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Abstract

Nitrogen and phosphorus are essential macronutrients that often limit plant growth due
to their low bioavailability in soil. Beneficial microorganisms, including nitrogen-fixing
and phosphate-solubilizing bacteria, play important roles in improving nutrient availa-
bility and supporting plant productivity. This study investigated the populations of nitro-
gen-fixing and phosphate-solubilizing bacteria associated with different Curcuma species.
Samples were collected during the vegetative stage from rhizosphere soil, rhizomes,
stems, and leaves. Plant tissues were surface-sterilized to isolate endophytic bacteria, and
microbial populations were enumerated using nitrogen-free agar and Pikovskaya agar at
28 °C for 7-14 days. The results revealed clear differences in bacterial populations among
plant compartments and Curcuma species. Nitrogen-fixing bacteria were most abundant
in the rhizosphere, reaching 3.0-23.3 x 10* CFU/g in field conditions and 3.3-18.3 x 10*
CFU/g in the plastic house, followed by rhizomes, stems, and leaves. Similarly, phos-
phate-solubilizing bacteria showed the highest populations in the rhizosphere (11.3-29.7
x 10* CFU/g in the field and 4.3-25.5 x 10¢* CFU/g in the plastic house). These findings
suggest that Curcuma-associated nitrogen-fixing and phosphate-solubilizing bacteria may
contribute to nutrient cycling and potentially enhance plant adaptation to environmental
stresses through improved nutrient acquisition, providing a basis for future studies and
biofertilizer development in sustainable agriculture.
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1. Introduction

Nitrogen and phosphorus are among the most essential macronutrients required for
plant growth and development; however, their availability in soils is often limited. Nitro-
gen deficiency restricts chlorophyll formation and protein synthesis, whereas phosphorus
scarcity impairs root development and energy transfer, ultimately reducing crop produc-
tivity [1,2]. In many agricultural systems, these nutrient limitations are commonly ad-
dressed through the application of synthetic fertilizers. However, the excessive use of
chemical fertilizers has raised increasing concerns regarding environmental sustainabil-
ity, soil degradation, and nutrient imbalance [3,4]. Consequently, alternative strategies
that enhance nutrient availability through natural processes are receiving growing atten-
tion. Among these strategies, beneficial soil microorganisms play a crucial role in improv-
ing nutrient acquisition and maintaining soil fertility [5,6].
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Nitrogen-fixing bacteria (NFB) and phosphate-solubilizing bacteria (PSB) are among
the most important functional groups involved in nutrient cycling [5,7]. Nitrogen-fixing
bacteria convert atmospheric nitrogen into plant-available forms such as ammonia,
whereas phosphate-solubilizing bacteria mobilize insoluble phosphorus compounds into
soluble forms that can be readily absorbed by plants [8,9]. Numerous studies have demon-
strated that these microorganisms significantly contribute to plant nutrition by improving
nutrient uptake efficiency, promoting plant growth, and enhancing crop yields [10-12].
For example, free-living diazotrophs and PSB have been widely isolated from the rhizo-
spheres of major crops such as rice, maize, and wheat, where they play key roles in nutri-
ent cycling and sustainable agricultural production [13,14]. Despite these advances, stud-
ies examining the distribution and abundance of these functional microbial groups in non-
leguminous medicinal plants remain relatively limited.

Curcuma species (family Zingiberaceae) represent an important group of medicinal
and aromatic plants widely cultivated in tropical and subtropical regions [15]. Several
species, including Curcuma longa (C. longa), Curcuma xanthorrhiza (C. xanthorrhiza), and
Curcuma aromatica (C. aromatica), are highly valued for their medicinal, nutritional, and
industrial applications due to their rich content of bioactive compounds such as curcumi-
noids and essential oils [16,17]. Unlike legumes, Curcuma plants do not form symbiotic
nitrogen-fixing nodules. Nevertheless, they can associate with diverse beneficial microor-
ganisms, including free-living and endophytic nitrogen-fixing bacteria inhabiting the rhi-
zosphere and internal plant tissues [18]. These plant-associated microbial communities
may contribute to nutrient acquisition and overall plant performance, particularly under
nutrient-limited conditions. In addition to nitrogen-fixing bacteria, phosphate-solubiliz-
ing bacteria are also commonly found in the rhizosphere of many crop species and may
play an important role in improving phosphorus availability and plant growth [14]. The
genus Curcuma comprises more than 90 recognized species and exhibits considerable mor-
phological and biochemical diversity, which may influence plant-microbe interactions
and the composition of associated microbial communities [19-21]. However, information
regarding the populations of nitrogen-fixing and phosphate-solubilizing bacteria associ-
ated with different Curcuma species remains limited.

Understanding the microbial populations associated with Curcuma species is im-
portant not only for elucidating plant-microbe ecological interactions but also for devel-
oping sustainable cultivation strategies for medicinal crops. Therefore, this study investi-
gated the populations of nitrogen-fixing and phosphate-solubilizing bacteria associated
with different Curcuma species. Microbial abundance was examined across multiple plant
compartments, including the rhizosphere, rthizomes, stems, and leaves. By comparing the
distribution of these functional microbial groups among different plant tissues and spe-
cies, this study provides insights into the ecological relationships between Curcuma plants
and nutrient-cycling bacteria. The findings contribute to a deeper understanding of plant-
microbe associations in non-leguminous crops and highlight the potential of these micro-
bial populations for future biofertilizer development.

2. Materials and Methods

2.1. Chemicals and Reagents

Sodium hypochlorite, 70% ethanol, glucose, sodium chloride (NaCl), potassium di-
hydrogen phosphate (KH2POs), magnesium sulfate heptahydrate (MgSOs+7H:0), ferrous
sulfate heptahydrate (FeSOs7H20), sodium molybdate dihydrate (Na2MoO4-2H20), man-
ganese sulfate (MnSQOs), calcium carbonate (CaCO:s), calcium phosphate [Cas(PO4)2], am-
monium sulfate [(NH4)2S04], and potassium chloride (KCl), were purchased from Nacalai
Tesque (Kyoto, Japan). Nutrient Agar, yeast extract, and agar were obtained from Difco;
BD (Franklin Lakes, NJ, USA). All chemicals and reagents were of analytical grade.
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2.2. Curcuma Species and Strains

Five turmeric species were used for the plastic house experiments: C. longa (cultivar
Ryudai Gold (RG) and five strains: L1-L5), C. zedoaria (ZE), C. xanthorrhiza (ZA), C. aro-
matica (AR), and C. amada (AM). For the field experiment, four turmeric species were in-
cluded: C. longa (RG, L1, L2, L3), C. zedoaria (ZE), C. xanthorrhiza (ZA), and C. aromatica
(AR). These Curcuma species and cultivars exhibit considerable diversity in rhizome size,
shape, and color, as well as other morphological characteristics, including plant height
and inflorescence morphology, and are recognized for their medicinal and commercial
importance, making them valuable genetic resources for future commercial cultivation
[19,22].

2.3. Curcuma Cultivation

The pot experiment was conducted in a plastic house from 11 May 2020 to 6 February
2021. Each Wagner pot (0.05 m?) (AS ONE Corporation, Osaka, Japan) was filled with a
mixture of 3.5 kg air-dried dark-red soil and 2.5 kg cultured soil (commercially available
as Hanasaki monogatari) (Akimoto Tensan, Mie, Japan), thoroughly homogenized prior
to planting. Seed rhizomes were selected based on size to match the specific Curcuma spe-
cies and strains, and one rhizome per pot was planted at a depth of 6 cm [23]. Pots were
arranged randomly within the plastic house. The outdoor environment was partially
maintained by keeping the windows open, which were closed only during typhoon
events. Watering was applied as needed to maintain optimal soil moisture for seedling
establishment and growth.

The field experiment was conducted concurrently from May 2020 to February 2021
at the Sub-tropical Field Science Center, University of the Ryukyus, Okinawa. The study
site consisted of dark-red soil (Shimajiri Maji, Chromic Luvisol) [24], where the same Cur-
cuma species and strains were cultivated under standard field management practices.

2.4. Sample Collection

Samples were obtained from multiple plant compartments, including the rhizo-
sphere, rhizome, stem, and leaf, while the plants were still in their vegetative green-stage.
Each plant was cut at the soil surface, after which the leaves were separated from the
stems. Rhizosphere soil was carefully collected from the roots of each plant, and compo-
site soil samples were subsequently prepared for each Curcuma species and strain.

2.5. Isolation and Enumeration of Nitrogen-Fixing Bacteria from Plants

Leaves, stems, and rhizome were washed under running water, cut into pieces, and
surface-sterilized sequentially with sterile distilled water, 70% ethanol (1 min), and 3%
sodium hypochlorite (1.5 min for leaves, 3 min for stems and rhizome), followed by three
rinses with sterile distilled water [25]. Sterility was confirmed by spreading 0.1 mL of the
final rinse water on Nutrient Agar and incubating (Sanyo MIR-152; Sanyo, Osaka, Japan)
at 28 °C for 14 days. Sterilized tissues were then homogenized in a sterile mortar and
pestle, suspended in 9 mL of 0.85% NaCl, serially diluted, and plated on a prepared nitro-
gen-free agar medium containing glucose (10 g/L), KH2POu (25 g/L), NaCl (12.5 g/L),
MgSO4-7H20 (12.5 g/L), FeSO+7H20 (12.5 g/L), Na2MoO4-2H20 (0.1 g/L), MnSO4 (0.38 g/L),
CaCOs (0.1 g/L), and agar (20 g/L). Plates were incubated at 28 °C for 14 days, and colonies
were counted daily. All analyses were performed in triplicate. Bacterial colony growth on
nitrogen-free agar indicates the ability to fix nitrogen, as shown in Figure 1.
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Figure 1. Representative colonies of nitrogen-fixing bacteria isolated from the rhizosphere of the
turmeric species RG (C. longa); (a) cultivated in the field (10%); (b) cultivated in a plastic house (102).
Scale bar = 10 mm.

2.6. Isolation and Enumeration of Nitrogen-Fixing Bacteria from Rhizosphere

Rhizosphere soil tightly adhering to roots and rhizomes was collected using a sterile
spatula. Composite samples (10 g) were suspended in 90 mL of 0.85% NaCl, homogenized
on an orbital shaker (Eyela multi shaker MMS-3020; Tokyo Rikakikai, Tokyo, Japan) at
150 rpm for 30 min, and serially diluted. Aliquots (0.1 mL) from each dilution were plated
on a manually prepared nitrogen-free agar medium (as described in Section 2.4) and in-
cubated at 28 °C for 7 days. Colony counts were recorded daily, with all analyses con-
ducted in triplicate.

2.7. Isolation and Enumeration of Phosphate Solubilizing Bacteria from Plants

Leaves, stems, and rhizome were processed as described above for nitrogen-fixing
bacteria. Sterilized tissues were homogenized, suspended in 9 mL of 0.85% NaCl, serially
diluted, and plated on a prepared Pikovskaya agar medium containing glucose (10 g/L),
Cas(POa)2 (5 g/L), (NH4)2SOx4 (0.5 g/L), NaCl (0.2 g/L), MgSO4-7H20 (0.1 g/L), KCI (0.2 g/L),
yeast extract (0.5 g/L), MnSOs (0.001 g/L), FeSO4+7H20 (0.001 g/L), and agar (20 g/L). Plates
were incubated at 28 °C for 14 days, and colonies were counted daily. Analyses were per-
formed in triplicate. Clear halo zones indicating phosphate-solubilizing activity are
shown in Figure 2.
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Figure 2. Representative colonies of phosphate-solubilizing bacteria isolated from the rhizosphere
of turmeric species RG (C. longa); (a) cultivated in the field (10-%); (b) cultivated in a plastic house
(103). Scale bar = 10 mm.

2.8. Isolation and Enumeration of Phosphate Solubilizing Bacteria from Rhizosphere

Rhizosphere soil samples were collected, homogenized, and diluted as described for
nitrogen-fixing bacteria. Dilutions (0.1 mL) were plated on a manually prepared
Pikovskaya agar medium (as described in Section 2.6) and incubated at 28 °C for 7 days.
Colonies were counted daily, with all experiments conducted in triplicate.

2.9. Statistical Analysis

Data were expressed as mean + standard deviation (SD). One-way ANOVA followed
by Tukey’s test was conducted using IBM SPSS version 26.0 (IBM Corp., Armonk, NY,
USA). Heatmaps were generated using OriginPro 2026 (OriginLab Corporation, North-
ampton, MA, USA). Differences were considered significant at p <0.05.

3. Results

3.1. Nitrogen-Fixing Bacteria Populations in Different Curcuma Species

The rhizosphere consistently exhibited the highest population of nitrogen-fixing
bacteria among all plant compartments, confirming its well-established role as a microbial
hotspot. In the field, population densities ranged from 3.0 to 23.3 x 10* CFU/g, whereas in
the plastic house, densities ranged from 3.3 to 18.3 x 10* CFU/g (Figure 3). These values
indicate robust microbial colonization at the root-soil interface, which is likely driven by
root exudates providing carbon and other nutrients to support bacterial growth. Across
both cultivation systems, C. longa Ryudai Gold (RG) consistently hosted the highest
rhizospheric NFB populations in the field, whereas L2 exhibited the highest population in
the plastic house, suggesting a genotype-dependent preference for microbial association.
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Figure 3. Population of Nitrogen-Fixing Bacteria in rhizosphere cultivated in field (a) and cultivated
in plastic house (b). The different letters above the bar represent that the data were significantly
different based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2, C. longa
strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE, C. zedoaria;
AM, C. amada; ZA, C. xanthorrhiza.

Moreover, rhizomes supported the second-highest NFB populations, with counts
ranging from 1.2 to 15.5 x 10* CFU/g in the field and 1.7 to 14.3 x 10* CFU/g in the plastic
house (Figure 4). This indicates that rhizomes provide a favorable internal environment
for endophytic nitrogen-fixing bacteria, likely due to nutrient availability and structural
niches. Among the species tested, RG consistently exhibited the highest rhizome-
associated NFB population, while other C. longa strains and C. zedoaria (ZE) showed
moderate populations.
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Figure 4. Population of Nitrogen-Fixing Bacteria in rhizome cultivated in field (a) and cultivated in
plastic house (b). The different letters above the bar represent that the data were significantly dif-
ferent based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2, C. longa
strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE, C. zedoaria;
AM, C. amada; ZA, C. xanthorrhiza.

Following the rhizome, stem tissues were examined to assess the distribution of NFB
along the aerial portions of the plant. Stem tissues harbored moderate NFB populations,
ranging from 1.1 to 2.7 x 103 CFU/g in the field and 0.0 to 3.5 x 103 CFU/g in the plastic
house (Figure 5). Compared to the rhizosphere and rhizome, stems offered a less nutrient-
rich but stable environment for endophytes. Variations among species and cultivars were
evident; RG exhibited the highest stem-associated NFB population in the field, whereas
L2 dominated in the plastic house. These observations highlight that bacterial colonization
in stems may be influenced by both genotype and environmental conditions.
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Figure 5. Population of Nitrogen-Fixing Bacteria in stem cultivated in field (a) and cultivated in
plastic house (b). The different letters above the bar represent that the data were significantly dif-
ferent based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2, C. longa
strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE, C. zedoaria;
AM, C. amada; ZA, C. xanthorrhiza.

Finally, the leaf tissues were analyzed to complete the assessment of compartment-
specific NFB populations. Leaves harbored the lowest NFB populations, with values
ranging from 2.3 to 9.5 x 10® CFU/g in field samples and 0.0 to 6.5 x 10> CFU/g in the plastic
house (Figure 6). Despite the generally low abundance, C. longa L1 consistently displayed
the highest leaf-associated NFB population in both cultivation systems.
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Figure 6. Population of Nitrogen-Fixing Bacteria in leaf cultivated in field (a) and cultivated in plas-
tic house (b). The different letters above the bar represent that the data were significantly different
based on the Tukey test at p <0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2, C. longa strain 2;

L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE, C. zedoaria; AM,
C. amada; ZA, C. xanthorrhiza.

To provide an overall visualization of nitrogen-fixing bacterial populations among
different Curcuma species and plant compartments, heatmaps with hierarchical clustering
were generated (Figure 7). The heatmaps demonstrated distinct population patterns
across cultivars and plant compartments in both field and plastic house experiments. Con-
sistent with the individual analyses, rhizosphere samples generally exhibited the highest
bacterial populations, followed by rhizomes, whereas stems and leaves showed compar-
atively lower abundances. These visualizations further highlight the compartment-spe-
cific distribution of nitrogen-fixing bacteria among different Curcuma species.
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(a)

Rhizosphere Rhizome Stem Leaves

(b)

Rhizosphere Rhizome

Figure 7. Heatmaps with hierarchical clustering showing the distribution of nitrogen-fixing bacteria
populations across different Curcuma species and plant compartments. (a) Field-grown plants; (b)
Plastic house-grown plants. Color intensity represents the bacterial populations (CFU/g) with
greener colors indicating higher populations and brown colors indicating lower populations. Hier-
archical clustering was performed to visualize similarities in bacterial population patterns among
Curcuma species.

3.2. Phosphate-Solubilizing Bacteria Populations in Different Curcuma Species

The rhizosphere exhibited the highest populations of phosphate-solubilizing bacteria
(PSB) among all plant compartments, highlighting its role as a nutrient-rich zone that sup-
ports metabolically active microbial communities involved in phosphorus cycling. In field
samples, PSB populations ranged from 11.3 to 29.7 x 10* CFU/g, while in the plastic house,
densities ranged from 4.3 to 25.5 x 10* CFU/g (Figure 8). Among the cultivars, C. longa
Ryudai Gold (RG) exhibited the highest rhizospheric PSB population in the field, whereas
L2 and L5 were dominant under plastic house conditions.
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Figure 8. Population of Phosphate-Solubilizing Bacteria in rhizosphere cultivated in field (a) and
cultivated in plastic house (b). The different letters above the bar represent that the data were sig-
nificantly different based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1;
L2, C. longa strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica;
ZE, C. zedoaria; AM, C. amada; ZA, C. xanthorrhiza.

Rhizomes harbored the second-highest PSB populations, with counts ranging from
6.3 to 17.5 x 10* CFU/g in the field and 1.7 to 12.3 x 10* CFU/g in the plastic house (Figure
9). These findings underscore the rhizome as a nutrient-rich niche supporting endophytic
PSB colonization, likely influenced by stored carbohydrates and secondary metabolites.
In the field, RG and C. xanthorrhiza (ZA) showed the highest rhizome-associated
populations, whereas RG and L2 were dominant under plastic house conditions.
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Figure 9. Population of Phosphate-Solubilizing Bacteria in rhizome cultivated in field (a) and culti-
vated in plastic house (b). The different letters above the bar represent that the data were signifi-
cantly different based on the Tukey test at p <0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2,
C. longa strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE,
C. zedoaria; AM, C. amada; ZA, C. xanthorrhiza.

Stem tissues contained intermediate populations of PSB, ranging from 0.0 to 1.8 x 103
CFU/g in the field and 0.0 to 2.6 x 10? CFU/g in the plastic house (Figure 10). Compared
with the rhizosphere and rhizome, stems provide a less nutrient-rich internal
environment, which may explain the relatively lower bacterial abundance. Nevertheless,
the consistent detection of PSB in stem tissues indicates successful endophytic
colonization across different Curcuma species. Variations among cultivars were also
observed, suggesting that both plant genotype and cultivation environment influence
stem-associated PSB populations. In the field, C. longa RG exhibited the highest stem-
associated PSB population, followed by L3, ZA, and ZE. Similarly, under plastic house
conditions, RG also showed the highest stem-associated PSB population, followed by L5,
L3, ZE, ZA, and L2.
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Figure 10. Population of Phosphate-Solubilizing Bacteria in stem cultivated in field (a) and culti-
vated in plastic house (b). The different letters above the bar represent that the data were signifi-
cantly different based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2,
C. longa strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE,
C. zedoaria; AM, C. amada; ZA, C. xanthorrhiza.

Finally, PSB populations in leaf tissues were evaluated to complete the assessment
across plant compartments. Leaves exhibited the lowest PSB populations among all
compartments, ranging from 0.0 to 2.6 x 102 CFU/g in the field and 0.0 to 2.7 x 10> CFU/g
in the plastic house (Figure 11). The relatively low abundance reflects the nutrient-scarce
and environmentally harsh conditions of the leaf enviroment. Despite low counts,
variability among cultivars was observed; in the field, L3 showed the highest leaf-
associated PSB populations, while in the plastic house, RG was dominant.
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Figure 11. Population of Phosphate-Solubilizing Bacteria in leaf cultivated in field (a) and cultivated
in plastic house (b). The different letters above the bar represent that the data were significantly
different based on the Tukey test at p < 0.05. Note: RG, Ryudai gold; L1, C. longa strain 1; L2, C. longa
strain 2; L3, C. longa strain 3; L4, C. longa strain 4; L5, C. longa strain 5; AR, C. aromatica; ZE, C. zedoaria;
AM, C. amada; ZA, C. xanthorrhiza.

To provide an integrated visualization of phosphate-solubilizing bacterial popula-
tions, heatmaps based on hierarchical clustering were generated (Figure 12). Distinct pop-
ulation patterns were observed among different Curcuma species and plant compartments
in both field and plastic house experiments. Consistent with the individual population
analyses, rhizosphere samples generally exhibited the highest PSB populations, followed
by rhizomes, whereas stems and leaves contained comparatively lower populations. The
heatmaps further illustrate cultivar-specific variation in bacterial abundance while rein-
forcing the compartment-specific distribution patterns observed throughout the study.
Overall, PSB distribution followed a clear compartment-specific pattern, with the highest
abundance in the rhizosphere, intermediate in rhizomes and stems, and lowest in leaves,
emphasizing the ecological significance of these microorganisms in Curcuma species.

(b)

19.1
159
128
9.36
638
319
000

Rhizosphere Rhizome Stem Leaves

Figure 12. Heatmaps generated based on hierarchical clustering showing the distribution patterns
of phosphate-solubilizing bacteria populations across different Curcuma species and plant compart-
ments. (a) Field-grown plants; (b) Plastic house-grown plants. Color intensity represents bacterial
populations (CFU/g) with greener colors indicating higher populations and brown colors indicating
lower populations.

4. Discussion

This study provides a baseline evaluation of nitrogen-fixing bacteria (NFB) and phos-
phate-solubilizing bacteria (PSB) associated with different Curcuma species across rhizo-
sphere and internal plant compartments. The results reveal distinct compartment-specific
distribution patterns, reflecting the ecological niches and nutrient availability within each
plant part. The rhizosphere consistently hosted the highest bacterial populations for both
NFB and PSB. This pattern is consistent with its nutrient-rich microenvironment shaped
by root exudates, which provide carbon sources and signaling compounds that support
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microbial growth and activity [11,26]. The rhizosphere represents a dynamic microenvi-
ronment with intense microbial activity due to the presence of root exudates, which con-
tain organic acids, amino acids, sugars, and other metabolites that serve as nutrient
sources for microorganisms. These compounds support the growth of various diazo-
trophic bacteria, including free-living species such as Azotobacter and associative bacteria
such as Azospirillum [27]. In addition to nitrogen-fixing bacteria, phosphate-solubilizing
bacteria also play an important role in the Curcuma rhizosphere. These microorganisms
can release organic acids and enzymes that convert insoluble phosphate into plant-avail-
able forms, thereby improving phosphorus uptake and plant growth [9,28]. Previous stud-
ies have suggested that PSB inoculation may enhance not only plant biomass and yield
but also the accumulation of bioactive compounds in medicinal plants. High microbial
abundance in the rhizosphere indicates active involvement in nutrient cycling and high-
lights their potential contributions to nitrogen and phosphorus nutrition in Curcuma
plants [29].

Rhizomes harbored the second-highest bacterial populations, suggesting that inter-
nal tissues are favorable niches for endophytic colonization. As nutrient storage organs,
rhizomes provide carbohydrates, minerals, and secondary metabolites that sustain micro-
bial growth, supporting both NFB and PSB populations [30]. Such colonization may also
contribute indirectly to plant health, including stress mitigation and pathogen resistance,
although functional characterization of these bacteria in Curcuma remains a future re-
search avenue. The stem and leaf compartments exhibited lower bacterial densities, re-
flecting reduced nutrient availability, environmental stresses, and less favorable condi-
tions for microbial persistence [26]. These results reflect the relatively harsh environment
of the phyllosphere, where factors such as UV exposure, desiccation, and limited nutrient
availability constrain bacterial colonization. Nonetheless, the consistent presence of both
NFB and PSB in aerial tissues indicates their adaptability and potential functional roles in
the internal plant nutrient economy.

Species- and cultivar-specific differences were also observed. C. longa RG frequently
supported the highest populations of both NFB and PSB, particularly in rhizosphere and
rhizome tissues, suggesting genotype-specific compatibility with beneficial microbes.
These differences may result from variations in tissue chemistry, exudate composition, or
secondary metabolite profiles, which can selectively influence microbial colonization and
persistence [12,13]. Other cultivars, such as L2 and L5, exhibited elevated microbial pop-
ulations under plastic house conditions, suggesting that controlled environmental factors
can further modulate bacterial abundance. These results emphasize that plant genotype
is a key determinant of microbiome composition and highlight the potential for selecting
cultivars that naturally support high populations of functional bacteria.

The ecological significance of these findings is substantial. From a broader ecological
perspective, these findings support the concept of the plant holobiont, in which plants and
their associated microbial communities function as an integrated biological system rather
than as independent entities. The compartment-specific distribution of nitrogen-fixing
and phosphate-solubilizing bacteria observed in this study suggests that different Cur-
cuma tissues provide distinct ecological niches for beneficial microorganisms. Although
the present study did not evaluate soil nutrient status, plant metabolite composition, or
plant physiological responses, the widespread occurrence of these functional bacterial
groups indicates their potential contribution to nutrient acquisition and plant perfor-
mance. Future studies integrating microbial community analyses with soil properties and
phytochemical profiling will help clarify how plant-associated microbiota influence tur-
meric productivity, quality, and biological value. The widespread occurrence of NFB and
PSB across different plant compartments and cultivars underlines their integral role in the
Curcuma microbiome. The compartment-specific distribution patterns, further supported
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by hierarchical clustering in the heatmap analyses, indicate that bacterial colonization is
influenced by the distinct microenvironments within plant tissues. In both field and plas-
tic house experiments, rhizosphere samples consistently harbored the highest bacterial
populations, whereas endophytic populations gradually declined from rhizomes to stems
and leaves. These patterns suggest that nutrient availability and tissue-specific ecological
niches shape the abundance and distribution of beneficial bacteria associated with Cur-
cuma species. Nitrogen-fixing bacteria contribute to endogenous nitrogen input, particu-
larly in nutrient-poor soils, potentially reducing reliance on chemical fertilizers. Similarly,
PSB can solubilize otherwise inaccessible phosphorus, enhance plant uptake and support
growth [10,11]. The compartmental distribution observed also provides guidance for po-
tential inoculant development, for instance, by targeting rhizome-associated endophytes
to maximize plant nutrient benefits [30,31].

This study contributes to understanding plant-microbe interactions in non-legumi-
nous medicinal crops, a group less studied than cereals or legumes. The identification of
active NFB and PSB populations across multiple compartments demonstrates the adapt-
ability and ecological importance of these bacteria, suggesting practical applications in
biofertilizer development for sustainable Curcuma cultivation. Future research should fo-
cus on functional characterization of isolates, field-scale evaluation of their effects on
growth and yield, and molecular profiling of microbial communities to capture diversity
and functional potential within Curcuma tissues. Overall, this study highlights the wide-
spread presence and compartment-specific distribution of NFB and PSB in Curcuma spe-
cies. The findings underscore the ecological and functional importance of these microbial
populations, demonstrate genotype-dependent variation, and provide a foundation for
leveraging beneficial bacteria to improve nutrient acquisition and support sustainable cul-
tivation practices.

5. Conclusions

In conclusion, this study demonstrates that nitrogen-fixing and phosphate-solubiliz-
ing bacteria are widespread across rhizosphere and internal tissues of different Curcuma
species. The rhizosphere consistently harbored the highest bacterial populations, followed
by rhizomes, stems, and leaves, reflecting compartment-specific ecological niches shaped
by nutrient availability and microenvironmental conditions. Genotype-specific differ-
ences were also observed among certain cultivars, particularly C. longa ‘Ryudai Gold’,
which supported higher microbial abundance and showed strong plant-microbe compat-
ibility. The presence of these beneficial bacteria under both field and plastic house condi-
tions highlights their adaptability and potential functional roles in promoting nutrient ac-
quisition, plant growth, and sustainable cultivation. Rhizome-associated endophytes, in
particular, may represent promising candidates for the development of microbial inocu-
lants or biofertilizers. These findings provide a foundational understanding of the distri-
bution and abundance of nitrogen-fixing and phosphate-solubilizing bacteria in Curcuma,
emphasizing their ecological and agricultural significance. However, although the present
study provides valuable insights into the distribution and abundance of culturable nitro-
gen-fixing and phosphate-solubilizing bacteria, it is limited by the lack of molecular iden-
tification of representative isolates and functional validation of their plant growth-pro-
moting effects. Therefore, future studies should employ 16S rRNA gene sequencing to-
gether with complementary functional analyses to determine the taxonomic identity and
diversity of these beneficial bacterial isolates. In addition, inoculation experiments under
controlled and field conditions are needed to validate their functional roles and evaluate
their potential as microbial inoculants for sustainable Curcuma cultivation. These ap-
proaches will strengthen the understanding of plant-microbe interactions and support the
development of evidence-based microbial technologies for sustainable Curcuma produc-
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tion. Overall, the present study provides a valuable baseline for understanding the distri-
bution and abundance of culturable nitrogen-fixing and phosphate-solubilizing bacteria
associated with different Curcuma species, thereby establishing a scientific foundation for
future molecular, functional, and applied research.
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