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Summary. Flavonoids and phenolic acids play roles in grapevine defence against path-
ogens causing grapevine trunk diseases (GTDs). Rutin is a major flavonoid in vegeta-
tive organs of the grapevines, and this compound, unlike other flavonoids, is non-toxic 
and non-oxidizable. Rutin was assayed in vitro and in vivo against two Botryospha-
eriaceae taxa. The limited bioavailability of this compound was circumvented by con-
jugation with stevioside, a glycoside obtained from Stevia rebaudiana. Clear synergis-
tic effects were observed for the stevioside-rutin adduct, resulting in EC50 and EC90 
values of 306.0 and 714.9 μg·mL-1 against Neofusicoccum parvum and 241.6 and 457.8 
μg·mL-1 against Dothiorella viticola. In greenhouse experiments, moderate inhibition of 
N. parvum growth and complete inhibition of D. viticola were observed. These inhibi-
tory effects were greater than those of ferulic acid, which has been considered the most 
effective phenolic acid against GTDs. Conjugation with stevioside provided solubility 
enhancement of rutin, paving the way to the design of glycopesticides based on rutin-
rich plant extracts as promising antifungals against GTDs.

Keywords. Antifungal, Botryosphaeria dieback, candyleaf, GTDs, rutoside.

INTRODUCTION

Grapevine (Vitis vinifera L.) cultivars can be severely affected by many 
pathogens, including fungi, bacteria, oomycetes, and viruses. Grapevine 
trunk diseases (GTDs) have long been responsible for significant econom-
ic losses, with some of these diseases being well-known for more than 100 
years. The interest of the viticulture sector in this group of diseases has 
increased in the last three decades, due to, firstly, increased mortality of 
young nursery-produced grapevine plants, especially 1–3 years after planting 
in the field, and secondly, the progressive suspension of the use of chemical 
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fungicides, which has resulted in progressive increases in 
the incidence and losses due to these diseases.

Current agricultural policies are provoking inter-
est in the development of alternative, naturally-derived 
antifungal products for the sustainable management 
of grapevine diseases. However, there are other fac-
tors directly or indirectly involved in the expansion 
of GTDs, in young and mature vineyards. Some fac-
tors are related to changes in cultural practices, such 
as reduced protection of pruning wounds or reduc-
tions in sanitary control measures in certified propaga-
tion material (Graniti et al., 2000). It is also commonly 
accepted that a correlation exists between the increase 
in the incidence of decay of young grapevine plants 
and increased demand for new plantings or replace-
ments in the different world production areas. This has 
led to the advocation of a system where infected prop-
agation material from nurseries is considered the pri-
mary source of inoculum causing young vine decline. 
Numerous studies (see Surico (2001) and Fourie and 
Halleen (2004)) have correlated the presence of particu-
lar fungi causing propagation material decay in nurser-
ies with the dead of grapevine plants in the very first 
years after vineyard planting.

Natural compounds that have been tested against 
the three main GTDs (Botryosphaeria dieback, Esca 
complex, and Eutypa dieback) include chitosan, gar-
lic extract, tea tree (Melaleuca alternifolia (Maiden 
& Betche) Cheel) oil, green coffee extract, lemon peel 
extract, honey, propolis, seaweed extract, and saponins 
(Mondello et al., 2018). Nonetheless, few studies have 
focused on the specific bioactive phytochemicals associ-
ated with these natural extracts and compounds, which 
could provide increased efficacy for products with vari-
able phytochemical composition, resulting from genetic 
variability, and/or environmental variability influenced 
by weather or soil fertility.

Phytoalexins, which in grapevines are phenolic 
compounds including tannins, phenolic acids, flavo-
noids, and stilbenes, are involved in grapevine defence, 
increasing host resistance to pathogens (Del Río et 
al., 2004). The progression of fungal pathogens along 
grapevine wood is inhibited by polyphenol-rich reac-
tion zones (Fontaine et al., 2016). The possible roles of 
phenolics in defence against GTD casual agents were 
studied by Lambert et al. (2012a), who analysed the in 
vitro effects of 24 grapevine compounds (eight phenolic 
acids, three flavan-3-ols, two flavonols, and 11 stilbe-
noids) on six Botryosphaeriaceae taxa. They showed 
that these pathogens were differentially susceptible 
to phenolics, and concluded that ferulic acid (trans-
4-hydroxy-3-methoxycinnamic acid) was one of the 

most active compounds, causing an inhibition compa-
rable to that from the stilbenoids ε-viniferin, vitisin A 
and B, or trans-pterostilbene. However, Lambert et al. 
(2012a) detected no inhibitory activity on any wood 
disease fungi for f lavonols (kaempferol and querci-
tin) and flavan-3-ols [(+)-catechin, (−)-epicatechin, and 
epicatechin-3-O-gallate]. In some cases, these com-
pounds enhanced the growth of some of the assayed 
fungi. In contrast, other authors have reported that 
catechin inhibited fungi involved in Petri disease, and 
other GTDs (caused by Phaeomoniella chlamydospora 
(W. Gams, Crous, M.J. Wingf. & Mugnai) Crous & W. 
Gams, Phaeoacremonium aleophilum W. Gams, Crous, 
M.J. Wingf. & L. Mugnai, Eutypa lata (Pers.) Tul & C. 
Tul, and Stereum hirsutum (Willd.) Pers.) (Del Río et 
al., 2004). Furthermore, the antifungal efficacy of fla-
vonoids is well-recognised (Jin, 2019; Al Aboody and 
Mickymaray, 2020). To gain further insight into these 
conf licting results, the present study compared the 
effectiveness of the flavonoid-3-O-glycoside rutin (also 
known as rutoside, phytomelin, or quercetin 3-O-ruti-
noside) with that of ferulic acid. Rutin is one of the 
most abundant polyphenols (excluding stilbenes) in the 
vegetative organs of grapevine plants, found at mean 
concentrations of 257 mg·kg-1 (Goufo et al., 2020), and 
has significant antimicrobial activity (Ganeshpurkar 
and Saluja, 2017). The use of rutin is advantageous com-
pared with other flavonoids as it is non-toxic and non-
oxidizable (Sharma et al., 2013).

Low water-solubility of phenolic acids, e.g., feru-
lic acid (Shakeel et al., 2017) and flavonoids (Chebil et 
al., 2007), can limit their bioavailability and applicabil-
ity (Hussain et al., 2017). This may be circumvented 
through the formation of inclusion compounds or con-
jugate complexes with terpene glycosides (Nguyen et al., 
2017). Stevioside (the major constituent of Stevia rebau-
diana (Bertoni) Bertoni extract) may be a suitable option 
to form conjugate complexes, resulting in enhanced 
antifungal activity. Clear synergistic effects have been 
reported from the conjugation of phenolic acids with 
stevioside against Fusarium culmorum (Wm.G.Sm.) 
Sacc. (Buzón-Durán et al., 2020) and Phytophthora cin-
namomi Rands (Matei et al., 2018b).

The goal of the present study was to assess the in 
vitro and in vivo antifungal activities of rutin against 
the two most important Botryosphaeriaceae taxa that 
cause GTDs, especially of young grapevines. Rutin was 
assessed alone and in a conjugate complex with stevio-
side, and was compared with ferulic acid as a reference 
substance. This information should be useful for selecting 
promising plant sources of natural antifungal products 
for use in organic or integrative viticulture.
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MATERIALS AND METHODS

Reagents

Rutin hydrate (CAS 207671-50-9, ≥94%), ferulic 
acid (CAS 537-98-4, European Pharmacopoeia reference 
standard), sodium alginate (CAS 9005-38-3), calcium 
carbonate (CAS 471-34-1, ≥99.0%), and methanol (CAS 
67-56-1, UHPLC, suitable for MS) were supplied by Sig-
ma-Aldrich/Merck KGaA (Darmstadt, Germany). Stevi-
oside (CAS 57817-89-7, 99%) was purchased from Wako 
Chemicals GmbH (Neuss, Germany). Potato dextrose 
agar (PDA) was supplied by Becton, Dickinson & Com-
pany (Franklin Lakes, NJ, USA). 

Fungal isolates

Neofusicoccum parvum (Pennycook & Samuels) 
Crous, Slippers & A.J.L. Phillips (code ITACYL_F111; 
isolate Y-091-03-01c; isolated from ‘Verdejo’ cultivar 
grapevines in a nursery in Navarra, Spain, in 2006) and 
Dothiorella viticola A.J.L. Phillips & J. Luque (code ITA-
CYL_F118; isolate Y-103-08-01; isolated from grapevines 
in Extremadura, Spain, in 2004) were supplied as lyo-
philized vial cultures (later reconstituted and refreshed 
as PDA subcultures) by the Agricultural Technologi-
cal Institute of Castilla and Leon (ITACYL, Valladolid, 
Spain) (Martin and Cobos, 2007).

Preparation of bioactive formulations

Treatments based on pure stevioside, rutin, or feru-
lic acid were prepared by dissolving the respective com-
pounds in Milli-Q water (stevioside) or methanol (for 
rutin and ferulic acid), without further purification. 

Ultrasonication-assisted aqueous biphasic system sep-
aration was used to prepare the stevioside-polyphenol con-
jugate complexes in a 1:1 molar ratio. 50 mL of an aque-
ous solution of stevioside (126 mg, MW = 804.87 g·mol-1, 
0.156 mM) were mixed with a 50 mL methanol solution of 
either ferulic acid (95.2 mg, MW = 610.517 g·mol-1, 0.156 
mM) or rutin (75.3 mg, MW = 482.44 g·mol-1, 0.156 mM). 
The solutions were sonicated with a probe-type UIP1000h-
dT ultrasonicator (Hielscher, Teltow, Germany; 1000 W, 20 
kHz) for 15 min, keeping the temperature below 60°C.

For in vivo experiments, the conjugate complexes 
were dispersed in a calcium alginate matrix, in the form 
of hydrogel beads. The beads were prepared as follows: 
each bioactive product was added to a 3% sodium alginate 
solution in a 2:8 ratio (20 mL bioactive product:80 mL 
sodium alginate), and this solution was then dispensed 

drop by drop onto a 3% calcium carbonate solution to 
spherify (polymerize) the solution. Beads of ⌀ = 0.4–0.6 
cm containing the different treatments were obtained.

In vitro tests of mycelium growth inhibition

The biological activity of the different treatments 
was determined using the agar dilution method, incor-
porating aliquots of stock solutions into PDA medium 
to provide final concentrations of 62.5, 93.75, 125, 187.5, 
250, 375, 500, 750, 1000, and 1500 µg·mL−1. Mycelium 
plugs (⌀ = 5 mm) of each pathogen from the edges of 
7-day-old cultures were transferred to plates filled with 
amended media (three plates per treatment and concen-
tration). Plates containing only PDA without amend-
ment were used as experimental controls. The experi-
ment was carried out twice.

Radial mycelium growth was determined by calcu-
lating the average of two perpendicular colony diameters 
for each replicate. Mycelium growth inhibition, after 
7 days of incubation at 25°C in the dark for each treat-
ment and concentration, was calculated according to the 
formula: ((dc-dt)/dc) × 100, where dc is the average fungal 
colony diameter in the experimental control and dt is the 
average colony diameter treated with composite.

Fitting the radial growth inhibition values (%) with a 
DoseResp function, using an orthogonal distance regres-
sion (ODR) algorithm, allowed expression of the results 
as 50% (EC50) and 90% (EC90) effective concentrations.

For treatment interactions, synergy factors (SF) were 
estimated using Wadley’s method (Levy et al., 1986). 
This method assumes that one component of a mixture 
can substitute at a constant proportion for the other 
component. The expected effectiveness of the mixture 
is then directly predictable from the effectiveness of the 
constituents if the relative proportions are known (as in 
this case). The synergy factor (SF) was estimated as:

where a and b are the proportions of the products A and 
B in the mixture and a + b = 1, EDA and EDB are their 
equally effective doses, ED(exp) is the expected equally 
effective dose and ED(obs) is the equally effective dose 
observed in the experiment.

If SF = 1, the hypothesis of similar joint action (i.e., 
additivity) can be accepted; if SF > 1, there is syner-
gistic action; and if SF < 1, there is antagonistic action 
between the two fungicide products.
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Greenhouse bioassays on grafted plants

The protective capabilities of the most promising 
formulations and dosages, as indicated from the in vitro 
mycelium growth inhibition experiments, were further 
assayed in grafted plants against the two selected Bot-
ryosphaeriaceae, using the method described by Buzón-
Durán et al. (2021). Briefly, 68 plants were used, half of 
which were 2-year-old ‘Tempranillo’ vines (CL. 32 clone) 
grafted on 775P rootstock, and the rest were 1-year-old 
‘Garnacha’ vines (VCR3 clone) grafted on 110R root-
stock. The two cultivars were tested to assess potential 
differences in their sensitivity to the pathogens under 
study. The cultivar choice was guided by the relevance of 
‘Tempranillo’ and ‘Garnacha’ in the protected designa-
tions of origin in Aragón, Spain.

Plants were grown on 3.5 L capacity plastic pots 
containing a mixed substrate of moss peat and sterilized 
natural soil (75:25), to which a slow-release fertilizer was 
incorporated when needed. The plants were kept in a 
greenhouse with drip irrigation and anti-weed ground 
cover for 6 months (from June to December 2020).

One week after placing in the greenhouse, the 
grapevine plants were artificially inoculated with the 
two pathogens (N. parvum and D. viticola) and simul-
taneously treated with either the stevioside−rutin or 
the stevioside−ferulic acid treatment. Inoculations of 
both pathogens and bioactive products were carried 
out directly on the trunks of the living plants at two 
sites on each plant, at least 5 cm apart from each other, 
and below the grafting point (and not reaching the root 
crown). For the pathogens, agar plugs from 5-day-old 
fresh PDA cultures of each species were used as the fun-
gal inoculum. At the two inoculation points, slits (⌀ ≈ 15 
mm, 5 mm deep) were made with a scalpel. Agar plugs 
(⌀ = 5 mm) were then placed so that the mycelium was 
in contact with the stem vascular tissue. The beads con-
taining the bioactive product were then placed at both 
sides of the agar plug, and the agar plug and beads were 
covered with cotton soaked in sterile double distilled 
water and sealed with ParafilmTM tape.

Five repetitions were arranged for each pathogen/
bioactive product and plant (cultivar/rootstock) combi-
nation. Four positive controls/(pathogen*cultivar) and 
three negative controls (only the bioactive product) for 
each treatment were used (Table 1).

During the assay period, cuprous oxide (75%) was 
applied in mid-July to control downy mildew outbreaks, 
together with a first sprouting (followed by periodic 
sprouting). Amblyseius (Typhlodromips) swirskii Athias-
Henriot was used for the biological control of whitefly, 
thrips, and spider mite; Encarsia formosa Gahan/Eret-

mocerus eremicus Rose & Zolnerowich for whitefly; and 
Aphelinus abdominalis Dalman for aphids at the end of 
July (Biobest Group NV, Almería, Spain). The grapevine 
plants were visually examined each week throughout the 
assay period for the presence of foliar symptoms (includ-
ing interveinal and veinal necroses). 

At the end of the experiment, plants were removed 
and two transversal sections of each inoculated stem, 
between the grafting point and the root crown, were 
prepared and sectioned longitudinally. The effects of 
the inoculated fungi were evaluated by measuring the 
lengths of longitudinal vascular necroses in each direc-
tion from the inoculation point.

Samples from the assayed plants were further pro-
cessed to re-isolate the previously inoculated fungi, 
and to fulfill Koch’s postulates. Wood chips (length = 
5 mm) exhibiting vascular necroses (1–2 cm around the 
wounds) were washed, surface sterilized, and placed in 
PDA plates amended with streptomycin sulphate (to 
avoid bacterial contamination). The plates were incubat-
ed at 26°C in the dark for 2–3 days in a culture chamber. 
Emerging colonies were identified based on their mor-
phological characters. A selection of the isolates recov-
ered from vascular lesions was identified by comparing 
ribosomal ITS sequences with those from the inoculated 
isolates.

Table 1. Details of plant/treatment combinations for the greenhouse 
bioassay. Each grafted plant was inoculated at two sites below the 
grafting point.

Plant Treatment Pathogen Number of 
replicates

‘Tempranillo’ 
(CL. 32 clone) 
on 775P 
rootstock

Stevioside-
ferulic acid

N. parvum 5
D. viticola 5
Nil (negative control) 3

Stevioside-
rutin

N. parvum 5
D. viticola 5
Nil (negative control) 3

Nil (positive 
control)

N. parvum 4
D. viticola 4

‘Garnacha’ 
(VCR3 clone)  
on 110R 
rootstock

Stevioside-
ferulic acid

N. parvum 5
D. viticola 5
Nil (negative control) 3

Stevioside-
rutin

N. parvum 5
D. viticola 5
Nil (negative control) 3

Nil (positive 
control)

N. parvum 4
D. viticola 4
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Statistical analyses

Given that the homogeneity and homoscedasticity 
requirements were satisfied, according to Shapiro–Wilk 
and Levene tests, the results of the in vitro mycelium 
growth inhibition experiments were statistically ana-
lyzed using one-way analysis of variance (ANOVA), fol-
lowed by post hoc comparison of means through Tukey’s 
test at P < 0.05. For the greenhouse assays, since nor-
mality and homoscedasticity requirements were not 
met, Kruskal-Wallis non-parametric test was used, with 
Conover-Iman test for post hoc multiple pairwise com-
parisons. R statistical software was used for all the sta-
tistical analyses (R Core Team, 2020).

RESULTS

In vitro tests of mycelium growth inhibition

From in vitro tests (Figure 1 and Figure S1), greater 
antifungal activity was recorded from stevioside or rutin 
alone than for ferulic acid against both Botryospha-
eriaceae taxa, especially against N. parvum (Table S1). 
Statistically significant increases in antifungal activity 
were observed for the stevioside-rutin and stevioside-
ferulic acid conjugate complexes. For stevioside-rutin, 
almost complete inhibition of N. parvum occurred at 
1000 μg·mL-1, and for D. viticola complete inhibition was 
observed at 750 μg·mL-1, compared with 1500 μg·mL-1 
for the non-conjugated compounds against both fungi. 
For the ferulic acid adduct, efficacy was also slightly low-
er than that of the rutin adduct: concentrations of 1500 

and 1000 μg·mL-1 were required for complete inhibition 
of N. parvum and D. viticola, respectively. Inhibition of 
64% for N. parvum and 74% for D. viticola resulted from 
the 1500 μg·mL-1 ferulic acid treatment.

Comparison of EC50s and EC90s (Table 2) for colony 
diameter measurements corroborated the lower EC val-
ues for rutin than for ferulic acid, especially against D. 
viticola. On the basis of the EC90 values, synergism was 
observed for the two complexes, with SF values close to 
1.45 for N. parvum, and ranging from 1.6 to 2.2 for D. 
viticola.

Greenhouse bioassays with grafted plants

After removing, cutting, and measuring vascular 
necroses present in the different treated plants, no statis-
tically significant differences were detected between cul-
tivar/rootstock combinations, as shown in Table S2.

Statistically significant differences were detected 
for mean lengths of vascular necroses between treated 
and non-treated plants for both pathogens. Against 
N. parvum (Figure 2), the two assayed formulations 
gave similar results (Table 3). Against D. viticola, the 
stevioside-rutin treatments gave a greater reduction 
in lesion lengths than the stevioside-ferulic acid treat-
ment, as it occurred in the in vitro tests (Table 4). 
Mean lengths of necroses for the treated plants were 
not significantly different from those of the negative 
controls (i.e., those from plants treated with conju-
gate complexes without pathogens), indicating strong 
inhibition of D. viticola. Lesions from the two negative 
controls were similar.

Figure 1. Mean colony radial diameters for Neofusicoccum parvum and Dothiorella viticola strains when cultured in PDA plates containing 
the different treatments) at concentrations ranging from 62.5 to 1500 μg·mL-1. Means accompanied by the same letters are not significantly 
different (P < 0.05), and bars indicate standard deviations.
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Table 2. Mean EC50s and EC90s (µg·mL−1; ± standard errors), and calculated synergy factors (S.F.).

Pathogen Effective 
Concentration Stevioside Rutin Ferulic acid Stevioside– 

rutin S.F. Stevioside– 
ferulic acid S.F.

N. parvum EC50 154.9±13.5 656.9±25.4 1394.4±63.0 306.0±23.6 0.82 435.6±66.8 0.64
EC90 923.8±56.7 1156.5±72.2 4121.3±313.5 714.9±31.9 1.44 1032.2±43.1 1.46

D. viticola EC50 309.6±16.6 575.1±34.9 1287.2±51.3 241.6±12.8 1.67 574.4±46.3 0.87
EC90 1007.1±66.0 981.1±58.6 2948.6±168.0 457.8±21.7 2.17 921.8±72.5 1.63

Figure 2. Foliar symptoms and vascular necroses observed in grapevine plants artificially inoculated with Neofusicoccum parvum and treat-
ed with two conjugate complexes of natural products. Top row, left to right; general aspect of plants treated with N. parvum (positive con-
trol), stevioside-ferulic acid, stevioside-rutin, N. parvum + stevioside-ferulic acid and N. parvum + stevioside-rutin. Bottom row; vascular 
lesions after sectioning the stems of the grapevine plants in the top row.
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Table 3. Mean lengths of the vascular necroses in grapevine plants 
after inoculations with Neofusicoccum parvum. Mean of rank values 
accompanied by the same letters are not significantly different (P < 
0.05; Kruskal-Wallis test, and multiple pairwise comparisons using 
the Conover-Iman procedure).

Treatment Mean of ranks Groups

Stevioside-rutin negative control 42.573 A   
Stevioside-ferulic acid negative control 48.188 A
Stevioside-rutin 145.656  B
Stevioside-ferulic acid 155.638  B
Positive control 183.313   C

Table 4. Mean lengths of vascular necroses in grapevine plants after 
inoculations with Dothiorella viticola. Mean of rank values accom-
panied by the same letters are not significantly different (P < 0.05; 
Kruskal-Wallis test, and multiple pairwise comparisons using the 
Conover-Iman procedure).

Treatment Mean of ranks Groups

Stevioside-rutin 90.472 A
Stevioside-rutin negative control 110.813 A B
Stevioside-ferulic acid negative control 123.713 B C
Stevioside-ferulic acid 145.632 C
Positive control 260.766 D

DISCUSSION

Comparison with reported antifungal efficacies for bioac-
tive substances

When comparing results of sensitivity of fungal 
pathogens to exposure to fungicidal compounds, suscep-
tibility profiles in these microorganisms are usually spe-
cies, and isolate-dependent, so comparisons of effective 
concentrations discussed below should be taken with 
caution.

Previous research has advocated ferulic acid as the 
phenolic acid having the strongest anti-fungal activ-
ity (Lambert et al., 2012a; Sabel et al., 2017; Zabka and 
Pavela, 2013). In assessments of the efficacy of feru-
lic acid against GTDs, Lambert et al. (2012b) assayed 
a concentration of 500 μM (97 μg·mL-1), and measured 
in vitro growth inhibitions of 23% against N. parvum 
strain PER20 and 35% against N. parvum strain Bp0014. 
However, these authors did not report MIC or EC val-
ues for ferulic acid against these fungi. Gómez et al. 
(2016) reported EC50 values of 3530 μg·mL-1 for feru-
lic acid against several Botryosphaeriaceae species and 
4740 μg·mL-1 against Phaeoacremonium minimum (Tul. 
& C. Tul.) Gramaje, L. Mostert & Crous. Dekker et al. 

(2002) reported 62% inhibition for ferulic acid against 
Botryosphaeria Ces. & de Not. species at 25 mM (4855 
μg·mL-1), with an EC50 value of 15 mM (2913 μg·mL-1). 
In general terms, EC50s in these reports were 2 to 3 
times greater than those recorded in the present study 
(1340 and 1454 μg·mL-1). Srivastava et al. (2013) test-
ed ten naturally occurring phenolic compounds from 
plants against isolates from different Botryosphaeriaceae 
genera (viz. Lasiodiplodia theobromae (Pat.) Griffon & 
Maubl., B. obtusa (Schwein.) Shoemaker, and Neofusico-
ccum ribis (Slippers, Crous & M.J. Wingf.) Crous, Slip-
pers & A.J.L. Phillips)). They reported that ferulic acid 
at 25 mM (4855 μg·mL-1) gave ca. 80% mycelium growth 
inhibition of L. theobromae and ca. 70% inhibition of 
N. ribis, while 100% inhibition was attained at 20 mM 
(3885 μg·mL-1) for B. obtusa. These concentrations are 
similar to the EC90 values obtained in the present study 
against N. parvum (3230 μg·mL-1) and D. viticola (3921 
μg·mL-1).

Zabka and Pavela (2013) assessed the efficacy of 21 
phenolic components of essential oils and plant sub-
stances against several toxicogenic filamentous fungi. 
They reported MIC values >1000 μg·mL-1 for ferulic acid 
against Fusarium oxysporum Schltdl., F. verticillioides 
(Sacc.) Nirenberg, Penicillium brevicompactum Dierckx, 
P. expansum Link, Aspergillus flavus Link, and A. fumig-
atus Fresen. EC50 values ranged from 411 (P. expan-
sum) to 895 μg·mL-1 (A. flavus). Wu et al. (2010) found 
that ferulic acid inhibited conidium germination of the 
watermelon soil-borne pathogen F. oxysporum f. sp. nive-
um (E.F. Sm.) W.C. Snyder & H.N. Hansen at concentra-
tions of 800 μg·mL-1. Asiegbu et al. (1996) reported that 
ferulic acid at 5000 μg·mL-1 severely repressed growth of 
the lignocellulolytic fungi Trichoderma harzianum Rifai, 
Chaetomium cellulolyticum Chahal & D. Hawksw., Phan-
erochaete chrysosporium Burds., Trametes versicolor (L.) 
Lloyd and Pleurotus sajor-caju (Fr.) Singer. Ferulic acid 
or ferulic acid-rich extracts have also been suggested as 
natural alternatives for reducing post-harvest fruit loss-
es. Hernández et al. (2021) reported almost 100% inhibi-
tion of Monilinia fructicola (G. Winter) Honey at a dose 
of 2 mM (390 μg·mL-1), and 90% inhibition of Alternaria 
alternata (Fr.) Keissl. at 3 mM (583 μg·mL-1), and of Bot-
rytis cinerea Pers. at 7.5 mM (1457 μg·mL-1).

There have been no previous reports of the antifun-
gal activity of rutin against GTDs. To date, more than 70 
plant species have been shown to contain rutin (Gullón 
et al., 2017), and different plant extracts with high con-
tents of this compound have shown inhibitory effects on 
the growth of fungi. Devi et al. (2007) found significant 
growth inhibition from extracts of Eupatorium birmani-
cum DC [Eupatorium cannabinum subsp. cannabinum] 
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against F. oxysporum (at 1000 ppm), Curvularia lunata 
Boedijn (at 500 ppm), and Trichoderma viride Pers. (at 
100 ppm). Salvador et al. (2004) showed that ethanolic 
extracts from Alternanthera maritima (Mart.) St. Hil 
gave moderate inhibition of Candida albicans (C.P. Rob-
in) Berkhout, C. tropicalis (Castell.) Berkhout, C. glabra-
ta (H.W. Anderson) S.A. Mey. & Yarrow, C. parapsilosis 
(Ashford) Langeron & Talice, Trichophyton mentagro-
phytes C.P. Robin) R. Blanch. and T. rubrum (Castell.) 
Sabour. Pure rutin against the same fungi gave MIC val-
ues of 500 μg·mL-1.

Parvu et al. (2015) found rutin contents of 130 
μg·mL-1 in flower extracts of Hedera helix L. (ivy), and 
170 μg·mL-1 in fruit extracts of the same plant, and 
assayed these against Aspergillus niger Tiegh., B. cinerea, 
F. oxysporum f. sp. tulipae Apt., Penicillium gladioli L. 
McCulloch & Thom, and Sclerotinia sclerotiorum (Lib.) 
Korf & Dumont. Full inhibition of mycelium growth of 
these fungi was attained at concentrations of 8 to 12% 
for flower extracts, and of 10 to 14% for fruit extracts.

Elansary et al. (2020a) assayed the stem extracts of 
six Ferocactus species (F. gracilis, F. pottsii, F. herrerae, 
F. horridus, F. glaucescens, and F. emoryi), with rutin 
contents of up to 108 mg per 100 g DW, against sev-
eral bacteria and fungi. They found strong antifungal 
effects against A. flavus, A. ochraceus, A. niger, C. albi-
cans, Penicillium funiculosum, and P. ochrochloron (with 
MICs from 100 to 730 μg·mL-1). They found slightly 
greater rutin concentrations (139 mg/100 g DW) in Oci-
mum basilicum L. (basil), giving MIC values from 290 
to 560 μg·mL-1 against these fungal pathogens (Elansary 
et al., 2020d). Much greater rutin concentrations (1533 
and 1010 mg/100 g DW) were found in leaves of Acacia 
saligna L. and Ruta graveolens L. leaves by Elansary et 
al. (2020b; 2020c). In the associated in vitro assays, con-
ducted for the leaf methanolic extracts and several pure 
bioactive compounds detected by high-performance 
liquid chromatography–diode array detection (HPLC-
DAD), these authors found MIC values against the dif-
ferent fungi ranging from 180 to 300 μg·mL-1 for pure 
rutin, from 300 to 580 μg·mL-1 for A. saligna extract, 
and from 330 to 780 μg·mL-1 for R. graveolens extract.

Concerning the antifungal activity of stevioside (Ste-
via rebaudiana extracts), Ghosh et al. (2008) and Abou-
Arab and Abu-Salem (2010) reported growth inhibi-
tion effects against A. solani, Helminthosporium solani, 
A. niger, A. ochraceus K. Wilh., A. parasiticus Speare, 
A. flavus, and Penicillium chrysogenum Thom, but MIC 
values were not determined in these studies. Arya et al. 
(2012) also demonstrated the antifungal activity of ste-
vioside (at 50000 μg·mL-1) against A. flavus, A. fumiga-
tus, A. niger, and Fusarium oxysporum. Abdel-Fatt et 

al. (2018) measured MIC values of 250 to 300 μg·mL-1 
for stevioside against A. flavus, A. ochraceus, A. niger, 
and Fusarium moniliforme Sheldon. Shukla et al. (2013) 
reported stevioside MIC values of 3 mg·mL−1 against B. 
cinerea and 2 mg·mL−1 against F. oxysporum, and Guerra 
Ramírez et al. (2020) found that the hexane extract of 
stevioside at 833 ppm inhibited mycelium growth of F. 
oxysporum by up to 50%.

No data are available on the antifungal activity of 
stevioside-polyphenol conjugate complexes against fun-
gi associated with GTDs. Buzón-Durán et al. (2020) 
reported an EC50 of 123 µg·mL-1 and an EC90 of 160 
µg·mL−1 against F. culmorum for conjugate complexes 
based on a 1:1 mixture of stevioside with polyphenols 
present in milk thistle seeds (Silybum marianum (L.) 
Gaertn). Composites based on stevioside:ferulic acid 
inclusion compounds (in a 5:1 molar ratio), combined 
with chitosan oligomers in hydroalcoholic solution or 
in choline chloride:urea deep eutectic solvent media, 
were assayed against F. culmorum by Matei et al. (2018a), 
obtaining EC50s ranging from 175 to 292 µg·mL−1 and 
EC90s in the 377 to 713 µg·mL−1 interval, depending on 
the dispersion medium. Inclusion compounds from 
stevioside and ferulic acid in 6:1 ratio, dispersed in a 
hydroalcoholic solution of chitosan oligomers, were also 
assayed against P. cinnamomi by Matei et al. (2018b) 
and Matei et al. (2020), obtaining EC50s of 171 to 229 
µg·mL−1 and EC90s of 446 to 450 µg·mL−1, depending on 
the presence or absence of silver nanoparticles.

Mechanisms of action

The antimicrobial activity of ferulic acid can involve 
different modes of action, mainly related to the desta-
bilization and permeabilization of cytoplasmatic mem-
branes and to enzyme inhibition by the oxidized prod-
ucts (Borges et al., 2013). Phenolic acids also affect the 
physicochemical surface properties of microbial cells, 
given that these compounds are electrophilic and change 
hydrophobicity. Due to their partially lipophilic charac-
ter, it is assumed that ferulic acid crosses cell membrane 
by passive diffusion in undissociated form, disturbing 
cell membrane structure by localized hyperacidifica-
tion, and possibly acidifying the cytoplasm and causing 
protein denaturation. The alteration of cell membrane 
potential makes it more permeable and causes leakage 
of cell constituents, including proteins and nucleic acids. 
Additionally, ferulic acid (like p-coumaric acid and caf-
feic acid) affects the cell membrane structure and rigid-
ity, and alters phospholipid chain dynamics (Ota et al., 
2011). Shi et al. (2016) also noted that ferulic acid causes 
changes in intracellular ATP concentrations.
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The antifungal mechanism of action of flavonoids 
was comprehensively reviewed by Al Aboody and Mick-
ymaray (2020). Flavonoids inhibit fungal growth via 
various underlying mechanisms, including disruption 
of plasma membranes, induction of mitochondrial dys-
function, and inhibition of efflux mediated pumping, 
cell division, cell wall formation, and protein and RNA 
syntheses. For rutin, the mechanisms of pharmacologi-
cal action were summarized by Koval’skii et al. (2014), 
who also noted that this compound can interact with 
various structures at molecular levels (including free 
radicals, protein systems, and enzymes).

In addition to direct effects, which cause reductions 
of fungal growth by altering hyphal morphology, grape-
vine phenolic compounds also exert their actions against 
GTD fungi through indirect effects, via inhibition of 
the extracellular fungal manganese peroxidase (MnP) 
involved in lignin degradation (Gómez et al., 2016). A 
decrease of laccase production and pectinase activity 
of Botryosphaeria isolates resulting from phenolic com-
pounds was also reported by Srivastava et al. (2013).

Khan et al. (2017) suggested that the antimycotic 
activity of phytoglycosides is mediated through differ-
ent and multiple targets that are not fully understood. 
However, there is a consensus that the main antimycotic 
mechanism is related to their ability to complex with 
sterols of fungal membranes. This produces spore-like 
structures that cause pore formations in membranes, 
losses in membrane integrity, and even membrane rup-
ture, leading to fungal cell death.

Solubility and synergistic behaviour

A major disadvantage associated with rutin is its 
poor bioavailability, mainly caused by its low aqueous 
solubility and poor stability. Gullón et al. (2017) indicat-
ed that this hinders the in vivo biological effects of rutin, 
although the compound may have detectable bioactivity 
in different in vitro systems. Common approaches used 
to enhance rutin bioavailability include particle dimi-
nution to the submicron range and complex formation 
with cyclodextrins and various metals. Also, various 
carrier systems have been proposed for rutin delivery, 
including micro- and nano-emulsions, nanocrystals and 
nanosuspensions (Sharma et al., 2013).

An alternative approach is to use steviol glycosides 
as natural solubilizers, an approach that has been suc-
cessfully tested for several natural phenols, such as cur-
cumin (a diarylheptanoid) (Zhang et al., 2011; Nguyen et 
al., 2017), liquiritin (the 4’-O-glucoside of the flavanone 
liquiritigenin) (Nguyen et al., 2014), and betulinic acid (a 
pentacyclic triterpenoid) (Zhang et al., 2016). For rutin, 

Ko et al. (2016) optimized its solubility by the Box-
Behnken design with the aid of microwave treatment 
(instead of ultrasonic treatment, as in the present study). 
Nguyen et al. (2015) attained similar results for querce-
tin, by complexation with rubusoside and rebaudioside, 
finding that as the glycoside concentration increased, 
the solubility of quercetin in water increased, without 
reducing its biological functions. Solubility optimization 
could be responsible for synergistic effects of conjugates 
of the two glycodrugs against GTD pathogens. The same 
rationale may be applied to tentatively explain the syn-
ergy observed for ferulic acid (although this was weaker 
than that attained for rutin).

Opportunities for future GTDs treatments

Levels of phenolic compounds have been reported to 
increase in the discoloured wood of Esca-affected grape-
vines (Agrelli et al., 2009; Amalfitano et al., 2011), while 
phenolic compounds have also been shown to limit fun-
gal development in grapevine vascular tissues (Lambert 
et al., 2012a; Lima et al., 2011). Spagnolo et al. (2014) 
found the greatest levels of total phenolics in the brown 
striped wood of three grapevine cultivars infected with 
N. parvum and Diplodia seriata De Not. Martin et al. 
(2009) showed that stilbene polyphenols such as resvera-
trol and ε-viniferin increased in the wood of vines arti-
ficially inoculated with Phaeomoniella chlamydospora. 
Quercetin-3-O-glucoside and trans-caffeoyltartaric acid 
(analogous to rutin and ferulic acid studied here) were 
associated with resistance to Plasmopara viticola (Berk. 
& M.A. Curtis) Berl. & De Toni in grapevine leaves 
(Ali et al., 2012), and increases in quercetin-3-O-galac-
toside and kaempferol-3-O-glucoside have been found 
in asymptomatic leaves of plants infected with the Bois 
noir phytoplasma (Rusjan et al., 2012).

The approach presented here, based on mimicking 
the grapevine response via intrinsic phenolic compounds, 
along with solubility and bioavailability enhancements, is 
a “natural” and effective way to control the development 
of particular GTD pathogens. Although pure reagents 
were assayed in this study, the results attained indicate 
that selection of natural antifungal compounds could 
show promise. In the case of rutin, extracts from Echino-
dorus grandiflorus (Cham. & Schltdl.) Micheli, Sambucus 
nigra L., Drimys winteri J.R.Forst. or Taraxacum officina-
le Weber ex Wiggins (Meinhart et al., 2020) may deserve 
further attention for large-scale field experiments. If 
plants rich in rutin and ferulic were preferred, the activ-
ity of the extracts from sea buckthorn (Hippophae Rham-
noides L.) (Criste et al., 2020), Rhinacanthus nasutus (L.) 
Kurz (Huang et al., 2015), Artemisia absinthium L., Achil-
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lea millefolium L., Sambucus nigra L. or Salvia officinalis 
L. (Bljajić et al., 2021) could be explored.

CONCLUSIONS

In an attempt to mimic grapevine defence respons-
es against GTDs, the anti-fungal efficacy of rutin, either 
alone or in conjugate complexes with stevioside, was 
assayed against two Botryosphaeriaceae taxa. While the in 
vitro performance of the pure flavonoid-3-O-glycoside was 
moderate, with EC90s of 1157 μg·mL-1 against N. parvum 
and 981 μg·mL-1 against D. viticola, considerable increas-
es in activity (EC90s of 715 and 458 μg·mL-1, respectively) 
were attained for stevioside-rutin. The synergistic behav-
iour (with SFs of 1.44 and 2.17) may be due to solubility 
and bioavailability optimization. Testing of the formula-
tions in greenhouse in vivo conditions showed moderate 
inhibition of N. parvum and full inhibition against D. viti-
cola for the stevioside-rutin treatments. These EC90s and in 
vivo results were consistently better than those found for 
ferulic acid and stevioside-ferulic acid, used as references. 
The promising results attained with this approach provide 
guidance for the selection of new plant extracts that could 
be utilized as antifungal agents in organic viticulture.
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