p
Original Research
Submitted: May 2026 / Revised: June 2026 /Accepted: June 2026 SPIZA ETUS

Spizaetus: Jurnal Biologi dan Pendidikan Biologi ¥...cuumummnos
p-ISSN: 2716-151X e-ISSN: 2722-869X
Isolation and Antimicrobial Activity of Endophytic Bacteria from
Rhizophora mucronata Roots in the Kupang Mangrove Ecotourism
Area

Isolasi dan Uji Aktivitas Antimikrobia Bakteri Endofit Akar Mangrove
Rhizophora mucronata di Kawasan Ekowisata Mangrove Kupang

Alexander Tage*, Chatarina Gradict Semiun, Yulita Iryani Mamulak

Study Program of Biology, Faculty of Science and Technology, Widya Mandira Catholic University,
Kupang, 85225, Indonesia

*Corresponding Author: alexandertage@unwira.ac.id

Abstract. Semi-arid mangrove ecosystems harbor significant potential as sources of endophytic
bacteria producing adaptive antimicrobial compounds. This study aimed to isolate and evaluate the
antimicrobial activity of endophytic bacteria from Rhizophora mucronata prop and lateral roots across
three management zones (core, buffer, and utilization) in the Kupang Mangrove Ecotourism Area.
Sampling was conducted in March—April 2026, followed by root surface sterilization and isolation on
Nutrient Agar. Phenotypic characterization was performed macroscopically, microscopically, and
biochemically, while antimicrobial activity was assessed using the Kirby-Bauer disk diffusion method
against Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922. From 69 initial colonies,
18 pure isolates were obtained, with Bacillus sp. as the dominant genus (44.4%). Notably, Bacillus sp.
isolates ZS-04 and ZI-05 exhibited the most potent bioactivity, yielding very strong (>20 mm) inhibition
zones against S. aureus and strong (10-20 mm) inhibition against E. coli. One-way ANOVA revealed
no significant zonal differences for S. aureus (p = 0.785), whereas a statistically significant zonal effect
was observed for E. coli (p = 0.045), particularly between the utilization and buffer zones. These findings
confirm that endophytic Bacillus sp. from R. mucronata roots, particularly isolates ZS-04 and ZI-05,
produce bioactive compounds with strong, targeted antibacterial activity against Gram-positive
pathogens, highlighting semi-arid mangrove endophytes as promising, stress-adapted reservoirs for
novel natural antimicrobial agents.
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Abstrak. Ekosistem mangrove semi-arid menyimpan potensi besar sebagai sumber bakteri endofit
penghasil senyawa antimikrobia yang adaptif. Penelitian ini bertujuan mengisolasi dan mengevaluasi
aktivitas antimikrobia bakteri endofit dari akar tunjang dan lateral Rhizophora mucronata pada tiga zona
pengelolaan (inti, penyangga, dan pemanfaatan) di Kawasan Ekowisata Mangrove Kupang.
Pengambilan sampel dilakukan pada Maret-April 2026, diikuti sterilisasi permukaan akar dan isolasi
pada media Nutrient Agar. Karakterisasi fenotipik dilakukan secara makroskopik, mikroskopik, dan
biokimia, sedangkan uji aktivitas antimikrobia menggunakan metode difusi cakram Kirby-Bauer
terhadap Staphylococcus aureus ATCC 25923 dan Escherichia coli ATCC 25922. Dari 69 koloni awal,
diperoleh 18 isolat murni dengan Bacillus sp. sebagai genus dominan (44,4%). Secara khusus, isolat
Bacillus sp. ZS-04 dan ZI-05 menunjukkan bioaktivitas paling poten, menghasilkan zona hambat yang
sangat kuat (>20 mm) terhadap S. aureus dan kuat (10-20 mm) terhadap E. coli. Analisis ANOVA
menunjukkan tidak ada perbedaan zonasi yang signifikan terhadap S. aureus (p = 0,785), namun
terdapat pengaruh zonasi yang signifikan terhadap E. coli (p = 0,045), khususnya antara zona
pemanfaatan dan penyangga. Hasil ini mengonfirmasi bahwa endofit Bacillus sp. dari akar R.
mucronata, khususnya isolat ZS-04 dan ZI-05, menghasilkan senyawa bioaktif dengan aktivitas
antibakteri yang kuat dan terarget terhadap patogen Gram-positif, yang menyoroti endofit mangrove
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semi-arid sebagai reservoir yang adaptif terhadap stres dan menjanjikan untuk pengembangan agen

antimikrobia alami yang baru

Kata Kunci: aktivitas_antimikrobia; bakteri_endofit; rhizophora_mucronata; zona_mangrove

1. Introduction

Mangrove ecosystems are highly
productive coastal habitats that play a
crucial role in shoreline protection and blue
carbon sequestration (1). As naturally
functioning ecosystems, mangrove forests
harbor high biodiversity and deliver
essential ecological services that sustain
broader coastal and terrestrial forest
ecosystems (2). Indonesia encompasses
approximately 3,455,628 hectares of
mangrove forests distributed along its
extensive archipelagic coastline, including
East Nusa Tenggara Province (NTT) (3).
This region, characterized by semi-arid
climatic conditions and extreme salinity
fluctuations, supports an estimated 23,016
hectares of mangrove ecosystems. In this
region, Rhizophora mucronata (locally
known as bakau or red mangrove) is the
dominant species within the family
Rhizophoraceae, distinguished by its
characteristic prop root system. These
roots interact directly with anoxic
sediments and brackish waters exhibiting
fluctuating salinity, creating an extreme
microenvironment that drives unique
adaptations in the symbiotic
microorganisms associated with them (4).

R. mucronata has long been utilized
by coastal communities in Southeast Asia
as traditional medicine for treating skin
infections, wounds, and fever. Modern
phytochemical studies have confirmed that
extracts of R. mucronata bark, leaves, and
roots contain  bioactive  secondary
metabolites, including tannins, flavonoids,
saponins, and terpenoids, that exhibit
significant antimicrobial activity against
both Gram-positive and Gram-negative
pathogens (5,6). Given that endophytic
bacteria are known to synthesize bioactive
compounds structurally similar to or
identical with those produced by their host
plants, the documented antimicrobial
properties of R. mucronata provide a strong
rationale for bioprospecting its root-
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associated endophytes as alternative
sources of novel antibacterial agents.
Endophytic bacteria that colonize
plant tissues in a mutualistic association
have been demonstrated to produce
secondary metabolites with high biological

activity in response to environmental
stressors (7). Extreme environmental
pressures, including sediment anoxia,

elevated salinity, and pronounced diurnal
temperature fluctuations in semi-arid
mangrove habitats, are hypothesized to
selectively drive the biosynthesis of unique
bioactive compounds rarely identified in
wet tropical mangrove ecosystems (8).
Amid the global antimicrobial resistance
(AMR) crisis, which threatens the clinical
efficacy of conventional antibiotics, the
bioprospecting of bioactive compounds
from mangrove endophytes has emerged
as a highly promising alternative strategy
(9). This imperative is particularly pressing
in Indonesia, where escalating cross-
sectoral AMR challenges underscore the
critical need to discover novel antibiotics
from local biodiversity.

The Kupang Mangrove Ecotourism
Area is structured into three functional
management zones (core, buffer, and
utilization), which collectively represent a
gradient of anthropogenic disturbance and
distinct ecological parameters. The core
zone receives the highest level of
protection with virtually no human access,
the buffer zone functions as an ecological
transition area with restricted entry, and the
utilization zone experiences the highest
tourist visitation and the most intensive
human disturbance. These contrasting
environmental conditions are hypothesized
to shape endophytic microbial communities

with  distinct diversity profiles and
antimicrobial potential.
While recent studies have

documented the antimicrobial activity of
endophytic bacteria isolated from various
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mangrove species (5,6), the root-
associated endophytic communities of R.
mucronata across distinct management
zones in semi-arid eastern Indonesia
remain unexplored. Roots were specifically
selected as the target organ in this study
because they interact directly with the most
extreme microenvironment within the
mangrove ecosystem—namely, anoxic
and highly saline sediments. Root-
associated plant growth-promoting
bacteria (PGPB) have evolved under these
harsh conditions to produce a diverse array
of beneficial compounds, including
exopolysaccharides and secondary
metabolites, which not only aid in host
stress tolerance but also enhance
resistance against soil-borne pathogens

(10). Because the root system serves as
the primary interface and first line of
defense against environmental pathogens,
endophytes colonizing the roots are
theoretically and empirically expected to
exhibit  higher antimicrobial activity
compared to those isolated from above-
ground organs such as leaves or stems.

Furthermore, endophytic bacteria are
known to synthesize secondary
2. Methods

This laboratory-based experimental
study employed an exploratory
comparative design to assess how

ecological zoning influences endophytic
diversity and antimicrobial potential.

Sample Collection and Environmental
Profiling

The research was conducted from
March to April 2026. Healthy R. mucronata
roots, specifically a combination of prop
(support) roots and their associated fine
lateral roots, were collected from a depth of
0—20 cm below the sediment surface from
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metabolites that are identical or
comparable to the bioactive compounds
produced by their host plants (11). Given
the documented antimicrobial properties of
R. mucronata, its root-associated
endophytes represent a highly rational and
promising target  for antibacterial
bioprospecting. This knowledge gap
underpins the hypothesis that ecological
zoning shapes both the community
composition and the antimicrobial potential
of R. mucronata root endophytes.
Accordingly, this study aims to isolate,
identify, and comparatively evaluate the
antimicrobial potential of root-associated
endophytic bacteria across the three
functional zones. Preliminary findings
demonstrate that these root endophytes,

predominantly Bacillus sp., possess
notable antibacterial bioactivity.
Specifically, isolates ZS-04 and ZI-05

exhibited strong inhibitory activity against
Staphylococcus aureus (inhibition zones
>20 mm), while activity against Escherichia
coli showed significant zonal variation,
highlighting the influence of ecological
gradients on metabolite production.

three individual trees per zone (core,
buffer, utilization) in the Kupang Mangrove
Ecotourism Area (Figure 1). Prop roots
were targeted as they represent the
primary interface with the anoxic, saline
sediment environment, while the inclusion
of fine lateral roots ensured the capture of
the most active zones of microbial
colonization and nutrient exchange. In situ
measurements of air/water temperature,
salinity, and water/soil pH were recorded
concurrently. Samples were transported at
4-8°C to the UNWIRA Laboratory for
processing.
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Figure 1. Research location map of the Kupang Mangrove Ecotourism Area. The green, blue, and

yellow shaded areas represent the core, buffer, and utilization zones, respectively. Sampling
points are marked with symbols indicating the zone: ZI (Core), ZP (Utilization), and ZS

(Buffer)

Isolation & Characterization

Surface sterilization followed the
protocol described by Pakaya et al. (2024)
(12) with specific modifications tailored for
mangrove root tissues. While the original
protocol utilized 1% NaOCI for 5 minutes
on sponge tissues, this study adjusted the
concentration and exposure time to 3%
NaOCl for 3 minutes to effectively
penetrate the thicker, tannin-rich cuticle of
R. mucronata roots. Furthermore, the
rinsing step was increased to three cycles
with sterile distilled water to ensure the
complete removal of residual sterilizing
agents. Finally, instead of Marine Agar
supplemented with ketoconazole, sterilized
root fragments were plated on standard
Nutrient Agar (NA) and incubated at 28°C
for 48 h, optimizing conditions for
mesophilic endophytic bacteria. To verify
sterilization efficacy, 100 pyL of the final
rinse water was plated onto NA and
incubated; the absence of microbial growth
confirmed successful surface sterilization.
Macroscopic traits (colony morphology,

3. Result and Discussion

In situ measurements of
environmental parameters were conducted
concurrently with root sample collection at

all sampling points across the three
functional management zones. The
parameters assessed included air
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diameter) and microscopic/biochemical
profiles (Gram stain, catalase, oxidase,
starch hydrolysis) were recorded following
Bergey’s Manual (13)

Antimicrobial Activity Assay

Antimicrobial activity was evaluated
using the Kirby-Bauer disk diffusion
method against two reference pathogen
strains: Staphylococcus aureus ATCC
25923 and Escherichia coli ATCC 25922.
The diameter of the zone of inhibition was
measured using a vernier caliper
(accuracy: +0.01 mm) and categorized
according to the Davis-Stout criteria: very
strong (>20 mm), strong (10-20 mm),
moderate (5—-10 mm), weak (<5 mm), and
no activity (O mm).

Data Analysis

Data are reported as mean = SD
(n=3). Zonal differences were analyzed via
one-way ANOVA (a = 0.05) with Tukey’s
HSD post hoc test using IBM SPSS v25.

temperature, water temperature, water pH,
soil pH, and salinity. The recorded
environmental conditions for each zone are
presented in Table 1. Results indicate a
clear ecological gradient across the core,
buffer, and utilization zones, as reflected by




variation in temperature, pH, and salinity
values at each sampling location. These
physicochemical differences are
hypothesized to play a significant role in

shaping the diversity of endophytic
microbial communities associated with R.
mucronata roots across the respective
zones.

Table 1. Environmental conditions were recorded during root sample collection across the three

functional management zones

Sampling Air Temp

Water Temp

Water Soil Salinity

Zone Point (°C) (°C) (pH) (pH) (%0) Weather
Core ZI-T1 31.4 29.7 7.2 6.8 28.2 Clear
Core ZI-T2 31.7 30.1 71 6.7 28.6 Clear
Core ZI-T3 321 30.4 7.3 6.9 291 Clear
Buffer ZP-T1 32.8 30.8 7.0 6.6 26.4 Clear
Buffer ZP-T2 33.2 31.2 71 6.5 25.9 Clear
Buffer ZP-T3 33.5 31.6 7.0 6.4 25.3 Clear
Utilization Z8-T1 34.1 32.0 6.9 6.2 23.7 Clear
Utilization Z8-T2 34.4 32.3 6.8 6.1 231 Clear
Utilization ZS-T3 34.7 32.7 6.7 6.0 22.8 Clear

Legend: temperature and salinity values exhibit a gradient between the core zone (higher humidity, elevated
salinity) and the utilization zone (higher temperature, reduced salinity attributable to surface freshwater
influence). Data represent mean values from single measurements per sampling point; weather conditions
were recorded visually at the time of collection.

Environmental Conditions

Measurements of environmental
parameters across the three functional
zones revealed a distinct ecological
gradient (Table 1). Air and water
temperatures gradually increased from the
core zone (31.4-32.1°C and 29.7-30.4°C)
to the utilization zone (34.1-34.7°C and
32.0-32.7°C), while both water and soil pH
showed a slight decline. In contrast, salinity
decreased progressively from the core
zone, which exhibited relatively high values
(28.2-29.1%0), to the buffer zone (25.3—
26.4%0), reaching its lowest values in the
utilization zone (22.8-23.7%0). These
physicochemical differences are primarily
driven by the core zone's direct marine
influence and the utilization zone's
exposure to higher solar radiation, tourist
activity, and potential surface freshwater
runoff.

This environmental gradient directly
correlates with both the diversity of the
isolated endophytes and their antimicrobial
potential, validating the zoning approach
proposed in this study. The core zone,
characterized by the highest salinity and
the most stable conditions, yielded the
highest number of isolates (7 isolates),
suggesting that the undisturbed, high-
salinity environment supports a richer
endophytic community. Conversely, the
utilization zone, subjected to the highest
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temperatures, lowest salinity, and lowest
pH, produced the fewest isolates (5
isolates), likely reflecting the combined
negative impacts of anthropogenic
disturbance and environmental stress on
microbial colonization. Interestingly, while
the core zone had the highest isolate yield,
the buffer zone—which represents a
transitional environment with moderate
salinity and intermediate disturbance—
harbored the most potent antimicrobial
producers, specifically isolate ZS-04 with
an inhibition zone of 22.15 mm against S.
aureus. This pattern aligns with the
ecological theory that moderate
environmental stress can selectively drive
the biosynthesis of potent secondary
metabolites as a competitive strategy.
Thus, the distinct physicochemical profiles
of each management zone not only shape

the quantitative diversity of the root-
associated microbiome but also
significantly influence the qualitative
bioactivity of the endophytic bacteria.
Isolation and Phenotypic
Characterization

Following the environmental

profiling, a total of 69 bacterial colonies
were initially observed from the root
samples of nine R. mucronata across the



three management zones. After purification
on Nutrient Agar (NA), 18 morphologically
distinct pure isolates were successfully
obtained: 7 from the core zone, 6 from the

in Figure 2 and Figure 3. The macroscopic,
microscopic, and biochemical
characteristics of these 18 purified isolates
are summarized in Table 2 and Table 3.

buffer zone, and 5 from the utilization zone

Figure 2. Initial isolation of endophytic bacteria from R. mucronata root samples on Nutrient Agar (NA)
plates

e —

Figure 3. Morphologically distinct pure cultures obtained following quadrant-streak purification of
endophytic bacteria isolated from R. mucronata roots

Table 2. Macroscopic colony morphology of the 18 purified endophytic bacterial isolates from R. mucronata

roots.

Izt:)l:;e Zone (;?‘I::g Color Elevation Margin Texture Dl(ar:.n;;er
Z1-01 Core Circular Creamy white Convex Entire Mucoid 3.2
Z1-02 Core Irregular White Flat Undulate Dry 5.1
Z1-03 Core Circular Yellow Convex Entire Shiny 2.8
Z1-04 Core Circular Cream Flat Entire Dry 4.3
Z1-05 Core Irregular Creamy white Umbonate Lobate Mucoid 6.2
Z1-06 Core Circular Orange Convex Entire Shiny 2.1
Z1-07 Core Circular White Flat Entire Dry 3.7
ZP-01 Utilization Circular Cream Convex Entire Mucoid 3.5
ZP-02 Utilization Irregular White Flat Undulate Dry 4.8

A . Yellowish . .

ZP-03 Utilization Circular cream Convex Entire Shiny 2.6
ZP-04 Utilization Circular White Umbonate Entire Dry 3.9
ZP-05 Utilization Irregular Cream Flat Lobate Mucoid 5.4
ZS-01 Buffer Circular Creamy white Convex Entire Mucoid 4.1
ZS-02 Buffer Circular Yellow Convex Undulate Shiny 29
ZS-03 Buffer Irregular White Flat Undulate Dry 6.8
ZS-04 Buffer Circular Cream Umbonate Entire Mucoid 3.6
ZS-05 Buffer Circular Orange Convex Entire Shiny 24
ZS-06 Buffer Irregular White Flat Entire Dry 5.5

Legend: isolate code prefixes: ZI = core zone, ZP = utilization zone, ZS = buffer zone. Colony diameters were measured
using a digital vernier caliper (accuracy: £0.01 mm). Morphological observations were recorded from pure cultures
after 48 h of incubation at 28 °C on Nutrient Agar.
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Table 3. Microscopic characteristics (Gram staining) and biochemical assay results for the 18 purified endophytic
bacterial isolates from R. mucronata roots.

IZ‘:S:: Zone Gram Morphology Arrangement Catalase Oxidase H)?J:;K/hsis Putative Genus
Z1-01 Core + Rod Single + - + Bacillus sp.
Z1-02 Core + Rod Chain + - + Bacillus sp.
Z1-03 Core - Rod Single + + - Pseudomonas sp.
Z1-04 Core + Coccus Cluster + - - Staphylococcus sp.
Z1-05 Core + Rod Single + - + Bacillus sp.
Z1-06 Core + Coccus Cluster + + - Micrococcus sp.
Z1-07 Core - Rod Single + - - Serratia sp.
ZP-01  Utilization + Rod Single + - + Bacillus sp.
ZP-02  Utilization - Rod Single + + - Pseudomonas sp.
ZP-03  Utilization + Coccus Cluster + - - Staphylococcus sp.
ZP-04  Utilization + Rod Chain + - + Bacillus sp.
ZP-05  Utilization - Rod Single + - - Enterobacter sp.
ZS-01 Buffer + Rod Single + - + Bacillus sp.
ZS5-02 Buffer - Rod Single + + - Pseudomonas sp.
ZS-03 Buffer + Rod Chain + - + Bacillus sp.
ZS-04 Buffer + Rod Single + - + Bacillus sp.
ZS-05 Buffer + Coccus Cluster + + - Micrococcus sp.
ZS-06 Buffer - Rod Single + - - Serratia sp.

Legend: isolate code prefixes: ZI = core zone, ZP = utilization zone, ZS = buffer zone. Gram reaction: + = Gram-positive, — =
Gram-negative. Cell morphology: rod = Bacillus-shaped, coccus = spherical. Cell arrangement: single = solitary cells,
chain = strepto-arrangement, cluster = staphylo-arrangement. Biochemical assays: + = positive reaction, — = negative
reaction. Putative genus-level identification is based solely on phenotypic characteristics following Bergey's Manual of
Determinative Bacteriology (13). Definitive genus and species identification requires confirmatory molecular analysis
(e.g., 16S rRNA gene sequencing).

Bacillus sp. was the most dominant The detection of three Pseudomonas

genus, accounting for 8 isolates (44.4%)
distributed across all three zones. This
dominance is likely driven by the genus's
exceptional adaptability to the extreme
microenvironment  of the  Kupang
mangrove, particularly its capacity to form
endospores that ensure survival under the
high salinity (up to 29.1%.) and anoxic
conditions recorded in the core zone (Table
1). Endophytic Bacillus isolates from R.
mucronata are also known to exhibit
cellulolytic activity, enabling the
degradation of organic matter and nutrient
acquisition from host tissues (14,15).
Furthermore, Bacillus strains  from
mangrove  rhizospheres are  well-
documented for plant growth-promoting
(PGP) traits, such as nitrogen fixation and
phosphate solubilization, which foster
mutualistic symbioses with the mangrove
host (16). While Bacillus dominated the
overall isolate collection, the presence of
other functionally distinct genera further
highlights the metabolic diversity of this
root-associated microbiome.

sp. isolates (Z1-03, ZP-02, ZS-02) can be
attributed to the genus's established
ecological role in nutrient cycling and its
adaptation to partially anaerobic conditions
within  the  mangrove rhizosphere.
Pseudomonas is among the most prevalent
endophytic  genera in Indonesian
mangrove ecosystems, largely due to its
production of diverse extracellular
enzymes and bioactive metabolites that
enhance host plant resilience to
environmental stress (17). Research
indicates that Pseudomonas efficiently
colonizes Rhizophora root zones through
chemotactic responses to organic-rich root
exudates and exhibits notable heavy metal
bioremediation capabilities (18,19), a trait
particularly advantageous given the
frequent metal accumulation in mangrove
sediments. Despite its lower relative
abundance compared to Bacillus, this
genus remains consistently distributed
across multiple habitat zones. Beyond
these Gram-negative rods, the endophytic
community also included Gram-positive
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cocci, reflecting a broader spectrum of
microbial adaptation to the saline
environment.

The isolation of Staphylococcus sp.
and Micrococcus sp. (2 isolates each) from
R. mucronata roots highlights the diversity
of endophytic bacteria capable of thriving
under high-salinity conditions.
Staphylococcus sp. have been
documented in mangrove habitats globally,
suggesting they possess effective osmotic
stress tolerance mechanisms that facilitate
tissue colonization (20). Studies position
Micrococcus and Staphylococcus as key
members of heterotrophic communities,
contributing to organic matter
decomposition in environments enriched
with complex aromatic compounds from
Rhizophora leaf litter (21). Their presence
here underscores a remarkable adaptive
capacity to the wunique rhizospheric
microenvironment, which is dynamically
influenced by tidal fluctuations (22). In
addition to these osmotolerant cocci, a
smaller fraction of the isolates belonged to
genera traditionally recognized for their
specific plant growth-promoting capabilities
in nutrient-limited soils.

The detection of two Serratia sp.
isolates and one Enterobacter sp. isolate
can be explained by the functional roles of
these genera as plant growth-promoting
bacteria (PGPB). Serratia strains isolated

from plant rhizospheres are well-
documented for their phosphate
solubilization capabilities and

phytohormone production, supporting host
development under stress-prone

Antimicrobial Activity

Antimicrobial activity was evaluated
for all 18 purified isolates using the Kirby-
Bauer disk diffusion method against two
reference pathogen strains:
Staphylococcus aureus and Escherichia
coli. Inhibition zone diameters were
measured and categorized  strictly
according to the Davis-Stout criteria: very

conditions (23,24). Studies on mangrove
endophytes indicate that Enterobacter and
Serratia effectively colonize root tissues in
response to chemical signaling compounds
exuded by Rhizophora roots, while their
capacity for non-symbiotic nitrogen fixation
contributes to overall nitrogen availability

(25). Their presence highlights the
functional  complexity = of  microbial
interactions in the R. mucronata

rhizosphere.

It is important to acknowledge a key
limitation of this study regarding the
taxonomic identification of the isolates. The
genus-level assignments presented in
Table 3 are tentative and based solely on
basic phenotypic and  biochemical
characteristics (Gram staining, catalase,
oxidase, and starch hydrolysis). While
these tests provide a useful preliminary
classification following Bergey's Manual
(13), they are insufficient for definitive
taxonomic resolution, as biochemical
profiles can frequently overlap between
different  bacterial genera.  Without
confirmatory molecular techniques, such
as 16S rRNA gene sequencing or
automated identification systems (e.g.,
VITEK), the exact genus and species of
these isolates cannot be conclusively
determined. Therefore, these phenotypic
assignments should be interpreted as
presumptive, and future studies should
prioritize molecular identification to validate
these findings and enable precise
taxonomic classification of the bioactive
endophytes.

strong (VS, >20 mm), strong (S, 10-20
mm), moderate (M, 5—10 mm), weak (W,
<5 mm), and no activity (0 mm).
Chloramphenicol (30 pg) and sterile
Nutrient Broth served as positive and
negative controls, respectively. The
comprehensive results are presented in
Table 4.

Table 4. Mean inhibition zones of antimicrobial activity exhibited by endophytic bacterial isolates against
Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922

Zone Isolate Code

Putative Genus

Inhibition Zone (mm)

S. aureus E. coli
Core Z1-01 Bacillus sp. 18.20 £ 0.33 (S) 12.25 £ 0.40 (S)
Core Z1-02 Bacillus sp. 15.31 £ 0.42 (S) 0 (NA)
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Core Z1-03 Pseudomonas sp. 11.19+£0.34 (S) 14.55 £ 0.35 (S)
Core Z1-04 Staphylococcus sp. 0 (NA) 0 (NA)
Core Z1-05 Bacillus sp. 21.29 £ 0.45 (VS) 16.39 £ 0.45 (S)
Core Z1-06 Micrococcus sp. 8.72 + 0.39 (M) 0 (NA)
Core Z1-07 Serratia sp. 0 (NA) 0 (NA)
Utilization ZP-01 Bacillus sp. 13.62 £ 0.40 (S) 10.19 £ 0.36 (S)
Utilization ZP-02 Pseudomonas sp. 0 (NA) 0 (NA)
Utilization ZP-03 Staphylococcus sp. 7.86 £ 0.35 (M) 0 (NA)
Utilization ZP-04 Bacillus sp. 16.79 £ 0.46 (S) 9.32 £ 0.40 (M)
Utilization ZP-05 Enterobacter sp. 0 (NA) 0 (NA)
Buffer ZS-01 Bacillus sp. 19.49 £ 0.60 (S) 13.82£0.41 (S)
Buffer ZS-02 Pseudomonas sp. 11.72 £ 0.39 (S) 15.62 £ 0.40 (S)
Buffer ZS-03 Bacillus sp. 0 (NA) 0 (NA)
Buffer ZS-04 Bacillus sp. 22.15 £ 0.65 (VS) 18.32 £ 0.40 (S)
Buffer ZS-05 Micrococcus sp. 8.92 + 0.39 (M) 0 (NA)
Buffer ZS-06 Serratia sp. 0 (NA) 0 (NA)
Active isolates (n) 12 8
) Positive Chloramphenicol (30 31.19 £ 0.36 (S) 26.39 + 0.45 (S)
control Hg)
} Negative Sterile Nutrient Broth 0 0
control (NB)

Legend: values represent mean inhibition zone diameter + standard deviation (SD) from three independent
replicates. Activity categories: VS = very strong (>20 mm), S = strong (10-20 mm), M = moderate (5-10
mm), W = weak (<5 mm), NA = no activity (0). Positive control: chloramphenicol disk (30 pg); negative
control: sterile nutrient broth. Isolate code prefixes: ZI = core zone, ZP = utilization zone, ZS = buffer zone.

Against the Gram-positive pathogen
S. aureus, antimicrobial activity varied
considerably among the isolates. Notably,
isolates ZS-04 and ZI-05 (both Bacillus sp.)
demonstrated the most potent inhibitory
effects, yielding mean inhibition zones of
22.15 £ 0.65 mm and 21.29 + 0.45 mm,
respectively. Based on the Davis-Stout
criteria, these are categorized as very
strong (VS) activity (Figure 4). Several
other isolates exhibited strong (10-20 mm)
or moderate (5—10 mm) inhibition, while a
subset showed no detectable activity.
These findings align with prior studies by

Prihanto (26) and Fatimah (27), who
reported that endophytic bacteria isolated
from mangroves possess the capacity to
synthesize bioactive secondary
metabolites, such as alkaloids, flavonoids,
and terpenoids, which are highly effective
against Gram-positive pathogens. While
the activity against S. aureus was broadly
distributed, the response of the Gram-
negative pathogen E. coli revealed a
distinctly different and more selective
pattern.

Consistent with this selective pattern,
antimicrobial testing against E. coli showed
markedly lower overall efficacy, with 11 of
the 18 isolates (61.1%) exhibiting no
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detectable inhibition. However, the same
highly active isolates, ZI-05 and ZS-04,
also produced the largest inhibition zones
against this Gram-negative bacterium,
measuring 16.39 + 0.45 mm and 18.32 +
0.40 mm, respectively. Under the corrected
criteria, these values fall into the strong (S)
category (10-20 mm) (Figure 5). This
differential  susceptibility is primarily
attributed to the structural defenses of
Gram-negative bacteria, specifically the
outer lipopolysaccharide (LPS) membrane
that acts as a formidable permeability
barrier, coupled with intrinsic resistance
mechanisms such as multidrug efflux
pumps (28).

The markedly lower antimicrobial
activity against E. coli compared to S.
aureus reflects the inherent selectivity of
bioactive metabolites produced by R.
mucronata endophytes. This pattern
strongly aligns with findings by Putri (29),
who noted that narrow-spectrum
compounds from Indonesian endophytes
often exhibit greater efficacy against Gram-
positive pathogens. From a therapeutic
perspective, such selectivity is
advantageous, as targeted antimicrobials
can eradicate specific pathogens while
preserving the host's commensal



microbiota. Nevertheless, isolates ZI-05, negative pathogens. This inherent

ZS-04, and ZI-03 demonstrated strong resistance in E. coli naturally leads to
inhibition of E. coli and merit further greater variability in inhibition data, which is
chemical and mechanistic characterization further reflected in the statistical analysis of
to unlock their potential against Gram- zonal effects.

Figure 5. Representative inhiitiones exhibited by endophytic bacterial isolates ZS-04 (Bacillus sp.)
and ZI-05 (Bacillus sp.) against E. coli

Comparative Statistical Analysis

To evaluate the influence of of variance tests. Where significant
ecological zoning on  antimicrobial differences were detected, Tukey’s HSD
potential, the inhibition zone data from post hoc test was applied to identify
active isolates were subjected to one-way specific zonal variations. The summary of
ANOVA (a = 0.05), preceded by Shapiro- these statistical evaluations is detailed in
Wilk normality and Levene’s homogeneity Table 6.

Table 6. Summary of assumption testing, one-way ANOVA, and pairwise comparisons of antimicrobial
activity across functional management zones.

Normality Homogeneity Post hoc (p)
Pathogen  n (chaifk';°' (Levene'sTesty  ANOVAW) 71 570 zivszs  zPvszs
S. aureus 12 Normal Homogeneous 0.785 (ns) 0.847 (ns) 0.984 (ns) 0.779 (ns)
E. coli 8 Normal Homogeneous 0.045 (s) 0.104(ns) 0.635(ns)  0.041(s)

Legend: ZI = Core Zone; ZP = Utilization Zone; ZS = Buffer Zone. (s) = significant; (ns) = not significant. The value
(n) = 18 for all isolates (value 0 was not included in the analysis). Post hoc Tukey HSD test for E. coli. The
number of isolates (n) selected is those that have bacterial inhibition zone values.

Descriptive analysis for S. aureus is largely attributed to high within-group
revealed a gradient in mean activity, variance, driven by the inclusion of non-
highest in the buffer zone (15.57 mm), active isolates (zero inhibition) and the
followed by the core (14.94 mm) and limited sample size per zone. Such intra-
utilization zones (12.76 mm). However, zone heterogeneity reflects the inherent
one-way ANOVA indicated no statistically variability in biosynthetic capacity among
significant differences among the zones (p endophytic isolates, influenced by genetic
=(0.785). This lack of statistical significance diversity and microenvironmental
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conditions, as observed by Annisa et al.
(2024). Furthermore, this pattern is
corroborated by  coastal bacterial
exploration studies, such as those by Astrid
(30), wherein a significant portion of
isolates exhibited weak or no activity,
thereby increasing data dispersion. Despite
this statistical dispersion, it is important to
note that the mean inhibition zones of the
active isolates across all zones consistently
fall within the strong activity category (10—
20 mm), with peak values exceeding 20
mm classified as very strong, confirming
their biologically meaningful inhibitory
potential. In contrast to the uniform
response of S. aureus, the statistical
analysis for E. coli revealed a significant
ecological gradient.

Indeed, antimicrobial activity against
E. coli demonstrated a statistically
significant effect of ecological zoning

4, Conclusion

This study successfully isolated and
characterized 18 endophytic bacterial
isolates from the prop and lateral roots of
Rhizophora mucronata across three
distinct management zones (core, buffer,
and utilization) in a semi-arid mangrove
ecosystem. Bacillus sp. emerged as the
dominant genus (44.4%), demonstrating
exceptional adaptability to extreme
rhizospheric conditions. Notably, Bacillus
sp. isolates ZS-04 and ZI-05 exhibited the
most potent bioactivity, yielding very strong
(>20 mm) inhibition against
Staphylococcus aureus and strong (10-20
mm) inhibition against Escherichia coli.
Statistically, while intra-zone variability
masked significant zonal differences for S.
aureus (p = 0.785), a significant ecological
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(ANOVA, p =0.045). Tukey’s HSD post hoc
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difference between the utilization and
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gradient was observed for E. coli (p =
0.045), indicating that Gram-negative
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with LC-MS/MS-based metabolite profiling
to elucidate the specific bioactive
compounds responsible for this selective
antimicrobial activity.

The authors gratefully acknowledge Widya Mandira Catholic University for financial
support through the 2025 Phase Il Research Grant. We also extend our sincere appreciation
to the management of the Laboratory Unit (UPT), Faculty of Science and Technology
UNWIRA, for providing the essential laboratory facilities, reagents, and technical equipment
that enabled the successful completion of this study.

References

1. Maryani L, Mentari RDP, Susilowati R, Wihardi Y, Hasibuan ZH, Agustin T. Peran dan
Manfaat Ekosistem Mangrove terhadap Masyarakat Wilayah Pesisir Muara Sugihan. J

Abdi Insa. 2025;12(5):2065-72.



10.

11.

12.

13.

14.

Djawa VW, Pani E, Semiun CG. Jenis-Jenis Tumbuhan Mangrove di Kawasan
Ekowisata Mangrove Kolam Susuk Kabupaten Belu. Spizaetus J Biol dan Pendidik Biol
[Internet]. 2025 Jun 30;6(2):250-62. Available from:
https://spizaetus.nusanipa.ac.id/index.php/spizaetus/article/view/543

Kementerian Lingkungan Hidup/Badan Pengendalian Lingkungan Hidup. Keputusan
Menteri Lingkungan Hidup/Kepala Badan Pengendalian Lingkungan Hidup Republik
Indonesia Nomor 3438 Tahun 2025 tentang Peta Mangrove Nasional 2025 [Internet].
Jakarta; Available from: https://kemenlh.go.id/publikasi/detail/51

Fabian NM, Hamaminata D, Ardhan SE, Wardani AK, Akbar MF, Azril M, et al. Analysis
of Mangrove Health Rhyzophora mucronata Based on Morphology and Morphometrics
on Tunda Island. J Mar [Internet]. 2025 Sep 1;2(2):96-104. Available from:
https://jurnal.untirta.ac.id/index.php/jm/article/view/37375

Maulani BIG, Rasmi DAC, Zulkifli L. Isolation and Characterization of Endophytic
Bacteria from Mangrove Rhizophora mucronata Lam. and Antibacterial Activity Test
against Some Pathogenic Bacteria. J Phys Conf Ser [Internet]. 2019 Dec
1;1402:033038. Available from: https://iopscience.iop.org/article/10.1088/1742-
6596/1402/3/033038

Wafa N, Yunianto P, Widyaningsih TD. The Activity of Extract from Rhizophora
mucronata Endophytic Fungi Solid Fermentation Against Staphylococcus aureus and
Enterobacter aerogenes. In: 2nd International Conference of Biology for Student 2023
[Internet]. 2024. p. 92-7. Available from:
https://nstproceeding.com/index.php/nuscientech/article/view/1312

Harmileni, Saragih G, Hidayani TR, Mirnandaulia M, Ginting CN, Fachrial E. Mikroba
Endofit dalam Dunia Kesehatan: Manfaat dan Aplikasi [Internet]. Piska F, editor.
Medan: UNPRI Press; 2023. Available from:
https://jurnal.unprimdn.ac.id/index.php/isbn/article/view/4300?articlesBySimilarityPage
=5

Jaya EF, Rendana M, Hadinata F. Analisis Tingkat Stres Mangrove menggunakan
Pendekatan Indeks NDRE dan Sensor SPAD di Kawasan Hutan Lindung Air Telang. J
Glob Sustain Agric [Internet]. 2025 Sep 4;5(3):189-97. Available from: https://ojs.um-
palembang.ac.id/index.php/JGSA/article/view/1001

Kamilah RH, Fatmawati. Pemanfaatan Produk Alam dalam mengatasi Resistensi
Antimikroba: Tinjauan Naratif Sistematis menuju Inovasi Kesehatan Berkelanjutan. In:
Proceedings National Conference Sisi Indonesia Il [Internet]. 2025. p. 533-56.
Available from: https://conference.sinesia.id/ncrcs-sinesia/article/view/92

Dey G, Upadhyay H, Maity JP, Chen C yen, Wang SL, Sinha A, et al. Root-Associated
Plant Growth-Promoting Bacteria in Mangrove Ecosystem and its Application in
Sustainable Biotechnology. Indian J Microbiol [Internet]. 2025 Mar 19;65(1):333—46.
Available from: https://link.springer.com/10.1007/s12088-024-01416-1

Thangadurai D, Chippalakatti P, Nimbalkar M, Sangeetha J, Hospet R, Cruz-Martins N.
Optimization of extraction process for phenolics and antioxidants from edible algae Ulva
fasciata using response surface methodology and its nutritional composition. Innov
Food Sci Emerg Technol. 2025;106(August 2025).

Pakaya MS, Julyanty A, Abdulkadir WS, Hiola F, Anggai RA, Pakaya MI. Isolasi dan
Karakterisasi Mikroba Simbion Spons Axinella sp. Penghasil Enzim Ekstraseluler di
Kawasan Teluk Tomini sebagai Antibakteri. J Pharmacol Nat Prod [Internet]. 2024 Mar
30;1(1):32—43. Available from: https://ejurnaljlm.com/index.php/jpnp/article/view/21

De Vos P, Garrity G, Jones D, Krieg N, Ludwig W, Rainey F, et al. Bergey’s Manual of
Systematic Bacteriology, Second Edition: The Firmicutes. 2nd ed. New York: Springer;
2009.

Nidhina K, Ayshommabi RM, Mani T. Isolation of Cellulolytic Bacillus sp. from The
Viviparous Seedling Hypocotyls of Red Mangrove — Rhizophora mucronata Lam. J Pure
Appl  Microbiol [Internet]. 2024 Sep 1;18(3):1515-23. Available from:
https://microbiologyjournal.org/isolation-of-cellulolytic-bacillus-sp-from-the-viviparous-

seedling-hypocotyls-of-red-mangrove-rhizophora-mucronata-lam/

236



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Yulma, Kustanti A, Soemarno, Mahmudi M, lhsan B. Identification of Bacteria in
Rhizophora mucronata Leaf Litter and Sediment. Biodiversitas [Internet]. 2025 Jun
29;26(6):3054-60. Available from: https://smujo.id/biodiv/article/view/21839

Salsabila S, Rahmawati HN, Fatimah. Screening and Identification of Nitrogen-fixing
Bacteria from Rhizosphere of Mangrove Jenu Tuban. J Bio-molecule Res Eng
[Internet]. 2022 Dec 15;1(2):55-65. Available from: https://e-
journal.unair.ac.id/biome/article/view/45225

Mubaraq A, Sembiring M, Widiastuti E, Basyuni M. Bioprospection of Endophytic
Bacteria Isolated from Mangrove Ecosystems and Their Potential Biotechnological
Applications. Online J Biol Sci [Internet]. 2024 Apr 1;24(4):836—47. Available from:
https://thescipub.com/abstract/10.3844/ojbsci.2024.836.847

Simarmata T, Hibatullah FH, Khumairah FH, Irwandhi, Ambarita DDM, Nurbaity A, et
al. Advancing Climate-resilient Rhizomicrobiome Engineering for Enhancing
Productivity and Sustainability of Strategic Crop Farming in Indonesia’s Problematic
Soils. Environ Sustain Indic [Internet]. 2025 Sep;27(May):100821. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S2665972725002429

Rohmayani V, Romadhon N, Ichda H, Arimurti ARR, Shidgi MT, Wikanta W. Identifikasi
Bakteri di Mangrove Desa Sawohan Sidoarjo sebagai Agen Bioremediasi dari
Pencemaran Logam Berat. J SAGO Gizi dan Kesehat [Internet]. 2024 Aug 21;5(3):733—
45. Available from:
https://ejournal.poltekkesaceh.ac.id/index.php/gikes/article/view/1706

Sakhia N, Prajapati S, Shetty V, Bhatt S, Bhadalkar A. Study of Bacterial Diversity of
Mangroves Rhizosphere. Open J Mar Sci [Internet]. 2016;06:23—-31. Available from:
https://www.scirp.org/journal/paperinformation?paperid=62362

Yarashima S, Rasyidah, Mayasari U. Eksplorasi Bakteri Kandidat Probiotik Pada
Sedimen Hutan Mangrove Pandan, Tapanuli Tengah. J Biol [Internet]. 2024 Aug
1;1(4):1-12. Available from:
https://journal.pubmedia.id/index.php/biology/article/view/3119

Saseeswari A, Kanimozhi G, Panneerselvam A. Bacterial Diversity of Mangrove Soil in
Karankadu from East Coast of Tamil Nadu, India. Int J Curr Microbiol Appl Sci [Internet].
2016 Apr 15;5(4):750-6. Available from:
http://www.ijcmas.com/abstractview.php?ID=378&vol=5-4-2016&SN0=86

Kulkova |, Wrébel B, Dobrzynski J. Serratia spp. as Plant Growth-promoting Bacteria
Alleviating Salinity, Drought, and Nutrient Imbalance Stresses. Front Microbiol
[Internet]. 2024 Mar 18;15:1342331. Available from:
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1342331/full

Mohamed EAH, Farag AG, Youssef SA. Phosphate Solubilization by Bacillus subtilis
and Serratia marcescens Isolated from Tomato Plant Rhizosphere. J Environ Prot
(Irvine, Calif) [Internet]. 2018;09:266-77. Available from:
https://www.scirp.org/journal/paperinformation?paperid=83367

Mamangkey J, Suryanto D, Munir E, Mustopa AZ, Sibero MT, Mendes LW, et al.
Isolation and Enzyme Bioprospection of Bacteria Associated to Bruguiera cylindrica, A
Mangrove Plant of North Sumatra, Indonesia. Biotechnol Reports [Internet]. 2021
Jun;30:e00617. Available from: https://doi.org/10.1016/j.btre.2021.e00617

Prihanto AA, Timur HDL, Jaziri AA, Nurdiani R, Pradarameswari KA. Isolasi dan
Identifikasi Bakteri Endofit Mangrove Sonneratia alba Penghasil Enzim Gelatinase dari
Pantai Sendang Biru, Malang, Jawa Timur. Indones J Halal [Internet]. 2018 Oct
10;1(1):31. Available from: https://ejournal2.undip.ac.id/index.php/ijh/article/view/3114
Fatimah, Rahayuningtyas ND, Nastiti A, Alawiyah DD, Ramadhan R, Geraldi A, et al.
Antibacterial and Biosurfactant Activity of Endophytic Bacteria Isolated from Mangrove
Plant in Lamongan, Indonesia. Biodiversitas J [Internet]. 2024 Jul 30;25(7):3035—42.
Available from: https://smujo.id/biodiv/article/view/17380

Gauba A, Rahman KM. Evaluation of Antibiotic Resistance Mechanisms in Gram-
Negative Bacteria. Antibiotics [Internet]. 2023 Nov 3;12:1590. Available from:
https://www.mdpi.com/2079-6382/12/11/1590

237



29.

30.

31.

Putri S, Abna IM, Utami TP. Isolasi dan Uji Aktivitas Antimikroba Kapang Endofit dari
Daun dan Batang Tanaman Jambu Bol (Syzygium malaccense) terhadap
Staphylococcus epidermidis, Escherichia coli dan Candida albicans. Arch Pharm
[Internet]. 2024 Feb 15;6(1). Available from:
https://ejurnal.esaunggul.ac.id/index.php/AP/article/view/7602

Astrid, Putri DH, Handayani D. Aktivitas Antimikroba Bakteri Endofit (Pseudomonas
Berfluoresen) dari Akar Pisang Buai (Musa x paradisiaca L.). J Biog [Internet]. 2026
Feb 23;11(1):282-9. Available from: https://e-
journal.my.id/biogenerasi/article/view/8176

Sarmira M, Purwanti S, Yuliati FN. Aktivitas Antibakteri Ekstrak Daun Oregano terhadap
Bakteri Escherichia coli dan Stapylococcus aureus sebagai Alternatif Feed Additive
Unggas. J limu Ternak Univ Padjadjaran [Internet]. 2021 Jun 30;21(1):40-9. Available
from: http://jurnal.unpad.ac.id/jurnaliimuternak/article/view/33161

238



