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Application of Streptomyces mutabilis Derived Rhamnolipid to
Enhance Microbial Activity and Nutrient Uptake in Barley Grown

Under Saline Conditions
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Abstract | Soil salinization poses a significant global challenge, limiting land use efficiency and agricultural
productivity. This study aimed to investigate the production and characterization of a rhamnolipid (RL)
biosurfactant synthesized by a Strepromyces isolate obtained from arid soil, and evaluates its impact on barley
(Hordeum wvulgare cv. Giza 123) growth under saline conditions. The isolate, designated as NVC7, exhibited
the highest emulsification index (up to 74%), oil displacement activity, hemolytic action, and foaming capacity,
indicating superior biosurfactant productivity. Morphological, biochemical, and genotypic analyses confirmed
its identity as Streptomyces mutabilis. Optimal biosurfactant production was achieved at 30 °C and pH 8.0,
with moderate salinity boosting production by 20-30%. Fourier-transform infrared (FTIR) spectroscopy
analysis verified the glycolipid nature of the produced biosurfactant. Additionally, S. muzabilis displayed key
plant growth promoting traits, including indole-3-acetic acid (IAA) production (37.4 pg mL™), phosphate
solubilization (96.3 pg mL"), and ammonia production, aiding stress alleviation through enhanced nutrient
availability and root development. Field trials were conducted during the 2025 winter cropping season at
two locations in El-Kharga Oasis, New Valley Governorate, Egypt, characterized by soil salinity levels of
8.3 and 10.82 dS m™. Inoculation with RL-producing S. mutabilis significantly (p < 0.05) improved barley
growth parameters, biomass accumulation, photosynthetic pigment concentration, soil microbial activity, and
nutrient uptake. S. mutabilis inoculation markedly enhanced positive trait correlations (r > 0.7) between grain
yield, nutrient uptake, and microbial activity (DHA/FDA) versus controls. Principal component analysis
(PCA) revealed that inoculated treatments under both salinity levels clustered strongly on the positive axis of
PC1, reflecting consistent enhancement across all measured traits. These findings highlight RL-producing S.
mutabilis as a promising bioinoculant for sustainable agriculture in saline environments.
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Introduction affecting over 833 million hectares of land worldwide,
equivalent to 8.7% of the Earth’s surface, as reported

Soil salinization represents a critical environmental by the Food and Agriculture Organization (FAO)
challenge to global agricultural sustainability, (Canton, 2021). Driven by several abiotic factors
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such as drought, seawater intrusion, and improper
irrigation practices, the extent of saline-affected
soils is expanding at an alarming rate of 1-2%
annually (Wang ez al, 2023). This degradation
severely impairs soil fertility and productivity, posing
substantial barriers to green agricultural development
(Sultan ez al., 2023). Salinity stress disrupts multiple
plant physiological processes, including seed
germination, root development, ion homeostasis,
and photosynthetic efficiency, while inducing
oxidative damage wia reactive oxygen species (ROS)
accumulation and altering phytohormone signaling
(Ahmadzai ez al., 2025). These effects manifest across
all growth stages, from seedling establishment to
maturity, leading to morphological abnormalities
and significant yield reductions (Soltabayeva ez al.,
2021). Furthermore, salinity inhibits soil microbial
respiration and enzymatic activities, exacerbating
ecosystem imbalances and threatening food security

(Kumar ez al., 2020).

In response to these challenges, plant growth-
promoting bacteria (PGPB) have emerged as eco-
friendly agents for enhancing plant resilience to
abiotic stresses. These microorganisms modulate
root architecture, improve nutrient and water uptake,
and produce bioactive metabolites that foster plant
growth (Narayanan and Glick, 2022). Among PGPB,
actinomycetes, particularly the genus Strepromyces,
stand out for their biotechnological potential,
constituting a significant portion of soil microbiota
and excelling in root colonization even under adverse
conditions due to their spore-forming capabilities
(Vurukonda ez al., 2021). Streptomyces spp. are prolific
producers of secondary metabolites, including
antibiotics, enzymes, and biosurfactants, contributing
to approximately half of all known bioactive
compounds (Khan e al, 2023). Biosurfactants
are amphipathic molecules that reduce surface
and interfacial tension, offer multiple advantages
over synthetic counterparts, such as superior
biodegradability, low toxicity, structural diversity, and
stability across varying pH, temperature, and salinity
levels (Sharma, 2021; Gayathiri ez al., 2022). These
compounds facilitate bacterial-plant interactions
by enhancing root colonization, nutrient chelation,
and the bioavailability of phytohormones and
siderophores (Borah ez al., 2021; Ayoib ez al., 2024,
Karimi ez al., 2024). Biosurfactants are traditionally
categorized into four principal groups according to
their chemical composition; mainly lipoproteins

or lipopeptides, phospholipids, glycolipids, and
polymeric surfactants (Drakontis and Amin, 2020).
Among these, glycolipids are characterized by the
presence of one or more carbohydrate moieties
forming the hydrophilic head and one or more fatty
acid chains constituting the hydrophobic tail. Notable
representatives of this class include rhamnolipids,

sophorolipids, and trehalolipids.

Glycolipids,  including  rhamnolipids  (RLs),
represent a prominent class of biosurfactants with
demonstrated efficacy in environmental remediation
(Aqif et al, 2024). RLs are microbial-derived
glycolipids featuring hydrophilic and hydrophobic
moieties, exhibit low toxicity and high environmental
compatibility. In saline-alkali soils, RLs can mitigate
water evaporation by binding water molecules to
their hydrophilic groups, improving soil wettability
and water retention. Additionally, RLs chelate metal
ions, enhancing their mobility and leaching, aiding
in salt removal while potentially facilitating nutrient
uptake by forming lipophilic complexes (Borah ez a/.,
2021; Faccioli ez al., 2024). Under alkaline conditions,
RLs release H* ions, neutralizing hydroxide radicals
and lowering soil pH (Li ez a/., 2023). Despite these
promising attributes, the application of RL-producing
Streptomyces for ameliorating salinity stress in crops
remains underexplored.

Barley (Hordeum wulgare L.), a major cereal crop
valued for its adaptability yet highly susceptible to
salinity, serves as an excellent model for investigating
such interventions (Soltabayeva ez a/., 2021). The
objective of this study was to examine the effects
of RL-producing Streptomyces on barley growth
parameters grown under saline conditions, aiming
to elucidate mechanisms of stress alleviation and
contribute to sustainable agricultural strategies.

Materials and Methods

Isolation of biosurfactant-producing Streptomyces

Nineteen soil samples were collected in sterile
polyethylene bags from multiple locations across
New Valley Governorate, Egypt. Samples were
air-dried at room temperature (~25 °C) for 7 d
and stored in the same sterile bags until use. 1 g of
dried soil was suspended in 10 mL sterile distilled
water and agitated on an orbital shaker at 120 rpm
for 30 min. The suspension was serially diluted (10-
! to 10®) in sterile water (Nandhini and Josephine,
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2013). Aliquots of 100 pL from suitable dilutions
were spread onto starch—nitrate agar plates (pH 7.0)
and incubated at 28+2 °C for 7 d. After incubation,
developed actinomycete colonies were selected on
the basis of typical leathery, powdery, or pigmented
morphology. Pure cultures were obtained by repeated
streaking on starch—nitrate agar slants (Kiister and
Williams, 1964). Stock cultures were preserved in
20% (v/v) glycerol at 4 °C for subsequent biosurfactant
screening.

Screening for biosurfactant-producing Streptomyces

Pure Streptomyces isolates were grown in 250 mL
Erlenmeyer flasks containing 100 mL Kim’s medium
(Kim ez al., 2000) composed of (g/ L): NaNO, 10.0,
yeast extract 0.2, MgSO,7H,O 0.1, KH, PO, 1.0,
CaCl, 0.1,and 3% (v/v) olive oil as sole carbon source,
adjusted to pH 6.0. Flasks were incubated at 30 °C
on a reciprocal shaker (120 rpm) for 5 d. Following
incubation, the obtained actinomycete cultures were
centrifuged at 8 000 x g for 20 min at 4 °C to yield cell-
free supernatant, which was immediately tested for
extracellular biosurfactant activity. All fermentations
were performed in triplicate, and active isolates were
maintained on glycerol-yeast extract agar slants at 4
°C with long-term stocks preserved in 20% glycerol at
—20 °C.'The cell free filtrate was subjected to difterent

screening methods, including the following:

Emulsification capacity (E24) assay

The emulsification index (E24) was determined
tollowing Satpute ez a/. (2008). Briefly, 2 mL of a cell-
free fermentation supernatant were combined with
2 mL of olive oil in a screw-cap test tube, vortexed
at maximum speed for 2 min, and allowed to stand
undisturbed at room temperature (25 + 2 °C) for 24 h.
Sterile Kim’s medium served as the negative control.
All assays were performed in triplicate. The height of
the stable emulsion layer (the creamy, opaque layer
formed at the interface between the aqueous and oil
phases) was measured using a ruler or caliper,and E24
was calculated according to the following equation

(Satpute ez al., 2008).

Height of emulsion laver

® 100
Total height of liquid column

E;4 (%) =

Oil displacement assay

'The oil-spreading assay was performed in 15 cm Petri
plates, in reference to Morikawa ez a/. (2000). 40 mL
of distilled water were added, followed by 2-3 mL of

crude oil pre-stained with Sudan Black to enhance
contrast. Once the oil film stabilized (~2 min), 500
pL of cell-free Strepromyces supernatant were gently
dispensed onto the center. After 30 s, the developed
clear halo diameter was measured using a digital
caliper. Distilled water (500 pL) served as negative
control. Assays were conducted in triplicate.

Hemolysis assay

'The hemolysis test developed by Mulligan ez al.
(1984) is based on the principle that biosurfactants
have the ability to lyse erythrocytes. In this assay,
Streptomyces isolate was streaked on blood agar plates
supplemented with 5% blood and incubated at 25 °C
for 48 h. The appearance of clear hemolytic zones
around the colonies, resulting from the lysis of red
blood cells, served as an indicator of biosurfactant
production.

Cetyltrimethylammonium bromide methylene blue agar

plate assay
Extracellular anionic biosurfactants (especially
rhamnolipids) ~ were  detected  using  the

cetyltrimethylammonium bromide (CTAB) blue-
agar method (Siegmund and Wagner, 1991; Pinzén,
2009). Mineral-salt agar was supplemented with
0.2 ¢ L™ CTAB and 0.005 g L' methylene blue,
autoclaved and poured. Pure Streptomyces isolates
were spot-inoculated and incubated at 30 “C for 48 h.
Plates were subsequently refrigerated at 4 °C for 24—
48 h to intensify the dark-blue background. Colonies
secreting anionic surfactants formed distinct dark-
blue halos against the opaque medium. Uninoculated
plates served as blanks. All tests were performed in
triplicate.

Foam formation assay

Foaming ability was assessed following the method
conducted by El-Sheshtawy and Doheim (2014). 10
mL of cell-free supernatant were placed in a 50 mL
graduated cylinder, shaken vigorously by hand for 1-2
min, and immediately observed. Foam and total liquid
heights were recorded using the scale markings on the
50 mL graduated cylinder. Foaming capacity (FC)
was calculated according to the following equation

(El-Sheshtawy and Doheim, 2014):

Height of foam

FC (%) =
%) Total height

Sterile Kim’s medium was used as a negative control.
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Measurements were taken in triplicate and foam
stability was observed after 10 min. Isolates producing
> 50 % foam with persistence >5 min were scored as

foam high-producers.

Phenol—sulfuric acid assay for glycolipids
Glycolipid-type biosurfactants were detected and
semi-quantified using the phenol-sulfuric acid
method (Dubois ez al., 1956). 1 mL of a cell-free
supernatant was mixed with 1 mL of 5 % (w/v)
aqueous phenol in a heat-resistant glass tube. 5 mL of
concentrated H SO, (95-98 %) were added dropwise
down the tube wall to form a lower acid layer. The
tube was gently swirled, allowed to stand for 15 min
at room temperature, and absorbance was read at 490
nm against a reagent blank using spectrophotometer
(Thermoscientific, India). A rapid color change from
pale yellow to deep orange confirmed the presence
of carbohydrate-containing (glycolipid) surfactants.
Rhamnolipid concentration was estimated from a
standard curve prepared with L-rhamnose (0-100 pg
mL7). All assays were performed in triplicate.

Identification of selected actinomycete isolate

'The most potent surfactant-producing actinomycete
isolate was identified based on its morphological,
biochemical, and molecular characteristics. The
methods described by Shirling and Gottlieb (1966)
were used to assess the cultural and biochemical
characteristics of the isolates. Observations of aerial
and substrate mycelium coloration, along with
diffusible pigment production, were conducted on
7-d-old cultures cultivated on starch nitrate agar
medium.

'The morphology of spore-bearing hyphae and
complete spore chains, along with substrate and aerial
mycelia, was examined using light and transmission
electron microscopy (TEM) (JSM-5500 LV, JEOL
Ltd., Tokyo, Japan). The used biochemical assays
included starch hydrolysis, nitrate reduction, melanin
production, gelatin liquefaction, and chitinase activity.
Diaminopimelic acid (DAP) isomers were identified
using the method described by Becker ez a/. (1964),
and cell sugar composition was determined following

Lechevalier and Lechevalier (1970).

Molecular identification involved DNA extraction
from pure colonies using a bacterial genome
isolation kit, followed by PCR amplification
of the 768 rDNA gene using two primers: F27

(5"-AGAGTTTGATCMTGGCTCAG-3')andR1492
(5" TACGGGYTACCTTGTTACGACTT-3'),  as
described by Edwards e# a/. (1989). Polymerase chain
reaction (PCR) product was amplified under the
following cycling conditions (94 °C for 5 min, 30
cycles of 94 °C for 305,55 °C for 30,72 °C for 1 min,
and final extension at 72 °C for 10 min). PCR product
was then purified, and sequenced by Sigma Company
for Scientific Services (Cairo, Egypt) products were
purified and sequenced by Sigma Company of
Scientific Service (Cairo, Egypt). Sequence data were
analyzed using the BLAST program on the NCBI
website to determine DNA similarity. Phylogenetic
analysis and multiple sequence alignment were
conducted using BioEdit software (Hall, 1999). The
sequences were deposited in NCBI GenBank.

Effect of environmental factors on  biosurfactant
production

The effect of temperature, pH and NaCl on
biosurfactant production by selected Strepromyces
was determined following the method of Elkhawaga
(2018). The selected Strepromyces isolate was grown
on a growth medium containing: NHNO, (1
g/L), KH,PO, (0.2 g/L), MgSO,.7H,O (0.2 g/L),
glutamic acid (10 g/L), and olive oil (60 g/L).
Production of a biosurfactant was studied at various
temperature ranges (25-60), pH (5-10) and various
NaCl concentrations (0- 30%). The inoculated media
were incubated for 7 d under shaking conditions (120
rpm). Then the emulsification activity of the culture
supernatant was determined as mentioned above.

Extraction of biosurfactant

Biosurfactant was recovered following Lourengo ez
al. (2018) methodology with minor modifications.
Seven-day fermentation broth was centrifuged (10
000 x g, 5 min, 4 °C) to obtain a clear supernatant.
The pH was lowered to 2.0 with 6 N HCI and the
acidified supernatant was stored overnight at 4 °C to
precipitate the biosurfactant. The turbid solution was
extracted twice with an equal volume of ethyl acetate
in a separatory funnel. The combined organic phase
was evaporated under vacuum at 40 °C, yielding a
brownish residue. This crude biosurfactant was either
used directly or dissolved in 0.1 M sodium phosphate
buffer (pH 7.2) for further characterization.

Fourier-transform infrared (FTIR) spectroscopy
'The functional groups of the extracted biosurfactant
were identified using a PerkinElmer Spectrum 400
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fourier transform infrared (FTIR) spectrometer
(USA). 2 mg sample were uniformly mixed with 200
mg KBr, pressed into a transparent pellet (10 mm
diameter, 10 tons for 2 min), and scanned from 400
to 4000 cm™ at 4 cm™ resolution with 32 co-added
scans. Background correction was performed against
a blank KBr pellet. Peak assignments followed Luna
et al. (2013). Spectra were baseline-corrected and
smoothed using Spectrum 10 software; triplicate

pellets yielded identical profiles.

In wvitro assessment of PGP activities by the selected
actinomycete isolate

The nitrogen-fixing and phosphate-solubilizing
capabilities of the selected isolate were evaluated
by culturing it on Jensen’s and Pikovskaya’s media,
following the protocols reported by Subba Rao (1984);
Gupta ef al. (1994), respectively. Indole-3-acetic acid
(IAA) production was quantified using a colorimetric
assay as described by Gilbert ez a/. (2018). Ammonia
generation was evaluated following the procedure of
Cappuccino and Sherman (1992), while siderophore
synthesis was assessed according to the method

outlined by Rachid and Bensoltane (2005).

Field experiment

Field trials were carried out during the 2024/2025

winter season at two saline sites in El-Kharga Oasis,

New Valley Governorate, Egypt, with soil salinity

levels of 8.3 dS m™ (Site 1) and 10.82 dS m™ (Site

2). At each site, a randomized complete block design

with three replicates was used to evaluate the effect of

two inoculation treatments on growth of barley plant

(Hordeum vulgare L. cv. Giza 123):

1. Soil inoculated with spore suspension (10* CFU/
mL) of the rhamnolipid-producing isolate. This
spore concentration of 108 CFU/ mL was selected to
ensure a high probability of successful colonization
and maintain a robust metabolic profile.

2. Uninoculated control

Soil physicochemical properties, analyzed according
to Page et al. (1982), are summarized in Table 1.

Table 1: Analysis of experimental soil.

Field temperatures during the trial ranged between
18-25 °C (day) and 8-12 °C (night). Following local
agricultural practices (drip irrigation and conventional
fertilization), each experimental plot covered an
area of 11.2 m”. The layout consisted of eight rows,
each 4 m in length and spaced 35 cm apart. Barley
seeds were sown in the upper third portion of each
row at a seeding rate of 50 kg/feddan, equivalent to
approximately 119 kg/ha. The soil was inoculated by
evenly distributing the prepared spore suspension of
isolated Streptomyces isolate directly into the planting
rows at the time of sowing.

Agronomic data recoded

At harvest (150 days after sowing), all aboveground
plant material within a 1 m? quadrat was clipped
at ground level and immediately weighed. The
fresh weight was first expressed as kg/feddan, then
standardized to tons per hectare (t/ha) to calculate
yield and growth-related traits, including spike length
(cm), 1000-grain weight (g), grain yield (t/ha), straw
yield (t/ha), biological yield (t/ha, sum of grain and
straw yield) and harvest index percent (grain yield/
total biomass x 100). Leaf chlorophyll was recorded
in Soil Plant Analysis Development (SPAD) units
using a Minolta SPAD-502 meter. SPAD units
represent relative chlorophyll content, derived from
leaf transmittance at red (650 nm) and near-infrared
(940 nm) wavelengths, and are widely used as a
nondestructive proxy for leaf greenness and nitrogen
status. Dried, ground straw, and grain samples (0.1
g) were digested with 2 mL of 80% perchloric acid
and 10 mL concentrated sulfuric acid for 12 h, total
nitrogen was determined by the micro-Kjeldahl
method (AOAC, 2000) and phosphorus content (P
%) was estimated using the ascorbic acid method
(Chapman and Parker, 1961). The total K and Na
concentrations were determined in the digested plant
materials using a flame photometer (Page ez a/.,1982).
Nutrient uptake for N, P, K, and Na was determined
on a dry-weight basis. Calculations were performed
using the following relationship reported by Havlin
et al. (2016):

Study physical analysis Chemical analysis
site Soil texture pH EC Cation meq/1 Anion meq/1

dSm®  cpr Mg Ne K COS  HCO; CI SO,
Sitel Sandy clay loam 841 83 189 29 424 18 09 2.5 49.3 12.2
Site2 Sandy clay loam 8.54 10.82 20.8 4.3 48.7 24 152 5.6 53.9 15.6
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Nutrient uptake (kg/ha) = Yield (t/ha) x
Concentration (%) x 100

Where; % refers to the elemental concentration (g
of nutrient/100 g of dry plant tissue). For P and K,
concentrations were converted from oxide forms to
elemental forms prior to calculations.

Soil microbial activity assays

The soil microbial activity was determined by
estimating the activity of two soil enzymes, mainly
dehydrogenase and fluorescein diacetate hydrolase.

Dehydrogenase (DHA) activity was quantified by 2,
3, 5-triphenyltetrazolium chloride (T'TC) reduction
(Casida et al., 1964). 1 g of fresh sieved soil was
incubated with 1 mL 3 % TTC and 2.5 mL 0.1 M
Tris-HCI (pH 7.6) for 24 h at 37 °C in darkness.
'The formed triphenyl formazan (TPF) was extracted
twice with 5 mL. methanol, centrifuged (4000 x g,
5 min), and absorbance was read at 485 nm. DHA
activity was expressed as pg TPF/ g dry soil/ h.

Fluorescein diacetate (FDA) hydrolase activity was
measured according to Adam and Duncan (2001).
2 g of fresh soil were suspended in 15 mL 60 mM
potassium phosphate buffer (pH 7.6), spiked with
0.2 mL. FDA (1 mg/ mL in acetone), and orbitally
shaken (200 rpm) at 30 °C for 20 min. The reaction
was stopped by adding 15 mL chloroform: methanol
(2:1 v/v). After centrifugation (2000 x g, 3 min),
the aqueous phase was filtered using Whatman No.
42 filter paper and absorbance measured at 490 nm
against a fluorescein calibration curve (0-50 pg/ mL).
Activity was reported as pg fluorescein g dry soil/
min. All assays were performed in triplicate.

Statistical analysis

Data were subjected to two-way analysis of variance
(ANOVA) (site x treatment) in SPSS v.27. Treatment
means were separated by Duncan’s multiple-range
test (p < 0.05). Relationships among rhamnolipid-
producing  Streptomyces inoculation, soil salinity,
enzyme activities, nutrient uptake, and barley
performance were visualized via principal component
analysis (PCA) and hierarchical clustering heat-
map generated in XLSTAT 2019, with variables
standardized and Euclidean distance/Ward’s linkage
applied.

Results and Discussion

Isolation and screening of actinomycetes for biosurfactant
production

A total of 11 morphologically distinct actinomycete
colonies were isolated from various soil samples
collected across different locations in New Valley,
Egypt. The initial selection was based on colony
morphology, including pigmentation and color of
both substrate and aerial mycelia, which are classical
taxonomic features in actinomycete identification.
These isolates were subjected to a comprehensive
screening protocol to evaluate their biosurfactant-
producing potential using a suite of complementary
assays; mainly oil spreading, blood hemolysis, CTAB-
methylene blue agar, and emulsification activity
(summarized in Table 2). Among the 11 isolates, only
four demonstrated positive results. Notably, isolate
NVC7 emerged as the most promising candidate,
exhibiting the highest emulsification index (74%),
positive oil spreading (7.5 c¢m), dark-blue halo on
CTAB-methylene blue plates, hemolytic activity,
considerable foaming capacity (63.3%), and greatest
rhamnolipid yield as confirmed by a positive rhamnose
test (0.54 mg/mL). Based on this robust performance
across multiple assays, NVC7 isolate was selected for
further characterization and application studies.

For successful screening of a biosurfactant, a
combination of different methods is required. The
oil spreading assay is a rapid and sensitive method
that exploits the surface activity of biosurfactants.
When a drop of culture supernatant is placed on an
oil-covered water surface, the biosurfactant reduces
surface tension, displacing the oil and forming a
clear zone. The diameter of this zone correlates with
biosurfactant concentration and activity (Morikawa
et al.,2000), making it a valuable qualitative indicator.

The hemolysis assay, conducted on blood agar plates,
assesses the ability of microbial metabolites to lyse
red blood cells. A clear halo surrounding the colony
indicates hemolytic activity, often associated with
biosurfactant production. However, this method has
limitations. Hemolysis can result from various lytic
agents,including enzymes unrelated to surface activity,
and not all potent rhamnolipid producers exhibit
complete hemolysis. In fact, previous studies have
shown that up to 20% of high-yielding rhamnolipid
strains may not display B-hemolysis, characterized by
complete lysis of red blood cells and appearance of
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Table 2: Biosurfactant production by the selected actinomycete isolate.

Isolate Emulsification index %

NVC7 74:15

Hemolysis

B- hemolytic  63.3+2.3

Foaming test %

CTAB RT (mg/ml)
0.510.04

Oil spreading assay (cm)
7.5£0.5

+++

Where; RT: Rhamnose test; CTAB: Cetyl trimethyl ammonium bromide. Values are expressed as mean + Standard deviation (+SD).

a clear, transparent zone around actinomycete olonies
on blood agar due to the breakdown of hemoglobin’s
heme group (Kumar and Dubey, 2023). Additionally,
the hemolytic potential can be influenced by the
molecular structure of the biosurfactant, particularly
the length of its hydrophobic chains (Bustelo ez a.,
2017). Therefore, the hemolytic activity test should
only be employed during the preliminary screening of
rhamnolipids-producing strains.

The CTAB-methylene blue agar assay is a semi-
quantitative method specifically designed to detect
anionic biosurfactants such as rhamnolipids. In this
assay, the interaction between the anionic biosurfactant
and the cationic surfactant cetyltrimethylammonium
bromide (CTAB) forms an insoluble complex. When
methylene blue is added, this complex appears as a
distinct dark blue halo around the colony (Siegmund
and Wagner, 1991). The diameter of the halo
provides an estimate of biosurfactant concentration.
'This method is particularly effective for identifying
rhamnolipid-overproducing strains and is valued for
its speed, simplicity, and specificity (Rani ez a/., 2020
Kumar and Dubey, 2023).

Theemulsificationindex (E24)isaquantitativemeasure
of an isolate’s ability to stabilize emulsions between
hydrophobic and aqueous phases. Biosurfactants,
due to their amphiphilic nature, reduce interfacial
tension and enhance the solubility and bioavailability
of hydrophobic compounds. Emulsification activity
is expressed as a percentage, representing the height
of the emulsion layer relative to the total liquid
column after 24 h. This assay is widely used to screen
for biosurfactant-producing microorganisms with
potential applications in bioremediation, agriculture,

and industry (Sumiardi ez a/., 2018).

Foaming capacity is another indicative property of
biosurfactants. These molecules stabilize air-liquid
interfaces, leading to foam formation. The extent of
toaming is directly related to the surfactant’s ability
to reduce surface tension and is often used as a
supplementary screening tool (Gurkok and Ozdal,
2021). The presence of stable foam suggests the

production of surface-active compounds capable of

forming micelles and entrapping air.

Finally, the rhamnose test, based on the phenol-
sulfuric acid reaction, is employed to detect glycolipid
biosurfactants, particularly rhamnolipids (Dubois
et al., 1956). These molecules consist of one or two
rhamnose sugar moieties linked to B-hydroxy fatty
acids (Kumar and Dubey, 2023). The test quantifies
rhamnose concentration, serving as a proxy for
rhamnolipid content. A positive result confirms
the presence of glycolipid-type biosurfactants and
supports the biochemical identity of the compound
produced.

Together, these assays provide a comprehensive
framework for evaluating biosurfactant production,
each contributing unique insights into the nature,
quantity, and functionality of the surface-active
compounds synthesized by the microbial isolates.

Polyphasic identification of Streptomyces isolate NVC7

Detailed morphological analysis of the Strepromyces
isolate NVC7 was conducted using TEM (Figure
1). Micrographs (Figure 1A) revealed filamentous,
branching hyphae with septation, typical features
of the Streptomyces genus. The aerial hyphae formed
spore chains of the spiral or Retinaculiaperti type,
consisting of 5-10 mature, smooth-surfaced spores
arranged in closed spirals (Figure 1B). These intact
spore chains reflect strong sporulation capacity,
indicative of the strain’s resilience to environmental

fluctuations (Bobek ez al., 2017).

Cultural and biochemical characteristics of NVC7,
summarized in Table 3, showed that the isolate
produced gray to grayish-white aerial mycelium.
Whole-cell hydrolysate analysis revealed the presence
of LL-diaminopimelic acid, with no detectable
diagnostic sugars. The isolate demonstrated the
ability to hydrolyze starch and chitin, and produced
melanin, hydrogen cyanide, and gelatinase, but lacked
nitrate reductase activity. It failed to grow at extreme
temperatures (5 °C and 45°C) or under acidic
conditions, and exhibited only minimal growth in

presence of 0.1% phenol or 0.0001% crystal violet.
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Table 3: Cultural and biochemical profile of isolate NVC?7.

Color Spore chain Spore  Spore Gram’s Growth temper- Growth at Nitrate re-
= . mycelium mass surface reaction  ature pH4.3 duction test
gn é § Light grey  Retinaculiaperti type White Smooth Gram-pos- 28-37°C - -

L 2 F (looped) itive

g 2 4

"g. _g 2 Gelatin lig- Growth capacityin ~ Starch Chitin Melanoid  Growth capacity H2S Milk

E° g _§ uefication the presence of crys- hydrolysis degradation pigments in the presence of production coagulation
< ° tal violet 0.0001% phenol 0.1% test

+ + - +

S.Lid
Frint Nag: 13000x @ >1mn Svo nn

Inzan 1113023

i Mag: 2a00x
AMT Cameys Syslom

AMT Cumers Sysbom

Figure 1: Electron micrographs showing the morphology and spore chain structure of Streptomyces isolate NVC7. (A)
Scanning Electron Micrograph (SEM) revealed sporulating mycelium showing spiral filamentous, branching hyphae
(2000x). (B) TEM showed elongated spore chains of the spiral type with a smooth surface (30000x).

15 Streptomyces enissocaesilis strain NRRL B-16365
10 —|: Streptomyces rochei strain NBRC 12908
27 _|: Nocardiopsis synnemasporogenes strain NEAE-85
17 Streptomyces plicatus strain NRRL 2428
46 Streptomyces rochei strain NRRL B-1559
Streptomyces mutabilis strain NRRL ISP-5169
20 40 Streptomyces mutabilis strain TRM 45540

25 @ Streptomyces mutabilis strain NVC7

61

Streptomyces violaceorubidus strain LMG 20319
Streptomyces rubrogriseus strain NBRC 15455

27 _|: Streptomyces tendae strain ATCC 19812
26 Streptomyces anthocyanicus strain CSSP698

Streptomyces okerensis strain DSM 116494

Streptomyces lomondensis strain NBRC 15426
68 _|: Streptomyces tuirus strain ICSSB 1017
51 Streptomyces tibetensis strain XZ 46
Figure 2: Phylogenetic relationships of taxa closely related to Streptomyces mutabilis strain NVC7, inferred from 168

rDNA gene sequences using the neighbor—joining method. Numbers at nodes indicate bootstrap values expressed as
percentages (%) based on 1,000 replications.
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For molecular identification, the 16S rRNA gene of
isolate NVC7 was amplified and sequenced. Sequence
alignment and phylogenetic analysis revealed 100%
similarity with §. muzabilis NPRC 12800 (Figure
2), confirming its taxonomic identity. The sequence
was deposited in NCBI GenBank and assigned an
accession number of PX498040.

Based on its indistinguishable morphological
features, chemotaxonomic profile, phenotypic
traits, and complete 165 rRNA sequence identity,
isolate NVC7 was formally identified as S. mutabilis
NVC?7. This species is well known for its ecological
significance in soil environments and its ability to
produce antibiotics. As highlighted by Vurukonda
et al. (2021), the pronounced sporulation capacity of
S. mutabilis serves as a vital survival mechanism, in
consistence with the morphological characteristics

observed in isolate NVC7.

Effect of environmental factors on  biosurfactant
production

The biosurfactant production by 8. mutabilis was
evaluated across a broad temperature range (25-60 °C)
by cultivating the isolate at various temperatures
and measuring the emulsification index (E24) of
the culture supernatant. As shown in Figure 3a, the
highest biosurfactant yield was recorded at 30 °C,
with an E24 value of 75%. Production remained
relatively stable up to 40 °C, indicating moderate
thermal tolerance.

Regarding pH, the emulsification index was notably
higher under slightly alkaline conditions (Figure 3b),
with optimal biosurfactant production observed at pH
8.0. This trend suggests that alkaline environments
favor both microbial biosurfactant synthesis and
structural integrity of the biosurfactant molecule.

Salt concentration also played a remarkable role
in emulsification activity. Maximum E24 values
of 70%, 77%, and 72% were observed at NaCl
concentrations of 0%, 3%, and 5% (w/v), respectively.
However, a marked decline in activity was noted at
10% NaCl, where E24 dropped to 35% (Figure 3c).
These results suggested that the isolated S. mutabilis
was halotolerant, with moderate salinity enhancing
biosurfactant production, likely by stimulating key
metabolic pathways or improving nutrient uptake.
In contrast, high salinity (210%) appears to inhibit
microbial growth and biosurfactant synthesis, a

phenomenon commonly reported among Strepromyces
spp- and other actinobacteria.

These findings align with previous studies like that
of Elkhawaga (2018) who identified a mesophilic
temperature range of 28-35°C as optimal for
Streptomyces growth and biosurfactant production.
Similarly, Sari ez a/. (2018) reported that alkaline
pH conditions support both microbial biosurfactant
production and molecular stability. Dabaghi ez al.
(2023) further demonstrated that rhamnolipid
biosurfactants exhibit greater stability at basic pH,
attributed to the precipitation of anionic biosurfactants
at low pH and the enhanced stability of fatty acid

micelles in alkaline environments.

Fourier transform infrared (FTIR) spectroscopic analysis
of the extracted biosurfactant

Figure 4 presents the FTIR spectrum of the dried
biosurfactant extract, recorded over the spectral range
of 400-4000 cm *. FTIR spectroscopy is a commonly
utilized analytical method for detecting functional
groups and revealing chemical makeup of complex the
mixtures. Kumar and Dubey (2023) emphasized the
utility of FTIR to rapidly detecting hydroxyl, ester,
and carboxylic functional groups, commonly found
in biosurfactant molecules. The spectrum exhibited
a broad, intense absorption band centered at 3283
cm’, assigned to O-H stretching vibrations from
hydroxyl groups in the rhamnose moiety, overlapped
with potential N—H stretching from amide linkages
in di-rhamnolipid congeners. This feature indicated
extensive hydrogen bonding, typical of a glycolipid

biosurfactants.

Prominent peaks observed at 2923 cm™ and 2856
cm™ arised from asymmetric and symmetric C-H
stretching of methylene (~CH,—) groups in the
aliphatic fatty acid chains, confirming the existence
of hydrophobic lipid tail (likely B-hydroxydecanoic
acid).

A sharp carbonyl stretch at 1639 cm™ corresponded
to the amide I band (C=O stretch coupled with
N-H bending), verifying the ester-linked peptide
bond between rhamnose and fatty acid moieties a
hallmark of rhamnolipids. No significant protein
contamination was evident, as amide II (~1540 cm-
1) was weak.
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Figure 3: Optimal conditions for biosurfactant production at various tested (a) temperature range, (b) pH, and (c)
NaCl concentration.
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Figure 4: F'TIR analysis of a biosurfactant produced by Streptomyces mutabilis NVC?7.

The strong band at 1070 cm™* was diagnostic of C-O-C
glycosidic vibrations in the o-L-rhamnopyranosyl
ring, further corroborated by weaker absorptions at
1456 cm™ (CH, scissoring) and 1378 cm™ (CHj
symmetric bending). The FTIR profile aligns closely
with reference spectra of mono- and di-rhamnolipids
recorded in several previous studies (Tiwary and
Dubey, 2018; Gharaei ez al., 2022; Das et al., 2025).
'This clearly classified the extracted biosurfactant as an
anionic glycolipid with a standard structure, composed
of one or two rhamnose units esterified to one or
two PB-hydroxy fatty acids (chain length Cg—Cia).
This structural confirmation supports its exceptional
surface activity and environmental stability observed
in saline field trials.

Plant growth-promoting (PGP) activities of Streptomyces
mutabilis strain

The S. mutabilis strain demonstrated several plant
growth-promoting (PGP) traits, including the
production of indole-3-acetic acid (IAA), phosphate
solubilization, and ammonia production, contributing
to its potential as a biofertilizer. Quantitative
analysis revealed IAA production at level of
37.25+0.2 pg/mL and phosphate solubilization
activity of 96.3 £ 0.1 pg/mL. However, it exhibited no
detectable siderophore production or nitrogen fixation
ability (Table 4). These findings are consistent with
earlier reports highlighting the PGP capabilities of
Streptomyces species. For instance, Kaur and Manhas
(2022) reported that Streptomyces hydrogenans DH16
was able to solubilize phosphate and produce TAA,

resulting in significant enhancement of plant biomass.

Similarly, Chouyia ez a/.(2022) emphasized the diverse
biochemical mechanisms employed by Strepromyces
strains to mobilize insoluble phosphorus, including
the secretion of organic acids and phosphatases. Such
traits underscore the value of Streptomyces spp. as
biofertilizer candidates in sustainable agriculture.

Table 4: Plant growth-promoting attributes of
Streptomyces mutabilis strain.

PGP IAA(pg Sidero- NH, pro- P Solubiliza- N fixa-
activi- ml™) phores duction tion (pgml?) tion
ties  3725:0.2 - ¥ 96.3+0.1 -

Values are expressed as means + Standard deviation (+8D).

Field experiment

Field experiments were conducted during the 2025
winter cropping season at two sites in El-Kharga
Oasis, New Valley Governorate, Egypt, with soil
salinity levels of 8.3 dS m™ (Site 1) and 10.82 dS
m* (Site 2) to evaluate the effect of an inoculation
treatment on barley growth, soil microbial activities,
and nutrient uptake.

Effect of rhamnolipid (RL)-producing Streptomyces
mutabilis on barley growth criteria, chlorophyll content
and yield and its components

Results in Figure 5 revealed that soil inoculation with
RLs producing . mutabilis had an appreciable impact
on barely yield parameters, including morphological
characteristics (i.e. spike length and plant height),
physiological (chlorophyll concentration wiz SPAD
readings), and yield-related traits (1000-grain weight,
grain yield, straw yield, biological yield, and harvest
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Figure 5: Effects of rhamnolipid-producing Streptomyces mutabilis inoculation on growth of barely cv. Giza 123
grown under two varying salinity levels: (a) spike length and plant height, (b) 1000-grain weight and chlorophyll
concentration, (c) grain and straw yield, and (d) biological yield and harvest index. Data are presented as mean + SE
(n = 3). Bars with different letters indicate statistically significant differences at p < 0.05.

index). Data illustrated in Figure 5a, b highlighted
that inoculation considerably increased spike length
by 10.5% at 8.3 dS m™ and 10.1% at 10.82 dS m™.
Plant height showed similar increase in percent
trend, recording 13.6 % at 8.3 dS m™ and 12.05%
at 10.82 dS m™. These improvements indicated
enhanced vegetative vigor and tillering, possibly
due to RLS-mediated root proliferation and better
water/nutrient uptake in saline soils (Li ez al., 2023).
Concerning 1000-grain weight trait, this reproductive
trait exhibited the most dramatic response, with
inoculation boosting weight by 31.3% at 8.3 dS m™
and 74.2% at 10.82 dS m™. Additionally, inoculation
improved photosynthetic pigment levels by 19.1% at
lower salinity and 5.9% at higher salinity. The smaller
gain observed under higher salinity may reflect the
reduced capacity of actinomycete inoculation to

counteract the damaging effects of ionic stress on
chlorophyll stability. However, it demonstrated that
inoculated plants maintained better photosynthetic
efficiency compared to uninoculated controls.

Data in Figure 5c, d revealed that inoculation
markedly increased grain yield by 92.2% at 8.3 dS
m? and 121.6% at 10.82 dS m™. Uninoculated
grain yield decreased by 27.5% from Site 1 to Site
2. Results regarding straw yield revealed that there
was an increase in yield by 53.8% at lower salinity and
57.9% at higher salinity, contributing to biological
yield gains by 66.2% and 77.6% at the two salinity
levels respectively. This reflected an overall biomass
accumulation, where inoculation prevented the 18.3%
biological yield decline observed in the uninoculated
treatments across both sites. Inoculation also,
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improved harvest index (HI) by 14.5% at 8.3 dS m*
and 23.1% at 10.82 dS m . The highest recorded HI
values of both inoculated treatments indicated that
inoculation enhanced conversion of total biomass
into economic yield, suggesting that S. mutabilis
NVC7 helped the plant to prioritize grain filling over
vegetative growth even under abiotic stress. Salinity
stress exerts numerous detrimental effects on plant
growth (Sultan ez al, 2023). It suppresses overall
growth by disrupting key physiological functions,
including photosynthesis and alters hormone balance
and enzyme activities, collectively contributing to a
marked decline in barley grain yield (Abdel-Ati and
Eisa, 2015).

The obtained data demonstrated remarkable positive
effects of bacterial inoculation on barley growth,
physiological status, and yield parameters, particularly
under salinity stress. Rhamnolipids, biosurfactants
produced by . mutabilis, likely enhance plant
performance by improving soil structure, nutrient
solubilization (e.g., phosphorus), root colonization,
and stress tolerance through several mechanisms
such as biofilm formation, osmotic adjustment, and
reduction of Na* uptake (Zhang ez a/., 2024). Similar
results were obtained by Suralta ez4/.(2018) who found
that rice inoculation with S. mutabilis under drought
condition enhanced root system development and
turther contributed to the improvement of rice growth.
Microbial inoculation with S. mutabilis established a
self-sustaining system in the rhizosphere, providing

continuous production of rhamnolipid and other
beneficial metabolites, which supported long-term
plant growth and soil health under saline stress. In
addition, this approach enhanced ecological resilience
and nutrient cycling (Reis ez al, 2024). Although
its effectiveness varied based on the strain’s survival
among native microbes (Reis ez a/., 2024), it offered a
more sustainable alternative to purified rhamnolipid
application. Since the purified rhamnolipids lacks
the sustainability of living inoculants due to its rapid
degradation and higher costs (Zhao ez al.,2022). Thus,
microbial inoculation favors long-term resilience and
ecological integration.

Determination of microbial growth and activity

Microorganisms are critical components of soil,
contributing to decomposition, energy flow, and
nutrient cycling (Neemisha and Sharma, 2022). The
effects of rhamnolipid (RL)-producing 8. mutabilis
on microbial growth and activity in soil at different
salinity levels (8.3 and 10.8 dS/m) were assessed by
measuring dehydrogenase (DHA) and fluorescein
diacetate (FDA) hydrolase activities. These methods
were employed to provide a comprehensive evaluation
of soil microbial health. DHA activity reflected the
physiological state and biomass of the active microbial
community, while FDA hydrolysis provided a broader
measure of the soil’s overall enzymatic potential. The
results, presented in Figure 6, demonstrated that
supplementation with RL-producing §. mutabilis
appreciably enhanced microbial growth and

20

16 b

12

B DHA

B FDA

inoculated

uninoculated

8.3 ds/m

uninoculated

inoculated

10.8 ds/m

Figure 6: Effects of rhamnolipid-producing Streptomyces mutabilis inoculation on microbial growth and activity in
soil under two different salinity levels. DHA: dehydrogenase activity; FDA: fluorescein diacetate hydrolase activity.
Data are presented as mean + SE (n = 3). Bars with different letters indicate statistically significant differences at

P <0.05.
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activity at both salinity levels. DHA and FDA
hydrolase activities in RL-supplemented treatments
were 1.7-2.1 times higher for DHA and 1.3-1.7
times higher for FDA compared to the untreated
control treatments at the two tested salinity levels,
respectively. These findings indicate a strong growth-
promoting effect of RLs on soil microorganisms. RLs
considerably influence soil micro-ecology by acting as
direct carbon source and as chelators that enhance the
bioavailability of nutrients for microorganisms (Li ez
al.,2023).’The authors demonstrated that the addition
of RLs favored the proliferation of bacterial species
critical for improving soil properties and facilitating
nutrients circulation. Moreover, RLs have been
shown to remarkably increase the activity of some
important soil enzymes, such as alkaline phosphatase,
sucrase, and catalase (Wang ez a/.,2023). Furthermore,
multiple studies confirmed the stabilizing impact of
rhamnolipids on rhizosphere microbial communities
(Liu ez al.,2023; Chen ez al.,2024). This effect is often
dose-dependent, as bacterial abundance in treated soil
has increased in correlation with rising rhamnolipids
concentration.

Effect of rbamnolipid (RL)-producing Streptomyces
mutabilis on nutrients uptake

Results plotted in Figures 7a, b, ¢ indicated that
salinity inhibited nutrients uptake in control plants.
Grain N, P, and K uptake reduced by 30.1%, 38.4%,
and 26.0%, respectively, straw K/Na ratio reduced by
10.3 %, and straw K/Na ratio reduced by 10.3% at
higher salinity level. Inoculation with RLs producing
S. mutabilis appreciably enhanced nutrients uptake
at both sites and mitigated Na* toxicity, substantially
10.82 dS m™. Data showed that inoculation had a
significant effect on NPK uptake of barley grain and
straw. Salinity in barley negatively impacted nutrients
uptake by reducing overall growth, disrupting nutrient
balance, and increasing the absorption of toxic ions
like sodium and chloride while decreasing beneficial
ones like potassium (Awais ez a/., 2023). This may
lead to a deficiency in essential nutrients, even if they
were present in the soil, because of the physiological
stress placed on the plant (Abbas ez al, 2021).
Rhamnolipid mediated solubilization of nutrients
and ion homeostasis, established S. mutabilis as an
effective bioinoculant for sustainable barley growth in
saline, desert environments. Based on the earlier study
reported by Borah ez a/. (2021), ionic biosurfactants
can considerably improve the availability of essential
trace metals and nutrients in deficient soils, through

forming strong complexes with metals, which are
then released from the soil into the soil solution and
hence they enhance metal mobility. This process is
driven by the ability of a biosurfactant to drastically
lower surface tension. In addition, biosurfactants
are more effective and environmentally stable than
synthetic alternatives, performing well under varying
pH, (Ali e al, 2022). Unlike chemical surfactants,
these natural molecules continue to function properly
across wide ranges of pH, temperature, and salinity,
reducing soil pH and soil water- dissolved salts, and
stimulating soil microorganisms to recycle carbon,
nitrogen, phosphorus, and sulfur (Ali ez a/., 2022;
Wang ez al., 2023).

Interrelationship among plant growth promoting traits
To evaluate trait interrelationships, heat map and
principal component analyses were performed. The
correlation heatmap (Figure 8) demonstrated that
inoculation with rhamnolipid-producing S. mutabilis
markedly enhanced positive associations among grain
yield, biological yield, straw yield, harvest index,
grain nutrient uptake, and soil microbial activity
(i.e., DHA, FDA). Inoculated treatments displayed
stronger red clusters (r > 0.7) compared to controls. At
moderate salinity (8.3 dS/m), inoculation promoted
coordinated traits integration, linking microbial
activity with improved nutrients efficiency and yield
stability. Under high salinity (10.8 dS/m), control
plants showed a breakdown in trait coordination and
increased negative correlations (e.g., straw nutrient
uptake vs. harvest index and plant height vs. grain
yield). In contrast, inoculated plants maintained
robust positive networks, effectively mitigating stress-
induced trade-offs.

Principal component analysis (PCA) based on the
correlation matrix was illustrated using a biplot
(Figure 9). In this plot, each variable is represented by
an arrow, where arrow length indicates the variable’s
contribution to a principal component, the longer the
arrow, the greater its influence. The angle between
arrows reflects correlation strength: acute angles
denote strong positive correlations, obtuse or right
angles indicate weak or no correlation, and angles
approaching 180° signify strong negative correlations.
'The PCA biplot (explaining 98.34% of total variance;
F1: 94.51%) clearly distinguishes barley treatments
under salinity stress. Inoculated samples (8.3 and 10.8
dS/m) clustered along the positive F1 axis are closely
associated with high-yield traits, nutrient uptake, and
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Figure 7: Effects of rhamnolipid-producing Streptomyces mutabilis inoculation on nutrients uptake in barley cv. Giza
123 grown under varying salinity levels: (a) nutrients uptake (kg/ha) in grain, (b) nutrients uptake (kg/ha) in straw,
and (c) K/Na ratio in grain and straw. Data are presented as mean + SE (n = 3). Bars with different letters indicate
statistically significant differences at p < 0.05.
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increased microbial activity. In contrast, control
samples, particularly those under high salinity (10.8
dS/m), grouped on the negative F1 axis, characterized
by reduced overall performance and being specifically
linked to nitrogen uptake in the straw rather than
the grain. These patterns mirror the heatmap
results: inoculated treatments display strong positive
correlations (r > 0.7) among yield, grain nutrients
uptake, and activities of soil microflora, underscoring
coordinated enhancement mediated by rhamnolipids.
Conversely, controls under high salinity exhibit trait
decoupling and negative associations (e.g., straw
nitrogen uptake vs. grain yield and plant height vs.
yield). Together,both analyses confirm that 8. mutabilis
inoculation integrated biochemical, nutritional, and
growth promoting traits into a resilient, high-yielding
system, effectively counteracting salinity-induced
stress.

Rhamnolipids, glycolipid biosurfactants, act by
improving soil aggregation, increasing nutrient
bioavailability (especially P and K), reducing Na*
uptake via ion selectivity, and stimulating rhizosphere
microbiota (Li ez al., 2023; Zhang et al., 2024; Silva
et al., 2024). Similar yield gains (15-28%) and stress
mitigation occured in cotton, tea, and tomato under
salinity/drought, with enhanced N/P use efficiency
and root exudation (Chen ez a/.,2023; Hu ef al., 2023;
Xu et al., 2025). Additionally, rhamnolipids function
as elicitors of plant immunity by upregulating defense-
related genes and inducing the synthesis of signaling
hormones that activate key immune pathways (Pierre
et al., 2023; Yang et al., 2024; Kuzniak and Gajewska,
2024).

Conclusions and Recommendations

'This study demonstrated that S. muzabilis NVC7; a
rhamnolipid-producing isolate, serves as a highly
effective  bioinoculant for mitigating salinity
stress in barley. Through optimized biosurfactant
synthesis, robust plant growth-promoting traits, and
enhanced rhizosphere functionality, actinomycete
strain inoculation substantially improved growth,
biomass, photosynthetic efficiency, nutrients (N, P,
K) uptake, and soil microbial activity under moderate
(8.3 dS m™) and severe (10.8 dS m™) salinity levels.
Multivariate analyses correlation matrices showing
reinforced positive trait associations (r > 0.7) and PCA
explaining 98.3% of variance collectively confirmed
that rhamnolipids drived system-level integration,

transforming stress-induced trait decoupling into a
resilient, high-yielding phenotype. These findings
validate S. mutabilis as a sustainable, multifunctional
microbial solution for enhancing crop performance in
salt-affected soils, with strong potential for scalable
application in marginal agroecosystems. Future studies
are recommended to explore rhamnolipids-producing
S. mutabilis long-term field persistence, multi-season
efficacy, and compatibility with integrated nutrients
management, to fully harness its agronomic and
environmental benefits.

Novelty Statement

This study represents the first report on the
production and characterization of rhamnolipid
biosurfactants production by Streptomyces mutabilis
isolated from arid soil, and its subsequent application
in enhancing barley growth under saline field
conditions. The findings underscore the dual capacity
of 8. mutabilis for biosurfactant production and plant
growth promotion, positioning this strain as a highly
promising bioinoculant for sustainable agriculture in
salt-affected environments.

Funding source
This research did not receive funding from any
scientific organization.

Generative Al and Al-assisted technology statement

The author has declared that generative artificial
intelligence (AI) and Al-assisted technologies
were not used in the generation of data, analysis, or
interpretation of results presented in this manuscript.
Al tools were employed for language editing and
grammar refinement during manuscript preparation.

Conflict of interests
The author has declared no conflicts of interest.

References

Abbas, S., Javed, M.T., Ali, Q., Azeem, M. and
Ali, S., 2021. Nutrient deficiency stress and
relation with plant growth and development.
In: Engineering tolerance in crop plants
against abiotic stress. CRC Press, Boca
Raton, USA. pp. 239-262. https://doi.
0rg/10.1201/9781003160717-12

Abdel-Ati, A.A. and Eisa, S.S., 2015. Response

of barley grown under saline condition to

February 2026 | Volume 10 | Issue 1 | Page 31

o -0
Qols Links
“*@Researchers


https://doi.org/10.1201/9781003160717-12
https://doi.org/10.1201/9781003160717-12

OPEN aACCESS

Novel Research in Microbiology Journal

some fertilization treatments. Ann. Agric.
Sci., 60(2): 413-421. https://doi.org/10.1016/j.
20as.2015.11.002

Adam, G. and Duncan, H., 2001. Development
of a sensitive and rapid method for the
measurement of total microbial activity using
fluorescein diacetate (FDA) in a range of soils.
Soil Biol. Biochem., 33(7-8): 943-951. https://
doi.org/10.1016/50038-0717(00)00244-3

Ahmadzai, A.S., Hu, C., Zhang, C. and Li, Y,
2025. Mechanisms of anthocyanin-mediated
salt stress alleviation and cellular homeostasis
in plants. Plant Growth Regul., 1-19. https://
doi.org/10.1007/s10725-025-01298-3

Ali, B.,, Wang, X, Saleem, M.H., Sumaira,
Hafeez, A., Afridi, M.S. and Ali, S., 2022.
PGPR-mediated salt tolerance in maize by
modulating plant physiology, antioxidant
defense, compatible solutes accumulation and
bio-surfactant producing genes. Plants, 11(3):
345. https://doi.org/10.3390/plants11030345

AOAC, 2000. Official Methods of Analysis of
Association of Official Analytical Chemists,
W. Horwitz, Ed., 17th ed., Gaithersburg,
Maryland, USA.

Agqif, M., Shah, M.UH., Khan, R., Umar, M.,
SajjadHaider, Razak, S.I.A., Wahit, M.U,
Khan, S.U.-D., Sivapragasam, M. and Ullah,
S.,2024. Glycolipids biosurfactants production
using low-cost substrates for environmental
remediation: Progress, challenges, and future
prospects. Environ. Sci. Pollut. Res., 31: 47475—
47504. https://doi.org/10.1007/s11356-024-
34248-2

Awais, M., Rafig, M., Shabbir, R. and Aslam, M.,
2023. Salinity stress effects on nutrient uptake
in plants and its influence on plant growth
efficiency. Trends Anim. Plant Sci., 1: 64-72.
https://doi.org/10.62324/TAPS/2023.009

Ayoib, A., Gopinath, S.C., Zambry, N.S. and
Yahya, A.R.M., 2024. Screening biosurfactant-
producing  actinomycetes:  Identification
of Streptomyces sp. RP1 as a potent species
for bioremediation. J. Basic Microbiol.,,
64(4):  2300585.  https://doi.org/10.1002/
jobm.202300585

Becker, B., Lechevalier, M.P., Gordon, R.E. and
Lechevalier, H.A., 1964. Rapid differentiation
between Nocardia and Streptomyces by paper
chromatography of whole-cell hydrolysates.
Appl. Microbiol., 12: 421-423. https://doi.

org/10.1128/am.12.5.421-423.1964

Bobek, J., Smidov4, K. and Cihak, M., 2017. A
waking review: old and novel insights into
the spore germination in Streptomyces. Front.
Microbiol., 8: 2205. https://doi.org/10.3389/
tmicb.2017.02205

Borah, S.N., Sen, S. and Pakshirajan, K., 2021.
Biosurfactants for enhanced bioavailability of
micronutrients in soil: A sustainable approach.
In: Biosurfactants for a sustainable future:
Production and applications in the environment
and biomedicine. Springer, pp. 159-181. https://
doi.org/10.1002/9781119671022.ch8

Bustelo, M., Pinazo, A., Manresa, M.A., Mitjans,
M., Vinardell, M.P. and Pérez, L. 2017.
Monocatenary  histidine-based  surfactants:
role of the alkyl chain length in antimicrobial
activity and their selectivity over red blood cells.
Colloid Surface A, 532: 501-509. https://doi.
org/10.1016/j.colsurfa.2017.04.017

Canton,H.,2021.Food and agriculture organization
of the United Nations FAO. In: The Europa
Directory of International Organizations
2021. Routledge, pp. 297-305. https://doi.
org/10.4324/9781003179900-41

Cappuccino, J.G. and Sherman, N., 1992.
Biochemical activities of microorganisms.
In: Microbiology: A Laboratory Manual.
The Benjamin/Cummings Publishing Co.,
California, USA.

Casida, L.E., Klein, D.A. and Santoro, T., 1964.
Soil dehydrogenase activity. Soil Sci., 98:
371-376. https://doi.org/10.1097/00010694-
196412000-00004

Chapman, H.D. and Parker, F., 1961. Methods of
analysis for soil, plant, and water. J. Plant Nutr.,
22:121-128.

Chen, H., Song, Y., Wang, S., Fan, K., Wang, H.,
Mao, Y., Zhang, J., Xu, Y., Yin, X., Wang, Y.
and Ding, Z., 2023. Improved phyllosphere
microbiome composition of tea plant with the
application of small peptides in combination
with rhamnolipid. BMC Microbiol., 23(1): 302.
https://doi.org/10.1186/5s12866-023-03043-0

Chen, Z., Chen, C,, Yang, Y., Wang, X., Zhou,
H. and Zhang, C., 2024. Rhamnolipids
supplement in salinized soils improves cotton
growth through ameliorating soil properties and
modifying rhizosphere communities. Appl. Soil
Ecol., 194: 105174. https://doi.org/10.1016/.
apsoil.2023.105174

February 2026 | Volume 10 | Issue 1 | Page 32

o9 .
Sols Links
GResearchers


https://doi.org/10.1016/j.aoas.2015.11.002
https://doi.org/10.1016/j.aoas.2015.11.002
https://doi.org/10.1016/S0038-0717(00)00244-3
https://doi.org/10.1016/S0038-0717(00)00244-3
https://doi.org/10.1007/s10725-025-01298-3
https://doi.org/10.1007/s10725-025-01298-3
https://doi.org/10.3390/plants11030345
https://doi.org/10.1007/s11356-024-34248-z
https://doi.org/10.1007/s11356-024-34248-z
https://doi.org/10.62324/TAPS/2023.009
https://doi.org/10.1002/jobm.202300585
https://doi.org/10.1002/jobm.202300585
https://doi.org/10.1128/am.12.5.421-423.1964
https://doi.org/10.1128/am.12.5.421-423.1964
https://doi.org/10.3389/fmicb.2017.02205
https://doi.org/10.3389/fmicb.2017.02205
https://doi.org/10.1002/9781119671022.ch8
https://doi.org/10.1002/9781119671022.ch8
https://doi.org/10.1016/j.colsurfa.2017.04.017
https://doi.org/10.1016/j.colsurfa.2017.04.017
https://doi.org/10.4324/9781003179900-41
https://doi.org/10.4324/9781003179900-41
https://doi.org/10.1097/00010694-196412000-00004
https://doi.org/10.1097/00010694-196412000-00004
https://doi.org/10.1186/s12866-023-03043-0
https://doi.org/10.1016/j.apsoil.2023.105174
https://doi.org/10.1016/j.apsoil.2023.105174

OPEN aACCESS

Novel Research in Microbiology Journal

Chouyia, F.E., Ventorino, V. and Pepe, O., 2022.
Diversity, mechanisms and beneficial features
of phosphate-solubilizing  Streptomyces  in
sustainable agriculture: A review. Front. Plant
Sci.,, 13: 1035358. https://doi.org/10.3389/
tpls.2022.1035358

Dabaghi, S., Ataei, S.A. and Taheri, A., 2023.
Production of rhamnolipid biosurfactants in
solid-state fermentation: Process optimization
and characterization studies. BMC Biotechnol.,
23(1): 2. https://doi.org/10.1186/s12896-022-
00772-4

Das, R.P,, Sahoo, S., Paidesetty, S.K., Ahmad, 1.
and Pradhan, A.K., 2025. Isolation, structural
characterization, and anticancer potential of a
novel glycolipid biosurfactant S1B with Al-
driven medium optimization. Sci. Rep., 15(1):
36808. https://doi.org/10.1038/s41598-025-
20759-3

Drakontis, C.E.and Amin, S.,2020. Biosurfactants:
formulations, properties, and applications. Curr.
Opin. Colloid Interface Sci., 48: 77-90. https://
doi.org/10.1016/j.cocis.2020.03.013

Dubois, M., Gills, K.A., Hamilton, J.K., Rebers,
PA. and Smith, F., 1956. Colorimetric
method for determination of sugar and related
substances. Anal. Chem., 28: 350-356. https://
doi.org/10.1021/ac60111a017

Edwards, U., Rogall, T., Bocker, H., Emade, M. and
Bottger, E., 1989. Isolation and direct complete
nucleotide determination of entire genes:
Characterization of a gene coding for 16S
ribosomal DNA. Nucl. Acids Res., 17: 7843—
7853. https://doi.org/10.1093/nar/17.19.7843

Elkhawaga, M.A., 2018. Optimization and
characterization of  biosurfactant  from
Streptomyces  griseoplanus ~ NRRL-ISP5009
(MS1). J. Appl. Microbiol., 124(3): 691-707.
https://doi.org/10.1111/jam.13665

El-Sheshtawy, H.S. and Doheim, M.M., 2014.
Selection of Pseudomonas —aeruginosa  for
biosurfactant production and studies of its
antimicrobial activity. Egypt. ]. Pet., 23(1): 1-6.
https://doi.org/10.1016/j.ejpe.2014.02.001

Faccioli, Y.E.D.S., de Oliveira, K.W., Campos-
Guerra, J.M., Converti, A., Soares da
Silva, R.D.C.F. and Sarubbo, L.A., 2024.
Biosurfactants: Chemical properties,ecofriendly
environmental applications, and uses in the
industrial energy sector. Energies, 17(20): 5042.
https://doi.org/10.3390/en17205042

Gayathiri, E., Prakash, P., Karmegam, N., Varjani,
S., Awasthi, M.K. and Ravindran, B., 2022.
Biosurfactants: potential and eco-friendly
material for sustainable agriculture and
environmental safety. A review. Agronomy,
12(3): 6062. https://doi.org/10.3390/
agronomy12030662

Gharaei, S., Ohadi, M., Hassanshahian, M.,
Porsheikhali, S. and Forootanfar, H., 2022.
Isolation,  optimization, and  structural
characterization of glycolipid biosurfactant
produced by marine isolate Shewanella algae
B12 and evaluation of its antimicrobial and anti-
biofilm activity. Appl. Biochem. Biotechnol.,
194(4): 1755-1774. https://doi.org/10.1007/
$12010-021-03782-8

Gilbert, S., Xu, J., Acosta, K., Poulev, A., Lebeis,
S. and Lam, E., 2018. Bacterial production of
indole related compounds reveals their role in
association between duckweeds and endophytes.
Front. Chem., 6: 265. https://doi.org/10.3389/
tchem.2018.00265

Gupta, R., Singal, R., Shankar, A., Kuhad, R.C.
and Saxena, R.K., 1994. A modified plate
assay for screening phosphate solubilizing
microorganisms. J. Gen. Appl. Microbiol., 40:
255-260. https://doi.org/10.2323/jgam.40.255

Gurkok, S. and Ozdal, M., 2021. Microbial
biosurfactants: properties, types,and production.
Anatolian J. Biol., 2: 7-12.

Hall, TA., 1999. A user-friendly biological
sequence alignment editor and analysis program
for Windows 95/98/NT. Nucl. Acids Symp.
Ser., 41: 95-98.

Havlin, ].L., Tisdale, S.L., Nelson, W.L. and
Beaton, J.D., 2016. Soil fertility and fertilizers:
An introduction to nutrient management
(8" ed.). Pearson Higher Education. ISBN:
9780135033739. India.

Hu, K., Xy, S., Gao, Y., He, Y. and Wang, X., 2023.
Choline chloride and rhamnolipid combined
with  organic improve salinity
tolerance, yield, and quality of tomato. J. Plant
Growth Regul., 42(7): 4118-4130. https://doi.
org/10.1007/s00344-022-10875-z

Karimi, E., Derogarian, M., Hassanpouragdam,
M.B,, Alilo, A. and Amini, M., 2024. Bacterial
biosurfactants stimulate the growth of beans
and improve foliar-treated Fe absorption. J.

Plant Process Funct., 12(58): 67-76.
Kaur, T. and Manhas, R.K., 2022. Evaluation

manures

February 2026 | Volume 10 | Issue 1 | Page 33

o9 .
Sols Links
GResearchers


https://doi.org/10.3389/fpls.2022.1035358
https://doi.org/10.3389/fpls.2022.1035358
https://doi.org/10.1186/s12896-022-00772-4
https://doi.org/10.1186/s12896-022-00772-4
https://doi.org/10.1038/s41598-025-20759-3
https://doi.org/10.1038/s41598-025-20759-3
https://doi.org/10.1016/j.cocis.2020.03.013
https://doi.org/10.1016/j.cocis.2020.03.013
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1021/ac60111a017
https://doi.org/10.1093/nar/17.19.7843
https://doi.org/10.1111/jam.13665
https://doi.org/10.1016/j.ejpe.2014.02.001
https://doi.org/10.3390/en17205042
https://doi.org/10.3390/agronomy12030662
https://doi.org/10.3390/agronomy12030662
https://doi.org/10.1007/s12010-021-03782-8
https://doi.org/10.1007/s12010-021-03782-8
https://doi.org/10.3389/fchem.2018.00265
https://doi.org/10.3389/fchem.2018.00265
https://doi.org/10.2323/jgam.40.255
https://doi.org/10.1007/s00344-022-10875-z
https://doi.org/10.1007/s00344-022-10875-z

OPEN aACCESS

Novel Research in Microbiology Journal

of ACC deaminase and indole acetic acid
production by Streptomyces hydrogenans DH16
and its effect on plant growth promotion.
Biocatal. Agric. Biotechnol.,, 42: 102321.
https://doi.org/10.1016/j.bcab.2022.102321

Khan, S., Gul, A., Jehan, S., Khan, Z., Saeed, J.,
Shirazi, R.R., Raziq, A., Khan, M.W. and
Ullah, H., 2023. Biodiversity of actinomycetes
and  their secondary metabolites: A
comprehensive review. J. Adv. Biomed. Pharm.
Sci., 6(1): 36-48. https://doi.org/10.21608/
jabps.2022.161607.1165

Kim, S.H., Lim, E.J., Lee, S.O., Lee, ].D. and Lee,
T.H., 2000. Purification and characterization
of biosurfactants from Nocardia sp. L-417.
Biotechnol. Appl. Biochem., 31: 249-253.
https://doi.org/10.1042/BA19990111

Kumar, A., Singh, S., Gaurav, A.K., Srivastava,
S. and Verma, J.P., 2020. Plant growth-
promoting bacteria: biological tools for the
mitigation of salinity stress in plants. Front.
Microbiol., 11: 1216. https://doi.org/10.3389/
tmicb.2020.01216

Kumar, P. and Dubey, R.C. 2023. Methods of
screening and applications of biosurfactants
produced by  multifunctional  microbial
biosurfactants,73.https://doi.org/10.1007/978-
3-031-31230-4

Kuster, E.and Williams, S.T., 1964. Selective media
for the isolation of Streptomycetes. Nature, 202:
928-929. https://doi.org/10.1038/202928a0

Kuzniak, E. and Gajewska, E., 2024. Lipids and
lipid-mediated signaling in plant-pathogen
interactions. Int. J. Mol. Sci., 25(13): 7255.
https://doi.org/10.3390/ijms25137255

Lechevalier, M.P. and Lechevalier, H.A., 1970.
Chemical composition as a criterion in the
classification of aerobic actinomycetes. Int.
J. Syst. Bacteriol., 20: 435-443. https://doi.
0rg/10.1099/00207713-20-4-435

Li, S., Zhou, H., Chen, C., Zeng, F., Zheng, G.,
Wang, X. and Zhang, C., 2023. Rhamnolipids
amendment improves soil properties and
enhances microecological functions in the
saline-alkali soil. Environ. Eng. Res., 28(4).
https://doi.org/10.4491/eer.2022.234

Liu, Q., Chen, C., Chen, Y., Huang, B., Yang,
Y., Zhu, H,, Li, Y., Wang, X. and Zhang, C,,
2023. Intervention of rhamnolipid improves
the rhizosphere microenvironment of cotton
in desert saline lands. Environ. Technol.

Innov., 32: 103378. https://doi.org/10.1016/].
eti.2023.103378

Lourenco, L.A., Alberton Magina, M.D., Tavares,
L.B.B., Guelli Ulson de Souza, SM.A.,
Garcia Romdn, M. and Altmajer Vaz, D,
2018. Biosurfactant production by Trametes
versicolor grown on two-phase olive mill waste
in solid-state fermentation. Environ. Technol.,
39: 3066-3076. https://doi.org/10.1080/09593
330.2017.1374471

Luna, J.M., Rufino, R.D., Sarubbo, L.A. and
Campos-Takaki, G.M., 2013. Characterisation,
surface properties and biological activity of a
biosurfactant produced from industrial waste
by Candida sphaerica UCP0995 for application
in the petroleum industry. Colloids Surf.
B Biointerfaces, 102: 202-209. https://doi.
org/10.1016/j.colsurfb.2012.08.008

Morikawa, M., Hirata, Y. and Imanaka, T., 2000.
A study on the structure-function relationship
of the lipopeptide biosurfactants. Biochim.
Biophys. Acta, 14: 211-218. https://doi.
org/10.1016/51388-1981(00)00124-4

Mulligan, C.N., Cooper, D.G. and Neufeld,
RJ., 1984. Selection of microbes producing
biosurfactants in media without hydrocarbons.
J. Ferment. Technol., 62(4): 311-314.

Nandhini, B. and Josephine, R.M., 2013. A study
on bacterial and fungal diversity in potted soil.
Int.J. Curr. Microbiol. Appl. Sci., 2(2): 1-5 ref.

Narayanan, Z. and Glick, B.R., 2022.
Secondary metabolites produced by plant
growth-promoting  bacterial  endophytes.
Microorganisms, 10(10): 2008. https://doi.
org/10.3390/microorganisms10102008

Neemisha and Sharma, S. 2022. Soil enzymes
and their role in nutrient cycling. In Structure
and functions of pedosphere (pp. 173-188).
Singapore: Springer Nature Singapore. https://
doi.org/10.1007/978-981-16-8770-9_8

Page, A.L., R.A. Miller and PK. Keeney 1982.
Methods of Soil Analysis. Second edition,
American Society of Agronomy, Madison,
Wisconsin, USA.

Pierre, E., Marcelo, P., Croutte, A., Dauvé, M.,
Bouton, S., Rippa, S. and Pageau, K., 2023.
Impact of rhamnolipids (RLs), natural defense
elicitors, on shoot and root proteomes of
Brassica napus by a tandem mass tags (TMTs)
labeling approach. Int.J. Mol. Sci., 24(3): 2390.
https://doi.org/10.3390/ijms24032390

February 2026 | Volume 10 | Issue 1 | Page 34

o9 .
Sols Links
GResearchers


https://doi.org/10.1016/j.bcab.2022.102321
https://doi.org/10.21608/jabps.2022.161607.1165
https://doi.org/10.21608/jabps.2022.161607.1165
https://doi.org/10.1042/BA19990111
https://doi.org/10.3389/fmicb.2020.01216
https://doi.org/10.3389/fmicb.2020.01216
https://doi.org/10.1007/978-3-031-31230-4
https://doi.org/10.1007/978-3-031-31230-4
https://doi.org/10.1038/202928a0
https://doi.org/10.3390/ijms25137255
https://doi.org/10.1099/00207713-20-4-435
https://doi.org/10.1099/00207713-20-4-435
https://doi.org/10.4491/eer.2022.234
https://doi.org/10.1016/j.eti.2023.103378
https://doi.org/10.1016/j.eti.2023.103378
https://doi.org/10.1080/09593330.2017.1374471
https://doi.org/10.1080/09593330.2017.1374471
https://doi.org/10.1016/j.colsurfb.2012.08.008
https://doi.org/10.1016/j.colsurfb.2012.08.008
https://doi.org/10.1016/S1388-1981(00)00124-4
https://doi.org/10.1016/S1388-1981(00)00124-4
https://doi.org/10.3390/microorganisms10102008
https://doi.org/10.3390/microorganisms10102008
https://doi.org/10.1007/978-981-16-8770-9_8
https://doi.org/10.1007/978-981-16-8770-9_8
https://doi.org/10.3390/ijms24032390

OPEN aACCESS

Novel Research in Microbiology Journal

Pinzon, N.M. and Ju, L.K., 2009. Improved
detection of rhamnolipid production using
agar plates containing methylene blue and cetyl
trimethylammonium  bromide. Biotechnol.
Lett., 31(10): 1583-1588.  https://doi.
0rg/10.1007/5s10529-009-0049-7

Rachid, D. and Bensoltane, A., 2005. Effect of
iron and growth inhibitors on siderophores
production by Pseudomonas fluorescens. Afr.
J. Biotechnol., 4: 697-702. https://doi.
org/10.5897/AJB2005.000-3129

Rani, M., Weadge, J.T. and Jabaji, S., 2020.
Isolation and characterization of biosurfactant-
producing bacteria from oil well batteries with
antimicrobial activities against food-borne and
plant pathogens. Front. Microbiol., 11: 64.
https://doi.org/10.3389/fmicb.2020.00064

Reis, G.A., Martinez-Burgos, WJ., Pozzan, R.R.,
Pastrana, PY., Ocin-Torres, D., de Queiroz,
EM.P,, Rodrigues, C., Serra,].L., Scapini, T. and
Soccol, C.R., 2024. Comprehensive review of
microbial inoculants: Agricultural applications,
technology trends in patents, and regulatory
frameworks. Sustainability, 16(2): 876.

Sari, I.P,, Basyiruddin, M.I. and Hertadi, R., 2018.
Bioconversion of palm oil into biosurfactant
by Halomonas meridiana BK-AB4 for the
application of corrosion inhibitor. Indones.
J. Chem., 18(4): 718-723. https://doi.
org/10.22146/ijc.27040

Satpute, S.K., Bhawsar, B.D., Dhakephalkar,
PK. and Chopade, B.A., 2008. Assessment
of different screening methods for selecting
biosurfactant producing marine bacteria. Indian
J. Mar. Sci., 37: 243-250.

Sharma, D. 2021. Commercial production,
optimization, and purification. Biosurfactants
greener surf. Act. Agents Sustain. Futur. 1:
79-113. https://doi.org/10.1007/978-981-16-
2705-7_3

Shirling, E.B. and Gottlieb, D., 1966. Methods
for characterization of Streptomyces species.
Int. J. Syst. Bacteriol., 16: 313-340. https://doi.
0rg/10.1099/00207713-16-3-313

Siegmund, I. and Wagner, F., 1991. New method
for detecting excreted by
Pseudomonas species during growth on mineral
agar. Biotechnol. Tech., 5(4): 265-268. https://
doi.org/10.1007/BF02438660

Silva, M.D.G.C., Medeiros, A.O., Converti, A.,
Almeida, F.C.G. and Sarubbo, L.A., 2024.

rhamnolipids

Biosurfactants: Promising biomolecules for
agricultural applications. Sustainability, 16(1):
449. https://doi.org/10.3390/su16010449

Soltabayeva, A., Ongaltay, A., Omondi, J.O.
and Srivastava, S., 2021. Morphological,
physiological and molecular markers for salt-
stressed plants. Plants, 10(2): 243. https://doi.
org/10.3390/plants10020243

Subba Rao, N.S. 1984. Biofertilizers in agriculture.
New Delhi: Oxford & IBH Publishing Co.

Sultan, M.T., Mahmud, U. and Khan, M.Z.,
2023. Addressing soil salinity for sustainable
agriculture and food security: Innovations and
challenges in coastal regions of Bangladesh.
Future Foods, 8: 100260. https://doi.
org/10.1016/j.fufo.2023.100260

Sumiardi, A., Soetarto, E.S. and Susilaningsih,
D. 2018. Screening and characterization of
biosurfactant produced by bacterial consortium
in degrading polycyclic aromatic hydrocarbon
compound. In AIP Conference Proceedings
2002(1), (20001). AIP Publishing LLC.

Suralta, R.R., Batungbakal, M.Y.T., Bello, J.C.T,,
Caparas, L.M., Lagunilla, V.H., Lucas,
K.M.D., Patungan, J.U,, Siping, A.J.O., Cruz,
J.A., Cabral, M.C.]. and Niones, J.M., 2018.
Enhanced root system developmental responses
to drought by inoculation of rhizobacteria
(Streptomyces mutabilis) contributed to the
improvement of growth in rice. Philipp. J. Crop
Sci., 147(1): 113-122.

Tiwary,M.and Dubey, A.K.,2018. Characterization
of biosurfactant produced by a novel strain of
Pseudomonas aeruginosa, isolate ADMTT1. J.
Surfactants Deterg., 21(1): 113-125. https://
doi.org/10.1002/jsde.12021

Vurukonda, S.S.K.P., Giovanadri, D. and Stefani,
E., 2021. Growth promotion and biocontrol
activity of endophytic Streptomyces spp. Prime
Arch. Mol. Sci., 2™ Edition, 1: 1-55. https://
doi.org/10.37247/PAMOL2ED.2.2021.20

Wang, G., Liu, Q., Chen, C., Zhou, H., Wang,
X., Zhu, H., Xie, Q. and Zhang, C., 2023.
Rhamnolipids combined with drip irrigation
as a novel strategy for promoting cotton
growth by reducing salinity stress and
optimizing rhizosphere microbial communities.
Rhizosphere, ~ 28:  100802.  https://doi.
org/10.1016/j.rhisph.2023.100802

Wang, Y., Lin, Q., Liu, Z., Liu, K., Wang, X. and
Shang, J., 2023. Salt-affected marginal lands:

February 2026 | Volume 10 | Issue 1 | Page 35

Q -] .
Sols Links
GResearchers


https://doi.org/10.1007/s10529-009-0049-7
https://doi.org/10.1007/s10529-009-0049-7
https://doi.org/10.5897/AJB2005.000-3129
https://doi.org/10.5897/AJB2005.000-3129
https://doi.org/10.3389/fmicb.2020.00064
https://doi.org/10.22146/ijc.27040
https://doi.org/10.22146/ijc.27040
https://doi.org/10.1007/978-981-16-2705-7_3
https://doi.org/10.1007/978-981-16-2705-7_3
https://doi.org/10.1099/00207713-16-3-313
https://doi.org/10.1099/00207713-16-3-313
https://doi.org/10.1007/BF02438660
https://doi.org/10.1007/BF02438660
https://doi.org/10.3390/su16010449
https://doi.org/10.3390/plants10020243
https://doi.org/10.3390/plants10020243
https://doi.org/10.1016/j.fufo.2023.100260
https://doi.org/10.1016/j.fufo.2023.100260
https://doi.org/10.1002/jsde.12021
https://doi.org/10.1002/jsde.12021
https://doi.org/10.37247/PAMOL2ED.2.2021.20
https://doi.org/10.37247/PAMOL2ED.2.2021.20
https://doi.org/10.1016/j.rhisph.2023.100802
https://doi.org/10.1016/j.rhisph.2023.100802

OPEN aACCESS

Novel Research in Microbiology Journal

A solution for biochar production. Biochar,
5(1): 21. https://doi.org/10.1007/s42773-023-
00219-9

Xu, X., Wang, X., Wang, H. and Cao, Z., 2025.
Physiological regulation of growth of cotton
seedlings under salt stress by rhamnolipids. J.
Agric. Sci. Technol., 27(1): 72.

Yang, T, Li,].,Mao, Y., Wu, H., Lin, M. and Chen,
L.,2024.The role of rhamnolipids in the growth
and defense responses of passion fruit plants.
Physiol. Mol. Biol. Plants, 30(10): 1659-1671.
https://doi.org/10.1007/s12298-024-01511-z

Zhang, N., Liu, Q., Chen, C., Zhang, C., Atakpa,
E.O.,Wei, X. and Zhou, H.,2024. Deciphering

the performance and mechanisms of glycolipids
in regulating crop growth in coastal saline-
alkali soils: Perspectives on soil properties
and microbial communities. Appl. Soil Ecol.,
201:  105527.  https://doi.org/10.1016/j.
apsoil.2024.105527

Zhao, F., Wang, B., Yuan, M. and Ren, S., 2022.
Comparative study on antimicrobial activity
of mono-rhamnolipid and di-rhamnolipid
and exploration of cost-effective antimicrobial
agents for agricultural applications. Microb.
Cell Fact., 21(1): 35. https://doi.org/10.1186/
$12934-022-01950-x

February 2026 | Volume 10 | Issue 1 | Page 36

o9 .
Sols Links
GResearchers


https://doi.org/10.1007/s42773-023-00219-9
https://doi.org/10.1007/s42773-023-00219-9
https://doi.org/10.1007/s12298-024-01511-z
https://doi.org/10.1016/j.apsoil.2024.105527
https://doi.org/10.1016/j.apsoil.2024.105527
https://doi.org/10.1186/s12934-022-01950-x
https://doi.org/10.1186/s12934-022-01950-x

