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Abstract: Banana streak GF virus (BSGFV) is the extremely dangerous monopartite
badnavirus (genus, Badnavirus; family, Caulimoviridae) of banana (Musa acuminata AAA
Group) that imposes a serious threat to global banana production. The BSGFV causes a
devastating pandemic in banana crops, transmitted by deadly insect pest mealybug vec-
tors and replicated through an RNA intermediate. The BSGFV is a reverse-transcribing
DNA virus that has a monopartite open circular double-stranded DNA (dsDNA) genome
with a length of 7325 bp. RNA interference (RNAi) is a natural mechanism that has revo-
lutionized the target gene regulation of various organisms to combat virus infection. The
current study aims to locate the potential target binding sites of banana-encoded mi-
croRNAs (mac-miRNAs) on the BSGFV-dsDNA-encoded mRNAs based on three algo-
rithms, RNA22, RNAhybrid and TAPIR. Mature banana (2n = 3x = 33) miRNAs (n = 32)
were selected and hybridized to the BSGFV genome (MN296502). Among the 32 targeted
mature locus-derived mac-miRNAs investigated, two banana mac-miRNA homologs
(mac-miR162a and mac-miR172b) were identified as promising naturally occurring bio-
molecules to have binding affinity at nucleotide positions 5502 and 9 of the BSGFV ge-
nome. The in silico banana-genome-encoded mac-miRNA/mbg-miRNA-regulatory net-
work was developed with the BSGFV —ORFs using Circos software (version 0.69-9) to
identify potential therapeutic target proteins. Therefore, the current work provides useful
biological material and opens a new range of opportunities for generating BSGFV-re-
sistant banana plants through the genetic manipulation of the selected miRNAs.

Keywords: Badnavirus; Banana streak GF virus; binding affinity; in silico tools; gene
silencing; microRNA; RNAi; R-language; target prediction

1. Introduction

The “Cavendish” banana (Musa acuminata, AAA) is an economically important pop-
ular respiratory climacteric tropical, most widely consumed fresh fruit and appreciated
around the worldwide [1]. “Cavendish” banana is a triploid (AAA) cultivar banana. The
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“Cavendish” banana variety is developed by intraspecific hybridization in Musa acuminata
(A-genome, 2n = 2x = 22) [2]. Banana streak disease (BSD) is the most destructive disease
of banana that threatens food security and is caused by viruses of the genus Badnavirus
(Caulimoviridae) that are approved by the ICTV [3]. Badnaviruses are transmitted by the
most prevalent sap-feeding mealybug species such as Planococcus citri (Pseudococcidae: He-
miptera) [4].

The Cavendish banana cultivars, most widely grown in China, lack resistance to ba-
nana streak badnavirus infection [5-7]. The banana streak GF virus (BSGFV) monopartite,
non-enveloped, bacilliform, circular double-stranded (ds) DNA is 7325 bp in length [5].
The Badnavirus genome usually contains a minimum of three well-defined, computation-
ally predicted open reading frames, referred to as ORFs 1-3 [8-10]. The ORF1 encodes a
hypothetical protein. The ORFII encodes a DNA binding protein, and a polyprotein was
encoded by ORFIIL The intergenic region (IR), which is separated by ORF3 and ORF1,
contains cis-regulatory motifs. The polyprotein is cleaved by a virus-encoded aspartic pro-
tease to multiple functional subunits. There is capsid protein, movement protein, aspar-
tate protease, reverse transcriptase and RNase H [5,9,11,12].

RNA interference (RNAi) is a powerful tool and reliable method for high-throughput
gene functional screening in biology laboratories worldwide [13,14]. RNAi is a conserved
intracellular process that is being increasingly utilized for crop protection [13]. Mi-
croRNAs (miRNAs) are 18-24 nucleotide, endogenous, small single-stranded (ss), non-
coding RNA biomolecules transcribed by RNA polymerase II, capped and polyadenyl-
ated using pre-miRNAs [15-19]. The miRNAs are involved to regulate host-virus interac-
tions, and cell growth, and appear as key cytoplasmic regulators of gene expression
[20,21]. Artificial microRNA (amiRNA) technology is based on the design, synthesis and
characterization of endogenous miRNA precursor. The amiRNA has revolutionized as a
highly effective, safe and co-friendly antiviral defense approach to develop resistance in
crop plants against viral infection [22-26].

The in silico identification, annotation and expression analysis of mature miRNAs in
banana has opened new ways to evaluate biotic and abiotic stresses [27-29]. Recently, 32
conserved mature banana mac-miRNAs were annotated, identified and further experi-
mentally validated [30]. Bioinformatics technology accelerates to design amiRNA con-
structs based on banana-locus-derived miRNA-binding sites in the dsDNA-encoded ge-
nome of the BSGFV. In this study, current therapeutic strategies based on a computational
approach were designed for combatting BSGFV infection in banana cultivars through in
silico tools. The predicted banana miRNAs can lead to the construction of amiRNA-based
expression cassettes for transformation in the banana plants.

2. Materials and Methods
2.1. Biological Data

In a previous study, 32 mature banana microRNAs, both Musa acuminata-microRNA
(mac-miR156-mac-5538) and Musa ABB Group-microRNA (mbg-miR397-mbg-399), have
been computationally predicted (Supplementary File S1) [30]. In our previous study, the
full-length genomic transcript (7325 bases) of BSGFV-YN (accession No. MN296502) was
identified, purified and characterized from infected banana (Cavendish Musa AAA
group) [5]. The full-length BSGFV dsDNA genome sequence was downloaded from the
(NCBI) database [31].

2.2. Target Prediction in BSGFV Genome

Reliable target predictions were based on publicly available “three computational al-
gorithms” cited in the literature. RNA22, RNAhybrid and TAPIR were selected to analyze
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banana-encoded miRNAs for targeting the BSGFV-dsDNA-encoded mRNAs. Analysis
was carried out for the banana miRNA sequences and full-length genomic transcript se-
quence of BSGFV, processed in plain FASTA text format.

2.3. RNA22 Algorithm

The RNA22 relies on a web-based prediction algorithm that implements a non-seed-
based pattern recognition approach for detecting and analyzing miRNA-binding target
sites [32,33]. Default parameters were considered to find the binding strength of banana
mature miRNAs in the BSGFV genome. The MFE was set as —15.00 Kcal/mol.

2.4. RNAhybrid Algorithm

The RNAhybrid (version 2.1.2) algorithm is an easy-to-use, online flexible tool.
RNAhybrid is used to calculate the minimum hybridization energy using the MFE model
(-20.00 Kcal/mol). Free energy calculation is an initial and key step for prediction [34].

2.5. TAPIR Algorithm

The TAPIR is a state-of-the art plant-based algorithm to identify seed-based miRNA-
mRNA interaction. TAPIR is based on the MFE ratio in plants [35]. TAPIR was run with
the standard (default) parameters.

2.6. RNAcofold Algorithm

RNAcofold is a newly develop web-based algorithm that was used to evaluate
miRNA-mRNA interactions based on free-energy assessment [36].

2.7. Discovering Banana-Genome-Encoded miRNA-Target Interaction

The miRNA-target interaction was mapped between banana mature miRNAs and
OREFs of the BSGFV genome using the Circos algorithm [37].

2.8. Graphical Representation

The predicted miRNA-binding sites were processed and interpreted to generate
graphical representation using the open source software package R (version 3.1) [38].

2.9. BSGFV Genome Analysis

The dsDNA genome of the BSGFV was annotated to generate ORFs using the
pDRW32 (AcaClone software) (v 1.1.152).

3. Results
3.1. Banana miRNA’s Loci n BSGFV Genome

The presented multiple computational framework combines biological data and
miRNA prediction algorithms to detect banana-encoded miRNAs with potential to target
the BSGFV dsDNA genome (Figure 1).
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Figure 1. A computational framework designed for predating banana miRNAs that could poten-
tially target BSGFV genome. The biological data consist of banana miRNAs and BSGFV genomic
transcript. An algorithmic framework is composed of multiple in silico tools for prediction, interac-

tion and validation of miRNA target binding sites. The R language was used to create plots.

In our previous study, we assessed the sequencing of the BSGFV ORF genome to
reveal infection in banana cultivars. We accessed the BSGFV genome from the NCBI Gen-
bank database, and the annotation of protein-coding ORFs was performed. The BSGFV
genome carries the largest double-stranded (ds) DNA, plus a strand with a nucleotide
content of 7325 bp was drawn that exhibits a significant genetic shift from different iso-
lates. The BSGFV ORF genome consists of three ORFs (Figure 2). Multiple and highly pro-
miscuous banana-encoded miRNA-binding sites were identified in the BSGFV ds DNA
genome.

Figure 2. Genome organization of the banana streak GF virus. The whole genome of BSGFV is com-
posed of a ds-DNA molecule of 7325 bp. Schematic diagram of BSGFV ORF genome was generated
by pDRAW32 software (v 1.1.152).. The BSGFV encoded three ORFs. The predicted ORFs are de-
noted with colored arrows. Coordinates are designed based on BSGFV NCBI accession number
MN296502. The predicted ORFs of the BSGFV genome indicate the ORFs’ distribution throughout

genome.
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The computational approach to identifying the binding affinity and significance of
the 32 banana-encoded miRNAs to the BSGFV dsDNA genome was designed using an
integrated in silico predictive approach involving “three algorithms”.

In total, 12 banana-encoded miRNAs targeting 22 loci were detected by the RNA22
algorithm. The RNAhybrid algorithm identified 32 banana-genome-encoded locus-de-
rived mac-miRNA/mbg-miRNA-target pairs. Suitable candidate miRNA from banana
(mac-miR172b) was observed to target the BSGFV dsDNA genome at a single loci nucle-
otide position (nt). The TAPIR algorithm predicted potential target site of mac-miR172b
at the nt position (7-26) (Figure 3) (Supplementary Table S1 and File S2).
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Figure 3. Three-set Venn diagram showing number of mutually common high-confidence binding
sites of banana-locus-derived miRNAs predicted to interact with BSGFV-dsDNA-encoded mRNAs.
Twelve potentially “efficient” common banana miRNAs were predicted to target multiple sites
throughout the viral genome, indicated by RNA22 and RNAhybrid algorithms. No common banana
miRNA was identified by all the algorithms used in this study.

3.2. Viral ORF1-Encoding Hypothetical Protein

The badnavirus ORF1 484-1011 (527 nt) encodes the hypothetical protein and in-
cludes a domain of unknown function [39]. The ORF1 was targeted by three predicted
banana-locus-derived miRNAs: mbg-miR159 (locus 971), mbg-miR399a (locus 603) and
mac-miR4995 (locus 656) based on the RNA22 algorithm (Figure 4A). A suitable candidate
miRNA from banana was observed to target ORFI at a single loci nucleotide position. The
RNAhybrid algorithm identified the binding affinity of mac-miR156g to target ORF1 at nt
position 653 (Figure 4B). No banana miRNA was predicted to target the ORF1 gene with
the TAPIR tool (Figure 4C and Table 1) (Table S2).

Table 1. The number of banana miRNAs was predicted targeting different ORFs of the BSGFV ge-

nome.

BSGFV

RNA22 RNAhybrid TAPIR
Genes
ORF1 mbg-miR159, mbg-miR399a, mac-miR4995 mac-miR156g
ORFII mbg-miR159 mac-miR156a-3p, mac-

miR156h-3p
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mac-miR156a-3p, mac-miR156h-3p, mac-miR319m, mac-miR156a-5p, mac-
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Figure 4. Individual banana-encoded miRNA mac-miRNA/mbg-miRNA and their predicted bind-
ing sites were searched in the genomic ds DNA of BSGFV. Three promising miRNA predictions in
silico tools were employed, including (A) RNA22 algorithm. (B) RNAhybrid algorithm. (C) TAPIR
algorithm to detect high-confidence miRNA-binding sites in the BSGFV genome. (D) Union plot
showing all predicted banana-encoded miRNA binding sites. Targeted ORFs are indicated by col-
ored dots. Multiple of copies of miRNA-binding sites are shown in colored dots.

3.3. Viral ORF11-Encoding DNA Binding Protein

The badnavirus ORFII (1008-1346 nt) of 338 bases in size encodes a nucleic acid
(DNA)—binding protein [39]. Among the BSGFV ORFs targeted, ORFII had very few hy-
bridization binding sites. RNA22 predicted the binding of mbg-miR159 to target ORFII at
nt position 1027 (Figure 4A). Similarly, RNAhybrid identified two mac-miRNAs to target
the ORFIL: mac-miR156a-3p and mac-miR156h-3p at common nucleotide position 1173—
1193 (Figure 4B). The miRNA prediction results revealed that no banana-encoded miRNA
was detected to target the ORFII region with the TAPIR tool (Figure 4C and Table 1).

3.4. Viral ORFIII-Encoding Polyprotein

The badnavirus ORFIII (1343-6841), consisting of 5498 bases, encodes a polyprotein
that is cleaved to functional sub-unit proteins. These include viral capsid and movement
protein domains, aspartic protease, reverse transcriptase and RNAse H. The polyprotein
functions as a pathogenicity determinant [40].

Eleven miRNAs were predicted for the silencing of the polyprotein (ORFIII) by
RNA22: mac-miR156a-3p (locus 2502), mac-miR156h-3p (locus 2502), mbg-miR159 (locus
1027), mac-miR319m (locus 5961), mac-miR160a (locus 1929 and 4433), mac-miR160g-5p
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(locus 1929 and 4433), mac-miR162a (locus 3714, 4648 and 5499), mac-miR164e (locus 1795
and 4894), mac-miR166b (locus 5281), mbg-miR399al (locus 3567) and mac-miR4995 (lo-
cus 1392, 3878 and 4013) (Figure 4A) (Table S2).

Several “potentially efficient” miRNAs in the banana genome were detected to si-
lence the ORFIII by the RNAhybrid algorithm: mac-miR156a-5p (locus 4849), mac-
miR157b (locus 1873), mac-miR159 (locus 1354), mac-miR319c¢ (locus 2698), mac-miR160a
(locus 2683), mac-miR160a-5g (locus 2683), mac-miR160g (locus 1777), mac-miR162a (lo-
cus 5502), mac-miR164e (locus 1455), mac-miR166 (locus 5437), mac-miR166b (locus 6783),
mac-miR166¢-5p (locus 3959), mac-miR166¢-3p (locus 5757), mac-miR167c (locus 2681),
mac-miR167d (locus 2680), mac-miR397a (locus 2140), mac-miR399a (locus 5484), mac-
miR399al (locus 4718) and mac-miR4995 (locus 4826) (Figure 4B). No banana-locus-de-
rived miRNA was detected by the TAPIR (Figure 4C and Table 1)

3.5. Banana miRNAs Targeting Intergenic Region of BSGFV Genome

An intergenic region (IR) of Badnaviruses, located between ORF1 and ORV3, has the
potential to be used as a promoter. The predicted candidate miRNA from banana (mac-
miR4995) was detected that targets the BSGFV IR at nt positions 7209-7230 based on the
RNA22 algorithm (Figure 4A).

The RNAhybrid algorithm analysis predicted that the BSGFV ORFIII was targeted
by nine miRNAs: mac-miR156, mac-miR156d, mac-miR157b-5p, mac-miR162, mac-
miR162b, mac-miR169h, mac-miR172b, mac-miR172¢ and mac-miR5538 at nucleotides
6945, 68, 68, 6844, 6844, 6988, 9, 9 and 55, respectively (Figure 4B). The TAPIR algorithm
identified a hybridization binding site of mac-miR172b at locus position 7 (Figure 4C and
Table 1).

3.6. Identification of Unique Banana-Encoded miRNAs

Based on the prediction of high-confidence banana-encoded miRNA binding sites,
twelve miRNAs (mac-miR156a-3p, mac-miR156h-3p, mac-miR159, mac-miR319m, mac-
miR160a, mac-miR160g-5p, mac-miR162a, mac-miR164e, mac-miR166b, mbg-miR399,
mbg-miR399al and mac-miR4995) were detected by at least two algorithms considered in
this study (Figure 3 and Table 2).

Table 2. Effective hybridization between BSGFV ORFs and their corresponding consensus banana-
encoded miRNAs were predicted by all tools.

Binding Site/ORF Binding Site/ORF Binding Site/ORF MFE * MFE **

miRNA ID RNA22 RNAhybrid TAPIR RNA22 RNAhybrid MIE  Katio
macmiR162a 5499 (ORFIII) 5502 (ORFILI) 166 -24.00
mac-miR172b 9 (IR) 7(IR) 205 0.51

* MFE represents maximum folding energy. ** MFE shows minimum free energy.

3.7. Predicting Consensual Banana miRNAs and Silencing BSGFV Genome

Three distinct algorithms RNA22, RNAhybrid and TAPIR were used to identify
high-affinity banana-miRNA binding sites in the BSGFV gnome. The consensus is ex-
pected to show robustness for predicting conserved antiviral miRNAs in the banana ge-
nome. Out of the 32 banana-locus-derived miRNAs investigated, only two conserved ba-
nana-genome-encoded miRNAs, mac-miR162a and mac-miR172b, were detected at
unique nucleotide positions 5502 and 9, respectively, and as high-confidence hybridization
binding sites located in the BSGFV genome consensus based on the combined results of two
algorithms, making them the only unique miRNAs identified in this study (Table 2).
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The RNAhybrid algorithm was used to estimate the thermodynamically stable hy-
bridization MFE of the consensus miRNA-mRNA pairs: mac-miR162a (—24 Kcal/mole)
and mac-miR172b (-20.5 Kcal/mole) and the mode of target inhibition [41] (Table 2).

3.8. Association of Banana miRNA-Target Interaction
A Circos (“Circos” software) map was generated to identify host-miRNA targets. To

validate a comprehensive visualization of the host—virus interaction, the predicted Circos
map represents biologically credible information that integrated mapped banana miRNAs

interacting with BSGFV genomic target genes (ORFs) (Figure 5).
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Figure 5. An integrated interaction map shows miRNA-mRNA target interactions. BSGFV ORFs
are represented with colored lines. Circos is gold standard software to build circular maps.

3.9. Evaluation of Free Energy (AG)
Free hybridization energy (AG) of the consensual banana miRNAs and their corre-

sponding viral targets were estimated for a perfectly complementary to validate miRNA-

mRNA interactions (Table 3).

Table 3. The free energy (AG) of interaction was estimated.
. miRNA-mRNA Sequence AG Duplex AG Binding
RNA ID
miRN (5-3) (Kcal/mol) (Kcal/mol)
. 5' GGAUGCAGAGGUUUAUCGACC 3’
mac-miR162a 5 \ G ATGGACAACTGCTTCCGAG 3 20.05 1592
. 5" UGAAUCUUAAUGAUGCUACA 3’
mac-miRI72b 5 - A GCAAGGTTAAGATTGATGG 3 ~14.30 1841
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4. Discussion

The BSGFV is a monopartite Badnavirus that spread to China and exhibited a general
reduction in productivity and fruit quality. The BSGFV contributed to the epidemic of
BSD in China [5,6,42]. A multitude of studies have investigated the expression of potential
endogenous host locus-derived mature miRNAs that may target host—plant DNA or RNA
viruses based on in silico criteria [43—45]. We observed the computational efficiency of
multiple in silico tools used here to identify the binding strength of banana-encoded miR-
NAs for the screening of a large number of false-positive results. The limitations and
bottlenecks of existing in silico tools were evaluated at the individual, intersection and
union levels of predictions. This strategy results in the “most effective approach” for ana-
lyzing banana-encoded miRNA prediction findings. The miRNA targeting is based on the
perfect base-pairing pattern of a miRNA-mRNA seed region [46].

Also, this study examined mature banana-encoded miRNAs that were hybridized
with the BSGFV-dsDNA-encoded mRNAs to evaluate promising “seed binding sites” and
to elucidate potential interactions with the ORF1, ORFII and ORFII of BSGFV. MicroRNA-
based target prediction remains a hotspot in computational biology research. The thermal
stability plays the former role in prediction analysis. RNAhybrid is used to calculate “free
energy” as the first step for evaluation and includes “seed region” as a key biological ele-
ment for miRNA-target prediction [34]. We calculated the MFE of consensual miRNA—
mRNA target pairs—mac-miR162a (-24.0 Kcal/mol) and mac-miR172b (-20.5 Kcal/mol),
with high stringency using the RNAhybrid algorithm (Tables 2 and S1). These results in-
dicate support for the effective interaction of miRNA-mRNA duplexes as the “true target”
[47,48]. Further, the “mode of target inhibition” of consensual target pairs was determined
as recommended by Broderson [41]. Based on the BSGFV dsDNA genetic sequence, the
mature banana-genome-encoded miRNAs mac-miR162a and mac-miR172b are predicted
to target BSGFV toward developing streak resistance in banana (Table 2). Our study
aimed to identify consensual banana-genome-encoded miRNAs to interact with the
ORFIII and IR of the BSGFV genome. We first present a general framework of the associ-
ation of banana-encoded miRNA targets to capture the complexities of interactions (Fig-
ure 5). To model the system-wide virus-host interaction, computational approaches have
been employed to identify the binding affinity of host miRNAs for targeted pathogens
such as SCMV [49], CLCuKoV [43], RTBV [50], ACLSV [45], ICMV [44], GBNV [51], RTV1
[52], SCYLV [53], ZYMV [54] and PhCMoV [55].

In our previous studies, we undertook the whole-genome sequencing (WGS) of
BSGEFV [5] in this study; banana-locus-derived potential high-confidence miRNA-binding
sites were predicted from the BSGFV genome to validate miRNA-mRNA hybridization
(Table 1). Our studies indicate that banana miRNAs are predicted to bind directly with
high-confidence sites on BSGFV-dsDNA-encoded mRNAs (Figure 4). Further, in previous
studies, we find no evidence of banana-genome-encoded mac-miRNAs that have a pre-
dicted potential of targeting BSV genome. Moreover, based on predicted miRNA binding
sites, we found that two consensus endogenous miRNAs, mac-miR162a and mac-172b,
were identified as highly promising biomolecules andhave an even higher chance to par-
ticipate in virus replication. The predicted consensual binding site of mac-miR172b is lo-
cated in the vital regulatory region such as the IR of the BSGFV genome (Figure 4B,C).
Notably, the replication of the BSV Badnavirus relies on the duplication of ORFIII [11].
mac-miR162a was detected to be effective in interacting with mac-miRNAs targeting the
OREFIII for the silencing of the polyprotein of the BSGFV genome (Table 2). mac-miR162a
was involved to exhibit the highest overall expression in banana fruit [29]. miR162 regu-
lates stomatal conductance in tomato [56]. The over-expression of osa-miR162 fine-tunes
rice immunity against fungal infection [57].
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The host-delivered RNAi was employed to develop banana varieties to combat viral
infection and offers an extremely effective strategy to enhance banana production [58].
The over-expression profile of miR172 has been reported to reduce red coloration in mul-
tiple apple tissues and inhibits flavonoid biosynthesis [59]. miR172 might be involved in
carotenoid biosynthesis and involved in regulating biological clock during cold stress in
wild banana [60]. miR172b is involved in salt-stress response in rice and wheat crops [61].
Previous study shows that the over-expression of miR172 may lead to the inhibition of
SIAP2a for a high production of ethylene. This process may cause fruit ripening [62]. The
over-expression of miR172 suppresses the brassinosteroid signaling [63]. miR172 is in-
volved to regulate both vegetative and reproductive development in Jatropha [64].

While interactions between miRNA-mRNA target pairs have been depicted, the con-
struction of amiRNA-based expression cassettes and further transformations in banana to
combat BSGFV infection are not fully understood. The amiRNA expression cassette relies
on the potential complementarity of base pairing in order to reduce off-targets toxicity
[65,66]. The present study highlights that the strengths and weaknesses of the first ge-
nome-based in silico evaluation of mature banana-encoded miRNAs to detect high affinity
miRNA-binding sites are based on the energetics for miRNA-target binding. By applying
an in silico analysis, experimental work was designed to test whether these predicted con-
sensual miRNAs could impart resistance against BSGFV in banana plants. Furthermore,
our earlier research work provides large-sale in silico support for the control of Badna-
viruses [67,68]. Future work will be focused on understanding the mechanisms of im-
portant host—virus-related interactions.

5. Conclusions

BSGFYV infects banana plants worldwide. BSGFV appeared as a major problem in
China, associated with the globally emerging ongoing infectious endogenous BSV epi-
demic that is diminishing quantitative yield. This research reports the in silico identifica-
tion and characterization of banana-genome-encoded mac-miRNAs/mbg-miRNA that is
predicted to show efficacy against the BSGFV ORF genome. Prior to cloning, potential
banana-locus-derived high-confidence miRNA-target binding sites were identified in the
targeted BSGFV ORF genome. Three “algorithms” including RNA22, RNAhybrid and
TAPIR were used to detect high-confidence banana-genome-encoded miRNA-binding
sites in the BSGFV genome. Among the 32 banana miRNAs investigated, 2 consensus ba-
nana-locus-derived mac-miRNAs (mac-miR162a and mac-miR172b) were identified as
highly promising, naturally occurring biomolecules with predicted potential to impede
BSGFV-YN replication. This study develops an innovative approach to focus on the de-
velopment of amiRNA-based mac-miRNA therapeutics to target the BSGFV ORF genome.
Hence, the comprehensive miRNA structure and interactome mapping of banana
miRNA-mRNA target interaction is critical to understand infection and disease progres-
sion.

Supplementary Materials: The following supporting information can be downloaded at
www.mdpi.com/10.3390/applmicrobiol5010013/s1. Table S1: Identification of binding sites of ma-
ture banana-encoded miRNAs; Table S2: Gene-wise of predicted miRNAs; File S1: Banana mature

microRNA sequences; File S2: Prediction results analyzed by computational algorithms.

Author Contributions: M.A.A. and N.Y. conceived of the concept, approaches and data interpreta-
tion. M.AA,, AS,, E.S. and S.I. carried out the in silico experiments. B.A., S.B. and M.F. made the
graphs. M.A.A. made the tables and wrote the manuscript. All of the authors participated in the
interpretation of the results. All authors have read and agreed to the published version of the man-

uscript.



Appl. Microbiol. 2025, 5, 13 11 of 13

Funding: This work was supported by the International Science and Technology Cooperation Pro-
gram of Hainan Province (GHYF2023010), Hainan Provincial Natural Science Foundation of China
(822RC769) and Central Public Interest Scientific Institution Basal Research Fund (No.
1630052023003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article and Supplementary Materials.
Acknowledgments: The authors acknowledge the TYSP of China to support M.A.A.

Conflicts of Interest: The authors declare they have no conflicts of interest.

References

1.

10.

11.

12.
13.
14.
15.

16.

17.

18.
19.
20.
21.
22.

Perrier, X.; De Langhe, E.; Donohue, M.; Lentfer, C.; Vrydaghs, L.; Bakry, F.; Carreel, F.; Hippolyte, I.; Horry, J.-P.; Jenny, C.
Multidisciplinary perspectives on banana (Musa spp.) domestication. Proc. Natl. Acad. Sci. USA 2011, 108, 11311-11318.

Huang, H.-R.; Liu, X.; Arshad, R.; Wang, X.; Li, W.-M.; Zhou, Y.; Ge, X.-]J. Telomere-to-telomere haplotype-resolved reference
genome reveals subgenome divergence and disease resistance in triploid Cavendish banana. Hortic. Res. 2023, 10, uhad153.
Teycheney, P.-Y.; Geering, A.D.; Dasgupta, I.; Hull, R.; Kreuze, J.F.; Lockhart, B.; Muller, E.; Olszewski, N.; Pappu, H.; Pooggin,
M.M. ICTV virus taxonomy profile: Caulimoviridae. ]. Gen. Virol. 2020, 101, 1025-1026.

Meyer, ].; Kasdorf, G.; Nel, L.; Pietersen, G. Transmission of activated-episomal banana streak OL (badna) virus (BSOLV) to cv.
Williams banana (Musa sp.) by three mealybug species. Plant Dis. 2008, 92, 1158-1163.

Li, W.-L.; Yu, N.-T.; Wang, J.-H,; Li, ].-C,; Liu, Z.-X. The complete genome of Banana streak GF virus Yunnan isolate infecting
Cavendish Musa AAA group in China. Peer] 2020, 8, e8459.

Rao, X.; Chen, H.; Lu, Y,; Liu, R; Li, H. Distribution and location of BEVs in different genotypes of bananas reveal the
coevolution of BSVs and bananas. Int. |. Mol. Sci. 2023, 24, 17064.

Rao, X.-Q.; Wu, Z.-L.; Wang, W.; Zhou, L.; Sun, ].; Li, H.-P. Genetic diversity analysis reveals new badnaviruses infecting banana
in South China. J. Plant Pathol. 2020, 102, 1065-1075.

Medberry, S.L.; Lockhart, B.; Olszewski, N.E. Properties of Commelina yellow mottle virus’s complete DNA sequence, genomic
discontinuities and transcript suggest that it is a pararetrovirus. Nucleic Acids Res. 1990, 18, 5505-5513.

Bouhida, M.; Lockhart, B.; Olszewski, N.E. An analysis of the complete sequence of a sugarcane bacilliform virus genome
infectious to banana and rice. J. Gen. Virol. 1993, 74, 15-22.

Hagen, L.S.; Jacquemond, M.; Lepingle, A.; Lot, H.; Tepfer, M. Nucleotide sequence and genomic organization of cacao swollen
shoot virus. Virology 1993, 196, 619-628.

Ishwara Bhat, A.; Selvarajan, R.; Balasubramanian, V. Emerging and re-emerging diseases caused by Badnaviruses. Pathogens
2023, 12, 245.

Bhat, A.I; Hohn, T.; Selvarajan, R. Badnaviruses: The current global scenario. Viruses 2016, 8, 177.

Koeppe, S.; Kawchuk, L.; Kalischuk, M. RNA interference past and future applications in plants. Int. ]. Mol. Sci. 2023, 24, 9755.
Akbar, S.; Wei, Y.; Zhang, M.-Q. RNA interference: Promising approach to combat plant viruses. Int. J. Mol. Sci. 2022, 23, 5312.
Kim, Y.J.; Zheng, B.; Yu, Y.; Won, S.Y.; Mo, B.; Chen, X. The role of Mediator in small and long noncoding RNA production in
Arabidopsis thaliana. EMBO ]. 2011, 30, 814-822.

Fang, X.; Cui, Y.; Li, Y.; Qi, Y. Transcription and processing of primary microRNAs are coupled by Elongator complex in
Arabidopsis. Nat. Plants 2015, 1, 15075.

Manavella, P.A.; Koenig, D.; Weigel, D. Plant secondary siRNA production determined by microRNA-duplex structure. Proc.
Natl. Acad. Sci. 2012, 109, 2461-2466.

Reinhart, B.].; Weinstein, E.G.; Rhoades, M.W_; Bartel, B.; Bartel, D.P. MicroRNAs in plants. Genes Dev. 2002, 16, 1616-1626.
Liu, W.-W_; Meng, J.; Cui, J.; Luan, Y.-S. Characterization and function of microRNA* s in plants. Front. Plant Sci. 2017, 8, 2200.
Li, C,; Zhang, B. MicroRNAs in control of plant development. ]. Cell. Physiol. 2016, 231, 303-313.

Skalsky, R.L.; Cullen, B.R. Viruses, microRNAs, and host interactions. Annu. Rev. Microbiol. 2010, 64, 123-141.

Khalid, A.; Zhang, X; Ji, H.; Yasir, M.; Farooq, T.; Dai, X; Li, F. Large Artificial microRNA Cluster Genes Confer Effective
Resistance against Multiple Tomato Yellow Leaf Curl Viruses in Transgenic Tomato. Plants 2023, 12, 2179.



Appl. Microbiol. 2025, 5, 13 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

Ma, Z.; Wang, J.; Li, C. Research Progress on miRNAs and Artificial miRNAs in Insect and Disease Resistance and Breeding in
Plants. Genes 2024, 15, 1200.

Al-Roshdi, M.R.; Ammara, U.; Khan, J.; Al-Sadi, A.M.; Shahid, M.S. Artificial microRNA-mediated resistance against Oman
strain of tomato yellow leaf curl virus. Front. Plant Sci. 2023, 14, 1150.

Zhou, L.; Yuan, Q.; Ai, X,; Chen, J.; Lu, Y.; Yan, F. Transgenic Rice Plants Expressing Artificial miRNA Targeting the Rice Stripe
Virus MP Gene Are Highly Resistant to the Virus. Biology 2022, 11, 332.

Zhang, D.; Zhang, N.; Shen, W.; Li, J.-F. Engineered artificial microRNA precursors facilitate cloning and gene silencing in
arabidopsis and rice. Int. ]. Mol. Sci. 2019, 20, 5620.

Bi, F.; Meng, X.; Ma, C.; Yi, G. Identification of miRNAs involved in fruit ripening in Cavendish bananas by deep sequencing.
BMC Genom. 2015, 16, 776.

Zhu, H.; Zhang, Y.; Tang, R.; Qu, H.; Duan, X,; Jiang, Y. Banana sSRNAome and degradome identify microRNAs functioning in
differential responses to temperature stress. BMC Genom. 2019, 20, 33.

Xia, Y; Lai, Z.; Do, Y.-Y.; Huang, P.-L. Characterization of MicroRNAs and Gene Expression in ACC Oxidase RNA Interference-
Based Transgenic Bananas. Plants 2023, 12, 3414.

Chai, J.; Feng, R.; Shi, H.; Ren, M.; Zhang, Y.; Wang, ]. Bioinformatic identification and expression analysis of banana
microRNAs and their targets. PLoS ONE 2015, 10, e0123083.

Sayers, EZW.; Bolton, E.E.; Brister, J.R.; Canese, K.; Chan, J.; Comeau, D.C.; Connor, R.; Funk, K,; Kelly, C.; Kim, S. Database
resources of the national center for biotechnology information. Nucleic Acids Res. 2022, 50, D20-D26.

Miranda, K.C.; Huynh, T.; Tay, Y.; Ang, Y.-S.; Tam, W.-L.; Thomson, A.M.; Lim, B.; Rigoutsos, I. A pattern-based method for
the identification of MicroRNA binding sites and their corresponding heteroduplexes. Cell 2006, 126, 1203-1217.

Loher, P.; Rigoutsos, I. Interactive exploration of RNA22 microRNA target predictions. Bioinformatics 2012, 28, 3322-3323.
Kriiger, J.; Rehmsmeier, M. RNAhybrid: microRNA target prediction easy, fast and flexible. Nucleic Acids Res. 2006, 34, W451—
W454.

Bonnet, E.; He, Y.; Billiau, K.; Van de Peer, Y. TAPIR, a web server for the prediction of plant microRNA targets, including
target mimics. Bioinformatics 2010, 26, 1566-1568.

Bernhart, S.H.; Tafer, H.; Miickstein, U.; Flamm, C.; Stadler, P.F.; Hofacker, I.L. Partition function and base pairing probabilities
of RNA heterodimers. Algorithms Mol. Biol. 2006, 1, 3.

Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information
aesthetic for comparative genomics. Genome Res. 2009, 19, 1639-1645.

Gandrud, C. Reproducible Research with R and RStudio; Chapman and Hall/CRC: Boca Raton, FL, USA, 2018.

Cheng, C.-P.; Lockhart, B.; Olszewski, N.E. The ORF I and II proteins ofcommelinayellow mottle virus are virion-associated.
Virology 1996, 223, 263-271.

Jaufeerally-Fakim, Y.; Khorugdharry, A.; Harper, G. Genetic variants of Banana streak virus in Mauritius. Virus Res. 2006, 115,
91-98.

Brodersen, P.; Sakvarelidze-Achard, L.; Bruun-Rasmussen, M.; Dunoyer, P.; Yamamoto, Y.Y.; Sieburth, L.; Voinnet, O.
Widespread translational inhibition by plant miRNAs and siRNAs. Science 2008, 320, 1185-1190.

Tripathi, J.; Ntui, V.; Ron, M.; Muiruri, S.; Britt, A.; Tripathi, L. CRISPR/Cas9 editing of endogenous banana streak virus in the
B genome of Musa spp. overcomes a major challenge in banana breeding. Commun. Biol. 2019, 2, 46.

Ashraf, M.A.; Brown, ].K.; Igbal, M.S.; Yu, N. Genome-Wide Identification of Cotton MicroRNAs Predicted for Targeting Cotton
Leaf Curl Kokhran Virus-Lucknow. Microbiol. Res. 2023, 15, 1-19.

Ashraf, M.A.; Ali, B.; Brown, J.K.; Shahid, I; Yu, N. In silico identification of cassava genome-encoded MicroRNAs with
predicted potential for targeting the ICMV-Kerala begomoviral pathogen of cassava. Viruses 2023, 15, 486.

Ashraf, M.A_; Murtaza, N.; Brown, ].K.; Yu, N. In silico apple genome-encoded microRNA target binding sites targeting apple
chlorotic leaf spot virus. Horticulturae 2023, 9, 808.

Chipman, L.B.; Pasquinelli, A.E. miRNA targeting: Growing beyond the seed. Trends Genet. 2019, 35, 215-222.

Riffo-Campos, A.L.; Riquelme, I.; Brebi-Mieville, P. Tools for sequence-based miRNA target prediction: What to choose? Int. .
Mol. Sci. 2016, 17, 1987.

Peterson, S.M.; Thompson, J.A.; Ufkin, M.L.; Sathyanarayana, P.; Liaw, L.; Congdon, C.B. Common features of microRNA target
prediction tools. Front. Genet. 2014, 5, 23.

Wenzhi, W.; Ashraf, M.A.; Ghaffar, H; ljaz, Z.; Zaman, W.u.; Mazhar, H.; Zulfqar, M.; Zhang, S. In Silico Identification of
Sugarcane Genome-Encoded MicroRNAs Targeting Sugarcane Mosaic Virus. Microbiol. Res. 2024, 15, 273-289.



Appl. Microbiol. 2025, 5, 13 13 of 13

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

Mohamed, N.A.; Ngah, NM.F.N.C.; Abas, A.; Talip, N.; Sarian, M.N.; Hamezah, H.S.; Harun, S.; Bunawan, H. Candidate
miRNAs from Oryza sativa for Silencing the Rice Tungro Viruses. Agriculture 2023, 13, 651.

Nivedha, M.; Harish, S.; Angappan, K.; Karthikeyan, G.; Kumar, K.; Murugan, M.; Jayakanthan, M. In silico identification and
validation of microRNAs from the genome of Solanum lycopersicum targeting Groundnut bud necrosis orthotospovirus. Physiol.
Mol. Plant Pathol. 2023, 127, 102086.

Ashraf, M.A.; Tarig, H.K.; Hu, X.-W.; Khan, J.; Zou, Z. Computational biology and machine learning approaches identify rubber
tree (Hevea brasiliensis Muell. Arg.) genome encoded MicroRNAs targeting rubber tree virus 1. Appl. Sci. 2022, 12, 12908.
Ashraf, M.A_; Ashraf, F.; Feng, X,; Hu, X; Shen, L.; Khan, J.; Zhang, S. Potential targets for evaluation of sugarcane yellow leaf
virus resistance in sugarcane cultivars: In silico sugarcane miRNA and target network prediction. Biotechnol. Biotechnol. Equip.
2021, 35, 1980-1991.

Shahid, M.N.; Rashid, S.; Igbal, M.S.; Jamal, A.; Khalid, S.; Shamim, Z. In silico prediction of potential mirnas to target zymv in
cucumis melo. Pak. |. Bot 2022, 54, 1319-1325.

Gaafar, Y.Z.A ; Ziebell, H. Novel targets for engineering Physostegia chlorotic mottle and tomato brown rugose fruit virus-
resistant tomatoes: In silico prediction of tomato microRNA targets. Peer] 2020, 8, e10096.

Li, Y.; Liu, Y,; Gao, Z.; Wang, F.; Xu, T.; Qi, M,; Liu, Y.; Li, T. MicroRNA162 regulates stomatal conductance in response to low
night temperature stress via abscisic acid signaling pathway in tomato. Front. Plant Sci. 2023, 14, 1045112.

Li, X.-P.; Ma, X.-C,; Wang, H.; Zhu, Y.; Liu, X.-X,; Li, T.-T.; Zheng, Y.-P.; Zhao, J.-Q.; Zhang, J.-W.; Huang, Y.-Y. Osa-miR162a
fine-tunes rice resistance to Magnaporthe oryzae and yield. Rice 2020, 13, 38.

Shekhawat, U.K.; Ganapathi, T.R.; Hadapad, A.B. Transgenic banana plants expressing small interfering RNAs targeted against
viral replication initiation gene display high-level resistance to banana bunchy top virus infection. J. Gen. Virol. 2012, 93, 1804—
1813.

Ding, T.; Tomes, S.; Gleave, A.P.; Zhang, H.; Dare, A.P.; Plunkett, B.; Espley, R.V.; Luo, Z.; Zhang, R.; Allan, A.C. microRNA172
targets APETALAZ2 to regulate flavonoid biosynthesis in apple (Malus domestica). Hortic. Res. 2022, 9, uhab007.

Liu, W.; Cheng, C.; Chen, F.; Ni, S.; Lin, Y.; Lai, Z. High-throughput sequencing of small RNAs revealed the diversified cold-
responsive pathways during cold stress in the wild banana (Musa itinerans). BMC Plant Biol. 2018, 18, 1-26.

Cheng, X.; He, Q.; Tang, S.; Wang, H.; Zhang, X.; Lv, M,; Liu, H.; Gao, Q.; Zhou, Y.; Wang, Q. The miR172/IDS1 signaling module
confers salt tolerance through maintaining ROS homeostasis in cereal crops. New Phytol. 2021, 230, 1017-1033.

Chung, M.-Y.; Nath, U.K,; Vrebalov, J.; Gapper, N.; Lee, ] M.; Lee, D.-J.; Kim, C.K,; Giovannoni, J. Ectopic expression of
miRNA172 in tomato (Solanum lycopersicum) reveals novel function in fruit development through regulation of an AP2
transcription factor. BMC Plant Biol. 2020, 20, 283.

Kim, B.H.; Kwon, Y.; Lee, B.-H.; Nam, K.H. Overexpression of miR172 suppresses the brassinosteroid signaling defects of bak1
in Arabidopsis. Biochem. Biophys. Res. Commun. 2014, 447, 479-484.

Tang, M.; Bai, X.; Niu, L.-].; Chai, X.; Chen, M.-S.; Xu, Z.-F. miR172 regulates both vegetative and reproductive development in
the perennial woody plant Jatropha curcas. Plant Cell Physiol. 2018, 59, 2549-2563.

Ossowski, S.; Schwab, R.; Weigel, D. Gene silencing in plants using artificial microRNAs and other small RNAs. Plant ]. 2008,
53, 674-690.

Zhao, T.; Wang, W.; Bai, X.; Qi, Y. Gene silencing by artificial microRNAs in Chlamydomonas. Plant . 2009, 58, 157-164.
Ashraf, F.; Ashraf, M.A.; Hu, X.; Zhang, S. A novel computational approach to the silencing of Sugarcane Bacilliform
Guadeloupe A Virus determines potential host-derived MicroRNAs in sugarcane (Saccharum officinarum L.). Peer] 2020, 8, e8359.
Ashraf, M.A.; Feng, X,; Hu, X,; Ashraf, F.; Shen, L.; Igbal, M.S.; Zhang, S. In silico identification of sugarcane (Saccharum
officinarum L.) genome encoded microRNAs targeting sugarcane bacilliform virus. PLoS ONE 2022, 17, e0261807.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



