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Unveiling the bacterial diversity and potential
of the Avicennia marina ecosystem

for enhancing plant resilience to saline
conditions
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Abstract

Background Avicennia marina ecosystems are critical for coastal protection, water quality enhancement, and
biodiversity support. These unique ecosystems thrive in extreme saline conditions and host a diverse microbiome
that significantly contributes to plant resilience and growth. Global food security is increasingly threatened by crop
yield losses due to abiotic stresses, including saline soils. Traditional plant breeding for salt tolerance is both costly and
time-consuming. This study explores the potential of bacteria from A. marina to enhance plant growth under saline
conditions, emphasizing their ecological significance.

Results We analyzed the microbiome of A. marina from the Red Sea coast using high-throughput lllumina
sequencing and culture-dependent methods across various compartments (bulk soil, rhizosphere, rhizoplane, roots,
and leaves). Our findings revealed distinct compartment-specific microbial communities, with Proteobacteria being
the dominant phylum. Functional predictions indicated diverse microbial roles in metal uptake and plant growth
promotion (PGP). Remarkably, our culture-dependent methods allowed us to recover 56% of the bacterial diversity
present in the microbiome, resulting in the isolation and characterization of 256 bacterial strains. These isolates were
screened for PGP traits, including salt and heat tolerance, siderophore production, and pectinase activity. Out of the
77 bacterial isolates tested, 11 demonstrated a significant ability to enhance Arabidopsis growth under salt stress.

Conclusions Our study highlights the ecological significance of mangrove microbiomes and the potential of culture
collections in offering innovative solutions for ecological restoration and crop production in saline conditions. The
unique collection of mangrove bacteria, particularly from the rhizosphere and endophytes, showcases significant
PGP traits and stress tolerance capabilities. These findings emphasize the importance of functional traits, such as

salt tolerance, in the recruitment of endophytic bacteria by plants over taxonomic affiliation. The identified bacterial
strains hold potential not only for developing biofertilizers to improve crop productivity but also for ecological
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restoration projects aimed at rehabilitating saline-degraded lands, thereby contributing to overall ecosystem health

and sustainability.

Keywords Global food security, Salt stress tolerance, Halophilic bacteria, Avicennia marina, Biostimulants, And Plant-

microbial interaction

Introduction

The world’s population is projected to grow by over 20%
to approximately 10.4 billion by 2100 [1]. However, with
2 billion people living in poverty, there is a significant
need to increase crop production to provide food for the
growing global population. One of the critical challenges
to achieving this is challenged by increasing soil saliniza-
tion, which affects approximately 900 million hectares
globally and causes an estimated annual loss of 27 billion
USD [2]. According to USDA estimates, about 10 million
hectares are lost each year globally due to salinity and/
or waterlogging [3]. The widely used approaches to avoid
salinity in agriculture, including developing salt-tolerant
crops and conventional breeding, are labor-intensive
and time-consuming. As a result, alternative, innovative
technologies are urgently needed to improve agricultural
sustainability. One such promising approach is the use of
plant growth-promoting bacteria (PGPB) derived from
extreme environments [4, 5]. The root-associated biome
has complex microbial diversity and is the prototype of
the natural relationship between plants and microbes [6].
Recent studies have revealed the efficiency of PGPB as
salinity and drought alleviators in plants and promoting
plant growth [7-9].

Although crop plants may struggle with high salin-
ity and flooding, mangroves thrive in the intertidal zone
between land and sea. Mangrove ecosystems, particularly
the root-associated microbial communities, represent a
natural model of salinity resilience. Mangroves like Avi-
cennia marina, which thrive in hypersaline coastal wet-
lands of the Red Sea, have evolved to endure extreme
environmental stressors, including high salinity, water-
logging, and nutrient scarcity [10, 11] These trees employ
sophisticated mechanisms such as root suberization, salt
excretion through leaf glands, and osmotic regulation
to mitigate the detrimental effects of salinity [12, 13].
Importantly, microbial communities in the mangrove rhi-
zosphere play a pivotal role in these adaptations, facilitat-
ing nutrient uptake and stress mitigation through various
biochemical pathways [14] [12]. In the central Red Sea,
the high salinity is the primary stress in many regions of
mangrove areas (Al Lith, South Jeddah, Dahban, Thuwal,
Mastorah, reaching highest levels in Rabigh with 40.75%)
[13].

Microbial communities in mangrove sediments play
an essential role in the biogeochemical recycling of car-
bon, nitrogen, phosphorus, and sulphur in mangrove
swamps. Previous data revealed that root exudates could

serve as carbon sources and secondary metabolites as
antimicrobial substances in the mangrove ecosystem
[14]. Therefore, the root exudates in mangroves could
profoundly influence many root-associated microbial
populations, especially those inhabiting the rhizosphere
[15]. Kibmrel et al. [16] studied the salt-tolerant bacte-
rial and archaeal strains of the marine environment and
constructed genomes for 44 taxa, including Alphaproteo-
bacteria, Marinobacter, and Roseobacter. also has lignin-
deconstruction capabilities [17]. The Roseobacter group
is adapted to the marine environment and comprises
chemotrophic bacteria often associated with eukaryotes
[18]. Group members have a much higher metabolic and
ecological versatility than other dominant marine bacte-
ria [19]. Actinobacteriota, such as Streptomyces venezu-
elae, were found to augment rice growth and significantly
increase tolerance to salinity by reduction of ethylene,
reactive oxygen species (ROS), and Na+contents while
accumulating more proline, total chlorophyll, relative
water content (RWC), malondialdehyde (MDA), and
K+than those of uninoculated controls [20].

Stress mitigation is succeeded through various mech-
anisms such as biofilm formation, extracellular poly-
meric substances (EPS) production, nitrogen fixation,
phytohormone production, and ACC deaminase activ-
ity [21]. For instance, ACC deaminase can reduce ethyl-
ene levels in plants required for signalling, adaptation,
and survival under waterlogging conditions. Reducing
ethylene levels in aquatic or riparian plants may antago-
nistically affect plant adaptability, growth, and survival
[8, 22]. Along with the bacterial community, mangrove
ecosystems harbor a rich and diverse fungal community
that plays a fundamental role in nutrient cycling, plant
health, and ecosystem stability. These fungi are particu-
larly well adapted to the challenging conditions of man-
grove habitats, which include high salinity, waterlogging,
and fluctuating oxygen levels. Among them, arbuscular
mycorrhizal (AM) fungi are especially significant, form-
ing symbiotic associations with mangrove roots. AM
fungi assist in nutrient acquisition, particularly phospho-
rus, and enhance water uptake, which is critical for plant
growth and survival in saline environments. In return,
AM fungi receive carbon from the host plant, creating a
mutually beneficial relationship. These fungi also contrib-
ute to the soil structure and help mangrove trees manage
salt stress, making them key players in the resilience and
productivity of mangrove forests [23, 24].
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In the present study, we investigated the bacterial com-
position across different compartments of A. marina
(bulk soil, rhizosphere, rhizoplane, and root and leaf
endophytes) to understand the diversity, structure, and
functional potential of these communities. By investi-
gating these distinct compartments, the study sought to
gain insights into the microbial diversity and structure,
abundance, and potential interrelationships between bac-
terial strains within each compartment. Furthermore,
the study aimed to assess the capacity of highly repre-
sented culturable bacterial strains in these compartments
to contribute to plant growth and resilience in the face
of salinity stress using the model plant system and crop
plant. By linking our findings to the urgent global chal-
lenge of soil salinization, we highlight the potential appli-
cation of mangrove-associated bacteria as biofertilizers
and biostimulants for crop plants. This research not only
advances our understanding of the mangrove microbi-
ome but also provides a basis for developing sustainable,
microbe-based strategies for enhancing plant growth and
resilience in saline environments and contribute to the
development of effective strategies for the conservation,
restoration, and sustainable management of these critical
ecosystems.

Materials and methods

Study site and experimental design

A total of 32 A. marina seedlings (10-30 cm) from the
intertidal mud flats of KAUST, Thuwal, Saudi Arabia
(22.339914°N, 39.087972°E), were collected in March
2019 (Fig. 1A). Samples were handled with sterilized
tools, stored in plastic bags, and kept at 4 °C until use.
The plants were separated into four compartments: rhi-
zosphere, rhizoplane, and endosphere of the roots and
leaves, with five biological replicates (n=5). Roots were
manually shaken to remove excess soil, then placed in
sterile PBS, vortexed, and centrifuged to obtain the “Rhi-
zosphere” fraction. Cleaned roots were sonicated in PBS
for 30s to get the “Rhizoplane” fraction. Roots were sur-
face-sterilized, sonicated in PBS again, and the remain-
ing roots were designated as the “Roots” compartment.
Leaves were surface-sterilized and designated as “Leaves”.
“Bulk soil” samples were collected at a 15 cm depth from
non-vegetative quadrats and sieved (pore size 2 mm)
(Fig. 1B, Figures S1, and S2).

Soil and plant sample elemental analysis

Soil pH, temperature, and salinity were measured using
a Multi-Parameter Tester (C-600 A, Qolam), and dis-
solved oxygen with an Extechll Dissolved Oxygen Meter
(DO600, Extech). Triplicate soil and plant samples (30 g
each) were dried at 60 °C for 24 h, macerated using a Mill
Grinder_acl, and digested with 1 M nitric acid. Elemen-
tal analysis was performed using Inductively Coupled
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Plasma Optical Emission Spectrometry (ICP-OES-Agi-
lent 5110_SW_acl), with standard solutions of elements
such (Sigma-Aldrich, St. Louis, MO). Soil Organic Car-
bon (SOC), organic matter, and elements N, H, and S
were determined using a CHNS/O-2-Flash 2000 analyzer
at the KAUST analytical core lab.

DNA extraction and amplification for microbiome analysis
The gDNA of the compartments was extracted using
the FastDNA Spin for soil, rhizosphere, and rhizoplane
samples and Power Soil Pro and DNeasey Plant Pro Kit
(MO BIO Laboratories, Carlsbad, CA, USA) for roots
and leaves Samples, respectively. To homogenize bulk
soil and endosphere samples, they were subjected to 1
cycle of bead beating for 2 min at 2000 rpm using the
PowerLyzer24 Homogenizer (MO BIO Laboratories).
The primer set of the amplification of V5-V7 was forward
primer (799 F, 5'-AACMGGATTAGATACCCKG-3') and
reverse primer (1193R, 5-ACGTCATCCCCACCTTC
C-3’). Concentrations of extracted DNAs were quantified
using the NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Germany) and Qubit dsDNA high-sen-
sitivity (HS) Kit (Thermo-Fischer Scientific). The quality
control was performed by electrophoresis on 1% agarose
gels and gDNA were stored at -20 °C until used.

The cultural-dependent analysis: isolation of bacteria from
mangrove

A serial dilution technique was employed to isolate bac-
terial communities from the bulk soil and three root
compartments. The serial dilutions were then plated
onto five different media for optimal bacterial isolation.
The media utilized for bacterial isolation and purification
were as follows: Seawater Luria-Bertani (SLB), Seawater
yeast (SY) extract (L7025, Sigma-Aldrich), Tryptic Soy
Agar (TSA and Zobell Marine (ZM) Agar. The last two
media were prepared using filtered autoclaved seawater
[25, 26]. The spread plates were incubated at 28 °C, and
distinct colonies were selected over 7 days. These colo-
nies were then sub-cultured twice for purification before
being prepared as glycerol 25% stocks and stored at
-80 °C. The appearance of each isolate’s colony morphol-
ogy was recorded.

Identification and taxonomic assignment of culturable
bacteria

The cultural-dependent identification was conducted
by extracting the total genomic DNA from the pure
bacterial cultures growing on ZM Agar and incubated
for 48 h at 30 °C. DNA extraction was performed using
the Gen Elute™ Bacterial Genomic DNA Kit (Sigma
Aldrich, Germany) according to the manufacturer’s
instructions. The 16 S rRNA gene amplification was per-
formed in thermal cycles using the universal primers
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Fig. 1 Microbial diversity and spatial distribution in Avicennia marina ecosystem along the red sea coast. (A) Geographical location of the Avicennia
marina study site along the Red Sea coast, at KAUST, Thuwal, Saudi Arabia indicated by the red pin. (B) Schematic representation of the mangrove
root system, illustrating key compartments: root (R), rhizoplane (RP), and rhizosphere (RS). (C) Heatmap depicting the relative abundance of bacterial
phyla>0.01%across different root compartments. The colour gradient indicates abundance levels, from low (light green) to high (dark green) (D) Func-
tional diversity analysis of bacterial communities across compartments, shown in a color-coded grid. (E) Legend illustrating colour gradients used for

abundance and diversity metrics

set (F27,5'-AGAGTTTGATCMTGGCTCAG-3’) and
(R1492, 5'-F27TACGGYTACCTTGTTACGACTT-3')
generating a fragment size=1500 bp. Following the
standard protocol, the PCR product was purified with
ExoSAP-IT™ Cleanup Reagent (Applied Biosystems) and
then sequenced with both primer pairs using the Sanger
technology 16 S rRNA sequencing at the Bioscience Core
Lab (KAUST). The combined sequence was compared
with related sequences from the database of GenBank (
http://blast.ncbi.nlm.9nih.god//v/Blast.cgi). Based on
the alignment of the complete 16 S rRNA gene sequence
of the isolates, a phylogenetic tree showing the relation-
ship among the strains was then constructed using the

neighbour-Joining method /UPGMA method version
3.697.

Assessment for plant growth promoting traits and
tolerance to abiotic stresses

To determine the biochemical capabilities and plant
growth promotion traits of the isolated bacterial collec-
tion, all the isolates were plated on Sea water LB agar and
incubated at 30 °C for 48 h and teste in triplicates. The
siderophore production using Chrome Azurol Sulpho-
nate (CAS), IAA production and phosphate solublization
were measured according to [27], The proteolytic activ-
ity was evaluated by point inoculation of fresh bacterial
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culture on skimmed milk agar, and the plates were incu-
bated at 30 °C for 48 h. After incubation, a clear hydro-
lytic zone of skimmed milk hydrolysis around bacterial
isolates was considered positive, and no zone was consid-
ered negative [28]. To assess the ability of bacterial iso-
lates to produce pectinases, fresh bacterial cultures were
inoculated onto Czapek’s agar plates containing pectin as
the sole carbon source (Czapek’s agar plates- Sigma) [29].
Bacterial cultures that developed a clear zone around the
margins of their colonies were considered to have pec-
tinase activity. Tolerance to salt and heat stress assays
were performed by inoculating bacteria into 100 ml
flask containing LB broth (Lennox L Broth Base, Invit-
rogen) amended with different concentrations of NaCl;
0.3, 0.6, 2, 3, and 5 M. At the same time, it was incubated
at two different temperatures (37, and 4512 °C) on a
rotary shaker (180 rpm) for 48 h at four different incu-
bation temperatures. Bacterial growth was determined
at OD600 to determine NaCl tolerance using Varioskan
Flash.

Plant assays usingArabidopsis thaliana.

A two-step screening process was conducted to evalu-
ate the effects of isolated bacteria on A. thaliana Col-0
seedling growth under normal and salt stress condi-
tions. Initially, 77 bacterial strains were assessed for
plant growth promotion. Seeds were surface sterilized,
rinsed, and dried. Bacterial strains were cultured in SLB
medium, incubated, refreshed, and diluted to 10E9 CFU
ml™! (OD 0.2 at 600 nm) before inoculation.

For the inoculation procedure, a 100 pl (10E9 CFU/
ml) of the bacterial culture was mixed thoroughly with
cooled 50 ml of half-strength Murashige and Skoog
basal medium (MS) (Sigma-Aldrich, St. Louis, MO,
USA) as described in [27]. Two methods were used: the
Square Plate Method (SPM) with % MS and % MS with
100mM NaCl for stress conditions, and the Submerged
Disk Method (SDM) using 24-well plates with agar
discs amended with salt for stress conditions. Controls
(MOCK) grew on 2 MS Agar with 100 pl SLB liquid. The
fresh weight of plants was measured 14 days after trans-
fer (DAT) and compared to MOCK (control) plates.

Statistical and bioinformatic analysis

Microsoft Excel 2013 and GraphPad Prism 9 were used
for statistical analysis. All the experiments were carried
out in triplicate. The QIIME2 pipeline and R packages
(v3.2.0) [30, 31] were used for microbiome analysis. The
raw data of genomic microbiome DNA was merged and
filtered to obtain clean reads. The DADA2 method was
dereplicated or equivalent to 100% similarity cluster-
ing. Each de-duplicated sequence generated after noise
reduction is called ASVs (Amplicon Sequence Variants).
The obtained (ASVs) were annotated to obtain the cor-
responding species information and the abundance
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distribution based on the species. Alpha diversity analy-
sis [32], including Chaol for species richness, Simpson,
goods coverage, and observed ASV’s, were calculated.
A Venn diagram was generated to determine the com-
mon and unique ASVs information among different
groups. On the other hand, multiple sequence align-
ments of ASVs perform and establish phylogenetic trees.
Beta diversity analysis [33] was performed to evalu-
ate the change in bacterial community structure based
on principal coordinate analysis (PCoA) [34] that allow
us to capture and represent the variation in microbial
communities. In order to assign and visualize patterns
in microbial community composition, we used Non-
metric Multi-Dimensional Scaling (NMDS). NMDS is
particularly effective for the analysis of microbiome data
because it emphasizes rank-based dissimilarities between
samples, allowing us to identify meaningful ecological
gradients [35]. The differences among the groups in the
microbial community structure are explained via dimen-
sion reduction analysis (PCoA and NMDS). The signifi-
cant differentiation of bacteria structure among groups
was assessed by ANOSIM [36] using QIIME2. The dis-
tance of the matrix was tested by ADONIS [37]. To fur-
ther explore the differences in the community structure
of different groups, statistical analysis methods such as
T-test, MetaStat and LEfSe, were used to test the sig-
nificance of differences in species composition and com-
munity structure of groups. The threshold on the Linear
Discriminant Analysis (LDA) Effect Size (LDA score)
[38] was set to equal or higher than 4.0. The annotation
results of the amplicons were also associated with the
corresponding functional databases. The PICRUSt2 soft-
ware [39] was used to predict and analyse the function
of the microbial community. The database of Clusters
of Orthologous Groups of proteins (COGs) annotation
scheme [40] was also used to capture the full breadth of
functions within the microbiome of A. marina. Micro-
bial co-occurrence networks for the ASVs mapping with
cultivable strains were carried out with Spearman rank
correlations (r>0.8, or r<—0.8; p<=0.05) among micro-
bial taxa. The nodes and edges in the constructed net-
work represent taxa at the genus level. The modularity of
the network is highlighted in different colours based on
its complexity. Co-occurrence networks were visualized
and property measurements were calculated using the
Fruchtermann-Feingold layout of the interactive platform
Gephi V 0.9.0 [41]. The bioinformatics analysis workflow
after obtaining the sequencing data is shown in Figure S4.

Data depositions

The 16 S rRNA gene sequences of the bacterial isolates in
this study have been deposited in the GenBank database
and are accessible under accession numbers (OR447762 -
OR448017). 16 S microbiome sequence data generated in
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this study are available at NCBI under the BioProject ID
PRJNA1063583.

Results

Sample collection and soil chemical properties

To better understand the chemical properties of man-
grove soils and how they influence the mangrove eco-
system, we conducted a detailed analysis of soil samples
from a mangrove site on the Red Sea shore. Our study
aimed to answer which specific soil chemical character-
istics exist in this mangrove environment, and how they
vary between different compartments of the mangrove
ecosystem. The mangrove-sampling site at KAUST on
the Red Sea shore covers an area of 6,946.69 m®, with
an average soil temperature ranging from 25 to 35C in
March 2019. The soil’s salinity was measured at 35 prac-
tical salinity units (PSU), and its electrical conductivity
(EC) was 39 uS/cm at a pH of 7.5. The soil was charac-
terized by a high content of macronutrients, including
Calcium (Ca) and Magnesium (Mg); micronutrients,
such as Iron (Fe); trace elements like Aluminium (Al) and
Sodium (Na); and heavy metals, including Titanium (Ti)
(Table S1). Our analysis revealed that the total carbon
content was higher in the plant compartments (roots and
leaves) compared to the soil, rhizosphere, and rhizoplane,
with values of 32.2% and 29.26% in the roots and leaves,
respectively, versus 8.04%, 3.07%, and 2.63% in the soil,
rhizosphere, and rhizoplane. Nitrogen content was low
in the bulk soil at 0.17%, while it was significantly higher
in the leaves and roots, at 0.69% and 1.47%, respectively.
Sulphur content was slightly elevated in the roots and
leaves compared to the bulk soil, rhizosphere, and rhizo-
plane, with values of 2.64% and 2.35% versus 1.6%, 1.78%,
and 1.84%.

Dissolved oxygen levels were adequate in the roots and
leaves but lower in the bulk soil and reaching minimal
values in the rhizosphere and rhizoplane. This suggests
more anaerobic conditions in the latter compartments,
with oxygen levels at 19.9% and 20.1% in the roots and
leaves, compared to 12.1%, 3.96%, and 3.29% in the bulk
soil, rhizosphere, and rhizoplane, respectively. In con-
clusion, our study highlights significant variability in the
chemical properties of different compartments within the
mangrove ecosystem (Table S1).

Taxonomical Composition of A. marina Microbiome

To understand the taxonomical composition of the A.
marina microbiome, we performed metabarcoding
sequencing and analysis of bacterial communities associ-
ated with mangrove species. Our goal was to determine
the diversity and abundance of bacterial taxa present in
A. marina and to provide a comprehensive overview of
its microbiome. PCR amplification targeting the V5-V7
regions of the 16 S rRNA gene resulted in two bands:
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one corresponding to bacterial 16 S rRNA and the other
to 18 S chloroplast rRNA. The 500 bp band was excised
from the gel and purified for further analysis (Figures
S5, S6). Using the NovaSeq PE250 sequencing platform,
we generated 3,972,677 reads with an average length of
377 bp. After applying quality filters and removing chi-
meras and non-target DNA, we obtained 4,012,921 effec-
tive sequences for subsequent analysis and annotation
(Table S2).

We successfully annotated 19,678 ASVs, with Good’s
coverage estimation and Q20 values above 98.0%, indi-
cating sufficient sequencing depth for analysing bacte-
rial communities. Based on taxonomic annotation, we
identified the top 10 taxa at each taxonomic rank to cre-
ate a distribution histogram of the relative abundance of
taxa. Among the 25 samples, all ASVs were mapped to
over 40 phyla. The most enriched phyla (relative abun-
dance>0.01%) included Proteobacteria, Firmicutes,
Desulfobacterota, Bacteroidota, Actinobacteriota, Myxo-
coccota, and Gemmatimonadota (Fig. 1C and Figure
S7-A).

In all samples, bacterial communities were domi-
nated by Proteobacteria, with the highest abundance
found in roots (67%) and leaves (54%), followed by rhi-
zoplane (50%), bulk soil (44%), and rhizosphere (36%).
Firmicutes were most abundant in leaves, while Desul-
fobacterota and Bacteroidota were most prominent in
the rhizosphere (13%). The rhizoplane had similar levels
of Firmicutes, Desulfobacterota, and Bacteroidota (11%,
9%, and 9%, respectively). In roots, Firmicutes and Bac-
teroidota were also significant (8% and 7%, respectively).
At the class level, bacterial communities across the five
compartments were primarily composed of Gamma-
proteobacteria and Alphaproteobacteria. In bulk soil,
these classes accounted for 27.7% and 17.4%, respec-
tively; in the rhizosphere, 23.5% and 15.3%; in the rhizo-
plane, 31.7% and 20.3%; in roots, 47% and 21.3%; and in
leaves, 43.9% and 11.3%. Bacilli were notably present in
root and rhizosphere samples (17.9% and 12.3%, respec-
tively), while Rhodothermia accounted for 6.7% and 6.5%
in bulk soil and rhizosphere. Bacteroidia were found in
the rhizosphere, rhizoplane, roots, and leaves samples
(4.5-6.5%). Fewer bacterial communities were associated
with classes like Desulfuromonadia, Actinobacteria, and
Desulfobulbia, ranging between 1.5 and 2.3%.

At the order level, Oceanospirillales and Bacillales
were dominant in all compartments except for the roots,
where only Oceanospirillales prevailed (15.6%). In bulk
soil, other notable orders included Rhodobacterales
(4.1%), Rhodothermales (3.2%), Rhizobiales (2.6%), and
Burkholderiales (2.5%). In the rhizosphere, Desulfobul-
bales (5.6%), Balneolales (4.7%), and Desulfobacterales
(4.5%) were prominent. Rhizobiales (7.2%) and Burk-
holderiales (6.8%) dominated in the rhizoplane. In roots,
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Burkholderiales (11.4%), Rhizobiales (6.9%), and Pseu-
domonadales (6.9%) were significant, while leaves were
dominated by Salinisphaerales (13.69%) and Burkhold-
eriales (8.3%).

At the family level, Halomonadaceae were preva-
lent except in the rhizosphere and leaves, where they
accounted for 8.6% in bulk soil, 9.6% in rhizoplane, and
13.6% in roots. Bacillaceae were dominant in the rhi-
zosphere (11.3%) and bulk soil (8%). In leaves, Sali-
nisphaeraceae (13.7%) and Bacillaceae (8.7%) were
prominent. Oxalobacteraceae accounted for 6.4%
in roots. High-resolution, culture-independent data
revealed the relative abundance of specific genera. Sali-
nisphaera in leaves (14%), Bacillus in the rhizosphere
(9.6%), and Halomonas in bulk soil (7.5%) were the most
prominent. Larsenimonas was notable in both roots and
rhizoplane (9% and 7%, respectively). The least abundant
genera included Streptococcus, Candidatus thiodiazot-
ropha, and Corynebacterium in various compartments.
Mid-range abundance genera included Brevundimo-
nas in bulk soil (2.9%), Larsinemonas in the rhizosphere
(2.9%), and Ralstonia in the rhizoplane (4%). In conclu-
sion, our taxonomic analysis of the A. marina microbi-
ome highlights the diversity and distribution of bacterial
communities across different mangrove compartments.

The diversity of bacterial taxa

To distinguish between common and unique bacterial
taxa across different compartments (Bulk soil, Rhizo-
sphere, Rhizoplane, Roots, and Leaves), an UpSet plot
was used. Bars represent the number of ASVs, highlight-
ing how certain ASVs are exclusive to specific compart-
ments (e.g., leaf endosphere) while others are shared
among multiple compartments, illustrating the degree
of microbial overlap. Our analysis revealed that the five
compartments shared 1,007 (5.1%) of a total of 19,749
ASVs. Specific ASVs were identified for each compart-
ment: 2,759 (13.9%) in the Rhizosphere, 2,939 (14.9%)
in the Rhizoplane, 1,529 (7.7%) in the Roots and 1,838
(9.3%) in the Leaves (Fig. 2C). At the genus level, some
of the common ASVs included Acinetobacter, Bacillus,
Brevundimonas, Candidatus, Halomonas, Pontibacillus,
Streptococcus, Massilia, and Salinisphaera. Interestingly,
the higher number of ASVs in the bulk soil and rhizo-
sphere reflects the diverse and heterogeneous microbial
populations present in these compartments. These envi-
ronments are likely subject to various external influences,
such as soil properties, nutrient availability, and environ-
mental conditions. The presence of unique ASVs in the
root and leaf endospheres indicates that these compart-
ments harbor specialized microbial communities. This
specialization may be driven by the plant’s immune sys-
tem, nutrient availability, and specific biochemical signals
released by A. marina, which select for microbes that can
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aid in stress tolerance or nutrient uptake. The significant
overlap of ASVs between the rhizosphere and rhizoplane
highlights the continuity of microbial communities influ-
enced by root exudates and physical proximity to the root
surface. This overlap suggests a gradient of microbial
interactions transitioning from the bulk soil to the root
surface.

To assess the bacterial diversity in each compartment,
we used several alpha diversity indices to estimate Chaol
(diversity) and Observed ASVs (richness) (Fig. 2A and
B). The diversity of bacterial species decreased from bulk
soil (3,000 ASVs) to the Rhizoplane and both Roots and
Leaves (~1,500 ASVs). The observed species richness
was lowest in the Rhizoplane and endophytes (Roots
and Leaves) compared to the bulk soil, indicating a lower
number of unique bacterial species in these plant-asso-
ciated compartments. This suggests a reduced diversity
and potentially a more specialized microbial community
in these areas.

Good’s coverage values were above 0.95, indicating that
the sequencing effort covered a substantial proportion of
the actual bacterial diversity present in the samples, pro-
viding a reliable estimate of species richness. Both Roots
and Leaves had significantly lower richness (Chaol value)
than the other groups (p<0.05) (Table S3).

Beta diversity was analysed to assess further the differ-
ences between the bacterial communities by PCoA and
NMDS. The scatter plot, depending on the PCoA scores,
showed that the composition of the population differs
among the groups, with some overlaps between Rhi-
zoplane and all other compartments (Fig. 2D). The two
principal coordinates were responsible for the variance
of 36.69% and 18.47%, respectively. The samples from
BS and RS were relatively concentrated in the area below
the vertical axis’ middle line. In contrast, the samples
from the other three groups were concentrated in the
area above. Furthermore, the variations within the group
were visualized by NMDS (Fig. 2E), in which the samples
were separated according to origin (P<0.05, Adonis test)
as shown in the Table S4 and Figure S8. The NMDS plot
includes the results of an Adonis (PERMANOVA) test,
which statistically assesses the significance of differences
in microbial community composition among compart-
ments. The p-value (<0.001) and r* value (0.4) indicate
that the differences in community composition between
compartments are highly significant, with compartment
type explaining 40% of the variation in the data (Fig. 2E).
Using the pairwise Bray-Curtis similarity index, the esti-
mated distance between each two samples was small
enough to aggregate into clusters except for rhizoplane,
which was scattered among the other groups. The stress
levels of the NMDS plot are below 0.2, indicating a good
representation of the original data. This was substanti-
ated by the more detailed analysis of similarity (P<0.05,
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Analysis (PCoA) plot showing the clustering of microbial communities based on Bray-Curtis dissimilarity, with ellipses representing 95% confidence inter-
vals. (E) Non-metric Multi-Dimensional Scaling (NMDS) analysis depicting the distribution of microbial communities, with an Adonis test result (p < 0.001,

r* = 0.4) confirming significant differences among compartments

MRPP test in Table S5). The AMOVA analysis (Table
S6) shows that the bacterial community structures of
the compartments differ significantly from each other
(p<0.05) except for Bulk soil and Rhizosphere (P=0.212),
indicating that the differences amongst these two groups
are very low. The NMDS plot shows a clear separation
between microbial communities from different compart-
ments, highlighting the significant compartmentalization
of microbial diversity. For example, bulk soil (BS) and
rhizosphere (RS) samples are more distinct from root

(RE) and leaf endosphere (LE) samples, suggesting that
environmental factors and plant influence the microbial
community structure differently across these compart-
ments. (Fig. 2E). Overall, the separation pattern indicated
distinct microbial community composition between
compartments.

The compartment biomarker taxa
To identify each compartment biomarker taxa, LEfSe
analysis was performed to compare the relative
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abundance (differential abundance between the groups
with LDA score>2 and P<0.05). Our results empha-
size that phylum; order, family, and genus were mainly
potential biomarkers for different compartments. The
relative abundance counts of Rhodothermia, Bacillus,
Burkholderiaceae, Proteobacteria, and Salinisphaera
were over-represented. Six to sixteen unique bacterial
taxa were found for each compartment. LEfSe analysis
indicated that the orders Thermoanaerobaculaceae and
Rhodothermales were higher in the Bulk soil (Fig. 3A),
while the genus Bacillus and orders Desulfobulbales, and
Balenolales were higher in Rhizosphere. In the Rhizo-
plane, the genus Ralstonia, order Rhizobiales, and family
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Burkholderiaceae were enriched (LDA scores>4.0). The
bacterial groups enriched in Root included species
Halomonas smyrnensis, the genera Acinetobacter, Mas-
silia, Brevundimonas, and Candidatis, Oxalobacteriaceae
and Moraxellaceae at the family level, Burkholderiales,
and Pseudomonadales at the order level, and Proteo-
bacteria, Gammaproteobacteria, Alphaproteobacteria at
the phylum level (LDA scores>4.0). The genera Salini-
sphaera and Streptococcus, the orders Salinisphaerales
and Lacatobacellales, and the families Salinisphaeraceae
and Streptococcaceae were biomarkers for the Leaf com-
munity (Fig. 3A).
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Fig.3 A)Histogram of linear discriminant analysis (LDA) score of LEfSe analysis higher than 4 of the bacterial communities between Roots (green), Leaves
(blue), Rhizoplane (magenta), and Rhizosphere (cyan), and Bulk soil (red). The bar graph shows LDA scores for phytoplankton taxa. Only taxa meeting an
LDA significant threshold > 2.0 are shown. The LDA score on the log,, scale is indicated at the bottom. The greater the LDA score is, the more significant
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Genera with significant differences in abundance
among groups and intra-group were captured, and their
distribution among groups was assessed. A comparison
of intra-group and inter-group variances was calculated
to determine the significance of inter-group variances
at the genus level using the t-test. Compared to Bulk
soil, the roots were significantly enriched in Larsenimo-
nas and Serratia (P<0.05). At the same time, the leaves
bacterial community shows a significant increase in the
abundance of Salinisphaera (P<0.001), Pseudomonas
(P<0.05), Delftia (P<0.05), and Marinomonas (P<0.05).
Minor significant differences were found between the
ASVs of the roots and leaves endophytic communities
such as Bacillus and Microbulbifer in the roots while
Erythrobacter and Salimicrobium in the leaf’s samples
(P>0.05) (Fig. 3B, C, and D). These findings highlight
the unique microbial signatures of each compartment,
indicating specialized microbial communities that adapt
to the specific conditions of their respective niches. This
compartment-specific microbial distribution enhances
our understanding of the ecological interactions within
mangrove ecosystems and provides potential biomarkers
for environmental and ecological studies.

The microbiome function prediction
To understand the functional potential of bacterial com-
munities in different compartments of A. marina, we
conducted a detailed functional annotation analysis
focusing on the top 10 Clusters of Orthologous Groups
(COG) (Fig. 4A). This analysis aimed to predict the
metabolic and functional capabilities of the microbiome
associated with A. marina. In the bulk soil, NAD(P)-
dependent dehydrogenase proteins (COG1028) were
significantly enriched, indicating robust metabolic activ-
ity related to oxidation-reduction processes. In the rhi-
zosphere, site-specific recombinase XerD (COG4974)
was highly enriched, suggesting an active role in recom-
bination processes essential for chromosome segregation
during cell division. Additionally, histidine kinase BaeS
(COG0642) was significantly represented, highlighting its
role in signal transduction and environmental adaptation.
The rhizoplane exhibited slight representation of
COG2207 (involved in sugar metabolism), COG0834
(related to amino acid transport and signal transduction),
and COG1846 (a transcriptional regulator involved in
detoxification of metalloids and degradation of organic
compounds). In the roots, several COGs were nota-
bly prevalent. COG1012, involved in metal detoxifica-
tion and organic biodegradation, plays a crucial role in
converting benzyl-alcohol through benzaldehyde into
benzoate. COG1309 (TetR/AcrR family transcriptional
regulator) is involved in DNA-binding transcriptional
regulation and fatty acid biosynthesis, while COGO0583
(LysR family transcriptional regulator) is found in both
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roots and leaves, indicating its role in transcriptional
regulation. COG0596 (alpha/beta hydrolase superfamily
gene) is highly represented in bulk soil and roots, reflect-
ing its role in hydrolysis and transfer reactions. COG0625
(glutathione S-transferase gene) is expressed in roots,
involved in detoxification processes, and COGO0745
(response regulators of a CheY-like receiver domain) is
highly represented in leaves, playing a role in DNA to
RNA transcription. In leaves, COG1670 (acetyltrans-
ferase GNAT9 domain) is involved in posttranslational
modification and protein turnover, while COG1609
(catalysis of DNA to RNA transcription proteins) is
responsible for sugar metabolism, similar to COG2207 in
the rhizoplane and roots.

The KEGG pathway analysis revealed significant dif-
ferences across compartments, indicating compartment-
specific metabolic capabilities. In bulk soil, pathways
related to tryptophan metabolism (K04103), proteasome
(K13527), and carbon fixation (K15232) were significantly
enriched, suggesting active tryptophan biosynthesis
and degradation, protein turnover, and carbon assimila-
tion, respectively. In the rhizosphere, nitrate reduction
(K07696) and sulfur metabolism (K01082) pathways were
highly enriched, emphasizing roles in nitrogen cycling
and sulfur assimilation. In the rhizoplane, pathways for
amino sugar and nucleotide sugar metabolism (K18675)
and nitrogen metabolism (K15371) were enriched, high-
lighting roles in cell wall synthesis, modification, and
nitrogen transformation.

Roots showed significant enrichment in pathways
related to biofilm formation (K02659), indicating micro-
bial community stability and protection, and multidrug
resistance (K18901), highlighting adaptation to stress and
antibiotic resistance. ABC transporters (FrcC, K10553)
were enriched, reflecting active nutrient uptake and
transport. Leaves had significant enrichment in pathways
related to amino sugar and nucleotide sugar metabolism,
and ABC transporters (BcrA; bacitracin transport system
ATP-binding protein, K19309), indicating active trans-
port and defense mechanisms. Butanoate metabolism
(K18382) was also enriched, reflecting metabolic versatil-
ity and energy production. These data reveal a specialized
metabolic and functional role of bacterial communities in
different compartments of the A. marina ecosystem. The
differential abundance of COGs emphasizes the adapta-
tion of microbial communities to specific microhabitats
within the mangrove ecosystem. For instance, microbes
in the rhizosphere are likely equipped with genes for effi-
cient nutrient uptake and stress response, while those in
the endosphere may be more specialized for symbiotic
interactions and promoting plant health. and resilience of
mangrove ecosystems.
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Fig. 4 Functional gene profiles and differential abundance acrossAvicennia marina compartments: (A) The heatmap displays the relative abundance of
Clusters of Orthologous Groups (COGS) in bulk soil, rhizosphere, rhizoplane, roots, and leaves. The color gradient ranges from blue (low abundance) to red
(high abundance), highlighting how microbial communities adapt functionally to different microhabitats. Hierarchical clustering reveals compartment-
specific patterns of microbial gene expression, emphasizing the specialized roles of these communities in the mangrove ecosystem. (B) The series of
boxplots compares the abundance of selected KEGG Orthology (KO) genes between specific compartments. Each boxplot represents a different gene
and shows how its abundance varies between compartments, such as bulk soil vs. rhizosphere, bulk soil vs. rhizoplane, or endophytes vs. leaves. The x-axis
labels indicate the compartment groups, while the y-axis displays gene abundance. Significant differences in gene abundance are highlighted, suggest-
ing distinct microbial functional roles that contribute to plant growth and stress resilience in varying environmental conditions

Mangrove bacterial cultural, characteristic, PGP traits and
stress tolerance

To capture the mangroves cultivated bacteria (AK) a
culture dependent method was used to isolate a total
of 256 bacterial strains from different compartments of
A. marina plants and bulk soil. These isolates were dis-
tributed as following: Bulk soil (33 isolates, 13%), Rhizo-
sphere (119 isolates, 46%), Rhizoplane (81 isolates, 32%),
and Roots (23 isolates, 9%) (Fig. 5B and Figure S11-A). In
order to characterize the isolated bacterial strains, several

morphological and biochemical test were conducting
including colony morphology, shape, margin, color, trans-
parency, texture, and size of the colonies grown on SLB
agar. The isolated collection of bacterial strains showed
varying preferences for different types of agar media. The
Zobell Marine (ZM) Agar was the most favourable, with
29% of the isolates growing on this media. This was fol-
lowed by R2A+0.5 M NaCl Agar (23%), Seawater Luria
Bertani (SLB) Agar (21%), and Seawater Yeast (SY) Agar
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Fig. 5 Cultured bacteria collection and functional attributes across Avicennia marina compartments (A) The bar plot shows the distribution of the 256
cultured bacterial isolates across different phyla, including Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes, providing an overview of the
taxonomic diversity of the isolates. (B) The pie chart illustrates the distribution of the 256 isolates among the various compartments of origin, including
bulk soil (9%), rhizosphere (13%), rhizoplane (46%), and roots (32%). This emphasizes the relative abundance of cultured isolates across different Avicennia
marina microhabitats. C)This panel highlights the common plant growth-promoting (PGP) traits exhibited by the isolates, such as: Siderophore Produc-
tion (red): Facilitating iron acquisition for plants. Pectinase Production (green): Enabling the breakdown of plant cell wall components. IAA Production
(blue): Promoting plant growth through phytohormone synthesis. The “+" and *-” symbols indicate the presence or absence of these PGP traits among
the isolates D) The circular phylogenetic tree depicts the relationships among the 256 cultured bacteria based on 16 S rRNA gene sequencing. The tree
provides a comprehensive view of the phylogenetic diversity of the mangrove-associated bacteria, with branches color-coded according to the phyla

and compartments of origin, linking taxonomic identity to ecological niche

(18%). TSA was found to be the least favourable medium,
as only 9% of the isolates grew on it (Figure S11-B).
Biochemical characterizations were conducted on the
isolated bacteria to detriment the activities, the isolated
bacteria were found to possess several plant growth-
promoting (PGP) traits, which can significantly affect
plant growth directly and indirectly (Fig. 5C and Figure
S13, Table S7). Notably, a high percentage of the bacte-
rial mangroves’ isolates exhibited siderophore produc-
tion (84.8%) and pectinase hydrolysis (85.2%) ability.
These abilities are crucial for nutrient uptake and degra-
dation of complex compounds in the plant environment.
Another noteworthy finding was that approximately 57%
of the isolates could produce indole-3-acetic acid (IAA).
IAA is a well-known plant hormone that is vital in pro-
moting root growth and overall plant development. Fur-
thermore, although the proteolytic and cellulose activity

of the isolates was relatively lower (38.73% and 22.3%,
respectively).

In terms of stress tolerance, the AK isolates demon-
strated remarkable capabilities as the majority (93%)
were found to be halotolerant, capable of thriving in the
presence of high concentrations of NaCl in the growth
medium. Remarkably, 50% of the isolates were identified
as extreme halophiles, displaying excellent growth ability
even in environments with 29% and 17.5% (5 M and 3 M)
NaCl, respectively. Additionally, a significant percentage
(89.1%) of the isolates exhibited robust growth even in
the presence of 11% (2 M) NaCl, indicating their remark-
able salt tolerance. Moreover, the isolates showed a
strong capacity for thermophilic growth. A vast majority
(92.2%) thrived well at 37 °C, while a significant propor-
tion (66.8%) also exhibited growth at a higher tempera-
ture of 45 °C. These findings highlight the adaptability
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and resilience of the AK isolates to different temperature = between the culture-dependent and culture-indepen-

regimes (Fig. 5C, Figure S13 and Dataset). dent analyses (microbiome). However, some of the top
10 abundant genera in the culture-independent were
Phylogenetic analysis and data deposition also captured in the culture-dependent method, such as

The pure bacterial isolates were further characterized Larsenimonas, Bacillus, and Halomonas (Fig. 6A and Fig-
through phylogenetic analysis using 16 S rRNA gene ure S15). Concerning the main selective criteria in our
sequences (Fig. 5D). The AK bacterial isolates were cultural-dependent methods, the genera recovered in
found to span 34 genera within four phyla: Proteobac- the cultural-dependent analysis were either halophilic or
teria (« and y) accounted for 73.8% of the isolates, fol-  halotolerant as they could grow at high NaCl concentra-
lowed by Firmicutes (Bacilli) (17.2%), Actinobacteriota tions (1-5 M NaCl) and the high temperature reaching
(6.6%) and Bacteroidota (Cytophagia and Flavobacteria) 45°C. For example, Microbulbifer spp. was most abun-
2.3% (Fig. 5A and Supp. Figure S14). The main bacterial  dant in bulk soil samples (35%); whereas Halomonas spp.
community for each compartment was also annotated at  dominated, rhizosphere samples (21%). Bacillus spp. was
the genus level depending on the full-length 16 S rRNA  dominant in the rhizoplane (23%). In the Roots, Larsen-
sequences (Supp. Figure 12 A-D). imonas sp. was the most abundant genera (67%).
Hierarchical clustering of the taxa further indicated
The network association analysis of the recovered bacterial ~ the importance of using selective media containing
genera NaCl or seawater salts. Although some bacteria, such as
The relative abundance of the genera among compart-  Bacillus sp., can grow on several media, others, such as
ments showed that the distribution of genera varied Actinobacteriota (Isoptericola sp., Demequina sp., and
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Fig. 6 Genus-level distribution and network analysis of cultured bacteria from Avicennia marina (A) The bubble plot: the bubble plot represents the
distribution of bacterial genera across different Avicennia marina compartments, with each row corresponding to a specific genus. The size of the bubbles
indicates the relative abundance of each genus, with larger bubbles representing higher abundance. The x-axis denotes the different compartments,
while the y-axis lists the bacterial genera. The color of each bubble corresponds to the genus, as indicated by the color legend on the right, providing
a visual summary of how bacterial communities are distributed throughout the mangrove microhabitats. bubble size guide, indicating the relative
abundance values associated with each bubble size, ranging from 0 to 110. (B) Network Analysis The network diagram illustrates the co-occurrence
relationships among bacterial genera isolated from Avicennia marina. Nodes represent bacterial genera, and edges (connecting lines) indicate significant
co-occurrence interactions (p<0.01). The nodes are color-coded to match the genera in the bubble plot, and the size of each node reflects the abun-
dance of the genus. The network layout highlights clusters of closely associated bacteria, suggesting potential functional or ecological interactions within
the mangrove microbiome
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Streptomyces sp.), showed selective growth on media
containing either high NaCl concentrations or seawa-
ter salts. While Fulvivirga sp. (Bacteroidota; Cytopha-
gia) was recovered from R2A+0.5 M NaCl and Zobell
marine agar; Neptunitalea sp. (Bacteroidota; Flavobacte-
riaceae) was recovered from TSA and R2A+0.5 M NaCl
agar; conversely, Salimicrobium (Firmicutes) and Cobetia
(Gammaproteobacteria) were recovered exclusively from
SWY and SWLB agar, respectively.

To determine the keystone taxa among the cultivated
strains, the association network analyses of the same gen-
era recovered were used to highlight the microbial hubs
in Module 1 (Fig. 6B) consisting of the genera Alteromo-
nas, Bacillus, Demequina, Halobacillus, Larsenimonas,
Marinomonas, Martelella, Paenibacillus, Pontibacillus,
Pseudomonas, and Vibrio.

Promotion of salinity stress tolerance on Arabidopsis

Seventy-seven isolates were chosen based on their source
compartment, taxonomic diversity, and genera network
correlation data, highlighting pivotal taxa in the ASVs
network analysis of the microbiome (Fig. 6B). An initial
screening relied on assessing fresh weight (FW) after a
20-day growth period were done and among these iso-
lates, forty-two showed promising potential by signifi-
cantly enhancing of A. thaliana growth under salt stress
conditions (%MS with 100mM NaCl), demonstrating
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a beneficial increase of over 20% compared to the con-
trol (noted in Table S7). Subsequently, a second screen-
ing focused solely on strains that consistently exhibited
plant growth-promoting effects across three independent
experiments. Sixteen strains out of the initially selected
42 isolates (highlighted in Table S7) consistently dem-
onstrated beneficial effects on plant growth compared
to controls, both under normal and salt stress condi-
tions. Employing the Square Plate Method (SPM) plant
assay, nine of these sixteen mangrove strains notably
increased the fresh weight of A. thaliana significantly,
even under normal and stress conditions (Underlined in
Table 1). However, seedlings were subjected to the Sub-
merged Disk Method (SDM) plant assay for a more accu-
rate simulation of the hypoxic and salt stress conditions
found in natural mangrove ecosystems. Out of the 16
tested strains ( Figure S16-S19 ), five AK strains (AK031,
AK116, AK164 [42], AK171, AK225) exhibited signifi-
cant enhancement (>20%) in plant growth compared to
non-inoculated (MOCK) plants (highlighted in Table 1)
by using all the assessments of SPM and SDM on normal
and stress conditions, as depicted in Fig. 7.

Discussion

Microbial diversity and mineral cotenants

Mangrove ecosystems thrive in extreme saline envi-
ronments and are crucial for coastal protection. These

Table 1 The beneficial increase (%) of A. thaliana's fresh weight (gm) in the second screening for 16 candidates using SPM and
SDM, Paenibacillus lautus (AKOO02 - OR447938), Bacillus seohaeanensis (AKO31 - OR447774), Thalassospira tepidiphila MCCC 1A03514
(AKO73 - OR447979), Tritonibacter mobilis(AKO76 - OR447785), Halobacillus locisalis (AK116 - OR447813), Microbulbifer elongatus
(AK144 - OR447909), Demequina activiva (AK157 - OR447779), Isoptericola sp. (AK164 - OR447867), T. mobilis (AK171 - OR447787),
Pseudoalteromonas flavipulchra (AK181 - OR447934), T. mobilis (AK185 - OR447793), Pseudomonas azotoformans (AK223 - OR447928),,
Martelella mangrovi (AK229 - OR447916), Celerinatantimonas diazotrophica (AK238 - OR447776), I. chiayiensis (AK255 - OR447854), P

lautus (AK266 - OR448017)

No. Strain SPM SDM

Y2 MS Y2 MS Y2 MS Y2 MS

+100mM NacCl +100mM Nacl

1 AK002 26.3* 42 2%xxx 9.5 218
2 AKO31 49 8**** 134.4%%x% 45 8%*** 96.1%*¥*
3 AK073 15.6 37.6%%%* 12.8 244
4 AK076 23.0%* 69.3%%x* -8.2 87.3xxxx
5 AK116 45.6%*** 94 5xx¥*x* 43,0%** 125.2%**
6 AK144 155 105.9%*** 17.5% 59.7%%
7 AK157 32.2% 62.5%%** -19 78.5%*¥*
8 AK164 124.9%*** 110.4%*** 107.0%*** 165.3%***
9 AK171 27.8* 33.6%* 35.2% 47.3%
10 AK181 35 5% 109.1%*** -20.7 57.4%
11 AK185 16.0 46.6%%* 16 102.5%***
12 AK223 9.9 47 .97%x* -10.1 58.0%
13 AK229 225 52.6%¥** -3.1 11.2
14 AK238 8.2 26 6.9 17.9
15 AK255 135.0%** 117.2%%%% 107 .47%%x* 146.17%x**
16 AK266 10.9 43.4%%* 9.5 48.7%*

*p>0.05, **P>0.01, *** P>0.001, **** P>0.0001
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Fig. 7 Growth Enhancement of Arabidopsis thaliana Seedlings by Candidate Bacteria Seedling Growth on Square Plate Method (SPM) and Submerged
Disk Method (SDM) Plates: A- Images show A. thaliana seedlings inoculated with candidate bacteria versus non-inoculated controls (MOCK) under both
normal (V2 MS) and Saline Stress conditions (2 MS+100mM NaCl) using the SPM methods. B- Images show A. thaliana seedlings inoculated with can-
didate bacteria versus non-inoculated controls (MOCK) under both normal (2 MS) and Saline Stress conditions (2 MS+100mM NaCl) using the SDM
methods. Bacterial inoculation visibly enhances root and shoot growth, especially under saline stress. C-F) Box Plots: plots of the fresh weight mean
of A. thaliana grown NaCl after inoculated with the candidate bacteria in comparison with non-inoculated (MOCK) plants. C- SPM on 1/2MS, D- SPM on
1/2MS +100mM. E- SDM on 1/2MS, F- SDM on 1/2MS +100mM. Inoculated seedlings generally show higher fresh weight than MOCK, demonstrating the
growth-promoting effects of candidate bacteria, particularly under saline stress

unique ecosystems stabilize shorelines by trapping
sediments with their complex root systems, reduc-
ing erosion, and mitigating the impact of storm surges.
Mangroves also enhance water quality by filtering pol-
lutants and provide critical habitat for a diverse array of
marine and terrestrial species, contributing significantly
to coastal biodiversity. Their ability to sequester carbon
further underscores their importance in combating cli-
mate change [43-45]. The feature of mangrove resilient
to an extreme environment highlighted by their unique
microbiome communities of a combination of marine
and terrestrial microbes. The diverse microbial com-
munities associated with mangrove roots, soil, and sedi-
ments, play a pivotal role in maintaining the health and
resilience of mangrove ecosystems [46]. To elucidate the
ecological importance of the microbiome in the man-
grove ecosystem, we investigated the microbial diversity
and functional potential of the A. marina microbiome
across different compartments on the Red Sea shore and
correlate with physical and chemical properties of the
soil. Elemental analysis revealed the presence of various
metals in the bulk soil and plant compartments, reflect-
ing both natural and anthropogenic influences. The accu-
mulation of metals such as Ag, Cr, Ni, As, and V in roots
and Ti, Al, Sr, Ba, and Li in leaves suggests that A. marina
has mechanisms for metal uptake and translocation. This
metal accumulation indicates potential phytoremediation
capabilities, where mangroves could be used to reme-
diate contaminated soils and water. However, the eco-
logical implications of metal accumulation need careful
consideration, as excessive metal levels could adversely
affect plant health and ecosystem functions. The ability
of mangroves to tolerate and accumulate metals high-
lights their ecological resilience and potential use in bio-
remediation strategies [47]. Notably, the Rhizosphere and
Rhizoplane exhibit significantly lower sodium content
compared to other compartments, suggesting poten-
tial mechanisms regulating sodium concentrations or
unique microbial interactions. These compartments also
display higher bacterial diversity (Figs. 1 and 5), indi-
cating a diverse range of species with potential special-
ized functions that may contribute to plant health and
stress tolerance. The symbiotic relationship between A.
marina leaves and endophytic bacterial communities,
particularly Proteobacteria (Fig. 1C), might play a role
in managing absorbed salts, influencing salt stress in

leaves. Additionally, increased oxygen content in roots
and leaves implies distinctive aerobic conditions. While
chemical analyses provide insights, further exploration
into specific bacterial capabilities is crucial.

Microbial diversity and its ecological implications

The microbial communities associated with A. marina
in the Red Sea region demonstrate significant compart-
mentalization, with distinct microbial populations in
the bulk soil, rhizosphere, rhizoplane, roots, and leaves.
This compartmentalization suggests specialized roles and
adaptations of microbial communities to different plant
microenvironments. For example, bulk soil and rhizo-
sphere reflects the diverse and heterogeneous microbial
populations present in these compartments. These envi-
ronments are likely subject to various external influences,
such as soil properties, nutrient availability, and environ-
mental conditions. On the other hand, specialized com-
munities in the root and leaf endospheres were observed.
The presence of unique ASVs in the root and leaf endo-
spheres indicate that these compartments harbor spe-
cialized microbial communities. This specialization may
be driven by the plant’s immune system, nutrient avail-
ability, and specific biochemical signals released by A.
marina, which select for microbes that can aid in stress
tolerance or nutrient uptake. In addition, a clear over-
lap and crosstalk between compartments is evident. For
example, in the case of microbial overlap between rhizo-
sphere and rhizoplane highlights the continuity of micro-
bial communities influenced by root exudates and their
physical proximity to the root surface. This overlap sug-
gests a gradient of microbial interactions transiting from
the bulk soil to the root surface.

Proteobacteria, the dominant phylum across all com-
partments, is known for its diverse metabolic capabili-
ties and ecological functions, including nutrient cycling,
plant growth promotion, and disease suppression [48,
49]. The high prevalence of Proteobacteria underscores
their importance in supporting A. marina health and
resilience. The rhizosphere and rhizoplane exhibited
higher bacterial diversity compared to other compart-
ments, indicating these zones as hotspots for microbial
activity and interactions. The lower sodium content in
these compartments suggests that specific microbial
processes or plant-microbe interactions are involved in
regulating sodium levels, potentially mitigating salt stress
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and enhancing plant tolerance to high salinity condi-
tions. d This finding is consistent with previous research
that emphasizes the crucial role of rhizosphere and rhi-
zoplane microbial communities in enhancing plant toler-
ance to environmental stresses [5, 9].

The consistent presence of dominant taxa like Larsen-
imonas and Bacillus across compartments indicates their
adaptability and potential importance within this ecosys-
tem. These results support the hypothesis that focused
root-associated metagenomic analyses effectively unveil
compartment-specific compositions, emphasizing the
utility of fine-scale monitoring in understanding micro-
bial diversity and potential functionalities [17, 50].

The lower a-diversity of roots compared to other com-
partments highlights a selective barrier at the rhizoplane,
influencing bacterial entry and potentially reducing
diversity within root microbiomes (Supp. Figure S8). The
comparative analysis showing lower richness in roots and
leaves, similar to patterns observed in A. thaliana, sug-
gests similarities in endosphere microbial diversity across
plant species [15]. This observation aligns with previous
studies which have demonstrated that the structure of
microbial communities is influenced by the plant com-
partment, the location sampled, and the identity of the
host species [51].

The higher diversity in compartments surrounding
A. marina roots and leaves implies greater variability
in these external compartments. The role of the rhizo-
plane emerges as a critical regulator controlling micro-
bial access to roots, impacting overall microbial diversity
in root-related compartments. These results highlight
the importance of precise root-associated microbiome
analyses and highlight the intricate relationships shap-
ing microbial communities within mangrove ecosystems,
crucial for understanding their resilience and ecological
roles [52-54].

Common bacterial taxa were identified in the studied
ecosystem, revealing Rhizobeacea, Halomonadaceae,
Commamonadaceae, and Bacillaceae as representatives
of the mangrove ecosystem (Fig. 2C). The presence of
sulfide-reducing bacteria in the rhizosphere underscores
their critical ecological role as anaerobic decomposers in
the mangrove environment [45]. These microbes facilitate
the breakdown of organic sulfur compounds, a process
that not only detoxifies sulfide—a common byproduct of
anaerobic respiration—but also releases essential nutri-
ents, such as iron and phosphorus. These nutrients are
crucial for the growth and metabolic functions of vari-
ous organisms within the mangrove ecosystem, support-
ing both microbial and plant health [43]. Moreover, the
adaptability of these microbial communities reflects their
sophisticated mechanisms for coping with the unique
and often harsh conditions of mangrove habitats, such as
fluctuating salinity, oxygen limitation, and high organic
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matter content. The taxonomic composition of A. mari-
na’s bacterial community further emphasizes the role of
these microbes in enhancing the resilience of mangroves
to environmental stressors [44]. This microbial resil-
ience likely contributes to the stability and productivity
of mangrove ecosystems, aiding in nutrient cycling, stress
tolerance, and overall ecosystem sustainability. These
findings highlight the intricate relationships between
mangroves and their associated microbial communities,
suggesting that the functional capabilities of these bacte-
ria are integral to the persistence of mangroves in chal-
lenging coastal environments [46].

Our study supports the hypothesis that environmen-
tal factors such as salinity and nutrient availability are
primary drivers of microbial community structure and
function in the rhizosphere. These findings are consistent
with other research showing that the functional profiles
of microbial communities are significantly influenced
by local environmental conditions. On the other hand,
the endophytic bacterial community structure is shaped
principally via host plant-based needs [6, 27].

Bacterial diversity and compartment specificity

Beta diversity analysis using Principal Coordinates Anal-
ysis (PCoA) and Non-metric Multidimensional Scal-
ing (NMDS) demonstrated a clear separation between
microbial communities of different compartments. The
clustering of samples from bulk soil and rhizosphere
(Fig. 2D and Table S6), and their distinction from root
and leaf samples, underscores the compartment-specific
microbial assemblages. This is consistent with previous
studies showing that plant compartments harbour dis-
tinct microbial communities influenced by factors such
as nutrient availability, root exudates, and environmental
conditions [55, 56]. Our findings revealed distinct bacte-
rial diversity in the rhizosphere, likely due to the selec-
tive influences of the roots. The roots appear to create a
unique microenvironment through their exudates, which
selectively attract and sustain specific bacterial commu-
nities. This selective pressure results in a rhizosphere
microbial community that differs significantly from that
of the bulk soil, highlighting the important role of plant-
microbe interactions in shaping microbial diversity and
function in the rhizosphere. This selective process might
attract specific bacterial types while reducing the abun-
dance of other groups within the rhizosphere environ-
ment [57]. Root exudates should select bacterial groups
in the rhizosphere. Hence, changes in the exudates at dif-
ferent stages of A. marina growth could alter the compo-
sition and abundance of bacterial groups. It was reported
earlier that mangrove roots reduced phenol oxidase but
increased hydrolysates, which are related to the miner-
alization of important nutrients such as N and P [56] in
the rhizosphere and rhizoplane [58]. In line with these
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data, PCoA results exhibited a distribution pattern of
the microbial communities from different compartments
showing closer relative distances except for rhizosphere
and leaves. On the contrary, there was a clear difference
between the microbiome of leaves and rhizoplane and
the different microbiomes of root, bulk soil and rhizo-
sphere (Fig. 2D). The NMDS data indicated differences
among the compartments which was further supported
by the MRPP test (Table S5) and ANOSIM, P<0.01
(Fig. 2E and Figure S8). The distinct microbial commu-
nities observed in the root and leaf endospheres likely
reflect the specialized roles these microbes play in plant
health, such as promoting growth, enhancing salinity tol-
erance, or protecting against pathogens. In contrast, the
more diverse and variable communities in the bulk soil
and rhizosphere suggest a broader range of ecological
functions, including nutrient cycling and organic matter
decomposition, influenced by environmental factors like
salinity and soil texture [59, 60].

Mangrove ecosystems: biomarker taxa analysis
Understanding microbial community dynamics is crucial
for grasping how Mangrove ecosystem’s function. Man-
grove microbial communities constantly change due to
environmental factors which ultimately influence ecosys-
tem functioning and resilience. Through detailed analy-
ses such as identifying biomarker taxa and conducting
LDA assessments, we aimed to uncover the mechanisms
driving these changes. All LDA scores exceeded 4.0, indi-
cating reliability in identifying biomarker taxa (Fig. 3A).
The number of biomarker taxa decreased with increas-
ing diversity. Dynamic compartments like the rhizo-
sphere and rhizoplane had fewer unique taxa (6 taxa with
LDA>4.0) compared to other compartments (twice as
many with LDA >4.5). Notably, Acidimicrobiia and Rho-
dothermia were abundant in bulk soil. These bacteria are
known for producing organic acids that are beneficial for
plant growth. Enriched taxa in roots included Burkhold-
eriales, Rhizobiales and Pseudomonadales, contributing
to nutrient cycling and nitrogen assimilation. Lower LDA
scores in root biomarkers may stem from host-specificity
and plant developmental stages. Leaves exhibited enrich-
ment of Salinisphaera, Lactobacellales and Pseudomonas,
indicating adaptation to salinity and nutrient limitations.
Bacillus and Desulfobacterota were prominent in the rhi-
zosphere, contributing to nutrient cycling and adaptation
to harsh environments. These bacteria could facilitate the
growth of A. marina under limited nutrient conditions
such as nitrogen and phosphorus, as proved earlier [11].
In the rhizoplane, Ralstonia solanacearum and Rhizo-
boiales were significant biomarkers. Those enriched taxa
usually denitrify oxidized N compounds such as Nitrate
NO~2 (or Nitrite NO™?) into atmospheric N, under low
oxygen or aerobic conditions. Nitrate depletion causes an
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increased N demand, which may lead to increased com-
petition between plants and soil microorganisms [61].
Beneficial bacteria like Bacillus in soils may suppress
pathogenic bacteria from entering roots. Significant dif-
ferences were observed between roots and leaves in the
abundance of certain taxa, highlighting compartment-
specific microbiome dynamics.

In addition, the biomarkers in the root with lower LDA
scores might be due to the host-specificity of roots and
leaves [62], which is highly dynamic and mainly influ-
enced by the plant developmental stage compared to the
rhizosphere and bulk soil-related communities [63]. Fur-
thermore, the highly enriched taxa in leaves were Sali-
nisphaera, Lactobacellales and Pseudomonas (Fig. 3A
and B-2). LEfSe showed that Bacillus and Desulfobacte-
rota are the most significant biomarkers and the highest
taxon level in the rhizosphere. Desulfobacterota reduces
sulfate to sulfite the main limiting elements of the A.
marina growth, along with C and N [64]. Some Desulfo-
bacteria were found in the sediments of mangroves and
aerobically autotroph plants at 25-30 cm depth. This
bacterial group is considered as a keystone taxon for the
mangrove microbiome [65, 66]. Bacillus is considered
a healthy mangrove soil indicator, and their ubiquity
might be due to the ability to form endospores to adapt
to harsh environments. Bacillus also enhances the pres-
ence of ammonia-oxidizing bacteria (AOB) in the soil,
such as Nitrosospira and Nitrosomonas [67], and the Dis-
similatory Nitrate Reduction to Ammonia (DNRA) [50].
In summary, the data on the microbiome of A. marina
within the mangrove ecosystem aligns with the broader
understanding of mangrove microbiomes worldwide.
These similarities emphasize the importance of microbial
communities in shaping mangrove ecosystem dynamics,
supporting plant health, nutrient cycling, and adapta-
tion to environmental stressors e.g. salt stress, and heavy
mental contamination, thus contributing to the sustain-
ability and resilience of mangrove ecosystems.

Novel insights and applications

The comprehensive collection of 256 bacterial strains
isolated from A. marina represents a highly valuable
resource for agriculture, industry, and ecological restora-
tion. Their exceptional halotolerance and thermophilic
capabilities make them ideal candidates for biotechno-
logical applications in extreme environments, ensuring
robust performance under stress conditions [46]. The
uniqueness of this collection lies in its blend of terrestrial
and marine bacteria, adapted to thrive in the mangrove
ecosystem’s dynamic intertidal environment. This dual
adaptability allows for the exploration of microbial func-
tions across different ecological niches, offering insights
into their versatile metabolic capabilities.
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The dominance of genera such as Bacillus, Pseudomo-
nas, and Halomonas aligns with their known capabili-
ties for plant growth promotion and bioremediation. The
functional assays further confirmed the ability of these
isolates to produce plant hormones, degrade organic pol-
lutants, and enhance nutrient availability, corroborat-
ing their ecological roles in the mangrove microbiome.
Moreover, the bacterial community composition varied
across different compartments, encompassing over 70
bacterial phyla (Fig. 5 and Figure S12).

In comparison to the culture-independent microbi-
ome data, we succeeded in recovering many the bacterial
groups with recovery rate of 56%, including Proteobac-
teria, Firmicutes, Bacteroidota, and Actinobacteriota
(Fig. 6A, Figure S7) except for Desulfobacterota, Bdel-
lovibrionota, and Acidobacteriota. The absence of these
phyla ( Figure S14) is due to the difficulty in cultivating
those bacteria [68, 69]. The relative abundance profiles
of the major cultural bacterial groups differ in bulk soil
and other mangrove compartments. Additionally, the
complexity decreases from the rhizosphere to the roots.
Cultural as non-cultural approaches showed a high abun-
dance of Proteobacteria, mainly Microbulbifer (35%) in
bulk soil, Halomonas (24%) and Vibrio (15%) in the rhizo-
sphere, and Larsenimonas (70%) in the roots (Figure S12)
indicating a selection pressure of functional traits, mainly
siderophores and pectinase producers with 85% posi-
tive strains, respectively (Fig. 5; Table 1). Those bacteria
might play a role in increasing the amount of Fe needed
for healthy plant growth and catalysing the degradation
of pectin polymers in the plant cell walls [70], facilitating
bacterial root colonization.

Secondly, Firmicutes, mainly Halobacillus in bulk soil
(18%) and Rhizoplane (5%), while Bacillus (5%) in the
rhizosphere (Figure. S15), were also found to largely pro-
duce siderophores, pectinases, and proteases (Dataset).
Therefore, these genera may facilitate the biodegrada-
tion of organic material in soil. Thirdly, Actinobacteri-
ota, represented by Isoptericola in bulk soil (18%), 4% in
rhizosphere, 2% in rhizoplane, and 4% in roots, were less
abundant in the rhizosphere and rhizoplane (Figure
S12- B and C). These bacteria are involved in phosphate
uptake and the degradation of cellulose, hemicellulose
and chitin [6, 71]. Noteworthy, it has been revealed that
ACC deaminase-producing strains of Isoptericola and
Bacillus stimulated the growth of the host plant and
influenced flavonoid accumulation [72], which is known
for stress alleviation [73]. The least abundant group
were Bacteroidota, such as Neptunitalea, mainly found
in the rhizosphere and rhizoplane (Dataset). This group
of bacteria is known to play a pivotal role in denitrifica-
tion and organic carbon degradation [71]. Proteobac-
teria dominated the Mangrove bacterial collection and
exhibited predominantly positive traits for siderophore
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and pectinase hydrolase (~85% for both traits). However,
other Plant Growth-Promoting (PGP) traits such as pro-
teases (38.3%), cellulases (22.3%), and phosphate solubili-
zation (3.5%) were notably lower.

Showcase and application prospective

Using the culture-dependent mangrove library, we aimed
to harness the potential of beneficial mangrove-associ-
ated bacteria to combat salt stress tolerance of plants. To
achieve this, we subjected Arabidopsis to 100 mM NacCl,
a condition known to strongly inhibit plant growth. Out
of a total of 77 isolates selected for testing on A. thaliana
under normal or salt-stress conditions, 42 showed signifi-
cant enhancement of growth, demonstrating a beneficial
increase of more than 20% compared to the control in the
presence of % MS with 100mM NaCl (Table S7).

Eleven isolates (AK031, AK116, AK157, AK164,
AK171, AK181, AK185, AK223 and AK255) enhanced
the FW under normal or salt conditions (Dataset and
Fig. 7). Previous studies have shown that bacteria isolated
from mangrove sediments, such as Halomonas, can help
alleviate plant stress tolerance under salinity and heavy
metal stress conditions. This suggests that mangroves
and associated bacteria may have potential applications
in sustainable trials for phytomanagement and bioreme-
diation [47].

The aquatic Pseudoalteromonas has been applied as
coral probiotics, protecting the host against pathogens
and heat stress. This might be due to biosynthetic gene
clusters (BGCs) encoding ectoine, T2SS, and T8SS [74].
The Actinobacteriotal strains AK157 (D. activiva), AK164
[42], AK225 (1. chiayiensis) can solubilize phosphate and
carbohydrate hydrolysis by extracellular enzyme produc-
tion, such as degradation of cellulose, hemicellulose, and
chitin [71], which may contribute to both plant growth
and salt tolerance. The beneficial effect of T. mobilis
AK171 [75] and AK185 strains might be due to the ability
of this group of bacteria to produce an antibiotic agent
called tropodithietic acid (TDA), which enhances micro-
algal health by killing pathogens [76].

In the other part of the experiment, the 5 days old
seedlings were transferred to a submerged disc media to
mimic the waterlogging and salinity stress (100mM) to
further shorten the list of our candidates as stress alle-
viators of A. thaliana. By this method, only four out of
the 11 previous candidates significantly increased the
fresh weight of inoculated (A) thaliana seedlings com-
pared to non-inoculated plants (Table 12; Figs. 43, 44,
45 and 46). Those strains included Firmicutes (AK031,
(B) seohaeanensis; AK116, H. locisalis), an actinomy-
cete (AK164), as well as two Proteobacteria (Roseobacter
sp. AK171, T. mobilis, Pseudoalteromonas AK181 and
AK223 P azotoformans). B. pumilus FAB10 proved to
possess high salt tolerance and PGP traits and considered
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as a PGPB of salinity-treated wheat (Triticum aestivum)
seeds [77]. Research has shown that halotolerant bacte-
ria such as Hallobacillus sp. SL3 and Bacillus halodeni-
trificans PU62, both isolated from saline environments,
possess significant potential to enhance plant growth
under conditions of saline stress [78] These bacteria exert
their beneficial effects primarily through the produc-
tion of indole-3-acetic acid (IAA) and siderophores. The
promotion of the growth in the Isoptericola sp. AK164
-inoculated A. thaliana plants in both normal and stress
conditions might be due to the ability to produce ACC
deaminase to alleviate stress [42, 72].PGP trait analysis
showed that AK171 could produce siderophores (iron
chelators), pectinase, and IAA. Iron chelators produced
by this strain help lower ethylene levels in developing
plant roots, resulting in increased root growth [79, 80].
Pectinase is also essential for endophytes to facilitate
the entry into plant tissues [81], and both pectinase and
cellulase activity are positively correlated with salt and
osmotic tolerance, indicating the importance of these
properties in survival and colonization [82]. Another
indirect promotion of plant growth by AK171 might
stem from its ability to produce siderophores, as revealed
for siderophore-producing P. putida, in which a greater
translocation of iron from roots to the grain emphasizes
the importance of siderophores in the beneficial bacte-
rial-rice interaction [83].

Interestingly, despite the presence of a large number
of bacteria with potential growth promotion, the PGP
test strain scoring did not strongly correlate with plant
growth promotion or salinity stress alleviation. This dis-
crepancy might stem from several factors, including
insufficient growth enhancement or stress alleviation,
potential incompatibility in plant colonization, or a lack
of host genetic affiliation between PGP bacteria and the
plant host. Studies suggest that while gene clusters indi-
cating potential PGP functions are informative, they do
not necessarily predict a strain’s capability to promote
plant growth under abiotic stress conditions [9, 42, 84,
85]. It becomes increasingly clear that the recruitment
of endophytic bacteria by plants is determined not solely
by the taxonomy but more significantly by the functional
bacterial traits required by the plants, such as salt toler-
ance in our case. This understanding underscores the
importance of selecting microbial strains based on their
functional capabilities rather than just their genetic
potential. The observed PGP traits and stress tolerance
abilities of these isolated bacteria highlight their potential
contribution to plant growth promotion and their adapt-
ability to diverse environmental conditions, including
saline, drought, and thermophilic ecosystems.

Combining in-plant screening with PGP trait assess-
ment could significantly enhance the success of selecting
the right candidates. By integrating these approaches, it
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is possible to identify bacterial strains that not only pos-
sess desirable PGP traits in vitro but also demonstrate
effective plant growth promotion and stress alleviation
in real-world conditions. This dual screening strategy can
ensure the selection of the most compatible and effective
microbial inoculants, maximizing their potential benefits
for agricultural and environmental applications.

Conclusion

Our study of the Avicennia marina microbiome uncov-
ers the intricate relationships between mangrove plants
and their associated microbial communities, character-
ized by distinct assemblages and functional traits across
various plant compartments. These traits reflect adaptive
strategies for thriving in saline environments. The diverse
collection of bacteria, particularly from the rhizosphere,
rhizoplane, and endophytes, showcases significant plant
growth-promoting (PGP) traits and stress tolerance
capabilities, underscoring the importance of functional
attributes, such as salt tolerance, in bacterial recruitment
over taxonomic affiliation. Notably, our findings are sup-
ported by research demonstrating that mangrove-derived
microbes have been successfully applied to enhance
growth and stress resilience in various non-mangrove
plant systems. This success underscores the potential
of these microbes to serve as effective biofertilizers and
agents for bioremediation in diverse agricultural con-
texts. As we continue to explore these applications,
extensive field trials and scalability studies will be essen-
tial to fully harness the power of the mangrove microbi-
ome for broader agricultural and ecological benefits.
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