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Rice blast is a common disease caused by Magnaporthe oryzae which affects rice
production worldwide, including Brazil. To reduce the use of harmful pesticides,
sustainable control options are necessary for managing rice blast. One possible
option is to use plant extracts because they produce secondary metabolites
capable of inhibiting the pathogen and controlling the disease. This study
aimed to evaluate the potential of ethanolic extracts of leaves and flowers
from Banisteriopsis laevifollia, a native Brazilian plant, to antagonise M. oryzae.
In vitro antifungal activity assays were carried out, in which mycelium growth
reduction, conidia germination, and appressorium formation of M. oryzae were
evaluated. In addition, in vivo assay for suppression of leaf blast severity by extracts
was done. We also explored the identification of secondary metabolites from
ethanolic extracts of leaves and flowers by HPLC-HRMS. Results showed that
both leaf and flower extracts inhibited mycelial growth in 21.72% and 30.49%,
respectively, due to the inhibition of ergosterol production. Additionally, both
extracts inhibited melanin production in the mycelium of M. oryzae by inhibiting
tyrosine production. Both leaf and flower extracts significantly inhibited conidia
germination and appressorium formation. Furthermore, rice leaves treated with
the extracts suppressed by 18.17% and 18.97% leaf blast severity, with the 1.00 mg/
mL concentration of flower extract and 0.75 mg/mL concentration of leaf extract,
respectively, showing the most significant reduction of leaf blast. The extracts
contain phenolic compounds, including 2,3,7,8-tetrahydroxy-chromeno-(5,4,3)-
chromene-5,10-dione,  3-(4-hydroxyphenyl)-2-propenoic  acid, 2-(3,4-
dihydroxyphenyl)-3,4-dihydro-1(2H)-benzopyran-3,5,7-triol, 3,4'5,7-
tetrahydroxyflavone, 3',4',5,7-tetrahydroxyflavone, 4'5,7-trinydroxyflavanone,
3,3',4',5,7-pentahydroxyflavone, 3,3',4',5,7-pentahydroxyflavone -3-
O-glucoside, and 3,3',4',5,7-pentahydroxyflavone-3-O-rutinoside, which are
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likely responsible for the antifungal activity of the extracts. Overall, this study
demonstrates the potential of plant extracts as a sustainable alternative for the
management of rice blast.

KEYWORDS

Banisteriopsis genus, Magnaporthe oryzae, rice blast disease, eco-friendly control,
phenolic compound, conidia germination rate

1 Introduction

Rice (Oryza sativa L.) is one of the most important cereal crops
produced in Brazil. It is a standout crop due to its strategic role in
economics, social, and cultural Brazilian issues (Vinci et al., 2023).
With the increase in production, rice blast has emerged as a severe
threat to crop management (Sousa et al., 2021), and it is considered
the most destructive disease of rice crops (Ning et al., 2020) caused
by the pathogen Magnaporthe oryzae B. Couch (asexual morph
Pyricularia oryzae) (Wilson and li, 2009). Magnaporthe oryzae can
infect rice plants at various growth stages causing significant yield
losses ranging from 10% to 100% worldwide (Filippi and Prabhu,
2001; Li et al.,, 2019).

Rice blast management is fundamental to its sustainable
control. In recent years, chemical control has been identified as
a principal way of effectiveness and low cost against rice blast
(Zhang et al., 2022). However, overuse of chemical control triggers
pathogen resistance, bioaccumulation, environmental pollution,
and cancer (Bezerra et al,, 2021; Persuad et al., 2021). Thus, eco-
friendly alternatives, such as plant molecules, have attracted
attention because of their non-residual and low-resistance
effects (Yanping et al, 2023). Hence, plants used in folk
knowledge are great options for researching new molecules
capable of controlling blast.

The genus Banisteriopsis is part of the Malpighiaceae family and
comprises 92 species that present pantropical distribution
(Alexandre et al, 2022). Chemical and biological studies have
focused on the potential of Banisteriopsis genus, revealing the
presence of various classes of secondary metabolites, such as f3-
carboline alkaloids (Frias et al., 2012), flavonoids, anthraquinones
(Freitas et al,, 2015), phenanthrenes (Nunes et al, 2016) and
diterpenoids (Alexandre et al., 2022).

Ethnobotanical studies in traditional communities have
highlighted the folk use of Banisteriopis laevifolia, popularly
known as “cipo-prata” (“silver liane”—Ilit. Translation into
English), for the treatment of ovarian haemorrhage and nephritis,
as a topical antimycotic, and to avoid plagues in some crops (Freitas
et al, 2015; Nunes et al., 2016). Research studies related to the
biological potential of B. laevifolia have reported the antioxidant
activity of extracts of leaves and flowers (Alexandre et al., 2022). In
addition, the essential oil extracted from the leaves of B. laevifolia
showed antifungal activity against yeasts of the genus Candida
(Nunes et al., 2016) and antimicrobial potential related to some
types of periodontitis, such as Fusobacterium nucleatum, Bacteroides
thetaiotaomicron and Porphyronomas gingivalis (Nunes et al., 2016).

Through chemical investigation of the leaves and roots extracts from
B.  laevifolia  has  described  the 1,3,4,5-
tetrahydroxycyclohexane-1-carboxylic acid; 33457
pentahydroxyflavone-3-O-rutinoside; 3,3',4',5,7-pentahydroxyflavone-

presence  of
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3-O-a-rthamnopyranoside; 3,3’ 4',5,7-pentahydroxyflavone-3-
O-glucosilate, ~ 2-(3,4-dihydroxyphenyl)-3,4-dihydro-2H-chromene-
3,5,7-triol;  2,2'-bis(3,4-dihydroxyphenyl)-3,3’ 4,4’ -tetrahydro-2H,2' H-
[4,8'-bi-1-benzopyran]-3,3,5,5',7,7'-hexol Bl  and  2,2"-bis(3,4-
dihydroxyphenyl)-3,3’ 4,4’ -tetrahydro-2H,2'H-[4,8'-bi-1-benzopyran] -
3,3',5,5',7,7'-hexol B2 (Nunes et al., 2016). Presence of flavonoids 5,7-
dihydroxy-2-(4-hydroxyphenyl)-2,3-dihydrochromen-4-one; 3,5,7-
trihydroxy-2-(4-hydroxyphenyl)-chromen-4-one; ~ and ~ 3'4',5,7-
tetrahydroxyflavone, as well as 2,3,7,8-tetrahydroxychromeno (54,3)
34,5-
trihydroxybenzoic acid have been described in the flower’s extracts
(Alexandre et al, 2022). Thus, due to the activity mentioned for B.
laevifolia the analysis of the antagonism against M. oryzae contributes to

chromene-5,10-dione, ~ 4-hydroxycinnamic  acid  and

evaluation of substances that have the potential to be used as eco-friendly
control.

In this way, we aimed to provide detailed information about the
antifungal properties of B. laevifolia extracts against the pathogen M.
oryzae. Thus, this investigation presents findings on the in vitro
antagonistic interaction, as well as the in vivo suppression of leaf
blast in rice by ethanolic extracts of leaves (EEL) and ethanolic
extracts of flowers (EEF) from B. laevifolia.

2 Materials and methods
2.1 Plant material and extraction procedure

Banisteriopsis laevifolia leaves and flowers were previously
collected in Goiénia city, Goids—Brazil and identified by Dr.
Aristonio Magalhdes Teles from the Universidade Federal de
Goids. According to the extraction procedure done by Alexandre
et al. (2022), the extracts of flowers (EEF) (49.7 g, 8.0%) and leaves
(EEL) (79.2 g, 11.0%) were obtained.

2.2 HPLC-ESI-HRMS data acquisition

For the identification of B. laevifolia secondary metabolites, each
extract (1.0 mg) was dissolved in 1.0 mL of methanol and filtered
filter  (0.45um). The
chromatographic separation was carried out using a C18 column

through a  polyester ~membrane
(Agilent®, 4.6 mm x 100 mm, 3.0 um), a mobile phase of deionised
water (phase A) and methanol (phase B), both acidified with 0.1%
formic acid (v/v). The applied gradient was 93:07 (A:B%, v/v), 70:30
(A:B%, v/v) for 10 min, 50:50 (A:B%, v/v) for 5 min, 30:70 (A:B%, v/
v) for 3 min, 20:80 (A:B%, v/v) for 2 min, 100 (B%) for 3 min and
was maintained for 7 min. The running time was 30 min with a flow
rate of 0.3 mL/min, injection volume of 10 pL, and the column
temperature was maintained at 20°C.
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The HPLC-ESI-HRMS/MS system consisted of an Ultimate
3000 HPLC coupled to a Q-Exactive Orbitrap high-resolution mass
spectrometer with heated electrospray ionisation (H-ESI), operated
in the negative mode. The MS parameters used were as follows: a
spray voltage 3.5 kV, a sheath gas flow rate of 30 arbitrary units, an
auxiliary gas flow rate of 10 arbitrary units, a capillary temperature
350°C, an auxiliary gas heater temperature of 250°C, a tube S-lens of
55, an energy of 20 eV, and a data dependent acquisition (DDA)
methodology with a mass range (m/z) from 150 to 750. Compound
monitoring of compounds was carried out using high-resolution full
scan (HRFS) and fragmentation studies were conducted using
parallel reaction monitoring (PRM) experiments.

2.3 Standards compounds

Standard compounds 5,7,3' 4’ -tetrahydroxyflavan-3-ol  (=96%);
3,3’ 4 5,7-pentahydroxyflavone-3-O-rutinoside ~ (=98%);  3,3'4’,5,7-
pentahydroxyflavone (>95%); 3,3'4’,5,7-pentahydroxyflavone-3-O-3-
glucoside (>95%); 4',5,7-trihydroxyflavanone (>95%); 3-hydroxyphenyl-
2-propanoic acid (>98%); 3' 4',5,7-tetrahydroxyflavone (>98%); 34’,5,7-
tetrahydroxyflavone  (=97%); ~ 2,3,7,8-tetrahydroxy-chromeno-(54,3)-
chromene-5,10-dione (>95%) purchased from Sigma-Aldrich (St. Louis,
MO, United States).

2.4 Microorganism

The isolate (BRM 31295) was obtained from leaf lesions of the
cultivar BRS Primavera, according to the isolated and selected by
Dravila et al. (2022). Magnaporthe oryzae isolation for selection of
microorganisms was carried out from collections of rice leaves with
symptoms of rice blast in areas of rice cultivation in irrigated and
upland systems in Brazil, identified morphologically and
molecularly. Magnaporthe oryzae isolates were maintained on
sterilized filter paper disks in freezer at —20 °C in Multifunctional

Collection of Microorganisms from Embrapa Arroz e Feijao.

2.5 Effect of B. laevifolia extracts on in vitro
growth of M. oryzae

The bioassay was conducted in a completely randomised design
with six treatments: four concentrations of EEL and EEF (0.25, 0.50,
0.75, and 1.0 mg/mL), a positive control consisting of pathogens
cultured on potato-dextrose-agar (PDA) in the absence of EEL and
EEF, and a negative control consisting of pathogens cultured with
dimethyl sulfoxide (DMSO). Previously tests were carried out with
DMSO (80, 150, and 200 pL) to evaluate the sensitivity against M.
oryzae mycelial. It was noticed only 80 pL of DMSO did not interfere
in the development of M. oryzae.

Magnaporthe oryzae isolate was grown for 7 days in Petri dishes
containing PDA. After this, extract concentrations were prepared and
incorporated into the PDA medium, and the mixture was transferred
to Petri dishes. Next, a 9 mm mycelial disc of the pathogen was
transferred to the centre of each plate. The treatments were incubated
in a Bio-Oxygen Demand (BOD) chamber at 27°C for 9 days under a
12/12 h (light/dark) photoperiod. When the control colony reached
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the edge of its dish, the diameters of M. oryzae colonies in both assays
were measured using a digital pachymeter in a laminar flow chamber
at 27°C under continuous white light. The colony area and the
amount of reduction were calculated according to Carvalho et al.
(2015).

2.6 Conidial germination and appressorium
formation of M. oryzae

EEF and EEL were diluted in H,O/DMSO (1:1 v/v) to obtain
three suspensions at concentrations of 0.5, 0.75, and 1.0 mg/mL. The
isolate was grown for 7 days in Petri dishes with PDA and then
transferred to dextrose agar. For colony growth, dishes were kept
under continuous white light at 25°C for 7 days. The colonies were
then induced to produce conidia according to Prabhu and Filippi
(2001). The resulting conidial suspension was filtered and adjusted
to 1 x 10° conidia/mL.

Assays were conducted in a completely randomised design
with four treatments and three replicates and organised into
microscopic slides in Petri dishes previously lined with paper
towels moistened with sterile water to provide a high-humidity
environment. A 10 uL aliquot of each treatment was separately
placed on the hydrophobic side of each previously sterilised piece
of parafilm; next, the aliquots and 10 uL of M. oryzae conidial
suspension were mixed. Conidial germination and appressorium
formation were evaluated after 3, 6 and 24 h by observing the slides
under a light microscope (BelAnalyzer Microlmage software was
also used). The control consisted of 20 pL of the M. oryzae conidial
suspension placed on the same type of support under the same
conditions as described above, but mixed with water (Carvalho
et al., 2015).

2.7 Leaf blast severity

The test was carried out in a greenhouse at Embrapa Arroz e
Feijao - Santo Antonio de Goids. Planting was carried out in plastic
trays (15 cm x 30 cm x 10 cm) containing 3 kg of fertilised soil [5 g
of NPK (5-30-15)] and 3 g of ammonium sulphate per 3 kg of soil.
The cultivar used was BRS Primavera. The plants were top-dressed
18 days after planting with 3 g of ammonium sulphate. At 21 days
after planting, the plants (stage V3) were transferred to plastic cages
for inoculation and sprayed with 30 mL of conidia suspension
containing different doses of B. laevifolia extract. The plants were
challenged with isolate of M. oryzae, at an initial concentration of 6 x
10~ conidia/mL, and a final concentration of 3 x 107° conidia/mL
The trial was carried out in a completely randomised design with six
treatments and three replications (T1 - control; T2 - fungicide (Bim”
750 g/kg tricyclazole - 250 g/L per hectare + suspension of M.
oryzae; T3 - 0.75 mg/mL leaves extract + M. oryzae suspension;
T4 - 1.00 mg/mL leaves extract + M. oryzae suspension; T5 -
0.75 mg/mL flowers extract + M. oryzae suspension; T6 -
1.00 mg/mL flowers extract + M. oryzae suspension). Leaf blast
severity (%) was determined at 3, 5 and 7 days after inoculation,
using the area under the disease progress curve (AUDPC), pathogen
latent period (h) and sporulation intensity - IS (conidia/mL)
(Bezerra et al., 2021).
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TABLE 1 Phenolic compounds annotated at flowers and leaves extracts of Banisteriopsis laevifolia.

RT
(time)

m/z
measured

Compound

Error (ppm)

Standard

RT
(time)

m/z
theoretical

Molecular
formula

Mass

3,4,5-trihydroxybenzoic acid 17.31 169.0130 1.01 C,HeO5 169.0215 17.29 EEF
and EEL
5,7,3',4’-tetrahydroxyﬂavan-3-ol 20.21 289.0712 3.30 Cy5H404 289.0726 20.22 EEF
and EEL
3,3',4',5,7-pentahydroxyflavone-3- 25.58 609.1470 274 CyyH30016 609.1456 2559 EEF
O-rutinoside and EEL
3,3',4',5,7-pentahydroxyflavone -3-0-- 25.70 463.0890 242 Ca1Hy001, 463.0876 25.69 EEF
glucoside and EEL
2,3,7,8-tetrahydroxy-chromeno-(5,4,3) 26.51 300.9912 327 Cy4HgOg 300.9985 26.49 EEL
chromene-5,10-dione
3,3’,4’,5,7-pentahydroxyﬂavone 27.84 301.0358 3.70 Cy5H;00, 301.0336 27.83 EEF
and EEL
4',5,7-trihydroxyflavanone 28.14 271.0616 3.16 Cy5H,,05 271.0607 28.14 EEF
and ELL
3-(4-hydroxyphenyl)-2-propenoic acid 25.18 163.0394 1.99 CoHgO3 163.0295 25.20 EEF
3’,4’,5,7-tetrahydroxyﬂavone 28.36 285.0399 3.35 Cy5H;00¢ 285.0399 28.31 EEF
3,4/,5,7-tetrahydroxyflavone 28.99 285.0409 292 C15H1606 285.0399 28.99 EEF

2.8 Statistical analysis

The measurements were performed in triplicate. Data was
evaluated for normal distribution using the Shapiro-Wilk test,
while statistical significance of the samples was carried out using
one-way analysis of variance (ANOVA). The means were compared
by post hoc Tukey test (p < 0.05). The leaf blast severity data were
transformed (4/x + 0.5).

3 Results

3.1 Identification of secondary metabolites
from B. laevifolia

HPLC-HRMS analysis of EEL and EEF from B. laevifolia
identified the chemical structures of several flavonoids and
phenolic acids, such as, 3,4,5-trihydroxybenzoic acid, 3,3'4',5,7-
pentahydroxyflavone,  3,3',4’,5,7-pentahydroxyflavone-3-O-glucoside,
3,3',4',5,7-pentahydroxyflavone-3-O-rutinoside, 57,3'4'-
tetrahydroxyflavan-3-ol, and 4',5,7-trihydroxyflavanone. Additionally,
3-(4-hydroxyphenyl)-2-propenoic  acid and  2,3,7,8-tetrahydroxy-
chromeno-(5,4,3)-chromene-5,10-dione were observed, as well as the
flavonoids 3,4’ ,5,7-tetrahydroxyflavone and 3' 4’ ,5,7-tetrahydroxyflavone
in the EEF (Table 1).

Phenolic compound identification was confirmed by standard
compounds (Sigma-Aldrich, St. Louis, MO, United States) and
analysed under identical experimental HPLC-HRMS/MS conditions.
The precursor mass retention time and main fragment were compared
for confirmation. All annotation was confirmed using two independent
and orthogonal data, being classified as identified metabolites (Level 1 in
MSI level annotation — Sumner et al., 2007).
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3.2 In vitro effects inhibition of M. oryzae by
B. laevifolia extracts

Inhibition in the growth of the colony of M. oryzae was observed
in the presence of both B. laevifolia extracts, noting that the mycelial
diameter of the colony was reduced with the increase in extract
concentration. Treatments of 1.0 mg/mL of EEL and EEF presented
the greatest level of inhibition by 21.72% and 30.49%, respectively
(Table 2).

The pigmentation variation of M. oryzae mycelium was
observed, appearing whitish in colour when compared to the
mycelium of the positive control. This symptom was noticed
during the growth phase in the presence of both extracts,
demonstrating the absence of melanin production by the
pathogen (Figure 1).

Magnaporthe oryzae mycelium was subjected to treatments with
EEL and EEF. Petri dishes without extracts were used to verify the
possible effects caused by antagonism on the pathogen. Mycelial
development of M. oryzae was observed, revealing reduced growth
compared to the positive control and the absence of melanin during
the test (Supplementary Figure S1 — Supplementary Material S1).

3.3 Inhibition of conidia germination and
appressorium formation of M. oryzae

Banisteriopsis laevifolia extracts affected M. oryzae conidial
germination and appressorium formation at different stages.
Treatment 1.0 mg/mL of EEL and EEF showed inhibition of
100% of conidia formation at 4 and 6 h after the assay began,
while at 16h inhibition was measured at 95.8% and 94.2%,
respectively. Moreover, all treatments of EEL and EEF inhibited
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TABLE 2 Inhibition of mycelial growth of the Magnaporthe oryzae colony (in %) by the effect of ethanolic extracts of Banisteriopsis laevifolia.

Concentration in mg/mL

Positive control (A) 0.25 0.50
Flowers extract 0.0 2.45% 9.51% 12.36% 21,72¢
Leaves extract 0.0 5258 9.875¢ 17.37¢ 30.49°

Means followed by the same letters were not significantly different from each other according to Tukey’s test (p < 0.05). Capital letters differ by or in the treatments in the columns.

k& *
1,0 mg/mL

Positive Control 0,7S mg/mL

FIGURE 1

0,25 mg/mL

0,50 mg/mL BIM Control

Morphological difference in Magnaporthe oryzae colony grown in the presence of the ethanolic extract of leaves and flowers of Banisteriopsis

laevifolia.

M. oryzae appressorium formation by 100% at 4, 6, and 16 h
(Figure 2).

3.4 Suppression of rice leaf blast by B.
laevifolia extracts

Rice leaves inoculated with M. oryzae and treated with EEL and
EEF showed a reduction in the leaf blast severity (LBS). Among the
treatments, the one with 0.75mg/mL of EEL at 3days after
inoculation (DAI) showed 0.17% of injured leaf area and the
treatment with 1.00 mg/mL of EEF, at 5 and 7 days of evaluation,
showed 1.12% and 1.61% of injured leaf area, respectively, as
presented in Table 3.

In terms of area under the disease progress curve (AUDPC), EEF
at the concentration of 1.00 mg/mL resulted in a significantly
smaller curve area of 18.17 compared to the control group
(167.41) (Figure 3). Additionally, the treatment with EEF at
1.00 mg/mL exhibited a longer latent period (LP) of 96 h, in
contrast to the control group which showed an LP of 36h
(Figure 4A). Moreover, the sporulation intensity (SI) of the
treatment group using EEF at 1.00 mg/mL was found to be
8.56 conidia/mL, while the control group presented a much
higher SI of 56.09 conidia/mL (Figure 4B).

4 Discussion

Numerous bioactive metabolites are found in the Banisteriopsis
species, with particular emphasis on their abundance of
pharmacologically active alkaloids (Frias et al., 2012). However,
searches for chemical constituents from EEL and EEF have provided
a fresh perspective, demonstrating that the identified compounds
are predominantly related to phenolic compounds. Previous studies

have described polyphenols in leaves (Nunes et al., 2016), flowers
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(Alexandre et al, 2022), and roots (Freitas et al., 2015) of
Banisteriopsis species.

Concerning the biological activity, flavonoids and phenolic acids
have contributed to antioxidant activity and might have a role in
antifungal effects (Silva B. et al., 2021), such as the inhibitory action
on the germination of spores of pathogens in plants, such as
Aspergillus ochracues, Colletotrichum lindemuthianum, Fusarium
oxysporum, and Cladosporium shaerospemum (Jin, 2019; Kalid
et al, 2019). This class of metabolites might act in fungal
structural cells, inducing morphological changes, inhibiting
hyphal development, defunctionalisation of pathogen metabolism,
and promoting apoptosis (Silva C. R. et al., 20145 Jin, 2019).

Some of the compounds identified in ethanolic extracts of B.
laevifolia have demonstrated antifungal activity against certain
pathogens. Previous studies describe antifungal action of 4',5,7-
trihydroxyflavanone, 3,3',4’,5,7-pentahydroxyflavone, and 3,4',5,7-
tetrahydroxyflavone against Aspergillus flavus, reducing mycelial
growth and inhibiting aflatoxin production (Tian et al, 2023). In
addition, 3,4,5-trihydroxybenzoic acid, 2-(3,4-dihydroxyphenyl)-3,4-
dihydro-1(2H)-benzopyran-3,5,7-triol, 3,3'4'57-
pentahydroxyflavone-3-O-rutinoside were demonstrated inhibition
in mycelial growth and spore germination of Colletotrichum
spp. (Silva B. et al,, 2021).

Sustainable control has been a traditional practice for centuries,

and

but the prosperity of green revolution would lead to an increase in
the use of eco-friendly pest control. Nevertheless, with the
emergence of fungal pathogens resistant to chemicals,
environmental degradation resulting from excessive pesticide
application, and the costly nature of chemical fungicides, there is
a growing need to explore novel techniques that corroborate with
blast management (Chaibub et al., 2020). Thus, the use of plant
extracts is one such method that can mitigate fungal pathogen
resistance  to  chemical fungicides while simultaneously
minimising environmental damage caused by the unrestricted use

of synthetic substances.
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FIGURE 2

(A) Germinated conidia of Magnaporthe oryzae in the presence

of ethanolic extract of leaves from Banisteripsis. laevifolia; (B)
Germinated conidia of M. oryzae in the presence of ethanolic extract
of flowers from B. laevifolia. Means followed by the same letters

do not differ according to the Tukey test (p < 0.05).

To investigate antifungal activity, the mycelial growth of M. oryzae
was observed in the presence of EEL and EEF. An antagonistic
relationship was noticed between the B. laevifolia extracts and M.
oryzae, in which the treatment 1.0 mg/mL of EEF demonstrated the

10.3389/fntpr.2023.1224617

greatest reduction against colonial growth of the pathogen. This may be
attributed to the presence of simple phenolic compounds such as
2,3,7,8-tetrahydroxy-chromeno-(5,4,3)-chromene-5,10-dione and 3-
(4-hydroxyphenyl)-2-propenoic acid, as well as the flavonoids
3'4'5,7-tetrahydroxyflavone and 3,4,5,7-tetrahydroxyflavone, which
were not detected in EEL. Phenolic compounds have the ability to
disrupt the biosynthesis of ergosterol, a crucial component in cell
permeability regulation, and mycelium development (Redondo-
Blanco et al, 2020). When ergosterol availability in the plasma
membrane is reduced, cellular components may leak out, disrupting
cell replication and compromising hyphae formation (Patel et al., 2020).

In addition, alterations were detected on the mycelium of M.
oryzae after 24 h of the assay in the presence of EEL and EEF. A
distinctive orange-coloured halo was observed around the mycelium
of M. oryzae in all treatments of both B. laevifolia extracts, indicating
the production of mycotoxins and inhibitory enzymes by the
pathogen (Supplementary Figure S2 - Supplementary Material
S1). This observation implies that the pathogen may have
released enzymes that are responsible for breaking down the
substances present in the substrate. Additionally, it is suggested
that there may have been oxidation of metabolic processes by the
pathogen, potentially affecting the cell wall of M. oryzae mycelium
(Collemare et al., 2008; Patel et al., 2020).

Furthermore, the mycelium of M. oryzae displayed altered
pigmentation, manifesting as whitish hues in contrast to the
mycelium of the positive control treatment. This change could be
attributed to the potential of phenolic compounds to inhibit tyrosinase
production (Fan et al., 2019). As a result, the impact of EEL and EEF
was comparable to that of tricyclazole, which restrains the biosynthesis
of tyrosinase to inhibit M. oryzae growth (Bezerra et al, 2021).
Biosynthesis of melanin provides M. oryzae adaptive benefits, which
act as a shield against environmental factors, such as UV and ionising
radiation, abiotic stress, and serve as a crucial virulence factor (Oliveira
et al, 2020). As well, melanin production is vital for appressoria
maturation, and its absence results in inadequate turgor pressure
needed for the appressorium to penetrate the leaf cuticle of rice
(Wilson and li, 2009; Bezerra et al., 2021).

Subsequent tests were carried out without EEL and EEF to
explore any potential impacts on the mycelium of M. oryzae
following antagonism. The inhibition of mycelial growth was also
corroborated by the decrease in melanin. These outcomes provide

TABLE 3 Leaf blast severity (LBS) and area under the disease progress curve (AUDPC) in rice plants treated with ethanolic extracts of leaves (EEL) and flowers (EEF)

of Banisteriopsis leavifolia under greenhouse conditions.

Treatments

Control (M. oryzae) 2.114¢

Fungicide (Bim") 1.224%¢
0.75 mg/mL (EEL) 0.17¢
1.00 mg/mL (EEL) 1.324%¢
0.75 mg/mL (EEF) 1.35%
1.00 mg/mL (EEF) 0.67°

LBS (%)
5 DAI
6.24%° 31.13% 167.41
2.61% 18.66™ 92.12
1.46°° 2.16™ 18.97
2.96" 443 45.47
2.338 2.577 34.76
1.12°° 1.61% 18.17

Means followed by the same letters were not significantly different from each other according to Tukey’s test (p < 0.05). Capital letters represent the treatments in the columns and lowercase

letters represent the evaluation days from each other, in the rows. Leaf blast severity (number of lesions per cm* of leaf) in 7 days of evaluation.
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FIGURE 3

Area under the disease progress curve for the treatments evaluated (T1 - Control, T2 - Fungicide (Bim ® 750 g/kg Tricyclazole—250 g/L.1/ha + M.
oryzae suspension, T3—0.75 mg/mL of leaf extract + M. oryzae suspension, T4—1.00 mg/mL of leaf extract + M. oryzae suspension, T5—0.75 mg/mL of
flower extract + M. oryzae suspension, T6—1.00 mg/mL of flower extract + M. oryzae suspension) and lesions developed by the pathogen in each

treatment.
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FIGURE 4

(A) Latent period (LP) and (B) sporulation intensity (SI) of the
pathogen submitted to different treatments (T1 - Control, T2 -
Fungicide (Bim © 750 g/kg Tricyclazole — 250 g/L.1/ha + M. oryzae
suspension, T3 — 0.75 mg/mL of leaf extract + M. oryzae
suspension, T4 — 1.00 mg/mL of leaf extract + M. oryzae suspension,
T5 - 0.75 mg/mL of flower extract + M. oryzae suspension,

T6 — 1.00 mg/mL of flower extract + M. oryzae suspension).

evidence of the potential fungistatic effect of B. laevifolia extracts,
which may facilitate M. oryzae management at a minimal toxic level,
without eliminating it from the environment. Furthermore, this

Frontiers in Natural Products

approach might help to reduce the incidence of resistance to the
compounds present in the extracts.

The impact of EEL and EEF on conidia germination and
appressorium formation of M. oryzae was observed, having noted
a marked decrease in conidia germination for both Banisteriopsis
extracts. Moreover, the formation of appressoria was entirely
inhibited by EEL and EEF. These results imply a synergistic
effect of the phenolic compounds found in EEL and EEF, which
can impede the spore germination of plant pathogens (Jin, 2019;
Kalid et al, 2019). Conidial germination and appressorium
formation of M. oryzae are crucial stages in the infection cycle.
Appressorium formation plays a key role in breaking the leaf cuticle
and triggering host invasion through penetration by infective
hyphae that invade the epidermal cells of rice (Wilson and Ii,
2009; Khang and Valent, 2010). Thus, it might be inferred that
the outcome observed was caused by a reduction in mucilage
production, which is essential for conidia to attach to the leaf
cuticle. Consequently, this impedes the signalling required for
conidia germination and the subsequent development of
appressorium.

Regarding the suppression of rice blast by B. laevifolia extracts,
our results demonstrated significant reduction in LBS, highlighting
the treatment with 0.75 mg/mL of EEL and 1.00 mg/mL of EEF. This
suggests that the extracts might stimulate plant resistance, increasing
the activity of enzymes related to plant defence, such as chitinase, 3-
1,3-glucanase peroxidase, and lipoxygenase (Chaibub et al., 2020).
Such induction might have the potential to hinder the various
developmental stages of pathogens, such as their ability to
penetrate the leaf cuticle and establish colonisation. This effect
could be attributed to phenolic compounds, such as 33/'4'57-
pentahydroxyflavone, 3,3 4! ,5,7-pentahydroxyflavone-3-O-rutinoside,
3'4')5,7-tetrahydroxyflavone, 4',5,7-trihydroxyflavanone, and 2-(3,4-
dihydroxyphenyl)-3,4-dihydro-1(2H)-benzopyran-3,5,7-triol (Nag
et al, 2022; Tian et al, 2023), which may play a vital role in
eliciting the production of phytoalexins in rice plants. These
phytoalexins are synthesised in response to attacks by M. oryzae,
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and their synthesis is due to the increased activity of defence hormones
like salicylic acid, which may act, directly or indirectly, with other
signalling substances, like jasmonic acid and ethylene, against M. oryzae
(Garcia et al., 2017).

Thus, the compounds reported in this work present the potential
to develop future biofungicides for the management of leaf blast
control. It also can be used to clarify the components of the rice
defence signalling pathway.

5 Conclusion

The chemical profile investigation of ethanolic extracts of leaves
and flowers from B. laevifolia lead to the identification of eleven
phenolic compounds belonging to the sub-classes of flavonoids and
phenolic acids. Promising results in biological assays of B. laevifolia
extracts against M. oryzae were observed, as EEL and EEF displayed
fungistatic activity. This implies the inhibitory potential of 3,3',4’,5,7-
pentahydroxyflavone, 2-(3,4-dihydroxyphenyl)-3,4-dihydro-1(2H)-
4’ 5,7-trihydroxyflavanone, ~ 3,3',4',5,7-
pentahydroxyflavone-3-O-rutinoside, and other flavonoids and

benzopyran-3,5,7-triol,

phenolic acids present in leaves and flowers, which may present
synergistic action in various metabolic pathways of M. oryzae. Given
the effects on the mycelium and conidia of M. oryzae, the results
warrant future investigation in order to expand knowledge on the use
of plant extracts that influence the plant/pathogen interaction, which
could be a crucial step toward developing a control of rice blast.
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