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ABSTRACT

Botrytis cinerea, the necrotrophic fungus responsible for grey mould disease, is a major threat to global crop production. Control
strategies mainly rely on chemical fungicides, but resistance development limits their long-term effectiveness. This study intro-
duces, for the first time in crop protection, the use of DNA aptamers as a novel and sustainable strategy. Aptamers are short, single-
stranded DNA molecules that bind specific targets with high affinity, acting like ‘chemical antibodies’. Using SELEX technology,
two aptamers, SOD9.14F and SOD9.26F, were designed to target BcSOD1, a superoxide dismutase enzyme essential for fungal
virulence and ROS detoxification. Molecular modelling predicted that both aptamers bind within BcSOD1's catalytic pocket.
Both aptamers inhibited BcSOD1 enzymatic activity (97.5%) and reduced germination (67%), fungal biomass (58%) and lesion
formation (42%) in B. cinerea-infected tomato leaves (Solanum lycopersicum) and apple fruits (Malus domestica). Fluorescence
microscopy confirmed aptamer binding to conidia surfaces. No antifungal effect was observed in the ABcsodI mutant or with
the non-structured control aptamer Ap.AGA, supporting target specificity. RNA-Seq analysis revealed that SOD9.26F inter-
fered with fungal oxidative stress responses and metabolism. Additionally, aptamer application primed tomato plants, activating
defence-related gene expression. Interestingly, Ap.AGA aptamer triggered partial priming, suggesting a broader DNA-induced
effect. These findings validate BcSODI1 as an antifungal target and highlight aptamers as dual-action agents: impairing fungal
development and enhancing plant immunity. This study positions DNA aptamers as specific, effective and sustainable tools for
integrated management of grey mould in agriculture.

1 | Introduction resulting in significant yield losses, both pre- and post-harvest

(Petrasch et al. 2019). Due to its extensive economic and agricul-

Fungi are the main group of pathogens responsible for plant
diseases (Doehlemann et al. 2017), with Botrytis cinerea, the
necrotrophic fungus causing grey mould disease, being one
of the most destructive. This pathogen affects over 1000 plant
species, including vegetables, fruit trees and ornamental plants,

tural impact, it ranks as the second most significant phytopatho-
gen worldwide (Dean et al. 2012). Control strategies have heavily
relied on the widespread use of commercial fungicides, but their
extensive use has led to the rapid emergence of multi-resistant
B.cinerea strains (Kim and Xiao 2011; Fernandez-Ortufio
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et al. 2015, 2017; Lopes et al. 2017; Sang et al. 2018; Harper
et al. 2021), making alternative control strategies essential to
meet consumer demand for sustainable agriculture. This adapt-
ability of B.cinerea stems from its polycyclic nature and ge-
netic diversity, which allow it to overcome fungicide pressures
(Williamson et al. 2007; Choquer et al. 2007). Furthermore,
its genome contains unique features, such as transposable el-
ements and accessory chromosomes, which influence its ge-
netic changes and adaptability (Amselem et al. 2011; Van Kan
et al. 2017).

Plants naturally defend themselves against pathogens through
mechanisms like the oxidative burst, which generates reac-
tive oxygen species (ROS). ROS promote several host plant de-
fence reactions such as a hypersensitive response (HR), which
causes cell death adjacent to the pathogen penetration site,
resulting in local necrosis and limiting pathogen progress (de
Gara et al. 2003; Rolke et al. 2004; Lopez-Cruz et al. 2017). To
counteract oxidative damage, B. cinerea employs various detox-
ification systems, including non-enzymatic and enzymatic deg-
radation systems, such as catalases, peroxidases and superoxide
dismutases (SODs; Govrin and Levine 2000; Rolke et al. 2004;
Siegmund and Viefhues 2016; Lopez-Cruz et al. 2017). SODs are
crucial metalloenzymes that dismutate the superoxide anions
into less harmful products. They are classified into four types
depending on the metal cofactor used: copper-zinc (Cu-ZnSOD),
iron (FeSOD), manganese (MnSOD) and nickel (NiSOD) bind-
ing (Fridovich 1981; Youn et al. 1996). In B. cinerea, four SOD
proteins have been identified (BcSOD1, BcSOD2, BcSOD3 and
BcSOD4; Amselem et al. 2011; Staats and van Kan 2012; Van
Kan et al. 2017), among which BcSOD1 is the major Cu/Zn-SOD.
This enzyme plays a central role in ROS detoxification and is
critical for the pathogenicity of B.cinerea (Rolke et al. 2004),
making it a prime target for innovative control strategies.

Aptamers are small synthetic single-stranded DNA (ssDNA) or
RNA molecules, typically 10-100 nucleotides in length, that fold
into unique three-dimensional structures. This folding allows
them to bind with high specificity to target molecules (Ellington
and Szostak 1990; Tuerk and Gold 1990; Zou et al. 2019). Their
ability to discriminate between a target molecule and its ana-
logues or to distinguish different conformations of the same
molecule makes them highly versatile (Proske et al. 2002; Ku
et al. 2015). For this reason, aptamers are often referred to as
‘chemical antibodies’ due to their remarkable binding capabil-
ities (Banerjee 2010; Wang, Chang, and Lee 2016). Since their
discovery in the 1990s, aptamers have gained significant at-
tention, particularly in the biotechnology and clinical sectors.
They are now being used to replace antibodies in various ther-
apeutic and diagnostic applications, thanks to their stability,
scalability and cost-effectiveness (Missailidis and Hardy 2009;
Wang, Chang, and Lee 2016). For instance, aptamers have been
developed for use as antivirals (Gopinath et al. 2012; Huang
et al. 2024), in cancer therapy (Mahlknecht et al. 2013; Ku
et al. 2015) and as biosensors for biomarkers detection and mo-
lecular imaging (Shi et al. 2011; Ku et al. 2015). The agricul-
tural and food industries have also embraced aptamers due to
their potential for developing biosensors. These aptamer-based
tools can detect biomolecules and pathogens with precision, of-
fering promising applications in ensuring food safety. To date,
aptamers have been successfully developed to detect allergens

(Amaya-Gonzalez et al. 2014), antibiotics, fertiliser residues and
pesticides (He et al. 2011; Han et al. 2014; Pang et al. 2014), my-
cotoxins (Nguyen et al. 2013; Herndndez et al. 2020) and mi-
croorganisms in food (Wang et al. 2020). The versatility and
potential of aptamers in diverse fields continue to drive inno-
vation, marking them as powerful tools for addressing critical
challenges in healthcare, agriculture and beyond.

This study pioneers the use of DNA-aptamers in crop protec-
tion as revolutionary biofungicides against the phytopathogenic
fungus B. cinerea. By specifically targeting the BcSOD1 protein,
a key player in the fungus's oxidative stress response mecha-
nism, our findings demonstrate that aptamers can significantly
reduce conidial germination and disease progression in two
different hosts. Moreover, RNA-Seq analyses of B.cinerea and
tomato leaves treated with aptamers revealed the disruption of
ROS detoxification in the fungus and the activation of defence
signalling in the host, respectively. Our results the way for the
future development of aptamer-based products as an innovative
strategy for disease management, offering a promising and en-
vironmentally friendly solution to combat grey mould, one of the
most devastating crop diseases worldwide.

2 | Results

2.1 | BcSODI1 Protein Was Expressed, Purified
and Showed Superoxide Dismutase Activity

To develop aptamers against BcSOD1 (Figure 1a,b), the protein
was expressed in vitro using Escherichia coli BI21-CodonPlus-
RIL cells as a 6 His-tagged fusion. BcSOD1 was predominantly
present in the soluble fraction and was subsequently purified
by immobilisation using a nickel affinity column (Figure 1c),
yielding a protein concentration of 900 ugmL~'. To confirm the
enzymatic activity of BcSOD1, a cytochrome c reduction inhibi-
tion assay was conducted using xanthine and xanthine oxidase
as sources of superoxide ions (Ghe et al. 1985). SOD enzymes
compete with cytochrome c for these ions, thereby inhibiting
its reduction. The rate of cytochrome c reduction was measured
spectrophotometrically at 550nm in a control system (without
SOD) to observe the baseline absorbance increase (AA.,, )
during the first minute. AA. in the presence of increasing
BcSOD1 concentrations was then analysed, and the inhibition
of the cytochrome c reduction was calculated using the formula
described in Section 4.3. The results showed a clear correlation
between higher BcSOD1 concentrations and increased inhibi-
tion rates (Figure 1d), reaching 59% inhibition at the highest
concentration tested (5ugmL~1). These findings confirm that
the His-tagged BcSOD1 exhibits strong superoxide dismutase
activity.

2.2 | Two High-Affinity Aptamers Were Identified
and Characterised That Display In Silico Binding
Capabilities and Appear to Block the Catalytic
Pocket of BcSOD1

The aptamers targeting the BcSOD1 protein were identi-
fied through an innovative approach known as Systematic
Evolution of Ligands by Exponential Enrichment (SELEX;
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FIGURE1 | Main features and in vitro expression of BcSOD1 protein. (a) Amino acid sequence of BcSOD1. The amino acids of the active centre
are highlighted by red boxes. Copper (Cu?*) and zinc (Zn?*) binding sites are marked with asterisks and dots, respectively. The superoxide dis-
mutase copper/zinc binding domain is indicated with blue arrows. (b) Three-dimensional (3D) structure of BcSOD1. The 3D model predicted by the
AlphaFold server is shown. The protein structure and the active center are displayed in sky blue and red colours, respectively. These 3D structures
were visualised with Pymol software. (c) In vitro expression and purification of His-tagged BcSOD1 protein. The image shows the different steps of
the protein purification process, visualised using a Gel Doc XR+ (Bio-Rad) with Mini-PROTEAN TGX Precast Gel (Bio-Rad). Arrows indicate the
bands corresponding to the soluble purified BcSOD1 protein. Lanes are: E1-E4, eluted soluble protein samples; FT, flow-through sample collected
after protein-column binding; L, supernatant sample obtained after cell lysing; MW, protein marker Precision Plus Protein Unstained Standards
(10-250kDa; Bio-Rad); P, pellet sample; W1, first wash sample; W2, second wash sample. (d) Activity of His-tagged BcSOD1 protein. The rate of
cytochrome c reduction by BcSOD1 was measured spectrophotometrically at 550 nm within 1 min. The graph represents the mean +SEM of three
technical replicates.

Figure S1; Tuerk and Gold 1990). This process was conducted
at the Aptamers Laboratory of the Institute Ramoén y Cajal
(IRyCIS, Madrid, Spain), utilising a random ssDNA (RND40)
library. Nine rounds of incubation, binding, partitioning and
amplification were performed to screen for aptamers with
high affinity to BcSOD1 under physiological conditions. An
Enzyme-Linked Oligonucleotide Assay (ELONA) confirmed
the binding potential of selected aptamer populations, nar-
rowing the library to clones with optimal specificity and af-
finity. The control used consists of the secondary antibody

alone, which serves to confirm that the observed signal is
specifically due to the binding of the aptamer populations.
Then, the signal intensity obtained across the different ap-
tamer populations was compared. A significant enrichment
was observed in R9 compared to the other rounds analysed
(Figure 2a), so the cloning of this round was proceeded.
Eighteen R9 clones were obtained and subsequently checked
for affinity by ELONA, observing a higher affinity for the
BcSOD1 protein clones 14, 19, 23, 24 and 26 (Figure 2b).
These clones were sequenced, and double-stranded DNA
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was produced by polymerase chain reaction (PCR). Both
strands (called F and R strands) were used in a further selec-
tion process. The affinity of each chain for BcSOD1 was re-
evaluated using ELONA, revealing that clones 14F, 19F and
26F exhibited the highest binding, each producing a signal
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more than twice that of the anti-DIG control (Figure 2c; as
previously described by Garcia-Recio et al. 2016); however,
sequence analysis indicated that clones 14 and 19 were the
same clone. On the basis of these results, two promising can-
didates, SOD9.14F (5-GCGGATGAAGACTGGTGTCGGGG

4
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FIGURE2 | Selection and identification of aptamers targeting BcSOD1 with SELEX technology. (a) Comparison of rounds 3 (R3), 6 (R6) and 9 (R9)
aptamer populations for BcSOD1 through ELONA assay. BcSOD1 protein was incubated with digoxigenin-labelled R3, R6 and R9 aptamer popula-
tions or digoxigenin-labelled RND40. (b) Clones obtained from R9 and the initial RND40 pool were analysed using ELONA. (c) ELONA analysis of
the F and R chain from selected clones with the highest affinity for BcSOD1. Graphs represent the mean + SEM from two independent experiments.
(d) Determination of the binding affinity (Kd) of aptamers to BcSOD1 using ELONA. BcSOD1 protein was incubated with digoxigenin-labelled ap-
tamers at increasing concentrations (0-800nM). The graphs show the mean+SEM from three independent experiments. (e) Predicted secondary
structures of aptamers SOD9.14F and SOD9.26F were obtained using RNA fold software. (f) Three-dimensional (3D) structure of SOD9.14F and
SOD9.26F aptamers were modelled with 3dDNA tools software. (g) Molecular docking analysis of aptamers-BcSOD1 binding was performed using

HDOCK server.

AGGGTGGGAGGGGGAGGTAGGTCGGGGTATGATCGGC
CCTAAATACGAGCAAC-3') and SOD9.26F (5-GCGGATG
AAGACTGGTGTGGTTGGGGGTCTGGCGGGGGGTGGGG
AGGGCTGCGGGTGTGCCCTAAATACGAGCAAC-3") were
selected. Both exhibited strong binding capabilities with dis-
sociation constants (Kd) of 1.09 +0.28 nM and 0.83 +0.22nM,
respectively (Figure 2d). Furthermore, the same enzymatic
assay described previously validated their ability to inhibit
BcSOD1 activity during the enzymatic reduction of cyto-
chrome c in a dose-dependent manner. For this purpose,
increasing concentrations (0.1, 1, 1, 10 and 100 nM) of both ap-
tamers were incubated together with 5ugmL~! of the BcSOD1
protein at different times. BcSOD1 activity was reduced by an
average of 77.4%, 97.5% and 95% after 1, 6 and 24 h incubation,
respectively, at the higher concentration. In addition, the most
likely secondary structure (Figure 2e) and the 3D structure
(Figure 2f) of each aptamer were predicted using RNA fold
and 3dDNA tools, respectively. These 3D structures were used
to perform molecular modelling analysis of aptamer-BcSOD1
binding, revealing that both aptamers effectively bind BcSOD1
(Figure 2g) with high Confidence Scores (Table S2), appar-
ently blocking the catalytic pocket of the enzyme and provid-
ing a molecular explanation for their high inhibitory activity.

2.3 | SODY.14F and SODY.26F Aptamers Are
Localised on the Surface of Germinated Conidia
of B.cinerea

To confirm the binding of SOD9.14F and SOD9.26F aptamers to
BcSOD1 in B. cinerea, conidia of the wild-type strain B05.10 were
treated with 50 uM fluorescein-labelled aptamers. Unlabeled ap-
tamers and Milli-Q water served as negative controls. Following
treatment, micrococcal nuclease digestion was applied to de-
grade unbound aptamers. After 9h of incubation, confocal mi-
croscopy revealed strong fluorescence localised to the surface
of germinated conidia treated with labelled aptamers, while
no signal was detected in the control treatments (Figure 3).
Binding specificity was further validated using the ABcsodl
mutant, which showed a drastic reduction in surface fluores-
cence, though a faint residual signal persisted (Figure 3). This
weak residual signal suggested potential off-target interactions,
prompting further analysis of other B.cinerea SOD proteins.
Among the four SOD genes in B. cinerea (Bcsod1: Bcin03g03390,
Besod2: Bcin06g03160, Besod3: Bcin01g03830 and Bcesod4:
Bcin05g05040), only BcSOD2 protein displayed features com-
patible with extracellular localization and structural similarity
to BcSODI1. Specifically, DeepLoc-2.0 (Almagro-Armenteros
et al. 2017) predicted BcSOD2 as an extracellular protein

(localization probability=0.7325) with Gene Ontology (GO)
terms associated with ‘extracellular region’ (GO:0005576), ‘cell
surface’ (GO:0009986) and ‘fungal-type cell wall’ (GO:0009277)
according with CATH/Gene 3D (Sillitoe et al. 2021). In addition,
BcSOD2 contains a GPI-anchor domain that could mediate lim-
ited membrane localization (Pierleoni et al. 2008). Despite these
features, sequence identity between Bcsodl and Besod2 is low
(17.44%), and molecular docking simulations showed that while
aptamers SOD9.14F and SOD9.26F can bind BcSOD?2, neither is
predicted to block its active site (Figure S2; Table S2), indicating
non-inhibitory binding as it was the case of BcSOD1 (Figure 2g).
In contrast, BcSOD3 and BcSOD4 are both predicted mitochon-
drial proteins by Deep-Loc-2.0 (localization probabilities 0.9242
and 0.8450, respectively), each containing mitochondrial transit
peptides and thus unlikely to be accessible during plant infec-
tion. Taken together, these findings indicate that the limited flu-
orescence observed in the ABcsodI mutant likely results from
weak, non-functional interaction with BcSOD2, confirming
BcSODL1 as the primary and most effective target for aptamer-
based antifungal intervention. In addition, the results are fur-
ther supported by the germination assays described below,
which reinforce the target specificity and functional relevance
of BcSODL1 in early fungal development.

2.4 | Aptamers Targeting BcSOD1 Inhibit
B. cinerea Germination

To investigate the inhibitory effect of SOD9.14F and SOD9.26F
aptamers on B.cinerea conidia germination, an in vitro assay
was performed. Fungal conidia from both the wild-type strain
B05.10 and the ABcsodl mutant were treated with increasing
concentrations of aptamers (50, 100 and 200 M) on 2% water-
agar medium in 12-well plates. Milli-Q water, the control
aptamer Ap.AGA, and a commercial fungicide (fludioxonil,
Geoxe) at a sublethal dose (10uM) were used as negative and
positive controls, respectively. After 9h of incubation, light mi-
croscopy revealed a marked reduction in conidial germination
in wild-type samples treated with SOD9.14F and SOD?9.26F,
whereas no inhibitory effect was observed in the ABcsodI mu-
tant (Figure 4a). Germination rate was quantified by comparing
the germination tube length of conidia in treated samples rela-
tive to water-treated controls. In the wild-type strain, both ap-
tamers significantly reduced germination in a dose-dependent
manner, with inhibition ranging from ~35% at 50 uM to ~65% at
200uM (Figure 4b). In contrast, the ABcsodI mutant remained
largely unaffected by either aptamer treatment at all concentra-
tions tested. The control aptamer Ap.AGA showed no inhibitory
effect on germination in either strain. These results indicate that
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FIGURE3 | Localization of SOD9.14F and SOD9.26F aptamers on the surface of Botrytis cinerea germinated conidia. Confocal laser scanning mi-
croscopy (CLSM) images of germinated spores 9h after fluorescein-labelled aptamer treatments or control treatments (distilled water and unlabeled
aptamers). Bright-field (BF), dark-field (DF) and merged images are shown. Strong surface fluorescence was observed in B. cinerea B05.10 strain
(WT) conidia treated with both labelled aptamers, whereas no signal was detected in controls. In the ABcsodl mutant, fluorescence was drastically
reduced, although a faint signal was occasionally observed. Scale bar=10um.
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FIGURE4 | Aptamers SOD9.14F and SOD9.26F reduce Botrytis cinerea conidia germination in a BcSOD1-dependent manner. (a) Representative
light microscopy images (10x magnification) of B. cinerea conidia germination after 9h of incubation on 2% water-agar medium supplemented with

different treatments. Conidia from wild-type (WT) strain B05.10 and the ABcsodl mutant were treated with Milli-Q water (negative control), the
fungicide fludioxonil (10 uM, positive control), the control DNA aptamer Ap.AGA (50, 100 and 200 uM) or the aptamers SOD9.14F and SOD9.26F
(50,100 and 200 uM). A reduction in germination is observed in WT conidia treated with both SOD aptamers, while ABcsodI mutant conidia remain
unaffected. Scale bar =100 um. (b) Quantification of conidial germination percentage based on germ tube emergence using ImageJ software. Values
represent mean = SEM of 360 conidia measured from three independent experiments. Different letters indicate statistically significant differences

between treatments (p <0.05; Fisher's least significant difference test, LSD).

the inhibitory effect of SOD9.14F and SOD9.26F is dependent on
the presence of BcSODI, supporting the specificity of aptamer-
target interaction.

2.5 | Topical Application of Aptamers on
Detached Tomato Leaves and Apple Fruit Reduces
the Development of B. cinerea

The efficacy of SOD9.14F and SOD9.26F aptamers in controlling
B.cinerea was evaluated on detached tomato leaves and apple
fruit sprayed with SOD9.14F and SOD9.26F aptamer solutions
at different concentrations, followed by inoculation with B. ci-
nerea. In the case of tomato leaves, these were sprayed with
aptamer solutions at 50, 100 and 200puM. Leaves treated with
the negative control (sterile distilled water) exhibited a 90%

necrotic area, indicating a successful fungal infection. In con-
trast, leaves treated with both aptamers showed significantly
reduced necrotic areas, with the reduction correlating to the ap-
tamer concentration applied (Figure 5a,b). Compared to the neg-
ative control, the lesion size reduction was 34% in leaves treated
with the aptamers at 50uM (31% and 38% for the aptamers
SOD9.14F and SODY.26F, respectively), 33% at 100 uM (30% and
36% for SOD9.14F and SOD9.26F aptamers, respectively) and
42% at 200uM (46% and 38% for SOD9.14F and SOD9.26F ap-
tamers, respectively). Statistical analysis confirmed that lesion
size reduction was significantly greater at 200uM compared
to lower concentrations for SOD9.14F, while no significant
differences were found between concentrations for SOD9.26F.
Furthermore, leaves treated with the commercial fungicide
Geoxe (fludioxonil field dose 1000 uM) achieved a 100% reduc-
tion in necrotic lesions, demonstrating its efficacy as a positive
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FIGURE 5 | Control effect of aptamers on grey mould disease. (a) Detached tomato leaves were treated with aptamers (50, 100, 200 uM), sterile

distilled water (negative control) or 1000 uM fludioxonil (positive control) and inoculated with a PDA disc previously inoculated with B. cinerea co-

nidia. (b) Necrotic areas (%) were quantified at 72 hpi using ImagelJ. (c) B. cinerea biomass in tomato leaves treated with SOD9.14F and SOD9.26F was

assessed by qPCR at 72 hpi, expressed as Bc/SI gDNA ratio. (d) Apple fruit surfaces were treated with 200 uM aptamers, distilled water or fludioxonil

and inoculated with B. cinerea. () Percentage of necrotic areas were quantified at 4 dpi using ImageJ software. Data represent mean + SEM (n=15)

from three independent experiments. Equal letters indicate no statistically significant difference between treatments (p <0.05, Fisher's LSD test).

control (Figure 5a,b). To further explore these findings, the fun-
gal biomass on tomato leaves was analysed by qPCR. The results
revealed that SOD9.14F significantly reduced fungal biomass
only at concentrations of 100 and 200 uM, causing 40% and 64%
reductions compared with the negative control (Figure 5c). In
contrast, SOD9.26F achieved a 47%, 45% and 52% biomass reduc-
tion across all tested concentrations. No significant differences
were observed between the three tested concentrations of this

aptamer. These findings suggest that both aptamers effectively
mitigate fungal development, with SOD9.14F being particularly
effective at higher concentrations.

A similar test was conducted on apple fruit to assess the aptam-
er's ability to control B. cinerea. The surface of the fruit was cut
lengthwise, then sprayed with 200uM aptamer solution (the
most effective concentration determined previously), inoculated
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with B. cinerea and incubated for 4days. The necrotic area was
measured and compared with negative (sterile distilled water)
and positive (Geoxe fungicide) controls. The results were simi-
lar to those previously observed in tomato leaves. Apples treated
with SOD9.14F and SOD9.26F aptamers exhibited significantly
smaller necrotic lesions (43% and 41% lesion size reduction, re-
spectively) compared to the negative control (Figure 5d,e). As
expected, apple fruits treated with the fungicide at the recom-
mended field dose achieved a 100% reduction in necrotic lesions
(Figure 5d,e).

2.6 | RNA-Seq Analysis Highlights the Impact
of Aptamers on B. cinerea ROS Response
and Suggest Priming Effects in Tomato Plants

To unravel the molecular mechanisms behind the inhibition of
B. cinerea development and its impact on tomato plant physiology,
RNA-Seq analyses were conducted. The experiments focused on
evaluating changes in gene expression in both the fungus and
the host plant, separately. For this purpose, the B.cinerea iso-
late B05.10 was incubated in PDB (containing 7.5mM paraquat)
without and with 50 uM of the aptamer SOD9.26F for 6 h under
pre-established conditions (Figure S3). Simultaneously, tomato
plants were treated without and with the same concentration of
the SOD9.26F aptamer or the control aptamer Ap.AGA and in-
cubated for 72h. Total RNA was extracted from three biological
replicates of each treatment, and cDNA libraries were generated
and sequenced using Illumina technology. Differential gene ex-
pression (DEGs) was analysed by comparing B. cinerea and to-
mato plants treated with aptamers to their untreated controls;
after normalisation of the raw reads using the median-of-ratios
approach, that is, calculating the geometric mean of each gene
across all samples, dividing every sample's counts by this mean
to derive gene-wise ratios and taking the median of these ra-
tios as a size factor to scale the counts. Genes with a log, Fold
Change (FC) > 1 or < —1 and an adjusted p-value (padjust) <0.05
were selected for further analysis as a gene enrichment analy-
sis focused on Molecular Functions terms and KEGG pathways
using DAVID software (Figures 6 and 7, Figure S4; Table S3).

In the case of B.cinerea, 2227 genes were found to be dereg-
ulated out of a total of 11385 genes, with 1250 genes differ-
entially overexpressed (10.3%) and 977 genes differentially
repressed (8%) (Figure 6a,b). GO enrichment analysis revealed
significant alterations in molecular functions associated
with highlighted oxidative stress response, such as NAD(P)-
dependent oxidoreductase activity (GO:0016616, GO:0016491),
NADPH dehydrogenase activity (GO:0003959) and flavopro-
tein dehydrogenase activity (G0:0004174), as well as iron/
heme binding (G0:0005506, G0:0020037), transmembrane
transport (GO:0022857, GO:0015171) and ribosomal biogene-
sis (Figure 6c¢). All these terms reflect disruptions in key fungal
metabolic pathways such as glutathione metabolism (bfu00480),
ribosome biogenesis (bfu03008, bfu03010) and ABC transport-
ers (bfu02010), among others (Figure 6d). Notably, several
affected pathways are linked to fungal virulence, such as trypto-
phan metabolism (bfu00380) involved in phytotoxins synthesis;
lipid-related pathways (bfu00561, bfu01212, bfu00061), linked
to membrane remodelling and effector secretion; and secondary
metabolites (bfu01110), supporting toxin production and export

via ABC transporters (bfu02010). The observed transcriptional
reprogramming underscores the ability of SOD9.26F to disrupt
critical processes underpinning oxidative stress management
and pathogenicity in B. cinerea.

In S.lycopersicum, treatment with the SOD9.26F aptamer led
to differential expression of 4066 genes, with 1880 upregulated
(5.2%) and 2186 downregulated (6.1%) compared to untreated
plants (Figure 7a,b). GO enrichment analysis identified terms
related to immune signalling, including DNA-binding tran-
scription factor activity (GO:0003700), protein kinase activity
(GO:0004672), cis-regulatory region binding (GO:0000976) and
signalling receptor activity (G0:0038023) (Figure 7c). These
changes were associated with enriched metabolic pathways
involved in plant defence, such as plant-pathogen interaction
(sly04626), MAPK signalling (sly04016) and hormone signal
transduction (sly04075) (Figure 7d). Interestingly, a similar tran-
scriptional shift was observed in plants treated with the DNA
control aptamer Ap.AGA, which induced expression changes
in 8404 genes (5172 upregulated and 3232 downregulated)
(Figure S4a,b), with overlapping enriched GO terms and KEGG
pathways (Figure S4c,d). These results suggest that the applica-
tion of DNA molecules, regardless of sequence specificity, can
partially prime plant immune responses. To evaluate this effect,
a detached tomato leaf assay was conducted following the pro-
tocol described in Section 4.7.2. Leaves were sprayed with either
the control aptamer Ap.AGA (50 1M, matching the concentra-
tion used in the RNA-Seq analysis), sterile distilled water (neg-
ative control) or the specific aptamer SOD9.26F (50 uM, positive
control). After treatment, all leaves were inoculated with PDA
discs pre-inoculated with B.cinerea conidia. Following 72h of
incubation, leaves treated with Ap.AGA showed a slight (5%) re-
duction in grey mould symptoms (Figure S5), although this dif-
ference was not statistically significant compared to the water
control (Figure S5). In contrast, SOD9.26F-treated leaves dis-
played a significant 26% reduction in disease severity, consistent
with previous results. These findings indicate that while exog-
enous DNA aptamers like Ap.AGA may induce a mild priming
effect on plant immunity, effective disease control is clearly se-
quence- and target-dependent.

Importantly, neither treatment affected the expression of genes
related to redox homeostasis or oxidative stress, suggesting that
plant SOD activity was not disrupted. To confirm this, molec-
ular docking simulations were performed to evaluate the in-
teraction of SOD9.14F and SOD9.26F with the tomato SOD1
homologue. While both aptamers showed potential binding to
the plant SOD1 structure, neither was predicted to interact with
its active site (Figure S6; Table S2), indicating that functional
inhibition is unlikely to occur.

3 | Discussion

This research highlights the potential use of aptamer-based
products as environmentally sustainable biofungicides and
their integration into B.cinerea management programmes.
Our results provide compelling evidence that aptamer-based
inhibition of BcSOD1 represents a promising and specific strat-
egy to reduce B. cinerea development and virulence. BcSOD1
has been shown to play a key role in ROS detoxification and
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FIGURE 6 | RNA-Seq analysis of differentially expressed genes (DEGs) in B. cinerea grown in PDB in the presence of paraquat (a superoxide-
generating compound), not treated or treated with SOD9.26F aptamer. (a) Significant DEGs (~1>Log, FC> 1, and p-adjust <0.05) are visualised
in a pie chart: Red (upregulated), blue (downregulated) and grey (non-differentially expressed genes) genes. (b) Hierarchical clustering of B. cinerea
gene expression (rows) after treatment with and without aptamer. Three replicates per condition (columns) were clustered using distance and average

linkage. Gene expression levels are shown in a heatmap, ranging from blue (low) to red (high). (c, d) Top 15 molecular function and KEGG pathway

Gene Ontology (GO) terms calculated by gene enrichment analysis of DEGs after treatment of B. cinerea with aptamer compared to control conditions

(no aptamer treatment). (c) DEGs enrichment analysis according to their molecular functions. (d) DEGs analysis according to KEGG pathway mainly

affected. Functional enrichment analysis was performed by DAVID software using those significantly DEGs (-1 > Log, FC> 1, and p-adjust <0.05)

for annotation and the proteome of B. cinerea as background. The number of DEGs are shown as different size circles depending on the number of

genes involved in each term. The colour of the circle indicates the ~log,, p-value.

fungal development, including spore germination and hyphal
elongation. Supporting the critical role of SOD1 in early fun-
gal development, studies in Schizosaccharomyces pombe have
shown that loss of SOD1 activity results in failure to proceed
beyond the outgrowth stage of germination, emphasising the
importance of this enzyme during spore germination and
germ tube elongation (Plante et al. 2017). Deletion of sodl
in Fusarium graminearum delayed hyphal and germ tube
growth (Yao et al. 2016), while in Sclerotinia sclerotiorum,
it impaired hyphae and sclerotia development (Veluchamy
et al. 2012). In relation to virulence, gene silencing or knock-
out of BesodI leads to reduced growth of B. cinerea under oxi-
dative stress and decreased virulence on hosts such as French
bean, Arabidopsis thaliana and tomato (Rolke et al. 2004;
Patel et al. 2008; Lopez-Cruz et al. 2017). Likewise, deletion
of sodI in F. graminearum reduced virulence on wheat and de-
creased mycotoxin production (Yao et al. 2016); in S. sclerotio-
rum, it reduced infection on tomato and tobacco (Veluchamy
et al. 2012); and in F. oxysporum and Verticillium dahliae, de-
letion of extracellular SOD genes led to reduced colonisation
and virulence in cotton and Nicotiana benthamiana, with in-
creased ROS accumulation in host tissues (Wang et al. 2021;
Tian, Huang, et al. 2021; Tian, Li, et al. 2021).

To functionally validate BcSOD1 as a molecular target, the
activity of SOD9.14F and SOD9.26F aptamers, specifically de-
signed to bind BcSOD1, was evaluated. These aptamers signifi-
cantly inhibited conidial germination, germ tube elongation and
disease progression in tomato and apple. Notably, when applied
to the ABcsod1 mutant, the aptamers had no effect on spore ger-
mination or germ tube elongation at any of the concentrations
tested, strongly suggesting that their antifungal activity depends
on the presence of the target. Furthermore, the DNA control ap-
tamer Ap.AGA showed no inhibitory effect on either wild-type
or mutant strains, confirming the sequence specificity of the
SODY.14F and SOD9.26F aptamers. This functional overlap be-
tween aptamer treatment and genetic deletion reinforces the es-
sential role of BcSOD1 in fungal development and validates it as
a precise and effective molecular target for sustainable B. cinerea
control strategies.

Although our findings strongly support BcSOD1 as the pri-
mary functional target, demonstrated by strong aptamer
binding in the wild-type strain and a marked reduction in the
ABcsodl mutant, its subcellular localization remains some-
what ambiguous. Previous studies have suggested BcSOD1
as a membrane- or cell wall-associated protein secreted via
an unconventional pathway, while other reports indicate

predominant cytoplasmic localization (Rolke et al. 2004; Cruz-
Garcia et al. 2017; Leisen et al. 2020). In some fungi, there is
evidence for its extracellular (or cell wall-bound) localization,
e.g., in Aspergillus fumigatus (Hamilton et al. 1996) and in
Claviceps purpurea (Moore et al. 2002). In our experiments,
there was no evidence that the aptamers accessed intracellu-
lar compartments, suggesting their activity may be limited to
extracellular or membrane-associated pools of BcSOD1. This
raises important questions about whether interaction with the
secreted fraction of BcSOD1 alone accounts for the observed
antifungal activity. To overcome these limitations and ex-
tend the range of accessible targets, nanocarrier systems have
emerged as promising tools to promote intracellular delivery.
Several studies have demonstrated the effectiveness of such
systems in B. cinerea. Qiao et al. (2023) described the use of
artificial vesicles (AVs) that significantly enhance the uptake
of double-stranded RNA (dsRNA) molecules by the fungus.
Similarly, Islam et al. (2021) showed that E. coli-derived mini-
cells efficiently deliver gene-targeting dsRNA, resulting in
complete inhibition of fungal growth and disease development
in strawberry fruit, far surpassing the efficacy of unencapsu-
lated dsRNA. Furthermore, De Angelis et al. (2022) demon-
strated enhanced antifungal activity of both pterostilbene (a
natural compound) and fluopyram (a synthetic fungicide)
when conjugated with poly (lactic-co-glycolic acid) (PLGA)
nanoparticles, which penetrated fungal conidia and hyphae
within 10 min of application. These studies support the fea-
sibility of designing aptamer-functionalized nanoparticles
capable of accessing cytoplasmic targets and extending the
utility of aptamer-based approaches beyond surface-localised
fungal components.

Microorganisms tightly regulate the production and scaveng-
ing of reactive oxygen species (ROS) to maintain redox homeo-
stasis, as excessive ROS can damage DNA, proteins and lipids,
ultimately impairing cellular function and viability (Qin
et al. 2011; Zhang et al. 2020). To mitigate oxidative stress,
fungal pathogens such as B.cinerea rely on both enzymatic
and non-enzymatic antioxidant systems, including SODs,
catalases, peroxidases, the thioredoxin system and glutathi-
one metabolism (Siegmund and Viefhues 2016). In this study,
the impact of the SOD9.26F aptamer on the redox metabolism
of B.cinerea by targeting BcSOD1 was evaluated. RNA-Seq
analysis under oxidative stress conditions revealed that ap-
tamer treatment significantly altered the expression of genes
associated with ROS detoxification. Functional enrichment
identified downregulation of glutathione metabolism and mul-
tiple oxidoreductase activities (e.g., NAD/NADP-dependent
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FIGURE 7 | RNA-Seq analysis of DEGs in tomato plants (S. lycopersicum) not treated or treated with SOD9.26F aptamer. (a) Significant DEGs
(-1>Log, FC>1, and p-adjust <0.05) are visualised in a pie chart: Red (upregulated), blue (downregulated) and grey (non-differentially expressed
genes). (b) Hierarchical clustering of S. lycopersicum gene expression (rows) after treatment with and without aptamer. Three replicates per condition
(columns) were clustered using distance and average linkage. Gene expression levels are shown in a heatmap, ranging from blue (low) to red (high).

(c, d) Top 15 molecular function and KEGG pathway Gene Ontology (GO) terms determinate by gene enrichment analysis of DEGs after treatment of

S. lycopersicum with aptamer compared to control without aptamer. (c) DEGs enrichment analysis depending on their molecular functions. (d) DEGs

analysis based on KEGG pathway primarily impacted. DAVID software was used to perform functional enrichment analysis with those significantly
DEGs (-1>Log, FC> 1, and p-adjust <0.05) for annotation and the proteome of S. [ycopersicum as background. The number of DEGs are represented
as different size circles according to the number of genes involved in each term. The colour of the circle indicates the —log,  p-value.

dehydrogenases), as well as terms linked to FAD, heme and
iron binding—critical cofactors for ROS-managing enzymes
(Sellés-Vidal et al. 2018; Trisolini et al. 2019). Additionally,
deregulation of pathways related to transmembrane transport,
RNA processing and ribosome biogenesis suggests widespread
oxidative damage (Willi et al. 2018). Together, these results in-
dicate that SOD9.26F-mediated inhibition of BcSOD1 disrupts
ROS homeostasis, leading to accumulation of oxidative stress
and impaired fungal viability.

In parallel, transcriptomic profiling of S.lycopersicum
treated with the SOD9.26F aptamer revealed the activation
of immune-related signalling networks. Enriched pathways
included plant hormone signal transduction, MAPK cas-
cades and plant-pathogen interactions (Ali et al. 2022; Kaleh
et al. 2024), alongside enhanced biosynthesis of defence-
associated secondary metabolites and aromatic amino acids
(Tzin and Galili 2010). These transcriptional changes suggest
that the aptamer not only impairs fungal virulence but also
primes host immunity. Interestingly, a comparable transcrip-
tional reprogramming was observed in plants treated with the
DNA control aptamer Ap.AGA, despite its lack of antifungal
activity. This indicates that structured DNA molecules, re-
gardless of sequence specificity, may act as elicitors of basal
plant defence. The concept that nucleic acids can function as
immune triggers is supported by previous studies (Yakushiji
et al. 2009; Niehl et al. 2016; Ferrusquia-Jiménez et al. 2021;
Serrano-Jamaica et al. 2021; Vega-Muiioz et al. 2023; Zhou
et al. 2023). Thus, aptamers may serve a dual role: acting as
highly specific inhibitors of fungal targets while also function-
ing to enhance host immune preparedness (Nair et al. 2022).

In summary, our results demonstrate the potential of aptamers
as an environmentally friendly alternative to chemical fungi-
cides; these biofungicides offer promising integration into
sustainable crop protection programmes. Beyond aptamers,
the growing success of other nucleic acid-based technologies,
such as dsRNAs that harness RNA interference (RNAIi), fur-
ther supports the potential of oligonucleotide-based strategies.
Notably, spray-induced gene silencing (SIGS) has emerged as
a powerful method for controlling fungal pathogens, includ-
ing B.cinerea (Wang, Weiberg, et al. 2016; Spada et al. 2021,
2023; Duanis-Assaf et al. 2022). Nanoparticle-mediated de-
livery could further enhance aptamer stability, uptake and
intracellular targeting, potentially increasing their inhibitory
action. These advancements collectively highlight the trans-
formative potential of oligonucleotide molecules in developing

safe, effective and eco-friendly solutions for plant disease
management.

4 | Experimental Procedures
4.1 | Crops, Microbes and Culture Conditions

Apple fruit (Malus domestica) cv. Golden (Lleida, Spain) and
tomato plants (Solanum lycopersicum) cv. Moneymaker (Finca
Experimental ‘La Mayora’, Mdlaga, Spain) were used for in vivo
assays. Plants were cultivated in growth chambers at 25°C, with
60% relative humidity, under a 16 h light/8 h dark photoperiod to
ensure optimal growth conditions.

The reference strain B. cinerea B05.10 and the ABcsod1 mutant
(kindly provided by Professor Matthias Hahn, University of
Kaiserslautern-Landau) were routinely grown on potato dex-
trose agar (PDA) medium at 23°C, following a 16h light/8h
dark cycle, for 7-10days. For maintenance and genetic manip-
ulations, the E. coli strain DH5«a was employed, while protein
expression experiments used E. coli BL21-CodonPlus-RIL, both
cultured in lysogeny broth (LB) medium with 50 pug mL~! kana-
mycin at 37°C.

4.2 | Isolation of Nucleic Acids and cDNA
Synthesis

To extract RNA from B.cinerea, 3days old colonies grown in
potato dextrose broth (PDB) were harvested. Mycelium was
collected, snap-frozen in liquid nitrogen and ground into pow-
der using a mortar and pestle. Similarly, DNA from B. cinerea-
infected tomato leaves and RNA from tomato leaves sprayed
with aptamer SOD9.26F were collected for fungal biomass and
gene expression studies. Genomic DNA was purified using
the MasterPure Yeast DNA Purification Kit (LGC Biosearch
Technologies, Teddington, Middlesex, GB), while total RNA
was isolated with TRI Reagent (Sigma-Aldrich, Steinheim,
Germany) according to the manufacturer's protocols. To elim-
inate DNA contamination, RNA samples were treated with
TURBO DNAase (Thermo Fisher Scientific, Waltham, US). The
quality and concentration of nucleic acids were assessed using
a NanoDrop OneC UV-Vis spectrophotometer (Thermo Fisher
Scientific) measuring absorbance ratios (260nm/280nm and
260nm/230nm). cDNA was synthesised using the Superscript
III reverse transcriptase system (Thermo Fisher Scientific)
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following the manufacturer's instructions. The samples were
stored at —80°C until further analysis.

4.3 | InVitro Production of Aptamers

4.3.1 | Construction of the Protein BcSOD1
Expression Vector

For the heterologous expression of the BcSOD1 protein
(UniProtKB: A0OA384JBV7), the complete open reading frame
(ORF) was amplified using specific primers (listed in Table SI)
designed to include Ndel and Xhol restriction sites. The PCR
protocol consisted of an initial denaturation at 98°C for 30s, fol-
lowed by 35cycles of 98°C for 10s, 58°C for 15s and 72°C for
45s, with a final extension at 72°C for 7min. The PCR product
was digested using Ndel and Xhol restriction enzymes (Thermo
Fisher Scientific) and subsequently cloned into the pET30b vec-
tor using the T4 ligase enzyme (Thermo Fisher Scientific), ac-
cording to the manufacturer's protocol. The pET30b plasmid
introduces a 6xHis-tag at the C-terminal of the protein, facili-
tating downstream purification while maintaining the integrity
of the BcSOD1 sequence. The resulting recombinant plasmid,
pET30b-BcSOD1, was propagated and maintained in E.coli
DH5a and confirmed by PCR, digestion and sequencing. For
protein expression, the vector was introduced into E. coli BL21-
CodonPlus-RIL by heat shock, using the protocol described by
Mandel and Higa (1970).

% Inhibition =

4.3.3 | Superoxide Dismutase (SOD) Activity Assay

To validate the activity of the heterologous-expressed BcSOD1
protein prior to aptamer selection, a cytochrome c reduction in-
hibition assay was performed, based on the method of McCord
and Fridovich (1969) with slight modifications. For the assay,
increasing concentrations of purified BcSOD1 (0.05, 0.1, 0.25,
0.5, 1, 2.5 and 5ugmL™) were tested using a xanthine oxidase
(XOD) solution (125pgmL~!; Sigma-Aldrich) and a reaction
cocktail containing xanthine (0.108 mM; Sigma-Aldrich), cyto-
chrome c (1.1 mM; Sigma-Aldrich) and EDTA (10.7 mM; Sigma-
Aldrich), all prepared in potassium phosphate buffer (216 mM,
pH 7.8). The reaction was monitored spectrophotometrically at
550nm using a S-22 UV/Vis spectrophotometer (Boeco). The
fastest linear velocity of absorbance change (AA) was recorded
over 1min under an uninhibited system (with XOD and reac-
tion cocktail), which served as the baseline (negative) control.
AA was determined at 550nm (AA ) for each minute during
5min. Moreover, the fastest AA.. ) of an inhibited system
(4ugmL~! of commercial SOD -Sigma-Aldrich-, XOD and reac-
tion cocktail) produced in the same time interval as in the un-
inhibited system was identified and used as a positive control.
Subsequently, AA.., . was measured in the same way using
increasing concentrations of purified BcSOD1. Three indepen-
dent replicates were performed, and the percentage inhibition
of cytochrome c reduction was determined using the following
formula:

550nm

(AAss) nm / min Uninhibited system — A Aggy ,,, / min Inhibited system )

X 100

AAgsy ny / min Uninhibited system — A Ay ., / min Blank

4.3.2 | BcSOD1 Protein Expression and Purification

For in vitro production of the BcSOD1 protein, the E. coli strain
BL21-CodonPlus-RIL, carrying the pET30b-BcSOD1 expres-
sion vector, was used. To achieve this, E. coli cells were cul-
tured in LB medium containing 50 ug mL~! kanamycin at 37°C.
Once the cultures reached an optical density (OD,, ) of 0.4,
protein expression was induced with 0.5mM IPTG (isopropyl-
B-p-thiogalactopyranoside; Sigma-Aldrich). The cultures were
incubated overnight at 16°C in an orbital shaker set at 80 rpm.
After the incubation, cells were harvested by centrifugation at
8000 x g for 5min at4°C, and the resulting cell pellet was stored
at —80°C overnight. Purification of the soluble BcSOD1 protein
was performed using Protino Ni-TED 2000 Packed Columns
(Macherey-Nagel GmbH & Co. KG, Diiren, DE), which exploit
the 6xHis-tag for affinity purification. The eluates were de-
salted using Sephadex G-25 in PD-10 desalting columns (GE
Healthcare Technology Inc., Chicago, US) in 0.1M sodium
phosphate buffer (pH7.8). The purified protein was verified
using Mini-PROTEAN TGX (Bio-Rad, Hercules, US) and vi-
sualised in a GelDoc XR+ System (Bio-Rad). Finally, the pro-
tein concentration was estimated by the Protein Concentration
Calculator website (https://www.aatbio.com/tools/calculate-
protein-concentration) using the absorbance value at 280nm,
the extinction coefficient and the molecular weight of the pro-
tein, which was determined by the Expasy webserver (https://
WWW.expasy.org/).

The assay was repeated to evaluate the effect of the selected
aptamers on BcSOD1 activity. For this, AASSOnm was measured
with increasing concentrations of aptamers (0.1, 1, 1, 10 and
100nM, chosen from their Kd), pre-incubated with purified
BcSOD1 (5ugmL™) for 1, 6 and 24 h at 25°C under constant ag-
itation (200rpm). The percentage inhibition caused by the ap-
tamers was calculated using the same formula, normalised to a
fully inhibited system.

4.4 | Aptamer Selection Method and Synthesis

To obtain aptamers for purified BcSOD1, an in vitro process called
SELEX (Figure S1) was conducted. DNA aptamers were selected
through repetitive rounds of incubation, binding, partitioning and
amplification steps using a random library of ssDNA (RDN40),
which contained a central random region of 40 nucleotides flanked
by two conserved 18-nucleotide regions at each end. A total of nine
selection rounds were performed to obtain specific aptamers.

After rounds 3, 6 and 9 of SELEX, an ELONA was performed
to monitor population enrichment and measure the affinity
of each aptamer for its target protein. After round 9, the DNA
pool was amplified by PCR, cloned, and the affinity of each in-
dividual aptamer candidate for the BcSOD1 target was tested
by ELONA. The aptamers with the highest target protein af-
finity were sequenced, and the affinity of each chain for the
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target was analysed by ELONA. Two aptamer candidates were
selected, SOD9.14F (5-GCGGATGAAGACTGGTGTCGGGG
AGGGTGGGAGGGGGAGGTAGGTCGGGGTATGATCGGC
CCTAAATACGAGCAAC-3’) and SOD9.26F (5-GCGGATG
AAGACTGGTGTGGTTGGGGGTCTGGCGGGGGGTGGGG
AGGGCTGCGGGTGTGCCCTAAATACGAGCAAC-3'). Their
equilibrium binding constant (Kd) values were determined,
along with their secondary structures, using the RNAfold tool
(Gruber et al. 2008) which calculated the minimum free en-
ergy based on DNA-specific parameters, allowing the under-
standing of potential base-pairing patterns and overall DNA
conformation. Furthermore, these secondary structures were
converted into a three-dimensional model using the 3dRNA/
DNA tool (Zhang et al. 2024). This step generated detailed 3D
representations of the DNA molecule's spatial arrangements.

4.5 | Molecular Modelling of the BcSOD1-Aptamer
Binding

To understand how the aptamers bind to BcSOD1 but also to an-
other B.cinerea SODs and to tomato SOD1 homologue, molec-
ular modelling assays were conducted. First, the 3D structure of
BcSOD1, BcSOD2, BcSOD3, BcSOD4 and S. lycopersicum SOD1
was obtained from AlphaFold Protein Structure Database (AFDB;
Varadi et al. 2024), showing all of them a very high confidence
structure (pLDDT >90). Next, the 3D structures of both DNA
and protein molecules were prepared for in silico binding anal-
ysis using Autodock tools (Morris et al. 1998). This preparation
involved three key steps: adding hydrogen atoms, merging non-
polar hydrogens and assigning Kolman charges to ensure accurate
molecular representations for atomic interactions. Finally, the in
silico docking analysis for BcSOD1, BcSOD2 and S. lycopersicum
SOD1 was performed using HDOCK (Yan et al. 2017) a macromo-
lecular docking tool. This simulated the interaction between the
DNA aptamer (as the ligand) and the protein (as the receptor) to
predict potential binding sites and molecular conformations. The
final docking images were visualised with Pymol software.

4.6 | Aptamer Location

To study the in vitro location of the aptamers bound to BcSOD1,
both aptamers were labelled with 5’-fluorescein (Sigma-Aldrich).
Subsequently, a B. cinerea germination assay was carried out fol-
lowing the method of Hamby et al. (2020) with minor modifica-
tions. For this purpose, the fluorescein-labelled aptamers were
diluted in phosphate-buffered saline (PBS; Na,HPO, 8.1mM,
KH,PO, 1.5mM, NaCl 138mM and KCl 3mM) containing
1mM MgClL,. The aptamers were denatured for 10min at 95°C
and cooled for 10min on ice to acquire their proper structure.
Next, 5uL of the fluorescein-labelled aptamers were applied to a
glass microscope slide along with 5uL of the B. cinerea conidial
suspension (1x 10° conidia mL™1) in 2% water-agar media. Both
the reference strain B.cinerea B05.10 and the ABcsodl mutant
were used in parallel. As negative controls, Milli-Q sterile water
and the unspecific 38X (AG) control aptamer Ap.AGA (kindly
provided by Dr. Victor Gonzalez, Aptamer Laboratory, Instituto
Ramén y Cajal, Madrid; Rodriguez et al. 2016; Garcia-Recio
et al. 2016; de Arriba et al. 2022) were included. The slides were
incubated at room temperature in the dark for 9h. Milli-Q sterile

water and unlabelled aptamers were used as negative controls.
Before observation, the growing mycelium was treated with 75U
micrococcal nuclease (MNase) (Thermo Fisher Scientific) at
37°C for 30min. The results were visualised using a laser scan-
ning microscope (Zeiss LSM880, Zeiss Group, Oberkochen, DE).

4.7 | Sensitivity Assays of B. cinerea to Aptamers
4.7.1 | Effect on Conidia Germination

The effect of aptamers SOD9.14F and SOD9.26F on B. cinerea co-
nidia germination was assessed through an in vitro assay using
12-well plates. A B.cinerea conidial suspension (1x 10° conidia
mL~1) was mixed with different aptamer concentrations (50, 100
and 200 uM) and plated on 2% water-agar media. The assay was
conducted using both the wild-type strain B. cinerea B05.10 and
the ABcsodl mutant to compare responses in the presence or
absence of the target protein. Sterile Milli-Q water and the con-
trol DNA aptamer Ap.AGA were included as negative controls,
while the commercial fungicide Geoxe (fludioxonil, Syngenta
Crop Protection, Basel, CH) was used as a positive control. Plates
were incubated at 23°C under a 16h light/8h dark photope-
riod. The germination rate was analysed after 9h of incubation
using light microscopy and a Leica DM2500 microscope camera
(Leica Microsystems, Wetzlar, DE). Images were processed with
LAS-AF software LCS Lite (Leica Microsystems).

4.7.2 | Detached-LeafInfection Assay

To evaluate the efficacy of the two aptamers against B. cinerea,
a tomato detached-leaf infection assay was performed as de-
scribed by Leisen et al. (2022), with minor modifications. For
this purpose, different concentrations of the aptamer solutions
were prepared in sterile distilled water and sprayed onto the
surfaces of detached tomato leaves (from 3weeks old plants).
The leaves were placed on a Petri dish with water-agar media
(0.5%) and, when dried, PDA discs (5mm diameter and 2mm
thickness), pre-inoculated with 10 uL of B. cinerea B05.10 conid-
ial suspension (1x10* conidia mL™"), were placed onto them.
The leaves were maintained at 23°C with 100% humidity under
a 16h light/8h dark photoperiod for 72h. Sterile distilled water
and Geoxe (fludioxonil at a field dose of 1000 uM) were used as
negative and positive controls, respectively. Lesions were pho-
tographed 72h post-inoculation (hpi), and necrotic areas were
quantified using ImageJ software.

In addition, to evaluate the potential immune-priming effect of
exogenous DNA, a comparative assay was performed using the
non-specific control aptamer Ap.AGA at 50uM (same concen-
tration used in transcriptomic analysis), sterile distilled water
and the specific aptamer SOD9.26F at 50uM. The assay condi-
tions and result evaluation (incubation, imaging and necrosis
quantification) were the same as described above.

4.7.3 | Fruit Infection Assay

To determine the effect of aptamer application on B.cinerea
development in fruits, a fruit infection assay was carried out
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using apple slices. Solutions containing 200uM of aptamers
were prepared in sterile distilled water and sprayed to the cut
surfaces of apples. The treated surfaces were then placed in a
container with moistened filter paper and inoculated with 10 uL
of B. cinerea B05.10 conidial suspension (1 x 10 conidia mL™1).
The fruits were incubated at 23°C with 100% humidity under a
16h light/8 h dark photoperiod. Sterile distilled water and Geoxe
(fludioxonil at field dose 1000uM) were included as negative
and positive controls, respectively. The development of lesions
and disease symptoms was assessed 4days post-inoculation
(dpi) using ImageJ software to calculate necrotic areas.

4.8 | Fungal Biomass Analysis

The molecular quantification of B.cinerea biomass was per-
formed using qPCR. The primers used for this analysis were de-
signed using the Primer3 software (Koressaar and Remm 2007;
Thornton and Basu 2011) (Table S1). The molecular estimation
of B.cinerea biomass was carried out by qPCR at 72hpi from
B. cinerea B05.10-infected tomato leaves. For this, the B. cinerea
actin gene BecactA (XM_024697950.1) and the tomato actin gene
Slactin-51 (NM_001321306.1) were quantified, and the B.ci-
nerea/S. lycopersicum genomic DNA ratio was calculated. The
assay was carried out in a CFX Connect Real-Time PCR detec-
tion system (Bio-Rad) with SsoFast EvaGreen Supermix (Bio-
Rad). The protocol included an enzyme activation step at 95°C
for 30s, followed by 40cycles at 95°C for 5s and 59°C for 5s,
and measuring individual amplification by a particular peak in
the dissociation melting curve (from 55°C to 95°C in 0.5°C steps
every 5s). All reactions were performed in triplicate, and data
were processed with CFX Manager Software (Bio-Rad).

4.9 | RNA-Seq Analysis

To better understand the effect of aptamer application on both
B.cinerea and tomato plants, RNA-seq analyses were con-
ducted. Separate experiments were conducted to evaluate gene
expression changes following the application of the SOD9.26F
aptamer to the fungus exposed to oxidative stress and to to-
mato plants.

For B.cinerea B05.10 strain, prior to RNA-seq analysis, the ex-
pression of Bcsodl gene (XM_001560480.2) was monitored
at 0, 3, 6,9, 12 and 24h under oxidative stress. Stress was in-
duced by adding 7.5mM of paraquat (methyl viologen, Sigma-
Aldrich), and expression was analysed using RT-qPCR using the
same conditions described above and the primers described in
Table S1. Subsequently, B. cinerea B05.10 was incubated in PDB
at 25°C and 130rpm for 72h in the dark and supplemented with
7.5mM of paraquat and 50 uM of aptamer SOD9.26F, incubat-
ing for 6h. A negative control group without aptamer was also
included. After incubation, the fungal mycelium was collected
by centrifugation at 8000x g and 4°C for 5min, frozen in liquid
nitrogen and stored at —80°C until RNA extraction.

For tomato, detached leaves (3-week-old plants) were sprayed
with 50uM of aptamer SOD9.26F or the control Ap.AGA ap-
tamer and incubated for 72h under the conditions described
previously. A negative control group was also included. After

incubation, leaves were collected, frozen in liquid nitrogen and
stored at —80°C until RNA extraction. Each treatment tested in-
cluded three biological replicates.

The frozen B. cinerea mycelium and tomato leaves were ground
in liquid nitrogen with a mortar and pestle. Total RNA was ex-
tracted using TRI Reagent (Sigma-Aldrich) following the man-
ufacturer's instructions. RNA quality and concentration were
assessed using a Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, US) and a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific). A total of 1ug of RNA was used to prepare cDNA
libraries using an Illumina Stranded mRNA Sample Preparation
Kit (Illumina, San Diego, US) according to the manufactur-
er's guidelines. Finally, the cDNA libraries were sequenced
using the Illumina NextSeq 550 and NovaSeq 6000 systems
(Illumina), with a paired-end strategy. High-quality clean reads
were mapped to the B.cinerea B05.10 or S.lycopersicum refer-
ence genomes (GenBank assembly name: GCA_000143535.4
and GCA_036512215.2, respectively) using the Rsubread soft-
ware (Liao et al. 2019). Differential gene expression analysis was
performed with DEGSeq2 R package (Love et al. 2014). For this
purpose, raw reads were normalised using its median-of-ratios
procedures: for each gene, we computed the geometric mean
across samples, divided the count of each sample by this mean
to derive gene-wise ratios, and obtained sample-specific size fac-
tors as the median of these ratios. After that, the differentially
expressed genes (DEGs) were calculated between the three bio-
logical replicates of each treatment, with a p-adjust <0.05 and
values of log, Fold Change (FC) <~-1 or > 1. Functional enrich-
ment of DEGs was performed using DAVID software (Sherman
et al. 2022) based on the background annotations of B. cinerea
and tomato.

4.10 | Statistical Analysis

For the statistical analyses carried out in this study, the
GraphPad Prism software was used. Two-way ANOVA, fol-
lowed by Fisher's least significant difference (LSD) test was
carried out to compare the data obtained in aptamer inhibi-
tion assays, conidia germination rates and fungal biomass de-
termined by qPCR.
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