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Abstract

Malaria remains a major global health challenge and requiring the continuous discovery of new and effective
antimalarial agent to combat drug resistance. The production of natural antimalaria drugs often requires large amount of
plant biomass that raising seriuos concern about plany consevation and resource sustainability. Endophytic fungi, which
biosynthesize the same metabolites as their host plant, represent an alternative source of bioactive compounds with
therapeutic potential, including antimalarial activity. This study aimed to isolate and characterize endophytic fungi from
breadfruit (Artocarpus altilis) leaves, evaluate their antimalarial activity, identify their major metabolites, and analyze
their molecular interactions with Plasmodium falciparum heme detoxification proteins. Endophytic fungi were isolated
using the surface sterilization method and cultured on PDA medium, and then on rice medium. The ethyl acetate extracts
of the selected isolates were evaluated for antimalarial activity against P. falciparum using the heme polymerization
inhibition assay. The most active extract derived from JDSUM4 isolate (ICso = 0.46 + 0.15 pg/mL), was molecularly
identified as Aspergillus flavus. The extract was subsequently analyzed using LC-MS/MS, which revealed ten major
secondary metabolites. These compounds were selected based on Lipinski’s Rule of Five and subsequently subjected to
molecular docking against heme peroxidase and histidine-rich protein 2 (HRP-2). Docking analysis showed that all
compounds possessed favorable binding affinities, ranging from —4.0 to —6.3 kcal/mol for heme peroxidase and —4.2 to
—8.1 kcal/mol for HRP-2. Among them, emodin, fluvastatin, and mycophenolic acid exhibited the strong affinity toward
both targets, comparable to artemisinin as a positive control. Collectively, these findings indicate that metabolites from
A. altilis leaf endophytic fungi, particularly those produced by isolate JDSUM4, hold promise as novel sources of natural

antimalarial compounds targeting multiple heme detoxification pathways.
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Introduction

Malaria is a deadly infectious disease caused by
Plasmodium parasites transmitted through the bites of
female Anopheles mosquitoes [1]. According to the
World Health Organization (WHO) in 2023, there were
approximately 263 million malaria cases globally [2].
Africa accounted for the majority of these cases, with
234 million instances and a 95% mortality rate [3.,4].
Several antimalarial drugs have been developed, with
chloroquine being the most widely used. However, the
global resistance of P. falciparum to chloroquine has
necessitated the development of alternative treatments,
such as artemisinin [5]. Although effective against
chloroquine-resistant Plasmodium strains, artemisinin
resistance has emerged in Cambodia [6]. Consequently,
there is an ongoing search for new, effective, safe, and
accessible natural antimalarial agents.

One promising natural source of antimalarial
agents is breadfruit (Artocarpus altilis) leaves. Ethanol
extracts from these leaves have demonstrated significant
activity in inhibiting the proliferation of Plasmodium
falciparum (in vitro) and Plasmodium berghei (in vivo)
with IC50 and ED50 values of 1.32 pg/mL and 0.82
mg/kg, respectively [7]. A recently identified flavonoid
compound  from  breadfruit leaves, 1-(2,4-
dihydroxyphenyl)-3-[8-hydroxy-2-methyl-2-(4-methyl-
3-pentenyl)-2H-1-benzopyran-5-yl]-1-propanone, has
demonstrated  impressive  activity against the
chloroquine-resistant 3D7 strain of P. falciparum, with
an IC50 value of 0.48 pg/mL [8]. This compound's
antimalarial activity surpasses that of artemisinin, which
has an IC50 value of 2.168 pg/mL [9] against P.
falciparum indicating that the breadfruit leaf-derived
compound may be more effective in inhibiting parasite
growth.

The production of natural antimalarial drugs often
requires large amounts of plant biomass, raising
concerns about plant conservation [10,11]. This
challenge has prompted researchers to explore
alternative sources of antimalarial compounds,
particularly from endophytic microorganisms, including
fungi and bacteria. These endophytes establish a
mutualistic relationship within host plant tissues without
causing disease, but directly enhance plant development
through  improved  nutrient  acquisition and

environmental stress resilience [12]. The synthesis of

specialized secondary metabolites further serves as a
critical chemical defense mechanism against pathogens
and pests. Furthermore, such intricate metabolic synergy
facilitates the accumulation of unique bioactive
molecules with significant potential for
pharmacological application. Endophytic fungi are
particularly promising due to their ability to produce a
wide range of bioactive secondary metabolites similar to
those found in their host plants. These fungi can thrive
in diverse environmental conditions and are capable of
synthesizing various compounds with medicinal
properties [13,14]. Many bioactive compounds from
endophytic fungi have shown promise in health-related
applications, including anticancer [15,16], antimicrobial
[17,18], antioxidant [18,19] and antimalarial activities
[20,21]. Some examples include Taxomyces andreanae,
an endophytic fungus from the Pacific yew tree, which
produces key precursors for the anticancer drug taxol
[15], and Pestalotiopsis microspora from Terminalia
morobensis, which generates isopestacin, a compound
with antifungal and antioxidant effects [19].
Furthermore, Diaporthe miriciae, an endophytic fungus
isolated from Vellozia gigantea, has been shown to
produce epoxycytochalasin H. This compound
demonstrated potent antimalarial activity, inhibiting the
proliferation of both chloroquine-sensitive and
chloroquine-resistant strains of P. falciparum, with 1Cs
values of 52 and 39 ng/mL, respectively [20].

The exploration of endophytic fungi as a
sustainable source of antimalarial compounds offers a
promising alternative to plant-derived treatments. These
fungi produce various bioactive metabolites, some with
demonstrated antimalarial activity. The aims of this
study were to explore the endophytic fungi from A.
altilis, characterize their secondary metabolites, and
evaluate their potential as antimalarial compounds. To
evaluate the antimalarial potential of the extract, the
heme polymerization inhibition assay, which measures
the B-hematin formation for Plasmodium survival,
serves as an effective method [22,23]. Furthermore, a
ligand-protein interaction analysis was carried out in
silico between secondary metabolite compounds
derived from the potential extract with heme peroxidase
and histidine-rich protein-2 (HRP-2). Heme peroxidase
is an enzyme that plays a crucial role in oxidative

processes associated with heme detoxification and B-
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hematin formation, which are key targets in antimalarial
drug development [24,25]. Meanwhile, HRP-2 is a
protein that involved a in the detoxification of heme into
hemozoin through a polymerization reaction and
become target for several antimalarial drug such as
chloroquine [26-28].

Materials and methods

Plant material

The sample consisted of fresh young leaves
collected from mature specimens of A. altilis. Only
leaves that were free from disease, insect damage, and
chlorosis were selected. The sample were collected from
Sukun sub-district, Malang, Indonesia at the coordinate
point of 7°59'23.3"S 112°37'02.2"E. The cutter and
plastic bags were sterilized with 70% ethanol prior to
use. The samples were collected using the sterilized
cutter and subsequently stored in the sterilized plastic
bags. The collected sample was subsequently
morphologically identified at the Herbal Materia
Medica Laboratory Unit Batu, Malang, Indonesia, and
assigned the ID number 067/1700/102.20/2023.

Isolation of endophytic fungi

The A. altilis leaves was washed thoroughly under
tap water and then dried with tissue paper. For surface
sterilization, the leaves were soaked in 70% ethanol for
45 s, followed by a 30-second immersion in 3.5%
sodium hypochlorite (NaOCIl), and then rinsed with
distilled water for 30 s [29]. After sterilization, the A.
altilis leaves were ground using a mortar and pestle. The
mortar and pestle had been sterilized by sequentially
rinsing the surfaces with distilied water, 70% ethanol,
and 3.5% NaOCIl. Once ground, 10 g of the sample were
mixed with 100 mL of distilled water [30]. From this
mixture, 1 mL was transferred into a test tube containing
9 mL of distilled water to begin serial dilution, which
was repeated up to a 107 dilution. From each dilution,
100 puL was spread onto petri dishes containing Potato
Dextrose Agar (PDA) medium supplemented with 50
ppm chloramphenicol. This procedure was performed in
duplicate and the plates were incubated at room

temperature for 7 days.

Purification and characterization of
endophytic fungi

Distinct colonies of endophytic fungi from
breadfruit leaves were inoculated onto fresh and sterile
PDA medium, and incubated for 7 days to obtain pure
fungal colonies [31]. Macroscopic characteristics were
assessed by examining colony color, texture, and
surface morphology. Microscopic characteristics were
evaluated by slide culture, where a 1x1 cm? PDA
segment was inoculated onto a glass slide, covered, and
incubated for 1 - 2 days [32,33]. After incubation,
lactophenol cotton blue was applied to the slide for

microscopic examination at 1,000x magnification.

Cultivation of pure endophytic fungi on rice
medium

One hundred g of rice and 90 mL of sterilized
distiled water were mixed to form the rice medium [34].
This mixture was subsequently sterilized using an
autoclave at 121 °C and 15 psi for 15 min. Once the

2 segment of each

medium was sterilized, a 2x2 cm
fungal colony from PDA medium was placed onto the
rice medium. The inoculated medium was subsequently
incubated at room temperature for 4 - 6 weeks until

overgrown [35].

Extraction of endophytic fungi

The overgrown rice medium containing fungal
isolates was crushed and macerated with ethyl acetate
(in a 1:3 ratio) [36] for 24 h, and then filtered. The
filtrate was then evaporated using a rotary evaporator to
obtain the ethyl acetate extract (EtOAc extract). The
evaporation process was halted upon cessation of ethyl
acetate solvent collection in the receiving flask [30,37].
Futhermore, the obtained EtOAc extract was placed in a
desicator for futher drying for approximately 1 - 2

weeks.

Antimalarial assay via heme polymerization
inhibition

Heme polymerization inhibition was defined as
the process of preventing the formation of hemozoin
crystals or P-hematin from free heme molecules
produced during the degradation of hemoglobin by
malaria parasites. The test was initiated by dissolving
16.3 mg of heme chloride in 1 mL of 20% dimethyl
sulfoxide (DMSO) to create a stock solution of heme
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chloride [38]. Next, 266.4 uL of this solution was
diluted with 60 mL of 1 M acetate buffer (pH 4.8) to
prepare the test heme solution. Subsequently, 75 pL of
each extract at concentrations 5, 1, 0.1 and 0.01 mg/mL
was taken and added to microtubes. Then, 675 pL of the
test heme solution and 750 pL of 1% Tween-20 were
added to initiate the heme polymerization reaction,
which was incubated for 24 h at room temperature.
Artemisinin was used as a positive control, while 20%
DMSO was used as a negative control, with 3 replicates
being prepared for each. After incubation, each
microtube was centrifuged at 4 °C for 15 min at 14,000
rpm. The supernatant was discarded, and the remaining
pellet was treated with 1.5 mL of 1 M sodium hydroxide
(NaOH). The absorbance was then measured at a
wavelength of 405 nm using a spectrophotometer, which
is the wavelength of hematin [39]. The percentage
inhibition of heme polymerization was calculated using
the following Eq. (1).

s (Anegati trol—Aextract)
% Inhibition = negative contro extrac x 100% (1)
(Anegative control

Ancgative control:  Absorbance value of B-hematin
without inhibitor. Aexwact: Absorbance value of -
hematin with fungal extract as inhibitor. The ICso value
(the concentration that inhibits 50% of B-hematin
formation) was determined from the inhibition curve
using linear regression analysis of the percentage
inhibition versus concentration data [38,40]. A lower
ICsp value was considered to indicate stronger
antimalarial activity based on heme polymerization
inhibition [41]. Extracts were classified as active (ICsp <
10 pg/mL), moderately active (ICso = 10 - 50 pg/mL),
and inactive (ICso > 50 pg/mL) [42,43].

Statistical analysis

Data normality was assessed using the
Kolmogorov-Smirnov, followed by one-way ANOVA.
The Post Hoc LSD test was used for pairwise
comparisons when significant differences were found.
All analyses were conducted using SPSS 25. This study
additionally was utilized cluster analysis through the
average linkage method, implemented using RStudio
software. This analysis was performed to classify LC-
MS/MS-identified compounds based on the similarity of

their physicochemical properties, as defined by
Lipinski’s Rule of Five.

Molecular identification of potent antimalarial
endophytic fungi

Pure isolates with significant antimalarial activity
were selected for molecular identification. DNA was
extracted using the Quick-DNA Fungal/Bacterial
Miniprep Kit (Zymo Research, D6005). The Internal
Transcribed Spacer (ITS) region was amplified using
the primers ITS1 (5'-TCCGTAGGTGAACCTGCGG-
3") and ITS4 (5'-TCCTCCGCTTATTGATATGC-3") in
a 25 pL PCR reaction mixture containing MyTaq HS
Red Mix (Bioline, BIO-25048), primers, template DNA,
and nuclease-free water. The PCR conditions were set
as follows: an initial denaturation was performed at 95
°C for 5 min, followed by 35 cycles of denaturation at
95 °C for 30 s, annealing at 55 °C for 30 s, and extension
at 72 °C for 1 min, with a final extension was performed
at 72 °C for 10 min. The amplification products were
visualized on a 1% agarose gel stained with ethidium
bromide. The PCR products were then subjected to
bidirectional Sanger sequencing at 1% BASE
Subcontracted Laboratory. Sequences were aligned with
reference sequences in NCBI GenBank using BLAST.
Phylogenetic analysis was performed using MEGA-X
with Neighbor-Joining method and 1,000 bootstrap
replications to confirm the species identity [44,45].

Compound identification in potent
antimalarial extracts

Extracts with the highest antimalarial activity were
analyzed using LC-MS/MS at the Forensic Laboratory
of the Indonesian National Police, Bogor. The analysis
was performed on a Waters ACQUITY UPLC system
with a C18 column (1.7 um, 2.1x150 mm?). The mobile
phase consisted of 0.1% formic acid in water (A) and
acetonitrile (B), with a gradient elution: 0 - 5 min, 5%
B; 5-25min, 5% - 95% B; and 25 - 30 min, 95% B [46].
The flow rate was set at 0.2 mL/min, and the injection
volume was 5 pL. Mass spectrometry was conducted
using a Waters Xevo G2-S QToF system, with
electrospray ionization (ESI) in positive mode. The
mass range was set from 30 - 1,200 m/z, and the source
and desolvation temperatures were maintained at 100
and 350 °C, respectively, with a desolvation gas flow of
793 L/hr. The predicted compounds obtained from the
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LC-MS/MS results were analyzed using the MSDIAL
5.3 application in positive ion mode. Each identified
component was quantified based on relative peak areas,
and tentative identification was conducted by comparing
retention times and mass spectra with those from the
GNPS, MassBank, MoNa, Natural Product Library, and
Yeast Consensus databases.

Screening of potential antimalarial compounds

Major compounds from the extract with the
highest antimalarial activity extracts were screened
according to Lipinski’s Rule of Five using the online
tool available at https://www.swissadme.ch/index.php.
The criteria applied for screening included: (1) a
molecular weight not greater 500 g/mol, (2) a Log P
value lower than 5, (3) a maximum of 5 hydrogen bond
donors, (4) a maximum of 10 hydrogen bond acceptors,
and (5) a Topological Polar Surface Area (TPSA) value
ranging between 60 and 140 A2 Furthermore, all
compounds were clustered based on Lipinski’s Rule of
Five of artemisinin as a control by average linkage
clustering method. The 3D structures of the compounds
clustered with artemisinin were generated through the
tool available at https://cactus.nci.nih.gov/translate/ and
exported in .pdb format. These ligands including
artemisinin were then processed further using AutoDock
Tools, which involved adding polar hydrogens,
Gasteiger charges, and rotatable bonds before the final

strictures were saved in .pdbqt format [47].

Molecular docking

The structure of heme peroxidase (60ONR) and
histidine-rich protein-2 (1L8M) was obtained from
Protein Data Bank (PDB). Water molecules and other
impurities were removed from this structure, and
subsequently saved in .pdb format. Polar hydrogens
were added, and Kollman charges were assigned to
these receptors using AutoDock Tools, after which the
structure was saved in .pdbqt format [47]. A grid box
with dimensions 126x118x120 and coordinates x =
—4.78,y =—5.336, z=—4.974, covering the entire heme
peroxidase receptor, was defined for molecular docking
using AutoDock Vina [48]. Meanwhile, the grid box
used to cover the entire HRP-2 was defined with
dimensions of 78x54x52 and was centered at
coordinates x = —0.417, y = 1.333, z = —23.562. The

interactions between each ligand and receptor model

were then visualized in 3D conformations using
BIOVIA Discovery Visualizer.

Results and discussion

Morphological and microscopic characteristics
of fungal isolates

The isolation process yielded 7 distinct endophytic
fungal isolates, specifically JDSUMI1, JDSUM2,
JDSUM3, JDSUM4, JIDSUMS, JDSUM6, JDSUMYT.
Morphologically (Table 1 and Figure 1), the isolates
exhibited diverse colony characteristics.
Macroscopically, the majority of the isolates displayed
a granular colony shape and a predominantly velvety
texture, with the colorations ranging from dark-
pigmented tones such as greenish black and brownish
black to lighter white and gray hues (Figure 1).
Microscopically, the isolates were categorized into 2
main groups based on their hyphal structures. First
group including JDSUMI1, JDSUM2, JDSUM4 and
JDSUMS featured septate hyphae and branched
conidiophore. The second group consisting of JDSUM3,
JDSUMBG6, and JDSUM?7 was characterized by aseptate
hyphae with varying spore and conidiophore structure.
These distinct phenotypic traits served as the
preliminary basis for differentiating the isolates before
taxonomic identification. Furthermore, the
identification process for the 7 isolates was specifically
conducted by comparing their = microscopic
characteristic, including hyphae and conidiophore
architecture, against established reference literature [49-
53]. These microscopic parameters served as the
definitive criteria for genus-level classification as they
provide more stable and diagnostic features compared to
macroscopic appearances, which can vary due to
environmental conditions. Based on this comparative
analysis, the isolates were identified as Cladosporium
(JDSUML1),  Penicillium  (JDSUM2), Beauveria
(JDSUM3), Aspergillus (JDSUM4 and JDSUMS),
Mucor (JDSUMG), and Absidia (JDSUM7), as shown in
Figure 1 and Table 1. These morphological and
microscopic characteristics underscore the uniqueness
of each isolate and their potential contributions to the
bioactivity.

The 7 obtained endophytic fungal isolates, each
exhibiting distinct macroscopic and microscopic
characteristics, likely representing different genus,

including Cladosporium, Penicillium, Beauveria,
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Aspergillus, Mucor, and Absidia. The presence of these
specific genera highlights a high level of fungal
diversity exceeds earlier findings from breadfruit leaves
in Kalimantan [54] and Malang City [55]. This
increased diversity is likely influenced by the
combination of isolation method and environmental
factors, since the use of serial dilutions in this study
often yields a broader range of species compared to
direct planting techniques [56,57]. Direct planting,
utilizing surface-sterilized plant segments, and dilution
methods, using serial dilutions, are common techniques,

with the latter often yielding greater diversity due to
larger sample sizes [35,57-59]. The abundance of these
endophytes also suggests a strong relationship with the
plant development stage as fungi are often more
concentrated in stems and roots due to vertical
transmission [60,61], as observed in Cotoneaster
multiflorus [57] and tomato plants [62]. In contrast, the
relatively lower abundance of fungi in leaf tissues could
be attributed to environmental factors such as pesticide
exposure which can limit the grow of certain fungal
populations [57].

Table 1 Macroscopic and microscopic characteristics of endophytic fungal isolates from A. altilis leaves.

Macroscopic Isolate ID
Characteristics JDSUM1 JDSUM2 JDSUM3 JDSUM4 JDSUMS5 JDSUM6 JDSUM7
Col 1 Gl Matt Matt B ish
olony color ossy a : e a. e Green rownis White Gray
(upper surface) greenish grayish white black
Colony color . . .
Black Black White Green White White Yellow
(reverse)
Colony texture Velvety Velvety Smooth Dry velvety Dry velvety Cottony Dry velvety
Colony shape Granular Granular Granular Irregular Granular Granular Granular
Spore production No No No No No Yes Yes
Conidiophore/ Branched Branched Unbranched Branched Branched Branched Branched
Sporangiophore conidiophore conidiophore conidiophore conidiophore conidiophore spore spore
Septate Aseptate Septate Septate Aseptate Aseptate
Hyphae Septate hyphae
hyphae hyphae hyphae hyphae hyphae hyphae
Genus Cladosporium Penicillium Beauveria Aspergillus Aspergillus Mucor Absidia
JDSUM1 JDSUM2 JDSUM3 JDSUM4 JDSUMS JDSUMG6 JDSUM7

Physical
apperance

Reverse
apperance

Microscopic
apperance

References

2000
HE- e

\

Figure 1 Macroscopic and microscopic characteristics of endophytic fungal isolates from breadfruit (4. altilis) leaves; 1:
Cladosporium [49]; 2: Penicillium [50]; 3: Beauveria [51]; 4a: Aspergillus [52]; 4b: Mucor [52]; 5: Absisidia [53].
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Antimalarial activity of fungal extracts

Heme polymerization inhibition activity of fungal
extracts, expressed as percent inhibition and ICso values
is summarized in Table 2. EtOAc JDSUM4 extract
showed the highest potency, with an ICsy value of 0.46
+ 0.15 pg/mL, statistically comparable to the positive
control, artemisinin (0.03 £ 0.02 pg/mL, both denoted
by ‘a’). At 5 mg/mL, EtOAc JDSUM4 extract achieved
77.99% inhibition, maintaining strong activity even at
lower concentrations. EtOAc JDSUM?7 and JDSUMS
extracts also displayed significant activity, with ICso
values of 36.97 + 14.66 and 50.15 + 22 pg/mL,
respectively, and were statistically distinct (‘a’) from the
intermediate and low-activity isolates. EtOAc JDSUMI,

JDSUM3, and JDSUMG6 extracts exhibited moderate
activity, with ICsy values of 320.98 + 99.17, 253.09 +
51.63, and 341.84 + 3.78 ug/mL, respectively, denoted
by ‘b’. Their maximum inhibition ranged between
65.78% and 77.24% at 5 mg/mL. EtOAc JDSUM?2
extract exhibited the weakest activity, with an 1Cso of
1,062.37 £ 275.06 pg/mL and maximum inhibition of
69.23%, statistically different from all other extracts
(‘c’). These results highlight EtOAc JDSUM4 extract as
the most potent, comparable to artemisinin, followed by
EtOAc JDSUM7 and JDSUMS extracts. In contrast,
EtOAc JDSUM?2 extract demonstrated the lowest
inhibitory activity.

Table 2 Antimalarial activity of EtOAC JDSUM extracts and artemisinin (positive control) through heme polymerization

inhibition.
Extract Concentration (mg/mL) Percent Inhibition (%) ICs0 (ng/mL)
5 65.78
1 58.89
JDSUM1 320.98 £99.17°
0.1 39.97
0.01 31.70
5 69.23
1 42.14
JDSUM2 1,062.37 £275.06°
0.1 33.88
0.01 28.31
5 70.66
1 60.21
JDSUM3 253.09 £51.63°
0.1 43.58
0.01 30.23
5 77.99
1 75.43
JDSUMA4 0.46+0.15°
0.1 65.13
0.01 60.10
5 77.11
1 65.75
JDSUMS5 50.15+22¢
0.1 50.82
0.01 43.57
5 77.24
1 50.38
JDSUM6 341.84 £3.78°
0.1 43.61
0.01 24.92
5 77.15
1 74.50
JDSUM?7 36.97 + 14.66*
0.1 57.71
0.01 40.21




Trends Sci. 2026; 23(8): 12442

8 of 22

Extract Concentration (mg/mL) Percent Inhibition (%) ICso (ng/mL)
5 85.82
Artemisinin 1 83.38
0.03 £0.02°
(Control) 0.1 72.43
0.01 68.23

@ Active or significant activity (ICso < 10 pg/mL); ® Moderately active or moderate activity (ICsp = 10 - 50 pug/mL); °

Inactive or weak activity (ICso > 50 pg/mL).

The results of the heme polymerization inhibition
assay indicate that the JDSUM extracts exhibit varying
levels of activity in inhibiting B-hematin formation, a
critical process in the detoxification of free heme or
ferriprotoporphyrin IX (Fe’") by Plasmodium parasites
[63]. During the intraerythrocytic stage, approximately
60% - 80% of the host's hemoglobin is degraded,
releasing free heme [64,65]. Hemoglobin will be
oxidized to methaemoglobin, which is then degraded by
aspartic proteases into free heme (Fe*") and denatured
globin [66]. To neutralize the toxicity of free heme, the
parasite polymerizes it into hemozoin (B-hematin), a less
toxic form [24,67]. By inhibiting the polymerization of
heme into B-hematin, JDSUM extracts, particularly
JDSUM4, prevent the formation of hemozoin,
disrupting the parasite's ability to detoxify free heme.
This inhibition, as measured colorimetrically, disrupts
the pathway that Plasmodium uses to detoxify free
heme, which is crucial for the parasite's survival.
Although no live parasites were involved in this assay,
the results suggest that these extracts could potentially
interfere with the heme detoxification process in
Plasmodium, as they mimic the mechanism targeted by

[ sUMa |
IW{JDSL M4 |

known antimalarial drugs like chloroquine [68]. To
elucidate the basis of this activity, identifying the
species of the JDSUM4 isolate is essential, as it will
provide insights into the extract's specific characteristics
and its potential antimalarial effects.

Molecular identification of potent antimalarial
endophytic fungi

The molecular identification of the JDSUM4
isolate with ITS primer, which exhibited the highest
antimalarial  activity, was performed through
phylogenetic analysis. The resulting phylogenetic tree
revealed that JDSUM4 clustered closely with
Aspergillus flavus clone EF 544 (MT529193.1) with a
bootstrap value of 1,000, confirming its identity as 4.
flavus (Figure 2). The robust bootstrap value indicates
strong support for the relationship between JDSUM4
and A. flavus. Additionally, Cladosporium tenuissimum
isolate KIK 06 (MN700643.1) was included as an
outgroup in the phylogenetic tree reconstruction to
facilitate the characterization and determination of

relationships within the studied group.

86

7

r
53|\j.—\sp<xglllu~ flavus clone EF 544 (MT529193.1)

Aspergillus flavus clone EF 364 (MT529013.1)

Aspergillus flavus isolate 4 (OM283745.1)

J
Aspergillus flavus culture-collection MUM:10.220 (HQ340108.1)

61

—— Aspergillus flavus isolate MA-18 (MW335138.1)

al_

Aspergillus flavus isolate Sample-314 (0Q422937.1)
60 |

Aspergillus flavus isolate 7 (OM283754.1)

Aspergillus flavus clone EF 359 (MT529008.1)

Aspergillus flavus isolate AF1 (ON974733.1)
#5 L Aspergillus oryzae strain SJ-A4 (HQ285576.1)

004

Cladosporium tenuissimum isolate KIK 06 (MN700643.1)

Figure 2 Phylogenetic tree of JDSUM 4 by using neighbour-joining method of ITS gene sequence with bootstrap value

of 1,000.
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Information regarding the the presence of 4. flavus
in the plant tissues of 4. altilis is currently very limited.
This scarcity highlights the novel aspect of the current
isolation. However, the endophytic capability of this
fungus is well-established across various host species.
Several studies have reported the occurrence of A. flavus
in the plant tissues of sugar apple [69], common wheat
[70], tomato [71], soybean [72], and sunflower plants
[72,73]. Given this broad host range, its isolation from
A. altilis tissues is biologically plausible. As an
endophyte, A. flavus is reported to enhance the growth
and increase the secondary metabolite content of its host
plant [70,73]. In context of antimalarial research, A.
flavus extract have demonstrated an IC50 of 5.81 pg/mL
against P. berghei with molecular docking analysis
attributed this effect to erucamide through a specific
interaction with the Plms I protein [74]. Furthermore,
other Aspergillus endophytic fungi, which is Aspergillus
niger exhibited significant antimalarial potency against
P. falciparum with an ICsp 4.03 pg/mL, specifically
involving the bioactive compounds flavarperone and
aurasperone [75]. These discoveries underscore the
genus Aspergillus as a prolific reservoir of diverse
chemical scaffolds for antimalarial drug development.

The identification of such metabolites offers a

sustainable alternative to plant-derived compounds
while addressing the urgent need for novel antimalarial

compounds.

Compound identification in potent antimalaria
extracts

The LC-MS/MS analysis of the JDSUM4 extract
identified ten secondary metabolites (Table 3). Among
them, emodin (C5H100s) was detected with a retention
time (RT) of 1.344 and an ionization mass ([M+K]+) of
309.02, matching 92%. Rutilantinone (C22H2009) was
also identified at the same RT, with [M+H]+ at 451.05
and a 95% match. Other compounds included kojic acid
(C¢HeO4, RT 1.851, 100%), mycophenolic acid
(C17H2006, RT 4.136, 99%), and fluvastatin
(C24H26FNO4, RT 4.136, 92%). Notably, fatty acids
such as linoleic acid (Ci3H320.), oleic acid (CisH340>),
and ricinoleic acid (Ci3H3403) were detected at RTs of
15.581 and 16.791 with 100% and 99% matches,
respectively. Betulinic acid (C30H4303) and spermidine
(CsHi9N3) were also identified, showing high
confidence levels (100% and 93%). These metabolites
highlight the diverse chemical composition of EtOAc
JDSUM4 extract, contributing to its

biological activities.

Table 3 Identified compounds of EtOAc JDSUM4 extract by LC-MS/MS.

Mass m/z match
No Compound RT Ionization Structure
(m/z) (%)
OH O OH
1 Emodin (Ci5H00s) 1.344 [M+K]+ 309.02008 92 HO
[¢]
Emodin
\
OH O ° OOH
2 Rutilantinone (CuHnOs) 1344 [M+H]+ 451.04904 95 CL Ly
OH O OH 6H
Rutilantinone
3 Kojic acid (CsHsO4) 1.851 [M+H]+ 143.03445 100 0P F . OH

Kojic acid

4 Mycophenolic acid (Ci7H2006) 4.136 [M-+NH4]+

(ONg °
338.16168 99 “@iLY\AOH
O OH

Mycophenolic acid

5 Fluvastatin (C24H26FNO4) 4.136 [M+H]+

-
412.19608 92 OH

/K OH OH O

Fluvastatin
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L. Mass m/z match
No Compound RT Ionization Structure
(m/z) (%)
6 Linoleic acid (CisH320,) 15.581 [M+H]+ 263.23843 100
7 Oleic acid (CisH340,) 15.581 [M+H]+ 265.25296 100
8 Betulinic acid (C30Hss03) 15.581 [M+H]+ 501.35886 100
Betulinic acid
< g HZN/\/\N/\/\/NH2
9 Spermidine (C7H9N3) 16.284 [M+H]+ 480.39572 93 H
Spermidine
10 Ricinoleic acid (C1sH3,03) 16791  [M+HJ+ 45339273 99 A,

Previous studies have recognized that A. flavus

produces  pharmacologically  active  secondary
metabolites. Khalil et al. [76] reported that endophytic
A. flavus from Hibiscus sabdariffa produces alkaloids,
phenolics, and terpenoids. The JDSUM4 extract
contains these compounds, particularly flavonoids,
which may enhance its antimalarial activity.
Additionally, Elfita et al. [77] demonstrated that
endophytic A. flavus from Andrographis paniculata
produces the alkaloid 7-hydroxypyranopyridin-4-one,
which inhibits P. falciparum 3D7 growth with an ICso
of 0.201 uM [77]. These findings underscore the
necessity for further identification of bioactive
compounds in the JDSUM4 extract to determine those
responsible for its antimalarial effects.

LC-MS/MS analysis of the JDSUM4 extract

identified 10 major compounds with significant

antimalarial  activities. Among these, several
compounds displayed measurable ICso values,
highlighting antimalarial potential. Emodin, an

anthraquinone derivative and mycophenolic acid, a
diterpenoid, both produced by various species within the
genus Aspergillus [78,79] demonstrate significant
antimalarial activity with ICso values of 5 pg/mL [80]
and 5.4 umol/L [81] against P. falciparum respectively.
Similarly, fluvastatin displays a range of ICso values
from 87.1 to 115.9 uM across various strains of P.
falciparum [82] while betulinic acid, a triterpenoid,
exhibits an ICso value of 9.89 uM against P. falciparum
in vitro [83]. Linoleic acid and oleic acid, both fatty
acids, have ICsq value of 6.88 pg/mL [84] and 23 ug/mL
[85], against P. falciparum respectively. Although

rutilantinone, spermidine, and ricinoleic acid lack

specified ICso values, these compounds are included in
the extract due to established antimalarial properties
[86-88]. Futhermore, kojic acid, a well-known phenolic
compound primarily found in Aspergillus [89], serves as
a valuable scaffold for antimalarial development due to
its chelating properties and proven safety [90], as
evidenced by its widespread use in the cosmetic
industry, despite lacking a specific ICso value.

The identification these diverse secondary
metabolites provides a solid chemical foundation for the
significant antimalarial activity observed in the
JDSUM4 extract. These findings demonstrate that the
extract possesses a low ICso value which confirms its
high potential as a source of antimalarial agent. This
measurable potency likely stems from the combined
effects of multiple bioactive classes that target the
parasite through various pathways. The final biological
activity of the extract is considered the net outcome of a
complex pharmacological balance between its many
constituents. It is highly probable that several
compounds work synergistically to enhance the overall
inhibitory effect against P. falciparum. However, the
presence of such a diverse array of molecules also
allows for possibility of antagonistic interactions. For
instance, in mechanisms such as the inhibition of heme
polymerization, certain secondary metabolites might
physically or chemically interfere with the active sites
of more potent antimalarial agent. This interference
could potentially attenuate the full inhibitory capacity of
the extract. Despite these competing internal dynamics,
the JDSUM4 extract maintains a robust inhibitory
profile. This suggest that the collective strength of the

active components effectively overcomes any internal
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molecular interference and indicating the therapeutic
potency of the extract as antimalarial agent.
Nevertheless, further screening remains essential to
identify the most suitable drug candidates and to predict
their mechanism of action in greater depth. In this study,
this evaluation was conducted in silico through
screening based on Lipinski’s Rule of Five and

molecular docking simulations.

In silico studies of identified compounds in
potential extract

Based on the screening criteria outlined in Table
4 and Figure 3, 5 compounds met the requirements of
Lipinski's Rule of Five and were clustered with

artemisinin as control. These compounds include
emodin, kojic acid, mycophenolic acid, fluvastatin, and
spermidine. They all satisfied the molecular weight, Log
P, hydrogen bond donors, hydrogen bond acceptors, and
TPSA wvalues, making them suitable for further
evaluation (blue line). On the other hand, several
compounds did not meet the criteria. Rutilantinone
failed due to its excessive TPSA value (red line), while
linoleic acid, oleic acid, betulinic acid, and ricinoleic
acid (orange line) were disqualified due to their Log P
values exceeding the threshold of 5. These 5 compounds
were excluded from further consideration based on their

failure to adhere to the established screening parameters.

Table 4 Screening of potential antimalarial compounds from JDSUM4 extract based on Lipinski’s Rule of Five.

Compound 1\./Iolecular Log P Hydrogen Hydrogen TPSA value Crit(?ria
weight (g/mol) bond donors  bond acceptors (A?) compliance

Emodin (1) 270.24 1.8 5 94.83 v
Rutilantinone (2) 428.39 2.75 9 161.59 x
Kojic acid (3) 142.11 1.12 4 70.67 v
Mycophenolic acid (4) 320.34 2.48 6 93.06 v
Fluvastatin (5) 411.47 2.62 5 82.69 v
Linoleic acid (6) 280.45 7 2 373 x
Oleic acid (7) 282.46 7 2 373 x
Betulinic acid (8) 456.7 6 3 57.53 x
Spermidine (9) 145.25 1.85 3 64.07 v
Ricinoleic acid (10) 298.46 5.5 3 57.53 x
Artemisinin (Control) 282.33 2.9 5 63.6 v

Five compounds, including emodin, kojic acid,
mycophenolic acid, fluvastatin, and spermidine met
Lipinski’s Rule of Five. This result indicates favorable
oral bioavailability based on balanced molecular weight,
lipophilicity, hydrogen bonding capacity, and TPSA
values. Using the average linkage method, these
compounds were clustered with artemisinin, suggesting
that they share a degree of structural and
physicochemical similarity with artemisinin as shown as
Figure 3, which may support their potential as orally
active antimalarial agents [91]. This method calculates

the average distance between all pairs of observations in

2 clusters, providing a balanced measure of overall
similarity rather than being influenced by extreme
values (as in single or complete linkage) [92]. In this
context, the clustering was based on key
physicochemical parameters defined by LRoS
(molecular weight, LogP, hydrogen bond donors and
acceptors, and TPSA). The average linkage approach
ensures that compounds grouped with artemisinin
exhibit similarity not just in a single property, but across
the full set of criteria, reflecting a consistent and holistic
similarity profile. This is particularly important for

predicting oral bioavailability, as multiple properties
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must be simultaneously optimized to achieve effective
absorption and permeability [93]. In contrast,
rutilantinone’s high TPSA suggests limited membrane
permeability and poor passive diffusion, reducing its
likelihood of effective systemic circulation [94,95].
Linoleic acid, oleic acid, betulinic acid, and ricinoleic
acid were excluded from the screening primarily due to

their low TPSA values, which hinder membrane
permeability and reduce bioavailability [94].
Furthermore, linoleic acid was excluded because its Log
P value exceeds 5, indicating high lipophilicity, which
may impair solubility, delay gastrointestinal absorption,

and increase nonspecific plasma protein binding [96].

Figure 3 Structure similarity clustering of compounds identified from the EtOAc extract of JDSUM4, based on LRo5

parameters, in comparison to artemisinin. The clustering was performed using the average linkage method to visualize

structural proximity among the compounds.

Molecular docking

The molecular docking analysis revealed that all
tested compounds exhibited binding affinities with
heme peroxidase and histidine-rich protein-2, ranging
from —4.0 to —6.3 kcal/mol and —4.2 to —8.1 kcal/mol as
shown in Table 5. Emodin (—6.0; —8.1 kcal/mol) and
fluvastatin (—6.3; —7.6 kcal/mol) exhibited strong
affinities toward both targets, while mycophenolic acid
(—5.9; —7.5 kcal/mol) also showed notable dual binding
potential. Kojic acid demonstrated moderate affinities
(—4.9; —5.4 kcal/mol), whereas spermidine displayed the

weakest interactions (—4.0; —4.2 kcal/mol). The positive
control, artemisinin, presented the strongest binding to
both proteins (—6.8; —8.6 kcal/mol), serving as a
benchmark for comparison. Furthermore, the Root
Median Square Deviation (RMSD) value was employed
as a standard for validating the molecular docking
process. All obtained result exhibited an RMSD value
below the accepted threshold of 2.0 A [97,98], with the
observed value being 0.000 A, thereby indicating the
high validity of the docking outcomes.

Table 5 Molecular docking binding energies of ligands with heme peroxidase and histidine-rich protein-2.

Binding Affinity Value (kcal/mol)

Compound RMSD (A)
Heme Peroxidase Histidine-Rich Protein2

Emodin (1) -6.0 8.1 0.000
Kojic acid (3) —4.9 -54 0.000
Mycophenolic acid (4) -5.9 -7.5 0.000
Fluvastatin (5) —6.3 7.6 0.000
Spermidine (9) —4.0 —4.2 0.000
Artemisinin (Control) -6.8 —8.6 0.000

The binding interactions of selected ligands with
heme peroxidase are illustrated in Figure 4. Emodin (A)

formed a conventional hydrogen bond with Serl14 and
a Pi-alkyl interaction with Argl09. Kojic acid (B)
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established a hydrogen bond with GIn88 and was further
stabilized by unfavorable donor-donor interactions with
Gly91, Ser90, and Lys87. Mycophenolic acid (C)
displayed 3 hydrogen bond interactions involving
Arg69, Lys3, and GIn4. Fluvastatin (D) engaged in
multiple interactions, including a hydrogen bond with

Al
A08

s 1 F
a8l

Conventional Hydrogen bond
Carbon Hydrogen Bond
Pi-Alkyl

Pi-Sigma

000N

Unfavorable Donor-donor

Val84, carbon hydrogen bond with GIn85, and Pi-sigma
interaction with Lys87. Spermidine (E) formed a single
hydrogen bond with Val39. Artemisinin as the positive
control (F) exhibited 3 interactions comprising
hydrogen bonding with Gln4 and Lys3, and an alkyl
bond with Ala7.

ARG
B:69
B
e A3
N
L H" GLN
. A:88
e GLN
H < H g
' . —0 A:4
H -
. @ ,
o
s
C 0
9 G
—o| Al
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T
/
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Figure 4 Ligand-heme peroxidase binding interactions; (A) emodin, (B) kojic acid, (C) mycophenolic acid, (D)

fluvastatine, (E) Spermidine and (F) Artemisinin.

Molecular docking simulations were performed to
elucidate the binding affinity and interaction profiles of
selected secondary metabolites with heme peroxidase,
an enzyme implicated in heme detoxification and -
hematin formation in malaria parasites [99]. The
docking results revealed that fluvastatin (—6.3 kcal/mol),
emodin (—6.0 kcal/mol), and mycophenolic acid (—5.9
kcal/mol) exhibited notable binding affinities,
approaching the binding energy of the reference ligand
artemisinin (—6.8 kcal/mol) (Table 5). The strength of
binding correlated with the type and number of
interactions formed between the ligand and key amino

acid residues in the enzyme’s active site (Figure 4)

[100]. Emodin formed conventional hydrogen bonds
with Argl09 and Ser183, resembling the interaction
profile of artemisinin, which engaged GIn4 and Lys3
through both hydrogen and carbon-hydrogen bonds.
Fluvastatin displayed the most diverse interaction
network, including hydrogen bonding with GIn85 and
Val58 and m-alkyl and n-sigma interactions with Lys87,
contributing to its enhanced binding affinity. Similarly,
mycophenolic acid showed favorable contacts with
residues such as GIn4, Arg69, and Lys3, which are
shared with the artemisinin-binding pocket. In contrast,
spermidine exhibited the lowest binding affinity (—4.0

kcal/mol), with minimal interaction limited to Val39 and
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GIn8&5. The reduced number and strength of hydrogen

bonds are likely responsible for its weaker association

with the target protein [101].

The comparative

interaction mapping suggests that residues such as Gln4,

Lys3, and Arg69 may serve as critical anchoring points

for ligand binding, mediating the inhibition of heme

polymerization pathways essential for Plasmodium

survival. Collectively, these findings indicate that

ligands forming extensive hydrogen bonding and

hydrophobic interactions with functionally relevant

residues in heme peroxidase are more likely to inhibit

enzymatic activity, thereby mimicking the antimalarial

mechanism of artemisinin [102].

The interactions of selected ligands with histidine-

rich protein-2 are illustrated in Figure 5. Emodin (A)

formed 2 conventional hydroge bonds with Hisl13;
His115, and a carbon hydrogen bond with His238, and
4 alkyl bonds with Alal50; Alal93; Alal96; Ala234.
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HIs
A:106
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Kojic acid (B) established a conventional hydrogen
bond with His94, Pi-cation interaction with His112, Pi-
sigma interaction with Alal23, and Pi-alkyl interaction
with Alal20. Mycophenolic acid (C) displayed a
conventional hydrogen bond with His94, and 5 Pi-alkyl
interaction with Alal77; Alal96; Ala219; Ala234;
Ala235. (D)
interactions, including 4 conventional hydrogen bonds
with His107, Asp254, Ala255, Ala258, a halogen bond
with Asp110, a Pi-sigma interaction with His106, and 2
Pi-alkyl interactions with Ala252, Ala259. Spermidine
(E) formed 3 conventional hydrogen bonds with GIn39;
Val42; Asp44, and 2 carbon hydrogen bonds with
Ala40; Ala78. Artemisinin as the positive control (F)

Fluvastatin engaged in multiple

exhibited a Pi-sigma interaction with His211, and eight
Pi-alkyl interactions with Alal77; Alal92; Alal9s;
Alal96; Ala219; Ala222; Ala234; Ala235.
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Figure 5 Ligand-(histidine-rich protein-2) binding interactions; (A) emodin, (B) kojic acid, (C) mycophenolic acid, (D)

fluvastatine, (E) spermidine and (F) artemisinin.
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In addition to heme peroxidase, molecular docking
analysis was also performed on histidine-rich protein-2
(HRP-2), a protein involved in the detoxification of
heme into hemozoin through a polymerization reaction
[28]. The docking analysis of ligands to HRP-2
demonstrated results consistent with those obtained for
heme peroxidase, showing that emodin (—8.1 kcal/mol),
fluvastatin (=7.6 kcal/mol), and mycophenolic acid
(=7.5 kcal/mol) exhibited the closest binding affinities
to artemisinin (—8.6 kcal/mol) which served as the
positive control (Table 5). More negative binding
affinity values indicate stronger potential interactions
with the HRP-2, suggesting a comparable binding
strength to that of artemisinin, a well-established
antimalarial drug. Emodin formed 2 conventional
hydrogen bonds and one carbon hydrogen bond, which
play a crucial role in stabilizing the emodin-HRP-2
complex, as hydrogen bonding is a key facilitator of
protein-ligand binding [103]. Additionally, emodin
established alkyl interactions with 4 distinct alanine
residues, including Ala234, which was also involved in
the interaction between artemisinin and HRP-2. These
hydrophobic interactions enhance the binding affinity
and indicate a binding mode similar to that of the
artemisinin as the control ligand. Similarly,
mycophenolic acid interacted with HRP-2 through one
conventional hydrogen bond, supported by hydrophobic
Pi-alkyl interactions that further stabilized the complex.
Interestingly, mycophenolic acid exhibited the highest
similarity to artemisinin in terms of interaction profile,
involving Pi-alkyl interactions with residues Alal77,
Alal96, and Ala234. However, its lower number of
interactions  resulted in a  slightly  weaker
binding affinity. Furthermore, fluvastatin demonstrated
the most diverse and distinct interaction pattern
compared with artemisinin, forming 4 conventional
hydrogen bonds as the primary stabilizing forces,
complemented by one halogen bond, one Pi-sigma
interaction, and 2 Pi-alkyl interactions that contributed
to its relatively high binding affinity. In contrast, the
interaction of kojic acid with HRP-2 was limited to a
single conventional hydrogen bond, one Pi-cation, one
Pi-sigma, and one Pi-alkyl interaction, which were
insufficient to confer a strong binding affinity.
Furthermore, spermidine exhibited the lowest binding

affinity, mediated only by hydrogen bonding without

any supporting hydrophobic interactions such as alkyl or
Pi-alkyl interactions, which were predominant in the
interaction of artemisinin with HRP-2. Collectively,
comparative interaction mapping suggests that residues
such as Alal77, Alal96, and Ala234, which engage in
Pi-alkyl interactions, may act as critical anchoring
points for ligand binding to HRP-2, thereby mediating
the heme detoxification process into hemozoin that is
essential for Plasmodium survival.

The findings of this study highlight the siginficant
potential of A. flavus, an endophytic fungus isolated
from A. altilis which demonstrated the most potent
antimalarial activity. This pronounced bioactivity is
fundamentally linked to the presence of emodin,
mycophenolic acid, and fluvastatin that identified via
LC-MS/MS profiling. These compounds exert their
therapeutic potential by targeting heme peroxidase and
histidine-rich protein-2, thereby disrupting the heme
polymerization pathway essential for the malaria
parasite. By successfully bridging the gap between
metabolic profiling and molecular mechanism, this
research underscores the significance of fungal
endophytes as a robust and eco-friendly reservoir for
drug discovery.

Conclusions

These findings collectively highlight that several
secondary metabolites from the JDSUM4 extract,
particularly emodin, mycophenolic acid, and fluvastatin
demonstrate strong structural similarity and binding
affinity to artemisinin, suggesting their potential as
orally bioavailable antimalarial agents targeting heme
detoxification pathways. To the best of our knowledge,
this is the first report describing the antimalarial activity
of A. flavus JDSUM4 isolates from breadfruit. This
integrative approach combining heme polymerization
inhibition, Lipinski-based clustering, and molecular
docking supports their further investigation as lead
compounds in antimalarial drug development. Future
studies will focus on in vivo assessments to validate their
efficacy and pharmacokinetic profiles in biological

systems.
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