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ABSTRACT

Chemical investigation of the endophyte Pseudofusicoccum
stromaticum CMRP4328 isolated from the medicinal plant
Stryphnodendron adstringens yielded ten compounds, includ-
ing two new dihydrochromones, paecilins Q (1) and R (2).
The antifungal activity of the isolated metabolites was as-
sessed against an important citrus pathogen, Phyllosticta citri-
carpa. Cytochalasin H (6) (78.3%), phomoxanthone A (3)
(70.2%), phomoxanthone B (4) (63.1%), and paecilin Q (1)
(50.5%) decreased in vitro the number of pycnidia produced
by P. citricarpa, which are responsible for the disease dissemi-
nation in orchards. In addition, compounds 3 and 6 inhibited
the development of citrus black spot symptoms in citrus
fruits. Cytochalasin H (6) and one of the new compounds,
paecilin Q (1), appear particularly promising, as they showed
strong activity against this citrus pathogen, and low or no cy-
totoxic activity. The strain CMRP4328 of P. stromaticum and its
metabolites deserve further investigation for the control of
citrus black spot disease.

*

These two authors contributed equally to this work.

Introduction

Endophytic fungi establish remarkable associations with their
hosts [1]. They have attracted considerable attention, especially
those associated with medicinal plants, due to their ecological
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and biotechnological potential [2-4]. Recent research has shown
that endophytic fungi produce a wide diversity of metabolites
with various biological activities that could find a use as pharma-

ceuticals or agrochemicals [2,4, 5].
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» Fig. 1 Chemical structures of compounds 1-10 produced by Pseudofusicoccum stromaticum CMRP4328.

Endophytes isolated from harsh environments have been de-
scribed as of great interest for bioprospecting studies, since stress
factors can induce biosynthetic pathways to produce secondary
metabolites [4-6]. The endophytes of plants found in the Cerra-
do, the Brazilian savanna, endure unique conditions, including
dry and wet seasons, combined with the occurrence of natural fire
[7]. Widely distributed in this biome, Stryphnodendron adstringens
(Mart) Coville (Fabaceae) (commonly known as “barbatimao”) is a
native Brazilian savanna tree that has been long used in folk med-
icine as anti-inflammatory, antifungal, antioxidant, and anticancer
agents [8,9].

As part of our screening for natural products with antifungal
potential, Pseudofusicoccum stromaticum strain CMRP4328, iso-
lated from the medicinal plant S. adstringens, caught our atten-
tion, as its extract showed considerable antifungal activity against
citrus pathogens in a preliminary assay [5]. Studies on the chemi-
cal characterization and biological activities of strains of P. stroma-
ticum were recently reported. New coumarins showing antifungal
and anti-cholinesterase activity were isolated [10]. In another
study, 11 compounds were identified and 1 compound, tephrosin,
showed activity against a colorectal cancer cell line (HCT-116)
[11]. However, the potential of the metabolites of P. stromaticum
against citrus pathogens remained unexplored.

Citrus black spot (CBS) is an important citrus disease caused by
Phyllosticta citricarpa, which leads to economic losses in citrus-
producing regions worldwide [12]. Widely distributed in warm
summer rainfall areas, CBS disease causes a considerable econom-
ic impact on citrus production by depreciating the commercial
value of the fruit, reducing crop productivity, increasing prod-
uction costs, and making the export of citrus unfeasible [12,13].
In addition, concerns were raised about health and environmental
issues as well as antifungal resistance associated with the broad
use of synthetic fungicides to control P. citricarpa [13, 14]. There-
fore, the search for new eco-friendlier alternatives to control CBS
disease is needed.

In this context, we explored the secondary metabolites pro-
duced by P. stromaticum (CMRP4328) after large-scale fermenta-
tion and evaluated their antifungal activities against P. citricarpa.

Results

Scale-up fermentation of P. stromaticum CMRP4328 (10L) using
malt extract medium, followed by extraction with MeOH, af-
forded 1.02 g of brown oily crude extract. The crude extract was
subjected to reverse-phase Cyg column chromatography, followed
by Sephadex LH-20 and HPLC purification to provide compounds
1-10 (» Fig. 1 and Fig. 1S, Supporting Information).
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» Fig.2 a 'H,"H-COSY (-) and selected HMBC (—) correlations of compounds 1-5. b TOCSY (—) and selected NOESY correlations of com-

pounds 1-5.

The chemical structures of the known compounds 3-10
(» Fig. 1) were determined by 1D and 2D NMR spectroscopy and
mass spectrometry (MS) (» Figs.1 and 2, Tables 1 and 2, and
Fig. 2S and Table 1S, Supporting Information), and by comparison
with literature data. They were identified as phomoxanthone A (3)
[6,15,16], phomoxanthone B (4) 6,15, 16], dicerandrol C (5) [6,
17-23], cytochalasin H (6) [24-26], cytochalasin | (7) [24-26], 8-
hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylic acid (8a)
[27], monodictyxanthone (8b) [28], 5-carbomethoxymethyl-2-
heptyl-7-hydroxychromone (9) [29], and maltol (10).

Compound 1 was obtained as an optically active pale yellow
solid. The UV spectrum (Amax 207, 275, 350 nm) displayed UV-vis
characteristics similar to the isolated metabolites 3-5 and to

those reported for phomoxanthone/dicerandrol-rearranged ana-
logues including paecilins [30-32], ascherxanthones [33], xylaro-
manones [34], blennolides [30,35] pseudopalawanone [32], pe-
nexanthones [23], and versixanthones [36], thereby suggesting
the presence of a similar chromanone chromophore in 1 (Fig. 3S,
Supporting Information). The molecular formula of 1 was de-
duced as CysH;60¢ on the basis of (=)-HRESI-MS [m/z 291.0866
[M - H] (calcd. for CysHy506, 291.0874)], (+)-HRESI-MS [m/z
293.1020 [M + H]* (calcd. for Cy5H1706, 293.1020)], and NMR
data. The molecular weight and molecular formula differences
between 1 and 3-5, indicated that compound 1 was a monomer
instead of a dimer as, e.g., compounds 3-5. The *C NMR and
HSQC spectra of 1 (» Table 1) revealed 15 carbon resonances, in-
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» Table 1 '*C NMR spectroscopic data (100 MHz) for compounds 1-5 compared with the literature data of 3 (6 in ppm).

Position

8a

9a
10a
11
12
13
14
15
16
70

9
9a’
10a’
11"
12!
13'
14"
15’
16’

1+
6, type®
162.9,C
110.2, CH
139.7, CH
108.5, CH
161.0, C
84.8, CH
31.2,CH
37.4, CH,
178.8, C
38.7, CH;
198.3,C
108.5,C
84.8,C
21.0, CH;
63.2, CH,

2+
6, type®
162.8,C
110.3, CH
139.5, CH
108.4, CH
161.0,C
89.8, CH
30.6, CH
37.4, CH,
178.5,C
40.0, CH;
198.8, C
108.6, C
84.8,C
20.9, CH;
63.9, CH,

3 (Lit.)”
¢, type®
161.6, C
109.5, CH
141.1, CH
115.3,C
153.8,C
70.3,CH
27.5,CH
33.2,CH,
177.6, C
100.1, C
187.7,C
106.2, C
80.3,C
17.5, CH3
64.5, CH,
170.0, C
20.4, CH3
169.6, C
20.6, CHs
161.6, C
109.5, CH
141.1, CH
115.3,C
153.8,C
70.3,CH
27.5, CH
33.2,CH,
177.6,C
100.1, C
187.7, C
106.2, C
80.3,C
17.5, CH3
64.5, CH,
170.0, C
20.4, CH3
169.6, C

20.6, CH3

3
¢, type®)
161.7, C
109.7, CH
141.4, CH
115.6, C
154.0, C
70.6, CH
27.8, CH
33.5, CH,
177.9, C
100.3, C
187.9, C
106.5, C
80.6, C
17.7, CH3
64.8, CH,
170.3,C
20.6, CH3
169.8, C
20.9, CH;
161.7,C
109.7, CH
141.4, CH
115.6, C
154.0, C
70.6, CH
27.8, CH
33.5,CH,
177.9,C
100.3, C
187.9, C
106.5, C
80.6, C
17.7, CHs
64.8, CH,
170.3,C
20.6, CH;
169.8, C
20.9, CH3

4
¢, type®)
160.0, C
118.6, C
139.5, CH
107.9, C
157.3,C
70.5, CH
27.9,CH
33.5, CH;,
178.0, C
101.0,C
188.3, C
106.4, C
80.8,C
17.8, CHs
64.7, CH,
170.6, C
21.0, CH3
170.7, C
21.1, CHs
161.8, C
110.1, CH
139.6, CH
117.3,C
154.9, C
69.6, CH
27.8, CH
33.4,CH,
177.9,C
100.7, C
188.3,C
106.6, C
80.5,C
17.6, CH3
64.3, CH,
170.1,C
20.5, CH3
169.9, C

21.1, CH3

5
¢, type®)
159.5, C
118.0,C
140.4, CH
108.4, CH
157.6, C
70.6, CH
27.9,CH
33.6, CH,
178.0, C
100.6, C
188.0, C
106.6, C
80.7,C
17.8, CHs
65.5, CH,
170.6, C
20.9, CH3
170.7, C
21.1, CHs
159.5, C
118.0,C
140.4, CH
108.4, CH
157.6, C
70.6, CH
27.9, CH
33.6, CH,
178.0, C
100.6, C
188.0, C
106.6, C
80.7,C
17.8, CH3
65.5, CH,
170.6, C
20.9, CHs
170.7, C
21.1, CH3

* Atom numbering according to compounds 3-5 for better comparison;  CD30D, ® CDCl3; see Supporting Information for NMR spectra; Assignments were
supported by 2D HSQC and HMBC experiments
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» Table 2 'H NMR spectroscopic data (500 MHz) for compounds 1-5, (6 in ppm).

Position 1* 2"
6y (mult, J in [Hz])®@ 6y (mult, J in [Hz])®@
1-OH
2 6.45 (dd, 8.4, 0.9) 6.43 (dd, 8.5, 1.0)
3 7.38(t, 8.3) 7.36 (t, 8.3)
4 6.42 (dd, 8.3, 0.9) 6.43 (dd, 8.0, 1.0)
5 4.41(d, 4.3) 4.41(d, 4.3)
6 2.86 (M) 2.95 (m)
7 2.86 (brm) 2.82 (dd, 18.0, 9.4)
2.24 (brm) 2.21(dd, 18.0, 5.1)
8-OH
8a 3.02 (d, 18.0) 3.14(d, 17.5)
2.98 (d, 17.5) 3.03 (d, 17.5)
11 1.22 (d, 6.6) 1.24 (d, 7.0)
12 3.78 (s) 2.72(d, 11.8)
3.18(d, 11.8)
14
16
1
2
3
4
5
6
7
8'-OH
11
12!
14/
16’

3

6y (mult, J in [Hz])®

4

6y (mult, J in [Hz])®

5

6y (mult, J in [Hz])®

11.52 (s) 11.59 (s) 11.79 (s)
6.54 (d, 8.7)
7.36 (d, 8.8) 7.16 (d, 8.4) 7.38(d, 8.5)
6.41(d, 8.4) 6.44 (d, 8.5)
5.39 (brd, 1.3) 5.51(d, 1.2) 5.54 (d, 1.5)
2.33(m) 2.40 (m) 2.38 (m)
2.43 (m) 2.50-2.30 (m) 2.50-2.31 (m)
2.32(m)
14.08 (s) 14.06 (s) 14.03 (s)
0.98 (d, 6.3) 1.04 (brd, 5.8) 1.04 (d, 5.9)
4.26 (d, 12.7) 4.53 (d, 13.0) 4.47 (d, 12.8)
4.14(d, 12.7) 428 (d, 13.1) 4.16 (d, 12.8)
1.86 (s) 2.09 (s) 2.08 (s)
2.04 (s) 2.08 (s) 2.08 (s)
11.52 (s) 11.36 (s) 11.79 (s)
6.54 (d, 8.7) 6.55 (d, 8.6)
7.36 (d, 8.8) 7.30 (d, 8.5) 7.38(d, 8.5)
6.44 (d, 8.5)
5.39 (brd, 1.3) 5.33(d, 1.9) 5.54 (d, 1.5)
2.33(m) 2.27 (m) 2.38 (m)
2.43 (m) 2.50-2.30 (m) 2.50-2.31 (m)
2.32 (m)
14.08 (s) 14.01 (s) 14.03 (s)
0.98 (d, 6.3) 0.97 (d, 6.5) 1.04 (d, 5.9)
4.26 (d, 12.7) 4,52 (d, 12.5) 4.47 (d, 12.8)
4.14(d, 12.7) 3.84(d, 12.8) 4.16 (d, 12.8)
1.86 (s) 1.77 (s) 2.08 (s)
2.04 (s) 2.05 (s) 2.08 (s)

* Atom numbering according to compounds 3-5 for better comparison;  CD;0D, ® CDCl3; see Supporting Information for NMR spectra. Assignments were
supported by 2D HSQC and HMBC experiments

cluding two carbonyl, six sp?, one quaternary (6¢ 84.8), two meth-
ine, one methyl, three methylene carbons. Among these, the sig-
nal for one carbonyl resonance (6¢ 198.3) and 6 aromatic carbons
(ring A) were consistent with a chromanone-chromophore core.
The proton NMR data of 1 in CD30D (> Table 2) displayed signals
for three aromatic methine protons, two aliphatic methine pro-
tons (6 4.41, d, /=4.3 Hz, H-5; 6y 2.86, m, H-6), three methy-
lenes, and one methyl group (64 1.22, CHs-11) (> Table 2).
Among these, the presence of three ortho-coupled aromatic pro-
tons at 0y 7.38 (t, J=8.3 Hz), 6.45 (dd, /=8.4, 0.9 Hz), and 6.42
(dd, J=8.3, 0.9 Hz) was consistent with a trisubstituted benzene,

which was further supported by the observation of 'H,"H-COSY
and NOESY cross-peaks for H-2/H-3 and H-3/H-4, and HMBC cor-
relations (H-2 to C-9a, C-4; H-3 to C-1, C-4a; H-4 to C-2, C-9a)
(» Fig. 2). The 'H and 3C NMR data of compound 1 suggested
that ring C of compounds 3-5 was replaced by a 5-membered lac-
tone (ring C) similar to the one found in paecilins [30,31], versix-
anthones [36], blennolides [35], and xylaromanones [34]. The lac-
tone ring substructure of 1 was deduced from the existence of
two methine protons (6y 4.41, H-5; 6y 2.86, H-6), one methylene
(64 2.86, 2.24, CH,-7), and one methyl (64 1.22, CH3-11), in con-
junction with "H,"H-COSY (CH,-7/H-6; H-6/H-5 and H-6/CH3-11),
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Control

Carbendazim

» Fig. 3 Antifungal activity of cytochalasin H (6), phomoxantone A (3), phomoxantone B (4), and paecilin Q (1) (10 mg/mL) against the phyto-
pathogen Phyllosticta citricarpa. | a=f Evaluation of mycelial growth, lla-f development of pycnidia in citrus leaves, llla=f citrus black spot (CBS)
lesions in detached fruits. a Control with methanol, b treatment with carbendazim. Treatment with compounds: c cytochalasin H (6), d pho-
moxantone A (3), e phomoxantone B (4), and f paecilin Q (1). Red arrow (11): pycnidia of P. citricarpa, black arrow (Ill): necrotic zone, white arrow
(1n): fungal growth. - Scale bars: I =10 mm, Il =3 mm, Il =5 mm. For antifungal activities of the remaining compounds (2, 5, 7-10), see Fig. 4S,

Supporting Information)

HSQC, and HMBC correlations [CH3-11 with C-6, C-7, C-5; CH-5
with C-8; CH,-7 with C-8, C-6, C-5]. The HMBC correlations of
the singlet CH,-12 to C-10a, C-5 and C-8a revealed the C-5/C10a
connection of rings C/B. The assignment of the remaining methy-
lene (64 3.02, 2.98, CH,-8a) at the 8a position was supported by
the HMBC correlations from CH,-8a to C-9, C-9a, C-5, and C-10a.
The configuration at C-6, C-5, and C-10a was established based on
NOESY correlations and optical rotation data. The observed NOE
cross-peaks between H-5/CH3-11 and H-5/CH;-12 indicated that
H-5, CH»-12, and CHs-11 shared the same facial orientation
(> Fig. 2). The optical rotation of compound 1 ([a]?® +140.0
(c 1.0, CH30H)) was very similar to that of reported paecilin B
(11) ([a]Z +42.0 (c 0.09, CHCl3)) (Fig. 4S, Supporting Informa-
tion) [30]. In addition, a synthetic isomer [13, (R)-5-hydroxy-2-
(hydroxymethyl)-2-([2R,3R]-3-methyl-5-oxotetrahydrofuran-2-yl)
chroman-4-one)] [37] of compound 1 has been reported, with an
opposite sign of optical rotation ([a]3®* = -40.0 (c=0.36, CHCl3))
(Fig. 4S, Supporting Information). Therefore, the absolute config-
uration of 1 was established as depicted in » Fig. 1, with all stereo-
centers in the S-configuration. Detailed analyses of 1D (H, '3C)
and 2D (HSQC, 'H,"H-COSY, HMBC, and NOESY) NMR data
(» Fig. 2 and Tables 1 and 2) fully support the structure of 1 as
depicted in » Fig.1. Compound 1 is as new natural product,
closely related to paecilin B, and was named paecilin Q.
Compound 2 was obtained as a yellow solid and displayed
UV-vis characteristics similar to 1. Compounds 1 and 2 shared
identical molecular formulas of C;5H160¢ based on (+)-HRESIMS.
Comprehensive analyses of 1D ('H, 3C) and 2D (HSQC, H,"'H-
COSY, HMBC, and NOESY) NMR data of 2 (» Fig. 1 and Tables 1

and 2) revealed that compounds 1 and 2 had the same planar
structure. The '3 C NMR and 'H NMR data of 2 (» Tables 1 and 2)
were similar to those of 1, except for slight 'H and 3C NMR shifts
at the CH-5, CH,-8a, and CH,-12 positions. In addition, CH;-12,
which was detected in compound 1 as a singlet, was observed
in compound 2 as two doublets at 3.18 (J=11.8Hz)/2.72
(J=11.8 Hz). The observed NOE cross-peaks between H-5/CHs-
11 and H-6/CH;,-12 indicated that H-5 and CH3-11 shared the
same facial orientation, while CH>-12 and H-6 were on the other
face (» Fig. 2). All 2D-NMR ("H,'H-COSY, HMBC, and NOESY) cor-
relations were in full agreement with structure 2 (» Fig. 1). Based
on the cumulative spectroscopic data, 1 and 2 differed only at the
C-10a stereocenter, and thus compound 2 is an 10a-epi form of 1.
Compound 2 is a new epimeric analogue of paecilin Q (1) and was
named paecilin R (> Fig. 1).

The antifungal activity of compounds 1-10 was evaluated
against P. citricarpa. In petri dishes, cytochalasin H (6) and
phomoxanthone A (3) at a concentration of 10 mg/mL inhibited
the mycelial growth of P. citricarpa by 80 and 65.7 %, respectively.
Phomoxanthone B (4) (51.4% inhibition) and paecilin Q (1) (48.6%
inhibition) had moderate antifungal activity. The other com-
pounds showed lower inhibition, ranging from 2.8 to 16.2%
(» Fig. 3 and Table 3).

Four compounds decreased more than 50% of the pycnidia
produced by P. citricarpa citrus in leaves. The highest inhibition
was obtained with cytochalasin H (6) (78.3%), followed by
phomoxanthone A (3) (70.2%), phomoxanthone B (4) (63.1%),
and paecilin Q (1) (50.5%) (» Fig. 3 and Table 3). Paecilin R (2) re-
duced the pycnidia formation by 35.5% and the other compounds
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» Table 3 Growth [in cm mean (z SD)] of the citrus pathogen Phyllosticta citricarpa in petri dishes, number of pycnidia produced in leaves by P. citri-
carpa, development of citrus black spot (CBS) symptoms, and cytotoxicity ICsq values obtained after 72 h incubation of A549 (non-small cell lung
cancer) and PC3 (prostate cancer) human cell lines in the presence of 100 uL of compounds 1-10 produced by Pseudofusicoccum stromaticum

CMRP4328.
Compounds Petri dishes Pycnidia CBS 1C59 uM

e A549 PC3
Paecilin Q (1) 1.8+0.2*0 98 £117%¢ + >80 >80
Paecilin R (2) 3.0£0.1 128 £ 4% + >80 >80
Phomoxanthone A (3) 1.2+0.1*P 59+6*P - 4.95+0.53 3.18+0.02
Phomoxanthone B (4) 1.7+0.3*0 73+6*P & 10.39 £0.59 7.39+0.62
Dicerandrol C (5) 3.3+0.2 187+9 + 2.92+0.24 2.23+0.13
Cytochalasin H (6) 0.7+0.2*2 43+7% - >50 >50
Cytochalasin | (7) 3.2+0.2 172+8 + >80 >80
8-Hydroxy-6-methyl-9-oxo-9H-xanthene-1-carboxylic acid (8a) 3.2+0.2 1917 + >80 >80
Monodictyxanthone (8b)
5-Carbomethoxymethyl-2-heptyl-7-hydroxychromone (9) 3.4+0.1 2006 + >80 >80
Maltol (10) 2.9+0.3% 176+9 + >80 >80
Carbendazim 0* 0 - NE NE
Control with methanol 3.5£0.2 198+8 + NE NE

- Absence of symptoms; + presence of symptoms; *Samples that were significant in the reduction of growth compared to the control in ANOVA, p<0.001;
The same subscript letter in the same column means the values are not different. NE: not evaluated. Compound concentration in the applied solution was
10 mg/mL. Actinomycin D and H,0; [A549 (non-small cell lung), PC3 (prostate) human cancer cell lines] were used as positive controls at 20 pM and 2 mM

concentrations, respectively (0% viable cells).

showed less than 14% inhibition [cytochalasin | (7), maltol (10),
dicerandrol C (5), 8-hydroxy-6-methyl-9-oxo-9H-xanthene-1-car-
boxylic acid (8a), and monodictyxanthone (8b)] or no activity
[carbomethoxymethyl-2-heptyl-7-hydroxychromone (9)] (» Ta-
ble 3 and Fig. 5S, Supporting Information).

In a further assay, cytochalasin H (6) and phomoxanthone A (3)
completely inhibited CBS symptoms in citrus fruits, comparably to
the fungicide carbendazim, where only the residual mycelium
used for the fungal inoculation was observed (> Fig. 3). The other
compounds were not able to control the development of CBS le-
sions, with results similar to the negative control, where fungal
growth and the necrotic zone around the lesion were observed
(» Fig. 3, Table 3, and Fig. 5S, Supporting Information).

The cytotoxic activities of compounds 1-10 were evaluated us-
ing A549 (non-small cell lung) and PC3 (prostate) human cancer
cell lines (» Table 3). Phomoxanthone A (3) [IC50=4.95uM
(A549); 3.18 uM (PC3)], phomoxanthone B (4) [(ICso=10.39 uM
(A549); 7.39uM (PC3)], and dicerandrol C (5) [(IC50=2.92 uM
(A549); 2.23 uM (PC3)] were highly cytotoxic. Cytochalasin H (6)
showed IC5¢p>50 uM against both A549 and PC3. Other com-
pounds including the new derivatives paecilins Q (1) and R (2)
showed no cytotoxicity at up to an 80 uM concentration against
these cell lines (> Fig. 4).

Discussion

P. stromaticum CMRP4328 was isolated from S. adstringens, com-
monly found in the Cerrado, and used as a medicinal plant in Brazil
[5]. The species P. stromaticum was already isolated as an endo-
phytic fungus from S. adstringens in the Brazilian Cerrado [2,5]
and has also been reported as an endophyte from other plants in
Brazil [2,5,11].

In a previous study [5], we observed that an extract of P. stro-
maticum CMRP4328 exhibited high activity against citrus plant
pathogens. In this study, we identified the compounds produced
by this strain and evaluated their cytotoxicity and ability to control
the citrus phytopathogen P. citricarpa. Ten compounds were iso-
lated and identified (> Fig. 1), including two new chromanone de-
rivatives, paecilin Q (1) and R (2), four xanthenes (3-5 and 8a/8b),
two cytochalasins (6-7), one chromone (9), and one pyranone
(10).

Paecilins were previously isolated and reported from fungi be-
longing to different genera and ecological habitats, but not from
Pseudofusicoccum species. Paecilins A and B were produced by the
mangrove endophytic fungus Paecilomyces sp. [38,39]. In addi-
tion, paecilin B was also isolated from other fungi, such as Seto-
phoma terrestris (soil), Talaromyces sp. (endophytic of Duguetia
stelechantha), and Pseudopalawania siamensis (saprophytic of Car-
yota sp.) [30,32,39,40]. Paecilin C was obtained from the marine
fungus Penicillium sp. [41]. Paecilin D was reported from Talaro-

1184 lantas | et al. Paecilins Q and... Planta Med 2023; 89: 1178-1189 | © 2023. Thieme. All rights reserved.

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



150+
o
Z 0
59
2% 100~
- 0
=0
52
249
>£ 50
&5
=2
D-
a 4
120+
100=
2a
50 80+
=
€35
‘a,U 60+
33
S o 404
=t
82 201
'a.e -—
0
b -20- Log pM

80 pM == PC3

=3 A549

6 7 8alb 9 10

PC3
120+

100+
80+
60=

40+

20+

% Cell Viability (Relative
to Untreated Controls)

o

-20-

Log pM

(a]

» Fig.4 a % Viability of A549 (non-small lung) and PC3 (prostate) human cancer cell lines after 72 h of treatment at the 80 uM concentration of
compounds 1-10. b Concentration-response of compounds 3-7 against the A549 (non-small cell lung) human cancer cell line (72 h). ¢ Concen-
tration-response of compounds 3-7 against the PC3 (prostate) human cancer cell line (72 h). A549: I1Cs, for compounds 1-2 (>80 pM), 3 (4.95 +
0.53 uM), 4 (10.39 £ 0.59 uM), 5 (2.92 £ 0.24 uM), 6 (> 50 uM), and 7-10 (>80 uM). PC3: ICsg for compounds 1-2 (>80 pM), 3 (3.18 £ 0.02 uM),
4(7.39+0.62 uM), 5 (2.23 £ 0.13 uM), 6 (> 50 uM), and 7-10 (> 80 uM); see » Table 3. Actinomycin D and H,0, [A549 (non-small cell lung), PC3
(prostate) human cancer cell lines] were used as positive controls at 20 uM and 2 mM concentrations, respectively (0% viable cells).

myces sp., an endophyte of D. stelechantha [40], and paecilin E was
produced by the marine fungus Neosartorya fennelliae [31]. More
recently, 14 additional paecilins have been reported from the en-
dophytic fungus Xylaria curta E10 [42] and a mutant strain of Pen-
icillium oxalicum 114-2 [43]. It is very important to note that the
chemical structures of paecilins F-H reported from the endo-
phytic fungus X. curta E10 [42] are different from those of paeci-
lins F-H reported from the mutant strain of P. oxalicum 114-2
[43]. Two papers [42,43] were published in the same time frame,
and the authors have unfortunately used the same name (paeci-
lins F-H) for three new paecilin molecules produced by these fun-
gi.

Phomoxanthones A (3) and B (4) belong to the class of xan-
thones of heterocyclic natural products. Both compounds were
previously reported as metabolic products of endophytic strains
of Diaporthe spp. (Phomopsis spp.) [15,21]. Dicerandrol C (5) has
similarities with the phomoxanthones, having a dimeric tetrahy-
droxanthenone skeleton [6]. Dicerandrol C was isolated from the
soybean pathogenic fungus Diaporthe longicolla (Phomopsis long-
icolla) [22]. 8-Hydroxy-6-methyl-9-oxo0-9H-xanthene-1-carboxylic
acid (8a) and 8-hydroxy-3-methyl-9-ox0-9H-xanthene-1-carbox-

ylic acid (8b), also known as monodictyxanthone, were obtained
as a mixture of isomers in a 3:1 ratio. Compound 8a was previ-
ously reported from roots of Bulbine frutescens [27], while mono-
dictyxanthone (8b) is a known metabolic product of the fungus
Monodictys putredinis, isolated from the inner tissue of a marine
green alga [28].

Cytochalasins are a class of structurally related fungal metabo-
lites with broad biological activities, such as antifungal, cytotoxic,
and antibacterial properties [44,45]. Cytochalasins H (6) and ] (7)
have already been isolated from various fungi, including Endothia
gyrosa and Diaporthe spp. [44-48]. 5-Carbomethoxymethyl-2-
heptyl-7-hydroxychromone (9) was previously produced by the
endophytic fungus Pestalotiopsis sp. [29]. Maltol (10), which is
mainly known from plants [48], was also previously reported as
an actinobacterial metabolite from Streptomyces sp. [49].

Cytochalasin H (6), phomoxantone A (3), phomoxantone B (4),
and paecilin Q (1) inhibited the mycelial growth of the plant path-
ogen P. citricarpa and decreased the formation of pycnidia in citrus
leaves, suggesting that these compounds can be used as an alter-
native to control P. citricarpa (> Fig. 3). In regions with high rain-
fall, such as Brazil, the conidia (asexual spores) are washed down
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to the adjacent citrus tissues and contribute to the spread of the
fungus and the appearance of CBS disease [12]. The inhibition of
pycnidia formation is essential to decrease the concentration of
conidia in orchards and can be essential in CBS control as well,
since conidia dispersion is the most important source of P. citricar-
pa spread [12,13].

In addition, cytochalasin H (6) and phomoxanthone A (3) sup-
pressed the hyphal growth and development of CBS lesions in de-
tached fruits (» Fig.3). Although, the pathogen P. citricarpa
causes diverse symptoms, the hard spot in citrus fruits, character-
ized by sunken, pale brown necrotic lesions with a dark reddish
brown raised border, is the most common symptom [12,14]. The
presence of severe symptoms on the fruit can result in premature
fruit abscission, leading to crop losses [12]. Thus, strategies that
impact CBS lesions development, and pycnidia formation has
great importance for the citrus culture worldwide.

The two new paecilins (1 and 2) do not show cytotoxic activity
against human non-small cell lung A549 and human prostate PC3
cell lines, respectively. Studies with other paecilins also did not re-
veal cytotoxic activity against human cell lines, but not all com-
pounds have been evaluated yet [30-32,39-43]. Compounds 3,
4, 5, and 6 displayed moderate to high activity against human
non-small cell lung A549 and human prostate PC3 cell lines
(» Fig. 4 and Table 3), respectively. Cytotoxic activity against sev-
eral other human cancer cell lines have been reported for dimeric
tetrahydroxanthone derivatives [15,21].

In the current study, we found two new compounds, paecilins
Q (1) and R (2), produced by the endophytic fungus P. stromati-
cum CMRP4328. Additionally, we analyzed the antifungal activity
of ten compounds produced by P. stromaticum CMRP4328 against
the citrus pathogen P. citricarpa. Cytochalasin H (6) showed con-
siderable activity against P. citricarpa, acting on different aspects
of the phytopathogen development, inhibiting mycelial growth,
pycnidia formation, and the development of lesions of the CBS
disease. The new compound paecilin Q (1), showed moderate ac-
tivity against this citrus pathogen, and no cytotoxic activity. These
compounds can be considered promising and should be further
investigated for the control of CBS disease.

Materials and Methods

Fungal strains

Strain CMRP4328 was isolated as an endophyte from leaves of the
medicinal plant S. adstringens, collected in the Cerrado biome
(savanna) (20°18'10.8 'S 56°15'44.3"" W) in Brazil, in 2018. The
isolate was identified as P. stromaticum by phylogenetic analysis
of the internal transcribed spacer region (ITS) (MN173204) and
translation elongation factor 1-a gene (tef1) partial sequences
(MT331613) [5]. P. citricarpa CMRPO6 was isolated from Citrus sp.
with positive results in a CBS pathogenicity tests [3]. Potato dex-
trose agar (PDA) media was used for the maintenance of strains.
The endophyte and the citrus pathogen P. citricarpa (CMRPO6)
are deposited in the CMRP Taxonline Microbiological Collections
of Parana Network, at the Federal University of Parana, Brazil
(www.cmrp-taxonline.com). The fungal strains used in this work
were registered in SISGEN (National System for the Management

of Genetic Heritage and Associated Traditional Knowledge) under
number A1693BA in compliance with Brazilian Law 13.123/2015.
The collection of biological material used in this work was author-
ized by ICMBio, according to authorization SISBIO (Biodiversity
Authorization and Information System) No. 68 691.

Fermentation, extraction, and isolation

Isolate CMRP4328 was cultivated in PDA plates at 28 °C for 7 days.
Three discs (12 mm each) of the corresponding medium with fun-
gal growth were transferred to Erlenmeyer flasks (250 mL)
containing 100 mL of malt extract medium (malt extract 20 g/L,
dextrose 20g/L, peptone 1g/L). The fermentation (10L total)
was incubated at 28°C on a rotary shaker (180 rpm) for 14 days.
The biomass (mycelium) was separated from the culture medium
by filtration with Whatman ne4 filter paper. The culture filtrate
was mixed with 5% (w/v) XAD-16 resin, stirred overnight, and
then centrifuged (5000 rpm) for 10 min. The resin was washed
with H,O (3 times) and then eluted in MeOH. The methanol ex-
tract was rotary evaporated at 40°C [4] to yield 1.02 g of brown
oil crude extract. The extract was separated on a reverse-phase
Cyg column (25%2.5cm, 2509) eluted with a gradient of
H>0-CH3CN (100:0-0:100). Twenty-one fractions (F1-F21) were
combined after TLC and HPLC analysis. Purification of fractions
F4-5 (73mg) by Sephadex LH-20 column chromatography
(MeOH; 2.5x50cm) followed by semiprep HPLC yielded com-
pounds 8a/8b (3.1 mg) and 10 (13.7 mg). Similarly, semiprep
HPLC purification of F10 (35 mg) afforded compounds 1 (2.2 mg)
and 2 (2.3 mg). In the same manner, chromatographic purifica-
tion of F11 (43mg) yielded compounds 1 (3.3mg) and 9
(2.8 mg), F12-13 (75 mg) yielded compounds 6 (13.5mg) and 7
(10.6 mg), F17 (57 mg) yielded compounds 3 (10.1mg) and 5
(2.1 mg), F18 (35mg) yielded compounds 3 (3.8 mg) and 4
(3.7 mg), and F19-21 (53 mg) yielded compound 3 (25.0 mg).
The other fractions were not further investigated based on TLC
and HPLC analyses, since they contained only sugars and other
media components (Fig. 1S, Supporting Information).

Paecilin Q (1). Cy5H10¢; pale yellow solid; [a]Z® + 140.0 (c 1.0,
CH3O0H); UV/vis (MeOH) Aqax (log €) 207 (3.75), 275 (3.42), 350
(2.98) nm (Fig.3S, Supporting Information); 'H NMR (CDs0D,
500 MHz) and 3C NMR (CD30D, 100 MHz) data, see » Tables 1
and 2; (-)-ESI-MS: m/z 291 [M = H]7; (+)-ESI-MS: m/z 293 [M + H]
*; (-)-HRESI-MS: m/z 291.0866 [M - H]~ (calcd. for Cy5Hq50,
291.0874); (+)-HRESI-MS: m/z 293.1020 [M + H]* (calcd. for
Cy5H1706, 293.1020), 315.0840 [M + Na]* (calcd. for Cy5sH1606Na,
315.0839) (Figs. 7S-17S, Supporting Information).

Paecilin R (2). C15H1606; pale-yellow solid; [a]3” +46.6 (c 1.0,
CH30H); UV/vis (MeOH) Amax (log €) 208 (3.86), 273 (3.08), 348
(3.12) nm (Fig. 3S, Supporting Information); 'H NMR (CD50D,
500 MHz) and 3C NMR (CD30D, 100 MHz) data, see » Tables 1
and 2; (-)-ESI-MS: m/z 291 [M - H]"; (+)-ESI-MS: m/z 293 [M + H]
*; (=)-HRESI-MS: m/z 291.0867 [M - H]  (calcd. for Cy5H1506,
291.0874); (+)-HRESI-MS: m/z 293.1019 [M + HJ]* (calcd. for
C15H1705, 293.1 020), 315.0839 [M + NEI]+ (Ca'Cd. for C15H1606Na,
315.0839) (Figs. 195-29S, Supporting Information).

The physicochemical properties of compounds 3-10 are listed
in the Supporting Information.
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Antifungal assays
Mycelial growth inhibition assay

A 100 pL solution of each compound dissolved in methanol
(10 mg/mL) was spread over the surface of a petri dish containing
PDA medium. One mycelial disc (8 mm) of citrus pathogen P. citri-
carpa was inoculated in the center of the plates. Plates were incu-
bated in BOD (biochemical oxygen demand) at 28°C with a 12-h
photoperiod. The antifungal activity was evaluated after 21 days.
To determine inhibition percentage (IP), the diameter of the colo-
nies was measured, and the IP was calculated according to the
formula: IP = (mycelial growth in control - mycelial growth in
treatment)/mycelial growth in control*100 [3,5]. The fungicide
carbendazim (1.0 mg/mL) was used as the positive control and
methanol as the negative control. The experiments were per-
formed in triplicate, and the data were submitted to analysis of
parametric variance (ANOVA) with GraphPad Prims v. 6.01.

Inhibition of Phyllosticta citricarpa pycnidia
development in citrus leaves

Leaves of Citrus sinensis were thoroughly washed in running tap
water, cut into discs [10 mm (@)], and autoclaved in distilled
water (20 min, 120°C, 1 atm). Three leaf discs were placed in petri
dishes with water-agar (1.5% w/v) medium, and 10 pL of a solu-
tion of each compound dissolved in methanol (10 mg/mL) were
deposited on each leaf fragment. Four discs (2-mm thick) of P. cit-
ricarpa CMRP06 mycelia were inoculated on the edge the leaf frag-
ments. The petri dishes were incubated at 28°C with a 12-h pho-
toperiod for 21 days. After this period, the number of P. citricarpa
pycnidia present above the leaves were counted under a stereo-
scopic microscope. The fungicide carbendazim and methanol
were used as positive and negative controls, respectively. The ex-
periments were performed in triplicate [5].

Inhibition of citrus black spot development in citrus fruits

Ripe and detached C. sinensis fruits were superficially disinfected
and a disc (5 mm) of mycelium of P. citricarpa was introduced into
the fruit using creating a wound with a cutting drill. Next, 10 pL of
a solution of each compound dissolved in methanol (10 mg/mL)
were added to the wounds. The wound was sealed with tape and
fruits were kept in a light chamber at 28 °C under continuous light.
The presence of lesions (fungal growth and the necrotic zone
around the lesion) was qualitatively evaluated 21 days after inoc-
ulation in comparison to the treatments with the negative control
(only methanol) and the positive control (50 ug of the fungicide
carbendazim) [3]. Experiments were performed in triplicate.

Cytotoxicity assay

The cytotoxicity of compounds was evaluated against A549 (hu-
man lung non-small cell carcinoma) and PC3 (prostate adenocar-
cinoma) human cancer cell lines. The cytotoxicity of compounds
was evaluated by measuring the conversion of resazurin (7-hy-
droxy-10-oxidophenoxazin-10-ium-3-one) into its fluorescent
product resorufin. The cytotoxicity ICsy values were obtained
after 72 h incubation. Hydrogen peroxide (2.0 mM) and actinomy-
cin D (20 uM) were used as positive controls (0% viable cells), and
0.1% dimethyl sulfoxide was used as a negative control (100% via-

ble cells) [4]. The tests were performed in triplicate. For full details
about the cytotoxicity assay, see Supporting Information.

Supporting information

General experimental procedures, cancer cell line viability assay,
physicochemical properties of compounds 3-10, workup scheme
for compound isolation, UV-vis spectra of compounds 1-5, chem-
ical structures of compounds 11-13, antifungal activity of com-
pounds 2, 5, and 7-10, "H,"H-COSY, TOCSY, HMBC, and NOESY
correlations of compounds 6-10, HPLC/UV, HPLC/MS, HRMS and
NMR spectra of all isolated compounds are available as Support-
ing Information.
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