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Abstract: Bioassay-guided fractionation of an EtOAc extract of the broth of the endophytic fungus
Nemania sp. UM10M (Xylariaceae) isolated from a diseased Torreya taxifolia leaf afforded three known
cytochalasins, 19,20-epoxycytochalasins C (1) and D (2), and 18-deoxy-19,20-epoxy-cytochalasin C
(3). All three compounds showed potent in vitro antiplasmodial activity and phytotoxicity with no
cytotoxicity to Vero cells. These compounds exhibited moderate to weak cytotoxicity to some of the
cell lines of a panel of solid tumor (SK-MEL, KB, BT-549, and SK-OV-3) and kidney epithelial cells
(LLC-PKj1). Evaluation of in vivo antimalarial activity of 19,20-epoxycytochalasin C (1) in a mouse
model at 100 mg/kg dose showed that this compound had weak suppressive antiplasmodial activity
and was toxic to animals.

Keywords: Nemania; Xylariaceae; Torreya taxifolia; plant pathogenic and endophytic fungi; cytochalasins;
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1. Introduction

Malaria remains a serious threat to human health in many parts of the tropics and subtropics,
and an estimated 216 million cases and 445,000 deaths occurred worldwide in 2016 [1]. This disease is
caused by apicomplexan parasites of the genus Plasmodium. P. falciparum, which is responsible for the
majority of malaria deaths, has developed resistance to all currently available drugs, and mosquito
vectors have become resistant to one or more insecticides in all WHO regions [1]. There is an urgent
need to develop novel drugs with new modes of action for effective control of this disease.

Apicomplexan parasites such as Plasmodia contain the apicoplast organelle that is similar to
plastids found in the cells of photosynthetic organisms with the same genetic complements [2].
Apicoplasts have some essential plant-like metabolic pathways which are absent in mammalian hosts.
Over the last decade, a number of validated targets in plant-like metabolic pathways in the apicoplast
of malaria parasites have been reported [3-7]. Apicoplasts perform vital metabolic functions and are
essential for both erythrocytic and hepatic development of the parasites in mammalian hosts [3-7].
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Therefore, plant-like metabolic pathways in apicoplasts serve as promising targets for antimalarial
drug discovery [3-7].

Most phytotoxins disrupt metabolic pathways in plants, including those in plastids [8]. Several
studies have been carried out to evaluate the in vitro antiplasmodial activity of herbicides and
phytotoxins that act on known apicoplast metabolic pathways [9-11], and some of them have shown
activity against Plasmodium.

We have screened a number of plant pathogenic fungal extracts with phytotoxic activity for
their antiplasmodial activity. Some of these extracts yielded compounds with good antiplasmodial
activity [12-14]. As part of this program, we investigated endophytic fungi isolated from a diseased
leaf of cultivated Torreya taxifolia Arnott (Figure 1).

Figure 1. Symptoms of diseased needles of cultivated T. taxifolia.

One of the fungal extracts showed potent phytotoxic activity and selective antiplasmodial activity.
This fungus (UM10M) (Figure 2) was identified as a species of the genus Nemania (Xylariaceae). Some
members of this family have been identified as endophytes and plant pathogens [15].

Figure 2. Potato dextrose agar plate of the fungus UM10M.

Bioassay guided fractionation of this extract led to the isolation of three cytochalasins,
19,20-epoxycytochalasins C (1) and D (2), and 18-deoxy-19,20-epoxycytochalasin C (3) (Figure 3),
as the compounds responsible for both the phytotoxic and antimalarial activity.
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Figure 3. Structures of compounds 1-3 isolated from the fungus UM10M.

A number of cytochalasins have been reported from Xylariaceae and several other plant
pathogenic and endophytic ascomycete and basidiomycete genera (16). Cytochalasins have
shown diverse biological activities including antiplasmodial [16,17], antitoxoplasma [18], and
phytotoxic [19-21] activities. Cytochalasin B, which is known to inhibit actin filament formation,
is capable of interfering with several cellular processes including cytokinesis, intracellular motility,
and exo and endocytosis [22,23]. This compound is extensively used to study cytoskeletal
mechanisms [22,23].

Compounds 1 and 2 showed potent antimalarial activity against both chloroquine-sensitive and
-resistant clones and were not cytotoxic to Vero cells at the highest concentration tested (4760 ng/mL)
whereas compound 3 showed moderate activity. Compound 1 which was isolated as the major
compound was evaluated for in vivo antimalarial activity in a mouse model.

2. Results and Discussion

An EtOAc extract of the fermentation broth of the endophytic fungus isolated from a diseased
T. taxifolia leaf showed good phytotoxic activity against both a dicot (lettuce, Lactuca sativa L.) and a
monocot (bentgrass, Agrostis stolonifera L.) and potent antiplasmodial activity against chloroquine-sensitive
(D6) and -resistant (W2) strains of P. falciparum (ICsy = 40 and 44 ng/mL respectively) with low
cytotoxicity (6800 ng/mL) to mammalian kidney fibroblasts (Vero cells).

Analysis of the ITS genomic region (partial 18S ribosomal RNA gene, internal transcribed spacer
1, 5.85 ribosomal RNA gene, and internal transcribed spacer 2, and partial 285 ribosomal RNA gene)
of this fungus (Figure 4 and Supplementary, Table S1) indicated that it is related to the genus Nemania
of the family Xylariaceae with 545 of 557 nucleotides (98% sequence identity) to the Nemania sp.
genotype 547 isolate NC0453 (GenBank accession: JQ761479.1) which represents an endolichenic
fungus of the host Pseudevernia consocians. Since it does not show a 100% identity to other already
published Nemania species in GenBank, this fungus was designated as a new isolate, UM10M (GenBank
accession: MK321315).

The EtOAc extract of the culture broth of Nemania sp. UM10M was fractionated over silica gel
and subsequently separated over Sephadex LH-20 and PTLC to afford three compounds. Compound 1
was identified as 19,20-epoxycytochalasin C by spectroscopic methods. This compound has previously
been reported from several Xylaria species [24-26] and an unidentified endophytic fungus [27]. Our 'H
and 3C NMR assignments were comparable to reported data, but the chemical shift for H-11 needs to
be revised, and the 13C assignments for C-11 and C-12, and C-13 and C-14 need to be interchanged [25]
(Table 1). Compound 2 has been isolated from Xylaria [25,28] Engleromyces [29,30], and an unidentified
endophytic fungus [27], and its NMR data were comparable to the reported data [30].

Compound 3 (18-deoxy-19,20-epoxycytochalasin C) has been reported from an unidentified
endophytic fungus, KL-1.1, and isolated from Psidium guajava leaves [27]. However, in the structure
drawn for this compound, the absolute configurations of C-4 (R) and C-19 (S) were not correctly
represented [30]. The NMR data for compound 3 were comparable to the reported data but the 1>C
assignments for C-12 and C-23 need to be interchanged (Table 1).
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Figure 4. Constructed tree using Neighbor-Joining method employing MEGA X software to match
UMI10M to already published sequences to help identifying close relatives. Numbers displayed
on branches are the percentage of replicate trees in which the associated taxa clustered together
in the bootstrap test obtained through 500 replications. Sequences used are shown with GenBank
accession numbers (Supplementary Table S1). UM10M is closely related to Nemania sp. genotype
547 isolate NC0453.

The configuration depicted in the reported structures for these compounds was not
consistent [25-30]. In some cases, proper guidelines for using configurational descriptors have
not been followed when drawing and defining stereogenic centers, and in others the absolute
configuration of some stereogenic centers have been drawn incorrectly. The correct structure and
the absolute configuration of 19,20-epoxycytochalasin D (2) have previously been determined by
spectroscopic and X-ray analysis [30]. Our spectroscopic and physical data of compound 2 matched
well with those reported for 19,20-epoxycytochalasin D [30], and we deduced that the structure in
this reference represented the correct absolute configuration of compound 2. Since compounds 1-3
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presumably share the same biosynthetic precursor, they all possess the same absolute configuration.
Therefore the structures and absolute configurations of these compounds were determined
as (35,4R,75,85,9R,165,18R,19R,205,215)-19,20-epoxycytochalasin C (1), (35,4R,55,75,85,9R,165,18R,
19R,20S5,215)-19,20-epoxycytochalasin D (2), and (3S,4R,7S,85,9R,16(5),185,195,20R,215)-18-deoxy-
19,20-epoxycytochalasin C (3) and are correctly represented in the structures shown in Figure 3.

Table 1. 'H and 3C NMR data of 1 and 3 in CDCl;-methanol-d,.

1 3
Carbon
Scb Su 2 (J in Hz) Scb Su 2 (J in Hz)

1 175.0 175.1
3 61.0 3.35,t(7.3) 61.1 332, m
4 499 2.50, brs 499 2.43, brs
5 126.4 128.5
6 131.8 131.7
7 68.1 3.76, brd (9.9) 68.1 3.77,d (9.7)
8 48.7 2.25,dd (10.1,10.0) 49.0 2.27,dd, (10.1, 10.1)
9 52.0 51.8
10 44.1 3.08,d (7.4) 44.4 3.04,bd, (7.5)
11 16.7 1.19, s 14.1 1.26,s
12 13.8 1.62,s 13.9 1.65, s
13 131.4 5.99, dd (15.5,10.2) 131.0 6.24,dd (15.5,10.4)
14 132.9 5.68, ddd (15.6, 9.7, 5.8) 133.7 5.61, m
15 37.5 2.63,dd (22.7,11.9),2.14, m © 37.6 2.53,dd (25.3,12.2),2.14 m ©
16 417 327, m¢ 429 2.98,d (1.8)
17 215.3 216.9
18 76.3 52.1 218, m¢
19 59.9 3.25, brs © 58.6 3.01, m¢
20 53.2 3.38, brs 57.6 3.38,d (1.7)
21 72.0 5.75,s 72.3 5.69, s
22 18.9 1.21,d (7.6) 18.8 1.12,d (6.7)
23 215 1.54, s 17.1 1.32,d (6.9)
24 170.4 170.5
25 20.5 2.18,s 20.7 2.15,s
1/ 137.3 136.9

26 129.2 7.28, m 129.4 7.26, m

35 128.6 7.33,m 128.7 7.33, m
4 126.8 7.25, m 126.9 7.25, m

21H NMR spectra recorded at 400 MHz, ® 13C NMR spectra recorded at 100 MHz, © overlapped signal.

Compounds 1-3 showed potent selective (calculated as a ratio of ICs; for cytotoxicity to Vero
cells and IC5( for antimalarial activity) in vitro antiplasmodial activity against chloroquine-sensitive
(D6) and -resistant (W2) strains of P. falciparum (Table 2) and nonspecific moderate phytotoxic activity
against both a monocot (bentgrass, Agrostis stolonifera) and a dicot (lettuce, Lactuca sativa cv. L., iceberg)
in the presence of light (Table 3).

Table 2. Antiplasmodial activity of 1-3.

Chloroquine-Sensitive Chloroquine-Resistant Cytotoxicity to

(D6)-Strain (W2)-Strain Vero Cells
Compound 1Co uM Co uM

50 M. 50 K

(ng/mL) S.L (ng/mL) S. L IC50 MM
19,20-Epoxycytochalasin C (1) 0.07 (37) >128.6 0.05 (28) >170 NC
19,20-Epoxycytochalasin D (2) 0.04 (22) >216.3 0.04 (20) >238 NC
18-Deoxy-19,20-epoxy-cytochalasin C (3)  0.56 (280) >17 0.19 (100) >47.6 NC
Chloroquine ? 0.03 (16) >297.5 0.31 (160) >29.8 NC
Artemisinin ? 0.02 (5.6) >850 0.01 (3.0) >1586.6 NC

2 Positive controls; NC: not cytotoxic at the highest concentration tested (4760 ng/mL); S. I. (selectivity index) = ICsq
for cytotoxicity /ICsg for antiplasmodial activity.
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Table 3. Phytotoxic activity of 1-3 2.

Compound Lettuce Bentgrass
19,20-Epoxycytochalasin C (1) 3 2
19,20-Epoxycytochalasin D (2) 3 3
18-Deoxy-19,20-epoxycytochalasin C (3) 3 4

2 Concentration (mM) = 1 mg/mL. Ranking based on scale of 0 to 5; 0 = no effect; 5 = no growth;Solvent used, 10%
acetone; Concentration used, 1 mg/mL.

The in vitro cytotoxic potential of 1-3 was further evaluated against a panel of solid tumor cell
lines (SK-MEL, KB, BT-549, SK-OV-3) and kidney epithelial cells (LLC-PKj;) (Table 4). Compounds 1
and 3 showed moderate toxicity to cell lines SK-MEL and BT-549, respectively, whereas compound 2
exhibited moderate toxicity to BT-549 and LLC-PKj; cell lines.

Table 4. Cytotoxic activity [ICsq (1M)] of 1-3.

Compound SK-MEL KB BT-549 SK-OV-3 LLC-PKyy
19,20-Epoxycytochalasin C (1) 8.02 NC NC NC NC
19,20-Epoxycytochalasin D (2) NC NC 7.84 NC 8.4
18-Deoxy-19,20-epoxycytochalasin C (3) NC NC 6.89 NC NC
Doxorubicin @ 1.29 2.12 1.83 1.47 1.28

2 Positive control. NC: not cytotoxic at 10 pM. IC5p = concentration causing 50% growth inhibition. SK-MEL
= human malignant melanoma; KB = human epidermal carcinoma; BT-549 = human breast carcinoma (ductal);
SK-OV-3 = human ovary carcinoma; LLC-PKj; = pig kidney epithelial.

In vitro antiplasmodial [16,17] and antitoxoplasma [18] activities of cytochalasin derivatives
have been reported. These compounds have been shown [17,18] to inhibit the actin-based gliding
motility in extracellular parasites and impair erythrocyte invasion of apicomplexan parasites of
Toxoplasma gondii [18,31] and P. falciparum [32,33]. Both host cells and the parasites contain actin-based
cytoskeletons but due to their divergence, parasite actin-1 (PfACT-1) has been identified as a viable drug
target [33]. The information on the activity of this class of compound indicates that the observed potent
in vitro antimalarial activity with high selectivity indices for compounds 1 and 2 is most probably
due to their selective disruption of parasite actin-1 and not due to disruption of plant-like metabolic
pathways in apicoplasts. Even though in vitro antimalarial activity of this class of compounds has
previously been reported [16,17], their in vivo activity has not yet been reported. Cytochalasins B, D,
and E have been extensively studied for their anticancer effects. In animal models, no toxicity has been
observed at the therapeutic doses when administered in intraperitoneal, subcutaneous, or intravenous
injections up to 100 mg/kg/day [34-36].

Compound 1, which was isolated as the major compound, was evaluated for antimalarial activity
against P. berghei in mice at 100 mg/kg/day for 3 days through the oral route. Chloroquine was used
as the positive control. A control group of mice were treated with vehicle only. Three out of 5 animals
treated with compound 1 (Table 5) died due to drug induced toxicity. In animals that survived, 33.9%
and 71.4% suppression of parasitemia was observed on days 5 and 7, respectively (Table 5). Even
though compound 1 appears to have some suppressive activity at this dose, its high toxicity would
preclude it from being a viable antimalarial lead.
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Table 5. In vivo antimalarial activity of 1.

% Parasitemia

Treatment Dose (mg/kg X # . b . d ¢
(PO) days Post Infection) Suppression Survival ©  Dayof Death  MST Cure
Day 5 Day 7
Vehicle x3 - - 0/5 14/14/13/13/5 11.8 0/5
Chloroquine ? 100 x 3 100 100 5/5 28/28/28/28/28 28 2/5
1 100 x 3 33.9 714 0/5 17/5/3/1/0 5.2 0/2

a Positive control; P % suppression in parasitemia is calculated by considering the mean parasitemia in the vehicle
control as 100%, Parasitemia suppression < 80% is considered as non-significant; © Number of animals that survived
day 28/total animals in group (the day of the death-post infection); d 9, MST—mean survival time (days); f Number
of mice without parasitemia (cured) till day 28 post-infection.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a Autopol IV automatic polarimeter model 589-546
(Rudolph Research Analytical, Flanders, NJ, USA). NMR spectra were recorded on a Bruker 400 MHz.
spectrometer (Rheinstetten, Germany) using CDCl;/methanol-d4 as the solvent unless otherwise
stated. MS analyses were performed on an Agilent Series 1100 SL equipped with an ESI source
(Agilent Technologies, Palo Alto, CA, USA). Column chromatography was carried out on silica
gel 60 (230-400 mesh) (Sigma-Aldrich, St. Louis, MO, USA) and Sephadex LH-20 (GE Healthcare
Bio-Sciences, Marlborough, MA, USA). Preparative TLC was carried out using silica gel GF plates
(20 x 20 cm, thickness 0.25 mm). Spots were detected under UV light and by heating after spraying
with anisaldehyde reagent.

3.2. Fungal Material

Diseased leaves were collected from a cultivated T. taxifolia plant from Oxford, MS. A voucher
of the T. taxifolia Arn. plant was identified by E. M. Croom, Jr. and deposited in the University of
Mississippi Pullen Herbarium. The voucher accession number is MISS 83490. Leaves were surface
sterilized with 5% Chlorox for 5 min and rinsed with sterile water (x3). Transverse sections from the
dried leaf were cut aseptically into small portions and immersed in potato dextrose plates. The plates
were incubated for two weeks and fungal colonies were subcultured on PDA plates to isolate pure
fungal strains.

3.3. Fermentation, Extraction, and Purification

Fungus UM10M was cultured in four conical flasks (2 L) containing 500 mL of PDB and incubated
at 27 °C for 30 days on an orbital shaker at 100 rpm. Mycelia and broth were separated by filtration and
extracted with EtOAc (x3). The organic layer from the broth was evaporated to give a brown/black
residue (625 mg).

This extract (600 mg) was chromatographed on Sephadex LH-20 and eluted with 80% MeOH in
CHCl; to give 10 fractions. Fractions 2, 3, and 4 showed antimalarial activity. Fraction 2 was subjected
to silica gel gravity column chromatography using hexanes, CH,Cl,, and MeOH gradient as the mobile
phase to yield five fractions. Subfraction 3 which showed antimalarial activity was further separated
by preparative thin layer chromatography (PTLC) using 0.4% MeOH in CHClj3 (x3) as the developing
solvent to obtain 19,20-epoxycytochalasin C (1, 85.0 mg). Fractions 3 and 4 were also subjected to
PTLC using 0.4% MeOH in CHCl3 (x3) as the developing solvent to afford 19,20-epoxycytochalasin D
(2,4 mg), and 18-deoxy-19,20-epoxycytochalasin C (3, 2 mg).

19,20-Epoxycytochalasin C (1); white amorphous powder; 1H, 13C NMR data (Table 1) [a]ZDé —13(c 0.5,
CHCl3) lit [24] —6.8; HRESIMS [M + H]* m/z 524.2642.
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19,20-Epoxycytochalasin D (2); white amorphous powder; 'H, and 3C NMR, data were consistent with
literature values [30]. [zx]ZD6 —113 (¢ 0.1, CHCl3) lit [34] —190; HRESIMS [M + H]* m/z 524.2837.

18-Deoxy-19,20-epoxycytochalasin C (3); white amorphous powder; 'H and 13C NMR (see Table 1) [a]
—2.4 (c 0.1, CHCl3); HRESIMS [M + H]* /2 508.2703 (calcd for [Cp4H33NO, + HJ* 508.26201.

3.4. Biological Assays

3.4.1. In Vitro Antiplasmodial Assay

The antiplasmodial assay was performed against D6 (chloroquine sensitive) and W2 (chloroquine
resistant) strains of P. falciparum using the in vitro assay as reported [37]. Artemisinin and chloroquine
were included as the drug controls, and ICsy values were computed from the dose-response curves.

3.4.2. In Vitro Phytotoxicity Assay

Herbicidal or phytotoxic activity of the extract and compounds was performed according to the
published procedure [38] using bentgrass (Agrostis stolonifera) and lettuce (Lactuca sativa cv. L., Iceberg),
in 24-well plates. Phytotoxicity was ranked visually. The ranking of phytotoxic activity was based on a
scale of 0 to 5 with 0 showing no effect and 5 no growth.

3.4.3. In Vitro Cytotoxicity Assay

In vitro cytotoxicity was determined against a panel of mammalian cells that included kidney
fibroblast (Vero), kidney epithelial (LLC-PKj;), malignant melanoma (SK-MEL), oral epidermal
carcinoma (KB), breast ductal carcinoma (BT-549), and ovary carcinoma (SK-OV-3) cells [39]
Doxorubicin was used as a positive control.

3.4.4. In Vivo Antimalarial Assay

The protocol for in vivo antimalarial evaluation was approved by the University of Mississippi
Institutional Animal Care and Use Committee (IACUC). The in vivo antimalarial activity was
determined in mice infected with P. berghei (NK-65 strain). Male mice (Swiss Webster strain) weighing
18-20 g were intraperitoneally inoculated with 2 x 107 parasitized red blood cells obtained from a
highly infected donor mouse. Mice were divided into different groups with five mice in each group.
Compound stocks were prepared in DMSO and administered orally to the mice through gavage
two hours after the infection (day 0). The animals were treated once daily for consecutive days
(day O to 2) and were closely observed for at least 2 h after every dose for any apparent signs of
toxicity. Blood smears were prepared on different days starting from 5 days post infection (through
28 days) by clipping the tail end, stained with Giemsa, and the slides were observed under microscope
for determination of parasitemia. Mice without parasitemia through day 28 postinfection were
considered as cured. Also, suppression in development of parasitemia was computed by comparing the
parasitemia in the control vehicle treated group and groups treated with compound. The mean survival
time was also computed for control and treated groups. The results are presented as parasitemia
suppression of day 5 post treatment, mean survival time of mice in each group, cure and survival
graphs computed by Prism 6.0. (San Diego, CA, USA).

3.5. DNA Analysis

A 0.5 by 1.5 cm piece of fungus grown on solid media was transferred into a 2 mL microcentrifuge
tube. Two 3 mm in diameter stainless steel balls were added and the sample ground for 1 min
in a MM2000 mixer mill (Retsch, Haan, Germany). DNA was extracted with the DNeasy Plant
mini kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s recommendation. DNA was
eluted with 50 uL buffer AE. DNA quality and quantity was determined with the NanoDrop 1000
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Spectrophotometer (Thermo Fisher, Wilmington, DE, USA). DNA dilutions were prepared to achieve a
10 ng/uL solution to be used as template for PCR.

The internal transcribed spacer region (ITS) was amplified in a 25 pL reaction containing 10 ng
DNA, 1X PCR reaction buffer, 0.2 mM dNTP mixture, 0.2 uM of each forward and reverse primers
ITS1 and ITS4 [40], 1.5 mM MgSO4 and 1 U of Taq Polymerase High Fidelity (Invitrogen, Carlsbad,
CA, USA). The PCR program consisted of 40 cycles with denaturation at 94 °C for 3 min, 50 °C
annealing temperature for 30 s, 68 °C for 90 s, and a final extension at 68 °C for 3 min. After
amplification, an aliquot was analyzed by electrophoresis on a 0.7% TAE agarose gel. Successfully
amplified PCR products were cleaned up with MinElute PCR Purification Kit (Qiagen) according to
the manufacturer’s instructions. PCR products were cloned into pJet.1.2 blunt using the CloneJet PCR
cloning kit (Fermentas, Glen Burnie, MD, USA). Eight individual colonies were transferred into 4 mL
liquid LB carbenicillin media and grown under constant shaking overnight at 37 °C. Plasmid DNA
from the overnight cultures was isolated with the Qiagen plasmid purification kit (Qiagen) according
to the manufacturer’s instructions. Sequencing was performed at the Genomics and Bioinformatics
Research Facility in Stoneville, MS. Resulting sequences were analyzed with DNASTAR (DNASTAR,
Madison, WI, USA). Homology searches were performed with the Basic Local Alignment Search Tool
(BLAST) [41]. The UM10M sequence was submitted to GenBank (Accession: MK321315).

To visualize sequence alignment the software Genedoc [42] was used. Shading is according
to alignment consensus as given by GeneDoc (black, 100%; dark grey, 80%; light grey, 60%)
(Supplementary, Figure S19). To identify close relatives of UM10M a phylogenetic analysis was
performed (Supplementary, Figure S19) using three best hits from the BLAST analysis and already
published sequences in Genebank of various taxa of the genus Nemania. The configuration for
the alignment analysis was maximum likelihood with the neighbor joining statistical method [43].
The percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (500 replicates) is shown next to the branches [44]. The evolutionary distances were computed
using the Kimura 2-parameter method [45] with nucleotide transitions and transversions included
and are in the units of the number of base substitutions per site. The analysis involved 42 nucleotide
sequences (Supplementary Table S1). All positions containing gaps and missing data were eliminated
by the software for the final dataset analysis. There were a total of 692 positions in the final dataset.
Evolutionary analyses were conducted in MEGA X [46].

4. Conclusions

Three cytochalasins were isolated from an endophytic fungus (UM10M) of the genus Nemania
identified from a diseased leaf of T. taxifolia Arnott. All compounds showed potent in vitro activity
against P. falciparum D6 and W2 strains with no cytotoxicity to Vero cells but displayed moderate to
weak cytotoxicity to some of the human solid tumor cell lines and kidney epithelial cells. Compound
1 was evaluated in a mouse model for activity against P. berghei at 100 mg/kg/day. It showed weak
suppressive activity but its high toxicity to animals would preclude it as a potential malaria drug lead.

Supplementary Materials: The following are available online. Figures S1-518 are NMR spectra of compounds
1-3, Figure S19 is UM10M sequence alignment, Table S1 is Sequences used for alignment analysis and to identify
close relatives.

Author Contributions: N.P.D.N., B.L.T., and S.0.D. conceived and designed experiments and reviewed the
manuscript. M.K. carried out fungal culture, extraction, isolation, and identification of compounds and wrote
the original draft. R.S. carried out in vivo antimalarial assay under B.L.T.’s supervision. S.K. supervised in vitro
antimalarial and cytotoxic assays, analyzed the data and reviewed the manuscript. D.F. assisted with structure
elucidation and critically reviewed the manuscript. EM.C.]. identified and provided the infected plant material
and reviewed the manuscript. N.T. identified the fungus using ITS DNA analysis and reviewed the manuscript.

Funding: This work was supported in part, by the United States Department of Agriculture, ARS, Specific
Cooperative Agreement No. 58-6408-2-009.

Acknowledgments: We thank Bharathi Avula NCNPR, University of Mississippi, for acquiring the MS data and
Marsha Wright, John Trott, and Robert Johnson for biological testing.



Molecules 2019, 24, 777 10 of 12

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

World Health Organization (WHO). World Malaria Report; WHO: Geneva, Switzerland, 2017.

Lim, L.; McFadden, G.I. The evolution, metabolism, and functions of the apicoplast. Philos. Trans. R. Soc. B
2010, 365, 749-763. [CrossRef] [PubMed]

Ralph, S.A.; D’Ombrain, M.C.; McFadden, G.I. The apicoplast as an antimalarial drug target.
Drug Resist. Updates 2001, 4, 145-151. [CrossRef] [PubMed]

Ralph, S.A.; van Dooren, G.G.; Waller, R.E,; Crawford, M.].; Fraunholz, M.].; Foth, B.].; Tonkin, C.J.; Roos, D.S.;
McFadden, G.I. Tropical infectious diseases: Metabolic maps and functions of the Plasmodium falciparum
apicoplast. Nat. Rev. Microbiol. 2004, 2, 203-216. [CrossRef] [PubMed]

Waller, R.E; McFadden, G.I. The apicoplast: A review of the derived plastid of apicomplexan parasites.
Curr. Issues Mol. Biol. 2005, 7, 57-80. [PubMed]

Dhal, E.L.; Rosenthal, PJ. Multiple antibiotics extert delayed effects against the Plasmodium falciparum
apicoplast. Antimicrob. Agents Chemother. 2007, 51, 3485-3490. [CrossRef] [PubMed]

Botté, C.Y.; Dubar, F; McFadden, G.I; Maréchal, E.; Biot, C. Plasmodium falciparum Apicoplast Drugs: Targets
or Off-Targets? Chem. Rev. 2012, 112, 1269-1283. [CrossRef] [PubMed]

Franck, E.D.; Duke, S. Natural compounds as next-generation herbicides. Plant Physiol. 2014, 166, 1090-1105.
[CrossRef]

Roberts, F.; Roberts, C.W.; Johnson, ].J.; Kyle, D.E.; Krell, T.; Coggins, J.R.; Coombs, G.H.; Milhous, WK.;
Tzipori, S.; Ferguson, D.J; et al. Evidence for the shikimate pathway in apicomplexan parasites. Nature 1998,
393, 801-805. [CrossRef]

Lichtenthaler, H.K. Non-mevalonate isoprenoid biosynthesis enzymes, genes, and inhibitors. Biochem. Soc. Trans.
2000, 28, 785-789. [CrossRef]

Bajsa, J.; Singh, K.; Nanayakkara, D.; Duke, S.O.; Rimando, A.M.; Evidente, A.; Tekwani, B.L. A Survey
of synthetic and natural phytotoxic compounds and phytoalexins as potential antimalarial compounds.
Biol. Pharm. Bull. 2007, 30, 1740-1744. [CrossRef]

Herath, HM.T.B.; Herath, WH.M.W.,; Carvalho, P.; Khan, S.I.; Tekwani, B.L.; Duke, S.0.; Tomaso-Peterson, M.;
Nanayakkara, N.P.D. Biologically active tetranorditerpenoids from the fungus Sclerotinia homoeocarpa causal
agent of dollar spot in turfgrass. J. Nat. Prod. 2009, 72, 2091-2097. [CrossRef] [PubMed]

Kumarihamy, M.; Fronczek, ER.; Ferreira, D.; Jacob, M.; Khan, S.I.; Nanayakkara, N.P.D. Bioactive
1,4-dihydroxy-5-phenyl-2-pyridinone alkaloids from Septoria pistaciarum. J. Nat. Prod. 2010, 73, 1250-1253.
[CrossRef] [PubMed]

Kumarihamy, M.; Khan, S.I; Jacob, M.; Tekwani, B.L.; Duke, S.O.; Ferreira, D.; Nanayakkara, N.P.D.
Antiprotozoal and antimicrobial compounds from Septoria pistaciarum. J. Nat. Prod. 2012, 75, 883-889.
[CrossRef] [PubMed]

Edwards, R.L.; Jonglaekha, N.; Anandini, K.; Maitland, D.J.; Mekkamol, S.; Nugent, L.K.; Phosri, C.;
Rodtong, S.; Ruchichachorn, N.; Sangvichien, E.; et al. The Xylariaceae as phytopathogens. Recent Res. Dev.
Plant Sci. 2003, 1, 1-19.

Isaka, M.; Jaturapat, A.; Kladwang, W.; Punya, J.; Lertwerawat, Y.; Tanticharoen, M.; Thebtaranonth, Y.
Antiplasmodial compounds from the wood-decayed fungus Xylaria sp. BCC 1067. Planta Med. 2000, 66,
473-475. [CrossRef] [PubMed]

Dieckmann-Schuppert, A.; Franklin, R.M. Compounds binding to cytoskeletal proteins are active against
Plasmodium falciparum in vitro. Cell Biol. Int. Rep. 1989, 13, 411-418. [CrossRef]

Dobrowolski, J.M.; Sibley, L.D. Toxoplasma invasion of mammalian cells is powered by the actin cytoskeleton
of the parasite. Cell 1996, 84, 933-939. [CrossRef]

Zhang, Q.; Xiao, J.; Sun, Q.-Q.; Qin, J.-C.; Pescitelli, G.; Gao, ].-M. Characterization of cytochalasins from the
endophytic sp. and their biological functions. J. Agric. Food Chem. 2014, 62, 10962-10969. [CrossRef]
Hussain, H.; Kliche-Spory, C.; Al-Harrasi, A.; Al-Rawahi, A.; Abbas, G.; Green, L.R.; Schulz, B.; Krohn, K;
Shah, A. Antimicrobial constituents from three endophytic fungi. Asian Pac. |. Trop. Med. 2014, 7, 5224-5227.
[CrossRef]


http://dx.doi.org/10.1098/rstb.2009.0273
http://www.ncbi.nlm.nih.gov/pubmed/20124342
http://dx.doi.org/10.1054/drup.2001.0205
http://www.ncbi.nlm.nih.gov/pubmed/11768328
http://dx.doi.org/10.1038/nrmicro843
http://www.ncbi.nlm.nih.gov/pubmed/15083156
http://www.ncbi.nlm.nih.gov/pubmed/15580780
http://dx.doi.org/10.1128/AAC.00527-07
http://www.ncbi.nlm.nih.gov/pubmed/17698630
http://dx.doi.org/10.1021/cr200258w
http://www.ncbi.nlm.nih.gov/pubmed/22026508
http://dx.doi.org/10.1104/pp.114.239061
http://dx.doi.org/10.1038/31723
http://dx.doi.org/10.1042/bst0280785
http://dx.doi.org/10.1248/bpb.30.1740
http://dx.doi.org/10.1021/np900334k
http://www.ncbi.nlm.nih.gov/pubmed/19928902
http://dx.doi.org/10.1021/np1000939
http://www.ncbi.nlm.nih.gov/pubmed/20550123
http://dx.doi.org/10.1021/np200940b
http://www.ncbi.nlm.nih.gov/pubmed/22530813
http://dx.doi.org/10.1055/s-2000-8588
http://www.ncbi.nlm.nih.gov/pubmed/10909272
http://dx.doi.org/10.1016/0309-1651(89)90135-5
http://dx.doi.org/10.1016/S0092-8674(00)81071-5
http://dx.doi.org/10.1021/jf503846z
http://dx.doi.org/10.1016/S1995-7645(14)60236-4

Molecules 2019, 24, 777 11 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Berestetskiy, A.; Dmitriev, A.; Mitina, G.; Lisker, I; Andolfi, A.; Evidente, A. Nonenolides and cytochalasins
with phytotoxic activity against Cirsium arvense and Sonchus arvensis: A structure-activity relationships study.
Phytochemistry 2008, 69, 953-960. [CrossRef]

Scherlach, K.; Boettger, D.; Remme, N.; Hertweck, C. The chemistry and biology of cytochalasans. Nat. Prod. Rep.
2010, 27, 869-886. [CrossRef] [PubMed]

Trendowski, M. Using cytochalasins to improve current chemotherapeutic approaches. Anti-Cancer Agents
Med. Chem. (Former. Curr. Med. Chem.-Anti-Cancer Agents) 2015, 15, 327-335. [CrossRef]

Abate, D.; Abraham, W.-R.; Meyer, H. Cytochalasins and phytotoxins from the fungus Xylaria obovata.
Phytochemistry 1997, 44, 1443-1448. [CrossRef]

Espada, A.; Rivera-Sagredo, A.; de la Fuente, ].M.; Hueso-Rodriguez, J.A.; Elson, S.W. New cytochalasins
from the fungus Xylaria hypoxylon. Tetrahedron 1997, 53, 6485-6492. [CrossRef]

Song, Y.X.; Wang, J.; Li, SW.; Cheng, B.; Li, L.; Chen, B.; Liu, L.; Lin, Y.C,; Gu, Y.C. Metabolites of the
mangrove fungus Xylaria sp. BL321 from the South China Sea. Planta Med. 2012, 78, 172-176. [CrossRef]
Okoyea, EB.C.; Nworuc, C.S.; Debbaba, A.; Esimone, C.O.; Proksch, P. Two new cytochalasins from an
endophytic fungus, KL-1.1 isolated from Psidium guajava leaves. Phytochem. Lett. 2015, 14, 51-55. [CrossRef]
Chen, Z; Chen, Y.; Huang, H.; Yang, H.; Zhang, W.; Sun, Y.; Wen, ]J. Cytochalasin P1, a new cytochalasin
from the marine-derived fungus Xylaria sp. SOF11. Z. Naturforsch. C 2017, 72, 129-132. [CrossRef]

Jikai, L.; Zejun, D.; Zhihui, D.; Xianghua, W.; Peiqui, L. Neoengleromycin, a novel compound from
Engleromyces goetzii. Helv. Chim. Acta 2002, 85, 1439-1442. [CrossRef]

Shi, L.-M.; Zhan, Z.-J. Structural revision of 19, 20-epoxycytochalasin D and its cytotoxic activity. J. Chem. Res.
2007, 3, 144-145. [CrossRef]

Drewry, L.D,; Sibley, L.D. Toxoplasma actin is required for efficient host cell invasion. mBio 2015, 6, e00557-15.
[CrossRef]

Baum, J.; Papenfuss, A.T.; Baum, B.; Speed, T.P.; Cowman, A.F. Regulation of apicomplexan actin-based
motility. Nat. Rev. Microbiol. 2006, 4, 621-628. [CrossRef] [PubMed]

Das, S.; Lemgruber, L.; Tay, C.L.; Baum, ].; Meissner, M. Multiple essential functions of Plasmodium falciparum
actin-1 during malaria blood-stage development. BMC Biol. 2017, 15, 70. [CrossRef] [PubMed]

Bousquet, PE,; Paulsen, L.A.; Fondy, C.; Lipski, KM.; Loucy, K.J.; Fondy, T.P. Effects of cytochalasin B in
culture and in vivo on murine Madison 109 lung carcinoma and on B16 melanoma. Cancer Res. 1990, 50,
1431-1439. [PubMed]

Trendowski, M.; Mitchell, ].M.; Corsette, C.M.; Acquafondata, C.; Fondy, T.P. Chemotherapy in vivo against
M109 murine lung carcinoma with cytochalasin B by localized, systemic, and liposomal administration.
Investig. New Drugs 2015, 33, 280-289. [CrossRef] [PubMed]

Trendowski, M.; Mitchell, ] M.; Corsette, C.M.; Acquafondata, C.; Fondy, T.P. Chemotherapy with
cytochalasin congeners in vitro and in vivo against murine models. Investig. New Drugs 2015, 33, 290-299.
[CrossRef] [PubMed]

Bharate, S.B.; Khan, S.I; Yunus, N.A.M.; Chauthe, SK.; Jacob, M.R.; Tekwani, B.L.; Khan, I.A.;
Singh, I.P. Antiprotozoal and antimicrobial activities of O-alkylated and formylated acylphloroglucinols.
Bioorg. Med. Chem. 2007, 15, 87-96. [CrossRef]

Dayan, FE.; Romagni, ].G.; Duke, S.O. Investigating the mode of action of natural phytotoxins. J. Chem. Ecol.
2000, 26, 2079-2094. [CrossRef]

Mustafa, J.; Khan, S.I.; Ma, G.; Walker, L.; Khan, I.A. Synthesis and anticancer activities of fatty acid analogs
of podophyllotoxin. Lipids 2004, 39, 167-172. [CrossRef]

White, TJ.; Bruns, T.; Lee, S.; Taylor, ] W. Amplification and direct sequencing of fungal ribosomal RNA
genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications; Innis, M.A., Gelfand, D.H.,
Sninsky, J.J., Whit, T.J., Eds.; Academic Press, Inc.: New York, NY, USA, 1990; pp. 315-322.

Altschul, S.E; Gish, W.; Myers, EW.; Lipman, D.]. Basic local alignment search tool. J. Mol. Biol. 1990, 215,
403-410. [CrossRef]

Nicholas, K.B.; Nicholas, H.B.; Deerfield, D.W., II. A Tool for Editing and Annotating Multiple Sequence
Alignments, Version 2.7. Distributed by the Authors. 1997. Available online: http://www.psc.edu/biomed/
genedoc (accessed on 15 October 2006).

Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic trees.
Mol. Biol. Evol. 1987, 4, 406-425. [CrossRef]


http://dx.doi.org/10.1016/j.phytochem.2007.11.003
http://dx.doi.org/10.1039/b903913a
http://www.ncbi.nlm.nih.gov/pubmed/20411198
http://dx.doi.org/10.2174/1871520614666141016164335
http://dx.doi.org/10.1016/S0031-9422(96)00780-7
http://dx.doi.org/10.1016/S0040-4020(97)00305-0
http://dx.doi.org/10.1055/s-0031-1280347
http://dx.doi.org/10.1016/j.phytol.2015.09.004
http://dx.doi.org/10.1515/znc-2016-0122
http://dx.doi.org/10.1002/1522-2675(200205)85:5&lt;1439::AID-HLCA1439&gt;3.0.CO;2-X
http://dx.doi.org/10.3184/030823407X196935
http://dx.doi.org/10.1128/mBio.00557-15
http://dx.doi.org/10.1038/nrmicro1465
http://www.ncbi.nlm.nih.gov/pubmed/16845432
http://dx.doi.org/10.1186/s12915-017-0406-2
http://www.ncbi.nlm.nih.gov/pubmed/28810863
http://www.ncbi.nlm.nih.gov/pubmed/2302708
http://dx.doi.org/10.1007/s10637-014-0202-6
http://www.ncbi.nlm.nih.gov/pubmed/25560541
http://dx.doi.org/10.1007/s10637-014-0203-5
http://www.ncbi.nlm.nih.gov/pubmed/25563824
http://dx.doi.org/10.1016/j.bmc.2006.10.006
http://dx.doi.org/10.1023/A:1005512331061
http://dx.doi.org/10.1007/s11745-004-1215-5
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://www.psc.edu/biomed/genedoc
http://www.psc.edu/biomed/genedoc
http://dx.doi.org/10.1093/oxfordjournals.molbev.a040454

Molecules 2019, 24, 777 12 of 12

44. Felsenstein, J. Confidence limits on phylogenies: An approach using the bootstrap. Evolution 1985, 39,
783-791. [CrossRef] [PubMed]

45. Kimura, M. A simple method for estimating evolutionary rate of base substitutions through comparative
studies of nucleotide sequences. J. Mol. Evol. 1980, 16, 111-120. [CrossRef] [PubMed]

46. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://www.ncbi.nlm.nih.gov/pubmed/28561359
http://dx.doi.org/10.1007/BF01731581
http://www.ncbi.nlm.nih.gov/pubmed/7463489
http://dx.doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	General Experimental Procedures 
	Fungal Material 
	Fermentation, Extraction, and Purification 
	Biological Assays 
	In Vitro Antiplasmodial Assay 
	In Vitro Phytotoxicity Assay 
	In Vitro Cytotoxicity Assay 
	In Vivo Antimalarial Assay 

	DNA Analysis 

	Conclusions 
	References

