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ABSTRACT

Tomato (Solanum lycopersicum L.) belongs to the Solanaceae family and is the second most cultivated and consumed
vegetable crop after potato, in the world. Tomatoes, exposed to many pathogens throughout their life cycles, are a model
plant for investigating stress responses. Tomato leaf mold disease (TLMD), caused by Cladosporium fulvum, is one of
the most harmful foliar diseases of tomato, causing important yield losses. The avirulence genes (Avr) of C. fulvum
encode the effector proteins responsible for the pathogenic characteristics of this fungus. Therefore, RNA interference
(RNAI) mechanisms can potentially silence these genes. This study aimed to analyze mature sly-miRNAs encoded in the
tomato genome with the potential for targeting TLMD Avr genes, using four target prediction algorithms. The objective
is to implement in silico predicted miRNAs to induce RNAi-mediated defense responses. Previously identified 147
mature tomato miRNAs were acquired from the primary miRNA repository miRBase and evaluated in terms of
hybridization with TLMD Avr gene sequences. The present study aims to analyze tomato miRNAs with predicted
potential to target TLMD avirulence genes, based on their hybridization energies and structural properties. Among the
147 tomato miRNAs investigated, four computational algorithms—RNAhybrid, psRNATarget, TapirHybrid, and
miRanda—predicted that 29, 17, 30 and 11 tomato miRNAs potentially target Avr genes, respectively. 17 sly-miRNAs
were identified to target TLMD sequences using at least two algorithmic tools. Moreover, three algorithmic tools
identified only two miRNAs, sly-miR390b-5p and sly-miR319c¢-5p, as the most effective consensus miRNAs targeting
the TLMD sequences. The availability of in silico validated tomato genome-encoded sly-miRNAs with predicted
potential to target TLMD in infected tomato plants represents the first step toward developing TLMD-resistant tomato
plants. These findings provide important insights into RNAi-mediated silencing of TLMD.

Keywords: Tomato, Cladosporium fulvum, computational algorithms, miRNA, avirulence gene, RNAI

This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Published first online September 22, 2025 Published final November 30, 2025
INTRODUCTION responses, thereby promoting successful colonization (Lo
Presti et al.,, 2015; Yang et al., 2025). During the

most extensively cultivated and consumed Solanaceae  Various effector proteins such as Avr2, Avr4, Avr5 and
crops, due to its economic and nutritional value (Kabas et~ Avr9 to impair host immunity or to defend itself (Van
al., 2022; Shahriar et al., 2023; Madlhophe et al., 2025). ~ Esse et al., 2008; Yoshida et al., 2021; Gul et al., 2024).
Cladosporium species cause serious crop and yield losses Therefore, it causes yield losses exceeding 50% in severe

in tomato cultivation and production (Zhao et al., 2025).  infections (Zhao et al., 2022; Zhang et al., 2025).

Tomato leaf mold disease (TLMD) caused by ‘MicroRNAs (miRNAs) are small endogenous
Cladosporium fulvum (syn. Fulvia fulva, Passalora ~ hon-coding regulatory —biomolecules —with —20-24
fulva), which belongs to the Mycosphaerellaceae family, ~ nucleotides in length, which have key functions in
is known to be one of the most common foliar diseases of ~ biological processes, including stress responses of plants
tomato under greenhouse conditions (Thomma et al,  against pathogens (Yang et al., 2021; Nivedha et al.,
2005; Belabess et al., 2024). It prefers high humidity and ~ 2023). miRNAs can bind to target mRNA sequences,
temperatures and can infect at every stage of the plant leading to their cleavage or translation inhibition (Liu et

(Pei et al., 2024). Phytopathogens release effector ~ @l., 2017a). Plant miRNAs are derived from precursor
molecules responsible for pathogenicity, which are ~ MIRNAs (pre-miRNA). Through the enzyme dicer-like
encoded by avirulence genes and these effectors ~ (DCL1) and ribonuclease (RNase), pre-miRNAs are

manipulate host cellular mechanisms to suppress immune ~ formed by processing pri-miRNA transcripts. The stem-
loop structures of pri-miRNAs are cleaved by DCL. A
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double-stranded RNA molecule comprising the miRNA
sequence is released, which is incorporated into the
RNA-induced silencing complex (RISC) to silence target
mRNA (Manavella et al., 2012; Fang et al., 2015; Ali et
al., 2017; Gao et al., 2021; Hung and Slotkin 2021). The
cross-kingdom RNAi has crucial roles in phyto-
pathosystems. The mobility of miRNAs between host and
pathogen affects pathogen virulence by triggering the
cross-kingdom RNAI (Zhu et al., 2022). This conserved
mechanism in plants is a miRNA-mediated regulatory
process to protect plants from pathogens that result in
gene silencing at the post-transcriptional level (Ruiz-
Ferrer and Voinnet 2009; Syed et al., 2025). Different
studies mentioned that the RNAi-mediated silencing
mechanism provided resistance in barley to Fusarium
graminearum (Koch et al., 2016), in grapevine to Botrytis
cinerea (Nerva et al., 2020), in cereals to Cochliobolus
sativus (Leng et al., 2010), and in wheat to Blumeria
graminis f.sp.tritici (Li et al.,2023). Such findings show
that RNAIi machinery has crucial potential to control
fungal pathogens (Gebremichael et al., 2021; Mahanty et
al., 2023). Moreover, previous studies have reported that
tomato mature miRNAs have important functions in
regulating biotic and abiotic stress responses of plants
(Wei et al., 2014; Jin and Wu, 2015; Liu et al., 2020;
Fracasso et al., 2021; Ahmad et al., 2022; Arazi and
Khedia, 2022; Chen et al., 2025).

Profiling the miRNAs in the TLMD tomato
pathosystem can elucidate the molecular mechanisms
underlying fungus pathogenicity. Several miRNA target
prediction algorithms have been developed to estimate
potential targets of miRNAs with perfect or nearly perfect
base pairing. (Riffo-Campos et al., 2016; Dai et al., 2018;
Pandey et al., 2025). Until now, no studies have been
reported evaluating cross-kingdom miRNA-TLMD
interactions using computer-based approaches. This study
aimed to identify the highest potential tomato miRNAs
targeting the TLMD Avr genes to confer miRNA-
mediated resistance to the TLMD based on an integrated
computational approach.

MATERIALS AND METHODS

Source of biological data: The previously identified 147
mature miRNA sequences of S. lycopersicum were
retrieved from miRBase (http://mirbase.org/), the primary
public miRNA repository (Griffiths-Jones et al., 2006).
For the prediction of leaf mold targets of tomato
miRNAs, nucleotide sequences of leaf mold Avr genes
(Avr2  Accession: AJ421628.1; Avrd  Accession:
X78829.1; AvrdE Accession: AY546102.1; Avrb
Accession: KJ452245.1; Avr9 Accession: M55289.1)
were obtained from NCBI (http://ncbi.nim.nih.gov).

Prediction of miRNAs targeting Avr genes: In the
current study, the target prediction algorithms including
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RNAhybrid, psRNATarget, Tapirhybrid and miRanda
were operated to predict the tomato miRNAs for
silencing of the leaf mold Avr genes. The tomato
genome-encoded miRNAs were analyzed separately with
these four algorithmic tools to predict all possible host-
encoded miRNA targets in Avr genes. For this purpose,
RNAhybrid  algorithms  (https://bibiserv.cebitec.uni-
bielefeld.de/rnahybrid) were utilised to predict minimum
free energy (MFE) of miRNA-mRNA interactions with
default parameters as described by Kruger and
Rehmsmeier (2006). The psRNAtarget
(http://plantgrn.noble.org/psRNATarget) is a commonly
used plant miRNA target prediction algorithm with high
sensitivity for detecting miRNA-mediated inhibition
patterns (Dai et al., 2018) and was operated to evaluate
target binding sites of tomato miRNAs with the following
parameters: an expectation cut-off value of 7.0 and the
mode of inhibition set to ‘cleavage’. The other web-based
tool used in the current study for predicting plant miRNA
targets is the Tapirhybrid
(https://bioinformatics.psh.ugent.be/webtools/tapir/)
algorithm, which identifies miRNA-mMRNA interactions
based on the most highly specific duplexes and their
MFE ratio (Bonnet et al., 2010). The parameter settings
are set to default (score<9 and MFE ratio<0.2) for this
investigation. miRanda (http://www.microrna.org/) is
known to be a commonly used versatile target prediction
algorithm that detects potential miRNA binding sites
(Enright et al., 2003). The prediction process was
conducted using the standard setting (MFE threshold: -
20.0 Kcal/mol, score threshold: 140.0, gap open penalty:
-9.0, gap extend penalty: -4.0 and scaling parameter: 4.0).
The algorithms used in this study were chosen to make
use of their computational complementarity and ability to
reduce false-positive predictions.

Mapping of the obtained data: An integrated chord plot
was created between predicted host-miRNAs and Avr
genes (accession numbers mentioned above) using
SRplot (Tang et al., 2023).

Secondary structure analysis and predicting binding
free energy (AG): The RNAfold web server was used to
determine the stability of precursor miRNA secondary
structures (Lorenz et al., 2011). The analyses were
carried out with standard settings via web server
(http://rna.tbi.univie.ac.at/cgibin/RNAWebSuite/RNAfol
d.cgi). To characterize the secondary structures of
precursor miRNAs, the Adjusted Minimum Free Energy
(AMFE) and the Minimum Free Energy Index (MFEI)
values were calculated using MFE derived from the
RNAfold (zhu et al, 2024). RNAcofold
(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/ RNA
cofold.cgi) was employed to compute the co-folding free
energy (AG) of duplexes in miRNA-target mRNA
interactions (Bernhart et al., 2006). FASTA format of the
miRNA-target pairs from RNAhybrid analysis was used
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to upload the RNAcofold and the data was processed
with default parameters.

Statistical analysis: All of the computational predicted
data from miRNA target predictor tools were analyzed
with R Studio (version 4.3.2) ggplot2 package (version
3.4.4) to illustrate the graphical representation.

RESULTS
Tomato genome encoded miRNAs targeting leaf mold
avirulence genes: This research used four algorithmic
target prediction tools to predict tomato genome-encoded

psRNAtarget
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miRNAs targeting Avr genes of leaf mold. The results
showed that the predicted Avr gene sequences targeted by
tomato genome encoded mMiRNAs based on the
RNAhybrid algorithmic tool predicted 29 miRNA-
mRNA target pairs at 36 loci, the psRNAtarget
algorithm: 17 tomato miRNAs at 17 loci. Furthermore,
the Tapirhybrid and miRanda algorithms identified 30
and 11 tomato genome-encoded miRNA-mRNA target
pairs, respectively (Figure 1). These predicted miRNAs
have not been previously associated with C. fulvum
avirulence genes within the tomato—-TLMD pathosystem.

TAPIRhybrid

.\"\.

miRanda
predicted to bind leaf mold gene

sequences. The four web-based target identification tools including RNAhybrid, psRNAtarget,
Tapirhybrid and miRanda were used to predict potential target binding sites of tomato genome-encoded
miRNAs. The overlapping degree among the web-based computational tools was determined at the
potential target binding site level. The intersection of at least three algorithms’ diagrams illustrated two
common MiRNAs including miR390b-5p and miR319¢-5p

Tomato miRNAs targeting the leaf mold Avr2 gene:
The RNAhybrid algorithm predicted target binding site of
11 miRNAs including miR391 (locus 1369), miR399
(locus 1339), miR530 (locus 1158), miR160a (locus 395),
miR390b-3p (locus 389), miR9469-3p (locus 1396),
miR171b-3p (locus 359), miR156e-3p (locus 1004),
miR319¢c-3p (locus 1282), miR390a-3p (locus 389) and
miR482d-3p (locus 269) (Figure 2a). The leaf mold Avr2
gene was predicted to be targeted by 10 miRNAs:
miR5303 (locus 3), miR6026 (locus 448), miR7981a
(locus 534), miR169e-3p (locus 741), miR1919c-5p
(locus 952), miR9479-3p (locus 639), miR156e-5p (locus
611), miR166¢c-5p (locus 631), miR9471b-5p (locus 910)
and miR9478-5p (locus 808), as illustrated by
psRNAtarget (Figure 2b). Moreover, the Tapirhybrid
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algorithm predicted the following 15 miRNAs encoded in
tomato genome: miR399 (locus 916), miR396b (locus
1251), miR319b (locus 1284), miR6026 (locus 448),
miR396a-5p (locus 1251), miR390b-3p (locus 867),
miR9479-3p (locus 639), miR390a-3p (locus 867),
miR156e-5p (locus 611), miR164a-3p (locus 1034),
miR9474-3p (locus 586), miR169e-3p (locus 741),
miR394-5p (locus 308), miR9478-5p (locus 580) and
miR1919¢c-5p (locus 952) (Figure 2c). Based on the
miRanda algorithm, four miRNAs were predicted to
target Avr2 sequences: miR396b (locus 102), miR10535b
(locus 1122), miR482e-5p and miR396a-5p (locus 1509)
(Figure 2d).
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Tomato miRNAs targeting the leaf mold Avr4 gene:
Avrd gene sequences of the tomato leaf mold were
predicted to be targeted by the following 7 miRNAs:
miR398a (locus 333), miR169e-5p (locus 415), miR394-
3p (locus 225), miR9471b-3p (locus 571), miR9471a-5p
(locus 323), miR319c¢-5p (locus 397), miR9479-5p (locus
459) based on the RNAhybrid analysis (Figure 2a). The
psRNAtarget identified several miRNAs encoded in the
tomato genome such as miR10530 (locus 461), miR9474-
3p (locus 572), miR9470-3p (locus 613) and miR9478-3p
(locus 159) (Figure 2b). The Tapirhybrid algorithm
predicted the target binding site of 7 miRNAs including
miR1916 (locus 398), miR10531 (locus 200), miR9474-
3p (locus 572), miR9478-3p (locus 159), miR9470-3p
(locus 613), miR394-5p (locus 479) and miR397-3p
(locus 622) (Figure 2c). Additionally, the miRanda
analyses predicted that five miRNAs targeted Avr4
sequences including miR391 (locus 94), miR482c (locus
308), miR482e-3p (locus 393), miR319c¢-5p (locus 461)
and miR10531 (locus 200) (Figure 2D).

Tomato miRNAs targeting the leaf mold Avr4E gene:
The RNAhybrid algorithm analysis predicted that the
Avr4E was targeted by six tomato miRNAs encoded in
the genome. miR171b-3p and miR171d were predicted at
locus 396. The tomato miRNAs such as miR390b-5p,
miR171e, miR9479-5p and miR398a were predicted at
locus 282, 400, 467 and 481, respectively (Figure 2a).
The only one tomato miRNA (miR167a) was estimated at
nucleotide position 171, via the psRNAtarget algorithm
(Figure 2b). Additionally, miR167a and miR319c-5p
were predicted at loci 343 and 433, via the Tapirhybrid
algorithm (Figure 2c¢). No target site was found within the
Avr4E by miRanda (Figure 2d).

Tomato miRNAs targeting the leaf mold Avr5 gene:
Three tomato miRNAs including miR160a (locus 317),
miR530 (locus 34) and miR167b-5p (locus 414) were
predicted to be targeted within the Avr5 at three distinct
loci by the RNAhybrid algorithm (Figure 2a). No target
binding site was estimated by psRNAtarget within the
Avr5 (Figure 2b). The Tapirhybrid algorithm predicted
the target binding site of five miRNAs. miR477-5p and
miR10536 were predicted at locus 71 and 82, while
miR166a, miR166b, and miR166c-3p were predicted at
common locus 180 (Figure 2c). Furthermore, miR10536
and miR171f were predicted at loci 82 and 252, via the
miRanda algorithm (Figure 2d).

Tomato miRNAs targeting the leaf mold Avr9 gene:
Avr9 gene sequences of the tomato leaf mold were
predicted to be targeted by the following 9 miRNAs:
miR169 (b,d) (locus 437), miR319a (locus 154),
miR319b (locus 153), miR160a (locus 154), miR169e-5p
(locus 435), miR6026 (locus 243), miR10529 (locus
399), miR10535a (locus 250) based on the RNAhybrid
analysis (Figure 2a). Each of the psRNAtarget and
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Tapirhybrid algorithms was estimated for three miRNAs
encoded in the tomato genome. miR9479-3p was
estimated at locus 122 in psRNAtarget, while miR156e-
3p was estimated at locus 278 in Tapirhybrid. miR390a-
5p and miR390b-5p were estimated at the common locus
92 in both algorithms (Figure 2b-2c). No target binding
site was found within the Avr9 by miRanda (Figure 2d).

Prediction of common tomato miRNAs and silencing
leaf mold avirulence gene sequences: A total of 147
miRNAs encoded in the tomato genome were analyzed
with four algorithms. Analyzed data showed that
seventeen miRNAs  (miR169e-3p, miR1919¢-5p,
miR9479-3p, miR156e-5p, miR9478-5p, miR9474-3p,
miR9470-3p, miR167a, miR390a-5p, miR6026, miR391,
miR396a-5p,  miR396b,  miR10531, miR10536,
miR390b-5p and miR319c-5p) were determined to target
by at least two algorithmic tools. Moreover, miR396a-5p,
miR396b, miR9478-5p, miR319c-5p and miR167a
exhibited multiple loci interactions for Avr2, Avr4 and
Avr4E genes, respectively (shown in the last column of
Table 2, with bold figures). Among seventeen consensus
miRNAs, miR390b-5p (at locus 92 and 282) and
miR319c¢-5p (at locus 397, 433 and 461) were predicted
by three algorithmic tools (Figure 1; Table 1; Table 2).
Therefore, in the present study, the mentioned two
miRNAs were detected as unique tomato miRNAs.

In this context, from two unique tomato miRNAs
predicted by at least three algorithms, sly-miR390b-5p was
predicted at the loci 92 and 282 with an MFE of -25.2 kcal/mol,
while miR319c¢-5p was predicted at three different loci (397,
433, 461) with an MFE of -22.2 kcal/mol (Table 1).
Consequently, these miRNAs were determined to bind to the
leaf mold Avr4, Avr4E and Avr9 genes (Table 2; Table 3).

Visualization of tomato miRNA-target gene
regulatory network: An integrated chord plot was
constructed to improve the understandability of the
obtained results (Figure 3). For tomato miRNAs with
predicted tomato host plant-fungal Avr gene-target
interactions, the plot shows the tomato miRNAs and their
Avr gene targets by all algorithmic tools.

Secondary structure predictions of consensus tomato
MiRNAs: Stable secondary structures of consensus
miRNAs were predicted using RNAfold web server. The
consensus mature miRNA precursors were manually
arranged. MFE, which regulates the stability of the
secondary structure, is the most important criterion and
much lower MFE values are thermodynamically more
stable. MFE values of consensus miRNAs varied from -
20.80 to -41.20 kcal/mol depending on the target loci.
Moreover, because of the considerable variety in the
sequence of precursor miRNAS, the minimum free energy
index value of precursor miRNAs was characterized.
Similarly, consensus miRNAs' MFEI value ranged from -
0.29 to -0.50 (Table 4).
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Figure 2: Predicted target binding sites of tomato miRNAs within the related Avr gene. (a) It shows miRNA target
binding sites predicted by RNAhybrid. (b) The psRNAtarget predicts the target Avr genes. (c) shows
target binding sites based on the Tapirhybrid. (d) The miRNA binding positions were determined using
the miRanda algorithm. Each colored point demonstrates the binding sites of one miRNA. The leaf mold
genes are illustrated by a distinct color, as shown in the bottom part of the figures
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Table 1: Consensus miRNA positions, predicted by different tools in TLMD Avr genes.

) 2 g -g © 2 s g 2 -c::' <
g4 g3 55 g& 5% .3 fF 5% ¢
Ex 2 z < Z = 3 2 8 = So
FE gz L& =3 E =2 =g =g E

(3] = (3
4 2 i o a g =<
miR169e-3p 741 741 5.0 0.49
miR1919¢-5p 952 952 5.0 0.51
miR9479-3p 122/639 639 5.0 0.35
miR156e-5p 611 611 7.0 0.43
miR9478-5p 808 580 7.0 0.47
miR9474-3p 572 586/572 4.0 0.57/0.58
miR9470-3p 613 613 6.0 0.59
miR167a 141 343 6.5 0.53
miR390a-5p 92 92 5.0 0.65
miR6026 243 448 448 -21.8 6.0 0.51
miR391 1369 94 -30.7 -23.83
miR396a-5p 1251 1509 0.53 -20.36
miR396b 1251 1509 0.46 -20.36
miR10531 200 200 0.62 -26.84
miR10536 82 82 0.61 -20.98
miR390b-5p 282 92 92 -25.0 5.0 0.64
miR319c-5p 397 433 461 -22.2 0.56 -20.66
*MPFE refers to minimum free energy.
Table 2: Estimated consensus tomato miRNAs binding sites targeting leaf mold Avr genes. miRNAs with multiple

target binding sites are shown in bold figures in the last column.

Tomato mMiRNA Mature sequence (5°-3”) Target Target Binding Site
miRNAs ID Accession Gene(s) Positions
miR169e-3p MIMATO0035476 UGGCAAGCAUCUUUGGCGACU Avr2 741-761
miR1919¢c-5p  MIMATO0032040 UGUCGCAGAUGAcCUUuUCGCCC Avr2 952-972
miR9479-3p MIMATO0035478 GAGAAUGGUAGAGGGUCGGACC Avr2 639-660

Avr9 122-143
miR156e-5p MIMAT0035453 UGAUAGAAGAGAGUGAGCAC Avr2 611-630
miR9478-5p MIMATO0035473 GCUUAAAUAUGUAGAUCGAACU Avr2 808-829 / 580-601
miR9474-3p MIMATO0035464 UUUUGUUCGCAGAUACUACAGU Avr2 586-607

Avr4 572-593
miR9470-3p MIMATO0035440 UUUGGCUCAUGGAUUUUAGC Avr4 613-632

miR167a MIMATO0007917 UGAAGCUGCCAGCAUGAUCUA AvrdE 141-161/ 343-363
miR390a-5p MIMATO0035467 AAGCUCAGGAGGGAUAGCACC Avr9 92-112

miR6026 MIMATO0023610 UUCUUGGCUAGAGUUGUAUUGC Avr2 448-469

Avr9 243-264

miR391 MIMAT0022688 ACGCAGGAGAGAUGAUGCUGGA Avr2 1369-1390

Avr4 94-115
miR396a-5p MIMATO0035455 UUCCACAGCUUUCUUGAACUG Avr2 1251-1271/1509-1530
miR396h MIMAT0035481 UUCCACAGCUUUCUUGAACUU Avr2 1251-1271/1509-1530
miR10531 MIMAT0042017 UGGGGUCCUAGUAGAGUCGGUUC Avr4 200-222
miR10536 MIMATO0042024 AGACAUGUUCUAAUCGUCAGCUUC Avr5 82-105
miR390b-5p MIMATO0035479 AAGCUCAGGAGGGAUAGCGCC Avr4E 282-302
Avr9 92-112
miR319c-5p MIMAT0035431 AGAGCUUCCUUCAGCCCACUC Avr4 397-417 / 433-453
Avr4E 461-481
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Table 3: Detected consensus tomato sly-miRNA-target mMRNA duplexes predicted by three algorithmic tools, with
distinctive characteristics of the RNAhybrid and Tapirhybrid tools.

Tomato miRNA-target mRNA Target Locus MFE MFE
mMiRNAs Positions (kcal/mol) Ratio
miR390b-5p target5'U ACUG AGAGAA C C3 282-302 -25.0 741-761

GGC GC AUCCCU CUUGA GCU 92-112
CCG CG UAGGGA GGACU CGA
miRNA 3" A A5
miR319¢c-5p 397-417 -22.2 952-972
target 5’ A AUCG AGAA G G3 433-453

GGG GG GU GAGGGA GGC UC
CUC CC CG CUUCCU UCG AG
miRNA 3 A A A5
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Figure 3: Integrated chord plot showing the interactions of tomato miRNAs-Avr genes with predicted by all
algorithmic tools. Gray bars indicate tomato miRNAs, while colored bars indicate avirulence genes (Avr
2, Avr 4, Avr 4E, Avr5 and Avr 9) responsible for the pathogenicity of TLMD.
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Table 4: Characterization features of precursor miRNAs secondary structures.

Tomato miRNAs Target Binding miRNA  Precursor MFE AMFE MFEI (G+C)%
Genes Site Lenght Length  (kcal/mol)
miR390b-5p Avr9 92-112 21 117 -20.80 -17,78 -0,29 61.90
AvrdE  282-302 21 94 -29.30 -31,17 -0,50 61.90
miR390b-5p AvrdE  461-481 21 140 -36.90 -26,35 -0,46 57.14
Avrd  397-417 21 140 -37.10 -26,50 -0,46 57.14
Avrd  433-453 21 158 -41.20 -26,08 -0,46 57.14

*MPFE refers to minimum free energy; AMFE defined as Adjusted MFE; MFEI is minimum free energy index

Free energy (AG) assessment in miRNA-mRNA were predicted by at least three algorithmic tools as
duplex: Free energy (AG) calculations of miRNA/target consensus tomato miRNAs were analyzed to predict the
mRNA duplexes are crucial for predicting interactions. free energy of the duplex (Table 5).

For this purpose, miR390b-5p and miR319c¢c-5p which

Table 5: Free energy (AG) of miRNA/target mMRNA duplex.

MiRNAs Accession ID miRNA-target sequence (5°-3”) AG Duplex  AG Binding
(kcal/mol) (kcal/mol)
miR390b-5p MIMAT0035479 5" AAGCUCAGGAGGGAUAGCGCC 3’ -20.69 -16.46
5' CTCGAGTTCTCCCTAGCGCGG 3’
miR319¢c-5p MIMAT0035431 5" AGAGCUUCCUUCAGCCCACUC 3’ -17.81 -11.76

5' GGAAGAAGGGAGGUGGGGGGG 3’

DISCUSSION comprehension of interactions between tomato miRNAs
and leaf mold Avr genes targeted by miRNAs. In the
Tomato leaf mold is a devastating disease that current investigation, several tomato miRNAs exhibited
threatens greenhouse tomato production worldwide ~ highly complementarities with Avr4, AvrdE and Avr9
(Zhang et al., 2020; Zhao et al., 2022). The RNAi genes of leaf mold. Therefore, they may be considered as
technology applied in agricultural fields is one of the key mlRNAs for enhancing tomato resistance against leaf
most promising strategies for controlling certain plant mold disease. _ )
diseases, leading to major investigations in plant Using computational techniques that allow
biotechnology (Sang and Kim 2020; Abbasi et al., 2025). ~ greatly accurate prediction of optimal target sites in
Recent research has examined the potential roles of ~ genomes minimizing false-positive predictions is critical
endogenous host-plant mMiRNAs that can target several {0 correctly describing potential target pair interactions
plant pathogens based on computational analyses (Ashraf ~ (Mohamed et al., 2023). The target gene silencing is
et al., 2021; Ashraf et al., 2022; Ashraf et al., 2023;  triggered by plant miRNAs based on perfect or imperfect
Mohamed et al., 2023). Although experimentally — complementarity base pairing of the mMIRNA-mRNA
confirmation is required to validate miRNA roles in host- ~ complex  (Jones-Rhoades et al., 2006). Furthermore,
pathogen interactions, determining the degree of previous studies reported that host-derived miRNAs
complementarity between miRNA and target mRNA target pathogen avirulence genes (Mathur et al., 2020).
using predictive approaches has a crucial impact on target The current study based on in silico approaches shows
site prediction (Akhter and Khan, 2018; Wu et al., 2023).  that leaf mold disease Avr genes are prone to be targeted
Moreover, computational analyses constitute the first step by miRNAs encoded in the tomato genome. Research
in the experimental validation of MiIRNA-mMRNA findings showed that algorithmic tools targeted miR390b-
interactions (Riolo et al., 2020). To date, the potential for ~ 5P _and miR319c-5p as consensual tomato MIiRNAS.
utilizing the regulation of tomato genome-encoded =~ MiR319¢c-5p bound to two different target sites in the
miRNA to reduce infection of tomato plants by leaf mold ~ Avr4 gene. Matching several miRNAs with a single target
has not been examined as a disease control strategy. The ~ Provides more effective RNA silencing (Doench and
current results of this investigation offer the first ~ Sharp 2004). Moreover, both consensus tomato miRNAs
computational assessment of sly-miRNAs in the tomato ~ fargeted the leaf mold Avr4E gene at loci 282 and 461,
genome to provide a prediction of effective target binding ~ depending on the target prediction algorithm used. MFE

sites. Additionally, it offers new approaches for better ~ 1S @ standard parameter regarding the thermodynamic
stability of miRNAs-mRNA duplexes (Ramesh et al.,
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2014; Thody et al., 2020). It is also required for the
confirmation of miRNA-target interactions (Pinzon et al.,
2017). Achieving the highest binding affinity between
miRNA and the target mRNA results in the maximum
stability of the miRNA-mRNA duplex (Ghoshal et al.,
2015; Golyshev et al., 2021). MFE values of consensual
miRNA-mRNA duplex were estimated to be -25.0 -22.2
and -20.66 kcal/mol by RNAhybrid and miRanda
algorithm while the expectation value was calculated as
5.0 in psRNAtarget. Similar to MFE, the other important
parameter is MFEI. It serves as a comparative metric for
distinguishing pre-miRNAs of different lengths based on
their stability (Zhu et al., 2024). In present study, the
mean MFEI value was -0.43. Previous studies revealed
that a lower MFE and the MFEI values indicate a stable
binding in the mMiIRNA-mRNA duplex. Research findings
demonstrate that the tomato-encoded mMiRNA-mRNA
pairings are highly stable due to their low free energy, as
reported in previous studies (Riffo-Campos et al., 2016;
Dai et al., 2018). Additionally, the free energy (AG) is a
criterion of the thermodynamic stability of the duplexes.
AG of miRNA-mRNA target pairs for consensus
miRNAs were evaluated and predicted as -20,69 and -
17,81 kcal/mol in the current study. Similar results were
reported in previous studies (Suddal et al., 2024;
Srivastava et al., 2024; Pandey et al., 2025). It is
suggested that a low (more negative) AG value in the
MiIRNA-mRNA complex reflects high thermodynamic
stability and a stronger interaction, which may reinforce
the regulatory impact of miRNA on its target mRNA
(Bernhart et al., 2006).

The results indicate that the tomato consensus
sly-miR390b-5p and sly-miR319c-5p are expected to
target leaf mold Avr4, Avr4dE and Avr9 genes. The
miR319 family is known to play a critical role in
conferring heat stress tolerance across various plant
species. In tomato, it has been shown to enhance heat
tolerance by upregulating the activities of antioxidant
enzymes, such as superoxide dismutase and catalase (Shi
et al., 2019). miR319 was also reported to be involved in
the jasmonic acid pathway and root-knot nematode
response in tomato (Zhao et al., 2015). Furthermore,
miR319 has an important function in tomato flowering
and developmental stages (Silva et al., 2019). Several
studies have experimentally validating the extraordinary
roles of tomato miRNAs in overcoming biotic stress
factors. In a study performed by Wu et al. (2020), sly-
miR319c was reported to regulate tomato plant resistance
to Botrytis cinerea, targeting the SITCP29 transcription
factor. Furthermore, sly-miR167¢c-3p was validated as a
responsive miRNA to both Pseudomonas syringae and B.
cinerea in tomato (L6pez-Galiano et al., 2019). The other
consensus tomato mMIRNA is sly-miR390b-5p. In
previous studies, it was reported to be associated with
drought stress in tomato (Diaz-Manzano et al., 2016; Liu
et al., 2017b; Akbudak et al., 2020). Apart from these, in
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apples, miR390 regulates disease resistance to
Colletotrichum  gloeosporioides by altering ROS
metabolism (Shi et al.,2022).

Furthermore, no  previous study  has

demonstrated that tomato miRNAs bind to leaf mold Avr
genes and predicted functionally relevant tomato
miRNAs-fungal mRNA interactions. It is also expected
that the results obtained herein will be important for
elucidating the biological and molecular mechanisms
involved in host-pathogen interactions. The results show
the efficacy of this combined computational approach in
designing RNAi-based treatments to control TLMD that
threaten tomato production. Moreover, obtaining findings
should be analysed in future studies via RNA-seq and
gRT-PCR techniques to figure out miRNA-target
relevance.

Conclusion: Tomato leaf mold has emerged as a major
constraint in the world. It is the main cause of crop and
yield losses, especially in greenhouse production. The
current research involves the prediction of miRNAs
encoded in the tomato genome that have the potential to
silence tomato leaf mold using comprehensive
computational approaches. Among the 147 tomato
mature miRNAs, two miRNAs (sly-miR390b-5p and sly-
miR319c-5p) were identified to target leaf mold-encoded
mRNAs. Different target prediction tools offer the
determination of hybridization between miRNA and
mRNA with high sensitivity and specificity. Therefore,
sly-miR390b-5p and sly-miR319c¢c-5p are promising
biomolecules for reducing the harmful effects of leaf
mold disease. The obtained results show the efficacy of
this combined computational approach to design RNAI-
based treatments to control leaf mold in tomato and other
fungi that threaten tomato production.
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