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Abstract
Mycotoxins in cereals, particularly maize, pose a significant threat to agriculture, worsened by climate
change. Therefore, developing effective mitigation strategies are urgently claimed. Plant waste and
seaweed extracts offer promising sources of phytochemicals for combating fungal plant pathogens.
This study investigated the in vitro antifungal potential and polyphenol composition of hydroalcoholic
extracts from plant waste materials and seaweed (Ailanthus altissima (Mill.) Swingle leaves, Humulus
lupulus L. trub, Olea europaea L. leaves and Ulva sp. thallus). With the exception of O. europaea, all
extracts inhibited Aspergillus flavus growth, with Ulva sp. showing the highest efficacy (EC50 = 14.2
mg/mL). Analysis revealed enrichment in glycosylated flavonols and hydroxycinnamic acids across
extracts, while Ulva sp. specifically contained rosmarinic acid, p-hydroxybenzoic acid, and uronic acid
and sulfate groups, characteristics of ulvan polysaccharides. These results suggest Ulva biomass is a
promising botanical source for Aspergillus flavus biocontrol, paving the way for its future application in
agriculture and post-harvest systems.

Highlights
Ulva, Ailanthus and Humulus trub-based hydroalcoholic extracts inhibit in vitro A. flavus mycelial
growth at different efficacy levels

Ulva extract resulted the more promising, with a EC50 of 14.2 mg/mL and a 91% complete inhibition
at about 20 mg/mL

Ulva extract also affected conidial germination in a dose-dependent manner, reaching a complete
inhibition at 14.0 mg/mL after 16 h of incubation.

Biochemical characterization of extracts revealed Ulva to be specifically rich in rosmarinic and p-
hydroxybenzoic acid and to contain ulvan polysaccharides 

Ulva-derived and plant waste-based natural extracts could represent potential sustainable
alternatives in maize pest management

1. Introduction
Aflatoxins produced by Aspergillus species contaminate major crops and pose severe health risks [1].
Climate-driven changes in temperature and humidity have increased contamination risks in the
temperate Europe, like northern lowlands of Italy, where maize represents the predominant crop [2–4].
Major key factors for augmented risk of mycotoxin contamination in maize (interaction of high
temperature and low water activity in kernel, European corn borer infestation and the predicted increase
in global average temperature and worsening of drought stress events) are considered to be the main
drivers for the emerging concerns for food and feed safety, with large economic and social impacts [1,
5–7]. Extensive efforts have been made to identify natural inhibitors such as biological extracts or
antagonistic microorganisms for counteracting fungal invasion and aflatoxin contamination [8]. Among
them, plant-based extracts are characterized by a high content of phenolic acids and terpenes, for which

Page 3/23



antioxidant bioactivity and antifungal properties have been widely recognized [8, 9], providing an
environmentally friendly and safe alternative to synthetic pesticides [10, 11]. In particular, bio-extracts
obtained from agriculture, forestry and food by-products (e.g., Olea, Ailanthus, grape canes, spent hops
from brewery industry) have been shown to exert a wide range of antimicrobial actions [12–15].
Moreover, they are more readily available due to the abundance of raw source biomass in nature, and the
preparation processes are often less polluting than traditional chemical synthesis processes. These
extracts are also believed to act synergistically with other different active compounds, and to elicit
natural defense responses in plants [10, 16, 17]. Marine seaweeds, rich in polysaccharides and
polyphenols, are also emerging as valuable biostimulants or antimicrobial products for agricultural
applications [18–20]. In this perspective, we investigated the effectiveness of four extracts (from
Ailanthus altissima (Mill.) Swingle as environmentally invasive organisms, Ulva sp. as collected
environmental biomass from coastal waters, Olea europaea L., 1753 cv. Gargazzo and Humulus lupulus
L., 1753 as processing wastes) against A. flavus mycelium growth and conidial germination. Extracts
have been then characterized for their polyphenolic profile by UHPLC-MS. The results provided
information on different by-products as sources for sustainable control of mycotoxigenic fungi.

2. Materials and Methods

2.1. Plant and seaweed collection and extraction
Plant materials were collected in Friuli Venezia Giulia Region during 2023 and 2024 (Table S1). A.
altissima and O. europaea leaves were collected during summer, cleaned and stored at -80°C until use.
The Ulva biomass was handpicked during summer-mid autumn 2023–2024 from the intertidal zone in
the Marano Lagoon, Northeastern Adriatic Sea coast, after natural green tide/bloom events. The
collected material was visually identified and consisted predominantly of Ulva rigida L., 1753, with the co-
occurrence of Ulva laetevirens Areschoug, 1854. The identification of the plant material was carried out
by the authors of the manuscript, who are botanists with long-standing expertise in the census,
monitoring, and taxonomy of both native and alien flora in the region. None of the plant species
investigated in this study are listed as threatened, endangered, or protected at the national or
international level. Fieldwork and any collection of plant material were conducted in full compliance with
institutional, regional, national, and international guidelines and legislation. In particular, all activities
adhered to the principles of the IUCN Policy Statement on Research Involving Species at Risk of
Extinction and to the Convention on the Trade in Endangered Species of Wild Fauna and Flora (CITES),
although no CITES-listed species were involved in this study.

The biomass was rigorously cleaned in the laboratory, by rinsing several times in distilled water to
remove sediments and then quickly dried with blot paper and stored at -80°C until use. H. lupulus trub
was kindly provided by “Severino Garlatti Costa” brewery as a by-product of beer production: after
whirlpool and cooling the protein-tannin-hop residue (often termed as hot trub) precipitated from the
hopped wort tub is obtained, a portion of which was used for this survey. Extracts were prepared via
hydroalcoholic maceration (50% ethanol, ratio 1:10) overnight in agitation and darkness at room
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temperature. After centrifugation at 28 000 × g for 10 min, the supernatant fraction was collected,
filtered and lyophilized with Christ Epsilon 2–4 LSCplus-Del Tek. After lyophilization, all the extracts
(hereafter Ailanthus, Humulus trub, Olea and Ulva) were suspended in 100% ethanol to a concentration of
0.25–0.3 g/mL (dry weight basis), filtered with 50 µm nylon gauze to discard solid precipitate and stored
at -20°C until use. For antifungal activity assay, two or more independently prepared batches of the
extracts were used.

2.2. Antifungal assays

A. flavus (AF11999 from “Servizio fitosanitario e chimico, ricerca, sperimentazione e assistenza tecnica”
of the Regional Agency for Rural Development, Friuli Venezia Giulia Region) inhibition was assessed
using the agar well diffusion method [21]. The fungal isolate was grown on potato dextrose agar (PDA,
39 g/L) (Oxoid, UK) and incubated at 25°C for 7 days (12 h light/12 h dark photoperiod). Spores were
harvested by scraping the agar plate and suspended on sterile water containing Tween80 (0.05%). To
confirm the reproducibility of the antifungal activity, the assay was performed using multiple,
independent batches of the extract (i.e., at least two or three separate extraction runs). Fungal pathogen
suspension was infused on PDA medium (50 mL per square plate, 10 cm × 10 cm) reaching a final
concentration of 1×105 conidia/mL. Sixteen equidistant holes per plate (8 mm, Ø) were punched
aseptically with a sterile tip and 50 µL of different water-diluted concentrations of each bio-extract were
added into four wells on the same line. The baseline concentration ranged from 0-170 g/L. A control
plate with the same solvent:water concentration was run in parallel. Plates were incubated at 25°C for 4
days. Inhibition was calculated as the ratio between the halo area (mm2) devoid of fungal mycelium and
the potential diffusion space (total area of imaginary circles centered on each hole) (Figure S1). Images
of Petri dishes were acquired by a digital camera (Panasonic Lumix GH5) and evaluated by ImageJ Fiji
software. The sample unit consisted of one plate per extract (4 holes per concentration) and the
experiment was repeated at least twice. Conidial germination was monitored in malt extract broth (MEB)
in multiwell microplate with Ulva extract doses ranging from 1.4 to 14.0 mg/mL. Each well was adjusted
to the final concentration of 1x105 conidia/mL and incubated in continuous agitation (150 rpm) in the
dark at 28°C for up to 24 h. Controls consisted of MEB and ethanol without extract. The onset of spore
germination was monitored carefully by optical microscope by evaluating germ tube germination.
Conidia were considered germinated when the germ tube was two times longer than the conidial
diameter. The percentage of germination and germ tube length were determined after 16 h of incubation
by acquiring photographs with a digital camera and analyzing images with ImageJ Fiji software. The
sample unit was composed of 6 wells for each condition. Conidia germination and germ tube elongation
(µm) were determined on a number of conidia ranging from 40 to 90 per treatment (3 replicates with at
least 13 conidia each). The assay was repeated twice.

2.3. Chemical analyses
Phenolic compounds were characterized by modified UHPLC-MS, adapted from Vrhovsek et al. [22] and
described in Filippi et al. [16]. LOD and LOQ values were established for each compound, with LOD
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calculated as one-third of LOQ. Prior to analysis, the extract was filtered using a 0.2 µm PTFE filter.
Chromatography was performed on a Waters Acquity UPLC system equipped with an HSS T3 column,
while mass spectrometry detection was carried out using a Waters Xevo triple-quadrupole mass
spectrometer with an ESI source. Compound identification and quantification were based on reference
standards, retention times, and characteristic ion patterns. Results were expressed as µg/g of dry weight
of extract, and data processing was performed using Waters MassLynx software.

Uronic acids in Ulva extract were measured according to the colorimetric method described by Connan
[23], based on the reaction of anthrone with both neutral and uronic acid sugars with double absorbance
reading at 560 and 620 nm, using glucose and glucuronic acid as standard, respectively. Total sulfate
content was analyzed by the turbidimetric method using the barium chloride-gelatin reagent, following
the protocol described by Torres et al. [24]. The content of uronic and sulfate acids was expressed as
percentage in dry mass of the extract.

2.4 Statistical analysis
All statistical analyses were performed using R (v4.2.2) and RStudio (v2024.12.0). The antifungal activity
of the extracts was visualized by fitting a dose–response logistic model for each extract separately
using “drda” package [25]. For each dose-response logistic model four parameters were calculated: α is
the value of the function when x → –∞, δ is the height of the curve, ε is the steepness (growth rate) of
the curve, φ is the x value at which 50% of the maximum δ is reached (EC50). To investigate whether the
extracts had different effects on fungal growth, a dose-response logistic model was fitted for each
replicate separately and ANOVA analyses were performed on the four parameters describing the curves.
The ANOVA assumptions were verified using the diagnostic plots of the model residuals. A Tukey’s
Honest Significant Difference (HSD) post hoc analysis was performed to test for significant differences
among the selected parameters.

A Principal Component Analysis (PCA) was performed on a centered and scaled matrix containing the
concentration of polyphenolic compounds present in each extract. PCA was performed using base R
function “prcomp”.

To test the effect of different concentrations of Ulva on conidial germination and on germ tube length,
ANOVA analyses were performed. The ANOVA assumptions were verified using the diagnostic plots of
the model residuals. A Tukey’s Honest Significant Difference (HSD) post hoc analysis was performed to
identify which concentrations had significantly different effects from the others.

3. Results

3.1 Antifungal activity of extracts against A. flavus
After three days of incubation, Ulva, Ailanthus, and Humulus trub showed dose-dependent mycelial
inhibition, showing a clear circular halo, where a larger halo area is directly proportional to greater

Page 6/23



potency of the extract (Figure S2). Conversely, in the negative control (where only the solvent/water was
applied), no such clear zone was evident, confirming that the fungal mycelium grew uniformly up to the
edge of the well. To compare the in vitro efficacy of the three extracts, dose-response curves were built
as shown in Fig. 1. ANOVA analysis revealed three of the four logistic parameters of the dose-response
curves were significantly different among extracts (p < 0.001) (Supplemental Table S2). Ulva and
Ailanthus reached maximal inhibition levels above 90% (δ = 91.3 ± 4% and 94.8 ± 0.9%, respectively), quite
higher compared to that found for Humulus trub (52.9 ± 2.5%) (Fig. 2). However, Ulva was 10-times more
effective than Ailanthus and Humulus trub: Ulva’s EC50 was significantly lower than Ailanthus or Humulus
trub (φ = 14.2 ± 0.4 vs. 140.7 ± 1.1 or 113.7 ± 4.2 mg/mL, respectively). The lower limit α, explaining the
minimal inhibition resulting from each dose-response curve fitting, was also significantly lower in both
Ulva and Humulus trub extracts than Ailanthus (0.5 ± 1.9 and 2.4 ± 1.2 vs. 7.0 ± 0.8). The fourth parameter,
the slope of the curve (η), was found to be not significantly different.

3.2 Polyphenol profile in plant and seaweed extracts
To understand if the antifungal inhibition differences of the extracts could be associated with specific
biochemical composition, we investigated their polyphenolic profile, given their well-known potential
antioxidant and antimicrobial actions. Polyphenolic characterization and relative content (Table 1 and
Figure S3) of the three extracts quantified 35 different phenolic compounds, the classes of glycosylated
flavonoids (quercetin and kaempferol glycosides) and hydroxycinnamic acids being the most abundant.
The extracts had compositions that differed in the total amount of polyphenols: Ailanthus yielded the
highest concentration (8620 ± 230 µg/g DW), 300 times higher than Ulva (26 ± 1 µg/g DW). An
intermediate value of 785 ± 63 µg/g DW was found in Humulus trub. Ailanthus and Humulus trub were
also characterized by a higher biochemical diversity, including at least seven different classes of
polyphenols, whereas Ulva had only hydroxycinnamic and hydroxybenzoic acids and flavonols. In detail,
Ailanthus is enriched in glycosylated and substituted flavonols (quercetin, kaempferol and rutin), which
accounted for 55% of the total (4758 µg/g DW), with quercetin glucosides being the most abundant
flavonols (2589 ± 56 and 1443 ± 39 µg/g DW for quercetin-3-glucoside + quercetin-3-galactoside and
kaempferol-3-glucoside, respectively). Ailanthus was also characterized by a high amount of
hydroxycinnamic acids (2498 µg/g DW in total, e.g. 29% of total polyphenols), mostly represented by
chlorogenic acids, particularly neochlorogenic acid (1861 ± 24 µg/g DW) and hydroxybenzoic acids (851
µg/g DW in total, e.g. 10% of total polyphenols). The extract contained unique compounds, compared
with Humulus trub and Ulva, such as hydrolysable tannin ellagic acid (744 ± 52 µg/g DW, 8.63%) and
lower quantities of chalcones, coumarins and hydroxyflavones like apigenin. Arbutin and sinapyl alcohol
(321 ± 5 µg/g DW, 4%) were also identified. In Humulus trub, two hydroxycinnamoyl alcohols (407 µg/g
DW) and several proanthocyanidins (flavan-3-ols) (169 µg/g DW) represented the most abundant
polyphenolic classes, accounting for 52 and 21% of the total amount, respectively. As in Ailanthus,
flavonol glucosides were well-represented (18%), reaching quercetin and kaempferol glucosides (61 ± 4
and 68 ± 4 µg/g DW, respectively). Among the hydroxycinnamic acids, ferulic acid was the most
represented at 21 ± 2 µg/g DW accounting for 4.9% of the total polyphenols. In addition, the extract also

Page 7/23



contains arbutin and, to a less extent, hydroxybenzoic acids such as vanillin and vanillic acid.
Interestingly, Ulva contained the lowest total amount of polyphenols and did not show unique classes.
Indeed, flavonols, hydroxybenzoic and hydroxycinnamic acids were shared by all three extracts. However,
in Ulva the relative contributions of these compounds were different, since hydroxycinnamic acids
accounted for most of the total polyphenols (24 µg/g DW, 92% of the total) and were particularly rich in
rosmarinic acid and, at a lower extent, in caffeic acid. Other well represented polyphenols were p-
hydroxybenzoic acid and vanillin in the class of hydroxybenzoic acids (1.34 µg/g DW, 5% of the total),
and flavanol glucosides (e.g., quercetin-3-substituted, kaempferol-3-glucoside and rutin), whose total
amount reached 3% of the polyphenolic fraction. Notably, among hydroxybenzoic acids, the amount of p-
hydroxybenzoic acid in Ulva was 6- and 14-fold higher than those of Humulus trub and Ailanthus,
respectively.
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Table 1
Polyphenolic profile and relative content of Ailanthus, Humulus trub and Ulva hydroalcoholic extracts by

HPLC-MS analysis
Compound Ailanthus

(µg/g DW)

Humulus trub

(µg/g DW)

Ulva

(µg/g DW)

Antifungal
activity

Hydroxybenzoic acids       [18]; [48]

p-hydroxybenzoic acid 0.057 ± 0.003 0.144 ± 0.034 0.795 ± 
0.170

 

vanillin 0.046 ± 0.004 3.934 ± 0.050 0.544 ± 
0.089

[51]; [52] [54]

vanillic acid 0.099 ± 0.005 3.188 ± 0.108 n.d. [51]; [33]

gallic acid 107.082 ± 
8.144

n.d. n.d. [33]

ellagic acid 744.156 ± 
52.386

n.d. n.d.  

Coumarins        

daphnetin 6.099 ± 0.506 n.d. n.d.  

esculin 17.186 ± 0.405 n.d. n.d.  

Hydroxycinnamic acids        

p-coumaric acid 1.244 ± 0.323 6.940 ± 0.772 n.d. [51]

caffeic acid 4.750 ± 0.214 0.376 ± 0.036 0.113 ± 
0.027

[33] [53]

ferulic acid n.d. 20.511 ± 1.
815

n.d. [32]

neochlorogenic acid 1860.807 ± 
24.497

4.192 ± 1.199 n.d.  

cryptochlorogenic acid 32.293 ± 2.997 2.413 ± 0.647 n.d.  

chlorogenic acid 598.738 ± 
18.701

4.104 ± 0.079 n.d. [33]

rosmarinic acid n.d. n.d. 24.022 ± 
0.255

[42]; [43]

Hydroxycinnamyl alcohols        

coniferyl alcohol n.d. 6.436 ± 0.789 n.d. [75]

Values are means ± SD of triplicate analysis. n.d., not detectable.
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Compound Ailanthus

(µg/g DW)

Humulus trub

(µg/g DW)

Ulva

(µg/g DW)

Antifungal
activity

sinapyl alcohol 321.645 ± 
4.867

400.606 ± 
23.360

n.d.  

Chalcones        

phlorizin 35.729 ± 2.664 n.d. n.d.  

Flavones        

apigenin 0.148 ± 0.054 n.d. n.d. [36]

luteolin 0.803 ± 0.140 n.d. n.d. [36]

luteolin-7-O-Glc 0.270 ± 0.088 n.d. n.d.  

apigenin-7-glc 3.699 ± 0.233 n.d. n.d.  

Flavan-3-ols        

catechin n.d. 12.121 ± 0.892 n.d. [33]; [37]

epicatechin n.d. 4.231 ± 1.159 n.d. [37]

procyanidin B1 n.d. 77.187 ± 
14.573

n.d.  

procyanidin B2 + B4 n.d. 7.311 ± 0.233 n.d.  

procyanidin B3 n.d. 67.763 ± 
14.891

n.d.  

Flavonols        

kaempferol 40.068 ± 0.394 1.230 ± 0.391 n.d. [76]

quercetin 89.590 ± 3.222 1.786 ± 0.313 n.d. [35]; [36]

quercetin-3-Rha 80.484 ± 1.947 n.d. n.d.  

kaempferol-3-Glc 1442.518 ± 
38.694

61.174 ± 3.844 0.371 ± 
0.049

 

quercetin-3-Glc + quercetin-
3-Gal

2588.968 ± 
55.716

68.452 ± 4.318 0.316 ± 
0.111

 

quercetin-3-Glc acetyl 1.323 ± 0.301 0.230 ± 0.226 n.d.  

kaempferol-3-rutinoside 90.314 ± 3.598 3.642 ± 0.392 n.d.  

rutin 425.061 ± 
11.807

7.820 ± 0.859 0.178 ± 
0.038

[77]; [76]

Values are means ± SD of triplicate analysis. n.d., not detectable.

Page 10/23



Compound Ailanthus

(µg/g DW)

Humulus trub

(µg/g DW)

Ulva

(µg/g DW)

Antifungal
activity

Hydroquinone glycosides        

arbutin 127.147 ± 
26.187

19.539 ± 2.699 n.d.  

Values are means ± SD of triplicate analysis. n.d., not detectable.

3.3 Polyphenol PCA analysis
The PCA of the polyphenolic composition (Fig. 3) effectively distinguished across the three extracts
(Ailanthus, Humulus trub and Ulva). PC1 described 71.9% of the total variance, and PC2 accounted for
the remaining 26.6%. PC1 strongly separated the 3 replicates of Ailanthus from the others, mainly driven
by quercetin-3-Glc, neochlorogenic acid, rutin, arbutin, ellagic acid and kaempferol, which are highly
correlated among them and account for most of the total variance. PC2 distinguished between Humulus
trub and Ulva, with the latter characterized only by rosmarinic acid and p- hydroxybenzoic acid. For this
reason, Ulva being the most effective one as demonstrated in the previous paragraph, we further
investigated the antifungal capacity of those 2 polyphenols.

3.4 Uronic and sulfate acid content in Ulva extract
The Ulva extract was further characterized by its relative content of uronic and sulfate acids through
spectrophotometric assays. These assays revealed that the extract contained 24 ± 16% to 35 ± 23% of
uronic acids (based on dry mass) across autumn to spring samples, and 32 ± 1% of total sulfate (data
not shown).

3.5 Antifungal activity of Ulva extract on A. flavus conidial
germination
Ulva was the only extract tested in the conidial germination assay because it showed the best efficacy
against fungal growth in the antifungal activity assay. We examined the germination rate of A. flavus
under bright-field microscope in the presence of three different aqueous dilutions of Ulva extract,
corresponding respectively to EC50, 1/2 EC50, and 1/10 EC50 concentrations (14.0, 7.0 and 1.4 mg/mL).
Conidial germination of A. flavus initiated after 10 h, reaching 97.0 ± 2.3% germination at 16 h in control
samples. Ulva significantly reduced the percentage of germinated spores in a concentration-dependent
manner (p < 0.001) (Supplemental Table S3 and Fig. 4). Lower doses of 1.4 and 7 mg/mL of Ulva
decreased conidial germination rate to 66 and 19%, respectively. Where germ tubes were measurable,
tube length was significantly decreased (50% and 66% compared to the control for 1.4 and 7.0 mg/mL,
respectively). Incubation with 14.0 mg/mL extract caused a complete inhibition of conidial germination.

4. Discussion
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The contamination of maize by toxigenic fungi remains a critical threat to food safety, necessitating
sustainable alternatives to synthetic pesticides [10, 26]. While many plant-based extracts demonstrate
antifungal potential [9, 27–29], this study specifically highlights the comparative value of spent biomass
and seaweed as promising sources of polyphenols. All the extracts used, preliminarily screened for their
inhibitory effect against A. flavus, were previously reported in literature as active against different fungal
species [12–15, 30]. However, Olea extract was found to be ineffective against A. flavus at all the
investigated doses. The lack of efficacy in Olea extract likely stems from the extraction method and
solvent polarity, which may not have captured the bioactive compounds typically associated with its
antifungal properties [13]. Humulus trub was the least effective against A. flavus, even though abundant
in polyphenolic compounds. Nonetheless, the extract affected – though at high concentrations – the
fungal growth, similarly to what reported by others [10, 12]. The use of spent biomasses, such as
Humulus trub (a brewing industry by-product), is strategically important as these materials are
recognized sources for developing high-added-value ingredients and products, with polyphenols and
bitter acids standing out among their bioactive compounds [31]. In this context, although Humulus trub
showed a moderate effect in our screening, its polyphenolic profile was notable, containing compounds
with known antifungal potential [32], specifically, ferulic acid, hydroxycinnamyl alcohols, p-
hydroxybenzoic acid, and vanillin. Furthermore, the presence of flavonoids, particularly catechins and
quercetin derivatives, contributes to the extract's chemical complexity. These compounds, especially the
flavonoid derivatives, are well-documented for their broad biological activities, including membrane
disruption and enzyme inhibition in fungal species, which provides a plausible explanation for the
observed, albeit moderate, fungistatic activity at higher concentrations [32–37]. Ailanthus altissima
demonstrated higher chemical diversity than other extracts, featuring a wide array of flavonols and
hydroxycinnamic acids. Recently, methanolic extracts from Ailanthus leaves were found to be rich in
flavones and flavonols, and caffeic and chlorogenic acids [38, 39]. While these polyphenols are known to
complex with microbial proteins, disrupt cell membranes, and interfere with enzyme function, the
extract’s bioactivity likely results from a synergistic effect between phenolics and other metabolites such
as lipophilic triterpenoids or saponins [40]. A. altissima has turned to be one of the most aggressive alien
species in Europe for which its harvesting as a low-cost raw material for natural pesticide production
could also be a rewarding strategy in reducing its populations and impacts on local biodiversity [30].
However, in our study, Ailanthus extract exerted some fungistatic activity at higher concentrations
compared to Ulva.

The Ulva extract demonstrated the highest efficacy, characterized by the unique presence of rosmarinic
acid and a high concentration of p-hydroxybenzoic acid. Rosmarinic acid is a natural caffeic acid ester
known as a defense molecule against pathogens and herbivores and a UV protectant in diverse
terrestrial plant [41]. Interestingly, Chernapalli et al. [42] stated that purified rosmarinic acid significantly
affected mycotoxigenic fungi, in addition to airborne filamentous fungi [43]. Further in silico
investigations of antifungal activity of rosmarinic acid by molecular docking studies evidenced that it
inhibited different fungal target proteins involved in fungal carbon metabolism and infection process
[42–45]. These reports proved this phenolic acid to be a promising candidate in inhibiting fungal growth
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and suggested some plausible mechanisms involved. Nonetheless, besides our study, only a few
chemical profiling studies identified rosmarinic acid in marine algal extracts and green alga Ulva fasciata
[46] or its possible involvement in in vitro inhibition of pathogenic fungi [47]. On the contrary, p-
hydroxybenzoic acid in algal extracts has been recently documented as the highest phenolic compound
in U. fasciata extract with antifungal effects [18]. Interestingly, this phenolic acid has recently been
shown to exhibit in vivo preventive and curative action at millimolar concentration as elicitor against
kiwifruit rot caused by A. flavus [48]. According to literature, cinnamic- and benzoic-derived phenolic
compounds could act as natural host defenses against Fusarium and Aspergillus spp., since their
content was found to be higher in resistant maize genotypes reacting to silk infection than their non-
resistant counterparts [49, 50]. Accordingly, the lower amount of p-hydroxybenzoic acid per dry weight
found in Ailanthus and Humulus trub extracts with respect to Ulva (being 6 and 14 times lower,
respectively) could be consistent with the lower EC50 values. Moreover, even though not specifically
present only in Ulva extract, also vanillin, caffeic acid, flavonols derivatives and rutin may have acted
synergistically with the dominant polyphenols contributing to the high efficacy of the extract, by
interfering with cell wall and membrane structure or ergosterol biosynthesis [35, 36, 51–54]. Besides
that, it is noteworthy that other studies emphasized that bioactive compounds are generally more
effective in whole extract, acting synergistically or additively, rather than as single compounds, and that
minor components are critical for their maximal antifungal activities [55–57]. In addition, Scaglioni et al.
[58] demonstrated that antioxidants, such as carotenoids, present in the complex mixture of a natural
extract, can interact with polyphenols, thereby influencing the overall antifungal effects that cannot be
definitively determined from data on individual compounds alone. The exceptional efficacy of the Ulva
extract, however, suggests the involvement of other potent non-phenolic metabolites in addition to the
polyphenols. Accordingly, using a green and safe extraction method (hydroalcoholic solvent and room
temperature during maceration) optimized for polyphenols, we also specifically tested for the presence
of uronic and sulfated acid groups, characteristic of ulvan polysaccharides, given the potential of these
sulfated biopolymers to contribute significantly to the overall antifungal action. Ulvans have gained great
attention recently as emerging biopolymers easily extractable from algal biomass using hot water and
subsequent ethanol precipitation [41], exhibiting a broad spectrum of biological and antioxidant activities
[59]. Recent scientific studies in agriculture have explored the potential of seaweed ulvans as active
substances for their well-known ability to induce plant resistance against fungal diseases [60, 61] and in
vivo protection in wheat [62] and grapevine [63, 64]. Indeed, treatments with ulvans extracted from U.
lactuca showed several antifungal actions against pathogenic fungi [19, 65, 66]. However, other studies
did not confirm the direct involvement of ulvans in the antifungal processes [62, 67–69]. The presence of
the sulfate group is an essential factor for the antimicrobial and antifungal activities of algal
polysaccharides, as it is correlated with antioxidant action [70]. Discussions on biological activity of
these compounds relate their antifungal action to the sulfated polysaccharides’ interaction with the
mycelium surface, leading to binding with membrane receptors and alterations in plasmalemma
permeability [71]. The protective action in vivo is instead attributed to the stimulation of the plant
defenses (pathogen-related, scavenger proteins, and the oxylipin pathway) rather than a direct antifungal
effect [68]. The explanation for this duality of effects in vivo and in vitro may lie in the multitude of
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structures and compositions that sulfated polymers of algal origin exhibit [72]. Given the superior
antifungal efficacy of the Ulva treatment, this bio-extract demonstrates significant potential for future in
vivo and field-scale applications directed at the biocontrol of maize and the mitigation of mycotoxin
contamination. Consequently, further research is still necessary to fully understand ulvans and Ulva
bioextract mechanisms and effectiveness.

5. Conclusion and future perspectives
In conclusion, we have proven that Ulva natural bio-extract exhibited a significantly higher in vitro
antifungal efficacy against A. flavus compared to other polyphenol-rich extracts from processing waste
or environmental collected biomass. The unique composition of Ulva extract, including specific
polyphenols and ulvan polysaccharides, could synergistically contribute to its higher effectiveness.
Additionally, the well-established role of these compounds in stimulating plant defense responses or
regulating hormonal pathways, also highlights their potential as bio-stimulants. This dual functionality
could contribute to reducing fungal pathogens’ growth by enhancing the plant defenses. These findings
pave the way for a deeper understanding of the underlying mechanisms and further investigation into
their possible application for alternative management of fungal diseases in open-field conditions. Future
work could therefore prioritize the controlled cultivation of these Ulva species to ensure a uniform
biomass or establish a quality control metric based on key marker compounds to guarantee batch-to-
batch consistency for the eventual standardization process. In conclusion, the final observed antifungal
efficacy across all three extracts (Humulus trub, Ailanthus and Ulva) should be considered not solely a
function of the quantified phenolic compounds, but rather a composite result stemming from the
synergistic action of diverse specialized metabolites. Future work is crucial to move beyond correlation
and implement bioassay-guided fractionation to precisely dissect the quantitative contribution of these
non-phenolic principles. Researchers must, however, consider that the isolation of pure active
compounds is often challenging due to the potential chemical degradation during purification or the loss
of synergistic effects from other minor components present in the original crude extract [73, 74].
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Figures

Figure 1

In vitro dose-response curves displaying the antifungal activity of the three most efficient extracts; each
extract of Ailanthus, Humulus trub and Ulva was serially diluted in sterile water and evaluated by well
diffusion testing and each dose-response curve was calculated using a 4-parameter logistic fit function.
The full model was represented by the formula y = α + δ / (1 + η * exp (-e * (x - φ)))^(1 / η), where α =

Page 20/23



lower limit, δ = upper limit, η = slope of the curve, φ = EC50, eventually simplified according to the Akaike
Information Criterion. At least three different replicates of data for each concentration were used.

Figure 2

Boxplots of one-way ANOVA analysis for extract effect on logistic parameters of antifungal activity dose-
response curve; a δ = upper limit; b φ = EC50. The actual values of δ were 91.3±4 (Ulva), 94.8±0.9
(Ailanthus), and 52.9±2.5 % (Humulus trub), whereas for φ 14.2±0.4 (Ulva), 140.7±1.1 (Ailanthus) and
113.7±4.2 mg/mL (Humulus trub). Different letters denote a statistically significant difference (p < 0.01)
between extracts. Vertical lines correspond to minimum and maximum values, colored boxes are
delimitated by first and third quartiles, horizontal line inside the boxes represents the median. The lower
limit (α) and the slope of the curve (η) are not shown; η was found to be not significantly different among
the three extracts
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Figure 3

Principal Component Analysis (PCA) of the polyphenolic composition in Ailanthus, Humulus trub and
Ulva
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Figure 4

Effect of Ulva extract on A. flavus conidial germination; inhibition effect of different concentrations of
Ulva on a germ tube length (µm); b on conidial germination (% of A. flavus after 16 h of incubation at
28°C. Values are mean ± SD. Different letters denote a statistically significant difference (p < 0.01)
between concentrations

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

SupplementaryMaterial.docx

Page 23/23

https://assets-eu.researchsquare.com/files/rs-8599991/v1/072149d597b6c4c519fa9ea6.docx

