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Abstract

Curcuma longa (turmeric) is a globally significant medicinal and culinary crop, prized for its bioactive
rhizomes rich in pharmacologically active compounds. Despite its importance, the rhizome-associated
microbiome, particularly the endophytic bacterial species, remains poorly characterized in tropical soils.
These endophytes may play critical roles in enhancing rhizome bioactivity and plant resilience to
stresses that commonly limit productivity. Although endophyte-derived microbial inoculants have
garnered increasing attention, their success has often been constrained by the use of non-native strains
poorly adapted to local agroecological conditions. Here, we characterize and identify isolated native
endophytic bacteria from turmeric rhizomes with the potential to enhance rhizome bioactivity under
stressed conditions. Six potential bacterial strains were characterized and identified via full-length 16S
rDNA sequencing as Pseudomonas putida (CaTb1), Priestia megaterium (CeDs1), Brevundimonas
bullata (CeNk1), Pseudomonas syringae (KbNk1 and GINk1), and Leucobacter aridicollis (CeBe1). These
bacterial strains exhibited tolerance to high salinity (15% NaCl), acidity (pH 4), and aluminum toxicity
(100 mM Al3+). All strains produced 1-aminocyclopropane-1-carboxylate (ACC) deaminase and ammonia,
while phosphorus solubilization was observed only in Pseudomonas species. Indole-3-acetic acid (IAA)
was produced by P, syringae and L. aridicollis. All strains expressed catalase, urease, gelatinase, and
most produced protease, with cellulase and amylase production seen in select strains. Additionally, all
isolates demonstrated arginine and ornithine decarboxylase activities, indicating biostimulant potential.
Given these characteristics, the selected endophytes—excluding the pathogenic P, syringae—represent
promising candidates for development of microbiome-based products as biofertilizers/biocontrol agents
to sustainably boost plant bioactivity, production, and stress resilience in tropical agricultural systems.

1. Introduction

Curcuma longa (turmeric) is a globally significant medicinal and culinary crop, “the golden spice of life,”
valued for its bioactive rhizomes. It is a perennial herbaceous plant of the Zingiberaceae family, native to
South Asia, particularly India, and cultivated for its underground rhizome (Dhakre and Sharma 2009). The
medicinal properties of C. longa are primarily attributed to its bioactive compounds, particularly
curcuminoids and sesquiterpenoids in the rhizomes. Among these, curcumin—the principal curcuminoid
—is well recognized for its potent antioxidant, antimicrobial, and anti-inflammatory activities and has
also demonstrated therapeutic potential against cancer and HIV (Iweala et al. 2023).

C. longais mainly cultivated in tropical and subtropical regions for its rhizomes that grow below the soil,
producing rhizomes 2.5-7.0 cm long and 2.5 cm thick (Iweala et al. 2023). The production of C. longa
rhizomes is often limited by a range of abiotic and biotic constraints, including poor soil fertility, salinity,
soil acidity, aluminum toxicity, drought stress, and infections caused by pathogens such as Pythium,
Fusarium, and Rhizoctonia spp., all of which can significantly reduce yield and rhizome quality (Cardoso
and Kuyper 2006; Bationo and Waswa 2011; Adesemoye and Egamberdieva 2013; Kumar et al. 2016;
Deshmukh et al. 2018; Iweala et al. 2023). To adress this challenge, chemical inputs have been widely
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used to improve tumeric growth but with negative consequences for human health and environment
(Bationo and Waswa 2011; Adesemoye and Egamberdieva 2013; Jabborova et al. 2021).

Harnessing the beneficial properties of plant-associated microorganisms for microbiome-based
solutions is important either to increase environment-friendly crop quality and yields, stimulate
assimilation of soil nutrients, act as abiotic stressors and promoters of drought tolerance, control plant
diseases or pests (Nwaga et al. 2010), or adapt plants to appropriate growth conditions (Deshmukh et
al. 2018). Bacteria that promote plant growth, collectively known as plant growth-promoting
rhizobacteria (PGPR), have been documented across diverse agricultural systems (Khan et al. 2023). A
critical factor underlying the success of PGPR is their ability to effectively colonize the plant’s
rhizosphere, rhizoplane, or root interior (Vacheron et al. 2013). Among these, certain bacterial strains are
capable of penetrating root tissues and establishing stable endophytic populations. These endophytes
not only demonstrate adaptability to the internal root environment but also confer functional benefits to
their host plants, such as improved growth and stress tolerance (Nwaga et al. 2010; Adesemoye and
Egamberdieva 2013).

The characterization and molecular identification of beneficial bacterial endophytes associated with C.
longa (turmeric) are of growing interest due to the plant’s dual role as a high-value medicinal crop and a
culturally significant food ingredient. Although C. longa has been studied to some extent, most
endophyte research within the Zingiberaceae family has focused on other species, limiting our
understanding of its rhizome microbiome (Khan et al. 2023; Misrahanum et al. 2025). Endophytic
bacteria inhabiting turmeric rhizomes may contribute to plant health by promoting growth, enhancing
nutrient uptake, and improving tolerance to abiotic and biotic stresses (Cardoso and Kuyper 2006;
Deshmukh et al. 2018; Sontsa-Donhoung et al. 2022). Moreover, these endophytes can influence the
biosynthesis of key secondary metabolites such as curcumin, which holds therapeutic and commercial
value for humans and one health (Adesemoye and Egamberdieva 2013; Deshmukh et al. 2018; Sontsa-
Donhoung et al. 2022).

Despite growing interest in microbiome-based solutions for sustainable agriculture, the development of
microbial inoculants has largely relied on non-native, lab-cultured strains with limited ecological
compatibility (Adesemoye and Egamberdieva 2013). Previous studies have isolated effective native
bacterial endophytes for crops such as oil palm, maize, and sorghum (Fankem et al. 2006; Maimouna et
al. 2016). However, these studies did not identify the specific species responsible for the observed crop
improvements, nor did they focus on rhizomatous plants like C. longa. Yet, we remain far from fully
understanding which microbial inoculant species can reliably enhance plant growth. Zhou et al. (2024)
demonstrated that microbial consortia constructed from native core soil microbiomes consistently
outperform non-native inoculants in colonization efficiency, ecological persistence, and functional
capabilities such as nitrogen fixation, phosphorus solubilization, and indole-3-acetic acid (IAA)
production. These insights are directly relevant to C. longa, whose rhizome-associated endophytic
bacteria remain undercharacterized, particularly in tropical agroecosystems. While research on C. longa
has predominantly focused on rhizosphere-associated bacteria, its internal endophytic microbial
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communities—which may offer greater specificity and functional synergy with the host—have received
comparatively less attention.

A few studies have identified bacterial endophytes from C. longa rhizomes, including Paenibacillus sp.,
which is known for IAA production and stress mitigation, and Pseudomonas aeruginosa, which has
shown strong biocontrol potential against rhizome rot and leaf blight pathogens, as reviewed in
Thankam and Manuel (2023); Khan et al. (2023); Misrahanum et al. (2025). However, the identity and
PGP traits of these endophytes often vary across agro-ecosystems, reflecting the influence of local
environmental conditions on their potential. This variation underscores the need for location-specific
characterization of C. longa endophytes to fully harness their agricultural and biotechnological potential.
However, traditional top-down approaches, which apply commercially available or model strain-based
inoculants, often rely on non-native microorganisms that fall short of adapting to specific soil
environments or establishing effective plant-microbe interactions (Zhou et al. 2024). In contrast, bottom-
up strategies focused on isolating, characterizing, and identifying native microbiomes offer a more
ecologically grounded alternative (Zhou et al. 2024). Native endophytes of C. longa are likely to be better
adapted to local conditions and plant physiology, thereby enhancing growth, nutrient uptake, and stress
tolerance (Adesemoye and Egamberdieva 2013; Deshmukh et al. 2018; Sontsa-Donhoung et al. 2022).
The integration of such bottom-up approaches holds promise for the development of more effective,
locally tailored bioinoculants that can address the limitations of generalized top-down solutions. The aim
of this study was to characterize and identify beneficial native bacterial endophytes from C. longa
rhizomes to support the development of effective, locally adapted bioinoculants for sustainable turmeric
production in tropical agroecosystems.

2. Material and methods

2.1 Selected biological material

Six endophytic strains from the bank of the Biotechnology Centre of the University of Yaoundé | were
used in this study. According to Sontsa-Donhoung et al. (2021), they were previously isolated from
Curcuma longa rhizomes that were obtained in the greenhouse of the University of Yaounde |
(Cameroon). The soils used for this greenhouse cultivation originated from three distinct agro-ecological
zones representative of tropical environments zone 2 (for CICaTb1), zone 3 (for ClCeDs1), and zone 4
(for CICeNKT1, CIGINKT1, CIKbNKT1, and ClCeBe1) (Sontsa-Donhoung et al. 2021). These zones reflect the
environmental diversity typical of tropical soil systems, including variations in acidity, nutrient content,
and climatic stress (Sontsa-Donhoung et al. 2021). These endophytes were selected based on their
demonstrated potential to enhance plant growth, rhizome yield, curcumin content, reduced glutathione
levels, total thiols, and carotenoids in turmeric (Sontsa-Donhoung et al. 2022).

2.2 Molecular analysis of bacterial endophytes

Bacterial genomic DNA extraction:
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Genomic DNA was extracted from fresh bacterial cultures that had been in LB broth for 18 hours.
Mechanical cell lysis was performed using bead beating for 1 min with the Mini Bead Beater-8
homogenizer (BioSpec, Bartlesville, OK, USA) in order to improve DNA extraction. The bacterial DNA was
then extracted using the High Pure PCR Template Preparation kit (Roche Life Science, Mannheim,
Germany). The SpectraMax® QuickDrop™ Micro-Volume Spectrophotometer (Molecular Devices, San
Jose, CA, USA) was used to quantify DNA(Boiu-Sicuia et al. 2023).

Bacterial strain identification using full-length 16 S rDNA gene sequencing

The endophytic bacterial strains were identified at the species level based on the highly conserved 16S
rDNA region. For this scope, the bacterial universal primers 27F (5-AGAGTT TGA TCC TGG CTC AG-3")
and 1492R (5-ACG GCT ACC TTG TTA CGA CTT-3") were used to amplify the 16S rDNA sequence (Zhou
et al. 2022). The PCR was performed in a 25 pL reaction volume with 20 ng of template DNA. The PCR
mix contained 1X buffer, 2 mM MgCl,, 0.2 mM dNTPs (Thermo-Scientific, Baltics, UAB, Vilnius,
Lithuania), 0.5 uM of each primer, and 0.25 U of MangoTaq DNA Polymerase (BioLine, London, UK), all
mixed in MilliQ water. The thermocycling parameters begin with an initial denaturation step at 94°C for 5
minutes, followed by 30 cycles of denaturation at 94°C for 0.5 minutes, annealing of the primers at 55°C
for 0.5 minutes, and elongation at 72°C for 1 minute, followed by a final elongation step conducted at
72°C for 10 minutes. The PCR products were revealed through agarose gel electrophoresis, then purified
and sequenced through the Sanger dideoxy sequencing method by CeMIA (Cellular and Molecular
Immunological Applications, Greece) (Sanger et al. 1977).The partial sequences obtained with forward
and reverse primers were aligned using the BioEdit Sequence Alignment Editor program. The assembled
sequences were further subjected to online NBLAST (Nucleotide Basic Local Alignment Search Tool)
software available from the National Center for Biotechnology Information (NCBI) for taxonomic
identification based on the sequence’s similarity with other microorganisms found in the NCBI database.
The phylogenetic analysis was performed using MEGA Xl software (Kumar et al. 2018), and the 16S
rDNA sequence’s alignment was made with ClustalW, while the phylogenetic tree was built using the
Neighbor-Joining method (Saitou and Nei 1987).

2.3 Physiological characterization of bacterial endophytes

Abiotic stress tolerance tests against varying pH, salt, and aluminum levels were performed on each
isolate (Kumar et al. 2016). The test cultures were subjected to a range of salt stress growth conditions,
from 7.5 to 15% NaCl incorporated nutrient agar (NA). After spot-inoculating the test endophytes onto
the plates and incubating them for 48 hours, the growth was noted. A pH meter was used to modify the
medium for the stress tolerance study on pH (6 to 4). Growth was recorded after test cultures were
inoculated and incubated for 48 hours. At 50 mM, 75 mM, and 100 mM of AI** NA plates inoculated with
test organisms, the tolerance to aluminum stress was investigated. Growth was observed while the
plates were incubated for 48 hours.

2.4 Plant growth-promoting traits of bacterial endophytes
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Phosphate solubilization: In order to test microorganisms for phosphate solubilization, the method
outlined by Jasim et al. (2013); Kumar et al. (2016) was used. Bacteria were cultivated on solid NBRIP
medium (1% glucose; 0.5% Cag (PO,4),; 0.5% MgCl,; 0.01% (NH,),S0,; 0.025% MgS0,.7H,0; 0.02% KCl;
1.5% agar; pH 7+0.2), where growth is associated with the ability to use inorganic phosphate in the form
of Cas(P0O4), as the sole phosphate source. Plates were grown at 28°C for 5 days. A clear zone around
the bacterial colony indicates phosphorus solubilization. Solubilization index (SI) estimation was
determined according to the formula Sl = Z+n/n, where Zis the diameter of the clear zone and nis the
diameter of the colony (Ullah et al. 2018).

Indole: For indole production, peptone water (peptone 10g/L; NaCl 5g/L, Na,HPO, 3.5g/L,

KH,PO, 1.5g/L, pH 7+0.2) was prepared and distributed in sterile test tubes, inoculated with bacteria,
and incubated at 30°C for 2 days. A few drops of Kovac'’s reagent were added for revelation. The
development of a red ring on the surface of the tubes indicates the presence of indole (Marchal et al.
1982). The optical density at 530 nm was measured using a spectrophotometer (Marag and Suman
2018).

ACC deaminase: The ACC deaminase production of bacteria was screened using the methods described
by Jasim et al. (2013). The isolates were inoculated onto DF salts minimal medium (KH,PO, 4 g/L,
Na,HPO, 6 g/L, MgS0,,7H,0 0.2 g/L, FeS0O,,7H,0 0.1 g/L, boric acid 10 pg/L, MnSO, (Il) 10 pg /L, ZnSO,
70 pg /L, CuSO, 50 pg/L, molybdenum (VI) oxide 10 pg /L, glucose 2 g/L, gluconic acid 2 g/L, citric acid
2 g/L, agar 12 g/L, pH 6.8) supplemented with 0.2 % (NH,),SO, (w/v). The test endophytes were
incubated for 2-5 days, and the growth was recorded as a positive result.

Ammonia Production: For ammonia production, bacteria cultures were grown in peptone water and
incubated for 2-5 days at 30°C to determine the ammonia production potential. After the addition of
Nessler’s reagent, the development of a yellow to brown color indicated positive activity (Marques et al.
2010).

2.5 Plant protection traits

Catalase: The 24h old bacterial colony was mixed with a drop of 3% hydrogen peroxide on a glass slide
by using a sterile toothpick. The formation of bubbles was considered positive for catalase activity (Ullah
et al. 2018).

Cellulase: Bacteria were cultured in the center of a cellulose-based medium (10g carboxymethyl
cellulose (CMC); 0.5g NaCl; 1g KH,P04; 0.5g MgS0,.7H,0; 0.01g MnS0,.H,0; 0.3g NH,NO3; 0.01g
FeS0,.7H,0; 12 g agar per liter of distilled water; final pH 7.0) (Ariffin et al. 2006). At the end of the

incubation, the medium was flooded with an aqueous solution of Congo red (0.1% w/v) for 30 minutes.
The Congo Red solution was then drained, and the plates were treated by immersion in T M NaCl for 30
minutes. The formation of a clear zone of hydrolysis indicates cellulose degradation.
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Protease: Fresh cultures of bacterial isolates were plated on the center of skim milk agar (15g skim milk;
0.5g yeast extract; 9.3g agar; final pH 6.8 + 0.2) and incubated for 5 days. Colorless halo zones around
the colonies were indicative of protease production (Ullah et al. 2018).

Urease: An overnight culture of bacterial isolates were plated on the surface of Christensen'’s urea agar
(1 g/L peptone, 5 g/L NaCl, 1.2 g/L Na,HPO,, 0.8 g/L KH,PO,4, 1 g/L glucose, 20 g/L urea, 0.012 g/L
phenol red, 15 g/L agar, pH 6.8-7.0). The plates were incubated at room temperature (28 + 2 °C) for 24—
48 h. Distinct colonies with a bright fuchsia color appearance around the colonies indicating urease
activity (Leeprasert et al. 2022).

Gelatinase: Bacteria were grown for three days on gelatin agar medium containing 5 g/L peptone, 3 g/L
beef extract, 4 g/L gelatin, and 18 g/L agar. After incubation, plates were flooded with 15% HgCl, in 20%
HCI solution as a protein precipitating agent. Mercuric chloride solution reacted with gelatin and
produced a white precipitate, revealing clearing zones of protein degradation. Enzyme activity was
quantified by measuring the clearing zones that indicated the extracellular protease activity. Semi-
quantitative estimation was possible using the following formula: EA = D-d, where D is the diameter of
the clearing zone and dis the microbial colony diameter (Hasan et al. 2013).

Amylase: Bacteria were grown on NA + 2% starch and incubated at room temperature until microbial
growth was observed. After microbial growth, a solution of Lugol's was added to the plate. The presence
of a yellow halo indicates a positive test.

2.6 Arginine and ornithine-decarboxylase activities

They were evaluated for plant stimulation. Arginine-decarboxylase as well as ornithine-decarboxylase
activities were performed on solid media (5g/L bacto-peptone, 5g/L beef extract, 0.5g/L glucose, 5mg/L
pyridoxine, 20mg/L phenol red and 18g/L agar to one liter of distilled water, final pH 6.0) containing 0.2%
L-arginine hydrochloride or 0.2% L-ornithine hydrochloride, respectively (Sicuia et al. 2015). The
enzymatic activity can be evaluated after one day of incubation due to the color change of the medium
from yellow to pink.

2.7 Statistical Analyses

All statistical analyses were performed using R version 4.4.1 within the RStudio environment (R Core
Team 2016). Prior to analysis, data were tested for normality and homogeneity of variances using the
Shapiro—Wilk and Levene’s tests, respectively. A one-way analysis of variance (ANOVA) was conducted
to assess differences among treatments, followed by Tukey’s post hoc test for multiple comparisons at
a significance level of p < 0.05. Distinct letters were assigned to indicate statistically significant
differences between isolates.

3. Results
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3.1. Bacterial Identification by Sequencing

On the basis of 16S rRNA gene sequence, isolates were identified (Table 1). Pseudomonas putida was
identified as the CaTb1 strain. Its partial 16S DNA sequence revealed 100% identity and query match
with the AB680123.1 strain and 44 other strains of P, putida from the NCBI database. The NCBI database
provides the P, putida CaTb1 strain's sequences under accession number PV449777. Priestia
megaterium was identified as the CeDs1 strain. Its partial 16S DNA sequence showed 100% identity and
query match with the CP045272.1 strain and 61 other P megaterium strains from the NCBI database.
The NCBI database contains the P megaterium CeDs1 strain's sequences under accession number
PV449782. Brevundimonas bullata was identified as the CeNk1 strain. Its partial 16S DNA sequence
indicated 100% identity and query match with the KX083526.1 strain and 75 other B. bullata strains from
the NCBI database. The B. bullata CeNk1 strain's sequences are available in the NCBI database with
accession number PV449786. The sequence analysis of 16S rDNA sequences of KbNK1 and GINk1
strains showed 99.5% identity and 100% query cover to Pseudomonas syringae with 94 and 92 other
strains of P, syringae from the NCBI database, including CP028490.1 and CP047267.1 strains,
respectively. The sequences of P, syringae KbNK1 and GINk1 strains can be found in the NCBI database
under the accession GenBank no. PV449792 and PV449789, respectively. Leucobacter aridicollis was
identified as the CeBe1 strain. Its partial 16S DNA sequence showed 100% identity and query cover with
the PQ187040.1 strain and 62 other strains of L. aridicollis from the NCBI database. The sequences of L.
aridicollis CeNk1 strain can be found in the NCBI database under the accession GenBank no. PV449781.

Table 1
16S rDNA sequence analysis of endophytic bacterial isolates from turmeric root
Endophytic NCBI accession Sequence Analysis
isolate number
Closest NCBI database Query Percentage
match with cover of
accession number identity
CaTb1 PV449777 Pseudomonas putida 100% 100%
AB680123.1
CeDs1 PV449782 Priestia megaterium 100% 100%
CP045272.1
CeNKkT PV449786 Brevundimonas bullata 100% 100%
KX083526.1
KbNk1 PV449792 Pseudomonas syringae 100% 99.5%
CP028490.1
CeBel PV449781 Leucobacter aridicollis 100% 100%
PQ187040.1
GINK1 PV449789 Pseudomonas syringae 100% 99.5%
CP047267.1

Page 8/26



(Table 1 here)

Using MEGA 11, the 16S rDNA sequences of the isolates and the sequences obtained from the NCBI
were phylogenetically analyzed using the Neighbor-Joining method with 1,000 bootstrap repetitions and
ClustalW alignment. Phylogenetic analysis revealed that the isolates were well clustered (Fig. 1).

(Fig. 1 here)
3.2. Physiological characterization

In this study, the tolerance assay showed that all the endophytic bacterial strains revealed a high level of
adaptation to local environment factors (Table 2). P putida (CaTb1), P megaterium (CeDs1), B. bullata
(CeNk1), P syringae (KbNk1 and GINk1) and L. aridicollis (CeBe1) exhibited high tolerance (+++) to
aluminum (AI3*+, 100 mM), acidity (pH 4), and salinity (NaCl, 15%) stress.

Table 2
Sensitivity of selected bacteria endophytes to local environmental factors
Isolates Isolate Identified as  A[3*tglerance NaCl tolerance Acidity tolerance
names (100mM) (15%) (pH 4)
CaTb1 Pseudomonas +++ +++ +++
putida
CeDs1 Priestia megaterium  +++ +++ 4+
CeNKk1 Brevundimonas +++ +++ +++
bullata
KbNk1 Pseudomonas +++ +++ +++
syringae
CeBe1 Leucobacter +++ +++ +++
aridicollis
GINK1 Pseudomonas +++ +++ +++
syringae
(-) negative (+) low (++) medium (+++) high

(Table 2 here)

3.3. Plant growth-promoting properties

ACC deaminase activity and ammonia (NH3) production were observed in all bacterial strains (Table 3).
All the endophytic strains produced indole-3-acetic acid (IAA), with the highest concentration (3.3
pg.mL™ ") recorded in P. syringae (GINk1) and the lowest (0.82 pg.mL™ ") in P syringae (KbNk1); IAA
levels in the remaining four strains fell within this range. All the strains were able to solubilize tricalcium
phosphate except B. bullata (CeNk1). Among the solubilizing strains, P syringae (KbNk1) exhibited the
highest solubilization index (4.83), followed by P putida (CaTb1) (4.25) and P, syringae (KbNk1) (4.25).
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Table 3
Plant growth-promoting properties of selected bacterial endophytes

Isolates Isolate Identified Phosphate IAA ACC NH3
names as solubilization (SI)  production production production
(g'mL™")

CaTb1 Pseudomonas 425+0.61°2 090+001¢ * +
putida T T

CeDs1 Priestia 2 50 +0.33¢ 273+015> * +
megaterium R o

CeNKk1 Brevundimonas - 251+0.09® * +
bullata T

KbNk1 Pseudomonas 425+0.122 0.82+000¢ * +
syringae T R

CeBe1 Leucobacter 3 50 + 0.20P 280+0.08 * +
aridicollis R T

GINKT Pseudomonas 4.83+0.072 3304005 * +
syringae R R

(-) negative (+) positive

(Table 3 here)
3.4. Biocontrol and biostimulating properties of bacterial
endophytes

Bacterial endophytes were screened for their biocontrol potential, focusing on the production of
extracellular enzymes (Table 4 ; Fig. 2). Catalase, urease, and gelatinase activities were detected in all
bacterial isolates. The largest gelatinase hydrolysis halo (24 mm) was observed in P syringae (KbNK1)
followed by P megaterium (CeDs1) (22 mm), whereas the smallest halo (5 mm) was recorded in B.
bullata (CeNk1). All strains produced protease except P megaterium (CeDs1). Among protease-positive
strains, P, putida (CaTb1) exhibited the largest hydrolysis halo (11 mm), while the smallest (3 mm) was
recorded for P syringae (GINk1). Amylase activity was detected only in B. bullata (CeNk1) (8.5 mm) and
P, syringae (GINk1) (4 mm). Similarly, cellulase activity was limited to B. bullata (CeNk1) (13 mm) and L.
aridicollis (CeBe1) (12.5 mm), with no production observed in the remaining isolates.
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Table 4
Enzymatic activities of selected bacterial endophytes

Isolates Isolate Cellulase Protease Urease Catalase Amylase Gelatinase
names Identified as (mm)
(mm) (mm) (mm)
CaTb1 Pseudomonas - 11+00% + + - 6+0.1¢
putida N N
CeDs1 Priestia - - + + - 29 +0.1P
megaterium -
CeNKkT Brevundimonas  13+042 10+012 * + 8.5¢ 51+11¢€
bullata o T 0.12 -
KbNk1 Pseudomonas - 4.5+ + + - 24 + (.22
syringae 0.1¢ -
CeBel Leucobacter 12.5% 9+0.4b + + - 7+0.9d
aridicollis 0.32 - -
GINK1 Pseudomonas - 34+0.2d + + 4+0.6° 13+1.2¢
syringae o - -

(-) negative (+) positive

(Table 4 here)
(Fig. 2 here)

The isolates were also screened for biostimulatory activities. All strains exhibited arginine-decarboxylase
(Fig. 3), with the highest production observed in P syringae (KbNk1 and GINk1). Based on the pink
coloration developed on specific media, all strains tested positive for ornithine decarboxylase activity
(Fig. 4), with the strongest activity with P. syringae (KbNk1).

(Fig. 3 here)

(Fig. 4 here)

4. Discussion

The endophytic bacterial strains used in this study were molecularly identified at the species level based
on sequence similarity of their 16S rDNA genes to known taxa in the NCBI database. BLAST analysis
was conducted to compare the obtained sequences with reference sequences. Given its high level of
conservation and taxonomic resolution, the 16S rDNA gene is widely recognized as a reliable and
efficient marker for the rapid identification and phylogenetic classification of bacterial species, including
differentiation at the subspecies level (Clarridge 2004). Numerous studies reported in the literature have
previously shown that Pseudomonas sp. is a plant growth-promoting bacterium (PGPB) (Taghavi et al.
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2009; Molina et al. 2020). Some strains in our study were recognized as P, putida (CaTb1 strain) and P
syringae (KbNk1 and GINk1 strains) based on the 16S rDNA sequence analysis. However, P, syringaeis
one of the best-studied plant pathogens and serves as a model for understanding host—microorganism
interactions, bacterial virulence mechanisms, and host adaptation of pathogens, as well as microbial
evolution, ecology, and epidemiology (Xin et al. 2018). Therefore, it can't be used as an inoculant in
agriculture. P putida is a plant growth-promoting rhizobacteria (PGPR) that establishes commensal
relationships with plants. The relationship includes a number of basic gene-encoded processes that
promote effective niche colonization, nutrition mobilization, and pathogen protection. Some
Pseudomonas putida strains harbor accessory genes that confer specific biodegradative properties, and
because these microorganisms can thrive on the roots of plants, they can be exploited to remove
pollutants via rhizoremediation, making the consortium plant/Pseudomonas a useful tool to combat
pollution (Molina et al. 2020). Priestia megaterium was identified as strain CeDs1. With several patents
and industrial uses in biotechnology, it is a common gram-positive strain (Biedendieck et al. 2021). P
megaterium's enormous potential for biotic/abiotic control and plant growth promotion (PGP) in
agriculture has been repeatedly shown in a variety of crops (Wang et al. 2020). By altering the root
architecture, encouraging photosynthesis, reducing oxidative and osmotic stress, and fostering systemic
resistance, P megaterium enhances plant development under salt stress, according to earlier research
(Shi et al. 2022). One of the most varied and common bacterial genera is Brevundimonas, whose species
have been isolated worldwide in a variety of environments, including soils, water, and plant roots (Kumar
and Gera 2014; Menéndez et al. 2017). Brevundimonas has the potential to be used for a wide range of
activities, including soil bioremediation (Rathi and Yogalakshmi 2021), water pollutant treatment (Wang
et al. 2015), and plant growth promotion for sustainable agriculture (Kumar and Gera 2014; Naqqash et
al. 2020). CeNk1 strain was identified as Brevundimonas bullata. Their presence as endophytes has not
been reported in turmeric. However, other species of the Brevundimonas genus have been isolated as
endophytes from various plants, specifically medicinal plants just like the study plant. These contribute
to the improvement of their capacity to produce hydrolytic enzymes, IAA and to solubilize phosphorus
(Liu et al. 2016; Zaim and Bekkar 2023). Therefore, B. bullata possesses endophytic interactions that are
beneficial to plants. The potential advantages of the endophyte Leucobacter aridicollis in agriculture
have been investigated. It has been found to reduce mycelial growth of pathogens, improve germination
rate and root development, and increase ramification number in plants (Abdul et al. 2022; Chabbi et al.
2024). The CeBe1 isolate in this study was determined to be Leucobacter aridicollis. Both species with a
broad range of host specificity and those with a restricted distribution can be considered to be
endophytic bacteria found in turmeric. These critters are even more fascinating because they are found
in a particular environment for turmeric. This is due to the fact that these strains are expected to have
particular plant growth-promoting properties.

However, microbial activity in soils is commonly limited by several abiotic stress factors, including acidic
pH, elevated temperatures, nutrient deficiencies, salinity, and the presence of toxic elements such as
aluminum and iron. Therefore, selecting microbial strains for agricultural application requires careful
evaluation of their physiological tolerance to these environmental constraints. All isolates demonstrated
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the ability to grow in the presence of 100 mM Al3+, although tolerance tended to decline as aluminum
concentrations increased. This observation is consistent with previous studies indicating that some
bacterial isolates can survive under low to moderate aluminum toxicity (Kumar et al. 2016). Salinity
represents another major challenge to global agricultural productivity, particularly in regions affected by
climate extremes and unsustainable land use practices (Wicke et al. 2011). The endophytes tested in
this study exhibited varying degrees of salt tolerance, with all strains capable of growing in media
containing up to 15% NaCl. However, growth performance varied among isolates, and tolerance generally
decreased at higher salinity levels. These results align with prior findings demonstrating high salt
tolerance among certain endophytic bacteria (Marques et al. 2010; Kumar et al. 2018). Soil acidity is also
a critical concern in tropical agriculture, where over 60% of arable land is classified as acidic (Nwaga et
al. 2010; Adesemoye and Egamberdieva 2013). The present study showed that all tested endophytic
strains could tolerate a pH as low as 4.0. However, microbial growth declined significantly at lower pH
levels, supporting earlier observations that most microorganisms are unable to thrive under extreme
acidity, such as pH 3.5 (Appunu et al. 2010). These findings highlight the potential of the tested
endophytes for application in acidic, aluminum-rich, and saline tropical soils, where conventional
microbial inoculants may fail to persist or function effectively.

Because of their ability to promote plant development, microorganisms are increasingly gaining
attention. By controlling phytohormone levels, they enhance plant development by either lowering
ethylene levels or raising the synthesis of auxins, cytokines, and gibberellins (Santoyo et al. 2016).
Additionally, they can aid in the absorption of organic nutrients. One crucial approach for using
microorganisms to promote plant development is phosphorus solubilization (Li et al. 2016). One of the
macronutrients that is needed in significant quantities to promote plant development is phosphorus.
Phosphorus is often found in the soil in an insoluble inorganic form, but it's interesting to note that
different microorganisms may change this inaccessible supply into one that plants can absorb (Fan et
al. 2018). P, syringae (GINk1) (Sl = 4.81) was found to be the plant growth-promoting bacterium with the
greatest phosphorus solubilization efficiency among all isolates in this investigation. Based on reports,
microorganisms solubilize inorganic phosphorus by lowering pH by eliminating organic acid activity, and
they solubilize organic phosphorus by producing different phosphatases, which improves plant growth
and yield.

IAA is the main phytohormone responsible for cell growth, building xylem and phloem tissues, promoting
and increasing root growth and elongation, which in turn promotes plant growth through nutrient uptake
(Vacheron et al. 2013). All the isolates produced indole in varying proportions. These results agree with
those of Ahemad and Khan (2010) and Jasim et al. (2013). In fact, Mercado-Blanco and Lugtenberg
(2014) estimated that up to 80% of rhizosphere bacteria can synthesize auxins, and Ripa et al. (2019)
reported that 56% of endophytic fungi isolated from Triticum aestivum L. can produce IAA. In addition to
IAA, ammonia production is one of the essential mechanisms for promoting plant growth (Li et al. 2016).
The ammonia produced can be taken up by plants as a nitrogen source for root and shoot elongation,
thereby promoting plant growth, or it can promote plant growth indirectly by suppressing plant
pathogens (Deepa et al. 2010; Nain et al. 2012). The study indicates that isolates produce ammonia.
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1-aminocyclopropane-1-carboxylic acid (ACC) plays an important role in the biosynthesis of ethylene, a
plant growth-inhibiting hormone. In this study, all the selected microorganisms exhibited ACC deaminase
activity as determined by a qualitative test. Previous findings of ACC deaminase synthesis by many
isolated strains (Gupta and Pandey 2019) corroborate the results observed. ACC deaminase cleaves
ACC, the immediate precursor of the plant hormone ethylene, to produce a-ketobutyrate and ammonia
(Todorovic and Glick 2008). Previous work has reported that inoculation of plants with ACC deaminase-
producing microorganisms reduces ethylene levels, leading to reduced inhibition of plant growth under
biotic and abiotic stresses (Farwell et al. 2007).

In addition to their plant growth-promoting attributes, bacterial endophytes are increasingly recognized
for their biocontrol potential against plant pathogens. Several endophytic isolates produce hydrolytic
enzymes capable of degrading structural components of pathogenic fungi, thereby inhibiting their
growth and infection capacity (Glick 2012). In this study, all selected isolates tested positive for catalase
activity. Catalase, produced by aerobic and facultative anaerobic bacteria, plays a crucial role in
detoxifying reactive oxygen species (ROS) generated during aerobic metabolism. This enzymatic activity
enhances bacterial resilience to chemical, mechanical, and environmental stressors (Kumar et al. 2011),
making it a critical defense mechanism. It is widely regarded as the first line of defense against oxidative
stress caused by both biotic and abiotic factors, indirectly supporting plant development by maintaining
microbial viability under hostile conditions (Ramesh et al. 2014).

Protease production, another important biocontrol trait, was detected in most isolates except P
megaterium. Notably, P putida and B. bullata exhibited the highest proteolytic activity. These findings
align with previous studies reporting that a subset of alkaliphilic bacterial isolates are capable of
protease production on skim milk agar (SMA) medium (Gomaa 2013). Similarly, only 23 out of 91
bacterial isolates from dune plant roots were found to express protease activity (Dudeja et al. 2012),
highlighting the selective distribution of this trait.

Urease, an enzyme that catalyzes the degradation of urea into ammonia and carbon dioxide via the
unstable intermediate carbamic acid, was also generated by all examined bacterial strains. The resultant
ammonium (NH,*) improves soil fertility and plant nutrition by becoming a readily accessible nitrogen
source for plant uptake.

Amylase activity, which facilitates extracellular digestion of starch, was observed only in B. bullata (strain
CeNk1) and P, syringae (strain GINK1). This enzyme plays an important role in starch degradation,
contributing to increased sugar availability and promoting early seed germination (Poli et al. 2006;
Gholami et al. 2009). Cellulase production, essential for breaking down cellulose, the most abundant
organic carbon source in plant biomass, was detected in L. aridicollis and B. bullata. Cellulose, a major
component of lignocellulosic biomass, is hydrolyzed by cellulases into fermentable sugars, supporting
microbial growth and nutrient cycling (Sadhu and Maiti 2013; Susilowati et al. 2015). The presence of
cellulolytic activity in these isolates is consistent with previous findings in which 96% of endophytic
diazotrophs from rice roots exhibited cellulase production (Prakamhang et al. 2009).
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Lastly, gelatinase activity was observed in all bacterial isolates tested. Gelatinase breaks down gelatin, a
derivative of collagen found in the peritrophic membrane and cuticle of insect larvae and pupae, thus
contributing to biological pest suppression (Brammacharry and Paily 2014). This enzymatic versatility
highlights the multifaceted roles of endophytic bacteria in plant protection and reinforces their potential
as eco-friendly biocontrol agents.

The selected bacterial strains were also characterized for their biostimulating capacity. Arginine-
decarboxylase and ornithine-decarboxylase enzymes are able to initiate polyamine biosynthetic
pathways. These polyamines are involved in many important cellular processes (Forouhar et al. 2010).
Moreover, they can represent the plant’s biostimulating activity against abiotic stress (Boiu-Sicuia et al.
2023).

The functional diversity and environmental adaptability of these native endophytes provide a strong
foundation for developing microbiome-based solutions tailored to specific agroecosystems (Zhou et al.
2024). By integrating these strains into customized bioformulations, it is possible to design locally
adapted biofertilizers, biopesticides, and biostimulants that work synergistically with the plant and native
soil microbiota. Such targeted microbial consortia can not only improve plant health and productivity
under stress conditions but also align with sustainable agriculture and one health goals.

5. Conclusion

The characterization of bacterial endophytes from C. longa rhizomes and their molecular identification
offer valuable insights into their roles in promoting plant growth and enhancing resilience to
environmental stressors. This research exemplifies a bottom-up approach, in which native microbial
strains are isolated, functionally evaluated, and prioritized for application based on their ecological
compatibility and performance under local conditions. Among the six endophytic strains, P, putida, P
megaterium, and L. aridicollis are strong biofertilizer candidates; P, putida, B. bullata, and L. aridicollis
show potential as biopesticides; all strains exhibit biostimulant traits, while P syringae, a known
phytopathogen, should be excluded from beneficial applications. Their adaptability to local soil
constraints, including high salinity, acidity, and aluminum toxicity, further underscores their practical
potential. Such strategies contrast with traditional top-down methods that rely on generalized, non-native
inoculants, which often fail under field conditions. Moreover, these findings contribute to the broader
goal of developing native core microbiome-based solutions. Advancing these native, microbially driven
approaches can reduce dependency on synthetic agrochemicals, improve soil health, and enhance food
security, particularly in regions facing climate and resource-related challenges.
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Figure 1

Phylogenic tree constructed with Mega 11 based on the 16 rDNA sequences using the ClustalW
alignment tool and Neighbor-Joining method

The bootstrap consensus tree inferred from 1000 replicates is taken to represent the evolutionary history
of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50% of bootstrap
replicates are collapsed. The percentage of replicate trees in which the associated taxa clustered
together in the bootstrap test (1000 replicates) is shown next to the branches. The evolutionary
distances were computed using the Maximum Composite Likelihood method and are in the units of the
number of base substitutions per site
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Figure 2

Gelatinase production of bacteria (5) Pseudomonas syringae (KbNk1); (6) B. bullata (CeNk1) (7); P
megaterium (CeDs1); (8) L. aridicollis (CeBe1)
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Figure 3

Arginine decarboxylase production of selected bacteria (1 to 4, 9, 10, 13) others microorganisms; (5) P
syringae (KbNk1); (6) B. bullata (CeNk1) (7); P megaterium(CeDs1); (8) L. aridicollis (CeBe1); (11) P
putida (CaTb1); (12) P, syringae (GINk1)
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Figure 4

Ornithine decarboxylase production of bacteria (1 to 4, 9, 10, 13) others microorganisms; (5) P, syringae
(KbNk1); (6) B. bullata (CeNk1) (7); P megaterium (CeDs1); (8) L. aridicollis (CeBe1); (11) P, putida
(CaTb1); (12) P, syringae (GINk1)
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