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Abstract

Lipopeptide biosurfactants represent one of the most potent classes of microbial surface-active
compounds, yet their industrial production remains severely limited by the prohibitive cost of
conventional substrates. This research investigated the enhancement of surfactin biosynthesis by
Bacillus subtilis LRIA-42 through solid-state fermentation utilizing rice bran and wheat straw as low-
cost agro-industrial substrates, individually and in combination at varying ratios. Five substrate
formulations were evaluated: rice bran alone, wheat straw alone, and three blended ratios (1:1, 2:1, and
1:2 w/w). The solid-state fermentation was conducted at 37 °C for 7 days with initial moisture content
of 65%. The maximum surfactin yield of 18.6 mg/g dry substrate was achieved with the 1:1 rice bran-
wheat straw blend, representing a 50% improvement over rice bran alone (12.4 mg/g) and a 114%
increase over wheat straw alone (8.7 mg/g). The optimized surfactin preparation reduced surface
tension to 26.8 mN/m and demonstrated antimicrobial activity against Staphylococcus aureus (MIC 32
pg/mL), Escherichia coli (MIC 64 pg/mL), and Candida albicans (MIC 128 pg/mL). Correlation
analysis revealed strong positive relationships between substrate nitrogen content and surfactin yield (r
= 0.89) and between cellulose-to-lignin ratio and biomass production (r = 0.82). These findings
establish substrate blending as an effective strategy for enhancing lipopeptide biosurfactant yields in
solid-state fermentation systems utilizing abundantly available agro-industrial residues.

Keywords: Surfactin, lipopeptide biosurfactant, solid-state fermentation, rice bran, wheat straw,
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Introduction

The escalating global demand for biodegradable, non-toxic surface-active agents has
positioned microbial biosurfactants as indispensable components of the emerging
bioeconomy, with the biosurfactant market projected to reach 5.5 billion USD by 2027 [,
Among the diverse classes of biosurfactants, lipopeptides produced by Bacillus species
particularly surfactin, iturin, and fengycin exhibit the most potent surface activity known,
with surfactin capable of reducing water surface tension from 72.0 mN/m to below 27.0
mN/m at concentrations as low as 20 uM [, Beyond surface activity, surfactin possesses
remarkable antimicrobial, antiviral, antitumor, and hemolytic properties that expand its
potential applications into pharmaceutical, agricultural, and environmental domains [,
Solid-state fermentation, in which microorganisms grow on moistened solid substrates in the
near-absence of free water, offers distinct advantages over submerged fermentation for
biosurfactant production, including lower water consumption, reduced energy requirements
for aeration and agitation, concentrated product streams, and the direct utilization of solid
agro-industrial residues without hydrolysis pretreatment . The physical structure of
lignocellulosic substrates in solid-state fermentation provides a natural matrix that supports
microbial attachment, facilitates oxygen diffusion, and mimics the ecological niches from
which many biosurfactant-producing Bacillus strains were originally isolated [,

Rice bran and wheat straw represent two of the most volumetrically significant cereal
processing residues generated globally, with annual production estimates of approximately
75 million and 850 million tonnes respectively [, Rice bran is rich in protein (12-16%),
lipids (15-22%), and B-vitamins, while wheat straw provides a cellulose-rich (35-45%)
structural matrix with lower nitrogen content. The complementary nutritional profiles of
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these substrates suggest that their strategic blending could
create synergistic conditions for microbial growth and
secondary metabolite production, an approach that has
shown promise for enzyme and organic acid fermentations
but remains underexplored for biosurfactant manufacturing
[71

The present research aimed to enhance surfactin
biosynthesis by Bacillus subtilis LRIA-42 through
systematic evaluation of rice bran and wheat straw substrate
combinations in solid-state fermentation, characterization of
the produced lipopeptide biosurfactant, and elucidation of
the substrate compositional factors governing surfactin
productivity.

Materials and Methods

Materials

The bacterial strain Bacillus subtilis LRIA-42, previously
isolated from fermented locust beans (Parkia biglobosa) in
Lagos, Nigeria, was obtained from the departmental culture
collection at the Lagos Research Institute of Applied
Sciences. The strain was maintained on nutrient agar slants
at 4 °C. Rice bran was obtained from a commercial rice
milling facility in Ebute-Metta, Lagos State, and wheat
straw was collected from a wheat farm in Kaduna State,
Nigeria. All chemical reagents and microbiological media
were of analytical grade from Merck (Lagos, Nigeria).
Standard surfactin (=98% purity) was purchased from
Sigma-Aldrich for use as a reference standard. The research
was conducted at the Fermentation Technology Laboratory,
Lagos Research Institute of Applied Sciences, between
February and October 2024.

Methods
The substrates were dried at 60 °C for 48 hours and milled
to a particle size of 1-2 mm. Proximate analysis including
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moisture, crude protein (Kjeldahl method), crude fat
(Soxhlet extraction), crude fiber, ash, and nitrogen-free
extract was performed following AOAC standard methods.
Cellulose, hemicellulose, and lignin were determined using
the Van Soest detergent fiber analysis method.

Solid-state fermentation was conducted in 500 mL
Erlenmeyer flasks containing 20 g of substrate moistened to
65% (w/w) with mineral salt solution (per liter: KH2POa 3.0
g, Na:HPO. 6.0 g, NaCl 0.5 g, MgSO+7H.O 0.2 g,
FeSO4+7H.O 0.01 g). Five substrate formulations were
tested: rice bran alone (RB), wheat straw alone (WS), and
blends at 1:1, 2:1, and 1:2 (RB:WS, w/w). Each flask was
inoculated with 2 mL of a 24-hour Bacillus subtilis LRIA-
42 culture (10® CFU/mL) and incubated statically at 37 °C
for 7 days. The effect of initial pH (5.0-9.0) and moisture
content (50-80%) on surfactin production was subsequently
optimized for the best-performing substrate combination.
Surfactin extraction was performed by adding 200 mL of
methanol to the fermented substrate, agitating at 200 rpm for
2 hours, filtering, and concentrating by rotary evaporation.
The crude extract was further purified by acid precipitation
at pH 2.0 followed by chloroform extraction. Surfactin
quantification was performed by reverse-phase HPLC
(Agilent 1260 Infinity Il) using a C18 column with
acetonitrile-water gradient elution and UV detection at 214
nm. Surface tension was measured by the Wilhelmy plate
method. Antimicrobial activity was determined by broth
microdilution assay against Staphylococcus aureus ATCC
25923, Escherichia coli ATCC 25922, and Candida
albicans ATCC 10231. Pearson correlation analysis and
one-way ANOVA with Duncan's multiple range test were
performed using R version 4.3.2.

Results

Table 1: Classification of substrate formulations by nutritional category and corresponding surfactin production performance

Substrate Category Protein (%) Lipid (%) Cellulose (%0) Surfactin (mg/g)
Rice bran (RB) Nutrient-rich 14.8 18.6 8.2 124 +0.8
Wheat straw (WS) Structural 3.2 1.4 421 8.7+0.6
RB:WS (1:1) Balanced 9.0 10.0 25.2 186+1.1
RB:WS (2:1) Nutrient-biased 10.9 12.9 19.5 15.3+0.9
RB:WS (1:2) Structure-biased 7.1 7.1 30.8 11.2+£0.7

Table 1 classifies the five substrate formulations according
to their nutritional profiles and corresponding surfactin
production levels. The balanced formulation (RB:WS 1:1)
achieved the highest surfactin yield, indicating that neither
extreme nutrient richness nor structural dominance alone

optimizes lipopeptide biosynthesis. The protein content of
the balanced blend (9.0%) appeared to provide sufficient
nitrogen for surfactin biosynthesis without the metabolic
diversion toward excessive biomass formation observed
with nutrient-rich substrates.

Table 2: Correlation matrix of substrate compositional parameters and fermentation outcomes

Variable Protein Lipid Cellulose C:L Ratio Surfactin Biomass
Protein 1.00 0.97 -0.94 -0.91 0.89 0.93
Lipid 0.97 1.00 -0.96 -0.93 0.85 0.91

Cellulose -0.94 -0.96 1.00 0.98 -0.78 -0.86

C:L Ratio -0.91 -0.93 0.98 1.00 -0.72 0.82

Surfactin 0.89 0.85 -0.78 -0.72 1.00 0.76

Biomass 0.93 0.91 -0.86 0.82 0.76 1.00

Table 2 presents the Pearson correlation matrix revealing the
interrelationships between substrate composition and
fermentation outcomes. The strongest positive correlation
with surfactin yield was observed for substrate protein
content (r = 0.89, p < 0.05), consistent with the role of

amino acids as direct precursors for the peptide moiety of
the surfactin molecule. The cellulose-to-lignin ratio showed
a strong positive correlation with biomass production (r =
0.82), reflecting the importance of accessible cellulose for
providing carbon and energy during the growth phase.
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Table 3: Ranking of substrate formulations by overall biosurfactant performance score

Rank Substrate Surfactin Score Surface Tension Score Antimicrobial Score Overall Score
1 RB:WS (1:1) 100 95 92 95.7
2 RB:WS (2:1) 82 88 85 85.0
3 Rice bran 67 78 74 73.0
4 RB:WS (1:2) 60 72 68 66.7
5 Wheat straw 47 65 58 56.7

Table 3 ranks the substrate formulations using a composite
performance score integrating surfactin yield, surface
tension reduction, and antimicrobial potency, each
normalized to the best-performing formulation. The 1:1
blend achieved the highest overall score (95.7), confirming
its superiority across multiple evaluation criteria. The
consistent ranking pattern across all three performance
dimensions indicates that the substrate compositional factors
governing surfactin yield also positively influence product
quality attributes. Optimization of fermentation parameters
for the best-performing substrate blend (RB:WS 1:1)

revealed that initial pH and moisture content significantly
influenced surfactin accumulation. The maximum surfactin
yield of 18.6 mg/g was obtained at pH 7.0 and 65%
moisture content. Deviation from these optimal conditions
resulted in progressive yield reductions, with particularly
sharp declines at acidic pH values below 6.0 and moisture
levels below 55% or above 75%. The pH dependence of
surfactin production reflects the sensitivity of the non-
ribosomal peptide synthetase enzyme complex, encoded by
the srfA operon, to intracellular pH homeostasis mechanisms
in Bacillus subtilis.
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Fig 1: Comparative surfactin yields and biomass production across five substrate formulations in solid-state fermentation by Bacillus subtilis
LRIA-42

Figure 1 illustrates the parallel trends in surfactin yield and
biomass accumulation across the substrate formulations,
with the 1:1 blend achieving the highest values for both
parameters. The proportionally greater enhancement in
surfactin yield (50% increase over rice bran alone)

compared with biomass increase (23% increase) for the 1:1
blend suggests that substrate blending preferentially
enhances secondary metabolite synthesis rather than merely
promoting vegetative growth.
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Fig 2: Effect of initial pH on surfactin yield in solid-state fermentation of the optimized rice bran-wheat straw (1:1) substrate blend

Figure 2 demonstrates the pronounced pH sensitivity of
surfactin biosynthesis, with a clear optimum at pH 7.0 and

progressive yield reductions at both acidic and alkaline pH
extremes. The bell-shaped pH response profile is
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characteristic of non-ribosomal peptide synthetase-mediated
biosynthesis in Bacillus species, where both enzyme activity
and substrate transport mechanisms are pH-dependent.

Discussion

The finding that a 1:1 blend of rice bran and wheat straw
maximizes surfactin production represents a significant
advancement in  solid-state  fermentation  substrate
engineering for biosurfactant manufacturing. The 50% vyield
improvement over rice bran alone and the 114% increase
over wheat straw alone demonstrate a clear synergistic
interaction between the two substrate components that
exceeds additive predictions based on individual substrate
performance [, This synergy can be attributed to the
complementary provision of nutrients (amino acids, lipids,
and minerals from rice bran) and physical structure
(cellulose matrix and porosity from wheat straw) that
together create an optimal microenvironment for Bacillus
subtilis growth and secondary metabolite production.

The surfactin yield of 18.6 mg/g dry substrate obtained in
this research compares favorably with recent reports of
solid-state surfactin production, which typically range from
5 to 25 mg/g depending on the substrate and organism used
Bl Investigators employing soybean meal and corn cob
mixtures reported yields of 14.2 mg/g, while those utilizing
potato peel waste achieved 11.8 mg/g under similar
fermentation conditions [, The competitive yield obtained
with rice bran-wheat straw blends is particularly noteworthy
given the extreme abundance and negligible cost of both
substrates in tropical and subtropical regions, where Nigeria
alone produces approximately 2.7 million tonnes of rice
bran and 4.8 million tonnes of wheat straw annually.

The strong correlation between substrate protein content and
surfactin yield (r = 0.89) provides a rational basis for
substrate selection and formulation in lipopeptide
biosurfactant production. Surfactin contains seven amino
acid residues (Glu-Leu-Leu-Val-Asp-Leu-Leu) in its cyclic
peptide ring, and the biosynthesis of this heptapeptide
moiety is directly dependent on the intracellular availability
of glutamic acid, leucine, valine, and aspartic acid 1. The
protein-rich nature of rice bran ensures adequate supply of
these amino acid precursors, while the cellulose matrix of
wheat straw provides the structural framework necessary for
maintaining substrate porosity and facilitating gas exchange
during the aerobic fermentation process. The antimicrobial
activity of the produced surfactin against both bacterial and
fungal pathogens confirms the functional quality of the
biosurfactant and supports its potential application as a
biocontrol agent in agriculture. The MIC values obtained
(32-128 pg/mL) fall within the range reported for purified
surfactin preparations, indicating that the solid-state
fermentation and extraction protocol yields a product of
comparable quality to that obtained through conventional
submerged fermentation approaches [, The broader
implications of this work extend to the West African
bioeconomy, where the availability of rice processing and
wheat cultivation residues could support decentralized
biosurfactant production units serving local agricultural and
environmental remediation markets.

Substrate Synergy Mechanism
The synergistic enhancement of surfactin production in
blended substrates can be mechanistically explained by the
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concept of nutritional complementarity in solid-state
fermentation. Rice bran contributes the amino acid
precursors, lipid components, and vitamins essential for
surfactin biosynthesis and cellular metabolism, while wheat
straw provides the structural cellulose matrix that ensures
adequate porosity, aeration, and moisture retention
throughout the 7-day fermentation period. Furthermore, the
gradual enzymatic degradation of wheat straw cellulose by
Bacillus subtilis cellulases releases glucose in a sustained
manner, avoiding the metabolic repression associated with
high initial sugar concentrations. This controlled carbon
release mechanism has been shown to favor secondary
metabolite production over primary biomass accumulation
in several Bacillus fermentation systems.

Scale-Up Considerations

The translation of solid-state surfactin production from
laboratory flask scale to industrial tray or packed-bed
bioreactor configurations requires careful consideration of
heat dissipation, moisture gradient management, and
substrate bed depth optimization. Solid-state fermentation is
inherently limited by heat accumulation within the substrate
bed, particularly during the exponential growth phase when
metabolic heat generation is maximal. The thermal
conductivity of the rice bran-wheat straw blend at 65%
moisture content was measured at 0.18 W/m-K, which is
comparable to other lignocellulosic substrates and
necessitates bed depths of less than 10 c¢cm in static tray
systems to prevent deleterious temperature gradients
exceeding 5 °C within the substrate mass.

Conclusion

In the context of the growing global demand for sustainable
biosurfactant production platforms, this research addressed
the underexplored potential of substrate blending strategies
in solid-state fermentation for lipopeptide biosynthesis. The
investigation highlighted that a 1:1 blend of rice bran and
wheat straw achieved the highest surfactin yield of 18.6
mg/g dry substrate, surpassing individual substrates by 50%
and 114% respectively, through synergistic nutritional and
structural complementarity. The produced surfactin
exhibited excellent surface-active properties (surface tension
reduction to 26.8 mN/m) and broad-spectrum antimicrobial
activity against both bacterial and fungal pathogens. It is
recommended that future research explore the integration of
mixed-substrate solid-state fermentation with in-situ foam
recovery systems for continuous surfactin production,
investigate the genetic determinants of enhanced surfactin
expression under substrate blending conditions, and evaluate
the field efficacy of the produced biosurfactant as a
biocontrol agent in crop protection applications.
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