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Abstract

Mangrove ecosystems are among the most productive and ecologically significant coastal habitats, providing
essential services such as carbon sequestration, shoreline stabilization, and biodiversity support under extreme
saline and anoxic conditions. Increasing evidence highlights the pivotal role of endophytic microorganisms residing
asymptomatically within mangrove plant tissues in enhancing host adaptation and ecosystem resilience. However,
global patterns of their diversity, functional traits, and biotechnological potential remain fragmented across studies.
This review provides a comprehensive synthesis of peer-reviewed literature published between 2000 and 2025,
retrieved from Web of Science, Scopus, and PubMed, using a structured and reproducible search strategy. A total
of 187 studies were analyzed, yielding 152 identified endophytic species. Fungi accounted for approximately 58%
of reported taxa, followed by bacteria (39%) and archaea (3%), with Ascomycota and Proteobacteria emerging
as dominant phyla across host species and geographic regions. Functionally, mangrove endophytes contribute
to nutrient acquisition, stress tolerance, and the production of diverse bioactive compounds with antioxidant,
antibacterial, and enzymatic activities. Despite these promising attributes, significant discrepancies between
culture dependent and metagenomic approaches influence diversity estimates and functional interpretations,
highlighting the need for standardized methodologies and integrative multi-omics frameworks. While endophytes
demonstrate clear benefits at the plant level, their large-scale ecological contributions and industrial applicability
remain insufficiently validated. This review bridges ecological and biotechnological perspectives by identifying
key research gaps, methodological limitations, and priority directions for future studies, ultimately supporting the
development of sustainable applications derived from mangrove-associated microbial resources.

Keywords: mangrove endophytes, microbial diversity, metagenomics, bioactive compounds, ecosystem
sustainability, biotechnology.

Resumo

Os ecossistemas de manguezais estdo entre os habitats costeiros mais produtivos e ecologicamente relevantes, fornecendo
servicos essenciais como sequestro de carbono, estabilizacdo da linha costeira e suporte a biodiversidade sob condic¢des
extremas de salinidade e anoxia. Evidéncias crescentes destacam o papel fundamental dos microrganismos endofiticos que
habitam assintomaticamente os tecidos das plantas de mangue na promocao da adapta¢ao do hospedeiro e da resiliéncia
do ecossistema. No entanto, os padrdes globais de diversidade, caracteristicas funcionais e potencial biotecnoldgico
desses microrganismos ainda permanecem fragmentados na literatura. Esta revisdo apresenta uma sintese abrangente
de estudos revisados por pares publicados entre 2000 e 2025, recuperados das bases de dados Web of Science, Scopus e
PubMed, utilizando uma estratégia de busca estruturada e reprodutivel. Um total de 187 estudos foi analisado, resultando
na identificacdo de 152 espécies endofiticas. Os fungos representaram aproximadamente 58% dos taxons relatados,
seguidos por bactérias (39%) e arqueias (3%), com Ascomycota e Proteobacteria como os filos dominantes entre diferentes
espécies hospedeiras e regides geograficas. Do ponto de vista funcional, os endéfitos de manguezais contribuem para
a aquisicao de nutrientes, tolerancia ao estresse e producdo de compostos bioativos com atividades antioxidantes,
antibacterianas e enzimaticas. Apesar desse potencial promissor, diferencas metodoldgicas entre abordagens dependentes
de cultivo e metagendmicas influenciam significativamente as estimativas de diversidade e as interpretacdes funcionais,
destacando a necessidade de padroniza¢do metodoldgica e integracdo de abordagens multidmicas. Embora os endéfitos
demonstrem beneficios claros em nivel de planta, suas contribui¢des ecolégicas em larga escala e sua aplicabilidade
industrial ainda carecem de validagdo robusta. Esta revisdo integra perspectivas ecoldgicas e biotecnoldgicas, identificando
lacunas de conhecimento, limita¢des metodoldgicas e dire¢des prioritarias para pesquisas futuras, contribuindo para o
desenvolvimento de aplicagdes sustentaveis baseadas em recursos microbianos associados amanguezais.

Palavras-chave: endoéfitos de manguezais, diversidade microbiana, metagendmica, compostos bioativos,
sustentabilidade do ecossistema, biotecnologia.
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1. Introduction

Mangrove ecosystems occupy intertidal zones along
tropical and subtropical coastlines and represent some
of the most productive yet vulnerable coastal habitats
worldwide (Alongi, 2018). These specialized woody plants
tolerate extreme conditions, including high salinity, tidal
fluctuations, and waterlogged, oxygen-deficient soils.
Their persistence depends not only on physiological
adaptations but also on complex ecological interactions,
particularly with associated microbial communities (Nor
Hasan et al., 2024).

Despite covering less than 1% of global tropical forests,
mangroves provide critical ecological and socioeconomic
benefits, including shoreline stabilization, carbon
sequestration, water quality improvement, nutrient
retention, and fisheries support (Srikanth et al., 2016;
O’Leary et al., 2017; Amin and Almahasheer, 2022). They also
function as natural barriers that mitigate storm surges and
sea-levelrise, thereby enhancing coastal resilience under
climate change (Hernandez-Delgado, 2024). In addition,
mangroves serve as nursery habitats for diverse marine
organisms, supporting biodiversity and coastal food webs
(Ahmed and Tamim, 2025; Arceo-Carranza et al., 2021).
Mangrove associated microbiota inhabit sediments,
water columns, root surfaces, and internal plant tissues,
where they mediate essential biogeochemical processes
such as nitrogen fixation, sulfur cycling, organic matter
decomposition, and pollutant degradation (Alongi, 2021).
Among these, endophytic microorganisms including
bacteria, fungi, archaea, and yeasts colonize internal
plant tissues without causing disease and establish
asymptomatic, often mutualistic associations that enhance
plant growth, stress tolerance, and defense capacity.

Within mangrove plants, endophytic microorganisms
further contribute to host adaptation under extreme
environmental conditions through the production
of phytohormones, enzymes, and diverse secondary
metabolites. (Alanazi et al., 2026) .These compounds
enhance tolerance to salinity, oxidative stress, and nutrient
limitation while supporting metabolic flexibility under
fluctuating intertidal conditions. Their metabolic and
genetic diversity, shaped by co-evolution with host plants,
positions them as a critical reservoir of functional traits
with both ecological and biotechnological significance.

Endophytic microorganisms perform diverse ecological
functions that support mangrove survival under saline
and anoxic conditions. Bacterial endophytes produce
phytohormones, solubilize phosphate, fix nitrogen,
and generate siderophores, thereby improving nutrient
acquisition (Pattnaik et al., 2021). Fungal endophytes
synthesize a wide range of secondary metabolites, including
terpenoids, polyketides, and alkaloids, which contribute
to pathogen suppression and stress tolerance (Meng et al.,
2021). Actinomycetes are notable producers of antibiotics
and extracellular enzymes, while archaeal and yeast
endophytes, though less studied, contribute to processes
such as ammonia oxidation, methane metabolism, and
osmotic regulation (Almahasheer, 2018).

Beyond their ecological roles, mangrove endophytes
represent a promising source of bioactive compounds and
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stress adapted enzymes with applications in agriculture,
environmental remediation, pharmaceuticals, and industrial
biotechnology (Sadeer et al., 2023; Rajendran et al., 2025).
However, most reported applications remain at the
proof-of-concept stage, with limited large-scale validation.

Despite growing interest, current knowledge of
mangrove endophytic diversity and function remains
fragmented. Many studies focus on cultivable strains from
a limited number of host species, particularly Avicennia
and Rhizophora, and are geographically concentrated in
Southeast Asia and India. Moreover, culture-dependent
methods underestimate microbial diversity, while
high-throughput sequencing approaches face challenges
related to database limitations and functional annotation
biases (Djemiel et al., 2022).

Therefore, a systematic synthesis of existing
evidence is needed to clarify diversity patterns, identify
methodological limitations, and evaluate the ecological
and biotechnological significance of mangrove endophytes.
Integrating ecological, molecular, and applied perspectives
is essential to move from descriptive inventories toward
predictive understanding.

Accordingly, this review consolidates current knowledge
on bacterial, fungal, actinomycete, yeast, and archaeal
endophytes associated with mangrove plants. It synthesizes
their taxonomic diversity and functional traits, evaluates
methodological approaches including metagenomics,
and examines their roles in ecosystem sustainability and
biotechnology. By identifying key patterns, biases, and
research gaps, this review aims to provide a structured
foundation for future multi-omics studies and sustainable
exploitation of mangrove-associated microbial resources.

2. Materials and Methods

2.1. Study design and review framework

This study was conducted as a structured systematic
review to synthesize published evidence on the taxonomic
diversity, functional traits, and biotechnological potential of
endophytic microorganisms isolated from mangrove plant
tissues. The review protocol followed general principles of
systematic evidence synthesis and reporting transparency,
incorporating predefined search terms, inclusion criteria,
and data extraction procedures to ensure reproducibility.

2.1.1. Literature search strategy

A comprehensive literature search was performed in July
2025 using three major scientific databases: Web of Science
Core Collection, Scopus, and PubMed (MEDLINE). The search
covered studies published between January 2000 and July
2025. The time was selected to capture modern molecular
identification approaches while maintaining comparability
across two decades of mangrove endophyte research. Search
strings combined controlled vocabulary and free-text terms
related to mangrove hosts, endophytes, diversity, and
biotechnological attributes. A representative search string
used in PubMed was: (“mangrove” OR “Rhizophora” OR
“Avicennia” OR “Ceriops” OR “Sonneratia”) and (“endophyte”
OR “endophytic” OR “endosymbiont”) and (“diversity”
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OR “isolation” OR “identification” OR “metabolite” OR
“bioactive” OR “bioprospecting” OR “metagenomics”).
Equivalent boolean adaptations were applied in Web
of Science and Scopus. Reference lists of key articles
and recent reviews were manually screened to identify
additional eligible studies not captured through database
searches.Studies were included if they met the following
criteria: investigated microorganisms isolated from internal
tissues of mangrove plants, explicitly reported surface
sterilization of plant tissues prior to microbial isolation
or DNA extraction, identified microorganisms at least to
genus level using morphological, biochemical, or molecular
methods (16S rRNA, ITS sequencing), reported taxonomic
data, functional traits, or bioactive properties relevant
to ecological or biotechnological interpretation. Studies
were excluded if they: focused exclusively on rhizosphere,
sediment, water column, or leaf litter microbiota without
verification of internal tissue colonization, lacked sufficient
taxonomic resolution, did not clearly describe sampling or
sterilization methodology and were duplicate publications
of the same dataset. For metagenomic studies, only those
that explicitly distinguished endophytic communities
from epiphytic or rhizosphere-associated microbes were
included in quantitative synthesis.

Finally, 1,284 records were identified through database
searching, 356 duplicates removed, 928 records screened
by title and abstract, 471 records excluded as irrelevant, 457
full-text articles assessed for eligibility and 187 studies met
inclusion criteria and were included in the final synthesis.

2.1.2. Data extraction

Data were extracted using a standardized spreadsheet
to ensure consistency across studies. For each eligible
article, the following variables were recorded: geographic
location, Mangrove host species, plant tissue type (root,
stem, leaf, pneumatophore, and propagule), isolation
approach (culture-dependent, amplicon sequencing,
shotgun metagenomics), microbial taxon (phylum, genus,
species), reported functional traits (antibacterial activity,
antioxidant activity, enzyme production, plant growth
promotion) and type of validation (in vitro assay, in planta
assay, genomic inference).

Despite this potential, knowledge of endophytic
microbial diversity and function in mangroves remains
fragmented. Most studies focus on cultivable strains or
a narrow host range, leaving much of the uncultured
microbial fraction unexplored (Mishra et al., 2020).
Although plant growth-promoting, antifungal, and stress
alleviating traits have been reported, their integration
into ecosystem functioning and biotechnology remains
limited (Ali et al. 2020; Paliga et al. 2024 ). Emerging high
throughput sequencing and metagenomic approaches
promise to uncover previously hidden diversity and
functional capabilities, providing a more comprehensive
understanding of mangrove microbial ecology (Britto
Martins de Oliveira et al., 2025; Cleary et al., 2015;
Nimsi et al., 2023). Systematic reviews are urgently
needed to synthesize datasets, elucidate phylogenetic
and functional diversity, and assess the application of
endophytes in conservation, ecosystem restoration, and
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sustainable biotechnology (Liao et al., 2020; Mondal et al.,
2024).

This review consolidates current understanding of
endophytic fungi and bacteria from diverse mangrove
species worldwide. Also, it critically evaluates methodologies
forisolation and identification, explores determinants of
microbial community structure, and highlights functional
roles in stress mitigation, nutrient cycling, and ecosystem
resilience. Moreover, it examines emerging developments
and future prospects for harnessing the biotechnological
potential of mangrove endophytes, linking microbial
ecology to environmental sustainability, conservation,
and human health. By providing a holistic synthesis of
mangrove endophyte ecology and potential applications,
this review aims to guide future research directions and
foster translational strategies for ecosystem management
and sustainable biotechnological exploitation.

2.1.3. Comparative insights and knowledge gaps in
mangrove endophyte research

The composition and functional potential of endophytic
communities vary significantly throughout mangrove
environments, according to recent studies. For example,
Ascomycota typically dominates fungal endophyte
diversity in Rhizophora species from Southeast Asia,
while studies from the Caribbean show a larger number
of Basidiomycota taxa, perhaps due to both host-specific
and biogeographic factors. In a similar vein, bacterial
endophytes from arid zones in Avicennia marina show
higher levels of stress-tolerance gene expression than
those from wet areas, indicating that functional features
are filtered by the environment. Inferred ecological roles
and observed diversity patterns are also significantly
impacted by methodological variations, such as
culture-dependent versus high-throughput sequencing
techniques (Wainwright et al., 2023).

There is a significant information vacuum about how
endophyte-driven mechanisms contribute to mangrove
resilience since few research have systematically connected
taxonomic diversity with functional tests, despite mounting
evidence of metabolic variability. Therefore, to show strong
ecological and biotechnological linkages, comparative, multi
omics studies spanning areas and host taxa are required.

2.1.4. Scope and objectives of the review

The diversity, ecological functions, and biotechnological
potential of mangrove-associated endophytic
microorganisms-both bacteria and fungi-as well as their
contributions to the sustainability of mangrove ecosystems
are the main topics of this review. To contextualize
host-microbe interactions, broader aspects of mangrove
ecology (such as carbon sequestration, nitrogen cycling,
and erosion control) are briefly addressed; nevertheless,
these subjects are only covered in relation to the functional
or applied roles of endophytes. As a result, the manuscript
summarizes what is currently known about: Mangrove
endophytes’ taxonomic and functional diversity among
the main host species (Rhizophora, Avicennia, Ceriops,
Sonneratia); mechanistic connections between host
ecosystem activities that support sustainability and
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endophytic activity (such as phytohormone production,
stress tolerance, and metabolite biosynthesis); and
New biotechnological uses that are pertinent to coastal
resilience include the identification of bioactive compounds,
bioremediation, and plant growth promotion techniques
(Amin and Almahasheer, 2022; Martin et al., 2019).

2.1.5. Importance of mangroves in ecological features

Mangroves are communities of halophytic plants that
have evolved to environmental conditions that are seen
in tropical and subtropical coastal habitats. They provide
ecological services that are essential to the maintenance
of ecosystems and preservation of biodiversity. Their
primary function is to provide a habitat for terrestrial
wildlife, while also acting as nurseries for marine animals
such as fish, crustaceans, and mollusks. The enormous
root systems of these trees help to protect shorelines by
limiting storm surges and rising sea levels, preventing
erosion, and retaining sediments.

Because they are among the most carbon-rich
ecosystems, mangroves are critical for mitigating climate
change. They may store up to 693 Mg C/ha, particularly
in deep soils (Hatje et al., 2023) making an important
component of climate change mitigation. On the other hand,
when they decompose, they release a significant amount
of carbon into the atmosphere (Almahasheer et al., 2017)
According to (Nag et al., 2024) the roots of these plants
perform the function of biofilters by removing sediments
and pollutants from the water. Also, it helps to preserve
the ecosystems that are located nearby, such as seagrass
beds and coral reefs. Furthermore, they have the ability to
stabilize sediments and reduce wave energy (Akram et al.,
2023) which helps to maintain biodiversity in the face
of growing human and climatic stressors (Martin et al.,
2019). When mangroves are connected to coral reefs, they
have the potential to increase the biomass of reef fish by
a factor of two and provide benefits to young reef fish,
thereby becoming hotspots for biodiversity (Soldan et al.,

2019) Fishing, timber harvesting, honey production, and
ecotourism are some of the ways that mangroves keep
people afloat, as stated by (Ahmad et al., 2025) they are
highly valued in the field of medicine due to the bioactive
features that they possess, which include antioxidant and
antibacterial capabilities.

2.1.6. Mangrove endophytic microorganisms

Endophytic microbes are responsible for the formation
of communities in mangroves that are extremely diverse,
dynamic, and functionally rich. These communities are
essential for maintaining the health of plants and the
stability of ecosystem in the face of extreme weather.
The endophytic microbial communities that are found
in mangrove ecosystems are extremely diverse in terms
of both their taxonomy and their functions. These
communities are particularly important for the health of
plants, the resilience of environment, and the development
of biotechnological applications (Akram et al., 2023;
Yancho et al., 2020) These microbial communities are
shaped by environmental conditions such as salinity and
the availability of nutrients, which in turn determines their
composition and the functional capabilities they possess.

2.1.7. Diversity of endophytic bacterial in mangrove plant

The diversity of bacterial communities associated
with mangrove plants has been extensively characterized
(Abdellatif et al., 2024; Gomes et al., 2024). revealing a
rich assemblage of genera and species across different
mangrove types, as summarized (Table 1). This microbial
diversity is influenced by multiple factors, including host
species, environmental conditions, and geographical
location. Dominant endophytic taxa frequently identified
in mangroves include Bacillus, Pseudomonas, Rhizobium,
Sphingomonas, and Burkholderia (Dechavez et al., 2022).
These endophytes perform multifaceted ecological
functions, promoting host plant growth, enhancing

Table 1. Diversity of endophytic bacteria isolated from mangrove plant tissues and their ecological roles.

Genus Species Plant Tissue Ecological Role/Function Reference
Bacillus B. subtilis, Leaves & Stems Antimicrobial production, Abdou et al. (2023)
plant growth promotion,
abiotic stress tolerance
Pseudomonas P. aeruginosa Leaves Organic pollutant degradation, Singh et al. (2024)
biocontrol
Streptomyces S. avicenniae Leaves Antibiotic production, plant El-Tarabily et al.
protection, adaptation to saline (2021)
environments
Marmoricola M. endophyticus Leaves Phosphate solubilization, Grgas et al. (2023)
stress alleviation
Micrococcus M. spp. Leaves Organic pollutant degradation,  Krishnamurthi (2024)
biocontrol
Jiella J. mangrovi Leaves Antimicrobial activity, plant Wang et al. (2022a)
growth promotion
Staphylococcus S. intermedius, S. lentus Leaves Antimicrobial production, Jeyachandran et al.

plant protection (2025)
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tolerance to abiotic and biotic stressors, suppressing
pathogens, and mediating the degradation of organic and
inorganic compounds, thereby contributing to ecosystem
stability and resilience(Kahlon, 2016; Sopalun et al., 2021;
Wainwright et al., 2023).

For instance, Pseudomonas spp., including P. aeruginosa,
participate in the biodegradation of hydrocarbons and
complex organic pollutants, highlighting their potential
in environmental bioremediation (Alsharif et al., 2024;
Grgas et al., 2023). Bacillus spp. produces a spectrum of
bioactive metabolites, including antibiotics and hydrolytic
enzymes such as chitinases and cellulases, which are pivotal
for biocontrol, organic matter turnover, and industrial
applications (Afridi et al., 2024; Dobrzynski et al., 2023).
The spectrum of bioactive metabolites produced by
mangrove endophytic bacteria, summarized in (Table 2)
underscores their critical roles in host physiology and
ecosystem functioning (Maulani et al., 2019). These
compounds include phytohormones (indole-3-acetic
acid), siderophores, and volatile organic compounds
enhance nutrient acquisition, stimulate plant growth,
and confer resilience to abiotic and biotic stressors,
while simultaneously representing a rich resource for
translational applications in pharmaceuticals, sustainable
agriculture, environmental remediation, and industrial
biotechnology (Chen et al., 2024, Islam et al., 2023).

Certain mangrove species, such as Avicennia marina,
harbor endophytes capable of phosphate solubilization and
siderophore production, optimizing nutrient availability
and conferring tolerance to salinity and heavy metal stress
(Alghamdi et al., 2024). Additionally, endophytic bacteria
facilitate nitrogen fixation and other biogeochemical
cycling processes, reinforcing soil fertility and supporting
adjacent terrestrial and aquatic food webs, thereby
sustaining long-term ecosystem functionality and resilience
(Castro et al., 2014; Wang et al., 2023a)

Collectively, these findings emphasize that mangrove
endophytes are not merely plant symbionts but integral
modulators of ecosystem processes (Rajivgandhi et al.,
2024). Their enzymatic capabilities, pollutant degrading
potential, and production of bioactive metabolites position
them as a highly promising resource for both ecological
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conservation and diverse biotechnological applications
(Ferreira et al., 2024; Friess et al. 2016; Ntabo et al., 2018).

2.1.8. Actinomycete diversity and functional roles in
mangrove ecosystems

A significant number of actinomycete bacteria inhabit
the internal tissues of mangrove plants, contributing
critically to both plant health and ecosystem functioning.
The diversity of these actinomycetes including genera
such as Streptomyces, Micromonospora, Nocardia, and
Actinomadura is summarized in (Table 3) (Das et al., 2023).
These microorganisms perform essential ecological roles
by decomposing complex organic substrates, including
cellulose, chitin, and lignin, thereby facilitating carbon
and nitrogen recycling and enhancing soil fertility (Alongi,
2021). This nutrient cycling is particularly important
in mangrove systems, where waterlogged, anoxic, and
nutrient-limited soils can constrain plant productivity.
By sustaining nutrient availability, actinomycetes indirectly
support mangrove growth, productivity, and resilience,
which in turn stabilizes sediment, mitigates erosion,
and maintains habitat quality for associated marine and
terrestrial organisms.

Beyond their ecological functions, mangrove
actinomycetes represent a rich reservoir of bioactive
secondary metabolites with broad biotechnological
potential. They synthesize enzymes, antibiotics, antifungals,
and anticancer compounds that have applications in
medicine, agriculture, and industry (Sadeer et al. 2023).
For instance, species of Rhodococcus and Nocardia can
degrade hydrocarbons, highlighting their potential in
bioremediation of oil spills and other marine pollutants
additionally, actinomycete-derived metabolites include
flavonoids from Actinomadura, which can serve as natural
insecticides, and alkaloids from Micromonospora with
antiviral and anticancer activities (Rajivgandhi et al., 2024).

The extreme and variable conditions of mangrove
habitats including high salinity, fluctuating oxygen
levels, and tidal inundation have driven the evolution of
unique metabolic pathways in actinomycetes, enabling
them to produce enzymes and bioactive compounds
under stress conditions (Michalak and Chojnacka, 2015).

Table 2. Bioactive metabolites from endophytic bacteria in mangrove plant tissues.

Metabolite Type Example Bacterial Genera Plant Tissue Blol'ogl'c al Reference
Compounds Activities
Lipopeptides Surfactin, Bacillus subtilis, B. Roots, Leaves Antifungal, Dobrzynski
Fengycin, Iturin amyloliquefaciens Antibacterial, etal. (2023)
Biocontrol
Siderophores Pyoverdine, Pseudomonas, Roots Iron chelation, Gomes et al.
Enterobactin Enterobacter Pathogen (2024)
suppression
Alkaloids Indole-3-acetic Burkholderia, Leaves, Stems Antioxidant, Krishnamurthi
acid derivatives Microbacterium Antimicrobial, (2024)
Plant growth
Non-ribosomal Bacitracin, Bacillus Stems, Roots Antibacterial, Xiong
Peptides Gramicidin Antiviral etal. (2014)
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Table 3. Actinomycete diversity and their functional roles in mangrove ecosystems.

Genus/Species Host Ma1.1grove Bioactive Compounds | Functional Roles Reference
Species Enzymes
Streptomyces griseus Rhizophora apiculata Streptomycin, Chitinase, Antibacterial, Elabbasy
Amylase antifungal, degradation etal. (2021)
of polysaccharides
Actinomadura sp. Sonneratia alba Anthraquinones, Cellulase Antioxidant, Banik
degradation of et al. (2020)
plant-derived
compounds
Rhodococcus sp. Avicennia officinalis Biosurfactants, Oxygenases Hydrocarbon Siddique
degradation, et al. (2024)
bioremediation of
polluted sediments
Saccharopolyspora sp. Rhizophora Antibiotics, Xylanase Biocontrol of Jia
mucronata plant pathogens, etal. (2020)

lignocellulose
degradation

These adaptations not only enhance their ecological
function but also make them highly valuable for
biotechnological exploitation, offering prospects for
the development of environmentally resilient enzymes,
novel pharmaceuticals, sustainable agrochemicals, and
bioremediation strategies (Mayanglambam et al., 2020).

Although mangrove ecosystems offer a wide range of
ecological services, our synthesis highlights that endophytic
microbial relationships mediate or improve several of these
activities, including nutrient turnover, stress resistance, and
cycling organic matter. A mechanistic basis for converting
ecological knowledge into biotechnological applications
like biofertilizers, stress-tolerant bioinoculants, and
new bioactive chemicals is provided by comprehending
these microbe-host relationships (Paliga et al., 2024).
Moreover, actinomycetes interact synergistically with
other endophytic and sediment microbial communities,
collectively sustaining nutrient cycling, enhancing plant
health, and supporting the broader mangrove food web,
thereby reinforcing ecosystem stability and resilience
under both natural and anthropogenic stressors.

2.1.9. Diversity and roles of internal fungi in mangrove
trees

Mangrove plants harbor a high diversity of fungal
endophytes, which colonize multiple tissues, including
pneumatophores, roots, stems, and leaves, both intra-
and intercellularly, establishing mutualistic associations
that enhance host adaptability and ecosystem resilience
(Madhavan etal., 2025). These symbionts confer tolerance
to extreme coastal stressors, such as high salinity, hypoxia,
tidal fluctuations, and desiccation, while aerial endophytes
are further adapted to ultraviolet radiation and irregular
water availability (Abrego et al., 2020; Huxham et al.,
2019)(Table 4) The composition and functional potential
of these fungal communities are shaped by host tissue
type, local microenvironmental conditions, and edaphic
factors, reflecting co-evolutionary adaptation and niche
specialization.

6/18

Dominant endophytic genera including Aspergillus,
Penicillium, Fusarium, Alternaria, Pestalotiopsis, and
Cladosporium exhibit specialized metabolic and biochemical
activities that influence host physiology and contribute to
ecosystem functioning (Deshmukh et al., 2018; Yang et al.,
2024). These fungi synthesize an extensive repertoire of
secondary metabolites with ecological and translational
significance. Terpenoids produced by Penicillium and
Trichoderma exhibit antimicrobial and cytotoxic activities,
contributing to pathogen suppression and host defense.
Polyketides, including cytosporones and xyloketals from
Phomopsis and Xylaria, provide anticancer and antibacterial
functions. Nonribosomal peptides from Fusarium and
Colletotrichum demonstrate antiviral and antitumor
activities, while alkaloids from Aspergillus and Talaromyces
exert neuroprotective and antifungal effects (Meng et al.,
2021; Zhu et al., 2018). Phenolic compounds produced by
Alternaria and Cladosporium exhibit antioxidant activity and
enzyme inhibition, enhancing plant stress tolerance and
metabolic homeostasis (Abo Nouh et al., 2021; Wanget al.,
2023Db) (Table 5).

Beyond these chemical defenses, fungal endophytes
perform key ecological functions, including nutrient
cycling, organic matter decomposition, and soil
stabilization, thereby indirectly promoting plant growth,
sediment integrity, and habitat quality for associated
biota. While bacterial and fungal endophytes have
received substantial study attention, new data suggests
that archaea and yeasts are important but understudied
components of mangrove endophytic microbiomes.
Archaeal endophytes, primarily from Euryarchaeota
and Thaumarchaeota, have been found in the roots and
pneumatophores of Avicennia and Rhizophora species,
where they contribute to nitrogen and methane cycle in
anoxic and saline environments. Their presence, which is
frequently revealed by metagenomic and amplicon-based
investigations, indicates unique adaptations to mangrove
microenvironments, including genes for osmotic stress
control and methanotrophy (Abrego et al., 2020).
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Table 4. Mangrove endophytic fungi and their biological activities.

Host Mangrove
Species

Bioactive Compounds

. Reference
Functions

Fungal Genus/Species

Pestalotiopsis microspora Rhizophora mucronata Taxol (anticancer agent) Deshmukh et al. (2018)

Antibacterial and antioxidant
compounds

Aspergillus terreus Avicennia marina Isti’anah et al. (2024)

Penicillium citrinum Rhizophora apiculata Laccase enzyme; dye De Paula et al. (2022)

decolorization

Enhance salt stress tolerance
and nutrient absorption

Cladosporium cladosporioides Kandelia candel Chen et al. (2024)

Colletotrichum gloeosporioides Avicennia marina Plant growth promotion; Grano-Maldonado et al. (2021)

phytohormone production

Alternaria alternata Sonneratia alba Secondary metabolites with

antifungal activity

Ranganathan and Mahalingam (2019)

Talaromyces stipitatus Avicennia officinalis Xanthones and polyketides Nicoletti et al. (2018)

with antibacterial properties

Table 5. Metabolites produced by endophytic fungi from mangrove plants.

Example Source Fungi Biological High-Impact
Metabolite Class P sl Mangrove Tissue . gl. Journal
Compounds (Genus) Applications
Reference

Polyketides Cytosporones, Phomopsis, Leaves, Stems Anticancer, Chen et al. (2024)
Xyloketals Xylaria, Cytospora Antibacterial,
Antioxidant

Terpenoids Sesquiterpenes, Penicillium, Roots, Stems Antibacterial, Braga et al. (2024)

Diterpenes Trichoderma Cytotoxic

Yeasts, particularly those from the genera Candida,
Pichia, and Debaryomyces, are highly halotolerant and
produce bioactive metabolites with antibacterial and
antioxidant capabilities. Quantitative investigations reveal
that yeast endophytes may account for up to 15-20% of total
fungal isolates in mangrove tissues, albeit their ecological
functions are less well understood than filamentous fungi.
The scarcity of comparative data across these categories
emphasizes the importance of conducting more systematic
multi-domain studies. Integrative omics-based techniques
that include bacteria, fungi, yeasts, and archaea are required
to provide a comprehensive understanding of mangrove
endophyte community dynamics and their collective
contributions to ecosystem sustainability (Wang et al.,
2023b).

2.1.10. Endophytic yeasts in mangrove plant tissues

The endophytic yeasts that live asymptomatically in
the internal tissues of mangrove trees are an essential
component of mangrove microbiome, but they have
received relatively little research attention throughout the
years (Yao et al., 2019). By colonizing the vascular tissues
and intercellular spaces of roots, stems, and leaves, these
yeasts assist the host in adapting to salinity, hypoxia, and
nutrient scarcity (Table 6) which can be found here. Species
such as Debaryomyces hansenii and Candida tropicalis
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are able to stimulate root development by displaying
halotolerance, solubilizing phosphate, and generating
indole-3-acetic acid (IAA) when they are subjected to
saline stress (Carvajal et al., 2024). Both Rhodotorula
mucilaginosa and Metschnikowia pulcherrima are considered
to be systemic endophytes in stems. They are responsible
for the production of antimicrobial compounds and
the activation of host defense systems. The leaf tissues
are inhabited by pigmented yeasts such as Rhodotorula
glutinis, Cryptococcus laurentii, and Sporobolomyces roseus.
These yeasts reach the leaf tissues through stomata or
vascular channels. In accordance with (Table 7) these
yeasts offer photoprotection by means of pigments, they
scavenge reactive oxygen species (ROS) in order to reduce
oxidative damage, and they emit antifungal volatiles that
inhibit infections (Yurkov et al., 2016).

2.1.11. Archaeal communities and their biogeochemical
roles in mangroves

Endophytic archaea residing within mangrove
plant tissues constitute a largely unexplored and
ecologically pivotal component of the plant microbiome
(Purahong et al., 2019). Recent evidence indicates that these
microorganisms play essential roles in regulating nutrient
fluxes, enhancing host stress tolerance, and maintaining
mangrove ecosystem resilience (Fernandes et al., 2012).
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Table 6. Diversity of endophytic yeasts isolated from mangrove plant tissues, their metabolites, and ecological functions.

Mangrove Plant Tissue

Dominant Endophytic Yeast

Genera Key Species

References

Stems

Leaves

Leaves, Roots

Leaves, Branches

Metschnikowia, Rhodotorula Metschnikowia pulcherrima,

Rhodotorula mucilaginosa

Sporobolomyces,
Cryptococcus, Rhodotorula

Sporobolomyces roseus,
Cryptococcus laurentii,
Rhodotorula glutinis

Candida spp. Candida tropicalis, C.
parapsilosis
Pichia spp. Pichia anomala, P.

guilliermondii

Rosa et al. (2023)

Kot et al. (2021)

Hau et al. (2024)

Nimsi et al. (2023)

Table 7. Metabolites produced by endophytic yeasts and their ecological roles.

Key Species or Genus

Ecological Role and

Metabolites Produced .
Function

References

Debaryomyces hansenii,
Candida tropicalis

Metschnikowia pulcherrima,

Rhodotorula mucilaginosa

Pichia anomala,
P. guilliermondii

Trichosporon asahii

Indole-3-acetic acid (IAA), Halotolerance, phosphate
phosphate-solubilizing solubilization, plant growth
enzymes, organic acids promotion under saline

(acetic acid) stress
Lipopeptides, polyketides,

antimicrobial proteins,
chitinases

Systemic resistance,
antimicrobial activity,
protection against pathogens

Amylase, lipase,
antimicrobial peptides

Enzyme production,
inhibition of plant pathogens

Antioxidant proteins Oxidative stress protection

Mir et al. (2025)

Rani et al. (2021)

Jiaetal. (2020)

Zhang et al. (2016)

The predominant archaeal phyla detected in mangrove
tissues are Thaumarchaeota and Euryarchaeota, with
colonization observed in roots, stems, and leaves of species
such as Avicennia marina and Rhizophora mucronata.
These endophytes mediate critical biogeochemical
processes, including ammonia oxidation, methanogenesis,
and carbon turnover, thereby sustaining nitrogen and
carbon cycling in saline, hypoxic, and nutrient-limited
mangrove soils (Xin et al., 2022).

The metabolic repertoire of endophytic archaea
including ammonia, methane, organic acids, and volatile
compounds modulates interkingdom signaling, osmotic
homeostasis, and redox balance, thereby enhancing
plant resilience to multiple abiotic stressors (Gutierrez-
Patricio et al., 2024). Specific strains are capable of
synthesizing carotenoids with strong antioxidant activity,
protecting plant cells from oxidative and photo-oxidative
damage, while exopolysaccharide production facilitates
biofilm formation and confers enhanced tolerance
to high salinity and fluctuating moisture conditions
(Shultana et al., 2022). Additionally, the production
of polyamines and antimicrobial peptides indicates a
functional role in augmenting plant defense responses
against phytopathogens, further stabilizing ecosystem
processes.

Collectively, these findings highlight endophytic
archaea as integral components of mangrove microbial
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networks, linking nutrient cycling, host stress mitigation,
and ecosystem functionality (Booth et al., 2023). Their
distinctive metabolic capabilities and production of
bioactive compounds including antioxidants, biofilm
forming agents, and antimicrobial peptides render them
a promising reservoir for translational applications in
biotechnology (Rotter et al., 2021). The taxonomic diversity
and functional potential of mangrove associated archaea
are summarized emphasizing their ecological significance
and biotechnological value (Table 8).

2.1.12. Conceptual framework linking mangrove
endophyte diversity, ecosystem sustainability, and
biotechnological potential

We created a conceptual framework (Figure 1) to
demonstrate the integrative role of mangrove endophytes
in ecosystem sustainability and biotechnology. The model
associates the primary functional gene types of microbial
diversity (bacterial, fungal, and archaeal endophytes)
with the corresponding ecological and applied results.
According to this theory, endophytic taxa with genes for
phytohormone regulation, nitrogen fixation, osmolyte
production, and antioxidant activity improve host stress
tolerance and nutrient uptake processes that tangentially
support mangrove productivity, carbon sequestration,
and shoreline stabilization. In turn, biotechnological
applications including bioremediation, bioactive metabolite
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Table 8. Tissue-Specific distribution and functional roles of endophytic archaea in mangrove plants.

Dominant Archaeal

Representative

Plant Tissue Phyla Genera Ecological Roles References
Leaves Thaumarchaeota Nitrosopumilus ROS detoxification, Fernandes et al. (2012)
nutrient recycling
Roots Thaumarchaeota, Nitrosopumilus, Ammonia oxidation, Zhang et al. (2021)
Euryarchaeota Methanobacterium, methane production,
Methanosarcina stress resilience
Stems Thaumarchaeota Nitrososphaera Nitrogen cycling, Akinola et al. (2023)

systemic nitrogen
transport

(@ T

Mangrove Endophyte
Diversity
* Bacterial \
« Fungal Functional
. * Archaeal ) Sl
 Antioxidant activity 4 Biotechnological\
» Osmolyte production Applications

* Nitrogen fixation
* Phytohormone
" regulation

* Enzyme discovery
/| * Bioactive metabolites

Figure 1. Conceptual Framework Linking.

extraction, and enzyme discovery are supported by these
ecological processes. The concept emphasizes feedback
loops between the physiological reactions of the host, the
makeup of the microbial community, and environmental
adaptability. Additionally, it pinpoints areas of research
where functional genomics and molecular characterisation
might connect ecological knowledge with technological
advancement. The conceptual connection between
microbial diversity and ecosystem level sustainability is
made clearer by this visual synthesis (Fernandes et al.,
2012).

2.1.13. Metagenomic approaches to unveil endophytic
microbial diversity in mangrove tissues

The taxonomic and functional diversity of endophytic
microbial communities in mangrove plants has been
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\- Bioremediation /

Ecosystem Sustainability

substantially advanced by metagenomic approaches, which
overcome the limitations of traditional culture-dependent
methods that capture only a fraction of microbial
diversity. Metagenomics enables high-resolution,
culture-independent characterization of complex microbial
consortia, including bacteria, actinomycetes, fungi, yeast,
and archaea, directly from plant tissues (Helmi, 2025;
Yurkov et al., 2016). Following DNA extraction from roots,
stems, leaves, and pneumatophores of diverse mangrove
species, high-throughput sequencing platforms such as
[llumina, PacBio, and Oxford Nanopore are used to generate
comprehensive datasets, which are subsequently analyzed
using bioinformatics pipelines for taxonomic profiling and
functional annotation (Ranjan et al., 2016). Tools such as
QIIME, and Kraken facilitate accurate microbial classification,
while databases including KEGG and CAZy enable mapping
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of genes involved in essential metabolic pathways, such
as nitrogen fixation, phosphate solubilization, production
of phytohormones (indole-3-acetic acid), and secondary
metabolites with ecological and biotechnological
relevance (Caporaso et al., 2010).

Metagenomic studies reveal that mangrove endophytes
mediate critical ecosystem functions, including nutrient
cycling, organic matter decomposition, abiotic stress
tolerance, and pathogen suppression. Functional
gene analyses have identified genes associated with
osmoregulation, oxidative stress mitigation, hydrocarbon
degradation, and detoxification of pollutants, highlighting
their potential in environmental remediation and
ecosystem restoration (Djemiel et al., 2022; Naqvi et al.,
2025). Comparative metagenomic investigations across
mangrove species, tissues, and environmental gradients
demonstrate dynamic shifts in community composition in
response to salinity, tidal fluctuations, and anthropogenic
(Palitetal.,2022; Siddique et al., 2024). providing microbial
indicators of host and ecosystem health Network based
co-occurrence analyses further elucidate symbiotic,
mutualistic, and competitive interactions that structure
the endophytic microbiome and underpin ecosystem
resilience (Agler et al., 2016).

Even though metagenomic techniques like QIIME,
Kraken, and KEGG have significantly improved our
knowledge of mangrove endophytic diversity and function,
there are unique difficulties when using them in marine and
mangrove systems. Although QIIME offers reliable diversity
measurements, it is quite susceptible to data normalization
techniques and sequencing depth, which might distort
diversity indices if rare species are underrepresented.
Although Kraken provides quick taxonomic categorization
using precise k-mer matches, it is highly dependent on
the completeness of its reference databases, which is
problematic in mangrove-associated microbiomes where
many endophytic taxa are yet unknown. The resolution
of metabolic pathway inference is generally limited
by functional annotation using KEGG or comparable
databases, which frequently underestimate novel or
unclassified genes (Naqvi et al., 2025). The challenge of
differentiating real endophytes from surface-associated
epiphytes or rhizosphere microorganisms is another
significant drawback, especially when sample sterilizing
and DNA extraction procedures are not standardized.
If these variables are not strictly controlled for, endophytic
diversity may be overestimated, or contamination artifacts
may result. By capturing active microbial fractions and
offering more taxonomic precision, emerging techniques
like meta transcriptomics and single-cell genomics may
aid in overcoming these constraints.

In general, established processes for DNA extraction,
read normalization, reference database extension, and
distinct distinction of habitat-specific microbiota are
critical to the dependability of metagenomic data in
mangrove endophyte investigations. Many microbial
taxa including rare bacteria, archaea, and yeast remain
underrepresented in reference databases, limiting accurate
taxonomic assignments and functional predictions.
Moreover, metabolic and functional capacities of these
underexplored taxa remain poorly characterized, and
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the integration of multi omics data for ecosystem-level
interpretation is still in its infancy. Analytical challenges
related to the scale and complexity of metagenomic data
also necessitate advanced bioinformatics expertise and
high-performance computational resources.

Future directions should focus on integrative approaches
combining metagenomics, metabolomics, and single-cell
genomics to uncover hidden microbial diversity and
functional potential (Chen et al., 2025). Expanding reference
databases and performing comparative analyses across
diverse mangrove species, tissue types, and environmental
contexts will facilitate a holistic understanding of
endophytic microbial contributions to host fitness,
nutrient cycling, and ecosystem sustainability (Yan et al.,
2016). Such insights will enable rational biotechnological
exploitation of mangrove endophytes for applications
in sustainable agriculture, environmental remediation,
pharmaceuticals, and industrial biotechnology, while
informing strategies for mangrove conservation and
ecosystem management.

2.2.14. Comparative evaluation of isolation and
identification methods

The stated diversity outcomes are greatly impacted
by the wide heterogeneity in isolation and identification
techniques seen in a comparative analysis of methodological
approaches utilized in mangrove endophyte research.
Stronger sterilants reduce epiphytic contamination,
but they may also reduce recovery of sensitive
taxa. Surface sterilization techniques range from
conventional ethanol sodium hypochlorite treatments
to more sophisticated multi-step protocols containing
Tween-20 or mercuric chloride. Community representation
is also influenced by the composition of culture media;
fast-growing species are favored by nutrient-rich media
(like PDA and NA), while slow-growing or obligatory marine
endophytes are better isolated by selective or low-nutrient
formulations (like seawater-based or mangrove extract
agar) (Chen et al., 2025). ITS (for fungus) and 16S rRNA
(for bacteria) sequencing have historically been used
for identification in culture-dependent investigations;
however, more recent multi-locus techniques (such as
TEF1-q, rpoB, and gyrB) and metagenomic sequencing
have enhanced taxonomic resolution. Comparative
analyses show that, although at the expense of losing
functional and physiological insights, culture independent,
high-throughput sequencing consistently detects increased
microbial richness and a higher fraction of unculturable
taxa (Naqvietal., 2025). In order to enable more insightful
cross-study comparisons of mangrove endophytic
populations, these methodological disparities highlight
the necessity of standardizing sterilizing procedures,
medium compositions, and molecular markers.The existing
dispersion of knowledge in mangrove endophyte research
is due to several methodological and conceptual limitations.
First, sampling bias has a significant impact on reported
diversity, as most research focus on a few prominent
mangrove genera (Avicennia, Rhizophora, and Bruguiera)
and accessible places such as Southeast Asia and India,
leaving substantial geographic and host gaps. Second,
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culture constraints impede the recovery of slow-growing
or obligatory marine endophytes; conventional medium
and incubation conditions frequently favor fast-growing
species, resulting in an underrepresentation of genuine
community composition (Yan et al., 2016).

Third, inconsistencies in identification methods,
spanning from morphology to partial gene sequencing,
decrease data comparability. Although high-throughput
sequencing has increased taxonomic coverage, database
incompleteness and bioinformatic biases continue
to impede correct annotation of novel or uncultured
lineages. Finally, there is a paucity of functional validation:
whereas much research describes possible metabolites
or enzyme activity, only a few confirm them using
biochemical assays or in planta testing. To address these
difficulties, we will need standardized sample techniques,
multi-omics integration, and validation workflows that
connect community composition to empirically proven
functionality. Such harmonization would elevate the field
from a descriptive inventory of endophytes to a predictive
framework for ecological and biotechnological applications.

3. Discussion

This review provides an integrative synthesis of
mangrove endophytic microorganisms by linking taxonomic
diversity, functional traits, and biotechnological applications
within a unified ecological framework. Unlike previous
reviews that have primarily focused on descriptive
inventories or specific microbial groups, the present study
advances the field by combining comparative analysis
across 187 studies with a conceptual model that connects
microbial diversity to ecosystem sustainability and applied
biotechnology. This integrative perspective contributes
novel scientific value by moving beyond fragmented
observations toward a more predictive understanding of
host-microbe environment interactions. Furthermore,
unlike previous reviews, this study explicitly integrates
ecological, functional, and applied perspectives within a
single analytical framework, thereby providing a more
comprehensive and application-oriented understanding
of mangrove endophytes.

The dominance of fungal endophytes, particularly
members of Ascomycota, and bacterial taxa such as
Proteobacteria reflects both ecological adaptation and
methodological influences. Fungal prevalence (58%) may be
attributed to their metabolic versatility and resilience under
saline and anoxic mangrove conditions, as well as their
higher recovery in culture-based studies (Deshmukh et al.,
2018; Meng et al., 2021). In contrast, bacterial communities,
especially Proteobacteria, exhibit functional plasticity
that supports nutrient cycling, stress tolerance, and host
adaptation (Afzal et al., 2019). Among these groups, fungal
endophytes (particularly Ascomycota) and bacterial taxa
such as Proteobacteria and Actinomycetes appear to be the
most promising for future biotechnological applications
due to their high metabolic diversity and capacity to
produce bioactive compounds. These findings highlight
that observed diversity patterns are shaped not only by
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environmental selection but also by the methodological
approaches used to detect them.

Environmental drivers play a central role in structuring
mangrove endophytic communities. Salinity, oxygen
limitation, sediment composition, and tidal dynamics act as
strong ecological filters influencing microbial composition
and functional potential (Alongi, 2021; Ramond et al.,
2022). For instance, high salinity environments favor
microorganisms with osmoprotective mechanisms, while
anoxic sediments select for taxa involved in anaerobic
metabolism, including nitrogen fixation and sulfur cycling.
These environmental gradients contribute to spatial and
host-specific variation in microbial communities and
must be considered when interpreting diversity patterns
across regions.

A critical aspect highlighted in this review is the
complementarity of culture-dependent and metagenomic
approaches. Culture-based methods enable functional
characterization and experimental validation of microbial
traits but significantly underestimate total diversity.
In contrast, metagenomic and high-throughput sequencing
techniques reveal a broader spectrum of microbial taxa,
including unculturable organisms, yet often lack direct
functional validation (Ranjan et al., 2016; Djemiel et al.,
2022). Integrating these approaches through multi-omics
strategies offers a more comprehensive understanding of
mangrove endophytes by combining taxonomic resolution
with functional insight.

Despite significant advances, current knowledge
remains fragmented due to geographical and taxonomic
biases. Most studies are concentrated in Southeast Asia
and India and focus predominantly on a limited number of
host genera such as Avicennia and Rhizophora. In addition,
in certain regions such as the Arabian Gulf, mangrove
ecosystems are largely dominated by a single species,
Avicennia marina, which further limits host diversity and
may influence the structure and functional composition of
associated endophytic communities (Alanazi et al., 2026).
This uneven representation restricts the generalizability
of current findings and highlights the need for targeted
sampling in underexplored regions, including Africa, the
Middle East, and South America, as well as the inclusion
of less-studied mangrove species (Saenger et al., 2019).
Addressing these biases is essential for developing a globally
representative understanding of endophytic diversity.

Methodological disparities further contribute to
inconsistencies across studies. Variations in surface
sterilization protocols, culture media composition,
sequencing platforms, and bioinformatics pipelines
significantly influence the detection and characterization
of endophytes. The lack of standardized methodologies
reduces comparability and reproducibility (Naqvi et al.,
2025). Establishing unified protocols for sampling,
sterilization, molecular identification, and data analysis
would greatly enhance the reliability of future research
and facilitate cross-study comparisons.

Another major limitation involves incomplete reference
databases and challenges in functional annotation.
Many mangrove associated microorganisms, particularly
rare and novel taxa, remain underrepresented in existing
genomic databases, leading to uncertainties in taxonomic
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classification and metabolic prediction. Emerging
approaches such as metatranscriptomics and single-cell
genomics offer promising solutions by capturing active
microbial functions and improving taxonomic resolution
(Parks et al., 2022). Expanding curated databases and
integrating multiple omics layers will be essential for
overcoming these constraints.

Although numerous studies report bioactive compounds
and functional traits, there is a clear lack of in vivo
validation. Most findings are based on in vitro assays
or genomic inference, which limits confidence in their
ecological and applied significance. The most critical
functional traits contributing to plant stress tolerance
include phytohormone production, osmotic regulation,
antioxidant activity, nutrient acquisition, and pathogen
suppression. Standardized validation frameworks,
including controlled plant experiments and biochemical
assays, are therefore needed to confirm the functional
roles of endophytes in enhancing host stress tolerance
and ecosystem performance (Afzal et al., 2019).

From a biotechnological perspective, mangrove
endophytes represent a valuable resource for
pharmaceuticals, agriculture, and environmental
applications. However, most reported applications remain
at the proof of-concept stage. Key limitations include
challenges in large-scale cultivation, low metabolite
yields, regulatory constraints, and insufficient economic
evaluation. Incorporating techno-economic analysis,
process optimization, and life-cycle assessment into future
studies will be crucial for translating laboratory findings
into industrial applications (Rajendran et al., 2025). These
challenges highlight the need for closer collaboration
between academia and industry to facilitate the translation
of laboratory findings into scalable biotechnological
solutions. At the ecosystem level, the contribution of
endophytes to large scale processes such as carbon
sequestration, shoreline stabilization, and ecosystem
resilience remains largely hypothetical. While micro-scale
interactions, including enhanced plant growth and stress
tolerance, are well documented, their cumulative impact
on ecosystem services requires long-term, integrative
studies (Alongi, 2021). Future research should adopt
interdisciplinary frameworks that link microbial function to
ecosystem processes through field experiments, modeling
approaches, and longitudinal data.

A persistent methodological challenge is the
differentiation between true endophytes and contaminants.
Distinguishing internal colonizers from epiphytic or
environmental microbes requires rigorous surface
sterilization, molecular validation, and the use of specific
biomarkers. Advanced sequencing techniques combined
with optimized sampling protocols can improve the
accuracy of endophyte identification and reduce
contamination bias (Djemiel et al., 2022).

Finally, this review identifies several key research gaps
and future directions. Priority areas include the exploration
of underrepresented microbial groups such as archaea
and yeasts, the integration of multi-omics approaches,
the development of standardized methodologies, and the
establishment of global data-sharing platforms. Advancing
the field will require coordinated efforts to integrate
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ecological, molecular, and applied research, enabling
the transition from descriptive studies to predictive
and application-driven frameworks. This integrative
perspective clearly demonstrates how ecological functions
of mangrove endophytes can be translated into practical
biotechnological applications, effectively bridging the gap
between environmental microbiology and sustainable
innovation.

4. Conclusions

Mangrove ecosystems host highly diverse and
functionally versatile endophytic microbial communities
including bacteria, actinomycetes, fungi, yeasts, and
archaea that are pivotal for plant health, biogeochemical
cycling, and overall ecosystem resilience. These endophytes
engage in intricate symbiotic interactions with their
host plants, facilitating nutrient acquisition, enhancing
stress tolerance, suppressing pathogens, and producing
awide array of bioactive secondary metabolites. Through
these activities, they sustain critical ecosystem functions,
including carbon and nitrogen turnover, soil stabilization,
pollutant detoxification, and the maintenance of coastal
biodiversity, underscoring their ecological significance
within the dynamic intertidal zones of mangrove habitats.

Advances in metagenomic and high-throughput
sequencing technologies have substantially expanded
our understanding of the taxonomic and functional
diversity of mangrove endophytes. These approaches have
uncovered genetic pathways underlying stress adaptation,
metabolite biosynthesis, environmental detoxification, and
antimicrobial production, highlighting the considerable
biotechnological potential of these microorganisms.
Their enzymatic repertoires, pollutant degrading capacities,
and metabolite production offer promising applications
in sustainable agriculture, pharmaceuticals, industrial
biotechnology, and environmental remediation.

Despite these advances, significant knowledge gaps
remain. Many microbial taxa, particularly uncultured
or rare lineages, and their tissue-specific colonization
patterns remain underexplored. Functional dynamics
under fluctuating environmental conditions are poorly
understood. Future research integrating multi-omics
approaches including metagenomics and single cell
genomics will be critical for elucidating host microbe
interactions, adaptive mechanisms, and ecological roles.
Comparative analyses across diverse mangrove species,
habitats, and environmental stress gradients are essential
for identifying microbial indicators of ecosystem health,
resilience, and functional stability.

Harnessing the ecological and biotechnological
potential of mangrove endophytes offers transformative
opportunities for ecosystem conservation, restoration,
and the development of resilient bio-based products.
By linking fundamental microbial ecology with applied
biotechnology, these symbiotic communities can provide
a foundation for innovative strategies in the sustainable
management and utilization of coastal ecosystems under
the dual pressures of climate change and anthropogenic
disturbances.
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Although endophytes indirectly support the resilience
and stability of mangrove ecosystems, their impact on
large-scale ecological processes like carbon sequestration
or shoreline stabilization is still mostly speculative.
Micro-scale strategies that may collectively improve plant
fitness under stress, such as improved host salt tolerance,
antioxidant protection, or pathogen suppression, are
identified. For instance, it has been demonstrated that
Bacillus and Pseudomonas endophytes isolated from
Avicennia marina enhance root biomass and seedling
survival under salinity stress, which may improve sediment
binding and lower the danger of erosion. However, rather
than providing concrete evidence of ecosystem-level
consequences, these findings are early stage indicators. To
support such claims, more long-term, integrative research
relating microbial function to geomorphological or carbon
processes is required.

Moreover, mangrove endophytes show great
promise for biotechnological innovation, achieving
their “transformative potential” requires meticulous
validation through empirical, economic, and technological
assessments. Current uses, such as endophyte-derived
enzymes for saline bioprocessing, plant growth-promoting
inoculants for coastal restoration, and bioactive metabolite
extraction, exhibit proof-of-concept capability rather
than proven industrial scalability. Few studies have used
cost-benefit analyses, production yield measures, or life
cycle assessments to determine their economic viability.
As a result, whereas endophytic research provides a
conceptual underpinning for sustainable biotechnology,
converting this potential into actual impact would require
interdisciplinary frameworks that incorporate microbiology,
engineering, and socioeconomic evaluation. Future research
should focus on pilot-scale demonstrations, standardization
of cultivation and metabolite recovery methodologies,
and economic modeling to facilitate realistic, scalable
applications.
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