification column was transferred into a clean 1.5 ml microcentrifuge 

tube and 20-25 µL of Elution Buffer was added to the center of the purification column membrane 

and centrifuged at 12,000 rpm for 1 min to collect the eluate. Purified product was used for ligation 

and the rest was stored at -20°C. 

3.25 Cloning with TA Cloning® Kit Dual Promoter (pCR®II) 

The cleaned/eluted PCR products were run through Nanodrop Spectrophotometer to 

determine concentration of each of the PCR product. Concentration of the insert to be used for 

cloning was calculated as mentioned below: 

Concentration of insert  =   size of insert (bp) x concentration of vector (ng/μL) x 3 
                             size of vector (bp) 

Ligation of insert into the vector as performed using TA Cloning™ Kit, Dual Promoter, 

with pCR®II Vector (map given in Figure 3.1). Reaction mixture (10 μL) for ligation of PCR 

products with pCR®II vector was prepared on ice with components as outlined in Table 3.11. 

Plasmid map of pCR®II vector including restriction sites, origin of replication and other details is 

presented in Figure 3.2. 

Table 3.11: Reaction mixture for ligation of PCR products with pCR®II vector 

Component Volume 

Fresh PCR product x μL 
5X ExpressLink™ T4 DNA Ligase 
Buffer 

2 μL 

pCR®II vector (25 ng/μL)  2 μL 
Water to a total volume of 9 μL y μL 
ExpressLink™ T4 DNA Ligase (5 
units) 

1 μL 

Total 10 µl 
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The mixture was incubated at room temperature for overnight and kept at -20°C to be used 

later for transformation into competent cells. 

Figure 3.2: Plasmid map of pCR®II vector including restriction sites, origin of replication and 
other details 
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3.26 Preparation of Escherichia coli TOP 10 Competent Cells 

Escherichia coli Top 10 strain was streaked on LB agar (Appendix-III) plate and incubated 

at 37°C for overnight. A single colony was picked from Top 10 plate and suspended in 5ml LB 

broth (Appendix-IV) having tetracycline (with final concentration of 12.5 µg/ml from 12.5 mg/ml 

sterile stock solution) (Appendix-V). The culture was incubated in shaking incubator at 37°C for 

overnight. Afterwards, the overnight culture was sub cultured (1:100) for 3-4 hours under the same 

conditions as used for the previous culture, followed by centrifugation at 3000 rpm for 10 min at 

4°C. Supernatant was discarded and pellet was resuspended in 5 ml transformation buffer 

(Appendix-VI). This suspension was kept on ice for 30 min and centrifugation was again 

performed at 3000 rpm for 10 min at 4°C. Supernatant was discarded and pellet was again 

resuspended in 5 ml transformation buffer and kept on ice for 30 minutes. Afore-mentioned 

centrifugation was repeated, supernatant was discarded and glycerol + transformation buffer 

mixture (i.e. 300μl of 80% glycerol + 700μl transformation buffer) was added to dissolve the pellet. 

Aliquots of 100μl competent cells were formed and stored at -80°C for long term use. 

3.27 Transformation of Recombinant Vector in Competent E. coli TOP10 

Competent cell aliquot was taken, and cells were thawed on ice. In a 1.5 ml microcentrifuge 

tube, 2μl of ligation mixture was added and 100μl of competent cells were added the mixture 

followed by gentle mixing by pipetting. The mixture was placed on ice for 45 min and then 

subjected to heat shock at 42°C for 90 sec in water bath. LB broth (900μl) was poured into 15 ml 

falcon tube and placed on shaking incubator at 37°C at 250rpm for 60 min. 100 μl of mixture was 

spread on agar plate and incubated for overnight at 37°C. 
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3.28 Blue-White Screening 

X-gal (50µl) was added into 100 ml LB media and poured into petri plates with selected 

anti-biotics i.e., ampicillin (to a final concentration of 100 µg/ml from 100 mg/ml sterile stock 

solution) (Appendix-VII) and tetracycline (to a final concentration of 12.5 µg/ml). The colonies 

formed by recombinant cells appeared as white while colonies produced by non-recombinant cells 

appeared blue; thus, the desired recombinant colony was picked and cultured. 

3.29 Plasmid Extraction with GeneJET Plasmid Miniprep 

GeneJET plasmid miniprep kit (catalog no. K0502, Thermo Fischer) was used for 

extraction of recombinant plasmids from E. coli TOP10. After blue-white screening, a white 

colony was picked from the freshly streaked transformed cells plate and inoculated in 5ml sterile 

LB broth with tetracycline (with final concentration of 12.5 µg/ml from 12.5 mg/ml sterile stock 

solution) and ampicillin (to a final concentration of 100 µg/ml from 100 mg/ml sterile stock 

solution). The culture was incubated in shaking incubator for 16-20 hours at 37°C, and 3 ml culture 

was transferred to microcentrifuge tube and centrifuged at 13,000 rpm to pellet down the cells. 

The pellet was resuspended in 250μl of resuspension buffer and dissolved properly until 

no clumps remained. Lysis solution (250μl) was then added and mixed thoroughly by inverting 

the tube 5-6 times until the solution became clear and viscous. Neutralization solution (350μl) was 

added to the tube and mixed immediately 5-6 times and centrifuged at 13,000 rpm for 5 min to 

pellet down chromosomal DNA and cell debris. Supernatant was transferred to spin column 

carefully, not disturbing the white precipitates and centrifuged at 12,000 rpm for 1 min. Flow-

through was discarded and column was placed back into the collection tube. Wash Solution was 

added into the spin column and centrifuged for 1 min at 12,000 rpm. The washing step was 

repeated and then centrifugation was repeated for 2 minutes after discarding the flow-through to 
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remove residual ethanol. The column was shifted to a fresh microcentrifuge tube and added 30μl 

of elution buffer and centrifuged at 12,000 rpm for 2 min to collect the eluate containing purified 

plasmid and stored at -20°C. 

3.30 Restriction Digestion with EcoRI 

To confirm the proper ligation of genes into the pCR®II vector, restriction analysis was 

performed with enzyme EcoRI. Restriction digestion mixture (Table 3.12) was prepared and 

incubated at 37°C for 15 min. 

Table 3.12: Restriction digestion mixture for EcoRI digestion of the recombinant plasmids 

Component Volume 

Plasmid 7μl 
EcoRI 1μl 

EcoRI buffer 1μl 
DEPC water 1μl 

Total 10μl 
 

3.31 Sanger Sequencing Analysis 

The recombinant plasmids, harboring the genes of interest, were submitted to the 

sequencing lab for Sanger Sequencing using ABI PRISM 3100 Sequencer Genetic Analyzer. 

Sequencing output/results were analyzed using Ugene software (v41.0). 

3.32 Target Prediction of miRNAs Against AsUSPs 

To predict miRNA targets among AsUSP gene sequences, a consensus approach was 

implemented whereby the three tools RNAhybrid, psRNATarget and psRobot were run and the 

common hits were recorded. 
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3.32.1 RNAhybrid 

For prediction of A. sisalana miRNA targets in AsUSP gene sequences, standalone version 

of the Tapir software (http://bioinformatics.psb.ugent.be/webtools/tapir/tapir-1.2.tar.gz) was 

procured and run in Linux OS with score value as 10 and free energy ratio as 0.4 using the precise 

mode of Tapir i.e. RNAhybrid, while sequences of miRNAs and genes were input in FASTA 

format. 

3.32.2 psRNATarget 

Both asi-miRNAs and AsUSP gene sequences (in FASTA format) were submitted to 

psRNATarget web-server (https://www.zhaolab.org/psRNATarget/analysis) and were run through 

the algorithm with the following settings: expectation = 8, penalty for opening gap = 2, penalty for 

extending gap = 0.5, penalty for G:U pair = 0.5, seed region = 2–13 nt, extra weight in the seed 

region= 1.5, mismatches allowed in the seed region= 2 and HPS size = 19. 

3.32.3 psRobot 

 psRobot standalone (v1.2) was downloaded from psRobot server 

(http://omicslab.genetics.ac.cn/psRobot/program/WebServer/psRobot_v1.2.tar.gz) and the 

required script was run on Linux OS with the following parameters: target penalty score 

threshold=4, three prime boundary of essential sequence=8, position after which with gap/bulge 

permit=1, number of gaps/bulges permitted=2, while other setting were kept to default. 

3.33 miRNA 3D Structure Modelling (MC-Fold) 

MC-Fold (https://major.iric.ca/MC-Fold/) was used for building the 3D structure of each 

of the miRNA, identified through consensus of target prediction results. The whole sequence of 

miRNA in FASTA format was submitted to the server, under default parameters, and the top-most 

MC-Sym formatted structure in MC-Fold was proceeded for 3D structure prediction. 

http://bioinformatics.psb.ugent.be/webtools/tapir/tapir-1.2.tar.gz
https://www.zhaolab.org/psRNATarget/analysis
http://omicslab.genetics.ac.cn/psRobot/program/WebServer/psRobot_v1.2.tar.gz
https://major.iric.ca/MC-Fold/
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3.34 3D Structure Modelling of AsUSP Genes mRNA (RNA Composer) 

 Target AsUSP sequence in FASTA format was trimmed 100 bp up-stream and down-

stream of the predicted miRNA target start position, and the resultant sequence was fed to 

RNAComposer (https://rnacomposer.cs.put.poznan.pl/) for 3D structure modelling of mRNA with 

RNAfold selection (for 2D structure to be used for 3D structure building) in RNAComposer. 

3.35 miRNA-mRNA Molecular Docking Analysis 

Molecular Docking for each of miRNA-mRNA target pair, predicted from consensus of 

the three target prediction algorithms, was carried out using Haddock server 

(https://wenmr.science.uu.nl/haddock2.4) under default parameters. 3D structures of miRNA and 

mRNA were input to the Haddock server with information of binding site in the receptor i.e., 

mRNA structure. 

3.36 Multiple Sequence Alignment of pre-miRNAs and Phylogenetic 

Analysis 

Sequences of miRNA precursors of asi-miRNAs targeting the A. sisalana USP genes were 

further studied for their evolutionary relationship with homologous miRNAs (in the same miRNA 

family) of other species. Sequences pre-miRNAs in FASTA format were first aligned through 

Clustal omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) and the alignment file was imported in 

MEGA-X (Kumar et al., 2018). Phylogenetic trees were built subsequently by using Maximum 

likelihood as statistical method, bootstrap method as a test of phylogeny, bootstrap replication 

number as 1000, substitution model: kimura 2-parameter, uniform rates among sites and tree 

inference using nearest-neighbor-interchange (NNI). 

 

https://rnacomposer.cs.put.poznan.pl/
https://wenmr.science.uu.nl/haddock2.4
https://www.ebi.ac.uk/Tools/msa/clustalo/
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3.37 Biotic Stress Induction 

3.37.1 Aspergillus niger Culture 

Aspergillus niger grown on agar plates was obtained from the culture bank of Institute of 

Agricultural Sciences (IAGS), University of the Punjab, Lahore. Potato dextrose agar (PDA) 

medium was prepared by mixing required quantities of agar, dextrose and potato extract as 

mentioned in Appendix-VIII and made up the final volume up to 100 ml. Media was autoclaved 

(121°C, 15psi for 15 min) and slants were prepared in sterile test tubes. A sterile inoculating loop 

was used to transfer a small amount of fungal growth from plates to PDA slants aseptically. The 

inoculated media were incubated in static incubator at 30°C for 7-10 days until fungal growth was 

observed. 

3.37.2 Preparation of Aspergillus niger Suspension 

To an A. niger slant, 20 ml of sterile water was added and gently mixed a few times. 10 ml 

of this suspension was added to 10 ml of 5% Tween-20 in a 50 ml falcon tube. The suspension 

was adjusted to 105 conidia/ml and the volume was raised up to 50 ml with sterile distilled water. 

3.37.3 Aspergillus niger Inoculation in Agave sisalana 

Bole region of A. sisalana plants (grown to 7 months of age) was cleaned with 70% ethanol 

using a blotting paper and 10 ml A. niger suspension was injected using syringe. After inoculation, 

plants were watered regularly and placed in growth chamber at 25±2°C and a relative humidity of 

95±5%. Inoculation was repeated after 7 days and plants were kept under same conditions of 

25±2°C and a relative humidity of 95±5%. 

3.38 Estimation of Chlorophyll Content 

 About 100 mg of fresh leaves (from stressed/infected and control plants) were ground with 

10 ml of 80% acetone and kept overnight in the dark. Afterwards, supernatant was extracted by 



 

   54 

 

centrifugation at 5000 rpm, and absorbance values were noted at 663 nm and 645 nm for 

Chlorophyll a and b content estimation, respectively. Experiments for test and control were run in 

triplicates. The following equations were used for calculation of the Chlorophyll a, b and total 

Chlorophyll content as mg g-1 FW: 

 
   Chla = 0.0127(OD663)-0.00269(OD645) x V (ml) 

      FW (g) 

Chlb = 0.229(OD645)-0.00488(OD663) x V (ml) 

FW (g) 

Total Chl = Chla + Chlb 

 

(Where OD 633: Absorbance at 663 nm 
OD 645: Absorbance at 645 nm 

V: volume of acetone (ml) 
FW: Fresh weight of the tissue sample (g)) 

 

3.39 Estimation of Proline Content 
 
 Proline content (µg g-1 FW of leaf tissue) was determined as described by Bates et al. 

(1973). Fresh leaf samples (1g) from control and stressed plants were ground with 10 ml of 3% 

Sulfosalicylic acid and centrifuged (or filtered through Whatman #1 filter paper) to remove 

residue. Filtrate (2 ml) was mixed with 2 ml of acid ninhydrin solution (Appendix-IX) and tubes 

were placed in boiling water bath for 1 hour. After incubation, tubes were cooled down and the 

contents were vigorously mixed with 4 ml of absolute toluene for 30 seconds and left at room 

temperature for phase separation. Absorbance at 520 nm was taken using Spectrophotometer to 

measure the red color intensity of upper layer, using pure toluene as blank. Experiments for test 

and control were performed in triplicates.  A standard curve was also prepared using different 

concentrations of proline. 
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3.40 Microscopic Examination of Leaf Tissues 

 Leaf tissue was cleaned with 70% ethanol and excised with help of sterile blades and 

preserved in FAA (Appendix-X) at 4°C. Tissue was dehydrated, treated with xylene, embedded in 

paraffin wax and transverse sections were cut using microtomy followed by staining with H&E 

(hematoxylin and eosin) stain. Slides of the control and infected leaves were observed under 

optical microscope to observe morphological differences. 

3.41 Statistical Data Analyses 

Biochemical parameters were evaluated by statistical analysis for determination of 

statistically significant differences between plants under control and biotic stress conditions. Data 

was analyzed in Graphpad Prism software (v.9.0) by implementation of one-way ANOVA 

(Analysis of Variance) test. Variations between means were compared by using least significance 

difference (LSD) test; p-value 0.05, 0.01 and 0.001 were indicated with asterisks *, ** and ***, 

respectively while non-significant values were indicated by ‘ns’. 
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4. RESULTS 
 

A comparative genomics-based approach was applied on the RNA-seq data of A. sisalana 

transcriptome (accessible from NCBI, SRA: https://www.ncbi.nlm.nih.gov/sra). In this study 

6,880 non-redundant miRNA query sequences were obtained from miRbase including 852 

pathogen responsive miRNAs (retrieved by review of literature). 67,328 non-redundant unigenes 

assembled from the raw data of RNA-seq analysis performed on Illumina HiSeq 2500 (Sarwar et 

al., 2019) platform was used as transcriptome data resource for miRNA prediction. 

4.1 Standalone BLAST-N Result 
 

From the results of standalone BLAST analysis, homology-based pair-wise sequence 

alignments of selective miRNA query sequences (one from each miRNA family) with the 

respective hit transcripts (unigene sequences) are indicated in Figure 4.1. miRNA sequences were 

either completely aligned with perfect match with the hits or with a few mismatches. However, 

BLAST results indicating no more than not more than 2 (i.e. less than 3) nucleotides mismatches 

were only retained in the results for further analysis. miRNAs predicted were labelled arbitrarily 

based on the name of miRNA homologue. 

https://www.ncbi.nlm.nih.gov/sra
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Figure 4.1: Representation of pair-wise nucleotide sequence alignments of selective query 
miRNAs (one from each miRNA family), with A. sisalana transcriptome assembly unigenes, 

obtained from the results of standalone BLAST-N 

 

4.2 Pre-miRNA Secondary Structures 

Pre-miRNAs were analyzed on a pre-defined criteria in order to uncover potential pre-

miRNAs with stable secondary structures. Some of the most stable representative secondary 

structures of pre-miRNAs are shown in Figure 4.2. 

Table 4.1 represents the list of 74 potential miRNAs predicted in the study including 

miRNA sequences, homologues, names of transcripts in RNA-seq assembly giving positive hits 

and various characteristics of miRNAs and pre-miRNAs. 
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Figure 4.2: Secondary structures of selective pre-miRNAs with high stability of structures as 
indicated by the minimum free energy (∆G) values 

pre-miRNA of ath-miR159b-3p 

(-90.2 kcal/mol) 

 

pre-miRNA of pab-miR168a 

(-97.7 kcal/mol) 

pre-miRNA of zma-miR169d 

(-92.8 kcal/mol) 

 

pre-miRNA of atr-miR395 

(-68.4 kcal/mol) 

 

pre-miRNA of pab-miR399f 

(-72.2 kcal/mol) 

 

pre-miRNA of sbi-miR528 

(-71.3 kcal/mol) 

pre-miRNA of osa-miR2118l 

(-77.3 kcal/mol) 

 

pre-miRNA of ppe-miR482e 

(-73.2 kcal/mol) 
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Table 4.1: List of 74 potential miRNAs predicted in the study including miRNA sequences, homologues, names of transcripts in 
RNA-seq assembly of A. sisalana giving positive hits and various characteristics of miRNAs and pre-miRNA 

 

Sr. 

No. 
miRNA Sequence (5' to 3') Homologue Transcript 

% GC 

Content 

% AU 

Content 

miRNA 

Length 

pre-

miRNA 

Length 

MFE AMFE MFEI 
Hit 

start 

Hit 

end 
Strand 

1 asi-miR159b-3p UUUGGAUUGAAGGGAAGGCUCUU ath-miR159b-3p TRINITY_DN8805_c0_g2_i1 58 42 23 221 -90.15 -40.79 0.70 227 249 + 

2 asi-miR161 UGAAAGUGACUACAUUGAGGU ath-miR161.1 TRINITY_DN25914_c0_g1_i1 45 55 21 128 -40.20 -31.41 0.70 8 28 + 

3 asi-miR165a-5p GACUGUUGUCUGGCUCGAGG aly-miR165a-5p TRINITY_DN42410_c0_g1_i1 43 57 20 138 -43.05 -31.20 0.73 19 38 + 

4 asi-miR166b GGACUGUUGUCUGGCUCGAGG cas-miR166b TRINITY_DN42410_c0_g1_i1 43 57 21 138 -43.05 -31.20 0.73 18 38 + 

5 asi-miR166c-5p GGGACUGUUGUCUGGCUCGAG csi-miR166c-5p TRINITY_DN42410_c0_g1_i1 42 58 21 137 -43.05 -31.42 0.75 17 37 + 

6 asi-miR168-3p UCUCGCCUUGCAUCAAGUGAAU lja-miR168-3p TRINITY_DN25267_c0_g1_i1 51 49 22 222 -77.50 -34.91 0.68 153 132 - 

7 asi-miR168a UCGCUUGGUGCAGGUCGGGAA pab-miR168a TRINITY_DN33542_c0_g1_i1 53 47 21 221 -97.68 -44.20 0.83 115 135 + 

8 asi-miR168a-3p CCCGCCUUGCGCCAAGUGAA zma-miR168a-3p TRINITY_DN33542_c0_g1_i1 55 45 20 220 -95.40 -43.36 0.79 160 179 + 

9 asi-miR168b-3p CCCGCCUUGCGCCAAGUGAAU vca-miR168b-3p TRINITY_DN33542_c0_g1_i1 55 45 21 221 -95.40 -43.17 0.78 160 180 + 

10 asi-miR168b UCGCUUGGUGCAGGUCGGG gma-miR168b TRINITY_DN33542_c0_g1_i1 53 47 19 219 -97.68 -44.60 0.84 115 133 + 

11 asi-miR168 UCGCUUGGUGCAGGUCGGGA cme-miR168 TRINITY_DN33542_c0_g1_i1 53 47 20 220 -97.68 -44.40 0.84 115 134 + 

12 asi-miR168-5p UCGCUUGGUGCAGGUCGGGAAC lja-miR168-5p TRINITY_DN33542_c0_g1_i1 54 46 22 222 -97.68 -44.00 0.81 115 136 + 

13 asi-miR169d UAGCCAAGGAGACUGCCUAUG zma-miR169d TRINITY_DN29275_c0_g1_i1 57 43 21 221 -92.80 -41.99 0.74 187 207 + 

14 asi-miR169a-3p GGCAAGUCAUCCUUGGCUAC ath-miR169a-3p TRINITY_DN29275_c0_g1_i1 58 42 20 195 -72.00 -36.92 0.64 296 315 + 

15 asi-miR169b-3p GCAGUCUCCUUGGCUACU stu-miR169b-3p TRINITY_DN9327_c0_g1_i1 47 53 18 201 -58.30 -29.00 0.62 84 101 + 

16 asi-miR393b-3p UCAUGCGUUCCCUUUGGAAUU csi-miR393b-3p TRINITY_DN44123_c0_g1_i1 38 62 21 221 -62.34 -28.21 0.74 142 162 + 

17 asi-miR395 CUGAAGUGUUUGGGGGAACUC atr-miR395 TRINITY_DN46165_c0_g1_i1 40 60 21 221 -68.40 -30.95 0.77 141 121 - 

18 asi-miR395e UGAAGUGUUUGGGGGAACUC cpa-miR395e TRINITY_DN46165_c0_g1_i1 40 60 20 220 -68.40 -31.09 0.78 140 121 - 

19 asi-miR395b-3p AAGUGUUUGGGGGAACUC ata-miR395b-3p TRINITY_DN46165_c0_g1_i1 40 60 18 218 -68.40 -31.38 0.78 138 121 - 

20 asi-miR395a UGAAGUGUUUGGGGGAACUCU aof-miR395a TRINITY_DN46165_c0_g1_i1 40 60 21 221 -69.20 -31.31 0.78 140 120 - 

21 asi-miR399f GGGAGCUCUGCUUUGGCAGG pab-miR399f TRINITY_DN9291_c1_g1_i1 60 40 20 220 -72.19 -32.81 0.55 227 246 + 

22 asi-miR444b UUGCUGCCUCAACCCUGCUGC tae-miR444b TRINITY_DN15906_c0_g2_i1 40 60 21 221 -55.95 -25.32 0.63 269 289 + 

23 asi-miR528 UGGAAGGGGCAUGCAGAGGAG sbi-miR528 TRINITY_DN36065_c0_g1_i1 60 40 21 163 -71.30 -43.74 0.73 43 63 + 
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24 asi-miR535b UGACAAUGAGAGAGAGCACGC ppt-miR535b TRINITY_DN18597_c0_g1_i4 45 55 21 221 -85.20 -38.55 0.86 1105 1085 - 

25 asi-miR535-3p GUGCUCUUUCUCGUUGUCCCC vca-miR535-3p TRINITY_DN18597_c0_g1_i4 47 53 21 221 -83.00 -37.56 0.80 1039 1019 - 

26 asi-miR535d UUGACAAUGAGAGAGAGCACG mes-miR535d TRINITY_DN18597_c0_g1_i4 46 54 21 221 -85.00 -38.46 0.84 1106 1086 - 

27 asi-miR5655 AAGAAGACACUUAAGAAGGAG ath-miR5655 TRINITY_DN42765_c0_g1_i1 42 58 21 221 -53.20 -24.07 0.57 489 509 + 

28 asi-miR6156 UUGAAAAUUGUUCUAUUUCUGU nta-miR6156 TRINITY_DN30748_c0_g1_i1 32 68 22 222 -43.80 -19.73 0.62 106 127 + 

29 asi-miR8005c UUUAGAGUUUAGGGUUUAGGGUUU stu-miR8005c TRINITY_DN33453_c0_g1_i1 38 62 24 224 -43.29 -19.33 0.51 313 290 - 

30 asi-miR396 UCCACAGGCUUUCUUGAAC far-miR396 TRINITY_DN18615_c1_g2_i1 53 47 19 122 -41.65 -34.14 0.64 22 4 - 

31 asi-miR396e UUCCACAGGCUUUCUUGAAC fve-miR396e TRINITY_DN18615_c1_g2_i1 53 47 20 123 -41.65 -33.86 0.64 23 4 - 

32 asi-miR396a UUCCACAGGCUUUCUUGAACG ppe-miR396a TRINITY_DN18615_c1_g2_i1 53 47 21 123 -41.65 -33.86 0.64 23 3 - 

33 asi-miR408b-5p AGGUACGAGGCAGAGCCUG zma-miR408b-5p TRINITY_DN9858_c0_g1_i1 39 61 19 201 -49.73 -24.74 0.63 153 171 + 

34 asi-miR482e UUACCGAUUCCUCCCAUGCC ppe-miR482e TRINITY_DN13721_c0_g1_i1 40 60 20 220 -73.15 -33.25 0.83 116 135 + 

35 asi-miR482c UUGCCCACUCCGCCCAUUCC aof-miR482c TRINITY_DN17345_c1_g1_i2 43 57 20 220 -89.60 -40.73 0.95 115 134 + 

36 asi-miR482b-3p UUCCCGAAACCUCCCAUACCUA ppe-miR482b-3p TRINITY_DN17345_c1_g1_i2 39 61 22 222 -72.88 -32.83 0.84 321 342 + 

37 asi-miR482a-3p UUCCCGAAACCUCCCAUACC ppe-miR482a-3p TRINITY_DN17345_c1_g1_i2 40 60 20 220 -72.68 -33.04 0.83 321 340 + 

38 asi-miR156c-3p UGCUUGCUCUCUAUCUGUC mtr-miR156c-3p TRINITY_DN12866_c0_g2_i1 48 52 19 219 -40.41 -18.45 0.38 756 738 - 

39 asi-miR156f-3p UCUCUCUUCUCCUGUCAU csi-miR156f-3p TRINITY_DN19170_c0_g1_i2 39 61 18 218 -37.63 -17.26 0.44 732 715 - 

40 asi-miR156a-3p UGCUUGCGCCUCUUCUGUCAGC csi-miR156a-3p TRINITY_DN23526_c1_g2_i4 49 51 22 222 -59.99 -27.02 0.55 493 514 + 

41 asi-miR159b UUGGAUUGAAGAGAGCUCC pta-miR159b TRINITY_DN32656_c0_g1_i1 35 65 19 197 -27.64 -14.03 0.40 79 97 + 

42 asi-miR159c UUGGAUUGAAGAGAGCUCCA osa-miR159c TRINITY_DN32656_c0_g1_i1 35 65 20 198 -27.64 -13.96 0.40 79 98 + 

43 asi-miR167d-3p GAUAAUGUGGUUGCUUCA stu-miR167d-3p TRINITY_DN17251_c1_g1_i1 46 54 18 218 -49.67 -22.78 0.50 608 625 + 

44 asi-miR164 GGGGAAGAGGAGCACAUGAA rgl-miR164 TRINITY_DN17932_c0_g1_i1 60 40 20 220 -75.10 -34.14 0.57 1397 1416 + 

45 asi-miR164a-3p CGUGUUCUCCUUCUCCCUC zma-miR164a-3p TRINITY_DN21370_c0_g1_i2 51 49 19 219 -59.50 -27.17 0.53 937 955 + 

46 asi-miR167c-5p UAAGCUGCCAGCAUGGAUCU aly-miR167c-5p TRINITY_DN24701_c0_g1_i1 45 55 20 220 -55.44 -25.20 0.56 272 291 + 

47 asi-miR167b-3p GUCAUGCUGGAGUUGUCAU ata-miR167b-3p TRINITY_DN24758_c3_g2_i2 45 55 19 219 -62.63 -28.60 0.64 370 352 - 

48 asi-miR172f AGAAUCCUGAUGAUGCUGCA sbi-miR172f TRINITY_DN12549_c0_g1_i1 56 44 20 144 -46.90 -32.57 0.58 25 44 + 

49 asi-miR172b GCAGCAUUAUCUAGAUUCA gra-miR172b TRINITY_DN21831_c1_g1_i2 41 59 19 219 -48.95 -22.35 0.55 228 246 + 

50 asi-miR172b-5p GCAGCAUCAUCAGGAUUCUCA csi-miR172b-5p TRINITY_DN25099_c0_g1_i1 56 44 21 221 -61.03 -27.62 0.49 117 137 + 

51 asi-miR172d-5p AACUUCUUCAAGAUUCAGA ath-miR172d-5p TRINITY_DN35440_c0_g1_i1 41 59 19 170 -37.60 -22.12 0.54 70 52 - 
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52 asi-miR172c-5p AGGAUCUUCAUGAUUCACA stu-miR172c-5p TRINITY_DN43552_c0_g1_i1 42 58 19 219 -49.30 -22.51 0.54 109 127 + 

53 asi-miR319 UGAGUGAUGGGGGAGAUA seu-miR319 TRINITY_DN2141_c0_g1_i1 37 63 18 214 -32.74 -15.30 0.41 203 220 + 

54 asi-miR319n GGACCGAAGGGAGGCCCU gma-miR319n TRINITY_DN22078_c0_g2_i3 66 34 18 121 -37.84 -31.27 0.47 4 21 + 

55 asi-miR319-5p GCUGCAGAUUCAUUCAUU ata-miR319-5p TRINITY_DN26876_c0_g1_i1 43 57 18 158 -35.29 -22.34 0.52 41 58 + 

56 asi-miR319c-5p GAGCUUGCUUCAGCCCAC sly-miR319c-5p TRINITY_DN28525_c0_g1_i1 47 53 18 131 -25.13 -19.18 0.41 31 14 - 

57 asi-miR319d AAACUGUUUAGUUCCACC sly-miR319d TRINITY_DN48048_c0_g1_i1 34 66 18 200 -31.84 -15.92 0.47 224 207 - 

58 asi-miR398a-5p GGGUUGGUUUGAUAACAUAU stu-miR398a-5p TRINITY_DN32954_c0_g1_i1 34 66 20 130 -22.30 -17.15 0.50 30 11 - 

59 asi-miR3981-3p AUUAGGAUGCAUCUCAUC osa-miR3981-3p TRINITY_DN3446_c0_g1_i1 37 63 18 196 -41.33 -21.09 0.57 122 139 + 

60 asi-miR398a UGUGUUUCUCAGGCCACCCCUU gma-miR398a TRINITY_DN36330_c0_g1_i1 50 50 22 222 -68.30 -30.77 0.62 139 118 - 

61 asi-miR398e UGUGUUUCUCAGGCCACCCCU lus-miR398e TRINITY_DN36330_c0_g1_i1 50 50 21 221 -67.40 -30.50 0.61 139 119 - 

62 asi-miR393-5p UCCAAAGGGAUCGCAUUGAU ata-miR393-5p TRINITY_DN44123_c0_g1_i1 42 58 20 189 -66.95 -35.42 0.84 70 89 + 

63 asi-miR393c UCCAAAGGGAUCGCAUUGAUCU mes-miR393c TRINITY_DN44123_c0_g1_i1 42 58 22 191 -67.29 -35.23 0.84 70 91 + 

64 asi-miR398-5p AGAGAGCUUAAGAACACAA lja-miR398-5p TRINITY_DN8652_c0_g1_i1 36 64 19 219 -25.40 -11.60 0.32 233 251 + 

65 asi-miR444d.1 UGCUCCUUCAAGCUUGCUGC osa-miR444d.1 TRINITY_DN15558_c0_g1_i1 48 52 20 220 -54.50 -24.77 0.52 173 192 + 

66 asi-miR444b.1 UGCUGUCUCAAGCUCGCUGCC osa-miR444b.1 TRINITY_DN1809_c0_g1_i1 36 64 21 211 -31.99 -15.16 0.42 91 111 + 

67 asi-miR472b UUUCUCAACUUCACCCAUC ptc-miR472b TRINITY_DN18106_c1_g1_i1 37 63 19 219 -49.85 -22.76 0.62 177 195 + 

68 asi-miR1444d AACGUUAAGCGAAUGUGA ptc-miR1444d TRINITY_DN36598_c0_g1_i1 35 65 18 171 -34.00 -19.88 0.57 54 71 + 

69 asi-miR1444c UCACAUUCGCUUAACGUU ptc-miR1444c TRINITY_DN36598_c0_g1_i1 35 65 18 171 -26.14 -15.29 0.44 71 54 - 

70 asi-miR2118l CCUAAGGCUUCCCCUUCCU osa-miR2118l TRINITY_DN24384_c2_g1_i10 60 40 19 219 -77.30 -35.30 0.59 266 284 + 

71 asi-miR2118r UUUCCAAUGCCUCACAUGC osa-miR2118r TRINITY_DN34829_c0_g1_i1 46 54 19 161 -46.60 -28.94 0.63 43 61 + 

72 asi-miR5300 CAGUCUAGGCCUUCCAAC sly-miR5300 TRINITY_DN35092_c0_g1_i1 38 62 18 196 -33.26 -16.97 0.45 313 330 + 

73 asi-miR2118k CUUAUGCGUCUCAUUCCU osa-miR2118k TRINITY_DN50328_c0_g1_i1 44 56 18 163 -39.00 -23.93 0.54 216 233 + 

74 asi-miR2118b-5p GGAGAUGGGAGGUUUGGUA gma-miR2118b-5p TRINITY_DN5080_c0_g1_i1 50 50 19 187 -53.08 -28.39 0.57 201 183 - 
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4.3 Characteristics of the predicted miRNA and pre-miRNA Candidates 

Figure 4.3 shows box and whisker plot of miRNA length and pre-miRNA parameters 

(including % AU content, pre-miRNA length, MFE, AFME and MEFI). 

 

Figure 4.3: Box and whisker plots showing distribution of values for miRNA length and various 
parameters analyzed for pre-miRNAs 

 

Length of miRNAs varied from 18-24 nucleotides while the median length was found to 

be 20 with lower quartile (LQ) as 19 and upper quartile (UQ) as 21. % AU content of pre-miRNAs 

ranged from 34-68% with median value of 56% (LQ: 47%, UQ: 60.3%).  Pre-miRNA lengths 

(ranging from 121-224 nucleotides) indicated a largely positively skewed distribution of values as 

a majority of pre-miRNAs were >200 nucleotides in length (median pre-miRNA length was 219 

while LQ as 183 and UQ as 221). Values of pre-miRNAs MFE (kcal/mol) varied from -97.7 to -
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22.3 (with a median of -55.0, LQ as -72.3 and UQ as -41.1). Lower values of MFE indicated more 

stable pre-miRNA structures which were more probable pre-miRNA candidates. Values of AFME 

indicated a negatively skewed distribution with lowest value as -44.6 and the highest as -11.6. 

Median AFME was -30.6 while LQ as -34.3 and UQ as -22.4. MFEI values ranged from 0.32 to 

0.95 with median value as 0.62, LQ as 0.53 and UQ as 0.77. All of the pre-miRNA evaluation 

parameters of the selected miRNAs were verified to be within the recommended range of values, 

suitable for further evaluation. 

Figure 4.4 represents the bar chart with number of miRNAs predicted in each miRNA 

family chosen in the current study. Highest number of miRNAs (i.e. 7) were predicted in the miR-

168 family while only one miRNA each were predicted in the families miR-161, miR-165, miR-

399, miR-528, miR-5655, miR-6156, miR-8005, miR-408, miR-3981, miR-472 and miR-5300. 

From the overall analysis of miRNA prediction, a total of 74 miRNA candidates were identified 

that were further analyzed for target prediction and experimental validation studies. 

 

Figure 4.4: Bar chart representing the number of miRNAs predicted in each miRNA family 
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4.4 Electrophoretic Analysis of Extracted RNA 

 Upon Agarose Gel Electrophoresis (2%) in 1x TBE buffer (Appendix-II) of the extracted 

RNA from A. sisalana under biotic stress, clearly distinguishable bands of 28s and 18s ribosomal 

RNAs were observed on the gel (Figure 4.5) indicating the integrity of the extracted RNA and 

suitability for downstream analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: Agarose Gel Electrophoresis (2%) of the large RNA fraction. Lane 1: Gene ruler 
(100 bp), Lane 2-3: RNA sample loaded 

 

4.5 Quantification and Quality Assessment of RNA via NanoDrop 

 For quantification and further quality assessment, 1 µL of each RNA sample was loaded 

in spectrophotometer with the corresponding elution buffer as blank, and the following results 

were obtained as depicted in Table 4.2. 

 

28s 
18s 

      1       2       3       4 
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Table 4.2: Quality assessment and quantification of small and large RNA fraction 

Sr. 
No. 

Sample Ratio of 
absorbance 
(260/280) 

Ratio of 
absorbance 
(260/230) 

Concentration 
(ng/µl) 

1 Large RNA fraction 2.05 2.26 1478.8 

2 Small RNA fraction 2.08 2.01 57.1 

 

4.6 Poly(A)RT PCR for Experimental Validation of miRNAs 

After Poly(A)tail addition and cDNA preparation as per methods outlined in Section 3.11-

3.13, Poly(A)RT PCR was performed, and the results are indicated in Figures 4.6 A-F. From the 

results of miRNA validation, a total of 48 miRNAs were experimentally validated (as giving an 

approximately 100 bp band in Agarose Gel Electrophoresis) as result of Poly(A)RT PCR analysis 

out of 74 predicted sequences in this study: asi-miR165a-5p, asi-miR166b, asi-miR166c-5p, asi-

miR168-3p, asi-miR168a-3p, asi-miR168b-3p, asi-miR168, asi-miR168-5p, asi-miR169d, asi-

miR169a-3p, asi-miR169b-3p, asi-miR395b-3p, asi-miR399f, asi-miR444b, asi-miR528, asi-

miR535b, asi-miR396, asi-miR396e, asi-miR396a, asi-miR408b-5p, asi-miR482e, asi-miR482c, 

asi-miR482b-3p, asi-miR482a-3p, asi-miR156c-3p, asi-miR156a-3p, asi-miR159c, asi-miR167d-

3p, asi-miR164, asi-miR164a-3p, asi-miR167c-5p, asi-miR172b-5p, asi-miR319n, asi-miR319c-

5p, asi-miR319d, asi-miR398a-5p, asi-miR3981-3p, asi-miR398a, asi-miR398e, asi-miR393-5p, 

asi-miR393c, asi-miR398-5p, asi-miR444d.1, asi-miR444b.1, asi-miR2118l, asi-miR2118r, asi-

miR5300, asi-miR2118b-5p (Figure 4.6 A-F). 
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Figure 4.6 (A-F): Poly(A)RT PCR analysis for experimental validation of miRNAs. 

Figure 4.6 A: Lane 3: asi-miR165a-5p, Lane 4: asi-miR166b, Lane 6: asi-miR168-3p, Lane 7: 50 
bp ladder, Lane 9: asi-miR168a-3p, Lane 10: asi-miR168b-3p, Lane 12: Positive Control (β-actin 

gene from HeLa cDNA), Lane 13: Negative Control 
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Figure 4.6 B: Poly(A)RT PCR analysis for experimental validation of miRNAs. Lane 1: Positive 
Control (β-actin gene from HeLa cDNA), Lane 2: Negative Control, Lane 3: 100 bp ladder, Lane 
6 and Lane 8: asi-miR166c-5p, Lane 11: asi-miR168, Lane 12: asi-miR168-5p, Lane 13: asi-
miR169d, Lane 14: asi-miR169a-3p, Lane 15: asi-miR169b-3p, Lane 20: asi-miR399f, Lane 21: 
asi-miR444b, Lane 22: asi-miR528, Lane 24: asi-miR535b, Lane 26: asi-miR5300, Lane 29: 100 
bp ladder 
 
 

 
 
 
 
 

 

 
Figure 4.6 C: Poly(A)RT PCR analysis for experimental validation of miRNAs. Lane 1: asi-
miR482e, Lane 2: asi-miR482c, Lane 3: asi-miR396, Lane 4: asi-miR396e, Lane 5: asi-miR396a, 
Lane 8: Negative Control, Lane 9: 100 bp ladder, Lane 10: Positive Control (β-actin gene from 
HeLa cDNA) 

approx. 100 bp band 

approx. 100 bp band 

B 

approx. 100 bp band 
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Figure 4.6 D: Poly(A)RT PCR analysis for experimental validation of miRNAs. Lane 1: asi-
miR156a-3p, Lane 2: asi-miR164, Lane 3: asi-miR159c, Lane 4: asi-miR482b-3p, Lane 5: asi-
miR408b-5p, Lane 6: asi-miR482a-3p, Lane 7: asi-miR164a-3p, Lane 8: asi-miR2118b-5p, Lane 
9: 50 bp ladder, Lane 10: Positive Control (β-actin gene from HeLa cDNA), Lane 11: Negative 
Control 
 
 
 
 

 

 

 
 
 
 
 
 
 
 

Figure 4.6 E: Poly(A)RT PCR analysis for experimental validation of miRNAs. Lane 1: asi-
miR167c-5p, Lane 2: asi-miR172b-5p, Lane 3: asi-miR319n, Lane 4: asi-miR319c-5p, Lane 5: 
asi-miR398a, Lane 6: asi-miR398e, Lane 7: asi-miR393c, Lane 8: 50 bp ladder, Lane 9: asi-
miR444d.1, Lane 10: asi-miR444b.1, Lane 11: asi-miR2118r, Lane 12: asi-miR2118l, Lane 13: 
asi-miR395b-3p, Lane 14: Negative Control, Lane 15: Positive Control (β-actin gene from HeLa 
cDNA) 

approx. 100 bp band 
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approx. 100 bp band 
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Figure 4.6 F: Poly(A)RT PCR analysis for experimental validation of miRNAs. Lane 1: asi-
miR167d-3p, Lane 2: asi-miR319d, Lane 3: asi-miR398a-5p, Lane 4: asi-miR3981-3p, Lane 5: 
asi-miR393-5p, Lane 6: asi-miR156c-3p, Lane 7: asi-miR398-5p, Lane 8: 100 bp ladder, Lane 9: 
Positive Control (β-actin gene from HeLa cDNA), Lane 10: Negative Control 
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4.7 Predicted Targets of A. sisalana miRNAs against TAIR v.10 

 The 48 miRNA sequences of A. sisalana which gave positive results with Poly(A)RT PCR 

were run through psRNATarget server (https://www.zhaolab.org/psRNATarget/analysis) under 

the default parameters i.e. expectation = 5, penalty for opening gap = 2, penalty for extending gap 

= 0.5, penalty for G:U pair = 0.5, seed region = 2–13 nt, extra weight in the seed region= 1.5, 

mismatches allowed in the seed region= 2 and HPS size = 19. From the output of psRNATarget 

algorithm, 5,680 total targets of A. sisalana miRNAs (with 4334 unique/non-repeating targets) 

were identified against TAIR database v.10. 

4.8 Gene Ontology Analysis of Predicted Targets in TAIR v.10 

4.8.1 GO Biological Processes 

 Results of GO biological processes (Figure 4.7) showed involvement of asi-miRNAs 

targeted TAIR genes in various biological processes such as protein phosphorylation, metabolic 

processes, and developmental processes, and 651 genes were involved in response to stress 

(GO:0006950; -log10 P-value: 1.83) and 1079 genes involved in response to stimulus 

(GO:0050896; -log10 P-value: 1.32). The highest number of genes i.e. 1786 were found to be 

involved in cellular process (GO:0009987; -log10 P-value: 15.04). 
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Figure 4.7: Gene Ontology classification into biological processes of the identified miRNA 
targets in TAIR v.10 

 

4.8.2 GO Molecular Function 

 Results of GO molecular functions (Figure 4.8) showed involvement of asi-miRNAs 

targeted TAIR genes in various molecular functions such as nucleotide binding, protein binding, 

catalytic activity, and transferase activity. The highest number of genes i.e. 1332 were found to be 

belonging to function of binding (GO: 0005488; -log10 P-value: 17.7). 
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Figure 4.8: Gene Ontology classification into molecular functions of the identified miRNA 
targets in TAIR v.10 

4.8.3 GO Cellular Component 

 The identified GO cellular components of asi-miRNAs targeted TAIR genes are shown in 

Figure 4.9, which showed that the targeted genes were localized in various cellular components 

such as mitochondrion, nucleus, endomembrane system and cullin-RING ubiquitin ligase 

complex. The greatest number of hits i.e., 1236 were recorded for the cellular component- nucleus 

(GO:0005634) with -log10 P-value of 3.48. 
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Figure 4.9: Gene Ontology classification into cellular components of the identified miRNA 
targets in TAIR v.10 

 

4.9 Targets of A. sisalana miRNAs among USP Genes in TAIR 

To confirm the targeting of USP family genes by asi-miRNAs, results were scanned to 

search for USP family genes present in the targeted gene sequences in TAIR v.10. From this 

analysis it was found that among the Arabidopsis thaliana (TAIR v.10) targeted genes (i.e. 4334), 

23 Genes belong to the family PF00582 i.e. USP gene family. Table 4.3 shows the summary of 

output from target prediction of A. sisalana miRNAs against USP genes in TAIR v.10. 
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Table 4.3: Summary of output from target prediction of A. sisalana miRNAs against USP genes in TAIR v.10 

 

miRNA_Acc. Expectation Target_Acc. Target_start Target_end miRNA_aligned_fragment Alignment Target_aligned_fragment Inhibition 

asi-miR398a 2 AT2G19410.1.p1 2266 2287 UGUGUUUCUCAGGCCACCCCUU    : :::::.:::::::::.: UUAGCGUGGCUUGAGAAACAUA Cleavage 

asi-miR398e 2 AT2G19410.1.p1 2267 2287 UGUGUUUCUCAGGCCACCCCU   : :::::.:::::::::.: UAGCGUGGCUUGAGAAACAUA Cleavage 

asi-miR2118b-5p 2.5 AT3G21210.1.p1 674 692 GGAGAUGGGAGGUUUGGUA  ::::::.::..::::::: CACCAAAUCUUUCAUCUCC Cleavage 

asi-miR172b-5p 3.5 AT3G53990.1.p1 324 344 GCAGCAUCAUCAGGAUUCUCA  ::::: :.:: ::::::::. AGAGAAGCUUGUUGAUGCUGU Translation 

asi-miR164a-3p 4 AT2G19410.1.p1 1342 1360 CGUGUUCUCCUUCUCCCUC    ::::::::::.:.::: AUUGGAGAAGGAGGAUACG Cleavage 

asi-miR165a-5p 4 AT5G57035.1.p1 1458 1477 GACUGUUGUCUGGCUCGAGG :::: : ::::.::::: :: CCUCAAACCAGGCAACAUUC Cleavage 

asi-miR172b-5p 4 AT3G03270.1.p1 324 344 GCAGCAUCAUCAGGAUUCUCA  ::::: :.: .::::::::. GGAGAAACUUUGUGAUGCUGU Translation 

asi-miR172b-5p 4 AT3G03270.2.p1 324 344 GCAGCAUCAUCAGGAUUCUCA  ::::: :.: .::::::::. GGAGAAACUUUGUGAUGCUGU Translation 

asi-miR398a 4 AT4G25160.1.p1 2389 2410 UGUGUUUCUCAGGCCACCCCUU .::: :::::.: ::.:.:::: GAGGAGUGGCUUAAGGAGCACA Translation 

asi-miR398e 4 AT4G25160.1.p1 2390 2410 UGUGUUUCUCAGGCCACCCCU ::: :::::.: ::.:.:::: AGGAGUGGCUUAAGGAGCACA Translation 

asi-miR164 4.5 AT3G21210.1.p1 1677 1696 GGGGAAGAGGAGCACAUGAA   ::::::: : ::::::.: AACAUGUGCACAUCUUCCUC Translation 

asi-miR164a-3p 4.5 AT1G69080.1.p1 304 322 CGUGUUCUCCUUCUCCCUC  : : :::::::::: ::: AAAGAAGAAGGAGAAGACG Cleavage 

asi-miR164a-3p 4.5 AT1G69080.2.p1 304 322 CGUGUUCUCCUUCUCCCUC  : : :::::::::: ::: AAAGAAGAAGGAGAAGACG Cleavage 

asi-miR166b 4.5 AT5G57035.1.p1 1458 1478 GGACUGUUGUCUGGCUCGAGG :::: : ::::.::::: ::. CCUCAAACCAGGCAACAUUCU Cleavage 

asi-miR166c-5p 4.5 AT5G57035.1.p1 1459 1479 GGGACUGUUGUCUGGCUCGAG ::: : ::::.::::: ::.: CUCAAACCAGGCAACAUUCUC Cleavage 

asi-miR396a 4.5 AT5G61550.2.p1 1201 1221 UUCCACAGGCUUUCUUGAACG    :: . .::::.::::::: GAAUCCGAGAAGCUUGUGGAA Cleavage 

asi-miR396a 4.5 AT5G61550.1.p1 1201 1221 UUCCACAGGCUUUCUUGAACG    :: . .::::.::::::: GAAUCCGAGAAGCUUGUGGAA Cleavage 

asi-miR396e 4.5 AT5G61550.2.p1 1202 1221 UUCCACAGGCUUUCUUGAAC   :: . .::::.::::::: AAUCCGAGAAGCUUGUGGAA Cleavage 

asi-miR396e 4.5 AT5G61550.1.p1 1202 1221 UUCCACAGGCUUUCUUGAAC   :: . .::::.::::::: AAUCCGAGAAGCUUGUGGAA Cleavage 

asi-miR482a-3p 4.5 AT5G51270.1.p1 1399 1418 UUCCCGAAACCUCCCAUACC :: ::::::: :: ::::.: GGAAUGGGAGCUUACGGGGA Translation 

asi-miR482b-3p 4.5 AT5G51270.1.p1 1397 1418 UUCCCGAAACCUCCCAUACCUA : :: ::::::: :: ::::.: UCGGAAUGGGAGCUUACGGGGA Translation 

asi-miR156a-3p 5 AT1G01660.1.p1 1020 1041 UGCUUGCGCCUCUUCUGUCAGC    ::. ::::: :.::.:::  GGAGAUCGAAGAAGUGCGAGCC Translation 

asi-miR164 5 AT5G47740.2.p1 207 226 GGGGAAGAGGAGCACAUGAA ::: : : :::.::::..:: UUCUUCUACUCUUCUUUUCC Cleavage 

asi-miR164 5 AT5G47740.1.p1 207 226 GGGGAAGAGGAGCACAUGAA ::: : : :::.::::..:: UUCUUCUACUCUUCUUUUCC Cleavage 

asi-miR164a-3p 5 AT1G16760.1.p1 1366 1384 CGUGUUCUCCUUCUCCCUC    ::::::::::...:.: GUUGGAGAAGGAGGGUAUG Cleavage 

asi-miR164a-3p 5 AT5G63940.1.p1 16 34 CGUGUUCUCCUUCUCCCUC :: ::::.:::.:::  :: GAAGGAGGAGGGGAAGUCG Cleavage 
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asi-miR164a-3p 5 AT1G01660.1.p1 1140 1158 CGUGUUCUCCUUCUCCCUC :: ::::::::: .: .:: GAAGGAGAAGGAAGAAGCG Cleavage 

asi-miR166b 5 AT2G24370.1.p1 1686 1706 GGACUGUUGUCUGGCUCGAGG ..:: . :.::. :::::::: UUUCAGACUAGGAAACAGUCC Cleavage 

asi-miR166c-5p 5 AT4G25160.1.p1 711 731 GGGACUGUUGUCUGGCUCGAG   : .: :::.:: ::::.:: UGCAGGACAGGCAUCAGUUCC Cleavage 

asi-miR172b-5p 5 AT3G13690.1.p1 825 845 GCAGCAUCAUCAGGAUUCUCA ::: ..::.::::::: :::  UGAUGGUCUUGAUGAUUCUGG Cleavage 

asi-miR172b-5p 5 AT4G27320.1.p1 618 638 GCAGCAUCAUCAGGAUUCUCA ::: .::: :::::.: :::: UGAUGAUCGUGAUGGUCCUGC Cleavage 

asi-miR2118b-5p 5 AT5G61550.2.p1 2450 2468 GGAGAUGGGAGGUUUGGUA :. :.::.::.::::. :: UGACGAAUCUUCCAUUGCC Cleavage 

asi-miR2118b-5p 5 AT5G61550.1.p1 2450 2468 GGAGAUGGGAGGUUUGGUA :. :.::.::.::::. :: UGACGAAUCUUCCAUUGCC Cleavage 

asi-miR2118r 5 AT4G23700.1.p1 407 425 UUUCCAAUGCCUCACAUGC  :.: : :::::::::::  UCGUAUUAGGCAUUGGAAC Cleavage 

asi-miR2118r 5 AT1G01660.1.p1 1071 1089 UUUCCAAUGCCUCACAUGC :::  :::: ::: ::::: GCAGCUGAGACAUAGGAAA Translation 

asi-miR393-5p 5 AT5G57670.2.p1 37 56 UCCAAAGGGAUCGCAUUGAU  :..  ::::::.: ::::: CUUGUGGCGAUCUCGUUGGA Cleavage 

asi-miR396 5 AT5G63940.1.p1 235 253 UCCACAGGCUUUCUUGAAC :::.: ::::::.: :: : GUUUAUGAAAGCUUCUGCA Cleavage 

asi-miR396a 5 AT5G63940.1.p1 234 254 UUCCACAGGCUUUCUUGAACG .:::.: ::::::.: :: :: UGUUUAUGAAAGCUUCUGCAA Cleavage 

asi-miR396a 5 AT2G19410.1.p1 2110 2130 UUCCACAGGCUUUCUUGAACG   ::..: : .::.::::::. GUUUUGAAACGGCUUGUGGAG Cleavage 

asi-miR396e 5 AT5G63940.1.p1 235 254 UUCCACAGGCUUUCUUGAAC :::.: ::::::.: :: :: GUUUAUGAAAGCUUCUGCAA Cleavage 

asi-miR396e 5 AT2G19410.1.p1 2111 2130 UUCCACAGGCUUUCUUGAAC  ::..: : .::.::::::. UUUUGAAACGGCUUGUGGAG Cleavage 

asi-miR398-5p 5 AT2G47710.1.p1 222 240 AGAGAGCUUAAGAACACAA :: :  :.:::::::::.  UUAUCCUUUUAAGCUCUUC Cleavage 

asi-miR399f 5 AT1G16760.1.p1 628 647 GGGAGCUCUGCUUUGGCAGG  .: :::.: .::.:::.:: GUUACCAGAUUAGGGCUUCC Translation 

asi-miR528 5 AT2G24370.1.p1 191 211 UGGAAGGGGCAUGCAGAGGAG ::.:::: :::::..: ::.. CUUCUCUUCAUGCUUCCUCUG Cleavage 

asi-miR528 5 AT1G16760.1.p1 140 160 UGGAAGGGGCAUGCAGAGGAG :::.: : ::::.::.: ::: CUCUUAUUCAUGUCCUUCCCA Cleavage 

asi-miR528 5 AT5G57670.2.p1 1360 1380 UGGAAGGGGCAUGCAGAGGAG    .:: :::: :.:::::.: GCAUUCGGCAUUCUCCUUCUA Translation 
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4.10 A. sisalana USP Family Genes Predicted by TransDecoder and HMM3 

Search 
From TransDecoder results, a total of 38,802 sequences including 13,102 complete ORFs 

(peptides and corresponding CDS) were predicted. On HMM3 search in Ugene (v41.0), with MSA 

of 62,462 protein sequences of USP family (PF00582) and 13,102 complete ORFs (predicted 

through TransDecoder), nine (9) full length proteins of USP family were found in A. sisalana. 

4.11 PCR Amplification of Predicted A. sisalana USP Family Genes 

 PCR amplification of AsUSP Genes using primers for full-length gene amplification with 

PCR profile as specified in Table 3.9. After a few reactions for optimization of annealing 

temperatures, products appeared on analysis with 1.2% Agarose Gel Electrophoresis. Figures 4.10-

4.12 show bands on electrophoretic analysis of PCR products representing amplification of AsUSP 

Genes 1-9. 

 

 

 

 

 

 

 

 

 

 

Figure 4.10: 1.2% Agarose Gel Electrophoresis for analysis of PCR products from amplification 
of AsUSP Gene 5, AsUSP Gene 6, AsUSP Gene 7, AsUSP Gene 9, AsUSP Gene 10 

Lane 1: 1 kb ladder, Lane 2: 100 bp ladder, Lane 6: AsUSP Gene 5, Lane 7: AsUSP Gene 6, Lane 
8: AsUSP Gene 7, Lane 10: AsUSP Gene 9, Lane 11: AsUSP Gene 10, Lane 15-16: Positive 
Control (β-actin), Lane 17: Negative Control, Lane 18: 100 bp ladder, Lane 19: 1kb ladder 
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Figure 4.11: 1.2% Agarose Gel Electrophoresis for analysis of PCR products from amplification 
of AsUSP Gene 1 and AsUSP Gene 3 

Lane 1: 1 kb ladder, Lane 2: 100 bp ladder, Lanes 3-5: AsUSP Gene 1, Lanes 7-8: AsUSP Gene 
3, Lane 12: Positive Control (β-actin), Lane 13: Negative Control 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: 1.2% Agarose Gel Electrophoresis for analysis of PCR products from amplification 
of AsUSP Gene 2, AsUSP Gene 4 and AsUSP Gene 8 

A): Lane 1: 100 bp ladder, Lane 2 and 4: AsUSP Gene 2, Lane 5: Negative Control 

B): Lane 1: 100 bp ladder, Lane 2: 1kb ladder, Lane 3: AsUSP Gene 4, Lane 4: AsUSP Gene 8, 
Lane 5: Positive Control (β-actin), Lanes 6 and 7: Negative Control 
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4.12 Ligation with pCR®II vector, Transformation in Competent E. coli 

TOP 10 and Blue White Screening 

 For each of the 9 USP genes of A. sisalana, gel extraction was performed for purification 

of fragment and afterwards ligated with pCR®II vector and successfully transformed in E. coli 

TOP10 as colonies were obtained after blue-white screening. Figure 4.13 represents results 

obtained after blue-white screening of clones with AsUSP Gene 3 and AsUSP Gene 9. 

 

 

 

 

 

 

 

 

 

Figure 4.13: Transformation results of pCR®II vector ligated with AsUSP Gene 3 (A) and 
pCR®II vector ligated with AsUSP Gene 9 (B). Blue and white colonies can be observed in the 

respective figures 

 

4.13 Confirmation of Recombinant Clones by Restriction with EcoRI 

 After transformants of all amplified genes were obtained, white colonies obtained from 

blue-white screening were picked (a single colony) from the plates and sub-cultured, followed by 

recombinant plasmids extraction and restriction analysis with EcoRI and analysis by 1 % Agarose 

Gel Electrophoresis. Results of some clones (i.e. those obtained for AsUSP Gene 3, AsUSP Gene 

7 and AsUSP Gene 9) are presented in Figures 4.14 A-B. 
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Figure 4.14: 1% Agarose Gel Electrophoresis for analysis of restriction products with EcoRI 
digestion 

Figure 4.14 A: Lane M: 1 kb ladder, Lane 1: recombinant pCR®II with AsUSP Gene 3 digested 
with EcoRI, Lanes 2 and 3: recombinant pCR®II with AsUSP Gene 3 undigested 

Figure 4.14 B: Lane M: 1 kb ladder, Lanes 1 and 3: recombinant pCR®II with AsUSP Gene 7 
digested with EcoRI, Lanes 2 and 4: recombinant pCR®II with AsUSP Gene 7 undigested, Lanes 
5 and 7: recombinant pCR®II with AsUSP Gene 9 digested with EcoRI, Lanes 6 and 8: 
recombinant pCR®II with AsUSP Gene 9 undigested 
 

4.14 Sequencing Analysis and Submission to NCBI 

 After transformation of recombinant clones, those giving the expected band sizes of 

respective genes after restriction digestion with EcoRI, were further submitted for sequencing 

analysis. All AsUSP genes (i.e. AsUSP Genes 1-9) were successfully sequenced and submitted to 

NCBI, Genbank. Accession Numbers for each of the genes under study are as follows and are 

expected to be publicly released in Feb-Mar, 2023: AsUSP Gene 1: OP243714, AsUSP Gene 2: 

OP243715, AsUSP Gene 3: OP243718, AsUSP Gene 4: OP243720, AsUSP Gene 5: OP243719, 

AsUSP Gene 6: OP169013, AsUSP Gene 7: OP243716, AsUSP Gene 8: OP492076 and AsUSP 

Gene 9: OP243717. Figures 4.15 A-I represent nucleotide sequences of AsUSP Gene 1-9 along 

with relevant information submitted to NCBI Genbank. 
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Figure 4.15 A-I: Nucleotide sequences of AsUSP Gene 1-9 along with relevant information 
submitted to NCBI Genbank 

Figure 4.15 A: Nucleotide sequence of AsUSP Gene 1 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 B: Nucleotide sequence of AsUSP Gene 2 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 C: Nucleotide sequence of AsUSP Gene 3 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 D: Nucleotide sequence of AsUSP Gene 4 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 E: Nucleotide sequence of AsUSP Gene 5 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 F: Nucleotide sequence of AsUSP Gene 6 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 G: Nucleotide sequence of AsUSP Gene 7 along with relevant information submitted 
to NCBI Genbank 

G 



 

   88 

 

 

H 



 

   89 

 

 

Figure 4.15 H: Nucleotide sequence of AsUSP Gene 8 along with relevant information submitted 
to NCBI Genbank 
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Figure 4.15 I: Nucleotide sequence of AsUSP Gene 9 along with relevant information submitted 
to NCBI Genbank 
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4.15 miRNA Target Prediction Against AsUSP Genes 

4.15.1 Predicted Target Sites with RNAhybrid 

With the parameters input to TAPIR, RNAhybrid was run, and the output returned 266 

predicted target sites of A. sisalana miRNAs in AsUSP genes. Score, minimum free energy (mfe), 

minimum free energy ratio (mfe ratio), gaps, mismatches, sequence alignments etc. were present 

in the output file. The results were tabulated, and Figure 4.16 shows the predicted target sites with 

the use of RNAhybrid; target site positions in each gene targeted are indicated against the 

minimum free energies. 

 

Figure 4.16: Plot of predicted miRNA target sites in AsUSP genes using RNAhybrid 
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4.15.2 Predicted Target Sites with psRNATarget 

 Output of psRNATarget under the user-defined parameters resulted in a total of 138 target 

sites of A. sisalana miRNAs in AsUSP genes along with the details such as expectation, miRNA 

start and end positions, target gene start and end positions, sequence of the aligned fragments, 

sequence alignments and the type of mRNA translational repression i.e. translational inhibition or 

target mRNA cleavage. Figure 4.17 shows plot of predicted target sites with psRNATarget 

algorithm; target site positions in each gene targeted are indicated against the expectation values.  

 

 

Figure 4.17: Plot of predicted miRNA target sites in AsUSP genes using psRNATarget 
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4.15.3 Predicted Target Sites with psRobot 

From psRobot algorithm, the user defined script was run in Linux OS, and it returned a 

total of 139 miRNA target predictions. The output file indicated miRNAs and targeted genes, 

scores and query-subject alignments; results were tabulated. Figure 4.18 depicts the predicted 

target sites with the use of psRobot; target site positions in each gene targeted are indicated against 

the respective scores. 

 

 

Figure 4.18: Plot of predicted miRNA target sites in AsUSP genes using psRobot 
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4.15.4 Consensus of miRNA Target Prediction Algorithms 

From the consensus of the three miRNA target prediction algorithms i.e., RNAhybrid, 

psRNATarget and psRobot, a total of 406 unique target site were predicted in AsUSP Genes 1-9. 

Figure 4.19 shows consensus miRNA target sites identified with the use of three algorithms; target 

site positions are plotted against minimum free energies (MFE). As can be observed from Figure 

4.19, 18 target sites were commonly identified from the three algorithms. Figure 4.20 shows a 

Venn Diagram indicating union and intersection of the output from the three tools; while the details 

of intersection are outlined in Table 4.4. It can be observed from Table 4.6 that only AsUSP Gene1, 

Gene 2, Gene 3, Gene 6, Gene 7 and Gene 8, among all (i.e. nine) AsUSP genes, are targeted 

considering the consensus of the three miRNA target prediction algorithms, while the miRNA 

involved in these interactions are asi-miR156c-3p, asi-miR172b-5p, asi-miR444b, asi-miR482a-

3p, asi-miR165a-5p, asi-miR166b, asi-miR167c-5p, asi-miR2118b-5p, asi-miR398e, asi-

miR399f, asi-miR164a-3p and asi-miR2118l. 
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Figure 4.19: Plot of predicted miRNA target sites in AsUSP genes using consensus of three 
miRNA target prediction algorithms 
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Figure 4.20: Venn Diagram representing union and intersection of the miRNA target sites 
predicted in AsUSP genes
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Table 4.4: Intersection of results of the three miRNA target prediction algorithms (RNAhybrid, psRNATarget and psRobot) 

 

Sr. 
No. 

miRNA Target 
Position 

(RNAhybrid) 
Position 

(psRNATarget) 
Position 

(psRobot) 
Score 

(RNAhybrid) 
mfe 

(RNAhybrid) 
mfe_ratio 

(RNAhybrid) 
Expectation 

(psRNATarget) 
Target_end 

(psRNATarget) 
Inhibition 

(psRNATarget) 
Score 

(psRobot) 

1 asi-miR164a-3p TRINITY_DN23127_c4_g1_i2.p1(Gene1) 651 651 651 7 -24.9 0.60 7 669 Translation 3.5 

2 asi-miR2118l TRINITY_DN23127_c4_g1_i2.p1(Gene1) 523 529 528 10 -30.4 0.72 7 547 Cleavage 3.5 

3 asi-miR165a-5p TRINITY_DN17561_c0_g1_i1.p1(Gene2) 193 194 193 8.5 -25.7 0.58 6 213 Translation 3.8 

4 asi-miR166b TRINITY_DN17561_c0_g1_i1.p1(Gene2) 193 194 193 7.5 -29.9 0.63 6 214 Translation 3.8 

5 asi-miR164a-3p TRINITY_DN18247_c1_g1_i1.p1(Gene3) 272 273 272 7 -27.9 0.67 5.5 291 Cleavage 4 

6 asi-miR172b-5p TRINITY_DN18247_c1_g1_i1.p1(Gene3) 286 287 286 5.5 -26.9 0.65 5.5 307 Cleavage 3.2 

7 asi-miR156c-3p TRINITY_DN17522_c0_g2_i2.p1(Gene6) 8 9 8 7.5 -26.1 0.70 7 26 Cleavage 3.2 

8 asi-miR172b-5p TRINITY_DN18335_c0_g3_i1.p2(Gene7) 215 216 215 5 -28.7 0.69 6 235 Cleavage 3 

9 asi-miR444b TRINITY_DN18335_c0_g3_i1.p2(Gene7) 2 1 3 9 -34.1 0.74 7 22 Translation 3.5 

10 asi-miR482a-3p TRINITY_DN18335_c0_g3_i1.p2(Gene7) 433 429 428 10 -26.6 0.61 6.5 448 Translation 4 

11 asi-miR165a-5p TRINITY_DN21559_c0_g1_i2.p1(Gene8) 2025 2026 2025 8 -25.3 0.57 5.5 2045 Cleavage 4 

12 asi-miR399f TRINITY_DN21559_c0_g1_i2.p1(Gene8) 1396 1396 1396 7 -25 0.56 8 1414 Cleavage 3.8 

13 asi-miR398e TRINITY_DN21559_c0_g1_i2.p1(Gene8) 1458 1457 1458 7 -26.8 0.57 6.5 1477 Cleavage 4 

14 asi-miR2118l TRINITY_DN21559_c0_g1_i2.p1(Gene8) 318 317 317 8 -23.1 0.55 7 335 Cleavage 4 

15 asi-miR2118b-5p TRINITY_DN21559_c0_g1_i2.p1(Gene8) 199 198 197 7.5 -22.9 0.57 6 216 Cleavage 3.8 

16 asi-miR2118b-5p TRINITY_DN21559_c0_g1_i2.p1(Gene8) 767 768 767 7.5 -23.2 0.57 7 785 Translation 3.2 

17 asi-miR167c-5p TRINITY_DN21559_c0_g1_i2.p1(Gene8) 594 591 589 7 -24.4 0.60 6 609 Translation 3.2 

18 asi-miR166b TRINITY_DN21559_c0_g1_i2.p1(Gene8) 2025 2026 2025 7.5 -27.8 0.59 6 2046 Cleavage 4 
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4.15.5 Estimations of the miRNA-Gene Hybridization Potential 

MFE ratios, as a measure of miRNA-mRNA hybridization potential, were obtained from 

RNAhybrid algorithm. Figure 4.21 represents bar chart with miRNAs against respective mfe ratio 

of each miRNA-target interaction. All the 18 miRNA-mRNA pairs had mfe ratio greater than 0.5. 

miRNA-targets with greater value of mfe ratio indicated a better hybridization potential compared 

to those with lower values. 

 

 

Figure 4.21: Bar chart representing miRNAs and their respective mfe ratio as a measure of 
miRNA-gene hybridization potential 
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4.16 Evaluation of asi-miRNA-AsUSP Gene Complexes through Molecular 

Docking Analysis 

 From results of molecular docking analysis using Haddock for exploring miRNA-gene 

interactions in 3D platform, cluster selection for each result was based on lowest Haddock scores, 

RMSD values and Z-scores. Table 4.5 summarizes the molecular docking results for all 18 

miRNA-Gene pairs found through consensus of the three target prediction algorithms. All miRNA-

mRNA pairs had negative Haddock scores indicating potential for miRNA-mRNA interactions 

except for asi-miR172b-5p-AsUSP Gene 7 and asi-miR444b-AsUSP Gene 7 which had Haddock 

scores of 7.6 +/- 3.5 and 4.8 +/- 8.0, respectively. 

Considering overall docking scores and RMSD values of complexes, the following were 

among the complexes with the most negative docking scores as well as lowest RMSD values: 

4.16.1 Docking complex of asi-miR2118l and AsUSP Gene 1 

The docking result of asi-miR2118l with AsUSP Gene 1 indicated a Haddock score of -

24.5 +/- 10.2 and RMSD value of 14 +/- 0.8 Å (Table 4.7) which indicated strong binding 

interactions between the two RNA molecules. PDB file of the complex was analyzed using 

Discovery studio (Accelrys) and molsoft (https://www.molsoft.com/pdbv.html#). Figure 4.22 A 

shows the complex generated from molecular docking of asi-miR2118l and AsUSP Gene 1. Figure 

4.22 B indicates hydrogen bonding of Guanine 506 and Adenine 532 of AsUSP Gene 1 with 

Cytosine 11 and Uracil 10, respectively of asi-miR2118l. All the intermolecular hydrogen bonding 

interactions in this complex are outlined in Table 4.6. 

4.16.2 Docking complex of asi-miR165a-5p and AsUSP Gene 2 

Molecular docking results of asi-miR165a-5p with AsUSP Gene 2 represents a Haddock 

score of -22.8 +/- 8.9 and RMSD value of 1.3 +/- 1.0 Å (Table 4.7). PDB file was analyzed in the 

https://www.molsoft.com/pdbv.html
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same way as outlined in Section 4.16.1 and Figure 4.23 A depicts the binding of the two nucleic 

acid molecules. Selective intermolecular hydrogen bonds are indicated in Figure 4.23 B, which 

shows Guanine 204 and 205 of AsUSP Gene 2 interacting with Cytosine 14 and 16 respectively 

of asi-miR165a-5p, while all the intermolecular hydrogen bonds are indicated in Table 4.7. 

4.16.3 Docking complex of asi-miR166b and AsUSP Gene 2 

Output from the docking of asi-miR166b with AsUSP Gene 2 indicated that the two RNAs 

bind with each other with Haddock score of -37.2 +/- 11.6 and RMSD value of 1.1 +/- 0.9 Å (Table 

4.7). This complex represented the strongest binding interaction, with the most negative Haddock 

score, among all the complexes, as well as the lowest RMSD value among all the complexes 

analyzed. Figure 4.24 A represents the complex generated from molecular docking of asi-miR166b 

with AsUSP Gene 2, while the intermolecular hydrogen bonds between Guanine 204 and Cytosine 

132 of AsUSP Gene 2 with Cytosine 17 and Cytosine 15, respectively of asi-miR166b are shown 

in Figure 4.24 B. All the intermolecular hydrogen bonding interactions with distances are indicated 

in Table 4.8. 

4.16.4 Docking complex of asi-miR482a-3p and AsUSP Gene 7 

The result of molecular docking of asi-miR482a-3p with AsUSP Gene 7 indicated the 

interaction between the two RNA molecules with Haddock score of -31.8 +/- 7.4 and RMSD value 

of 1.2 +/- 0.7 Å (Table 4.7). This was the second strongest complex among all the complexes based 

on docking score, as well as having a low RMSD value. Figure 4.25 A depicts the binding of asi-

miR482a-3p with AsUSP Gene 7. Figure 4.25 B represents hydrogen bonding interactions between 

Guanine 436 of AsUSP Gene 7 with Cytosine 11 of asi-miR482a-3p, and interactions of Guanine 

434 of AsUSP Gene 7 with Uracil 1 and Cytosine 10 of asi-miR482a-3p. All the intermolecular 

hydrogen bonds along with bond distances are represented in Table 4.9. 
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Table 4.5: Molecular docking results of miRNAs and genes from Haddock. miRNA-Gene pairs along with the docking scores, RMSD, 
van der Waals energies, electrostatic energies, z-scores and other output parameters have been indicated 

 

 

Sr. 
# 

miRNA-Gene pair HADDOCK Score RMSD (Å) 
Van der Waals 

Energy 
(kcal/mol) 

Electrostatic 
Energy 

(kcal/mol) 
Z-Score  

Desolvation 
Energy 

Cluster 
size 

Buried Surface 
Area 

1  asi-miR164a-3p-Gene1 -13.6 +/- 6.9   1.1 +/- 0.7  -48.9 +/- 10.5 5.3 +/- 29.1   -1.8 21.6 +/- 4.2  6  1377.5 +/- 140.7  

2 asi-miR2118l-Gene1 -24.5 +/- 10.2  1.4 +/- 0.8  -65.9 +/- 7.9   -7.2 +/- 18.6  -2.3 26.1 +/- 2.1  7  1638.9 +/- 69.0  

3 asi-miR165a-5p-Gene2 -22.8 +/- 8.9 1.3 +/- 1.0 -62.2 +/- 9.6 -55.1 +/- 19.7 -1.6 27.7 +/- 4.7 4 1801.4 +/- 206.7 

4 asi-miR166b-Gene2  -37.2 +/- 11.6  1.1 +/- 0.9  -78.8 +/- 10.2   -13.8 +/- 21.5  -2.2 24.5 +/- 1.5  12  1782.8 +/- 56.4 

5 asi-miR164a-3p-Gene3 -8.9 +/- 1.3   7.2 +/- 0.1 -46.0 +/- 9.2  -8.9 +/- 17.2   -1.8  19.1 +/- 2.2 23  1240.6 +/- 137.1  

6 asi-miR172b-5p-Gene3 -5.7 +/- 5.9 8.4 +/- 0.6 -47.0 +/- 2.1 -42.2 +/- 20.2 -1.7 16.9 +/- 0.7 19 1322.9 +/- 88.8 

7  asi-miR156c-3p-Gene6 -16.2 +/- 1.9 8.6 +/- 0.1 -61.4 +/- 4.8 -14.4 +/- 5.2 -1.3 31.8 +/- 3.4 14 1833.0 +/- 102.2 

8 asi-miR172b-5p-Gene7 7.6 +/- 3.5 7.7 +/- 0.3 -31.7 +/- 8.4 -5.2 +/- 19.1 -1.0 17.8 +/- 2.6 9 1128.3 +/- 174.1 

9 asi-miR444b-Gene7 4.8 +/- 8.0 6.8 +/- 0.7 -40.4 +/- 6.5 28.2 +/- 17.7 -0.9 19.1 +/- 2.3 12 1214.0 +/- 157.8 

10 asi-miR482a-3p-Gene7 -31.8 +/- 7.4 1.2 +/- 0.7 -76.1 +/- 8.4 -35.9 +/- 31.3 -2.3 32.0 +/- 3.5 13 2082.7 +/- 138.0 

11 asi-miR165a-5p-Gene8 -22.9 +/- 3.5 6.9 +/- 0.3 -64.2 +/- 8.1 -30.0 +/- 24.0 -1.3 28.9 +/- 1.2 13 1572.4 +/- 94.8 

12 asi-miR399f-Gene8 -14.5 +/- 5.3 8.0 +/- 0.1 -53.1 +/- 4.3 -29.3 +/- 9.4 -1.2 22.9 +/- 2.5 6 1488.5 +/- 85.8 

13 asi-miR398e-Gene8 -14.4 +/- 3.0 1.8 +/- 1.1 -59.4 +/- 1.4 -2.3 +/- 8.8 -1.9 29.8 +/- 1.1 10 1787.1 +/- 52.0 

14 asi-miR2118l-Gene8 -20.5 +/- 3.2 4.7 +/- 0.2 -48.2 +/- 3.9 -33.1 +/- 8.8 -0.9 17.9 +/- 3.8 12 1331.8 +/- 157.2 

15 asi-miR2118b-5p-Gene8 -22.2 +/- 1.0 6.9 +/- 0.3 -54.8 +/- 9.0 -52.8 +/- 33.7 -2.2 29.5 +/- 5.5 26 1540.6 +/- 212.2 

16 asi-miR2118b-5p-Gene8 -21.1 +/- 4.9 6.7 +/- 0.6 -56.8 +/- 12.0 -23.5 +/- 38.2 -2.2 21.9 +/- 2.7 20 1374.4 +/- 153.9 

17 asi-miR167c-5p-Gene8 -14.2 +/- 4.3 6.6 +/- 0.2 -62.5 +/- 9.7 4.4 +/- 27.6 -1.4 24.1 +/- 3.2 21 1662.3 +/- 143.8 

18 asi-miR166b-Gene8 -18.9 +/- 9.5 1.7 +/- 1.2 -53.3 +/- 12.6 -16.3 +/- 11.6 -1.2 25.3 +/- 2.4 5 1455.8 +/- 161.2 
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Figure 4.22: A) Complex generated from molecular docking of asi-miR2118l and AsUSP Gene 
1; B) View of selective hydrogen bonding interactions between nucleotides of the complex 
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Table 4.6: Intermolecular hydrogen bonding interactions between asi-miR2118l and AsUSP 
Gene 1 along with bond distances (Å) 
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Figure 4.23: A) Complex generated from molecular docking of asi-miR165a-5p and AsUSP 
Gene 2; B) View of selective hydrogen bonding interactions between nucleotides of the complex 

A 
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Table 4.7: Intermolecular hydrogen bonding interactions between asi-miR165a-5p and AsUSP 
Gene 2 along with bond distances (Å) 
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Figure 4.24: A) Complex generated from molecular docking of asi-miR166b and AsUSP Gene 2; 
B) View of selective hydrogen bonding interactions between nucleotides of the complex 
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Table 4.8: Intermolecular hydrogen bonding interactions between asi-miR166b and AsUSP Gene 
2 along with bond distances (Å) 
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Figure 4.25: A) Complex generated from molecular docking of asi-miR482a-3p and AsUSP 
Gene 7; B) View of selective hydrogen bonding interactions between nucleotides of the complex 

A 
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Table 4.9: Intermolecular hydrogen bonding interactions between asi-miR482a-3p and AsUSP 
Gene 7 along with bond distances (Å) 
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Hybridization potential of miRNAs evaluated in Section 4.15.5 were considered in 

combination with overall docking scores (and RMSD values) and based on these interactions, it 

was construed that the miRNA-gene pairs asi-miR2118l-AsUSP Gene 1 (mfe ratio 0.72, Haddock 

score -24.5 +/- 10.2), asi-miR166b-AsUSP Gene 2 (mfe ratio 0.63, Haddock score -37.2 +/- 11.6) 

and asi-miR482a-3p-AsUSP Gene 7 (mfe ratio 0.61, Haddock score -31.8 +/- 7.4) could hybridize 

with a greater likelihood and strength of interactions (also lower RMSD values for these 

interactions i.e. 1.4 +/- 0.8 Å, 1.1 +/- 0.9 Å and 1.2 +/- 0.7 Å respectively showed a better reliability 

of docking results for these complexes). 

4.17 MSA and Phylogenetic Analysis of asi-miRNAs 

 Results of multiple sequence alignments and phylogenetic analyses are presented in 

Figures 4.26-4.28. From the phylogenetic analysis of asi-miR2118l (Figure 4.26), it can be 

observed that it is distantly related to all homologues i.e. pre-miRNAs of 2118 family from Oryza 

sativa, Zea mays and Arabidopsis thaliana; however, it is more closely related to osa-MIR2118m 

and osa-MIR2118j. Phylogenetic analysis of miR-166 family (Figure 4.27) indicated that asi-pre-

miRNA166b lies in the same clade with gma-MIR166l (from Glycine max) and more distantly 

related to members pre-miRNAs of Camelina sativa, Arabidopsis lyrata, Oryzae sativa, Zea mays 

and Arabidopsis thaliana. From the phylogenetic relationship of miRNA family 482 (Figure 4.28), 

pre-miRNA of asi-miR482a-3p is more closely linked to pab-MIR482k (from Picea abies) and 

exists in the same clade; other miR-482 members which are distantly related included pre-miRNAs 

from Glycine max, Glycine soja, Manihot esculenta, Picea abies, Aquilegia caerulea, Prunus 

persica and Nicotiana tabacum. 
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Figure 4.26: Multiple sequence alignment (A) and phylogenetic relationship (B) between asi-
miR2118l and homologues in miR-2118 family 
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Figure 4.27: Multiple sequence alignment (A) and phylogenetic relationship (B) between asi-
miR166b and homologues in miR-166 family 
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Figure 4.28: Multiple sequence alignment (A) and phylogenetic relationship (B) between asi-
miR482a-3p and homologues in miR-482 family 
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4.18 Microscopic Analysis of Aspergillus niger Culture 

From the culture of A. niger grown on PDA slants, as explained in Section 3.37.1, a small 

amount of fungal growth was picked using loop and mixed into a drop of sterile water placed on 

glass slide, followed by microscopic examination under optical microscope (100x). Results of 

microscopic analysis revealed various morphological features of A. niger as presented in the Figure 

4.29. Conidiophores were observed as shown in Figure 4.29 A and various conidia could be seen 

as in Figure 4.29 B. Shape of conidia was globose (spherical) to subglobose (imperfectly spherical) 

while diameter was found within a range of 3.5-5.0 µm. 

 

 

Figure 4.29: Microscopic examination of Aspergillus niger growth as observed under optical 
microscope (with magnification of 100x). Conidiophore (A) and various conidia (B) could be 

observed under microscope 

 

4.19 Agave sisalana Growth under Control and Biotic Stress 

 A. sisalana plants grown to seven months of age were inoculated with the suspension of A. 

niger culture as described in Section 3.37.3. Control plants were kept parallel (without A. niger 

inoculation). After 14 days, physical signs of bole rot disease were noted in infected plants as 

A B 
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shown in Figure 4.30; rotting in the bole region of plants was clearly observed indicating the 

damaging effect of A. niger inoculation. 

 

 

 

 

 

 

 

 

Figure 4.30: (A) A. sisalana Control and (B) infected with A. niger suspension after 14 days of 
infection 

 

4.20 Estimation of Chlorophyll Content 

Mean Chlorophyll-a content in control was 0.065 mg/g FW while in infected (biotic stress 

condition) was observed to be 0.022 mg/g FW. However, the difference (i.e. the reduction in 

Chlorophyll-a content between control and stress) was not found to be statistically significant 

(P>0.05) (Figure 4.31 A). Mean Chlorophyll-b content in control was calculated to be 1.69 mg/g 

FW while in infected (biotic stress) was found to be 0.74 mg/g FW and the difference was found 

to be statistically significant (P<0.01) (Figure 4.31 B). Total Chlorophyll content in control was 

1.75 mg/g FW while in infected plant was 0.77 mg/g FW and the difference was statistically 

significant (P<0.01) (Figure 4.31 C) (Table 4.10).  
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Figure 4.31: (A) Statistical comparison of Chlorophyll-a, (B) Chlorophyll-b and (C) total 
Chlorophyll contents in A. sisalana control and infected 
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Table 4.10: Analysis of variance (ANOVA) and mean performance analysis for Chlorophyll-a, 
Chlorophyll-b and total Chlorophyll contents in control and biotic stressed (infected) A. sisalana 

Alpha 0.05    

Bonferroni's multiple comparisons test 
Mean 

Difference 95.00% CI of diff. Significant? 
Adj. P-
value 

Control vs Infected     
Chlorophyll-a 0.04233 -0.5014 to 0.5861 ns >0.9999 
Chlorophyll-b 0.9433 0.3996 to 1.487 *** 0.0006 

Total Chlorophyll 0.9827 0.4389 to 1.526 *** 0.0004 
 

4.21 Estimation of Proline Content 

Mean Proline Content in control was found to be 1.80 µg/g FW while in infected (biotic 

stress) was 1.58 µg/g FW. Although a difference was noted in the proline contents of control and 

stressed plants, the difference was not found to be statistically significant (P>0.05) (Figure 4.32) 

(Table 4.11). 

 

 

 

 

 

 

 

 

 

 

Figure 4.32: Statistical comparison of proline contents in A. sisalana control and infected 
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Table 4.11: Analysis of variance (ANOVA) and mean performance analysis for total proline 
content in control and biotic stressed (infected) A. sisalana 

Alpha 0.05    

Bonferroni's multiple comparisons test 
Mean 

Difference 95.00% CI of diff. Significant? 
Adj. P-
value 

Control vs Infected     
Proline Content 0.22 -0.2141 to 0.6541 ns 0.3031 

 

4.22 Microscopic Examination of Transverse Leaf Sections  

 Leaf tissues of A. sisalana were excised from control and infected plants after two weeks 

of inoculation; transverse sections were prepared as described in Section 3.40 stained with H&E 

stain and observed under optical microscope (Olympus BX61). Images are shown in Figure 4.33 

and 4.34 at 10x and 20x magnification, respectively. Section of infected leaf (Figure 4.33 B and 

4.34B) indicated various infected areas (with fungal particles/aggregates) among cells compared 

to control including vascular bundles (Figure 4.33 A and 4.34A). 

 

  

 

 

 

 

 

 

 

 

Figure 4.33: Microscopic view of cross section produced from microtomy of A. sisalana control 
(A) and infected (B) leaf samples at 10x magnification (infected regions marked with blue 

arrows) 
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Figure 4.34: Microscopic view of leaf cross section produced from microtomy of A. sisalana 
control (A) and infected (B) leaf samples at 20x magnification (infected regions marked with 

blue arrows) 
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5. DISCUSSION 

The current study was ambitioned to explore the array of miRNAs that could be identified 

with the use of computational tools and validating the predicted miRNAs, that can potentially be 

involved in biotic stress response in A. sisalana (i.e. under infection by A. niger). Moreover, 

members of the target gene family of Universal Stress Protein (USP) were also predicted and 

studied through various tools for their potential regulation by the identified miRNAs. 

  Agave species exhibit exceptional tolerance to environmental stresses due to CAM 

photosynthesis, wax deposition, and protective leaf morphology. Such characteristics makes this 

species an excellent candidate for the exploration of genomic information governing mechanisms 

underlying such extra-ordinary features. Research in the area of miRNAome and gene silencing 

mechanisms in A. sisalana is needed for getting insights into the stress tolerance mechanisms. 

Excellent features of multi-stress tolerance in Agave sp. makes it an ideal candidate to study the 

mechanisms underlying stress tolerance. Bole rot disease has been reported in A. sisalana and is 

caused by Aspergillus sp. which act as a biotic stress factor limiting growth and production of A. 

sisalana. Unavailability of complete genomic information of A. sisalana remains one of the 

reasons for lack of knowledge regarding the stress tolerance mechanisms. 

This study attempted to harness the available data on the transcriptome (RNA-seq data) of 

A. sisalana (Sarwar et al., 2019) to fish out the possible miRNA candidates hidden within the non-

coding repertoire of its transcriptome. A total of 74 candidate miRNAs were predicted on the basis 

of homology and secondary structure analysis (Table 4.1). Similar pipelines for prediction of 

miRNAs from RNA-seq data have previously been implemented by Kalariya et al. (2019) on 

Gymnema sylvestre, Gadhavi et al. (2020) on Bacopa monnieri, Gupta et al. (2015) on Helianthus 

annuus and Jabbar et al. (2021) on Agave deserti. To filter out pseudo pre-miRNAs from all 
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potential pre-miRNAs, their properties were evaluated which included %G+C content and %A+U 

content, secondary structures, and minimum free energies. MFEI values of the selected pre-

miRNAs of A. sisalana ranged from 0.32-0.95 while data previously reported on A. deserti has 

shown pre-miRNAs MFEI ranging from 0.5 to 1.0 (Jabbar et al., 2021). While the prediction of 

miRNA from the sequenced transcriptome such as ESTs, conitgs and unigenes using homology 

based and comparative can reveal conserved miRNA sequences from various plant species 

(Najafabadi & Naghavi, 2018; Singh & Sharma, 2017), the process of small RNA sequencing 

(sRNA-seq) can discover a vast majority of miRNAs, including both conserved and novel 

sequences, through detection of more than a billion RNA molecules in a single run (Kang & 

Friedländer, 2015). miRNA prediction pipeline implemented in this study identified 74 miRNAs 

out of which 48 were confirmed through Poly(A)RT PCR; small RNA sequencing effort for A. 

sisalana could reveal much more information and novel miRNA sequences in addition to the 

conserved sequences. The data analysis of small-RNA sequencing need a reference genome, as 

required by most of the tools that predict miRNA from sRNA-Seq data, to allow for excision of 

miRNA hairpins; however, high quality reference genomes are available for only a few of the 

model species. For the species without reference genomes, new methods are required for discovery 

of novel miRNAs for getting insights into their function. One solution to overcome this limitation 

is to implement genome of a closely related species also referred to as proxy reference sequence 

(Kang & Friedländer, 2015). However, some tools are now available that allow miRNA prediction 

from sRNA-Seq with or without the reference genome (Vitsios et al., 2017). 

Agarose gel electrophoresis run for large RNA fraction (Figure 4.5) showed intact 28s and 

18s rRNA bands indicating good quality of extracted RNA without degradation. A similar banding 

pattern for plant RNA has been reported by Chang et al. (2016) and Ghawana et al. (2011). The 
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ratios of A260/A280 and A260/A230 were >2 for small and large RNA fractions (Table 4.2), 

indicating that there was no polysaccharide, polyphenol, EDTA or protein contamination in the 

purified RNA samples. For validation of targets, poly(T) adaptor sequence as reported by Xie et 

al. (2007) was designed for cDNA preparation after the poly(A) tailing reaction (Mohanpuria et 

al., 2018). Figure 4.6 A-F showed Poly(A) RT PCR results; these results indicated  that PCR with 

miRNA specific forward primers for 74 predicted A. sisalana miRNAs showed a band of approx. 

100 bp for 48 A. sisalana miRNAs. Similar types of bands upon miRNA amplification using PCR 

have been shown by D. Chen et al. (2019) for Apis cerena miRNAs and F. Gao et al. (2021) for 

Galdieria sulphuraria miRNAs. 

USP genes from A. sisalana transcriptome (RNA-seq) assembly were first identified using 

bioinformatic approaches which resulted in 9 full length open reading frames belonging to USP 

family-PF00582. Shokry et al. (2014) used de novo assembled genome contigs of the high- 

throughput sequencing dataset of Calotropis procera and used protein-protein BLAST and 

multiple sequence alignment tools for prediction of USP gene using bioinformatic approaches. In 

this study, HMM based approach that identified USPs using protein profile hidden Markov models 

(profile-HMMs) which are sensitive tools for remote protein homology detection (Johnson et al., 

2010). Identified USP genes (i.e. AsUSP genes 1-9) were amplified after designing primers for 

full length gene amplification; amplified fragments (Figures 4.10- 4.12) were further cloned, 

sequenced and submitted to NCBI, Genbank (Figure 4.15 A-I). 

A consensus based approach was utilized for prediction of miRNA targets among AsUSP 

genes for prediction of reliable miRNA-target gene interactions (Iqbal et al., 2017; Jabbar et al., 

2019). Results of mRNA targeting using RNAhybrid showed a total of 266 targets of A. sisalana 

miRNAs among AsUSP genes (Figure 4.16). Precise mode of Tapirhybrid (Bonnet et al., 2010) 
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uses RNAhybrid algorithm for miRNA target prediction and takes into consideration various 

parameters such as seed pairing, target site accessibility, multiple target sites, and it predicts target 

sites with a higher accuracy than many other tools (Srivastava et al., 2014). By using 

psRNATarget, (Dai et al., 2011), 138 target sites were predicted (Figure 4.17); through integration 

of two important analysis functions (i.e. complementarity scoring and analysis of secondary 

structure), this tool searches for miRNA targets in the provided nucleotide sequence of mRNA. It 

also finds target-site accessibility by computation of unpaired energy (UPE) needed to remove 

folds from secondary structure around miRNA target site on mRNA (Brodersen et al., 2008). A 

total of 139 miRNA targets were predicted in the sequences of AsUSP genes using psRobot target 

prediction algorithm (Figure 4.18). psRobot implements a modified Smith–Waterman algorithm 

with the defined system for scoring for calculating alignment scores between small RNAs and 

target sequences. It estimates the penalty score of each alignment by subtraction of actual 

alignment score from the ideal perfect global pairing score; the alignments corresponding to 

penalty score cutt-off are then output as a result. It intensively searches each mRNA sequence for 

detection of multiple target sites (Wu et al., 2012). Merging the results of the target prediction 

algorithms indicated that a total of 406 non-redundant target positions were prediction in nine 

AsUSP genes; and 18 common target sites were found from consensus of the three algorithms 

(Figure 4.19-4.20; Table 4.4). Plot of miRNAs against mfe ratio is represented in Figure 4.21; the 

mfe ratio is proportionate with the strength of miRNA-target hybridization, and higher values (i.e. 

closer to 1.0) may represent a greater probability of miRNA leading to the predicted effect i.e. 

translation inhibition or cleavage (Thody et al., 2020) (Table 4.4). While through earlier studies, 

it was construed that plant miRNAs function by cleavage of the target genes; however, studies on 

regulation of AP2 protein expression by miR172 of Arabidopsis without fluctuations in mRNA 
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expression led to the understanding that plant miRNAs can also bring about silencing of the target 

genes through repression of translation and is an extensive mechanism of plant miRNA based gene 

silencing (Ariizumi et al., 2011; Aukerman & Sakai, 2003). 

Based on earlier studies, it was believed that plant miRNAs function by cleaving target 

genes. However, based on a study revealing regulation of AP2 protein expression by Arabidopsis 

miR172 without changes in mRNA expression, it was later proposed that plant miRNAs can also 

silence their target genes through translational repression (Aukerman and Sakai, 2003).  

To explore binding interactions of miRNAs with respective target gene (mRNA) in 3D, 

RNA structures were modelled and docking analysis was performed as described in Section 3.33-

3.35. From analysis of Haddock output (Table 4.5), the complexes asi-miR2118l-AsUSP Gene 1 

(Haddock score -24.5 +/- 10.2, RMSD 1.4 +/- 0.8 Å), asi-miR165a-5p-AsUSP Gene 2 (Haddock 

score -22.8 +/- 8.9, RMSD 1.3 +/- 1.0 Å), asi-miR166b-AsUSP Gene 2 (Haddock score -37.2 +/- 

11.6, RMSD 1.1 +/- 0.9 Å), and asi-miR482a-3p-AsUSP Gene 7 (Haddock score -31.8 +/- 7.4, 

RMSD 1.2 +/- 0.7 Å) were selected on the basis of lower (more negative) Haddock scores and low 

RMSD values. After considering both the results of mfe ratio and molecular docking analysis 

(Table 4.5), the complexes asi-miR2118l-AsUSP Gene 1 (mfe ratio 0.72, Haddock score -24.5 +/- 

10.2) (Figure 4.22), asi-miR166b-AsUSP Gene 2 (mfe ratio 0.63, Haddock score -37.2 +/- 11.6) 

(Figure 4.24) and asi-miR482a-3p-AsUSP Gene 7 (mfe ratio 0.61, Haddock score -31.8 +/- 7.4) 

(Figure 4.25) represent more stable binding interactions and are more likely to cause the predicted 

effect of bringing about target mRNA cleavage or translational inhibition. Phylogenetic analysis 

revealed evolutionary relationship between these miRNAs and their respective homologues 

(Figures 4.26-4.28); similar types of phylogenetic relationships/trees have been built up for 

miRNAs of Agave deserti and their homologues by Jabbar et al. (2021). 

https://www.frontiersin.org/articles/10.3389/fpls.2021.751771/full#ref4
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Microscopic analysis of culture picked from A. niger PDA slants (Figure 4.29) indicated 

various morphological features which were concordant with the observations as reported by 

(Andge et al., 2017). After 14 days of A. niger inoculation, a reddish-dark brown rotting in the 

bole region was observed in A. sisalana similar to that reported by Santos et al. (2014). Yellowing 

of leaves near the bole region of A. sisalana plants infected with A. niger was already somewhat 

evident as can be seen in Figure 4.30 which hinted towards a decrease in Chlorophyll content. A 

statistically significant decrease was observed in Chlorophyll-b content (0.74 mg/g FW in infected 

plants) and total Chlorophyll content (0.77 mg/g FW in infected plants) (Figure 4.31). A decrease 

in Chlorophyll content upon infection (biotic stress) in plants have also been observed in some 

other studies such as reported by Guo et al. (2005) in which Chlorophyll content was significantly 

reduced in infected Brassica juncea plants after 2 weeks of turnip mosaic virus infection. While 

accumulation of proline in abiotic stresses in plant is well known and discussed by many authors 

(Kaur & Asthir, 2015; Mansour & Salama, 2020; Yaish, 2015), effect on this indicator under biotic 

stresses is not well established. In these results (Figure 4.32), proline content reduced in infected 

plants (1.58 µg/g FW) compared to control (1.80 µg/g FW); however, the decrease was not found 

to be statistically significant. Microscopic examination of transverse leaf sections from infected 

and control A. sisalana revealed visible differences in cells and vascular bundles in which various 

morphological differences could be observed due to A. niger infection (Figure 4.33 and Figure 

4.34); however, a more detailed analysis can be done to further investigate histopathological 

changes in A. sisalana leaves upon A. niger infection. Fungi are capable to colonize plant tissues 

leading to cell damage and resulting in disease symptoms in their host plants. A significant cell 

proliferation and wall thickening were observed in corn plants infected by endophytic F. sacchari 

(Terna et al., 2022); such detailed study on A. sisalana infected with A. niger using light 
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microscopy using various staining techniques and transmission electron microscopy could reveal 

a more detailed analysis of histopathological effects. 

The present research focuses on harnessing the available transcriptome resource of A. 

sisalana to identify miRNAs encoded by the non-coding repertoire of transcriptome assembly. 

Role of miRNAs in regulating gene expression in the conditions of pathogen stress that will help 

in understanding the molecular mechanism of gene regulation in adverse conditions. The results 

of the current study will pave the way in application of miRNAome research and gaining insights 

in the regulation of defense mechanism in xeric plants. Through this study, 48 miRNAs of A. 

sisalana have been experimentally verified which is initiatory towards gaining insights into the 

stress response and gene regulation mechanisms under biotic and abiotic stresses as miRNAs act 

as key regulators of various biological processes. In this study, the possible interactions between 

As-miRNAs identified in this study and the USP genes of A. sisalana have been predicted, further 

confirmation of these miRNA-USP gene interactions and functional investigations of these 

miRNAs can be performed through in-vitro, wet-lab experimentation to further uncover their roles 

and function in biotic stress in A. sisalana. Moreover, small RNA-seq analysis of A. sisalana under 

control and biotic stress can be performed which can reveal novel miRNA sequences in A. sisalana 

and their differential expression under control and biotic stress can unveil miRNAs which are 

differentially expressed and play role in gene regulation of A. sisalana under biotic stress. 

Differential expression profiling of As-USP genes identified in this study, under control and biotic 

stress, can be conducted to further investigate their role in defense to infection by A. niger. 

Till date the control strategies that have been presented by various researchers to counter 

the bole rot disease of A. sisalana, caused by A. niger, have been focused on application of bacterial 

isolates that have the potential to limit growth of A. niger. While the physiological roles and 
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diversity of structures of USPs in microorganisms have been broadly investigated, only a few 

studies have in plants (though having numerous USPs) have been conducted so far (Chi et al., 

2019). The role of USPs in various biotic and abiotic stresses have been reported by some 

researchers in plant species such as Aradidopsis thaliana (Bhuria et al., 2019; Melencion et al., 

2017), Medicago falcata (Gou et al., 2020), Oryza sativa L (Arabia et al., 2021); however, no such 

studies on USPs in A. sisalana have been performed hitherto. Exploring molecular mechanism of 

stress tolerance in plants is needed to overcome the deterioration of yield and quality of crop plants 

to meet the food security challenges of the growing population. Crops are frequently exposed to 

various biotic and abiotic stresses (such as extreme temperatures, salinity, drought and pathogens) 

that compromise the yield (Pandey et al., 2017). Results of this study will also pave the way 

towards development of molecular based strategies to improve tolerance to A. sisalana to the bole 

rot disease caused by A. niger through over-expression of USP genes after confirmation of their 

role in pathogen defense. 
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APPENDICES 
 

 

Appendix-I 

RNA Extraction Buffer 

 Stock Solution Working Solution 
 

CTAB 
 

20% 2% 

PVPP 
 

20% 2% 

EDTA 
 

0.5M 0.025M 

NaCl 
 

5M 2M 

β-mercaptoethanol 
 

- 2% (v/v) 

 

 

Appendix-II 

5x TBE Buffer (1000 ml) 

Tris base 
 

54 g 

Boric acid 
 

27.5 g 

0.5 M EDTA (pH 8.0) 
 

20 ml 

 

 

Appendix-III 

Luria Bertani (LB) Agar (1000 ml) (pH 7.5) 

Tryptone 
 

10 g 

Yeast extract 
 

5 g 

NaCl 
 

10 g 

Agar 15 g 



 

   155 

 

 
 

 

Appendix-IV 

Luria Bertani (LB) Broth (1000 ml) (pH 7.5) 

Tryptone 
 

10 g 

Yeast extract 
 

5 g 

NaCl 
 

10 g 

 

 

Appendix-V 

Tetracycline (12.5 mg/ml) 

Tetracycline powder 
 

12.5 mg 

70% Ethanol 
 

1 ml 

 

 

Appendix-VI 

Transformation Buffer 

MgCl2 
 

80 mM 

CaCl2 
 

100 mM 

 

 

Appendix-VII 

Ampicillin (100 mg/ml) 

Ampicillin powder 
 

1 g 

Sterile water 
 

10 ml 
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Appendix-VIII 

PDA medium (100 ml) 

Agar 
 

1.5 g 

Dextrose 
 

2.0 g 

Potato Extract 
 

0.4 g 

 

 

Appendix-IX 

Acid ninhydrin solution 

Ninhydrin 
 

1.25 g 

Glacial acetic acid 
 

30 ml 

6 M H3PO4 

 
20 ml 

(Kept at 4°C, the reagent remains stable for 24 hours) 

 

 

Appendix-X 

FAA 

Formaldehyde 
 

10% 

Ethanol 
 

50% 

Glacial acetic acid 
 

5% 

Water 
 

35% 

 



For
 p

er
so

na
l p

riv
at

e 
us

e 
on

ly
. 

 

N
ot

 b
e 

di
st
rib

ut
ed

 o
r u

pl
oa

de
d 

to
 a

ny
on

e 
or

 a
ny

w
he

re
.

C
u

r
r
e
n

t 
P

r
o

te
o

m
ic

s

�������	
���
�	���		�
���
���
�������	��������
��	��������

���4��9:;<29=>=

����4��9?;:2=@>;

�������
�������

Send Orders for Reprints to reprints@benthamscience.net248

Current Proteomics, 2021, 18, 248-263

RESEARCH ARTICLE

RNA-Seq  Data  Analysis  Unveils  Potential  Conserved  Micro-RNAs  in
Agave deserti

Basit Jabbar
1
, Batcho Agossa Anicet

1
, Muhammad Bilal Sarwar

1
, Bushra Rashid

1,*
,

Sameera Hassan
1
 and Tayyab Husnain

1

1
Centre of Excellence in Molecular Biology, Faculty of Life Sciences, University of the Punjab, Lahore-53700,

Pakistan

A R T I C L E  H I S T O R Y

Received: February 25, 2020

Revised: March 24, 2020

Accepted: April 14, 2020

DOI:

10.2174/1570164617999200529122637

Abstract: Aims: Exploring molecular mechanism of abiotic stress tolerance in plants is needed to
overcome the deterioration of yield and quality of crop plants to meet the food security challenges
of the growing population.

Background: MicroRNAs (miRNAs) are small non-coding RNA molecules that regulate target
gene  expression  for  modulating  plant  growth,  development,  and  response  to  different  stresses.
Agave belonging to CAM plants’ has remarkable tolerance to extreme conditions of drought and
heat; however, molecular mechanisms underlying this excellence are yet to explore.

Objective:  This  study  applies  comparative  genomics  approach  on  available  Transcriptome  (R-
NA-Seq) data of Agave deserti to identify potential miRNAs, and miRNA targets.

Methods: Transcriptome datasets consisting of 128,869 Agave contigs was processed to create lo-
cal database, for nucleotide homology analysis with 6,028 non-redundant plant miRNAs as query
sequences. Protein coding sequences were removed, and potential pre-miRNA sequences were test-
ed for stability analysis based on a variety of factors, including but not limited to %G+C content
and minimum free energy (-∆G), as a filter to remove pseudo pre-miRNAs.

Results: This study identified 30 unique miRNAs of Agave deserti harboring 14 different cate-
gories of precursors. Phylogenetic analysis revealed evolutionary relationship between newly iden-
tified pre-miRNAs with corresponding pre-miRNA homologues. Target genes of miRNAs were
predicted subsequently, and possible functions were defined by functional annotation analysis.

Conclusion: The results of this study will pave the way for further research, exploring the molecu-
lar mechanisms in Agave deserti and the role of miRNAs in gene regulation under abiotic stresses.

Keywords: Micro-RNA, Agave deserti, gene homology, minimum free energy, precursors, target gene.

1. INTRODUCTION

Micro-RNAs are single-stranded (ss) non-coding RNAs
(ncRNAs) 18-25 nucleotides, also involved in post-transcrip-
tional  regulation of  gene expression in  plants  by a  pheno-
menon called RNA interference (RNAi) [1]. MiRNAs are in-
tensively complementary to hybridization sites harbored in
coding regions and bring about cleavage or translational re-
pression of specific genes [2]. MiRNAs are generated from
pri-miRNA  (primary  miRNA),  which  ranges  in  size  from
hundreds  to  thousand  nucleotides  and  can  be  modified  by
post-transcriptional  processes  such  as  capping  and  polya-
denylation. A long stem-loop structure (pre-miRNA) located
within  pri-miRNA  is  excised  in  the  nucleus  before  it  is

*Address  correspondence  to  this  author  at  the  Centre  of  Excellence  in
Molecular Biology, Faculty of Life Sciences, University of the Punjab, P.O.
Box: 53700, Lahore, Pakistan; Tel: +92-42-3529-3141;
Fax: +92-42-3529-3148; E-mail: bushra.cemb@pu.edu.pk

transported to the cytoplasm and undergoes processing by
RNase III  [3].  As a  result,  a  mature  miRNA, a  short  dou-
ble-stranded  RNA  (dsRNA)  and  a  miRNA  duplex  (miR-
NA:miRNA*) [4]. Consequently, the miRNA duplex is pro-
cessed by RNA-Induced Silencing Complex (RISC) to gener-
ate one strand of mature miRNA while the complementary
miRNA* strand undergoes degradation. The mature miRNA
can down-regulate gene expression by hybridization with 3′-
UTR of the transcripts, thereby leading to cleavage of target
mRNA  (in  case  of  perfect  base-pairing)  or  repression  of
translation (usually imperfect base-pairing) [5].

Various transcription factor genes are particularly target-
ed by plant miRNAs and include Myeloblastosis-related pro-
teins  (MYB),  Squamosa  Promoter  binding  Protein-box
(SBP-box),  Growth-Regulating  Factor  (GRF),  Apetala2
(AP2),  and MADS-box gene families  [6].  The key role  of
miRNAs in plants includes differentiation of leaf and flow-
er,  auxin  response  and  flowering  time as  well  as  in  biotic
and abiotic stress responses and nutrient deficiency [7-9].

1875-6247/21 $65.00+.00 © 2021  Bentham Science Publishers
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Different approaches have emerged for the identification
of  miRNAs.  Initially,  genetic  screening  strategy  based  on
forward genetics was used, such as that by Lee et al. [10] for
the  identification  of  lin-4,  a  small  non-coding  RNA  in
Caenorhabditis elegans, and Reinhart et al. [11] describing
let-7, another miRNA encoded in C. elegans. It is an ineffi-
cient method due to time and expenses. Direct cloning proce-
dure  uses  RT-PCR  and  sequencing  and  is  more  efficient
than genetic screening; however, itcannot work for miRNAs
that  are difficult  to clone owing to the sequence composi-
tion, or post-transcriptional features e.g. methylation [12]. In
the  contemporary  era,  sequence  information  such  as  GSS
(Genome Survey Sequences), ESTs (Expressed Sequenced
Tags)  and  transcriptome  data  (unigenes)  as  the  target
database enabled genomic and transcriptomic data analysis
leading to successful prediction of miRNAs and miRNA tar-
gets.  The process  uses  Computational  prediction based on
the detection of sequence features of miRNAs, having high
evolutionary  conservation  between  closely  related,  and  in
some cases distant species, by homology analysis. Another
major feature is the existence of a stable pre-miRNA hair-
pin-like  secondary  structure  with  high-negative  minimum
folding energy [8, 13].

Agave,  residing  in  monocot  family  of  Agavaceae,  is
among the  succulent  plants  having a  cluster  of  enormous-
sized leaves- thick and fleshy, and having sharp, pointed end-
ing, denizens of arid and semi-arid regions in the North and
South  America  [14].  It  exhibits  exceptional  tolerance  to
drought and heat stress due to CAM photosynthesis, wax de-
position, and protective leaf morphology [15]. Agave deserti
is indigenous to the Sonoran desert regions of the Southwest-
ern United States and Northwestern Mexico and can survive
for a year without rainfall, and over a temperature range of
-16.1°C to 61.4°C. These characteristics make this species
an excellent candidate for the exploration of genomic infor-
mation governing mechanisms of heat tolerance and stress
responses [16]. This research involves the identification of
miRNAs  in  A.  deserti  by  implementing  homology-based
complementarity from previously available transcriptome da-
ta yielded from next generation (Illumina) sequencing. The
approach entails retrieving the repertoire of non-redundant
miRNAs  available  in  miRBase,  and  screening  through  a
stringent criterion involving homology search within certain
parameters, the stability of pre-miRNA secondary structure
and  minimum  folding  energy.  These  miRNAs  were  pro-
cessed further to predict  the potential  miRNA targets,  and
functional  annotation  of  the  predicted  loci.  Phylogenetic
analysis  elucidated  the  evolutionary  relationship  between
pre-miRNAs  of  A.  deserti  and  related  pre-miRNA  se-
quences.

2. MATERIALS AND METHODS

2.1. MiRNA Retrieval from MiRNA Database

A total of 10,414 mature miRNAs belonging to Viridi-
plantae were downloaded from the miRNA repository miR-
Base (release 22), accessible from http://www.mirbase. org/
cgi-bin/ browse.pl) and removed miRNA redundancy to ob-

tain  6,028  non-redundant  miRNAs  sub-set  and  proceeded
for miRNA prediction of Agave deserti. The length of these
miRNAs ranged from 19 to 23 nucleotides.

2.1.1. Agave Deserti Transcriptome Data Source

Transcriptome assembly of Agave deserti, as reported by
Gross et al.  [16] sequenced by using Illumina HiSeq 2000
and de novo transcriptome assembly using Rnnotator [17],
accessed from Dryad Digital Repository was used. The se-
quenced  transcriptome  contained  88,718  Agave  loci,
128,869  Agave  contigs  and  35,086  protein  coding  loci.

2.2. Homology Based Prediction of Potential MiRNAs

Homology  based  identification  of  miRNAs  was  per-
formed by BLASTN (standalone BLAST v2.8.1) by using
unique  miRNA  sequences  as  query  against  the  local
database  created  from sequenced  transcripts  of  A.  deserti,

while  keeping  E  value  at  1e
-1
,  word  size  as  7,  scoring

(match: 2, mismatch: -3), gap cost (open: 5, extend: 2) and
low complexity filter. From the BLAST results, those with
full (100%) query coverage were selected, having not more
than 2 (i.e. less than 3) nucleotides mismatch were filtered
for further processing.

2.2.1. Elimination of Protein Coding Transcripts

From the transcripts giving positive hits, sequences 100
bp upstream and downstream of target sites were retrieved
and exported in FASTA format. These sequences were used
as a query in standalone BLASTx (v2.8.1) against non-re-
dundant protein data-base while keeping e-value at 10, word
size 6, scoring (match: 2, mismatch: -3), gap cost (open: 11,
extend: 1), BLOSUM62 matrix and standard genetic code.
From the output, sequences with no hits (i.e. non-coding se-
quences) were collected in FASTA as pre-miRNA (miRNA
precursor) sequences.

2.2.2. Prediction of Pre-miRNA Secondary Structure

Mfold server (mfold.rit.albany.edu), RNA folding form
was  implemented  for  the  prediction  of  pre-miRNA  se-
condary structure to rule out pseudo pre-miRNAs. As input
parameters, linear RNA sequence was selected, folding tem-
perature was set at 37ºC, ionic conditions of 1M NaCl with-
out divalent ions was used, 5 percent as sub-optimality num-
ber, maximum interior/bulge loop size of 30, and energy dot
plot was turned on while any other parameters were set at de-
fault.

2.2.3. Selection of Stable Pre-miRNA Structures

For each pre-miRNA, %G+C and A+U content, ΔG val-
ues  (Minimum  free  energy,  unit:  -kcal/mol)  of  stem-loop
structures,  Adjusted  Minimum Folding Energy (MFE of  a
100-nucleotide length) and Minimum Free Energy Index (M-
FEI) were evaluated as mentioned below in equation 1.

(1) ���� =
���

���	
ℎ �
 ��������� �������� (��)
 × 100 
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The  generated  secondary  structures  were  screened
against  the  following  criteria:

30–70% A+U content
minimum folding free energy ≤ -40 kcal/mol
no more than six nucleotide mismatches between the
predicted mature miRNA and the opposite  miRNA
sequence (miRNA*)
no more than 7 bases bulge size in the mature miR-
NA region.

2.3. Phylogenetic Analysis of Agave Deserti (Ade-) MiR-
NAs

Sequence  homologues  of  identified  ade-miRNAs were
recognized  by  performing  standalone  BLASTN  by  using
10,414 mature miRNAs (from mirBase) as a target database.
Criteria were selected for BLASTN: E-value 0.001,  BLO-
SUM62 Matrix,  scoring (match:  1,  mismatch:  -3),  and fil-
tered sequences for low-complexity regions.

After  the  identification  of  homologous  miRNA  se-
quences,  corresponding  pre-miRNA  sequences  were  ob-
tained from miRBase to be used for phylogenetic analysis in
MEGA-X. Multiple sequence alignment was executed by us-
ing Clustal-w contained in MEGA-X with the following pa-
rameters:  Gap  Open  Penalty  15,  Gap  Extension  Penalty
6.66, DNA Weight Matrix IUB, kept off the negative ma-
trix. Following the sequence alignment, phylogenetic trees
were built subsequently by using Maximum likelihood as sta-
tistical  method,  bootstrap  method  as  a  test  of  phylogeny,
bootstrap replication number as 1000, substitution model: ki-
mura 2-parameter, uniform rates among sites and tree infer-
ence using Nearest-Neighbor-Interchange (NNI) [18, 19].

2.4. Prediction of Potential MiRNA Targets

For  miRNA  target  prediction,  psRNATarget  [20]  was
used with predicted A. deserti miRNAs as query sequences,
and target databases of A. thaliana DFCI Gene Index (AGI),
and  The  Arabidopsis  Information  Resource  (TAIR)  tran-
script removed miRNA gene. Expectation value was set to
2.5, penalty for G:U pair 0.5, penalty for other mismatches
1, extra weight in seed region 1.5, seed region length 2-13
nucleotides, mismatches allowed in the seed region 2, length
for  complementary  scoring  (HSP  score)  18,  dis-allowed
bulge (gap), target site accessibility with 25 Maximum UPE,
17  bp  upstream  and  13  bp  downstream  flanking  length
around target site and 10-11 nt as the range of central mis-
match that will lead to translational inhibition.

2.5. Functional Annotation of Target Genes

For functional annotation of genes targeted by ade-miR-
NAs,  Gene  ontology  prediction  from  QuickGO  (version
2019-02-07,  and Annotation set  from 2019-01-28)  [21]  as
well  as  Uniprot  [22]  and  Interpro  [23]  were  used  as  re-
sources to identify putative functions of target genes. Biolog-
ical process, molecular function and cellular component of

each gene targeted by ade-miRNAs were defined. Workflow
for the whole process has been depicted in Fig. (1).

3. RESULTS AND DISCUSSION

3.1.  Identification of  MiRNA with Agave  Deserti  Tran-
scriptome

Agave deserti transcriptome NGS data (Illumina HiSeq
2000) available from Gross et al. [16] was used to develop
target  database  for  nucleotide  BLAST  analysis  and  pro-
cessed  to  generate  targets  that  were  further  filtered  by
BLASTx analysis to curtail the hits from protein coding tran-
scripts. The non-coding transcripts were further proceeded
for pre-miRNA secondary structure analysis. Fig. (2) indi-
cates pair-wise sequence alignment (obtained from BLAST-
N  results)  of  selected  miRNAs  from  various  species  in
Viridiplantae category with respective sequences (final miR-
NA sequences found in the study) of Agave deserti transcrip-
tome.

3.2. Analysis of Potential Pre-miRNAs Secondary Struc-
ture

To screen out the pseudo pre-miRNAs from the potential
pre-miRNAs, %G+C content and %A+U content was esti-
mated for each pre-miRNA and MFOLD algorithm [24] was
used  to  predict  minimum free  energy  (-delta  G:  kcal/mol)
and secondary structures, and pre-miRNAs were identified
based  on  a  selected  criteria.  MFEI  values  of  the  selected
miRNAs  ranged  from 0.5  to  1.0  (data  shown in  Table  1).
MFEI for miRNAs is higher than other coding and non-cod-
ing RNA molecules  (i.e.  tRNAs,  rRNAs and mRNAs) are
lower  than  miRNAs  [25].  Among  the  A.  deserti  miRNAs
identified, all miRNAs have MFEI greater than 0.60 while
miRNAs  ade-miR167  and  ade-miR11451  were  0.55  and
0.56, respectively. A. deserti miRNA with the MFEI reach-
ing  0.9  and  above  include  ade-miR393c-5p  (0.92),  ade-
miR396-3p (0.9), ade-miR396b-3p (0.91), ade-miR396g-3p
(0.91), ade-miR482b (0.94) and ade-miR482e-3p (1.01).

After  pre-miRNA testing  against  the  stringent  criteria,
30 potential miRNAs were identified in A. deserti with loci,
corresponding homologues, and other associated data (Table
1). The resultant 30 conserved miRNAs were identified and
named  as:  ade-miR156,  ade-miR156b-3p,  ade-miR156c,
ade-miR156g,  ade-miR156x,  ade-miR160f,  ade-miR167,
ade-miR167a-3p,  ade-miR167b-3p,  ade-miR168,  ade-
miR168a, ade-miR168b-3p, ade-miR169b-5p, ade-miR169c,
ade-miR169l,  ade-miR171h,  ade-miR172a-5p,  ade-
miR172c-3p,  ade-miR393c-5p,  ade-miR396-3p,  ade-
miR396a-5p,  ade-miR396b-3p,  ade-miR396e-5p,  ade-
miR396g-3p,  ade-miR398a-3p,  ade-miR482b,  ade-
miR482e-3p, ade-miR528, ade-miR828 and ade-miR11451.
The identified mature miRNAs belonged to 14 different cate-
gories  of  precursors  i.e.  MIR156,  MIR160,  MIR167,
MIR168,  MIR169,  MIR171,  MIR172,  MIR393,  MIR396,
MIR398, MIR482, MIR528, MIR828 and MIR11451. Fig.
(3) shows secondary structures of pre-miRNAs with miRNA
region highlighted.
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Fig. (1). Schematic workflow indicating the steps involved in miRNA identification from Agave deserti transcriptome data.
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Fig. (2). Pair-wise sequence alignment of selected miRNAs from various species in Viridiplantae category with respective sequences of
Agave deserti transcriptome. (A higher resolution/colour version of this figure is available in the electronic copy of the article).
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Table 1. miRNAs identified in Agave deserti are shown; also mature miRNA sequences, homologue miRNAs, loci, % GC content and
% AU content of pre-miRNAs and other relevant details are indicated.

miRNA miRNA Sequence Homologue Locus

% GC

(pre-

miRNA)

% AU

(pre-

miRNA)

miR-

NA

Lengt

h

Length

(pre-

miR-

NA)

MFE AMFE MFEI Hit start Hit end
Str

and

ade-miR156
UUGACAGAAGA-

UAGAGAGC
hbr-miR156 Locus38596v1rpkm2.21 41 59 19 219 -78.1 35.7 0.87 147 165 +

ade-miR156b-3p
GCUCUCUAUGCU-

UCUGUCAUC
vca-miR156b-3p Locus38596v1rpkm2.21 44 56 21 221 -78.6 35.6 0.81 214 234 +

ade-miR156c
UUGACAGAAGAU-

AGAGAGCAC
atr-miR156c Locus38596v1rpkm2.21 41 59 21 221 -78.2 35.4 0.86 147 167 +

ade-miR156g
ACAGAAGAUAGA-

GAGCACAG
gma-miR156g Locus38596v1rpkm2.21 40 60 20 220 -78.1 35.5 0.89 150 169 +

ade-miR156x
UGACAGAAGAUA-

GAGAGCAC
pab-miR156x Locus38596v1rpkm2.21 40 60 20 220 -77.8 35.4 0.88 148 167 +

ade-miR160f
UGCCUGGCUCC-

CUGUAUGCCA
ppt-miR160f Locus44839v1rpkm1.34 50 50 21 221 -78.4 35.5 0.71 448 468 +

ade-miR167
UGAAGCUGCCAGCAUGAU-

CUG
atr-miR167 Locus38849v1rpkm2.16 41 59 21 221 -50.1 22.7 0.55 199 219 +

ade-miR167a-3p
CAGAUCAUGUUGCAGUUU-

CAU
vca-miR167a-3p Locus38849v1rpkm2.16 43 57 21 221 -64.9 29.4 0.68 252 272 +

ade-miR167b-3p
AGAUCAUGUUGCAGUUU-

CAUC
vca-miR167b-3p Locus38849v1rpkm2.16 43 57 21 221 -66.9 30.3 0.70 253 273 +

ade-miR168
UCGCUUGGUGCA-

GGUCGGGA
cme-miR168 Locus49688v1rpkm0.98 55 45 20 220 -89.9 40.9 0.74 153 172 +

ade-miR168a
UCGCUUGGUGCAGGUCGG-

GAA
pab-miR168a Locus49688v1rpkm0.98 55 45 21 221 -89.9 40.7 0.74 153 173 +

ade-miR168b-3p
CCCGCCUUGCACCAACU-

GAAU
vca-miR168b-3p Locus49688v1rpkm0.98 57 43 21 221 -92.1 41.7 0.73 208 228 +

ade-miR169b-5p
UAGCCAAGGAU-

GACUUGCCUGUG
ata-miR169b-5p Locus71563v1rpkm0.45 41 59 23 223 -80.2 36.0 0.88 756 734 -

ade-miR169c
UAGCCAAGGAU-

GACUUGCCU
atr-miR169c Locus71563v1rpkm0.45 41 59 20 220 -76.6 34.8 0.85 756 737 -

ade-miR169l
UAGCCAAGGAUGACUUGC-

CUG
ath-miR169l Locus71563v1rpkm0.45 41 59 21 221 -76.6 34.7 0.85 756 736 -

ade-miR171h
UUGAGCCGCGUCAAUAU-

CUCC
fve-miR171h Locus60820v1rpkm0.61 46 54 21 221 -71.3 32.3 0.70 285 305 +

ade-miR172a-5p
GCGGCACCAUCAAGAUU-

CACA
ata-miR172a-5p Locus51432v1rpkm0.89 41 59 21 221 -59.0 26.7 0.65 357 377 +

ade-miR172c-3p
AGAAUCUUGA-

UGAUGCUGC
stu-miR172c-3p Locus51432v1rpkm0.89 45 55 19 219 -66.6 30.4 0.68 413 431 +

ade-miR393c-5p
UCCAAAGGGAUCGCAUU-

GAUCU
zma-miR393c-5p Locus61622v1rpkm0.59 43 57 22 222 -87.8 39.5 0.92 164 185 +

ade-miR396-3p
GUUCAAUAAAGCUGUGG-

GAAA
vca-miR396-3p Locus72271v1rpkm0.44 38 62 21 221 -76.0 34.4 0.90 136 156 +

ade-miR396a-5p
UUCCACAGCUU-

UCUUGAACUG
eun-miR396a-5p Locus72271v1rpkm0.44 40 60 21 201 -66.3 33.0 0.82 81 101 +

ade-miR396b-3p GUUCAAUAAAGCUGUGGGAA osa-miR396b-3p Locus72271v1rpkm0.44 38 62 20 220 -75.9 34.5 0.91 136 155 +

ade-miR396e-5p
UUCCACAGCUU-

UCUUGAACU
csi-miR396e-5p Locus72271v1rpkm0.44 40 60 20 200 -66.3 33.2 0.83 81 100 +

ade-miR396g-3p
GUUCAAGAAAGCUGUG-

GAAGA
zma-miR396g-3p Locus72271v1rpkm0.44 40 60 21 199 -72.3 36.3 0.91 99 79 -

ade-miR398a-3p
UGUGUUCUCAGGUCACCC-

CUU
ath-miR398a-3p Locus1256v1rpkm204.51 36 64 21 200 -50.1 25.1 0.70 80 100 +

ade-miR482b
UUUCCAAUACCUCCCAUUC-

CGA
aof-miR482b Locus48842v1rpkm1.03 39 61 22 222 -81.6 36.7 0.94 118 139 +

ade-miR482e-3p
UUCCCAACCCCUCCCAUGC-

CGA
csi-miR482e-3p Locus48842v1rpkm1.03 41 59 22 222 -91.8 41.4 1.01 286 307 +

ade-miR528
UGGAAGGGGCAUGCAGAG-

GAG
sbi-miR528 Locus20212v1rpkm10.84 60 40 21 163 -63.3 38.8 0.65 43 63 +

ade-miR828
UCUUGCUUAAAUGGGUGU-

UCCA
ath-miR828 Locus47984v1rpkm1.08 42 58 22 149 -47.9 32.1 0.77 28 49 +

ade-miR11451
CAAUUACUAUA-

UGGAUUGCU
pab-miR11451 Locus59898v1rpkm0.63 34 66 20 220 -41.9 19.1 0.56 490 471 -

3.3. Phylogenetic Analysis of Predicted Sequences

Corresponding pre-miRNA sequences from the homolo-
gous miRNA sequences were retrieved from miRBase and
used to build multiple sequence alignment and phylogenetic
trees  in  MEGA-X  [19].  The  multiple  sequence  alignment
(Fig. 4a-n) indicated that the mature miRNAs can be highly
conserved among different species; this observations point

towards the fact that they could be regulating same/similar
genes in different species and phylogenetic analysis revealed
the possible evolutionary pathways that could generate or-
thologous pre-miRNAs over the course of evolution [26]; al-
so, certain miRNAs emerging at different rates, could ema-
nate from a common evolutionary ancestor [27, 28].
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Fig. (3). contd....
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Fig. (3). Secondary structures of potential pre-miRNAs of Agave deserti. Mature miRNA sequence within the pre-miRNA backbone are high-
lighted in magenta (labelled mature miRNAs). (A higher resolution/colour version of this figure is available in the electronic copy of the arti-
cle).
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Fig. (4). contd....
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Fig. (4). Clustal-w Multiple Sequence Alignments of pre-miRNA sequences from Agave deserti and pre-miRNA sequences of corresponding
homologue  miRNAs  identified.  a)  ade-MIR156,  ade-MIR156b,  ade-MIR156c,  ade-MIR156g,  ade-MIR156x.  b)  ade-MIR160f.  c)  ade-
MIR167, ade-MIR167a, ade-MIR167b. d) ade-MIR168, ade-MIR168a, ade-MIR168b. e) ade-MIR169b, ade-MIR169c, ade-MIR169l. f)
ade-MIR171h.  g)  ade-MIR-172a,  ade-MIR172c.  h)  ade-MIR393c.  i)  ade-MIR396,  ade-MIR396a,  ade-  MIR396b,  ade-  MIR396e,  ade-
MIR396g. j) ade-MIR398a. k) ade-MIR482b, ade-MIR482e. l) ade-MIR528. m) ade-MIR828. n) ade-MIR11451. Conserved sites (indicat-
ing region of existence of mature miRNA) are shown as asterisk. (A higher resolution/colour version of this figure is available in the elec-
tronic copy of the article).

Fig. (5). Phylogenetic Tree of pre-miRNA sequences ade-MIR156, ade-MIR156b, ade-MIR156c, ade-MIR156g and ade-MIR156x from
Agave deserti and pre-miRNA sequences of identified homologue miRNAs.
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Fig. (6). Clustered bar chart showing gene ontology classification of biological processes of the target loci. (A higher resolution/colour ver-
sion of this figure is available in the electronic copy of the article).

Phylogenetic analysis revealed an evolutionary relation-
ship  between  ade-pre-miRNAs  and  the  pre-miRNA  se-
quences  from other  plant  species  having  miRNA homolo-
gous to ade-miRNAs. It was noticed that Agave deserti pre-
miRNAs have additional  members in certain categories of
pre-miRNAs, e.g. pre-miRNAs MIR156, MIR167, MIR168,
MIR169 and MIR396 all of which had at least three mem-
bers of Agave deserti pre-miRNAs. In the phylogenetic tress
of MIR156 (with five A. deserti pre-miRNAs), ade-MIR156,
ade-MIR156b,  ade-MIR156c,  ade-MIR156g  and  ade-
MIR156x  were  found  to  be  more  closely  related  to  fve-
MIR156g (Fragaria vesca), aof-MIR156b (Asparagus offici-
nalis) and stu-MIR156d (Solanum tuberosum) (Fig. 5). Pre-
miRNAs  ade-MIR167a,  ade-MIR167b  and  ade-MIR167
were  found  closer  to  the  pre-miRNAs  vca-MIR167a  and
vca-MIR167f (Vriesea carinata) (Supplementary Fig. S2). It
was observed that in the tree of MIR168, ade-MIR168, ade-
MIR168a  and  ade-MIR168b  were  closely  linked  to  vca-
MIR168b and vca-MIR168a (Supplementary Fig. S3). In the
tree  of  MIR169:  MIR169b,  ade-MIR169b,  ade-MIR169c
and  ade-MIR169l  were  more  closely  related  to  sbi-
MIR169m  (Sorghum  bicolor),  zma-MIR169i  and  ata-
MIR169b (Aegilops tauschii) (Supplementary Fig. S4). The

output for MIR396 family showed that ade-MIR396g was in
the  closest  neighborhood  with  zma-MIR396g  while  ade-
MIRs 396, 396a, 396e and 396b were in close neighborhood
with vca-MIR396 and osa-MIR396b (Oryza sativa) (Supple-
mentary  Fig.  S8).  Phylogeneic  trees  of  other  pre-miRNAs
are  also  attached  as  Supplementary  Fig.  S1,  S5-7  and
S9-11).

3.4. miRNA Targets and Functional Annotation

Complementarity  of  miRNA  with  the  target  gene  en-
ables prediction of miRNA targets in genome. A. thaliana
(model) genes (from AGI and TAIR) were used for miRNA
target identification with user-defined parameters in psRNA-
Target  server  [20].  Target  genes  identified  together  with
their  functional  annotation  (Gene  Ontology)  are  given  in
Figs. (6-8) and Table S1. Genes regulated by miRNAs are in-
volved in diverse biological processes, molecular functions
and different sub-cellular localization. Conservation of miR-
NAs across plant species is an implication towards conserva-
tion of their functions e.g. in development and differentia-
tion processes,  hormone signaling and stress responses [7,
29].
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Fig. (7). Pie chart chart showing gene ontology classification of molecular functions of the target loci. (A higher resolution/colour version of
this figure is available in the electronic copy of the article).

3.4.1. Transcription Factors/ Co-Factors

Many miRNAs predicted in A. deserti targeted loci cod-
ing for transcription factors/ co-factors or DNA binding pro-
teins involved in transcriptional regulation. Gene coding for
Squamosa Promoter-binding protein (SPL10) was found to
be  a  common  target  of  miRNAs  belonging  to  A.  deserti
MI156 family i.e. ade-miR156, ade-miR156c, ade-miR156g
and ade-miR156x. Plant specific transcription factors encod-
ed by Squamosa Promoter binding protein-Like (SPL) genes
are important for phase transition, flower and fruit develop-
ment,  hormone  signaling,  sporogenesis  and  response  to
toxins [30, 31]. Likewise, other genes encoding for proteins
having transcription factor activity were found to be targeted
by different miRNAs such as: Auxin response factor-ARF17
(ade-miR160f),  GRAS  family  transcription  factor-HAM1/
scarecrow-like  protein27  (ade-miR171h),  Nuclear  Fac-
tor-YA8  (ade-miR169b-5p,  ade-miR169c  and  ade-
miR169l),  polymerase  associated  factor-  PAF1  (ade-
miR172a-5p), transcription factor RAX3 (ade-miR172c-3p),
transcription  factor-  MYB68  (ade-miR172c-3p)  and
RING/U-box  superfamily  protein  (ade-miR11451).  From
the Gene Ontology results, these transcription factors were

indicated to be associated mainly with biological functions
of plant growth and development, response to hormones and
stimuli, and siganling pathways (Table S1).

3.4.2. Nucleotide (ATP/ADP/GTP) Binding Proteins

ATP binding proteins have diverse functions and are en-
gaged  in  performing  specific  functions  related  to  normal
functioning of the cells. Examples of such genes targeted by
A. deserti miRNA includes: LRR receptor-like serine/thre-
onine-protein  kinase  (ade-miR156  and  ade-miR156c),
AHA11, H(+)-ATPase 11 (ade-miR156b-3p), Phragmoplast
orienting kinesin 2 (ade-miR167a-3p), P-loop containing nu-
cleoside triphosphate hydrolase (ade-miR167a-3p) and Re-
ceptor-like kinase (ade-miR396a-5p and ade-miR396e-5p).

3.4.3. Disease Resistance/ Response Proteins

Disease  resistance  proteins  have  ATP  binding  activity
and function in signal transduction and defense response. Mi-
cro-RNA ade-miR482b targeted the locus coding for disease
resistance protein of TIR-NBS-LRR class while and CC-NB-
S-LRR class protein gene is targeted by ade-miR482b and
ade-miR482e-3p. Zhu, et al. [32] showed that the release  of
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Fig. (8). Pie chart chart showing gene ontology classification of cellular components of the target loci. (A higher resolution/colour version of
this figure is available in the electronic copy of the article).

the  suppression  of  miRNA  (miRN482  family)-mediated
gene silencing pathway upon fungal attack triggers the ex-
pression of NBS-LRR genes in cotton to stimulate the de-
fense against disease. Probably, L-type lectin-domain con-
taining receptor kinase I.6 plays important roles in defense
response to bacterium, defense response to oomycetes and
protein phosphorylation; the gene for this protein is targeted
by ade-miR482b. Concanavalin A-like lectin protein kinase
family gene is the target of ade-miR169c and ade-miR169l;
this  protein  helps  in  defense  response  to  bacterium  and
oomycetes,  and  takes  part  in  protein  phosphorylation.

3.4.4. Stress Response Proteins

DEA(D/H)-box RNA helicase family gene STRS2 is tar-
geted by ade-miR156, ade-miR156c and ade-miR156x; and
the gene has a potential role in the regulation of tolerance to
environmental  stresses  (cold,  salinity  and  drought)  [33].
RNA helicases of the DEAD box family exists in all eukary-

otic cells, and are needed for RNA metabolism (from tran-
scription to degradation) and hence play an important role in
gene expression. They use ATP to carry out unwinding of
short duplex RNA in a unique fashion, and also act as AT-
P-dependent RNA clamps to provide nucleation centers that
establish larger RNA-protein complexes [34].

Other  important  genes  targeted  by  predicted  ade-miR-
NAs include glutathione transferase (ade-miR168 and ade-
miR168a),  gene  for  heat  shock  protein  DnaJ  (ade-
miR11451), Tocopherol cyclase VTE1 gene (ade-miR528),
gene for phloem protein 2-A8 (ade-miR396g-3p), gene en-
coding Probable cysteine protease RD21B (ade-miR396a-5p
and ade-miR396e-5p), Auxin signaling F-box 3 gene (ade-
miR393c-5p),  phosphoinositide  4-kinase  gamma  4  gene
(ade-miR172c-3p),  NDR1/HIN1-like  protein  6  gene  (ade-
miR172c-3p),  arginine  decarboxylase  1  gene  (ade-
miR172a-5p)  and  BTB  and  TAZ  domain  protein  4  gene
(ade-miR156b-3p).
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3.4.5. Translation Factors

Elongation factor 1-alpha promotes the GTP-dependent
binding of aminoacyl-tRNA to the A-site of ribosomes dur-
ing protein biosynthesis [35]. From our analysis, Elongation
factor  1-alpha  gene  was  targeted  by  ade-miR156g,  while
another gene coding for elongation factor 1-alpha was pre-
dicted target of ade-miR482e-3p. Eukaryotic initiation factor
4A-III (EIF4A-III) gene helps in mRNA processing and tran-
sport;  this  gene  was  predicted  to  be  targeted  by  ade-
miR172a-5p. Moreover, a gene regulating the process of the
translation and functioning in mitochondrial protein synthe-
sis, small GTP-binding protein gene, was targeted by ade-
miR171h.

3.4.6. Photosynthetic Proteins

Photosystem II reaction center PSB28 gene was targeted
by ade-miR156 and ade-miR156c. Psb28 is reported to have
several roles, including guiding PSII biogenesis and assemb-
ly, stabilizing dimeric PSII, and facilitating PSII repair after
photo-inhibition  [36,  37].  Micro-RNAs  ade-miR156b-3p
was predicted to target gene encoding accumulation of pho-
tosystem I (DUF794) protein gene, which plays an impor-
tant role in chloroplast organization and facilitates photosyn-
thesis [38].

3.4.7. Other Proteins

A diversity of other protein coding genes participating in
vital cell processes were also predicted as potential targets.
Floral homeotic protein APETALA 2, which participates in
floral  organ  development  [39];  this  gene  was  targeted  by
ade-miR172c-3p. In A. thaliana, miRNA172 is involved in
the regulation of flowering time by down-regulation of AP2--
like target genes and when over-expressed, caused disrup-
tion in the specification of floral organs’ identity [40].

Embryo-specific protein 3 gene having biological role in
embryo development, ending in seed dormancy, was the tar-
get of ade-miR172c-3p. ALC-interacting protein 1 gene was
targeted by ade-miR396a-5p and ade-miR396e-5p functions
in protein binding and has a  biological  role  in  fruit  dehis-
cence.  Likewise,  copper  chaperone  for  SOD1  gene  which
participates in cellular copper ion homeostasis and removal
of superoxide radicals is targeted by ade-miR398a-3p.

CONCLUSION

Contemporary  methods  involving  high-throughput  se-
quencing technologies generate huge amount of genomic/-
transcriptomic data, which act as a rich resource for predic-
tion, and analysis of miRNAs in plant species. Agave spe-
cies have tremendous potential for commercial applications
such as food, fiber, ornamentals and insecticides.

The target of this study was to identify possible miRNAs
encoded in Agave deserti by using a computational approach
that harnesses the available next generation sequencing (R-
NA-seq)  data  on  its  transcriptome.  A local  database  of  A.
deserti transcriptome was created with 128,869 contigs fol-
lowed by standalone  Blast-N against  6,028 non-redundant

plant miRNAs retrieved from miRBase with defined parame-
ters. Protein coding transcripts were removed from the target
dataset using standalone BLASTx followed by the selection
of  stable  pre-miRNA  structures  by  the  implementation  of
stringent  criteria  keeping  in  consideration  %G+C content,
ΔG  values  (minimum  free  energy)  kcal/mol  of  stem-loop
structures, and mismatches and bulge size in the mature miR-
NA region. The resultant 30 conserved miRNAs were identi-
fied  named:  ade-miR156,  ade-miR156b-3p,  ade-miR156c,
ade-miR156g,  ade-miR156x,  ade-miR160f,  ade-miR167,
ade-miR167a-3p,  ade-miR167b-3p,  ade-miR168,  ade-
miR168a, ade-miR168b-3p, ade-miR169b-5p, ade-miR169c,
ade-miR169l,  ade-miR171h,  ade-miR172a-5p,  ade-
miR172c-3p,  ade-miR393c-5p,  ade-miR396-3p,  ade-
miR396a-5p,  ade-miR396b-3p,  ade-miR396e-5p,  ade-
miR396g-3p,  ade-miR398a-3p,  ade-miR482b,  ade-
miR482e-3p, ade-miR528, ade-miR828 and ade-miR11451.
Further, multiple sequence alignment and phylogenetic trees
gained  insights  into  the  evolutionary  relationship  between
the identified pre-miRNAs and homologue pre-miRNAs of
other species. Finally, we predicted the targets of identified
miRNAs and identified  the  target  gene  functions  by Gene
Ontology analysis.

Scrutinizing the framework of  miRNA loci  in the spe-
cies of interest is a rudimentary step that can further unleash
ways  to  improve  productivity,  and  for  enhancing  biomass
and stress tolerance in crops. To the best of our knowledge,
this is the first study that reports micro-RNAs of A. deserti
based on the transcriptome data. Further validation through
wet-lab experimentation and functional analyses, can lead to
understand the role of miRNAs and regulatory functions.
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