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ABSTRACT

The development of sustainable hydroponic systems requires utilization of plant microbe, particularly those in-
volving rhizosphere bacteria with plant growth promoting traits. This study aim to the isolation and selection of
indigenous rhizosphere bacteria with plant growth-promoting properties for the development of biofilm-based
biofertilizers in hydroponic systems. Bacteria were isolated from the rhizosphere of Limnocharis flava grown
under different substrate combinations and nutrient concentrations using serial dilutions on Nutrient Agar. A total
of 23 isolates were characterized through morphological, physiological, biochemical, and functional tests, includ-
ing nitrogen fixation, phosphate and potassium solubilization, indole-3-acetic acid (IAA) production, and biofilm
formation. Quantitative evaluation of N fixation, P and K solubilization, and IAA production was performed using
UV-Vis spectrophotometer and AAS. The isolates showed considerable diversity, and three superior strains were
identified: A34 (high potassium solubilization and IAA production), J31 (stable biofilm formation in both single
and consortium cultures), and M 13 (highest nitrogen fixation and phosphate solubilization). These results indicate
that the rhizosphere of L. flava is a promising source of native bacteria for the development of biofilm-based bio-
fertilizers in sustainable hydroponic cultivation.

Keywords: sustainable, hydroponic, substrate, nutrient, bacterial, plant growth promoting bacteria.

INTRODUCTION showed that biofilm forming PGPRs are capable

of promoting more efficient root colonization

Biofilm biofertilizer is a biofertilizer that con- and cooperative interactions with plants, thereby

tains a consortium of functional microbes capable
of forming a biofilm layer. This layer consists of
extracellular polymers that can break microbial
dormancy to function optimally through biochemi-
cal signals between plants, microbes, and soil fauna
(Premarathna et al., 2021). Brokate et al. (2024) re-
ported that biofilm-forming microorganisms create
a protective microenvironment in the rhizosphere,
thereby supporting plant growth even under abiot-
ic stress conditions. Similarly, Rafique et al. (2024)

increasing nutrient uptake and yield stability. In
leafy vegetables, a combination of 48% chemical
fertilizer and biofilm biofertilizer produced yields
equivalent to those obtained with 100% chemical
fertilizer, enabling a 52% reduction in chemical
fertilizer use without compromising productivity
(Gangthilaka et al., 2022). In tomato plants, in-
oculation with biofilm biofertilizer increased plant
height by 49.14%, fresh shoot weight by 32.47%,
and root length by 45.00% compared to the control
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without inoculation (Kaundal et al., 2025). These
findings are consistent with Sarti et al. (2024), who
reported that biofilm biofertilizer inoculation sig-
nificantly increased tomato yield, as reflected in
the increase in fruit number and weight, compared
to no inoculation.

Conventionally, bacterial isolates used for
biofilm biofertilizer development are predomi-
nantly sourced from agricultural soils or the rhi-
zosphere of soil-grown crops (Amalina et al.,
2023). In contrast, microbial resources associated
with hydroponic cultivation have received com-
paratively little attention, largely due to the long-
standing perception of hydroponic systems as mi-
crobially simplified or quasi-sterile environments.
However, accumulating evidence indicates that
hydroponic substrates can support diverse and
metabolically active rhizosphere bacterial assem-
blages that establish intimate interactions with
plant roots (Stegelmeier et al., 2022). While the
functional importance of rhizosphere bacteria in
soil-based agriculture is well documented, their
ecological roles and applied potential within hy-
droponic systems remain insufficiently character-
ized. As a result, current hydroponic research has
been predominantly plant-centric, with microbial
dimensions often treated as secondary consider-
ations (Banboukian et al., 2025).

Limnocharis flava is an aquatic leafy vegeta-
ble that is widely consumed in Southeast Asia. L.
flava usually grows in wetlands or waterlogged
environments (Putra et al., 2023). L. flava has a
habitat similar to that of a substrate hydroponic
system. Substrate hydroponics is a hydroponic
system that uses growing media other than soil,
more commonly known as substrates. Aquatic
plants such as L. flava are often associated with
unique rhizosphere microbial communities that
are adapted to submerged or semi submerged
conditions. Supporting this assumption, microbial
inoculation studies have demonstrated that L. fla-
va associated bacteria can enhance plant growth
and improve tolerance to heavy metal stress,
particularly cadmium contamination (Lam et al.,
2022). Comparable observations in other aquatic
macrophytes, including Vallisneria natans and
Lemna minor, further suggest that aquatic plant
rhizospheres represent promising reservoirs of
plant growth-promoting bacteria with functional
traits that are less frequently reported in terrestrial
plant systems (Makino et al., 2022; Schmautz et
al., 2021; Wang et al., 2021). In parallel, recent
hydroponic studies have revealed that controlled
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soilless systems may selectively enrich beneficial
bacterial groups, such as Rhodanobacter, Chujal-
bacter, and Thermomonas, which are associated
with improved nutrient use efficiency and plant
performance (Alkaabi et al., 2025; Chowdhury
and Samarakoon, 2024; Spencer et al., 2024).

Although research on rhizosphere bacteria in
aquatic plants has been conducted, most studies
are still limited to phytoremediation functions or
interactions in natural ecosystems (Goulart et al.,
2024; Sun et al., 2025). To date, research discuss-
ing the isolation and selection of L. flava rhizo-
sphere bacteria with potential as biofilm biofer-
tilizers in hydroponic conditions is still limited.
Therefore, this study aims to isolate, characterize,
and select rhizosphere bacteria associated with
L. flava in hydroponic systems for the develop-
ment of biofilm biofertilizers. These findings are
expected to contribute not only to knowledge of
microbial biodiversity but also to the develop-
ment of biofilm biofertilizers in hydroponic sys-
tems, thereby supporting sustainable hydroponic
cultivation systems.

MATERIALS AND METHODS

Study area

This research was conducted at the Soil Bi-
ology and Biotechnology Laboratory, Faculty of
Agriculture, Sebelas Maret University, Surakarta,
Central Java, Indonesia, from October 2024 to
July 2025. Rhizosphere bacteria were isolated
from substrates around the roots of L. flava plants
cultivated using a hydroponic system. Substrate
samples were collected in the hydroponic green-
house of the Faculty of Agriculture, Sebelas Ma-
ret University, Surakarta, Indonesia, in October
2024 (altitude 131 m above sea level; coordinates
7°33'41.8" S and 110°51'32.36" E)

Sample preparation

Isolate samples were taken from the rhizo-
sphere of L. flava grown in a hydroponic system
on various types of substrates and nutrient con-
centrations. The substrates used were volcanic
sand, rice husk charcoal, and a mixture of vol-
canic sand + rice husk charcoal (1:1) combined
with nutrient solution concentrations of 0, 0.8,
1.6, 2.4, and 3.2 dS m'. The variations in sub-
strate type and nutrient concentration were not
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treated as experimental treatments, but were only
used as sources of variation in rhizosphere con-
ditions. This approach aimed to obtain bacterial
isolates that reflected the diversity of the L. flava
rhizosphere bacterial community in substrate hy-
droponic systems. The nutrient formula was de-
signed to provide 180 ppm NOs~, 37 ppm NHa",
66 ppm P, 286 ppm K, 154 ppm Ca, 66 ppm
Mg, and 122 ppm S, supplemented with 40 g of
Vitaflex™ micronutrient mix in 5 L of concen-
trated stock solution. The samples were placed
in labeled plastic bags, then put in a coolbox and
transported to the laboratory.

Isolation of rizosfer bacteria from L. flava

Bacterial isolation was performed by diluting
10 g of substrate sample in 90 mL of physiologi-
cal saline, followed by thorough mixing until
homogeneous. The suspension was subsequently
subjected to serial dilutions up to 10~ and ho-
mogenized using a vortex mixer. The 10~ dilu-
tion was selected for bacterial isolation. A 0.1 ml
of the diluted suspension was transferred using a
micropipette and spread onto nutrient agar (NA)
plates using a Drigalski spatula following the
spread-plate method (Pujiati et al., 2025). Each
treatment was conducted in duplicate. The plates
were then incubated for five days.

Characterization of rizosfer bacteria
from L. flava

Colony morphology (color, diameter, shape,
margin, elevation, and internal structure) was as-
sessed macroscopically (Linda et al., 2023; Masi
et al., 2021). Microscopic characteristics and
Gram reaction were determined using Gram stain-
ing (Oktari et al., 2021). Aerobicity was evaluated
in Nutrient Broth based on growth patterns under
oxygen availability. Catalase activity was assessed
using H20-, indicated by bubble formation (Sudewi
et al., 2020). Biochemical tests included Simmons
Citrate Agar (SCA) and Triple Sugar Iron Agar
(TSIA) assays, with color changes interpreted as
described by (Goa et al., 2022). Bacterial motility
was determined on NA medium following vertical
inoculation.(Martinez-Camara et al., 2020).

Screening for nitrogen fixation

Nitrogen fixation was evaluated using quali-
tative and quantitative approaches. Qualitative

screening was conducted by culturing bacterial
isolates on nitrogen-free Jensen medium and in-
cubating them at room temperature for 7 days;
colony growth indicated potential nitrogen fixa-
tion. Quantitative analysis was performed by in-
cubating isolates in liquid peptone medium under
shaking conditions (70 rpm) for 5 days. Cultures
were centrifuged (4000 rpm, 10 min), and am-
monium production in the supernatant was deter-
mined using the Nessler method, with absorbance
measured at 420 nm using a UV-Vis spectro-
photometer. NH4" concentrations were calculat-
ed based on an NH4Cl standard curve (Li et al.,
2024; Mondal et al., 2024; Shi et al., 2023).

Screening for phosphate solubilization

Phosphate solubilization was first assessed
qualitatively by inoculating isolates onto Pikovs-
kaya agar and incubating them at room temper-
ature for 7 days. The formation of clear halos
around colonies indicated phosphate solubiliza-
tion. Quantitative determination was conducted
in Pikovskaya liquid medium incubated under
shaking (70 rpm) for 5 days. After centrifugation
(1.000 rpm, 15 min), soluble phosphate in the su-
pernatant was measured colorimetrically using
the molybdenum blue method, with absorbance
recorded at 882 nm. Phosphate concentrations
were calculated using a KH2POs calibration curve
(Aliyat et al., 2022).

Screening for potasium solubilization

Potassium solubilization was evaluated quali-
tatively on Aleksandrov agar supplemented with
feldspar as the sole potassium source, following
incubation at room temperature for 7 days. Halo
formation around colonies indicated solubiliza-
tion activity. Quantitative analysis was performed
by culturing isolates in Aleksandrov liquid medi-
um containing feldspar for 7 days under shaking
conditions (70 rpm). After centrifugation (2.500
rpm, 25 min) and filtration, dissolved potassium
in the supernatant was quantified using atomic
absorption spectroscopy (AAS) at 766.5 nm, with
KCl used as the standard (Nguyen et al., 2024)

Screening for IAA production

IAA production was assessed by growing
isolates in nutrient broth supplemented with L-
tryptophan (0.1 g L) for 48 h under shaking
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conditions (70—80 rpm). Following centrifuga-
tion (11,000 rpm, 15 min), the supernatant was
reacted with Salkowski reagent (1:1, v/v) and
incubated in the dark for 30 min. Development
of a pink to purplish-red color indicated IAA pro-
duction. Quantitative IAA levels were determined
spectrophotometrically at 530 nm using an [AA
standard curve (Gen-jiménez et al., 2023; Lebrazi
etal., 2020).

Screening for the biofilm forming ability

Biofilm formation was qualitatively evalu-
ated using the tube assay. Isolates were incu-
bated in nutrient broth for 4 days at room tem-
perature with shaking (70 rpm). Tubes were
then washed, stained with 0.1% crystal violet,
and rinsed with phosphate-buffered saline. The
presence of a violet film adhering to the tube
wall was interpreted as positive biofilm forma-
tion (Basnet et al., 2023).

Data analysis

Data analysis was performed on the quan-
titative potential to bind N, solubilize P and K,
and produce IAA. All treatments were replicat-
ed three times. Data were analyzed using one-
way ANOVA. Differences between treatments
were considered significant at p < 0.05. SPSS
26 and Excel.

RESULTS AND DISCUSSION

Result

Isolation and characteristics of L. flava
rhizosphere bacteria cultivated using
a hydroponic system

Isolation of L. flava rhizosphere bacteria un-
der various microhabitat conditions formed from
a combination of substrate types (volcanic sand,
charcoal husks, and a mixture of both) and vary-
ing concentrations of nutrient solutions (0, 0.8,
1.6, 2.4, and 3.2 dS m™!) resulted in 23 bacterial
colonies. The selected isolates were coded A34,
B22, B31, B34, C13, C24, D12, E12, F21, G14,
G22, G31, H11, 131, J12, J31, K31, L31, M13,
M15, N11, N21, and O21.

The morphological characteristics of these
rhizosphere bacteria were examined through
macroscopic and microscopic observations
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(Table 1). The results of the observation showed
that there were various colors of colonies, such
as milky white, cream, yellow, orange, pink,
brick red, and red. Some isolated colonies, par-
ticularly B22, G22, G31, H11, K31, and M15,
had color pigments. Colony diameters var-
ied between 0.55 and 1.70 mm. The identified
colony shapes were predominantly circular,
while there were also irregular (C13, D12, F21,
and L13), myceloid (J31), and spindle (K31)
shapes. Five different colony edge shapes were
identified: undulate (A34, B22, B34, C24, G22,
G31, 131, and K31), fimbriate (B31, C13, and
J31), entire (D12, J12, L13, and M15), erose
(E12, F21, H11, M13, and N11), and lobate
(G14, N21, and O21). Meanwhile, the eleva-
tion profile showed high diversity, including
umbonate, low convex, convex rugose, convex
papillate, raised, and effuse forms. Similarly,
the internal colony structure was highly vari-
able, including finely granular, opaque, fila-
mentous, wavy entrapped, translucent, coarsely
granular, arborescent, and smooth textures.
No isolates showed identical combinations of
margin, height, and internal structure, reflect-
ing substantial morphological diversity among
rhizosphere bacterial communities associated
with L. flava in hydroponic culture. The cell
shape was mostly basil, and only isolates 131
and J12 showed coccus and coccobacillus cell
shapes. Gram staining results mostly showed
that the isolates observed were gram negative,
and only 5 isolates were gram positive, namely
isolates K31, L13, M13, N11, and N21.

The results of physiological and biochemi-
cal testing of 23 rhizosphere bacterial isolates of
L. flava showed variations in characteristics that
reflect the metabolic diversity of bacteria in sub-
strate based hydroponic systems (Table 2).

Most isolates were aerobic, indicating that
the root zone of L. flava in this system provides
adequate oxygen conditions for aerobic respira-
tion. Several isolates, such as A34, C24, J12, and
N11, were facultative aerobic, indicating flexibil-
ity in utilizing conditions with or without oxygen,
while only a few were anaerobic. The catalase
test showed positive results in all isolates, indi-
cating the universal capacity of the rhizosphere
bacterial community to detoxify hydrogen per-
oxide accumulation, which is commonly found
in active root environments. Variations began to
appear in the citrate utilization test, with several
isolates able to use citrate as a carbon source,
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Table 1. Macroscopic and microscopic characteristics of 23 rhizosphere bacterial colonies of L. flava cultivated
in a hydroponic system

Macroscopic characteristics Mlcroscc_)pl_c
Isolat characteristics
d -
code Color Diameter Colony C°'°’?y Elevation Opacity Cell Gfa.’“
(mm) shape margin staining
A34 Cream 1.10 Circular Undulate Umbonate Finely Bacil -
granular
B22 Yellow 1.00 Circular Undulate Law conves Opaque Bacil -
B31 Milky white 1.15 Circular Fimbriate Convex rugose | Filamentous Bacil -
B34 Cream 0.90 Circular Undulate Umbonate Finely Bacil -
granular
C13 Cream 1.70 Irregular Fimbriate Umbonatelaw Wallvy Bacil -
convex enteriaced
C24 Cream 1.00 Circular Undulate Law convex Opaque Bacil -
D12 Cream 1.00 Irregular Entire Law convex Coarsely Bacil -
granular
E12 Milky white 1.10 Circular Erose Convex papilate | Transculent Bacil -
F21 Milky white 1.10 Irregular Erose Convex rugose Coarsely Bacil -
granular
. . Finely .
G14 Cream 0.95 Circular Lobate Convex papilate Bacil -
granular
G22 Pink 1.10 Circular Undulate Convex papilate | Arborescent Bacil -
G31 Orange 0.55 Circular Undulate Umbonate Finely Bacil -
granular
H11 Red 0.55 Circular Erose Convex papilate | Transculent Bacil -
131 Milky white 1.00 Circular Undulate Law convex Opaque Coccus -
J12 Cream 1.10 Circular Entire Law convex Coarsely Coccobacillus -
granular
J31 Cream 1.10 Myceloid Fimbriate Raised Wavy Bacil -
enteriaced
K31 Brick red 1.20 Spindle Undulate Law convex Smooth Bacil +
L13 Milky white 1.00 Irregular Entire Law convex Coarsely Bacil +
granular
M13 Cream 1.00 Circular Erose Convex papilate | Tranculent Bacil +
M15 Yellow 1.10 Circular Entire Effuse Opaque Bacil -
N11 Milky white 1.00 Circular Erose Law convex We?vy Bacil +
enteriaced
N21 Cream 110 Circular Lobate | Convex papilate | C°2rSelY Bacil +
granular
021 | Milky white | 1.10 Circular Lobate | Convex papilate | C2rSelY Bacil -
granular

namely isolates with codes A34, B31, B34, E12,
F21, G14, G22, G31, L13, and M15, while other
isolates showed a negative response. The same
differences were also seen in the TSIA test, with
some isolates showing the ability to ferment
sugar or produce H2S, while others tended to
be non-fermentative. This diversity shows meta-
bolic function differentiation that is relevant to
the nutritional dynamics in the hydroponic root
zone. The motility characteristics of the isolates
also varied, with a number of isolates such as
B22, C13, E12, G22, G31, 131, J12, K31, L13,
MI15, N11, and N21 exhibiting motile character-
istics, while other isolates were nonmotile.

Qualitative and quantitative analysis
in fixing N

A total of seven bacterial isolates, namely
131, B22, 021, C24, K31, M13, and G31 (Figure
1), showed the ability to grow on Jensen medium
(N free medium), a condition that generally limits
the growth of bacteria that cannot fix N.

The ability to survive on this nitrogen de-
ficient medium reflects the presence of physi-
ological mechanisms that enable the isolates to
fix nitrogen directly. Successful growth under
selective conditions shows that this group of
isolates is not only adaptive, but also has the
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Table 2. Physiological and biochemical characteristics of 23 rhizosphere bacterial isolates of L. flava cultivated

in a hydroponic system

Isolat Code Aerobicity Catalase (cimmoigﬁi;?:tte Agar) (triple \;ruS;Q'tlerz; Agar) Motility test
A3 4 Aerob fakultatif + + - -
B2 2 Aerob + - + +
B3 1 Aerob + + + -
B3 4 Aerob + + + -
C13 Aerob + - - +
C24 Aerob fakultatif + - + -
D12 Aerob + - + -
E12 Aerob + + - +
F21 Aerob + + + -
G14 Aerob + + + -
G22 Anaerob + + + +
G31 Anaerob + + - +
H11 Aerob + - + _
131 Aerob + - + +
J12 Aerob fakultatif + - + +
J31 Aerob + - - -
K3 1 Aerob + - + +
L13 Aerob + + + +
M1 3 Aerob + - + -
M1 5 Aerob + + + +
N11 Aerob fakultatif + - + +
N2 1 Aerob + - + +
021 Aerob + - + -

potential to play an important ecological role in
nitrogen supply in the root zone of hydroponi-
cally cultivated L. flava.

Quantitative analysis of nitrogen fixation
ability using a UV Vis spectrophotometer (Table
3) showed that all seven bacterial isolates pro-
duced nitrogen accumulation in the form of am-
monium (NHa") with fairly clear variations in
response between isolates. Isolate M13 showed
the highest value, namely 26.72 £ 0.04 mg 1,
indicating the most intensive nitrogen fixation
activity compared to other isolates. Isolates C24,
G31, 131, K31, and O21 showed similar values,
while isolate B22 gave the lowest value of 23.58
+ 0.65 mg I''. However, these isolates still pos-
sessed nitrogen fixation capabilities. Overall,
this quantitative pattern reinforces the evidence
that the seven isolates have physiological poten-
tial in producing fixed nitrogen and are worthy
of consideration as nitrogen-fixing bacterial can-
didates for biofertilizer applications in substrate
based hydroponic systems.

102

Qualitative and quantitative analysis in
dissolving phosphate

Five bacterial isolates (M15, M13, J12, N21,
and L13) showed the ability to dissolve phos-
phate, as detected by the appearance of clear
zones on Pikovskaya medium (Figure 2). This
may indicate that the five isolates are capable of
breaking down bound inorganic phosphate into a
more available form. The difference in the width
of the dissolution zone suggests that the meta-
bolic response between isolates is not homoge-
neous, and some of them show higher effective-
ness in mobilizing phosphate. These results in-
dicate that only a small fraction of the selected
bacterial community has a strong functional ca-
pacity to increase phosphorus availability in the
root environment. These findings position these
five isolates as potential candidates for further
development in P-solubilizing biofertilizer for-
mulations for L. flava.

Measurement of dissolved phosphate levels
using a UV Vis spectrophotometer showed that
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Figure 1. Identified bacterial isolates have nitrogen-fixing capabilities. (A) I31, (B) B22, (C) 021, (D) C24,
(E) K31, (F) M13, (G) G31

Table 3. Results of quantitative analysis of nitrogen
fixation ability using a UV Vis spectrophotometer

Isolat code Concentration NH,(mg I'")
B22 23.58+0.65b
C24 2498 + 1.85ab
G31 2455 + 1.47 ab
131 2499+ 1.85ab
K31 25.22+0.16 ab
M13 26.72+0.04 a
021 25.07 +1.92ab
CV% 5.49

Note: The numbers followed by the same letters and
columns showed no significant difference based on the
one way Anova at a level of 5%.

the five isolates had different abilities to dissolve
P (Table 4). Isolate M13 had the highest ability,
namely 6.17 + 0.42 mg I, reflecting a stronger
dissolution efficiency compared to other isolates,
but statistically not different from isolates N21
and M15 (5.78 £ 0.29 mg I'! and 5.69 + 0.16 mg
I'"). Meanwhile, isolates L13 (5.47 = 0.01 mg 1)
and J13 (5.09 + 0.34 mg 1) showed the lowest
P solubilization capacity compared to other iso-
lates. These results indicate a gradient in phos-
phate solubilization ability among the isolates
tested, but remain relevant in the context of P-
solubilizing microbial function.

Qualitative and quantitative analysis
in dissolving K

Of the 23 isolates tested for their ability
to dissolve K using Alexandrov’s specific me-
dium, six isolates (M13, L13, B22, A34, E12,
and D12) showed the ability to dissolve potas-
sium. This was indicated by the formation of a
clear zone around the colonies on Alexandrov’s
medium (Figure 3). The clear zones in the six
isolates confirmed that all of them were ca-
pable of mobilizing potassium from insoluble
mineral sources. However, the clear zones pro-
duced varied in size, ranging from thin circles
to wider zones.

Quantitative testing of the ability to dissolve
K in six bacterial isolates showed quite clear
variations in response between isolates. Isolate
A34 displayed the highest dissolution capacity
with a value of 1.86 + 0.15 mg 1!, marking the
strongest performance among all isolates test-
ed. Isolate M13 was next with a value of 1.58
+ 0.07 mg 1!, followed by three other isolates,
namely D12, B22, and L13, which showed rela-
tively similar dissolution values, namely 1.41
+ 0.05 mg 1!, 1.40 = 0.04 mg 1", and 1.42 +
0.11 mg I, respectively. Meanwhile, isolate
E12 showed the lowest solubility value, namely
1.31 £ 0.06 (Table 5).
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Figure 2. Identified bacterial isolates have the ability to dissolve phosphate. (A) M15, (B) M13, (C) J12,
(D)N21, (E) L13

Table 4. Results of quantitative analysis of
phosphate solubility using a UV Vis spectrophotometer

Table 5. Results of quantitative analysis of potassium
solubility using AAS

Isolat code Phosphate solubilization value (mg I") Isolat code Potasium solubilization value (mg I')
J13 5.09+£0.34c A34 1.86+0.15a
L13 5.47 £ 0.01 bc B22 1.40 £ 0.04 bc
M13 6.17+042a D12 1.41 +£0.05 bc
M15 5.69 £ 0.16 ab E12 1.31+0.06 ¢
N21 5.78 £ 0.29 ab L13 1.42+0.11 bc
CV% 5.07% M13 1.58+0.07b
Note: The numbers followed by the same letters and CVe% 6.17%

columns showed no significant difference based on the
one way anova at a level of 5%.

Qualitative and quantitative analysis in the
production of IAA

Qualitative test results for indole-3 acetic acid
(IAA) production show that several bacterial iso-
lates (A34, B31, D12, G31, K31, and M13) from
the rhizosphere of L. flava are capable of producing
IAA. This was indicated by a change in the color of
the culture suspension to pink after the addition of
Salkowski reagent (Figure 4). Variations in color in-
tensity between isolates showed differences in IAA
production capacity, with some isolates displaying
a stronger pink hue than others. This phenomenon
indicates that the potential for IAA synthesis is not
uniform among the isolates tested (Table 6).
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Note: The numbers followed by the same letters and
columns showed no significant difference based on the
one way anova at a level of 5%.

Quantitative measurements were performed
on six isolates suspected of producing IAA, name-
ly isolates A34, B31, D12, G31, K31, and M13.
Among all isolates tested, isolate A34 showed the
highest IAA production, reaching 26.90 + 0.32
mg I"'. Meanwhile, the other five isolates, B31,
D12, G31, K31, and M13, showed IAA concen-
trations in the same range (22.90-23.75 mg 1'!).
Overall, this quantitative pattern confirms the ex-
istence of metabolic capacity differences between
isolates, with one superior isolate surpassing the
others, making it a candidate isolate for produc-
ing biofilm biofertilizer.
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Figure 3. Identified bacterial isolates have the ability to dissolve potassium

Biofilm

The results of biofilm formation analysis
showed that only a small portion of isolates were
capable of producing biofilm structures under the
test conditions (Figure 5).

Of the total 23 isolates tested, only two iso-
lates showed biofilm formation, namely isolates
J31 and J12. A positive biofilm test was indicated
by the appearance of a purple film layer adhering
to the tube wall on the surface of the culture after
the staining process. These two isolates showed
stronger adhesion and matrix accumulation abili-
ties compared to the other isolates, which did not
show any film layer at all.

Discussion

Isolation and characterization of rhizosphere
bacteria L. flava

Isolation of L. flava rhizosphere bacteria under
different microhabitats formed by combinations
of substrate types and nutrient concentrations

resulted in substantial morphological colony di-
versity, consistent with reports from other hydro-
ponic systems showing that substrate and nutrient
variation shapes distinct bacterial communities
(Gerrewey et al., 2021; Guevara et al., 2025).
A total of 23 colonies were obtained, character-
ized morphologically (macroscopically and mi-
croscopically). Macroscopic and microscopic
characteristics including color, diameter, shape,
margin, elevation, internal structure, cell shape,
and gram reaction were then examined (Sheikh
et al., 2024). Colony colors ranged from milky
white to red, with several isolates likely produc-
ing pigments. Pigmented bacteria such as Chry-
seobacterium and Bacillus subtilis are known
for functional metabolites including carotenoids
and pulcherrimin, which enhance stress tolerance
and provide antimicrobial activity (Orlandi et
al., 2022; Salo and Novero, 2020). Serratia spp.
are likewise known for producing prodigiosin
with biocontrol potential (Soenens and Impe-
rial 2020). Macroscopic traits varied extensively
among isolates, consistent with environmental
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Figure 4. Qualitative test results for indole-3 acetic acid (IAA) production by bacterial isolates
due to the addition of Salkowski reagent

Table 6. Results of quantitative analysis of IAA

production capacity

Kode isolate IAA (mg I'")
A34 26.90+0.32 a
B31 2290+240b
D12 23.12+1.40b
G31 23.34+£1.89b
K31 23.17+£1.06b
M13 23.75+0.67b
CV% 6.17%

Note: The numbers followed by the same letters and
columns showed no significant difference based on the
one way anova at a level of 5%.

and strain-dependent influences on bacterial mor-
phology (Sousa et al., 2013).

Microscopic examination showed predomi-
nantly bacillary forms, with few cocci and coc-
cobacilli. Gram staining revealed that most iso-
lates were Gram-negative, with only five Gram-
positive. These characteristics reflect differences
in cell wall structure and ecological strategies;
both Gram-positive and Gram-negative groups
may exhibit PGPR traits (Hardiansyah et al.,
2020; Samet et al., 2022). Such morphological
variation suggests potential functional diversity
within the community (Chhetri et al., 2025).
Most isolates were aerobic, while some were
facultatively aerobic, aligning with previous
findings that genera such as Bacillus can toler-
ate variable oxygen conditions (Crivelli et al.,
2024). All isolates displayed positive catalase
activity, indicating the ability to degrade H:0:
and tolerate oxidative stress an important trait for
biofertilizer application (Khatoon et al., 2022).
The SCA test confirmed the ability of several iso-
lates to utilize citrate, a trait linked to enhanced
phosphate solubilization and improved nutrient
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Figure 5. Identified bacterial isolates have the ability
to form biofilms under single conditions
with crystal violet staining

uptake in plants (Goa et al., 2022; Wagh et al.,
2014). TSIA results demonstrated the capacity
to ferment different sugars, reflecting metabolic
versatility relevant to root exudate utilization and
PGPR performance (P. Shi et al., 2022). Motility
tests showed variable mobility, a trait associated
with better colonization and biofilm establish-
ment in root environments, as exemplified by
Bacillus ginsengihumi M2.11 (Itkina et al., 2025;
Martinez-Camara et al., 2020).

Overall, the physiological and biochemical
profiles demonstrate not only structural but also
functional diversity among isolates, driven by
hydroponic microhabitat variation. These find-
ings highlight the adaptive potential of the rhi-
zosphere microbiome and provide a strong basis
for selecting promising isolates for the develop-
ment of biofilm-based biofertilizers in hydro-
ponic systems.
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The potential of L. flava rhizosphere bacterial
isolates in fixing N, solubilizing P and K,
producing IAA, and forming biofilms

Seven isolates (I31, B22, 021, C24, K31,
M13, and G31) were able to grow on Jensen
medium, indicating their ability to maintain me-
tabolism under minimal nitrogen conditions and
suggesting potential nitrogenase activity, consis-
tent with reports that survival on N-free medium
reflects active nif gene expression (Bennett et
al., 2023). This ability is ecologically valuable in
substrate based hydroponics, where organic nitro-
gen reserves are limited. Quantitative measure-
ments using UV-Vis spectrophotometry showed
that M 13 had the highest nitrogen-fixing capacity,
supporting findings that fixation efficiency varies
among strains due to nitrogenase regulation and
adaptation to root-zone oxygen conditions (Lind-
strom and Mousavi, 2019; Sinharoy and Tian,
2024). Collectively, these seven isolates form a
strong foundation for developing nitrogen-fixing
biofertilizers in hydroponic system.

Phosphate solubilizing ability on Pikovs-
kaya medium indicated by clear zone formation
was detected in five isolates (M15, M13, J12,
N21, L13), reflecting organic acid secretion as
the primary mechanism. This uneven functional
distribution aligns with literature showing that
P solubilization depends on genetic capacity for
organic acid and phosphatase production, mi-
croenvironmental pH and mineral composition,
and carbon availability from root exudates (Pan
and Cai, 2023; Sanchez-gonzalez et al., 2023;
Santos et al., 2025). Quantitative assays again
identified M 13 as the strongest performer, con-
sistent with multifunctional isolates capable of
expressing multiple metabolic pathways simul-
taneously, while L13 and J12 contributed lower
but stable activity.

Potassium solubilization was detected in six
isolates based on clear zones on Alexandrov me-
dium, with differences in zone diameter reflecting
metabolic heterogeneity (Adwani et al., 2024).
K solubilization is controlled by organic-acid
biosynthesis and strain-specific genetic factors
(Babar et al., 2024). Quantitative data identified
A34 as the most effective K solubilizer, followed
by M 13, which again exhibited a broad functional
spectrum commonly described as integrated nu-
tritional capability (Azizah et al., 2020). Isolates
with lower activity such as E12 remain relevant
for gradual K mobilization.

IAA production was detected in six isolates
(A34, B31, D12, G31, K31, M13), with color
variation in the Salkowski test indicating dif-
ferences in biosynthetic regulation influenced
by L-tryptophan availability, aminotransferase
activity, and local physicochemical conditions
(Ratnaningsih et al., 2023; Zhang et al., 2021).
Quantitative tests showed A34 as the highest [AA
producer, and its combined ability to solubilize K
and synthesize IAA highlights its potential as a
dual-function biofertilizer candidate for nutrient
mobilization and growth promotion.

Biofilm analysis exhibited distinct dynamics
from nutritional traits, as only two isolates (J31
and J12) formed detectable structures, and under
consortium testing only J31 maintained stable
biofilm formation (Figure 6). This demonstrates
that biofilm capability is highly selective and
shaped by isolate physiology and inter-microbial
interactions (Yao et al., 2022). Biofilm forma-
tion requires complex regulation including EPS
production, quorum sensing, and cell surface ar-
chitecture (Wang et al., 2023) which may explain
why only one isolate consistently retained this
ability in both solo and consortium conditions.
The inability of other isolates to maintain bio-
films suggests competitive interactions that sup-
press matrix formation.

Overall, the results of this study show that the
rhizosphere bacterial community of L. flava in
substrate based hydroponic systems has a diverse

©

Figure 6. Identified bacterial isolates have the ability
to form biofilms in consortium conditions
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range of ecological functions, from N fixation,
P and K mobilization, IAA biosynthesis, to bio-
film formation. The dominance of several isolates
such as A34, J31, and M13 indicates the presence
of key candidates that can be further developed
into multifunctional biofilm biofertilizers (Table
7). This diversity of functions confirms that the
root microbiome in hydroponics is not homoge-
neous, but rather composed of groups with com-
plementary ecological contributions.

The combination of superior characteristics
in isolates A34, J31, and M13 indicates a very
promising consortium configuration for the de-
velopment of biofilm biofertilizers. Isolate A34,
which has a high capacity for potassium solubi-
lization and IAA production, is consistent with
findings that K-solubilizing bacteria and phyto-
hormone-producing bacteria can enhance root ex-
pansion and nutrient uptake efficiency in modern

cropping systems (Singhmar et al., 2024). Isolate
J31, as the isolate with the most stable biofilm
formation ability, plays an important role as a
supporting structure that allows the consortium to
survive in the root zone, in line with the concept
that the biofilm matrix enhances cell protection,
nutrient retention, and microbial colonization ef-
fectiveness (Bhattacharyya et al., 2023). On the
other hand, M13, which is capable of nitrogen
fixation and phosphate solubilization, provides
bioavailable N and P supplies, supporting plant
vegetative growth as reported in diazotrophs and
P-solubilizing bacteria used in precision agricul-
ture systems (Martinez-feria et al., 2024; Rios-
Ruiz et al., 2024). When synergized, these three
characters produce a consortium of bacteria with
N fixation, P and K solubilization, IAA produc-
tion, and biofilm formation functions that are
highly compatible with the latest approach in the

Table 7. Summary of the ability of 23 bacterial isolates to fix N, solubilize P and K, produce IAA,

and form biofilms

Isolat Bacterial potential

Selected

code | Fixing N | Solubizing P | Solubizing K

Producing IAA

Notes

Forming biofilm | isolates

A34 - - ++ ++

Excellent at dissolving K and

) A34 producing IAA

B22 + - + -

B31 - - R .

B34 - - - -

c13 - - - -

C24 + - - -

D12 - - + .

E12 - - + -

F21 - - - -

G14 - - - -

G22 - - - -

G31 + - - +

H11 - - - -

131 + - - -

J12 - + - -

J31 - - - -

Forming biofilms in single and

i J31 consortium conditions

K31 + R . N

L13 - + + -

M13 ++ ++ + +

Excellent at fixing N and

) M13 dissolving P

M15 - + - -

N11 - - - -

N21 - + - -

021 + - - -

Notes: (+) indicates a positive activity, (++) indicates strong or high activity, and (—) denotes no detectable activity.
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development of multifunctional microbe-based
biofertilizers. These three isolates are recom-
mended as the main candidates in the formulation
of effective biofilm biofertilizers to improve plant
performance in sustainable hydroponic systems.
Nevertheless, functional screening was conduct-
ed under in vitro conditions, and further studies
are required to validate the performance of select-
ed isolates under in vivo hydroponic cultivation
and in microbial consortia.

CONCLUSIONS

In conclusion, this study successfully isolated
and selected rhizosphere bacteria associated with
L. flava in a hydroponic system. The diversity
of morphological and physiological characteris-
tics identified indicates that the rhizosphere of L.
flava is a habitat for bacterial communities with
functional potential relevant to the development
of biofertilizer biofilms. Functional tests revealed
several superior isolates with the ability to fix ni-
trogen, solubilize phosphate, produce TAA, and
form stable biofilms in consortium conditions.
Three isolates, namely A34 (K solubilizer and IAA
producer), J31 (stable biofilm former), and M13 (N
fixer and P solubilizer) emerged as the most prom-
ising candidates. These findings confirm that the
rhizosphere of L. flava provides a source of adap-
tive local microbes that have the potential to be
utilized for biofertilizer formulations suitable for
hydroponic conditions. However, further verifica-
tion through application tests on a field hydroponic
scale is needed to ensure the consistency of perfor-
mance and feasibility of utilizing these isolates in
sustainable hydroponic cultivation systems.
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