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Abstract: Bacterial spot, which is the main disease occurring in passion fruit trees, is caused by
the bacterium Xanthomonas axonopodis pv. passiflorae, leading to large annual losses in passion fruit
crops. This study aims to find extracts and/or bioactive compounds of endophytic fungi of noni
(Morinda citrifolia) to treat bacterial spot in passion fruit trees. Nine fungi isolated from a specimen
of M. citrifolia from the Brazilian Amazon are studied. The fungus Guignardia mangiferae NF17
shows the best inhibition results and is selected for the isolation of its secondary metabolites by
chromatography techniques. The isolated compounds Sydowinol (S1) and Sydowinin A (S2) are
identified by nuclear magnetic resonance (NMR). Compounds S1 and S2, as well as the acetonitrile
extract from the biomass of G. mangiferae NF17, are tested against four strains of X. axonopodis pv.
passiflorae obtained from plants infected by bacterial spot, and which inhibited bacterial growth
up to the lowest concentration tested (3.125 pug/mL). This study reports, for the first time, the
antibacterial activity against X. axonopodis pv. passiflorae by the compounds Sydowinol and Sydowinin
A. Compounds S1 and S2 are reported for the first time for the genus Gignardia.

Keywords: endophytic fungi; Morinda citrifolia; Xanthomonas axonopodis; xanthones; Amazon

1. Introduction

Brazil is the world’s largest producer and consumer of yellow passion fruit (Passiflora
edulis f. flavicarpa), with a production of 690,364 t in 2020 [1]. However, several diseases
and pests threaten the expansion and yield of passion fruit crops in Brazil. Among these
diseases, bacterial spot stands out [2].

The bacterial spot that occurs in passion fruit trees is caused by Xanthomonas axonopodis
pv. passiflorae. There are reports that this disease was first discovered in passion fruit crops
in Brazil around 1968. The disease is quite distinctive and can be visually recognized by
its typical symptoms, such as small wet lesions on leaves, which soon rot and present a
brownish color. The leaves becomes dry and fall as the disease develops, considerably
reducing yield [3]. Currently, the use of pesticides has been the main strategy to combat
bacterial spot.
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Pesticides have helped to increase yield in areas where different crops are planted,
which has helped to meet the world’s food demand. However, the uncontrolled use
of pesticides is associated with the increase in certain types of diseases, such as cancer,
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, asthma, bronchitis,
and infertility, among others, due to their high toxicity [4]. The use of natural compounds
can be a good alternative to the use of pesticides.

Morinda citrifolia is a plant originating in Southeast Asia; consumed for over 2000 years,
it is commonly known as noni. Due to its wide variety of uses in folk medicine, noni has
attracted the attention of researchers around the world. Chemical analyses performed on M.
citrifolia reveal the existence of more than 200 phytochemical substances with bioactive prop-
erties [5]. Several benefits, such as antimicrobial, antiseptic, antioxidant, anti-inflammatory,
anticancer, antidiabetic, analgesic, antiviral, antiparasitic, and antituberculosis activities,
can be attributed to noni [6]. Studies have demonstrated the antibacterial effect of noni
extracts against the bacterium X. axonopodis pv. passiflorae [7].

Endophytic fungi colonize the internal tissues of plants and have the potential to act
as biological control agents, or elicitors, in the resistance process and in the attenuation
of abiotic stresses [8]. Endophytic microorganisms represent a source of natural products
with great importance for use in the pharmaceutical and agricultural industries [9,10]. The
natural compounds produced by these microorganisms can also act as inhibitors of the
growth of plant pathogens [11,12].

It is believed that bioactive secondary metabolites produced by endophytic microor-
ganisms may be directly associated with the host plant through genetic recombination
between species during the evolutionary phase. Some literature data have shown the ability
of endophytic fungi to produce secondary metabolites identical to the compounds of their
host plant [13].

To minimize phytosanitary problems, it is necessary to search for alternatives to the
use of pesticides. In this context, the study of secondary metabolites of endophytic fungi
represents a potential area in the development of natural pesticides. Thus, this study aims
to search for extracts and/or bioactive compounds of endophytic fungi from M. citrifolia
that can be used as alternative controls for bacterial spot in passion fruit.

2. Materials and Methods
2.1. Microorganisms

For this study, nine fungi isolated from a specimen of M. citrifolia belonging to a collec-
tion of the Laboratory of Phytopathology of Embrapa, Eastern Amazon, were analyzed.
The strains of X. axonopodis pv. passiflorae used in the tests were obtained from passion fruit
plants infected by bacterial spot in crops from four different cities in Par4 state, Brazil.

2.2. Isolation of Endophytic Fungi

For this study, leaves, fruits, stems, and roots of M. citrifolia (IAN 188703) were
collected in the city of Belém, Pard, Brazil, at the geographic coordinates 01°26'14.2"” S and
48°26'42.5"” W. After collection, M. citrifolia healthy tissues were washed with water and
their surface was sterilized by immersion in 70% aqueous ethanol (1 min), followed by 5%
aqueous sodium hypochlorite (4 min), and finally 70% aqueous ethanol (30 s). Afterwards,
tissues were rinsed with sterilized water. The latter water was incubated in Petri dishes in
order to guarantee the elimination of all epiphytic microorganisms. Small tissues pieces
were excised and placed in Petri dishes containing potato dextrose agar (PDA) medium at
30 °C. Individual hyphal tips of the emerging fungi were removed and replaced on PDA
until the isolation of endophytic fungi was obtained.

2.3. Molecular Identification of Selected Endophytic Fungi

The 9 fungi strain cultures, after 21 days of growth in PDA medium, were scraped
from the Petri dish with the aid of a spatula, transferred to a chilled mortar, and macerated
in the presence of liquid nitrogen. The fungal DNA extractions were performed according
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to the protocol of Gibbs and Mackenzie [14], with adjustments. The fungi were identi-
fied by the amplification of the ITS region of the ribosomal DNA using the primers ITS4
(5’-TCCTCCGCTTATTGATATGC-3') and ITS5 (5'-GGAAGTAAAAGTCGTAACAAGG-
3’). Samples were sequenced using the Sanger method by Helixxa, Paulinia, Sao Paulo,
Brazil [14]. The resulting sequencing data were analyzed by the BioEdit v7.2.5 software
(1997-2001, Tom Hall) for the evaluation of mutations. After the analysis of the polymor-
phic points, the sequences comprised a dataset with samples previously described in the
GenBank (https:/ /www.ncbi.nlm.nih.gov/genbank/, accessed on 17 January 2018) for the
construction of a tree of phylogenetic relations by Neighbor Joining [15] with a bootstrap of
2000 pseudoreplications using the software MEGA 6.0 [16].

2.4. Small-Scale Extracts of Fungi

Three colonies of the studied fungi, with 25 days of growth in PDA medium, were
extracted according to the following metabolite extraction method: from each colony, 25
fragments of § mm in diameter were removed and transferred to 50 mL Erlenmeyer flasks,
and 25 mL of acetonitrile extraction solvent was added. The samples were subjected to
extraction by maceration for three days, after which the solutions were filtered and the
crude extracts were obtained after the evaporation of the solvent in a rotatory evaporator
(Table 1). Extractions were performed in three repetitions for each fungus.

Table 1. Effect of small-scale extracts of endophytic fungi from Morinda citrifolia on the growth of
Xanthomonas axonopodis pv. passiflorae.

Mass of Extract % Inhibition Compared to

Extract Obtained ! CFU/mL Control
NF17 7 mg 24.80 e? 70.89
NFrCs16 3.7 mg 55.40 d 34.98
NFrCs4 3mg 71.20 c 16.43
NFrCs8 54mg 74.40 c 12.68
NC4 3mg 75.00 c 11.97
NC10 8 mg 80.00 c 6.10
NFrS2 7mg 82.40 c 3.29
Control 10 mg 85.20 c -
NC5 8 mg 89.80 b -
NR7 24 mg 102.80 a -

1 CFU—colony-forming units. 2 Means followed by the same letter did not differ from each other with the
Scott—Knott test at 5% probability level. CV: 13.45%.

2.5. In Vitro Antibacterial Assay of Small-Scale Fungal Extracts

Antibacterial activity was determined by incorporating the extracts at a concentration
of 1000 ug/mL into the culture medium 523 [17], reaching a concentration of 10 ug/mL.
After the solidification of the culture medium containing the extracts, 100 uL of the bacterial
suspension of X. axonopodis pv. passiflorae, at a concentration of 1.0 x 10® colony-forming
units (CFU)/mL with serial dilution in saline solution (0.85% NaCl) up to 10¢, was
dispersed with a Drigalski loop. Only culture medium was used as a control. The plates
were incubated for 48 h at 28 °C. The experimental design was completely randomized
with 12 treatments and 5 replications. After the incubation period, the direct effects of the
extracts on the bacteria were evaluated by counting the CFU on the plaques. An analysis
of variance was performed, and means were compared by the Scott-Knott test [18] at
5% probability.

2.6. Cultivation of the Guignardia Mangiferae NF17 in Rice

The isolate fungus G. mangiferae NF17 was cultivated in rice to obtain a greater amount
of extract. First, the fungus was inoculated for seven days of growth in a Petri dish contain-
ing PDA medium. Then, 1 kg of cereal was equally distributed in ten 500 mL Erlenmeyer
flasks, with 100 g of cereal per flask, and 50 mL of distilled water was subsequently added.
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All Erlenmeyer flasks were autoclaved at 121 °C for 45 min. After reaching room tempera-
ture, three small discs of mycelium approximately 2 mm in diameter with G. mangiferae
were added to eight flasks, and two flasks (of only rice) were used as a control. The fungus
was inoculated and left for 25 days for the growth and production of secondary metabolites.

2.7. Obtaining Extracts and the Isolation of the Compounds from Guignardia Mangiferae NF17

After 25 days of growth in rice, 200 mL of acetonitrile (ACN) was added to each
Erlenmeyer flask and left for extraction for 36 h, after which the material was filtered
to obtain the ACN solution. This procedure was performed in three repetitions. The
ACN solutions obtained were pooled and concentrated on a rotary evaporator, and then
the ACN extract (25 g) was obtained. Part of the ACN extract (5 g) was fractionated
on a silica gel column chromatography (CC) with an increasing polarity gradient using
the solvents hexane (Hex), ethyl acetate (AcOEt), and methanol (MeOH) for the mobile
phase. Thus, the fractions Hex 100% (FACN1), Hex/AcOEt 30% (FACN2), Hex/AcOEt 50%
(FACNS3), Hex/AcOEt 75% (FACN4), AcOEt 100% (FACN5), and MeOH 100% (FACNG®6)
were obtained. The FACN4 and FACNS5 fractions were re-fractionated on silica gel CC
using the mixtures of hexane, ethyl acetate, and methanol in increasing polarity gradients
for the mobile phase, obtaining compounds S1 (25 mg) and S2 (15 mg).

2.8. NMR Analysis

The 1D and 2D NMR spectra were obtained with an Ascend 400 spectrometer (Bruker)
operating at 400 MHz for 'H NMR and at 100 MHz for 3C NMR. The samples were
solubilized in a suitable deuterated solvent (CDCl; and MeOD) to obtain the spectra. The
solvent signal was used to calibrate the spectrum and the coupling constants were given in
Hetz (Hz).

2.9. Antimicrobial Assays of Fungal Extracts and Isolated Compounds in 96-Well Plates

The acetonitrile extract and isolated compounds S1 and S2 were tested at concentra-
tions from 100 to 3.125 pg/mL. In 96-well plates, 100 uL of the liquid medium 523 was
added to each well. Then, each sample was added to the first well of each column, obtaining
a concentration of 100 pug/mL, and the solution was homogenized. After that, successive
dilutions were performed by removing 100 uL from the first well and transferring this
volume to the next well, homogenizing the solution. This procedure was repeated up
to the antepenultimate well of the plate, obtaining a final concentration of 3.125 pg/mL.
The penultimate well was used as a control, in which 100 pL of sterile distilled water was
added and homogenized, after which 100 uL was removed and discarded. Then, 5 uL of
the bacterial suspension was added to each well and the plates were incubated for 24 h at
28 °C. A randomized experimental design was used with three replicates. The activity was
evaluated by adding 10 pL of 2% TTC (2,3,5-triphenyltetrazolium chloride) to each well of
the plate. The wells that did not show a red color were considered active. TTC is a redox
indicator used to differentiate metabolically active tissues from non-active ones [19]. Then,
to determine the type of activity, the sample was re-inoculated in Petri dishes containing
solid medium 523 and incubated for 48 h at 28 °C. When bacterial growth was observed,
it was indicated that the extract and /or compound presented bacteriostatic effects at that
concentration. When there was no bacterial growth, the extract and/or compound was
indicated as presenting a bactericidal effect.

3. Results
3.1. Identification of Fungi and Antimicrobial Assays with Small-Scale Extracts

The fungi studied (Figure 1) were identified by the sequencing of the ITS region with
the primers ITS4 and ITS5. Then, the tree of the phylogenetic relationships was generated
using Oomycetes sp. as an outgroup (Supplementary Information Figure S8), allowing the
identification of the analyzed specimens (Table 2). After identification, small-scale extracts
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were obtained from the biomass and antibacterial assays were performed. The NFrS2 and
NR? fungi were not identified.

Figure 1. Endophytic fungi from Morinda citrifolia. Colonies of the fungi studied with seven days
of growth in PDA medium. (A): NF17; (B): NC4; (C): NC5; (D): NC10; (E): NFrCs4; (F): NFrCsS;
(G): NFrCsle.

Table 2. Identification of the endophytic fungi of Morinda citrifolia.

Isolate Species
NF17 Guignardia mangiferae
NC4 Macrophoma theicola
NC5 Macrophoma theicola
NC10 Trichoderma longibrachiatum
NFrCs4 Diaporthe phaseolorum
NFrCs8 Macrophoma theicola
NFrCs16 Fusarium proliferatum

Only the NF17 and NFrCs16 extracts inhibited the growth of X. axonopodis pv. pas-
siflorae and differed statistically from the control. The best result was presented by the
NF17 extract, with 70.89% inhibition (Table 1, Figure 2). As the small-scale extract of the
fungus G. mangiferae NF17 showed the best activity among the nine fungal strains studied,
the fungus was cultivated in rice to obtain a greater amount of extract for the isolation of
bioactive compounds.

Figure 2. Effect of small-scale extracts of NF17 and NFrCs16 fungi from Morinda citrifolia on the
growth of Xanthomonas axonopodis pv. passiflorae. (A): Control; (B): NF17 extract; (C): NFrCs16 extract.

3.2. Identification of Isolated Compounds

Compounds S1 and S2 (Figure 3) were isolated using chromatography techniques from
the fractions FACNS5 and FACN4 of the acetonitrile extract from the biomass of the fungus
G. mangiferae, respectively. The compounds were identified through 'H and *C NMR,
HMBC, HSQC, and COSY (Supplementary Information Figure S1 to S7) and compared
with data described in the literature.
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Figure 3. Compounds isolated from Guignardia mangiferae Sydowinol (S1) and Sydowinin A (S2).

The 'H NMR spectrum of compound S1 (Figure 4) showed hydrogen signals that
revealed the presence of two aromatic rings (ring A and B) with signals at éy 7.38 (d, 1H;
9.3 Hz) and 7.52 (d, 1H; 9.3 Hz); the constant coupling indicated that there were ortho-
related aromatic hydrogens in ring B. The signals at oy 6.98 (d, 1H; 0.8 Hz) and 6y 6.74 (4,
1H; 0.8 Hz) were attributed to hydrogen H-5 and H-7, which were present in the aromatic
ring A of the compound S1. The '*C NMR spectra of S1 showed signals of 16 carbons, with
the signal at 5¢c 181.1 referring to a carbon belonging to the carbonyl group, which together
with the 'H NMR data suggest that the compound S1 belongs to the class of xanthones [20].
As there was an HMBC correlation between H-2 (d, 7.38, 9.2 Hz) and carbon C-4 (150.1),
the hydroxyl group OH-4 is positioned at C-4. The signal at 0y 4.67 (s), indicating two
hydrogens is typical of a hydroxymethyl group, and through the correlations observed
in HBMC between H-11 with C-5 and C-7, it was possible to position the hydroxymethyl
group at C-6. The signal at 5y 3.95 (s), which is attributed to the presence of a methoxyl
group, correlates in HMBC with the signal at 5¢ 169.2, evidencing the presence of an acetate
group linked to C-1. The NMR data of S1 were compared with the literature and this
confirmed that the compound is the xanthone called Sydowinol (S1) [21].

The 'H NMR (Figure 4) and '*C NMR data of S2 are similar to that of S1, in which the
characteristic signals of xanthone are observed, such as the signal for the xanthone carbony]l
group at d¢ 180.7 (C-10), as well as the signals at 85 4.77 (H-11) and 6¢ 64.5 (C-10), which
are typical of a hydroxymethyl group -CH,OH attached to the aromatic ring. The signals
at 8y 6.98 (s, 1H) and &y 6.75 (s, 1H) are attributed to hydrogen H-4 and H-2, and correlate
in HMBC with the hydroxymethyl group. The signals for the hydrogen of the OH group
chelated with the xanthone carbonyl at 6y 12.19 (s, OH) and the signals for methoxyl at
511 4.04 (s) and carbonyl at 5¢ 170.1 were attributed to the acetate group in S2. As for the
aromatic ring B, a pattern of a trisubstituted-1,2,3 aromatic ring with 'H NMR signals at 5y
7.33(dd,7.5and 1.2 Hz), 7.56 (dd, 7.7 and 1.2 Hz), and 7.77 (dd, 7.5 and 7.7 Hz) was observed
which, together with the absence of the signal for the hydroxylated aromatic carbon in
the 13C NMR spectrum, as in S1, suggests the loss of hydroxyl OH-4 at S2. These data
were similar to those described in the literature by Goddard et al. (2014) for the compound
Sydowinin A (52) [21].
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Figure 4. NMR H spectrum of (A) Sydowinol (S1) (400 MHz, MeOD) and (B) Sydowinin A (S2)
(400 MHz, CDCl3).

3.3. Antimicrobial Assays for the ACN Extract and Compounds S1 and S2

Assays against four different strains of X. axonopodis pv. passiflorae showed good results
of bacterial growth inhibition for both the ACN extract and the compounds Sydowinol (S1)
and Sydowinin A (S2), with emphasis on the bactericidal activity of S2 against the strain
PA5.2 up to the lowest tested concentration: 3.125 ug/mL. The data are shown in Table 3.

Table 3. Result of antibacterial assays for the ACN extract and compounds Sydowinol (S1) and
Sydowinin A (S2) of Guignardia mangiferae against strains of Xanthomonas axonopodis pv. passiflorae

(ng/mL).
Sample
Strains
ACN ext S1 S2

PA4.3 50.0 (-) 50.0 (-) 12.5(-)
PA5.2 3.125 (-) 25 (=);3.125 (-) 3.125 (=)
PA18 12.5 (=) 12.5 (=) 25.0 (=)
PA20 3.125 (-) 50.0 (=); 12.5 (-) 100.0 (=), 25.0 (-)

The symbol (-) indicates that the sample had a bacteriostatic effect up to the concentration shown; the symbol (=)
indicates that the observed effect was bactericidal up to the concentration shown.

4. Discussion

The bacteria of the genus Xanthomonas cause approximately 350 types of plant diseases
that have been affecting the yield of agricultural crops around the world. The passion
fruit crop is one of the most affected by this bacterium [22]. Due to its rapid propagation,
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management difficulties, problems with chemical control, and the severity of crop losses, the
control of Xanthomonas is a difficult obstacle to be surpassed for agriculture worldwide [22].

Endophytic fungi are a rich source of secondary metabolites that act as biologically
active agents [11-23] and can be applied directly or indirectly in several biotechnological
areas, such as medicine, pharmacy, bioremediation, and agriculture [24].

Our studies with the extracts of the endophytic fungi from Morinda citrifolia showed
that the extract of the fungus G. mangiferae NF17 inhibited the growth of the bacterium
X. axonopodis pv. passiflorae at a concentration of 10 ug/mL. The search for bioactive extracts
has been observed as a viable alternative to combating bacterial diseases in crops. It
allows the production of antimicrobials agents without the need for elaborate purification
steps. Thus, our results are corroborated by previously published studies, for example,
the filamentous fungi isolated from marine sediments of the Antarctic ecosystem were
tested against X. euvesicatoria and X. axonopodis pv. Passiflorae, and their extracts of the fungi
inhibited the growth of X. euvesicatoria and of X. axonopodis pv. passiflorae [25]. In addition,
the aqueous extracts from fruiting bodies of different isolates of Lentinula edodes showed
antimicrobial activity against Xanthomonas axonopodis pv. Passiflorae [26].

Despite the antibacterial effect observed for bacteria commonly pathogenic to animals,
as presented by Mai et al. [27], who evaluated the effect of hexane, dichloromethane, ethyl
acetate, and methanolic extracts of two endophytic fungi isolated from M. citrifolia, and
observed activity against the bacteria Escherichia coli, Bacillus subtilis, and Francisella novicida,
there are not many reports of the effect of extracts of endophytic fungi of M. citrifolia on
the control of X. axonopodis pv. Passiflorae, or on the control of other phytopathogenic
bacteria. In a previous study, we reported antibacterial activity for the compound austdiol
isolated from an endophytic fungus from Morinda citrifolia [3]. This study has now led
us to study other endophytic fungi from Morinda citrifolia in search of extracts and/or
bioactive compounds that act against bacterial spot. Our results show activities for the
organic extracts of the endophytic fungi of M. citrifolia, which demonstrates the importance
of research with this objective.

The result observed for the small-scale extract of the G. mangiferae NF17 against the
bacteria X. axonopodis pv. passiflorae suggests that the extract must contain secondary
metabolites that can be responsible for the observed antimicrobial activity. Some studies
have shown that compounds isolated from endophytic fungi have antimicrobial activity
against the phytopathogenic bacteria of the Xanthomonas genus [28,29]. Thus, the ACN
extract was fractionated in CC, giving fractions FACN1 to FACNG; these fractions were
analyzed by 'H NMR, and fractions FACN4 and FACN5 showed spectrums with pat-
terns of xanthones, which is a class of compound that has reported diverse biological
activities [30-32]. Isolation by CC procedure led to the compounds S1 and S2.

The compounds Sydowinol and Sydowinin A, as well as the ACN extract, were
tested against four strains of X. axonopodis pv. passiflorae obtained from infected plants
from different crops in Pard state, Brazil. The ACN extract and Sydowinol showed a
bacteriostatic effect, and the substance Sydowinin A was bactericidal. The compounds
Sydowinol and Sydowinin A belong to the class of xanthones.

Some xanthones have shown activity against phytopathogenic microorganisms. The
xanthone y-mangostin showed significant activity against the phytopathogenic bacterium
R. solanacearum, reducing the symptoms of bacterial wilt caused by R. solanacearum in
tomato and tobacco [33]. However, there are few reports of activities of xanthones against
phytopathogenic bacteria, especially against the bacteria of the genus Xanthomonas.

The results obtained for both the ACN extract and the compounds Sydowinol and
Sydowinin A isolated from the endophytic fungus G. mangiferae are promising and demon-
strate the importance of studies aimed at finding bioactive compounds from endophytic
fungi that can be used as prototypes for the development of natural pesticides.

The current work presents the in vitro results of ACN extract and the compounds
Sydowinol (51) and Sydowinin A (52) against strains of X. axonopodis pv. Passiflorae. Despite
the good in vitro results observed, some limitations of this study should be considered. The
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study presented here fulfills the purpose of searching for a treatment that can be effective
for the control of bacterial spot in passion fruit, as an alternative to the use of synthetic
pesticides. However, in vivo and field studies are still needed to complement the study,
but this may take several years as they need to be completed in several locations to define
appropriate dosages, determine the best application procedure, and thus confirm the real
applicability of this treatment. There are also no reports of the phytotoxicity effects of
xanthones against passion fruit, which still needs to be analyzed in passion fruit plants.

5. Conclusions

The ACN extract of the fungus G. mangiferae showed a good percentage of inhibition of
X. axonopodis pv. passiflorae and, after isolation, compounds Sydowinol (S1) and Sydowinin
A (S2) were tested against strains of X. axonopodis pv. passiflorae and showed activity up to
the lowest concentration tested. This is the first report of the isolation of the compounds S1
and S2 from the genus Guignardia, and of their activities against the bacterium X. axonopodis
pv. passiflorae, which causes bacterial spot. Although field studies are still needed to confirm
the applicability and safety of this treatment, the in vitro results reported here suggest
that the isolated compounds are promising for the control of bacterial spot in passion
fruit. The search for natural compounds with antifungal activity can be a good strategy to
combat bacterial spot, replacing the use of synthetic pesticides that are aggressive to the
environment and public health.

Supplementary Materials: The following supporting information can be downloaded at: https:
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