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Abstract: Background /Objectives: Rhamnolipids (RLs) are biosurfactants with significant
industrial and environmental potential, which physicochemical properties depend greatly
on their fatty acyl chain composition. This study investigated the impact of genetically
modulating the fatty acid synthesis genes fabA and fabZ on RL composition and functional-
ity in Pseudomonas aeruginosa PAO1. Methods and Results: Using temperature-sensitive
mutants and suppressor strains for these essential genes, we successfully engineered RLs
with altered fatty acyl chain lengths and saturation levels. LC-MS/MS analyses showed
that deletion and overexpression of fabA and fabZ significantly shifted RL fatty acid profiles.
Functional analyses indicated that these structural changes markedly influenced RL emul-
sification activity and critical micelle concentration (CMC). Conclusions: These findings
demonstrate the feasibility of optimizing RL properties through targeted genetic manip-
ulation, offering valuable insights for designing customized biosurfactants for diverse
industrial and environmental applications.
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1. Introduction

Rhamnolipids (RLs) are microbial biosurfactants with promising applications in biore-
mediation, pharmaceuticals, and industrial formulations due to their high surface activity,
emulsification capacity, and biodegradability [1,2]. P. aeruginosa is one of the most effi-
cient RL producers, synthesizing both mono-rhamnolipids (mRLs) and di-rhamnolipids
(dRLs) [3,4]. The fatty acyl composition of RLs, determined by the bacterial fatty acid syn-
thesis (FAS II) pathway, significantly influences their physicochemical properties, including
emulsification potential and surface tension reduction [5-8]. While previous studies have
focused on optimizing the RL yield through metabolic engineering and fermentation strate-
gies [9-11], limited research has been conducted on tailoring RL functionality by modifying
its fatty acyl composition through genetic manipulation.

The fatty acid synthesis pathway in P. aeruginosa is governed by the FAS II system,
where fabA and fabZ encode p-hydroxyacyl-ACP dehydratases that regulate acyl chain
elongation and desaturation [12,13]. FabA is a bifunctional enzyme catalyzing both the
dehydration of 3-hydroxyacyl-ACP and isomerization of trans-2-decenoyl-ACP, essential
for unsaturated fatty acid biosynthesis [12]. FabZ, a functionally overlapping enzyme,
primarily facilitates saturated fatty acid elongation [13,14]. Both fabA and fabZ genes are
essential for bacterial viability [15,16]. Their inactivation leads to cell death, making direct
deletion unfeasible under normal growth conditions.
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To circumvent this challenge, we previously developed a three-step strategy to con-
struct temperature-sensitive (ts) mutants of essential genes [17-20]. This method allowed
us to generate fabA ts-mutants and subsequently isolate suppressor strains that rescued
AfabA lethality, enabling the functional analysis of fabA deletion [18]. A similar approach
was applied in this study to construct a fabZ ts-mutant and screen for suppressor strains
that permitted fabZ deletion while maintaining bacterial viability. This suppressor-based
strategy provides a unique opportunity to investigate how fabA and fabZ influence RL
biosynthesis and its physicochemical properties.

While previous studies have primarily focused on improving the RL yield or general
property characterization, relatively few have explored how a targeted modulation of fatty
acid biosynthetic genes may influence RL composition and function. This study aims to
elucidate the impact of modulating fabA and fabZ expression on RL acyl chain composition
and its emulsification and surfactant properties. We selected P. aeruginosa PAOL1 as the
model organism based on its well-characterized RL biosynthesis pathway [21], which
provides both a clearly defined regulatory network and robust genetic tools for precise
metabolic engineering. Building on our laboratory’s prior development of a three-step con-
ditional allele construction strategy specifically optimized for this strain, we generated five
mutant variants with differential fabA/fabZ expression profiles while maintaining rhIC dele-
tion to ensure exclusive mono-rhamnolipid (mRL) production [22]. Through LC-MS/MS
analysis, emulsification assays, and critical micelle concentration (CMC) measurements,
we characterized the structure—function relationship of these engineered RL variants. By
integrating metabolic engineering with functional analysis, this research contributes to the
advancement of customizable RLs biosurfactants, providing a foundation for optimizing
RLs for industrial and environmental applications.

2. Materials and Methods
2.1. Oligonucleotides, Plasmids, and Bacterial Strains

The information on all oligonucleotides, plasmids, and bacterial strains used in this
study is summarized in Table 1. The wild-type P. aeruginosa PAO1 strain (BioSciBio,
Hangzhou, China) and its derivatives were cultured in LB medium (10 g/L tryptone,
10 g/L NaCl, and 5 g/L yeast extract, pH 7.0) or in minimum mineral (MS) medium
containing 2% glycerol as the sole carbon source. The MS medium (per liter) consisted
of 0.6 g NapHPOy, 0.2 g KHyPOy, 4.0 g NaNO;3, 0.3 g MgSOy, 0.01 g CaCly, and 0.01 g
FeSOj4. The chemicals used in this study were purchased from Macklin Biochemical Co.,
Ltd. (Shanghai, China).

Table 1. Oligonucleotides, plasmids, and strains used in this study.

(A) Oligonucleotides

Name Sequence (5'-3') Usage

rhiC-F AAGAACGATCATGGACCGGATA Assay rhiC alleles in chr

rhIC-R GAATGCGTTTCGCCGACTAG Ditto

fabZ-F CACCACGTGCGGACCGATCA Assay fabZ alleles in chr and ts-plasmid
fabZ-R CCTGGCTGCCGTGACCTCAA Ditto
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Table 1. Cont.

(B) Plasmids

Name Relevant Genotype Reference
pDel pUC-Gm"-sacB [17-20]
pTS or pRES pUC-Tc -ori® [17-20]
pOE pBBRMCS-5-araC-Pgap-Gm” [17-20]
pDel-fabZ fabZ Deletion cassette in pDel This study
pTS-fabZ fabZ rescue cassette in pTS This study
pDel-rhiC rhilC Deletion cassette in pDel This study
pOE-fabZ araC-Pgap-fabZ in pOE [18]
pOE-fabA araC-Pgap-fabA in pOE [18]
(O) Strains
Name Relevant Genotype Reference
PAO1 Wild type P. aeruginosa [17-20]
ArhiC ArhIC in P. aeruginosa This study
AfabA-sup suppressor of AfabA [18]
ArhiC/ AfabA-sup ArhlIC in AfabA-sup This study
fabA-OE pOE-fabA in PAO1 [18]
ArhIC/fabA-OE ArhIC in fabA-OE This study
AfabZ-sup suppressor of AfabZ This study
ArhIC/ AfabZ-sup ArhIC in AfabZ-sup This study
fabZ-OE pOE-fabZ in PAO1 [18]
ArhlC/fabZ-OE ArhiC in fabZ-OE This study

2.2. Plasmid Construction

The deletion and temperature-sensitive (ts) rescue plasmids used in this study were
derived from our previously published work [17-20]. To generate deletion and rescue
plasmids, corresponding gene cassettes were amplified by PCR and inserted into the corre-
sponding deletion plasmids and rescue plasmid using the ClonExpress II One Step Cloning
Kit (Vazyme, Nanjing, China). For overexpression plasmids, the araC-Pgap promoter frag-
ment [23] and the coding sequences of fabA or fabZ were cloned into the pPBBRIMCS-5
vector [24] using the same cloning kit. All recombinant plasmids were confirmed by DNA
sequencing prior to use.

2.3. Construction of Plasmid-Based Ts-Mutant fabZ(Ts) and ArhIC Strains

The fabZ temperature-sensitive (ts) mutant strain was constructed using our previously
established three-step allelic exchange method [17-20]. First, a non-replicative fabZ deletion
plasmid was introduced into P. aeruginosa PAO1 via electroporation, and single-crossover
integrants were selected on LB plates containing gentamicin. The integrants were then
transformed with a temperature-sensitive (ts) rescue plasmid carrying fabZ under its native
promoter and selected on tetracycline-containing plates. Subsequently, counterselection on
sucrose plates (via the sacB gene) facilitated excision of the integrated plasmid, generating
the chromosomal deletion mutant (AfabZ). The resulting fabZ(Ts) strain was verified by
PCR and assessed for temperature-sensitive growth. For rhIC gene deletion, a similar
two-step allelic exchange approach was employed [25]. Since rhIC is a non-essential
gene, transformation with a rescue plasmid was not required. The deletion plasmid was
introduced into various P. aeruginosa strains (PAO1, fabA-OE, fabZ-OE, AfabA-sup, and
AfabZ-sup), and single-crossover integrants were selected on tetracycline-containing plates.
The final deletion mutants were obtained by sucrose counter-selection and verified by
PCR analysis.
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2.4. Isolation of Suppressors

To obtain spontaneous suppressor mutants, more than 1.0 x 10° fabZ(Ts) cells were
spread on LB plates and incubated at a semi-restrictive temperature of 40 °C for two weeks,
as previously described [17,18]. The plates were kept in a humidified environment with
filtered fresh air to support optimal growth. Emergent suppressor colonies were re-streaked
on fresh LB plates and incubated at 42 °C to verify the temperature resistance. The presence
of the fabZ deletion allele was confirmed by PCR using gene-specific primers.

2.5. Spot-Plating Assay

Growth of the fabZ(Ts) mutant was assessed using a spot-plating assay. Overnight
cultures were adjusted to the same ODggg and subjected to 10-fold serial dilutions. Diluted
samples were spotted onto LB agar plates containing the indicated stress conditions using a
48-pin replicator (V&P Scientific, San Diego, CA, USA). The plates were incubated at 30 °C
(permissive temperature) or 42 °C (restrictive temperature), and growth was recorded after
appropriate incubation periods.

2.6. Rhamnolipid Extraction and Purification

Cell-free supernatants were acidified to pH 2 with HCI to precipitate rhamnolipids
and incubated overnight at room temperature. The precipitate was harvested by centrifu-
gation (5000x g, 20 min), followed by triple sequential extraction with 100 mL of a 2:1
(v/v) chloroform-methanol mixture (equal to the initial fermentation volume). After each
extraction, the organic phase was collected and concentrated via rotary evaporation. The
combined extracts were oven-dried at 70 °C for 12 h to obtain semisolid rhamnolipids. For
functional characterization, purified rhamnolipids were dissolved in distilled water (for sur-
face tension and emulsification assays) or chloroform (for TLC and LC-MS/MS analyses).

2.7. Quantification of Rhamnolipids via the Orcinol-Sulfuric Acid Method

The orcinol assay was performed using a previously described method [26]. Briefly,
300 puL of culture supernatant was subjected to diethyl ether extraction (1 mL each) after
centrifugation. The combined organic phase was dried under vacuum centrifugation
and redissolved in 0.5 mL sterile water. Subsequently, 100 pL aliquots were reacted with
900 uL freshly prepared 0.19% (w/v) orcinol reagent (dissolved in 53% sulfuric acid) for
30 min at 80 °C in a heating block, followed by equilibration to room temperature (15 min).
Absorbance readings at 421 nm were acquired using a spectrophotometer. Parallel analysis
of rhamnose standards (50-500 mg/L) enabled the construction of a calibration curve by
correlating the ODyy; values with known concentrations.

2.8. Thin-Layer Chromatography (TLC) Analysis

Purified rhamnolipids were first dissolved in methanol and then applied onto silica gel
TLC plates. The plates were developed using chloroform /methanol/acetic acid (70:10:1.4,
v/v/v). After development, the presence of rhamnolipids was detected through staining
with anthrone—sulfuric acid and ninhydrin reagents.

2.9. Emulsification Capacity Assay

The emulsification index (E24%) was determined following a previously described
method [27], with minor modifications. Briefly, equal volumes of two-fold diluted sur-
factant solution (adjusted to pH 7) and crude oil were mixed vigorously using a vortex
mixer (IKA, Staufen, Germany) at maximum speed for 2 min. The mixture was then left
undisturbed at 25 °C for 24 h. The E24% was calculated as the height of the emulsion layer
divided by the total height of the liquid column, expressed as a percentage.
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2.10. Determination of the Critical Micelle Concentration (CMC)

The critical micelle concentration (CMC) is defined as the solute concentration at
which further increases no longer result in a significant decrease in surface tension. To
determine the CMC, the extracted rhamnolipids were dissolved in distilled water to obtain
a stock solution with an initial concentration of 96 mg/L. A series of dilutions was then
prepared down to 3 mg/L. The surface tension of RL solutions at varying concentrations
was measured using a BZY-102 tensiometer (Shanghai Fangrui Instrument Co., Shanghai,
China) based on the du Noiiy ring method to determine the critical micelle concentration
(CMC), and the results were plotted to generate a curve of surface tension versus surfactant
concentration. The CMC was identified as the point at which the curve plateaued.

2.11. LC-MS/MS Analysis

Purified rhamnolipids were dissolved in chloroform (0.1 g/mL). Analysis was per-
formed using a Waters UPLC system (Waters Corp., Milford, MA, USA) with an Acquity
UPLC BEH C18 column (1.7 um, 2.1 x 50 mm), coupled to an AB Sciex TripleTOF 5600+
mass spectrometer (Sciex, Framingham, MA, USA). The mobile phases were 0.1% formic
acid in water (A) and in acetonitrile (B), with a gradient of 20% to 95% B from 0 to 20 min,
held until 35 min, and returned to 20% at 36 min. The injection volume was 2 pL, the flow
rate 0.4 mL/min, the column temperature 35 °C, and UV detection at 220 nm.

Mass spectrometry was conducted in the negative ion mode for rhamnolipids (scan
range m/z 100-2000), with a source voltage of —4.5 kV and source temperature of 550 °C.
Gas pressures were set to 50 psi for Gas 1 and 2 (Air) and 35 psi for Curtain Gas (N). Mass
tolerance was £5 ppm, with a declustering potential of 100 V. Collision energy (CE) was
10V for MS and 50 & 20 V for MS/MS, with IRD and IRW set at 67 and 25, respectively.
Data acquisition and processing were performed using Analyst TF 1.6 and PeakView v1.2
(AB Sciex, Framingham, MA, USA).

2.12. Statistical Analysis

Data are presented as the mean =+ standard error. The statistical significance of
differences was assessed using an unpaired, two-tailed Student’s ¢-test. A p-value < 0.05
was deemed statistically significant.

2.13. Data Availability

All the data presented in this document can be found within the manuscript and
accompanying Supplementary Files.

3. Results

3.1. Construction of rhIC-Deleted Strains to Investigate fabA and fabZ Effects on
Mono-Rhamnolipid Fatty Acyl Composition

The fabA and fabZ genes encode 3-hydroxyacyl-ACP dehydratases, which are essential
for fatty acid biosynthesis and membrane lipid homeostasis in P. aeruginosa [12]. Specifically,
B-hydroxyacyl-ACP, a precursor for rhamnolipid fatty acyl chains [7], is generated during
the fatty acid elongation cycle, thereby influencing the structure of rhamnolipids. Due
to their essential roles, the deletion of fabA or fabZ is lethal. In our previous study, we
identified a suppressor strain that rescues the lethal phenotype of the AfabA mutant (AfabA-
sup), enabling genetic analysis of fabA-deficient strains [18]. Similarly, using the same
plasmid-based temperature-sensitive (ts) approach, we constructed a fabZ ts-mutant fabZ(Ts)
and subsequently isolated a AfabZ suppressor mutant, AfabZ-sup (Supplementary Figure
51), analogous to AfabA-sup. Additionally, we generated fabA-overexpressing (fabA-OE)
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and fabZ-overexpressing (fabZ-OE) strains [18] using an arabinose-inducible araC-Pgap
promoter system [23].

The rhIC gene encodes rhamnosyltransferase 2, which converts mono-rhamnolipids
(mRLs) into di-rhamnolipids (dRLs) [22]. Therefore, rhiC deletion forces the strain to
produce only mRLs, providing a suitable model to examine how fabA and fabZ perturbations
affect their fatty acyl chain composition. Using a two-step rapid method for the knockout
of dispensable genes in the P. aeruginosa method [25] (see Section 2), we deleted rhIC in P.
aeruginosa PAO1 wild-type, as well as in the fabA-OE, fabZ-OE, AfabA-sup, and AfabZ-sup
backgrounds, generating five mutant strains: ArhiC, ArhlC/AfabA-sup, ArhiC/fabA-OE,
ArhiC/ AfabZ-sup, and ArhIC/fabZ-OE. PCR verification confirmed successful rhIC deletion
in all strains (Figure 1A), and TLC (thin-layer chromatography) analysis demonstrated
that, while wild-type P. aeruginosa PAO1 produced both mRLs and dRLs, all mutant strains
exclusively synthesized mRLs (Figure 1B).

rhiC "‘
dRL— . ‘

ArhIC &
oM L el
N
&\o S & S & M S @g S & S &
v K @Q’\/ @0’\/ TV K 5 q}é\/ QP/\’
N e\ NP
o &V © N NG
S & & K & & & &
vy vV R RV A v

Figure 1. Confirmation of vhIC deletion and rhamnolipid composition analysis in mutant strains.
(A) PCR verification of rhIC deletion using the primer pair rhIC-F/rhIC-R. The wild-type P. aeruginosa
PAOL1 strain shows an intact vhIC band (~1 kb), while the ArhlC-derived mutant strains exhibit a
smaller ArhIC amplicon (~0.2 kb), confirming successful gene deletion. M: DNA marker. (B) TLC
analysis of rhamnolipid production. The PAO1 produces both mono-rhamnolipids (mRLs) and
di-rhamnolipids (dRLs), while ArhIC-derived mutant strains exclusively produce mRL, confirming
the functional loss of rhIC. M: rhamnolipid standard marker.

3.2. Effects of fabA and fabZ Deletion and Overexpression on Bacterial Growth and RL Production

To evaluate the impact of fabA and fabZ deletion and overexpression on bacterial
growth and RLs production, we compared the growth curves and rhamnolipid yields of the
ArhIC, ArhiC/ AfabA-sup, ArhiC/fabA-OE, ArhiC/ AfabZ-sup, and ArhIC/fabZ-OE strains. All
strains were cultured in MS medium supplemented with 2% glycerol, and overexpression
of fabA and fabZ was induced with 0.02% arabinose. The ODgyy was measured every 12 h,
and mRL production was quantified daily.

Growth curve analysis showed that both fabA and fabZ deletion, as well as their
overexpression, resulted in a slight reduction in growth compared to the control strain
ArhIC (Figure 2A,B and Supplementary Figure S2). Despite these mild differences, all
strains reached a stationary phase at approximately 60 h, indicating that fabA and fabZ
mutations do not drastically impair bacterial growth. Similarly, mRL production analysis
using an orcinol method [26,28] revealed that fabA and fabZ suppression or overexpression
caused a slight reduction in rhamnolipid yield (Figure 2C,D). However, the differences
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were relatively minor, suggesting that fabA and fabZ perturbations do not substantially
disrupt rhamnolipid biosynthesis.
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Figure 2. Growth curve analysis and rhamnolipids production of ArhIC, ArhiC/AfabA-sup,
ArhlC/fabA-OE, ArhIC/ AfabZ-sup, and ArhiC/fabZ-OE strains. (A,B) Growth curves of the ArhiC,
ArhIC/ AfabA-sup, ArhiC/fabA-OE, ArhIC/ AfabZ-sup, and ArhlC/fabZ-OE strains, with time (h) on
the x-axis and cell density (ODgqp) on the y-axis. (C,D) Quantification of rhamnolipids by the orcinol
method produced by various mutant stains.

3.3. Effects of fabA and fabZ Deletion and Overexpression on the Fatty Acyl Composition of mRLs

To investigate how fabA and fabZ deletion or overexpression affects the fatty acyl
composition of mRLs, we extracted mRLs from the five strains (ArhIC, ArhIiC/AfabA-sup,
ArhiC/fabA-OE, ArhIC/ AfabZ-sup, and ArhlC/fabZ-OE) and analyzed their fatty acyl chain
structures using LC-MS/MS. Seven major mRL species were identified based on their
negative ion mass spectra (Supplementary Figure S3), and their relative abundances in
each strain are summarized in Table 2 and Supplementary Table S1. The results showed
that the ArhIC strain exhibited a balanced distribution of saturated and unsaturated acyl
chains, with the most abundant structures being Rha-C10-C10 (27.61%) and Rha-C10-
C12:1/Rha-C12:1-C10 (30.31%), followed by Rha-C10-C12/Rha-C12-C10 (17.35%) (Table 2
and Figure 3). However, in ArhIC/AfabA-sup, there was a pronounced shift toward longer
unsaturated acyl chains, with Rha-C10-C12:1/Rha-C12:1-C10 increasing to 59.30%, while
Rha-C10-C10 decreased to 12.94% and shorter acyl chain species (Rha-C8-C8/Rha-C10-C6)
were nearly depleted (0.48%) (Table 2 and Figure 3). Conversely, overexpression of fabA
(ArhIC/fabA-OE) resulted in an increase in Rha-C10-C14:1/Rha-C14:1-C10 (23.40%) and
Rha-C8-C8/Rha-C10-C6 (27.54%) compared to their proportions in ArhIC, while medium-
chain fatty acids mRLs such as Rha-C10-C10, Rha-C10-C12:1, and Rha-C12-C10 showed a
concurrent decrease (Table 2 and Figure 3).
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Similarly, the deletion of fabZ also exhibited distinct acyl chain profiles. In ArhIC/AfabZ-
sup, Rha-C10-C10 increased significantly to 43.44%, accompanied by a notable accumula-

tion of Rha-C10-C12 or Rha-C12-C10 (45.82%) and a sharp decline in longer-chain species
such as Rha-C10-C14:1/Rha-14:1-C10 (3.97%) and Rha-C10-C12:1/Rha-12:1-C10 (1.62%)
compared to ArhIC (Table 2 and Figure 3). Overexpression of fabZ (ArhiC/fabZ-OE) resulted
in a noticeable increase in shorter-chain species of Rha-C8-C8 or Rha-C10-C6 (20.29%) and
longer-chain unsaturated species of Rha-C10-C14:1 or Rha-C14:1-C10 (18.33%) compared to
ArhiIC (Table 2 and Figure 3). These findings suggest that fabA and fabZ play regulatory roles
in determining the rhamnolipid fatty acid chain length and saturation, likely by modulating
the availability of precursor 3-hydroxyacyl-ACPs in the fatty acid synthesis pathway.

100+ Structure
Rha-C8-C8 or Rha-C10-C6
mm Rha-C10-C8 or Rha-C8-C10
m Rha-C10-C10
g 9r W Rha-C10-C12:1 or Rha-C12:1-C10
; B Rha-C10-C12 or Rha-C12-C10
= B Rha-C10-C14:1 or Rha-14:1-C10
S 60f B Rha-C10-C14 or Rha-C14-C10
5
2
<
2 4o0f
T
)
o
201
Figure 3. Relative abundance of seven mRL structures in different strains. Stacked bar chart showing
the relative abundance of seven major mRL species identified in five P. aeruginosa strains: ArhlC,
ArhiC/ AfabA-sup, ArhiC/fabA-OE, ArhiC/AfabZ-sup, and ArhIC/fabZ-OE. The composition of mRL
fatty acyl chains was analyzed using LC-MS/MS.
Table 2. Relative abundance of seven mono-rhamnolipid structures in different strains.
ArhIiC/AfabA-  ArhiClfabA-  ArhIC/AfabZ-  ArhIClfabZ-
ArhiC Sup OE Sup OE
o,
Formula M/z ({:/[Ié;::l' (% Level, (% Level, (% Level, (% Level, Structure
Mean) Mean) Mean) Mean)
o o o o Y Rha-C8-C8 or
1 CopHypO9 448.27 3.70% 0.48% 27.54% 0.20% 20.29% Rha-C10-C6
Rha-C10-C8 or
(o) o, 0, o) 0,
2 CpuHuOy 4763 7.23% 3.34% 9.30% 1.81% 4.57% Rha C8.C10
3 CoeHyg09 504.33 27.61% 12.94% 10.10% 43.44% 16.32% Rha-C10-C10
Rha-C10-C12:1 or
o, 0, o) o, 0,
4 CosH5009 530.35 30.31% 59.30% 19.41% 45.82% 30.90% Rha-C12:1-C10
o o o o o Rha-C10-C12 or
5  CygHspO9 532.36 17.35% 6.48% 7.10% 1.62% 5.61% Rha C19-C10
o o o o o Rha-C10-C14:1 or
6  CyHs09 557.37 8.46% 14.07% 23.40% 3.97% 18.33% Rha C14.C10
7 CsoHsgOo 559.38 5.34% 3.39% 3.16% 3.14% 3.97% Rha-C10-Cl4 or

Rha-C14-C10
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3.4. Emulsification Activity of mRLs with Modified Acyl Chain Composition Due to fabA and
fabZ Perturbations

To assess whether the changes in rhamnolipid acyl chain composition induced by
fabA and fabZ perturbations influence their physicochemical properties, we evaluated the
emulsification activity of mRLs produced by the ArhIC, ArhiC/AfabA-sup, ArhIC/fabA-
OE, ArhiC/AfabZ-sup, and ArhIC/fabZ-OE strains. The emulsification index (E24%) was
determined by mixing purified rhamnolipids with crude oil, with SDS (sodium dodecyl
sulfate) serving as a reference surfactant (Figure 4A,B).

The results showed that emulsification activity varied significantly among the strains,
correlating with their respective acyl chain compositions. At lower concentrations
(7.8-125 mg/L), all rhamnolipids exhibited minimal emulsification (E24% =~ 60%), in-
dicating that higher surfactant concentrations are required for efficient emulsification
(Figure 4A,B). However, at concentrations of 250 mg/L and above, clear differences
emerged. Among all the strains, ArhlC/fabA-OE (fabA overexpression) exhibited the highest
emulsification activity, reaching an E24% of nearly 100% at 500 mg/L, significantly higher
than the control strain (ArhIC) (Figure 4A). Conversely, ArhiC/AfabA-sup (fabA deletion) led
to reduced emulsification efficiency. For fabZ mutants, ArhiC/AfabZ-sup also showed higher
emulsification activity than the control (Figure 4B). In contrast, ArhIC/fabZ-OE displayed
an emulsification pattern similar to the control ArhIC strain, with a slight decrease observed
at the 500 mg/L RL concentration (Figure 4B). These findings confirm that rhamnolipid
emulsification properties can be modulated by altering fabA and fabZ expressions.
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Figure 4. Emulsification activity (E24%) of mRLs produced by different stains. (A) Emulsification
efficiency of mRLs from the ArhlC, ArhIC/AfabA-sup, and ArhIC/fabA-OE strains. SDS was used
as a reference surfactant. Data are the mean £ SD (1 = 3), Asterisks indicate significant differences
(* p<0.05,** p <0.01, and *** p < 0.001; Student’s t-test). (B) Emulsification efficiency of mRLs from
the ArhIC, ArhiC/ AfabZ-sup, and ArhlC/fabZ-OE strains.

3.5. Critical Micelle Concentration (CMC) Analysis of mRLs

Surfactants function by reducing surface tension, and their efficiency is often char-
acterized by the critical micelle concentration (CMC), which represents the concentration
at which micelles begin to form. A lower CMC value indicates a more efficient surfac-
tant, as micelles are formed at lower concentrations, allowing for more effective surface
tension reduction. To evaluate the impact of fabA and fabZ modifications on rhamnolipid
surface activity, we determined the CMC of mRLs produced by the ArhIC, ArhIC/AfabA-
sup, ArhlC/fabA-OE, ArhiC/AfabZ-sup, and ArhIC/fabZ-OE strains. The results showed
that, before reaching the CMC, the surface tension of the rhamnolipid solutions decreased
sharply with the increasing concentration. Once a threshold concentration was reached, the
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reduction in surface tension slowed, eventually stabilizing at a minimum value, beyond
which further increases in rhamnolipid concentration had little effect on the surface tension
(Figure 5). The intersection of these two trends was used to determine the CMC values of
each strain’s rhamnolipids.

The results showed that the CMC values varied considerably among the tested strains,
which may correlate with differences in their respective fatty acyl compositions. The control
strain (ArhlC) exhibited a CMC of 16.54 mg/L, reflecting typical rhamnolipid surface
activity. fabA deletion (ArhIC/AfabA-sup) resulted in an elevated CMC of 20.13 mg/L
(Figure 5A,C). Conversely, fabA overexpression (ArhIC/fabA-OE) reduced the CMC to
16.96 mg/L (Figure 5A,C). Similarly, fabZ deletion (ArhIiC/ AfabZ-sup) yielded a resemble
CMC (16.75 mg/L) with the ArhIC strain (Figure 5B,C). In contrast, fabZ overexpression
(ArhIC/fabZ-OE) resulted in the highest CMC (21.45 mg/L). These results confirm that
rhamnolipid surface activity can be affected by altering fabA and fabZ expression.
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Figure 5. Critical micelle concentration (CMC) of mRLs produced by different stains. (A,B) The
CMC was determined for rhamnolipids extracted from the ArhIC, ArhiC/AfabA-sup, ArhiC/fabA-OE,
ArhIC/ AfabZ-sup, and ArhIC/fabZ-OE strains. CMC values were calculated based on the intersection
of two trend lines: the rapid decline in surface tension before micelle formation and the plateau phase
after micelle formation. (C) Comparison of the CMC values among the five tested strains. Data are
the mean =+ SD (n = 3). ** Indicates a significant difference (p < 0.01, Student’s -test).

4. Discussion

With advances in analytical techniques, more than 60 rhamnolipid (RL) congeners
have been identified [7], each differing in their glycosyl groups and hydrophobic fatty acyl
chains. Variations in the fatty acyl chain length and saturation among these congeners result
in distinct physicochemical properties [29-31], such as solubility, surface activity, and emul-
sification efficiency, thus influencing their industrial and environmental applications [8].
Although previous metabolic engineering efforts in RL-producing strains were primarily
aimed at increasing RL yields [32-35], recent findings highlight that precise modulation of
the RL fatty acyl composition is equally essential for optimizing their functionality [36-38].
In this study, targeted modulation of the fatty acid synthesis genes fabA and fabZ within
the FAS II pathway was shown to influence the fatty acyl chain length and saturation of
RLs, offering a novel strategy for customizing RL properties to meet specific application
requirements. Critically, this genetic reprogramming strategy maintained host viability,
as the modulation of fabA and fabZ expression exerted only modest effects on bacterial
growth and RL output (Figure 2). Both deletion (with suppressors) and mild overexpression
caused a slight reduction in the specific growth rate and final RL titer compared to the
ArhIC controls (Figure 2), demonstrating the feasibility of essential gene tuning without
compromising RL biosynthesis.
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Our results showed that changes in fabA and fabZ expression do not simply shift RL
fatty acyl chains uniformly toward shorter or longer species. Instead, they selectively
alter the abundance of specific RL variants. These structural shifts may be mechanistically
explained by the altered availability of 3-hydroxyacyl-ACP intermediates for RhlA, driven
by FabA- and FabZ-mediated fatty acid flux redistribution in the FAS II cycle [5-8]. For
instance, the deletion of fabA significantly increased the proportion of medium-chain unsat-
urated RLs (particularly C10-C12:1) while reducing shorter-chain (C6-C8) and saturated
RL species (C10-C10) (Figure 3). Conversely, overexpression of fabA increased the propor-
tions of both shorter-chain unsaturated (C8-C10) and longer-chain unsaturated (C14:1)
RLs (Figure 3). This likely results from an increased flux through the FabA-mediated
dehydration/isomerization step, generating diverse unsaturated intermediates [12,39].

The regulatory effect of fabZ exhibited a different pattern. Deletion of fabZ enriched the
RL populations with medium-length saturated and partially unsaturated fatty acids (no-
tably Rha-C10-C10 and Rha-C10-C12:1/Rha-C12:1-C10), accompanied by reduced longer-
chain RLs (Figure 3). Overexpression of fabZ, however, produced a bimodal distribution
of RL fatty acid lengths (Figure 3), suggesting that excessive FabZ activity disrupts the
balance of fatty acid elongation intermediates [13,40], resulting in diverse RL species.

Alterations in the RL structure clearly impacted the emulsification performance. RLs
from strains enriched in medium-chain fatty acids (C10-C12), such as ArhiC/AfabZ-sup,
displayed enhanced emulsification ability (Figure 4B), which may be attributed to the favor-
able balance between hydrophilic and hydrophobic interactions provided by intermediate-
length, partially unsaturated fatty acid chains at the oil-water interface. Conversely, RL
mixtures with broader acyl-chain distributions, as in ArhIC/fabA-OE, showed superior
emulsification only at higher concentrations, while RLs from ArhIC/fabZ-OE exhibited
limited improvements. Critically, while the overall emulsification activity differed among
strains, the structural complexity of rhamnolipid mixtures limits the attribution of activ-
ity changes to individual congeners alone. Such variability may arise from suboptimal
molecular packing at interfaces due to heterogeneity in RL acyl chains [41,42]. However,
although both the ArhIC/ AfabA-sup and ArhiC/AfabZ-sup strains produced mRLs enriched
in medium-chain fatty acids, only the latter exhibited improved emulsification, suggesting
that additional factors such as congener saturation or acyl chain positioning may also
contribute to functional differences. Critical micelle concentration (CMC) analysis further
supported these observations (Figure 5). RLs from the ArhIC/AfabZ-sup and ArhiC/fabA-
OE strains maintained relatively low CMC values similar to the control RLs, indicating
high surface activity. In contrast, RLs from ArhIC/fabZ-OE and ArhIC/fabA-sup showed
a notably higher CMC, reflecting less efficient micelle formation due to diverse fatty acid
chain lengths [43,44].

Furthermore, this study highlights the utility of temperature-sensitive alleles and
suppressor mutations in functional analyses of essential genes. As the direct deletion of
fabA or fabZ is lethal in P. aeruginosa [15], employing suppressor screening methods [17,18]
facilitated clear elucidation of their roles in RLs synthesis. Notably, the ArhIC/AfabZ-sup
and ArhiC/fabA-OE strains exhibited enhanced emulsification activity while maintaining
CMC values comparable to the control, highlighting their potential as promising candidates
for high-activity RL production. Future studies could extend this approach to other essential
fatty acid biosynthesis genes (e.g., fabB, fabG, or fabF) to further diversify RL structures and
optimize their properties. In summary, our study demonstrates that the modulation of fabA
and fabZ significantly influences RL fatty acid composition and functionality, providing
both theoretical insights and practical guidelines for engineering RL biosurfactants tailored
for specific industrial purposes.
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5. Conclusions

In this study, targeted genetic modulation of the fatty acid synthesis pathway genes
fabA and fabZ effectively altered the fatty acyl composition of rhamnolipids (RLs) produced
by P. aeruginosa PAO1. Deletion or overexpression of fabA and fabZ resulted in distinct and
controllable shifts in the RL acyl-chain length and saturation, leading to significant changes
in their emulsification performance and surface activity. Additionally, the suppressor-
based approach used for analyzing these essential genes provided an effective strategy
to dissect their roles in RL biosynthesis. This research provides useful insights into how
the genetic modulation of fatty acid synthesis pathways can influence RL structures and
function, offering a potential strategy for the development of biosurfactants with improved
or application-specific properties.

Nevertheless, this study has certain limitations. First, since P. acruginosa is a human
pathogen, large-scale applications necessitate strict containment; future studies should
explore transferring these genetic modifications into non-pathogenic hosts. Second, the
fatty acid synthesis pathway is regulated by a network of enzymes and factors, and focusing
exclusively on fabA and fabZ may not capture the full spectrum of metabolic control; genes
such as fabB, fabG, or fabF may also play significant roles. Addressing these aspects will be
essential to further refine and generalize this engineering strategy for broader application.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/genes16050515/s1: Figure S1: Construction and characterization
of the fabZ temperature-sensitive (ts) mutant fabZ(Ts) and suppressor mutant (AfabZ-sup) in P.
aeruginosa; Figure 52: Maximum specific growth rates (max) of ArhlC-derived strains; Figure S3:
MS2 spectra of various mRL congeners detected; Table S1: Replicate abundance data for mRLs
Composition in different strains.
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