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Abstract  19 

Postharvest diseases caused by fungal pathogens lead to significant economic losses in 20 

citrus production. The intensive use of synthetic fungicides has triggered the emergence 21 

of resistant strains and environmental contamination, emphasizing the need to search sus- 22 

tainable alternatives. This study evaluated the antifungal efficacy of a strawberry leaf 23 

aqueous extract (PSP2) against local isolates of citrus phytopathogens such as Penicillium 24 

digitatum and P. italicum (both fungicide-sensitive and fungicide-resistant) and Geotrichum 25 

citri-aurantii. In vitro assays showed complete inhibition of mycelial growth for all patho- 26 

gens on PDA plates supplemented with 0.05 g·mL⁻¹ PSP2 after 5 days at 24 °C. Further- 27 

more, total inhibition of conidial germination and loss of viability were achieved at 0.10 28 

g·mL⁻¹ following a 24 or 8-hour exposure period respectively. To elucidate the underlying 29 

mode of action, membrane integrity and cellular ultrastructure were examined. SYTOX™ 30 

Green staining revealed increased membrane permeability, and transmission electron mi- 31 

croscopy showed marked intracellular disorganization in PSP2-treated conidia from all 32 

phytopathogens. Finally, in vivo assays using artificially inoculated lemons demonstrated 33 

a significant reduction in green mold incidence. Overall, PSP2 exhibited broad-spectrum 34 

efficacy against major citrus postharvest pathogens, effectively overcoming established 35 

fungicide resistance. Our results position PSP2 as a promising biocontrol agent for sus- 36 

tainable fruit preservation. 37 

Keywords: lemons, Penicillium digitatum; P. italicum; Geotrichum citri-aurantii, biocontrol, 38 

imazalil 39 

 40 

1. Introduction 41 

Significant economic losses worldwide result from citrus postharvest fungal diseases such 42 

as green and blue molds and sour rot, caused by Penicillium digitatum, P. italicum, and 43 
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Geotrichum citri-aurantii, respectively [1, 2, 3]. This problem is especially severe in regions 44 

with high humidity and warm temperatures that provide optimal conditions for fungal 45 

proliferation, such as Tucumán province in Northwestern Argentina. This region accounts 46 

for approximately 80% of the country’s lemon production, positioning it as a leading global 47 

producer of this citrus fruit [4]. Currently, to control citrus fungal diseases, a reduced spec- 48 

trum of fungicides can be applied as thiabendazole (TBZ), imazalil (IMZ), and pyrime- 49 

thanil (PYR). However, their continued use results in the emergence of resistant patho- 50 

genic strains [5, 6] and serious risks to human health and the environment [7, 8]. Addition- 51 

ally, consumer demand for organic and safe compounds has increased. These concerns 52 

highlight the interest to search new, effective, and more environmentally friendly alterna- 53 

tives for managing postharvest fungal diseases [9, 10, 11] in all fresh fruit producing re- 54 

gions. In this context, the exploitation of plant-derived bioactive compounds emerges as a 55 

promising strategy to ensure high-quality, safe produce while meeting sustainability 56 

standards [ 12]. 57 

Plant-derived extracts are particularly relevant by having strong antioxidant and antimi- 58 

crobial properties related to the presence of secondary metabolites [ 13]. These components 59 

bring them a dual role in exerting direct antifungal activity or stimulating plant defenses, 60 

which positioned as strategic candidates in the search for sustainable alternatives to syn- 61 

thetic fungicides to control postharvest fungal disease [14, 15, 16, 17]. Moreover, recent 62 

studies suggest that plant extracts, particularly those rich in phenolic compounds and vit- 63 

amins, can help maintain fruit quality during storage [ 18]. To obtain plant-derived bioac- 64 

tive compounds, the revalorization of agricultural residues and industrial by-products 65 

represents an attractive primary source [15, 19].  In our region, strawberry cultivation is 66 

an important economic activity being the northwest of Argentina concentrates near 50% of 67 

national production (24,800 tn) [20]. Strawberry plants display organ-specific phenolic pro- 68 

files dominated by ellagitannins, flavonoids, and phenolic acids, whose distribution is spe- 69 

cific to each cultivar [ 21, 22]. Therefore, investigation and development of new bioinputs 70 

based on residues derived from strawberry cultivation emerges as a highly relevant and 71 

promising strategy. Our laboratory has demonstrated the capacity of different strawberry 72 

extracts and metabolites to protect plants against pathogen infections through enhanced 73 

plant immunity and direct antimicrobial activity [23, 24, 25, 26]. Among them is the ellag- 74 

itannin HeT, patented in Argentina, Brazil, and Mexico, with the ability to activate defense 75 

mechanisms in plants [ 25]. Subsequent studies showed that aqueous extracts obtained 76 

from leaves of different strawberry genotypes exhibited in vitro antimicrobial activity 77 

against bacteria and fungi [ 27]. More recently, a new family of strawberry acylglycosides 78 

(SAGs) was described and patented [ 28] these compounds display antimicrobial activity 79 

against various phytopathogenic bacteria and fungi, as well as plant growth-promoting 80 

properties [ 29]. These findings led to the development of the new bioinput of the PSP 81 

technology (“Plant Stimulation and Protection”) [ 30], called PSP2, based on aqueous ex- 82 

tract of young leaves of strawberry plants. The aim of this study was to evaluate in vitro 83 

and in vivo antifungal activity and mode of action of PSP2 against local isolates G. citri- 84 

aurantii, and both fungicide-sensitive and resistant Penicillium spp. 85 

 86 

 87 
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2. Materials and Methods 88 

2.1 Chemicals 89 

Tween 80, (Sigma-Aldrich, Chemical Co, St. Louis, MO, USA); SYTOX™ Green nucleic 90 

acid stain (Thermo Fisher Scientific Inc. Waltham, MA, USA). Other chemicals used were 91 

of analytical grade. 92 

2.2 PSP2 extract preparation  93 

PSP2 extract was prepared following the methodology described by Cerviño et al. [27], 94 

with minor modifications. Briefly, fully expanded young leaves of strawberry plants 95 

(Fragaria × ananassa Duch., cv. San Andreas) were collected at the end of the crop cycle 96 

from a commercial organically managed farm located in Famaillá, Tucumán, Argentina 97 

(27°01′03.34″ S, 65°22′46.54″ W). The leaves were stored at −20 °C until further processing. 98 

Extraction was carried out using distilled water as the solvent, with a solid-to-solvent ratio 99 

of 1:10 (w/v) for 24 h at 25 °C. The resulting homogenate was filtered through Whatman 100 

filter paper to obtain an aqueous extract with a final concentration of 0.1 g dry weight 101 

mL⁻¹. When required, this extract was further concentrated by lyophilization. 102 

2.3 Fungal isolates and conidial suspensions preparation 103 

Fungal isolates characterized from the INSIBIO-CONICET-UNT laboratory collection 104 

were used. These included fungicide-sensitive variants of P. digitatum F-Pd07-S (PDS) and 105 

P. italicum F-Pi09-S (PIS), as well as triples fungicide-resistant variants to imazalil, thia- 106 

bendazole, and pyrimethanil from P. digitatum F-Pd17-R31 (PDR) and P. italicum Pi15-R29 107 

(PIR) [31]. Additionally, one G. citri-aurantii (GC) isolate was included. For conidial sus- 108 

pension preparation, the fungi were allowed to grow on potato dextrose agar (PDA) for 5 109 

d at 24 ± 1°C. Sterile distilled water containing 0.05% Tween 80 (Sigma-Aldrich) was used 110 

to scrape the colony surface, and the conidia were collected and filtered through two lay- 111 

ers of cheesecloth to remove hyphal fragments. The cellular concentration was adjusted 112 

to 1x106 conidia mL-1 following counting in a Neubauer chamber. 113 

2.4 Fruit 114 

Lemons (Citrus limon (L.) Burm. F., cv. Eureka) were harvested of commercial orchard of 115 

Tucuman province and were free from any postharvest treatment or coating. Before treat- 116 

ments, each lemon was superficially disinfected (70% ethanol), rinsed with tap water, and 117 

allowed to air-dry at room temperature. 118 

2.5 Evaluation of PSP2 effect on mycelial growth, conidia germination and minimum 119 

killing conidia time.   120 

To evaluate the antifungal effect of PSP2, mycelial growth was assessed by placing 5 µ l 121 

drops of pathogens conidial suspensions of PDS, PDR, PIS, PIR and GC on PDA contain- 122 

ing 0.05 or 0.1 gr/ml of PSP2. After 5 d at 24 ± 1°C, colony diameter was measured for each 123 

treatment. Controls consisted on PDA growth media at pH 5 without supplements were 124 

included. Conidia germination of all fungal isolates was assessed as reported by Olmedo 125 

et al. [32]. Briefly, conidial suspensions in potato dextrose broth (PDB) at pH 5, were ex- 126 

posed to 0.1 gr mL-1 of PSP2 and incubated at 24 ± 1°C for 24 h. After that, germinated and 127 

non-germinated conidia were observed under an inverted microscope (×40). Moreover, 128 

conidial suspensions were exposed for 4-8-24 and 48 h to 0.1 gr mL-1 of PSP2. At each time, 129 
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a 5 μL aliquot of treated suspensions were spotted onto PDA medium without supple- 130 

ments, to determine the minimum time necessary to kill all treated conidia of each patho- 131 

gen assayed.  Three replicates were performed for each condition, and the assay was 132 

done twice. 133 

    2.6 Evaluation of conidial membrane integrity 134 

To determine the impact of PSP2 on conidial membrane integrity, the fluorescent dye 135 

SYTOXTM Green was used, following the protocol described by Olmedo et al. [32]. Co- 136 

nidial suspensions were treated at 0.1 gr mL-1 of PSP2 for 24 h and then were washed and 137 

incubated with SYTOXTM Green (5 µM) for 30 min in darkness. Conidia were visualized 138 

under a fluorescence microscope Olympus IX51 equipped with an Olympus digital cam- 139 

era, QColor5 (Q-imaging). The fluorescence emission was examined and photographed 140 

using a filter set of 450-490 nm for excitation and of 515-565 nm for emission. Three repli- 141 

cates were performed for each condition, and the assay was done twice. 142 

2.7 Evaluation of conidia ultrastructure 143 

For ultrastructural characterization through transmission electron microscopy, conidia 144 

were treated with 0.1 gr mL-1 of PSP2 for 24 h and were processed as described by Cerioni 145 

et al. [33]. Observations were made using a Hitachi HT7800 transmission electron micro- 146 

scope, available at the Comprehensive Center for Electron Microscopy (CME, CONICET- 147 

UNC, Córdoba, Argentina). Controls of conidia water-treated were performed in parallel. 148 

The assay was done twice. 149 

2.8 Application of PSP2 on lemons in situ 150 

To evaluate the potential application of PSP2 to control posharvest diseases on lemons, a 151 

trial was performed following an in situ protocol. Briefly, lemons were washed and sani- 152 

tized with ethanol 70 %, then wounded using a stainless-steel rod (approximately 2 mm 153 

deep and 3 mm wide). Subsequently, 10 µL of PSP2 at concentrations of 0.1 g mL-1 was 154 

applied directly into each wound, while distilled water was used as a control. After drying 155 

for 2h at room temperature, the treated wounds were inoculated with 10 µL of conidial 156 

suspension of 105 conidia/ml of PDS. The fruit were incubated for 5 d in a chamber under 157 

controlled conditions (24 °C and 95% relative humidity). Disease incidence (DI) was eval- 158 

uated at the end of incubation period and calculated as follows: DI (%) = (number of de- 159 

cayed fruit/numbers of total fruit) × 100 % [34]. 160 

2.9 Statistic analysis 161 

For the in vitro assays, three complete sets of experiments were conducted, encompassing 162 

three repetitions for each condition. The in situ assays comprised two repetitions involv- 163 

ing 10 lemons (each with two wounds) for each condition. In all cases, the data underwent 164 

variance analysis, followed by Tukey's test using Infostat software v 2020I. Differences of 165 

p≤ 0.05 were considered significant. 166 

3. Results 167 

3.1 Antifungal action of PSP2 on mycelial growth, conidia germination and time of death 168 

conidia 169 
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The antifungal activity of PSP2 against the fungicide-sensitive or fungicide-resistant phy- 170 

topathogens (PDS, PDR, PIS and PIR) and GC were evaluated. Figure 1 showed that 0.05 171 

gr ml-1 of PSP2 incorporated in the PDA plate was enough that inhibited the mycelial 172 

growth of all fungal pathogens evaluated. Controls were able to grow and complete PDA 173 

plate without PSP2 at 5d.  As was expected, the mycelial growth on PDA plate amended 174 

with 0.1 gr ml-1 PSP2 was totally inhibited.  175 

 176 

Figure 1. Antifungal activity of PSP2. Mycelial growth was assessed by placing 5 µ l drops of co- 177 

nidial suspensions (106 CFU mL−1) of each fungal pathogen on PDA containing indicated concentra- 178 

tion of PSP2. After 5 d incubation at 24 ± 1°C, colony diameter was measured for each condition. 179 

Controls consisting on PDA plates without supplements. The photograph is a representative image 180 

from three independent experiments.  181 

In the minimum conidia killing time assays, the incubation of all pathogen conidia with 182 

0.1 gr ml-1 PSP2 during 4h partially inhibits the fungal growth. With 8 h of incubation, 183 

the total inhibition was observed to GC and PIR (Figure 2). To PDS and PIS the same effect 184 

was observed after 24 h of incubation and in the case of PDR an incubation for 48 h was 185 

necessary to achieve the growth inhibition, this being the most resistant pathogen assayed.  186 

 187 
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Figure 2. Minimum killing conidia time. Conidial suspensions (106 CFU mL−1) of each pathogen 188 

were exposed to PSP2 (0.1 gr mL-1). At each indicated time, a 5 μL aliquot of treated suspensions 189 

were spotted onto PDA medium without supplements. The plates were incubated 5 d at 24 ± 1°C. 190 

Controls consisting on conidial suspensions incubated with water. The photograph is a representa- 191 

tive image from three independent experiments. 192 

In respect to conidia germination, the results showed that 0.1 gr ml-1 PSP2 was able to 193 

inhibit conidia germination of all phytopathogens evaluated (Figure 3), while the control 194 

condition was completely germinated after 24 h. 195 

 196 

Figure 3. Conidia germination. Conidial suspensions (106 CFU mL−1) in potato dextrose broth (PDB) 197 

at pH 5 of each fungal pathogen, were exposed to 0.1 gr mL-1 PSP2 and incubated at 24 ± 1°C for 24 198 

h. After that, germinated and non-germinated conidia were observed under an inverted microscope 199 

(×40). The photograph is a representative image from three independent experiments of germination 200 

and general aspect to control and treated conidia (magnification = 400x). 201 

3.2 Effect of PSP2 on conidial membrane integrity  202 

In order to analyze the effect of PSP2 over fungal conidia, a study of the integrity cell 203 

membrane was conducted using the SYTOXTM Green probe (Figure 4 MEJORAR). In the 204 

dark field, fluorescent conidia were observed for all fungal isolates treated with 0.1 gr ml- 205 
1 of PSP2 indicating membrane permeability. As positive control of membrane damages, 206 

an incubation with 600 mM H2O2 was included, which shows fluorescence for all the phy- 207 

topathogens, similar to PSP2 treatments. No fluorescence emission was registered in sam- 208 

ples incubated with water, as negative control. 209 

 210 
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Figure 4. Effect of PSP2 on membrane integrity. Conidial suspensions (106 CFU mL−1) of each fun- 211 

gal pathogen were treated with 0.1 gr mL-1 PSP2 for 24 h, before their incubation with SYTOXTM 212 

Green (5 µM) for 30 min in darkness. Fluorescent field images at a 40× magnification accompanied 213 

by a bright field (insets) are shown. The upper panels display negative controls and de lower panel 214 

display positive controls corresponding to conidia treated either with water or 600 mM H2O2, re- 215 

spectively. The images are representative of three independent experiments. 216 

3.3 Internal structure conidial after PSP2 treatment 217 

The conidia ultrastructure was examined using Transmission Electron Microscopy (TEM) 218 

(Figure 5). All evaluated fungi in control condition revealed an appropriate organization 219 

of the cell walls and cytoplasm, with conserved internal structures such as lipid bodies, 220 

mitochondria, indicating a regular conidia structure. However, after exposing the conidia 221 

to 0.1 gr ml-1 of PSP2 for 24 h, cellular damage was evident, including cell deformation 222 

and clear cytoplasmic disorganization, with the presence of multiple intracellular vesicles. 223 

Moreover, significant modifications in the membrane and cell wall structure occurred. 224 

These results indicate irreversible cellular damage on conidia after PSP2 treatment. 225 

 226 

Figure 5. Intracellular damage induced by PSP2. Conidial suspensions of each fungal pathogen 227 

were treated at 0.1 gr mL-1 of PSP2 for 24 h and then were washed and visualized by transmission 228 

electron microscopy (TEM). The tests were repeated three times for each treatment, and at least two 229 

replicates were examined. In micrographs, a scale graphic = 1 µm is represented. cw, cell wall; cyt, 230 

cytoplasm; lb, lipid body. 231 

3.4 Effect of PSP2 in situ application over green mold incidence on lemons 232 

The antifungal efficacy of PSP2 was evaluated by in situ application on artificial wounded 233 

and inoculated lemons. In control conditions, a high disease incidence to 100% was ob- 234 

served (Figure 6). The application of PSP2 demonstrated significant green mold control, 235 

achieving nearly 50% disease incidence in respect to the control without treatment. As 236 

was expected, the IMZ application was able to control green mold caused by PDS. 237 
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 238 

Figure 6. In situ action of PSP2 against P. digitatum on lemons. PSP2 or water (control) were added 239 

on lemon wounds before P. digitatum inoculation. Fruit were stored at 23 ◦C and 95 % relative hu- 240 

midity, and disease incidence was evaluated at 5 d post infection. Photographs inserts shown fruit 241 

aspect after incubation and are representative of three different experiments. 242 

4. Discussion 243 

In this study, it was demonstrated that the aqueous extract from strawberry leaves PSP2 244 

exhibits in vitro antifungal activity against the citrus fungal pathogens P. digitatum, P. 245 

italicum, and G. citri-aurantii. The extract inhibited mycelial growth at 0.05 g·mL⁻¹ and 246 

completely suppresses conidia germination at 0.10 g·mL⁻¹ for all isolates evaluated, re- 247 

gardless of their sensitivity to conventional fungicides. These inhibitory concentrations 248 

are comparable to those reported for other plant-derived extracts active against posthar- 249 

vest citrus pathogens. For instance, aqueous extracts of Cistus spp. inhibited 80–100% of 250 

G. citri-aurantii growth and germination at concentrations from 0.1 and 0.05 g·mL⁻¹, re- 251 

spectively [17]. Similarly, powders, solvent extracts, and essential oils from species such 252 

as Thymus leptobotrys and Peganum harmala have shown broad-spectrum antifungal activ- 253 

ity against P. digitatum, P. italicum, and Geotrichum spp., achieving growth reductions close 254 

to complete inhibition [35, 36]. Comparable antifungal effects have also been reported for 255 

extracts from extremophile plant species, which inhibited P. digitatum and affected G. citri- 256 

aurantii growth at phenolic-adjusted concentrations [37]. 257 

To elucidate the antifungal mode(s) of action of the PSP2 aqueous extract on phytopatho- 258 

genic fungi, membrane integrity assays with fluorescent probes were performed, together 259 

with ultrastructural analysis by TEM. These analyses confirmed plasma membrane per- 260 

meabilization, cytoplasmic disorganization, and contraction of the cell wall, evidence of 261 

irreversible cellular damage. It is known that fungal viability relies primarily on the in- 262 

tegrity of the plasma membrane [38, 39] which would explain the loss of viability observed 263 

with PSP2 treatment. Moreover, the pattern of structural injury is consistent with mecha- 264 

nisms reported for other natural metabolites, such as cinnamaldehyde, the principal com- 265 

ponent of cinnamon essential oil, which disrupts cell wall integrity [14], and natamycin, 266 

obtained from Streptomyces natalensis fermentation, whose action centers on plasma mem- 267 

brane damage [40, 41]. Plant-derived antifungal compounds acting on multiple cellular 268 
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targets are associated with a reduced risk of resistance development, as they limit adap- 269 

tation to single molecular targets [14, 42, 43]. The antifungal activity of PSP2 suggests a 270 

multi-target mode of action arising from the synergistic interactions among its metabo- 271 

lites, conferring an advantage over single-site synthetic fungicides for resistance manage- 272 

ment. According to the criteria of the Fungicide Resistance Action Committee, multi-site 273 

fungicides are classified as low-risk tools for resistance development [44]. 274 

Exposure of fungal conidia to PSP2 (0.1 g mL-1) for 24 h induce membrane permeabiliza- 275 

tion and internal structural collapse. OuYang et al. [14] observed a similar effect after 2 276 

hours of exposure of G. citri-aurantii conidia to cinnamaldehyde. The effect of PSP2 is par- 277 

ticularly critical for controlling G. citri-aurantii, causal agent of sour rot, a pathogen for 278 

which commercial fungicidal options remain limited. Since total inhibition of viability in 279 

G. citri-aurantii (GC) and fungicide-resistant P. italicum (PIR) was achieved after only 8 280 

hours of incubation with PSP2—and for other pathogens between 24 and 48 hours—future 281 

studies could focus on optimizing the minimum contact time required to induce irreversi- 282 

ble fungitoxicity, in order to determine the operational and economic feasibility of the 283 

extract in postharvest applications. 284 

In vivo disease control trials are a critical parameter for validating the commercial poten- 285 

tial of biofungicide. In this work, inoculation assays on fruit under controlled conditions 286 

were conducted. In situ application of PSP2 on artificially wounded lemons reduced green 287 

mold (P. digitatum) incidence nearly 50% in respect to the control without treatment, 288 

whereas imazalil achieved total disease suppression. Compared with other plant extracts, 289 

the efficacy obtained with the PSP2 aqueous extract surpassed that reported for aqueous, 290 

methanolic, and ethanolic extracts of Cynara cardunculus in citrus fruit against P. digita- 291 

tum [15]; only the ethanolic extract produced a reduction of approximately 10% in green 292 

mold incidence relative to the control. It is worth to note the PSP2 aqueous extract did not 293 

cause phytotoxicity in treated fruit (data no shown), representing an advantage in terms 294 

of safety and technological feasibility. Therefore, its efficacy could be further improved 295 

through formulation strategies aimed at enhancing extract concentration and retention at 296 

the wound site without compromising fruit integrity. It is also important to highlight the 297 

efficacy of the PSP2 aqueous extract against strains with multiple resistances to fungicides 298 

such as imazalil, thiabendazole and pyrimethanil. This behavior suggests that incorporat- 299 

ing PSP2 into resistance management programs could provide strategic benefits. Its ability 300 

to control both sensitive and resistant strains positions PSP2 as a potentially valuable can- 301 

didate for diversifying and strengthening the tools available for postharvest citrus disease 302 

management. 303 

5. Conclusions 304 

In conclusion, the strawberry leaf extract PSP2 represents a novel and effective approach 305 

for the postharvest management of citrus fungal diseases. This study demonstrated that 306 

the antifungal activity of PSP2 is mediated by plasma membrane permeabilization and 307 

irreversible intracellular damage. Furthermore, in vivo trials confirmed its efficacy in con- 308 

trolling green mold on lemons. Valorizing strawberry crop residues as a source for PSP2 309 

production offers a sustainable and potentially profitable bioinput. Its implementation 310 

could significantly reduce the reliance on synthetic fungicides, facilitating the transition 311 

toward safer, more efficient postharvest systems that align with global food security and 312 

sustainability regulations. 313 

 314 
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