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Abstract. This study investigated the diversity and antibacterial potential of
marine endophytic fungi from Buton Island, Indonesia. This study focused on
identifying fungi capable of producing bioactive compounds effective against
Vibrio harveyi. 32 fungal isolates were obtained from various marine
samples. Aspergillus terreus (WB 1-2) exhibited the highest antibacterial
activity. The growth dynamics of these fungi were analyzed, emphasizing the
importance of the log phase for secondary metabolite production.
Environmental conditions and mechanical agitation were found to
significantly influence growth and metabolite yield. These findings highlight
the potential of marine endophytic fungi as sources of novel antimicrobial
agents, suggesting promising opportunities for biotechnological and
pharmaceutical advancements. This study underscores the untapped potential
of marine fungi for the development of new antibiotics.
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1 Introduction

The ocean is home to a diverse range of fungi, including Marine Endophytic Fungi that
inhabit the roots, rhizomes, and leaves of marine plants. To investigate these fungi,
researchers collected samples from these plant structures and employed isolation techniques
to obtain fungal colonies. Colonies were subsequently identified using both morphological
and molecular methods, with ribosomal RNA (rRNA) sequencing being a common approach
for precise identification [1]. Another group of marine fungi, known as Marine Algicolous
Fungi (MAF), grows endophytically within macroalgae. These fungi are notable for their
ability to produce bioactive compounds as secondary metabolites, and are classified based on
their biological activities, including anticancer, antibacterial, antifungal, and antioxidant
effects [2].

Indonesia has abundant natural resources, particularly within its marine and fishery
ecosystems. There is growing interest in investigating biologically active compounds derived
from these sources, especially those that have the potential to significantly influence cellular
functions [3]. This study focused on microorganisms, specifically bacteria and fungi, present
in diverse marine environments, including seabeds, ocean waters, mangrove forests, fish, and
seaweed. Notably, certain microorganisms establish symbiotic relationships with
invertebrate species, such as sponges, mollusks, tunicates, coelenterates, and crustaceans,
which may lead to the production of unique secondary metabolites [4].

The oceanic ecosystem serves as a rich reservoir of bioactive compounds that provide
various advantages for health and well-being. Marine Natural Products (MNPs) are
associated with various bioactivities, functioning as antibiotics, antivirals, neuroprotective
agents, and anticancer compounds, while also exhibiting anti-inflammatory effects [5].
Southeast Sulawesi, a province in Indonesia, holds significant potential for utilizing
mangroves to enhance the fisheries sector and support community welfare. Buton Island,
which is located in this province, has abundant fishery resources. The coastal areas of Buton
Island are characterised by rich natural resources, including coral reefs, mangrove forests,
seagrass beds, and diverse aquatic habitats. Additionally, seaweed is a vital commodity for
coastal fisheries of local communities in Southeast Sulawesi [6].

The mangrove forests on Buton Island are coastal forests capable of withstanding high
salinity and extreme environmental conditions. These ecosystems provide numerous
ecological benefits such as nutrient supply, shoreline erosion protection, nursery habitats, and
nutritional sources for fish and crustaceans, while also acting as a buffer against tsunami
impacts [7]. Global research has underscored the role of endophytic fungi in mangrove
ecosystems. Fungi belonging to the phylum Ascomycota are significant contributors to the
production of secondary metabolites, demonstrating antibiotic and cytotoxic activities
against pathogenic cells [8].

A notable study identified Aspergillus terreus in the root of the mangrove species
Bruguiera gymnorrhiza, which have been shown to possess antimicrobial, anticancer, anti-
filarial, and anti-inflammatory properties [9]. This study aimed to explore the potential of
bioactive compounds derived from endophytic marine fungi present in seaweed, seagrass,
and mangrove samples collected from Buton Island in Southeast Sulawesi. The primary
objective was to explore the diversity of marine endophytic fungi and its antibacterial
potential produced by submerged fermentation system. Notably, the antibiotic properties of
these bioactive compounds derived from Buton Island have not yet been documented.
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2 Materials and Methods

2.1 Isolation and screening of marine endophytic fungi

Seaweed, seagrass, and mangrove leaf samples were collected from Buton Island in
southeastern Sulawesi Province. These specimens were identified and air-dried for
preservation before being transported to the laboratory for the isolation of endophytic fungi.
To ensure sterility, the samples underwent two surface sterilisation treatments: a one-minute
soak in distilled water followed by exposure to 5% sodium hypochlorite (NaOCl) to eliminate
surface contaminants. The samples were then aseptically placed on Potato Dextrose Agar
(PDA) medium, with four to five pieces per Petri dish. These dishes were incubated at room
temperature for three to seven days, during which the fungal growths were analyzed for their
morphological characteristics. In cases where colonies were not pure, purification procedures
were implemented. Well-defined, representative colonies were subsequently transferred to
slanted agar media for storage [10].

2.2 Diversity of morphology characterization of marine endophytic fungi

The marine endophytic fungi was initially isolated and subsequently characterized based on
their macroscopic morphological attributes, using a Petri dish infused with Potato Dextrose
Agar medium. The macroscopic characteristics under examination included the colony's
form, colour, and diameter [11].

2.3 Growth curve, antibacterial potential produced by marine endophytic
fungi, and its mechanism of action

The stages of fungal cultivation are divided into 2, namely preculture and culture in Potato
Dextrose Broth (PDB). Preculture aims to allow marine fungi to adapt to the growth medium.
Selected marine fungal isolates are cultivated to determine the growth curve of marine fungi.
One ose of prospective isolate samples was taken to be mixed with PDB (PDB) media that
had been prepared in Erlenmeyer flasks as much as 100 mL. Then, the isolate that had been
mixed in 100 mL PDB was incubated at room temperature for 7x24 hours. After 7x24 hours
of incubation, the growing culture media was transferred to new Potato Dextrose Broth
(PDB) media as much as 250 mL in a 500 mL Erlenmeyer flask with pH 7 cultivated in static
(still) conditions and shaken at a speed of 120 rpm at room temperature for 21 days [12].
The culture media containing mycelia were harvested by filtration using filter paper to
separate the mycelia and culture media (culture broth) using filter paper and obtained the
extract culture media, then a growth curve was made between the sampling time and the
biomass weight. The calculation of the mycelia weight was carried out by taking the fungal
biomass that had been filtered using filter paper and dried in an oven for 24 hours at a
temperature of 80 °C. The dry weight of the mycelia was determined by calculating the
difference in weight between the empty filter paper and the filter paper containing mycelia.
Determination of the growth curve of marine fungal isolates was carried out by observing
every 3 days to determine the growth of the marine fungal isolates by calculating the dry
biomass of mycelia and pH successively from cultivation days 0, 3, 6,9, 12, 15, 18, 21.
Observations of pH values using pH paper on the harvested fungal culture media [13].
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3 Results and Discussions

3.1 Selected marine endophytic fungi

Research has been conducted on Buton Island, located in Southeast Sulawesi, which is
recognised for its diverse species richness. Mangrove regions, often linked with ecologically
important algae, serve as a habitat for a wide array of algae species [14]. The investigation
involved the collection of 160 samples, revealing a significant prevalence of endophytic
fungi in Chlorophyta, accounting for 60% of the total, thereby making it the most dominant
host among all endophytic fungi in the sampled area. Following Chlorophyta, the next four
most common hosts for endophytic fungi were identified as Rhodophyta (22%), Seagrass
(9%), Mangrove (6%), and Phaeophyta (3%) (see Fig.1).

Phaeophyta

Rhodophyta
2%

Chlorophyta
60%

Fig.1. Diversity source of endophytic fungal hosts

A collection of 160 samples was procured and subsequently isolated using Potato
Dextrose Agar (PDA) in petri dishes. The samples were then classified into several isolates:
seven under the code WB, thirty-two under SM, sixty under LB, fifty-nine under BM, and a
pair under KS, as detailed in Table 1. Interestingly, endophytic marine fungi, despite their
marine extraction, do not rely on the sea for their life cycle. This characteristic makes them
particularly amenable to laboratory cultivation [15]. Furthermore, it was observed that the
same algal genus, when sampled from different locations, yielded varying numbers of
endophytes.

Table 1. Endophytic marine fungal isolates isolated from Buton Island, Southeast Sulawesi

Isolate Code Number of Samples
WB 7
SM 32
LB 60
BM 59
KS 2
Total 160

The 160 isolates of marine fungi were purified to refine the marine endophytic fungi
isolates before conducting a more detailed analysis of their bioactive compounds. Substances
with biological activity found in macroalgae, including peptides, polyphenols, fatty acids,
and pigments, may play a crucial role in pharmacologically regulating pathogenesis in living
organisms [16].
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3.2 Diversity of morphology characterization of marine endophytic fungi

Distinct colours and textures were observed in the purified colonies following incubation on
PDA plates. By repeatedly cultivating and subculturing the endophytic fungus and
comparing attributes such as morphology, growth rate, pigmentation, and colony borders,
pure isolates were generated [17]. From a variety of host sources, we identified thirty-two
unique strains of endophytic fungi.

The variations in the morphological structure and results of the antagonist test for these
marine endophytic fungi are detailed in Table 2. A clear zone indicated strong antibacterial
effectiveness, with the size of the zone reflecting the intensity of the effect. Notably, several
isolates exhibited strong antibacterial effects against V. harveyi, including WB 1-2, WB 6-2,
WB 7-1,SM 22-1,SM 27-2,BM-46, and LB 13-A. These isolates produced clear zones with
diameters of 13.0 mm, 12.3 mm, 12.3 mm, 11 mm, 11 mm, and 11.3 mm, respectively (Table

2).
Table 2. Purification results of endophytic sample isolates and morphological
characteristics
Characterization Average
No Isolate of
Code Form Margin Chromo Elevation Texture diameter
genesis (cm)
1 WB 1-2 | Circular Entire Brown Flat Smooth 14.0
2 WB 7-2 | Irregular | Undulate White Raised Smooth 37
3 WB 4-1 | Irregular Entire Black Flat Smooth 1.0
4 WB 6-1 | Irregular | Undulate White Flat Smooth 8.0
5 WB 5-1 Circular Entire White Flat Smooth 7.7
6 WB 3-2 | Circular Filiform White Flat Smooth 23
7 WB 6-2 | Irregular Entire Brown Raised Smooth 123
8§ | WB42 | Circular | Curled | Black | Umbonate | Soneentric 123
rings radial
9 WB 7-1 Circular Filiform White Flat Smooth 113
10 SM 7-1 | Irregular | Undulate White Raised Rough 5.7
11 | SM16-1 | Irregular Entire White Flat Smooth 1.0
12 | SM20-1 | Circular Entire White Convex Smooth 1.7
13 | SM22-1 | Circular Filiform White Flat Smooth 11.0
14 | SM32-1 | Circular | Undulate Black Flat Smooth 40
15 | SM17-1 | Irregular | Undulate Black Raised Rough 11.0
16 SM 5-1 | Irregular | Undulate White Raised Smooth 2.7
17 | SM9-1 | Circular | Entire | White Flat Concentric 70
rings radial
18 | SM27-2 | Circular Entire White Convex Smooth 3.7
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Characterization Average
No Isolate of
Code Form Margin ChI‘OII.lO Elevation Texture diameter
genesis (cm)
19 | SM26-1 | Circular | Undulate | Black Flat Concentric 23
rings radial
20 | BM47B | Circular Entire White Flat Smooth 43
21 | BM48 A | Irregular Entire Green Raised Rough 4.7
22 | BM 58-B | Circular Entire White Flat Smooth 2.0
23 | BM 32 A | Circular Entire Brown Flat Smooth 1.0
24 | BM32B | Circular | Entire White Flat Concentric 110
rings radial
25 | BM46 A | Irregular | Undulate Brown Flat Smooth 00
26 | BM 15B | Irregular Entire White Raised Smooth 20
27 | LB61B | Circular Entire Brown Flat Smooth 2.0
28 LB 6-B Circular Entire White Raised Smooth 11.3
29 | LB-14 A | Irregular Lobate Pink Flat Smooth 1.0
30 | LB 13-A | Circular Entire Brown Flat Smooth 30
31 | LB47B | Circular | Entire White Flat Concentric 1.0
rings radial
32 | KS-A | Circular | Entire White | Umbonate | Someentric 23
rings radial

Thirty-two fungal endophyte isolates were collected from various sources, including
seaweeds (Chlorophyta, Rhodophyta, and Phaeophyta), seagrass, and mangrove leaves.
Identification of these fungal isolates was based on colony shape and hyphal structure. Each
isolate displays unique traits in terms of shape, margin, colour, elevation, and texture [18].
The colonies primarily exhibited a circular shape with smooth margins. Their colouration
varied widely, ranging from white and brown to pink and black shades.

Most colonies were characterised by a flat elevation, with the texture of some isolates
being smooth, whereas others displayed a rough surface. Notably, isolates WB 4-2, SM 9-1,
SM 26-1, BM 32 B, LB 47 B, and KS-A demonstrated radial concentric rings (Fig. 2). The
morphological characteristics of these marine fungi are indicative of their unique
biochemical and biological characteristics. Recognising the similarities and differences
among these fungal taxa allows for more in-depth analysis [19].
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Fig.2. Colony morphology characterization of isolated endophytic fungi and its hosts

3.3 Cultivation of marine endophytic fungi by submerged fermentation,
antibacterial potential, and its mechanism of action

Among the various isolates studied, the marine endophytic fungus WB 1-2 demonstrated the
most substantial zone of inhibition. This isolate was then subjected to molecular
identification, which unequivocally identified it as Aspergillus terreus. Subsequently, a
growth curve was delineated. The growth trajectory of marine endophytic fungi is typically
divided into three primary phases: lag, log (exponential), and stationary. Each phase is
characterised by unique physiological and metabolic attributes, which are instrumental in
understanding the growth dynamics of fungi in their natural marine habitats [20].
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The lag phase, which marks the onset of growth, is a period of adjustment for fungi to
new culture conditions [21]. During this phase, cell division is either minimal or non-existent,
as fungi acclimate to factors such as nutrient availability, temperature, pH, and salinity.
During the initial days of the experiment, specifically from days 1 to 6, the fungi were in the
lag phase. During this period, the pH values exhibited minor fluctuations, ranging from 4 to
6, suggesting that the fungi were adapting to their environment (Figure 3).
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Fig. 3. Growth curve of Aspergillus terreus in shaker condition
(Biomass pH )

Biomass measurements during this phase were relatively low, with average values
oscillating between 0.79 and 0.995 (as depicted in Figure 3). This implies that the fungi were
not actively dividing but were instead focusing on acclimatising to the culture conditions.
The lag phase is of paramount importance, as it sets the stage for subsequent growth, enabling
the fungi to gear up for more active metabolic processes. The duration of the lag phase can
vary significantly among different species and under diverse experimental conditions;
however, this period is crucial for preparing cells for future growth [22].

Following successful acclimatisation, marine endophytic fungi enter the log phase, which
is characterised by significant cell division and exponential growth. This phase is visually
represented by a steep incline on the growth curve, indicating regular doubling of fungal cell
numbers. When provided with ample nutrients, these fungi exhibit heightened metabolic
activity, effectively harnessing available resources to promote optimal growth. This phase is
particularly vital for the synthesis of secondary metabolites, which are of considerable
interest in pharmacology owing to their potential bioactive properties [23]. Environmental
parameters, including temperature and nutrient availability, are crucial factors that influence
growth rates during this stage, with favourable conditions markedly enhancing biomass
production [24].

Subsequent to the log phase, fungi progress to the stationary phase, which is characterised
by a plateau in the growth curve. During this period, the growth rate declines owing to the
depletion of nutrients and accumulation of metabolic by products. The stabilisation of viable
cell numbers indicates a shift towards a survival strategy. In this phase, metabolic pathways
may undergo modifications and certain species may initiate the production of spores or
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additional secondary metabolites in response to environmental stressors. Understanding the
dynamics of this phase is vital for bioprospecting initiatives, as it can significantly affect both
the yield and diversity of bioactive compounds synthesised by marine endophytic fungi [25].

The application of shaking or mechanical agitation during the cultivation of marine
endophytic fungi has a pronounced impact on their growth rates and overall biomass yield.
Shaking facilitates improved aeration and enhances oxygen availability, which are essential
for the growth of aerobic fungi, particularly during the log phase. Increased oxygen levels
support elevated metabolic rates and expedite growth, thereby reducing the likelihood of
anoxic conditions [26]. Moreover, agitation promotes better homogenisation of the culture
medium, ensuring a consistent distribution of nutrients to the fungal cells. This mechanical
intervention also mitigates the formation of clumps or aggregates, resulting in a more
uniform culture that is capable of efficiently utilising available resources [27].

The growth curve of marine endophytic fungi delineates distinct phases—lag, log, and
stationary —each with specific implications for cultivation and biotechnological applications.
The lag phase facilitates necessary adaptation, the log phase is critical for rapid growth and
secondary metabolite production, and the stationary phase reflects the equilibrium between
growth and environmental pressures [28]. The effects of shaking during cultivation are
substantial because it enhances aeration, nutrient distribution, and overall growth conditions.
A thorough understanding of these growth phases and the influence of agitation is essential
to maximise the potential of marine endophytic fungi in diverse scientific and industrial
contexts [29].

Recent research has demonstrated that Aspergillus, a prominent marine endophytic
fungus, is capable of producing approximately 98 unique antimicrobial compounds. This
highlights the remarkable chemical diversity and antimicrobial potential of these metabolites,
positioning them as promising candidates for the development of novel antimicrobial agents.
Many of these compounds exhibit broad-spectrum antimicrobial activity, particularly against
pathogens such as Staphylococcus aureus and Escherichia coli [30]. Another marine
endophytic fungus, L. pseudotheobromae IBRL OS64, exhibits antibacterial properties
against aquaculture-relevant pathogens, with inhibition zones typically measuring less than
10 mm. It is noteworthy that natural compounds sourced from aquatic organisms frequently
exhibit significantly higher bioactivity than those derived from terrestrial environments [31].

Endophytic fungi are known for their potential to generate unique bioactive compounds,
exhibiting antimicrobial, antioxidant, and anticancer properties, and participating in
biotransformation processes [32]. A significant amount of research has been dedicated to the
exploration of biologically active substances derived from nature, particularly those capable
of effective interaction with a variety of molecular targets. Marine Natural Products (MNPs)
are distinguished for their diverse bioactivities, which include antibiotic, antiviral,
neuroprotective, anticancer, and anti-inflammatory effects [33]. By studying the mechanisms
through which marine endophytic fungi operate as antibacterial agents, specifically as natural
antibiotic sources, we can enrich our understanding of their interactions with the immune
system (refer to Figure 4).

A diverse range of fungal species from various orders have been discovered to flourish
in hypersaline environments. These fungi generate secondary metabolites as a tactic for
survival under extreme conditions, which bolsters their resilience against stress [34]. The
health advantages linked to bioactive compounds are not just coincidental; they specifically
engage with targeted cellular sites, as illustrated in Figure 4. These compounds exhibit strong
attraction to receptors, enzymes, and different cellular elements. Once they attach to these
sites, they trigger a series of events that modify cellular functions, guiding them toward
positive health effects.
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Fig. 4. Possible mechanism of bioactive compound from marine endophytic fungi in immune system
(Visualised and generated by BioRender)

Bioactive substances obtained from marine endophytic fungi commence a sequence of
reactions starting at the IP3 receptor, resulting in calcium release and the subsequent
activation of Protein Kinase C (PKC). A crucial aspect of these compounds is their capacity
to affect gene expression. As molecular architects, they can adjust gene activity and
orchestrate a complex set of genetic responses that contribute to overall well-being.
Furthermore, active compounds derived from endophytic fungi activate NF-»B, a vital
transcription factor that governs genes involved in both innate and adaptive immunity [35].

These compounds can affect health at the fundamental genetic level by promoting
protective genes, suppressing pro-inflammatory signals, and potentially influencing
epigenetic changes. The underlying mechanisms of these health-enhancing effects are
interconnected and coordinated, leading to a combined impact that exceeds the individual
effects of each component [36]. Marine endophytic fungi generate a broad spectrum of
natural products, including polysaccharides, enzymes, and bioactive compounds [37].
Marine microorganisms, such as microalgae, bacteria, and fungi, also possess the ability to
synthesise amino acids.

Marine fungi show great potential for the development of novel biopharmaceuticals such
as immunomodulators and therapies for cancer, inflammation, and infections caused by
microbes and fungi. Natural bioactive compounds derived from endophytic fungi have
demonstrated increased efficacy, potency, cost-effectiveness, and lower resistance than
traditional antimicrobial treatments [38]. These substances are renewable, have distinct
properties, and tend to exhibit low toxicity. Consequently, these discoveries offer substantial
opportunities for the biotechnological and pharmaceutical industries to reduce strain on
public healthcare systems.

10
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4 Conclusions

This study highlights the significant potential of marine endophytic fungi as a source of novel
bioactive compounds with notable antibacterial activity. The isolation and identification of
32 fungal isolates from diverse marine environments on Buton Island, Southeast Sulawesi,
revealed that Aspergillus terreus (isolate 'WB 1-2) exhibited the most substantial
antibacterial effects against Vibrio harveyi. The growth dynamics of these fungi,
characterized by distinct lag, log, and stationary phases, underscore the importance of
environmental factors and mechanical agitation in optimizing biomass production and
metabolite yield. The ability of marine endophytic fungi to produce a variety of secondary
metabolites during the log phase suggests their potential application in pharmaceutical
developments, particularly in combating antibiotic-resistant pathogens. These findings
emphasize the need for further research to explore the mechanisms underlying the
antibacterial properties of these metabolites, as well as their broader implications for health
and disease management. By leveraging the diverse biochemical capabilities of marine
endophytic fungi, the biotechnological and pharmaceutical industries can develop innovative
solutions to address pressing health challenges. Continued exploration of marine biodiversity
will be essential in uncovering new antimicrobial agents and enhancing our understanding
of these organisms' ecological roles in marine ecosystems.
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